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A B S T R A C T   

This study explores the effect of a thione/selone ligand on the cell toxicity (in vitro) and light activity of diimine 
Re(CO)3

+ complexes. Six rhenium(I) complexes with general formula fac-[Re(CO)3(N,N′)X]+ were prepared, 
where X = 2-mercapto-1-methylimidazole (methimazole; MMI), and 1-methylimidazole-2-selone (MSeI); N,N′ =

2,2′-bipyridine (bpy), 1,10-phenanthroline (phen) and 2,9-dimethyl-1,10-phenanthroline (dmphen). Their tri
flate salts were characterized using single-crystal X-ray diffraction, 1H, 13C and 2D NMR, UV–vis and vibrational 
spectroscopy. Their cytotoxic properties were tested, showing significant cytotoxicity (IC50 = 8.0–55 μM) to
wards the human breast cancer cell line MDA-MB-231. The half-inhibitory concentration (IC50) for fac-[Re 
(CO)3(dmphen)(MMI)]+, the most toxic complex in this series (8.0 ± 0.2 μM), was comparable to that of the 
corresponding aqua complex fac-[Re(CO)3(dmphen)(H2O)]+ with IC50 = 6.0 ± 0.1 μM. The fac-[Re(CO)3(bpy) 
(MMI/MSeI)]+ complexes were somewhat less toxic towards the human embryonic kidney cell line HEK-293 T 
after 48 h of exposure. The stability of the complexes upon irradiation was monitored using UV–vis spectroscopy, 
with no CO released when exposed to UV-A light (λ = 365 nm).   

1. Introduction 

Rhenium(I) diimine tricarbonyl complexes, fac-[Re(CO)3(N,N)X]+/0/−

where (N,N) = diimine and X = halide or an O, N, P or S-donor ancillary 
ligand, have attracted great attention in recent years for their versatile 
applications as catalysts [1,2], bio-imaging probes and potential drugs for 
cancer treatment [3–7]. Such Re(I) complexes are generally inert with 
slow ligand exchange rate due to the d6 low-spin electron configuration, 
and are stable in a cellular environment [8,9]. Their properties can be 
finely tuned by changing the nature of the diimine and ancillary ligands 
[10], affecting their level of cytotoxicity and ability to target different 
cellular organelles [11–13]. Monitoring emissions from their long-lived 
3MLCT excited states (triplet state metal-to-ligand charge transfer) al
lows probing their cellular localization using confocal spectroscopy. The 
quantum yield of such emissions can be tuned by selecting the diimine and 
ancillary ligands [3]. The unique photophysical properties of some fac- 
[Re(CO)3(N,N)X]+/0 complexes make them excellent candidates as 

photodynamic therapy agents. These complexes are non-toxic in the dark 
at prescribed dosages, but when irradiated with visible light (penetrating 
deeper into tissue than UV), they emit luminescence that in presence of 
oxygen can generate reactive oxygen species (such as 1O2) that can lead to 
cell death [14]. Others may exhibit photo-cytotoxic properties by releasing 
toxic CO molecules upon irradiation [15], especially fac-[Re(CO)3(N,N) 
(PR3)]+ complexes where the ancillary phosphine group has a strong trans- 
directing influence [16,17]. 

Thus far, structures and properties of a few fac-[Re(CO)3(N,N)X]+/0/−

complexes with axial S-donor ligands have been investigated [18–29], 
but not for a Se-donor ligand. Previous results from our group have shown 
how replacement of an aqua ligand with a negatively charged cysteinate 
(a thiolate) or thiosulfate (S2O3

2− ) group could reduce the cytotoxicity of 
the fac-[Re(CO)3(bpy)(H2O)]+ complex by converting it to a neutral or 
negatively charged species [27,28]. The primary goal of this study was to 
compare the effect of neutral ancillary thione and selone ligands on the 
cytotoxic properties of such complexes compared with the corresponding 

Abbreviations: MMI, Methimazole (2-mercapto-1-methylimidazole); MSeI, 1-methylimidazole-2-selone; bpy, 2,2′-bipyridine; phen, 1,10-phenanthroline; dmphen, 
2,9-dimethyl-1,10-phenanthroline; H2Cys, cysteine; HSQC, Heteronuclear single quantum coherence; TD-DFT, time-dependent density functional theory; DMEM, 
Dulbecco’s Modified Eagles Medium; PBS, Phosphate buffered saline; IC50, Half-maximal inhibitory concentration. 
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fac-[Re(CO)3(N,N′)(H2O)]+ complex [12,27]. For this purpose, we chose 
as ligands methimazole (2-mercapto-1-methylimidazole; MMI), and its 
selenium analogue 1-methylimidazole-2-selone (MSeI); see Scheme 1 
[30–32]. 

Methimazole is an antithyroid drug that prevents thyroid hormone 
synthesis [33,34]. Earlier studies have shown that thyroid hormones can 
promote tumor growth: “hypothyroidism inhibits tumor growth, while 
hyperthyroidism produces an opposite effect” [35]. The idea behind 
choosing MMI as ligand was that in case its rhenium complexes go 
through potential hydrolysis, the resulting species could have dual ef
fects: the hydrated rhenium complexes would still be cytotoxic [12], 
while the free MMI ligands could reduce tumor growth by lowering the 
level of thyroid hormones. Free MSeI ligands may act as an antioxidant, 
saving cells from oxidative damage [31]. The cytotoxicity and inhibitory 
effects of a water soluble Re(I) tricarbonyl complex with a diselenoether 
ligand have been correlated to a significant decrease in the reactive 
oxygen species produced by the cancer cells [36], as well as binding to 
DNA bases [37]. 

The imidazoline-2-chalcogenone ligands are generally good σ-donors 
and weak π-acceptors [38]. Methimazole is predominantly present in its 
stable thione form in the solid state and neutral aqueous solution, while 
for MSeI oxidation of the tautomeric selenol to diselenide (Scheme 1) in 
the presence of air slowly decreases the initial selone concentration in 
solution [31]. In the reported structures of multinuclear rhenium(I) 
carbonyl complexes with methimazole, this bi-functional ligand forms a 
bridge between the Re(CO)3

+ units [39,40]. 
Here, we report syntheses and structural characterizations of the 

triflate salts of six fac-[Re(CO)3(N,N′)X]+ complexes (1–6 in Scheme 1; 
X = MMI or MSeI; N,N′ = bpy, phen or dmphen), and compare their 
structures and in vitro cytotoxic effects on the human breast cancer cell 
line MDA-MB-231 with those reported for the corresponding aqua and 
phosphine compounds (X = H2O, PR3). We also report their effect on the 

normal human embryonic kidney cell line HEK-293 T, to investigate 
how selective these complexes are for cancer cells. 

2. Experimental section 

2.1. Materials 

Re(CO)5Cl, 2,2′-bipyridine, 1,10-phenantroline, 2,9-dimethyl-1,10- 
phenanthroline, Ag(CF3SO3), methimazole, 1-methylimidazole, n- 
butyllithium (1.6 M in hexane), selenium and NaBH4 were purchased 
from Sigma-Aldrich and used without further purification. Toluene and 
tetrahydrofuran (THF) were dried over sodium and benzophenone, and 
then stored over 4 Å molecular sieves. Oxygen-free water was prepared 
by boiling distilled water and bubbling argon through it when cooling to 
room temperature to remove dissolved O2. The starting materials fac- 
[Re(CO)3(N,N′)Cl] (N,N′ = bpy, phen, dmphen) [41], and the triflate 
salts of the aqua complexes fac-[Re(CO)3(bpy)(H2O)]+ (7; Re-bpy- 
Aqua), fac-[Re(CO)3(phen)(H2O)]+ (8; Re-phen-Aqua) and fac-[Re 
(CO)3(dmphen)(H2O)]+ (9; Re-dmphen-Aqua) were prepared accord
ing to the previously published procedures [12], and characterized by 
measuring their unit cell dimensions and by NMR spectroscopy. A 
calibrated VWR Symphony SB70P pH meter was used for pH 
measurements. 

2.2. Cell culture 

The triple negative breast cancer cell line MDA-MB-231 and the 
human embryonic kidney cell line HEK-293 T were obtained from the 
American Type Culture Collection (ATCC), with frozen aliquots used 
within six months post thawing, and cultured with Dulbecco’s Modified 
Eagle’s Medium (DMEM; Invitrogen/Gibco), which was supplemented 
with heat-inactivated fetal bovine serum (10% v/v; Millipore Sigma), 

Scheme 1. Top) Structures of methimazole (MMI) and its selenium analogue (MSeI) (left); selone – selenol tautomerism for MSeI (middle), and its oxidation product, 
diselenide (right). Below) Structure of fac-[Re(CO)3(N,N′)X](CF3SO3) compounds prepared in this study. 
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penicillin (100 units/mL; Invitrogen/Gibco), streptomycin (100 μg/mL; 
Invitrogen/Gibco) and L-glutamine (2 mM; Invitrogen). Cells were 
incubated in a humidified incubator at 37 ◦C with 5% CO2 and were sub- 
cultured every 3–4 days for maintenance. 

2.3. Syntheses 

2.3.1. Synthesis of 2,2′-diselenobis(1-methylimidazole) 
The diselenide (Scheme 1) and the selone ligand (MSeI) were pre

pared by a slight modification of a previously reported synthetic pro
cedure [31]. 1-Methylimidazole (12.18 mmol) was added to 100 mL of 
freshly prepared dry deoxygenated THF under argon atmosphere. The 
solution was cooled to − 78 ◦C in a dry-ice bath (acetone added) for 15 
min. Cooled n-butyllithium (7.6 mL, 1.6 M in hexane) was added and the 
resulting pale yellow solution was stirred at − 78 ◦C for 30 min. After 
removing the reaction flask from the dry-ice bath, the mixture was left 
stirring at room temperature for 2 h. This solution was transferred with a 
syringe to another flask (purged with argon) containing selenium 
(18.24 mmol) and stirred for another 12 h. The reaction mixture was 
then quenched with 20 mL cold deoxygenated water, and neutralized 
(pH 6.7) by adding 1.0 mL concentrated HCl (12 N). This process led to 
the formation of an orange organic layer on the top and an aqueous layer 
with unreacted selenium on the bottom. After decanting the organic 
layer, the aqueous layer was filtered to remove unreacted black solid 
selenium. Using a separatory funnel, the remaining product in the 
aqueous layer was extracted through shaking with two portions of 20 mL 
chloroform. All organic phases were combined, dried with anhydrous 
Na2SO4 (~ 30 mg) and filtered. The clear orange solution was rotary 
evaporated to dryness at 40 ◦C to afford the dark orange diselenide solid, 
which was purified by dissolving in hot chloroform and placed in the 
fridge to crystallize. Yield 40%. 1H NMR (600 MHz, CDCl3): δH (ppm) =
7.14 (d, J = 1.1 Hz, 2H), 7.03 (d, J = 1.1 Hz, 2H), 3.59 (s, 6H). 13C NMR 
(600 MHz, CDCl3): δC (ppm) = 133.6, 131.0, 124.7, 35.4 [42]. 

2.3.2. Synthesis of 1-methylimidazole-2-selone (MSeI) 
To reduce the diselenide to selone, the above solid (4.72 mmol) was 

added to 100 mL water, forming a yellow-orange cloudy mixture, to 
which solid NaBH4 (11.90 mmol) was added. After stirring the reaction 
mixture at room temperature over night, all diselenide dissolved. 
Dichloromethane (20 mL) was added to the reaction flask and after 
stirring, the mixture was placed in a separatory funnel to separate the 
organic layer. The remaining product in the top aqueous layer was 
further extracted with two 10 mL portions of dichloromethane. The 
dichloromethane extracts were combined, dried with anhydrous 
Na2SO4, and evaporated to dryness at room temperature using a rotary 
evaporator. The resulting bright creamy colored solid, 1-methylimida
zole-2-selone (MSeI), was characterized by NMR spectroscopy and 
stored in a glovebox to prevent diselenide formation. Yield 20%. 1H 
NMR (600 MHz, CDCl3): δH (ppm) = 11.88 (br), 6.86 (d, J = 2.2 Hz, 1H), 
6.82 (d, J = 2.2 Hz, 1H), 3.69 (s, 3H). 13C NMR (600 MHz, CDCl3): δC 
(ppm) = 152.1, 120.8, 116.5, 36.4 [42]. NMR spectra were also 
measured in MeOD-d4 (Fig. S4) for comparison with those of complexes 
1–6. 

2.4. General synthetic procedure for complexes 1–6 

Complex 1 was prepared by adding methimazole (MMI; 0.18 mmol) 
to a solution of fac-[Re(CO)3(bpy)(H2O)](CF3SO3) (0.17 mmol) in 20 mL 
THF, refluxing the solution for 24 h. The same product was obtained in 
similar yield, when the experiment was carried out at room temperature, 
using water as solvent. For preparing complex 2, a solution of freshly 
prepared 1-methylimidazole-2-selone (MSeI; 0.16 mmol) in 5 mL 
deoxygenated THF was added to a solution of fac-[Re(CO)3(bpy)(H2O)] 
(CF3SO3) (0.17 mmol in 15 mL deoxygenated THF) and refluxed for 24 h 
under argon atmosphere. 

To prepare complexes 3–6, Re(CO)3(N,N′)Cl (N,N′ = phen, dmphen; 

0.5 mmol) was mixed with Ag(OTf) (0.5 mmol) in 40 mL THF. The 
mixture was refluxed for 3 h in darkness, and then filtered to remove the 
AgCl precipitate. The methimazole complexes 3 and 5 were obtained by 
adding solid MMI (0.5 mmol) to the filtrate, refluxing the mixture for 24 
h. For syntheses of the selenium analogues 4 and 6, the filtrate was 
degassed using a Schlenk line, then adding a freshly prepared MSeI so
lution (0.5 mmol in 5 mL degoxygenated THF) and refluxing the mixture 
for 24 h under argon. 

After removing the solvent (THF) through rotary evaporation, the 
remaining solid was dissolved (sometimes using sonication) in 6–10 mL 
of a solvent to form crystals: MeOH for 2, EtOH for 4, and water: acetone 
(1:1) mixture for 3, 5 and 6. Depending on the solvent, two crystalline 
polymorphs of 1 were formed: 1a in water: acetone (1:1) mixture, and 
1b in water. Yellow crystals, which formed through slow evaporation of 
the solvent at room temperature, were filtered, washed with a small 
amount of cold distilled water and then dried under vacuum. 

fac-[Re(CO)3(bpy)(MMI)](CF3SO3) (1; Re-bpy-MMI). Elemental 
anal. Calcd for [Re(CO)3(C10H8N2)(C4H6N2S)](CF3SO3), 
(ReC18H14N4O6S2F3): %C 31.35, %H 2.05, %N 8.12; Found: %C 31.34, 
%H 2.08, %N 7.99. Yield 74%. 1H NMR (600 MHz, MeOD-d4): δH (ppm) 
= 9.06 (d, J = 4.8 Hz, 2H), 8.58 (d, J = 8.4 Hz, 2H), 8.30 (td, J = 7.8, 1.2 
Hz, 2H), 7.73 (td, J = 6.6, 1.2 Hz, 2H), 7.14 (d, J = 1.8 Hz, 1H), 6.96 (d, 
J = 1.8 Hz, 1H), 3.35 (s, 3H). 13C NMR (151 MHz, MeOD-d4): δC (ppm) 
= 198.0 (C11, C12), 190.1 (C13), 156.9 (C1, C1′), 154.8 (C3, C3′), 152.6 
(C7), 141.6 (C5, C5′), 129.3 (C4, C4′), 125.5 (C6, C6′), 123.9 (C8), 118.7 
(C9), 35.1 (C10). IR (cm− 1): ṽC≡O = 2026, 1921, 1905. 

fac-[Re(CO)3(bpy)(MSeI)](CF3SO3) (2; Re-bpy-MSeI). Elemental 
anal. Calcd for [Re(CO)3(C10H8N2)(C4H6N2Se)](CF3SO3), 
(ReC18H14N4O6SeSF3): %C 29.35, %H 1.92, %N 7.61; Found: %C 29.30, 
%H 1.78, %N 7.60. Yield 30%. 1H NMR (600 MHz, MeOD-d4): δH (ppm) 
= 9.08 (d, J = 6.0 Hz, 2H), 8.53 (d, J = 8.4 Hz, 2H), 8.27 (td, J = 8.4, 1.8 
Hz, 2H), 7.70 (td, J = 6.6, 1.2 Hz, 2H), 7.22 (d, J = 2.4 Hz, 1H), 7.02 (d, 
J = 2.4 Hz, 1H), 3.36 (s, 3H). 13C NMR (151 MHz, MeOD-d4): δC (ppm) 
= 198.1 (C11, C12), 190.0 (C13), 156.7 (C1, C1′), 154.8 (C3, C3′), 141.3 
(C5, C5′), 140.1 (C7), 129.2 (C4, C4′), 125.4 (C6, C6′), 124.9 (C8), 120.5 
(C9), 36.7 (C10). IR (cm− 1): ṽC≡O = 2022, 1920, 1901. 

fac-[Re(CO)3(phen)(MMI)](CF3SO3) (3; Re-phen-MMI). Elemental 
anal. Calcd for [Re(CO)3(C12H8N2)(C4H6N2S)](CF3SO3), 
(ReC20H14N4O6S2F3): %C, 33.66; %H, 1.98; %N, 7.85; Found: %C 33.83; 
%H, 1.96; %N, 7.90. Yield 93%. 1H NMR (600 MHz, MeOD-d4): δH 
(ppm) = 9.45 (dd, J = 5.1, 1.4 Hz, 2H), 8.89 (dd, J = 8.3, 1.4 Hz, 2H), 
8.24 (s, 2H), 8.06 (dd, J = 8.2, 5.1 Hz, 2H), 6.88 (d, J = 2.2 Hz, 1H), 6.71 
(d, J = 2.2 Hz, 1H), 3.10 (s, 3H). 13C NMR (151 MHz, MeOD-d4): δC 
(ppm) = 197.9 (C11, C12), 190.1 (C13), 155.2 (C3, C3′), 152.0 (C7), 
147.6 (C1, C1′), 140.7 (C5, C5′), 132.6 (6, 6′), 129.4 (C15, C15′), 127.9 
(C4, C4′), 123.5 (C8), 118.2 (C9), 34.8 (C10). IR (cm− 1): ṽC≡O = 2024, 
1923, 1910. 

fac-[Re(CO)3(phen)(MSeI)](CF3SO3) (4; Re-phen-MSeI). Elemental 
anal. Calcd for [Re(CO)3(C12H8N2)(C4H6N2Se)](CF3SO3), 
(ReC20H14N4O6SeSF3): %C, 31.58; %H, 1.86; %N, 7.37%; Found: %C 
33.44; %H, 1.80; %N, 7.37. Yield: 39%. 1H NMR (600 MHz, MeOD-d4): 
δH (ppm) = 9.46 (dd, J = 5.1, 1.4 Hz, 2H), 8.86 (dd, J = 8.2, 1.3 Hz, 2H), 
8.21 (s, 2H), 8.04 (dd, J = 8.2, 5.1 Hz, 2H), 6.90 (d, J = 2.4 Hz, 1H), 6.72 
(d, J = 2.4 Hz, 1H), 3.07 (s, 3H). 13C NMR (151 MHz, MeOD-d4): δC 
(ppm) = 198.0 (C11, C12), 190.1 (C13), 155.3 (C3, C3′), 147.3 (C1, 
C1′), 140.4 (C5, C5′), 139.5 (C7), 132.5 (C6, C6′), 129.4 (C15, C15′), 
127.8 (C4, C4′), 124.6 (C8), 119.9 (C9), 36.3 (C10). IR (cm− 1): ṽC≡O =

2020, 1908. 
fac-[Re(CO)3(dmphen)(MMI)](CF3SO3) (5; Re-dmphen-MMI). 

Elemental anal. Calcd for [Re(CO)3(C14H12N2)(C4H6N2S)](CF3SO3), 
(ReC22H18N4O6S2F3): %C, 35.62; %H, 2.45; %N, 7.55; Found: %C 35.47; 
%H, 2.42; %N, 7.74. Yield 97%. 1H NMR (600 MHz, MeOD-d4): δH 
(ppm) = 8.66 (d, J = 8.3 Hz, 2H), 8.08 (s, 2H), 8.02 (d, J = 8.3 Hz, 2H), 
6.96 (d, J = 2.2 Hz, 1H), 6.85 (d, J = 2.2 Hz, 1H), 3.31 (s, 6H), 3.05 (s, 
3H). 13C NMR (151 MHz, MeOD-d4): δC (ppm) = 197.8 (C11, C12), 
189.9 (C13), 165.8 (C3, C3′), 152.1 (C7), 148.7 (C1, C1′), 140.9 (C5, 
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C5′), 130.9 (C6, C6′), 128.4 (C15, C15′), 128.2 (C4, C4′), 123.8 (C8), 
118.6 (C9), 34.8 (C10), 31.8 (C16). IR (cm− 1): ṽC≡O = 2022, 1903. 

fac-[Re(CO)3(dmphen)(MSeI)](CF3SO3) (6; Re-dmphen-MSeI). 
Elemental anal. Calcd for [Re(CO)3(C14H12N2)(C4H6N2Se)](CF3SO3), 
(ReC22H18N4O6SeSF3): %C, 33.51; %H, 2.30; %N, 7.10; Found: %C 
33.86; %H, 2.37; %N, 7.16. Yield 83%. 1H NMR (600 MHz, MeOD-d4): 
δH (ppm) = 8.63 (d, J = 8.3 Hz, 2H), 8.05 (s, 2H), 8.00 (d, J = 8.3 Hz, 
2H), 6.98 (d, J = 2.1 Hz, 1H), 6.85 (d, J = 2.1 Hz, 1H), 3.31 (s, 6H), 3.07 
(s, 3H). 13C NMR (151 MHz, MeOD-d4): δC (ppm) = 198.0 (C11, C12), 
189.6 (C13), 165.9 (C3, C3′), 148.7 (C1, C1′), 141.5 (C7), 140.7 (C5, 
C5′), 130.8 (C6, C6′), 128.4 (C15, C15′), 128.2 (C4, C4′), 124.8 (C8), 
120.3 (C9), 36.4 (C10), 32.0 (C16). IR (cm− 1): ṽC≡O = 2018, 1884. 

2.5. Physical measurements and methods 

2.5.1. Single-crystal X-ray diffraction 
Yellow single-crystals of 2 were obtained by slow evaporation of its 

concentrated solution in MeOH, and those of 1a, 3, 5 and 6 were crys
tallized in water: acetone (1:1) mixture. Using water as solvent led to 
formation of single crystals of 1b. Crystals of 4 were not suitable for 
crystallography. 

A suitable crystal was selected of each compound and diffraction 
data were obtained by means of a Bruker APEX-II CCD diffractometer at 
173(2) K. Using Olex2 [43], the structures were solved with the ShelXT 
[44] structure solution program using Intrinsic Phasing and refined with 
the ShelXL [45] refinement package using Least Squares minimisation. 

2.5.2. NMR spectroscopy 
1H, 13C and HSQC 2D NMR measurements were carried out at room 

temperature using a Bruker Avance III 600 MHz spectrometer. 1H NMR 
spectra of pure ligands (MMI and MSeI) in CDCl3 and those of rhenium 
compounds in MeOD-d4 were collected by co-adding 32 scans and 
internally referenced using solvent residual signals at 7.26 and 3.31 
ppm, respectively [46,47]. 1H NMR spectra of 1–2 were also measured 
in 90%H2O (+ 10% MeOD-d4 used as internal reference) over a period of 
48 h, each time collecting 32 scans using the zgesgp pulse sequence for 
water suppression via application of a shaped pulse. To compare the 1H 
NMR chemical shifts, the spectra of MMI and MSeI were also measured 
in MeOD-d4. 13C NMR measurements were carried out at 151 MHz at 
room temperature, using zgpg30 (except for 6) or UDEFT (for 6) pulse 
sequence and broadband proton decoupling, a 240 ppm sweep width, 
0.5 s delay between scans (3.0 s for 6) and 65 K data points, co-adding 
2000 scans for pure ligands MMI and MSeI in CDCl3 (and also in MeOD- 
d4 for comparison), and Re(I) complexes 1–6, and internally referenced 
using the CD3Cl and MeOD-d4 signals at 77.16 and 49.15 ppm, respec
tively [46]. The HSQC 2D NMR for 1–5 were obtained by co-adding 4–8 
scans. 

2.5.3. FT-IR spectroscopy 
IR spectra were measured using an Agilent Cary 630 FT-IR with a 

diamond ATR accessory, averaging 8 scans for each sample. 

2.5.4. UV–vis spectroscopy 
Electronic absorption spectra were obtained at room temperature 

with a Cary 300 UV–vis double-beam spectrophotometer using a 1 cm 
path-length quartz cuvette, with distilled water or 2% MeOH (10% 
MeOH for 6) as reference. Stock solutions (200 μM) of the rhenium (I) 
bipyridine complexes (1, 2, 7) were prepared in distilled water and the 
others in 2% MeOH (complex 6 in 10% MeOH) due to their limited 
solubility in water. Each sample was then further diluted using distilled 
water (or 2% or 10% MeOH) to 5.0 × 10− 5 M, for which 3–5 scans were 
collected and averaged. 

2.5.5. Cell viability 
To determine the cytotoxicity of 1–6, 8 and 9, their stock solutions 

were prepared in complete cell culture media using DMEM: Re-bpy 

complexes 1 and 2 in DMEM (350 and 290 μM, respectively, for MDA- 
MB-231 cells and 200 μM solutions containing 2% MeOH for HEK- 
293 T cells), 200 μM solutions of Re-phen complexes 3, 4 and 8 in DMEM 
containing 2% MeOH, and Re-dmphen complexes 5, 6 (100 μM) and 9 
(60 μM) in DMEM with 3% MeOH. Higher concentrations of 9 turned 
turbid after an hour. In each case, appropriate amounts of complexes 
3–6, 8 and 9 were first dissolved in 2.0 or 3.0 mL MeOH in a 100 mL 
volumetric flask, and then their volume was adjusted using the cell 
culture media. Stepwise dilution of the stock solutions using cell culture 
media (with 2% or 3% MeOH) led to a series of solutions with different 
concentrations. The procedure was repeated for all complexes 1–9 
(containing 2–3% MeOH) and cisplatin prior to treating HEK-293 T cells. 

MDA-MB-231 breast cancer cells were seeded in black-walled clear- 
bottom 96-well tissue culture plates at a density of 7500 cells/well, in a 
final volume of 100 μL of complete cell culture media, and cultured for 
~36–48 h. Then the media was replaced with 100 μL of a freshly pre
pared diluted sample containing a drug (1–6, 8 or 9) in varying con
centrations in complete cell culture media. DMEM with 2% MeOH was 
used as the vehicle for the Re-phen complexes 3, 4, 8, and DMEM with 
3% MeOH for Re-dmphen complexes 5, 6 and 9. After 48 h incubation, 
the treatment was removed, cells were washed twice with 100 μL 
phosphate buffered saline (PBS) and incubated with 100 μL of 10% v/v 
solution of alamarBlue reagent (Life Technologies Corporation) in 
complete cell culture media; the plates were incubated for 2.5 h. The 
fluorescence emission at 600 nm after excitation at 570 nm was 
measured in a Spectramax M4 Microplate Reader. The percent control 
survival was calculated as (F/C) * 100, where F = fluorescence intensity 
of the wells of interest, and C = average fluorescence intensity of the 
wells containing cells incubated with complete cell culture media. The 
graphs were created using Graph Pad Prism software (version 9.3.0). In 
order to calculate the half-inhibitory concentration (IC50), the percent 
control survival vs logarithm of drug concentration graphs was adjusted 
to a logarithmic curve. The percent viability data are the mean of three 
(for 1 and 2) or six (for 3–6, 8, 9) experimental replicates per concen
tration, and three independent experiments. 

The above procedure was repeated for the HEK-293 T cells: DMEM 
with 2% MeOH was used as the vehicle for the Re-bpy and Re-phen 
complexes (1–4, 7, 8), and DMEM with 3% MeOH for Re-dmphen 
complexes (5, 6, 9). For cisplatin, DMEM was added as the vehicle. 
The cells were incubated with each drug for 48 h. The cell viability (%) 
data are representative of three independent experiments, each with six 
replicates. 

3. Results and discussion 

Reactions of diimine Re(I) tricarbonyl compounds, fac-[Re(CO)3(N, 
N′)X](CF3SO3), (N,N′ = bpy, phen, dmphen; X = H2O or THF), with 
methimazole and its selenium analogue in THF solution led to a series of 
air-stable Re(I) complexes coordinated to these imidazoline-2-thione/ 
selone ligands, which were characterized by X-ray crystallography, 
elemental analysis, multinuclear (1H, 13C) and 2D NMR, UV–vis and IR 
spectroscopic techniques. Scheme 2 displays the synthetic procedure for 
the water soluble compound fac-[Re(bpy)(CO)3(MSeI)](CF3SO3) (2), 
which was crystallized from its methanol solution. 

3.1. X-ray crystallography 

Crystallization of the water soluble methimazole compound, fac-[Re 
(bpy)(CO)3(MMI)](CF3SO3) (Re-bpy-MMI; 1), led depending on the 
solvent used (see the Experimental Section), to two polymorphs 1a and 
1b. Evidently, their energy difference must be small, with the MMI ring 
stacked nearly above the bipyridine ligand in 1a, but in 1b adopting the 
opposite direction away from bipyridine closer to the equatorial 
carbonyl ligands (Fig. 1). Crystal data, structural refinements, as well as 
selected bond distances and angles for 1a, 1b, fac-[Re(CO)3(bpy)(MSeI)] 
(CF3SO3) (2; Re-bpy-MSeI), fac-[Re(CO)3(phen)(MMI)](CF3SO3) (3; 
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Re-phen-MMI) and fac-[Re(CO)3(dmphen)(MSeI)](CF3SO3) (6; Re- 
dmphen-MSeI) are reported in Tables S1 and S2, with crystal structures 
of 2, 3 and 6 displayed in Fig. 2. The crystal structure of fac-[Re 
(CO)3(dmphen)(MMI)](CF3SO3) (5; Re-dmphen-MMI) was disordered, 
with two slightly twisted orientations for the Re(I) complex (Fig. S1). 

The crystal structures of 1a and 2 are isomorphous with the same 
space group. In all other crystal structures, the orientations of the imi
dazoline rings are different. Still one of the nitrogen atoms in the imi
dazoline ring (N1) forms a rather strong hydrogen-bond to the triflate 
ions with N1–H….O about 2.8–2.9 Å. Such hydrogen bond ability 
would promote solubility of the complexes in the aqueous solution. 

In these structures, methimazole (MMI) and its selenium analogue 
(MSeI) appear in their thione and selone forms, respectively. The C7–S 
bond distances in the coordinated MMI in 1a, 1b and 3 are all longer 
(Table S2) than the C–S distances in the pure MMI ligand, 1.682(2) and 
1.686(2) Å [48]. Similar elongation is observed for the C7–Se distance 
of the Re(I) bound selone group in 2 and 6 relative to the corresponding 
C–Se distance in the pure MSeI ligand, 1.849(3) Å [42]. This observa
tion is probably due to π-back donation from the filled Re(I) t2g orbitals 
to π* (C=S/Se), making the bond somewhat weaker and longer. 

The Re–COaxial bond distances in the MMI/MSeI complexes 1a, 1b 
and 2 (Re–C axial = 1.91–1.92 Å, Table S2) are longer for the CO ligands 

Scheme 2. Synthetic procedure for the fac-[Re(CO)3(bpy)(MSeI)](CF3SO3) compound (2). The numbers in red refer to the carbon atoms associated with its crystal 
structure and the 13C NMR signals described in the “Experimental Section”. 

Fig. 1. Two polymorphs of fac-[Re(bpy)(CO)3(MMI)](CF3SO3): 1a crystallized from water: acetone (1:1), 1b from water. Only one of the two ion-pairs in the 
asymmetric unit of 1b is shown here. Thermal ellipsoids are shown at 50% probability level. 
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trans to the thione/selone groups than that for the CO ligand trans to the 
aqua ligand in the crystal structure of fac-[Re(CO)3(bpy)(H2O)] 
(CF3SO3) (7; Re–C axial = 1.882(10) Å) [49]. Similar elongation is 
observed when comparing the influence of aqua and MMI ligands on the 
Re–COaxial distances in fac-[Re(CO)3(phen)(H2O)](CF3SO3) (8) and fac- 
[Re(CO)3(phen)(MMI)](CF3SO3) (3) with Re–Caxial 1.898(7) Å and 
1.923(2) Å, respectively [49]. The elongation is consistent with the 
stronger sigma bond formed between the soft Re(I) ion and the soft S/Se 
donor atom in the MMI and MSeI ligands, than with the aqua ligand, 
leading to stronger trans influence on the Re–COaxial bonds. 

The Re–S bond lengths in the Re-MMI complexes 1a, 1b and 3, 
which vary over a narrow range 2.516(1) ~ 2.545(2) Å, and the Re–Se 
bond distance of 2.650(1) Å in the Re-MSeI complexes 2 and 6 are 
comparable with the average Re–S and Re–Se distances 2.516(2) Å 
and 2.643(3) in the [Re(CO)3{HB(SImMe)3}] and [Re(CO)3{HB 
(SeImMes)3}] complexes, respectively, where {HB(SImMe)3} = tris(2- 
mercapto-1-methylimidazolyl)hydroborate and {HB(SeImMes)3} = tris 
(2-seleno-1-mesitylimidazolyl)hydroborate [50,51]. 

In the previously reported crystal structures for similar complexes 

with phosphine ligands, [Re(CO)3(bpy)(PR3)]+ [16], the average Re–P 
bonds (2.43–2.44 Å) are about 0.1–0.2 Å shorter than the corresponding 
Re–S and Re–Se distances in 1a/1b and 2, respectively. Furthermore, 
the Re–COaxial bonds (1.96 Å) are slightly longer than those in 1a/1b 
and 2 (1.91–1.92 Å), implying that the phosphine ligands have even 
stronger trans-influence than MMI and MSeI. An increasing σ-donor and 
π-acceptor ability of the PR3 ligands with π-competition for the same 
metal orbitals is consistent with a weaker, longer trans Re–COaxial bond 
[15]. 

3.2. Vibrational spectroscopy 

The characteristic C ≡ O vibrational stretching bands that occur in 
the 2040–1890 cm− 1 range for the Re(I) aqua complexes 7–9, generally 
appear at lower frequencies for the complexes 1a – 6 (Fig. S2 and Table 
S3). Such shift indicates weaker C ≡ O bonds, probably because of 
increased π-back-donation from the electron-rich Re(I) ions bound to the 
thione/selone ligands (relative to H2O) to π* of the carbonyl group 
[50,52]. 

Fig. 2. Crystal structures of fac-[Re(CO)3(bpy)(MSeI)](CF3SO3) (2), fac-[Re(CO)3(phen)(MMI)](CF3SO3) (3) and fac-[Re(CO)3(dmphen)(MSeI)](CF3SO3) (6). 
Disordered components have been removed for clarity. 
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3.3. NMR spectroscopy 

The 1H and 13C NMR signals for C8–H and C9–H in Re(I)-bound 
MMI and MSeI in 1 and 2 showed a slight downfield shift (ΔδH < 0.2 
ppm, ΔδC ≤ 3 ppm) relative to those of the pure ligands (see Table S4, 
Figs. S3–S6), since transfer of electron density from the coordinated 
MMI/ MSeI ligands to the Re(I) ion has a deshielding effect on both the H 
and C atoms. Similar relative 13C downfield shifts were observed for the 
ligands’ C8 and C9 atoms in the Re-phen and Re-dmphen complexes 
3–6. However, the C8–H and C9–H proton NMR resonances in the Re- 
phen complexes 3 and 4 were somewhat shielded relative to those of 
pure MMI and MSeI ligands, which could be due to stacking of the MMI/ 
MSeI ligands above the phen ring, as shown in the crystal structure of the 
Re-phen-MMI complex (3) in Fig. 2. 

The 13C NMR signal for the carbene C7 atom (C–S/Se) of the pure 
ligands MIM (δC = 161.6 ppm) and MSeI (δC = 152.3 ppm) showed 
significant upfield shift (ΔδC 9–13 ppm) in the 13C NMR spectra of the Re 
(I) complexes 1–6; see Figs. S3–S10 and Table S4. Such an upfield shift of 
the 13C signal has been attributed to decreasing π-acceptance character 
of the carbene C atom upon coordination [53]. In free N-heterocyclic 
carbenes (NHCs), promotion of an electron from the σ(NHC lone pair) to 
the pπ acceptor orbital on the carbene C atom contributes to the para
magnetic shielding term, leading to a downfield shift of carbene δC [54]. 
In imidazoline-2-chalcogenones such as MSeI, the π backdonation Se 
(4py) → Se-C(π*) that contributes to a paramagnetic shielding term is 
decreased upon Se(4py) → metal coordination, resulting in an upfield 
shift of the carbene δC [55,56]. 

3.4. Electronic absorption spectroscopy 

The UV–vis absorption spectra of the Re(I) complexes 1–9 displayed 
in Fig. 3 show that the band at 345 nm for the Re-bpy-Aqua complex (7) 
shifts to higher wavelengths (red-shift) to 362 and 367 nm for Re-bpy- 
MMI (1) and Re-bpy-MSeI (2), respectively. These electronic transi
tions are attributed to a metal-to-ligand charge transfer (MLCT) d(Re) → 
π*(bpy); see the Computational Studies in the Supplementary Data. Also, 
the intensity of the bands at 245 and ~ 300 nm increases noticeably for 1 
and 2, relative to 7. The spectra of Re-MMI complexes 3 and 5 show two 
distinct features in the 255–275 nm range. 

These complexes were stable in aqueous (or 2% MeOH) solutions 
when irradiated with UV-A light (λ = 365 nm) for 2 h (Fig. S12), 
otherwise observable changes in the UV–vis spectra would be expected 
as a result of changes in the Re(I) coordination geometry [16]. The 
minor changes observed in the UV–vis spectra in Fig. S12 are due to 
photo-bleaching. 

3.5. Ligand exchange in aqueous media 

To check the stability of the complexes, and the possibility of MMI/ 
MSeI ligand exchange with water molecules in aqueous media, 1H NMR 
spectra of the water soluble Re-bpy-MMI (1) and Re-bpy-MSeI (2) 
complexes were measured at different time intervals over a 48 h period 
in 90% H2O (+ 10% MeOD-d4 used as internal reference). As shown in 
Fig. 4, the Re(I) methimazole complex (1) is rather stable in aqueous 
solution with ~18% of the complex being hydrolyzed after 24 h and ~ 
27% after 48 h (based on the relative peak integrals in the 9.1–9.2 ppm 
region); peaks related to the hydrolyzed species are marked with (*). 
The ligand exchange is much slower for the MSeI ligand in 2, as shown in 
Fig. S11, with only ~10% of the complex hydrolyzed after 24 h. Based 
on these results, limited amount of free ligand from the hydrolysis 
process is released in the aqueous media at room temperature. 

3.6. Cytotoxicity 

The effect of the Re(I) complexes 1–6 on cell viability was deter
mined by testing varying concentrations of these complexes in the 

human breast cancer cells (MDA-MB-231) and in the human embryonic 
kidney cells (HEK-293 T), checking the selectivity of these complexes 
towards cancerous vs. normal cells. The results are presented in Fig. 5, 
S15 and Table 1. 

Complexes 1 and 2 with the MMI/MSeI ligands have significantly 

Fig. 3. UV–vis absorption spectra of air-equilibrated aqueous media (5.0 ×
10− 5 M) of fac-[Re(N,N′)(CO)3X](CF3SO3) compounds: (top) N,N′ = bpy, X =
MMI (1), MSeI (2), H2O (7); (middle) N,N′ = phen, X = MMI (3), MSeI (4), H2O 
(8); (below) N,N′ = dmphen, X = MMI (5), MSeI (6), H2O (9). Common ab
sorption maxima are shown in black. 
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Fig. 4. 1H NMR spectra of fac-[Re(CO)3(bpy)(MMI)](CF3SO3) (1; Re-bpy-MMI) in (90% H2O + 10% MeOD-d4) over 48 h. Peaks shown with (*) are related to the 
hydrolysis products: the Re-bpy-Aqua (7) complex and the free MMI ligand. 

Fig. 5. Cytotoxicity of the Re(I) complexes 1–9 in the human breast cancer cells (MDA-MB 231). Cells were incubated with each compound for 48 h. The error bars 
represent the standard deviation. The data were analyzed using a one-way ANOVA, followed by a Dunnett’s Test; the asterisks represent significant differences in 
comparison to the control group (no treatment), *: p < 0.05, **: p < 0.01. The data represent three independent experiments, each with three (for 1 and 2), six (for 
3–6, 8, 9) or nine (for 7 - from Ref [27]) experimental replicates. 
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higher cytotoxicity towards MDA-MB-231 cells (Table 1) in comparison 
with the two Re(I) complexes containing X = S-donor ligands that were 
previously studied in our group, i.e. the neutral cysteinate complex, fac- 
[Re(CO)3(bpy)(HCys)], and the anionic fac-[Re(CO)3(bpy)(S2O3)]−

[27,28]. The reason is probably due to the cationic nature of these 
species and their higher cell membrane permeability that leads to higher 
cellular uptake through passive diffusion [57–59]. 

Comparing the cytotoxicity of MMI vs. MSeI rhenium(I) complexes, 
the Re-MMI complexes 3 and 5 were somewhat more toxic with lower 
IC50 relative to their selenium analogues 4 and 6, respectively, or with 
very similar cytotoxicity (1 and 2 towards breast cancer cells). Of the 
three sets of diimine complexes tested in this study, the Re-dmphen 
complexes (5, 6 and 9) displayed the highest toxicity. In each set, the 
aqua complexes fac-[Re(CO)3(N,N′)X]+ (X = H2O; 7–9) were generally 
more toxic towards the breast cancer cells than the corresponding X =
MMI/ MSeI complexes (1–6) with the lowest IC50 = 6.0 ± 0.1 μM for fac- 
[Re(CO)3(dmphen)(H2O)]+ (9) (see Table 1). This value is comparable 
to a range of reported IC50 values for this complex, tested in several cell 
lines (other than MDA-MB 231), varying from 0.92 ± 0.20 to 6.7 ± 4.9 
(cell exposure time = 72 h) [12]. Remarkably, among the Re-dmphen 
complexes, the Re-dmphen-Aqua (9) was the least toxic one towards 
HEK-293 T cells (IC50 = 20.0 ± 0.4 μM), showing three times higher 
selectivity towards MDA-MB-231 breast cancer cells. The other Re-aqua 
complexes (7 and 8) as well as the Re-bpy complexes 1 and 2 were more 
toxic and selective towards MDA-MB-231 than HEK-293 T cells, 
although to a lesser extent than 9. The Re-phen-MMI (3) and Re-phen- 
MSeI (4) complexes were found to be equally or more toxic towards 
HEK-293 T human embryonic kidney cells, with Re-dmphen-MMI (5) 
being the most toxic. 

The mechanism of action of these complexes is unknown. The ability 
of 1 and 2 in generating 1O2 was tested using a direct detection method 
as described earlier [27], giving negative results. It is unlikely that these 
Re-MMI/MSeI complexes become activated through hydrolysis [60]; as 
discussed in Section 3.5, <10–20% of complexes 1 and 2 hydrolyzed 
over a 24 h period. 

Complexes 1–6 with a thione/ selone donor ligand seem to be more 
toxic (IC50 ≤ 55 μM for MDA-MB-231 cells) than phosphine complexes 
fac-[Re(CO)3(N,N′)(PR3)]+ with similar diimine ligands [16]. However, 
these phosphine complexes exhibit photo-cytotoxicty, i.e. they have the 
advantage of having minimal toxicity in the dark (IC50 > 200 μM in HeLa 
cells), but become highly toxic upon irradiation with 365 nm light – an 
ideal case for selectively targeting cancer cells. Note that irradiation of 
complexes 1–5 with 365 nm light did not cause any changes in their 
UV–vis. Spectra (see above). 

4. Conclusion 

Two series of diimine tricarbonyl rhenium(I) complexes with the soft 
and polarizable thione (methimazole; MMI) or selone (1-methyl
imidazole-2-selone; MSeI) ligands were reported for the first time: fac- 
[Re(CO)3(N,N′)(MMI)]+ and fac-[Re(CO)3(N,N′)(MSeI)]+, where N,N′

= bpy, phen and dmphen. Their cytotoxicity on the human breast cancer 
(MDA-MB-231) and the human embryonic kidney (HEK-293 T) cell lines 
were determined in vitro. The highest toxicity was found for fac-[Re 
(CO)3(dmphen)(MMI)]+ (5) with IC50 = 8.0 ± 0.2 μM (for MDA-MB- 
231), similar to that of the corresponding aqua complex, fac-[Re 
(CO)3(dmphen)(H2O)]+ with IC50 = 6.0 ± 0.1 μM; the latter had three 
times higher selectivity towards the cancer cells. Least toxic were the 
water soluble fac-[Re(CO)3(bpy)(MMI / MSeI)]+ complexes (1, 2; IC50 
= 55 ± 3 μM for the cancer cells and 72–80 μM for the normal cells). 

These thione/ selone Re(I) complexes were significantly more cyto
toxic (IC50 ≤ 55 μM) than the corresponding fac-[Re(CO)3(N,N′)(PR3)]+

complexes with a phosphine ligand that display little to no toxicity in the 
dark (IC50 > 200 μM in HeLa cells) [16]. However, unlike the phosphine 
complexes, they were stable in aqueous media and did not release a CO 
ligand upon irradiation with 365 nm light, and are therefore not 

candidates as photo-activated anticancer agents. 

Crystallography data 

CCDC 2201417–2201422 contain the supplementary crystallo
graphic data for this paper. These data can be obtained free of charge via 
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_req 
uest@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallo
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 
+441,223 336,033. 
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Table 1 
IC50 values of the compounds in the human breast cancer cell line MDA-MB 231 
and the human embryonic kidney cell line HEK-293 T after 48 h treatmenta.  

Compound MDA-MB-231 IC50 (μM) HEK-293 T IC50 (μM) 

cisplatin 11 ± 2b 23 ± 1 
fac-Re(CO)3(bpy)(HCys) > 100b  

Na[fac-Re(CO)3(bpy)(S2O3)] > 100c  

Re-bpy-MMI (1) 55 ± 2 72 ± 2 
Re-bpy-MSeI (2) 55 ± 3 80 ± 2 
Re-bpy-Aqua (7) 26 ± 3b 45 ± 1 
Re-phen-MMI (3) 35 ± 1 35 ± 1 
Re-phen-MSeI (4) 45 ± 1 38 ± 1 
Re-phen-Aqua (8) 19.0 ± 0.7 31.0 ± 0.8 
Re-dmphen-MMI (5) 8.0 ± 0.2 11.0 ± 0.2 
Re-dmphen-MSeI (6) 14.0 ± 0.4 15.0 ± 0.4 
Re-dmphen-Aqua (9) 6.0 ± 0.1 20.0 ± 0.4  

a The values given as IC50 ± standard deviation represent three independent 
experiments, each with six replicates for the HEK-293 T cell line, and for the 
MDA-MB-231 cell line, each experiment with three (for 1 and 2), six (for 3–6, 8, 
9) or nine (for cisplatin and 7) replicates. 

b Ref [27]. 
c Ref [28]. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jinorgbio.2022.112092. 
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