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Abstract 

A series of diiron complexes based on the [Fe2Cp2(CO)x] skeleton (Cp = 5-C5H5, x = 2 or 3; 4-

C5H5Ph in the place of one Cp in one case) and containing different bridging hydrocarbyl ligands 

(aminocarbyne, thiocarbyne, allenyl) were preliminarily investigated for their anticancer potential. The 

water solubility, the stability in water and in the presence of a cell culture medium, and the 

octanol/water partition coefficient were evaluated by spectroscopic techniques. The cytotoxicity was 

assessed in vitro towards the human ovarian carcinoma cell line A2780, the human triple negative 

breast cancer cell line MDA-MB-231, and the human vascular smooth muscle cell line SMCs. Some 

aminocarbyne complexes exhibited a potent cytotoxicity, with IC50 values in the low 

micromolar/nanomolar range, and a strong selectivity for the A2780 cells compared to the SMCs cell 

line. Several experiments were carried out in order to give insight into the mode of action of selected 

compounds, including assessment of catalytic NADH oxidation and ROS production, and studies of 

binding with DNA and with a model protein.  

 

Keywords: bioorganometallic chemistry, diiron complexes, metal-metal cooperativity, carbyne ligand, 

cytotoxicity. 

 

Introduction 

Across the quite large dimensional scale in which organometallic compounds can be classified, ranging 

from atomic level to nanometric and microscopic length scale, dimetal complexes occupy a position 

very close, although distinct, to monometal complexes.  Indeed, dealing with dimetal complexes is not 

just a matter of “doubling” the average size of an organometallic compound.  Complexes with a metal-

metal interaction show a distinct character and chemical behavior, essentially due to two major reasons: 

a) cooperative/synergic effects associated to the presence of two adjacent metal atoms; b) the 
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possibility of taking advantage of unique reactivity patterns provided by bridging coordination.1 Our 

interest in this field has been focused on diiron complexes,2 which indeed represent an area of growing 

interest for obvious reasons, mostly related to the urgent need to replace precious and toxic metals with 

more abundant and sustainable ones.3 

The example which perhaps better illustrates how two adjacent metal centers may work in concert is 

given by the active site of the natural metallo-enzyme [FeFe]-hydrogenase (Figure 1, structure I). In 

that case, the two Fe atoms cooperate cutting in half the electronic requirements associated to the 

proton reduction to form H2, as well as the reverse reaction. The structure of the inorganic core of the 

[FeFe]-hydrogenase enzyme has inspired extensive investigations4 in the prospect that dihydrogen 

becomes a major energy vector in the transition from fossil fuels to renewables. Prevalent focus has 

been so far on diiron complexes closely resembling the [FeFe]-hydrogenase active site (i.e. dithiolate 

mimics, see structure II in Figure 1),5  although some of us demonstrated that it is possible to extend 

these concepts to diiron complexes containing cyclopentadienyls and bridging hydrocarbyl ligands, 

which cannot be strictly considered as structural mimics but are able to provide new catalytic routes to 

H2 evolution (functional mimics).6 

 

Figure 1. I: Active site of hydrogenase; II: Diiron complexes as synthetic models of hydrogenase (L = CN, 
phosphine or isocyanide, X = S or NH); III: Ferroquine; IV: Diiron vinyliminium complexes (triflate salts; R = alkyl 

or aryl, R' = H, alkyl, aryl or CO2Me, R'' = H or alkyl). 

 

Concerning the second distinctive feature of dimetal complexes mentioned above (i.e., the bridging 

coordination), it has to be highlighted that organic fragments, when bridging two transition metal 

centers, may display reactivity patterns not accessible when the same fragments are bound to a single 
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metal, or are unbound. Examples are numerous and, regarding diiron species, the commercially 

available Fe2Cp2(CO)4, 1 (Cp = 5-C5H5), is a convenient starting material to obtain a large variety of 

unusual structural motifs: through the sequential elimination of CO ligands, it is possible to assemble 

and rearrange bridging coordinated organic fragments, and to introduce functional groups up to 

building complex molecular architectures.2b-c,7 This amount of accumulated empirical data and 

synthetic routes constitute a huge potential for applications. In this regard, a promising area is the 

exploration of the possible use of iron complexes in medicinal chemistry. To date, ferrocene derivatives 

have emerged as the most promising candidates,8 and Ferroquine, the ferrocene analogue of the 

antimalarial drug Chloroquine (Figure 1, structure III), successfully completed two phase II clinical 

studies as antimalarial agent,9 and also revealed potent activity against prostate cancer in vivo.10 

Furthermore, Jaouen and co-workers have developed a series of ferrocenes derivatized with the drug 

hydroxytamoxifen (ferrocifens), displaying a significant cytotoxicity against a panel of cancer cell 

lines.11 There are good reasons to believe that diiron bis-cyclopentadienyl complexes, which might be 

viewed as diiron analogues of ferrocene, could have similar impact. In addition, they take full 

advantage of the very extended possibilities to design and modify the nature of the bridging 

hydrocarbyl ligand, providing the most appropriate substituents and functional groups in order to gain 

full control of fundamental properties for a metal-based drug (e.g., solubility, redox potential, stability, 

inertness or lability to ligand substitution). In this light, some of us recently reported about the 

antiproliferative activity of diiron vinyliminium complexes (Figure 1, structure IV), representing the 

first family of organo-diiron complexes proposed as possible anticancer agents.12 

In order to extend the library of diiron complexes potentially able to act as metal drugs, we decided to 

consider a variety of compounds available from 1 (Scheme 1). Herein, we will present a screening 

study aimed to assess the adaptability of these compounds to an aqueous environment, and to 

preliminarily evaluate their in vitro cytotoxicity. 
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Scheme 1. Synthetic routes from Fe2Cp2(CO)4 to diiron complexes with a bridging hydrocarbyl ligand: a) 

vinylketone by photolytic alkyne insertion into Fe-CO bond;
13

 b) allenyl;
14

 c) thiocarbyne via preliminary 

generation of [FeCp(CO)2]
;

15
 d) aminocarbyne [Xyl = 2,6-C6H3Me2; Xyl

Cl
 = 2,6-C6H3Cl(Me); Naph = 2-

naphthyl];
16

 e) aminocarbyne with terminal alkoxyalkylidene ligand;
17,18

 f) aminocarbyne with cyclopentadiene 
ligand;

20,19
 g) aminocarbyne with labile acetonitrile ligand;

20
 h) neutral aminocarbyne with (pseudo)halide 

ligand;
18

 i) aminocarbyne with terminal isocyanide ligand.
16a,21 

 

Results and discussion 

1. Synthesis and characterization of compounds 

Compounds 3-10 were synthesized following the respective literature procedures under anhydrous 

conditions and N2 atmosphere (Scheme 1), with the exception of 8a, which was obtained adopting a 

novel, simplified method (see Experimental for details). The unprecedented aminocarbyne complexes 
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11a-b were synthesized from 8a via acetonitrile/phosphine substitution, and isolated in 85-90% yields 

after chromatographic purification (Scheme 2). 

 

Scheme 2. Synthesis of μ-aminocarbyne complexes with a terminal phosphine ligand (PTA = 1,3,5-triaza-7-
phosphatricyclo[3.3.1.1]decane). 

 

Complex 11a contains the amphiphilic PTA ligand, which has been incorporated in a variety of 

ruthenium and platinum complexes designed as anticancer agents, in order to enhance their water 

solubility and provide stability to the organometallic structures.22,23 In particular, the family of Ru(II) 

arene compounds [RuCl2(η
6-arene)(P-pta)] (RAPTA complexes) have emerged as promising drug 

candidates.24 Complex 11a was obtained as a mixture of two isomers (ratio 5:1), which were attributed 

to cis and trans mutual geometries of the Cp rings. A fraction of the prevalent cis-11a was isolated 

from a CHCl3 solution of the mixture. The occurrence of cis to trans rearrangement on going from the 

aminocarbyne adducts 8a-b to a variety of acetonitrile-substitution products was previously 

described.25 

The IR spectra of 11a-b (in CH2Cl2 solution) exhibit a typical pattern consisting in two intense bands 

due to the terminal and bridging carbonyl ligands, respectively (e.g. at 1992 and 1788 cm1 in the case 

of 11b), and one additional absorption related to the carbyne-nitrogen bond, around 1580 cm1. As a 

consequence of the partial double-bond character of this linkage, the N-substituents are non equivalent 

and resonate at 55.3 and 51.7 ppm in the 13C NMR spectrum of 11b (acetone-d6 solution). The 

aminocarbyne carbon manifests itself with a characteristic downfield 13C NMR resonance (326.6 ppm 
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in 11b),2b,16,25a,26  split into a doublet (2
JCP ca. 15 Hz) due to coupling with the phosphorous atom. The 

same effect is observed for the bridging (2
JCP ca. 15 Hz) but not the terminal (3

JCP ca. 0-2 Hz) carbonyl 

ligand. The different orientation of the Cp ligands in the two isomers of 11a was unambiguously 

ascertained by 1H NOE experiment. Thus, irradiation of one Cp resonance related to cis-11a (δH 5.27 

ppm) evidenced a NOE interaction with the other Cp (δH 5.14 ppm), whereas irradiation of either Cp 

(δH 5.21 and 5.05 ppm) belonging to trans-11a revealed mutual absence of NOE effect. In the 31P 

NMR spectrum of 11a, the phosphorous nucleus resonates at -21.8 ppm (cis-11a) and -13.1 ppm 

(trans-11a) respectively, these values falling in within the range typical for a P-coordinated PTA 

ligand.23,27,28 

In order to obtain crystals suitable for X-ray analysis, diethyl ether was allowed to slowly diffuse into a 

solution of 11a in methanol, to which few grains of NaCl were added to favor crystallization. The 

structure of [Fe2Cp2(CO)(-CO){-CNMe2}(PTA)]Cl, 11a
Cl, was therefore ascertained by a X-ray 

diffraction study (Figure 2, Tables S1-S2). The geometry and bonding parameters within the 

[Fe2Cp2(-CNMe2)(CO)(-CO)] core are well comparable to those previously reported for analogous 

diiron -aminocarbyne complexes.2b,16,21,29 More precisely, the Fe(1)-Fe(2) length [2.5195(4) Å] is 

consistent with the presence of a single bond, while the C(3)-N(1) distance [1.306(3) Å] reveals a 

considerable double bond character, in agreement with the spectroscopic data (see above). Therefore, 

the -aminocarbyne can be alternatively described as a bridging iminium ligand, and N(1) displays an 

almost perfect sp
2 hybridization [sum angle at N(1) 359.9(3)°]. The NMe2 unit is slightly tilted with 

respect to Fe2(-C) [dihedral angles Fe(1)-C(3)-N(1)-C(5) 5.22° and Fe(2)-C(3)-N(1)-C(4) 5.33°] and 

the Cp ligands adopt a cis geometry, as often found in similar complexes.2b,16,29,30 The Fe(2)-P(1) 

distance [2.2088(6) Å] compares well with that found in analogous diiron complexes containing a 

terminal PTA ligand.27a-b,31 
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Figure 2. View of the structure of the cation within 11a
Cl

. Displacement ellipsoids are at the 50% probability 
level. Hydrogen atoms have been omitted for clarity. 

 

2. Behavior in aqueous media: solubility, stability and octanol/water partition coefficient 

The water solubility of the diiron compounds 3-11 was assessed in saturated D2O solutions at 21 °C by 

1H NMR spectroscopy, using dimethylsulphone as an internal standard: data are compiled in Table 1. 

All the ionic compounds display an appreciable water solubility (≥ 10-3 mol∙L-1), except when bearing 

2-naphthyl (5d, 10) or 2,6-C6H3Cl(Me) (5e) groups. The PTA complex cis-11a possesses the highest 

solubility: 4.6∙10-2 M, corresponding to 
ca. 30 g∙L-1; as a comparison, the solubility of cisplatin in H2O 

is estimated to be 3 g·L-1.32 

Octanol-water partition coefficients (Log Pow, Table 1) of 3-11 were spectrophotometrically assessed 

using the shake-flask method (see Experimental for details). The majority of the compounds shows an 

amphiphilic character, with Log Pow ranging from –0.9 to 1.0. Hydrophilicity is favored by the 

presence of small alkyl substituents on the nitrogen atom (aminocarbyne ligand) or the sulfur atom 
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(thiocarbyne ligand), as in 4, 5a and 6 (Log Pow = –0.9). The effect of the presence of the PTA ligand 

in cis-11a results in Log Pow < –2. On the contrary, the neutral compounds 7 and 9a-b show 

considerable hydrophobicity (Log Pow > 2).  

 

Table 1. Solubility in water (D2O) and octanol/water partition coefficient (log Pow) for diiron complexes. All data 
refer to T = 21 °C. 

 

Compound D2O solubility / mol∙L
-1

 Log Pow 

3 ca. 3∙10
-3 [b]

 n.d. 
[b]

 

4 5.8∙10
-3

 0.9 ± 0.1 

5a 
[a]

 3.2∙10
-3

 0.9 ± 0.1 

5b 1.4∙10
-3

 0.27 ± 0.04 

5c 2.9∙10
-3

 0.51 ± 0.02 

5d not soluble 
[c]

 0.29 ± 0.03 

5e 
[a]

 not soluble 
[c]

 0.09 ± 0.07 

6 ca. 8∙10
-4

 0.9 ± 0.1 

7 not soluble 
[c]

 > 2 

9a 
[a]

 not soluble 
[c]

 > 2 

9b 
[a]

 not soluble 
[c]

 > 2 

10 
[a]

 not soluble 
[c] 1.2 ± 0.1 

cis-11a 4.6∙10
-2 < 2 

11b ca. 5∙10
-4

 1.0 ± 0.1 

 

[a] Data is referred to all isomers collectively. [b] Rapid degradation in water (vide infra). [c] Solubility below the 
lowest value of quantitation (ca. 3·10

-4 
M). 

 

 

The stability of the water-soluble compounds 3, 4, 5a-d and cis-11a in D2O solution at 37 °C was 

monitored over time by 1H NMR spectroscopy (Table S3). The allenyl derivative 3 underwent quick 

changes upon dissolution, leading to quantitative precipitation of a brown solid within a few hours. The 

notable instability of 3 seems ascribable to the -1:2 coordination mode of the allenyl ligand, 

presumably allowing the entrance of water into the metal coordination sphere by displacement of the 

coordinated C=C -system. Analogously, a -1:2-vinyl analogue of 3 was reported to readily break 

into monoiron species by addition of acetonitrile.33 On the other hand, a single set of 1H/31P NMR 
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signals was observed for freshly-prepared solutions of 4, 5a-d and cis-11a, assigned to the starting 

materials.34 In these cases, a small amount of an orange-brown precipitate was observed after 72 hours; 

the precipitates recovered from 5a and 5b were identified as hematite (Fe2O3) and a mixture of 

hematite (Fe2O3) and magnetite (Fe3O4), respectively (Raman analyses). A considerable fraction of the 

starting material (51 – 75%) was found in the NMR spectra of the final solutions, and no additional 

{FeCp} species was identified. In the case of 11b, release of phosphine oxide (O=PTA) was detected. 

Stability experiments were also performed on 4 and 5a-e in D2O/CD3OD mixture, the compounds 

generally showing a higher stability (65 – 83%) than in D2O (experimental details in the SI).  

For those compounds featured by low water solubility, i.e. 5d-e, 6, 7, 9a-b, 10 and 11b, stability 

experiments were conducted in DMSO-d6/D2O 2:1 v/v solution. Thus, a variable amount (0 – 78%) of 

starting material was detected by 1H NMR after storing the solutions at 37 °C for 72 hours (Table S4). 

Newly formed {FeCp} species were also recognized, the prevalent one being identified as the DMSO 

adduct [Fe2Cp2(CO)(-CO){-CNMeR}(DMSO)]+ (5a-e
S; Scheme 3a). The formation of 5a-e

S 

appears to be the result of substitution of, respectively, monodentate carbonyl (5d-e), carbene (6) 

chloride (9a) isocyanide (10) and phosphine (11b) ligands with DMSO. Accordingly, 5a-e
S were also 

obtained by treating DMSO-d6/D2O 2:1 v/v solutions of 5a-e with Me3NO·2H2O, as a decarbonylating 

agent (Scheme 3b). Following the latter procedure, 5b
S
 was isolated in 77% yield by CH2Cl2/water 

extraction, and characterized by IR and NMR spectroscopy. The DMSO ligand in 5b
S gives rise to a 

strong IR band at 1107 cm-1, related to the sulphoxide group, and NMR resonances due to the 

inequivalent S-methyls at 3.4-3.5 ppm (1H) and 50-55 ppm (13C). 
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Scheme 3. Formation of aminocarbyne-DMSO complexes, 5a-e
S
, from: a) DMSO/water solutions of 5d-e, 6, 9a, 

10 and 11b at 37 °C; b) reaction of 5a-e with Me3NO·2H2O in DMSO/water. 

 

Next, the stability of diiron compounds was investigated in the presence of a cell culture medium (see 

Experimental for details). Solutions of 4-6 and 9-11 (ca. 10-3 M) in DMSO/cell culture medium 

mixtures were maintained at 37 °C for 72 hours, then diluted with water and extracted with CH2Cl2. 

The observed turbidity in the aqueous phase suggests some degradation to iron oxides, consistently 

with what found in D2O. The residue of the organic phase was analyzed by IR and NMR spectroscopy, 

and the starting material was identified as the major species in most cases. Considerable degradation 

was observed only for 5e and 6, whereas 9a showed higher stability than in DMSO/water, presumably 

due to the high chloride concentration typical of the cell medium, inhibiting Cl dissociation from the 

complex. A gas-chromatographic analysis of the reaction atmosphere, in the cases of 5b and 9a, clearly 

evidenced the production of carbon monoxide, in agreement with the extensive fragmentation of the 

diiron frame (see above). 

 

3. Cytotoxic activity and iron cellular uptake 

To determine the cytotoxic activity of the diiron complexes, we incubated the human triple negative 

breast cancer cell line (MDA-MB-231) and the human ovarian carcinoma cell line (A2780), 
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respectively, with increasing concentrations of the compounds. The cell viability was assessed after 48 

hours by sulforhodamine assay (SRB), see Table 2. Cisplatin was evaluated as a positive control. A 

series of compounds, i.e. 5d, 5e, 7, 9a, 10 and 11b, are able to potently inhibit cell proliferation on both 

cancer cell lines, resulting more effective than cisplatin especially against the MDA-MB-231 cells. In 

general, the cytotoxicity appears more oriented towards the A2780 cell line, except for 3, 9a and 11b. 

In order to evaluate a possible degree of selectivity respect to primary cells, we tested the cytotoxicity 

of the complexes also on human vascular smooth muscle cells (hSMCs). Thus, 5b, 5d, 5e and 10 

showed a much stronger cytotoxic effect on A2780 cancer cells rather than hSMCs cells. The lack of 

selectivity displayed by 3 may be related to the fast degradation of this complex in water media (see 

above). 

 

Table 2. IC50 values (μM) determined for diiron compounds and cisplatin on human ovarian carcinoma (A2780), 

human triple negative breast cancer (MDA-MB-231) and human vascular smooth muscle cells (hSMCs) cell lines 
after 48 hours exposure. Values are given as the mean ± SD. 
 

Compnd. A2780 MDA-MB-231 hSMCs 

1 41 ± 4 > 200 107 ± 3 

3 79.1 ± 1.0 55 ± 8 125 ± 4 

4 42.1 ± 1.8 128.7 ± 1.2 > 200 

5a > 200 > 200 > 200 

5b 9.3 ± 0.7 55 ± 8 > 200 

5c 9.6 ± 1.5 51 ± 9 24.1 ± 0.8 

5d 1.45 ± 0.04 13.0 ± 0.5 19.9 ± 1.1 

5e 2.30 ± 0.03 14 ± 9 18.8 ± 1.0 

6 69 ± 7 188 ± 6 > 200 

7 2.2 ± 0.4 8.9 ± 0.8 6.3 ± 1.8 

9a 12 ± 3 7 ± 4 14.4 ± 1.5 

9b 46 ± 5 > 200 > 200 

10 0.11 ± 0.04 2.8 ± 1.5 6.31 ± 0.01 

11a > 200 > 200 > 200 

11b 9.2 ± 0.3 8.5 ± 1.1 12.6 ± 0.3 

cisplatin 6 ± 4 99 ± 35 7 ± 4 
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The accumulation of iron in MDA-MB-231 cells was quantified by inductively coupled plasma mass 

spectrometry (ICP–MS), after incubation of MDA-MB-231 cells with four selected compounds, i.e. 5a, 

5b, 7 and 9b (Table 3). Incubation with 5b (log P = 0.27, Table 1) led to a significant, dose 

dependent, accumulation of iron into the cells. Conversely, a modest iron uptake was observed for 5a 

(log P = 0.9) and 9b (log P > 2) at the highest level of incubation (100 µM). These results suggest that 

an amphiphilic character may be beneficial to the cellular uptake of diiron compounds and the 

associated cytotoxic effects (Table 2). Incubation with lipophilic but poorly stable compound 7 at 

concentrations near the IC50 value did not produce a significant iron uptake.  

  

Table 3. Iron uptake in MDA-MB-231 cells after incubation with diiron complexes at variable concentration. 
 

Compound 
cellular uptake (108

 g Fe / mg protein)  

50 μM 100 μM 

5a 23 ± 4 34 ± 11  

5b 64 ± 2 103 ± 9 

7 14 ± 4 
[b]

 23 ± 8 
[c]

 

9b 23 ± 6 34 ± 13 

blank 
[a]

 16 ± 3 
[a]

Iron content determined in untreated cells; 
[b]

5 μM; 
[c]

10 μM. 

 

Relevant to the cytotoxic activity, we evaluated the effect of 5b (highly cytotoxic) and 9b (moderately 

cytotoxic) on the p53 mRNA levels in A2780 cells, using cisplatin as a positive control. Indeed, the 

p53 protein is considered a linker to DNA repair, and a checkpoint activator of the cell cycle and 

apoptosis processes observed in response to cisplatin.35 Therefore, cytotoxic compounds able to 

activate these pathways are expected to induce p53 expression; in fact, our experiments showed that 

both 5b and 9b induce p53 mRNA expression on the A2780 cell line (Figure 3). 
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Figure 3. Effect of selected diiron complexes and cisplatin (at different concentrations) on p53 mRNA levels 

(A2780 cell line). Results are represented as gene of interest/housekeeping ratio, and compared to basal 
condition (*p<0.05; **p<0.01; ***p<0.001). 
 

 

4. Redox chemistry 

Former voltammetric studies conducted on acetonitrile solutions of the cationic carbyne complexes 4, 

5a and 5b evidenced reversible reduction processes occurring, respectively, at 1.20 V, 1.40 V and 

1.40 V (vs. ferrocenium/ferrocene couple).36 Experiments carried out under analogous conditions on 

some diiron vinyliminium complexes (Figure 1, IV) provided comparable reduction potential 

values,36,37 and it has been hypothesized that the monoelectron reduction of the latter species in the 

cells is implicated in their antiproliferative activity.12,38 Furthermore, it is well documented that the 

monoelectron reduction of 4 enhances the reactivity of this complex, and in particular the CO ligands 

become more labile and thus susceptible to fast substitution reactions.39 Combined, these features 

suggest that the reduction of cationic thiocarbyne (4) and aminocarbyne complexes (5, 6, 10, 11) might 

play a role in their cytotoxic activity. On the other hand, the reduction potential of neutral 

aminocarbyne complexes (7, 9), due to the absence of a net positive charge, is expected to be rather 

prohibitive,36,40 whereas the oxidation might become a feasible process in physiological medium.41 

Beside the possible reduction/oxidation of cationic/neutral complexes, also the slow decomposition in 

aqueous solutions, releasing the Fe(II) centers then converting into Fe(III) oxide (see above), is 
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expected to affect the redox balance in the cells, contributing to the cytotoxicity of the complexes. In 

fact, the decay of ferrocene-based prodrug candidates into Fe(II) ions was previously found to play an 

important role in their cytotoxic activity.42 

Therefore, we performed some experiments aimed to highlight the influence of selected diiron 

complexes on cell redox mechanisms. Nicotinamide adenine dinucleotide (NAD+) and its reduced form 

(NADH) are important cofactors contributing to the maintenance of the redox balance in cells,43 and 

the alteration of the NADH/NAD+ ratio has been recently implicated in the anticancer activity of Os(II) 

and Ir(III) half-sandwich complexes.44 Therefore, aerobic oxidation of NADH in the presence of 

selected diiron compounds (5a,b,d and 9a,b) was evaluated by UV-Vis monitoring in water/methanol 

solutions kept at 37 °C, according to a previously documented procedure (Table 4).44b Iron(II) sulfate 

was used as a reference. The cationic aminocarbyne compounds 5a, 5b and 5d showed a moderate 

catalytic effect on NADH oxidation, while the neutral ones 9a,b were substantially ineffective. 

 

Table 4. Turnover numbers (TONs) of 5a,b,d, 9a,b and FeSO4 (10 μM) in the aerobic oxidation of NADH (220 
μM) in a 95:5 v/v H2O/MeOH solution at 37 °C after 26 hours. 
 

Compound TON (26 h) 

5a 4.9 

5b 4.4 

5d 5.5 

9a 2.8 
[a]

 

9b 2.6 
[a]

 

FeSO4 2.6 
[a]

 
[a]

 NADH conversion is not significantly different from the blank experiment. 

 

In addition, we investigated the potential of selected complexes to influence the production of 

intracellular reactive oxygen species (ROS), by means of fluorescence measurements using the DCFH-

DA assay.45 Thus, MDA-MB-231 cells were incubated with H2-DCF-DA and with 5a, 5b, 7 and 9b, 
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respectively: in general, under the employed conditions,12 there is no evidence that the compounds are 

able to significantly induce the production of ROS (Figure 4).  

 
 
Figure 4. Effect of selected diiron complexes on ROS production in MDA-MB-231 cell line. Cells were incubated 

for 24 hours with indicated concentrations of complexes. Results are represented as fold change compared to 
control untreated cells (ctr).  
 

 

5. Interaction of 5b with biomolecules 

The interaction of the cytotoxic aminocarbyne complex 5b with potential biomolecular targets was 

investigated to give insights into the mechanism of action. The interaction with DNA was tested by 

ethidium bromide (EB) displacement: first, calf-thymus DNA was saturated with EB, producing the 

known fluorescence emission increase at the wavelengths typical of the EB/DNA intercalated species 

(λex = 520, λem = 595 nm). Then, 5b was added to the mixture and fluorescence emission changes were 

monitored. The observed moderate fluorescence decrease indicates the occurrence of weak 5b/DNA 

interactions (Figure S1). 
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Beside, the affinity of 5b to bovine serum albumin (BSA) was studied performing spectrofluorimetric 

titrations, where aliquots of the complex were added to a BSA solution (λex = 280 nm, λem = 345 nm). 

The observed decrease in BSA fluorescence emission (Figure S2A) occurred with a high Stern-Volmer 

constant, KSV = (9.1 ± 0.3)×104, whose magnitude order agrees with the static quenching of the protein 

emission and thus suggests adduct formation between 5b and BSA.46 Data were plotted using an 

alternative form of the Scatchard equation,47 indicating a 1:1 stoichiometry for such an adduct (for 

details, see Figures S2B-S3 and Eq. S1 in the Supporting Information).  

 

Conclusions 

Monoiron compounds have aroused a considerable interest for their possible pharmacological use, and 

some ferrocene derivatives have clearly emerged in this field. On the other hand, analogous studies on 

diiron compounds remain almost absent in the literature. Traditional organometallic chemistry has 

provided the access to a wide variability of structural motifs and related properties, starting from the 

easily available Fe2Cp2(CO)4, exploiting reactivity patterns hardly available on analogous mononuclear 

species. This arsenal of compounds, which might be viewed as dinuclear analogues of ferrocenes, holds 

an intriguing but unexplored potential in terms of medicinal applications. In this light, the behavior of a 

selection of complexes based on the [Fe2Cp2(CO)x] core and containing a bridging hydrocarbyl ligand 

was evaluated for the first time. The compounds displayed a variable stability in water and in the 

presence of a cell culture medium, and were investigated for their antiproliferative activity towards a 

panel of cell lines. Complexes containing a bridging aminocarbyne ligand, and featured by fair water 

stability and a good balance between hydrophilicity and lipophilicity, exhibit the best cytotoxicity 

patterns, including a significant selectivity against cancer cells compared to normal cells. The action of 

these compounds seems multimodal, including interaction with proteins and, possibly, interference with 

redox processes (moderate catalytic effect on NADH oxidation), but not significant DNA binding. Also 
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the observed, slow degradation of the complexes in water, leading to extensive disruption of the diiron 

frame, may be functional to the cytotoxicity; in particular, although deeper studies would be needed to 

clarify this latter point, carbon monoxide, dissociated from coordination, might exert some activity 

complementary to the anticancer effect.48 The antiproliferative action of cationic diiron compounds 

described in this work and containing a C1 bridging ligand appears somehow different from that of 

related diiron complexes with a bridging C3 vinyliminium ligand, the latter clearly triggering ROS 

production and being almost unreactive towards model proteins.12 



 
 

19 

 

 

Experimental 

1. Materials and methods  

Syntheses were carried out under nitrogen atmosphere using standard Schlenk techniques; all the other 

operations were conducted under air with common laboratory glassware. When required, reaction 

vessels were oven dried at 140 °C prior to use, evacuated (10–2 mmHg) and then filled with nitrogen. 

Organic reactants (TCI Europe or Merck) and Fe2Cp2(CO)4 (Strem; Cp = 5-C5H5) were commercial 

products of the highest purity available. Compounds 3,14a 4,15a 5a-e,16a 6,18 7,19 9a-b 
20 and 10 16a were 

prepared according to published procedures. Solvents were distilled before use under nitrogen from 

appropriate drying agents. Chromatography separations were carried out on columns of deactivated 

alumina (Merck, 4% w/w water). Infrared spectra of solid samples were recorded on a Perkin Elmer 

Spectrum One FT-IR spectrometer, equipped with a UATR sampling accessory. Infrared spectra of 

solutions were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer with a CaF2 liquid 

transmission cell (2300-1500 cm-1 range). NMR spectra were recorded at 298 K on a Bruker Avance II 

DRX400 instrument equipped with a BBFO broadband probe. Chemical shifts (expressed in parts per 

million) are referenced to the residual solvent peaks 49 (1H, 13C) or to external standard (19F to CCl3F, 

31P to 85% H3PO4). NMR spectra were assigned with the assistance of 1H-13C (gs-HSQC and gs-

HMBC) correlation experiments.50 Raman analysis was conducted with a Renishaw Invia micro-

Raman instrument equipped with a Nd:YAG laser working at 532 nm and 0.1 mW, integration time 10 

s. Carbon, hydrogen and nitrogen analyses were performed on a Vario MICRO cube instrument 

(Elementar). GC analyses were performed on a Clarus 500 instrument (PerkinElmer) equipped with a 

5Å MS packed column (Supelco) and a TCD detector. Samples were analyzed by isothermal runs 

(120°C, 4 min) using He as a carrier gas.  
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Cis/trans-[Fe2Cp2(CO)(-CO){-
1:1-CNMe2}(κP-PTA)]CF3SO3, 11a (Chart 1). 

Chart 1. Structure of the cation of cis-11a. 

 

Compound 8a was preliminarily prepared by a slight modification of the literature procedure:20 a 

solution of 5a (174 mg, 0.277 mmol) in deareated acetonitrile (15 mL) was allowed to react with 

Me3NO·2H2O (30 mg, 0.27 mmol). After one hour, the IR spectrum recorded on an aliquot of the 

darkened solution indicated the clean formation of 8a. The solvent was removed under vacuum. The 

dark-brown residue was dissolved in acetone (8 mL), then PTA (1,3,5-triaza-7-

phosphatricyclo[3.3.1.1]decane; 43 mg, 0.27 mmol) was added. The dark brown solution was stirred at 

reflux temperature under N2 for 2 hours, progressively turning to dark green. The conversion was 

checked by 31P NMR then volatiles were removed under vacuum. The residue was dissolved in a small 

volume of MeCN and charged on an alumina column (h 6 cm, d 2.3 cm). Impurities were eluted with 

MeCN, then a green band was eluted using MeCN:MeOH 10:1 v/v. Volatiles were removed under 

vacuum (40 °C), affording 11a as dark green solid (cis/trans ratio = 5:1; 1H/31P NMR in acetone-d6). 

Yield: 152 mg, 84%. Subsequently, the mixture of isomers was suspended in CHCl3 (10 mL) and 

filtered. The dark green solid obtained was thoroughly washed with CHCl3 then Et2O, affording pure 

cis-11a (1H/31P NMR in acetone-d6). The solid was dried under vacuum (40 °C) and stored under N2 

(slightly hygroscopic). Yield: 69 mg, 38 %. Compound cis-11a is soluble in water, MeOH, MeCN, less 

soluble in acetone, poorly soluble in CH2Cl2, CHCl3 and insoluble in toluene, Et2O. Anal. calcd. for 

C22H28F3Fe2N4O5PS: C, 40.02; H, 4.27; N, 8.49. Found: C, 39.85; H, 4.37; N, 8.50. IR (solid state): 
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ῦ/cm-1 = 3566w, 3089w, 3067w-sh, 2933w, 2880w-sh 1976m-sh (CO), 1952s (CO), 1815w-sh, 1787s 

(µ-CO), 1781s (µ-CO), 1665w, 1572m (μ-CN), 1448w, 1422w, 1392w, 1261s, 1246s-sh, 1221m-sh, 

1193w, 1160s, 1148s, 1105m, 1046w, 1028s, 1020s-sh,  973s, 950s, 897w, 877m, 853m, 842m-sh, 

831w, 807m, 763s, 764s. IR (MeCN): ῦ/cm-1 = 1966s (CO), 1799s (µ-CO), 1572m (μ-CN). 1H NMR 

(acetone-d6): δ/ppm = 5.27 (s, 5H, Cp), 5.14 (d, 3
JHP = 1.5 Hz, 5H, Cp’), 4.38–4.33 (m, 6H, NMe + 

NCH2), 4.31–4.26 (m, 6H, NMe’ + NCH2), 3.94–3.82 (m, 6H, PCH2). 
13C{1H} NMR (acetone-d6): 

δ/ppm = 324.4 (d, 2JCP = 17 Hz, µ-CN), 263.1 (d, 2JCP = 17 Hz, µ-CO), 216.3 (CO), 89.9 (Cp), 87.9 

(Cp’), 72.9 (d, 3JCP = 7 Hz, NCH2), 54.5 (PCH2), 54.4, 54.2 (NMe2). 
19F{1H} NMR (acetone-d6): 

δ/ppm = 78.8. 31P{1H} NMR (acetone-d6): δ/ppm = - 22.0. 1H NMR (CD3OD): δ/ppm = 5.18 (s, 5H, 

Cp), 5.03 (d, 3JHP = 1.2 Hz, 5H, Cp’), 4.40 (d, 2JHH = 13.2 Hz, 3H, NCH2), 4.30 (d, 2JHH = 13.1 Hz, 3H, 

NCH2), 4.22 (s, 3H, NMe2), 4.18 (s, 3H, NMe2), 3.84-3.75 (m, 6H, PCH2). 
31P{1H} NMR (CD3OD): 

δ/ppm = -20.2. 

trans-11a (in admixture with cis-11a). IR (CH2Cl2): ῦ/cm-1 = 1965vs (CO), 1799s (μ-CO), 1575m 

(CN). IR (THF): ῦ/cm-1 = 1960vs (CO), 1779s (μ-CO), 1579m (μ-CN). 1H NMR (acetone-d6): δ/ppm = 

5.21 (s, 5H, Cp), 5.05 (d, 3JHP = 1.4 Hz, 5H, Cp’), 4.47–4.39 (m, 9H, NCH2/NMe). 31P{1H} NMR 

(acetone-d6): δ/ppm = - 18.1. 1H NMR (D2O): δ/ppm = 5.12 (s, 5H, Cp), 4.96 (d, 3
JHP = 1.3 Hz, 5H, 

Cp). 31P{1H} NMR (D2O): δ/ppm = -13.1.  

Few X-ray quality crystals of [Fe2Cp2(CO)(-CO){-CNMe2}(PTA)]Cl, 11a
Cl, were collected by slow 

diffusion of diethyl ether into a methanol solution of 11a and NaCl at room temperature. 

 

[Fe2Cp2(CO)(-CO){-1:1-CNMe2}{κP-Ph2P(2-C6H4OH)}]CF3SO3, 11b (Chart 2). 

Chart 2. Structure of the cation of 11b (numbering refers to C atoms) 
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The title product was prepared by using a procedure analogous to that described for 11a, from 5a (200 

mg, 0.377 mmol) and Ph2P(2-C6H4OH) (157 mg, 0.564 mmol). The acetone solution was refluxed for 5 

hours. Green solid, yield 85%. Anal. calcd. for C34H31F3Fe2NO6PS: C, 52.26; H, 4.00; N, 1.79. Found: 

C, 52.12; H, 4.05; N, 1.88. IR (CH2Cl2): ῦ/cm-1 = 1992vs (CO), 1788s (μ-CO), 1586m (μ-CN). IR 

(THF): ῦ/cm-1 = 1978vs (CO), 1785s (μ-CO), 1590m (μ-CN). 1H NMR (acetone-d6): δ/ppm = 9.44 (br-

s, 1H, OH); 7.57–7.34 (m, 10H), 7.30–7.19 (m, 1H, C6-H), 7.03–6.92 (m, 1H, C8-H), 6.82–6.65 (m, 

2H, C7-H + C9-H); 5.21, 5.00 (s, 5H/5H, Cp); 4.28, 4.21 (s, 3H/3H, NMe2). 
13C{1H} NMR (acetone-

d6): δ/ppm = 326.5 (d, 2JCP = 17 Hz, μ-CN), 265.8 (d, 2JCP = 14 Hz, μ-CO), 211.8 (d, 3JCP = 2 Hz, CO), 

158.9 (C10), 137.4 (d, 1
JCP = 43 Hz, C5), 134.4 (d, 2

JCP = 6 Hz, C6), 133.3 (d, 2
JCP = 9 Hz, C2), 133.2 

(d, 1
JCP = 42 Hz, C1 + C1’), 132.8-132.4 (m, C2’ + C8), 130.4; 130.0 (C4 + C4’); 128.3 (app. t, 3

JCP = 

10 Hz, C3 + C3’), 123.0 (C7), 119.6 (d, 3
JCP = 9 Hz, C9); 89.7, 88.3 (Cp); 55.3, 51.7 (NMe2). 

31P1H 

NMR (acetone-d6): δ/ppm = 51.2. 

 

[Fe2Cp2(CO)(-CO){-
1:1-CNMeXyl}(κS-DMSO)]CF3SO3, 5b

S
 (Chart 3). 

Chart 3. Structure of the cation of 5b
S. 
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A bright red solution of 5b (64 mg, 0.10 mmol) and Me3NO∙2H2O (21 mg, 0.19 mmol) in 

DMSO/water 2:1 v/v (2 mL) was stirred at room temperature for 2 hours. The resulting dark red 

solution was diluted with water (15 mL) and extracted with CH2Cl2 (3 x 15 mL). The organic phase 

was filtered over celite then dried under vacuum, affording a brown solid. Yield: 53 mg, 77 %. 

Compound 5b
S is soluble in DMSO, acetone, CH2Cl2, less soluble in CHCl3 and insoluble in Et2O. IR 

(solid state): ῦ/cm-1 = 3104w, 2963w, 2924w, 2860w, 2119w, 2004s (CO), 1788s (μ-CO), 1516m (μ-

CN), 1471w, 1421w, 1380m, 1319w, 1260s, 1223w, 1155s, 1107s (SO), 1084m-sh, 1029s, 1014s, 

929w, 914w, 892w, 860m, 842m, 805m, 769s, 732m. IR (CH2Cl2): ῦ/cm-1 = 2006s (CO), 1807s (μ-

CO), 1521m (μ-CN). 1H NMR (CDCl3): δ/ppm = 7.43–7.27 (m, 3H, C6H3Me2), 5.12 (s, 5H, Cp), 4.69 

(s, 3H, NCH3), 4.58 (s, 5H, Cp), 3.36 (s, 3H, SCH3), 3.14 (s, 3H, SCH3), 2.67 (s, 3H, C6H3Me2), 2.21 

(s, 3H, C6H3Me2). Slightly broadened resonances for CDCl3 solutions were generally observed. 1H 

NMR (acetone-d6): δ/ppm = 7.44–7.39 (m, 2H, C6H3), 7.37–7.34 (m, 1H, C6H3), 5.36 (s, 5H, Cp), 4.83 

(s, 8H, Cp + NMe), 3.47 (s, 3H, SMe), 3.21 (s, 3H, SMe), 2.78 (s, 3H, CMe), 2.25 (s, 3H, CMe). 

13C{1H} NMR (acetone-d6): δ/ppm = 267.1 (μ-CO), 212.0 (CO); 134.9, 134.2, 132.2, 131.2, 130.0, 

129.7 (C6H3); 90.2, 89.4 (Cp); 55.3, 53.9, 50.1 (SMe2 + NMe); 19.0, 17.8 (CMe). 

 

3. X-ray crystallography 
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Crystal data and collection details for 11a
Cl

·CH3OH are reported in Table S2. Data were recorded on a 

Bruker APEX II diffractometer equipped with a PHOTON100 detector using Mo–K radiation, and 

corrected for Lorentz polarization and absorption effects (empirical absorption correction SADABS).51 

The structure was solved by direct methods and refined by full-matrix least-squares based on all data 

using F2.52 Hydrogen atoms were fixed at calculated positions and refined by a riding model. All non-

hydrogen atoms were refined with anisotropic displacement parameters. 

 

4. Solubility in water 

A suspension of the selected Fe compound (3-5 mg) in a D2O solution (1.0 mL) containing Me2SO2 as 

internal standard53 (3.36·10-3 M) was vigorously stirred at 21 °C for 14 hours. The resulting saturated 

solution was filtered over celite, transferred into an NMR tube and analyzed by 1H NMR spectroscopy 

(delay time = 3 s; number of scans = 20). The concentration ( = solubility) was calculated by the 

relative integral with respect to Me2SO2 (δ/ppm = 3.14 (s, 6H)). Results are compiled in Table 1. 

 

5. Octanol-water partition coefficients (Log Pow) 

Partition coefficients (Pow; IUPAC: KD partition constant54), defined as Pow = corg/caq, where corg and caq 

are molar concentrations of the selected compound in the organic and aqueous phase, respectively, 

were determined by the shake-flask method and UV-Vis measurements.55 Deionized water and 1-

octanol were vigorously stirred for 24 hours, to allow saturation of both phases, and then separated by 

centrifugation. A stock solution of the selected Fe compound (ca. 2 mg) was prepared by first adding 

CH2Cl2 (25 μL, to help solubilization), followed by water-saturated octanol (4 mL) and vigorously 

stirring at room temperature for 30 minutes or until complete dissolution. The solution was diluted with 

water-saturated octanol (ca. 1:4 v/v ratio, cFe ≈ 10-4 M, so that 1.0 ≤ A ≤ 1.5 at λmax) and its UV-Vis 

spectrum was recorded (A0
org). An aliquot of the solution (Vorg = 1.5 mL) was transferred into a test 
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tube and octanol-saturated water (Vorg = Vaq = 1.5 mL) was added. The mixture was vigorously stirred 

for 30 minutes at 21 °C then centrifuged (5000 rpm, 10 min). The UV-Vis spectrum of the organic 

phase was recorded (Af
org) and the partition coefficient was calculated as Pow = Af

org/(A
0

org - Af
org) 

where A0
org and Af

org are the absorbance in the organic phase before and after partition with the 

aqueous phase, respectively.55c For compound 5a, the initial solution was prepared in octanol-saturated 

water, following an inverse procedure, and the partition coefficient was calculated as Pow = (A0
aq - 

Af
aq)/A

f
aq where A0

aq and Af
aq are the absorbance in the aqueous phase before and after partition with 

the organic phase, respectively. UV-Vis spectra were recorded using PMMA cuvettes (1 cm path 

length) in the 250-800 nm range. The wavelength of the maximum absorption of each compound (320 - 

390 nm range) was used for UV-Vis quantitation. The procedure was repeated three times for each 

sample (from the same stock solution); results are given as mean ± standard deviation (Table 1). 

 

6. Stability in aqueous solutions 

Stability in H2O. A mixture of the selected Fe compound (3, 4, 5a-c, 11a, ca. 4 mg) and a D2O 

solution (0.9 mL) containing Me2SO2 (3.36·10-3 M) was stirred for 30 minutes then filtered over celite 

and transferred into an NMR tube. The orange-red (3, 4, 5a-c) or dark green (11a) solution was 

analyzed by 1H, 19F and 31P{1H} NMR then heated at 37 °C for 72 hours. After cooling to room 

temperature, the final solution was separated from an orange-brown solid by filtration over celite and 

NMR analyses were repeated. The amount of starting material in solution (% with respect to the initial 

spectrum) was calculated by the relative integral with respect to Me2SO2 as internal standard53 (δ/ppm 

= 3.14 (s, 6H)) (Table S3). The aqueous solution was then extracted with CDCl3 (3 x 0.25 mL) and 

analyzed by 1H and 19F NMR, in order to confirm the identity of the compounds. NMR data for the 

tested compounds are given in the SI.  
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Isolation and identification of the precipitate from H2O. A suspension of 5a (82 mg) in H2O (20 

mL) was vigorously stirred at room temperature for 30 minutes then filtered over celite. The resulting 

red solution was stirred at 37 °C for 72 hours, then cooled to room temperature and filtered (G4 porous 

filter). The resulting brown solid was washed with water and dried under vacuum (40 °C). Yield: 22 

mg. The sample was analyzed by Raman spectroscopy and identified as hematite (Raman shifts: 698br 

cm-1). IR (solid state) also indicated the presence of water in the sample (3400-3200 cm-1). An 

analogous experiment was carried out using 5b (33 mg) yielding a brown solid (13 mg) identified a 

mixture of hematite (Raman shifts: 218, 283, 398, 491, 599 cm-1) and magnetite (Raman shifts: 683br 

cm-1). IR (solid state) also indicated the presence of water in the sample (3400-3200 cm-1). 

Stability in DMSO/water. 

A mixture of the selected compound (5d-10, 11b, ca. 4 mg), DMSO-d6 (0.6 mL) and a D2O solution 

(0.3 mL; 0.2 mL for 7, 9a) containing Me2SO2 (3.36·10-3 M) was stirred for 30 minutes then filtered 

over celite and transferred into an NMR tube. The resulting orange/red (5d, 5e, 10), yellow/brown (6, 

7, 9a) or dark green (9b, 11b) solution was analyzed by 1H, 19F and 31P{1H} NMR then heated at 37 °C 

for 72 hours. After cooling to room temperature, the solution was filtered over celite and NMR 

analyses were repeated. The amount of starting material in solution (% with respect to the initial 

spectrum) was calculated by the relative integral with respect to Me2SO2 as internal standard53 (δ/ppm 

= 2.95 (s, 6H)) (Table S4). NMR data for the tested compounds are given in the SI; 1H chemical shifts 

are referenced to the DMSO-d5 signal as in pure DMSO-d6 (δ/ppm = 2.50). 

Reference data for [Fe2Cp2(CO)(-CO){-CN(Me)R}(DMSO)]CF3SO3 species (5
S
). A mixture of 

5a-e (ca. 7 mg) and Me3NO∙2H2O (1.5 eq.) in DMSO-d6:D2O 2:1 v/v (0.9 mL) was filtered over celite 

and transferred into an NMR tube. The red-brown solution was maintained at room temperature for 1-4 

hours and periodically analyzed by 1H NMR. The progressive formation of [Fe2Cp2(CO)(-CO){-

CN(Me)R}(DMSO)]CF3SO3 (5S) was observed; NMR data are reported below. [Fe2Cp2(CO)(-
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CO){-CNMe2}(DMSO)]CF3SO3, 5a
S. 1H NMR (DMSO-d6:D2O 2:1): δ/ppm = 5.15 (s, 5H), 4.97 (s, 

5H), 4.32 (s, 3H), 4.04 (s, 3H). [Fe2Cp2(CO)(-CO){-CN(Me)Xyl}(DMSO)]CF3SO3, 5b
S. 1H NMR 

(DMSO-d6:D2O 2:1): δ/ppm = 7.45–7.30 (m, 2H), 7.29–7.23 (m, 1H); 5.34, 5.11 (s, 5H); 4.66, 4.64 (s, 

5H); 4.54 (s, 2.5H), 2.61, 2.56 (s, 3H); 2.07, 2.05 (s, 3H). Isomer ratio = 4:1. [Fe2Cp2(CO)(-CO){-

CN(Me)Naph}(DMSO)]CF3SO3, 5d
S. 1H NMR (DMSO-d6:D2O 2:1): δ/ppm = 8.32–7.85 (m, 5H), 

7.74–7.54 (m, 3H); 5.31, 5.13 (s, 5H), 4.75, 4.46 (s, 3H); 4.56, 4.52 (s, 5H). Isomer ratio = 4:1. 

[Fe2Cp2(CO)(-CO){-CN(Me)Xyl
Cl

}(DMSO)]CF3SO3, 5e
S. 1H NMR (DMSO-d6:D2O 2:1): δ/ppm 

= 7.62-7.42 (m, 3H); 5.38, 5.34, 5.19, 5.13 (s, 5H); 4.75, 4.72, 4.70, 4.65, 4.58, 4.56, 4.50, 4.40 (s, 8H); 

2.67, 2.63, 2.17, 2.14 (s, 3H). Isomer ratio ca. 3:2:1:1. 

Stability in cell culture medium. The selected Fe compound (ca. 6 mg) was dissolved in DMSO (0.1 

mL for 4, 5a-c, cis-11a; 1.0 mL for 5d-e, 6, 9b, 11b; 2.0 mL for 9a, 10) then diluted with RPMI-1640 

cell culture medium (Merck; modified with sodium bicarbonate, without L-glutamine and phenol red) 

up to 5.0 mL. The red-orange (4, 5a-e, 10), yellow-brown (6, 9a) or dark green (9b, 11a-b) solution 

was heated at 37 °C for 72 hours then allowed to cool to room temperature. The resulting suspension 

was diluted with water (5 mL) and extracted with CH2Cl2 (3 x 10 mL). The combined organic extracts 

were dried under vacuum (40 °C) and the residue was analyzed by IR (CH2Cl2), 
1H and 31P{1H} NMR 

(CDCl3; acetone-d6 for 11a). In all cases the starting material was identified; IR data are reported in the 

SI. 

CO release. In 5 mL test tubes equipped with rubber septa, suspensions of 5b and 9a (ca 10 mg) in 

RPMI-1640 cell culture medium (4 mL) were heated at 37 °C. After 24 h, the headspace was sampled 

with a 500 L gastight microsyringe and analyzed by GC-TCD. A peak ascribable to carbon monoxide 

in the chromatogram was identified in both cases and confirmed by the analysis on a pure CO sample. 

 

7. Cytotoxicity 
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Reagents. Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI) 

1640 medium, trypsin 0.05%/EDTA 1X solution, penicillin 10.000 U/mL and streptomycin 10 mg/mL 

solution, L-glutammine 200mM, non-essential aminoacid solution 100X, fetal calf serum (FCS), plates 

and Petri dishes were purchased from EuroClone. The compounds were dissolved in DMSO, while 

cisplatin (Merck) was dissolved in bi-distilled ultrapure water before performing each experiment. The 

maximum analyzed concentration of Fe compounds was 200 µM, while cisplatin was tested up to 100 

µM. The amount of DMSO did not exceed the culture media volume by 0.25%. 

Cell culture. MDA-MB-231 and SMCs cells were cultured in DMEM, whereas A2780 cells were 

cultured in RPMI-1640. Both of the culture media were supplemented with 10% FCS, 1% non-essential 

aminoacids 100X, 1% penicillin/streptomycin solution, 1% L-glutamine 200mM at 37 °C, in a 

humidified atmosphere (5% CO2 and 95% air). 

Cell viability assay. Sulphorhodamine B (SRB) assay was performed to assess the cell viability after 

treatments.  8.000 cells/well were seeded in a 96-well tray in triplicate. After 24 hours of incubation, 

the cells were treated with different concentrations of compounds. SRB assay were performed after 48 

hours as previously described.56 

RT-qPCR analysis. Reverse-Transcription (RT) followed by quantitative polymerase chain reaction 

(qPCR) was used to evaluate the effect of 5b (5 and 10 μM) and 9b (25 and 50 μM) on p53 mRNA 

levels (Figure 3) on A2780 cell line. 80.000 cells/well were seeded into 48 well-tray in complete 

medium and the day after incubated with indicated concentrations of the complexes. After 24 hours, 

mRNA was isolated (iScriptTM, Bio-Rad) and reverse-transcribed (Maxima First Strand cDNA 

Synthesis Kit, Thermo ScientificTM). p53 and 18S mRNAs levels were amplified and quantified 

(ExcelTaq™ 2X Q-PCR Master Mix, SMO-BIO). 18S values were used to normalize the results. 

Statistical analysis. Experimental data are expressed as mean ± S.D. The effects of the complexes 

versus control were analyzed by two-tailed Student’s t test for unpaired data. The concentration of 
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compounds required to reduce the cell viability by 50% (IC50) was calculated using a nonlinear 

regression curve (GraphPad Prism, Version 5.01). 

 

8. Quantification of iron cellular uptake 

The determination of total intracellular iron amount was carried out on MDA-MB-231 cells by seeding 

500.000 cells/well into a six well-tray in complete medium. After one day, the cells were incubated 

during 24 hours with the complexes at different levels of concentration (Table 3). The experiments 

were performed in triplicate. At the end of the incubation, cell monolayers were washed twice with 

PBS and lysed by incubation with an homemade lysis buffer (50mM  TRIS pH 7.5, 150  mM NaCl, 

0.5% v/v NonIdet P40, protease and phosphatese inhibitors, in bi-distilled ultrapure water), during 30 

minutes on ice. Cell lysates were then cleared by centrifugation during 10 minutes at 4 °C; the total 

amount of protein was thus quantified with a BCA assay kit by EuroClone following the manufacturer 

instructions. 

A quadrupole ICP-MS Agilent model 7700 (Agilent Technologies, Tokyo, Japan) equipped with a 

collision cell system and an Agilent model ASX-520 autosampler (Agilent Technologies, Tokyo, 

Japan) was used for sample analysis. The instrument was fitted with a MicroMist nebulizer (Agilent 

nebulizer standard for 7700) with a Scott-type double-pass glass spray chamber cooled down to 4°C. A 

solution of 20 µg/L iridium in 2% HNO3 was used as internal standard (207209, Merck). Iron standard 

solutions were prepared in 2% HNO3 from a standard (iron atomic spectroscopy standard concentrate 

10.00 mg/L Fe). The final calibration range was 5-100 µg/L. Iron was quantified on the m/z 56 (56Fe) 

isotope. Each sample was diluted just before the analysis in 2.3 mL of 2% HNO3. Samples and 

standards were analyzed in triplicate. Sample blanks and standard solutions were run with each batch of 

samples as quality control. The method was validated by the analysis of certified reference material 

SRM 1643f (Trace Elements in Water, National Institute of Standard and Technology; nominal Fe 
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concentration 93.4  0.8 µg/L, determined Fe concentration 92.1  0.7 µg/L) and recovery experiments 

on the internal standard (iridium; average recovery 100 ± 6 %). Fe concentrations were normalized 

with respect to the protein content determined by using the BCA protein assay (Thermo scientific, 

Rockford, IL USA) (108 g Fe/ mg protein) and expressed as mean  standard deviation of the three 

independent samples for each condition (Table 3). Fe content in untreated cells, (16 ± 3 x 108 g Fe/mg 

protein), was comparable to previously reported data (different cell lines).57  

 

9. Determination of the intracellular levels of reactive oxygen species (ROS) 

The intracellular levels of reactive oxygen species (ROS) upon treatment with the analyzed complexes 

was measured by using the H2-DCF-DA (2’,7’-dichlorodihydrofluorescein diacetate; Merck) assay. 

Upon cleavage of the acetate groups by intracellular esterase and oxidation, the H2-DCF-DA is 

converted to the fluorescent 2',7'-dichlorofluorescein (DCF). Briefly, MDA-MB-231 cells were seeded 

at concentration of 8000 cells/well in complete growth medium into 96-well black plates. After 

overnight incubation, cells were incubated for 24 hours with different concentrations of complexes. At 

the end of the incubation, the culture medium was removed, the cells were washed twice with PBS, and 

left incubating with H2-DCF-DA 10 µM dissolved in Hanks’ Balanced Salt solution (HBSS) for 30 

minutes, in the dark at 37 °C. The fluorogenic probe solution was thus removed and the cells were 

washed with PBS. After addition of 100 µL/well PSA,  DCF fluorescence intensity was immediately 

measured at excitation 485 nm - emission 535 nm, using a Multilabel Plate Reader VICTOR Nivo 

(PerkinElmer). Fold increase in ROS production was calculated using the equation: (Ftreatment-

Fblank)/(Fcontrol-Fblank), where F is the fluorescence reading.  

 

10. Catalytic NADH oxidation 
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NADH was stored at –20 °C under N2; a stock NADH solution (2.3∙10-4 M) was prepared in phosphate 

buffered aqueous solution (Na2HPO4/NaH2PO4; 5.4∙10-3 M, pH = 7.28) and stored at 4 °C. Stock 

solutions of selected Fe compounds (5a,b,d, 9a,b; 2.0∙10-4 M) were prepared in MeOH immediately 

before use; FeSO4 was dissolved in a small amount of H2O then diluted in MeOH. Solutions of each Fe 

compound (0.35 mL) and NADH (6.5 mL) were mixed, resulting in a 95:5 v/v H2O/MeOH solution 

containing 2.2∙10-4 M NADH and 1.0∙10-5 M Fe compound (4.5% mol). The solution was stirred at 37 

°C for 26 hours and periodically analyzed by UV-Vis spectroscopy (260-460 nm) using PMMA 

cuvettes (1.0 cm path-length). Turnover numbers were calculated as TON = c(0)/cFe∙[A(0) - A(t)]/A(0) 

where A is the absorbance at λmax = 339 nm; c(0) and cFe are the initial molar concentrations of NADH 

and the selected Fe compound, respectively (Table 4). 

 

11. Interaction of 5b with biomolecules 

Fluorescence measurements were performed on a Perkin Elmer LS55 instrument with temperature 

control to within ± 0.1 °C. Calf-thymus DNA (highly polymerized sodium salt, abbreviated as DNA in 

the text) and ethidium bromide (EB, purity > 98%) were purchased from Merck. DNA was sonicated to 

reduce its length to ca. 500 base pairs following a published procedure.58 The concentrations of DNA 

(CDNA, ε260 nm = 13200 M-1 cm-1 for molar concentrations in base pairs), EB (CEB, ε480nm = 5700 M-1 cm-

1) and BSA (CBSA, ε278nm = 44000 M-1 cm-1) were spectrophotometrically determined. Solutions of the 

metal complex were prepared weighting appropriate amounts of the solid and dissolving it into DMSO 

(1.29×10-3 M stock solution). Ultra-pure water (Sartorius) was the reaction medium together with a 

NaCl 0.1 M + 2.5mM NaCac (sodium cacodylate) aqueous buffer used to maintain pH = 7.0. In 

EB/DNA exchange experiments, DNA was saturated with EB according to a known procedure;59 in 

brief, EB was added to DNA until the fluorescence emission increase at the excitation/emission 

wavelength selective for the EB/DNA intercalated complex faded out (T = 25.0 °C, CDNA = 1.30×10-4 
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M, CEB = 5.33×10-5 M, CDNA/CEB = 2.4, λex = 520 nm, λem = 595 nm). Subsequently, increasing 

amounts of the stock metal complex solution were added to the EB/DNA mixture (Figure S1). 

Additions of the concentrated titrant were carried out with a Gastight syringe connected to a Mitutoyo 

micrometric screw (minimum addition possible = 0.164 µL). The additions were such that DMSO < 7.5 

% and absorbance of 5b at 280 nm was < 0.05 (so to avoid inner filter bias). A blank test was carried 

out by adding DMSO to the EB/DNA mixture, in order to quantify fluorescence changes due to 

dilution/solvents effects. In the case of 5b/BSA fluorescence titrations (Figure S2A), the analyzed 

metal complex (6.14×10-5 M) was added to a 3.14×10-7 M BSA solution (NaCac 0.01 M, NaCl 0.1 M, 

pH = 7.0, λex = 280 nm, λem = 345 nm). The volumes of the added solutions of 5b were small enough to 

ensure negligible presence of DMSO in the system. 
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