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Abstract 

Using a multigram-scalable synthesis, we obtained nine dinuclear complexes based on 

nonendogenous iron(I) centers and featuring variable aminocarbyne and P-ligands. One compound 

from the series (FEACYP) emerged for its strong cytotoxicity in vitro against four human cancer cell 

lines, surpassing the activity of cisplatin by 3-6 times in three cell lines, with an average selectivity 

index of 6.2 compared to noncancerous HEK293 cells. FEACYP demonstrated outstanding water 

solubility (15 g/L) and stability in physiological-like solutions. It confirmed its superior 

antiproliferative activity when tested in 3D spheroids of human pancreatic cancer cells and showed a 

capacity to inhibit Thioredoxin Reductase (TrxR) similar to auranofin. In vivo treatment of murine 

LLC carcinoma with FEACYP (8 mg∙kg−1 dose) led to excellent tumor growth suppression (88%) 

on day 15, with no signs of systemic toxicity and only limited body weight loss. 
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1. Introduction 

Transition metal complexes offer superior medicinal potential in drug development compared to 

conventional drugs.1,2,3,4 A major goal of research is to discover novel and effective metal drugs that 

can overcome the critical issues associated with the few platinum compounds currently used in 

numerous anticancer treatments.5,6,7, The successful development of new candidates is closely tied to 

some essential pre-requisites, such as a feasible synthetic process, sufficient water solubility for drug 

administration,8,9 substantial stability in physiological media to avoid unselective or uncertain 

speciation,10,11 and a balanced hydrophilic and lipophilic character.12 The latter property is typically 

evaluated in terms of the octanol/water partition coefficient (Log Pow), where negative and positive 

values indicate predominant hydrophilicity and lipophilicity, respectively.13 While a high Log Pow 

value can enhance antiproliferative activity by facilitating passive permeation through cell 



membranes,14,15 it may also contribute to drug-induced adverse toxicity, a leading cause of drug 

failure in clinical trials.16 In this regard, Log Pow values higher than 3 are considered critical.17 

Iron is an earth abundant and endogenous element that plays a myriad of vital functions in the human 

body, typically in the oxidation states +II or +III in various forms.18,19  

A broad variety of iron(II) compounds have been investigated as anticancer agents,20,21,22 with their 

generally observed mode of action relying on the disruption of intracellular redox homeostasis, 

through FeII to FeIII oxidation, resulting in an enhanced production of reactive oxygen species 

(ROS).1,23,24 Particularly, mononuclear organo-iron complexes with one (half-sandwich complexes) 

or two cyclopentadienyl ligands (ferrocene derivatives) have garnered significant attention as 

anticancer drug candidates.25,26,27,28 The cyclopentadienyl ligand provides robustness to the molecular 

structure, and its metabolism in living organisms does not seem problematic.24,29 Various iron 

complexes have been investigated in vivo,30,31,32 with different ferrocene derivatives displaying a 

range of inhibitory effects,33,34,35,36 including the stimulation of tumor growth.37 Ferrocenes 

derivatized with benzensulfonamide (Hela cells xenograft mouse model)38 and dioxaborolane groups 

(L1210 leukemia mouse model)39 have emerged as some of the most effective organo-iron drug 

candidates to date (Figure 1, structures I-II).  

There are certain limitations that could hinder the progress of the investigated organometallic iron 

complexes. Their hydrophobic structure, when coupled with the absence of ionic charge(s), usually 

results in a substantial lipophilic nature, which could lead to insufficient water solubility.40 

Additionally, the neutrality typical of ferrocenes necessitates careful control of the electronic 

properties of ring substituents to ensure essential requirements for aqueous applications, such as long-

term air-stability.39,41,42 Conversely, we note that water soluble iron(III) ferricinium salts aroused 

significant interest in the 1980s, but these studies were subsequently abandoned.43 

The bis-cyclopentadienyl core Fe2Cp2(CO)x (Cp = 5-C5H5, x = 2-3) offers substantial ligand 

diversity and synthetic opportunities, originating from the cooperative effects typical of a dimetallic 

system.44,45,46 Recently, we unveiled the anticancer potential of diiron(I) complexes obtained from 



the commercially available, inexpensive, and easy to handle [Fe2Cp2(CO)4].
47,48,49,50 Specifically, 

aminocarbyne species (Figure 1B, structure III) are obtained through a straightforward two-step 

synthetic route, that is multigram scalable and does not require the isolation of intermediates.51,52,53 

Structural-activity relationship studies highlighted a substantial beneficial effect on the cytotoxicity 

of the diiron complexes III and their selectivity towards cancer cells when R = cyclohexyl (Cy) or 4-

C6H4OMe as a N-substituent.54 The role of the cyclohexyl moiety is well established in medicinal 

chemistry and is regarded as facilitating cellular drug uptake due to its compact and hydrophobic 

structure.55,56,57  

The cationic nature of III contributes to a balanced hydrophilic/lipophilic character and protects the 

non-endogenous FeI centers from oxidation in physiological-like solutions (i.e., oxidation potentials 

of these complexes are normally outside the biologically relevant range53,58), where the disassembly 

of the organometallic scaffold is negligible. Nevertheless, fragmentation is significantly accelerated 

within cells, leading to the release of carbon monoxide and highly redox-reactive iron(I) species 

which are presumably responsible for the enhancement of ROS levels and inhibition of TrxR 

(thioredoxin reductase).54 TrxR is an intracellular enzyme that acts as a redox regulator and has been 

identified as a biological target playing a crucial role in cancer growth and progression, thereby 

meriting attention in the development of cancer-selective anticancer agents.59,60,61,62  

With the aim of improving the anticancer activity of compounds of type III, we prepared a series of 

novel derivatives with distinct phosphane ligands. The range of employed phosphanes includes 1,3,5-

triaza-7-phosphaadamantane (PTA), which has been previously incorporated into several anticancer 

metal complexes due to its advantageous physicochemical properties and low toxicity.63,64,65 

Ruthenium(II) arene – PTA conjugates (known as RAPTA complexes) are effective antimetastatic 

agents currently under consideration for clinical trials.66  

One complex from the new series, featuring the cyclohexyl moiety in the aminocarbyne group and 

exhibiting promising physicochemical properties and in vitro biological activity, was selected for 

preliminary in vivo studies.  



 

Figure 1. A) Structures of prominent cyclopentadienyl iron complexes with anticancer activity in vivo (I and II). 

B) Synthesis and structure of diiron (FeI-FeI) -aminocarbyne complexes (III, R = aryl or alkyl).  

  



2. Results and discussion. 

2.1. Synthesis of diiron complexes 

The novel diiron μ-aminocarbyne complexes with PTA (2a-d) or P(OMe)3 (3c,f) ligands were 

synthesized as CF3SO3
 salts from the corresponding tricarbonyl precursors [Fe2Cp2(CO)2(-CO)(-

CNR’R’’)]CF3SO3, 1a-f, using a two-step procedure. This procedure involved a Me3NO-assisted  

CO/MeCN replacement followed by MeCN/phosphane exchange (Scheme 1a). The purification of 

the intermediate acetonitrile adduct is unnecessary, and acetone under reflux conditions was identified 

as the optimal solvent for the second reaction step. Remarkably, the synthesis of 1a-f and subsequent 

CO-replacement reactions have been previously demonstrated to occur on gram-multigram scales 

without significantly affecting selectivity and yields.51 The already reported complexes 2e,67 4f 68 and 

5f 68 were prepared using optimized procedures adapted from the literature, when applicable. 

Specifically, 4f was obtained through a novel one-pot synthesis employing 1f, PPh3 and Me3NO in 

refluxing THF (Scheme 1b). All products were purified by alumina chromatography and isolated as 

permanently air- and moisture-stable green-brown (2,4,5) or red-brown (3) triflate salts in 63-81% 

yield. 

 

Scheme 1. Synthesis of diiron aminocarbyne PTA, P(OMe)3 and triarylphosphane complexes 2-5. Complex 

2a is referred to as FEACYP. 

 

2.2. Spectroscopic characterization 



Compounds 2-5 were characterized by CHNS analyses, NMR and IR spectroscopy (both in organic 

solvents and in the solid state); IR and NMR spectra are provided as Supporting Information (Figures 

S1-S44). The ESI-MS spectrum of 2a is given in Figures S45-S46.  

Complexes of the type [Fe2Cp2(CO)(L)(-CO)(-CNR’R’’)]+ may display cis/trans isomerism, 

related to the mutual orientation of the Cp ligands with respect to the Fe-Fe axis,52 and E/Z isomerism 

(when R’ ≠ R’’) due to the hindered rotation around the C(carbyne)-N bond.52 In this respect, two 

sets of signals were observed in the 1H, 13C and 31P NMR spectra of all complexes except 3c (three 

sets) and 4f (single isomer). The stereochemistry of the major isomer was corroborated by 1H NOESY 

analyses, taking advantage of the H-P scalar coupling to flag the cyclopentadienyl adjacent to the 

phosphorous atom (CpP, 3JHP ≈ 1.0-1.5 Hz). Thus, the cis or cis-E isomer is largely prevalent in all 

cases except for 2e, which was isolated as an almost equimolar cis-E/cis-Z mixture. Notably, different 

samples of 2e enriched in the less soluble Z isomer (up to 10:1 Z/E ratio) are obtained when the 

MeCN/PTA exchange step of Scheme 1b is performed in refluxing THF.67 For the related cyclohexyl 

derivative 2a, a preferential formation of the cis-Z isomer is observed at room temperature. The pure 

cis-E-2a was isolated (54% yield) from the E/Z mixture taking advantage of favorable solubility 

features.69 Thermal isomerization processes are relatively accessible for 2a and 2e, even under 

physiological conditions (as discussed below). Thus, cis-E-2a converted to an E/Z mixture upon 

treatment in refluxing iPrOH (final molar ratio = 4.5; Figures S47-S48). Under the same conditions, 

an almost quantitative Z to E isomerization was recognized for 2e (Z/E from 10:1 to 1:20; Figures 

S49-S50). Overall, these data indicate that the formation of cis-Z-2a,e is kinetically favored but the 

corresponding cis-E isomers are more stable. Note that stereoisomerism in complexes based on the 

Fe2Cp2(CO)2 framework was previously demonstrated not to impact cytotoxicity, probably because 

distinct isomers convert into the same active species intracellularly.70 

Salient NMR data of 2-5 are compiled in Table S1. The 13C NMR spectra display diagnostic low-

field resonances for the carbyne (325-330 ppm),52 bridging carbonyl (262-265 ppm) and terminal 

carbonyl (213-217 ppm) which appear as doublets due to the coupling with the phosphorous atom.  



The splitting of μ-CN and μ-CO signals is higher with trimethylphosphite than with other P-donor 

ligands (25-29 Hz vs. 14-17 Hz).  

The PTA complexes 2a-e are featured by 31P NMR resonances in the – 14 to – 25 ppm range while 

the P(OMe)3 ligand in 3c-f manifests itself with a signal around 165 ppm. The 31P NMR resonances 

of coordinated PPh2Me and PPh3 in 4-5f (around 45 and 60 ppm, respectively) are comparable with 

those of similar aryl-phosphane complexes.68 The diastereomeric composition of PTA and P(OMe)3 

derivatives, 2-3, is easily checked by 31P NMR: the major cis or cis-E isomer features a 31P NMR 

signal that is always 3-10 ppm upfield shifted with respect to the minor trans or cis-Z isomer. 

The solid-state and solution IR spectra of 2-5 display two strong absorptions in the 1965-1987 cm-1 

and 1791-1803 cm-1 regions that are due to the terminal and bringing carbonyls, respectively, and a 

medium-intensity band around 1505-1533 cm-1 resulting from the C(carbyne)-N vibration. Two sets 

of bands are detected in the solid-state spectra of 2c (Z : 1992, 1810, 1493 cm-1; E: 1946, 1801, 1509 

cm-1) with relative intensities reflecting the isomeric composition (Figure S23). The carbonyl 

stretching bands in 2-5 are shifted to considerably lower wavenumbers with respect to the tricarbonyl 

precursors 1a-f (Table S2). The σ-donor/π-acceptor properties of the various monodentate ligands 

can be compared based on the terminal CO stretching frequency in the μ-CNMe2 complexes 1-5f [υ(t-

CO): CO > P(OMe)3 > PPh3 > PPh2Me > PTA].71,72 The coordination-induced 31P NMR shift (ΔδP, 

with respect to the free phosphane ligand) increases in the same order.73 Overall, the presence of 

strong Fe-P and Fe-CO bonds in 2-5 results in an enhanced thermal stability (inertness) in aqueous 

media (see below).   

 

2.3. Crystallographic characterization 

The crystal structures of 2d and 3f were elucidated by X-ray diffraction studies (Figures 2 and 3). The 

stereochemistry and bonding parameters of the cations within 2d and 3f resemble those related to 

other previously reported diiron bis-cyclopentadienyl complexes with a phosphane ligand.47,67,68 

 



 

Figure 2. View of the structure of the cation within 2d with key atoms labelled. Displacement ellipsoids are at 

the 30% probability level. Hydrogen atoms have been omitted for clarity. Main bond distances (Å) and angles 

(°): Fe(1)-Fe(2) 2.5163(8), Fe(1)-C(1) 1.757(6), Fe(1)-C(2) 1.991(5), Fe(2)-C(2) 1.887(5), Fe(1)-C(3) 1.891(4), 

Fe(2)-C(3) 1.860(4), Fe(2)-P(1) 2.2145(13), C(1)-O(1) 1.127(7), C(2)-O(2) 1.156(5), C(3)-N(1) 1.296(5), Fe(1)-

C(1)-O(1) 176.1(6), Fe(1)-C(2)-Fe(2) 80.87(18), Fe(1)-C(3)-Fe(2) 84.25(17), C(3)-N(1)-C(4) 120.8(4), C(3)-

N(1)-C(5) 123.1(4), C(4)-N(1)-C(5) 116.1(3). CCDC reference number 2323496.  

 

 

Figure 3. View of the structure of the cation within 3f with key atoms labelled. Displacement ellipsoids are at 

the 30% probability level. Hydrogen atoms have been omitted for clarity. Main bond distances (Å) and angles 

(°): Fe(1)-Fe(2) 2.5164(4), Fe(1)-C(1) 1.764(3), Fe(1)-C(2) 1.979(2), Fe(2)-C(2) 1.895(3), Fe(1)-C(3) 1.882(2), 



Fe(2)-C(3) 1.863(2), Fe(2)-P(1) 2.1467(7), C(1)-O(1) 1.145(3), C(2)-O(2) 1.168(3), C(3)-N(1) 1.297(3), Fe(1)-

C(1)-O(1) 173.2(2), Fe(1)-C(2)-Fe(2) 80.98(10), Fe(1)-C(3)-Fe(2) 84.43(10), C(3)-N(1)-C(4) 123.4(2), C(3)-

N(1)-C(5) 123.2(2), C(4)-N(1)-C(5) 113.3(2). CCDC reference number 2323497. 

 

 

2.4. Solubility and stability in aqueous solutions, and octanol/water partition coefficient 

The water solubility and the octanol-water partition coefficient74,75 of the investigated diiron 

compounds were determined by NMR and UV-Vis methods, and the results are compiled in Table 1. 

Most of the compounds exhibit appreciable solubility in D2O (1-20 mM) and/or demonstrate 

amphiphilic character (− 1 < Log Pow < + 1). A comparison with the parent tricarbonyl complexes 

1a-f (Table S3) underscores the contributions given by the aminocarbyne N-substituents and the 

phosphane ligand. For instance, the PTA derivatives 2a-e display higher solubility in water (1-20 

mM) and are significantly more hydrophilic than their carbonyl precursors 1a-e. The cyclohexyl 

complex 2a (FEACYP) exhibits the highest solubility in the series, reaching an impressive value of 

14.6 g/L; for comparison, the estimated solubility of cisplatin is 2.5 g/L (8.4 mM).76 The enhanced 

water solubility of cis-E-2a is associated with strong, out-of-trend hydrophilicity (Log Pow < 1.5).77 

Combining aromatic phosphanes (PPh3, PPh2Me) with even the smallest aminocarbyne group 

(CNMe2) leads to a notable increase in lipophilicity and more than tenfold decrease in water 

solubility. In contrast, the CO/P(OMe)3 replacement (1f vs. 3f) has minor effects on these 

physicochemical properties.  

The stability of the compounds at 37 °C in aqueous solution (over 72 h) and in cell culture medium 

(DMEM, 24 h)78 was assessed by 1H NMR, using CD3OD as co-solvent for the less water-soluble 

compounds (2e, 3c, 4f, 5f).79 A large fraction of the starting organometallic species (on average 80% 

and 91% in aqueous or DMEM solution, respectively) was detected in solution at the end of the 

experiment (Table 1), emphasizing the robustness of this class of compounds. The decrease in the 

amount of the starting material is associated with the release of the corresponding oxidized P-ligand 

[i.e., O=PTA, O=P(OMe)3 or O=PPh2Me]. Consistent with previous findings,47.54 no iron 

cyclopentadienyl complex is generated in solution, suggesting that the degradation takes place with 



extensive cleavage of the organometallic framework, leading to the formation of inorganic iron 

species. Notably, the CO/phosphane replacement in the diiron scaffold (i.e. from 1 to 2) results in 

superior thermal stability in aqueous media (see Table S4 for the % residual complex under 

comparable conditions), aligning with the previously discussed electronic effects.  

The isomer ratios in the freshly-prepared aqueous solutions of 2-5 are comparable to those observed 

in acetone-d6 (Table S5). Interestingly, cis-E-2a undergoes a major isomerization process at 37 °C 

over 72 h (up to a 3:1 E/Z mixture), while the opposite (almost complete Z to E isomerization) occurs 

for 2e, consistent with previous experiments in refluxing isopropanol. The partial E to Z isomerization 

in 2a does not substantially affect the hydrophilicity of the system (Log Pow ≈ − 1.2 for the E/Z 

mixture). 

 

Table 1. Solubility in water (D2O), octanol/water partition coefficient (Log Pow) and assessment of stability of 

diiron compounds in aqueous (D2O or D2O/CD3OD) or in cell culture medium (DMEM-d/CD3OD) solution at 37 

°C. 

Complex [a] 
Solubility / mol∙L-1 

(D2O, 21°C) 
Log Pow 

% residual complex [b] 

D2O/CD3OD [c]  

(72 h, 37 °C) 

DMEM-d/CD3OD [c] 

(24 h, 37 °C) 

2a  2.0∙10-2 
< − 1.5 

(≈ − 1.2)[d] 
90 90 

2b 1.2∙10-2 − 0.76 ± 0.01 88 90 

2c 1.8∙10-3 − 0.04 ± 0.09 61 91 

2d 5.6∙10-3 − 0.55 ± 0.05 78 91 

2e 1.1∙10-3 − 0.74 ± 0.07 81 91 

3c  [e] 0.8 ± 0.1 79 93 

3f 4.1∙10-3 − 0.75 ± 0.06 73 85 

4f  [e] 0.9 ± 0.1 88  95 

5f  [e] 0.35 ± 0.02 86 94 

[a] Data is referred collectively to all isomers present in solution, except for 3f (single isomer). [b] Calculated 

by 1H NMR with respect to the initial spectrum and Me2SO2 as internal standard. [c] Experiments for 2a-d and 

3f were carried out in aqueous solution (D2O or DMEM-d); for 2e, 3c, 4f, 5f in 1:1 mixtures of deuterated 

water/methanol.79 [d] Referred to the E/Z mixture obtained after 21 h in refluxing iPrOH; otherwise solubility 

and Log Pow are related to the pure cis-E isomer. [e] Below the lowest value of quantitation (ca. 3∙10-4 M).  

 

2.5. Biological studies 

2.5.1. In vitro cytotoxicity in 2D and 3D cell models 



All diiron complexes 2-5 were tested for their cytotoxic activity using the MTT assay, as described 

in the Experimental Section. The in-house human cancer cell line panel includes examples of ovarian 

(2008), colon (HCT-15), pancreatic (PSN-1), and lung (U1285) cancers as well as non-cancerous 

human embryonic kidney cells (HEK293). Cisplatin was used as a reference drug and was tested 

under the same experimental conditions. The cytotoxicity parameters, in terms of IC50 obtained after 

72 h of drug exposure, are listed in Table 2. 

 

Table 2. In vitro antitumor activity in 2D cell cultures. Cells (3-8 x 103/well) were treated for 72 h with increasing 

concentrations of the tested compounds. The cytotoxicity was assessed by the MTT test. IC50 values were 

calculated by a four-parameter logistic model 4-PL (P < 0.05). Selectivity index (SI) is defined as the ratio 

between the IC50 value in HEK293 cells and the average IC50 value related to cancer cells. Complex 2a is 

referred as FEACYP. 

IC50 (µM) ± S.D. 

Complex 2008 HCT-15 PSN-1 U1285 HEK293 SI 

2a 2.6 ± 0.2 2.9 ± 0.7 4.3 ± 0.8 2.6 ± 0.2 19.3 ± 1.4 6.2 

2b 40.5 ± 0.8 47.9 ± 1.3 12.5 ± 0.6 11.5 ± 3.1 59.3 ± 1.8 2.1 

2c 14.6 ± 2.2 15.4 ± 3.6 22.3 ± 1.6 9.2 ± 1.1 21.3 ± 2.7 1.4 

2d > 100 > 100 > 100 > 100 > 100 - 

2e > 100 50.6 ± 3.5 58.4 ± 3.7 > 100 > 100 - 

3c > 100 56.8 ± 4.7 > 100 > 100 > 100 - 

3f > 100 > 100 33.5 ± 2.2 > 100 > 100 - 

4f 30.9 ± 4.5  > 100 29.3 ± 3.7 77.9 ± 5.3 94.6 ± 3.9 1.7 

5f 49.8 ± 4.6 48.5 ± 6.8 43.1 ± 3.2 42.5 ± 3.1 89.5 ± 4.5 2.0 

Cisplatin 2.2 ± 1.4 16.5 ± 2.2 12.1 ± 2.9 16.2 ± 0.2 19.1 ± 3.6 1.7 

 

Data analysis revealed that the highly hydrophilic complex 2a (FEACYP) is the most effective in 

affecting cell viability, showing substantially lower IC50 values than cisplatin in HCT-15, PSN-1 and 

U1285 cells. Additionally, 2c proved to be effective against the in-house cancer cell panel, surpassing 

cisplatin's efficacy towards HCT-15 and U1285 human cancer cells. Conversely, the other complexes 

were less cytotoxic than cisplatin, with average IC50 values in some cases exceeding 100 µM. The 

highly aggressive pancreatic cell line (PSN-1 cells) was the most sensitive to treatment with the tested 

diiron compounds. In particular, in this cancer cell line, both PTA complexes 2a-c and 

P(OMe)3/PPh3/PPh2Me derivatives with a CNMe2 aminocarbyne group (3f, 4f and 5f) exhibited 



remarkable cytotoxicity. It is noteworthy that the triflate anion (CF3SO3
) has been previously 

incorporated into various cationic metallic complexes, with resulting salts showing no appreciable 

toxicity in vitro or in vivo.48,80 

As one of the main drawbacks of chemotherapeutics is their toxic effect on noncancerous cells, we 

measured the cytotoxicity of the tested complexes against the noncancerous HEK293 cell line and 

calculated the selectivity index (SI), defined as the ratio between the IC50 value in noncancerous cells 

and the average IC50 value related to cancer cells. The diiron complexes were generally less cytotoxic 

against HEK293 cells, and again 2a (FEACYP) exhibited the best selectivity profile, with an SI value 

of 6.2, almost four times better than that of cisplatin. In attempting to establish some structure-activity 

relationships, it is evident that structural variations in the aminocarbyne substituents may have a 

dramatic impact on the bioactivity of the complexes. For instance, 2a and 2c displayed diverse 

cytotoxicity profiles, with the hydrophilic 2a (Log Pow <  1.5) being considerably more cytotoxic 

and selective than the more lipophilic 2-naphthyl derivative 2c (Log Pow = 0.04). In general, 2a 

(FEACYP) emerged for its outstanding performance among the tested compounds.  

Among the causes of clinical failure of chemotherapy, drug resistance represents a key determinant 

affecting the variable efficacy of platinum‐based anticancer therapy. In light of this, the in vitro 

antitumor effect of diiron complexes was also assessed on human ovarian cancer cells selected for 

their resistance to cisplatin, namely C13* cancer cells. These cells were generated from 2008 cells 

through monthly selection with low doses of cisplatin.81 The most important molecular mechanisms 

involved in drug resistance in C13* cancer cells comprise high cellular levels of glutathione and 

TrxR, reduced cellular drug uptake and/or an enhanced DNA damage repair.81 Cell killing effects in 

both sensitive 2008 and resistant C13* cells were detected after 72 h treatment using the MTT test. 

Cross-resistance profiles were evaluated by means of the resistance factor (RF), defined as the ratio 

between IC50 values for the resistant cells and those derived from the sensitive ones (Table 3).  

 

Table 3. In vitro antitumor activity in 2D cell cultures. Cells (3-8 x 103/well) were treated for 72 h with increasing 

concentrations of the tested compounds. The cytotoxicity was assessed by the MTT test. IC50 values were 



calculated by a four-parameter logistic model 4-PL (P < 0.05). Resistant factor (RF) is defined as IC50 

resistant/sensitive cell lines. Complex 2a is referred as FEACYP. 

IC50 (µM) ± S.D. 

Complex 2008 C13* RF 

2a 2.6 ± 0.2 7.3 ± 1.1 2.8 

2b 40.5 ± 0.8 39.7 ± 3.6 0.9 

2c 14.6 ± 2.2 32.5 ± 3.8 2.2 

2d > 100 > 100 - 

2e > 100 > 100 - 

3c > 100 > 100 - 

3f > 100 > 100 - 

4f 30.9 ± 4.5 14.6 ± 2.7 0.5 

5f 49.8 ± 4.6 16.9 ± 1.5 0.3 

Cisplatin 2.2 ± 1.4 28.6 ± 3.0 13.0 

 

All tested diiron complexes proved to be equally effective against both cisplatin-sensitive and 

resistant cell lines, with RFs ranging from 4.6 to 43 times lower than that of cisplatin. This result 

attests the ability of diiron complexes to overcome acquired cisplatin resistance, ruling out the 

occurrence of cross-resistance phenomena. 

To further evaluate the anticancer potential of the newly developed compounds, compounds 2-5 were 

also screened against 3D spheroids of human pancreatic (PSN-1) cancer cells. Conventional 2D cell 

cultures are scarcely representative of the complexity of in vivo tumors, making them less reliable 

for predicting in vivo anticancer activity. In contrast, 3D cell cultures possess several features that 

more closely mimic the heterogeneity and complexity of a tumor mass, thereby being more predictive 

of in vivo effectiveness.82 The cancer spheroids were treated with the tested complexes or cisplatin 

for 72 h, and cell viability was assessed by means of the acid phosphatase (APH) assay (Table 4). 

 

Table 4. Spheroids (2.5×103 cells/well) were treated for 72 h with increasing concentrations of complexes. The 

growth‐inhibitory effect was evaluated by means of the acid phosphatase (APH) test. IC50 values were 

calculated from the dose‐survival curves using a four‐parameter logistic model (p<0.05). SD = standard 

deviation. Complex 2a is referred as FEACYP. 

IC50 (µM) ± SD 

Complex PSN-1 

2a 16.2 ± 1.0 



2b 59.4 ± 2.9 

2c 37.9 ± 1.8 

2d > 150 

2e 68.2 ± 4.1 

3c > 150 

3f 45.5 ± 2.9 

4f 54.1 ± 3.6 

5f 74.3 ± 2.5 

Cisplatin 61.7 ± 12.1 

 

When tested on 3D models, diiron complexes showed a similar trend of activity compared to that 

observed in monolayer cell assays, with 2a (FEACYP) emerging as the most cytotoxic derivative. 

Notably, the activity of 2a is almost four times higher than that exhibited by cisplatin under the same 

conditions. 

 

2.5.2. Inhibition of Thioredoxin Reductase 

We recently reported that two diiron tricarbonyl aminocarbyne complexes (1a,b in Scheme 1) exert 

their antiproliferative activity mainly by disrupting cell redox homeostasis, and we demonstrated their 

ability to target and inhibit TrxR activity (see Introduction).54 On this basis, TrxR inhibition was 

evaluated in PSN-1 cells treated for 24 h with equimolar concentrations (5 μM) of the tested 

derivatives 2-5. TrxR activity was assayed by measuring the NADPH‐dependent reduction of DTNB 

at 412 nm, as described in the Experimental Section. Auranofin, a well-known metal-based TrxR 

inhibitor 83,84 was used as a positive control under the same experimental conditions. 

In general, collected data, which are drawn in Figure 4, evidence a good correlation between the 

ability of the complexes to inhibit TrxR and their cytotoxicity (Table 2). More precisely, 2a, 2b and 

2c showed the highest inhibition capability, with the most cytotoxic compound 2a (FEACYP) 

emerging once again as the most effective. It was able to hamper TrxR activity similarly to auranofin 

(52% and 47% respectively). Conversely, the remaining complexes induced only modest inhibition 

of the selenoenzyme, in some cases lower than or equal to 10%. 

 



 
 

Figure 4. Effects on TrxR activity. PSN-1 cells were incubated for 24 h with the tested compounds. 
Subsequently, cells were washed twice with PBS and lysed. TrxR activity was tested by measuring NADPH-
dependent reduction of DTNB at 412 nm. Error bars indicate SD. Complex 2a is referred as FEACYP. 

 

 

2.5.3. ROS production and cyclic voltammetry studies 

We evaluated the ability of the PTA complexes 2a-d to increase the total basal production of reactive 

oxygen species (ROS) in PSN-1 cancer cells. As shown in Figure 5, 2a (FEACYP) determined a 

noticeable time-dependent increase in the cellular basal hydrogen peroxide production, surpassing 

the effect of antimycin, a well-known inhibitor of mitochondrial Complex III in the respiratory chain. 

Even complex 2b was highly effective in enhancing cellular basal ROS production, achieving similar 

levels to those induced by antimycin. Conversely, complexes 2c,d proved to be barely effective in 

increasing cellular ROS levels.  



 

Figure 5. ROS production induced by diiron aminocarbyne complexes and antimycin in PSN-1 cells. 

 

In order to give additional insight into the potential of 2a in disrupting cell redox homeostasis, cyclic 

voltammetry measurements (see ESI for details) were performed in phosphate buffer saline solution 

(pH = 7.2, [Cl−] = 0.14 mol/L). An irreversible reduction process at − 1.14 V vs NHE and an 

irreversible oxidation process at + 1.11 V vs NHE were ascertained (Figure S51). Both redox 

processes fall outside the biologically accessible range of potentials (from − 0.4 V to + 0.8 V).85 

Therefore 2a does not seem capable of acting as a direct promoter of ROS-generating reactions. 

Considering that 2a is rather inert in cell culture medium (Table 1) compared to the timescale of the 

ROS level measurements (0-100 min; Figure 5), a possible mechanism involves a rapid intracellular 

uptake of 2a by PSN-1 cells, followed by oxidative disassembly of the diiron(I) scaffold.54 The 

resulting reactive iron(I) species could be responsible for the observed biological redox reactivity. 

 

2.5.4. In vivo preliminary studies 

Considering the high potential demonstrated by 2a (FEACYP), we decided to take a step forward 

towards preclinical translational studies by performing preliminary in vivo anticancer investigations. 

The in vivo antitumor activity of FEACYP was evaluated in a model of solid tumor, specifically the 



highly aggressive syngeneic murine Lewis Lung Carcinoma (LLC, see SI for experimental details). 

Tumor growth inhibition induced by FEACYP was compared with that promoted by cisplatin, which 

was used as a reference metal pharmaceutical despite its different mode of action.86 Seven days after 

tumor inoculation, tumor-bearing mice were randomized into vehicle control and treatment groups. 

Control mice received the vehicle solution (saline solution) or cisplatin (3 mg∙kg−1 in saline solution). 

The tumor growth was estimated at day 15, and the results are reported in Table 5.  

 

Table 5. In vivo antitumor activity. Lewis lung carcinoma (LLC) was implanted i.m. in C57BL mice. After 24 h 

from tumor implantation, mice were randomly divided into groups of 8 animals (10 controls). Chemotherapy 

was delayed until the tumor was visible (day 7). Day 15: animals were sacrificed, and tumor growth inhibition 

was determined as the difference in weight of the tumor-bearing leg and the healthy leg (%), referred to control 

animals. 

 
Daily dose 

(mg∙kg−1) 

Average tumor weight 

(mean ± SD, g) 

Inhibition of tumor 

growth (%) 

control  0.31 ± 0.10 - 

2a (FEACYP) 8 0.037 ± 0.01 88 

Cisplatin 3 0.028 ± 0.01 91 

 

 
 

As an estimation of adverse side effects, changes in the body weights of tumor-bearing mice were 

monitored every two days starting from day 7 (Figure 6). Notably, the administration of FEACYP at 

8 mg∙kg−1 reduced the average tumor growth by 88% compared to the control group, similar to the 

effect observed with the reference platinum-based drug dosed at 3 mg∙kg−1. However, mice treated 

with FEACYP showed no anorexia or other signs of systemic toxicity, whereas those treated with 

cisplatin appeared prostrate and showed substantial weight loss (approximately 20%). Conversely, 

body weight loss throughout the therapeutic experimentation with FEACYP was significantly less 

pronounced (~12%). 
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Figure 6. Body weight changes of LLC bearing C57BL mice treated with vehicle, cisplatin and 2a (FEACYP). 

Each drug was administered daily after 7 days from tumor cell inoculum. Weights were measured at day 1 and 

every two days from day 7. Error bars indicate S.D.  

 

 

3. Concluding remarks  

We incorporated a N-cyclohexyl aminocarbyne group and the PTA ligand within a robust di-

organoiron scaffold taking advantage of Fe-Fe cooperative effects. The resulting complex 

(FEACYP) emerged as a new drug candidate showing ideal developability pre-requisites: 1) presence 

of nontoxic metal and straightforward synthesis; 2) favorable physicochemical properties, including 

water solubility and outstanding stability in physiological-like solutions; 3) favorable biological 

features, such as strong antiproliferative activity against cancer cells, including a 3D model, and 

significant cancer selectivity. In particular, FEACYP combines prominent cytotoxicity with 

physiological solubility/stability, two advantageous features that can often be adversely affected by 

each other. Consistent with prior studies on related diiron aminocarbyne compounds, the primary 

mode of action of FEACYP should be attributed to interference with the cell redox system, 

apparently enhanced by the redox reactivity of nonendogenous iron(I) centers. We provide evidence 



for a correlation between the cytotoxicity and the ability of FEACYP to inhibit the key cancer-

specific redox enzyme Thioredoxin Reductase, as well as to stimulate intracellular ROS production. 

These phenomena may be related to an activation process of the diiron(I) scaffold occurring inside 

the cells.    

When administered in mice to treat the highly aggressive syngeneic murine LLC model, FEACYP 

revealed a high tumor suppression ability, comparable to that of cisplatin but associated with fewer 

general systemic effects. Notably, FEACYP constitutes a rare example of iron(I) anticancer 

candidate investigated in vivo, and it stands out as one of the first dinuclear iron complexes proposed 

for such studies. Overall, the exceptional profile of FEACYP overcomes some drawbacks often 

encountered in proposed metallodrugs, particularly other organo-iron complexes, making it a viable 

candidate for consideration in advanced preclinical anticancer studies. 

  



4. Experimental Section 

4.1. General experimental details. [Fe2Cp2(CO)4] (99%) was purchased from Strem Chemicals, 

other reactants and solvents were obtained from Alfa Aesar, Merck, Apollo Scientific or TCI 

Chemicals and were of the highest purity available. 1,3,5-Triaza-7-phosphaadamantane (PTA), 

PPh2Me and P(OMe)3 (at 4 °C) were stored under N2 as received. Complexes [Fe2Cp2(CO)2(μ-

CO){μ-CNMe(R)}]CF3SO3, (R = cyclohexyl, 1a; p-C6H4OMe, 1b; 2-naphthyl, 1c; m-xylyl, 1e;  Me, 

1f) and [Fe2Cp2(CO)2(μ-CO){μ-CNBn2}]CF3SO3, 1d, were synthesized using published 

procedures.51,54 The syntheses of 2-5 were carried out under N2 using deaerated solvents. All the other 

operations were conducted under air with common laboratory glassware. Column chromatography 

was carried out using neutral alumina (Merck; dry). Diiron products were stored in air once isolated. 

Purity of compounds was checked by elemental analysis and is > 95%. NMR spectra were recorded 

at ambient temperature on a Bruker Avance II DRX400 or JEOL YH JNM-ECZ400S instruments 

equipped with broadband probes. Chemical shifts are referenced to the residual solvent peaks (1H, 

13C) or to external standards (19F to CFCl3, 
31P to 85% H3PO4).

87,88 1H and 13C spectra were assigned 

with the assistance of 1H{31P}, 1H-NOESY (mix time 750 ms, relaxation time 1 sec, linewidth 15 Hz) 

and 1H-13C gs-HSQC experiments. NMR signals due to minor isomers are italicized. The 

cyclopentadienyl ligand and the N-methyl group on the same side of the phosphane ligand are labelled 

as CpP and MeP, respectively. IR spectra of solid samples (650-4000 cm-1) were recorded on a Perkin 

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

solutions were recorded using a CaF2 liquid transmission cell (1400-2700 cm-1) on a Perkin Elmer 

Spectrum 100 FT-IR spectrometer. UV-vis spectra were recorded on an Ultraspec 2100 Pro 

spectrophotometer using PMMA cuvettes (1 cm pathlength). IR and UV-vis spectra were processed 

with Spectragryph.89 Carbon, hydrogen, nitrogen and sulfur analyses were performed on a Vario 

MICRO cube instrument (Elementar). ESI-Q/ToF flow injection analyses were carried out using a 

1200 Infinity HPLC coupled to a Jet Stream ESI interface with a Quadrupole-Time of Flight tandem 

mass spectrometer 6530 Infinity Q-TOF (Agilent Technologies). Ca. 1 mg of sample was weighted 



and dissolved in 1 mL MeOH (LC-MS grade, Carlo Erba, Italy) and then further diluted to obtain a 

10 ppm solution. Injection volume: 0.1 L. The flow rate was 0.2 mL/min (total run time 3 min). The 

ESI operating conditions were: drying gas (N2, purity >98%): 350 °C and 10 L/min; capillary voltage 

4.5 KV; nozzle voltage: 1 KV; nebuliser gas 35 psig; sheath gas (N2, purity >98%): 375 °C and 11 

L/min. The fragmentor was kept at 50 V, the skimmer at 65 V and the OCT 1 RF at 750 V. High 

resolution MS spectra were achieved in positive mode in the range 100-1700 m/z; the mass axis was 

calibrated daily using the Agilent tuning mix HP0321 (Agilent Technologies) prepared in acetonitrile 

and water. 

 

4.2. Synthesis and characterization of diiron complexes 

General procedure for 2a-e and 3c,f. A dark red solution of [Fe2Cp2(CO)2(μ-CO){μ-

CNR(R’)}]CF3SO3 (1a-f, ca. 100 mg) and Me3NO∙2H2O (1.1 eq.) in MeCN (ca. 8 mL) was stirred 

at room temperature under N2. After 1 h, conversion was checked by IR then volatiles were removed 

under vacuum. The brown residue was dissolved in acetone (ca. 8 mL) and the selected phosphane 

(1.0-1.1 eq.) was added. The solution was stirred under reflux (T oil bath = 75 °C) under N2 for 1.5 

h, progressively turning dark green. The conversion was checked by IR and/or 31P NMR then volatiles 

were removed under vacuum. The residue was dissolved in CH2Cl2 and moved on top of an alumina 

column (h 4 cm, d 3.4 cm) previously packed with CH2Cl2. 2a-e: impurities were eluted with CH2Cl2, 

THF and MeCN, then a dark green band was eluted with MeCN/MeOH 10:1 v/v (15:1 v/v for 2e). 

3c,f: impurities were eluted with CH2Cl2, THF and a THF/MeCN 15:1 v/v mixture, then a dark red-

brown band was eluted with MeCN. Volatiles were removed under vacuum and the residue was 

soaked in a selected solvent (15 mL) under stirring for several hours. After trituration, the suspension 

was filtered and the resulting dark green-brown (2a-e) or dark red-brown (3c,f) solid was washed 

with Et2O, hexane and dried under vacuum (40 °C).  

 

[Fe2Cp2(CO)(PTA)(-CO){-CNMeCy}]CF3SO3 (2a - FEACYP, Chart S1). 



Prepared using 1a (77 mg, 0.13 mmol), PTA (24 mg, 0.15 mmol). The dark brown/green solid 

obtained after alumina chromatography contained 2a as a cis-E/cis-Z mixture of isomers and other 

non-phosphane diiron complexes. Yield: 65 mg, ca. 70%. 1H NMR (CDCl3): δ/ppm = 5.16, 5.06 (s, 

5H, Cp); 5.00, 4.99 (s, 5H, CpP); 4.64–4.59; 4.41–4.31 (m, 6H, NCH2); 4.21, 4.04 (s, 3H, NMe); 3.96, 

3.83, 3.72 (d, 2JHH = 14.8 Hz) (6H, PCH2); isomer (cis-E/cis-Z) ratio = 5. 31P{1H} NMR (CDCl3): 

δ/ppm = − 26.3, − 14.4. Pure cis-E-2a was obtained after the final washing step with Et2O/acetone 

3:1 v/v. Yield: 50 mg, 54%. At room temperature, the MeCN/PTA exchange is slower (40% 

conversion after 3 h) and a cis-E/cis-Z 1:1 mixture of 2a is obtained. Soluble in MeOH, less soluble 

CHCl3, CH2Cl2, acetone, insoluble in Et2O. Anal. Calcd. For C27H36F3Fe2N4O5PS: C, 44.53; H, 4.98; 

N, 7.69; S, 4.40. Found: C, 44.9; H, 5.06; N, 7.60; S, 4.32. IR (solid state): ῦ/cm-1 = 3101w, 3079w, 

3058w, 3034w, 2937w, 2864w-sh, 1991s (CO), 1952s (CO), 1809s-sh (μ-CO), 1795s (μ-CO), 1708w, 

1664w, 1550m-sh, 1532m (μ-CN), 1494m, 1471w, 1445m, 1418m, 1380m, 1317w, 1260s (SO3), 

1244s, 1221m (SO3), 1151s (SO3), 1106m, 1083m, 1054-1045w, 1027s, 1016s, 972s, 948s, 895m, 

888m, 854s, 844m-sh, 805s, 790m, 768s, 744s, 733s, 633m. IR (CH2Cl2): ῦ/cm-1 = 1965s (CO), 1800s 

(μ-CO), 1713w, 1608w, 1547m-sh, 1533m (μ-CN). IR (MeCN): ῦ/cm-1 = 1964s (CO), 1798s (μ-CO), 

1549m-sh, 1536m (μ-CN). 1H NMR (acetone-d6): δ/ppm = 5.31, 5.26 (s, 5H, Cp); 5.17, 5.13 (d, 3JHP 

≈ 1.4 Hz, 5H, CpP); 5.14–5.04; 4.84–4.77 (m, 1H, C1H); 4.36, 4.30 (d, 2JHH = 13.0 Hz, 6H, NCH2); 

4.22, 4.15 (s, 3H, NCH3); 3.89 (s), 3.75 (d, 2JHH = 14.9 Hz), (6H, PCH2); 2.44, 2.36 (d, J = 13.1 Hz, 

1H), 2.22–2.08 (m, 1H), 1.91 (t, J = 15.2 Hz, 2H) (C2H); 2.04–2.00 (m*), 1.75 (d, J = 14.9 Hz, 1H), 

1.71–1.54 (m, 2H), 1.40–1.26 (m, 1H) (C3H + C4H); pure E isomer in the freshly-prepared solution; 

isomer (cis-E/cis-Z) ratio = 15 after 14 h at room temperature. *Over acetone-d5 peak. 13C{1H} NMR 

(acetone-d6): δ/ppm = 324.0 (d, 2JCP = 17 Hz, μ-CN), 262.8 (d, 2JCP = 17 Hz, μ-CO), 216.5 (d, 3JCP = 

4 Hz, CO), 122.5 (d, 1JCF = 322 Hz, CF3); 90.4, 90.1 (Cp); 88.2, 87.9 (CpP); 79.0 (C1); 72.9 (d, 3JCP 

= 7 Hz, NCH2); 54.4 (d, 1JCP = 13 Hz, PCH2); 47.3 (NCH3); 31.8, 31.6 (C2); 26.3, 26.2, 25.8 (C3 + 

C4). 19F{1H} NMR (acetone-d6): δ/ppm = – 78.8. 31P{1H} NMR (acetone-d6): δ/ppm = – 14.8, – 24.7. 

1H NMR (CD3OD): δ/ppm = 5.16 (s, 5H, Cp), 5.04 (s, 5H, CpP); 4.40, 4.29 (d, 2JHH = 12 Hz, 6H, 



NCH2); 4.09 (s, 3H, NMe); 3.79 (s, 6H, PCH2); 2.34 (d, J = 11.8 Hz), 2.11–1.29 (m) (9H, C2-4H). 

31P{1H} NMR (CD3OD): δ/ppm = − 23.5.  

 

[Fe2Cp2(CO)(PTA)(-CO){-CNMe(4-C6H4OMe)}]CF3SO3 (2b, Chart S2). 

Prepared using 1b (107 mg, 0.17 mmol), PTA (30 mg, 0.19 mmol) and Et2O/toluene 1:1 v/v for the 

final washing step. Yield: 90 mg, 70%. Soluble in acetone, MeCN, water; insoluble in Et2O, toluene. 

Anal. Calcd. for C28H32F3Fe2N4O6PS: C, 44.70, H, 4.29, N, 7.44, S, 4.26. Found: C, 44.3, H, 4.31, N, 

7.38, S, 4.12. IR (solid state): ῦ/cm-1 = 3107w, 2970w, 2940w, 2918w, 2876w, 2842w, 1950s (CO), 

1793s (μ-CO), 1606w, 1587w, 1548w, 1519m-sh (μ-CN), 1505s, 1469w, 1446w, 1421w, 1390w, 

1298w, 1261s (SO3), 1245s, 1224s-sh (SO3), 1153s (SO3), 1103m, 1068w, 1030s, 1017s, 976s, 950s, 

896w, 855w, 840m, 806m, 772s, 744m, 703m. IR (CH2Cl2): ῦ/cm-1 = 1963s (CO), 1799s (μ-CO), 

1607w, 1519m-sh (μ-CN), 1507s. IR (MeCN): ῦ/cm-1 = 1965s (CO), 1800s (μ-CO), 1067w, 1519m-

sh (μ-CN), 1507s. 1H NMR (acetone-d6): δ/ppm = 8.01, 7.73 (d, 3JHH = 8.8 Hz, 2H, C2H); 7.32, 7.21 

(d, 3JHH = 8.8 Hz, 2H, C3H); 5.41, 4.71 (s, 5H, Cp); 5.26, 4.90 (d, 3JHP = 1.3-1.5 Hz, 5H, CpP); 4.68, 

4.59 (s, 3H, NCH3); 4.40, 4.35 (d, 2JHH = 13.3 Hz, 6H, NCH2); 4.04 (s, 6H, PCH2); 3.94, 3.93 (s, 3H, 

OCH3); isomer (cis-E/cis-Z) ratio ≈ 20. No changes in the 1H NMR spectrum were observed after 14 

h at room temperature. 13C{1H} NMR (acetone-d6): δ/ppm = 331.5 (d, 2JCP = 17 Hz, μ-CN); 262.4 (d, 

2JCP = 17 Hz, μ-CO); 217.0 (d, 3JCP = 4 Hz, CO); 160.5 (C4); 145.4 (C1); 128.7, 127.4 (C2); 122.5 (d, 

1JCF = 322 Hz, CF3); 115.9 (C3); 91.0, 90.5 (Cp + CpP); 90.0 (Cp), 88.4 (CpP); 72.9 (d, 3JCP = 7 Hz, 

NCH2); 57.7 (NCH3), 56.2 (OCH3); 54.5 (d, 1JCP = 13 Hz, PCH2). 
19F{1H} NMR (acetone-d6): δ/ppm 

= − 78.8. 31P{1H} NMR (acetone-d6): δ/ppm = − 14.6, − 24.7.  

 

[Fe2Cp2(CO)(PTA)(-CO){-CNMe(2-naphthyl)}]CF3SO3 (2c, Chart S3). 

Prepared using 1c (106 mg, 0.16 mmol), PTA (26 mg, 0.17 mmol) and toluene for the final washing 

step. Yield: 80 mg, 63%. Soluble in DMSO, acetone, CH2Cl2, water; insoluble in Et2O. Anal. Calcd. 

for C31H32F3Fe2N4O5PS: C, 48.21; H, 4.18; N, 7.25; S; 4.15. Found: C, 48.8; H, 3.73; N, 6.90; S; 



4.07. IR (solid state): ῦ/cm-1 = 3104w, 3057w, 3030w, 2925w, 2874w, 1951s (CO), 1791s (μ-CO), 

1627w, 1597w, 1519m-sh (μ-CN), 1503m, 1467w, 1445m, 1421m, 1388m, 1380w, 1270s-sh, 1258s 

(SO3), 1245s-sh, 1222s-sh (SO3), 1154s (SO3), 1099m, 1068w, 1029s, 1016s, 973s, 949s, 983w, 

853m, 815m, 776s-sh, 754s, 745s, 705m, 656m. IR (CH2Cl2): ῦ/cm-1 = 1965s (CO), 1801s (μ-CO), 

1517m (μ-CN), 1506m. IR (MeCN): ῦ/cm-1 = 1968s (CO), 1802s (μ-CO), 1517w (μ-CN), 1508w. 1H 

NMR (acetone-d6): δ/ppm = 8.42 (s-br, 1H, C10H); 8.25 (d, 3JHH = 8.3 Hz, 1H, C3H); 8.14–8.06 (m, 

2H, C5H + C8H); 7.91 (d, 3JHH = 7.3 Hz, 1H, C2H); 7.72–7.67 (m, 2H, C6H + C7H); 5.31, 4.88 (d, 

3JHP ≈ 1 Hz, 5H, CpP); 4.79, 4.47 (s, 3H, NCH3); 5.27, 4.61 (s, 5H, Cp); 4.42 (m-br, 6H, NCH2); 4.10 

(s, 6H, PCH2); isomer (cis-E/cis-Z) ratio = 7. No changes in the 1H NMR spectrum were observed 

after 14 h at room temperature. 13C{1H} NMR (acetone-d6): δ/ppm = 331.4 (d, 2JCP = 17 Hz, μ-CN); 

262.2 (d, 2JCP = 17 Hz, μ-CO); 217.0 (d, 3JCP = 4 Hz, CO); 149.2 (C1); 134.4, 133.6 (C4 + C9); 131.2 

(C3); 129.4, 129.0 (C5 + C8); 128.4, 128.3 (C6 + C7); 124.8, 124.5 (C2 + C10); 122.5 (d, 1JCF = 322 Hz, 

CF3); 91.0, 90.0 (Cp); 90.2, 88.6 (CpP); 72.8 (d, 3JCP = 5 Hz, NCH2); 57.8 (NCH3); 54.5 (d, 1JCP = 13 

Hz, PCH2). 
19F{1H} NMR (acetone-d6): δ/ppm = – 78.4. 31P{1H} NMR (acetone-d6): δ/ppm = − 14.4, 

− 24.3. 

 

[Fe2Cp2(CO)(PTA)(-CO)(-CNBn2)]CF3SO3 (2d, Chart S4). 

Prepared using 1d (100 mg, 0.15 mmol), PTA (23 mg, 0.15 mmol) and hexane for the final washing 

step. Yield: 79 mg, 67%. Soluble in acetone, CH2Cl2, insoluble in Et2O, hexane. X-Ray quality 

crystals of 2d were obtained from an acetone solution layered with Et2O and settled aside at – 20 °C. 

Anal. Calcd. For C34H36F3Fe2N4O5PS: C, 50.27; H, 4.47; N, 6.90; S, 3.95. Found: 52.1; H, 4.34; N, 

6.92; S, 3.43. IR (solid state): ῦ/cm-1 = 3102w, 3032w, 2940-2924w, 2875, 1953s (CO), 1784s (µ-

CO), 1692w, 1604w, 1586w, 1511m (µ-CN), 1496m, 1453m, 1433m, 1422m, 1351w, 1258s-br 

(SO3), 1244s-sh, 1222s-sh (SO3), 1151s (SO3), 1101m, 1079w, 1029s, 1016s-sh, 973s, 949s, 887w, 

851m, 805m, 765s, 742s, 698s. IR (CH2Cl2): ῦ/cm-1 = 1968s (CO), 1801s (µ-CO), 1605w, 1514m (µ-

CN), 1498w-sh. IR (MeCN): ῦ/cm-1 = 1967s (CO), 1799s (µ-CO), 1517m (µ-CN), 1508w. 1H NMR 



(acetone-d6): δ/ppm = 7.64–7.55 (m), 7.51 (t, 3JHH = 7.2 Hz), 7.46–7.41 (m), 7.25–7.20 (m) (10H, 

Ph); 6.06, 5.60 (d, 2JHH = 14.1 Hz, 1H+1H, C1H); 5.96, 5.38 (d, 2JHH = 15.7 Hz, 1H+1H, C1’H); 5.52, 

5.41 (s, 5H, Cp); 5.17, 5.11 (d, 3JHC = 1.3 Hz, 5H, CpP); 4.37, 4.28 (d, 2JHH = 12.8 Hz, 3H+3H, NCH2); 

3.90 (s, 6H, PCH2); isomer (cis/trans) ratio = 15. No changes in the 1H NMR spectrum were observed 

after 14 h at room temperature. 13C{1H} NMR (acetone-d6): δ/ppm = 330.9 (d, 2JCP = 16 Hz, CN); 

262.6 (d, 2JCP = 17 Hz, μ-CO); 216.9 (d, 3JCP = 3 Hz, CO); 135.1, 134.4 (C2 + C2’); 130.4, 130.3, 

130.00, 128.0 (C3 + C4 + C3’ + C4’); 129.96, 129.2 (C5 + C5’); 122.4 (d, 1JCF = 322 Hz, CF3SO3); 91.6, 

90.6 (Cp); 90.4, 88.4 (CpP); 72.8 (d, 3JCP  = 7 Hz, NCH2); 69.5 (C1), 68.4 (C6); 54.7 (d, 1JCP = 13 Hz, 

PCH2). 
19F{1H} NMR (acetone-d6): δ/ppm = − 78.8. 31P{1H} NMR (acetone-d6): δ/ppm = − 18.1, − 

22.0.  

 

[Fe2Cp2(CO)(PTA)(-CO){-CNMeXyl}]CF3SO3 (2e, Chart S5). 

Prepared from 1e (106 mg, 0.16 mmol), PTA (25 mg, 0.16 mmol) and toluene for the final washing 

step. Yield: 84 mg, 70%. Anal. Calcd. For C29H34F3Fe2N4O5PS: C, 46.42; H, 4.57; N, 7.47; S, 4.27. 

Found: C, 46.7; H, 4.34; N, 7.19; S, 4.36. IR (solid state): ῦ/cm-1 = 3115w, 3095w, 2942w, 2921w, 

2876w, 1992w (CO), 1946s (CO), 1801s-br (μ-CO), 1776m-sh (μ-CO), 1509m (μ-CN), 1499m-sh, 

1469w, 1442m, 1421m, 1380m, 1263s (SO3), 1245s-sh, 1223m-sh (SO3), 1158m-sh (SO3), 1148s, 

1108m, 1083m, 1046w, 1029s, 1016s-sh, 974s, 949s, 907w, 880w, 858m, 835m, 807m, 778m-sh, 

768s, 743m-sh, 731s, 663m. IR (MeCN): ῦ/cm-1 = 1967s (CO), 1801m (μ-CO). 1H NMR (DMSO-

d6): δ/ppm = 7.46–7.33 (m, 3H, C3H + C4H); 5.43, 4.64 (s, 5H, Cp); 5.25, 4.80 (d, 2JHP = 1.3 Hz, 

CpP); 4.36, 4.32 (s, 3H, NMe); 4.31–4.22 (m, 6H, NCH2); 3.94–3.84 (m, 3H), 3.61, 3.46 (d, 2JHH = 

14.6 Hz, 3H) (PCH2); 2.65, 2.61, 2.25, 2.23 (s, 6H, C5H); isomer (cis-E/cis-Z) ratio = 1.1. 13C{1H} 

NMR (DMSO-d6): δ/ppm = 331.5, 328.5 (d, 2JCP = 14 Hz, μ-CN); 264.8, 262.1 (d, 2JCP = 19 Hz, μ-

CO); 215.5, 214.6 (d, 3JCP = 3 Hz, CO); 147.9, 147.7 (C1); 134.1, 133.7, 132.4, 131.6 (C2); 129.9, 

129.3 (C4); 129.1, 129.0, 128.9 (C3); 120.7 (q, 1JCF = 322 Hz, CF3); 90.1, 88.9 (Cp); 87.7, 86.9 (CpP); 



71.5, 71.4 (d, 3JCP = 7 Hz, NCH2); 55.8, 55.3 (NCH3); 53.8, 53.0 (d, 1JCP = 12 Hz, PCH2); 19.0, 18.5, 

18.4, 18.0 (C5). 31P{1H} NMR (DMSO-d6): δ/ppm = − 17.0, − 21.6. 

Samples of 2e enriched in the cis-Z isomer (up to 10:1 ratio) can be obtained by a slightly different 

procedure, as described in the literature (precipitation from refluxing THF).67 A batch of 2e was 

prepared similarly (final washing step with Et2O:acetone 10:1 v/v; cis-Z/cis-E ratio = 4, 1H NMR in 

acetone-d6) and was employed for the study of the behavior in aqueous solution (section 4.4).  

 

[Fe2Cp2(CO){P(OMe)3}(-CO){-CNMe(2-naphthyl)}]CF3SO3 (3c, Chart S6). 

Prepared using 1c (100 mg, 0.16 mmol), P(OMe)3 (19 µL, 0.16 mmol) and Et2O for the final washing 

step. A large portion of the red-brown band eluting with THF/MeCN 15:1 v/v must be discarded 

before eluting the darker red-brown band containing 2c with MeCN. Yield: 75 mg, 65%. Soluble in 

acetone, EtOH, DMSO, CH2Cl2, scarcely soluble in toluene, insoluble in Et2O. Anal. Calcd. For 

C28H29F3Fe2NO8PS: C, 45.49; H, 3.95; N, 1.89; S, 4.34. Found: C, 45.2; H, 3.82; N, 1.92; S, 4.28. IR 

(solid state): ῦ/cm-1 = 3113w, 3059w, 3028w, 3003w, 2958w, 2853w, 1990s (CO), 1789s (µ-CO), 

1538m (µ-CN), 1507w-sh, 1449w, 1434w, 1423w, 1400m, 1363w, 1271s-sh, 1258s (SO3), 1221m-

sh (SO3), 1183w, 1152s (SO3), 1132m-sh, 1110w, 1053m-sh, 1027s-sh, 1015s-sh, 859m, 841w, 

817w, 787s-sh, 777s, 754s, 732s, 702s, 658m. IR (CH2Cl2): ῦ/cm-1 = 1986s (CO), 1803s (µ-CO), 

1525m (µ-CN), 1506m-sh. IR (MeCN): ῦ/cm-1 = 1985s (CO), 1805s (µ-CO), 1525m (µ-CN), 1506m-

sh. 1H NMR (acetone-d6): δ/ppm = 8.31–8.24 (m-br), 8.23 (d, 3JHH = 8.7 Hz) (2H, C3H + C10H); 8.14–

8.02 (m, 2H, C5H + C8H), 7.87–7.79 (m-br, 1H, C2H); 7.72–7.65 (m, 2H, C6H + C7H); 5.31, 5.24, 

4.66 (d, 3JHP  ≈ 1 Hz, 5H, CpP); 4.84, 4.68 (s, 3H, NMe); 5.42, 4.63, 4.34 (s, 5H, Cp); 3.89, 3.82, 3.67 

(d, 3JHP = 11 Hz, OCH3); cis-E/trans-E/cis-Z ratio = 13:1.6:1. 13C{1H} NMR (acetone-d6): δ/ppm = 

331.7 (d, 2JCP = 28 Hz, μ-CN); 262.7 (d, 2JCP = 25 Hz, μ-CO); 214.8, 213.9 (d, 3JCP  = 3 Hz, CO); 

149.8, 147.8 (C1); 134.3, 133.8, 133.5 (C4 + C9); 131.1, 130.4 (C3); 129.34, 129.27, 129.0 (C5 + C8); 

128.4, 128.3, 128.2, 128.0 (C6 + C7); 125.8, 125.3, 124.7, 124.4 (C2 + C10); 122.5 (d, 1JCF = 322 Hz, 

CF3); 91.5, 91.0, 90.2, 89.7, 89.2, 88.8 (Cp); 58.8, 55.8 (NCH3); 54.6, 54.3 (d, 2JCP = 9 Hz, OCH3). 



19F NMR (acetone-d6): δ/ppm = − 78.7. 31P{1H} NMR (acetone-d6): δ/ppm = 166.3 (cis-Z), 164.1 

(cis-E), 163.7 (trans-E). 1H NMR (CDCl3): δ/ppm = 8.37 (br, 1H, C10H); 8.04 (d, 3JHH = 8.7 Hz), 

7.99–7.90 (m, 1H) (C3H + C5H + C8H); 7.79 (br, 1H, C2H); 7.69–7.55 (m, 2H, C6H + C7H); 5.13, 

4.97, 4.50 (d, 3JHP ≈ 1 Hz, 5H, CpP); 4.77, 4.60, 4.56 (s, 3H, NCH3); 5.28, 4.49, 4.20 (s, 5H, Cp); 

3.82, 3.70, 3.54 (d, 3JHP = 11 Hz, OCH3); cis-E/trans-E/cis-Z ratio = 13:1:1. 31P{1H} NMR (CDCl3): 

δ/ppm = 165.9, 165.7, 165.3. 

 

[Fe2Cp2(CO){P(OMe)3}(-CO)(-CNMe2)]CF3SO3 (3f, Chart S7). 

Prepared using 1f (100 mg, 0.19 mmol), P(OMe)3 (22 µL, 0.19 mmol) and toluene/Et2O 3:1 v/v for 

the final washing step. Yield: 72 mg, 61%. Soluble in acetone, MeCN, CH2Cl2, insoluble in Et2O, 

hexane. X-Ray quality crystals of 3f were obtained from an acetone solution layered with Et2O and 

settled aside at – 20 °C. Anal. Calcd. for C19H25F3Fe2NO8PS: C, 36.39; H, 4.02; N, 2.23; S, 5.11. 

Found: C, 36.8; H, 3.77; N, 2.23; S, 5.83. IR (solid state): ῦ/cm-1 = 3100w, 2958w, 2932w, 2854w, 

1967s (CO), 1928w (CO), 1791s (μ-CO), 1755w (μ-CO), 1577m (μ-CN), 1547w-sh (μ-CN), 1441w-

br, 1422w, 1405m, 1392m, 1267s (SO3), 1224m (SO3), 1194m, 1152s (SO3), 1050s-sh, 1026s-br, 

859m, 788m-sh, 767s, 724s. IR (CH2Cl2): ῦ/cm-1 = 1987s (CO), 1801s (µ-CO), 1584m (μ-CN). IR 

(MeCN): ῦ/cm-1 = 1985s (CO), 1802s (µ-CO), 1585m (μ-CN). 1H NMR (acetone-d6): δ/ppm = 5.25, 

5.04 (s, 5H, Cp); 5.14, 5.02 (d, 3JCP ≈ 1 Hz, 5H, CpP); 4.37, 4.234 (s, 3H, NCH3); 4.35 (s), 4.232 (d, 

5JCP ≈ 1 Hz) (3H, NCH3
P); 3.78, 3.68 (d, 3JHP = 10.8 Hz, 9H, OCH3); isomer (cis/trans) ratio ≈ 18 . 

13C{1H} NMR (acetone-d6): δ/ppm = 324.3 (d, 2JCP = 29 Hz, μ-CN); 263.7 (d, 2JCP = 25 Hz, , μ-CO); 

213.8 (d, 3JCP = 2 Hz, CO); 122.5 (d, 1JCF = 322 Hz, CF3); 91.4, 89.7 (Cp); 90.6, 88.5 (CpP); 54.9 (d, 

4JCP ≈ 1 Hz, NCH3
P); 54.2 (d, 2JCP = 9 Hz, OCH3); 52.4 (NCH3). 

19F{1H} NMR (acetone-d6): δ/ppm 

= − 78.7. 31P{1H} NMR (acetone-d6): δ/ppm = 167.7, 164.9. 1H NMR (CDCl3): δ/ppm = 5.08, 4.95, 

4.87, 4.80 (s, 10H, Cp); 4.31, 4.29, 4.17 (s, 6H, NMe2); 3.70, 3.58 (d, 3JHP = 10.7 Hz, 2H); isomer 

(cis/trans) ratio ≈ 14. 31P{1H} NMR (CDCl3): δ/ppm = 166.4, 165.1. 

 



cis-[Fe2Cp2(CO)(PPh3)(-CO)(-CNMe2)]CF3SO3 (4f, Chart S8). 

Previously prepared by sequential CO/MeCN and MeCN/PPh3 exchange from 1a (81% yield) and 

characterized by CHN analyses, IR (CH2Cl2) and 1H and 13C NMR (CDCl3).
68 Herein, a novel, one-

pot method is described. A red suspension of 1a (77 mg, 0.15 mmol), Me3NO∙2H2O (29 mg, 0.26 

mmol) and PPh3 (52 mg, 0.20 mmol) in THF (5 mL) was stirred at reflux for 1.5 h, progressively 

turning to dark green-brown. The conversion was checked by IR then the mixture was moved on top 

of an alumina column (h 4 cm, d 2.3 cm). Impurities were eluted with CH2Cl2 and a pale green band 

(possibly containing trans-4f) was eluted with THF. Then, a dark green band was eluted with MeCN 

and taken to dryness under vacuum. The residue was triturated in a Et2O/hexane 1:1 v/v mixture and 

the suspension was filtered. The resulting dark green-brown soli was washed with Et2O, hexane and 

dried under vacuum (40 °C). No evidence of Ph3PO formation was detected. Yield: 90 mg, 81% (pure 

cis isomer). Soluble in DMSO, MeCN, CH2Cl2, insoluble in Et2O and hexane. Anal. Calcd. For 

C34H31F3Fe2NO5PS: C, 53.36; H, 4.08; N, 1.83; S, 4.19. Found: C, 53.6; H, 4.15; N, 1.78; S, 4.09. IR 

(solid state): ῦ/cm-1 = 3125-3026w; 1980s, 1876s (CO); 1782s, 1772s-sh (µ-CO); 1567m (CN), 

1482w, 1435m, 1394m, 1272s, 1260s (SO3), 1222m (SO3), 1191m, 1153s (SO3), 1145s-sh, 1087m, 

1030s, 1001w-sh, 855m-sh, 847m, 828m-sh, 755s, 744s-sh, 698s, 682w-sh. IR (CH2Cl2): ῦ/cm-1 = 

1986s (CO), 1791s (µ-CO), 1570m (μ-CN). IR (MeCN): ῦ/cm-1 = 1986s (CO), 1792s (µ-CO), 1571m 

(μ-CN). 1H NMR (CDCl3): δ/ppm = 7.41 (t, 3JHH = 7.1 Hz, 3H, Ph,Cpara); 7.34 (t, 3JHH = 6.8 Hz, 6H, 

Ph,Cortho), 7.24−7.18 (m, 6H, Ph,Cmeta); 5.07 (s, 5H, Cp); 4.94 (s, 5H, CpP); 4.22, 4.14 (s, 6H, NMe2). 

31P{1H} NMR (CDCl3): δ/ppm = 60.4. 

 

[Fe2Cp2(CO)(PPh2Me)(-CO)(-CNMe2)]CF3SO3 (5f, Chart S9). 

Prepared as described in the literature68 from 1f and PPh2Me then purified according to the general 

procedure (chromatography: MeCN; final washing: Et2O). Previously characterized by CHN 

analyses, IR (CH2Cl2) and 1H NMR (CD3CN). Soluble in DMSO. Anal. Calcd. For 

C29H29F3Fe2NO5PS: C, 49.53; H, 4.16; N, 1.99; S, 4.56. Found: C, 49.3; H, 4.05; N, 1.92; S, 4.49. IR 



(solid state): ῦ/cm-1 = 3113w, 3087w, 3063w, 3002w; 1983s, 1974s-sh (CO); 1941w-sh (CO), 1810s-

sh (μ-CO), 1795s (μ-CO), 1755w-sh (μ-CO), 1565m (μ-CN), 1483w, 1436w, 1423w-sh, 1392w, 

1364w, 1272s-sh, 1259s (SO3), 1224m (SO3), 1187m, 1159m-sh, 1150m (SO3), 1093w, 1074-1067w, 

1030s, 1013m-sh, 1002w-sh, 890m-sh, 878m, 865m, 853m, 844m, 834m, 830m, 755s, 748s-sh, 

722m-sh, 699m-sh, 696m, 684m-sh. IR (CH2Cl2): ῦ/cm-1 = 1983s-sh, 1971s (CO); 1793s (µ-CO), 

1571m (μ-CN). IR (MeCN): ῦ/cm-1 = 1980s-sh, 1971s (CO); 1794s (µ-CO), 1571m (μ-CN). 1H NMR 

(acetone-d6): δ/ppm =  7.71–7.64 (m, 2H), 7.57–7.51 (m, 3H), 7.44–7.36 (m, 5H) (Ph); 5.25, 4.76 (s, 

5H, Cp); 5.06 (d, 3JHP = 1.4 Hz, 5H, CpP); 4.81–4.80 (m, NCH3 + CpP); 4.44, 4.34 (s, 3H, NCH3
P); 

4.29 (d, 4JHP = 0.8 Hz, NCH3), 1.85, 1.59 (d, 3JHP = 8.7 Hz, 3H); isomer (cis/trans) ratio ≈ 23. 13C{1H} 

NMR (acetone-d6): δ/ppm = 327.9 (d, 2JCP = 17 Hz, μ-CN); 265.4 (d, 2JCP = 16 Hz, μ-CO); 214.4 (d, 

3JCP = 2 Hz, CO); 137.8; 135.3 (d, 1JCP = 43 Hz, Ph,Cipso); 133.0, 132.4 (d, 2JCP = 9 Hz, Ph,Cortho); 

131.4 (Ph,Cpara); 129.8, 129.5 (d, 3JCP = 9 Hz, Ph,Cmeta); 122.4 (d, 1JCF = 322 Hz, CF3); 91.3, 90.4 

(Cp); 90.8, 89.2 (CpP); 55.9 (NCH3
P); 52.2 (NCH3); 17.1 (d, 1JCP = 31 Hz, PCH3). 

31P{1H} NMR 

(acetone-d6): δ/ppm = 47.7, 41.7. 

 

4.3. Biological studies 

4.3.1. Cell Cultures  

Human colon (HCT-15), pancreatic (PSN-1), lung (U1285) carcinoma cell lines and non-transformed 

embryonic kidney (HEK293) cells were obtained by American Type Culture Collection (ATCC, 

Rockville, MD, USA). The 2008 cells and cisplatin-resistant variant, C13*, are human ovarian 

adenocarcinoma cell lines that were kindly provided by Professor G. Marverti (Department of 

Biomedical Science of Modena University, Italy). Cell lines were maintained in the logarithmic phase 

at 37 °C in a 5% carbon dioxide atmosphere using the following culture media containing 10% fetal 

calf serum (EuroClone, Milan, Italy), antibiotics (50 units/mL penicillin and 50 μg/mL streptomycin) 

and 2 mM l-glutamine: (i) RPMI-1640 medium (EuroClone) for HCT-15, PSN-1, U1285 and 2008 

cells; (ii) DMEM (EuroClone) for HEK-293 cells.  



4.3.2. MTT Assay  

The growth inhibitory effect towards tumor cells was evaluated by means of MTT assay. Briefly, 3-

8 × 103 cells/well, dependent upon the growth characteristics of the cell line, were seeded in 96-well 

microplates in growth medium (100 μL). After 24 h, the medium was removed and replaced with a 

fresh one containing the compound to be studied at the appropriate concentration. Triplicate cultures 

were established for each treatment. After 72 h, each well was treated with 10 μL of a 5 mg/mL MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide, Sigma Chemical Co, St. Louis, 

USA) saline solution, and following 5 h of incubation, 100 μL of a sodium dodecyl sulphate (SDS) 

solution in HCl 0.01 M were added. After an overnight incubation, cell growth inhibition was detected 

by measuring the absorbance of each well at 570 nm using a Bio-Rad 680 microplate reader (Biorad, 

Hercules, United States). Mean absorbance for each drug dose was expressed as a percentage of the 

control untreated well absorbance and plotted vs drug concentration. IC50 values, the drug 

concentrations that reduce the mean absorbance at 570 nm to 50% of those in the untreated control 

wells, were calculated by the four-parameter logistic (4-PL) model. Evaluation was based on means 

from at least four independent experiments. 

4.3.3. Spheroids 

Spheroids were initiated in liquid overlay by seeding 2.5 × 103 HCT-15 and 2008 cells/well in phenol 

red-free RPMI-1640 medium (Sigma Chemical Co.), containing 10% FCS and supplemented with 

20% methyl cellulose stock solution. A total of 150 μL of this cell suspension was transferred to each 

well of a round bottom non-tissue culture treated 96 well-plate (Greiner Bio-one, Kremsmünster, 

Austria) to allow spheroid formation within 72 h.  

4.3.4. APH Assay 

A modified APH assay, which is based on quantification of cytosolic acid phosphatase activity, was 

used for determining cell viability in spheroids. Briefly, the pre-seeded spheroids were treated with 

fresh medium containing the compound to be studied at the appropriate concentration (range 5–150 

μM). Triplicate cultures were established for each treatment. After 72 h, each well was treated with 



100 μL of the assay buffer (0.1 M sodium acetate, 0.1% Triton-X-100, supplemented with 

ImmunoPure p-nitrophenyl phosphate; Sigma Chemical Co.) and, following 3 h of incubation, 10 μL 

of 1 M NaOH solution were added. The inhibition of the cell growth induced by the tested complexes 

was detected by measuring the absorbance of each well at 405 nm, using a Bio-Rad 680 microplate 

reader. Mean absorbance for each drug dose was expressed as a per- centage of the control untreated 

well absorbance (T/C) and plotted vs drug concentration. IC50 values, the drug concentrations that 

reduce the mean absorbance at 405 nm 50% of those in the untreated control wells, were calculated 

by four-parameter logistic (4-PL) model. Evaluation was based on means from at least four 

independent experiments. 

4.3.5. Inhibition of TrxR 

PSN-1 cells (1×106) were grown in 75 cm2 flasks at confluence and treated for 18 h with the metal 

complexes at increasing concentrations. Cell monolayers were harvested, washed with PBS and 

centrifuged. Each sample was lysed with RIPA buffer added immediately before the use of an 

antiprotease cocktail (Roche, Basel, Switzerland). Aliquots were employed for the determination of 

protein content by means of the BioRad assay (BioRad). The TrxR assay was performed was 

performed in 0.2 M Na‐K‐phosphate buffer pH 7.4, containing 5 mM EDTA, 0.250 mM nicotinamide 

adenine dinucleotide phosphate (NADPH) and 75 nmol of TrxR1 (IMCO, Sweden). Tested 

complexes as well as auranofin were pre‐incubated for 5 min at room temperature; the reaction started 

with 1 mM DTNB (5,5′‐dithiobis(2‐nitrobenzoic acid)), and the increase of absorbance was 

monitored at 412 nm over 5 min at 25 °C. Enzyme activity was calculated taking into account that   

mol of NADPH yields 2 mol of CNTP anion (carboxy‐nitro‐thiophenol, reduced DTNB). 

4.3.6. ROS production 

The production of ROS was measured in PSN-1 cells (104 per well) grown for 24 h in a 96-well plate 

in RPMI medium without phenol red (Sigma Chemical Co.). Cells were then washed with PBS and 

loaded with 10 μM 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate acetyl ester 

(CM–H2DCFDA) (Molecular Probes-Invitrogen, Eugene, OR) for 25 min, in the dark. Afterwards, 



cells were washed with PBS and incubated with increasing concentrations of tested compounds. 

Fluorescence increase was estimated utilizing the wavelengths of 485 nm (excitation) and 527 nm 

(emission) in a VICTOR X3 (PerkinElmer, USA) plate reader. Antimycin (3 μM, Sigma Chemical 

Co), a potent inhibitor of Complex III in the electron transport chain, was used as positive control. 

 

Alphabetical list of abbreviations and acronyms 

2008, human ovarian cancer cells; , chemical shift in parts per million downfield from 

tetramethylsilane; µ, micro; Å, angstrom(s); °C, degrees Celsius; 3D, three-dimensional; aq, 

aqueous; Cp, cyclopentadienyl; Cy, Cyclohexyl; CV, cyclic voltammetry; DMSO, Dimethyl 

sulfoxide; DMEM, Dulbecco’s Modified Eagle’s Medium; ESI-MS, Electrospray Ionization Mass 

Spectrometry; FT-IR, Fourier Transformed Infrared Spectroscopy; gs-HSQC, Gradient Selective 

Heteronuclear Single Quantum Coherence Spectroscopy; HCT-15, human colon cancer cells; 

HEK293, human embryonic kidney cells; HR-ESI-MS, High Resolution Electron Spray Ionization 

Mass Spectroscopy; IC50, concentration that causes 50% inhibition of cell proliferation; Log Pow, 

octanol-water partition coefficient; Me, Methyl; MTT, (3-(4,5 dimethylthiazol-2-yl)2,5-diphenyl-

tetrazolium bromide); NADPH, nicotinamide-adenine dinucleotide phosphate; NHE, normal 

hydrogen electrode; NOESY, Nuclear Overhauser Effect Spectroscopy; NMR, Nuclear Magnetic 

Resonance; ORTEP, Oak Ridge Thermal Ellipsoid Plot; PBS, phosphate-buffered saline; ppm, part(s) 

per million; PMMA, polymethyl methacrylate; PSN-1, human pancreatic cancer cells; PTA, 1,3,5-

triaza-7-phosphaadamantane; RAPTA, Ruthenium Arene 1,3,5-triaza-7-phosphaadamantane 

complexes; RF, resistance factor; ROS, reactive oxygen species; RT, Room Temperature; SD, 

standard deviation; SI, selectivity index; THF, tetrahydrofuran; TrxR, thioredoxin reductase enzyme; 

UATR, Universal Attenuated Total Reflectance Accessory; U1285, human lung cancer cells. 
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