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Abstract 

A series of diiron complexes with two cyclopentadienyls, two carbonyls and one bridging vinyl-

aminoalkylidene as ligands, [3a-h]CF3SO3 and [4a-d]CF3SO3, was synthesized in 66-94% yields from 

diiron μ-aminocarbyne precursors. The subsequent reactions with pyrrolidine led to selective 

fragmentation to aminoalkylidene-ferracyclopentenone derivatives, 5a-h and 6a-c, in 30-84% yields. 

The compounds were characterized by elemental analysis, IR and NMR spectroscopy, and by single 

crystal X-ray diffraction in three cases. The in vitro antiproliferative activity of the compounds was 

determined towards cancer (A2780, A2780cisR) and non cancer (HEK-293) cell lines; moreover, the 

antibacterial activity was tested on Gram-positive (vancomycin-resistant E. faecium and methicillin-

resistant S. aureus) and Gram-negative strains (A. baumannii and P. aeruginosa). 

 

Keywords: diiron complexes; iron-carbonyl complexes; bioorganometallic chemistry; amino-

alkylidene ligand; cytotoxic and antibacterial activity. 

 

 

Introduction 

The synthetic design and development of new iron-based drugs represents an issue of current great 

interest, due to the unique properties of such metal element, being substantially nontoxic in many 

forms.1 Thus, a variety of mono- 2,3 and diiron 4 carbonyl complexes has been investigated as CO-

releasing agents, in view of the promising therapeutic profiles associated to a controlled administration 

of carbon monoxide.5 Instead, a limited number of iron-carbonyl compounds has been evaluated for 

their anticancer behaviour in vitro;6 on the other hand, following the discovery of the medicinal 

potential of the ferrocene skeleton,7 several studies in this field have been focused on monoiron-

cyclopentadienyl complexes, called piano-stool complexes. In fact, several piano stool complexes has 

been found to display strong cytotoxic activity against various cancer cell lines.8 It should be expected 

that the combined introduction of both Cp (Cp = η5-C5H5) and CO ligands on an iron centre may 

provide a synergic effect, resulting in a possible multi-therapeutic action and also improved chemical 

stability of the complex, due to the complementary electronic effects of the two ligands.9 Nevertheless, 

mixed cyclopentadienyl-carbonyl iron compounds have been limitedly explored in medicinal chemistry 

so far.10 In particular, the investigation on diiron structures still remains in its infancy,11 although on 

the other hand diverse diiron carbonyl complexes have aroused a great attention in the recent years as 

biomimetic catalysts.12 



 
 

4 
 
 

The most convenient starting material for accessing both di- and monoiron complexes bearing Cp and 

CO ligands is the commercial dimer Fe2Cp2(CO)4. This chemical represents a highly versatile scaffold 

to build functionalized bridging ligands, exploiting reaction routes which are commonly unavailable to 

mono-metal species, thanks to the cooperative effects supplied by the two bonded iron centres.13,14 

Piano-stool carbonyl mononuclear derivatives are obtained via fragmentation of Fe2Cp2(CO)4, being 

promoted by oxidative 2a,15 and reductive pathways,16 or addition of suitable donors.17 

Recently, we reported a preliminary study on the anticancer potential of diiron complexes with a 

bridging C3 ligand supported on the [Fe2Cp2(CO)2] frame,18 alternatively described as vinyliminium or 

vinyl-aminoalkylidene (Figure 1a).19 Such complexes are available through a straightforward 

multigram procedure, and possess some promising drug-like properties, such as a balanced 

amphiphilicity and a substantial inertness in aqueous media. The complexes exhibited a variable 

antiproliferative activity against A2780 and A2780-cisR cancer cell lines, with some of them 

displaying IC50 values in the nanomolar range, and an appreciable selectivity compared to the non-

tumoral HEK-293 cell line.18 The cytotoxicity seems imputable to ROS production, other than possible 

weak DNA binding. Cationic diiron µ-vinyl-aminoalkylidene complexes are susceptible of a clean 

fragmentation by reaction with a reducing agent, such as sodium hydride 20 and cobaltocene,18,21 

affording neutral piano-stool monoiron complexes incorporating the intact vinyl-aminoalkylidene 

moiety (Figure 1b). On considering that the conversion into monoiron species may be triggered also by 

mild reductants, e.g. cyanide 22 and amines,23 it has been hypothesized that this reaction is viable in a 

biological environment, contributing to the observed cytotoxicity of the diiron precursors. Indeed, some 

monoiron compounds display a moderate cytotoxicity, mainly attributed to ROS production, and 

especially those bearing a phenyl substituent on the vinyl moiety (R' = Ph in Figure 1a) are 

substantially nontoxic towards non tumoral HEK-293 cells.18,23 

In the present paper, we will describe the synthesis of a series of diiron and monoiron cyclopentadienyl 

complexes containing carbonyl and vinyl-aminoalkylidene ligands, which have been assessed for their 

antiproliferative activity. On considering the paucity of data in the literature on effective bactericidal 

iron compounds,24 the complexes have also undergone a preliminary investigation in this regard.  
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Figure 1. a) Diiron bis-carbonyl bis-cyclopentadienyl complexes with a bridging C3 ligand alternatively described 

as vinyliminium and vinyl-aminoalkylidene (R = Me or aryl, R' = alkyl, aryl or other). b) Piano-stool iron carbonyl 

derivatives incorporating the vinyl-aminoalkylidene fragment. 

 

 

Results and discussion 

1. Synthesis and characterization of compounds.  

The µ-vinyl-alkylidene compounds [3-4]CF3SO3, differing in the nature of the aryl group bound to C3, 

were synthesized starting from the aminocarbyne precursors [1-2]CF3SO3, which in turn can be easily 

obtained in a multigram scale from the commercial Fe2Cp2(CO)4 (Scheme 1).25 The two step synthesis 

of [3-4]CF3SO3 consists in removal of one carbon monoxide, followed by insertion of aryl-acetylene 

into the iron-carbyne bond, with acetonitrile playing the role of labile ligand. The products were 

purified by alumina chromatography and finally isolated in 62-94% yields. 
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  [3g]+ Xyl 2-C6H4NH2 5g 

  [3h]+ Xyl 3-C6H4OH 5h 

  [4a]+ Me 4-C6H4F 6a 

  [4b]+ Me 2-C6H4NH2 6b 

  [4c]+ Me 3,5-C6H3(CF3)2 6c 

  [4d]+ Me 4-C6H4Me  

 
Scheme 1. Synthesis of diiron µ-vinyl-aminoalkylidene complexes from aminocarbyne precursors (triflate salts), 

and subsequent fragmentation into monoiron complexes. Xyl = 2,6-C6H3Me2. 

 

Compounds [3d,h]CF3SO3 19a,18 and [4c,d]CF3SO3 23,19a were previously reported, while the remaining eight 

products are new and have been fully characterized by IR and multinuclear NMR spectroscopy. In general, the 

IR spectra of [3a-h]CF3SO3 and [4a-d]CF3SO3 (in CH2Cl2) display a typical pattern made of two carbonyl 

absorptions and one less intense band ascribable to the C2C1N moiety, based on previous calculations on 

similar systems.19c The wavenumber of the terminal carbonyl absorption is influenced by the nature and the 

position of the Ar substituent. Thus, such absorption appears at 2010 cm−1 in [3c]CF3SO3 (substituent: ortho-F) 

and at 1992 cm−1 in the case of [3g]CF3SO3 (substituent: ortho-NH2); a significant shift is observed also on 

going from [3c]CF3SO3 to [3a]CF3SO3 (ῦ = 2003 cm−1, substituent: para -F). The C2C1N infrared band falls 

around 1630 cm−1 in the xylyl species [3a-h]CF3SO3 and at ca. 1690 cm−1 in complexes [4a-d]CF3SO3, 

containing two N-bound methyl substituents. The C1-N bond possesses a double bond character, therefore the 

two methyl groups resonate at distinct chemical shifts in the NMR spectra of [4a-d]CF3SO3 [e.g. in the case of 

[4a]CF3SO3, acetone-d6 solution: δ(1H) = 4.06, 3.48 ppm; δ(1H) = 51.3, 44.4 ppm]. Consistently, the 1H NMR 

spectra of [3a-h]CF3SO3 exhibit two sets of resonances attributed to E and Z isomers, with the E form largely 

prevailing. The 13C NMR spectra contain the diagnostic resonance related to C1 within a typical region for an 

amino-alkylidene (224 – 233 ppm); the vinyl C2 carbon resonates at ca. 54 ppm, instead the C3 resonance is 

found at low fields (198 – 208 ppm) as a result of a significant bridging-alkylidene character. 19F NMR analysis 

was performed on those compounds containing a F-substituted ring, and for instance the 1H-decoupled 19F NMR 

spectrum of  [5b]CF3SO3 contains two resonances at −113.1 ppm (aryl fluoride) and −78.6 ppm (triflate anion). 

The reactions of [3a-h]CF3SO3 and [4a-d]CF3SO3 with an excess of pyrrolidine were carried out in 

tetrahydrofuran, and afforded the mononuclear derivatives 5a-h and 6a-c; after work-up, these products were 

isolated in 55-84% yields, apart from 6b (30%). This series of compounds, excluded 5h and 6c, is 

unprecedented. The characterization was performed by means of IR and NMR spectroscopy, moreover the 

molecular structures of 5a, 5h and 6b were ascertained by X-ray diffraction studies (Figure 1, Table 1). Such X-

ray structures share a 1-metalla-2-aminocyclopenta-1,3-dien-5-one five-membered ring core.18,20,21 The C2-C3 

bond is essentially a double one [1.319(8) Å in 5a, 1.348(8) Å in 5a, 1.327(7) Å in 5a], while C1-N holds some 

double bond character [e.g. 1.320(7) Å in the case of 6b],  with 5a and 5h exhibiting the E configuration for the 
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N-substituents. The OH group in 5h is involved in an intermolecular hydrogen bond with the C(4)O(2) group of 

an adjacent molecule [O(3)-H(3) 0.82 Å, H(3)···O(2)#1 1.93 Å, O(3)···O(2)#1 2.733(7) Å, <O(3)H(3)O(2)#1 167.2°, 

#1 -x+1, -y, -z+1]. Also the NH2 group of 6b forms an interesting H-bond, involving the O(2) atom of the same 

molecule [N(2)-H(22) 0.87(2) Å, H(22)···O(2) 2.31(5) Å, N(2)···O(2) 3.040(7) Å, <N(2)H(22)O(2) 142(7)°], the O(2) 

atom of an adjacent molecule [N(2)-H(21) 0.86(2) Å, H(21)···O(2)#1 2.49(4) Å, N(2)···O(2)#1 3.250(7) Å, 

<N(2)H(21)O(2)#1 148(6)°, #1 -x+1/2, y+1/2, z], and the chloride of a CH2Cl2 molecule [N(2)-H(22) 0.87(2) Å, 

H(22)···Cl(1) 2.88(5) Å, N(2)···Cl(1) 3.613(7) Å, <N(2)H(22)Cl(1) 143(6)°]. 
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Figure 1. Molecular structures of (a) [FeCp(CO){C1NMe(Xyl)C2HC3(4-C6H4F)C(=O)}], 5a, (b) 

[FeCp(CO){C1NMe(Xyl)C2HC3(3-C6H4OH)C(=O)}], 5h, and (c) [FeCp(CO){C1N(Me)2C2HC3(2-C6H4NH2)C(=O)}], 

6b. Displacement ellipsoids are at the 30% probability level. H-atoms, except those bonded to O and N-atoms, 

have been omitted for clarity. 

 

Table 1. Selected bond distances (Å) and angles (°) for 5a, 5h and 6b. 

 5a 5h 6b 

Fe(1)-C(5) 1.738(6) 1.725(8) 1.732(6) 

Fe(1)-C(4) 1.948(5) 1.927(6) 1.926(6) 

Fe(1)-C(1) 1.913(5) 1.916(7) 1.932(6) 

C(5)-O(1) 1.144(8) 1.151(8) 1.129(7) 

C(4)-O(2) 1.197(7) 1.225(7) 1.224(6) 

C(3)-C(4) 1.530(7) 1.506(9) 1.531(7) 

C(2)-C(3) 1.319(8) 1.348(8) 1.327(7) 

C(1)-C(2) 1.460(7) 1.457(9) 1.452(7) 

C(1)-N(1) 1.311(7) 1.314(8) 1.320(7) 

    

C(1)-Fe(1)-C(4) 83.3(2) 83.4(3) 82.4(2) 

Fe(1)-C(4)-C(3) 111.3(4) 113.3(5) 112.4(4) 

C(4)-C(3)-C(2) 112.3(5) 112.7(6) 111.4(5) 

C(3)-C(2)-C(1) 117.0(5) 115.4(6) 116.6(5) 

C(2)-C(1)-Fe(1) 113.1(4) 114.1(5) 113.1(4) 

Fe(1)-C(5)-O(1) 178.0(7) 178.5(9) 178.8(6) 

 

The IR spectra of 5a-h and 6a-b (in CH2Cl2) are featured by an intense band due to the single carbonyl ligand 

around 1920 cm−1, and additional weak bands related to the acyl (1601 - 1664 cm−1) and C1-N (1579 - 1605 
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cm−1) bonds. In general, the NMR spectra of 5a-h contain a single set of resonances, attributed to the E isomer 

with reference to the N-substituents, in analogy with what detected for the parent vinyliminium compounds 

and for 5a and 5h in the solid state (see above X-ray diffraction studies), the only exception being 5g (E and Z 

isomers in 5:1 relative ratio). In the NMR spectra of 6a-c, the two methyl groups are non equivalent, in 

agreement with the partial double bond nature of C1-N; for instance, they resonate at 51.8 and 44.0 ppm in the 
13C spectrum of 6c. The amino-alkylidene character of C1 is reflected by a typical low-field resonance (256.4 – 

265.6 ppm). Instead, the resonance for the C2-hydrogen falls in within a region (6.80 – 8.03 ppm) indicative of 

the alkenic character. 

It should be remarked that the structural motif contained in 5a-h and 6a-b comprises a unusual 

aminoalkylidene moiety, which is pre-formed in the diiron precursor and is maintained in the monoiron 

derivative, the conversion reaction being tolerant of various functional groups (e.g. alcohol, amine). On the 

other hand, the introduction of an amino-alkylidene group in half-sandwich iron complexes by classical 

methods requires the modification of a hydrocarbyl ligand, e.g. via aminolysis of an alkoxy-alkylidene 26 or a 

vinylidene,27 or derivatization of an isocyanide.26a 

In view of the biological trials, [3a]CF3SO3, 5a, 5e, 5g and 5h were selected as model compounds for a stability 

study in aqueous media. Thus, a substantial fraction (60-80%) of each iron compound was detected after being 

stored at 37 °C for 48 hours in dmso-d6/D2O solution, as determined by 1H NMR spectroscopy (Table S1). More 

detailed analyses were carried out using a mixture of dmso-d6 and deuterated cell culture medium as solvent (see 

Experimental); interestingly, 1H NMR experiments revealed a considerable stability of the compounds under 

these conditions, with 75-80% of the starting amount being recognized after 24 hours at 37 °C (Table 5). The 

slow degradation process is paralleled by the formation of a brown precipitate, presumably iron oxide(s),18 and 

the evolution of carbon monoxide, checked by gas chromatography. More precisely, 0.4-0.5 equivalents of CO 

were determined to be released from each compound; a comparison with the stability data (Table 5) indicates 

that the degradation of the piano-stool derivatives takes place with dissociation of the CO ligand and also rupture 

of the metallacycle, eliminating the acyl moiety as a second CO molecule.  

 

3. Biological Activity and catalytic NADH oxidation 

The antiproliferative activity of compounds [3d]CF3SO3, [4a-d]CF3SO3, 5a-h and 6a-b was assessed against 

cisplatin sensitive and cisplatin resistant human ovarian carcinoma (A2780 and A2780cisR) cell lines and the 

non-tumorigenic human embryonic kidney (HEK-293) cell line. Cisplatin was evaluated as a positive control. The 

obtained IC50 values are compiled in Table 2, together with those previously determined for 6c.23 Among the 

diiron ionic species, [3d]CF3SO3 exhibits the highest cytotoxicity against the A2780 and A2780cisR cell lines, 

being the IC50 values respectively similar and ca. 20-fold times lower than the corresponding ones of cisplatin. 

The monoiron complexes 5a-h are featured by a comparable, moderate cytotoxic activity against the three 
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investigated cell lines, while 6a-b are significantly less cytotoxic. In general, the presence of the xylyl 

substituent (instead of a methyl) on the aminoalkylidene function imparts a superior activity, in both mono and 

diiron types of complexes (compare the data related to [3d]CF3SO3 and [3d]CF3SO3, and of 5b and 6b, 

respectively). Conversely, the nature and the position of the substituent(s) on the C3-bound aryl group do not 

seem to significantly affect the IC50 values. 
Table 2. IC50 values (μM) determined for iron compounds and cisplatin on human ovarian carcinoma (A2780), 

human ovarian carcinoma cisplatin resistant (A2780CisR) and human embryonic kidney (HEK-293) cell lines 

after 72 h exposure. Values are given as the mean ± SD. 

 

Compnd. Compnd. A2780 A2780cisR HEK-293 

MeXy 4Me [3d]CF3SO3 1.1 ± 0.4 0.9 ± 0.2 0.75 ± 0.06 

MeMe 4F [4a]CF3SO3 17.4 ± 0.8 20 ± 2 35 ± 3 

MeMe NH2 [4b]CF3SO3 25 ± 3 34 ± 4 33 ± 3 

MeMe 2CF3 [4c]CF3SO3 20 ± 3 25 ± 4 30 ± 2 

MeMe 4Me [4d]CF3SO3 8 ± 2 17.0 ± 1.0 18 ± 2 

MeXy 4F 5a 7.6 ± 1.5 7.4 ± 0.9 5.6 ± 1.1 

MeXyl 3F 5b 10 ± 2 10.2 ± 0.3 14.4 ± 1.4 

MeXy 2F 5c 11 ± 2 11.5 ± 1.1 9.7 ± 0.9 

MeXy 4Me 5d 10 ± 2 8.9 ± 1.0 8.1 ± 0.8 

MeXy 3Me 5e 10 ± 2 17 ± 3 7.4 ± 1.2 

MeXy Bifenile 5f 12 ± 2 14.8 ± 1.5 11 ± 2 

MeXy NH2 5g 16 ± 2 10.5 ± 1.0 27 ± 2 

MeXy OH 5h 14 ± 2 10 ± 3 11.2 ± 0.6 

MeMe 4F 6a 22 ± 2 20 ± 5 35 ± 3 

MeMe NH2 6b 56 ± 4 33 ± 2 43 ± 3 

MeMe 2CF3 23 6c 37 ± 3 22 ± 3 44 ± 10 

cisplatin cisplatin 1.5 ± 0.5 18.9 ± 0.7 2.4 ± 0.7 

 

Previous studies indicated that the in vitro antiproliferative activity of diiron and monoiron vinyl-

aminoalkylidene complexes, analogous to those reported here, is mainly attributable to redox processes 

involving the Fe(II) centres. More precisely, both the reduction/oxidation of cationic/neutral complexes in a 

physiological environment and the progressive, slow degradation of the complexes are probably contributing. As 

a matter of fact, a series of such diiron and monoiron compounds revealed to trigger a significant ROS 

production.18,23 In order to further investigate this point, we selected some of the complexes here reported for a 

study on their ability to catalyze the aerobic oxidation of NADH, by means of an established UV-Vis spectroscopic 

method (see Experimental and Table 3).28 It should be remarked that nicotinamide adenine dinucleotide (NAD+) 

and its reduced form (NADH) are crucial cofactors for the maintenance of redox balance in cells,29 and the 
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modification of the NADH/NAD+ ratio has been associated to the anticancer activity of various late transition 

metal complexes.28,30 Among the monoiron complexes, 5a exhibited a clear efficacy to promote NADH oxidation, 

being its catalytic activity significantly enhanced respect to that of the parent compound [3a]CF3SO3 (Table 3). 

However, the TON values provided by 5e and 5h were slightly higher compared to the reference and, 

surprisingly, 5g was able to slightly retard the oxidation of NADH with respect to the blank experiment. 

Table 3. Turnover numbers (TON) of iron compounds (10 μM) in the aerobic oxidation of NADH (220 μM) in a 

5% DMSO phosphate buffered solution at 37 °C after 25 hours. FeSO4 used as a reference compound. 

 

Compound TON 

[3a]CF3SO3 2.9 

5a 3.8 

5e 2.5 

5g 1.9 

5h 2.5 

FeSO4 
[a] 2.2 

[a]NADH oxidation over time not significantly different from the blank experiment. 

 

The iron compounds were also assessed for their antibacterial activity against pathogens endowed with a high 

rate of antibiotic resistance. The minimum inhibitory concentrations (MIC), that is, the lowest concentration of 

the tested drugs able to inhibit the bacterial growth, were determined, and the results are compiled in Table 4. 

The majority of the complexes evidenced absence of activity. However, three cationic diiron complexes, i.e. 

[3d,i]CF3SO3 and [4d]CF3SO3, exhibited some activity against Gram positive bacteria, the lack of activity 

towards Gram negative strains being presumably due to the additional outer membrane resulting in a low 

permeability barrier. Remarkably, the most potent complex in terms of antibacterial activity, i.e. [3d]CF3SO3, is 

also the most effective cytotoxic agent. In general, the trend of pronounced biological effect of those complexes 

containing the xylyl group, compared to the homologous ones with a methyl substituent, seems confirmed in the 

data reported in Table 4.  

 

Table 4. Minimal inhibitory concentrations (MIC, μM) of the iron compounds and cisplatin against pathogenic 

strains endowed with antibiotic resistance. 

 
 

Compnd. Compnd. P. aeruginosa A.baumanii  S. aureus  E. faecium  

MeXy 4Me [3d]CF3SO3 100 >100 6.2 12.5 

MeXy tBu [3i]CF3SO3 100 100 12.5 75 

MeMe 4F [4a]CF3SO3 >100 >100 >100 >100 

MeMe NH2 [4b]CF3SO3 >100 >100 >100 >100 
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MeMe 2CF3 [4c]CF3SO3 >100 >100 100 100 

MeMe 4Me [4d]CF3SO3 >100 >100 50 100 

MeXy 4F 5a >100 >100 >100 >100 

MeXy 3F 5b >100 >100 >100 >100 

MeXy 2F 5c >100 >100 >100 >100 

MeXy 4Me 5d >100 >100 >100 >100 

MeXy 3Me 5e >100 >100 >100 >100 

MeXy Bifenile 5f >100 >100 >100 100 

MeXy NH2 5g >100 >100 >100 100 

MeXy OH 5h >100 >100 >100 >100 

MeMe 4F 6a >100 >100 >100 100 

MeMe NH2 6b >100 >100 >100 >100 

cisplatin cisplatin >100 >100 >100 >100 

 

 

Conclusions 
Despite the interest of medicinal chemistry in the development of both ferrocene derivatives and iron carbonyl 

compounds in view of different applications, biological studies on iron complexes containing at the same time 

cyclopentadienyl and carbonyl ligands are rather sparse in the literature. Herein, we have described the synthesis 

of a number of new di- and monoiron cyclopentadienyl carbonyl complexes, all featured by an additional vinyl-

aminoalkylidene moiety. The two categories of compounds are related to each other, in that monoiron complexes 

are prepared from the diiron precursors, where the C3 hydrocarbyl chain is assembled, according to a general 

reaction. The compounds have been assessed for their in vitro antiproliferative activity towards cancer and non 

cancer cell lines, and also for their antimicrobial activity against clinically relevant pathogens with a high rate of 

antibiotic resistance. In general, the compounds are rather stable in aqueous media and cytotoxic, with IC50 

values in the low micromolar/nanomolar range, although lacking of selectivity. Interestingly, some of the 

complexes are able to sensitize cisplatin resistant A2780cisR cells at relatively low concentrations. Experiments 

confirm the interference with cellular redox mechanisms as a viable mode of action, in accordance with previous 

studies; the slow but progressive degradation of the complexes in the biological environment may play a key 

role, resulting in the release of Fe2+ cations31 and carbon monoxide. The most cytotoxic complex of the series, 

i.e. [3d]CF3SO3, displays also an appreciable ability to inhibit Gram positive bacterial growth.  
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Experimental 

1) Materials and methods. All the operations were carried out under N2 atmosphere using standard Schlenk 

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

with N2. Organic reactants (TCI Europe or Merck) were commercial products of the highest purity available. 

Compounds [Fe2Cp2(CO)2(μ-CO){μ-CNMe(R)}]CF3SO3 (R = Xyl = 2,6-C6H3Me2, [1]CF3SO3; R = Me, [2]CF3SO3),25 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C(3-C6H4OH)CHCN(Me)(Xyl)}]CF3SO3, [3h]CF3SO3,18 [Fe2Cp2(CO)(µ-CO){µ-

η1:η3-C(tBu)CHCN(Me)(Xyl)}]CF3SO3, [3i]CF3SO3,23 and [Fe2Cp2(CO)(µ-CO){µ-η1:η3-C(3,5-

C6H3(CF3)2)CHCN(Me)(Xyl)}]CF3SO3,23 [4d]CF3SO3, were prepared according to published procedures. 

Solvents were distilled before use under N2 from appropriate drying agents. Chromatography separations were 

carried out under N2 on columns of deactivated alumina (Sigma Aldrich, 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 (4000-400 cm-1 range). 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). IR spectra were 

processed with Spectragryph software.32 UV-Vis spectra (190-900 nm) were recorded on a Ultraspec 2100 Pro 

spectrophotometer with 1.0 cm PMMA cuvettes. 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 33 (1H, 13C) or to external standard (19F, CFCl3). NMR spectra were 

assigned with the assistance of 1H-13C (gs-HSQC and gs-HMBC) correlation experiments.34 NMR signals due to a 

second isomeric form (where it has been possible to clearly detect them) are italicized. Carbon, hydrogen and 

nitrogen analyses were performed on a Vario MICRO cube instrument (Elementar). GC analysis was 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 (110 °C, 3 min) using He as carrier gas.  

 

2) Synthesis and characterization of diiron compounds. General procedure: [Fe2Cp2(CO)2(μ-

CO){μ-CNMe(R)}]CF3SO3 (ca. 0.5 mmol; R = Xyl = 2,6-C6H3Me2, [1]CF3SO3; R = Me, [2]CF3SO3) 

was dissolved into acetonitrile (10 mL), then Me3NO (1.3 eq.) was added. The resulting mixture was 

stirred for 1 hour, during which progressive colour darkening was observed. The complete conversion 

of the starting material into [Fe2Cp2(CO)(μ-CO)(NCMe){μ-CNMe(R)}]CF3SO3 was checked by IR 

spectroscopy. The volatiles were removed under vacuum, thus the dark brown residue was dissolved 

into dichloromethane (ca. 20 mL). The solution was treated with the appropriate alkyne (ca. 1.3 eq.), 

and the mixture was stirred at room temperature for 48 hours. The final mixture was charged on an 

alumina column. Elution with CH2Cl2 and CH2Cl2/THF mixtures allowed to remove unreacted alkyne 
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and impurities, then a fraction corresponding to the desired product was collected using neat MeOH as 

eluent. Removal of the solvent under reduced pressure afforded air stable products. 

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(4-C6H4F)C2HC1N(Me)(Xyl)}]CF3SO3, [3a]CF3SO3 (Chart 1). 

Chart 1. Structure of [3a]+. 
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From [1]CF3SO3 and 1-ethynyl-4-fluorobenzene.35 Brown solid, yield 66%. Anal. calcd. for C31H27F4Fe2NO5S: C, 

52.20; H, 3.82; N, 1.96. Found: C, 52.10; H, 3.74; N, 2.02. IR (CH2Cl2): ῦ/cm-1 = 2003vs (CO), 1818s (µ-CO), 

1630m (C2C1N), 1601w (arom C-C). 1H NMR (acetone-d6): δ/ppm = 7.64, 7.28-7.18, 7.09 (m, 7 H, C6H4F + 

C6H3Me2); 5.68, 5.42, 5.37, 5.07 (s, 10 H, Cp); 4.42, 3.75 (s, 3 H, NMe); 4.31 (s, 1 H C2H); 2.51, 2.35, 2.09, 1.89 (s, 

6 H, C6H3Me2). E/Z ratio = ca. 15. 13C{1H} NMR (acetone-d6): δ/ppm = 253.4 (μ-CO); 232.3 (C1); 210.3 (CO); 

206.3 (C3); 161.6 (d, 1JCF = 245 Hz, CF); 152.3, 128.9 (d, 3JCF = 7.5 Hz), 115.3 (d, 2JCF = 20.7 Hz) (C6H4F); 145.5 (ipso-

C6H3Me2); 132.0, 131.3, 129.6, 129.3 (C6H3Me2); 121.6 (q, 1JCF = 322 Hz, CF3); 92.5, 92.3, 88.2, 87.9 (Cp); 54.0 

(C2); 45.5 (NMe); 17.3, 16.6 (C6H3Me2). 19F{1H} NMR (acetone-d6): δ/ppm = −78.7 (CF3SO3); −117.3 (C6H4F). 

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(3-C6H4F)C2HC1N(Me)(Xyl)}]CF3SO3, [3b]CF3SO3 (Chart 2). 

Chart 2. Structure of [3b]+. 
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From [1]CF3SO3 and 1-ethynyl-3-fluorobenzene. Brown solid, yield 80%. Anal. calcd. for C31H27F4Fe2NO5S: C, 

52.20; H, 3.82; N, 1.96. Found: C, 52.41; H, 3.78; N, 1.90. IR (CH2Cl2): ῦ/cm-1 = 2005vs (CO), 1820s (µ-CO), 

1629m (C2C1N), 1606w (arom C-C). 1H NMR (dmso-d6): δ/ppm = 7.64, 7.28-7.18, 7.09 (m, 7 H, C6H4F + C6H3Me2); 

5.73, 5.45, 5.39, 5.12 (s, 10 H, Cp); 4.45 (s, 1 H C2H); 4.44, 3.78 (s, 3 H, NMe); 2.35, 1.89 (s, 6 H, C6H3Me2). E/Z 

ratio = ca. 10. 13C{1H} NMR (CD2Cl2): δ/ppm = 252.3 (μ-CO); 231.5 (C1); 209.3 (CO); 204.9 (C3); 157.5, 131.3, 

130.6, 129.7, 129.3, 122.8, 114.0, 113.2 (C6H3Me2 + C6H4F); 145.1 (ipso-C6H3Me2); 92.3, 87.9, 88.6 (Cp); 46.0 

(NMe); 17.9, 17.1 (C6H3Me2). C2 overlapped with solvent signal. 19F{1H} NMR (CD2Cl2): δ/ppm = −78.6 (CF3SO3); 

−113.1 (C6H4F).  

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(2-C6H4F)C2HC1N(Me)(Xyl)}]CF3SO3, [3c]CF3SO3 (Chart 3). 

Chart 3. Structure of [3c]+. 
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From [1]CF3SO3 and 1-ethynyl-2-fluorobenzene. Brown solid, yield 94%. Anal. calcd. for C31H27F4Fe2NO5S: C, 

52.20; H, 3.82; N, 1.96. Found: C, 51.95; H, 3.77; N, 2.00. IR (CH2Cl2): ῦ/cm-1 = 2010vs (CO), 1820s (µ-CO), 

1630m (C2C1N), 1587w (arom C-C). 1H NMR (acetone-d6): δ/ppm = 7.82-7.03 (m, 7 H, C6H4F + C6H3Me2); 5.42, 

5.18, 5.12, 4.96 (s, 10 H, Cp); 4.28, 3.58 (s, 3 H, NMe); 4.09 (s, 1 H C2H); 2.53, 2.23, 2.07, 1.85 (s, 6 H, C6H3Me2). 

E/Z ratio = ca. 5. 13C{1H} NMR (acetone-d6): δ/ppm = 252.2 (μ-CO); 231.5 (C1); 208.9 (CO); 198.2 (C3); 156.5 (d, 
1JCF = 247 Hz, CF); 145.2 (ipso-C6H3Me2); 142.5, 131.2, 129.9-129.1, 124.8, 115.7 (C6H4F + C6H3Me2); 121.0 (q, 1JCF 

= 322 Hz, CF3); 92.0, 87.6 (Cp); 55.1 (C2); 45.8 (NMe); 17.8, 17.7, 17.1 (C6H3Me2). 19F{1H} NMR (acetone-d6): 

δ/ppm = −78.6 (CF3SO3); −112.5 (C6H4F). 

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(4-C6H4Me)C2HC1N(Me)(Xyl)}]CF3SO3, [3d]CF3SO3 (Chart 4).19a 

Chart 4. Structure of [3d]+. 
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From [1]CF3SO3 and 4-ethynyltoluene. Brown solid, yield 72%. Anal. calcd. for C32H30F3Fe2NO5S: C, 54.18; H, 

4.26; N, 1.97. Found: C, 54.03; H, 4.36; N, 2.05. IR (CH2Cl2): ῦ/cm-1 = 2002vs (CO), 1817s (µ-CO), 1630m (C2C1N). 
1H NMR (CDCl3): δ/ppm = 7.34 (d, J = 7.9 Hz, 2H, C6H4Me), 7.29 (d, J = 8.2 Hz, 2H, C6H4Me), 7.18 (t, J = 7.6 Hz, 

1H, C6H3Me2), 7.07 (d, J = 7.7 Hz, 1H, C6H3Me2), 6.98 (d, J = 7.5 Hz, 1H, C6H3Me2); 5.38, 5.17, 5.09, 4.89 (s, 10H, 

Cp); 4.77, 3.94 (s, 1H, C2H); 4.25, 3.59 (s, 3H, NMe); 2.53, 2.21, 2.01, 1.81 (s, 6H, C6H3Me2); 2.47, 2.42 (s, 3H, 

C6H4Me). E/Z ratio = 10:1. 13C{1H} NMR (CDCl3): δ/ppm = 253.5, 253.4 (µ-CO); 232.1, 230.6 (C1); 210.4, 209.7 

(CO); 208.1, 207.6 (C3); 153.2, 153.1 (ipso-C6H4Me); 153.2, 145.1, 140.8 (ipso-C6H3); 137.6-126.4 (C6H3Me2 + 

C6H4Me); 92.2, 92.1, 88.0, 87.8 (Cp); 53.5, 53.4 (C2); 52.4, 45.9 (NMe); 21.2, 21.1 (C6H4Me); 17.9, 17.8, 17.2 

(C6H3Me2). 

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(3-C6H4Me)C2HC1N(Me)(Xyl)}]CF3SO3, [3e]CF3SO3 (Chart 5). 

Chart 5. Structure of [3e]+. 
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From [1]CF3SO3 and 3-ethynyltoluene. Brown solid, yield 82%. Anal. calcd. for C32H30F3Fe2NO5S: C, 54.18; H, 

4.26; N, 1.97. Found: C, 54.31; H, 4,33; N, 1.93. IR (CH2Cl2): ῦ/cm-1 = 2003vs (CO), 1817s (µ-CO), 1631m (C2C1N). 
1H NMR (acetone-d6): δ/ppm = 7.72-7.09 (m, 7 H, C6H3Me2 + C6H4Me); 5.67, 5.38 (s, 10 H, Cp); 4.41 (s, 3 H, 

NMe); 4.23 (s, 1 H, C2H); 2.42 (s, 3 H, C6H4Me); 2.34, 1.88 (s, 6 H, C6H3Me2). 13C{1H} NMR (acetone-d6): δ/ppm = 
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253.9 (μ-CO); 232.3 (C1); 210.5 (CO); 208.3 (C3); 156.1 (ipso-C6H4Me); 145.5 (ipso-C6H3Me2); 137.9, 132.1, 131.3, 

129.6, 129.4, 128.4, 127.7, 126.9, 124.1 (C6H4Me + C6H3Me2); 92.5, 88.3 (Cp); 53.5 (C2); 46.7 (NMe); 20.8 

(C6H4Me); 17.5, 16.7 (C6H3Me2).  

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(4-C6H4Ph)C2HC1N(Me)(Xyl)}]CF3SO3, [3f]CF3SO3 (Chart 6). 

Chart 6. Structure of [3f]+. 
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From [1]CF3SO3 and 4-ethynylbiphenyl. Brown solid, yield 78%. Anal. calcd. for C37H32F3Fe2NO5S: C, 57.61; H, 

4.18; N, 1.82. Found: C, 57.43; H, 4.24; N, 1.69. IR (CH2Cl2): ῦ/cm-1 = 2003vs (CO), 1818s (µ-CO), 1628m (C2C1N). 
1H NMR (acetone-d6): δ/ppm = 8.05-7.10 (m, 12 H, C12H9 + C6H3Me2); 5.70, 5.45, 5.40, 5.10 (s, 10 H, Cp); 4.45, 

3.78 (s, 3 H, NMe); 4.72, 4.36 (s, 1 H C2H); 2.63, 2.37, 2.11, 1.91 (s, 6 H, C6H3Me2). E/Z ratio = 5. 13C{1H} NMR 

(acetone-d6): δ/ppm = 253.6 (μ-CO); 232.4 (C1); 210.4 (CO); 207.2 (C3); 153.3 (ipso-C6H4); 145.5 (ipso-C6H3Me2); 

140.1, 139.5, 134.1, 132.0, 131.3, 129.6, 129.3, 129.0, 128.4, 127.6, 127.5, 126.8, 126.7, 126.6 (C6H3Me2 + 

C12H9); 92.5, 92.4, 88.1, 87.9 (Cp); 53.4 (C2); 45.5 (NMe); 17.3, 16.6 (C6H3Me2). 

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(2-C6H4NH2)C2HC1N(Me)(Xyl)}]CF3SO3, [3g]CF3SO3 (Chart 7). 

Chart 7. Structure of [3g]+. 
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From [1]CF3SO3 and 2-ethynylaniline. Brown solid, yield 81%. Anal. calcd. for C31H29F3Fe2N2O5S: C, 52.42; H, 

4.12; N, 3.94. Found: C, 52.26; H, 4.18; N, 4.02. IR (CH2Cl2): ῦ/cm-1 = 1992vs (CO), 1819s (µ-CO), 1626s (C2C1N). 
1H NMR (acetone-d6): δ/ppm = 8.05-7.10 (m, 12 H, C12H9 + C6H3Me2); 5.71, 5.37, 5.31, 5.11 (s, 10 H, Cp); 4.45, 

3.73 (s, 3 H, NMe); 4.31 (s, 1 H C2H); 2.34, 1.90 (s, 6 H, C6H3Me2).  

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(4-C6H4F)C2HC1NMe2}]CF3SO3, [4a]CF3SO3 (Chart 8). 

Chart 8. Structure of [4a]+. 
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From [2]CF3SO3 and 1-ethynyl-4-fluorobenzene. Brown solid, yield 68%. Anal. calcd. for C24H21F4Fe2NO5S: C, 

46.26; H, 3.40; N, 2.25. Found: C, 46.46; H, 3.29; N, 2.26. IR (CH2Cl2): ῦ/cm-1 = 1992vs (CO), 1808s (µ-CO), 

1690m (C2C1N). 1H NMR (acetone-d6): δ/ppm = 7.92, 7.31 (m, 4H, C6H4); 5.43, 5.29 (s, 10 H, Cp); 4.69 (s, 1 H, 

C2H); 4.06, 3.48 (s, 6 H, NMe2). 13C{1H} NMR (acetone-d6): δ/ppm = 256.0 (μ-CO); 224.8 (C1); 210.0 (CO); 202.0 

(C3); 161.6 (d, 1JCF = 245 Hz, CF), 152.6, 129.7, 115.0 (d, 2JCF = 20.7 Hz) (C6H4); 121.4 (q, 1JCF = 320 Hz, CF3); 91.7, 

88.0 (Cp); 53.3 (C2); 51.3, 44.4 (NMe2). 19F{1H} NMR (acetone-d6): δ/ppm = −112.3 (CF3SO3); −116.0 (C6H4F). 

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(2-C6H4NH2)C2HC1NMe2}]CF3SO3, [4b]CF3SO3 (Chart 9). 

Chart 9. Structure of [4b]+. 
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From [2]CF3SO3 and 2-ethynylaniline. Brown solid, yield 84%. Anal. calcd. for C24H23F3Fe2N2O5S: C, 46.48; H, 

3.74; N, 4.52. Found: C, 46.30; H, 3.81; N, 4.40. IR (CH2Cl2): ῦ/cm-1 = 1984vs (CO), 1809s (µ-CO), 1685m (C2C1N). 
1H NMR (acetone-d6): δ/ppm = 7.78, 7.19, 7.05, 6.94 (m, 4 H, C6H4NH2); 5.46, 5.18 (s, 10 H, Cp); 4.62 (s, 1 H, 

C2H); 4.40 (br, 2 H, NH2); 4.02, 3.42 (s, 6 H, NMe2). 13C{1H} NMR (acetone-d6): δ/ppm = 255.7 (μ-CO); 225.1 (C1); 

211.0 (CO); 203.2 (C3); 141.9, 141.2, 128.1, 127.7, 117.7, 116.1 (C6H4); 91.9, 87.9 (Cp); 54.6 (C2); 51.3, 44.3 

(NMe2). 

 

[Fe2Cp2(CO)(µ-CO){µ-η1:η3-C3(4-C6H4Me)C2HC1NMe2}]CF3SO3, [4c]CF3SO3 (Chart 10).19a 

Chart 10. Structure of [4c]+. 
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From [2]CF3SO3 and 4-ethynyltoluene. Brown solid, yield 88%. Anal. calcd. for C25H24F3Fe2NO5S: C, 48.49; H, 

3.91; N, 2.26. Found: C, 48.31; H, 3.96; N, 2.20. IR (CH2Cl2): ῦ/cm-1 = 1992vs (CO), 1807s (µ-CO), 1684m (C2C1N). 
1H NMR (acetone-d6): δ/ppm = 7.66, 7.35 (d, 3JHH = 7.83 Hz, 4 H, C6H4Me); 5.33, 5.21 (s, 10 H, Cp); 4.50 (s, 1 H, 

C2H); 3.85, 3.28 (s, 6 H, NMe2); 2.43 (s, 3 H, C6H4Me). 13C{1H} NMR (CDCl3): δ/ppm = 257.2 (µ-CO); 225.3 (C1); 

209.9 (CO); 204.6 (C3); 153.3 (ipso-C6H4Me); 137.5, 129.4, 127.1 (C6H4Me); 91.1, 87.7 (Cp); 52.5 (C2); 51.6, 44.5 

(NMe2); 21.0 (C6H4Me). 
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3) Synthesis and characterization of monoiron compounds. General procedure. The appropriate precursor, 

[3-4]CF3SO3 (ca. 0.7 mmol), was dissolved in tetrahydrofuran (ca. 20 mL), and the solution was treated with 

pyrrolidine (ca. 10 eq.). The resulting mixture was stirred at ambient temperature overnight, then it was 

filtered through a short alumina pad using acetonitrile as eluent. The filtrated solution was dried under 

vacuum. The residue was dissolved in diethyl ether/dichloromethane mixture and charged on an alumina 

column. Elution with petroleum ether/diethyl ether mixtures allowed to remove impurities, then the fraction 

corresponding to the product was collected. Removal of the volatiles under reduced pressure afforded an air 

stable solid. Yields are given with respect to C1. 

 

[FeCp(CO){C1NMe(Xyl)C2HC3(4-C6H4F)C(=O)}], 5a (Chart 11). 

Chart 11. Structure of 5a. 
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From [3a]CF3SO3. Brown solid, yield 63%. Eluent for chromatography: Et2O. Anal. calcd. for C25H22FFeNO2: C, 

67.74; H, 5.00; N, 3.16. Found: C, 67.80; H, 4.91; N, 3.24. IR (CH2Cl2): ῦ/cm-1 = 1920vs (CO), 1615s (COacyl), 

1600s-sh (C1N). IR (solid state): ῦ/cm−1 = 3094vw, 3033w, 1900vs (CO), 1616m (COacyl), 1604m-sh (C1N), 1591w-

m, 1500m, 1491m-sh, 1471w-m, 1436m, 1392m, 1297w, 1239w-m, 1214m, 1161w-m, 1141w-m, 1086m, 

1057w-m, 1052w-m, 1007w-m, 989m, 842s, 818s-sh, 810s, 773m-s, 747w-m, 734w-m, 709m, 653w-m. 1H NMR 

(dmso-d6): δ/ppm = 7.29, 7.12 (m, 7 H, C6H4 + C6H3Me2); 6.80 (s, 1 H, C2H); 4.72 (s, 5 H, Cp); 3.83 (s, 3 H, NMe); 

2.23, 2.09 (s, 6 H, C6H3Me2). 13C{1H} NMR (dmso-d6): δ/ppm = 266.5 (COacyl); 262.5 (C1); 222.4 (CO); 167.1 (C3); 

163.0 (d, 1JCF = 249 Hz, CF); 147.6 (C2); 145.4 (ipso-C6H3Me2); 132.8, 132.4, 129.5, 129.4, 129.2 (C6H3Me2); 131.4 

(d, 3JCF = 7.5 Hz), 115.6 (d, 2JCF = 20.7 Hz) (C6H4); 129.0 (ipso-C6H4); 85.7 (Cp); 49.5 (NMe); 17.7, 17.3 (C6H3Me2). 
19F{1H} NMR (DMSO-d6): δ/ppm = −111.7. Crystals of 5a suitable for X-ray analysis were obtained from a 

dichloromethane solution layered with pentane and stored at −30 °C. 

 

[FeCp(CO){C1NMe(Xyl)C2HC3(3-C6H4F)C(=O)}], 5b (Chart 12). 

Chart 12. Structure of 5b. 
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From [3b]CF3SO3. Brown solid, yield 70%. Eluent for chromatography: Et2O/CH2Cl2 1:1 v/v. Anal. 

calcd. for C25H22FFeNO2: C, 67.74; H, 5.00; N, 3.16. Found: C, 67.48; H, 5.04; N, 3.20. IR (CH2Cl2): 

ῦ/cm-1 = 1922vs (CO), 1640w-sh (COacyl), 1602s (C1N), 1578m (arom C-C). IR (solid state): ῦ/cm−1 = 

3079w, 3023w, 2923w, 1911vs (CO), 1638w (COacyl), 1601m (C1N), 1575m, 1483s, 1473m, 1434w, 

1389m, 1353w, 1294w, 1265m, 1241m, 1138w-m, 1079m, 1009m, 1001m, 895w, 875w-m, 812w, 

802m, 779m-s, 741m, 712w, 683w-m, 657w. 1H NMR (CDCl3): δ/ppm = 7.28-7.12, 6.97 (m, 7 H, 

C6H4 + C6H3Me2); 6.91 (s, 1 H, C2H); 4.71 (s, 5 H, Cp); 3.87 (s, 3 H, NMe); 2.27, 2.15 (s, 6 H, 

C6H3Me2). 13C{1H} NMR (CDCl3): δ/ppm = 268.1 (COacyl); 265.5 (C1); 221.2 (CO); 167.9 (C3); 162.4 

(d, 1JCF = 247 Hz, CF); 148.1 (C2); 145.3 (ipso-C6H3Me2); 134.5 (d, JCF = 9.4 Hz), 132.5, 132.1, 129.5, 

129.4, 129.1, 128.9, 124.8, 116.1 (d, JCF = 22.6 Hz), 115.7 (d, JCF = 20.7 Hz) (C6H3Me2 + C6H4); 85.3 

(Cp); 49.1 (NMe); 17.7, 17.5 (C6H3Me2). 19F{1H} NMR (DMSO-d6): δ/ppm = −113.3. 

 

[FeCp(CO){C1NMe(Xyl)C2HC3(2-C6H4F)C(=O)}], 5c (Chart 13). 

Chart 13. Structure of 5c. 
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From [3c]CF3SO3. Brown solid, yield 70%. Eluent for chromatography: Et2O/CH2Cl2 1:1 v/v. Anal. 

calcd. for C25H22FFeNO2: C, 67.74; H, 5.00; N, 3.16. Found: C, 67.56; H, 5.05; N, 3.30. IR (CH2Cl2): 

ῦ/cm-1 = 1921vs (CO), 1619m (COacyl), 1605w-sh (C1N). IR (solid state): ῦ/cm−1 = 3081vw, 2964vw, 

2926vw, 1912vs (CO), 1617m (COacyl), 1608w-sh (C1N), 1597w-m, 1575w, 1488m, 1472w-m, 1446w, 

1432w, 1385w-m, 1257w-m, 1246w, 1211w, 1143w, 1083m, 985w-m, 885w, 815w-m, 784w-m, 

766m, 747w-m, 707w, 657w. 1H NMR (acetone-d6): δ/ppm = 7.40, 7.26, 7.06 (m, 7 H, C6H4 + 
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C6H3Me2); 7.28 (s, 1 H, C2H); 4.75 (s, 5 H, Cp); 3.98 (s, 3 H, NMe); 2.31, 2.18 (s, 6 H, C6H3Me2). 
13C{1H} NMR (acetone-d6): δ/ppm = 265.4 (COacyl); 262.9 (C1); 221.7 (CO); 163.1 (C3); 159.3 (d, 1JCF 

= 249 Hz, CF); 149.9 (C2); 145.6 (ipso-C6H3Me2); 132.5 (d, JCF = 15.1 Hz), 132.0, 130.1 (d, JCF = 7.5 

Hz), 129.1, 129.0, 128.8, 123.5, 121.3 (d, JCF = 13.2 Hz), 115.2 (d, JCF = 22.6 Hz) (C6H4 + C6H3Me2); 

85.2 (Cp); 48.9 (NMe); 17.0, 16.7 (C6H3Me2). 19F{1H} NMR (acetone-d6): δ/ppm = −113.4. 

 

[FeCp(CO){C1NMe(Xyl)C2HC3(4-C6H4Me)C(=O)}], 5d (Chart 14). 

Chart 14. Structure of 5d. 
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From [5d]CF3SO3. Brown solid, yield 62%. Eluent for chromatography: Et2O/CH2Cl2 1:1 v/v. Anal. calcd. for 

C26H25FeNO2: C, 71.08; H, 5.74; N, 3.19. Found: C, 70.71; H, 5.84; N, 3.22. IR (CH2Cl2): ῦ/cm-1 = 1918vs (CO), 

1614m-sh (COacyl), 1605m (C1N). IR (solid state): ῦ/cm−1 = 3023w, 2922w, 1906vs (CO), 1601br-s (C1N + COacyl), 

1489m, 1433w, 1387w, 1261w, 1241w, 1185w, 1140w, 1085s, 1021m, 992m, 884w, 808s, 742m, 720w, 654w. 
1H NMR (CDCl3): δ/ppm = 7.28–7.25 (m), 7.22 (d, J = 7.4 Hz, 1H), 7.20–7.13 (m, 2H), 7.06 (d, J = 8.0 Hz, 2H) 

(C6H4Me + C6H3Me2); 6.86 (s, 1H, C2H); 4.68 (s, 5H, Cp); 3.85 (s, 3H, NMe); 2.28, 2.24, 2.12 (s, 9H, C6H4Me + 

C6H3Me2). 1H NMR (dmso-d6): δ/ppm = 7.26-7.04 (m, 7 H, C6H4Me + C6H3Me2); 6.77 (s, 1 H, C2H); 4.70 (s, 5 H, 

Cp); 3.83 (s, 3 H, NMe); 2.24, 2.23, 2.08 (s, 9 H, C6H4Me + C6H3Me2). 13C{1H} NMR (CDCl3): δ/ppm = 268.7 

(COacyl); 265.2 (C1); 221.2 (CO); 169.5 (C3); 146.9 (C2); 145.3 (ipso-C6H3Me2); 139.2, 132.6, 132.1, 129.6, 129.3, 

129.0, 128.8, 128.7, 128.6 (C6H3Me2); 85.1 (Cp); 48.8 (NMe); 21.3 (C6H4Me); 17.6, 17.4 (C6H3Me2). 

 

[FeCp(CO){C1NMe(Xyl)C2HC3(3-C6H4Me)C(=O)}], 5e (Chart 15). 

Chart 15. Structure of 5e. 
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From [3e]CF3SO3. Brown solid, yield 68%. Eluent for chromatography: Et2O/CH2Cl2 1:1 v/v. Anal. calcd. for 

C26H25FeNO2: C, 71.08; H, 5.74; N, 3.19. Found: C, 70.56; H, 5.78; N, 3.16. IR (CH2Cl2): ῦ/cm-1 = 1918vs (CO), 

1623m (COacyl), 1605s (C1N). IR (solid state): ῦ/cm−1 = 3023w, 2922w, 1906vs (CO), 1601m-s (C1N), 1489m, 

1433w, 1387w, 1261w, 1241w, 1185w, 1140w, 1085s, 1021m, 992m, 884w, 808s, 742m, 720w, 654w. 1H NMR 

(dmso-d6): δ/ppm = 7.29-7.10 (m, 7 H, C6H4Me + C6H3Me2); 6.90 (s, 1 H, C2H); 4.71 (s, 5 H, Cp); 3.88 (s, 3 H, 

NMe); 2.31 (s, 3 H, C6H4Me); 2.27, 2.16 (s, 6H, C6H3Me2). 13C{1H} NMR (dmso-d6): δ/ppm = 268.6 (COacyl); 265.6 

(C1); 221.3 (CO); 169.9 (C3); 147.6 (C2); 145.4 (ipso-C6H3Me2); 137.6, 132.7, 132.5, 132.2, 129.8, 129.4, 129.0, 

128.7, 128.0, 126.1 (C6H3Me2); 85.2 (Cp); 49.0 (NMe); 21.4 (C6H4Me); 17.7, 17.5 (C6H3Me2). 

 

[FeCp(CO){C1NMe(Xyl)C2HC3(4-C6H4Ph)C(=O)}], 5f (Chart 16). 

Chart 16. Structure of 5f. 
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From [3f]CF3SO3. Brown solid, yield 58%. Eluent for chromatography: Et2O. Anal. calcd. for C31H27FeNO2: C, 

74.26; H, 5.43; N, 2.79. Found: C, 74.05; H, 5.56; N, 2.61. IR (CH2Cl2): ῦ/cm-1 = 1918vs (CO), 1610m (COacyl), 

1599w (C1N). IR (solid state): ῦ/cm−1 = 2964vw, 1919vs (CO), 1610m-sh (COacyl), 1592s (C1N), 1445s, 1430w-m, 

1387m, 1261m, 1237m, 1141m, 1086m, 1029m, 991m, 916w, 883w-m, 841m, 808m-s, 769m-s, 735m, 715m, 

698m, 654w-m. 1H NMR (CDCl3): δ/ppm = 7.56-7.21 (m, 12 H, C12H9 + C6H3Me2); 6.96 (s, 1 H, C2H); 4.73 (s, 5 H, 

Cp); 3.89 (s, 3 H, NMe); 2.28, 2.17 (s, 6 H; C6H3Me2). 13C{1H} NMR (dmso-d6): δ/ppm = 266.4 (COacyl); 262.5 (C1); 

222.5 (CO); 168.0 (C3); 147.5 (C2); 145.5 (ipso-C6H3Me2); 141.1, 139.9, 132.8, 132.4, 131.7, 129.7, 129.5, 129.4, 

129.2, 128.2, 127.1, 126.9, 125.4 (C12H9 + C6H3Me2); 85.7 (Cp); 49.5 (NMe); 17.7, 17.3 (C6H3Me2). 
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[FeCp(CO){C1NMe(Xyl)C2HC3(2-C6H4NH2)C(=O)}], 5g (Chart 17). 

Chart 17. Structure of 5g. 
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From [3g]CF3SO3. Brown solid, yield 81%. Eluent for chromatography: CH2Cl2. Anal. calcd. for C25H24FeN2O2: C, 

68.19; H, 5.49; N, 6.36. Found: C, 67.74; H, 5.36; N, 6.41. IR (CH2Cl2): ῦ/cm-1 = 1927vs (CO), 1614m (COacyl), 

1603m (C1N), 1581m (arom C-C). IR (solid state): ῦ/cm−1 = 3319w (NH2), 2965w, 1904s (CO), 1614m (COacyl), 

1599m-sh (C1N), 1589m, 1486m, 1390m, 1261m, 1088s, 1019s, 983m, 799vs, 770s, 751m, 668m. 1H NMR 

(CDCl3): δ/ppm = 7.28-7.06 (m, 7 H, C6H4NH2 + C6H3Me2); 7.73, 6.85 (s, 1 H, C2H); 4.72 (s, 5 H, Cp); 4.06 (s, 2 H, 

NH2); 3.86, 3.68 (s, 3 H, NMe); 2.45, 2.39, 2.25, 2.17 (s, 6 H; C6H3Me2). E/Z ratio = 5. 13C{1H} NMR (CDCl3): 

δ/ppm = 271.8, 270.0 (COacyl); 265.2, 262.8 (C1); 224.6, 221.3 (CO); 173.5, 171.0 (C3); 150.2 (C2); 149.3, 149.0, 

141.1, 134.0, 133.2, 132.5, 132.0, 130.2, 129.4, 129.3, 129.2, 129.0, 128.8, 128.2, 121.9, 121.3, 118.2, 118.0, 

117.0 (C6H4NH2 + C6H3Me2); 145.6, 145.3 (ipso-C6H3Me2); 85.7, 85.2 (Cp); 49.0, 44.7 (NMe); 18.5, 17.7, 17.5 

(C6H3Me2). 

 

[FeCp(CO){C1NMe(Xyl)C2HC3(3-C6H4OH)C(=O)}], 5h (Chart 18). 

Chart 18. Structure of 5h. 
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From [4h]CF3SO3. Brown solid, yield 84%. Eluent for chromatography: CH2Cl2/MeOH 9:1 v/v. Anal. calcd. for 

C25H23FeNO3: C, 68.04; H, 5.25; N, 3.17. Found: C, 67.63; H, 5.33; N, 3.06. IR (CH2Cl2): ῦ/cm-1 = 1925vs (CO), 

1664m (COacyl), 1599m (C1N), 1574s (arom C-C). IR (solid state): ῦ/cm−1 = 3139w-br (OH), 3023vw, 1944m, 

1922vs (CO), 1653w (COacyl), 1554m, 1490m, 1471w-m, 1436m, 1390m, 1301m,1275w-m, 1232m, 1200w-m, 

1140w-m, 1080w-m, 1047w-m, 1013m, 908w-m, 875w-m, 842w-m, 820m, 773w-m, 750m, 720m, 692w-m, 
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657w-m. 1H NMR (CDCl3): δ/ppm = 7.61 (s, 1 H, arom CH); 7.27-7.10 (m, 3 H, arom CH); 6.97 (s, 1 H, C2H); 6.90 

(br, 1 H, OH); 4.71 (s, 5 H, Cp); 3.87 (s, 3 H, NMe); 2.28, 2.12 (s, 6 H, C6H3Me2). 13C{1H} NMR (CDCl3): δ/ppm = 

276.6 (COacyl); 265.5 (C1); 220.9 (CO); 170.1 (C3); 157.1 (ipso-C6H4OH); 148.3 (C2); 145.1 (ipso-C6H3Me2); 133.3, 

132.8, 132.0, 129.5, 129.2, 129.0, 128.8, 119.7 (C6H4OH + C6H3Me2); 85.0 (Cp); 49.1 (NMe); 17.7, 17.4 

(C6H3Me2). Crystals of 5h suitable for X-ray analysis were collected from a dichloromethane solution layered 

with pentane and stored at −30 °C.  

 

[FeCp(CO){C1N(Me)2C2HC3(4-C6H4F)C(=O)}], 6a (Chart 19). 

Chart 19. Structure of 6a. 
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From [4a]CF3SO3. Brown solid, yield 55%. Eluent for chromatography: CH2Cl2. Anal. calcd. for C18H16FFeNO2: C, 

61.22; H, 4.57; N, 3.97. Found: C, 61.01; H, 4.66; N, 3.80. IR (CH2Cl2): ῦ/cm-1 = 1916vs (CO), 1619m (COacyl), 

1598s (C1N). 1H NMR (dmso-d6): δ/ppm = 8.03 (s, 1 H, C2H); 7.66, 7.20 (m, 4 H, C6H4F); 4.53 (s, 5 H, Cp); 3.68, 

3.60 (s, 6 H, NMe2). 13C{1H} NMR (dmso-d6): δ/ppm = 269.0 (COacyl); 256.4 (C1); 223.0 (CO); 166.2 (C3); 162.8 (d, 
1JCF = 247 Hz, CF); 148.2 (C2); 131.8 (d, JCF = 7.5 Hz), 115.3 (d, JCF = 22.6 Hz) (C6H4F); 129.6 (ipso-C6H4), 85.4 (Cp); 

51.9, 44.1 (NMe2). 19F{1H} NMR (dmso-d6): δ/ppm = −112.3. 

 

[FeCp(CO){C1N(Me)2C2HC3(2-C6H4NH2)C(=O)}], 6b (Chart 20). 

Chart 20. Structure of 6b. 
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From [4b]CF3SO3. Brown solid, yield 30%. Eluent for chromatography: CH2Cl2/THF 1:1 v/v. Anal. calcd. for 

C18H18FeN2O2: C, 61.74; H, 5.18; N, 8.00. Found: C, 61.36; H, 5.18; N, 7.91. IR (CH2Cl2): ῦ/cm-1 = 1918vs (CO), 

1601m (COacyl), 1579m (C1N). IR (solid state): ῦ/cm−1 = 3441w-m (NH), 3354w-m (NH), 1889vs, 1627m-sh, 

1589m-sh, 1574s, 1531m, 1485m, 1450w, 1409m, 1235m, 1153m, 1087s, 999s, 936w, 863m, 799vs, 767s, 
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749vs, 718vs, 703s. 1H NMR (dmso-d6): δ/ppm = 7.85 (s, 1 H, C2H); 7.02 (t), 6.88 (d), 6.68 (d), 6.53 (t) (4 H, 

C6H4NH2); 4.81 (s, 2 H, NH2); 4.54 (s, 5 H, Cp); 3.69, 3.56 (s, 6 H, NMe2). 13C{1H} NMR (dmso-d6): δ/ppm = 270.9 

(COacyl); 256.6 (C1); 223.1 (CO); 170.6 (C3); 149.4 (C2); 146.9, 130.8, 129.6, 120.3, 116.3, 116.1 (C6H4);  85.4 (Cp); 

51.8, 44.0 (NMe2). Crystallization from a dichloromethane solution layered with pentane and stored at −30 °C 

afforded dark brown crystals of 6b suitable for X-ray analysis. 

 

4) X-ray crystallography. 
Crystal data and collection details for 5a, 5h·solv and 6b·CH2Cl2 are reported in Table 5. Data were recorded on 

a Bruker APEX II diffractometer equipped with a PHOTON100 detector using Mo–Kα radiation. Data were 

corrected for Lorentz polarization and absorption effects (empirical absorption correction SADABS).36 The 

structures were solved by direct methods and refined by full-matrix least-squares based on all data using F2.37 

Hydrogen atoms were fixed at calculated positions and refined by a riding model, except otherwise stated. All 

non-hydrogen atoms were refined with anisotropic displacement parameters. The crystals of 5a appeared to be 

racemically twinned with refined batch factor 0.07(3). The crystals of 5h·solv contained some solvent accessible 

voids which were treated with the SQUEEZE routine of PLATON.38 Two independent molecules with similar 

geometries and bonding parameters are present within the unit cell of 5h·solv. The O-bonded H-atoms of 

5h·solv were preliminarily located in the Fourier Difference Map and, then, refined by a riding model. The C, N 

and O atoms of 5h·solv were restrained to have similar thermal parameters (SIMU line in SHELXL, s.u. 0.01). 

The N-bonded H-atoms of 6b·CH2Cl2 were located in the Fourier Difference Map and refined isotropically, 

using the 1.2-fold Ueq value of the parent atoms.  
 
Table 5. Crystal data and measurement details for 5a, 5h and 6b. 

 5a 5h·solv 6b·CH2Cl2 

Formula C25H22FFeNO2 C25H23FeNO3 C19H20Cl2FeN2O2 

FW 443.28 441.29 435.12 

T, K 293(2) 293(2) 293(2) 

λ,  Å 0.71073 0.71073 0.71073 

Crystal system Monoclinic Trigonal Orthorhombic 

Space group Cc R3�  Pbca 

a, Å 11.344(2) 36.712(3) 21.588(2) 

b, Å 25.609(5) 36.712(3) 7.7569(9) 

c, Å 8.5284(15) 20.4924(16) 22.950(3) 

β,° 121.802(5) 90 90 

Cell Volume, Å3 2105.7(7) 23919(4) 3843.2(8) 

Z 4 36 2 

Dc, g∙cm-3 1.398 1.103 1.504 
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µ, mm−1 0.746 0.588 1.079 

F(000) 920 8280 1792 

Crystal size, mm 0.16×0.13×0.11 0.21×0.15×0.12 0.14×0.12×0.11 

θ limits,° 2.257-24.993 1.922-25.000 1.887-25.497 

Reflections collected 12553 49136 45015 

Independent reflections 3705 [Rint = 0.0572] 9353 [Rint = 0.1743] 3571 [Rint = 0.0822] 

Data / restraints /parameters 3705 / 2 / 275 9353 / 348 / 543 3571 / 2 / 243 

Goodness on fit on F2 1.066 1.048 1.120 

R1 (I > 2σ(I)) 0.0437 0.1072 0.0826 

wR2 (all data) 0.0998 0.2405 0.2203 

Largest diff. peak and hole, e Å-3 0.651 / –0.316 0.653 / –0.370 0.970 / –1.119 

 

5) Cell Culture and antiproliferative activity.  

A2780, A2880cisR and HEK-293 cells were obtained from the European Collection of Cell Cultures 

(EACC). The human embryonic kidney cells (HEK-293) were cultured in DMEM medium 

supplemented with 2mM of Glutamine and 1% of nonessential amino acids (NEAA), whereas the 

ovarian carcinoma cells were cultured in RPMI-1640 medium supplemented with 2mM of Glutamine. 

All culture media were supplemented with 10% of 10% newborn calf serum and 1% amphotericin-

penicillin-streptomycin solution. A270cisR cell line was incubated in the presence of 2 µM cisplatin 

every two passages. The antiproliferative activity was evaluated by the MTT Assay. Cells were seeded 

in 96-well plates at a density of 1×104 cells per well and incubated for 24h at 37 °C under 5% CO2 

atmosphere. Then, cells were treated with different concentrations of the complexes under study and 

cisplatin as a positive control. Since DMSO was employed to dissolve the iron complexes, a vehicle 

control with DMSO at the maximal concentration employed (0.5%) was also included. After 72 hours 

of incubation, cells were incubated with 100 µl of MTT (3-(4,5-dimethyltiazol-2-yl)-2,5-

diphenyltetrazoliumbromide) (Merck) dissolved in culture medium (500 μg/ml) for 3 hours. Then, the 

formazan crystals were dissolved with 100 μL of solution (10% SDS and 0.01M HCl). After 18 hours 

of incubation, absorbance was read at 590 nm in a microplate reader (Cytation 5 Cell Imaging Multi-

Mode Reader (Biotek Instruments, USA). Two independent experiments were performed with four 

replicates per dose. The IC50 values were calculated using GraphPadPrism Software Inc. (version 6.01, 

USA).   

 

6) Bacterial strains and antibacterial activity. 
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Four different strains of pathogenic bacteria, i.e. E. faecium CECT 5253 (vancomycin resistant, Gram 

positive bacteria), S. aureus CECT 5190 (methicillin resistant, Gram positive bacteria), A. baumannii 

ATCC 17978 (Gram negative bacteria) and P. aeruginosa PAO1 (Gram negative bacteria), were used 

in this work. A. baumannii, P. aeruginosa and S. aureus strains were maintained at 37 ºC in Mueller-

Hinton (MH) broth or agar while E. faecium was maintained in Tryptic Soy (TS) broth or agar at 37 ºC. 

To test the antibacterial activity, the broth microdilution plate method according to CLSI criteria 

against ESKAPE (Enteroccocus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter cloacae) pathogens was 

employed.39 Briefly, serial dilutions of the compounds were prepared in MHB ranging from 100 µM to 

3.1 µM (1:2 dilutions) in 96-well plates. Inoculated plates with a final concentration of 5×105 CFU/mL 

were incubated at 37 ºC for 18-20 hours. The reported Minimum Inhibitory concentrations (MIC) are 

the mean values from at least two independent experiments with three replicates. 

 

7) Stability studies in aqueous media. 
A) Stability in dmso/water. A mixture of the selected Fe compound ([3a]CF3SO3, 5a, 5e, 5g, 5h ca. 3 mg), 

dmso-d6 (0.4 mL) and a D2O solution (0.3 mL; 0.2 mL for 5e) 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-brown solution was 

analyzed by 1H and 19F NMR then heated at 37 °C for 48 hours. After cooling to room temperature, the solution 

was filtered over celite and NMR analyses were repeated. The amount of starting material (% with respect to the 

initial spectrum) was calculated by the relative integral with respect to Me2SO2 as internal standard40 (δ/ppm = 

2.95 (s, 6H)) (Table S1). 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). 

B) Stability in dmso/cell culture medium. Powdered DMEM cell culture medium (1000 mg/L 

glucose and L-glutamine, without sodium bicarbonate and phenol red; D2902 - Sigma Aldrich) was 

dissolved in D2O (10 mg/mL), according to the manifacturer’s instructions. The solution of deuterated 

cell culture medium (“DMEM-d”) was treated with Me2SO2 (6.6·10-3 M) and NaH2PO4 / Na2HPO4 

(0.15 M, pD = 7.541), then stored at 4 °C under N2. The selected Fe compound (ca. 4 mg) was 

suspended in a solution containing dmso-d6 and DMEM-d (2:1 v/v for [3a]CF3SO3, 5g, 5h; 3:1 v/v for 

5a, 5e). The mixture was stirred for 30 minutes then filtered over celite and transferred into an NMR 

tube. The resulting orange-brown solution was analyzed by 1H and 19F NMR then heated at 37 °C for 

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

were repeated. The amount of starting material (% with respect to the initial spectrum) was calculated 

by the relative integral with respect to Me2SO2 as internal standard40 (δ/ppm = 2.95 (s, 6H)) (Table S1).   
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C) Carbon monoxide release. In a 15x45 cm screw top vial (4.80 mL total volume), the selected Fe 

compound ([3a]CF3SO3, 5a, 5e, 5g, 5h; nFe ca. 6-9∙10-3 mmol), was dissolved in DMSO then diluted 

with RMPI-1640 cell culture medium (3.70 mL total liquid volume; 2:1 v/v). The mixture was sealed 

with screw caps with PTFE septa and heated at 37 °C for 24 hours under stirring. After 24 hours, the 

headspace (1.10 mL) was sampled with a gastight microsyringe (250 µL) and analyzed by GC-TCD. 

The amount of carbon monoxide released (nCO, mmol) was calculated on the basis of a calibration 

curve built using air/carbon monoxide mixtures (2.0 – 18 % v/v). The number of equivalents of carbon 

monoxide released were calculated with respect to the initial amount of iron compound (eqCO = 

nCO/nFe). The related amount of starting material was calculated on the basis of the equivalents of CO 

released, by assuming the release of 2 eq. of CO for each Fe compound (% starting material = [1 - 

eqCO/2]∙100). Data is reported in Table 6. 
 
Table 6. Release of CO (number of equivalents) as determined by GC-TCD analysis and stability of selected Fe 

compounds in dmso/cell culture medium 2:1 v/v mixtures after 24 hours at 37 °C. 

 

Compound eq. CO released [a] % starting material [b] 

[3a]CF3SO3 0.5 ca. 75% 

5a 0.4 ca. 80% 

5e 0.5 ca. 75% 

5g 0.5 ca. 75% 

5h 0.4 ca. 80% 
[a]eqCO = nCO/nFe; [b]% starting material = [1 - eqCO/2]100 

 

8) Catalytic NADH oxidation 
NADH was stored at –20 °C under N2; a stock NADH solution (2.3∙10-4 mol∙L-1) was prepared in phosphate 

buffered aqueous solution (Na2HPO4/NaH2PO4; 5.5∙10-3 mol∙L-1, pH = 7.2) and stored at 4 °C. Stock solutions of 

Fe compounds ([3a]CF3SO3, 5a, 5e, 5g, 5h; 2.0∙10-4 mol∙L-1) were prepared in DMSO immediately before use. 

FeSO4 was used as a reference compounds (stock solution prepared in H2O). Solutions of each iron compound 

(0.35 mL) and NADH (6.6 mL) were mixed, resulting in a 5 % DMSO aqueous solution containing 2.2∙10-4 M 

NADH and 1.0∙10-5 M iron compound (4.5 % mol/mol). The solution was stirred at 37 °C for 24 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 3). 
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