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When Ferrocene and Diiron Organometallics Meet: Triiron
Vinyliminium Complexes Exhibit Strong Cytotoxicity and Cancer Cell

Selectivity

Silvia Schoch, Simona Braccini, Lorenzo Biancalana, Alessandro Pratesi, Tiziana Funaioli, Stefano

Zacchini, Guido Pampaloni, Federica Chiellini, Fabio Marchetti

Robust and versatile cationic triiron complexes, obtained from the assembly of ferrocenyl with a di-
organoiron structure, display an outstanding cytotoxicity profilewhich may be related to redox

processes provided by the two metallic compartments.
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Abstract
Cationic triiron complexes resulting from the conjugation of the ferrocenyl skeleton (Fc) with a diiron

bis-cyclopentadienylcorethrougha  variable vinyiliminium linker, [Fe,Cp.(CO)(u-CO){p-n*:n*-
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C(Fc)CHCN(R)(R")}]CF3S05([2a-i]CF3SO3, Cp = n°-CsHs, R, R' = alkyl, aryl), were synthesised in
70-94% vyields, and also the homologous nitrate salt was prepared in one case ([2h]NO3). The neutral
derivatives[Fe,Cp,(CO)(u-CO){p-n'n3-C(Fc)CHC(CN)NMe,}], 3, and
[FeCp(CO){CN(Me)(Xyl)CHC(Fc)C(=0)}], 4 (Xyl = 2,6-C¢HsMe,), were obtained in ca. 70% yields
by reactions of the respective precursors [2h]CF3;SO3; and [2i]CF3;SO3 with NBusCN and pyrrolidine,
respectively.All products were purified by alumina chromatography and fully characterised by
analytical and spectroscopic methods, and by single crystal X-ray diffraction in the cases of
[2a]CF3SO3 and 3. The cytotoxicity of the complexes was assessed on A2780, A2780cisR and BxPC-3
cancer cell lines, and the nontumoral one Balb/3T3clone A31. Most of the cationic complexes display
ICs values in the low micromolar/nanomolar range concerning the cancer cell lines, and up to 35 times
higher values on the nontumoral cells. In order to shed light on the mode of action, selected complexes
were further characterised by cyclic voltammetry and spectroelectrochemical experiments, and
assessed for their potential to trigger ROS production and to interact with a range of biomolecules, i.e.
a synthetic dodecapeptide as a simplified model for thioredoxin reductase (TrxR-pept), some model
proteins (cytochrome c, hen egg-white lysozyme, ubiquitin,bovine serum albumin, superoxide

dismutase and human carbonic anhydrase) and one single-strand oligonucleotide (ODN2).

Keywords: Bioorganometallic Chemistry; Metals in Medicine; Ferrocenes; Diiron Complexes;

Vinyliminium; Cytotoxicity;Mass Spectrometry.

Introduction

Cancer is a major health issue worldwide, and the development of innovative and effective drugs is an
ultimate demand for research.! After the revolutionary discovery of the cytotoxic properties of

cisplatin, few platinum(ll) compounds have entered clinical treatments but, despite theirundoubtful



efficacy, they present some significant limitations.® In particular, severe side effects are often
encountered being associated with the toxicity of platinum,moreover the resistance acquired by
tumours over time is problematic.>With the aim of overcoming such limitations, platinum(IV)
complexes*and many others based on different transition metals have been intensively investigated.*®
Iron compounds have aroused a great interest in this setting, on account of theirrelatively low toxicity
and the redox chemistry,related to the metal centre, exportable to physiological media.’In particular,
ferrocenes have been deeply studied for their promising anticancer potential:an appropriate
modification of either one or two cyclopentadienyl rings is key to provide a strong activity, which is
mostlyassociated withFe' to Fe" oxidation, leading to alteration of the cellular redox balance and
subsequent production of toxic substances (reactive oxygen species, ROS).8Ferrocifens (structure 1 in
Figure 1), obtained by tethering the clinical drug tamoxifen to the ferrocene, have emerged since 1996
as the most celebrated category,’however theyshould be carefully formulated for in vivo applications
due to insufficient water solubility.?*°Then, a diversity of ferrocene-appended pharmacophores has
been reported, highlighting a general increase of the anticancer performance with respect to the
corresponding organicdrugs.'**This approach has been extended to the conjugation of the ferrocene
skeleton with suitable metal structures, to exploit synergic effects arising from different metal centres,
and examples include Fe-Pt,"* Fe-Ru,'* and other hybrid systems.**In addition, it was demonstrated
that the coupling of two ferrocenyl units by means ofshortrigid linkers, allowing electronic
communication between the two metal atoms,is a feasible strategy to enhance ROS production and
cytotoxic activity.'®Besides ferrocenes, several half-sandwich iron(11) cyclopentadienyl complexes
(structure 11 in Figure 1) have attracted attention, since they ensure some variability of the metal
coordination set, thus modulating the antiproliferative activity, and offer the opportunity for
introducing bioactive ligands with a possible co-adjuvant effect (e.g., carbon monoxide).'’In general,
this kind of monoiron complexes is conveniently synthesised by oxidative cleavage of the commercial

iron(l) dimer [Fe,Cp,(CO),],*® however the anticancerproperties ofderivativesof the latter maintaining



the dinuclear structure have been almost ignored up to 2019.%° There are concrete reasons that strongly
encourage the advance of this research. In general, a bimetallic core bearing two contiguous metal
centres makes available more coordination sites and provides cooperative effects to the bridging sites,
enabling reactivity patterns otherwise not feasible on monometallic species.?’This approach has been
largely investigated on diiron complexes in the catalysis field, pointing to the goal of mimicking the
active site of [FeFe] hydrogenases.?!In the medicinal context, it is relevant that a great number of
organometallic structures is accessible from [Fe,Cp2(CO),], stabilised by multisite ligand coordination
and the co-presence of Cp (wn-donor) and CO (m-acceptor) co-ligands, thus allowing to optimise
physico-chemical properties for biological purposes.

The availability of up to two coordination sites by sequential displacement of carbonyl ligandsis
requiredfor the construction of bridging hydrocarbyl fragmentsfrom the assembly of small molecular
pieces.?*This procedure leads to cationic [Fe'Fe'] complexes comprising either an aminocarbyne **or a
vinyliminium®*as bridgingligand(structures 111 and IV in Figure 1); these complexes are amphiphilic
and appreciably water-soluble, and exhibit an antiproliferative activity against cancer cell lineswhich
depends on the ligand substituents. Some complexes of typelll maintain an excellent cytotoxicity
profile even on 3D models.”*Complexes of type 1V permit a vast choice of substituents,” including the
incorporation of bioactive groups regulating the cytotoxic activity.2°Differentmechanisms, mainly ROS
production but alsoprotein interactionand weak DNA binding, may contribute to the mode of action of
I and IV.

Here, for the first time, the synergic conjugation of the ferrocenyl moiety with a diiron framework is
presented as a strategy to obtain robust mixed-valent triiron compounds featured by apotent

cytotoxicity and excellentselectivity towards cancer cell lines.
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Figure 1. Mono- and diiron cyclopentadienyl compoundswith cytotoxic activity: 1) ferrocifens (Fe"; R = H, OH);ll)
half-sandwich iron complexes (Fe"; L,L' = halide, pseudohalide, carbonyl, (di)phosphine, nitrile, imidazole); III)
diironp-aminocarbyne complexes (Fe'Fe'; R, R' = alkyl or aryl; triflate salts); IV) diironp-vinyliminium complexes
(Fe'Fe": R, R' = alkyl or aryl; R" = alkyl, aryl, carboxylate, SiMes, thiophenyl, pyridine; Y = H, alkyl, Ph, S/Se
group; triflate salts).

Results and discussion
1) Synthesis and characterisation of complexes

Diiron p-aminocarbyne complexes [la-i]JCF3SO3; were preparedin multigram scales following the
published procedures.?**'Then, decarbonylation of [la-iJCFsSO; was performed with MesNO in
acetonitrile solution, leading to the knownintermediates [1'a-i]CF3SO3.2>% The latter complexes
contain a labile NCMe ligand, and the subsequent treatment with ethynylferrocene, in dichloromethane,
resulted in the insertion of the alkyne into iron-carbyne bond, upon acetonitrile displacement (Scheme
1). Thetriiron products, [2a-i]CF3SOs, were purified by alumina chromatography and finally isolated

as indefinitely air-stable solids (70-94% yields vs. [la-i]JCF3SO3).Compounds [2a-g]CF3;SO; are



unprecedented and synthesised without the need of inert atmosphere, thus this convenient procedure

was extended to the preparation of the previously reported [2h-iJCF3SO3.”° The nitrate salt [2h]NO; is

also novel and was prepared from [Lh]NOs.
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Scheme 1. Synthesis of ferrocenes with a tetheredcationic di-organoiron structure.Cy = CgHi;, Xyl = 2,6-
CsHsMe,; CF5SO;5 ™ as counter anion, [1h]*/[1'h]/[2h]"were prepared also as NO;™ salts.

Productswere fully characterised by elemental analysis, high-resolution mass spectrometry, IR (Figures

$1-S13) and multinuclear NMR spectroscopy (Figures S14-S38).Note that [Fe'Fe'] compounds are

diamagnetic due to coupling between the two iron centres. The IR spectra (CH,CI; solution) share a



common pattern, and the most intense absorptions fall within the intervals 1986-2000 cm™ and 1805-
1818 cm™, being related to the terminal and bridging carbonyl ligands, respectively. The absorption
ascribable to the iminium C=N bond is sensitive to the nature of the nitrogen substituents, and ranges in
between 1621 ([2a]CF3SOs) and 1692 ([2h]NOs) cm™.The nitrate anion of[2h]NO; manifests itself
with an intense and broad infrared band at 1338 cm™ (spectrum in the solid state).

A careful comparison of the NMR data of the products with the library of data available in the literature

forother Fe,-p-vinyliminium compounds *42>2%°

points out the occurrence in solution (acetone-dg)ofcis-
transisomerism (with reference to the Cp ligands bound to Fe-Fe) and E-Zisomerism (with reference to
the N substituents, when R # R"), cis-E being generally the most abundant species. Trans isomers,
when observed, display one Cp resonance which is usually 0.5-0.6 ppm shifted to lower frequencywith
respect to the corresponding cis forms. More in detail, complexes [2g-h]" display only cis/trans
isomerism, due to the identical substituents on the iminium (R = R'), with predominance of the cis
isomer.For instance, the cis/trans ratio for [2g]” in acetone-dg solution is 6.5, and the stereochemistry
of the major isomer was confirmed by *H NOESY experiments with selective irradiation of both Fe(1)-
bound cyclopentadienyls (Figure S39).

On the other hand, E and Z isomers of [2a-f]* and [2i]" are easily distinguishable based on the
resonance related to the N-methyl, inter alia: in the former isomer, such resonance typically falls at
higher *H chemical shift but lower **C NMR chemical shift [e.g., N-Me in the case of [2d]":8(*H) =
4.01 ppm (E) and 3.20 ppm (2); 8(**C) = 42.9 ppm (E) and 47.6 ppm (2)]. *H NOESY experiments
were carried out for the two major isomers of [2e]CF3;SOs, as a representative example (Figures S40-
S41): selective irradiation of the Cp bound to the {Fe(CO)} group corroborated their cis
stereochemistry whereas the N-methyl resonance was instrumental in assigning the E / Z
configuration.More precisely, upon irradiation of the latter, a NOE effect with the C°H is diagnostic of

Zstereochemistry (FeCp and Cy groups on the same side of the C=N double bond); whereas a NOE



effect with the cyclopentadienyl indicates E stereochemistry. Careful chromatographic operations
allowed to isolate small amounts of [2e]CF3;SO3; and [2f]CF3SO3 as cis/trans mixtures of pure Z-
isomers (vide infra).

The cis-Eisomerwas the onlyone recognised for[2a]CF;SO3; and [2i]CF3SOg3, presumably as a
consequenceof the bulkiness of the 2,6-disubstituted aryl(R'),pointing away from the
{Fe,Cp,}platform; however,[2a]CF3SOsexists as two conformers corresponding to two different
spatial arrangements of the Me and CI aryl substituents, analogously to whatpreviously observed in
[1a]CF3S03.%In every case, the isomer ratios did not change upon prolonged heating of the complexes
in THF or methanol at reflux.

Salient *C{*H}NMR features are given by the resonances of the carbons constituting the vinyliminium
chain, occurring in the ranges 223.5 — 234.9 ppm (C%), 50.3 — 56.3 ppm (C?) and 199.4 — 206.4 ppm
(C%; C! and C® exhibit a marked (amino)alkylidene and alkylidene nature, respectively (C atom
numbering in Scheme 1). The nitrate anion resonates as a sharp singlet at -1.5 ppm in the N NMR
spectrum of [2h]NO:s.

The structure of [2a]CF3SO3 was ascertained by single crystal X-ray diffraction, and two alternative
views of the cation are drawn in Figure 2. The cation [2a]” may be alternatively described as a mono-
substituted ferroceneconnected to the {cis-Fe,Cp,(CO),} moiety via a vinyliminium linker showing E-
configuration of nitrogen substituents(Figure 2A), or a ferrocenyl-decorated diiron vinyliminium
complex (Figure 2B).The C(1)-N(1) distance [1.303(4) A] supports an iminium character, while the
Fe(2)-C(1) distance [1.829(3) A] is indicative of aminoalkylidene nature, in accordance with the NMR

features (Table 1).
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Figure 2. Alternative views of the molecular structure of [2a]": A) ferrocene connected to a diiron scaffold via a
vinyliminium linker; B) diiron p-vinyliminium complex decorated with a ferrocenyl. Displacement ellipsoids are at
the 30% probability level. H atoms have been omitted for clarity.

On account of the documented chemistry of non-ferrocenyl diiron vinyliminium complexes,® we
synthesised the neutral derivatives3 and 4 (Scheme 2). Thus, the reaction of [2h]CF3;SO;3; with
tetrabutylammonium cyanide, in dichloromethane solution, led to the isolation, after work-up, of the
novel[Fe'Fe'Fe"] complex3 in 70% vyield. On the other hand, the previously reported [Fe'Fe']

29,27
4

complex was synthesised here by an optimised procedure, consisting in the fragmentation reaction

of [2i]CF3SO;3 with pyrrolidine in tetrahydrofuran.
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Scheme 2. Synthesis of ferrocenesfunctionalised with a neutral di- or monoiron structure (Xyl = 2,6-CgHz;Me,).

The cyanide addition to [2h]*is evident from IR (medium intensity band at 2188 cm™) and
BC{*H}NMR spectroscopy (resonance at 120 ppm) and takes place in a regio- and stereospecific
fashion, in analogyto previous findings.**The triiron product 3exists in solution as a single isomeric
form with the Fe-Fecyclopentadienyl rings adopting cisgeometry (according to NMR). The structure of
3was confirmed by single crystal X-ray diffraction (Figure 3 and Table 1): it consists of a ferrocene
linked to {Fe,Cp,(CO),} through a functionalised allylidene bridge (Figure 3A), which displays a
mutual synorientation of the C%-bound hydrogen and the cyano group. On the other hand, 3may be

viewed as a diironallylidene complexwith a ferrocenyl as allylidene substituent (Figure 3B).

12



Figure 3. Alternative views of the molecular structure of 3: A) ferrocene connected to a diiron scaffold via cyano-
allylidene linker; B) diiron u-(cyano)allylidene complex decorated with a ferrocenyl. Displacement ellipsoids are
at the 30% probability level. H atoms have been omitted for clarity.

Table 1. Selected bond lengths (A) and angles (°) for [2a]’and 3. *Cpc, is the centroid of the Cp ligand. For
Fe(3), Cp® is the substituted Cp, Cpb the unsubstituted Cp.

[2a]” 3
Fe(1)-Fe(2) 2.5574(7) 2.5379(6)
Fe(2)-C(1) 1.829(3) 2.071(3)
Fe(2)-C(2) 2.073(3) 2.025(3)
Fe(2)-C(3) 2.045(3) 2.025(3)
Fe(1)-C(3) 1.977(3) 1.964(3)
Fe(1)-C(11) 1.759(3) 1.771(3)
Fe(1)-C(12) 1.901(4) 1.922(3)
Fe(2)-C(12) 1.974(4) 1.911(3)
Fe(1)-Cpe™ 1.743(5) 1.747(5)
Fe(2)-Cpec™ 1.736(5) 1.716(5)
Fe(3)-Cpc 1.645(5) 1.651(5)
Fe(3)-Cpler 1.656(5) 1.653(5)
C(11)-0(11) 1.145(4) 1.142(4)
C(12)-0(12) 1.160(4) 1.178(4)
C(1)-N(1) 1.303(4) 1.447(4)
Cc(1)-C(2) 1.424(5) 1.446(4)

13



C(2)-C(3) 1.420(5) 1.414(4)
C(3)-C(301) 1.468(5) 1.475(4)
C(1)-C(6) - 1.467(5)
C(6)-N(2) - 1.145(4)
Fe(1)-C(11)-0(11) 177.03) 169.1(3)
Fe(1)-C(12)-Fe(2) 82.58(15) 82.94(13)
Fe(1)-C(3)-Fe(2) 78.93(12) 79.01(11)
Fe(1)-C(3)-C(2) 120.7(2) 125.0(2)
C(3)-C(2)-C(1) 117.3(3) 123.6(3)
C(2)-C(1)-N(1) 134.2(3) 121.2(3)
Sum at N(1) 359.2(5) 334.4(5)
C(1)-C(6)-N(2) - 179.3(4)

2)Solubility, inertness and CO release in aqueous solutions

With a view to the biological studies, we preliminarily performed a detailed study on the behaviour of
the complexes in aqueous media: these data are compiled in Table 2. The solubility was assessed in
D,0 by *H NMR andresulted appreciable for those compounds withouta N-aryl group. Among triflate
salts, [2h]CF3SOs3 exhibits the highest water solubility, which is increased by one magnitude order with
triflate/nitrate substitution; notably, the solubility of [2h]NOs(approximately 5.5 g-L™) is higher than
that estimated for cisplatin (3 g-L™).*

The octanol-water partition coefficients (Log Pow) were measured by UV-Vis spectroscopy.Log
Powrelated to the triflate saltsfall within the range 0.26 to 1.48, indicating some amphiphilic character,
while that of the nitrate compound [2h]NOs; measures -0.48. The neutral complexes 3 and 4 are
significantly more lipophilic (Log Pow> 1.5).

In order to evaluate the robustness in an aqueous environment, first we assessed the residual amount of
all complexesafter 72 h in D,O/CD3;ODsolution at 37 °C, by means of *H NMR spectroscopy using
dimethylsulfone (Me,SO,) as internal standard (Table 2); *H NMR spectra related to [2a-i]*were

sufficiently resolved (see for instance Figure S42) to argue for negligible contamination from
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paramagnetic species, and did not contain signals ascribable to newly formed {Fe-Cp} compounds.
Then, analogous NMR experiments were conducted on the ionic complexes in D,O/DMSO-dgsolution.
In general, the lattercomplexes are fairly to very robust, and in most cases approximately 70-90% of the
initial specieswas foundunaltered after 72 h.Remarkably, a similar behaviour was recognised in the
corresponding solutionswith the cell culture medium (deuterated DMEM).** However, the nature of the
iminium substituents appears influencing, and those complexes with two alkyl substituents ([2e]", [2f]",
[2h]") show the highest inertness. The naphthyl group induces on [2c]CF3SOsa drop of stability in the
presence of dimethylsulfoxide, possibly related to the coordination ability of this solvent, and this
behaviour is confirmed in the cell culture medium.

Neutral complexes 3 and 4exhibited extensive degradation in aqueous mediaafter 72 hours, affording
complicated mixtures of organometallic products which could not be identified.

The slow, partial degradation of triiron complexes is accompanied by the precipitation from the
solutions of asmall amount of a dark-brown solid. IR and elemental analyses on such solid samples
ruled out the presence of organic species, thus suggesting the formation of iron oxides, consistently
with previous results on related complexes based on the {Fe,Cp,(CO)x}core (x = 2 or 3).23%%

To check the release of carbon monoxide, we performed headspace GC analyses on methanol/water
solutions of the complexes stored at 37 °C for 24 h.ThereleasedCOcorresponds to 0.1 — 0.3 equivalents
per mole of triironcomplex and might play some adjuvant role in the antiproliferative activity,® but
targeted studies will be needed to validate this hypothesis.

Overall, experimental outcomes agree in that the cationic triiron complexes, in agueous media, undergo
a slow and irreversible cleavage of the diiron scaffold, leading to the extrusion of Fe' ions and CO.We
previously demonstrated for diiron aminocarbyne complexes (Figure 1, structure I11) that the

samedisassembly is accelerated inside the cells and is associated with the cytotoxicity.”’Note that the

15



versatile vinyliminium ligand is susceptible tonucleophilic attack by various functional groups,®and

theresulting derivatives may undergo fast decomposition in aqueous solutions.

Table 2. Behaviour of functionalised ferrocenes in aqueous solutions (see Experimental for details). Solubility in
D,O (*H NMR, Me,SO, internal standard) and partition coefficients (Log Pg,; UV-Vis) at 21+1 °C. Relative
stability in D,O/CD3;OD and CD;OD/DMEM-d solutions after 72 h at 37 °C (1H NMR, Me,SO, internal standard).
Equivalents of carbon monoxide released in H,O/CH3;OH solution after 24 h at 37 °C (GC-TCD).

Solubility / Residual Reslidug:ll . Residu;:ll . CO equivalents
Compound _%/ Log Pow complex %in sl o ln - @emple Ui released in H,O
e L D,0/CD,0D b1 D20/DMSO- Sl T ICH;OH Bl°]
de d/CDsOD
[2a]CFsS0;  <3-10™*M 1.05+0.05 59 57 73 0.08
[2b]CF3S0;  <3-10*™ 0.55 +0.05 49 53 50 0.27
[2c]CFsS0s  <3-10™* 047 +0.02 70 37 ~ 25 0.17 +0.09
[2d]CFsS0;  <3-10*™ 0.66 +0.05 77 48 (2:1 VIv) 63 0.18
[2€]CF3S03 ~310* 0.77+0.06 78 84 (2:1 VIv) 88 0.15
[2f]CF3S03 8-10*  0.49 +0.02 90 81 (2:1 VIv) 86 0.14
[29]CF3S0;  <3-10°*M 1.48+0.03 75 67 (2:1 viv) 80 0.15
[2h]CF3S03 1.0-10° 0.26 +0.03 83 81 (2:1 VIv) 75 0.13
[2h]NO; 9.8:10° -0.48+0.02 89 91 (2:1 VIv) 89 0.14
[2iICFsS0;  <3-10™M 1.05+0.04 72 70 70 0.08
3 <3.10™*M >2 0 0 0 fe]
4 <3.10*M 15+01 ca. 30 ca. 20 ca. 15 te]

[a] 1:1 v/v mixtures for ionic compounds unless otherwise stated, 3:1 v/v mixtures for neutral compounds. [b]
Calculated by "H NMR with respect to the initial spectrum (Me,SO; internal standard). [c] Molar ratio with respect
to the starting complex (€0co = Nco/Ncomplex). The amount of carbon monoxide was determined by GC-TCD
analysis. Relative standard deviation below 10% except where otherwise noted. [d] Below the lowest value of
guantitation. [f] CO release was detected, but a reliable quantitation was not possible due to limited complex
solubility.

3) Electrochemistry

The redox chemistry of selected cationic complexes and that of the neutral one 3 was investigated by
cyclic voltammetry at a platinum electrode in DMSO/[N"Bu4]PFs 0.1 M. The formal potentials for the
observed electron transfers are compiled in Table 3 and, as an example, the CV performed on
[2e]CF3SO3 is shown in Figure 4. The voltammetric profiles of the cationic complexes evidenceeither
one reduction process, appearing asa two-electron one, or two very closely spaced one-electron

reduction processes, at potential values within the range —1.16 to—1.37 V (vs. FeCp,). In particular, the

16



value related to [2h]NOs is almost identical to that found in the same conditions for the analogous
complex [Fe,Cp,(CO)(pn-CO){p-n'n3-C(Ph)CHCNMe,}]CF3SOs, [2j]CF3SOs (see Figure 1, structure
IV: R = R' = Me, R" = Ph, Y = H),containing a phenyl in the place of the ferrocenyl moiety.*** Thus,
the observed reduction(s) are assigned to the [Fe'-Fe'] core, and are complicated by subsequent
chemical reactions, as indicated by the appearance of new oxidation processes during the back scan

toward positive potentials, in the second cycle of the voltammetric experiment (Figure 4, red line).

10 pA

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
E/V (vs. FeCp,)

Figure 4. Double cycle voltammetry of [2e] CF;SO; recorded at a platinum electrode in 0.1 M [N"Bu,]PFs/DMSO

solution (blue line, first cycle; red line, second cycle). Scan rate: 0.1 V-s™.

The cationic complexes [2a,2e,2f]CF3;SO3 and [2h]NO3 exhibit one electrochemically reversible or
quasi-reversible oxidation between +0.04 and +0.09 V (vs. FeCp,). Remarkably, these values are lower
than the potential measured for ethynylferrocene (+0.17 V), highlighting that the relative tendency for
the ferrocenyl Fe''centre to be oxidised is fully preserved in complexes of the type [2]* despite the net
cationic charge. Conversely, the non-ferrocenyl diiron complex [2j]JCF;SO3; undergoes oxidation at a
significantly higher potential (+0.48 V). Hydrodynamic voltammetry at a rotating-disk electrode

verified that, during the reduction, the limiting current is approximately double with respect to that of
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the oxidation. These features, combined with the results of the spectroelectrochemical investigation
(vide infra), suggest that the one-electron oxidation is almost centred at the ferrocenyl moiety. The
chemical reversibility varies with the nitrogen substituent and, for example, the ic/iy current ratio
measured at 0.1 V st is 1 for the electrochemically reversible diffusion-controlled oxidation of
[2e]CF3SO3, whereas it is 0.61 for the electrochemically quasi-reversible process of [2h]NOs. The
ferrocenyl-centred oxidation makes the removal of a second electron from [2]** electrostatically
unfavourable and, in the examined potential window (up to +0.90 V), no other oxidation process was
detected.

With the aim of spectroscopically characterising the oxidised products, we investigated the one-
electron removal step from [2e]CF3SOs; by in situ IR spectroelectrochemistry in an optically
transparent thin-layer electrochemical (OTTLE) cell. When the potential of the working electrode was
progressively increased from 0.0 to +0.9 V (vs. Ag pseudo-reference electrode), a slight upshift (about
7 cm™) of the terminal and bridging carbonyl bands of [2e]* was observed (from 1976 and 1798 cm™ to
1983 and 1805 cm™, respectively), see Figure S43. This fact agrees with the assumption that the
reversible one-electron removal mainly regards the ferrocenyl portion of the complex, and therefore
does not significantly affect the carbonyl ligands bound to the diiron core. Compared to the CV, the
lower stability of the electrogenerated [2e]** was recognised in the time scale of the
spectroelectrochemical experiment, since the backward reduction step did not completely restore the
initial spectrum (Figure S44).

The water solubility of [2h]NOg3 revealed adequate to investigate the electrochemical behaviour of this
complex also in a phosphate buffer solution (pH 6.7): the reversible oxidation was observed at the
formal potential of +0.10 V vs. FeCp, (AE = 80 mV at a scan rate of 0.1 V s%), that is +0.51 V vs
SHE.On the other hand, the reduction occurred at the potential of —1.07 V vs. FeCp, (—0.66 V vs SHE)

and was found irreversible in the aqueous medium.
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According to the literature, the biologically relevant redox potentials approximately cover the window
—0.4 to +0.8 V *vs SHE, therefore all the cationic complexes investigated here possess a biologically
accessible and reversible oxidation process. Furthermore, their reduction in the tumour environment
might be viable too, especially for N-aryl-substituted complexes (Table 3),on considering that, in the
cancer cells, the low O, content and the presence of an excess of lactic acid decreasethe solution pH
and determine, particularly at the centre of the tumour, a lower electrochemical potential with respect
to the surrounding normal tissues.®

The CV profile of 3 in dimethylsulfoxide solution (Figure S45) closely resembles those of homologous
diiron complexes without the ferrocenyl unit,*’and consistsof one electrochemically quasi-reversible
reduction and one irreversible multi-electronic oxidation, complicated by fast chemical reactions,
respectively at —1.92 and -0.01 V. A further oxidation, apparently chemically reversible, was
recognised at +0.17 V, presumably centred on the ferrocenyl unit of a derivative originating from the
first oxidation.

In summary, cationic triiron complexes [2a-i]" are expected to exhibit the Fe'/ Fe''reversible redox
couple typical of simple ferrocenyl compounds,**which is relevant to the antiproliferative activity;*%in
addition, a reduction might be also viable for some compounds of the series displaying the most

favourable potentials.

Table 3. Formal Electrode Potentials (V, vs FeCp,) and peak-to-peak separations (mV) for the redox changes
exhibited by HC=CFc, complexes [2a,2e,2f,2h,2j]CF3SO; and 3, in DMSO/[N"Bu,]PFs 0.1 M.

Compound Oxidation Reduction
= AE,® =3 = AEZ? E%4 I
HC=CFc 0.14 83
[2a]CF3S03 0.09 85 -1.16 86 -1.26 60
[2e]CF3S03 0.04 70 -1.37 50
[2f]CF3S03 0.04 88 -1.30 60
[2h]NO3 0.07 90 -1.31 48
[2h]NO5° 0.10 80 -1.07°
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[2j]]CFsSOs | 0.48° -1.30 122

3 0.17 90 —0.01° | -1.92 130

? Measured at 0.1 V s™. ® Peak potential value for irreversible processes. ° In phosphate buffer solution (pH 6.7)
at a glassy carbon electrode.[2j]CF3803:[Fe2Cp2(CO)(p-CO){p-nl:n3-C(Ph)CHCNMez}]Cngog.

4) Cytotoxicity

The antiproliferative activity of the iron complexes wasassessed on three cancer cell lines (A2780,
A2780cisR, BxPC-3) and one nontumoral cell line (Balb/3T3 clone A31).The reference drug cisplatin
and ethynylferrocene, HC=CFc, were used as references.The resulting 1Cs, values, obtained after 72
hours of exposure, are compiled in Table 4. In general, the ionic trilroncomplexes are strongly
cytotoxic against the investigated cancer cell lines, and the ICsy related to [2a]CF;SO3; and
[2i]CF3SOs0ccur in the nanomolar range. Note that these latter compounds combine a Log Pyyvalue
around 1 with an appreciable inertness in the biological medium (Table 2). Compounds [2a-i]CF3SO;
exert a comparable activity against cisplatin-sensitive (A2780) and cisplatin-resistant cells
(A2780cisR), suggesting that their mode of action overcomes resistance issues. Furthermore, they
manifest a clear selectivity for cancer cells compared to the nontumoral line: the estimated selectivity
index (S.l., average value referred to the three cancer cell lines) is impressively higher for all the
compounds of the series when compared to cisplatin, and reaches the outstanding value of 35 for
[2i]CF3SO3. The cytotoxicity of [2h]NO3; was measured against A2780 cells and iscomparable to that
of [2h]CF3SOs, indicating that the choice of nitrate as counter anion may provide useful effects in
terms of water solubility of the salt without affecting the activity of the cation. Note that ICs, results
obtained for Z-[2e]CF3SO3; and Z-[2f]CF3SO3; do not substantially differ from those of the
corresponding mixtures of E/Z isomers (vide infra): this feature suggests that, although the analysed
complexes may exist in solution as mixtures of stereoisomers, theseexertsimilar activities. The neutral
complexes 3 and 4 display a markedly reduced selectivity compared to the corresponding ionic parent

complexes [2h]CF3SO3; and [2i]CF3SOs, and 4 is only moderately active against cancer cells despite
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its lipophilicity (see Table 2). On the other hand, ethynylferrocene was inactive towards the
investigated cell lines, evidencing that the ferracyclic motif in 3 and 4 (in the place of the alkynyl unit)
inducesa cytotoxic effect. The disappointing performance of 3 and 4is probably correlated with the poor

stability of these compounds in aqueous media (see above).

Table 4. ICsy values (uM) determined for complexes[2a-h]CF;SO3, [2h]NO3, 3, 4 and cisplatin on human ovarian
carcinoma (A2780), human ovarian carcinoma cisplatin-resistant (A2780cisR), human pancreatic
adenocarcinoma (BxPC-3) and murine embryonic fibroblast(Balb/3T3 clone A31)cell lines after 72 h exposure.
Values are given as the mean + SD. Selectivity index (S.1.) calculated, for each compound, as the average value
of the ratio between ICxprelated to Balb/3T3 and each cancer cell line, respectively.

Compound A2780 A2780cisR BxPC-3 Balb/3T3 S.l.
[2a]CF3S03 0.77 £0.04 1.17 £ 0.04 58+04 11+1 9
[2b]CF3sSOs 3.0+x0.6 52+04 252 20+2 4
[2c]CF3S0O3 3.2£0.5 51+0.3 64 17+3 4
[2d]CF3S0O3 20x0.5 2907 204 18.7+x15 6
[2e]CF3SO3 1816 2707 17+3 19+5 6
Z-[2e]CF3S03 3408 47+04 - 227+12 6
[2f]CF3SO3 3.6+0.2 6.7 0.7 27+3 677 10
Z-[2f]CF3S03 6.0£04 14+ 3 -- 72+14 9
[29]CF3sSOs 1.3x0.1 1407 43%05 83+14 5
[2h]CF3sSOs 44+0.8 51+0.9 > 100 79+1 11
[2h]NOs 6.1+0.9 - - -
[2i]CF3SOs 0.3+0.1 0.23+£0.05 109+12 13.2%+0.9 35
3 6.0+0.7 59+14 33214 16 +2 2
4 25+2 50.1+0.1 675 96 £ 2 2
HC=CFc > 100 > 100 -- > 100 -
cisplatin 0.40 £ 0,07 7.2%+0.6 4604 0.8+0.2 1

To shed light on the mechanism of action, representative complexes were selected for targeted studies

that will be discussed in the following.

5)Iron cellular uptake
The triiron complexes [2a]CF3;SO3, [2f]CF3SO3 and [2h]NO3 underwent iron uptake experiments on

A2780 ovarian cancer and Balb/3T3 clone A31 nontumoral cell lines. Following the incubation time,
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the amount of internalised iron was obtained by ICP-AES, subtracting the level of physiological iron
normally present inside the selected cell lines. The results, reported in Table 5,indicate an augmented
iron level in all cell cultures treated with the complexes, and highlight the significantly better uptake of
[2a] CF3SO3swith respect to [2f]CF3SO3 and [2h]NOs, in alignment with the higher lipophilicity of the
former complex (see Table 2). However, the uptake of[2a]CF3;SOsis not dissimilar in A2780 and
Balb/3T3 cell lines, suggesting that the strong selectivity displayed by this complex is notconsequent to
a privileged internalisation within cancer cells rather than nontumoral ones. Interestingly, a similar
conclusion was recently traced for promising diiron aminocarbyne drug candidates (Figure 1, structure

1.2

Table 5. Iron uptake in analysed cell lines measured with ICP-AES.

Compound Fse level Corrected Fe level
(10 pg/cell)® (10°® pg/cell)
Control ® 38+1 -
[2a]CF5S05° 20.0+0.3 16.2 £+ 0.3
[2f]CF5S05° 11.2£0.2 74+0.2
[2h]NO5° 10.8+0.5 7.0+0.5
[2a]CF;SO3° 18.5+ 0.3 14.7+0.3

®Mean of three different biological replicates; ® untreated cells; © data related to A2780 cells; ¢ data related to
Balb/3T3 clone A31 cells. The “corrected Fe level” has been calculated by subtraction of the naturally present
iron content (“control”) from the total iron content in treated cells.

6)ROS production

A selection of complexes was assessedfor intracellular production of reactive oxygen species (ROS),
which was monitored by fluorescence measurements using the DCFH-DA assay. Thus, A2780 and
A2780cisR cells were continuously exposed to [2a]CF3SO3,[2d]CF3SO3, [2e]CF3SO3, [2f]CF3SO3,

[2i]CF3SO3 and 3(10 uM concentrations).Cisplatin was used as a reference metallodrug, whileH,0,

and menadione (100uM)were alternatively used as positive controls;cells incubated with comparable
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concentration of DMSO in supplemented cell culture medium, in the absence of any additional
compound, were used as negative control. In general, a high intracellular ROS level, compared to
menadione, was detected after ca. 20 hours of treatment with the triiron complexes, and progressively
raised up to 24 hours, without a significant difference between A2780 and A2780cisR cell lines (Figure
5A-B).Among iron complexes,[2a]CF3SOsemerged for elicitingthe highest ROS generation in both
cell lines, and only[2i]CF3;SO3 induced a generation lower than that provided by menadione.With
[2a]CF3S0O3, [2e]CF3S0O3, [2f]CF3SO3, 3 and menadione,a production of ROS statistically different
from the negative control (p < 0.05) initiated within the first 3 hours (Figures S46-S47).

Different processes may contribute to the observedincreased formation of ROS. More in detail, both the
oxidation of the ferrocenyl unit and the disassembly of the diiron coreare likely to play important roles,
with a possible additional contribution arising from complex reduction (vide infra). In fact, while the
iron(1) oxidation state in the diiron core is stabilised by the set of ligands, Fe' ions released upon
disaggregation of the organometallic structure are expected to readily undergo oxidation once liberated
in an aqueous environment. The decay of the ferrocenyl unit (release of Fe'' ion) might also be relevant
toROS, in alignment with previous findings.*'It is reasonable that the intracellular liberation of the iron
ions does not lead to iron oxides, in contrast to what is observablein simple aqueous solutions where
potential coordinating agents are absent. In this respect, in the following section we will supply
evidence for efficient iron ion captureby thioredoxin reductase.

However, the limited ROS production detected in the presence of[2i]CF3SOs3, being the most cytotoxic
compound of the series, suggests that the mode of action of the triiron complexes may be not explicated

only in terms of ROS generation, and probably involvesother mechanisms and/or cellular targets.
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Figure 5. Fluorescence kinetics measurements of intracellular reactive oxygen species (ROS). (A) A2780
and(B) A2780cisR cells incubated for 24 hours with 10 pM of complexes and 5% atmosphere of CO, at 37 °C.
H,0, (100 uM) and menadione (100 uM) as positive controls.Analyses were conducted in triplicate and data are
represented as mean + SD.

7) ESI-MS studies on the interaction with biomolecules

Complex [2a]CF3;SOs3, featured by strong cytotoxicity and selectivity against all the three cancer cell
lines, was challenged also with a panel of different biomolecules. More precisely, three small model
proteins, *i.e.,cytochrome ¢ (Cyt c), hen egg-white lysozyme (HEWL) and ubiquitin (Ub), and three
biologically relevant proteins, i.e. bovine serum albumin (BSA), superoxide dismutase (SOD) and
human carbonic anhydrase | (hCA 1), were considered.*** The protein solutions were individually
incubated with [2a]CF3;SO; (at a fixed 3:1 metal to protein molar ratio) for 24 hours at 37 °C.
Subsequently, high-resolution ESI mass spectra were recorded for the various samples through direct
infusion. As a matter of fact, all spectra showed only the peak corresponding to the unreacted protein,

thus indicating the absence of metalation (Figures S57-S63). This outcome suggests that the action of
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the complexes may be addressed to specific intracellular targets, whereas off-target reactions with other
cellular or plasma proteins are improbable, thus limiting the chance for undesired side effects.

Thioredoxin reductase (TrxR)is an important and ubiquitous flavoenzyme critically involved in the
regulation of intracellular redox metabolism, and targeting TrxR has been regarded as a promising
strategy for cancer drug development.”’It has been demonstrated that TrxR inhibition plays an
important role in the antiproliferative activity of some iron complexes.**We recently disclosed a
significantTrxR inhibitoryactivity of diiron aminocarbyne complexes (Figure 1, structure 111);?*then,
we proved that high-resolution electrospray ionisation mass spectrometry (ESI-Q-TOF) using a model
synthetic dodecapeptide (TrxR-pept) is fully diagnostic to study the interaction with the
complexes.®The use of such modelling*®avoids the direct use of TrxR, being the amount required for
mass spectrometric investigation not easily available and extremely expensive. TrxR-pept mimics the
C-terminal hTrxR(488-499) active site of the TrxR enzyme, corresponding to the amino acidic
sequence {Ac-SGGDILQSG[CU]G-NHy} and the peculiar {-Cys-Sec-} motif (Cys = cysteine; Sec =
selenocysteine). By means of the high-resolution electrospray ionisation mass spectrometry (HR-ESI-
MS), we ascertained that also a family of diiron vinyliminium complexes hold a potential in inhibiting
thioredoxin reductase.”® Thus, we decided to extend this investigation to the selection of triiron
complexes [2a]CF3SOs3, [2f]CF3SO3 and [2h]NO3. Aqueous solutions containing TrxR-peptand each
metal complex (1:1 molar ratio) were incubated for 24 h at 37 °C, and their mass spectra were
subsequently recorded. In the mass spectrum obtained with[2a]CF3;SO3(Figure 6),the main peak at m/z
1183.3889 corresponds to the monoprotonated peptide, [TrxR-pept + H]", and the other two signals at
m/z 1205.3708 and 1221.3437 are related to the peptide adducts with sodium and potassium,
respectively ([TrxR-pept + M]"). The signal at m/z 1237.3108 is attributable to the interaction between
TrxR-peptand [2a]CFsSOs, evidencing the formation of a [TrxR-pept + Fe— H] adduct (Figure

S64).Therefore, TrxR might be a cellular target, as previously ascertained for diiron aminocarbyne
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complexes (see above), and enzyme inhibition could be effective by transfer of one iron atomreleased

from the activation/disruption of the diiron scaffold inside the cells.

100% 1183.3889 [TrxR pept. + HJ*

80%

60% 1205.3708 [TrxR pept. + Na]*

% Intensity
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Figure 6. High-resolution ESI mass spectra of 5-10° M solution of the model dodecapeptide TrxR-peptin water,
incubated with [2a]CF3SO; for 24 h at 37 °C. 1:1 peptide to complex ratio. 0.1% v/v of formic acid was added just
before infusion.

The HR-ESI mass spectra acquired with [2f]CF3SO3; and [2h]NO;3; resemble that described for
[2a]CF3SO3 and are supplied as Supporting Information (Figures S65-S66).As a reference, TrxR-
peptwas allowed to contact with ferrocene; in this case, the formation of [TrxR-pept + Fe — H] was
much slower than in the presence of [2a,f,h]";the targeted adduct was absent in solution after 6 h of
incubation, and a modest amount was detectedonly after 24 h. This experiment outlines that the [Fe'-
Fe'l core, rather than the ferrocenyl moiety,may behaveas prevalentsource of iron for thioredoxin
reductase. Although we have been not able to unambiguously clarify the iron-binding site, we can infer

that the coordination mode suitable to match the correct mass and charge, furnished by HR-ESI-MS
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analysis, involves the deprotonated aspartic acid residue, the cysteine thiol group and the
selenocysteine selenol group within TrxR-pept. Probably, the reductive power of Fe'is crucial to
assure a fast reaction with the peptidic {-S-Se-} bridge.

Tooutline the binding properties with a simplified model for the genomic target,*’[2a]CFsSO3 was
incubated with a small, single-strand GG-rich oligonucleotide (ODN2; 5-CTACGGTTTCAC-3Y);
subsequent ESI-MS analysis did not reveal any adduct formation.This data is in alinement with
previous findings on related diiron vinyliminium complexes lacking the ferrocenyl unit, for which the

absence of a potential DNA binding was ascertained.?**

Conclusions

A family of easily availableand robust ferrocenes, derivatised with a vinyliminium moiety as a linker to
a diiron core, has been synthesised and investigated for the anticancer potential. Cationic triiron
complexessynergistically combinethe redox behaviour of the ferrocenyl moiety with the amphiphilicity
and the versatility of the diiron vinyliminium structure, resulting in an advantageous cytotoxicity
profile. Combined, stability data, Log P, Values, iron cellular uptake, and targeted biological studies
indicate that [2a-1]JCF3SO3; may enter into the cells, where they exert their antiproliferative activity,
bypassing degradation pathways upon interaction with common proteins. The uncommon dual
electrochemical behaviourshown by the complexes (both oxidation and reduction appearviable) and the
extensive disassembly of the organometallic structureare probably fundamental features favouring the
imbalance of the cell redox system. Presumably, the decayof the diiron coreis
acceleratedintracellularly, and thioredoxin reductase could play a role in this regard by abstracting one
iron ion,thus providing at the same time a chance for the inhibition of this key enzyme. Intriguingly, the
outstandingantiproliferative activity and selectivity shown by the most performantcomplexes do not
seema consequence of their superiorinternalisation in cancer cells, and are not alwayssimply correlated

with the ROS-induced production. Therefore, it is likely that a combination of factors and/or the ability
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of the complexes (of some of their components including carbon monoxide) to interact with specific
cellular target(s) is responsible for the observed anticancer activity.Although advanced and targeted
experiments will be needed to finish theunderstanding of the mode of action, the proposed family of
cationic triiron compounds appears really promising in view of developing optimal anticancer metal
drugs, and an effort in this direction is recommendedeven by some ideal features: 1) the presence of an
endogenous metal element; 2)the straightforward synthesis up to gram scale; 3) the avoidance of
undesired side-reactions with common proteins; 4) the potential adjuvant effect of CO release; 5)the
favourable and tuneable physico-chemical properties, and the wide opportunity for derivatisation

offered by the vinyliminium ligand, as largely witnessed by previous findings.?*
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Experimental

1) Materials and methods.Organic reactants (TCI Europe or Merck) and [Fe,Cp,(CQO),4] (Strem) were
commercial products of the highest purity available. Compounds[la,c,d,h,iJCF;SO; and
[1h]NO3,*[1b,e,f,g]CFsSO3,%and [2j]CFsSO5**were prepared according to the respective literature
procedures, purified by alumina chromatography and checked for their purity by means of IR and *H
NMR spectroscopy.Unless otherwise specified, operations were conducted in air. Chromatography
separations were carried out on columns of deactivated alumina (Merck, 4% w/w water). Infrared
spectra of solutions were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer with a CaF;
liquid transmission cell (2300-1500 cm™ range). IR spectra of solid samples (650-4000 cm™) were
recorded on a Perkin Elmer Spectrum One FT-IR spectrometer, equipped with a UATR sampling
accessory. UV-Vis spectra (250-700 nm) were recorded on an Ultraspec 2100 Pro spectrophotometer
using 1 cm PMMA cuvettes. IR and UV-Vis spectra were processed with Spectragryph
software.’NMR spectra were recorded at 298 K on a Bruker Avance 11 DRX400 instrument equipped
with a BBFO broadband probe. Chemical shifts (expressed in parts per million) are referenced to the
residual solvent peaks®'(*H, **C) or to external standards®® (**N to CH3;NO,). NMR spectra were
assigned with the assistance of 'H-*C (gs-HSQC and gs-HMBC) correlation experiments.*>NMR
signals due to secondary isomeric forms (where it has been possible to detect them) are italicised.
Elemental analyses were performed on a Vario MICRO cube instrument (Elementar).ESI mass spectra
wereacquired using a TripleTOF 5600 high-resolution mass spectrometer (Sciex, Framingham, MA,
USA), equipped with a DuoSpray® interface operating with an ESI probe.GC analysis was performed
on a Clarus 500 instrument (PerkinElmer) equipped with a 5 A MS packed column (Supelco) and a

TCD detector. Samples were analysed by isothermal runs (110 °C, 4 min) using He as carrier gas.

2) Synthesis and characterisation of compounds.
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[Fe,Cp(CO)(p-CO){p-n':n*-C3(Fc)C*HC!N(R)(R)}JCFsS0; (R =Me, R' =2,6-CsHsClIMe,
[2a]CF3S0O3, Chart 2; R = Me, R' = 4-CgH,OMe, [2b]CF3SO3, Chart 3; R = Me, R" = 2-naphthyl,
[2c]CF5S0s, Chart 4; R = Me, R' = CH,Ph, [2d]CFsSO;, Chart 5; R = Me, R' = Cy, [2e]CF3SOs,
Chart 6; R = Me, R' = CH,CH=CH,, [2f]CF3SO3, Chart 7; R = R' = CH,Ph, [2g]CF5SOs, Chart
8; R = R' = Me, [2h]CF3SO;, Chart 9; R = Me, R' = 2,6-CsHsMe;, [2i]CF3SO3, Chart 10).

General procedure. A solution of [1a-iJCF3SOj3; (ca. 1 mmol) in acetonitrile (10 mL) was treated with
MesNO (1.3 eq.). The resulting mixture was stirred for 1 hour, during which time progressive colour
darkening occurred. The complete conversion of the starting material into the corresponding
acetonitrile adduct [1'a-iJCFsSO3 (Scheme 1)*?® was checked by IR spectroscopy as it is routine for
this type of synthesis.?**®> The volatiles were removed under vacuum, thus the freshly obtained dark
brown residue was dissolved into dichloromethane (ca. 20 mL). The solution was treated with
ethynylferrocene (ca. 1.3 eq.), and the mixture was stirred at room temperature for 48 hours. The final
solution was charged on an alumina column. Elution with CH,Cl, and CH,CI,/THF mixtures allowed
to remove unreacted ethynylferrocene and impurities, then a fraction corresponding to the title product
was collected using neat MeCN as eluent. Removal of the solvent under reduced pressure afforded
asolid which was dissolved in the minimum volume of CH,Cl,; subsequent addition of hexane (30-50
mL) allowed the precipitation of a powder, which was dried under vacuum and stored in air.
Compounds[2h-i]CF3;SOswere previously obtained by a different procedure, which has been optimised
here.?® The syntheses of [2b]CF3;SO; and [2h]CFsSO3 were also carried out starting from 1 — 1.5 g of

the respective aminocarbyne precursors, without a significant variation in the reaction yields.

Chart 1. Structure of [2a]".
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From [1a]CF3SOs. Dark brownsolid, yield 81%. Anal. calcd. for C3sH29CIF3FesNOsS: C, 49.58; H,
3.55; N, 1.70; S, 3.89. Found: C, 49.67; H, 3.42; N, 1.62; S, 3.94.HR-ESI-MS: [M]'m/z = 673.99205
(theoretical for [CasHagNCIFes0,]": m/z = 673.99295; error: -1.3 ppm).IR (CH,Cly): 9/cm™ = 1999vs
(CO), 1818s (u-C0O), 1621m (C'N). *H NMR (acetone-dg): &/ppm = 7.61 (d, *J = 7.7 Hz, 1 H, CgHs);
7.48 (t, °) = 8.4 Hz, 1 H, CsH3); 7.33 (d, %) = 8.3 Hz, 1 H, CeH3); 5.67, 5.65, 5.38, 5.36 (s, 10 H, Cp);
5.28 (s, 1 H, C°H); 4.93, 4.71, 4.53, 4.28 (m, 4 H, CsH,); 4.43 (s, 3 H, NMe); 4.29 (s, 5 H, Cp™©); 1.97
(s, 3 H, CgHsMe). Conformer ratio (cis-E/cis-E) = 6.2*C{*H} NMR (acetone-dg): &/ppm = 253.3 (u-
CO); 234.9 (CY); 210.6 (CO); 206.4 (C°); 142.8 (ipso-CeHs); 134.4, 131.1, 130.9, 128.6, 128.2 (CsHa);
108.8 (ipso-CsHy); 92.4, 87.9 (Cp);72.2, 69.2, 68.5, 67.7 (CsH,); 69.6 (Cp™); 56.3 (C?); 45.1 (NMe);
16.7 (CgHsMe).Crystals suitable for X-ray analysis were collected by slow diffusion at room

temperature of diethyl ether into a dichloromethane solution of [2a] CF3SOs.

Chart 2. Structure of [2b]".
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From [1b]CF3;SOs3. Dark-brown solid, yield 70%. Anal. calcd. for CssH3oF3FesNOgS: C, 50.72; H,
3.76; N, 1.74; S, 3.98. Found: C, 50.52; H, 3.83; N, 1.67; S, 4.03. HR-ESI-MS: [M]"'m/z = 656.02548
(theoretical for [CasHaoFesNOs]™: m/z = 656.02684; error: -2.1 ppm). IR (CH,Cl,): d/cm™ = 1987vs
(CO), 1813s (u-CO), 1636m (C'N). Cis-[2b]CF5SOs. *H NMR (acetone-dg): 8/ppm = 7.69, 7.33 (d, *J
= 8.7 Hz, 2 H, CsHa); 7.26, 7.02 (d, 3] = 8.6 Hz, 2 H, CsHy); 5.56, 5.25, 5.22, 5.15 (s, 10 H, Cp); 5.45
(s, 1 H, C®H); 4.94, 4.69, 4.59, 4.55 (m, 4 H, CsHa); 4.46, 3.75 (s, 3 H, NMe); 4.47, 4.31 (s, 5 H, Cp™);
3.98, 3.84 (s, 3 H, OMe). *C{*H} NMR (acetone-ds): &/ppm = 255.2 (u-CO); 228.4 (C); 210.4 (CO);
201.8 (C%); 159.8, 139.5, 126.7, 122.6, 114.6, 114.4 (CgHy); 108.7 (ipso-CsHy); 91.9, 88.0, 87.6 (Cp);
72.1, 70.2, 68.9, 67.6 (CsHa); 69.6, 69.4 (Cp™); 56.1, 55.9 (C?); 55.2, 54.1 (OMe); 52.2, 45.9 (NMe).
Trans-[2b]JCF5SOs. *H NMR (acetone-dg): 8/ppm = 7.58 (d, 3J = 8.9 Hz, 2 H, CgHy); 7.07 (d, 3J = 8.6
Hz, 2 H, CsHa); 4.98, 4.91(s, 10 H, Cp); 4.45 (s, 3 H, NMe); 4.23 (s, 5 H, Cp™); 3.82 (s, 3 H, OMe).

BC{*H} NMR (acetone-dg): &/ppm = 89.8 (Cp); 46.9 (NMe). Cis-E/cis-Z/trans-E ratio = 10:5:3.

Chart 3. Structure of [2c]".
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From [1c]CF3SO3. Dark-brown solid, yield 75%. Anal. calcd. for C37H30F3FesNOsS: C, 53.85; H, 3.66;
N, 1.70; S, 3.89. Found: C, 53.71; H, 3.61; N, 1.62; S, 3.80.HR-ESI-MS: [M]'m/z =
676.03146(theoretical for [CasHaoFesNO,]": m/z = 676.03192; error: -0.7 ppm). IR (CH,Cly): ¥/cm™ =
1987vs (CO), 1814s (u-CO), 1643w-m (C'N). Cis-[2c]CF3SOs."H NMR (acetone-dg): 8/ppm =8.40-
7.40 (m, 7 H, CyoH-); 5.62, 5.30, 5.22, 5.20 (s, 10 H, Cp);5.77, 5.61 (s, 1 H, C°H); 4.96, 4.90, 4.76,
471, 4.69, 4.68, 4.64, 4.55(m, 4 H, CsH.); 4.66, 3.91 (s, 3 H, NMe);4.48, 4.30 (s, 5 H, Cp™).BC{*H}
NMR (acetone-ds): &/ppm =254.9, 254.4 (u-CO); 230.0, 228.5 (C1);210.6, 210.4 (CO); 203.2, 202.3
(C%); 144.0-116.0 (C1oH-); 109.1, 108.7 (ipso-CsHa); 92.0, 91.9, 88.1, 87.6 (Cp); 72.3, 72.2, 68.9, 68.9,
68.3, 68.1, 67.6, 67.1 (CsH4); 69.6, 69.4 (Cp™); 56.4, 56.2 (C?);53.8, 45.8 (NMe).Trans-
[2c]CF5S0s.'"H NMR (acetone-ds): &/ppm =8.50-7.40 (m, 7 H, C1oHy); 5.18, 5.05, 4.97, 4.69 (s, 10 H,
Cp);4.66, 4.17 (s, 3 H, NMe):4.48, 4.21 (s, 5 H, Cp™).BC{*H} NMR (acetone-dg): &/ppm =228.4,
226.5 (C');209.5 (CO); 199.6 (C%); 144.0-116.0 (C1oH-); 90.1, 89.9, 89.8, 89.7 (Cp);70.3, 70.2 (Cp™);

52.6, 52.2 (C?);52.1, 46.8 (NMe).Cis-E/trans-Z/cis-Z/trans-E ratio = 10:2:6:3.

Chart 4. Structure of [2d]".
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From [1d]CF3SOs. Dark-green solid, yield94%. Anal. calcd. for C34H30F3FesNOsS: C, 51.74; H, 3.83;
N, 1.77; S, 4.06. Found: C, 51.50; H, 3.91; N, 1.67; S, 4.11. HR-ESI-MS: [M]'m/z = 640.03138
(theoretical for [CasHsoFesNO,]": m/z = 640.03192; error: -0.8 ppm).IR (CH,Cl,): d/cm™ = 1987vs
(CO), 1808s (u-CO), 1666w-m (CN). Cis-[2d]CF3;SO03.*H NMR (acetone-ds): 8/ppm = 7.55-7.30 (m,
5 H, Ph); 5.71, 5.60 (d, 2Juu = 14 Hz, 2 H, CHy); 5.53, 5.48, 5.22, 5.20 (s, 10 H, Cp); 5.53,5.23 (s, 1 H,
C’H); 4.96, 4.94, 4.74, 4.71, 457, 4.56, 4.48, 4.42 (m, 4 H, CsHa); 4.43, 4.34 (s, 5 H, Cp™); 4.01, 3.20
(s, 3 H, NMe)."*C{*H} NMR (acetone-ds): &/ppm =257.3, 255.9 (u-CO); 226.1 (C');210.6 (CO); 202.1,
201.4 (C®); 133.3, 132.9, 129.4-128.8 (Ph); 108.7, 108.6(ipso-CsH4);91.8, 91.8, 87.6 (Cp); 72.4, 70.0,
69.0, 68.9, 68.1, 67.3, 67.3 (CsHa); 69.5, 69.5 (Cp™); 61.4, 61.4 (CH,); 54.5, 54.3 (C?); 47.6, 42.9
(NMe).Trans-[2d]CF3SO3.*H NMR (acetone-dg): &/ppm =7.55-7.30 (m, 5 H, Ph); 5.65-5.56 (m, 2 H,
CHy); 4.99, 4.88 (s, 10 H, Cp); 4.42 (s, 5 H, Cp™); 4.05, 3.47 (s, 3 H, NMe).**C{*H} NMR (acetone-
dg):8/ppm = 253.5 (u-C0);224.6 (C");210.0 (CO); 199.4 (C°); 133.5, 129.4-126.7 (Ph);89.9, 89.8, 89.6,
89.5 (Cp); 70.0 (Cp™); 62.7 (CH,);50.8, 50.3 (C?);47.6, 44.3 (NMe).Cis-E/trans-Z/cis-Z/trans-E ratio =

10:1:6:3.

Chart 5. Structure of [2e]".

34



From [1e]CF3;SOg3. Dark-green solid, yield94%. Anal. calcd. for Ca3HssF3FesNOsS: C, 50.73; H, 4.39;
N, 1.79; S, 4.11. Found: C, 50.62; H, 4.40; N, 1.85; S,4.03.HR-ESI-MS: [M]'m/z = 632.06323
(theoretical for [CaHzsFesNO,]*: m/z = 632.06322; error: 0.0 ppm). IR (CH,Cly): ¥/cm™ = 1988vs
(CO), 1809s (u-CO), 1656m (C'N).Cis-[2e]CF3SOs."H NMR (acetone-dg): &/ppm = 5.46, 5.43 (s, 5 H,
Cp); 5.4, 5.34 (s, 1 H, C*H); 5.19, 5.15 (s, 5 H, Cp’); 5.00-4.97 (m), 3.74 (tt, *Jus = 11.9, 3.7 Hz) (1
H, NCH®); 4.94, 4.90 (dt, J = 2.5, 1.2 Hz, 1 H), 4.71 (dt, J = 3.4, 1.2 Hz, 1 H), 4.60-4.54 (m, 2 H)
(CsHa); 4.40, 4.38 (s, 5 H, Cp™); 3.99, 3.30 (s, 3 H, NMe); 2.31 (d), 2.00-1.15 (m) (10 H, CH®);Z/E
ratio = 1.2. *C{*H} NMR (acetone-ds): &/ppm = 257.1, 256.0 (n-CO); 224.1, 223.5 (C*); 210.8, 210.6
(CO); 201.4, 201.3 (C°); 108.7, 108.4, (ipso-CsHa); 91.7, 91.6, 87.6, 87.3 (Cp); 75.3, 68.2 (CH®Y); 72.4,
72.3, 68.9, 68.8, 68.0, 67.8, 67.4, 67.2 (CsH,); 69.5, 69.4 (Cp™); 53.9, 53.0 (C?); 43.2, 38.2 (NMe);
30.0, 29.9, 29.8, 29.8, 25.2, 24.8, 24.7, 24.6, 24.5 (CH,"). Trans-[2e]CF3SO3."H NMR (acetone-ds):
8/ppm = 5.86, 5.79 (s, 1 H, C*H); 4.96, 4.95 (s, 5 H, Cp); 4.85, 4.84 (s, 5 H, Cp’); 4.41 (s, Cp™); 4.05,
3.50 (s, 3 H, NMe); E/Z ratio = 1.7. *C{*H} NMR (acetone-dg): &/ppm = 90.2, 89.8, 89.6, 89.4 (Cp);
70.2, 70.1 (Cp®); 40.3 (NMe). trans-E/cis-E/trans-Z/cis-Z ratio = 7:40:4:49.

Following a finer chromatographic purification using neat THF as eluent, a smallamount of Eisomers

was isolated as a dark-green solid.Cis-Z-[2e]CF3SOs."H NMR (acetone-dg): &/ppm = 5.45 (s, 1 H,
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C2H); 5.45, 5.17 (s, 10 H, Cp); 4.97, 4.92, 4.73, 457 (m, 4 H, CsH,); 4.58 (m, 1 H, CH®); 4.42 (s, 5 H,
Cp™): 3.31 (s, 3 H, NMe); 2.33, 2.10-1.20 (m, 10 H, CH,®). *C{'H} NMR (acetone-ds): &/ppm =
257.0 (u-CO); 223.5 (C1); 210.5 (CO); 201.4 (C%); 91.6, 87.3 (Cp); 72.4, 68.9, 68.1, 67.2 (CsH.); 69.5
(Cp™); 67.8 (CH®): 54.0 (C?:; 43.1(NMe); 29.9, 29.8, 252, 248, 247 (CH,%). Trans-Z-
[2e]CF3SOs."H NMR (acetone-dg): 8/ppm = 4.97, 4.85(s, 10 H, Cp); 3.51 (s, 3 H, NMe)."*C{'H} NMR

(acetone-ds): &/ppm = 89.8, 89.4 (Cp); 70.2 (Cp™©);43.0 (NMe).Cis-Z/trans-Z ratio = 10.

Chart 6. Structure of [2f]".

From [1f]CF3SOs. Dark-green solid, yield 82%. Anal. calcd. for C3oHagF3FesNOsS: C, 48.75; H, 3.82;
N, 1.90; S. 4.34. Found: C, 48.66; H, 3.91; N, 1.87; S, 4.26. HR-ESI-MS: [M]"'m/z = 590.01680
(theoretical for [CagH2sNFes0,]": m/z = 590.01627; error: 0.9 ppm). IR (CH,Cl,): ¥/cm™ = 1988vs
(CO), 1809s (u-CO), 1671m (C'N). Cis-[2f]CF3S0;. *H NMR (acetone-dg): &/ppm =6.10, 5.79 (ddt,
$Jnrrans = 16.9 Hz, *Juncis = 10.2 Hz, *Juy = 6.1 Hz, 1 H, CH=CH,); 5.49, 5.48, 5.20, 5.19 (s, 10 H,
Cp); 5.46, 5.41 (s, 1 H, C?*H); 5.45-5.30 (m, 2 H, CH=CH,); 5.09 (dd, 2Juy = 14.3 Hz, ®Jy = 6.8 Hz, 1
H, NCHy); 5.00-4.90 (m, 1 H, NCHy); 4.93, 4.73, 4.59, 4.58, 4.31, 4.29 (m, 4 H, CsHy); 4.42, 4.40 (s, 5
H, Cp™); 4.00, 3.36 (s, 3 H, NMe). *C{*H} NMR (acetone-dg): 8/ppm = 256.9, 256.1 (n-CO); 225.8

(CY; 210.6 (CO); 201.5, 201.3 (C%); 130.8, 130.0 (CH=CH,); 121.6, 121.5 (CH=CH.); 108.6, 108.5
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(ipso-CsHy); 91.6, 91.6, 87.5, 87.4 (Cp); 72.3, 68.9, 68.1, 67.2, 66.9 (CsHy); 69.5 (Cp™); 60.3 (NCHy);
54.4,54.2 (C?); 47.7, 41.8 (NMe). Trans-[2f]CF5SOs. *H NMR (acetone-dg): &/ppm = 4.99, 4.98, 4.88,
4.87 (s, 10 H, Cp); 4.05, 3.57 (s, 3 H, NMe). *C{*H} NMR (acetone-ds): &/ppm = 89.8, 89.8, 89.5,
89.4 (Cp); 70.2, 70.1 (Cp™). Cis-E/trans-Z/cis-Z/trans-E ratio = 10:1:7:2.

Following a finer chromatographic purification using a CH,Cl,/THF mixture (3:1 v/v) as eluent, a
small amount of Z isomers was isolated as a dark-green solid. Cis-Z-[2f]CF3SOs. *H NMR (acetone-
ds): 8/ppm = 6.09 (m, 1 H, CH=CH,); 5.64 (d, *Jun.wrans = 17.2 Hz, 1 H, CH=CH,); 5.53 (d, Jncis =
10.4 Hz, 1 H, CH=CH,); 5.48 (s, 1 H, C?H); 5.48, 5.19 (s, 10 H, Cp); 5.09 (dd, 2Juy = 14.4 Hz, %)y =
6.1 Hz, 1 H, NCH,); 4.95 (m, 1 H, NCH,); 4.93, 4.73, 4.59, 4.58 (m, 4 H, CsH,); 4.42 (s, 5 H, Cp");
3.36 (5, 3 H, NMe). *C{*H} NMR (acetone-ds): &/ppm = 256.7 (u-CO); 225.8 (C*); 210.5, (CO); 201.5
(C%); 130.8 (CH=CHy); 121.4 (CH=CH,); 91.7, 87.4 (Cp); 72.3, 68.9, 68.1, 67.2 (CsHs); 69.5 (Cp"™);
60.3 (NCH,); 54.5 (C?); 47.7 (NMe). Trans-Z-[2f]CFsSOs: *H NMR (acetone-dg): &/ppm = 4.98, 4.87
(s, 10 H, Cp); 3.57 (s, 3 H, NMe). *C{*H} NMR (acetone-dg): 8/ppm = 89.8, 89.4 (Cp); 70.2 (Cp™°);

61.6 (NCH,); 54.3 (C?); 47.3 (NMe). Cis-Z/trans-Z ratio = 5.

Chart 7. Structure of [2g]".
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From [1g]CF3SOs3. Dark-green solid, yield 80%. Anal. calcd. forCsoHs4FsFesNOsS: C, 55.52; H, 3.96;

N, 1.62; S. 3.71. Found: C, 55.70; H, 4.02; N, 1.68; S,3.60. HR-ESI-MS: [M]'m/z =
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716.06323(theoretical for [CagHssFesNO,]™: m/z = 716.06322; error: 0.0 ppm). IR (CH.Cl,): ¥/cm™ =
19865 (CO), 1809s (u-CO), 1638m (C'N). *H NMR (acetone-dg): 8/ppm = 7.53-7.47 (m, 5 H), 7.42-
7.35 (M, 3 H), 7.23-7.16 (m, 2 H) (Ph); 5.95, 5.92 (d, 2Jun = 15 Hz, 1 H); 5.64, 5.62 (d, iy = 15 Hz, 1
H) (NCH,); 5.54, 4.91 (s, 5H, Cp); 5.26, 4.73 (s, 5 H, Cp’); 5.16* (s, 1 H, C?H); 4.97-4.95, 4.93-4.91
(M, 1 H), 4.72-4.71, 4.68-4.66 (M, 1 H) (CsH.); 4.59, 4.55 (s, 1 H, NCH,’); 4.57-4.54 (m, 1 H, CsH.);
453, 450 (s, 1 H, NCH,’); 4.42 (dt, J = 2.5, 1.3 Hz, 1 H, CsHa); 4.40, 4.27 (s, 5 H, Cp™). Cis/trans
ratio = 6.5. *Isochronous for both isomers. *C{*H} NMR (acetone-dg): &/ppm = 256.6 (u-CO); 227.2
(CH: 210.5, (CO); 202.2 (C%); 133.0, 132.7, 129.6, 129.5, 129.2, 129.0 (Ph); 109.0 (ipso-CsHa); 92.1,

89.9, 89.7, 87.7 (Cp); 72.5, 69.8, 68.4, 67.4 (CsHa); 70.0, 69.8 (Cp™): 62.7, 61.1 (CH,): 54.8 (C?).

Chart 8. Structure of [2h]*.2°

From [1Lh]CF3;SOs. Green solid, yield 93%. Anal. calcd. for CygHasF3FesNOsS: C, 47.16; H, 3.67; N,
1.96: S, 4.50. Found: C, 47.28; H, 3.76; N, 2.01; S, 4.41. IR (solid state): %/cm™ = 3103br-w, 2941vw,
1973s (CO), 1797s (u-CO), 1683m (C'N), 1453w, 1435w, 1417w-m, 1384w, 1360w, 1260vs, 1223m-
s, 1150s, 1106w-m, 1058w-m, 1045w-m, 1029vs, 1003sh, 828br-s, 784m, 754w-m, 677m-s, 653w.

IR(CH,Cl,): ¥/cm™ = 1988vs (CO), 1805s (u-CO), 1690w-m (C'N). *H NMR (acetone-dg): &/ppm =
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5.47,5.16, 4.98, 4.86 (s, 10 H, Cp); 5.39 (s, 1 H, C?H): 4.93, 4.73, 4.58, 4.56 (M, 4 H, CsHJ): 4.43, 4.41

(s, 5 H, Cp™); 4.07, 4.03, 3.64, 3.44 (s, 6 H, NMe,). Cis/trans ratio = 5.

Chart 9. Structure of [2i]".°

From [Li]CF3SOs. Green-brown solid, yield 81%. Anal. calcd. for CssH3oFsFesNOsS: C, 52.34; H,
4.02; N, 1.74; S, 3.99. Found: C, 52.20; H, 4.11; N, 1.67; S, 4.10. Yield: 230 mg, 81%. IR (CH,Cl,):
d/cm™ = 2000vs (CO), 1816s (u-CO), 1629m (C'N). *H NMR (acetone-dg): &/ppm = 7.35-7.10 (m, 3
H, CsHs); 5.65, 5.37 (s, 10 H, Cp); 5.00 (s, 1 H, CH); 4.98, 4.69, 4.52, 4.30 (s, 4 H, CsH,); 4.43 (s, 3

H, NMe); 4.23 (s, 5 H, Cp™); 2.51, 1.89 (s, 6 H, CgHsMey).

[Fe,Cp,(CO)(p-CO){p-n":n*-C3(Fc)C*HC NMe,}NOs, [2h]NO; (Chartll).

Chart 10. Structure of [2h]".
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A solution of [1h]NO3 (200 mg, 0.450 mmol) in acetonitrile (15 mL) was treated with Me3sNO (44 mg,
0.59 mmol), and the resulting mixture was stirred for 2 hours. The complete conversion of [1h]NO;
into the acetonitrile adduct [Fe,Cp,(CO)(u-CO)(NCMe){u-CNMe;}JNO3; was checked by IR
spectroscopy [IR (MeCN): d/cm™ = 1984vs (CO), 1812s (u-CO), 1589m (u-CN)].The volatiles were
removed under vacuum, thus the dark brown residue was dissolved into dichloromethane (20 mL). The
dichloromethane solution was treated with ethynylferrocene (125 mg, 0.595 mmol), and the mixture
was stirred at room temperature for 72 hours. The final solution was charged on an alumina column. A
fraction corresponding to the title product was collected using a MeCN/MeOH mixture (95:5 v/v) as
eluent. Removal of the solvent under reduced pressure afforded a solid which was dissolved in the
minimum volume of CH,Cl,; subsequent addition of hexane (30 mL) allowed the precipitation of a
powder, which was dried under vacuum and stored in air. Dark-green solid, yield 203 mg (72%). Anal.
calcd. for Cy7HasFesN20Os: C, 51.80; H, 4.19; N, 4.47. Found: C, 51.68; H, 4.23; N, 4.46.HR-ESI-MS:
[M]"'m/z = 563.99894 (theoretical for [C;H26FesNO,]": m/z = 564.00062; error: -3.0 ppm).IR (solid
state): ¥/cm™ = 3358br, 3086w-m, 2973w, 2935w, 2868w, 2209w, 2172w-m, 1960vs (CO), 1787vs (p-
CO), 1686s (ClN), 1634sh, 1449w, 1435w, 1415m, 1381m, 1338br-s (NO;3’), 1261w, 1226w-m,
1191w, 1143w, 1116sh, 1105m, 1043m, 1023m, 1002m, 948vw, 830s, 783m-s, 729w, 676m-s,
652wW.IR (CH,Cly): o/cm™ = 1987vs (CO), 1805s (u-CO), 1692m (C'N). *H NMR (acetone-d): &/ppm

=5.51, 5.15, 4.96, 4.89 (s, 10 H, Cp): 5.45 (s, 1 H, C?H); 4.95, 4.70, 4.55 (M, 4 H, CsHa): 4.45, 4.44 (s,
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5 H, Cp™); 4.07, 4.03, 3.62, 3.47 (s, 6 H, NMe)."*N NMR (acetone-dg): 8/ppm = -1.5 (s, Avy;, = 126

Hz, NOj3"). Cis/trans ratio = 5.

Synthesis of [Fe,Cp2(CO)(p-COXp-n*:n3-C3(Fc)C?HC(CN)NMe,}], 3(Chart 12).

Chartl1. Structure of 3.

A solution of [2h]CF3SO;3 (250 mg, 0.351 mmol) in CH.CIl, (20 mL) was treated with
tetrabutylammonium cyanide (113 mg, 0.421 mmol), and the mixture was stirred at room temperature
for 45 minutes, under the protection of N, atmosphere. The final mixture was charged on an alumina
column, and subsequent chromatography was carried out under N, atmosphere.Thus, hexane and
hexane/diethyl ether mixtures were used to elute impurities, then a brown fraction corresponding to 3
was collected with diethyl ether. Solvent evaporation afforded an oily residue. Dissolution into CH,ClI,
(ca. 5 mL) followed by pentane addition (ca. 20 mL) allowed to obtain a dark-brown air-stable powder,
which was dried under vacuum. Yield 145 mg, 70%. Anal. calcd. for CygHasFesN,O2: C, 56.99; H,
4.44; N, 4.75. Found: C, 56.85; H, 4.58; N, 4.69. HR-ESI-MS: [M+H]'m/z = 591.01075 (theoretical for
[CogHosFesN,0,+H]*: m/z = 591.01152; error: -1.3 ppm). IR (CH,Cl,): 9/cm™ = 2188m (C=N), 1967vs
(CO), 1787s (u-CO). *H NMR (acetone-ds): 8/ppm = 5.42 (s, 1 H, C?H); 4.87, 4.72 (s, 10 H, Cp); 4.86,
4.61, 4.48, 4.34 (M, 4 H, CsHa); 4.39 (s, 5 H, Cp™); 2.33, 1.80 (s, 6 H, NMe,).”*C{"H}NMR (acetone-
dg): 8/ppm = 264.0 (u-CO); 213.8 (CO); 194.9 (C®); 120.1 (C=N); 111.9 (ipso-CsH,); 89.5, 85.7 (Cp);

83.3 (C?); 72.3, 67.4, 67.3, 66.8 (CsHa); 68.9(Cp™™); 65.9 (C'); 49.1, 41.6 (NMe,). Crystals suitable for
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X-ray analysis were collected by slow diffusion of pentane into a dichloromethane solution of 3, settled

aside at —30°C.

Synthesis of [FeCp(CO){C*'N(Me)(Xyl)C*HC3(Fc)C(=0)}], 4 (Chart 13).%°

Chart 12. Structure of 4.

An optimised procedure with respect to the literature is reported. A solution of [2i]CF3;SO3 (256 mg,
0.319 mmol) in THF (15 mL) was treated with pyrrolidine (0.26 mL, 3.1 mmol). The mixture was left
stirring for 19 hours, during which progressive colour turning from brown to red and then to violet was
observed. The final solution was filtered on an alumina pad by using THF as eluent. The volatiles were
removed under reduced pressure. The resulting residue was dissolved in CH,Cl,, and some alumina
was added to the solution. After solvent removal under reduced pressure, the solid residue was charged
on an aluminacolumn. Hexane and hexane/diethyl ether mixtures were used to elute impurities. A
violet band corresponding to 4 was collected with CH,Cl,. Solvent evaporation afforded an oily
residue, which was dissolved in CH,Cl; (ca. 3 mL) and treated with pentane (ca. 20 mL). The product
was obtained as a violet powder upon removal of the solvent under vacuum. Yield 120 mg (71%).
Anal. calcd. for CyHy7Fe;NO,: C, 65.32; H, 5.10; N, 2.63. Found: C, 65.12; H, 5.18; N, 2.71. IR
(CH,Cly): d/ecm™ = 1913vs (CO), 1593m (COqy). IR (THF): d/cm™ = 1914vs (CO), 1595m (COqqy).
'H NMR (acetone-dg): 8/ppm = 7.35-7.28 (m, 3 H, CeHs); 6.82 (s, 1 H, C?H); 4.85, 4.48, 4.36, 4.33 (m,

4 H, C5H4); 4.70, 4.03 (S, 10 H, Cp), 3.88 (S, 3 H, NMe); 2.30,2.21 (S, 6 H, C6H3Me2).
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3) X-ray crystallography.

Crystal data and collection details for [2a]CF3;SO3; and 3 are reported in Table 6. Data were recorded
on a Bruker APEX Il diffractometer equipped with a PHOTON100 detector using Mo-Ka radiation.
Data were corrected for Lorentz polarisation and absorption effects (empirical absorption correction
SADABS).>* The structures were solved by direct methods and refined by full-matrix least-squares

based on all data using F2.>> Hydrogen atoms were fixed at calculated positions and refined by a riding

model. All non-hydrogen atoms were refined with anisotropic displacement parameters.

Table 6. Crystal data and measurement details for [2a]CF;SO; and 3.

[2a]CF3S03 3

Formula C34H29C|F3Fe3NO5S ngHzeFe3N202
FW 823.64 590.06
T, K 100(2) 100(2)
2, A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/c P2;/n
a, A 13.9821(11) 9.9211(7)
b, A 15.0395(12) 18.5237(13)
c, A 14.8640(11) 13.2560(9)
Be 98.152(3) 94.731(2)
Cell Volume, A3 3094.1(4) 2427.8(3)
7 4 4
DC! g.cm_3 1.768 1.614
Hﬂ rnrn_1 1.606 1.798
F(000) 1672 1208
Crysta| Size’ mm 0.25x0.18x0.12 0.16x0.15x0.12
0 limits,° 1.936-25.998 1.893-25.995
Reflections 41387 30955
collected
Independent 6091 [Ri; = 0.1119] 4770 [Rin; = 0.0634]
reflections
Data / restraints 6091 /40/ 441 4770/6/318
/parameters
Goodness on fit 1.038 0.990
on F?
R: (I > 20(1) 0.0418 0.0458
WR; (all data) 0.1167 0.1257

1.045/-0.518 1.742 / -0.911

Largest diff. peak
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and hole, e A®

4) Solubility and stability in aqueous media, carbon monoxide release (Table 2)

a) Solubility in water (D,0). Each iron compound was added to a D,O solution (0.7 mL) of Me,SO; (c
=3.3-10° mol-L'") and the resulting mixture was stirred at 21 °C for 30 minutes. The saturated solution
was filtered over celite, transferred into an NMR tube and analysed by *H NMR spectroscopy. The
concentration (i.e., solubility) was calculated by the relative integral with respect to Me,SO; as internal

standard [&/ppm = 3.06].

b) Stability in water/methanol and water/DMSO solution. Solutions of [2a-i]* were prepared by
dissolving the analysed compound (ca. 4 mg) in CD3;OD (0.5 mL), then adding a D,O solution (0.5
mL)containing Me,SO, as internal standard. A 3:1 v/v CD30D/D,0 solution was prepared for 3 and 4.
The final mixture was filtered over celite, and the solution was transferred into an NMR tube. The
solution was analysed by *H NMR and subsequently heated at 37 °C for 72 h. After cooling to room
temperature, the final solutions were separated from a minor amount of brown precipitate by celite
filtration and analysed by *H NMR. The residual amount of starting material was calculated with
respect to Me,SO,. Datarelated to the complexesat 0 h are reported in the Supporting Information and
referenced to the Me,SO; peak as in pure CD3sOD [d8/ppm = 3.14]. Analogous experiments were carried

out with D,O/DMSO-dg mixtures.

c) Stability in cell culture medium/methanol solution. Deuterated cell culture medium (DMEM-d) was
prepared using powdered DMEM cell culture medium (1000 mg/L glucose and L-glutamine, without
sodium bicarbonate and phenol red; D2902 - Merck), D,O (10 mg/mL), Me,SO; as internal standard
(6.6-10° M) and NaH,PO, / Na,HPO, as buffer (0.10 M, pD = 7.5%°). Solutions of ironcomplexes were

prepared, treated and analysedby NMR as described at point b).
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d) CO release in water/methanol solution.In a 15x45 mm screw neck glass vial (5.0 mL total volume),
the selected compound was accurately weighted (ca. 4 mg), dissolved in the appropriate MeOH/water
mixture as in the related NMR experiments (4.0 mL total liquid volume; Ccomplex= 1.2:107% mol-L™).
Next, the vial was sealed with a PTFE/silicone septum screw cap and maintained at 37 °C for 24 h, by
full immersion into a thermostated water bath. After cooling to room temperature, the headspace was
sampled with a gas-tight microsyringe (250 uL) and analysed by GC-TCD. Measurements were
performed in duplicate or triplicate for each compound. The amount of carbon monoxide (nco, mmol)
was calculated based on a calibration curve obtained from analyses of known CO/air mixtures (0.1-1.0
mmol-L™%), assuming ideal gas behaviour. The number of equivalents of carbon monoxide released

(edco = Nco/Neomplex) Was calculated with respect to the initial amount of the complex.

5) Determination of partition coefficients (Log Pow)

Partition coefficients (Pow), defined as Pow = Corg/Cag, Where Corg and caq are the molar concentrations of
the selected compound in the n-octanol and aqueous phases, respectively, were determined by the
shake-flask method and UV-Vis measurements, according to a previously described procedure.’’All
the operations were carried out at 21+1°C. The wavelength of the maximum absorption of each
compound in the 280-360 nm range was used for UV-Vis quantitation. Log P, values are compiled in

Table 2.

6) Electrochemistry

Cyclic voltammetry measurements were performed with a PalmSens4 instrument interfaced to a
computer employing PSTrace5 electrochemical software. All potentials refer to FeCp,. HPLC grade
DMSO (Merck) was stored under Ar over 3A molecular sieves. [N"Bu,]PFs (Fluka, electrochemical

grade) and FeCp, (Fluka) were used without further purification. CV measurements were carried out
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under Ar using 0.1 M [N"Bu4]PFs in DMSO as the supporting electrolyte. The working and the counter
electrodes consisted of a Pt disk and a Pt gauze, respectively, both sealed in a glass tube. An Ag/AgCl,
KCI sat electrode was employed as a reference. The three-electrode home-built cell was pre-dried by
heating under vacuum and filled with argon. The Schlenk-type construction of the cell maintained
anhydrous and anaerobic conditions. The solution of supporting electrolyte, prepared under argon, was
introduced into the cell and the CV of the solvent was recorded. The analyte was then introduced and
voltammograms were recorded. Under the present experimental conditions, the one-electron reduction
of ferrocene occurred at E° = +0.56 V vs Ag/AgCl, KCI sat. Phosphate buffer solutions
(Na;HPO4/KH,PO,4, XcPO, = 50 mM, pH = 6.7) were prepared in ultrapure H,O and used as
supporting electrolytes for the measurements in aqueous media at a Teflon encapsulated carbon-glassy
working electrode. Prior to measurements, the glassy carbon working electrode was polished according
to the following procedure: manual rubbing with 0.3 um Al,Os slurry in water (eDAQ) for 2 min, then
sonication in ultrapure water for 10 min, manual rubbing with 0.05 um Al,Og3 slurry in water (eDAQ)
for 2 min, then sonication in ultrapure water for 10 min. The supporting electrolyte was introduced into
the electrochemical cell and deaerated by argon bubbling for some minutes.Infrared (IR)
spectroelectrochemical measurements were carried out using an optically transparent thin-layer
electrochemical (OTTLE) cell equipped with CaF, windows, platinum mini-grid working and auxiliary
electrodes and silver wire pseudo-reference electrode.”® During the microelectrolysis procedures, the
electrode potential was controlled by a PalmSens4 instrument interfaced to a computer employing
PSTrace5 electrochemical software. Argon-saturated DMSO solutions of the analysed compound,
containing [N"Bus]PFs 0.1 M as the supporting electrolyte, were used. The in situ
spectroelectrochemical experiments were performed by collecting IR spectra at fixed time intervals
during the oxidation or reduction, obtained by continuously increasing or lowering the initial working

potential at a scan rate of 1.0 mV/sec.
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7)Cell culture and cytotoxicity studies

In vitro cytotoxicity investigations were carried out by using human ovarian carcinoma cisplatin-
sensitive A2780 (ECACC93112519), human ovarian carcinoma cisplatin resistant A2780cisR (ECACC
93112517), human pancreas adenocarcinoma BxPC-3 (ATCC CRL-1687) and mouse embryo
fibroblasts Balb/3T3 clone A31 (ATCC CCL-163) cell lines. A2780 and A2780cisR were purchased
from the European Collection of Authenticated Cell Cultures (ECACC), and BxPC-3 and Balb/3T3
clone A31 cell lines from the American Type Culture Collection (ATCC). The cell lines were
propagated as indicated by the supplier in RPMI 1640 (Merck- A2780, A2780cisR and BxPC-3)
containing 2 mM of L-glutamine (Merck), 1% of penicillin/streptomycin solution (Merck-10,000 U ml-
1:10 mg ml-1), 10% of foetal bovine serum (Merck-FBS) and antimycotic. The acquired resistance of
A2780cisR cells was maintained by routine supplementation of media with 1 uM of cisplatin and the
BxPC-3 medium was also supplemented with 1% of sodium pyruvate (Merck). Balb/3T3 clone A31
cells were routinely cultured in Dulbecco’s modified Eagle medium (Merck-DMEM) supplemented
with 4 mM of L-glutamine, 1% of penicillin/streptomycin solution, 10% of calf serum (Merck) and
antimycotic. The cells were maintained under standard tissue culture conditions of 37°C and 5%
atmosphere of CO,. A2780, A2780cis, BxPC-3 and Balb/3T3 clone A31 cells were seeded into 96-well
culture plates at a concentration of 3-10°, 6:10° 7-10° and 1-10% cells per well, respectively. Stock
solutions of compounds were prepared in DMSO and were diluted in medium; the solutions were
sequentially diluted to give a final DMSO concentration of <1% and a final compound concentration
range (0—100 uM).After overnight incubation, the cells were treated with different concentrations (0—
100 uM) of the selected compounds for 72 hours. Then the cell viability was investigated by means of
WST-1 tetrazolium salt reagent. Briefly, the cells were incubated for 4 hours with WST-1 reagent
diluted 1:10, at 37°C and 5% CO,. Measurements of formazan dye absorbance were carried out with a

microplate reader (Biorad, Milan, Italy) at 450 nm, using 655 nm as the reference wavelength. The

47



50% inhibitory concentration of tested compound (ICsg) refers to the concentration at which 50% of
cell death is observed with respect to the control. All the in vitro biological tests were performed in
triplicate. Concentration effect curves were generated by nonlinear regression curves (GraphPad Prism)

and the data are reported as mean * standard deviation.

8) Iron uptake assessment

A2780 and Balb/3T3 clone A31 cells were allowed to proliferate for 24 h before being incubated for 24
h in a complete medium containing 10 uM of [2a]CF3S0s3, [2f]CF3SO3; and [2h]NOs3, respectively. At
the end of the uptake period, cells were quickly washed three times with DPBS, collected, counted and
gently spun down (400 g for 5 min), and processed for subsequent ICP-AES analysis.The
determination of metal concentration in the selected cancer cell line was performed according to a well-

established protocol®*®°

using a Varian 720-ES inductively coupled plasma atomic emission
spectrometer (ICP-AES) equipped with a CETAC U5000 AT+ ultrasonic nebuliser, to increase the
method sensitivity. Each sample of the cellular pellet was recovered in a PE vial and mineralised in a
thermo-reactor at 80 °C for 8 h with 2 mL of 50% v/v diluted aqua regia (HCI suprapure grade and
HNO;3 suprapure grade in a 3:1 ratio) in Milli-Q water (>18 MQ - cm). After that time, the samples
were cooled down to room temperature and further diluted with 4 mL of ultrapure water (>18 MQ -
cm). All the samples were spiked with 1 ppm of Ge used as an internal standard and analysed.
Calibration standards were prepared by gravimetric serial dilution from a commercial standard solution
of iron at 1000 mg-L™". The wavelength used for iron was 238.204 nm, whereas for Ge the line at
209.426 nm was used. The operating conditions were optimised to obtain maximum signal intensity

and, between each sample, a rinsed solution of HCI suprapure grade and HNOj3 suprapure grade at a 3:1

ratio was used to avoid any “memory effect”. The iron content normally presents in the cells was
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determined using non-treated cells and subtracted to all the other samples. Finally, iron concentration

was normalised to the cell number.

9) ROS production

The intracellular increase of reactive oxygen species (ROS) upon treatment of the analysed compounds
was measured by using the DCFH-DA (2',7'-dichlorodihydrofluorescein diacetate, Merck) assay, based
on cellular uptake of the non-fluorescent diacetate following deacetylation by esterases (2',7'-
dichlorodihydrofluorescein, DCFH) and oxidation to the fluorescent dichlorofluorescein (2',7'-dichloro-
fluorescein, DCF). A2780, A2780cisR and Balb/3T3 clone A31 cells were seeded at a concentration of
4.10% 4-10* and 2-10* cells/well/90 pL of complete growth medium into 96-well plates, respectively.
After overnight incubation, the cells were treated following manufacturer protocol. The culture medium
was supplemented with 100 mL of a solution containing the fluorogenic probe and cells were incubated
with 5% CO, at 37 °C. After 1 h, cells were exposed with a final concentration of 10 uM of the tested
compound and 5% CO, at 37 °C; H,0, and menadione 100 pM®* were used as a positive control. Stock
solutions of compounds were prepared as described above; cells incubated with
comparableconcentration of DMSO in supplemented cell culture medium were used as negative
control. The fluorescence was measured up to 24 hours with an excitation wavelength of 485 nm and
with a 535 nm emission filter by Multilabel Counter (PerkinEImer, Waltham, USA). The analyses were
conducted in triplicate and experimental data were reported as mean + SD. Statistical differences were
analysed using one-way analysis of variance (ANOVA), and a Tukey test was used for post hoc

analysis. A p-value <0.05 was considered statistically significant.

10) Interaction with biomolecules.
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a) Sample preparation.All the selected proteins and the oligonucleotide ODN2 were purchased from
Merck and used as received; the thioredoxin reductase model TrxR-pept was synthesised according to
the literature.*® The stock solutions of the selected iron complexes were freshly prepared in DMSO to a
final concentration of 102 M. Stock solution of TrxR-peptwas prepared in LC-MS grade water by
simply dissolving the required amount of lyophilised peptide to reach a final concentration of 10 M.
Stock solutions of bovine serum albumin (BSA), cytochrome ¢ (Cyt c), hen egg-white lysozyme
(HEWL), ubiquitin (Ub), superoxide dismutase (SOD) and human carbonic anhydrase |1 (hCA 1), were
prepared in 2 mM ammonium acetate solution, pH 6.8, at 10> M. The stock solution of the
oligonucleotide ODN2 was prepared in LC-MS grade water at 10> M.

Regardingthe interaction tests with TrxR-pept, appropriate aliquots of each iron compound and TrxR-
pept stock solutions were mixed and diluted with LC-MS grade water to 10™ M final concentration and
a TrxR-pept/complex ratio of 1.1.

For each [2a]CF3;SOa/protein pair, appropriate aliquots of these stock solutions were mixed and diluted
with 2 mM ammonium acetate solution (pH 6.8) to a final protein concentration of 10* M and a
protein-to-metal complex molar ratio of 1:3.

In the case of [2a]CF3SO3/ODN2 pair, appropriate aliquots of the respective stock solutions were
mixed and diluted with LC-MS grade water to a final ODN concentration of 10 M and an
oligonucleotide-to-metal complex molar ratio of 1:3.

All the mixtures were incubated for 24 h at 37 °C. After the incubation time, opportune dilutions were
performed as follows. TrxR-peptsolutions were further diluted with LC-MS grade water to a final
dodecapeptide concentration of 5-10 ® M, and added with 0.1% v/v of formic acid just before infusion
into the mass spectrometer. The protein solutions were diluted with 2 MM ammonium acetate solution
(pH 6.8) to a final protein concentration of 10°° M, and added with 0.1% v/v of formic acid just before
infusion. The ODN2 solution was diluted with LC-MS grade water to a final concentration of 10> M,

and added with 1% v/v of triethylamine just before infusion.
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b) HR-ESI-MS instrumental parameters. The ESI mass spectra were acquired using a TripleTOF®
5600" high-resolution mass spectrometer (Sciex, Framingham, MA, USA), equipped with a DuoSpray®
interface operating with an ESI probe. ESI mass spectra were acquired through direct infusion at 7 pL
min~' flow rate. The ESI source parameters were optimised for each biomolecule and were as follows:
for TrxR-pept positive polarity, ionspray voltage floating 5500 V, temperature 25 °C, ion source gas 1
(GS1) 35 L-min"; ion source gas 2 (GS2) 0 L-min"; curtain gas (CUR) 20 L min™', declustering
potential (DP) 300 V, collision energy (CE) 10 V, acquisition range 1100-1600 m/z; for BSA positive
polarity, ionspray voltage floating 5500 V, temperature 25 °C, ion source gas 1 (GS1) 45 L-min"'; ion
source gas 2 (GS2) 0 L-min™'; curtain gas (CUR) 12 L-min"', declustering potential (DP) 150 V,
collision energy (CE) 10 V, acquisition range 1000-2600 m/z; for Cyt ¢, HEWL and Ub positive
polarity, ionspray voltage floating 5500 V, temperature 25 °C, ion source gas 1 (GS1) 35 L-min"'; ion
source gas 2 (GS2) 0 L-min™'; curtain gas (CUR) 20 L-min"!, declustering potential (DP) 180 V,
collision energy (CE) 10 V, acquisition range 500-1800 m/z; for SOD positive polarity, ionspray
voltage floating 5500 V, temperature 25 °C, ion source gas 1 (GS1) 40 L-min™"; ion source gas 2 (GS2)
0 L-min'; curtain gas (CUR) 15 L-min"", declustering potential (DP) 200 V, collision energy (CE) 10
V, acquisition range 1500-3500 m/z; for CA 1 positive polarity, ionspray voltage floating 5500 V,
temperature 25 °C, ion source gas 1 (GS1) 50 L-min"'; ion source gas 2 (GS2) 0 L-min"'; curtain gas
(CUR) 20 L-min”', declustering potential (DP) 50 V, collision energy (CE) 10 V, acquisition range
600-1400 m/z, for ODN2 negative polarity, ionspray voltage floating -4500 V, temperature 25 °C, ion
source gas 1 (GS1) 35 L-min'; ion source gas 2 (GS2) 0 L-min""; curtain gas (CUR) 25 L-min ",
declustering potential (DP) -30 V, collision energy (CE) -10 V, acquisition range 500-2000 m/z. For
the spectra recording, Analyst TF software 1.7.1 (Sciex, Framingham, MA, USA) was used and
deconvoluted spectra were obtained by using the Bio Tool Kit micro-application v.2.2 embedded in

PeakView™ software v.2.2 (Sciex, Framingham, MA, USA).
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