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Abstract

Diiron vinyliminium complexes constitute a large family of organometallics displaying a promising
anticancer potential. The complexes [FexCp2(CO)(u-CO){pu-n':n-C(R})CRHCN(R!)(R?)}]CF3S0;
(2a-c, 4a-d) were synthesized, assessed for their behavior in aqueous solutions (D20 solubility, Log
Poy, stability in D>O/DMSO-ds mixture at 37 °C over 48 hours) and investigated for their
antiproliferative activity against A2780 and A2780cisR ovarian cancer cell lines and the nontumoral
one Balb/3T3 clone A31. Cytotoxicity data collected for 50 vinyliminium complexes were correlated
with the structural properties (i.e., the different R!-R* substituents) using the Partial Least Squares
(PLS) methodology. A clear positive correlation emerged between the octanol-water partition
coefficient and the relative antiproliferative activity on ovarian cancer cell lines, both of which appear
as uncorrelated to the cancer cell selectivity. However, the different effects played by the R'-R*
substituents allow to trace guidelines for the development of novel, more effective compounds. Based
on these results, three additional complexes (4p-r) were designed, synthesized and biologically
investigated, revealing their ability to hamper thioredoxin reductase enzyme (TrxR) and to induce

cancer cell production of reactive oxygen species (ROS).

Keywords: anticancer metal drugs, diiron complexes, cytotoxicity, chemometric analysis, Partial Least

Squares regression, mass spectrometry.

Introduction

Transition metal compounds possess unique characteristics for potential medicinal applications,' and
few square-planar platinum complexes have been widely used in clinical treatments against several
types of tumors.> However, some limitations associated with the toxicity of platinum have put in

motion the search for alternative drugs based on other metal elements and structures.” An accurate
2



design of ligands and substituents is crucial to determine suitable physico-chemical pre-requisites, such
as water solubility and stability, and eventually an optimal anticancer activity.*>

Iron complexes have attracted a huge interest for medicinal purposes,® basically because iron is an
endogenous element, and therefore its compounds are endowed with a relatively low toxicity;’
moreover, iron possesses two main adjacent oxidation states (i.e., +1I and +III) and a relevant versatile
redox activity which is key to the biological action. Ferrocene derivatives have been intensively
investigated as anticancer agents, and they are generally believed to exert their antiproliferative activity
by unbalancing the redox cell homeostasis through Fe'! to Fe''! oxidation.®” The {Fe,Cpa} core might
be viewed as a dinuclear analogue of the ferrocene scaffold {FeCp.}, and the easily available
compound [Fe;Cp2(CO)4] is an excellent starting material to access a plethora of diiron complexes with
functionalized ligands occupying one bridging coordination site.!® This synthetic approach takes
advantage from the cooperative effects provided by the two adjacent iron atoms, enabling unique
reactivity patterns and the stabilization of uncommon organic fragments, otherwise not possible on
related monometallic species.!! In particular, the sequential displacement of two carbonyls from
[Fe2Cp2(CO)4] permits the assembly of isocyanide (CNR!), alkyl cation ([R?]") and alkyne (R?*C=CR*)
units to afford a bridging vinyliminium ligand anchored to the two metal centers through uncommon
{u-n'm?} coordination mode (Scheme 1, inset).!>!3 In correspondence to specific substituents R!-R*,
the resulting complexes may display two forms of stereoisomerism, i.e. cis-trans and E-Z, related to the
mutual orientation of the Cp rings and the nitrogen substituents, respectively.!>!* The very general
character and high regioselectivity of the alkyne insertion reaction, the commercial availability of
normally easy-to-handle alkynes, the gram/multigram scale of the synthetic steps and the indefinite air-
stability of the products in the solid state render diiron vinyliminium complexes (as triflate salts) a
valuable and unusually numerous family of organometallics, of which over 100 members have been

reported to date.



Recent studies revealed that this family of [Fe'Fe'] complexes holds a promising anticancer potential:
the compounds exhibit a tunable cytotoxic activity against cancer cells, and ICso values in the
nanomolar range have been recognized in A2780 and A2780cisR cell lines.!>16:17:18:19.2021 Nevertheless,
even the most cytotoxic compounds show a balanced hydrophilic/lipophilic character, regulated by the
R!-R* substituents.

The mechanism of action is presumably multimodal, however the interference of the drug with cell
redox processes seems preponderant, being triggered inside the cell by both complex reduction and
fragmentation routes, and involving the generation of ROS and the inhibition of TrxR, an important
and ubiquitous flavoenzyme critically involved in the regulation of intracellular redox metabolism.??
The large structural variability of the vinyliminium ligand offers much opportunity in terms of
structure-activity optimization. In this work, we report a simple chemometric approach to analyze the
individual contributions of each substituent R!-R* on the biological performance, pointing to the
identification of the best combination(s). The list of analyzed complexes is shown in Scheme 1,
including seven complexes for which biological data are presented here for the first time (i.e., 2a-c¢ and
4a-d), along with some novelties in their preparation and spectroscopic characterization. Hence, the
results of the chemometric analysis led us to design and synthesize complexes 4p-r which were

assessed for their cytotoxicity and ability to trigger ROS production and inhibit TrxR enzyme.
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Scheme 1. Overview of complexes investigated for in vitro cytotoxic activity (Nap = naphthyl; Bn = CH2Ph; All =
CH2CHCHz; Anis = 4-CeH4sOMe; Cy = CesH11). *Investigated in this work. Inset: general structure of diiron
complexes with a bridging vinyliminium ligand obtained from stepwise isocyanide (red)/alkyl cation
(green)/alkyne (blue) assembly.

Results and discussion
1. Synthesis, characterization and behavior in aqueous solutions.

Complexes 2a, 4a 2 and 4d ?* were prepared following the published procedures. Instead, the synthesis

13.14 it was performed at room
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of 2b-¢ and 4b,c,p-r was optimized with respect to the literature:



temperature and avoided the use of inert atmosphere (see Experimental for details). Thus, the parent
diiron aminocarbyne complexes underwent carbon monoxide/acetonitrile substitution by means of the

13026 and successive insertion into the

trimethylamine N-oxide strategy;>® then, alkyne n?-coordination
iron-carbyne bond took place upon facile displacement of the labile nitrile ligand*’ (Scheme 2).
Following chromatography on alumina, 2b-c and 4b,c,p-r were isolated as brown solids in 78-90 %

yield. [Note: compounds 4p-r were prepared and investigated after the biological studies and the

statistical analyses comprising 2b-¢ and 4b-d, vide infra].
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Scheme 2. Diiron p-vinyliminium complexes investigated for in vitro cytotoxic activity in this work (Xyl = 2,6-
CsHsMey).

Products prepared through the optimized synthetic procedure were characterized by CHNS analysis, IR
and NMR spectroscopy (Figures S1-S11). Differently from what reported previously,'* 2¢ was obtained
in admixture with a minor amount of its isomer 2¢’ (2¢/2¢' ratio = 3), the latter resulting from reverse
insertion of the alkyne. The 'H NMR resonance of the C°H proton is diagnostic for 2¢’, being
considerably downfield shifted with respect to C°H in 2¢ (5 = 12.81 ppm in 2¢’, 4.97 ppm in 2¢;

acetone solution). This feature is consequence of the bridging alkylidene nature of C* and is typically
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observed in group 8 metal complexes containing a {u-CH(R)} alkylidene moiety.'**?® The peculiar
formation of 2¢’ is probably the consequence of the relatively low steric hindrance exerted by the
iminium group combined with electronic effects of the {CO;Me} function. In all the other cases,
reactions leading to the vinyliminium complexes were fully regiospecific, thus placing the alkyne
substituent far away from the iminium, in agreement with the very general trend (see Introduction). A
comparison of the NMR data of the complexes with the library of literature data on other Fes-p-
vinyliminium compounds evidences that 2b-c¢ and 4b-¢ exist in solution exclusively in the cis form
(with reference to the Cp ligands bound to Fe-Fe).!> As a matter of fact, the Cp resonances fall in the
range 5.11 — 5.67 ppm, whereas trans isomers, when observed, display one Cp resonance at
approximately 4.5 ppm.'* In addition, complex 4c¢ features E-Z isomerism, due to the different
substituents on the iminium, with predominance of the £ isomer. The E isomer is the only one
recognized in the case of 4b. Note that E—Z type isomers are easily distinguishable by looking at the
resonances of one Cp ligand and the N-methyl, the latter falling at higher 'H chemical shift in E with
respect to Z.!3?

The trimethylsilyl unit in 2b and 4b was further characterized by ??Si NMR spectroscopy: the related
signal was found around 9.4 ppm, in comparison to —16.8 ppm observed in HC=CSiMes; such strong
downfield shift (ca. 26 ppm) may be ascribed to the bridging alkylidene nature of the adjacent C* (see
above).?’

In view of the biological application, the water solubility of 2a-c and 4a-d was assessed at 21 °C in a
saturated D,O solution, by means of 'H NMR spectroscopy. Moreover, octanol/water partition
coefficients (Log Pow) of the compounds were determined spectrophotometrically (see Experimental
for details). Solubility data and partition coefficients are compiled in Table 1. Overall, the compounds
show a fair to good solubility in water (0.7 - 14 mM range, except 4b; cisplatin®’: 8.4 mM) and an

amphiphilic character (logio Pow between -0.9 and +0.5). The introduction of {SiMes} led to an
7



expected,’! although not marked, decrease in water solubility and increase in lipophilicity (e.g.
compare 2a/2b and 4a/4b). As previously noted,'® vinyliminium compounds featuring two methyl
substituents on the nitrogen are more soluble in water and more hydrophilic than their methyl/xylyl
counterparts.

Finally, the inertness of the diiron compounds in a D;O/DMSO-ds 6:1 v/v mixture, following a 48 hour
treatment at 37 °C in the presence of ambient light, was checked by 'H NMR spectroscopy (Table 1).
All compounds display a moderate inertness under the investigated conditions, given that ca. 80% of
the starting material was present in solution at the end of the experiment. The brown precipitate formed
over time is presumably iron oxide(s).!>* It is worth noting that isomer ratios observed in the aqueous
medium are in some cases considerably different from those ascertained in organic solvents; moreover
some E to Z isomerization occurs during the 48 h, most notably in the case of 4¢ and 4p. The stability
of 4q was also assessed on a DO/DMSO-ds 6:1 v/v solution protected from the light, highlighting a

negligible effect of light.

Table 1. Solubility in water (D20), octanol/water partition coefficient (Log Pow) and % residual complex in
aqueous solution after 48 hours at 37 °C for diiron compounds.

e Solubility (D20, 21°C) E! Log Pou™ % Residual complex (48 h, 37 °C,
mol-L-* gL D.O/DMSO-ds 6:1 v/v) [
2a 1.4x102 7.3 -0.77+£0.04 89
2b 4.4x103 26 -0.30+0.03 85
2c + 2¢' [ 6.3x103 3.7 -0.88+0.07 84
4aldl 7x104 04 0.01£0.04 81
4p [ < 3x104 <02 0501 84 [el
4c 1.4x103 0.9 -0.1£0.1 78
4d [ 1.1x103 0.7 -0.08+£0.09 89
4p [ < 3x104 <02 0201 74 1€
4q <3x104d@ <02 0.66+0.03 82 (8410) [l
4r L < 3x104 <0.2 0.87+0.02 85 [el

[a] Based on 'H NMR spectroscopy, dimethylsulphone (Me2SOz2) as internal standard, samples stored in the
presence of ambient light. [b] Based on UV-Vis spectroscopy. [c] Data is referred collectively to all isomers. [d]
Below the lowest value of quantitation. [e] D2O/DMSO-ds 5:2 v/v solution. [f] In the absence of light.



2. Cytotoxicity studies and interaction with biomolecules.

The antiproliferative activity of 2a-c¢ and 4a-d was assessed on the human ovarian carcinoma A2780
(cisplatin nonresistant) and A2780cisR (cisplatin resistant) cell lines and the noncancerous murine
Balb/3T3 clone A31 cell line (Table 2). Cisplatin was used as a reference. In general, the investigated
diiron complexes exhibit a cytotoxicity approximately correlating with the lipophilicity. In particular,
the xylyl compounds 4b and 4d exhibit ICso values, referred to the A2780 cell line, in low micromolar
— nanomolar range. Compounds are substantially less active in the cisplatin resistant cell line,
nevertheless the activity drop on going from A2780 to A2780cisR seems influenced by the iminium
substituents, being in general less pronounced in the presence of the xylyl group and especially when
R3 = H. Data highlight a significant selectivity of the diiron complexes towards the cancer cell lines
with respect to the selected nontumoral cell line. Overall, complex 4b stands out among the series upon
a comparison with cisplatin, with almost identical ICso value on the A2780 cells and approximately ten-

fold higher activity in the A2780cisR cells and ten-fold lower activity in the Balb/3T3 cells.

Table 2. ICso values (uM) determined for iron compounds and cisplatin on human ovarian carcinoma (A2780),
human ovarian carcinoma cisplatin-resistant (A2780cisR) and murine embryonic fibroblast (Balb/3T3 clone A31)
cell lines after 72 hours exposure. Values are given as the mean + SD.

Complex A2780 A2780cisR Balb/3T3
2a 809 >100 >100
2b 46+0.6 413 >100
2c 173 789+14 >100
4a 3.6+0.5 9.2+0.5 414
4b 0.35+0.02 3.0£04 8.6+x04
4c 14 +3 393 55 £ 11
4d 1.80 £ 0.15 9+2 22+3

cisplatin 0.40 £ 0.07 26+3 0.8%0.1




The most potent complex, 4b, was selected for studying its reactivity with biomolecules. First, we
examined through high-resolution mass spectrometry the interaction of 4b with a dodecapeptide model
(TrxR-pept) of thioredoxin reductase (TrxR). This model system is substantially cost-effective and was
previously employed with success,* including on related diiron vinyliminium complexes.'® Following
24 hours of incubation at 37 °C, the spectrum showed a signal at m/z 1237.3195, ascribable to [TrxR-
pept + Fe — H]", beyond the signals of unreacted TrxR-pept and its adducts with sodium and potassium
(Figure 1). This outcome suggests that TrxR enzyme inhibition, via iron transfer made possible by
intracellular disassembly of the diiron skeleton, may be involved in the mechanism of action of diiron
bis-cyclopentadienyl carbonyl complexes. !>

On the other hand, an ESI-MS study revealed the inertness of 4b towards Cytochrome c, employed as a
model protein (see Figure S12). The absence of covalent bond formation with proteins was previously

recognized on other diiron vinyliminium complexes,'” and seems related to the saturated coordination

sphere around the metal centers, not allowing the binding of aminoacidic residues.*
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Figure 1. High-resolution ESI mass spectrum of TrxR-pept 10-° M in water and incubated with complex 4b for 24
hours at 37 °C (1:1 peptide to complex ratio). 0.1% v/v of formic acid was added just before infusion. Unlabelled
peak a = m/z 1221,4922 corresponds to [TrxR-pept + K]* ion.

3. Partial Least Squares (PLS) Methodology

The bridging vinyliminium ligand in diiron complexes offers a wide opportunity for structural
variability by the choice of the substituents R', and indeed more than 100 compounds of this class
have been synthesized to date (see Introduction). To assess the effect of R'™ on the biological
properties of the complexes, we carried out a multivariate analysis comprising 50 complexes of general
formula [Fe,Cp2(CO)(u-CO){u-n'm*-C(RHC(R})HCN(R)(R?)}]" which have been investigated for
their antiproliferative activity (Scheme 1). ICso data for A2780, A2780cisR ovarian cancer cells,
Balb/3T3 mouse embryo fibroblasts and HEK-293 human embryonic kidney cells, determined by
tetrazolium colorimetric assays (MTT or WST-1) after 72 hours incubation at 37 °C with the diiron
compounds, are compiled in Table S1. Since ICso data were collected on different batches of cell lines,
cisplatin was taken as reference drug and the relative cytotoxicity with respect to cisplatin in the same
set of measurements was calculated for each compound/cell line as Tox = ICso(cisplatin) /
ICso(compound).®® Taking Balb/3T3 and HEK-293 as models of non-cancerous lines,*’ the relative
cancer cell selectivity of the compounds was calculated as Sel = Tox (A2780) / Tox (non-cancerous
cell line). Thus, Tox > 1 indicates a higher cytotoxicity as compared to cisplatin, while Sel > 1
indicates an increment in cancer cell selectivity with respect to cisplatin.

Next, ten structural descriptors (p1-p10 in Table 4) were defined to best describe the variability in R!-
R* substituents of the bridging vinyliminium ligand; these include the number of aliphatic or
aromatic/unsaturated carbons and the number of H-bond donor/acceptor heteroatoms. Wavenumbers of

carbonyl and iminium stretching bands and partition coefficients (Log Pow) of the diiron compounds
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were also included in the analysis, to serve both as a check for the structural parametrization and to
evaluate the relationship of the latter with biological data.

The chosen structural descriptors have a clear chemical interpretation and are simple to compute. A
similar approach was adopted by Osterberg and Norinder,*® which correlated the polar surface area of
drugs with the number of H-bond acceptor oxygen and nitrogen atoms and the number of hydrogen
atoms bonded to these. Differently, the investigation of structure-activity relationship often relies on
computational methods to calculate more complex molecular descriptors (e.g. orbital energies, molar
volume, polarity).*

It is possible that the electronic effects of the various substituents play some minor role by affecting the
electrochemical reduction potential of the complexes!**’ and thus their ability to produce ROS via the
interaction with suitable reducing agents, however these data are not of easy evaluation and have not
been included in the present PLS analysis.

As a first step, two separate principal component analyses (PCA) were performed on the complete
dataset, for dependent (Log Pow, Tox (A2780), Tox (A2780cisR), Sel) and independent (p1-p10)
variables. For dependent variables, the first two principal components comprise 92.1 % of the total data
variance. Figure S13 shows the biplot of the first two principal components, where it can be easily seen
that Log Pow, Tox (A2780) and Tox (A2780cisR) are positively correlated among each, being at the
same time uncorrelated to Sel, as indicated by the almost 90° angle between the vectors.

The PCA applied to independent variables (37.3% variance explained by the first two principal
components) returns the correlation among the structural and spectroscopic parameters, which can be
appreciated in the loading plot reported in Figure S14.

Then we developed three Partial Least Squares (PLS) regression models, correlating the nature of the
R!-R* substituents (p1-p10, x variables) with either Log Pow, Tox (A2780) or Sel (y variable).*! The

regression models were optimized within a fivefold cross validation (CV) scheme (100

12



randomizations), choosing the most appropriate number of latent variables by looking for the lowest

root mean square error of cross validation (RMSECV):

RMSECY — \[Z?]:l(j}CV.i —¥;i)?
N

Where jcy; denotes the predicted y values with CV, y; is the measured y value, and N is the number of
samples. A permutation test (1000 permutations) was also used to validate the obtained models,
confirming the statistical significance of the results.

Figure 2 shows the results of the PLS multivariate regression models obtained with the optimal number
of latent variables (LVs) for Log Pow. The RMSECYV resulted 0.32 with a relevant explained variance
of 61.6 %, indicating a satisfactory fit of the training points. RMSECYV indicates the standard error
associated to prediction of the response in the CV cycles; being expressed with the same measurement
units of the response, its numerical value indicates that the prediction error is lower than 20 % of the
response range evaluated by the model. Residuals in cross validation, as illustrated in Figure 2d, are
randomly distributed, indicating that the postulated linear regression model is suitable for describing
the relationship between the structural descriptors and Log Pow. Variables’ Importance in the Projection
(VIP) column plot (Figure 2f) provides information about the importance of the parameters p1-p10 in
the dataset; VIP < 1 indicates a non-important variable from a statistical point of view. Information on
the positive or negative effect of each variable is derived from the plot of the coefficients (Figure 2¢).
Results show that Log Pow is positively correlated with the number of unsaturated or aromatic carbons
on the iminium (R'+R?, p2) and vinyl (R?, p5) substituents and negatively correlated with the number
of H-bond acceptor heteroatoms on the same positions (p3, p6). These trends agree with the expected
contribution of such groups on the lipophilicity.*? The lesser impact (VIP < 1) of other parameters in

describing the distribution of partition coefficients, such as the number of aliphatic carbons or the

13



number of heteroatoms on R* (p8, p10), can also result from the lower variability explored in the

compound dataset (e.g. the majority of compounds derive from terminal alkynes, R* = H).

14



o
o
o
oS¢
5o o
o
oa@ nm% o
Co
00 //W/
00
o
o
[ [ [ [ I
gL 01 S0 00 0L-
ire) anjeA AD
o
o
[ [ [ [ [
gL 0L S0 00 0l-
anjeA pajtd
—
©

1.5

1.0

00 05

-1.0

1.5

00 05 1.0

-1.0

Experimental Value

d)

Experimental Value

c)

o}

4

g0

00

00

¥0 ¢0

‘dwod G yim Bumid uf sjenpisay

00 ¢0 vo-

20 30 40

10

20 30 40

10

Object Number

Object Number

P

€0

zo 10 O
1UBID1}J902 UOoIssaIgay

SWw01e0J931aY J03da22e puoqg-H U ZY+TY
sdnod.8 Jouop puog-H ,u €Y

(€ds) 2 oneydije Jo ,u zy+Ty

(€ds) 3 aneydije yo ,u vy

(€ds) 2 aneydije jo ,u €y

(zds) D paiesniesun Jo djewWoOUe JO U 1Y
swojeosalay \_Ouawuum puog-H .U vy
swojeosalay \_Ouawuum puog-H .U €y
(zds) 5 pareaniesun Jo diewoJe JO U €Y

(zds) D pe1edniesun Jod1jewole JO U ZY+TY

SW03e0.a1ay J03dadde puog-H ,u Y
(zds) D pa1einieSUN JO DI1BWOJE JO U 1Y
(€ds) 0 oneydije jo ,u Yy

sdnodi8 Jouop puog-H ,u €Y
SW03e0.a1ay J03dadde puog-H ,u £y
(zds) D pajedniesun 4o d1jeWOe JO U €Y
(€ds) D oneydije jo ,u €y
Sw01e0.213y J01dsdde puog-H U Zy+1Y

(zds) D pa1edniesSuUN JO JIIBWOJE JO U ZY+TY

(€ds) D oneydije jo ,u zy+Ty

Figure 2. Results of PLS regression model with 5 latent variables for Log Pow: a) Fitted vs. measured scatter

plots; b) Predicted in 5-CV vs. measured scatter plots; c) Residuals in fitting; d) Residuals in 5-CV; e) Values of
the coefficients for structural parameters p1-p10, ordered by decreasing significance; f) VIP plot for p1-p10.
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Next, we applied the PLS multivariate regression model to Tox (A2780) data; results are illustrated in
Figure 3. The number of aromatic or unsaturated carbons on R!, R? and R? (p2, p5) are positively
correlated with the antiproliferative activity, while a negative correlation is observed for the number of
H-bond acceptor heteroatoms on R* (p7). These parameters exert the same effects on Log Pow: this in
agreement with the PCA, indicating a positive correlation between Tox (A2780) and Log Pow. Table S2
shows the compounds in order of decreasing cytotoxicity on A2780 cells. For instance, among the 11
compounds that resulted more cytotoxic than cisplatin (Tox > 1), 9 possess a xylyl substituent on the
iminium group and 7 have an aromatic/heteroaromatic substituent on R?. Besides, with the exception of
4i and 41, the drop of activity upon introduction of heteroatoms on R>, especially oxygenated functions,

is evident (e.g. compare 4e, 4g, 4c¢).
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The last PLS regression model was built for the relative cancer cell selectivity Sel (Figure 4). In this
case, the PLS model performed rather badly (RMSECV 0.53, explained variance 23.1%), which can in
part be understood on considering the complexity associated to Sel (four ICso data are involved). The
two most important parameters (VIP > 1) are related to R: the number of aliphatic carbons (p4) exerts
a positive effect on Sel whereas the number of aromatic/unsaturated carbons (pS) plays a negative
effect. A correlation between the other structural parameters and Sel could not be established. Indeed,
fourteen out of the eighteen most selective compounds (Sel > 4.4), including the first six (Sel > 13)
possess aliphatic substituents on R3 (Table S2). However, the range of aliphatic groups on R? has been
limitedly explored so far, being confined to Me, Et, SiMes or CO>Me (the latter also affecting the
number of heteroatoms). Conversely, compounds with aryl or heteroaryl groups on R’ rarely
outperform cisplatin in terms of cancer cell selectivity (taking Sel > 2 as a threshold), with the
exception of 4j, 2m and 7c¢. Note that p5 plays opposite effects on Tox (A2780) and Sel, conversely,
p2 and p4 are only correlated with Tox (A2780) and Sel, respectively (compare Figures 2f and 3f),
thus representing guidelines for the design of new compounds. In other words, an increased cancer cell
cytotoxicity could be pursued by introducing aromatic/unsaturated groups on the iminium group (p2)
while adding aliphatic substituents on R® should be beneficial for cancer cell selectivity (p4). In this
regard, the only vinyliminium compound which is at the same time more cytotoxic to A2780 cells (Tox
> 1) and more selective (Sel > 1) than cisplatin is 4b, bearing a xylyl group on R! and a SiMes group on

R3.
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Figure 4. Results of PLS regression model with 1 latent variable for Sel: a) Fitted vs. measured scatter plots; b)

Predicted in 5-CV vs. measured scatter plots; ¢) Residuals in fitting; d) Residuals in 5-CV; e) Values of the

coefficients for structural parameters p1-p10; f) VIP plot for p1-p10.

19



4. Synthesis of targeted complexes

According to data in Table 2, the trimethylsilyl complex 4b emerges for its anticancer potential among
the newly investigated compounds. Chemometric analysis suggests that the introduction of one aryl
group on the iminium moiety (R!/R?) together with an alkyl substituent on C* (R?) may represent a
convenient choice to enhance the antiproliferative activity of diiron vinyliminium complexes.

Based on these observations, complexes 4p-r were synthesized using the procedure shown in Scheme
2, and isolated in 73-83% yields after work-up. The synthesis of 4q was previously reported,'** while
4p and 4r are new, and their spectroscopic characterization is in alignment with general trends (see
Experimental for details). The behavior of 4p-r in aqueous solutions was assessed (Table 1), then these
compounds were investigated for their antiproliferative activity against human ovarian A2780 and
A2780cisR cancer cell lines. Results reported in Table 3 show that 4p and 4q are less effective than 4b
in decreasing cancer cell viability, whereas 4r displays ICso values in the nanomolar range and is more
active than 4b. Interestingly, the Resistant Factors (R.F., defined as the ratio of the ICso of resistant
cells over the ICso of sensitive ones) calculated for complexes 4p-r are <1, thus clearly attesting their

ability to overcome cisplatin resistance.

Table 3. ICso values (uM) determined for diiron complexes and cisplatin on human ovarian carcinoma (A2780)
and human ovarian carcinoma cisplatin-resistant (A2780cisR) cell lines after 72 hours exposure. Values are

given as the mean + SD. R.F. = = |Cs (resistant subline)/ICso (wild-type cells). S.D. = standard deviation.
Complex A2780 A2780cisR R.F.
4p 22+4 11+2 0.5
4q 52+0.9 35+0.7 0.7
ar 0.2+0.1 0.2+0.1 1.0

In addition, we assessed the ability of 4b and 4p-r to hamper TrxR activity in A2780 cancer cells.
Enzyme activity was measured according to standard procedures described in the Experimental
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Section, and results are shown in Figure 5, panel A. All complexes proved to be moderately effective in
inhibiting cellular TrxR, consistently with mass analyses performed on 4b using a model dodecapeptide
(see above), and 4r emerged as the most effective one, being able to inhibit TrxR activity by about
40%. Finally, we evaluated the ability of tested complexes to induce an increase in the cellular basal
ROS production. Treatment of A2780 cells with 4b or 4p-r determined a time-dependent increase in
cellular ROS production (Figure 5, panel B). Remarkably, 4r elicited an increase in the cellular
hydrogen peroxide content similar to that induced by antimycin, a classical inhibitor of the

mitochondrial respiratory chain at the level of complex III.
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Figure 5. Effects on TrxR activity and ROS production. A: A2780 cells were incubated for 24 h with the tested
compounds (2 uM). Subsequently, cells were washed twice with PBS and lysed. TrxR activity was tested by
measuring NADPH-dependent reduction of DTNB at 412 nm. Error bars indicate SD. * p<0.05, ** p<0.01. B:
A2780 cells were pre-incubated in PBS/10 mM glucose medium for 20 min at 37 °C in the presence of 10 uM

CM-H2DCFDA and then treated with ICso concentrations of the tested compounds.

Conclusions
Diiron vinyliminium complexes constitute a hugely populated family of organometallics, and the

number of obtainable compounds is theoretically unlimited due to the general character of the synthesis
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reaction and the wide availability of organic reagents. The promising anticancer potential of this class
of compounds has been recently unveiled, associated with key characteristics which are important pre-
requisites for a drug candidate. The offered structural variability represents a great arsenal in view of
the development of optimal anticancer drugs. Here, we have extended preliminary biological studies to
seven complexes not analyzed previously, highlighting that the conjugation of xylyl and trimethylsilyl
substituents on the vinyliminium ligand provides a great cytotoxicity effect with respect to that of
cisplatin, together with a substantial inertness in aqueous solution and a balanced hydrophilic/lipophilic
character. Moreover, by analyzing the biological data collected on almost 50 diiron vinyliminium
complexes, we show that simple structural parameters, in combination with PLS statistics, are useful to
derive structure-activity relationships, tracing directions for the design of new and more effective drug
candidates, avoiding more complex computational approaches. Specifically, results suggest the
opportunity to focus future investigations on new compounds containing aromatic/unsaturated groups
as iminium substituents while introducing alkyl substituents on the vinyl position. Additional studies
confirm the goodness of these concluding remarks, and indeed a new complex with xylyl and pentyl
substituents was synthesized and revealed an outstanding cytotoxicity correlated with an enhanced

ability to induce ROS production and inhibit Trx-R enzyme.
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Experimental

Materials and methods. The preparation and isolation of products were carried out in air. Once
isolated, all the products were stored in air. Solvents and organic reactants were purchased from Merck
or TCI Europe. Compounds 1a-b,'? 2a,%* 4a,® and 4d ?* were prepared according to the respective
literature procedures. 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). UV-Vis spectra (250-
800 nm) were recorded on a Ultraspec 2100 Pro spectrophotometer using PMMA cuvettes (1 cm path
length). IR and UV-Vis spectra were processed with Spectragryph software.*® NMR spectra were
recorded on a Bruker Avance II DRX400 or Jeol INM-ECZ400R instruments equipped with broadband
probes. Chemical shifts (expressed in parts per million) are referenced to the residual solvent peaks
('H, 3C) * or to external standard *'P to 85% H3POu; #Si to TMS). 'H and '3C NMR spectra were
assigned with the assistance of 'H-">C (gs-HSQC and gs-HMBC) correlation experiments.*> NMR
signals due to a second isomeric form (where it has been possible to detect them) are italicized.

Elemental analyses (CHNS) were performed on a Vario MICRO cube instrument (Elementar).

Synthesis and characterization of diiron vinyliminium complexes. In a typical procedure, diiron
aminocarbyne complex [1a-b]CF3SOs (ca. 0.5 mmol) was dissolved in acetonitrile (10 mL) and treated
with MesNO (1.3 eq.). The resulting mixture was stirred for 1 hour, and progressive darkening of the
solution was observed. The conversion of the starting material into the acetonitrile adduct
[FeaCp2(CO)(u-CO)NCMe){u-CNMe(R)} JCF3SOs3 (R = Me, Xyl) was checked by IR spectroscopy, as
is routine for this type of reaction.*® The volatiles were removed under vacuum, thus the residue was

dissolved into dichloromethane (ca. 20 mL). The solution was treated with the appropriate alkyne (ca.
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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 CH2Cl, and CH>Clo/THF mixtures allowed the removal of
unreacted alkyne and impurities, then a fraction corresponding to the desired product was separated
using MeCN or MeOH as eluent. Removal of the solvent under reduced pressure afforded the air-stable
product. When using methanol as eluent, the solid was re-dissolved in dichloromethane and this
mixture was filtered through a celite pad to remove NaCl from alumina, then the solvent was

eliminated under reduced pressure.

[Fe2Cp2(CO)(u-CO){p-n":n3-C3(SiMes)C2HC'NMe:}|CF3S0s, 2b'? (Figure 6)

Figure 6. Structure of the cation of 2b.

From 1a and trimethylsilylacetylene. Brown solid, yield 90%. Eluent for chromatography: MeCN.
Anal. calcd. for C21Ha6Fe2FsNOsSSi: C, 41.95; H, 4.36; N, 2.33; S, 5.33. Found: C, 41.82; H, 4.52; N,
2.26; S, 5.40. IR (CH2Cl,): d/ecm™ = 1990vs (CO), 1807s (u-CO), 1685m (C>C'N). 'H NMR (acetone-
de): 8/ppm = 5.57 (s, 5 H, Cp); 5.22 (s, 5 H, Cp); 4.97 (s, 1 H, C*H); 3.99 (s, 3 H, NMe); 3.35 (s, 3 H,

NMe); 0.69 (s, 9 H, SiMe3). 2°Si NMR (acetone-ds): 8/ppm = 9.36.

[Fe2Cp2(CO)(u-CO) {p-n':3-C3(CO2Me) CCHC!NMez} [CF3SO0s, 2¢ and [FexCp2(CO)(u-CO){p-
n':n3-C?HC%(CO:Me)C'NMe2}|CF3S0s3, 2¢’ 1 (Figure 7)

Figure 7. Structure of the cations of 2¢ (left) and 2¢' (right).
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From 1a and methyl propiolate. Brown solid, yield 80%. Eluent for chromatography: MeOH. Anal.
calcd. for CaoHaoF3Fe2NO5S: C, 40.91; H, 3.43; N, 2.39; S, 5.46. Found: C, 40.76; H, 3.40; N, 2.50; S,
5.50. IR (CH2Cly): d/cm™ = 2000vs (CO), 1817s (u-CO), 1710m (CO>Me), 1687m (C>C'N). 2¢. 'H
NMR (CDCls): 8/ppm = 5.21 (s, 5 H, Cp); 5.15 (s, 5 H, Cp); 4.97 (s, 1 H, C*H); 4.09 (s, 3 H, OMe);
3.84 (s, 3 H, NMe); 3.29 (s, 3 H, NMe). 'H NMR (acetone-ds): 8/ppm = 5.46 (s, 5 H, Cp); 5.33 (s, 5 H,
Cp); 5.18 (s, 1 H, C*H); 4.09 (s, 3 H, OMe); 3.97 (s, 3 H, NMe); 3.39 (s, 3 H, NMe). 2¢’. 'H NMR
(acetone-dg): 8/ppm = 12.81 (s, 1H, C*H); 5.67 (s, 5 H, Cp); 5.11 (s, 5 H, Cp); 4.07 (s, 3 H, OMe); 3.90

(s, 3 H, NMe); 3.39* (NMe). *Superimposed with a signal of 2¢. Isomer ratio (acetone-de) = 3:1.

[Fe2Cp2(CO)(u-CO){pu-n':n?-C3(SiMes)C2HC'NMe(Xyl)} | CF3SO3, 4b '* (Figure 8)

Figure 8. Structure of the cation of 4b.

H _"'
. siMe

C2
N=c:1 \C3 co
\
Fe—Fe

%\ﬂ

From 1b and trimethylsilylacetylene. Brown solid, yield 89%. Eluent for chromatography: MeCN.

Anal. calced. for C2sH3:F3FeaNOsSSi: C, 48.64; H, 4.67; N, 2.03; S, 4.64. Found: C, 48.51; H, 4.76; N,
25



1.90; S, 4.58. IR (CH2Clb): d/cm™ = 2001vs (CO), 1813s (u-CO), 1631m (C>*C'N). 'H NMR (CDCls):
8/ppm = 7.21-6.92 (m, 3 H, CsH3); 5.44 (s, 5 H, Cp); 5.20 (s, 5 H, Cp); 4.30 (s, 1 H, C*H); 4.25 (s, 3 H,
NMe); 2.27 (s, 3 H, CéHsMe); 1.77 (s, 3 H, C¢HszMe); 0.55 (s, 9 H, SiMe3). 'H NMR (acetone-de):
d/ppm = 7.28-7.17 (m), 7.04 (d, J = 6.6 Hz) (3 H, CsHs); 5.73 (s, 5 H, Cp); 5.46 (s, 5 H, Cp); 4.86 (s, 1
H, C*H); 4.52 (s, 1 H, C*H); 4.38 (s, 3 H, NMe); 2.34 (s, 3 H, CsH3Me); 1.84 (s, 3 H, C¢HsMe); 0.61 (s,

9 H, SiMes). ?Si NMR (acetone-ds): 8/ppm = 9.51.

[Fe2Cp2(CO)(u-CO){p-n':n>-C3(CO:Me)C2HC'NMe(Xyl)} |CF3S0s, 4¢ '* (Figure 9)

Figure 9. Structure of the cation of 4c.

/Cgcii/
N=c1
SRS\

From 1b and methyl propiolate. Brown solid, yield 78%. Eluent for chromatography: MeOH. Anal.
calcd. for Co7H26F3FeaNO5S: C, 47.88; H, 3.87; N, 2.07; S, 4.73. Found: C, 47.69; H, 3.92; N, 2.02; S,
4.85. IR (CH2Cly): d/cm™ = 2013vs (CO), 1829s (u-CO), 1712m (CO,Me), 1635m (C>C!N), 1616 w-m
(arom C=C). 'H NMR (CDCls): 8/ppm = 7.44-6.92 (m, 3 H, C¢H3); 5.35, 5.24 (s, 5 H, Cp); 5.34, 4.88
(s, 5 H, Cp); 4.43 (s, 1H, C?H); 4.20, 3.57 (s, 3 H, NMe); 4.16, 4.05 (s, 3 H, OMe); 2.59,2.29 (s, 3 H,
CeH3Me); 1.93, 1.73 (s, 3 H, CéH3Me). 'H NMR (acetone-ds): 8/ppm = 7.51-7.48, 7.38-7.18 (m), 7.07
(d, J=17.5 Hz) (3 H, C¢H3); 5.61, 5.57 (s, 5 H, Cp); 5.55, 5.02 (s, 5 H, Cp); 4.89, 4.86 (s, 1 H, C*H);
4.35, 3.68 (s, 3 H, NMe); 4.14, 3.98 (s, 3 H, OMe); 2.59, 2.36 (s, 3 H, CsHsMe); 2.01, 1.81 (s, 3 H,

CsHsMe). E/Z ratio = 6 (CDCIz); 2.6 (acetone-ds).
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[Fe2Cp2(CO)(u-CO){p-n':n>-C*(Pr)C2ZHC!NMe(Xyl)} |CF3SOs, 4p (Figure 10)

Figure 10. Structure of the cation of 4p.

_‘+
H
,2
/C\
N= 1 \C3 CO

From 1b and 1-pentyne. Brown solid, yield 75%. Eluent for chromatography: MeCN/MeOH 9/1. Anal.

calcd. for CogH3oF3FeaNOsS: C, 50.85; H, 4.57; N, 2.12; S, 4.85. Found: C, 50.69; H, 4.66; N, 2.06; S,
4.69. IR (CH2Cl»): d/cm™ = 2000vs (CO), 1813s (u-CO), 1712m (CO2Me), 1634m (C>*C'N). '"H NMR
(acetone-ds): &/ppm = 7.25-7.03 (m, 3 H, Ce¢H3); 5.65, 5.58 (s, 5 H, Cp); 5.43, 4.91 (s, 5 H, Cp); 4.39,
3.82 (m, 2 H, C3CH>); 4.34, 3.61 (s, 3 H, NMe); 4.28 (s, 1H, C*H); 2.56, 2.35 (s, 3 H, CcH3Me); 2.22,
1.81 (s, 3 H, C¢H3Me); 2.16-2.09, 1.71-1.62 (m, 2 H, CH>); 1.10 (t, 3 H, *Jun = 7.3 Hz, CH.CH3). E/Z
ratio = 9. BC{'H} NMR (acetone-de): 8/ppm = 255.8 (CO); 234.5 (C'); 218.2 (C3); 211.5 (CO); 146.1
(ipso-CeH3); 132.9, 132.2, 130.3, 130.1, 126.0 (CeHs); 92.1, 88.7 (Cp); 57.9 (C3CH.); 52.0 (C?); 46.4

(NMe); 18.0, 17.3 (C¢H3Me); 14.4 (C’CH2CH3).

[Fe2Cp2(CO)(u-CO){pu-n':n3-C3(Bu)C2HC'NMe(Xyl)} | CF3S0s3, 4q ** (Figure 11)

Figure 11. Structure of the cation of 4q.
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Fe—Fe

From 1b and 1-hexyne. Brown solid, yield 73%. Eluent for chromatography: MeCN/MeOH 9/1. Anal.
calcd. for CooH3F3FeaNOsS: C, 51.58; H, 4.78; N, 2.07; S, 4.75. Found: C, 51.42; H, 4.85; N, 1.98; S,
4.82. IR (CH2Cly): d/cm™ = 2000vs (CO), 1813s (u-CO), 1633m (C>C!N). 'H NMR (acetone-ds):
d/ppm = 7.25-6.95 (m, 3 H, C¢H3); 5.65, 5.59 (s, 5 H, Cp); 5.42, 4.90 (s, 5 H, Cp); 4.48-4.38, 3.87-
3.82 (m, 2 H, C*CH>); 4.34, 3.61 (s, 3 H, NMe); 4.26 (s, 1H, C*°H); 2.34 (s, 3 H, C¢H3Me); 1.82 (s, 3 H,
Ce¢HsMe); 1.68-1.53, 1.28-1.10 (m, 4 H, C*CH,CH.CH:CH3); 0.98 (t, 3 H, *Jun = 7.1 Hz,

C3CH,CH,CH2CH;). E/Z ratio = 8.

[Fe2Cp2(CO)(u-CO){pu-n':n3-C3((CH2)sMe)C*HC'NMe(Xyl)} | CF3S 03, 4r (Figure 12)

Figure 12. Structure of the cation of 4r.
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From 1b and 1-heptyne. Brown solid, yield 83%. Eluent for chromatography: MeCN/MeOH 9/1. Anal.
calcd. for C30H34F3FeaNOsS: C, 52.27; H, 4.97; N, 2.03; S, 4.65. Found: C, 52.38; H, 5.03; N, 1.96; S,
4.57. IR (CH2Cly): d/ecm™ = 2002vs (CO), 1814s (u-CO), 1633m (C>C!N). 'H NMR (acetone-ds):
d/ppm = 7.24-7.02 (m, 3 H, C¢H3); 5.64, 5.58 (s, 5 H, Cp); 5.43, 4.90 (s, 5 H, Cp); 4.40, 3.85 (m, 2 H,
C’CH>); 4.34, 3.60 (s, 3 H, NMe); 4.26 (s, 1H, C*H); 2.56, 2.34 (s, 3 H, CeH3Me); 2.01, 1.81 (s, 3 H,
CeHsMe); 1.76-1.28 (m, 6 H, C*CH,CH>CH>CH>CH3); 0.88 (t, 3 H, *Jun = 7.3 Hz, CH.CH;). E/Z ratio
=9. BC{'H} NMR (acetone-de): 8/ppm = 255.8 (CO); 234.5 (C'); 218.6 (C3); 211.5 (CO); 146.1 (ipso-
CeH3); 132.9, 132.2, 130.3, 130.1 (CeH3); 92.1, 88.7 (Cp); 55.9 (C*CH>); 51.9 (C?); 46.4 (NMe); 36.2
(C3’CH2CH>); 32.7 (C’CH2CH:CH:); 23.2 (C’CH,CH.CH:CH:); 18.1, 17.4 (Ce¢HsMe); 14.4

(C*CH2CH2CH,CH,CHj3).

Solubility in D20. A suspension of the selected iron compound (ca. 3 mg) in a D>O solution (0.3 mL)
containing dimethylsulphone (Me>SO») as internal standard*’ (3.28-10° M) was vigorously stirred at
room temperature (ca. 21 °C) for 2 h. The resulting saturated solution was filtered over celite,
transferred into an NMR tube, diluted with D20 up to 0.6 mL, and analyzed by '"H NMR (delay time =
3 s; number of scans = 20). The concentration of the saturated solution (solubility) was calculated by

the relative integral with respect to Me>SO> (8/ppm = 3.16 (s, 6H)). Results are compiled in Table 1.

Octanol/water partition coefficient (Log Pow). Partition coefficients (Pow; I[UPAC: Kp partition
constant*®), defined as Pow = Corg/Cag, Where Corg and caq are molar concentrations of the selected
compound in the organic and aqueous phase, respectively, were determined by the shake-flask method
and UV-Vis measurements.*>* Deionized water and 1-octanol were vigorously stirred for 24 h, to
allow saturation of both phases. A stock solution of the iron compound (4a-d and 4p-r, ca. 2 mg) was

prepared by first adding acetone (50 pL, to assist solubilization), followed by water-saturated octanol
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(3.0 mL). The solution was diluted with water-saturated octanol (ca. 1:3 v/v ratio, cre2 = 10* M, so that
1.5 < A <2.0 at 340 nm) and its UV-Vis spectrum was recorded (A%g). An aliquot of the solution (Vore
= 1.2 mL) was transferred into a test tube and octanol-saturated water (Vorg = Vaqg = 1.2 mL) was added.
The mixture was vigorously stirred for 30 min at room temperature (ca. 21 °C) then centrifuged (5000
rpm, 5 min). The UV-Vis spectrum of the organic phase was recorded (Afy,) and the partition
coefficient was calculated as Pow = Aloro/(A%rg - Alorg) Where A%, and Afy, are the absorbance in the
organic phase before and after partition with the aqueous phase, respectively.** The partition
coefficient was calculated as Pow = (A%q - Ahq)/Afq where A%q and A, are the absorbance in the
aqueous phase before and after partition with the organic phase, respectively. The absorbance at 340
nm (shoulder band) was used for quantitation. For compounds 2a-c¢ an inverse procedure was adopted,
starting from an aqueous stock solution. The procedure was repeated three times for each sample (from

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

Stability in D20/DMSO-ds solution at 37 °C.

The selected iron compound (ca. 3-4 mg) was dissolved in DMSO-dg (0.1 mL) then diluted with a D>O
solution containing Me>SO> (3.28-107° M; 0.6 mL); a different ratio (0.2/0.5 mL) was used for 4a and
4p-r. The mixture was stirred for 30 min then filtered over celite and transferred into an NMR tube.
The orange-brown solution (cre = 8:10~ M) was analyzed by 'H NMR (delay time = 3 s; number of
scans = 20) then heated at 37 °C for 48 h. After cooling to room temperature, the final solution was
separated from a brown solid by filtration over celite and the '"H NMR spectrum was recorded. In each
case, no new {FeCp} species was identified. The residual amount of starting material in solution (%
with respect to the initial spectrum) was calculated by the relative integral with respect to Me>SO; as
internal standard*’ (Table 1). 'H NMR signals and isomer ratios for the tested compounds are reported

below; chemical shifts are referenced to Me>SO» peak as in pure D>O [6/ppm = 3.16 (s, 6H)].
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2a. 'H NMR (D,0:DMSO-ds 6:1 v/v): 8/ppm = 12.28 (d, J= 7.1 Hz, 1 H, C*H); 5.42 (s, 5 H), 5.08 (s, 5
H) (Cp); 4.93 (d, J=7.1 Hz, 1 H, C*H); 3.82 (s, 3 H), 3.27 (s, 3 H) (NMe>).

2b. 'H NMR (D,0:DMSO-d¢ 6:1 v/v): 8/ppm = 5.48 (s, 5 H), 5.11 (s, 5 H) (Cp); 4.89 (s, 1 H, C*H);
3.86 (s, 3H), 3.25 (s, 3H) (NMey); 0.67 (s, 9 H, SiMe3).

2¢. '"H NMR (D20:DMSO-ds 6:1 v/v): 8/ppm = 5.38 (s, 5 H), 5.24 (s, 5 H) (Cp); 5.05 (s, 1H, C°H);
4.15 (s, 3 H) (COMe); 3.84 (s, 3 H), 3.29 (s, 3H) (NMey). 2¢’. 'H NMR (D,0:DMSO-ds 6:1 v/v):
8/ppm = 12.79 (s, 1 H, C*H); 5.53 (s, 5 H), 5.09 (s, 5 H) (Cp); 3.94 (s, 3 H), 3.93 (s, 3 H), 2.73 (s, 3 H)
(NMe; + OMe). Isomer ratio (2¢/2¢’) = 4.3 (0-48 h).

4a. 'H NMR (D20:DMSO-ds 6:1 v/v): 8/ppm = 12.60, 12.35 (d, J= 7.1 Hz, 1H, C*H); 7.33-7.24, 7.13—~
7.05 (m, 3 H) (CéH3); 5.55, 5.50 (s, 5 H), 5.26* (s, 3.5 H) (Cp); 5.29, 4.71 (d, J= 7.1 Hz, 1 H, C*H);
4.21, 3.57 (s, 3 H, NMe); 2.51, 2.30 (s, 3H), 1.97, 1.79 (s, 3 H) (CcH3Me»). Isomer (E/Z) ratio = 2.6 (0
h); 2.3 (48 h). *Other Cp hidden by HDO peak.

4b. '"H NMR (D,0:DMSO-ds 5:2 v/v): 8/ppm = 7.33-7.23 (m, 2 H), 7.09 (d, J = 6.7 Hz, 1 H) (CsHs);
5.63, 5.54 (s, 5 H), 5.33, 5.24 (s, 5 H) (Cp); 4.41 (s, 1 H, C*H); 4.27 (s, 3 H, NMe); 2.29 (s, 3 H), 1.84
(s, 3 H) (CeH3Me»), 0.73, 0.59 (s, 9 H, SiMe3). Isomer (£/Z) ratio = ca. 12 (0 h); 8.5 (48 h) .

4c. '"H NMR (D,0:DMSO-ds 6:1 v/v): 8/ppm = 7.55-7.50, 7.40-7.23, 7.09 (d, J = 6.8 Hz) (3 H, CsH3);
5.50, 5.45 (s, 5 H), 5.43, 4.96 (s, 5 H) (Cp); 4.23, 3.59 (s, 3 H, NMe); 4.20, 4.06 (s, 3 H, OMe); 2.51,
2.28 (s, 3 H), 1.99, 1.80 (s, 3 H) (C¢H3Me»). Isomer (£/Z) ratio = 2.0 (0 h); 1.3 (48 h).

4d. '"H NMR (D,0:DMSO-ds 6:1 v/v): 8/ppm = 7.54-7.45, 7.31-7.23, 7.07 (d, J= 7.0 Hz) (3 H, CcH3);
5.53,5.46 (s, 5 H), 5.26, 4.92 (s, 5 H) (Cp); 4.30—4.24, 3.84-3.75 (m, 2 H, CH>CH3); 4.23, 3.53 (s, 3 H,
NMe); 4.14 (s, 1 H, C*H); 2.49, 2.28 (s, 3 H), 2.01, 1.81 (s, 3 H) (CéH3Me); 1.48, 1.30 (t, J= 7.1 Hz,
3H, CH2CH3). Isomer (E/Z) ratio = 7.6 (0 h); 6.0 (48 h).

4p. '"H NMR (D,0:DMSO-d¢ 5:2 v/v): 8/ppm = 7.36-7.29, 7.14-7.12 (m, 3 H, C¢Hs); 5.58, 5.51 (s, 5
H), 5.32, 4.87 (s, 5 H) (Cp); 4.32, 3.77-3.68 (m, 2 H, C*CH:); 4.27 (s, 3 H, NMe); 4.14 (s, 1H, C*H);
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2.32 (s, 3 H, C¢H3Me); 2.17-2.07, 1.74-1.65 (m, 2 H, CH>); 1.85 (s, 3 H, CcHsMe); 1.15 (t, 3 H, *Juu=
7.4 Hz, C’CH,CH;). Isomer (E/Z) ratio = ca. 30 (0 h); ca. 12 (48 h).

4q. 'H NMR (D,0:DMSO-d¢ 5:2 v/v): 8/ppm = 7.38-7.31, 7.14 (m, 3 H, C¢H3); 5.59, 5.52 (s, 5 H, Cp);
5.34, 4.88 (s, 5 H, Cp); 4.37-4.32, 3.84-3.74 (m, 2 H, C*CH>); 4.28 (s, 3 H, NMe); 4.13 (s, 1H, C°H);
2.34 (s, 3 H, CsH3Me); 2.06, 1.64 (m, 4 H, C*CH2CH>CH>CH3); 1.87 (s, 3 H, CsH3Me); 1.08 (t, 3 H,
3Jun= 7.1 Hz, C’CH.CH.CH2CHj3). Isomer (E/Z) ratio = ca. 9 (0 h); ca. 7 (48 h).

4r. "H NMR (D20:DMSO-ds 5:2 v/v): 8/ppm = 7.37-7.30, 7.13 (m, 3 H, CsHs); 5.58, 5.52 (s, 5 H, Cp);
5.33, 5.0 (s, 5 H, Cp); 4.37-4.31, 3.81-3.74 (m, 2 H, C*CH.); 4.27 (s, 3 H, NMe); 4.10 (s, 1H, C2H);
2.33 (s, 3 H, CeHsMe); 2.14-2.04, 1.73-1.64 1.76-1.28 (m, 2 H, C3CH,CH.); 1.86 (s, 3 H, CsHsMe);
1.59-1.37 (m, 4 H, C3CH,CH,CH>CH>CHs); 0.94 (t, 3 H, 3Juu = 7.1 Hz, CH2CH). Isomer (E/Z) ratio =

ca. 38 (0 h); ca. 30 (48 h).

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) 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 Balb/3T3 clone A31 cell line from the American Type Culture Collection (ATCC).
A2780 and A2780cisR cells were routinely cultured in RPMI 1640 (Merck) containing 2 mM of L-
glutamine (Merck), 1% of penicillin/streptomycin solution (Merck—10 000 U mL™': 10 mg mL™),
10% of foetal bovine serum (Merck—FBS) and antimycotic (InvivoGen, USA), and Balb/3T3 clone
A31 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
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acquired resistance of A2780cisR cells was maintained by routine supplementation of media with 1 uM
of cisplatin (Merck). The cultures were maintained at 37 °C and in a 5% COz-enriched atmosphere.

The WST-1 assay was conducted for cell viability investigation. A2780, A2780cisR cells and Balb/3T3
clone A31 cells were seeded in 96-well plates at a final concentration of 3x10°, 6x10° and 1x10° cells
per well, respectively. After overnight incubation, the cells were treated with different concentrations
(0—100 uM) of the selected compounds. Stock solutions of compounds were prepared in DMSO and
sequentially diluted in medium (final DMSO concentration of 0.5%). Cells incubated with cisplatin
(0—100 puM) were used as positive control. After 72 hours at 37 °C and in a 5% COs-enriched
atmosphere, cells were incubated for 4 hours with the WST-1 tetrazolium salt reagent (Roche) diluted
1:10, at 37 °C and 5% CO,. Measurements of formazan dye absorbance, which directly correlates with
the number of viable cells, were carried out with a micro-plate reader (Biorad) at 450 nm, using 655 nm
as reference wavelength. The 50% inhibitory concentration (ICso) refers to compound concentration at
which 50% of cell death is observed with respect to the control. For each tested compound, assay was
performed on triplicate. The concentration effect curves were generated by nonlinear regression curves

(GraphPad Prism Software) and the data reported as mean + standard deviation.

Interaction with biomolecules.

Stock solutions of TrxR-pept and Cyt ¢ 107> M were prepared, dissolving the lyophilized peptide and
protein and the peptide in LC-MS grade water. The stock solution 102 M of 4b was prepared by
dissolving the sample in DMSO. For the experiments with TrxR-pept, a solution of the peptide 10 M
was prepared by diluting the previous stock solution with LC-MS grade water. Afterwards, a suitable
aliquot of the diiron compound solution was added in 1:1 peptide-to-metal compound ratio. The
mixture thus obtained was incubated at 37 °C for 24 h. The solution was diluted to a final protein

concentration of 107 M with LC-MS grade water and 0.1% v/v of formic acid was added just before
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infusion into the mass spectrometer. For the experiments with Cyt c, a solution of the protein 10™* M
and compound 4b was prepared at protein-to-metal ratios 1:2 by diluting with ammonium acetate
solution 2x1073 M (pH 6.8) the respective stock solutions. The mixture was then incubated at 37 °C for
24 h. The solution was diluted to a final protein concentration of 107 M with ammonium acetate
solution 2x107> M (pH 6.8) and 0.1% v/v of formic acid was added just before infusion into the mass
spectrometer. The ESI mass spectra were acquired using a TripleTOF® 5600" high-resolution mass
spectrometer (Sciex, Framingham, MA, U.S.A.), equipped with a DuoSpray® interface operating with
an ESI probe. All the ESI mass spectra were acquired through direct infusion at 5 pL/min flow rate.
The general ESI source parameters were optimized as follows:

TrxR-pept: positive polarity, ionspray voltage floating (ISFV) 5500 V, temperature (TEM) 25 °C, ion
source gas 1 (GS1) 25 L/min; ion source gas 2 (GS2) 0 L/min; curtain gas (CUR) 30 L/min, collision
energy (CE) 10 V; declustering potential (DP) 300 V, acquisition range 1090-2000 m/z.

Cyt c: positive polarity, ionspray voltage floating (ISFV) 5500 V, temperature (TEM) 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 acquisition, Analyst TF software 1.7.1 (Sciex) 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).

Data analysis.

Compound selection and data treatment. Diiron vinyliminium compounds of general formula
[Fe2Cp2(CO)(u-CO) {p-n'1>-C(RHCRHCNRNR?*)}]" (as CF3SOs~ salts, except where otherwise
noted) analyzed in this manuscript or in previous publications for cytotoxicity on A2780, A2780cisR,
HEK-293 and Balb/3T3 cells were included in this study.!>'®!%1%20 Compounds conjugated with

specific bioactive fragments (e.g. carbohydrates, ferrocenyl, enzyme inhibitors) were excluded.!”'® ICso
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data, measured after 72 hours incubation, octanol-water partition coefficients (Log Pow) and
wavenumbers of carbonyl and iminium stretching of selected compounds are compiled in Table S1.
Then, ICso data were normalized by defining new parameters as follows:

i) Tox = ICso(cisplatin) / ICso(compound), express the relative toxicity for a selected cell line as
compared to cisplatin, measured under equal conditions; Tox > 1: more cytotoxic than cisplatin; Tox <
1: less cytotoxic than cisplatin.

i1) Sel = Tox (A2780) / Tox (non-cancerous cell line) express the increment in cancer cell selectivity as
compared to cisplatin, measured under equal conditions; Sel > 1: more selective than cisplatin; Sel < 1:
less selective than cisplatin.

For the sake of this calculation, standard deviation of ICso and Log Pow data was not considered. ICso >
200 uM was considered as 350 uM; ICso > 100 uM was considered as 150 uM. Sel was not calculated
for 2h and 2p, having undefined ICso (> 200 uM) on both A2780 and HEK-293 cells. Data are
compiled in Table S2.

Structural parametrization. Ten structural descriptors for R!-R* substituents were defined as follows

(p1-p10; Table 4). Stereochemical considerations (e.g. ortho/meta/para substitution) were discarded.

Table 4. Structural parameters for diiron vinyliminium complexes.

p1 n° of aliphatic (sp®) carbons on R" + R?

p2 n° of aromatic or unsaturated (sp?) carbons on R' + R2 +
p3 n° of H-bond acceptor heteroatoms [@ on R' + R2 R1 Ff“ —‘
p4 n° of aliphatic (sp3) carbons Il on R3 %NQ /C\\C/R3

p5 n° of aromatic or unsaturated (sp?) carbons on R3 RZJ C\ / cO

p6 n°® of H-bond acceptor heteroatoms [@ on R3 Fe—Fe/

p7 n°® of H-bond donor groups [ on R3 /

p8 n° of aliphatic (sp3) carbons [l on R* 8

p9 n° of aromatic or unsaturated (sp?) carbons on R*

p10 n°® of H-bond acceptor heteroatoms [@ on R*
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[a1 O, N, F, S, Se. [b] -SiMes counted as -CMes. [c] Hydrogen substituent is counted as -1. [d] OH = 1; NHz2 = 2;

these are also counted as H-bond acceptor heteroatoms.

Chemometric analysis. Since Tox (A2780) and Sel data were not normally distributed, Logio
transformation was applied to both responses. Moreover, all data were mean centered and unit variance
scaled. For the PLS data treatment, the R-based chemometric freeware CAT (Chemometric Agile Tool)
developed by the Group of Chemometrics of the Italian Chemical Society was used

(http://gruppochemiometria.it/index.php/software).

TrxR Inhibition

A2780 cells were grown in 75 cm? flasks at confluence and treated with tested complexes at
concentrations corresponding to ICso values for 24 h. At the end of incubation time, cells were
collected, washed with ice cold PBS and centrifuged at 300xg. Each sample was then lysed with RIPA
buffer modified as follows: 150 mM NaCl, 50 mM Tris—HCI, 1% Triton X-100, 1% SDS, 1% DOC, 1
mM NaF, 1 mM EDTA, and immediately before use, an anti-protease cocktail (Roche, Basel,

Switzerland) containing PMSF was added. Samples were tested for TrxR activity as above described.

Reactive Oxygen Species (ROS) production

The production of ROS was measured in A2780 cells (10* per well) grown for 24 h in a 96-well plate
in RPMI medium without phenol red (Sigma Chemical Co.). Cells were then washed with ice cold PBS
and loaded with 10 uM 5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate acetyl ester
(CM-H2DCFDA) (Molecular Probes-Invitrogen, Eugene, OR) for 25 min, in the dark. Afterwards,
cells were washed with PBS and incubated with tested compounds. Fluorescence increase was

estimated utilizing the wavelengths of 485 nm (excitation) and 527 nm (emission) in an Infinite® 200
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PRO (Tecan, Switzerland) plate reader. Antimycin (3 uM, Sigma Chemical Co), a potent inhibitor of

Complex III in the electron transport chain was used as positive control.
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