Synthesis of new ferrocenyl dehydrozingerone derivatives and their
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Abstract: A series of novel compounds deriving from the conjugation of ferrocene with curcumin-
related bioactive molecules as dehydrozingerone, zingerone and their biphenyl dimers was prepared
by Claisen-Schmidt condensation of the suitable aromatic aldehydes and acetylferrocene in
different conditions according to the starting material. The obtained compounds were fully
characterized by NMR spectroscopy-and cyclic voltammetry and reversible electrochemical
behavior was recorded for monomer derivatives. The cell viability of PC12 cells after exposure to
the organometallic compounds was also evaluated and a reduced toxicity with respect to the
ferrocene was detected. 'In comparison with  biphenyl 4, a compound that manifested
antiproliferative and apoptotic activities and was quite toxic on PC12 cells, the exposure to the
ferrocenyl analogue 14 resulted in roughly four-fold increase in the cell viability. Ferrocenyl
chalcones 14 and 16-18 significantly increased the oxidative stress generated by hydrogen peroxide,

a molecule generally accumulated in cancer cells and, recently, studied as prodrug.
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Highlights

Monomer and dimer ferrocenyl derivatives of dehydrozingerone were synthesized
Electrochemical effects of ferrocenyl chalcones were detected by cyclic voltammetry

Compounds were screened against standard biological assay on PC12 cells



1. Introduction

Many efforts have been devoted to the development of new agents that, by targeting simultaneously
multiple etiologies of a disease, may be more beneficial than selective agents for a single receptor
site [1,2].

Curcumin 1 is a well-established active compound in dealing with different biochemical pathways
leading to cancer. It is the major metabolite extracted from the rhizome of Curcuma longa, a plant
routinely used in the preparation of curry spice as component of Asian traditional medicine (Figure

1) [34].
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A wide spectrum of biological properties (e.g. anti-inflammatory, anticancer, neuroprotective)
attributed to curcumin has been related with its excellent free radical scavenging and antioxidant
activities due to the presence of two guaiacyl moieties that proved to be very effective in stabilizing
phenoxy radicals [5,6]. Unfortunately, curcumin has low solubility in aqueous and physiological
solutions wherein it undergoes rapid degradation into ferulic acid, vanillin and dehydrozingerone 2
(Figure 1) [7,8]. Like curcumin, dehydrozingerone 2 is known for its interesting anti-inflammatory
and anticancer activities [9].

In aprevious study we prepared compound 4, the dimer of OMe-dehydrozingerone 3, as the first
curcumin-related biphenyl. We found that compound 4 was more active in inhibiting malignant
melanoma and neuroblastoma cells growth when compared to curcumin itself (Figure 1) [10].
Normal fibroblasts proliferation was not affected by this treatment therefore compound 4 could
represent a good candidate in developing new therapies against neural crest-derived tumors.
Recently, we found that biphenyl 4 and biphenyl 5, the latter being the biphenyl analogue of
dehydrozingerone 2, are able to partially inhibit the aggregation process of a-synuclein, suggesting
the potential role of a hydroxylated biphenyl scaffold in the design of a-synuclein aggregation

inhibitors in neurodegenerative pathologies [11]. Protective effects against oxidative stress induced



in PC12 cells, a neuronal cell model, was also investigated for biphenyls 4 and 5§ and their
derivatives.

Compared to phenols, hydroxylated biphenyls display higher antioxidant activity in virtue of the
presence of two hydroxyl groups at the ortho-ortho' positions generally providing reduction in
toxicity compared with the corresponding phenolic monomer [12,13].

Ferrocene is a neutral, chemically stable, relatively non toxic molecule whose good reversible redox
proprieties seem to be strongly associated with the biological activity. As an example; the activity
of tamoxifen, the most common drug used to treat patients diagnosed with breast cancer, was
enhanced when a unit of ferrocene is covalently bonded to the molecule of hydroxytamoxifen, the
active metabolite and it was thought that the extended m—system in hydroxytamoxifen-ferrocene
conjugate plays an important role in the mode of action of the drug [14,15].

The organometallic approach has been successfully applied to other bioactive compounds like
flavones [16], amino acids [17,18], chalcones [19,20], quinolinones [21], ellagitannins [22],
cyclodextrin [23] and curcumin [24,25]. Although several ferrocenyl-curcumin derivatives were
prepared by different groups, all of them contain a B-diketoeptadiene or pentenedienone chain in
their structure [24,25].

Ferrocene derivatives of dehydrozingerone, zingerone and the corresponding C,-symmetric dimers
have not been synthetized so far and here we report their preparation and characterization. The
electrochemical properties and cytotoxic activity in PC12 cells of the obtained compounds was also

evaluated in comparison with data of the corresponding compounds lacking in ferrocene unit.

2. Material and methods

2.1 Instrumentation

'H-/‘and *C-NMR spectra were registered in CDCl; at 400.13 and 100.69 MHz respectively on a
Bruker Avance™ 400 instrument. 2D-NMR experiments were performed using standard Bruker
microprograms. All NMR spectra were recorded using CDCI; unless otherwise specified. Chemical
shifts (J) are given as ppm relative to the residual solvent peak and coupling constants (J) are in Hz.
In the NMR assignments, Cp and Cp’ refer to substituted and unsubstituted cyclopentadienyl rings,
respectively. UV spectra were recorded with a spectrometer Perkin-Elmer Lambda 35 in
dichloromethane at concentration of 0.74 x 10° M. Elemental analyses were obtained from the

Department of Pharmaceutical Sciences, University of Catania. Melting points are uncorrected.



Cyclic voltammetries were performed with an eDAQ QuadStat, an e-Corder 410 and the Echem

software( eDAQ Europe, Poland).

2.2 Materials

Sodium hydroxide microprills were purchased from Riedel-de-Haén (Germany). Column
chromatography was performed on Si 60 (230-400 mesh) silica gel using the specified eluants.
Ferrocene, veratraldehyde, hydrogen peroxide and 1-methyl-4-phenylpyridinium (MPP+) were
purchased from Sigma-Aldrich (Milan, Italy), manganese chloride from Merck (Darmstadt,
Germany), vanillin from Alfa Aesar GmbH & Co KG (Karlsruhe, Germany)-and zingerone from

Chemos GmbH (Regenstanf, Germany). All solvents of purity > 98% (GC) were used as received.

2.3 General procedure for the O-benzylation of vanillin and divanillin

To a solution of the suitable aldehyde (1 mmol) in DMF (5§ mL), K,COs; (2 eqv.) and 4-
methylbenzylbromide (1.1 eqv.) were added and the suspension stirred at room temperature until
complete conversion of the substrate was detected by TLC analysis (12-20 h). The solvent was then
evaporated in vacuo and the residue dissolved in AcOEt (15 mL) and treated with satd. NH4Cl
solution (3 x 10 mL). The organic phase, extracted, then was washed with brine, dried over Na,SO4
and taken to dryness to give a residue that was purified by chromatographic column (n-

hexane:AcOEt 9:1) to give pure O-(4-methyl)benzyl derivatives.

2.3.1 3-Methoxy-4-(4-methyl)benzyloxy-benzaldehyde (9): 95% yield, white solid, mp = 69-71 °C;
'H-NMR: & 2.36 (s, 3H, Me), 3.94 (s, 3H, -OMe), 5.21 (s, 2H, CH,), 6.99 (d, 1H, J = 8.0, H-5),
7.20 (d, 2H, J = 8.0, ArH), 7.33 (d, 2H, J = 8.0, ArH), 7.39 (dd, 1H, J = 1.6 and 8.0, H-6), 7.43 (d,
1H, J = 1.6, H-2), 9:.84 (s, 1H, CHO); "C-NMR: § 21.1 (Me), 55.9 (-OMe), 70.7 (CH,), 109.2
(ArH), 112.3 (ArH), 126.5 (ArH), 127.2 (2 x ArH), 129.3 (2 x ArH), 130.1 (Ar), 132.8 (Ar), 137.9
(Ar),150.0 (Ar), 153.6 (Ar), 190.8 (CHO). Anal. Calcd. for C;cH,603: C, 74.97; H, 6.30; Found: C,
75.05; H; 6.28.

2.3.2 2,2"-Di(4-methyl)benzyloxy-3,3'-dimethoxy-5,5 -diformyl-1,1"-biphenyl (13): 93% yield, white
solid, mp = 128-129°C; "H-NMR: § 2.27 (s, 6H, Me), 4.00 (s, 6H, -OMe), 4.89 (s, 4H, CH,), 6.88
(d, 4H, J=8.0, ArH), 6.96 (d, 4H, J = 8.0, ArH), 7.14 (d, 2H, J = 1.6, H-6 and H-6"), 7.49 (d, 2H, J
= 1.6, H-4 and H-4"), 9.77 (s, 2H, CHO); "C-NMR: § 21.0 (Me), 56.0 (-OMe), 74.5 (CH,), 109.6
(Ar-H), 128.1 (ArH), 128.2 (2 x ArH), 128.7 (2 x ArH), 131.7 (Ar), 132.4 (Ar), 133.7 (Ar), 137.6



(Ar), 150.0 (Ar), 153.4 (Ar), 191.0 (CHO). Anal. Calcd. for C3,H300¢: C, 75.26; H, 5.93; Found: C,
75.32; H, 5.90.

2.4 Solvent-free procedure for the synthesis of ferrocenyl chalcones (Method A)

A 10-mL sealed vial charged with the suitable O-protected aldehyde (0.5 mmol) and
acetylferrocene (0.5 mmol) was placed in a bath oil at 100 °C and solid NaOH (1.0 mmol) was
added. The mixture was stirred vigorously and left to react until the TLC analysis showed complete
disappearance of substrates (1-3 h). After addition of CH,Cl, (10 mL) the mixture was partitioned
with satd. NH4Cl solution (3 x 5 mL) and the organic layer, extracted, was washed with brine and
dried over Na,SO,4. The organic solvent was then removed in vacuo and the residue recrystallized

from n-hexane/CH,Cl; to give pure chalcones.

2.4.1 I-Ferrocenyl-3-(3,4-dimethoxy)phenyl-2-propen-1-one (10): 68% yield, red solid, mp = 155-
156 °C; '"H-NMR: & 3.94 (s, 3H, -OMe), 3.97 (s, 3H, -OMe), 4.22 (s, 5H, Cp’), 4.58 (bs, 2H, Cp),
4.93 (bs, 2H, Cp), 6.92 (d, 1H, J = 8.4, ArH), 7.00 (d, 1H, J = 15.6, H-2), 7.15 (s, 1H, ArH), 7.26
(d, 1H, J = 84, ArH), 7.75 (d, 1H, J = 15.6, H-3); "C-NMR: § 55.9 (-OMe), 69.6 (CpH), 70.0
(Cp’H), 72.5 (CpH), 80.6 (Cp), 1104 (ArH), 111.1 (ArH), 120.9 (C-2), 122.3 (ArH), 128.0 (Ar),
140.9 (C-3), 149.1 (Ar), 151.0 (Ar), 192.8 (CO). Anal. Calcd. for C,HyFeOs: C, 67.02; H, 5.36;
Found: C, 66.98; H, 5.38.

2.4.2 I-Ferrocenyl-3-[3-methoxy-4-(4-methylbenzyloxy)]phenyl-2-propen-1-one (11): 75% yield,
red solid, mp = 149-150 °C; "H-NMR: § 2.36 (s, 3H, Me), 3.97 (s, 3H, -OMe), 4.21 (s, 5H, Cp’),
4.58 (t, 2H, J = 1.6, Cp), 491 (t, 2H, J = 1.6, Cp), 5.19 (s, 2H, CH,), 6.92 (d, 1H, J = 8.4, ArH),
6.99 (d, 1H, J=15.6, H-2), 7.18 (m, 4H, ArH), 7.34 (d, 2H, J = 8.0, ArH), 7.74 (d, 1H, J = 15.6, H-
3); PC-NMR: § 21.1 (Me), 56.1 (-OMe), 69.6 (CpH), 70.0 (Cp’H), 70.8 (CH,), 72.5 (CpH), 80.7
(Cp), 1111 (ArH), 113.5 (ArH), 120.9 (C-2), 122.1 (ArH), 127.2 (2 x ArH), 128.3 (Ar), 129.2 (2 x
ArH), 133.5 (Ar), 137.7 (Ar), 140.9 (C-3), 149.7 (Ar), 150.2 (Ar), 192.8 (CO). Anal. Calcd. for
CasHasFeOs: C, 72.10; H, 5.62; Found: C, 72.19; H, 5.64.

2.5 Synthesis of ferrocenyl chalcones in solution (Method B)

To a solution of the suitable O-protected dialdehyde (0.5 mmol) and acetylferrocene (1.0 mmol) in
dioxane (10 mL) NaOH (2.0 mmol) was added and the mixture stirred at 40 °C for 48-96 h. The
solution was concentrated by evaporation of the solvent and partitioned between CH>Cl, (10 mL)

and satd. NH4Cl solution (3 x 5 mL). The organic layer washed with brine, dried over Na,SO4 and



taken to dryness to give a residue that was purified on Si gel column (n-hexane:AcOEt:CH,Cl,

3:1:1).

2.5.1 (2E,2'E)-3,3'-(1,1"-Biphenyl-5,5",6,6'-tetramethoxy-3,3"-diyl)bis( 1 -ferrocenyl-2-propen-1-one),
(14): 38% yield, red solid, mp = 185-186 °C; "H-NMR: § 3.77 (s, 6H, -OMe), 4.02 (s, 6H, -OMe),
4.22 (s, 10H, Cp’), 4.59 (br s, 4H, Cp), 4.92 (br s, 4H, Cp), 7.05 (d, 2H, J = 15.6, 2 x H-2),7.21 (br
s, 2H, ArH), 7.27 (br s, 2H, ArH), 7.79 (d, 2H, J = 15.6, 2 x H-3); “C-NMR: § 56.0 (-OMe), 60.8
(OMe), 69.7 (CpH), 70.0 (Cp’H), 72.6 (CpH), 80.5 (Cp), 112.1 (ArH), 122.2 (C-2), 122.9 (ArH),
130.6 (Ar), 132.5 (Ar), 140.5 (C-3), 148.6 (Ar), 1529 (Ar), 192.8 (CO). Anal. Calcd. for
C4HjgFe,O¢: C, 67.20; H, 5.11; Found: C, 67.27; H, 5.12.

2.52 (2E,2'E)-3,3"-[1,1'-Biphenyl-5,5'-dimethoxy-6,6"-di(4-methyl)benzyloxy-3,3"-diyl |bis(1-
ferrocenyl-2-propen-1-one), (15): 90% yield, red solid, mp = 183-185 °C; 'H-NMR: §2.24 (s, 6H, -
Me), 3.98 (s, 6H, -OMe), 4.19 (s, 10H, Cp’), 4.57 (br s, 4H, Cp), 4.83 (s, 4H, CH»), 4.89 (br s, 4H,
Cp), 6.98 (s, 8H, ArH), 7.00 (d, 2H, J = 15.6, 2 x H-2), 7.20 (br s, 2H, ArH), 7.29 (br s, 2H, ArH),
777 (d, 2H, J = 15.6, 2 x H-3); PC-NMR: § 21.1 (Me), 56.1 (-OMe), 69.7 (CpH), 70.0 (Cp’H),
72.6 (CpH), 74.5 (CH»), 80.5 (Cp), 112.4 (ArH), 122.1 (C-2), 123.1 (ArH), 128.1 (4 x ArH), 128.7
(4 x ArH) 130.5 (Ar), 132.9 (Ar), 134.1 (Ar), 137.4 (Ar), 140.6 (C-3), 147.5 (Ar), 153.2 (Ar), 192.8
(CO). Anal. Calcd. for Cs¢H;50Fe,Og¢: C, 72.25; H, 5.42; Found: C, 72.35; H, 5.40.

2.6 1-Ferrocenyl-3-(3-methoxy-4-hydroxy)phenyl-propan-1-one (16)

A solution of compound 11 (100 mg, 0.21 mmol) in THF (5 mL) was placed in a 100 mL flask
equipped with a Teflon stopcock and Pd/C carbon (10% Pd on activated carbon, 10 mg) was added.
After the flask was evacuated and then refilled with H, (1.0 atm), the reaction mixture was stirred at
60 °C for 3h. The suspension was then filtered through a short plug of Celite and the solution
evaporated. The residue was purified by column chromatography (n-hexane:AcOEt 4:1) to give
pure 16 (62 mg, 0.17 mmol, 81% yield) as an orange solid, mp = 133-134 °C; 'H-NMR: § 2.99 (m,
4H, CH,), 3.90 (s, 3H, -OMe), 4.11 (s, SH, Cp’), 4.49 (t, 2H, J = 1.6, Cp), 4.77 (t, 2H, J = 1.6, Cp),
5.54 (s, 1H, OH), 6.78 (dd, 1H, J = 1.6 and 8.0, ArH-6), 6.80 (d, 1H, J = 1.6, ArH-2), 6.87 (d, 1H, J
= 8.0, ArH-5); "C-NMR: § 29.8 (C-3), 41.8 (C-2), 55.9 (-OMe), 69.2 (CpH), 69.6 (Cp’H), 72.1
(CpH), 78.9 (Cp), 111.3 (ArH), 114.3 (ArH), 120.9 (ArH), 133.4 (Ar), 143.9 (Ar), 146.3 (Ar),
203.3 (CO). Anal. Calcd. for CygHyoFeOs: C, 65.94; H, 5.54; Found: C, 65.89; H, 5.52.



2.7 3,3-(5,5"-Dimethoxy,6,6"-dihydroxy-[1,1'-biphenyl]-3,3"-diyl)bis(1-ferrocenyl-propan-1-one),
(17): According the same procedure described above, O-benzyl derivative 15 (102 mg, 0.11 mmol)
was hydrogenated to give compound 17, obtained as an orange solid (65 mg, 0.09 mmol, 82%
yield) after purification on Si gel column (n-hexane:AcOEt:CH,Cl, 4:3:3), mp = 93-94°C; "H-.NMR
(CD3COCD:3): 6 2.96 (br t, 4H, CH,), 3.06 (br t, 4H, CH), 3.88 (s, 6H, -OMe), 4.13 (s, 10H, Cp’),
4.50 (s, 4H, Cp), 4.80 (s, 4H, Cp), 6.85 (s, 2H, ArH), 6.95 (s, 2H, ArH); >*C-NMR (CD;COCD): &
294 (CHp), 41.4 (CHy), 55.5 (-OMe), 69.1 (CpH), 69.4 (Cp’H), 71.7 (CpH), 79.4 (Cp), 111.3
(ArH), 123.3 (ArH), 125.3 (Ar), 132.7 (Ar), 141.7 (Ar), 147.8 (Ar), 202.0 (CO): Anal: Calcd. for
CaoHssFe,O¢: C, 66.12; H, 5.28; Found: C, 66.22; H, 5.26.

2.8 1-Ferrocenyl-3-(3-methoxy-4-hydroxy)phenyl-2-propen-1-one, (18)

To a solution of 11 (100 mg, 0.21 mmol) in dry CH,Cl, (5 mL) was added (CH3);Sil (0.24 mmol,
33 uL) and the mixture left to react at room temperature for 3h. The reaction mixture was then
quenched with satd. NaHCOs; (3 x 5 mL). The organic phase was extracted and washed with brine
and finally taken to dryness. The residue was purified by chromatographic column (n-
hexane:AcOEt 4:1) to give 18 (0.18 mmol, 64 mg, 84% yield) as a deep red solid, mp = 138-139
°C; "H-NMR: & 3.99 (s, 3H, -OMe), 4.22 (s, 5H, Cp’), 4.59 (t, 2H, J = 2.0, Cp), 4.93 (t, 2H, J = 2.0,
Cp), 6.01 (s, 1H, OH), 6.90 (d, 1H, J =15.6, H-2), 7.00 (d, 1H, J=7.6, ArH), 7.11 (d, 1H, J = 1.6,
ArH), 7.26 (dd, 1H, J = 1.6 and 7.6, AtH), 7.75 (d, 1H, J = 15.6, H-3); "C-NMR: & 55.9 (-OMe),
69.6 (CpH), 70.0 (Cp’H), 72.5 (CpH), 80.6 (Cp), 110.4 (ArH), 114.8 (ArH), 120.6 (C-2), 122.4
(ArH), 127.6 (Ar), 141.1:(C-3), 146.7 (Ar), 147.8 (Ar), 192.9 (CO); Anal. Calcd. for CyoH;sFeOs:
C, 66.30; H, 5.01; Found: C, 66.21; H, 4.99.

2.9 (2E,2'E)-3,3'-[1,1"-biphenyl-5,5"-dimethoxy-6,6'-dihydroxy-3,3'-diyl[bis(I-ferrocenyl-2-propen-
1-one) (19): according the procedure described above, compound 15 (102 mg, 0.11 mmol) was
deprotected at the benzyl group to afford compound 19 as a dark red solid (28 mg, 0.04 mmol, 36%
yield) after purification by chromatographic column (n-hexane:AcOEt:CH,Cl, 4:3:3), mp = 139-
140 °C; "H-NMR: § 4.06 (s, 6H, -OMe), 4.22 (s, 10H, Cp’), 4.58 (br s, 4H, Cp), 4.93 (br s, 4H, Cp),
6.25 (br s, 2H, OH), 7.04 (d, 2H, J = 15.6, H-2), 7.19 (s, 2H, ArH), 7.37 (s, 2H, ArH), 7.80 (d, 2H, J
= 15.6, H-3); >C-NMR: § 56.2 (-OMe), 69.7 (CpH), 70.0 (Cp’H), 72.6 (CpH), 80.4 (Cp), 110.4
(ArH), 121.4 (C-2), 123.6 (ArH), 123.9 (Ar), 127.4 (Ar), 141.1 (C-3), 145.1 (Ar), 147.2 (Ar), 192.8
(CO); Anal. Calcd. for C4H34Fe>Og: C, 66.49; H, 4.75; Found: C, 66.58; H, 4.76.

2.10 Electrochemical measurements



The electrochemical behavior of compounds 2-4, 6-7 and the corresponding ferrocenylderivatives
10, 14, 16, 17 and 18 was evaluated by cyclic voltammetry (CV) in a buffer solution containing
10mL of KNO3 1M and 10mL of ethanol 96%, using a carbon working electrode (area 0,071mm2),
an Ag/AgCl reference electrode and a Pt counter electrode, with a scanned potential range (Vapp)
comprised between -1000mV and +1000mV, at 100 mV s! scan rate, in the absence and in the

presence of 1mM of each compound.

2.11 Cell Culture and Treatments

PC12 cells were grown in Dulbecco’s modified Eagle’s medium: Nutrient Mixture F-12 (DMEM-
F12) containing 10% horse serum, 5% fetal bovine serum (FBS) and 1% penicillin (5000
U/mL)/streptomycin (5000 pg/mL) at 37 °C under humidified 5% COQOx/air. Stock H,O, (5 mM)
solution was prepared in Milli-Q water and diluted (20-100 pM) in complete medium. Ferrocene
and compounds 10, 14, 16, 17, 18 solutions (100 mM) were prepared in DMSO and then diluted to
the final concentration in complete medium, containing a concentration of DMSO <0.1%. All
solutions were prepared immediately before use. All experiments were performed on PC12 cells
during their exponential phase of growth. In a separate series of experiments the cells have been
exposed to ferrocene alone (40 uM). In a previous experiment [11], we determined at 40 pM the
protective concentration of compounds. 2-7, against the cell death induced by H»O,; this
concentration was used in all experiments with the corresponding compounds with ferrocenyl unit,

done in triplicate.

2.12 MTT Assay

For each experiment, 1 X 10° PC12 cells/cm” were plated and treated 24 h later (time 0). PC12 cells
were preincubated for 20 min with ferrocene or ferrocenyl chalcones and then exposed to H,O, (75
uM) for 24 h; at this concentration, H,O, alone determined a cell death around 40 %. PC12 cell
viability was evaluated using the 3,(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazoliumbromide
(MTT) reduction assay [26]. The metabolic dye MTT is reduced by viable cells to form blue
formazan crystals. In brief, the cells were incubated with 1 mg of MTT per milliliter of medium,
and the cultures were allowed to incubate at 37 °C for 4 h. The MTT was removed, and the cells
were rinsed with PBS and centrifuged at 4000 rpm for 15 min. Thereafter, the supernatant was
discarded, and the pellet was dissolved in 2 mL of isopropanol; after centrifugation at 4000 rpm for
5 min, the color was read at 578 nm using a Bauty Diagnostic microplate reader. Experiments were
done in triplicate. A standard curve was constructed with different concentrations of cells at the start

of every experiment.



3. Results and discussion

3.1. Synthesis

Dehydrozingerone 2 was chosen as reference structure and, in order to preserve the guaiacyl unit
present in the molecule and to extend the n—delocalization, the electroactive ferrocenyl moiety was
inserted at the end of the unsaturated chain in place of the methyl group. One and two ferrocenyl
units were introduced in dehydrozingerone derivatives 3, 4 and 5, respectively. The study was also
extended to the preparation of ferrocenyl conjugates of zingerone 6, the non-volatile component of
Zingiber officinale [27], and its C,-symmetric dimer 7 in view of the known influence of butan-2-

one chain in the antioxidant and anti-inflammatory activities of 6 (Scheme 1) [28-30].
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Scheme 1

Monomers 2, 3 and dimers 4, 5 were prepared from vanillin as previously described by us [10a],

whereas dimer 7 was prepared from zingerone 6, commercially available [11].



For the synthesis of the target ferrocenyl chalcones, a Claisen-Schmidt condensation of
acetylferrocene and the suitable O-protected vanillin was carried out in solvent-free conditions
(method A) according to a previously reported procedure by us that generally provides short
reaction times (Scheme 2) [31]. By this route, ferrocenylchalcone 10, the organometallic analogue

of 3, was obtained in 68% isolated yield starting from OMe-vanillin 8.

o o)
Meo 0 o eon M0 =
* Fe Fe
RO RO \—
8 R=Me 10 R=Me
9 R=(4-Me)Bn 11 R = (4-Me)Bn

Scheme 2

However, when OMe-divanillin 12 was used as substrate, the conventional reaction in solution was
preferred (Method B) because it gave better yields of the desired ferrocenyl derivative with only
negligible amounts of the intermediate product deriving from a single Claisen-Schmidt
condensation (Scheme 3). Starting from OMe-divanillin and acetylferrocene compound 14, the

ferrocenyl analogue of biphenyl 4, was obtained in moderate yield.

MeO CHO o MeO AN
O : JL cH NaOH RO Fe
3 dioxane
RO . = ( :7

RO A 3 RO
O = <
MeO

CHO MeO o
R —

12 R=Me 14 R=Me
13 R =(4-Me)Bn 15 R=(4-Me)Bn

Scheme 3

Reactions of acetylferrocene with vanillin or divanillin was not effective to obtain derivatives
bearing free hydroxyl groups. When the starting aldehydes were converted into the corresponding
O-benzylethers 9 and 13 and then subjected to Claisen-Schmidt condensation, the corresponding
ferrocenyl chalcones 11 and 15 were achieved in 75 and 90% yields, respectively (Method A for
compound 9 and method B for compound 13 in the Experimental section).

Hydrogenation of 11 and 15 in the presence of Pd/charcoal catalyst allowed the simultaneous
reduction of the ethylenic bond and deprotection of O-benzyl ether affording the zingerone-like
derivative 16 and the corresponding dimer 17, respectively (Scheme 4). Selective deprotection at

room temperature of O-benzyloxygroups in 11 or 15 with Me;Sil was exploited for the preparation



of 18 and 19 in which the ethylenic bonds were retained (Scheme 4). However, dimeric compound

19, was rather unstable and for this reason it was not further investigated.

o
MeO
e Y
Pac i rattam) o —
Hy (1 atm) MeO THE HO
= 1T wen T ey
60°C,3h HO < MeO =
16 ° ¥
11— 15 | 17
0 o
MeO NN MeO X
MesSil <Y <
CHACl Fe Me,Sil Fe
Y % — o \—
t, 3n 18 CH,Cly HO
i 3h O
=
MeO
e
o}
0 O =~

Scheme 4

Exclusive formation of trans-isomers of ferrocenyl chalcones was deduced from their 'H NMR
spectra in solution that displayed a large coupling constant (J = 15.6 Hz) for the doublets of the
ethylenic protons. Concerning the ferrocenyl unit, the NMR spectra of dimers appeared quite
similar to those of monomeric  counterparts, this spectroscopic evidence should exclude any
interaction with the two.metallocene units when both present in the same molecular structure.
Downfield shifts of about 10 ppm were observed for C NMR carbonyl resonances going from
enone-containing derivatives to the corresponding saturated compounds.

UV-VIS absorption spectra of ferrocenyl chalcones 18, 10 and 14 recorded in dichloromethane at
concentration 0.74 x 10° M tend to have larger conjugated systems compared to their
corresponding chalcones 2, 3, 4 (Supplementary data), and therefore their peak wavelengths tend to

be shifted toward the long wavelength region.

3.2 Voltammetric measurements

All the prepared ferrocenyl derivatives were subjected to cyclic voltammetric analysis and also the
parent benzalacetones were included in the study for comparative purposes. According to Wang et
al. [32], the reversibility of electrochemical processes of each compound, was evaluated by

comparing the magnitude of the separation between the oxidation (E.x) and reduction (E.q) peak



potentials, AE, = I|Eoxx — Erd, with the corresponding value of the reversible system
ferrocene/ferricenium couple.
Cyclic voltammograms are showed in Figures 2-6 and Ey, E.q and AE,, of all compounds are listed

in Table 1.

Table 1. Electrochemical data for benzalacetones and ferrocenyl chalcones”

Compound E,(mV) E.(mV) AE (mV)” status
Ferrocene 106 36 70 reversible
- 2 250 nd -- not reversible
18 430 366 64 reversible
3 nd nd -- --
Monomers < ,
10 380 320 60 reversible
6 422 280 142 not reversible
k 16 378 306 72 reversible
~ 4 nd nd -- --
14 400 nd - -
Dimers <
7 150/540 -50/290 200/250 not reversible
g 17 430 300 130 not reversible

“The analyses were carried out in a buffer solution containing 10 mL of 1M KNO; and 10 mL of 96% ethanol, using a
carbon working electrode (area 0.07lmm?), an Ag/AgCl reference electrode and a Pt counter electrode, with a scanned
potential range (V) comprised between -1000 mV and +1000mV, at 100 mV s scan rate, in the presence of 1 mM of

each compound. AE = |Eox — Eredl

Dehydrozingerone 2 and zingerone 6 displayed not reversible behavior and compound 3, lacking in
free phenolic-OH group, was electrochemically inert.

On the contrary, cyclovoltammetric spectra of the corresponding monomeric ferrocenyl analogues,
e. g. 10, 16 and 18, showed a reversible one-electron redox couple attributed to the ferrocenyl unit
bonded to the aliphatic chain whereas the AE, value was influenced by the molecule structure.

In the dimer series, no significant electrochemical response was detected for 4 and 14 (Figure 4)
while compounds 7 and 17, the zingerone dimer and its ferrocenyl analogue, showed not reversible
electrochemical behavior probably due to the ortho-ortho' free phenolic-OH groups that can
activate side reactions as described in literature for other biphenyls with similar structural features
(Figure 6) [33,34].

A putative interaction between the two ferrocenyl units in dimer 17, favoured by the phenolic -OH

hydrogen bond and resulting in forcing closer the aliphatic side chains could not be ruled out. On



the contrary, the lack of hydrogen bond in dimer 14 would drive the biphenyl structure in a
conformation where the two ferrocenyl units are each other far away.

For all ferrocenyl derivatives a drastic shift to positive peak potentials was observed with respect to
ferrocene probably due to the electron-withdrawing properties of the rest of the molecule as
observed in other ferrocenyl conjugates [35]. A broad oxidation peak at low potential was observed
for compounds 10, 16, 17 and 18 (Figure 2-6) probably due to an oxidation process which involves
the organic part of the molecule before that the Fe oxidation process takes place [36,37]. The
presence of an unsaturated bond in the side chain produced a drastic decrease in the potential value
detected for dehydrozingerone 2 compared to zingerone 6 (E,, 250 mV vs. E, 422 mV).
Nevertheless, when a ferrocenyl unit is embedded in a saturated chain as in 16 and dimer 17 the
Eox/Ered value shifted to lower potentials compared to the parent compound lacking in the
electroactive unit (eg. 6 and 7). It seems that both iron atom in ferrocene and phenolic hydroxyl
group played a radical-scavenging role and the radical-scavenging capacity of iron atom in

ferrocene was even higher than that exerted by the phenolic-OH group.

3004
g
= 2004
800 3
A 5
o
1001 — baselne  — ferrocene
< 400 L . e
£ -200 -100 O 100 200 300 400 500
E 0 E (mV) versus Ag/AgClI
5
o Me
-400 — baseline  — ferrocene
—_ 0
— 6 — 16 E
-800 v v v v v J E 50
-1200 -800 -400 0 400 800 1200 g
E (mV) versus Ag/AgClI 3
-100 — baseline — ferrocene
—6 — 16
150;

“7200 100 0 100 200 300 400 500
E (mV) versus Ag/AgCl

Figure 2



1200
A
—~ 800+
-
~ 4001
ra)
& o
E c
3>
QO -4004 — Baseline — Ferrocene
-3 —10
-800-
1200 -800 -400 O 400 800 1200
E (mV) versus Ag/AgClI
Figure 3.
700
A
— 400
<
=
€
o 0
=
S
o — Baseline — Ferrocene
-400; . o
-700: v . v . v .
-1200 -800 -400 0 400 800 1200

Figure 4.

E (mV) versus Ag/AgClI

Current (nA)

Current (nA)

-200 v v
-200 100 O

3004

2004

5001
B
~— 4001
<
=
s 3004
[=
g
s 2004 — Baseline — Ferrocene
-3 — 10
o 1004
0 v v v v - T "
-200 100 O 100 200 300 400 500
E (mV) versus Ag/AgCl
01
C
< /
=
N
c
S 1004
=
=
=
(&) — Baseline — Ferrocene
-3 —10

100 200 300 400 500
E (mV) versus Ag/AgCl

— Baseline — Ferrocene

—4 — 14

e e

<100 0 100 200 300 400 500

E (mV) versus Ag/AgCI

04
-501
1004 — Baseline — Ferrocene
—4 — 14
-150:
-200 -100 0 100 200 300 400 500
E (mV) versus Ag/AgCI



700
A
< 4001
s
T
o 0+
-
=
3
o -400- — Baseline — Ferrocene
=) — 18
-700 T v v v v J
-1200 -800 -400 0 400 800 1200
E (mV) versus Ag/AgCI
Figure 5.
800
A
< 400
L
=
o 04
[
—
=
O -400{ — Baseline — Ferrocene
— 17 -7
-800: v v v v v "
-1200 -800 -400 0 400 800 1200
E (mV) versus Ag/AgCI

Figure 6.

Current (nA)

Current (nA)

Current (nA)

Current (nA)

5004

4001

3001

2004

1004

—i2 — 18

-100+

0
-200

100 0 100 200 300 400 500

E (mV) versus Ag/AgCI

— Baseline — Ferrocene
-2 — 18

-200
-300 -200 -100 0

-200 100 0

-200:
-200

100 200 300 400 500
E (mV) versus Ag/AgCl

— Baseline — Ferrocene

—17 -7

100 200 300 400 500 600

E (mV) versus Ag/AgCl

— Baseline — Ferrocene
— 17 -7

400 0 100 200 300 400

E (mV) versus Ag/AgCI



3.3 Biological assay

Several biological studies evidence the use of PC12 cells as straightforward model to evaluate
viability and antitumor activity in vitro [38-41]. In this work we used PC12 cells to test toxicity of
the new ferrocenyl chalcones when used alone and in the presence of hydrogen peroxide (H,0,) in
order to simulate an oxidative biological process able to promote cell death in cancer cells [42].
Viability of PC12 cells by exposure to compounds 2-7, lacking in ferrocenyl unit, was previously
investigated by us [11] and dose-response studies evidenced moderate cytotoxicity at 40 tM only
for compounds 3 and 5, whereas biphenyl 4 significantly induced cell death even at 10 uM
concentration.

All ferrocenyl-containing compounds 10, 14 and 16-18 showed a concentration-related toxicity but

were less toxic than ferrocene itself on PC12 cells (Figure 7).
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At concentration of 40 uM the viability was reduced (about 20%) by exposure to compounds 10,
14 and 17 whereas roughly doubled decrease was observed in the presence of ferrocene itself
comparison with control.

In the series of compounds lacking in the ferrocenyl unit, statistically significant protection from

H,0s.induced oxidative stress was observed only for dehydrozingerone 2 and zingerone 6. [11]
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On the contrary the co-exposure of PC12 to ferrocenyl chalcones 14, 16 - 18 and H,O,, significantly
enhanced the cytotoxic effect of hydrogen peroxide resulting in a further decrease of cell viability.
Although we have not investigated the mechanism of toxicity of the studied ferrocene chalcones in
the presence of H,0,, generation of hydroxyl anions and highly reactive hydroxyl radicals would
occur. In fact, it is. generally acknowledged the role of ferrocene unit in producing reactive oxygen
species (ROS) in cancer cells due to the innate overproduction of H,O; in these cells [42]. As result
of these oxidation reactions, selective oxidative DNA damage of cancer cells and their targeted
apoptosis would occur without damage to normal cells. An emerging strategy for cancer treatment
exploits the induction of oxidative stress by exogenous ROS generating agents specifically in
cancer cells leading to their apoptotic death [43] and the antiproliferative activity of some
ferrocenyl olefins has been recently related to their ability in inducing ROS generation and cell
death [44].

Among the studied ferrocenyl chalcones, the presence of a biphenyl structure and OMe-protection
of the phenolic —OH groups seems to lead to a significant increase of cytoxicity (compound 14)
whereas the corresponding monomer (compound 10) exerts a comparable cytotoxic effect to that of
hydrogen peroxide. Nevertheless, it is interesting to note that biphenyl 4, which manifested

antiproliferative and apoptotic activities even at 1 uM [10], was quite toxic on PC12 cells whereas



the corresponding ferrocenyl analogue, compound 14, gave roughly four-fold increased level of cell
viability (Figure 9). Although UV-VIS adsorption spectra showed a shift of biphenyl chalcone 14
toward the longer wavelength region respect to biphenyl 4, no significant electrochemical
differences were detected for biphenyls 4 and 14. The different viability of 4 and 14 towards PC12

cells would follow separated pathways and it is worthy of further investigation.
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Figure 9

4. Conclusions

The first ferrocenyl-dehydrozingerone derivatives in monomer and biphenyl form were prepared by
straightforward methods and characterized by spectroscopic and electrochemical analysis.
Reversible electrochemical effects, directly related with the presence of a ferrocenyl unit in the
molecule, were observed for monomer derivatives but not in biphenyl series. The effect of a
ferrocenyl unit on cytotoxic activity in PC12 cells was also evaluated and enhanced cell viability
with respect to ferrocene itself was detected for all tested compounds. In comparison with biphenyl
4, a compound that manifested antiproliferative and apoptotic activities and was quite toxic on
PC12 cells, the exposure to the ferrocenyl analogue 14 resulted in roughly four-fold increase in the
cell viability. This aspect is worth of future studies and further investigation on different biological

targets.



Ferrocenyl chalcones 14 and 16-18 significantly increased the oxidative stress generated by

hydrogen peroxide, a molecule generally accumulated in cancer cells and, recently, studied as

prodrug. Compounds able to activate oxidative stress in cancer cells are promising candidates for

the new approach to prodrug activation.
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Caption of Figures

Figure 1 — Natural and natural-like phenols and biphenols

Figure 2 - Cyclic voltammograms recorded with a carbon working electrode (area=0.071cm?), in a
buffer solution containing 10mL of KNO3 1M and 10mL of ethanol 96%. Curves in A, obtained
with a scanned potential range (E.p,) comprised between -1000mV and +1000mV, at 100 mV s
scan rate, were separately achieved, in the absence and in the presence of ImM ferrocene, 1mM
compound 6 and 1mM compound 16; curves in B are details of voltammogram A, in a scanned
potential range (E,p,) comprised between -200mV and +500mV, where oxidation peak of each
compound is enhanced; curves in C are details of voltammogram A, in a scanned potential range
(Eapp) comprised between -200mV and +500mV, where reduction peak of each compound is

enhanced.

Figure 3 - Cyclic voltammograms recorded with a carbon working electrode (area=0.07lcm?), in a
buffer solution containing 10mL of KNO; 1M and 10mL of ethanol 96%. Curves in A, obtained
with a scanned potential range (E.p,) comprised between -1000mV and +1000mV, at 100 mV s
scan rate, were separately achieved, in the absence and in the presence of ImM ferrocene, 1mM
compound 3 and 1mM compound 10; curves in B are details of voltammogram A, in a scanned
potential range (E,y,) comprised between -200mV and +500mV, where oxidation peak of each
compound is enhanced; curves in C are details of voltammogram A, in a scanned potential range
(Eqpp) comprised between -200mV and +500mV, where reduction peak of each compound is

enhanced.

Figure 4 - Cyclic voltammograms recorded with a carbon working electrode (area=0.071cm?), in a
buffer solution containing 10mL of KNO3 1M and 10mL of ethanol 96%. Curves in A, obtained
with a scanned potential range (E.p,) comprised between -1000mV and +1000mV, at 100 mV s
scan rate, were separately achieved, in the absence and in the presence of ImM ferrocene, 1mM
compound 4 and 1mM compound 14; curves in B are details of voltammogram A, in a scanned
potential range (E,pp) comprised between -200mV and +500mV, where oxidation peak of each
compound is enhanced; curves in C are details of voltammogram A, in a scanned potential range
(Eqpp) comprised between -200mV and +500mV, where reduction peak of each compound is

enhanced.



Figure 5 - Cyclic voltammograms recorded with a carbon working electrode (area=0.071cm?), in a
buffer solution containing 10mL of KNO3 1M and 10mL of ethanol 96%. Curves in A, obtained
with a scanned potential range (E,p,) comprised between -1000mV and +1000mV, at 100 mV s
scan rate, were separately achieved, in the absence and in the presence of ImM ferrocene, 1mM
compound 2 and 1mM compound 18; curves in B are details of voltammogram A, in a scanned
potential range (E,pp) comprised between -200mV and +500mV, where oxidation peak of each
compound is enhanced; curves in C are details of voltammogram A, in a scanned potential range
(Eqpp) comprised between -300mV and +500mV, where reduction peak of each compound is

enhanced.

Figure 6 - Cyclic voltammograms recorded with a carbon working electrode (area=0.071cm?), in a
buffer solution containing 10mL of KNO3 1M and 10mL of ethanol 96%. Curves in A, obtained
with a scanned potential range (E.p,) comprised between -1000mV and +1000mV, at 100 mV s
scan rate, were separately achieved, in the absence and in the presence of ImM ferrocene, 1mM
compound 7 and 1mM compound 17; curves in B are details of voltammogram A, in a scanned
potential range (E,p,) comprised between -200mV and +600mV, where oxidation peak of each
compound is enhanced; curves in C are details of voltammogram A, in a scanned potential range
(Eapp) comprised between -200mV and +400mV, where reduction peak of each compound is

enhanced

Figure 7 — PC12 cells viability in medium alone (DMEM/F12) or DMEM/F12 plus the compounds
ferrocene, 10, 14, 16, 17 and 18 at 10, 20, 40 and 80 UM, respectively. *=P<0.05 versus
DMEM/F12 alone (control group). §=P<0.05 versus ferrocene.

Figure 8 - Viability of PC12 cells in culture medium (DMEM/F12), DMEM/F12 + ferrocene or
DMEM/F12 supplemented with H,O» (75 uM), alone and in the presence of compounds 10, 14, 16,
17 and 18 (40 pM). *=P<0.05 versus medium (DMEM/F12) alone. §=P<0.05 versus ferrocene.
#=P<0.05 versus HyOz (75 uM).

Figure 9 - Viability of PC12 cells in culture medium (DMEM/F12), DMEM/F12 + ferrocene or
DMEM/F12 supplemented with HO, (75 M), alone and in the presence of compounds 4 and 14
(40 uM). *=P<0.05 versus medium (DMEM/F12) alone. §=P<0.05 versus ferrocene. #=P<0.05
versus HyO, (75 uM).



Table 1 — Relevant electrochemical information obtained by cyclic voltammetry (CV) of

benzalacetones and ferrocenyl chalcones.

Table 1. Electrochemical data for methyl-ketones and ferrocenylchalcones”

Compound E, (mV) E. (mV) AE (mV)® status
Ferrocene 106 36 70 reversible
- 2 250 nd = not reversible
18 430 366 64 reversible
3 nd nd -- --
Monomers < )
10 380 320 60 reversible
6 422 280 142 not reversible
16 378 306 72 reversible
4 nd nd - -
14 400 nd - -
Dimers <
7 150/540 -50/290 200/250 not reversible
L 17 430 300 130 not reversible

“The analyses were carried out in a buffer solution containing 10 mL of 1M KNO; and 10 mL of 96% ethanol, using a
carbon working electrode (area 0.071mm?), an Ag/AgCl reference electrode and a Pt counter electrode, with a scanned
potential range (V,,,) comprised between -1000 mV and +1000mV, at 100 mV s scan rate, in the presence of 1 mM of

each compound. ’AE ={Eqx — Eedl



