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    The series ‘Advances in Organic Synthesis’ are a dedicated set of different volumes covering all contemporary developments in organic synthesis. The contents of each volume are thoughtfully picked to capture the dire need of the readers and at the same time, it is rewarding to quench the thirst of researchers. The first chapter of volume 18 describes the latest syntheses and biological activities of anti-cancer Ferrocenes. Mehra and Lumb gave a brief account of the stable aromatic nature of ferrocene and bioferrocene compounds that possess reversible redox properties, and low toxicity that has also revolutionized the area of medicinal organometallic chemistry.




    Masdeu et al. compiled a review on the synthesis of fused nitrogenated heterocycles using intramolecular Povarov Reaction. This strategy helped in synthesizing tri-, tetra-, penta-, hexa-, hepta-and octacyclic-fused heterocyclic compounds of diverse biological activities. While Singh and Kumari in their chapter 03 described the recent applications of barbituric acid as a synthetic precursor for the synthesis of various bioactive compounds. Barbituric acid can be employed in the condensation reaction as well as 5-/6- membered oxygen/nitrogen-containing heterocycles.




    The use of ionic liquids (ILs) in organic syntheses has made a renaissance. It has revolutionized the entire trajectory of the synthetic pathway. In Chapter 4, Khokhar et al. described emerging applications of ILs as green solvents, green catalysts, and in coupling reactions. It depicts their remarkable use in environmentally benign organic synthesis which is the main focus of discussion in this chapter.




    The last three chapters of these volumes are exclusively dedicated to the newly emerging field of nanotechnology. For example, chapter 05 of this volume illustrates the advanced use of Zinc oxide (ZnO) nanomaterials for biomedical applications. In this chapter, Bhuiyan et al. showed that ZnO nanomaterials could be developed by the organic synthesis process for excellent biocompatibility, selectivity, sensitivity, good chemical stability, non-toxicity, and fast electron transfer properties in a cost-effective manner. While Higazy et al., in their chapter 06 covered the contemporary development of nanocomposite hydrophobic coatings for effective corrosion protection. Organic-inorganic nanocomposites can be employed as outstanding anti-corrosive coatings to provide longevity of steel construction service. Overall, they gave an overview of present and advanced research developments, such as graphene nanocomposite surfaces, etc. Interestingly, the last chapter of this volume by Zdiri et al. covers the morphologies and properties of virgin and waste polypropylene nanocomposites. The article gives information on different types of nanoparticles used for the enhancement of thermo-mechanical and physical behaviors of PP nanocomposites. Moreover, it also discusses the improvements in the properties of waste PP by nanoparticles’ incorporation and the influence of clay nanoparticles on waste PP-based nanocomposites.




    I hope that the readers will enjoy reading this volume which covers contemporary developments in organic syntheses. I would like to express my sincere thanks to the editorial staff of Bentham Science Publishers, particularly Ms. Asma Ahmed and Mr. Mahmood Alam for their constant help and support.
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      Abstract




      Cancer is among the most severe risks to the global human population. The enduring crisis of drug-resistant cancer and the limited selectivity of anticancer drugs are significant roadblocks to its control and eradication, requiring the identification of new anticancer entities. The stable aromatic nature, reversible redox properties, and low toxicity of ferrocene revolutionized medicinal organometallic chemistry, providing us with bioferrocene compounds with excellent antiproliferative potential, which has been the focus of persistent efforts in recent years. Substituting the aryl/heteroaryl core for ferrocene in an organic molecule alters its molecular characteristics, including solubility, hydro-/lipophilicity, as well as bioactivities. Ferrocifen (ferrocene analogues of hydroxytamoxifen) has shown antiproliferative potential in both hormone-dependent (MCF-7) and hormone-independent (MDA-MB-231) breast cancer cells. It is now in pre-clinical trials against malignancies. These entities operate through various targets, some of which have been revealed and activated in response to product concentrations. They also react to the cancer cells by diverse mechanisms that can work in concert or in isolation, depending on signaling pathways that promote senescence or death. The behavior of ferrocene-containing hybrids with a range of anticancer targets is explained in this chapter.
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      1. INTRODUCTION




      Organometallic chemistry and biochemistry have recently been combined to form a new subject known as bioorganometallic chemistry. This new research topic has piqued scientists' interest because of the unusual chemical structure and biological activity of organometallic compounds. These carbon-metal linkage compounds




      offer a potentially rich sector for the discovery of new pharmacological medicines with novel mechanisms of action, and the field is rapidly increasing. In recent years, there has been an increased interest in developing organometallic compounds as structural variants of existing drugs for treating drug resistance cancer [1]. Among the various organometallics, ferrocene [2], the archetypal organometallic compound, serves as a useful platform in bio-organometallic chemistry because of its important role in various fields, including stereoselective, stereospecific, and asymmetric transformations, electrochemistry, polymer chemistry, material science, biochemistry, crystal engineering, and drug design and development [3]. Ferrocene compounds are particularly appealing candidates for biological applications because of their durability in aqueous and aerobic settings, as well as the availability of a wide range of derivatives and outstanding electrochemical characteristics [4]. Ferrocene [5, 6] is a compelling target in fields like drug design mediators of protein redox processes, internal standards in electrochemistry, and organic synthesis, such as functionalization of cyclopentadienyl ligands, due to its sandwich-like structure and chemical representation (η5-C5H5)2Fe. In many ways, ferrocene is similar to benzene in that it behaves like an aromatic ring and conducts electrophilic reactions, including Friedel-alkylation, Craft's acylation, Vilsmeyer formulation, and mercuration reactions, which are all phenyl ring properties. Ferrocene derivatives with asymmetric substituents are extensively used as asymmetric hydrogenation catalysts [7]. Among organometallic compounds, ferrocene has a remarkable range of chemistry. Numerous studies have demonstrated ferrocene's efficacy in vivo and in vitro, as well as its potential as an anticancer, antimalarial, and antifungal agent [8-11]. The anticancer action of ferrocene-based compounds is linked to the oxidation state of the central iron atom. Only the ferrocenium salts with the central iron atom in the oxidation state of +3 have been found to exhibit anticancer activity. Incorporating ferrocene into bioactive compounds is a common technique in this field, with the most successful example being its incorporation into tamoxifen, resulting in the potential therapeutic candidate ferrocifen, which has the unique property of being antiproliferative against both the MCF-7 (hormone-dependent) and MDA-MB-231 (hormone-independent) breast cancer cell lines [12]. Many studies have also shown that ferrocene analogues have the potential to treat a wide range of illnesses, including fungal/bacterial infections, malaria, HIV, and cancer. This chapter aims to keep researchers informed about recent advances in the synthesis and evaluation of ferrocene-containing bioactive pharmacophores, focusing on the structure-activity relationship (2015-2020).


    




    

      FERROCENE-BASED CONJUGATES HAVE ANTIPROLIFERATIVE POTENTIAL




      Schobert and co-workers synthesized and analyzed the antiproliferative potential of ferrocene-derived N-heterocyclic carbene complexes of Gold (I) [13]. Ferrocene-carboxaldehyde 1 was initially treated with toluene sulfonyl methyl isocyanide 2 and methylamine, resulting in imidazoles 3. Alkylation reaction of 3 with iodomethane or iodoethane provided the corresponding imidazolium salts 4, which upon subsequent reaction with silver (I) oxide yielded the complexes 5. Complex 5 was transmetallated with chloro (dimethyl sulfide)gold (I), resulting in the derivative 6. The subsequent reaction of 6 with triphenylphosphine and sodium tetrafluoroborate afforded the target complex viz. cationic phosphano gold complex 7 (Scheme 1).




      
[image: ]


Scheme (1))


      Synthetic route to ferrocenyl substituted N-heterocyclic carbene complexes of Gold (I) 7.



      Ferrocene-substituted biscarbene complex 8 was prepared by substituting BF4 for the counter anion in imidazolium iodide 4b. The desired silver carbene complex 9 was synthesized by transmetallation of the complex 8 with chloro (dimethyl sulfide)gold (I) (0.5 equivalents) (Scheme 2).
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Scheme (2))


      The synthetic pathway to obtain ferrocenyl substituted N-heterocyclic carbene complexes of Gold (I) 9.



      When these complexes (6, 7, and 9) were tested for their antiproliferative potential, the N-methylated monocarbene complex 6a showed good antiproliferative potential with IC50s 7-20 μM against human cancer and non-malignant cells. Whereas, its ethyl counterpart 6b had IC50s between 0.2 to 4.0 μM. Complex 9 demonstrated a lower IC50 value and was more active than 7. Furthermore, these complexes 6, 7, and 9 were tested against HT-29, a multidrug-resistant tumor cell line.




      Ruan et al. [14] developed a library of (E)-2-methyl-3-ferrocenyl-N-acrylamides, and tested them in vitro for antiproliferative potential towards B16-F10 and A549 cell lines. Ferrocene carboxaldehyde 1 upon witting reaction with triphenyl- phosphorane-derivative 10 yielded 11, which was hydrolysed to produce (E)- 2-methyl-3-ferrocenylacrylic acid 12. Next step involving the synthesis of the desired (E)-2-methyl-3-ferrocenyl-N-acrylamides derivatives 13 proceeded with amide coupling of precursor 12 in the presence of standard coupling agents viz. EDCI and HOBt, with various substituted anilines, as shown in Scheme 3.
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Scheme (3))


      Synthesis of (E)-2-methyl-3-ferrocenyl-N-acrylamides derivatives 13.



      Further, the anticancer effectiveness of the synthesized derivatives was examined against two tumour cell lines, B16-F10 and A549 (with celecoxib as a control) by the MTT assay. The examination of substituents influence on the phenyl ring revealed that unsubstituted derivative, with an IC50 value of 0.17 μM, had the strongest anticancer activity. The 4th and 3rd positions of the phenyl ring were probed using various electron-donating and electron-withdrawing groups. Except for Br at the third position, other electron-withdrawing substituents such as CF3, OCF3, F, and Cl, diminished the antitumor activity. On the contrary, the addition of CH3 preserved the anti-tumor effect, but 4-OCH3 was comparable to the unsubstituted derivative. Interestingly, the compound with the 3-OCH3 substitution was virtually inert. The reason for this might be that these substituents have a lower binding affinity for the target protein. The inclusion of substituents such as 3-trifluoromethyl, 3-methyl, 3-trifluoromethoxy, 3-fluoro, 4-chloro, and 4-trifluoromethoxy groups on the phenyl core greatly improved the anticancer activity as compared to the unsubstituted derivatives. These results were quite different when tested against B16-F10. The most potent derivatives 13a and 13b are depicted in Fig. 1.
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Fig. (1))


      Most Potent (E)-2-methyl-3-ferrocenyl-N-acrylamides 13a and 13b.



      Ferrocenyl substituted Schiff base, and corresponding metal complexes were recently synthesized by Deghadi et al. [15]. The reaction between equimolar concentration (1:1) of 2-acetylferrocene 15 and 1,8-naphthalenediamine 14 under refluxing conditions, with methanol as a solvent, afforded the ferrocene-based ligand 16 (Scheme 4).
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Scheme (4))


      Synthesis of Ferrocenyl substituted Schiff base ligand 16.



      The metal complexes were made by reacting equimolar amounts of various transition metals with ferrocenyl substituted Schiff base ligand 16 in suitable solvents, and their structures were studied using various spectroscopic techniques. The proposed structure of ferrocene derivatized Schiff base metal complexes is depicted in Fig. 2.
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Fig. (2))


      Structure of ferrocene-derivatized Schiff base metal complex.



      The synthesized ferrocenyl Schiff bases and their complexes were tested for anticancer activities against the MCF-7 (breast carcinoma) cells, at a 100 µM concentration. The inhibition fraction of the ligand and corresponding metal complexes (Fe (III), Cu (II), Cr(III), and Cd (II)) was found to be greater than 70%. Further, at various concentrations, the IC50 values of the complexes, Cr-(III)-L, Cd-(II)-L, Fe-(III)-L, Cu-(II)-L, and ferrocenyl substituted Schiff base ligand 16 were calculated as 11.3, 16.6, 35, 37.7, and 20.2 µM. Results revealed that Cd (II) and Fe (III) complexes were more active than Cu (II)/Cr (III) complexes and Schiff base ligands.




      Tucker and co-workers [16] synthesized bis-substituted ferrocene carrying either hydroxy/methoxy-alkyl or thyminyl/methylthyminyl group, and examined their anticancer potential in osteosarcoma (bone cancer) cells. Further, the results were compared to the anticancer activities of the known lead compound, 1-(S,Rp), a nucleoside analogue with high toxicity towards cancer cells. The synthetic methodology included the initial preparation of synthon 17 [17], which was needed for the synthesis of the compounds 1-(S,Rp)-Me219, 1-(S,Rp)-OMe 22 and 1-(S,Rp)-NMe 25. The double de-protection of 17 was carried out in the presence of TBAF and methyl amine to form 1-(S,Rp) 18. Further treatment of 18 with KtOBu and MeI resulted in the synthesis of bismethylated target 1-(S,Rp)-Me2 19. The desired compound 1-(S,Rp)-OMe 22 was synthesized by deprotection, then O-methylation of 20 and finally benzoyl group removal from precursor 21. Further, debenzoylation of 17 was done in the presence of ammonia and methanol to yield 23, which underwent N-methylation resulting in the formation of 24. Alcohol deprotection of 24 yielded the desired product 1-(S,Rp)-NMe 25 (Scheme 5).
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Scheme (5))


      Synthesis of bis-substituted ferrocene 19, 22 and 25.



      The resulting ferrocene derivatives, 1-(S,Rp)-Me2 19, 1-(S,Rp)-OMe 22 and 1-(S,Rp)-NMe 25 and lead compound 1-(S,Rp) showed IC50 values 2.1, 2.7, 1.4 and 2.6 µM respectively on human osteosarcoma (HOS) cells. Further, Tucker et al. assessed the influence of nucleotide kinases in the cytotoxicity of these compounds –on 143B osteosarcoma cells, which are isogenic with HOS cells, except for the fact they are thymidine kinase (TK)-negative. A significant drop in cytotoxicity values of 1-(S,Rp)-OMe 22, 1-(S,Rp)-NMe 25 and 1-(S,Rp)-Me2 19 (IC50s = 5.8, 4.3 and 7.3 µM respectively) was observed. Further, these derivatives that required phosphorylation by thymidine kinase showed resistance to 143B cells, and 156-fold enhancement in resistance to the standard, gemcitabine (IC50 = 0.1 nM), confirming the observed results.




      Cyclometallated Pt (II) complexes having ferrocenyl moiety have been reported by Lopez et al. [18]. The resulting complexes were in vitro investigated for anticancer potential towards MCF-7, MDA-MB-231 (breast cancer) and HCT116 (colon) cancer cells. The synthetic procedure entails refluxing compound 26 with cis-[PtCl2(dmso)2] and sodium acetate in MeOH:toluene (1:5) for a time period of 3 days. It formed a deep-brown solution, carrying a mixture of 27a and 28 – which upon careful chromatographic separation yielded 27a and 28 as a minor and major product, respectively. The synthesis of new orange Pt(II) complex 29 was achieved by treating 28 with triphenylphosphine in chloroform. The complex 30 was obtained by reacting 28 with an excess of AgNO3 in acetonitrile and then treating it with triphenylphosphine in DCM (Scheme 6).




      The resulting ferrocene-derivatized Pt(II) complexes demonstrated good anticancer profile. Interestingly, ferrocene derivative 26 was observed to be more cytotoxic in nature when compared to complex, platinacycle 28, with an IC50 value <6 μM against both the tested breast cancer (MCF-7 and MDA-MB-231) cell lines. Besides, ferrocene-derivatized Pt(II) metal complexes 29 and 30,with




      only difference in the monoanionic ligand (Cl and NO2 respectively), possessed good intrinsic cytotoxicities. However, 29 was approximately 3 and 6 fold more active than 30 against MCF-7 and MDA-MB-231 cells, respectively.
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Scheme (6))


      Synthesis of cyclometallated Pt (II) complexes 29 and 30.



      Jaouen et al. [19] disclosed the synthetic methodology and antiproliferative potential of ferrocenyl-Podophyllotoxin analogues on breast cancer cells. 6-bromopiperonal 31 was reacted with ferrocenyl lithium in THF, affording alcohol 32, which upon treatment with ethyl acetoacetate in the catalytic amounts of p-toluenesulfonic acid provided keto-ester 33. The allylation reaction of 33 in the presence of 15-C-5 crown ether provided 34. The exocyclic alkene 35 was formed by an intramolecular Mizoroki-Heck reaction with a catalytic amount of Palladium(II) acetate, which was then treated with sodium ethoxide in EtOH/THF mixture, yielding the ferrocene-based ester 36. The intermediate γ-oxo ester 38 was obtained by dihydroxylating 36 with OsCl3, followed by a reaction with NaIO4. Intermediate 38 was further reduced with NaBH4, which led to the formation of the desired alcohol 39, as shown in Scheme 7.
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Scheme (7))


      Synthesis of ferrocenyl analogues of new Podophyllotoxin 39.



      Another Podophyllotoxin-ferrocene derivative 41 was obtained by reacting 40 with ferrocenyl chloride, in the presence of catalytic amounts of triethylamine and N,N-dimethyl propionamide (DMAP), as shown in Scheme 8.
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Scheme (8))


      Synthesis of ferrrocene-Podophyllotoxin derivative 41.



      The antiproliferative activities of the synthesized derivatives, i.e., O-ferrocenyl-podophyllotoxin (OFCP) 41 and ferrocene-Podophyllotoxin derivative 39 were investigated against breast (MCF-7 and MDA-MB-231) cells, and results were compared to standard podophyllotoxin. The addition of the ferrocene significantly lowered the anti-breast cancer activity of Podophyllotoxin, with derivative 41 showing IC50s 0.93 μM and 0.43 μM, against MCF-7 and MDA-MB-231 cells, respectively. On the other hand, the alcohol analogue 39 exhibited higher IC50 values of 39.75 µM (MCF-7) and 27.6 µM (MDA-MB-231).




      Plazuk and co-workers [20] synthesized the ferrocenyl-biotin conjugates 44, 45, and 47 by reacting ferrocene with biotin analogues 42, 43, and 46, respectively, under Friedel Craft acylation conditions and assessed their antiproliferative activities (Scheme 9).
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Scheme (9))


      Synthesis of ferrocenyl-biotin conjugates 44, 45 and 47.



      The biotin-ferrocene conjugates 44, 45 and 47 were treated with (R)-Me-Cory-Bakshi-Shibata (CBS), leading to (S)-alcohol derivatives 48, 49 and 58 and their isomers (R)-alcohols 50, 51 and 61 by using (S)-Me-CBS. Further treatment of these diastereomeric alcohols with NaN3 in AcOH afforded corresponding azides viz. (S)- azides 50, 51 and 62 and (R)-azides 54, 55 and 63, which upon subsequent reduction with LiAH4 as a reducing agent in dry THF afforded corresponding (S)-amines 54, 55 and 64 and (R)-amines 56, 57 and 65 (Scheme 10).
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Scheme (10))


      Synthesis of ferrocenyl-biotin conjugates 56-59, 64 and 65.



      Scheme 11 shows the conversion of ferrocenyl ketone 44, 45 and 47 to corresponding alkenes derivatives 66, 67 and 68.
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Scheme (11))


      Synthesis of ferrocenyl-biotin conjugates 66-68.



      The antitumor activity of the synthesized compounds was tested against three human colorectal cancer cell lines (Colo205, HCT116 and SW620). The compounds 54 (IC50 =54.0, 84.8 µM), 61 (IC50 =54.0, 84.8 µM) and 66 (IC50 =60.2, 74.0 µM) were shown to be toxic for both HCT116 and Colo205, whereas 51 was toxic for Colo205 (IC50 =3.60 μM) and SW620 (99.2 μM) cell line.




      Pelinski and coworkers [21] synthesized ferrocene- indeno-isoquinolines hybrids 81-82 and tested them for anticancer activity towards breast cancer cells and DNA binding inhibition of topoisomerase I and II. Compounds 73-75 resulted from the condensation reaction of ferrocenyldiamines 70-72 with benzo[d] indeno[1,2-b] Pyrane-5,11 dione 69. Indenoisoquinolines analogues 76a-d carrying free primary amine were subjected to alkylation reaction with (ferrocenylmethyl) trimethyl ammonium iodide 77 with mild base potassium carbonate, resulting in ferrocenyl-indeno-isoquinolines 78 a-d along with its disubstituted derivative 79a-d. Subsequently, the reductive amination reaction of 76b-c with 2-(N,N-dimethyl amino methyl) ferrocenecarboxyaldehyde 110 and sodium triacetoxyborohydride afforded desired ferrocenyl derivative 81a,b. On the other hand, ferrocene derivative 82a-c were synthesized by reacting 78b,c with formaldehyde/ acetaldehyde under similar conditions as shown in Scheme 12.
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Scheme (12))


      Synthesis of indeno[1,2-C] isoquinolines-ferrocene conjugates 81-82.



      Ferrrocenyl amides 83a,b were obtained by condensation of amines 76b,c with ferrocene carboxylic acid in the presence of standard coupling agents, EDCI/HOBT (Scheme 13).
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Scheme (13))


      Synthesis of indeno[1,2-C] isoquinolines-ferrocene conjugates 83.



      Using etoposide as a reference standard, all synthesized hybrids were screened for anti-breast cancer potential towards triple-negative MDA-MB-231 breast cancer cells. The data revealed that ferrocene derivatives 78b,c and 81a,b had a greater activity with an IC50 value <1.3 µM. However, hybrid-carrying two ferrocene units resulted in reduced activity, for instance, in 79b,c. The existence of a second protonable site (78b vs 78c, 81a vs 81b) and the N6-lactam spacer length (78b vs.




      78c) showed no significant influence on cytotoxicity. The high toxicity of chemicals 78b,c and 81a,b is thought to be owing in part to their strong DNA contacts.




      Rashinkar and colleagues [22] devised a method for making ferrocene tethered ionic liquids (ILs), which were examined for their antibreast cancer potential towards MCF-7 cells. The ferrocenylmethyl-benzimidazole analogues 84, 86 and ferrocenylmethyl-triazole analogue 88 were synthesized by reacting them with alkyl bromides in CH3CN at room temperature. Following that, the addition of a significant amount of diethyl ether resulted in the creation of ferrocene tethered ionic liquids (ILs) 85, 87, and 89, which were purified by column chromato- graphy, as illustrated in Scheme 14.
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Scheme (14))


      Synthesis of ferrocene tethered ionic liquids(ILs) 85, 87, and 89.



      Ferrocene tethered ILs 85, 87, and 89 were investigated for antibreast cancer potential on MCF-7 cells by employing the SRB (sulforhodamine B) assay. All of the ferrocene-tailored ILs demonstrated appreciable activity (GI50s = 0.016 to 0.174 μM), in comparison to the conventional drug doxorubicin. The ILs 85 (n = 7, 9, 11, 13) and 87 (n = 9) were the most promising anti-breast cancer agents (GI50s = 0.019, 0.018, 0.040, 0.016, and 0.064 µM, respectively) equipotent to standard doxorubicin (GI50 0.018 µM). Further exploration of the structure-activity relationship established that ferrocene-tailored ILs carrying long-chain alkyl spacers such as octyl and decyl possessed substantially better anticancer profile, compared to those bearing docecyl and tetradecyl spacers. This implies that alkyl chain length is a crucial parameter in developing ILs as anti-breast cancer agents. To assess selectivity, ferrocene tethered ILs were also tested against normal (Vero) cells utilising an in vitro SRB assay. With GI50 values ranging from 0.036-0.198 μM, the majority of the ferrocene-tailored ILs showed modest to strong selectivity towards MCF-7 cells. The most promising ILs, 85 (n = 7, 9, 11, 13) and 87 (n = 9) had GI50s 0.036, 0.111, 0.068, 0.148, and 0.102 μM, respectively as shown in Fig. 3.
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Fig. (3))


      The most potent ILs 85 (n = 13) and 87 (n = 9).



      Badshah and co-workers [24] prepared ferrocene derivative with a nitrophenyl moiety and tested it against drug-resistant and parental human ovarian tumour cell lines, such as A2780 and A2780 cisR, and A2780ZD0473R. Diazonium salt of mono-/di-substituted aniline 90 was reacted with ferrocene in the presence of phase transfer catalyst, cetyltrimethyl ammonium bromide (CTAB) in ethanol:water (1:1) mixture, resulting in the desired compound, nitrophenyl ferrocene 91 (Scheme 15).
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Scheme (15))


      Synthesis of ferrocene nitrophenyl conjugates 91.



      Ferrocenyl conjugates 91 were tested against ovarian cancer cells by employing cisplatin as a standard drug. Cisplatin was more active than these compounds against A2780cisR (cisplatin-resistant type), A2780ZD0473R (ZD0473-resistant type), and A2780 (parent) with IC50 values of 13.39, 14.08, and 1.30 µM, respectively. The decreased activity of the target conjugates 91 resulted from the fact that 91 interacts differently with DNA than cisplatin. However, it was interesting to observe that 91 showed substantially different IC50 values towards A2780 (parent) cells, which might be attributed to the differences in DNA binding ability and membrane contact.




      Csampai et al. [24] synthesized ferrocene-cinchona hybrids using Cu-promoted cycloaddition reaction and the Sonogashira coupling, which was then in vitro analyzed on cancer (HepG-2 and HT-29) cells. The synthetic strategy involved the Cu-catalyzed azide-alkyne cycloaddition reaction of alkyne precursor 92 with azido-ferrocenylchalcone, resulting in a diastereomeric mixture of 93a-d and 94a-d. The Cu-catalyzed [3+2] cycloaddition was used to create a set of chalchone-free triazoles 97, 98, 101, and 102. Sonogashira coupling between 92b and iodoferrocene, in the catalytic amount of copper iodide and PdCl2(PPh3)2, afforded the hybrid 102b. The complex CpRuCl(COD) was used as a catalyst in the cycloaddition reaction between 90c,d and 91 to afford hybrid 103, as shown in Schemes 16 and 17.
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Scheme (16))


      Synthesis of ferrocene-cinchona hybrids 94, 97 and 98.
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Scheme (17))


      Synthesis of ferrocene-cinchona hybrids.



      The cytotoxic effect of these synthesized hybrids was then examined on hepatoma (HepG2) and colorectal (HT-29) adenocarcinoma cells. Hybrids 93a,c, 94a,d, and 103c,d had sound cytotoxicities on both cancer cell lines, with IC50s ranging between 0.7 to 1.5 μM, significantly better than the standard, Tamoxifen. Disubstituted benzene derivatives 93b (IC50 = 3.9 μM) and 93d (IC50 = 4.5 μM) showed moderate activities towards HT-29 cells, but were less promising towards HepG2 cells. Hybrids 103c and 103d were equipotent on both the cell cultures, with 103d being the most promising one, with IC50s (HT-29, HepG2) = 0.7 and 0.2 μM, as shown in Fig. 4.




      Kumar et al. [25] devised a method for synthesising 1H-1,2,3-triazole-tailored uracil-ferrocenyl chalcone hybrids and examined their anticancer effectiveness in human leukaemia (CCRF-CEM) and human breast cancer (MDA-MB-468) cell cultures. The synthetic methodology involved an initial base (NaH) catalyzed alkylation reaction of 5-substituted uracil analogues with various dibromoalkanes, followed by subsequent treatment with NaN3, yielding the N-alkylazido-5-substituted uracil derivatives 106. Final set of hybrids viz. 1H-1,2,3 triazole-tailored uracil-ferrocenyl-chalcone hybrids 108 were then obtained via a Cu-catalyzed Click reaction between azido-uracils 106 and O-propargylated ferrocenyl-chalcones 107 as shown in Scheme 18.
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Fig. (4))


      The most promising 1H-1,2,3-triazole-linked cinchona-ferrocenylchalcone conjugate 103d.
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Scheme (18))


      Synthesis of 1H-1,2,3 triazole-tailored uracil-ferrocenyl chalcones 108.



      Using doxorubicin as a standard reference, the hybrids were tested for their cytotoxic characteristics towards human leukaemia (CCRF-CEM) and human breast cancer (MDA-MB-468) cell cultures. The alkyl chain length was found to affect cytotoxicity, with longer chains preferred over shorter ones, although the C-5 substitution at uracil did not influence activity profiles. After 3 days, hybrids carrying longer alkyl chains (n = 5, 6, and 8) reduced CCRF-CEM cell proliferation by approximately 70%. In a similar manner, cytotoxicity analysis on MDA-MB-468 revealed that the majority of the hybrids showed no activity even after 3 days, except for (n = 2, 5 R = H), which decreased cancer cell proliferation by 59 and 62%, respectively. The cytotoxic profiles of the most promising hybrids were evaluated and compared to doxorubicin against a normal kidney cell line (LLC-PK1 ATCC CL-101). After 24 hours of incubation at a concentration of 50 M, the hybrids showing promising anticancer potential against CCRF-CEM cell line exhibited no significant toxicity, as expected. Furthermore, in comparison to CCRF-CEM cells, these hybrids were substantially less cytotoxic towards LLC-PK1 (non-tumorigenic) cells, after 3 days.




      Kumar and co-workers [26] used a Cu-catalyzed Click reaction to synthesize various isatin-ferrocene conjugates in order to explore their structure-activity relationship against estrogen-responsive (MCF-7) and triple-negative (MDA-MB-231) breast cancer cells. In dry DMF, 5-substituted isatin 109 was first N-alkylated with MeI or PhCH2Br, with NaH as a base, to obtain N-alkylated isatin 110, which upon further reaction with trimethylsilyl iodide yielded spiroindoline-oxirane-2-ones 111. The epoxide ring of 111 was opened using sodium azide in a 90:10 ethanol/water combination, yielding hybrid 112. Furthermore, azide-alkyne cycloaddition reactions of 112 with ethynyl ferrocene, O-propargylated ferrocene methanol 114, and O-propargylated ferrocenylchalcone 107, with a catalytic amount of copper sulphate and sodium ascorbate, resulted in the formation of target isatin-ferrocene hybrids 113, 115, and 116, as shown in Scheme 19.




      The antibreast cancer activities of the target hybrids 113-116 against estrogen-responsive (MCF-7) and triple-negative (MDA-MB-231) established that 16 isatin-ferrocene conjugates were highly efficacious towards MCF-7 than MDA-MB-231 cells. In particular, hybrid 113 (R1 = CH3, R2 = H) was selective towards estrogen-responsive (MCF-7) cells over the unresponsive (MDA-MB-231) cells, however, the latter needed an IC50 value of 97.11 μM to inhibit the cancer cell growth. On the contrary, hybrid 115 demonstrated excellent selectivity towards triple-negative (MDA-MB-231) cells over MCF-7 cell lines, as evidenced by lower IC50 values towards MDA-MB-231 cells and high IC50 values against estrogen-responsive cells. It was found that compound 113 (R1 = CH2Ph, R2 = CH3) was equally effective towards both the breast cancer cell lines with IC50s of 34.99 (MCF-7) and 33.73 μM (MDA-MB-231). Adding the chalcone moiety to hybrid 116 reduced their antiproliferative activities, whereas conjugates 116 bearing (R1 = CH2Ph, R2 = CH3) were ineffective against both cell lines.
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Scheme (19))


      Synthesis of Isatin-ferrocene conjugates 113, 115 and 116.



      Hao et al. [27] synthesized m-ferrocenylbenzoylthiadiazoles 120 and tested them against four human cell lines for anticancer efficacy (EC-9706, SGC-7901, CCK-8 and Eca-109). The desired m-ferrocenylbenzoylthiadiazole derivatives 120 were obtained by reacting m-ferrocenyl benzoic acid 117 with oxalyl chloride to afford m-ferrocenyl benzoyl chloride 118, which was then treated with119 in the pre-




      sence of Et3N to yield m-ferrocenylbenzoylthiadiazole 120 as shown in Scheme 20.




      
[image: ]


Scheme (20))


      Synthesis of m-ferrocenylbenzoylthiadiazole 120.



      The influence of various substitution patterns over the phenyl ring of 120 was studied against a panel of cancer cells (SGC7901, EC9706, Eca109, and CCK-8). Adding the H, Cl, Br, NO2, or CF3 increased the inhibitory action against the human esophageal cell lines EC9706 and Eca109, but the addition of OCH3 or CH3 had no effect on the derivative 120. The NO2 substituted compound (IC50 18.61 μmol L-1) exhibited the best potency against EC-9706 cells. Further, studies revealed that the introduction of CF3 afforded the highest Eca-109 inhibitory activity with an IC50 15.51 μmol L-1. The compound with R = Br (IC50 value of 28.17 μmol L-1) displayed the highest efficiency against SGC-7901 (human gastric carcinoma) cell line. The most potent derivatives 120a and 120b as depicted in Fig 5.




      Melendez et al. [28] developed the route for synthesizing ferrocenyl esters and evaluated their anti-breast cancer potential in MCF-7 cells. 1,1'-ferrocenyl dichloride 122 upon reaction with pyrrol-phenol derivative 123 afforded Fc-(CO2-Ph-4-Py)2124 along with two side-products Fc-CO2-Ph-4-Py 125 and Fc-(CO2-Ph-4-Py)CO2H 126 (Scheme 21).
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Fig. (5))


      The most potent m-ferrocenylbenzoylthiadiazole 120a and 120b.
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Scheme (21))


      Synthesis of ferrocenyl esters 124-126.



      Further, the reaction between ferrocene acetyl chloride 77 and pyrrol-phenol derivative 123 afforded the Fc-CH2-CO2-Ph-4-Py 129 (Scheme 22).
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Scheme (22))


      Synthesis of ferrocenyl esters 129.



      The synthesized ferrocene derivative and its precursors were evaluated on the breast (MCF-7), colon (HT-29) and normal (MCF-10A) cell lines. The ferrocenyl ester displayed a dose-dependent anticancer impact on the breast cancer (MCF-7) cells and was more effective than its precursors. Compounds 124 and 125 displayed modest antibreast cancer profile and low activity towards non-tumorigenic MCF-10A cells. The ester Fc-CH2-CO2-Ph-4-Py 129 was moderately effective in all the three tested cancer cell lines viz. MCF-7, HT-29, and MCF-10A.




      Selenoureas are bioactive chemicals existing as enzyme inhibitors, free radical scavengers, and DNA binding agents. Badshah et al. [29] described the synthetic methodology and anticancer effectiveness of ferrocene tethered selenoureas, shown in Scheme 23. Ferrocenyl phenyl aniline 133 upon reaction with isoselenocyanate 134 produced desired FIS (ferrocene integrated selenoureas) 135.
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Scheme (23))


      Synthesized the ferrocene incorporated selenoureas 135.



      Screening of these hybrids on a panel of cancer cell lines explicitly established that the hybrids 135a, 135b, 135c, and 135d were the most potent towards neuroblastoma (MYCN-2) cells, as shown in Fig. 6. The cytotoxic findings against Hepa IcIc7 and liver cells were dismal, with only 27-37% of cells dying. The compound 135a inhibited cell proliferation by 73% and was shown to be particularly effective towards the MCF-7 cells.




      Kowalski and colleagues [30] reported the synthesis of ferrocenyl derived nucleobases with cyclic thiopyrane rings and investigated their anti-tumor effects.
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Fig. (6))


      Active ferrocene-selenoureas against MYCN-2 cell line 135a-d.



      Ketone 136 was treated with Lawesson's reagent 140 to produce thioketone intermediate 141, which was then subjected to a Diels-Alder cycloaddition with butadinene analogue 136 to produce the target hybrid 142. Treatment of ferrocenyl ketone 136 with phosphorous pentasulfide afforded 137, which upon subsequent Diels-Alder cycloaddition with 2,3-dimethyl-1,3-butadiene 138 afforded target hybrid 139 (Scheme 24).
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Scheme (24))


      Synthesis of ferrocenyl nucleobase derivatives 139 and 142.



      In vitro anticancer investigation of hybrids 139 and 142 was performed on a panel of human cancer cells: HT-29 (colon), MCF-7 and MDA-MB-231 (breast), HL-60 (promyelocytic leukemia), MonoMac6 (human monocytic) cell lines. Results established that hybrid 142 showed moderately good anticancer effects in monocytic and breast cancer cell lines, with IC50 values 28.2 and 11.1 μM, respectively, whereas the cytostatic effects were quite weak in MDA-MB-231 (IC50 >100 µM) and HT-29 (IC50 >83.3 µM) cells. Compound 139, on the other hand, exhibited a strong cytostatic effect on all investigated cell lines, including MCF-7, HL-60, and MDA-MB-231 cells with IC50 < 10 µM.




      Peres et al. [31] created ferrocene-embedded chalcones, aurones, and flavones in order to test their collateral selectivity against resistant tumour cells. In terms of GSH efflux and selectivity ratio > 9.1, the most effective combination appeared to be ferrocene-linked flavone, which produced CS-analogues that were nearly as good as verapamil. At room temperature, aldol condensation of ortho-hydroxyacetophenone 143 and ferrocene carboxaldehyde 1 resulted in the synthesis of ferrocenylchalcones 144. Condensation of benzo-furanones 145 with ferrocene carboxaldehyde 1 was performed under different reaction conditions: aurone 146a was obtained using aluminium oxide in DCM at room temperature, and aurones 146b-d were obtained using potassium hydroxide in a methanol/water mixture under reflux.The chalcones 146b,c were rearranged in pyridine at 80°C using mercury(II)acetate to yield the desired aurones 146e,f. Furthermore, the hydroxylated ferrocenylaurone 146g was obtained by demethylating 146e in a reflux of DCM with aluminium chloride. Finally, as shown in Scheme 25, the corresponding flavones 147a-c were synthesized by isomerizing ferrocenylaurones 146a,b,f with potassium cyanide in refluxing ethanol.
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Scheme (25))


      Synthesis of ferrocene-embedded chalcones 144, aurones 146, and flavones 147.



      BHK-21wt (wild-type) and BHK-21 cells transfected with the MRP1 gene were used as a control to test the compounds (BHK-21-MRP1). The most promising compounds of the series were analyzed for toxicity on BHK-21 and H69AR cell lines using verapamil as a standard reference, to test the selective behaviour of resistant cells that show overexpression of MRP1. When compared to verapamil, the majority of the ferrocenyl compounds generated had improved GSH efflux results. The most active conjugate 144a produced 76 percent GSH efflux at concentration of 20 μM. For the 4-methoxylated aurone 146e, GSH efflux was also good, with 73 percent at 20 μM and 52 percent at 5 μM. On the same note, the unsubstituted ferrocenyl analogue 147a displayed a good efflux percentage (64%) at 20 µM. Di-methoxylation of phenyl moiety, as in 144d, 146b, and 147c, aurone generated the best GSH efflux of 60% at 20 µM. At 5 µM, compound 147b exhibited the highest GSH outflow.




      The positive GSH efflux results in chalcones 144a,c aurones 146a, b and 146e, g and flavones 147b,c at 20 µM and 5 µM encouraged evaluation of their cytotoxicity in both cell lines: BHK21 and BHK21-MRP1 and NCI-H69 and H69AR. In terms of collateral sensitivity, the chalcones 144a,c outperformed verapamil with a selective ratio (SR) of 3.5 (BHK-21) and >2.7 (BHK-21-MRP1). However, these were ineffective against cancer cell lines NCI-H69/H69AR. For BHK-21-MRP1, the aurones 146a,b,e, and g showed no appreciable collateral sensitivity. The selective ratio (SR) for H69AR was found to be > 8.2 and > 4.2 for 146e and 146g, respectively. Furthermore, the most promising derivatives were found to be ferrocenyl flavones 147c and 147b with selective ratios (SR) of 7 (BHK-21-MRP1) and > 9.1 (H69AR) and 147b with selective ratios (SR) of 5.3 (BHK-21-MRP1) and > 4 (H69AR), respectively, with 147c being the best, with efflux maximal from 5 µM range. Fig. (7) shows the structure of the most potent derivatives 147c.
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Fig. (7))


      The most potent derivatives 147c.



      Clotrimazole ferrocenyl analogues were recently tested for anticancer efficacy against the HT 29 (colorectal) and the MCF-7 (breast cancer) cell lines by Patti et al. [32]. The reaction of ferrocene with 2-/4-chlorobenzophenone in the presence of strong base nBuLi at 0 oC yielded the required alcohols 149a-b. The subsequent treatment of 149a-b with acetic acid in MeOH at 80oC for a duration of 3 hours generated the 150a-b. Next step involved the introduction of heteroaromatic ring on 150a-b by reacting it with imidazole, resulting in the formation of desired hybrid 151a-b, as mentioned in Scheme 26.




      Hybrids 151a and 151b were subjected to anticancer profiling against the breast (MCF-7) and colon (HT29) cancer cell lines. These hybrids (GI50 (151a, 151b): 23.84, 20.04 μM) showed antibreast cancer activity, comparable to standard clotrimazole (GI50 = 21.44 µM). However, on HT-29 cells, 151a (GI50 = 27.51 µM) and 151b (GI50 = 28.13 µM) demonstrated better results than clotrimazole (GI50 = 64.19 µM).




      Jaouen et al. [33] recently investigated the reactivity of ferrocenequinonemethides 153 to cellular nucleophiles as well as their antiproliferative activities. The nucleophilic attack of thiols on ferrocenequinonemethides 153 was used to create the corresponding ferrocenequinonemethide-thioladducts 154, as depicted in Scheme 27.
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Scheme (26))


      Synthesis of ferrocenyl analogues of clotrimazole 151.
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Scheme (27))


      Synthesis of ferrocenequinonemethide-thiol adducts 154.



      A library of ferrocene-thiols was prepared by an enzymatic process, where ferrociphenols were incubated with various liver microsomes (LM) in NADPH and a variety of thiols (Scheme 28). This also led to the formation of ferrocenyl indenes and allylic alcohols as bye-products.
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Scheme (28))


      Liver Microsome-promoted incubation of ferrociphenols 156.



      Some of the ferrocene-thiol adducts displayed anticancer effects comparable to ferrociphenols against hormone-resistant cancer cells. Quinone-methide metabolites can be generated by the oxidation of these adducts, which play a crucial role in apoptosis and cell death.




      Jaouen and colleagues [34] described the synthesis of hydroxypropyl-ferrociphenols and investigated their antiproliferative properties. The desired compounds 159 and 165 were obtained by McMurry cross-coupling of dihydroxybenzophenone 158 with either substituted ferrocenyl butane-1-one 157 or ferrocenyl butanoate 164. The compound 160, which contains a terminal thio unit, was created using an isothiuronium intermediate, while 161 was created by nucleophilic attack of 2-hydroxyisoindoline-1,3-dione on 159. Similarly, as shown in Schemes 29 and 30, compounds 162 and 163 were synthesized from 161 via alcoholysis or hydrazine hydrate treatment, respectively.
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Scheme (29))


      Synthesis of hydroxypropyl-ferrociphenols.



      Ferrociphenol 166 was obtained, when 165 reduced with LAH in anhydrous THF, which upon further reaction with acetic anhydride/pyridine afforded the corresponding derivative 167 (Scheme 30).
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Scheme (30))


      Synthesis of aceylated-hydroxypropyl-ferrociphenols.



      All of the conjugates were tested for demonstrated good anti-breast cancer activity against triple-negative MDA-MB-231 cells with IC50s in the low micromolar range. Due to the ease of hydrolysis of acetyl group, compound 167a displayed the best results (IC50 (MDA-MB-231) = 0.28 μM). As the acetyl group is thought to be useful for the protection of aliphatic alcohols, its impact on the hydroxypropyl-ferrociphenol's structure was investigated. A library of compounds, with one or more acetylated phenol/alcohol group, was synthesized and tested against MDA-MB-231 cancer cells. The synthesized derivatives inhibited the growth of MDA-MB-231 cells with an excellent inhibitory activity of 0.26-0.38 µM.




      The methodology described above was expanded to include the synthesis and anticancer investigation of succinimido-ferrociphenols [35]. The synthetic protocol proceeded with McMurry cross-coupling reaction between 168 and 158 to produce 169, which upon subsequent treatment with various imides, produced the desired hybrid 170. Compounds 170a (IC50 = 49 nM) and 170b (IC50 = 74 nM) emerged as the most promising against A2780-Cis (cisplatin resistant) cells (Scheme 31).
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Scheme (31))


      Synthesis of succinimido-ferrociphenols.



      Zhang et al. [36] created ferrocene-coumarin conjugates and screened them for anticancer potential against human breast cancer (BIU-87, MCF, EC-9706, SGC-7901, Eca-109, and Jurkat) cells. The key step in the synthesis is stirring ferrocene derivatives 171, 176 and coumarin intermediates 172, 174 in DCM at room temperature until the complete dissolution of the solid is achieved, then adding a dropwise mixture of DAMP and DCC in DCM and stirring the reaction mixture for 16 hours. The desired ferrocene-coumarin conjugates 173, 175, and 177 were obtained by purification of the crude mixture on silica gel-based column chromatography (Scheme 32).
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Scheme (32))


      Synthesis of ferrocene-coumarinconjugates 173, 175 and 177.



      The anticancer potential of ferrocene-coumarin conjugates 173 and 175 was determined towards breast cancer MCF-7 cells, and the results (IC50 values) were obtained in the range of 12.10-28.10 umol/L, which were significantly higher than that of 177a and 177b (IC50> 50 umol/L). The anticancer activity of ferrocene-coumarin conjugates 173 and 175 was also higher than that of 177a and 177b against BIU-87, SGC-7901, and Jurkat cancer cell lines. Compounds 173a, 173b, and 173d displayed IC50 values of 5.24, 4.48, and 1.09 umol/L, respectively, against BIU-87, which was higher than the Adriamycin (IC50 = 6.09 mol/L). All of the compounds displayed excellent SGC-7901 inhibitory potential, with 175, showing the most promising results (IC50 value of 3.56 µmol/L). Furthermore, SAR established that the C-4 methyl substitution at coumarin positively affected the anticancer activity of the ferrocene-coumarin hybrids. Compounds 173b, 173d, and 177b, for example, had lower IC50 values against EC-9706, BIU-87, MCF-7, and Eca-109 than hybrids 173a, 173c, and 177a, respectively. Compounds 173d and 177b for SGC-7901 also exhibited superior antiproliferative activity when compared to compounds 173c and 177a, respectively.




      Delogu and colleagues [37] created a series of antiproliferative compounds by conjugating ferrocene and curcumin-based biomolecules, namely zingerone, dehydrozingerone, and their biphenyl dimers, and tested their antiproliferative activity against the PC 12 cell line. The synthetic methodology involved Claisen-Schmidt reaction of the appropriate aromatic aldehydes 179 and 183 with acetylferrocene1 yielded the desired ferrocenyl chalcones 180 and 184 under different reaction conditions. By employing Pd/charcoal as a catalyst, simultaneously reducing the ethylene fragment and deprotecting the O-benzyl ether (in 180a and 184b) resulted in a release of zingerone-like derivative 181 and its corresponding dimer 185. As demonstrated in Scheme 33, selectively deprotecting the O-benzyloxygroups in 180b and 184b in the presence of Me3SiI at room temperature generated 182 and 186 with preserved ethylenic linkages.
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Scheme (33))


      Synthesis of ferrocenyl chalcones.



      The influence of ferrocene inclusion on cytotoxic potency, in case of PC12 cells, was determined. All the tested compounds showed increased cell viability when compared to ferrocene alone. It was observed that ferrocenyl chalcones 184b, 181, 182, 185, and 186 enhanced the oxidative stress caused by H2O2 – a molecule commonly found in cancer cells and has recently been investigated as a potential prodrug.


    




    

      



      CONCLUDING REMARKS




      Despite the fact that millions of people die every year from cancer, the disease's morbidity and mortality will continue to climb for a long time. Anticancer drugs are an important and effective treatment strategy for cancer, but the growing problem of drug resistance, as well as the low specificity of currently available anticancer drugs, necessitates the development of novel anticancer drugs with high specificity and potency against drug-resistant cancers. Organometallic chemistry has gained popularity in recent years, thanks to the discovery of ferrocene as a bio-active core. Ferrocifen had a more diverse mechanism of action than platinum-based anticancer drugs, indicating that ferrocene hybrids could be utilised to treat a range of cancers, including multidrug-resistant tumours. Many ferrocene hybrids have been developed in the last 10 years, and some of them have demonstrated activity in vitro and in vivo against both drug-sensitive and drug-resistant cancers, including multidrug-resistant tumours. Finally, the present chapter discusses the many methods for inserting ferrocene core into drug/drug-like compounds that have recently surfaced (2015-20), as well as the evaluation studies that have been conducted.
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