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Introduction

Cancer is an ongoing major worldwide public health concern with more than eighteen million newly diagnosed cases in 2018. 1 Together with surgery and radiotherapy, chemotherapy remains one of the main treatments, especially for metastatic and aggressive cancers. While the medicinal chemistry programs were mainly dedicated to the search for cytotoxic chemotherapeutics in the 20 th century, the advances made in molecular biology revolutionized chemotherapy. Indeed, the discovery of oncogenes and the understanding of signal transduction pathways allowed the emergence of new therapeutic targets such as kinases. 2 Launched on the market in 2001, Imatinib was the first smallmolecule kinase inhibitor approved by the FDA for the management of chronic myelogenous leukemia. 3,4 While this drug was developed to selectively target the Bcr-Abl fusion protein, it has been later proposed that targeting multiple kinases implicated in both tumour cell proliferation and angiogenesis could be a relevant cancer therapy. 5,6 This was nicely illustrated with the development of sunitinib and sorafenib, two multiple kinase inhibitors targeting vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), Fms-like tyrosine kinase 3 receptor (flt3), the cytokine receptor kit, including an additional downstream of the Raf/MEK/ERK pathway for the latter. 7,8 Colorectal cancer currently represents close to 10% of the diagnosed cancers and deaths worldwide and is considered to be the fourth most deadly. 9,10 While surgery currently remains the main curative treatment for localized tumours, its combination with chemotherapeutic agents such as fluoropyrimidines and oxalilplatin is recommended for advanced cases. 9,10 Regorafenib (1a) is a newly-approved drug for the treatment of metastatic colorectal cancer (Fig 1). Indeed, this fluorinated analogue of sorafenib displayed an improved activity profile, targeting both key angiogenic (VEGFR, PDGFR, Tie2) and tumorigenic (Kit, Ret, Raf) kinases. [11][12][13] Based on its structure, it is classified as a type II inhibitor, as it is believe to bind to the inactive form of the kinase. 14,15 As for the other type II inhibitors, the pyridine ring fits in the ATP binding pocket and interacts with the hinge region in a bidentate fashion while the lipophilic (trifluoromethyl)phenyl ring occupies an allosteric site. Finally, as observed with sorafenib, the urea motif is likely to develop additional H-bonds to stabilize the molecule in the active site. Although many analogues of both sorafenib and regorafenib have been prepared and their biological properties evaluated in various studies, [16][17][18][19][20][21][22][23][24] to the best of our knowledge, no ferrocene derivatives have been reported to date. In the field of bioorganometallic chemistry, the derivatization of a biologically active compound with an organometallic part is an attractive approach to reach original properties. [25][START_REF]Ferrocenes: Ligands, Materials and Biomolecules[END_REF][START_REF] Navarro | [END_REF][28][29][30][31] While the incorporation of ferrocene into a drug can be traced back to 1960, 32 it is in the late nineties that the most popular examples of this strategy emerged. In 1996, the group of Jaouen reported the synthesis of ferrocene derivatives of the anticancer agent tamoxifen, the so-called ferrocifens. 33 In addition to a similar activity against hormone-dependent breast cancer cells, the new molecules were also active against hormone-independent ones. In the following years, many derivatives with increased activity were prepared and the ferrocifens family currently encompassed more than 200 members. 29,[34][35][36] In 1997, the team of Biot reported the synthesis of ferroquine, a ferrocene derivative of the antimalaria drug chloroquine with an improved bioactivity against chloroquine-resistant strains of Plasmodium falciparum. [START_REF] Navarro | [END_REF]37,38 This led to the development of this molecule into a drug, currently in clinical trials. More recently, ferrocene analogues of antifungal and antiparasitic drugs were successfully prepared and showed promising bioactivities. [39][40][41][42][43][44] In bioorganometallic chemistry, ferrocene can play multiple roles. It can act as a simple bulky isostere that would fit into a hydrophobic pocket of the target to improve its binding affinity. 45 It can also act as an electron relay to promote the transformation of a prodrug into its active form as noticed with the ferrocifen family. 29 Ultimately, ferrocene is able to generate reactive oxygen species (ROS) in biological media as observed for ferroquine. 46 To the best of our knowledge, the inhibition of a kinase implicated in colorectal cancer with a molecule incorporating a ferrocene has only been investigated in the group of Spencer who reported the syntheses of simplified analogues of sunitinib and erlotinib. 47,48 While their biological evaluation revealed the inhibition of VEGFR and epithelial growth factor receptor (EGFR), an important loss of activity was noticed when compared to the parent drug. Interested in both ferrocene chemistry [49][50][51][52][53][54][55][56][57] and the synthesis of biologically active products, [58][59][60][61][62][63] we report in the present study how to reach ferrocene derivatives of non-truncated kinase inhibitors as well as their early biological evaluation in both enzymatic and cellular assays.

Results and discussion

Syntheses of the targeted compounds

Acting as a multi-kinase inhibitor, we selected regorafenib as the reference drug and expected original switches of activity and selectivity upon the introduction of the ferrocene core. We also explored the replacement of the urea by a bioisostere and selected squaramide and oxalyl amide. 64,65 Indeed, although such derivatives of sorafenib were previously described, 66,67 their biological properties were not reported. Therefore, regorafenib (1a), its squaramide (1b) and oxalyl amide (1c) derivatives were defined as our first targets (Fig 2). Concerning ferrocene analogues, we decided to focus our efforts on the replacement of the trifluoromethylated phenyl ring as it fits into a hydrophobic pocket that would accommodate the bulky ferrocene core and thus designed the compounds 2a-c and 3ac. Finally, we also included the derivatives 4a-b and 5a-b in our study as the N-substituent of the carboxamide is exposed to the solvent and therefore not limited in terms of steric volume. While most of the syntheses of regorafenib start with 4-amino-3-fluorophenol, we planned to access the targeted compounds 1-3 from the aniline 6 by reaction with a suitable partner (Scheme 1). This key aniline was to be prepared by following the nitration-reduction sequence reported by Zhai and Gong from 7, 68 accessible by a nucleophilic aromatic substitution from 3fluorophenol (8) and the 4-chloropyridine derivative 9.

Scheme 1. Retrosynthetic analysis.

The reaction of picolinic acid (10) with the Vilsmeier reagent, formed in situ from thionyl chloride and catalytic dimethylformamide (DMF), afforded the acyl chloride 11 which was reacted with methylamine to deliver the carboxamide derivative 9 in a 46% overall yield (Scheme 2). 69 It was then reacted with 3-fluorophenol (8) in DMF in the presence of potassium tert-butoxide and a catalytic amount of potassium carbonate to give the ether 7 (61% yield). The nitration of 7 was reported by Zhai and Gong to be highly regioselective toward the para isomer. 68 However, in our hands and despite many attempts, the ortho isomer was invariably formed as a byproduct while full conversion was never reached. Consequently, we obtained an inseparable mixture of p-12, o-12 and starting material 7 in a 1:0.7:0.3 ratio. Fortunately, subjecting this mixture to an acidic iron-mediated nitro reduction allowed pure aniline 6 to be isolated in a moderate 20% yield over the 2 steps. 68

Scheme 2. Syntheses of the aniline 6. DMF: dimethylformamide.

1-Chloro-2-(trifluoromethyl)benzene (13) was in turn nitrated toward the derivative 14, 70 isolated in a 86% yield after recrystallisation to remove the undesired ortho isomer (Scheme 3, top). Iron-mediated reduction of the nitro group in the same conditions as before afforded the other required aniline 15 in an 81% yield. The aniline 15 was then reacted with triphosgene in the presence of N,N-diisopropylethylamine to deliver the corresponding isocyanate, 71 which was directly engaged into the urea formation upon the addition of the aniline 6 (Scheme 3, bottom). From this reaction, regorafenib (1a) was isolated in a 65% yield. We next focused our attention onto the original analogues 1b and 1c. Therefore, squaric acid ( 16) was first reacted with trimethylorthoformate to deliver 17 in an 84% yield (Scheme 4, top). 72 This dimethoxysquarate was engaged in a first substitution in the presence of the aniline 15 (intermediate 18, 76% yield), 73 followed by a second substitution with the aniline 6 toward the final compound 1b, obtained in a 24% yield. For electronic or steric reasons, the second substitution appeared disfavoured and required harsher reaction conditions. To progress toward the oxamide derivative, the aniline 15 was reacted with ethyl chlorooxoacetate in basic conditions toward 19 (87% yield), 66 which was saponified to deliver the corresponding carboxylic acid 20 in a 62% yield (Scheme 4, bottom). 66 Coupling 20 and the aniline 6 was lastly performed in the presence of hydroxybenzotriazole (HOBt), HBTU and N,Ndiisopropylethylamine to deliver the oxamide 1c in a 33% yield. 66 It is worth to mention the low solubility of 1c in organic solvents, except dimethylsulfoxide. With the first targets 1a-c in hand, we next moved to the synthesis of the urea-based organometallic derivatives 2a and 3a. Concerned with the use of toxic triphosgene for the urea preparation, we briefly evaluated alternative approaches. To this goal, azidocarbonylferrocene (21) was engaged in a Curtius rearrangement to prepare the required isocyanate in situ (Scheme 5, top). 74 While the rearrangement occurred upon heating, only trace amount of product 2a was noticed. As similar approaches have been reported twice to prepare regorafenib, 75,76 we suspected that the weak electrophilicity of ferrocene isocyanate disfavoured the addition of the aniline and that decomposition pathways might became predominant. We also briefly studied the possibility to start from (aminomethyl)ferrocene ( 22) 77 and follow the carbonyldiimidazole route to form the urea (Scheme 5, top). 22 However, whatever the reaction conditions used, only mixtures of starting materials and unidentified degradation products were obtained. Similarly, formation of an intermediate carbamate as urea precursor was evaluated, 78 but this afforded 3a in an unreproducible 40% yield. Although these results are difficult to rationalize, the electron-rich nature of ferrocene and its redox behaviour might be at the origin of unexpected degradation in the applied reaction conditions. The recourse to triphosgene was evaluated at last and, from (aminomethyl)ferrocene (22) and aminoferrocene (23), 79 the title products 2a and 3a were isolated in moderate 49% and 48% yields, respectively (Scheme 5, bottom). Regorefanib features a 4-chloro-3-(trifluoromethyl)phenyl ring that fits into a hydrophobic pocket of the kinase. To mimic this lipophilic moiety, we wanted to introduce halogens onto the ferrocene core of compound 2a. However, there is currently no reported routes toward either 1-amino-3-chloroferrocene or substituted trifluoromethylated ferrocene derivatives. Therefore, to validate our strategy we initially planned to introduce a chlorine next to the urea as depicted on scheme 6. To this goal, ferrocene was engaged into two deprotometallation-electrophilic trapping sequences, using hexachloroethane (compound 24, 85% yield) and carbon dioxide (compound 25, 78% yield) as electrophiles. 80,81 The acyl azide 26 was easily prepared from the carboxylic acid 25 and diphenylphosphoryl azide and was then engaged into a Curtius rearrangement in the presence of tert-butanol to afford the original ferrocene 27 in a 91% yield. Carbamate deprotection, in situ formation of the corresponding isocyanate and addition of compound 6 were done in a stepwise manner to deliver the derivative 2aCl in a 33% yield. With the ferrocene urea-based compounds in hand, we next moved to the squaramide derivatives 2b and 3b. In a first approach, we first reacted the methoxysquarate 17 with the aniline 6 toward 28, 73 which was directly engaged in the second substitution in the presence of either (aminomethyl)ferrocene (22) or aminoferrocene (23) (Scheme 7, top). However, only decomposition products were obtained by following this approach. We decided to reverse the step order and therefore reacted 22 and 23 with the dimethoxysquarate 17 and isolated the intermediates 29 and 30 in low 20% and 34% yields, respectively (Scheme 7, bottom). This difference probably results from the increased stability of 22 when compared to 23. However, whatever the reaction conditions used, we only observed decomposition products during the attempts to prepare the products 2b and 3b at higher temperatures. As we previously observed that the formation of the squaramide 1b required harsh conditions, this disappointing reaction outcome probably results from the thermal instability of the ferrocene derivatives 29 and 30. Scheme 7. Approach toward the analogues 2b and 3b. THF: tetrahydrofuran.

Contrary to the synthesis of the squaramide, the preparation of the ferrocene derivatives of oxalyl amide 2c and 3c was much simpler. Aminoferrocene ( 23) and (aminomethyl)ferrocene (22) were reacted with ethyl chlorooxoacetate in the presence of N,N-diisopropylethylamine 66 to deliver the amides 31 and 32 in 55% and 73% yields, respectively (Scheme 8). The higher yield noticed for the formation of the latter could be explained by the higher stability of 22 when compared to 23. Saponification delivered the carboxylic acids 33 and 34, which were reacted with the aniline 6 in the presence of HBTU as a coupling reagent to deliver the target compounds. 66 While 2c was isolated in a moderate 51% yield, we only obtained 2d in a disappointing 16% yield, which could be linked with the low solubility of the reagent in the coupling conditions. To reach our two final targets 4a-b and 5a-b with the ferrocene core attached to the carboxamide, we first prepared the substituted pyridines 35 and 36 by reacting the acyl chloride 11 with the required amino compounds (Scheme 9, top). The reaction between 4-amino-3-fluorophenol (37) and the isocyanate formed in situ from the aniline 15 and triphosgene then afforded the urea 38a in a 22% yield (Scheme 9, bottom). Similarly, the reaction between the methyl squarate 18 and 37 conducted to 38b, isolated in a 60% yield. However, all attempts to reach our targets by reacting 38a-b with 35 or 36 only led to recovery of starting materials or degradation in harsher conditions. Therefore, we decided to reverse the step order and firstly carried out the ether formation (Scheme 10). The reaction between the phenol 37 and either 35 or 36 in the presence of potassium tert-butoxide afforded the corresponding products 39 and 40 in 52% and 71% yields, respectively. Finally, the addition of the aniline 15 onto the corresponding isocyanates, formed in situ by reaction with triphosgene, conducted to the targeted compounds 4a and 5a in 33% and 28% yields, respectively. 82 Differences in the crystal structures of compounds 35 and 39 were also observed (Fig 5). Indeed, while the whole picolinamide moiety of compound 35 is almost coplanar with the substituted cyclopentadienyl ring, it is bent upward for compound 39. Furthermore, for the latter, two molecules with various degrees of bending were observed in the asymmetric unit. Different hydrogen bonding interactions were also observed: while no H-bond was identified for compound 35, it was found that the two forms of 39 that crystallize in the unit are in close contact through two H-bonds developed between aniline NH and amide C=O (see ESI). Unfortunately, and despite our efforts, all the final compounds were obtained as amorphous solids, thus excluding X-ray structure determination. Therefore, they were fully characterized by different 1D ( 1 and 13 C, DEPT) and 2D (COSY, HSQC, HMBC) NMR experiments (see ESI). The exploitation of HMBC experiment was particularly helpful to assign the NMR spectra and selected key correlations for compounds 1a, 2aCl, 2c and 4a are depicted on Fig. 6 (see ESI for selected HMBC correlations for the other compounds). Biological evaluation Kinases inhibition. The parent drug regorafenib (1a) is known to act as a multi-kinase inhibitor (RTK, VEGFR1-3, TIE2, FEFR1, PDGFR-β; KIT, REF, cRaf, β-Raf). It has been reported that ferrocene derivatives of biologically active compounds can sometimes feature an original biological profile. [START_REF] Patra | [END_REF]84 Therefore, seeking a potential repurposing of regorafenib derivatives, we tested our compounds against a short panel of disease-related kinases for which regorafenib is not reported as a powerful inhibitor: cyclin-dependent kinases 5 (CDK5/p25) and 9 (CDK9/CyclinT), proto-oncogene kinase PIM1, CDC2-like kinase 1 (CLK1), dual specificity tyrosine phosphorylation regulated kinase 1A (DYRK1A), mitotic kinase Haspin, glycogen synthase kinase 3 (GSK3β) and casein kinase 1 (CK1ε). We also included four tyrosine kinases (vascular endothelial growth factor receptor VEGFR2, tyrosine-protein kinase ABL1, Janus kinase JAK3 and epithelial growth factor receptor EGFR) to evaluate the selectivity of the prepared compounds in this family. The inhibitory activities were determined at 10 and 1 µM (Tables 1 and2, respectively). From this preliminary evaluation, it clearly appeared that none of the new regorafenib derivatives exhibits any off-target activity, except for the truncated squaramide derivative 38b, acting as a weak PIM1 inhibitor at 10 µM. However, as expected, the best inhibitions were recorded on VEGFR2. While a clear drop of activity was obtained when replacing the urea by a squaramide or an oxamide (compounds 1a-c), a ferrocene moiety can be tolerated, provided it is attached through a linker (compound 3a) or substituted at the 2 position by a chlorine atom (compound 2aCl).

A c c e p t e d m a n u s c r i p t

Table 1 Inhibitory activities of the first round of compounds against a short panel of disease-related protein kinases. The table displays the remaining kinase activities detected after treatment with 10 µM of the tested compounds. Results are expressed in % of maximal activity, i.e. measured in the absence of inhibitor but with an equivalent dose of DMSO (solvent of the tested compounds). ATP concentration used in the kinase assays was 10 µmol/L (values are means, n = 2). Kinas es are from human origin unless specified: Mm, Mus musculus; Rn, Rattus norvegicus. Data obtained for regorafenib (1a) are colored in light grey. The higher activity of 3a when compared to 2a could result from a higher degree of freedom to fit the bulky ferrocene core into the hydrophobic pocket of VEGFR2 while it is known that 2halogenated-5-(trifluoromethyl)phenyl-1-ureido rings are highly potent kinase inhibitors, 22 thus explaining the activity of 2aCl. As already observed with compound 1c, the ferrocene oxamides 2c and 3c were ineffective to inhibit VEGFR2, as well as the truncated analogs 38a-b. However, the ferrocene-based carboxamides 4a and 5a show promising inhibitory activity, the former being even more efficient at a 1 µM concentration when compared to regorafenib (1a). Interestingly, most of the new compounds acting as potent inhibitors of VEGFR2 show only weak inhibition properties for the other tyrosine kinases tested (ABL-1, JAK3 and EGFR). Only 1a and the ferrocene oxamide 2c were moderately active against JAK3 when tested at 10 µM. Ultimately, we calculated the IC50 values for the most promising compounds, thus establishing the ferrocenic derivatives 3a, 4a and 5a as effective VEGFR2 inhibitors with micromolar values (Table 3). Therefore, these results show that ferrocene ureas and carboxamides can behave as effective and selective inhibitors of VEGFR2, validating our approach to target angiogenesis processes. While no original target could be identified for the newly prepared regorafenib analogues, a promising activity was noticed on VEGFR2, one of the primary targets of regorafenib. Therefore, we also evaluated the effect of our compounds on the viability of colorectal cancer cell lines. HCT116 cells were exposed to the new compounds in various conditions: At 15 μM for 24h, the squaramide 1b was found to be more potent when compared to regorafenib (1a) while a marked loss of activity was noticed for the ferrocene derivatives 2a and 3a. Furthermore, the chloroferrocene derivative 2aCl was found to be as active as 2a although it was previously shown to be a more active VEGFR2 inhibitor (Table 1). However, moving from the urea to the oxalic amide derivatives was accompanied by a reduced viability when the cells were incubated in the presence of 2c and 3c. The derivatives 4a and 5a with the ferrocene moiety attached to the pyridinecarboxamide were almost inactive. At lower concentrations for prolonged incubation time (Fig 7, orange and green bars), compound 1b remained the more potent analogue, as effective as regorafenib (1a) at 5 μM after 72h. The ferrocene derivatives 2a, 3a and 2aCl were always less active than the parent drug while 3c was found to be more active when compared to 2c. We were glad to observe that while compounds 4a and 5a were unable to effectively reduce cell viability at 15 μM, prolonged incubation time at lower concentration restored their activity and 4a was even found as efficient as 1a after 72h. The truncated analogs of regorafenib, the urea 38a and the squaramide 38b, were generally less active than their reference compounds, clearly indicating that the pyridine ring is of main importance due to its ability to interact with the ATP binding site of the kinases. From these first cellular assays results, it appears that the high activity of compound 1b, taken together with few other reported examples of squaramide-based anticancer molecules, [85][86][87] tends to validate the use of this polar group to reach potent kinase inhibitors. Surprisingly, while 1b was unable to inhibit VEGFR2, it was found as the most active compound to reduce HCT116 cells viability. Therefore, it is reasonable to propose that other targets implicated in the colorectal cancer cells dynamics might be inhibited by this compound.

Compd

Concerning the ferrocene-based analogues of 1a, they were globally less active than the reference drug. While the use of a methyl spacer between the ferrocene and the urea was without effect (compound 2a vs 3a), a marked effect was noticed in the oxalic amide series, compound 3c being more effective than 2c to reduce cell viability, whatever the incubation conditions used. When compared to the other organometallic derivatives prepared, the higher degree of freedom in 3c might ensure a better positioning of the bulky ferrocene into the hydrophobic pocket normally occupied by the (trifluoromethyl)phenyl ring. In the same vein of thought, the reduced ability of the chloroferrocene derivative 2aCl to reduce cell viability when compared to 2a might results from the higher steric bulk, incompatible with the pocket of the targeted kinases. A reverse effect was noticed with the ferrocene carboxamides 4a and 5a, the non-methylated one being slightly more active in all the incubation conditions tested. Indeed, as this part of the inhibitor is exposed to solvent in many of the kinases targeted, [88][START_REF] Wan | [END_REF][90] it might be preferable for the lipophilic ferrocene not to be too exposed. We finally selected a few compounds which were incubated at 5 µM for 24h with the less sensitive HT29 colorectal cancer cell line (Fig 8). On these cells, the squaramide 1b was found to be less effective to reduce cell viability when compared with 1a while the ferrocene analogue 2a was as effective. The ferrocene oxamide 2c and the truncated squaramide 38b were both found ineffective. Intrigued by the results of 1b, we next performed a dosedependent activity study from 1 to 20 μM for compounds 1a, 1b and the truncated analog 38a, all incubated for 24h (Fig 9). At 1 and 5 μM, almost no inhibition was noticed for 1a and 1b while 38b tends to promote the cell viability. However, upon increasing the concentration of the inhibitor, 1b was found to be more active when compared to 1a, thus confirming the results obtained on the HCT116 cell line. As already observed on HCT116 cells, low activity of 38b was also noticed in this cell line. Based on the above results, compounds 3c and 1b were found to be able to reduce colorectal cancer cells viability to a considerable extent. Therefore, their LD50 on the two cell lines considered were determined. While close values were recorded for regorafenib (1a, see ESI), compound 1b was slightly more active on HCT116 cells than on the HT29 line (5 and 9 μM, respectively, see ESI). Interestingly, a 1 μM value was obtained While examples of biologically active 1,2-disubstituted ferrocene derivatives are scarce in the literature, [START_REF] Navarro | [END_REF][START_REF] Patra | [END_REF][91][92][93][94] to the best of our knowledge, 2aCl represents the first example of 2substituted chloroferrocene derivative evaluated in both kinase and cellular assays. Thus, although it was barely able to reduce HCT116 viability, we were eager to compare its activity against regorafenib in a dose-dependent study. Therefore, HCT116 and HT29 cells were incubated with the two compounds at 5, 15 and 25 µM for 24 to 72h. As previously observed, whatever the conditions tested, 2aCl was not able to reduce HCT116 cells viability to an appreciable extent ( Fig 10). Although it needed 72h of incubation to reach around 80% of cell viability at 5 and 15 µM, the same value was obtained after 48h at 25 µM and did not evolve afterwards. Results were more encouraging on HT29 cells with the reduction of their viability evolving over 72h for the three concentrations used (Fig 11). Although clearly not as efficient as regorafenib (1a), a moderate 25% of viability was reached after 72h at 15 and 25 µM. The selectivity of the new analogues for cancer cell lines was finally evaluated by exposing HEK293 non-cancer cells to various concentrations of the inhibitors. While the squaramidebased inhibitor 1b was moderately selective for cells HCT116 at concentrations below 10 µM, the ferrocene derivative 3c was selective for all the concentrations tested (see ESI). However, we were pleased to observe that both compounds 2aCl and 3a, although not the most active, showed a promising selectivity for cancer cells as compared to non-cancer ones over the whole range of evaluated concentrations (Fig. 12 

Conclusions

Although small ferrocene-containing kinase inhibitors have been previously reported, the compounds prepared in the course of this study represent the first examples of complex ferrocene-based kinase inhibitors. From the cellular assays, the squaramide 1b appeared as the most potent analogue to reduce cell viability although it was not able to inhibit VEGFR2. Therefore, the simple change of the traditional urea for a squaramide group has a profound impact on the biological target and suggests that 1b might target other kinases implicated in colorectal cancer. Concerning the ferrocene derivatives, two compounds, namely 3c and 4a, emerged as promising to reduce HCT116 cell viability, the latter also being a good VEGFR2 inhibitor.

Interestingly, the original chloroferrocene derivative 2aCl was found promising in the HT29 cell line and features a promising selectivity for cancer cells, thus highlighting the importance of the substituent effect to reach biologically active products. 
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 3 Scheme 3. Syntheses of the aniline 15 and regorafenib (1a). DMF: dimethylformamide.
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 4 Scheme 4. Syntheses of the analogues 1b and 1c. DIPEA: N,N-diisopropylethylamine, HOBt: hydroxybenzotriazole, HBTU: N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1yl)uronium hexafluorophosphate.
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 5 Scheme 5. Syntheses of the analogues 2a and 3a. CDI: carbonyldiimidazole, DIPEA: N,Ndiisopropylethylamine, DMAP: 4-(dimethylamino)pyridine, THF: tetrahydrofuran.

Scheme 6 .

 6 Scheme 6. Synthesis of the chlorinated analogue 2aCl. DIPEA: N,Ndiisopropylethylamine, DPPA: diphenylphosphoryl azide, THF: tetrahydrofuran.

Scheme 8 .

 8 Scheme 8. Approach toward the analogues 2c and 3c. DIPEA: N,N-diisopropylethylamine, HBTU: N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate, THF: tetrahydrofuran.

Scheme 9 .

 9 Scheme 9. Early attempts toward 4a-b and 5a-b. DIPEA: N,N-diisopropylethylamine.

A c c e p t e d m a n u s c r i p t Scheme 10 .

 10 Scheme 10. Syntheses of compounds 4a and 5a. DIPEA: N,N-diisopropylethylamine, NMP: N-methylpyrrolidinone. Crystals suitable for X-ray diffraction were obtained for compounds 6, 7, 19, 31, 35 and 39 by evaporation of their corresponding solutions. While the solid-state structures of the oxamides 19 and 31 were similar (Fig 3), interesting differences were noticed concerning the structures of compounds 6 and 7 (Fig 4). Indeed, while the picolinamide moieties are similar, the orientation of the fluorinated phenyl ring is different: bent downward for compound 7 while upward for compound 6. This seems to result from a different hydrogen bonding network (see ESI). Indeed, for compound 7, a H-bond between the amide NH of one molecule and the amide C=O of a second molecule was noticed. The additional amino group of compound 6 disrupted this organisation as the aniline NH was found to interact with the amide C=O, resulting in a structure in which the picolinamide and fluorinated phenyl ring of two molecules are head-to-tail (see ESI).

Fig 3 .

 3 Fig 3. Left to right: molecular structure of compounds 19 and 31 (thermal ellipsoids shown at the 30% probability level).

Fig 4 .

 4 Fig 4. Left to right: molecular structure of compounds 6 and 7 (thermal ellipsoids shown at the 30% probability level).

Fig 5 .

 5 Fig 5. Left to right: molecular structure of compounds 35 and 39 (thermal ellipsoids shown at the 30% probability level). Only one form of 39 is shown.
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 6 Fig 6. Selected HMBC correlations observed for compounds 1a, 2aCl, 2c and 4a.

  15 μM for 24h (Fig 5, blue bar) or 5 μM for 48 or 72h (Fig 5, orange and green bars, respectively), and cell viability was assessed using the MTT test.
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 7 Fig 7. Viability of HCT116 cells using the MTT assay. Cell viability (% of control) was measured using the MTT test after exposure of the HCT116 cells to the selected compounds at the concentrations and time indicated. Mean values of three experiments, except for 1b and 2a for 24h and 2aCl for 24-72h with two assays.

Fig 8 .

 8 Fig 8. Viability of HT29 cells using the MTT assay. Cell viability (% of control) was measured using the MTT test after exposure of the HT29 cells to 5 µM of the selected compounds for 24h. Mean values of three experiments.

  A c c e p t e d m a n u s c r i p tfor compound 3c LD50 on the HCT116, while HT29 cells proved to be much more resistant toward this compound (see ESI).

Fig 9 .

 9 Fig 9. Viability of HT29 cells using the MTT assay. Cell viability (% of control) was measured using the MTT test after exposure of the HT29 cells to the selected compounds at the indicated concentrations (µM) for 24h. Mean values of three experiments.

Fig 10 .

 10 Fig 10. Viability of HCT116 cells using the MTT assay. Cell viability (% of control) was measured using the MTT test after exposure of the HCT116 cells to 1a and 2aCl for 24 to 72h at the indicated concentrations (µM). These data are representative of two experiments with similar results.

Fig 11 .

 11 Fig 11.Viability of HT29 cells using the MTT assay. Cell viability (% of control) was measured using the MTT test after exposure of the HT29 cells to 1a and 2aCl for 24 to 72h at the indicated concentrations (µM). These data are representative of two experiments with similar results.

  and 13). As noticed previously (Fig 10 and 11), compound 2aCl was found to be more able to reduce the viability of HT29 cells when compared with HCT116 ones (Fig 13), although the latter are usually more sensitive to the presence of an antiproliferative compound.

Fig 12 .

 12 Fig 12. Viability of HCT116, HEK293 and HT29 cells using the MTT assay. Cell viability (% of control) was measured using the MTT test after exposure of the cells to 3a for 48h at the indicated concentrations (µM).

Fig 13 .

 13 Fig 13. Viability of HCT116, HEK293 and HT29 cells using the MTT assay. Cell viability (% of control) was measured using the MTT test after exposure of the cells to 2aCl for 48h at the indicated concentrations (µM).
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Table 2

 2 Inhibitory activities of the first round of compounds against a short panel of disease-related protein kinases. The table displays the remaining kinase activities detected after treatment with 1 µM of the tested compounds. Results are expressed in % of maximal activity, i.e. measured in the absence of inhibitor but with an equivalent dose of DMSO (solvent of the tested compounds). ATP concentration used in the kinase assays was 10 µmol/L (values are means, n = 2). Kinases are from human origin unless specified: Mm, Mus musculus; Rn, Rattus norvegicus. Data obtained for regorafenib (1a) are colored in light grey.

	Compd. CDK5/p25	CDK9/CyclinT PIM1	MmCLK1	RnDYRK1A Haspin	GSK3β	CK1ε	VEGFR2	ABL-1	JAK3	EGFR
	1a	> 100	85	> 100	> 100	> 100	> 100	86	> 100	50	99	74	91
	1b	> 100	94	> 100	> 100	> 100	84	> 100	94	> 100	97	79	90
	1c	> 100	91	> 100	> 100	90	> 100	85	95	82	90	84	99
	2a	> 100	> 100	> 100	> 100	> 100	> 100	90	97	61	> 100	83	96
	3a	> 100	> 100	> 100	> 100	> 100	> 100	83	98	11	99	68	97
	2aCl	> 100	> 100	100	> 100	> 100	> 100	95	> 100	> 100	100	68	98
	2c	> 100	> 100	> 100	> 100	96	> 100	98	84	88	> 100	73	98
	3c	> 100	96	> 100	> 100	> 100	> 100	94	90	> 100	95	87	84
	38a	> 100	74	81	> 100	> 100	> 100	85	> 100	> 100	> 100	78	91
	38b	> 100	100	92	> 100	> 100	> 100	> 100	> 100	66	> 100	73	94
	4a	> 100	99	> 100	> 100	> 100	99	81	86	8	92	78	> 100
	5a	> 100	81	> 100	> 100	> 100	> 100	95	98	47	95	82	83

Table 3

 3 Selected IC50 values (μM) for compounds of Table1.

	Entry	Product	VEGFR2
	1	1a	1.72
	2	2aCl	2.73
	3	3a	0.35
	4	4a	0.78
	5	5a	0.55
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