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Abstract

:

This paper presented the efficiency of different Pd-based catalytic systems in a series of SM reactions of 4,5-dibromo-2-methylpyridazin-3(2H)-one with ferroceneboronic acid, ferrocene-1,1′-diboronoc acid, and its bis-pinacol ester. In addition to the disubstituted product, these transformations afford substantial amounts of isomeric 4- and 5-ferrocenyl-2-methylpyridazin-3(2H)-ones, and a unique asymmetric bi-pyridazinone-bridged ferrocenophane with a screwed molecular architecture. The reactions of phenylboronic acid, conducted under the conditions, are proven to be the most reductive in the conversions of ferroceneboronic acid, and produce 2-methyl-4,5-diphenylpyridazin-3(2H)-one as single product, supporting our view about solvent-mediated hydrodehalogenations that are supposed to proceed via the assistance of the ferrocenyl group present in the reaction mixture, or attached to the bromo-pyridazinone scaffold, which is constructed in the first SM coupling of the heterocyclic precursor. A comparative DFT modelling study on the structures and possible transformations of relevant bromo-, ferrocene- and phenyl-containing carbopalladated intermediate pairs was carried out, providing reasonable mechanisms suitable to account for the apparently surprising regioselectivity of the alternative hydrodebromination processes, and for the formation of the ferrocenophane product. Supporting the results of DFT modelling studies, the implication of DMF as a hydrogen transfer agent in the hydrodebromination reactions is evidenced by deuterium labelling experiments using the solvent mixtures DMF-d7–H2O (4:1) and DMF–D2O (4:1). The organometallic products display antiproliferative effects on human malignant cell lines.
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1. Introduction


During the last decades, the chemistry of ferrocenes attracted remarkable attention, due to their wide application in material sciences, catalysis, and the chemistry of bioactive compounds [1]. Focusing on the last characteristics, it was established that in certain bioactive compounds, the replacement of an aromatic/heteroaromatic ring for a ferrocene unit leads to organometallics possessing biological activity not manifested in, or superior to, those produced by the purely organic counterparts. This is most spectacularly demonstrated by ferrocene-containing analogues of the non-steroidal selective estrogen receptor modulator hydroxytamoxifen, with strong cytotoxic and cytostatic effects on hormone-independent triple negative MDA-MB-231 breast tumour cells [2]. This tendency is further supported by a number of reviewed examples also presenting an array of organic ferrocene derivatives, with diverse scaffolds displaying pronounced antitumor activities [3,4]. The effect of ferrocene-based antiproliferative agents is mainly based on the generation of reactive oxygen species (ROS), such as nitric oxide, superoxide anion, and hydroxyl radical, which are involved in the Fenton pathway, causing DNA damage [5,6,7] and, eventually, leading to cell death. [8] Connecting to this emerging, but so far underexplored, research area, we also synthesized and evaluated a number of ferrocene-based hybrid compounds, comprised of building blocks with documented antiproliferative activity. Thus, cinchona-based diamides [9], triazolyl–calchones [10,11,12] imipridone hybrids [13], and polycondensed β-carbolines [14] display substantial in vitro cytotoxicity against a variety of human malignant cell lines. On the other hand, structurally diverse pyridazine-containing heterocycles are privileged scaffolds in pharmaceutical chemistry. Although most of their well-documented bioactive representatives are found among anti-HIV [15], antiviral [16], antibacterial [17], antihypertensive [18], and anti-inflammatory [19] agents, certain pyridazine derivatives were also identified as anti-cancer drug candidates [20,21,22,23,24]. Since the chemistry and biological applications of ferrocene and pyridazine derivatives are the focus of our interest, we demonstrate that the chemical hybridization of ferrocene and pyridazinone moieties might result in highly promising complex organometallics, such as ferrocene-pyridazines comprising planar chiral scaffolds I [25], II [26], and isomeric diferrocenyl-substituted derivatives III and IV [27] that display significant antiproliferative effects on human malignant cell lines (Figure 1).



In the frame of our ongoing project of searching for more active compounds in this promising class of small molecules, we envisaged the synthesis, structural analysis, and in vitro anticancer evaluation of a series of further ferrocene-containing pyridazinone derivatives types VI–VIII, with structural characteristics complementary to those of I–IV (Figure 2).



A straightforward simple retrosynthetic analysis of the targeted structures suggests the utilisation of Suzuki–Miyaura (SM) reactions involving ferrocenyl–boron compounds and 4,5-dihalopyridazin-3(2H)-ones as coupling partners. Accordingly, in this contribution we present the first part of a systematic study on the aforementioned SM reactions, using different catalytic systems to promote the coupling of ferrocenylboronic acid (1), ferrocene-1,1′-diboronic acid (2), and ferrocene-1,1′-diboronic acid dipinacol ester (3) with 4,5-dibromo-2-methylpyridazin-3(2H)-one (4) (Figure 3). These mono- and bi-functionalized precursors are regarded as suitable models in a systematic series of experiments aimed at disclosing the structure–reactivity correlations related to the influence of the catalytic systems on the chemo- and regioselectivity in the reactions investigated.




2. Results


Over the past decades, considerable research was devoted to an extremely wide array of catalytic systems and conditions evaluated in the SM reactions of organoboron compounds [28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44], including ferrocenyl–boronate components [32,33,34,35,36,37,38]. However, Stevenson et al. report on a closely related double SM coupling reaction of 4 with 3 equivalents of phenylboronic (5) acid, using PdCl2(PPh3)2 as catalyst, Na2CO3 as a base, and DME–H2O as a solvent to afford the biarylated product 6 (Scheme 1) [28]. Since no detailed data on catalyst-loading, base amount, solvent mixture composition, reaction time, or temperature are provided, first, with the intention of coupling two phenyl groups to the pyridazinone core, we conducted this reference transformation at 100 °C for 10 h, employing a relatively high catalyst-loading (4%), 2.8 equivalents of the base, and a 4:1 mixture of the solvent components, and obtained 6 as exclusive product, isolated in 82% yield (Table 1, entry 1, Method A).



Encouraged by the excellent performance of this methodology, we attempted to couple 4 with ferrocenylboronic acid 1 under the same conditions. To our surprise, besides the expected 4,5-diferroceno-2-methylpyridazin 3(2H)-one (7), the reaction leads to the isolation of the isomeric monoferrocenyl derivatives 8 and 9 in appreciable yields (with a marked dominance of (9), along with a significant amount of ferrocene (10), which certainly originates from the undesired hydrolysis of 1 [36] (Table 1: entry 2, Method A). Following this unexpected outcome of our first experiment, we tested a variety of catalytic conditions to assess their efficiency and selectivity in the coupling of 4 and 1. The reactions of these components were then run in the presence of Pd(PPh3)4 and Na2CO3 (3.0 equiv.), at 100 °C for 8–12 h in toluene–H2O (3:1), the solvent mixture that facilitates aryl bromide activation [40]. Although these reactions are accompanied by the formation of tarry products, the use of these conditions (Methods B and C) allows the isolation of the same products in yields and ratio comparable to those obtained using Method A (Table 1: entries 3 and 4). We attempted to increase the isolated yields of the targeted ferrocenylpyridazinones with the concomitant suppression of uncontrolled decompositions, by conducting the reactions at lowered temperature (80 °C) in the highly polar solvent mixture DMF–H2O (4:1), which demonstrates robust character in related SM arylations [42,43]. In these experiments PdCl2(PPh3)2, the emblematic air- and moisture-stable Pd–NHC, Pd–PEPPSIi-Pr [44], and PdCl2dppf were screened as catalysts in the presence of K2CO3 (3.0 equiv.) (entries 5–7, Methods D–F). Employing conditions in Methods D and E leads to the isolation of di-ferrocenylpyridazinone 7 as major product, along with the isomeric monoferrocenyl derivatives 8 and 9, again with a marked preference of 9 (Entries 5 and 6), while PdCl2dppf, featuring a chelate structure, almost entirely suppresses the formation of 7 and spectacularly promotes the formation of 8 and, in particular, 9. These are accessed in markedly increased yields (Entry 7, Method F) compared to those achieved by Methods D and E. It must also be noted that under these conditions, independently of the structure of the catalyst used, hydrolytic deboronation also takes place, to afford a significant amount of 10 (entries 5–7). In order to assess the influence of the structure of the boronate component on the outcome of the studied SM reactions, we also applied the conditions of Method F to couple 4 and phenylboronic acid 5, and obtain di-phenylpyridazinone 6 as the single isolable product, in a 79% yield (entry 8), indirectly indicating the involvement of organometallic species in the observed dehydrobrominations, as discussed and reasoned in detail in the subsequent paragraph.



Aiming at the synthesis of target compounds with the general formula VIII (Figure 2) of potential antiproliferative activity, we attempted to couple 4 with ferrocene-1,1′-diboronic acid 2, again using catalysts PdCl2(PPh3)2, Pd–PEPPSIi-Pr, and PdCl2dppf, under the conditions of Methods A and D–F (Entries 9–12). To our surprise, besides 11, one of the expected products, these reactions assemble a ferrocenophane-type product (12), featuring an asymmetrically connected bi-pyridazinone linker, in low-to-acceptable yields (9–28%), and 9 in characteristic catalyst-dependent yields (14–47%). On the other hand, the coupling reactions of 11 and 4, run under the conditions of Methods D–F, again afford 12 and 8 in appreciable yields (entries 13–15), referring to a non-negligible propensity of the organometallic component to undergo hydrodebromination and hydrodeborylation.



Serving as control, the subsequent experiments were carried out under the conditions of Methods D–F, employing dipinacol ester 3 as the bifunctional boronate component, which demonstrates a reactivity profile surprisingly different from that of diboronic acid 2, and similar to that of monoboronic acid 1, as reflected in the catalyst-dependent product distributions (entries 16–18). The formation of 7, 8, 9, and 10 points to an enhanced tendency of the boron–carbon bond to undergo hydrolytic cleavage in the primarily formed mono- and bis-ferrocenylpyridazinone intermediates, and even in 3 with bulky tetramethyl-1,3,2-dioxaborolene residues on the organometallic substituents, probably decreasing the steric congestion and, thus, increasing the rotational freedom of the cyclopentadienyl rings.




3. Discussion


3.1. DFT-Modeled Possible Pathways of Sequential SM Coupling and Hydrodebromination Processes in the Reactions of 1 with Boronic Acids 2 and 5 Taking Place without Single Electron Transfer Steps


The straightforward, highly feasible, double coupling reactions 4 + 5 → 6, along with the formation of unexpected dehydrobrominated products that accompany all the investigated SM reactions of 4 with ferrocene–boronates 1–3 and 11, unambiguously imply the presence of the organometallic moiety in the reactants, and/or in the appropriate intermediates. First, in order to reveal the mode of a specific action of the primarily attached ferrocenyl group in the hydrodebromination processes, focusing on a possible competition between the second SM coupling and competitive hydrodebromination taking place under the conditions employing Pd-catalysts with PPh3 ligand and DMF–H2O (4:1) as solvent, we carried out a series of comparative DFT modeling studies on the most relevant elementary steps assumed to be involved in complex branched pathways (Scheme 2). All calculations were performed using a B3PW91 functional [45] and DGTZVP basis set [46]. (Since the modeling studies were carried out also on organometallic species, we opted for B3PW91 as functional, as that is superior to B3LYP in providing a more reliable and realistic description of bonding parameters in metal-based fragments [47]. Providing further and, in terms of structural characteristics, more relevant justification for our choice of the DFT functional, it is also reported that the N-heterocyclic carbene complexes of Ni(II)-, Pd(II)-, and Pt(II), optimized by B3PW91, are closer to the experimental data relative to those found in the structures generated by B3LYP and M06 functionals [48].) First, the optimized structures were identified on the potential energy surface (PS) as local minima, or saddle points, for all the analyzed intermediates and transition states, respectively. The transition states of the investigated transmetalations were localized using the QST2 method [49]. The total energy values were then calculated from single point calculations performed on the structures, optimized in vacuo using the IEFPCM solvent model [50], and dielectric constant ε = 45.4 estimated for DMF–H2O (4:1), to represent the approximate polarity of the reaction mixture frequently applied in our experiments. The values referred to as relative energetics and presented in kcal/mol in the rest of discussion, and in Scheme 2, Scheme 3, Scheme 4, Scheme 5, Scheme 6 and Scheme 7, were obtained as the sum total energies of the precursor and product molecules involved in the particular reaction steps.



First, we calculated the energetic data of the alternative Pd(0)-mediated oxidative additions (4 → 13 and 4 → 14: Scheme 2), which are correlated with the results of previous studies on nucleophilic functionalizations of 4,5-dibromopyridazinones, with preferred regioselectivity at position 5 [51,52,53,54]. The isomeric-carbopalladated intermediates 13 and 14 are supposed to convert into intermediates 17a,b and 18a,b, respectively, via two pathways first postulated for transmetalation by Suzuki and Miyaura [55]. Accordingly, the so-called “oxo-palladium pathway” is expected to involve Br → OH exchange on the Pd-center, followed by the coordination of the boronic acid component (1 or 5) with the resulting hydroxy–palladium complexes 16 and 19, while the alternative “oxoboronate pathway” comprises the direct displacement of the bromide ligand in 13 and 14, by the corresponding boronic, acid-derived, anionic hydroxyl adduct (15a or 15b). This assumption is confirmed by the results of in-depth mechanistic studies [56,57,58,59,60,61,62,63], which establish that complexes featuring a palladium–oxygen–boron linkage are the species of outstanding propensity that undergo transmetalation proceeding through a four-membered transition state, as evidenced by DFT computations [61,62,63]. From this stage, focusing on the possible conversions of the isomeric monoaryl-substituted bromopyridazinones 21a,b and 22a,b, each elementary step was subjected to theoretical modeling to identify the critical elements that might be most significantly influenced by the structure of the primarily introduced aryl substituent (ferrocenyl or phenyl) in the selection between the second SM coupling and the appropriate hydrodebromination process. The energetic profiles of both oxo-palladium and boronate pathways refer to the highly favored formation of the pre-transmetalation intermediates 25a,b and 26a,b. In this context, it must also be pointed out that hydroxide-induced boronate generations 1 → 15a and 5 → 15b obviously connect the two pathways, as reflected in the thermochemical data calculated for these additions (Scheme 2). Modeling studies also demonstrate that 25a,b and 26a,b readily undergo energetically and kinetically feasible transmetalations with [1,3] aryl-migration (25a,b → 28a,b + H3BO3 and 26a,b → 29a,b + H3BO3). The energetic profile, including activation barriers and the optimized structures involved in the transmetalation events (Scheme 3), share similar characteristics to those generated by Thomas et al. in the frame of an in-depth kinetic and computational study focusing on transmetalation in representative SM reactions [62]. Formally, 34a,b and 35a,b in principle, might also be constructed along pathways comprising the formation and subsequent boronate- and carbamate-generating fragmentation of highly complex, chelation-stabilized DMF-adducts, respectively, integrating an intramolecular [1,5]-hydride migration (30a/31a → 34a/35a + 1 + 32 and 30b/31b → 34b/35b + 5 + 32). It is of note that [1,3] aryl-migrations in 30a,b and 31a,b, accompanied by concomitant formation of boric acid and regeneration of DMF, also seem to be a feasible process to generate the aryl–palladium intermediates 28a,b and 29a,b, respectively.



Calculations disclose a favorable energetic profile for the two-step conversions of ferrocene-containing hydroxy–palladium intermediates 24a and 27a, assembling Pd-hydrides 34a and 35a, respectively. These transformations proceed via DMF addition, followed by intramolecular carbon-to-palladium [1,3] hydride migration in adducts 33a and 36a, which take place simultaneously with fragmentation-generating carbamamoic acid 32, prone to undergo decomposition to Me2NH and CO2. Terminating the hydrodebromination pathways, 34a and 35a are supposed to undergo reductive elimination to give 8 and 9, respectively. Lending credence to the mechanism that involves DMF-adducts types 33 and 36, there are examples in the literature reporting on transition-metal-catalyzed dehydrohalogenations proposed to proceed via intramolecular carbon-to-palladium [1,3] hydride migration in structurally related alkoxy–palladium intermediates, followed by sequence-terminating reductive elimination [64,65,66,67,68,69,70].
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Scheme 3. Energetic profiles of transmetalation steps 25a,b → 28a,b and 26a,b → 29a,b proceeding via [1,3] carbon-to-palladium migration of ferrocenyl- and phenyl groups, as resulted from DFT modeling of the local minima and transition states. 
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The calculated energetic data suggest that the first two steps of the hydrodebromination pathway, starting from phenyl-substituted hydroxy–palladium intermediate 24b, might also be regarded as operative, at least to a limited extent, while along the related pathway, the formation of Pd-hydride 35b seems much less feasible. We assume that the energetically favored formation of 34a and 35a is assisted by the development of a stabilizing coordinative interaction between the donor ferrocene moiety and the adjacent Pd(II)-hydride fragment. Accordingly, MO analysis of their structures identified MOs showing significant electron delocalization over the proximal metal centers (with L = PPh3: Figure 4). Donor–acceptor interactions with the coordinating phenyl group are also found in 34b and 35b, as visualized by the appropriate MOs (Figure 4), contributing to the stabilization of Pd-hydride structures, probably to a smaller extent compared to the interactions involving the ferrocenyl substituent in 34a and 35a. In line with our view about the development of the aforementioned intermetallic contact, ferrocene complexes featuring a Fe → Pd dative bond are well-documented in the literature [71,72,73,74,75,76]. On the other hand, MO analysis of complexes 13 and 14 (L = PPh3) discloses definite Br–Pd interactions through a formal four-membered ring, as visualized by the MOs also presented in Figure 4. Thus, it is postulated here that, in the modeled intermediates, either iron or bromine is regarded as the fourth ligand on the proximal Pd(II)-center, with an approximately square planar mode of coordination. It is also of note that definite interatomic contacts are also disclosed in intermediates 20a, 23a, 24a, and 27a between the ferrocenyl group and the proximal Pd–OH residue, as shown by the appropriate bonding MOs (collected in the Supplementary Material S3).
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Figure 4. The identified sets of delocalized MOs indicating Fe–Pd interaction in ferrocene-containing complex isomer pair 34a + 32/35a + 32, phenyl–Pd coordination interaction in phenyl-substituted complex isomer pair 34b + 32/35b + 32, and Br–Pd interaction in bromo-substituted isomer pair 13/14. 
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3.2. DFT-Modeled Possible Pathways of Hydrodebromination Processes Taking Place with Single Electron Transfer (SET) Steps Accompanying the Investigated SM Coupling Reactions


Up to this stage of modeling studies, in contrast to the experimental results, the energetic data and kinetic barriers calculated for the relevant conversions in the sequential transformations—with particular regard to the preference of oxidative addition 4 → 13 over the alternative elementary step 4 → 14 suggest the exclusive presence, or at least a marked dominance, of 8 over 9 in the isolated products of the reactions conducted under the conditions using DMF–H2O (4:1) as solvent. Moreover, since the experimental product distribution is not significantly influenced by the solvent, it is reasonable to conclude that, besides the above-discussed pathways starting from the assumed 4/5-aryl-substituted 5/4-bromopyridazinones 21a,b and 22a,b (Scheme 2), further mechanisms must also be operative in hydrodebromination, which might correctly account for the preferred formation of 9 over that of 8. Accordingly, we also propose competitive pathways (Scheme 4), which start with ferrocene-promoted bromine abstraction from 13 and 14, resulting in the radical intermediates 37 and 38, respectively. These events might involve any neutral ferrocene component (1–3, 10) or boronate anions (15a, 45–48) present in the reaction mixtures in different concentrations (Scheme 4), and are, in principle, capable of acting as a redox catalyst via single electron transfer (SET). In the subsequent step, from a suitable position of a solvent molecule (Q–H), a hydrogen atom is transferred to 37 and 38, constructing the intermediates 39 and 40, respectively, while simultaneously generating a carbon radical of solvent origin (Q). This carbon radical then effects bromine abstraction, either from the primary carbopalladated intermediate (13 and 14), or from the initially formed ferricenium bromide (Fc+Br−), to give a brominated solvent molecule (Q–Br), with simultaneous regeneration of the appropriate ferrocene-containing catalyst. It is assumed that the catalyst is also regenerated from the ferricenium bromide intermediate by a solvent molecule, again yielding the carbon radicals Q and HBr, which are then decomposed in the basic reaction mixture. When terminating the hydrodebromination pathways, Pd-hydrides 39 and 40 undergo reductive elimination to give the isomer bromopyridazinones 41 and 42, certainly the actual organohalide coupling components that are involved in the SM reactions, finally leading to the formation of 9 and 8, respectively. It is of pronounced importance that—due to the energetically controlled regioselectivity of the primary competitive oxidative additions 4 + PdL2 → 13 + L, and 4 + PdL2 → 14 + L (cf. Scheme 2)—the previously discussed mechanism, with crucial SET events, is, at first sight, suitable to account for the preferred formation of 9 over 8, the characteristic feature of the studied reactions practically invariant of the solvent used. Indirectly supporting our view about the mechanism discussed above, bromopyridazinones 41 and 42, the simple coupling components, are not formed in the absence of ferrocene components. Accordingly, 1H-NMR measurements detect neither of the isomer phenylpyridazinones 43 and 44, even in traces, in the crude products of the reactions of 4 with phenylboronic acid 5.
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Scheme 4. The chart of possible solvent-invariant pathways to account for the formation of bridged ferrocenophane 12, and for the experimentally observed chemo- and regioselectivity of hydrodebromination, implicating radical bromine displacement associated with ferrocene-catalyzed single electron transfer (SET) steps. (The two conformationally rigid enantiomers of 12 with helical chirality, resulting from DFT-optimization, are also presented to emphasize that this product is formed as a racemic mixture). 
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The formation of ferrocenophane 12 can also be rationalized by the reaction sequence that involves SM reaction of 41 with 11, followed by an intramolecular Heck-coupling taking place in the resulting bis-pyridazinone 49 (Scheme 4). The boronic component 11, of the SM reaction, is formed in the SM-coupling of 4 and 2, or used as reactant, while 41 is the practically exclusive, or at least the highly dominant, monohalide component in the reaction mixtures components, as a consequence of the substantially higher population of its radical precursor 13 relative to that of 4, the radical precursor of the isomer monohalide 42, as is concluded from the difference in their energy levels [ΔE(14 − 13) = +4.0 kcal/mol].



The influence of the structure of potential initiators on the relative feasibility of the initial radical transformations in the simple ferrocene–boronate-mediated reactions was estimated from the relative energetics, which were calculated for the series of bromine abstractions from 13 and 14 effected by representative ferrocene-containing components (1, 2, 10, 15a, 45, and 46) of different electron donor strengths, along with 15b and benzene as purely organic references (Scheme 5). In order to evaluate the effect of the ligand on the energetics, the bromine abstraction events were modeled using PPh3, 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene of Pd–PEPPSIi-Pr-origin (NHC), and with dppf as ligand.
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Scheme 5. Approximate assessment of the initiator and ligand dependence of the relative energetics of the crucial bromine radical transfers, as resulting from DFT calculations. 
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The calculated data indicate that anionic boronate 15a, ferrocene (10) derived from hydrolytic deboronation, and the bridged monoboronate 45 have comparable efficiency in bromine abstraction taking place using the SET mechanism, and, in accord with the general expectations, diboronate 46 certainly presents in low concentrations in the reaction mixtures, and seems to be the most efficient reductant in the group of the modeled organometallics. On the other hand, 1 and 2, with electron-deficient boron centers, are significantly less efficient reductants in the modeled elementary steps.



In this context, phenylboronate 15b and benzene are identified as markedly weaker electron donors compared to their organometallic counterparts 15a and 10, respectively. All radical bromides are regarded as close ion pairs, whereas weak OH⋯Br interactions contribute to the stability of the boronate-derived neutral radicals 52, 53, and 56, as reflected in their optimized structures.



The calculated energetic data also suggest that the coordinated PPh3 is a slightly more efficient promoter of the critical bromine transfer than NHC, which facilitates SM reactions, rather than radical hydrodebromination, as reflected in the product distributions of the reactions catalyzed by Pd–PEPPSIi-Pr (Method E: Table 1). On the other hand, in accord with the high isolated yields of 9 achieved by the reactions catalyzed by PdCl2dppf (Method F: Table 1), bromine transfer steps from the chelation-stabilized Pd–dppf complexes 13** and 14** become markedly more feasible compared to conversions 13 → 17 and 14 → 38, as reflected in the relative energetics of boronate-mediated transformations 13** → 37** and 14** → 38** (Scheme 6). However, it is of pronounced importance that the energetic data determining the relative population of the isomer-carbopalladated complexes with dppf ligand [ΔE(14** − 13**) = +2.6 kcal/mol] refer again to the practically exclusive formation of 9, via the SM coupling of 4-bromo-2-methylpyridazin-3(2H)-one 41 (Scheme 4), which is constructed by the sequential transformation of 13** proceeding via radical intermediate 37**. At this stage of the discussion, it must be pointed out that, contrary to facile intramolecular chelation processes 13* → 13** and 14* → 14** (Scheme 6), the coordination of a second PPh3 ligand to any of the carbopalladated complexes, with weakly interacting bromine or ferrocenyl groups as the fourth ligand in close proximity to the Pd(II)-center, is expected to be of highly limited probability, due to the low concentration of the species involved in this bimolecular event.
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Scheme 6. Approximate assessment of the chelation-induced effect of the dppf ligand on energetics of the crucial bromine radical transfers, as resulting from DFT calculations. 
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On the basis of the previous discussions, it can be stated that, in all the investigated reactions, the fractions of 13 and 13** escaping radical debromination enter boronate– or oxy–palladium pathways to assemble 21a, the common precursor of the subsequent SM coupling and hydrodebromination, finally leading to 7 and 8, respectively (Scheme 2). In this regard, it seems reasonable that 8 is formed along two competitive pathways branched from the Pd–Br complex 20a (Scheme 6). Thus, besides the reaction sequence with intramolecular [1,3] hydride migration (20a → 24a → 33 → 34a: Scheme 2), radical debromination (20a → 55a), followed by solvent-mediated hydrogen transfer, is also operative in the construction of palladium hydride 34a, which decomposes by reductive elimination, affording 8 (Scheme 7). Accordingly, the change in energy calculated for the boronate-mediated radical debromination of 20a indicates that the feasibility of this process is slightly increased, relative to that of the analogous conversion 13 + 15a → 17 + 50 (Scheme 5), probably due to the strengthening of the Fe–Pd interaction upon the homolytic cleavage of the Pd–Br bond, as reflected in the intermetallic distances found in the optimized structures. This shortening might, at least partly, be ascribed to the significant spin-density delocalized between the adjacent metal centers shown by S-HOMO in 59a. Delocalization of HOMO-3 also contributes to the Fe–Pd bonding order in this radical, while in 20a, this interatomic contact is mainly the consequence of the HOMO-3 delocalization, with a lower energy level.



In the light of the experimental results supported by modeling-based theoretical considerations, it is reasonable to assume that, under the conditions using DMF–H2O (4:1) as solvent, both pathways lead to the formation of 8 in a competitive manner, while the radical mechanism might only be considered as operative in the other solvents used in our synthetic procedures.
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Scheme 7. The two pathways leading to the formation 5-ferrocenylpyridazin-3(2H)-one 8, presented with the changes in energy and in Fe–Pd distance accompanying the radical bromine transfer step. The visualized MO’s are involved in the intermetallic contact in the bromo–palladium and radical complexes. 
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Finally, it must be pointed out that the energetic data calculated for the endoergic radical bromine transfer processes suggest that these transformations are not feasible at all. However, on the one hand, the reagent- and ligand-dependent relative feasibility of these processes is clearly reflected in the results, which are roughly compatible with the experimental product distributions. On the other hand, under real experimental conditions, in the presence of a large number of solvent molecules with significant coordination and solvation ability, the relative energetics might significantly differ from the calculated values, allowing the development of an equilibrium system containing the highly reactive radical carbopalladated intermediates, in concentrations sufficient to advance the sequential transformations towards the formation of monoferrocenyl pyridazinone products 8 and 9.




3.3. Deuterium Labelling Experiments Disclosing the Implication of DMF as Hydrogen Source in the Hydrodebromination Processes


Attempting to obtain conclusive experimental evidence for the theoretically established mechanisms of DMF-mediated hydrodebromination processes, we performed deuterium labelling experiments, by coupling 4 with 1 under the conditions of Method F (proven to be the most efficient method among the tested conditions in terms of hydrodebromination) in solvent mixtures DMF-d7–H2O (4:1) and DMF–D2O (4:1), to check the implication of DMF as the source of hydride anion or atomic hydrogen in the ionic and radical pathways, respectively. Supporting the theoretically proposed mechanisms, the reaction conducted in the first solvent mixture 8 (yield: 15%) and 9 (yield: 46%) are isolated in isotopically labelled forms, deuterated at positions 5 and 4, respectively, as identified by 1H-and 13C-NMR (cf. Section 3.4). On the other hand, indirectly referring to the practically exclusive implication of DMF as hydrogen transfer agent, when DMF–D2O (4:1) is used as solvent, 8 (yield: 20%) and 9 (yield: 53%) are isolated in deuterium-free forms, as also detected by NMR methods. In both experiments, 7 is isolated in low yields (5–8%) in deuterium-free form.




3.4. Structural Elucidation of Ferrocenylpyridazinones 7–9, 11, and Ferrocenophane 12


The 1H- and 13C-NMR data of the novel ferrocene-substituted pyridazinone products are consistent with their structures, but the following remarks are necessary to make. The unambiguous assignments of the 1H- and 13C-NMR signals are confirmed by 2D-HSQC-, HMBC-, and NOESY measurements. In the 1H-NMR spectrum of 8, the split of 1.5 Hz of the H-3 and H-5 signals indicates the separated 1,3-skeletal position of the involved protons on the pyridazinone ring, whereas in the 1H-NMR spectrum of 9, the split of 4.3 Hz measured for the doublets originates from H-3 and H-4, and indicates their adjacent position. Providing further support for the substituent pattern in 8, NOE interactions are detected for both the following signal pairs: H-3/H-2′,5′ and H-5/H-2′,5′. The arrangement of the substituents on the pyridazinone ring in boronic acid 11 is evidenced by the NOE interaction detected between signal pairs H-3/H-2′,5′ and B(OH)2/H-2′,5′. The assignment of H-5 signal in 8 is confirmed by its characteristic HMBC cross-peak correlation with the C-6 signal, mediated by two bonds, whereas no similar correlation is discernible between H-3 and C-6, separated by four bonds on pyridazinone ring. On the other hand, in the 1H-13C-HMBC spectrum of 9, a three-bond-mediated intense cross-peak correlation is detected between the signals of H-4 and C-6. The rigid bridged constitution of 12 is reflected in the six separated signals in the 1H-NMR spectrum (with intensity distribution of 1H, 2H, 1H, 1H, 2H, and 1H), and ten separated signals in the 13C-NMR spectrum, originating from the non-inverting ferrocene moiety in the chiral molecular architecture. The asymmetric constitution and the screwed conformation are confirmed by the NOEs detected between signal pairs H-6/H-8 and H-3′/CH3 on N-2.



Due to the lack of 4J(H-D) coupling, and to the negligible 3J(H-D) coupling, the H-3 signal is discernible as a singlet at 7.86 ppm and 7.65 ppm in the 1H-NMR spectra of 8(D-5) and 9(D-4), respectively; these products formed in the experiment carried out by Method E in DMF-d7–H2O (4:1). Accordingly, the signals of the deuterated carbons in the 13C-NMR spectra [discernible at 120.8 ppm for 8(D-5) and 123.8 ppm for 9(D-4)] split into a 1:1:1 triplet, of which peaks are separated by 22.4–22.6 Hz corresponding to 1J(13C-D) coupling (see in Supplementary Materials S2). The further 1H- and 13C-NMR data of 8(D-5) and 9(D-4) are practically identical to those measured for their deuterium-free counterparts.





4. In Vitro Evaluation of the Ferrocene-Containing Pyridazinones for Their Antiproliferative Activity


By means of MTT assay, the cytostatic effect of the novel organometallic heterocycles was studied in vitro on A2058 human melanoma [77], A431 human epidermoid carcinoma [78], U87 human glioma [79], and HepG2 human hepatocellular carcinoma [80] cell lines. In order to estimate the contribution of the ferrocenyl-substituent(s) to the bioactivity, 4,5-diphenylpyridazin-3(2H)-one 6 was used as purely organic reference. The data listed in Table 2 indicate that the investigated organometallic models display marked cell-line-dependent cytotoxicity; however, 6 exhibits no detectable effect in the assays, even at 50 μM concentration, underlying the essential role of the ferrocenyl substituent(s) in triggering antiproliferative activity at cellular level. Contrary to human melanoma A2058 cells, which are susceptible only to di-ferrocenyl-pyridazinone 7, all the ferrocene-derivatives are active against human epidermoid carcinoma A431 cells at a low micromolar range, as shown by the IC50 values. Further demonstrating the cell line dependence of the antiproliferative activity of these members of ferrocenylpyridazinones, U87 human glioma cells display insensitivity to the investigated compounds, whereas the HepG2 cell line is susceptible to compounds 7, 9, and 12. In our experiments, compound 7 is identified as the most active model, referring again to the critical role of the organometallic moiety in triggering the antiproliferative effect. It is worth pointing out that the bridged ferrocenophane 12 also seems a highly promising lead, as this chiral compound with helical conformation displays significant antiproliferative effects, even in racemic form. Thus, with the intention to study the control of absolute configuration on bioactivity, we initiated attempts to separate the enantiomers of 12. These experiments are currently in progress.




5. Materials and Methods


All fine chemicals were obtained from commercially available sources (Merck, Budapest, Hungary; Molar Chemicals, Budapest, Hungary; VWR, Budapest, Hungary) and were used without further purification. Dichloromethane (DCM) was distilled and then stored on CaH2. Merck Kieselgel (230–400 mesh, 60 Å) was used for flash column chromatography. Melting points (uncorrected) were determined with a M-560 instrument (Büchi, Essen, Germany). The 1H- and 13C-NMR spectra were recorded in CDCl3 or DMSO-d6 solution in 5 mm tubes, at room temperature, on a Bruker DRX-500 spectrometer (Bruker Biospin, Karlsruhe, Germany) at 500 (1H) and 125 (13C) MHz, with the deuterium signal of the solvent as the lock and TMS as internal standard (1H, 13C). The 2D-NOESY, HSQC, and HMBC spectra were obtained by using the standard Bruker pulse programs. Since the performance of 2D-NOESY was poor in case of 12, the stereostructure of this compound was investigated by 1D-NOEDIFF spectroscopy, using the standard Bruker pulse program. All calculations were carried out using the Gaussian 09 software (Gaussian Incorporation, Pittsburgh, PA, USA) package [81]. The optimized structures are available from the authors.



5.1. General Procedure for the Suzuki–Miyaura Reaction of 4,5-Dibromo-2-methylpyridazin-3(2H)-one 4 with Boronic Components 1, 2, 3, 5, and 11


Under a flow of argon 4,5-dibromo-2-methylpyridazin-3(2H)-one 4 (536 mg, 2 mmol), boronic component (1.380 g, 6 mmol of 1; 1.644 g, 6 mmol of 2; 2.628 g, 6 mmol of 3; 732 mg, 3 mmol of 5; 1.251 g, 3 mmol of 11), base (594 mg, 5.6 mmol of Na2CO3 by Method A; 830 mg, 6.0 mmol of K2CO3 by Methods B–F), and 4 mol% of the catalyst (56 mg, of PdCl2(PPh3)2 by Methods A and D; 93 mg of Pd(PPh3)4 by Methods B and C; 55 mg of Pd–PEPPSIiP by Method E; 59 mg of PdCl2dppf by Method F) were suspended in the solvent [30 mL of DME–H2O (4:1) by Method A; 32 mL of toluene–H2O (3:1) by Methods B and C; 30 mL of DMF–H2O (4:1) by Methods D–F], placed in a round-bottomed 100 mL two-necked vessel equipped with a reflux condenser and a gas inlet tube. The mixture was saturated with argon for 10 min, then stirred at elevated temperature for a prolonged time (data are given in Table 1). The reaction mixture was concentrated in vacuo, triturated with water, and carefully neutralized by 10% aqueous HCl. The precipitated solid was filtered off, dried under vacuo, and subjected to column chromatography on silica using solvent mixtures CH2Cl2–MeOH (50:1–80:1) as eluent, to obtain the corresponding product. The isolated yields are listed in Table 1. (To achieve sufficient separation of the organometallic components in the visible yellow-to-red colored bands, the ratio of the separable mixture to silica was set at least to 1 g:70 g). The crude solid resulting from the reactions of 1 and phenylboronic acid 5 was purified by crystallization with MeOH–H2O (1:10) to obtain 2-methyl-4,5-diphenylpyridazin-3(2H)-one 6 as a single product.



5.1.1. 2-Methyl-4,5-diphenylpyridazin-3(2H)-one (6)


White powder. M.p. 178–180 °C. 1H-NMR (CDCl3): 7.84 (s, 1H, H-3); 7.10–7.06 (m, 2H, H-2′,6′); 7.26–7.16 (m, 8H, H-3′-5′,2′-6′); 3.85 (s, 3H, CH3 on N-1). 13C-NMR (CDCl3): 160.6 (C-6); 140.9 (C-4); 138.1 (C-3); 137.0 (C-5); 135.2 (C-1′); 132.6 (C-1′); 130.5 (C-2′,6′); 129.1 (C-2′,6′); 128.6 (C-4′); 128.5 (C-3′,5′); 128.3 (C-4′); 127.9 (C-3′,5′); 40.7 (CH3 on N-1). Anal. calcd. for C17H14N2O: C, 77.84%; H, 5.38%; N, 10.68%. Found: C, 77.53%; H, 5.60%; N, 10.81%.




5.1.2. 4,5-Diferrocenyl-2-methylpyridazin-3(2H)-one (7)


Orange–red powder. M.p. 155–157 °C. 1H-NMR (CDCl3): 7.96 (s, 1H, H-3); 4.45 (t, J = 1.8 Hz, 2H, H-2′,5′); 4.27 (t, J = 1.8 Hz, 2H, H-2′,5′); 4.24 (t, J = 1.8 Hz, 2H, H-3′,4′); 4.21 (t, J = 1.8 Hz, 2H, H-3′,4′); 4.05 and 4.01 (2xs, 2x5H; 2xη5-C5H5); 3.80 (s, 3H, CH3 on N-1). 13C-NMR (CDCl3): 159.2 (C-6); 139.2 (C-3); 137.8 (C-4); 134.8 (C-5); 81.6 (C-1′); 78.0 (C-1′); 72.0 (C-3′,4′); 70.05 (C-3′,4′); 69.94 and 69.84 (2xη5-C5H5); 69.1 (C-2′,5′); 68.7 (C-2′,5′); 40.3 (CH3 on N-1). (Anal. calcd. for C25H22Fe2N2O: C, 62.80%; H, 4.64%; N, 5.86%. Found: C, 62.50%; H, 4.72%; N, 6.01%.




5.1.3. 4-Ferrocenyl-2-methylpyridazin-3(2H)-one (8)


Orange–red powder. M.p. 188–190 °C. 1H-NMR (CDCl3): 7.80 (d, J = 1.5 Hz; 1H, H-3); 6.81 (d, J = 1.5 Hz; 1H, H-5); 4.61 (t, J = 1.8 Hz, 2H, H-2′,5′); 4.46 (t, J = 1.8 Hz, 2H, H-3′,4′); 4.09 (s, 5H; η5-C5H5); 3.73 (s, 3H, CH3 on N-1). 13C-NMR (CDCl3): 160.8 (C-6); 145.3 (C-4); 135.6 (C-3); 120.6 (C-5); 77.0 (C-1′); 71.2 (C-3′,4′); 70.1 (η5-C5H5); 67.2 (C-2′,5′); 40.0 (CH3 on N-1). Anal. calcd. for C15H14FeN2O: C, 61.25%; H, 4.80%; N, 9.52%. Found: C, 60.92%; H, 4.92%; N, 9.33%.




5.1.4. 5-Ferrocenyl-2-methylpyridazin-3(2H)-one (9)


Orange powder. M.p. 134–137 °C. 1H-NMR (CDCl3): 7.61 (d, J = 4.3 Hz; 1H, H-3); 7.22 (d, J = 4.3 Hz; 1H, H-4); 5.08 (t, J = 1.8 Hz, 2H, H-2′,5′); 4.45 (t, J = 1.8 Hz, 2H, H-3′,4′); 4.09 (s, 5H; η5-C5H5); 3.82 (s, 3H, CH3 on N-1). 13C-NMR (CDCl3): 159.9 (C-6); 140.7 (C-5); 136.0 (C-3); 123.6 (C-4); 77.2 (C-1′); 71.0 (C-3′,4′); 70.0 (η5-C5H5); 69.2 (C-2′,5′); 40.8 (CH3 on N-1). Anal. calcd. for C15H14FeN2O: C, 61.25%; H, 4.80%; N, 9.52%. Found: C, 61.11%; H, 4.95%; N, 9.65%.




5.1.5. [1′-(5-Bromo-1-methyl-6-oxo-1,6-dihydropyridazin-4-yl)ferrocenyl]boronic Acid (11)


Deep red powder. M.p. 211–215 °C. 1H-NMR (DMSO-d6): 8.04 (s, 1H, H-3); 7.53 [s, 2H, B(OH)2]; 4.89 (br s, 2H, H-2′,5′); 4.45 (br s, 2H, H-3′,4′); 4.38 (br s, 2H, H-2′,5′); 4.32 (br s, 2H, H-3′,4′); 3.64 (s, 3H, CH3 on N-1). 13C-NMR (DMSO-d6): 157.2 (C-6); 144.0 (C-4); 137.5 (C-3); 121.2 (C-5); 78.0 (C-1′); 76.1 (C-2′,5′); 73.9 (C-3′,4′); 71.6 (C-3′,4′); 71.0 (C-2′,5′); 67.3 (C-1′); 41.0 (CH3 on N-1). Anal. calcd. for C15H14BBrFeN2O3: C, 43.22%; H, 3.39%; N, 6.72; Br 19.17%. Found: C, 43.75%; H, 3.48%; N, 6.44; Br 19.04%.




5.1.6. 1′,2-Dimethyl-5,5′-(ferrocene-1,1′-diyl)-(4,4′-bipyridazine)-3,6′(1′H,2H)-dione (12)


Brownish red powder. M.p. 237–240 °C. 1H-NMR (CDCl3): 7.73 (s, 1H, H-6); 7.57 (s, 1H, H-3′); 4.99 (br s, 1H, H-8′); 4.93 (narrow overlapping m’s, 2H, H-10, and H-10′); 4.42 (dd, J = 1.6 Hz and 1.1 Hz, 1H, H-11′); 4.30 (dd, J = 1.6 Hz and 1.1 Hz, 1H, H-8); 4.23 (dd, J = 1.6 Hz and 1.1 Hz, 1H, H-11); 4.08 (narrow overlapping m’s, 2H, H-9, and H-9′); 3.81 (s, 3H, CH3 on N-1′); 3.85 (s, 3H, CH3 on N-2). 13C-NMR (CDCl3): 159.8 (C-6′); 159.2.9 (C-3); 143.5 (C-5); 139.0 (C-3′); 137.9 (C-5′); 136.8 (C-6); 132.8 (C-4′); 128.9 (C-4); 80.8 (C-11); 79.2 (C-11′); 77.2 (C-8′); 75.6 (C-10); 73.3 (C-7); 71.9 (C-7′); 71.0 (C-9′); 70.7 (C-9); 69.7 (C-10′); 66.0 (C-8); 41.3 (CH3 on N-2); 41.1 (CH3 on N-1′). Anal. calcd. for C20H16FeN4O2: C, 60.02%; H, 4.03%; N, 14.00%. Found: C, 59.89%; H, 4.09%; N, 14.41%.





5.2. Description of In Vitro Cytostasis Experiments


A2058 and HepG2 cells were cultured in RPMI-1640 medium, supplemented with 10% FCS (fetal calf serum, Sigma-Aldrich Ltd., Budapest, Hungary), 2 mM L-glutamine, penicillin–streptomycin antibiotics mixture (50 IU/mL and 50 μg/mL, respectively). A431 and U87 cells were cultured in DMEM medium, supplemented with 10% FBS, 2 mM L-glutamine, penicillin–streptomycin antibiotics mixture (50 IU/mL and 50 μg/mL, respectively), 1 mM sodium pyruvate, and 1% non-essential amino acid mixture. The cultures were maintained at 37 °C in a humidified atmosphere with 5% CO2. The cells were grown to confluency, and then they were divided into 96-well tissue culture plates, with the initial cell number of 5.0 × 103 cells/well. After 24 h incubation at 37 °C, the cells were treated with the compounds in 200 μL final volume, containing 1.0 v/v% DMSO, at 0.4–50 μM concentration range overnight, whereas control cells were treated with serum-free medium only, or with DMSO (c = 1.0 v/v%) under the same conditions. After incubation, cells were washed twice with serum-free medium. Following that, cells were cultured for further 72 h in 10% serum containing medium at 37 °C, then MTT-solution (at c = 0.37 mg/mL final concentration) was added to each well. The respiratory chain [81], and other electron transport systems [82], reduce MTT and form non-water-soluble violet formazan crystals within the cell [83]. The amount of these crystals was determined by spectrophotometry, and served as an estimate for the number of mitochondria and, hence, the number of living cells in the well [84,85]. After 3 h of incubation with MTT, the cells were centrifuged for 5 min at 900× g, and then the supernatant was removed. The obtained formazan crystals were dissolved in DMSO (100 µL), and optical density (OD) of the samples was measured at λ = 540 nm and 620 nm, using ELISA Reader (iEMS Reader, Labsystems Diagnostics Oy, Vantaa, Finland). OD620 values were subtracted from OD540 values. The percent of cytostasis was calculated with the following equation:


Cytostatic effect (%) = [1 − (ODtreated/ODcontrol)] × 100








where values ODtreated and ODcontrol correspond to the optical densities of the treated and the control wells, respectively. In each case, two independent experiments were carried out with 4 parallel measurements. Cytostasis was plotted as a function of concentration, and the half maximal inhibitory concentration was calculated based on a sigmoid curve fitted on the data points using Microcal™ Origin2018 software. IC50 represents the concentration of a compound that is required for 50% inhibition, expressed in micromolar units.





6. Conclusions


This contribution presents a detailed synthetic and mechanistic study on the complex transformations of 4,5-dibromo-pyridazin-3(2H)-one, an apparently simple heterocyclic bifunctional building block, with ferrocene-containing boronate components. It was established that the expected double Suzuki–Miyaura reactions run in water-containing solvent mixtures are accompanied by hydrodebromination processes, specifically promoted by the primarily introduced ferrocenyl group in the appropriate bromo–pyridazinone intermediate, or by a ferrocene-containing species present in the reaction mixture. The catalyst-dependent experimental product distributions are correlated with the relative energetics of the critical elementary steps and regioisomer key intermediates of the competitive polar and radical multistep reaction pathways. We also recognized and rationalized a bridge-forming annulation that assembled the first representative of a novel class of heterocyclic ferrocenophanes featuring asymmetric constitution, with rigid chiral conformation. Even in racemic form, this compound demonstrates antiproliferative activity in low micromolar concentration against two human malignant cell lines (A431 and HepG2). Pointing to the essential role of the organometallic moiety in triggering cytotoxicity, 2-methyl-4,5-diphenylpyridazin-3(2H)-one (6) is identified as an inactive organic reference, whereas its differocenyl counterpart (7) displays substantial cell-line selective effect under in vitro conditions. The family of the ferrocene-containing anticancer pyridazinones presented in this contribution can be extended by the replacement of the N-methyl group for an array of substituents, including privileged building blocks found in documented therapeutic agents. The experimentally and theoretically disclosed effects of the reaction conditions and catalysts on product distribution can be utilized in the design of synthetic protocols.
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Figure 1. Ferrocene-containing pyridazine derivatives displaying antiproliferative effects on human malignant cell lines. 
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Figure 2. Types of the targeted ferrocene-containing pyridazinones structurally related to antiproliferative compounds I–IV (Figure 1). 
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Figure 3. Precursors used in this work to construct the targeted types of ferrocene-containing pyridazinones V–VIII (Figure 2). 
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Scheme 1. Suzuki–Miyaura coupling reactions of 4,5-dibromo-2-methylpyridazin- 3(2H)-one (4) with phenyl- and ferrocene–boronates, conducted under the conditions listed in Table 1. 
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Scheme 2. The chart of DFT-modeled possible pathways without single electron transfer steps for sequential SM coupling reactions of 4 with 1 and 5, respectively, aimed at disclosing the specific role of ferrocene moiety in the formation of 8 and 9, under the conditions using Pd-catalysts with L = PPh3 ligand and DMF–H2O (4:1) as solvent. [The values of relative energetics (ΔE) and activation barriers (ΔE#) (in kcal/mol) calculated for the analyzed elementary steps involving ferrocene- and phenyl-containing components are presented in red and (green), respectively]. 
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Table 1. Conditions and product distributions of the SM reactions of 4,5-dibromo-2-methylpyridazin-3(2H)-one 4 with phenylboronic acid 5, and ferrocene-containing boronates 1–3.
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Isolated Products [%]




	
Entry

	
Reactants

	
Catalyst

	
Base

	
Solvent

	
Temp

	
Time

	
Method

	
6

	
7

	
8

	
9

	
10/X

	
11

	
12






	
1

	
4 + 5a

	
PdCl2(PPh3)2

(4 mol%)

	
Na2CO3

(2.8 eq.)

	
DME–H2O (4:1)

	
100 °C

	
10 h

	
A

	
82

	
-

	
-

	
-

	
-

	
-

	
-




	
2

	
4 + 1a

	
PdCl2(PPh3)2

(4 mol%)

	
Na2CO3

(2.8 eq.)

	
DME–H2O (4:1)

	
100 °C

	
10 h

	
A

	
-

	
26

	
6

	
18

	
7/15 c

	
-

	
-




	
3

	
4 + 1a

	
Pd(PPh3)4

(4 mol%)

	
Na2CO3

(3.0 eq.)

	
Toluene–H2O (3:1)

	
100 °C

	
8 h

	
B

	

	
21

	
5

	
23s

	
5/20 c

	
-

	
-




	
4

	
4 + 1a

	
Pd(PPh3)4

(4 mol%)

	
Na2CO3

(3.0 eq.)

	
Toluene–H2O (3:1)

	
100 °C

	
12 h

	
C

	

	
16

	
10

	
22

	
7/20 c

	
-

	




	
5

	
4 + 1a

	
PdCl2(PPh3)2

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
D

	

	
38

	
6

	
24

	
9/10 c

	
-

	
-




	
6

	
4 + 1a

	
Pd–PEPPSIiP

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
E

	

	
45

	
7

	
18

	
12/12 c

	
-

	
-




	
7

	
4 + 1a

	
PdCl2dppf

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
F

	

	
5

	
18

	
50

	
7/-

	
-

	




	
8

	
4 + 5a

	
PdCl2dppf

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
F

	
79

	
-

	
-

	
-

	
-/-

	
-

	
-




	
9

	
4 + 2b

	
PdCl2(PPh3)2

(4 mol%)

	
Na2CO3

(2.8 eq.)

	
DME–H2O (4:1)

	
100 °C

	
10 h

	
A

	
-

	
-

	
-

	
19

	
-/-

	
36

	
15




	
10

	
4 + 2b

	
PdCl2(PPh3)2

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
D

	
-

	
-

	
-

	
14

	
-/-

	
56

	
20




	
11

	
4 + 2b

	
Pd–PEPPSIiP

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
E

	

	
-

	
-

	
15

	
-/-

	
44

	
28




	
12

	
4 + 2b

	
PdCl2dppf

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
F

	

	
-

	
-

	
47

	
-/-

	
7

	
9




	
13

	
4 + 11a

	
PdCl2(PPh3)2

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
D

	
-

	
-

	
34

	
-

	
-/-

	
27 d

	
24




	
14

	
4 + 11a

	
Pd–PEPPSIiP

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
E

	

	
-

	
14

	
-

	
-/-

	
10 d

	
21




	
15

	
4 + 11a

	
PdCl2dppf

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
F

	

	
-

	
55

	
-

	
-/-

	
12 d

	
10




	
16

	
4 + 3b

	
PdCl2(PPh3)2

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
D

	
-

	
22

	
7

	
24

	
8/12 c

	
-

	
-




	
17

	
4 + 3b

	
Pd–PEPPSIiP

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
E

	

	
52

	
6

	
15

	
6/17 c

	
-

	
-




	
18

	
4 + 3b

	
PdCl2dppf

(4 mol%)

	
K2CO3

(3.0 eq.)

	
DMF–H2O (4:1)

	
80 °C

	
12 h

	
F

	

	
5

	
9

	
42

	
14/8 c

	
-

	
-








a 1/3. b 1/1.5. (molar ratios of the coupling components). c Yields of the recovered boronic acid/ester component [X = 1 (entries 2–7) or 11 (entries 13–15), or monopinacol ester derived from the partial hydrolysis of 3 (entries 16–18)] (calculated on the basis of the input amounts of the boronic component applied in excess). d Yield of the recovered precursor 11.
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Table 2. Cytostatic activity of ferrocene-containing pyridazinones 7, 8, 9, 11, and 12, and the reference 4,5-diphenylpyridazin-3(2H)-one 6, expressed in IC50 values on four human tumor cell lines.
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Compounds

	
IC50 [µM] ± SD




	
A2058

	
A431

	
U87

	
HepG2






	
7

	
12.20 ± 0.28

	
1.82 ± 0.01

	
>50

	
2.57 ± 0.33




	
8

	
>50

	
45.68 ± 4.84

	
>50

	
>50




	
9

	
>50

	
5.16 ± 0.34

	
>50

	
3.61 ± 0.62




	
11

	
>50

	
10.38 ± 0.52

	
>50

	
>50




	
12

	
>50

	
2.93 ± 0.11

	
>50

	
2.49 ± 0.19




	
6 (reference)

	
>50

	
>50

	
>50

	
>50
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