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From ferrocene to fluorine-containing penta-substituted derivatives and all points in-between; or, how to increase the available chemical space

In spite of the growing interest in fluorine-containing compounds, and the improvements in materials, optical and biological properties that can arise from substitution of a phenyl ring by ferrocene within a molecular scaffold, synthetic strategies that allow the efficient preparation of fluoroferrocene derivatives are scarce. Following conversion of ferrocene to fluoroferrocene, we have developed routes to fluorine-containing di-, tri-, tetra-and penta-substituted ferrocene derivatives to extend the available chemical space. Our approach is based on the identification of suitable reagents and conditions to achieve fluorine-directed deprotometalation, and exploitation of the halogen 'dance' rearrangement in the ferrocene series.

Introduction

Substitution of one (or more) hydrogen atom(s) in a molecular structure by fluorine has been shown to have a positive influence on a truly surprising range of properties of relevance to the materials, 1 agrochemical and pharmaceutical arenas. 2 For example, incorporating a fluorine atom into a pharmaceutically active molecular scaffold can contribute to increased pharmaceutical effectiveness, biological half-life and bio-absorption. [2][3] Thus, it is no coincidence that many drugs already on the market have fluorine in their structure, for example Trametinib (a MEK inhibitor to treat patients suffering from a form of melanoma), Vonoprazan (a potassiumcompetitive acid blocker to treat acid-related diseases) and Delpazolid, an antibiotic in clinical trials to treat mycobacterial infections including drug-resistant tuberculosis (Fig. 1). 2,4 While approaches based on virtual screening have been developed for small molecule drug discovery, 5 increasing the "available chemical space" 6 and developing synthetic access to new scaffolds containing fluorine remains a topic of great interest.

In seeking to expand chemical space and optimize the material, optical and biological properties of small molecules, attention has also been given to inclusion of ferrocene moieties within molecular designs. Ferrocene is a three-dimensional unit, stable to air, water, heat and light, and able to undergo facile and reversible one-electron oxidation. Therefore, inclusion of ferrocene within a molecule can be used to introduce, augment or tune many physical and chemical properties. 7 As a consequence, ferrocene-based materials have for example been developed for their nonlinear optical or conducting properties and as photo-switchable polymers. In addition, various ferrocene-based systems have been designed for use as sensors, 7a or incorporated into compounds for applications in catalysis. 8 Ferrocene derivatives are also employed as burn rate modifiers and additives in rocket propellants, 9 and ferrocenebased compounds are also expected to have applications in agriculture, for example as agrochemicals and for soil remediation. 7a When incorporated into a bioactive molecule, ferrocene can increase the lipophilicity, aiding the passage through biological barriers. 10 Consequently, ferrocene has been progressively established as a good bioisostere for the aryl or heteroaryl ring. 7a,10-11 As a result, it has attracted the interest of medicinal chemists, and ferrocene is currently present in compounds with a wide range of bioactivities. For instance, ferrocifens are a promising family of anticancer drug candidates. 12 Ferroquine is in clinical trials for use in combination with artefenomel to treat chloroquine-resistant forms of malaria, 13 but also represents a promising candidate for cancer therapeutics. 14 A combination of these strategies has led to interest in the compounds featuring both ferrocene and fluorine (Fig. 2), which can lead to further improvement in the biological properties. 7a However, probably due to the lack of efficient methods to access them, the biological properties of compounds in which fluorine is directly linked to ferrocene have to our knowledge never been evaluated. Thus, our goal is here to open synthetic ways to fluorine-containing polysubstituted ferrocenes, consequently extending the "available chemical space" to these new scaffolds. The preparation of the parent fluoroferrocene (1) from bromoferrocene, via halogen/lithium exchange and trapping of the lithioferrocene with perchloryl fluoride, was first described by Hedberg and Rosenberg in 1971. 15 However, despite this precedence and the contemporary interest in fluorine and ferrocene containing small molecules, surprisingly few fluoroferrocene derivatives have been reported since. 16 This might be due in part to the warning of Peet and Rockett who experienced an explosion when perchloryl fluoride was used to intercept the lithio compound generated from (dimethylamino)methylferrocene. 17 Nevertheless, the use of Nfluorobenzenesulfonimide (NFSI) as an alternative electrophilic fluorinated agent by Sünkel and Weigand in 2011 has renewed interest in synthetic routes to fluoroferrocenes. 18 Consequently, modern routes now allow ferrocene to be used directly as a starting material in the preparation of 1 by direct deprotometalation followed by trapping with NFSI. 19 Similar strategies afford 1,2-difluoroferrocene, 19a as well as 1,2,3,4,5pentafluoroferrocene, albeit the latter in low-yield. 19a However, while 1,1'-difluoroferrocene could be obtained in 10% yield from 1,1 '-dibromoferrocene, 19b and in 2% yield from ferrocene, 19c other fluoroferrocenes (1,2,3-trifluoro, 19a 1,2,3,4tetrafluoro, 19a and 1,1',2,3,4,5-hexafluoroferrocene by consecutive deprotometalation-trapping sequences, 19a and 1bromo-2-fluoroferrocene by bromine/lithium exchange followed by trapping 20 ) have been formed, but not isolated. To the best of our knowledge, few studies of the subsequent functionalization of 1 have been described.

This paper reports the results of a study dedicated to the functionalization of fluoroferrocene (1) by a deprotolithiationtrapping sequence, [START_REF]Concerning deprotometalation-trapping in the ferrocene series[END_REF] coupled with the isomerization of iodo derivatives of 1 using the halogen 'dance' reaction. 22 Following communication of preliminary results, 23 details are now given from a more comprehensive study of the scope of the synthetic methodology, which gives convenient access to a wide range of hitherto unknown functionalized fluoroferrocene derivatives.

Results and discussion

With a view to developing a convenient procedure to 2substituted fluoroferrocenes 2, the key reagent fluoroferrocene (1) was initially prepared by deprotometalation of ferrocene in the presence of tert-butyllithium and catalytic potassium tertbutoxide in tetrahydrofuran (THF) at -75 °C for 1 h, 24 followed by reaction with NFSI in THF at -20 °C. 19 After optimization, 1 could be isolated in about 50% yield (Scheme 1).

As fluoroferrocene (1) is not prone to nucleophilic attack, a wide range of strong bases may in principle be employed to effect the second deprotonation step before subsequent trapping of the resulting 2-metalated fluoroferrocene. Deprotonation of 1 by sec-butyllithium (1.2 equivalents), a base already employed to efficiently deprotonate fluorobenzene, 25 was found complete after 1 h in THF at -75 °C, as determined by subsequent deuteration (2a obtained in 98% yield and >95% deuterium incorporation). The interception of 1-fluoro-2lithioferrocene ([1-H]Li) in situ worked efficiently with a large range of electrophiles to give the compounds 2 (Scheme 1). Thus, reaction of [1-H]Li with allyl bromide gave the vinyl compound 2b (39%), whilst with dimethylmethylideneammonium iodide (Eschenmoser's salt) the amine 2c (80%) sought by Peet and Rockett was obtained, pleasingly without the violent explosion reported from these earlier studies. 17 After transmetalation to zinc, the Negishistyle 26 palladium-catalyzed cross-coupling reaction of [1-H]Li with 2-chloropyridine gave 2d (61%). The boronic ester 2e (67%, Fig. 3) was isolated following sequential reaction of [1-H]Li with triisopropyl borate and pinacol. Reactions of [1-H]Li with aliphatic and aromatic aldehydes gave the secondary alcohols 2f-h, with a modest degree of stereochemical selectivity, whilst reactions with ketones yielded the expected tertiary alcohols 2i (71%) and 2j (72%). A further range of carbonyl compounds were obtained from [1-H]Li and dimethylformamide (aldehyde 2k, 97%), 2-methoxybenzoyl chloride (ketone 2l, 60%), carbon dioxide (carboxylic acid 2m, 72%), and phenyl isocyanate (carboxamide 2n, 83%). The family 1,2-dihaloferrocenes was also obtained following reaction of [1-H]Li with the electrophilic halogenating agents NFSI (1,2-difluoroferrocene 2o, 72%), hexachloroethane (1-chloro-2-fluoroferrocene 2p, 92%), tetrabromomethane (1-bromo-2-fluoroferrocene 2q, 92%) and iodine (1-fluoro-2-iodoferrocene 2r, 96%). The Group 4, 5 and 6 derivatives 2s-v were similarly prepared from [1-H]Li with chlorotrimethylsilane (trimethylsilane 2s, 96%), chlorodiphenylphosphine (diphenylphosphine 2t, 61%, crystallographically characterized as the BH3 adduct, Fig. 3), phenyl disulfide (phenylsulfide 2u, 97%), and tributylchlorostannane (tributylstannane 2v, 89%). The subset of 2-substituted fluoroferrocenes 2p, 2s and 2u were chosen as platforms to demonstrate the introduction of a third substituent onto the ferrocene periphery. These substrates were selected as they undergo deprotonation at the increasingly functionalized Cp ligand by sec-butyllithium, rather than entering into reaction with the functional groups already present. Under the conditions employed to functionalize fluoroferrocene (1), fluorine-directed deprotonation of 2p, 2s, 2u and trapping gave a range of different 1,3-disubstituted 2fluoroferrocenes in yields ranging from 61% to quantitative (Table 1; Fig. 4). To broaden the scope of the protocols, the iodide 2r, for which the use of an alkyllithium to deprotonate is excluded, was deprotonated by reaction with LiTMP (TMP = 2,2,6,6-tetramethylpiperidino) in THF at -40 or -80 °C; subsequent iodolysis yielded the symmetrical ferrocene 3r-I, which was isolated in 62% and 83%, respectively. As the rest of the material proved to be the starting material, the deprotolithiation step was also carried out in the presence of ZnCl2.TEMDA (TMEDA = N,N,N',N'-tetramethylethylenediamine) as an in situ trap, 27 providing 3r-I in quantitative yield (Scheme 2). Whilst the sequential fluorine-directed deprotonation of 1 served as a convenient synthetic methodology for the preparation of 1,2-di and 1,2,3-trisubstituted ferrocenes (2 and 3, respectively), the preparation of other patterns requires further consideration. The halogen 'dance' is an elegant way to isomerize brominated or iodinated aromatic and heteroaromatic compounds. 22 The reaction, performed in the presence of hindered dialkylamides such as LiTMP and LiDA (DA = diisopropylamino) is driven by the formation of the most stable lithio compound. In the benzene series, various directing groups have been tested for their ability to influence the relative stability of these intermediate lithio species, with halogens, trifluoromethyl groups and oxygen-based substituents proving particularly effective. 22i Whilst finding increasing applications in aryl and heteroaryl chemistry, the use of halogen dance strategies in the synthesis of ferrocene derivatives is still in its infancy. Chlorine, bromine and iodine were first tested as directing groups by Wang, Weissensteiner and co-workers, but the complexity of the reaction mixtures together with the high lipophilicity of the components limited the scope of the reaction. 22j Some of the present authors have recently evaluated N,N-dialkyl carboxamides as directing group in the halogen dance rearrangement of halogenated ferrocenes; however limited selectivity was achieved due to competition in the directing abilities of the halogen and carboxamide moieties. 22k Given the excellent selectivity observed in preparation of compounds 2 and 3, further efforts were made to explore the role of fluorine as a directing group 28 in the halogen dance reaction on ferrocene scaffolds. With due consideration to the potential for competitive deprotonation, the presence of a non-directing substituent R blocking one site adjacent to the fluorine directing group was explored (Fig. 5).

Thus, in order to progress toward 2,4-disubstituted 1fluoroferrocenes, the 1,2,3-trisubstituted ferrocenes 3s-I, 3s-Br and 3r-I were treated with LiTMP in THF at -50 °C; 22k the reaction was allowed to proceed for 2 h at the same temperature before being quenched by addition of methanol to give the rearranged products 4s-I, 4s-Br and 4r-I, respectively (Scheme 3). Only a single migration was observed from symmetrical diiodide 3r-I, even when using 2 equivalents of base (Fig. 6). In order progress toward tetrasubstituted ferrocenes, an attempt was made to trap the lithio compound formed from of 3s-I. The sequence of 'halogen dancetrapping' reactions successfully led to a range of 1,3,4trisubstituted 2-fluoroferrocenes from a range of electrophilic traps (Table 2; Fig. 7). Thus, in a manner similar to that described for compounds 2, trapping of the rearranged lithio compound derived from 3s-I with Eschenmoser's salt gave fluoroamine 5s-I-1. The alcohols 5s-I-2 and 5s-I-3 were obtained from trapping with 2-anisaldehyde and benzophenone, respectively, whilst aldehyde 5s-I-4 was successfully obtained from dimethylformamide. The parent carboxylic acid 5s-I-5 was isolated following reaction with carbon dioxide, the carboxamide 5s-I-6 from dimethylcarbamoyl chloride, the phosphine 5s-I-7 from chlorodiphenylphosphine and sulfide 5s-I-8 from phenyl disulfide. However, the limited stability of 5s-I-5 in solution made isolation difficult and low-yielding, whilst purification of 5s-I-6 and 5s-I-8 was made challenging due to the low solubility in the apolar solvents required as eluent, resulting in inefficient separations by column chromatography. 29 1-chloro-3iodoferrocene (6s'-I) was formed in quantitative yield, demonstrating generality of this approach (Scheme 4). With routes to 1,2-and 1,3-disubstituted (2, 6), 1,2,3-and 1,2,4-trisubstituted (3, 4) and1, 2,3,4-tetrasubstituted (5) ferrocenes in hand, attention was next turned to complete the series with 1,2,3,4,5-pentasubstituted derivatives. Obtaining a fluoroferrocene with five different substituents on the same cyclopentanienyl ring is a substantial challenge. Indeed, apart 1, 2,3,4,5-pentafluoroferrocene, 19a there was no 2,3,4,5tetrasubstituted fluoroferrocene reported until we started this study. 23 To reach this goal, the silanes 5s-I were considered unsuitable as starting materials because of the low propensity of the trimethylsilyl group to tolerate deprotolithiation at the neighboring position. 28 Rather, the sulfide 3u-I (Scheme 5) was chosen as more suitable substrate. From 3u-I and chlorotrimethylsilane as the electrophile, the sequence of deprotonation-halogen dance-trapping reactions led to 1,3,4trisubstituted 2-fluoroferrocene 5u-I (Fig. 8). Finally, pentasubstituted 7u-I was generated by deprotolithiation-trapping from 5u-I, this time by using dimethylformamide as electrophile, and isolated in 64% yield. 

Conclusions

Through application of one or more fluorine-directed deprotolithiation steps in combination with the halogen 'dance' reaction, a large range of substituents could be easily introduced onto the fluoroferrocene core. These procedures allow the regioselective preparation of 1,2-di-, 1,3-di-, 1,2,3-tri-, 1,2,4-tri-, 1,2,3,4-tetra-and 1,2,3,4,5-penta-substituted ferrocene derivatives in moderate to quantitative yields from the readily available fluoroferrocene (1), thereby considerably expanding the available chemical space. The ability to incorporate bromine, iodine or trialkyltin groups gives considerable scope for even further functionalization by crosscoupling or halogen/metal exchange reactions. Such secondgeneration manipulation of the substituent groups would serve to further increase the structural diversity of fluoroferrocene compounds. Therefore, the work described here provides both direct access to regioselectively functionalized fluoroferrocenes and entry points for further functionalization leading to fluoroferrocene-containing compounds which may in time find application in the preparation of compounds with materials science and biological applications.
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 1 Fig. 1. The pharmaceutically-active, fluorine-containing compounds (a) Trametinib; (b) Vonoprazan; and (c) Delpazolid.
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 2 Fig. 2. Compounds identified for their cytotoxic activity against MDA-MB-435-S-F breast cancer cells (left) or their anti-amoebic activity (right).
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  Scheme 1 Synthesis of fluoroferrocene (1) and 2-substituted fluoroferrocenes 2. a See ESI for more details on the electrophilic trapping and subsequent hydrolysis. b Yields are given after purification, as described in ESI.
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 3 Fig. 3. ORTEP diagrams (30% probability) of compounds 2e and 2t•BH3.
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 42 Fig. 4. ORTEP diagrams (30% probability) of compounds 3p-Br, 3p-I, 3s-Br and 3u-I.
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 5 Fig. 5. Schematic representation of points of control leading to more selective halogen 'dance' reactions.

  Scheme 3. Synthesis of 2,4-disubstituted 1-fluoroferrocenes 4. a See ESI for more details. b Yields are given after purification, as described in ESI. c 2 equivalents of LiTMP were used.
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 6 Fig. 6. ORTEP diagrams (30% probability) of compounds 3r-I and 4s-Br.
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  See ESI for more details on the electrophilic trapping and subsequent hydrolysis. b Yields are given after purification, as described in ESI. c Mixture of diastereoisomers. d Low yield due to difficult purification.The use of the trimethylsilyl blocking group to promote selectively the halogen dance reactions yielding 1,2,4trisubstituted ferrocenes 4 prompted consideration of preparative routes to 3-substituted 1-fluoroferrocenes, which are to our knowledge a completely new family. Treatment of 2,4-disubstituted 1-fluoroferrocenes 4s-I and 4s-Br with tetrabutylammonium fluoride (THF, rt, 30 min)30 gave the desired 1,3-dihalogeno products 6s-I and 6s-Br, which were

  s c r i p t isolated in high yield (Scheme 4). Similarly, from 1-chloro-4iodo-2-(trimethylsilyl)ferrocene (4s'-I),23a 
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 74 Fig. 7. ORTEP diagrams (30% probability) of compounds 5s-I-2, 5s-I-3, 5s-I-4, 5s-I-5 and 5s-I-7.
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 5 Scheme 5. Synthesis of a 2,3,4,5-tetrasubstituted fluoroferrocene 7. a See ESI for more details. b Yields are given after purification, as described in ESI.
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 8 Fig. 8. ORTEP diagrams (30% probability) of compounds 5u-I and 7u-I.
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 2 Synthesis of 1,3,4-trisubstituted 2-fluoroferrocenes 5.
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