Mehdi Tazi 
  
Madani Hedidi 
  
William Erb 
  
Yury S Halauko 
  
Oleg A Ivashkevich 
  
Vadim E Matulis 
  
Thierry Roisnel 
  
Vincent Dorcet 
  
Ghenia Bentabed-Ababsa 
  
Florence Mongin 
  
  
Fluoro-and Chloroferrocene: From 2-to 3-substituted Derivatives

Ferrocene halogen 'dance' is deemed hardly controllable. Here, we describe the first efficient examples of this reaction. Conversion of 1-fluoro-2-iodo-(or 1-chloro-2-iodo-) to 1-fluoro-3-iodo-(or 1-chloro-3-iodo-) ferrocenes was ensured by suitably protecting the free 5 position.

Ferrocene is present in numerous scaffolds for applications such as catalysis, material sciences and medicinal chemistry. 1 However, despite a very rich history, transformation of monosubstituted ferrocenes is challenging when it comes to regioselectively introducing a function at C3. While deprotometallation has been largely developed to introduce a substituent next to a directing group, 2 one can deplore the lack of an equally general method to access 1,3-disubstituted ferrocenes in spite of promising applications. 3 If building the ferrocene core is a way to obtain such structures, 4 ferrocene functionalization avoids the tedious synthesis of the required building blocks. Whereas direct electrophilic substitutions on monosubstituted ferrocenes are hardly made regioselective, 5 current stoichiometric and catalytic remote CH-functionalizations stay restricted to specific examples. 6 Alternative approaches take the central group (Cl, [START_REF] Slocum | Directed Metalation Reactions. Specific Route to 1,2,3-Trisubstituted and 1,3-Disubstituted Ferrocenes[END_REF] Br 8 or sulfoxide 9 ) away from 1,2,3trisubstituted ferrocenes, but remain lengthy. Herein, we report a convenient alternative which relies on the halogen 'dance' (I > Br) known for benzene derivatives. [START_REF] Gronowitz | Recent Advances in the Chemistry of Thiophenes[END_REF] Little is described on this ferrocene base-triggered reaction allowing 2-halogeno substituted compounds to be converted into the 3-halogeno derivatives. Since our early observation of the unintended formation of 1-bromo-3-iodoferrocene in the course of bromoferrocene deprotonation using LiTMP (TMP = 2,2,6,6-tetramethylpiperidino) in the presence of a zinc trap followed by iodolysis, 11 very few investigations have been made. In 2015, Wang, Weissensteiner and co-workers reported a study in which scrambling was noticed upon treatment of 1,2-dihalogenoferrocenes (1,2-diiodo-, 1,2-dibromo-, 1bromo-2-iodo-and 1-chloro-2-iodo-) by LiTMP in THF (tetrahydrofuran) at -30 °C. [START_REF] Zirakzadeh | Halide-Mediated Ortho-Deprotonation Reactions Applied to the Synthesis of 1,2-and 1,3-Disubstituted Ferrocene Derivatives[END_REF] We recently showed that using N,N-dialkyl 2-iodoferrocenecarboxamides, in which a fixed directing group (DG) is present, reduced the complexity in favour of a better controlled migration; however competitive deiodination and formation of diiodo derivatives were not discarded, at the origin of yield loss. [START_REF] Tazi | From 2-to 3-Substituted Ferrocene Carboxamides or How to Apply Halogen "Dance" to the Ferrocene Series[END_REF] These results led us to believe (i) that the ferrocene substrates we used were not acidic enough to ensure the disappearance of LiTMP in the course of the reaction, and (ii) that it is necessary to block the free position next to the DG. As a consequence, we chose fluorine and chlorine as efficient short-range acidifying substituents to stabilize the produced ferrocenyllithiums, [START_REF] Mongin | Substituent Effects on the Relative Rates and Free Energies of Ortho-Lithiation Reactions: Families of Fluorobenzenes as the Substrates[END_REF] and selected trimethylsilyl (a poor DG) as a protecting group for both the 5 and 4 positions (Fig. 1). We first tested this designed halogen 'dance' reaction by using fluorine as DG. To access the required substrate, we initially studied the functionalization of fluoroferrocene (1a), itself prepared from ferrocene. NFSI (N-fluorobenzenesulfonimide), which has a lower redox potential than Nfluoropyridinium triflate and Selectfluor, is a suitable fluorinating agent towards lithioferrocene; 15 optimization of the reaction (see ESI) allowed 1a to be isolated in an average 50% yield at a scale up to 50 mmol. It is worth noting that the sulfone concomitantly formed when trapping with NFSI may become a real issue from sterically hindered ferrocenes such as the N,N-diisopropylcarboxamide (Scheme 1). Scheme 1. Expected and Unexpected Ferrocenes Formed by Deprotolithiation-NFSI Trapping. Conditions a: 1) tBuLi (2 equiv), tBuOK (0.1 equiv), THF, -75 °C, 1 h; 2) NFSI, THF, -20 °C. Conditions b: 1) sBuLi (1.2 equiv), THF, -75 °C, 1 h; 2) NFSI, THF, -20 °C.

In their synthesis of pentafluoroferrocene from 1a by iterative deprotometallation-fluorolysis, Sünkel and co-workers employed LiTMP. 15a In order to achieve a strict monofunctionalization of 1a, we rather turned to alkyllithiums. sec-Butyllithium proved superior to butyllithium and avoided the use of additives such as N,N,N',N'-tetramethylethylenediamine [START_REF] Herbert | Manipulating the Diastereoselectivity of Ortholithiation in Planar Chiral Ferrocenes[END_REF] or potassium tert-butoxide. [START_REF] Schlosser | Superbase Reactions: the Expedient and Selective Metalation of Fluorine-or Trifluoromethyl-Substituted Benzenes[END_REF] After 1 h contact time at -75 °C in THF, the 2-lithio derivative was quantitatively formed, as evidenced by subsequent deuteriolysis (Table 1, entry 1). Its trapping by electrophiles afforded 1,2-dihalides 3b-e (entries 2-5), silane 3f (entry 6), phosphine 3g (entry 7), sulfide 3h (entry 8), alcohols 3i-m (entries 9-13), aldehyde 3n (entry 14), ketone 3o (entry 15) and acid 3p (entry 16) in high to excellent yields.

This effective fluoroferrocene functionalization can be pushed a step further with iterative deprotometallationtrapping sequences. Using sec-butyllithium and two different electrophiles, we managed to develop a one-pot access to 3fb, i.e. the required substrate to attempt our designed halogen 'dance' (Scheme 2, top). Scheme 2. Halogen 'dance' from a Fluoroferrocene Deriving from 1a.

Table 1. Scope of the Deprotolithiation-trapping Sequence on 1a.

a Except for D2O and CO2 which were used in excess. b After purification, as described in the ESI. c >95% D. d By reaction of the crude with BH3•THF, and subsequent regeneration of the free phosphine (see SI). [START_REF] Argouarch | A New Class of Ferrocene-Based 1,2-Bis(phosphanes) Possessing only Planar Chirality[END_REF] e Diastereoisomeric ratio (see ESI). f After acidic hydrolysis.

Whereas it took 14 h to achieve halogen 'dance' from N,Ndiisopropyl 2-iodoferrocenecarboxamide, [START_REF] Tazi | From 2-to 3-Substituted Ferrocene Carboxamides or How to Apply Halogen "Dance" to the Ferrocene Series[END_REF] the reaction from 3fb only required 2 h, providing 3fb-mig in 77% yield after methanolysis and purification (Scheme 2, bottom; Fig. 2). This better result might come from the higher acidity of 3fb at the position next to the DG, leading to a more stable lithio product, and therefore to less LiTMP in the reaction mixture. As a consequence, the deiodinated product 3f, probably formed by LiTMP-mediated iodine/lithium exchange, [START_REF] Mongin | Extensive Halogen Scrambling and Buttressing Effects Encountered upon Treatment of Oligobromoarenes with Bases[END_REF] was only identified in the crude as minor product (<10%). The trimethylsilyl group here perfectly played its role, avoiding competitive deprotonation at the origin of undesired products. As shown by the calculated pKa values in THF, [START_REF] Matulis | Calculations were performed within the DFT framework at the CAM-B3LYP/6-311+G(d,p)//CAM-B3LYP/6-31G(d) level using a theoretical protocol elaborated previously[END_REF] chloroand fluoroferrocene have similar CH acidities (see Fig. 3, top left). In order to synthesize 6fb and test the halogen 'dance' on this chloro analogue of 3fb, we started from chloroferrocene 21 (5a) and carried out two deprotometallation-trapping sequences. If butyllithium 22a,b,7,22c and LiTMP 21,12,22c can be used to deprotonate 5a, we chose the more reactive sec-butyllithium to efficiently access 6f and 6fb. Under the conditions used for fluoride 3fb, chloride 6fb was isomerized to afford 6fb-mig in high yield (Scheme 3, left & bottom).

In order to evaluate the need of a protecting group, 1chloro-2-iodoferrocene (6b) was similarly prepared and treated by the lithium amide. Under the conditions used for silylprotected 6fb (Scheme 3, bottom; Fig. 3, bottom right), 1chloro-3-iodoferrocene (6b-mig) was identified, but in a low 23% conversion (Scheme 3, right). Although further studies are required, this result might come from competitive deprotometallation next to the chlorine substituent. Indeed, 6b show similar pKa values at its positions next to Cl and I (while 3b appears as an even less appropriate substrate; Fig. 3, top right). This study also evidenced remarkably stable 2-halogenoferrocenyllithiums when compared to their 2-halogenophenyl analogues. In particular, 1-chloro-2-lithioferrocene is quite stable at -15 °C whereas chlorobenzene has to be deprotolithiated at about -100 °C to avoid benzyne formation. [START_REF] Iwao | Directed Lithiation of Chlorobenzenes. Regioselectivity and Application to a Short Synthesis of Benzocyclobutenes[END_REF] On the basis of the calculated pKa values for both 2-halogenoferrocenes and benzenes (see Fig. 3, left), one might suggest that the unstability of 2-halogenoferrocenyllithiums is not at the origin of ferrocyne formation. 22a,24 Thus, efficient methods were developed from fluoro-and chloroferrocene to access 2-and 3-substituted derivatives, allowing original ferrocene-based halogenated compounds to be built. As fluorinated aromatic compounds are present in numerous pharmaceuticals and agrochemicals (in which fluo-rine substituent improves both membrane permeability and metabolic stability), [START_REF] Roesner | Continuous-Flow Synthesis of Biaryls by Negishi Cross-Coupling of Fluoro-and Trifluoromethyl-Substituted (Hetero)arenes[END_REF] it is of interest to build ferrocene analogues of such scaffolds in the search for derivatives with improved activity. Further studies on the chemistry of fluoroferrocene derivatives and their use in halogen 'dance' reactions with interception of the rearranged lithioferrocenes by various electrophiles towards tetrasubstituted derivatives are ongoing and will be reported in due course. Scheme 3. Halogen 'dance' from chloroferrocenes.
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Figure 1 .

 1 Figure 1. Strategy used to achieve efficient ferrocene halogen 'dance' reactions.

Figure 2 .

 2 Figure 2. ORTEP diagrams (30% probability level) of silylprotected 1-fluoro-2-iodo-ferrocene (3fb) before (left) and after (right) halogen migration.

Figure 3 .

 3 Figure 3. Calculated pKa values in THF for the halogenoferrocenes 1a, 5a, 3b, 6b and 6fb, fluorobenzene and chlorobenzene.
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