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Cobalt-catalyzed cross-couplings between alkyl halides and Grignard reagents

Metal-catalyzed cross-couplings have emerged as essential tools for the construction of C-C bonds. The identification of efficient catalytic systems as well as large substrate scope made these cross-couplings key reactions to access valuable molecules ranging from materials, agrochemicals to active pharmaceutical ingredients. They have been increasingly integrated in retrosynthetic plans allowing shorter and original route development. Palladium-catalyzed cross-couplings still largely rule the field, the most popular reactions in industrial processes being the Suzuki and Sonogashira couplings. However, the extensive use of palladium complexes raises several problems such as limited resources, high

cost, environmental impact and frequent need for sophisticated ligands. As a consequence, the use of non-precious and cheap metal catalysts has appeared as a new horizon in cross-coupling development. Over the three last decades, a growing interest has thus been devoted to Fe-, Co-Cuor Ni-catalyzed cross-couplings. Their natural abundance makes them cost-effective allowing the conception of more sustainable and less expensive chemical processes, especially for large-scale production of active molecules. Besides these economical and environmental considerations, the 3d metal catalysts also exhibit complementary reactivity with palladium complexes, facilitating the use of alkyl halide partners due to the decrease of β-elimination side-reactions. In particular, by using cobalt catalysts numerous cross-couplings between alkyl halides and organometallics have been described. However, cobalt catalysis still stays far behind palladium catalysis in terms of popularity and applications and the expansion of the substrate scope as well as the development of simple and robust catalytic systems remains an important challenge.

In 2011, our group entered the cobalt catalysis field by developing a cobalt-catalyzed cross-coupling between C-bromo glycosides and Grignard reagents. The generality of the coupling allowed the preparation of a range of valuable C-aryl and C-vinyl glycosides building blocks.

We then focused on the functionalization of saturated N-heterocycles and a variety of halo-azetidines, -pyrrolidines and -piperidines were successfully reacted with aryl and alkenyl Grignard reagents under cobalt catalysis. With the objective of preparing valuable α-aryl amides, a cobalt-catalyzed cross-coupling applied to α-bromo amides was studied and then extended to α-bromo lactams. Recently, we also reported an efficient and general cross-coupling involving cyclopropyl-and cyclobutyl-magnesium bromides. This method allows the alkylation of functionalized small strained rings by a range of primary and secondary alkyl halides.
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1-Introduction

Transition metal-catalyzed cross-couplings have emerged as essential tools for organic chemists working in various fields ranging from pharmaceutical and agrochemical industries to material science. 1 Particularly, palladium-catalyzed Suzuki cross-coupling has entered among the top five reactions carried out by medicinal chemists in drug discovery, development and production. [START_REF] Torborg | Recent applications of palladium-catalyzed coupling reactions in the pharmaceutical, agrochemical, and fine chemical industries[END_REF] However, the extensive use of palladium catalysis now starts to raise some questions related to the high cost of the complexes and/or ligands, the difficulty of extraction of the palladium, the depletion of the resource and the toxicity of the metal traces applying purification issues. [START_REF] Bihani | The magical but endangered metal: searching for sustainable palladium catalysis[END_REF] All these economical, environmental and toxicity considerations can explain the increasing interest that has been devoted to sustainable metal-catalyzed cross-couplings over the last three decades. 4 Sustainability includes cost-efficiency, earth abundance and low environmental impact. Iron, [START_REF] Sherry | The promise and challenge of iron-catalyzed cross-coupling[END_REF] copper, 6 cobalt [START_REF] Gosmini | Cobalt-catalyzed crosscoupling reactions[END_REF] and nickel 8 catalysts fit these requirements, in part, and have been shown to efficiently promote cross-couplings between halides and organometallics. [START_REF] Rudolph | The use of Ni, Co or Cu catalysts does not resolve toxicity issues encountered with palladium. 10[END_REF] Besides the advantages listed below, these catalysts also exhibit original chemical reactivity that can be complementary to palladium complexes. They notably allow the use of alkyl halide partners that are known to be reluctant to palladium-catalyzed cross-couplings due to the undesirable βelimination. 10 In addition, they are compatible with the use of non-expensive and robust organometallics such as Grignard reagents and organozinc derivatives. Particularly, cobalt catalysis appears quite general for the arylation, alkenylation and even alkylation of alkyl (pseudo)halides. [START_REF] Gosmini | Cobalt-catalyzed crosscoupling reactions[END_REF] The pioneering work on cobalt-catalyzed alkyl halide arylation using Grignard reagents were reported in 2001 by Oshima et al. [START_REF] Wakabayashi | Cobalt-catalyzed tandem radical cyclization and cross-coupling reaction: its application to benzyl-substituted heterocycles[END_REF] Bromo acetals, featuring an insaturation, such as 1.1 were shown to undergo a tandem radical cyclization/cross-coupling when treated with phenylmagnesium bromide in the presence of a cobalt biphosphine complex (Scheme 1). The corresponding tetrahydrofuran was obtained with a good yield of 80% and a perfect control of the relative stereochemistry of the two adjacent stereocenters created during the reaction. Scheme 1. Cobalt-catalyzed sequential cyclization/arylation of a bromo acetal with PhMgBr.

Thereafter, several catalytic systems including a cobalt complex were developed to perform the cross-coupling between a range of alkyl halides and (hetero)aryl Grignard reagents. The use of 1,3-bis(diphenylphosphino)propane (dppp) associated with CoCl 2 allowed the (hetero)arylation of various primary iodides and bromides with moderate yields (Table 1, entry 1). [START_REF] Ohmiya | Cobalt-catalyzed cross-coupling reactions of alkyl halides with aryl Grignard reagents and their application to sequential radical cyclization/cross-coupling reactions[END_REF] Changing the bisphosphine for a diamine, such as TetraMethylCyclohexaneDiamine (TMCD), made significant improvements both in terms of yields in cross-coupling products and scope extension (Table 1, entry 2). 13 The reaction could be carried out on primary as well as secondary halides and was compatible with functional groups such as acetals or esters. The chemoselectivity of cobalt-catalyzed cross-coupling was further highlighted by Cahiez et al. who developed a robust catalytic system [Co(acac) 3 , N,N,N'N'-tetramethylethylenediamine (TMEDA)] for the arylation of primary and secondary alkyl bromides (Table 1, entry 3). [START_REF] Cahiez | A new efficient catalytic system for the chemoselective cobalt-catalyzed cross-coupling of aryl Grignard reagents with primary and secondary alkyl bromides[END_REF] Electrophilic moieties such as esters, amides or alkyl chlorides were tolerated under these conditions. More recently, Knochel et al. focused on the cobalt-catalyzed arylation of polysubstituted cycloalkyl iodides (Table 1, entries 4-5). 15 The use of CoCl 2 2LiCl together with either TMEDA or neocuproine resulted in the highly diastereoselective arylation of a range of cycloalkyl iodides/bromides including iodo- To date, one of the most general methods for alkyl-alkyl coupling was developed by Cahiez et al.

who employed CoCl 2 .2LiI associated with TMEDA to perform the alkylation of primary and secondary functionalized alkyl bromides (Scheme 4). [START_REF] Cahiez | Cobalt-catalyzed crosscoupling reactions between functionalized primary and secondary alkyl halides and aliphatic Grignard reagents[END_REF] Scheme 4. Cobalt-catalyzed cross-coupling between alkyl bromides and alkyl Grignard reagents.

In 2013, the addition of isoprene, as the ligand, to a mixture of CoCl 2 and LiI was shown to be beneficial for the coupling of tertiary alkyl Grignard reagents with primary alkyl bromides (Scheme 5, eq. 1). [START_REF] Iwasaki | Co-catalyzed crosscoupling of alkyl halides with tertiary alkyl Grignard reagents using 1,3-butadiene additive[END_REF] Again, the reaction proved to be highly chemoselective towards several sensitive functional groups such as esters, amides and even secondary alkyl bromides. The reaction was further extended to the alkylation of alkyl fluorides by using 1,3-pentadiene instead of isoprene (Scheme 5, eq. 2). Despite all these promising reports, cobalt-catalyzed cross-couplings remain far behind palladium-catalyzed cross-couplings in term of popularity, especially in the industrial community. To overcome this under-utilization, the robustness as well as the broad substrate scope of cobalt-catalyzed cross-couplings still needs to be highlighted through original reports.

With these objectives in mind, our group has been involved in the development of general, chemoselective and easy-to-achieve cobalt-catalyzed cross-couplings of alkyl halides with organometallics. In this account, our contribution to the field of cobalt-catalyzed cross-coupling between alkyl halides and Grignard reagents is disclosed. Our contribution started in 2012, with the cobalt-catalyzed diastereoselective arylation and alkenylation of 1-bromo glycosides. [START_REF] Nicolas | Diastereoselective metal-catalyzed synthesis of C-aryl and C-vinyl glycosides[END_REF] We then turned our attention to nitrogen containing heterocycles and a range of iodo-azetidines, iodo-pyrrolidines and iodo-piperidines was successfully reacted with aryl and alkenyl Grignard reagents under cobalt catalysis. [START_REF] Barré | Iron-and cobalt-catalyzed arylation of azetidines, pyrrolidines and piperidines with Grignard reagents[END_REF][START_REF] Gonnard | Cobalt-catalyzed cross-coupling of 3-and 4iodopiperidines with Grignard reagents[END_REF] Due to their ubiquity in biologically active molecules, α-aryl and α-alkenyl amides caught our interest and a cobalt-catalyzed cross-coupling between α-bromo amides and Grignard reagent was developed. [START_REF] Barde | Cobalt-catalyzed cross-coupling of α-bromo amides with Grignard reagents[END_REF] A slight change in the catalytic system allowed an extension of the method to the arylation of α-halogeno β-lactams. [START_REF] Koch | Cobalt-catalyzed α-arylation of substituted α-halogeno β-lactams[END_REF] Very recently, the introduction of phenyl bioisosteres consisting of strained cycles such as cyclopropanes or cyclobutanes through cobalt-catalyzed cross-coupling was accomplished. [START_REF] Andersen | Introduction of cyclopropyl and cyclobutyl ring on alkyl iodides through cobalt-catalyzed cross-coupling[END_REF] 2-Cobalt-catalyzed arylation of alkyl halides 2-1 Arylation of α-bromo glycosides [START_REF] Nicolas | Diastereoselective metal-catalyzed synthesis of C-aryl and C-vinyl glycosides[END_REF] Carbohydrate analogues, such as C-aryl glycosides, are of particular interest in medicinal chemistry due to their enhanced resistance to metabolic processes in comparison to O-glycosides. [START_REF] Nicotra | Synthesis of C-glycosides of biological interest[END_REF] The introduction of anomeric aryl substituents through metal-catalyzed crosscoupling, on readily accessible α-bromo glycosides, can appear as a straightforward and versatile strategy. However, side reactions such as β-H or β-alkoxy eliminations cannot be neglected. In 2011, despite the existing nickel-catalyzed Negishi type cross-coupling between α-bromo glycosides and aryl zinc reagent [START_REF] Sinisi | A room temperature Negishi cross-coupling approach to C-alkyl glycosides[END_REF] or the metal-free addition of di-organozinc reagents on αbromo glycosides, [START_REF] Lemaire | Stereoselective C-glycosylation reactions with arylzinc reagents[END_REF] there was a need to develop a general method allowing the diastereoselective α-or β-arylation of glycosides. [START_REF] Adak | Synthesis of aryl C-glycosides via iron-catalyzed cross coupling of halosugars: stereoselective anomeric arylation of glycosyl radicals[END_REF] Inspired by our previous work on iron-catalyzed alkenylation of alkyl halides, [START_REF] Guérinot | Iron-catalyzed cross-coupling of alkyl halides with alkenyl Grignard reagents[END_REF] we focused on the third row metal to induce a catalytic coupling between Oacetyl-α-bromo-D-mannose 2.1 and phenylmagnesium bromide. Pleasingly, an efficient and simple catalytic system composed of CoCl 2 and TMEDA (5 mol % each) was identified and the desired α-C-aryl glycoside 2.2 was isolated with a good yield (76%) as a single diastereoisomer (Scheme 6).

Scheme 6. Cobalt-catalyzed arylation of O-acetyl-α-bromo-D-mannose.

With these optimized conditions in hand, the scope of the reaction was evaluated. Various electron-rich and electron-poor Grignard reagents were successfully reacted with the 2-bromomannose derivative delivering the coupling products with yields up to 83% and excellent diastereoselectivities in favor of the α-isomer. However, one limitation was encountered when using sterically hindered Grignard reagents, which revealed reluctant to the cross-coupling (Scheme 7). reacted with aryl Grignard reagents, in the presence of the developed catalytic system, a lower diastereoselectivity was observed, albeit again in favor of the α-diastereomer (Scheme 8).

Scheme 8. Arylation of 2-bromo-galactose and 2-bromo-glucose derivatives with phenylmagnesium bromide.

Several evidences in favor of a radical intermediate, during the cobalt-catalyzed cross-couplings, were reported in the literature. [START_REF] Affo | Cobalt-catalyzed trimethylsilylmagnesium-promoted radical alkenylation of alkyl halides: a complement to the Heck reaction[END_REF] In the case of the arylation of α-bromo glycosides, the putative formation of an anomeric C-radical may account for the diastereoselectivity in favor of the α-diastereomer. [START_REF] Giese | Anomeric effect of radicals[END_REF] To confirm this hypothesis, the radical clock 2.10 was prepared and involved in the cobalt-catalyzed cross-coupling with phenylmagnesium bromide. As expected, the bicyclic product 2.11 resulting from a 5-exo-trig cyclization of an anomeric radical, followed by a crosscoupling, was isolated with a yield of 88%. [START_REF]A cis-ring junction was exclusively observed, the indicated diastereomeric ratio concerns the relative stereochemistry of the benzyl substituent and the hydrogens at the ring junction[END_REF] This result is in favor of the formation of radical species before the reductive elimination step (Scheme 9). 

2-2 Arylation of iodo-N-heterocyles

Encouraged by these promising results related to the arylation of glycosides derivatives, we then decided to focus on the functionalization of other key heterocyclic building blocks of interest for medicinal chemists, e.g. saturated N-heterocycles. Indeed, according to a classification of heterocycles present in pharmaceuticals and reported in 2014, piperidines and pyrrolidines are among the top ten frameworks present in FDA approved drugs (respectively third and eighth position). 38 Even though absent of the classification, azetidines raise an exponential interest among the medicinal chemists. 39 Again, metal-catalyzed functionalization of these heterocycles through cross-coupling can be considered as an appealing flexible strategy to generate libraries of attractive molecules. With this idea in mind, in 2014, we embarked in a new catalysis project dedicated to earth-abundant metal catalyzed iodo-N-heterocycles arylation. [START_REF] Barré | Iron-and cobalt-catalyzed arylation of azetidines, pyrrolidines and piperidines with Grignard reagents[END_REF] The optimization study was conducted for the reaction between the N-Boc 3-iodo-azetidine and phenylmagnesium bromide. Among the catalytic systems screened, the use of CoCl 2 associated with 1,2-N,N,N',N'tetramethylcyclohexyldiamine (TMCD) gave the best result, [START_REF]A catalytic system composed of FeCl 2 (10 mol %) and TMCD (10 mol %) was also efficient to catalyze this transformation[END_REF] allowing the isolation of the coupling product in excellent yield (90%) (Scheme 10). Under these conditions, a panel of aryl Grignard reagents was efficiently reacted with the iodo-azetidine and no influence of the electronic nature of the organometallic was noticed.

Interestingly, the coupling was not sensitive to steric hindrance as the o-tolylmagnesium bromide was reacted successfully to produce the desired product in 79% yield. The reaction proved chemoselective as a carbonate was tolerated on the Grignard reagent. Pleasingly, two heteroaromatics could be introduced on the azetidine ring with excellent yields (90% for the pyridine ring and 91% for the thiophene moiety) (Scheme 11). Scheme 11. Arylation of N-Boc 3-iodo-azetidine using a range of (hetero)aryl Grignard reagents.

The reactivity of 2,3-disubstituted iodo-azetidine was then investigated and, when 2.20 was reacted with phenylmagnesium bromide under the previous conditions, the coupling product was isolated in 93% yield, confirming the low sensitivity of the reaction to steric hindrance. It is worth noting that the arylation proceeded with an evolution of the diastereomeric ratio: starting from a 75:25 cis/trans ratio for the iodide resulted in the formation of the arylated product in a 13:87 cis/trans ratio. This stereoselectivity could come from the generation of a radical intermediate during the process, inducing the loss of the initial stereochemical information (Scheme 12). Scheme 12. Cross-coupling between a disubstituted iodo-azetidine and phenylmagnesium bromide and evolution of the cis/trans ratio.

The method was successfully extended to the arylation of 3-iodo pyrrolidines, which were transformed to their arylated counterparts with yields ranging from 74% to 93% (Scheme 13).

Scheme 13. Access to a panel of 3-aryl pyrrolidines through cobalt-catalyzed cross-coupling.

The exclusive formation of the bicyclic product 2.28 from the radical clock 2.27 confirmed the formation of radical intermediates during the cross-coupling (Scheme 14). Scheme 14. Cross-coupling between a radical clock and phenylmagnesium bromide highlighting the formation of a radical species.

To complete our study on iodo-N-heterocycles arylation, the reactivity of 3-and 4-iodo piperidines was evaluated. [START_REF] Barré | Iron-and cobalt-catalyzed arylation of azetidines, pyrrolidines and piperidines with Grignard reagents[END_REF][START_REF] Gonnard | Cobalt-catalyzed cross-coupling of 3-and 4iodopiperidines with Grignard reagents[END_REF] If very similar results were obtained for 3-iodo azetidines, 3-iodo pyrrolidines and 4-iodo piperidines, 3-iodo piperidines revealed more prone to side reactions and a decrease of the temperature, to -10 °C, was essential to reach high yields in the coupling products. These slightly modified conditions allowed the access to a variety of 3-aryl piperidines that constitute an important pharmacophore (Scheme 15).

Scheme 15. Cobalt-catalyzed arylation of 3-iodo and 4-iodo piperidines. 
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Notably, the developed cobalt-catalyzed cross-coupling was successfully used as a key step in a short and efficient synthesis of (±)-preclamol, an antipsychotic agent (Scheme 16).

Scheme 16. Application of the coupling to a short synthesis of (±)-preclamol.

Once again, the reaction of the radical clock 2.44 with phenylmagnesium bromide highlighted the transient formation of radicals during the coupling. Interestingly, when 3-iodo piperidine 2.46, which possesses an additional carbon in the unsaturated pendant chain, was reacted under the optimized conditions, the direct coupling product was exclusively formed. Taken together, these results may afford an estimation of the cross-coupling rate that may be comprise in between a 5-exo-trig and a 6-exo-trig rate (Scheme 17). Scheme 17. Cobalt-catalyzed cross-coupling between radical clocks and phenylmagnesium bromide.

2-3 Arylation of α-bromo amides and α-bromo lactams [START_REF] Barde | Cobalt-catalyzed cross-coupling of α-bromo amides with Grignard reagents[END_REF][START_REF] Koch | Cobalt-catalyzed α-arylation of substituted α-halogeno β-lactams[END_REF] α-Aryl amides are ubiquitous motif present in a variety of bioactive molecules such as atenolol, [START_REF] Heel | Atenolol: a review of its pharmacological properties and therapeutic efficacy in angina pectoris and hypertension[END_REF] used in the treatment of cardiovascular diseases, or almorexant 42 that can prevent insomnia. In addition, there are analogues of nonsteroidal anti-inflammatory drugs incorporating an α-aryl carboxylic acid pharmacophore. To access these α-aryl amides, a flexible route based on the cobalt-catalyzed arylation of α-bromo amides with Grignard reagents was investigated. [START_REF] Jin | Ironcatalyzed enantioselective cross-coupling reactions of α-chloroesters with aryl Grignard reagents[END_REF] Pleasingly, the association of CoCl 2 with the diphosphine ligand, Xantphos, allowed the coupling of a range of aryl Grignard reagents with several α-bromo amides. [START_REF] Barde | Cobalt-catalyzed cross-coupling of α-bromo amides with Grignard reagents[END_REF] The reaction was compatible with electron-rich and electron-withdrawing groups on the phenyl ring of the Grignard reagent but revealed sensitive to steric hindrance. Different substituents were tolerated on the nitrogen atom that could also be embedded in a cycle (Scheme 18). In a subsequent study, the catalytic system was slightly modified to allow the extension of the coupling reaction to the arylation of α-halo β-lactams. [START_REF] Koch | Cobalt-catalyzed α-arylation of substituted α-halogeno β-lactams[END_REF] In this case, the use of a diamine ligand (TMEDA) instead of a diphosphine favored the formation of the coupling product. When p-tolylmagnesium bromide was used, a range of trans-3-bromo 4-aryl-β-lactam were efficiently arylated with yields ranging from 64% to 86% (Scheme 20). Interestingly, most of the reported catalytic systems identified for the arylation of alkyl halides could be used in alkenylation of alkyl halides, demonstrating the generality of the coupling reaction.

3-1 Alkenylation of α-bromo glycosides [START_REF] Nicolas | Diastereoselective metal-catalyzed synthesis of C-aryl and C-vinyl glycosides[END_REF] The cobalt catalyzed arylation of 2-bromo glycosides was successfully extended to the alkenylation of similar substrates delivering the corresponding α-C-vinyl glycosides with satisfying yields. For example, in the presence of 2-methyl-1-propenylmagnesium bromide, the α-bromo mannose derivative was transformed to the coupling product with a yield of 66% and an excellent diastereoselectivity in favor of the α-isomer. Starting from a α-bromo galactose derivative, a similar result was obtained while using a α-bromo glucose derivative led to the coupling product with a good yield but with poor diastereoselectivity (Scheme 23). It is worth mentioning that one limitation was encountered when vinylmagnesium bromide was used as no reaction occurred when reacted with the α-bromo mannose tetracetate (not shown).

Scheme 23. Cobalt-catalyzed alkenylation of α-bromo glycosides using Grignard reagents. 

3-2 Alkenylation of 4-iodo piperidines 26

The alkenylation of 4-iodo-piperidines with Grignard reagents was investigated and it was shown that, compared to the arylation, a decrease of the temperature to -10 °C was necessary to selectively obtain the desired coupling product. Indeed, when N-Boc 4-iodo piperidine 2.29 was reacted at 0 °C to room temperature with 2-methyl-1-propenylmagnesium bromide in the presence of the CoCl 2 /TMCD catalytic system, the alkenyl piperidine 3.4 was obtained in a modest 52% yield due to the formation of the elimination product 3.5 in a significant amount (3.4 /3.5 ratio = 78:22 on the crude). Decreasing the temperature to -10 °C was the key to obtain the targeted product with a satisfying yield of 70% (Scheme 24). Again, vinylmagnesium bromide was unable to react under these conditions.

Scheme 24. Cobalt-catalyzed alkenylation of N-Boc 4-iodo piperidine.

3-3 Alkenylation of α-bromo amides 27

As precursors of homoallylamines, β,γ-unsaturated amides are useful synthetic intermediates that are commonly prepared through carbonylation using carbon monoxide. 46 To develop an easier method to access this attractive motif, a cobalt-catalyzed cross-coupling between α-bromo amides and alkenyl Grignard reagents was envisioned. Pleasingly, it was demonstrated that the catalytic system composed of CoCl 2 and Xantphos (10 mol % each) successfully promoted this alkenylation reaction. A range of alkenylmagnesium bromides including vinylmagnesium bromide was coupled to α-bromo amide 2.48, delivering the corresponding β,γ-unsaturated amides with yields ranging from 63% to 89%. α,β-Unsaturated amides resulting from an isomerization of the double bond were never observed (Scheme 25). [START_REF]The formation of α,β-unsaturated amide intermediates followed by subsequent reaction of this electrophilic compound cannot be totally excluded and may explain the moderate yields obtained for the coupling product. 48 Selected book and reviews: a)[END_REF] Scheme 25. Cobalt-catalyzed alkenylation of α-bromo amide 2.48.

4-Cobalt-catalyzed cross-coupling between alkyl halides and cyclopropylmagnesium and cyclobutylmagnesium bromides 29

4-1 Cross-coupling between cyclopropyl magnesium bromide and alkyl halides Over the last decade, a growing interest has been devoted to strained carbocycles such as cyclopropanes or cyclobutanes in medicinal chemistry. 48,49 Indeed, in bioactive molecules, these small rings can be considered as surrogates of phenyl rings as these latter can cause problems of pharmacokinetics, toxicity or solubility. [START_REF] Lovering | Escape from flatland: increasing saturation as an approach to improving clinical sucess[END_REF][START_REF] Qiao | Achieving structural diversity using the perpendicular conformation of alpha-substituted phenylcyclopropanes to mimic the bioactive conformation of ortho-substituted biphenyl P4 moieties: discovery of novel, highly potent inhibitors of factor Xa[END_REF] As a consequence, developing a flexible method allowing the introduction of cyclopropyl/cyclobutyl rings on alkyl halides that can be compatible with late-stage functionalization is of high interest. [START_REF] Ren | Copper-catalyzed cross-coupling of functionalized alkyl halides and tosylates with secondary and tertiary alkyl Grignard reagents[END_REF] Encouraged by our results obtained in cobalt-catalyzed alkenylation of alkyl halides and considering that cyclopropylmagnesium (2 equiv) 2.48 3.6-3.9

MgBr
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3.8 (89%) 3.7 (69%) bromide is not so far from an alkenylmagnesium bromide, we investigated the cyclopropanation of primary iodide 4.1. After an optimization study, a simple system composed of the nonhygroscopic Co(acac) 2 (3.5 mol %) and TMEDA (1 equiv) was identified. Under these conditions, the expected coupling product 4.2 was selectively obtained with no traces of eliminated nor dehalogenated products (Scheme 26). Scheme 26. Cobalt-catalyzed cyclopropanation of primary alkyl iodide 4.1.

A panel of primary iodides was then successfully transformed into the monosubstituted cyclopropanes. The reaction tolerated the presence of benzyl and silyl ethers and, more interestingly, a complete selectivity towards the alkyl iodide was observed in the presence of an aryl bromide allowing further coupling reactions. Electrophilic functions that could be prone to Grignard addition such as ester or nitrile were compatible with the cross-coupling conditions, however in the case of a nitrile, a gem-dimethyl group in the α position was mandatory to avoid side reactions (Scheme 27). Pleasingly, the reaction was extended to the more challenging secondary alkyl iodides partners.

Acyclic secondary alkyl iodides as well as iodo N-heterocycles were converted to their cyclopropanyl derivatives with good to excellent yields (Scheme 28). The introduction of a strain cyclopropane ring on valuable scaffolds such as piperidines, pyrrolidines or azetidines could be of high interest for medicinal chemists.

R 1 I BrMg + R 1
Co(acac) 2 (3.5 In addition, when reacted under the reported conditions, the radical clock 2.44 exclusively led to the tricyclic compound 4.27 that could result from a 5-exo-trig cyclization/cross-coupling sequence (Scheme 30).

Scheme 30. Sequential 5-exo-trig cyclization/cross-coupling reaction using 3-iodo piperidine

2.44.

The same catalytic system was shown to promote efficiently the introduction of a cyclobutane on primary and secondary alkyl iodides (Scheme 31). low-valent cobalt species that are able to transfer one electron to an alkyl bromide, resulting in the formation of an alkyl radical. After combination of this radical and a cobalt complex followed by reductive elimination, the coupling product is released.

Our studies also provide the evidence for alkyl radicals formation during cobalt-catalyzed crosscouplings. Whatever the catalytic system involved, the cyclization of radical clocks prior to coupling and/or the diastereo-convergence of the coupling are in favor of the existence of single electron transfer processes. However, the true active catalyst remains unknown as well as the order of the elementary steps. Based on literature reports, the following mechanism can be

proposed. An initial reduction of the Co(II) pre-catalyst by the Grignard reagent would furnish the active catalytic species. The oxidation state of this catalyst remains under debate and Co(0)

or Co(I) may be involved in the catalytic cycle, probably depending on the substrates. The lowvalent cobalt species would be then able to transfer an electron to the alkyl halide providing a radical-anion that could then dissociate into an alkyl radical (R' ) and an halide anion (X -). A transmetalation between the Grignard reagent RMgBr and the cationic cobalt species would release the cobalt complex [L n Co(n+1)R] that would recombine with the alkyl radical to form the heteroleptic complex [L n Co(n+2)RR']. Finally, a reductive elimination would deliver the coupling product and regenerate the active catalyst (Scheme 32).

Scheme 32. Hypothetical mechanism of cobalt-catalyzed cross-couplings between alkyl halides and Grignard reagents.

6-Conclusion

Over the past decade, our group has developed several cobalt catalytic systems allowing the cross-coupling of a range of alkyl halides with aryl-, alkenyl-, cyclopropyl-and cyclobutyl-Grignard reagents. The reactions are general, robust and the conditions are compatible with a range of functional groups on both substrates and Grignard reagents. The use of abundant, cost-

L n Co(II) RMgX L n Co(n) n = 0 or 1 R'-X [R'-X] [L n Co(n+1)] RMgX [L n Co(n+1)R] R' + X - [L n Co(n+2)RR'] R-R' Single-Electron Transfer Transmetalation Recombination Reductive elimination
Initial reduction of the pre-catalyst effective cobalt complexes associated to available and simple ligands renders these couplings sustainable and generally inexpensive. As such, these reactions appear as an attractive alternative to palladium catalyzed cross-couplings, especially in pharmaceutical industry. Our hope is that these cobalt-catalyzed cross-couplings, will enter in the toolbox of medicinal chemists, as we demonstrate that they are easy-to-handle, robust and general. To fulfill this objective, some efforts still will be needed, notably in term of functional groups compatibility with Grignard 

ACKNOWLEDGMENT

We are deeply indebted to all present and former co-workers, for their experimental and intellectual contributions comprise the work described in this account, particularly Lionel Nicolas, Baptiste Barré, Laurine Gonnard, Etienne Barde,Vanessa Koch,Mélanie Lorion,Claire Andersen,Sébastien Reymond and Stefan Bräse. 16 In order to gain in chemoselectivity, Negishi-type cross-couplings between alkyl halides and aromatic organozinc reagents were developed, see: a) Hammann, J. M.; Haas, D.; Knochel, P.

Cobalt-catalyzed Negishi cross-coupling reactions of (hetero)arylzinc reagents with primary and secondary alkyl bromides and iodides. Angew. Chem. Int. Ed. 2015, 54, 4478. b) 

Scheme 7 .

 7 Scheme 7. Arylation of O-acetyl α-bromo-D-mannose using different aryl Grignard reagents.

9 .
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 31 Scheme 31. Cobalt-catalyzed cross-coupling between alkyl iodides and cyclobutylmagnesium
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Table 1

 1 

			Br			CoCl 2 (dppe) (10 mol %)	Ph	
	n-C 5 H 11	O	On-C 4 H 9	+	PhMgBr		n-C 5 H 11	O	On-C 4 H 9
					(2 equiv)	80%		
		1.1						1.2	(dr = 55:45)
	dppe = 1,2-bis(diphenylphosphino)ethane			

. Various cobalt catalytic systems for the arylation of alkyl halides with Grignard reagents. Compared to the arylations, only a few examples of cobalt-catalyzed alkenylations of alkyl halides are reported in the literature. Besides one isolated example reported by Oshima et al.

  Liu, F.; Zhong, J.; Zhou, Y.; Gao, Z.; Walsh, P. J.; Wang, X.; Ma, S.; Hou, S.; Liu, S.; Wang, M.; Wang, M.; Bian, Q. Cobalt-catalyzed enantioselective Negishi cross-coupling of racemic α-bromo esters with arylzincs. Chem. Eur. J. 2018, 24, 2059. c) Hofmayer, M. S.; Sunagatullina, A.; Brösamlen, D.; Mauker, P.; Knochel, P. Stereoselective cobalt-catalyzed cross-coupling reactions of arylzinc chlorides with α-bromolactones and related derivatives. Org. Lett. 2020, 22, 1286.17 Ohmiya, H.; Yorimitsu, H.; Oshima, K. Cobalt-mediated cross-coupling reactions of primary Yorimitsu, H.; Oshima, K. Cobalt-catalyzed cross-coupling reactions of alkyl halides with allylic and benzylic Grignard reagents and their application to tandem radical cyclization/cross-coupling reactions. Chem. Eur. J. 2004, 10, 5640.19 Someya, H.; Ohmiya, H.; Yorimitsu, H.; Oshima, K. N-Heterocyclic carbene ligands in cobalt-catalyzed sequential cyclization/cross-coupling reactions of 6-halo-1-hexene derivatives

	and	secondary	alkyl	halides	with	1-(trimethylsilyl)ethenyl-	and	2-
	trimethylsilylethynylmagnesium reagents. Org. Lett. 2006, 8, 3093.		

18 (a) Tsuji, T.; Yorimitsu, H.; Oshima, K. Cobalt-catalyzed coupling reaction of alkyl halides with allylic Grignard reagents. Angew.

Chem. Int. Ed. 2002, 41, 4137. (b) 

Ohmiya, H.; Tsuji, T.; with Grignard reagents. Org.

Lett. 2007, 9, 1565. 
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