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While a broad variety of iron-catalyzed cross-couplings involves the use of main-group organometallics R-[M] as nucleophiles, the role of the [M] n+ cation in the coupling process is generally disregarded. However, several beneficial effects of [M] n+ cations per se or involved in ionic salts used as additives have been observed in such procedures. At the molecular level, interaction of those [M] n+ cations with on-cycle organoiron intermediates can process in several ways. Intermolecular interactions can be observed, as well as the implication of [M] n+ in the iron first or second coordination sphere, e.g. by ambiphilic coordination of a [M]-X salt to a R-[Fe] bond. The presence of [M] n+ cations in the reaction medium is also a powerful tool enabling a control of the distribution of iron oxidation states within the coupling process. Scheme 2 : selected classic examples of intermetallic species featuring an iron center and a main-group cation.

The crucial and multifaceted roles of main-group cations and their salts in iron-mediated cross-couplings Introduction

The use of iron-based catalysts in the field of cross-coupling chemistry has been pioneered by Kochi in the 1970s with Grignard reagents as nucleophiles, 1,2 and widely explored by the groups of Cahiez (Scheme 1a) 3 , Fürstner, Nakamura, Bedford (Scheme 1b) 4 and others. [START_REF] Bauer | For a review on Fe-mediated couplings[END_REF]6 This proved to be an extremely powerful tool for C-C bond formations, and a large variety of hybridizations can now be used for both the nucleophilic and the electrophilic coupling partners. A large majority of the ironmediated coupling methodologies described so far requires the use of Mg or Zn-based nucleophiles (and, more scarcely, Al nucleophiles 7,8 ). Suzuki-Miyaura methodologies featuring Bnucleophiles as coupling partners have also been described, but some related transformations still prove to be extremely challenging, such as the aryl-aryl coupling. Interestingly, several Suzuki-Miyaura iron-mediated systems require the use of activated anionic boronate salts associated with a main-group counter-cation (such as Li I 9,10,11,12,13 or Mg II 9,14 ). Those procedures also sometimes require a neutral ionic salt involving a main-group cation due to their beneficial role on the coupling process. Bedford and Jacobi von Wangelin indeed independently reported in 2018 an efficient procedure for the aryl-aryl coupling between ortho-N-pyrrolamide aryl chlorides and anionic activated arylboronate [ArB(tBu)(pin) -]Li + (pin = pinacolato), which does not lead to the expected coupling product in the absence of 0.2 equiv. MgBr2 (Scheme 1c). 13,[START_REF] Jacobi Von | Wangelin also highlighted the mandatory presence of aryl groups bound to the nitrogen atom to ensure the success of this coupling system[END_REF][START_REF] Wu | [END_REF] A comparable positive effect of MgX2 salts (X = Cl, Br) on the efficiency of asymmetric aryl-alkyl Suzuki-Miyaura crosscoupling 17 as well as on the coupling of organoaluminium nucleophiles with alkyl halides were also reported by Nakamura. 7 Those recent results suggest that main-group cations [M] n+ (Li I , Mg II , Zn II , …), possibly brought by a nucleophile R-[M], can strongly affect the efficiency of an iron-catalyzed crosscoupling. However, in the related mechanistic analysis of such systems, the potential implication of the [M] n+ cation is usually overlooked, the latter being treated as a mere spectator counter-cation of the nucleophilic partner, the R -anion. Nevertheless, due to its Lewis acidity, the [M] n+ cation can play a key role in the coordination patterns driving the reactivity of the on-cycle organometallic species. In this frontier article, we will first describe classic, structurally characterized, organoiron species featuring a s-or p-block cation involved in their first or second coordination sphere. This shows that such cations are far from being solely spectator charged species, and that they can closely interact with the iron center and its coordination sphere. We will then show through recent examples of the ironmediated cross-coupling literature that the nature of the counter-cation of a nucleophilic coupling partner R-[M] ([M] n+ = Mg II , Zn II , alkali cations…) can play a crucial role in the distribution of the iron-containing species in a catalytic medium. Importantly, we will show that the reactivity of the [M] n+ cation can have a strong impact on the nature of both resting states and on-cycle short-lived intermediates in a catalytic transformation, and therefore contribute to govern the efficiency of the overall process. The first example of bimetallic Fe/Mg species, Cp(dppe)FeMgBr, was described by Meunier in 1973, and features a covalent Fe-Mg bond (d(Fe-Mg) = 2.59 Å, Scheme 2a). 18,19 This species is formed by insertion of metallic Mg 0 into the Fe-Br bond of Cp(dppe)Fe II Br precursor. Similarly, Kaltsoyannis and Mountford reported that reduction of dinuclear [CpFe(CO)2]2 by Ca or Yb amalgams affords multinuclear species containing Fe-Ca or Fe-Yb bonds (d(Fe-Ca) = 3.02 Å ; d(Fe-Yb) = 2.99 Å, Scheme 2b). 20 A thorough theoretical analysis of the electronic structure of those complexes (gradient-corrected DFT and AIM calculations) shows that the Fe-Ca or Fe-Yb interactions are predominantly electrostatic. Both complexes readily react with MeI to afford CpFe II (CO)2Me, confirming the nucleophilic character of the iron. It is also worth mentioning that several bimetallic species associating an iron center with a metal from the f block were also structurally characterized in the past. 21,22 For example, Cp3An-FeCp(CO)2 complexes (An = Th, U) were synthesized by Marks by reaction of the nucleophilic Collman reagent CpFe(CO)2Na with Cp3AnCl.

Classic examples of well-defined intermetallic Fe/[M] species

The most important effect of the presence of a main-group [M] n+ cation in the iron coordination sphere is that it allows a release of the charge pressure at the metal, opening the way to the formation of highly reduced, electron-rich species. In this context, an impressive variety of highly reduced iron complexes (with a formal oxidation state equal to or smaller than 0) stabilized by the presence of a Li + cation has been reported by Fürstner. 23 Reduction of ferrocene by lithium under low ethylene pressure (1 bar) followed by addition of tmeda affords complex CpFe 0 (η 2 -C2H4)2•(Li(tmeda)) (Scheme 2c). Under higher ethylene pressure (up to 8 bar), complex Fe -II (η 2 -C2H4)4•(Li(tmeda))2 is obtained (Scheme 2d). Those species display kinetically labile ethylene coordination, suggesting a limited, albeit existing, backbonding from the Fe to the ethylene π* orbitals. The latter complex thus formally features an iron center with a negative -II oxidation state, similarly to the classic Collman reagent Na2Fe -II (CO)4. Again, a particularly short Fe-Li bond allows to decrease the electronic pressure at the iron metal (d(Fe-Li) = 2.59 Å). Complex Fe -II (η 2 -C2H4)•(Li(tmeda))4 can be seen as a structural mimic, stabilized by ethylene ligands, of the putative bimetallic cluster [Fe -II (MgX)2] described earlier by Bogdanovic. 24,25,26 Thus, the association of suitable ligands displaying marked πbackbonding properties (e.g. ethylene or CO) with strongly polarizing main-group cations enables the access to highly reduced iron platforms, in which a part of the electronic density located at the iron is withdrawn by the [M] n+ coordination. The next sections will emphasize the powerful role of such [M] n+ cations in the stabilization of reactive intermediates in ironmediated cross-couplings. The control of the fate of such intermediates by the critical presence of the [M] n+ cations and/or of some of their salts can proceed either in an intermolecular way, out of the iron coordination sphere, or, conversely, by ligation events proceeding in the iron coordination sphere.

Key role of [M] n+ cations in the distribution of iron resting states under catalytic regime

The mechanisms at play in iron-mediated cross-couplings are strongly versatile and dependent on the nature of the coupling partners. A common activation pattern relies on the formation of organoiron(II) intermediates by transmetallation of the nucleophile R-[M] onto the starting iron precursor. Those Fe II species are then involved in the activation of the R'-X electrophile, which can occur by a single-electron transfer step involving the Fe II / Fe III couple, especially with aliphatic halides. 27 Some recent studies carried out by physical inorganic methods such as Mössbauer spectroscopy, Magnetic Circular Dichroism (MCD) 28 or paramagnetic 1 H NMR demonstrated that numerous iron-catalyzed cross-couplings involving Grignard reagents and organic electrophiles (alkyl or vinyl halides) were promoted by well-defined ate-organoiron(II) species [R3Fe II ] -. Those species proved to be able to promote the formation of cross-coupled products at catalytically relevant rates. Recent reports include for example the reactivity of homoleptic [Mes3Fe II ] -or [(PhCH2)3Fe II ] -, respectively with sp 3 or sp 2 alkenyl halides. 29,30 As illustrated in Scheme 3a, it was also demonstrated by Neidig that the trimethyl ferrous anion [Me3Fe II ] -could be accounted for the catalytic activity observed in pioneer methyl-vinyl crosscoupling described by Kochi and Cahiez. 31 However, ate alkyl ferrous species such as [Me3Fe II ] -display a limited stability even at low temperatures. In the absence of NMP, it was indeed proved that addition of an excess of MeMgBr onto a ferric salt (such as Fe(acac)3) quickly afforded the reduced cluster [Me12Fe8] -, which displays a much less efficient catalytic coupling activity towards β-bromostyrene (formation of PhCH=CHMe, Scheme 3a). By contrast, when the addition of MeMgBr onto Fe(acac)3 is performed in the presence of NMP as a co-solvent, following Cahiez' improved coupling methodology displayed in Scheme 1a, the ferrous mononuclear species [Me3Fe II ] -associated to the hexacoordinated [Mg(NMP)6] 2+ counter-cation was formed and structurally characterized. Importantly, this ferrous salt shows an enhanced thermal stability at 23°C (up to 3 minutes) prior to undergoing decomposition. Similarly, the presence of NMP also proved to prevent decomposition of the ethyl analogue [Et3Fe II ] -towards reduced cluster [Et12Fe8] 2-. 32 This is of particular interest since those alkyliron species are often prompt to decompose following a beta-hydride elimination pathway. From a mechanistic standpoint though, those results appear as highly surprising since they unambiguously demonstrate that the long-standing well-known role of the NMP additive on the kinetics of the catalytically active organoiron resting states is actually driven by the coordination sphere of the Mg II countercation, and not at all by that of the iron ! The exact mechanistic features of the role played by the [Mg(NMP)6] 2+ cation in the stabilization of the homoleptic species [Me3Fe II ] -are however so far obscure, and still require significant efforts to be elucidated. Owing to the anionic nature of the ferrous ate complexes [R3Fe II ] -, the hypothesis of an evolution of the latter controlled by an electrostatic interaction developed with the [Mg(NMP)6] 2+ cation could certainly be envisioned. However, if the presence of a saturated [Mg(NMP)6] 2+ cation in the reaction medium favors the main coupling path in the case of the alkyl / alkenyl coupling discussed in Scheme 3a by stabilizing the active ferrous species [Me3Fe II ] -, a dramatically different fate is observed when aryl nucleophiles such as PhMgBr are used (Scheme 3b). In that particular case, formation of [Mg(NMP)6] 2+ cation also kinetically stabilizes the ferrous dinuclear species [Fe II Ph2(µ-Ph)]2 2-, hampering its evolution towards the reduced tetranuclear complex Fe4(µ-Ph)6(THF)4. 33 In this system though, the former ferrous species proved to be catalytically inactive, whereas the latter reduced cluster displayed an excellent catalytic activity towards alkyl halides (Scheme 3b). In line with this, it has been previously observed that the use of NMP as an additive in the aryl-alkyl series indeed usually leads to reduced yields and hampered conversions. 34 Those two opposite examples show that the control of the fate of the Mg II cation brought by the nucleophile RMgBr is thus not only absolutely crucial in the coupling process, but it is also extremely tricky to master since the mechanistic patterns involved strongly depend on the hybridization of the reactants.

Main-group solvated cations at play in iron transmetallation degree monitoring

As detailed in the previous section, a subtle control of the transmetallation degree of R-[M] nucleophiles onto an iron complex is crucial, since multiple transmetalllated species can follow reductive pathways and evolve towards lower oxidation states. For example, the transient complex [Ph3Fe II ] -readily evolves by reductive elimination towards the formation of (η 4arene)2Fe 0 (85%) and [(η 6 -arene)Fe I (Ph)2] -(15%). 35,36 In order to circumvent those degradation pathways, significant efforts are put in the design of suitable coordination frameworks selectively stabilizing mono-transmetallated intermediates. In this context, we recently demonstrated that single-arylated species [ArFe II (N(SiMe2Ph)2)2] -formed by transmetallation of an aryl Grignard ArMgBr with Fe II (N(SiMe2Ph)2)2 could be selectively obtained in cross-coupling catalytically relevant conditions (that is, in the presence of an excess of ArMgBr). 37 Akin to similar species with a higher transmetallation degree, [ArFe II (N(SiMe2Ph)2)2] -proved to be active in aryl-alkyl crosscouplings. In this case, the balance between the steric pressure induced by the ligand backbones in complex Fe II (N(SiMe2Ph)2)2 and the electron-deficiency of the Mg II cation enables a fine control of the transmetallation degree of the aryl group to the ferrous ion. This is illustrated by the existence of an equilibrium between the sterically crowded organoiron [MesFe II (N(SiMe2Ph)2)2] -, obtained in solution by transmetallation of MesMgBr with Fe II (N(SiMe2Ph)2)2, and the ferrous halide species [BrFe II (N(SiMe2Ph)2)2] -[MesMg(18-C-6)] + evidenced in the solid state (Scheme 4a). Mg II salts can thus act as reservoirs of hydrocarbyl anions R -, contributing to the control of the transmetallation degree in the iron distribution. As a consequence of their Lewis acidity, Mg II salts can also be used as additives in cross-coupling procedures to enable the generation of reactive nucleophilic species able to react with the iron catalyst. Nakamura reported that the crosscoupling between triarylaluminium species Ar3Al and alkyl halides thus requires the presence of MgX2 salts (X = Cl, Br) to proceed. Indeed, mechanistic studies relying on 27 Al NMR analysis show that while neutral Ar3Al did not lead to any observed activity, quaternized ate [Ar4Al III ] -[Mg II X] + proved to be catalytically competent (Scheme 4b). 7 Bedford reported a similar hypothesis to explain the beneficial role of MgX2 salts in Negishi cross-couplings, involving the formation of ate [Ar3Zn II ] -[Mg II X] + species, much prompter to transmetallate with an iron complex than the corresponding neutral Ar2Zn. 4 Owing to its intrinsic polarization, the C-Fe bond is also prone to develop an electrostatic interaction with both electrondeficient and electron-rich species (Scheme 5a). Intermediate organoiron compounds formed in the course of a cross-coupling process involving a main-group nucleophile R-[M] can thus develop an interaction with the counter-cation [M] n+ , which withdraws a part of the electronic density borne by the covalent C-Fe bond. [M] n+ being often associated to an halide anion in an ionic pair [M]-X (the halide being possibly brought by the nucleophile, e.g. RMgX or RZnX), an ambiphilic interaction between this ion pair and the C-Fe moiety can also overall take place, with the development of an electrostatic interaction between the Fe cation and the lone pairs of the halide anion (Scheme 5a). This double activation constitutes an extremely powerful tool for the control of the direct iron environment. Indeed, an ambiphilic protection of an organoiron intermediate by a [M]-X salt can hamper multiple [M]-to-Fe transmetallations of the R-[M] species, and thus prevent the decomposition of highly reactive Rn[Fe] compounds by reductive elimination towards lower oxidation states. A classic example has been reported by Nakamura in the case of aryl-aryl cross-couplings, and features the ambiphilic protection of an aryliron(II) by a Mg II -F salt (Scheme 5b). Ligation of the Fe II ion by the fluoride additives, affording possibly a saturated tetracoordinated ferrous center, is described as the key to hamper formation of Ph2[Fe II ] intermediates which would lead to unwished homocoupled product Ph-Ph by reductive elimination. 38 Similarly, an ambiphilic protection of a monoaryliron(II) intermediate by Ar-Zn II species (either ArZnX or Ar2Zn) in Negishi cross-coupling, leading to µ(Ar,Ar)-(Fe II ,Zn II ) intermediates, has been suggested as a mandatory step for preventing the evolution of a singletransmetallated resting state towards unstable polyaryliron(II) species, 4 which usually undergo a quick reduction to the Fe 0 stage (Scheme 5c). 39 Ambiphilic complexation of transient organoiron species by alkylzinc reagents has also been discussed in the field of polymerization chain growth at a Zn center. 40 Importantly, mechanistic studies reported by Bedford suggest that ambiphilic activation of iron-containing intermediates not only allows their kinetic stabilization (Scheme 5c), but also unlocks the formation of key reactive species in Negishi crosscouplings (Scheme 5d). 41 This latter example again highlights the importance of the design of the main-group [M] n+ cation environment in the coupling process. In Bedford's procedure for Negishi coupling, the exogenous 1,2-diphosphine ligand is indeed found to be ligated at the Zn II ion, and not at the iron in the rate-determining step (Scheme 5d). This is highly reminiscient of Neidig's report on Cahiez' NMPbased coupling method, in which the NMP acts as a ligand to the Mg II ion and not to the iron (Scheme 3). The beneficial effect of the lability of bidentate (N,N) ligands able to reversibly bind both Fe and Mg II ions in Kumada Fe-mediated couplings had also been reported by Bedford in previous studies, in line with the observations made for (P,P) ligands in Negishi-type procedures (Scheme 5d). 29,42 However, the extreme consequence of a strong interaction developed between the iron-supporting ligand and the main-group [M] n+ cation is the demetallation of the former by the latter, leading to the decomposition of the catalytically active species. In agreement with this comment, demetallation of (Bopa-Ph)Fe II species in the presence of PhMgCl leading to (Bopa-Ph)-Mg II adducts has been reported by Hu (Bopa-Ph = bis(oxazolinylphenyl)amide). 43 Another recent compelling example of productive interaction of iron complexes with simple alkali salts was reported by Young. 44 It was demonstrated that Fe 0 (PMe3)2(CO)3 reacted with [M I ] + [BAr F 20] -salts to yield weakly bound adducts [Fe 0 (PMe3)2(CO)3•M] + [BAr F 20] -(M = Li, Na). The latter were proved to activate organic halides R'-X in a synergistic pathway much reminiscent of Frustrated-Lewis-Pair-like activation processes (Scheme 5e). Fe II organyls are then obtained, which further proved to be able to promote C-C bond formations in stoichiometric cross-coupling experiments.

Towards a control of iron oxidation state tamed by [M] n+ cations ?

As illustrated by the example of the aryl-alkyl coupling reported by Neidig (Scheme 3), the nature of the catalytically active iron oxidation state is highly substrate-dependent. Oxidation states lower than Fe II can thus be mandatory to achieve some catalytic activity, as observed with Fe4(µ-Ph)6(THF)4 (Scheme 3b). In a similar way, we reported that the access to the Fe 0 state was required to achieve efficient aryl / heteroaryl cross-couplings featuring difficultly reduced aryl chloride electrophiles. In that case, the coupling mechanism is ensured by a bielectronic Fe 0 / Fe II sequence. 45 An efficient control of the ditribution of the iron oxidation states as well as of the evolution of the latter in the timeframe of the reaction process is therefore a pivotal parameter of the coupling success. The reduction to oxidation states lower than the ferrous Fe II stage can usually occur in a cross-coupling context by reductive evolution of multiple transmetallated species Rn[Fe], such as anionic ate-complexes (Scheme 3), or of neutral intermediates as (P,P)Fe II (Ph)2, which finally affords the mononuclear complex (P,P)Fe 0 (η -PhPh). 39 In this context, it has been showed that the elusive quaternized ferrous species were formed for high R-[M]:Fe ratios, featuring a formal dianionic moiety [R4Fe II ] 2-obtained by transmetallation of four equivalents of a nucleophile R-[M] onto an iron source. As evidenced by the rare examples of such species structurally characterized by the groups of Shibaeva and Fürstner (R = Me, 23 2-naphthyl 46 or Ph, 23 Scheme 6a), the quaternization can operate thanks to the presence of a [M] n+ cation in the second coordination sphere of the iron (Li I cation in those examples). This leads to a decrease of the charge pressure, the negative density at the iron being counterbalanced by the presence of [M] n+ . Those quaternized multimetallic ferrous Fe/[M] complexes are much more elusive than their monoanionic tris-coordinated analogues [R3Fe II ] -, and readily evolve towards complex reduced iron species. Inspired by those results, we evidenced by means of DFT calculations that the quaternization of [Ph3Fe II ] - into the bridged bimetallic µ(Ph,Ph)-(Fe II ,Mg II ) species [Ph4Fe II •(MgBr(THF)) II ] -was thermally favored. 36 More importantly, this also translated into a decrease of the reductive elimination barrier of Ph-Ph, the two terminal unbridged phenyl anions in [Ph4Fe II •(MgBr(THF)) II ] -being more easily eliminated than in [Ph3Fe II ] -(resp. 13.0 kcal.mol -1 computed barrier, vs 16.0 kcal.mol -1 Scheme 6b). Thus, the effect of the introduction of the Mg II cation in the coordination sphere of the ferrous species [Ph4Fe II •(MgBr(THF)) II ] -is in stark contrast with the systems reported by Nakamura or Bedford (Scheme 5b-c), where the ambiphilic ligation of a [M]-X salt to a R-[Fe] compound leads to the stabilization of the coordination sphere of the latter, preventing multiple transmetallations and reductive elimination of the bridging Ar ligands (Scheme 5c). Those findings are in line with Neidig's report on the stabilization of ferrous dinuclear complex [Fe II Ph2(µ-Ph)]2 2-by saturated cation [Mg(NMP)6] 2+ , and suggest that the easy evolution of ferrous species towards reduced complexes (such as Fe4(µ-Ph)6(THF)4 or mononuclear Fe 0 models discussed in Scheme 6b) requires the presence of unsaturated Mg II cations. Although the accurate mechanisms of the evolution of those elusive bimetallic Fe/[M] adducts towards lower oxidation states are still unclear, the aforementioned results greatly suggest that the [M] n+ cation can play a pivotal role in the kinetics of the reduction process. The nature of the active oxidation state in iron-mediated couplings being highly dependent on the reactants involved, a deeper mechanistic understanding of those reduction patterns could provide precious guidelines in the design of suitable catalysts for couplings requiring low iron oxidation states.

Summary and perspectives

Although understanding the nature of the synergistic effect brought by the Fe / [M] n+ cation pair in a crosscoupling process still warrants significantly more mechanistic studies, the recent results discussed in this report allow us to draw some general trends on i) what are the beneficial effects of this synergy, and, ii) from a perspective standpoint, how can this cooperative effect be governed and predicted thanks to a rational ligand design: i) the synergistic effects of the Fe / [M] n+ cation pair drastically contribute to the feasibility and the selectivity of each of the elementary steps of the coupling cycle. For example, the presence of [M] n+ cations can unlock the formation of species able to initiate an on-cycle transmetallation step which is not possible otherwise. This can be an invaluable contribution for systems involving a difficult transmetallation step (which is usually the case when Si-or B-nucleophiles are used). It has also been shown that the introduction of [M] n+ cations in the second iron coordination sphere can open the door to reductive pathways, leading from Fe II intermediates to distributions of lower iron oxidation states (Fe I , Fe 0 ). Conversely, ambiphilic activation of Fe II intermediates by [M]-X salts can saturate the iron coordination sphere and thus hamper reductive pathways.

ii) several examples of Fe / [M] n+ synergistic effects reported so far in cross-coupling literature and supported by preliminary mechanistic data suggest that the [M] n+ cation is structurally involved in the second coordination sphere of the iron. This coordination pattern can be favored from enthalpic and entropic standpoints at the expense of a wise ligand choice for both Fe and [M] n+ . To do so, several strategies can be envisioned: spatial Fe / [M] proximity can be ensured by the use of bridging neutral or anionic additives (e.g. halide or chalcogenide anions), the reactivity of the metal centers being modulated by classic cross-coupling ligands such as (P,P) or (N,N) systems. Alternatively, in order to take the best advantage of this dual Fe / [M] ligation, novel coupling strategies could involve the use of rationally designed multidentate ligands, which has not been explored so far in a cross-coupling context. This would lead to the in situ formation of reactive intramolecular bimetallic Fe / [M] species; owing to their good affinity for both Fe and [M] n+ cations, multidentate P-or Nbased chelating platforms appear as good starting candidates.

Conclusions

The results detailed in this frontier article highlight the role played by main-group cations in the distribution of iron hydrocarbyls in cross-coupling relevant conditions. Several reports of the field also more specifically demonstrate the key role played by those cations in the elementary steps of the coupling process itself, making them mandatory actors of the overall catalytic transformation. Therefore, far from being spectator ions, main-group [M] n+ cations brought by either the nucleophile R-[M] or by an external additive provide a valuable tool to steer the crosscoupling reaction, either by inter-or intramolecular reactivity patterns. There is no doubt that a rational use of main-group salts as additives in such systems can be a cheap, eco-friendly and valuable synthetic asset.

Scheme 1 :

 1 Scheme 1 : selected representative milestones in Fe-mediated crosscouplings involving a) Mg-, b) Zn-or c) B-based nucleophiles ; NMP = N-MethylPyrrolidone; dppbz = 1,2-bis-diphenylphosphinobenzene, IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene.

Scheme 5 :

 5 Scheme 5 : a) ambiphilic activation of a R-[Fe] bond by a [M]-X salt ; ambiphilic protection of R-[Fe] intermediates by b) Mg II -F (supported by DFT calculations ; Me2O = model for THF) or c) Ar-Zn II complexation; d) formation of catalytically active species by ligand dynamics induced by FeX2/ArZnY ambiphilic interaction in Negishi cross-coupling ; (P,P) = dppbz ; e) synergistic activation of aliphatic R'-X bonds by alkali metal / Fe 0 (PMe3)2(CO)3 adducts.

Scheme 3 : role of the NMP additive on the speciation of ate-[R3Fe II ] -mono-or dinuclear complexes; a) R = Me or b) R = Ph ; Chx = cyclohexyl. 4 : a) equilibrium between monoaryliron(II) in solution and the corresponding non-transmetallated Ar-Mg II salt in the solid state (Y = N(SiMe2Ph)2 ; solid-state structure (right) with 30% probability displacement ellipsoids) ; b) formation of reactive organoaluminium species unlocked by the presence of Mg II salts in an aryl-alkyl coupling.

Scheme 6 : a) examples of structurally characterized multimetallic species containing a quaternized [R4Fe II ] 2-moiety ; b) DFT-computed evolution of the reductive elimination barrier of Ph-Ph from [Ph4Fe II •(MgBr(THF)) II ] -or [Ph3Fe II ] -.
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