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The molecular

   

The molecular-level effect of alkoxide additives in iron-catalyzed Kumada cross-coupling with simple ferric salts The molecular-level role of alkoxide salts, used as alternative additive to N-methylpyrrolidone in iron-catalyzed alkyl-alkenyl/ aryl cross-coupling reactions, is investigated. Detailed spectroscopic studies reveal that alkoxides promote the formation of homoleptic organoferrates such as [FeMe3] -, providing an alternative to toxic NMP to access these reactive intermediates.

Iron-catalyzed Kumada cross-coupling reactions using simple ferric salts have been of substantial interest since Kochi's seminal reports of the coupling of alkyl Grignards and alkenyl halides in 1971 (Scheme 1A). 1,2 The simplicity and lack of need for an expensive supporting ligand, combined with the cost and sustainability advantages of iron compared to precious metal catalysts, marked a significant advancement in the field of cross-coupling. In 1998, Cahiez and co-workers improved upon the simple ferric salt-based system by introducing an additive, N-methylpyrrolidone (NMP), as a co-solvent, eliminating the need for excess electrophile and expanding the substrate scope to aryl halides, alkenyl triflates, and acyl chlorides (Scheme 1B). 3 This was subsequently expanded upon by Fu ¨rstner with aryl chlorides, tosylates, and triflates, Olsson with imidoyl chorides, and Jacobi von Wangelin with alkenyl acetates. (Scheme 1B). [4][5][6][7] Since then, there have been numerous examples where NMP has been utilized in iron-catalyzed cross-coupling reactions. [7][8][9][10][11] The molecular-level role of NMP in achieving effective catalysis has recently been reported where it is determined NMP binds to magnesium cations, resulting in the stabilization of a catalytically active, low-coordinate iron(II) species [Mg(NMP) 6 ][FeMe 3 ] 2 . 12 This is drastically different to multimeric iron-alkyl clusters that form in the absence of NMP. 13,14 Despite the success of NMP as an additive for iron crosscouplings with simple ferric salts, a significant issue remains: NMP is reprotoxic. Thus, there has been significant interest in the development of alternative additives that can enable access to analogous high-yielding iron cross-coupling reactions. Towards this goal, one approach reported in the literature utilizes modified urea additives of NMP which are less toxic yet likely work in an analogous fashion to facilitate catalysis. 7,15-18 A distinct approach was reported by Lef`evre, Cahiez, coworkers where they employ alkoxide salts, specifically EtOMgCl, as an alternative additive to NMP to access high-yielding crosscouplings of alkyl Grignard reagents and alkenyl or aryl halides (Scheme 1C). 19 While highly effective in these iron-catalyzed cross-coupling reactions, the molecular-level role of EtOMgCl in facilitating catalysis remains ambiguous. The alkoxide could operate on a molecular-level similarly to NMP, binding to the magnesium cation to access reactive, low-coordinate iron(II)-alkyl species or it could do something completely different. The elucidation of the role of EtOMgCl in facilitating catalysis is essential for the continued development of additive and reaction protocols that expand the scope and utility of these reactions for commercial use. Herein, we investigate the role of EtOMgCl utilizing freeze-trapped 57 Fe M¨ossbauer spectroscopy, electron paramagnetic resonance (EPR) spectroscopy, and in situ NMR Fig. 1 80 K Mossbauer spectrum of a frozen solution of 57 Fe(acac) , studies to define the molecular-level effect of EtOMgCl in cross- Initial studies focused on defining the molecular-level effect of EtOMgCl on iron speciation in situ in cross-coupling with methyl Grignard reagents. In the analogous study with NMP as an additive, it was demonstrated that isolated species could also be accessed with lower equivalents of MeMgBr with respect to catalysis, and we thus took that approach with EtOMgCl as the additive. 12 We began by performing stoichiometric reactions of Fe(acac) 3 with various equivalents of MeMgCl in the presence of EtOMgCl under catalytically relevant conditions (solvent, temperature, iron concentration, etc.). When NMP was used as the additive, it was found that 5 equiv. of MeMgCl was the minimum amount of Grignard reagent needed to form the active iron species, and therefore decided that 4 or 5 equiv. was a good starting point to see what species were formed in the presence of alkoxide additive. The slow addition of 4 equiv. of MeMgCl to a 3 mM solution of 57 Fe(acac) 3 in THF with 40 equiv. of EtOMgCl (the same EtOMgCl : Fe ratio utilized in catalysis; see Scheme 1C) at 0 1C led to the formation of a greenish-yellow solution. Freeze-trapped Mo¨ssbauer spectroscopy was utilized to evaluate iron speciation in these reactions as this method has previously been highly effective for studies of paramagnetic homoleptic iron-methyl complexes that are not readily amenable to in situ NMR studies. [12][13][14]20 The 80 K 57 Fe M¨ossbauer spectrum of the solution freeze-trapped 30 s after Grignard addition shows the formation of one major iron species with parameters of d = 0.25 mm s which is formed when NMP is used as an additive. 12 The first of the two minor iron species (blue component) can be attributed to a previously observed [Fe 8 Me 12 ] -cluster (d = 0.30 mm s -1 and |DE Q |= 0.85 mm s -1 (12% of total iron)) that corresponds to the broad S = 1/ 2 signal observed by EPR (Fig. 1A, inset). 13 The second minor species observed by Mo¨ssbauer spectrum has parameters of d = -0. -requires the presence of additional Grignard reagent to generate cross-coupled product. 13,20 It is worth nothing that [FeMe 3 ] -has been previously crystallized with an alkoxide-supported cation without NMP around, likely due to methanol impurities from the methyl Grignard reagent. 12 Therefore, it is hypothesized that the alkoxide additive employed herein would also likely bind to the magnesium cation. While both EtOMgCl and NMP additives lead to the same major iron species being formed in situ, their relative effectiveness in stabilizing [FeMe 3 ] -may not be equivalent. Furthermore, since the relative stability of this iron species in situ is likely pertinent to the effectiveness of the catalytic method, it was important to evaluate whether the use of NMP versus EtOMgCl modulates its stability (and, hence, lifetime) in solution. Following the same reaction procedure utilized to generate [FeMe 3 ] -with EtOMgCl, 4 equiv. of MeMgCl were added dropwise via syringe pump to a 3 mM solution of 57 Fe(acac) 3 in THF with 40 equiv. of NMP at 0 1C, which to the formation ofa pale yellow solution. The 80K 57 Fe Mo¨ssbauer spectrum shows one major species with parameters d = 0.25 mm s We wanted to probe the role of the alkoxide with other systems and thus cross-coupling reactions between aryl Grignard reagents and dienyl halides were investigated. Analogous to the reactions with alkyl Grignard reagents, reactions with aryl Grignard reagents were also proved to be enhanced in the presence of EtOMgBr. 21 From a molecular standpoint, trends similar to that observed in alkyl ferrous series were obtained regarding the interaction of aryl-ligated ate-[FeAr 3 ] complexes with EtOMgX salts (X = Cl, Br). It should be noted that the halogen in the in-house generated alkoxide salts switched from X = Cl for the alkyl Grignard reagents to X = Br for the aryl Grignard reagents due to reagents being more readily accessible for the high purity NMR experiments. Variable-temperature 1 2d-f). 22 The latter is moreover the solely detected species for a ratio MesMgBr : EtOMgBr 4 0.39. This again confirms that no new species can be evidenced in the presence of EtOMgBr in catalytically relevant conditions (presence of an excess of MesMgBr). However, for a very low MesMgBr : EtOMgBr o 0.26 ratio, a new species is transiently detected by 1 H NMR, featuring a classic high-spin (S = 2) mesityl ferrous pattern (d = 123, 97, 47 ppm in a 2 : 3 : 6 ratio, Fig. 2b andc). The same set of signals is obtained after treatment of dinuclear complex Fe 2 Mes 4 by 2 equiv. EtOMgBr (see ESI † for details), suggesting that this new species may be a dicoordinated ferrous FeMes 2 complex, possibly ligated by alkoxide ligands. The particularly narrow window allowing the observation of this transient intermediate (small ratio MesMgBr : EtOMgBr o 0.26 and high EtOMgBr : FeCl 3 = 8.5 ratio) demonstrates that possible formation of new ferrous molecular species involving EtOMgBr can occur at the latest stages of a catalytic process, that is, when almost all the Grignard reagent has been consumed. In these conditions, the low enough ArMgBr : EtOMgBr ratio enables the observation of new molecular species possibly involving EtOMgBr. It might be expected that, for Ar groups more reactive than mesityl (such as Ar = Ph), formation of those new species helps to prevent decomposition of active [Fe II ]-Ar ferrous complexes to lower oxidation states.

In summary, the iron speciation in the reaction of simple iron salts with an alkoxide additive as an alternative to NMP has been evaluated. It was determined that the alkoxide behaves the same as NMP, assisting in for formation of a homoleptic iron(II)-methyl species, [FeMe 3 ] -, though not to the same caliber. The observation 3 G. Cahiez -and [FeMes 3 ] -complexes. Critically, these studies demonstrate that while the choice of additive (alkoxide or NMP) modulated the stability of these organoiron(II) species, the ligands to iron in both cases are nucleophile derived and unchanged. Thus, the nature of the organoiron species and their reactivities towards electrophiles remain driven extensively by the nature of the nucleophile. However, despite the current findings, the alkoxide salt still offers a good alternative to the more toxic NMP for such simple ferric salt cross-couplings and provides a framework for further additive development for these reactions. M. L. N. thanks the National Institutes of Health (R01GM111480) for its financial support. G. L. thanks the M2i Development society for a CIFRE grant to P. C., as well as the ERC (DoReMI StG 852640 Program).

  simple iron salts and alkyl and aryl Grignard reagents.
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 1 -1 and |DE Q | = 1.36 mm s -Fig. 1A, purple component; 80% of total iron). Note that these parameters are identical to those previously reported for [FeMe 3 ] -4 equiv. of MeMgCl, and (A) 40 equiv. alkoxide (with respect to iron) or (B) 40 equiv. NMP (with respect to iron) (black dots), total fit (black line) and individual fit components are shown. Inset in (A) shows the corresponding 10 K EPR spectrum.
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 11 and |DE Q | = 1.36 mm s -1 (purple component; 98% of total iron) that are consistent with [FeMe 3 ] -and one minor species with parameters d = 0.64 mm s -1 and |DE Q |= 1.27 mm s lime green component; 2% of total iron) were previously observed in the original study with NMP (Fig. 1B). When NMP is the additive, the M¨ossbauer spectrum is predominately only showing one iron species present, [FeMe 3 ] -, with the same number of equivalents of MeMgCl, which leads to the belief that NMP does a better job stabilizing the cation than EtOMgCl. As previously Fig. 2 1 H NMR spectra (400 MHz) of a d -THF solution of FeCl in the noted, [FeMe ] -can also be generated in the absence of NMP 8 3 3 and is supported by a different cation, [Mg 3 Cl 3 (OMe) 2 (THF) 6 ][FeMe 3 ]•2THF, however, its reproducibility is challenging and the species much less stable. 12 To investigate if adding EtOMgCl to the NMP-stabilized [FeMe 3 ] -would have any effect on iron speciation, [FeMe 3 ] -was first generated in situ with NMP (40 equiv. with respect to Fe to match catalysis), after which the same amount of EtOMgCl was added. Freeze-trapped 57 Fe Mo¨ssbauer samples made after 5 minutes after the addition of EtOMgCl resulted in no change to the observed iron speciation (see ESI † for details). To determine the lifetime of [FeMe 3 ] -formed with either the alkoxide or NMP in solution, the [FeMe 3 ] -species was formed with the respective additive in situ and samples were freezetrapped and analyzed by M¨ossbauer as a function of time after [FeMe 3 ] -formation. When NMP is utilized to stabilize [FeMe 3 ] there is no decomposition at 0 1C for up to 30 min, though when EtOMgCl is utilized, [FeMe 3 ] -rapidly transforms to unknown EPR silent iron species (see ESI † for details), further providing evidence that it is less effective at stabilizing [FeMe 3 ] -.

  H NMR monitoring of a solution of [FePh 3 ] -in the -50 1C to 10 1C range in the presence of 2 equiv. EtOMgBr thus did not show any alteration of the starting [FePh 3 ] -paramagnetic peaks (see ESI † for details), confirming the absence of new molecular species formed by reaction of [FePh 3 ] -with EtOMgBr. This is in line with alkyl presence of 8.5 equiv. EtOMgBr treated by increasing amounts of MesMgBr (x equiv. vs. Fe) at 20 1C; * = [FeMes3] -; = [FeMes2Br] -. Grignard reagent results, which showed that [FeMe 3 ] remained unchanged in the presence of EtOMgCl. A similar experiment was performed using the more crowded complex, [FeMes 3 ] -(Mes = 2,4,6-C 6 H 2 Me 3 ), which is stable at room temperature and easily observed in 1 H NMR. When a solution of FeCl 3 in THF containing 8.5 equiv. EtOMgBr with respect to iron is treated by increasing amounts of MesMgBr, dicoordinated [FeMes 2 Br] -, and tricoordinated [FeMes 3 ] -are progressively formed (resp. d = 132, 105, 27 ppm and d = 127, 108, 27 ppm, Fig.
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Scheme 1 Selected examples of iron-catalyzed cross-coupling reactions (A) using simple ferric salts and using iron salts with the additives (B) NMP and (C) an alkoxide salt.
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