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Expedient Mechanosynthesis of N,N-DialkylI midazoliums and Silver(I)-CarbeneC omplexesi naBall-Mill AudreyB eillard, Ethan Golliard, Valentin Gillet, Xavier Bantreil,* Thomas-Xavier MØtro,* Jean Martinez, and FrØdØric Lamaty* [a] Dedicatedtothe memory of Dr.Guy Lavigne Abstract: The absence of solvent, associated with intensive mechanical agitation, allowed the first mechanosynthesis of high-value silver(I)-carbenec omplexes and the corresponding N,N-dialkylimidazolium precursors. This procedure gave outstanding results in terms of yield and reactiont ime, when compared to solution-based conditions previously described in literature, and was generalized to unprecedented compounds. Silver(I)-carbene complexes could either be obtainedf rom N,N-dialkylimidazolium salts or directly from imidazole and alkyl halides in ao ne-pot two-step procedure withouti solating the imidazolium intermediate. Additionally,a ne fficient one-pot three-step sequence, including imidazole alkylation, silver metalation, andtransmetalationi sr eported.

In addition to their remarkable anticancer and antimicrobial properties, [1] silver(I)-carbenec omplexes ([Ag(NHC)X]) are recognized as au niversal platform for the generation of organometallicc omplexes. [2] This can be explainedb oth by the great diversity of N-heterocyclic carbenes (NHCs) and aw ide range of metalst hat could be used. Besides, [Ag(NHC)X] complexes bearing N,N-dialkyl-substituted NHCs have proved to have interesting biological activities [1a] and electroluminescent properties. [3] However,[ Ag(NHC)X] complexes suffer from chemo-and photosensitivity,a nd their production requires long reaction times and/or excess reagents. In the literature, their syntheses are mostly performed in CH 2 Cl 2 ,ah ighly volatile organic solvent suspected of causing cancera si ndicatedb yt he GHS classification.T he corresponding imidazolium halide precursors were mostly obtained through alkylation of imidazoles, with extended reactiont imes at refluxing temperatures. Ac onvenient way to increase the efficiency and to reducet he environ-mental impact of such reactions is to use solvent-free mechanosynthesis. [4] While the benefits of mechanochemistry have already been demonstrated for the generation of organometallic complexes, [5] the mechanosynthesis of N,N-dialkylimidazolium halides and their corresponding [Ag(NHC)X] complexes has neverbeen reported.A sanextension of our studies on mechanochemistry for organic synthesis [6] and generation of Pd nanoparticles, [7] we detail herein the advantages of using am echanochemical approach for the production of widely used N,N-dialkylimidazolium salts and valuable [Ag(NHC)X]c omplexes (Scheme 1).

Initially,w ef ocusedo nt he synthesis of N,N-dialkylimidazolium salts, which were obtained by nucleophilic substitution of alkyl halides with N-alkyl imidazoles.U nless noted otherwise, all reactions werer ealized without solvent in a1 0mLs tainless steel reactor containing a1 0mmd iameter stainlesss teel ball that was placed undera gitation at 25 Hz in avibratory ball-mill (vbm). The reactionm ixtures were recovered and treated with preferable solvents, such as EtOH, iPrOH, or EtOAc/water. [8] Subsequentf iltration allowed elimination of any metallic particles and isolation of pure products. [6f] For comparison, the best results reported in the literature for experiments performed in solution have been included (Table 1).

The reactiono fb enzylbromide with N-methyl-and N-isopropyl-imidazole yielded imidazoliums 1a•HBr and 1b•HBr,r espectively,i nm ore than 98 %w ithin only 1h(Table 1, entries 1a nd 2). Interestingly,t he synthesis of 1a•HBr was performed with the same efficiency on a4gs cale, using a2 50 mL reactor agitated in aplanetary ball-mill (pbm). Bidentateligand precursors 2a•HBr and 2b•HBr,f eaturingap yridine and an imidazolium moiety,r espectively,w eresynthesizedi n1hand isolated in excellenty ields (> 97 %, Ta ble 1, entries4and 5). In this case, the use of NaHCO 3 (1.5 equiv) was necessary to deprotonate2 -(bromomethyl)pyridine hydrobromide and obtain satisfactory results. Less reactive alkyl chlorides were also mechanically convertedi nto imidazoliums 1a•HCl and 2a•HCl,w ith slightly longer reaction times (< 3.5 h). When 1,2-bis(bromomethyl)benzene and 2,6-bis(bromomethyl)-pyridinew ere used as the startingr eagents, unreported bis-imidazoliums 3a•2HBr, 3b•2HBr, 4a•2HBr,a nd 4b•2HBr,w ereo btainedi navery efficient manner.T he advantage of mechanochemistry was especially highlighted with 4b•2HBr,a so nly 2.2 ho fm illing was necessary to isolate this product in 94 %y ield, while 7d ays in refluxing THF were required for al iterature procedure (isolated in 58 %y ield). [9] The reactiono fi midazole/benzimidazole with benzylb romide or 2-(bromomethyl)pyridine hydrobromide in the presence of NaHCO 3 proved that this ball-milling procedure could also be extended to symmetrical imidazolium salts. Thus, compounds 5a•HBr, 5b•HBr,a nd 6•HBr were isolated with improved yields compared with the previous methods (entries1 1-13).

Notably,i midazoliums 1a•HBr and 5a•HBr were produced in similar yields when synthesized in av bm or in ap bm, showing that the type of agitationh as no influence on the efficiency of the approach( Ta ble 1, entry 1a nd 11). While as olvent-based synthesis of 1a-6•xHX salts previously described in the literature required adaptation of the conditions for each compound, such as long reaction times (up to 7d ays), in some cases refluxing solvents, the use of ball-mill and solvent-free conditions provides ag eneral,u ser-, and eco-friendly method to obtain imidazoliums with improved yields and dramatically reduced reaction times. [START_REF]Calculation of various green metrics support lower environmental impact of this strategy compared to as olvent-based approach[END_REF] Thes uperiority of solvent-free mechanosynthesis over classical solution-based approaches can be explained by the higher reagent concentrations, which, in combination witha ne fficient mixing that avoidsm ass transfer limitations, resultsi nh igher reaction rates.I na ddition, the majority of the N,N-dialkylimidazolium mechanosynthesesp resented in this study required at least one liquid reagent. The capacity of al iquid to present ag reater reactive surface area to other reagents and to potentially serve as as olvent [START_REF] Mikhailenko | [END_REF] appears to us as ag ood rationale, in this case, to explain the higher efficiency of this approach. This methodology provedg eneral,a sn umerous mono-, di-, and tridentate ligand precursors were produced.

The synthesis of the corresponding silver(I)-carbene complexes was next envisaged by the reactiono fi midazoliums 1a-6•xHX with silver(I) oxide in av ibratory ball-mill under solventfree conditions. Thus, metalation of 1a•HBr,w hich was reported to last 24 hi ns olution,w as completed within only ten minutes under milling, furnishing [Ag(1a)Br] in 93 %y ield (Table 2, entry 1). In this case, the higher efficiency of mechanochemical synthesis over as olution-based approach could be attributed to the higherr ate of creationo fn ew surfaces on Ag 2 Op articles caused by impactsa nd shear stress induced by ball-milling. [START_REF] Mikhailenko | [END_REF]21] With this efficient method in hand, various complexes,k nown or unprecedented, were synthesized. After milling, the reaction mixtures were recovered with CH 2 Cl 2 ,f iltered over celite andc oncentrated under vacuum. 1 HNMR 98) [b] 82 %, THF,rt, 16 h [10] 2 iPr 1b•HBr 198 unprecedented 3Me 1a•HCl 294 78 %, solvent-free, 5h,7 0-110 8C [11] 4 Me 2a•HBr 19 7 [b,c] 87 %, CH 3 CN, 48 h, rt [12] 5 iPr 2b•HBr 199 [c] 60 %, dioxane, 12 h, 101 8C [13] [9] 11 Y = CH 5a•HBr 19 4( 99) [b] 87 %, toluene, 72 h, 70 8C [16] 12 Y = N 5b•HBr 2.5 79 72 %, EtOH, 48 h, 79 8C [17] 13 6•HBr 2.5 93 76 %, CH 3 CN, 48 h, 80 8C [18] [a] To tal mass of reactants = 182 mg;v bm = vibratory ball-mill. [b] Realized in ap lanetaryb all-mill( pbm), with at otal mass of reactants = 3977 mg.

[c] Product was recovered by using iPrOH.

analysisoft he crude mixtures revealed complete conversion of the substrates and high purity of the products in all cases.

Except for complexes [Ag( 2a)Cl] and [Ag 2 (4b)Br 2 ]( Ta ble 2, entries 6a nd 10), all previously described silver(I)-carbene complexes were obtained in similaro ri mproved yields and reduced reactiont imes (entries 3, 4, 11,a nd 12). This particular activation methoda lso allowed the synthesis of five unprecedented silver(I)-carbene complexes (entries 2, 5, 8, 9, and 13). Imidazoliums 2a•HX, 2b•HX,a nd 5b•HBr,w hich contain at least one pyridine ring, requiredl ongerm illing times (up to 2.5 h) than their phenyl-containing congeners 1a•HX, 1b•HX,a nd 5a•HBr (< 1h,e ntries 4-6 and 12 versus1 -3 and 11). The reaction of 3a•2HBr with Ag 2 Od id not yield the expected [Ag 2 (3a)Br 2 ]b ut led to the formation of an insoluble solid, which was postulated to be an organometallic polymer (entry 7). Similari ssues were also observed for [Ag 2 (4a)Br 2 ], which was obtained in irreproducible yields (entry 9). However, the presence of am ore hindered iPr substitution inhibited side reactions, thus [Ag 2 (3b)Br 2 ]a nd [Ag 2 (4b)Br 2 ]w ere isolatedi n8 3 and 77 %y ield, respectively (entries 8a nd 10). It is worth noting that this approach provedt ob ep articularly robust as high yields were obtained independently from various parameters knownt oh ave criticali nfluence in solvent-free or solventless mechanochemicalr eactions, such as relative humidity, type and intensity of milling, physical aspects of the reagents, and reactionmixture. [22] To confirmt he structures of the [Ag(NHC)X] complexes obtained by this originalm echanochemicala pproach, several compounds werer ecrystallized in aC H 2 Cl 2 /pentanem ixture and single crystals were submitted to X-ray diffraction analysis. Thus, unprecedented [Ag(1b)Br] was confirmed to be ab is-NHC silver cationic complex [{Ag(1b) 2 } + . AgBr 2 À ] 2 in which the counter anion AgBr 2 À forms adimer (Figure 1). [28] We next envisioned to further demonstrate the efficiency of this novel approachb yp erforming the synthesis of [Ag(NHC)X] complexes in ao ne-pot sequential alkylation/metalation procedure starting from imidazoles. This technique was very efficient for some [Ag(NHC)X] complexes,s uch as [Ag( 1a)Br] and [Ag(1b)Br] (Table 3, entries 1a nd 2). Interestingly,c omplexes [Ag 2 (3a)Br 2 ]a nd [Ag 2 (4b)Br 2 ]w ere obtained with improved yields when synthesized by this one-pot procedure compared to the conditions reported in Table 2( entry 4a nd 6). However, the isolation of [Ag 2 (4a)Br 2 ]w as still difficult (vide supra; entry 5).

The usefulness of mechanochemistryi no rganometallic synthesis was further demonstrated by reacting[ Ag(1a)Br] with [AuCl(SMe 2 )] (Scheme 2). The transmetalation occurred within 30 min, yieldingc omplex [Au(1a)Cl] in 85 %, thus completing [23] 2[ Ag(1b)Br] 0.5 10 min 85 unprecedented 3[ Ag(1a)Cl] 0.55 10 min 76 yield n.a., [a] CH 2 Cl 2 ,r eflux, 24 h, [24] 4[ Ag(2a)Br] 0.5 1h 78 71 %, CH 2 Cl 2 ,r t, 12 h [12] (4a)Br 2 ]1 .1 2h 30-75 [b] unprecedented 10

[Ag 2 (4b)Br 2 ]1 .5 2.5 h7 78 8%,C H 2 Cl 2 ,r t, 24 h [9] 11

[Ag( 5a)Br] 0.5 20 min 80 75 %, CH 2 Cl 2 ,r t, 2h [26] 12

[Ag(5b)Br] 0.6 1h 77 79 %, CH 3 CN, reflux, 16 h [27] 13

[Ag( 6)Br] 0.5 1h 71 unprecedented

[a] n.a. = not available. [b] Reactionw as not reproducible. as eries of three consecutivec hemical steps performed in ab all-mill with high efficiency.M oreover,[ Au(1a)Cl] could also be obtained directly from N-methylimidazole in ao ne-pot three-step procedure, thus avoiding the use of solvents for the isolation of intermediates. In only 1h and 40 min, [Au(1a)Cl] was isolated with a4 7% overall yield (78 %a verage yield for each step).

In conclusion, we have demonstrated that ball-milling represents the method of choice for an expedient synthesis of N,Ndialkyl-substituted NHC precursors and their corresponding [Ag(NHC)X] complexes.T ime-saving one-pot/two-step and one-pot/three-stepp rocedures allowed the direct production of silver(I)-andg old(I)-carbene complexes from the imidazole and alkyl halides withoutt he isolation of intermediates, hence, paving the way for further one-pot multi-step mechanosyntheses of organometallic complexes.

Figure 1 .

 1 Figure 1. Graphical representation of [{Ag(1b) 2 } + •AgBr 2 À ] 2 .Hatoms are omitted for clarity.

Table 1 .

 1 Mechanosynthesisofi midazolium halides.[a] 

	Entry	Products	R 1	Product•HX	Time [h]	Yield [%]	Lit. conditions
	1		Me	1a•HBr	19 8(	

Table 2 .

 2 Mechanosynthesisof[ Ag(NHC)X] complexes.

	Entry ProductA g 2 O	Time	Yield	Conditions
	[equiv]		[%]	
	1[ Ag(1a)Br] 0.55	10 min 93	91 %, CH 2 Cl 2 ,r t, 24 h
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