Preparative mechanochemistry
A burst of light for mechanochemistry
Mechanoluminescence allows controlled generation and synthetic exploitation of organic radicals in milled bulk solids.
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Mechanochemistry describes an incredibly diverse, rapidly expanding collection of phenomena, from molecular processes enabling biological tactile sensing to cold alloying.1 Preparative mechanochemistry is a more tractable subfield that aims to exploit the synthetic potential of reactions induced (mostly) by milling, grinding or extruding bulk solids. The simplest versions of preparative mechanochemistry are exploited commercially. 
Advantages of solvent-free versus solution syntheses are well documented.2 Shear and compressive loads inflicted on milled solids in preparative mechanochemistry are thought to offer additional benefits, including (1) facilitating molecular diffusion, by pressure induced phased transitions, frictional localized heating, comminution and surface remodeling;3 and (2) imposing sufficient molecular strain on the reactants to lower their activation barriers.1,4 These effects have been exploited to convert structurally and functionally simple reactants to products that otherwise require less convenient, less atom-efficient and lower-yielding alternatives, or which are not accessible at all. Conversely, the present lack of understanding of, and control over, the molecular conditions responsible for reactions in milled solids,1,3 makes preparative mechanochemistry unsuitable for synthetic manipulations of complex organic molecules.   
Perhaps the most common chemical outcome of large molecular strains generated in mechanochemistry is bond scission yielding (organic) radicals.5 Recent work demonstrates that when channeling mechanical load directly into rate-accelerating molecular strain is beyond our capabilities, indirect coupling through piezoelectricity or mechanoluminescence allows productive radical-mediated mechanochemistry. For example, adding a common piezoelectric powder (BaTiO3) to milled mixtures of an aryl diazonium salt and either furan or bis(pinacolato)diboron enables arylation or borylation, respectively, presumably through radical-generating reduction of the diazonium salt by transiently compressed BaTiO3 particles (Fig. 1a).6
Now, writing in Nature Synthesis, Wu, Wang and co-workers describe7 a practical solution to the challenge of generating synthetically-exploitable radicals from reactants that are not reducible by a milled piezoelectric material, by replacing the latter with a commercial elasto-mechanoluminescent phosphor (EMP). An EMP is an inorganic salt that emits light during elastic compressions8 and in this  work, commercial Eu2+- and Dy3+-doped SrAl2O4, (SrAl2O4:Eu/Dy), with max ~ 520 nm, is used. The EMP allows Hofmann-Löffler-Freytag cyclization of 4-aryl butylamines to produce substituted N-protected 2-arylpyrrolidines by photolysis of a weak N-I bond in an intermediate (Fig. 1b). Additionally, sulfonylation of alkenes with diverse sulfonyl chlorides is also carried out, through light-induced reduction by an amine additive to generate reactive sulfonyl radicals. These results are remarkable because an EMP particle emits light only while being squeezed, which is thought to last mere microseconds in milled mixtures. The results illustrate how in-situ microscopically dispersed light sources can reduce the complications that often make preparative photochemistry in bulk2 (especially milled3) solids impractical. 
Compelling evidence is provided for a sulfonyl radical intermediate in the sulfonylation reactions, which is inaccessible by either direct or piezoelectrically mediated mechanochemistry. Lasting photoluminescence of SrAl2O4:Eu/Dy, or (plausible) Fe- or Ni-containing contaminants from mechanical wear of the milling vessel and balls, contributes little, if at all, to the reaction.
By eliminating the reaction solvent, these mechanochemical protocols seem operationally simpler than their solution alternatives. Whether they are “greener” or more cost-effective is difficult to say, a caveat that applies to almost every other reported preparative mechanochemical procedure. The large required excesses of BaTiO3 or SrAl2O4:Eu/Dy and their limited reusability may be the biggest weakness of this approach. Milling does not amorphize BaTiO3 or SrAl2O4:Eu/Dy but both experience reduced particle sizes and fouling. Particle-size reduction may even benefit the reaction, but fouling is the likely cause of the observed yield reduction with each subsequent reuse of either material.6,7 Calcining used SrAl2O4:Eu/Dy at 700 oC in air for 2 h reduces but does not eliminate the yield loss.7 Further progress would likely require detailed characterization of the nature and the source of the fouling.
The effects of milling frequency, the size, number and material of the milling balls, the milling jar, inert additives and the EMP on the reaction yield are studied in this work and while some of the observed correlations can be rationalized, others raise further questions. All these effects are of likely interest to preparative mechanochemists and will support future effort to extend the approach to other reactions.
Several prospective reactions, including photocatalytic ones, seem well suited for EMP-mediated mechanochemistry. Beyond synthetic methodology, this approach offers an intriguing opportunity to map molecular energy flows in reacting milled solids. The broad range of emission wavelengths of the known EMPs enables controlled competition among multiple mechanochemical reactions with distinct force-dependent activation barriers, a method that previously allowed quantitation of molecular conditions responsible for flow-induced mechanochemistry.9  
The emergence of practical implementations of indirect mechanochemical coupling, however limited they may currently seem, increases the likelihood that preparative mechanochemistry may join photochemistry and, increasingly, electrochemistry among enabling techniques of modern organic synthesis. This work may also inspire new approaches to physical studies of solid-state reactivity and allow small-molecule mechanochemistry to become a tool of the solid-state physicist similar to the emerging contribution of polymer mechanochemistry to soft-matter physics.10
Fig. 1. Piezoelectric or mechanoluminescent additives expand the scope of preparative mechanochemistry. (a) A common piezoelectric salt, BaTiO3 enables arylation or borylation of milled aromatic diazonium salts by acting as a load-activated reductant. (b) An elasto-mechanoluminescent phosphor, Eu2+- and Dy3+-doped SrAl2O4 (SrAl2O4:Eu/Dy) emits sufficiently intense light of ~520 nm during milling to effect synthetically useful cyclizations of aliphatic amines and sulfonylation of activated olefins. PG, protecting group; e-, electron; h+, hole; Boc, tert-butyloxycarbonyl; pin, pinacol.
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