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Despite their instability, carbon-centered radicals have been involved as intermediates in many organic transformations that are essential to mankind. Radical polymerization, for example, provides a large part of polyacrylates and polystyrenes used as commodities in our everyday life. On a molecular level, the outcome of radical-mediated reactions is usually very different from those obtained via classical ionic-based organic reactions. This is known since the 1930's 1 and has witnessed extensive developments such as radical cyclization or Atom Transfer Radical Additions (ATRA) 2 . All radical processes are 3 based on the initial ability to generate a free radical upon an external stimulus such as heat or irradiation. Unfortunately, the peculiar reactivity of common radical initiators is what is making them so unstable. They violently react in a presence of excessive external stimuli and usually need to be stored in the dark, under anoxic conditions, or at low temperatures. Hence the balance between stability and reactivity is very subtle and since the discovery of radical reactions, only a handful of radical initiators are commonly used in laboratories and even fewer in industry. To overcome this intrinsic instability, we thought about forming the radical initiator during the transformation, leading to a permanent low concentration of active radicals, important for reaction efficiency and limiting side products. Alkene carbohalogenation was chosen as a benchmark. ATRA reactions were discovered more than 75 years ago (Scheme 1a); 2a, 4 they display a high atom efficiency but suffer from a limited scope, the use of tin derivatives (Scheme 1c), 5 or harsh reaction conditions. [START_REF] Subramanian | Comprehensive Organic Synthesis II[END_REF] Transition metal complexes 2c, 7 based on ruthenium, iron, palladium, nickel, gold, copper or activation using halogen bonding 8 could be to overcome these limitations. More recently, the photochemical version of this reaction 9 has gained a major interest either with Ir/Ru complexes (Scheme 1d) or organic photocatalysts (Scheme 1e) Scheme 1: Efficient methods for alkene carbohalogenation via ATRA Besides recently discovered organic photoredox catalysts, nonmetal radical initiators for ATRA reaction have mostly been based on thermal decomposition of peracids (Scheme 1a) 2a or AIBN derivatives (Scheme 1b). 10 These initiators react slowly at mild temperature; in contrast, ZnEt2 and BEt3 release highly reactive ethyl radicals upon reaction with oxygen. 11 Both are pyrophoric as they violently react at -78°C with O2 within seconds, requiring handling under very strict anoxic conditions which are often incompatible with industrial and laboratory constraints. In that case, productivity is hampered by the rapid generation of a large number of alkyl radicals, which favors both the desired transformation and side reactions. BEt3 has been first used by Oshima in combination with tributyltinhydride for reduction of organic halides or reactions on alkynes. 11a, 12 Please do not adjust margins Please do not adjust margins BEt3/O2 was used as a radical initiator for the ATRA reaction with haloacetate (Scheme 1f) by Baciocchi,13 further studied by Nakamura, Oshima and Fujimoto 14 and extended to carboazidation by Renaud et al (Scheme 1g). 15 We now report how slowly generating alkyl radicals using amine borane complexes circumvents the downsides of using BEt3. The unreactivity of amine boranes towards air and moisture contrasts with those of other classical boranes which are usually hydrolyzed into boric acid fairly rapidly. Used as reducing agent by increasing the steric hindrance around the nitrogen it also triggers interesting properties in hydroboration. 16 This is however highly detrimental to their preparation and stability; henceforth amine borane complexes never stood out as the best choice for preparative hydroboration. 17 Nonetheless, as our goal was obtaining a slow release of alkyl radicals, sluggish hydroboration is in our case a favorable process leading to low amounts of alkyl borane. Challenge, however, was related to selectively obtain trialkylborane alongside no mono-and dialkylboranes which could have led to potential side reactions. By tuning the amine stereoelectronic properties, we thought we will be able to specifically generate trialkylborane in low quantity. Trialkylborane would then immediately reacts with oxygen and initiates the reaction. Hydroboration of styrene using various amine borane complexes was monitored using 11 B NMR in C6D6. As predicted, the bulkier tertiary amines such as diisopropylethylamine (DIPEA), ethyl-isopropylaniline reacted faster, 16 leading to almost complete conversion after few hours at 40°C. Disubstituted amine borane complexes such as diisopropylamine borane (DIPAB) or dicyclohexylamine borane (DICAB) led to moderate conversion after few hours at 60°C (See SI). Noticeably, a very negligible amount of mono and dialkylborane were observed in 11 B NMR (even under the form of amine complex). Indeed, after the first hydroboration, the Lewis base-pair cannot be formed again due to increased steric demand, and the resulting alkyl borane is left uncomplexed. As such the second and third hydroborations are several orders of magnitude faster than the first one, leading only to the trialkylborane. Tuning the steric around the nitrogen center is therefore a key element for designing the system. With that information in hand, we tackled the first radical addition reaction. We took 1-decene 1a and bromotrichloromethane CCl3Br 2a as model substrates as they are often used in literature to benchmark radical initiators in ATRA. The standard reaction using 10% BEt3 in hexane, led to product 2aa in poorly reproducible yields ranging from 26 to 71% yield mostly depending on the source of BEt3 (Table 1, entry 1). Indeed, commercial solutions of triethylborane are difficult to titrate and usually contain up to 30-40% of impurities (diethylborinate and ethylboronate mostly). Neat BEt3 (Table 1, entry 2), when used in the glovebox, furnished more consistent results, but with somehow lower yields than with using BEt3 solutions. At 60°C, in MTBE, DIPAB is allowing to reach 93-100% conversion in 3h (Table 1, entries 3). Other sterically hindered amine boranes, such as Cy2NH-BH3, TMP-BH3, piperidine-BH3, morpholine-BH3, Bn2NH-BH3 or Et3N-BH3, all led to good conversions (Table 1, entries 4-9). However reactions were slower or affording lower isolated yields. In d6-benzene, benzene, acetonitrile, cyclohexane or dichloroethane, reactions reached respectively 88%, 90, 80%, 91%, and 88% conversion after 3h (Table 1, entries 10-14)). Dioxane was the best solvent we tried, with 96% after 3h (Table 1, entry 15), but due to the toxicity and the minor difference in reactivity, we chose to keep MTBE as a solvent of choice. When the initiator quantity was lowered down to 1.1% conversion was not complete at 60°C in 3h (Table 1,entry 16), but increasing the temperature and reaction time (Table 1, entry 17) matched the good results obtained with 3.3% at 60°C. Noticeably, the reaction worked very smoothly in t-BuOH or water as expected in a radical-based mechanism (Table 1, entries 18-19). showed the expected regioselectivity of a radical ring-opening and radical cyclization. The relevance of the trialkylborane intermediate was checked by pre-forming the reagent by reacting DIPAB and octene until full DIPAB conversion before adding the BrCCl3, conversion turned to be slightly lower but very similar to the one observed with BEt3 (Scheme 2a). Besides, GC/MS analysis of a standard crude reaction mixture showed the formation of 3% of bromodecane, as expected by the reaction of the decyl radical on BrCCl3 in the initiation step (Scheme 2b). We also confirmed during this analysis, that the reaction is initiated by alkyl radicals and not alkoxy radicals that some have found to be involved in BEt3/O2 system. Decyloxy

Please do not adjust margins Please do not adjust margins radical is known to undergo an 1,5-hydrogen shift leading to the secondary alkyl radical; if this intermediate was involved in the initiation reaction, the presence of 4-bromodecan-1-ol would have been detected in GC/MS as well (See SI). The formation of a boryl radical was also envisioned, as alkyl radicals are known to abstract hydrogen from borane. These radicals were proven by Ryschkewitsch to be involved in halogenation of similar amine borane complexes 18 and by Roberts 19 to act as a polarity reversal catalyst using peroxide initiation. The boryl radical could therefore abstract a bromine atom from BrCCl3 leading to the formation of the bromoborane complex (See SI). 19a This intermediate is observed in 11 B NMR, when a stoichiometric amount of BrCCl3 is added to a DIPAB solution as shown by Ryschkewitsch in his seminal paper. 18 However, no decane, chloroform or trichloroundecane were detected in the GC/MS analysis of the crude reaction mixture, hence eliminating the hydrogen abstraction on the complex by an alkyl radical (Scheme 2b). Additionally, the bromoborane complex is not observed in the 11 B NMR analysis of the crude mixture. Finally, all attempts of trapping a hypothetical boryl radical using a spin trap were unsuccessful (See SI). In conclusion, even if the formation of the boryl radical cannot be ruled out entirely, several pieces of evidence are showing that this intermediate may not be involved in the reaction mechanism. As a result, we propose that the mechanism would simply go through the triple hydroboration of the olefin (a). The trialkylborane would then react with air, leading to an alkyl radical (b). This alkyl radical would then abstract a bromine atom from BrCCl3 leading to the trichloromethyl radical (b), the starting point of the known ATRA radical chain (Scheme 2 c/d).

Scheme 2 : Proposed mechanism for Amine borane initiated ATRA With these conditions in hand, we investigated the functional tolerance of the two ATRA partners. Only haloalkanes with electron-withdrawing groups were efficient, as the intermediate radical was electrophilic enough to react with the alkene 3). Using standard condition with 1-decene, BrCCl3 reacted smoothly and the product 3aa was isolated in 89% yield. and BrCHCl2 reacted equally well affording 3ab and 3ad (93% and 71% yield respectively). The reaction with CCl4 was unsurprisingly reluctant to go to completion (i.e. 3ae) as chlorides as much harder to abstract than iodides or bromides. Perfluoroalkyl iodides were highly reactive under these conditions, providing an easy way of introducing a perfluoroalkyl chain on a molecule. Hence adducts of perfluorooctyl and perfluorohexyl iodides were isolated in high yield (3ae 92%, 3ag 89%). Similar bromides were less reactive, and 3af was obtained with only 32% conversion using 10% of DIPAB, the product could not be separated efficiently from the unreacted starting material.

a Reaction at 90°C, b 10% DIPAB c 3x3% DIPAB d 5x1% DIPAB were used. Please do not adjust margins Please do not adjust margins bromoacetate were reactive enough to undergo the ATRA with very good to quantitative conversions. Isolated yields were respectively 91% (3ah), 68% (3ai), 91% (3aj) and 51% (3ak).

Under the same reaction conditions, the olefin partner was varied and, as expected, the ATRA reaction turned out to be compatible with many different functional groups (Scheme 3). The reaction was efficient on methylenecylopentane and methylenecyclohexane affording the corresponding adduct 3ba and 3ca in 87% and 79% yield respectively. Due to slower hydroboration, cyclohexene and cyclohexadiene were less reactive; a mixture of cis/trans adduct 3da was isolated in 26% yield, whereas a 44/56 mixture of 3ea (1,2-adduct) and 3ea' was isolated from the reaction with cyclohexadiene in a mere 41% yield. On terminal olefin, the reaction was much more efficient, and regardless of the functional group present on the molecules, the adducts were isolated in very good to excellent yields. Alcohols were tolerated, reaction on dec-9-enol, allyl alcohol, and methallyl alcohol afforded adducts 3fa, 3ga, and 3ha in 81%, 65%, and 90% yield respectively. Reaction on 1bromohex-5-ene afforded the corresponding adduct 3ia in 92% yield without a reaction on the terminal bromide, confirming that only activated bromide precursors could be used in this reaction. Allylacetate and N-Boc-allylamine required 10% of DIPAB to lead to decent conversions. In that case, the product 3ja and 3ka were isolated in 53% and 39% yield. Interestingly, the reaction proceeded smoothly on allyltrimethylsilane and allyltrimethoxysilane without side reactions; highly functional silanes 3la and 3ma were obtained in 87% and 97% yield.

Likewise, the allylpinacolborane led to the -bromoboronate 3aa in 93% yield. As mentioned previously, the reaction of diallylether led to the 5-exotrig cyclization product 3oa in 68% yield; similarly, the reaction on -pinene led to a clean reaction with ring-opening leading to product 3pa in 96% yield. Reaction on allylphenol (3qa 28% yield) was however less efficient, probably because of the competitive reaction of phenols with boranes. Amine boranes have been shown to promote efficiently alkenes carbohalogenation. The slow formation of trialkylborane during the reaction provides a steady release of alkyl radical. Although the mechanism has yet to be unambiguously established for MMA polymerization initiation, which shows promising results, this provides an easy initiating method compatible with water and air, using non-hazardous reagents. Studies are underway to extend the scope of the amine borane initiation, taking advantage of the alkylboranes specificities without its limitations.
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Scheme 3 :

 3 Scheme 3: Reaction scope -halogeno esters were then tested, and difluoroiodoacetate, fluorobromoacetate, but also bromomalonate, and simple

Table 1 :

 1 Optimization of ATRA reaction

	Entry	Variation from standard conditions	Conv a
	1	BEt3 1M in hexane, 1h, C6D6	26-71%
	2	neat BEt3, 1h, C6D6		60%
	3	none		93-100%
	4	Cy2NH-BH3		88%
	5	TMP-BH3		98%
	6	piperidine-BH3		94%
	7	morpholine-BH3		87%
	8	Bn2NH-BH3		57%
	9	Et3N-BH3		87%
	10	C6H6		88%
	11	C6D6		90%
	12	CH3CN		80%
	13	1,2-dichloroethane		91%
	14	Cyclohexane		88%
	15	dioxane		96%
	16		-	75%
	17 18	1.1% iPr2NH-BH3	90°C tBuOH	100% 62%
	19		H2O	57%
	20	no borane	-	0%
	a Measured by 1 H NMR		
	The mechanism of the reaction was investigated. The radical
	nature of the reaction was quickly confirmed by TEMPO and
	BHT quench experiments (See ESI). Additionally, reactions with
	-pinene and diallyl ether (see scope Scheme 3) unambiguously