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Boronic-acid Mediated Carbo-cyanation of Olefins and Vinylation of Alkyl Iodides

Phenylboronic acid was shown to mediate the free-radical multicomponent carbo-cyanation of olefins and the addition of alkyl iodides onto vinylsulfones. Reaction of the boronic acid with di-tertbutyl hyponitrite generates an aryl radical, which was able to selectively abstract the iodine atom from alkyl iodide precursors to form the key C-centered radical precursor. Arylboronic acids may thus be considered as efficient tin surrogates in these free-radical processes.

Introduction

While transition-metal catalyzed processes [1] constitute a powerful method to build C-C bonds, free-radical strategies offer an attractive alternative, allowing consecutive C-C bond formations through cascade and multicomponent reactions. [2] The addition of alkyl radicals onto C=C bonds provides an effective mean to construct C-C bonds as it is energetically favorable. [START_REF] Subramanian | Comprehensive Organic synthesis[END_REF] This addition generates a new radical species, which may then react further with a radical trap, or be oxidized or reduced respectively into carbocation or carbanion species. [START_REF] Renaud | Radicals in Organic Synthesis[END_REF] Unsaturated sulfone derivatives (vinyl-, alkynyl, cyano,…) are well-known efficient radical traps for alkyl radicals, affording, through an addition-elimination process, a new unsaturated system, along with a sulfonyl residue (Figure 1, eq. 1). [5] The power of this strategy has been illustrated earlier with simple addition of alkyl halides to vinylsulfones, [6] and more recently in three-component olefin carbo-alkynylation, alkenylation and cyanation, using the corresponding arylsulfonyl precursors (Figure 1, eq. 2). [5b,7] Depending on the nature of the substituent on the sulfonyl group, the reaction however requires that a tin reagent is present in the medium to sustain the radical chain (Figure 1, (3)). The concomitant need for tin reagents, having perceived toxicity, still hamper the development of C-C bond forming processes using arylsulfonyl derivatives. While several solutions to this problem have been reported in recent time, [8] including the use of alkylsulfonyl analogues, [5a,d][9] there is still a need for environmentally benign alternative methods to promote radical processes using arylsulfonyl derivatives. Moreover, the synthesis of the latter has been recently studied extensively, making them readily available reagents. [10] Bu 3 Sn We report here on the development of a "tin-free" strategy, using phenylboronic acids to mediate the three-component carbocyanation of olefins and the vinylation of alkyl halides under radical conditions. It is shown that alkyl radicals may be selectively generated through the fast abstraction (k ~ 10 9 M -1 s - 1 ) [11] of iodine atom from alkyl iodides by aryl radicals, issued from the fragmentation of arylboronic acids under oxidative conditions. [12] This fast abstraction outperforms all other competitive processes which might occur in the medium, including the addition to sulfonyl derivatives or the olefin partners. [START_REF]Model reactions involving phenylboronic acids and DTBHN in the presence of p-TsCN, vinylsulfones or olefins did not provide addition products[END_REF] Arylboronic acids are thus stable aryl radical precursors, which may be regarded as useful tin surrogates in above radical processes.
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Results and Discussion

Our studies started with the search for an oxidant able to initiate the formation of the desired aryl radical.Preliminary studies were thus carried out using α-iodothioester 2a as a radical precursor, 2-ethylbutene 3a as model olefin and p-TsCN as a cyanide source in the presence of PhB(OH)2 1 in benzene as a solvent. Several oxidants were tested as summarized in Table 1. We first investigated the use of di-tert-butyl hyponitrite (DTBHN), as recent studies by Hayashi and co-workers showed that boronic acids reacted cleanly with DTBHN to produce the corresponding aryl radical. [START_REF] Uchiyama | [END_REF] Using conditions for the 3-component carbocyanation of olefins reported earlier, we were pleased to observe that using DTBHN and replacing (Bu3Sn)2 with 1 eq. of PhB(OH)2 1 led to the expected 4a in 44% yield (Table 1, entry 1). The absence of 1 led to no reaction showing the importance of the boronic acid in the transformation (entry 2). Increasing the amount of 1 furnished 4a in 60% yield (entry 3), while a further increase led to little improvement (entry 4). The amount of DTBHN was also varied and surprisingly, an increase of the hyponitrite did not raise the yield (entries 5-6), while decreasing the quantity to 0.6 eq. had a dramatic effect on the isolated yield of 4a (entry 7). It is important noticing that in contrast with previous work using (Bu3Sn)2 reagent [7] (see Figure 1, ( 3)), the PhSO2 radical does not react with the boronic acid. [15] The process is therefore not a chain and requires at least a stoichiometric amount of DTBHN. Although conditions described in entry 3 seemed optimal, a rapid screening of other peroxides was performed as DTBHN is quite expensive.

Results summarized in entries 8-12 (Table 1) indicate that only PhCO2t-Bu in the presence of a catalytic amount of Cu(II) [16] was able to afford acceptable yields of 4a (entry 11), albeit inferior to those observed with DTBHN. Surprisingly, a poor yield was obtained with t-BuOOt-Bu, while as in DTBHN a t-BuO radical is generated upon heating at 130°C. Mn(OAc)3 in 1,2dichloroethane (DCE) was also tested (not shown), as it is known to react efficiently with boronic acids, [17] but it failed to afford traces of 4a. Using DTBHN as an oxidant, we also varied the amount of 2a (entry 13), p-TsCN (entry 14) and 3a (entry 15), showing that the olefin and the cyanide source must be used in excess. Finally, variation of the nature of the solvent was also looked at, using for instance DCE or t-BuOH, which afforded respectively 28% and 3% of 4a, while CH3CN and acetone did not afford the required compound. The nature of the boron derivative was also varied. For instance, using the phenylpinacolborate instead of 1 led to 4a in only 19% yield. Modifying the nature of the aryl radical using 4-MeOPhB(OH)2 instead of 1, led to 50% yield. Amongst the byproducts that were formed, we were able to isolate a small quantity of i (Table 1), which results from the carbo-cyanation of isobutene, itself likely issued from the decomposition of t-BuOB(OH)2. Entry 2a (eq.) 3a (eq.) 1 (eq.) Oxidant (eq.) 13 [c] 2 1 1 DTBHN (1.2) 2 11 [d] 14 [e] 1

Time (h) Yield [%] [a] 1 1 2 1 DTBHN (1.2) 2 44 2 1 2 0 DTBHN (1.2) 2 0 3 1 2 2 DTBHN (1.2) 2
2 1 DTBHN (1.2) 2 16 15 1 3 2 DTBHN (1.2) 2 57 16 1 2 2 [f] DTBHN (1.2) 2 50
[a] Yield of isolated products. [b] 130°C. [c] 1:1 CH2Cl2/water was used as a solvent. [d] Trace amount of compound i below was also isolated. [e] 1.2 eq. of p-TsCN was used. [f] 4-MeOPhB(OH)2 was used instead of 1.

With the optimal conditions set up in entry 3 in hands, we then studied the scope of the reaction, varying first the nature of the olefin (Scheme 1). The process proved to be compatible with a range of functional groups, including ketones, nitrile, phosphonates, but also bromides and carbamates. Yields range from moderate to good. The radical nature of the process is indicated by the formation of nitrile 4j, generated from carbocyanation of β-pinene. [18] PhSOC CN i These preliminary studies were then extended to radical addition varying the nature of the radical precursor 5a-d (Scheme 2). Several iodides bearing an ester (5a), α,α-difluoroester (5b), nitrile (5c) or sulfone groups (5d) were reactive under the above conditions, affording the desired nitriles 6a-g in moderate to excellent yields. Difference of reactivity between iodides 5a and 5b is worth noticing, [19] the former generally leading to higher yields. This observation had already been made previously in carbo-alkenylation reactions. [7e] Several contrasting reports have appeared recently concerning role of fluorine substituents in C-centered radicals. [20] While the strong electronegativity of the fluorine atom should increase the electrophilicity of radical intermediate I (Figure 1 (3)) and thus lead to improved reactivity toward electron-rich olefins, this is not reflected in terms of yield of 3-component adducts (compare 6b, 6d with non-fluorinated analogues 6a, 6c). A recent report by Dolbier and co-workers [21] showed that difluoroalkyl radicals (RCF2 . ) reacted faster with the most electron-deficient olefins, as a result of a polarized transition state. Charge transfer from RCF2 . to acrylonitrile for instance was shown through computational studies to lead to the development of a positive charge at the RCF2 carbon center stabilized by the electron-donation of fluorine atoms. Although 5b also bears an additional ester group, the resulting radical species may not be so electrophilic, explaining its moderate reactivity toward electronrich olefins. Similar observations were done during previous studies with related polyfluoroalkyl radicals. [7e,f] Finally, reaction with electron-rich olefins such as vinyl pivalate led to the desired nitrile 6g-a, along with the sulfonylcyanation product 6g-b. The reaction was also applied to dienes 7, 9 and 11, leading to the desired 3-component adducts albeit in moderate yields, but generally good diastereoselectivity (Scheme 3). The stereochemistry of 8, 10 and 12 were in good agreement with those of related carbo-alkenylation products prepared earlier. The cyanation using sulfonylcyanide being efficient, we also extended our investigation to the development of a carboalkenylation and vinylation of alkyl halide. [6,8] We first studied the addition of simple alkyl iodides to vinyl disulfone 14, an efficient radical trap. [6n,7e] Under the same conditions than above, the expected vinylated products were formed in satisfying yields (Scheme 4). Primary, secondary and tertiary alkyl radicals added efficiently onto 14. Interestingly, formation of vinylsulfone 15f occurred with high stereocontrol and inversion of configuration of the neomenthyl iodide precursor 13f. Finally, other vinylation agents, including diethyl-2-(chloromethylene)malonate), [7e] 1,1,2trichloroethylene, [22] or (E)-ethyl-3-chloro-2-(phenylsulfonyl)acrylate were also tested but led to disappointing results with yields not exceeding 20%. Our efforts to extend the above vinylation to a three-component carbo-alkenylation process [7e] unfortunately met with little success, affording moderate yields of products, as exemplified below with the carbo-alkenylation of vinyl pivalate 3i, which led to the 3component adduct 16 in 36% yield (Scheme 5). A final experiment was carried out in order to identify the presence of an aryl iodide and thus the formation of an aryl radical as the initiator of the radical process. Carbo-cyanation of n-octene 3f was thus carried out as described above, using functionalized boronic acid 17 instead of 1 to allow for the isolation of the corresponding aryl iodide (Scheme 6). Under these conditions, the carbo-cyanation product 4f was formed as the major compound, along with the sulfonyl-cyanation product 18 and the expected aryl iodide 19. As mentioned above, this radical process is not a chain reaction, and the electrophilic sulfonyl radical, formed upon fragmentation of p-TsCN, may thus react with excess olefin to generate 18. Based on these experimental evidences, the mechanism of the above radical processes may be summarized as in Figure 2. Addition of the alkoxy radical (resulting from the thermal decomposition of DTBHN) onto boronic acid 1, generates the phenyl radical (eq. 1). [START_REF] Uchiyama | [END_REF] The latter then abstracts the iodine atom from the alkyl iodide (eq. 2), to form radical I, which then reacts with the electron-rich olefin to generate a new nucleophilic radical II (eq. 3), being finally trapped by the sulfonyl derivative, leading to the addition product, along with the sulfonyl radical (eq. 4). PhSO2 radical does not react with 1 and thus is not able to propagate the radical chain. [15] This has two consequences: (1) equimolar amount of oxidant is required; (2) the sulfonyl radical accumulates in the medium during the reaction and may, with electron-richer olefins, provides sulfonyl-cyanation products such as 18. [7f] Fortunately, addition of sulfonyl radicals onto olefins is a reversible (fast) process, [START_REF] Chatgilialoglu | Rate constant for sulfonyl radical β-elimination[END_REF] so that sulfonyl-cyanation generally does not impede the desired carbo-cyanation pathway.
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Conclusions

As a summary, we have described a "tin-free" carbo-cyanation of olefins and vinylation of alkyl iodides using phenyl boronic acids as radical mediators. The reaction of the t-BuO radical, resulting from the decomposition of DTBHN, with the boronic acid generates an aryl radical, which then abstracts the iodine atom from alkyl iodides to form a C-centered radical, finally adding onto the olefin to form a new C-C bond. Moderate to excellent yields of 2-and 3-component adducts are finally obtained, through a methodology, which is operationally simple, using readily available PhB(OH)2.

Experimental Section

General Information: All reactions were carried out under an argon atmosphere with dry solvents under anhydrous conditions. Yields refer to chromatographically and spectroscopically ( 1 H NMR) homogeneous materials. Commercial reagents were used without purification, unless otherwise stated. Silica gel 60M (230-400 mesh ASTM) was used for flash chromatography. In some cases, silica gel was preliminary deactivated by mixing with 5% (v/v) of triethylamine. CH2Cl2 was dried over activated alumina columns on MBraun Solvent Purification System (SPS-800). DCE and MeCN were distilled from CaH2 and benzene was distilled from Na/Benzophenone. 1 H-NMR and 13 C-NMR were recorded on a Brüker Avance-300 FT ( 1 H: 300 MHz, 13 C: 75.5 MHz), a Brüker DPX-400 FT ( 1 H: 400 MHz, 13 C: 100.2 MHz) and a Brüker Avance 600 ( 1 H: 600 MHz, 13 C: 150.9 MHz) apparatus using CDCl3 as internal reference unless otherwise indicated. The chemical shifts (δ) and coupling constants (J) are expressed in ppm and Hz respectively. FT-IR spectra were recorded on a Perkin-Elmer Spectrum 100 using a diamond ATR accessory. HRMS were recorded with a Waters Q-TOF 2 spectrometer in the electrospray ionization (ESI) mode.

Boronic-acid mediated carbo-cyanation -General procedure. To a solution of iodide precursor 2a (1 eq.) in dry benzene (1 M), were added olefin 3a-m (2 eq.), p-toluenesulfonyl cyanide (2 eq.) and phenyl boronic acid 1 (2 eq.), and the reaction mixture was degassed for 10 min. Then, the process was initiated by adding slowly DTBHN (1.2 eq) at room temperature. The mixture was then stirred at 65°C and the reaction progress monitored by TLC. After the reaction was completed, the mixture was concentrated under reduced pressure and the residue purified by chromatography on silica gel.

Boronic-acid mediated vinylation of alkyl iodides -General procedure. To a solution of alkyl iodide 13a-g (1 eq.) in dry benzene (1.0 M), was added (E)-1,2-bis(phenyl-sulfonyl)ethene 14 (2 eq.) and phenyl boronic acid 1 (2 eq.). The reaction mixture was then degassed for 10 min under argon, and the process initiated by adding DTBHN (1.2 eq.). The mixture was stirred at 65°C and the reaction progress monitored by TLC.

After the reaction was complete, the solvent was concentrated under reduced pressure and the residue purified by chromatography on silica gel.

Figure 1 .

 1 Figure 1. Tin-mediated C-C bond formation using addition of alkyl halides to unsaturated sulfonyl derivatives.

  Scheme 1. PhB(OH)2-mediated carbo-cyanation of olefins. Variation of the nature of the olefin.

  Scheme 2. PhB(OH)2-mediated carbo-cyanation of olefins. Variation of the nature of the radical precursor.

Scheme 3 .

 3 Scheme 3. PhB(OH)2-mediated carbo-cyanation of dienes.

Figure 2 .

 2 Figure 2. Phenylboronic acid mediated three-component carbofunctionalization of olefins.

Table 1 .

 1 Phenylboronic acid-mediated carbo-cyanation of olefin. Search for an oxidant.
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