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We report the preparation of phosphiranium salts by quaternarization of phosphiranes, a class of sensitive, highly strained and poorly nucleophilic cyclic phosphines. High yielding introduction of a varied set of alkyl groups including methylene ester arms was accomplished under mild conditions. A Cu-catalyzed electrophilic arylation of phosphiranes using diaryl iodonium reagents was also achieved to yield unprecedented P,P diaryl phosphiranium salts with good efficiency.

Nowadays, quaternary phosphonium salts (QPS) represent an important class of organophosphorus compounds which have found a broad spectrum of applications ranging from catalysis, organic synthesis to biological and medical applications. 1 It is therefore not surprising that the access to a large panel of QPS has been widely documented. Until recently, most of the QPS syntheses exploited the nucleophilic properties of phosphorus non-bonded lone pair of electrons to form new bonds with a variety of electrophilic species. 2 In particular, the direct introduction of alkyl groups on tertiary phosphines using alkyl halides (Cl, Br, I) or related sulfonates (Ms, Ts, Tf) as electrophilic partners has been extensively exploited over the years.

Compared to regular phosphines, the reactivity of phosphiranes, which are rather uncommon sub-types of cyclic phosphines, was only scarcely studied (Scheme 1). These three-membered phosphorus heterocyclic systems have been viewed for long as elusive species being largely neglected by the synthetic community. One main reason is that phosphiranes were generally appreciated as highly strained species, moderately stable thermodynamically and, in many instances, subject to ring-fragmentations or rearrangements. 3 Moreover, theoretical calculations also revealed that strain of the small P-heterocycles would cause partial delocalization of the phosphorus lone pair over the cycle, resulting in a decrease of nucleophilicity in comparison to tertiary phosphines. [START_REF] Henderson | [END_REF] In light of these structural characteristics and the resultant reactivity uncertainties, the chemistry of phosphiranes, and in particular quaternarization has been barely approached. To our knowledge, only a handful of such quaternarizations has been reported, all of which being performed using the highly electrophilic alkylating agent methyl trifluoromethanesulfonate. [START_REF]14.0 Hz, 2Cq), 120.4 ([END_REF] Hence, the assessment that phosphiranes can undergo quaternarization with reliability and wide scope is still awaited. We have recently endeavored to tackle this problem and now report our preliminary results showcasing that phosphiranes are promising platform for easy synthesis of quaternary phosphiranium salts (QPrS) by alkylative and arylative functionalization. In particular, an assortment of new derivatives, including P-alkyl, Pmethylene ester and P-aryl units, with appealing and untapped potential reactivity in organic synthesis has been prepared. Scheme 1. General statement for tertiary phosphines (left) and phosphiranes (right)quaternarization;

Since we observed at the early stage of this study that introduction of large substituents on phosphorus significantly mitigated instability issues, we first selected as a model substrate phosphirane 1a incorporating a mesityl (Mes=2,4,6trimethylphenyl) substituent on P, for imparting the ideal balance of thermal stability / resistance to airoxidation / reactivity. 1a was prepared from its parent primary phosphine MesPH2 using a straightforward one-step reaction procedure. 6 A preliminary study first focused on the screening of classical methylating agents and reaction conditions for P-methylation of 1a. 7 Of the set of reagents tested, only the highly electrophilic methyl trifluoromethanesulfonate MeOTf appeared sufficiently reactive to enable alkylation and form the desired phosphiranium salt 2a in almost quantitative isolated yield (Cond. A, Scheme 2). 8 This stands in full agreement both with literature precedents and the expected weak nucleophilicity of 1a resulting from the sterics and the ring strain/electronics relationship discussed above.

Like any strained three-membered ring-systems, phosphiranium triflate 2a is characterized by extreme high field 1 H, 13 C and 31 P chemical shifts as well as large 1 J(C-P) coupling constants. 9,10 It should also be noticed that, in the absence of air and water, the phosphiranium 2a appeared completely stable over several months when stored at -20° C. Modulation of aryl substituents on phosphorus was next evaluated. Preparation of the corresponding Pmethyl,P-supermesityl phosphiranium 2b and its Pphenyl analogue 2c was again performed using MeOTf (1 equivalent) at room temperature in dichloromethane. Both reactions were rapid and clean, requiring only 2 h of stirring at rt to reach completion and give the desired compounds in high yields (Cond. A, 95% and 80%, respectively from phosphiranes 1b and 1c). The high yielding synthesis of phosphiranium 1c adorned with a simple phenyl deserves particular mention, given the relatively modest shielding embedding this substituent.

The quaternarization of C-substituted phosphiranes was next considered. Phosphiranes 1d and 1e respectively incorporating one or two methyl groups on the ring were then reacted with methyl trifluoromethanesulfonate (Cond. A). Fast reactions were again observed leading to full conversion of both phosphiranes 1d and 1e within 1 h to form the corresponding salts 2d and 2e. 11 On one hand, the mono-substituted phosphiranium 2d could be isolated in 98% yield as a mixture of diastereoisomers (dr anti/syn = 77/23). 12 As observed in the parent phosphirane series, the Csubstituted phosphiranium salt 2d appeared to be much less stable than its unsubstituted analog 2a, and partial degradation occurred after only a few hours at rt. These instability issues increased even further with additional substitution as shown by the significant proportion of degradation products formed when attempting to isolate the di-substituted phosphiranium salt 2e from the reaction mixture. 13 To verify whether the nature of the counter-anion could also be modified, P-methylation of 1a was next tested using the Meerwein reagent (Me)3O + BF4 - . The latter was found equally effective as methyl triflate to form the corresponding phosphiranium tetrafluoroborate salt 2f in high yield within 2 h (96%, Cond. B). 8 Rewardingly, it was also shown that the quaternarization step could expand beyond methylation. Indeed, we were pleased to succeed in the P-allylation and P-benzylation of the phosphirane 1a to afford the phosphiranium triflates 3a and 3b, which were isolated in good yields when a sequential one-pot triflation/alkylation protocol was applied from allyl and benzyl alcohols, respectively (Cond. C ). 14,15 Formation of the P-ethyl phosphiranium salt 3c was also attempted from phosphirane 1a using the commercially available ethyl triflate. 16 In this case, a prolonged reaction time of 16 h and heating at 50 °C (Cond. C) were found critical to reach completion and, although the desired QPrS 3c could be formed as the major product, extensive decomposition was also observed preventing its isolation in pure form. 17 To broaden diversity and open new perspectives for further functionalization, introduction of methylene ester (-CH2CO2R) groups on phosphirane 1a was next considered. Since we expected an increased electrophilicity of the -CH2 group adjacent to the proximal ester with respect to the methyl, allyl and benzyl halides, we first tested use of the commercially available bromo-and iodoacetate derivatives. Apart from avoiding the tedious glycolic esters-derived triflate route while providing a simplified protocol, these experiments were also intended to bring valuable information refining our knowledge of phosphiranes general reactivity.

Scheme 2. Preparation of P-alkyl phosphiranium salts 2-3

In line with earlier observations in methyl, allyl and benzyl series, a lack of reactivity was, unfortunately, observed with only partial conversion of 1a and degradation observed after prolonged reaction times. So we finally had to resort to synthesizing the corresponding triflate reagents from the parent hydroxy esters. The triflation step was, somehow surprisingly, a clean process which enabled easy and high yielding (70-82%) isolation of the desired triflates 4a-4d. Their reaction with 1a all proceeded smoothly to give the expected methylene ester phosphiranium triflates 5a-5d in high yields (80-95%) irrespective of the ester group (Scheme 3). 18,19 In all cases, slow reaction rates were observed and the reactions required an extended reaction time of 24 h (versus 2 h for methylation) at room temperature to reach completion. Heating and solvent change were also tested without any improvement. As a whole, triflyloxy acetates 4a-4d turned out to be much more reactive than the corresponding halides, but clearly less than methyl triflate, thereby confirming the weak nucleophilicity of phosphiranes while demonstrating the dominant influence of sterics on reactivity. Disappointingly and for some unclear reasons, attempts to switch the ester function by a trifluoromethyl group completely suppressed the alkylation, and no trace of the corresponding quaternary phosphiranium salt 5e could be detected when mixing 1a with the trifluoroethyl triflate 4e.

Scheme 3. Preparation of P-methylene ester phosphiranium triflates 5a-5e

To further expand our phosphiranium salts portfolio, we next focused on the introduction of aryl groups on phosphirane 1a. We postulated that hypervalent iodine derivatives should be suitable reagents for diarylphosphiranium salt synthesis through electrophilic arylation of phosphirane substrates, 20,[START_REF] Wittig | For examples of metal-free arylation methods[END_REF] thus opening new perspectives in phosphirane functionalization. We were delighted to be able to demonstrate that this was indeed the case.

Table 2 shows selected results of our preliminary exploration of a Cu/CuCl-catalyzed arylative quaternarization reaction of 1a with diaryliodonium triflates 6a-6c. 20d,22 Reaction of 1a with 6a was initially conducted in 1,1,2,2-tetrachloroethane at 140 °C. Under these relatively drastic reaction conditions the diaryl phosphiranium salt 7a was isolated in only 12% yield from the reaction mixture, in spite of complete conversion (entry 1). To limit decomposition, we next performed a series of reactions at lower temperatures and observed progressive yields enhancement following gradual decrease of the temperature (48% at 80 °C vs 81% at 50 °C, entries 2-3). A complete absence of reactivity was however observed at room temperature (entry 4). It is worth mentioning that P,Pdiarylphosphiranium salt 7a proved less stable than its P-Me,P-aryl analog 2a, with faster decomposition occurring in solution even at room temperature. 7a was however found stable enough to be isolated by flash column chromatography on silica gel and could be stored neat for weeks at -20°C, in the absence of air and water. Preparation of the hexafluorophosphate salt analog 7b was run in the same conditions using diphenyliodonium salt 6b. In stark contrast with the triflate case, temperature influenced the reaction outcome only marginally (54% isolated yield at 80 °C vs 58% at 50 °C, entries 5 and 6 respectively), thereby suggesting a greater instability of P,P-diaryl QPrs paired with a hexafluorophosphate anion.

Last, introduction of the electron rich and bulky ptert-butylphenyl group on 1a was attempted. Although the starting phosphirane 1a was rapidly consumed either at 80 °C or 50°C, the phosphiranium hexafluorophosphate salt 7c was isolated in only 14% and 27% yields respectively (entries 7 and 8). At this stage, it is not clear whether these low yields reflect an exacerbated instability of QPrS 7c under the reaction conditions or are the results of an unfavorable aryl transfer.

In conclusion, we have described the preparation of unprecedented quaternary phosphiranium salts, an intriguing and barely explored class of quaternary phosphonium salts. Scheme 4. Arylation of phosphirane 1a with diaryliodonium reagents: Reaction conditions optimization [a] ( [a] Isolated yield; [b] NR = no reaction) To this end, the singular reactivity of their phosphirane precursors, which are highly strained and poorly nucleophilic cyclic phosphines, was studied with regard to quaternarization. Introduction of a varied set of alkyl substituents, ranging from methyl to methylene ester groups, could be accomplished in high yields when using the triflate reagents as the alkylating agents. For triflates which are not commercially available and highly sensitive, a straightforward and efficient one-pot triflation/alkylation procedure was developed. We have also demonstrated that use of hypervalent iodine reagents in a Cu-catalyzed electrophilic arylation of phosphirane offer a facile to bis-arylated compounds, thus broadening our library of phosphiranium salts. This work allowed access to known and new structures with fascinating yet untapped synthetic potential for new phosphorus chemistry. Studies on those aspects are currently ongoing in our laboratory and will be reported in due course. ( 7) Partial conversions of phosphirane 1a to the corresponding P-methyl phosphiranium salts were observed after prolonged reaction times using other methylating agents by 31 P-NMR monitoring. Attempts to complete the methylation reactions all failed to give the products in satisfactory yields. Prolonged reaction times and heating were rather found to favor degradation of both substrate 1a and quaternarization products. Results not shown. ( 8) General procedure for the preparation of P-Me phosphiranium salts 2 (conditions A or B): To a solution of phosphirane 1 (1.0 equiv) in CH2Cl2 (0.5 M) was added methyl trifluoromethanesulfonate or trimethyloxonium tetrafluoroborate (1.0-2.0 equiv) dropwise at room temperature. The mixture was then stirred at room temperature and conversion of the starting material was monitored by 31 P NMR (approximatively 2 h). The reaction mixture was then concentrated under reduced pressure to give the title compounds 2. 1-mesityl-1-methylphosphiran-1-ium trifluoromethane-sulfonate (2a) Prepared from 1-mesitylphosphirane 1a (0.84 mmol) using the general procedure with methyl trifluoromethanesulfonate (2.0 equiv). Reaction time: 2 h. The title compound 2a was isolated as a white solid (290 mg, 99% yield). Rf = 0.40 (DCM/ EtOAc: 60/40); mp 58-60 °C ; IR (neat) υ 2941, 1604, 1250, 1031, 940 cm -1 ; 1 H NMR (300 MHz, CDCl3, 20°C) δ 6.99 (d, 4 JH-P = 6.0 Hz, 2H), 2.74 -2.60 (m, 2H), 2.57 (d, 4 JH-P = 1.6 Hz, 6H), 2.26 (s, 3H), 2.20 (d, 2 JH-P = 17.8 Hz, 3H), 2.15 -2.03 (m, 2H); 13 C NMR (75 MHz, CDCl3, 20°C) δ 146.9 (d, 4 JC-P = 3.0 Hz, Cq), 144.5 (d, 3 JC-P = 11.0 Hz, 2 CH), 130.0 (d, 2 JC-P = 13.2 Hz, 2 Cq), 120.3 (q, 1 JC-F = 320.2 Hz, Cq), 110.7 (d, 1 JC-P = 93.8 Hz, Cq), 22.0 (d, 3 JC-P = 9.1 Hz, 2 CH3), 21.3 (d, 5 JC-P = 1.7 Hz, CH3), 9. proposed by analogy and in accordance with Gaspar and co-workers' work who described the stereoselective synthesis of the parent phosphiranes and 1e, see: Li, X.; Robinson, K. D.; Gaspar, P. P. J. Org. Chem. 1996, 61, 7702; (b) It is worth noting that due to instability issues, which differ from one diastereomer to another in both the phosphirane and the phosphiranium series, significant variations in the dr values of the isolated products may be observed. (13) It should be noted that due to their increased instability: (a) HRMS and IR data are missing from the characterization of phosphiranium 2d; (b) neither determination of a reliable chemical yield nor full characterization of the quaternarization product 2e could be done. ( 14 

  3 (d, 1 JC-P = 4.4 Hz, 2 CH2-P), 5.4(d, 1 JC-P = 50.1 Hz, CH3-P); 31 P NMR (121 MHz, CDCl3, 20°C) δ -116.1; 19 F NMR (282 MHz, CDCl3, 20°C) δ -78.4; HRMS (ESI) m/z calculated for C12H18P [M] + : 193.1146, found 193.1144 (9) The 31 P NMR spectrum shows a single peak at -116.4 ppm for 2a, while the methyl group on P appears as a doublet at 2.20 ppm ( 2 JP-H = 17.8 Hz) in the 1 H NMR spectrum. In comparison, acyclic phosphonium analog of 2a gives a signal at +21.2 ppm in the 31 P NMR spectrum, see : Sattler, A.; Parkin, G. Chem. Commun. 2011, 47, 12828 (10) Similarly, phosphiranes give the most upfield 31 P-NMR signals known for tertiary phosphines. As a representative example, our model phosphirane 1a gives a signal at -240.4 ppm in the 31 P NMR spectrum. (11) (a) The stereochemistry anti and syn refers to the relative position of the substituent on the ring carbon to the mesityl substituant at phosphorus; The reaction was performed from a diastereosiomeric mixture of syn-and anti-1-mesityl-2methylphosphirane 1d; (b) The reaction was performed from the racemic trans-1-mesityl-2,3dimethylphosphirane 1e. (12) (a) Stereochemistry of the products 2d and 2e are

1 :

 1 3 (d, 3 JC-P = 16.2 Hz, CH2), 123.5(d, 2 JC-P = 14.0 Hz, CH), 120.3 (q, 1 JC-F = 319.6 Hz, CF3), 109.3(d, 1 JC-P = 86.1 Hz, Cq), 25.8(d, 1 JC-P = 42.6 Hz, CH2-P),22.5 (d, 3 JC-P = 7.9 Hz, 2 CH3), 21.5(d, 5 JC-P = 1.2 Hz, CH3), 9.0 (m, 2 CH2-P); 31 P NMR (121 MHz, CDCl3, 20°C) δ -114.1; 19 F NMR (282 MHz, CDCl3, 20°C) δ -78.5; HRMS (ESI) m/z calculated for C14H20P [M] + : 219.1303, found: 219.1298 (16) Crude yield estimated from 1 H NMR analysis of the crude mixture. (17) Formation of P-ethyl phosphiranium triflate 3c as a major product was observed by monitoring progress of the quaternarization reaction starting from phosphirane 1a by 1 H and 31 P NMR. The 31 P NMR spectrum shows a single peak at -109.6 ppm for 3c, while the ethyl group on P appears as a dt at 1.42 ppm (3H, 3 JP-H = 27.0 Hz and 3 JH-H = 7.6 Hz) and a multiplet at 2.50-2.25 ppm (2H) in the 1 H NMR spectrum. (18) General procedure for the preparation of Pmethylene ester phosphiranium triflates 5: a) Triflate reagents formation : To a solution of the corresponding glycolic ester (1 equiv) and pyridine (1.3 equiv) in CH2Cl2 (0.25 M) at -10°C, was added triflic anhydride (1.15 equiv) dropwise, under argon atmosphere. Reaction was stirred 1h at -10°C and 3.5 h at room temperature. Degazed water (0.2 M) was next added to the reaction mixture. After decantation, the aqueous layer was extracted with CH2Cl2 (3 x 5 mL/mmol). The combined organic layers were then combined, dried over MgSO4, filtered and concentrated under vacuum to give the corresponding triflate reagents 4. b) Alkylation of phosphirane To a solution of phosphirane (1 equiv) in MeCN (0.2 M) was added the corresponding triflate reagent 4 (1 equiv). The reaction mixture was then stirred at room temperature under argon atmosphere until complete
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