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ABSTRACT: Tri(t-butyl)phosphine and terminal alkynes undergo 1,2-phosphorus-migrative [3+2] cycloaddition in the presence of a proton source under photocatalytic conditions. The reaction exhibits broad functional group tolerance and affords substituted cyclic phosphonium salts, which are amenable to further derivatization by Wittig olefination. Theoretical studies suggest that the phosphorus 1,2-migration of a β-phosphonioalkyl radical proceeds through a phosphine radical cation–alkene complex as a pseudo-intermediate, and the two fragments in the intermediate are bound to each other through multiple noncovalent interactions.
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INTRODUCTION 
Alkyl radical species can undergo 1,2-migration of various β-substituents, generating thermodynamically more stable alkyl radicals at the vicinal position.1 Most studies have involved carbon atom migrations such as aryl,2 alkenyl,3 alkynyl,4 and carbonyl5 groups. In contrast, 1,2-migrations of heteroatoms have rarely been reported, being limited to those of oxygen,6 boron,7 and halogen8 atoms (Figure 1a). To the best of our knowledge, 1,2-phosphorus migration of alkyl radicals has not been reported despite the established utility of anionic 1,2-phosphorus migration,9 known as the phospha-Brook rearrangement,10 as a powerful synthetic tool.
In our continuing investigation of the reactivity of phosphonioalkyl radical species,11 we discovered an unprecedented phosphorus migration reaction. Here, we report a photocatalytic [3+2] cycloaddition of tri(t-butyl)phosphine with terminal alkynes involving 1,2-phosphorus migration of β-phosphonioalkyl radicals (Figure 1b). The 1,2-P-migrative formal [3+2] cycloaddition provides ready access to highly substituted phospholanium salts, which can be further converted into structurally diverse trialkylphosphine oxides by Wittig olefination in a one-pot process. Computational investigations suggested the possibility that 1,2-P migration proceeded via an elimination/addition pathway through a phosphine radical cation–alkene van der Waals complex as a pseudo-intermediate.
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Figure 1. Radical 1,2-Migration reactions. 

ReSULTS AND DISCUSSION 
Reaction Development. Initially, a mixture of tri(t-butyl)phosphonium tetrafluoroborate [(t-Bu)3PH+·BF4– (1·HBF4), 0.10 mmol], tri(t-butyl)phosphine (1, 0.01 mmol, 10 mol%), and methyl propargyl ether (2a, 0.20 mmol, 2.0 equiv) in acetonitrile (CH3CN, 1 mL) was irradiated with blue light (470 nm) at ambient temperature for 15 h in the presence of a photoredox catalyst (4-CzIPN, 0.005 mmol, 5 mol%). After removal of volatiles, the resulting solids were washed with tetrahydrofuran/Et2O to obtain analytically pure cyclic phosphonium salt 3a in 84% yield (Scheme 1). The phosphonium salt (3a) could be recrystallized from methanol/Et2O, and its chemical structure was unambiguously determined by X-ray diffraction analysis (CCDC: 2241071). The product had a Me,Me-disubstituted quaternary carbon center β to the phosphorus atom of the phospholane ring, indicating the occurrence of 1,2-P migration. The reaction showed exclusive regioselectivity without forming isomers 3a’ and 3a”. Light, 4-CzIPN, and the free phosphine (1) were all indispensable for the formation of 3a. Use of the free phosphine (1) as a substrate instead of phosphonium salt 1·HBF4 together with NH4·BF4 as a proton source gave the identical product in comparable yield. Thus, phosphonium salt 1·HBF4 acted as both the substrate and the proton source (see Supporting Information for details of reaction optimization).
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Scheme 1. Photocatalytic 1,2-P-migrative [3+2] cycloaddition of 1·HBF4 with 2a.
Scope of Alkynes. With the optimal conditions in hand, the scope of alkynes was examined (Table 1). 1-Pentyne, 1-octyne, and 4-phenyl-1-butyne gave the corresponding phosphonium salts (3b-3d) in good yields. Cyclopropylacetylene was also a suitable substrate, giving no ring-opening product. Hydroxy groups of propargyl alcohol and 3-butyn-1-ol were not affected, affording hydroxy-substituted phosphonium salts 3f and 3g in high yields. The reaction was applicable to sterically more congested propargylic alcohol (3h) and silyl alkynes (3i and 3j). A chlorine atom and functional groups such as carboxylic acid, ester, and amide were tolerated, and the corresponding products (3k–3n) were obtained in yields ranging from 51% to 75%. Alkynes with C(sp2)–Cl and C(sp2)–Br bonds afforded 3o and 3p with the carbon–halogen bonds intact. Oxygen- and nitrogen-containing heterocycles were compatible (3q and 3r). To demonstrate further functional group tolerance, alkynes derived from pharmaceuticals were examined. Diclofenac and indomethacin-derived alkynes participated in this reaction to give phosphonium salts 3s and 3t in 80% and 77% yields, respectively. On the other hand, the reactions with internal alkynes and phenylacetylene derivatives gave a mixture of unidentified phosphonium salts that were difficult to separate. 
Table 1. Substrate scope.a
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a 1·HBF4 (0.10 mmol), 1 (0.01 mmol, 10 mol%), alkyne (2, 0.20 mmol, 2.0 equiv), 4-CzIPN (0.005 mmol, 5.0 mol%), CH3CN (1 mL), ambient temperature, 15 h, blue light (470 nm). Isolated yield.

Limitations of Phosphine Substrates. The phosphorus-migrative cycloaddition reaction was specific for tri(t-butyl)phosphine among the phosphines examined so far. Tri(1-adamantyl)phosphine (4) underwent a cycloaddition reaction without going through 1,2-phosphorus migration, affording ring-fused phospholanium salt 5 in 62% yield (Scheme 2). Tertiary phosphines with less branched P-substituents such as tri(n-butyl)phosphine, triisopropylphosphine, and di(t-butyl)methylphosphine did not give any cyclization products, suggesting the importance of steric effects in a cyclization step (vide infra for the discussion of reaction mechanism). 
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Scheme 2. Reactions of trialkylphosphines other than tri(t-butyl)phosphine.

Table 2. Sequence of photoreaction and Wittig olefination.a
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a 1) 1·HBF4 (0.10 mmol), alkyne (2, 0.20 mmol, 2.0 equiv), 4-CzIPN (0.005 mmol, 5.0 mol%), P(t-Bu)3 (1, 0.01 mmol, 10 mol%), CH3CN (1 mL), ambient temperature, 15 h, blue light (470 nm). 2) LDA (1.0 M in Et2O, 0.20 mmol, 2.0 equiv), THF, 0 ℃, 1 h; aldehyde (6, 0.30 mmol, 3.0 equiv), rt, 12 h. Isolated yield.
Synthetic Application. Cyclic phosphonium salts can be versatile reagents for the Wittig reaction in the synthesis of functionalized alkenes.12 Thus, we performed a sequence of the photocatalytic reaction and Wittig olefination in a one-pot process (Table 2). After the photocatalytic reaction of 1·HBF4 with alkynes, the reaction mixture containing the phosphonium salt was treated with lithium diisopropylamide (LDA) to generate the corresponding phosphorus ylide, to which an aldehyde was added to afford (E)-alkene phosphine oxides (E/Z >95:5). Interestingly, the Wittig reaction occurred at the sterically more hindered carbon with exclusive selectivity. Various alkynes were subjected to the one-pot sequence, furnishing the corresponding phosphine oxides (7aa, 7da, 7ea, and 7ka) in moderate yields. 4-Chlorobenzaldehyde (6b) and cinnamaldehyde (6c) were also suitable substrates for the Wittig reaction, giving phosphine oxides 7ab and 7ac with exclusive regio- and stereoselectivities.
Mechanistic Experiments. To gain mechanistic insights into the 1,2-P-migrative [3+2] cycloaddition, a control experiment and deuterium-labelling experiments were conducted. The reaction of 1·HBF4 in the absence of the alkyne (2) confirmed that 1,2-P migration requires the alkyne (2), suggesting that the migration occurs after incorporation of the alkyne into the molecule (Scheme 3a). When the reaction was conducted in the presence of D2O, a deuterium atom was introduced at the position α to the phosphorus atom in the cycloaddition product (3h-d1), suggesting that a phosphorus ylide intermediate was involved in the reaction pathway and that the ylide was instantaneously deuterated by D2O (Scheme 3b).13 
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Scheme 3. Mechanistic experiments.
Furthermore, the reaction of 1·HBF4 with a terminally deuterated alkyne (2h-d) in the presence of D2O afforded an α,α-dideuterated phosphonium salt (3h-d2), indicating that C–P bond formation occurred at the terminal carbon of the alkyne (Scheme 3c). Next, the tetrafluoroborate salt of deuterated tri(t-butyl)phosphine (1-d27·HBF4, D/H = 94:6) was employed in the reaction with alkyne 2h (Scheme 3d). One of the deuterium (or hydrogen) atoms of 1-d27 was transferred to the methine carbon of the produced phosphonium (3h-d27) with a significant decrease in the deuterium/hydrogen ratio (58:42).14
Proposed Mechanism. A possible reaction pathway in accord with the experimental results is given in Scheme 4. Initially, an excited photocatalyst (PC*) oxidizes tri(t-butyl)phosphine (1) to generate phosphine radical cation A and a reduced state of the photocatalyst (PC•–).15 The radical cation (A) then attacks the alkyne at the terminus to form alkenyl radical species B.11b,11d The resulting highly reactive sp2-carbon radical abstracts a hydrogen atom11d from one of the t-butyl groups to generate β-phosphonioalkyl radical C. Based on the experimental result shown in Scheme 3d, the kinetic isotope effect during hydrogen atom transfer is estimated to be significant (kH/kD > 7.4), supporting this radical pathway. Next, radical C undergoes 1,2-P migration to furnish tertiary alkyl radical D, which is thermodynamically more stable than the primary alkyl radical (C). Nucleophilic alkyl radical D undergoes intramolecular Giese-type radical addition to the phosphonio-substituted alkene moiety,16 producing a P-adjacent alkyl radical (E). Single-electron transfer from the reduced state of the photocatalyst (PC•–) to the P-adjacent alkyl radical (E) produces phosphorus ylide F, regenerating the ground-state photocatalyst (PC). Finally, protonation of ylide F with 1·HBF4 produces phospholanium salt 3 along with 1, which enters the next photocatalytic cycle.
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Scheme 4. Plausible reaction pathway for photocatalytic reaction of 1 with alkyne.
Quantum Chemical Calculations. Further mechanistic insights into the unprecedented 1,2-phosphorus migration were provided by quantum chemical calculations on the reactions of simplified β-phosphonioalkyl radical species (INT8) that corresponds to intermediate C in Scheme 4. A concerted “C(1)–P bond cleavage”/“C(2)–P bond formation” pathway and a stepwise “homolytic radical elimination”–“radical addition” pathway17 were explored at the ωB97XD/6-31+G(d,p)/SMD(CH3CN) level of theory (Figure 2a). In the concerted pathway, the primary alkyl radical intermediate (INT8, 0.0 kcal mol–1) underwent 1,2-phosphorus migration with a Gibbs free energy barrier as high as 26.1 kcal mol–1 to form thermodynamically more stable tertiary alkyl radical INT9 (–18.5 kcal mol–1). Reflecting the concerted nature of the process, as the C(1)–P bond becomes elongated, the C(2)–P bond shortens, until the C(1) and C(2) atoms are bonded nearly equally to the P atom in the transition state (TS8–9) [C(1)–P 2.06 Å, C(2)–P 2.01 Å]. Throughout this concerted process, the C(1)–C(2) single bond length remains nearly unchanged. On the other hand, the stepwise pathway proceeds with a much lower barrier (TS8–10, 8.3 kcal mol–1) to produce a van der Waals complex (10) between a tertiary phosphine radical cation and an alkene (isobutene) as a pseudo-intermediate [C(1)–P 3.42 Å, C(2)–P 3.49 Å, C(1)–C(2) 1.34 Å], which undergoes P-radical addition to the alkene at the terminal C(2) atom to produce INT9 in a barrierless process. Thus, the stepwise pathway is evaluated to be more feasible than the concerted pathway. For the stepwise pathway, the spin density of the system, which is initially localized at the C(2) atom (INT8), is partially distributed to the P atom at TS8–10 and completely shifts to the P atom at the pseudo-intermediate (10). The spin density at the P atom is then completely transferred to the C(1) atom (INT9) through P-radical addition to the alkene. The alkyl radical moiety [-C(CH3)2–CH2·] of INT8 has a small negative NBO charge (–0.15), reflecting the polarized nature of the C–P bond. In TS8–10, the positive charge of the phosphonium moiety is partly distributed to the alkyl radical (alkene) moiety (+0.21). In pseudo-intermediate 10, the alkene moiety is electronically almost neutral (+0.03), and most of the positive charge is distributed to the phosphine cation radical moiety (+0.97), indicating that electronic interaction between the two fragments is small in accord with the assignment of this species as a van der Waals complex. Upon re-addition of the phosphine radical cation to the alkene moiety at the C(2) atom, the small negative NBO charge (–0.16) of the alkyl radical moiety is recovered.
The outcome of the reaction of tri(1-adamantyl)phosphine (4) and 2i (Scheme 2) affording direct cyclization product 5 without going through 1,2-P migration, which requires the intermediacy of a highly strained bridgehead alkene, is strongly supportive of the proposed reaction mechanism involving the radical cation/alkene complex.


[image: ]
Figure 2. (a) Calculated energy diagrams of concerted and stepwise pathways for 1,2-phosphorus migration. All energies are relative to INT8 (kcal mol–1). Spin density is depicted with the red mesh. INT: intermediate, TS: transition state. (b) Visualization of noncovalent interactions in pseudo-intermediate 10. Attractive interactions are depicted with the green isosurface. (c) Visualization of bond critical points in 10. The electron density values are given at the selected bond critical points [ρbcp (eÅ−3)]


For more detailed insights into the nature of the van der Waals complex between the phosphine radical cation and the alkene as a pseudo-intermediate (10), noncovalent interaction analysis was conducted by the IGMH method18 (Figure 2b) and by Atoms-in-molecules analysis19 (Figure 2c) with the Multiwfn software.20 The most significant noncovalent interaction is found between the pyramidalized phosphine radical cation center and the π-electrons of the isobutene fragment [ρbcp(r) (the electron density at the bond critical point) = 0.010].21 In addition, multiple sp3-C–H/sp3-C–H London dispersion interactions are indicated between the radical cation and isobutene fragments [ρbcp(r) = 0.005–0.007], suggesting that these complementary noncovalent interactions may contribute to the existence of the radical cation–alkene van der Waals complex as a pseudo-intermediate22 and to the successful occurrence of 1,2-P-migrative [3+2] cycloaddition by the use of tri(t-butyl)phosphine as a phosphorus source. 
Alkene Exchange Experiment. To provide further experimental support for the theoretically and experimentally suggested existence of the phosphine radical cation–alkene van der Waals complex, we carried out the reaction of deuterated tri(t-butyl)phosphine (1-d27·HBF4) with alkyne 2h in the presence of non-deuterated isobutene (Table 3). The deuterium/hydrogen ratio decreased at the α-position (shown in a purple circle) in a dose-dependent manner and remained the same at the methine carbon on the phospholane ring (shown in a black square), indicating partial participation of the added non-deuterated isobutene and supporting the existence of the phosphine radical cation–alkene van der Waals complex.

Table 3. Reaction of 1-d27·HBF4 with 2h in the presence of isobutene.a
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a 1-d27·HBF4 (0.10 mmol), 2h (0.20 mmol, 2.0 equiv), 4-CzIPN (0.005 mmol, 5.0 mol%), 1 (0.01 mmol, 10 mol%), gaseous isobutene (0.05-0.20 mmol, 0.5-2.0 equiv), CH3CN (1 mL), ambient temperature, 15 h, blue light (470 nm). b D/H ratio could not be determined due to contamination with unidentified materials.
CONCLUSIONS 
We developed a photocatalyzed [3+2] cycloaddition of tri(t-butyl)phosphine with terminal alkynes involving 1,2-phosphorus migration. The reaction exhibited broad functional group tolerance and allowed the introduction of phospholanium moieties into various terminal alkynes, including drug-derived compounds. The photoreaction could be combined with the Wittig reaction to synthesize structurally diverse phosphine oxides in a one-pot process. Quantum chemical calculations suggested that 1,2-phosphorus migration of the β-phosphonioalkyl radical proceeds in a stepwise manner through a phosphine radical cation–alkene van der Waals complex as a pseudo-intermediate.
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