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Sequence-selective Three-component Reactions of Alkyltrifluoroborates with α,β-Unsaturated Carbonyl Compounds and Vinylphosphonium Salts 
Masaki Yoshida,a Masaya Sawamura,*a,b and Yusuke Masuda*a
A photocatalytic three-component reaction of alkyltrifluoroborates with two different electron-deficient alkenes has been developed. The addition reaction occurs sequentially with α,β-unsaturated carbonyl compounds and vinyltriphenylphosphonium bromide in this order to produce α-branched γ-phosphoniocarbonyl compounds. The reaction could be followed by stereoselective Wittig olefination with various aldehydes to afford structurally diverse α-branched γ,δ-unsaturated ketones and esters with a Z-configuration. Mechanistic investigations suggested that boron trifluoride generated from the organotrifluoroborate activates the α,β-unsaturated carbonyl compound to facilitate the first chemoselective radical addition. We assume that the high efficiency of the second addition with the vinylphosphonium salt might arise from electrostatic interactions caused by the positive charge of the phosphonio group.
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Introduction
Multicomponent reactions are of great importance in diversity-oriented synthesis aiming at rapid expansion of chemical libraries, and thus, their development is highly desirable.1 Alkenes are readily available chemical feedstocks and useful for elongating carbon chains through addition reactions. However, intermolecular sequential addition reactions using two different alkenes are challenging due to the difficulty in controlling the sequence-selectivity. For example, sequential Michael addition with two different electron-deficient alkenes is commonly carried out in a stepwise manner,2 and examples of single step reactions are severely limited (Figure 1a).3 Recent advances in photoredox catalysis have led to increase in the variation of addition reactions.4 Among them, three-component radical addition reactions have been achieved by a polarity-reversal method (Figure 1b).5 Studer reported a photocatalytic three-component radical addition reaction using two different types of alkenes, electron-deficient alkenes and electron-rich alkenes.5e In this reaction, an electrophilic amidyl radical is first added to the electron-rich (polarity-matched) alkene. Through this initial addition, the radical character becomes nucleophilic, i.e., polarity-reversed, and the subsequent addition reaction prefers the electron-deficient alkene to form the three-component reaction product in a sequence-selective manner. It was also reported that nucleophilic carbon radicals undergo sequential addition with electron-deficient alkenes and electron-rich alkenes in the reverse order.5a–c However, reacting two substances possessing similar electronic properties, specifically two electron-deficient alkenes, in the desired order is an unmet challenge in this field.
Here, we report a photocatalytic three-component reaction with alkyltrifluoroborates and two electron-deficient alkenes,
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Fig. 1. Sequential addition reactions with two different alkenes. 
namely α,β-unsaturated carbonyl compounds and vinylphosphonium salts (Figure 1c). The addition reaction sequentially occurs with unsaturated carbonyl compounds and vinylphosphonium salts in this order. Photocatalytic radical addition could be followed by Wittig olefination, enabling Z-selective synthesis of structurally diverse -branched γ,δ-unsaturated ketones and esters, in which four components are connected in a one-pot process. A series of mechanistic experiments provided insights into the sequence-selectivity, which might arise from activation of unsaturated carbonyls by boron trifluoride for the first addition step and electrostatic interactions caused by the positive charge of the vinylphosphonium ion for the second addition.
Results and discussion
Reaction development
Koike and Akita reported radical addition reactions of alkyltrifluoroborate salts with α,β-unsaturated carbonyl compounds under photocatalytic conditions.6 Based on this pioneering work combined with our interest in the unique properties of organophosphonium compounds, we employed vinylphosphonium salts, which are expected to be

Table 1. Solvent effect on double addition reaction.a
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	entry
	solvent
	yield of 4
	yield of 5b
	yield of 6

	1c
	CH2Cl2
	34%
	7%
	14%

	2
	CH2Cl2
	73%
	32%
	8%

	3
	CHCl3
	60%
	14%
	10%

	4
	CH3CN
	13%
	17%
	6%

	5
	AcOEt
	14%
	< 5%
	9%

	6
	THF
	9%
	< 5%
	< 5%


a 1 (0.20 mmol, 2.0 equiv), 2 (0.50 mmol, 5.0 equiv), 3 (0.10 mmol, 1.0 equiv), Ir catalyst (0.002 mmol, 2.0 mol%), solvent (2.0 mL), ambient temperature, 2 h, blue light (470 nm). Yields were determined by 1H NMR analysis using triphenylmethane as an internal standard. b Yields based on 3. c 1 (0.10 mmol, 1.0 equiv) and 2 (0.10 mmol, 1.0 equiv) were used.
good radical acceptors,7 as the third component. Initially, a mixture of potassium benzyltrifluoroborate (1, 0.10 mmol, 1.0 equiv), methyl vinyl ketone (2, 0.10 mmol, 1.0 equiv), triphenylvinylphosphonium bromide (3, 0.10 mmol, 1.0 equiv), and [Ir(dFCF3ppy)2dtbbpy]PF6 (Ir catalyst, 0.002 mmol, 2 mol%) in dichloromethane (CH2Cl2, 2 mL) was irradiated with blue light (470 nm) at ambient temperature for 2 h. After removal of the solvent, three-component reaction product 4 was obtained in 34% yield as a major product. Single alkylation products 5 and 6 were also produced in 7% and 14% yields, respectively (Table 1, entry 1). Both of the phosphonium salts 4 and 6 should be mixtures with different counter anions (X–) such as bromide, tetrafluoroborate, and benzyltrifluoroborate, as confirmed by mass spectrometry. While the three-component reaction proceeded in this specific order even with a 1:1:1 mixture of 1, 2, and 3, the yield of 4 was improved to 73% by using 2 equiv of 1 and 5 equiv of 2 (entry 2). Chloroform (CHCl3) was also a suitable solvent, affording the product 4 in 60% yield (entry 3). However, the use of more Lewis basic solvents such as acetonitrile (CH3CN), ethyl acetate (AcOEt), and tetrahydrofuran (THF) caused a significant decrease in product yield (vide infra) (entries 4–6).

Synthesis of γ,δ-Unsaturated Ketones
Silvi demonstrated a method for synthesizing a wide range of alkenes from vinylphosphonium salts by a one-pot sequence of photocatalytic reactions and Wittig reactions.7c Analogously, the photocatalytic three-component reaction was followed by Wittig olefination to synthesizeα-branched γ,δ-unsaturated ketones in a one-pot process (Scheme 1). Initially, a mixture of 1 (0.20 mmol), 2 (0.50 mmol), and 3 (0.10 mmol) was irradiated with a blue LED for 2 h in the presence of an Ir catalyst (0.002 mmol). The solvent was then removed under vacuum, and benzaldehyde (0.30 mmol), potassium phosphate (K3PO4, 0.30 mmol), and THF (1 mL) were added to the same reaction vessel. After stirring at 60 C for 16 h, the crude product was purified by silica gel column chromatography and gel permeation chromatography to afford γ,δ-unsaturated ketone 7 in 75% yield (Z/E = 13:1). γ,δ-Unsaturated carbonyl compounds are synthetically versatile intermediates, and thus, various reactions have been developed, including Claisen rearrangement8 and allylic alkylation.9 However, these reactions generally afford (E)-alkenes as a major product.10 In contrast, the present protocol offers a highly versatile route for Z-selective synthesis of γ,δ-unsaturated carbonyl compounds.
[image: ]
Scheme 1. Two-step synthesis for γ,δ-unsaturated ketone 7.

Table 2. Substrate scope.a
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a 1) Organotrifluoroborate (0.20 mmol, 2.0 equiv), alkene (0.50 mmol, 5.0 equiv), 3 (0.10 mmol, 1.0 equiv), Ir catalyst (0.002 mmol, 2.0 mol%), CH2Cl2 (2 mL), ambient temperature, 2 h, blue light (470 nm); 2) aldehyde (0.30 mmol), K3PO4 (0.30 mmol), THF, 60 C, 16 h. Isolated yield. b 4 h of reaction time for the first step. c 7 h of reaction time for the first step.
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Scope of Alkylborates
With the optimal conditions in hand, we explored the generality of the reaction with different potassium organotrifluoroborates (Table 2). Both 3,5-dimethyl- and 3,5-dimethoxy ring-substituted benzylic trifluoroborates afforded the corresponding products (8 and 9) in 63% and 51% yields, respectively. Carbon–halogen bonds such as the C–Cl and C–F bonds on the aromatic ring were tolerated under the reaction conditions (10 and 11). The organoborate possessing a more extended π-system did not hamper the present photocatalytic reaction (12). Aliphatic alkyltrifluoroborates were also suitable substrates. Thus, secondary and tertiary alkyl groups such as isopropyl, cyclopentyl, cyclohexyl, and t-butyl groups were successfully introduced at the position β to the carbonyl group (13-16). On the other hand, n-butylborate decomposed and failed to give the target product, probably due to the high lability of the corresponding alkyl radical species.11

Scope of Electron-deficient Alkenes
The scope of α,β-unsaturated carbonyl compounds was investigated. Ethyl vinyl ketone and phenyl vinyl ketone were feasible substrates for the three-component reaction/Wittig reaction sequence, affording γ,δ-unsaturated ketones 17 and 18 in 53% and 52% yields, respectively. The protocol was not limited to vinyl ketones as a neutral radical acceptor; acrylic esters were also applicable. Thus, methyl, benzyl, and 2,2,2-trifluoroethyl acrylates afforded the corresponding carboxylic acid esters (19-21). Notably, the protocol was applicable for the construction of quaternary carbon centers at the carbonyl-adjacent position by employing α-substituted acrylate derivatives. The photoreaction of methyl methacrylate with 1 and 3 successfully proceeded, and the subsequent Wittig olefination gave α-quaternary carboxylate 22 in 48% yield. α-Phenyl- and α-fluoro-substituted carboxylates 23 and 24 were synthesized with 2-phenyl- and 2-fluoroacrylate, respectively. With α-methylene-γ-butyrolactone, α,α-disubstituted-γ-butyrolactone 25 was obtained in 61% yield.

Scope of Aldehydes
Next, various aldehydes were examined to test the feasibility of the Wittig olefination step. Functional groups such as chloro, methoxy, and pyridyl groups were all tolerated under the reaction conditions (26-28). Even γ,δ,ε,ζ-unsaturated ketone 29 was obtained with cinnamaldehyde. In addition to aromatic aldehydes, an alkyl aldehyde, 3-phenylpropionaldehyde, served as a suitable substrate, giving the corresponding alkene (30) in 50% yield with high Z-selectivity.

Synthetic Applications
The synthesized γ,δ-unsaturated carbonyl compounds were amenable to further derivatization. Ester 19 was subjected to saponification followed by bromolactonization with N-bromoacetoamide12 to afford a bromoalkylated γ-butyrolactone (31) in 81% yield (Scheme 2). Owing to the established Z-geometry of the alkene moiety, the reaction was highly stereoselective with respect to the 1,2-stereochemistry, whereas the ring 1,3-stereochemistry was only moderate (d.r. = 71:29).
[image: ]
Scheme 2. Derivatization of γ,δ-unsaturated carbonyl compound.
Mechanistic Investigations
The following experiments gave mechanistic insights into the sequence-selective double addition reaction. First, the time course of the two-component reaction with benzyltrifluoroborate 1 and vinyl ketone 2 (1.0 equiv) was monitored by 1H NMR spectroscopy (Figure 2a, left). The slow formation of adduct 5 based on the consumption of alkene 2 can be ascribed to oligomerization of the alkene, the occurrence of which was indicated by mass spectrometry. The corresponding two-component reaction with vinylphosphonium salt 3 as an alkene substrate instead of 2 resulted in slower alkene consumption than in the reaction with 2 (Figure 2a, middle). Thus, vinyl ketone 2 is more reactive than vinylphosphonium salt 3 toward addition of the alkyl radical generated from 1. This result contrasts with that expected from the ordinary reactivity trend in the Giese reaction based on the electronic substituent effect of the alkene. Thus, while the acetyl group is intrinsically less electron-withdrawing than the triphenylphosphonio group (ρP: +0.50 for -C(O)CH3, +1.18 for -PMePh2+),13 it was reported that there was a good correlation between the rate of radical addition reactions and the Hammett substituent constant (ρ) in favor of an electron-withdrawing group on the alkenes.14 Thus, we postulate that boron trifluoride (BF3), which is generated through single-electron oxidation of trifluoroborate salt 1 and homolytic bond cleavage to form a benzyl radical,15 activates the vinyl ketone (2) as a Lewis acid toward the radical addition reaction.16 According to this assumption, the solvent effect shown in Table 1 would be derived from the competitive coordination of the Lewis basic solvent to BF3.17
We next monitored the time-course of the three-component reaction with 1, 2, and 3 in a 1:1:1 ratio. Vinylphosphonium salt 3 was consumed more rapidly than in the two-component reaction with 1 and 3, producing three-component reaction product 4 more efficiently (Figure 2a, right). Thus, the intermediate produced from the reaction between 1 and 2 is more reactive than the benzyl radical toward the addition to vinylphosphonium salt 3. 
Since vinylphosphonium salts can be both a radical acceptor and a Michael acceptor,18 the addition to 3 may occur either from a carbonyl-adjacent alkyl radical intermediate or from an enolate intermediate resulting from the single-electron reduction of the radical species. In order to verify the possibility of the Michael addition pathway, the reaction was conducted in the presence of methanol as a protonative quencher for the enolate intermediate (Figure 2b). The three-component reaction proceeded even in the presence of methanol, while the yield of 4 decreased in a dose-dependent manner. The yield of the protonation product 5 was not associated with the amount of proton sources. Next, we examined the possibility of the other reaction pathway involving addition of carbonyl-adjacent radicals to vinylphosphonium salts. Carbonyl-adjacent alkyl radicals can be generated through single-electron reduction of α-halo carbonyl compounds by the aid of a photoredox catalyst.19 When a mixture of α-bromo ester 32 and vinylphosphonium 3 in the presence of the identical Ir catalyst and diisopropylethylamine (i-Pr2NEt) as a reductant was irradiated with blue light, adduct 33 was produced in 51% yield. Thus, we assume that the radical addition to 3 may be more plausible pathway for the present three-component reaction. However, the reaction pathway involving the enolate intermediate could not be ruled out.
To confirm the importance of the phosphonio group for the three-component reaction, we employed vinyl sulfone 34, possessing a substituent more electron-withdrawing than the acetyl group (ρP: +0.68 for -SO2Ph),13 in place of the vinylphosphonium bromide (3) for the reaction of 1 and 2. This non-ionic electron-deficient alkene did not give the corresponding three-component product but afforded only two-component product 35 (Figure 2d). A three-component product was neither obtained with even more electron-deficient disulfonyl alkene 36. Overall, the observed chemoselectivity of the second addition reaction in preference 


[image: ]
Fig. 2. Mechanistic experiments: (a) Time-courses for the reaction with 1 and 2 (left), the reaction with 1 and 3 (middle), and the reaction with 1, 2, and 3 (right). (b) Reaction in the presence of proton source. (c) Reactions of alkyl radical precursor 32 with 3. (d) Reactions with vinyl sulfones instead of vinylphosphoniums.
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to the vinylphosphonium ion may be due to electrostatic interactions caused by the positive charge of vinylphosphonium cations,20 but the effect of the highly electron-withdrawing character of the phosphonio group may not be ruled out.

Reaction mechanism
A possible reaction pathway for the sequential addition is shown in Scheme 3. Initially, the photocatalyst ([IrIII]+) is excited by photoirradiation, and the excited catalyst oxidizes potassium benzyltrifluoroborate (1) to generate benzyl radical A with the elimination of boron trifluoride (BF3) and potassium cation.6 Vinyl ketone 2 coordinates to the Lewis acidic BF3 at the carbonyl oxygen atom, forming activated alkene B. The benzyl radical (A) adds to the alkene terminal of B in preference to vinylphosphonium 3, giving the carbonyl-adjacent radical species (C). Radical intermediate C then reacts with vinylphosphonium salt 3 to form a C–C bond at the terminal carbon of the vinyl group, producing phosphonium-adjacent alkyl radical D. Following single-electron transfer from [IrII] to D furnishes ylide E. Finally, protonation of ylide E with a protic contaminant in the reaction mixture gives γ-phosphonioalkyl ketone 4. Confirming the assumption of ylide formation and its protonation (E to 4), deuterium incorporation (>26%D) at the P-adjacent position was observed by mass spectrometry for the reaction in the presence of three equivalents of D2O as an additive (see ESI† for details). 

Scheme 3. Possible reaction pathway for the three-component reaction.
[image: ]
Conclusions
In summary, we have developed a photocatalytic three component reaction of alkyltrifluoroborates with two different electron-deficient alkenes. The addition reaction occurs sequentially with an α,β-unsaturated carbonyl compound and vinyltriphenylphosphonium bromide in this order. The photocatalytic three-component reaction could be followed by Wittig olefination to synthesize γ,δ-unsaturated carbonyl compounds in a Z-selective manner. Mechanistic studies suggested that the first radical addition of the alkyl radical occurs chemoselectively with the unsaturated carbonyl compound due to Lewis-acidic participation of BF3 at the carbonyl group. We assumed that the chemoselectivity at the second radical addition with the vinylphosphonium salt may arise from electrostatic interactions between the borate moiety of the carbonyl-adjacent alkyl radical and the phosphonium moiety of the second acceptor molecule.
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