Photoinduced Platinum-catalyzed Reductive Allylation of α-Diketones with Allylic Carbonates
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ABSTRACT: A unique process for the photoinduced platinum-catalyzed reductive allylation of α-diketones with allylic carbonates has been developed. This allylation reaction was found to proceed selectively at the more electron-deficient carbonyl group of the diketone to afford an α-keto homoallylic alcohol. Such products could be further derivatized by transformation of the remaining carbonyl group. A mechanistic investigation suggests that a ketyl radical generated in response to photoirradiation reacts with a (π-allyl)platinum complex to form a C–C bond. 

The allylation of carbonyl compounds represents a straightforward means of synthesizing homoallylic alcohols, which are versatile synthetic intermediates for a wide range of pharmaceuticals and natural products.1 The use of non-nucleophilic allylic compounds such as allylic halides or carboxylates in this process may be especially helpful. Such reactions would not require allylic metal compounds, which are often unstable and must be prepared in advance of the synthesis. Conventional reductive allylation reactions catalyzed by transition metals utilize either metals or labile organic compounds as reductants (Figure 1a).2 However, recent progress in the development of photoinduced transition metal catalysis has enabled the use of stable, readily available amines as reductants (Figure 1b). Titanium,3 cobalt,4 nickel,5 and chromium6 catalysts have so far been applied to photoinduced reductive allylation in combination with photoredox catalysts. Even so, these catalytic systems have been used mainly for the allylation of aldehydes, and only a few examples of the allylation of ketones have been reported to date.7 The utility of transition metal-catalyzed reductive allylation could be improved by designing novel systems that expand the range of applicable substrates.8
Platinum is a group 10 element and exhibits unique reactivity when used as a homogeneous catalyst for various bond-forming reactions. Despite this, there have been only a few reported examples of photoinduced platinum-catalyzed reactions,9 even though other group 10 elements, namely nickel and palladium, have been extensively studied with regard to such reactions.10 The present work demonstrates the photoinduced platinum-catalyzed reductive allylation of ketones with allylic carbonates (Figure 1c). These reactions present a unique example of photoinduced platinum catalysis in conjunction with a single platinum catalyst and without a photoredox catalyst. This process is applicable to various α-diketones and even to fluorenone. It should also be noted that α-diketones were found to undergo selective monoallylation at the more electron-deficient carbonyl group. The results of a mechanistic investigation suggest that a ketyl radical generated from the starting ketone in response to photoirradiation is the key intermediate and reacts with a (π-allyl)platinum complex to form a C–C bond.
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Figure 1. Approaches to metal-catalyzed reductive allylation of carbonyl compounds.
We initially investigated the effects of transition metal catalysts on the reaction of benzil (1a) with allyl carbonate 2a under photoirradiation. The palladium(0) catalyst Pd(PPh3)4, which is commonly employed for allylation reactions, was found not to give the homoallylic alcohol 3aa (Table 1, entry 1). Instead, a significant amount of benzoin (4, 33%) was obtained as the major product. Assessments of other metal catalysts established that tetrakis(triphenylphosphine)platinum [Pt(PPh3)4] was the most effective at promoting the photoinduced allylation reaction. Specifically, a solution of benzil (1a, 0.10 mmol) and allyl methyl carbonate (2a, 0.20 mmol, 2.0 equiv) in tetrahydrofuran (THF) was irradiated with blue light emitting diodes (LEDs) emitting at 470 nm at ambient temperature for 17 h in the presence of Pt(PPh3)4 (0.005 mmol, 5.0 mol%) as a catalyst and Hantzsch ester (HE, 0.15 mmol, 1.5 equiv) as a reductant. Following photoirradiation, chromatographic purification afforded 3aa in 89% yield (entry 2). Only a small amount of benzoin (4, <5%) was obtained as a byproduct. A combination of platinum diacetylacetonate [Pt(acac)2] and triphenylphosphine (PPh3) was also effective at promoting the formation of 3aa, albeit with an increased yield of 4 (entry 3). The use of 1,3-bis(diphenyl phosphino)propane (DPPP) as a bidentate phosphine 

Table 1. Photoinduced reductive allylation of benzil (1a) with allyl carbonate 2a.a 
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	Entry
	Catalyst
	Yield of 3aa
	Yield of 4

	1
	Pd(PPh3)4 (5 mol%)
	12%
	33%

	2
	Pt(PPh3)4 (5 mol%)
	>95% (89%)b
	<5%

	3
	Pt(acac)2 (5 mol%)
PPh3 (12 mol%)
	70%
	24%

	4
	Pt(acac)2 (5 mol%)
DPPP (6 mol%)
	27%
	70%

	5
	Pt(acac)2 (5 mol%)
DPPB (6 mol%)
	72%
	24%

	6
	Pt(acac)2 (5 mol%)
xantphos (6 mol%)
	92%
	5%

	7c
	Pt(PPh3)4 (5 mol%)
	0%
	0%
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a 1a (0.10 mmol), 2a (0.20 mmol, 2.0 equiv), HE (0.15 mmol, 1.5 equiv), catalyst (0.005 mmol, 5 mol%), ligand (0.012 mmol, 12 mol% or 0.006 mmol, 6 mol%), THF (1 mL), ambient temperature, 17 h, blue LEDs (470 nm). Yields determined by 1H NMR analysis using (Z)-stilbene as an internal standard. b Isolated yield in parentheses. c This reaction was performed in the dark. 
ligand resulted in a significant decrease in yield (entry 4). In contrast, the reaction proceeded efficiently with bidentate ligands having a greater bite angle, such as 1,4-bis(dipehnylphosphino)butane (DPPB) and xantphos (entries 5 and 6). No reaction occurred in the absence of light (entry 7). 
The applicability of this novel reaction was investigated by performing trials using a variety of α-diketones (Table 2). Electron-donating substituents such as methyl (3ba) and methoxy (3ca) groups on the aromatic ring of the diketone were tolerated, as were halogen substituents (3da–3fa). Interestingly, the C(sp2)–Br bond, which is typically labile in palladium-catalyzed reactions, remained intact under the present conditions.11 A diketone having an electron-deficient trifluoromethyl group (1g) gave a slightly decreased yield while a substrate having a furyl group (1i; furil) afforded the corresponding homoallylic alcohol (3ia) in a 58% yield. 
Asymmetrically substituted diketones were also examined to investigate the regioselectivity of the allylation reaction. When the reaction was carried out with diketones possessing a phenyl group and an alkyl group on each carbonyl group, allylation occurred selectively at the benzoyl group (>95:5 regioselectivity for 3ja–3ma). Monosubstituted benzil derivatives were also examined. In these experiments, 4-ethoxycarbonylbenzil underwent the allylation reaction with formation of a C–C bond solely at the carbonyl group substituted with the more electron-deficient aryl group (3na/3naʹ = 84:16). 
Both diketones and monoketones could be converted into the corresponding homoallylic alcohols through this process. As an example, the reaction of fluorenone (1o) with allyl carbonate 2a afforded the corresponding alcohol (3oa) in 24% yield (Scheme 1, top). However, benzophenone, which has no absorption in the visible region of light, failed to give homoallylic alcohol under the present reaction conditions. These results suggested that α-diketone structure was not essential for the present allylation reaction, and the photoexcitation of the starting ketone would be involved in the reaction mechanism. Several allylic carbonates were also applied to this reaction. The use of β-methallyl methyl carbonate (2b) gave the corresponding product (3ab) in a 73% yield (Scheme 1, bottom). Unfortunately, the reaction of 1a with crotyl methyl carbonate resulted in an inseparable mixture of isomers of homoallylic alcohols.

Scheme 1. Other substrates. 
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Table 2. Scope with respect to diketones.a 
[image: ]
a Diketone (0.10 mmol), 2a (0.20 mmol, 2.0 equiv), HE (0.15 mmol, 1.5 equiv), Pt(PPh3)4 (0.005 mmol, 5 mol%), THF (1 mL), ambient temperature, 17 h, blue LEDs (470 nm), isolated yields provided. b Reaction performed at 50 ℃.


A series of experiments was performed to obtain insights into the mechanism associated with this photoinduced platinum-catalyzed allylation reaction. When a mixture of 1a, 2a, and HE was exposed to blue light in the absence of a platinum catalyst, the allylation product (3aa) was not produced. Rather, benzoin 4 and its dehydrated dimer 5 were obtained in 47% and 15% yields, respectively (Scheme 2a). In prior work,12 the reduction of 1a to 4 was found to proceed via a double hydrogen atom transfer pathway involving an α-hydroxy alkyl radical intermediate. The palladium-catalyzed allylation of 4 has also been reported,13 and so the allylation of 4 with 2a in association with a platinum catalyst was examined (Scheme 2b). However, allylation did not occur under the present reaction conditions, indicating that neither benzoin 4 nor the corresponding enolate functioned as reaction intermediates. The participation of a (π-allyl)platinum(II) complex as an intermediate was assessed by carrying out the stoichiometric reaction of benzil (1), (π-allyl)platinum(II) complex 6,14 and a reductant with photoirradiation. During this trial, the allyl group of the platinum complex (6) was transferred to 1a to furnish homoallylic alcohol 3aa in the presence of sodium methoxide (NaOMe). However, this product was not obtained in the absence of the base (Scheme 2c). This result suggests that the catalytic reaction may involve a (π-allyl)platinum(II) alkoxide intermediate generated by a decarboxylative reaction between a platinum(0) species and the allyl carbonate.

Scheme 2. Mechanistic experiments. 
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Based on the above results, we propose a reaction mechanism involving an α-hydroxy alkyl radical and a (π-allyl)platinum(II) species as intermediates (Scheme 3). Initially, allyl carbonate 2a undergoes oxidative addition to a platinum(0) complex to produce (π-allyl)platinum(II) alkoxide complex A in conjunction with the elimination of carbon dioxide. The photoexcitation of benzil (1a) causes the abstraction of a hydrogen atom from the HE to generate α-hydroxy carbon radical intermediate B together with radical species C.15 The subsequent deprotonation reaction of B with A results in the formation of a (π-allyl)platinum(II)-ketyl ion pair (D). This then undergoes C–C bond formation to furnish platinum(I) homoallylic alkoxide E. This process has been established for palladium and nickel catalysis.16 Finally, C provides both a proton and electron to E to produce homoallylic alcohol 3aa in conjunction with regeneration of the platinum(0) complex.17,18
The evident regioselectivity observed in the reactions of asymmetrically substituted diketones (1j–1n) might result from the stability of the ketyl radical intermediate corresponding to D. That is, the ketyl radical can be delocalized on the two carbonyl groups of the starting α-diketone, and the contribution of anion radical is greater on the more electron-deficient carbonyl group. This phenomenon is consistent with the previously reported photochemical reduction of asymmetric α-diketones involving a ketyl radical intermediate.19

Scheme 3. Proposed mechanism. 
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The reaction could also be scaled up. A 10 mmol quantity of 1j was employed together with a lower catalyst loading (1 mol%), and these conditions gave 1.4 g of homoallylic alcohol 3ja, representing a 78% yield (Scheme 4a). The remaining carbonyl group of the α-keto homoallylic alcohol could also be used for functionalization reactions. The reduction of 3ja with lithium borohydride (LiBH4) proceeded in a stereoselective manner to afford vicinal diol 7 in an 80% yield with a d.r. of 92:8 (Scheme 4b). The reaction of 3ja with methylmagnesium chloride also gave the highly substituted diol 8 in a high yield (Scheme 4c). Finally, Knoevenagel condensation of 3ja with diethyl malonate (9) followed by intramolecular ester formation provided the highly functionalized lactone 10 in a 50% yield (Scheme 4d). 
In summary, this work demonstrated photoinduced platinum-catalyzed reductive allylation reactions of α-diketones with allylic carbonates. These reactions occurred preferentially at the more electron-deficient carbonyl group of the starting diketone. The resulting homoallylic alcohols could also be further derivatized by transformation of the remaining carbonyl group. Mechanistic investigations suggested that a ketyl radical generated from the starting ketone as a consequence of photoirradiation was likely the key intermediate and reacted with a (π-allyl)platinum(II) complex to form a C–C bond.

Scheme 4. Synthetic applications.
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0 fo) Pt catalyst HO
R2 )]\ amine reductant
1J\[r + X > 1
R NN07 0Me T pige light R

* Photoinduced platinum catalysis
+ Selective monoallylation of a-diketones










