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This article describes a synthesis of epoxy dienone products starting from para-substituted phenols bearing an electron-deficient alkene at the meta position. This one-pot photooxygenation/epoxidation transformation takes place at room temperature using catalytic amounts of Rose Bengal and cesium carbonate upon green light irradiation. This reaction provides access to a range of functionalized epoxy dienone products with diastereoisomeric ratios of up to >12:1.

DFT calculations and mechanistic experiments revealed that this reaction would proceed through singlet oxygenmediated photooxidation of phenols followed by an intramolecular oxygen atom transfer on the alkene side arm.

Introduction

The aromatic character of benzenoids gives them a remarkable stability and a particular reactivity. Breaking the aromaticity of benzene nucleus to obtain functionalized three-dimensional architectures is an attractive strategy requiring ingenuity in devising new synthetic methodologies. [1] In the arsenal of synthetic tools available to chemists, visible-lightdriven catalysis has changed the practice in synthetic chemistry over the past decades and dearomative processes did not escape this trend. [2] The ability of some organic dyes and transition metal complexes to promote single electron transfer and/or energy transfer under visible light has been harnessed to uncover new methods of dearomatization. Amongst the aromatic feedstock, phenols are appealing starting materials prone to react under oxidative conditions to generate oxygenated cyclohexane scaffolds. [3] Molecular oxygen is often considered to be an ideal oxidant owing to its availability from natural sources, low cost and environmentally friendly features. [4] Nevertheless, the triplet nature of ground-state oxygen ( 3 O 2 ) prevents in many cases its reaction with singlet-state substrates such as phenols. [5] To circumvent this issue, a convenient strategy lies in the photoexcitation of ground-state oxygen into its singlet excited state ( 1 O 2 ) by using a photosensitizer (PS). [6] Upon light irradiation, the triplet excited state of the photosensitizer is populated through singlet-totriplet intersystem crossing and the reaction of triplet photosensitizer with ground state oxygen generates singlet oxygen. Photooxygenation of para-substituted phenols via the formation of electrophilic singlet oxygen affords para-quinol hydroperoxides which are interesting building blocks in total synthesis of bioactive compounds and natural products (Scheme 1). [7] Beyond the synthetic applications, the conversion of singlet oxygen into a hydroperoxide functional group is a striking example of a reversal of reactivity. Due to its electronic configuration, singlet oxygen reacts as an electrophile with electron-rich substrates. However, the reaction of singlet oxygen with para-substituted phenols produces nucleophilic oxygen via the formation of a hydroperoxide prone to react with electrophilic partners. For instance, the epoxidation of electron-deficient olefins under basic conditions using different oxygen sources such as hydrogen peroxide, [8] t-butyl hydroperoxide [9] or cumene hydroperoxide [10] have been widely described in literature. [11] In addition, we [12] and other groups [13] have successfully leveraged the potential of the photooxygenation/epoxidation strategy for the preparation of epoxyquinols under mild conditions. Nevertheless, missing are examples that can promote the dearomatization of phenols into hydroperoxides followed by site-selective epoxidation of electrondeficient alkenes outside of the cyclic system (Scheme 1). The key challenge thwarting the implementation of this strategy lies in the competition between the epoxidation of the dienone system and the α,β-unsaturated carbonyl side chain. By appropriately connecting the electron-deficient alkene to the para-substituted phenol ring, we surmised that epoxidation of the side chain would be favoured over dienone oxidation owing to the formation of a transient 1,2-dioxolane five-membered intermediate. To the best of our knowledge, there have been no one-pot oxidative methods described which can produce epoxy dienone systems from readily available phenols. The implementation of this strategy will pave the way to functionalized epoxy dieneone frameworks which could be useful building blocks to reach natural products such as ovalicin [15] and the pentacyclic core of the cortistatins (Figure 1). [16] Figure 1. Epoxy dienone-derived natural products.

In this article, we describe the development of a one-pot photooxygenation/epoxidation of readilyavailable para-substituted phenols upon green light irradiation. The epoxy dienone compounds were obtained in a regio-and diastereoselective manner and the reaction has been studied with DFT computations.

Results and Discussion

For a model system, phenol 1a easily prepared by condensation of 5-hydroxy-2-methylbenzaldehyde with acetophenone was chosen to optimize the reaction conditions (see supporting information for further details). At the outset of our studies, we reasoned that the catalytic system of Rose Bengal (RB) and cesium carbonate in methanol successfully applied by our group for the synthesis of epoxyquinols from para-substituted phenols could provide the desired epoxy dienone product 2a (Table 1, entry 1). [12] Unless otherwise noted, all reactions were performed on a 0.25mmol scale in 10 mL of solvent upon green light irradiation (525 nm, 1.7 mW.cm -2 ) at room temperature under oxygen bubbling (7.3 mL.min -1 ). Except for entry 10 (d.r. 6:1), diasteromeric ratio of 9:1 were obtained. The diastereomeric ratios were determined by 1 H NMR on the crude. b) Yields were determined by 1 H NMR spectroscopy using nitrobenzene as an internal standard. Use of 1 mol% of Rose Bengal in conjunction with 15 mol% of Cs 2 CO 3 in methanol produced the desired product 2a in a disappointing yield of 15% (Entry 1). In agreement with our hypothesis about the oxidation selectivity, only epoxidation of the electron-deficient alkene side chain was detected. In addition, the oxidation turned out to be diastereoselective with formation of 2a as the major compound (d.r. of 9/1 except for entry 10). The structure of the product was confirmed by X-ray analysis on crystals of 2a (Figure 2). Increasing the light intensity had a positive impact on the conversion but the yield of 2a remained low (Entry 2, for additional information about the influence of light intensity on the yields, see the supporting information). Attempting to increase the reaction yield, various solvents were screened (entries 3-11). The use of a mixture of MeOH/H 2 O, 9/1 slightly improved the yield of 2a (entries 3-4). Switching to MeCN led to a cleaner reaction producing the epoxy dienone 2a in a 17% yield for a conversion of 22% (entry 5). Therefore, the reaction time was increased from 1h to 4h and the product 2a was obtained in 51% yield after 4h of reaction time (entries 5-7). The difference between the yield (51%) and the conversion (90%) could be explained by the presence of side products (entry 7). When performing the reaction in MeCN/H 2 O, a slight decrease of the yield was observed and the use of ethanol confirmed the low yields of 2a obtained with alcoholic solvents such as methanol (entries 8-9). Other polar aprotic solvents also enabled the reaction to proceed but with lower yields than acetonitrile (entries 7, 10-11). Further investigations were made by examining the nature and the amount of the base (entries 13-15). As previously observed, [12] a trend of decreasing yields was observed from K 2 CO 3 to Li 2 CO 3 (entries 13-14). Therefore, bases with larger cations were more efficient to promote the oxidative transformation and this observation was confirmed when CsOH was used as a base (entry 15). Under these conditions, the desired product was obtained in 35% yield with a conversion reaching 45%. Interestingly, lowering the catalytic loading of Cs 2 CO 3 from 15 mol% to 5 mol% led to a decrease of the conversion (90% vs. 68%) but a slight increase of the yield (51% vs. 60%, entries 7 and 16). Best results were obtained when the reaction time was extended to 16h using 1 mol% of Rose Bengal and 5 mol% of Cs 2 CO 3 in MeCN (90% isolated yield, entry 17). With the best conditions in hand, the scope of the reaction was investigated (Scheme 2). Across all substrates 1, diastereoselectivity was good to excellent while yields were dependent on the substitution pattern. Phenols bearing an alkyl or a phenyl group on the pendant aromatic ring were prone to react under photooxygenation even if a lower yield was observed with 2c. The presence of electron-donating group did not impinge on the reaction outcome and the desired epoxy dienone products 2d and 2e were isolated in 88% yield and 90% yield, respectively. Phenols with halogen substituents were well tolerated giving rise to the epoxy dienones compounds 2f-j in good to excellent yields and high diastereoselectivities. Trifluoromethyl-derived phenols were also effective starting materials (2k and 2l). This mild protocol also worked well with a pyridine derivative such as 2m. Under the optimized conditions, the desired product was isolated in 66% yield (9:1 d.r.) and therefore the pyridine nucleus is compatible with the formation of reactive oxygen species such as singlet oxygen. Replacing a methyl group by a phenyl group on the phenol ring led to lower yields of products but with higher diastereomeric ratio. With respect to the electron-deficient alkene part, the methyl derivative 1p was also productive forming the product 2p in 77% yield. The ester derivative 1q was a poor substrate delivering the desired compound 2q in traces amount. Under the photooxygenation, an unseparable mixture of alcohol 3q and epoxide 2q was obtained along with the hydroperoxide 4q which was fully characterized. These results confirmed the importance of the electron-withdrawing group borne by the alkene side arm. The low yield of 2q could be explained by the lower electrophilicity of the acrylate moiety compared to the enone. [17] Interestingly, the presence of an additional methyl ester function on the pendant alkene restored the reactivity giving rise to the product 2r in 45% yield. Phenol 1s bearing an acrylonitrile moiety were also amenable to photooxygenation leading to the hydroperoxide 4s and a mixture of 2s and 3s. No reaction was observed starting from a substrate where the cyano group has been replaced by a nitro group. The reaction can be performed on gram scale. Starting from 1 g of 1p, the desired product 2p was obtained in 71% yield after 16 hours of reaction.

From a mechanistic standpoint, the analysis of reactive oxygen species involved in the photooxidative transformation depicted above was deemed worthy of investigation. Running the photooxygenation in the presence of 1 equiv. of DABCO that is a specific 1 O 2 quencher was detrimental to the conversion of 1a into 2a (10%) while the addition of 1 equiv. of the radical trap 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) did not influence the reaction outcome and the product 2a was isolated in 84% yield. These results led us to conclude that singlet oxygen was involved in the process. Our working hypothesis was that photooxygenation would lead to a transient 1,2-dioxolane five-membered intermediate through an intramolecular pathway. [14] Scheme 2. Substrate scope. The diastereomeric ratios were determined by 1 H NMR on the crude.

To shed the light on the mechanism, a crossover experiment was carried out under the optimized conditions (Scheme 3). Starting from the alcohol 3a and the phenol 1d, photooxygenation of the reaction mixture led to the exclusive dearomatization/epoxidation of 1d (86% yield determined by NMR vs. 88% yield in Scheme 2) while 3a was recovered (76% yield determined by NMR) without any traces of 2a detected in the crude. This result confirms that the epoxidation would be an intramolecular process.

Scheme 3. Crossover experiment.

To get a clearer picture of the epoxidation step, density functional theory calculations were performed (Figure 3). Equilibrium structures and transition state geometries were optimized at PCM(MeCN)-M06-2X/6-31G(d)-LANL2DZ(Cs) and potential energies were refined by means of single point calculations using 6-311++G (d,p) basis for all atoms except Cs (LANL2DZ). This level is designated PCM(MeCN)-M06-2X/6-311++G(d,p)-LANL2DZ(Cs)//PCM(MeC N)-M06-2X/6-31G(d)-LANL2DZ(Cs) (See Supporting Information for computational details). Calculations were carried out to determine the origin of the selectivities of the epoxidation step and to this aim, the hydroperoxidate was chosen as the starting structure to analyse two competitive pathways assuming this species was an intermediate in the reaction. To lend further credence to this hypothesis, the hydroperoxide 4a was reacted with a catalytic amount of cesium carbonate in acetonitrile without Rose Bengal and in the absence of green light irradiation (Scheme 4). Under these conditions, the desired product 2a was obtained in 89% and this result indicates that the hydroperoxidate derived from 4a Scheme 4. Formation of the epoxide 2a from 4a.

is a plausible starting point for the elucidation of the mechanism by DFT. Considering the s-trans conformation for the enone part, the hydroperoxidate can form two conformational arrangements H1 and H2. The small energy difference indicates a fast equilibrium between these conformations and a conformation study revealed that the structure H2 was the most stable. Starting from H1, The C-O bond formation leading to the 1,2-dioxolane I1 is an exergonic process by 3.0 kcal.mol -1 which proceeds with a barrier of 6.2 kcal.mol -1 . A lower barrier of 3.8 kcal.mol -1 was computed for the formation of I2 from H2. The key C-O bond formation via TS2-H2 leading to the epoxide product P2 is kinetically preferred by 2.6 kcal/mol compared to the formation of P1 proceeding via TS2-H1 (Figure 3). It is worthwhile noting that the formation of the conformer I'2 is required to form the epoxide P2 and no transition state was found connecting the intermediates I2 and I'2. The preferred TS (TS2-H2) adopts a geometry for which the cesium atom is located at the opposite side of the methyl group borne by the cyclohexadienone motif while the two groups are eclipsed in the unfavoured TS2-H1 transition state (Figure 4). The epoxidation steps proceeding via TS2-H1 and TS2-H2 have very large Gibbs free energy barriers for the reverse reactions (54.9 and 56.1 kcal.mol -1 , respectively) and therefore, these steps are irreversible. DFT analysis of the reaction pathway starting from the hydroperoxidate with a scis conformation for the enone part has also been performed and a similar reaction profile was obtained confirming the preferred formation of the major product (see Supporting Information for further details). In light of the energy profile determined in Figure 3, the diastereomeric ratio can be estimated from the following equation At room temperature (298.15 K) and including ΔΔG ≠ = 2.6 kcal.mol -1 , a P2/P1 ratio of 80.7 was obtained. Therefore, the theoretical diastereomeric ratio predicted for the epoxidation is 98.7:1.3 which is in reasonable agreement with the experimental findings (87.5:12.5, Scheme 2).

Conclusion

In summary, we have developed a multibondforming process based on a photooxidative dearomatization of phenols and a subsequent epoxidation of the electron-deficient alkene side arm. The described methodology involving a catalytic system composed of Rose Bengal and cesium carbonate in the presence of oxygen provides straightforward and selective access to substituted epoxy dienone products with diastereoisomeric ratios of up to >12:1. Control experiments and DFT analyses have been carried out to elucidate the reaction mechanism and the origin of the high diastereoselectivity for the epoxidation step. Singlet oxygen would be involved in the oxidative dearomatization to produce an hydroperoxide intermediate which would further trigger the epoxidation reaction through an intramolecular pathway. Theoretical studies elucidated that the reaction would proceed via a key strain-minimized epoxidation reaction. Work is ongoing to develop new cascade reactions enabling the controlled incorporation of both atoms of dioxygen into substrates.

Experimental Section

General procedure for the photooxygenation: Substituted phenol (0.25 mmol), cesium carbonate (4.1 mg, 0.05 equiv.) and Rose Bengal (2.5 mg, 0.01 equiv.) were placed in a tube with acetonitrile (10 mL). The solution was gently sparged with dioxygen (flow rate of 7.3 mL.min -1 ), stirred, and placed in front of a green LED (525 nm, 1.7 mW.cm -2 ) for 16 hours. After switching off the LED, the solvent was removed under reduced pressure and the diastereomeric ratio was determined by 1 H NMR of the crude. The crude product was purified by column chromatography over silica gel to afford the products.

Scheme 1 .

 1 Scheme 1. Merging photooxygenation and epoxidation.

Figure 2 .

 2 Figure 2. Crystal structure of 2a. Thermal ellipsoids are drawn on the 15% probability. CCDC-2217531.

Figure 3 .

 3 Figure 3. Reaction energy profile for the formation of the two diastereomers computed at PCM(MeCN)-M06-2X/6-311++G(d,p)-LANL2DZ(Cs)//PCM(MeCN)-M06-2X/6-31G(d)-LANL2DZ(Cs).

Figure 4 .

 4 Figure 4. Transition structures of the key epoxidation step.

Table 1 .

 1 Optimization of reaction conditions. a)

	Entry Base (mol%)	Solvent	Time (h) Yield% (Conv) b)
	1	Cs 2 CO 3	MeOH	1	15 (33)
		(15)			
	2 c)	Cs 2 CO 3	MeOH	1	16 (55)
		(15)			
	3	Cs 2 CO 3	MeOH/H 2 O d) 1	23 (33)
		(15)			
	4	Cs 2 CO 3	MeOH/H 2 O d) 2	35 (73)
		(15)			
	5	Cs 2 CO 3	MeCN	1	17 (22)
		(15)			
	6	Cs 2 CO 3	MeCN	2	30 (45)
		(15)			
	7	Cs 2 CO 3	MeCN	4	51 (90)
		(15)			
	8	Cs 2 CO 3	MeCN/H 2 O e) 4	41 (94)
		(15)			
	9	Cs 2 CO 3	EtOH	4	21 (100)
		(15)			
	10	Cs 2 CO 3	Acetone	4	23 (58)
		(15)			
	11	Cs 2 CO 3	DMSO	4	19 (46)
		(15)			
	12 f)	Cs 2 CO 3	MeCN	4	38 (91)
		(15)			
	13	K 2 CO 3	MeCN	4	24 (40)
		(15)			
	14	Li 2 CO 3	MeCN	4	1 (3)
		(15)			
	15	CsOH	MeCN	4	35 (45)
		(15)			
	16	Cs 2 CO 3	MeCN	4	60 (68)
		(5)			
	17	Cs 2 CO 3	MeCN	16	91 [90] g)
		(5)			
	a)				

[14] 

Acknowledgements

L. P. thanks the Ministère de l'Enseignement Supérieur et de la Recherche for a Ph.D. grant. We also thank Nantes Université and CNRS for financial support. The authors greatly acknowledge J. Hémez and L. Arzel (AMaCC platform, CEISAM UMR CNRS 6230, Nantes Université) for their mass spectrometry analytical contributions to this work. This work includes NMR experiments carried out on the CEISAM NMR.

RESEARCH ARTICLE