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Buffer-induced, selective mono-C-alkylation of phloroglucinol: application to the synthesis of an advanced intermediate of catechin
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A straightforward mono-selective and C-specific alkylation of phloroglucinol with activated alkyl halides is presented. The use of water as solvent limits the amount of over-alkylated by-products. Provided some minor changes in the experimental conditions, hydrophobic cinnamyl halides can also be reacted, thus giving a direct access to advanced intermediates of natural flavonoids.

Introduction

The flavonoids are a family of polyphenolic compounds found in the plant kingdom. They feature interesting antioxidative properties responsible for the health-benefits associated with a diet rich in vegetables and are found in large quantities in red wines and green teas. 1 However, due to the lack of reliable chemical methods for their synthesis, only natural extracts with ill-defined chemical compositions are usually evaluated for their biological activity. Undoubtedly, the poor overall stability of flavonoids is responsible for the lack of general methods for their chemical synthesis. Consequently, protecting-group free syntheses of polyphenols are scarce. The target molecules cannot often withstand the conditions required for removal of most of the conventional protecting groups. To the best of our knowledge, only benzyl derivatives have been used successfully as protecting groups in the total synthesis of natural flavonoids. 2 The phloroglucinol motif (1,3,5-benzenetriol) is ubiquitous in all natural flavonoids structures. As such, it constitutes the ultimate starting material en route to the synthesis of elaborated (un)natural polyphenols. Unfortunately, the benzylation of phloroglucinol is not selective and gives a mixture of both O-and Cbenzylated products. 3 Hence, many efforts have been aimed at methods to achieve the specific mono-, di-, or tri-O-benzylation of phloroglucinol. 4 These methods are multi-step and require careful control of the reaction conditions. Most interestingly, the selective C-alkylation of phloroglucinol has never been reported, the only examples found in the literature concerning reactions with protected versions of phloroglucinol. 5 Though apparently simple, this transformation offers several synthetic challenges. As phloroglucinol contains six nucleophilic sites, an ideal reaction will be mono-and C-specific. Undoubtedly, such a reaction would constitute an easy and straightforward approach toward the synthesis of natural unprotected flavonoids like catechin whose retrosynthesis is depicted in the following scheme. Our approach to catechin is very concise and involves the intramolecular ring closing between a phenol of the phloroglucinol core and the epoxide as the last step. This epoxide intermediate is ideally synthesized in two steps starting from the selective alkylation of phloroglucinol followed by the epoxidation of the double bond. In this communication, we show that phloroglucinol can be C-specifically and mono-selectively alkylated with various activated alkyl halides in buffered aqueous solutions. The use of buffered aqueous solutions as the reaction media proved crucial to control the regio-selectivity of the reaction.

Results and discussion

The reaction of phloroglucinol with allyl bromide was investigated first (Table 1, entries 1-6). Interestingly, phloroglucinol is nucleophilic enough to undergo alkylation in aqueous ethanol in the absence of base, with allyl phloroglucinol 1a being obtained in 36% yield (entry 1). No products resulting from the O-alkylation of phloroglucinol are detected in the crude reaction mixture. However, the reaction is not mono-selective and gives substantial amounts of the di-alkylated product 2a. The extent of mono-alkylation as well as the yield of the desired compound 1a is greatly improved in pure water (entry 2). The lower solubility of 2a in water in comparison to the starting phloroglucinol may account for this better selectivity. Although 1a is obtained in good yield (68%, entry 2) in water, the pH of the reaction medium becomes increasingly acidic as the allyl phloroglucinol is formed. Since most of the polyphenols are pH-sensitive, milder conditions are required for the synthesis of more elaborate adducts. Using stoichiometric amounts of sodium hydroxide, the phenolate of phloroglucinol is formed and the reaction is faster (entry 3).

Yet, the mono-alkylation selectivity is low. This can be ascribed to the better solubility of the phenolate of 1a in water in comparison to its neutral form. Consequently, 1a is more likely to over-react in basic solutions and lesser monoselectivity is observed (entry 3). A complex mixture of products is obtained with excess quantities of base (entry 4). Partial migration of the double bond of 1a and 2a in (conjugate) benzylic position takes place under these conditions. Alternatively, use of a buffered, ca. neutral, aqueous solution proved very successful. Since the pH is maintained throughout the course of the reaction, the reaction time is short and the yield of 1a remains quite good (entry 5). Reducing the reaction temperature to 10°C not only slows product formation but also results in lower selectivity and overall yield (entry 6). Under the same conditions (0.2 M phosphate buffer, pH 7.8, 25°C), the reaction of phloroglucinol with benzyl bromide gave 1b and 2b in 54 and 21% yield, respectively. As for allyl bromide (results not shown), no O-benzylated phloroglucinol was obtained in ethanol or THF (entry 8 and 9), 6 and the reaction must be carried out in DMF to observe the formation of benzyl ethers (results not shown). [START_REF]C-benzylation=8/2 according to the NMR analysis of the crude mixture[END_REF] Hence, water does not influence the C-selectivity of the reaction. Indeed, both the phloroglucinol and activated alkyl halides are known to favor C-alkylation. [START_REF] Noble | [END_REF]9 This is in sharp contrast to the reaction of non-activated alkyl bromides with phloroglucinol where water has a marked influence both on the C-and on the mono-selectivity. [START_REF] Gissot | Mioskowski C[END_REF] The reaction of phloroglucinol with cinnamyl halides (Table 2) readily gives access to the skeleton of natural flavonoids (Scheme 1). Yet, these adducts are quite acid-sensitive. This may in turn explain why the synthesis of simple intermediates like 1c have only been reported in a low 30% yield, 9,[START_REF] Jurd | have reported the condensation of phloroglucinol with cinnamyl alcohol in aqueous acetic acid. Yet, the adduct is only described as its triacetate ester. It is not clear whether the protection of the phenols was necessary or was just used to obtain crystalline products. Yet, from our own experience it is likely that the unprotected adduct might be difficult to isolate in that case as we have always experienced degradation of 1c during the work-up procedure when the reaction was carried out under acidic conditions[END_REF] or not achieved at all. 12 The reaction of cinnamyl halides is actually even more challenging. In addition to the classical mono-and C-/O-alkylation issues encountered so far with allyl and benzyl halides, cinnamyl halides can give two additional regioisomers upon reaction with a nucleophile. Indeed, both regioisomers 1c and 1d are formed in equal amounts under our buffered reaction conditions (Table 2, entry 1). We found the desired isomer 1c is cleanly obtained in a mixture of ethanol and aqueous sodium hydroxide. Several factors may account for this selectivity. First, the dielectric constant of the solution decreases with increasing amounts of ethanol. Hence, the dissociation of ion pairs is less likely in solutions containing higher concentration of ethanol. The sodium counter-ion of the phenolate and the chlorine of cinnamyl chloride may be in close vicinity throughout the reaction pathway in ethanol-rich aqueous solutions as in transition state A, which leads to 1c (Scheme 2). However, the strong hydrophobic effect and high cohesive energy density expected in water alone as a solvent should favor transition state B and thus produce 1d. 13 Yet, the phenols are also thoroughly solvated in water. This should favor the attack on the less crowded terminal position of the alkyl halide leading to 1c. These two opposing effects, hydrophobicity and solvation of the phenols, may account for the absence of selectivity in water.

With this result in hand, we then synthesized the advanced intermediate of catechin 1e starting from the highly hydrophobic functionalized cinnamyl chloride 3 (Table 3). This compound is efficiently synthesized in four steps starting from the commercially available 3,4-dihydroxybenzaldehyde (Scheme 3). The cinnamyl chloride 3 was then reacted with the phloroglucinol under a variety of aqueous ethanolic conditions (Table 3).

In contrast to allyl bromide and cinnamyl chloride, the substituted cinnamyl chloride 3 is not soluble in ethanol or water. Consequently, no adduct is formed under the conditions optimized with cinnamyl chloride (entry 1). Under ultrasonic irradiation, the desired product 1e is formed, yet not selectively (entry 2), the other regioisomer 1f being obtained in substantial amounts. [START_REF]cinnamyl phloroglucinols such as 1c or 1e are acid-sensitive. They can nevertheless be purified on silica gel provided a fast elution of the products. Hence, both regioisomers 1e and 1f are barely separable on silica gel[END_REF] When a solution of 3 in a minimum of THF is added slowly to the phloroglucinol in aqueous ethanol under gentle heating, only trace amounts of the undesired 1f are observed and 1e is obtained pure in a satisfactory 53% yield after flash chromatography (entry 3). This product has already been synthesized in low yield (17%) from phloroglucinol and the corresponding palladium pacetate. [START_REF] Noble | [END_REF] This advanced intermediate of natural flavonoids is obtained in our case in 53% yield under very simple and straightforward conditions.

In conclusion, a mild, high-yielding C-specific and monoselective alkylation of phloroglucinol with activated alkyl halides has been developed. The C-specificity of this reaction comes from the fact that both phloroglucinol and activated alkyl halides favor C-alkylation. On the other hand, the solubility of mono-C-adducts are limited in water, thereby, preventing over-alkylation reactions and giving good mono-alkylation selectivity. With minor changes in the experimental conditions, these aqueous conditions have been utilized with highly hydrophobic substrates to afford an advanced intermediate of catechin. The subsequent epoxidation of the double bond of 1e has not been successful so far due to the high reactivity of the phloroglucinol toward oxidants. Yet, preliminary results indicate that iodination of the double bond is feasible. We are now concentrating our efforts on trying to make this reaction more selective and then achieve a straightforward, protection-free, total synthesis of catechin.
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