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Sulfur-Promoted Oxidative Cyclization of Pentan-1-ones: Direct Access to Tetrasubstituted Furans from Deoxybenzoins and Chalcones

Furan is an important heterocyclic scaffold in natural product, bioorganic and medicinal chemistry as well as in material science. The system S8/DABCO/DMSO was found to efficiently mediate the oxidative cyclization of 1,2,3,5-tetraarylpentan-1ones A, which were obtained in situ as the Michael adducts of chalcones 1 and deoxybenzoins 2, to furan 3. The strategy provided a convenient and direct access to tetrasubstituted furans 3 from readily available starting materials and with high functional group tolerance.

.

Figure 1. Representative Arylfurans AF1-AF5

The established utility of this heterocyclic moiety and its potential for incorporation into the design of novel useful molecules and materials make the furan synthesis route an important target for synthetic optimization. Although many known examples of synthesis of furans exist, the previously reported approaches were principally based on non-redox reactions, using specifically prefunctionalized substrates. 5,6 Moreover, these reactions generally required expensive transition metal catalysts (Yb, 1a Au, 1b Pd, 1c,5b,6b-d , Rh 5 ), ligands and additives as well as strongly acidic conditions (TfOH 6a ).

Here we disclose an optimized synthetic methodology that allows for efficient access to tetrasubstituted furan via S8/DMSO oxidative cyclization of pentan-1,5-diones derived from the Michael addition reaction between readily available deoxybenzoins and chalcones. Despite their structural simplicity, chalcones have been wellrecognized substrates for the development of domino processes. 7 In particular, adducts A' of chalcones 1 with C-nucleophiles such as benzoylacetonitriles 2', 8 readily obtained in situ, have been shown to be excellent precursors for the synthesis of tetrasubstituted thiophenes 4 using S8 in DMSO as both sulfurating and oxidizing agent (Scheme 2).

Scheme 1. Different behaviors of S8 on adducts A and A'

By the same logic, the Michael adduct A of chalcones 1 with deoxybenzoins 2 as C-nucleophiles would be ideal for for the development of the domino processes involving S8/DMSO by the fact that it contains a pentan-1,5-dione chain that is readily decorated with the desired four aryl groups. Surprisingly, our initial trial led exclusively to furan 3. In connection with our interests in developing S8/DMSO oxidation reactions, such interesting observation led us to develop a new synthetic strategy for efficient access to the fully substituted furans via oxidative cyclization of pentan-1,5-diones and the results are disclosed in this communication. We first focused on optimization of the reaction conditions with a model reaction between chalcone 1a (1 equiv) and deoxybenzoin 2a (1.2 equiv) to evaluate the feasibility of our designed transformation. Although deoxybenzoin 2a is a weak nucleophile, DBU was found to be particularly suitable to catalyze the formation of adduct A1. Upon heating at 80 ºC for 2 h a mixture of 1a and 2a (1.2 equiv) with only 10 mol % of DBU in DMSO, adduct A1 was cleanly formed as a nearly equimolar mixture of two possible diastereomeric adducts as indicated by 1 H NMR. In order to simplify the synthetic procedure, no effort was made to isolate A1 and the optimization of subsequent sulfur-promoted oxidative cyclization of A1 to 3a was performed on the crude reaction mixture (Table 1). a Reaction conditions: Two steps and one pot: (1) 1a (1 mmol, 208 mg), 2a (1.02 equiv, 200 mg) and DBU (15 mg, 10 mol %) in DMSO (0.4 mL) at 80 ºC for 2 h min under an Ar atmosphere; (ii) S (x mmol, 32 mg.mmol -1 ) and base (y mmol) at T ºC for 16 h. b Yield of isolated 3a by column chromatography. c Determined by 1 H NMR of the crude mixture. TMP: 2,2,6,6-tetramethylpiperidine.

After adding sulfur (1 equiv) to the reaction mixture issued from the first step, the reaction tube was resealed and heated at indicated temperature. Initially, at 80 ºC, the residual DBU was found to be inefficient in providing 3a, possibly due to its decomposition by reacting with sulfur (entry 1). Gratifyingly, the addition of another nitrogen bases such as DABCO, piperidine or 2,2,6,6-tetramethylpiperidine (TMP) led to the formation of 3a in 24-30% yields (entries 2-4). As 1 H NMR spectra of the crude mixtures indicated the presence of unreacted adduct A1, heating at higher temperatures (100-120 ºC) was applied (entries 5-7) and resulted in better yields with DABCO (entries 5 and 7). Further optimization was performed by increasing DABCO and sulfur loading (entries 8-10). Overall, the optimized conditions consisted of performing the reaction as summarized in entry 10, in one pot and two stages: (1) 1a (1 mmol), 2a (1.2 equiv) and DBU (10 mol %) in DMSO (0.2 mL) at 80 ºC for 30 min; (2) S8 (2 equiv based on S) and DABCO (2 equiv) at 120 ºC for 16 h. Under these conditions, the furan product 3a was isolated in 76% yield. On the other hand, in the absence of sulfur, 3a was not formed (by 1 H NMR of the crude mixture).

Scheme 2. Scope of Chalcones 1 and Deoxybenzoins 2

The scope of this novel domino reaction by varying the nature of the chalcones 1 and the deoxybenzoins 2 is shown in Scheme 2 in a 0.5-mmol scale. A variety of chalcones bearing electrondonating (MeO), neutral (methyl, i-propyl and phenyl), halogen (Cl, Br) or electron withdrawing (nitro) groups underwent the oxidative annulation reaction yielding triarylfurans 3b-3r). Notably, heterocyclic chalcone derivatives possessing pyridine, furan and thiophene cycles reacted smoothly to give the expected products (3s-3v) in good yields. The structures of products 3h and 3v were unambiguously confirmed by single crystal X-ray diffraction. Delightedly, substituted deoxybenzoins 2 reacted with chalcone 1a to afford the corresponding furans (3w-3ab) in moderate to good yields.

, R = p-iPr, 67% 3d, R = o-Me, 67% 3e, R = m-Cl, 68% 3f, R = p-Br, 71% 3g, R = m-Br, 65% Ph Ph O 3i, R = p-Ph, 63% 3j, R = p-OMe, 71% 3k, R = m-Cl, 68% 3l, R = o-Cl, 59% 3m, R = m-Br, 64% 3n, R = p-NO 2 , 56% 3o, R = m-NO 2 , 52% Ph O R 2 R 1 Ph Ph O O 3p, R 1 = R 2 = Cl, 75% 3q, R 1 = R 2 = OMe, 73% 3r, R 1 = Ph, R 2 = Br, 59% R 2 R 1 O Ph Ph O 3w, R 1 = Me, R 2 = H, 78% 3x, R 1 = H, R 2 = OMe, 73% 3y, R 1 = R 2 = OMe, 61% 3z, R 1 = H, R 2 = F, 65% 3aa, R 1 = H, R 2 = Cl, 69% 3ab, R 1 = H, R 2 = 3c 
We next varied the nature of both chalcone and deoxybenzoin scaffolds. Both the electron-donating and the electron withdrawing groups were suitable substrates, affording products 3ab-3af in good to excellent yields. In case of alkyl ketones such as propiophenone or acetophenone in place of deoxybenzoin, the corresponding Michael adducts were not obtained in a satisfactory manner under our conditions.

Scheme 3. Control Experiments

To gain insight into the reaction pathway, control experiments were carried out (Scheme 3). Heating 1a with 2a with DABCO (2 equiv) in DMSO between 80-120 °C for 16 h in the absence of sulfur led only to the formation of the Michael adduct A1.

Similarly, when prepared separately and heated in DMSO at 120 °C in the absence of either sulfur (x = 0, y = 2) or DABCO (x = 2, y = 0) or both (x = y = 0), the adduct A1 remained unchanged (eq. 2). On the other hand, A1 underwent a smooth transformation into furan 3a in high yield upon heating with both DABCO (2 equiv) and sulfur (2 equiv). This observation confirmed the central role of both sulfur and DABCO in the formation of furan 3.

Based on the results of the above control experiments, a plausible reaction pathway 9 is depicted in Scheme 4. Ring opening of S8 by a base in DMSO would lead to the zwitterion X with variable chain length. X could act as a key sulfurating agent to promote the oxidative cyclization of the Michael adduct A1 derived from 1a and 2a. As A1 contains two acidic sites, the deprotonation would take place at the most acidic one, i.e. at C-2 to give E-enolate B with negative charge located on the oxygen atom to release steric constrain between two phenyl groups at C-1 and C-2. Subsequent sulfuration at the C-4 site of B would be assisted by a concerted intramolecular deprotonation to afford polysulfide C. Fragmentation of the polysulfide chain of C to give thioketone D would again be favored by an iterative enolization and intramolecular deprotonation followed by polysulfide extrusion. Finally, cyclization of E 10 to G via enolate F followed by an aromatization would give thiophene 3a. As mentioned in Scheme 1, a possible alternative reaction of adduct A1 with sulfur is the formation of thiophene 4a via cyclization of E by nucleophilic attack of the thiocarbonyl group on the carbonyl group. While this pathway is favored in the case of adduct A' due to the weak steric strain between the phenyl group on C-1 and the group CN or CO2Et of C-2, both of which are smaller than the phenyl group C-2 in A1, such an attack is totally suppressed thanks to the high stability of O-centered enolate F. Similar observations have previously been reported for the alkylation of diphenylacetophenone and diphenylacetone, with similar steric hindrance as in A1. 11a

Scheme 4. Plausible Reaction Pathway

In summary, we have demonstrated that the S8/DMSO system can serve as a versatile oxidizing agent for the double dehydrogenative cyclization of pentan-1-ones to tetrasubstituted furans in good yields. Starting from readily available substrates including deoxybenzoins and chalcones, this inexpensive transitionmetal-free process does not require an inert atmosphere and shows good functional group tolerance (for instance, F, Br, Cl, NO2, pyridyl, thienyl…). We anticipate that this method would be a practical synthetic tool for furan-related studies in related fields such as organic, medicinal and material chemistry. 
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