DABCO-Catalyzed Reaction of 2-Naphthols with Aryl Isothiocyanates: Access to 2-Iminonaphtho-1,3-oxathioles Thanh Binh Nguyen* and Pascal Retailleau Institut de Chimie des Substances Naturelles, CNRS UPR 2301, Université Paris-Sud, Université Paris-Saclay, 1 avenue de la Terrasse, 91198 Gif-sur-Yvette, France Supporting Information Placeholder ABSTRACT: 2-Naphthols 1 were found to react with aryl isothiocyanates 2 to provide 2-iminonaphtho-1,3-oxathioles 3 in the presence of DABCO as a catalyst. When elemental sulfur was used, moderate to good yields of 3 could be achieved from nearly equimolar mixture of two starting materials 1 and 2. Products 3 could also be formed in the absence of sulfur or an external oxidant. In the latter case, an additional equivalent of 2 was found to act as a dehydrogenating agent.

The benzo-1,3-oxathiole unit is an important heterocyclic motif with interesting bioactivities. 1 The importance of 2-iminobenzo-1,3-oxathioles, a subgroup of this family, in medicinal chemistry was recently recognized due to the potent bioactivity associated with this heterocyclic system. For example, A and derivatives were found to be an efficient agricultural and horticultural fungicides and insecticides (Scheme 1a). 2 B displayed antifungal activity. [START_REF] Yadav | Chemoselective Heterocyclizations Of (4-Oxo-2-Thioxothiazolidin-5-Yl)N-Aryldithiocarbamates To Antifungal 1,3-Dithiolo-, 1,3-Oxathiolo, And Thiazolothiazoles[END_REF] Compound C or BOT-64 was shown to be a novel NF-kB inhibitor. 4 On the other hand, varying the N-alkyl group as well as modifying substituent pattern of the benzene ring could result in other interesting bioactivities, as exemplified in case of D (LYR-71), [START_REF] Kim | Novel iminobenzoxathiolone compound inhibits nuclear factor-kB activation targeting inhibitory kB kinase b and down-regulating interleukin-1b expression in lipopolysaccharide-activated macrophages[END_REF] which has been demonstrated to inhibit in vitro catalytic activity of inhibitory kB (IkB) kinase b (IKKb), a key enzyme required for NF-kB activation. Additionally, E (BOT-4-one) could suppresses L540 lymphoma cell survival and proliferation via inhibition of JAK3/STAT3. [START_REF] Kim | Benzoxathiol Derivative BOT-4-One Suppresses L540 Lymphoma Cell Survival And Proliferation Via Inhibition Of JAK3/STAT3 Signaling[END_REF] Hence, a number of synthetic procedures for benzo-1,3-oxathioles have been reported. 7 By exploiting the unique reactivities of isothiocyanates, which act as S-C 2 -N sources for the construction of the 2-iminobenzo-1,3-oxathiole ring, phenols were used starting materials (Scheme 1b). In this case (X = I, N2 + , I + Ph, Y = H), a good ortho leaving group such as iodo, 8 diazonium, 9 or iodonium 10 is required along with the presence of transition metal catalysts 8-9 or photochemical activation with UV light. [START_REF] Spyroudis | Photoreactions Of 2,4-Dinitro-6-(Phenyliodonio)Phenolate With Some Nucleophiles[END_REF] Alternatively, prefunctionalized phenol-derived sulfurcontaining substrates 11 (X = SNPhth, SCSNR2, Y = H or X = Br, Y = CSNR2) could be used under various conditions.

We have been interested in the development of reactions involving sulfur-containing substances, such as elemental sulfur and 12 thiols 13 as readily accessible and versatile tools for C-H functionalization, especially for the construction of S-heterocycles. [START_REF] Nguyen | Recent Advances in the Synthesis of Heterocycles via Reactions Involving Elemental Sulfur[END_REF] Very recently, we showed that the combination of elemental sulfur with isothiocyanates under suitable activation of DMSO and an organic base such as DABCO allowed an easy access to thiazole-2-thiones via double C-H functionalization of chalcones. [START_REF] Nguyen | Base-Catalyzed Three-Component Reaction between Chalcones, Isothiocyanates and Sulfur: Access to Thiazole-2-thiones[END_REF] Herein, we reported our finding on the construction of 2imino-naphtho-1,3-oxathiole core from 2-naphthols and phenyl isothiocyanates via direct C-H functionalization of 2-naphthols under metal-free conditions (Scheme 1c). The present synthetic method to 2-imino-naphtho-1,3-oxathiole derivatives features a broad substrate scope, high functional group tolerance, low cost and operational simplicity.

Scheme 1. Selected bioactive 2-imino benzo-1,3-oxathiole derivatives and known synthetic methods

At the outset of our study, 2-naphthol 1a and phenyl isothiocyanate 2a were chosen as the model substrates to survey the optimal reaction conditions. Based on our previous results on 2 1.2-2 equiv conditions A: 2 (1.2 equiv), S (2 equiv), 80 ºC conditions B: 2 (2 equiv), 100 ºC the reaction of 2a with chalcones, elemental sulfur was used as a component of the reaction. Its role was initially suggested to be sulfur source and/or oxidant. The baseline experiment was thus performed by treatment of 1a (1 equiv) with 2a (1.2 equiv) and sulfur (2 equiv), in the presence of DABCO (0.2 equiv) as a catalyst in DMSO (3.0 equiv). Upon heating at 80 °C for 16 h, 2-imino-naphtho-1,3-oxathiole 3aa was obtained in moderate yield (52%, Table 1, entry 1). The structure of 3aa was unambiguously confirmed by X-ray crystallography (CDCC 2083751) with the double bond C=N of Z geometry. As the reaction balance suggested that elemental sulfur could be unessential for the formation of 3aa whose sulfur atom was supposedly issued from phenyl isothiocyanate 2a, we set up a control experiment in absence of elemental sulfur. Table 1. Screening of the Reaction Condition a Reaction conditions: 1a (1 mmol, 144 mg), 2a (x equiv, x mmol), base (y equiv, y mmol), solvent (0.2 mL), T ºC, 16 h under an argon atmosphere unless otherwise noted. b Reaction performed in the presence of sulfur (2 equiv, 2 mmol, 64 mg). c Determined by 1 H NMR of the crude reaction mixture. d Reaction performed under air.

X OH N + DABCO (0.2 equiv) DMSO (3 equiv) 80-100 ºC, 16 h R 1 X = N, CH C S Ar X O C S N R Ar S (0-2 equiv) 3 Ar O C S N R X = I, N 2 + , I + Ph O C S R N O R 1 R 2 R 1 = R 2 = Me, R = Ph, BOT-64, D, NF-kB inhibitor R 1 = H, R 2 = Me, R = n-Pr, LYR-71, E R 1 = H, R 2 = Me, R = Cy, BOT-4one, F JAK/STAT3 signaling inhibitor ( 
Strikingly, 3aa was obtained in this case (entry 2) or even in slightly higher yield if 2 equiv of 2a was used (entry 3). Since the formation of 3aa from the equimolar combination of 1a and 2a requires removal of one hydrogen atom, DMSO was in the first instant hypothesized to be dehydrogenating agent. However, control experiments carried out in N-methylpyrrolidone (NMP), which has been generally known as a non-oxidant solvent, afforded also 3aa (entry 4). These results suggested that another equivalent of 2a could act as a dehydrogenating or oxidizing agent. No reaction occurred when a 1:2 mixture was heated with DABCO (20 mol %) under neat conditions (entry 5) or in other weakly interacting solvents PhMe, PhCl, PhCN or dioxane (entries 6-9), suggesting the importance of strongly interacting polar aprotic solvents such as DMSO or NMP. Positive results were obtained when DABCO was replaced with other organic nitrogen bases of similar basicity such as 2,2,6,6tetramethylpiperidine (TMP) and imidazole (entries 10-11). On the other hand, weaker bases such as pyridine or N-methylmorpholine (1 equiv) resulted in recovery of both starting materials (entries 12-13). In these cases, bases were used in stoichiometric amount due to their high volatility. These observations suggested that the basicity of base has central role in the activation of 2-naphthol 1a. Fine tuning of the reaction conditions by simply varying the temperature led to identify 100 ºC as the optimal temperature (entry 14 vs entries 15-16). The presence of air did not cause noticeable effect on the reaction and the exclusion of air was not essential (entry 17).

Having established the optimized reaction conditions (entry 1, conditions A with sulfur or entry 14, conditions B without sulfur), we next explored the scope of the isothiocyanate substrates 2b-2m (Scheme 2). in moderate to high yields (3ab-3ac, 3bd, 3ae-3am). These results indicated that the reaction might not be sensitive to the electronic effect. Both sets of reaction conditions A and B were found to be effective. Although the yields were substrate-dependent, the correlation between yields and reaction conditions A/B appeared to be complex. The structures as well as the Zconfiguration of the exocyclic C=N bond of 3ab and 3ah were further confirmed by X-ray crystallography.

Scheme 3. Scope of Phenols

The scope of the 2-naphthol substrates 1 was then investigated and the results are summarized in Scheme 3. The experiments showed that under conditions A with sulfur, brominated 2-naphthols 1b and 1c could conveniently serve as competent substrates. The presence of a bromo substituent opens ample possibility of further functionalization of the obtained 2-iminonaphtho-1,3-oxathiole core. Interestingly, 9-hydroxyphenanthrene 1d gave rise to the corresponding coupling products 3da and 3dd in 75 and 83% yields, respectively. Gratifyingly, various aza derivatives of 2-naphthol in which one CH group is replace by a nitrogen atom, including 3-hydroxyquinoline 1e and 6-hydroxyisoquinooline 1f, were shown to be reactive, giving the products 3ea, 3fa and 3fc in 40-68% yields. The reaction conditions A were also successfully applied to 3,5-dimethoxyphenol, providing the expected product in 34% yield. X-ray crystallography confirmed the structures of 3bi, 3ea and 3ga. Once again, the Z-configuration of the exocyclic C=N bond was observed in all investigated crystals. When 6-hydroxynaphthalene-2-carboxylic acid 1h was used as a phenolic substrate with 3 equiv of PhNCS 2a in the absence of sulfur (conditions B), the carboxylic acid moiety was in parallel transformed into anilide function as a result of its reaction with one equiv of 2a as previously reported. [START_REF] Ram | A Quick And Simple Conversion Of Carboxylic Acids Into Their Anilides Of Heating With Phenyl Isothiocyanate[END_REF] Notably, two-fold reactions with 2,7-dihydroxynaphthalene 4 worked well and showed reasonable yields under conditions A with sulfur additive. In these cases, isothiocyanates 2 were used in 2.2 equiv (Scheme 4). Scheme 4. Two-fold reactions of 2,7-dihydroxynaphthalene When 1-naphthol, dihydroxybenzenes, methoxyphenols, cresols and phenol were used as the phenolic substrates, no desired products were obtained. This can be understood based on the barrier for C-H bond oxidative sulfuration, which is lower for the corresponding C-H bond of 2-naphthol due to its benzylic nature. Both C=N bonds of 5b were in Z-configuration as confirmed by the X-ray structure.

In order to determine the reaction mechanism, some important points should be taken into account. First, when 2-naphthol 1a was allowed to react with sulfur (2 equiv) in DMSO in the presence of DABCO (0,2 mmol) as a base catalyst, bis-2naphthol 6 was formed along with its higher sulfurated homologues (Scheme 5, eq 1). The structure of 6 was confirmed by X-ray crystallography. This observation suggested that under conditions A, a sulfurated derivatives such as 6 and higher sulfurated homologues issued from reaction of 2-naphthol 1a with sulfur under basic conditions could be one promising intermediate for the formation of 3aa.

Scheme 5. Control Experiments

Second, it should be emphasized again that the formation of product 3aa could be achieved from reaction of 2-naphthol 1a with 2 equiv of PhNCS 2a even under non-oxidant conditions. Indeed, the reaction catalyzed by DABCO performed in a nonoxidizing dipolar aprotic solvent N-methylpyrrolidone and under an argon atmosphere led to product 3aa in a reasonable yield 58% (Table 1, entry 4 or Scheme 5, eq 2). This result indicated that neither sulfur nor DMSO is essential as an oxidant to the formation of 3aa. Consequently, a second equivalent could act as a hydrogen acceptor. Based on this preliminary mechanistic studies and our relevant literature reports, 12,[START_REF] Nguyen | Recent Advances in the Synthesis of Heterocycles via Reactions Involving Elemental Sulfur[END_REF][START_REF] Nguyen | Base-Catalyzed Three-Component Reaction between Chalcones, Isothiocyanates and Sulfur: Access to Thiazole-2-thiones[END_REF] a plausible reaction mechanism is proposed in Scheme 6 for both sets of conditions A and B. First, under conditions A involving S8, 2-naphthol 1a underwent a DABCO-catalyzed sulfuration to generate 2-naphthol polysulfide ii via its ketone tautomer i. Incorporation of PhNCS to ii was achieved via a cascade of addition/cyclization/elimination to yield 3aa. Disulfide 6 as well as its higher sulfurated analogs could be generated by the reaction of ii with 1a. In the presence of hydro(poly)sulfide, 6 and higher sulfurated analogs could reversibly liberate iv, highly nucleophilic and could readily condense with PhNCS. to form 3aa.

In the absence of S8 (conditions B), the C=S moiety of PhNCS could act as an S-centered electrophile in a reaction of 2-naphthol catalyzed by DABCO, leading to sulfurated 2-naphthol vi via its ketone tautomer v. Cyclization of vi to vii, followed by an abstraction of a hydrogen molecule would lead to 2aa product. Another equivalent of PhNCS is among the most possible candidates for such transformation. The initial hydrogenated adducts of PhNCS would be nucleophilic because of the resulting NH or SH moiety and would undergo complex self-condensation leading to complex mixtures. Scheme 6. Proposed Reaction Pathways In conclusion, we have accomplished an efficient C(sp 2 )-H oxidative cyclocondensation of 2-naphthols 1 with aryl isothiocyanates 2 leading to a range of 2-imino-naphtho-1,3-oxathioles 3 under operationally simple conditions using DABCO as a basic catalyst (conditions B). Isothiocyanates were found to act as both substrates and dehydrogenative agents. The reaction pathway could be profoundly modified if sulfur was used with nearly equimolar ratio of both starting material 1 and 2. Studies on the application of new reactivity of isothiocyanates for sulfurative transformations and to achieve a better understanding about the reaction mechanism are ongoing.
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