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Fe/S-Catalyzed Redox Condensation of o-Nitrophenols with Isothiocyanates to 2-Aminobenzoxazoles

As frequently encountered byproducts of isocyanate chemistry, hydrogen sulfide and related sulfur containing compounds should be treated in a safe way to lower their adverse health and environmental effects, especially in large scale syntheses. As a proof of concept, we report herein an example of in situ recycling of sulfur byproduct to reductant in the synthesis of bioactive 2-aminobenzoxazoles 3. Using Fe/S catalytic system, this heterocyclic scaffold could be obtained from o-nitrophenols 1 with isothiocyates 2 via direct redox condensation consisting in reduction of the nitro group of 1 by sulfur moiety of 2.

Development of straightforward access to products from readily available starting materials using simple experimental procedures is now a top priority of sustainable chemistry. For this purpose, a new reaction with large application should respect green chemistry principles by simplifying the reaction conditions while avoiding unnecessary intermediate transformations that have negative environmental impact.

Figure 1. Bioactive 2-Aminobenzoxazoles B1-B4

Aza heterocycles are of central role in human health because these scaffolds are omnipresent in a wide range of drugs against a broad range of diseases and conditions. Amongst them, 2-aminobenzoxazoles display powerful biological activities. Some examples of therapeutically interesting 2-aminobenzoxazoles B1-B4 are shown in Figure 1. [START_REF]2).cntdot.SO2 and Cp*2Cr2(.mu.-S)(.mu.-.eta.2-S2)(.mu.-SSO3)[END_REF] 

Scheme 1. Strategies for the Synthesis of 2-Aminobenzoxazoles

In this context, the development of efficient and eco-friendly protocols for the construction of these heterocycles is highly desirable (Scheme 1). Several synthetic approaches to N-substituted 2-aminobenzoxazoles 3 from their parent benzoxazoles 5 have been reported via pathway (1). They can be prepared from corresponding benzoxazoles 5a 2-substituted by a leaving group (X = LG) such as Cl, [START_REF] Kumar | Metal Free Amination of 2-Chloroazoles in Aqueous Medium[END_REF] Br, [START_REF] Sherry | Method for the Synthesis of 2-Aminobenzoxazoles[END_REF] SH, [START_REF] Tankam | Microwave-Enhanced On-Water Amination of 2-Mercaptobenzoxazoles to Prepare 2-Aminobenzoxazoles[END_REF] CCl3, [START_REF] Lester | Exploring the Reactivity of 2-Trichloromethylbenzoxazoles for Access to Substituted Benzoxazoles[END_REF] OH, [START_REF] Pattarawarapan | Zwitterionic Ring-Opened Oxyphosphonium Species from the Ph3P-I2 Mediated Reactions of Benzo[d]oxazol-2(3H)-ones with Secondary Amines[END_REF] OR, [START_REF] Cioffi | Synthesis of 2-Aminobenzoxazoles Using Tetramethyl Orthocarbonate or 1,1-Dichlorodiphenoxymethane[END_REF] and SMe 8 by nucleophilic displacement using amines. Recently, direct oxidative C-H amination of 2-unsubstituted benzoxazoles 5b [START_REF] Ibrahim | Recent Advances and Prospects in the Amination of benzoxazoles[END_REF] (X = H) into target 2-aminobenzoxazoles 3 was introduced, involving a transition metal such as Ag, [START_REF] Cho | Silver-Mediated Direct Amination of Benzoxazoles: Tuning the Amino Group Source from Formamides to Parent Amines[END_REF] Cu, [START_REF] Wang | Copper-Mediated Amidation of Heterocyclic and Aromatic C-H Bonds[END_REF] Fe, [START_REF] Wang | Iron-Catalyzed Direct Amination of Azoles Using Formamides or Amines as Nitrogen Sources in Air[END_REF] Mn, [START_REF] Kim | Cobalt-and Manganese-Catalyzed Direct Amination of Azoles under Mild Reaction Conditions and the Mechanistic Details[END_REF] and Co [START_REF] Kim | Cobalt-and Manganese-Catalyzed Direct Amination of Azoles under Mild Reaction Conditions and the Mechanistic Details[END_REF] as well as iodine reagents [START_REF] Froehr | A Metal-Free Amination of Benzoxazoles -The First Example of an Iodide-Catalyzed Oxidative Amination of Heteroarenes[END_REF] as a catalyst or stoichiometric bromine oxidants. 15 Nevertheless, excess of oxidants or electrochemical conditions 14c were required for these reactions.

As benzoxazolation of 2-aminophenols 4 is the most direct way to secure 5, a direct access to 3 from 4 would shorten the synthesis as well as increase the reaction efficiency. Consequently, direct aminobenzoylation of 4 has been studied and generalized as pathway 2a and 2b. Using isocyanides as aminecarbyne surrogates, 2-aminobenzoxazoles 3 could be obtained in single step from 4 (pathway 2a). 16 However, the method requires the preparation and manipulation of smelly isocyanides as well as strong oxidizing agents and metal catalysts such as Pd and Co.

More importantly, 3 can be expediently synthesized from 4 using isothiocyanates 17 2 or amines/CS2 [START_REF] Guntreddi | Utilization of carbon disulfide as a powerful building block for the synthesis of 2-aminobenzoxazoles[END_REF] (pathway 2b). The reaction proceeds via 2-hydroxyarylthioureas 6 generated in situ by nucleophilic addition of the amino group of 4 to isothiocyanate group of 2. Due to weak nucleophilicity of the phenol group of 6, H2S trapping agents of oxidizing nature in stoichiometric amounts was reported to facilitate the ultimate desulfurative cyclization, allowing the reaction to proceed under milder conditions.

While these protocols have advantages, they required toxic and not readily available reagents. Most significantly, they all share the same starting 4, [START_REF] Roy | Proline selective labeling via on-site construction of naphthoxazole (NapOx)[END_REF] which in turn could be conveniently prepare from the corresponding 1. 20 In view of these analyses and as a part of our ongoing valorization of the nitro compounds [START_REF] Li | X. Straightforward Sulfonamidation via Metabisulfite-Mediated Cross Coupling of Nitroarenes and Boronic Acids under Transition-Metal-Free Conditions[END_REF] as oxidizing substrates to synthesize aza heterocycles via NO2-CH3 22 and NO2-CH2 [START_REF] Nguyen | A Simple and Straightforward Approach to Quinoxalines by Iron/Sulfur-Catalyzed Redox Condensation of o-Nitroanilines and Phenethylamines[END_REF] redox couplings, we report herein the use of readily available isothiocyanates 2 as reducing aminocarbyne precursors in a new mode of redox condensation with o-nitrophenols 1 as oxidizing partner, leading to of 2-aminobenzoxazoles 3.

To check the feasibility of our envisioned route to 2-aminobenzothiazole 3aa, a series of experiments were carried out between o-nitrophenol 1a (1 mmol) and phenyl isothiocyanate 2a (1.2 equiv) in N-methylpyrrolidin-2-one (NMPone) as a solvent under an inert atmosphere (Table 1). We focused particularly on the use of biomimetic Fe/S catalytic systems generated in situ from inexpensive and nontoxic elemental sulfur [START_REF]For reviews on the use of sulfur in organic synthesis[END_REF] with a simple iron salt such as FeCl2•4H2O or FeCl3•6H2O.

In the absence of at least one of the three components including sulfur (1 equiv), FeCl2•4H2O (5 mol %) and an organic base (N-methylpiperidine, NMP, 1 equiv), both starting materials 1a and 2a were recovered unchanged after 16 h of heating at 100 °C (entries 1-5). To our delight, 3aa was obtained in 62% when Fe/S catalyst was formed in situ from the three above-mentioned components (entry 6).

Further optimization of the reaction conditions based on variation of the amounts of NMP (entries 7-8 vs entry 6), sulfur (entries 9-12 vs entry 6), and FeCl2•4H2O (entries 13-14 vs entry 9) as well as temperature (entries 15-16 vs entry 9) led to the optimized reaction conditions as shown in entry 9. In fact, too much sulfur could lower slightly the yield, possibly due to difficult purification of 3aa.

Control reactions conducted in the absence of NMPone solvent (entry 17) or in N,N-dimethylacetamide (entry 18), DMF (entry 19) or pyridine (entries 20) resulted in 46-67% yield of 3aa, highlighting the superiority of NMPone solvent for this redox condensation. Interestingly, when an oxidant solvent such as DMSO was used, the condensation proceeded smoothly, leading to 3aa in 55% along with unchanged starting materials (entry 21). FeCl3•6H2O was shown to be slightly less efficient than FeCl2•4H2O, which confirmed the reversible nature of Fe(II)/Fe(III) redox couple during the transformation (entry 22). Finally, we noticed that other tertiary aliphatic amines such as DIPEA or DABCO were inferior to NMP as a base additive, resulting in slight drop of yields (entries 23 and 24 vs entry 9). Table 1 a Reaction conditions: 1a (1 equiv, 1 mmol), 2a (1.2 equiv, 1.2 mmol), sulfur (x equiv), iron salt (y mol %), base (z equiv) in solvent (0.2 mL). b FeCl2•4H2O was used unless otherwise noted. c 0.2 mL. d Yield of 3aa isolated by column chromatography unless otherwise noted. e Determined by 1 H NMR of the crude reaction mixture. f FeCl3•6H2O was used. g Reaction performed with 5 mol % of commercially available FeS.

. Optimization of the Reaction Conditions

Finally, commercially available FeS was found to be inactive for the present transformation (entry 25).

With the optimal conditions (entry 9) in hand, we next explored the scope of substituted 2-nitrophenol coupling partners 3 (1, Scheme 2). This protocol showed good tolerance of a variety of functional groups including methyl (3ba-3ca), halogen (3da-3fa) as well as both electron-rich (3ga-3ha) and electrondeficient substituents (3ia). A benzo group had little effect when it is adjacent to the nitro group in 1-nitro-2-naphthol, as the yield of 3ja showed a slightly decreased yield. On the other hand, the yield of 3ka dropped significantly when the hydroxy group of the starting 2-nitro-1-naphthol was hindered by a benzo group.

Scheme 2. Scope of o-Nitrophenols 1

To further evaluate the performance of this redox condensation, we investigated the scope of isothiocyanates 2 (Scheme 3). Aryl isothiocyanates 2b-2u were first explored, and they all afforded the desired 2-aminobenozaxazole products 3. p-and mtolyl isothiocyanates (2b-2c) as well as o-tolyl and 1-naphthyl isothiocyanates (2d-2e) with a methyl and a benzo group in the sterically demanding ortho position relative to the isothiocyanate group, afforded 2-aminobenozaxazole products 3ab, 3bb, 3ac, 3ec, 3ad and 3ae in 51-68% yields. The halogen-substituted substrates 2f-2h (F), 2i-2k (Cl), 2l-2m (Br) and 2n (I) tolerated the reaction well, affording 2-aminobenzoxazoles 3ef, 3eg, 3ah, 3ei, 3aj, 3bj, 3dj, 3ej, 3ek, 3el, 3am, 3fm and 3en respectively, in reasonable yields (41-73%). These halogen substituents in diverse positions were undoubtedly useful for further structural modification. Phenyl isothiocyanates with electron-donating substituents (m-and p-MeO (2o-2p)), and electron-withdrawing substituents (p-CO2Et (2q), m-NO2 (2r), p-CN (2s), o-CF3 (2t), m-CF3 (2u)) on the phenyl ring afforded 3eo-3eu in moderate to good yields (41-60%).

Finally, aiphatic isothiocyanates such as cyclohexyl (2v), allyl (2w), methyl (2x) and ethyl (2y) isocyanates are also reactive coupling partners, furnishing the corresponding products. In these cases, a temperature of 110 °C is required to complete the reactions.

Scheme 3. Scope of Isothiocyanates 2

While the detailed mechanism of the redox condensation is not clear at this moment, three important observations may be discussed. (Scheme 4). First, we would be interested in the composition of the byproduct of the redox condensation process.

Theoretically, an equimolar condensation of 1a and 2a would lead to 3aa along with SO2 (eq. 1). As SO2 was known to be reactive in the presence of a base such as N-methylpiperidine, undergoing a disproportionation into SO3 and elemental sulfur (eq. 2), [START_REF] Toupadakis | Disproportionation of sulfur dioxide to octasulfur and sulfur trioxide on Cp*2Cr2S5. Crystallographic and sulfur-34-labeling evidence for an oxygen-transfer mechanism and observation of facile exchange of Cr2S5 core sulfurs with 34S. Structures of Cp*2Cr2[END_REF] we focused on the detection of sulfate ion issued from hydrolysis of SO3.

N R Me R NH O N Me NH O N 3am, R = H, 65% 3fm, R = Br, 41% Br R NH O N 3aj, R = H, 73% 3bj, R = Me, 65% 3dj, R = F, 48% 3ej, R = Cl, 54% Cl R NH O N 3ah, 66% F 3ac, R = H, 67% 3ec 
We found that ion sulfate was present in the aqueous extract of the crude mixture in variable quantities near ~ 2/3 mmol (based on gravimetric sulfate determination with barium chloride). This result confirmed that SO2 was the primary byproduct of the formation of 3aa from 1a and 2a.

Scheme 4. Control Experiments and Proposed Mechanism

Second, a control experiment as described in the optimized conditions but without PhNCS 2a (Table 1, entry 9) resulted in recovery of unchanged 2-nitrophenol 1a and only a small amount of aminophenol 4, possibly issued from the reduction of 1a by Fe 2+ (eq. 3). This outcome suggested that although sulfur was used even in overstoichiometric amounts, it could not act as a direct reducing agent to reduce the nitro group of 1a. Instead, sulfur will trigger such reduction by activating PhNCS 2a. One of possible explanations for the excess use of sulfur is the involvement of S8-consuming reactions. For example, sulfite initially generated in the reaction mixtures could react with sulfur to form thiosulfate or tetrathionate as well as other sulfurrich species. On the other hand, without o-nitrophenol 1a, PhNCS 2a under the same conditions (Table 1, entry 9) transformed into diphenyl-thiourea 6 and urea 7 in high combined yields (eq.4). Obviously, water in the hydrate iron salt was responsible for such reactions, which were accelerated by Fe/S complexes thank to their Lewis acid sites of Fe and Lewis basic site of S with PhNCS 2a.

Third, when CoCl2•6H2O or NiCl2•6H2O was used as a catalyst in place of FeCl2•4H2O, the reaction proceeded in a similar manner to give 3aa but much less efficiently (eq. 5). In both cases, 3aa was obtained in 32-40% yields along with recovery of 1a and 2a.

Based on these observation, we tentatively propose the catalytic mode of Fe/S catalyst, generated in situ from iron salt, sulfur and a base such as NMP in the present case. For the sake of simplicity, this kind of catalyst was described as FeS containing both Lewis acid and basic sites. Once formed, [FeS] catalyst could complex with both 1 and 2 and lead to the formation of intermediate A. Such complexation favors the migration of two oxygen atom from the nitro group to sulfide moiety via intermediate B and C. Subsequently, fragmentation of C releases SO2 and afford D, which readily undergoes cyclization to E. Finally, ring contraction of E provides 2-aminobenzoxazole 3 and recovers [FeS] catalyst.

In conclusion, we have developed a synthesis of 2-aminobenzoxazoles 3 from via Fe/S catalyzed direct redox condensation of substituted 2-nitrophenols 1 with isothiocyanates 2. Generated in situ from simple iron salts and elemental sulfur, our Fe/S catalytic system enables the use of the sulfur atom from the isothiocyanate function of 2 as a reducing agent to remove both oxygen atoms from the nitro group of 1, and make the whole condensation an atom-, step-and redox-synthesis of 2-aminobenzothiazoles. We strongly believe that our concept of in situ recycling of the reaction byproduct will open not only a new avenue for its application in heterocyclic chemistry but also in a more general context for a better and greener use natural resource. 
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