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Quinoxalines are important heterocyclic scaffolds that present widely in useful molecules such as natural products, bioactive compounds, [1] crop protection products [2] as well as advanced materials. [3] Some representative examples were presented in Figure 1. Riboflavin Q1, also known as vitamin B2, possesses a ribose-derived quinoxaline core fused with a uracil. Baimantuoluoamide B in the flower of Datura metel L., was found to be a potential CDK4 inhibitor Q2. [4] Chloroquinoxaline sulfonamide Q3 is active against murine and human solid tumors. [5] Diverse 2-Aryl substituted quinoxaline derivatives were demonstrated to display bioactivities, ranging from hypoxia activated prodrug Q4, [6] DNA intercalator Q5 [7] to enzyme inhibitors Q6, [8] Q7 [9] and Q8-Q9. [10] Q10 was found to be a promising PET imaging agent. [11] Rapid access to the target compounds from starting materials that are readily available in both quantity and structural diversity will not only accelerate the lead identification and optimization but also lower the production cost once the molecules are commercialized. Although there are many synthetic methods to construct 2-aryl-substituted quinoxalines,[1] most of them based on specifically functionalized starting materials with limited availability, thus required addition steps of synthesis, thus lower the global atom-and step-efficiency. PET imaging agent of β-amyloid plaques, Q10 R synthesis of quinoxalines is undoubtedly an attractive approach from both practical and theoretical aspects.

Cho et al have developed an aerobic oxidative coupling of ketones with o-phenylenediamines in PEG-400 at 60 °C under an atmosphere of air in the presence of KOH to afford the corresponding quinoxalines in good yields. [12] However, besides long reaction time required for this transformation (40 h), the reaction did not proceed satisfactorily with acetophenone, 2-phenylquinoxaline being formed in only 20% yield. One of the explanation for this low efficiency of the aerobic conditions is the high reactivity of molecular oxygen with ophenylenediamine derivatives, especially at elevated temperatures. To avoid unwanted oxidation of ophenylenediamines, the ketones could be oxidized beforehand to a-hydroxylimino ketones under diazotization conditions (NaNO2/HCl or RONO/TMSCl), followed by condensation with ophenylenediamines. [13] During the course of our exploration of new redox chemistry of elemental sulfur S8 applicable to the synthesis of molecules of interest, [14] especially on large scale production, we found that while this simple substance is particularly reactive to the enolizable ketones to yield complex mixture of organosulfur derivatives, aza nucleophiles such as anilines or even o-phenylenediamines are relatively stable to this element, even at high temperatures. Based on these observations, we reasoned that elemental sulfur, an inexpensive but user-friendly and versatile synthetic tool, could be an excellent solution for direct oxidative coupling of alkyl aryl ketones with ophenylenediamines to yields quinoxalines.

Table 1. Screening of the Reaction Conditions

Entry [a] x Acid additive T (°C) yield (%) [b] [d] 0.5 oxalic acid•2H2O 110 65 [a] Reaction conditions: o-phenylendiamine 1a (1.2 mmol, 130 mg, 1.2 equiv), acetophenone 2a (1 mmol, 120 mg), sulfur (x equiv, x mmol, 32 mg/mmol), additive (0.1 mmol, 0.1 equiv) in DMSO (0.5 mL ), T °C, 16 h. [b] Isolated yield unless otherwise noted. [c] Determined by 1 H NMR of the crude mixture. [d] Reaction performed under an argon atmosphere.

While sulfur was generally using as stoichiometric oxidant, [15] we noticed that when the reactions were performed in DMSO, the amount of S8 could be lowered. If sulfur does not act as a sulfur buildingblock, using sulfur in catalytic amounts could be beneficial by circumventing the formation of unwanted organosulfur by-products.

Scheme 1. Scope of the Reactions between 1 and 2

To confirm this assumption, we initiated a screening on the oxidative coupling of o-phenylenediamine (1a) with acetophenone (2a) and the results were listed in Table 1. Treatment of of 1a and 2a in DMSO (0.5 mL) in the presence of S (1 eq) at 100 °C for 16 h afforded 2-phenylquinoxaline (3aa) in 31% isolated yield (entry 1). The presence of an acid additive such as oxalic acid dihydrate, [16] TsOH•H2O, TFA was found to favor the reaction by accelerating the condensation of the ketone function of 1a with the amino groups of 2a leading to 3aa in 45% (entries 2-4). While the best yield was achieved at 110 ºC (entry 5), the reaction performed at other temperatures resulted in lower yields of 3aa (entries 6-8), possibly due to degradation of ophenylenediamine 1a via uncontrollable reactions with DMSO at higher temperature (entry 6) or incomplete conversion at lower temperatures (entries 7-8). The reaction was carried out in the absence of sulfur led to complex mixtures with no trace of the expected quinoxaline 3aa (entry 9). Further variation of sulfur loading (entries 91-11) confirmed the optimal amount of sulfur was 50 mol % (entry 11).

The scope of the acetophenone substitution was next examined. As shown in Scheme 1, 2-arylquinoxalines 3 bearing a substituent of different electronic natures were accessible. Functional groups such as alkyl (3ab, 3ca), ether (3ac-3ad), halides (F, Cl, Br, I, 3ae-3al), CF3 (3am-3ao), NO2 (3ap-3ar), CN (3as) and ester (3da), as well as hetaryls (2-thienyl 3at, pyridyls 3au-3aw, pyrazinyl 3ax and furyl 3ay) were compatible with the reaction conditions. The reaction of ohydroxyacetophenone proceeded in the same manner to provide the expected hydroxyquinoxaline 3az along with a small amount of cyclized product (20%) issued from the dehydrogenation of the hydroxy group and C-3 of the quinoxaline ring. In general, the reactions could be performed at lower temperature (80 °C) for the substrates 2 having a substituent (o-I, o-OH, o-NO2) or a heteroaromatic ring (2-pyridyl, 4-pyridyl, 2furyl) likely to give side reaction. Notably, even at this lower temperature, 2-and 4-pyridyl products 3au and 3aw could be obtained. In these cases, even the 1 H NMR spectra of the crude mixtures showed that the expected product 3au and 3aw were practically the only aromatic component, the isolated yields remained 68-72%, which could be attributed to degradation of both starting materials upon heating with DMSO/S8, leading to insoluble degradation products.

As expected, when 4-substituted ophenylenediamines 1c,d were used, the reactions led to mixtures of nearly equimolar quinoxalines 3ca-6/3ca-7 and 3da-6/3da-7. Our preliminary results showed that the reaction with dialkyl ketones such as dipropyl and diethyl ketones led to the expected quinoxalines but the reaction mixtures were less clean and the purification was complicated.

More interestingly, our protocol was applicable to the reaction of o-phenylendiamines 1a with atetralones 4a. At 100 °C, the fused tetracyclic products naphthoquinoxaline 5aa was formed as a result of an additional aromatization (Scheme 2). It should be emphasized that compound 5aa and derivatives were known for their applications as both advanced materials [17] and bioactive molecules [18] and their syntheses were based on elaborate substrates and multi-step process, using several solvents and reagents, under not so simple reaction and purification conditions. [19] Furthermore, diverse methoxysubstituted as well as halogenated (F, Br) a-tetralones displayed good reactivity affording the expected naphthoquinoxalines 5ab-5af in good yields. 4-Methyl-a-tetralone 4g was similarly converted to 5ag. Finally, 4,5-dimethyl-1,2-phenylendiamine 1b was converted to the corresponding naphthoquinoxaline 5ba in 47% yield.

Scheme 2. Scope of the Reactions between 1 and 4

We also briefly investigated the reactivity of aryl ketones 6 with longer alkyl chains. As depicted in Scheme 3, propiophenones 6a as well as its derivatives bearing a halo substituent at different positions 6b-6d reacted with o-phenylenediamine 1 under the standard conditions to 2-aryl-3-methylquinoxalines 7a-7d in moderate yields.

Scheme 3. Reactions of 1a with ketones 6

The reactions with butyrophenone 6e and valerophenone 6f provided the expected 3alkylquinoxaline products 7e-7f with decreased yields. The lower yields in these cases could be attributed to the formation of 2-phenylbenzimidazole (21% and 12% respectively) issued from the extrusion of the alkyl group from ketones 6e-6f while the benzoyl moiety is trapped by 1. When deoxybenzoin substrates 6g-6i were used, the oxidative condensation yielded the desired product 7g-7i with 37-42% yields.

On the basis of the previous results, [15],[20], [21] a plausible mechanism is depicted in Scheme 4. An acidcatalyzed condensation of amine 1 with ketone 2 would provide imine A, equilibrating with its enamine B. Sulfuration of enamine B with sulfur would give rise to polysulfane C, which could undergo once again imine-enamine tautomerization to D and desulfuration to thioaldehyde E. Cyclization of E with concomitant dehydrosulfuration would lead to dihydroquinoxaline F, readily aromatized to 3aa by either sulfur or DMSO. The oxidation of H2S by DMSO to regenerate elemental sulfur would complete the redox catalytic cycle. Due to this characteristic, free H2S is maintained in low concentration in the reaction mixture, thus avoiding unwanted side reactions such as sulfuration and reduction in case of substrates bearing substituents capable of reacting with H2S such as nitro, cyano as well as o-halo. On the other hand, dimethyl sulfide, a byproduct of regeneration of elemental sulfur from H2S and DMSO, is relatively non-reactive and consequently remains spectator.

Scheme 4. Proposed Reaction Mechanism

Finally, to demonstrate the utility of our transformation, we set up a ten-mmol scale reaction for the synthesis of 3au quinoxaline, which could serve as a chelating ligand (Scheme 5). The expected product could be obtained in 70% yield (1.45 g) (See Supporting information for further detail).

Scheme 5. Gram-scale Synthesis of 3au

In summary, we have developed a practical method for the sulfur-catalyzed oxidative condensation of acetophenones 2 with o-phenylenediamines 1 with DMSO a terminal oxidant for the synthesis of quinoxalines 3. The method was also successfully extended to a-tetralones 4 to provide napthoquinoxalines 5 as well as to propiophenones and higher homologues 6, leading to a wide range of 3substituted 2-arylquinoxalines 7. This strategy possesses the advantages of inexpensive substrates and reagents under heating conditions. Considering the low cost of odorless and non-toxic elemental sulfur as well as its redox catalytic activity, we believe this seminal result will inspire further exploration and application in organic synthesis of molecules of interest.

Experimental Section

General procedure for the synthesis of quinoxalines 3, 5 and 7

A mixture of ketones 2, 4 or 6 (1 mmol), ophenylenediamine 1 (1.2 mmol, 1.2 equiv), sulfur (0.5 mmol, 16 mg) and oxalic acid dihydrate (13 mg, 0.1 mmol) in DMSO (0.5 mL) in a 7 mL test tube closed with a rubber septum equipped with a deflated rubber balloon was heated at 80-110 ºC (see Schemes 1-3) for 16 h. The crude mixture was purified by column chromatography on silica gel (EtOAc:hexane or CH2Cl2: EtOAc) to provide the expected quinoxalines 3, 5 or 7, respectively. 

Figure 1 .

 1 Figure 1. Important Quinoxaline Derivatives

  3ae, X = F, 57% 3af, X = Cl, 25% 3ag, X = Br, 42% 3ah, X = I, 80 ºC,
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