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A One-pot Regiospecific Synthesis of Highly Functionalized 1,4-Benzodioxin Derivatives from an Electrochemically Induced Diels-Alder Reaction

The anodic oxidation of pyrogallol derivatives produces chemically unstable o-quinone heterodienes, which are trapped in situ by enamine dienophiles through regiospecific inverse-electron-demand Diels-Alder reactions. The possibility of introducing variations in both cycloaddition partners gives rise to highly substituted 1,4-benzodioxin cycloadducts with up to five elements of diversity. The reactions proceed under mild conditions with a good efficiency. The methodology should be amenable to the assembly of libraries of biologically relevant heterocycles.

Various 1,4-benzodioxin derivatives have been shown to display very interesting pharmacological properties including anti-inflammatory, diuretic, anti-hyperglycemic, and calcium antagonistic activities. 1 Some of them are also antagonists of -adrenergic receptors at the origin of anti-hypertensive properties, while others have affinities with serotonin receptors which are involved in nervous breakdown and schizophrenia. 2
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MeOH, rt anode enamine Despite this potential, the synthetic scope of this reaction is limited by the requirement of o-quinone heterodienes which are not readily accessible stable compounds. Most of the work has been generally restricted to specific oquinone heterodienes, mainly to 4-tert-butyl o-quinone, Corey's reagent, To the best of our knowledge, only a few reports described the synthesis of 1,4-benzodioxin derivatives from in situ chemically generated unstable oquinone, and the yield was somewhat low. 3j-l, 4 Electrochemically induced cycloadditions have proved to be a promising tool for organic chemistry. 5 Various unstable electrogenerated dienes 5e-g or dienophiles 5h have been successfully used in Diels-Alder reactions to afford the desired cycloadduct in high yield, with a good stereocontrol.

Recently, we described a cascade reaction traversing through an inverse-electron-demand Diels-Alder (IEDDA) reaction of an o-iminoquinone diene and a secondary alkylenamine dienophile, two chemically nonaccessible unstable entities. 6 Our electrochemical procedure, wherein both cycloaddition partners were generated in situ, at room temperature, under metal-free conditions, allowed the rapid construction of diverse 2alkylamino-1,4-benzoxazine derivatives which proved to be potent neuroprotective agents in vitro and in vivo. 6d We report now the electrochemically induced oquinone cycloaddition reaction with enamines, which gives rise to highly functionalized 1,4-benzodioxin derivatives, with complete regiochemical control. This reaction which offers the opportunity to introduce diversity elements in both cycloaddition partners should allow the easy synthesis of libraries of biologically relevant heterocycles. a Reagents and conditions: (1a-i) = 2 mM (added in four equal portions), (enamine) = 10 mM, MeOH, rt, Hg anode (E = + 50 mV vs SCE), 4 h; 1 equiv of morpholine was added to the bulk solution for producing the monoanionic species of 1a-i, which is the sole form that can be oxidized to o-quinone. b Yields refer to chromatographically pure isolated products.

We first performed optimization studies of the anodic controlled-potential electrolysis of pyrogallol derivatives, using 1a in the presence of 4cyclohexylidenemethylmorpholine 2a. We found that the optimum conditions required a mercury anode, methanol as the solvent and tetraethylammonium hexafluorophosphate as the supporting electrolyte. One equivalent of 1a and 5 equiv of enamine were a good reagent combination for the reaction. However, due to the instability of the electrogenerated 3,4-quinone heterodiene, compound 1a was added in four equal portions to the electrolysis solution which contained the enamine dienophile. In the meantime, the anode potential was maintained at + 50 mV vs SCE, which is at a potential for which 1a could be oxidized to the corresponding 3,4-quinone form. Thus, the continuously low concentration of the electrogenerated o-quinone heterodiene, together with the large excess of enamine dienophile, should promote the cycloaddition reaction at the expense of the polymerization of the putative 3,4quinone. Under these reaction conditions, compound 3a was isolated in 62% yield as a single regioisomer (entry 1, Table 1). 7 With the reliable set of conditions in hand, we probed the scope of the electrochemically induced cycloaddition reaction with different o-quinone heterodienes. Table 1 shows some examples of the molecular diversity that is accessible through this reaction which is an IEDDA reaction between the electron-poor o-quinone heterodiene and the electron-rich enamine dienophile. This uncatalyzed cycloaddition reaction occurred at room temperature, within 4 h, with complete regioselectivity. The more electron-rich carbon atom of the enamine dienophile added to the 3-oxygen atom of the o-quinone heterodiene. Conclusive evidence of the structure of the regioisomer was provided by X-ray crystallographic analyses of the benzodioxin derivative 3h (Figure 1). Interestingly, bromosubstituted pyrogallol derivatives reacted effectively to furnish the desired cycloadduct in good yields (entries 2 and 5, Table 1). 8 In the specific case of pyrogallol derivatives bearing a benzophenone framework (entries 4-7), the scope of the cycloaddition reaction could be also extended by the attachment of substituents on the benzoyl moiety. As we suspected that electron-poor o-quinone heterodienes possessing electron withdrawing groups on the benzoyl moiety should favor the IEDDA reaction with the electron-rich enamine, we focused on introduction of electron-donating substituents. (7) Various solvents and reaction conditions were screened, but none of changes led to an improvement of the yield of the reaction. Replacing the Hg anode by a Pt anode for instance lowered the yield to 50%.

(8) Bromosubstituted aromatic rings are particularly attractive in diversity-oriented synthesis because they can be easily transformed into differently substituted aromatics by cross-coupling reactions. a Reagents and conditions: (1d, 1e) = 2 mM (added in four equal portions), (enamine) = 10 mM, MeOH, rt, Hg anode (E = + 50 mV vs SCE), 4 h; 1 equiv of morpholine was added to the bulk solution for producing the monoanionic species of 1d or 1e, which is the sole form that can be oxidized to o-quinone. b Yields refer to chromatographically pure isolated products. c obtained as a mixture of two unassigned diastereoisomers. d 2-hemiacetal was isolated as the by-product in 20% yield.
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Surprisingly, the presence of electron-donating groups did not significantly interfere with the reaction since the yield of the cycloadduct only slightly decreased (entries 6 and 7). Anodic oxidation of 1-nitropyrogallol 1i generated a highly unstable o-quinone heterodiene which, as a result of its concomitant decomposition to melanin-like polymers, failed to produce the corresponding cycloadduct 3i in good yield (entry 9).

The regiospecificity of the reaction deserves special note because the regioselectivity of earlier reported similar reactions was quite variable. 3,4 Furthermore, when the pyrogallol derivative 1d was replaced by its corresponding 2-methoxy analogue 1j, the electrochemically induced cycloaddition reaction led to a 4:1 mixture of regioisomers 3ja and 3jb (75% combined, Scheme 1). 9 This result highlighted the crucial role of the 2-hydroxyl group as the inducer of regiospecificity. This point merits thorough further investigation. The structure of the enamine dienophile could be also very diverse (Table 2). As expected, alkylenamines with a pronounced electron-rich character produced the desired cycloadduct in high yield (entries 1-6), whereas the enamine 2h that bore phenyl substituents resulted in somewhat lower yield (entry 8). Except for the cycloadduct 3p (entry 7), no subsequent elimination of the alkylamino chain was observed, in contrast to what has been previously reported for similar reactions of enamines with o-quinones. 4c This feature is of synthetic interest since the methodology we describe allows the easy synthesis of 2-alkylamino-1,4-benzodioxin derivatives. In conclusion, we have reported a successful use of in situ generated o-quinone heterodienes for the regiospecific IEDDA reaction with enamines. The possibility of introducing variations in both cycloaddition partners afforded highly substituted 1,4-benzodioxin derivatives with up to five elements of diversity. Because it would be difficult to access them more rapidly, our electrochemical methodology proved to be particularly attractive for library development. Finally, as a result of their structural similarity with a series of 1,4-benzoxazine derivatives reported earlier, 6d these new compounds could be considered as target structures for the design of novel neuroprotective agents.
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Scheme 1 .

 1 Scheme 1. Anodic oxidation of the 2-methoxy analogue 1j and in situ trapping of the o-quinone heterodiene by enamine 2a.

Figure 1 .

 1 Figure 1. An ORTEP view of 3h. Displacement ellipsoids are drawn at the 30% probability level. 10

Table 1 .

 1 Variation of the diene part: anodic oxidation of various pyrogallol derivatives 1a-i and trapping of the electrogenerated o-quinone heterodiene by 4-cyclohexylidenemethylmorpholine. a

Table 2 .

 2 Variation of the dienophile part: anodic oxidation of pyrogallol derivatives 1d and 1e and trapping of the corresponding o-quinone heterodiene by different enamines. a

(9) The reaction was performed under the same experimental conditions. However, as o-quinol 1j was oxidizable at a slightly higher potential, the Hg anode, which has a low anodic decomposition potential, was replaced by a Pt anode.
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Supporting Information Available: Typical experimental procedures and full spectroscopic data for compounds 3a-q, including 1 H, 13 C NMR spectra together with crystallographic files (CIF) for compound 3h. This material is available free of charge via the Internet at http://pubs.acs.org.

(10) Crystallographic data for 3h: Prismatic colorless crystal of 0.750.400.30 mm. Empirical formula C19H25NO6, M = 363.40, T = 293 K, Triclinic system, space group P-1, Z = 4, a = 11.468(3), b = 12.662(4), c = 13.310(4) Å,  = 76.23(2),  = 80.61 (2),  = 89.87(2)°, V = 1850.7 Å 3 , dcalc =1.304 g cm -3 , F(000) = 776,  = 0.10 mm -1 , (MoK) = 0.71073 Å, There are two enantiomeric independent molecules in the asymmetric unit. 13482 reflections measured of which 8462 unique, 478 parameters refined on F 2 . Final R1(F) = 0.0433 calculated with the 5713 observed reflections as I > 2 sigma (I), wR2(F 2 ) = 0.1156 (with all the 8462 data) Deposited CCDC number: