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A facile strategy to synthesize highly substituted dibenzoselenophenes and dibenzothiophenes by a domino hexadehydro-Diels–Alder reaction is reported in this article. The formation of three new C–C bonds, one new Caryl–Se/Caryl–S bond, and C–H σ-bond migration via one-pot multiterminal cycloaddition reactions were involved in over three transformations. The target tetracyclic compounds were prepared from tetraynes with a triphenylphosphine selenide or triphenylphosphine sulfide. This reaction played a pivotal role in constructing natural thio[seleno]phene cores, which were highly substituted, and is a robust method for producing fused heterocycles.
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INTRODUCTION

In recent years, the use of group-16 elements such as sulfur and selenium in biological processes, materials science, and anti-cancer drugs has increasingly attracted interest among researchers (Chen et al., 2013; Sun et al., 2018; Waldvogel et al., 2018). During the manufacturing of perfumes, dyes, polymers, medicine materials, and pharmaceuticals, thiophene and selenophene could be significant intermediates (Duffield-Lillico et al., 2002; Sancineto et al., 2015). Herrmann (2015) used a structure-based medicine design to identify cyclothiophenes as antiprion molecules. Ebata et al. (2007) and Shinamura et al. (2010) presented a facile and efficient synthesis of complex benzoselenophenes. Kumar et al. (2007) established versatile and flexible methods for synthesizing regenerable chain-breaking 2,3-dihydrobenzoselenophene-5-ol antioxidants. Mlochowska reported carbon–carbon bond cleavages, ring closure and ring transformations, syn-eliminations, and sigmatropic [2,3]-rearrangements involving oxygenated and reduced selenium and sulfur compounds (Młochowski et al., 2012). Hoye used benzynes with the Lewis acid BF3 in cascade reactions to promote carbene-like reactivity (Shen et al., 2018). We reported (Hu et al., 2017) a novel cyclization method involving a benzyne intermediate/[2+2] cycloaddition/intermolecular rearrangement/σ-bond migration of an aromatic C–H bond and subsequent elimination to prepare rare tetracyclic thio[seleno]phene cores (Wakefield et al., 2007; Tsai et al., 2016). The synthesis of this four-fused-heterocyclic-ring system (Scheme 1) is very challenging for organic chemists (Siebert et al., 2010; Piemontesi et al., 2016; Meng et al., 2017; He et al., 2018). The benzannulation of triynes and triphenylphosphine selenide or triphenylphosphine sulfide in toluene typically yields benzothio[seleno]phene derivatives as the major product that also have high atom economy. When cyclopenta[h]benzothio[seleno]phene derivatives are compared with general thio[seleno]phene derivatives, the former were prepared in current reactions that have multiple rings, and such sophisticated and diverse structures have broad potential for chemical production and pharmaceutical synthesis (Wetzel et al., 2015; Wang et al., 2016).
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Scheme 1. Target tetracyclic thio[seleno]phene core structures.



Herein, we describe a facile strategy for preparing multifunctional dibenzoselenophenes and dibenzothiophenes, which are difficult to obtain via other means. These reactions of tetraynes with triphenylphosphine selenide or triphenylphosphine sulfide produce various fused products in excellent yields without catalysts, oxidants, bases, or metals. This method, with no need for directing groups, however, exhibits excellent regioselectivity and can generate fused 2,3-dihydro-1H-benzoindenoselenophene and 2,3-dihydro-1H-benzoindenothiophene via a one-pot multiterminal HDDA (Ma et al., 2012; Wang et al., 2012; Karmakar et al., 2018) cycloaddition reaction (1a−1q) in excellent yields (Table 1). Consequently, this route could afford an economical, efficient, and direct path of forming highly substituted dibenzoselenophene- and dibenzothiophene-containing compounds. We report, to the best of our knowledge, the first process to provide a range of valuable selenium-containing molecules using a simple and convenient system without metal catalysts or other additive oxidants. The reaction of multiyne 1a with triphenylphosphine selenide was used as a model reaction. When the reaction system temperature increased rapidly to 105°C, the efficiency of the reaction was greatly improved. After the screening of catalysts, we revealed that Pd(OAc)2 was the most effective catalyst for the cyclization reaction; amazingly, further investigation showed that the reaction proceeded better without other additives or metal catalysts, such as oxidants or bases. Therefore, the following reaction environments were used in follow-up experiments: 1 equiv of 1 was reacted with 1.05 equiv of triphenylphosphine selenide in toluene at 105°C for 16 h.


Table 1. One-pot formation of fused benzoselenophenesa, b.
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RESULTS AND DISCUSSION

We are interested in the application of a Diels-Alder extension, such as the domino aryne scope shown in Table 1. In addition, a variety of tetrayne substrates were able to be applied to this cascade cyclization. Synthetic products ranging from substituted isopropylbenzoindenoselenophene to substituted diethylbenzoindenoselenophene were easy to isolate in high to excellent yields from a variety of multiynes with different substitution patterns. Either electron-withdrawing or electron-donating groups on the aryl ring of the tetraynes could be equally valid; for example, any one of the fluoro, chloro, ethyl, methyl, and propyl groups was applicable to the system. Reactions of diverse tetraynes with triphenylphosphine selenide afforded the dihydrobenzoindenoselenophene skeleton in good yields (e.g., 3a−3c, 3g, 3i, 3m, and 3o were prepared in yields >80%, as shown in Table 1). Among the obtained products, the isolated yield of compound 3b was the highest (87%). The yields of the domino reactions of substituted tetraynes 1a−1q with triphenylphosphine selenide were basically similar (e.g., 3d, 3e, 3h, 3j, 3l, 3n, and 3p were obtained in yields of 70 and 78%, as shown in Table 1). In the formation of highly substituted benzoselenophenes, these results gave evidence of the advantages of the direct hydrocarbon functionalization of unsaturated alkynes with triphenylphosphine selenide.

In consideration of the high reactivity of arynes, we investigated several HDDA reactions with triphenylphosphine sulfide. Interestingly, highly substituted 5-phenyl-4-(phenylethynyl)-1H-benzoindenothiophene was formed in a high yield. The representative results are shown in Table 2. Substituents including p-fluorine (82%), hydrogen (80%), or p-methyl (83%) on the aryl rings of the tetraynes were extremely well-tolerated in the reaction with triphenylphosphine sulfide to produce the corresponding products with high yields (3s, 3v, and 3w). When substrates containing Me groups (Table 2, 3s−3u) instead of iPr groups (3r) were reacted with triphenylphosphine sulfide at the same temperature, those compounds of polyfunctionalized 5-phenyl-4-(phenylethynyl)-1H-benzoindenothiophene-2,2-dicarboxylate were isolated in good to high yields. The alkyne-functionalized tetracyclic thiophenes were believed to build via a benzyne intermediate followed by formal [2+2] cycloaddition and C–H migration. The overall reaction that produced highly substituted fused thiophenes proved excellent regioselectivity. The molecular structures of 3 m and 3 w were confirmed by X-ray diffraction (Figure 1).


Table 2. One-pot formation of highly substituted fused benzothiophenesa, b.
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FIGURE 1. Fused benzothio[seleno]phene molecular structures of 3m and 3w.



Scheme 2 shows the sequence of procedures involved in the formation of Caryl–S(Se)–Caryl and C–C bonds containing benzyne cycloaddition and an intramolecular C–H migration cascade. Aryne intermediate A, which is generated via the HDDA reaction of tetrayne 1, subsequently reacts with the negative selenium ion at the acetylene carbon atoms with small steric hindrance via a nucleophilic addition reaction producing a P-Se four-membered ring intermediate B (Wang and Hoye, 2016; Gupta et al., 2018). Intermediate B is converted to intermediate C via a 4π-electrocyclic ring-opening reaction involving the breaking of P–Se bonds (Kashiki et al., 2009; Yoshioka et al., 2011). The active intermediate C has a resonance structure D, and D then undergoes a intramolecular nucleophilic addition reaction to form E. A migration of an aromatic C-H bond (Yamamoto and Takimiya, 2007) and elimination of HPPh2 from intermediate E affords the final product three. HPPh2 was oxidized to Ph2P(O)H. Fortunately, diphenylphosphine was isolated from the reaction process, and this by-product was characterized by nuclear magnetic resonance and gas chromatography/mass spectrometry.
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Scheme 2. Mechanisms of fused benzoselenophene derivatives.



CONCLUSIONS

We provide here, to the best of our knowledge, the first method for synthesizing highly substituted dibenzoselenophenes and dibenzothiophenes via triphenylphosphine selenide or triphenylphosphine sulfide with multiynes. The formation of Caryl-S(Se)–Caryl and C–C bonds contains benzyne cycloaddition and an intramolecular C–H migration. The reactions produce all of the highly substituted targets and exhibit excellent regioselectivity as well, with the rare selenophene and thiophene derivatives giving good yields under atmospheric conditions. This method offers new opportunities for the synthesis of complex benzothio[seleno]phenes and building blocks for functional materials. Specifically, this approach is an inexpensive alternative to oxidative couplings using cycloaddition/σ-bond migration of an aromatic C–H bond and subsequent elimination; the novel method provides better yields and can be applied in anti-cancer drug discovery, the dye industry, and cell biology. Future studies will be focused on the construction of natural thiophene cores and development of a more efficient pathway for producing ubiquitous thiophenes and selenophenes.

METHODS

Procedure for Substituted Dibenzothio[Seleno]Phenes

Tetraynes (1.0 equiv) and triphenylphosphine sulfide (1.05 equiv) were added to toluene (1.5 mL), and the mixture was stirred at room temperature for 0.5 h and then heated at 105°C for 16 h under an air atmosphere. The reaction mixture was cooled to room temperature, and the solvent evaporated in vacuo. The residue was purified by preparative thin-layer chromatography on silica gel with the appropriate mixture of petroleum ether and ethyl acetate to give the fused multifunctionalized dibenzoselenophene or dibenzothiophene derivatives.

DATA AVAILABILITY

The authors declare that all relevant data supporting the findings of this study are available within the article and Supplementary Information Files. The X-ray crystallographic coordinates for structures reported in this study have been deposited at the Cambridge Crystallographic Data Center (CCDC), under deposition numbers 1878394 (3j), 1878395 (3k), 1878393 (3m), 1878397 (3v), and 1878396 (3w). These data can be obtained free of charge from the CCDC via http://www.ccdc.cam.ac.uk/data_request/cif/.

AUTHOR CONTRIBUTIONS

BL, YW, BF, and XX worked on the presented work under the guidance of YH. The manuscript was written by BL and QH with inputs from all authors.

ACKNOWLEDGMENTS

The authors thank Chunyan Mao for her contributions during the preliminary reaction screening efforts. They also thank the National Natural Science Foundation of China (Grant Nos. 21572002 and 21272005) for discretionary funding of this project. We thank LetPub (www.letpub.com) for its linguistic assistance during the preparation of this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2019.00374/full#supplementary-material

REFERENCES

 Chen, Y. C., Prabhu, K. S., Das, A., and Mastro, A. M. (2013). Dietary selenium supplementation modifies breast tumor growth and metastasis. Int. J. Cancer 133, 2054–2064. doi: 10.1002/ijc.28224

 Duffield-Lillico, A. J., Reid, M. E., Turnbull, B. W., Combs, G. F., Slate, E. H., Fischbach, L. A., et al. (2002). Baseline characteristics and the effect of selenium supplementation oncancer incidence in a randomized clinical trial: a summary report of the nutri-tional prevention of cancer trial. Cancer Epidemiol. Biomarkers Prev. 11, 630–639. Available online at: http://cebp.aacrjournals.org/content/11/7/630

 Ebata, H., Miyazaki, E., Yamamoto, T., and Takimiya, K. (2007). Synthesis, properties, and structures of benzobisbenzothiophene and benzobisbenzoselenophene. Org. Lett. 9, 4499–4502. doi: 10.1021/ol701815j

 Gupta, S., Xie, P. P., Xia, Y. Z., and Lee, D. S. (2018). Reactivity of arynes toward functionalized alkenes: intermolecular Alder-ene vs. addition reactions. Org. Chem. Front. 5, 2208–2213. doi: 10.1039/C8QO00470F

 He, Y., Li, Z., Robeyns, K., Van Meervelt, L. E., and Van der Eycken, V. (2018). A gold-catalyzed domino cyclization enabling rapid construction of diverse polyheterocyclic frameworks. Angew. Chem. Int. Ed. 57, 272–276. doi: 10.1002/anie.201710592

 Herrmann, U. S. (2015). Structure-based drug design identifies polythiophenes as antiprion compounds. Sci. Transl. Med. 7:299ra123. doi: 10.1126/scitranslmed.aab1923

 Hu, Y., Ma, J., Li, L., Hu, Q., Lv, S., Liu, B., et al. (2017). Fused multifunctionalized dibenzoselenophenes from tetraynes. Chem. Commun. 53, 1542–1545. doi: 10.1039/C6CC09732D

 Karmakar, R., Le, A., Xie, P., Xia, Y., and Lee, D. (2018). Reactivity of Arynes for Arene Dearomatization. Org. Lett. 20, 4168–4172. doi: 10.1021/acs.orglett.8b01466

 Kashiki, T., Shinamura, S., Kohara, M., Miyazaki, E., Takimiya, K., Ikeda, M., et al. (2009). One-pot synthesis of Benzo[b]thiophenes and Benzo[b]selenophenes from o-halo-substituted ethynylbenzenes: convenient approach to mono-, bis-, and tris-chalcogenophene-annulated benzenes. Org. Lett. 11, 2473–2475. doi: 10.1021/ol900809w

 Kumar, S., Johansson, H., Engman, L., Valgimigli, L., Amorati, R., Fumo, M. G., et al. (2007). Regenerable chain-breaking 2,3-dihydrobenzoselenophene-5-ol antioxidants. J. Org. Chem. 72, 2583–2595. doi: 10.1021/jo0700023

 Ma, Z., Feltenberger, J., and Hsung, R. (2012). Total syntheses of chelidonine and norchelidonine via an enamide benzyne [2 + 2] cycloaddition cascade. Org. Lett. 14, 2742–2745. doi: 10.1021/ol300967a

 Meng, X., Lv, S., Cheng, D., Hu, Q., Ma, J., Liu, B., et al. (2017). Fused multifunctionalized chromenes from tetraynes and α,β-unsaturated aldehydes. Chem. Eur. J. 23, 6264–6271. doi: 10.1002/chem.201701009

 Młochowski, J., Lisiak, R., and Wójtowicz-Młochowska, H. (2012). “Organic selenium and tellurium compounds,” in PATAI'S Chemistry of Functional Groups, eds S. Patai and Z. Rappoport (New York, NY: Wiley), 1083–1161.

 Piemontesi, C., Wang, Q., and Zhu, J. (2016). Enantioselective total synthesis of (–)terengganensine A. Angew. Chem. Int. Ed. 55, 6556–6560. doi: 10.1002/anie.201602374

 Sancineto, L., Mariotti, A., Bagnoli, L., Marini, F., Desantis, J., Iraci, N., et al. (2015). Design and synthesis of diselenobisbenzamides (DISeBAs) as nucleocapsid protein inhibitors with anti-HIV activity. J. Med. Chem. 58, 9601–9614. doi: 10.1021/acs.jmedchem.5b01183

 Shen, H., Xiao, X., Haj, M., Willoughby, P., and Hoye, T. R. (2018). BF3-promoted, carbene-like, C–H insertion reactions of benzynes. J. Am. Chem. Soc. 140, 15616–15620. doi: 10.1021/jacs.8b10206

 Shinamura, S., Miyazaki, E., and Takimiya, K. (2010). Synthesis, properties, crystal structures, semiconductor characteristics of naphthodithiophene-diselenophene derivatives. J. Org. Chem. 75, 1228–1234. doi: 10.1021/jo902545a

 Siebert, M. R., Osbourn, J. M., Brummond, K. M., and Tantillo, D. J. (2010). Differentiating mechanistic possibilities for the thermal, intramolecular [2 + 2] cycloaddition of allene–ynes. J. Am. Chem. Soc. 132, 11952–11956. doi: 10.1021/ja102848z

 Sun, X., Cui, Y., Wang, Q., Tang, S., Cao, X., Luo, H., et al. (2018). Proteogenomic analyses revealed favorable metabolism pattern alterations in rotifer brachionus plicatilis fed with selenium-rich chlorella. J. Agric. Food Chem. 66, 6699–6707. doi: 10.1021/acs.jafc.8b00139

 Tsai, C., Yu, R., Lin, F., Lai, Y., Hsu, J., Cheng, S., et al. (2016). Synthesis of a 4,9-didodecyl angular-shaped naphthodiselenophene building block to achieve high-mobility transistors. Chem. Mater. 28, 5121–5130. doi: 10.1021/acs.chemmater.6b02042

 Wakefield, B., Halter, R. J., and Wipf, P. (2007). Synthesis of (±)-thiohalenaquinone by iterative metalations of thiophene. Org. Lett. 9, 3121–3124. doi: 10.1021/ol071258y

 Waldvogel, S., Franzmann, P., Beil, S., and Schollmeyer, D. (2018). Mo-based oxidizers as powerful tools for the synthesis of thia and selenaheterocycles. Chem. Eur. J. 25, 1936–1940. doi: 10.1002/chem.201805938

 Wang, M., Fan, Q. L., and Jiang, X. F. (2016). Transition-metal-free diarylannulated sulfide and selenide construction via radical/anion-mediated sulfur–iodine and selenium–iodine exchange. Org. Lett. 18, 5756–5759. doi: 10.1021/acs.orglett.6b03078

 Wang, T., and Hoye, T. R. (2016). Hexadehydro-diels–alder (HDDA)-enabled carbazolyne chemistry:single step, de novo construction of the pyranocarbazole core of alkaloids of the murraya koenigii family. J. Am. Chem. Soc. 138, 13870–13873. doi: 10.1021/jacs.6b09628

 Wang, Y., Chi, Y., Zhang, W. X., and Xi, Z. F. (2012). Regioselective ring expansion of 2,4-diiminoazetidines via cleavage of C–N and C(sp3)–H bonds: efficient construction of 2,3-dihydropyrimidinesulfonamides. J. Am. Chem. Soc. 134, 2926–2929. doi: 10.1021/ja211486f

 Wetzel, C., Brier, E., Vogt, A., Mishra, A., Mena-Osteritz, E., and Bauerle, P. (2015). Fused thiophene-pyrrole-containing ring systems up to a heterodecacene. Angew. Chem. Int. Ed. 54, 12334–12338. doi: 10.1002/anie.201502840

 Yamamoto, T., and Takimiya, K. (2007). Facile synthesis of highly π-extended heteroarenes, dinaphthochalcogenopheno[3,2-b]chalcogenophenes, and their application to field-effect transistors. J. Am. Chem. Soc. 129, 2224–2225. doi: 10.1021/ja068429z

 Yoshioka, E., Kohtani, S., and Miyabe, H. (2011). Multicomponent coupling reaction induced by insertion of arynes into the C = O bond of formamide. Angew. Chem. Int. Ed. 50, 6638–66642. doi: 10.1002/anie.201102088

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Liu, Hu, Wen, Fang, Xu and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fchem-07-00374-t002.jpg
I oy e L

| ‘ | [ 105°C, 16h

R RIMw Il sraw

MeO,C,
MeO,C

3r81% 3583% 3t81%

3u79% 3v80% 3w 82%

#Reaction scale: 1a~h (1.0 equiv), trishenylphosphine sulfide (1.05 equiv), 105°C, toluene 1.5 m.
bYield of the isolated product after flash column chromatography.





OPS/images/fchem-07-00374-g003.gif





OPS/images/fchem-07-00374-t001.jpg
(| toluene
+ Se=PPh; 105°C,16h
[l

R R1a1q

3081%

3n75%

3p 74% 3980%

@Reaction scale: 1a~q (1.0 equiv,), triphenylphosphine selenide (1.05 equiv), 105°C, toluene 1.5 m.
bYield of the isolated product after flash column chromatography.





OPS/images/fchem-07-00374-g001.gif
% 2

%‘\

8y

e

i

43





OPS/images/fchem-07-00374-g002.gif





OPS/images/cover.jpg
’ frontiers
in Chemistry

Versatile Dibenzothio[seleno]phenes
via Hexadehydro-Diels-Alder
Domino Cyclization









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





