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Abstract:



Highly reactive arynes activate the N–C and C=O bonds of amide groups under transition metal-free conditions. This review highlights the insertion of arynes into the N–C and C=O bonds of the amide group. The insertion of arynes into the N–C bond gives the unstable four-membered ring intermediates, which are easily converted into ortho-disubstituted arenes. On the other hand, the selective insertion of arynes into the C=O bond is observed when the sterically less-hindered formamides are employed to give a reactive transient intermediate. Therefore, the trapping reactions of transient intermediates with a variety of reactants lead to the formation of oxygen atom-containing heterocycles. As relative functional groups are activated, the reactions of arynes with sulfinamides, phosphoryl amides, cyanamides, sulfonamides, thioureas, and vinylogous amides are also summarized.
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1. Introduction


In recent years, the use of arynes as highly reactive and strained intermediates in organic synthesis has attracted substantial attention [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. Arynes have been extensively utilized in transition-metal-catalyzed reactions [16,17]. The development of ortho-trimethylsilyl aryltriflates 1 as mild aryne precursors led to growing activity in this field (Scheme 1) [18]. Arynes A can be generated in situ from triflate 1 and fluoride ion under mild reaction conditions. Therefore, the aryne chemistry using aryltriflates 1 has achieved some remarkable success, particularly in the transition metal-free reactions.



Most of transition metal-free reactions proceed through the addition of nucleophiles to arynes A and the subsequent trapping of intermediates B with electrophiles to give multi-substituted arenes with structural diversity and complexity. The transition metal-free concerted reactions, such as the Diels-Alder reaction, [2 + 2] cycloaddition reaction, and dipolar cycloaddition reaction, are also synthetically useful [6,7,11,12].



When the nitrogen atom of amides acts as nucleophiles toward arynes, the insertion of arynes into the N–C bond is induced to give the N–C insertion products 3, via the formation of four-membered ring intermediates, C (Scheme 2). In contrast, insertion into the C=O bond is promoted by the nucleophilic addition of the oxygen atom of amides to arynes (Scheme 3). In the C=O insertion reaction, the four-membered ring intermediates D and ortho-quinone methides E are highly reactive [19,20]; thus, a variety of further transformations using D or E have been developed as multi-component coupling reactions [9]. As shown in Section 3 with the C=O bond activation, the suitable amides for C=O insertion are the sterically less-hindered formamides, such as N,N-dimethylformamide (DMF).




2. N–C Bond Activation


At first, the insertion of arynes into the N–C bond of the amide group was reported in the reaction of ureas with arynes [21]. In the presence of CsF, treatment of 3-methoxy-2-(trimethylsilyl) phenyl triflate 4 as an aryne precursor with 1,3-dimethyl-2-imidazolidinone (DMI) 5 gave 1,4-benzodiazepine derivative 6 in 77% yield (Scheme 4). Under similar reaction conditions, N,N′-dimethylpropyleneurea (DMPU) 7 worked well to give 1,5-benzodiazocine derivative 8. The insertion of aryne into the N–C bond of acyclic N,N,N′,N′-tetramethylurea 9 also proceeded. In these reactions, aryne is generated by the reaction of triflate 4 with the fluoride anion of CsF. The sequential transformation is achieved via a route involving the addition of the urea nitrogen atom to an aryne, followed by the intramolecular nucleophilic attack on the carbonyl carbon atom. The resulting four-membered ring intermediate readily undergoes ring opening to afford the N–C insertion products 6, 8, and 10.



The reaction of pyridynes with ureas was studied [22]. In the presence of CsF, the reaction of 4-triethylsilyl-3-trifluoromethanesulfonyloxypyridine 11 as a 3,4-pyridyne precursor with DMI 5 gave pyridodiazepine derivatives 12 and 13 in 86% yield and a ratio of 65:35 (Scheme 5). High regioselectivity was obtained by using the 3,4-pyridyne precursor 14 having a methoxy group at the 2-position to give the product 15, selectively. The use of DMPU 7 instead of DMI 5 led to the formation of the corresponding pyridodiazocine, 16. When 1-methyl-2-oxazolidone 17 was employed, the selective insertion into the N–C bond of 17 proceeded to give pyridooxazepine 18.



The reaction of DMI 5 with 4,5-benzofuranyne precursor 19 was also studied (Scheme 6) [23]. The N–C insertion product 20 was regioselectively obtained in 90% yield as a result of the initial attack of DMI 5 at C5 of 4,5-benzofuranyne.



It is reported that silylaryl bromides and iodides can be used as aryne precursors under the conditions similar to those employed for silylaryl triflates, such as precursors 4, 11, and 19 [24]. The utility of silylaryl bromides 21a–c was demonstrated in the N–C bond reaction (Scheme 7). In the presence of tetramethylammonium fluoride (TMAF), 1-bromo-3-methoxy-2-(dimethylsilyl) benzene 21a reacted with DMPU 7 to give 22a in 64% yield. Silylaryl bromides 21b and 21c also worked well.



The insertion of arynes into the N–C bond of N-phenyltrifluoroacetamides proceeded effectively [25]. In the presence of CsF, the reaction of N-phenyltrifluoroacetamide 24a with triflate 23 as an aryne precursor gave the N–C insertion product 25a in 77% yield (Scheme 8). The substituted N-aryltrifluoroacetamides 24b–d also afforded the corresponding products 25b–d in good yields. Since the CF3 group on amides is critical to the success of these transformations, they propose the reaction mechanism involving the abstraction of the hydrogen on amide nitrogen by fluoride anion as a base. The products 25a–d are obtained via the attack of amide nitrogen anion to aryne, the intramolecular trapping process with the carbonyl carbon atom, and the four-membered ring opening.



To develop the amide insertion reaction having broad utility, the reaction of N-pivaloylaniline 26a with triflate 23 was investigated by changing solvents and fluoride sources [26]. Employing tetrabutylammonium triphenyldifluorosilicate (TBTA) as a fluoride source, amide 26a underwent the N–C insertion in toluene at 50 °C to afford the tert-butylketone 27a in 64% yield (Scheme 9). Exploration of substrate scope showed that N-phenyl derivatives 26b and 26c were similarly efficient substrates.



Additionally, this reaction was applied to the synthesis of acridones and acridines (Scheme 10). The one-step synthesis of acridone 29 was achieved by the reaction of ortho-halobenzamide 28, with triflate 23 under microwave irradiation at 120 °C in the presence of TBAT. Acridone 29 was formed via a route involving the N–C insertion, followed by the intramolecular SNAr reaction. In contrast, acridine 31 was synthesized by a one-pot procedure using BF3·OEt2 via a route involving the N–C insertion of amide 30 into aryne, followed by a BF3-mediated Friedel-Crafts acylation and dehydration.



The reaction of β-lactam 32 with aryne gave acridone 29 in 50% yield by employing 3.5 equivalents of the aryne precursor 23 in the presence of CsF (Scheme 11) [27]. In this transformation, 2,3-dihydroquinolin-4-one 33 is formed as an intermediate as a result of N–C bond insertion of aryne into β-lactam 32. In fact, 33 reacted under the same reaction conditions to give acridone 29 in 77% yield. The conversion of 33 into 29 will proceed through the N-arylation of 33 with second aryne, the subsequent cyclization, the extrusion of ethylene, and the final N-arylation with third aryne.



The insertion of arynes into the N–C bond of imides was investigated [28]. The formation of simple N-arylated products could be suppressed when the reactions of imides 34a–d with triflate 23 were carried out in toluene at 60 °C in the presence of TBAT (Scheme 12). The desired N–C insertion products 35a–d were selectively obtained. Additionally, this reaction was applied to the one-pot synthesis of quinolone 36 through Camps cyclization using KOH and 18-crown-6.




3. C=O Bond Activation


At first, the insertion of arynes into the C=O bond of the amide group was reported [29]. Aryne, generated from precursor 37, reacted with N,N-dimethylformamide (DMF) to give salicylaldehyde 38 in 32% yield (Scheme 13).



When the bulky N,N-dimethylacetamide (DMA) was used, competitive insertion into the C=O and N–C bonds of DMA was observed [30]. In the presence of TBAF, treatment of 4 with DMA gave the C=O insertion product 39 in 34% yield, and the N–C insertion product 40 in 10% yield (Scheme 14). This result indicates that the sterically less-hindered formamides are the suitable nucleophiles for C=O insertion. The insertion into the C=O bond will proceed via the stepwise mechanism involving the addition of the oxygen atom of amide to an aryne, followed by the intramolecular nucleophilic attack on the iminium.



The sequential reaction involving the trapping process of transient intermediates with organometallic reagents was studied [30,31]. After a solution of triflate 4 in DMF was stirred in the presence of CsF, a solution of Et2Zn in hexane was added to the reaction mixture (Scheme 15). The desired aminophenol 41 was obtained in 71% yield. Diethyllzinc also trapped the transient intermediate generated from triflate 4 and formamide 42, to give the aminophenol 43 by a one-pot procedure.



Three-component sequential coupling of arynes, DMF, and diaryliodonium salts was studied [32]. In the presence of KF, a three-component coupling reaction was found using triflate 23 and diphenyliodonium triflate 44 in DMF-facilitated 2-phenoxybenzaldehyde 45 in 87% yield (Scheme 16). In this transformation, diphenyliodonium triflate 44 acted as an electrophile by trapping the oxygen atom of a transient intermediate.



The 2:1 coupling reaction of two molar amounts of aryne and one molar amount of DMF was reported (Scheme 17) [33]. Initially, the reaction of precursor 23 and DMF gives salicylaldehyde 38 via the hydrolysis of a transient intermediate. 9-Hydroxyxanthene 46 is formed by the reaction of salicylaldehyde 38 with aryne.



The trapping reactions of transient intermediates generated from arynes precursors and DMF with a variety of reactants have been widely studied as being synthetic approaches to oxygen atom-containing heterocycles [34,35,36,37,38,39,40,41,42,43]. The synthesis of 2H-coumarin derivatives was also studied [34,35,36]. Three-component coupling reactions leading to chromene 48 was achieved by the use of acetate 47, having an aryl group as a nucleophile for trapping the unstable intermediate (Scheme 18). In the presence of KF, the reaction of triflate 23 and acetate 47 was carried out in DMF at 80 °C to give the coumarin 48 in 95% yield [35]. The synthesis of 2-aryliminochromene skeleton of biologically active compounds was studied by using a three-component coupling reaction [36]. A transient intermediate, generated from triflate 23 and DMF, could be trapped by N,S-keteneacetal 49 to give the biologically important arylimino-2H-chromene-3-carboxamide 50 in 81% yield. The synthesis of 4H-chromene derivatives was also achieved by using a three-component coupling reaction involving the hetero Diels-Alder reaction between transient intermediates and dienophiles [37].



The synthesis of benzofurans was also studied [38,39,40]. The use of α-halogenated enolate, generated from α-chloromalonate 51 and Et2Zn, led to the formation of benzofuran 52 (Scheme 19) [38]. In the presence of CsF, treatment of aryne precursor 4 and α-chloromalonate 51 with Et2Zn in DMF gave 52 in 59% yield. In this transformation, α-chloromalonate acts as a nucleophilic and electrophilic one carbon-unit for trapping a transient intermediate. Benzofuran 52 will be formed via a route involving the retro-aldol type reaction. The simple one-pot synthesis of benzofurans was also reported [40]. When 2-bromoacetophenone 53 was used as a nucleophilic and electrophilic reactant, benzofuran 54 was obtained in 79% yield.



Additionally, the trapping reaction of transient intermediates was successfully applied to a four-component coupling reaction for the convenient synthesis of xanthene derivatives [34,41,42].




4. Activation of Relative Bonds


The insertion of arynes into the N–S bond of sulfinamides was studied [25]. In the presence of n-Bu4NF, the reaction of N-phenyltrifluoromethanesulfinamides 55a–c with triflate 23 as an aryne precursor gave the corresponding N–S insertion products 56a–c in good yields (Scheme 20).



The insertion of arynes into the P–N bonds of arylphosphoryl amides was studied [44]. In the presence of KF and 18-crown-6, the reaction of diphenylphosphinic amides 57a–c with triflate 23 was carried out at 80 °C in a sealed tube (Scheme 21). The ortho-aniline-substituted arylphosphine oxides 58a–c were obtained in moderate yields. This transformation proceeded through the addition of the nitrogen atom of 57a–c to an aryne, the intramolecular trapping, and the four-membered ring opening. Additionally, the P–N insertion product 58a was converted to ortho-amine-substituted arylphosphine 59 in 96% yield by the reduction using HSiCl3.



The insertion of arynes into the N–C bonds of aryl cyanamides was reported [45]. In the presence of CsF, triflate 23 reacted with aryl cyanamides 60a–e to give the 1,2-bifunctional aminobenzonitriles 61a–e in good yields (Scheme 22). This N–C bond insertion also proceeds via the formation of the four-membered ring intermediates.



The synthesis of biaryl compounds was achieved by using the reaction of aryl sulfonamides with arynes [46]. In the presence of KF and 18-crown-6, aryl sulfonamides 62a–c having an electron-withdrawing group reacted with aryne to afford 2-amino-biaryls 63a–c (Scheme 23). This reaction involves the addition of sulfonamides to aryne, and the subsequent Smiles-type ipso-substitution with sulfur dioxide SO2 extrusion.



Formal π-insertion into the C=S bond was observed in the reaction of thioureas with aryne [47]. When a solution of triflate 23 and thiourea 64 in toluene/MeCN was heated in the presence of CsF, amidine 65 was formed in 70% yield, accompanied with the simple S-arylated product 66 in 20% yield (Scheme 24). The sequential transformation leading to 65 was started by the reaction of the sulfur atom of 64 with an aryne, which was followed by intramolecular trapping to give a four-membered ring intermediate. The amidine 66 was obtained via the four-membered ring opening and subsequent S-arylation by an aryne.



The C=C double bond of vinylogous amide derivatives reacted with aryne [48,49]. In the presence of CsF, the reaction of vinylogous amide derivatives 67a–b with aryne gave the carbonyl compounds 68a–b in good yields (Scheme 25). This transformation proceeded via the [2 + 2] cycloaddition between aryne and 67a–b and the four-membered ring opening. The bulky vinylogous amides 69a–c having ester, ketone, or cyano group as an electron-withdrawing group reacted well with aryne to give the corresponding products 70a–c in good yields.




5. Concluding Remarks


Arynes are highly reactive intermediates that can activate the N–C and C=O bonds of an amide group under transition-metal-free conditions. As described above, the insertion of arynes into the N–C bond has been studied as a powerful method for preparing ortho-disubstituted arenes. In contrast, the selective insertion of arynes into the C=O bond proceeds when sterically less-hindered formamides are employed. Moreover, the trapping reactions of transient intermediates with a variety of reactants, leading to the multi-component coupling reaction, disclosed a broader aspect of the utility of N–C bond insertion for the synthesis of oxygen atom-containing heterocycles. I hope that this review will inspire new creative contributions to organic chemists.







Funding


This research received no external funding.




Conflicts of Interest


The author declares no conflict of interest.




References


	1. 
Saito, S.; Yamamoto, Y. Recent advances in the transition-metal-catalyzed regioselective approaches to polysubstituted benzene derivatives. Chem. Rev. 2000, 100, 2901–2915. [Google Scholar] [CrossRef] [PubMed]

	2. 
Wenk, H.H.; Winkler, M.; Sander, W. One century of aryne chemistry. Angew. Chem. Int. Ed. 2003, 42, 502–528. [Google Scholar] [CrossRef] [PubMed]

	3. 
Pellissier, H.; Santelli, M. The use of arynes in organic synthesis. Tetrahedron 2003, 59, 701–730. [Google Scholar] [CrossRef]

	4. 
Peña, D.; Pérez, D.; Guitián, E. Aryne-mediated synthesis of heterocycles. Heterocycles 2007, 74, 89–100. [Google Scholar] [CrossRef]

	5. 
Yoshida, H.; Ohshita, J.; Kunai, A. Aryne, ortho-quinone methide, and ortho-quinodimethane: Synthesis of multisubstituted arenes using the aromatic reactive intermediates. Bull. Chem. Soc. Jpn. 2010, 83, 199–219. [Google Scholar] [CrossRef]

	6. 
Bhunia, A.; Yetra, S.R.; Biju, A.T. Recent advances in transition-metal-free carbon-carbon and carbon-heteroatom bond-forming reactions using arynes. Chem. Soc. Rev. 2012, 41, 3140–3152. [Google Scholar] [CrossRef] [PubMed]

	7. 
Tadross, P.M.; Stoltz, B.M. A comprehensive history of arynes in natural product total synthesis. Chem. Rev. 2012, 112, 3550–3577. [Google Scholar] [CrossRef] [PubMed]

	8. 
Gampe, C.M.; Carreira, E.M. Arynes and cyclohexyne in natural product synthesis. Angew. Chem. Int. Ed. 2012, 51, 3766–3778. [Google Scholar] [CrossRef] [PubMed]

	9. 
Miyabe, H. Synthesis of Oxygen Heterocycles via Aromatic C–O Bond Formation Using Arynes. Molecules 2015, 20, 12558–12575. [Google Scholar] [CrossRef] [PubMed]

	10. 
Goetz, A.E.; Shah, T.K.; Garg, N.K. Pyridynes and indolynes as building blocks for functionalized heterocycles and natural products. Chem. Commun. 2015, 51, 34–45. [Google Scholar] [CrossRef] [PubMed]

	11. 
Bhojgude, S.S.; Bhunia, A.; Biju, A.T. Employing arynes in Diels-Alder reactions and transition-metal-free multicomponent coupling and arylation reactions. Acc. Chem. Res. 2016, 49, 1658–1670. [Google Scholar] [CrossRef] [PubMed]

	12. 
Karmakar, R.; Lee, D. Reactions of arynes promoted by silver ions. Chem. Soc. Rev. 2016, 45, 4459–4470. [Google Scholar] [CrossRef] [PubMed]

	13. 
García-López, J.-A.; Greaney, M.F. Synthesis of biaryls using aryne intermediates. Chem. Soc. Rev. 2016, 45, 6766–6798. [Google Scholar] [CrossRef] [PubMed]

	14. 
Shi, J.; Li, Y.; Li, Y. Aryne multifunctionalization with benzdiyne and benztriyne equivalents. Chem. Soc. Rev. 2017, 46, 1707–1719. [Google Scholar] [CrossRef] [PubMed]

	15. 
Diamond, O.J.; Marder, T.B. Methodology and applications of the hexadehydro-Diels-Alder (HDDA) reaction. Org. Chem. Front. 2017, 4, 891–910. [Google Scholar] [CrossRef]

	16. 
Guitián, E.; Pérez, D.; Peña, D. Palladium-catalyzed cycloaddition reactions of arynes. Top. Organomet. Chem. 2005, 14, 109–146. [Google Scholar] [CrossRef]

	17. 
Worlikar, S.A.; Larock, R.C. Pd-catalyzed reactions involving arynes. Curr. Org. Chem. 2011, 15, 3214–3232. [Google Scholar] [CrossRef]

	18. 
Himeshima, Y.; Sonoda, T.; Kobayashi, H. Fluoride-induced 1,2-elimination of o-trimethylsilylphenyl triflate to benzyne under mild conditions. Chem. Lett. 1983, 12, 1211–1214. [Google Scholar] [CrossRef]

	19. 
Bai, W.-J.; David, J.G.; Feng, Z.-G.; Weaver, M.G.; Wu, K.-L.; Pettus, T.R.R. The domestication of ortho-quinone methides. Acc. Chem. Res. 2014, 47, 3655–3664. [Google Scholar] [CrossRef] [PubMed]

	20. 
Van De Water, R.W.; Pettus, T.R.R. o-Quinone methides: Intermediates underdeveloped and underutilized in organic synthesis. Tetrahedron 2002, 58, 5367–5405. [Google Scholar] [CrossRef]

	21. 
Yoshida, H.; Shirakawa, E.; Honda, Y.; Hiyama, T. Addition of ureas to arynes: Straightforward synthesis of benzodiazepine and benzodiazocine derivatives. Angew. Chem. Int. Ed. 2002, 41, 3247–3249. [Google Scholar] [CrossRef]

	22. 
Saito, N.; Nakamura, K.; Shibano, S.; Ide, S.; Minami, M.; Sato, Y. Addition of cyclic ureas and 1-methyl-2-oxazolidone to pyridynes: A new approach to pyridodiazepines, pyridodiazocines, and pyridooxazepines. Org. Lett. 2014, 15, 386–389. [Google Scholar] [CrossRef] [PubMed]

	23. 
Shah, T.K.; Medina, J.M.; Garg, N.K. Expanding the strained alkyne toolbox: Generation and utility of oxygen-containing strained alkynes. J. Am. Chem. Soc. 2016, 138, 4948–4954. [Google Scholar] [CrossRef] [PubMed]

	24. 
Mesgar, M.; Daugulis, O. Silylaryl halides can replace triflates as aryne precursors. Org. Lett. 2016, 18, 3910–3913. [Google Scholar] [CrossRef]

	25. 
Liu, Z.; Larock, R.C. Intermolecular C–N addition of amides and S–N addition of sulfinamides to arynes. J. Am. Chem. Soc. 2005, 127, 13112–13113. [Google Scholar] [CrossRef] [PubMed]

	26. 
Pintori, D.G.; Greaney, M.F. Insertion of benzene rings into the amide bond: One-step synthesis of acridines and acridones from aryl amides. Org. Lett. 2010, 12, 168–171. [Google Scholar] [CrossRef] [PubMed]

	27. 
Fang, Y.; Rogness, D.C.; Larock, R.C.; Shi, F. Formation of acridones by ethylene extrusion in the reaction of arynes with β-lactams and dihydroquinolinones. J. Org. Chem. 2012, 77, 6262–6270. [Google Scholar] [CrossRef] [PubMed]

	28. 
Wright, A.C.; Haley, C.K.; Lapointe, G.; Stoltz, B.M. Synthesis of aryl ketoamides via aryne insertion into imides. Org. Lett. 2016, 18, 2793–2795. [Google Scholar] [CrossRef] [PubMed]

	29. 
Yaroslavsky, S. Reaction of aryldiazonium salts with dimethylformamide. Tetrahedron Lett. 1965, 6, 1503–1507. [Google Scholar] [CrossRef]

	30. 
Yoshioka, E.; Kohtani, S.; Miyabe, H. Sequential reaction of arynes via insertion into the π-bond of amides and trapping reaction with dialkylzincs. Org. Lett. 2010, 12, 1956–1959. [Google Scholar] [CrossRef] [PubMed]

	31. 
Yoshioka, E.; Miyabe, H. Insertion of arynes into the carbon-oxygen double bond of amides and its application into the sequential reactions. Tetrahedron 2012, 68, 179–189. [Google Scholar] [CrossRef]

	32. 
Liu, F.; Yang, H.; Hu, X.; Jiang, G. Metal-free synthesis of ortho-CHO diaryl ethers by a three-component sequential coupling. Org. Lett. 2014, 16, 6408–6411. [Google Scholar] [CrossRef] [PubMed]

	33. 
Okuma, K.; Nojima, A.; Nakamura, Y.; Matsunaga, N.; Nagahora, N.; Shioji, K. Reaction of benzyne with formamides and acetylimidazole. Bull. Chem. Soc. Jpn. 2011, 84, 328–332. [Google Scholar] [CrossRef]

	34. 
Yoshioka, E.; Kohtani, S.; Miyabe, H. A multicomponent coupling reaction induced by insertion of arynes into C=O bond of formamide. Angew. Chem. Int. Ed. 2011, 50, 6638–6642. [Google Scholar] [CrossRef] [PubMed]

	35. 
Yoshida, H.; Ito, Y.; Ohshita, J. Three-component coupling using arynes and DMF: straightforward access to coumarinsvia ortho-quinone methides. Chem. Commun. 2011, 47, 8512–8514. [Google Scholar] [CrossRef] [PubMed]

	36. 
Wen, L.-R.; Man, N.-N.; Yuan, W.-K.; Li, M. Direct construction of 2-aryliminochromenes from arynes, N,S-keteneacetals, and DMF. J. Org. Chem. 2016, 81, 5942–5948. [Google Scholar] [CrossRef] [PubMed]

	37. 
Yoshioka, E.; Tamenaga, H.; Miyabe, H. [4 + 2] cycloaddition of intermediates generated from arynes and DMF. Tetrahedron Lett. 2014, 55, 1402–1405. [Google Scholar] [CrossRef]

	38. 
Yoshioka, E.; Tanaka, H.; Kohtani, S.; Miyabe, H. Straightforward synthesis of dihydrobenzofurans and benzofurans from arynes. Org. Lett. 2013, 15, 3938–3941. [Google Scholar] [CrossRef] [PubMed]

	39. 
Yoshioka, E.; Miyabe, H. Three-component coupling reactions of arynes for the synthesis of benzofurans and coumarins. Molecules 2014, 19, 863–880. [Google Scholar] [CrossRef] [PubMed]

	40. 
Neog, K.; Das, B.; Gogoi, P. 2,3-Diaroyl benzofurans from arynes: sequential synthesis of 2-aroyl benzofurans followed by benzoylation. Org. Biomol. Chem. 2018, 16, 3138–3150. [Google Scholar] [CrossRef] [PubMed]

	41. 
Yoshioka, E.; Kohtani, S.; Miyabe, H. 2,3,4,9-Tetrahydro-9-(3-hydroxy-1,4-dioxo-1H-dihydronaphthalen-2-yl)-8-methoxy-3,3-dimethyl-1H-xanthen-1-one. Molbank 2015, 2015, M841. [Google Scholar] [CrossRef]

	42. 
Yoshioka, E.; Nishimura, M.; Nakazawa, T.; Kohtani, S.; Miyabe, H. Multicomponent coupling reaction using arynes: Synthesis of xanthene derivatives. J. Org. Chem. 2015, 80, 8464–8469. [Google Scholar] [CrossRef] [PubMed]

	43. 
Gorobets, E.; Parvez, M.; Derksen, D.J.; Keay, B.A. Generation of benzyne species from diphenylphosphoryl derivatives: Simultaneous exchange of three functional groups. Chem. Eur. J. 2016, 22, 8479–8482. [Google Scholar] [CrossRef] [PubMed]

	44. 
Shen, C.; Yang, G.; Zhang, W. Insertion of arynes into arylphosphoryl amide bonds: One-step simultaneous construction of C–N and C–P bonds. Org. Lett. 2013, 15, 5722–5725. [Google Scholar] [CrossRef] [PubMed]

	45. 
Rao, B.; Zeng, X. Aminocyanation by the addition of N–CN bonds to arynes: Chemoselective synthesis of 1,2-bifunctional aminobenzonitriles. Org. Lett. 2014, 16, 314–317. [Google Scholar] [CrossRef] [PubMed]

	46. 
Holden, C.M.; Sohel, S.M.A.; Greaney, M.F. Metal free bi(hetero)aryl synthesis: A benzyne Truce–Smiles rearrangement. Angew. Chem. Int. Ed. 2016, 55, 2450–2453. [Google Scholar] [CrossRef] [PubMed]

	47. 
Biswas, K.; Greaney, M.F. Insertion of arynes into thioureas: A new amidine synthesis. Org. Lett. 2011, 13, 4946–4949. [Google Scholar] [CrossRef] [PubMed]

	48. 
Li, R.; Wang, X.; Wei, Z.; Wu, C.; Shi, F. Reaction of arynes with vinylogous amides: Nucleophilic addition to the ortho-quinodimethide intermediate. Org. Lett. 2013, 15, 4366–4369. [Google Scholar] [CrossRef] [PubMed]

	49. 
Li, R.; Tang, H.; Fu, H.; Ren, H.; Wang, X.; Wu, C.; Wu, C.; Shi, F. Arynes double bond insertion/nucleophilic addition with vinylogous amides and carbodiimides. J. Org. Chem. 2014, 79, 1344–1355. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 23 02145 sch001 550]





Scheme 1. Transition metal-free reaction of arynes. 
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Scheme 2. Activation of amide N–C bond by arynes. 
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Scheme 3. Activation of amide C=O bond by arynes. 
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Scheme 4. Reaction of ureas with aryne. 
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Scheme 5. Insertion of pyridynes into N–C bond. 
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Scheme 6. Insertion of 4,5-benzofuranyne into N–C bond. 






Scheme 6. Insertion of 4,5-benzofuranyne into N–C bond.
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Scheme 7. Reaction of silylaryl bromides 21a–c with DMPU 7. 






Scheme 7. Reaction of silylaryl bromides 21a–c with DMPU 7.
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Scheme 8. Reaction of N-phenyltrifluoroacetamides with aryne. 






Scheme 8. Reaction of N-phenyltrifluoroacetamides with aryne.
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Scheme 9. Reaction of N-phenyltrifluoroacetamides with aryne. 






Scheme 9. Reaction of N-phenyltrifluoroacetamides with aryne.
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Scheme 10. Synthesis of acridone and acridine. 






Scheme 10. Synthesis of acridone and acridine.
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Scheme 11. Reaction of β-lactam with aryne leading to acridone. 






Scheme 11. Reaction of β-lactam with aryne leading to acridone.
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Scheme 12. Reaction of imides with aryne. 






Scheme 12. Reaction of imides with aryne.
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Scheme 13. Reaction of N,N-dimethylformamide with aryne. 






Scheme 13. Reaction of N,N-dimethylformamide with aryne.
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Scheme 14. Reaction of N,N-dimethylacetamide with aryne. 






Scheme 14. Reaction of N,N-dimethylacetamide with aryne.
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Scheme 15. Reaction for trapping the transient intermediates. 






Scheme 15. Reaction for trapping the transient intermediates.
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Scheme 16. Trapping reaction using diphenyliodonium salt. 






Scheme 16. Trapping reaction using diphenyliodonium salt.
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Scheme 17. 2:1-Coupling reaction. 






Scheme 17. 2:1-Coupling reaction.
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Scheme 18. Synthesis of coumarin derivatives. 






Scheme 18. Synthesis of coumarin derivatives.
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Scheme 19. Synthesis of benzofurans. 






Scheme 19. Synthesis of benzofurans.
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Scheme 20. Reaction of N-phenyltrifluoromethanesulfinamides with aryne. 






Scheme 20. Reaction of N-phenyltrifluoromethanesulfinamides with aryne.
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Scheme 21. Reaction of diphenylphosphinic amides with aryne. 






Scheme 21. Reaction of diphenylphosphinic amides with aryne.
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Scheme 22. Reaction of aryl cyanamides with aryne. 






Scheme 22. Reaction of aryl cyanamides with aryne.
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Scheme 23. Reaction of aryl sulfonamides with aryne. 






Scheme 23. Reaction of aryl sulfonamides with aryne.
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Scheme 24. Reaction of thiourea with aryne. 






Scheme 24. Reaction of thiourea with aryne.
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Scheme 25. Reaction of vinylogous amides with aryne. 






Scheme 25. Reaction of vinylogous amides with aryne.
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