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Abstract

:

Recent rapid development in homogeneous gold catalysis affords an alternative and particularly thriving strategy for the generation of gold carbenes through gold-catalyzed oxidation/amination/cycloaddition of alkynes, while it avoids the employment of hazardous and potentially explosive diazo compounds as starting materials for carbene generation. In addition to facile and secure operation, gold carbenes generated in this strategy display good chemoselectivity distinct from other metal carbenes produced from the related diazo approach. N-heterocyclic carbene (NHC) gold is a special metal complex that can be used as ancillary ligands, which provides enhanced stability and can also act as an efficient chiral directing group. In this review, we will present an overview of these recent advances in alkyne oxidation/amination/cycloaddition by highlighting their specificity and applicability, aiming to facilitate progress in this very exciting area of research.
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1. Introduction


N-heterocyclic carbenes (NHC), since the first isolation of a metal-free imidazol-2-ylidene by Arduengo and coworkers in 1991 [1], have become one of the most extensively investigated ligands for transition metal complexes [2,3,4,5,6,7,8,9,10,11,12]. Far from being just a curiosity, NHC have also played ubiquitous and indispensable roles in a wider range of fields such as homogeneous catalysis [13,14,15,16,17], materials science [18,19,20,21,22], organocatalysis [23,24], and even medicinal chemistry [25,26,27,28]. NHC as ancillary ligands can been widely applied in transition metal chemistry, and homogeneous catalysis, presumably due to forming the highly robust bonds between the soft carbon donors of NHC with soft metals [3,13,14,15,16,29,30]. Compared to the corresponding phosphine ligands, NHC-complexes have stronger metal−carbon σ-bonds and exhibit higher activities [2,17,31,32,33,34,35,36,37,38,39]. In addition, a diverse array of NHC with various ring sizes, ring backbones, heteroatoms and N-substituents have been readily prepared [40]. Among those, the most versatile representative of exceedingly steady NHC is the five-membered NHC [29], owing to proximal σ-electron-withdrawing and π-electron-donating nitrogen atoms next to the carbene carbon atom (Figure 1).



In past decades, homogeneous gold catalysis has been proved to be an extremely powerful approach in organic synthesis, owing to its high catalytic activities, benign reaction conditions and good tolerance of various functional groups, for the facile and practical construction of cyclic compounds, especially the heterocycles [41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66]. This strategy avoids the employment of hazardous and potentially explosive diazo compounds as starting materials for carbene generation. The generation of gold carbene, which is highly reactive and highly electrophilic, from readily available alkynes represents a significant advance in metal carbene chemistry. Substantial progress has been achieved in the synthesis and organometallic chemistry of Au–NHC complexes. The breadth of important structural skeletons, which can be constantly observed in bioactive molecules as well as in natural products, have been efficiently constructed through NHC gold-catalyzed oxidation/amination/cycloaddition of alkynes (Figure 2). It is surprising, however, that the review of catalytic oxidation/amination/cycloaddition of alkynes by the NHC gold complexes have seldom been reported, although significant advances have been achieved during recent years.



This review introduces an overview of NHC gold-catalyzed reactions of alkynes involving oxidation/amination/cycloaddition in the past thirteen years. In order to fully profile relevant reactions, a brief description of a reported previous study will also be presented. Although gold complexes featuring phosphine analogues as ligands have been synthesized and applied in catalysis [67,68], this review article summarizes the results obtained with the NHC used as ligands. Herein, we wish to focus the current review article on the catalytic aspect of Au–NHC chemistry, in particular, the recent progress of reactions of alkynes involving oxidation/amination/cycloaddition enabled by Au–NHC complexes.




2. NHC Gold-Catalyzed Alkyne Oxidation


2.1. Synthesis of Cyclopropyl Aldehydes Involving Oxygen Atom Transfer to Gold Carbene


In 2007, Toste and coworkers reported an elegant protocol for the NHC gold-catalyzed oxidative transformations of alkynes by employing sulfoxides as oxidants to afford a variety of cyclopropyl aldehydes in excellent yields [69]. It is worth noting that the carbene nature of the intermediates was further confirmed though the oxygen atom transfers from a sulfoxide to a cationic gold (I) species. It was found that the reaction of 1,6-enynes 1 with 2 equivalent of diphenylsulfoxide 2a afforded successfully a series of cyclopropyl aldehydes 3 in 75%–94% isolated yields with broad substrate scope by using IPrAuCl/AgSbF6 (2.5–5 mol%) as the catalyst (Scheme 1). The aryl- and vinyl-substituted 1,6-enynes were suitable substrates for this tandem reaction, providing the corresponding products in 75%–90% isolated yields. In addition, heteroatom-linked 1,6-enynes were also further screened and transformed smoothly into the desired heterocycles in 91%–94% isolated yields.



Moreover, if the substrate with a methyl substituent at the β position to the terminal double bond was examined, this transformation implemented smoothly, leading to the cyclopentenyl aldehyde 5a rather than the expected cyclopropanation product via skeletal rearrangement (Scheme 2). Skeletal rearrangement of 1, 6-enyne 4a presumably proceeded via gold carbene intermediate.



Toste et al. gave a plausible mechanism for the formation of cyclopropyl aldehydes 3 based on a series of control experiments (Scheme 3). Initially, coordination of the alkyne to the catalytic [AuI]-species facilely formed precursors 1-A, which then evolved to afford the gold cyclopropyl carbene complexes 1-B via a presumable 5-exo-dig cyclization. Subsequently, dimethylsulfoxide 2a nucleophilically attacked the gold carbenes 1-B to yield the cyclopropyl aldehydes 3 through intermediates 1-C concomitant with a S–O bond cleavage.




2.2. Synthesis of β-Hydroxyenones through Pinacol Rearrangement


In 2007, Zhang and coworkers discovered a novel procedure for the NHC gold-catalyzed Intramolecular redox reaction of sulfinyl alkynes, leading to a series of β-hydroxyenones in 58%–75% isolated yields [70]. Notably, this protocol provided a two-step insertion of a latent vinylcarbonylmethylene group into carbonyl group and avoided using potentially explosive diazo compounds [71,72,73,74,75,76]. In the presence of 5 mol% of IPrAuNTf2, phenyl sulfoxides 6 could be facilely converted into a variety of β-hydroxyenones 7 (Scheme 4). Of particular note is that substituents with a different electronic nature on the aromatic rings were readily tolerated. This tandem reaction took place smoothly and the desired dicarbonyl products were exclusively obtained with selective phenyl migration.



On the basis of the experimental observations, a plausible mechanism for this transformation was illustrated (Scheme 5). Firstly, intramolecular nucleophilic addition of S–O to the Au(I)-ligated triple bond generated successfully the α-oxo gold carbene intermediates 6-B through the vinyl gold intermediates 6-A. Subsequently, migration of R1 to the gold carbenes occurred smoothly to afford the final β-hydroxyenones 7 via the intermediate 6-C.




2.3. Synthesis of α, β-Unsaturated Carbonyls without Acid Additives


Later, the same group developed a successful case of NHC gold-catalyzed intermolecular oxidations of internal alkynes by employing 8-isopropylquinoline N-oxide as oxidants, leading to the breadth of α, β-unsaturated carbonyls in good yields and with excellent E-selectivities [77]. This synthetic tool provided an efficient masking of α, β-unsaturated carbonyls as propargyl moieties, yielding a flexible and general solution to compatibility issues including α, β-unsaturated carbonyl compounds. In this study, α-oxo gold carbene generated from the alkyne oxidation proceeded smoothly 1,2-C–H insertions instead of further oxidation. As depicted in Scheme 6, the reaction of aliphatic alkynes 8 with 1.2 equivalent of 8-isopropylquinoline N-oxide 9a afforded smoothly the bulk of α, β-unsaturated carbonyl compounds 10 by employing IPrAuNTf2 as the catalyst in the absence of acid additives. A variety of readily available substituted aliphatic alkynes was further examined and the corresponding products were merely obtained in 78%–92% isolated yields with high regioselectivity. This approach exhibited good functional group compatibility and the alkynes with sensitive functional groups, such as OMOM (methoxymethyl), N3 and OTHP (2-tetrahydropyranyl), were well tolerated in all these cases.




2.4. Synthesis of Cyclopentenone Derivatives via C–H Activation


In 2012, Liu and coworkers reported a new synthetic approach for the construction of cyclopentenone derivatives involving a NHC gold-catalyzed intermolecular oxidation reaction of cis-substituted 3-en-1-ynes by employing quinoline N-oxide as oxidant [78]. A 1,5-hydrogen shift of formed gold-containing enol ether, rather than a carbene route, was probably the key step for this tandem reaction. As outlined in Scheme 7, enynes 11 with 3 equivalent of 8-methylquinoline N-oxide 9b could be readily transformed into a plethora of cyclopentenone derivatives 12 in 63–90% isolated yields with IPrAuCl/AgNTf2 (5 mol%) as the catalyst. Alkyl-substituted enynes were suitable substrates for this transformation to produce the desired products. Aromatic substrates bearing electron-withdrawing or electron-donating substituents on the phenyl ring also reacted well to smoothly yield the corresponding products in 63%–85% isolated yields. Furthermore, the alkyl-substituted substrates could also efficiently proceed to generate the desired products in 67%–90% isolated yields.



A possible mechanism to rationalize the formation of 12 was presented in Scheme 8. Nucleophilic attack of 8-methylquinoline N-oxide 9b on the [AuI]-ligated terminal C–C triple bond of enynes 11-A formed smoothly vinyl gold intermediates 11-B. Subsequently, a rapid 1,5-hydrogen shift [79,80,81,82] occurred uniquely to provide the species 11-C, which further underwent a intramolecular cyclization to form the expected products 12.




2.5. Synthesis of Oxoarylated Compounds Involving Seven-Membered Cyclic Nitriliums


Following this work, the same group described a procedure of NHC gold-catalyzed oxoarylations of nitriles with pyridine-derived N-oxides by utilizing gold carbenes as initiators [83]. More importantly, this protocol was the first examples of the oxidations of nitriles with organic N-oxides to form oxoarylation products. In addition, it was found that a key intermediate seven-membered cyclic nitriliums could be involved. Nitriles 13 with 3 equivalent of pyridine-derived N-oxide 14 could be easily converted into the bulk of oxoarylation products in 31%–84% isolated yields by utilizing IPrAuSbF6 (5 mol%) as the catalyst (Scheme 9). The scope of the transformation was further explored with a series of substituted nitriles and the substrates bearing both electron-donation and electron-withdrawing on the aromatic were compatible with this relay transformation. The reaction proceeded smoothly with different 2-substituted pyridine N-oxides, yielding the desired oxoarylation products.



Liu et al. gave a plausible mechanism for the formation of oxoarylation compounds 15 based on a series of control experiments (Scheme 10). Firstly, nucleophilic attack of pyridine-derived N-oxides 14 on the [AuI]-ligated terminal C–C triple bond of nitriles 13 readily afforded terminal α-oxo gold carbenes 13-A, concomitant with a N-O bond cleavage, that induced an attack of the tethered nitrile to give the seven-membered nitrilium species 13-B. The species 13-B were further trapped by external N-oxide to deliver the azacyclic species 13-C, followed by a ring cleavage yielding the oxoarylation compounds 15.




2.6. Synthesis of Silylketenes through Wolff Rearrangement


Only very recently, Zhang and coworkers discovered an elegant protocol for the facile and straightforward synthesis of a wealth of valuable silylketenes through NHC gold-catalyzed oxidative rearrangement of TBS (t-butyldimethylsilyl)-terminated alkynes with quinoline N-oxide [84]. It should be noted that this was the first example of the Wolff rearrangement by oxidatively generated α-oxo gold carbene species. Furthermore, the mechanism of this procedure which α-oxo gold carbene was formed through the gold-catalyzed alkyne oxidation was distinctively different from the related rhodium/ruthenium-catalyzed reactions where Rh/Ru vinylidene intermediates were involved. In addition, the silylketenes could be transformed readily into the corresponding thioesters in a one-pot process. In the presence of 10 mol% of IPrAuSbF6 and 10 mol% of NaBARF, TBS-terminated alkynes 16 with 2 equivalent of 8-isopropylquinoline N-oxide 9a could be transformed successfully into the silylketenes, which reacted with thiophenol 18a to offer the thioesters 19 in 63%–85% isolated yields (Scheme 11). Alkynes containing substituents with a different electronic nature on the aromatic rings were also suitable substrates, and were indeed converted into the expected products. In particular, this method was tolerant of various functional groups including the heteroaryls, a nonfunctionalized alkyl chain and sensitive THP-protected OH group.





3. NHC Gold-Catalyzed Alkyne Amination


3.1. Synthesis of Pseudoindoxyl and Indolyl Frameworks Involving Markovnikov Addition


In 2011, Gagosz and coworkers reported that NHC gold-catalyzed amination cyclization of 2-alkynyl arylazides with allyl alcohols enabled facile synthesis of a plethora of indolin-3-ones [85]. A series of allylic alcohols was first examined, and the corresponding products were efficiently obtained in 59%–92% isolated yields (Scheme 12). This catalytic reaction offered a broad substrate scope and excellent functional group tolerance, and the electronic property of aryl groups (electron-rich or electron-poor) on the aromatic ring did not have a significant impact.



Moreover, this chemistry was also extended successfully to other nucleophiles and a wealth of 3-substituted indoles were exclusively formed rather than the corresponding indolin-3-ones, probably because these nucleophiles would not be suitable for the Claisen rearrangement (Scheme 13). Besides, water was also a suitable substrate for this tandem reaction to yield the expected product in 89% isolated yield.



A possible mechanism to elucidate the formation of indolin-3-ones 22 was presented in Scheme 14. The activation of the triple bond by the NHC gold(I) complex was first attacked by the azide group, leading to the α-imino gold carbenes 20-A. Gold carbenes were further trapped by the allyl alcohols 21f to generate the indolin species 20-C via the intermediates 20-B, which preferentially underwent a Claisen rearrangement to furnish the final indolin-3-ones 22.




3.2. Synthesis of α, β-Unsaturated Amidines through Nitrene-Transfer Reagents


Later, Zhang and coworkers disclosed a novel route to the generation of α-imino gold carbenes through NHC gold-catalyzed intermolecular nitrene transfer to alkynes, thus realizing a new nitrene transfer strategy [86]. A series of nitrene-transfer reagents were evaluated, and iminopyridium ylides especially those based on 3,5-dichloropyridine proven to be extremely effective. Moreover, the mechanism of this mode was different from previous nitrene transfer reactions as the nitrene moiety was generated from an outer sphere attack rather than gold nitrene complex. The reaction of activated alkynes 25 with 1.2 equivalent of iminopyridinium ylide 26a yielded smoothly the bulk of the α, β-unsaturated amidines 27 by employing IPrAuNTf2 (5 mol%) as the catalyst (Scheme 15). The alkynes substituted at the alkyne terminus by a primary alkyl group and several functionalized ones were also suitable substrates and were transferred facilely to the desired α, β-unsaturated amidines. In addition to tosylnitrene, other arenesulfonylnitrenes were then screened and the expected α, β-unsaturated amidines were efficiently obtained in 79%–88% isolated yields.




3.3. Synthesis of Quinolines via 1,3-Acetoxy Shift/Cyclization/1,2-Group Shift Sequence


In 2013, Gagosz and coworkers disclosed a new method for the construction of polysubstituted quinolines through NHC gold-catalyzed intramolecular amination reaction of 2-alkynyl arylazides involving 1,3-acetoxy shift/cyclization/1,2-group shift sequence [87]. The mode of 2-alkynyl arylazides 28 in the presence of 5 mol% of IAdAuNTf2 facilely offered the breadth of polysubstituted quinolones 29 in 81%–99% isolated yields with various substrates (Scheme 16). This method worked efficiently for various 2-alkynyl arylazides containing both electron-donating and -withdrawing groups on the phenyl ring, and the resulting products were solely obtained. Notably, a variety of functional groups located at various positions of the aryl group were perfectly tolerated, including alkyl, halogen, ester, and CF3.



Furthermore, this transformation was also extended smoothly to the substrates 30 bearing a disubstitution with a cyclic motif at the propargylic position of the substrate (Scheme 17). A series of functional groups such as tosylamide, ether, and ketone group were also tolerated, thus delivering the corresponding fused polycylic quinoline derivatives 31 in 52%–96% isolated yields.



On the basis of the experimental observations, a plausible mechanism for this catalytic reaction was presented (Scheme 18). A 1,3-acetoxy shift [88,89] readily occurred, upon treatment with a NHC gold catalyst, to form allenes 28-A, which were attacked preferably by the nitrogen of azide, after extrusion of N2, to easily produce the gold carbenes 28-B. Subsequent 1,2-shift of methyl successfully took place and regeneration of the catalyst delivered smoothly the quinolones 29 via the cationic intermediates 28-C.




3.4. Synthesis of Pyrroloindolone Derivatives Involving Saucy–Marbet Rearrangement


In 2015, Gong and coworkers provided a powerful and practical tool for the step-economical synthesis of pyrroloindolone derivatives from the 2-alkynyl arylazides and alkynols [90]. Note that optically pure alkynol substrates could be facilely converted into the chiral pyrroloindolone derivatives with two stereogenic centers, including a quaternary one, albeit with a slightly decreased enantiomeric excesses. It was found that the procedure of 2-alkynyl arylazides 32 with 20 equivalent of alkynols 33 afforded successfully a wealth of pyrroloindolone derivatives 34 with a wide range of structural diversity with [IPrAuNCMe]SbF6 (10 mol%) as the catalyst (Scheme 19). Besides an n-pentyl group, cycloalkyl, phenyl groups, and N-Boc protected indole were also readily tolerated, leading to the efficient formation of products. Moreover, this tandem reaction also worked well for 2-alkynyl arylazides bearing the substituents with a different electronic nature on the R1. A variety of alkynols were further screened and the expected products were exclusively obtained.



Furthermore, this catalytic reaction could also be successfully extended to optically pure (S)-3-butyn-2-ol 36a, leading to the corresponding chiral pyrroloindolone derivatives 37 (Scheme 20). Importantly, this protocol proceeded with efficient chirality transfer albeit with a slightly decreased enantiomeric excesses.



Gong et al. gave a plausible mechanism for the formation of pyrroloindolone derivatives 34 (Scheme 21). Firstly, intramolecular nucleophilic addition of the azide onto the NHC gold-activated species readily occurred, thus forming the α-imino gold carbenes 32-A, which were trapped quickly by an intermolecular O–H insertion to generate the 3-alkynyloxyindoles 32-B. Subsequent Saucy-Marbet rearrangement uniquely took place to deliver smoothly the allenes 32-C [91], followed by an intramolecular hydroamination reaction, catalyzed by the same NHC gold complex [92,93,94,95,96,97], to yield the final pyrroloindolone derivatives 34.




3.5. Synthesis of 2-Aminoindoles and 3-Amino-β-Carbolines


In 2015, Ye and coworkers reported a new procedure for the synthesis of 2-aminoindoles and 3-amino-β-carbolines involving the α-imino gold carbenes generated via NHC gold-catalyzed intermolecular amination reaction of activated alkynes and azide [98]. In the presence of 5 mol% of IPrAuNTf2, the type of activated alkynes 38 with 2 equivalent of azide 39a easily delivered the bulk of 2-aminoindoles 40 (Scheme 22). The substrates bearing both electron-donating and electron-withdrawing groups on the aromatic ring proceeded smoothly to afford the corresponding products in 77%–89% isolated yields.



Besides 3-bromobenzyl azide, this catalytic reaction also underwent efficiently with indolyl azide 42a, leading to the 3-amino-β-carbolines 43 instead of the previous 2-aminoindoles (Scheme 23). This was presumably attributed to the stronger nucleophilic capability of indolyl part than the aryl group on nitrogen of activated alkynes.




3.6. Synthesis of 2-Aminopyrroles through Aza-Nazarov Cyclization


Following this work, the same group developed a novel mode of NHC gold-catalyzed intermolecular alkyne amination-initiated aza-Nazarov cyclization when enynes replaced ordinary alkynes as the substrates [99]. Enynes 44 with 3 equivalent of 3-bromobenzyl azide 45a could be converted smoothly into the breadth of 2-aminopyrroles 46 by using IPrAuNTf2 (5 mol%) as the catalyst (Scheme 24). A variety of enynes with aromatic or aliphatic substituents at the α or β position were further examined, thus giving the corresponding products. Varying the substituents on the nitrogen of enynes, such as nBu and cyclopropyl, were also compatible with this transformation, and providing the desired products in 65%–72% isolated yields.





4. NHC Gold-Catalyzed Alkyne Cycloaddition


4.1. Synthesis of 2-Aminonaphthalenes Involving [4+2] Cycloadditions


In 2012, Liu and coworkers discovered a protocol for the NHC gold-catalyzed [4+2] cycloaddition reaction of enynes with alkenes, leading to various 2-aminonaphthalenes [100]. However, the relevant gold-catalyzed intermolecular reactions of alkynes with alkenes had seldom been explored [101,102,103,104,105,106,107,108]. In this work, initial attack of external alkene on the [AuI]-ligated C–C triple bond of enyne formed cyclopropyl gold carbene, which was then trapped by the tethered phenyl group. In the presence of 5 mol% of IPrAuCl and 5 mol% of AgNTf2, enynes 47 with 2 equivalent of alkenes 48 could be transformed successfully into a plethora of cycloadducts 49 (Scheme 25). The functional groups such as 4-methoxyphenyl and 2-thienyl on the double bond were readily tolerated in this tandem reaction. A variety of substituents (e.g. benzo[d][1,3]dioxole, 4-chlorophenyl, 3-thienyl, and 3-benzofuryl) on the enynes also worked well in the reaction to smoothly yield the desired cycloadduct compounds.




4.2. Synthesis of Benzoxepine Frameworks through [4+3] Cycloaddition


Following this work, the same group reported a new way for the preparation of seven-membered oxacycles through NHC gold-catalyzed [4+3] cycloaddition of epoxides with arenynamides [109]. It should be noted that the retention of stereochemistry was inspected in the gold-catalyzed ring opening of epoxides. An SN2-type front-side attack of phenyl at the oxiranyl ring was presumably involved in this formal [4+3] cycloaddition. It was found that the procedure of enynes 50 with 4 equivalent of epoxides 51 using IPrAuNTf2 (5 mol%) facilely provided a plethora of cycloadducts 52 (Scheme 26). Varying substrates bearing amido substituents, including tosyl, mesyl, methyl, phenyl, benzyl, 4-chloro, 4-methoxy, and 2-thienyl, on the ynamides were well compatible with this tandem reaction, thus giving the resulting cycloadducts. In addition, a variety of epoxides were also examined to deliver the desired cycloadduct compounds. It is important to point out that stereochemistry [110,111] was retained for an intermolecular aryl attack at the epoxide.




4.3. Synthesis of 7-Acylindoles via [3+2] Cycloaddition


In 2016, Hashmi and coworkers disclosed a new type of NHC gold-catalyzed formal [3+2] cycloaddition reaction of alkynes with anthranils, involving ortho-aryl C-H functionalization, leading to the efficient synthesis of various unprotected 7-acylindoles (Scheme 27) [112]. Anthranils 54 with 1.5 equivalent alkynes 53 could be readily converted into a range of 7-acylindoles 55 in 50–86% isolated yields with various substrates by utilizing IPrAuCl/AgNTf2 (5 mol%) as the catalyst. A diverse array of substituents, such as Ph, nBu, Cy, Me, iPr, and Bn, at the ynamide nitrogen atom were well tolerated during such a one-pot cascade, giving the resulting products. Besides, phenyl- and alkene-substituted anthranils were also suitable substrates for this catalytic reaction.



The following mechanism was illustrated to explain the formation of 7-acylindoles 55 (Scheme 28). This tandem reaction was triggered by nucleophilic attack of the anthranils 54 to the gold-coordinated activated alkynes 53 to provide the vinyl gold intermediates 53-A. Upon N–O bond cleavage, α-imino gold-carbene intermediates 53-B were then efficiently formed, followed by an intramolecular ortho-aryl C–H insertion onto a gold-carbene species, thus giving the resulting 7-acylindoles 55.




4.4. Synthesis of Cyclobutenes Involving [2+2] Cycloadditions


Very recently, Zhang and coworkers described a new mode of NHC gold-catalyzed [2+2] cycloaddition reaction of alkynes with alkene, allowing the facile synthesis of various valuable cyclobutenes [113]. Of note, achieving this cycloaddition reaction was highly challenging due to the fact that alkenes involved in such a tandem sequence were all electronically inactivated. As shown in Scheme 29, the type of chloroalkynes 56 with 3 equivalent of alkenes 57, utilizing IPrAuCl (5 mol%) and NaBARF (10 mol%), offered smoothly a wealth of cyclobutenes 58 in 56–86% isolated yields. Cyclic alkenes of various other ring sizes were well tolerated. Chloroalkynes terminated with a cyclopropyl group was also a suitable substrate for this transformation. Notably, for the monosubstituted alkenes, the reactions proceeded smoothly to yield the desired products with excellent regioselectivities, which were substantially better than observed in previous protocols [114,115,116].



Furthermore, this cascade cyclization was also extended successfully to chloroethynyl phenyl sulfide 59a, giving the expected cyclobutene products 61 in 55–84% isolated yields (Scheme 30). Compared to the (chloroethynyl)arenes, the chloroethynyl phenyl sulfide could react more efficiently with alkenes and displayed excellent regioselectivities with the treatment of monosubstituted alkenes in general.





5. Conclusions


As has been shown in this review, catalytic reactions of alkynes enabled by Au–NHC complexes have experienced rapid development, and more fascinating facets of this approach have been achieved. Arguably, impressive advances have been made towards Au–NHC catalyzed oxidation reactions, amination reactions, and cycloaddition reactions. Of note, these approaches provide efficient access to various structurally complex cyclic molecules—especially the valuable heterocycles in a single synthetic step—and thus make important contributions to synthetic organic chemistry.



Moreover, a detailed understanding of the mechanisms would require more experimental investigations. Many of the reaction mechanisms are based on computational chemistry or indirect evidence. As more data of Au–NHC-catalyzed reactions of alkynes become available, more effort ought to be focused on mechanistic insights, including the role of the electronic and steric properties as the counteranion of the catalyst in catalytic reaction remains to be clearly established.



In the area of chiral Au-NHC complexes, the future will likely hold the bulk of new possibilities as the mechanisms are further elucidated. More catalytic enantioselective version of gold-catalyzed oxidation/amination/cycloaddition of alkynes will be achieved by employing chiral NHC complexes as ligands, leading to a plethora of considerable and available chiral compounds. Furthermore, it is desirable to develop highly active and robust catalysts that can utilize the non-noble metals, such as copper complexes. Consequently, an increasing number of research attention to this realm is anticipated and more reasonable devices will be realized for the facile synthesis of various skeletons by employing highly tunable NHC ligands combined with effective metal complexes in the near future.
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Figure 1. Frequently utilized N-heterocyclic carbenes and their acronyms. Ad = adamantanyl. 
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Figure 2. N-heterocyclic carbene gold-catalyzed tandem reactions of alkynes. 
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Scheme 1. Synthesis of cyclopropyl aldehydes 3. 
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Scheme 2. Synthesis of cyclopentenyl aldehyde 5a through skeletal rearrangement. 
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Scheme 3. Mechanistic proposal for N-heterocyclic carbenes (NHC) gold-catalyzed synthesis of cyclopropyl aldehydes 3. 
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Scheme 4. Synthesis of β-hydroxyenones 7 via pinacol rearrangement. 
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Scheme 5. Plausible mechanism for the formation of β-hydroxyenones 7. 
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Scheme 6. Synthesis of α, β-unsaturated carbonyls 10. 
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Scheme 7. Synthesis of cyclopentenone derivatives involving C–H activation 12. 
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Scheme 8. Plausible mechanism for the formation of cyclopentenone derivatives 12. 
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Scheme 9. Synthesis of oxoarylation compounds 15. 
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Scheme 10. Mechanistic proposal for the formation of oxoarylation compounds 15. 
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Scheme 11. Synthesis of silylketenes 19 in a one-pot process. NaBARF = sodium tetrakis [3,5-bis(trifluoromethyl)phenyl]borate. M.S. = molecular sieves. 
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Scheme 12. Synthesis of indolin-3-ones 22 by way of Markovnikov addition. Ad = adamantanyl. 
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Scheme 13. Synthesis of 3-substituted indoles 24. Ad = adamantanyl. NuH = nucleophiles. 
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Scheme 14. Plausible mechanism for the formation of indolin-3-ones 22. 
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Scheme 15. Synthesis of α, β-unsaturated amidines 27 employing nitrene-transfer reagents. 
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Scheme 16. Synthesis of quinolines 29. Ad = adamantanyl. 
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Scheme 17. Synthesis of fused polycylic quinoline derivatives 31. 
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Scheme 18. Proposed mechanism for the formation of quinolines 29. 
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Scheme 19. Synthesis of pyrroloindolone derivatives 34 utilizing Saucy–Marbet rearrangement. 
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Scheme 20. Synthesis of chiral pyrroloindolone derivatives 37. 
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Scheme 21. Mechanistic proposal for the formation of pyrroloindolone derivatives 34. 
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Scheme 22. Synthesis of 2-aminoindoles 40. M.S. = molecular sieves. 
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Scheme 23. Synthesis of 3-amino-β-carbolines 43. M.S. = molecular sieves. 
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Scheme 24. Synthesis of 2-Aminopyrroles 46 via aza-Nazarov cyclization. M.S. = molecular sieves. 
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Scheme 25. Synthesis of 2-aminonaphthalenes 49. 
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Scheme 26. Synthesis of seven-membered oxacycles 52. 
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Scheme 27. Synthesis of unprotected 7-acylindoles 55. 
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Scheme 28. Proposed mechanism for the formation of unprotected 7-acylindoles 55. 
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Scheme 29. Synthesis of cyclobutenes 58. NaBARF = sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate. 
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Scheme 30. Synthesis of phenyl sulfide-substituted cyclobutenes 61. 
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