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Abstract

:

Gold catalysts possess the advantages of water and oxygen resistance, with the possibility of catalyzing many novel chemical transformations, especially in the syntheses of small-molecule skeletons, in addition to achieving the rapid construction of multiple chemical bonds and ring systems in one step. In this feature paper, we summarize recent advances in the construction of small-molecule scaffolds, such as benzene, cyclopentene, furan, and pyran, based on gold-catalyzed cyclization of arylalkyne derivatives within the last decade. We hope that this review will serve as a useful reference for chemists to apply gold-catalyzed strategies to the syntheses of related natural products and active molecules, hopefully providing useful guidance for the exploration of additional novel gold-catalyzed approaches.
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1. Introduction


Gold was long considered an inert precious metal that cannot be used in catalyzing chemical reactions until Bond and Ito discovered that gold exhibits excellent catalytic activity in nanoparticle form or as soluble complexes [1,2], opening the door for the subsequent development and application of gold-catalyzed chemical reactions [3]. The oxidation states of gold include Au(0), Au(I), and Au(III). Au(I) alone is unstable in solution and is generally used in linear complexes with phosphine ligands, carbene ligands, etc. (Figure 1a) [4]. The counterions of gold catalysts include trifluoromethanesulfonate (OTf−), tetrafluoroborate (BF4−), hexafluoroantimonate (SbF6−), tetraphenylboron (BAr4−), etc. (Figure 1b). A reactive Au(I) complex is formed through counterion exchange with various silver salts (AgX) or with sodium tetra-aryl borate (NaBAr4) and potassium tetra-aryl borate (KBAr4) (Figure 1c).



In homogeneous gold-catalyzed reactions, gold, as a soft acid, is highly nucleophilic to the π-electron system in alkynes, alkenes, and allenes, promoting a series of chemical transformations. In 1998, the Teles group first reported the hydrofunctionalization of alkynes by a Au(I)-phosphine complex, after which the great potential of homogeneous gold catalysis in organic synthesis was gradually explored [5]. Over the past two decades, many subtle gold-catalyzed methodologies have been developed, including cycloaddition reactions, cycloisomerization reactions, and cascade cyclization reactions.



Gold catalysts are characterized by high catalytic reactivity, good chemical selectivity, mild reaction conditions, and high tolerance to water and air. The most common application of gold catalysts in organic synthesis is the cyclization reaction, which can be used to synthesize a benzene ring, indole ring, quinoline ring, imidazole ring, oxazole ring, etc. [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21]. Arylalkyne-containing building blocks are easily prepared and can undergo a variety of cyclization reactions, offering unique advantages with respect to the construction of small-molecule skeletons, such as benzenes, cyclopentenes, furans, and pyrans under the influence of gold catalysis (Figure 2). Therefore, we attempted to systematically summarize the building-block-directed construction of specific small-molecule scaffolds with arylalkyne substrates under gold(I)-catalyzed conditions within the last decade, and any works missed were unintentional.



In this feature paper, studies are classified according to the structural characteristics of small-molecule skeletons, highlighting the development of strategies and the scope of research on gold-catalyzed cyclization of arylalkyne derivatives, including arene–diynes, arene–enynes, aryne–enolether, aryne–acetals, etc.




2. Syntheses of Benzene Derivatives


Many important natural products and drugs contain aromatic units, such as benzenes, naphthalenes, and biaryls; thus, the construction of benzene rings is significant in organic synthesis. The synthesis methods for benzene rings using [2+2+2] or [4+2] cycloaddition reactions usually require harsh conditions. However, Au(I)-catalyzed cyclization of arylalkyne substrates represents a mild and versatile approach to the construction of benzene rings. In this chapter, we summarize previous works on the synthesis of benzene derivatives based on the type of arylalkyne.



2.1. Arene-Diyne Substrates


In 2012, Hashmi and colleagues reported a double gold(I)-activated cyclization of arene-diynes to construct benzene rings for the synthesis of β-substituted naphthalene derivatives, which was achieved through an unexpected reaction pathway (Scheme 1) [22]. First, one terminal alkyne of arene-diyne (1) was activated by a gold catalyst to form a Au–C-σ bond through catalyst transfer, and the other terminal alkyne was activated to produce a double-activated intermediate (2). Subsequently, the activated triple bond was attacked by the β carbon of gold acetylide due to π coordination, which induced the formation of a five-membered ring to generate gold–vinylidene (3). Next, intermediate 4 was formed by a solvent attack (benzene) and a 1,3-H shift, which was subsequently transformed into intermediate 5 via a ring expansion. Finally, after the elimination of the gold(I) catalyst and protonation, a β-substituted naphthalene product (6) was obtained. The reaction pathway was clearly verified through X-ray crystal structure analysis of the key intermediates and controlled experiments. The strategy of double gold activation had a significant influence on the later development of gold chemistry.



In the same year, the Ohno group described a gold(I)-catalyzed tandem approach to 1,3-disubstituted naphthalenes using arene-diynes with 14 examples, achieving a quantitative yield (Scheme 2) [23]. This strategy mainly involves intermolecular nucleophilic addition and intramolecular nucleophilic addition reactions. Gold(I)-activated terminal alkyne was first attacked by nucleophilic reagents, such as ROH, RR’NH, and Ar-H, to generate intermediates (8) that were immediately converted to enolether/enamine-type intermediates (9) by protodeauration. A subsequent 6-endo-dig cyclization yielded intermediates (10) that underwent subsequent aromatization and protonation to provide naphthalene derivatives (11). The above reaction path was verified in detail by the syntheses of silyl enolether intermediates (9) and related deuteration experiments.




2.2. Arene-Enyne Substrates


Gold-catalyzed cyclization of arene-enynes is an important strategy for building small-molecule carbocyclic skeletons that has inspired many excellent methods to be reported. In 2017, Shi et al., developed a gold(I)-catalyzed tandem cyclization–oxidation strategy to access aryl acetaldehyde derivatives using alkylidene–cyclopropane and pyridine N-oxide (Scheme 3) [24]. First, coordination of the triple bond by [Au]+ triggered the 6-endo-dig cyclization to form intermediates (13), and benzylic carbocation was stabilized by electron-rich cyclopropane and the benzene ring. Subsequently, the 3,5-dibromo-pyridine N-oxide acted as a nucleophile to attack cyclopropane and produce intermediates (14). Finally, aryl acetaldehyde derivatives (15) were generated by Kornblum-type oxidation with the simultaneous release of 3,5-dibromo-pyridine. The scope of application of the above strategy was examined using 27 examples with 36–93% yields. It is worth noting that when R2 was a substituted phenyl group, the aryl acetaldehyde derivative could be further modified to polycyclic aromatic hydrocarbons (PAHs) under the catalysis of In(OTf)3.



In 2019, the Ohno lab described a gold(I)-catalyzed cascade cyclization strategy for the syntheses of cyclopropanes derivatives, with 11 examples and yields of up to 96% (Scheme 4) [25]. The activation of the allenyl moiety of 1-allenyl-2-ethynyl-3-alkylbenzene substrates (16) by the gold complex induced a nucleophilic attack of alkyne to yield vinyl cationic intermediates (17). Then, a 1,5-H shift occurred to generate benzylic carbocation intermediates (18). Subsequent carbocation cyclization provided acenaphthene derivatives (19) after aromatization and protodeauration. In addition, a series of 1-(naphth-1-yl)cyclopropa-[b]benzofuran derivatives was successfully prepared when phenylene-tethered allenynes and benzofurans were subjected to the same gold-catalyzed conditions.



In 2021, the Ohno lab reported the syntheses of benzo[cd]indole skeletons by gold-catalyzed tandem cyclization based on their previous work (Scheme 5) [26]. In this approach, a series of amino-allenyne substrates (20) were designed and prepared. First, the activated allene was attacked by the electron-rich alkyne to form vinyl cationic intermediates (21). The vinyl cation was captured by the neighboring amine group to yield tricyclic fused indoles (22), which underwent an isomerization to furnish pyrrolonaphthalenes (23). The resulting tricyclic derivatives could be transformed into nitrogen-containing polycyclic aromatic compounds (N-PACs) with special photophysical properties through N-arylation or Friedel–Crafts acylation.



Recently, Liu and colleagues achieved the gold(I)-catalyzed construction of benzene derivatives using arene–enyne substrates, which was applied to the total syntheses of eight natural products (Scheme 6) [27]. Coordination of alkyne in substrates (24) promoted a 6-endo-dig cyclization to yield intermediates (25) that were converted into iodonaphthalenes (26) in situ in the presence of N-iodosuccinimide (NIS). The intermediates (26) were used as key moieties to synthesize benzo[c]phenanthridine alkaloids in a pot-economic approach. Moreover, the cytotoxicities of these alkaloids were investigated, indicating the future potential of these molecules for anticancer research.




2.3. Aryne-Enolether Substrates


Enolether showed versatile properties in gold-catalyzed reactions, making it suitable for use not only as a nucleophile but also as an electrophile to be coordinated by [Au]+. The combination of enolether with alkyne derivatives to form building blocks containing 1,5-enyne showed unique advantages in gold-catalyzed tandem cyclization for the syntheses of benzene derivatives. Accordingly, the Liu lab has reported a number of such studies in recent years.



In 2014, a gold(I)-catalyzed cycloisomerization of arylalkyne-enolether for the construction of multisubstituted naphthalenes was developed by the Liu group (Scheme 7) [28]. First, the triple bonds of the substrates (27) were activated by the gold species, which induced an intermolecular nucleophilic addition by alcohol to yield dienol ether intermediates (28). Coordination of [Au]+ to the electron-rich enolether promoted cycloisomerization to provide multisubstituted naphthalenes (29) via the release of methanol and protodeauration. The scope of this strategy was examined by synthesizing 20 alkyne–enolether substrates with 38–88% yields.



In 2017, Liu and colleagues achieved gold(I)-catalyzed tandem cyclization for the syntheses of benzo[a]carbazole derivatives using arylalkyne-enolether substrates (Scheme 8) [29]. The authors modulated the electronic properties of the triple bond through the substituent of the right benzene ring, which further tuned the cyclization order. When there were sulfonamide substituents on the appropriate benzenes, the α-position of the alkyne activated by [Au]+ induced a 5-endo-dig cyclization to produce indole intermediates (31). The enolether was then activated by a gold(I) complex and attacked by the electron-rich indole to promote the second cyclization, yielding benzo[a]carbazoles (32) by elimination of methanol and protodeauration. The above reaction mechanism was verified by capturing the intermediates and further supported by DFT calculations. Notably, when the appropriate benzene rings of the substrates were substituted with amine groups, the order of cyclization was changed to yield indeno-[1,2-c]quinoline derivatives, which are described in detail in later sections.



One year later, another cascade cyclization strategy was reported by the Liu group as an ongoing study on the gold-catalyzed cyclization of enolether-involved substrates in the construction of small-molecule scaffolds. The authors achieved the syntheses of xanthone and acridone derivatives by designing a series of alkyne–enolether substrates with 25 examples and up to 98% yield (Scheme 9) [30]. Initially, the triple bonds of the substrates (33) were chelated by the gold(I) species, which promoted an intramolecular Michael addition to obtain intermediates (34) after protodeauration. Then, gold(I)-activated enolether was attacked by newly generated enolethers or enamines to undergo a 6-endo-trig cyclization. Finally, xanthone or acridone derivatives (35) were achieved via a similar pathway as reported previously.



In 2022, Liu and colleagues reported a gold(I)-catalyzed 6-endo-dig cyclization of arylalkyne–enolethers (36) to construct 2-(naphthalen-2-yl)aniline derivatives (Scheme 10) [31]. The authors found that the amine group on the right-hand benzene ring benefited 6-endo-dig cyclization via an electron-donating effect to generate naphthalenes (37) after isomerization and protodeauration. In addition, several important heterocycles (38–41) were synthesized in a divergent manner from that of naphthalene derivatives (37).




2.4. Other Arylalkyne Substrates


In 2013, Ye et al., described a gold(I)/acid-catalyzed methodology for the syntheses of anthracenes using o-alkynyl diarylmethanes with 21 examples and 58–80% yields (Scheme 11) [32]. Coordination of alkynes by gold catalysts triggered the attack of electron-rich benzene rings to furnish vinyl–gold intermediates (43) via 6-exo-dig cyclization. After protodeauration and [Au]+/H+ promoted isomerization, anthracenes (45) were obtained. An alternative pathway was also proposed; the alkyne of the substrates (42) was hydrolyzed under gold-catalyzed conditions to yield intermediates (44) that were converted to products (45) by an acid-mediated cyclodehydration. In addition, the products (45) were further modified into a variety of potentially valuable anthracene derivatives.



In 2017, a gold(I)-catalyzed tandem cycloisomerization, Diels–Alder, and retro-Diels–Alder reactions were reported by the Liu lab (Scheme 12) [33]. Activation of alkyne in substrates (46) initiated the first cycloisomerization to yield furopyran intermediates (47). A subsequent Diels–Alder reaction of dienes (47) and dienophiles occurred to form highly strained intermediates (48), which underwent a retro-Diels–Alder reaction to provide biaryl products (49) by releasing acetaldehyde (HCHO). The above pathways were reasonably explained by density functional theory (DFT).



In 2021, the Hashmi group reported the syntheses of meta- and paradihydroxynaphthalenes based on diazoalkynes through a regiodivergent gold-catalyzed cyclization (Scheme 13) [34]. The activated triple bonds of substrates (50) were attacked by diazocarbon to generate intermediates (51), followed by the formation of quinoid gold carbene intermediates (52) via the release of nitrogen. At this stage, two different reaction paths occurred via the addition of water or Et3N(HF)3. Under the condition of water as an additive (path a), metadihydroxynaphthalenes (54) were produced via carbene insertion of water after protodeauration. When H2O and Et3N(HF)3 were used as additives, paradihydroxynaphthalenes (56) were obtained via Michael-type addition of quinoid carbene species, 1,2-phenyl migration, and protodeauration. Moreover, when only Et3N(HF)3 was used as an additive, “F−” was inserted instead of water for gold carbene to generate the α-fluoronaphthalenes.



Gold(I)-catalyzed arylalkyne annulations provide abundant strategies for the syntheses of benzene derivatives, including the strategies shown in this chapter and several other intramolecular or intermolecular strategies [35,36,37,38,39,40,41,42,43,44,45,46,47].





3. Construction of Cyclopentene Derivatives


Small-molecule skeletons containing cyclopentene are important components of many natural products and pharmaceutical intermediates. The syntheses of useful cyclopentene derivatives have attracted a great deal of interest among chemists. Gold(I)-catalyzed annulations of a variety of arylacetylene substrates provide a range of versatile synthetic methods for the syntheses of benzocyclopentene derivatives.



3.1. Arene-Diyne Substrates


In 2012, the Hashmi group achieved the preparation of benzofulvene derivatives based on their previous strategy of double activation of diynes containing terminal alkynes (Scheme 14) [48]. Under the catalysis of a gold catalyst, dual σ/π-activated intermediates (58) were formed, which were rapidly transformed into gold vinylidenes (59) as a result of double activation. A 1,5-H shift to electrophilic vinylidene carbon occurred, leading to intermediates (60). After the trapping of the carbocation by the vinyl–gold species, benzofulvene products (61) were synthesized in association with the elimination of the gold catalyst. The applicability of the strategy was examined by 10 examples and up to 92% yield. The above strategy was characterized by easy preparation of the substrate and a novel reaction mechanism.



In 2017, the Hashmi group the construction of aryl-substituted dibenzopentalene derivatives using terminally aromatic substituted 1,5-diyne substrates under gold-catalyzed conditions (Scheme 15) [49]. One of the triple bonds was coordinated by [Au]+, resulting in the attack of another electron-rich triple bond to form vinyl cation intermediates (63). The vinyl cation was trapped by the neighboring electron-rich benzene to produce intermediates (64), followed by rearomatization and protodeauration to yield intermediates (65). Ultimately, dibenzopentalene products (66) were obtained by ligand exchange of gold species. It is worth noting that benzene as a solvent was not involved in the above process to trap the vinyl cation.



In 2021, the Hashmi group developed a gold-catalyzed cycloisomerization of substituted 1,5-diynes to synthesize indeno[1,2-c]furan derivatives. The functional group tolerance was systematically examined using 29 examples with 16–81% yields (Scheme 16) [50]. Vinyl cationic intermediates (68) were formed through similar paths a those described previously in Scheme 14 and Scheme 15. Subsequently, a second annulation occurred immediately to yield oxonium intermediates (69). Intermediates (71) were produced via the release of benzyl carbocation, followed by [5,5]-sigmatropic rearrangement. Finally, indeno[1,2-c]furan derivatives (73) were obtained by rearomatization, the elimination of gold species, and proton transfer mediated by p-toluenesulfonic acid (PTSA). The authors fully explained the above reaction mechanism using DFT calculations, and the high regioselectivity of [5,5]-sigmatropic rearrangement was also reasonably illustrated.




3.2. Arene-Enyne Substrates


In 2016, Sanz et al., reported a gold(I)-catalyzed tandem reaction using β,β-diaryl-o-(alkynyl)styrenes to synthesize dihydroindeno[2,1-a]indene derivatives (Scheme 17) [51]. A 5-endo-cyclization was induced by the activation of [Au]+ to the alkyne, which produced carbocationic intermediates (75). After proton elimination and protodeauration, benzofulvene intermediates (77) were generated. The diene units in intermediates (77) were then activated by the gold species to generate allylic carbocationic intermediates (78), which were trapped by the neighboring electron-rich aryl group to access products (79). In addition, under the condition of 0 °C in DCM, benzofulvene intermediates (77) were isolated as products.



In 2022, the Sanz lab disclosed a gold-catalyzed domino method for the syntheses of indeno[2,1-b]thiochromene derivatives with 21 examples and 70–88% yields (Scheme 18) [52]. Activation of S/Se-substituted alkynes by [Au]+ triggered the cyclization of alkene to afford cationic intermediates (81), the carbocations of which were trapped by the vinyl–gold to produce cyclopropyl gold carbenes (82). The cyclopropanes of 82 were attacked by electron-rich aromatic groups to form ring-opening intermediates (83) after rearomatization. Indeno[2,1-b]thiochromene derivatives (84) containing sulfur or selenium were ultimately obtained by protodeauration. Importantly, when (S)-DM-SEGPHOS(AuCl)2, a chiral ligand, was used in the gold-catalyzed reaction, an enantioselective transformation was achieved in up to 80% ee.




3.3. Aryne-Enolether Substrates


In 2017, a strategy of synthesizing indeno[1,2-c]quinoline derivatives was developed by the Liu group through gold(I)-catalyzed cascade cyclization with 18 examples and up to 99% yield (Scheme 19) [29]. The coordination of gold species to the β position of the triple bond initiated an attack of the enolether to generate indene intermediates (86). Intermediates (87) were produced by the activation of double bonds in the conjugated enolether with [Au]+, which were converted to aromatic intermediates (88) via intramolecular condensation with the release of MeOH after protodemetalation. In oxygen, the intermediates (88) were further oxidized to a more stable indeno[1,2-c]quinoline product (89). Notably, the electron-donating effect of the amine on the right benzene ring played a crucial role in the initiation of the above transformation.



In 2018, Liu et al., used 1,5-enyne substrates to synthesize a series of 2-aryl indenone derivatives in the catalysis of a gold catalyst (Scheme 20) [53]. Intermediates (92) were formed via a gold-catalyzed cycloisomerization. An O2-mediated radical addition to intermediates 92 afforded intermediates (93) that underwent aromatization to yield peroxy intermediates (94), which were subsequently transformed into oxonium intermediates (95) through the cleavage of the peroxide bond with the coordination of [Au]+. Finally, indenone products (96) were achieved by the hydrolysis of oxonium with the release of MeOH. The above free radical reaction process was verified via control experiments and heavy atom labeling.




3.4. Aryne-Acetal Substrates


Arylalkynes containing acetal moieties as useful building blocks exhibited excellent reactivity in the gold-catalyzed syntheses of cyclopentene derivatives. In 2013, in pioneering work, the Toste group developed a gold-catalyzed strategy for the enantioselective syntheses of β-alkoxy indanone derivatives using this kind of substrate (Scheme 21) [54]. It was proposed that the activation of triple bonds by gold complexes triggered the migration of an alkoxy group to the alkyne, generating oxonium intermediates (99) via intermediates (98). An enantioselective annulation then occurred to form oxonium intermediates (100), which were transformed into products (101) after isomerization. The use of [Au]+ with chiral ligands ensured enantioselective cyclization with up to 98% ee. In addition, the β-alkoxy indanone derivatives could be further hydrolyzed to corresponding 3-methoxycyclopentenone derivatives under PTSA conditions with wet DCM.



In 2016, Liu et al., described a gold(I)-catalyzed hydrogen-bond-regulated tandem cyclization for the syntheses of indeno-chromen-4-one and indeno-quinolin-4-one derivatives by introducing a Michael acceptor in the substrates (Scheme 22) [55]. The double activation of a hydrogen bond and gold catalyst promoted methoxy migration to generate vinyl–gold intermediates (103), followed by an intramolecular annulation to produce intermediates (104) after isomerization. With conformational changing, intramolecular Michael addition occurred to yield indeno-chromen-4-one or indeno-quinolin-4-one derivatives (105) after the elimination of alkoxy groups.



In 2020, Sajiki and colleagues developed a gold(I)-catalyzed approach for the preparation of indenone derivatives using arylalkyne substrates containing cyclic acetals (Scheme 23) [56]. The triple bonds were first activated by the gold complex to produce vinyl–gold intermediates (107), which initiated the migration of benzylic hydride to generate oxonium cationic intermediates (108). Cyclized gold(I)–carbene intermediates (109) were then formed by intramolecular nucleophilic addition. At this stage, when the system contained water, a carbene insert process occurred to yield intermediates (110), followed by a [Au]+-activated dehydration reaction to produce indenone derivatives (112). Alternatively, products (112) were generated directly from the cyclized gold(I)–carbene intermediates (109) through a 1,2-H shift and elimination of gold species. The key 1,5-hydride shift was verified by deuterium-labeled experiments and 2D NMR analysis.



In 2020, the Liu group reported a gold(I)-catalyzed domino reaction to construct benzo[b]indeno[1,2-e][1,4]diazepine derivatives using o-phenylenediamines and ynones (Scheme 24) [57]. The coordination of the gold species with a triple bond induced a series of transformations into intermediates (115), which was similar to the generation of intermediates (104) shown in Scheme 22. The intermediates (115) underwent Michael addition with exogenous o-phenylenediamine to produce intermediates (117) after the elimination of MeOH. Ultimately, benzo[b]indeno[1,2-e][1,4]diazepine derivatives (118) were synthesized by intramolecular condensation and aromatization accompanied by the elimination of MeOH and H2O. Controlled experiments were further conducted to determine the rationality of the above reaction.



Recently, the Liu group developed a synthetic strategy for 2,2′-spirobi[indene] derivatives using arylalkyne–acetal substrates based on their previous research (Scheme 22 and Scheme 24), mainly involving methoxylation and aldol condensation (Scheme 25) [58]. Intermediates (120) were easily produced by the activation of [Au]+/H+ and converted into intermediates (121) through an intramolecular aldol reaction. After releasing MeOH, 2,2′-spirobi[indene] derivatives were obtained. It should be noted that the reversible equilibrium of aldol/retro-aldol reactions led to the isomerization of the hydroxyl group.




3.5. Other Arylalkyne Substrates


In 2021, Xu and colleagues achieved a cascade strategy for the syntheses of indene derivatives involving gold(I)-catalyzed Wolff rearrangement and ketene C=C dual functionalization (Scheme 26) [59]. Diazoketone substrates (123) were activated by a gold complex to form gold carbine, which as converted to ketene intermediates (124) by Wolff rearrangement. The ketene units of 124 were then attacked by nucleophiles (ROH) to form enol intermediates (125). Activation of a triple bond by gold(I) species initiated a C-5-endo-dig cyclization to obtain indene products (126). In addition, when nucleophiles such as indoles or pyrroles were used, O-7-endo-dig cyclization occurred to generate benzo[d]oxepine derivatives. The scope of the above strategy was studied in detail with 46 examples and up to 88% yield, and the related reaction pathways were explained by DFT calculations.



In 2021, a strategy for the syntheses of indene derivatives based on the cyclization of ynamides was developed by the Evano group (Scheme 27) [60]. Gold–keteniminium ions (128) were formed upon the coordination of [Au]+ to the triple bond in ynamide, followed by a 1,5-H shift, resulting in carbocation intermediates (129). Subsequently, the carbocations of 129 were trapped by vinyl–gold to trigger a cyclization, producing intermediates (130). After a 1,2-H shift and elimination of [Au]+, indene products (131) were achieved. Alternatively, indene products (131) could be formed by the elimination of a proton and protodeauration. This method is associated with a wide range of substrates and was systematically studied using 20 examples with 40–96% yields.



Recently, the Ohno lab reported a gold(I)-catalyzed cascade acetylenic Schmidt reaction/1,5-H shift/N- or C-cyclization method producing indole[a]- and [b]-fused polycycle derivatives (Scheme 28) [61]. The isotopic labeling experiment showed that the reaction started with an acetylenic Schmidt reaction activated by gold species, which resulted in the formation of α-imino gold carbenes (133), followed by a 1,5-H shift to yield carbocationic intermediates (134), which were in reversible equilibrium with aromatized intermediates (135 and 137). Finally, C-cyclization products (136) were generated via aromatized intermediates (135), and the N-cyclization products (13b) were yielded via aromatized intermediates (137) with a bond rotation. Notably, the selectivity of the N and C-cyclization products could be tuned through the electron density of the left benzene ring, the stability of the carbocation, and the effect of the counterion. Moreover, the above strategy is excellent example of benzylation of benzylic C(sp3)-H functionalizations, providing a concise method for the syntheses of indole[a]- and [b]-fused polycycle derivatives.



Based on the cases summarized in this chapter, it seems that the gold(I)-catalyzed tandem approach using a variety of arylalkyne substrates could be used to synthesize corresponding cyclopentene derivatives, such as benzofulvenes, dibenzopentalenes, 2,2′-spirobi[indene], indenes, etc. These structurally diverse cyclopentene derivatives can provide further possibilities for the discovery of bioactive lead compounds and provide strategic support for the syntheses of related bioactive molecules.





4. Construction of Furan and Pyran Derivatives


Furan and pyran derivatives are valuable heterocyclic skeletons and important intermediates for the syntheses of drugs and lead compounds. For example, benzofuran derivatives exhibited excellent inhibition of both drug-sensitive and drug-resistant pathogens through a unique antitubercular and antibacterial mechanism [62]. Gold(I)-catalyzed arylalkyne cyclization can be used to construct a variety of furan- or pyran-containing derivatives, such as polycyclic furans, polycyclic pyrans, benzofurans, and benzopyrans. In this chapter, we discuss in detail the synthetic strategies and the scope of furan and pyran derivatives depending on the arylene substrates.



4.1. 1,5-Enyne Substrates


1,5-enyne is an important building block in the gold(I)-catalyzed construction of small-molecule heterocycles. In 2016, Liu and colleagues reported a gold(I)-catalyzed tandem strategy for the syntheses of furopyran derivatives involving Claisen rearrangement and 6-endo-trig cyclization, the regioselectivity of which was mainly controlled by the angle strain of propargyl γ-butyrolactone-2-enol ethers (139) (Scheme 29) [63]. A 6-endo-dig cyclization was initiated by the coordination of the gold catalyst to the triple bond to form intermediates (140) that were rearranged into β-allenic ketones (141). Intermediates (143) were produced by keto–enol tautomerism, and angle strain controlled 6-endo-dig cyclization. After demetallation, furopyran derivatives (144) were successfully obtained. The reason for the change in regioselectivity from 5-exo-trig to 6-endo-trig was explained by DFT calculation.



In the same year, Liu and colleagues achieved the syntheses of multisubstituted furofuran derivatives based on the studies represented in Scheme 29 by trapping key intermediates (141) (Scheme 30a) [64]. Alkynes of substrates (145) were activated by gold species to induce a rearrangement reaction and yield allene intermediates (147), consistent with the generation of intermediates (141). The terminal alkene of the allene was coordinated by a [Au]+ complex to enable the attack of nucleophiles, generating σ-allyl gold species (148). After SE’-type protodeauration of 148, intermediates (149) were accessed, the enolether units of which were activated by gold species to trigger a 5-exo-trig cyclization. Finally, furofuran products (150) were delivered after protodeauration. In addition, multisubstituted furopyran derivatives were successfully produced when the propargyl terminal was substituted with thiophene or furan (Scheme 30b). Substrates (151) were converted to intermediates (152) under the activation of a gold catalyst, which was similar to the formation of intermediates (140) shown in Scheme 30. Intermediates (152) were not rearranged to β-allenic ketones due to the chelation of the heteroatom to the gold complex but were transformed to intermediates (153). Ultimately, furopyran products (154) were obtained via the nucleophilic addition of oxonium moiety after protodeauration. Thus, the authors achieved the syntheses of furofuran and furopyran derivatives by substituent modulation using propargyl vinyl ethers in the catalysis of gold(I) catalysts.



In 2016, Jiang et al., developed a gold(I)-catalyzed, ligand-regulated cyclization for the syntheses furopyran or dihydroquinoline derivatives using 1,5-enyne substrates containing directing groups (Scheme 31) [65]. When using tris(2,4-di-tert-butylphenyl) phosphite (L1) in combination with trifluoromethanesulfonate (OTf−), gold(I)–π-alkyne intermediates (156) were formed by three coordinations, which were attributed to the increased electrophilicity of the gold center. The activated triple bond was attacked by the ortho position of the left aromatic ring, which overcame the steric hindrance. After protodeauration, furopyran and dihydroquinoline derivatives (158) were accessed (Scheme 31a). When a combination of Xphos ligand (L2) and NTf2− was used, intermediates (160) were produced, which were attributed to the decreased electrophilicity of the gold center. Next, the activated alkyne was attacked by the para position of the left aromatic ring, which yielded products (162) after protodeauration (Scheme 31b). The above regiodivergent cyclization depended mainly on the electronic and steric effects of the ligand in gold species. The authors systematically examined the scope of the above switchable strategy with moderate to excellent yields.




4.2. Alkyne–Phenol Substrates


In 2016, a gold-catalyzed tandem cyclization to benzofuran derivatives was reported by Saito and colleagues (Scheme 32) [66]. The coordination of a gold complex to the triple bond initiated cyclization to generate intermediates (164), which were subsequently transformed into intermediates (165) with an α-alkoxy alkyl-shift. Under the influence of the activation of a gold catalyst, oxonium intermediates (166) were formed by releasing R2OH, the α,β-enone moieties of which were attacked by the nucleophilic group to generate benzofuran products (167). Moreover, this strategy could be used for the construction of a larger number of small-molecule heterocyclic derivatives by regulating side chains in o-alkyl aryl ethers (163).



In 2019, the González lab achieved a gold(I)-catalyzed tandem cycloisomerization for the syntheses of benzofuran derivatives using 2-(iodoethynyl)-aryl esters with 15 examples and up to 85% yield (Scheme 33) [67]. The triple bonds of substrates (167) were activated by the gold complex to generate gold–vinylidene intermediates (168) via a 1,2-iodine shift. 3-iodo-2-acyl benzofuran products (169) were assembled by inserting gold carbine into the O-acyl bond. Importantly, the capture of intermediates (168) by silane through supplementary experiments implied a gold-catalyzed iodine rearrangement.



A series of vinyl benzofuran derivatives was synthesized via a gold(I)-catalyzed cascade cyclization/hydroarylation method developed by the Xia group in 2022 (Scheme 34) [68]. With SIPrAuCl as catalyst and NaBARF as cocatalyst, benzofurans (171) were formed from o-alkyl phenol substrates (170). The triple bond of the haloalkyne was activated by the gold complex and thus attacked by the C3 position of the benzofuran through transition states (172). Then, cationic vinyl–gold intermediates were produced, which were then transformed into vinyl benzofurans (173) through a proton transfer. The authors demonstrated the reaction mechanism via experiments and computational calculations, and the functional group tolerance of the above strategy was examined with 20 examples and 19–98% yields.




4.3. Other Arylalkyne Substrates


In 2018, the Xu group synthesized furan derivatives using a series of propargyl diazoacetates through a gold(I)-catalyzed, water-involved tandem approach with 29 examples and up to 90% yield (Scheme 35) [69]. Initially, diazoacetate substrates (174) were transformed into gold carbene intermediates via the activation of the gold catalyst with the release of N2, the gold carbene moieties of which were then attacked by H2O to form oxonium ylides (175). After isomerization, enol intermediates (176) were produced by proton transfer, followed by a 6-endo-dig cyclization to yield cyclized intermediates (177). The carbonyl groups of 177 were nucleophilically attacked by the vinyl–gold to generate ring contraction intermediates (178). After the cleavage of cyclopropane, secondary carbene intermediates (179) were generated with the elimination of H2O via an intramolecular H-bond-assisted pinacol rearrangement. When R2 or R3 was H, the final processes of β-H elimination and protodeauration yielded furan products (180). The authors demonstrated the formation of intermediates by interception experiments and verified the involvement of H2O by isotope-labeled experiments.



In the same year, Liu and colleagues reported a gold(I)-catalyzed tandem protocol involving oxidation, 1,2-enynyl migration, and 6-exo-dig cyclization to prepare 1H-isochromene derivatives (Scheme 36) [70]. The R3-substituted alkyne of o-(alkynyl)-phenyl propargyl ether substrates (181) was coordinated by the gold catalyst to initiate an attack of N-oxide, followed by the elimination of the pyridine derivative to generate gold carbene intermediates (182). Next, a novel 1,2-enynyl migration resulted in the formation of oxonium ion intermediates (183), which were then converted into 1H-isochromene products (184) by 6-exo-dig cyclization after protodeauration. Notably, the reaction mechanism was supported by isotopic labeling experiments.



There are many excellent examples of the syntheses of furan and pyran derivatives reported, other than those listed in this chapter [71,72,73,74,75], including multicomponent, one-pot reactions [76,77]. Gold(I)-catalyzed tandem reactions are significant for the construction of small-molecule scaffolds containing furan or pyran. Furthermore, the development of gold(I)-catalyzed strategies also provides material support for the study of the bioactivity of furan and pyran derivatives.



In addition, the use of gold(I)-catalyzed alkyne cyclization to construct N-heterocyclic skeletons, e.g., pyrrole, indole, quinoline, pyridine, carbazole, is an important research direction. This class of reactions has been systematically summarized in recent reviews, so is not be described repeatedly in this feature paper [78,79,80].





5. Conclusions


In the last decade, homogeneous gold(I)-catalyzed cyclization for the construction of small-molecule skeletons from arylalkyne substrates has been developed rapidly, owing to the ease of substrate preparation and the stability of gold catalysts.



In this feature paper, we systematically summarized the gold(I)-catalyzed syntheses of benzene, cyclopentene, furan, and pyran derivatives, which were carefully classified according to the type of arylalkyne substrate. Gold(I)-catalyzed tandem approaches for the construction of small-molecule scaffolds generally involve cyclization, isomerization, aromatization, migration, rearrangement, and other processes that are usually verified by controlled experiments and isotopic labeling experiments, as well as DFT calculations. In addition, the efficient strategies of gold catalysis were featured, with good functional group tolerance and reaction yield.



Although many excellent works have been reported with respect to gold catalysis for the syntheses of small-molecule skeletons, additional gold(I)-catalyzed asymmetric strategies are urgently required. Therefore, studies on the enantioselective construction of small-molecule scaffolds with the participation of chiral ligands will be further developed. In addition, dual gold/photoredox-catalyzed or dual gold/enzyme-catalyzed organic reactions can contribute to the development of this field [81].







Author Contributions


Conceptualization, L.Y. and Y.L.; software, H.S. and Y.S.; validation, L.Y. and S.Z.; formal analysis, H.S., S.Z. and Y.L.; investigation, L.Y., H.S., Y.S. and S.Z.; resources, L.Y. and Y.L.; data curation, L.Y.; writing—original draft preparation, L.Y. and Y.L.; writing—review and editing, L.Y., M.C. and Y.L.; visualization, L.Y. and M.C.; supervision, M.C. and Y.L.; project administration, M.C. and Y.L.; funding acquisition, L.Y. and Y.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (No. 21977073), the Foundation of Liaoning Province Education Administration (No. LJKZ0908 and No. LJKQZ2022236), the Liaoning Provincial Foundation of Natural Science (No. 2022-MS-245), and the China Postdoctoral Science Foundation (No. 2022MD723807).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors acknowledge the Program for the Innovative Research Team of the Ministry of Education and the Program for the Liaoning Innovative Research Team in University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bond, G.C.; Sermon, P.A.; Webb, G.; Buchanan, D.A.; Wells, P.B. Hydrogenation over supported gold catalysts. J. Chem. Soc. Chem. Commun. 1973, 13, 444–445. [Google Scholar] [CrossRef]

	



Ito, Y.; Sawamura, M.; Hayashi, T. Catalytic asymmetric aldol reaction: Reaction of aldehydes with isocyanoacetate catalyzed by a chiral ferrocenylphosphine-gold(I) complex. J. Am. Chem. Soc. 1986, 108, 6405–6406. [Google Scholar] [CrossRef]

	



Gadon, V. Modern gold catalyzed synthesis. Edited by A. Stephen, K. Hashmi and F. Dean Toste. Angew. Chem. Int. Ed. 2012, 51, 11200. [Google Scholar] [CrossRef]

	



Li, Y.Y.; Li, W.B.; Zhang, J.L. Gold-catalyzed enantioselective annulations. Eur. Chem. J. 2017, 23, 467–512. [Google Scholar] [CrossRef]

	



Teles, J.H.; Brode, S.; Chabanas, M. Cationic gold(I) complexes: Highly efficient catalysts for the addition of alcohols to alkynes. Angew. Chem., Int. Ed. 1998, 37, 1415–1418. [Google Scholar] [CrossRef]

	



Hashmi, A.S.; Rudolph, M. Gold catalysis in total synthesis. Chem. Soc. Rev. 2008, 37, 1766–1775. [Google Scholar] [CrossRef]

	



Wittstock, A.; Bäumer, M. Catalysis by unsupported skeletal gold catalysts. Acc. Chem. Res. 2014, 47, 731–739. [Google Scholar] [CrossRef]

	



Friend, C.M.; Hashmi, A.S. Gold catalysis. Acc. Chem. Res. 2014, 47, 729–730. [Google Scholar] [CrossRef]

	



Hashmi, A.S.K. Dual Gold Catalysis. Acc. Chem. Res. 2014, 47, 864–876. [Google Scholar] [CrossRef]

	



Zhang, L.M. A non-diazo approach to α-oxo gold carbenes via gold-catalyzed alkyne oxidation. Acc. Chem. Res. 2014, 47, 877–888. [Google Scholar] [CrossRef]

	



Wang, Y.M.; Lackner, A.D.; Toste, F.D. Development of catalysts and ligands for enantioselective gold catalysis. Acc. Chem. Res. 2014, 47, 889–901. [Google Scholar] [CrossRef] [PubMed]

	



Obradors, C.; Echavarren, A.M. Gold-catalyzed rearrangements and beyond. Acc. Chem. Res. 2014, 47, 902–912. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.H.; Tang, X.Y.; Shi, M. Gold-catalyzed tandem reactions of methylenecyclopropanes and vinylidenecyclopropanes. Acc. Chem. Res. 2014, 47, 913–924. [Google Scholar] [CrossRef] [PubMed]

	



Harris, R.J.; Widenhoefer, R.A. Gold carbenes, gold-stabilized carbocations, and cationic intermediates relevant to gold-catalysed enyne cycloaddition. Chem. Soc. Rev. 2016, 45, 4533–4551. [Google Scholar] [CrossRef]

	



Li, W.; Yu, B. Gold-catalyzed glycosylation in the synthesis of complex carbohydrate-containing natural products. Chem. Soc. Rev. 2018, 47, 7954–7984. [Google Scholar] [CrossRef]

	



Lu, Z.C.; Hammond, G.B.; Xu, B. Improving homogeneous cationic gold catalysis through a mechanism-based approach. Acc. Chem. Res. 2019, 52, 1275–1288. [Google Scholar] [CrossRef]

	



Greiner, L.C.; Matsuoka, J.; Inuki, S.; Ohno, H. Azido-alkynes in gold(I)-catalyzed indole syntheses. Chem. Rev. 2021, 21, 3897–3910. [Google Scholar] [CrossRef]

	



Li, D.Y.; Zang, W.Q.; Bird, M.J.; Hyland, C.J.T.; Shi, M. Gold-catalyzed conversion of highly strained compounds. Chem. Rev. 2021, 121, 8685–8755. [Google Scholar] [CrossRef]

	



Mato, M.; Franchino, A.; Garci, A.M.C.; Echavarren, A.M. Gold-catalyzed synthesis of small rings. Chem. Rev. 2021, 121, 8613–8684. [Google Scholar] [CrossRef]

	



Reyes, R.L.; Iwai, T.; Sawamura, M. Construction of medium-sized rings by gold catalysis. Chem. Rev. 2021, 121, 8926–8947. [Google Scholar] [CrossRef]

	



Ghosh, T.; Chatterjee, J.; Bhakta, S. Gold-catalyzed hydroarylation reactions: A comprehensive overview. Org. Biomol. Chem. 2022, 20, 7151–7187. [Google Scholar] [CrossRef]

	



Hashmi, A.S.K.; Braun, I.; Rudolph, M.; Rominger, F. The role of gold acetylides as a selectivity trigger and the importance of gem-diaurated species in the gold-catalyzed hydroarylating-aromatization of arene-diynes. Organometallics 2012, 31, 644–661. [Google Scholar] [CrossRef]

	



Naoe, S.; Suzuki, Y.; Hirano, K.; Inaba, Y.; Oishi, S.; Fujii, N.; Ohno, H. Gold(I)-catalyzed regioselective inter-/intramolecular addition cascade of di- and triynes for direct construction of substituted naphthalenes. J. Org. Chem. 2012, 77, 4907–4916. [Google Scholar] [CrossRef]

	



Yu, L.Z.; Wei, Y.; Shi, M. Synthesis of polysubstituted polycyclic aromatic hydrocarbons by gold-catalyzed cyclization–oxidation of alkylidenecyclopropane-containing 1,5-enynes. ACS Catal. 2017, 7, 4242–4247. [Google Scholar] [CrossRef]

	



Ikeuchi, T.; Inuki, S.; Oishi, S.; Ohno, H. Gold(I)-catalyzed cascade cyclization reactions of allenynes for the synthesis of fused cyclopropanes and acenaphthenes. Angew. Chem. Int. Ed. 2019, 58, 7792–7796. [Google Scholar] [CrossRef]

	



Komatsu, H.; Ikeuchi, T.; Tsuno, H.; Arichi, N.; Yasui, K.; Oishi, S.; Inuki, S.; Fukazawa, A.; Ohno, H. Construction of tricyclic nitrogen heterocycles by a gold(I)-catalyzed cascade cyclization of allenynes and application to polycyclic π-electron systems. Angew. Chem. Int. Ed. 2021, 60, 27019–27025. [Google Scholar] [CrossRef]

	



Fu, J.Y.; Li, B.B.; Wang, X.X.; Wang, H.; Deng, M.H.; Yang, H.L.; Lin, B.; Cheng, M.S.; Yang, L.; Liu, Y.X. Collective total syntheses of benzo[c]phenanthridine alkaloids via a sequential transition metal-catalyzed pot-economic approach. Org. Lett. 2022, 24, 8310–8315. [Google Scholar] [CrossRef]

	



Liu, Y.X.; Guo, J.; Liu, Y.; Wang, X.Y.; Wang, Y.S.; Jia, X.Y.; Wei, G.F.; Chen, L.Z.; Xiao, J.Y.; Cheng, M.S. Au(I)-catalyzed triple bond alkoxylation/dienolether aromaticity-driven cascade cyclization to naphthalenes. Chem. Commun. 2014, 50, 6243–6245. [Google Scholar] [CrossRef]

	



Peng, X.S.; Zhu, L.F.; Hou, Y.Q.; Pang, Y.D.; Li, Y.M.; Fu, J.Y.; Yang, L.; Lin, B.; Liu, Y.X.; Cheng, M.S. Access to benzo[a]carbazoles and indeno[1,2-c]quinolines by a gold(I)-catalyzed tunable domino cyclization of difunctional 1,2-diphenylethynes. Org. Lett. 2017, 19, 3402–3405. [Google Scholar] [CrossRef]

	



Xiong, Z.L.; Zhang, X.H.; Li, Y.M.; Peng, X.S.; Fu, J.Y.; Guo, J.; Xie, F.K.; Jiang, C.G.; Lin, B.; Liu, Y.X.; et al. Syntheses of 12H-benzo[a]xanthen-12-ones and benzo[a]acridin-12(7H)-ones through Au(I)-catalyzed Michael addition/6-endo-trig cyclization/aromatization cascade annulation. Org. Biomol. Chem. 2018, 16, 7361–7374. [Google Scholar] [CrossRef]

	



Fu, J.Y.; Li, B.B.; Wang, X.G.; Liang, Q.D.; Peng, X.S.; Yang, L.; Wan, T.; Wang, X.X.; Lin, B.; Cheng, M.S. Au(I)-catalyzed 6-endo-dig cyclizations of aromatic 1,5-enynes to 2-(naphthalen-2-yl)anilines leading to divergent syntheses of benzo[α]carbazole, benzo[c,h]cinnoline and dibenzo[i]phenanthridine derivatives. Chin. J. Chem. 2022, 40, 46–52. [Google Scholar] [CrossRef]

	



Shu, C.; Chen, C.B.; Chen, W.X.; Ye, L.W. Flexible and practical synthesis of anthracenes through gold-catalyzed cyclization of o-alkynyldiarylmethanes. Org. Lett. 2013, 15, 5542–5545. [Google Scholar] [CrossRef] [PubMed]

	



Jin, S.F.; Niu, Y.J.; Liu, C.J.; Zhu, L.F.; Li, Y.M.; Cui, S.S.; Xiong, Z.L.; Cheng, M.S.; Lin, B.; Liu, Y.X. Gold(I)-initiated cycloisomerization/Diels-Alder/retro-Diels-Alder cascade strategy to biaryls. J. Org. Chem. 2017, 82, 9066–9074. [Google Scholar] [CrossRef]

	



Zhang, C.; Sun, Q.; Rudolph, M.; Rominger, F.; Hashmi, A.S.K. Gold-catalyzed regiodivergent annulations of diazo-alkynes controlled by Et3N(HF)3. ACS Catal. 2021, 11, 15203–15211. [Google Scholar] [CrossRef]

	



Wang, C.Y.; Chen, Y.F.; Xie, X.; Liu, J.; Liu, Y.H. Gold-catalyzed furan/yne cyclizations for the regiodefined assembly of multisubstituted protected 1-naphthols. J. Org. Chem. 2012, 77, 1915–1921. [Google Scholar] [CrossRef]

	



Song, X.R.; Xia, X.F.; Song, Q.B.; Yang, F.; Li, Y.X.; Liu, X.Y.; Liang, Y.M. Gold-catalyzed cascade reaction of hydroxy enynes for the synthesis of oxanorbornenes and naphthalene derivatives. Org. Lett. 2012, 14, 3344–3347. [Google Scholar] [CrossRef]

	



Taguchi, M.; Tokimizu, Y.; Oishi, S.; Fujii, N.; Ohno, H. Synthesis of fused carbazoles by gold-catalyzed tricyclization of conjugated diynes via rearrangement of an N-propargyl group. Org. Lett. 2015, 17, 6250–6253. [Google Scholar] [CrossRef]

	



Kale, B.S.; Liu, R.S. Gold-catalyzed aromatizations of 3-ene-5-siloxy-1,6-diynes with nitrosoarenes to enable 1,4-N,O-functionalizations: One-pot construction of 4-hydroxy-3-aminobenzaldehyde cores. Org. Lett. 2019, 21, 8434–8438. [Google Scholar] [CrossRef]

	



Milian, A.; Garcia-Garcia, P.; Perez-Redondo, A.; Sanz, R.; Vaquero, J.J.; Fernandez-Rodriguez, M.A. Selective synthesis of phenanthrenes and dihydrophenanthrenes via gold-catalyzed cycloisomerization of biphenyl embedded trienynes. Org. Lett. 2020, 22, 8464–8469. [Google Scholar] [CrossRef]

	



Koshikawa, T.; Nagashima, Y.; Tanaka, K. Gold-catalyzed [3 + 2] annulation, carbenoid transfer, and C–H insertion cascade: Elucidation of annulation mechanisms via benzopyrylium intermediates. ACS Catal. 2021, 11, 1932–1937. [Google Scholar] [CrossRef]

	



Wang, H.F.; Guo, L.N.; Fan, Z.B.; Tang, T.H.; Zi, W.W. Gold-catalyzed formal hexadehydro-Diels-Alder/carboalkoxylation reaction cascades. Org. Lett. 2021, 23, 2676–2681. [Google Scholar] [CrossRef]

	



Bharath Kumar, P.; Raju, C.E.; Chandubhai, P.H.; Sridhar, B.; Karunakar, G.V. Gold(I)-catalyzed regioselective cyclization to access cyclopropane-fused tetrahydrobenzochromenes. Org. Lett. 2022, 24, 6761–6766. [Google Scholar] [CrossRef]

	



Fu, J.Y.; Li, B.B.; Zhou, Z.F.; Cheng, M.S.; Yang, L.; Liu, Y.X. Formal total synthesis of macarpine via a Au(I)-catalyzed 6-endo-dig cycloisomerization strategy. Beilstein J. Org. Chem. 2022, 18, 1589–1595. [Google Scholar] [CrossRef] [PubMed]

	



Samala, S.; Mandadapu, A.K.; Saifuddin, M.; Kundu, B. Gold-catalyzed sequential alkyne activation: One-pot synthesis of NH-carbazoles via cascade hydroarylation of alkyne/6-endo-dig carbocyclization reactions. J. Org. Chem. 2013, 78, 6769–6774. [Google Scholar] [CrossRef]

	



Li, N.; Lian, X.L.; Li, Y.H.; Wang, T.Y.; Han, Z.Y.; Zhang, L.; Gong, L.Z. Gold-catalyzed direct assembly of aryl-annulated carbazoles from 2-alkynyl arylazides and alkynes. Org. Lett. 2016, 18, 4178–4181. [Google Scholar] [CrossRef]

	



Li, X.S.; Xu, D.T.; Niu, Z.J.; Li, M.; Shi, W.Y.; Wang, C.T.; Wei, W.X.; Liang, Y.M. Gold-catalyzed tandem annulations of pyridylhomopropargylic alcohols with propargyl alcohols. Org. Lett. 2021, 23, 832–836. [Google Scholar] [CrossRef]

	



Pandit, Y.B.; Liu, R.S. Dynamic kinetic resolution in gold-catalyzed (4 + 2)-annulations between alkynyl benzaldehydes and allenamides to yield enantioenriched all-carbon diarylalkylmethane derivatives. Org. Lett. 2022, 24, 548–553. [Google Scholar] [CrossRef]

	



Hashmi, A.S.K.; Braun, I.; Nosel, P.; Schadlich, J.; Wieteck, M.; Rudolph, M.; Rominger, F. Simple gold-catalyzed synthesis of benzofulvenes-gem-diaurated species as “instant dual-activation” precatalysts. Angew. Chem. Int. Ed. 2012, 51, 4456–4460. [Google Scholar] [CrossRef]

	



Wurm, T.; Bucher, J.; Duckworth, S.B.; Rudolph, M.; Rominger, F.; Hashmi, A.S.K. Catalyzed generation of vinyl cations from 1,5-diynes. Angew. Chem. Int. Ed. 2017, 56, 3364–3368. [Google Scholar] [CrossRef]

	



Hu, C.; Farshadfar, K.; Dietl, M.C.; Cervantes-Reyes, A.; Wang, T.; Adak, T.; Rudolph, M.; Rominger, F.; Li, J.; Ariafard, A.; et al. Gold-catalyzed [5,5]-rearrangement. ACS Catal. 2021, 11, 6510–6518. [Google Scholar] [CrossRef]

	



Sanjuan, A.M.; Virumbrales, C.; Garcia-Garcia, P.; Fernandez-Rodriguez, M.A.; Sanz, R. Formal [4 + 1] cycloadditions of β,β-diaryl-substituted ortho-(alkynyl)styrenes through gold(I)-catalyzed cycloisomerization reactions. Org. Lett. 2016, 18, 1072–1075. [Google Scholar] [CrossRef] [PubMed]

	



Virumbrales, C.; El-Remaily, M.; Suarez-Pantiga, S.; Fernandez-Rodriguez, M.A.; Rodriguez, F.; Sanz, R. Gold(I) catalysis applied to the stereoselective synthesis of indeno[2,1-b]thiochromene derivatives and seleno analogues. Org. Lett. 2022, 24, 8077–8082. [Google Scholar] [CrossRef]

	



Guo, J.; Peng, X.S.; Wang, X.Y.; Xie, F.K.; Zhang, X.H.; Liang, G.D.; Sun, Z.H.; Liu, Y.X.; Cheng, M.S.; Liu, Y. A gold-catalyzed cycloisomerization/aaerobic oxidation cascade strategy for 2-aryl indenones from 1,5-enynes. Org. Biomol. Chem. 2018, 16, 9147–9151. [Google Scholar] [CrossRef]

	



Zi, W.W.; Toste, F.D. Gold(I)-catalyzed enantioselective carboalkoxylation of alkynes. J. Am. Chem. Soc. 2013, 135, 12600–12603. [Google Scholar] [CrossRef]

	



Jiang, C.G.; Xiong, Z.L.; Jin, S.F.; Gao, P.; Tang, Y.Z.; Wang, Y.S.; Du, C.; Wang, X.Y.; Liu, Y.; Lin, B.; et al. A Au(I)-catalyzed hydrogen bond-directed tandem strategy to synthesize indeno-chromen-4-one and indeno-quinolin-4-one derivatives. Chem. Commun. 2016, 52, 11516–11519. [Google Scholar] [CrossRef]

	



Yamada, T.; Park, K.; Tachikawa, T.; Fujii, A.; Rudolph, M.; Hashmi, A.S.K.; Sajiki, H. Gold-catalyzed cyclization of 2-alkynylaldehyde cyclic acetals via hydride shift for the synthesis of indenone derivatives. Org. Lett. 2020, 22, 1883–1888. [Google Scholar] [CrossRef]

	



Xie, F.K.; Zhang, B.; Chen, Y.Y.; Jia, H.W.; Sun, L.; Zhuang, K.T.; Yin, L.L.; Cheng, M.S.; Lin, B.; Liu, Y.X. A gold(I)-catalyzed tandem cyclization to benzo[b]indeno[1,2-e][1,4]diazepines from o-phenylenediamines and ynones. Adv. Synth. Catal. 2020, 362, 3886–3897. [Google Scholar] [CrossRef]

	



Zhang, J.F.; Zhang, S.; Ding, Z.X.; Hou, A.B.; Fu, J.Y.; Su, H.W.; Cheng, M.S.; Lin, B.; Yang, L.; Liu, Y.X. Gold(I)-catalyzed tandem intramolecular methoxylation/double aldol condensation strategy yielding 2,2′-spirobi[indene] derivatives. Org. Lett. 2022, 24, 6777–6782. [Google Scholar] [CrossRef]

	



Bao, M.; Chen, J.Z.; Pei, C.; Zhang, S.J.; Lei, J.P.; Hu, W.H.; Xu, X.F. Gold-catalyzed ketene dual functionalization and mechanistic insights: Divergent synthesis of indenes and benzo[d]oxepines. Sci. Chin. Chem. 2021, 64, 778–787. [Google Scholar] [CrossRef]

	



Thilmany, P.; Guarnieri-Ibáñez, A.; Jacob, C.; Lacour, J.; Evano, G. Straightforward synthesis of indenes by gold-catalyzed intramolecular hydroalkylation of ynamides. ACS Org. Inorg. Au 2021, 2, 53–58. [Google Scholar] [CrossRef]

	



Greiner, L.C.; Arichi, N.; Inuki, S.; Ohno, H. Gold(I)-catalyzed benzylic C(sp3)-H functionalizations: Divergent synthesis of indole[a]- and [b]-fused polycycles. Angew. Chem. Int. Ed. 2022, e202213653. [Google Scholar] [CrossRef]

	



Xu, Z.; Zhao, S.J.; Lv, Z.S.; Feng, L.S.; Wang, Y.L.; Zhang, F.; Bai, L.Y.; Deng, J.L. Benzofuran derivatives and their anti-tubercular, anti-bacterial activities. Eur. J. Med. Chem. 2019, 162, 266–276. [Google Scholar] [CrossRef]

	



Jin, S.F.; Jiang, C.G.; Peng, X.S.; Shan, C.H.; Cui, S.S.; Niu, Y.Y.; Liu, Y.; Lan, Y.; Liu, Y.X.; Cheng, M.S. Gold(I)-catalyzed angle strain controlled strategy to furopyran derivatives from propargyl vinyl ethers: Insight into the regioselectivity of cycloisomerization. Org. Lett. 2016, 18, 680–683. [Google Scholar] [CrossRef]

	



Liu, Y.X.; Jin, S.F.; Wang, Y.S.; Cui, S.S.; Peng, X.S.; Niu, Y.Y.; Du, C.; Cheng, M.S. A gold(I)-catalyzed substituent-controlled cycloisomerization of propargyl vinyl ethers to multi-substituted furofuran and furopyran derivatives. Chem. Commun. 2016, 52, 6233–6236. [Google Scholar] [CrossRef]

	



Ding, D.; Mou, T.; Feng, M.G.; Jiang, X.F. Utility of ligand effect in homogenous gold catalysis: Enabling regiodivergent π-bond-activated cyclization. J. Am. Chem. Soc. 2016, 138, 5218–5221. [Google Scholar] [CrossRef]

	



Obata, T.; Suzuki, S.; Nakagawa, A.; Kajihara, R.; Noguchi, K.; Saito, A. Gold-catalyzed domino synthesis of functionalized benzofurans and tetracyclic isochromans via formal carboalkoxylation. Org. Lett. 2016, 18, 4136–4139. [Google Scholar] [CrossRef]

	



Fernandez-Canelas, P.; Rubio, E.; Gonzalez, J.M. Oxyacylation of iodoalkynes: Gold(I)-catalyzed expeditious access to benzofurans. Org. Lett. 2019, 21, 6566–6569. [Google Scholar] [CrossRef]

	



Wu, J.W.; Wei, C.B.; Zhao, F.; Du, W.Q.; Geng, Z.S.; Xia, Z.H. Gold(I)-catalyzed tandem cyclization/hydroarylation of o-alkynylphenols with haloalkynes. J. Org. Chem. 2022, 87, 14374–14383. [Google Scholar] [CrossRef]

	



Bao, M.; Qian, Y.; Su, H.; Wu, B.; Qiu, L.H.; Hu, W.H.; Xu, X.F. Gold(I)-catalyzed and H2O-mediated carbene cascade reaction of propargyl diazoacetates: Furan synthesis and mechanistic insights. Org. Lett. 2018, 20, 5332–5335. [Google Scholar] [CrossRef]

	



Zhao, J.D.; Xu, W.; Xie, X.; Sun, N.; Li, X.D.; Liu, Y.H. Gold-catalyzed oxidative cyclizations of {o-(alkynyl)phenyl propargyl} silyl ether derivatives involving 1,2-enynyl migration: Synthesis of functionalized 1H-isochromenes and 2H-pyrans. Org. Lett. 2018, 20, 5461–5465. [Google Scholar] [CrossRef]

	



Tang, Y.; Li, J.; Zhu, Y.; Li, Y.; Yu, B. Mechanistic insights into the gold(I)-catalyzed activation of glycosyl ortho-alkynylbenzoates for glycosidation. J. Am. Chem. Soc. 2013, 135, 18396–18405. [Google Scholar] [CrossRef]

	



Aparece, M.D.; Vadola, P.A. Gold-catalyzed dearomative spirocyclization of aryl alkynoate esters. Org. Lett. 2014, 16, 6008–6011. [Google Scholar] [CrossRef]

	



Mallampudi, N.A.; Reddy, G.S.; Maity, S.; Mohapatra, D.K. Gold(I)-catalyzed cyclization for the synthesis of 8-hydroxy-3- substituted isocoumarins: Total synthesis of exserolide F. Org. Lett. 2017, 19, 2074–2077. [Google Scholar] [CrossRef]

	



Hamada, N.; Yamaguchi, A.; Inuki, S.; Oishi, S.; Ohno, H. Gold(I)-catalyzed oxidative cascade cyclization of 1,4-diyn-3-ones for the construction of tropone-fused furan scaffolds. Org. Lett. 2018, 20, 4401–4405. [Google Scholar] [CrossRef]

	



Wagner, P.; Ghosh, N.; Gandon, V.; Blond, G. Solvent effect in gold(I)-catalyzed domino reaction: Access to furopyrans. Org. Lett. 2020, 22, 7333–7337. [Google Scholar] [CrossRef]

	



Li, J.; Liu, J.; Ding, D.; Sun, Y.X.; Dong, J.L. Gold(III)-catalyzed three-component coupling reaction (TCC) selective toward furans. Org. Lett. 2013, 15, 2884–2887. [Google Scholar] [CrossRef]

	



Hosseyni, S.; Su, Y.J.; Shi, X.D. Gold catalyzed synthesis of substituted furan by intermolecular cascade reaction of propargyl alcohol and alkyne. Org. Lett. 2015, 17, 6010–6013. [Google Scholar] [CrossRef]

	



Campeau, D.; León Rayo, D.F.; Mansour, A.; Muratov, K.; Gagosz, F. Gold-catalyzed reactions of specially activated alkynes, allenes, and alkenes. Chem. Rev. 2021, 121, 8756–8867. [Google Scholar] [CrossRef]

	



Shandilya, S.; Gogoi, M.P.; Dutta, S.; Sahoo, A.K. Gold-catalyzed transformation of ynamides. Chem. Rec. 2021, 21, 4123–4149. [Google Scholar] [CrossRef]

	



Bag, D.; Sawant, S.D. Heteroarene-tethered functionalized alkyne metamorphosis. Chem. Eur. J. 2021, 27, 1165–1218. [Google Scholar] [CrossRef]

	



Hopkinson, M.N.; Tlahuext-Aca, A.; Glorius, F. Merging visible light photoredox and gold catalysis. Acc. Chem. Res. 2016, 49, 2261–2272. [Google Scholar] [CrossRef]








[image: Molecules 27 08956 g001 550] 





Figure 1. The main ligands, counterions, and generation of cationic gold(I) catalysts. 
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Figure 2. Arylalkyne blocks and the three corresponding types of products. 
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Scheme 1. Double gold(I)-catalyzed syntheses of β-substituted naphthalene derivatives. 
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Scheme 2. Gold(I)-catalyzed syntheses of substituted naphthalene derivatives. 
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Scheme 3. Gold(I)-catalyzed syntheses of aryl acetaldehyde derivatives. 
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Scheme 4. Gold(I)-catalyzed syntheses of acenaphthene derivatives. 
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Scheme 5. Gold(I)-catalyzed syntheses of pyrrolonaphthalene derivatives. 
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Scheme 6. Gold(I)-catalyzed syntheses of iodonaphthalene derivatives. 
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Scheme 7. Gold(I)-catalyzed syntheses of multisubstituted naphthalenes. 
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Scheme 8. Gold(I)-catalyzed syntheses of benzo[a]carbazole derivatives. 
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Scheme 9. Gold(I)-catalyzed syntheses of xanthone and acridone derivatives. 
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Scheme 10. Gold(I)-catalyzed syntheses of 2-(naphthalen-2-yl)aniline derivatives. 
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Scheme 11. Gold(I)-catalyzed syntheses of anthracene derivatives. 
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Scheme 12. Gold(I)-catalyzed syntheses of biaryl derivatives. 
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Scheme 13. Gold(I)-catalyzed syntheses of meta- and paradihydroxynaphthalene derivatives. 
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Scheme 14. Gold(I)-catalyzed syntheses of benzofulvene derivatives. 
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Scheme 15. Gold(I)-catalyzed syntheses of aryl-substituted dibenzopentalene derivatives. 
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Scheme 16. Gold(I)-catalyzed syntheses of indeno[1,2-c]furan derivatives. 
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Scheme 17. Gold(I)-catalyzed syntheses of dihydroindeno[2,1-a]indene derivatives. 
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Scheme 18. Gold(I)-catalyzed syntheses of indeno[2,1-b]thiochromene derivatives. 
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Scheme 19. Gold(I)-catalyzed syntheses of indeno[1,2-c]quinoline derivatives. 
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Scheme 20. Gold(I)-catalyzed syntheses of 2-aryl indenone derivatives. 
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Scheme 21. Gold(I)-catalyzed syntheses of β-alkoxy indanone derivatives. 
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Scheme 22. Gold(I)-catalyzed syntheses of indeno-chromen-4-one and indeno-quinolin-4-one derivatives. 
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[image: Molecules 27 08956 sch022]







[image: Molecules 27 08956 sch023 550] 





Scheme 23. Gold(I)-catalyzed syntheses of indenone derivatives. 
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Scheme 24. Gold(I)-catalyzed syntheses of benzo[b]indeno[1,2-e][1,4]diazepine derivatives. 






Scheme 24. Gold(I)-catalyzed syntheses of benzo[b]indeno[1,2-e][1,4]diazepine derivatives.
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Scheme 25. Gold(I)-catalyzed syntheses of 2,2′-spirobi[indene] derivatives. 
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Scheme 26. Gold(I)-catalyzed syntheses of indene derivatives. 
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Scheme 27. Gold(I)-catalyzed syntheses of polysubstituted indene derivatives. 
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Scheme 28. Gold(I)-catalyzed syntheses of indole[a]- and [b]-fused polycycle derivatives. 
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Scheme 29. Gold(I)-catalyzed syntheses of furopyran derivatives. 
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Scheme 30. Gold(I)-catalyzed syntheses of multisubstituted (a) furofuran and (b) furopyran de-rivatives. 
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Scheme 31. Gold(I)-catalyzed syntheses of (a) furopyran and (b) dihydroquinoline derivatives. 
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Scheme 32. Gold(I/III)-catalyzed syntheses of benzofuran derivatives. 
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Scheme 33. Gold(I)-catalyzed syntheses of 3-iodo-2-acyl benzofuran derivatives. 
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Scheme 34. Gold(I)-catalyzed syntheses of vinyl benzofuran derivatives. 






Scheme 34. Gold(I)-catalyzed syntheses of vinyl benzofuran derivatives.
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Scheme 35. Gold(I)-catalyzed syntheses of furan derivatives. 
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Scheme 36. Gold(I)-catalyzed syntheses of 1H-isochromene derivatives. 






Scheme 36. Gold(I)-catalyzed syntheses of 1H-isochromene derivatives.
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