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Abstract

:

Carbon–carbon bond formation is one of the most important tools in synthetic organic chemists’ toolbox. It is a fundamental transformation that allows synthetic chemists to synthesize the carbon framework of complex molecules from inexpensive simple starting materials. Among the many synthetic methodologies developed for the construction of carbon–carbon bonds, organocopper reagents are one of the most reliable organometallic reagents for this purpose. The versatility of organocuprate reagents or the reactions catalyzed by organocopper reagents were demonstrated by their applications in a variety of synthetic transformations including the 1,4-conjugate addition reactions. Sulfur-containing heterocyclic compounds are a much less studied area compared to oxygen-containing heterocycles but have gained more and more attention in recent years due to their rich biological activities and widespread applications in pharmaceuticals, agrochemicals, and material science. This paper will provide a brief review on recent progress on the synthesis of an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones via the conjugate additions of Grignard reagents to thiochromones catalyzed by copper catalysts. Recent progress on the synthesis of 2-substituted thiochroman-4-ones via alkynylation and alkenylation of thiochromones will also be covered in this review.
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1. Introduction


Carbon–carbon bond formation is one of the most important tools in synthetic organic chemists’ toolbox. It is a fundamental transformation that allows synthetic chemists to synthesize the carbon framework of complex molecules from inexpensive simple starting materials. Among the many synthetic approaches developed for the construction of carbon–carbon bonds, organocopper reagents are one of the most reliable organometallic reagents for this purpose [1,2,3,4,5,6,7,8]. A wide range of organocopper reagents were developed for carbon–carbon bond formations [2]. Organometallic reagents catalyzed by copper (I) salts or/and organocopper reagents were successfully employed to construct carbon–carbon bonds sp, sp2, and sp3 carbon centers [2]. The applications of cuprate reagents in a variety of synthetic transformations including the 1,4-conjugate addition reactions further demonstrated their versatility and usefulness [2,3]. Although the conjugate addition of stoichiometric amount of organocuprates to thiochromones were also reported [9,10], this review will focus on recent progress on the conjugate additions of organocopper reagents to thiochromones especially those using catalytic amount of copper (I) salts in the synthesis of an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones. Other synthetic approaches to 2-alkylthichroman-4-ones and thioflavanones were well summarized in a recent review article [11] and this review aims to provide more details on the progress on synthesis of 2-substituted thichroman-4-ones via conjugate addition of Grignard reagents catalyzed by copper salts. This review also aims to give an introduction to the history, development of the organocuprates and especially their applications in the synthesis 2-substituted thiochroman-4-ones. Progress on the synthesis of 2-substituted thiochroman-4-ones via alkynylation and alkenylation of thiochromones will also be covered in this review as they represent a nice addition to the existing synthetic approaches towards the synthesis of 2-substituted thiochroman-4-ones.



Sulfur-containing heterocycles are important due to their widespread presence in numerous bioactive natural products as well as pharmaceuticals [12,13,14,15]. They have widespread applications in many areas including biology, medicinal chemistry, food chemistry, and material science [16,17,18,19,20,21,22]. The improvement of the bioavailability and bioactivity was reported by the isosteric replacement of an oxygen atom by a sulfur atom [23], but sulfur-containing heterocyclic compounds are a much less studied area compared to oxygen-containing heterocycles. Due to their widespread applications and rich biological activities, the development towards an efficient synthetic approach to sulfur-containing compounds received more and more interest from both industry and academia. This paper will provide a brief review on recent progress on the synthesis of an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones via the conjugate additions of Grignard reagents to thiochromones catalyzed by copper catalysts. Recent reports on the synthesis of 2-alkynyl thiochroman-4-ones and 2-alkenylation thiochromones will also be covered in this review. This review aims to cover recent progress on the addition of alkyl, aryl, alkenyl, to thiochromones via 1,4-conjugate addition of Grignard reagents as well as the formal conjugate addition of alkynyl groups to thiochromones catalyzed of Cu (I) salts.



1.1. Introduction to the Pioneering Studies on Organocopper Reagents


Among the many synthetic approaches developed for the construction of carbon–carbon bonds, organocopper reagents are one of the most reliable organometallic reagents for this purpose [1,2,3,4,5,6,7,8]. Among the earliest examples of organocopper chemistry is Glaser’s employment of alkynylcopper reagents in the synthesis of diynes from terminal alkynes in 1870 [24]. Other pioneering studies on organocopper chemistry include the copper-catalyzed Ullmann biaryl synthesis [25] and aryl ether synthesis [26]. Only after more than 50 years later, in 1923, Reich successfully used copper (I) Iodide and phenyl magnesium bromide (1) to prepare phenyl copper [27] (i.e., 2, Figure 1). This was groundbreaking in terms of the development of organocopper reagents, as this was the first preparation of a stoichiometric organocopper reagent and, thus, it marked the beginning of organocopper chemistry.



Since the groundbreaking preparation of phenyl copper, much progress in the field of organocopper reagents was reported. For example, more than a decade later, Gilman and Straley demonstrated the synthetic potential of a mono-organocopper reagent when they successfully prepared the first mono-alkylcopper reagent (i.e., ethylcopper) from copper (I) iodide (CuI) and ethyl magnesium iodide (EtMgI) [28] in 1936. Five years later, Karasch [29] discovered the 1,4-conjugate addition of Grignard reagents to α, β-unsaturated ketones catalyzed by copper (I) chloride. This is a very important discovery as it showed that copper (I) salts such as CuCl can selectively affect the 1,4-conjugate addition of Grignard reagents to α, β-unsaturated ketones over 1,2-additon to carbonyl group. Later, the first organocuprate reagent, lithium dimethylcuprate (Me2CuLi), was prepared and used in the acylation reactions for ketone synthesis by Gilman in 1952 [30]. These lithium dialkylcuprates were later named “Gilman” reagents in honor of Gilman for his pioneering contributions in this area (Figure 2).



Stoichiometric lithium dialkylcuprates (i.e., R2CuLi) were later used by House and Whitesides to effect 1,4-conjugate addition to α, β-enones [31]. This reaction was highly chemoselective (i.e., 1,4-adduct vs. 1,2-adduct), affording an excellent chemical yield (1,4-adduct vs. 1,2-adduct) and high reproducibility [31]. Thus, this reaction by House and coworkers further demonstrated that cuprates are the reactive species in Karasch’s CuCl catalyzed 1,4-addition of MeMgBr to α,β-enones. Although the reactive species was not clear at that time, Karsch observed that Grignard reagents underwent 1,4-conjugate addition to α,β-enones instead of 1,2-addition to afford the 1,4-adducts selectively in the presence of only 1% copper (I) salt [29]. Grignard reagents usually underwent the 1,2-addition pathway over 1,4-additon without addition of copper (I) salt. This pioneering discovery opens the door for many synthetic applications of copper-catalyzed Grignard reagents. Although there are problems of reproducibility, copper-catalyzed Grignard reactions are highly synthetically useful due to the readily availability from commercial sources as well as the easy preparation of Grignard reagents from corresponding halides. Later, the reproducibility problem can be solved by using highly pure, and stable copper salts such as CuBr•SMe2 and CuCN that are soluble. The utility of copper-catalyzed Grignard reagents increases with the reproducibility problem minimized. One of the drawbacks of organocuprates is they usually require the stoichiometric amount of Cu (I) salts. Using excess copper (I) salt is always less appealing from an environmental consideration. If problems such as low reproducibility and the competing side reactions (i.e., competition of 1,2-addition by orgnolithium and Grignard reagents) can be solved, it is always more appealing to develop and use procedures that only require catalytic amount of copper (I) salt than stoichiometric amount of organocuprate reagents. This paper will provide a brief review on recent progress on the conjugate additions of Grignard reagents to thiochromones catalyzed by copper catalysts as they provide a quick entry into an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones. The progress on the 1,4-additions of alkenyl Grignard reagents promoted by TMSOTf and the formal conjugate addition of alkynyl groups to thiochromones catalyzed by Cu (I) salts will also be covered as they represent nice addition to the existing synthetic approaches to 2-substituted thiochroman-4-ones.



Organocopper reagents can be readily prepared from a copper (I) salt and the corresponding Grignard reagents or organolithium reagents. This can be carried out by adding one equivalent of organolithium reagent (RLi) or Grignard reagents (RMgX) to a copper (I) salt. Organocopper reagents could be very efficient reagents based on the organic group transferred, as only one valuable ligand is required here. However, the synthetic applications of this reagent were very limited at the early stage of discovery because of the insoluble nature of some organocopper reagents and, thus, lack of reactivity. For example, methyl copper is a yellow polymeric precipitate [32] in diethyl ether and, as a result, not very reactive, which limited its synthetic applications. Recent advances in combining Lewis acids, such as TMSCl or BF3•OEt2, with organocuprates such as alkylcopper reagents led to improved reactivity of these reagents and, thus, made them more useful tools for modern organic synthesis [2].



Although the conjugate addition of stoichiometric amount of organocuprates to thiochromones were also reported, [9,10] this paper will focus on recent progress on the conjugate additions of organocopper reagents to thiochromones, especially those using a catalytic amount of copper (I) salts in the synthesis of an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones. The ability to add alkenyl and alkynyl groups are highly desirable in organic synthesis. This review will also cover the recent progress on the synthesis of 2-alkynyl thiochroman-4-ones via the Cu-catalyzed formal conjugate addition of alkynyl groups to thiochromones and 2-alkenylation thiochromones via 1,4-additions of alkenyl Grignard reagents promoted by TMSOTf.




1.2. Significance of Sulfur-Containing Heterocycles-Thiochromanone Derivatives


Due to their wide presence in numerous pharmaceutical active molecules as well as in many bioactive natural products [12,13,14,15], sulfur-containing heterocycles played a very important role in our daily lives. Sulfur-containing heterocycles are also widely used in areas, such as medicinal chemistry, material science, food industry, and biology in recent years [16,17,18,19,20,21,22]. Although improved bioavailability and bioactivity of compounds are expected via the isosteric replacement of an oxygen atom by a sulfur atom [23], heterocyclic compounds contained sulfur are a much less studied area compared to heterocycles contained oxygen. The development of efficient synthetic approaches to sulfur-containing compounds received more and more interest both in industry and academia in recent years. This is mostly due to the rich biological activities that sulfur-containing compounds display as well as their widespread applications in many areas including pharmaceutical, agrochemical, biology, food chemistry, and other areas. Sulfur-containing heterocycles were found to display rich biological activities. For example, they were found to display cytotoxic effects on tumor cells in vitro [33], cytotoxic activities and the in vitro antileishmanial [34]. Sulfur heterocycles were also reported to be able to kill tumor cells by inducing tumor cell apoptosis [35]. The sulfur analogues of flavonoids, i.e., thioflavonoids, [36,37,38,39], were reported to possess rich biological activities. They were reported to have the ability to inhibit nitric oxide production, and to display antimicrobial, antifungal, and antioxidant properties, etc. [40,41,42,43,44,45,46,47,48]. Thiochromanones, i.e., thiochroman-4-ones, 2-substituted thiochroman-4-ones such as 2-alkylthiochroman-4-ones, and 2-arylthiochroman-4-ones (thioflavanone), are vital precursors and valuable synthons for the synthesis of thiochromanone derivatives for the study of biological activities [49,50,51,52,53,54,55,56].





2. Cu-Catalyzed Conjugate Addition of Grignard Reagents to Thiochromones


Carbon–carbon bond formation is one of the most important transformations in the synthesis of carbon framework of complex molecules in organic synthesis. Carbon–carbon bond formation is one of the most important tools in a synthetic organic chemist’s toolbox.



Among the many synthetic approaches developed for the efficient construction of carbon–carbon bonds, the 1,4-conjugate addition reaction of various organometallic reagents, including Grignard reagents (RMgX, X = Br, Cl, I), represented one of the most reliable synthetic methods for this purpose in organic synthesis [57]. It is well known that Grignard reagents usually undergo 1,2-addition to α, β-unsaturated carbonyl compounds selectively over 1,4-addition pathway without the addition of catalysts, such as Cu (I) salts. It was reported that Cu (I) salts effectively catalyzed the 1,4-conjugate addition of Grignard reagents to carbonyl compounds [29,57]. This kind of Cu (I) salt catalyzed reaction of Grignard reagents usually gave excellent regioselectivity (i.e., 1,4-addition vs. 1,2-additon pathway) as exclusive 1,4-adducts were observed [29,57]. Recently, a unified approach to 2-substituted thiochroman-4-ones-2-alkyl thiochroman-4-ones, 2-aryl thiochroman-4-ones (thioflavanones) via Cu-catalyzed 1,4-conjugate addition of Grignard reagents to thiochromones was reported by our research group (Figure 3) [58]. This unified approach took advantage of the readily available of Grignard reagents, the ease in preparation from corresponding halide compounds, and the broad scope of Grignard reagents (Figure 3) [58].



The investigation started with n-butylmagnesium chloride with thiochromone 3A (Figure 4). It was reported that an excellent yield (89%) of 1,4-adduct, 2-n-butylthiochroman-4-one 4a can be attained when TMSCl was used as the additive with 2.0 equivalent of LiCl and 1.0 equivalent of CuCN (Figure 4). The optimization of reaction conditions found that the use of 0.2 equivalent of CuCN∙2LiCl offered the highest yield of 1,4-adduct with TMSCl as the additive. When a smaller amount of CuCN∙2LiCl (0.1 equivalent) was used, no significant change of the yield of 1,4-adduct 4a (85% vs. 89%) was observed [58].



With this optimal reaction condition found, the scope of Grignard reagents was then investigated. A broad scope of Grignard reagents added to thiochromone 3A to in 1,4-additon fashion to afford 1,4-adducts 4a–h with good chemical yields (Figure 5, 64–88%). Simple Grignard reagents underwent 1,4-conjugate addition to thiochromone 3A smoothly to deliver 1,4-adducts 4a–4d with excellent efficiency (Figure 5, 75–88%). Steric bulkier Grignard reagents were less reactive and afford lower yields presumably due to steric hindrance (Figure 5, 4e, 69% and 4f, 64%). Grignard reagents prepared from corresponding cyclic halides also worked well (Figure 5, 4g, 82% and 4h, 85%) [58].



Under these optimal reaction conditions, aromatic Grignard reagents also underwent conjugate addition to thiochromones smoothly (Figure 6). PhMgBr added to thiochromone 3A to in 1,4-additon fashion with high efficiency (Figure 6, 5a, 89%). Grignard reagents with electron-donating groups such as “-Me”, “-OMe” on the aromatic ring were found to be effective too (5b–d, 80–90%). Grignard reagents with strong electron-withdrawing groups such as “-CF3” on the aromatic ring also worked well in 1,4-addition fashion (5e, 70%). Grignard reagents prepared from extended aryl bromides also underwent 1,4-conjugate addition to thiochromone 3A smoothly to afford 1,4-adducts with high chemical yields (5f, 84%; 5g, 78%). Furthermore, Grignard reagents prepared from corresponding aromatic heterocycle halides such as 2-furyl)magnesium bromide and 2-thienylmagnesium bromide were also tolerated (5h, 79%; 5i, 75%, Figure 6) [58].



A broad scope of thiochromones worked well under the reported optimal reaction condition (Figure 7). It was reported that n-BuMgCl underwent 1,4-conjugate addition to thiochromones 3B–3P smoothly (Figure 7, 4Ba–4Oa, 73–86%). Thiochromones bearing simple alkyl groups reacted well to afford 4Ba–4Da in good yields (80–84%). The steric hindered t-butyl group were also tolerated to afford 1,4-adduct 4Ea with 75% yield. N-BuMgCl also added to thiochromones bearing halides on the aromatic ring (i.e., F, Br, and Cl) to deliver 1,4-adducts in good yields (Figure 7). N-BuMgCl also underwent 1,4-conjugate addition with thiochromones with two halides on the aromatic ring, such as 6,8-difluorothiochromanone and 6,8-dichlorothiochromone with good efficiency (4Ka, 73% and 4La, 77%, Figure 7). Thiochromones bearing electron-donating groups, such as MeO-, also worked well (Figure 7, 4Ma, 86%; 4Oa, 85%). Extended thiochromone 3P also worked well (Figure 7, 4Pa, 71%) [58].



With the employment of PhMgBr, the scope of substituted thiochromones was also explored to synthesize various thioflavanones, an important class of thiochromone derivatives with rich biological activities. Thiochromones bearing electron-donating or electron-withdrawing groups on the aromatic ring were investigated with PhMgBr. PhMgBr added to thiochromones 3B–3P in 1,4-additon fashion smoothly to afford 1,4-adducts-thioflavanones in good yields (Figure 8). For example, with simple alkyl groups on the aromatic ring of thiochromones, thioflavanones 5Ba–3Ea can be isolated in good yields (Figure 8, 83–88%). Thiochromone bearing bulky groups (i-Pr) were also tolerated (Figure 8, 5Fa, 77%). PhMgBr also worked well with thiochromones bearing halides (i.e., F, Br, and Cl) on the aromatic ring (Figure 8, 5Ga–5Ia, 78–82%). PhMgBr also underwent 1,4-conjugate addition with thiochromones with two halides on the aromatic ring, such as 6,8-difluorothiochromanone and 6,8-dichlorothiochromone with good efficiency (Figure 8, 5Ka, 70% and 5La, 76%). Electron-donating groups, such as MeO-, also underwent smooth 1,4-conjugate addition to thiochromones to deliver 1,4-adducts in excellent chemical yields (5Ma, 84% and 5Na, 83%). PhMgBr also adds to 8-substituted thiochromones (8-i-Pr, 8-MeO-) with good yields (5Fa, 77%, 5Ma, 81%). This indicates that the steric hindrance was not a problem here. Thiochromones with extended aromatic structures also underwent 1,4-conjugate addition with PhMgBr with high efficiency (Figure 8, 5Oa, 81%; 5Pa, 80%) [58].




3. Enantioselective Cu-Catalyzed Conjugate Addition of Grignard Reagents to Thiochromones


Recently, an enantioselective Cu-catalyzed conjugate addition of Grignard reagents to thiochromones was also reported [59]. The screening of the reaction conditions found that a combination of copper salt, Cu[MeCN]4PF6, and chiral ligand, (R, S)-PPF-PtBu2, in DCM with TMSCl as the additive offered the best chemical yield (73%) as well as the best enantioselectivity (82% ee) of 1,4-adduct 4b (Figure 9).



The optimal reaction condition was ultimately determined to be 0.2 mmol thiochromones in 4 mL DCM with 5 mol% Cu[MeCN]4PF6 and 6 mol% (R, S)-PPF-PtBu2 at −75 °C using TMSI as the additive [59]. With this optimal reaction in hand, both the scopes of thiochromones and Grignard reagents were explored. Thiochromones with electron donating groups such as MeO or Me undergo conjugate addition with MeMgBr smoothly to afford 1,4-adducts 7a–g in good to moderate yields and enantioselectivites (Figure 10, 59–99% yields, and 72–87% ee). Lower enantioselectivies were observed with thiochromones with F, Cl, Br, CF3 groups (7h–m, 38–73% ee, Figure 10). Thiochromones with extended aromatic group also reacted with MeMgBr to afford 1,4 adduct 7n in 69% yield and 66% ee (Figure 10). Alkyl Grignard reagents except MeMgBr gave modest to good yields (41–92%) but with poor enantioselectivities (1–18% ee) [59].




4. Alkynylation and Alkenylation of Thiochromones


4.1. Enantioselective Cu-Catalyzed Alkynylation of Thiochromones


Cu-catalyzed alkynylation of thiochromones was also reported recently by Wang’s research group in 2020 [60]. The ability to incorporate the alkynyl functional group is important for research in pharmaceuticals and agrochemicals, as well as for functionalized materials. This method provided a unique approach by introducing alkyne functional groups onto thiochromanones, which will offer new opportunities for studying biological activities and further applications in materials science and other fields for these sulfur-containing heterocycles. It was found that the best yield (95%) and enantioselectivity (92% ee) of 1,4-adduct 9a can be attained with thiochromone 8a and phenylacetylene when more hindered phosphoramidite ligand L2 was used (Figure 11). It was found that the additive TMSOTf is important for the success of this alkynylation reaction, as it activates the thiochromone substrates to form corresponding 4-[(trimethylsilyl)oxy]thiochromenylium as key intermediate for this reaction. TMSOTf also serves as a counteranion to stabilize the reactive complex as it was reported that a remarkable anion effect from trimehylsilyl salt was observed and the highest reactivity and enantioselectivity were achieved with the less coordinating triflate (OTf) group [60].



The scope of arylacetylene was investigated with thiochromone 8b (Figure 12) and it was found that arylacetylenes bearing both electron-withdrawing and electron-donating groups on the aromatic ring were tolerated to furnish 1,4-adducts 9 in good to excellent yields and enantioselectivities (12 examples, 62–97% yield, 73–94% ee, Figure 12). Additionally, the scope of substituted thiochromones were also investigated. It was reported that both electron-withdrawing and electron-donating groups on the aromatic ring of the substituted thiochromones worked well. However, no significant difference on the reactivity and enantioselectivity between the electron-withdrawing and electron-donating groups on the aromatic ring of the substituted thiochromones were observed [60].




4.2. Alkenylation of Thiochromones with Alkenyl Grignard Reagents


Langer and coworkers reported the alkenylation of thiochromones and chromones with alkenyl Grignard reagents [61]. In their study on the structure–activity relationship of 2-vinylchroman-4-one, 2-vinylchroman-4-ones, and related analogs, the synthesis of 2-alkenylthiochroman-4-ones via the TMSOTf-mediated reaction of thiochromones with vinylmagnesium bromide and 2-(isopropenyl) magnesium bromide were successfully developed (Figure 13). It was noted that the presence of TMSOTf was the key to the success of this reaction. It was mentioned that without the addition of TMSOTf, the reaction of vinylmagnesium bromide and chromone led to complex mixture of compounds due to the competing 1,2-addition to carbonyl group instead of the desired 1,4-addition. The direct addition of alkenyl Grignard reagents to thiochromone and derivatives in the presence of TMSOTf provided a direct synthetic approach to 2-alkenylthiochroman-4-ones by introducing alkene including vinyl functional groups onto thiochromanones. It was found that both vinyl magnesium bromide and 2-(isopropenyl) magnesium bromide worked well with thiochromone to afford 1,4-adducts in modest to good yields (Figure 13). For example, vinyl magnesium bromide added to thiochromone and 6-chlorothichromone in the presence of TMSOTf to deliver 1,4-adducts-2-vinylthiochroman-4-one 11a (66%) and 6-chloro-2-vinylthiochroman-4-one 11b (42%). However, 2-(isopropenyl) magnesium bromide also worked well with both thiochromone and 6-chlorothichromone under TMSOTf-mediated reaction condition (Figure 13) [61].





5. Mechanism on the Cu-Catalyzed Conjugate Addition of Grignard Reagents to Thiochromones


The mechanism on the 1,4-conjugate addition reactions of cuprate reagents [i.e., Me2CuLi•LiCN and Me2CuLi•LiI] with 2-cyclohexen-1-one 12 in THF were investigated by Bertz and Ogle [62]. Different   π  -complexes (i.e., 14) of cuprate reagents with 2-cyclohexen-1-one was identified in THF using rapid-injection NMR techniques (Figure 14). It was assumed that the contact ion-pairs (CIPs) are the reactive species and, thus, a heterodimeric structure of the contact ion-pair (CIP) 13 in THF was proposed [62].



The plausible mechanism on the copper-catalyzed 1,4-conjugate addition reactions of Grignard reagents [i.e., RMgX, X = Br, Cl] with thiochromones 15 in THF would involve the formation of similar π-complexes 17 (Figure 15). The reactive species likely would be the heterodimeric structure of the contact ion-pair (CIP) 16 in THF (Figure 15).



Lewis acids such as TMSCl were reported to greatly accelerate the organocuprate reactions [63,64]. With the Cu-catalyzed 1,4-conjugate addition of Grignard reagents, it is likely that TMSCl stabilized the π-complex 17 by converting it to a reactive tetravalent copper species 18, which is capable of a rapid reductive elimination to form 1,4-adduct (Figure 16).




6. Discussions—Challenges and Perspectives


Sulfur-heterocycles are much less studied compared to their corresponding oxygen counterparts. For example, the reactivities of thiochromones and the oxygen counterpart chromones are very different. Thiochromones are usually less reactive due to a higher degree of electron delocalization of lone pair on the sulfur atom, and this places higher electron density on the Michael acceptors and makes it less electron deficient comparing to oxygen counterparts, thus reducing the reactivity towards organometallic reagents. Recent advances in the synthetic approaches towards the successful synthesis of 2-substituted thiochroman-4-ones including 2-alkylthiochroman-4-ones, 2-arylthiochroman-4ones (thioflavanones), 2-alkenyl thiochroman-4-ones, and 2-alkynyl thiochroman-4-ones all involved the use of Lewis acids such as TMSOTf, TMSCl, and TMSI [58,59,60,61]. The progress highlighted the importance of Lewis acids in activating thiochromones and, thus, increased reactivities. These recent advances further demonstrated the versatility of Cu-catalyzed reactions to include the 1,4-conjugate addition reactions to heterocyclic Michael acceptors such as thiochromones. The copper-catalyzed 1,4-conjugate addition of Grignard reagents are appealing due to the readily availability of Grignard reagents, the ease in preparation from corresponding halide compounds and the broad scope of Grignard reagents that will enable the synthesis of a large library of analogs for biological screening. The Cu-catalyzed conjugate addition of organometallic reagents offered a quick entry into an important class of sulfur-heterocycles, 2-subsituted thichroman-4-ones from common starting materials-thiochromones. The ability to add all three different carbon centers (sp, sp2, sp3) such as alkyl, aryl, alkenyl, and alkynyl groups are important and showcase the versatility of these transformations including copper-catalyzed 1,4-addition of Grignard reagents [58,59], the copper-catalyzed formal conjugate addition of alkynyl groups [60] as well as the addition of alkenyl Grignard reagents to thiochromone promoted by TMSOTf [61]. These recent advances on the 1,4-addition or formal 1,4-addition to thiochromones are important, as they enable a quick entry into large varieties of 2-substituted thiochroman-4-ones, an important class of S-heterocycles known for their biological activities. One of the challenges in the reaction of organocuprate reagents is that it often requires stoichiometric amount of copper salts. It would always be more desirable to develop 1,4-conjugate addition of organometallic reagents including Grignard reagents using catalytic amount of copper salts. There are still challenges in developing a more general Cu-catalyzed enantioselective 1,4-conjugate addition of alkyl Grignard reagents to thiochromones that will offer high enantioselectivity for a broader scope of both Grignard reagents as well as thiochromones. A broader scope of akenyl and alkynyl Grignard reagents that would lead to 2-akenyl, 2-alkynyl substituted thiochroman-4-ones with excellent enantioselectivities are also desirable.




7. Conclusions


Carbon–carbon bond formation is one of the most important transformations in the synthesis of carbon framework of complex molecules in organic synthesis. Among the many synthetic methodologies for carbon–carbon bond formation, organocopper reagents are one of the most reliable organometallic reagents for this purpose. The versatility of Cu-catalyzed reactions was demonstrated by their applications in a variety of synthetic transformations, including the 1,4-conjugate addition reactions. The Cu-catalyzed conjugate addition of organometallic reagents offered straightforward access to an important class of sulfur-heterocycles, 2-alkylthiochroman-4-ones and thioflavanones, from common starting materials-thiochromones. This paper provided a brief review on recent progress on the synthesis of an important class of sulfur-heterocycles-2-alkylthiochroman-4-ones and thioflavanones via the conjugate additions of Grignard reagents to thiochromones catalyzed by copper catalysts. Recent progress on the synthesis of 2-alkynyl thiochroman-4-ones via the Cu-catalyzed formal conjugate addition of alkynyl groups to thiochromones and 2-alkenylation thiochromones via 1,4-additions of alkenyl Grignard reagents promoted by TMSOTf were also covered in this review. These recent progresses on the addition of alkyl, aryl, and alkenyl to thiochromones via 1,4-conjugate addition of Grignard reagents as well as the formal conjugate addition of alkynyl groups to thiochromones catalyzed of Cu (I) salts provides a quick entry into 2-substituted thiochroman-4-ones, an important class of S-heterocycles known for their biological activities.
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Figure 1. Phenyl copper prepared from phenyl magnesium bromide. 
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Figure 2. The First Dialkylcuprate Reagent Prepared by Gilman. 
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Figure 3. Copper-Catalyzed Conjugate Addition of Grignard Reagents to Thiochromones. 
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Figure 4. Copper-Catalyzed Conjugate Addition of n-BuMgCl to Thiochromones. 
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Figure 5. Copper-Catalyzed Conjugate Addition of RMgX to Thiochromones. 
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Figure 6. Copper-Catalyzed Conjugate Addition of ArMgX to Thiochromones. 
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Figure 7. Copper-Catalyzed Conjugate Addition of ArMgX to Thiochromones. 
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Figure 8. Synthesis of thioflavanones. 
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Figure 9. Enantioselective Cu-catalyzed conjugate addition of MeMgBr to thiochromones. 
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Figure 10. The Scope of Enantioselective Cu-catalyzed conjugate addition to thiochromones. 
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Figure 11. Enantioselective Cu-catalyzed alkynylation of thiochromones. 
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Figure 12. The scope of arylacetylenes for the enantioselective Cu-catalyzed alkynylation of thiochromones. 
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Figure 13. Alkenylation of thiochromones with alkenyl Grignard reagents. 
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Figure 14. Investigation on Mechanism of Cu-catalyzed conjugate addition of Organocuprates using Rapid-injection NMR techniques. 
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Figure 15. Plausible Reactive Intermediates in Cu-catalyzed Conjugate Addition to Thiochromones. 
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Figure 16. The Role of TMSCl in the Conjugate Addition of Grignard Reagents to Thiochromones. 
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