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Abstract

:

Hydroarylation reactions play a pivotal role in organic chemistry due to their versatility and efficiency. In the last 10 years, the scientific production around this reaction has been very high, but in its asymmetric version, the results are less. In this mini review, selected literature examples are considered to draw attention to directions of the asymmetric hydroarylation reaction mediated by transition metal catalysts. The selected works were grouped in two main sections. In the first, we reported examples relating the narrower definition of hydroarylation, namely the metal-catalyzed processes where inactivated aryl moiety undergoes a direct functionalization via insertion of an unsaturated compound. In the second part, hydroarylation reactions take place with the use of pre-activated aryl substrates, usually aryl-iodides or aryl-boronated.
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1. Introduction


Hydroarylation reactions enable the formation of new Csp2–Csp3 or Csp2–Csp2 bonds using inactivated aromatic substrates. Its outcome is described as the addition of hydrogen and an aryl group to an unsaturated moiety, resulting in the direct functionalization of the aromatic Csp2–H bond. Readers can find an interesting and exhaustive panorama of this reaction in a relatively recent book [1]. For its versatility, atom economy, and efficiency, this reaction has received a great deal of attention over the years. Looking at the literature production of the last 10 years, a search for the single term “hydroarylation” displays more than 800 papers on Scopus. Among these published works, some examples of metal-free hydroarylation have been outlined [2,3,4,5] but most of the described approaches are based on transition metal catalysis. Refining the research products by the term “asymmetric”, less than 100 papers outcomes attesting how this field remains for a large part unexplored. By inspection of refined papers, chiral induction is promoted by the enantiopure ligand (e.g., TADDOL derived or chiral phosphines) or alternatively by the enantiopure/enantioenreached unsaturated starting material (a single stereoisomer of alkene or an alkyne bearing a fixed stereogenic center close to the triple bond). Therefore, the new carbon-carbon bond formation happens in a stereoselective fashion making the procedure very attractive for its potential application mainly in medicinal chemistry [6,7,8,9,10].



In this framework, selected literature examples, grouped by metal, are considered to draw attention of directions of catalyst development. Thus, the reader will not find a comprehensive analysis of the literature here. The selected works were grouped in two main sections. In the first, we reported examples relating the narrower definition of hydroarylation, namely the metal-catalyzed processes where the inactivated aryl moiety undergoes a direct functionalization via insertion of an unsaturated compound. In this section, gold turned out to be the more employed, nickel was sparsely represented, whereas palladium examples were absent. In the second part of the review, hydroarylation reactions take place with the use of pre-activated aryl substrates. Here, nickel and palladium turned out to be the more-employed metals.




2. Asymmetric Construction of Chiral Compounds Sorted by Metal: The Direct Asymmetric Hydroarylation


2.1. Gold


The first example of gold catalytic asymmetric synthesis was published in 1986, where Ito et al. provided an aldol reaction by using a gold(I) catalyst and an enantiomerically pure ferrocene diphosphane ligand [11]. However, since the 2000s there has been a real explosion of development in gold catalysis [12,13]. In line with this, gold still appeared to be the most widely-used metal in these asymmetric transformations. In this time frame, gold-catalyzed asymmetric hydroarylation of allenes and alkynes as well as the enantioselective synthetic protocols to build helicenes have been widely studied.



Ma and co-workers published a communication about the asymmetric hydroarylation of enantioenriched allenes (1) by using dinuclear achiral [(dppm)Au2Cl2] [dppm=methylenebis(diphenylphosphane)] in combination with AgOTf as catalyst to obtain aromatic ring-fused six-membered cycles containing a chiral stereocenter [14]. When reactions were performed with [AuCl(PPh3)]/AgOTf or [IPrAuCl] [IPr=1,3-bis(2,6-diisopropylphenyl)imidazolium]/AgOTf as alternative catalysts, systems gave low enantiomeric excess (ee). In addition, the reaction performed in the absence of either AgOTf or [(dppm)Au2Cl2] did not proceed attesting a high efficiency of chirality transfer for the [(dppm)Au2Cl2]/AgOTf pair. In the optimized conditions, the gold-catalyzed asymmetric cyclization proved to tolerate well a variety of aryl groups affording the corresponding 1,4-dihydroarene (2) in excellent yields and ee even when heteroaryl-substituted optically active allenes are used as substrate of the reaction (Figure 1).



In order to investigate the role of [(dppm)Au2Cl2]/AgOTf pair, the authors studied the catalytic system by ESI-MS highlighting key intermediates (Figure 2). To this end, flow injection analysis of a solution of catalysts alone (solution A) and a reaction mixture of aryl allene and concentrated catalyst (solution B) have been transferred separately into the ESI source. Solution A allows the detection of ion [(dppm)Au2OTf]+ at m/z 927.0 providing that an anion exchange between [(dppm)Au2Cl2] and AgOTf occurs. Solution B showed the signal of dinuclear gold ion at m/z 1199.2 corresponding to IM1 or IM2 possible intermediates. Finally, flow injection analysis of reaction mixture after 8 h at room temperature revealed the presence of the product as well as the active intermediate.



Tanaka’s group reported the gold-catalyzed intramolecular hydroarylation of alkynones (3) for the atroposelective synthesis of axially chiral all-benzenoid biaryls, 4-aryl-2-naphthol derivatives (4) [15]. Different chiral bisphosphine ligands in presence of gold(I) were evaluated (Figure 3). After optimization of reaction conditions in terms of Au complex, ligand and silver salt, the cationic gold(I)/(R)-xyl-binap complex in combination with AgOTf proved to be the best system for the atroposelective intramolecular hydroarylation of several alkynones variously substituted.



In 2018 Lee and co-workers reported the first example of intermolecular hydroarylations of allenes with efficient axial-to-point chirality transfer [16]. After optimization of the reaction conditions, a wide screening of the enantioenriched allenes (5) and the aryl- and heteroaryl-nucleophiles (6) was conducted affording the corresponding products (7) in excellent yield and regio- and enantioselectivity (Figure 4). It is worth noting that such reactions were previously reported by Widenhoefer [17] and Che [18] to occur with no chirality transfer under gold-catalysis due to competing gold-catalyzed racemization of the allene substrates. Studies about the hydroarylation versus racemization rate were conducted proving that the chirality transfer is efficient under the reaction conditions described by the group because it outcompetes the rate of gold-catalyzed allene racemization.



In 2021 Zhang’s group published a work about the simultaneous construction of axial and planar chiralities via the gold-catalyzed asymmetric intramolecular hydroarylation of readily available ortho-alkynylferrocene derivatives (8) [19]. Optimization of reaction conditions allowed them to identify a gold complex with a chiral sulfinamide phosphine type ligand (belonging to TY-Phos family) as the best catalytic system showing its potential application in the synthesis of chiral biaryl compounds (Figure 5).



As mentioned before, the asymmetric gold catalyzed hydroarylation turned out to be a very useful method for the enantioselective synthesis of helicenes. In 2016 the group of Tanaka exploited the gold-catalyzed intramolecular quadruple hydroarylation of a tetrayne for the enantioselective synthesis of an aza[10]helicene (11) [20]. Screening of axially chiral biaryl bisphosphine ligands revealed that the gold(I) complex obtained from AuCl(SMe2) and the electron-deficient difluorphos ligand was the best system for achieving both high yield and ee values. It is noteworthy that also the suitable choice of the silver salt and its quantity play a key role in the success of the reaction. Employment of one equivalent of AgOTf with respect to the gold(I)complex gives a monohydroarylation reaction, while the use of 1.5 equivalent leads to the desired quadruple hydroarylated product. The subsequent deprotection and chlorination provided a fully aromatic aza[10]helicene, possessing two pyridine units (Figure 6).



In a later work (2018) by the same group, a similar catalytic system was used to achieve the enantioselective synthesis of fully benzenoid single and double carbo[6]helicenes [21]. In the same year the group of Alcarazo achieved the enantioselective synthesis of variously substituted carbo[6]helicenes (13) by exploiting the gold-catalyzed intramolecular hydroarylation reaction of suitable diynes (12) [22]. To this, a series of cationic phosphonites with a TADDOL skeleton as shared motif and different substituents at phosphorus were produced and tested as chiral ancillary ligands (Figure 7). The study revealed that Au catalysts derived from triazoliumphosphonites are more active than the imidazolium-derivatives ones. The Au complexes obtained from phosphonites with 1,3-dimesityl-1,2,3-triazolium and 1,4-dimesityl-1,2,4-triazolium substituents are the best precatalysts for the desired cyclization considering regio- and enantioselectivity.



Suemune and co-workers reported the synthesis of a coumarin-fused [6]helicene derivative (15) possessing an internal-edge phenyl substituent by the intramolecular hydroarylation of [5]helicenyl propiolates (14) by using an Au(I)/chiral bis(phosphine) complex as catalyst (Figure 8) [23].



After a first racemic synthesis performed with Au(PPh3)Cl-AgSbF6 as catalyst, a screening of reaction conditions for the enantioselective version of the hydroarylation was examined. The study showed that in presence of 2.5 mol% of the chiral catalyst (R)-OMe-DTB-BIPHEP-Au(I) the desired hydroarylation occurs successfully via dynamic kinetic resolution at 50 °C, affording the desired product in 65% yield and ee > 85%. In these reaction conditions, the two enantiomers of 14 are rapidly interconverted while the chiral Au(I) catalyst can recognize one of these helical-enantiomers leading to the corresponding product (15a or 15b) configurationally stable because of the presence of the constructed α-pyrone ring.



Very recently, the group of Alcarazo reported two other works about the intramolecular alkyne hydroarylation catalyzed by TADDOL-derived α-cationic phosphonites as ancillary ligands aimed to the enantioselective synthesis of 1,12-disubstituted [4] helicenes (16) (Figure 9) and dithia[5]helicenes (17) (Figure 10) [24,25]. These studies showed the potentiality of the developed catalytic system, which turned out to provide high enantiopure different helicene-systems.




2.2. Rhodium


Rhodium-based catalysts are among the most commonly used systems in the C-C bond formation reaction thanks to their versatility and selectivity compared to other catalytic systems [26]. Called RCAA (Rh-catalyzed asymmetric arylation), a general Rh-catalyzed reaction starts with a transmetalation of an activated aryl group producing reactive aryl–rhodium. The intermediate then reacts with double or triple bonds to produce hydroarylated compounds or, in presence of an electrophile, the product of a RCAA-tandem reaction. Asymmetric arylation reactions between aryl- or alkenylboronic acids and olefins have been widely studied by Hayashi and co-workers since the 90s. Coordination of the hydroxorhodium complex with the chiral ligand leads to the [Rh(OH)(coe)2]2/(R)-segphos catalyst system affording the reaction under neutral conditions [27]. During the period of Hayashi’s research, a different system based on a Rh(III)-Cp* catalyst (where Cp* is a pentamethylcyclopentadienyl ligand) was employed by Cramer and co-workers for asymmetric C−H functionalizations [28,29]. While the asymmetric hydroarylation on 1,1-di- or tri-substituted olefins failed to undergo a reaction with rhodium acyclic intermediate pointing toward a weak binding to the metal or difficult migratory insertion, the reaction performed on allyl ethers (18) led to the synthesis of enantioenriched dihydrobenzofurans. The reaction performed with an achiral Cp*Rh(III) complex in absence of an additive furnished the cyclization products (19 and 20) almost without selectivity. Addition of a stoichiometric amount of pivalic acid and catalytic quantities of AgSbF6 provided 19 in 89% yield (Figure 11).



The employment of chiral Cp*Rh(III) complexes with an atropochiral biaryl backbone led to a hydroarylated product with very good yields and high ee when the methoxy substituents were present in the ortho positions of the biaryl scaffold (Rh3). The reaction scope showed wide versatility and compatibility with electron-rich and electron-poor arenes, with phenol and nitro substituents and with variously substituted alkenes (Figure 12).



The same chiral catalyst (Rh3 in Figure 12) was used for the first time in oxidative coupling reactions by You’s group, providing the enantioselective synthesis of axially chiral biaryls in high yields and enantioselectivities (up to 99% yields and 98:2 enantiomeric ratio (e.r.)) [30]. The enantioselective addition of N-heteroarenes to terminal and internal 1,3-dienes catalyzed by an Rh catalyst was reported by Meek’s group in 2017. The employment of a new chiral pincer carbodicarbene ligand (CDC, Figure 13) afforded allylic substituted arenes (20) in excellent yields and enantioselectivities (up to 95% yield and up to 98:2 e.r.) [31].



Rh-catalyzed intramolecular asymmetric hydroarylation was performed by Breit group on allenylbenzenes (21) for the synthesis of functionalized benzocycles (22) [32]. Employment of the catalytic system formed by Rh, Josiphos ligand (J003-2 in Figure 14), and pyridinium p-toluenesulfonate (PPTS), oxidatively added to the metal-ligand system, provides the enantioselective intramolecular addition of benzenes to allenes in good yields (Figure 14).




2.3. Iridium


Between 2000 and 2010 the examples that reported use of Iridium-catalysts for hydroarylation reaction are few [33,34,35,36]. Among these, only one paper by Togni’s group reports an asymmetric version of the reaction describing the asymmetric intermolecular hydroarylation of norbornene with benzamide catalyzed by Ir(I) complexes [34]. In our first selected example, Ir-catalyzed asymmetric addition of heteroarenes to bicycloalkenes was reported in 2013 by Sevov and Hartwig [37]. After the screening of bisphosphine ligands, the intermolecular asymmetric addition of indoles, thiophenes, pyrroles, and furans to 24, as reported in Figure 15, is obtained in high yield and enantiomeric excess using the catalytic system [Ir(coe)2Cl]2 (coe = cyclooctene)—DTBM-Segphos (DTBM = 3,5-di-tert-butyl-4-methoxy). In all cases, C-C bond formation occurs at the position adjacent to the heteroatom.



Similar bicycloalkene scaffolds were employed by Yamamoto and co-workers to provide alkylated acetophenone (26) and benzamide derivatives with good results [38]. After the optimization of the reaction conditions and the opportune choice of the ligand, the substrate scope disclosed that various substituents on the arene moiety were tolerated. In this reaction, mechanistic studies performed carrying out the reaction in presence of D2O showed that the turnover-limiting step is determined by the C-H bond cleavage (Figure 16).



Between 2014 and 2015, Yamamoto published two other papers involving the use of Iridium and a chiral bidentate phosphoramidite ligand (Me-BIPAM) as a catalytic system for the intramolecular asymmetric hydroarylation of α-ketoamides (27) [39,40]. The reaction performed on α-ketoamides occurs with complete regioselectivity and high yields through the enantioselective addition at the C-H bond in the more hindered position in ortho respect to carbonyl group leading to optically active 3-substituted 3-hydroxy-2-oxindoles (28). The reaction scope and mechanistic studies have attested that the turnover-limiting step in the catalytic cycle is driven by carbonyl insertion to the aryl–iridium bond proven by 1H NMR experiments, kinetic isotope effect studies, and Hammett studies (Figure 17).



The asymmetric hydroarylation of vinyl ethers (30) catalyzed by a hydroxoiridium complex with chiral biphosphine ligands was reported by Yorimitsu’s group in 2017 [41]. The reaction was performed with good results on substituted azoles (29) with an N-H bond. The screening of the ligands revealed that (R,R)-QuinoxP* provides the best results for the synthesis of 31 both for the yields and the enantiomeric excess (Figure 18). As demonstrated by the unreactivity of N-methylbenzimidazole under the catalytic conditions, the bond formation between nitrogen and iridium is necessary for C-H activation through the C-Ir bond formation.



Two years later, Nishimura and Sakamoto reported the enantioselective synthesis of 2-arylchromanes (34) via olefin isomerization followed by asymmetric hydroarylation [42]. The reaction between 2H-chromenes (32) and aromatic ketones (33) performed with [IrCl(cod)]2 and (R)-DM-segphos, (R)-binap or MeObiphep ligands gave the product (34) in high yields and stereoselectivity. In this case, the coordination of Ir by oxygen leads to C-H activation of the aromatic ketone giving an aryl(hydrido)iridium(I) species B as reported in the catalytic cycle on Figure 19. The olefin isomerization of 2H-chromene into 4H-chromene can be promoted by species B or via π allyl complex F formation by allylic C-H activation. Irreversible carbometalation gives the alkyl-iridium intermediate C and finally the final product is achieved through the reductive elimination and A regeneration.



The effect of the aromatic keto- or amide-directing group in the enantioselective hydroarylation of olefins has been also described by Rueping and co-workers [43]. In this work, the reaction affords the synthesis of dihydrobenzofurans (36), important frameworks of biologically active compounds, with high yields and high enantioselectivity (Figure 20). After optimization of reaction conditions and a meticulous screening of ligands and substrates, a careful mechanistic study showed that the presence of the keto-directing group is essential because in its absence no reaction was successfully achieved.




2.4. Nickel


Examples of asymmetric C-H functionalization catalyzed by Ni(0) (usually as bis(cyclooctadiene)nickel complex) are very few and undeveloped before 2018. From the point of view of asymmetric and direct hydroarylation, the published works are very sparsely represented. Here we report the hydroarylation of alkenes allowing to final cyclized products. In detail, the enantioselective intramolecular hydroarylation of 2- and 4-pyridones catalyzed by Ni(0) was reported by Cramer and co-workers [44]. The employment of sterically hindered N-heterocyclic carbenes (NHCs) as chiral ligands derived from IPr (1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) allowed the synthesis of tetrahydroquinolizinones (37 and 38), an important scaffold of several biologically active compounds, in good yields and enantioselectivities (Figure 21).



The NHC ligands were also employed in the first example of catalytic enantioselective C-H functionalization of polyfluoroarenes (39) by Shi’s group in 2019 (Figure 22) [45]. A careful reaction optimization and screening of the ligands reveled that exclusive endocyclization occurs in excellent yields and enantioselectivity when ANIPE (L*5 and L*7, chiral version of IPr) or SIPE (L*1, chiral version SIPr) ligands are employed. The high regio-, chemo-, and enantioselectivity were achieved using chiral bulky NHC ligands on a variety of di-, tri-, and tetrafluoro alkenes, styrenes and enamines to produce valuable chiral fluorotetralins (40 and 41). The highly sterically demanding and electro-donating ligands employed in the reaction lead both the exclusive activation of C-H bonds over C-F bonds, and the challenging reductive elimination step and complete endoselective cyclization.



In the same year Shi’s work was published, Zhou’s group reported the stereoselective synthesis of indanones (43) through the Ni-catalyzed asymmetric intramolecular hydroarylation of enones (42) using a semicorrin ligand [46].



The tested commercially available and usually employed chiral diphosphines did not lead to active nickel catalysts, while bis-oxazolines gave an incomplete conversion of the substrate and low enantioselectivity. Excellent yields and ee were achieved with sterically hindered diarylated semicorrins, which probably undergo an in situ deprotonation forming the active nickel catalyst (Figure 23). The synthesis of various indanones was successfully achieved by nickel-catalyzed reductive cyclization of chalcones with benzyl, alkyl, alkenyl, aryl, and cyclopropyl substituents at the C3 position. Short syntheses of biologically active compounds, (+)-indatraline and its deuterated derivatives, (+)-multisianthol and a precursor of ®-tolterodine using the nickel catalyst were achieved with good yields and high ee (hydroarylation products: yields 64–73%, ee 92–94%), which are not afforded by palladium-catalyzed reductive Heck reaction.




2.5. Cobalt, Platinum, and Ruthenium


In the last subsection of the first part, few works that examine cobalt, platinum, and ruthenium catalysis are presented. In the selected time window, the only one work about the platinum catalysis involved in a hydroarylation reaction is reported by Toullec [47]. He describes a combinatorial approach aimed at the synthesis of libraries of chiral tris-ligated cationic platinum complexes and their evaluation as catalysts in the asymmetric hydroarylation/cyclization of 1,6-enynes (44). The evaluated catalysts are obtained by the combination of a mono- (L1) and a bidentate (L2) phosphorus ligand where at least one is chiral. The developed strategy allowed for the preparation of a library of 108 chiral [Pt(L1)(L2)]2+ type complexes. The study revealed that high enantioselectivities were obtained exclusively when there is a combination of ligands in which the monodentate ligand is chiral. The best results were achieved with monodentate ligands (L1) R-46 and R-47, (Figure 24) which have similar stereoelectronic properties: C2-symmetric dialkyl aryl phosphanes with medium cone angle and strong s-donating character.



Looking for examples involving ruthenium as a catalyst for this type of reaction, our research has produced only one result reported by Wang and co-workers [48]. The work describes a ruthenium(II)-catalyzed asymmetric intramolecular hydroarylation assisted by a chiral transient-directing group in the enantioselective synthesis of chiral 3,3-disubstituted 2,3-dihydrobenzofuran (49) (Figure 25). The catalytic system involved a [Ru(p-cymene)Cl2]2 and a chiral amine. The developed catalytic system allowed to obtain the products bearing chiral all-carbon quaternary stereocenters in high yields (up to 98%) and high enantioselectivities (up to >99% ee). Total synthesis of CB2 receptor agonist MDA7 has been successfully achieved by using the developed protocol.



Finally, very recently two works about the use of cobalt in the asymmetric hydroarylation of alkynes and alkenes were reported by Lautens’ group [49] and by Shi’s group [50]. The work of Lautens describes an asymmetric hydroarylative cyclization of enynes (51) catalyzed by a Cobalt/(R,R)-QuinoxP leading to the formation of two new C-C bonds and one new C-H bond in excellent yields and excellent enantioselectivities as single diastereo- and regioisomers (Figure 26). After optimization of the reaction conditions, a wide variety of enynes (51) and N-substituted or aryl-substituted indoles (50) was screened, giving in almost all cases the corresponding product in excellent yields and ee (up to 99% yield and 94% ee).



The following year Shi and co-workers reported the Cp*Co(III)-catalyzed asymmetric hydroarylation of unactivated aliphatic terminal alkenes (54) assisted by an amino acid-based bulky chiral carboxylic acid (CCA) ligand. The pivotal step was the stereoinduction driven by a noncovalent interaction arising from the molecular recognition among the organocobalt(III) intermediate, the coordinated alkene, and the suitable chiral ligand. Several C2-alkylated indoles and pyrroles (55) were produced in high yields and enantioselectivities (up to 95% yield and 96:4 e.r.) by exploiting the protocol which involved the use of a new type of bulky N-phthaloyl-protected amino acids (AAs) as a CCA ligand and the development of a new directing group (DG). Structure of ligand is in Figure 27. DFT studies showed that the role of molecular recognition with the organocobalt(III) intermediate is crucial for the chiral induction step. The designed amino acid differentiates the competing enantioisomeric olefin insertion pathways through noncovalent interaction determining the enantioselectivity of the process.





3. Asymmetric Construction of Chiral Compounds Sorted by Metal: The Asymmetric Hydroarylation of Activated Aryl Portions


3.1. Palladium


Reported for the first time by Cacchi and co-workers, the palladium-catalyzed hydroarylation between olefines and arylhalides or pseudohalides is formally known as a reductive Heck reaction [51,52,53,54]. Although its disclosure dates back to the 1980s, its asymmetric version has only been developed recently. Between 2010 and 2011 Sigman described the hydroarylation of dienes and styrenes trough the reductive formation of π-allyl palladium intermediates under oxidative conditions [55,56]. Despite the use of chiral ligands, only poor enantioselectivity was achieved. In 2013 Liu and Zhou reported the desymmetrization of substituted cyclopentenes through an asymmetric Heck reaction and the first highly enantioselective hydroarylation of bicyclic olefins (56a and 56b) with a Pd catalyst [57]. The ligand of choice for the asymmetric hydroarylation is the 1,1′-spirobiindane-7,7′-bisphosphine oxide,(R)-Xyl-SDP(O), belonging to the phosphine oxides family tested first for the Heck reaction, while the hydride donor was the sodium formate (Figure 28). For the first time in the asymmetric hydroarylation catalyzed by Pd, the reaction was achieved with high yields and ee up to 90% in all cases.



The combination of Cu and Pd as cooperative catalysis in the asymmetric hydroarylation or hydrocyanation is described by the works of Buchwald’s group [58,59,60]. The asymmetric hydroarylation of 57 and 60 leads to the synthesis of 1,1-diarylalkanes (59) and of arenes with β-stereogenic center (62).



Both processes are performed on terminal double bonds and start from the CuH catalyst, generated in situ from a suitable Cu(I) or Cu(II) salt and the chiral ligand. Figure 29 shows investigated substrates and products as well as the structures of chiral ligands. When the hydrocupration is performed on styrene derivatives (57), a benzylic Cu(I) intermediate (58) is formed (Figure 29a). In the second case, when 1,1-disubstituted olefins (60) are employed, the reaction proceeds with anti-Markovnikov regioselectivity, giving the Cu(I) alkyl intermediate (61) (Figure 29b). In Figure 30, the complete catalytic cycle is reported: simultaneously with the copper activity, the Pd(0) complex is oxidatively added to the aryl bromide (63), forming the aryl palladium intermediate (64), which converges in a stereospecific transmetalation with the organocopper species (67). The enantioenriched products (66) are finally furnished via reductive elimination of chiral Pd(II) alkyl complexes (65), regenerating the Pd(0)-Ligand compound. The Cu(I) salt generated in the first catalytic cycle returns the CuH-ligand catalyst by treatment with the silane (R3SiH) and the base (MOR). It is noteworthy that the metal cycles are required to be matched with attention to avoid undesirable side reactions such as aryl bromide reduction. In the first work of Buchwald’s group, the ligands used for the copper and palladium catalytic processes were different and must be chosen properly to furnish a good reactivity of one metal without deactivating the other. After testing several ligands for both the processes, the BrettPhos for the Pd and the DTBM-SEGPHOS for the Cu turned out to be the best ligands in terms of yields and enantioselectivity. The optimized procedure has proven to work well with several aryl bromides and with a variety of vinyl arenes furnishing the products of the resulting hydroarylation reaction with good yields and ee.



The issue of the employment of two different ligands was overcome in a recent work where the ligand of choice, the DTBM-SEGPHOS, is the same for both the metals. The asymmetric hydroarylation through the dual Pd-CuH catalysis described in this work, is performed on numerous 1,1-disubstituted alkenes and aryl bromides providing access in a single-step process to arenes with β-stereogenic centers, motifs founded in many drugs and natural products [61,62,63]. After Buchwald’s and Zhou’s works, Zhu and co-workers developed an asymmetric intramolecular reductive Heck reaction of N-aryl acrylamides [64]. The reaction protocol developed by Zhu exploits a diboron–water specie as a hydride donor for the reduction of C(sp3)-Pd intermediate. Synthesis of enantioenriched 3,3-disubstituted oxindoles (71) with a quaternary stereocenter was achieved with high yields and ee using a catalytic amount of PdCl2(MeCN)2-ligand as catalyst, DABCO (1,4-diazabicyclo[2.2.2]octane) as base, and a stoichiometric amount of B2(OH)4/H2O as the hydride donor. Choice of the chiral ligand determines not only the enantioselectivity of the reaction, but also the reaction pathways: when PPh3 is used the reaction leads to the carboborylation product, while using (S)-tBuPHOX as ligand, the reaction pathway switches, affording hydroarylation products (Figure 31).



The following year, Zhang’s group reported the first example of highly enantioselective intramolecular hydroarylation of allyl aryl ethers through a reductive Heck reaction catalyzed by palladium [65]. Similar benzofuran scaffolds were obtained by direct hydroarylation reaction employing rhodium as transition metal catalyst. Here, the reaction was performed exploiting a new chiral sulfonamide monophosphine ligand, N-Me-XuPhos, prepared in a one-pot synthesis by the deprotonation of the dicyclohexyl phosphine borane with nBuLi and treatment with 1,2-dibromobenzene. Subsequent quenching by NH4Cl aq. or MeOTf, and deprotection performed with Et2NH afforded XuPhos and N-Me-XuPhos with moderate yields and excellent diastereoselectivities. The hydroarylation of allyl aryl ethers (72) using N-Me-XuPhos ligands, afforded a variety of optically active 3,3-Disubstituted 2,3-Dihydrobenzofuran (73) (Figure 32) and a series of CB2 receptor agonists with high chemo- and enantioselectivity (70–91% yields with 91–95% ee) (Figure 33).



Inspired by asymmetric organocatalysis, Engle and coworkers have developed an enantioselective reductive Heck hydroarylation of alkenes that takes advantage of a chiral transient directing group (TDG) [66]. The chiral TDG class selected are chiral amines, in particular amino acids (L-tert-leucine in Figure 34), which lead to a stereocontrolled migratory insertion with alkenyl benzaldehydes (74) under mild conditions. The authors have hypothesized that the reaction occurs through dual catalytic cycles (Figure 34) where, after the coordination with the imine, the oxidative addition of the aryl iodide leads to the active palladium intermediate (76) followed by migratory insertion of aryl moiety and the additional formate coordination. Following this, the intermediate (77) decarboxylates afford a Pd-H species (78). Finally, the reductive elimination returns the L-Pd(0) species and subsequent dissociation conducts to the product (79).




3.2. Nickel


Hydroarylation reactions involving catalytic organoligand/Ni systems and pre-activated arene are more represented compared to the direct counterpart (Section 2.4). Between 2019 and 2021 Zhu’s group published several works in high-impact journals where the catalytic systems involved Nickel and preactivated arenes in hydroarylation reactions [67,68,69,70,71]. At first, a racemic version of the hydroarylation of boron-containing alkenes (80) was reported. In this reaction, NiH species generated in situ catalyze both the chain walking process and subsequent cross-coupling, leading to α-functionalized alkyl boronate species with excellent chemo- and regioselectivity. Moreover, the asymmetric version of the reaction performed on these substrates by using (S,S)-Cy-Biox as the chiral ligand (L* in the scheme of Figure 35) delivered the product (81) in good yield but with low enantioselectivity.



A highly enantio- and regioselective NiH-catalyzed reductive hydroarylation of vinylarenes (82) with aryl iodides was reported. The developed protocol involves the employment of a bis imidazoline (BIm)–nickel complex as catalyst. The proposed mechanism (Figure 36) shows that after formation of an alkyl–nickel intermediate (83) by the reaction between the catalyst and the alkene, the oxidative addition of aryl iodide occurs. Homolysis of the Ni-C bond could form a Ni(II)/benzylic radical pair in fast equilibrium with the Ar-Ni(III)-alkyl intermediate (84). Next, the enantio-determining step of the process is due to the enantioselective recombination of the benzylic radical (86) with the Ar-Ni(II)-I complex (85). An irreversible reductive elimination of the Ar-Ni(III)–alkyl complex (84) provides an enantioenriched 1,1-diarylalkane product (87) and nickel(I) iodide (88). Regeneration of the catalyst L-Ni(I)H occurs through ligand exchange with KF and subsequent reaction with a stoichiometric hydrosilane reagent. After a screening of the ligands and reaction optimization, numerous alkenes and aryl iodide components bearing a variety of functional groups proved to be suitable for the reaction allowing the synthesis of enantioenriched 1,1 diarylalkanes.



The same system based on chiral bis imidazoline–Nickel complex gave excellent results, also for the enantioselective hydroarylation of N-acyl enamines. Furthermore, the employment of chiral BIm-Ni systems in the asymmetric reductive hydroarylation of vinyl amides (89) for the synthesis of enantioenriched α-arylbenzamides (90) was reported by Nevado [72]. Different aromatic substituents on the ligand’s nitrogen atoms and isopropyl side chain were tested, leading to the product in moderate yields but with good enantioselectivity. The employment of the ligand L*IV and the optimization of the reaction conditions allowed for the obtaining of a wide variety of α-arylbenzamides in good yields and with high enantioselectivity (Figure 37).



Mechanistic studies suggested that the presence of radical scavengers do not significantly affect the reaction outcome. Oxidative addition of the chiral alkyl-aryl-NiIII complex to the vinyl amide leads to the first intermediate, which allows the insertion of the aryl moiety in a highly enantioselective manner. Notably, DFT calculations showed that the amide moiety plays a pivotal role in the stabilization of the Ni center and thus to stereodefined Csp3-Csp2 bond formation. The use of aryl- or vinylboronic species in the asymmetric hydroarylation/hydroalkenylation of styrenes and 1,3-dienes was reported by the research groups of Mei, Murcum and Zhou [73,74,75]. Inspired by Zhou and co-workers’ studies, Stanley’s group recently reported the catalytic enantioselective hydroarylations of vinylarenes (91) with aryl boronic acids in the presence of a catalyst generated in situ by 2.5 mol% of the nickel precatalyst Ni(cod)2 and 0.5 mol% of the chiral bisoxazoline ligand trans-Ph2BOX aimed at the synthesis of chiral 1,1-diarylethanes (93) (Figure 38a) [76]. As reported in Figure 38b, the reactions performed with arylboronic acids having electron-withdrawing substitutents allowed the preparation of the corresponding 1,1-diarylethanes with less than 80% ee, while boronic acids having electron-donating groups gave the desired products with greater than 90% ee. These results are consistent that the transmetallation with the aryl-boron nucleophile is a determinant for the enantioselectivity of the reaction. In addition to the presence of electrondeficient arylboronic acids, the absence of a base slows down the rate of trasmetalation, and isomerization of the nickel benzyl species may cause loss of enantioselectivity.




3.3. Rhodium


Asymmetric arylation reaction between aryl– or alkenyl–boronic acids and olefins has been widely studied by Hayashi and co-workers since the 90s [77,78,79,80]. Recently, Hayashi’s group has published a work about the Rh-catalyzed asymmetric hydroarylation of 3-pyrrolines [27]. After optimization of reaction conditions in terms of solvent, temperature, use or not of the additive KOH and the opportune choice of the ligand, the desired hydroarylated product was achieved with high chemoselectity and excellent enantiomeric excess, eliminating the formation of byproducts. Coordination of the hydroxorhodium complex with the ligand leads to the [Rh(OH)(coe)2]2/(R)-segphos catalyst system affording the reaction under neutral conditions. The asymmetric hydroarylation of 3-pyrrodines with arylboroxines provides a variety of 3-arylpyrrolidines which are important biologically active compounds.



Aryloboroxines ((ArBHO)3) (95) have been also used as key reagents in the asymmetric hydroarylation of divinylphosphine oxides (94) (RP(O)(CH=CH2)2) [81]. The reaction provides the corresponding monoarylated products (96 and 97) giving the deasymmetrization and the enantioselective formation of the product with a P-stereogenic center. Also in this case, a Segphos ligand, the (R)-DTBM-segphos was found to be the best ligand regarding chemo- and enantioselectivity (Figure 39). Carbon–carbon bond formation occurs between one of the two vinyl groups and the aryl moiety, while the other double bond is reduced to ethyl group. Divinylphosphine oxides and aryl boroxines bearing different substituents were tested under the optimized reaction conditions. When the reaction is performed between the aryl boroxine and the divinylphosphine oxide with bulky substituents (R- in the list of Figure 39), high yields and ee in the formation of the product (R)-96 were observed, while the use of less bulky substituents leads to a lowering of yield and/or enantioselectivity. Concerning the substituted arylboroxines, para- or meta- substituents lead to product 96 in high yields with good enantioselectivity. Ortho-substitution leads to an increase in ee but also to a decrease in 96/97 selectivity, up to an inversion in favor of the product 97 (ratio 96/97 = 19/81) when the 2-fluorophenylboronic acid is used.



In the same year, Wang and co-workers reported an example of Rh-catalyzed asymmetric hydroarylation for kinetic resolution and dynamic kinetic resolution of chromenes [82]. This strategy exploits the preferential coordination of the Rh-Ligand complex with one of the two enantiomers of the racemic mixture while the formation of the other intermediate is much less favorable because of steric repulsion (Figure 40). Therefore, one enantiomer (98) undergoes the transformation in 2,3-diaryl chromene (99) through the asymmetric hydroarylation reaction leaving the other optically pure unreacted flavene.



After optimization of reaction conditions and screening of several biphosphines ligands, which showed that (R)-Difluorphos gave the best results, the authors examined the scope with respect of variously substituted flavenes and aryl boronic acids. Good yields and excellent ee were obtained in most cases, proving that the substituents on both the benzopyran and C2-phenyl ring have limited effect on the enantioselectivity and most of the aryl boronic acids provides the desired product with good results. Further application of this strategy was developed for dynamic resolution of chromene acetals providing the desired products, which could be easily transformed into chiral isoflavones or hydroxycoumarin.



Analogously to the Zhu work about the employment of diboron–water species as a hydride source for the Pd-catalyzed asymmetric synthesis of disubstituted oxindoles, Xu and co-workers have recently developed a Rh(I)-diene catalytic system able to exploit water as proton source for the asymmetric hydroarylation of α-aminoalkyl acrylates (100) with boronic acids [83]. In the same year, Xia’s group developed an efficient protocol using a well-designed chiral Rh-diene catalyst with arylboronic acids and alkenylboronic acids in the enantioselective hydroarylation/hydroalkenylation of benzo[b]thiophene 1,1-dioxides (102) [84]. This protocol is free of base and additive, and it uses water as co-solvent. Structures of employed chiral ligands were in Figure 41 together with scheme of reactions.





4. Conclusions


For higher value substrates that possess chiral molecules bearing at least an aromatic moiety, efficient asymmetric transition metal catalyzed addition of arene C-H bonds to unsaturated bonds could provide an atom economical pathway to a variety of useful chemicals. This review reported the metal/ligand systems that offer good reactivity and high enantioselectivity of desired products. To facilitate reading, the works have been classified by metal in two main sections: starting (i) from unactivated arenes or (ii) from activated ones. The number of works belonging to the first section is constantly growing and strongly represented by those that use gold as a metal. On the other hand, in the second section, three metals are present: palladium, nickel and rhodium. In addition to metal identity, systematic changes in the ligand structures (i.e., in terms of steric hindrance and electronic effects) have provided a good basis for the design of optimal catalytic systems.
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Figure 1. Asymmetric hydroarylation of enantioenriched allenes (1) by using dinuclear [(dppm)Au2Cl2]/AgOTf catalytic pair. 
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Figure 2. ESI-MS experiments to investigate the active intermediate of catalytic system. Reproduced with permission of [14]. MS spectrum (a) refers to solution A and shows the presence of ion [(dppm)Au2OTf]+ at m/z 927.0; MS spectrum (b) refers to solution B and shows the presence of dinuclear gold ion at m/z 1199.2 corresponding to the two possible intermediates IM1 and IM2; MS spectrum (c) refers to solution C. In this case, the analysis has been performed after 8h and shows the presence of the reaction product along with the active intermediate. 






Figure 2. ESI-MS experiments to investigate the active intermediate of catalytic system. Reproduced with permission of [14]. MS spectrum (a) refers to solution A and shows the presence of ion [(dppm)Au2OTf]+ at m/z 927.0; MS spectrum (b) refers to solution B and shows the presence of dinuclear gold ion at m/z 1199.2 corresponding to the two possible intermediates IM1 and IM2; MS spectrum (c) refers to solution C. In this case, the analysis has been performed after 8h and shows the presence of the reaction product along with the active intermediate.



[image: Catalysts 12 01289 g002]







[image: Catalysts 12 01289 g003 550] 





Figure 3. Gold-catalyzed intramolecular hydroarylation of alkynones (3) for the atroposelective synthesis of axially chiral biaryl derivatives (4). 
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Figure 4. Axial-to-point chirality transfer: intermolecular hydroarylations of allenes (5). 
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Figure 5. Gold-catalyzed asymmetric intramolecular hydroarylation of available ortho-alkynyl-ferrocene derivatives (8) together with the structure of the best selected catalyst. 
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Figure 6. Gold-catalyzed intramolecular quadruple hydroarylation to obtain aromatic aza[10]helicenes (11) with two pyridine units. 
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Figure 7. Gold-catalyzed intramolecular hydroarylation reaction of suitable diynes (12) by using cationic phosphonite ligands. 
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Figure 8. Path (a) Enantioselective synthesis of 15a by the intramolecular hydroarylation of 14; path (b) Synthetic strategy for coumarin-fused helicene (15) via AuI-catalyzed intramolecular dynamic kinetic hydroarylation. DGDE = diethyleneglycoldibutylether. 






Figure 8. Path (a) Enantioselective synthesis of 15a by the intramolecular hydroarylation of 14; path (b) Synthetic strategy for coumarin-fused helicene (15) via AuI-catalyzed intramolecular dynamic kinetic hydroarylation. DGDE = diethyleneglycoldibutylether.



[image: Catalysts 12 01289 g008]







[image: Catalysts 12 01289 g009 550] 





Figure 9. Synthetic approaches to the enantioselective synthesis of 1,12-disubstituted [4]helicene (16). 
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Figure 10. Enantioselective synthesis of dithia[5]helicenes (17). 
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Figure 11. Aryl hydroxamate C(sp2)–H functionalizations with tethered alkenes: selectivity of achiral ligand and proper acid additive. 
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Figure 12. Cpx Rhodium complexes in enantioselective hydroarylations of aryl hydroxamate 18. 
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Figure 13. Asymmetric CDC-Rh(III) catalyzed diene hydroarylation. 
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Figure 14. Rh-catalyzed intramolecular asymmetric hydroarylation of allenylbenzenes (21). 
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Figure 15. Intermolecular asymmetric addition of heteroaromatic compounds to bicycloalkenes. 
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Figure 16. Proposed mechanism for the hydroarylation of alkylated acetophenone (26) and benzamide derivatives. 
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Figure 17. Catalytic cycle of intramolecular asymmetric hydroarylation of α-ketoamides (27) catalyzed by [Ir(R,R)-Me-BIPAM]. 
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Figure 18. Asymmetric hydroarylation of vinyl ethers (30) catalyzed by a hydroxoiridium complex with (R,R)-QuinoxP. 
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Figure 19. Catalytic cycle of synthesis of 2-arylchromane (34) via olefin isomerization followed by asymmetric hydroarylation. 
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Figure 20. Synthesis of dihydrobenzofurans (36) by enantioselective intramolecular hydroarylation of aryloxyolefins (35). 
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Figure 21. Chiral and sterically hindered N-heterocyclic carbenes as ligands in the synthesis of 2- and 4-tetrahydroquinolizinones (37 and 38). 
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Figure 22. (a) Catalytic enantioselective C-H functionalization of polyfluoroarenes (39); (b) proposed catalytic cycle. 
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Figure 23. Stereoselective synthesis of indanones (43) through Ni-semicorrin catalyst. 
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Figure 24. Asymmetric hydroarylation/cyclization of 1,6-enynes (44). 
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Figure 25. Enantioselective synthesis of chiral 3,3-disubstituted 2,3-dihydrobenzofurans (49) by ruthenium(II) – chiral amine systems. 
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Figure 26. Cobalt/(R,R)-QuinoxP catalytic systems in the cyclization of enynes (51) with indole derivatives (50). 
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Figure 27. Use of amino acid-based bulky chiral carboxylic acid ligand (L*) for the synthesis of chiral C2-alkylated indoles (55). 
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Figure 28. Asymmetric hydroarylation catalyzed by Pd/(R)-Xyl-SDP(O). 
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Figure 29. Asymmetric hydroarylation by Cu/Pd cooperative catalysis for the synthesis of 1,1-diarylalkanes (59) (a) and for the synthesis of arenes with β-stereogenic center (62) (b). 
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Figure 30. Proposed catalytic cycle of reaction in Figure 29b. 
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Figure 31. Asymmetric intramolecular reductive Heck reaction of N-aryl acrylamides (70). 
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Figure 32. Asymmetric intramolecular reductive Heck reaction of allyl aryl ethers (72). 
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Figure 33. CB2 receptor agonists obtained with synthesis in Figure 32. 






Figure 33. CB2 receptor agonists obtained with synthesis in Figure 32.



[image: Catalysts 12 01289 g033]







[image: Catalysts 12 01289 g034 550] 





Figure 34. Palladium reductive Heck hydroarylation of alkenes (74) assisted by L-tert-leucine. 
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Figure 35. Hydroarylation of boron containing alkene (80) and benzyl iodide by using Ni/(S,S)-Cy-Biox. 
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Figure 36. NiH-catalyzed asymmetric reductive hydroarylation of vinylarenes (82) with aryl iodides. 
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Figure 37. Bis-imidazoline-Nickel complex employed to synthesize enantioenriched α-arylbenzamides (90). 
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Figure 38. (a) Synthesis of chiral 1,1-diarylethanes (93) trough Ni/ trans-Ph2BOX. Catalyst are generated in situ. (b) Mechanism of concerted hydronickelation. 
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Figure 39. Asymmetric hydroarylation of divinylphosphine oxides (94) and aryl boroxines (95). Catalyst complex: Rh/(R)-DTBM-segphos. 
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Figure 40. Rhodium-catalyzed hydroarylation of 2-aryl chromenes: Deuterium-labeling experiment and proposed mechanism. 
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Figure 41. Diboron–water species as hydride source for the Rh-catalyzed asymmetric synthesis of α-aminoalkyl acrylates (101) (by Xu) and benzo[b]thiophene 1,1-dioxides (103 or 104) (by Xia). 
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