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Abstract: Transition metal-catalyzed C–H bond functionalization has known a rapid evolution in the last years, offering new 

strategies for reaching high molecular complexity in a step- and atom-economical way. Despite the indisputable advances, 

selectivity issues still remain given the ubiquity of C–H bonds on molecules, thus several approaches have been developed to 

tackle this challenge. Among them, the use of a transient directing group has emerged as an effective tool, circumventing the 

need of extra synthetic steps to install and then cleave a directing group on the molecule. More recently, this strategy has been 

successfully applied to the even more challenging transition metal-catalyzed enantioselective C–H bond functionalization. This 

review will highlight and discuss the main advances made in the use of a chiral transient directing group for the enantioselective 

functionalization of C(sp2)–H and C(sp3)–H bonds by transition metal catalysis. 

1. INTRODUCTION  

In the last decades, the transition metal-catalyzed C–H bond functionalization has emerged as a powerful strategy for 

achieving unprecedented transformations in a step- and atom-economical way.1 This was illustrated, for instance, by the 

huge number of applications of this synthetic tool for the preparation of highly complex molecules.2 Despite the unarguably 

advances, some limitations still remain: the selectivity is one of the most relevant challenges to be addressed since C–H 

bonds are ubiquitous on a molecule. This issue has been elegantly circumvented with the aid of a directing group (DG), 

which is able to coordinate to the metal center and to place it close to the C–H bond to be functionalized.3 Hence, various 

monodentate and bidentate directing groups have been efficiently used for the selective functionalization of different 

positions over aromatic4 and aliphatic derivatives.5 Nevertheless, solutions to avoid the extra synthetic steps required to 

install and cleave the directing group on the molecules were needed. Therefore, several strategies have arisen, such as 

the use of traceless directing groups6 and transient mediators.7,8 More recently, other promising alternatives emerged, 

based on the use of non-covalent interactions between the substrates and designed catalysts5e,9 and transient directing 

groups (TDGs).10,11 Since the pioneering example described by Jun and co-workers in 1997,12 the latter strategy was 

successfully applied in several transition metal-catalyzed regioselective C–H bond functionalization, appearing as a 

modern and sustainable solution. Encouraged by this new synthetic tool, the scientific community showed a real endeavor 

towards the design and the use of chiral transient directing groups to achieve the highly challenging enantioselective C–

H bond functionalization.1a,13 Indeed, the chiral transient directing group (CTDG) strategy, which relied on the reversible 

and temporary formation of a chiral directing group from a functional group, was particularly appealing. Taking benefit from 

the fact that the transient directing group also played the role of a chiral ligand, the number of species in the reaction media 

remained limited, reducing the possibilities for side reactions. Conceptually, a suitable functional group (FGA) on the 

substrate would first react with a chiral organic catalyst to afford the aforementioned CTDG (I). After its coordination with 

the transition metal center in a monodentate or bidentate fashion, the metallacycle II would be formed. This latter would 

then react with the coupling partner leading to the species III and allowing the regeneration of the transition metal catalyst. 

A final hydrolysis would release the product along with the organo-catalyst (Scheme 1).  

Scheme 1. The chiral transient directing group strategy in transition metal-catalyzed C–H bond activation reactions. 
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The aim of this review is to showcase and discuss the recent advances made in the cutting-edge C–H activation field 

based on the use of chiral transient directing groups to address transition metal-catalyzed enantioselective C–H bond 

functionalization. First, major advances regarding the atroposelective C(sp2)–H functionalization for the synthesis of 

enantioenriched chiral biaryls will be described. Then, the application of the transient directing group strategy to the 

preparation of enantioenriched heterocycles and carbocyles along with miscellaneous reactions will be highlighted. Finally, 

a last part of the review will be dedicated to the recent developments on the transition metal-catalyzed enantioselective 

C(sp3)–H bond functionalization.  

2. Asymmetric C(sp2)-H bond activation for atropisomer synthesis 

2.1. from biaryl derivatives  

Given the significance and the abundance of the axially chiral biaryls in bioactive natural products,14 advanced material 

sciences,15 chiral ligands16 and catalysts,17 groundbreaking advances were made towards a straightforward access to 

these scaffolds.14c,18 Existing methods to synthesize such derivatives generally relied on stereoselective cross-coupling 

reactions,19 asymmetric cycloadditions,20 transition metal-catalyzed atroposelective C–H bond functionalization,21 among 

others.22 Recently, the chiral transient directing group strategy appeared as a potent tool for the atroposelective synthesis 

of chiral biaryls. Therefore, the major advances made to access these high-value added axially chiral biaryl backbones 

thanks to this approach will be highlighted and discussed in this section. 

   a) Olefination and allylation reactions  

In 2017, Shi and co-workers studied the chiral transient directing group-assisted Pd-catalyzed atroposelective olefination 

of biaryl aldehydes based on the following working hypothesis23 First, reaction of the racemic biaryl aldehyde (rac-1) with 

the chiral amino acid A would reversibly afford the two imines I and II. Then, formation of the axially enantioenriched biaryl 

palladacycle III derived from the diastereoisomer imine I would take place, presumably driven by steric interactions. The 

latter intermediate III would then undergo a Heck-type reaction with the alkene. After a reductive elimination and an in situ 

hydrolysis, the enantioenriched product 2 would be released along with the organocatalyst A. Finally, the palladium (II) 

catalyst would be regenerated after oxidation. Using the readily available chiral amino acid, L-tert-leucine (A), as a pivotal 

transient directing group precursor, a panel of aromatic aldehdyes (rac-1) were olefinated through a dynamic kinetic 

resolution pathway (Scheme 2). When using substrates bearing electron-donating groups, the expected alkenylated 

products (2a-d) were obtained in yields up to 94% and high enantioselectivities (up to >99%). The transformation was 

tolerant to functional groups such as a halogen (1e) and an ester (1f). Pleasingly, a styrene derivative was a suitable 

coupling partner as showed by the synthesis of the compound 2g. In the case of biaryl derivatives bearing bulky 



substituents at both 6- and 2’-positions, the reaction proceeded via a kinetic resolution pathway, furnishing the enantiopure 

products (2h-k) in 30-45% yields along with the enantioenriched starting biaryl aldehydes (1h-k). It is worth to mention that 

in this case the reaction also went smoothly with other acrylate and electron-poor styrene derivatives as demonstrated 

with the synthesis of compounds 2l-n. 

Scheme 2. Pd(II)-catalyzed atroposelective C–H olefination reaction by using a chiral transient directing group. 



 



A year later, a Pd-catalyzed asymmetric allylation of biaryl aldehydes via a (dynamic) kinetic resolution reaction was 

developed by the same group (Scheme 3).24 Using the L-tert-leucine (A) as a chiral organo-catalyst, an array of biaryl 

aldehydes rac-3 was functionalized with the allylic acetate reagent in the presence of benzoquinone in a HFIP/AcOH 

mixture. It turned out that the presence of an oxidant under acidic reaction conditions was crucial for the efficiency of the 

reaction. With substrates bearing a substituent at either the phenyl (3a-e) or the naphthyl part (3f-g), the corresponding 

allylated products were obtained efficiently through a dynamic kinetic resolution pathway in yields ranging between 33% 

and 71% and in high enantioselectivities (96% to >99% ee). Allylated biaryls bearing either halogens or electron-

withdrawing groups (4a-c) as well as electron-donating groups (4d-f) were efficiently synthesized. In addition, the 

substitution pattern did not have a significant impact on the outcome of the reaction (4a, 4b and 4g). Worth mentioning 

that other coupling partners were also successfully used (4h-i) and replacing the leaving group of the allylation reagent 

with OBz or OBoc led to the corresponding product (4j)  in 65% and 23% yields, respectively. With 2’- and 6-disubstituted 

racemic biaryls, the reaction proceeded in the presence of the allylic acetate reagent via a kinetic resolution process, 

affording the enantioenriched allylated products (4k-n) along with the enantioenriched starting materials (3k-n). Then, a 

Pd-catalyzed olefination of non-C2-symmetric biaryl aldehydes was achieved using the vinyl ethylene carbonate followed 

by a reduction step, offering an efficient access to the corresponding diols 6a-g in moderate to good yields and high 

enantioselectivities (>99%) (Scheme 3). 

Scheme 3. Synthesis of axially chiral biaryls via a Pd(II)-catalyzed asymmetric allylation reaction. 

 



 



 a A (30 mol%). b The leaving group of the coupling partner (OAc) was replaced by a OBz group. c The leaving group of the 

coupling partner (OAc) was replaced by a OBoc group. 

Applying the enantioselective C–H functionalization strategy to natural products synthesis,2a,c,d,k,25 the group of Shi reported 

a concise and highly enantioselective total synthesis of TAN-1085,26 an angucycline antibiotic isolated from Streptomyces 

species (Scheme 4).27 Taking benefit from their pioneering work,23 a scalable and efficient construction of the axially chiral 

biaryl scaffold 8 was achieved in 75% yield with a high level of enantioselectivity (99% ee). 

Scheme 4. Application of the transient directing group strategy to access a key intermediate 8 for the total synthesis of 

TAN-1085. 

 

In 2019, Zhang and Xie extended this appealing strategy to the synthesis of unprecedented N–C axially chiral N-arylindoles 

by means of a transition metal-catalyzed atroposelective C–H alkenylation reaction (Scheme 5).28 Using a catalytic amount 

of Pd(OAc)2 and L-Valine (B) in the presence of benzoquinone, the olefination of a panel of aryl-1H-indole-2-carbaldehyde 

derivatives rac-9 with the n-butyl acrylate was achieved in a high regio- and stereocontrol leading to the corresponding 

alkenylated products 10a-g. Various N-arylindoles bearing electron-donating and electron-withdrawing groups at either 

the indole (9a-c) or the phenyl part (9d-g) were functionalized in good yields via a desymmetrization process. The 

transformation also went smoothly with a phenyl vinyl sulfone, a styrene derivative and with the 3-methylenedihydrofuran-

2(3H)-one affording the compounds 10h-j. Moreover, a dynamic kinetic resolution pathway was reported allowing the 

functionalization of N-arylindoles bearing a halogen or an alkyl chain in good yields with excellent enantioselectivities (10k-

l). The transformation was not restricted to the use of the n-butyl acrylate as several olefins were suitable (10m-n). The 

olefination of the bulkier substrates rac-11a-i with various activated olefins as coupling partners was achieved in the 

presence of L-tert-leucine and silver triflate via a kinetic resolution process furnishing a range of enantioenriched 

heterobiaryl derivatives in moderate to good yields and excellent enantioselectivities (12a-i).  

Scheme 5. Atroposelective Pd(II)-catalyzed olefination of N-arylindoles.  

 



  



a Pd(OAc)2 (10 mol%), A (20 mol%), AgTFA (2 equiv), NaHCO3 (2 equiv), TFE/AcOH (1:1), 60 °C, N2. 

The same year, the Shi group depicted the atroposelective Pd-catalyzed allylation and olefination of biaryl aldehydes, 

offering a straightforward access to the challenging five-membered axially chiral biaryls (Scheme 6).29 For this purpose, a 

catalytic amount of L-tert-leucine and Pd(OAc)2 along with chloranil as the oxidant were used for the allylation of a broad 

range of heterocycles rac-13 with the allylic acetate reagent leading to enantioenriched atropoisomers featuring a 

heteroaryl part. Importantly, it is worth to mention that the position of the heteroarenes on the biaryl scaffold did have an 

influence on the mechanism pathway involved in the transformation. When the benzothiophene was at the upper part of 

the biaryls (13a-b), the transformation proceeded via a kinetic resolution affording the expected products (14a-b) in good 

yields and high selectivities. While for substrates bearing heteroarenes in the lower part (13c-d), the enantiopure allylated 

biaryls (14c-d) were obtained through a dynamic kinetic resolution pathway in moderate to good yields. The synthesis of 

the allylated 3,3’-bisbenzothiophene (14e) was straightforward (77% yield, 92% ee), while no enantioselectivity was 

observed with a biaryl bearing a benzothiophene and a benzofuran residue (14f). This approach was then applied to the 

alkenylation of heteroarenes with various acrylate derivatives and styrene under similar reaction conditions. While a set of 

biaryls bearing a benzothiophene part (15a-e) were functionalized via a kinetic resolution process, the olefination of the 

benzofuran-based biaryl 15f and the 3,3’-bisbenzothiophene 15g proceeded according to a dynamic kinetic resolution 

pathway. 

Scheme 6. Synthesis of enantioenriched atropoisomers featuring a heteroaryl part by Pd(II)-catalysis. 

 



 

This year, the Ackermann group described the first atroposelective palladoelectro-catalyzed olefination of biaryl aldehydes 

by C–H bond activation under mild reaction conditions (Scheme 7).30 A panel of biaryl derivatives rac-17 was olefinated 

using the L-tert-Leucine as chiral organo-catalyst and LiOAc as the electrolyte, furnishing the corresponding products in 

moderate to good yields (up to 71%) and high enantioselectivities (up to 98% ee). Both electron-rich (17a) and electron-

poor (17b) substrates reacted well under these conditions showcasing the robustness of this approach. Besides, 

disubstituted biphenyls proved to be suitable substrates for this functionalization (17c-d). Notably, a series of electron-

deficient olefins was successfully used as coupling partners offering an atroposelective access to the corresponding biaryls 

in up to 68% yield (18e-l). More interestingly, this transformation turned out to be efficient also with N-arylpyrrole 



derivatives. Hence, an access to N–C axially chiral heteroaryls 20a-e was achieved in a complete regio- and 

stereoselective manner. Finally, the strategy was further applied to access key compounds such as chiral BINOLs, 

dicarboxylic acids and helicenes.  



Scheme 7. Electrochemical enantioselective olefination of biaryl aldehydes by Pd(II)-catalyzed C–H bond activation using 

the chiral transient directing group strategy. 

 

   b) Naphthylation reaction  

In 2019, the Shi group reported the atroposelective Pd-catalyzed ortho C–H naphthylation of racemic biaryl aldehydes rac-

21 with 7-oxabenzonorboranadienes (Scheme 8)31 leading to key scaffolds, known to be efficient chiral catalysts.17d,32 For 

this transformation, a four-step process was designed: insertion of a 7-oxabenzonorboranadiene derivative within the 

palladacycle intermediate (I) followed by a -oxygen elimination would lead to the intermediate II. The latter would then 

undergo a protonolysis to afford the dihydronaphthol III, which after a dehydration step would furnish the expected product 



22. By employing L-tert-leucine, 1-adamantaneacetic acid and sodium butyrate, an array of the desired naphthylated 

products (22a-h) was obtained efficiently in good yields and enantioselectivities. Indeed, this reaction was compatible with 

substrates bearing at the aryl ring either an electron-donating functional group (21a) or an electron-withdrawing one (21b) 

and with difunctionalized substrates (21c-d). Also, the methodology was successfully applied to substrates with electron-

rich naphthyl parts (21e-f). Nonetheless, a lower reactivity was observed once the naphthalene ring is functionalized with 

an electron-withdrawing group (22g). Besides, an access to the chiral poly-substituted biaryl compound 22h was possible 

by this methodology. Notably, the desymmetrization of prochiral substrates was achieved in good to moderate yields and 

high enantioselectivities (22i-j). When several analogues of the 7-oxabenzonorboranadiene were used, the desired 

products (22k-l) were successfully synthesized with electron-rich partners in contrast to electron-poor ones, which only 

afforded the dihydronaphthol products (22m-n). 

Scheme 8. Atroposelective Pd(II)-catalyzed ortho C–H naphthylation of biaryl aldehydes.  



 

   c) Alkynylation reaction  

Aiming at having an efficient access towards advanced intermediates for the synthesis of the bioactive 

dibenzocyclooctadiene lignans,33 Shi et al. developed a novel Pd-catalyzed C–H alkynylation reaction in the presence of 

a TIPS-protected alkynyl bromide (Scheme 9).34 The approach displayed a high functional group tolerance since products 

bearing electron-withdrawing groups and halogens (24a-c) as well as electron-donating groups (24d-e) were obtained 



through a dynamic kinetic resolution process. Poly-substituted biaryl aldehydes 23f-h also underwent this reaction 

successfully. Moreover, different silylated-protected alkynyl bromides turned out to be suitable for this transformation 

leading to the corresponding compounds 24i-j in up to 74% yield and high selectivities (up to 99% ee). Furthermore, 

prochiral substrates were desymmetrized in good yields and high enantioselectivities (24k-m) and both halogenated 23l 

and alkylated biaryl aldehydes 23m were suitable substrates. In case of biaryl aldehydes, substituted at both 6- and 2’-

positions (25a-d), the Pd-catalyzed alkynylation reaction proceeded via a kinetic resolution pathway under slightly modified 

reaction conditions (Scheme 9).  

Scheme 9. Atroposelective synthesis of alkynylated biaryl scaffolds.  



 

Then, the same group extended their methodology to the challenging atroposelective alkynylation of biaryls featuring at 

least one five-membered heteroarene (Scheme 10).35 Under Palladium catalysis, the enantioselective alkynylation of 

various biaryl aldehydes bearing a C–N and a C–C chiral axis with a TIPS-protected alkyne bromide was realized in an 

efficient manner. Different N-arylpyrroles were functionalized (28a-d) and different alkynes were efficient partners in the 

reaction (28e-g), albeit N-arylindoles were unreactive. The alkynylation of the thiophene derivatives (27h,i) was achieved 



in moderate to good yields and with enantiomeric excesses ranging from 21% to 76%. Moreover, replacing the 

benzothiophene in the lower part by a benzofuran had a deleterious effect on the enantioselectivity (28j vs 28k and 28l vs 

28m), whereas the nature of the heteroaryl in the upper part of the biaryls had no significant impact on the outcome of the 

reaction (28n-q). Interestingly, with this approach, the alkynylation of substrates having two five-membered heteroarenes 

was possible and it turned out that the enantioselectivity of the reaction was dependent on the nature of the heteroarene 

in the lower part (28r vs 28s). 

Scheme 10. Pd(II)-catalyzed alkynylation of five-membered containing biaryls by C–H bond activation. 

 

2.2 from styrene derivatives  

Recently in 2020, Shi and co-workers investigated the challenging synthesis of axially chiral styrenes. To that purpose, 

the Pd-catalyzed atroposelective C–H olefination of racemic styrenes (rac-29) using the bulky amino acid C was developed 

in the presence of benzoquinone and cobalt acetate in a mixture of AcOH and DMSO, this latter presumably acting as a 

ligand (Scheme 11).36 With substrates bearing a substituent at the ortho position, the expected products were obtained 



with a good enantiocontrol (30a-c) except in the case of 30d. By replacing the aryl part by a naphthyl one, the olefination 

of several derivatives (30e-i) went smoothly. Moreover, several activated olefins and styrenes were suitable coupling 

partners leading to the synthesis of axially chiral compounds (30j-o) in high enantioselectivities. Interestingly, using 

acrylates derived from natural products, an access to added-value styrenes (30p-q) was possible with high diastereomeric 

excesses. Notably, axially chiral styrenes 30 were oxidized to the corresponding carboxylic acids, which showed higher 

efficiency as chiral ligands in the Co(III)-catalyzed enantioselective (sp3)-H amidation of a thioamide compared to their 

biaryl counterparts. 

Scheme 11. Synthesis of axially chiral styrenes via the transient directing group strategy.  

 

3. Asymmetric synthesis of chiral carbocycles and heterocycles by C–H bond activation  

The preparation of chiral carbocycles and heterocycles through transition metal-catalyzed direct C–H bond activation has 

been considerably studied in the last decades. Indeed, the use of Rhodium complexes, especially those containing 

cyclopentadienyl (Cp)-derived ligands, allowed many successful enantioselective transformations employing different 

strategies to induce asymmetry.13g,37 In contrast, the utilization of chiral transient directing groups to this end is still in its 

infancy despite the indisputable advances made in the recent years. In 2012, in the course of their study regarding the 

Rh(I)-catalyzed intramolecular hydroacylation of disubstituted alkenes, Douglas and co-workers provided the first example 

applied to the enantioselective cyclization of the aldehyde 31.38 To this purpose, a chiral derivative of 2-amino-3-picoline 

(D) was used to achieve the in situ formation of the aldimine species from 31 (Scheme 12). Although a unique example 

was depicted with a modest enantioselectivity, this seminal work paved the way for further developments in catalytic 

asymmetric transformations using the chiral transient directing group strategy. Note that a theoretical mechanistic study 

was then published by Zhang, Lei and co-workers in 2014.39 

Scheme 12. Rh(I)-catalyzed enantioselective hydroacylation using a chiral TDG. 

 



 

In 2019, Wang and co-workers took benefit from the use of cyclopentadienyl-containing Rh(III) catalysts for the asymmetric 

synthesis of phthalides.40 By employing a combination of the [Cp*iprRhCl2]2 catalyst and the chiral amine E, a methodology 

was developed for the enantioselective homo- and hetero-coupling of benzaldehyde derivatives, offering an access to a 

large panel of chiral phthalides (yields up to 73% and enantiomeric excesses ranging from 61% to 99.9 %, Scheme 13).41 

For compounds 35a-f, resulting from a homocoupling reaction, the best yields were obtained with phenyl- and alkyl-

substituted aromatic aldehydes (33a and 33c) as well as benzaldehyde (33e). On the contrary, the presence of a CF3 

group (33b) or halogens (33d and 33f) had a deleterious effect on the outcome of the reaction. Notably, when meta-

substituted aldehydes reacted, the functionalization at the less hindered position occurred (35c-d). Regarding the 

heterocoupling reactions (36a-i), the observed selectivity stemmed from the fact that the transition metal-catalyzed C–H 

bond activation event was favored with substrates substituted with electron-neutral or electron-donating groups (alkyl, 

phenyl, OBn), which then reacted with aromatic aldehydes bearing electron-withdrawing substituents (halogens, CF3, 

SO2Me, CO2Et, NO2). Hence, a selective access to only one of the four potential products was possible in most cases. 

Moreover, heterocoupling of 2,4-dimethoxybenzaldehyde with aliphatic aldehydes was also achieved, leading to the 

corresponding products 36j-l with good to high enantioselectivities. Regarding the mechanism of the transformation, a 

plausible pathway was suggested to explain the observed enantioselectivities for both homo- and hetero-couplings. First, 

the precatalyst [Cp*iprRhCl2]2 would react with the silver tetrafluoroboate to afford the active species [Cp*iprRhIII]. Then, the 

rhodacycle II formation would take place from the aldimine I via a reversible C–H activation event, followed by the 

coordination of the second coupling partner (intermediate III). Subsequently, the intermediate IV would be obtained after 

a stereoselective addition of the arene to the second aldehyde, followed by an intramolecular attack of the resulting 

alkoxide at the imine carbon. After a β-hydride elimination, a Rh(I) species would be released, which after oxidation with 

the silver salt would regenerate the active Rh(III) catalyst along with the imine V. This latter would be easily hydrolyzed to 

provide the desired chiral phthalides 35 or 36 and the organo-catalyst. 

Scheme 13. Rh(III)-catalyzed preparation of chiral phthalides from aldehydes using a chiral TDG.  

 



  

a Absolute configuration determined by X-ray diffraction. 



In contrast to Rhodium based-catalysts, Ruthenium ones have been less employed in asymmetric C–H activation 

reactions.21b,42 In 2019, Cui and co-workers reported the first Ruthenium-catalyzed synthesis of chiral indoline derivatives 

by means of the chiral transient directing group strategy. Using the [Ru(p-cymene)Cl2]2 catalyst combined with the chiral 

amine F and an additional chiral acid G, the enantioselective intramolecular hydroarylation of aromatic aldehydes 37 was 

achieved leading to N-Tosyl protected indoline derivatives with yields up to 92% and enantiomeric excesses between 69% 

and 96% (Scheme 14).43 Several benzaldehyde derivatives 37a-i bearing either an electron-donating (OMe, 37a, 37c, 

37g) or an electron-withdrawing (CF3, 37e and 37h) group were functionalized with moderate to high yields. The 

substitution pattern on the aromatic aldehydes did not have a strong impact on the outcome of the reaction, except in the 

presence of a methoxy group at the ortho position, as the corresponding product 38g was isolated in only 34% yield with 

a high enantiomeric excess. The substitution over the alkene counterpart was also investigated (37j-r) and it turned out 

that various (E)-styrenyl groups containing both electron-donating and electron-withdrawing groups (OMe and F, among 

others) were suitable (37j-o). Moreover, alkenes substituted with different substituents (Me, CH2OTBDMS, CO2Et, 37p-r) 

were well tolerated. Note that the nitrogen-protecting group was not only restricted to tosyl, since the N-nosyl indoline 38s 

was synthesized. Notably, when both E and Z diastereoisomers of the same alkene were employed as substrates (37t-u), 

the same product 38t was obtained with high enantiomeric excesses (91% and 92%, respectively), showing that the alkene 

geometry did not have any influence on the stereocontrol of the transformation. The following plausible mechanism was 

suggested for the enantioselective synthesis of indoline scaffolds (Scheme 14). First, the active catalyst species (Ru(p-

cymene)(O2CR*)2) would be generated from (Ru(p-cymene)(Cl2)2) followed by the formation of the ruthenacycle II from 

the transient aldimine I through a reversible C–H activation step. Coordination of the alkene to the Ruthenium metal center 

would lead to the cationic intermediate III as an ion pair with the chiral carboxylate G, crucial for the efficiency and the 

enantioselectivity of the reaction. Then, the insertion of the alkene would occur selectively through the less hindered face 

of the chiral imine (intermediate IV) presumably due to its conformationally rigid structure. Finally, the product 38f would 

be obtained after the hydrolysis of the aldimine V and F would be regenerated along with the Ruthenium-based catalyst. 

Scheme 14. Preparation of chiral indolines through an enantioselective Ru(II)-catalyzed intramolecular hydroarylation.  

 



 

a Absolute configuration determined by X-ray diffraction. 



In 2020, Wang and co-workers reported another application of the chiral transient directing group strategy in a Ru-

catalyzed transformation for the synthesis of 2,3-dihydrobenzofurans through an asymmetric intramolecular hydroarylation 

reaction.44 To this end, the combination of [Ru(p-cymene)Cl2]2 catalyst with the chiral amine F and trifluoroacetic acid were 

found to be the best for this transformation. Several olefin-tethered aromatic aldehydes were smoothly converted into the 

corresponding 2,3-dihydrobenzofurans 40 with yields up to 98% and enantiomeric excesses up to >99% (Scheme 15). 

The reaction proceeded successfully with an unsubstituted aldehyde 39a as well as with aromatic aldehydes bearing 

halogens, electron-donating (eg. OMe, Me) and electron-withdrawing groups (NO2), either at the para-, meta- or ortho-

position (39b-m). Nevertheless, the presence of a methoxy group at the ortho position led to a lower yield (40j). Substrates 

39n-s, bearing various substituents at the allylic position were also tested, leading to the expected products 40n-s with 

very good yields and enantioselectivities, except for the chlorine-containing product 40q. Extension of their methodology 

to the synthesis of the indoline derivative 40u turned out to be feasible but less efficient (18% yield, 70% ee). A similar 

mechanism to the one depicted in the Scheme 14 was suggested for this transformation, although the use of a chiral acid 

was not required to improve yields and enantioselectivities. 

Scheme 15. Synthesis of chiral 2,3-dibenzofuranes through a Ru(II)-catalyzed enantioselective intramolecular 

hydroarylation.  

 

a F (40 mol%), TFA (40 mol%). 

4. Application of the chiral transient directing group strategy for miscellaneous reactions 

In 2018, Xu, Jin and co-workers applied the chiral transient directing group strategy in the enantioselective C(sp2)–H 

arylation of ferrocenyl ketones by Palladium catalysis in order to obtain enantioenriched planar-chiral ferrocenes with yields 

up to 75%, enantiomeric excesses ranging from 92% to 98% and a ratio of mono- vs di-functionalized products between 

88:12 and 99:1 (Scheme 16).45 It was found that the reaction of the acetylferrocene with the 1-iodo-4-nitrobenzene was 

successfully achieved using the L-tert-leucine as the transient directing group precursor leading to the corresponding 

product 42a. Both the pivalic acid and the sodium bicarbonate were essential for the efficiency and the enantioselectivity 

of the transformation. In particular, the pivalic acid had a dual function as it promoted the transient aldimine formation and 

played a key role in the rate determining C–H cleavage event. The arylation of 41 was also realized with an array of para- 

and meta-substituted aryl iodides (42b-i); electron-deficient ones being more efficient coupling partners (42b-e and 42h-i). 

Aryl iodides bearing electron-donating substituents (OMe, tBu) led to the expected products 42f-g in lower yields. Note 

that the reaction went smoothly with disubstituted aryl iodides containing one electron-withdrawing group as demonstrated 



with the compound 42j. Additionally, when heteroaryl iodides were used, the expected products 42k-l were obtained in 

moderate to good yields and high enantioselectivities (up to 97% ee). Notably, in all the cases, an excellent selectivity 

towards the monoarylation was observed. Substituents over the ferrocene ring were also tolerated, affording the 

corresponding arylated products 42m-n with moderate to good yields. Finally, the n-propyl ketone 41o led to the arylated 

product 42o in 40% yield and 92% enantiomeric excess. It is worth mentioning that a dimeric palladacycle intermediate 

was presumably formed in the course of the transformation.  

Scheme 16. Enantioselective Pd(II)-catalyzed C(sp2)–H arylation of ferrocenyl ketones.  

 

 

Ratio of mono:di arylated products are indicated in parenthesis. a The absolute configuration was assigned to Rp on the 

basis of X-ray diffraction. 

 

In 2020, Liu, Engle and co-workers reported another application of the chiral transient directing group strategy for the 

enantioselective Pd-catalyzed β-hydroarylation of alkenyl benzaldehydes.46 It is worth to mention that the enantioselective 

β-hydroarylation of substituted alkenyl arenes47 is still underdeveloped compared to the asymmetric α-hydroarylation 

reaction.48 Using L-tert-leucine and in the presence of a hydride donor (TMA.HCO2), the Pd(0)-catalyzed reductive 

hydroarylation of alkenyl benzaldehydes with a panel of (hetero)aromatic iodides was achieved with yields up to 94% and 

enantiomeric excesses between 92% and >99% (Scheme 17). The reaction of the (E)-2-(prop-1-en-1-yl)benzaldehyde 

with several aryl iodides bearing electron-donating groups, electron-withdrawing ones and halogens led to the 



corresponding products 44a-i in moderate to excellent yields. Interestingly, various functional groups were tolerated such 

as a hydroxyl group (44b), a N-Boc-protected amine (44c) and a free carboxylic acid (44f). Heteroaryl iodides were suitable 

as well (44j-l), although the pyridine derivative 44l was synthesized with a very low yield. Regarding the alkene part, both 

E and Z isomers were hydroarylated and it turned out that E alkenes gave the best enantiomeric excesses but with lower 

yields (44m-n). Moreover, when the size of the substituent on the alkene part was increased, lower yields were generally 

obtained (44g vs. 44m). Finally, benzaldehydes with different substitution patterns were tested leading to the 

corresponding products 44o-u in good yields. Note that ortho-substituted benzaldehyde derivatives 43t-u were also 

functionalized. The authors suggested the following pathway for the enantioselective hydroarylation. First, aldimine I 

formation followed by the coordination to the Pd(0) would lead to the species II, which would undergo an oxidative addition 

with the aryl iodide to afford the intermediate III. Then, the enantioselective carbopalladation would take place 

(intermediate IV), which would be the key step for enantioinduction. Subsequently, the formate salt would coordinate to 

the metal center (intermediate V) and after a decarboxylation reaction, a Pd–H species VI would be obtained. A final 

reductive elimination would regenerate the Pd(0)-catalyst and would furnish VII, which after hydrolysis would release the 

product 44a along with L-tert-leucine (A). 

Scheme 17. Pd(0)-catalyzed enantioselective reductive Heck arylation of alkenyl benzaldehydes.  



 



a From Z-alkene. b The absolute configuration was assigned through X-ray diffraction.  

5. Enantioselective functionalization of C(sp3)─H bonds 

Despite their lower reactivity in comparison with C(sp2)–H bonds, groundbreaking advances were made in the 

enantioselective functionalization of C(sp3)–H bonds by transition metal catalysis in the last decades.1a,13g,h,k. Among the 

existing approaches employed, the use of chiral ligands in Pd-catalyzed directed C–H bond functionalization reactions 

was broadly exploited.49 Therefore, the quest for new approaches to reach highly challenging asymmetric transformations 

was particularly attractive. In this context, although restricted so far to handful of examples, the use of the chiral transient 

directing group strategy turned out to be an efficient tool as highlighted in this section.  

In 2016, Yu and co-workers pioneered the use of a chiral transient directing group for achieving the Pd-catalyzed 

enantioselective arylation of benzylic C(sp3)–H bonds.50 In the course of their study related to the arylation of C(sp3) centers 

of ketones and aldehydes by Pd-catalysis, the authors developed a methodology for the preparation of enantioenriched 

products by using L-tert-leucine (A) with yields up to 88% and enantiomeric ratios between 95:5 and 98:2 (Scheme 18). 

Taking benefit from the steric interactions between the bulky tert-butyl group of the L-tert-leucine and the benzylic R2 

group, good enantiomeric ratios were reached for this transformation. With this approach, an array of meta- and para-

substituted aryl iodides was successfully employed for the functionalization of the 2-ethyl-5-(trifluoromethyl)benzaldehyde. 

Halogens as well as different electron-withdrawing (CO2Me, NO2, CF3) and electron-donating groups (OMe) were well 

tolerated, as demonstrated with the synthesis of compounds 46a-i. Several ortho- and meta-substituted benzaldehydes 

were suitable substrates in the reaction with 4-fluoroiodobenzene and the corresponding products 46j-n were obtained in 

60-71% yields and enantiomeric ratios up to 97:3. Note that the transformation turned out to tolerant to functional groups 

such as an ester (46j) and halogens (46l-n). Moreover, the substituent over the benzylic position (R2) was not restricted to 

a methyl group since substrates bearing other alkyl chains were also smoothly functionalized (46o-p). Note that later in 

2018, Dang and co-workers reported a theoretical study to get more insight about the regio- and stereoselectivity observed 

for the Pd-catalyzed arylation of aldehydes and ketones by C(sp3)–H activation using the chiral transient directing group 

strategy.51 

Scheme 18. Pd(II)-catalyzed enantioselective benzylic C(sp3)‒H arylation of benzaldehyde derivatives using the L-tert-

leucine as the chiral transient directing group precursor.  

 

a Reaction performed at 110 °C. b 5 mol% Pd(OAc)2, 10 mol% A.  



 

In 2019, during their investigations towards the arylation of phenylacetaldehyde derivatives with aryl iodides under 

Palladium catalysis, the group of Chen and Zhou applied a similar methodology than the one depicted by the Yu group.52 

A single example of Pd(II)-catalyzed enantioselective arylation of the 2-bromo-α,α-dimethylbenzaldehyde 47 using the 

imine derived from L-tert-leucine as the transient directing group was achieved leading to the corresponding product 48 in 

43% yield and an enantiomeric ratio of 70:30 (Scheme 19).  

Scheme 19. Pd(II)-catalyzed C(sp3)‒H asymmetric arylation of the phenylacetaldehyde derivative 47.  

 

 

In 2020, Yu and co-workers provided a key contribution to the field by developing the Pd-catalyzed enantioselective 

arylation of nonactivated secondary C(sp3) centers. By employing a combination of Pd(OAc)2, D-valine (H), pyridone and 

Ag2PO3, the authors were able to perform the arylation of cyclobutyl ketones 49, providing the corresponding products 

50a-s with yields up to 82% and enantiomeric ratios up to 99:1 (Scheme 20).53 Remarkably, by replacing Ag2PO3 by 

AgTFA, the products were obtained with a reversed enantioselectivity. Moreover, in this transformation, pyridone ligand, 

usually known for fastening the cleavage of C–H bonds,4k,7f,11k,54 was crucial to achieve the reaction with high 

enantioselectivities. The arylation proved to be efficient with several para- and meta-substituted aryl iodides bearing 

electron-withdrawing groups such as CO2Me, NO2, Ac, CN, CF3 and COC6H5 (50a-g). Disubstituted electron-poor aryl 

iodides were also suitable coupling partners (50h-i). Although the functionalization was not efficient with electron-neutral 

or electron-rich iodoarenes, it went smoothly with heteroaromatic iodides (50k-l). Moreover, different cyclobutyl alkyl 

ketones were arylated at the α-position (50m-r) and only in the case of the ketone 49m, a competitive arylation of the 

methyl group of the alkyl chain was also observed. Note that even the spiro-derivative 50s was successfully functionalized. 

After mechanistic studies, a plausible pathway was suggested. First, coordination of the imine I derived from 49a to the 

palladium catalyst in the presence of the pyridone would afford the intermediate II, followed by the formation of the 

palladacycle III. This latter would undergo an oxidative addition with the aryl iodide (intermediate IV) and subsequently the 

iodine abstraction by the silver salt would take place (intermediate V). After reductive elimination, the catalyst would be 

regenerated and the ketimine VI would be obtained. A final hydrolysis of V would furnish the product 50a (or ent-50a) and 

H. Worth to mention that depending on the nature of the silver salt (AgTFA or Ag2PO3), either the C–H activation event or 

the iodine abstraction was suggested to be the rate determining step.  

Scheme 20. Pd(II)-catalyzed enantioselective C(sp3)‒H arylation of cyclobutyl ketones.  

 

 

 

 



 



a Using AgTFA instead of Ag3PO4, ent-50a was obtained in 34% yield (14:86 er) along with the corresponding diarylated 

product (50% yield).  b D-tert-leucine was used as TDG precursor. c 1 equivalent of H was used. d Ratio of the products 

resulting from the arylation of the cyclobutane ring and the terminal methyl group. 

The asymmetric formation of C(sp3)–F bonds has been achieved in the last two decades through different strategies.55 In 

sharp contrast, the transition metal-catalyzed enantioselective direct fluorination of a C(sp3)–H bond is a highly difficult 

and appealing task and needs to be further investigated. To tackle this synthetic challenge, Yu and co-workers developed 

a new methodology based on the Pd(II)-catalyzed enantioselective fluorination of C(sp3) centers using a chiral transient 

directing group.56 They anticipated that the design and use of a suitable ligand in this Pd(II)/Pd(IV) process would be 

crucial to successfully promote the C(sp3)–F bond formation in an enantioselective fashion over the side-competitive 

reductive eliminations (C–C or C–X bond formation) from Pd(IV) species,57 and the undesirable SN2-type reactions over 

C(sp3)–Pd(IV)–F intermediates.58 Instead of using a traditional amino acid, it was discovered that the combination of the 

amide I (derived from L-tert-leucine) along with 2,3,4,5,6-pentafluorobenzoic allowed the fluorination of the 

trifluoromethylated benzaldehyde derivative 51a on a secondary C(sp3) center in the presence of N-fluoro-2,4,6-

trimethylpyridinium tetrafluoroborate as the fluorinating reagent (Scheme 21). A panel of aromatic aldehydes was 

functionalized leading to the expected products 52b-j in yields up to 61% and enantiomeric excesses ranging between 86-

99%. Even though the competitive pathway that led to the formation of the undesired C(sp3)–O bond formation by an SN2-

type process could not be completely circumvented, moderate to excellent ratios in favor to the fluorinated products were 

obtained (5:1 to >20:1). Benzaldehydes bearing longer alkyl chains than an ethyl group at the ortho position were also 

suitable and furnished the best enantiomeric excesses and the best C(sp3)–F/C(sp3)–O ratio (>20:1), albeit with lower 

yields (52b-c). Moreover, benzaldehydes substituted with electron-withdrawing groups (CO2Me, COiPr, NO2, 51d-f) at the 

meta position were successfully functionalized. Although electron-rich substrates turned out to be inefficient in this 

transformation, the fluorination was achieved when the disubstituted benzaldehyde 51g was used. Note that the tetraline 

derivative 51h, the ortho-fluorinated aldehyde 51i and the pyridine 51j were also suitable substrates in this transformation. 

On the basis of mechanistic investigations and literature data,59 the authors suggested that a cationic Pd(IV) intermediate 

would be the key intermediate in this transformation and would favor the fluorination reaction over the C(sp3)–O bond 

formation.  

Scheme 21. Pd(II)-catalyzed enantioselective fluorination secondary C(sp3)−H bonds. 



 

Isolated yields were reported as a mixture of the product 52 with the starting material 51. The numbers in parenthesis 

indicated the ratio of products resulting from either a C(sp3)–F or C(sp3)–O bond formation and were determined by 1H 

NMR analysis. a 1H NMR yields were given due to the volatility of the products. b 1-Fluoro-2,4,6-trimethylpyridinium 

hexafluorophosphate (1.5 equiv) was used as the fluorine source. c  CH2Cl2 was used instead of benzene. d 25 mol% of I 

were used. 

6. SUMMARY 

Over the past few years, transition metal-catalyzed enantioselective transformations by C–H bond activation have been 

developed as a powerful tool for the construction of interesting chiral molecules. In particular, the use of the chiral transient 

directing group strategy was appealing, offering potent synthetic solutions to the challenging asymmetric transformations. 

In this review, a general overview of the recent groundbreaking advances made in this field was given. Original 

methodologies based on the astute use of chiral transient directing groups for the enantioselective synthesis of biaryls, as 

well as chiral heterocycles and carbocycles were developed. In addition, this strategy was successfully applied to the 

challenging enantioselective C(sp3)–H bond functionalization. Even though major breakthroughs were achieved, this 

modern and sustainable strategy is still in its infancy. Indeed, so far only aldehyde and ketone derivatives were used as 

substrates to provide the chiral transient directing group by the reversible formation of an imine and in most cases, acidic 

reaction conditions were necessary; which hampered the general use of this strategy. To widen the scope of these 

transformations, the use of amine derivatives as substrates and more generally, the reversible formation of other functional 

groups playing the role of chiral transient directing groups are expected to be explored. Moreover, most of the 

transformations were limited to the formation of C-C or C-F bonds, although in the last case, only a single example was 

reported. Therefore, there is an urgent need to further explore other transformations. Finally, the enantioselective 



functionalization of unactivated aliphatic derivatives and the use of earth‐abundant 3d transition metals were not achieved 

yet, and any advances using the chiral transient directing group strategy will bring significant breakthroughs. We do believe 

that this novel tool will be inspiring for the scientific community and milestones will be reached in the forthcoming years, 

expanding the chemical space for asymmetric transformations.  
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Synthesis of axially chiral heterobiaryl alkynes via dynamic kinetic asymmetric alkynylation. Chem. Commun. 2016, 52, 14121–14124. (k) 

Wang, Q.; Cai, Z.-J.; Liu, C.-X.; Gu, Q.; You, S.-L. Rhodium-Catalyzed Atroposelective C–H Arylation: Efficient Synthesis of Axially Chiral 



Heterobiaryls. J. Am. Chem. Soc. 2019, 141, 9504–9510. (l) Zheng, J.; Cui, W.-J.; Zheng, C.; You, S.-L. Synthesis and Application of Chiral 

Spiro Cp Ligands in Rhodium-Catalyzed Asymmetric Oxidative Coupling of Biaryl Compounds with Alkenes. J. Am. Chem. Soc. 2016, 138, 

5242–5245. (m) Liao, G.; Zhou, T.; Yao, Q.-J.; Shi, B.-F. Recent advances in the synthesis of axially chiral biaryls via transition metal-

catalysed asymmetric C–H functionalization. Chem. Commun. 2019, 55, 8514–8523. (n) Jin, L.; Yao, Q.-J.; Xie, P.-P.; Li, Y.; Zhan, B.-B.; 

Han, Y.Q.; Hong, X.; Shi, B.-F. Atroposelective Synthesis of Axially Chiral Styrenes via an Asymmetric C–H Functionalization Strategy. Chem 

2020, 6, 497–511. (o) Hazra, C. K.; Dherbassy, Q.; Wencel-Delord, J.; Colobert, F. Synthesis of Axially Chiral Biaryls Through Sulfoxide-

Directed Asymmetric Mild C-H Activation and Dynamic Kinetic Resolution. Angew. Chem. Int. Ed. 2014, 53, 13871–13875. (p) Ma, Y.-N.; 

Zhang, H.-Y.; Yang, S.-D. Pd(II)-Catalyzed P(O)R1R2-Directed Asymmetric C–H Activation and Dynamic Kinetic Resolution for the Synthesis 

of Chiral Biaryl Phosphates. Org. Lett. 2015, 17, 2034–2037. 

(22)  For selected examples, see: (a) Guo, F.; Konkol, L. C.; Thomson, R. J. Enantioselective Synthesis of Biphenols from 1,4-Diketones by 

Traceless Central-to-Axial Chirality Exchange. J. Am. Chem. Soc. 2011, 133, 18–20. (b) Bringmann, G.; Menche, D. Stereoselective Total 

Synthesis of Axially Chiral Natural Products via Biaryl Lactones. Acc. Chem. Res. 2011, 34, 615–624. (c) Shirakawa, S.; Wu, X.; Maruoka, 

K. Kinetic Resolution of Axially Chiral 2-amino-1,1'-biaryls by Phase-Transfer-Catalyzed N-allylation. Angew. Chem. Int. Ed. 2013, 52, 14200–

14203. (d) Mori, K.; Itakura, T.; Akiyama, T. Enantiodivergent Atroposelective Synthesis of Chiral Biaryls by Asymmetric Transfer 

Hydrogenation: Chiral Phosphoric Acid Catalyzed Dynamic Kinetic Resolution. Angew. Chem. Int. Ed. 2016, 55, 11642–11646.  

(23)  Yao, Q.-J.; Zhang, S.; Zhan, B.-B.; Shi, B.-F. Atroposelective Synthesis of Axially Chiral Biaryls by Palladium-Catalyzed Asymmetric C−H 

Olefination Enabled by a Transient Chiral Auxiliary. Angew. Chem. Int. Ed. 2017, 56, 6617–6621. 

(24)  Liao, G.; Li, B.; Chen, H.-M.; Yao, Q.J.; Xia, Y.N.; Luo, J.; Shi, B.-F. Pd-Catalyzed Atroposelective C−H Allylation through ß-O Elimination: 

Diverse Synthesis of Axially Chiral Biaryls. Angew. Chem. Int. Ed. 2018, 57, 17151–17155.  

(25)  (a) Gutekunst, W. R.; Baran, P. S. C–H functionalization logic in total synthesis. Chem. Soc. Rev. 2011, 40, 1976–1991. (b) Abrams, D. J.; 

Provencher, P. A.; Sorensen, E. J. Recent applications of C–H functionalization in complex natural product synthesis. Chem. Soc. Rev. 2018, 

47, 8925–8967. 

(26)  Fan, J.; Yao, Q.-J.; Liu, Y.-H.; Liao, G.; Zhang, S; Shi, B.-F. Asymmetric Total Synthesis of TAN-1085 Facilitated by Pd- Catalyzed 

Atroposelective C−H Olefination. Org. Lett. 2019, 21, 3352–3356. 

(27)  Kanamaru, T.; Nozaki, Y.; Muroi, M. (Kokai Tokyo Koho). JP 02- 289-532/1990, 1991. Chem. Abstr. 1991, 115, 47759n. 

(28)  Zhang, J.; Xu, Q.; Wu, J.; Fan, J.; Xie, M. Construction of N−C Axial Chirality through Atroposelective C−H Olefination of N‐Arylindoles by 

Palladium/Amino Acid Cooperative Catalysis. Org. Lett. 2019, 21, 6361–6365.  

(29)  Chen, H.-M.; Zhang, S.; Liao, G.; Yao, Q.-J.; Xu, X.-T.; Zhang, K.; Shi, B.-F. Pd-Catalyzed Atroposelective C−H Allylation and Alkenylation: 

Access to Enantioenriched Atropisomers Featuring Pentatomic Heteroaromatics. Organometallics, 2019, 38, 4022–4028. 

(30)  Dhawa, U.; Tian, C.; Wdowik, T.; Oliveira, J. C. A.; Hao, J.; Ackermann, L. Enantioselective Palladaelectro-Catalyzed C–H Activations by 

Transient Directing Groups: Expedient Access to Helicenes. Angew. Chem. Int. Ed. 2020, 59, 13451-13457.. 

(31)  Liao, G.; Chen, H.-M.; Xia, Y.-N.; Li, B.; Yao, Q.-J.; Shi, B.-F. Synthesis of Chiral Aldehyde Catalysts by Pd-Catalyzed Atroposelective C−H 

Naphthylation. Angew. Chem. Int. Ed. 2019, 58, 11464–11468. 

(32)  For selected examples, see: (a) Chen, J.; Liu, Y. E.; Gong, X.; Shi, L.; Zhao, B. Biomimetic Chiral Pyridoxal and Pyridoxamine Catalysts. 

Chin. J. Chem. 2019, 37, 103–112. (b) Gong, L.-Z. Chiral aldehyde catalysis: a highly promising concept in asymmetric catalysis. Sci. China 

Chem. 2019, 62, 3–4. (c) Li, S.; Chen, X.-Y.; Enders, D. Aldehyde Catalysis: New Options for Asymmetric Organocatalytic Reactions. Chem. 

2018, 4, 2026–2028. (d) Li, B.-J.; El-Nachef, C.; Beauchemin, A. M. Organocatalysis using aldehydes: the development and improvement of 

catalytic hydroaminations, hydrations and hydrolyses. Chem. Commun. 2017, 53, 13192–13204. (e) Wen, W.; Chen, L.; Luo, M.-J.; Zhang, 

Y.; Chen, Y.-C.; Ouyang, Q.; Guo, Q.-X. Chiral Aldehyde Catalysis for the Catalytic Asymmetric Activation of Glycine Esters. J. Am. Chem. 

Soc. 2018, 140, 9774–9780. 

(33)  Chang, J.; Reiner, J.; Xie, J. Progress on the Chemistry of Dibenzocyclooctadiene Lignans. Chem. Rev. 2005, 105, 4581–4608 and 

references cited therein. 

(34)  Liao, G.; Yao, Q.-J.; Zhang, Z.-Z.; Wu, Y.-J.; Huang, D.-Y.; Shi, B.-F. Scalable, Stereocontrolled Formal Syntheses of (+)-Isoschizandrin and 

(+)-Steganone: Development and Applications of Palladium(II)-Catalyzed Atroposelective C−H Alkynylation. Angew. Chem. Int. Ed. 2018, 57, 

3661–3665.  

(35)  Zhang, S.; Yao, Q.-J.; Liao, G.; Li, X.; Li, H.; Chen, H.-M.; Hong, X.; Shi, B.-F. Enantioselective Synthesis of Atropisomers Featuring 

Pentatomic Heteroaromatics by Pd-Catalyzed C−H Alkynylation. ACS Catal. 2019, 9, 1956–1961. 

(36)  Song, H.; Li, Y.; Yao, Q.-J.; Jin, L.; Liu, L.; Liu, Y.-H.; Shi, B.-F. Synthesis of Axially Chiral Styrenes through Pd-Catalyzed Asymmetric C–H 

Olefination Enabled by an Amino Amide Transient Directing Group. Angew. Chem. Int. Ed. 2020, 59, 6576–6580. 

(37)  For selected examples, see: (a) Hyster, T. K.; Knörr, L.; Ward, T.R.; Rovis, T. Biotinylated Rh(III) Complexes in Engineered Streptavidin for 

Accelerated Asymmetric C–H Activation. Science 2012, 338, 500–503. (b) Ye, B.; Cramer, N. Chiral Cyclopentadienyl Ligands as 

Stereocontrolling Element in Asymmetric C–H Functionalization. Science 2012, 338, 504–506. (c) Chidipudi, S. R.; Burns, D. J.; Khan, I.; 

Lam, H. W. Enantioselective Synthesis of Spiroindenes by Enol-Directed Rhodium(III)-Catalyzed C─H Functionalization and Spiroannulation. 

Angew. Chem. Int. Ed. 2015, 54, 13975–13979. (d) Ye, B.; Cramer, N. Chiral Cyclopentadienyls: Enabling Ligands for Asymmetric Rh(III)-

Catalyzed C–H Functionalizations. Acc. Chem. Res. 2015, 48, 1308–1318. (e) Zheng, J.; Wang, S.-B.; Zheng, C.; You, S.-L. Asymmetric 

Dearomatization of Naphthols via a Rh-Catalyzed C(sp2)–H Functionalization/Annulation Reaction. J. Am. Chem. Soc. 2015, 137, 4880–

4483. (f) Pham, M.V.; Cramer, N. Enantioselective Access to Spirocyclic Sultams by ChiralCpx–Rhodium(III)-Catalyzed Annulations. Chem. 

Eur. J. 2016, 22, 2270-2273. (g) Jia, Z.-J; Merten, C.; Gontla, R.; Daniliuc, C. G.; Antonchick, A. P.; Waldmann, H. General Enantioselective 

C─H Activation with Efficiently Tunable Cyclopentadienyl Ligands. Angew. Chem. Int. Ed. 2017, 56, 2429–2434. (h) Sun, Y.; Cramer, N. 

Rhodium(III)-Catalyzed Enantiotopic C─H Activation Enables Access to P-Chiral Cyclic Phosphinamides. Angew.Chem. Int. Ed. 2017, 56, 

364–367. (i) Zheng, J.; Wang, S.-B.; Zheng, C.; You, S.-L. Asymmetric Synthesis of Spiropyrazolones by Rhodium-Catalyzed C(sp2)─H 

Functionalization/Annulation Reactions. Angew. Chem. Int. Ed. 2017, 56, 4540–4544. (j) Shan, G.; Flegel, J.; Li, H.; Merten, C.; Ziegler, S.; 

Antonchick, A. P.; Waldmann, H. C─H Bond Activation for the Synthesis of Heterocyclic Atropisomers Yields Hedgehog Pathway Inhibitors. 

Angew. Chem. Int. Ed. 2018, 57, 14250–14254. (k) Shen, B.; Wan, B.; Li, X. Enantiodivergent Desymmetrization in the Rhodium(III)-Catalyzed 

Annulation of Sulfoximines with Diazo Compounds. Angew. Chem. Int. Ed. 2018, 57,15534–15338. (l) Sun, Y.; Cramer, N. Enantioselective 

Synthesis of Chiral-at-Sulfur 1,2-Benzothiazines by CpxRhIII-Catalyzed C─H Functionalization of Sulfoximines. Angew. Chem. Int. Ed. 2018, 

57, 15539–15543. (m) Li, T.; Zhou, C.; Yan, X.; Wang, J. Solvent-Dependent Asymmetric Synthesis of Alkynyl and Monofluoroalkenyl 

Isoindolinones by CpRhIII-Catalyzed C─H Activation. Angew. Chem. Int. Ed. 2018, 57, 4048–4052. (n) Trifonova, E. A.; Ankudinov, N. M.; 

Mikhaylov, A. A.; Chusov, D. A.; Nelyubina, Y. V.; Perekalin, D. S. A Planar-Chiral Rhodium(III) Catalyst with a Sterically Demanding 

Cyclopentadienyl Ligand and Its Application in the Enantioselective Synthesis of Dihydroisoquinolones. Angew. Chem. Int. Ed. 2018, 57, 



7714–7718. (o) Audic, B.; Wodrich, M. D.; Cramer, N. Mild complexation protocol for chiral CpxRh and Ir complexes suitable for in situ 

catalysis. Chem. Sci. 2019, 10, 781–787. (p) Li, H.; Gontla, R.; Flegel, J.; Merten, C.; Ziegler, S.; Antonchick, A. P.; Waldmann, H. 

Enantioselective Formal C(sp3)─H Bond Activation in the Synthesis of Bioactive Spiropyrazolone Derivatives. Angew. Chem. Int. Ed. 2019, 

58, 307–311 (q) Lin, L.; Fukagawa, S.; Sekine, D.; Tomita, E.; Yoshino, T.; Matsunaga, S. Chiral Carboxylic Acid Enabled Achiral Rhodium(III)-

Catalyzed Enantioselective C─H Functionalization. Angew. Chem. Int. Ed. 2018, 57, 12048–12052.  

(38)  Beletskiy, E. V.; Sudheer, C.; Douglas, C. J. Cooperative Catalysis Approach to Intramolecular Hydroacylation. J. Org. Chem., 2012, 77, 

5884–5893. 

(39)  Wang, M.; Zhang, X.; Chen, Z.; Tang, Y.; Lei, M. A theoretical study on the mechanisms of intermolecular hydroacylation of aldehyde 

catalyzed by neutral and cationic rhodium complexes. Sci. China Chem. 2014, 57, 1264–1275. 

(40)  Li, G.; Jiang, J.; Xie, H.; Wang, J. Introducing the Chiral Transient Directing Group Strategy to Rhodium(III)-Catalyzed Asymmetric C-H 

Activation. Chem. -Eur. J. 2019, 25, 4688−4694. 

(41)  The racemic preparation of phthalides was reported in 2013: Tan, P. W.; Juwaini, N. A. B.; Seayad, J. Rhodium(III)-Amine Dual Catalysis for 

the Oxidative Coupling of Aldehydes by Directed C–H Activation: Synthesis of Phthalides. Org. Lett. 2013, 15, 5166–5169. 

(42)  For selected examples, see:(a) Milczek, E.; Boudet, N.; Blakey, S. Enantioselective C─H Amination Using Cationic Ruthenium(II)–pybox 

Catalysts. Angew. Chem. Int. Ed. 2008, 47, 6825–6828. (b) Nishioka, Y.; Uchida, T.; Katsuki, T. Enantio‐ and Regioselective Intermolecular 

Benzylic and Allylic C─H Bond Amination. Angew. Chem. Int. Ed. 2013, 52, 1739–1742. (c) Xing, Q.; Chan, C.-M.; Yeung, Y.-W.; Yu, W.-Y. 

Ruthenium(II)-Catalyzed Enantioselective γ-Lactams Formation by Intramolecular C─H Amidation of 1,4,2-Dioxazol-5-ones. J. Am. Chem. 

Soc. 2019, 141, 3849–3853. (d) Zhou, Z.; Chen, S.; Qin, J.; Nie, X.; Zheng, X.; Harms, K.; Riedel, R.; Houk, K. N.; Meggers, E. Catalytic 

Enantioselective Intramolecular C(sp3)─H Amination of 2-Azidoacetamides. Angew. Chem. Int. Ed. 2019, 58, 1088–1093. 

(43)  Li, Z.-Y.; Lakmal, H. H. C.; Quian, X.; Zhu, Z.; Donnadieu, B.; McClain, S. J.; Xu, X.; Cui, X. Ruthenium-Catalyzed Enantioselective C−H 

Functionalization: A Practical Access to Optically Active Indoline Derivatives. J. Am. Chem. Soc. 2019, 141, 15730−15736.  

(44)  Li, G.; Liu, Q.; Vasamsetty, L.; Guo, W.; Wang, J. Ruthenium(II)-Catalyzed Asymmetric Inert C-H Bond Activation Assisted by a Chiral 

Transient Directing Group. Angew. Chem. Int. Ed. 2020, 59, 3475–3479.  

(45)  Xu, J.; Liu, Y.; Zhang, J.; Xu, X.; Jin, Z. Palladium-catalyzed enantioselective C(sp2)–H arylation of ferrocenyl ketones enabled by a chiral 

transient directing group. Chem. Comm. 2018, 54, 689–692. 

(46)  Oxtoby, L. J.; Li, Z.-Q.; Tran, V. T.; Erbay, T. G.; Deng, R.; Liu, P.; Engle, K. M. A. Transient Directing Group Strategy Enables Enantioselective 

Reductive Heck Hydroarylation of Alkenes. Angew. Chem. Int. Ed. 2020, 59, 8885–8890. 

(47)  For selected examples, see: (a) Saxena, A.; Lam, H. W. Enantioselective rhodium-catalyzed arylation of electron-deficient alkenylarenes. 

Chem. Sci. 2011, 2, 2326–2331. (b) Roy, I. D.; Burns, A. R.; Pattison, G.; Michel, B.; Parker, A. J.; Lam, H. W. A second-generation ligand 

for the enantioselective rhodium-catalyzed addition of arylboronic acids to alkenylazaarenes. Chem. Commun. 2014, 50, 2865–2868. (c) 

Chen, Z.-M.; Hilton, M. J.; Sigman, M. S. Palladium-Catalyzed Enantioselective Redox-Relay Heck Arylation of 1,1-Disubstituted Homoallylic 

Alcohols. J. Am. Chem. Soc. 2016, 138, 11461–11464. (d) Yang, Q.; Wang, Y.; Luo, S.; Wang, J. J. Kinetic Resolution and Dynamic Kinetic 

Resolution of Chromene by Rhodium‐Catalyzed Asymmetric Hydroarylation. Angew. Chem. Int. Ed. 2019, 58, 5343–5347. 

(48)  For selected examples, see: (a) Podhajsky, S. M.; Iwai, Y.; Cook-Sneathen, A.; Sigman, M. S. Asymmetric palladium-catalyzed hydroarylation 

of styrenes and dienes. Tetrahedron 2011, 67, 4435–4441. (b) Friis, S. D.; Pirnot, M. T.; Buchwald, S. L. Asymmetric Hydroarylation of 

Vinylarenes Using a Synergistic Combination of CuH and Pd Catalysis. J. Am. Chem. Soc. 2016, 138, 8372–8375. (c) Grélaud, S.; Cooper, 

P.; Feron, L. J.; Bower, J. F. Branch-Selective and Enantioselective Iridium-Catalyzed Alkene Hydroarylation via Anilide-Directed C–H 

Oxidative Addition. J. Am. Chem. Soc. 2018, 140, 9351–9356. (d) Chen, Y.-G.; Shuai, B.; Xu, X.-T.; Li, Y.-Q.; Yang, Q.-L.; Qiu, H.; Zhang, 

K.; Fang, P.; Mei, T.- S. Nickel-catalyzed Enantioselective Hydroarylation and Hydroalkenylation of Styrenes. J. Am. Chem. Soc. 2019, 141, 

3395–3399.  

(49)  For selected examples, see: (a) Shi, B.-F.; Maugel, N.; Zhang, Y.-H.; Yu, J.-Q. PdII‐Catalyzed Enantioselective Activation of C(sp2)─H and 

C(sp3)─H Bonds Using Monoprotected Amino Acids as Chiral Ligands. Angew. Chem. Int. Ed. 2008, 47, 4882–4886. (b) Nakanishi, M.; 

Katayev, D.; Besnard, C.; Kündig, E. P. Fused Indolines by Palladium‐Catalyzed Asymmetric C-C Coupling Involving an Unactivated 

Methylene Group. Angew. Chem. Int. Ed. 2011, 50, 7438–7441. (c) Anas, S.; Cordi, A.; Kagan, H. B. Enantioselective synthesis of 2-methyl 

indolines by palladium catalysed asymmetric C(sp3)–H activation/cyclisation. Chem. Commun. 2011, 47, 11483–11485. (d) Martin, N.; Pierre, 

C.; Davi, M.; Jazzar, R.; Baudoin, O. Diastereo‐ and Enantioselective Intramolecular C(sp3)─H Arylation for the Synthesis of Fused 

Cyclopentanes. Chem. Eur. J. 2012, 18, 4480–4484. (e) Chan, K. S. L; Fu, H.-Y.; Yu, J.-Q. Palladium(II)-Catalyzed Highly Enantioselective 

C–H Arylation of Cyclopropylmethylamines. J. Am. Chem. Soc. 2015, 137, 2042–2046. (f) Yan, S.-B.; Zhang, S.; Duan, W.-L. Palladium-

Catalyzed Asymmetric Arylation of C(sp3)–H Bonds of Aliphatic Amides: Controlling Enantioselectivity Using Chiral Phosphoric Amides/Acids. 

Org. Lett. 2015, 17, 2458–2461. (g) Wang, H.; Tong, H.-R.; He, G.; Chen, G. An Enantioselective Bidentate Auxiliary Directed Palladium‐

Catalyzed Benzylic C−H Arylation of Amines Using a BINOL Phosphate Ligand. Angew. Chem. Int. Ed. 2016, 55, 15387–15391. (h) Chen, 

G.; Gong, W.; Zhuang, Z.; Andra, M. S.; Chen, Y.-Q.; Hong, X.; Yang, Y.-F.; Liu, T.; Houk, K. N.; Yu, J.-Q. Ligand-accelerated enantioselective 

methylene C(sp3)–H bond activation. Science 2016, 353, 1023–1027. (i) Jain, P.; Verma, P.; Xia, G.; Yu, J.-Q. Enantioselective amine α-

functionalization via palladium-catalysed C–H arylation of thioamides. Nat. Chem. 2017, 9, 140–144. (j) Wu, Q.-F.; Shen, P.-X.; He, J.; Wang, 

X.-B.; Zhang, F.; Shao, Q.; Zhu, R.- Y.; Mapelli, C.; Qiao, J. X.; Poss, M. A.; Yu, J.-Q. Formation of α-chiral centers by asymmetric β-C(sp3)–

H arylation, alkenylation, and alkynylation. Science 2017, 355, 499–503. (k) Zhu, C.; Wang, D.; Zhao, Y.; Sun, W.-Y.; Shi, Z. Enantioselective 

Palladium-Catalyzed Intramolecular α-Arylative Desymmetrization of 1,3-Diketones. J. Am. Chem. Soc. 2017, 139, 16486–16489. (l) Hu, L.; 

Shen, P.-X.; Shao, Q.; Hong, K.; Qiao, J. X.; Yu, J.-Q. PdII‐Catalyzed Enantioselective C(sp3)−H Activation/Cross‐Coupling Reactions of Free 

Carboxylic Acids. Angew. Chem. Int. Ed. 2019, 58, 2134–2138. 

(50)  Zhang, F.-L.; Hong, K.; Li, T.-J.; Park, H.; Yu, J.-Q. Functionalization of C(sp3)–H bonds using a transient directing group. Science 2016, 

351, 252–256. 

(51)  Liu, W.; Zheng, J.; Liu, Z.; Hu, W.; Wang, X.; Dang, Y. How Does Palladium−Amino Acid Cooperative Catalysis Enable Regio- and 

Stereoselective C(sp3)−H Functionalization in Aldehydes and Ketones? A DFT Mechanistic Study. ACS Catal. 2018, 8, 7698−7709. 

(52)  Gou, B.-B.; Liu, H.-F.; Chen, J.; Zhou, L. Palladium-Catalyzed Site-Selective C(sp3)−H Arylation of Phenylacetaldehydes. Org. Lett. 2019, 21, 

7084−7088. 

(53)  Xiao, L.-J.; Hong, K.; Luo, F.; Hu, L.; Ewing, W. R.; Yeung, K.-S.; Yu, J.-Q. PdII-Catalyzed Enantioselective C(sp3)–H Arylation of Cyclobutyl 

Ketones Using a Chiral Transient Directing Group. Angew. Chem. Int. Ed. 2020, 59, 9594–9600.  

(54)  For selected examples, see: (a) Wang, P.; Verma, P.; Xia, G.; Shi, J.; Qiao, J. X.; Tao, S.; Cheng, P. T. W.; Poss, M. A.; Farmer, M. E.; 

Yeung, K. S.; Yu, J.-Q. Ligand-accelerated non-directed C–H functionalization of arenes. Nature 2017, 551, 489–493. (b) Li, G. C.; Wang, 

P.; Farmer, M. E.; Yu, J.-Q. Ligand‐Enabled Auxiliary‐Free meta‐C−H Arylation of Phenylacetic Acids. Angew. Chem. Int. Ed. 2017, 56, 6874–



6877. (c) Farmer, M. E.; Wang, P.; Shi, H.; Yu, J.-Q. Palladium-Catalyzed meta-C–H Functionalization of Masked Aromatic Aldehydes. ACS 

Catal. 2018, 8, 7362–7367. (d) Zhu, R.-Y.; Li, Z.-Q.; Park, H. S.; Senanayake, C. H.; Yu. J.-Q. Ligand-Enabled γ-C(sp3)–H Activation of 

Ketones. J. Am. Chem. Soc. 2018, 140, 3564–3568. 

(55)  For selected reviews, see: (a) Yang, X.; Wu, T.; Phipps, R. J; Toste, F. D. Advances in catalytic enantioselective fluorination, mono-, di-, and 

trifluoromethylation, and trifluoromethylthiolation reactions. Chem. Rev. 2015, 115, 826–870 and references cited therein. (b) Thornbury, R.; 

Schäfer, G.; Toste, F. D. Catalytic Enantioselective Fluorination. In Modern Synthesis Processes and Reactivity of Fluorinated Compounds. 

Progress in Fluorine Science. Groult, H.; Leroux, F. R.; Tressaud, A.; Eds. Elsevier, 2017, 223–263. (c) Zhu, Y.; Han, J.; Wang, J.; Shibata, 

N.; Sodeoka, M.; Soloshonok, V. A.; Coelho, J. A. S.; Toste, F. D. Modern Approaches for Asymmetric Construction of Carbon–Fluorine 

Quaternary Stereogenic Centers: Synthetic Challenges and Pharmaceutical Needs. Chem. Rev. 2018, 118, 3887–3964. 

(56)  Park, H.; Verma, P.; Hong, K.; Yu, J.-Q. Controlling Pd(IV) reductive elimination pathways enables Pd(II)-catalysed enantioselective C(sp3)─H 

fluorination. Nature Chem. 2018, 10, 755−762. 

(57)  (a) Engle, K. M.; Mei, T.-S.; Wang, X.; Yu, J.-Q. Bystanding F+ oxidants enable selective reductive elimination from high-valent metal centers 

in catalysis. Angew. Chem. Int. Ed. 2011, 50, 1478–1491. (b) Yahav, A.; Goldberg, I.; Vigalok, A. Synthesis of the elusive (R3P)2MF2 (M = Pd, 

Pt) complexes. J. Am. Chem. Soc. 2003, 125, 13634–13635. (c) Rosewall, C. F.; Sibbald, P. A.; Liskin, D. V.; Michael, F. E. Palladium- 

catalyzed carboamination of alkenes promoted by N- fluorobenzenesulfonimide via C− H activation of arenes. J. Am. Chem. Soc. 2009, 131, 

9488–9489. 

(58)  (a) Pérez-Temprano, M. H.; Racowski, J. M.; Kampf, J. W.; Sanford, M. S. Competition between sp3-C–N vs. sp3-C–F reductive elimination 

from PdIV complexes. J. Am. Chem. Soc. 2014, 136, 4097–4100. (b) Camasso, N. M.; Pérez-Temprano, M. H.; Sanford, M. S. C(sp3)–O bond-

forming reductive elimination from PdIV with diverse oxygen nucleophiles. J. Am. Chem. Soc. 2014, 136, 12771–12775. (c) Sibbald, P. A.; 

Rosewall, C. F.; Swartz, R. D.; Michael, F. E. Mechanism of N-fluorobenzenesulfonimide promoted diamination and carboamination reactions: 

divergent reactivity of a Pd(IV) species. J. Am. Chem. Soc. 2009, 131, 15945–15951. 

(59)  (a) Furuya, T.; Benitez, D.; Tkatchouk, E.; Strom, A. E.; Tang, P.; Goddard, W. A.; Ritter, T. Mechanism of C− F reductive elimination from 

palladium(IV) fluorides. J. Am. Chem. Soc. 2010, 132, 3793–3807. (b) Racowski, J. M.; Gary, J. B.; Sanford, M. S. Carbon(sp3)–fluorine bond-

forming reductive elimination from palladium (IV) complexes. Angew. Chem. Int. Ed. 2012, 51, 3414–3417. (c) Kaspi, A. W.; Yahav-Levi, A.; 

Goldberg, I.; Vigalok, A. Xenon difluoride induced aryl iodide reductive elimination: a simple access to difluoropalladium(II) complexes. Inorg. 

Chem. 2008, 47, 5–7. (d) Zhao, S.-B.; Becker, J. J.; Gagné, M. R. Steric crowding makes challenging Csp3–F reductive eliminations feasible. 

Orga or selected examples, see: a) S. S. Roy, P. Ghosh, U. H. Sk, P. Chakraborty, J. Biswas, S. Mandal, A. Bhattacharjee, S. Bhattacharya, 

Bioorg. Med. Chem. Lett. 2010, 20, 6951-6955; b) W. Ali, M. Álvarez-Pérez, M. A. Marć, N. Salardón-Jiménez, J. Handzlik, E. Domínguez-

Álvarez, Curr. Pharmacol. Rep. 2018, 4, 468-481; c) D. Plano, D. N. Karelia, M. K. Pandey, J. E. Spallholz, S. Amin, A. K. Sharma, J. Med. 

Chem. 2016, 59, 1946-1959. 

 


