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Asymmetric C(sp3)-H arylations have made significant progress in 

the past decade, enabling chemo- and enantio-selective C(sp3)-

C(sp2) connections in both intermolecular and intramolecular ways 

[1-8]. This approach helps in developing versatile building blocks 

with central chiral carbon stereocenters. Moreover, intermolecular 

C(sp3)-H arylation also adds the introduction of aromatic groups 

into molecules, modifying their original properties and broadening 

new possibilities for drug research [9-13]. The key to achieving 

good stereocontrol lies in the enantioselective C(sp3)-H activation 

process, which primarily involves recognizing enantiotopic 

methylene C-H bonds or desymmetrizing alkyl groups to create an 

organometallic species with chiral information. Although 

enantioselective methylene C-H arylations have been well studied 

using Pd [4,8,14-22], Rh [23,24], Ni [25,26], and Cu [27] catalysts, 

C-H arylations of methyl groups still have some limitations. In this 

context, Yu et al. recently described a breakthrough in α-chiral 

center formation by asymmetric β-C(sp3)–H arylation through 

desymmetrization of two methyl groups even for challenging 

isopropyl substrates (Scheme 1A) [28]. After that, Yu’s group 

[29,30], Gong’s group [31], and Jiao’s group [32] independently 

reported a few Pd-catalyzed asymmetric C−H arylation reactions 

using the desymmetrition strategy with prefunctionalized arylating 

reagents (Scheme 1A). However, the process is currently 

constrained to palladium catalysts and arylating reagents of 

arylboronic compounds or aryl halides. On the other hand, while 

chiral rhodium(III)-catalyzed C(sp3)–H activation is still under 

development [33-37], Matsunaga [34,36] and our group [37] have 

independently reported representative work on enantioselective 

amidation through desymmetrization of gem-dimethyl groups. In 

our previous work, we utilized bulky directing groups (DG) and 

substituents (R group) to induce steric bias and bring gem-

dimethyl groups close to the chiral ligand, resulting in the 

desymmetrization (Scheme 1B). However, discrimination of the 

unbiased gem-dimethyl groups with small DGs like a prydine ring 

is challenging due to the methyl groups' inability to approach the 

ligand side arm [38]. To overcome this issue, we speculate that a 

large chiral ligand may offer help to improve stereocontrol. 

Additionally, the introduction of noncovalent interaction [39-45] 

would also provide significant assistance. We herein report a 

rhodium(III)-catalyzed in situ asymmetric C(sp3)–H 

heteroarylation system using a small prydine as the directing group 

and o-aminoaryl alkynes [46-50] as arylating reagents (Scheme 

1C). In this system, collaborative control of a large silicon 

substituted chiral ligand and C-H···π, LP···π interactions between 

aryl rings of the substrate and a preferred additive facilitated the 

good stereoselectivity, leading to the construction of chiral indoles 

containing all-carbon quaternary stereocenters.  
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A rhodium-catalyzed desymmetrization reaction for enantioselective methyl C−H arylation is 

achieved by utilizing an in situ arylating reagent via nucleophilic cyclization of o-aminoaryl 

alkyne. The reaction results in chiral indoles containing all-carbon quaternary stereocenters under 

atmospheric conditions, with a wide range of substrates exhibiting good enantioselectivity (44 

examples). Mechnism and DFT studies show that the stereocontrol is reasonably achieved through 

the collaborative control of a large silicon substituted chiral ligand and C-H···π, LP···π 

interactions between aryl rings of the carboxylate group and the substrate. Control experiments 

demonstrate that Rh-aryl bond formation via in situ nucleophilic cyclization is more critical for 

reaction efficiency than via C-H activation of the nucleophilic cyclization byproduct. 

Keywords: 

heteroarylation 

C(sp3)−H activation 

Enantioselective 

Desymmetrization 

π Interactions 

                  



 

 

Scheme 1. Enantioselective intermolecular methyl C(sp3)−H arylations. 

We initiated our investigation by using pyridine derivative 1a 

and NHTs substituted diarylalkyne 2a as the starting materials in 

the presence of chiral rhodium catalyst and silver salts [51]. Under 

the optimal reaction conditions, the model reaction produced the 

corresponding product 3 in 75% yield and 91% ee, using the chiral 

rhodium catalyst containing OTDPS (tert-butyldiphenylsilyloxy) 

substitution (Table 1, entry 1). Reducing the equivalent of the 

silver carboxylate additive which acts as both the oxidant and the 

active base for the C-H activation process, the product was 

obtained with a high ee but a slightly lower yield (entry 2). Other 

catalysts with different chiral ligands were tested, but only Rh2 

with a similar large ligand arm showed increased yield while 

slightly decreased enantioselectivity (entries 3-5). This indicates 

that the large steric resistance of the silicon substituents played a 

vital role in enantioselective control. The change in substrate ratio 

(1a:2a) resulted in a lower reaction efficiency while maintaining 

the enantioselectivity (entry 6, 47% yield, 91% ee). Solvent 

screening revealed that PhCF3 is optimal for the reaction system 

(entries 7-10). Lower reaction temperature reduced the reaction 

efficiency while higher temperature had a negative effect on both 

selectivity and reaction efficiency (entries 11 and 12). Reducing 

the reaction concentration had little effect on the reaction while 

still giving a considerable result (entry 13). 

 

Table 1 

Verifications of the optimal conditions.a 

 
 

Entry Verifications of the optimal conditions ee Yield (%) 

1 no changes 91 75 

2 additive (2 equiv.) 91 69 
3 Rh2 instead of Rh1, additive (2 equiv.) 87 88 

4 Rh3 instead of Rh1, additive (2 equiv.) 43 45 

5 Rh4 instead of Rh1, additive (2 equiv.) 63 47 
6 1a:2a = 2:1, additive (2 equiv.) 91 47 

7 PhCl instead of PhCF3 91 75 

8 DCE instead of PhCF3 85 51 
9 i-PrOH instead of PhCF3 trace - 

10 THF instead of PhCF3 70 27 

11 -10 oC 91 60 
12 25 oC 79 54 

13 0.5 mL 91 74  
a 1a (0.05 mmol), 2a (0.1 mmol), Rh1 (5 mol%), AgSbF6 (20 mol%), 

additive (0.15 mmol), PhCF3 (0.25 mL), 0 oC, 3 d, under air, isolated 

yield. OTIPS = triisopropylsilyloxy, OTBDPS = tert-

butyldiphenylsilyloxy. 

With the optimal conditions in hand, we then investigated the 

tolerance of functional groups (Scheme 2). We found that phenyl 

group, heterocyclic group, or alkyl group in the alkynyl unit of o-

aminoaryl alkynes all gave moderate to good yields and high 

enantioselectivity (3-6, 54%-75% yields, 88%-92% ee). However, 

the presence of bulky iso-propyl and tert-butyl substituents 

inhibited the formation of desired products. Nucleophilic 

cyclization is impeded by both bulky substituted alkynes and bulky 

catalysts, and does not occur readily. Likewise, heterocyclic rings 

with a heteroatom at the ortho-position was also not suitable for 

this reaction. The heteroatom can act as a coordination site, 

forming a stable intermediate during nucleophilic cyclization and 

inhibiting the intended C-H coupling. Interestingly, good 

enantioselectivity was only achieved when using pyridine 

substrates that containedan aryl ring substitution (3, 7-9, 30%-75% 

yields, 9%-92% ee). However, substrates containing an alkyl 

group (8 and 9) showed low enantioselectivity. The observation 

could be explained by the possible π interactions between the 

substrate and carboxylate's aryl rings, considering the phenyl 

substitution of the silver additive. Other hetero functional groups 

like OMe, Pht, and ester were found to be unsuitable for the 

reaction system. These groups could serve as coordination sites 

that compete with the C−H bond activation process, hindering the 

delivery of a rhodacycle. We then screened the substrate scopes in 

detail. Pyridine derivatives with different substitutions in the 

phenyl ring were tested using Rh1 and Rh2 as catalysts. Better 

enantioselectivity was achieved in the presence of Rh1 and better 

efficiency was obtained in the presence of Rh2 in most cases (10-

21, 42%-90% yields and 66%-92% ee for Rh1; 51%-99% yield 

and 74%-92% ee for Rh2). The occupations at 2-, 3-, 4-postion of 

the phenyl ring by halogen, alkyl group, trifluoromethyl and 

methoxy all allowed the coupling to give the C(sp3)–H 

heteroarylation products. The introduction of various 

functionalities in the phenyl rings of o-aminoaryl alkynes did not 

affect enantioselectivity and provided the corresponding products 

                  



with moderate to good yields (22-46, 40%-85% yields, 88%-92% 

ee). The absolute configuration of compounds 30 and 31 was 

determined by X-ray single crystal diffraction (CCDC: 2243748 

and 2222589). 2-(Phenylethynyl)phenol that can undergo 

nucleophilic cyclization to afford benzofurans was also tested, but 

no desired product was obtained. 

 
Scheme 2. Substrate scopes. Reaction conditions: 1a (0.05 mmol), 2a (0.1 mmol), Rh1 (5 mol%), AgSbF6 (20 mol%), additive (0.15 mmol), 

PhCF3 (0.25 mL), 0 oC, 3 d, under air. 

The scale-up synthesis of compound 3 was carried out using 

both catalyst Rh1 and Rh2 (Scheme 3). The results showed a slight 

decrease in reaction efficiency and enantioselectivity, though still 

acceptable. However, when the reaction was performed on a 0.2 

mmol scale, compound 3 was generated in 73% yield and 90% ee. 

The Ts group in compound 3 can be easily eliminated with tBuOK 

in DMSO, affording the free indole product 47 with a good yield. 

Subsequent oxidation of Compound 47 led to the formation of a 

ring-opening product 48, which introduced a carbonyl group and 

an amide group. 

To gain a better understanding of the reaction mechanism, some 

experiments were carried out (Scheme 4). The H/D exchange 

experiment in the absence of D2O gave both the final product and 

the recovered pyridine substrate without any deuteration, 

indicating the irreversibility of the C(sp3)−H activation process 

(Scheme 4A, i). The kinetic isotope effect experiment by 

comparing the initial rates of two parallel reactions resulted in a 

KIE value of 4.7, confirming the involvement of the C(sp3)−H 

activation process in the rate- determining step (Scheme 4A, ii). 

Control experiments were performed to clarify the reaction 

pathway. The reaction system was easy to generate a Ts-indole 

compound as a byproduct catalyzed by the silver ion (Scheme 4B, 

iii). The Ts-indole byproduct can also produce the corresponding 

product via a potential C-H/C-H coupling progress. Thus, the Ts-

indole was synthesized and applied to the system under the 

standard conditions, showing lower reaction efficiency and 

                  



 
enantioselectivity (Scheme 4B, iv). To further rule out the 

possibility of this intermediate, a competition experiment was 

conducted between deuterated o-aminoaryl alkyne and the Ts-

indole, resulting in the deuterated product as the main product 

(Scheme 4B, v, 3:3-D5 = 1:4). The results indicate that the pathway 

through the Ts-indole intermediate is not as effective. A better 

approach is to form the Rh-aryl bond through in situ nucleophilic 

cyclization, which improves the reaction efficiency. To confirm 

the importance of aromatic ring substitution, three more silver 

carboxylate oxidants with varying amounts of methyl or phenyl 

substitutions were tested. The result shows that phenyl 

substitutions in the additives is also crucial to achieve high 

enantioselectivity (Scheme 4C). Considering that benzene rings 

both in the pyridine substrates and the additive are necessary to 

gain high stereoselectivity, a transition state model with π 

interactions which preferred to deliver the major rhodacycle 

intermediate and afforded the final (R)-3 product was assumed 

(Scheme 4D, TS1R). 

 

Scheme 3. Scale-up synthesis and derivatization of 3. 

 

Scheme 4. Mechanism studies. 

To gain deeper insights into the origin of enantioselectivity, 

theoretical studies at the DFT levels have been conducted (see 

Supporting information for details). The calculated results suggest 

that the C-H activation event is only slightly endergonic (G = 2.8 

kcal/mol) with a calculated activation barrier of 19.3 kcal/mol, 

which seems in line with the 0 oC reaction temperature (Fig. S5 

and Table S3 in Supporting information). The C-H activation is 

likely enantio-determining as indicated by the DFT studies. The 

two transition states of C-H activation that correspond to formation 

of the R- and S-products have been evaluated. To ensure the lowest 

energies of these two transition states, eight conformers of TS1R 

and TS1S were constructed and optimized, and the comparative 

results are provided in Table S4 (Supporting information), with the 

most stable ones given in Fig. 1. The TS1R is more stable than 

TS1S by 1.8 kcal/mol. To rationalize the origin of the 

stereoselectivity, atom-in-molecule (AIM) analysis [52] was per-

formed on both TS1R and TS1S. The results indicate that in the 

TS1R the more favorable C-H···π and the LP···π interactions 

between an enantiotropic phenyl ring of the carboxylate group and 

the phenyl ring in the pyridine substrate account for the observed 

stereoselectivity. 

                  



 
Fig. 1. AIM analyses of the transition states TS1R and TS1S (bond distances (Å) and Laplace electron density (eA-3) are shown). 

Based on the above results and literature reports [47,53-55], a 

possible reaction pathway has been proposed (Supporting 

information). The carboxylate assisted C(sp3)−H activation of the 

pyridine substrate occurred to give a rhodacycle. The transition 

state with more favorable C-H···π interactions and LP···π 

interactions eventually delivered the major rhodacyclic 

intermediate. Subsequently, the intermediate undergoes 

coordination of an incoming o-aminoaryl alkyne, and a Rh-aryl 

species was formed by nucleophilic cyclization. The reductive 

elimination of the Rh(III)-aryl species gave the final product and 

released the rhodium(I) catalyst. And the oxidation-induced 

reductive elimination process via Rh(IV) intermediate to Rh(II) 

species cannot be ruled out. 

In summary, asymmetric synthesis of indole skeleton containing 

all-carbon quaternary stereocenter was achieved via chiral 

rhodium catalyzed C(sp3)−H heteroarylation reactions by using an 

in situ generated arylating reagent. The use of a chiral ligand with 

a highly hindered silicon substitution and the C-H···π interactions 

and LP···π interactions between the aryl rings of the carboxylate 

group and the substrate played crucial roles in achieving 

stereocontrol. Mechanism studies provided evidence for the 

proposed catalytic cycle, with in situ nucleophilic cyclization 

leading to the formation of the Rh-aryl bond and the construction 

of the final product. 
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Graphical Abstract 

 

The rhodium(III)-catalyzed π interactions assisted 

enantioselective C(sp3)−H heteroarylation by using in situ 

generated arylating reagent via nucleophilic cyclization of o-

aminoaryl alkyne is reported, leading to asymmetric synthesis 

of indole skeleton containing all-carbon quaternary 

stereocenter.  
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