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Abstract: Enantioselective intermolecular atom transfer reactions of vinyl radicals have hitherto remained 

elusive mainly due to their inherently high instability and reactivity which significantly compromises the 

stereodiscriminating substrate-catalyst interactions. Herein, we describe Cu(I)-catalyzed enantioselective 

chlorine atom transfer with vinyl radicals using tailormade tridentate anionic N,N,N-ligands featuring bulky 

peripheral substituents. This reaction readily accommodates (hetero)aryl and alkyl sulfonyl chlorides as 

radical precursors and more importantly, a large panel of 2-aminoaryl and 2-oxyaryl alkynes as substrates, 

providing highly transformable axially chiral vinyl chlorides in moderate to good yield with excellent 

enantioselectivity. The reaction can be easily scaled up to gram scales and straightforward manipulations 

of the thus obtained vinyl halides lead to axially chiral thiourea, pyridyl carboxamide, and quinolyl 

sulfonamide compounds, which are promising chiral reagents for asymmetric catalysis. Both experimental 

and theoretical mechanistic studies supported the proposed chlorine atom transfer reaction mechanism. 

  



Main Text:  

Atom transfer, one of the prototypical and important elementary radical reactions1, is involved in many 

useful radical transformations such as atom transfer radical addition/polymerization2–5, which has found 

numerous applications in organic synthesis and medicinal and material sciences (Fig. 1a). Despite the recent 

enormous development of radical asymmetric catalysis6–20, investigations of chemocatalytic 

enantioselective atom transfer reactions have only met with limited success using chiral Lewis acid 

catalysis21,22, organocatalysis23,24, or transition metal catalysis6,9,10,25–30. Of particular note is the 

incompatibility of almost all these chiral catalytic systems with vinyl radical species in spite of their 

excellent and well-investigated reactivity towards hydrogen31,32, halogen33,34, and chalcogen35 atom transfer. 

The major challenge likely stems from their inherently much higher reactivity (corresponding C–H bond 

dissociation energy (BDE): ~98–110 kcal/mol36) than most alkyl radicals (corresponding C–H BDE: <90 

kcal/mol36) that have been successfully accommodated16,17, which renders the stereochemical control more 

difficult. 

In this regard, radical addition to alkynes provides convenient access to vinyl radicals since direct single 

electron reduction of vinyl halides is much more difficult than that of their alkyl counterparts37. Thus, a 

number of non-enantioselective radical alkyne functionalization methodologies38–40, particularly those 

under transition metal catalysis41–44, have been developed for the rapid and convenient access to structurally 

complex and diverse molecules given the ready availability of both alkynes and various radical precursors 

and the usually robust radical alkyne addition39. Nonetheless, enantioselective versions of these reactions 

have only sparsely been achieved45–48 and none of them have so far allowed for the realization of 

enantioselective intermolecular atom transfer reactions with vinyl radicals and thus, the development of a 

novel catalytic system is highly desirable and in great demand. 



Our group has long been investigating asymmetric radical reactions using chiral copper catalysis49–54. 

Especially, we have recently disclosed the development of tailormade N,N,N-ligands for copper-catalyzed 

enantioselective alkynyl-group transfer by tertiary alkyl radicals55. Long-spreading side arms are 

deliberately introduced to these ligands to elicit highly efficient stereodiscrimination of motifs in tertiary 

radicals, which are remote away from the copper center in the key enantioselective homolytic radical 

substitution-type C–C bond coupling. These results prompted us to investigate whether this strategy would 

be generally applicable to transition metal-catalyzed atom transfer reactions, particularly, with the highly 

reactive vinyl radicals (Fig. 1b). To this end, we first envisioned that radical addition to ortho-substituted 

aryl alkynes would generate vinyl radicals and subsequent enantioselective halogen atom transfer25,26 from 

chiral metal complexes by these vinyl radicals might provide axially chiral vinyl halides48,56–82. In this 

scenario, the use of copper catalysts seemed to be privileged since copper(II) halides are reported to undergo 

fast halogen atom transfer (XAT), which would efficiently suppress the non-stereoselective background 

XAT of vinyl radicals with organohalide starting materials83. More importantly, we speculated that 

appropriate peripheral ligand modifications would be indispensable for achieving competent 

stereodiscrimination of the ortho-substituents on the aryl rings which are far away from the copper centers55. 

Notably, chiral organohalides are well-established robust intermediates with numerous synthetic 

applications84,85, particularly in transition-metal catalyzed cross-coupling reactions84, and thus, the 

enantioselective synthesis of vinyl halides70,86–93, if successfully achieved, would provide a versatile 

synthetic hub for a diverse range of axially chiral alkene compounds48,62–78,80–-82. Herein we report our 

efforts in developing the copper-catalyzed enantioselective chlorine atom transfer with vinyl radicals, thus 

providing axially chiral vinyl chlorides from a broad range of aryl alkynes and diverse sulfonyl chlorides94–

96 with high enantioselectivity (Fig. 1c). The synthetic potential of this reaction was demonstrated by 

C(sp2)–C(sp/sp2) cross-coupling of these vinyl chloride products followed by other straightforward 



manipulations, leading to promising axially chiral alkene reagents for asymmetric catalysis. Our 

experimental and theoretical mechanistic results supported the radical mechanism, particularly the XAT 

step, of the reaction. 
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Fig. 1 | Motivation and design of Cu(I)-catalysed enantioselective chlorine atom transfer by vinyl 

radicals. a, The enantioselective atom transfer reactions have been developed for only relatively stable 

alkyl radicals (corresponding C–H BDE: <90 kcal/mol) while that for more reactive vinyl radicals 

(corresponding C–H BDE: ~98–110 kcal/mol) have hitherto remained rarely reported. b, To develop 

enantioselective halogen atom transfer with vinyl radicals resulting from radical addition to alkynes, we 

proposed to take advantage of the relatively fast XAT of chiral L*Cu(II)X species to inhibit 

nonstereoselective background reactions between vinyl radicals and organohalide radical precursors. In 

addition, we conjectured that appropriate ligand peripheral substituents would be essential for invoking 

competent stereodiscrimination interactions with remote motifs of vinyl radicals. c, We achieved highly 

enantioselective chlorine atom transfer reaction of sulfonyl chlorides with aryl alkynes by Cu(I) catalysis 

with tailormade chiral N,N,N-ligands. Ar, aryl; XAT, halogen atom transfer; r.t., room temperature; PG, 

protecting group. 



 

Results and discussion 

Reaction development. At the beginning of the investigation, we took 2-aminoaryl alkyne NS1 as the 

model starting material given the widely explored use of axially chiral aryl amine compounds97,98. An initial 

screening of ligands employed in our previous works revealed that both oxazoline-based N,N,P-ligand L299 

(entry 2; Table 1) and N,N,N-ligand L3100,101 (entry 3) but the Dixon’s N,N,P-ligand L152,102 (entry 1) 

afforded low yet significant enantioselectivity. As proposed above, the introduction of a 6-phenyl ring to 

the pyridine motif of L3 boosted the e.e. value to 40% (entry 4). Replacing the phenyl ring with a bulkier 

9-anthracenyl group greatly enhanced the e.e. value to 77% (entry 5) and further switching to a non-

symmetrically bulky 2-indolyl group ultimately gave excellent enantioselectivity (entry 6). Nonetheless, 

the reaction efficiency was generally low with these tested ligands (entries 1–6) likely due to the steric 

congestion around the copper center caused by the bulky tert-butyl group on the oxazoline ring (see 

Supplementary Figs. 1 and 2 for X-ray structures of L6 and L7). Accordingly, a phenyl ring in place of this 

tert-butyl group resulted in substantially increased yield with almost unaltered enantioselectivity (entry 7). 

Additional condition optimizations in terms of copper salts, base additives, and solvents (Supplementary 

Table 1) revealed the optimal conditions (entry 8) as follows: NS1 (0.20 mmol) and S1 (1.5 equiv.) in the 

presence of [Cu(MeCN)4]PF6 (10 mol%), L7 (10 mol%), and K3PO4 (3.0 equiv.) in mixed DME/MTBE 

(v/v 1/3, 4.0 ml) at r.t. for 5 days under argon, giving N1 in 80% yield with 93% e.e. 



Table 1 | Effect of chiral ligands  
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1 L1 10 5 
2 L2 40 20 
3 L3 21 28 
4 L4 35 40 
5 L5 47 77 
6 L6 45 93 
7 L7 68 94 
8a L7 80 93 

Reaction conditions: NS1 (0.050 mmol, 1.0 equiv.), S1 (1.5 equiv.), [Cu(MeCN)4]PF6 (10 mol%), L* (10 

mol%), and K3PO4 (3.0 equiv.) in DME (1.0 ml) at r.t. for 24 h under argon. Yield of N1 is based on 1H-

NMR analysis of the crude products using dibromomethane as an internal standard; E.e. of N1 is based on 

chiral HPLC analysis. aNS1 (0.20 mmol) in DME/MTBE (v/v 1/3, 4.0 mL) for 5 d. Boc, tert-

butyloxycarbonyl; Tol, p-toluenyl; DME, 1, 2-dimethoxyethane; Ar, argon; MTBE, methyl tert-butyl ether. 

 

Substrate scope. We first investigated the scope of sulfonyl chlorides and found excellent tolerance of 

unsubstituted phenyl sulfonyl chlorides and those bearing a wide range of functional groups with different 



electronic properties on the para-, meta-, or ortho-position (N1–N12; Fig. 2). Particularly, reactive halides 

(N3, N4, N9, and N10) and acidic acetamides (N8) are well tolerated and nitro (N6) and cyano (N7) groups 

which are usually problematic in copper-catalyzed radical transformations are also compatible with this 

reaction. In addition, 2-thiophenyl (N13) and 3-pyridyl (N14) substituted heteroaryl sulfonyl chlorides are 

applicable to this transformation. Notably, primary (N15) and secondary (N16–N18) alkyl sulfonyl 

chlorides are viable radical precursors for this reaction. As for the scope of 2-aminoaryl alkynes, a series 

of 6-substituted naphthyl rings (N19–N22) are readily accommodated in this reaction while a 7-methoxyl 

group (N23) leads to greatly diminished enantioselectivity. By contrast, a panel of 5- and/or 6-substituted 

phenyl rings all are suitable for this reaction, providing N24–N28 in good yield with excellent 

enantioselectivity. Regarding the 2-amino group, both two imide substrates (N1 and N29; see 

Supplementary Table 2 for condition optimizations of N29) delivered higher enantioselectivity than an 

amide one (N30; see Supplementary Table 3 for condition optimizations), which in turn performed better 

than a urea substrate (N31).  



 

Fig. 2 | Substrate scope for sulfonyl chlorides and 2-aminoaryl alkynes. Standard reaction conditions: 

2-aminoaryl alkyne (0.20 mmol, 1.0 equiv.), sulfonyl chloride (1.5 equiv.), [Cu(MeCN)4]PF6 (10 mol%), 

L7 (10 mol%), and K3PO4 (3.0 equiv.) in DME/MTBE (v/v = 1/3, 4.0 ml) at r.t. for 5 d under argon. Isolated 

yields are shown; E.e. is based on chiral HPLC analysis. aCuCl (10 mol%), 2-

(diphenylphosphaneyl)pyridine (10 mol%), and L8 (10 mol%) in THF (4.0 ml) at 0 °C. bL6 (10 mol%) in 

DCM/toluene (v/v = 1/3, 4.0 ml) at −10 °C. cL6 (10 mol%) in DCM (4.0 ml). Ac, acetyl; THF, 

tetrahydrofuran; DCM, dichloromethane. 

 



Considering the high utility of axially chiral phenol compounds97,98, we next investigated the reaction with 

2-oxyaryl alkynes. Fortunately, excellent enantioselectivity of product O1 was observed under the 

aforementioned optimal conditions albeit with only low yield (46% yield, 92% e.e.; Supplementary Table 

4). These results encouraged us to further examine the effects of ligands, solvents, and copper sources, 

during which a straightforward solvent change to ethyl acetate led to not only high reaction efficiency but 

also outstanding enantioselectivity (90% yield; 92% e.e.; Supplementary Table 4). Accordingly, we next 

explored the scope of 2-oxyaryl alkynes and found a range of naphthyl rings without or with additional 

substituents at 4- and 6-positions were well tolerated (O1–O10, Fig. 3). In accord with the results of 2-

aminoaryl alkynes (Fig. 2), the 7-substitution of 2-oxyaryl substrates also resulted in greatly decreased 

enantioselectivity (O11). Likewise, good tolerance of 5- and/or 6-substitution of 2-oxyphenyl alkyne 

substrates was also observed (O12 and O13). In addition, 4,6-disubstituted 2-oxyphenyl alkynes were 

applicable, too, to this reaction, affording good enantioselectivity with high yield (O14). As for the 2-oxy 

functionality, carbamate (e.g., O1) and carbonate (O15; see Supplementary Table 5 for condition 

optimizations), as well as carboxylic (O16) and sulfonyl ester (O17), groups proved to be workable in this 

reaction, providing the desired products in high enantioselectivity with varied yield. The absolute structures 

of products N1 (Supplementary Fig. 3), N30 (Supplementary Fig. 4), and O1 (Supplementary Fig. 5) all 

were determined to be Ra by X-ray structural analysis and those of other products were assigned by analogy. 
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Fig. 3 | Substrate scope for 2-oxyaryl alkynes. Standard reaction conditions: 2-oxyaryl alkyne (0.20 mmol, 

1.0 equiv.), S1 (1.5 equiv.), [Cu(MeCN)4]PF6 (10 mol%), L7 (10 mol%), and K3PO4 (3.0 equiv.) in EtOAc 

(4.0 ml) at r.t. for 5 d under argon. Isolated yields are shown; E.e. is based on chiral HPLC analysis. a2-

(Diphenylphosphaneyl)pyridine (10 mol%) and L6 (10 mol%) in DME (4.0 ml) at 0 °C. bL6 (10 mol%) in 

DME (4.0 ml). cL6 (10 mol%). dL6 (10 mol%) at 0 °C.  

 

Synthetic utility. To demonstrate the synthetic potential of these axially chiral vinyl chloride products, we 

first carried out gram-scale reactions of both 2-aminoaryl and 2-oxyaryl alkyne substrates NS1 (Fig. 4a) 



and OS1 (Fig. 4b) and still obtained good yield with excellent enantioselectivity. Next, we examined their 

thermal stability and observed marginal racemization up to 60 °C (Figs. 4c and 4d; see Supplementary 

Tables 6 and 7 for more details). Accordingly, we managed to perform Sonogashira and Suzuki–Miyaura 

coupling reactions with these axially chiral vinyl chlorides at or below 60 °C, which generally yielded the 

corresponding products with highly retained enantiopurity (Fig. 4e). In addition, subsequent 

straightforward deprotection and N-functionalization gave rise to axially chiral thiourea N1-4, pyridinyl 

carboxamide N1-5, and quinolyl sulfonamide N1-6 (Fig. 4f), which are promising hydrogen bonding 

catalysts103–105 or N,N-bidentate ligands50. Notably, the stereointegrity was generally maintained throughout 

the manipulation processes, thus showcasing the high utility and versatility of our reaction as a competent 

synthetic hub in preparing axially chiral alkene reagents for asymmetric catalysis and synthesis. 



 

 

Fig. 4 | Synthetic utility for the construction of valuable axially chiral reagents. a and b, The reactions 

were readily scaled up to gram scales. c and d, The thus-obtained axially chiral products displayed robust 

thermostability at up to 60 °C in terms of enantiopurity. e, The axially chiral vinyl chloride products readily 

participated in Sonogashira and Suzuki–Miyaura C–C bond coupling reactions without any significant loss 

of enantiopurity. f, The amino groups in the thus-obtained products were smoothly deprotected and 



functionalized afterwards, providing potentially valuable axially chiral hydrogen bonding catalysts and 

ligands. Phen, 9-phenanthryl. aConditions: i) K2CO3, EtOH, 60 °C, Ar, 48 h; ii) TFA/DCM (v/v = 1/1), r.t., 

Ar, 12 h. bConditions for N1-4: 4-isothiocyanatobenzonitrile, DMAP, DCM, r.t., Ar, 48 h; For N1-5: 

picolinic acid, DMAP, DCC, DCM, r.t., Ar, 24 h; For N1-6: quinoline-8-sulfonyl chloride, DMAP, pyridine, 

DCM, 50 °C, Ar, 3 d. Phen, 9-phenanthryl; TFA, trifluoroacetic acid; DMAP, 4-dimethylaminopyridine; 

DCC, N,N'-dicyclohexylcarbodiimide. 

 

Mechanistic considerations. Control experiments in the absence of the copper salt, chiral ligand, or base 

additive confirmed that all of them were indispensable for the reaction (Supplementary Tables 8 and 9). In 

the presence of either TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl; Supplementary Tables 8 and 9) or 

BHT (butylated hydroxytoluene; Fig. 5a and Supplementary Table 10), the reaction was remarkably 

retarded with decreased yield and enantioselectivity. In addition, sulfonyl radical-trapped products BHT-

Ts1 and BHT-Ts2 were isolated in the reaction with BHT (Fig. 5a and Supplementary Table 10). These 

results supported the proposed radical mechanism that involves sulfonyl radicals. Interestingly, the reaction 

with the 1,6-bis-alkyne substrate OS18 predominantly occurred at the apparently more hindered 1-alkyne 

position (Fig. 5b). Thus, the corresponding singly functionalized product O18 was favorably formed in 

high enantioselectivity together with a trace amount of doubly functionalized product O18'' while the other 

possible singly functionalized product O18' was not observed. By contrast, all these products were obtained 

in roughly comparable yield under photochemical conditions. These results possibly indicated the 

participation of the copper catalyst in the radical alkyne addition step, which actively adjusted the 

regioselectivity.  
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Fig. 5 | Mechanistic experiments. a, The reaction was inhibited by BHT and provided sulfonyl radical-

trapped products, supporting a radical reaction mechanism. b, The reaction of bis-alkynyl substrate OS18 

yielded O18 as the predominant regioisomer under the standard reaction conditions while that under 

photochemical conditions gave all possible regioisomers in comparable yield. These results possibly 

suggested the involvement of copper catalyst in the radical addition step. a[Cu(MeCN)4]BF4 (5.0 mol%), 

2,9-dimethylphenanthroline (10 mol%), blue LED (450 nm), CHCl3, r.t., Ar, 4 d. BHT, 2,6-di-tert-butyl-4-

methylphenol. 

 

Density functional theory (DFT) calculations with deprotonated anionic L7 as a model ligand were next 

used to explore the reaction mechanisms of the radical transformation and the origin of the enantioselective 

construction of axially chiral vinyl chlorides. As shown in Fig. 6a, the S–Cl bond of p-TsCl (S1) is 

homolytically cleaved to generate sulfonyl radical and Cu(II)Cl complex IM1 through a chlorine atom 

abstraction transition state (TSClAA) mediated by Cu(I) complex CAT. The calculated spin density of 

TSClAA clearly features an open shell singlet state where the alpha electron localizing on Cu 

antiferromagnetically couples with the beta electron localizing on sulfonyl radical. This sulfonyl radical 

further undergoes radical addition with alkyne under the chiral environment of Cu(II)Cl complex IM1 



through TSRA-Cu-f and TSRA-Cu-dis, affording the sulfonyl vinyl radical in either R or S configuration, 

respectively. These asymmetric sulfonyl vinyl radicals are easily captured by Cu(II)Cl complex IM1 via 

TSClAT-f and TSClAT-dis with energy barriers less than 12 kcal/mol, resulting in the chlorinated atropisomers 

of O1 with the regeneration of Cu(I) complex CAT. The inner-sphere mechanism involving a Cu(III) 

intermediate has been examined to be disfavored as the energy barrier required for the reductive elimination 

step is much larger than that of the Cl atom transfer step (see Supplementary Fig. 6). Interestingly, the 

transition state of free radical addition (TSRA) of sulfonyl radical to alkyne without the involvement of a 

Cu(II) complex lies much higher in energy due to the absence of non-covalent interactions between the 

alkyne substrate and the ligand. This free radical addition could only afford vinyl radicals in both 

configurations without any enantio-differentiation (see Supplementary Fig. 7). The rotation barrier of this 

vinyl radical along the axial C–C bond was calculated to be higher than the forward Cl atom transfer process 

(see Supplementary Fig. 8). This indicates that the interconversion between the two desymmetrized radicals 

is not fast enough and thus, the chlorination is irreversible. The radical addition involving IM1 results in 

good enantioselectivity due to the chiral environment defined by the chiral ligand. This is consistent with 

the mechanistic experiments that suggest the possible involvement of the Cu complex in the radical addition 

step (Fig. 5b). The difference in energy barriers between the two paths with different configurations (ΔΔG‡) 

was calculated to be 2.2 kcal/mol under the Curtin-Hammett principle, in good accordance with the 

experimentally observed excellent stereoselectivity. In the favored pathway, the radical capture transition 

state TSClAT-f is slightly more stable than the previous radical addition transition state TSRA-Cu-f, while in 

the disfavored pathway, the transition states of these two processes are close in energy. Since the 

stereoelectronic structures of these two Cu(II)-involved radical addition transition states are more 

comparable and the energy trend retains during the course of chirality induction, the geometries between 

TSRA- Cu-f and TSRA-Cu-dis were carefully examined to rationalize the origin of enantioselectivity (Fig. 6b). 



For both transition states, the naphthalene group of OS1 sustains the non-covalent interactions with the 

ligand. However, in TSRA-Cu-dis, the NiPr2 group encounters steric clashes with the backbone phenyl ring of 

the ligand, while in TSRA-Cu-f, the NiPr2 group points toward less congested space to avoid this repulsion. 

Therefore, the L7Cu complex provides a chiral environment for both the radical addition and Cl atom 

transfer steps, which ensures efficient enantio-discrimination. 



 

Fig. 6 | Computational studies. a, Energy profiles on the operative catalytic cycle with L7 used as ligand. 

The relative free energies and enthalpies (in parentheses) calculated at the 

(U)wB97XD/PCM/def2TZVP(Cu)-6-311+G(d,p)//(U)B3LYP-D3(BJ)/def2TZVP(Cu)-6-31G(d) level of 

theory are given in kcal/mol. The catalytic cycle is composed of Cl atom transfer, Cu-involved radical 

addition to alkyne, and Cl atom transfer to vinyl radical. All transition states except for TSRA presented on 
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this energy profile feature open-shell singlet electronic configuration. b, 3D structures of key Cu-involved 

radical addition transition state TSRA-Cu-f and TSRA-Cu-dis. 

 

Summary 

In sum, we have successfully tailored tridentate anionic N,N,N-ligands to realize highly enantioselective 

chlorine atom transfer with very reactive vinyl radicals under copper catalysis. The installation of sterically 

bulky groups to the peripheral positions of these N,N,N-ligands to elicit competent stereodiscrimination of 

remote motifs of the vinyl radicals experimentally proves to be essential for attaining high enantioselectivity. 

The reaction readily affords an abundance of valuable enantioenriched vinyl chlorides, thus providing a 

robust platform for expedient access to a myriad of axially chiral acyclic styrene compounds with highly 

promising applications in asymmetric catalysis. These results highlight the great potential of strategically 

devised multidentate anionic ligands for the development of asymmetric radical reactions of highly reactive 

carbon radicals using transition metal catalysis, particularly copper catalysis. 
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