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Copper-catalysed asymmetric cross-coupling  
reactions tolerant of highly reactive radicals
 

Li-Wen Fan    1,2,4, Jun-Bin Tang1,4, Li-Lei Wang1,4, Zeng Gao1,4, Ji-Ren Liu    1,3,4, 
Yu-Shuai Zhang1,2, Dai-Lei Yuan1,2, Li Qin1, Yu Tian1, Zhi-Chao Chen1, Fu Liu1, 
Jin-Min Xiang1, Pei-Jie Huang1, Wei-Long Liu    1, Chen-Yu Xiao1,2, Cheng Luan1,2, 
Zhong-Liang Li    1, Xin Hong    3  , Zhe Dong    1  , Qiang-Shuai Gu    1,2   & 
Xin-Yuan Liu    1 

Achieving high enantioselectivity in asymmetric catalysis, especially 
with very reactive species such as radicals, often comes at the expense 
of generality. Radicals with exceptionally high reactivity are typically 
unsuitable for existing asymmetric methodologies. Here we present a 
general catalytic approach to asymmetric radical cross-coupling that 
combines copper-catalysed enantioselective stereocentre resolution or 
formation with copper-mediated, chirality-transferring radical substitution. 
This sequential strategy enables the efficient coupling of over 50 distinct 
carbon-, nitrogen-, oxygen-, sulfur- and phosphorus-centred radicals, 
including highly reactive methyl, tert-butoxyl and phenyl radicals, yielding 
structurally diverse C-, P- and S-chiral compounds with outstanding 
enantioselectivity. Our method thus provides a unified platform for 
the synthesis of carbon, phosphorus and sulfur stereocentres, with 
important implications for the preparation of chiral molecules relevant to 
medicinal chemistry and related disciplines. Furthermore, this sequential 
stereodiscrimination and chirality transfer strategy offers a promising 
blueprint for the development of highly enantioselective methodologies 
applicable to other classes of highly reactive species beyond radicals.

Robust methods in organic synthesis are fundamental to the creation 
of new molecules, enabling advances across chemistry and related 
disciplines1,2. A central goal in synthetic chemistry is the development of 
reactions that combine high yields with broad substrate scope, thereby 
maximizing reaction generality3. Achieving this level of generality in 
catalytic asymmetric reactions is particularly challenging, as optimiz-
ing for both selectivity and yield often involves addressing the complex 
issue of enantioselectivity4,5. The challenge is especially pronounced 
for very reactive species, such as radicals, where the control of stereo-
chemistry remains formidable6,7.

Traditional approaches to catalytic asymmetric radical bond- 
forming processes6,7, including coupling, addition and substitution, 
typically rely on stereodiscrimination between a prochiral radical or its 
reaction partner and the catalyst (see Fig. 1a and Supplementary Fig. 1 
for discussions on ‘free’ and catalyst-bound radicals, respectively). How-
ever, the activation barriers for these processes are generally low, 
which makes it challenging to achieve sufficient energy differences 
between competing diastereomeric transition states. As a result, cata-
lytic reactions involving highly unstable and reactive radicals often 
afford poor or only marginal enantioselectivity7 (Fig. 1b). Although 
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strategies12,13, remains unreported. Even more unstable species, such 
as tert-butoxyl and phenyl radicals11, present even greater challenges 
for enantioselective catalysis.

To overcome the difficulties associated with stereodiscrimination 
in highly reactive radical systems, we envisioned a sequential stereodis-
crimination and chirality transfer strategy (Fig. 1c). In this approach, a 
prochiral or racemic substrate first forms a catalyst-bound complex, 
thereby establishing a robust stereocentre in the substrate under con-
ditions in which the relevant species are relatively stable. This process 

catalyst–radical association or complexation strategies can sometimes 
improve selectivity8–10, their successful application to achieve enantio-
control of radicals with very high intrinsic reactivity remains limited. 
For example, prototypical carbon-centred radicals such as methyl 
radicals, which lack stabilizing (hyper)conjugation effects, are less 
stable than the vast majority of alkyl radicals11 and have proven excep-
tionally difficult to engage in highly enantioselective transformations. 
To the best of our knowledge, the direct enantioselective functionali-
zation of such radicals, without resorting to radical–polar crossover 
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Fig. 1 | Sequential stereodiscrimination and chirality transfer strategy for 
asymmetric transformations of highly reactive radicals. a, Stereocontrol 
in elementary radical bond-forming reactions is challenging due to the high 
reactivity of radicals. b, Existing asymmetric methodologies generally fail to 
deliver satisfactory enantioselectivity with highly unstable radicals. Within 
the plotting area, a horizontal reference line at e.r. = 10:1 (90% e.e.) marks the 
‘good’ enantioselectivity threshold, and a vertical reference line indicates the 
conceptual boundary between lower and higher radical stability. c, The proposed 
sequential stereodiscrimination and chirality transfer strategy addresses this by 
establishing stereocontrol at an early stage through the formation of relatively 

stable intermediates, before the involvement of highly reactive radicals. d, This 
approach enables a general copper-catalysed asymmetric radical cross-coupling 
platform by integrating enantioselective stereocentre resolution or formation 
with chirality transfer mediated by a copper–substrate complex in radical 
substitution reactions. FG, functional group; Cat*, chiral catalyst; FG*, functional 
group bearing stereocenter; R·, radical; TSR, transition state of R isomer; TSS, 
transition state of S isomer; ΔG, free-energy barrier; ΔΔG‡, free-energy difference 
between diastereomeric pathways; e.r., enantiomeric ratio; E–H, element–
hydrogen bond; tBu, tert-butyl; Cu*, chiral copper catalyst; LG, leaving group.
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Fig. 2 | Inspirations and reaction development. a, Synthesis of the Cu(II)–
sulfinimidoyl complex and subsequent radical substitution reaction with ethyl 
radicals. b, Proposed catalytic cycle for the copper-catalysed enantioselective 
radical cross-coupling of carbonyl-bearing substrates with electrophiles via 
chirality-transferring radical substitution. c, Copper-catalysed enantioselective 
O–S, P–C and S–C coupling of γ-aminocarbonyl alcohol S2, β-aminocarbonyl 

H-phosphinate S19 and N-acylsulfenamide S20 with sulfonyl, benzyl and 
phenyl radicals, respectively. TpPh2, hydrotris(3,5-diphenylpyrazol-1-yl)borate; 
Ph, phenyl; Tol, p-tolyl; Et, ethyl; Bz, benzoyl; Idl, 1-indolinyl; iPr, isopropyl; Ar, 
3-fluorophenyl; e.e., enantiomeric excess; Bn, benzyl; Me, methyl; s, selectivity 
factor used to assess the kinetic resolution capability.
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facilitates stereocontrol at an early stage, before the engagement of 
highly reactive radicals. Subsequently, the catalyst-bound intermediate 
undergoes a radical reaction with high stereochemical fidelity, which 
may proceed with either retention or inversion of the established 
stereocentre, resulting in overall excellent chirality transfer. Notably, 
as the steps leading to the catalyst complex typically involve higher 
activation barriers than the subsequent rapid reactions with highly 
reactive radicals, achieving a sufficiently high stereoselectivity for 
a specific diastereomer during complex formation becomes more 
feasible. This selectivity ensures that only the desired stereoisomer 
participates in the subsequent radical reaction, while undesired path-
ways are effectively suppressed. Thus, this strategy leverages the ste-
reodiscrimination of relatively stable intermediates, rather than highly 
reactive radical species, to achieve efficient and selective stereocontrol 
in otherwise challenging radical transformations.

Motivated by the generally high reaction rates and well-defined 
stereochemical outcomes14 of radical substitution reactions15, particu-
larly in transition metal catalysis8,16,17, we identified radical substitution 
as a promising platform for chirality transfer. Radical substitution 
processes are already widely employed to construct diverse carbon–
carbon18–22, carbon–heteroatom17,23–28 and heteroatom–heteroatom29 
bonds. However, the development of highly enantioselective radical 
substitution reactions19–28 that accommodate a broad range of radical 
species, including highly reactive ones, remains an unmet challenge.

Here we report the development of a highly versatile and gen-
eral catalytic asymmetric radical cross-coupling of γ-aminocarbonyl 
alcohols, β-aminocarbonyl H-phosphinates and N-acylsulfenamides 
with a diverse array of electrophiles (Fig. 1d). This method accom-
modates over 50 different C-, N-, O-, S- and P-centred radicals, espe-
cially those very reactive methyl, tert-butoxyl and phenyl radicals, 
enabling access to a wide variety of enantioenriched C-, P- and S-chiral 

compounds. The excellent tolerance of highly reactive radicals in this 
reaction is achieved through a strategy that involves copper-catalysed 
enantioselective stereocentre formation or resolution, followed by 
chirality-transferring radical substitution mediated by a copper–
nucleophile complex.

Results and discussion
Design plan and stoichiometric experiments
The past decade has seen rapid advances in transition metal-catalysed 
asymmetric radical cross-coupling reactions30,31. However, current 
methods rely heavily on enantioselective reductive elimination to 
forge stereocentres. To address the issue of enantioselectivity with 
highly reactive radicals through the sequential stereodiscrimination 
and chirality transfer strategy discussed above, we initially assumed 
that the preceding oxidative addition would likely determine the 
enantioselectivity (for example, Step B in Fig. 2b). The following 
chirality-transferring radical substitution would then deliver the enan-
tioenriched product (for example, Step D in Fig. 2b). In this scenario, 
the highly stereoselective formation of a chiral L*Mn+1–Nu* complex 
(L*, chiral ligand; M, transition metal center); for example, interme-
diate III in Fig. 2b) with a configurationally stable chiral nucleophile 
(Nu*) motif would be greatly preferred. With this in mind, we promptly 
identified sulfur nucleophiles as promising candidates given the often 
robust metal–S bonds32. In addition, S(II) and S(IV) compounds have a 
pronounced propensity to engage in intramolecular homolytic substi-
tution (SHi) reactions33,34, with particularly high stereochemical fidelity 
in some cases35.

S(IV)–metal complexes with S-stereogenic centres can be formed 
through S(II)–S(IV) tautomerization in bivalent sulfur compounds, 
such as N-acylsulfenamides36, upon deprotonation. Thus, we initially 
chose N-acylsulfenamides as nucleophiles and proceeded to verify 

Table 1 | Scope of the enantioselective coupling of alcohols
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Standard reaction conditions: γ-aminocarbonyl alcohol (0.20 mmol, 1.0 equiv.), 3-fluorobenzenesulfonyl chloride H1 (0.18 mmol, 0.90 equiv.), CuI (0.010 mmol, 5.0 mol%), L1 (0.015 mmol, 
7.5 mol%), Cs2CO3 (0.20 mmol, 1.0 equiv.) and proton sponge (0.020 mmol, 10 mol%) in CHCl3 (1.0 ml) at r.t. for 48 h under argon. Isolated yields are given. The e.e. values are based on chiral 
HPLC analysis. Selectivity factor s = ln[(1 − c)(1 − e.e.S)]/ln[(1 − c)(1 + e.e.S)], where conversion c = e.e.S/(e.e.S + e.e.P), and e.e.S and e.e.P are the enantiomeric excesses of the recovered substrate 
and the obtained product, respectively. When R is 3-fluorophenylsulfonyl, R′ refers to the various substituents presented in Table 1. aSee Supplementary Section 6 for details of modified 
conditions. bWith 2-bromobenzenesulfonyl chloride H2 as sulfonyl radical precursor. cWith 3-ethylbenzaldehyde C1 and tert-butyl propyl carbonoperoxoate O2 as acyl radical precursors. 
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the above-mentioned hypothesis using several stoichiometric control 
experiments. Following our recent achievements in copper-catalysed 
asymmetric radical carbon–heteroatom bond formation27,37, we rea-
soned that copper would be the ideal transition metal catalyst due to 
its high resistance to sulfur poisoning. When N-acylsulfenamide S1 was 
mixed with copper in the presence of base, a well-defined copper(II)–
sulfinimidoyl complex M1 was formed instead of a copper(II)–amido 
complex (Fig. 2a; see Supplementary Fig. 2 for the X-ray structure 
of M1). More encouragingly, ethylation of the S(IV) centre occurred 
quantitatively when M1 was treated with triethylborane under standard 
conditions for ethyl radical generation. In addition to the sulfilimine 
product 1, the ethylene-bonded copper(I) complex M238 was also iso-
lated in quantitative yield and fully characterized by X-ray diffraction 
analysis (Fig. 2a; see Supplementary Fig. 3 for the X-ray structure of M2). 
We strongly believe that this ethylation reaction is a standard radical 
substitution process that occurs at the S(IV) centre as the copper cen-
tre is largely coordinatively saturated. The resulting product-bound 
copper(I) complex likely undergoes ligand exchange with the ethylene 
generated in situ39, thereby affording M2 and releasing 1, as detailed 
in the proposed mechanism shown in Supplementary Fig. 10. These 
findings suggested that copper(I) species are a viable ‘radical leaving 
group’ for advancing radical substitution-based asymmetric catalysis 
(for example, Step D in Fig. 2b). Unfortunately, all attempts to isolate 
the optically active complex M1 failed at this stage. To probe the likeli-
hood of a chirality-transferring radical substitution, we investigated 
the intramolecular radical substitution reaction of an enantioenriched 
sulfilimine as a model (Supplementary Fig. 11). When treated with 
supersilane (tris(trimethylsilyl)silane) and triethylborane under ambi-
ent conditions, the chiral S(IV) centre underwent radical substitu-
tion with 100% inversion, demonstrating high chirality-transferring 
fidelity. Overall, these experiments provided favourable evidence 
for the feasibility of a catalytic cycle involving an enantiodetermin-
ing oxidative addition followed by chirality-transferring radical  
substitution (Fig. 2b).

Reaction development and scope
The encouraging results from the stoichiometric reactions motivated 
us to explore the catalytic conditions using alcohol S2, H-phosphinate 
S19 and sulfenamide S20 as substrates to achieve various stereocen-
tres (Fig. 2c). The tethered carbonyl groups in these compounds were 
introduced as anchors to enhance the stereodiscrimination during the 
formation of the envisioned chiral L*Mn+1–Nu* complex. Following a 
series of brief screening campaigns (Supplementary Tables 1, 4 and 12), 
we observed highly enantioselective O–S, P–C and S–C coupling of the 
nucleophiles with sulfonyl, benzyl and phenyl radicals, respectively, 
under copper catalysis with chiral multidentate anionic ligands L1–L3. 
Accordingly, highly enantioenriched C-chiral sulfonate ester 2, P-chiral 
phosphinate 20 and S-chiral sulfilimine 38 were readily forged. Notably, 
phenyl radicals are extremely reactive species (C–H bond dissociation 
energy (BDE): 113 kcal mol−1), and, to the best of our knowledge, their 
enantioselective functionalization has hitherto remained elusive.

After successfully solving the issue of enantioselectivity, we pro-
ceeded to evaluate the generality of these transformations (Tables 1–3). 
In the kinetic resolution of alcohols (Table 1), both acyclic (2–5) and 
cyclic (6–14) secondary alkyl groups at the β-position were well toler-
ated (see Supplementary Figs. 4 and 5 for the X-ray structures of enanti-
oenriched S5 and 9, respectively). In addition, primary (15) and tertiary 
(16) alkyl groups, as well as a phenyl group (17), at the same position 
also provided notably high enantioselectivities. More importantly, 
in addition to sulfonyl radicals, acyl and phosphonyl radicals proved 
suitable for the reaction (see Supplementary Tables 2 and 3 for the 
optimization of conditions), delivering the desired products 18 and 
19, respectively, with excellent-to-good enantioselectivity, although 
at the expense of low reaction efficiency. Regarding the coupling of 
H-phosphinates (Table 2), a broad range of unsubstituted and substi-
tuted benzyl radicals (20–32) were also suitable for this reaction (see 
Supplementary Fig. 6 for the X-ray structure of 20). In addition, prop-
argyl and aminyl radicals also worked well (see Supplementary Tables 5 
and 6 for the optimization of conditions), affording the P–C and P–N 

Table 2 | Scope of the enantioselective coupling of H-phosphinates
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Standard reaction conditions: S19 (0.10 mmol, 1.0 equiv.), benzyl bromide (0.15 mmol, 1.5 equiv.), CuBr (0.010 mmol, 10 mol%), L2 (0.015 mmol, 15 mol%) and Cs2CO3 (0.30 mmol, 3.0 equiv.)  
in toluene (4.0 ml) at r.t. for 4 d under argon. Isolated yields are given. The e.e. values are based on chiral HPLC analysis. aSee Supplementary Section 6 for details of modified conditions.  
bWith 3-triisopropylsilylpropargyl bromide C15 as propargyl radical precursor. cWith 1-benzoyloxy-4-(1-naphthoyl)piperazine N1 as aminyl radical precursor. TIPS, triisopropylsilyl.
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coupling products 33 and 34, respectively, with high enantioselectivity. 
It is worth mentioning that this method enables the direct conversion 
of racemic phosphinates into chiral phosphonamidates, which are 
now considered privileged structures in nucleoside drug discovery.

To further demonstrate the radical generality of this strat-
egy, we next investigated the scope of electrophiles using 
N-acylsulfenamide S20 as the standard nucleophile (Table 3). We 
examined a range of alkyl halides as precursors to alkyl radicals, 
which were generated using copper-catalysed direct halogen atom 
transfer (XAT) or indirect aryl radical-mediated XAT processes40.  

The copper-catalysed strategy effectively produced a diverse array 
of chiral sulfilimines (35–37 and 41–56) from various alkyl radicals 
(see Supplementary Figs. 7 and 8 for the X-ray structures of 36 and 46, 
respectively, and Supplementary Tables 7–11 for the optimization of 
conditions). These alkyl radicals exhibited varying stability11,41, ranging 
from the highly stabilized benzyl radical R7 (C–H BDE: 90 kcal mol−1) to 
the very unstable methyl radical R22 (C–H BDE: 105 kcal mol−1), and all 
gave excellent enantioselectivities and high isolated yields. In addition 
to radical stability, the present asymmetric cross-coupling reaction 
showed substantial insensitivity towards radical steric properties, 

Table 3 | Scope of radicals in the enantioselective coupling with N-acylsulfenamides
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Standard reaction conditions: N-acylsulfenamide S20 (0.20 mmol), alkyl bromide (1.2 equiv.), CuI (5.0 mol%), L4 (7.5 mol%) and K3PO4 (3.0 equiv.) in CH2Cl2 (2.0 ml) at r.t. under argon. Isolated 
yields are given. The e.e. values are based on chiral HPLC analysis. aPredicted C–H BDE by DeepSynthesis at http://pka.luoszgroup.com/bde_prediction. bExperimental C–H BDE from ref. 41. 
cSee Supplementary Section 6 for details of modified conditions. dWith alkyl iodide and MesN2BF4 as alkyl radical precursors. eWith Togni’s reagent II as trifluoromethyl radical precursor.  
fWith PhN2BF4 as phenyl radical precursor. gWith N-benzoyloxyamine as aminyl radical precursor. hWith tBuOOH as tert-butoxyl radical precursor. In addition to 40, (SS)-TolS(=O)NHPiv 40′  
(40% yield, 91% e.e.) was also formed. Modifying the work-up procedure led to only 40′ in 95% yield with 96% e.e. (see Supplementary Fig. 12 for details). RS, radical substitution; Phth, 
phthaloyl; nPr, n-propyl; Mes, mesityl; Piv, tert-butylcarbonyl.
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as evidenced by the fact that monosubstituted (for example, R1, R7, 
R10 and R17), disubstituted (R2, R13 and R19) and trisubstituted (for 
example, R11, R14 and R15) alkyl radicals all afforded good yields and 
excellent enantioselectivities (≥89% e.e.). Perhaps most remarkably, 
the enantioselectivity was not affected by radical polarity42,43. Both 
nucleophilic (for example, R10 and R14) and electrophilic (for exam-
ple, R9 and R12) alkyl radicals exhibited comparably high enantiose-
lectivity. More importantly, both the nucleophilic dimethylaminyl 
radical R5 and the highly electrophilic tert-butoxyl radical R6 readily 
underwent the coupling reaction (see Supplementary Tables 13 and 14 
for the optimization of conditions), yielding chiral sulfinamidine 39 
and sulfinimidate ester 40 with high e.e. It is worth mentioning that 
the tert-butoxyl radical R6 is known to undergo rapid β-scission (rate 
constant kβ at 295 K in acetonitrile: 6 × 104 s−1)44, resulting in methyl 
radicals and acetone. However, in our reaction, the coupling product 
40 was efficiently formed while acetone was barely detected, indicating 
a very fast radical substitution process, as originally presumed. Inter-
estingly, we were able to convert N-acylsulfenamide S20 into a range 
of chiral sulfinamidines 57–68 (see Supplementary Fig. 9 for the X-ray 

structure of 57) using highly diverse aminyl radicals derived from their 
corresponding N-benzoyloxyamine precursors. Overall, we believe 
that the present transformation has unprecedented radical scope 
in the field of catalytic asymmetric radical cross-coupling reactions.

It is noteworthy that chiral S(IV) and S(VI) centres are not only 
important chiral synthons in asymmetric organic synthesis but also 
prevalent functional groups in medicinal chemistry (Supplementary  
Fig. 13)45,46. Some elegant catalytic asymmetric methods have been 
disclosed for the synthesis of these valuable molecules47–51 (see 
Supplementary Fig. 14 for further discussions). However, a compre-
hensive approach to attain assorted S(IV) and S(VI) centres with a 
broad spectrum of substitutions remains to be devised. Accordingly, 
we next sought to evaluate the scope of the N-acylsulfenamide coupling 
partner. As shown in Table 4, multiple N-acylsulfenamides containing 
S-(hetero)aryl and S-alkyl groups produced the desired sulfilimine 
products 69–90 in good yields with excellent enantioselectivities. 
Notably, neither their steric properties (85–87) nor pre-existing ste-
reocentres (88) impacted the efficiency or enantioselectivity of the 
reaction. Our protocols were also effective in accessing the chiral 

Table 4 | Scope of N-acylsulfenamides
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Standard reaction conditions: N-acylsulfenamide (0.20 mmol), radical precursor (1.2 equiv.), CuI (5.0 mol%), L4 (7.5 mol%) and K3PO4 (3.0 equiv.) in CH2Cl2 (2.0 ml) at r.t. under argon. Isolated 
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sulfinamidines 91–97 and sulfinamides 98–10152 with different nitro-
gen and oxygen electrophiles. More importantly, many medicinally 
important functional groups were well tolerated, such as acetanilide 
(72), primary alkyl chloride (81), protected galactopyranose (88), 
pyridine (94), furan (96) and thiophene (77, 95 and 100).

Synthetic utility
The method reported above represents a versatile coupling approach 
for converting N-acylsulfenamides into a range of chiral S(IV) cen-
tres, encompassing N-acylsulfilimines, N-acylsulfinamidines, 
N-acylsulfinamides and tert-butyl sulfinimidate esters. Further 
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Fig. 3 | Synthetic utility and mechanistic studies. a, Transformations of 
enantioenriched S-chiral products. b, Enantioselective synthesis of fulvestrant. 
c, Control experiments with the radical traps BHT and TEMPO markedly inhibited 
the reaction and led to the formation of radical-trapped product 114. d, Control 
experiments using an enantioenriched and racemic secondary alkyl iodide gave 
identical diastereoselectivity, supporting a radical mechanism. aRuCl3 and NaIO4. 
btBuONO. ciPrI and K2CO3. dFrom 38, obtained with 94% e.e. The e.e. value was 

determined after reacylation. eAgNTf, tBu3tpy and PhI=NNs. fNaH, Selectfluor 
and KOAc. gNH3(aq) and tBuOCl. hAgNTf, tBu3tpy, PhI=NNs and NaHCO3. [O], 
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manipulation of these products readily afforded deacylated sulfil-
imine (103) and sulfinamide (104), as well as isopropyl sulfinimidate 
ester (105; Fig. 3a, top). In addition, sulfilimines 38 and 89 could be 
straightforwardly transformed into sulfoxides 102 and 106 (Fig. 3a, 
top), respectively, which bear similar S substituents that are otherwise 
challenging to differentiate stereochemically by direct oxidation meth-
ods (Supplementary Fig. 14). The presence of organometallic-labile 
functional groups, such as carboxylic esters, also complicates the tradi-
tional stochiometric nucleophilic substitution method used to prepare 
S-chiral dialkylsulfoxides. Importantly, this synthetic strategy enables 
the rare catalytic stereoselective synthesis of a prominent anti-cancer 
drug (113; Fig. 3b), fulvestrant, which has hitherto been commercial-
ized in its diastereomeric mixture form due to the aforementioned 
synthetic challenges.

An intriguing prospect involves using stereoselective reactions to 
convert these chiral S(IV) centres into their corresponding chiral S(VI) 
centres (Fig. 3a, bottom). As such, chiral sulfilimine 36 was successfully 
transformed into sulfondiimine 107 and sulfoximine 108, and sulfi-
namidine 57 into sulfondiimidamide 111 and sulfonimidamide 112 by 
treatment with appropriate oxidants under catalytic conditions46. Fur-
thermore, sulfinamide 40′ was oxidized to generate sulfonimidoyl fluo-
ride 109 and sulfonimidamide 110. Both 10553 and 10954 are well-known 
synthetic hubs towards a number of chiral S(IV) and S(VI) compounds. 
Notably, all of these reactions transferred the chiral information of the 
S(IV) centres quantitatively to the S(VI) centres of the products. Thus, 
this asymmetric radical coupling reaction offers medicinal chemists 
a comprehensive synthetic solution to investigate the novel chiral 
chemical space relating to sulfur-based bioactive molecules.

Mechanistic studies
Control experiments with radical inhibitors (2,2,6,6-tetram
ethylpiperidin-1-yl)oxyl (TEMPO) or 2,6-di-tert-butyl-4-methylphenol 
(BHT) led to substantial retardation of the coupling reactions with 
C-, N-, O-, S- and P-based electrophiles (Fig. 3c and Supplementary  
Figs. 15–20), supporting the presumed involvement of radical spe-
cies. More intriguingly, the catalytic system could convert radicals R7  
and R12, generated by hydrogen atom abstraction from the correspond-
ing hydrocarbon solvents (Supplementary Fig. 21), into the desired 
coupling products 41 and 46, respectively, with high enantioselectivity, 
albeit in low yields. These results further confirmed the intermediacy 
of radical species in the coupling reactions. To rule out a nucleophilic 
substitution pathway, both enantioenriched and racemic alkyl iodide 
C38 were subjected to the coupling reaction (Fig. 3d). The resulting 
product 115 displayed identical diastereoselectivity originating from 
the carbon stereocentres (see Supplementary Fig. 22 for details), in 
accord with the proposed radical mechanism rather than an ionic one. 
In addition, control experiments in the absence of catalyst or base failed 
to afford the enantioenriched products (Supplementary Tables 15 and 
16), indicating that both reaction components are indispensable for 
this transformation. Further experiments in the presence of scalemic 
ligands revealed a linear relationship between the enantiopurities of 
the ligands and their corresponding products (Supplementary Fig. 23), 
supporting a 1:1 ligand/copper ratio in the enantiodetermining step. 
More importantly, our initial stoichiometric experiments clearly dem-
onstrated the ready formation of Cu(II)–sulfinimidoyl complexes and 
their susceptibility towards radical substitution reactions (Fig. 2a). Our 
preliminary density functional theory studies (Supplementary Figs. 24–
32 and Supplementary Tables 17–22) on the final radical bond forma-
tion step revealed a stereoinvertive SH2-type radical substitution15 
mechanism. All these mechanistic results are in full agreement with 
the proposed catalytic cycle shown in Fig. 2b.

Conclusions
We have developed a highly enantioselective radical cross-coupling 
reaction with broad substrate scope using copper(I) catalysts in 

combination with chiral multidentate anionic ligands. This method 
efficiently achieves the enantioselective construction of C-, P- and 
S-centred chiral centres, demonstrating broad compatibility with a 
wide range of organic radicals. The remarkable tolerance towards highly 
reactive radicals is attributed to a sequential stereodiscrimination and 
chirality transfer strategy. We anticipate that this asymmetric radical 
coupling approach will be broadly applicable to the synthesis of both 
heteroatomic and carbon stereocentres, thereby advancing the field 
of asymmetric radical chemistry.
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Methods
Representative procedure for enantioenriched C-chiral  
compounds
Under an argon atmosphere, an oven-dried, resealable Schlenk tube 
equipped with a magnetic stir bar was charged with CuI (1.9 mg, 
0.010 mmol, 5.0 mol%), L1 (9.1 mg, 0.015 mmol, 7.5 mol%), Cs2CO3 
(65.2 mg, 0.20 mmol, 1.0 equiv.), proton sponge (4.3 mg, 0.020 mmol, 
10 mol%), γ-aminocarbonyl alcohol (0.20 mmol, 1.0 equiv.) and anhy-
drous CHCl3 (1.0 ml). The corresponding sulfonyl chloride (0.18 mmol, 
0.9 equiv.) was then added and the reaction mixture was stirred at 
room temperature. Upon completion, the precipitate was filtered 
off and washed with EtOAc. It was then concentrated and the residue 
was purified by column chromatography on silica gel to afford the 
desired product.

Representative procedure for enantioenriched  
P-chiral compounds
An oven-dried, resealable Schlenk tube equipped with a magnetic stir 
bar was charged with CuBr (1.42 mg, 0.010 mmol, 10 mol%), L2 (9.8 mg, 
0.015 mmol, 15 mol%), S19 (25.6 mg, 0.10 mmol, 1.0 equiv.), radical 
precursor (0.15 mmol, 1.5 equiv.) and Cs2CO3 (97.6 mg, 0.30 mmol, 
3.0 equiv.). The tube was evacuated and backfilled with argon three 
times. Anhydrous toluene (4.0 ml) was then added by syringe under 
argon and the reaction mixture was stirred at room temperature. On 
completion, the precipitate was filtered off and washed with CH2Cl2. 
The filtrate was concentrated and the residue was purified by column 
chromatography on silica gel to afford the desired product.

Representative procedure for enantioenriched  
S-chiral compounds
Under an argon atmosphere, an oven-dried, resealable Schlenk tube 
equipped with a magnetic stir bar was charged with sulfenamide 
(0.20 mmol, 1.0 equiv.), CuI (1.9 mg, 0.010 mmol, 5.0 mol%), L4 (7.9 mg, 
0.015 mmol, 7.5 mol%), K3PO4 (127.4 mg, 0.60 mmol, 3.0 equiv.) and 
anhydrous CH2Cl2, EtOAc or MeCN (2.0 ml). The radical precursor 
(0.24 or 0.30 mmol, 1.2 or 1.5 equiv.) was then added and the reaction 
mixture was stirred at −10 to 40 °C. On completion, the precipitate was 
filtered off and washed with CH2Cl2. The filtrate was concentrated and 
the residue was purified by column chromatography on silica gel to 
afford the desired product.
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