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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
importantimplications 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
disciplines'. A central goal in synthetic chemistry is the development of
reactions that combine high yields with broad substrate scope, thereby
maximizing reaction generality®. Achieving this level of generality in
catalyticasymmetric reactionsis particularly challenging, as optimiz-
ingforbothselectivity and yield ofteninvolves addressing the complex
issue of enantioselectivity*’. The challenge is especially pronounced
for very reactive species, such asradicals, where the control of stereo-
chemistry remains formidable®’.

Traditional approaches to catalytic asymmetric radical bond-
forming processes®’, including coupling, addition and substitution,
typically rely on stereodiscrimination between a prochiral radical or its
reaction partner and the catalyst (see Fig. 1aand 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. Asaresult, cata-
lytic reactions involving highly unstable and reactive radicals often
afford poor or only marginal enantioselectivity’ (Fig. 1b). Although
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Fig. 1| Sequential stereodiscrimination and chirality transfer strategy for
asymmetric transformations of highly reactive radicals. a, Stereocontrol
inelementary 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. ¢, The proposed
sequential stereodiscrimination and chirality transfer strategy addresses this by
establishing stereocontrol at an early stage through the formation of relatively

-

Outstanding radical scope >50 radicals with distinct reactivity

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; TS, transition state of Risomer; TS,
transition state of Sisomer; AG, free-energy barrier; AAG, free-energy difference
between diastereomeric pathways; e.r., enantiomeric ratio; E-H, element-
hydrogenbond; ‘Bu, tert-butyl; Cu*, chiral copper catalyst; LG, leaving group.

catalyst-radical association or complexation strategies can sometimes
improve selectivity® ™, 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 radicals" 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

strategies'>", remains unreported. Even more unstable species, such

as tert-butoxyl and phenyl radicals"”, present even greater challenges
for enantioselective catalysis.

To overcome the difficulties associated with stereodiscrimination
inhighly reactiveradical systems, we envisioned a sequential stereodis-
crimination and chirality transfer strategy (Fig. 1c). Inthis approach, a
prochiral or racemic substrate first forms a catalyst-bound complex,
thereby establishing arobust stereocentre in the substrate under con-
ditionsinwhichtherelevant species are relatively stable. This process
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Fig. 2 | Inspirations and reaction development. a, Synthesis of the Cu(ll)-
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. ¢, Copper-catalysed enantioselective
0-S, P-Cand S-C coupling of y-aminocarbonyl alcohol $2, 3-aminocarbonyl

H-phosphinate S19 and N-acylsulfenamide $20 with sulfonyl, benzyl and
phenyl radicals, respectively. Tp™?, hydrotris(3,5-diphenylpyrazol-1-yl)borate;
Ph, phenyl; Tol, p-tolyl; Et, ethyl; Bz, benzoyl; 1dl, 1-indolinyl; ‘Pr, 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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Table 1| Scope of the enantioselective coupling of alcohols

Cul (5.0 mol%) Idl (0]
L1 (7.5 mol%)
Hm=! o
Cs,CO0;3 (1.0 equiv.) R* R
proton sponge (10 mol%)
CHCl3, argon, r.t.
2-19

With 3-fluorophenylsulfonyl radicals

Me Y‘ze; Et Y‘zl;

2, 47%, 92% e.e.
s=79

Cﬁe{

8, 50%, 93% e.e.
s=91

3, 47%, 94% e.e.?
s=100

4, 45%, 93% e.e.
s=78

o

9, 50%, 91% e.e.
s=75

10, 48%, 91% e.e.
s=70

‘z{
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15, 35%, 83% e.e.?

Me ‘z?{
MeX
Me

14, 43%, 95% e.e.
s=102

16, 35%, 87% e.e.?

AN L3

|

5,47%,91% e.e.
s=67

11, 40%, 92% e.e.
s=74

6, 49%, 88% e.e.
s=51

AT

12, 48%, 94% e.e.
s=115

7,49%, 94% e.e.
s=121

O

13, 49%, 92% e.e.
s=85
With other radicals

- 1 (0]
N Et CC Il
| 4 EO<P
F EtO

17, 40%, 84% e.e.®P 18, 33%, 90% e.e.2¢ 19, 25%, 79% e.e.®d

Standard reaction conditions: y-aminocarbonyl alcohol (0.20 mmol, 1.0 equiv.), 3-fluorobenzenesulfonyl chloride H1 (0.18 mmol, 0.90equiv.), Cul (0.010 mmol, 5.0 mol%), L1 (0.015mmol,
7.5mol%), Cs,CO; (0.20mmol, 1.0equiv.) and proton sponge (0.020 mmol, 10mol%) in CHCL, (1.0ml) 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=In[(1-c)(1-e.e.5)]/In[(1-c)(1+e.e.5)], where conversion c=e.e.¢/(e.e.s+e.e.;), and e.e.s and e.e.; 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. °See Supplementary Section 6 for details of modified
conditions. ®With 2-bromobenzenesulfonyl chloride H2 as sulfonyl radical precursor. °With 3-ethylbenzaldehyde €1and tert-butyl propyl carbonoperoxoate 02 as acyl radical precursors.
dWith diethyl ({[(2,6-dichlorobenzoyl)oxylimino}(p-tolyl)methyl)phosphonate P1 as phosphonyl radical precursor. r.t., room temperature; "Bu, n-butyl; Boc, tert-butyloxycarbonyl.

facilitates stereocontrol at an early stage, before the engagement of
highly reactiveradicals. Subsequently, the catalyst-bound intermediate
undergoes aradical 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
participatesin 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
reactiveradical species, toachieve efficient and selective stereocontrol
inotherwise challenging radical transformations.

Motivated by the generally high reaction rates and well-defined
stereochemical outcomes™ of radical substitution reactions®, particu-
larly in transition metal catalysis®'*", we identified radical substitution
as a promising platform for chirality transfer. Radical substitution
processes are already widely employed to construct diverse carbon-
carbon'®*, carbon-heteroatom'*** and heteroatom-heteroatom”
bonds. However, the development of highly enantioselective radical
substitution reactions'?® that accommodate abroad 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 y-aminocarbonyl
alcohols, B-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,
enablingaccessto awide variety of enantioenriched C-, P-and S-chiral

compounds. The excellent tolerance of highly reactive radicalsin this
reactionisachieved through astrategy thatinvolves 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 hasseenrapid advancesin transition metal-catalysed
asymmetric radical cross-coupling reactions®>*'. 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“M""'-Nu* complex
(L*, chiral ligand; M, transition metal center); for example, interme-
diate Il in Fig. 2b) with a configurationally stable chiral nucleophile
(Nu*) motifwould be greatly preferred. With this inmind, we promptly
identified sulfur nucleophiles as promising candidates given the often
robust metal-Sbonds®. Inaddition, S(II) and S(IV) compounds have a
pronounced propensity to engage inintramolecular homolytic substi-
tution (S,i) reactions®**, with particularly high stereochemical fidelity
in some cases™.

S(IV)-metal complexes with S-stereogenic centres can be formed
through S(I)-S(IV) tautomerization in bivalent sulfur compounds,
such as N-acylsulfenamides’®, upon deprotonation. Thus, we initially
chose N-acylsulfenamides as nucleophiles and proceeded to verify
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Table 2 | Scope of the enantioselective coupling of H-phosphinates

R —X

S19 Radical precursor

CuBr (10 mol%)
L2 (15 mol%) R

L.
Idl o

20-34

Cs,CO3 (3.0 equiv.)
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Me OMe
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0 0

Me OMe

30, 52%, 88% e.e. 31, 60%, 88% e.e.
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0

22, 85%, 90% e.e.

27, 77%, 88% e.e.
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24,93%,91% e.e.

Br

COOMe CN

Hch HZC’@
(@] (@]

HZC
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(@]

28, 95%, 86% e.e.

Br

29, 72%, 87% e.e.

Other C- and N-centred radicals
(0]

Ar

TIPS

34, Ar = 1-naphthyl
40%, 85% e.e.2°

33, 60%, 90% e.e.??

Standard reaction conditions: $19 (0.10 mmol, 1.0equiv.), benzyl bromide (0.15mmol, 1.5equiv.), CuBr (0.010 mmol, 10 mol%), L2 (0.015 mmol, 15mol%) and Cs,CO; (0.30 mmol, 3.0 equiv.)
in toluene (4.0ml) at r.t. for 4d under argon. Isolated yields are given. The e.e. values are based on chiral HPLC analysis. *See Supplementary Section 6 for details of modified conditions.
With 3-triisopropylsilylpropargyl bromide €15 as propargyl radical precursor. “With 1-benzoyloxy-4-(1-naphthoyl)piperazine N1 as aminyl radical precursor. TIPS, triisopropylsilyl.

the above-mentioned hypothesis using several stoichiometric control
experiments. Following our recent achievementsin copper-catalysed
asymmetric radical carbon-heteroatom bond formation*?’, we rea-
soned that copper would be the ideal transition metal catalyst due to
its high resistance to sulfur poisoning. When N-acylsulfenamide S1was
mixed with copperinthe presence of base, a well-defined copper(Ill)-
sulfinimidoyl complex M1 was formed instead of a copper(ll)-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 M1was treated with triethylborane under standard
conditions for ethyl radical generation. In addition to the sulfilimine
product1, the ethylene-bonded copper(l) complex M2** 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(l) complex likely undergoesligand exchange with the ethylene
generated in situ®, thereby affording M2 and releasing 1, as detailed
in the proposed mechanism shown in Supplementary Fig. 10. These
findings suggested that copper(l) 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
theintramolecular 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 $2, H-phosphinate
$19 and sulfenamide S20 as substrates to achieve various stereocen-
tres (Fig.2c). The tethered carbonyl groupsin these compounds were
introduced as anchors to enhance the stereodiscrimination during the
formation of the envisioned chiral L*M"-Nu* complex. Following a
series of brief screening campaigns (Supplementary Tables1,4 and12),
we observed highly enantioselective O-S, P-Cand 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,
phenylradicals are extremely reactive species (C-Hbond dissociation
energy (BDE): 113 kcal mol™), 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 -position were well toler-
ated (see Supplementary Figs.4 and 5 for the X-ray structures of enanti-
oenrichedS5and9, respectively). Inaddition, 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), abroad 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-
argyland aminyl radicals also worked well (see Supplementary Tables 5
and 6 for the optimization of conditions), affording the P-C and P-N
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Table 3 | Scope of radicals in the enantioselective coupling with N-acylsulfenamides
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Standard reaction conditions: N-acylsulfenamide $20 (0.20 mmol), alkyl bromide (1.2equiv.), Cul (5.0 mol%), L4 (7.5 mol%) and K;PO, (3.0 equiv.) in CH,Cl, (2.0ml) at r.t. under argon. Isolated
yields are given. The e.e. values are based on chiral HPLC analysis. *Predicted C-H BDE by DeepSynthesis at http://pka.luoszgroup.com/bde_prediction. *°Experimental C-H BDE from ref. 41.
°See Supplementary Section 6 for details of modified conditions. “With alkyl iodide and MesN,BF, as alkyl radical precursors. *With Togni’s reagent Il as trifluoromethyl radical precursor.
'With PhN,BF, as phenyl radical precursor. “With N-benzoyloxyamine as aminyl radical precursor. "With ‘BuOOH as tert-butoxyl radical precursor. In addition to 40, (S;)-TolS(=0)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; "Pr, n-propyl; Mes, mesityl; Piv, tert-butylcarbonyl.

coupling products 33 and 34, respectively, with high enantioselectivity. The copper-catalysed strategy effectively produced a diverse array
Itisworth mentioning that thismethod enables the direct conversion  of chiral sulfilimines (35-37 and 41-56) from various alkyl radicals
of racemic phosphinates into chiral phosphonamidates, which are  (see Supplementary Figs.7 and 8 for the X-ray structures of 36 and 46,
now considered privileged structures in nucleoside drug discovery. respectively, and Supplementary Tables 7-11 for the optimization of

To further demonstrate the radical generality of this strat- conditions). These alkyl radicals exhibited varying stability"*, ranging
egy, we next investigated the scope of electrophiles using fromthehighlystabilized benzyl radical R7 (C-HBDE: 90 kcal mol™) to
N-acylsulfenamide $20 as the standard nucleophile (Table 3). We  thevery unstable methyl radical R22 (C-H BDE: 105 kcal mol™), and all
examined a range of alkyl halides as precursors to alkyl radicals, gaveexcellentenantioselectivities and highisolatedyields. Inaddition
which were generated using copper-catalysed direct halogen atom  to radical stability, the present asymmetric cross-coupling reaction
transfer (XAT) or indirect aryl radical-mediated XAT processes*’.  showed substantial insensitivity towards radical steric properties,
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Table 4 | Scope of N-acylsulfenamides

Cul (5.0 mol%), L4 (7.5 mol%) Pi"ﬁ
S —
R NHPiv + X -5 R
K3POy4 (3.0 equiv.), CH,Cl,, argon, r.t. <.
N-acylsulfenamide Radical precursor 69-101
NPiv wPiV NPiv

l\fPiv

: _§-~=RC
Bu

‘\
<
@
: E
0y 'w =
..\‘
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o

HPiv

o O
AcHN FsC

69, 94%, 98% e.e.

NPiv
I}

: §—=RC
Me

75, 78%, 95% e.e.

70, 97%, 95% e.e.

NPiv

71, 80%, 96% e.e.

ll\llPiv
S

77,80%, 93% e.e.

RC

72, 80%, 99% e.e.

NPiv

78,90%, 81% e.e.?

73, 96%, 90% e.e.

NPiv

M, S—=RC
e\@?

79, 78%, 96% e.e.

74, 90%, 92% e.e.

NPiv
I}

C
Ph._.S R

"-

80, 75%, 94% e.e.

”Piv NPiv

cl S—=RC
RvARS

81, 90%, 96% e.e.?

TBDPSO.,, .S —R .
Ry Me

83, 74%, 94% e.e.?

II\IlPiv

O/S‘ )

85, 80%, 98% e.e.

NPiv Me NPiv
C )\/g RC

84, 84%, 96% e.e.

Me Y
e
NPiv NPiv ,k
(@) ’ o] _ ]
I Il PivN PivN
S—=RC S—=RC (¢} Il 1l
l/ “ . Me_ O NPiv Me\e,s_ ( g OMe Me\®/§ ( g Me
BocN >< . 1 c 5z, 5%,
Me o™ R
(@) -
86, 83%, 94% e.e. 87, 54%, 89% e.e. 88, 96%, >20:1 d.r. ’ 89, 75%, 96% e.e.*P 90, 77%, 96% e.e.*
NPIV NP|v NP|v NPlv NPiv
I} / \

/©/\_/

92, 67%, 96% e.e.®°

/@/\_/

91, 95%, 96% e.e.2¢

g N/ \O NPlv NHPi
74 L/ Me Y
a¢ s O

96, 44%, 97% e.e.2° 97, 95%, 97% e.e.2° 98, 98%, 94% e.e.®d

MeOZC\©/ ;

93, 86%, 96% e.e.2¢

s 0
S =N
~ O

95, 73%, 95% e.e.2¢

O/
94, 75%, 97% e.e.?°

o

(o]
S-1iNHPiv .
\_. S S'\'"'NHPIV

99, 98%, 92% e.e.®d

o
Me S:+INHPiv
TN

100, 95%, 93% e.e.>d 101, 82%, 91% e.e.®4

Standard reaction conditions: N-acylsulfenamide (0.20 mmol), radical precursor (1.2equiv.), Cul (5.0 mol%), L4 (7.5 mol%) and K;PO, (3.0 equiv.) in CH,Cl, (2.0ml) at r.t. under argon. Isolated
yields are given. The e.e. values are based on chiral HPLC analysis. *See Supplementary Section 6 for details of modified conditions. "With alkyl iodide and MesN,BF , as alkyl radical
precursors. *With N-benzoyloxymorpholine. ®With ‘BUuOOH. R¢, CH,C=CSiMe,; Ac, acetyl; TBDPS, tert-butyldiphenylsilyl; d.r., diastereomeric ratio.

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 polarity*>*’, 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 RS and the highly electrophilic tert-butoxyl radical R6 readily
underwent the coupling reaction (see Supplementary Tables13and 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 -scission (rate
constant k at 295K in acetonitrile: 6 x 10*s™)*, resulting in methyl
radicals and acetone. However, in our reaction, the coupling product
40 wasefficiently formed while acetone was barely detected, indicating
avery fast radical substitution process, as originally presumed. Inter-
estingly, we were able to convert N-acylsulfenamide $20 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)***%, Some elegant catalytic asymmetric methods have been
disclosed for the synthesis of these valuable molecules*™ (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. Asshownin 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
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Accessible S(VI)-stereogenic building blocks
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47% total yield in foursteps, 98:2 d.r.
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With BHT (2.0 equiv.): 56, 32%, 91% e.e. \
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NCbz MTBE, argon, r.t., 24 h Me
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Fig. 3| Synthetic utility and mechanistic studies. a, Transformations of
enantioenriched S-chiral products. b, Enantioselective synthesis of fulvestrant.
¢, 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 alkyliodide gave
identical diastereoselectivity, supporting a radical mechanism. °RuCl; and NalO,.
>BuONO. “Prland K,CO,. “From 38, obtained with 94% e.e. The e.e. value was

With racemic C38: 115, 68%, 1.3:1 d.r., 93%/93% e.e.
With enantioenriched C38 (>99% e.e.): 115, 69%, 1.3:1 d.r., 94%/93% e.e.

determined after reacylation. °AgNTf, ‘Bu,tpy and PhI=NNs. ‘NaH, Selectfluor
and KOAc. 8NH,(aq) and ‘BuOCI. "AgNTf, ‘Bu,tpy, PhI=NNs and NaHCO,. [0],
oxidation; [R], reduction; [Alk], alkylation; "Hex, n-hexyl; [N], imidation or
amination; [F], fluorination; Ns, p-nitrobenzenesulfonyl; MTBE, methyl tert-butyl
ether; Tf, trifluoromethanesulfonyl; ‘Bustpy, 4,4",4"-tri-tert-butyl-2,2":6',2"-
terpyridine; Cbz, benzyloxycarbonyl.

sulfinamidines 91-97 and sulfinamides 98-101>* 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

Themethodreported 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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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, whichbear 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
therare catalytic stereoselective synthesis of aprominent anti-cancer
drug (113; Fig. 3b), fulvestrant, which has hitherto been commercial-
ized in its diastereomeric mixture form due to the aforementioned
synthetic challenges.

Anintriguing prospectinvolves 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 conditions*®. Fur-
thermore, sulfinamide 40’ was oxidized to generate sulfonimidoyl fluo-
ride109 and sulfonimidamide 110. Both 105>* and 109°* are well-known
synthetic hubs towards anumber 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
andR12, generated by hydrogen atomabstraction from the correspond-
ing hydrocarbon solvents (Supplementary Fig. 21), into the desired
coupling products41and 46, respectively, with high enantioselectivity,
albeitin lowyields. These results further confirmed the intermediacy
ofradical species inthe coupling reactions. To rule out a nucleophilic
substitution pathway, both enantioenriched and racemic alkyliodide
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 withthe proposed radical mechanismrather thananionicone.
Inaddition, 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 experimentsin the presence of scalemic
ligands revealed a linear relationship between the enantiopurities of
theligands and their corresponding products (Supplementary Fig. 23),
supporting a 1:1ligand/copper ratio in the enantiodetermining step.
Moreimportantly, our initial stoichiometric experiments clearly dem-
onstrated the ready formation of Cu(ll)-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 S,2-type radical substitution®
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(l) 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
widerange of organicradicals. The remarkable tolerance towards highly
reactiveradicalsis attributed to asequential 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.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41557-025-01970-1.

References

1. Kurti, L. & Czako, B. Strategic Applications of Named Reactions
in Organic Synthesis: Background and Detailed Mechanisms
(Elsevier, 2005).

2. Blakemore, D. C. et al. Organic synthesis provides opportunities
to transform drug discovery. Nat. Chem. 10, 383-394 (2018).

3. Collins, K. D. & Glorius, F. A robustness screen for the rapid
assessment of chemical reactions. Nat. Chem. 5, 597-601 (2013).

4. Wagen, C.C., McMinn, S. E., Kwan, E. E. & Jacobsen, E. N.
Screening for generality in asymmetric catalysis. Nature 610,
680-686 (2022).

5. Rein, J. et al. Generality-oriented optimization of enantioselective
aminoxyl radical catalysis. Science 380, 706-712 (2023).

6. Proctor, R.S. J., Colgan, A. C. & Phipps, R. J. Exploiting attractive
non-covalent interactions for the enantioselective catalysis
of reactions involving radical intermediates. Nat. Chem. 12,
990-1004 (2020).

7.  Mondal, S. et al. Enantioselective radical reactions using chiral
catalysts. Chem. Rev. 122, 5842-5976 (2022).

8. Lee, W.-C. C. & Zhang, X. P. Metalloradical catalysis: general
approach for controlling reactivity and selectivity of homolytic
radical reactions. Angew. Chem. Int. Ed. 63, €202320243 (2024).

9. Li, J. etal. Site-specific allylic C-H bond functionalization with a
copper-bound N-centred radical. Nature 574, 516-521(2019).

10. Zhang, H. et al. Site- and enantioselective allylic and propargylic
C-H oxidation enabled by copper-based biomimetic catalysis.
Nat. Catal. 8, 58-66 (2025).

1. Hioe, J. & Zipse, H. in Encyclopedia of Radicals in Chemistry,
Biology and Materials (eds Chatgilialoglu, C. & Studer, A.)
https://doi.org/10.1002/9781119953678.rad012 (Wiley, 2012).

12. Li, Y. etal. Cobalt-catalysed enantioselective C(sp®)-C(sp®)
coupling. Nat. Catal. 4, 901-911 (2021).

13. Li, J. et al. Enantioselective alkylation of a-amino C(sp®)-H bonds
via photoredox and nickel catalysis. Nat. Catal. 7, 889-899 (2024).

14. Upton, C. J. & Incremona, J. H. Bimolecular homolytic substitution
at carbon. Stereochemical investigation. J. Org. Chem. 41,
523-530 (1976).

15. Walton, J. C. Homolytic substitution: a molecular ménage a trois.
Acc. Chem. Res. 31, 99-107 (1998).

16. Zhang, Y., Li, K.-D. & Huang, H.-M. Bimolecular homolytic
substitution (S,,2) at a transition metal. ChemCatChem 16,
202400955 (2024).

17. Milan, M., Bietti, M. & Costas, M. Enantioselective aliphatic C-H
bond oxidation catalyzed by bioinspired complexes. Chem.
Commun. 54, 9559-9570 (2018).

18. Liu, W., Lavagnino, M. N., Gould, C. A., Alcazar, J. & MacMillan, D.
W. C. A biomimetic S,;2 cross-coupling mechanism for quaternary
sp-carbon formation. Science 374, 1258-1263 (2021).

Nature Chemistry | Volume 18 | January 2026 | 142-151

150


http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-025-01970-1
https://doi.org/10.1002/9781119953678.rad012
https://doi.org/10.1002/9781119953678.rad012

Article

https://doi.org/10.1038/s41557-025-01970-1

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Li, L.-J. et al. Enantioselective construction of quaternary
stereocenters via cooperative photoredox/Fe/chiral primary
amine triple catalysis. J. Am. Chem. Soc. 146, 9404-9412 (2024).
Wang, Y., Wen, X., Cui, X. & Zhang, X. P. Enantioselective radical
cyclization for construction of 5-membered ring structures by
metalloradical C-H alkylation. J. Am. Chem. Soc. 140, 4792-4796
(2018).

Lee, W.-C. C., Wang, D.-S., Zhu, Y. & Zhang, X. P. Iron(lll)-based
metalloradical catalysis for asymmetric cyclopropanation via a
stepwise radical mechanism. Nat. Chem. 15, 1569-1580 (2023).
Wang, F.-L. et al. Mechanism-based ligand design for copper-
catalysed enantioconvergent C(sp®)-C(sp) cross-coupling of
tertiary electrophiles with alkynes. Nat. Chem. 14, 949-957
(2022).

Lang, K., Torker, S., Wojtas, L. & Zhang, X. P. Asymmetric induction
and enantiodivergence in catalytic radical C-H amination via
enantiodifferentiative H-atom abstraction and stereoretentive
radical substitution. J. Am. Chem. Soc. 141, 12388-12396 (2019).
Lang, K., Li, C., Kim, . & Zhang, X. P. Enantioconvergent
amination of racemic tertiary C-H bonds. J. Am. Chem. Soc. 142,
20902-20911(2020).

Xu, P., Xie, J., Wang, D.-S. & Zhang, X. P. Metalloradical approach
for concurrent control in intermolecular radical allylic C-H
amination. Nat. Chem. 15, 498-507 (2023).

Xu, H., Wang, D.-S., Zhu, Z., Deb, A. & Zhang, X. P. New

mode of asymmetric induction for enantioselective radical
N-heterobicyclization via kinetically stable chiral radical center.
Chem 10, 283-298 (2024).

Tian, Y. et al. A general copper-catalysed enantioconvergent
C(sp?)-S cross-coupling via biomimetic radical homolytic
substitution. Nat. Chem. 16, 466-475 (2024).

Zhang, Y.-F. et al. Asymmetric amination of alkyl radicals

with two minimally different alkyl substituents. Science 388,
283-291(2025).

Cheng, Y.-F. et al. Cu-catalysed enantioselective radical
heteroatomic S-O cross-coupling. Nat. Chem. 15, 395-404
(2023).

Cherney, A. H., Kadunce, N. T. & Reisman, S. E. Enantioselective
and enantiospecific transition-metal-catalyzed cross-coupling
reactions of organometallic reagents to construct C-C bonds.
Chem. Rev. 115, 9587-9652 (2015).

Choi, J. & Fu, G. C. Transition metal-catalyzed alkyl-alkyl bond
formation: another dimension in cross-coupling chemistry.
Science 356, eaaf7230 (2017).

Omann, L., Kénigs, C.D. F., Klare, H. F. T. & Oestreich, M.
Cooperative catalysis at metal-sulfur bonds. Acc. Chem. Res. 50,
1258-1269 (2017).

Crich, D. Homolytic substitution at the sulfur atom as a tool for
organic synthesis. Helv. Chim. Acta 89, 2167-2182 (2006).
Garrido-Castro, A. F., Salaverri, N., Maestro, M. C. & Aleman, J.
Intramolecular homolytic substitution enabled by photoredox
catalysis: sulfur, phosphorus, and silicon heterocycle synthesis
from aryl halides. Org. Lett. 21, 5295-5300 (2019).

Coulomb, J. et al. Intramolecular homolytic substitution of

sulfinates and sulfinamides. Chem. Eur. J. 15,10225-10232 (2009).

Zhong, W. et al. Synthesis and reactivity of the imido-bridged
metallothiocarboranes CpCo(S,C,B;oH;0)(NSO,R).
Organometallics 31, 6658-6668 (2012).

Chen, J.-J. et al. Enantioconvergent Cu-catalysed N-alkylation of
aliphatic amines. Nature 618, 294-300 (2023).

38. van Dijkman, T. F. et al. Extremely bulky copper(l) complexes of
[HB(3,5-{1-naphthyl},pz),]” and [HB(3,5-{2-naphthyl},pz),]” and their
self-assembly on graphene. Dalton Trans. 46, 6433-6446 (2017).

39. Grotewold, J., Lissi, E. A. & Scaiano, J. C. Mechanism of the
autoxidation of triethylborane. Part |. Reaction in the gas phase.
J. Chem. Soc. B https://doi.org/10.1039/J29690000475 (1969).

40. Cai, A., Yan, W., Wang, C. & Liu, W. Copper-catalyzed
difluoromethylation of alkyl iodides enabled by aryl radical
activation of carbon-iodine bonds. Angew. Chem. Int. Ed. 60,
27070-27077 (2021).

A1. Luo, Y.-R. Comprehensive Handbook of Chemcial Bond Energies
(CRC Press, 2007).

42. Parsaee, F. et al. Radical philicity and its role in selective organic
transformations. Nat. Rev. Chem. 5, 486-499 (2021).

43. Garwood, J. J. A., Chen, A. D. & Nagib, D. A. Radical polarity.

J. Am. Chem. Soc. 146, 28034-28059 (2024).

44. Tsentalovich, Y. P., Kulik, L. V., Gritsan, N. P. & Yurkovskaya, A. V.
Solvent effect on the rate of (3-scission of the tert-butoxyl radical.
J. Phys. Chem. A102, 7975-7980 (1998).

45. Zhang, Z.-X. & Willis, M. C. Sulfondiimidamides as new functional
groups for synthetic and medicinal chemistry. Chem 8, 1137-1146
(2022).

46. Zhang, X., Wang, F. & Tan, C.-H. Asymmetric synthesis of S(IV) and
S(VI) stereogenic centers. JACS Au 3, 700-714 (2023).

47. Zhang, X., Ang, E. C. X,, Yang, Z., Kee, C. W. & Tan, C.-H. Synthesis
of chiral sulfinate esters by asymmetric condensation. Nature
604, 298-303 (2022).

48. Greenwood, N. S., Champlin, A. T. & Ellman, J. A. Catalytic
enantioselective sulfur alkylation of sulfenamides for the
asymmetric synthesis of sulfoximines. J. Am. Chem. Soc. 144,
17808-17814 (2022).

49. van Dijk, L. et al. Data science-enabled palladium-catalyzed
enantioselective aryl-carbonylation of sulfonimidamides. J. Am.
Chem. Soc. 145, 20959-20967 (2023).

50. Liang, Q. et al. Enantioselective Chan-Lam S-arylation of
sulfenamides. Nat. Catal. 7, 1010-1020 (2024).

51. Champlin, A.T., Kwon, N. Y. & Ellman, J. A. Enantioselective
S-alkylation of sulfenamides by phase-transfer catalysis.

Angew. Chem. Int. Ed. 63, €202408820 (2024).

52. Robak, M. T, Herbage, M. A. & Ellman, J. A. Synthesis and
applications of tert-butanesulfinamide. Chem. Rev. 110,
3600-3740 (2010).

53. Tsuzuki, S. & Kano, T. Asymmetric synthesis of chiral sulfimides
through the O-alkylation of enantioenriched sulfinamides and
addition of carbon nucleophiles. Angew. Chem. Int. Ed. 62,
202300637 (2023).

54. Homer, J. A. et al. Sulfur fluoride exchange. Nat. Rev. Methods
Primers 3, 58 (2023).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2025

Nature Chemistry | Volume 18 | January 2026 | 142-151

151


http://www.nature.com/naturechemistry
https://doi.org/10.1039/J29690000475

Article

https://doi.org/10.1038/s41557-025-01970-1

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 Cul (1.9 mg,
0.010 mmol, 5.0 mol%), L1 (9.1 mg, 0.015 mmol, 7.5 mol%), Cs,CO,
(65.2 mg, 0.20 mmol, 1.0 equiv.), proton sponge (4.3 mg, 0.020 mmol,
10 mol%), y-aminocarbonyl alcohol (0.20 mmol, 1.0 equiv.) and anhy-
drous CHCI; (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

Anoven-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 Cs,CO; (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 CH,Cl,.
Thefiltrate was concentrated and the residue was purified by column
chromatography onsilica 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.), Cul (1.9 mg, 0.010 mmol, 5.0 mol%), L4 (7.9 mg,
0.015 mmol, 7.5 mol%), K;PO, (127.4 mg, 0.60 mmol, 3.0 equiv.) and
anhydrous CH,Cl,, EtOAc or MeCN (2.0 ml). The radical precursor
(0.24 0r 0.30 mmol, 1.2 or 1.5 equiv.) was then added and the reaction
mixture wasstirred at -10 to 40 °C. On completion, the precipitate was
filtered offand washed with CH,Cl,. Thefiltrate was concentrated and
the residue was purified by column chromatography on silica gel to
afford the desired product.
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