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Transition metal-catalysed C–C cross-coupling reactions 
have revolutionized organic synthesis, providing an essential 
toolkit for the expedited synthesis of medicines, agrochemi-

cals and functional material molecules1–3. With the goal of pro-
viding sustainable strategies for the synthesis of enantio-enriched 
three-dimensional (3D) molecules, great efforts have been dedi-
cated to the development of chiral earth-abundant first-row transi-
tion metal catalysts (Ni, Co and Fe), which easily convert racemic 
alkyl electrophiles to prochiral alkyl radicals via a single-electron 
transfer (SET) process4–7. Accordingly, the enantioconvergent 
C(sp3)–C cross-coupling of racemic secondary (2°) alkyl electro-
philes has been established with these catalysts (Fig. 1a, left)4–7. 
However, tertiary (3°) alkyl electrophiles have rarely been accom-
modated in this kind of coupling reaction for the construction of 
sterically congested all-carbon quaternary stereocentres8,9, which 
would otherwise provide an excellent complementary approach to 
the established asymmetric transformations of tertiary alkyl electro-
philes via a heterolytic C–X cleavage strategy10–22. This is primarily 
because of the steric hindrance of corresponding tertiary radicals 
and the difficulty in the enantio-differentiation of its three different 
carbon substituents10,11. In an important advance, the enantiocon-
vergent radical C(sp3)–C(sp2/sp3) cross-coupling of racemic tertiary 
alkyl halides under nickel/bisoxazoline catalysis has recently been 
accomplished (Fig. 1a, right)8,9. Despite these efforts, the mecha-
nism for the reactions between the highly reactive tertiary radicals 
and the chiral metal catalysts has so far remained unclear, let alone 
the origins of the stereochemical control, thereby posing substantial 
hurdles for the development of more general methods.

To address these abovementioned challenges and to take advan-
tage of copper catalysis23–25, we initially tried our recently developed 

anionic N,N,P-ligand/Cu catalysts26–28 for coupling racemic sec-
ondary alkyl halides (Fig. 1b) in the coupling reaction of a racemic 
α-aminocarbonyl-α-phenyl alkyl chloride with phenylacetylene. 
Unfortunately, all attempts met with only marginal enantiose-
lectivity, although good yield was generally observed (≤11% e.e., 
≤73% yield, Supplementary Fig. 1). Preliminary density functional 
theory (DFT) calculations revealed that the coupling of the ter-
tiary alkyl radical and alkynyl group proceeded preferably via an 
outer-sphere radical substitution-type C–C bond-formation path-
way (Supplementary Fig. 11 and Supplementary Table 6). This is in 
stark contrast with that of the secondary alkyl radical, which was 
proposed to involve the reductive elimination from an inner-sphere 
Cu(III) intermediate formed upon radical trapping26,29 (Fig. 1c, 
left). Apparently, the enantio-determining transition states in the 
outer-sphere C–C bond-formation mechanism (Fig. 1c, right) are 
more loosely organized, with effective enantio-discriminating inter-
actions30 probably occurring farther away from the first coordination 
spheres around the copper centres, compared with their counter-
parts with the inner-sphere C–C bond-formation mechanism (Fig. 
1c, left). As such, we envisaged that a rationally redesigned ligand 
scaffold with tailor-made features was necessary to achieve enantio-
control of the outer-sphere radical group transfer pathway (Fig. 1d): 
(1) low steric congestion immediately around the first coordination 
sphere for facile accommodation of sterically bulky tertiary alkyl 
radicals and (2) a long spreading side arm to competently interact30 
with either or both substrates in the outer side of the second coordi-
nation sphere for efficient stereodiscrimination.

To this end, in this Article we describe our efforts in develop-
ing a set of amide-derived anionic N,N,N-ligands for realizing a 
general copper-catalysed enantioconvergent radical C(sp3)–C(sp) 
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cross-coupling of racemic tertiary alkyl halides with terminal 
alkynes under mild reaction conditions. The reaction features 
broad substrate scopes (87 examples) with respect to both cou-
pling partners, covering diverse tertiary α-aminocarbonyl alkyl 
chlorides and bromides and a variety of (hetero)aryl-, alkenyl- and 
alkyl-substituted terminal alkynes with good functional group com-
patibility and excellent enantioselectivity (Fig. 1e). More impor-
tantly, this strategy provides universal access to an abundance of 
compounds possessing distinct substitution types of quaternary 
carbon stereocentres when allied with follow-up transformations, 
thus providing a complementary approach to the enantioconver-
gent cross-coupling of tertiary electrophiles with organometallics.

Results and discussion
Ligand design and reaction development. To introduce the envi-
sioned side arm, at the outset we tried to replace the phosphine moi-
ety in previous N,N,P-ligands26–28,31 with a common pyridine ring, 
considering its multiple substitutable C–H bonds with well-defined 
directions as well as its relatively small steric bulkiness. The thus 
modified N,N,N-ligand L*132 (Table 1) successfully afforded the 
coupling product 1 from the reaction of racemic tertiary alkyl chlo-
ride E1 and phenylacetylene A1 in 65% yield, albeit with still low 
enantioselectivity (41% e.e.), thus demonstrating the competence of 
the N,N,N-coordination manifold for promoting the desired reac-
tion. Further replacing the key chiral skeleton with other popular 
diamines resulted in only slight improvement of the enantioselec-
tivity (L*2–L*5), indicating the general lack of competent stereo-
discriminating elements among these ligands. Accordingly, we 
next sought to install the conceived side arm for achieving effective 
enantiocontrol. To our delight, ligand L*6 bearing a meta-phenyl 
substituent on the pyridyl group delivered obviously enhanced 
enantioselectivity (72% e.e.). Changing the arm to the bulkier 
1-naphthyl (L*7) and 9-anthryl (L*8) groups further improved the 

enantioselectivity to around 80% e.e. This salient improvement trend 
prompted us to investigate sterically even larger 3,5-disubstituted 
phenyl rings (L*9–L*11) and the e.e. increased to 86% using L*11. 
The enantioselectivity enhancement was not strictly dependent on 
the chosen chiral skeleton, as the same sterically bulky side arm in 
L*12 also provided greatly improved enantiocontrol in compari-
son with that of L*3. These results collectively indicated the pres-
ence of essential stereodiscriminating interactions in the distant 
region away from the copper centre as well as the backbones of the 
diamines. In accord with our aforementioned conjecture, increasing 
the steric congestion close to the first coordination sphere, either 
by introducing an ortho-methyl group on the pyridyl ring (13) or 
by changing the N,N-dimethyl amino group to bulkier piperidinyl 
(14) and N,N-dibenzyl amino (15) groups, inevitably led to greatly 
diminished reaction efficiency and enantioselectivity. These obser-
vations probably resulted from new interactions between the sub-
strates and the ligands that came into play immediately around the 
first coordination sphere, disfavouring the radical attack and dis-
rupting the enantio-discrimination process. Further evaluation of 
other reaction parameters led to the discovery of the optimal reac-
tion conditions as follows: the reaction of E1 (1.0 equiv.) and A1 
(1.5 equiv.) in the presence of Cu(OTf)2 (10 mol%), L*11 (15 mol%) 
and Cs2CO3 (3.0 equiv.) afforded 1 in 73% yield with 91% e.e. in the 
mixed solvent of methyl tert-butyl ether (MTBE)/cyclohexane (vol/
vol = 2/3) at 10 °C (Table 2; for details of the reaction optimization, 
see Supplementary Table 1). In addition, the large-scale reaction of 
E1 and A1 performed under the same reaction conditions gave the 
desired chiral alkyne 1 with almost the same yield and e.e. (Table 2).

Substrate scope. With the optimal conditions in hand, we examined 
the generality of this enantioconvergent C(sp3)–C(sp) coupling reac-
tion (Table 2). With regard to the scope of α-aminocarbonyl-α-aryl 
alkyl halides, a range of secondary amides derived from aniline and 
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Fig. 1 | Motivation and design of Cu-catalysed enantioconvergent cross-coupling of racemic tertiary alkyl halides with terminal alkynes. a, The 
transition metal-catalysed enantioconvergent radical C(sp3)–C cross-coupling of racemic secondary alkyl halides has been well-established, whereas that 
with racemic tertiary alkyl halides has hitherto remained underdeveloped due to the challenges associated with the great steric hindrance, the difficult 
enantio-differentiation of the tertiary radical, and the unclear stereocontrol model. b, Our previous work on C(sp3)–C(sp) cross-coupling of racemic secondary 
alkyl halides with Cu(I)/N,N,P-ligand catalysts26. c, Different radical coupling mechanisms for secondary and tertiary alkyl radicals. For the 2° radical, 
inner-sphere pathway, compact transition state, interactions more close to Cu. For the 3° radical, outer-sphere pathway, loose transition state, interactions 
more distant to Cu. d, Rational design of chiral ligands for the enantiocontrol of coupling with tertiary alkyl radicals. e, This work on enantioconvergent radical 
C(sp3)–C(sp) coupling of racemic tertiary alkyl halides with terminal alkynes. Eighty-seven examples; up to 90% yield, up to 95% e.e.
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its analogues were suitable substrates to provide the correspond-
ing products 1–11 in up to 82% yield with 86–94% e.e. (for results 
for other α-aryl alkyl halides, see Supplementary Figs. 2 and 3). As 
for the α-substituents, many substrates bearing simple unfunction-
alized aliphatic side chains or those functionalized with terminal 
phenyl, trifluoromethyl, ether, chloro and olefin groups were all 
well accommodated in this process to deliver 12–18 in 62–83% 
yields with 86–93% e.e. In addition, a panel of α-phenyl rings with 
electron-donating or -withdrawing groups at different positions as 
well as an α-naphthyl ring were compatible with the reaction con-
ditions, affording 19–28 with 80–94% e.e. In terms of the scope of 
alkyne substrates, a variety of substituted aryl alkynes all worked 
well to give 29–44 in moderate to good yields with excellent e.e. 
A gamut of functional groups, such as halo (29–33), formyl (39), 
ester (40), nitrile (41) and olefin (42), were well tolerated under the 
standard conditions. Furthermore, many heteroaryl alkynes con-
taining medicinally relevant heterocycles such as thiophene (45 and 
46), benzo[b]thiophene (47), benzo[b]furan (48), pyridine (49), 
quinoline (50) and even a ferrocene-derived alkyne (51) were viable 
substrates, providing products with excellent e.e. More importantly, 
a number of alkenyl and alkyl alkynes underwent the reaction 
smoothly to generate 52–61 with 83–94% e.e. It is noteworthy that 
many functional groups, such as conjugating alkene (53 and 54), 
cyclopropane (55), nitrile (56), acetal (57), ester (58), ether (59), 
carbazole (60) and thioether (61), were left untouched.

Encouraged by the above success, we went on to investigate the 
reaction of α,α-dialkyl-substituted electrophiles (Table 3), during 
which the enantio-differentiation of two alkyl groups is necessary 
and more difficult33. As expected, the original optimal ligand L*11 
exhibited only marginal enantiocontrol (31% e.e.; Supplementary 
Fig. 4) for one alkyl bromide of this kind under standard condi-
tions, and the corresponding alkyl chloride proved to be unreac-
tive. Consistent with our notion regarding the abovementioned 
ligand design, further increasing the steric bulkiness of the side arm 
together with other minor condition modifications quickly restored 
the high enantioselectivity (Supplementary Table 2). Accordingly, 
various (hetero)aryl and alkenyl alkynes were successfully coupled 
with a set of α,α-dialkyl-substituted alkyl bromides to give 62–69 
with moderate to excellent enantioselectivity under the reoptimized 

conditions (Table 3). It is noteworthy that the reaction on the most 
challenging α-ethyl-α-methyl-substituted alkyl bromide delivered 
product 70 in promising enantioselectivity; this is currently under 
further optimization in our laboratory.

To further strengthen the synthetic potential of this methodol-
ogy, we next investigated the coupling of 2-azetidinone-derived ter-
tiary alkyl bromides with alkynes (Table 4), given the importance 
of enantio-enriched β-lactams as key motifs in natural products 
and active pharmaceutical ingredients34–37 as well as valuable syn-
thons in organic synthesis38. Interestingly, the desired product 71 
was directly obtained from the corresponding coupling partners 
with 75% yield and 73% e.e. (Supplementary Table 3) in the pres-
ence of simple N,N,N-ligand L*1 (Table 1). By contrast, L*5 (Table 
1), having the best chiral diamine backbone for acyclic tertiary 
halide substrates, only delivered marginal enantioselectivity (28% 
e.e., Supplementary Table 3) for the cyclic bromide. These results 
probably indicate enantio-determining transition states with the 
azetidinone-derived alkyl radical residing closer to the copper cen-
tre due to its relatively small bulkiness. In this case, interactions 
closer to the first coordination sphere might become important for 
effective enantio-discrimination. After additional systematic opti-
mization of reaction parameters (Supplementary Table 3), we iden-
tified L*17–19 as effective ligands for the coupling of various sorts of 
alkynes and 2-azetidinone-derived tertiary alkyl bromides (Table 4). 
Most importantly, the reaction on bromide substrates bearing sec-
ondary α-alkyl groups or even an α-ethyl group provided products 
85–87 with good yield and excellent enantioselectivity, thus largely 
overcoming the enantio-differentiation issue with the α,α-dialkyl 
substituents for this coupling methodology. The absolute configu-
rations of 44 (Table 2 and Supplementary Fig. 7), 55 (Table 2 and 
Supplementary Fig. 8) and 79 (Table 4 and Supplementary Fig. 9) 
were determined to be S by X-ray crystallographic analysis, and all 
other compounds were assigned by analogy accordingly.

Synthetic utility. To demonstrate the synthetic potential of this 
strategy (Fig. 2a), we readily converted the alkyne moiety in the 
enantio-enriched product 1 to an alkyl group in 88 or E-/Z-alkenyl 
groups in 89/90, respectively, in one reduction step. In addition, 
we transformed the amide motif in 1 to an amine group in 91, an 

Table 1 | The design of ligands in the model reaction
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Reaction conditions: E1 (0.025 mmol, 1.0 equiv.), A1 (1.5 equiv.), Cu(OTf)2 (10 mol%), L* (15 mol%) and Cs2CO3 (3.0 equiv.) in dry PhCF3 (0.50 ml) at room temperature (r.t.) for 36 h under argon. Yield is 
based on 1H-NMR analysis of the crude product using 1,3,5-trimethoxybenzene as an internal standard. The e.e. of 1 is based on HPLC analysis. Np, naphthalenyl; An, anthryl; tBu, tert-butyl.
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alcohol group in 92, an aldehyde group in 93, an ester group in 94 
and a carboxylic acid group in 95 in one or two steps. Hence, the 
combination of the current C(sp3)–C(sp) coupling method with 
appropriate following manipulations well complements the direct 
cross-coupling approaches for a diverse variety of tertiary alkyl 
electrophiles with alkyl or alkenyl nucleophiles. Moreover, we 
chemoselectively converted the alkyne and amide functionalities 
in 1 to a range of other common functional groups, including the 
1,4-ketoester in 96, γ-lactone in 97 and γ-lactam in 98, in one or two 
steps. Further hydrogenation of 98 led to the formation of a new 

stereocentre in 99 in moderate diastereoselectivity. It is noteworthy 
that no apparent loss of enantiopurity was observed during all these 
transformations, demonstrating the practicability of the synthetic 
strategy in the expedient access of diverse enantio-enriched build-
ing blocks with all-carbon quaternary stereocentres.

Mechanistic considerations. We first synthesized complex C1 
of L*7 with Cu(II), on which the X-ray structural analysis clearly 
indicated an anionic tridentate coordination mode of the ligand 
(Fig. 2b and Supplementary Fig. 10). Further control experiments 

Table 2 | Substrate scopes of α-aminocarbonyl-α-aryl alkyl chlorides and alkynes
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Standard conditions: racemic alkyl chloride (0.10 mmol), alkyne (1.5 equiv.), Cu(OTf)2 (10 mol%), L*11 (15 mol%) and Cs2CO3 (3.0 equiv.) in MTBE/cyclohexane (vol/vol = 2/3, 2.0 ml) under argon at 10 °C 
for 80 h. Isolated yields are shown. aE1 (2.0 mmol) was used. bA mixture of CF3Ph/cyclohexane (vol/vol = 2/3, 2.0 ml) was used as solvent. cL*12 (15 mol%). PCP, para-cyanophenyl; Cz, 9-carbazolyl.
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revealed that complex C1 and the in situ generated catalyst from 
Cu(OTf)2 and L*7 afforded similar enantioselectivity under the 
otherwise identical reaction conditions (Fig. 2c). We also observed 
a linear relationship between the enantiopurities of the products 
and the corresponding ligands, suggesting the involvement of one 
single chiral ligand in the enantio-determining transition state  
(Fig. 2d). These observations together supported a monomeric 
copper species tridentately coordinated by the N,N,N-ligand as the 
active catalyst in this process. Second, the reaction of stoichiometric  

copper acetylide A1′ with E2 provided the coupling product 11 in 
comparable enantioselectivity with that of the reaction between A1 
and E2 under standard conditions (Fig. 2e). However, both reac-
tions failed to produce 11 in the absence of L*11 under otherwise 
the same conditions. Thus, the ligand-coordinated copper acetylide 
might serve as the key species for the reaction initiation and prod-
uct formation. Third, no apparent enantio-enrichment of the 
recovered alkyl chloride E2 was observed in the reactions under typ-
ical conditions (Fig. 2f), disfavouring a possible kinetic resolution  

Table 3 | Substrate scopes of α-dialkyl-substituted alkyl bromides and alkynes

R1Me

Br

H
N

O

Alkyl bromides

+
R2

H

Alkynes

PhCF3, 10 °C, 80 h

Cu(OAc)2 (10 mol%), L*16 (15 mol%)
Cs2CO3 (3.0 equiv.)

R1Me
H
N

O R2

N
H

O

N

Ar

Ar

Ar = 9-(10-phenylanthryl)
L*16

NMe2
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62, 62%, 90% e.e.
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O

Me

67, 55%, 72% e.e.

Me
H
N
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65, 67%, 86% e.e. 66, 23%, 88% e.e.

(62–66)

68, 51%, 62% e.e. 69, 49%, 64% e.e. 70, 43%, 32% e.e.
(67–70)

Standard conditions: racemic alkyl bromide (0.10 mmol), alkyne (1.5 equiv.), Cu(OAc)2 (10 mol%), L*16 (15 mol%) and Cs2CO3 (3.0 equiv.) in PhCF3 (2.0 ml) under argon at 10 °C for 80 h. Isolated yields are 
shown.

Table 4 | Substrate scopes of 2-azetidinone-derived alkyl bromides and alkynes

Scope of R3 in alkynes

 Et2O, 10 °C, 60 h

CuTc (13 mol%), L*17 (15 mol%)
Cs2CO3 (3.0 equiv.)
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S
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OEt
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Et

77, 88%, 84% e.e.76, 90%, 85% e.e. 78, 83%, 90% e.e. 79, 85%, 91% e.e. 80, 87%, 90% e.e.
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Br

Me

83, 88%, 90% e.e.
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Py R'
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N

O

Bn
Ph
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Ph
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(76–80)

N
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R1

R2

R3

X-ray structure of 79
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Standard conditions: racemic alkyl bromide (0.10 mmol), alkyne (1.2 equiv.), CuTc (13 mol%), L*17 (15 mol%) and Cs2CO3 (3.0 equiv.) in dry Et2O (2.0 ml) at 10 °C for 60 h under argon. Isolated yields are 
shown. aL*18 (15 mol%) was used. b3-(N-carbazoly)propyne (1.2 equiv.), L*19 (15 mol%) and dry PhCF3 (2.0 ml) were used at 40 °C for 64 h under argon.
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of E2. Moreover, the observed product e.e. values at different time 
intervals remained nearly constant, favouring the involvement of a 
uniform mechanism throughout the reaction course. In addition, 
the radical clock substrates CE1 and CE2 gave rise to the corre-
sponding cyclization products 100 and 101, respectively, under the 
typical conditions, arguing for the formation of corresponding ter-
tiary alkyl radical intermediates (Fig. 2g). All in all, these results 

are in agreement with a working mechanism involving the initial 
single-electron reduction of the alkyl halides to prochiral radicals 
by ligand-coordinated copper acetylide followed by enantioselec-
tive radical C(sp3)–C(sp) coupling39,40.

We next performed DFT calculations to understand the 
reaction mechanism and the origins of enantioselectivity. The 
DFT-computed free energy changes of the operative catalytic cycle 

100

80

60

40

20

0

20

40

60

80

100

100 0 20 40 60 80 100

P
ro

du
ct

 e
.e

. (
%

)

Catalyst e.e. (%)

80 60 2040

RO

DIBAL-H

From CE1 at 90 °C: 100, 30%
From CE2 at 50 °C: 101, 45%

d f

H2, Pd/C

LiAlH4

Ni(OAc)2

NaBH4, H2

HCl;
H2SO4, MeOH

TMSOTf;
HCl

88, 96%, 91% e.e.

PhEt

PhHN

O

Ph

89, 78%, 91% e.e.

PhEt

PhHN

O

Ph

90, 87%, 91% e.e.

PhEt

PhHN

O

Ph

PhEt

PhHN

Ph

91, 76%, 90% e.e.

PhEt

HO

Ph

92, 72%, 91% e.e.

96, 68%, 91% e.e.

PhEt

MeO

O

Ph

O

OEt

Ph
Ph

O
97, 81%, 91% e.e.

1, 91% e.e.

PhEt

PhHN

O Ph

NEt

Ph
Ph

O
98, 83%, 91% e.e.

Ph
N

Et

Ph

Ph

O
99, 92%, 3.4:1 d.r. 

91%/91% e.e.

Ph

LiHMDS

LiHMDS, ClCO2
nPr;

LiAlH4

PhEt
H
N

O

Cl

E2

MTBE/cyclohexane, 10 °C

A1, Cs2CO3

With C1: 11, 75%, 89% e.e.
With Cu(OTf)2/L*7: 11, 50%, 88% e.e.

L*7
DCM/MeOH, r.t.
Ar = 1-naphthyl

C1, 32%

b

Cu(OTf)2

c

a

E2

Cu Ph

A1'

Cs2CO3, PhCF3, r.t.

e

With L*11: 11, 20%, 88% e.e.
Without L*11: 11, 0%

E2 & A1 under standard conditions without L*11: 11, 0%

R2R1

N

O

X

Me
Cu(OTf)2, L*11

Cs2CO3, PhCF3

N

Me

O

R2 R1

N

Me

O

R2 R1

Via

H

Cz

g

11

A2

N

O

N

Ar

Cu

sol
OTf

CE1, X = Cl, R1 = Et, R2 = Ph
CE2, X = Br, R1, R2 = Me

11

N
Me2

PhEt

O

Ph

PhEt

PhO

94, R = Me, 58%, 91% e.e.
95, R = H, 79%, 91% e.e.93, 66%, 91% e.e.

Boc2O, DMAP;
DIBAL-H

Boc2O, DMAP;
LiOH, w/o H2O2

LiHMDS;
H2, Pd/C

0

20

40

60

80

100

0 2 4 6 8 10 12 14 16

Y
ie

ld
 o

r 
e.

e.
 (

%
)

Time (h)

E.e. of 11 E.e. of E2Yield of 11

Fig. 2 | Synthetic utility and mechanistic discussion. a, The alkyne and amide motifs in the enantio-enriched product 1 could be readily converted to other 
common and useful functional groups either individually (88–90 and 91–95) or together (96–99) in one or two steps, without any loss of enantiopurity, 
providing facile access to a diverse range of valuable chiral building blocks featuring all-carbon quaternary stereocentres (see the synthetic application 
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are shown in Fig. 3, and more details are provided in Supplementary 
Table 6 and the computational studies section in the Supplementary 
Information. Using L*5 as a truncated model, we first examined the 
generation of the active Cu(I) catalyst from the Cu(II) precatalyst 
L*5CuIIOTf (C1-Model). Starting from this precatalyst, sequen-
tial alkynylation and dinuclear alkynyl–alkynyl reductive elimina-
tion lead to the energetically stable active LCu(I) catalyst Int102 
(Supplementary Figs. 12 and 13; for details see the computational 
studies section in the Supplementary Information). Int102 first 
complexes with alkyne A1 to form Int103, which then undergoes 
a facile deprotonation of ethynylbenzene via TS104 to generate the 
alkynylated Cu(I) intermediate Int106. This facile deprotonation  

was also confirmed in the neutral model involving Cs2CO3 
(Supplementary Fig. 14). We believe that the amide N–H of the alkyl 
halide is deprotonated under basic conditions, based on the NMR 
analysis (Supplementary Figs. 5 and 6; for details, see the mecha-
nistic studies section in the Supplementary Information). Thus, 
subsequent C–Cl bond cleavage of the deprotonated radical pre-
cursor Int107 occurs through the chlorine atom transfer transition 
state TS108, leading to the triplet diradical species Int109-Triplet. 
Alternative pathways for the C–Cl bond cleavage (oxidative addi-
tion, dissociative electron transfer and stepwise outer-sphere elec-
tron transfer) were also explored41–43, and the details are included in 
the computational studies section and Supplementary Figs. 15–19  
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in the Supplementary Information. From Int109-Triplet, the 
radical-caesium fragment dissociates from the ligand carbonyl 
group and binds to the copper-coordinating chlorine, generating 
the more stable intermediate Int110-Triplet. Int110-Triplet liber-
ates Int112, the complex of the alkyl radical and caesium chloride, 
leading to the LCuII(alkynyl) intermediate Int111. Next, the radi-
cal is captured by Int111, releasing caesium chloride and generat-
ing the diradical intermediate Int114. Int114 has both triplet and 
open-shell singlet (OSS) states. The triplet state Int114-Triplet 
is more stable than Int114-OSS by 0.6 kcal mol−1. However, the 
triplet C−C bond-formation transition state TS115-Triplet is 
3.5 kcal mol−1 less favourable than the open-shell singlet transi-
tion state TS115-Major (Supplementary Fig. 21). Therefore, the 
C−C bond formation proceeds via the open-shell singlet radical 
substitution-type transition state TS115-Major, which irreversibly 
creates the quaternary stereogenetic centre in Int116. Int116 even-
tually liberates the cross-coupling product and regenerates the Cu(I) 
active catalyst Int102. For the C–C bond-formation process, we 
also considered alternative pathways including sequential SET and 
carbocation bonding as well as the Cu(III)–Cu(I) reductive elimi-
nation. Both pathways are less favourable compared to the radical 
substitution-type pathway via TS115-Major (Supplementary Figs. 
20–22; more details on the C–C bond-formation mechanism are 
included in the computational studies section in the Supplementary 
Information). Based on the DFT calculations of the catalytic cycle, 
the irreversible radical substitution-type C–C bond formation 
determines the enantioselectivity of cross-coupling.

Comparisons of the enantioselectivity-determining transition 
states between the reactions involving L*5 (without a side arm) 
and L*11 (with a pendant bulky side arm) elucidated the origins 

of enantio-induction by the bulky side arm (Fig. 4; for details 
of extensive conformational searches, see Supplementary Figs. 
24–31 and Supplementary Tables 4–7). The enantioisomeric C–C 
bond-formation transition states TS115-Major and TS115-Minor 
with L*5 only have a 1.0 kcal mol−1 free energy difference, favour-
ing the (S)-product (Fig. 4a). This is consistent with the observed 
moderate enantioselectivity (61% e.e., 0.8 kcal mol−1 ΔΔG, Table 
1). The major reason for the differentiation is the highlighted steric 
repulsion between one of the N–Me substituents in the ligand and 
the α-phenyl group of the radical species. Such a steric repulsion is 
limited due to the small-sized methyl substitution. With the instal-
lation of an additional bulky side arm (L*11), our computations 
identified the enhancement of enantio-differentiation. The key 
transition states TS119-Major-C1/-C2 and TS119-Minor-C1/-C2 
with L*11 are elaborated in Fig. 4b; ‘C1’ and ‘C2’ here refer to 
the N-coordinating and O-coordinating configurations of the 
alkyl radical, respectively. The introduction of the bulky side 
arm leads to additional steric repulsions with the radical spe-
cies or alkynyl fragments in both the minor (TS119-Minor-C1 
and TS119-Minor-C2) and one major (TS119-Major-C2) C–C 
bond-formation transition state. Only in TS119-Major-C1 does 
the side arm not lead to considerable extra steric repulsions. The 
geometry of TS115-Major with L*5 is very close to that of the 
corresponding fragment in TS119-Major-C1 (root-mean-square 
deviation (r.m.s.d.) = 0.0182 Å; Supplementary Fig. 23). This 
emphasizes the enantio-differentiation by the additional side 
arm in the C–C bond-formation process, which results in a 
2.1 kcal mol−1 free energy difference between the major and minor 
C–C bond-formation pathways and improved enantioselectivity 
(TS119-Major-C1 versus TS119-Minor-C2).
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Conclusion
In summary, we have established a robust strategy for Cu-catalysed 
enantioconvergent radical C(sp3)–C(sp) coupling of diverse racemic 
tertiary electrophiles with terminal alkynes under mild conditions. 
The key to success is the rational design of anionic N,N,N-ligands 
featuring low steric congestion immediately around the coordination 
atoms for ready accommodation of sterically bulky tertiary radicals 
and a long spreading side arm for efficient enantio-discrimination 
on the basis of the calculated enantio-determining outer-sphere 
radical group transfer pathway. Further straightforward trans-
formations of the coupling products in one or two steps quickly 
generated a library of useful compounds characterized by over ten 
distinct types of functional group with up to two stereocentres, thus 
showcasing the potential of this strategy for the expedient assembly 
of diverse synthetically challenging enantio-enriched quaternary 
carbon building blocks. We anticipate that this strategy will soon 
spur more efforts in ligand and catalyst design for developing more 
asymmetric cross-coupling reactions of sterically congested tertiary 
alkyl radicals derived from diverse readily available precursors with 
different types of nucleophile.
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Methods
Synthesis of 1–61. Under an argon atmosphere, an oven-dried resealable Schlenk 
tube equipped with a magnetic stirring bar was charged with Cu(OTf)2 (3.6 mg, 
0.010 mmol, 10 mol%), L*11 or L*12 (0.015 mmol, 15 mol%), Cs2CO3 (98.0 mg, 
0.30 mmol, 3.0 equiv.) and a mixed solvent of MTBE and cyclohexane (vol/
vol = 2/3, 2.0 ml). Then, alkyl halide (0.10 mmol, 1.0 equiv.) and alkyne (0.15 mmol, 
1.5 equiv.) were sequentially added into the mixture and the reaction mixture was 
stirred at 10 °C for 80 h. On completion, the precipitate was filtered off and washed 
with CH2Cl2. The combined filtrate was evaporated and the residue was purified by 
column chromatography on silica gel to afford the desired products 1–61.

Synthesis of 62–70. Under an argon atmosphere, an oven-dried resealable 
Schlenk tube equipped with a magnetic stirring bar was charged with Cu(OAc)2 
(1.8 mg, 0.010 mmol, 10 mol%), L*16 (12.4 mg, 0.015 mmol, 15 mol%), Cs2CO3 
(98.0 mg, 0.30 mmol, 3.0 equiv.) and CF3Ph (2.0 ml). Then, alkyl halide (0.10 mmol, 
1.0 equiv.) and alkyne (0.15 mmol, 1.5 equiv.) were sequentially added into the 
mixture and the reaction mixture was stirred at 10 °C for 80 h. On completion, the 
precipitate was filtered off and washed with CH2Cl2. The combined filtrate was 
evaporated and the residue was purified by column chromatography on silica gel to 
afford the desired products 62–70.

Synthesis of 71–84. Under an argon atmosphere, an oven-dried resealable Schlenk 
tube equipped with a magnetic stirring bar was charged with CuTc (2.5 mg, 
0.013 mmol, 10 mol%), L*17 or L*18 (0.015 mmol, 15 mol%), Cs2CO3 (98.0 mg, 
0.30 mmol, 3.0 equiv.) and Et2O (2.0 ml). Then, alkyl halide (0.10 mmol, 1.0 equiv.) 
and alkyne (0.12 mmol, 1.2 equiv.) were sequentially added into the mixture and 
the reaction mixture was stirred at 10 °C for 60 h. On completion, the precipitate 
was filtered off and washed with CH2Cl2. The combined filtrate was evaporated 
and the residue was purified by column chromatography on silica gel to afford the 
desired products 71–84.

Synthesis of 85–87. Under an argon atmosphere, an oven-dried resealable Schlenk 
tube equipped with a magnetic stirring bar was charged with CuTc (2.5 mg, 
0.013 mmol, 10 mol%), L*19 (7.2 mg, 0.015 mmol, 15 mol%), Cs2CO3 (98.0 mg, 
0.30 mmol, 3.0 equiv.) and CF3Ph (2.0 ml). Then, alkyl halide (0.10 mmol, 1.0 equiv.) 
and alkyne (0.12 mmol, 1.2 equiv.) were sequentially added into the mixture and 
the reaction mixture was stirred at 40 °C for 64 h. On completion, the mixture was 
allowed to cool to room temperature and the precipitate was filtered off and washed 
with CH2Cl2. The combined filtrate was evaporated and the residue was purified by 
column chromatography on silica gel to afford the desired products 85–87.
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