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the corresponding products 47–49 with good yield and excellent enan-
tioselectivity. In particular, the reaction leading to 49 on the gramme 
scale proceeded well without any apparent loss of enantioselectivity. In 
addition, the reaction of 2,2-difluorocyclopropyl bromides proceeded 
smoothly under slightly modified conditions, yielding the correspond-
ing products 50 in excellent yield with good enantioselectivity. By 
contrast, 2,2-dialkoxycarbonyl and 2,2-dialkyl cyclopropyl bromides 
(see Supplementary Tables 8 and 9 for information on the condition 
optimization of the 2,2-dialkyl substrate) required light irradiation 
for efficient reaction initiation. This is probably due to the substan-
tially increased steric hindrance and diminished electron-withdrawing 
inductive effects, which retard the reduction of these compounds. 
Nonetheless, the desired products 51–53 were efficiently obtained 
in high or promising enantiopurity (see Supplementary Fig. 2 for 
results of 50–52 under the standard conditions). Unfortunately, 
2,2-diphenyl cyclopropyl bromides underwent exclusive ring-opening 
side reactions76, providing no desired products (Supplementary Fig. 2).

To further demonstrate the utility of this method, we examined 
the cross-coupling of racemic 1-alkenyl-substituted cyclopropyl bro-
mides to access enantioenriched cyclopropyl-tethered 1,4-enynes, 
which are an important class of versatile synthons because both 
the alkenyl and alkynyl groups are highly transformable77. The 

enantioconvergent cross-coupling reaction of racemic 1-alkenyl-2,
2-dibromocyclopropyl bromide 54 with terminal alkyne 55 was first 
investigated (Fig. 3a). Unfortunately, the originally superior ligand L*8 
for racemic 1-(hetero)aryl-substituted cyclopropyl bromides showed 
low reaction efficiency with unsatisfactory enantioselectivity (18% 
yield and −79% e.e. for 56; Fig. 3a and Supplementary Table 10, entry 2).  
Accordingly, we first re-examined the chiral ligands and found  
that L*5 provided both enhanced reaction yield and outstanding 
enantioselectivity (Fig. 3a and Supplementary Table 10, entries 3–6). 
Subsequent screening of copper salts and solvents revealed copper(I) 
thiophene-2-carboxylate (CuTc) and methyl tert-butyl ether (MTBE) 
as the superior combination (Supplementary Table 10, entries 7–11). 
Notably, using a Cu(I) precatalyst did not result in side reactions for 
the 1-alkenyl cyclopropyl bromide, probably indicating a higher sta-
bility of the corresponding 1-alkenyl cyclopropyl radical than those 
from 1-aryl cyclopropyl halides. Consequently, the optimal condi-
tions were identified as follows (Fig. 3a and Supplementary Table 10, 
entry 12): the reaction of racemic 54 (1.5 equiv.) and 55 (0.050 mmol, 
1.0 equiv.) in the presence of CuTc (15 mol%), L*5 (18 mol%) and Cs2CO3 
(4.0 equiv.) in MTBE (1.0 ml) at r.t. under argon for 7 days delivered 
56 in 93% yield with 92% e.e. Under these conditions, various alkyl-, 
silyl- and (hetero)aryl-substituted alkynes were successfully coupled 
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with 54 to give 56–66 in 52–93% yield with 84–92% e.e. (Fig. 3b). 
Furthermore, (hetero)aryl-, alkyl- and silyl-substituted 1-alkenyl 
cyclopropyl bromides were suitable substrates for this reaction to 
give 67–72 in excellent yield with good enantioselectivity.

Motivated by the aforementioned success, we proceeded to 
explore the coupling of 1-alkyl cyclopropyl iodide 73 (Fig. 3c). This 
substrate presents additional difficulty because of its more chal-
lenging single-electron reduction and the increased reactivity of the 
resulting cyclopropyl radicals due to the absence of conjugation with 
α-substituents. Indeed, the optimized copper catalysts with L*8 and 
L*5 for 1-(hetero)aryl and 1-alkenyl cyclopropyl bromides both failed 
to reduce 73 (Supplementary Table 11, entries 1 and 2) under the cor-
responding thermal conditions, respectively. Photoexcited copper 
acetylide complexes were reported to possess much stronger reducing 
capability than ground-state copper complexes78,79. Thus, we investi-
gated a series of electron-rich tridentate anionic ligands under blue 
light-emitting diode (LED) irradiation (Supplementary Table 11). Inter-
estingly, ligand L*1180 performed the best to give the desired product 
75 in moderate yield with promising enantioselectivity (Fig. 3c and 
Supplementary Table 11, entry 6). The reaction conditions are currently 
being further optimized in our laboratory.

Synthetic utility
Considering that both the halide and alkyne functionalities in the 
thus-obtained products are highly transformable in organic syn-
thesis, we envisioned a general and practical platform based on this 
enantioconvergent cross-coupling process for the rapid construc-
tion of a wide range of valuable enantioenriched cyclopropane build-
ing blocks (Fig. 4). Accordingly, we first converted the alkyne moiety 
in 3 to a Z-alkenyl group in 76 or a carbonyl group in 77 (Fig. 4a). In 
addition, the triphenylsilyl group in 49 was easily removed to pro-
vide the terminal alkyne 78, which subsequently underwent complete 
hydrogenation, oxidative cleavage or copper-catalysed azide–alkyne 

cycloaddition reactions to afford alkane 79, carboxylic acid 80 or 
1,2,3-triazole 81, respectively. Regarding the halide functionalities, 
direct substitution81 of the dibromo groups in 47 with dimethyl groups 
was readily achieved to afford 2,2-dialkyl cyclopropane 82. Addition-
ally, monolithiation of 79 followed by trapping with CO2 and further 
amidation led to 83 in moderate diastereoselectivity. More impor-
tantly, the subsequent highly diastereoselective formal nucleophilic 
substitution73, consisting of sequential HBr elimination and conjugate 
nucleophile addition, readily transformed the diastereomeric mixture 
of 83 into multisubstituted cyclopropane derivatives 84–87 featur-
ing three contiguous stereogenic carbons. As for the alkyne group in 
60, straightforward desilylation delivered the terminal alkyne 88, of 
which the following partial hydrogenation, hydration, or sequential 
hydration and reduction provided diene 90, aldehyde 91 or alcohol 
92, respectively (Fig. 4b). In addition, the alkenyl group in 60 is also of 
high synthetic potential. For example, complete hydrogenation of 88 
gave rise to the gem-dialkyl-substituted cyclopropane 89. Notably, the 
current synthetic protocols allowed facile access to enantioenriched 
alkyl-substituted cyclopropanes, such as 77, 79, 89 and 91, thus provid-
ing an excellent complementary approach to the direct yet currently 
underdeveloped enantioselective cross-coupling of 1-alkyl-substituted 
cyclopropyl halides (Fig. 3c). Importantly, no apparent loss of enantio-
purity was observed in all the above transformations, showcasing the 
high adaptability and practicability of this method toward various enan-
tioenriched cyclopropane building blocks. The absolute configurations 
of 20 (Fig. 2 and Supplementary Fig. 3), 78 (Fig. 4 and Supplementary 
Fig. 4), 86 (Fig. 4 and Supplementary Fig. 5) and 88 (Fig. 4 and Supple-
mentary Fig. 6) were determined by X-ray crystallographic analysis, 
and those of all related other compounds were assigned by analogy.

Mechanistic considerations
First, the reaction of stoichiometric copper acetylide with race-
mic 1 afforded product 8 with 92% e.e. in the presence of L*8, but 
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electrospray ionization (ESI) HRMS experimental results indicated the formation 
of DMPO-trapped product 93, supporting the cyclopropyl radical generation. 
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and the recovered starting materials indicated no enantioenrichment or 
enantioerosion, evidencing an enantioselective stereoablative process. Values 
aligned horizontally belong to one experiment. e, The reaction was proposed to 
proceed via SET between the in situ-generated copper acetylide complexes II and 
racemic cyclopropyl halides to form Cu(II) complexes III and cyclopropyl radical 
IV and their subsequent enantioselective C–C bond coupling.
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no reaction occurred without L*8. These results indicated that the 
ligand-coordinated copper(I) acetylide might work as the key species 
to promote the reaction initiation and product formation (Fig. 5a). 
Second, a control experiment without alkyne showed essentially no 
conversion of 1, further supporting the involvement of copper(I) acetyl-
ide in the electrophile reduction (Fig. 5b). Third, electron paramag-
netic resonance (EPR) and high-resolution mass spectrometry (HRMS) 
analysis of the reaction mixture with 1 in the presence of the radical 
trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) collectively revealed 
the formation of DMPO-trapped product 93 (Fig. 5c and Supplemen-
tary Fig. 7). In addition, the reaction was completely shut down in the 
presence of a radical inhibitor TEMPO (Supplementary Fig. 8). Collec-
tively, these results supported the generation of cyclopropyl radicals 
in the reaction. Fourth, the reactions with either racemic or scalemic 
1 afforded product 8 with the same enantioselectivity. Furthermore, 
no enantioenrichment or enantioerosion of recovered 1 was observed 
when racemic or scalemic 1, respectively, was used (Fig. 5d; see Supple-
mentary Fig. 9 for similar results of 73). These results together excluded 

the involvement of kinetic resolution or fast racemization of cyclopro-
pyl bromides in the reaction. On the basis of the above results and our 
previous reports68,69, a possible mechanism was proposed, as shown in 
Fig. 5e. Initially, L*Cu(I) intermediate I reacted with terminal alkynes in 
the presence of a base to generate the L*Cu(I)–acetylide intermediate II. 
Afterwards, intermediate II underwent single-electron transfer (SET) 
with racemic cyclopropyl halides, giving rise to the L*Cu(II)–acetylide 
intermediate III and cyclopropyl radical IV. Finally, the enantioselective 
C–C bond coupling occurred via the reaction of III and IV, forging the 
enantioenriched cyclopropane products and regenerating the L*Cu(I) 
(I) catalyst. Our preliminary theoretical investigations into this C–C 
bond formation step suggested a likely radical substitution-type path-
way, which is approximately 3.2 kcal mol−1 more favourable than the 
pathway involving Cu(III) species formation and subsequent reductive 
elimination (Supplementary Figs. 14−17 and Supplementary Table 13).

Regarding the redox-state-tuning, we investigated the impact 
of mixed catalyst precursors of Cu(I) and Cu(II) and observed an 
increase in the formation of side products when Cu(I) was predominant 
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Fig. 6 | Preliminary experimental results and rationale for redox-state-tuned 
copper catalysis. a, Time-course experiments revealed the gradual build-up 
of Cu(II) species, as indicated by EPR spectroscopy, when CuOTf was used 
as the catalyst precursor. This process was accompanied by enhanced 
suppression of side products. b, The use of Cu(OTf)2 as a precatalyst resulted in 
a much higher concentration of Cu(II) species, accompanied by the complete 
suppression of side reactions. The solid lines represent exponential decay fits 
to the experimental data. c, Under conditions with high Cu(I)/Cu(II) ratios, the 

formation of Cu(II) acetylide III primarily relies on the single-electron oxidation 
of II by cyclopropyl halides. Consequently, the concentration of III is low, 
making its coupling with cyclopropyl radicals unfavourable and leading to the 
formation of side products. d, Under conditions with low Cu(I)/Cu(II) ratios, the 
transmetalation of Cu(II) species leading to III can substantially increase the 
concentration of III, thus favouring the desired radical coupling and suppressing 
side reactions. TM, transmetalation.
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(Supplementary Table 12). Importantly, detailed time-course experi-
ments with a Cu(I) catalyst precursor revealed that the formation of 
side products plateaued (Fig. 6a and Supplementary Fig. 10) after the 
overall concentration of Cu(II) species increased to approximately  
1.5 mM at around 9 h (Fig. 6a), as indicated by EPR experiments  
(Supplementary Figs. 11 and 13). Additionally, the use of a Cu(II) catalyst 
precursor resulted in an almost order of magnitude higher concentra-
tion of Cu(II) species (Fig. 6b and Supplementary Figs. 10, 12 and 13), 
and the side reactions were completely suppressed. These results 
clearly demonstrated a chemoselectivity change depending on the 
concentration of Cu(II) species.

We rationalized this Cu(II)-promoted chemoselectivity by refer-
ring to the stoichiometric Cu(II)-promoted Sandmeyer hydroxyla-
tion reaction82 and copper-mediated reversible-deactivation radical 
polymerization83. In these reaction systems, the increased Cu(II) spe-
cies concentration directly or indirectly raises the concentration of 
LCu(II)–OH or LCu(II)–halide, thus favouring their coupling reactions 
with aryl or alkyl radicals. Accordingly, the chemoselectivity shifts from 
hydrogen atom abstraction or radical propagation toward hydroxyla-
tion or deactivation, respectively, and the deliberate control of Cu(II) 
species concentration proves to be essential for achieving high reaction 
efficiency or reduced polymer polydispersity.

Similarly, in our reaction, the Cu(II) and Cu(I) species are believed 
to dynamically interconvert through redox processes84,85, with their 
relative ratios depending on specific reaction conditions (Table 1 and 
Fig. 6a,b). Under conditions where Cu(I) species are predominant and 
Cu(II) species are marginal (Fig. 6c), the formation of Cu(II) acetylide 
III mainly relies on the single-electron oxidation of II by cyclopro-
pyl halides. Consequently, the concentration of III is greatly limited, 
and its coupling with cyclopropyl radicals is outcompeted by other 
reactants. Conversely, under conditions with a high proportion of 
Cu(II) species (Fig. 6d), their direct transmetalation86 leading to III 
can be pronounced, thereby greatly increasing the concentration of 
III and favouring the desired radical coupling. Overall, these findings 
underscore the importance of redox-state-tuned copper catalysis in 
enhancing the chemoselectivity of highly reactive cyclopropyl radicals.

Summary
We have established a method for the enantioconvergent radical car-
bon–carbon cross-coupling of abundant racemic cyclopropyl halides 
with a wide range of terminal alkynes, under mild conditions. The suc-
cess of the approach hinges largely on the redox-state-tuning of copper 
catalysts, achieved by employing Cu(II) catalyst precursors with hard 
ligands/counterions in conjunction with hard chiral N,N,N-ligands. 
Further transformations of the coupling products rapidly generate a 
broad library of valuable enantioenriched cyclopropanes character-
ized by over ten distinct types of substitution patterns with up to three 
contiguous stereocentres, showcasing the potential of this method for 
the assembly of a diverse range of synthetically challenging enantioen-
riched cyclopropanes present in synthetic building blocks, ligands and 
drugs. We anticipate that this strategy will spur the development of 
more enantioconvergent cross-coupling reactions of highly reactive 
alkyl radicals with distinct types of nucleophiles.

Methods
Representative procedure for 1-(hetero)aryl cyclopropyl 
bromides
An oven-dried resealable Schlenk tube equipped with a magnetic stir 
bar was charged with Cu(OTf)2 (7.20 mg, 0.020 mmol, 10 mol%), chiral 
ligand L*8 (12.80 mg, 0.024 mmol, 12 mol%) and Cs2CO3 (256.0 mg, 
0.80 mmol, 4.0 equiv.). The tube was evacuated and backfilled with 
argon three times. Then, racemic 1-(hetero)aryl cyclopropyl bromide 
(0.30 mmol, 1.5 equiv.), alkyne (0.20 mmol, 1.0 equiv.) and diethyl ether 
(2.0 ml) were sequentially added into the mixture under argon. The 
tube was sealed, and the reaction mixture was allowed to stir at 0 °C 

for 6 days. Upon completion of the reaction (monitored by thin-layer 
chromatography (TLC)), the mixture was then filtered through a pad 
of celite and rinsed with ethyl acetate The filtrate was evaporated, and 
the residue was purified by column chromatography on silica gel to 
afford the desired product.

Representative procedure for 1-alkenyl cyclopropyl bromides
An oven-dried resealable Schlenk tube equipped with a magnetic 
stir bar was charged with CuTc (2.85 mg, 0.015 mmol, 15 mol%), L*5 
(8.90 mg, 0.018 mmol, 18 mol%) and Cs2CO3 (128.0 mg, 0.4 mmol, 
4 equiv.). The tube was evacuated and backfilled with argon three times. 
Then, racemic 1-alkenyl cyclopropyl bromide (0.15 mmol, 1.5 equiv.), 
alkyne (0.10 mmol, 1.0 equiv.) and MTBE (2.0 ml) were sequentially 
added into the mixture under argon. The tube was sealed, and the 
reaction mixture was allowed to stir at r.t. for 7 days. Upon completion 
of the reaction (monitored by TLC), the mixture was filtered through a 
pad of celite and rinsed with ethyl acetate. The filtrate was evaporated, 
and the residue was purified by column chromatography on silica gel 
to afford the desired product.

Representative procedure for 1-alkyl cyclopropyl bromides
An oven-dried resealable Schlenk tube equipped with a magnetic stir 
bar was charged with Cu(PPh3)3Br (9.30 mg, 0.010 mmol, 10 mol%), 
L*11 (8.12 mg, 0.015 mmol, 15 mol%) and Cs2CO3 (128.0 mg, 0.4 mmol, 
4 equiv.). The tube was evacuated and backfilled with argon three 
times. Then, racemic 1-alkyl cyclopropyl iodine 73 (50.1 mg, 0.15 mmol, 
1.5 equiv.), alkyne 74 (0.10 mmol, 1.0 equiv.) and MTBE (2.0 ml) were 
sequentially added into the mixture under argon. The tube was sealed, 
and the reaction mixture was stirred under blue LED irradiation (5 W) 
at r.t. for 7 days. Upon completion of the reaction (monitored by TLC), 
the mixture was filtered through a pad of celite and rinsed with ethyl 
acetate. The filtrate was evaporated, and the residue was purified by 
column chromatography on silica gel to afford the desired product.

Data availability
All data are available in the main text and Supplementary Information. 
Crystallographic data for the structures reported in this article have 
been deposited at the Cambridge Crystallographic Data Centre, under 
deposition numbers CCDC 2264730 (20), 2267172 (78), 2267173 (86) 
and 2264731 (88). Copies of the data can be obtained free of charge at 
https://www.ccdc.cam.ac.uk/structures/.
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