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Transition-metal-catalysed enantioconvergent cross-coupling reactions of
highly reactive alkyl radicals often suffer from reduced chemoselectivity,

mainly due to side reactions with closed-shell reactants. A strategy to
overcome this challenge has yet to be identified, posing substantial
limitations on the synthetic utility of this method. Here we report amethod
for enantioconvergent radical carbon-carbon cross-coupling of highly
reactive cyclopropyl radicals with terminal alkynes, using redox state-tuned
copper catalysis, under mild conditions. Key to this method is the use of
hard chiral N,N,N-ligands in combination with Cu(ll) salts of hard ligands/
counterions, which results in elevated concentrations of Cu(ll) species and
thus enhanced cross-coupling reactions. This protocol not only exhibits
abroad substrate scope across a wide range of both racemic cyclopropyl
halide and terminal alkyne coupling partners but also provides access

to useful yet synthetically challenging enantioenriched cyclopropane

building blocks.

Transition-metal-catalysed C-C cross-coupling reactions are essential
and widely applied methods for the expedited synthesis of complex
moleculararchitectures'. To this end, Fu and many others have recently
made great efforts in developing chiral Earth-abundant first-row
transition-metal-catalysed enantioconvergent radical cross-coupling
of racemic alkyl electrophiles with assorted nucleophiles®”. By
single-electron reduction, these powerful catalysts readily convert
a pair of alkyl electrophile enantiomers to the same prochiral alkyl
radicals, thus providing an outstanding mechanistic manifold for
achieving enantioconvergence (Fig. 1a, left). Nonetheless, as the
alkyl radicals become more reactive, they tend to become more sus-
ceptible to side reactions with closed-shell reactants (Fig. 1a, right),

such as coupling partners and/or chiral ligands, which are often
indispensable components of the desired reaction itself. And since
the desired and the sidereactions allinvolve the common alkyl radical
intermediate, the resulting diminished chemoselectivity (decreased
reaction rate ratio v,/v,) should be independent of the alkyl radical
concentration. Accordingly, the usually invoked tactics to suppress
radical homocoupling side reactions by deliberately lowering the
alkyl radical concentration are ineffective in this vein®. The only
possible way to tune the chemoselectivity is to enhance the desired
reaction by manipulating the Nu-M""'L* species (Nu, nucleophile;
M, transition metal; L*, chiral ligand), but relevant precedents arerare
in the literature’.
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Fig.1|Motivation and design of enantioconvergent radical C-C
cross-coupling of racemic cyclopropyl electrophiles. a, As radical reactivity
increases, desired transition-metal-catalysed radical cross-coupling becomes
more challenging due to poor chemoselectivity between it and side reactions
with closed-shell reactants. b, This challenge is vividly illustrated by the
underdeveloped transition-metal-catalysed enantioconvergent transformation
of racemic cyclopropane electrophiles to enantioenriched cyclopropanes,
probably as aresult of the higher reactivity of cyclopropyl radicals compared
with many unstrained alkyl radicals. A potential strategy to address this
challenge involves increasing the concentration of M*" species using M"*!
catalyst precursors with hard ligands/counterions and hard chiral ligands,
whichwould render the desired cross-coupling more competitive than side

>60 examples, up to 97% yield, up to 94% e.e.

using M™1 salts with hard ligands/counterions
and hard chiral ligands
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reactions such as HAT and addition to unsaturated hydrocarbons. ¢, Chiral
cyclopropanes are versatile synthetic precursors of many enantioenriched
multisubstituted acyclic or cyclopropane building blocks. They are also key
motifs in several natural products, drugs and catalysts. Thus, the development
of transition-metal-catalysed enantioconvergent transformation of readily
available racemic cyclopropyl electrophiles to enantioenriched cyclopropanes
is highly desired. d, This work discloses an enantioconvergent radical C-C
cross-coupling reaction of racemic cyclopropyl halides with terminal alkynes
using redox-state-tuned copper catalysis, as mentioned above. It provides
expedient access to arange of enantioenriched cyclopropane compounds
featuring one to three stereocentres. v, reaction rate; FG, functional group; LG,
leaving functional group; [Nul, nucleophile precursor; Het/Ar, (hetero)aryl.
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Thischallenge canbe readily appreciatedin the case of cyclopropyl
radicals (Fig. 1b), which are more reactive than many unstrained alkyl
radicals (C-H bond dissociation energy: PhC((CH,),)-H, 93 kcal mol;
PhC(Me)-H, 85 kcal mol™)*°, Accordingly, the transition-metal-
catalysed enantioconvergent transformations of racemic cyclo-
propyl electrophiles via cyclopropyl radicals have long remained
underdeveloped™ ", primarily due to side reactions such as hydro-
gen atom transfer (HAT)?® and/or radical addition to unsaturated
hydrocarbons?.

On the other hand, chiral cyclopropane rings, as the smallest
carbocycles, have played a substantial role in organic synthesis. For
instance, due to the manifold unique chemical reactivities imparted
by the inherently high torsional and angular strains of these rings,
they have served as versatile starting materials for the preparation
of many chiral building blocks* (Fig. 1c, left) and novel polymeric
materials®’; and their characteristic geometries make them privileged
building elements supporting a number of ligands for asymmetric
transformations® 2 (Fig. 1c, right). In addition, chiral cyclopropanes
alsorepresentkey structural moietiesinavariety of natural products,
pharmaceuticals, agrochemicals, fragrances and materials®**° (Fig. 1c,
middle). From amedicinal chemistry perspective, theintroduction of
acyclopropaneringis highly likely to endow drug entities with notable
pharmaceutical properties”, including enhanced binding, potency,
metabolic stability and brain permeability, and decreased plasma
clearance and off-target effects. Consequently, one such motifappears
in14 of the top 200 highest-grossing small-molecule pharmaceutical
products in 2021°” and exists in more than 200 approved or currently
investigated drugs®. As such, catalytic enantioselective synthesis of
enantioenriched multisubstituted cyclopropane scaffolds in a pre-
dictable and efficient manner has been recognized as along-standing
prominent objective in modern chemical research?>***%3*=*2 In this
regard, the main catalytic synthetic strategies at the laboratory scale
and/or in industrial processes include enantioselective [2 + 1]-type
cyclopropanation of acyclic starting materials®*~%**, asymmetric
transformations of prochiral cyclopropenes®>*° and enantioselective
C-H bond functionalization of prochiral cyclopropanes*** under
transition-metal catalysis, organocatalysis or enzymatic catalysis.
Despite these successful methods, there have so far been relatively
few reports of catalytic enantioconvergent transformations®®*'
of racemic cyclopropanes into enantioenriched ones with high
stereoselectivity®** (Fig. 1b). In addition to the aforementioned che-
moselectivity issue for radical reactions, two major reasons probably
account for this underdevelopmentin terms of two-electron reactions.
(1) Cyclopropyl cations are highly unstable species that readily undergo
ring opening™. In this respect, common cyclopropyl electrophiles,
such as halides or pseudohalides, reluctantly participate in classic
Sy2 reactions while their related ring-opening transformations are
well reported. (2) Cyclopropyl anions, particularly corresponding
organometallics, most often have good configurational stability, which
prohibitively favours stereoretentive transformations®>***’. Nonethe-
less, the fact that racemic cyclopropanes are versatile and readily
available starting materials in organic synthesis renders the develop-
ment of a general catalytic system to realize such enantioconvergent
transformations highly desirable because of the great potential offered
by the expedited generation of densely functionalized, complex enan-
tioenriched cyclopropanes.

Regarding cyclopropyl radical generation, a wide range of
stable and highly accessible cyclopropyl electrophiles, including
halides™®, carboxylic acid-derived N-hydroxyphthalimide esters****
amine-derived pyridinium salts®*, and alcohols or alcohol-derived
carbamothioates®**®, have been reported to undergo single-electron
reduction under first-row transition-metal catalysis. Accordingly, a
series of non-enantioselective cyclopropane functionalization trans-
formations have been realized to expediently access miscellaneous
racemic cyclopropane compounds. Motivated by these precedents,

andbased onour continued interestin copper-catalysed radical enan-
tioconvergent cross-coupling reactions®*” 72, we hypothesized that cop-
per catalystsincorporating well-designed chiral ligands might provide
anideal platform for the development of catalytic enantioconvergent
radical cross-coupling of common racemic cyclopropyl electrophiles.

To this end, we present here our efforts in developing a catalytic
copper/chiral multidentate anionic N,N,N-ligand system to realize
a general and efficient enantioconvergent radical cross-coupling of
racemic cyclopropyl halides with terminal alkynes under operation-
ally simple and mild conditions (Fig. 1d). The key to success hinges
on the use of M™" salts with hard ligands/counterions and hard chiral
N,N,N-ligands to deliberately increase the concentration of M"* spe-
cies, thus enhancing the desired transition-metal-catalysed radical
cross-coupling reaction (Fig. 1b). The reaction features broad sub-
strate scopes (>60 examples) with respect to both coupling partners,
including a broad range of racemic 1-(hetero)aryl-, 1-alkenyl- and
1-alkyl-substituted cyclopropyl halides and a variety of (hetero)aryl-,
alkyl- and silyl-substituted terminal alkynes with good functional
group compatibility (Fig. 1d). When combined with follow-up trans-
formations, this reaction provides aflexible and practical platform to
access arange of complex and densely functionalized enantioenriched
cyclopropanes bearing one, two or even three stereocentres with
most common substitution types present in useful synthetic building
blocks, ligands and drugs (Fig. 1d). Given the ready availability of both
coupling partners and the great potential for extension to other types
of easily accessible cyclopropyl radical precursors, this work provides
acomplementary approach to known methods. More importantly, the
redox-state tuning strategy disclosed here appearsto provide ageneral
solution to the chemoselectivity issue of highly reactive radical spe-
cies, thereby facilitating the expansion of transition-metal-catalysed
radical coupling reactions.

Results and discussion

Reaction development

We first investigated the enantioconvergent cross-coupling reaction
ofracemic1-phenyl-2,2-dichlorocyclopropyl bromide 1 with terminal
alkyne 2 (Table 1), considering that such a racemic substrate is easily
available in only one synthetic step (Supplementary Fig. 1) and the
chloride motif could be readily converted to many other functional
groups'”**”?, The desired cross-coupling product 3 was obtained in
lowyield, while side products 4 and 5, probably originating from cyclo-
propyl radical addition to alkynes and HAT processes, respectively,
were formed much more efficiently under our previously reported
optimal conditions for many racemic secondary benzyl bromides
(entry1)*®, These results were expected, given the unfettered reactivity
of the cyclopropylradicals. Switching the N,N,P-ligand L*1”* to a harder
N,N,N-ligand L*2 (entry 2) led to slightly better chemoselectivity (higher
relativeyield of 3; see the data shownin parentheses beside the absolute
yield). Consistent with this result, copper salts of hard ligands/counte-
rions, such as acetate (entry 5) and triflate (entry 6), greatly enhanced
the chemoselectivity. In contrast, those of soft ligands/counterions
(entries 2-4) did not (see Supplementary Table 1 for more results). We
tentatively ascribed the enhancing effect to the high predisposition
of these hard ligands/counterions toward stabilizing Cu(ll) species
compared with the soft Cu(l) ones”, thus increasing the concentra-
tion of chiral Cu(ll) acetylide and the desired cross-coupling reaction
in turn. Encouraged by these results, we were compelled to test the
effect of direct use of Cu(ll) salts with hard ligands/counterions and
were delighted to find that both Cu(OAc), (entry 7) and Cu(OTf), (entry
8; Tf, trifluoromethanesulfonyl) afforded superior chemoselectivity.
With the chemoselectivity issue largely resolved, we next screened
several N,N,N-ligands (see Supplementary Table 2 for more results).
Modification of the picolinamide fragment only slightly affected the
enantioselectivity (L*3-L*5, entries 9-11) while replacing it with aniso-
quinoline carboxamide led to obviously improved enantioselectivity
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Table 1| Optimization of reaction conditions

Ar
Ar 2: H \\
o 7Av8r [Cu] (10 mol%), L* (12 mol%) o 7A;~:—Ar X o A’\/ Ar ) N AH
cl Ph Cs5C0; (2.0/equiv.), Et,0, r.t cl Ph cl Ph cl Ph
()-1 Ar =3-OMeCgH, 3 4 5
OMe % OMe @ OMe @ OMe % OMe % R'
N N N N 25N NN
9S 9R
| N NH  PAr, | N NH | N NH | N NH | N NH HN |
N_ .~ o N_ .= o N\ N_ .= o N_ .= o N\ N /2 o N\ N\ ° N
L2 Z  L'3,R=38r 2F =l = = R
L*1, Ar =3,5-Bu,CgHs L*4, R=4-Ph 4 L*8, R,R’ = "Bu,0Me
L*10, Ar = 3,5-Me,CgHg L*5, R=5-CF3 L*6 L7 L*9, R,R’=H,H
Entry [Cu] L* Yield of 3 (%)* Yield of 4 (%) Yield of 5 (%) e.e.of 3(%)
1 CuTc L*1 4(12) 12 17 40
2 CuTc L*2 5(22) 10 8 -68
3 CuSCN L*2 8(27) 14 8 -68
4 Cul L*2 5(29) 6 6 -68
5 CuOAc L*2 45 (68) 17 4 -68
6 CuOTf-1/2PhH L*2 24 (68) 8 3 -68
7 Cu(OAc), L*2 44(92) 4 ND -68
8 Cu(OTf), L*2 44 (96) 2 ND -68
9 Cu(OTf), L*3 28 (88) 2 2 =74
10 Cu(OTf), L*4 38(88) 5 ND -66
n Cu(OTf), L*5 49 (96) 2 ND -68
12 Cu(OTf), L*6 95 (98) 2 ND -84
13 Cu(OTf), L*7 95 (98) 2 ND -88
14 Cu(OTf), L*8 95 (99) 1 ND 90
15° Cu(OTf), L*8 65 (100) ND ND 92
16°° Cu(OTf), L*8 93 (100) ND ND 92
1704 Cu(OTf), L*8 93 (100) ND ND 92
18Pce Cu(OTf), L*8 61(100) ND ND 92
19bef Cu(0Tf), L*8 12 (100) ND ND 92

Standard reaction conditions: 2 (1.5equiv.), racemic 1(0.10mmol), Cu (10mol%), L* (12mol%) and Cs,CO; (2.0 equiv.) in diethyl ether (1.0ml) at r.t. for 3days under argon. Yield is based on 'H
NMR spectroscopic analysis of the crude product using 1,3,5-trimethoxybenzene as an internal standard. e.e. values are based on chiral HPLC analysis. °The percentage of 3 among the three
products is shown in parentheses. ®At 0°C for 6days. °With 2 (1.0equiv.), racemic 1(0.10 mmol), Cu(OTf), (15.0mol%), L*8 (18.0 mol%) and Cs,CO, (4.0 equiv.). “With 2 (0.10mmol), racemic 1
(1.5equiv.) and Cs,CO, (4.0 equiv.). *With Cu(OTf), (5.0 mol%) and L*8 (6.0 mol%). ‘With Cu(OTf), (2.0 mol%) and L*8 (2.4mol%). "Bu, n-butyl; ND, not determined; Ac, acetyl.

(L*6, entry 12). Introducing an n-butyl substituent at the C2’ position
ofthe quinolinering (L*7, entry 13) and switching the quinine-derived
chiralbackbonetoits (2R,9R)-pseudoenantiomer (L*8, entry 14) both
modestly increased the reaction efficiency and selectivity. Lowering
the reaction temperature completely suppressed the side reactions,
but the yield of 3 also decreased (entry 15). Furthermore, decreasing
the loading of alkyne 2 and slightly increasing the catalyst loading
rescued the reaction efficiency (entry 16). The use of a slight excess of
racemic electrophile 1 without altering the catalyst loading afforded
almost the same results (entry 17). These results appear to indicate an
inhibiting effect of alkyne on the reactionrate, as previously observed®,
As such, the optimal conditions were as follows (see Supplementary
Tables 3-6 for more condition screening results): 1.0 or 1.5 equiv. race-
mic1reacted with 0.10 mmol 2 in the presence of 10 mol% or 15 mol%
Cu(OTf),,12 mol% or 18 mol% L*8, and 4.0 equiv. Cs,CO;in 1.0 ml diethyl
ether at 0 °Cunder argon for 6 days, affording 3in 93% yield with 92%

e.e. (entries 16 and 17). Lower catalyst loadings resulted in gradually
decreasedreaction efficiency while leaving the enantioselectivity intact
(entries 18 and 19). Further control experiments confirmed that the
copper salt, chiral ligand and base additive are all indispensable for
the reaction (Supplementary Table 7).

Substrate scope

With the optimal reaction conditions developed, we investigated
the generality of the enantioconvergent cross-coupling reaction of
cyclopropyl radicals (Fig. 2). Regarding the alkyne scope, a variety of
aryl alkynes bearing unsubstituted or substituted phenyl rings or a
naphthalene ring successfully participated in the reaction to afford the
corresponding products 3 and 6-20in 71-93% yield with 80-92% e.e.
Many common functional groups, such as methoxy (3-7), halo (11-13),
trifluoromethyl (14), formyl (15), ester (16), cyano (17), nitro (18) and
acetal (19), were all highly compatible with the reaction conditions.
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Fig.2|Substrate scopes of alkynes and racemic cyclopropyl bromides.
Standard reaction conditions: alkyne (0.20 mmol), racemic cyclopropyl bromide
(L5 equiv.), Cu(OTf), (10 mol%), L*8 (12 mol%) and Cs,CO; (4.0 equiv.) in diethyl
ether (2.0 ml) under argon at O °C for 6 days. Isolated yield is shown; e.e. is based
on chiral HPLC analysis. *With alkyne (0.20 mmol), racemic cyclopropyl bromide
(1.0 equiv.), Cu(OTf), (15 mol%) and L*8 (18 mol%). °For 8 days. ‘At r.t. “With alkyne

o
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Ph
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Br Ph
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OMe OMe

53, 75%, 47% e.e.l

(0.10 mmol). °At -10 °C. ‘With triphenylsilyl acetylene (3.0 mmol). With alkyne
(0.10 mmol), L*9 (12 mol%; see Table 1 for its structure) and Cs,CO; (2.0 equiv.)
atr.t.for 3 days. "With alkyne (0.10 mmol) and L*9 (12 mol%) in PhCF, under
blue LED irradiation (5 W) atr.t. for 3 days. 'With alkyne (0.20 mmol) and L*10
(12 mol%; see Table 1 for the structure) in1,4-dioxane under blue LED irradiation
(5W)atr.t.for 5 days. Cz, 9-carbazolyl; Bn, benzyl; PMP, 4-methoxyphenyl.

Furthermore, heteroaryl alkynes featuring medicinally relevant het-
erocycles such as thiophene (21 and 22), pyridine (23) and benzo[b]
furan (24) rings were suitable substrates to give the desired productsin
68-93% yield with excellent enantioselectivity. Inaddition, an alkenyl
alkyne was also compatible with the reaction, leading to a1,4-enyne
product25. Moreimportantly,anumber of alkyl alkynes with different
carbon chain lengths and functional groups worked well to provide

the products 26-32 in 76-94% yield with 92-94% e.e. The tolerance
of carbazole (27) and amide (30) functionalities was notable. In addi-
tion, triisopropylsilyl acetylene was also applicable to the reaction to
afford33in94%e.e.

In terms of the scope of racemic cyclopropyl halides, a broad
series of 1-aryl-substituted cyclopropyl bromides bearing 1-phenyl
rings with either electron-withdrawing or electron-donating groups
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Fig.3|Reaction development and substrate scopes for other

racemic cyclopropyl halides. a, Condition optimization for racemic
1-alkenyl-substituted cyclopropyl bromide 54. Reaction conditions: racemic
54 (1.5 equiv.), 55 (0.050 mmol), Cu(OTf), (15 mol%), L* (18 mol%) and Cs,CO,
(4.0 equiv.) in diethyl ether (1.0 ml) atr.t. for 4 days under argon. Yield is based
on'HNMR spectroscopic analysis of the crude product using mesitylene
asaninternal standard. e.e. values are based on HPLC analysis. *“With CuTc

(15 mol%) in MTBE (1.0 ml) for 7 days. b, Substrate scopes of alkynes and
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conditions: racemic 1-alkenyl-substituted cyclopropyl bromide (1.5 equiv.),
alkyne (0.10 mmol), CuTc (15 mol%), L*5 (18 mol%) and Cs,CO; (4.0 equiv.)
inMTBE (2.0 ml) atr.t. under argon for 7 days. Isolated yield is shown; e.e.

is based on chiral HPLC analysis. ®At 10 °C for 10 days. ¢, Preliminary results

of racemic 1-alkyl-substituted cyclopropyl halide 73. Reaction conditions:
racemic 73 (1.5 equiv.), phenylacetylene 74 (0.10 mmol), Cu(PPh;);Br (10 mol%),
L*11 (15 mol%) and Cs,CO; (4.0 equiv.) in MTBE (2.0 ml) atr.t. under blue LED
irradiation (5 W) and argon for 7 days.

at different positions or a naphthalene ring were all readily accom-
modated to give 34-44 in 69-97% yield with 83-93% e.e. In addition,
1-heteroaryl-substituted cyclopropyl bromides also underwent the
reaction smoothly to afford the corresponding products 45 and 46
with good results. Remarkably, when cyclopropyl bromides served

as the limiting reagents, products 3, 9, 11 and 42 were obtained in
similar yields with identical enantioselectivity under the alternative
optimal conditions (Table 1, entry 16), making these conditions prefe-
rable for less accessible electrophile substrates. More importantly,
2,2-dibromocyclopropyl bromides were also viable substrates to give
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phenyl]-2-imidazolidinyledene]chlorocopper/palladium acetate/
dicyclohexyl(2’-methoxy[1,1’-biphenyl]-2-yl)phosphine; TMDSO,
1,1,3,3-tetramethyldisiloxane; Ts, para-toluenesulfonyl; 2-Np, 2-naphthyl; TBAF,
tetra-n-butylammonium fluoride; [Rul, tris(acetonitrile) (r°-cyclopentadienyl)
ruthenium hexafluorophosphate; [Pd], Lindlar catalyst.

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, thereaction 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-
tiallyincreased 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
sidereactions’, providing no desired products (Supplementary Fig. 2).

To further demonstrate the utility of this method, we examined
the cross-coupling of racemic1-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 transformable’’. 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
forracemic1-(hetero)aryl-substituted cyclopropyl bromides showed
low reaction efficiency with unsatisfactory enantioselectivity (18%
yieldand-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. 3aand Supplementary Table 10, entries 3-6).
Subsequent screening of copper salts and solvents revealed copper(l)
thiophene-2-carboxylate (CuTc) and methyl tert-butyl ether (MTBE)
asthesuperior combination (Supplementary Table 10, entries 7-11).
Notably, using a Cu(l) precatalyst did not result in side reactions for
the1-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): thereaction of racemic 54 (1.5 equiv.) and 55 (0.050 mmol,
1.0 equiv.) inthe presence of CuTc (15 mol%), L*5 (18 mol%) and Cs,CO,
(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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Fig. 5| Mechanistic studies and proposals. a, Copper phenylacetylide directly
participated in the reactionin the presence of ligand L*8. b, Radicals were hardly
generated under the standard conditions in the absence of alkyne. ¢, The EPR and
electrospray ionization (ESI) HRMS experimental results indicated the formation
of DMPO-trapped product 93, supporting the cyclopropyl radical generation.
d,Racemic and scalemic1provided product 8 with the same enantioselectivity,

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 Il and
racemic cyclopropyl halides to form Cu(ll) complexes Il and cyclopropyl radical
IV and their subsequent enantioselective C-C bond coupling.

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
a-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 complexes””’, Thus, we investi-
gated a series of electron-rich tridentate anionic ligands under blue
light-emitting diode (LED) irradiation (Supplementary Table11). Inter-
estingly, ligand L*11*° 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 optimizedin 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 awide 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 substitution® 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 CO, and further
amidation led to 83 in moderate diastereoselectivity. More impor-
tantly, the subsequent highly diastereoselective formal nucleophilic
substitution’”, 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).Inaddition, the alkenyl groupin 60 is also of
high synthetic potential. For example, complete hydrogenation of 88
gaverise 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. 3¢). Importantly, no apparent loss of enantio-
purity was observed inall the above transformations, showcasing the
highadaptability 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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formation of Cu(ll) acetylide Il primarily relies on the single-electron oxidation
of Il by cyclopropyl halides. Consequently, the concentration of Il is low,
making its coupling with cyclopropyl radicals unfavourable and leading to the
formation of side products. d, Under conditions with low Cu(l)/Cu(ll) ratios, the
transmetalation of Cu(ll) species leading to Ill can substantially increase the
concentration of II, thus favouring the desired radical coupling and suppressing
side reactions. TM, transmetalation.

no reaction occurred without L*8. These results indicated that the
ligand-coordinated copper(l) 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
conversionof1, further supporting the involvement of copper(l) 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 1in 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 aradical inhibitor TEMPO (Supplementary Fig. 8). Collec-
tively, these results supported the generation of cyclopropyl radicals
inthe reaction. Fourth, the reactions with either racemic or scalemic
1afforded product 8 with the same enantioselectivity. Furthermore,
no enantioenrichmentor enantioerosion of recovered 1was observed
whenracemicorscalemic1, respectively, was used (Fig. 5d; see Supple-
mentary Fig. 9 for similar results of 73). These results together excluded

theinvolvement of kinetic resolution or fast racemization of cyclopro-
pylbromidesinthereaction. On the basis of the above results and our
previous reports®®®’, a possible mechanism was proposed, as shown in
Fig. Se.Initially, L*Cu(l) intermediate I reacted with terminal alkynesin
the presence of abase to generate the L*Cu(l)-acetylide intermediatell.
Afterwards, intermediate Ilunderwent single-electron transfer (SET)
with racemic cyclopropyl halides, giving rise to the L*Cu(ll)-acetylide
intermediatelll and cyclopropyl radical IV. Finally, the enantioselective
C-Cbond coupling occurred viathe reaction of llland 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 alikely radical substitution-type path-
way, which is approximately 3.2 kcal mol™ more favourable than the
pathway involving Cu(lll) 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(l) and Cu(ll) and observed an
increase in the formation of side products when Cu(l) was predominant
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(Supplementary Table 12). Importantly, detailed time-course experi-
ments with a Cu(l) catalyst precursor revealed that the formation of
side products plateaued (Fig. 6a and Supplementary Fig. 10) after the
overall concentration of Cu(ll) species increased to approximately
1.5mM at around 9 h (Fig. 6a), as indicated by EPR experiments
(Supplementary Figs.11and 13). Additionally, the use of a Cu(ll) catalyst
precursor resulted in an almost order of magnitude higher concentra-
tion of Cu(ll) 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(ll) species.

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

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

Summary

We have established a method for the enantioconvergent radical car-
bon-carbon cross-coupling of abundant racemic cyclopropyl halides
with awide range of terminal alkynes, under mild conditions. The suc-
cessoftheapproach hinges largely on the redox-state-tuning of copper
catalysts, achieved by employing Cu(ll) 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
theassembly of adiverse range of synthetically challenging enantioen-
riched cyclopropanes presentin 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), (7.20 mg, 0.020 mmol, 10 mol%), chiral
ligand L*8 (12.80 mg, 0.024 mmol, 12 mol%) and Cs,CO; (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 celiteand 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 Cs,CO; (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 atr.t. for 7 days. Upon completion
ofthereaction (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 onsilica 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(PPh;);Br (9.30 mg, 0.010 mmol, 10 mol%),
L*11(8.12 mg, 0.015 mmol, 15 mol%) and Cs,CO; (128.0 mg, 0.4 mmol,
4 equiv.). The tube was evacuated and backfilled with argon three
times. Then, racemic1-alkyl cyclopropyliodine 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)
atr.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 onssilica gel to afford the desired product.

Data availability

Alldataare 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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