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Abstract: Performing asymmetric cross-coupling reac-
tions between propargylic electrophiles and aryl nucleo-
philes is a well-established method to build enantioen-
riched benzylic alkynes. Here, a catalytic
enantioselective propargyl-aryl cross-coupling between
two electrophiles was achieved for the first time in a
stereoconvergent manner. Propargylic chlorides were
treated with aryl iodides as well as heteroaryl iodides in
the presence of a chiral nickel complex, and manganese
metal was used as a stoichiometric reductant, allowing
for the construction of a propargyl C-aryl bond under
mild conditions. An alternative dual nickel/photoredox
catalytic protocol was also developed for this cross-
electrophile coupling in the absence of a metal reduc-
tant. The potential utility of this conversion is demon-
strated in the facile construction of stereoenriched
bioactive molecule derivatives and medicinal com-
pounds based on the diversity of acetylenic chemistry.
Detailed experimental studies have revealed the key
mechanistic features of this transformation.

Introduction

Alkynes which contain propargylic stereogenic centers are
important structural motifs in natural products and bio-
logically active compounds, such as molecules I–IV; alkynes
confer valuable structural, conformational and metabolic
properties (Figure 1a).[1] In addition, the acetylenic carbon-
carbon triple bond is an important synthon in organic
synthesis, providing access to a wide variety of downstream
transformations.[2] Therefore, considerable effort has been
dedicated to developing enantioselective approaches for the
synthesis of propargylic stereogenic centers during the last
decades.[3] In this context, the catalytic asymmetric prop-
argylic substitution reaction is among the most efficient and
prevalent tools for the efficient generation of chiral prop-
argylic compounds (Figure 1b). This strategy involves two
approaches to generate the stereogenic center depending

upon the nature of the applied propargylic electrophiles. In
the case of a propargylic skeleton bearing a terminal alkyne
moiety, enantioselective propargylic substitution with differ-
ent soft nucleophiles can proceed through metal-allenyli-
dene intermediates enabled by ruthenium[4] or copper[5]

catalysts. For internal alkynes, the catalytic enantioconver-
gent cross-coupling of racemic propargylic electrophiles with
soft and hard nucleophiles through reductive elimination[6]

or allenic substitution[7] has been achieved with Ni and/or
Cu catalysts.

Due to the importance of chiral benzylic alkyne
skeletons, substantial progress has been made for catalytic
asymmetric synthesis, mostly by merging propargylic elec-
trophiles and aryl nucleophiles (Figure 1c). In pioneering
work, Fu and co-workers performed nickel-catalyzed asym-
metric Negishi coupling between racemic propargylic
halides[8] or carbonates[9] with aryl-zinc reagents via a stereo-
convergent process to furnish the corresponding propargylic
arylation products. Moreover, arylboronate esters could be
used as suitable coupling partners in copper-catalyzed
enantioselective Suzuki–Miyaura coupling.[10] In 2017, Torto-
sa reported a copper-catalyzed stereospecific Kumada-type
coupling reaction starting from enantioenriched propargylic
ammonium salts and aryl-Grignard reagents via an SN2
pathway.[11] To avoid the necessity of organometallic
reagents, the Liu group recently developed an elegant route
involving a copper-catalyzed stereoconvergent Sonogashira
C(sp3)� C(sp) cross-coupling of terminal alkynes with race-
mic benzyl halides.[12] Considering that aryl halides are often
used as precursors for organometallic reagents, we inves-
tigated whether these abundant and structurally diverse
feedstocks can be used directly to prepare enantioenriched
benzylic alkynes.

Transition metal-catalyzed reductive cross-coupling reac-
tions between two electrophiles have captured extensive
attention in organic chemistry.[13] Seminal reports showcased
the ability of nickel to mediate the reductive homocoupling
of aromatic halides to build biaryl products.[14] In recent
years, important progress has been achieved for the
enantioselective form under reducing conditions.[15] These
reactions have proven particularly useful for the asymmetric
coupling of benzylic electrophiles with acyl chlorides, aryl,
heteroaryl and vinyl halides, which have been explored by
Reisman[16] and Doyle[17] successively. Our group also
uncovered a nickel-catalyzed defluoroalkylation of gem-
difluoroalkenes with benzyl chlorides, showing excellent
stereoselectivity and enantioselectivity.[18] In sharp contrast,
much less attention has been focused on propargylic electro-
philes in reductive cross-coupling, and a dominant prefer-
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ence for allenylation has been established experimentally.[19]

Here, we first report a highly enantioselective catalytic
propargyl-aryl cross-electrophile coupling from readily avail-
able feedstocks (Figure 1d). Upon exposure to a nickel
catalyst with a chiral bisoxazoline (BiOx) ligand, propargylic
chlorides can perform ipso-selective arylation with aryl and
heteroaryl iodides, showing excellent chemo-, regio- and
enantioselectivity.

Results and Discussion

Elegant methods relying on the metal-catalyzed addition of
organometallic reagents, such as aryl Grignard, tin, zinc,
boron and silane reagents, to aldehydes have been widely
developed to form alcohols.[20] To demonstrate the compat-
ibility of our strategy, we reacted iodoarene 2a, which
contains a sensitive aldehyde group, with racemic propar-
gylic chloride 1a using NiBr2·dme (10 mol%) as a catalyst
and a stoichiometric amount of manganese powder as the
reductant in THF at 0 °C (Table 1). Cross-coupling did not
occur in the presence of pyridine-oxazoline ligand (S)-L1,
but a mixture of rac- and meso-1,5-diyne 4aa was formed in
a large amount (entry 1). We further screened chiral ligands
and found that utilizing the BiOx ligand (R, R)-L2 with two
tBu substituents led to the desired product 3aa in trace
amounts (entry 2). We were pleased to see that diphenyl-
BiOx (R, R)-L3 could dramatically improve the reactivity
and inhibit the dimerization, generating 3aa in 76% yield

with a modest enantiomeric ratio (89/11 er, entry 3). Further
investigation of different substituents in BiOx ligands under
the optimized conditions confirmed that ligands (R, R)-L4
(91/9 er) and (R, R)-L5 (92/8 er) containing two iso-butyl
and cyclohexyl groups could provide higher enantioselectiv-
ities (entries 4–5). Treatment of (R, R)-L6 bearing two
flexible 4-heptyl chains[21] as a ligand resulted in excellent
reactivity and enantioselectivity (93% yield, 95.5/4.5 er,
entry 6). The tridentate ligand (R, R)-L7 resulted in almost
exclusive dimerization, giving compound 4aa (entry 7).
Under the developed reaction conditions, conducting the
reaction at room temperature slightly improved the forma-
tion of 3aa but with an erosion of enantioselectivity (93.5/6.5
er, entry 8). When the amount of Mn was reduced to
2.0 equiv, product 3aa could still be obtained in 89% yield
without compromising enantioselectivity (entry 9). Other
reductants, such as zinc, could also maintain good enantiose-
lectivity (94/6 er) but with a much lower conversion
(entry 10). In addition, other nickel sources, such as Ni-
(cod)2, could also produce 3aa with a comparable outcome
(78% yield, 95/5 er, entry 11). Other metal catalysts, such as
CrCl2, were completely ineffective in the formation of 3aa,
and undesired product 5aa through allenylation of the
aldehyde group was observed in a low yield (entry 12).[19a]

To investigate the reactivity of leaving groups, we also
screened different electrophiles in the reactions. Propargylic
bromide 1a’ resulted in less efficiency and a large amount of
byproduct 4aa, most likely due to the higher reactivity to
form the propargylic radical species; however, the enantiose-

Figure 1. Strategies for propargylic functionalization.
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lectivity of the product could be maintained (entry 13).
When the related propargylic tert-butyl carbonate 1a’’ was
employed, the reaction showed extremely low reactivity
(entry 14). Furthermore, replacing 4-bromobenzaldehyde
(2a’) or 4-chlorobenzaldehyde (2a’’) with 2a in the system
made the reaction very sluggish (entries 15–16). Treatment
of a solution of NiBr2·dme and (R, R)-L6 in THF, which was
sonicated for 1 min before it was added to reactants, could
further improve the outcome of the reaction, forming
product 3aa in 98% yield and 96/4 er (entry 17). Under the
reaction conditions, lowering the loading of nickel catalyst
to 5 mol% could also maintain good reactivity (85% yield,
96/4 er, entry 18). Finally, two control experiments revealed
that the cross-coupling and dimerization of propargylic
chloride 1a did not proceed without reductant or nickel

catalyst (entries19–20). Notably, the allenylative arylation
product 6aa was not observed in any of the entries.

With the optimal conditions for the asymmetric prop-
argyl-aryl coupling in hand, we next investigated the scope
with respect to the different propargylic chlorides (Table 2).
The reaction of iodoarene 2a with diverse propargylic
chlorides bearing a phenethyl (1b), an isopropyl (1c), a
cyclobutyl (1d), a cyclohexyl (1e), a tetrahydro-2H-pyran-4-
yl (1 f), and a benzyl (1g) were compatible with this reaction.
Note that excellent outcomes were obtained from propar-
gylic chlorides containing heterocyclic skeletons, such as
furan (1h) and thiophene (1 i). The installation of the OBn
group in propargylic chloride 1j was tolerated to form
product 3ja in 82% yield and 91/9 er, but the coupling of
substrate 1k with an ester motif led to product 3ka with a
dramatically decreased yield (35%, 92/8 er), possibly due to

Table 1: Optimization of reaction conditions.[a]

entry LG1 LG2 cat [M] (mol%) L* (mol%) Reductant (equiv) T °C) er of 3aa (%)[b] Yield of 3aa (%)[c]

1 Cl (1a) I (2a) NiBr2·dme (10) (S)-L1 (12) Mn (3.0) 0 – 0
2 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L2 (12) Mn (3.0) 0 – <5%
3 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L3 (12) Mn (3.0) 0 89/11 76
4 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L4 (12) Mn (3.0) 0 91/9 93
5 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L5 (12) Mn (3.0) 0 92/8 79
6 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L6 (12) Mn (3.0) 0 95.5/4.5 93
7 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L7 (12) Mn (3.0) 0 – 0
8 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L6 (12) Mn (3.0) r.t. 93.5/6.5 95
9 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L6 (12) Mn (2.0) 0 95/5 89
10 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L6 (12) Zn (3.0) 0 94/6 54
11 Cl (1a) I (2a) Ni(cod)2 (10) (R, R)-L6 (12) Mn (3.0) 0 95/5 78
12 Cl (1a) I (2a) CrCl2 (10) (R, R)-L6 (12) Mn (3.0) 0 – 0
13 Br (1a’) I (2a) NiBr2·dme (10) (R, R)-L6 (12) Mn (3.0) 0 95.5/4.5 21
14 OBoc (1a’’) I (2a) NiBr2·dme (10) (R, R)-L6 (12) Mn (3.0) 0 – trace
15 Cl (1a) Br (2a’) NiBr2·dme (10) (R, R)-L6 (12) Mn (3.0) 0 – trace
16 Cl (1a) Cl (2a’’) NiBr2·dme (10) (R, R)-L6 (12) Mn (3.0) 0 – 0
17[d] Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L6 (12) Mn (3.0) 0 96/4 98 (95)[e]

18[d] Cl (1a) I (2a) NiBr2·dme (5) (R, R)-L6 (6) Mn (3.0) 0 96/4 85
19 Cl (1a) I (2a) NiBr2·dme (10) (R, R)-L6 (6) - 0 – 0
20 Cl (1a) I (2a) – (R, R)-L6 (12) Mn (3.0) 0 – 0

[a] Reaction conditions: cat [M] (5–10 mol%), L* (6–12 mol%), 1a (0.10 mmol), 2a (0.15 mmol), reductant (0.30 mmol) in 1 mL of THF at 0 °C for
18 hours under argon. [b] Enantiomeric ratio (er) was determined by chiral HPLC analysis. [c] Yield was determined by GC analysis. [d] The solution
of NiBr2·dme and (R, R)-L6 in THF was sonicated for 1 min before addition to reactants. [e] Isolated yield.
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the β-H elimination of the generated propargylic radical.
The observation that the coupling of compound 2 l bearing
two different C� Cl bonds selectively provided product 3 la
in 83% and 97.5/2.5 er shows that C� C bond formation
occurs preferentially at the propargylic position. Substrate
1m bearing a double bond did not interfere with the
coupling event. Compound 1n, which is derived from α-
linolenic acid with three cis double bonds, was compatible
with excellent configuration retention. The derivative of
citronellal (1o) was also shown to be compatible with our
system, affording product 3oa with an excellent diastereo-
meric excess (de). In addition, propargylic chlorides bearing
other silyl substituents at terminal positions, such as Et3Si

(1p) and Me3Si (1q), also facilitated the formation of
desired products 3pa and 3qa with acceptable ers (89/11–
95.5/4.5); the enantiocontrol decreased gradually, with a
decrease in steric hindrance of silyl motifs. In addition to
silyl-substituted substrates, propargylic chlorides with a
bulky silyl ether (1r) or adamantan-1-yl (1s) group could
also participate in the reactions to form products 3ra and
3sa with modest outcomes. However, phenyl-substituted
substrate 1t was problematic under the current reaction
conditions. With the success of secondary propargyl chlor-
ides in the cross-coupling, we further investigated the related
tertiary electrophiles in these catalytic systems. However,
the reactions between propargyl chlorides 1u–v and iodoar-

Table 2: Substrate scope of propargyl chlorides.[a]

[a] Reaction conditions: NiBr2·dme (10 mol%), (R, R)-L6 (12 mol%), 1 (0.10 mmol), 2a (0.15 mmol), Mn (0.30 mmol) in 1.0 mL of THF at 0 °C for
18 hours under argon; [b] For 48 h; [c] Reaction conditions: Ni(cod)2 (10 mol%), 4,4’-diMeO-bpy (12 mol%), CoPc (5 mol%), 1 (0.10 mmol), 2a
(0.15 mmol), Mn (0.30 mmol) in 1.0 mL of THF at 0 °C for 18 hours under argon.
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ene 2a were more prone to form tetrasubstituted allenes
6ua and 6va under the modified reaction conditions, and
bulky TIPS-substituted substrate 1w failed to generate any
coupling products.

We further examined the scope with respect to aryl and
heteroaryl iodides (Table 3). Iodoarenes bearing diverse
mono-substituted electron-withdrawing groups, such as acyl

(2b–d), ester (2e), and cyano (2 f), furnished corresponding
products 3ab–af in excellent ers. Multisubstituted aryl
iodides 2g–i with two electron-withdrawing groups could
also generate desired adducts 3ag–ai in excellent yields and
enantioselectivities. However, for substrates with a strong
electron-donating group, such as OMe (2k), at the para
position, reduced enantioselectivity was observed in the

Table 3: Substrate scope of aryl and heteroaryl iodides.[a]

[a] Reaction conditions: NiBr2·dme (10 mol%), (R, R)-L6 (12 mol%), 1a (0.10 mmol), 2 (0.15 mmol), Mn (0.30 mmol) in 1.0 mL of THF at 0 °C for
18 hours under argon.
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formation of product 3ak (95/5 er). However, iodoarenes
bearing the two meta OMe groups and other para-
substituted electron-donating groups, including phenoxy
(2m), acetoxy (2n), tertiary amino (2o), and thioether (2p),
could be well accommodated. In addition, the hydroxyl
groups (2q–r) in the substrates can also survive mild
reaction conditions, but the installation of the phenol motif
resulted in modest enantioselectivity (3aq, 87/13 er). Poly-
cyclic arenes 2s–t were tolerated under the reaction
conditions, and the S absolute configuration of product 3at
was confirmed by X-ray diffraction.[22] Heteroaryl iodides
were readily accommodated in the transformation as
follows: pyridine 2u and quinoline 2v were functionalized
with good enantioselectivities (94.5/5.5–97/3 er), albeit with
much lower reactivity, but indole 2w and thiophene 2x were

readily converted into the corresponding products 3aw–ax
with good results. A major benefit of this mild and highly
enantioselective reaction is the tolerance of a range of
functional units commonly present in biologically active
molecules. For example, indomethacin-derived molecule 2y
readily produced desired product 3ay in 85% yield with
97/3 er. L–Menthol analog 2z with three chiral centers could
be subjected to this method to generate product 3az in 87%
yield with excellent de. In addition, a complex molecule 2 A
derived from estrone showed good outcome in the reaction.

To demonstrate the synthetic utility of this methodology,
a series of experiments were further performed (Figure 2).
Given that metallaphotoredox catalysis has emerged in
recent years as a useful cross-coupling strategy with
transition metal catalysis, we envisioned that propargyl-aryl

Figure 2. Further investigation of reaction conditions and synthetic applications.
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cross-electrophile coupling might be conducted by a dual
nickel/photoredox catalytic protocol without the use of a
metal reductant.[23] Preliminary studies into the reaction
were performed with propargylic chloride 1a, iodoarene 2f,
4CzlPN (2 mol%), Ni(cod)2 (10 mol%), (R, R)-L6
(12 mol%), Hantzsch ester and Et3N, with exposure to a
40 W blue LED light source (456 nm) in 1,4-dioxane,
delivering the desired product 3af in 78% yield with 94/6 er
(Figure 2a). Using propargylic chloride 1a and iodoarene
2m as substrates, a gram-scale synthesis was smoothly
carried out in 5.0 mmol with a reduced catalyst loading
(5.0 mol% of NiBr2·dme and 6.0 mol% of L6), and product
3am was furnished in 71% yield without loss of any
enantioselectivity (Figure 2b). As noted at the outset,
alkynyl products are extremely versatile intermediates in
organic synthesis, as they can be converted into other
important families of compounds. Several illustrative exam-
ples are provided in Figure 2c. The semihydrogenation of
3am with DIBAL� H furnished cis-alkene 7 in 82% yield
and 96/4 er. More importantly, further derivatizations of
3am can be achieved with synthetically useful terminal
alkyne 8, which was obtained in 96% yield by the TBAF-
mediated removal of the TIPS group. For instance, palla-
dium-catalyzed Sonogashira coupling of 8 with PhI can
generate internal alkyne product 9 in 78% yield. A 1,4-
enyne 10 (92%, 97/3 er) can be synthesized smoothly from
compound 8 and allyl chloride by copper catalysis. Bromina-
tion of compound 8 by silver catalyst formed product 11
without erosion of the enantiopurity. Alkyne 8 could also
participate in a copper-catalyzed click reaction with BnN3,
affording triazole product 12 in 80% yield with 96.5/3.5 er.
The utility of our strategy can be further exemplified by its
use in a key step in the asymmetric synthesis of biologically
active molecules. To start the first synthesis, molecule II was
prepared as a propargyl-linked antifolate, which is potent at
both the enzymatic and cellular levels against wild-type and
mutant F98Y dihydrofolate reductase (Figure 2d). The
reaction of propargylic chloride 13 with 1,3-diiodo-5-meth-
oxybenzene (14) under the optimized conditions formed key
intermediate 15 in 83% yield and 96/4 er. The subsequent
Suzuki–Miyaura coupling of compound 15 with pyridin-4-
ylboronic acid (16) using a catalytic amount of Pd(PPh3)2Cl2
led to product 17 in 79% yield and 97/3 er. Further
deprotection of the silyl group in 17 produced terminal
alkyne 18, which could be converted into the target by Pd-
catalyzed Sonogashira coupling with heteroaryl iodide 19.
Based on alkyne conversion, the formed triple bond could
be used as a precursor of carboxyl acid in drug synthesis
(Figure 2e). For example, the propargyl-aryl cross-electro-
phile coupling of substrate 13 with iodoarene 1 t under the
developed conditions furnished product 20 in 53% yield
with 97/3 er, and further oxidative cleavage of the C� C triple
bond yielded (S)-cicloprofen 21 as a nonsteroidal anti-
inflammatory drug in 65% yield with 97/3 er. These
examples clearly demonstrate that the new strategy for
propargylic arylation is well suited to the rapid and modular
construction of complex molecules.

To provide insight into the reaction mechanism, a series
of experiments were then conducted (Figure 3). We first

tested optically active propargylic chloride S-13 in the cross-
electrophile coupling with iodoarene 2 l using dtbbpy as a
ligand, affording racemic product 23 in 73% yield (Fig-
ure 3a). This result ruled out an SN2 pathway involving the
addition of a catalytically generated aryl-Ni species to the
propargylic chloides.[11] When stoichiometric amounts of
TEMPO (2,2-6,6-tetramethyl piperidine-N-oxyl) were added
under standard conditions, the reaction was immensely
inhibited (Figure 3b). Furthermore, the addition of two
equivalents of allylic sulfone 23 to the system furnished 3aa
in a diminished yield (71%), and allylic adduct 24 was
isolated in 14% yield. This result supports the formation of
propargylic radicals in this transformation. When 3.0 equiv.
of iodoarene 2e was reacted with 1.0 equiv. of Ni(cod)2 and
ligand (R, R)-L6, nickel complex 25 was obtained and
confirmed by X-ray analysis (Figure 3c).[22] There are two
ligands with one nickel species in complex 25, and its
geometry indicates the six-coordinate around nickel atoms is
quite close to octahedron. We further attempted to synthe-
size the monomeric species from NiBr2·dme and ligand L6.
To our surprise, dimeric species 26 and trimeric species 27
were isolated and confirmed by X-ray analysis (Figure 3d).
We speculate that dynamic equilibrium occurs among the
monomeric, dimeric and trimeric species, in which the
aggregated forms are thermodynamically more stable. Fur-
thermore, control reactions revealed that complex 25
showed low reactivity, and product 3aa was obtained in
comparable yields and er values using either dimeric or
trimeric species (Figure 3e). Different from the previous
reported mechanism of the free radical generation,[23]

control experiments demonstrated the crucial role of Ni(I)
in the generation of propargyl radicals (Figure 3f). It is
worth noting that manganese, nickel(II), and nickel(0),
when used separately, cannot generate free radicals. How-
ever, the combination of nickel(II) catalyst with reducing
agent manganese significantly enhances reaction activity,
indicating the occurrence of single-electron transfer between
Ni(I) species and 2a. Nonlinear effect (NLE) study on the
enantiomeric composition of chiral ligand (R, R)-L6 and the
product 3aa was performed under the optimized reaction
conditions (Figure 3g).[24] Significant linear correlation were
observed, supporting that the monomer nickel complex with
the bidentate chiral ligand [Ni/L6=1 :1] is the most likely
active species in asymmetric reactions. During the inves-
tigation of the substrate scope of aryl iodides, we observed
that substrate 2k bearing a strongly electron-donating OMe
group at the para position was effectively converted into
corresponding product 3ak but with a slightly diminished er
value (95/5 er).

Interestingly, a simple plot of the correlation between a
log of enantioselectivity (er) and the σ-Hammett parameters
of aryl substituents shows an almost linear correlation (R2 =

0.9513; Figure 3h). As a result, the electronic variations in
the aryl electrophile significantly affect the enantioselectivity
of propargyl-aryl cross-electrophile coupling. The positive
slope (0.2508) suggests enantioselectivity increases as the
substituents shifted from electron-donating group to elec-
tron-withdrawing group.
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Figure 3. Mechanistic studies.
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Based on the above experimental results and literature
reports,[25] density functional theory (DFT) calculations were
then performed to elucidate the detailed mechanism of the

nickel-catalyzed asymmetric propargyl-aryl cross-electro-
phile coupling and the role of the chiral ligand (R, R)-L6 on
enantioselectivity (Figure 4).[26] It is shown in Table 1 that

Figure 4. DFT investigation.
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nickel(0) exhibits comparable enantioselectivity to nickel(II)
under the standard condition, suggesting that Ni(0) may be
the active catalyst entering into the catalytic cycle (entry 11,
Table 1). Initially, the Ni(II) pre-catalyst is reduced by Mn
to form the open-shell Ni(0) species INT1 with tetrahedral
geometry (Figure 4a, see Supporting Information for the
detailed free energy profile of the proposed mechanism).
The generated INT1 coordinates with substrate 2a and then
undergoes oxidative addition with the C� I bond through
transition state TS3 with an activation energy of
2.6 kcalmol� 1 to furnish intermediate INT3 (Figure 4b).
Upon reduction by excess Mn, aryl-Ni(I) species INT4 is
formed, which triggers a halogen atom transfer from 1a
through transition state TS5 to generate radical A, simulta-
neously leading to the formation of Ni(II) species INT5. The
calculated redox potentials indicated that INT5 has lower
oxidizability compared to INT3 and is difficult to be reduced
by reducing agent Mn, which effectively excludes the
reaction mechanism involving Ni(0)-Ni(II)-Ni(I)-Ni(II)-Ni-
(0) pathway (Figure 4c). The regioselectivity and enantiose-
lectivity in the reaction mechanism are closely related to the
electronic nature of the free radical A and the steric
hindrance of the transition states. Structural analysis shows
that radical A adopts a linear geometry, with the γ-carbon
atom attached to the ethyl (Et) group (with a Mulliken
charge of � 0.587) being more negative than the α-carbon
atom next to the triisopropylsilyl (TIPS) group (with a
Mulliken charge of � 0.370) (Figure 4d). Additionally, the
spin density analysis of radical A reveals that the γ-carbon
atom exhibits more significant radical character than the α-
carbon atom. These calculational results clarify the more
nucleophilic nature of the γ-carbon atom in radical A;
making it more prone to being intercepted by intermediate
INT5 to form propargylic-Ni(III) species INT6A, rather
than producing allenylation species INT6B. The intermolec-
ular radical addition occurs through transition states TS6A-S
and TS6A-R with energy barriers of 12.5 and 15.7 kcalmol� 1,
respectively. These energy barriers are much lower com-
pared to the alternative pathways through transition states
TS6B-S and TS6B-R (12.5 and 15.7 kcalmol� 1 vs. 21.3 and
20.7 kcalmol� 1) (Figure 4e). The significant difference in
activation energy barriers between the two radical addition
pathways is mainly due to the lower repulsive interactions
between the ethyl group and chiral ligand in TS6 A-S and
TS6A-R compared to those between TIPS groups and chiral
ligand in less favorable TS6B-S and TS6B-R. This result
highlights the significant role of bulky TIPS substituents in
controlling the enantioselectivity of the propargylic center.
Reducing the steric hindrance of TIPS or increasing the
steric hindrance of the propargylic position promotes the
generation of allene products, and the isolation of 6ua and
6va provides experimental support for this conclusion. The
origin of enantioselectivity can be further elaborated by the
enantioselectivity-determining model. The pathway deter-
mining the observed S-configuration via TS6A-S is
3.2 kcalmol� 1 more favorable than that used to determine
the R-configuration pathway (12.5 vs. 15.7 kcalmol� 1). Based
on computational analysis, the disfavored transition state
TS6A-R suffers from greater steric repulsion, as evidenced

by the shorter distances of H1-H3 (2.36 Å), H1-H4 (2.44 Å),
and H1-H5 (2.25 Å); thus, the energy barrier of TS6A-R for
generating the R isomer is increased, which is in line with
the experimentally observed enantioselectivity. Similar find-
ings have been reported that radical addition to tetrahedral
Ni(II) center, rather than the reductive elimination, is the
enantio-determining step.[15h,27] The following reductive elim-
ination of intermediate INT6A-S occurs through transition
state TS7-S with an activation energy of 12.8 kcalmol� 1 to
yield desired product (S)-3aa while regenerating active
catalyst INT1 to complete the catalytic cycle after reduction
by Mn.

Conclusion

In summary, we established an asymmetric nickel-catalyzed
propargylic arylation via cross-electrophile coupling. The
reaction utilized bench-stable propargylic chlorides and aryl
iodides as coupling partners and manganese as a stoichio-
metric reductant, avoiding the necessity of prepared organo-
metallic nucleophiles. The mild reaction conditions featured
a wide range of benzylic alkynes bearing diverse function-
alities in high yields with terrific ee values. A positive linear
correlation between substituent constants σ and enantiopur-
ities of products helped predict suitable substrates in this
transformation. Detailed mechanistic investigations revealed
that the origins of the reaction site and enantioselectivity are
derived from steric effects.
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