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ABSTRACT: A ligand-controlled regioreversed 1,2-arylalkylation of alkenes via photoredox/nickel dual catalysis is reported. In
contrast with previous reports on photoredox/nickel-catalyzed 1,2-alkylarylation reactions that initiate from the Giese addition of an
alkyl radical to alkene, this three-component conjugate coupling process occurs through nickel-catalyzed aryl radical addition to
alkene, thereby leading to a complementary regioselectivity to conventional 1,2-alkylarylation. An ortho-substituted bipyridyl ligand
is the key to tune the regioselectivity, which was found to be dictated by the reactivity of alkene-coordinated LnNi(0) complexes that
trigger the formation of aryl radicals via halogen-atom transfer (XAT). This regioreversed transformation allows a concise entry to
structurally abundant β-amino acid derivatives, including ORL1-receptor antagonists.
KEYWORDS: photoredox catalysis, nickel, radical addition to alkene, dicarbofunctionalization, β-amino acid

■ INTRODUCTION
Nickel-catalyzed 1,2-dicarbofunctionalization (DCF) of al-
kenes represents a versatile synthetic platform for the
construction of structurally diverse architectures by concom-
itant formation of two C−C bonds in a step- and operation-
economic fashion.1 This valuable transformation enables rapid
access in molecular complexity. Classical methods involve the
use of organometallic reagents via a two-electron transfer way.2

A formidable challenge associated with this ionic pathway is
the high propensity of β-hydride elimination from sp3C−M
intermediates, thus leading to poor compatibility of the Csp3-
hydridized coupling partners. Accordingly, significant advance-
ment in nickel-catalyzed 1,2-DCFs based on a radical pathway
has been achieved,3 which provides a complementary approach
to the ionic pathway, allows the use of Csp3-hydridized
reagents, and shows a higher level of functional group
compatibility.
Recently, metallaphotoredox catalysis4 has emerged as a

powerful strategy for various bond formation events with good
reactivity and novel selectivity. In this context, a variety of
native Csp3-hydridized nucleophiles can be used as alkyl
radical precursors instead of highly reactive organometallic
reagents in photoredox/nickel-catalyzed alkene 1,2-DCFs.5

Despite tremendous advances in this avenue,6 these radical

relay processes are generally triggered by radical addition of
alkyl radical to alkene, and the regioselectivity is directed by
the radical polarity matching effect,7 thus rendering the
installation of alkyl groups at the terminal position of alkenes
to deliver 1,2-alkylarylation products exclusively (Scheme 1a,
left). By contrast, 1,2-DCF initiated by 1,2-migratory insertion
of an aryl-M species across the C�C bond (Heck-type
reaction) followed by coupling with an alkyl radical at the
internal olefinic position would afford regioreversed 1,2-
arylalkylation products (Scheme 1a, right). However, this
complementary reactivity has yet to be developed, presumably
due to the very fast rate of radical addition of alkyl radicals to
electron-deficient alkenes.8 Moreover, the regioreversed trans-
formation may compete with side reactions, including two-
component cross-coupling, (reductive) Heck reaction, tradi-
tional Giese addition, and reductive dehalogenation. Our
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group has recently reported a three-component conjugate
cross-coupling of α-silylamines, electron-deficient alkenes, and
aryl halides via a dual photoredox/nickel catalysis (Scheme
1b).9 We proposed that the radical relay process was initiated

by Giese addition of α-amino radicals to alkenes followed by a
sequent single-electron transmetalation, oxidative addition of
aryl halides, and reductive elimination (cf. Scheme 1a, left) to
afford 1,2-aminoalkylarylation products with good efficiency

Scheme 1. State of the Art of Photoredox/Nickel Dual-Catalyzed 1,2-Dicarbofunctionalization of Alkenes

Figure 1. Condition optimization for ligand-controlled regioreversed 1,2-arylaminoalkylation of alkenes. aAll reactions were carried out on a 0.1
mmol scale, 1a/2a/3a = 1:2:2 (molar ratio), corrected GC yields using n-tridecane as the internal standard. bDMF as solvent. c4-CzIPN (0.5 mol
%), NMP (0.2 M), 1a/2a/3a = 1.5:1:1.5.
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and regioselectivity. Based on the previous work5,9 and our
ongoing interest in alkene 1,2-difunctionalizations,10 we
questioned whether it would be possible to reverse the
regioselectivity via steering Heck-type addition of aryl
electrophiles to alkenes as the initiation step to trigger the
tandem process instead of the Giese addition of alkyl radicals
to alkenes. If possible, it would allow regiodivergent synthesis11

of structurally diverse molecules from the same starting
materials. Herein, we report the successful realization of such
a 1,2-DCF with complementary regioselectivity simply by
tuning the ligand (Scheme 1c). It is very interesting to find that
ortho-substituted bipyridyl ligands can reverse the regioselec-
tivity to afford 1,2-arylaminoalkylation products exclusively.
Such a “radical delay” process provides an efficient and

Scheme 2. Substrate Scope for Photoredox/Nickel-Catalyzed Regioreversed 1,2-Arylaminoalkylation of Alkenesa

aUnless otherwise noted, all reactions were carried out on a 0.3 mmol scale with aryl iodide (0.45 mmol, 1.5 equiv), alkene (0.3 mmol, 1.0 equiv),
and α-silylamine (0.45 mmol, 1.5 equiv). Isolated yields after chromatography are shown. bAryl bromide was used. cAryl chloride used. dAryl
triflate was used.
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modular synthetic platform for a variety of highly valuable β2
and β2,3-amino acid structures. In addition, we performed a
series of mechanistic studies including quantum mechanical
calculations to gain deep insight into the mechanism and the
origin of the reversed selectivity.

■ RESULTS AND DISCUSSION
Recently, we reported a three-component conjugate cross-
coupling reaction of α-silylamines, electron-deficient alkenes,
and aryl halides via a dual photoredox/nickel catalysis.9 This
radical relay process affords 1,2-aminoalkylarylation product 4
exclusively, where an α-aminoalkyl fragment was added into
the terminal position of alkenes, whereas an aryl group was
added into the internal position, by applying 4,4′-di(OMe)bpy
(L1) as ligand in DMF. To our surprise, when changing the
solvent to NMP, we could detect a trace amount of a new
product (4% GC yield), whose structure was determined as the
regioreversed product 5. The molar ratio of the two
regioisomers (rr) is 11/1. Apart from these two regioisomers,
several competitive side products arising from two-component
cross-coupling (6), Giese addition (7), and reductive Heck
reaction (8) were detected (not shown; see the Supporting
Information for details). This preliminary result inspired us to
perform a detailed survey of various electronically and sterically
varying bipyridyl (bpy) ligands (Figure 1). Other bpy ligands
bearing electron-rich para substituents such as Me (L2) or tBu
(L3) provided similar results. The parental bpy (L4) could
slightly increase the ratio of the regioreversed product (rr = 4/
1). Interestingly, ligands containing electron-deficient sub-
stituents such as CO2Me (L5), CF3 (L6), or CN (L7) resulted
in a reversed regioselectivity and afforded product 5
predominantly, albeit in a totally low yield. Meta-Me-
substituted bpy (L8) gave a comparable selectivity to the
para-Me-substituted variant (L2). However, installing elec-
tron-deficient substituents on the meta position is inferior to
the reaction (L9). To our delight, when using ortho-substituted
bpy ligands, irrespective of the electronic nature of the ligands
(L10, L11, L12, and L13), all reactions afforded the
regioreversed product 5 exclusively with very good yields. Of
note, ortho monosubstituted bpy ligand (L14) is enough to
achieve a satisfactory regioreversion (rr = 1/14) and reactivity.
A similar trend was observed when using 1,10-phenanthroline
type ligands (L15 vs L16). Thus, we chose 6,6′-di(Me)bpy
(L10) as the optimal ligand to further investigate other
reaction parameters (see the Supporting Information for
details). Finally, we could afford 93% GC yield (87% isolated
yield) when adjusting the molar ratio of 1a/2a/3a to 1.5:1:1.5
and increasing the concentration to 0.2 M. Under this
condition, the catalytic loading of the organic photocatalyst
(4-CzIPN) can be further decreased to as low as 0.5 mol %.
Other silyl substituents such as SiMe2Ph were examined with a
lower reactivity (64% GC yield, not shown). Control
experiments revealed that nickel, the photocatalyst, and visible
light irradiation are all indispensable for the reaction. Of note,
the reaction could still afford 37% yield of 5 with a good
regioreversion (rr = 1/19) in the absence of the ligand,
indicating that NMP may serve as a ligand as ortho-substituted
bpy to guarantee an excellent regioreversion (see Figure S49
for DFT studies).
With the optimized reaction conditions in hand, the

substrate scope of the regioreversed 1,2-arylaminoalkylation
was investigated (Scheme 2). The electronic and steric
environments of aryl halides have no significant influence on

the reactivity (9−33). A variety of functional groups, including
trifluoromethyl, cyano, ketone, acetoxyl, ester, OTBS, thio-
ether, amide, fluoro, chloro, trifluoromethoxyl, alkene, cyclo-
propane, boronic ester, silyl, and sulfamide, are well tolerated
to give the corresponding β-aminoesters in good yields (14−
32). Aryl triflate derived from the naturally occurring product
estrone was also compatible (33). Particularly noteworthy was
the tolerance of reaction conditions to the boron, halogen, silyl,
and alkene functionalities, which provide a versatile synthetic
platform for further elaboration. Aryl bromides display a
comparable reactivity (9, 10, 16, 18, 25−31). Even aryl
chlorides can also be tolerated, and the yield can be increased
by installing an electron-deficient group (9 vs 18). Moreover, a
variety of heteroaromatic rings, which are common scaffolds in
the preparation of medicinally relevant molecules, such as
carbazole, benzo[b,d]thiophene, pyridine, pyrimidine, indole,
benzo[d]thiazole, benzo[d][1,3]dioxole, quinoline, thiophene
and benzofuran, are incorporated smoothly (34−43). Under
the standard conditions, aryl bromides, aryl iodides, and aryl
triflates are all potent substrates to engage the conjugate
coupling process, showcasing the exceptional functional group
compatibility and broad applicability for aryl electrophiles of
the method.
Next, we turned our attention to evaluating the scope

generality of α-silylamines and alkenes. Given the importance
of heterocyclic amine architectures in pharmaceutical chem-
istry, facile introduction of these moieties into target
compounds is of great interest. Our method provides a
straightforward approach to incorporate various heterocyclic
amine moieties including pyrrolidine, piperidine, azepane,
morpholine, thiomorpholine, piperazine, and tetrahydroisoqui-
noline (44−53) to synthesize structurally diverse β-amino acid
derivatives in good yields. Both symmetrical and unsym-
metrical acyclic α-silylamines coupled as well (54−61). Of
particularly note, α-aryl or alkyl-branched silylamines reacted
smoothly and furnished the desired products with two adjacent
tertiary carbon centers (56−59). Besides methyl and benzyl
acrylates, allyl and sterically bulky t-Bu-substituted acrylates
proceeded as well (62, 63). Moreover, both acyclic and cyclic
acrylamides even with a free NH group reacted smoothly to
afford β-amino amides in good yields (64−71). Finally, the
Michael acceptors can be further extended to enones and
acrylonitriles (72, 73). Unfortunately, the use of α or β-
branched alkenes is currently a limitation in this reaction. To
further demonstrate the synthetic potential of our developed
methodology, a diverse range of structurally complex alkenes
derived from natural products and drug-like molecules
(geraniol, L(−)-menthol, L(−)-borneol, D-galactopyranose,
pitavastatin, and ezetimibe) were examined. To our delight,
the existing sensitive functionalities and structural complexity
exert a negligible influence on the efficiency, leading to
potentially valuable products with good yields (74−79). The
structures of the products were confirmed unambiguously by
X-ray diffraction analysis of products 31 and 52.
In addition, we were delighted to find that the current

regioreversed 1,2-arylaminoalkylation can be further extended
to alkenyl electrophiles (Scheme 3). Only a slight change in
the ligand (L10 to L12) and photocatalyst (4-CzIPN to
Ir(ppy)2(dtbbpy)PF6) was required with the aim to increase
the yield. As vinyl triflates are more easily accessible than the
corresponding vinyl halides from ketones by a single-step
operation, a series of vinyl triflates were synthesized and
subjected to the modified conditions. Pleasingly, cyclic vinyl
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triflates ranging from five- to eight-membered rings were
coupled smoothly to give the target products in good yields
(80−83). Heterocyclic vinyl triflates and benzene-fused
substrates were also tolerated (84−87). Moreover, a series of
acyclic vinyl triflates containing α-substituent, β-substituent,
and β,β-disubstituents were incorporated smoothly to provide
structurally diverse β-amino acid backbones with an extra
alkene functionality, a synthetic versatile group for further
derivations (88−91).
The reaction could be scaled up to a 3 mmol scale without

an obvious decrease in yield (Scheme 4a). β-Amino acid
scaffolds widely exist in biologically active compounds.12 To
further demonstrate the synthetic potential of the present
method in more structurally complex contexts, applications of
this protocol for the concise synthesis of pharmaceutically
relevant molecules were investigated (Scheme 4b). ORL1
(opioid receptor-like 1) antagonists are useful for treating
various CNS (central nervous system) diseases and contain a
unit of β-amino acid structure.13 The literature method13

toward their synthesis requires four steps including aza-
Michael addition, alkylation, hydrolysis, and condensation.
Because of the low efficiency of aza-Michael addition and
alkylation, the overall yield was very low (<15%). Gratifyingly,
we can furnish the synthesis with a two-step manipulation
involving an SN2 reaction and the regioreversed 1,2-
arylaminoalkylation, thus enabling a fast and divergent access
to ORL1-receptor antagonists in much higher yields from the
same starting material spiropiperidine (92−96). Our synthetic
procedure could obviate the handle of harsh conditions (e.g.,
strong bases, acids, or extreme negative temperatures).

■ MECHANISTIC STUDIES
We are very curious about the dichotomy between our
previous work9 and the reversed regioselectivity presented
here, where exactly the same reaction takes place but with

opposite regioselectivity. It seems that the ligand plays a critical
role in determining the regioisomer distribution. To investigate
the coupling mechanism and clarify the ligand effects on
regioselectivity control, density functional theory (DFT)
calculations were carried out. According to the experimental
conditions, Ni(0) species can be generated in situ by
photocatalytic single electron reduction of the Ni(II)
precatalyst9,10a and is thus used in the calculation of free
energy profiles. DFT studies suggest that the most stable Ni(0)
species contains the coordination of one bidentate ligand and
one alkene (this affinity was reflected by a UV−vis absorption
experiment; see Figures S14 and S15). As shown in Figure 2,
the free energy profile of Ni(0)/L1-catalyzed 1,2-amino-
alkylarylation starts from singlet Ni(0) complex 97, α-amino
radical 98, alkene 2a, and iodobenzene 1b. For the
transformation of α-amino radical 98, both the reactions
with the Ni(0) complex and alkene are considered (Figure 2a).
Although the radical addition to the Ni(0) center via transition
state TS-1 has a lower energy barrier (ΔG‡ = 4.0 kcal/mol),
the generated Ni(I) complex 99 cannot be transformed to the
product due to the higher activation free energy of migratory
alkene insertion (ΔG‡ = 22.9 kcal/mol, see Figure S38 for
details). The interplay between α-amino radical 98 and Ni(0)
complex 97 can be regarded as radical buffering, which denotes
the off-cycle equilibrium. The radical dissociation will occur
through homolytic C−Ni(I) bond cleavage in 99 to release α-
amino radical 98, which then undergoes Giese addition (via
TS-2) to form the more stable α-carbonyl radical 100. The
energy barrier with respect to Ni(I) complex 99 is 16.4 kcal/
mol. It should be noted that the Giese addition is irreversible
because the formation of 100 is exergonic by 12.2 kcal/mol
and the following radical addition of 100 to the Ni(0) center of
97 via TS-3 only requires an energy barrier of 3.3 kcal/mol.
The formation of the γ-amino Ni(I) complex 101 is also highly
exergonic. Subsequently, alkene 2a may dissociate from 101,
and the concerted oxidative addition of iodobenzene 1b to
Ni(I) complex 102 (ΔG‡ = 16.4 kcal/mol) followed by the

Scheme 3. Substrate Scope of Vinyl Electrophilesa

aUnless otherwise noted, all reactions were carried out on a 0.3 mmol
scale with Ir(ppy)2(dtbbpy)PF6) (0.5 mol %), NiBr2·DME (10 mol
%), 6,6′-di(COOMe)bpy (10 mol %), vinyl triflate (0.45 mmol, 1.5
equiv), alkene (0.3 mmol, 1.0 equiv), and α-silylamine (0.45 mmol,
1.5 equiv) in NMP (0.2 M) at rt for 24 h under 1.5 W blue LED
irradiation. Isolated yields after chromatography are shown. bAryl
bromide was used.

Scheme 4. Gram-Scale Reaction and Synthetic Applications
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C−C reductive elimination from the phenyl Ni(III) complex
(ΔG‡ = 7.3 kcal/mol) affords the 1,2-aminoalkylarylation
product (see Figure S39 for details).
Besides α-amino radical 98, the direct reaction of

iodobenzene 1b with Ni(0) complex 97 is also studied. As
shown in Figure 2b, the corresponding concerted oxidative
addition transition states leading to the formation of triplet aryl
Ni(II) complex 3104 are located as 3TS-4a and 3TS-4b. The
activation free energy of 3TS-4a is 27.5 kcal/mol. We surmise
that the higher energy barrier can be attributed to the great
distortion of the alkene moiety. Because of the d to π*
backdonation in the planar structure of 97, alkene 2a is tightly
bound to the Ni(0) center.14 Meanwhile, the concerted
oxidative addition of 1b to the Ni(0) center forces the alkene
moiety to distort from the coordination plane to construct the
tetrahedral configuration shown in 3TS-4a, and the interaction
of iodobenzene with Ni(0) is insufficient to compensate the
distortion penalty, thereby resulting in the higher energy
barrier. The dissociation of alkene is also disfavored for a
similar reason. The corresponding transition state without the
coordination of an alkene, 3TS-4b, has a high activation free
energy of 25.6 kcal/mol.
In addition to the concerted oxidative addition mechanism,

we also considered a Ni(0)-mediated halogen-atom transfer
(XAT) mechanism15 for C−I bond activation. As shown in
Figure 2b, an open-shell singlet XAT transition state is located

as TS-5. The activation free energy is 18.1 kcal/mol, which is
still higher than that shown in Figure 2a. Thus, this XAT
mechanism can also be ruled out for the Ni(0)/L1-catalyzed
1,2-aminoalkylarylation process. However, the Ni(0)/L10-
mediated XAT mechanism is found to be viable for the 1,2-
arylaminoalkylation process. As shown in Figure 3a, the iodine
atom of iodobenzene 1b can approach the Ni(0) center from
beneath the coordination plane of Ni(0) complex 106 and
forms tetrahedral Ni(0) complex 107. Through XAT transition
state TS-6, homolytic C−I bond cleavage occurs with an
activation free energy of 13.0 kcal/mol to generate triplet
intermediate 3108. The phenyl radical moiety in 3108 can
easily dissociate and then attack the terminal carbon of the
alkene that coordinated to the Ni(0) center through transition
state 3TS-7 (ΔG‡ = 5.6 kcal/mol). This metal-alkene coupled
radical addition occurs on a triplet free energy profile, as the
spin states of the transition state and the generated alkyl Ni(II)
complex 3111 are all triplet. It is noteworthy that this radical
addition outcompetes the phenyl radical addition to the Ni(I)
center through 3TS-9 (ΔG‡ = 9.8 kcal/mol). The higher
energy barrier of 3TS-9 can be ascribed to the tetrahedral
configuration of Ni(I) complex 109 that hinders the approach
of the phenyl radical to the metal center. Moreover, the smaller
steric hindrance above the alkene moiety in 109 and the high
reactivity of phenyl radical16 jointly result in the lower energy
barrier of metal-alkene coupled radical addition transition state

Figure 2. Computational study of Ni(0)/L1-catalyzed 1,2-aminoalkylarylation. The bidentate ligand used in the DFT calculation is 4,4′-
di(OMe)bpy (L1). (a) Free energy profile of the favored reaction pathway initiates from Giese addition and radical addition to Ni(0). (b) Free
energy profile of the reaction between iodobenzene and Ni(0) complex 97. All energies were calculated at the ωB97XD/6-311+G(d,p)−
LANL08(f) (for Ni)−(LANL08(d)(for I)/SMD(DMF)//B3LYP-D3(BJ)/6-31G(d)−LANL2DZ (for Ni)−LANL2DZdp (for I) level of theory.
The energies are given in kcal/mol. See SI for full free energy profiles, including the alkene insertion step and concerted oxidative addition of 1b to
complex 102 (Figures S38−S42).
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3TS-7. Therefore, alkyl Ni(II) complex 3111, instead of aryl

Ni(II) complex 3113, is formed in this case.
Finally, the 1,2-arylaminoalkylation product is generated

through the α-amino radical 98 triggered homolytic sub-

stitution transition state TS-8 (ΔG‡ = 10.0 kcal/mol, Figure
3a). The competing pathway for C−C bond formation that
consists of the α-amino radical addition to 3111 followed by
C−C reductive elimination from Ni(III) is supposed to be less

Figure 3. Computational study of Ni(0)/L10-catalyzed 1,2-arylaminoalkylation. The bidentate ligand used in the DFT calculation is 6,6′-
di(Me)bpy (L10). (a) Free energy profile of the favored reaction pathway that initiates from the halogen atom transfer (XAT) and metal-alkene
coupled radical addition. (b) Free energy profile of regioselective Giese addition and radical addition to Ni(0)/L10. (c) Concerted oxidative
addition of iodobenzene to Ni(0) complex 106 through cyclic transition states. (d) Competing metal-alkene coupled radical addition with phenyl
radical and α-amino radical for the discussion of the regioselectivity control. All energies were calculated at ωB97XD/6-311+G(d,p)−LANL08(f)
(for Ni)−(LANL08(d) (for I)/SMD(DMF)//B3LYP-D3(BJ)/6-31G(d)−LANL2DZ (for Ni)−LANL2DZdp (for I) level of theory. The energies
are in kcal/mol. See SI for full free energy profiles (Figures S43−S47).
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likely as the tetrahedral configuration of 3111 prevents the
radical addition to the metal center (see Figure S43 for

details).17 Furthermore, the Giese addition pathway with α-
amino radical 98 can also be ruled out in the reaction using

Figure 4. Mechanistic studies. (a) Radical-probing experiments with the Ni/L1 catalytic system. (b) Radical-probing experiments with Ni/L10
catalytic system. (c) Probing the relationship of the alkene dissociation energy with the XAT energy barriers and the regioselectivity. ΔΔGD =
ΔGD2 − ΔGD1 and ΔΔG‡

XAT = ΔG‡
XAT(TS-6) − ΔG‡

XAT(TS-5). (d) Validation of the ligand effects by investigating other bpy ligands (L4, L6,
and L14) involved in XAT. All energies are in kcal/mol. ΔΔGD and ΔΔG‡

XAT are with respect to the corresponding values of complex 97. All of
the yields are extracted from Figure 1.
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6,6′-di(Me)bpy (L10). As shown in Figure 3b, the energy
barrier of TS-2 with respect to Ni(I) complex 114 is 20.2 kcal/
mol. Considering that the concentration of aryl iodide is much
higher than that of α-amino radical 98 and the energy barrier
of XAT is lower in the case with L10 (ΔG‡ = 13.0 kcal/mol),
Ni(0) complex 106 will preferentially react with the aryl iodide
through TS-6 to accomplish the XAT process (Figure 3a).
The regioselectivity of alkene 1,2-dicarbofunctionalization is

also investigated. First, the Markovnikov addition of α-amino
radical 98 to alkene through TS-2′ is disfavored (Figure 3b).
Second, the Heck-type mechanism that involves the concerted

oxidative addition of aryl iodide to Ni(0) followed by
migratory insertion of alkene into the Ni−C(sp2) bond is
also studied as the phenyl group will be added to the terminal
carbon of alkene. However, the higher activation free energies
of concerted oxidative addition transition states 3TS-11a and
3TS-11b (Figure 3c) indicate that this mechanism is disfavored
for this reaction (see Figure S45 for details). Finally, the
competing metal-alkene coupled radical addition pathway with
phenyl radical attacks the internal carbon of alkene (via 3TS-
7′), and α-amino radical attacks the terminal carbon of alkene
(via 3TS-12), which are also ruled out because of the higher

Figure 5. Kinetic studies. For Ni/L1-catalyzed 1,2-aminoalkylarylation: (a) plot of kin versus iodobenzene concentrations. (b) plot of kin versus
alkene concentrations; (c) plot of kin versus α-silylamine concentrations; (d) plot of kin versus 4-CzIPN concentrations; and (e) plot of kin versus
Ni/L1 concentrations. For Ni/L10-catalyzed 1,2-arylaminoalkylation: (f) plot of kin versus iodobenzene concentrations; (g) plot of kin versus
alkene concentrations; (h) plot of kin versus α-silylamine concentrations; (i) plot of kin versus 4-CzIPN concentrations; and (j) plot of kin versus
Ni/L10 concentrations.
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energy barriers. The lower reactivity of α-amino radical 98 in
3TS-12 originates from the higher stability compared to that of
the phenyl radical (see Figure S47b for details).
To verify the existence of the phenyl radical and α-amino

radical species, a series of radical-trapping experiments were
conducted. In the Ni/L1 catalytic system (as shown in Figure
4a), the reaction was inhibited by adding TEMPO as a radical
scavenger. Instead, the α-carbonyl radical-trapped TEMPO-
adduct was detected by high-resolution mass spectrometric
(HRMS) analysis, which was suggested to be generated via
Giese addition of α-amino radical to alkene, thus indicating the
generation of α-amino radical in the system. Besides, we also
detected the iminium ion species and diamine product (which
was probably formed by the radical addition of α-amino radical
to iminium ion intermediate10a,18). Although we cannot detect
α-amino radical directly, probably due to its low concentration
and high stability, nevertheless, all results together support the
formation of α-amino radical in the Ni/L1 catalytic system.
However, under this condition, we could not collect any
evidence to support the existence of aryl radical species.
However, in the Ni/L10 catalytic system (Figure 4b), an aryl
radical and a structurally different α-carbonyl radical generated
by aryl radical addition to alkene were trapped by TEMPO and
detected by HRMS, suggesting the existence of an aryl radical.
Moreover, the electron paramagnetic resonance (EPR) experi-
ment with 2-methyl-2-nitrosopropane dimer (MNP) as a
radical scavenger was further carried out. It provided a signal
that was consistent with that of the aryl radical, which further
confirms the formation of aryl radical in the Ni/L10 catalytic
system. These informative experiments are in accordance with
the computationally proposed mechanism that aryl radical may
dissociate from the solvent cage after XAT (Figure 3a) and
then attack the free alkene (see Figure S47 for details). In
addition, we could also detect iminium ion species and diamine
product, suggesting that both the aryl radical and α-amino
radical are involved in the Ni/L10 catalytic system. The
Stern−Volmer studies suggested that α-silylamine is the most
efficient quencher to quench the luminescence of the excited
state of photocatalyst under both catalytic systems (see Figures
S2−S11). Light on/off experiments showed that both reactions
require persistent irradiation (see Figures S12 and S13).
Finally, UV−vis absorption experiments showed that mixing
Ni(cod)2, L1 or L10, and alkene resulted in a significant
bathochromic shift together with a new absorption peak from
UV−vis absorption spectroscopy, indicating a strong inter-
action of nickel (0) with the bidentate ligand and alkene (see
Figures S14 and S15).
To detangle the ligand effects, a thorough comparison

between the computational results of L1 and L10 that
participated in three-component coupling was performed. It
suggests that the ligand effects on regioselectivity control are
dominated by the reactivity of alkene-coordinated Ni(0)/Ln
complexes in the XAT process. Higher reactivity in XAT
enables a higher formation rate of phenyl radical and thus
accelerates the metal-coupled radical addition to trigger the
1,2-arylaminoalkylation process. DFT studies reveal that this
reactivity is negatively correlated with the alkene dissociation
energy. As shown in Figure 4c, L10 involved Ni(0) complex
106 has a smaller alkene dissociation energy than that of L1-
coordinated Ni(0) complex 97 (ΔΔGD = −7.9 kcal/mol), and
the corresponding activation free energy of XAT is also lower
(ΔΔG‡

XAT = −5.1 kcal/mol), which favors the 1,2-
arylaminoalkylation process. Structural analysis shows that

the methyl substituents of L10 hinder the tight coordination of
alkene to Ni(0) as witnessed by the smaller dihedral angle
(−132.4°), which renders the configuration change and
structural distortion easier amid the XAT process. In contrast,
the electron-donating substituents (−OMe) of L1 enable a
tight coordination of alkene to Ni(0) due to the stronger d to
π* backdonation,14a,19 which disfavors the configuration
change for XAT. The conclusion of ligand effects can also be
extended to other bpy ligands (L4, L6, and L14) involved in
XAT (Figure 4d). Notably, replacing the electron-donating
substituents at the para site of nitrogen in L1 with −H or
electron-withdrawing group (−CF3), which will weaken the
backdonation, can slow down the 1,2-aminoalkylarylation
process and even reverse the regioselectivity. Removing one
methyl substituent from L10 (i.e., using L14 as the ligand) also
leads to the decreased ratio of 1,2-arylaminoalkylation product
due to the released steric clash with alkene. The combined
experimental and computational studies validate that both the
electronic and steric effects of the ligands are critical for the
regioselectivity control in this reaction system.
Finally, kinetic studies were carried out under both

conditions (see Figure 1, with L1 or L10 as the ligand) to
shed light on the roles of each component (aryl halide, alkene,
α-silylamine, photocatalyst, and Ni/Ln) at the rate-determin-
ing step (RDS). The molar concentrations of products 97 and
98 were plotted against the reaction time to obtain a typical
reaction kinetic profile. In the Ni/L1 catalytic system (toward
1,2-aminoalkylarylation), the kinetic studies showed that the
Giese addition initiated radical relay process exhibits a first-
order rate dependence on alkene (Figure 5b) but no
appreciable deviation of the initial rates (kin) by changing
the concentration of iodobenzene (Figure 5a), α-silylamine
(Figure 5c), and 4-CzIPN (Figure 5d), suggesting that the
reaction is zero order on aryl iodide, α-silylamine, and the
photocatalyst. However, an apparent inverse rate dependence
on Ni/L1 (Figure 5e) was observed. The increased
concentration of nickel catalyst interferes with the reaction
rate by the combination of Ni with alkene and α-amino radical,
which diminishes the Giese addition rate of the α-amino
radical to alkene. The above results suggested that the Giese
addition of the α-amino radical to the alkene might be the rate-
determining step. Interestingly, the kinetic profile is obviously
different for 1,2-arylaminoalkylation with the Ni/L10 catalytic
system. The observed positive reliance of reaction rate upon
the concentrations of the aryl iodide and nickel catalyst
suggested that the nickel-mediated halogen atom abstraction of
aryl iodide might be rate-determining (Figure 5f,j). However,
an inverse rate dependence on aryl iodide at higher loadings
was observed, probably as a result of the competitive concerted
oxidative addition of aryl iodide to Ni(0) that suppresses the
Ni(0)-mediated XAT pathway (Figure 3c). Similarly, no
appreciable deviation in rate was observed by changing the
concentration of 4-CzIPN and α-silylamine (Figure 5h,i).
Meanwhile, a negative rate dependence upon the concen-
trations of the alkene could be rationalized by multiple ligation
to the Ni(0)-catalyst, which depletes coordination sites for the
incoming aryl halides to undergo inner-sphere halogen atom
abstraction (Figure 5g).3c The kinetic studies indicated that
the ligand-controlled regiodivergent reactions proceed with a
different rate-limiting step, which is consistent with the
computational results.
Based on the experimental results and DFT calculations, as

well as literature reports,17b,20 two plausible catalytic pathways
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for the ligand-tuned regiodivergent transformation were shown
below (Figure 6). As illustrated in cycle A for the 1,2-
aminoalkylarylation process, single electron reduction of α-
silylamine (E1/2ox = +0.4−+0.8 V vs SCE)21 by the excited
state of photocatalyst (E1/2PC*/PC¯= +1.35 V vs SCE)22

generates an α-amino radical, which undergoes Giese addition
to alkene to get an α-carbonyl radical, subsequently intercepted
by Ni(0) to form Ni(I) intermediate (Int. A) followed by
concerted oxidative addition with aryl halides (Int. B) and
reductive elimination to afford the 1,2-aminoalkylarylation
product. Final single-electron transfer (SET) between Ni(I)
[Ered(NiI/Ni0) = −1.17 V vs SCE]23 and the reduced state of
the photocatalyst (E1/2PC/PC¯ = −1.21 V vs SCE)22 regenerates
both catalysts. The competing halogen atom transfer (XAT)
pathway for the reaction of aryl halide with the Ni(0) complex
is suppressed when employing the bpy ligand possessing a
strong coordination ability. Meanwhile, ortho-substituted bpy
ligand weakens the coordination affinity of alkene to Ni(0)
center, thus enhancing the reactivity of XAT to generate aryl
radical to trigger the 1,2-arylaminoalkylation process (cycle B).
As a consequence, the reaction is preferentially initiated by the
metal-alkene coupled radical addition of the aryl radical to
generate a triplet alkyl Ni(II) (Int. C) followed by homolytic
substitution with α-amino radical that affords the 1,2-
arylaminoalkylation product, thus exhibiting an opposite
regioselectivity to that in cycle A. In this case, the reaction
triggered by the Giese addition with α-amino radical is less
favored.

■ CONCLUSIONS
In conclusion, an unconventional regioreversed 1,2-arylami-
noalkylation of electron-deficient alkenes via nickel/photo-
redox catalysis is developed. This conjugate cross-coupling
reaction provides a complementary regioselectivity to our
previously reported 1,2-aminoalkylarylation process. Ligands
showcase a significant effect on the regiodetermination.
Mechanistic experiments provided evidence to support the
generation of aryl radical species in this regioreversed process.
DFT calculations revealed that the 1,2-aminoalkylarylation
process is initiated via Giese addition of α-amino radicals to
alkenes followed by radical rebounding to Ni(0), concerted
oxidative addition with aryl electrophiles, and C−C reductive

elimination. Meanwhile, the 1,2-arylaminoalkylation process is
initiated by Ni(0)-mediated XAT, metal-alkene coupled radical
addition of aryl radical, and homolytic substitution with α-
amino radical. The ligand effects on the regioselectivity are
controlled by the reactivity of alkene-coordinated Ni(0)/Ln
complex in XAT. Because the higher reactivity in XAT can
accelerate the formation of aryl radical, it thus favors the
addition of aryl radical to alkene, instead of the α-amino radical
addition to alkene. The merger of computational and
experimental studies confirmed that both the electronic and
steric effects of ligands are crucial for the XAT energy barriers.
The delicate variation in the substituents of bpy ligands can
alter the regioselectivity by switching the reaction mechanism.
We anticipate that these interesting findings will stimulate
more endeavors in developing ligand-tuned regiodivergent
synthesis via the regulation of reaction pathways.
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