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The synthesis of allylic amines through an outer-sphere nucleophilic sub-
stitution mechanism involving electrophilic allyl copper(lll) complexes with

soft amines represents an uncharted territory in catalysis. This study intro-
duces a radical-based approach for the generation of allylic copper(lll) com-
plexes, enabling the efficient synthesis of allylic amines in the presence of
alkyl/aryl amines. Through copper photocatalysis, we demonstrate a radical-
induced small-ring opening process that produces allylic amines featuring
skipped double bonds, while simultaneously achieving highly regioselective
1,4-carboamination of 1,3-dienes with high E/Z selectivity. Mechanism studies
substantiate the radical-mediated formation of allylic copper complexes and
provide evidence for the involvement of outer-sphere nucleophilic substitu-
tion at allylic copper(lll) complexes.

Allyl amines constitute a pivotal structural motif ubiquitously present
in pharmaceuticals, agrochemicals, and natural products, while also
serving as versatile building blocks in synthetic organic chemistry™.
Among established synthetic methodologies, transition-metal-
catalyzed allylic substitution reactions, particularly Tsuji-Trost reac-
tions, have emerged as a robust platform for constructing diverse allyl
amines through m-allyl metal intermediates that mediate carbon-
nitrogen bond formation®®. This catalytic approach addresses a key
limitation of traditional allylation methods using allyl (pseudo)halides,
wherein uncatalyzed conditions often lead to uncontrolled over-
allylation when employing simple alkyl/aryl amines as nucleophiles.
Noble-metal based systems, especially palladium system, dominate
current Tsuji-Trost methodologies (Fig. 1a)”'°. While copper-catalyzed
processes involving Cu"™ redox cycles have been proposed as
mechanistically distinct alternatives to the conventional two-electron
Pd" catalytic paradigm ", the direct synthesis of allylic amines via
nucleophilic substitution at allylic Cu(ll) complexes remains
unexplored™, highlighting a critical research gap in the application of
copper catalysis to this fundamental transformation.

Copper catalysis has emerged as one of the most powerful
methods for facilitating C-C and C-heteroatom cross-coupling
reactions™ ™. High-valent organocopper complexes are often pro-
posed as intermediates in these metal-catalyzed processes, although
they are rarely isolated"™?°. The proposed Cu(lll) intermediates
exhibit high reactivity but typically elude detection. Consequently,
they play a crucial role in the formation of C-C and C-heteroatom
bonds during the final step, which involves the release of coupling
products via inner-sphere reductive elimination of copper(lll) inter-
mediates (Fig. 1b). The oxidation addition of the C(sp3)-X bond to a
Cu(l) species is generally regarded as the rate-limiting step in copper-
catalyzed cross-coupling reactions of alkyl electrophiles. Such reac-
tions often necessitate the pre-coordination of a deprotonated-
nucleophile (Nu") to form a Cu(l)-Nu complex before C(sp®)-X bond
activation can occur. For example, recently, several significant
advances have been made in copper catalysis to activate C(sp*)-X bond
for alkynylation”?, arylation” >, amination®*?, etherification®®. Simi-
larly, in the allylation process, the generation of allylation products
proceeds through an inner-sphere reductive elimination step involving
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Fig. 1| Strategies to access allylic amines and copper(lll) complex for bond
formation. a C-N bond formation via n* allyl metal complex. b Facilitated inner-
sphere reductive elimination of copper(lll) complex. ¢ Strategy to achieve C-N
bond formation via allyl copper complex and rational design of radical pathways.

d Optimal condition to access allylic amines via two or three-component reactions
at 0.1 mmol scale. TMG Tetramethylguanidine, TBAI tetrabutylammoniumiodide.
%isolated yield, °5 mmol.

allyl-Cu(lll)-Nu complexes when using “hard” nucleophiles® . How-
ever, this paradigm presents inherent limitations when using soft
nucleophiles such as alkyl or aryl amines, as it requires the use of a very
strong base for the deprotonation of NuH.

We therefore hypothesized a Cu(l) complex, devoid of pre-
coordination to the deprotonated-nucleophile (Nu), could facilitate
the radical generation of allylic Cu(lll) intermediates through oxida-
tive addition to C(sp3)-X bonds, thereby enabling efficient Tsuiji-

Trost-type allylic aminations. Our strategy leverages the unique
photoredox properties of pyridyl-carbene (Py-NHC) Cu(l) complexes,
which facilitate alkyl halide activation via halogen atom transfer (XAT)
to generate alkyl radicals and Cu(ll) intermediates*. Through rational
design of radical pathways, we envisioned two distinct routes to
allylic Cu(lll) species: (1) radical induced cyclobutane ring-opening
rearrangements” >, and (2) radical addition of transient alkyl radicals
to 1,3-dienes*®*? (Fig. 1c). Subsequent radical rebound to Cu(ll)
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Fig. 2 | The substrate scope of N-nucleophiles and alkyl iodides. The reactions were run using N-nucleophiles (0.1 mmol,1.0 equiv) and alkyl iodides (0.15 mmol, 1.5
equiv). *50 mol% Cul was used. °N-nucleophiles (0.2 mmol) and alkyl iodides (0.1 mmol) were used.

centers would generate allylic Cu(lll) complexes primed for nucleo-
philic substitution by amines, thereby establishing a unified platform
for divergent allylic amine synthesis*.

In this study, we disclose a copper-photocatalyzed paradigm
enabling two complementary approaches to allylic amines involving
outer-sphere nucleophilic substitution mechanism at allylic copper(lll)

intermediates. The first approach provides access to synthetically
challenging skipped dienyl amines** through two-component reaction
from cyclobutyl methyl iodides and amines. The second method
achieves stereoselective 1,4-carboamination of 1,3-dienes using alkyl
iodides as carbon sources, delivering functionalized allylic amines with
high E/Z selectivity (up to 19:1). Notably, our system demonstrates

Nature Communications | (2025)16:10425


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64951-5

standard conditions

Csz/\ 7 )

R-l + /\"/J,HO

NCbz
@ rﬁi/\NBoc
46.80% (14:1)

) 47.78% (15:1)
SO QL
51.40% (19:1)

52. 98% (19:1)

Scope of alkyl iodide scope

45.90% (19:1

&

50. 67% (19:1)

EtO :

56.52% (14:1,dr 2.1:1)

o
Me

57.85% (12:1. dr = 1.7:1)
from Pregnenolone

Scope of 1,3-diene

CbZO » i

T
l

R

ST |
(o}

60. R = PhCH,CH, 66% (19:1) A /Y
61.R=Cy 40% (12:1) , M
62.R = Ph 51% (19:1) R e

63.90% (10:1)

Fig. 3 | The substrate scope of alkyl iodides and 1,3-dienes. The reactions were
run using N-nucleophiles (0.1 mmol, 1.0 equiv), 1,3-dienes (0.3 mmol, 3.0 equiv) and
alkyl iodides (0.15 mmol, 1.5 equiv). The ratio of the two isomers (E and 2) is

N\/\”/\R

'GP O

49. 41% (15:1)

O

Me

48.52% (14:1)

™
Me

53.98% (12:1) 54.70% (14:1)

o A‘\(O Me*o

O,
N<
Me
vﬁ/\lﬂi\(
Me =N

58.80% (19:1)
from Proxyphylline

Me
/l/\//%\me

55.75% (14:1, dr 2.4/1)

WO e

59.91% (19:1)
from Galactopyranose

Me

S

O

T

64. 47% (6:1)
from myrcene

65. 84% (dr = 2:1) 66.70% (1.6:1)

provided inside parentheses right after the compound’s yield unless otherwise
noted. dr diastereoisomer ratio.

good functional group tolerance across diverse amine substrates
(alkyl, aryl) and electrophilic partners, underscoring its broad syn-
thetic utility. Mechanistic investigations combining kinetic experi-
ments and DFT calculations reveal the involvement of an outer-sphere
nucleophilic substitution to form C-N bond at allylic copper(lll)
complex.

Results

Optimization of photoinduced copper-catalyzed allylic amines
synthesis

At the outset of this investigation, to streamline the optimization
process, we selected a two-component reaction as the model system
for synthesizing allylic amines featuring skipped double bonds. This
transformation is proposed to proceed via a radical-induced ring-
opening mechanism, generating an allylic radical intermediate that
subsequently forms the allylic copper(lll) complex. The reaction
employed an in situ-generated Py-NHC-Cu(l) complex® as the catalyst,
1-(iodomethyl)-3-methylenecyclobutane (1) as the allylic radical pre-
cursor, and para-methyl aniline (2a) as the nucleophile. A compre-
hensive screening of reaction parameters, including the copper
source, ligand, solvent, base, and additives, was conducted to identify
the optimal conditions (Supplementary Tables 1-6). Notably, while the
choice of base and solvent significantly influenced the reactivity
(Supplementary Tables 2 and 3), control experiments (Supplementary
Table 6 & Fig. 1a) revealed that the ligand, light, and copper source
were indispensable for maintaining catalytic activity. It is important to
emphasize that excess iodide anion plays a critical role in maintaining

high reactivity for the formation of skipped dienyl amine 3a (Fig. 1d,
Entries 1-8). The additional iodide likely suppresses ligand exchange
with the aniline nucleophile 2a in the presence of TMG base, thereby
preventing the direct coupling between substrate 2a and alkyl radical
1a without ring-opening (Supplementary Table 1). After systematic
optimization, the following conditions were identified as optimal: Py-
NHC ligand (L1), Cul as the copper source, 1,1,3,3-tetra-
methylguanidine (TMG) as the base, and dimethylacetamide (DMA) as
the solvent. Under these conditions, the target allylic amines 3a, 3b,
and 6 were obtained in excellent isolated yields of 85%, 93%, and 98%,
respectively, with high stereoselectivity (E/Z=14/1) for 6 (Fig. 1d). we
also run the reaction at 5 mmol scale to deliver final product 3b in 92%
yield without compromising the reactivity.

Substrate scope

Various N-nucleophiles were tested to investigate the generality of the
cascade C-C bond cleavage/C-N coupling reactions (Fig. 2). Aniline-
type nucleophiles with different functional groups demonstrated
compatibility, yielding the desired products (7-11) in good to excellent
yields. Notably, compounds bearing free hydroxyl groups (9, 10) did
not inhibit reactivity and were transformed efficiently into the corre-
sponding products without any detectable formation of undesired C-O
coupling side products. Under optimal conditions, N-alkyl anilines
were efficiently converted to the corresponding 1,4-skipped dienyl
amines (12). Both primary and secondary alkyl amines, including cyclic
and acyclic varieties, exhibited excellent reactivity (13-24). Functional
groups such as ester (15, 17), amide (19) and chlorine (21) were well
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tolerated in these reactions. Furthermore, some pharmaceutical
molecules and their fragments were also subjected to optimal condi-
tions, providing the corresponding products in high yield (19-24).
Various heterocycles, including pyridinone (19), pyridine (21), diben-
zothiazepine (22), furan (23), and free indole (24), proved to be
compatible with this approach.

We subsequently evaluated the scope of the reactions using a
diverse array of cyclobutyl alkyl iodides with various substitutions
(Fig. 2). Substrates featuring functionalized substitutions on the
cyclobutyl ring displayed high reactivity, yielding products (25-44)
with good to excellent yields. Functional groups such as tri-
fluoromethyl (27, 29), fluoride (28, 32), chloride (33), and cyanide (39)
were compatible with the cascade reactions. Alkyl iodides containing
unsaturated double (36) and triple bonds (37) effectively generated
the corresponding polyene and polyenyne, respectively, within our
catalytic system. Notably, products 39 and 40, which contain con-
jugated double bonds, were compatible under optimal conditions and
could be isolated as pure compounds without the formation of
byproducts through radical addition to the conjugated double bond.
Substrates with substitutions on the double bonds can result in the
formation of £/Z isomer products due to radical induced non-selective
C-Cbond cleavage (41, 42). Secondary iodide proceeded well, yielding
product (43) with moderate regioselectivity. Steroid derivative iodide
(44) can perform very well in standard conditions.

We moved to investigate the scope of three-component reactions
to access allylic amines (Fig. 3). The catalytic system demonstrated
broad substrate compatibility, effectively accommodating primary,
secondary, and tertiary alkyl iodides, all exhibiting good to excellent
reactivity with high £/Zratios. A variety of functional groups—including
esters, ethers, carbonyls, thiol ethers, Boc (-butoxy carbonyl), het-
erocycles, free alcohols, and tosylates—were well tolerated (45-56).
Furthermore, complex alkyl iodides were successfully employed as
radical sources, ultimately leading to the production of 1,4-carboami-
nation compounds (57-59) under consistent catalytic conditions. Next,
we investigated both cyclic and acyclic dienes with varying substitu-
tions (60-66). Mono-substituted acyclic dienes exhibited good com-
patibility, yielding desired products with favorable regioselectivity and
stereoselectivity (60-62). Dienes with additional substitutions also
effectively produced final products, albeit resulting in worse stereo-
selectivity (64-66).

Both primary and secondary alkyl amines, as well as aromatic
amines, proved to be suitable nucleophiles for generating final 1,4-
carboamination products (67-73) with good yields (Fig. 4). The cata-
lytic process was also applicable to pharmaceutical derivative amines,
yielding 1,4-carbonaminated products (74-78) in high yield. These
results clearly indicate that three-component reactions are quite gen-
eral for accessing allylic amines through the nucleophilic substitution
of the allyl copper complex within the catalytic cycle. We also explored

Nature Communications | (2025)16:10425


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64951-5

Me,
0
a. o Me
(- 2a + 2b + 2b
| I
Ph 87 88 89
standard conditions standard conditions standard conditions
— Me
/ i /
J coN” e
MeONH Ph (\N X \\/N
Csz\)
90. 94% (E/Z =1:1) 91.19% 92. 85% (E/Z = 20:1)
b.
EtOOC NCb
(e 98BN (0 1)9-BBN (1.0 29 \©\/\)J\/ Q :
-di ,4-dioxane N
HO\/\)LN\) 1,4-dioxane -
2) Ar-Br

93. 52% yield

2) NaBO,, THF/H,0

|

N

L]

|

Pd(OAc), (1 mol%)
PCyj3 (2 mol%)
Cs,CO;3 (5.0 eq)

Me\)J\
Cl

94.72% yield

CsF (3.0 eq)

MeCN/Toluene

Cbzl\(\)

95. 68% yield

NCbz
Sc(OTf); (2.0 eq) o N
DIPEA (2.5 eq) ‘
CH,Cl,
Me

96. 55% yield

Fig. 5 | Extension to alkyl iodides with various ring sizes and transformation of the skipped diene. a Reactions of cyclic alkyl iodides (with various ring sizes) with
amines under standard conditions. b The chemical transformation of skipped dienes. 9-BBN 9-Borabicyclo[3.3.1]nonane. DIPEA N,N-Diisopropylethylamine.

the use of carboxylic acids as nucleophiles under the standard condi-
tions (79-86). Notably, a variety of both alkyl and aromatic carboxylic
acids proved to be effective participants in the three-component
reactions.

Further application and transformation
Under the standard reaction conditions, various substrates with dif-
ferent ring sizes were evaluated (Fig. 5a). Notably, the highly strained
three-membered ring substrate 87 reacted efficiently to afford the
desired product 90 in good yield. Interestingly, these same conditions
unexpectedly converted lactone derivative 88 to allylic amide 91,
albeit in low yield. Particularly impressive was the transformation of
substrates containing a bicyclo[3.1.0] scaffold, which provided the
corresponding product 92 in excellent yield (85%). However, sub-
strates featuring less strained five- or six-membered rings failed to
undergo the desired transformation under these conditions.
Furthermore, 1,4-skipped dienyl amines are not only significant
components of alkaloids but can also be transformed into other
valuable compounds. These amines are amenable to various derivati-
zation reactions (Fig. 5b). For instance, selective borylation of the
terminal double bond facilitates the formation of a versatile boronate
ester building block, which can be easily converted into a free alcohol
(93) or undergo Suzuki coupling to introduce an aryl group (94). The
acyl-Claisen and benzyne Aza-Claisen reactions of allylic amines
represent powerful methodologies for reconstructing functionalized
amines. The resulting dienyl amines exhibited high reactivity in
forming new diene compounds (95, 96) through both acyl-Claisen and
benzyne Aza-Claisen reactions.

Mechanism studies
To gain insight into the copper catalytic cycle, we focused on a two-
component reaction to explore the underlying mechanisms. This

section examines key catalytic steps, including the electron transfer
process, the formation of radical fragments, the generation of radical
species from the allylic copper complex, and nucleophilic substitution,
utilizing both experimental methods and DFT calculations.

Investigation of single electron transfer process between photo-
excited copper complex with alkyl iodide. Ultraviolet-visible
absorption experiments confirmed that the in-situ generated Py-NHC
Cu(l) complex, formed from Cul, PyNHC, and TMG, serves as the active
light-harvesting species, with additional reactants not affecting the
absorption spectra (Supplementary Fig. 3). Subsequently, we measured
transient absorption (TA) spectra over nanosecond to sub-microsecond
timescales to investigate the electron transfer process between copper
catalyst and alkyl iodide 1. Notably, we observed that the long-lived (2 ps)
3MLCT state of the Cu(l) complex can be quenched by the corre-
sponding alkyl iodide (1) (Fig. 6a, b). The plot of the triplet excited state
lifetime against the alkyl iodide concentration demonstrates non-linear
Stern-Volmer quenching behavior (Fig. 6¢), which aligns with the inner-
sphere electron transfer process involving an exciplex formed between
the 3MLCT state Cu(l) complex and the alkyl iodide™.

Radical formation and capture reactions. The experiment using
2,2,6,6-tetramethylpiperidiny-l-oxide (TEMPO) as the radical trapper
confirmed the formation of the cyclobutyl methyl radical from alkyl
iodide 1, which reacted with TEMPO to form adduct (97). The TEMPO
adduct of the 1,4-skipped dienyl radical was not observed, resulting in
the complete inhibition of the reaction. This suggests that the radical-
induced cyclobutyl ring-opening process can barely compete with the
direct radical coupling with TEMPO. (Fig. 6d). To further investigate
the radical-induced ring-opening process, the neutral radical trapper
diphenyl disulfide was introduced as an additive to the reaction mix-
ture, resulting in the formation of three products: the direct coupling
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Fig. 6 | Mechanistic studies. a Two-dimensional pseudo-color nanosecond TA
spectra of the in-situ generated copper complex. (\pump =355 nm) b TA kinetics at
440 nm of the in-situ generated copper complex. ¢ TA lifetime plotted as a function

of the quencher concentration. Bars represent mean + SD (n =20; individual data
points are plotted). d Radical trapping experiment. e Studies of radical induced
ring-opening process. f Plausible intermediates involved in reaction.

product (100), the ring-opening C-S coupling product (101), and the
desired 1,4-skipped dienyl amines (3b, 12, or 102) (Fig. 6e). These
results demonstrate that the cyclobutyl methyl radical can undergo
ring-opening to generate the 1,4-skipped dienyl radical, which is
available for subsequent C-N couplings. Furthermore, we noted a
decrease in the yield of skipped dienyl amines, as the nucleophilicity
of the substrates diminished. Thus, the nucleophilic substitution
step was involved in C-N bond formation process via possible four
electrophilic intermediates, i.e., allylic cation 103_Int, alllylic iodide
104 Int, m-allylcopper complex 105 Int, and o-allylcopper complex
106 Int (Fig. 5f).

Exploration of the nucleophilic substitution step for C-N couplings.
To gain insight into the nucleophilic substitution process, we con-
ducted kinetic studies on the reaction of PANHMe (88) and alkyl iodide
(1) (Fig. 7a). The kinetics revealed a zeroth-order dependence on alkyl
iodide (1), while the reaction exhibited first-order dependence on both
the copper catalyst and the amine (98) (Fig. 7b, c). This suggests that
both the copper catalyst and the amine are involved in the turnover-
limiting step, specifically the nucleophilic substitution step.

Subsequently, we performed kinetic experiments to evaluate the
electronic effects of para-substitution in N-methyl anilines (98X) as the
nitrogen source (Fig. 7d). The negative slope (p=-0.853) of the
Hammett plot indicates that stronger nucleophilic amines increase the
rate of N-nucleophilic attack in C-N coupling reactions. The small
negative p value also suggests that the substitution step follows an S\2
mechanism rather than an Syl mechanism; otherwise, a p value less
than -5 would be expected®. Additionally, the calculated oxidation
potential of the skipped dienyl radical is 0.94 V versus Ag/AgCl, while
the reduction potential of the Cu(ll) complex is 0.48 V versus Ag/AgCl,
consistent with the cyclic voltammogram measurements (0.41V vs Ag/
AgCl) (Fig. 7e). Thus, the skipped dienyl radical is unlikely to undergo
single electron oxidation by the Cu(ll) complex. Collectively, these
results support the conclusion that the nucleophilic substitution
occurs via an Sy2 mechanism.

Density functional theory calculations. We aimed to elucidate the
nucleophilic addition step involved in the formation of C-N bonds
using density functional theory (DFT) calculations (Fig. 8). Based on
experimental data and literature®, it was demonstrated that Py-NHC-
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Cu(l) abstracts the iodide atom from compound 1 under irradiation with
a 410 nm LED, generating a Cu(ll) complex and the allylic radical 1a’
(Fig. 6). Therefore, our calculations were initiated from the Py-NHC-
Cu(ll) complex and the allylic radical 1a’. The Cu(ll) complex captures

the skipped dienyl radical, resulting in the formation of an 18-electron
saturated o-allylcopper complex (IntAl). The c-allylcopper complex
(IntAl) readily undergoes an outer-sphere S\2 reaction via a
7-membered ring transition state (TSA), overcoming an energy barrier

Nature Communications | (2025)16:10425 8


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64951-5

Cul

L1| TMG

I
hv L1Cu'’-l

Outer-sphere
nucleophile substitution
for C-N bond formation

L1cu1 "

A*

1 1a \
XAT

L1cu'-l,

B

|
/N\)J\/\

™G
1
=N_ =N
CU”I Me
| oeee--- = \/, N
/N\H c'

BRIV
cul M
C
—_—

Fig. 9 | Proposed plausible mechanism for photocopper catalysis. TMG Tetramethylguanidine. XAT Halogen-Atom Transfer.

0f 10.2 kcal/mol to form the final product. However, IntAl preferentially
isomerizes to the thermodynamically more stable m-allylcopper com-
plex (Int_bl), which then participates in a barrier-free outer-sphere Sy2
reaction to afford the product (Supplementary Fig. 14). These compu-
tational findings are consistent with kinetic experimental data using 2b
as the nucleophile, which exhibited zeroth-order dependence on
nucleophile concentration (Supplementary Fig. 7). Notably, the gen-
eration of allylic iodide (IntAl~Int_al, 10.6 kcal/mol), which could
potentially consume the N-nucleophile, is still less favorable than the
catalytic allylic substitution pathway (IntAl- TS_b-Int_bl->IntA3).
Additionally, inner-sphere pathways involving Cu(lll) intermediates for
C-N bond formation require traversing a higher-energy transition state
(TSA, AG*=123kcal/mol, Supplementary Fig. 13), supporting the
favorability of the outer-sphere S\2 catalytic route.

Proposed mechanism. Based on comprehensive experimental investi-
gations, DFT calculations, and supporting literature®, we propose a
plausible integrated reaction mechanism as depicted in Fig. 8. The cat-
alytic cycle initiates with the in situ formation of a Py-NHC copper(I)
complex (A), which undergoes photoexcitation under blue LED irradia-
tion to form the excited-state complex A*. This activated species coor-
dinates with the alkyl iodide substrate and abstracts the iodide moiety
via an inner-sphere single electron transfer process*****’ (Fig. 6a-c). The
resulting alkyl radical intermediate (1a) subsequently undergoes radical
fragmentation to generate an allylic radical species (1a’) (Fig. 6d-f). The
allylic radical 1a’ then coordinates with the copper(ll) complex B to form
allylic copper intermediates C or C’ (Fig. 7 & 8). DFT calculations coupled
with kinetic studies suggest that intermediate C’ preferentially under-
goes outer-sphere nucleophilic substitution to facilitate C-N bond
formation®, ultimately releasing the final product while regenerating the

copper complex A in Fig. 9. Nevertheless, alternative mechanistic
pathways, including inner-sphere nucleophilic substitution, cannot be
ruled out, particularly when employing different nucleophilic partners in
three-component reactions. For example, in three-component reaction
systems employing TMG (1,1,3,3-tetramethylguanidine) as a base to
deprotonate nucleophiles (e.g., carboxylic acids)*®*™°, the reaction
mechanism might shifts toward an inner-sphere nucleophilic substitu-
tion pathway (Supplementary Fig. 15). This alternative mechanism
operates stereoselectively, preferentially yielding products with £-con-
figuration (Supplementary Fig. 16 and 17). Additionally, for the outer-
sphere SN2 reaction proceeding via the allylic copper(lll) intermediate
pathway with amines as nucleophiles, the thermodynamically favored -
allylcopper complex acts as the key intermediate Cu"-yita3E in Supple-
mentary Fig. 18, dictating the selective formation of E isomers via a
barrier-less route.

Discussion

In this study, we developed a photocopper catalysis system for the
synthesis of allylic amines through C-N coupling via outer-sphere
nucleophilic substitution at allylic copper(lll) complexes. The photo-
excited copper(l) complex effectively abstracts the iodide atom from
alkyl iodides, generating the corresponding alkyl radicals. These radi-
cals subsequently convert into allylic radicals via radical rearrange-
ment and addition to conjugated 1,3-dienes, ultimately recombining
with the Cu(ll) complex to form allylic copper(lll) intermediates. The
C-N bond formation through the outer-sphere Sy2 pathway may
inspire the development of new copper catalysis methods. The broad
substrate scope exhibited in our experiments highlights the practical
applicability of this copper catalytic system, particularly its effective-
ness in coupling pharmaceutical derivatives. Given the versatility of
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our system, we anticipate considerable interest from the medicinal
chemistry, synthetic chemistry, and catalysis communities.

Methods

General procedure for the two-component reactions to access
allylic amines

To an oven-dried 10 mL reaction vial were added Cul (1.9 mg, 0.01 mmol,
10 mol% or 9.5 mg, 0.05 mmol, 50 mol%), PyNHC (3.6 mg, 0.01 mmol,
10 mol%), 1,1,3,3-Tetramethylguanidine (TMG) (23 L, 0.18 mmol, 1.8
equiv), and DMA (ImL) in a nitrogen-filled glove box. The resulting
mixture was stirred for 10 min, followed by adding N-nucleophiles
(0.1 mmol, 1.0 equiv) and alkyl iodides (0.15 mmol, 1.5 equiv) in sequence,
and sealed with a screwed cap. The sealed vial was placed on a photo-
reactor under irradiation of LEDs (410 nm, 6 W). The mixture was stirred
at room temperature for 18 h, quenched with H,0, and extracted with
ethyl acetate. The combined organic layers were dried over anhydrous
Na,SO,, and concentrated in vacuo. The crude product was purified by
silica gel column chromatography to afford the coupling product.

General procedure for three-component reactions to access
allylic amines

To an oven-dried 10 mL reaction vial were added Cul (1.9 mg,
0.01 mmol, 10 mol%), PyNHC (3.6 mg, 0.01 mmol, 10 mol%), 1,1,3,3-
tetramethylguanidine (TMG) (23 pL, 0.18 mmol, 1.8 equiv) and DMA
(1mL) in a nitrogen-filled glove box. The resulting mixture was stirred
for 10 min, followed by adding N-nucleophiles (0.1 mmol, 1.0 equiv),
1,3-dienes (0.3 mmol, 3.0 equiv) and alkyl iodides (0.15mmol, 1.5
equiv) in sequence, and sealed with a screwed cap. The sealed vial was
placed on a photo-reactor under irradiation of LEDs (410 nm, 6 W). The
mixture was stirred at room temperature for 18 h, quenched with H,0,
and extracted with ethyl acetate. The combined organic layers were
dried over anhydrous Na,SO,, and concentrated in vacuo. The crude
product was purified by silica gel column chromatography to afford
the coupling product.

Data availability

All data that support the findings of this study are available within the
paper, its supplementary information files and Supplementary Data-
set 1-3 to this manuscript. All data are available from the corresponding
author upon request.
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