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Photoinduced copper-catalysed enantioselective
amination of allylic and propargylic C—H bondsf

*

The hydrogen atom transfer (HAT)-mediated strategy has emerged as a straightforward and powerful

approach for oxidative C—H bond functionalization. However, despite remarkable progress in this field,
enantioselective allylic and propargylic C—H aminations remain a challenge. In this study, we developed
highly enantioselective allylic and propargylic C—H aminations by combining a visible light-activated HAT

process with copper catalysis. Using this method, a wide range of alkenes and alkynes can be converted
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into high-value chiral allylic and propargylic amines with high enantio-, regio-, and E/Z-selectivity. These

enantio-enriched amines serve as versatile building blocks in organic synthesis and hold significant

DOI: 10.1039/d5sc00872g

rsc.li/chemical-science molecules.

Introduction

Chiral amines, particularly allylic amines, are ubiquitous
structure motifs in pharmaceuticals, natural products, and
other biologically active molecules (Scheme 1A).'* Enantiose-
lective C(sp®)-H amination provides a straightforward approach
for synthesizing chiral amines due to the abundant availability
of starting materials and the elimination of substrate pre-
activation.*® Transition metal-catalysed C-H activation via -
allyl metal intermediates is an efficient method for the
synthesis of chiral allylic amines;"* however, successful
examples of this method are limited to intramolecular reac-
tions.'"** Metal-nitrenoid insertion into the C-H bond has been
reported for achieving enantioselective allylic C-H
amination,*® but this catalytic system suffers from issues such
as alkene isomerization, competing aziridination, and the
requirement for pre-functionalized nitrene precursors (Scheme
1B).">?° Therefore, it is desirable to develop efficient and prac-
tical methods for enantioselective allylic C-H amination.*
Recently, the radical-mediated hydrogen-atom transfer
(HAT) process has emerged as an efficient strategy for enan-
tioselective C-H bond functionalization.?*** In 2022, Gevorgyan
and co-workers presented an open-shell approach that enables
palladium-catalysed enantioselective allylic C-H amination
with nucleophilic aliphatic amines (Scheme 1C).>* Nevertheless,
the substrate scope remained relatively narrow, with only a few
substrates achieving optimal enantioselectivity control. We
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potential for applications in the synthesis of pharmaceuticals, natural products and other bioactive

have previously reported a copper-catalysed enantioselective
benzylic C-H amination using peroxide as the HAT reagent and
amides as amination reagents.>® However, this cationic copper
catalyst exhibited very low yield in the enantioselective allylic C-
H amination of alkenes. Through a systematic investigation of
various reaction parameters, we found that the reaction
proceeds under visible light irradiation with carbamate as the
amination reagent. Herein, we describe the photoinduced
copper-catalysed enantioselective allylic C-H amination of
alkenes, which produces chiral primary allylamines with high
enantio-, regio-, chemo-, and E/Z-selectivity. Moreover, this
strategy can also be successfully applied to enantioselective
propargylic C-H amination (Scheme 1D).

Results & discussion

The copper-catalysed amination of (E)-but-1-ene-1-phenyl (1a)
with methyl carbamate (2a) was carried out to find efficient
catalysts, oxidants, amine sources, and optimal reaction
conditions (Table 1, see Tables S1-S671 for details). A compar-
ison of ligands showed that the Evans bisoxazoline ligand L9
with bulky phenyl groups was the optimal ligand, producing
amination product 3a with high yield and enantioselectivity.
The study of catalyst precursors revealed that the combination
of CuCl and NaBAry provided the best yield and enantiose-
lectivity (entries 1-4, see Table S2t for details). Among the
tested oxidants, di-tert-butyl peroxide (DTBP) offered the most
satisfactory results, generating tert-butoxy radicals under visible
light irradiation and subsequently alkyl radicals from alkenes
via the HAT process®”*® (entries 5, 6 vs. 1, see Table S3t for
details). In addition to C¢Fs, in which the reaction has the
highest yield and enantioselectivity, CsHsCl and dichloroethane
(DCE) were also viable solvents, albeit with lower yield and
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A Selected pharmaceutical and biologically active compounds containing chiral allylamine
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Scheme 1 Catalytic asymmetric allylic C—H amination reactions.

enantioselectivity (entries 7, 8 vs. 1). Control experiments
demonstrated that each of the following components—copper,
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl] borate
(NaBArg), ligand L9, DTBP, and light—is indispensable for the
reaction (entries 9-13). The reaction was also successfully
carried out with one equivalent of alkene, although the yield
and enantioselectivity were slightly lower (entry 14).

Under optimal reaction conditions, we explored the
substrate scope of alkenes and carbamates (Scheme 2). Alkene
substrates 1, whether as pure E-isomers or E/Z mixtures, reacted
with carbamate 2a to yield thermodynamically stable E-prod-
ucts 3 (E/Z > 20:1). The excellent E/Z-selectivity enhances the
practicability of the reaction, as many alkenes are usually
prepared as E/Z-mixtures. Alkenes with para-substituents on the
benzene ring, regardless of whether they are electron-donating
or electron-withdrawing, showed moderate to good yield and
high enantioselectivity (=90% ee) (la-1c, 1le-1h, and 1j-1l).
Exceptions included 1d (with a para-F) and 1i (with a para-MsO),
which exhibited lower enantioselectivity (80% ee). Alkenes with
meta-substituents on the benzene ring (1m-1p) afforded the
desired amination products with 85-90% ee. However, those
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with ortho-halogen substituents (1q and 1r) displayed lower
enantioselectivity (82% ee and 80% ee, respectively). Similarly,
substrates with 2-naphthyl (1s, 80% ee), benzofuran-5-yl (1t,
80% ee) and benzothiophen-5-yl (1u, 85% ee) also showed lower
enantioselectivity. Notably, the reaction demonstrated good
functional group compatibility with chlorine (1x), acetoxy (1y)
and ester (1z) substituents on the alkyl chains of alkene
substrates. Other carbamates, such as BocNH, (2aa), CbzNH,
(2ab), TeocNH, (2ac) and FmocNH, (2ad), whose products are
more easily deprotected, were also effective amine sources,
affording good yields and high enantioselectivity (90-91% ee).
The use of carbamates as amine sources provides convenience
for the synthesis of allylic amines without a protecting group, as
the alkyoxycarbonyl groups in the products can be removed by
common methods.*

Encouraged by the success in the allylic C-H amination, we
next studied the enantioselective propargylic C-H amination.
We were delighted to find that the standard conditions for the
allylic C-H amination also worked for the propargylic C-H
amination reaction (Scheme 3). A variety of alkyl aryl alkynes
with diverse substituents reacted with carbamate 2a to yield the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of reaction conditions
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CuClI (10 mol%), L9 (15 mol%)

NaBAr (12 mol%) NHC

BUOO'Bu (4 equiv), C¢Fg Ph

X

12 W 440-445 nm LEDs, Ar, 1t, 24 h

1a (3.5 equiv) 2a

“standard conditions”

3a

O,Me

ST ¢

32%, 5% ee

L2:
L3:
L4:
Ls:
L6:
L7:
L8:
L9:

R=Bn, 18%, 6% ee

R = CgHs, 46%, 58% ee

R = 1-Nap, 41%, 58% ee

R = 4-OMe-CgHj, 36%, 17% ee
R = 4-CF3-CgH,, 51%, 52% ee
R = 4-'Bu-CgHy, 65%, 69% ee
R = 3,5-Me-CgHg, 69%, 75% ee
R =3,5-Bu-CgH3, 81%, 91% ee

Entry Variation from the “standard conditions” Yield® (%) ee? (%)
1 None 81 (76)° 91
2 Cu(OTf), instead of CuCl/NaBArg 16 8

3 Cu(CH;CN),BF, instead of CuCl/NaBArg 31 45
4 Cu(CH;CN),PF, instead of CuCl/NaBAry 38 59
5 NFSI instead of DTBP 7 rac
6 DCP instead of DTBP 43 74
7 PhCI instead of C¢Fg 58 77
8 DCE instead of C¢Fq 62 86
9 Without CuCl . —
10 Without NaBArg — —
11 Without L9 — —
12 Without DTBP — —
13 Without hv — —
14 1 equiv. of 1a 52 87

“ Yields were determined by *H NMR with dimethyl terephthalate as an internal standard. ” Enantiomeric excess (ee) values were determined by
chiral HPLC. ¢Isolated yield. NaBArg, sodium tetrakis [3,5-bis(trifluoromethyl)phenyl] borate. DTBP, di-tert-butyl peroxide. NFSI, N-
fluorobenzenesulfonimide. DCP, dicumyl peroxide.
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Scheme 2 Substrate scope of alkenes and carbamates. Isolated yield. Ee values were determined by chiral HPLC, and E/Z ratios were determined
by *H NMR. ?The absolute configuration of compound 3a was determined to be S by comparing the optical rotation of its deprotected amine with
that reported in the literature. ®The ratio of site-isomers was determined by *H NMR. BocNH,, tert-butyl carbamate. CbzNH,, benzyl carbamate.
TeocNH,;, 2-(trimethylsilyl)ethyl carbamate. FmocNH,, (9H-fluoren-9-yl)methyl carbamate.
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NMR.

propargylic C-H amination products (5b-50) in good yields (56-
84%) and with high enantioselectivities (81-92% ee). The ami-
nation selectively occurred at the propargylic site when the
substrate contained both propargylic and benzylic C-H bonds
(5e and 5f). Alkyne substrates featuring naphthyl (5p and 5q,
90% ee), 3-thienyl (51, 91% ee), benzofuryl (5s, 86% ee), and silyl
(5t, 93% ee) also demonstrated high enantioselectivity in the
reaction. The effect of substrate's alkyl chain and its functional
groups on the enantioselectivity was negligible, indicating the
reaction's broad tolerance for functional groups (5u-5ac).
Additionally, alkynes derived from oxaprozin (4ad), naproxen
(4ae), and isoxepac (4af) reacted smoothly with 2a to yield the
corresponding propargylic amines with good enantioselectivity.
The absolute configuration of 5n was determined to be S by X-
ray single crystal diffraction analysis.

9216 | Chem. Sci., 2025, 16, 9213-9219

Substrate scope of alkynes. Isolated yield, ee values were determined by chiral HPLC. ®The ratio of site-isomers was determined by *H

To demonstrate the synthetic utility of the method, we
investigated the transformations of the amination products
(Scheme 4). The deprotection of amination products 3a and 5ag
yielded chiral primary amines 6*° and 9, without any loss of
enantiopurity. Product 3a was successfully converted into
saturated aliphatic amine 7 and epoxide 8 by treatment with
Pd-C/H, and m-CPBA, respectively. Similarly, the hydrogena-
tion of product 5a provided Z-allylamine 10. Removal of the silyl
group from product 5t afforded terminal alkyne 11, which is
a versatile intermediate suitable for Sonogashira coupling or
Click reactions. Lysophosphatidic acid receptor 13,
a compound used in the treatment of fibrotic diseases,*" and
anticancer agent 16 *> were readily prepared using asymmetric
amination as the key step, further showcasing the method's
potential for pharmaceutical synthesis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A Transformations of 3a to chiral allylic amine, aliphatic amine and epoxide
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B Transformations of chiral proparglic amine products
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Scheme 5 Mechanism studies.
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To gain insight into the reaction mechanism, we conducted
several experiments to identify the key intermediates of the
reaction (Scheme 5). Under the standard conditions, the addi-
tion of the radical scavenger 2,2,6,6-tetramethyl-1-piper-
idinyloxy (TEMPO) completely inhibited the reaction (Scheme
5A), indicating the involvement of a free radical process.
Deuterium kinetic isotope effect (KIE) experiments yielded KIE
values of 3.0 and 2.4, suggesting that the hydrogen atom
abstraction from the C(sp®)-H bond by a tert-butoxy radical
might likely be the rate-limiting step (Scheme 5B). When
substrate 1a and product 3a were exposed to visible light irra-
diation, no carbon-carbon double bond isomerization was
observed (see the ESIt for details), and the E/Z ratio of the
alkene substrate 1a remained unchanged during the reaction
(Scheme 5C). These results supported that the E-selection in the
allylic C-H amination reaction might be generated through
a stereospecific amination of the allyl-copper intermediate,
rather than through a photoinduced double bond isomerization
process. Using electron paramagnetic resonance (EPR) with the
spin-trapping agent 5,5-dimethyl-1-pyrrolidine N-oxide (DMPO),
we detected tert-butoxy radicals and found that these radicals
are primarily generated by visible light irradiation (Scheme
5D).** A copper(u) signal was observed in the EPR measure-
ments of the reaction mixture, indicating that copper(u) species,
such as Cu™-O‘Bu or Cu"-NHCO,Me intermediates, may be
involved in the reaction**** (Scheme 5E).

Based on our experimental results and previous reports,>>*
we propose a mechanism for the enantioselective allylic C-H
amination, as shown in Scheme 6. Upon visible light irradia-
tion, DTBP decomposes to generate tert-butoxy radicals, which
react with the cationic copper(r) complex A to form the Cu(u)-
O'Bu intermediate B. Ligand exchange of B with carbamate 2a
yields the Cu(u)-NHCO,Me intermediate C. Intermediate C
interacts with the allyl radical, which is generated by the
abstraction of the allylic hydrogen from 1a by the tert-butoxy
radical, to form the copper(m) intermediate D. Subsequently, D
undergoes reductive elimination, producing product 3a and
regenerating the copper(i) complex A.

HN™ “OMe <N ,,,,, © ‘BuOO'BU :,
* Cu N
Ph/\)\ N
3a A
BuO"
*<N ,/ CLIIII(D—NJJ\OME (N hl“"(:u”—o'su
N \]/ i N
SN R
D o]
HszoMe
- 2a
PR TN o
N, u® )‘]\
t . * ‘Cu'—N OMe i/
BuO ] <N/ i BuOH
Ph X c

Scheme 6 Plausible mechanism of allylic C—H amination.
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Conclusions

In summary, we have developed a photoinduced copper-cata-
lysed enantioselective C-H amination of alkenes and alkynes.
This reaction enables the efficient synthesis of diverse chiral
allylic amines and propargylic amines with high enantiose-
lectivity, regioselectivity, and E/Z-selectivity. Mechanistic
studies of the reaction reveal that visible-light irradiation
decomposes DTBP to generate tert-butoxy radicals, which play
a key role in the HAT process and in maintaining the Cu(1)-
Cu(u)-Cu(m) catalytic cycle. The protocol shows great potential
for applications in the synthesis of bioactive compounds.
Future efforts will focus on applying this strategy to other
enantioselective C(sp®)-H functionalizations.
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