
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
1:

47
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Coordinating act
Biopharmaceutical Research Institute, West

Guoxue Alley, Chengdu, 610041, P. R. Chin

† Electronic supplementary information
experimental section, compound charac
2294904. For ESI and crystallographic dat
DOI: https://doi.org/10.1039/d3sc03786j

‡ These authors contributed equally: Jing

Cite this: Chem. Sci., 2023, 14, 11466

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd July 2023
Accepted 27th September 2023

DOI: 10.1039/d3sc03786j

rsc.li/chemical-science

11466 | Chem. Sci., 2023, 14, 11466–1
ivation strategy enables 1,2-
alkylamidation of alkynes†

Jing Ren,‡ Junhua Xu,‡ Xiangxiang Kong, Jinlong Li and Kaizhi Li *

The radical 1,2-difunctionalization reaction of alkynes has been evolved into a versatile approach for

expeditiously increasing the complexity of the common feedstock alkyne. However, intermolecular

1,2-carboamidation with general alkyl groups is an unsolved problem. Herein, we show that

a coordinating activation strategy could act as an efficient tool for enabling radical 1,2-alkylamidation

of alkynes. With the employment of diacyl peroxides as both alkylating reagents and internal oxidants,

a large library of b-alkylated enamides is constructed in a three-component manner from readily

accessible amides and alkynes. This protocol exhibits broad substrate scope with good functional

group compatibility and is amenable for late-stage functionalization of natural molecules and

biologically compounds.
Introduction

The enamide is a privileged subunit in pharmaceuticals and
biomolecules featuring excellent biological and physiological
properties,1 as well as being a useful and versatile synthetic
platform for further elaboration in organic synthesis.2 Several
approaches for the preparation of enamides have been re-
ported,3 including condensation of amides with carbonyls,3a

carbofunctionalization of ynamides,3b,c transition-metal cata-
lyzed N-alkenylation of amides,3d–f isomerization of allylami-
des,3g,h hydroamidation of alkynes,3i–l dehydrogenation of the
corresponding amides,3m–p and others.3q–w However, one of the
most straightforward approaches to access enamides is argu-
ably the vicinal difunctional carboamidation of alkynes.

The intermolecular radical 1,2-difunctionalization reaction
of alkyne is a straightforward route for expeditiously increasing
the complexity of the common feedstock alkyne starting mate-
rials for target molecule synthesis.4 This reaction typically
proceeds through the addition of the radical species to the
alkyne, followed by recombination of the formational vinyl
radical intermediate with a metal catalyst or other radical
species. Although it has been studied extensively in the past
several decades, the intermolecular radical carboamination of
alkyne remains a long-standing challenge (Fig. 1a). The diffi-
culty in this transformation originates perhaps from either the
strong Lewis basicity of the amines5 or the weak coordinating
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ability of the amides,6 interfering with the generation of the
vinyl–metal–nitrogen intermediate. In 2015, the groups of Liu7a

and Liang7b independently established an elegant synthetic
route involving a copper-catalyzed triuoromethylazidation of
alkynes, while seminal work by Bao8 in 2019 identied
Fig. 1 Background and project synopsis.
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Table 1 Reaction conditions screeninga

Entry Cat. (equiv.) Solvent t (h) Yieldb (%)

1c Cu(acac)2 (0.2) Benzene 20 36
2 Cu(acac)2 (0.2) Benzene 20 45
3 Cu(hmacac)2 (0.2) Benzene 20 51
4 Cu(tfacac)2 (0.2) Benzene 20 65
5 Cu(hfacac)2 (0.2) Benzene 20 53
6d Copper salt (0.2) Benzene 20 Trace
7e Cu(OAc)2 (0.2) Benzene 20 44
8f M(acac)2 (0.2) Benzene 20 n.d.
9 Cu(tfacac)2 (0.1) Benzene 24 74
10g Cu(tfacac)2 (0.1) Benzene 24 72
11 Cu(tfacac)2 (0.1) Benzene 28 81
12 Cu(tfacac)2 (0.1) Benzene 32 72
13 Cu(tfacac)2 (0.1) Cyclohexane 28 43
14 Cu(tfacac)2 (0.1) Toluene 28 67
15 Cu(tfacac)2 (0.1) PhCF3 28 75
16 Cu(tfacac)2 (0.1) PhCl 28 73
17 Cu(tfacac)2 (0.1) MeOH 28 48
18 Cu(tfacac)2 (0.1) HOAc 28 n.d.
19 — Benzene 28 n.d.

a Reaction conditions: 1a (0.10 mmol, 1.0 equiv.), 2a (0.20 mmol, 2.0
equiv.), LPO (3a, 0.30 mmol, 3.0 equiv.), cat. and solvent (1.0 mL) at
130 °C under N2 atmosphere. b Isolated yield aer chromatographic
purication. c The reaction at 120 °C. d CuCl, CuBr, CuI, Cu(OAc)2 or
CuBr2 was used as the metal catalyst. e 2,2,6,6-Tetramethylheptane-
3,5-dione (20 mol%) was added. f Fe(acac)2, Co(acac)2, Ni(acac)2 or
Mn(acac)2 was used as the metal catalyst. g The reaction at 140 °C.
Cu(hmacac)2 = copper(II) bis(2,2,6,6-tetramethyl-3,5-heptanedionate).
Cu(tfacac)2 = copper(II) triuoroacetylacetonate. Cu(hfacac)2 =
copper(II) hexauor-2,4-pentanedionate. n.d. = no product detected.
PA = 2-pyridylacyl.
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carboazidated alkynes as attractive candidates for the synthesis
of uoroalkylated azirines. Very recently, Liu and co-workers
reported another pioneering work on the efficient synthesis of
vinylarene atropisomers through copper-catalyzed enantiose-
lective triuoromethylazidation of alkynes.7c These exceptions
mainly rely on employing azide that serves as a reagent with
good coordinating ability, and where coordination of the metal
catalyst enables capture of the vinyl radical to form a vinyl–
metal–N3 intermediate. Notwithstanding these signicant
breakthroughs, a general strategy that enables the intermolec-
ular radical carboamination of alkynes utilizing common amine
derivatives as the nitrogen source with general alkyl groups
remains an unsolved problem.

In order to achieve this challenging catalytic process, we
considered installing a 2-pyridylacyl group9 on the amine to
serve as the coordinating group. We surmised that the metal-
lacycle species, a coordination product formed from the reac-
tion of the metal catalyst with a substrate bearing a bidentate
auxiliary, could efficiently catch the vinyl radical intermediate,
thus providing a straightforward strategy for the realization of
difunctionalization carboamidation of alkynes. Herein, we
report the general 1,2-difunctional alkylamidation of alkynes by
utilizing this coordinating activation strategy for the synthesis
of b-alkylated enamides (Fig. 1b). Recently, tremendous prog-
ress on radical b-alkylation of enamides has been demonstrated
for the construction of such compounds (Fig. 1c).10 However,
the representative known synthetic strategies typically start
from prefunctionalized enamide substrates. Our current
protocol is the rst universal strategy that could straightfor-
wardly build b-alkylated enamides from commercially available
alkynes and readily accessible amides and diacyl peroxides. In
addition, a variety of reactants derived from pharmaceuticals
and natural products bearing proven biological activities can be
adopted in this protocol and lead to the late-stage modications
of bioactive compounds.
Results and discussion
Optimization of the reaction conditions

Based on our hypothesis, the bench-stable, commercially
available chemical feedstock dilauroyl peroxide11 (LPO, 3a)
was rst used to serve as the alkylating and oxidizing agent
simultaneously to illustrate the feasibility of the difunctional
alkylamidation reaction. We initiated our studies by
screening metal catalysts in the alkylamidation reaction of
ethyl picolinoylglycinate (1a) with ethynylbenzene (2a) in the
presence of LPO (3a). To our delight, Cu(acac)2 could lead to
the desired alkylamidation product 4a in 36% yield in
benzene at 120 °C (Table 1, entry 1). When the reaction
temperature was increased to 130 °C, the yield of 4a was
improved to 45% (entry 2). The copper catalyst examination
suggested Cu(tfacac)2 was the better choice (entries 2–5).
However, other copper salts, for instance CuCl, CuBr, CuI,
Cu(OAc)2 and CuBr2, gave only trace amount of product (entry
6). A control experiment demonstrated copper anions played
© 2023 The Author(s). Published by the Royal Society of Chemistry
an important role in the catalytic activity (entry 7). Besides,
some other metal catalysts, such as Fe(acac)2, Co(acac)2,
Ni(acac)2, and Mn(acac)2, were proven to be inert for this
reaction (entry 8). Gratifyingly, the yield could be improved by
appropriately increasing the reaction time. In terms of the
solvent effect, several solvents were assessed, and benzene
turned out to be the best (entries 13–18). No reaction occurred
in the absence of a metal catalyst (entry 19). Finally, further
optimization of the reaction conditions revealed that the best
yield was obtained with the help of 10 mol% Cu(tfacac)2 in
benzene at 130 °C under a nitrogen atmosphere for 28 h (entry
11, for detailed optimization, see Table S1†).

Investigation of reaction scope

Aer having established the optimal reaction conditions, the
substrate scope of the terminal alkynes was rstly examined
and the results are summarized in Table 2. In general, the
current protocol was applicable to terminal aryl alkynes
Chem. Sci., 2023, 14, 11466–11473 | 11467
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Table 2 Scope of alkynes and 2-picolinamide derivativesa

a Reaction conditions: 1 (0.1 mmol, 1.0 equiv.), 2 (0.2mmol, 2.0 equiv.), 3 (0.30mmol, 3.0 equiv.), and Cu(tfacac)2 (0.01mmol, 0.1 equiv.) in benzene
(1.0 mL) under N2 atmosphere at 130 °C for 28 h; isolated yield is given. b The reaction was conducted on a 5.0 mmol scale. c 3a (0.40 mmol, 4.0
equiv.) was used. d Ethynylbenzene (2a) was used instead of methyl 4-ethynylbenzoate (2q) for 32 h. e tert-Butyl 2,2-dimethylpropaneperoxoate 3k
(0.30 mmol, 3.0 equiv.) was used.
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bearing a series of substituents on the aromatic ring,
including electron-withdrawing and electron-donating
groups. In addition, various synthetically useful functional
substituents, including halogen, ester, cyano, nitro, and
amide groups, were tolerated with the reaction conditions,
thus suggesting the suitability of the alkylamidation products
for further structural elaboration. It is notable that an amide
or sulfamide group is present at the 2-picolinamide moiety,
C–N cross-coupling selectively took place at the 2-picolina-
mide–nitrogen, delivering the related products (4u–4w) in
acceptable yields. This result not only establishes the impor-
tance of chelation for this transformation but also highlights
the exquisite chemoselectivity of our strategy. Gratifyingly,
11468 | Chem. Sci., 2023, 14, 11466–11473
heteroaryl substituted alkynes, such as 3-ethynylthiophene, 3-
ethynylpyridine and 2-ethynylpyridine, could also proceed
smoothly to furnish corresponding products in satisfactory
yields. It is notable that the conjugated alkenyl acetylene 1-
ethynylcyclohex-1-ene could also furnish the desired product
4ac with moderate yield. Unfortunately, no desired products
were detected when internal and alkyl-substituted alkynes
were utilized (see details in the ESI†). Notably, the reaction
also proved to be scalable, with only a modest reduction in the
yield of 4a from 81% to 77% observed when the reaction was
performed on a 5.0 mmol scale in the presence of a lower
catalyst loading (for details, see the ESI†).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The scope with respect to 2-picolinamide derivatives was next
evaluated, and the results are also summarized in Table 2. We
were pleased to observe that a diverse range of 2-picolinamides
were suitable for this difunctional alkylamidation reaction. The
2-picolinamides having (hetero)benzyl (5a–5e), aryl (5s–5v) and
tethered aliphatic amines (5f–5q) exhibited good compatibility
and produced the corresponding products in satisfactory yields.
To our delight, the widespread natural and non-proteinogenic
amino acids also proceeded smoothly to afford the desired
products (5w–5ab). Notably, a,a-disubstituted 2-picolinamides
did not turn out to be well-suited coupling partners for this
transformation, possibly due to steric hindrance (5r, 5w, and 5x).
The scope of the diacyl peroxides, which are readily prepared
from carboxylic acids, as alkylating reagents was then studied
under the optimized reaction conditions. The results showed that
various primary alkyl radicals could be generated from the cor-
responding alkyl peroxides and afforded the alkylamidation
products 6a–6e in good yields. A chlorine-substituted diacyl
peroxide is compatible with the reaction conditions, providing
the related product (6d) in 53% yield. In addition, products
containing secondary and tertiary alkyl groups also could be
obtained in relatively low yields from alkyl diacyl peroxides or
alkyl peresters under the present reaction conditions (6f–6i).
More importantly, the 2-pyridylacyl auxiliary group could be
transformed (eqn (1)) or removed (eqn (2)) efficiently aer
achievement of the desired reactivity.

(1)

(2)

Because of the good functional group compatibility in this
reaction, we evaluated its practicality for late-stage function-
alization of multifunctionalized medicinally relevant mole-
cules to show the generality of this method (Table 3).
Pleasingly, the title reaction proved to be a reliable and robust
methodology. We found that terminal alkynes derived from
ibuprofen (7a), probenecid (7b), urbiprofen (7c), isoxepac
(7d), oxaprozin (7e), dehydrocholic acid (7f), menbutone (7g),
indomethacin (7h) and bezabrate (7i) could be used as
substrates to deliver the corresponding b-alkylated enamides
in acceptable yields (29–63%) with trans-selectivity. The
current method was also applicable for sophisticated 2-pico-
linamides derived from bioactive compounds or drugs, such
as tryptamine (7j), baclofen (7l), atorvastatin fragment (7n),
ketoprofen (7o), gembrozil (7q), dehydroabietylamine (7r), D-
mannofuranose (7s), D-a-tocopherol (7t) and desloratadine
(7u), which deliver the corresponding products in moderate
yields (33–66%). Signicantly, a dipeptide could also serve as
© 2023 The Author(s). Published by the Royal Society of Chemistry
a suitable precursor and smoothly take part in this alkylami-
dation reaction, and the reaction only occurred at the 2-
picolinamide-nitrogen with the other amide group intact (7m).
Excitingly, 2-picolinamide derived from a peptide and alkyne
derived from a drug scaffold could likewise be employed to
couple together, resulting in an unprecedented peptide/drug
conjugate (7v).
Mechanistic study

To shed light on the mechanism, a series of mechanistic
experiments were carried out (Fig. 2). First, a series of N-
protecting groups on phenylmethanamine were examined
under the optimized conditions (Fig. 2a). It was found that N-
protecting groups with non-chelating properties, such as 3-
pyridinecarbonyl, 4-pyridinecarbonyl, benzoyl, and p-toluene-
sulfonyl, were incapable of promoting the reaction. This
further underlines the unique character of this coordinating
activation strategy. Next, the reaction of 1a with deuterated
alkyne [D]-2m proceeded smoothly to give the product with
deuterium being partly incorporated into the product (81%
deuterium content). Meanwhile, in the presence of deuterium
oxide (D2O), the reaction of 1a with 2m afforded a deuterated
product with 55% deuterium incorporation. This is possibly
caused by the reversible H/D atom exchange of the terminal
alkyne under the copper/heating conditions (Fig. 2b).12

Furthermore, intermolecular competition experiments with
differently substituted aryl alkynes were carried out (Fig. 2c).
The results showed that electron-withdrawing groups in the
aryl alkyne gave a higher reactivity. In addition, competition
experiments between differently N-substituted 2-picolina-
mides were examined as well, and the order of reactivity is
CH2COOEt > Bn > Et. This trend presumably is due to the
decreased acidity of the N–H bond of 2-picolinamide
substrates.13 Notably, the rate of the reaction is sensitive to the
amino group steric hindrance as shown by a similar compe-
tition experiment with N-benzyl-picolinamide 1b and N-(1-
phenylethyl)-picolinamide 1s, which predominantly forms 5a
(5a/5r > 20/1). Moreover, bis(N-phenylpicolinamido)copper(II)
IM1a, which was prepared according to the literature14 and
characterized using X-ray crystallographic analysis,15 along
with an acetylacetone type ligand could be used to achieve this
alkylamidation process (Fig. 2d). This result suggested that
a ligand exchange of 2-picolinamide with Cu(tfacac)2 might
occur initially in the mechanistic pathway. Additionally, when
stoichiometric radical scavengers, 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) and 1,1-diphenylethene (DPE), were
added to the reaction of 1a and 2b under standard conditions,
the formation of b-alkylated enamide 4a was suppressed
(Fig. 2e). Instead, alkyl and alkylated vinyl radical intermedi-
ates were conrmed by the formation of radical scavengers
trapped adducts that were detected using HRMS (High Reso-
lution Mass Spectrometry), demonstrating the radical property
of this process and the possible involvement of alkyl and
alkylated vinyl radicals (for details, see the ESI†).

Based on the experimental results and literature precedence,
a plausible reaction mechanism is proposed in Fig. 2f. Initially,
Chem. Sci., 2023, 14, 11466–11473 | 11469
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Table 3 Late-stage functionalization of natural compounds and biologically active moleculesa

a Reaction conditions: 1 (0.1 mmol, 1.0 equiv.), 2 (0.2 mmol, 2.0 equiv.), LPO (0.30 mmol, 3.0 equiv.), and Cu(tfacac)2 (0.01 mmol, 0.1 equiv.) in
benzene (1.0 mL) under N2 atmosphere at 130 °C for 28 h; isolated yield is given. b 2 (0.15 mmol, 1.5 equiv.) was used. c 3a (0.4 mmol, 4.0
equiv.) was used. BRM = biologically relevant motif.
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an alkyl radical is generated from the diacyl peroxide with the
aid of the copper catalyst and/or thermal decomposition,11

which subsequently undergoes regioselective addition to the
alkyne to furnish the alkylated vinyl radical. Meanwhile, the 2-
picolinamide acts as a ligand to coordinate with copper(II) to
yield the intermediate IM1, and then the alkylated vinyl radical
is trapped by this coordinated species to form a copper(III)
intermediate IM2, followed by reductive elimination to furnish
the difunctionalization product. The intermediates IM1 and
IM2 could be detected based on HRMS analysis of the reaction
11470 | Chem. Sci., 2023, 14, 11466–11473
mixture. Finally, the released low-valent metal catalyst Cu(I) is
reoxidized by diacyl peroxides to fulll a catalytic cycle. Diacyl
peroxide serves simultaneously as the alkylating and oxidizing
agent. The role of the 2-picolinamide group is assumed to
involve the following aspects. First, the coordination of catalyst
copper toward the 2-picolinamide group enables the N–H bond
activation.9c–j Secondly, the 2-picolinamide group serving as
a bidentate ligand gives access to the stabilization of the Cu(II)
and Cu(III) intermediates, IM1 and IM2, and from the latter to
the desired C–N bond formation.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mechanistic investigations. (a) The effect of N-protecting groups. (b) Deuterium-labeling experiments. (c) Competition experiments. (d)
Reactivity of intermediate IM1a. (e) Radical scavenger experiments. (f) Proposed catalytic cycle. TEMPO = 2,2,6,6-tetramethylpiperidinyloxy. 1,1-
DPE = 1,1-diphenylethylene.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 11466–11473 | 11471
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Conclusions

In summary, we have developed a novel strategy to allow the
radical difunctional alkylamidation of alkynes. With the
employment of the diacyl peroxides as both alkylating reagents
and internal oxidants, various b-alkylated enamides are con-
structed in a three-component manner from readily accessible
amides and alkynes. This methodology exhibits broad substrate
scope with good functional group compatibility and is
amenable for late-stage functionalization of natural molecules
and biologically relevant motifs. Additionally, various mecha-
nistic experiments have been carried out to obtain a better
understanding of the reaction process, such as competition
experiments, H/D isotopic exchange experiments and radical
trap experiments. We anticipate that this protocol will simplify
the synthesis of a series of b-alkylated enamides, helping to fuel
the design and discovery of novel biologically molecules.
Though further improvements of the reaction are certainly
needed, such as lowering the reaction temperature, reducing
equivalents of diacyl peroxides, improving the yields of
secondary and tertiary alkyl products, and replacement of
benzene by eco-friendly solvents, and this will be explored in
due course.
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