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Copper catalysis continues to thrive as one of the most dynamic
and versatile areas of contemporary chemical research. Once
viewed primarily as a cost-effective alternative to noble metals,
copper has emerged as a powerful and versatile catalyst,
capable of mediating a wide array of chemical transformations
through both two-electron and single-electron pathways. This
duality has enabled access to previously elusive molecular
transformations, positioning copper at the center of modern syn-
thetic strategy.

This thematic issue captures the dynamic nature of the field,
featuring five insightful Review articles and five original
research papers (three Full Research Papers and two Letters)
contributed by scientists from Asia and Europe. The breadth of
topics and the geographical diversity of the authors reflect the

global interest in copper catalysis today.

The Review article by Yang and Fang focuses on copper-cata-
lyzed yne-allylic substitution reactions [1]. In particular, the
authors elaborate the concept and recent developments in this
field, which allows access to enantioenriched chiral enynes.

Interestingly, the article also illustrates the effects of the copper
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salt and the ligand employed, as well as the influence of the
substrate substitution pattern on the regioselectivity and stereo-
selectivity of the reactions. A Review article by Papis and
co-workers discusses various copper(Il) triflate-catalyzed multi-
component reaction types [2]. Therein, the synthesis of cyclic
and acyclic compounds, as well as three-component and four-
component reactions, are separately debated. In addition, mech-
anistic insights into the reaction of heteropolycyclic systems,
cycloadditions, and aza-Diels—Alder reactions are provided.
This is important because multicomponent, one-pot reactions
have gained interest as potentially more economic, efficient,
and straightforward reactions. Complementarily, the Review
article by Jang and Kim provides a deep understanding of recent
advances in the combination of electrochemistry and copper ca-
talysis for various organic transformations [3]. Their contribu-
tion elaborates various C—H functionalizations, olefin additions,
decarboxylative functionalizations, and Chan-Lam coupling
reactions. In doing so, the authors point out the combination of
transition-metal catalysis and electrochemistry as an efficient,
sustainable method for the oftentimes challenging formation of
C—C and C-heteroatom bonds in complex molecules. Another

Review by Son and co-workers illustrates recent advancements
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in the use of dioxazolones in synthetic transformations with
copper salts [4]. The authors remark that these catalytic
systems, which employ dioxazolones as electrophilic amide
sources, were applied for the preparation of diverse amidated
products. In their contribution, Son et al. focus on transformat-
ions via the formation of copper nitrenoids, particularly amida-
tions via oxidative insertion to N-O bonds and reductive elimi-
nation, and a small number of other reactions. The final Review
by Cho, Lee, and co-workers is useful for the scientific commu-
nity in that it elegantly reviews recent advances in allylation
reactions of copper-catalyzed asymmetric allylic substitution
reactions of chiral secondary alkylcopper species [5]. In
summary, the contribution includes stereospecific transmetal-
ations of organolithium and -boron compounds, copper hydride
catalysis, and enantiotopic group-selective allylations of 1,1-
diborylalkanes as core strategies. At the same time, the authors
provide detailed mechanistic insights into the stereocontrol and
provide a perspective on currently unresolved challenges in the
field.

Concerning Full Research Papers, Burley, Watson, and
co-workers present a new synthesis of germyl triazoles from
germyl alkynes through a copper-catalyzed azide—alkyne cyclo-
addition (CuAAC) reaction [6]. The resulting Ge-substituted tri-
azoles could be further diversified. For example, through
chemoselective transition-metal-catalyzed cross-coupling reac-
tions of bifunctional boryl- and germyl-containing compounds.
On the other hand, a Full Research Paper presented by Lee and
co-workers introduces a highly regioselective formal hydrocya-
nation method of allenes [7]. The strategy is based on a copper-
catalyzed hydroalumination of allenes with diisobutylalu-
minum hydride, which is followed by the allylation with p-tolu-
enesulfonyl cyanide in a regio- and stereoselective manner.
They propose a new way to access accessing acyclic f§,y-unsatu-
rated nitriles with a-all-carbon quaternary centers. In the
process, they managed to achieve a yield of up to 99%, with
excellent regio- and E-selectivities. The method could be used
for functional-group transformations of amines, amides, and
lactams, as well as for gram-scale syntheses, demonstrating syn-
thetic usefulness and versatility. A complementary Full
Research Paper by Martina and co-workers demonstrates that
the efficient and green direct C—H amination of benzoxazoles
can be catalyzed by copper chloride salts in acetonitrile in the
absence of any acidic, basic, or oxidizing additives [8]. Both
CuCl and CuCl, were found to be extremely efficient in
promoting the reactions, which harness their Lewis-acidic and
weakly oxidizing properties, respectively. In addition, micro-
wave irradiation increases the reaction rate considerably.
Furthermore, the use of a solid Cu(I) catalyst immobilized on an
aminated silica support allows for a heterogeneous and cost-

effective process, featuring straightforward workup and mini-

Beilstein J. Org. Chem. 2025, 21, 1477-1479.

mized free copper on solution. Due to this, the catalyst could be
regenerated and reused in up to eight cycles. Upon optimiza-
tion, this practical and versatile method could be used for the

synthesis of several benzoxazole derivatives.

A Letter was contributed by D’ Andrea and Jademyr, who focus
on the preparation of phenethylamines and phenylisopropyl-
amines via reduction of substituted B-nitrostyrenes using a
system of sodium borohydride and copper(II) chloride [9]. The
transformations are performed in one pot and proceed under
mild conditions. The B-nitrostyrene products could be isolated
quickly and in good yield, without the need for time-consuming
purification steps. At the same time, no cumbersome precau-
tions, such as an inert atmosphere, are necessary. Another
fantastic Letter was contributed by Fafiands-Mastral and
co-workers, in which a rare copper-catalyzed dimerization
process of 4,4-dichloro-2-butenoic acid derivatives and
bis(pinacolato)diboron is described [10]. The transformations
feature excellent chemo-, regio-, and diastereoselectivities, and
the resulting products are highly functionalized. Due to this,
they were considered as versatile building blocks for the stereo-

selective synthesis of chlorocyclopropanes.

As guest editors, we are deeply grateful to all contributors for
sharing their high-quality work and valuable perspectives. We
also thank the referees for their thoughtful evaluations, which
helped maintain the scientific rigor of this collection. We hope
this collection inspires further exploration and innovation in this

rapidly advancing field.
Elena Ferniandez and Jaesook Yun

Tarragona and Suwon, June 2025
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The catalytic (asymmetric) allylation and propargylation have been established as powerful strategies allowing access to enantio-

enriched a-chiral alkenes and alkynes. In this context, combining allylic and propargylic substitutions offers new opportunities to

expand the scope of transition metal-catalyzed substitution reactions. Since its discovery in 2022, copper-catalyzed yne-allylic sub-

stitution has undergone rapid development and significant progress has been made using the key copper vinyl allenylidene interme-

diates. This review summarizes the developments and illustrates the influences of copper salt, ligand, and substitution pattern of the

substrate on the regioselectivity and stereoselectivity.

Introduction

Copper is earth-abundant, inexpensive, relatively stable, and
low toxic. Copper-catalyzed asymmetric allylic [1-22] and
propargylic [23-32] substitutions are effective strategies for
constructing new C—C and C-heteroatom bonds vicinal to
alkenyl or alkynyl groups, which are highly valuable for down-
stream synthesis. At present, unstabilized nucleophiles [33-51]
are commonly used in Cu-catalyzed allylic substitutions

because of the inner-sphere mechanism and relatively harsh

reaction conditions such as anhydrous, anaerobic, and low tem-
peratures are usually required (Scheme 1a). Therefore, using
stabilized nucleophiles in Cu-catalyzed allylic substitutions is a
tremendous challenge. On the other hand, since the pioneering
work of van Maarseveen [52] and Nishibayashi [53] groups in
2008, Cu-catalyzed asymmetric propargylic substitutions have
made significant progress [54-60]. The protocol allows the use

of stabilized nucleophiles via the outer-sphere mechanism, and
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(a) Cu-catalyzed allylic substitution:

_\/_,
"hard" Nu J\/
inner-sphere mechanism

RIN"LG

L o
R L LG
e R—?u'u—l

RINA"N16 RIS

n-complex n-allyl complex

"hard" Nu: RMgX, R,Zn, RAIR'2, RLi, RB(OR'),, RZrX, etc.

(b) Cu-catalyzed yne-allylic substitution:

outer-sphere mechanism

Beilstein J. Org. Chem. 2024, 20, 2739-2775.

OPG || @ "soft" Nu
R10 /y R2 K\

R1(l

Cu-acetylide bonded
L allylic carbocation _|

J\J|\
[CulL]
| | " J’ R11 3- enynes
&g \
RS ZQ
1,4-enynes

"soft" Nu: indoles, pyrroles, amines, 1,3-dicarbonyls, naphthol, etc.

Scheme 1: Copper-catalyzed allylic and yne-allylic substitution.

the copper allenylidene intermediate formed by copper and ter-
minal alkyne is the active species in the reactions. In this
regard, merging the unique feature of Cu-catalyzed propargylic
substitution with allylic substitution is a feasible solution to the
challenge, which will represent a new sort of substitution reac-
tion.

From 2022, the Cu-catalyzed yne-allylic substitution has
emerged as a new and robust approach to achieve formal allylic
substitution using stabilized nucleophiles. The copper acetylide-
bonded allylic cation with copper vinyl allenylidene species as
its resonance structure is key for the process, which can achieve
the outer-sphere attack of nucleophiles (Scheme 1b). However,

.
| | ﬁUL* CulL*
LG [Cu]/L* i Il

Ry >0 R? Nu

to achieve a highly selective yne-allylic substitution, a range of
challenges must be addressed. First, how to achieve the regiose-
lectivity under the coexistence of alkenyl and alkynyl units;
second, how to realize the enantioselectivity control that is
remote from the catalytic center; finally, the selectivity
affording E-enyne and Z-enyne product is also an issue to be
addressed, and possible side reactions need to be suppressed
(Scheme 2).

In this review, we summarize the recent development of copper-
catalyzed yne-allylic substitutions. It is worth noting that when
we were preparing this review, another review on copper-cata-
lyzed asymmetric propargylic substitution including some yne-

CuL* CUL*

R1K/\ R? R R s HWL

R1
- 1 l LR2 A\ R?
(/- fl
a-substitution | o R - eubetiuton
1,3-E-enyne R R? Nu”z} " R2 y-substitution
’ R 1,4-E-enyne NU R2 1,3-Z-enyne

Scheme 2: Challenges in achieving highly selective yne-allylic substitution.
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allylic substitutions was reported by Lin et al. [61]. We hope
that this review can provide more guidance for the use of new
nucleophiles and the development of new reaction modes
related to yne-allylic substitutions.

Review

Copper-catalyzed yne-allylic substitutions
affording 1,3- and 1,4-enynes

In 2022, Fang et al. [62] realized the copper-catalyzed yne-
allylic substitution involving stabilized “soft” nucleophiles for

Beilstein J. Org. Chem. 2024, 20, 2739-2775.

the first time. Indoles and pyrroles with various substituents
were found to be suitable for the reaction, delivering 1,3-enynes
with medium to high yields and excellent regioselectivities
(Scheme 3, 3a—e, 3n—p). Interestingly, when the 3-position of
indole was blocked by a methyl group, the 2-position of indole
underwent nucleophilic attack with an E/Z ratio of 2:1
(Scheme 3, 3e). Carbonates with aryl or styryl residue can
undergo the reaction smoothly (Scheme 3, 3f-k), but alkyl-
substituted substrates showed low yields (Scheme 3, 31 and
3m). Moreover, secondary amines with various substituents,

acyclic amines, primary amines, or even the amine moieties in

Cul (5 mol %), L1 (6 mol %)
Et3N (2.0 equiv
R! Z R2 + indoles or pyrroles N quiv) R1 Z R2
toluene, 0°C, 12 h
1 2 3
(PG =CO,Bn) (Ar = indoles or pyrroles)
® ®
— (0] = O
N N~ N N 4
L1 Ph L2 Ph
selected examples:
Me
Cl Me
NH NH NH N
2 | I Il 2| ol
Y Y Me
= Z =
Ph Ph PR~ “Ph PR “Ph Ph Ph Ph Ph
3a 3b 3c 3d 3e

88% vyield 87% vyield 79% vyield 75% yield 50% yield
>20:1 E/IZ >20:1 EIZ >20:1 E/Z >20:1 EIZ 21 EIZ

NH

NH NH NH

A Py 2 M|
Z Br & Br

3g 3h 3i

NH

Me’
3f 3j
82% yield 75% yield 67% yield 78% yield 78% yield
>20:1 E/IZ >20:1 E/IZ >20:1 E/IZ >20:1 E/IZ 8:1E/Z
(L2 as ligand)
Me Me Me
NH N N — — —
z z
2 || It Il H’\%/HL Me’Nﬂ S NH| |
P =
ph° 7 F"pp Ph Me Me Ph p NP ph p N ph PR N Ph
70% yield 21% yield 39% yield 58% vyield 82% yield 74% vyield
>20:1 E/IZ >20:1 ZIE >20:1 E/IZ 12:1 E/Z 4:1 ElIZ 101 E/Z

(L2 as ligand) (L2 as ligand)

Scheme 3: Yne-allylic substitutions using indoles and pyroles.
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drug molecules were all suitable nucleophiles (Scheme 4,
5a-k). When R2 is an H atom, the reactions occur at the y-posi-
tion, resulting in the formation of 1,4-enynes (Scheme 4, 6a—d).
Acyclic 1,3-dicarbonyls could also react with yne-allylic
carbonates 1 at the y-position because of the possible chelation
interaction between the enolate derived from acyclic 1,3-dicar-
bonyl compounds and copper (Scheme 5, 8a—j). Detailed
control experiments indicate that the terminal alkyne moiety is
critical and the reaction proceeds through an Sy1 mechanism.
An outer-sphere nucleophilic attack through copper acetylide-
bonded allylic cation as the key intermediate is proposed
(Scheme 6a). It is worth noting that the nucleophilic attack
favors a less sterically hindered site. Therefore, disubstituted

Beilstein J. Org. Chem. 2024, 20, 2739-2775.

alkene moiety prefers y-attack while trisubstituted alkene

moiety is inclined to a-attack (Scheme 6b).

Lin and He et al. [63,64] reported the first amine-mediated
highly enantioselective copper-catalyzed asymmetric yne-allylic
substitution, affording 1,4-enynes with up to 98% ee and
>20:1 1r. A series of secondary amines can react smoothly and
achieve good enantioselectivities and regioselectivities
(Scheme 7, 6a—w). Interestingly, both Cu(I) and Cu(II) can
promote the reaction and the reaction is not sensitive to water
(Scheme 7, 6g). The intramolecular decarboxylative yne-allylic
substitution can also be achieved (Scheme 8, 6a—u). O-Nucleo-
philes and C-nucleophiles are all suitable reactants, yielding

3 4 3 4
RIR It OPGH RS R Cul (10 mol %) RN R | S
N 0,
i o Cul (5 mol %) A + H L1 (12 mol %) R{\)\\ N N
toluene, rt, 12 h EtsN (2.0 equiv) X || Nl P
5 1 4 toluene, rt, 24 h 6 Z
PG = COan (PG = COzEt) L1
selected examples:
) ) ) ) SIs
A A NHM&UQ& A
%
Ph N7 ph Z>Pn Ph N P NI ph Me” N Ph P N “ph
=
5a cl 5b 5¢ 5d 5e 5f
91% yield 88% yield 75% vyield 62% yield 50% yield 92% vyield
>20:1 E/Z >20:1 E/IZ >20:1 E/Z >20:1 EIZ 5:1 E/Z ~20-1 /7
F
[
Ph 0 C
N <
0
[N] I e PhoH | O\O
P4 =
P N ph Ph Ph Ph Ph . ll
5g 5h 5i P
76% yield 40% yield 71% yield Ph Ph
>20:1 EIZ >20:1 E/IZ >20:1 E/Z 5i 5k
(50 °C) 89% yield 63% yield
>20:1 E/Z, 1.6:1 dr T1EZ
(from paroxetine) (from desloratadine)
0
° (] ) °
(] . N (]
N N
X N N X
Ph/\)\% A R M
F3C Br
6a 6b 6¢c 6d
78% yield 36% vield 64% vield 41% yield
>20:1 EIZ >20:1 E/Z >20:1 E/Z >20:1 E/Z

Scheme 4: Yne-allylic substitutions using amines.
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O X
Il Cul (5 mol %), L2 (6 mol %) ]
OPG . ; R3 R4
R® R4 iProNEt (2 equiv) = (0)
R’ — R2 + \J.....ph
o 0 toluene, rt, 12 h N
1
(PG = CO,Bn) 7 il
o o O O ¢}
O O
Me Me Me Me Me
g § Ph Ph
PR TN X Ph
Ph\ Ph\ X %
HsC Ph
8a 8b 8c 8e
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)O ¢} O O O O o o O o
Ph Ph Ph Me Ph OEt Me Me Me Me
X X X
Ph N Ph A Ph X PR Me TN
Me Ph
8f 8g 8h 8i 8j
64% yield 91% vield 83% yield 20% yield 24% yield
>20:1 E/Z 1.2:1 dr, >20:1 E/Z 1:1 dr, >20:1 E/Z >20:1 E/Z >20:1 E/Z
12:1rr 16:1rr
Scheme 5: Yne-allylic substitution using 1,3-dicarbonyls.
(a) l (b)
Nu BnO,CO
_ Cu'L
Ph Ph less hindered [Cul],
more favored
EtzN EtzN | |
\y —— aattack
EtzNH* EtaNH* N
Ph7a "V Ph
[CuLl, [c”u*un [Culln
| | |.| more indered
Nu /\)k BnOzCO
Ph Ph™ XX Ph
Int-4 Int-3 Int-1 more hindered
[CuL],, —— vy attack
PR TS
®
/l [CuLl,
CO, + HOBn
less indered
more favored
Int-2

Scheme 6: Postulated mechanism via copper acetylide-bonded allylic cation.

alkoxylation and alkylation products with the assistance of
Lewis acid as co-catalyst (Scheme 9). Starting from four differ-
ent racemic substrates, the same product 6g with 96% ee was
obtained under standard conditions. This indicates that the reac-

tions proceed through the same transition state and the stereo-
center of the product is controlled by the catalyst. A single
crystal of Cu(I) was investigated by X-ray and proved to be the
dicopper complex, while the Cu(Il) catalyst was revealed as
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| X
2 3 Y N/ 0,
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(=10°C, 70 h) (from atomoxetine)
Bn. .B Bn., .Bn Bn_, .Bn
TN N N NBn, Me NBn,
XN /\)\ ™
@(\/\\\ A % I % Me™ X % Me \\
=
OMe
| CO,Me 6v 6w
6s 6t 6u 52% yield 76% yield
93% yield 93% vyield 92% vyield 92% ee, 10:1 1 86% ee, >20:1 1

96% ee, 18:11r

96% ee, >20:1 11

98% ee, >20:1 rr

([(CuOTf),-Tol] (5 mol

%)

([(CuOTf), Tol] (5 mol %)

Scheme 7: Amine-participated asymmetric yne-allylic substitution.

mononuclear copper coordinated with two ligands. Further
kinetic isotope experiments and nonlinear relationship studies
for the Cu(I) system indicate that it is not the formation of
alkynyl copper intermediate but the formation of active copper
vinyl allenylidene intermediate is the rate-limiting step
(Scheme 10).

Due to the gaseous nature of dimethylamine at room tempera-

ture, it needs to be stored in special solvents, which further

limits the preparation of the related compounds. He et al. [65]
used tetramethyldiaminomethane as a suitable surrogate of
dimethylamine to achieve the asymmetric dimethylamination of
yne-allylic esters, providing an efficient and convenient path-
way for the synthesis of enantioenriched 1,4-enynes with
dimethylamine moiety (Scheme 11, 6x and 6y). In addition to
tetramethylenediaminomethane, other tetraalkyldiamino-
methanes can also be used as supplants of dialkylamines,
leading to products with dialkylamine units with high yields

2744



Beilstein J. Org. Chem. 2024, 20, 2739-2775.

| A
0} O N/
P [(CuOTf), Tol] (2.5 mol %), L3 (10 mol %) NU ST \
0" "Nu iProNEt (1.2 equiv), LiIOTf (1 equiv) N N
LN
1J\/\ R \
R A m-xylene/MeOH (5:2), 40 °C, 24 h S
1 6 L3
selected examples:
O ()
o, .5 come LS
N N n N n /— A ©/\/‘\
AN A\/'\ Ph/\/\ N
Ph/\/'\ Ph/\)\\\ Ph \\ Ph \\ COMe
6a 6f 69 6u
82% vyield 62% vyield 81% yield 84% y|e|d 74% yleld 73% vyield

94% ee, >20:1 1r

92% ee, >20:1 rr 90% ee, 15:1 rr

Scheme 8: Asymmetric decarboxylative yne-allylic substitution.

BnOH (5.0 equiv)
[(CuOTf), Tol] (2.5 mol %)

90% ee, >20:1 rr 94% ee, >20:1rr  94% ee, >20:1rr

)
N
Ph (1.2 equiv)
[(CuOTf), Tol] (2.5 mol %)

)J\Ph

OBn o NE (oL54 (12 n;o’l\:bzm %) OBoc ent-L3 (6 mol %) :
: iPrNEt (0.5 equiv), mol % EtN (1.2 equiv), A1 (10 mol %) i
PR - PN
/\/\ DCM, —10 °C, 60 h Ph A MeOH, rt, 24 h S
10a 9a
83% yield 62% yield
98% ee, >20:1 1t Br | A 84% ee, 10:1 rr
(@]
(0] = (@) N N
N \J B
N N~ OH
Ph L4 Ph A1 ent-L3
Scheme 9: Asymmetric yne-allylic alkoxylation and alkylation.
OBoc ®
_ OBoc rate-limiting Ph/\/\
Ph < )\/\ step Int-4 [Cu]
\
V Int-1 I
X
[Cu] rate = k [Cu]? [1]° [amine]° Ph . ®
Int-3 [Cu]
% NHan I
‘/( ®
NBn, Ph N
\){ BroNH | Ph N
PH” N Int-5 nt2 | ICul

Scheme 10: Proposed mechanism for Cu(l) system.
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S
R2 _R? O
OBoc R2 R2 Cu(CH3CN)4PFg (5 mol %) N N
— + N N L3 (10 mol %) \/'\ "
R’ \ NN
N R R MeOH, rt, 12 h
1 1
selected examples (0]
Me. -Me Me.\-Me [Nj Bn.-Bn Bt l )
ph&/\% S Ph™ X X P X P Ph S
6x 6y 6a g 62.
90% yield | 67% yield 84% vyield 91% vyield 6% yleld 91% yield

86% ee, >20:1 1T 82% ee, >20:1 1T 88% ee, >20:1rr

Scheme 11: Asymmetric yne-allylic dialkylamination.

and enantioselectivities (Scheme 11, 6a, 6g, 6i and 6z). Further
control experiments and DFT calculations show that during the
catalytic process, tertiary amine directly participates as a
nucleophilic reagent to give the ammonium salt, which then
releases dimethylaminium to provide the final product
(Scheme 12).

Chiral allylic sulfone compounds can be easily transformed into

a series of useful molecules, enabling them an important

90% ee, >20:1rr 78% ee, >20:1r  74% ee, >20:1 17

backbone in organic synthesis. Lin et al. [66] used sodium
sulfinates as the nucleophiles to realize the asymmetric
sulfonylation of yne-allylic esters. The reaction can be
carried out under mild conditions with good to excellent regio-,
stereo-, and enantioselectivities, resulting in a series of chiral
yne-allylic sulfone compounds with different substituents
(Scheme 13, 14a—q). Due to the high steric hindrance of the
y-site, nucleophilic substitutions preferentially occur at the

a-site. Through subsequent control experiments, they demon-

\('3/ Nu@ [Tj Nu
Il
»N/
5
~
Me\N,Me ‘\ B \N)\ \ //
N _
Ph/\/\\\ on oul BocO
Int-5 Ph
Base
I | .
N. _N Base H*
AN Cu]
4
BocO
Ph Int-1

[ é ________ |
: [Cu] [Cu [Ccu|
| ! I
l Il I [
| — | I
: | ® | = :
I I
! Ph Ph ©>pn !
: Int-4 Int-3 Int-2 :

Scheme 12: Proposed mechanism of yne-allylic dialkylamination.
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[ I . Cu(CH3CN)4PFg (10 mol %) [ O\,X(O%
" é iProNEt (1.5 equiv), L4 (12 mol%) 0 {\j '\} /
I,- A .S |” ’ .
{7 0COCFs  NaoR? MeOH, 0 °C, 36 h TN SR %
12 13 " 1a L4
selected examples: OMe
I e [ ) fl S o O |
o)
/, /,
’/S:/\T I ’/S/\T I ’/S/\Tol /S//\
o '° o '° 0 & ol
14a 14b 14c 14d 14e
77% yield 79% yield 78% yield 52% yield 58% yield 73% yield
93% ee 95% ee 95% ee 92% ee 96% ee 93% ee
v e Il e I e M e I e
S//O /,O /,O X /7 N /9 Phi ™ /7
O‘ g T o”S “Tol o”S “Tol . 5 Tol S Tol {7~ Tol
14g 14h 14i 14 14k 141
86% yield 52% yield 81% yield 81% yield 53% yield 59% vyield
94% ee 91% ee 88% ee 97% ee 82% ee, >20:1 E/Z  90% ee, >20:1 E/Z
I e [ I e I e I e
0 ) o) 0]
s g cl s s s’
‘Al g g N g e & conme
- A
NO, F
14m 14n 140 14p 14q
77% yield 80% vyield 76% yield 70% yield 40% yield
87% ee 86% ee 85% ee 84% ee 91% ee
Scheme 13: Asymmetric yne-allylic sulfonylation.
strated that the terminal alkyne unit is crucial for the process | | | |
and the reactions using different isomers all proceed via the Me o Me
same intermediate. Nonlinear relationship experiments proved g OCOCqFs5
S.
that the active catalyst is a mono-copper complex containing o R cuk

one ligand. A catalytic cycle is proposed in which copper vinyl
allenylidene is the key intermediate during the process
(Scheme 14).

Recently, Fang et al. [67] used electron-rich arenes as the
nucleophiles to achieve remote enantioselective control of yne-
allylic substitutions. It is worth noting that when indoles or
indolizines were used, the reactions yielded mono yne-allylic
substituted products (Scheme 15, 3a—w), but while pyrroles
were used as nucleophiles, double yne-allylic substituted prod-
ucts can be obtained with high dr and ee values (Scheme 16,
15a—c). They also demonstrated the importance of terminal
alkyne through control experiments and confirmed that a
copper—ligand monomer complex exists in the mechanism
through nonlinear relationship experiments and kinetic studies
(Scheme 17).

iProNEt iProNEt

oL iProEtNH* iPryEtNH*
Ii CcuL Cul
Me
, I W@ I we
S/ Me
S.
o R & OCOCGFs
Int-4 Int-2 nt1
o |
IClluL
I €]
RSO,Na Y Me C6F5C02
Za
Int-3

Scheme 14: Proposed mechanism of yne-allylic sulfonylation.
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A
O

P> + indoles or indolizines
R! R?

1
(PG = CO2Bn) 2

|
Cu(OTf), (10 mol %) R | | 0} ’ N/ \

L5 (12 mol %) I I NJ
Et,NMe (1.2 equiv) Nu R
toluene, 15 °C, 12 h Q

L5

selected examples:

cl
/J 2
Ph™ 7 ph
3a

P N7 ph

3b
91% yield
92% ee, >20:1 E/IZ

55% yield
85% ee, >20:1 E/Z
Cu(OTf), (20 mol %)
L5 (24 mol %)

3
Me Me QJH
N
NH
oy 21 e
2| L
H AP
PH = Ph Ph Ph
3c 3d 3h
82% yield 92% yield 40% vyield

96% ee, >20:1 E/Z

94% ee, >20:1 E/IZ 94% ee, >20:1 E/Z

Cu(OTf), (20 mol%)
L5 (24 mol %)

3k 3q
86% yield 79% vyield
82% ee, >20:1 E/IZ

3r
80% yield
95% ee, >20:1 E/Z

fl

90% yield
89% ee, >20:1 E/Z

86% yield

96% ee, >20:1 E/Z 90% ee, >20:1 E/Z

3w
30% yield
75% ee, >20:1 E/Z

CO,Et " ol Cu(OTH), (20 mol %)
3u € 3y L5 (24 mol %)
49% yield 72% yield

98% ee, >20:1 E/Z 81% ee, >20:1 E/Z

Scheme 15: Aymmetric yne-allylic substitutions using indoles and indolizines.

| X
Il Cu(OTf), (10 mol %) 0 N e
OPG I L5 (12 mol %) I ,\}J
RIONF gz N Et,NMe (1.2 equiv)
] toluene, 15 °C, 12 h Q
2
(PG =CO,Bn) L5

selected examples:

15a, 60% yield
99% ee, >20:1 dr

15b, 49% yield
99% ee, 10:1 dr

15c¢, 60% yield
97% ee, >20:1 dr

Scheme 16: Double yne-allylic substitutions using pyrrole.
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carbon nucleophiles and instability of fluorinated compounds.

Ph OPG | | Preliminary mechanistic studies showed that the reaction exhib-
Nu = Cu'l _ its a negative nonlinear effect, while the kinetic experiments in-
Ph dicate that a mono-copper catalyst might be involved in the
Et;MeN Et;MeN rate-limiting step. They speculated that the observed nonlinear
Et,MeNH* Et,MeNH* effect might arise from the existence of both the inactive homo-
® CuL dimer of ligands and active mono-copper species in the enantio-
CuL ﬁuL | | determining step (Scheme 19).
: OPG
ol ints Int-3 / . _ o .
/\)k Ph Ph Lin et al. [69] achieved, for the first time, the asymmetric yne-
NG ph Ph™ ™% Ph Int-1 allylic substitution using anthrones as the substrates by using a
I p-CFj3 substituted Pybox ligand, yielding 1,3-enynes containing
remote
stereocontrol ~ CuL
° | | Q OAc
Nu Ph7\ —
" &, 2 CO, + HOBn _Mé Mi ®
= Int-1 \\ PN TON
Int-2 ACO ’ [Cu] n 1 [Cu]
Scheme 17: Proposed mechanism of yne-allylic substitution using Me
electron-rich arenes. Ph Me [Cul PhM
.
F—CH(CO,Me), Int3  N[Cy]
He et al. [68] developed the regio- and enantioselective mono- Me i
. . . . 3
fluoroalkylation of yne-allylic esters using fluorinated Ve F\chéRRS PH A~ T
malonates as the starting materials, giving rise to a series of dif- H 2 Int-2 [Cu]
ferently substituted 1,4-enynes with monofluoroalkyl units in PR N A
high yields and ee values (Scheme 18, 18a—i). The reaction _
effectively overcomes the drawbacks of low activity of tertiary Scheme 19: Proposed mechanism.
| A
OAc [(CuQTf),-Tol] (2.5 mol %) ) F\LCOzR3 , 0 1 N \ 0
gy L6 (12 mol %), iPr,NEt (3 equiv) R 1-COR N N
+ F—CH(CO,R3 -
K A CH(COR): MeOH/PhCF3 (1:4), =20 °C,60h R NN PA Ph
16 17 18 L6
selected examples: E. CO,Me F. CO,Me
CO-Me CO-Me Me = COzMe Me \=LC02Me
F CO,Me F\L 2 F\L 2 H S i
Me Y COZMe Me : CO,Me Me z COzMe \\
P P P
Ph X X S MeO,C
18a 18b F 18¢c Br 18d 18e

82% yield, 96% ee
>20:1 E/Z, >20:1 rr

56% yield, 94% ee
>20:1 E/Z, >20:1 rr

80% vyield, 96% ee
>20:1 E/Z, >20:1 1

84% yield, 94% ee
>20:1 E/Z,16:1 1

70% yield, 94% ee
>20:1 E/Z, >20:1 rr

F_ COzMe F. CO,Me F. COzMe o o
Et Y—CO.Me Me “Y-CO,Me Me \gLCOZMe J\T/U\
N g F3C N Me™ 0707 e
Ph X Me X X L
18f 61% yi 1|3994°/ 18h N 18i
73% yield, 96% ee ° yl>620,.1 o €8 72% yield, 96% ee Ph™ "Me 55% yield, 96% ee
6:1 E/Z, >20:1 1t (120 h)" >20:1 E/Z, >20:1 1t >20:1 E/Z, >20:1 rr

Scheme 18: Aymmetric yne-allylic monofluoroalkylations.
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anthrone units with high regioselectivities and stereoselectiv-  20l-0). A disubstituted yne-allylic ester was also a suitable sub-
ities (Scheme 20). The reaction tolerated various substituents in  strate for the reaction (Scheme 20, 20p). In addition, the
the yne-allylic esters (Scheme 20, 20a-h), and showed good presence of substituents such as hydroxy or chlorine groups on
chiral induction effects for other multiring substrates the anthrones had no impact on the reaction (Scheme 20,
(Scheme 20, 20i-k) and linear substrates as well (Scheme 20, 20q-t).

CF3
It 0 h
R! R2 [Cu(CH3CN)4]PFg (10 mol %)
AN ocoeps L7 (12 mol%) 7 \O
{ ; "5 = iProNEt (1.5 equiv) N
e MeOH, 0 °C, 48 h L7
10r12 19
selected examples: Cl

I O

20a 20b 20c 20d 20e
86% yield, 91% ee 61% vyield, 88% ee 82% yield, 93% ee 79% yield, 93% ee 82% yield, 93% ee

0]

OCF;

20f 20g 20h

)
59% yield, 89% ee 81% yield, 89% ee 37% yield, 87% ee 81% yield, 91% ee 68% vyield, 90% ee
sINN,
|'II Ph N Ph
O | N o
Z
20k 201 20m 20n 200
93% vyield, 89% ee 52% yield, 92% ee 50% yield, 90% ee 78% vyield, 90% ee 72% yield, 89% ee
>20:1 E/IZ 2.21E/Z >20:1 E/IZ >20:1 E/IZ
I e
PR
Ph | N
=
20p 20q 20r 20s 20t
77% yield, 96% ee 93% vyield, 92% ee 62% yield, 96% ee 80% vyield, 1:1 dr 70% yield, 2:1 dr
41E/IZ 92% ee, 91% ee  86% ee for major product

Scheme 20: Aymmetric yne-allylic substitution of yne-allylic esters with anthrones.
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Chiral coumarins, renowned for their bioactive properties, form
the cornerstone of numerous natural products and pharmaceuti-
cal prospects. Given their significance, the pursuit of efficient
and direct synthetic routes to access functionalized chiral
coumarins has garnered substantial interest. While the literature
is abundant with reports on coumarin-based propargylic and
allylic substitutions, the realm of yne-allylic substitution
remains relatively unexplored. This scarcity of reports stems

primarily from the inherent challenges posed by the presence of

Beilstein J. Org. Chem. 2024, 20, 2739-2775.

two unsaturated bonds in the substrates, which often compli-
cates the control of regioselectivity. Additionally, the competi-
tion among various nucleophilic reagents further hampers the
reactivity of coumarins. Xu, Peng and Feng et al. [70] intro-
duce a groundbreaking dual remote enantioselective copper-cat-
alyzed yne-allylic substitution methodology tailored specifi-
cally for coumarins (Scheme 21). This innovative approach
facilitates the precise and highly regioselective construction of

an array of novel chiral coumarin derivatives, characterized by

R2
|\ \ NMe,
=
| | 1 9 ? D
R o [CuCH,CN)IPFs (10mal %) || « ®
) L8 (12 mol %) 0 o N 0
X" NoPG ) ) C ’ \
Do N iPr,NEt (1.5 equiv) r1CN N N
MeOH, 0 °C Lo p
10r12 21 Me S 22 L3

PG = COCgF5 or Ac

selected examples:

|\

Z o

Il o
YT ‘ 0

22a
86% yield, 95% ee

22b
70% yield, 93% ee

22c

22¢g
91% yield, 93% ee
MeOH/CH,CI; (1:1)

63% yield, 94% ee

22k
70% yield, 76% ee
MeOH/CH,CI, (1:1)
>20:1 E/Z

87% yield, 91% ee
MeOH/CH,CI, (1:1)

92% yield, 92% ee

OMe
OMe

22h OMe 22i 22j
63% yield, 90% ee
MeOH/CH,Cl, (1:1)

22d
91% yield, 94% ee
MeOH/CH20I2 (1:1)

83% yield, 82% ee 77% yield, 81% ee
MeOH/CH,Cl, (1:1)

>20:1 ZIE

98% yield, 90% ee
MeOH/CH,Cl, (1:1)

89% yield, 89% ee
MeOH/CH,CI; (1:1)

Scheme 21: Aymmetric yne-allylic substitution of yne-allylic esters with coumarins.
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their exceptional synthetic efficiency and remarkable tolerance
towards a broad spectrum of functional groups (Scheme 21,
22a-n).

CuOTf (10 mol %)
L9 (12 mol %)

Beilstein J. Org. Chem. 2024, 20, 2739-2775.

Almost at the same time, Lin et al. [71] also devised a copper-
catalyzed protocol for the vinylogous yne-allylic substitution

utilizing coumarins as substrates (Scheme 22). The methodolo-

L1 ey
210
- NX0C0CeFsT ROT
L ,: 65 = b7 CN
2

T 1or12 1 Me

iPr,NEt (1.5 equiv)
MeCN, —20 °C, 72 h

selected examples:

ent-22¢
91% yield, 83% ee

92% yield, 90% ee 74% yield, 92% ee

ent-22d ent-22e
84% yield, 95% ee 78% yield, 90% ee
o°C

( Bu X
F F .
ent-22f ent-220 ent-22i ent-22k ent-22p
68% yield, 96% ee 63% yield, 99% ee 70% yield, 90% ee 94% yield, 88% ee 78% yield, 82% ee
>20:1 E/Z >20:1 E/Z
cl
MeO | Me
MeO
I I Lﬂ L 0
Ph ! CN
2 NS X
Ph Ph . Ph Cy
ent-22q ent-22r ent-22s 51% yield, 75% ee ent-22u
75% yield, 98% ee 83% yield, 93% ee 87% yield, 99% ee >20:1 E/Z 86% yield, 90% ee
5:1 EIZ >20:1 E/Z >20:1 E/Z 00C >20:1 E/Z

Br

ent-22v ent-22w ent-22x ent-22y ent-22z
72% vyield, 90% ee 59% yield, 98% ee 49% yield, 95% ee 47% yield, 96% ee 40% yield, 83% ee
>20:1 E/lZ >20:1 E/Z >20:1 E/Z >20:1 E/lZ >20:1 E/Z

Scheme 22: Aymmetric yne-allylic substitution of with coumarins by Lin.
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gy stands out for its exceptional regio and enantioselectivities,
while employing readily available starting materials and mild
reaction conditions, showcasing the robustness of the method to
access structurally diverse chiral coumarin derivatives, which
are of great interest in the fields of medicinal chemistry and
synthetic organic chemistry (Scheme 22, 22a—y). Moreover, the
utilization of 2-(1-ethoxyethylidene)malononitrile as a
y-nucleophile yielded the desired product 22z with a moderate
40% yield, but impressively high enantiomeric excess of 83%.
To further validate the mechanistic pathway of the reaction, the
authors conducted both radical trapping experiments and con-
trolled experiments. These investigations conclusively demon-
strated that the reaction did not proceed via a radical mecha-
nism and the presence of terminal alkynes was found to be
crucial for the smooth progression of the reaction, which sug-
gested that the reaction proceeded through the same copper
vinyl allenylidene intermediate (Scheme 23).

Yne-allylic substitutions through
dearomatization and rearomatization

In 2023, Lin and He et al. [72] achieved the challenging
dearomatization of heteroarenes through d-orbital electron of
the transition-metal center and thus completed the asymmetric
substitutions with remote stereoselective control induced by
alkynylcopper. A newly electron-rich ligand was developed to

CuL

iProNEt

iPryEtNH*

2|\O (0]
R—.//
CN
Me

Scheme 23: Proposed mechanism.
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enhance the back donation of d-orbital electron of copper,
thereby achieving dearomatization and rearomatization with
excellent yields and enantioselectivities. A series of synthe-
sized useful diarylmethyl (Scheme 24, 24a-r) and triaryl-
methyl (Scheme 25, 26a-1) structures were obtained. Moreover,
they also achieved the construction of C-N axis chirality
through remote substitution/cyclization/1,5-H shift process
(Scheme 26). The control experiments confirmed that the reac-
tion requires the joint participation of copper and terminal
alkyne, and the radical-capture experiment also ruled out a
radical-involved mechanism. In addition, a positive nonlinear
relationship between the product and ligand indicated that the
dinuclear copper is the active catalyst, which was also proved
by single crystal X-ray analysis. However, kinetic experiments
showed the reaction is first-order on copper, implying that the
dinuclear copper complex is the precursor of the active mono-
copper species which is involved in the turnover-limiting step
(Scheme 27).

Subsequently, Zhu and Xu et al. [73] also achieved the distal
enantioselective heteroarylation of yne-thiophene carbonates by
applying a simpler p-OMe substituted pybox ligand
(Scheme 28, 26a—m). The thiophene unit of the carbonate could
also be replaced by benzothiophene (Scheme 28, 26h) or furan
(Scheme 28, 26m), and pyrrole (Scheme 28, 26j), phenol

OCOCqFs

Int-1

CeFsCO,°
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~2-naphthyl
o naphthy

OBz
/X Cu(CH3CN)4PFg (10 mol %)
g N\ | @ RTN/R2 L10 (12 mol %), MeNEt, (2 equiv)
+
-7 N\ H MeOH, rt, 12-72 h
23 4

selected examples:

S
\
N N A
24a 24b 24c 24d 24e 24f
91% yield 85% vield 81% yield 75% yield 78% yield 94% vield
92% ee 90% ee 94% ee 88% ee 92% ee 90% ee
N NHBoc (D Bn. B /L
“COo,Et \/\N/\/ NN N"Ph "N ph
S S
\ |
N\
249 24“. 24i 24 24k 241
67% vield 63% yield 88% yield 84% yield 84% yield 85% yield
90% ee 82% ee 92% ee 82% ee 20:1 dr >20:1dr
HO. _Ph Bn. Bn.
N NN N N
S S o OMe S
Ul QDK Cl
N N A
24m 24n 240 24q 24r
44% yield 52% yield 44% yield 61% yleld 85% yield 77% vyield
84% ee 94% ee 94% ee 88% ee 86% ee 96% ee

Scheme 24: Amination by alkynylcopper driven dearomatization and rearomatization.

(Scheme 28, 26k); coumarin derivative (Scheme 28, 26n), and
dibenzylamine (Scheme 28, 24a) could also undergo the reac-
tions smoothly as nucleophilic reagents, producing the products
with high enantioselectivities. They also conducted radical-trap-
ping experiments and confirmed that the reaction does not
involve a radical intermediate. Unlike the previous yne-allyllic
substitutions, this reaction could be carried out without the pres-
ence of terminal alkyne, although no ee value was obtained.
Therefore, they speculated that the direct substitution at the
benzyl position is the key to causing the side reaction that
affected the enantioselectivity.

Recently, Zhu and Xu et al. [74] achieved the n-nucleophilic
substitutions of 5-ethynylthiophene esters. A series of C-, N-,

O-, and S-nucleophiles could react smoothly to obtain various
thiophene derivatives with different functional groups
(Scheme 29, 28a-t). Control experiments showed that terminal
alkyne and copper catalysts are crucial for the smooth progress
of the reaction. Therefore, they believe that the dearomatization
caused by copper vinyl allenylidene intermediate remains a key

step in the reaction (Scheme 30).

Copper-catalyzed yne-allylic
substitution—annulation reactions

In the pioneering report [62], Fang et al. found that when cyclic
1,3-dicarbonyls such as Meldrum’s acid and 1,3-dimethylbarbi-
turic acid were used as the nucleophiles, the yne-allylic substi-

tution products underwent further intramolecular cyclizations to
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/2 tl
@ o) nap y
OBz

N
X Cu(ClO4)2:6H,0 (10 mol %) X o | P o
e N\ @ . L10 (12 mol %), MeNEt, (2 equiv) e N\ @ | N \J
=7 N\ MeOH, rt, 36 h -7\ §/N N~(
L10 .
23 2o0r25 26
selected examples:
COzMe
HN
26a 26b 26¢c 26d 26e 26f_
86% yield 85% yield 73% yield 74% vyield 83% yield 65% yield
92% ee 90% ee 96% ee 94% ee 90% ee 92% ee

MeOH/DCM (2:1)

@?@iﬁ@é

269
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Scheme 25: Arylation by alkynylcopper driven dearomatization and rearomatization.
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Scheme 26: Remote substitution/cyclization/1,5-H shift process.
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Scheme 27: Proposed mechanism.
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Scheme 28: Arylation or amination by alkynylcopper driven dearomatization and rearomatization.
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Scheme 29: Remote nucleophilic substitution of 5-ethynylthiophene esters.

give the spiro-cyclic products in high yields (Scheme 31,
30a—f). The generation of products likely begins with an
a-attack on the yne-allylic cation intermediate, followed by an
intramolecular cyclization. The disparity in reactivity could
stem from the chelation between acyclic 1,3-dicarbonyl enolates
and the copper catalyst, enhancing y-position attack in an intra-
molecular manner. Conversely, Meldrum's acid's rigid cyclic
structure precludes stable copper-carbonyl interaction, favoring
attack from a less hindered site.

Later, Qi and Xu et al. [75] achieved highly enantioselective

copper-catalyzed [4 + 1] cyclization of yne-allylic esters and

cyclic 1,3-dicarbonyls, achieving remote stereoselective control
through copper vinyl allenylidene species. A series of different-
ly substituted spiro-cyclic products can be obtained with high
yields, regio- and stereoselectivities (Scheme 32, 30a—x). Pre-
liminary mechanistic studies indicated that the reaction first
undergoes a substitution at the a-position of yne-allylic ester,
followed by a Conia-ene cyclization. The absolute configura-
tion of the products is controlled by the ligand, which further
confirms the remote stereocontrol of the copper catalyst. They
obtained a single crystal of dinuclear copper and confirmed that
the catalytic efficiency of the single crystal is consistent with

the standard reaction conditions. However, nonlinear effect ex-
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Scheme 30: Proposed mechanism.
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Scheme 31: [4 + 1] annulation of yne-allylic esters and cyclic 1,3-dicarbonyls.

periments confirmed that the active catalyst is a mono-copper  Fang et al. [67] achieved the first asymmetric [3 + 2] cycliza-
species, so it is speculated that the dinuclear copper is the pre-  tion of yne-allylic esters and 2-naphthalenols, resulting in a

cursor of active single copper species (Scheme 33). range of allenyl dihydronaphthofuran products with high
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30a 30f 309 30h 30i 306j 30k
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301 30m 30n 300 30p 30q 30r
77% yield 99% yield 80% yield 72% yield 92% yield 94% yield 71% yield
96% ee 93% ee 92% ee 92% ee 92% ee 95% ee 97% ee, 82:18 dr
(-5°C)

0=
CIJ_/
30s 30t 30u
84% yield 98% yield 79% yield
96% ee 96% ee 95% ee

Scheme 32: Asymmetric [4 + 1] annulation of yne-allylic esters.

diastereo- and enantioselectivities (Scheme 34, 32a—h). The
attempt to separate the intermediate before cyclization failed,
indicating that the following annulation and the formation of
allene is very fast. It is speculated that in the formation of allene
the copper catalyst still plays a key role in activating the alkyne
unit (Scheme 35).

30v 30w 30x
42% yield 87% yield 88% yield
96% ee 86% ee 92% ee
(-5°C)

Han and Huang et al. [76] also achieved the yne-allylic substitu-
tion and Conia-ene cyclization process using vinyl ethynyleth-
ylene carbonates as the starting materials, thus completing their
enantioselective formal [4 + 1] cycloadditions with cyclic 1,3-
dicarbonyl compounds (Scheme 36, 34a—k). They speculated

that in the reaction mechanism, the key step is the formation of
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Scheme 33: Proposed mechanism.
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Scheme 34: Asymmetric [3 + 2] annulation of yne-allylic esters.
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Scheme 35: Postulated annulation step.
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Scheme 36: [4 + 1] Annulations of vinyl ethynylethylene carbonates and 1,3-dicarbonyls.

the copper vinyl allenylidene intermediate from vinyl
ethynylethylene carbonates and copper catalysts (Scheme 37).

He et al. [77] completed formal [4 + 1] and [4 + 2] annulations
and obtained two types of seldomly studied heterocycles of
thieno[2,3-c]pyrrole (Scheme 38, 36a—j) and thieno[2,3-d]pyri-
dazine (Scheme 39, 38a—h) in high yields. It is worth noting
that the formal [4 + 1] and [4 + 2] cyclizations were carried out
through substitution by an alkynyl copper-driven dearomatiza-
tion/rearomatization/cyclization/isomerization process
(Scheme 40).

Li, Yu and Liu et al. [78] achieved the asymmetric catalyzed
dearomative [4 + 1] spiroannulation of nonfunctionalized
1-naphthol by applying a new ligand L14, leading to the rapid

construction of differently substituted chiral spirocyclic enones

40a—j with high yields and enantioselectivities (Scheme 41). It
is worth noting that when the C4 position of 1-naphthol was
occupied, the reaction occurred at the C2 position, resulting in
the C2-dearomatized naphthalenone products 41a—d with high
efficiency (Scheme 41). In addition, electron-rich phenols or
nonfunctionalized 2-naphthols could also be used as nucleo-
philes, providing the desired chiral spirocycles 43a—e and 44a—e
in good yields with excellent ee values (Scheme 42). Prelimi-
nary mechanistic studies have ruled out the 1,3-sigmatropic
shift, indicating that the reaction proceeds through a nucleo-
philic substitution—annulation process of a reactive m-extended
copper-allenylidene intermediate (Scheme 43).

At the same time, Qi and Xu et al. [79] also realized the dearo-

mative spiroannulation of 2-naphthols or electron-enriched

phenols under mild conditions with excellent regioselectivities,
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Scheme 37: Proposed mechanism.
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Scheme 38: Formal [4 + 1] annulations with amines.
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Scheme 39: Formal [4 + 2] annulations with hydrazines.
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Scheme 40: Proposed mechanism.
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70% yield
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65% yield
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Scheme 41: Dearomative annulation of 1-naphthols and yne-allylic esters.

enantioselectivities and diastereoselectivities (Scheme 44,
43a-g, 44a—q). In addition, the nucleophilic substitution—dearo-
mative cyclization process between indoles and yne-allylic
esters can also proceed smoothly, resulting in spiroindolenine
derivatives with high yields and ee values (Scheme 45, 45a—j).

They also conducted mechanism studies and believed that the

41c
65% yield
84% ee, >20:1 dr

41d
60% yield
92% ee, 9:1 dr

designed cyclic cis-yne-allylic esters are crucial for the progress
of the reaction. The distal yne-allylic substitution is considered
to be the determining step for the enantioselectivity, while the
diastereoselectivity is mainly induced by the chiral alkylated
naphthol intermediate in the second annulation step
(Scheme 46).
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Scheme 42: Dearomative annulation of phenols or 2-naphthols and yne-allylic esters.
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Scheme 44: Dearomative annulation of phenols or 2-naphthols.
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Scheme 45: Dearomative annulation of indoles.
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Scheme 46: Postulated annulation step.
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Xu et al. [80] realized asymmetric [4 + 1] cyclization of yne-
allylic esters with pyrazolones. This catalytic strategy provided
direct access to a range of chiral spiropyrazolones in good to
high yields, displaying moderate to excellent enantiomeric
excess (Scheme 47, 47a-1). The method represents a novel ap-
proach for the synthesis of enantioenriched spirocyclic com-
pounds with structural complexity. Through control experiment,
they have proposed a reaction mechanism where the formation
of copper vinyl allenylidene and Conia-ene reaction are pivotal

steps in the process (Scheme 48).

Beilstein J. Org. Chem. 2024, 20, 2739-2775.

Crafting atropisomers, particularly for those with 1,2-diaxes,
poses a formidable task owing to the intricate interplay of
ortho-aryl steric hindrance. Recently, Xu et al. [81] presents a
copper-catalyzed asymmetric [4 + 1] annulation strategy,
utilizing remote stereocontrol substitution/annulation/aromati-
zation to forge arylpyrroles with various C—C (Scheme 49,
48a-h), C-N (Scheme 50, 49a-h) or 1,2-di- (Scheme 51,
50a-1) axial chirality in remarkable enantiopurities. Mechanis-
tic studies and deuterium labeling experiments have revealed

that the reaction proceeds in a stepwise manner without involv-
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Scheme 47: Asymmetric [4 + 1] cyclization of yne-allylic esters with pyrazolones.
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Scheme 48: Proposed mechanism.
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Scheme 49: Construction of C—C axially chiral arylpyrroles.
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Scheme 50: Construction of C—N axially chiral arylpyrroles.

ing a 1,5-H migration process. Based on these findings, the
authors have proposed a mechanism wherein the stereoselec-
tive aromatization serves as a pivotal step in the transfer of
central chirality to axial chirality (Scheme 52).

To harness the full potential of CO, as a renewable and abun-
dant carbon source, He et al. [82] proposed an innovative
strategy that married asymmetric yne-allylic substitution with
COj shuttling (Scheme 53, 51a—k). Furthermore, they estab-
lished a Cu-catalyzed asymmetric multicomponent reaction for
yne-allylic substitution, seamlessly integrating 13C-labeled CO,
into enantiomerically pure products (Scheme 54, S1a, S1c¢, 51f,
51g). This methodology enabled the synthesis of diverse,
high-value oxazolidinones with exceptional yields and

enantioselectivities. This not only addresses the challenge of

CO, waste but also opens new avenues for the sustainable syn-
thesis of complex molecules. Comprehensive mechanistic in-
vestigations underscored the pivotal role of DABCO in
promoting CO, capture and indicated that the carboxylative
cyclization is the rate-limiting step in the overall pathway
(Scheme 55).

Conclusion

Since the first report in 2022, copper-catalyzed yne-allylic sub-
stitution has attracted intensive studies during the past two
years. The protocol merges the features of both propargylic sub-
stitution and allylic substitution, but represents a new type of
reaction mode, and greatly expands the scope of transition
metal-catalyzed substitution reactions. Currently, yne-allylic

substitutions affording 1,3- or 1,4-enynes, remote substitutions
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Scheme 51: Construction of chiral arylpyrroles with 1,2-di-axial chirality.
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Me H2N
—
N
=
l X
= iPr.
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50k 501
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through dearomatization-rearomatization sequence, [4 + 1] and  protocol in affording diversified molecular scaffolds, and more

[3 + 2] annulations involving yne-allylic substitutions have been

released. These studies have shown the huge potential of this

studies will be expected to demonstrate the value of this reac-

tion.
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Scheme 52: Proposed mechanism.
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Scheme 53: CO5 shuttling in yne-allylic substitution.
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Scheme 54: CO5 fixing in yne-allylic substitution.
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We report the synthesis of germanyl triazoles formed via a copper-catalysed azide—alkyne cycloaddition (CuAAC) of germanyl

alkynes. The reaction is often high yielding, functional group tolerant, and compatible with complex molecules. The installation of

the Ge moiety enables further diversification of the triazole products, including chemoselective transition metal-catalysed cross-

coupling reactions using bifunctional boryl/germyl species.

Introduction

Since its inception, click chemistry has been established as a
powerful approach for molecule synthesis. Strategies within
click chemistry include several widely used reactions such as
the (hetero-)Diels—Alder reaction [1,2], alkene hydrothiolation
[3], and an array of amide-bond-forming chemistries [4]. How-
ever, by virtue of the access to alkyne and azide precursors and
the formation of a single 1,4-disubstituted triazole product, the
copper-catalysed azide—alkyne cycloaddition (CuAAC) remains
the archetypal click reaction (Scheme 1) [5].

The reaction has shown applicability on small and large scale,

as well as under flow conditions [6], and extensive scope across

a range of benign solvent conditions [7-10]. In addition, the
CuAAC reaction uses inexpensive Cu catalysts [11], is insensi-
tive towards oxygen and water [12,13], and consistently
delivers high yields and (where relevant) enantioselectivities
[8-10,14-19]. As such, the reaction has been used extensively
throughout drug discovery [20,21], chemical biology [22,23],
and materials science [24-27]. Orthogonal alkyne reactivity can
also be observed under certain systems [28-30]. The reaction
typically uses a Cu(Il) pre-catalyst, which is converted to a
mechanistically-required Cu(I) species in situ through the addi-
tion of a reductant (e.g., sodium ascorbate, NaAsc) [31,32], or

via Glaser—Hay alkyne homocoupling [33,34].
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Scheme 1: The CuAAC reaction and installation of functional groups for product diversification.

The mild and accessible nature of the CuAAC reaction has
allowed the use of azide or alkyne components that bear func-
tional groups for subsequent product diversification (Scheme 1).
For example, protected alkynylboron reagents can be employed
[35-37], such as N-methyliminodiacetic acid (MIDA)boronate
esters [38], potassium trifluoroborates [39], and others [40-42].
Similarly, organosilicon reagents have proven useful in various
Cu- and Pd-catalysed C—X-bond-forming strategies [43-51], in-
cluding widespread use across several CuAAC methodologies
[52-54].

Germanium-based functional groups have recently emerged as
highly useful components for transition-metal-catalysed cross-
couplings. Schoenebeck and co-workers have shown that
Ge-based compounds are versatile reagents within chemoselec-
tive cross-coupling processes for the formation of a variety of
C—C and C-X bonds [55-63]. Importantly, these transformat-
ions can take place in the presence of borylated functional
groups, allowing orthogonal cross-coupling, whilst also offering

excellent stability compared to boron-based reagents [57-67].

Based on their utility and stability, germanium units could
therefore be useful within CuAAC reactions and offer potential
as functional handles for downstream elaboration of CuAAC
products. To date, the main use of germanyl alkynes in (3 + 2)
cycloadditions has been limited to a small number of Huisgen
(non-Cu-catalysed) reactions [68,69]. Zaitsev and co-workers
reported the synthesis and CuAAC reactions of a dialkynyl
germane to access 1,2-bis(triazolyl)tetraphenyldigermanes [70].
Here, we report the development of germanyl alkynes as
CuAAC components, with exploration of their scope and down-
stream diversification.

Results and Discussion

We undertook an exploratory survey of CuAAC reaction condi-
tions using benzyl azide and triethylgermanyl acetylene (see
Supporting Information File 1). The most effective conditions
were found to be based on the classical combination of CuSQOy4/

NaAsc, with optimisation (see Supporting Information File 1)

delivering the general conditions shown in Scheme 2. These
afforded a clean conversion to the desired triazole products
1-21 without any observable degermylation or other side reac-
tions that could be anticipated based on transmetalation to Cu
[43].

The generality of the CuAAC process was explored using a
range of azides (Scheme 2a), with variation of the germanyl
alkyne motif (Scheme 2b), and with variation of both compo-
nents (Scheme 2c¢). In general, the CuAAC process worked
effectively, tolerating the functional groups for which the
CuAAC is well-known — in all cases the remaining mass
balance was accounted for by the germanyl acetylene,
suggesting sluggish CuAAC reactivity compared to other
alkynes, which typically require much shorter reaction times.
Extending the reaction time provided a higher conversion to the
product 14. Yields were observed to be greater for aryl azides
(e.g., 4 vs 6). Heterocycles such as pyridine (1), pyrimidine
(10), phenothiazine (11), and chromene (12) were tolerated.
Benzylic azides were accommodated including those bearing
nitro (2), iodo (3), and boronic ester groups (5, 21). Strained
rings were effective including cubane (18) and bicyclopentane
(20). While 18 and 20 were isolated in lower yield, no evidence
of ring opening was observed and the starting material could be
recovered in each case, consistent with observations by Lam
and MacMillan [71,72]. Variation of the steric and electronic
parameters of the germanyl acetylene was straightforward
(14-17; Scheme 2b). Several limitations were observed
(Scheme 2d): benzyl azides displaying an arylboronic acid and
MIDA ester (22 and 23) gave no reaction, side reactions were
observed with a dialkynyl germane (24), and the product

derived from azide 25 was unstable to purification.

To further demonstrate the compatibility and utility of germanyl
alkynes in CuAAC reactions, we applied the CuAAC process to
more challenging substrates. Using fluorophore- and choles-
terol-derived azides, coupling with the triethylgermanyl alkyne
delivered the expected products 26 and 27, respectively, in good

yield, enabling possible downstream diversification of these
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Scheme 2: Scope of germanyl acetylene CUAAC. Alkyne (1.0 equiv), azide (1.1 equiv), CuSO4-5H20 (5.0 mol %), NaAsc (50 mol %), NEt3
(1.0 equiv), --BuOH/H,0 1:1 (250 mM), No, rt, 16 h. Isolated yields. 2Reaction performed with CsF (2.0 equiv) as an additive. °Reaction performed at
rt for 64 h.

3200



functional molecules of relevance to chemical biology
(Scheme 3a).

The utility of the germanyl triazole products was then assessed
by subsequent derivatisation of exemplar compounds 15 and 21
(Scheme 3b). Chemoselective Suzuki—-Miyaura cross-coupling
of the BPin moiety in 21 was straightforward, giving 28 in
excellent yield [73]. Similarly, cross-coupling of the GeEtj
moiety in 15 under conditions developed by Schoenebeck and
co-workers gave 29 [57]. Bromodegermanylation using NBS
employing conditions from Schoenebeck gave bromotriazoles
30 and 31 in moderate to excellent yield [62]. These could then
undergo Suzuki—Miyaura cross-coupling to give 32 or chemose-
lective Negishi coupling to give 33 [74]. Finally, BPin 21 could

(a) Ge-alkyne CuAAC using functional molecules

NMe,

Beilstein J. Org. Chem. 2024, 20, 3198-3204.

be oxidised to the phenol derivative 34 or cross-coupled with
piperidine under Chan—Lam conditions to give the aniline deriv-
ative 35 in good yield [75].

Conclusion

In summary, we have developed a general method towards the
synthesis of germanyl triazoles. These reagents are generally
compatible but seem to be less reactive than other classes of
alkyne. The germanyl alkyne CuAAC is applicable to func-
tional group-rich molecules, opening opportunities for down-
stream diversification by chemoselective functionalisation
strategies [76]. The germanyl group installed in the triazole
products can be used as a reactive handle for further diversifica-

tion including cross-coupling reactions.

O\/\N
26, 73% H 27, 56%
(b) diversification of germanyl triazole products
N
N °N
N’N‘\N B
g - ve. )\
S
GeEt3 Ph K
29,91% 32, 89%
28, 35% (91%) )
Q T (ii) (|v)
N
N (i) _ \_<
GeEts Br
(vii) 21151’2'3_33 30, R = H, 99%
/ in 31, R =BPin, 23%
1(\”) (V)

i \\ g\ Q/\
( 1 -Naph
GeEt, GeEt3 PinB P

35, 54%

34, 90%

33, 48%

Scheme 3: (a) Application of Ge-alkyne CUAAC to functional molecules. (b) Functionalisation of germylated triazoles. Isolated yields unless stated.
(i) Pd(PPhg)4 (10 mol %), 2-bromothiazole (1.2 equiv), KCI (3.0 equiv), PhMe/EtOH 4:1, Np, 100 °C, 16 h. NMR yield in parentheses. (ii) Pdx(dba)s
(2.5 mol %), iodobenzene (1.5 equiv), AgBF4 (1.5 equiv), DMF, Np, 80 °C, 16 h. (iii) NBS (2.0 equiv), DMF, air, rt, 2 h. (iv) Pd(dtbpf)Clz (10 mol %),
2-acetylthiophen-3-ylboronic acid (1.2 equiv), K3POg4 (2.0 equiv), iPrOH/H>0 3:4, Np, 85 °C, 16 h. (v) Pd(dtbpf)Cls (2.0 mol %), 1-naphthylzinc bro-
mide (1.2 equiv), THF, Np, 45 °C, 16 h. (vi) Cu(OAc)2:H20 (30 mol %), B(OH)3 (2.0 equiv), DBU (2.0 equiv), MeCN, air, 70 °C, 24 h.

(vii) Cu(OAG)2H20 (30 mol %),

B(OH)3 (2.0 equiv), piperidine (2.0 equiv), MeCN, air, 70 °C, 24 h. See Supporting Information File 1 for full details.
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The research data supporting this publication can be
accessed at
https://doi.org/10.17630/53959471-068e-483e-bcd4-920e6
761926b and CCDC 2355570 contains the supplementary
crystallographic data for this study.

Supporting Information File 1
Characterization data and copies of NMR spectra.
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Crystallographic information file (cif) for compound 13.
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Checkeif file for compound 13.
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Phenethylamines and phenylisopropylamines of scientific relevance can be prepared with a NaBH4/CuCl; system in 10 to

30 minutes via reduction of substituted B-nitrostyrenes. This one-pot procedure allows the quick isolation of substituted B-nitro-

styrene scaffolds with 62-83% yield under mild conditions, without the need for special precautions, inert atmosphere, and time-

consuming purification techniques.

Introduction

The phenethylamine scaffold represents a recurring motif
among natural and synthetic drug molecules. The latter are
mainly constituted by a varied class of substituted phenylethyl-
amines exhibiting psychoactive properties, and typically em-
ployed for medical and recreational use [1,2]. Representative
examples include CNS stimulants (amphetamine), antidepres-
sants and antiparkinson’s agents (e.g., L-deprenyl) [3], hallu-
cinogens and entactogens (e.g., 2,5-dimethoxy-4-iodoampheta-

mine (DOI) and 3,4-methylenedioxy-N-methylamphetamine

(MDMA)) [4,5], nasal decongestants (e.g., levomethampheta-

mine), and appetite suppressants (e.g., phentermine) [6].

Phenethylamines can be produced via numerous different pro-
cedures [7]. One of the oldest methods involves the reduction of
benzyl cyanide with H; in liquid ammonia with Raney-Nickel
catalyst at 130 °C, and high pressure [8]. Another known
method is based on the reductive amination of phenyl-2-

propanone by use of AI/Hg amalgam. The latter procedure
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involves numerous drawbacks, such as environmental concerns
for the use of mercury, contamination of the final products, the
need of special safety precautions, and adequate disposal tech-

niques [9,10].

One of the most studied and inexpensive routes to synthesize
substituted phenethylamines focuses on the reduction of their
o,B-unsaturated nitroalkene analogue (B-nitrostyrene), where
both the double bond and the nitro group need to be reduced to
deliver the corresponding primary amine. Their reduction can
be accomplished via catalytic hydrogenation, involving step-
wise reactions and workup, use of additional reagents, and reac-
tion time between 3 and 24 hours [11,12]. Most commonly,
metal hydrides are employed, typically lithium aluminum
hydride [13-18], requiring an inert atmosphere, special precau-
tions, and with isolated yields up to 60% [14,15]. Due to the
formation of side products, final purification of the amino deriv-
atives requires the use of either multiple separation techniques,
chromatography, or distillation [15-18] (Scheme 1).

Differently from lithium aluminum hydride, sodium borohy-
dride is a non-pyrophoric and easy-to-handle reducing agent.
Since the first attempts in 1967, NaBHy has been employed to
reduce B-nitrostyrene scaffolds to the corresponding nitro-
alkanes [19-21]. Several catalysts have been combined with

NaBHy to facilitate full reduction of B-nitrostyrenes to

Beilstein J. Org. Chem. 2025, 21, 39—46.

phenethylamines, however, to date, no effective method for
converting a,B-unsaturated nitroalkenes into aminoalkanes have

been developed using NaBHy as reducing agent [21,22].

The number of procedures reported in the literature regarding
the reduction of B-nitrostyrenes is limited, since a NaBHy/tran-
sition metal salt system is mostly used to reduce nitroarenes
[23-26].

One of the reported methods takes advantage of titanium(IV)
isopropoxide as a catalyst to prepare varied f-phenethylamine
analogues. Despite its simplicity, the reaction time is quite
prolonged (from 18 to 20 hours), and this procedure is not used
to prepare a-phenethylamines [27].

In view of the limitations associated with conventional
methods, we report our findings on an improved approach for
reducing fB-nitrostyrenes to their corresponding substituted
phenethylamines. We demonstrate that the NaBH4/CuCl,
system effectively facilitates this transformation and provide an
account of its application to the B-nitrostyrene examples

presented in Figure 1.

Result and Discussion
Herein, we demonstrate that NaBHy, in combination with cata-
lytic amounts of CuCly, is a simple and higher yielding method

common approaches toward phenethylamines

a) LiAIH,4 reduction

PN NO,
RT
=

b) catalytic hydrgenation

LiAIH,
~50%

N NH,
R
=
AN NH,
R
=

» anhydrous conditions
» cumbersome workup

Ay XNz PAIC, H, o
R * long reaction time
= 73% « inert conditions
c) this work
. | AN AN N02 NaBH4, CUC|2 . (\ NH2
.~ R LA R
[one-pot] [rapid] [open flask] [up to 83% yield]

Scheme 1: Brief comparison between the main traditional synthetic routes for the preparation of substituted phenethylamines from f-nitrostyrene

scaffolds and our work.
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Figure 1: The B-nitrostyrene analogues used in this work.
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to synthesize phenethyl- and phenylisopropylamines from the
corresponding nitroalkenes [15,17]. Representatively substi-
tuted B-nitrostyrene analogues were reduced via this method at
80 °C, including 2,5-dimethoxy-B-methyl-B-nitrostyrene (3a),
precursor of amphetamines, and 2,5-dimethoxy-B-nitrostyrene
(4a), precursor of most of the hallucinogenic 2C-X family
(Table 1).

This method was also tested on other types of scaffolds to in-
vestigate its potential general applications and effects on other
substituents. As sodium borohydride per se does not reduce
ester nor nitro functionalities [15-22,28,29], the presence of the
copper salt results in overcoming this issue and leads to isolat-
ed yields above 90% (7-9) (Scheme 2).

Table 1: The reduced B-nitrostyrene scaffolds with their corresponding products (entries 1-6). The isolated product yields were obtained by per-
forming the reactions at 80 °C for the time indicated beside each product. For more details, see the experimental section below.

Entry Substrate Product Time (min) Yield (%)
N NO, \ NH,-HCI
1 E P 15 83
1a 1b
/@/\/NOQ ©/\/NH2'HCI
2 10 82
o o
2a 2b
~o ~o
X NO, NH,-HCI
3 30 62
0oL O
3a 3b
~o ~o
N NO, NH,-HCI
4 10 82
o\ O\
4a 4b
~o ~o
N NO, NH,-HCI
5 30 65
o\ O\
5a 5b
o o
X NO, NH,-HCI
6 30 71
F3C F3C
O\ O\
6a 6b

41



©/NH2-HCI

7b
NaBHj,4, CuCl, 18 h, 96%

2-PrOH/H,0, 80 °C

= Br

Br
8a 8b
30 min, 97%
(0]
O/ NaBHy, CUC|2 ©/\OH
2-PrOH/H,0, 80 °C
9a

9b
18 h, 92%

Scheme 2: Additional products obtained via this method: nitroben-
zene and methyl benzoate are reduced in excellent yields.

Therefore, the NaBH4/CuCl, system was proved to work on ar-
omatic ester, nitro, and a,f-unsaturated nitroalkene functionali-
ties.

Our work demonstrates that, up to 24 hours, this method shows
some degree of functional group tolerance, as the amido and
carboxylic acid functionalities of benzamide and benzoic acid,
were left untouched, and the starting materials were finally fully
recovered.

1-Bromo-4-nitrobenzene (8a) and 3-chlorophenol were used to
test the potential effects on halogenated aromatic structures and
no dehalogenation was detected up to 24 hours stirring. The
retention of halogen atoms on aryl halides distinguishes this
procedure from traditional techniques, such as those involving
LiAlH4, which can cause dehalogenation [30,31].

The role of the CuCl, salt is pivotal to the success of this
method. Studies on the reduction of CuCl, by NaBHy4 suggest
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that copper(Il) is promptly reduced to free Cu(0), composing up
to 96% of the products. The remaining 4% consist of CuyO and
negligible amounts of other copper species [32,33]. Consis-
tently, once the chloride is added, the reduction to free Cu(0) is
visually indicated by the immediate disappearance of the blue
color of the copper(Il) solution, and the formation of a fine
suspended black powder. The latter, as metallic copper parti-

cles, acts as the actual catalyst.

Time plays a crucial role in the synthesis of phenethylamine an-
alogues via this method. Dithering before the addition of the
copper solution leads to the formation of Micheal adducts,
which decrease the product yields. This phenomenon is due to
the nature of B-nitrostyrenes, displaying considerable delocal-
ization towards the nitro group, which makes them highly
susceptible to Michael addition [34].

While being stirred with the borohydride, the substrate progres-
sively forms an a-carbanion in the newly formed nitroalkane,

which ultimately leads to Michael addition to the nitrostyrene.

Furthermore, studies to identify the highest yielding reaction
times (reaction stopped at 10, 15, 30, 45, 60, 75, and
90 minutes) revealed that longer stirring when heating is
applied is not beneficial. In general, soon after the optimal reac-
tion times indicated in Table 1, the yield progressively
decreases when the reaction stirring time increases. MS
analyses on 4b showed consistently that, while the product mass
decreases over time, high molecular mass compounds form
increasingly (MS data for 4b can be found in Supporting Infor-
mation File 1).

Over the course of the reaction to form 1b, MS analyses indicat-
ed the prompt formation of numerous intermediate species at
T = 0, unstable enough to decompose and deliver the desired
product (Figure 2).

These species were not present in the crude mixture after
15 minutes of stirring. We could speculate that this phenome-

non might indicate that the reduction proceeds via Haber or
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Figure 2: Numerous masses (m/z) were detected by ESI-MS at T = 0 upon mixing all the reagents to produce 1b.
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Jackson mechanisms (product (a)), which, to date, were only as-
sociated to the catalytic hydrogenation of nitrobenzene ana-
logues [35-37] (Figure 3).

+2Z-01

QH
| A N \/\© N
=
a b
Figure 3: Structures of proposed adducts. Their masses, 254.2 and
242.2, respectively, were found at T = 0 by UPLC-MS investigation.

An attempt to identify the higher molecular masses observed by
MS was made, and two intermediate structures are proposed in
Figure 3. Together with (a), N,N-diphenethylhydroxylamine (b)
as second product is proposed. The latter may be produced from
the reaction of 2-phenylacetaldehyde (e) and the reduced amino
product d via reductive alkylation [38-40] (Scheme 3).

Further research is required to clarify the formation of high mo-
lecular weight structures both prior to and following the produc-
tion of the target compounds.

The application of mild heating is crucial to reach full conver-
sion of the starting materials in the times indicated in Table 1.
However, conversion to the desired products is also achievable
at room temperature over 18 hour stirring with minor yield loss.
Increasing the heating temperature up to 110 °C does not lead to
increased product yields (for more information on the optimiza-

tion process, see Supporting Information File 1, page S19).

The use of diethylenetriamine (DETA) was also investigated to
evaluate its impact on the extraction process and copper(II)
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removal. However, the addition of DETA led to decreased
yields and a deterioration of the phase separation. It was ob-
served that using a 20% aqueous sodium hydroxide solution,
instead of 35%, negatively impacted phase separation, making
the extraction process more time-consuming. Additionally, the
effect of the addition order of the reagents was evaluated,
and the results are also provided in Supporting Information
File 1.

Furthermore, methanol, 2-propanol, and water were indepen-
dently tested as reaction solvents. Solubility issues, which lead
to the formation of dense suspensions and precipitation of the
starting materials, make these solvents unsuitable for this
reaction and the isolation of the products troublesome. The
use of 2-propanol/water (2:1), together with the application
of heat, ensures optimal solubility of the species involved.
Moreover, the workup procedure is simplified thanks to the
ability of 2-propanol to partition from the sodium hydroxide
aqueous solution, which allows prompt extraction of the prod-
ucts.

Once 2-propanol is evaporated, the products can also be
isolated as free amines by dissolving the residue in diethyl
ether, decanting it into another flask, and concentrating in
vacuo.

Scalability was briefly investigated, and the procedure ensures

minor yield loss up to 10 mmol scale of the starting material.

Conclusion

In summary, the presented procedure represents a simple,
higher-yielding, and faster alternative to the conventional reduc-
tive methods used to date for the synthesis of substituted
phenethylamines from their o,f-unsaturated nitroalkene ana-
logues. Furthermore, the NaBH4/CuCl, system is effective at

N<
c d
%o

o

e

— 0

b

Scheme 3: Proposed mechanism for the formation of the hydroxylamine side product b. N-Phenethylhydroxylamine (d), originated during the reduc-
tion process, reacts with the acetaldehyde e resulting from the hydrolysis of the aldoxime precursor c.
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reducing nitro and ester functionalities on aromatic structures,
while leaving intact benzoic acid, amido- and halogenated aro-

matic compounds.

Experimental

NMR spectra were recorded on Bruker Avance 400 MHz or
Bruker Avance III HD 600 MHz spectrometers. Residual sol-
vent peaks (CDCl3, D,0, CD30D, (CD3),SO) were used as
internal standard (7.26, 4.79, 3.31, and 2.50 ppm for IH, and
77.16, 49, and 39.52 ppm for 13C, respectively). UPLC-MS
analyses were performed on a Waters Acquity H-class UPLC
with a Sample Manager FTN and a TUV dual wavelength
detector coupled to a QDa single quadrupole analyzer using
electrospray ionization (ESI). UPLC separation was achieved
with a C18 reversed-phase column (Acquity UPLC BEH C18,
2.1 mm X 50 mm, 1.7 pm) operated at 40 °C, using a linear
gradient of the binary solvent system of buffer A (Milli-Q H,O/
MeCN/formic acid, 95:5:0.1 v/v) to buffer B (MeCN/formic
acid, 100:0.1 v/v) from 0 to 100% B in 3.5 min, then 1 min at
100% B, flow rate: 0.8 mL/min. Data acquisition was con-
trolled by MassLynx ver. 4.1 and data analysis was done using

Waters OpenLynx browser ver. 4.1.

Solvents were commercial HPLC grade and used without
further purification. The substrates 2a, 7a, and 8a were com-
mercially available and used without further purification. The
substituted B-nitrostyrenes 1la and 3a—6a were prepared as de-
scribed in the literature [41]. 9a was prepared by modification
of the literature [42].

General procedure

The desired substrate (1a—9a) (2 mmol, 1 equiv) was added in
small portions to a stirring suspension of NaBH, (15 mmol,
7.5 equiv) in 2-PrOH/H;0 (8 mL, 2:1). 0.1 mL of a freshly pre-
pared CuCl, 2 M solution were added dropwise but rapidly to
the vessel. The reaction was monitored by TLC and refluxed at
80 °C in either oil bath or heating mantle for the time indicated
in Table 1.

General workup procedure of the amino products (1b-8b):
Once cooled to room temperature, a 35% solution of NaOH
(10 mL) was added under stirring. The mixture was extracted
with 2-PrOH (3 x 10 mL), and the organic extracts were
combined, thoroughly dried over MgSQOy, and filtered.

(I): The residue was concentrated under reduced pressure and
dissolved in a large amount of diethyl ether. The amino prod-
ucts were precipitated under stirring with an excess of 2 N HCl
in diethyl ether solution and the vessel was cooled to 5 °C. The
solid was filtered, washed with cold diethyl ether, and dried

under reduced pressure as the amine hydrochloride salt.
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(IT) An excess of 4 N HCI in dioxane solution was added and
the filtrate was stirred for 30 minutes. The residue was concen-
trated under reduced pressure, suspended in dry cold acetone,
and stirred vigorously for 1 hour. The suspension was filtered
and washed with a minimum amount of cold acetone to deliver
the product as hydrochloride salt.

2-Phenylethan-1-amine hydrochloride (1b): The product was
isolated by use of (II) as an amorphous white solid (83%).
'H NMR (600 MHz, CD;0D) & 2.97 (m, J = 5.18 Hz, 2H), 3.18
(m, J = 5.24 Hz, 2H), 7.28 (m, J = 5.0 Hz, 3H), 7.35 (m, J =
7.6 Hz, 2H); '3C NMR (151 MHz, CD30D) d 34.55, 41.98,
128.26, 129.77, 129.99, 137.92; ESI-MS m/z: [M + 1]* 121.1;
found, 121.0; mp 220-221 °C.

2-(4-Methoxyphenyl)ethan-1-amine hydrochloride (2b): The
product was isolated by use of (I) as a white solid (82%).
'H NMR (600 MHz, CD;0D) & 2.89 (t, J = 7.7 Hz, 2H), 3.13
(t,J =7.7 Hz, 2H), 3.78 (s, 3H), 6.91 (ddd, J = 8.4, 2.8, 0.2 Hz,
2H), 7.19 (ddd, J = 8.4, 2.5, 0.2 Hz, 2H); 13C NMR (151 MHz,
CD30D) 6 33.75, 42.14, 55.71, 115.42, 129.60, 130.78, 160.47;
ESI-MS m/z: [M + 1]* 151.1; found, 152.1; mp 214-216 °C.

1-(2,5-Dimethoxyphenyl)propan-2-amine hydrochloride
(3b): The product was isolated by use of (II) as a white solid
(62%). 'H NMR (600 MHz, CD30D) § 1.26 (d, J = 6.60 Hz,
3H), 2.82 (m, J = 6.92 Hz, 1H), 2.95 (m, J = 6.60 Hz, 1H), 3.56
(m, J = 6.51 Hz, 1H), 3.75 (s, 3H), 3.81 (s, 3H), 6.79 (m, J =
2.94 Hz, 1H), 6.84 (dd, J = 2.43, 8.85 Hz, 1H), 6.93 (m, J =
8.94 Hz, 1H); '3C NMR (151 MHz, CD30D) d 18.56, 36.85,
49.22, 56.12, 56.24, 112.81, 114.06, 118.63, 126.24, 153.17,
155.14; ESI-MS m/z: [M + 1]7 135.1; found, 136.2; mp
115-117 °C.

2-(2,5-Dimethoxyphenyl)ethan-1-amine hydrochloride (4b):
The product was isolated by use of (I) as a white solid (82%).
'H NMR (600 MHz, (CD3),SO) & 2.81 (t,J = 7.8 Hz, 2H), 2.97
(t, J = 7.8 Hz, 2H), 3.70 (s, 3H), 3.75 (s, 3H), 6.78 (m, J =
3.1 Hz, 1H), 6.81 (dd, J = 3.09, 8.82 Hz, 1H), 6.92 (m, J =
8.9 Hz, 1H); 13C NMR (151 MHz, (CD3),S0) & 28.14, 38.65,
55.32,55.79, 111.78, 112.18, 116.45, 126.03, 151.25, 153.05;
ESI-MS m/z: [M + 1]* 181.1; found, 182.2; mp 138-140 °C.

2-(2,5-Dimethoxy-4-methylphenyl)ethan-1-amine hydro-
chloride (5b): The product was isolated by use of (II) as a
white solid (65%). 'H NMR (600 MHz, CD30D) & 2.18 (s, 3H),
2.92 (t,J =7.38 Hz, 2H), 3.12 (t, J = 7.38 Hz, 2H), 3.78 (s, 3H),
3.80 (s, 3H), 6.76 (s, 1H), 6.81 (s, 1H); 13C NMR (151 MHz,
CD30D) § 16.27, 29.81, 41.07, 56.33, 56.48, 114.24, 114.96,
123.38, 127.73, 152.65, 153.22; ESI-MS m/z: [M + 1]* 195.1;
found, 196.2; mp 213-215 °C.
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2-(2,5-Dimethoxy-4-(trifluoromethyl)phenyl)ethan-1-amine
hydrochloride (6b): The product was isolated by use of (II) as
a white solid (71%). 'H NMR (400 MHz, CD3;0D) & 3.03 (t,
J =7.38 Hz, 2H), 3.18 (m, J = 3.76 Hz, 2H), 3.87 (s, 3H), 3.88
(s, 3H), 7.10 (s, 1H), 7.16 (s, 1H); '3C NMR (151 MHz,
CD3;0D) 8 29.96, 40.85, 56.11, 56.26, 112.74, 113.86, 113.87,
117.99, 126.84, 153.15, 155.24; ESI-MS m/z: [M + 1] 249.1;
found, 250.1; mp 260-261 °C.

Aniline hydrochloride (7b): The product formation was moni-
tored by TLC using Hex/EtOAc/TEA (3:7:0.1). The product
was isolated by use of (I) as a white solid (96%). IH NMR
(600 MHz, D,0) & 7.40 (m, J = 2.96 Hz, 2H), 7.51 (m, J =
1.66 Hz, 1H), 7.56 (m, J = 1.79 Hz, 2H); 13C NMR (151 MHz,
D,0) & 109.59, 122.50, 128.67, 130.07; ESI-MS m/z: [M + 1]*
93.1; found, 94,2; mp 196-197 °C.

p-Bromoaniline hydrochloride (8b): The product formation
was monitored by TLC using pure pentane. The product was
isolated by use of (I) as a bright white powder (97%). 'H NMR
(600 MHz, D,0) d 7.31 (ddd, J = 8.5, 2.6, 0.3 Hz, 2H), 7.66
(ddd, J = 8.5, 2.6, 0.3 Hz, 2H); 13C NMR (151 MHz, D,0) &
122.41, 124.77, 129.01, 133.06; ESI-MS m/z: [M + 1]* 171.0;
found, 171.1; mp 190-191 °C.

Benzyl alcohol (9b): The product formation was monitored by
TLC using Hex/EtOAc (6:1). Once cooled to room temperature,
the mixture was acidified with 20% HCI solution and extracted
with DCM (3 x 15 mL). The organic extracts were combined,
dried over MgSQOy, and concentrated under reduced pressure to
deliver 9b as colorless liquid (92%). 'H NMR (400 MHz,
CDCls)  1.87 (br, 1H), 4.69 (s, 2H), 7.31 (m, J = 2.67 Hz, 1H),
7.37 (m, J = 2.30 Hz, 4H); '3C NMR (151 MHz, CDCl3) d
65.48, 127.12, 127.79, 128.69, 140.97; ESI-MS m/z: [M + 1]*
108.1; found, 109.1.

Supporting Information

Supporting Information File 1

'H and 13C NMR spectra of the synthesized compounds,
the optimization table, and ESI-MS spectra for the
synthesis of 4b.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-4-S1.pdf]
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This review reports the achievements in copper(Il) triflate-catalyzed processes concerning the multicomponent reactions, applied to

the synthesis of acyclic and cyclic compounds. In particular, for the heteropolycyclic systems mechanistic insights were outlined as

well as cycloaddition and aza-Diels—Alder reactions were included. These strategies have gained attention due to their highly atom-

and step-economy, one-step multi-bond forming, mild reaction conditions, low cost and easy handling.

Introduction

Copper has gained a relevant role in organic synthesis as an al-
ternative to precious metals due to its low toxicity, ease of
handling, high catalytic activity, and cost-effectiveness [1,2]. In
recent years, Cu(OTf), has significantly emerged among copper
catalysts because it can act as a precursor to triflic acid in addi-
tion to a powerful copper-catalytic effect. Indeed, Cu(OTf); has
proven to be an excellent surrogate for triflic acid compared
with other metal triflates because it is inexpensive and exhibits

high activity with low toxicity [3-7].

Multicomponent reactions are one of the most effective
methods to assemble multiple reagents, thus facilitating access
to the target molecules more quickly, due to atom/step
economy, short reaction times, and eco-friendly benefits. Com-

bining multicomponent reactions with transition-metal catalysts

provides synthetic tools even more advantageously. Copper has
also become very interesting in this field, mainly in processes
aimed at synthesizing heterocyclic compounds. Among the
various catalysts, Cu(OTf), stands out in heterocyclic synthesis
and ring transformations due to its dual activity as a metal cata-
lyst as well as a Lewis acid [8-11]. However, in many cases, the
role of copper is not clear and both activities often work syner-
gistically. In all other cases, copper’s activity is due to the coor-
dination/complexation with unsaturated systems, but it is rarely
possible to exclude its action also as Lewis acid. Confirming
this dual activity, it should be noted that copper triflate can
rarely be replaced by other copper salts or complexes to obtain
the same results. In general, catalyst switching does not work
with copper triflate, thus supporting its unique behavior or reac-

tivity properties. The ambiguity related to the role of Cu(OTf),
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is particularly relevant for cycloaddition reactions, where it is
even more difficult to justify the activation of the copper

species as a Lewis acid or metal catalyst [12-14].

The reaction mechanism involved can be ionic or radical
(Figure 1). The latter is typically operative when the reaction is
carried out under oxidative conditions, usually in the presence
of O, and TEMPO, involving the formation of radical species
through single-electron transfer (SET) from a copper catalyst to
a precursor. Subsequent addition to multiple C—C bonds gener-
ates extended carbon radicals capable of giving further functio-
nalization.

Regarding the ionic mechanism, the key step generally
comprises the complexation with the unsaturated substrate
leading to activation of the alkenyl/alkynyl moiety towards a
nucleophilic attack. In some cases, activation of a carbonyl
group by the copper catalyst to facilitate nucleophilic attack has
also been reported. Moreover, both activations can be operative
simultaneously. Since copper shows affinity either for multiple
C-C bonds or polar functional groups, it seems the ideal tool for

this type of reaction.

Review
Three-component reactions

Several three-component procedures have been successfully
carried out using Cu(OTf); as a catalyst. These processes have
been exploited mainly to access nitrogen compounds endowed
with various structures, in a faster and more sustainable way
than reactions conducted step by step.

Providing acyclic compounds

A three-component Strecker-type condensation of aromatic
aldehydes, amines, and cyanides under mild reaction conditions
furnishes a-aminonitriles 1 in good to high yields (Scheme 1)
[15]. The reaction failed only in the case of acetophenone.
Among various Lewis acids, only Cu(OTf), in combination
with TMSCN was effective or a valuable alternative was the use
of acetone cyanohydrin combined with a catalytic amount of
TEA (5 mol %). The mechanism involves the formation of an
imine facilitating the addition of the nitrile group.

ionic mechanism

X TSET

/
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o Cu(OTf), (10 mol %) AN
. TMSCN (1 equiv)
H R-NH2 Ve, 25 °C o 1CN

18 examples
yield: 56-99%

Ar = Ph, 4-Cl-CgHy4, 4-OMe-CgH,4, 4-CN-CgH,, 4-OH-CgHy,
4-NO5-CgHy, 2-OH-CgHy, 3-NO,-CgHy, 3,4-(OMe),-CgH3,
3,4-(0-CH,-0),-CgH3, 2,4-(t-Bu),-6-(OMe)-CgH,, 2-OMe-
naphthyl, trans-cinnamyl, 2-furyl, n-CgH4g

R = 4-OMe-CgHgy4, Bn, a-methylbenzyl, Ph

Scheme 1: Synthesis of a-aminonitriles 1.

Among the known processes, a particular Mannich-type reac-
tion was realized in water in the presence of a dendritic 2,2’-
bipyridine ligand 2 and Cu(OTf); (Scheme 2) [16]. The hydro-
phobic ligand surrounding the metal revealed to be essential for
the organic synthesis in water, thus increasing the reaction
yields.

The Mannich reaction with aromatic aldehydes and cyclic
amines was performed efficiently on 2-naphthol, by using SiO;-
supported copper triflate under solvent-free conditions, without
an additional co-catalyst or additive (Scheme 3) [17].

The treatment of stoichiometric amounts of arylaldehydes, sec-
ondary aliphatic or aromatic amines and thiols in the presence
of catalytic Cu(OTf), (1 mol %) in aqueous media was proven
to be a sustainable procedure to access thioaminals 5, avoiding
high temperatures and/or hazardous reagents required by clas-
sical conditions (Scheme 4) [18].

The 1,2-difunctionalization of alkenes carried out with
carbazates (N-aminocarbamates) and (hetero)arene nucleo-
philes or amines exploiting N-(zert-butyl)-N-fluoro-3,5-bis(tri-
fluoromethyl)benzenesulfonamide (NFBS) as intermolecular
hydrogen-atom-transfer reagent results in alkylarylation pro-
cesses (Scheme 5) [19]. The reaction proceeds through an initial
single-electron transfer from NFBS assisted by the active
copper species, followed by intermolecular hydrogen-atom
transfer from the carbazate. The nitrogen radical intermediate I

radical mechanism

cu' X-Cul

further
functionalization

Figure 1: Plausible general catalytic activation for ionic or radical mechanisms.
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OMe
oTMS @:
1 . ©:OME W)\ 2-(CuOTf), (10 mol %) NH O
R1-CHO

+ RZ_ R 5 examples
NH, i H20, 1t, 3-16 h " R3 vield: 51-97%
3 R?R?
R' = Ph, phenethyl, MeO OMe
CH=CH-06H5 2:
2_
R?=H, Me o o
MeO OMe
R3 = Ph, OM
© H,C-O 0-CH,
MeO = OMe
—N N
MeO OMe

Scheme 2: Synthesis of f-amino ketone or f-amino ester derivatives 3.

8.0
N
OH
CHO - (M Cu(OTf)SiO; (10 mol %) OH
H neat, rt OO

4
Ar = Ph, 4-CI-CgHy, 4-OEt-CgHy, 4-OMe-CgHj,, 3-OMe-CgHy, 3,4,5-(OMe)s-CgHy, 24 examples
4-Br-CgHy, 3,4-(F),-CgHa, 2,3-(F)2-CgHa, 2,4-(F)o-CgHa, 3,5-(F)2-CeH, yield: 72-95%

2-F-5-OMe-CgH3, 2-F4-Br-CgHs3, 2-pyrimidyl, 2-thienyl
cyclic amine:

AN X\N AN AN
SINVER OIS

Scheme 3: Synthesis of 1-(a-aminoalkyl)-2-naphthol derivatives 4.

3
(0] S’R
1 1
H o+ HN/R + RISH CU(OTf)i)“ mol %) N’R
° | H 4 M o |
R2 2 ( ) 5 R2
19 examples
yield: 58-97% _
R3S T

[ R1
DY (e \ ®
0= ‘—/ R? HO OH
[Cu] — ,
(&) ) Mo

Ar = 2-furyl, Ph, 4-Me-CgHy, 4-CF3-CgHj, 4-Br-CgHy

R" = R? = -(CH2)5-0~(CHy)z~, -(CH2)s-, -(CHz)2-NMe-~(CHj),-, Bn

R3 = Ph, 4-Me-C5H4, 3,5-(Me)2-CeH3, 4-OM6-C6H4, 3,4'(0Me)2'CSH3,
4-F-C6H4, 4-C|-06H4, 3,5'(0')2'CGH3, Bn, phenethyl, n-Pr, n-C11H23

Scheme 4: Synthesis of thioaminals 5.
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58 examples: _3ISX36FEP|89230/
_7R0, eld : —
NuH (4 equiv) trace—76% y » 0
1 JOL F Cu(OTf), (10 mol %) Nu
R ! phenantroline (20 mol %) R?
N 1 5
¥ R%O” "NHNH ™ Ar0;8” NtBu T GiGH,CH,CI 120 °C, 8 h R'R2 RS or R? COOR
R Bequv) . @equv) T ! 6 .. T
o} R
F =
N _tBu R3OJ\NHNH2 j\ o R Nu
A0,S” N tBu T 7N 'Zo . " Y tBu RO” NNH, Y R3o)|' NuH R1)\R7\COOR3
r /
2 H-N, N2+ He I RS =ary 7
Cu'— Lcu' LCu'F "SO,Ar
R R3 = alkyl
Nu R' RS R! R3
) NuH 7 } R2 RS, COo,
R26 R3 R2V R2 v mn

R! = 4-OMe-CgHg, 4-OBn-CgHy, 4-SMe-CgHg, 4-OPh-CgHg, 4-t-Bu-CgHa, | | RO = , P P
4-OBn-CgHg, 2-OMe-CgHy, 4-OMe-3-Cl-CgHa, 4-OMe-3-F-CgH, *‘H< \b \O \b
0

n-C5H1 15 4-OMe-3-Me-CeH3

RZ = H, Me Ar = 3 5- CF3 C6H3, 4- CF3 CGH4 4ClI- CGH4 X\Q ;
N
H

R =H, Me, OMe, OBn, F,

Br, COMe, COEt, Ph, \©\
4-t-Bu-CgHy, 4-SMe-C6H4 o ..Tv ”T" -
R = Me, tBu a
4 OMe, SMe, N O N
O /
Me

N R =Et, Bn, Ac, H Ph, F, Cl,
CO,Et, CF3

————————————————————————————— biologically interesting derivatives

H
| XN N H
b oo pe
t-Bu t-Bu t-Bu
O O (0] O 1o
MeO )’f@ MeO 7
Me (e} (0]

piperonylic acid derivative ibuprofen derivative

gemfibrozil der/vat/ve
(46%) (61%)

(60%)

Scheme 5: Synthesis of aryl- or amine-containing alkanes 6 and 7.

cationic intermediate V by single-electron oxidation by the
Cu(II) species. Finally, the attack of the nucleophile leads to the
desired products 6. Starting from aryl carbazates, intermediate

thus formed is decomposed into the acyl or alkyl radical inter-
mediates II and III, respectively. The latter interacts with the
alkene generating an alkyl radical IV that converts to the
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I1, adds directly to the alkene, then reacts with the nucleophile
to afford product 7.

The regioselective 1,2-difunctionalization of allyl alcohol has
been developed as a three-component cascade reaction using
arenes and sulfonamides as nucleophiles to achieve arylation/
hydroamination processes. The reaction involves a
Friedel-Crafts alkylation of the arene followed by hydroamina-
tion (Scheme 6) [5]. The mechanism plausibly starts with the in
situ formation of triflic acid from Cu(OTf), which leads to pro-
tonation of the oxygen atom of the alcohol with generation of
the activated allyl alcohol. This latter gives the allyl carbenium
ion VI through the loss of a molecule of water, then undergoes

Beilstein J. Org. Chem. 2025, 21, 122—145.

a Friedel-Crafts alkylation by attack of the aromatic partner.
The outcome of the reaction proceeds through a Markovnikov
protonation of the allylated arene VII by triflic acid, which
generates the carbocation intermediate VIII. At this stage, the
amido—copper complex IX selectively attacks the intermediate
providing the 1-aryl-2-sulfonamidopropane 8. This procedure is
a valuable alternative to a similar approach for the synthesis of
amphetamine derivatives 9 from allyl carbamates that requires
excess of Cu(OTf), [6].

Three-component coupling of amines, aldehydes or ketones,
and terminal alkynes catalyzed by Cu(OTf); is a fruitful tool for
the production of a-substituted propargylamines 10 (Scheme 7)

H
(5 equiv)

Cu(OTf), (10 mol %)
Xantphos (20 mol %)

o SOR
()
M
8 e

X-"SoH + RSO,NH,
_ chlorobenzene
(2 equiv) 75°C, 24 h
33 examples [5]
el yield: 39-93%_ _
Cu(OTf), + L,
RSO,NH, IX
CuL2(R802NH)2
- TfOH - ‘ ot
\/\OH AT’ _OTf +1:
H,O VI V|| ; VI
TfOH

R =Ph, 4-Me-CeH4, 4-N02-C6H4, 4-C|-C6H4, 4-CF3-CGH4, 2-Me-CeH4,

2-N02-C6H4, 3-OMe-CGH4

Ar = Mes, 2,3,5,6-(Me)4-CgH1, 2,3,4,5,6-(Me)s5-Cg, 2,5-(Me),-CgHs,
2,4,6-(OMe)3-CgHo, 2,5-(OMe),-CgHs, 2-OMe-5-Me-CgH3,
2-OMe-5-CI-CgH3, 2-OMe-5-Br-CgH3, 2-OMe-4-Br-CgHs, 2-OMe-
CgHg, 4-OMe-CgHy, 2-thienyl, 3-thienyl

)LRs

@

(5 equiv)

g

n=0,1
R'=R2=H, Me
R3 = 4-Me-CGH4, 2-N02-CGH4

3
R‘NH
Cu(OTf), (4 equiv) R
9

chlorobenzene/H,0
130°C,4h

14 examples [6]
yield: 29-82%

Ar = Ph, Mes, 2,3,5,6-(Me),-CgH1, 2,5-(Me)-CgHs, 3,4-(Me)y-CgHs,
2,6-(Me)2-CaH3, 2,3-(Me)2-CGH3, 2,4-(Me)2-CeH3, 2-Me-C6H4, 4-Me-
CGH4, 2,4,6-(Et)3-C6H2, 2,4,6-(Me)3-3-Br-CGH1, 2-0Me-5-Me-CgH3,
2-OMe-5-Br-CgH3, 2,4,6-(OMe)3-CeH2

Scheme 6: Synthesis of 1-aryl-2-sulfonamidopropanes 8.
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o Cu(OTf); (10 mol %) R‘!N,R5
R3 .R5 Nay,SO4 (1 equiv) 10 28 examples:
+ + Y
RTR? z AN Toluene, 80-120°C, 1728 RISy Veldi70-97%
R RZ AN
RS
HNTS R _B Boc A Me. _Ph
NNadh HN' HN Ph “N”
R 1 R 1
R2 N T X 2 X\ RE LN
R3 R2 X R3 R2 X RS R R3 R2 ™ R3
R'=t-Bu, Cy; RZ = H; R = 2-F-CgHy, iPr, R'=R3=Ph; R'=tBu; RZ=H; R'=iBu; R2=H;
R3 = n-Hex, n-Bu, t-Bu, 2-furyl; RZ=H R3 = n-Hex R3 = n-Hex
Ph, Si(iPr)3, (CH5)sPh, R2=H;
(CH2)3C|, (CH2)3OTBS, R1 = R2 = -(CH2)5-; o
(CHa),CH(CH3)3 R3 = n-Hex; R* = Bn \/—/\ O [ j
Me -~ N N
N/W HN/\©\ R1 R1 1
’ R OMe RSN R NN, R X
) \\ R2 \\ R R R3
R R3 R3
R' = 2-CF3-CgHy; R'=iBu; R'=iBy; R' = 2-F-CgHy; R' = 2-benzothienyl,
R2 = H; R3 = n-Hex R2 = H; R2 = H, 3-pentyl, R2 = H; 4-CF3-CgHa,
R3 = n-Hex 4-Me-CgHy; R3 = n-Hex 2-pyridyl;
R3 = n-Hex R2=H:
R3 = n-Hex

Scheme 7: Synthesis of a-substituted propargylamines 10.

[20]. The reaction involves the alkynylation of the correspond-
ing imines formed in situ and provides higher yields than the
two-step reactions. The addition of Na,SOy4 facilitates the for-
mation of the products, while MgSO,4 or molecular sieves were
found to be irrelevant to the reaction rate. It should be noted
that this three-component process is promoted by the specific

combination of Cu(Il) with the triflate counteranion.

The use of a carbamate among the substrates instead of the
amine allowed the synthesis of propargylcarbamates 11. This
reaction, effective only for the aromatic aldehydes, did not

require other co-catalysts or ligands (Scheme 8) [21].

0 CHO 3
R
1 + +
R"OJ\NHZ =z

R' = n-Bu, Et, Me, Bn

Three-component reactions of alkynes, alkyltrifluoroborates and
sulfur dioxide afforded vinyl sulfones with excellent regio-
and stereoselectivity (Scheme 9) [22]. The authors used
DABCO(SO,); to generate sulfur dioxide, and visible light irra-
diation and the mandatory presence of a photocatalyst for this
transformation suggested a radical mechanism. The inhibition
of the reaction in the presence of TEMPO confirmed this
hypothesis. The copper catalyst assisted in the addition step of
the alkylsulfonyl radical X to the alkyne. The presence of
2-iodopropane as additive improved the yields. The role was
unclear, but it might facilitate the conversion of the alkyltri-

fluoroborate into its corresponding alkyl radical.

1
Cu(OTH, (10mol %) o NN
toluene, 100 °C, 24 h 1 R
17 examples
yield: 8-74%

R2 = Ph, 4-Me-CgHj, 4-Cl-CgHy, 4-Br-CgHj, 2-Br-5-F-CgHa, 4-CF3-CgHg, 1-naphthyl, Cy
RS = Ph, 4-Me-C.3H4, 4-n-Bu-CBH4, 4-t-BU-CsH4, 4-CF3-C6H4, 2-F-C6H4, 4-C6H5-CGH4

Scheme 8: Synthesis of N-propargylcarbamates 11.
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17 examples
DABCO(S0,), (0.8 equiv) yield: 50—88%
Mes-Acr* (5 mol %) \ o

Cu(OTf), (10 mol %) s\
R-BF3K  + Ar - - R
2-iodopropane (2.0 equiv)
blue LED (15 W)

2 equiv
(2 equiv) MeCN, rt, 36 h [H*
’/—\ Mes-Acr* G
Mes-Acr*” Mes-Acr* Mes [cul Q\S/,o
& /2\ | 1 A
[Cu'
Mes-Acr’ | Z Kj
[Cu] 1 ClO~
X" =@

Me

. \\,/O E
R 7—> +SZ [CU"]‘SOQR
DABCO(SO;),

Ar = Ph, 4-Me-CgHj, 3-Me-CgHy, 2-Me-CgHg, 4-t-Bu-CgHg, 4-F-CgH,, 3-thienyl,
4-C|-CGH4, 4-BT-CGH4, 4-OME-C5H4, 4-AC-C@H4

R = cyclopentyl, phenethyl, pentyl, -Bu, CH>-C(CHs3)3, Cy

Scheme 9: Synthesis of (E)-vinyl sulfones 12.

o-Halo-substituted aryl selenides and sulfides 13 can be
achieved by a three-component coupling reaction performed
with an aryne precursor, potassium halides and electrophilic
chalcogen species as reactants, in the presence of Cu(OTf),
(Scheme 10) [23]. Under these conditions the reaction between
aryl thiosulfonates with arynes to give sulfones is competitive.
Cu(OTHY), is essential to remove the sulfinate anions in the reac-
tion medium, avoiding side reactions arising from their attack to
the electrophilic arynes. The so-obtained products are suscep-

CsF (4.0 equiv) new

18-crown-6 (2.0

Cu(OTf), (33 mol %), KX (2.0 equiv)

tible of Pd-catalyzed cross-coupling reactions, allowing the for-
mation of C—C and C-N bonds in the o-position of the aryl
chalcogen compounds.

a-Aminophosphonates 14 were the result of a one-pot conden-

sation of an aldehyde, a primary amine and phosphite P(OMe);

with copper triflate acting as Lewis acid. Electron-poor and

electron-rich aromatic aldehydes gave good results, whereas ali-

phatic aldehydes gave moderate yields (Scheme 11) [24].
coupllng site

equiv)

oTf
+ Yo
R” “SO,Ph
T™S

Y =Se, S
X=1,Br, Cl,

o ey OO0
R v <O v 7/
R=H, Me, F

R1 = 4-M9-C6H4, Ph, 2-Me-CGH4, 4-OM9-C6H4, 4-N02-CGH4,

ot N Y0

Scheme 10: Synthesis of 0-halo-substituted aryl chalcogenides 13.

MeCN, 40 °C, 24 h,

@,
500 rpm X \
13 Vgt
CN 28 examples
R2

yield: 9-86%
R
96
¥

R = Me, NO,, OMe

2-thienyl, n-Bu, Bn

\\/N Me
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R-CHO * R2NH, *+ P(OMe);

R! = Ph, 4-CI-CgH,, 4-OMe-CgH, 4-CF3-CgHa, 4-CN-CgH,

4-N02-CGH4, 4-OH-C6H4, iPr
R2 = Ph, 4-OMe-CgH, Bn, iPr

Scheme 11: Synthesis of a-aminophosphonates 14.

The asymmetric conjugate addition of dialkylzinc and benzalde-
hyde to unsaturated carbonyls under copper catalysis in the
presence of optically pure phosphanes was realized with high

diastereo- and enantioselectivities (Scheme 12) [25].

Providing cyclic compounds

For more than a century, Biginelli's reaction has been known as
an effective tool for the construction of dihydropyrimidines
through a three-component process by condensation in an acidic
medium of an aldehyde, urea and a 1,3-dicarbonyl compound
[26,27]. In these reactions, the use of catalytic Cu(OTf), proved
to be an excellent triflate surrogate, also revealing a remarkable
reuse activity. The first example of a Biginelli reaction carried
out with Cu(OTf), catalysis was reported by Sudalai and
co-workers in 2003 (Scheme 13) [28]. Working in acetonitrile

at room temperature, very high yields were obtained with recy-

o) L (10 mol %) %
( M Cu(OTf), (4 mol %) (M OH
n
o/ [(alkyl),Zn], PhACHO O~ Ph
toluene, —30 °C, 24 h alkyl 15
3 examples

yield: 74-92%

98% ee
0] L (2.4-10 mol %)
Cu(OTf), (1—-4 mol %)

0
T
" O Ph

[(alkyl)2Zn], PACHO
toluene, —=30 °C, 24 h

OH

Slkyl 16
8 examples
yield: 40-91%
>90% ee
O
L (5 mol %) 9
| Cu(OTf), (2 mol %) 17
o
TH|=[(a”;}(I)I)°2(Z;n]24 h “alkyl
T ’ 2 examples
yield: 58-66%
98% ee

Scheme 12: Synthesis of unsaturated furanones and pyranones 15-17.

Beilstein J. Org. Chem. 2025, 21, 122—145.

NHR?
Cu(OTf), (1 mol %
(OTfz (1 mol %) RH\P(OMG)Z
MeCN, 25 °C, 5 h 14 '(')
11 examples

yield: 56-97%

cling of the catalyst with negligible loss of activity. The reac-
tion is successful also by operating it in ethanol as a solvent
under microwave irradiation [29]. More recently, the Biginelli
reaction was carried out starting from salicylaldehyde provid-
ing hydroxyphenyl-substituted dihydropyrimidines 18 [30].
Subsequently, the regioselective oxidation of the dihydropyrim-
idine ring in the presence of CAN allowed the formation of new
pyrimidinone derivatives 19.

The efficacy of Cu(OTf); as a catalyst in three-component pro-
cesses was also demonstrated in three-component reactions in-
volving alkynes, amines and a,B-unsaturated aldehydes to
obtain 1,4-dihydropyridines 20 (Scheme 14) [31]. By using ter-
minal alkynes, 2,6-unsubstituted products were achieved.
Concerning the mechanism, it is plausible to assume as

the key step for ring formation an aza-Diels—Alder reaction be-

iPr
Crvy
PPh, ©

alkyl = Et, iPr, Me, (CH3),CH(CH>)3

NHn-Bu
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Cu(OTH), (1 mol %)

[28] MeCN, 12 h, rt
24 examples
yield: 60-95%
o R o R
0 O O o) !
29] | cu(OTf), (2 mol % \
I L L u(OTf, (2mol %) I CAN
R3 NH R3 SN
R “H Rzﬂ\/U\R3 HoN™ “NH, EtOH, 100 °C : | By ' 50 | e
1h, 200 W 118 RZ N7 O, RZ N0
22 examples o H_o__. H
yield: 90-96% 19
[30] | Cu(OTf), (2 mol %)
DMSO, 2 h, MW
20 examples
yield: 1-79%
[28]

R' = Ph, 2-CI-CgHy4, 3-CI-CgHy, 4-CI-CgH,4, 4-OMe-CgHy, 4-OH-CgHy, 4-NO,-CgHy, 3-NO»-CgH,, 4-CN-CgHy, 4-(CH3)oN-
CgH4, 3-OMe-4-OH-CgH3, 3-OMe-4-OH-CgH3, 3,4-(OMe),-CgH3, 3,4,5-(0OMe);-CgHa, 3,4-(0-CH,-0)-CgH3,
3-(cyclopentyloxy)-4-OMe-CgH3, 2-OH-4-CI-CgH3, 2-OH-4-Br-CgH3, 3-NO,-4-Me-CgHg, 1-naphthyl, 2-furyl, Cy, n-CgH47

RZ= Me

R! = Ph, 2-Br-CgHa, 3-Br-CgHa, 4-Br-CgHa, 2-Cl-CgHa, 3-Cl-CgHa, 4-Cl-CgHa, 1-naphthyl, 2-naphthyl, 4-NO»-CgHa,
3-OH-CgHa, 4-Me-CgHg, 3,4-(Me),-CgHs, 2-CF3-CgHa, 3-thienyl, 2-furyl, 4-SMe-CgHy, 4-CO,Me-CgHa, 2-1-CgHa,

4-OMe-CgHy, n-pentyl, Cy
RZ = Me

R3 = OEt, Me, Et, n-Pr

56%

Scheme 13: Synthesis of substituted dihydropyrimidines 18.

tween the alkyne and the imine generated by dehydration be-
tween the aldehyde and aniline. The catalyst promotes the for-
mation of the imine XI, while the high regioselectivity is ascrib-
able to the favored orientation between the electron-rich
nitrogen of the diene and the electron-poor carbon of the

alkyne.

74% 79% 72%
Me  on OH

\ N\ OH

ﬂj%
Br NO, Br

72% 79% 7%

OMe OH OH
oo

MeO OMe
74% 62% 78%

A different one-pot procedure affording tetrahydropyridines
was developed employing two molecules of aromatic alde-
hydes, ethyl acetoacetate and two molecules of aniline. The
copper triflate catalyst acts in the initial formation of imine XII
and enamine XIII, reacting each other in a mechanism that

involved two Mannich-type reactions (Scheme 15) [32].
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Scheme 14: Regioselective synthesis of 1,4-dihydropyridines 20.
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Scheme 15: Synthesis of tetrahydropyridines 21.
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Activation of terminal alkynes with Cu(OT¥); is the key step for
the preparation of furoquinoxalines 22 from o-phenylenedi-
amine and ethyl glyoxylate (Scheme 16) [33]. The reaction,
which occurs with formation of C-C, C-N and C-O bonds,
involves a nucleophilic addition of the activated alkyne XIV to
the in situ-generated iminium ion XV, followed by cyclization
to form a quinoxalin-2-one intermediate XVI. A subsequent
5-endo-dig cyclization involving the triple bond furnishes the

furo-ring and the final oxidation affords the tricyclic product 22.

Substituted quinolines 23 were obtained in a convenient sol-
vent-free multicomponent reaction starting from electron-rich or
electron-poor anilines, alkyl or arylaldehydes and terminal
alkynes, performing the coupling with copper triflate as cata-
lyst, without ligand, co-catalyst or other additives. The reaction
involved the formation of the imine XVII followed by alkynyl-
ation to propargylamine XVIII, cyclization, and oxidation to
quinoline 23 (Scheme 17) [34].

Three component oxidative annulation to obtain cyclic ether-
fused tetrahydroquinolines 24 has been reported starting from
secondary anilines, cyclic ethers and paraformaldehyde
(Scheme 18) [35]. In addition to Cu(OTf), as a catalyst, the
most effective reaction conditions required a substoichiometric
amount of p-nitrobenzoic acid as an additive. Some control ex-
periments support a mechanism whose key intermediates are the
formation of the iminium ion XIX, originated from aniline with

formaldehyde which serves as the C1 building block, and the

R! NH, 0
\/E:[ + HJ\WOEt + —RS
R? NH,
(0]
R! NH, ) NH,
]@[ + HJ\H/OEt #' + H
R? NH, o) - H,0O JN
EtO,C
R'=H,F, Cl, Me, OMe, CF3 Me XV
R2=H, Me, Cl R

R3 = Ph, 4-OMe-CgHy, 4-Me-CgHy, 3-Me-CgH, R2

4-Et-CgHy, 4-iPr-CgHg, 4-F-CgHy, 3-F-CgHa,
4-C|-06H4, 3-C|-06H4, 4-Br—C6H4, 4-CF3-
CeHa, 4-n-Bu-CgHy, 2-pyridyl, 4-t-Bu-CgH,
4-CgH11-CgHg, 3,4,5-(OMe)3-CgHa,
2,4-(OMe),-CgHs, 3,4-(Cl)p-CgHg, 4-CN-
CgHy, 1-naphthyl

Scheme 16: Synthesis of furoquinoxalines 22.
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generation of the cyclic a,B-unsaturated ethers XX by
Cu(OTf),-catalyzed dehydrogenation of the corresponding satu-
rated compounds. Subsequent nucleophilic addition of the
cyclic vinyl ether to the iminium salt generates an intermediate
XXI susceptible of intramolecular electrophilic attack to give a
tricyclic structure XXII. The final deprotonation provides the
desired product 24.

The multicomponent reaction was also fruitful to obtain 1,2-
dihydroisoquinolines 25 starting from 2-alkynylbenzaldehydes,
primary amines and allylic or benzyl bromide, in the presence
of zinc and using the combination of Mg(ClOy4),/Cu(OTf), as
catalyst. The use of a mixture THF/DCE 1:20 as solvent was
mandatory, because THF was crucial for the formation of the

organozinc reagent (Scheme 19) [36].

Spiro-2,3-dihydroquinazolinones 26 were formed exploiting a
one-pot multicomponent reaction, using isatoic anhydride, ke-
tones and primary amines. The isolation of the amide intermedi-
ate XXIII obtained by the copper-catalyzed reaction between
the anhydride and the amine suggested the subsequent reaction
with the ketone to give an imine intermediate XXIV. This latter
can undergo intramolecular nucleophilic attack affording the
quinazolinone derivative 26 (Scheme 20) [37].

Polysubstituted pyrroles 27 were obtained in a cascade process
by using a-diazoketones, nitroalkenes and primary amines, in

the presence of air as oxidant. The mechanism involved the for-

Cu(OTf), (20 mol %)

toluene, 110 °C, 10 min

1
L
R2 N7 /

22

microwave

32 examples

yield: 76-93%

"""""""" L"R's"""'""""_
R3-=—Cu Cu?*
XIv
H
R NY
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Scheme 17: Synthesis of 2,4-substituted quinolines 23.

mation of a-ketocarbene XXVI from a-diazoketone, able to
react with the amine affording imine XXV after copper-cata-
lyzed oxidative dehydrogenation. The subsequent [3 + 2] cyclo-
addition reaction with the nitroalkene produces the pyrrolidine
XXVII, which then aromatizes by extrusion of HNO,
(Scheme 21) [38].

Substituted pyrrolidines 30 were achieved in an enantioselec-
tive form starting from amino acid esters, electron-poor olefins
and 4-substituted-2-picolinaldehydes or 4-methylthiazole-2-
carboxaldehyde as chelating agent, in the presence of copper
triflate and the chiral diamine ligand 28. The stereoselectivity
was directed by the formation of a proposed catalyst complex
29 involving two molecules of Schiff base (Scheme 22) [39].

The three-component annulation of aldehydes, hydrazines and
alkenes with Cu(OTf), (20 mol %) in CH,Cl, at reflux is a use-

Beilstein J. Org. Chem. 2025, 21, 122—145.

15 examples
yield: 61-89%

N__Rr?
(\
>4t
XVl
R3
Ph Ph
A R’ A Me

\
\

Ph N
Me
Ph R' = Me (67%), OMe (77%),
SMe (63%), NHCOMe (82%)
X
~
N Ph

Ph
.
R X
N OR2
R'=OMe, F
R2=Cy, t-Bu

ful tool to access substituted 4,5-dihydropyrazoles 31
(Scheme 23) [40]. The products reasonably result from a
Mannich/cyclization/oxidative transformation of the substrates
in which Cu(OTfY), is involved in more steps. The reaction
begins with a nucleophilic attack of hydrazine on the aldehyde,
activated by the copper salt, to give the corresponding hydra-
zone XXVIII. Subsequently, the formation of a Mannich-type
intermediate XXIX was hypothesized by interaction between
the hydrazone and the alkene mediated by Cu(OTf), coordina-
tion, which favors the approach of the reaction centers. It is
again a metal coordination that activates the C—C double bond
towards an intramolecular reaction to give the tetrahydropyra-
zole XXX via formation of a C—N bond. The final oxidation in
air gives the 4,5-dihydropyrazole 31.

Cu(OTY), is also capable of promoting the three-component

cascade cyclization of 2-formylbenzonitriles, alkyl aryl ketones,
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Xy R2 X Y
R + (HCHO), + R3
= A TBHP (2.0 equiv), 16 h, 80 °C 24

38 examples
yield: 21-81%

R2 = Et (74%), Me (72%),
iPr (69%), n-Bu (65%),
Cy (62%), allyl (45%),
(CH3):NHPh (34%),
Bn (58%), CH,CO,Et (46%),
(CH5),CN (48%), 2-NO,-CgH4 (21%)

R! = Me (75%), OMe (81%),
F (63%), Cl (52%), Br (55%),
CF3 (47%), NO, (60%),
CN (56%)

R2 = Me (61%),
CH,CO,Et (56%)

Scheme 18: Synthesis of cyclic ether-fused tetrahydroquinolines 24.

and diaryliodonium salts to afford 2-arylisoindolinones 32
(Scheme 24) [41]. It is conceivable that the reaction starts with
the formation of an N-arylnitrilium cation XXXI that, after
hydrolysis, reacts with an enol species activated by the copper
catalyst, affording the final product. The same research group
reported an extension of this study by starting from arylacet-

ylenes instead of arylketones [42].

R2 = 4-Me-CeH4 (53%),
Ph (45%)

Imidazo[1,2-a]pyridine derivatives 33 can be achieved by
Cu(OTf),-catalyzed multicomponent reactions starting from
different reagents. In a first approach proposed by Meshram and
co-workers, pyridin-2-one, O-tosylhydroxylamine and aceto-
phenone treated in an ionic liquid assembled through the
cascade formation of three C—N bonds to give the imidazo[1,2-
a]pyridine scaffold 33 (Scheme 25) [43]. The reaction is facili-
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Zn (1.4 equiv)

O R3
Cu(OTf), (10 mol %) )
X H Mg(ClO4), (10 mol %) N
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= DCE/THF 20:1, 70 °C = 1

X R

\

R? 25
38 examples

1= - - -
R" = Ph, 4-OMe-CgH,, n-Bu, cyclopropyl yield: 35-90%
R? = Ph, 4-OMe-CgHg4, 4-Me-CgHy, 4-F-CgHg, 4-CI-CgHa, Bn, iBu

R3=Bn, allyl

Scheme 19: Practical route for 1,2-dihydroisoquinolines 25.
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X = CHy, O, S, CH-t-Bu (58%), phenethyl (65%)
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n=0(70%), 1 (85%) n=0(70%), 1 (73%), 2 (50%)
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Scheme 20: Synthesis of 2,3-dihydroquinazolin-4(1H)-one derivatives 26.

tated under microwave irradiation and can be extended to the plex of the enamine XXXII resulting from the reaction be-
preparation of an imidazo-fused (benzo)thiazole skeleton 34  tween acetophenone and O-tosylhydroxylamine, which occurs
starting from (benzo)thiazol-2-ones instead of pyridin-2-ones.  with elimination of TsOH. The so-obtained imino—copper com-
Moreover, the Cu(OTf), in [bmim]BF,4 can be recovered and  plex XXXIII gives rise to an intramolecular C—N bond forma-
reused for multiple processes. The key step of the mechanism is  tion releasing Cu(OTf),. The final bicyclic product 33 arises

the attack of the protonated pyridin-2-one to the copper-com-  from isomerization and water elimination.
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Scheme 21: Synthesis of polysubstituted pyrroles 27.
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Scheme 22: Enantioselective synthesis of polysubstituted pyrrolidines 30 directed by the copper complex 29.
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Scheme 23: Synthesis of 4,5-dihydropyrazoles 31.

Recently, Singh's research group developed a cascade process
to access imidazo[1,2-a]pyridines-linked isoxazoles 35. Isoxa-
zole carbaldehydes treated with 2-aminopyridines and isoni-
triles in the presence of catalytic amounts of Cu(OTf); lead to
the formation of the products through formation of one C-C
bond and three C—N bonds (Scheme 26) [44]. The same proce-
dure allows a more general scope, giving access to imidazo[1,2-
alpyrimidine, imidazo[1,2-a]pyrazine and imidazo[2,1-b]thia-
zole derivatives. From the mechanistic point of view, it is ex-
pected that the reaction proceeds via formation of an imine
XXXIV between isoxazole carbaldehyde, activated by the
copper salt, and 2-aminoazine, which in turn undergoes a non-
concerted [4 + 1] cycloaddition involving isonitrile to give the
imidazole ring of intermediate XXXV. Finally, the final prod-
uct 35 is yielded via a 1,3-hydride shift.

The reaction between diazo derivatives, nitriles, and azo-
dicarboxylates catalyzed by Cu(OTf); is an efficient synthetic
method to obtain 2,3-dihydro-1,2,4-triazole derivatives 36
(Scheme 27) [45]. The reaction proceeds via a [3 + 2] cycload-
dition reaction between azodicarboxylates and nitrile ylides
XXXVI as 1,3-dipoles.

diazoalkanes under the coordination of the copper catalyst to

The latter are generated from

form a carbenoid species that undergoes nucleophilic attack of

\ HO H 3N
>TN‘N—R2
R*H
XXVl

R2-NH

\

Nx\
(TfO).Cu R!

S

R’ HN R2 Cu(OTf),
XXIX

Cu(OTf)2

the nitriles. This transformation has demonstrated high toler-
ance to functional groups and runs, under mild conditions, with
electron-poor diazo derivatives such as 2-diazoacetate, 2-diazo-
acetonitrile, 2-diazo-1,1,1-trifluoromethane, diazoamide, and

diazophosphonate.

Condensation of 2-naphthol, aromatic aldehydes and acyclic
1,3-dicarbonyl compounds catalyzed by copper triflate under
ultrasound irradiation allowed the one-pot formation of
1H-benzo[f]chromen-2-yl(phenyl)methanones (naphthopyranes)
37. The comparison with conventional method showed better
yields and shorter reaction times. The suggested reaction mech-
anism showed the formation of an ortho-quinone methide inter-
mediate XXXVII formed through nucleophilic attack of the
2-naphthol to the aldehyde followed by reaction with 1,3-dicar-
bonyl compound coordinated by the copper. The subsequent
intramolecular nucleophilic attack of the oxygen to the enol and
water elimination resulted in the final product 37 (Scheme 28)
[46].

Analogously, benzo[g]chromene derivatives 38 were achieved
starting from 2-hydroxynaphthalene-1,4-dione, aromatic alde-
hydes and malononitrile with copper triflate as catalyst and

ultrasonic irradiation (Scheme 29) [47].
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Scheme 24: Synthesis of 2 arylisoindolinones 32.
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Scheme 25: Synthesis of imidazo[1,2-a]pyridines 33.

Naphthalene-annulated 2-aminothiazoles 39 were prepared
exploiting the multicomponent reaction by using aminonaph-
thalenes, CS, and secondary amines. The mechanism involved

OMe (76%), Cl (88%),
Br (88%)

= H (88%), Me (79%), OMe (77%),
Cl (90%), Br (89%), F (90%),
NO, (89%)

Analogously, piperazinylthiazoloquinolines 40 and thiazolo-
coumarins 41 were obtained using piperazine or piperidine, CS,
and substituted quinolines or coumarins [49].

the Ullmann-type coupling of the bromo(amino)naphthalene

with the dithiocarbamate salt followed by intramolecular
nucleophilic attack of the naphthalene amino group to the C=S
bond. The subsequent elimination of H,S afforded the final

product (Scheme 30) [48].

The synthesis of furo[3,4-b]pyrazolo[4,3-flquinolinones 42 was
achieved via the one-pot reaction of tetronic acid, 5S-aminoinda-
zole and arylaldehydes under copper catalysis and ultrasonic ir-

radiation, in acetonitrile as solvent. The mechanism involves a
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Scheme 26: Synthesis of isoxazole-linked imidazo[1,2-a]azines 35.
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Scheme 27: Synthesis of 2,3-dihydro-1,2,4-triazoles 36.

Knoevenagel condensation between the tetronic acid and the
arylaldehyde as first step, followed by a Michael-type addition
of 5-aminoindazole to afford the first coupling product
XXXVIII. The subsequent intramolecular amination and dehy-
dration then leads to the final product (Scheme 31) [50].

Polycyclic spiroindoline-3,4’-pyrano[3,2-b]pyran-4-ones 43
were synthesized exploiting the three-component reaction of
isatin, 5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one (i.e. kojic
acid) and malononitriles or cyanoacetates (Scheme 32) [51].
Compared to other Lewis acids, Cu(OTf), proved to be the best.
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Scheme 28: Synthesis of naphthopyrans 37.
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0

CHO
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Ar = 3-OCH,Ph-4-OMe-CgH3, 4-Cl-CgHg, 4-NO,-CgHa, 4-Br-CgHg, 4-OH-CgH,
2-OH-CgHa, 2,5-(Cl),-CgHa, 2-OH-3-OMe-CgHs, 2-OMe-4-OCH,Ph-CgHg,
3-Cl-CgHq

Scheme 29: Synthesis of benzo[g]chromene derivatives 38.

Mechanistically, the process begins with a Knoevenagel-type
condensation between isatin and the cyano derivative, yielding
a 3-alkylidene-substituted oxindole XXXIX that, after coordi-
nation with Cu(OTf),, is able to react with the enolic form of
kojic acid to generate the C-alkylated intermediate XL. Subse-
quent intramolecular nucleophilic attack of the enolic hydroxy
group to the copper-activated cyano group, results in a spiro-
cyclized intermediate XLI that affords the final product by de-
protonation and loss of the copper species.

Four-component reactions
Two different four-component procedures catalyzed by
Cu(OTH), are reported in the literature, both to access 1,2,3-tri-

azole derivatives. The first one is a cascade reaction for the

Beilstein J. Org. Chem. 2025, 21, 122—145.

Cu(OTf), (10 mol %)
DCE, reflux, ultrasound

37

8 examples
yield: 82-94%

U(OTf)2

— R o CU(OTh,
7/ H
0
Ph
Ph Cu(OTf),

OH
Cu(OTf),

Cu(OTf), (5 mol %)

ultrasonic irradiation

o 38

10 examples
yield: 86—-96%

preparation of a-alkoxy-N-alkyltriazoles 44 that was developed
starting from aliphatic aldehydes, alcohols, TMSN3 as azide
source and alkynes (Scheme 33) [52]. The reaction occurs under
mild conditions in acetonitrile at room temperature but is inhib-
ited when using aromatic aldehydes and phenols. The mecha-
nism involves the reaction of the azide with the hemiacetal
XLII generated in situ from the aldehydes and alcohols, fol-
lowed by coupling with the alkynes to form the triazole ring.
Both, copper triflate and copper metal are essential for the
success of the reaction.

On the other hand, 4-(a-tetrasubstituted)alkyl-1,2,3-triazoles 45

can be obtained by a two-step reaction of cyclohexanone,

amines, silylacetylene, and aryl or alkyl azides in the presence
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N 2
" B RR R2 S R? R i
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Br N-L R1N SH s
HoN R1)S N
Cu(OTf), | HoN
CO=m o) o

Z 39

13 examples [48]
yield: 49-86%

0 R1 = Et
=
I R2 = Ph 4-OMe-CgH, ‘
2 2
R‘N’<S R = R2 = -(CHy)s-, N O R2=Ph
SN (CHz)s', iPr R = -(CHz)s-, -(CH2)s-

1 N
R X =0, NMe, NEt
o
Br CS, =
HoN (\NH K,CO3, Cu(OTf), — s X
=Y . R-Y,  N—
DMF, 120 °C, 13-21 h \
xS0 N
X = NMe 40
V=N, CH, X=0M
R = Me, Et, Ph, 2-CI-CgHy, 2,3-(Cl),-CgH3z, COMe, iPr, 2-pyridyl, 38 examples [49]

2-pyrimidine, Bn, CH(Ph),, CH(Ph)(4-Cl-CgH3), 2-F-CgHa,

4-F-CgHy, 3-CF3-CgHs, CHy-2,3,4-(OMe)sCeHy, 4-OMe-CeH, yield: 47-82%

Scheme 30: Synthesis of naphthalene annulated 2-aminothiazoles 39, piperazinyl-thiazoloquinolines 40 and thiazolocoumarins 41.

O
?\Jé . CHO /@i/ Cu OTf),
MeCN reflux
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Ar = Ph, 4-OMe-CgHy, 4-Me-CgHy, 4-Br-CgHy4, 2-Br-CgHy, 4-Cl- 10 examples
C6H4, 2-C|-CGH4, 4-N02-C6H4, 3-N02-CGH4, 2,4-(C|)2-C6H4 y|e|d 85-92%

o}
7~ HoN !
(TfO),Cu Cu(OTf), XXXVII

Scheme 31: Synthesis of furo[3,4-b]pyrazolo[4,3-flquinolinones 42.
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H,N
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N O OH
R1 43
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yield: 77-93%
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) CN HO
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Scheme 32: Synthesis of spiroindoline-3,4’-pyrano[3,2-b]pyran-4-ones 43.

o)
o H? + I + TMSN;
H R1 R2 R3
Q 2
R
o H)kw )
R2  Cu(OTf), R
XLII OH

R' = n-pentyl, Et, Bn, phenethyl, n-propyl

Cu(OTf),

_N
Cu (1.0 equiv) '}"/ R3
Cu(OTf), (5 mol %), RZ’O N
MeCN, rt, 10-16 h R 44
12 examples

yield: 70-80%

Y
R2 = Bn, allyl, Cy, (CH,)30Bn, / z C

R3 = Ph, n-hexyl, n-pentyl, t-Bu, 4-Ph-CgH,4

Scheme 33: Synthesis of N-(a-alkoxy)alkyl-1,2,3-triazoles 44.

of copper(Il) catalysts (Scheme 34) [53]. In a first step, there
is the formation of a propargylamine derivative XLIII,
followed by silyl deprotection and azide cycloaddition resulting
in the triazole product. The presence of Cu(OTf), as the
catalyst, sodium ascorbate as a mild reductant and TBAF to
deprotect the alkyne moiety are crucial in the cycloaddition

step.

TMSN;
R1/\(O R3E
N3
Conclusion

In this review the developments on the multicomponent synthe-
sis of acyclic and heteropolycyclic systems under copper(1l)
triflate catalysis are reported. Using alkenes and alkynes as sub-
strates, various types of reactions were considered, including
hydroamination, condensation, cross-coupling, C—H functional-

ization, cycloaddition, aza-Diels—Alder, also in regio- and
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Scheme 34: Synthesis of 4-(a-tetrasubstituted)alkyl-1,2,3-triazoles 45.

stereoselective processes. The interest for these strategies arises
from the cost-effectiveness as one-pot processes, the ease of ap-
plication and the great efficiency when directed to the synthesis
of biologically active compounds.
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In recent decades, organic electrosynthesis has emerged as a practical, sustainable, and efficient approach that facilitates valuable

transformations in synthetic chemistry. Combining electrochemistry with transition-metal catalysis is a promising and rapidly

growing methodology for effectively forming challenging C—C and C-heteroatom bonds in complex molecules in a sustainable

manner. In this review, we summarize the recent advances in the combination of electrochemistry and copper catalysis for various

organic transformations.

Introduction

Transition-metal-catalyzed cross-coupling has emerged as an
effective method for forming carbon—carbon (C-C) and
carbon-heteroatom (C-X, where X = N, O, or halogens) bonds
in organic synthesis. Copper was one of the first transition
metals employed in cross-coupling to form C—C and C-X bonds
[1,2]. In 1901, Ullmann reported the first cross-coupling reac-
tion for the formation of biaryl compounds in the presence of
stoichiometric quantities of a copper reagent [3]. This
pioneering work, known as the “classical Ullmann reaction”,
was extended by Ullmann and Goldberg to enable the C—N and
C-0O bond formation [4-6]. Subsequently, key developments in

Cu-catalyzed cross-coupling reactions were achieved, includ-

ing the Rosenmund—von Braun reaction [7], Hurtley’s coupling
[8], and the Cadiot—Chodkiewicz reaction [9]. However, these
classical reactions often restrict the substrate scope and func-
tional group compatibility due to the harsh conditions required,
such as strong bases, high temperatures, and stoichiometric
amounts of copper reagents. Consequently, investigation into
more practical and sustainable reactions remains an area of

ongoing research [10].
Conventional cross-coupling reactions typically require C(sp2)-

based electrophiles and nucleophiles as coupling partners. Gen-

erally, the reaction is initiated through oxidative addition, fol-
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lowed by transmetalation and reductive elimination, to obtain
the desired product. Throughout the catalytic cycle, the catalyst
undergoes conversion between [M]" and [M]++2 (Figure 1) [11].
However, using alkyl electrophiles as coupling partners in
cross-coupling reactions remains a significant challenge owing
to the high energy barrier required for oxidative addition and
facile f-hydride elimination [12]. The development of radical
approaches facilitated by transition-metal catalysis has provi-
ded a promising solution to overcome the limitations of conven-
tional coupling reactions, particularly in controlling the high re-
activity and selectivity of radical intermediates [13,14]. Early
studies on copper-mediated radical reactions, such as Julia’s
work on radical cyclization reaction [15], along with advance-
ments in dimerization [16,17], oxidative cleavage [18,19], and
olefin addition reactions [20] conducted by various research
groups, contributed to this area of research. Recently, the cou-
pling reactions of C(sp?)-based electrophiles were explored
using dual photoredox and copper catalysis, achieving selective
radical coupling reactions involving alkyl halides [21-24].
Moreover, copper-catalyzed asymmetric radical cross-coupling
has advanced significantly over the past decade [25-27], with
notable examples including Liu and Stahl’s enantioselective
cyanation of benzylic C—H bonds using a Cu/chiral bisoxazo-
line catalyst [28], along with the Peters’ and Fu’s asymmetric
C-N bond cross-coupling reactions by merging photoredox ca-
talysis with copper catalysis [29,30].

Building on the success of photoredox catalysis, electrochem-
istry has emerged as a complementary and attractive strategy
for promoting sustainability of organic synthesis. By offering
viable alternatives to conventional chemical oxidizing and
reducing agents [31], electrochemical reactions not only enable

substrates to undergo single-electron transfer at the cathode or
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anode, either directly or indirectly, generating highly reactive
radical intermediates, but also allow direct electron transfer to
the metal catalyst without the need for chemical redox agents,
thus providing milder and more sustainable reaction conditions
(Figure 2) [32]. Electrochemical reactions can be performed at
low potentials, thereby suppressing side reactions, and chemo-
selectivity and reactivity can be achieved by precisely control-
ling the potential. Additionally, the merging of electrochem-
istry and transition-metal catalysis offers advantages in control-
ling substrate activation, intermediate reactivity, and bond for-
mation, as well as facilitating asymmetric transformations. As a
result, electrochemical reactions have become valuable tools in
modern synthetic chemistry. Over the past 15 years (since
ca. 2010), synthetic organic electrochemistry has undergone
remarkable growth, enabling the development of new types of

reactions [33].

Numerous review articles have been published [32-38], howev-
er, no comprehensive review focusing on Cu-catalyzed electro-
chemistry has been reported to date. Copper catalysts are poten-
tial candidates for pharmaceutical applications owing to their
abundance, low cost, and lower toxicity compared with noble
transition metals such as palladium [39]. In terms of sustain-
able chemistry, the combination of copper catalysis and electro-
chemistry is particularly attractive for overcoming challenges
associated with conventional methods, and it has led to exten-

sive research in recent years.

In this review, we highlight the unique contributions of electro-
chemical copper catalysis to organic synthesis, focusing on
recent developments in Cu-catalyzed electrochemical reaction
categorized into four types: 1) C—H functionalization, 2) olefin

addition, 3) decarboxylative functionalization, and 4) coupling

b) radical-mediated cross-coupling reaction

reductive elimination radical generation
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Figure 1: General mechanisms of traditional and radical-mediated cross-coupling reactions.
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reactions (Figure 3). This review aims to provide insight into
the potential of copper-based electrochemical methodologies N\
+ -

while also inspiring future research in this rapidly growing A U/ J\
field. C-H functionalization
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Site- and chemoselective C—H functionalization has emerged as N
a powerful platform for the formation of new C-C and \
C-heteroatom bonds, offering an efficient and economical ap- [ —Cu ] v
proach for molecular synthesis [40]. This strategy has been
widely applied in synthetic chemistry, the pharmaceutical —COOH
industry, and materials science. Over the past few decades, tran- decarboxylative
sition-metal-catalyzed C-H activation reactions have been functionalization —B(OH),

widely developed. Late-stage C—H functionalization of highly
complex and diverse molecules, such as those of pharmaceuti-
cals and natural products, has provided new retrosynthetic
disconnections for complex compounds, contributing to im-
proved resource efficiency [41-46]. Recently, the merging of
C-H activation and electrochemistry has emerged as a potential
synthetic tool for the formation of new C—C, and C-heteroatom
bonds using electricity to replace the stoichiometric amounts of

conventional chemical redox reagents [47].
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Figure 3: Recent developments and features of electrochemical
copper catalysis.
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C—C Bond formation

In 2019, the Ackermann group established a synthetic method
for isoindolones using a Cu-catalyzed electrochemical C-H ac-
tivation strategy through C—H alkynylation of arylamides fol-
lowed by electrooxidative cascade annulation (Figure 4) [48].
This reaction enables sustainable C—H functionalization by
utilizing electricity as the terminal oxidant instead of stoichio-
metric amounts of toxic chemical oxidants and releasing hydro-
gen gas as the sole byproduct. Various benzamides 1 and termi-
nal arylalkynes 2 bearing electron-rich or electron-withdrawing
groups provided the desired products 3 with high chemoselec-
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tivities. However, terminal alkynes with alkyl substituents did
not yield the desired annulation products. Moreover, the same
products were generated using alkynyl carboxylic acids instead
of terminal alkynes via decarboxylative C—H alkynylation and

annulation.

Cyclic voltammetry (CV) studies exhibited an oxidative current
at 0.95 V vs SCE in the presence of the Cu(Il) salt, base, and
benzamide, however, no relevant competitive oxidation peak
was observed with only Cu(OAc),. These results indicate that
Cu(IlI) intermediate 5 was generated. Based on the mechanistic
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Figure 4: Scheme and proposed mechanism for Cu-catalyzed alkynylation and annulation of benzamide.
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studies, the authors suggested plausible reaction mechanisms
(Figure 4). First, the Cu(Il) catalyst coordinates with substrate 1
in the presence of a base to form Cu(II) complex 5, which
undergoes anodic oxidation to generate Cu(Ill) intermediate 6.
Carboxylate-assisted C—H activation of the benzamide subse-
quently leads to the formation of Cu(Ill) species 7. Metalation
of the terminal alkyne 2, followed by reductive elimination,
produces C-H alkynylated arene 10, which then forms the final
product 3 through intramolecular cyclization. Finally, the Cu(I)
complex 9 produced via reductive elimination is reoxidized at
the anode to regenerate the Cu(II) complex 4, completing the
catalytic cycle.

Yao and Shi developed the enantioselective C—H alkynylation
of ferrocene carboxamides with terminal alkynes by using Cu/
BINOL and an electrocatalytic system (Figure 5) [49].
8-Aminoquinoline-assisted C—H functionalization provided
planar chiral ferrocenes with high yield and enantioselectivity.
This reaction can be applied to a wide range of substrates, in-
cluding arylacetylenes with electron-donating and electron-
withdrawing groups, and ferrocenyl amides with alkyl and acyl
substituents on the other Cp ring. Additionally, the reaction
showed similar reactivity and enantioselectivity on a 1 mmol

scale.

In 2020, Mei et al. reported the asymmetric C(sp?)-H alkynyl-
ation of tertiary cyclic amines by merging Cu(II)/TEMPO catal-
ysis with electrochemistry to yield chiral Cl-alkynylated tetra-
hydroisoquinolines (THIQs) (Figure 5) [50]. As a co-catalytic
redox mediator, TEMPO plays an essential role in the forma-
tion of iminium intermediate 15 and in decreasing the oxidation
potential. A range of functional groups, such as halides, ethers,
and heterocycles, were tolerated well, yielding the correspond-
ing enantioenriched products 14 with high enantioselectivity in
the presence of chiral bisoxazoline ligand L2.

A possible mechanism is depicted in Figure 5. First, TEMPO is
converted to TEMPO™ through anodic oxidation, and iminium
intermediate 15 is created through hydride transfer from THIQ
(13) to TEMPO*. TEMPO-H, generated during the hydrogen
transfer step, then returns to TEMPO" through anodic oxida-
tion. Chiral acetylide species 17 is produced from the terminal
alkyne 2 in the presence of a chiral copper catalyst and base,
which reacts with the electrophilic iminium intermediate 15 to
yield the desired chiral product 14. Active Cu(l) is regenerated
either through cathodic reduction or by reaction with
TEMPO-H.

A year after the Mei group’s report, the Xu group developed the
electrocatalytic racemic C(sp3)—H alkynylation of THIQs with

terminal alkynes in a continuous-flow microreactor using
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copper/TEMPO relay catalysis [51]. The electrocatalytic reac-
tion in continuous flow facilitates straightforward scale-up and

demonstrating a broad substrate scope.

In 2023, the Mei group reported the C(sp>)-H alkenylation of
THIQs with acrolein by a combination of Cu/TEMPO and elec-
trooxidation (Figure 6) [52]. CV experiments demonstrated that
TEMPO was a suitable redox mediator, and on/off experiments
confirmed that the reaction continued even without electrolysis.
THIQ (13) was rapidly oxidized to an iminium intermediate
under the action of electricity and oxygen. However, when the
iminium intermediate was converted to the desired product 19,
electrolysis had no effect, and this step proceeded more gradu-
ally than the initial oxidation step. Therefore, the optimized
conditions allowed the reaction to proceed under a constant cur-
rent electrolysis at 1.5 mA for 6 hours, followed by stirring for
additional 24 hours with the electricity turned off. These reac-
tion conditions were applicable to various N-aryl-THIQ deriva-
tives with various functional groups. Using quinine as a chiral
ligand under standard conditions, the chiral product was ob-
tained with a high yield and 79% ee.

Enantioselective C(sp3)—H functionalization is an attractive
strategy for synthesizing chiral molecules. Significant progress
has been achieved in transition-metal-catalyzed asymmetric
C-H functionalization with directing groups, however,
achieving similar results without the assistance of a directing
group continues to be a significant challenge [53,54]. Radical-
based approaches can facilitate C(sp3)-H functionalization with-
out directing groups, however, controlling the selectivity is
difficult. In 2022, Xu and co-workers established a site- and
enantioselective cyanation of benzylic C(sp?)-H bonds using an
electro-photochemical strategy (Figure 7) [55]. The reaction
conditions show a broad substrate tolerance, and the late-
stage functionalization of complex molecules derived from
natural products and drugs has proven to be useful in these reac-
tions.

As shown in Figure 7, the photocatalyst sodium anthraquinone-
2,7-disulfonate (AQDS) is excited by 395 nm light to form
AQDS* and undergoes electron transfer with arylalkanes 20 to
generate an ion-radical pair (AQDS"™, 20°*). This ion radical
pair (AQDS"™, 20°*) then generate a benzylic radical 23 and a
semiquinone radical ([AQDS-H]") through proton transfer.
The benzylic radical intermediate 23 subsequently reacts
with the chiral copper catalyst L3Cu(II)(CN), (25) to form a
Cu(III) complex 26, which undergoes reductive elimination
to produce a chiral product 22. The reduced copper catalyst 24
and [AQDS-H]" are reoxidized to L3Cu(II)(CN), (25) and
AQDS at the anode, respectively, completing the catalytic

cycle.
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Figure 5: Scheme and proposed mechanism for Cu-catalyzed asymmetric C—H alkynylation.
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Figure 6: Scheme for Cu/TEMPO-catalyzed C—H alkenylation of THIQs.

In the same year, following a similar approach, the Liu group
explored a Cu-catalyzed photoelectrochemical enantioselective
cyanation of benzylic C(sp3)—H bonds (Figure 7) [56]. A wide
range of electron-poor and electron-rich alkylarenes 20 are suit-
able substrates for this electrophotocatalytic radical relay
strategy. Additionally, late-stage functionalization of bioactive
molecules provides the corresponding chiral cyanation prod-

ucts with high enantioselectivity.

The catalytic cycle is depicted in Figure 7. The photoexcited
photocatalyst anthraquinone (AQ¥*) acts as a hydrogen-atom
transfer (HAT) acceptor and transforms the alkylarene 20 into
benzylic radical intermediate 23 together with reduced
[AQ-H]". The benzylic radical intermediate 23 is captured by
the L2Cu(II)(CN), complex 25 and then undergoes reductive
elimination to provide the chiral nitrile product 22. Finally, the
reduced [AQ-H]* and L2Cu(I)CN (24) are reoxidized at the
anode to complete the catalytic cycle.

In 2023, Xu and Lai developed a three-component system for
the enantioselective dicarbofunctionalization of olefins, using
photoelectrocatalysis with asymmetric copper catalysis
(Figure 8) [57]. This asymmetric heteroarylcyanation of
arylalkenes 27 via C-H functionalization has a broad substrate
scope, including various arylalkenes and heteroarenes, yielding

enantioenriched nitrile products 29.

The proposed mechanism is illustrated in Figure 8. [Mes-Acr-
Ph]** is generated through the photoexcitation of the photocat-
alyst [Mes-Acr-Ph]*, which undergoes electron transfer to the
heteroarene 28, resulting in the formation of the [Mes-Acr-Ph]’
and heteroarene radical cation 30. The [Mes-Acr-Ph]° is

regenerated to the ground-state acridinium [Mes-Acr-Ph]*

64% 7%

through a single oxidation step on the anode, and the
heteroarene radical cation 30 then reacts with the arylalkene 27
to form a benzylic radical intermediate 31. The benzylic radical
intermediate 31 is subsequently captured by a chiral Cu(Il)
complex 25 to generate the Cu(III) complex 32. Subsequent re-
ductive elimination provides the chiral product 29 and the Cu(I)
complex 24. The catalytic cycle is completed when the Cu(I)
complex 24 is reoxidized to the Cu(Il) complex 25 through
anodic oxidation.

In 2023, Guo and co-workers reported Cu-catalyzed asym-
metric electrochemical regiodivergent cross-dehydrogenative
coupling of Schiff bases and hydroquinones (Figure 9) [58]. In
this approach, a chiral copper complex was used as a Lewis acid
catalyst, yielding various synthetic routes for synthesizing chiral
amino esters containing a quaternary stereocenter, and the
control of regioselectivity depended on the bulkiness of the sub-
strates. Additionally, the electrochemical system served as an
internal syringe pump, generating quinone from hydroquinone
in situ through anodic oxidation, which enhanced the enantiose-
lectivity. First, the reaction of ketimine ester 33 and 2,3-
dimethylhydroquinone at 10 °C provided the chiral 1,4-addi-
tion product 35 via dynamic kinetic asymmetric transformation
(DyKAT). Conversely, when the reaction was performed at
—10 °C, the reaction pathway switched from DyKAT to kinetic
resolution (KR) of the racemic ketimine ester, providing the
same chiral product 35 with recovered enantioenriched starting
material. Additionally, when a 1-naphthyl ester was used
instead of a methyl ester at —10 °C, 1,4-addition followed by
intramolecular tandem annulation generated the corresponding
chiral product 36. Finally, using 1-naphthyl ester and relatively
bulkier 2,6-dimethylhydroqunone as starting materials pro-
duced chiral 1,6-addition products 37.
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Figure 7: Scheme and proposed mechanism for Cu-catalyzed electrophotochemical enantioselective cyanation of benzylic C(sp®)-H bonds
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In mechanistic studies, using quinone 38 instead of hydro-
quinone 34 in the electrochemical-free process produced the
desired product 36, with a similar yield but a significantly lower
ee (48%) than that obtained under standard electrochemical

conditions. By contrast, when quinone was added gradually

over 4.5 h using a syringe pump, the desired product 36 was ob-
tained with a similar yield and enantioselectivity. This result
corresponded to that of a standard Cu-catalyzed electrochemi-
cal protocol. Based on mechanistic studies, the proposed mech-

anism is shown in Figure 9. First, hydroquinone 34 is oxidized

163



Beilstein J. Org. Chem. 2025, 21, 155-178.

R’I
SN
CO,R?
1,4-addition 0 R
R2=Me, R®=H, R* = Me
1 ol e L4, 10°C o Me SN o
R R3 o.  Cu(MeCN),BF, (10 mol % 1,4-addition and Me
Sy . “H L4 or L5 (12 mol %) intramolecular cyclization 35 )
HO R4 KOAc, n-BugNCIO,4 R2=1-Nap, R®=H, R* = Me R1
CO.R2 THF, T, under Ar L5, -10 °C HO Me
2 Me CCE@ 0.4 mA A\
undivided cell 1 6-additi N Me
33 34 ,6-addition 36
wt-Bu «Ph CO,R?
oY oYy R2=1-Nap, R3=Me, R*=H Me o ?
=N =N L5,-10°C
HO
v PPh, v PPh, Me
L4 L5
R1
HO R3
anodic N
Me oxidation LxCu
Lx=L4orL5 (0]
R* O Q
H R?
34 39 33
1,4-addition 1,6-addition
R' R
N N O ) N N
o-R
_ CO,R?2
o) Me o2
HO Me HO
Me Me
anodic 40 intramolecular 37
oxidation cyclization
R? R?
N SN O
CO,R2
0 O
(0] Me HO Me
Me Me
35 36

Figure 9: Scheme and proposed mechanism for Cu-catalyzed enantioselective regiodivergent cross-dehydrogenative coupling of Schiff bases with
hydroquinones.

at the anode to generate a quinone intermediate 38. Meanwhile, ~Subsequently, the chiral products 35-37 are produced through
the chiral copper catalyst reacts with the Schiff base 33, gener-  the reaction between the metalated azomethine ylide 39 and the
ating a nucleophilic copper-coordinated azomethine ylide 39. quinone intermediate 38. The reaction pathway, either 1,4-addi-
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tion or 1,6-addition, depends on the structure of the hydro-
quinone 34. The less sterically hindered hydroquinone promotes
1,4-addition, resulting in the formation of an a-arylated inter-
mediate 40, and different products are generated depending on
the substituents on the Schiff base. For example, a methyl-
substituted Schiff base provided a chiral quinone 35 after 1,4-
addition and electrochemical oxidation. In contrast, the naph-
thyl-substituted Schiff base generated the corresponding
enantioenriched product 36 through 1,4-addition followed by
intramolecular annulation. When 2,6-disubstituted hydro-
quinone was used as the starting material, 1,6-addition occurred
due to steric hindrance, yielding an a-aryloxylation product 37.

After their investigation of Cu-catalyzed electrochemical reac-
tions, the same group further developed synergistic Cu/Ni catal-
ysis for the stereodivergent electrooxidation of benzoxazolyl
acetate (Figure 10) [59].

In this catalytic system, copper and nickel activate identical
racemic carbonyl nucleophiles to generate Cu-enolate 44 and
Ni-enolate 43 simultaneously (Figure 10). The Ni-enolate 43
undergoes anodic oxidation through single-electron transfer,
releasing nickel-bound a-carbonyl radical 45, whereas the
copper complex 44 remains electrochemically inert under stan-
dard conditions. Subsequently, radical-polar coupling between
electrophilic Ni-bound a-carbonyl radical intermediate 45 and
remaining nucleophilic Cu-enolate 44 provides a chiral product
42 containing vicinal quaternary stereocenters with high stereo-
selectivity, and all three possible stereoisomers of the product
are accessible by adjusting the two distinct chiral catalysts.

C—N Bond formation

In 2018, Mei et al. developed the electrochemical C—H amina-
tion of arenes with amine electrophiles using copper catalysis,
which provided a step-economical approach for the synthesis of
aromatic amines by employing electricity as an oxidant
(Figure 11) [60].

Mechanistic studies have indicated that n-BuyNI acts as a redox
mediator at the anode, and the electron transfer between the
copper complex and the iodine radical is the rate-determining
step. The author proposed a catalytic cycle, as illustrated in
Figure 11. Initially, the Cu(II) catalyst 50 coordinates with sub-
strate 47 and amine electrophile 48 to generate Cu(Il) interme-
diate 51, which is then oxidized by the iodine radical to form
Cu(IIT) complex 52. Cu(IIl) complex 52 undergoes electron
transfer to produce radical cation intermediate 53. Subsequent
intramolecular amine transfer to the radical cation intermediate
53, followed by ligand exchange, yields amination product 49
and Cu(I) species 55. Cu(Il) catalyst 50 is regenerated by

anodic oxidation, thereby completing the catalytic cycle.
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In 2019, Nicholls et al. reported a Cu-catalyzed directed C—H
amination of benzamides with secondary amine electrophiles
independently (Figure 11) [61].

In 2023, De Sarkar and Baidya reported the Cu-catalyzed elec-
trocatalytic azidation of N-arylenamines, followed by denitro-
genative annulation for quinoxaline synthesis (Figure 12) [62].
Only 0.5 mol % CuCl, catalyst was required, and anodic oxida-
tion was employed instead of stoichiometric chemical oxidants.
This cascade strategy is compatible with various substituted
N-arylenamines 57 that bear electron-withdrawing and electron-
donating groups, facilitating the production of quinoxaline scaf-
folds 59.

According to the reaction mechanism outlined in Figure 12, the
copper catalyst reacts with an azide ion to generate a Cu(II)-N3
complex 60, which is then anodically oxidized to the
Cu(IIT)-N3 complex 61. The Cu(Il)-N3 complex 61 releases
the azidyl radical 62 from the azide ion 58, returning it to the
Cu(I)-N3 complex 60. The azidyl radical 62 then reacts with
N-arylenamine 57 via radical addition. Thereafter, it undergoes
oxidation to form a kinetically labile vinyl azide intermediate
64. This vinyl azide intermediate 64 dissociates, yielding Cu(II)
iminyl complex 65 via denitrogenation. Accordingly, the forma-
tion of the Cu(Il) iminyl complex 65 promotes the electrochem-
ical oxidation of Cu(IIl) iminyl complex 66, which then dissoci-
ates to generate the iminyl radical 67. Finally, the iminyl radical
delivers the quinoxaline product 59 via radical annulation, fol-
lowed by rearomatization through oxidation.

C—X Bond formation

Cu-catalyzed electrochemical reactions have been developed for
the formation of C-C, C-N, and C-X bonds. For instance, in
2013, the Kakiuchi group reported Cu-catalyzed electrochemi-
cal chlorination of 1,3-dicarbonyl compounds (Figure 13) [63].
Typical chlorination reactions are performed using electrophil-
ic chlorinating reagents or stable and readily available chloride
sources with stoichiometric amounts of chemical oxidants.
However, in this catalytic system, chloride (C17) from HCI was
used as the chlorinating agent, and electrophilic chlorine (C1*)
was generated in situ by the anodic oxidation of chloride ions,
thus replacing stoichiometric chemical oxidants. This catalytic
electrochemical chlorination method is suitable for B-ketoesters
68 with electron-withdrawing or electron-donating groups
on aryl substituents, as well as for $-diketone, and B-keto-

amides.

In 2020, Fang, Huang, and Mei et al. explored Cu-catalyzed
electrochemical C(sp%)—H bromination of 8-aminoquinoline
amide at the C5 site of quinoline using NH4Br as a brominating

reagent under anoxic oxidation conditions (Figure 13) [64].
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Figure 10: Scheme and proposed mechanism for Cu/Ni-catalyzed stereodivergent homocoupling of benzoxazolyl acetate.

This catalytic reaction has a broad substrate scope, and further ~ The catalytic cycle begins with the coordination of 8-amino-
investigation of analogous substrates demonstrates that a biden-  quinoline 71 to Cu(Il) catalyst 74, providing an arylcopper com-
tate nitrogen structure and a free N-H group are essential for  plex 76 (Figure 13). This is followed by a bromine radical

this transformation. attack that leads to the formation of a cationic brominated
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Figure 11: Scheme and proposed mechanism for Cu-catalyzed electrochemical amination.

copper complex 77. Anodic oxidation and subsequent proton Olefin addition
transfer provide the desired product 73 and regenerate the Hydrofunctionalization and difunctionalization of alkenes are

copper catalyst. valuable methods for synthesizing complex molecules from
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Figure 12: Scheme and proposed mechanism for Cu-catalyzed electrochemical azidation of N-arylenamines and annulation.

alkenes, a readily available feedstock [65]. Particularly, transi-
tion-metal-catalyzed difunctionalization has recently been ex-
tensively investigated, and asymmetric reactions have been de-
veloped [66]. Many approaches rely on the addition of a radical
species to an alkene to generate a radical intermediate, fol-
lowed by oxidation, which enables radical-polar crossover
(RPC) and the subsequent nucleophilic attack of the cationic
intermediate [67]. Alternatively, the initial radical intermediate
can be trapped by a transition-metal catalyst, followed by a
cross-coupling approach to generate difunctionalization prod-
ucts through reductive elimination. Recently, electrocatalytic

difunctionalization has been developed, and dual catalytic

systems combining transition-metal catalysis with electrocatal-
ysis have emerged [68].

In 2019, Lin et al. reported the Cu-catalyzed asymmetric elec-
trocatalytic cyanophosphinoylation of vinylarenes (Figure 14)
[69]. In the presence of a copper catalyst and the chiral ligand
sBOX(iPr) (L8) in an electrochemical cell, these three compo-
nent reactions using styrene derivatives 27, TMSCN (21), and
diarylphosphine oxide 80 as starting materials yielded the
enantioenriched phosphinoylcyanation products 81 in good
yields with high enantioselectivities. Additionally, an appro-

priate electrolyte (TBABF,4) and proton source (TFE) were used
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Figure 14: Scheme and proposed mechanism for Cu-catalyzed asymmetric cyanophosphinoylation of vinylarenes.

for this transformation without any conventional chemical
oxidants. A key factor in achieving high enantioselectivity is the
introduction of serine-derived bisoxazoline ligands L8 (sBOX).
Upon coordination with a copper catalyst, these ligands present
second-sphere ester groups, which facilitate the additional stabi-
lization of noncovalent interactions at the penta-coordinated
Cu(IIl) intermediate 82 in the enantio-determining transition

states.

Based on the mechanistic studies, a reaction mechanism is pro-
posed in Figure 14. First, the in situ-generated Cu(I)-CN com-
plex 83 is oxidized at the anode to form a Cu(I)-CN complex
84, which reacts with diarylphosphine oxide 80 to generate a
transient P-centered radical 86. The resulting Cu(I) catalyst 85

is reoxidized at the anode to regenerate the Cu(I)-CN catalyst
84. The P-centered radical 86 is trapped by the olefin 27 to
produce a benzylic radical intermediate 87 that can react with
the Cu(II)-CN complex 84 to form an alkyl-Cu(III)-CN inter-
mediate 82. This intermediate 82 undergoes enantiodeter-
mining reductive elimination to deliver the chiral phosphinoyl-

cyanation products 81 and regenerate the Cu(l) species.

The Lin group developed an electrochemical approach for the
asymmetric hydrocyanation of olefins, facilitated by a Cu/Co
dual electrocatalytic system (Figure 15) [70]. In this catalytic
system, catalytic amounts of Cu(sBOX) (L3) and Co(salen)
complexes promote the formation of chiral nitriles 89 in the
presence of PhSiHj (88) as the hydride source and TMSCN
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Figure 15: Scheme and proposed mechanism for Cu/Co dual-catalyzed asymmetric hydrocyanation of alkenes.

(21) as the cyanide source via the effective sequential addition
of a hydrogen atom and a CN group across alkenes 27. This
reaction is applicable not only to a wide range of terminal
styrenes but also to internal alkenylarenes, enynes, and allenes,
providing enantioenriched products in good yields with high en-
antioselectivities.

This reaction involves Co-catalyzed HAT and Cu-catalyzed en-
antioselective radical cyanation. In the proposed catalytic cycle,
Co(II)-H species 92 are initially formed from the anodically

oxidized Co(III) complex 91 and hydrosilane 88 (Figure 15).
Subsequently, the HAT between the Co(III)-H catalyst 92 and
the alkene 27 generates a carbon-centered radical species 93
with a newly formed C-H bond. These radical species then
enter the second catalytic cycle, facilitating the asymmetric
cyanide transfer. The radical species 93 undergo a single oxida-
tive addition to the Cu(II)-CN catalyst 96, forming a Cu(III)
complex. Finally, reductive elimination delivers the enantio-
enriched nitrile products 89 and a reduced Cu(I) complex 94,

which is reoxidized through anodic oxidation.
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The 1,2-diamine moiety is present in numerous natural prod-
ucts and bioactive compounds. In 2022, Xu et al. reported the
Cu-catalyzed electrocatalytic diazidation of olefins with ppm-
level catalyst loading, providing an alternative strategy for 1,2-
diamine synthesis (Figure 16) [71]. This reaction successfully
expanded the substrate scope from electron-rich to electron-
deficient alkenes, which were considered challenging sub-

strates in previous diazidation reactions.

A possible mechanism is proposed in Figure 16. Cu(II)(N3),
(102) is generated from TMSN3 (98) and Cu(acac); in the pres-
ence of K3POy; this is followed by anodic oxidation to form a
Cu(IIT)(N3)3 complex 101. The resulting Cu(III)(N3)3 complex
101 releases an azide radical (103), and Cu(I)(N3), (102). The
azide radical (103) then reacts with the alkene 97 to produce an

RvVC FTI Pt
Cu(acac), (0.02 mol %)

Beilstein J. Org. Chem. 2025, 21, 155-178.

alkyl radical 104, which undergoes ligand transfer from
Cu(I)(N3), (102) to yield the diazidation product 99 and
Cu(I)(N3) (100). The Cu(I)(N3) (100) is reoxidized to
Cu(IIT)(N3)3 (101) on the anode in the presence of N3~ to com-
plete the catalytic cycle.

In 2024, the Xu group developed a Cu-catalyzed electrochemi-
cal azidocyanation of alkenes (Figure 17) [72]. This alkene
difunctionalization, using TMSCN (21) and TMSN3 (98) as
starting materials, features oxidant-free conditions, compati-
bility with both aryl- and alkylalkenes, and a wide functional
group tolerance. Moreover, asymmetric transformations are
possible when arylalkenes are used as starting materials in the
presence of copper and chiral ligand L3, yielding the corre-

sponding chiral products.
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Figure 16: Scheme and proposed mechanism for Cu-catalyzed electrochemical diazidation of olefins.
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Figure 17: Scheme and proposed mechanism for Cu-catalyzed electrochemical azidocyanation of alkenes.

Based on mechanistic studies, the catalytic cycle begins with
anodic oxidation of N3~ to generate an azide radical, which
adds to the alkene 97 to form carbon-centered radical intermedi-
ate 106 (Figure 17). The resulting alkyl radical intermediate 106
then reacts with the Cu(II)(CN), catalyst 109 to produce a
Cu(III) species 107, which undergoes reductive elimination to
deliver the desired product 105 and the Cu(I)CN catalyst 108.
The Cu(II)CN catalyst 109 is regenerated via anodic oxidation

to complete its catalytic cycle.

Decarboxylative functionalization

Carboxylic acids are inexpensive, readily available, structurally
diverse from both natural and synthetic sources, and easy to
handle. Recently, various catalytic transformations of
carboxylic acids have been developed, enabling chemists to
access a variety of valuable products via diverse reaction path-
ways [73]. Particularly, decarboxylative cross-coupling of
carboxylic acids using radical strategies has emerged as a robust
method for the construction of C—C and C-X bonds [74].
Recently, photoelectrochemical asymmetric decarboxylative
cyanation was independently established by the groups of Xu,
Zhang, and Fu (Figure 18) [75-77]. Each group employed the

same Ce/Cu relay catalysis strategy to produce chiral nitrile
compounds in high yields and enantioselectivities. Notably, this
method does not require prefunctionalization of carboxylic

acids or stoichiometric chemical oxidants.

According to their research, Ce(IIl) salt 112, which serves as a
photocatalyst, is oxidized to a Ce(IV) complex 113 on the
anode (Figure 18). The resulting Ce(IV) species 113 coordi-
nates with carboxylic acid and undergoes photoinduced ligand-
to-metal charge transfer (LMCT) and regeneration of the Ce(III)
species to produce a benzylic radical 115. The chiral Cu(II)
catalyst 117 reacts with benzylic radical 115 to yield Cu(III)
intermediate 118, which then undergoes reductive elimination
to provide the desired enantioenriched nitrile product 111 and
Cu(I) catalyst 116. The resulting Cu(I) catalyst 116 is reoxi-
dized to Cu(Il) 117 at the anode, completing the catalytic cycle.

Coupling reaction (Chan—Lam coupling)

Transition metal-catalyzed C—N bond formation reactions are
essential synthetic methodologies. The discovery of Chan—Lam
coupling reactions, which use arylboronic acids and N-nucleo-

philes, provided a C-N bond-forming protocol using copper
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Figure 18: Scheme and proposed mechanism for Cu-catalyzed electrophotochemical asymmetric decarboxylative cyanation.

catalysis, offering a complementary method to noble transition-
metal catalysis [78]. Recently, dual-catalytic systems combin-
ing copper catalysis with electrocatalysis have been developed
to avoid the use of chemical oxidants. Thus, the substrate
scope was expanded to include electron-deficient arylboronic
acids.

In 2019, Gale-Day et al. developed electrocatalytic Chan—Lam
couplings of arylboronic acids with primary anilines using a
copper catalyst and dual Cu-electrode system to form C-N

bonds (Figure 19) [79]. This catalytic system demonstrates a

broad substrate scope, including electron-deficient boronic
acids, which are typically regarded as challenging substrates
because of their low reactivity in Chan-Lam coupling.

The reaction mechanism is illustrated in Figure 19. During the
reaction, the unstable Cu(I) species 121 is reduced to Cu(0) at
the cathode and is plated to suppress side reactions. After
10 minutes, when the current is inverted, the copper that previ-
ously precipitated as an impure film is reoxidized to Cu(l) 121
at the new anode. The Cu(]) species 121 is either oxidized to the
Cu(II) complex by oxygen or plated again on the cathode. The
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Figure 19: Scheme and proposed mechanism for electrocatalytic Chan—Lam coupling.

quently, the coupling product 120 is released through reductive
elimination, and the resulting Cu(I) species 121 is either reoxi-

dized or plated on the cathode.

Cu(Il) catalyst reacts with aniline to produce a Cu(Il) intermedi-
ate 122, which then generates a Cu(IIl) complex 124 through

transmetalation of boronic acid and disproportionation. Subse-
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Despite the success of electrochemical Chan-Lam coupling for
C-N bond formation, the electrooxidative reactions of copper
catalysts without ligands face limitations owing to slow elec-
tron transfer kinetics, irreversible copper plating, and competing
substrate oxidation. To overcome these challenges, Sevov et al.
developed a ligand-free, Cu-catalyzed electrochemical
Chan-Lam coupling using a ferrocenium salt as a redox medi-
ator with non-copper electrodes (Figure 19) [80]. In the absence
of chemical oxidants, this Chan—-Lam coupling method resulted
in shorter reaction times than those of traditional methods and
offered alternative substrate reactivity. This reaction was suc-
cessfully applied to aryl- and alkylamines with arylboronic
acids, achieving high yields. Mechanistic studies revealed that
the mediator plays multiple roles, including rapidly oxidizing
low-valent Cu intermediates to maintain high Cu(II) concentra-
tions, removing Cu metal from the cathode to regenerate the
active Cu catalyst, revealing the Pt surface for proton reduction,
and offering anodic overcharge protection to avoid undesirable
substrate oxidation.

Conclusion

Over the past two decades, significant progress has been made
in electrochemical organic reactions, supported by the develop-
ment of more sustainable and versatile methodologies for car-
bon—carbon and carbon—heteroatom bond formation. These
advances have been accomplished by recognizing electrochem-
istry as an effective and sustainable approach for electron
transfer processes to enable the generation of highly reactive
intermediates. Additionally, the rapid growth of dual catalytic
systems (merging electrochemistry with transition-metal cataly-
sis) has led to the development of new, efficient, and chemo-

and stereoselective synthetic transformations.

This review highlighted the recent developments in dual catalyt-
ic reactions involving copper and electrocatalysis, including
C-H activation, olefin addition, decarboxylative coupling, and
Chan-Lam coupling. Although remarkable achievements have
been made in this field, significant gaps that require attention
remain, and further investigation into new and efficient trans-
formations is necessary. The substrate scope is often limited,
which can restrict both reactivity and selectivity. Significant
progress has been achieved in C—H activation reactions, with
the use of directing groups, which play a crucial role in selec-
tivity and reactivity. However, the use of directing groups
requires additional synthetic steps for their installation and
removal and present challenges with limited substrate compati-
bility. Future research could focus on designing catalytic
systems that reduce dependence on directing groups, such as
utilizing transient directing groups to simplify the synthetic
process. Moreover, the development of asymmetric transformat-

ions remains challenging due to the difficulty in controlling the

Beilstein J. Org. Chem. 2025, 21, 155-178.

stereo- and chemoselectivity of highly reactive radical interme-
diates. Future efforts should focus on designing new ligand
frameworks to broaden substrate scopes and enhance selec-
tivity control. The use of greener solvents is also important for
more sustainable reactions. Furthermore, the application of
electrochemical copper catalysis to complex molecules, such as
for the late-stage functionalization of pharmaceuticals or materi-
als and bioorthogonal functionalization of biomacromolecules,
is necessary. Further advances in Cu-catalyzed electrochemical
reactions are expected in the near future, developing powerful
tools for sustainable and efficient organic syntheses.
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Over the past decade, dioxazolones have been widely used as N-acylamide sources in amidation processes of challenging sub-

strates, typically employing precious transition metals. However, these catalytic systems often present several challenges associat-

ed with cost, toxicity, stability, and recyclability. Among the 3d transition metals, copper catalysts have been gaining increasing

attention owing to their abundance, cost-effectiveness, and sustainability. Recently, these catalytic systems have been applied to the

chemical transformation of dioxazolones, conferring a convenient protocol towards amidated products. This review highlights

recent advancements in the synthetic transformations of dioxazolones, with particular examples of copper salts.

Introduction

Dioxazolones, first synthesized and reported by Beck and
co-workers [1], have been employed as electrophiles in various
nucleophilic transformations due to their susceptibility to rapid
decomposition into the corresponding isocyanates (Scheme 1a)
[2,3]. They have attracted increasing interest as electrophilic
amide sources in amidation using transition-metal catalysts such
as ruthenium, rhodium, and iridium (Scheme 1b) [4-19].
Notably, dioxazolones have primarily been studied in directed
carbon-hydrogen amidation processes, which can circumvent

the need for tedious prefunctionalizations.

Copper catalysts have gained recognition and attracted increas-
ing interest as affordable, versatile, and sustainable catalytic
systems. These catalysts are extensively employed in organic
synthesis owing to their cost-effectiveness, reduced toxicity,
and natural abundance [20-28]. The use of copper salts has
enabled a variety of conventionally challenging functionaliza-
tions, such as N- or O-arylations using aryl halides [29-38] or
arylboronic acids [39-42], hydrofunctionalizations of unsatu-
rated motifs [25,43-56], the oxidation of alcohols [57-61], and
photoinduced alkylations of various nucleophiles [22,62-68].
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Scheme 1: Formation of isocyanates and amidated arenes from dioxazolones.

Recently, these sustainable catalytic systems have gradually
been applied to amidations employing dioxazolones as amide

sources.

To the best of our knowledge, no review article has yet covered
the recent progress in the chemical transformation of dioxa-
zolones using copper salts. This review provides an overview of
the recent achievements in the use of copper salts as sustain-
able metal systems for the transformation of dioxazolones. This
review also discusses several related proposed mechanisms.

Review

1 Transformations via the formation of copper
nitrenoids

1.1 C(sp®)—H amidation

Lactams are recognized as one of the most significant nitrogen-
containing heterocycles in drug discovery [69,70]. Among
these, six-membered lactams, known as 2-piperidinones, have
been extensively studied due to their potential bioactivity [70-
73]. Despite the development of synthetic approaches for six-
membered lactams, including transition-metal-catalyzed trans-
formations, several limitations remain, particularly with regard
to regioselectivity and asymmetric C—N bond formation, which
are still limited. In 2023, the Chang group elegantly unveiled a
protocol for an enantioselective C—N bond formation, intro-
ducing d-lactams from dioxazolones using a copper(l) catalyst
and a chiral BOX ligand [74].

As shown in Scheme 2, dioxazolones containing aryl and
heteroaryl groups were converted into the corresponding

lactams in high yields and excellent enantioselectivities (2a, 2b,

and 2d). It was observed that the steric environment affected
both reactivity and enantioselectivity (2¢). Six-membered
lactams featuring propargylic (2e) and alkenyl (2f) motifs were
also obtained with excellent regioselectivity and enantioselec-
tivity. Furthermore, a lactam containing a quaternary carbon
center (2g) was prepared. However, a lower enantioselectivity
was observed for product 2h due to the similar steric environ-

ment of the two alkyl substituents.

As shown in Figure 1, a catalytic cycle was proposed for the
intramolecular C—H amidation process of dioxazolones. Dioxa-
zolone 1 binds to the chiral copper complex 3, generating the
adduct INT-1. Decarboxylation then occurs, forming the copper
nitrenoid intermediate INT-2, subsequently undergoing hydro-
gen atom transfer in a regioselective manner to afford INT-3.
The related acyl nitrenoid intermediate was characterized by the
same group [75]. Further radical rebound from INT-4 induces
the enantioselective C—N bond formation. Finally, the desired
product 2 is released from INT-4, regenerating the active chiral

copper species to participate in the catalytic cycle.

1.2 C(sp?)—H amidation
Recently, Cao and co-workers reported the copper-catalyzed
synthesis of 1,2,4-triazole derivatives via an N-acyl nitrene

intermediate [76].

As illustrated in Scheme 3, dioxazolones 4 and N-iminoquino-
linium ylides S served as reactive substrates, leading to the for-
mation of various polycyclic 1,2,4-triazole analogues 6. Both
dioxazolones 4 and N-iminoquinolinium ylides 5 demonstrated
excellent tolerance in this transformation. Notably, electron-rich

dioxazolones exhibited slightly higher reactivity.
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Figure 1: Proposed reaction pathway for the copper-catalyzed synthesis of 8-lactams from dioxazolones.
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Scheme 3: Copper(ll)-catalyzed synthesis of 1,2,4-triazole derivatives.

The proposed catalytic cycle for the copper-catalyzed synthesis
of 1,2,4-triazole derivatives is depicted in Figure 2. The reac-
tion is initiated by formation of the five-membered copper-con-
taining intermediate INT-5 through coordination of Cu(OAc),
with the N-iminoquinolinium ylide species 5. This process is
followed by decarboxylative N-O bond insertion into 4,
yielding the N-acyl copper(Ill) nitrenoid intermediate INT-7.
Subsequent nitrene insertion, protodemetalation, and intramo-
lecular cyclization furnish the desired 1,2,4-triazole.

1.3 Three-component formation of N-acyl amidines
In 2019, N-acyl amidines were prepared from dioxazolones
using a copper catalyst with terminal alkynes and secondary
amines via an N-acyl nitrene intermediate [77]. Amidines,
found in biologically active compounds, have been widely in-
vestigated in medicinal chemistry due to their potent antiviral,
antibacterial, anticancer, and other therapeutic properties [78-
81].

As shown in Scheme 4, dioxazolones bearing linear alkyl
groups were transformed into N-acyl amidines 10a—c by copper
catalysis. Moreover, good functional group tolerance was ob-

served with a terminal alkene motif (10d). The cyclohexyl-

substituted dioxazolone successfully provided the correspond-
ing N-acyl amidine 10e. However, the dioxazolone bearing a
phenyl group showed no reactivity toward benzoyl amidine
under the optimized reaction conditions. Instead, the authors
employed a less bulky copper iodide catalyst in the absence of
phosphine, successfully affording aryloyl amidine 10f. Further-
more, the electron-rich ethynylanisole afforded the product 10g
in good yield. Acetylenes containing tolyl and trifluorophenyl
substituents also exhibited improved reactivity (10h and 10i).
Heteroaromatic acetylenes were effective in this transformation,
forming N-acyl amidines 10j and 10k, respectively. On the
other hand, the use of linear terminal alkynes did not result in
the desired N-acyl amidine 101. Based on the substrate scope of
acetylenes, the authors noted that the lower acidity of terminal
acetylenes led to a diminished formation of the copper acetylide
intermediate. Based on several mechanistic experiments and
density functional theory (DFT) calculations, a proposed reac-

tion mechanism is suggested as shown in Figure 3.

Initially, copper acetylide INT-11 is formed by the reaction of
acetylene with a copper precatalyst, leading to the formation of
an N-acyl nitrene acetylide intermediate INT-12 after the incor-

poration of dioxazolone 7. Subsequently, nitrene insertion of
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Figure 2: Proposed reaction mechanism for the copper-catalyzed synthesis of 1,2,4-triazole analogues from dioxazolones and N-iminoquinolinium

ylides.

INT-12 into the Cu—C bond, forms INT-13, which then under-
goes isomerization and protodemetalation, followed by catalyst
regeneration, as suggested by the DFT calculations. Finally, the
nucleophilic addition of the amine to the electrophilic interme-
diate INT-15 leads to the formation of the N-acyl amidine prod-
uct 10.

1.4 N-Arylation of dioxazolones

Amides bearing N-substituents are key structural motifs in a
wide range of polymers [82], natural products [83], and phar-
maceuticals [84,85]. Conventional synthetic routes for
N-arylamides typically involve the condensation of carboxylic
acids with anilines, often promoted by activating agents such as
thionyl chloride or peptide coupling agents [86-89]. However,
these protocols rely on environmentally harmful reagents and
produce unwanted byproduct wastes. Recently, the research
group of Son showcased a synthetic methodology for
N-arylamides 13 from dioxazolones 11 and boronic acids 12
using copper salts (Scheme 5) [90].

As illustrated, dioxazolones with both electron-rich and elec-
tron-poor substituents, including alkyl substituents, were well-
tolerated, providing the desired products 13a—h. However, the
substrate scope of boronic acids was limited in this transformat-
ion. To elucidate the reaction process, kinetic and control exper-
iments were conducted, which led to the proposed reaction
pathway for the copper-mediated synthesis of N-arylamides

from dioxazolones as shown in Figure 4.

Initially, copper(I) chloride reacts with boronic acids, forming
the copper aryl complex INT-16, which then undergoes
decarboxylative N-O bond insertion to generate the copper
nitrenoid intermediate INT-17. Thereafter, nitrene insertion into
the copper—carbon bond occurs, forming a new C(sp2)-N bond
(INT-18). Finally, the desired N-arylamide 13 is yielded
through protodemetalation. In this process, copper does
not undergo further catalytic turnover, presumably due to
the formation of inactive copper fluoride or copper hydroxide

species.
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1.5 N-Phosphorylation of dioxazolones

Recently, Son and Kuniyil reported the N-phosphorylation of
dioxazolones using organic phosphines and copper catalysts
[91]. As shown in Scheme 6, a variety of dioxazolones 14 were
explored for the synthesis of N-acyl iminophosphoranes 16.
Dioxazolones containing aryl and heteroaryl groups were suc-
cessfully transformed into the desired products in high yields
(16a-c).

Moreover, alkyl groups were tolerated during the formation of
N-acyl iminophosphoranes (16d, 16f). It is noteworthy that

dioxazolones derived from bioactive motifs, such as peptides,

natural products, and commercially available drugs were also
compatible with this transformation, providing the correspond-
ing products (16g-k).

Mechanistically, the reaction begins with the generation of the
active copper species 17, successively forming INT-19 and
INT-20 (Figure 5). The penta-coordinated copper nitrenoid
species INT-20, as suggested by DFT calculations, undergoes
reductive elimination to yield the stable intermediate INT-21.
This intermediate releases the N-acyl iminophosphorane 16
through the incorporation of another organic phosphine, thereby

regenerating the active copper species 17.
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Scheme 6: Copper-catalyzed preparation of N-acyl iminophosphoranes from dioxazolones.

1.6 Synthesis of N-sulfenamides sulfenamides 20 from dioxazolones 18 using thiols 19 via
In 2022, the research groups of Wang and Chen introduced a  nitrogen—sulfur bond formation (Scheme 7) [92]. Secondary and

modular copper-catalyzed method for the synthesis of N-acyl tertiary thiols were highly effective in affording the correspond-
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Figure 5: Proposed reaction pathway for the copper-catalyzed synthesis of N-acyl iminophosphoranes from dioxazolones.

ing N-acyl sulfenamides 20a—d. Moreover, the bioactive motifs
on both thiols and dioxazolones were well tolerated in late-stage
functionalizations, representing excellent chemoselectivity
(20e—g). This copper-catalyzed conjugative strategy allows for
the modular preparation of biologically relevant N-acyl sulfe-
namides.

Based on several mechanistic experiments, a plausible reaction
pathway is described in Figure 6. Decarboxylation of dioxa-
zolone in INT-22 forms the copper nitrene intermediate INT-
23. The thiol then attacks the electrophilic nitrogen center of
INT-23, which further leads to the formation of intermediate
INT-24. Finally, the desired product 20 is afforded through
protonolysis, regenerating the active copper species to com-

plete the catalytic cycle.

2 Amidation via oxidative insertion to N-O
bonds and reductive elimination

2.1 Hydroamidation of vinylarenes

Amines bearing stereogenic centers have been widely investi-

gated in the research area of medicinal chemistry [93-97]. In

2018, Buchwald and co-workers unveiled the enantioselective
synthesis of benzylic amines through the asymmetric
Markovnikov hydroamidation of alkenes utilizing diphenylsi-
lane in copper catalysis under mild reaction conditions [98].
Dioxazolones, as amide sources, were employed in this trans-
formation.

As shown in Scheme 8, several dioxazolones containing elec-
tron-rich substituents were transformed into the desired prod-
ucts with excellent enantioselectivity (23a and 23b). Otherwise,
the electron-poor substituent-containing dioxazolones showed
slightly diminished reactivity (23¢ and 23d). In addition, poor
reactivity was observed with dioxazolones bearing thiophene,
implying that the undesired coordination of sulfur to copper
reduces the reactivity (23e). Despite the reduced reactivity,
excellent enantioselectivity was still maintained. Moreover,
styrene derivatives bearing both electron-rich and electron-poor
groups underwent the desired transformation with high yields
and enantioselectivities (23g and 23h). However, the styrene
scaffold bearing a trifluoromethyl group showed reduced enan-

tioselectivity (23i). Styrenes containing heterocyclic motifs
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such as a benzofuran, indazole, and quinoline were also shown
to undergo the desired Markovnikov amidation with high effi-
ciency (23j-1).

Several mechanistic experiments were performed to rationalize
the reaction pathways. As shown in Figure 7, copper hydride,
generated from a copper precatalyst and silane, undergoes the
enantio-determining hydrocupration of the vinylarene, affording
INT-25 [25]. Next, oxidative insertion of INT-25 into the N-O
bond of the dioxazolone, forms INT-26, followed by decarbox-
ylative reductive elimination to generate INT-27. Further incor-
poration of silane delivers the targeted amidated product upon
protonation, while simultaneously regenerating the active

copper hydride species.

2.2 Hydroamidation of alkynes

In 2022, Sato and co-workers introduced a copper-catalyzed
hydroamidation of alkynes 25 using dioxazolones 24 as amide
sources (Scheme 9) [99].

A dioxazolone bearing a linear alkyl group was efficiently con-
verted to the N-vinylamide 26a in good yield. The observed
regioselectivity followed the anti-Markovnikov fashion stem-
ming from the regioselective hydrozirconation of the alkyne
using Schwartz’s reagent [100]. Aryl substituents on the dioxa-
zolone were tolerated, while a dioxazolone containing
bromobenzene displayed lower reactivity (26¢). The enamide
26d, derived from lobatamide, was successfully produced with-
out altering the stereochemistry of the oxime ether. Terminal
alkynes with linear alkyl group, protected alcohol, and sulfon-
amide functionalities were well tolerated in this transformation
(26e-g). Moreover, an olefin-containing terminal alkyne was
suitable to afford product 26h, demonstrating excellent chemo-
selectivity. However, the formation of 26i was not observed
under the standard reaction conditions. Instead, the decomposi-
tion of phenylacetylene was confirmed. Based on previous
mechanistic insight from electrophilic amidation studies
[101,102], the catalytic amidation of alkynes is proposed as

shown in Figure 8.
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Figure 8: Proposed reaction mechanism for the copper-catalyzed amidation of alkynes.

First, the alkenylzirconium complex INT-29, formed through
hydrozirconation of alkyne 25, undergoes transmetalation with
the copper catalyst, providing the vinyl copper intermediate
INT-30. This intermediate then undergoes oxidative addition to
the N-O bond of the dioxazolone to generate INT-31. Subse-
quently, decarboxylative reductive elimination occurs, forming
the copper imidate INT-32. The active copper species is regen-
erated by the zirconium species, producing the formation of the
desired product via the zirconium imidate INT-33 after aqueous
workup. Overall, this copper-catalyzed transformation requires
a stoichiometric amount of zirconium species to achieve the
anti-Markovnikov amidation.

3 Miscellaneous

3.1 Synthesis of primary amides via the generation
of copper—imidate radical intermediates

In a subsequent study, the research group of Son developed a
method for the reduction of dioxazolones to synthesize primary
amides under mild reducing conditions in copper catalysis
(Scheme 10) [103].

The reaction was conducted using a catalytic amount of copper
acetate and a phenanthroline ligand, with a stoichiometric
amount of silane serving as the reductant. Both aryl- and alkyl-
substituted dioxazolones proved to be compatible under the
standard reaction conditions, yielding the desired primary

amides 28a—f. Notably, dioxazolones containing free -OH

groups exhibited excellent functional group tolerance, leading
to the formation of primary amides 28g and 28h. Moreover, bi-
ologically relevant scaffolds on dioxazolones were successfully
transformed in this transformation (28i-k). As illustrated in
Figure 9, a catalytic cycle was proposed for the copper-cata-
lyzed synthesis of primary amides.

Dioxazolone first binds to the copper catalyst, forming the diox-
azolone-copper complex (INT-34). The silane reductant then
reduces INT-34, forming the copper imidate radical species
INT-35, furnishing the formation of primary amides 28 via
intermediate INT-36. The involvement of a radical intermedi-
ate was suggested by experiments using TEMPO as a radical

scavenger.

Conclusion

This review provides an overview of the recent copper-cata-
lyzed and/or -promoted transformations of dioxazolones,
describing examples of C(spz)—N, C(sp3)—N, S—N, P-N, and
N-H bond-forming reactions. Several studies have proposed
copper nitrenoid intermediates originating from dioxazolones,
involving an N-acyl nitrene transfer or hydrogen atom transfer
process, representing creative synthetic solutions that were pre-
viously unachievable using conventional approaches. Despite
the synthetic strategies to generate the copper nitrenoid interme-
diates are gaining more attention [104,105], several limitations

still remain. First, multiple steps are required to prepare dioxa-
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Scheme 10: Copper-catalyzed preparation of primary amides through N—O bond reduction using reducing agent.
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Figure 9: Proposed catalytic cycle for the copper-catalyzed reduction of dioxazolones.

zolones, synthesized conventionally from carboxylic acids or  underexplored except for elegant studies by the research groups
acid chlorides over two steps. Moreover, copper-catalyzed of Buchwald [98] and Chang [74]. Given the versatility and
asymmetric C(sp3)-N bond-forming transformations are still  sustainability of the copper-catalyzed transformation of dioxa-
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zolones, further investigations for late-stage functionalizations
of complex scaffolds such as peptides, drug molecules, and
natural products containing unprotected free OH and NH groups

are anticipated.
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The transition-metal-catalyzed asymmetric allylic substitution represents a pivotal methodology in organic synthesis, providing

remarkable versatility for complex molecule construction. Particularly, the generation and utilization of chiral secondary alkyl-

copper species have received considerable attention due to their unique properties in stereoselective allylic substitution. This review

highlights recent advances in copper-catalyzed asymmetric allylic substitution reactions with chiral secondary alkylcopper species,

encompassing several key strategies for their generation: stereospecific transmetalation of organolithium and organoboron com-

pounds, copper hydride catalysis, and enantiotopic-group-selective transformations of 1,1-diborylalkanes. Detailed mechanistic

insights into stereochemical control and current challenges in this field are also discussed.

Introduction

The transition-metal-catalyzed regio- and enantioselective
allylic substitution represents a pivotal methodology in organic
synthesis, providing remarkable versatility for complex mole-
cule construction [1-4]. The significance of this transformation
lies in its unique ability to efficiently create a stereogenic center
while forming new carbon—carbon or carbon-heteroatom bonds
(e.g., C-N, C-0, and C-S) with excellent selectivities.

The field of metal-catalyzed allylic substitution has evolved sig-

nificantly since its inception (Scheme 1). Early studies were

mainly focused on palladium catalysts [5-8], as demonstrated
by the independent pioneering works of Tsuji and Trost in the
1960s and 1970s, respectively. While palladium catalysts
demonstrated excellent reactivity with soft stabilized nucleo-
philes in the eponymous Tsuji—Trost reaction, they faced a sig-
nificant limitation: poor regioselectivity with non-symmetrical
allylic substrates 2. This constraint led to the predominant de-
velopment of Pd-catalyzed methods using symmetric 1,3-disub-
stituted allylic substrates 1 that contain a leaving group in the

allylic terminus.
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Scheme 1: Representative transition-metal catalysis for allylic substitution.

In search of complementary approaches, other transition metals
including W [9], Mo [10], Ru [11,12], Rh [13-15], and Ni
[16,17] have been explored. Among these alternatives, Ir cataly-
sis emerged as a particularly powerful complement to Pd cataly-
sis. The field of iridium-catalyzed allylic substitution reactions
began to develop with the groundbreaking work of Takeuchi
and Kashio, and subsequent research has revealed that iridium
catalysts behave quite differently from their palladium counter-
parts [18]. The most notable distinction lies in their contrasting
regioselectivity patterns. Palladium catalysts generally produce
straight-chain products lacking chirality when reacting with
monosubstituted allylic substrates, whereas iridium catalysts
selectively generate branched products with high optical purity

and precise control over the reaction site.

Furthermore, the development of chiral phosphoramidite
ligands significantly advanced this field, with contributions
from numerous research groups including Hartwig, Helmchen,
Carreira, Alexakis, and You [19].

In general, soft nucleophiles that typically possess conjugate
acids with pK, values less than 25 have been utilized in most Pd
and Ir-catalyzed allylic substitution reactions [20]. To address
these limitations, copper-catalyzed processes have emerged as a

promising alternative. Copper-catalyzed allylic substitutions are

ble nucleophiles

Cu catalysis
non-stabilized nucleophiles

organometallic reagent

RS"M] | [M] = Li, zn, Mg, Al, Zr, B

5

distinguished by their unique inner-sphere mechanistic path-
way, which enables the incorporation of hard, non-stabilized
nucleophiles 5 that have conjugate acids with pK, values greater
than 25 such as organolithium, organomagnesium, organozinc,
and organozirconium reagents. This crucial distinction effec-
tively expanded the scope of allylic substitution reactions

beyond traditional boundaries.

The evolution of copper-catalyzed asymmetric allylic alkyl-
ation (AAA) has been remarkable since its initial development
in 1995, when Béckvall and van Koten first reported moderate
enantioselectivity using Grignard reagents with allylic acetates
[21,22]. This discovery triggered extensive research endeavors,
significantly expanding the scope and efficiency of these reac-
tions. A notable advancement came from Knochel's introduc-
tion of dialkylzinc reagents in 1999, which substantially broad-
ened the range of applicable organometallic compounds [23].

Subsequent significant progress was achieved independently by
Feringa and Alexakis through their exploration of phosphor-
amidite ligands with various organometallic nucleophiles
[24,25]. The field was further advanced by the research group
of Hoveyda, who made substantial contributions by introducing
bidentate N-heterocyclic carbene (NHC)-based chiral ligands,

achieving high selectivity with dialkylzinc reagents as nucleo-
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philes [26]. They subsequently expanded the methodology by

successfully employing triorganoaluminum reagents [27].

Recent developments in transition-metal-catalyzed AAA have
increasingly turned to organoboron compounds [28-31]. These
reagents offer numerous advantages, including non-toxicity,
bench-stability, structural diversity, straightforward preparation,
and broad commercial availability. Significant contributions
include Sawamura's work with alkyl-9-BBN [32-37] as a
nucleophile. These developments have collectively transformed
copper-catalyzed AAA into a powerful and versatile tool in
asymmetric synthesis, capable of employing a wide array of
organometallic reagents that furnish the desired compounds
with high efficiency and selectivity.

The regioselective asymmetric construction of stereogenic car-
bon centers from prochiral allylic substrates largely depends on
the choice of the nucleophilic organometallic species
(Scheme 2). For example, the asymmetric copper-catalyzed
allylic alkylation utilizing organometallic species 5 bearing a
primary carbon-metal bond predominantly constructs the
stereogenic center derived from electrophiles. The
stereoselective allylic substitution reaction with organometallic
species 9 bearing a secondary carbon—metal bond has rarely
been reported, despite its potential to enable complementary
formation of the stereogenic center derived from nucleophiles.
These reactions face significant challenges due to the relatively
low configurational stability of the chiral secondary organome-
tallic 9 and organocopper species 10 [38]. Therefore, the devel-
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opment of a more broadly applicable catalytic system that could
accomplish copper-catalyzed stereoselective allylic alkylation
with chiral secondary nucleophiles represents a crucial advance-
ment in this field. In particular, a key objective is developing
regio-, diastereo-, and enantioselective allylic substitution reac-
tions that can effectively construct enantioenriched stereogenic
centers from either allylic electrophiles or organometallic
nucleophiles [39,40]. This advancement requires establishing
catalytic systems that effectively utilize chiral secondary
organocopper species, making the understanding of their nature
and behavior crucial for expanding the synthetic utility of this
transformation.

The purpose of this review is to present recent procedures for
generating configurationally unstable organocopper species
with secondary carbon—metal bonds, their unique properties,
and related mechanistic insights. This review also aims to
outline future research directions and prospects, contributing to
the development of more efficient and selective copper-cata-
lyzed AAA methodologies.

Review

Copper-catalyzed stereospecific coupling of
chiral organometallic species with allylic
electrophiles

The asymmetric construction of carbon—carbon bonds through
copper-catalyzed AAA has emerged as a powerful synthetic
tool in organic chemistry [41-45]. The generation of chiral sec-

copper-catalyzed enantioselective allylic alkylation

* primary organometallic species

o~ Cul*

R

M] R >cuL*
5 6

organometallic reagent
[M] = Li, Zn, Mg, Al, etc.

* secondary organometallic species

[well-established]
) R

RTX"LG L/
RN

LG = Cl, Br, 8
OP(O)(OEt),, efc.

stereogenic center
derived from electrophiles

R3
J\ secondary chiral
R2" M| copper species (11)
fast H R2/kC . = R3
uL 12
R3 10 stereogenic center
R? /?\[M] [Challehge] . . - derived from nucleophiles
(19 e relatively low configruation stability

e limited scope

e hard to control stereoselectivity

Scheme 2: Formation of stereogenic centers in copper-catalyzed allylic alkylation reactions.
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ondary alkylcopper species has been a significant challenge in
organic synthesis, primarily due to their inherent instability and
tendency to racemization [38]. For generating the key chiral
organocopper intermediates, two distinct approaches have been
developed: one utilizing chiral organolithium species and the
other employing chiral organoboron compounds.

Copper-mediated stereospecific coupling of chiral
organolithium species with allylic electrophiles

In the organolithium approach, a breakthrough was achieved by
Knochel and co-workers through carefully controlled reaction
conditions (Scheme 3) [46]. Their methodology involves a
stereoretentive I/Li exchange at —100 °C, followed by trans-
metalation with CuBr-P(OEt)3 to generate the secondary alkyl-

copper species 14.

These organocopper species demonstrated remarkable reactivi-
ty in SN2-type additions to allylic bromides with exceptional
regioselectivity (Sn2/Sny2' = >99:1). The reaction with
3-methylbut-2-en-1-yl bromide (15) was particularly note-
worthy, as it exhibited superior selectivity compared to the cor-
responding phosphates. The high efficiency of this protocol was
demonstrated through the synthesis of various functionalized
alkenes with complete stereocontrol. For example, the reaction
of syn-alkylcopper species 14 with 3-methylbut-2-en-1-yl bro-

RL*(' conditions A R ,[Cu]
Me Me
13 14
stable in THF
at-50 °C

Beilstein J. Org. Chem. 2025, 21, 639-658.

mide (15) provided the corresponding SN2 product 16 in excel-
lent yield and stereoselectivity (SN2/Sn2' = >99:1, dr = 97:3).

Remarkably, the regioselectivity of these reactions could be
completely reversed by adding zinc halides (Scheme 4). When
treated with allylic phosphates 17 in the presence of ZnCl,,
these copper reagents 14 showed a dramatic shift in selectivity,
favoring SN2' substitution. This exceptional reversed regioselec-
tivity likely occurs through the in situ formation of copper—zinc
mixed species [RCu-ZnX,-L] {X = Br, Cl; L = P(OEt)3}. Under
these modified conditions, the reaction with allylic phosphates
17 proceeded with excellent SN2' selectivity (SN2/Sn2' = 5:95)
while maintaining high stereochemical fidelity. The versatility
of this approach was further demonstrated through reactions
with various chiral cycloallylic phosphates 17, which consis-
tently yielded the corresponding Sn2' products 18 with high
stereoselectivity.

The synthetic utility and broad applicability of this methodolo-
gy was prominently demonstrated through the total synthesis of
biologically important natural products. The high stereochemi-
cal selectivity of both SN2 and SN2' pathways enabled the effi-
cient construction of complex molecular frameworks. Notably,
this approach facilitated the enantioselective synthesis of three
ant pheromones: (+)-lasiol, (+)-13-norfaranal, and (+)-faranal.

Me 15
Me
N
Me LG 1
Rl
7 ve
~50°C, 1h Me
16

conditions A: 1) t-BuLi (2.5 equiv), Et,O/hexane, =100 °C;
2) CuBr-P(OEt);3 (2.0 equiv), =100 °C, 1 min;
3) solvent switch to THF at —50 °C

Me
Ph
Y e
Me Me

56%, 95:5 dr (LG = OP(O)(OEt),)
60%, 97:3 dr (LG = Br)

Me Me
= Me
Me

73%, 98:2 dr (LG = Br)

Me
Ph
Y e
Me Me

58%, 95:5 dr (LG = OP(O)(OEt),)
63%, 98:2 dr (LG = Br)

Me Me
TBSO\/\‘/\/\Me
Me

71%, 98:2 dr (LG = Br)

Scheme 3: Copper-mediated, stereospecific Sy2-selective allylic substitution through retentive transmetalation sequence.
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Scheme 4: ZnCl,-promoted stereospecific S\2' allylic substitution of secondary alkylcopper species via sequential iodide—lithium—copper transmetal-

ation.

The synthesis of (+)-lasiol was achieved through a highly
selective SN2 substitution (SN2/SN2' = >99:1, dr = 98:2,
99% ee), while the preparation of (+)-13-norfaranal and
(+)-faranal showcased the versatility of the methodology in con-
structing more complex terpene frameworks. These successful
applications in natural product synthesis underscore the robust-
ness and reliability of this copper-mediated transformation in
creating stereochemically complex molecules.

Mechanistic investigations revealed several key factors control-
ling the stereochemical outcome of these transformations. The
extremely low temperature (=100 °C) during the Li/I exchange
is essential for preventing racemization of the configurationally
labile organolithium intermediate. The subsequent transmetal-
ation with CuBr-P(OEt)3; introduces P(OEt)3 as a supporting
ligand, which plays a vital role in stabilizing the resulting chiral
organocopper species 14. A key breakthrough in this process
was the discovery of a solvent effect: switching from Et,O/
hexane to THF at —50 °C after organocopper species formation
dramatically enhances configurational stability.

Further investigations into the stability of the secondary
organocopper species 14a revealed the critical importance of
reaction conditions after ZnCl, addition (Scheme 5). When the
reaction mixture was stirred at =30 °C for 1 hour (entry 1 in
Scheme 5), the product 19 maintained a high diastereomeric
ratio (dr), indicating minimal racemization. However, extending

the stirring time or increasing the reaction temperature led to a

significant decrease in dr values, suggesting partial racemiza-
tion. This observation highlights the importance of careful ex-
perimental handling of [RCu-ZnXj,-L] species {X = Br, Cl; L =
P(OEt)3}, where both temperature control and reaction time
must be precisely managed to maintain stereochemical integrity.
Through these careful experimental controls, Knochel and
co-workers effectively addressed the long-standing challenge of
handling these traditionally unstable chiral organometallic inter-
mediates.

Copper-catalyzed stereospecific coupling of chiral
organoboron species with allylic electrophiles

While the direct formation of chiral copper species from
organolithium compounds provides an efficient route to stereo-
specific allylic alkylation products, the requirement of stoichio-
metric amounts of the copper reagent limits its practical applica-
tion [46]. An alternative approach utilizing more configuration-
ally stable organoboron compounds was recently developed by
Morken and co-workers, which employs only catalytic amounts
of copper [47,48]. Their strategy uses chiral secondary organo-
boron compounds 20 as precursors to generate chiral alkyl-
copper species through a carefully controlled activation and

transmetalation sequence (Scheme 6).

For secondary boronic esters, Morken and co-workers con-
ducted a systematic investigation to develop an efficient activa-
tion strategy [47]. Computational studies using DFT revealed an

important relationship between the length of the boron—carbon
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Scheme 5: Temperature and time-dependent configurational stability of chiral secondary organocopper species.
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Scheme 6: DFT analysis of B-C bond lengths in various boronate complexes and correlation with reactivity.

bonds and the corresponding complex's chemical behavior
(Scheme 6). Among the analyzed four-coordinate boron
species, the unreactive trialkoxyborate complex A exhibited the
most compact B—C bond at 1.621 A. Following a clear trend,
the B—C bond distance progressively lengthened as oxygen
atoms were substituted with elements of lower electronegativi-
ty, reaching 1.648 A in the reactive alkoxytrialkyl complex D
and 1.659 A in the tetraalkyl "ate" complex E. The B—C bond
lengths in amido- and alkyl-substituted boronic ester com-

plexes B and C fell between these extremes, suggesting an

intermediate level of activation. These findings prompted inves-
tigation into whether such moderate activation strategies could
facilitate copper-mediated coupling reactions of sterically
demanding alkylboronic esters under mild conditions. After
thorough reaction optimization, #-BuLi emerged as the superior
activating agent, outperforming other organolithium com-
pounds including s-BuLi, n-BuLi, and PhLi. The optimized
protocol, employing CuCN as a catalyst, enabled efficient cou-
pling between t-BuLi-activated complexes 10 and allylic

halides 11, furnishing products 12 with complete retention of
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stereochemistry and high yields (Scheme 7). The method's
versatility and consistent stereochemical outcome highlight its

practical utility.

Their subsequent work with chiral tertiary boronic esters 25
revealed an effective strategy for constructing quaternary
stereogenic centers through allylic substitution reactions
(Scheme 8) [48]. By employing in situ-generated adamantyl-
lithium as an activator, they found that tertiary alkyl groups
underwent selective transmetalation over the adamantyl group.
Under optimized conditions, the activated chiral tertiary boronic
esters 26 underwent efficient copper-catalyzed coupling with
allylic electrophiles 23 to provide products 27 bearing quater-
nary stereogenic centers with high stereospecificity. This meth-
odology represents a significant advancement in the construc-
tion of challenging all-carbon quaternary stereogenic centers
through stereospecific allylic substitution reactions.

To elucidate the origin of the selective boron group transfer,
X-ray crystallographic analysis of the (terz-butyl)(ada-

Beilstein J. Org. Chem. 2025, 21, 639-658.

mantyl)Bpin-Li(THF), complex revealed that the
B-(adamantyl) bond is shorter than the B—(ferz-butyl) bond
(1.673 vs 1.692 A). DFT calculations further illuminated the
underlying mechanism by comparing two distinct transition
states: TS1 involving adamantyl transfer and TS2 involving
tert-butyl transfer (Scheme 9). Analysis of these transition
states revealed that both require significant pyramidalization of
the transferring carbon center, with the barrier for adamantyl
transfer (TS1) being 2.3 kcal/mol higher than that for fert-butyl
transfer (TS2). The structural features of the fert-butyl group
allow more efficient pyramidalization compared to the rigid
adamantyl framework, suggesting that the flexibility of the
transferring group plays a crucial role in facilitating transmetal-

ation.

Copper hydride chemistry for
enantioselective allylic substitution reactions
Among the various approaches in copper-catalyzed asymmetric
allylic substitution, copper hydride (CuH) catalysis has received

significant attention due to its unique ability to generate config-

LG
8 © Li® R 23 L
Bpin t-BuLi (2.5 equiv) “Bpin CUCN (20 mol %)

R R? THF, —78 °C RTOR2 THF,25°C,12h  RT “R?
20 to 25 °C, 30 min 21 24
entry activator yield (%) es (%)

1 t-BuLi 9 >98
2 s-Buli 29 >908
3 n-BuLi <5 _

4 PhLi <5 -

5 LINE, <5 -

Br /§ /&
/(j/\/(: J@/\/\Me J@/\/\Me
MeQ™ 7 MeO MeO

LG =ClI
79%, >98% es

LG =Br
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Ph
I
MeO

LG=Br
87%, >93% es

(es = enantiospecificity)

OMOM Br
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B
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LG=Cl MOM =
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Scheme 7: Copper-catalyzed stereospecific allylic alkylation of secondary alkylboronic esters via tert-butyllithium activation.
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Scheme 8: Copper-catalyzed stereospecific allylic alkylation of chiral tertiary alkylboronic esters via adamantyllithium activation.

— boron-to-copper transmetalation of either the tert-butyl group or the adamantyl group
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NCCu.~ \B t-BuBpin + AdCuCN
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Scheme 9: DFT-calculated energy surface for boron-to-copper transmetalation of either the tert-butyl group or the adamanty! group.

urationally well-defined chiral organocopper species 28 under
mild conditions without requiring stoichiometric organometal-
lic reagents [49] (Scheme 10). The distinctive reactivity of the
CuH species allows for precise control over the stereochemical
outcome through the regio- and enantioselective hydrocupra-
tion of olefins 27, followed by stereospecific trapping with
allylic electrophiles 11.

Enantioselective hydroallylation and allylboration of
styrenes

A significant advance in the CuH-catalyzed enantioselective
allylic substitution was reported by Buchwald and co-workers
in 2016, who demonstrated the first successful hydroallylation
of vinylarenes 30 using allylic phosphate electrophiles 31
(Scheme 11) [50]. This methodology is distinguished by its
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Scheme 10: CuH-catalyzed enantioselective allylic substitution and
postulated catalytic cycle.

R1 Ny 0P(0)(OPh),
+ R?

30 31

84%, 99% ee

MeO

88%, 99% ee

(MeO),MeSiH (2.0 equiv)

Beilstein J. Org. Chem. 2025, 21, 639-658.

ability to efficiently construct configurationally well-defined
stereogenic centers during C—C-bond formation through the

intermediacy of benzylic copper species.

Initial investigations suggested that the reaction outcome was
highly dependent on both the leaving group of the allylic elec-
trophile and the choice of the supporting ligand. When (+)-1,2-
bis{(25,55)-2,5-diphenylphospholano }ethane {(S,S)-Ph-BPE}
(L1) was employed as the supporting chiral ligand, initially
allylic chloride was found to provide the desired product 32
with excellent enantioselectivity, although in moderate yield.
Notably, the presence of a chloride anion in the reaction mix-
ture proved crucial for high enantioselectivity, leading to the
discovery that a 1:1 complex of copper(I) chloride and (S,S)-Ph-
BPE (LL1) could serve as an optimal catalyst system. Further op-
timization revealed LiOs-Bu and diphenyl phosphate as the
optimal metal alkoxide and leaving group, delivering the
desired product 32 in high yield and high enantioselectivity at
room temperature with only 2 mol % catalyst loading.

The scope of this transformation proved to be remarkably
broad. In addition to the parent allyl group, a variety of
2-substituted electrophiles 31 could be applied. These included
those bearing alkyl groups of varying steric demand, halides,
and both electron-rich and electron-poor aryl substituents. The

olefin coupling partner scope was equally impressive, toler-

L1-CuCl (2 mol %)

LiOt-Bu (2.0 equiv)

83%, 98% ee
(5 mmol scale, 82%, 97% ee)

84%, 97% ee

OMe

91%, 91% ee

Scheme 11: CuH-catalyzed enantioselective allylic substitution of vinylarenes.
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ating styrenes with diverse electronic properties as well as those
containing sensitive functional groups such as esters, amides,
and vinyl halides, to yield the desired B-chiral olefins in high
enantioselectivity. Notably, the methodology could even be
applied to vinylferrocene and vinylsilane derivatives, providing
rapid access to highly enantioenriched organometallic and
organosilicon compounds.

Mechanistic studies using a deuterium-labeled allylic phos-
phate revealed that the C—C-bond formation occurs through an
Sn2'-like process, with attack of the organocopper species at the
3-position of the allylic phosphate. The absolute stereochemis-
try of the products was found to be consistent with that of previ-
ously reported CuH-catalyzed transformations using (S,S)-Ph-
BPE (L1) as the supporting ligand, suggesting a common mode
of stereoinduction.

In parallel, Hoveyda and co-workers demonstrated the first
copper-catalyzed enantioselective allylic substitution of styrenes
utilizing Cu-Bpin species [51]. Through implementation of a
chiral NHC-Cu complex with B,(pin);, they achieved the
highly selective formation of homoallylic boronic esters with

Yun [53]

N TOPO)OPh),  +  grBIOR)
R1

31 33
(B(OR), = Bpin, Bdan)

Hoveyda [39]

R N-"N0op(0)(OEY), + x-Bpin
35 27a

L3 =
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excellent enantioselectivities (up to 98% ee). This methodology
represents a complementary approach to the hydroallylation
protocol developed by the research group of Buchwald,
enabling a direct construction of versatile organoboron com-
pounds that can be readily elaborated to more complex molecu-
lar architectures.

Enantioselective hydroallylation of vinylboronic
esters

Following the initial demonstration by Buchwald that styrenes
are viable substrates for the CuH-catalyzed hydroallylation, the
development of methods applicable to vinylboronic esters
presented unique opportunities for the synthesis of versatile
chiral organoboron compounds [52]. A breakthrough in this
field was achieved in 2016 by Yun and co-workers, who de-
veloped a copper-catalyzed regio- and enantioselective hydro-
allylation of vinylboronic acid pinacol esters (Bpin) and 1,8-
diaminonaphthalene boramides (Bdan) 33 (Scheme 12) [53].
Subsequently, Hoveyda and co-workers introduced a comple-
mentary approach focused on the diastereoselective formation
of homoallylic boronic esters 36 through a carefully controlled

sequence of hydrocupration and allylic substitution [39].

CuCl (5 mol %)
L2 (5.5 mol %)
LiOt-Bu (4.0 equiv) H

PMHS (4.0 equiv) r? ~y-B(OR)

PPh,

Fe :
o Ve 3

Ar = 3,5'(CF3)2C6H3
(R,R)-Walphos

Y
$-B PMHS = {»sli—o]L

CuCl (5 mol %)
L3 (5.5 mol %)
NaOt¢-Bu (1.5 equiv)

PMHS (3.0 equiv) 'V'e]*/\Bjin
O Ph_ Ph RY ~F
0=5-°, 36

NN wArF
®

Ar
Ar = 2,4,6-(iPr)3CgHo

Scheme 12: CuH-catalyzed stereoselective allylic substitution of vinylboronic esters.
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Through optimization studies, Yun found that CuCl with the
Walphos ligand (L2) in Et;O provided optimal results, deliv-
ering the desired products with up to 99% ee. This methodolo-
gy worked effectively with both pinacol boronic esters (Bpin)
and 1,8-diaminonaphthalene boramides (Bdan), showing broad
vinylboron substrate scope across alkyl, aryl, and heteroaryl
substituents. The practical utility of the enantioenriched alkyl-
boronic esters 34 was demonstrated through the efficient syn-

thesis of (§)-massoialactone.

Subsequently, Hoveyda developed a highly selective copper-
catalyzed allylic substitution of (E)-1,2-disubstituted allylic
phosphates 35 with vinylBpin 27a using polymethylhydro-
siloxane (PMHS) as the hydride source [39]. The reaction, cata-
lyzed by a sulfonate-containing chiral NHC—Cu complex,
proceeded with excellent chemo-, regio- (SN2'-), diastereo-, and
enantioselectivity to afford homoallylic boronates 36. The re-
sulting organoboron compounds could be oxidized to second-

Beilstein J. Org. Chem. 2025, 21, 639-658.

ary homoallylic alcohols, providing an alternative to traditional
crotyl addition to acetaldehyde. This methodology represents
the first example of highly enantio- and diastereoselective
copper-catalyzed allylic substitution that controls vicinal stereo-

genic centers.

DFT calculations revealed that the high enantioselectivity (98:2
er) originates from a face-selective formation of the chiral
organocopper species 37 (Scheme 13a). The 3,5-(2,4,6-triiso-
propylphenyl) substituent of the NHC ligand L3 effectively
blocks one face of the reactive center, forcing vinylBpin 27a to
approach the CuH complex from the less hindered face. This
precise steric control during copper complex formation and
subsequent selective olefin insertion results in the high levels of

enantioselectivity (98:2 er) observed experimentally.

DFT calculations further elucidated the origin of the high dia-
stereoselectivity (up to 96:4 dr) in the allylic substitution step

(a) generation of chiral copper species via enantioselective Cu—H addition

Ph, Ph
_S.© ; \
0= ON N Ar Bpin
X-BPin + HCuLs — o \@ — A~
o) Ar Me CuL3
27a Q C{ 37

3

(S)-configuration
Ar =2,4,6-(iPr)3CgH>

TS3
(b) origin of diastereoselectivity
Ph Ph Ph, Ph
9 N Q B
_S.®
0%8\8 Ny_N Ar 0% Ar
g\l} OT \@ 990 " \Qg
p'”‘3/’\|§ pinB~Ph'Me
Ph Me steric repulsion
TS4-(S,R) TS5-(S,S)
Bpin Bpin
= Me Z Y Me
Ph Ph
36a 36b

major diastereomer

minor diastereomer

Scheme 13: (a) Generation of chiral copper species via enantioselective CuH addition to vinylBpin. (b) Regarding the origin of diastereoselectivity in

CuH-catalyzed enantioselective allylic substitution.
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(Scheme 13b). Analysis of the competing transition states
showed that the chiral a-borylalkylcopper species 37 could ap-
proach the olefinic moiety of allylic electrophile 35 from either
the re- or si-face. The re-face approach is energetically favored,
minimizing steric interactions between the bulky aryl substitu-
ent of NHC ligand L3 and the allylic electrophile 35. In
contrast, a si-face attack leads to a higher-energy transition state

due to significant steric repulsion.

Enantioselective hydroallylation of
vinyltrifluoromethyl compounds

The direct functionalization of 1-trifluoromethylalkenes 38
through copper catalysis has been challenging due to the ten-
dency of a-CF3-substituted alkylcopper intermediates 39 to
undergo undesired $-F elimination (Scheme 14a) [54]. In 2021,
Hirano and co-workers made a significant advance in this area
by disclosing a copper-catalyzed regio- and enantioselective
hydroallylation of 1-trifluoromethylalkenes 38 with hydrosi-

(a) proposed mechanism
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lanes and allylic chlorides 40 (Scheme 14b) [55]. In their work,
a chiral a-CFj3 alkylcopper intermediate 39 was formed through
the regio- and enantioselective hydrocupration of electron-defi-
cient alkenes 38 with an in situ-generated CuH species. Subse-
quent electrophilic trapping of the a-CF3-alkylcopper species 39
with the allylic electrophile 40 leads to the optically active
hydroallylated product 41. The key to the success of this
protocol was the combination of an appropriate chiral bisphos-
phine ligand, (R)-DTBM-Segphos (L4), and the use of
18-crown-6 to suppress the otherwise predominant -F elimina-
tion from the a-CFj3-alkylcopper intermediate 39. Detailed
kinetic studies confirmed the effect of the crown ether. When
KOPiv was employed alone, the initial rate of defluorination in-
creased by 1.57-fold, whereas the addition of 18-crown-6
reduced this acceleration to 1.22-fold. These observations sup-
ported the hypothesis that the crown ether effectively disrupts
the interaction between the alkali metal cation and fluorine
atom, thereby decreasing the rate of B-F elimination.

R1\/CF3 CS+
38 (R' = alkyl) 1 - - accelerated
O G et > B-F elimination
. R" Y\ F
* 1 <
HCuL ! Sl
1
1
R1'YCF3 R
CuL*
39
L F 70Ty e relatively slow
) F O.. / e —_— B-F elimination
R! F [O.—-—',CS\OJ
% CuL* 0.
csopiv=_ I
CsO t-Bu

disrupted Cs/F interation by 18-crown-6

(b) enantioselective hydroallylation of 1-trifluoromethylalkenes

Cu(OAc), (10 mol %)
L4 (10 mol %)

CsOPiv (2.0 equiv)

18-crown-6 (2.5 equiv) H CF
PMHS (3.0 equiv RT3
\‘Rz/\cn s RSP - (3.0 equiv)
38
& I L

PAFQ

0 PAr, M
¢ 1)

Me
PMHS = J[éi—o]L Ar = 3,5-t-Bu-4-MeO-CgH,
H o n (R)-DTBM-Segphos

Scheme 14: CuH-catalyzed enantioselective allylic substitution of 1-trifluoromethylalkenes with 18-crown-6.
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This asymmetric copper-catalyzed protocol represents one of
the rare examples that allows to construct non-benzylic and
non-allylic CF3-substituted C(sp>) stereogenic centers. The syn-
thetic utility of this allylation process was demonstrated through
the facile functionalization of the allylic moiety in the enantio-
enriched product 41, providing access to optically active CF3-
containing compounds bearing various functionalities. Notably,
no erosion of enantiomeric excess was observed during any of

the transformations.

Double CuH insertion into alkynes for

regiodivergent allylic substitution

Generating chiral secondary alkylcopper species in situ through
sequential hydrocupration of terminal alkynes in a chemo-,
regio-, and enantioselective manner represents a recent advance
in copper hydride chemistry. Along these lines, in 2024, Su and
co-workers developed a strategy for the copper-catalyzed regio-
and enantioselective synthesis of secondary homoallylboron
compounds by assembling four readily available starting mate-

rials: terminal alkynes, HBdan, polymethylhydrosiloxane

Beilstein J. Org. Chem. 2025, 21, 639-658.

(PMHS), and allylic phosphates, through a complex cascade
hydroboration and hydroallylation sequence [56].

Shortly after this work, Xiong, Zhu, and co-workers reported a
ligand-controlled copper-catalyzed regiodivergent asymmetric
difunctionalization of terminal alkynes through a cascade
process involving initial hydroboration followed by a hydroally-
lation (Scheme 15) [57]. Employing a catalytic system
consisting of (R)-DTBM-Segphos (L.4) and CuBr resulted in the
exclusive 1,1-difunctionalization of aryl- and alkyl-substituted
terminal alkynes 42, including the industrially relevant acety-
lene and propyne. Interestingly, switching to the ligand (S,S)-
Ph-BPE (L1) resulted in the asymmetric 1,2-difunctionalization
of aryl-substituted terminal alkynes 42. The high levels of
regio- and stereoselectivity achieved under mild conditions
render this method attractive for constructing complex chiral

molecular architectures.

A plausible mechanistic pathway for this cascade asymmetric
hydroboration and hydroallylation of alkynes was proposed

1
R! R2 cat. CuL1 R2 cat. CuL4 )
. HBpin 3 HBpin Bpin R
Bpin L
M + R2
Ph, R2—=— 0
43 Ph 42 < 44
o~ S PAr,
Ph 0O PAFQ
¢
o
L1 = (S,S)-Ph-BPE L4 = (R)-DTBM-Segphos
Ar = 3,5-t-Bu-4MeO-CgH,
proposed catalytic cycle
Bpin R1
2
R L*CuX
44 HBpin .
PMHS HBpin R2—=
R1 R2 or . or 42
Bpin L*CuOMe LiOMe| PMHS
43
hydroallylation hydroboration H
23 nd catalytic cycle L*CuH 13t catalytic cycle RzJ\/CuL*
CuL* Bpin IntB
. R2 n
A pinor KT
IntC IntD

H
RZJ\/Bpin

HBpin
45

Scheme 15: CuH-catalyzed enantioselective allylic substitution of terminal alkynes.
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based on a series of control experiments, including deuterium-
labeling experiments and DFT calculations. The first hydro-
boration catalytic cycle is initiated by L*CuH species (L* = a
chiral ligand) formed in situ through the combination of CuBr,
LiOMe, and HBpin in the presence of a chiral ligand. Subse-
quent alkyne migratory insertion provides a vinyl cuprate inter-
mediate Int B, followed by o-bond metathesis with HBpin to
afford a vinylboronic ester intermediate 45 alongside the regen-
erated L*CuH catalyst, completing the first catalytic cycle.
Subsequently, a ligand-controlled regioselective migratory
insertion of L*CuH into the vinylboronic ester 18 delivers the
corresponding chiral alkylcopper species Int C or Int D, which
undergoes an Sy2'-like pathway with allylic phosphates 23 to
generate the chiral products 43 or 44 along with the release of
L*CuOR species. A o-bond metathesis of this alkoxycopper
species with HBpin and/or PMHS regenerates the L*CuH cata-
lyst, completing the secondary asymmetric regiodivergent
hydroallylation cycle.

Copper-catalyzed enantiotopic-group-

selective allylation of 1,1-diborylalkanes
The generation of chiral non-racemic organocopper species
through enantiotopic-group-selective transmetalation of 1,1-di-

1 (RO),B
y - L
/\/Br (RO),B” “R2
46 47

“ 0 Me

= \ .
L5= P-N

(CT%"
(R)
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borylalkanes 47 has recently garnered significant interest [58].
This methodology has emerged as a powerful strategy for con-
structing stereogenic centers with high levels of stereocontrol,
offering important complementarity to established CuH-cata-
lyzed processes. While CuH-catalyzed processes have proven
highly effective for numerous substrates, they exhibit inherent
limitations with molecules possessing unsaturated functionali-
ties due to competitive hydrocupration pathways. The approach
using 1,1-diborylalkanes 47 circumvents these chemoselectivi-
ty issues and enables a selective allylic substitution of sub-
strates containing olefins and alkynes with excellent stereose-
lectivity. Importantly, this orthogonal reactivity complements
established CuH-catalyzed procedures, significantly expanding
the scope of copper-catalyzed asymmetric allylic substitution

reactions.

In 2021, Cho, Baik, and co-workers reported the first
enantioselective copper-catalyzed allylation of 1,1-diboryl-
alkanes 47 using an Hg-BINOL-derived phosphoramidite ligand
L5, achieving exceptional enantiocontrol (Scheme 16) [59].
Their studies revealed the critical role of both the alkali metal
cation and boronic ester moiety. While LiOz-Bu provided excel-
lent enantioselectivity (er = 95:5), NaO#-Bu and KO#-Bu per-

CuBr (5.0 mol %)
L5 (10 mol %)

LiOt-Bu (2.0 equiv) R" B(OR),
THF, rt, 30 h /\)\RZ
48
with LiOt-Bu
/o /O /O
B -§-8 -$-8
0] e} o
Bpin Bpro Bnep
92%, 95:5 er 34%, 87:13 er 92%, 97:3 er
with Bnep
LiOt-Bu NaOt-Bu KOt-Bu

92%, 97:3 er 89% 86:14 er 80%, 51:49 er

3
Me Me

89%, 92:8 er

R3=OTBS, 93%, 96:4 er

Me
87%, 94:6 er

R3 = NTsMe, 88%, 94:6 er

Ph Bpin

Bn Bnep
x
90%, 97:3 er

51%, 12:1 dr (isolated after Bpin oxidation)

Scheme 16: Copper-catalyzed enantiotopic-group-selective allylic substitution of 1,1-diborylalkanes.
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formed poorly due to competitive transition-metal-free pro-
cesses via a-borylcarbanion formation. The substituent of the
boron atom proved equally important: neopentylglycolato
groups (Bnep) outperformed pinacolato (Bpin) or propanedio-
lato groups (Bpro) in stereoselectivity. The optimized condi-
tions showed a broad scope, tolerating both 1,1-diborylalkanes
with N-tosyl-protected amines and TBS-protected alcohols, as
well as substrates containing alkenes and alkynes. Various
allylic bromides 46 with electron-rich and electron-deficient

aryl substituents worked well, giving homoallylic boronic esters

Beilstein J. Org. Chem. 2025, 21, 639-658.

48 that contain a boron-substituted stereogenic center derived
from the prochiral 1,1-diborylalkanes 47 in good yields with

high stereoselectivity.

DFT calculations of the enantiotopic-group-selective trans-
metalation between 1,1-diborylalkanes and chiral copper
species revealed two possible transition states: an open transi-
tion state TS7 facilitated by LiOz-Bu and a closed transition
state TS6 without base assistance (Scheme 17a). The signifi-

cant energy difference between these pathways (AAGT =

(a) DFT calculation for the enantiotopic transmetallation

Bnep

Me” “Bnep + t-BuO-CuL5 —

47a (0.00)
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closed transition state
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-Ot-Bu
-B-0

A

TS6 (28.63)
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Mem.. . -
AN
nepB H

o H Cul5

IntE
(S)-configuration

o<

N
A

TS7 (24.38)

open transition state

(b) mass spectral analysis of the reaction using isotopic isomer (S)-1°B-32
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Scheme 17: (a) Computational and (b) experimental studies to elucidate the mechanistic details of the enantiotopic-group-selective transmetalation.
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4.3 kcal/mol) strongly favors the open transition state TS7
mechanism, attributed to reduced steric interactions and en-

hanced electronic stabilization through lithium coordination.

This explains the critical role of lithium in achieving a high en-
antioselectivity. Isotope-labeling experiments using 19B-
enriched 1,1-diborylalkanes (S)-49 further supported this mech-
anism, showing a stereoinvertive transmetalation between the
enriched substrate and chiral copper species, consistent with the
calculations (Scheme 17b).

In 2024, Cho and co-workers have developed a more
stereoselective approach that can significantly broaden the
scope of accessible electrophiles using 1,1-diborylalkanes 52 as
pronucleophiles (Scheme 18) [40]. The asymmetric copper-cat-
alyzed allylic alkylation enabled the efficient coupling of 1,1-
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diborylalkanes 52 with various allylic bromides 51, achieving
high levels of regio-, diastereo-, and enantioselectivity
(rr = >20:1, dr = >8:1, up to 96:4 er). Under slightly modified
conditions, a wide range of 1,1-diborylalkanes bearing an
N-tosyl-protected amine as well as alkene and alkyne moieties
underwent efficient coupling with allylic bromides. A notable
advantage of this synthetic approach is that it provides a distinct
alternative to traditional CuH-catalyzed allylic alkylation reac-
tions. The method shows exceptional compatibility with 1,1-di-
borylalkanes bearing unsaturated functional groups such as
alkenes or alkynes.

The copper-catalyzed asymmetric allylic substitution occurs via
two possible pathways: anti-SN2' and syn-Sn2' oxidative addi-

tion. To determine which pathway is operative, deuterium-

; Bpin conditions A R?  Bpin
RIS er + A — .
R? R® “Bpin or conditions B R
R1
e (),
L6 o\P—N 0]
- /N
e
Ph  Bpin = Bpin
Me = Me
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86%, >20:1 rr, 60%, >20:1 rr, 77%, 10:1 rr,
10:1dr, 96:4 er 8:1dr, 93:7 er 10:1dr, 96:4 er

conditions A: CuBr (5.0 mol %), L6 (10 mol %), LiOt-Bu (2.0 equiv),
Li(CgH5CO5) (1.0 equiv), THF, 0 °C, 48 h

Ph  Bpin Ph  Bpin

2

Ph

70%, >20:1 rr,
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conditions B: CuBr (5.0 mol %), L6 (10 mol %), LiOt-Bu (3.0 equiv),
Li(CgH5CO,) (3.0 equiv), THF, rt, 72 h

Scheme 18: Copper-catalyzed regio-, diastereo- and enantioselective allylic substitution of 1,1-diborylalkanes.
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labeling studies were conducted using an enantioenriched,
isotopically labeled allylic bromide (S)-54 (61:39 er) and 1,1-
diborylethane 52a under optimized reaction conditions
(Scheme 19a). The resulting product 55 formed with 39:61 E/Z
selectivity, indicating an anti-Sny2' oxidative addition mecha-
nism. In this pathway, the chiral a-borylalkylcopper intermedi-
ate approaches from the face opposite to the leaving group,
consistent with the observed stereochemical outcome.

To explore the stereochemical origins and examine the mecha-
nistic influence of the lithium benzoate additive, computational
density functional theory calculations were performed focusing
on the oxidative addition transition states (S,R)-TS8 and (S,S)-
TS9 (Scheme 19b). The theoretical analysis revealed a notable
energy difference between these diastereomeric transition states,

with (S,R)-TS8 being 4.11 kcal/mol lower in energy compared

(a) origin of the oxidative addition step

D .
: . Bpin conditions A
“ _condilions A
Ph/\/\Br Me” “Bpin
Ph
(S)-54 S2a
61:39 er (3.0 equiv)
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to (§,5)-TS9. Both transition states demonstrated a lithium
center's coordination involving bromide, benzoate, and ligand
oxygen atoms. The (S,R)-TS8 transition state exhibited a signif-
icantly shorter Li—Br interaction distance (2.81 A compared to
3.74 A in (8,9)-TS9), offering mechanistic insight into the ob-
served stereochemical outcome.

Conclusion

This review highlights the evolution of strategies for generating
and utilizing chiral nonracemic organocopper species with sec-
ondary carbon—metal bonds in asymmetric allylic substitution
reactions. Early approaches relied on the stereospecific trans-
metalation of configurationally stable organometallic reagents,
initially employing stoichiometric copper salts with chiral sec-
ondary organolithium species. The field then advanced through

the development of more practical systems using configuration-
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conditions A: CuBr (5.0 mol %), L6 (10 mol %), LiOt-Bu (2.0 equiv),
Li(CgH5CO5) (1.0 equiv), THF, 0 °C, 48 h

(b) stereochemical model
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Scheme 19: (a) Experimental and (b) computational studies to understand the stereoselectivities in oxidative addition step.
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ally stable chiral organoboron compounds, which enabled cata-

lytic copper processes through carefully controlled activation.

Despite significant progress in copper hydride (CuH) catalysis
eliminating the need for stoichiometric organometallic reagents,
the scope of viable substrates remains restricted. While this
methodology works effectively with olefins bearing electronic
directing groups (such as aryl, boryl, or trifluoromethyl substit-
uents) that guide regioselective hydrocupration, unactivated
alkyl-substituted alkenes pose a persistent challenge. The recent
breakthrough in CuH-catalyzed enantioselective and
diastereoselective allylic alkylation of vinylboronic esters
underscores both the current limitations and the potential for

expanding substrate compatibility in this field.

Most recently, a complementary approach utilizing enan-
tiotopic-group-selective transmetalation of 1,1-diborylalkanes
has emerged. This method enables efficient coupling with
various allylic electrophiles while achieving high levels of
regio-, diastereo-, and enantioselectivity. Significantly, this
strategy offers unique compatibility with substrates containing
unsaturated functional groups such as alkenes or alkynes, over-
coming a key limitation of conventional CuH catalysis.

Looking forward, several opportunities exist for further devel-
opment in this field. The configurational stability of secondary
alkylcopper species suggests broader applications in
stereoselective transformations, particularly in the strategic con-
struction of vicinal stereogenic centers through copper-cata-
lyzed asymmetric allylic substitution reactions. While current
methodologies have predominantly focused on generating
single stereogenic centers, the rational design of compatible
allylic electrophiles would provide an intriguing opportunity for
accessing diverse stereochemical arrangements. The ability to
precisely control multiple contiguous stereogenic centers would
significantly expand the synthetic utility of such transformat-
ions, particularly in the synthesis of complex molecules such as
natural products and pharmaceuticals [60]. Furthermore, future
efforts could also focus on developing new catalyst systems for
the copper-catalyzed stereoselective C—C-bond formation, as
the mechanistic understanding gained from related studies may
inform ligand design and expand the scope of nucleophiles and
allylic electrophiles in this field. The continued development of
these methodologies will be crucial for advancing the field of

asymmetric synthesis.
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This study introduces a highly selective hydrocyanation method based on copper-catalyzed hydroalumination of allenes with

diisobutylaluminum hydride, followed by the regio- and stereoselective allylation with p-toluenesulfonyl cyanide. The proposed

methodology is efficient for accessing acyclic f,y-unsaturated nitriles with a-all-carbon quaternary centers and achieves yields up to

99% and excellent regio- and E-selectivity. The reaction proceeds under mild conditions and shows broad applicability to di- and

trisubstituted allenes. Its practicality is demonstrated through the gram-scale synthesis and functional group transformations of

amines, amides, and lactams, emphasizing its versatility and synthetic significance.

Introduction

Acyclic nitriles that incorporate a-all-carbon quaternary centers
are highly valuable structural motifs typically found in natural
products, biologically active compounds, and synthetic pharma-
ceuticals [1-5]. These compounds are important intermediates in
organic syntheses because of the versatility of the cyano group,
which can be readily transformed into a wide range of func-
tional groups, including amides, carboxylic acids, amines, alde-
hydes, ketones, and N-heterocycles [6-8]. However, the synthe-
sis of all-carbon quaternary centers that contain functional
groups is challenging mainly because of their sterically

demanding property [9-11]. In this context, the incorporation of

cyano groups at the quaternary carbon centers is promising for
the development of versatile acyclic all-carbon quaternary
stereocenters with diverse functional groups [12-14]. Conse-
quently, the development of selective and predictable strategies
for the introduction of cyano groups into quaternary carbon

frameworks has become necessary in organic synthesis.

The transition-metal-catalyzed hydrocyanation of carbon—car-
bon double bonds is one of the most efficient and atom-eco-
nomical approaches for synthesizing alkyl nitriles [15,16].

Among the potential substrates, allenes have attracted signifi-
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cant attention because of their unique structural features, which
consist of two orthogonal and contiguous C=C bonds. This dual
m-system configuration promotes selective functionalization,
enabling the synthesis of various complex products through a
single transformation [17-19]. Therefore, allenes have become
versatile intermediates in numerous transition-metal-catalyzed
reactions [20,21]. Despite extensive studies on the catalytic
hydrocyanation of alkenes [22], including the industrially rele-
vant DuPont adiponitrile process from 1,3-butadiene using
nickel catalysts [23], the hydrocyanation of allenes to produce
functionalized f,y-unsaturated nitriles with quaternary carbon
centers has not been investigated extensively [24]. The limited
investigation of allene hydrocyanation can be attributed to the
significant challenges posed by the two orthogonal m-systems in
allenes. These challenges include achieving high regioselectivi-
ty and controlling (E)/(Z)-stereoselectivity, as 1,2-addition pro-
cesses to allenes can generate up to four possible regioisomeric
products.

Recent research has addressed some of these challenges. Arai
[25,26], Fang [27] and Breit [28] investigated the nickel-cata-
lyzed regio- and enantioselective hydrocyanation of 1,1-disub-
stituted allenes using acetone cyanohydrin or TMSCN/MeOH
as the precursor for the in situ generation of hydrogen cyanide
(Scheme 1a). This method achieved high regioselectivity and
enantioselectivity, highlighting the potential of allene hydrocya-
nation for the synthesis of complex nitrile-containing products.
In another approach, the Minakata group used electrophilic
cyanating reagents, such as p-toluenesulfonyl cyanide (TsCN)
and N-cyano-N-phenyl-p-toluenesulfonamide [29]. The hydro-
boration of allenes with 9-BBN (9-borabicyclo[3.3.1]nonane) as

the hydride source, followed by regioselective cyanation with

a) Ni-catalyzed hydrocyanation of allenes

Beilstein J. Org. Chem. 2025, 21, 800-806.

allylic boranes, provided nitrile-substituted quaternary carbon
centers (Scheme 1b). Although both methodologies achieved
high regioselectivity, their substrate scopes were limited, and

most studies focused on the hydrocyanation of terminal allenes.

Given the synthetic importance of nitriles that bear all-carbon
quaternary centers and the distinctive reactivity of allenes, the
development of hydrocyanation methodologies with a broad-
ened substrate scope and improved regio- and stereoselectivity
is of significant interest. Inspired by our study on the construc-
tion of all-carbon quaternary centers via functionalized allylalu-
minum reagents obtained from the copper-catalyzed regioselec-
tive hydroalumination of allenes using diisobutylaluminum
hydride (DIBAL-H), we envisioned that the nucleophilic attack
of allylaluminum reagents on electrophilic cyanating reagents
could provide a regioselective pathway for the synthesis of
alkyl nitriles bearing quaternary carbon centers [30-33]. Herein,
we report a mild and efficient method for the regio- and (E)-
stereoselective formal hydrocyanation of di- and trisubstituted
allenes. Using DIBAL-H as the hydride source and TsCN as a
readily available and bench-stable cyanating agent in the pres-
ence of a copper catalyst, we synthesized new and versatile
functionalized acyclic nitriles that include all-carbon quater-
nary centers with high selectivity (Scheme 1c). Compared to
previous methodologies, our approach enables the efficient gen-
eration of tertiary nitrile products with a broader substrate
scope, highlighting its synthetic utility and potential applicabili-
ty in complex molecule synthesis.

Results and Discussion
We began by optimizing the hydrocyanation of allene 1a using
DIBAL-H as the hydride source and p-toluenesulfonyl cyanide

e @ o
/& + Me” "Me Ni R
RS or —
TMSCN/MeOH R™ CN

b) formal hydocyanation using borane and an electrophilic CN source

R H H
R'/& + R“ZB_H — R\%WB TsCN RX&
‘N or
S (9-BBN) R Ph. R”CN
_N-CN
Ts
c) this study: u
TsCN "
R/L§, Re + (BupARH —=> R\r%LjrA' 3 R;K5L§/R
R R R” CN

« control regioselectivity? and control E/Z stereoselectivity?

Scheme 1: Synthesis of acyclic nitrile-substituted quaternary carbon centers from allenes.
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as the cyanating reagent (Scheme 2). Under previously estab-
lished conditions, the hydride addition of DIBAL-H to allene 1a
catalyzed by 5 mol % IPrCuCl as the optimal catalyst selec-
tively generated the allylaluminum intermediate 2a with >98%
conversion [30]. Subsequent addition of one equivalent of
TsCN to 2a in a single vessel at room temperature proceeded
regioselectively, achieving complete conversion within 30 min
and yielding the desired a-quaternary nitrile 3a in 95% yield.
Moreover, no byproducts, such as regioisomeric nitriles or de-

rivatives from over-addition of allylaluminum, were observed.

After having established the optimized reaction conditions, the
substrate scope for the formal hydrocyanation with 1,1-disubsti-
tuted and 1,1,3-trisubstituted allenes was examined (Scheme 3).
All reactions were performed in the presence of 5 mol %
[PrCuCl to generate the allylaluminum reagents in situ, fol-
lowed by cyanation at room temperature for 30 min. This
method efficiently constructed a-all-carbon quaternary centers
on B,y-unsaturated nitriles with excellent >98% regioselectivity
and >98% (E)-selectivity. 1,1-Disubstituted allenes bearing silyl
ether- and benzyl ether-tethered propyl groups were successful-
ly converted into the desired nitriles 3a—c in yields ranging from
88% to 99%. Similarly, chloro-substituted allene 1d exhibited
good tolerance under these conditions, affording the corre-
sponding nitrile 3d in an 88% yield, whereas phenethyl-substi-
tuted allene le provided 3e in a 95% yield. Allenes 1f-i
featuring phenyl and alkyl substituents, including methyl, ethyl,
phenethyl, and allyl groups, also underwent smooth cyanation,
resulting in a-quaternary nitriles 3f—i in yields of 85-94%.
Furthermore, aryl-substituted allenes 1j—o, incorporating elec-
tron-donating or electron-withdrawing substituents such as
methyl, fluoro, chloro, bromo, trifluoromethyl, or methoxy

groups on the phenyl ring, were compatible with the reaction,

Beilstein J. Org. Chem. 2025, 21, 800-806.

producing nitriles 3j—o in 88-93% yields. In particular, thienyl-
substituted allene 1p was efficiently transformed into the

desired nitrile 3p.

We further demonstrated the versatility of this protocol using
1,1,3-trisubstituted allenes. Trisubstituted allenes 1q—s bearing
phenyl and dialkyl groups, including a cyclohexyl moiety,
underwent selective cyanation to deliver the (E)-isomers of the
corresponding nitriles 3q—s in yields of 90-95%. In addition,
aryl- and dialkyl-substituted allenes 1t—x containing substitu-
ents, such as fluoro, chloro, bromo, trifluoromethyl, or me-
thoxy groups on the phenyl ring, were smoothly converted into
B,y-unsaturated nitriles 3t—x with high efficiency. Particularly,
allenes 1y and 1z containing benzodioxane or naphthalene
moieties were well-tolerated under these reaction conditions,
affording nitriles 3y and 3z in 85% and 93% yield, respectively.
Unfortunately, the 1,1,3-trialkyl-substituted allene 1aa was not
suitable for Cu-catalyzed hydroalumination under the estab-
lished conditions, resulting in less than 2% conversion to allyla-

luminum reagents.

In a previous study on the electrophilic cyanation of allylic
boranes conducted by the Minakata group (Scheme 1b), only
two examples of f,y-unsaturated nitrile products bearing
o-tertiary carbon centers were established, and the yields were
moderate [29]. To broaden the applicability of the system, we
extended it to the synthesis of nitriles containing both quater-
nary and tertiary carbon centers. The scope of monosubstituted
allenes is illustrated in Scheme 4. Allenes 4a—c substituted with
alkyl groups, including phenethyl, decyl, and cyclohexyl
groups, smoothly underwent hydrocyanation, yielding the corre-
sponding nitriles Sa—c in 79-90% yield with excellent regiose-

lectivity (>98%). Functional groups such as silyl ether, benzyl

;\iF’r N \/N\ iPr.,

%rT N R\%HVAI(iBu)z

CuCl
Z 5 mol % IPrCuCl H
T|Pso/\/\f H
(iBu),Al-H R
1a THF, 60 °C, 3 h
Al(iBu),
2a, allyl-Al
>98% conv (1.2 equiv)
1 equiv o .
TSCN LZZ C, 30 min

Scheme 2: Hydrocyanation of allene 1a with tosyl cyanide.

TIPSO” ™" X\
3a / CN

95%, >98% regioselectivity
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R 5 mol % IPrCucCl » R
,& . THF, 60 °C, 3 h N
3 3 + (iBu)Al-H
RS R+ (Buk then TSCN R2 CN
1 22°C,0.5h 3

disubstituted allenes

TBSO
T|Pso/\/>(\ m
CN CN

3a, 95% 3b, 88%
(\
Z X X
CN CN
3e, 95% 3f, 90%
A EJ;(\
/ CN CN
3i, 85% 3j, 93%
Br 3C
q(\ \©>(\
CN CN
3m, 90% 3n, 90%

trisubstituted allenes

P CN

3q 95% 3r, 90%
3u, X=Cl, 97% 3w, X = CF3, 90%
3v, X =Br, 89% 3x, X = OMe, 90%

NSO

3¢, 99% 3d, 88%
©>A %
Et CN PH
39, 94% 3h, 86%
F Cl
L U
CN CN
3k, 92% 31, 91%
MeO
S
\©>(\ %(\
CN CN
30, 88% 3p, 90%

F
O\/XCN _~__CN

n-Bu
3s, 95% 94%

e

3y, 93%

3aa, <2%

3z, 85%

Scheme 3: Hydrocyanation with various di- or trisubstituted allenes. Reaction conditions: allene 1 (0.3 mmol), (iBu)2Al-H (0.3 mmol), IPrCuCl
(5 mol %), TsCN (0.25 mmol), THF (0.2 M), under N». The yields of the isolated products are given.

ether, and chloro moieties on allenes 4d—f were well tolerated
under the reaction conditions, producing nitrile-substituted
tertiary carbon products 5d—f in yields ranging from 73% to
85%. Moreover, aryl-substituted allene 4g was efficiently con-

verted to the desired nitrile 5g in high yield.

Gram-scale reactions were conducted using allenes to demon-
strate the practical applicability of this hydrocyanation method
(Scheme 5). Allene 1q (1.04 g, 7.2 mmol) and allene 4b (1.08 g,

6.0 mmol) were effectively transformed into nitrile products 3q

and 5b, achieving yields of 93% and 87%, respectively. When
the catalyst loading was reduced to 3 mol % for the reaction of
allene 4b, the hydroalumination did not reach full conversion
even with an extended reaction time (6 h vs 3 h). As a result, the
incomplete hydroalumination led to a side reaction between the
remaining DIBAL-H and TsCN, ultimately yielding the cyana-
tion product 5b in only 54%.

The synthetic potential of the obtained f,y-unsaturated nitriles

featuring a-quaternary carbon centers was further illustrated
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5 mol % IPrCuCl R
THF, 60 °C, 3 h
RN+ (BuAHH .00°C. 3 Ty

then TsCN CN
4 22°C, 0.5 h 5
Ph TIPSO~
\/\(\ %‘/\ O\& \l/\
CN CN CN
CN
5a, 90% 5b, 79% 5¢, 89% 5d, 85%
t-Bu
|
Bro >N ¢ SN
CN CN X
5e, 73% 5f, 80% 5g, 90% CN

Scheme 4: Hydrocyanation with various monosubstituted allenes. Reaction conditions: allene 4 (0.3 mmol), (iBu)2AI-H (0.3 mmol), IPrCuCl (5 mol %),
TsCN (0.25 mmol), THF (0.2 M), under Na. The yields of the isolated products are given.

fiPr N‘ : N iPr,'"
L | S
)\ 5mol % CUCl TsCN Ph _~_CN
Ph~ (iBu)oAl-H 22°C,0.5h /><
1q THF, 60 °C, 3 h 3q, 93%

(1.04 g, 7.2 mmol)

N7 5 mol % IPrCuCl TsCN m

(iBu)Al-H 22°C, 0.5 h CN

4b THF, 60 °C, 3 h 5b, 87%
(1.08 g, 6.0 mmol)

Scheme 5: Gram scale reaction.

using a series of transformations (Scheme 6). Nitrile 3q was  nitrile 3q with lithium aluminum hydride generated amine 7 in
hydrolyzed to amide 6 in a 90% yield under basic conditions an 85% yield, whereas the selective hydrogenation of the alkene

using sodium hydroxide and zerz-butanol. The reduction of moiety of 3q using a Pd/C catalyst in a Hy gas environment

o)
Pho~_CN |,
Ph\%NHz NaOH_ PN A TS,
t-BuOH THF, 80°C, 2 h
6. 90 120 °C, 12 h 3q .
» 90% 10 mol % Pd/C, H, 7,85%
MeOH/EtOAC (2:1)
22°C, 24 h
Ph\/><CN
8, 98%
Br 20 mol % Cul, 10 mol % K H
30 mol % N-acetylglycine 0
AN NaOH _—
CN t-BUOH, 140 °C, 24 h
3m 9, 98%

Scheme 6: Synthetic applications.
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smoothly produced product 8 in a 98% yield. Ortho-bromoaryl-
substituted nitrile 3m also underwent tandem amidation and
copper-catalyzed cyclization, efficiently producing lactam 9 in a
98% yield.

Scheme 7 illustrates a plausible reaction mechanism based on
previous studies [34]. The process begins with the formation of
NHC-copper hydride complex A through the reaction of
IPrCuCl with DIBAL-H [35]. Copper hydride species A reacts
regioselectively with allene 1 to form the allylcopper intermedi-
ate B. Subsequent transmetalation between allyl-Cu B and
DIBAL-H generates allylaluminum species C and regenerates
IPrCuH (A). The final step involves the regioselective nucleo-
philic attack of allylaluminum C on tosyl cyanide, which
proceeds at the y-position via six-membered ring transition state
D, leading to the formation of the desired nitrile product. Tran-
sition state D is responsible for the E-selectivity observed in
trisubstituted allenes, as it minimizes the allylic strain between
the R and R" groups.

Conclusion

In this study, we developed a highly regio- and (E)-selective
formal hydrocyanation protocol for allenes using a copper-cata-
lyzed hydroalumination/cyanation sequence with DIBAL-H and
tosyl cyanide. This approach offers mild reaction conditions,
broad functional group compatibility, and high efficiency,
enabling the synthesis of new and versatile functionalized B,y-
unsaturated nitriles containing a-all-carbon quaternary centers
with exceptional selectivity. The practicality of this approach
was validated through gram-scale synthesis and the successful
transformation of nitrile products into amines, amides, and
lactams. Further studies are underway to broaden the scope and

application of the proposed method.
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4,4-Dichloro-2-butenoic acid derivatives are shown to
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undergo a rare dimerization process when reacted with

bis(pinacolato)diboron under copper catalysis. The reaction provides densely functionalized products with excellent levels of

chemo-, regio-, and diastereoselectivity. This high degree of functionalization makes these products versatile building blocks for the

stereoselective synthesis of chlorocyclopropanes.

Introduction

In the last years our group has been focused on the develop-
ment of catalytic methodologies for the carboboration of unsat-
urated hydrocarbons [1-7]. In the course of our investigation of
the copper-catalyzed borylative coupling of alkynes with allylic
gem-dichlorides [3], we observed that alkyl 4,4-dichloro-2-
butenoates deviated from the general reactivity trend. While
allylic gem-dichlorides bearing aromatic and aliphatic substitu-
ents efficiently provided the allylboration product (Scheme 1a),
the use of ester derivative 1 under same reaction conditions led
to the formation of an unexpected product arising from the cou-
pling of two dichloride molecules with no alkyne incorporation

(Scheme 1b). We have studied this reaction and now report a

catalytic methodology for the diastereoselective synthesis of
these dimeric structures. The high degree of functionalization
present in these molecules, which feature two ester groups, an
aliphatic gem-dichloride and a dichloroalkene unit, offers ample
opportunities for further functionalization. This is illustrated by
their chemo- and diastereoselective conversion into densely

functionalized cyclopropanes (Scheme Ic).

Results and Discussion

Based on our preliminary result, we started our study by
exploring the reaction between ethyl 4,4-dichloro-2-butenoate
(1) and Bjpin, (Table 1). By using NaOz-Bu as base and tolu-
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a) Cu-catalyzed borylative coupling between alkynes and allylic gem-dichlorides [3]

chiral
Cl Cu/NHC catalyst Cl RZ Bpin
Rl= + +  Boping S
R2\)\CI chemo-, regio-, enantio-
R? = anyl, alkyl and diastereoselective R!
b) preliminary result with ethyl 4,4-dichloro-2-butenoate
o Cl.__ClI
o) CuCl/SIMes |
10 mol %
Ph— + Etojj\/\(CI + szinz ( 0) EtO o
NaOt-Bu Cl
, ¢ toluene, 30 °C OFt
Cl
2,32%

c) this work: Cu-mediated diastereoselective dimerization of 4,4-dichloro-2-butenoic

acid derivatives/cyclization

Q Cu catalyst
J\/\rCl
Y .
szlng
c LiOt-Bu

>95:5 dr

cl_Cl
Y =OR j?
RO ™ )(1
se ci -~ SOR
Y=NR: RN

up to >95:5dr

Scheme 1: Chemodivergent reactivity observed in copper-catalyzed borylative couplings of allylic gem-dichlorides.

ene as solvent, the Cu/SIMes catalyst provided compound 2 as
single reaction product, albeit in low yield and with low dia-
stereoselectivity (Table 1, entry 1). Lowering the amount of
Bypin, to 1 equivalent was found to be beneficial (Table 1,
entry 2), although the use of sub-stoichiometric amounts led to
a significant decrease in reaction yield (Table 1, entry 3). We
also tried to reduce the amount of base, but this caused a drop in
the reaction efficiency (Table 1, entry 4). Evaluation of differ-
ent bases demonstrated the important role of the base metal
cation. Gratifyingly, we observed that the use of LiOz-Bu led to
the formation of product 2 as a single diastereomer (Table 1,
entry 5). A slightly lower diastereoselectivity was observed
when KOrz-Bu was used, which also gave rise to 2 in diminished
yield (Table 1, entry 6). The nature of the solvent also played a
role in the reaction outcome. A decrease both in efficiency
and diastereoselectivity was observed when THF was used
(Table 1, entry 7). The use of dichloromethane eroded the dia-
stereoselectivity and also the chemoselectivity as shown with
the additional formation of 3 as a mixture of Z:E isomers
(Table 1, entry 8). Having identified the proper combination of
base and solvent, we then screened different copper catalysts.

Different NHCs, bisphosphines and phosphines were tested

(Table 1, entries 9-14) and excellent chemo- and diastereose-
lectivity was observed in all cases, with SIPr providing the best
result (Table 1, entry 11). Under these optimized conditions,
product 2 was isolated in 60% yield as a single diastereomer.
The relative configuration of 2 was determined by two-dimen-
sional NMR analysis (see Supporting Information File 1 for
details).

This transformation could be efficiently applied to the dimeriza-
tion of other 4,4-dichloro-2-butenoates and 4,4-dichloro-2-
butenamides. The corresponding products 8 and 9 were
obtained in good yield and excellent diastereoselectivity
(Scheme 2). In sharp contrast, the use of gem-dichlorides bear-
ing a ketone group did not result in the formation of the dimer-
ization product and complex mixtures of products were ob-
served in these cases.

To gather insight into the reaction mechanism, several control
experiments were performed (Scheme 3).

We first observed that the reaction does not take place in the

absence of Bjpiny (Scheme 3a). Based on the well accepted
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Table 1: Optimization studies.

o _CuCI (10 mol "f;) OCI Cl
)K/\(CI ligand (10 mol %)
EtO base (2.0 equiv) EtO 3
cl Bopin, (n equiv) Et0” YO cl
1 toluene, 30 °C, 18 h 3

Entry2 Base Bopiny (equiv) Ligand Yield 2° 2dr¢
1 NaOt-Bu 2.0 SIMes 34 73:27
2 NaOt-Bu 1.0 SIMes 56 70:30
3 NaOt-Bu 0.5 SIMes 8 n.d.
4 NaOt-Bud 1.0 SIMes 22 72:28
5 LiOt-Bu 1.0 SIMes 49 >95:5
6 KOt-Bu 1.0 SIMes 27 92:8
78 LiOt-Bu 1.0 SIMes 20 93:7
8f LiOt-Bu 1.0 SIMes 419 92:8
9 LiOt-Bu 1.0 IMes 35 >95:5
10 LiOt-Bu 1.0 IPr 50 >95:5
11 LiOt-Bu 1.0 SIPr 60 >95:5
12 LiOt-Bu 1.0 DPEphos 57 >95:5
13 LiOt-Bu 1.0 Xantphos 39 >95:5
14 LiOt-Bu 1.0 PCys 51 >95:5

aReactions run on a 0.2 mmol scale. PYield of isolated product. ®Diastereomeric ratio determined by GC analysis of reaction crude (structure of major
diastereomer shown). 91.0 equiv of NaOt-Bu. ®THF used as solvent. fCH,Cl, used as solvent. 9Product 3 was also obtained in 15% yield as a 1:1
mixture of Z:E isomers.

O CuCl (10 mol %)
)WCI SIPr (10 mol %)
Y
Cl LiOt-Bu (2.0 equiv)
1,Y=OEt 6,Y=Me B2pin, (1.0 equiv)
4,Y=0tBu 7,Y=Ph toluene, 30 °C, 18 h Cl

5,Y = N(Me)(OMe)

2, 60% yield 8, 57% yield 9, 51% yield
>95:5dr >95:5dr >95:5dr

| Cl
10, 0% yield 11, 0% yield

Scheme 2: Cu-Bpin-mediated dimerization of 4,4-dichoro-2-butenoic acid derivatives.
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e} standard conditions

(Table 1, entry 11)

without B,piny

2
0% yield

b standard conditions
) (Table 1, entry 12)

MeOH (2.0 equiv)

2
36% yield

CuCl (3 mol %)
DPEPhos (3 mol %)
Cl
1 LiOt-Bu (9 mol %) 9

Bpin

Bopin, (1.0 equiv)

Cl
EtO

MeOH (2.0 equiv) Cl

toluene, 30 °C, 18 h

(o) standard conditions
(Table 1, entry 11)

12, 47% yield

EtoJ\/\(R

R’
13, R=R'=H
14, R=R'=CHj;

15,R=Br,R'=H

Scheme 3: Control experiments.

metathesis reaction of Cu(I) alkoxides with B,pin; and the reac-
tivity of the resulting Cu-Bpin complex towards a,B-unsatu-
rated esters and hydrocarbons [8-15], we hypothesized that the
first step of the reaction may deal with the insertion of the
copper—boron bond into 1. The dual functionality of this sub-
strate imposed a question related to the regioselectivity of the
Cu—Bpin insertion since it can potentially behave as an a,f3-
unsaturated ester or an allylic substrate [16-19]. To shed some
light into this issue, we ran the reaction in the presence of
MeOH in order to trap the potential copper intermediate by pro-
tonation. When 2 equiv of MeOH were used, we still obtained
the dimerization product 2. Nevertheless, when a catalytic
amount of base was used, we only observed the formation of
B-borylation product 12 (Scheme 3b). This result suggests that
Cu-Bpin insertion into 1 generates a copper enolate which may
engage in further steps for the formation of the dimerization
product. The presence of the two chlorine atoms was found to
be key for the outcome of the reaction. No dimerization prod-
uct was observed when the reaction was carried out under stan-
dard conditions with ethyl crotonate derivatives bearing a
methyl group, hydrogen or bromine atoms at the y position.
Either B-borylation or decomposition products were obtained in
those cases (Scheme 3c¢).

On the basis of our experimental results, we propose the

following mechanism for the copper-catalyzed diastereoselec-

not observed

tive dimerization of 4,4-dichoro-2-butenoic acid derivatives
(Scheme 4). Initially, the LCu—pin complex generated through
reaction between LCu—Oz-Bu and B,pin, undergoes coordina-
tion and regioselective insertion into 1 giving rise to f-bory-
lated organocopper species A which is in equilibrium with the
Cu-O enolate B [11]. In the presence of excess of LiOz-Bu, a
salt metathesis reaction between this base and intermediate B
generates lithium enolate C and LCuOr-Bu to close the copper
catalytic cycle. The formation of a lithium enolate is consistent
with the different diastereoselectivity observed when other
bases featuring different metal cations were used (Table 1, entry
2 vs entry 5), and the absence of any significant stereochemical
influence from the copper complex (Table 1, entries 9-14).
Lithium enolate C would then undergo a diastereoselective
conjugate addition to a second molecule of 1. Given the
negative results observed for other crotonate derivatives
(Scheme 3c¢), coordination between the Li cation and the two
chlorine atoms via proposed transition state D may be crucial
not only for diastereoselective control but also for the viability
of this step. Finally, the new enolate E evolves through intramo-
lecular proton abstraction and elimination of boryllithium
[20,21]. The formation of side product 3 observed when
dichloromethane was used as a solvent could be explained by
protonation of intermediate A, followed by transmetalation of
the resulting organoboron compound with CuOz-Bu and subse-

quent SN2’-selective allylic alkylation of 1.
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Scheme 4: Proposed mechanism for the Cu-catalyzed dimerization of 4,4-dichoro-2-butenoic acid derivatives.

The densely functionalized structure of these dimerization prod-
ucts offers a versatile synthetic handle for further chemoselec-
tive functionalization. Considering the presence of two enoliz-
able esters together with the aliphatic gem-dichloride, we
explored the feasibility of a base-mediated formation of chloro-
cyclopropanes (Table 2).

Evaluation of bases such as metal fert-butoxides, phosphates,

acetates, and organic amines resulted in either low conversion

or decomposition of 2 (see Supporting Information File 1 for
details). In contrast, the use of CsF in dioxane at 70 °C proved
to be efficient and selectively provided cyclopropane 9 in good
yield, albeit with no diastereoselectivity (Table 2, entry 1).
Cs,CO3 was also selective for this cyclization and provided a
slight increase in diastereoselectivity, although still far from
satisfactory (Table 2, entry 2). A major improvement was ob-
served when TBAF was used as base. At 70 °C, product 16 was
obtained with good diastereoselectivity (80:20 dr), although in

Table 2: Synthesis of densely functionalized (2,2-dichlorovinyl)cyclopropanes by base-promoted intramolecular cyclization.

base (2.0 equiv)

dioxane, T, 18 h

2,Y = OEt
8,Y =0tBu
9, Y = N(Me)OMe
Entry2 Y Base
1 OEt CsF
2 OEt CsoC03
3 OEt TBAF
4 OEt TBAF
5 Ot-Bu TBAF
6 N(Me)(OMe) TBAF

16, Y = OEt
17, Y = Ot-Bu
18, Y = N(Me)OMe

T (°C) Product, yield (%)P dr¢
70 16, 80 50:50
70 16, 55 61:39
70 16, 32d 80:20
50 16, 70 83:17
50 17, 61 81:19
50 18, — -

aReactions run on a 0.1 mmol scale. PYield of isolated product. ®Diastereomeric ratio determined by 'H NMR analysis of reaction crude. 9Product 19

was also obtained in 23% yield.
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low yield mainly due to the formation of side product 19. How-
ever, 16 could be obtained as a single product in 70% yield with
83:17 dr by decreasing the reaction temperature to 50 °C
(Table 2, entry 4). Under the same optimal conditions, com-
pound 8 could be transformed into cyclopropane 17 in 61%
yield with 81:19 dr (Table 2, entry 5). It is important to note
that (2,2-dichlorovinyl)cyclopropanes represent an important
class of compounds present in a range of bioactive compounds
such as permethrin or alpha-cypermethrin, which are common-
ly used as insecticides [22,23]. The present transformation
provides access to densely functionalized (2,2-dichloro-
vinyl)cyclopropanes, thus representing a potential platform for
the synthetic diversification on these important scaffolds.

Surprisingly, when the TBAF-mediated cyclization was
attempted on bisamide 9 the corresponding cyclopropane 18
was not formed (Table 2, entry 6). The use of other mild bases
at different temperatures also resulted unproductive. However,
when the reaction was carried out with KOz-Bu, we observed
the selective conversion of 9 into product 20 featuring a differ-
ent cyclopropane scaffold. Slight modification of the reaction
conditions allowed us to obtain product 20 in 56% yield as a
single diastereomer (Scheme 5a). Taking advantage of the
twofold utility of KOz-Bu, we explored the formation of this
new cyclopropane structure directly from gem-dichloride 5. By
using this base under standard conditions, product 20 was selec-
tively obtained in similar yield, albeit with diminished dia-

stereoselectivity (Scheme 5b).

Beilstein J. Org. Chem. 2025, 21, 877-883.

Conclusion

In summary, we have discovered an unanticipated Cu—Bpin-
promoted diastereoselective dimerization of 4,4-dichloro-2-
butenoic acid derivatives. The reaction occurs via initial
Cu-Bpin insertion followed by keto—enol isomerization and salt
metathesis to generate a lithium enolate which is then trapped
by a second molecule of the 4,4-dichloro-2-butenoic acid deriv-
ative. We have observed that the use of lithium as base metal
cation is key to achieve excellent levels of diastereoselectivity.
Our study also highlights, how the dimerization products can be
selectively converted into different densely functionalized
cyclopropane scaffolds depending on the nature of the
carboxylic acid derivative.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data and copies
of NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-71-S1.pdf]

Funding

Financial support from the AEI (PID2020-118237RB-100),
European Research Council (863914), Xunta de Galicia
(ED431C 2022/27; Centro de investigacién do Sistema univer-

a)
MeO. KOt-Bu (2.0 equiv)
toluene, 30 °C, 18 h
9 20, 56% yield
>95:5dr >95:5 dr
b)
o CuCl (10 mol %)
SIPr (10 mol %)
MeO. = Cl
N KOt-Bu (2.0 equiv)
Me Cl B,pin, (1.0 equiv)
5 toluene, 30 °C, 18 h

20, 54% yield
86:14 dr

Scheme 5: a) KOt-Bu-mediated intramolecular cyclization of 9. b) Direct formation of cyclopropane 20 from gem-dichloride 5 using KOt-Bu as base.

882


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-71-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-71-S1.pdf

sitario de Galicia accreditation 2023-2027, ED431G 2023/03)
and the European Regional Development Fund (ERDF) is grate-
fully acknowledged.

Author Contributions

Patricia Gémez-Roibds: investigation; methodology; writing —
review & editing. Andrea Chaves-Pouso: investigation; method-
ology. Martin Fafiands-Mastral: conceptualization; formal anal-
ysis; funding acquisition; project administration; resources;

supervision; writing — original draft; writing — review & editing.

ORCID® iDs

Martin Fafianas-Mastral - https://orcid.org/0000-0003-4903-0502

Data Availability Statement

All data that supports the findings of this study is available in the published
article and/or the supporting information of this article.

References

1. Rivera-Chao, E.; Fafanas-Mastral, M. Angew. Chem., Int. Ed. 2018,
57, 9945-9949. doi:10.1002/anie.201806334

2. Rivera-Chao, E.; Mitxelena, M.; Varela, J. A.; Fainanas-Mastral, M.
Angew. Chem., Int. Ed. 2019, 58, 18230—18234.
doi:10.1002/anie.201910707

3. Chaves-Pouso, A.; Alvarez-Constantino, A. M.; Fafianas-Mastral, M.
Angew. Chem., Int. Ed. 2022, 61, €202117696.
doi:10.1002/anie.202117696

4. Pérez-Saavedra, B.; Velasco-Rubio, A.; Rivera-Chao, E.; Varela, J. A.;
Sag, C.; Fananas-Mastral, M. J. Am. Chem. Soc. 2022, 144,
16206—16216. doi:10.1021/jacs.2c07969

5. Pifeiro-Suarez, M.; Alvarez-Constantino, A. M.; Fafianas-Mastral, M.
ACS Catal. 2023, 13, 5578-5583. doi:10.1021/acscatal.3c00536

6. Alvarez-Constantino, A. M.; Chaves-Pouso, A.; Fafianas-Mastral, M.
Angew. Chem., Int. Ed. 2024, 63, €202407813.
doi:10.1002/anie.202407813

7. Vézquez-Galifanes, N.; Sciortino, G.; Pifeiro-Suérez, M.; Téth, B. L.;
Maseras, F.; Fafanas-Mastral, M. J. Am. Chem. Soc. 2024, 146,
21977-21988. doi:10.1021/jacs.4c07188

8. lto, H.; Yamanaka, H.; Tateiwa, J.-i.; Hosomi, A. Tetrahedron Lett.
2000, 41, 6821-6825. doi:10.1016/s0040-4039(00)01161-8

9. Takahashi, K.; Ishiyama, T.; Miyaura, N. J. Organomet. Chem. 2001,
625, 47-53. doi:10.1016/s0022-328x(00)00826-3

10.Mun, S.; Lee, J.-E.; Yun, J. Org. Lett. 2006, 8, 4887-4889.
doi:10.1021/0l061955a

11.Dang, L.; Lin, Z.; Marder, T. B. Organometallics 2008, 27, 4443—-4454.
doi:10.1021/0m8006294

12. Lillo, V.; Bonet, A.; Fernandez, E. Dalton Trans. 2009, 2899—2908.
doi:10.1039/b819237¢e

13.Neeve, E. C.; Geier, S. J.; Mkhalid, I. A. |.; Westcott, S. A.;
Marder, T. B. Chem. Rev. 2016, 116, 9091-9161.
doi:10.1021/acs.chemrev.6b00193

14.Hemming, D.; Fritzemeier, R.; Westcott, S. A.; Santos, W. L;
Steel, P. G. Chem. Soc. Rev. 2018, 47, 7477-7494.
doi:10.1039/c7¢cs00816¢

15.Das, K. K.; Mahato, S.; Hazra, S.; Panda, S. Chem. Rec. 2022, 22,
€202100290. doi:10.1002/tcr.202100290

Beilstein J. Org. Chem. 2025, 21, 877-883.

16. Ito, H.; Kawakami, C.; Sawamura, M. J. Am. Chem. Soc. 2005, 127,
16034—16035. doi:10.1021/ja056099x

17.Guzman-Martinez, A.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132,
10634-10637. doi:10.1021/ja104254d

18.Gao, P.; Yuan, C.; Zhao, Y.; Shi, Z. Chem 2018, 4, 2201-2211.
doi:10.1016/j.chempr.2018.07.003

19. Akiyama, S.; Kubota, K.; Mikus, M. S.; Paioti, P. H. S.; Romiti, F.;
Liu, Q.; Zhou, Y.; Hoveyda, A. H.; Ito, H. Angew. Chem., Int. Ed. 2019,
58, 11998-12003. doi:10.1002/anie.201906283

20.Segawa, Y.; Yamashita, M.; Nozaki, K. Science 2006, 314, 113-115.
doi:10.1126/science.1131914

21.Segawa, Y.; Suzuki, Y.; Yamashita, M.; Nozaki, K. J. Am. Chem. Soc.
2008, 730, 16069-16079. doi:10.1021/ja8057919

22.Li, N.; Xu, H.-H.; Liu, Z.-Y.; Yang, Z.-H. J. Photochem. Photobiol., B
2009, 96, 170-177. doi:10.1016/j.jphotobiol.2009.06.002

23. Walker, K. J.; Williams, C. T.; Oladepo, F. O.; Lucas, J.; Malone, D.;
Paine, M. J. |.; Ismail, H. M. Sci. Rep. 2022, 12, 9715.
doi:10.1038/s41598-022-13768-z

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.21.71

883


https://orcid.org/0000-0003-4903-0502
https://doi.org/10.1002%2Fanie.201806334
https://doi.org/10.1002%2Fanie.201910707
https://doi.org/10.1002%2Fanie.202117696
https://doi.org/10.1021%2Fjacs.2c07969
https://doi.org/10.1021%2Facscatal.3c00536
https://doi.org/10.1002%2Fanie.202407813
https://doi.org/10.1021%2Fjacs.4c07188
https://doi.org/10.1016%2Fs0040-4039%2800%2901161-8
https://doi.org/10.1016%2Fs0022-328x%2800%2900826-3
https://doi.org/10.1021%2Fol061955a
https://doi.org/10.1021%2Fom8006294
https://doi.org/10.1039%2Fb819237e
https://doi.org/10.1021%2Facs.chemrev.6b00193
https://doi.org/10.1039%2Fc7cs00816c
https://doi.org/10.1002%2Ftcr.202100290
https://doi.org/10.1021%2Fja056099x
https://doi.org/10.1021%2Fja104254d
https://doi.org/10.1016%2Fj.chempr.2018.07.003
https://doi.org/10.1002%2Fanie.201906283
https://doi.org/10.1126%2Fscience.1131914
https://doi.org/10.1021%2Fja8057919
https://doi.org/10.1016%2Fj.jphotobiol.2009.06.002
https://doi.org/10.1038%2Fs41598-022-13768-z
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.21.71

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Microwave-enhanced additive-free C—H amination of
benzoxazoles catalysed by supported copper

Andrei Paraschiv', Valentina Maruzzo?, Filippo Pettazzi'-2, Stefano Magliocco®,
Paolo Inaudi!, Daria Brambilla*, Gloria Berlier3, Giancarlo Cravotto! and Katia Martina™?

Full Research Paper

Address:

Department of Drug Science and Technology, University of Turin, Via
Pietro Giuria 9, 10125 Turin, ltaly, 2Present address: R&D
Department, Farmabios S.P.A., Via Pavia 1, Gropello Cairoli, Italy,
3Department of Chemistry, NIS Interdepartmental Centre and INSTM
Reference Centre, University of Turin, Via Pietro Giuria 7, 10125
Turin, ltaly and 4Cube Labs Spa V. Giulia Caccini 1, 00198 Roma,
ltaly

Email:
Katia Martina” - katia.martina@unito.it

* Corresponding author
Keywords:

aerobic oxidation; copper; grafted silica; heterogeneous catalysis;
microwave

Abstract

Beilstein J. Org. Chem. 2025, 21, 1462—1476.
https://doi.org/10.3762/bjoc.21.108

Received: 03 March 2025
Accepted: 18 June 2025
Published: 15 July 2025

This article is part of the thematic issue "Copper catalysis: a constantly
evolving field".

Guest Editor: J. Yun

© 2025 Paraschiv et al.; licensee Beilstein-Institut.
License and terms: see end of document.

The C2-amination of benzoxazole offers wide-ranging potential for substrate expansion and the functionalisation of bioactive com-

pounds. This study presents a green and efficient C—H amination, catalysed by CuCl and CuCl,, in acetonitrile without acidic, basic

or oxidant additives that is accelerated by microwave (MW) irradiation and is completed in 1.5-2 h. A solid Cu(I) catalyst sup-

ported on aminated silica made the process cost-effective and heterogeneous, thus simplifying work-up and minimising free copper

in solution. The catalyst was found to be regeneratable and reusable for up to eight cycles. The optimised method facilitated the

synthesis of various benzoxazole derivatives, demonstrating its versatility and practical applicability.

Introduction

2-Aminoazoles are nitrogenous heterocyclic compounds of high
relevance due to their biological and pharmaceutical activity
and their importance within the materials sciences [1,2].
2-Aminobenzoxazoles, in particular, are important building
blocks in the development of new bioactive compounds that can
be useful as therapeutic agents with antibacterial [3], antiviral,
antifungal [4], anticancer [5-7] and anti-inflammatory activity

[8]. Moreover, they can be applied in disorders of the central

nervous system, such as insomnia and Alzheimer’s disease
[9,10].

The preparation of 2-aminobenzoxazoles classically proceeds
via cyclocondensation reactions from pre-functionalised precur-
sors, or via the C2-amination of benzoxazoles by transition-
metal-catalysed reactions that traditionally involve aryl halide

scaffolds [11-14]. However, these procedures entail disadvan-
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tages that need to be overcome if green chemistry criteria are to
be met; high temperatures, long reaction times, the need for
ligands, and the huge overall economic impact of these pro-

Cesses.

Inspired by the logic behind cross-dehydrogenative C—C-cou-
pling methods [15], the direct C—H amination has been de-
veloped as a more straightforward, economical and environ-
mentally friendly reaction, compared to its counterparts (such as
the classical Buchwald—Hartwig amination reaction [16] or the
Ullman reaction [17,18]) which require pre-functionalisation
steps and harsh conditions [19].

Many protocols for C—H aminations have been applied to
heteroaromatic compounds, mainly 5-membered heteroarenes,
and a great deal of attention has been devoted to benzoxazoles.
When applied to benzoxazole, the reaction is catalysed by tran-
sition metals such as Ag(I) [20], Mn(II) [21], Fe(III) [22,23], Co
[24], Ni(II) [25] and Fe(1II) [26]. However, the use of Cu(II)
has increased thanks to its high tolerance towards several func-
tional groups, high environmental abundance, low cost and low
overall toxicity. A wide range of aminating reagents have been
utilised, including nitrogen electrophiles and amines in the pres-
ence of external or internal oxidants [27], in many types of
copper-catalysed synthetic protocols. The direct copper-cata-
lysed C—H amination of azoles was pioneered by Mori [28],
Schreiber [29], and Zhao [30]. However, high reaction tempera-
tures and a large amount of base or acid dramatically decrease
atom economy (the percentage of reactant atoms incorporated
into the desired product) and functional-group tolerance, while
the use of an oxidant considerably impacts upon the sustain-
ability of the process because it involves toxic reagents, gener-
ates hazardous by-products, increases the overall reaction cost
and increases waste production [30-32]. In subsequent years,
other base-catalysed protocols have been developed for the
reaction of azolic substrates, but here the amines and the ligands
are still used in excess and auxiliary oxidants are occasionally
employed [33-35]. Although electrophilic amines, such as
chloroamines [36,37], hydroxylamine [38-40], acylated
hydroxylamine (with a wider reaction scope) [41-44] and
sulfamoyl chlorides [32] can perform the coupling under basic
conditions, the need for the activation of the amine as an elec-
trophilic agent generates additional waste. This reduces atom

economy and indicates lower reaction efficiency.

Acid-catalysed protocols have also been specifically developed
for the amination of oxazoles, with many of them utilizing
aerobic oxidation to improve the sustainability of the process.
Indeed, in 2011, Guo et al. [45] developed a protocol for the
direct C—-H amination of benzoxazoles and oxadiazoles, under

an O, atmosphere using 20 mol % of a Cu(Il) catalyst, that still
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required high temperatures, but the excess of amine (2 equiv)
was lowered and only a catalytic amount of acid was utilised.
Similar acidic protocols were subsequently developed by Li et
al. [46], in which benzoxazoles were reacted with secondary
amines and amides, with higher temperature being applied
when reacting amides to achieve their decarbonylation. In 2014,
Cao et al. [47] reported the amination of benzoxazole with a
secondary amine either in air or an O, atmosphere, lowering the

catalyst amount and the reaction temperature.

In 2020, a study by De Vos and co-workers [48] focused on
developing a new additive-free protocol, catalysed by a copper
catalyst supported on acidic zeolites that efficiently catalysed
C2-benzoxazole amination in the presence of a perfluorinated
solvent (hexafluoroisopropanol) as a source of mobile protons.
Despite the significant interest in this area, to the best of our
knowledge, this study represents one of the few examples of a
heterogeneous catalysed copper-mediated C—H amination of
benzoxazole.

The pursuit for greener methodologies in organic synthesis and
transitioning from traditional homogeneous catalysis to the use
of heterogeneous catalysts for direct C—H amination processes
could be a significant breakthrough in optimising these reac-
tions. Despite recent progress in site-selective C—H functionali-
sation [49], most reactions have remained reliant on homoge-
neous catalysis due to its molecularly defined nature. By
contrast, the development of heterogeneous catalysis has faced
challenges, due to uncertainties around catalytic sites, aggrega-
tion, and the leaching of active species during reactions. The
use of a heterogeneous catalyst can greatly simplify the work-
up process, as the catalyst can be easily removed via simple
filtration. Additionally, using supported metals instead of metal
salts can prevent the formation of chelates, which might other-
wise impact the efficiency of the procedure. Moreover, this ap-
proach can provide bifunctional catalysis as the support itself
contributes to the catalyst's reactivity, thus enhancing its overall
efficiency. In the context of the C2 amination of azoles, to the
best of our knowledge, only a few studies [48,50] have explored
this approach, suggesting significant opportunities for further
development and improvement. Building on our previous expe-
rience in the preparation and characterisation of supported
copper(Il) catalysts on covalently modified silica [51,52], we
have set out to develop a new heterogeneous catalyst with atom-
ically distributed active sites for the mild and efficient C—-H
amination of benzoxazole. This approach was chosen because
the silica derivatisation and copper deposition methods are
simple, inexpensive and scalable, making the catalyst reliable
and suitable for large scale production. This study aims to opti-
mise an efficient, user-friendly and heterogeneously catalysed

procedure that enables the rapid synthesis of 2-aminobenzoxa-
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zole derivatives. A key focus is leveraging microwave irradia-
tion to enhance the protocol’s efficacy. The non-thermal effects
and unique ability of MW irradiation to promote reactions cata-
lysed by solid-supported metals have already been demon-
strated [53]. As shown in Scheme 1, our research is in line with
earlier studies that highlight the advantages of heterogeneous
catalysis, but compared to other approaches, we aimed at elimi-
nating the presence of bimetallic catalysts, the addition of a
base [50], and the use of costly perfluorinated protic solvents
[48]. In addition, this approach offers improved performance
compared to photochemical C—H amination reactions of
benzoxazole, which, although metal-free, are still limited in
versatility and require photocatalysts such as eosin Y and a
tightly controlled O, atmosphere [54]. The objective of the
present study aims to provide a rapid, additive-free and conve-
nient alternative to existing approaches in this field, which have
attracted considerable interest over the years.

A) previous works:

Dutta et al. 2018 [50]

Cu@TiO3 (10 mol %)
NHRR' or HOCNRR' (2.4 equiv)

AgOAc (2.0 equiv)
| X N\> NaOt-Bu (2.0 equiv) @[N\>—NIR
Z~0 120°C, 8 h Jd R

De Vos et al. 2020 [48]
Cu/HUSY (3 mol %)

@N\> NHRR' (2.0 equiv)
o HFIP, 50 °C,

24 h, air
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e
~3 w

Beg et al. 2024 [54]

eosin Y (2 mol %)
12 W green LED

Amax 535 nm N R
N 0,, CH5CN )
Crd —a® .
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B) this work:
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Scheme 1: Representative synthetic routes for the C—H amination of
benzoxazole using supported copper catalysts.
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Results and Discussion

Inspired by the extensive literature on C2-benzoxazole amina-
tion, we initially began our optimisation by studying a homoge-
neous procedure in the presence of piperidine, which was used
as amine component to identify mild conditions for the Cu-cata-
lysed aerobic C—H amination in absence of acid, base or
co-catalyst additives. As described in Table 1, we explored the
effects of different solvents and copper species, and prelimi-
nary reactions were conducted with Cu(Il) salts, with reference
to reaction conditions already reported in the literature for
aerobic protocols. As shown in Table 1, entries 1-3, we com-
pared xylene, toluene, and acetonitrile as solvents. According to
Bhanage and Wagh [13], Cu(Il) catalyses the C—H amination in
xylene at 140 °C for 14 hours under oxygen. We tested the reac-
tion in refluxing toluene with 20 mol % of CuCl, and observed
a significantly decreased product yield (Table 1, entry 2). As
Cao et al. [47] already have reported, acetonitrile improved the
reaction efficiency, resulting in an increase in product yield to
78% when the reaction was performed at 80 °C. Interestingly,
reflux conditions did not improve reaction conversion, as shown
in entries 3 and 4 (Table 1) and we consistently observed a de-
crease in reaction yield. This effect is likely due to the lower
solubility of O, in the refluxing solvent, which may negatively
impact the reaction outcome. As previously demonstrated,
adding acetic acid enabled the reaction to proceed with even
lower catalyst loading [47]. To avoid the use of acid and to
minimise the amount of the amine, we repeated the reaction
with 1.5 equivalents of piperidine, and compared different
Cu(II) and Cu(I) salts. Both Cu(I) and Cu(II) chloride demon-
strated good product conversion and selectivity without the
need to perform the reaction under oxygen, while Cu(OAc),
was slightly less efficient. When the catalyst loading was
reduced to 15 mol %, the reaction yield decreased to approxi-
mately 75% for both copper salts. However, reducing the reac-
tion time to 6 hours, with a catalyst loading of 20 mol %,
resulted in complete conversion and high selectivity, compa-
rable to the results obtained from an overnight reaction.
Notably, decreasing the reaction temperature to 60 °C still
yielded excellent results with both catalysts after an overnight
reaction and after 6 hours, although conversion was still
proceeding after 4 hours of reaction. Both catalysts performed
comparably, with Cu(OAc), consistently showing slightly
lower efficiency (Table 1, entries 14-20).

We then focused on studying the efficiency of MW-irradiation-
promoted reactions, which, as reported in numerous green
protocols, offer significant advantages over the use of conven-
tional heating. The goal was to utilise selective, volumetric
dielectric heating to save time and energy, enable selective ca-
talysis and generally achieve higher selectivity and yields

[53,55,56]. Building on the improvements made using conven-

1464



Table 1: C2-Amination of benzoxazole with piperidine via homogeneous catalysis.

Beilstein J. Org. Chem. 2025, 21, 1462-1476.

N reaction conditions N
Cry - O Cr-0O)
O (6]
2a
Entry Catalyst (mol %) Amine (equiv)  Conditions? Conversion (%)° Yield (%)P
1 Cu(acac)s (20) 2 xylene, 140 °C, 14 h, Op >99 88, ref [13]
2 CuCl» (20) 2 toluene, reflux, o.n. 82 28
3 CuCl» (20) 2 acetonitrile, 80 °C, o.n, 96 78
4 CuCl» (20) 2 acetonitrile, reflux, o.n. 83 49
5 CuBrs (10) 1.2 2 equiv CH3COOH, acetonitrile, >99 95, ref [47]
50 °C, o.n.
6 CuCls (20) 1.5 acetonitrile, 80 °C, o.n. 92 81
7 Cu(OAc)2 (20) 1.5 acetonitrile, 80 °C, o.n. 96 74
8 CuCl (20) 15 acetonitrile, 80 °C, o.n. >99 83
9 CuCls (15) 15 acetonitrile, 80 °C, o.n. 89 75
10 CuCl (15) 1,5 acetonitrile, 80 °C, o.n. 96 74
11 CuCl» (20) 15 acetonitrile, 80 °C, 6 h 90 83
12 CuCl (20) 15 acetonitrile, 80 °C, 6 h 96 87
13 CuCl (10) 15 acetonitrile, 80 °C, 6 h 83 36
14 CuCl» (20) 15 acetonitrile, 60 °C, o.n. 96 91
15 Cu(OAc)2 (20) 15 acetonitrile, 60 °C, o.n. 99 77
16 CuCl (20) 15 acetonitrile, 60 °C, o.n. 95 88
17 CuCls (20) 1.5 acetonitrile, 60 °C, 6 h 97 90
18 CuCl (20) 15 acetonitrile, 60 °C, 6 h 93 86
19 CuCls (20) 15 acetonitrile, 60 °C, 4 h 78 65
20 CuCl (20) 15 acetonitrile, 60 °C, 4 h 77 57

aReaction conditions: benzoxazole (0.1 mmol), piperidine (see table), Cu catalyst, solvent (1 mL). PConversion and yield were measured by "H NMR

spectroscopy.

tional methods, we tested the reaction under MW irradiation
(see Table 2).

Two different pieces of equipment were evaluated: a flexible
MW oven (Microsynth by Milestone) for traditional glassware
synthesis and a MW reactor (SynthWave by Milestone) capable
of handling any reaction temperature and gas pressure (up to
300 °C and 200 bar). The SynthWave reactor also allows
multiple gases to be loaded, including both inert and reactive
gases. As shown in Table 2, MW irradiation significantly
reduced reaction times from 6 hours to 2 hours under atmos-
pheric air conditions. At 60 °C with 20 mol % of CuCl,, an
87% product yield was obtained, while the use of CuCl en-
hanced reactivity, providing a nearly quantitative yield of 98%
(Table 2, entries 1 and 2).

When the reaction was conducted in the SynthWave reactor,
pressurised with 5 bar of nitrogen, the yield of desired product

dropped to 13%, highlighting the importance of oxygen/air in

the oxidative aromatisation of the benzoxazole ring. Reducing
the reaction time to 1 hour or lowering the catalyst loading to
15 mol % resulted in decreased yields of 75% and 71%, respec-
tively.

The reaction was also carried out in Anton Paar equipment with
the vessel pressurised under nitrogen (Table 2, entry 7). Under
these conditions, the yield was 58%, demonstrating the superi-
ority of an open vessel in a multimode cavity for this reaction.

Since Cu salts facilitate both the nucleophilic attack of piperi-
dine on benzoxazole to form the intermediate open derivative,
and the subsequent ring oxidation upon closure (as shown in the
mechanism in Scheme S1 (Supporting Information File 1), the
reaction mixture may contain the desired 2-substituted benzoxa-
zole 2a together with its open-form precursor 2a-o. The latter
can be hydrolysed to give N-formylpiperidine and aminophenol
(2a-o-hydrol) (see Figure 1a). To better understand the influ-

ence of the reaction conditions on product distribution, we
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Table 2: Microwave-promoted C2-amination of benzoxazole with piperidine.

N reaction conditions N
» + HN ) >N )
o] W 0

2a
Entry Catalyst (mol %) Conditions? Conversion (%)° Yield (%)°
1 CuCls (20) 60 °C, 2 h, open vessel, MW¢ 87 85
2 CuCl (20) 60 °C, 2 h, air, MW° >99 98
3 CuCl (20) 60 °C, 2 h, N5 5 bar, MW 77 13
4 CuCl (20) 60 °C, 1 h, air, MW° 81 75
5 CuCl (15) 60 °C, 2 h, air, MW° 75 71
6 CuCl (10) 60 °C, 2 h, air, MW° 63 45
7 CuCl (20) 60 °C, 2 h, closed vial, MW® 79 58

aReaction conditions: benzoxazole (0.1 mmol), piperidine (0.2 mmol), Cu catalyst, acetonitrile (1 mL); Pconversion and yield were measured by NMR
spectroscopy; ®Microsynth MW oven; 9SynthWave MW reactor; ®Anton Paar Monowave.

@
) - "O— O - ot L

2a-0 2a-o-hydrol
100 -
I n I
80 1 M
S | ~
£ 60
[]
o — —
g 02a
40 il — 2a-o
- 2a-o-hydrol
conversion
20 1 5 e [
I i
P | i
0 = - 3 LL‘ 3 1
CHCN, el = L I
80°C (20 mol %) SUOA%2 g, - L= M =
6 (20 mol %) CuCl = = |
toluene, (20 mol %) 2 CuCl — - =
CH3CN, (10 mol %) CuCl
110 °C o CH3CN, °7 (20 mol %) CuCl
80 °C A CH3CN, (20 mol %) o CuCl
on. on. 80°C A CHCN,  “cpyon,  (20mol %) 1o mol o) CuCl
on. 80 °C 60 °C 3¢ CH4CN, (20 mol %)
o 60 °C o CH3CN,
6h oh 60 °C 60 °C CH3CN,
MW, 2h S N (5 bar)
’ 60 °C
MW, 2 h

Figure 1: Reaction of benzimidazole with piperidine. a) Reaction scheme including intermaidates and b) conversion and selectivity plot of the
C2-amination of benzoxazole with piperidine. Reaction conditions: benzoxazole (0.1 mmol), piperidine (0.15 mmol), copper catalyst, solvent (1.0 mL).
Conversion was measured by NMR spectroscopy (see Figure S1 in Supporting Information File 1 for an example).

plotted conversion versus selectivity in Figure 1b. Crudes were ~ composition of starting material and products 2a, 2a-o and
analysed by 'H NMR spectroscopy, as shown in Figure SI ~ 2a-o-hydrol. The reaction was perfectly reproducible and no
(Supporting Information File 1), to determine the percentage other derivatives were observed.
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As shown in Figure 1b, when the reaction was conducted with-
out a catalyst, only ring opening was observed, accounting for
47%. By contrast, the presence of Cu facilitated the conversion
of the intermediate to the desired aromatic benzoxazole 2a,
demonstrating copper’s dual role as a Lewis acid in enhancing
nucleophilic attack, and as an efficient catalyst for ring-closing
oxidative rearomatisation.

Of the conditions tested, the use of CuCl; in toluene showed
limited effectiveness, achieving 82% conversion but only a 28%
yield of the final product. The remaining resulting mixture
included 35% of the intermediate 2a-0 and 19% of the hydro-
lysed product 2a-o-hydrol. However, the reaction performance
in acetonitrile improved significantly, with CuCl, yielding 82%
of the desired product, alongside 2.4% of 2a-o0 and 5.4% of
2a-0-hydrol. Reducing the catalyst amount from 20 mol % to
10 mol % did not affect conversion, but resulted in a lower
yield of 2a and increased production of 2a-o-hydrol to 48%, in-
dicating that insufficient catalyst at 80 °C overnight favours

side reactions, compromising selectivity.

When using CuCl (20 mol %), an excellent selectivity was ob-
served at 60 °C. Although conversion was only 59% after
2 hours, full reaction completion was observed in 6 hours. MW
irradiation enhanced both the reaction rate and selectivity, with
the reaction being completed after 2 hours at 60 °C affording a
98% yield of the desired product. We observed only trace
amounts of 2a-o-hydrol (1.2%) even at a reduced catalyst
amount of 10 mol % CuCl. We hypothesise that, under MW, the
hydrolysis side reaction is mitigated due to the mild reaction
conditions both in terms of temperature and time, as observed
using a lower catalyst amount. This assumption was confirmed
when the reaction was performed in a MW reactor under 5 bar
of Nj; in this environment, the copper catalyst cannot regen-
erate because of the absence of oxygen (see mechanism Scheme
S1 in Supporting Information File 1). The 'H NMR spectrum of
the crude showed that the starting material was almost com-
pletely converted (by 77.4%), that the intermediate 2a-0 was
recovered in the mixture at 64% and that the side product was
detected at only 0.7%.

To more deeply understand the influence of MW irradiation in
the enhancement of the reaction rate for the CuCl-catalysed
reaction, we carried out the model reaction in parallel, using
both an oil bath and MW irradiation at 60 °C. Figure 2 clearly
shows that MW irradiation drives the reaction to completion in
2 hours. By contrast, the conventional method results in a
slower rate for the conversion of the starting benzoxazole to the
open intermediate 2a-o0, and the subsequent ring closing aroma-
tisation to product 2a. As can be seen in Figure 2, a complete

conversion is achieved in 6 hours under conventional condi-
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tions. Our observations indicate that MW irradiation enhances
the catalytic activity of Cu toward the oxidative aromatisation
of 2a-o, leading to the fast and complete conversion of the
starting material to the desired 2-(piperidine-1-yl)benzoxazole
(2a). Since both reactions were conducted at the same tempera-
ture, this experiment confirms that MW irradiation activates the
catalyst independently of bulk temperature, as reported in
previous studies [57,58]. We can hypothesise that MW heating
is likely associated with the generation of hot spots on metal
sites, resulting in an accelerated reaction rate and improved

selectivity for the desired product.

reaction
conditions
MW

2 - OO

100

80
60
40

20

0 0.5 1 15 2 4 6 16
reaction time (h)

yield 2a MW [ZZE yield 2a oil bath

—&— benzoxazole conversion MW —®— benzoxazole conversion oil bath

Figure 2: Reaction rate comparison between conventional (oil bath)
and MW heating. Reaction conditions: benzoxazole (0.1 mol), piperi-
dine (0.15 mmol), copper catalyst 20 mol %, solvent (1.0 mL). Conver-
sion was measured by 'H NMR spectroscopy.

Despite the advantages of the developed protocol, the homoge-
neously catalysed procedure negatively impacted the purifica-
tion and recovery of the products because of the presence of
copper salts and complexes. We observed that multiple aqueous
washes of the reaction crude are required to remove copper
salts, and aqueous ammonia has been used to improve the effi-
cacy of liquid-liquid extraction (see Supporting Information
File 1 and experimental procedure). This issue made
liquid-liquid extraction time-consuming and wasteful, while
chromatographic column purification is also required to obtain a

pure final product.

To overcome this problem, a heterogeneous catalytic approach
has been developed in which copper is anchored on an aminated
silica support. Given that ammonia, amino derivatives and other
nitrogen-containing compounds form strong coordination com-

plexes with transition metals like copper [59,60], we decided to
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graft an amino derivative onto the surface of silica, based on our
previous experience [51,52]. This covalently modified support
was then used to stably bind Cu(I) and Cu(Il) species (see
Scheme 2).

Silica SIPERNAT 320 (Evonik) was selected because of its
moderate absorption capacity and specific surface area (SSA),
measured at 164 m%/g using the BET surface area analysis, and
because it can be efficiently derivatised with a trialkoxysilane
amino derivative as recently reported [61]. A previously opti-
mised ultrasound-promoted synthetic protocol was employed to
efficiently graft either 3-aminopropyltriethoxysilane (MonoAm)
or 3-(2-aminoethylamino)propyltrimethoxysilane (DiAm)
(Scheme 2) [51], and the efficiency of derivatisation was
measured by thermogravimetric analysis (TGA) as showed in
Figure 3. TGA curves were all normalised to 150 °C to circum-
vent any possible solvent influence on yield calculations and
both Si-MonoAm and Si-DiAm showed a high degree of
derivatisation; 9.9 and 21 wt %, respectively, which correspond
to 738 and 1090 umol/g. The first derivative peak temperatures
that indicate the point of the greatest rate of change in the
weight-loss curve were consistent in both samples and detected
to be 446 °C in Si-MonoAm and 448 °C in Si-DiAm.

Both Si-MonoAm and Si-Diam were loaded with either CuCl or
CuCl, by exposing the derivatised silica to a solution of the cor-
responding Cu salt in THF, following a procedure previously
reported in the literature [62,63]. The suspension was stirred
magnetically for 6 hours at room temperature, resulting in the
formation of a blue-coloured catalyst. We aimed to vary the
amount of copper loaded onto the silica surface to achieve dif-
ferent catalyst loadings (Cu wt %) and compared their catalytic
activities. The Cu salts reacted with the amino groups grafted

onto the silica surfaces of Si-MonoAm and Si-DiAm, resulting
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Figure 3: TGA profiles of SIPERNAT silica and Si-MonoAm and
Si-DiAm.

in a theoretical copper content of 3, 5 and 9 wt % on the sur-
face at the end of the reaction (see Table S1 in Supporting
Information File 1).

The supported catalysts were subsequently tested and we per-
formed preliminary reactions with Cu(I or II) 5 wt % supported
on Si-MonoAm and Si-DiAm. We observed that the solid-sup-
ported catalysts consistently achieved complete conversion at
80 °C with Si-MonoAm and produced a good-to-quantitative
yields of the desired product (see Table 3, entries 3 and 4). The
Si-MonoAm support demonstrated superior efficiency over
Si-DiAm, and supported Cu(I) performed better than Cu(Il) (see
Table 3, entries 3—6). At 60 °C, the reaction mixture contained
the 2a-o intermediate, and the yield was lower (see Table 3,
entries 1 and 2). As expected, higher temperatures were gener-
ally required for the heterogeneous catalytic reactions due to
them having higher activation barriers than the homogeneous

procedures. As reported in Table 3 (entry 3), excellent results

CuCl or CuCl,
THF, i, 6h @ =4 RN

Si-MonoAm-Cu
Si-DiAm-Cu

Si-DiAm

Scheme 2: Graphical representation of Si-MonoAm-Cu(l) and Si-DiAm-Cu(l) preparation.
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Table 3: Efficacy of silica-supported Cu(l) and Cu(ll) in promoting the C2-amination of benzoxazole with piperidine.
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Entry Catalyst (20 mol %)@ Reaction conditions? Yield® Conversion®
1 Si-MonoAm-Cu (I) 5 wt % 60 °C,6h 75 >99
2 Si-MonoAm-Cu(ll) 5 wt % 60 °C,6h 63 89
3 Si-MonoAm-Cu(l) 5 wt % 80 °C,6h 98 >99
4 Si-MonoAm-Cu(ll) 5 wt % 80 °C,6h 81 88
5 Si-DiAm-Cu(l) 5 wt % 80 °C,6h 22 89
6 Si-DiAm-Cu(ll) 5 wt % 80 °C,6h 53 88
7 Si-MonoAm-Cu(l) 3 wt % 80 °C,6h 83 98
8 Si-DiAm-Cu(l) 9 wt % 80 °C,6h 86 >99
9 Si-DiAm-Cu(ll) 3 wt % 80 °C,6h 69.2 86
10 Si-DiAm-Cu(ll) 9 wt % 80 °C,6h 72 92.8
11 silica 80 °C,6h n.d. 89
12 - 80 °C,6h n.d. 47
13 Si CuCl 80 °C,6h 48 90
14 Si-MonoAm-Cu(l) 5 wt % 60 °C, 2 h, air 5 bar, MW 67 77
15 Si-MonoAm-Cu(l) 5 wt % 70 °C, 2 h, air 5 bar, MW 71 81
16 Si-MonoAm-Cu(l) 5 wt % 80 °C, 2 h, air 5 bar, MW 99 >99
17 Si-MonoAm-Cu(l) 5 wt % 80 °C, 1,5 h, air 5 bar, MW 99 >99
18 Si-MonoAm-Cu(l) 5 wt % 80 °C, 1 h, air 5 bar, MW 87 95
19 Si-MonoAm-Cu(ll) 5 wt % 80 °C, 2 h, air 5 bar, MW 77 90

aThe loading is theoretical considering a complete reaction of copper salt; Preaction conditions: benzoxazole (0.4 mmol), piperidine (0.8 mmol), copper
catalyst theoretical 20 mol %, CH3CN (4 mL); ®yield and conversion measured by 'H NMR.

were observed with the silica-supported catalyst when the reac-
tion was performed at 80 °C for 6 hours in the presence of
Si-MonoAm-Cu(I) 5 wt %. Under these conditions, the yield
was quantitative, and NMR analysis confirmed the exclusive
formation of the desired product. No improvements were ob-
served when the catalyst was loaded at 3 or 9 wt % (Table 3,
entries 7-10). For comparison, the reaction was also tested in
the absence of both the catalyst and the support, as well as in
the presence of bare silica (Table 3, entries 11 and 12). These
conditions resulted in 47% to 89% conversion to 2a-o, respec-
tively. These results highlight the influence of silica in
promoting the conversion to the open form 2a-o and under-
score the critical role of copper in catalysing the synthetic
process (Table 3, entries 11 and 12). We believe that the excep-
tional performance of the solid-supported copper catalyst,
which was even superior to homogeneous CuCl in terms of
product purity and conversion, can be attributed to the hetero-
geneous nature of the catalyst. Metal-support interactions likely

play a critical role in tuning the catalytic behaviour of the sup-

ported copper species, further enhancing their efficiency. An
additional experiment was conducted using a catalyst prepared
by adsorbing CuCl onto silica without the aminopropyl ligand.
Under these conditions, only 48% of the product was obtained
(Table 3, entry 13). This result demonstrates that the activity of
the Cu catalyst is significantly influenced by the surrounding
ligands. The amino ligand not only stabilises the catalyst, by
ensuring stronger binding to the metal, but also positively influ-

ences its reactivity.

The influence of MW irradiation on reducing the reaction time
was investigated using the SynthWave MW reactor, and reac-
tions were performed under 5 bar of air to avoid the evapora-
tion of the solvent at 80 °C, with this also potentially being
beneficial to increasing the amount of dissolved oxygen. As
shown in Table 3, MW irradiation effectively accelerated the
reaction rate. Complete conversion was achieved at 80 °C
within 2 hours using Si-MonoAm-Cu(I). These excellent

results, obtained conventionally within 6 hours, were replicated
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under MW irradiation in less than a third of the time, with the
product obtained in pure form without the need for chromato-

graphic purification.

A further reduction in reaction time to 1.5 hours was possible at
80 °C, while incomplete conversion was observed after 1 hour
(Table 3, entries 17 and 18). When using Si-MonoAm-Cu(Il),
the reaction reached 90% conversion and 77% yield after
2 hours of MW irradiation, with the 2a-o intermediate still
present (Table 3, entry 19). This confirms the lower reactivity
of the solid-supported Cu(Il) salt compared to both the homoge-
neous catalyst and the supported Cu(l) derivative.

Next, the scope of the optimised heterogeneous MW-assisted
protocol was tested with a set of 16 different secondary amines
(Scheme 3). This set included linear, branched aliphatic, and

Si-MonoAm-Cu(l)CI

Beilstein J. Org. Chem. 2025, 21, 1462-1476.

cyclic amines, both commercially available and ad-hoc synthe-
sised derivatives (see Supporting Information File 1 for the syn-

theses of derivatives 1k, 1m—s).

Encouragingly, all 16 amines were successfully converted to the
corresponding 2-aminobenzoxazole derivatives with yields
greater than 50%. Beyond piperidine, other cyclic amines, such
as morpholine, piperazine, and pyrrolidine, also reacted effi-
ciently, affording good-to-excellent yields. The Boc-protecting
group proved to be stable under the reaction conditions, under-
lining the importance of avoiding the addition of acidic addi-
tives. Steric hindrance exerted a moderate influence on the reac-
tion, and branched aliphatic amines yielded the products 20, 2r
and 2s in the range of 61-87%. The protocol demonstrated
compatibility with more lipophilic amines, such as 1n, and also

tolerated amine 1q containing an allyl substituent.
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Scheme 3: Scope of the MW-promoted C2-amination of benzoxazole catalysed by Si-MonoAm-Cu(l). Reaction conditions: benzoxazole (1.0 mmol),
amine (2 mmol), Cu(l) catalyst (0.2 mmol), acetonitrile (1 mL), MW 80 °C, 2 h, 5 bar air; yields refer to isolated compounds.
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When the reaction was carried out using substituted benzoxa-
zoles (see Scheme 4), their reactivity with piperidine was con-
firmed, as observed with the unsubstituted starting material.
However, a slight decrease in the yield of 6-chlorobenzoxazole
was noted.

To investigate the heterogeneity of the Si-MonoAm-Cu(l) cata-
lyst, a hot leaching test was carried out. As shown in Figure 4, it
was observed that the removal of the solid catalyst after 1 h
stopped the reaction. Conversely, when the reaction was
allowed to continue in the presence of the catalyst, aerobic
oxidation proceeded to completion. This result supports the
conclusion that the process operates via true heterogeneous ca-

talysis.
® (Catalyzed reaction
Hot filtration after 1 h

100 + P

80 - Hot filtration [
14
= 604 )
zZ
&\0/ 40 4
o
o
> 20

04
T T T T T T T T T T T T 1

0 ' 1 2 3 4 5 6 7
Time (h)

Figure 4: Hot filtration test for the Si-MonoAm-Cu(l)-catalysed
C2-amination of benzoxazole with piperidine in acetonitrile at 80 °C.
Si-MonoAm-Cu(l) was filtered off after 60 min using a hot filter.

Given the optimal performance of the silica-supported
Si-MonoAm-Cu(l) 5 wt % catalyst, we proceeded to measure
the amount of copper present using ICP analysis. The catalyst
was prepared by reacting silica with CuCl in quantities that, if

Beilstein J. Org. Chem. 2025, 21, 1462-1476.

fully bound to the amino groups, would result in a Cu(I) loading
of 5 wt %. The analysis showed that 4.42 * 0.07 wt % Cu(l)
was anchored to the Si-MonoAm support, corresponding to
6.88% CuCl. Similarly, when Si-MonoAm-Cu(Il) was analysed,
4.22 +£0.22 wt % Cu(Il) was supported, corresponding to 8.92%
CuCl,. These results indicate that the lower activity observed
with the supported Cu(Il) catalyst is not due to a lower amount
of copper on the solid surface, but rather to the intrinsic reactiv-
ity of Cu(II) itself. ICP analysis was also carried out on all the
prepared catalysts to compare their activity. As shown in
Table 4, the loading is consistently about 80% of the amount of
copper used in the preparation (theoretical loading). This sug-
gests that optimum catalyst distribution and activity is achieved
with 5 wt % supported CuCl.

Table 4: Copper-supported catalysts.

Theoretical
loading (wt %)2

Entry Product Loading by

ICP (wt %)°

1 Si-MonoAm-Cu(l) 3 2.47 +0.09
2 Si-MonoAm-Cu(l) 5 4.42 +0.07
3 Si-DiAm-Cu(l) 3 2.42+0.08
4 Si-DiAm-Cu(l) 5 4.21+0.06
5 Si-DiAm-Cu(l) 9 7.63 +0.09
6 Si-MonoAm-Cu(ll) 5 4224022
7 Si-DiAm-Cu(ll) 5 4.09 +0.04
8 Si-DiAm-Cu(ll) 9 7.01£0.07

aThe theoretical loading considers a complete reaction of Cu(l or 1)
chloride with amino silica derivatives and it refers to wt % Cu (see
Table S1 in Supporting Information File 1 for reaction conditions); Pthe
loading is measured by ICP analysis and it refers to wt % of Cu.

The two catalysts were also characterised by FTIR and DR
UV-vis spectroscopy, to obtain information about the grafted
aminopropyl ligand and inserted copper functionality, respec-
tively.

R
\ N Si-MonoAm-Cu(l)Cl N\ N
Z =035 1a  ACN.MWB80°C Z=0 C 3a-5a
2 h, air
XN N 0 N
O L0 O
\ilo cl (0] e}
3a (92%) 4a (60%) 5a (87%)

Scheme 4: C2-Amination of substituted benzoxazoles. Reaction conditions: benzoxazole (1.0 mmol), piperidine (2 mmol), Cu(l) catalyst (0.2 mmol),
acetonitrile (1 mL), MW 80 °C, 2 h, 5 bar air; yields refer to solated compounds.
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Figure 5 shows the FTIR spectra measured on the silica support
functionalised with the aminopropyl group, and the subsequent
insertion of copper. The successful grafting of the amino ligand
is testified by the characteristic stretching and bending modes of
the NH; group (vNH; and dNHj, at around 3370, 3300 and
1596 cm™, respectively) and by the vCH, and 3CH, vibrations
(curve a) [64,65]. The broad absorption in the high frequency
region is characteristic of hydrogen bonding between Si—-OH
and NH; groups in functionalised silica materials. After inser-
tion of Cu(I), small changes in the position and shape of the
vNH, and dNH, bands are observed, which are an indirect indi-
cation of the interaction of the amino group with the metal
(curve b) [51]. On the other hand, major changes are observed
in the spectrum of 5 wt % Si —-MonoAm-Cu(Il) (curve d). These
are particularly informative in the low frequency range, where
two new broad bands are observed at 1610 and 1515 cm™!,
which are compatible with the presence of -NH3* groups (anti-
symmetric and symmetric bending modes, respectively)
[66,67].

The study also aimed to characterise the catalyst Si-MonoAm-
Cu(I) after usage in optimised conditions (80 °C, MW, 2 h) with
both techniques (curves c in Figure 5). The fingerprints of the
aminopropyl groups are still observable in the FTIR spectrum,
but new bands are formed at 1660 cm™! and below 1500 cm’l,
with a minor component around 1700 cm™!, which could be
related to the adsorption of an imino derivative, and, more
specifically, vC=N (1660 with shoulder around 1700 cm™!) and
SN-H (1590 cm™!, overlapping with the SNH; of the amino-
propyl groups) in —-C=N-H (Figure 5). According to the litera-
ture, copper species may contribute to the partial oxidation of

amino groups to imino groupds [68], while still retaining the

0.4

vNH

vCH

Normalised absorbance (a.u.)

3800 3600 3400 3200 3000 2800 2600 2400

wavenumber (cm~')
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ability of a Schiff base to efficiently bind transition metals, in-
cluding copper [69].

An advantage of using a heterogeneous catalyst, beyond the
easy filtration from the reaction mixture, lies in its possible
reuse, multiple times, directly or after performing regeneration.
Thus the exhausted Si-MonoAm-Cu(I) catalyst was therefore
reused, but, unfortunately, reduced efficiency and selectivity

were detected (85% conversion and 60% yield).

For this reason, catalyst regeneration was performed by
suspending the catalyst in a solution containing CuCl in THF.
Based on optimisation, we observed that the amount of CuCl re-
quired for regeneration was lower than in the preparation step;
the addition of only 50% of the CuCl amount used for the prep-
aration of the fresh catalyst was required to achieve comparable

performance.

The regenerated catalyst was then used in the optimised micro-
wave conditions, which confirmed that its selectivity to the
desired product had been restored, as reported in Figure 6.
Reuse was performed eight times without observing consistent
catalytic deactivation.

FESEM images of Si-MonoAm-Cu(I) before and after usage
were also acquired to demonstrate the dispersion of Cu and

possible alterations of morphology.

As reported in Figure 7, the silica support is characterised by ir-
regular micrometre-sized agglomerates of nanometre-sized par-
ticles. This morphology is not modified after the use of the

Si-MonoAm-Cu(I) catalyst in the reaction, as can be seen by

0.2 SNH
vC=N
1660

1591

Normalised absorbance (a.u.)

1750 1700 1650 1600 1550 1500 1450 1400

wavenumber (cm™')

Figure 5: FTIR spectra of samples on the left 3800-2400 cm~' wavenumber on the right 1750-1350 cm~' wavenumber; a) Si-MomoAm, b) 5%

Si-MonoAm-Cu(l), c) Si-MonoAm-Cu-used and d) 5% Si-MomoAm-Cu(ll).
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Figure 6: Si-MonoAm-Cu(l) catalyst reuse.

Figure 7: FESEM images of sample a) Si-MonoAm-Cu(l) 5 wt % and
c¢) Si-MonoAm-Cu(l) 5 wt % used.
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Figure 8: EDS maps of a) Si-MonoAm-Cu(l) and b) Si-MonoAm-Cu(l) used.
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comparing the corresponding FESEM images of the fresh and
used catalyst (see Figure 7a and b). EDS maps show a homoge-
neous dispersion of copper on the catalyst with this dispersion
being maintained after the catalysts is used (panels a and b of
Figure 8).

Conclusion

The study demonstrates that the efficient and green direct C—H
amination of benzoxazoles can be catalysed by copper chlorine
salts in acetonitrile in the absence of any acidic, basic, or
oxidising additives. Both CuCl and CuCl, have been found to
be highly efficient in promoting the reaction, on the base of
their activity as Lewis acids and weak oxidants. MW irradia-
tion has led to a significant enhancement in reaction rate with

the reaction running to completion in only 1.5-2 h.

The derivatisation of silica with pendent primary amino groups
has granted it the capability to stably support copper(I) and (II)
in a cheap and efficient MW-promoted procedure that has been
optimised with solid-supported Cu(I). The heterogeneous
process dramatically simplified the work-up of the reaction,
allowing the catalyst to be removed from the reaction mixture
via simple filtration. Moreover, it led to an increase in the
amount of recovered products and to a decrease in the amount
of free copper in solution. Catalyst reuse has been explored, and
it has been confirmed that reuse up to eight times is possible
after proper regeneration. A wide library of derivatives has been
easily synthesised with the optimised procedure by reacting
benzoxazole and its 5- or 6-substituted derivatives with a
variety of cyclic, alkyl and branched secondary amines, probing
the protocol’s versatility and confirming its potential usefulness.

0 Kal Si Kal
mrs... ...
Tum Cl Kal Tum Cu Lal,2

Tum

Tpm
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This study provides the basis for the application of the protocol
in continuous flow systems, such as a continuous heterogen-
eous reactor known as a packed bed reactor, enabling the pro-
duction of 2-aminobenzoxazoles at scales ranging from large
laboratory batches to pilot scale operations.

Experimental
Materials and methods

All chemicals were purchased from Sigma-Aldrich (Milan,
Italy) and used without further purification. SIPERNAT 320
amorphous silica was supplied by Evonik. Reactions were
monitored by TLC on Merck 60 F254 (0.25 mm) plates (Milan,
Italy), which were visualised by UV inspection and/or by
heating after spraying with 0.5% ninhydrin in ethanol or phos-
phomolybdic acid. Homogeneously catalysed reactions were
performed in a professional MW oven (MicroSynth MLS
GmbH, Milestone S.r.1.), while heterogeneously catalysed reac-
tions were carried out in a professional MW reactor Synth-
Wave (MLS GmbH, Milestone S.r.l.). The SynthWave MW

cavity was filled with 5 bar of air.

The syntheses of amino compounds 1k and 1m-s and of substi-
tuted benzoxazoles 3—5 and characterisation of products and
solid-supported copper catalysts are reported in Supporting
Information File 1.

General procedure for the preparation and
regeneration of Si-MonoAm-Cu(l) 5 wt %

Silica SIPERNAT 320 (1 g) was added to a solution of
3-aminopropyltriethoxysilane (2 mmol) in toluene (10 mL). The
suspension was sonicated for 2 h in an US bath (Power 200 W,
Frequency 80 kHz). The resulting silica was then filtered,
washed with toluene and chloroform, and dried under vacuum
at room temperature for 12 hours. The derivatised silica was
characterised by means of TGA and FTIR.

Si-MonoAm (200 mg) and 16 mg of Cu(I)CI were dispersed in
4 mL of THF. The mixture was stirred at room temperature for
4 hours, filtered under reduced pressure, and the powder was
washed with THF and CHCIl3. The resulting product was then
kept in a desiccator overnight and fully characterised.

When undergoing regeneration, 200 mg of the exhausted
Si-MonoAm-Cu(I) and 8 mg of CuCl were dispersed in 4 mL of
THEF. The reaction mixture was treated as described for the

preparation of the fresh catalyst.

General procedure for synthesis of derivative 2a by
means of homogeneous catalysis

Benzoxazole (0.4 mmol), piperidine (0.63-0.8 mmol), and Cu
catalyst (CuCl or CuCl,-2H,0 0.08 mmol, 20 mol %) were dis-

Beilstein J. Org. Chem. 2025, 21, 1462-1476.

solved in CH3CN (4 mL). The reaction mixture was heated to
60-80 °C for 6 h, after which the solvent was evaporated under
reduced pressure. The resulting residue was dissolved in 10 mL
of CHCl3, and the organic phase was extracted with 3.5 M
aqueous ammonia solution (1 X 10 mL) and distilled water
(2 x 10 mL). The organic phase was washed with brine,
dried over sodium sulphate, and filtered. The solvent was
removed under reduced pressure to obtain a pure product.
Where required, the residue was purified by flash chromatogra-
phy over basic alumina, using a PE/EtOAc 7:3 mixture as the
eluent.

When the reaction was performed in a MW oven, the
MicroSynth instrument (Milestone) was used. The reaction was
performed in an open round-bottomed flask that was heated to
60 °C for 2 h (see Supporting Information File 1 for details on
MW procedure setup).

Synthesis of derivatives 2a-s, 3a, 4a, 5a with
Si-MonoAm-Cu(l)

Benzoxazole (0.4 mmol), amine (0.8 mmol) and Si-MonoAm-
Cu(I) 5 wt % (100 mg, 0.08 mmol, 20 mol %) were dispersed in
CH3CN (4 mL). The reaction mixture was heated in an oil bath
to 80 °C for 6 h, and the catalyst was then removed by filtration
and recovered where required. The solvent was evaporated
under reduced pressure. The resulting residue was dissolved in
10 mL of CHCl3, and the organic phase was extracted with
distilled water (2 X 10 mL). The organic phase was washed with
brine, dried over sodium sulphate and filtered. The solvent was
removed under reduced pressure. When required, the residue
was purified by flash chromatography over basic alumina, using
a PE/EtOAc 7:3 mixture as the eluent.

When performed under MW irradiation, the reaction was heated
at 80 °C for 2 h. Before the reaction started, the reactor was
pressurized with 5 bar of air (for experimental MW setup see
Supporting Information File 1).

Supporting Information

Supporting Information File 1

Experimental procedures, compound characterization data,
and copies of NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-108-S1.pdf]
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