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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,

133



OZN@COZH

(30 mol %)
Cu(OTf), (10 mol %)

H
N

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

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
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\

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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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 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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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

141



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

N 2
" B RR R2 S R? R i
N/,
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
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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.
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Scheme 31: Synthesis of furo[3,4-b]pyrazolo[4,3-flquinolinones 42.
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Scheme 32: Synthesis of spiroindoline-3,4’-pyrano[3,2-b]pyran-4-ones 43.
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Y
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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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