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Recent advances in the application of B-ketonitriles
as multifunctional intermediates in organic
chemistry
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Azar Rostampoor and Abdolali Alizadeh

This review discusses the diverse applications of B-ketonitriles in organic synthesis, highlighting protocols
that generate various compounds, including cyclic hydrocarbons, aromatic compounds, heterocycles,
spirocycles, and fused heterocycles. These compounds serve as valuable building blocks for biologically
active scaffolds like chromenes, quinolines, and natural products. It provides an overview of 69 research
articles published from 2014 to 2023, focusing on reactions involving benzoyl acetonitrile derivatives and
other B-ketonitriles. The methodologies include cascade, domino, and sequential reactions facilitated by

rsc.li/rsc-advances

1. Introduction

B-Ketonitriles are used as soluble molecules in water and are
used in the synthesis of organic compounds, pharmacology,
pure chemistry, and applied chemistry.

These compounds are used as precursors for the production
of anti-cancer,” anti-inflammatory,> and antimalarial drugs,*
and anti-HIV agents.” Additionally, B-ketonitriles have been
studied extensively in medicinal chemistry due to their poten-
tial therapeutic applications. For example, some derivatives
have shown promising activity against cancer cells, while others
have been studied for their potential as anti-inflammatory
agents or as inhibitors of enzymes involved in various disease
pathways.® Ongoing research in this area may lead to the
development of new drugs with improved efficacy and reduced
side effects. Various methods have been presented for synthe-
sizing B-ketonitriles.” Kiyokawa et al. completely summarized
the synthesis of these valuable compounds in a review.® One
well-known B-ketonitrile is benzoylacetonitrile, utilized as
a starting material for synthesizing various heterocyclic
compounds. It can undergo different reactions to produce
various types of heterocycles such as pyridines,’ pyrimidines,*
and pyrazoles.'* One common reaction is the condensation of
benzoylacetonitrile with aldehydes or ketones to form pyridine.
This reaction is known as the Hantzsch synthesis and involves
the formation of a dihydropyridine intermediate, which is then
oxidized to the pyridine product.® Benzoylacetonitrile can also
undergo cyclization reactions with different reagents to form
various heterocyclic compounds. For example, a reaction with
hydrazine derivatives can lead to the formation of pyrazoles,**
while a reaction with urea or thiourea can lead to the formation
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different catalysts, showcasing the versatility of B-ketonitriles in organic chemistry.

of pyrimidines.* In addition, benzoylacetonitrile can be used as
a starting material for the synthesis of benzonitriles."” Overall,
benzoylacetonitrile is a versatile starting material for synthe-
sizing a wide range of heterocyclic compounds with potential
applications in pharmaceuticals and agrochemicals.'® In 2013,
Bakr F. and colleagues successfully synthesized various
heterocycles such as pyran, pyridazine, pyrimidine, pyrazine,
and triazine compounds using benzoylacetonitrile as
a precursor.” They conducted a review of the use of benzoyl
acetonitrile from 1985 to 2013. In the last decade, many efforts
have been made in this field, leading to numerous interesting
results. Benzoylacetonitrile was used as a precursor in several
multicomponent and one-pot reactions that led to the
construction of functionalized cyclic molecules. In addition to
some common carbocyclic and heterocyclic compounds, other
unusual compounds, such as propellanes, carbazoles, qui-
noxalines, benzofuropyrroles, N-fused bicyclic systems, and
other polycyclic heterocycles, were also reported. To provide
a better understanding of the topic, this review is mainly orga-
nized according to different product structures.

2. Acyclic compounds

2.1. o-Ketoesters

a-Ketoesters are valuable in the synthesis of drugs and organic
compounds because they are good precursors for o-hydroxy
esters, chiral compounds, and heterocycles. Due to their
versatile applications, several methods have been developed for
their synthesis.” In this review, we will discuss two optimized
methods that use B-ketonitriles. Xie and their colleagues report
a facile and straightforward approach to obtaining a-ketoesters
and o-ketoamides 3 from pB-ketonitriles 1, phenyliodine(u)
diacetate (PIDA) 2, and alcohols and amines under refluxing
conditions (Scheme 1).*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of a-ketoesters 3 with phenyliodine(in) diacetate.
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Scheme 2 Reactions of B-ketonitriles and alcohols for constructing
a-ketoesters 5.
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Scheme 3 Synthesis of 3,5-dioxopentanoates 7 (3,5-diketo esters)
and 3-amino-5-oxopent-3-enoates 8.

The following year, Cheng Guo et al. reported a new method
for esterification that does not require transition metals or
photocatalysts. This process involves using visible light to
facilitate the decyanation of aryl ketonitriles 1 in the presence of
dioxygen and alcohols 4 at room temperature, forming o-
ketoesters 5 (53-93% yield). This reaction enables C-H bond
functionalization, C-C o-bond cleavage, and dioxygen activa-
tion to be achieved in a single step, cleavage, and dioxygen
activation to be achieved in a single step (Scheme 2)."”

dioxopentanoates 7 (3,5-diketo esters) and 3-amino-5-oxopent-
3-enoates 8. This is achieved through a zinc-mediated conden-
sation of B-ketonitriles 1 (also known as a-cyano ketones) with
ethyl bromoacetate 6. By using an acidic workup, the reaction
yields 3,5-dioxopentanoates (55-81%), while a basic workup
yields ethyl (3Z)-3-amino-5-oxo-5-pent-3-enoates (62-82%). This
method allows for direct and regioselective synthesis of 3,5-
dioxopentanoates or the corresponding enamines (Scheme 3).*®
Further investigation of this method has shown that the keto
and nitrile functional groups are in a geminal relationship,
leading to enolization and the possibility of the Blaise process.

3. Carbocyclic compounds

3.1. Aliphatic carboxylic compounds

Gao et al. have developed a green cascade approach for the
preparation of a variety of diastereoselective polysubstituted
cyclopentene derivatives through metal-free oxidative [2 +1+1 +
1] annulation of aldehydes 9 and B-ketonitriles 1. According to
their research, different groups at the para-position of the
aromatic aldehyde ring were better tolerated than the substit-
uents at the meta-position, resulting in the corresponding para-
substituted diphenylcyclopentene products in higher yields
compared to the meta-substituted analogs. To confirm the
application of this method, they selected certain substrates
such as 2-naphthaldehyde, cyclohexane-carboxaldehyde, and 3-
thiophenecarboxaldehyde instead of the aromatic aldehyde
ring. Except for cyclohexane, other substitutions produced the
desired product in moderate yields with high stereoselectivities
(>95:5 dr). Other carbonyl acetonitrile substrates such as

22. 3,5-Diketoesters benzoyl acetonitrile, furanylacetonitrile, and phenyl nitrile
In 2016, Rao and colleagues successfully developed a simple acetate, also showed good reactivity in this reaction. The
and convenient method for synthesizing various 3,5- mechanism of this method involves a four-step cascade reaction
Ar
o Cs,CO; (0.5 equiv) NC CN
NC\)J\R + ArCHO Artt "
9 THEF, 45 °C, in air
1 ROC  NH,
95:5dr 10

Ar= C6H5, 4-MCC6H4, 4-MCOC6H4, 4-FC6H4, 4-C1C6H4, 4-BrC6H4, naphthyl, thlenyl

R = OMe, OEt, Ph, OPh, 3-MeC4H,, furyl.

Scheme 4 Synthesis of diastereoselective polysubstituted cyclopentenes 10.
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Scheme 5 Synthesis of functionalized benzofulvenes 12.

involving air oxidation and Michael addition to obtain the final
product (Scheme 4).*

3.2. Aromatic carboxylic compounds

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

3.2.1. Synthesis of functionalized benzofulvenes. In 2019,
Zhang and colleagues carried out a Rh(m)-catalyzed synthesis of
functionalized benzofulvenes (40-83%) 12 wusing benzoyl
acetonitrile 1 and propargyl alcohols 11. The researchers used

density functional theory (DFT) calculations to perform
mechanical modeling and found that the hydroxyl group and
CsOAc played crucial roles in mediating the 5-membered ring
cyclization. These two components formed a thermodynami-
cally stable Rh(m) intermediate that was essential for the reac-
tion (Scheme 5).°

3.2.2. Synthesis of substituted naphthalenes. An efficient
and practical method for synthesizing cyano-substituted
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Scheme 6 Synthesis of substituted naphthalenes 14.
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Scheme 7 Synthesis of substituted phenanthrene-1-carboxylates 17.

naphthalene derivatives is described by reactions of B-ketoni-
triles 1 and 1,2-bis(halomethyl)benzenes 13 including a rear-
rangement aromatization of benzo[c]oxepine in present Cs,CO3
in DMSO at 40 °C. The mechanism of this method involves the
C-alkylation of compound 13 provided intermediate I, which
appeared in two tautomeric forms: I and I'. The subsequent O-
alkylation of enolic formed I and presented as the seven-
membered ring II. Meanwhile, the competing C-alkylation
yielded the five-membered ring 15 as a by-product. Finally,
rearrangement of I followed by aromatization in the presence of
Cs,CO; afforded the desired naphthalene-based product 14
(Scheme 6).>

3.2.3. Synthesis of substituted phenanthrene-1-carboxyl-
ates. Shu-Jiang Tu et al. have developed a mild reaction condi-
tion to prepare a wide range of phenanthrene-1-carboxylates.
The method involves a metal-free [2 + 2] cycloaddition/ring
expansion sequence of yne-allenone esters 16 with B-keto
nitriles 1, using 1.0 equivalent of Cs,CO; as a base promoter.
The reaction is carried out in 1,4-dioxane at room temperature
for 2.5 hours under air conditions. The final product,
phenanthrene-1-carboxylates 17, is obtained with a 56-97%
yield (Scheme 7).>?

4. Heterocyclic compounds

4.1. Five-membered rings
4.1.1. Five-membered rings with one hetero atom
4.1.1.1. Polysubstituted furans, dihydrofurans, furo[2,3-b]

furans. In 2021, Sathiyamoorthi and colleagues developed a new

chemical reaction that produces highly substituted dihy-
drofuran derivatives 19 in 90-97% yield. The reaction involves
a one-pot three-component tandem strategy that uses aroyl
acetonitriles 1, aromatic aldehydes 9, and 1-methyl-3-(2-ox0-2-
phenylethyl)-1H-imidazol-3-lum bromides 18. The reaction
mechanism follows a convergence condensation-Michael addi-
tion-O-cyclization process, which results in the formation of
three new bonds (two C-C and one C-O) to produce the final
product (Scheme 8).>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Synthesis of multi-substituted 4,5-dihydrofurans 19.

In a different study, Hocaoglu and colleagues utilized the
radical addition of B-ketonitriles 1 to conjugated dienes 20 to
produce 5-ethenyl-4,5-dihydrofuran-3-carbonitriles 21 in yields
ranging from low to good. In this method, Mn(OAc); and CAN
were used as radical oxidants in the reactions. Based on these
results, the authors concluded that Mn(OAc); is effective in
reactions of 3-oxopropanenitriles with dienes that contain
a thiophen-2-yl group. Conversely, CAN is more efficient with
dienes that do not contain thiophen-2-yl (Scheme 9).>* Wang
and their team have reported on a solvent/base-switchable
platform that allows for the selective conversion of B-ketoni-
triles 1 to multi-substituted 2,3-dihydrofuran-2-carbonitriles 22
and 4,5-dihydrofuran-3-carbonitriles 23 without the use of
metals. By simply changing the solvent and reaction base, the
same oxidant (TBHP) can produce the desired products through
two distinct pathways. Through mechanistic exploration, this
method has shown that the reaction of B-ketonitriles under
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Scheme 9 Synthesis of 5-ethenyl-4,5-dihydrofuran-3-carbonitriles
21
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Scheme 10 Synthesis of multi-substituted 2,3-dihydrofuran-2-carbonitriles 22 and 4,5-dihydrofuran-3-carbonitriles 23.

non-polar and polar solvents leads to unexpected rearrange-
ment of the -CN group migration and hydroxylation, respec-
tively, resulting in different products of hydrofurans
(Scheme 10).®

In 2016, Feng and coworkers obtained regio-diastereo and
enantioselective 2,3-dihydro-furans 25 in 93-92% yield from the

a; O-alkylation
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Scheme 11 Synthesis of 2,3-dihydrofurans 25.
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reaction of substituted pB-ketonitriles 1 with bromonitrostyrenes
24 in toluene solvent at 60 °C for 72 h by using achiral N,N'-
dioxide as organocatalyst. In the mechanical exploration of this
reaction, bromonitrostyrenes are first added to substituted B-
ketonitrile from Michael's process (C-C bond formation). Then,
by adjusting the reaction conditions, the O-alkylation path is
preferred to the C-alkylation path. With this strategy, the

o [} (o} NC,
OH
i T\ NapCO5 Ar)J\/CN . Fstf\/Br NaOAc n
3 1 27

O~ "CF 1,4-dioxane 1,4-dioxane  Ar 0~ “CF3
28 80°C,12h 25°C,8h 29
I, N
O O NC NC
7\ 7\ N i OH x J OH
HN" o7y HN" o7 ScFy i 07 CE () 07 CEs
K=
X=0,8 R

R =H, 4-Me, 4-t-Bu, 2-MeO, 3-MeO, 4-MeO, 4-Me,N

Scheme 12 Synthesis of trifluoromethylated furans 28 and dihy-
drofuranols 29.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 15 Synthesized highly substituted furan-linked biheteroaryls
36.

desired chiral 2,3-dihydrofurans 25 were obtained in up to 95%
yield with 95: 5 dr and 93% ee (Scheme 11).%°

In a different research, Weng et al. discovered that by using
two different bases, Na,CO; and NaOAc, in the reaction of B-
ketonitriles 1 with 3-bromo-1,1,1-trifluoroacetone 27, it
possible to selectively synthesize two
fluoromethylated furans 28 and dihydrofuranols 29 without
using any metals (Scheme 12).>

becomes tri-

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

H
Il HC o
o Cu(acac), (10 mol%) | /R
/U\/CN . O L4 (12 mol%)
R N )§ o PrNELQequiv) NH%N
1 37 'i‘ CHyCly, 1t, 24 h 38
s

R =2-MeCgH,, 3-MeCgHy, 4-MeCgH,, 2-MeOC¢H,, 3-MeOCgH,, 4-
MeOC¢H,, 3-FCgH,, 4-FCgHy, 2-CIC¢H,, 3-CIC¢H,, 4-CIC¢H,, 2
BrC¢H,, 4-BrC¢H,, 2-furyl , 4-pyridyl

Proposed Mechanism: Cu/L
(I -cur
base @
o base-H
’&0\/’“’2
Ts
38 + —
1 AT/T:CU/L
T " A= & i
Cu/L :@ Ar /_(3 C=CWL
O, TsHN I
/ Ph 0
Ar 11} CN
C »__
v N Y ™o Il 0 Pl@; g v
AT P A base-H
IV CN CN
base 1
it
[Cu]

Scheme 16 Synthesis of tetrasubstituted furan 38.

Zhang and colleagues have developed a new method for
synthesizing chiral bicyclic dihydrofurans 31 with two vicinal
carbon stereocenters. The method involves a Pd-catalyzed
asymmetric allylic substitution cascade reaction of allylic
dicarbonates 30 with B-ketonitriles 1. The products are obtained
in high yields and with up to 97% ee (Scheme 13).2®

The following year, Xinwei He et al., synthesized a series of
polysubstituted furans 33 by the reactions of propargylamines
32 with B-ketonitriles 1 in the presence of Na,CO; under
heating at 90 °C for 24 h. Further exploration of the mecha-
nism of this reaction indicates that it proceeds through
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Scheme 17 Synthesis of substituted-furo[2,3-blfurans 40.
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Scheme 18 Synthesis of heterocyclic furo(2,3-b)furan derivatives 43.
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a sequence of steps. First, there is a 1,4-conjugate addition of
B-ketonitriles 1 to propargylamines 32, followed by a 5-exo-dig
annulation/isomerization to form the fully substituted furans
33 (Scheme 14).>°

In 2019, Jeong and coworkers synthesized highly substituted
furan-linked biheteroaryls 36 by a three-component cascade
reaction of aryl glyoxals 34, isonitriles 35, and aroyl or heteroaryl
B-ketonitriles 1 in the presence of p-TsOH and EtOH under
reflux condition for 4 h. The reaction sequence involves
a Knoevenagel condensation of aryl glyoxals 34 with B-ketoni-
triles 1 followed by an isocyanide 35 insertion via formal [4 + 1]

View Article Online

Review

cycloaddition, and then a rapid [1,3]-H shift to afford novel bi-
heterocycles with unique decorations (Scheme 15).*°

In 2020, Zhong and colleagues achieved moderate to high
yields of tetrasubstituted furan derivatives 38 through [3 + 2]
annulation of ethynyl benzoxazinanones 37 with B-ketonitriles
1. This was done in the presence of Cu(acac), as a catalyst and i-
Pr,NEt in CH,Cl, at room temperature over 24 hours. It was
found that intermediate copper allenylidines acted as a C2
synthon during the cycloaddition reaction (Scheme 16).*

In 2021, Wan et al. reported the synthesis of substituted-furo
[2,3-b]furans 40 by oxidizing malononitrile 39 to 2-hydroxy-
malononitrile I, which can then react with B-ketonitriles 1 in
CH;CN in the presence of 0.5 equiv. of benzoic acid at room
temperature for 12 h. In the mechanistic exploration of this
reaction, it was hypothesized that SeO, oxidizes malononitrile
to 2-hydroxy-malononitrile, which can then react with B-keto-
nitriles 1 and during the two processes of Michael addition and
intramolecular cyclization, it provides target compounds with
27-56% efficiency. The authors have highlighted that the
synthesized compounds exhibit interesting photoluminescence
properties in both solution and solid-state (Scheme 17).*

In a recent study, Gnanasambandam and his colleagues
synthesized heterocyclic furo(2,3-b)furan derivatives 43 with an
efficiency rate of 60-80%. They achieved this through a three-
component reaction that involved methylglyoxal 41, benzo-
thiazole acetonitrile 42, and B-ketonitriles 1, with the use of
DABCO (1,4-diazabicyclo[2.2.2]octane) as a base and EtOH/H,0
solvent mixture at room temperature for two hours. The

OH
Ar? 2
\ 0 Ao
NC le) A2 NC
Et;N (20 mol% "
- /A 1NH2 3N (20 mol%) N )S/OH fo EGNOS5mol%) o /T NN,
-—— +
0~ TAr EtOH, 80 °C EtOH, 50 °C, 0.5-3.0 h 010
OH CN Al
45 41 1 44

Ar' = Me, 3-MeOC4H,, C¢Hs, 4-CIC¢H,, 6-methoxy-2-naphthyl, 4-MeCgH, 4-FCgHy, 1,3-benzodioxol-4-yl
Ar? = C¢Hs, 4-CICgH,, 4-BrCgH,, 4-FCgH,, 3-CIC¢H,, 4-MeCgHy, 4-MeOCH,, 3-MeOCgH,, thienyl

Proposed Mechanism:

Pl
@
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o (L o —
Knoevenagel N Michael , R Ar 74 YR synthesis
condensation Ar 1 addmon

0 O) m

& Ar 42/1%/: 1somerlzat10n i\/gl\] j, _Aromatization __

N
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/ Et3NH
Ar / | @S NH, Ar | / I

aromatlza’[lon
ring-opening step

Scheme 19 Synthesis of functionalized dihydrofurol[2,3-blfurans 44 and substituted phenyl furan 3-hydroxy-3-phenylacrylamides 45.
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Scheme 20 Synthesis of dihydrofurofurans 47 and dihydrocyclopentafuranols 48.
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49 EtOH, 70 °C R2
51

R! = Me, Ph, 2-CIC¢H,, 3-MeOCgH,, 4-BrC4H,
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Scheme 21 Synthesis of functionalized 3-cyanopyrroles 51.
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1= CgHs, 3-CICgH,, 4-FCgHy, 4-MeCgHy, 2-MeOCgH,, 4-NO,CgHy, 2-furyl, 2-thienyl, -Bu, Me
R%=Me, CgHs, 4-NO,CgHy, 4-MeOCgHy, 2,3,4,5-F4CgH, 3,5-(F3C),CeHy

Scheme 22 Synthesis of 5-amino pyrazoles 53 and pyrazolo[1,5-a]
pyrimidinones 55.

reaction involved Knoevenagel condensation, Michael addition,
intramolecular cyclization, and tautomerization processes
(Scheme 18).%

Followed by Jeong et al. have disclosed a highly efficient
one-step protocol for constructing highly functionalized
dihydrofuro[2,3-b]furans 44 and substituted phenyl furan 3-
hydroxy-3-phenylacrylamides 45. This is achieved through
a three-component cascade reaction between aromatic or
aliphatic glyoxals 41, B-ketonitriles 1, and two different
equivalent amounts of triethylamine. The reaction can be
performed in two different conditions: at room temperature or
under reflux, with excellent yields obtained in both cases. The
protocol involves a Knoevenagel and Michael adduct via Paal-
Knorr cyclization with aromatic or aliphatic glyoxal and B-
ketonitriles under mild heating conditions. The final product
can be easily obtained through a simple filtration method
(Scheme 19).

Also, Fang and their team have successfully developed
a novel method to create a large variety of cyclic molecules, such
as dihydrofurofurans 47 dihydrocyclopentafuranols 48 and, by
performing regioselectivity-switchable reactions between
alkynyl o-diketones 46 and B-ketonitriles 1. This approach
provides a platform for generating a broad range of structurally
diverse heterocycles with new dihydrofuran-cyclopentenone
skeletons and dihydrofurofurans.

The study also revealed that base and solvent play a critical
role in modulating the regioselectivity of this reaction
(Scheme 20).*

4.1.1.2. Synthesis of cyanopyrroles. In 2022, Moussa and
their colleagues discovered a simple and efficient three-
component reaction involving a-hydroxyketones 49, B-ketoni-
triles 1, and primary amines 50. The result of the reaction is
a selective production of densely functionalized 3-cyanopyrroles
51 with isolated yields ranging from 55-90%. The reaction has
a wide substrate scope and can be carried out under mild
reaction conditions. AcOH is used as a catalyst and the reaction

View Article Online
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Scheme 24 Synthesis of phenylselanyl-1H-1,2,3-triazole-4-carbon-
itriles 62.
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Scheme 25 Synthesis of 1,3-oxaselenoles 63 and 64.
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Scheme 26 Synthesis of 2-oxazolines 67 and 68.

[¢) S TBHP (3.0 equiv)
)J\/ AIBN (0 2 equiv) I
CN
R tONT ONH: TTNOoH i NC P,
1 69

R = CgHs, 4-MeOCH,, 4-CICH,, 3-CICgH,, 2-MeCgHy, fert-Butyl

Scheme 27 Synthesis of substituted 2-aminothioazoles 70.

is performed using EtOH at 70 °C for 3 hours. The mechanism
of this reaction can be explained based on three processes: A, B,
and C. Additionally, the high atomic efficiency of this reaction
suggests that the only molecule lost during the process is water
(Scheme 21).%¢

§02Ar2

N

. H ’ NH

N 2 N 2
NIS (50 mol%) NIS (0.5 equiv
\ ( 0 )K/CN . APSO,NHNH, (05equiv) "\ /
Al A2  FEtOH (0.5mL) EtOH (0.5 mL) 4,1 SAR
60 80°C,6h 1 (0.3 mmol) 56 (0.9 mmol) 80°C,6h 59

Scheme 23 Synthesis of 3-aryl-4-(arylthio)-1H-pyrazol-5-amine derivatives 59 and 3-phenyl-1-(phenylsulfonyl)-4-(phenylthio)-1H-pyrazol-5-

amines 60.
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4.1.2. Five-membered rings with two hetero atom
4.1.2.1. Synthesis of 5-aminopyrazole and pyrazolo[1,5-aJpyr-
imidinones. One of the important applications of B-ketonitriles

o
P e N

R? /\/CHO

72

View Article Online
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derivatives is their use as intermediates for the synthesis of 5-
amino pyrazoles. To prepare 5-amino pyrazoles, p-ketonitrile 1
is heated with hydrazine in various ways, either in a solvent or
with the help of microwaves.?” Reports indicate that 5-amino
pyrazoles play an important role in the synthesis of nitrogen-
containing heterocyclic compounds, including pyrazolopyr-
imidinones. For example, Kelada et al. reacted the derivatives of
B-ketonitriles 1 (0.9 mmol, 1.0 equiv.), hydrazine 52 (1.2 mmol,
1.3 equiv.), MeOH (1 mL) under microwave conditions (100 W,
150 °C) for 5 min have reported the synthesis of 5-amino pyr-
azoles 53. After obtaining this intermediate, they continued this
process by adding AcOH (0.5 mmol, 0.6 equiv.) and ketoester
derivatives 54 (0.9 mmol, 1.0 equiv.) under
microwave conditions (100 W, 150 °C) for 2 h and various
heterocycles of pyrazolopyrimidinones 55 have been synthe-
sized (Scheme 22).%®
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R?= C¢Hs, p-MeCgH, p-MeOCgH, p-BrCqH,, p-CIC4H,, Me, furyl

Proposed mechanism:
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Scheme 29 Synthesis of 3,4-dihydropyrans 75.
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R! = Ph, 4-MeCgH, 4-FC4H,, 2-1CcH,, §> N
2-NO,CgH,, furyl, n-CsH,, N
R? = Ph, 3-BrCgH,, 4-CIC¢H,, naphthyl, 80
furyl, thienyl, propennyl C¢FsOCHN
Proposed mechanism: o 2
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Scheme 31 Synthesis of 4H-pyrans 81 by using 6’'-deoxy-6' perfluorobenzamido-quinine 80 as a catalyst.

In a separate study, Liu and colleagues used NIS to accom- method, it was discovered that the process involves a sequence
plish a quasi-three-component reaction of B-ketonitriles 1 and of cyclization, sulfonylation, and removal of aryl sulfonyl in the
aryl sulfonyl hydrazides 56 in ethanol solvent under reflux presence of NIS (Scheme 23).*
conditions, yielding  3-aryl-4-(arylthio)-1H-pyrazol-5-amine 4.1.2.2. Synthesis of triazoles, oxaselenoles, oxazolines, thio-
derivatives 59 and 3-phenyl-1-(phenylsulfonyl)-4-(phenylthio)- azoles, isoxazos. Savegnago and his colleagues studied the
1H-pyrazol-5-amines 60. In the mechanistic investigation of this  synthesis, chemical diversity, and antioxidant properties of
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R =H, Me, 'Bu, MeO, CI, F

Proposed Mechanism:
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2 CF; + py
Ar g
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Rt CN
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Scheme 33 Synthesis of 2-amino-4H-pyran-3,5-dicarbonitrile

derivatives 85.

phenylselenyl-1H-1,2,3-triazole-4-carbonitriles 62. They synthe-
sized these compounds in high yield by reacting azidophenyl-
phenylselenides 61 with a range of B-ketonitriles 1 in the
presence of DMSO as a solvent and a catalytic amount of Et,NH
(1 mol%) (Scheme 24).*

Kachanov et al. produced 1,3-oxaselenole heterocycles 63
and 64 in good yield with a cyano group using aroyl acetoni-
trile 1 and selenium(v) oxide. The resulting products were
found to react with ammonia, hydrazine, or primary amines,
during which an aryl rearrangement observed
(Scheme 25)."

In another study, a series of 2-oxazolines (67 and 68) were
produced using a simple one-pot method under inert and non-
moisture conditions from B-ketonitrile 1 and B-amino alcohols
65 and 66 with 115-172 mol% ZnCl, (Scheme 26).*

An effective oxidative system, which does not require
the use of metals, has been developed using TBHP and AIBN.
This system has allowed for the successful synthesis of
substituted 2-aminothioazoles 70 by reacting B-ketonitrile 1 with
thiourea 69. Mechanistic studies have shown that the reaction
proceeds through the formation of a C-S bond via a radical
process, followed by the formation of a C-N bond through an
intramolecular condensation reaction (Scheme 27).*

was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 34 Synthesis of highly substituted pyridines 87 and 89.
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Scheme 35 Synthesis of 2,6-diaryl-4-(1H-indol-3-yl)-3-cyanopyr-
idines 91.

Krasavin et al. have prepared a set of isoxazole-5-amines 71 by
reacting readily available B-ketonitriles 1 with hydroxylamine in
15% aqueous NaOH solution at reflux for 14 hours (Scheme 28).*
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Scheme 36 Synthesis of 2-aminopyrimidine carbonitriles 93.
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3 carbonitriles 104.

4.2. Six-membered rings

4.2.1. Six-membered rings with one heteroatom

4.2.1.1. Synthesis of dihydropyrans and pyrans. In 2014,
a highly efficient synthesis of 3,4-dihydropyrans 75 was reported
by catalyzing r-diphenylprolinol trimethylsilyl ether 73 through
the Michael addition of B-ketonitriles 1 to B-unsaturated alde-
hyde derivatives 72.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CN
Et;N, EtOH

reflux, 3 h

For Q, R =4-CI, Ar = 4-CIC¢Hy; R =4-Me, Ar = C¢Hs.
For BQ, R =4-Cl, Ar = C¢Hs; R =4-OMe, Ar=4-BrC¢H,.

Scheme 40 Synthesis of functionalized pyranol[2,3-b]quinoline and benzolhlpyranol2,3-blquinoline derivatives.

The desired compounds were acquired with exceptional
yields (up to 91%) and enantioselectivities (up to 98% ee)
(Scheme 29).%

In 2016, Tong et al. found that by using 6’-deoxy-6'-[(L)-N,N-
(2,2'-oxydiethyl)-valine amido]quinine 77 as the catalyst, the
formation of 4H-pyrans 78 through (3 + 3) annulations of f'-
acetoxy allenoates 76 with B-ketonitriles 1 can occur quickly and
with excellent enantioselectivity. Catalyst 77 has three func-
tions, including Lewis base (quinuclidine N), H-bond donor
(amide NH), and Bregnsted base (morpholine N), each playing
crucial roles in the chemo- and enantio-selectivity for the
construction of 4H-pyrans 78 (Scheme 30).*

The following year, Zhou et al. discovered that using 6'-
deoxy-6’ perfluorobenzamido-quinine 80 as a catalyst can result
in the quick formation of 4H-pyrans 81 through [3 + 3] annu-
lations of d-acetoxy allenoates 79 and B-ketonitriles 1 with
excellent enantioselectivity. The researchers found that the
amide NH of 80 plays a crucial role as an H-bond donor, facil-
itating the formation of cationic intermediate I and increasing
the electrophilicity of its 3-position (Scheme 31).*

In 2022, Zhang et al. realized that using Cu(OAc), as the
catalyst can result in the quick formation of polysubstituted 4H-
pyran derivatives 84 with a quaternary CF;-containing center
through (3 + 3) annulations of alkynyl ketimines 82 and B-

0 0
. CN
O O  DABCO (2.0 equiv) |
CN * °
lek/ X0 CH5CN, 80 °C NTOR!
1 108 Il{z MW, 30 Min 109 R2
R2=H,CH; R'=C¢Hs, 4-FCgH,, 4-CICgH,, 4-MeCgH,, 4-MeOC¢H,, t-Bu, furyl, thienyl
Proposed mechanism:
0
0
) o 0
J__cn _DABCO JCL/ 108 R? R!
R — CN
ﬂ © 2N 0
1 ‘N— I I
\ 7 A\I gx&o
% 1;1\7
o l-coz
0
Q CN
CN CN 1
| - OH - /‘* R
NRE RO R! NO O
109 R’ v R R m
40T
@
H

Scheme 41 Synthesis of 3-cyano-4-quinolone derivatives 109.
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ketonitriles 1 with excellent yields (86-99%) and good enan-
tioselectivities (71-78% ee). The researchers found that the
reaction involves a process with a base-catalyzed or chiral
thiourea-catalyzed Mannich-type reaction followed by a highly
regioselective copper-catalyzed ring-closing reaction on the
alkynyl moiety in a 6-endo-dig fashion (Scheme 32).**

In 2019, the same group synthesized derivatives of 2-amino-
4H-pyran-3,5-dicarbonitrile 85 through a three-component
reaction. This reaction involved aldehydes 9, malononitrile 39,
and B-ketonitriles 1 and was carried out in a mixture of ethanol
and water at room temperature. The resulting products had
a wide range of functional groups and were obtained in high
yields (Scheme 33).*

4.2.1.2. Synthesis of pyridines. In 2019, Zhang and
colleagues conducted a study on the cascade nucleophilic
addition reactions of 1,2,3-triazines 86 with activated B-ketoni-
triles 1 or ketones 88. This approach enabled the construction
of highly substituted pyridines 87 and 89, which are not easily
accessible by traditional methods. The study addressed some
structural diversity issues that currently exist in medicinal

| Ph
CN N
X O
R—: + | g
= F-C = I\Me
1 1o Me

View Article Online

Review

chemistry. The resulting pyridines could be used as convenient
precursors for the synthesis of related pharmaceuticals
(Scheme 34).%°

Bharkavi et al. reported a series of new compounds called
2,6-diaryl-4-(1H-indol-3-yl)-3-cyanopyridines 91. These
compounds were produced in good yields through the domino
reactions of B-ketonitriles 1, 4,4,4-trifluoro-1-phenylbutane-1,3-
dione 90, and aromatic aldehydes 9 in the presence of ammo-
nium acetate without the use of solvents. This process creates
two C-C and two C-N bonds, leading to the formation of a six-
membered ring in a single operation (Scheme 35).5

4.2.2. Six-membered rings with two heteroatom

4.2.2.1. Synthesis of pyrimidines. In 2014, Siddiqui et al.
applied the Friedlander reaction of guanidines, aldehydes, and
cyano ketones under solvent-free conditions at 85 °C in the
presence of chitosan as a green catalyst to get 2-amino-
pyrimidine carbonitriles 93.

In the mechanistic study of this reaction, it is explained that
the hydroxyl group of chitosan activates the carbonyl group of
aldehyde 9 at first, which then undergoes condensation with

[Cp*RhCl,], (2.5 mol%)
NaOAc (2.0 equiv)

THEF, air, 80 °C, 24h

R =H, CH;, MeO, F, Cl, Br, I, CN

o [Cp*RhC12]2

O
Rh

Ph. \
]N I ! Cp*
F,C” N\F P Me
110 Me 0
o)—CN
Rh.co.,
F,C
3 \ _‘_/S/Me
7\
o Me
I

Scheme 42 Synthesis of 3-trifluoromethyl-isoquinolines 111.
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guanidine 92 leading to the formation of intermediate I. The
amine group present on the surface of chitosan facilitates the
formation of III. The final step involves the addition of inter-
mediates I and III to form a new intermediate IV, which
undergoes  intramolecular  cyclization = followed by
aromatization V to produce the desired product 93 in good yield
(Scheme 36).%

4.2.2.2. Synthesis of dihydropyridazines. A new synthetic
route has been developed by Chan and his colleagues for the
construction of functionalized 2-cyano-1,4-diketones 95. The
route involves the nucleophilic substitution of 2-bromoaceto-
phenones 94 with NaCN, via in situ-generated B-ketonitriles 1.
By using 2-cyano-1,4-diketone 95 as an intermediate and
titrating it with hydrazine, the team successfully synthesized
six-membered heterocycles of dihydropyridazines 96. The
successful synthesis of these heterocycles is a significant
advancement in the field of organic chemistry (Scheme 37).5

4.3. Synthesis of quinoline and isoquinoline derivatives

Palanimuthu and his colleagues have developed a simple and
efficient method for synthesizing new, densely functionalized
tetrahydroquinoline derivatives. This is achieved through the
aza-Diels-Alder reaction between p-ketonitriles 1 aromatic
aldehydes 9, and 2-alkenyl amines 97. The reaction uses
a catalytic amount of TEA and takes place under very mild
conditions. The resulting tetrahydroquinoline isomers exo 98
and endo 99 are synthesized with excellent diastereoselectivity
and high yields (Scheme 38).>*

In 2016, Dhiman used copper as a catalyst for the three-
component domino reactions of 2-bromobenzaldehydes 100,
active methylene nitriles (1 and 101), and sodium azide 102. The
reactions were performed in DMSO under reflux at 150 °C in the
presence of r-proline and K,CO; leading to the synthesis of 2-
aminoquinolines 103 and 2-arylquinoline-3 carbonitriles 104.
Mechanistic exploration of this reaction shows that the forma-
tion of substituted quinolines involves Knoevenagel condensa-
tion of ortho-bromobenzaldehyde with active methylene nitriles
followed by copper-catalyzed reductive amination and intra-
molecular cyclization (Scheme 39).°

Recently, our group reported an efficient synthesis of
functionalized pyrano[2,3-b]quinoline and benzo[A]pyrano
[2,3-b]quinoline derivatives 107a and 107b by using 2-
chloroquinoline-3-carbaldehyde or 2-chlorobenzo[4]
quinoline-3-carbaldehyd 105a and 105b, 1-aryl-2-(1,1,1-tri-
phenyl-A>-phosphanylidene)ethan-1-one (Wittig reagent) 106
and B-ketonitriles 1 in EtOH under reflux at 80 °C in the
presence of Et;N in good to excellent yields. The mechanical of
this reaction involves the two processes of C-C bond forma-
tion (Michael addition) and intramolecular cyclization (by
attacking the oxygen atom of active methylene compounds)
(Scheme 40).>°

Hussain et al. have developed an efficient method to
produce 3-cyano-4-quinolone derivatives 109. This is achieved
through decarboxylative cyclization of isatoic anhydrides 108
with B-ketonitriles 1 using DABCO as a non-toxic, eco-
friendly, and reagent under

inexpensive microwave

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions. The reaction is performed in CH3;CN under reflux
at 80 °C for 30 minutes. This approach provides an easy
pathway for making this class of compounds in good to high
yield from readily available starting materials in short reac-
tion times (Scheme 41).>”

Yang et al conducted a study on synthesizing 3-
trifluoromethyl-isoquinolines 111, which are important
compounds in biology, using an Rh(ui)-catalyzed annulation of
B-ketonitriles 1 and CF;-substituted imidoyl sulfonium ylides
(TFISYs) 110. The reaction was conducted in THF solvent with
NaOAc at 60 °C for 24 hours. The transformation involved

o tBu 1Bu
1Bu 1Bu
9 ) 5 COPh
| Ao 113 moto hl
*  Ph EEE——
B CHClrt. RSP 07 NH,
Vo 1 114

R = H, 3-EtO, 4-MeO, 5-Me, 4-Cl, 5-Br

Proposed mechanism:

FBC o o /N/
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OMe ‘Bu 'Bu ‘Bu ‘Bu
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\ |
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( ] “— &

© OH s
COPh . , &
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A
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Si face attack
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Scheme 43 Synthesis of 2-amino-4-aryl-4H-chromenes 114.
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Scheme 44 Synthesis of functionalized 2-aryl-4H-chromenes 116.
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removing a C-H bond and an unusual C-C bond from benzoyl
acetonitrile, while also removing a molecule of dimethyl sulf-
oxide (DMSO) and acetonitrile (CH3;CN). This reaction has
several advantages, including low catalyst loadings, mild
conditions, wide substrate scope, high efficiency, and scalability
(Scheme 42).%®

4.4. Synthesis of chromene derivatives

Duan et al. have developed an efficient method to produce
2-amino-4-aryl-4H-chromenes 114. This is achieved
through reactions of ortho-hydroxyl-substituted p-QMs 112
with B-ketonitriles 1, using asymmetric organocatalytic
chiral 113 at mild conditions in CHCI; solvent. The process
involves 1,6-conjugate addition/annulation/tautomerization
(Scheme 43).*°

In 2018, He et al. developed a concise and efficient method
for synthesizing functionalized 2-aryl-4H-chromenes 116
using propargylamines 115 and B-ketonitriles 1 in the pres-
ence of FeCl; as a catalyst. This method is environmentally
friendly and utilizes CH;CN solvent for 24 hours under reflux
conditions. The reaction features a highly efficient tandem

1. catalyst (10

View Article Online

Review

sequence of 1,4-conjugate addition, 6-endo-dig cyclization,
and oxidation. This protocol accommodates various func-
tional groups, rendering it a practical and effective method
for synthesizing 2-aryl-4H-chromene skeletons 116
(Scheme 44).%°

The Pan group recently developed an organocatalytic
method for the synthesis of chiral 3,4-dihydrocoumarins 119
and tetrasubstituted chromas 120. This process involves
Michael addition and intramolecular cyclization of B-ketoni-
triles 1 and 2-sulfonyl methyl phenols 117. The reaction takes
place in dichloromethane with sodium bicarbonate at room
temperature. In the reaction mechanism, the amino group of
catalyst 118 activates the carbonyl groups and acts as a Lewis
acid to facilitate the reaction (Scheme 45).**

Jiang and his team conducted research on the domino
reaction of two molecules of B-ketonitriles 1 and one molecule
of 2-aryl-3-nitro chromene 121, in the presence of triethylamine.
They performed this reaction in tetrahydrofuran solvent to
synthesize various derivatives of dihydrofuro[2,3-c]chromenes
122, and by using polar protic solvents such as ethanol and
methanol, to synthesize chromeno[3,4-b] substituted pyridines

mol%)

R 10% aq.NaHCO4
o] (50 eq)
SO,Ph CN CH,Cl,. 1t, 3 d
+ Ar)J\/
OH 1 2.0.7 N HCI, CH,Cl,
it,2d
117

O,

cat:
(0]
m ﬁ CF3
=
o |
N 118

N
H

Ar =Ph, 4-MeCgH,, 4-MeOCgH,, 4-FCgH,, 4-CIC¢H,, 4-BrCgHy, 3-MeCgH,, 3-CIC4H,, furyl.
R = Ph, 4-t-BuCgH,, 4-MeOCgH,, 4-FC¢H,, 3-MeCgH,, 3-MeOCgH,, 2-MeCgH,, Et, allyl.

Scheme 45 Synthesis of chiral 3,4-dihydrocoumarins 119 and tetrasubstituted chromas 120.
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Scheme 46 Synthesis of dihydrofuro[2,3-clchromene 122 and chromenol3,4-b] substituted pyridines 123.

123. These products were obtained under mild conditions. One
of the most significant advantages of this process is the wide
range of products produced with satisfactory efficiency
(Scheme 46).%

Also, our research group a general and efficient method for
the chemoselective synthesis of benzo[c]chromen-6-ones 125
has been developed. The reactions were accomplished in the
presence of Et;N in EtOH under reflux conditions to afford
functionalized benzo[c]chromen-6-ones 125 in 70-91% yield.
The mechanism of this reaction includes a base-promoted
nucleophilic substitution/deprotonation/intramolecular aldol
condensation/carboxylic acid or alkyl hydrogen carbonate

© 2025 The Author(s). Published by the Royal Society of Chemistry

elimination/aromatization reaction of B-ketonitriles 1 and o,B-
unsaturated coumarins 124 (Scheme 47).%

Bhuyan and colleagues have developed an effective and
versatile method for the selective synthesis of tetrazole-fused
pyrido[3,2-clcoumarin derivatives 127.

This is achieved through a one-pot three-component
reaction of 4-chloro-3-formylcoumarin 126 via intra-
molecular 1,3-cycloaddition reaction of azides to B-ketoni-
triles 1. The reactions were carried out in DMF under mild
conditions with the addition of one drop of Et;N. The
resulting products were obtained with yields ranging between
75-86% (Scheme 48).%
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Scheme 47 Synthesis of benzo[c]lchromen-6-ones 125.
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Scheme 48 Synthesis of tetrazole-fused pyrido[3,2-clcoumarin
derivatives 127.
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Scheme 50 Synthesis of dihydrochromenol4,3-b]pyrazolo([4,3-€]
pyridin-6(7H)-ones 130.

In another study Alizadeh and Rostampoor developed
a method for synthesizing dihydro-6H-chromeno[4,3-d]pyrazolo
[1,5-a]lpyrimidin-6-ones 128 through a three-component

14576 | RSC Adv, 2025, 15, 14558-14586
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Scheme 51 Synthesis of spiro[4H-pyran-3,3’-oxindoles] 132.
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Ar = C¢Hs, 4-MeCgH,, 4-MeOCgHy, 3-MeC¢Hy, 4-FCgHy, 4-BrCgHy, furyl, thienyl, naphthyl
R =H, MeO, Mg, CI, Br, F

134=

Scheme 52 Synthesis of chiral spiro[4H-pyran-oxindole] derivatives
135.

reaction involving a,B-unsaturated coumarins 124, B-ketoni-
triles 1, and hydrazine hydrate 52. This process includes 1,4-
addition and aza-Michael addition, forming two carbon-
nitrogen (C-N) bonds. The reactions were accomplished in the
presence of EtzN in EtOH under reflux conditions to afford
products up to 77-92% yield (Scheme 49).%

Choudhury and his team developed a concise method using
molecular iodine to synthesize dihydrochromeno[4,3-b]pyr-
azolo[4,3-e]pyridin-6(7H)-ones 130 through a four-component
reaction involving aromatic aldehydes 9, 4-hydroxycoumarin
129, B-ketonitriles 1, and hydrazine hydrate 52 in EtOH under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 55 Synthesis of fused (epoxyetheno)indeno-furans 143.

[3,2,1-ff]quinoline-1,2-dione) 131 with various B-ketonitriles 1
and malononitrile derivatives 39 in ethanol under reflux. The
synthesis process Knoevenagel condensation,
Michael addition, intramolecular condensation
(Scheme 51).

Wu and colleagues developed a method using just 2 mol% of
a chiral organocatalyst 134, producing chiral spiro[4H-pyran-
oxindole] derivatives 135 with 97-99% yields and 76-97%
enantioselectivities. This is achieved through a one-pot reaction
of B-ketonitriles 1 and isatylidene malononitriles 133 in CH,Cl,
at —10 °C and adding 1 mol% morpholine. The addition of

involves
and

reflux conditions. The synthesis process involves Knoevenagel
condensation, Michael addition, and intramolecular conden-
sation (Scheme 50).°

4.5. Synthesis of spiro compounds

Baradarani and his team developed a simple and concise
method catalyzed by DMAP for synthesizing a series of spiro
[4H-pyran-3,3’-oxindoles] 132. This was achieved through
a three-component reaction of isatin (5,6-dihydro-4H-pyrrolo

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 14558-14586 | 14577
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Scheme 57 Synthesis of 5-acylindolizine-7-carbonitrile 147.
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2% mol of tertiary amine catalyst 134, which contains many
hydrogen bond donors, activates the carbonyl B-ketonitrile 1
group. This activation promotes the Michael addition process,
resulting in the formation of spirooxindole through intra-
molecular cyclization (Scheme 52).%

4.6. Synthesis of propellanes

In 2017, Yavari and his team revealed a method for synthesizing
dioxopropanes 138 and 139 that is highly chemoselective and
regioselective. The process involves reacting adducts of ace-
naphthoquinolidene malonitriles 136 (and ninhydrylidene
malonitriles 137) with p-ketonitriles 1 in 70% aqueous MeOH at
room temperature. The reaction mechanism involves three
processes: Michael addition and two molecular cyclization

(0} R}
Lo
R" "H N\N NH,
9 ﬁz PTPSA@MCM-41 (10mg) 148
o Solvent-free, 80 °C

R!= aryl, alkyl, heteroaryl
R2=Me, Ph
R3=Me, Ph

MCM-41
148

PTPSA@MCM:

Scheme 58 Synthesis of dihydro-1H-pyrazolo-[3,4-blpyridines 149 and 1H-pyrazolo-[3,4-b]pyridines.

0O NH, hv, air (O,) N Ar
v, air (O,
Joo . O XX
NH, THF, r.t., 12 h N° CN
1 151 152
Proposed mechanism:
0,
0 l Q
P ey Q% HOO i HOO CN
Ar — . cN 199 o Ar
: OOH
1 I I
NH,
-H,0 CN (:[NH2 151 No AT
—> Ar > _
o N~ CN
I 152

Scheme 59 Synthesis of synthesis of quinoxaline derivatives 152.
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Scheme 60 Synthesis of benzo[4,5]imidazo[1,2-b]pyridazines deriva-
tives 154.

processes that form one C-C bond and two C-O bonds
(Scheme 53).%°

Jeong and his team developed a simple and concise method
catalyzed by DBU for synthesizing new substituted heterocyclic
[4.3.3]propellane 141. This was done through a one-pot reaction
of a-diketones 140 with variously substituted B-ketonitriles 1 in
MetOH under reflux conditions for 8-12 h. The synthesis
process involves Knoevenagel, Michael, and intramolecular/
Paal-Knorr cyclization (Scheme 54).”

In 2022, the same group synthesized fused (epoxyetheno)
indeno-furans 143 by reacting acenaphthoquinolidene 142
and B-ketonitriles 1. The reaction was carried out in the

View Article Online
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presence of 30 mol% morpholine in DCM under mild condi-
tions for 3 hours. The reaction mechanism is similar to
Scheme 54 and involves three processes: Knoevenagel,
Michael, and intramolecular/Paal-Knorr  cyclization
(Scheme 55).”

4.7. Nitrogen-containing heterocycles

4.7.1. Bicyclic system. Sun and colleagues developed an
iodine-catalyzed three-component bi-cyclization of B-ketoni-
triles 1 with sulfonylhydrazides 56 to synthesize a range of
functionalized pyrazolo[1,5-a]pyrimidine-4-iome sulfonates 144
in a highly regioselective manner. These sulfonates can be
quantitatively converted into densely functionalized pyrazolo
[1,5-a]pyrimidines 145 in the presence of bases (Scheme 56).”

In 2021, Kim and his colleagues developed a reaction
between B-ketonitriles 1 and N-substituted pyrrole-2-
carboxaldehyde 146 in CH3CN, in the presence of piper-
idinium acetate, which allows selective access to 5-
acylindolizine-7-carbonitrile 147 through a Knoevenagel
condensation-intramolecular aldol cyclization sequence
(Scheme 57).7

In a recent study, Khosropour and his colleagues devel-
oped a novel catalyst named 3-(propylthio)propane-1-sulfonic
acid-functionalized MCM-41 (PTPSA@MCM-41) 148 which
was found to be effective and reusable. This catalyst was used
for the multicomponent synthesis of dihydro-1H-pyrazolo-
[3,4-b]pyridines 149 and 1H-pyrazolo[3,4-b]pyridines 150
through the reaction of aldehydes 9, B-ketonitriles 1, and 1H-
pyrazol-5-amines 53 at 80 °C under solvent-free conditions.
One significant advantage of this catalytic system is its high
catalytic activity and reusability, mild reaction conditions,
simple operation, and benign environmental impact
(Scheme 58).7*

A selective protocol has been developed for the synthesis of
quinoxaline derivatives 152 under the same reaction condi-
tions simply from the reaction of phenylenediamine 151 with
various derivatives of B-ketonitriles 1 in the presence of visible

R CHO R i+ -N=Ts
o ® Pd(OAc), 7.5 mol% N
+  C=N-'Oct > A,
N toluene 100 °C, 10 min N E’lOCt

3
155 TsNHNH, 156
157

Ar= Ph, 4-FC6H4, 2C1-C6H4, 4-MCOC6H4

R=H,Cl
iOct = CMe,CH,CMe,

Scheme 61 Synthesis of pyrazolo[1,5-c]lquinazolines derivatives 159.
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Scheme 62 Synthesis of pyrimido[1,2-blindazol-3-carbonitrile derivatives 161.

light in THF solvent and room temperature. This is a novel
protocol that accommodates various pB-ketonitriles 1 and
binary aromatic amines via visible light-induced electron
transfer and oxidative coupling. This metal-free method works
at room temperature with various substrates and does not
require extra oxidants. It typically gives moderate to good
yields (Scheme 59).7

4.7.2. Tricyclic system. A team of researchers led by Beh-
behan et al. has developed a simple and efficient method for
synthesizing benzo[4,5]imidazo[1,2-b]pyridazines 154 using
intramolecular SNAr. They used either H,O/AcONa or AcOH/
AcONa as the reaction medium and microwave irradiation as
an energy source. The entire process involves only one step,
which is the reaction between 3-oxo-2-arylhydrazonopropanals
153 and B-ketonitriles 1 such as (3-oxo-3-phenylpropionitrile,
3-oxo-3-hetarylpropionitrile, ethyl cyanoacetate, and 2-cyanoa-
cetamide). The final compounds were produced with an overall
yield of 89% to 99% (Scheme 60).7°

Singh and his team synthesized a series of pyrazolo[1,5-c]
quinazolines 159 that function as inhibitors for EGFR. They
used a highly efficient multicomponent route involving
a palladium-catalyzed four-component one-pot tandem
reaction.

In this one-pot process, they first formed azomethine 158 by
reacting azidobenzaldehyde derivatives 155, isocyanides 156,
and arylsulfonylhydrazides 157 in the presence of Pd(OAc),
(7.5 mol%) in the toluene solvent. Then, they added B-ketoni-
triles 1 to the reaction mixture in the presence of DABCO, which
resulted in pyrazolo[1,5-c]quinazoline formation. The target

14580 | RSC Adv, 2025, 15, 14558-14586

compounds were screened against MDA-MB-231, A549, and
H1299 cancer cell lines (Scheme 61).””

In 2017, Rong and co-workers developed a simple and effi-
cient method for the synthesis of pyrimido[1,2-b]indazol-3-
carbonitrile derivatives 161 from aromatic aldehydes 9, 1H-
indazol-3-amine (4-chloro-1H-indazol-3-amine) 160 and B-keto-
nitriles 1 (3-(1H-indol-3-yl)-3-oxopropanenitrile or 3-oxo-3-
arylpro-panenitrile) under metal-free conditions. This was
a very successful technique for making pyrimido[1,2-b]indazole
compounds 161 using only ethanol and triethylamine in
a typical laboratory setting. This process has many advantages,
including simple operation, high efficiency, easy isolation, and
a wide range of substrates (Scheme 62).7

4.7.3. Tetracyclic system. New N-fused heterocyclic
compounds (pyrazolo[5’,1":2,3]pyrimido[6,1-a]isoindol deriv-
atives) 164 have been synthesized through a simple one-pot
four-component reaction involving hydrazine hydrate 52, 3-
oxoalkanonitriles 1,2-phthaldehydic acid 162, and various CH-
acids 163 in ethanol, using 4-toluenesulfonic acid as a cata-
lyst. Researchers found the most important advantage of this
reaction is the formation of all rings during the reaction time
and the use of 4-toluenesulfonic acid as an available and
cheap catalyst and ethanol as a green organic solvent
(Scheme 63).7

4.8. Polycyclic system

Yang et al. have developed an efficient method for synthesizing
polysubstituted cyanocarbazoles 167. The reaction can be
carried out in two steps using Cs,CO;3 and FeBr, (5 mol%) as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 63 Synthesis of pyrazolo[5',1":2,3]pyrimido[6,1-alisoindol derivatives 164.

catalysts. The process involves reacting indolyl alkynyl ketones
165 with B-ketonitriles 1 in the presence of nitrogen gas and
DMSO solvent under reflux conditions. The transformation
involves Cs,CO;-promoted C-C o-bond activation of a B-keto-
nitriles, followed by Fe-catalyzed selective C-H and/or C-C bond
activations. This selective C-C o-bond insertion and C-H acti-
vation could have broad implications for discovering new routes
in organic chemistry that lead to advanced molecular scaffolds
(Scheme 64).%°

In another study, Jeong et al have developed a one-pot
coupling method that involves three components: 2-hydrox-
ybenzaldehydes 168, B-ketonitriles 1, and isonitriles 156. This
method results in the construction of a new tricyclic 2-phenyl-
1H-benzofuro[2,3-b]pyrrole ring 169. The reaction sequence
begins with a Knoevenagel condensation of 2-hydrox-
ybenzaldehydes 168 with p-ketonitriles 1, followed by the
nucleophilic addition of the divalent isocyanic carbon 156. This

© 2025 The Author(s). Published by the Royal Society of Chemistry

reaction produces a reactive nitrilium carbon that can be easily
trapped by a nearby phenolic group of 2-hydroxybenzaldehydes
168, yielding diverse benzofuro[2,3-b]pyrroles 169 in a single
step (Scheme 65).%

According to Wang et al., the use of an iridium catalyst
facilitates the cascade annulation reactions of B-ketonitriles 1
with diazo compounds 170 and 171, leading to the formation of
substituted naphtho[1,8-bc]pyrans 172 and 173. The reactions
involve sequential cleavage of C(sp*)-H/C(sp*)-H and C(sp*)-H/
O-H bonds, resulting in the production of different types of
naphtho[1,8-bc]pyrans 172 and 173 depending on whether
cyclic or open-chain diazo compounds are used. The
researchers found that the reactions yield most products in
moderate to good amounts and work well with a wide range of
substrates (Scheme 66).%

Continuing research in this field, Zhang and colleagues have
developed an efficient approach for synthesizing functionalized

RSC Adv, 2025, 15, 14558-14586 | 14581
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naphtho[1,8-bc]pyrans 172 through Rh(m)-catalyzed cascade
reactions of B-ketonitriles 1 with cyclic 2-diazo-1,3-dicarbonyl
compounds 170. The formation of the title compounds
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involves a cascade process that goes through two steps. The
process begins with the cleavage of C(sp?)AH/C(sp*)AH bonds,
followed by metalation and carbenoid insertion of 170 with I,

R! o
3
R2_| \
I F N B o Rl
N 0 2.0 equiv Cs,CO; R2 5 mol % FeBr, oAl
- - " , gt
lfs Me DMSO, N, 3.0 equiv(NH 8,05 LA~ o
0 N,, 60 °C, 3 h \
o 100°C,2.5h 2 167 Me
R3/U\/CN R?=H, CH;, OMe, Cl, Br
1 R® = 4-Me-Ph, 4-MeO-Ph, 4-F-Ph, 4-Cl-Ph, 4-CN-Ph, #-Bu

Proposed mechanism:

/ P N
\
C52C03

165a Me

N CN

VI Me
<
b,
20, HO Ph
® Da
N N
167 Me

Scheme 64 Synthesis of polysubstituted cyanocarbazoles 167.
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Scheme 65 Synthesis of polysubstituted benzofuro[2,3-b]pyrroles 169.
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Scheme 66 Synthesis of polysubstituted naphthol(l1,8-bclpyrans 172 and 173.

resulting in intramolecular annulation to yield substituted 1-
naphthol V as a key intermediate. In the second step, the in situ
formed 1-naphthol intermediate V undergoes C(sp’)AH/OAH
bonds cleavage, metalation, carbenoid insertion with 170, and
an intramolecular cyclization to give the naphtho[1,8-bc]pyran

© 2025 The Author(s). Published by the Royal Society of Chemistry

product. According to the authors, this new method for
synthesizing naphtho[1,8-bc]pyran derivatives 172 offers several
advantages over previously reported methods, including
a simple operating method, readily available substrates, high
efficiency, and excellent atom economy (Scheme 67).%
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Scheme 68 Synthesis of naphthols 175 and 2,3-dihydronaphthol1,8-
bclpyrans 176.

In a recent report, Wang and colleagues demonstrated the
successful application of rhodium(ur) catalysis in the synthesis
of naphthols 175 and 2,3-dihydronaphtho[1,8-bc]pyrans 176.

The process is involved the cascade activation of B-ketoni-
triles 1 and annulation with sulfoxonium ylides 174. This study

14584 | RSC Adv, 2025, 15, 14558-14586

Scheme 69 Synthesis of 3,4-fused tricyclic indoles 178.

shows that this method is very efficient, selective, and versatile,
and a wide range of B-ketonitrile 1 and sulfoxonium ylide 174
have been successfully employed. The redox-neutral conditions
and broad substrate scope make this approach suitable for the
synthesis of complex structures that are otherwise challenging
to access (Scheme 68).*

Bai et al. have reported the development of three-component
reactions that involve 4-hydroxyindole 177, aldehydes 9, and B-
ketonitriles 1 for the synthesis of 3,4-fused tricyclic indoles 178.
These reactions utilize either potassium fluoride or diethyl-
amine as a catalyst, offering straightforward access to 3,4-fused
tricyclic indoles with good to excellent yields (Scheme 69).*

5. Conclusion

This review summarizes the last decade of advancements in
using B-ketonitriles as vinylogous nucleophiles for synthesizing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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biologically active scaffolds such as functionalized coumarins,
quinolines, five and six-membered heterocycles, spiro and
polycyclic heterocycles, propellanes and other useful cyclic and
acyclic compounds, as well as natural products.

The dual reactivity of B-ketonitriles, serving as both electro-
philes from the CN moiety and nucleophiles from hydroxyl and
CH groups, enables the design of novel tandem reactions. Their
high reactivity and ability to coordinate with catalysts through
hydrogen bonding and acid-base interactions make them
valuable substrates in synthetic organic chemistry, particularly
for synthesizing chiral scaffolds.
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