(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Multicomponent reactions driving the discovery and
optimization of agents targeting central nervous
system pathologies

Lucia Campos-Prietot!2, Aitor Garcia-Rey¥'-2, Eddy Sotelo’2 and Ana Mallo-Abreu’ 3+

Review

Address: Beilstein J. Org. Chem. 2024, 20, 3151-3173.
TCentro Singular de Investigacion en Quimica Bioléxica e Materiais https://doi.org/10.3762/bjoc.20.261
Moleculares (CIQUS), Universidade de Santiago de Compostela,

15782 Santiago de Compostela, Spain, 2Departamento de Quimica Received: 08 August 2024

Orgénica, Facultade de Farmacia, Universidade de Santiago de Accepted: 19 November 2024

Compostela, 15782 Santiago de Compostela, Spain, 3Laboratory of Published: 03 December 2024

Medicinal Chemistry (CSIC Associated Unit), Faculty of Pharmacy

and Food Sciences, University of Barcelona, Av. Joan XXIll, 27-31, This article is part of the thematic issue "Multicomponent reactions 1V".
E-08028 Barcelona, Spain and “Institute of Biomedicine of the

University of Barcelona (IBUB), Av. Diagonal 643, E-08028 Associate Editor: T. J. J. Muller

Barcelona, Spain

© 2024 Campos-Prieto et al.; licensee
Email: ™ Beilstein-Institut.

Ana Mallo-Abreu” - ana.mallo.abreu@ub.edu License and terms: see end of document.
* Corresponding author  f Equal contributors

Keywords:
Alzheimer; depression; epilepsy; multicomponent reactions;
Parkinson; schizophrenia

Abstract

The ongoing quest to discover effective treatments for diseases remains a significant challenge for the scientific community. Multi-
component reactions (MCRs) have emerged as powerful tools in accelerating drug discovery, enabling the rapid generation of
chemical libraries with high diversity in a time-efficient and environmentally sustainable manner. In this review, we focus on
central nervous system (CNS) disorders, particularly Alzheimer's disease, Parkinson's disease, schizophrenia, depression, and
epilepsy, where MCRs have contributed to the development of promising ligands in recent years. Rather than providing an exhaus-
tive overview, this review aims to highlight key studies that address major CNS pathologies, relevant drug targets, and various
MCR approaches. We have carefully selected representative articles and apologize to the authors whose important contributions
may not be included. By concentrating on these pivotal studies, we strive to offer a clear and concise perspective on current
research trends and breakthroughs in this field.

Introduction

Multicomponent reactions
Due to efforts to develop new drug arsenals faster to overcome emerged as a plausible solution. MCRs are convergent reac-
the difficulties of medicinal chemistry (multistage and highly tions in which three or more reagents are combined in one step

wasteful processes), multicomponent reactions (MCRs) have  to yield a single product that contains most of the atoms from
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the starting materials [1,2]. Among the advantages of MCRs are
their high atom economy and efficiency in bond formation,
along with the cost-effectiveness of separating and purifying
products [3]. These aspects are aligned with the goal of
addressing concerns related to the generation of environmental-
ly hazardous waste [4]. In addition, this type of reaction allows
for the efficient discovery of low molecular weight compounds.
As a result, most of these compounds are drug-like according to
Lipinski's rule of five (Ro5) [5].

Classical examples of MCRs include Ugi [6], Passerini [7],
Hantzsch [8], Bucherer-Bergs [9], Gewald [10], and Petasis
reactions [11], among others (Figure 1). Additionally, recent
advancements have been seen in the discovery of novel
MCRs by combination with other approaches such as visible
light, microwaves, heterogeneous catalysis, and ultrasound [12-
15].

Due to its versatility, one of the most prevalent of these MCRs

is the Ugi reaction [16]. This reaction generally combines an
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isocyanide with an acid, an amine, and an aldehyde or ketone to
obtain a-acylaminoamides. Innovation in recent years with al-
ternative reagents, like N-hydroxyimides or nitric acid in place
of an acid, N-alkylated hydrazines, or nitrobenzene derivatives
(reduced in situ to anilines) instead of amines, and in situ-pre-
pared isocyanides, makes it a versatile method for synthesizing
diverse scaffolds [6].

Furthermore, the Ugi reaction exhibits versatility in forming
both fused and unfused heterocyclic compounds, involving 4-,
5-, 6-, and 7-membered rings [17]. This capability is exploited
by various approaches, including the Ugi—Deprotection—Cycli-
zation strategy (UDC) and post-modification reactions. Exam-
ples of these reactions include the Ugi/Dieckmann reactions,
Ugi/Robinson—Gabriel reactions, Ugi/Buchwald—Hartwig reac-
tions, Ugi reaction followed by a catalytic aza-Wittig cycliza-
tion, Ugi reaction followed by SNAr strategy, Ugi/Heck reac-
tions, Ugi/Huisgen cycloaddition, and Ugi reactions followed
by Mitsunobu cyclization, among other strategies (Figure 2)
[16].
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Figure 1: Classical MCRs.
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Figure 2: Different scaffolds that can be formed with the Ugi adduct.

Central nervous system diseases

Central nervous system (CNS) diseases are the main cause of
disability and the second cause of mortality worldwide, indeed,
according to the 2019 World Health Organization report stroke
ranked second among the leading causes of disease globally,
followed by Alzheimer's disease (AD), and other dementias
[18,19]. CNS diseases can be classified according to the etio-
logical and pathological features into traumatic diseases, such
as spinal cord and traumatic brain injuries, neurodegenerative
diseases, such as AD and Parkinson’s disease (PD), demyeli-
nating diseases such as multiple sclerosis (MS), etc. [20].

However, despite advances in the etiology of psychosis indicat-
ing both polygenetic and environmental factors, significant gaps

remain [21]. Psychosis is a subgroup of severe mental illnesses

reactions

characterized by delusions, hallucinations, and disorganized be-
havior. This illness can manifest itself across a spectrum of
conditions such as major depressive disorder (MDD), bipolar
disorder, delusional and schizophreniform disorder. The proto-
typical psychotic disorder is schizophrenia, which is a chronic
and debilitating condition whose etiology is unclear and about
which there are many different hypotheses [20,21]. In the case
of MDD, even though the etiology is unknown, there are several
models that have focused on genes, environmental factors, and
gene—environment interactions [22]. In relation to epilepsy, the
etiology of seizures depends on age. In children, seizures are
frequently originated by genetic factors, malformations of
cortical evolution, and injuries from perinatal events. In adults
lacking an inherited tendency, typical causes include

encephalitis or meningitis, traumatic brain injuries, and brain
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tumors. Finally, in elderhood, seizures are often linked to pri-
mary craniocephalic trauma, brain tumors, and neurodegenera-
tive disorders [23].

This review centers on five neurological disorders where
ligands obtained using multicomponent reactions (MCRs) have
been identified: Alzheimer’s disease, Parkinson’s disease,
depression, schizophrenia, and epilepsy. Our goal is not to
provide a comprehensive survey but rather to spotlight key
studies that address significant CNS disorders, pertinent drug
targets, and various MCR methodologies. We have thought-
fully selected representative articles and extend our apologies to
authors whose important works may not be included. By
focusing on these studies, we aim to present a clear and concise
view of current research directions and significant advance-

ments in the field.

Review
Ligands targeting CNS diseases obtained

from MCR approaches

Alzheimer’s disease (AD)

The pathogenesis of AD is still not clear but is marked as a
multifactorial disease [24], including a good deal of hypotheses
involving the cholinergic hypothesis, glutamate excitotoxicity,
tau aggregation, abnormal extracellular accumulation of Af

peptides, and oxidative stress (OS) [25].

Alzheimer’s disease (AD) is commonly thought to emerge from
a deficiency of the neurotransmitter acetylcholine (ACh) in
neuronal and neuromuscular regions, according to the most
recognized theory. This deficit may be caused by reduced syn-
thesis or enzymatic function of acetylcholinesterase (AChE) on
ACh. Among the five drugs prescribed for AD, four (donepezil,
rivastigmine, galantamine, and tacrine) are built upon the
cholinergic hypothesis [26]. In contrast, memantine emerges as
the only drug available that targets the glutamatergic system for
AD, functioning as a non-competitive antagonist of the
N-methyl-p-aspartate (NMDA) receptor to regulate excessive
glutamate stimulation [27]. The B-amyloid hypothesis for AD is
based on the formation of senile plaques, which are formed
after the accumulation of insoluble aggregates of f-amyloid
protein, primarily AB-42, in the brain. The gene for amyloid
precursor protein (APP), found on chromosome 21, undergoes a
mutation that causes the production of AB-42 instead of AB-40.
APP, a transmembrane protein, is typically cleaved by a-secre-
tase and y-secretase, which leads to the formation of soluble
Ap-40. However, when cleaved by B-secretase and y-secretase,
it produces AB-42. This form misfolds, leading to the formation
of insoluble protein aggregates known as senile plaques,

causing toxicity [28,29]. Oxidative stress occurs when there is
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an imbalance between prooxidants and antioxidants in the body,
leading to damage in various biomolecules like DNA and lipids.
Lipid peroxidation and membrane disruption can cause random
cross-linking, resulting in cell death and the fragmentation of
proteins and enzymes. Elevated concentrations of reactive
oxygen species (ROS) from various molecular processes con-
tribute to the oxidation of proteins, nucleic acids, polysaccha-
rides, and lipids. These modifications can impact the structure
and biological functions of these molecules, ultimately leading

to neuronal death, as observed in conditions like AD [30,31].

Recent studies highlight OS as an early event in AD pathogen-
esis, and mitochondria-directed and metabolic antioxidants have
shown efficacy in AD mouse models, with ongoing trials for

vitamin E and selenium [32].

Ugi reaction: As already mentioned, one of the main targets in
AD treatment are cholinesterase ligands. In recent years,
butyrylcholinesterase, an enzyme present in high concentra-
tions in the later stages of this pathology, has been gaining
attention for the treatment of this disease. In 2021, Brandao et
al. [33] developed a series of molecules inspired by the oxoin-
dole-B-lactam core, a structural motif, present in many acetyl-
cholinesterase inhibitor drugs, through the Ugi reaction
(Scheme 1). A wide variety of isatins were suitable for per-
forming the 4-center 3-component Ugi reaction (U4C-3CR), as
well as isocyanides. Using 3-aminopropanoic acid (or
B-alanine) and 4-aminobutanoic acid (or y-aminobutyric acid),
the corresponding B- and y-lactam derivatives were obtained,

respectively.
0
0 R Ot
HzNAM%OH HN &
=0 R2NC 6]
N O
| TFE, rt N
R 12-48 h \
R1
1
21-86%

Scheme 1: Oxoindole-B-lactam core produced in a U4C-3CR.

For the evaluation of the inhibitory activity of the compounds,
model cholinesterases type VI-S, purified from Electrophorus
electricus (EeAChE) and butyrylcholinesterase, purified from
equine serum (eqBuChE) were employed. Only one compound
showed moderate inhibitory activity (ICsg = 45 uM) on
EeAChE. On the other hand, the inhibitory activity on
eqBuChE was more promising, with the best scoring com-
pounds being 1a, 1b, and 1c¢ (Figure 3). These compounds have
mixed inhibitory activity (they can bind both the free enzyme

and the enzyme—substrate complex, E-S complex). Additional-
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Figure 3: Most active oxoindole-B-lactam compounds developed by Brandao et al. [33].

ly, compound 1a showed more potency than galantamine
(IC59 = 3.9 uM), a cholinesterase inhibitor in clinical use
against AD.

In the search for novel ligands for Alzheimer's treatment, a
common strategy involves the combination of structural frag-
ments from different molecules. This concept often yields new
compounds with improved biological activities. Employing this
approach, Kushwaha et al. [34] synthesized a series of com-
pounds containing benzofuran, tetrazole, and pyrazole within a
single structure (Scheme 2). Benzofurans and tetrazole pharma-
cophores have demonstrated potential anti-Alzheimer activity
by inhibiting AChE, while pyrazole scaffolds possess the ability
to reduce the tau and f-amyloid dual aggregation. Benzofuran-
pyrazole aldehydes were employed in the Ugi azide reaction to
give the desired hybrids.

From the screened compounds, 2a, 2b, 2¢, 2d, 2e, and 2f
demonstrated notable efficacy in regulating the paralysis rate of
worms (Figure 4). Specifically, they exhibited a percentage of
paralysis inhibition of 67%, 47%, 57%, 42%, 45%, and 64%,
respectively, which indicates their potential in inhibiting
B-amyloid toxicity in AD. These compounds were selected to

NH,

R3

assess their potential as acetylcholinesterase inhibitors, and their
effects were investigated using the Amplex-Red® kit in
C. elegans. Individuals exposed to compounds 2a, 2b, 2¢, 2d,
2e, and 2f at a concentration of 1 mM were analyzed for AChE
activity in their extracts. The results revealed significant inhibi-
tion of AChE levels, with compound 2e demonstrating the
highest potential among the tested compounds against acetyl-

cholinesterase.

Furthermore, Pachén-Angona et al. [35] synthesized hybrid
molecules using the Ugi reaction (Scheme 3), with antioxidant
compounds as starting substrates, pursuing the aim of devel-

oping more powerful antioxidants.

The antioxidant properties were determined by oxygen radical
absorbance capacity assay (ORAC-FL), expressed as Trolox
equivalents (TE) and using fluorescein as probe. Additionally,
the study investigated the ability of the compounds to activate
the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) pathway in
cells containing the Nrf2/antioxidant response element (ARE).

The melatonin—lipoic acid (LA) hybrids 3a and 3b emerged as
potent antioxidants, successfully inducing the Nrf2 transcrip-

R5-NC
TMSN;
MeOH, rt, 6 h
R4
2
70-94%

Scheme 2: Ugi-azide synthesis of benzofuran, pyrazole and tetrazole hybrids.
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Figure 4: The most promising hybrids synthesized via the Ugi-azide multicomponent reaction reported by Kushwaha et al. [34].
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Scheme 3: Four-component Ugi reaction for the synthesis of novel antioxidant compounds.

tional pathway at concentrations of 10, 30, and 100 uM  quired to double the specific luciferase reporter activity, com-
(Figure 5). Notably, these hybrids exhibited lower CD values pared to melatonin (CD = 66.4 uM). The results suggest that

(28.1 and 31.6 uM, respectively), which is the concentration re- compounds 3a and 3b are promising as potent antioxidant ther-
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Figure 5: Most potent antioxidant compounds obtained through the Ugi four-component reaction developed by Pachén-Angona et al. [35].

apeutic agents. Furthermore, the results of the ORAC-FL assay
were also remarkable, yielding a value 2-fold higher than mela-
tonin (ORAC = 2.45 TE).

Natural polyphenols have shown promising potential in inhibit-
ing B-amyloid aggregation and also antioxidant properties,
suggesting their effectiveness in preventing AD. To address
this, Lambruschini et al. [36] developed artificial, ‘natural-like’
polyphenols, using the Ugi reaction, since it leads to mixed
polyphenol-peptidomimetic structures (Scheme 4).

The procedure involved an Ugi reaction using phenolic build-
ing blocks protected as allyl ethers, followed by deprotection,
acetylation, and high-yielding solvolysis of the polyacetates.

Also, the Ugi reaction gave the best results when imine prefor-
mation was implemented. In this preliminary paper, it was ob-
served that the ferulic derived part was highly significant and
for this reason, further experiments were conducted by Galante
et al. [37] maintaining the carboxylic building block.

The obtained molecules were evaluated for their ability to
inhibit f-amyloid aggregation by the interaction with two
B-amyloid peptides, AB1-42 and ABpE3-42. The aggregation
inhibition experiment, which measures the decrease of fluores-
cence, was carried out with the thioflavin T methodology high-
lighting compounds 4a (AB1-42 = 65% and APpE3-42 = 53%
of fluorescence) and 4b (AB1-42 = 50% and ABpE3-42 = 90%
of fluorescence) from the first publication and compound 4c

i OAll

-0 N “oH
R-NC
AlIO o
+ EtOH/TFE 1:1 o H
0 R?-NH, t, 48 h - NN “R!
R2 O
H AlIO
AlIO
OAll: }—0
2 steps
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|
RZ
HO ©

4
17-75%

Scheme 4: Four-component Ugi reaction to synthesize B-amiloyd aggregation inhibitors.
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(AB1-42 = 74% and APpE3-42 = 51% of fluorescence) from the
second one (Figure 6). The latter was able to slightly improve
activity towards ABpE3-42 but accomplishing increased solu-
bility.

Due to the multifactorial pathogenesis of AD, one of the cur-
rent drug discovery approaches is the so-called multitarget-
directed ligands (MTDLs). In 2015, Benchekroun et al. [38] re-

ported the design, synthesis, and biological evaluation of a new

Beilstein J. Org. Chem. 2024, 20, 3151-3173.

family of ferulic acid—tacrine hybrids (FATHs), using the Ugi
reaction. FATHs were selected because tacrine is a well-known
cholinesterase (ChE) inhibitor, although it is hepatotoxic, and
ferulic acid is a potent antioxidant.

Fourteen FATH were synthesized and tested for hepatotoxicity,
cholinesterase inhibition (human BuChE, hBuChE), Af1-42
self-aggregation inhibition, and antioxidant activity. FATH 5a

(Scheme 5) emerged as a promising candidate, showing lower

OH OH
OH
0] H O H
_0 XN N Nj< 1) H e N N N\K
(¢} N
HO © - TN W< HO ©
HO ©
OH OH
4a 4b 4c

AR1-42 = 65% of fluorescence

ARpE3-42 = 53% of fluorescence ARpE3-42 = 90%

AR1-42 = 50% of fluorescence

AR1-42 = 74% of fluorescence

of fluorescence ARpE3-42 = 51% of fluorescence

Figure 6: The most potential B-amiloyd aggregation inhibitors generated by Galante et al. [37].
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Scheme 5: Four-component Ugi reaction to obtain FATH hybrids and the best candidate synthesized.
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hepatotoxicity at 1000 uM (59.4%, 1.72-fold less toxic
than tacrine), moderate and selective hBuChE inhibition
(ICs¢ = 68.2 nM), strong antioxidant properties and notable
inhibition of AB1-42 self-aggregation (65.6% of inhibition).
These findings suggest FATH 5a as a potential lead compound
for further investigation in AD therapy.

In 2016, the same group developed ferulic acid—tacrine-mela-
tonin hybrids (FATMHs) and lipoic acid-tacrine-melatonin
hybrids (LATMHs), deciding to incorporate melatonin as a new
target for the MTDL [39]. Melatonin has the ability to combat
OS, which is a crucial factor in the pathogenesis of AD. More-
over, it plays a neuroprotective role against Af-peptides and
easily crosses the blood—-brain barrier (BBB). Finally, recent
research has implicated melatonin in modulating the Nrf2/ARE
pathway, a crucial defense mechanism against OS and inflam-

mation.

In this study, FATMHs and LATMHs were synthesized through
Ugi reaction and evaluated for their therapeutic potential in AD.
Among these compounds, FATMH 6a emerged as a remark-
able candidate, demonstrating strong antioxidant properties
(9.11 TE), potent cholinesterases inhibition, particularly BuChE
[IC5p (hAChE) = 1290 nM; ICs¢ (hBuChE) = 234 nM], posi-
tive non-hepatotoxic profile (at 100, 300, and 1000 uM) com-

0]

-0 N OH le}

M

HO H™ "H

Beilstein J. Org. Chem. 2024, 20, 3151-3173.

pared to tacrine, and favorable neuroprotective effects against
toxic insults such as HyO, and AB-peptides (Scheme 6). Addi-
tionally, compound 6a showed promising activity in activating
the Nrf2 signaling pathway, indicating its potential to mitigate
OS and inflammation in AD. These findings highlight FATMH
6a as a promising lead compound for further development as a
therapeutic agent for AD.

Petasis reaction: Continuing in the context of the development
of MTDLs, in 2023 Madhav et al. [40] reported the synthesis of
pyrazine-based MTDLs using the Petasis reaction, which
involves a secondary amine, a suitable aldehyde, and a substi-
tuted boronic acid in the presence of MeCN, under inert atmos-
pheric conditions at 90 °C for 14 h (Scheme 7).

The efficacy of these MTDLs was assessed in terms of their
ability to inhibit AChE and tau aggregation, along with their
neuroprotective effects on the SH-SYSY cell line. The evalua-
tion of hAChE inhibitory action was conducted at a concentra-
tion of 10 uM, with donepezil serving as a positive control. To
measure their impact on cellular tau oligomerization, the fluo-
rescence resonance energy transfer (FRET) signal intensity was
quantified in a cellular tau FRET assay at the same 10 uM con-
centration, using MK-886, a known tau-oligomerization inhibi-
tor, as the positive control. Two compounds (7a and 7b,

o—

o)
MeOH/CH,Cl, _0 N H
ferulic acid 3:1 N \
* HO 4), o

rt, 24 h

NH,

HN(J)" _0 NC
OO0 \
h N
_ H
N

HN™'n N
H
R 74
|
N
6
31-61%
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O
HO HNQL o} \H

/O 4

.
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ICso hAChE = 1290 nM
ICso hBUChE = 234 nM

Scheme 6: Four-component Ugi reaction for the synthesis of FATMH hybrids and the best candidate synthesized.
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Scheme 7: Petasis multicomponent reaction to produce pyrazine-based MTDLs.

Figure 7) demonstrated a high inhibitory activity against AChE

and tau-oligomerization, which were selected for further explo-

ration.
| X
7 oH
N
N N N
N N
Ly Ly
N N
7a 7b

ICso hAChE: 1.09 uM
ECs tauFRET: 2.71 uM

ICso hAChE: 0.71 uM
ECsp tauFRET: 2.21 uM

Figure 7: Best pyrazine-based MTDLs synthesized by Madhav et al.
[40].

The neuroprotective effects of the compounds were assessed in
comparison to MK-886 and donepezil, employing a widely
accepted tauopathy model in SH-SY5Y cells. Notably, com-
pound 7a was identified as the most promising multitarget-
directed ligand in the study, exhibiting superior neuroprotec-
tion compared to both MK-886 and the commercial drug
donepezil in a cell viability MTT assay. These findings rein-
forced the theory that developing MTDLs could provide a more
effective approach for addressing complex neurodegenerative

disorders than conventional single-target strategies.

Knoevenagel-based multicomponent reactions: Several
quinazolinone derivatives have already been developed as
MTDLs, inspired by natural alkaloids such as deoxyvasicinone
and evodiamine with promising inhibition of ChEs and antioxi-
dant and neuroprotective effects against glutamate-induced OS
in HT-22 cells [41].

In 2016, Dgachi et al. [42] applied a Knoevenagel-based multi-
component approach to further explore the quinazolinone scaf-
fold. They have obtained new benzochromenopyrimidinones,

abbreviated as BCPOs, whose synthesis has been accomplished

in two steps. First, a microwave-assisted reaction of ethyl
cyanoacetate, selected aromatic aldehydes, and 2-naphthol was
performed. The second step was the condensation of the ob-
tained intermediates with the appropriate commercial lactams,

under microwave irradiation (Scheme 8).

As a result, compound 8a has been identified as a promising de-
rivative potentially useful in further AD drug discovery for its
antioxidant activity (4.7 TE in ORAC-FL assay), moderate
hAChHE inhibition (IC5q = 1.28 uM), and non-toxicity in liver
HepG?2 cells.

Hantzsch-based strategies: As mentioned before, in response
to the challenges posed by the multifactorial nature of AD, the
MTDL approach has emerged as a promising strategy. This ap-
proach involves designing drugs capable of binding simulta-
neously to various enzymatic systems or receptors implicated in
AD pathology. In 2019, Malek et al. [43] designed and ob-
tained a new family of 1,4-dihydropyridines (DHPs), as a series
of MTDLs, which were prepared using a multicomponent reac-

tion, particularly the Hantzsch reaction (Scheme 9).

The synthesized DHPs result from the juxtaposition of
nimodipine, a well-known calcium channel blocker and mela-
tonin, a reputed antioxidant agent. This approach lies in the
known association between increased cytosolic calcium levels
and the formation of A peptides, which are implicated in AD
pathology. Calcium also regulates kinases involved in the
hyperphosphorylation of tau, contributing to neurofibrillary
tangles. Meanwhile, melatonin is known for its neuroprotective
properties, countering oxidative stress by scavenging radical
oxygenated species and exhibiting potent antioxidant capacity
[44,45].

The calcium channel blockade was determined by the measure
of Ca2* influx induced by K*-depolarization in SH-SY5Y
neuroblastoma cells, previously loaded with the fluorescent dye
Fluo-4AM. On the other hand, the antioxidant activity of the
DHPs was evaluated using the ORAC-FL method.
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Scheme 9: Hantzsch multicomponent reaction for the synthesis of DHPs as novel MTDLs.

The most potent compounds, particularly DHPs 9a, 9b, and 9c,
demonstrated significant efficacy (Figure 8). DHP 9¢ emerged
as the most balanced MTDLs, being the most potent antioxi-
dant and showing equipotency with nimodipine as a calcium
channel blocker, which suggests that DHP 9¢ may be promis-
ing for potential AD treatment.

Passerini reaction: Based on the power of multicomponent

reactions to afford rapidly and efficiently chemical diversity and

continuing with an effort to develop new MTDL, Malek et al.
[46] described in 2019 the design, synthesis, and the biological
evaluation of new racemic chromone donepezil hybrids (CDHs)
via Passerini reaction (Scheme 10), combining the antioxidant
properties of chromone with the cholinesterase inhibitor (ChEI)
donepezil.

The antioxidant activity of the synthesized compounds was
evaluated using the ORAC-FL method and the anti-
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Scheme 10: Chromone—donepezil hybrid MTDLs obtained via the Passerini reaction.

cholinesterase activity against EeAChE and eqBuChE using
Ellman’s protocol (Figure 9). CDH 10b emerged as a potent
EeAChEI (IC59 = 0.30 uM) and CDH 10c¢ as a strong
eqBuChEI (IC5y = 0.03 uM), both showing promising activity
compared to tacrine and donepezil. A SAR analysis indicated
the linker length's crucial role in CDH inhibition activity, as all

the compounds with n = 2 were more potent. All compounds

were very modest antioxidants compared to ferulic acid,
showing values ranging between 0.42—1.27 TE with derivative
10a being the most potent antioxidant.

The amyloid hypothesis, which states that B-amyloid (AB)

aggregates cause the onset and progression of AD, is a leading

proposal to explain AD etiology. Based on this hypothesis,
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Figure 9: Best CDH-based MTDLs as AChE inhibitors synthesized by Malek et al. [46].

compounds that inhibit y-secretase, one of the enzymes respon-

sible for forming A, are potential therapeutics for AD.

In 2024, Fragkiadakis et al. [47] developed a rapid synthesis of
benzodioxepinones. The attention was focused on the
oxazepane scaffold 11 (Scheme 11). Replacing the nitrogen in
the bioactive lactam 11 (y-secretase inhibitor in AD therapy)
with an oxygen should reduce the hydrogen bond donating
(HBD) ability of the compounds.

R3 (0] (o)
@) \N‘% 0
R2 R%N
N | e— H 3
X0 X
R R1:—
1 / /
1 12
0 O
(@) H o , O\%
2_ R<
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P2 DCM R1:_
40°C,72h %
12
35-90%

Scheme 11: Replacement of the nitrogen in lactams 11 with an
oxygen in 12 to influence hydrogen-bond donating properties and syn-
thesis of the benzodioxepinone derivatives via Passerini reaction.

The method employs readily available starting materials, result-

ing in the desired compounds in a single step. The oxazepine

scaffold can be easily accessed using the Ugi four-component
reaction. By modifying this scaffold, the researchers aimed to
reduce the hydrogen-bond donating properties. The Passerini
reaction, employing bifunctional salicylaldehydes and
isocyanides successfully yielded benzodioxepinones 12 in all
cases (Scheme 11). The synthesized compounds demonstrated

excellent drug-like features.

Parkinson disease (PD)

Knoevenagel-Michael addition/cyclization (MCR 3 + 2):
Sirtuins, a group of enzymes that rely on NAD" to function as
protein deacetylases, have garnered attention across multiple
areas, including lifespan extension, obesity, age-associated
diseases, neurological function, cardiovascular disorders, and
cancer. Notably, the inhibition of sirtuin 2 (SIRT2) has demon-
strated protective effects in both primary neuronal cultures and
invertebrate models of PD [48]. SIRT2 is present in various
tissues, with a prominent expression in the adult brain, where it
contributes to metabolic processes, aging, and epigenetic regu-
lation. In this context, the group of Hasaninejad et al. (2017)
[49] described the synthesis of spirooxindole, spiroacenaphthy-
lene, and bisbenzo[b]pyran derivatives using a multicomponent
reaction to obtain SIRT2 inhibitors (Scheme 12). The authors
suggest a Knoevenagel condensation approach between isatin
derivatives and ethyl cyanoacetate, followed by a Michael addi-
tion with C—H activated carbonyl compounds and intramolecu-
lar cyclization [50]. They synthesized 45 compounds with high
yields (84-92%). The three most promising compounds of the
library (13a, 13b, and 13c¢) were selected for further detailed
characterization. In vitro evaluation was performed employing a
high-performance liquid chromatography (HPLC)-based meth-

odology, using the fluorogenic histone deacetylase substrate
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Scheme 12: MCR 3 + 2 reaction to develop spirooxindole, spiroacenaphthylene, and bisbenzo[b]pyran compounds.

MAL to determine the inhibitory activity, and using sirtinol as

positive control.

When compared to sirtinol (IC5¢y = 67 uM), selected com-
pounds showed moderate affinity towards SIRT2, with ICsg
values ranging from 118 to 126 uM (Figure 10).

Gewald reaction: Cannabinoid receptors have been proposed
as promising neuroprotective targets in several chronic progres-
sive disorders such as AD and PD [51]. Recently, in 2023,
Figuerola-Asencio et al. [52] synthesized a series of novel com-
pounds derived from ML192, an antagonist ligand for GRPS5.
This receptor responds to certain cannabinoids, suggesting it
can be part of the endocannabinoid system. GRPS5S is extensive-
ly distributed throughout the CNS, notably in regions such as
peripheral tissues, hippocampus, thalamus, and cerebellum, and
in the basal ganglia. The therapeutic potential of GRPSS recep-
tor modulators makes it necessary to search for new selective
non-cannabinoid ligands due to the important motor impair-
ment found in mice lacking GPRS55 [51].

In this context, ML192 analogs were synthesized employing a
divergent synthetic route starting with a multicomponent reac-
tion, the Gewald reaction (Scheme 13). This reaction allows to

13a
IC50 SIRT2 = 118 uM

13b
ICso SIRT2 = 126 pM

easily build the principal heterocycle of the compounds. Good
reaction yields (70-87%) made it possible to obtain the amino-
thiophene carboxylates necessary for the following steps of the
route [52].

Some of the intermediates of the Gewald reaction were oxidized
to provide further exploration of the heterocyclic core. The
novel compounds were first evaluated using B-arrestin recruit-
ment assays in CHO (chinese hamster ovary) cells overex-
pressing human GPRS55. These new compounds have been eval-
uated in competitive binding assays for cannabinoid receptors,
but all of them showed to be selective for GPR55 (>4 uM for
cannabinoid receptors). Then, the most promising antagonist
(14a; IC5p = 0.28 uM) was selected for a G-protein-dependent
functional assay, where 14a acted as a weak GPR55 inverse
agonist (ECsp = 0.9 uM).

Depression and anxiety

Benzodiazepines are widely used in treating a range of CNS
disorders, including epilepsy, muscle relaxation, insomnia,
anesthesia, anxiety, and depression [53]. The common coexis-
tence of depression and anxiety may indicate the simultaneous
presence of mood and anxiety disorders. Clinical observations
imply that benzodiazepines may have utility in treating depres-

(@] / (@]
o )—NH;
0 CO,Et
HN
Br
13c

ICso SIRT2 = 124 pM

Figure 10: SIRT2 activity of best derivatives obtained by Hasaninejad et al. [49].
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Scheme 13: Synthesis of ML192 analogs using the Gewald multicomponent reaction and the best candidate synthesized.

sion, particularly when accompanied by anxiety. In the initial
four weeks of treatment, combining medications proved more
effective in reducing depressive symptoms and achieving
response and remission of major depression, while showing
comparable results in reducing anxiety [54].

Recent advancements in organic synthesis, particularly through
MCRs, have streamlined the synthesis of benzodiazepines,
making it more efficient and environmentally friendly [55].
For example, olanzapine as a benzodiazepine-based clinical
drug was appropriately and concisely synthesized via MCR
[56,57].

Over the last twenty years, the Ugi reaction has emerged as a
highly considered reaction due to its mild conditions, broad ap-
plications, and product diversity. It enables the selective
assembly of precursors, facilitating various post-reaction trans-
formations such as deprotection cyclization, 1,3-dipolar cyclo-

addition, and intramolecular SNAr reactions.

Ugi-4CR/deprotection/cyclization (UDC) strategy: In the
UDC approach a protected amine and an electrophilic func-
tional group like esters or ketones are used. Convertible
isocyanides can also be employed. Once the Ugi reaction is
completed, the protecting group is removed, and the hetero-
cyclic scaffold is subsequently formed [58].

In 2015, Xu et al. [59] reported the synthesis of 1,5-benzodi-
azepines using the UDC approach. The process begins with
Ugi-4CRs, incorporating amines, glyoxaldehydes, 2-(N-Boc-
amino)phenylisocyanide, and carboxylic acids. Following this,
the Boc group is eliminated through microwave-assisted treat-
ment under acidic conditions, resulting in the intramolecular
cyclization of the amine onto the ketone derived from glyox-
aldehyde (Scheme 14).

Vézina-Dawod and co-workers [60] introduced a strategy,

which consists of two reactions, for synthesizing highly substi-

tuted 1,4-benzodiazepin-3-ones using the UDC method. This
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Scheme 14: Development of 1,5-benzodiazepines via Ugi/deprotection/cyclization (UDC) approach by Xu et al. [59].

process involves N-Fmoc-amino acids, isocyanides, amines, and
derivatives of 2-fluorobenzaldehyde (Scheme 15).

Ugi-4CR/reduction/cyclization (URC) strategy: The URC
pathway enables the synthesis of benzodiazepines by using
amine surrogates, such as nitro or azide groups, rather than pro-
tected amines. Following the Ugi-4CR, the nitro or azide group
is reduced to form the amine, leading to a condensation reac-
tion that results in the formation of the benzodiazepine ring
[55].

Pertejo et al. [61] described the diastereselective synthesis of
3-carboxamide-1,4-benzodiazepin-5-ones when enantiopure
(8)-(—)-a-methylbenzylamine and arylglyoxals were used. Thus,
areversal of diastereoselectivity was observed depending on the
cyclization methodology employed, the reduction of a nitro
group or the Staudinger/aza-Wittig on azide derivatives. This
strategic approach allows precise control of the stereogenic
centers at the C3-position during cyclization (Scheme 16).

Ugi-4CR/metal-catalyzed reaction: The fusion of MCRs with
cross-coupling reactions represents an attractive approach as a
result of the increased intricacy and effectiveness [62]. More-
over, this strategy may offer a broad selection of compounds
with biological interest. Asgari et al. [63] described an efficient
two-step approach for the synthesis of triazolobenzodiazepines

F O
H
R1
MeOH/CHzclz |
RI-NC  2:1(0.5M) HN
EWG .
72h EWG

R2—NH, |

Os-OH
J. o
R A

NTRe
Fmoc

in good to excellent yields (Scheme 17). The protocol is initi-
ated by Ugi-4CRs followed by sequential click/intramolecular

Ullmann-type C-N coupling reactions.

Azido-Ugi 4CR/cyclization (AU-4CR) strategy: The azido-
Ugi four-component reaction (AU-4CR) is an elegant and atom
economical approach for obtaining substituted tetrazoles, which
are very relevant in medicinal chemistry [64]. When combined
with suitable post-Ugi transformations, it is possible to obtain
diverse heterocyclic compounds with tetrazole moieties [65]. In
this context, Medda et al. [66] developed a three-step process to
access biologically active imidazotetrazolodiazepinones. The
first one is the AU-4CRs among ethyl glyoxalate, amines,
isocyanide, and TMSN3, after which the Ugi adduct is treated
with an excess of different isocyanates resulting in the corre-
sponding hydantoin derivatives. Finally, under microwave irra-
diation, the Boc group is removed under acid conditions and the
benzodiazepine core is formed after ring closure (Scheme 18).

Ugi-3CR/deprotection/cyclization strategy: Kroger and
colleagues [67] reported a novel synthetic pathway for synthe-
sizing a series of thiazolo- and oxazolo[1,4]benzodiazepine-2,5-
diones employing combinatorial MCRs. The first step is the
Asinger-4CR, which involves a ketone, a-chloroaldehyde,
ammonia, and either sodium hydroxide or sodium hydrogen
sulfide to obtain a cyclic imine. Subsequently, the U-3CR is

Na,CO3 . \ e}
o dry DMF, 30 min HN R?
4 °
o E 85°C,16h o N
N)Kr “Fmoc ):O
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R R
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Scheme 15: Synthesis of polysubstituted 1,4-benzodiazepin-3-ones using UDC strategy.
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Scheme 17: Ugi cross-coupling (U-4CRs) to synthesize triazolobenzodiazepines.
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Scheme 18: Azido-Ugi four component reaction cyclization to obtain imidazotetrazolodiazepinones.

performed, where the cyclic imine reacts with an electron-defi-
cient 2-fluorobenzoic acid and an isocyanide to yield a
bisamide. Then, the bisamide undergoes an intramolecular
SNAr reaction to form the oxazolo- and thiazolo-fused benzodi-
azepinediones (Scheme 19).

Schizophrenia

As previously mentioned in the introduction, the pathophysi-
ology of schizophrenia remains unclear, and therefore, there are
numerous hypotheses to explain it, including the dopaminergic

and glutamatergic pathways, among others.
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Scheme 19: Synthesis of oxazolo- and thiazolo[1,4]benzodiazepine-2,5-diones via Ugi/deprotection/cyclization approach.

Ugi reaction: The D, dopamine receptor (DRD?2) is the target
of different drugs, including antipsychotics, antiparkinsonian
agents, and addiction-related disorders. Aripiprazole and
cariprazine are prototypes of newer antipsychotic drugs with a
bitopic ligand structure, which includes both primary and sec-
ondary pharmacophores. Inspired by the structure and bioac-
tivity profile of aripiprazole, a novel series of DRD2-biased
agonists have been developed. The study involves the design,
synthesis, and pharmacological characterization of DRD2
partial agonists [68].

Employing Ugi and Ugi post-cyclization reactions, 21 novel
2,3-dichlorophenylpiperazine-derived compounds were synthe-
sized (Scheme 20). These novel compounds were evaluated for
their activity on the DRD2 receptor through cAMP functional
assays. Furthermore, the most promising ligands were selected
for further investigation using B-arrestin-2 recruitment assays.
Ligands 21a and 26a showed a significant bias towards the
cAMP pathway, while ligands 25a and 26b exhibited B-arrestin
biased agonism (Figure 11). These findings demonstrate the
potential for developing functionally selective DRD2 ligands
with diverse signaling profiles using a multicomponent ap-
proach.

Bucherer-Bergs reaction: The dense presence of mGlu2/3 re-
ceptors in regions associated with psychiatric disorders sug-
gests them as potential drug targets. One clinical candidate to
treat psychiatric disorders was the mGluR2/3 agonist
pomaglumetad methionil (POM). This drug was withdrawn
from phase III clinical trials due to insufficient efficacy com-
pared to current antipsychotic drugs (APDs). However, POM
demonstrated to be effective to treat certain populations [69].

The large-scale synthesis of a key intermediate of POM was de-
scribed by Waser et al. [70] in 2011. In this study, they em-
ployed the Bucherer—Bergs reaction, a versatile multicompo-

nent reaction which enables the formation of a hydantoin that

represents a masked amino acid functionality (Scheme 21).
After subsequent saponification and acidification, the desired
compound crystallizes along with impurities from other
isomers. The undesired isomers were removed in later steps.

In 2020, Sonnenschein et al. [69] studied the effects of POM on
dopaminergic neuron activity in states of increased ventral
hippocampus (VHPC) activity, measuring the electrical activity
of neurons in the brain of rats. Their findings illustrated that
POM has the capability to restore normal dopamine neuron ac-
tivity in situations of increased hippocampal activity. These
results showed that a deep understanding of the mechanistic
function of mGlu2/3, and particularly the agonist POM, is
needed.

Epilepsy

Epilepsy is a disease caused by several biological causes, such
as uncontrolled inflammation, neurodegeneration, and aberrant
neurogenesis. Levetiracetam is the first member of a new class
of anti-epileptic drugs, which selectively accumulates rapidly
firing neurons and inhibits their activity. This drug binds to
SV2A, a synaptic vesicle protein that is required for normal
synaptic function, interfering with the release of the neurotrans-
mitter [71,72].

Ugi reaction: Cioc et al. [73] recognized the 2-oxo-1-pyrrol-
idino acetamide structure of levetiracetam as a potential Ugi
scaffold and aimed to construct racetam derivatives through a
multicomponent condensation. While previous Ugi approaches
toward racetam derivatives existed, they typically involved indi-
rect grafting of the pyrrolidone core. In this study, the authors
synthesized the 2-oxo-1-pyrrolidino acetamide scaffold directly
from y-aminobutyric acid, a carbonyl compound, and an
isocyanide in a single operation. The reaction proved to be
effective using different isocyanides, both aromatic and aliphat-
ic ones. Additionally, the transformation worked with the

convertible isocyanide. This opened the possibility of synthe-
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Scheme 20: General synthesis of 2,3-dichlorophenylpiperazine-derived compounds by the Ugi reaction and Ugi/deprotection/cyclization approach.
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Scheme 21: Bucherer—Bergs multicomponent reaction to obtain a key intermediate in the synthesis of pomaglumetad methionil (POM).

sizing various derivatives of racetams (Scheme 22). On the
other hand, they demonstrated the feasibility of the reaction for
the synthesis of different racetams useful in the clinic, such as
etiracetam (racemic form of (S)-levetiracetam) and nefiracetam,
another antiepileptic with racetam structure and similar proper-
ties [74].

Conclusion
This review highlights the remarkable advantages of multicom-

ponent reactions (MCRs) as a powerful tool in the rapid devel-

opment of pharmacologically active compounds, particularly
for addressing critical nervous system disorders. The ability of
MCRs to generate diverse chemical libraries in a short time
frame makes them invaluable in accelerating drug discovery
processes. The synergy between multicomponent chemistry and
medicinal chemistry offers a highly attractive and competitive
approach to accelerate drug discovery and development, facili-
tating the identification and the optimization of novel thera-
peutic agents for central nervous system pathologies. This com-

bination not only enhances the pace of discovery but also
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broadens the scope of potential treatments, underscoring the

significant impact of MCRs in medicinal chemistry.

Funding

This work was financially supported by grant FJIC2021-047571-
I funded by MICIU/AEI/ 10.13039/501100011033 and Euro-
pean Union NextGenerationEU/PRTR, grant FPU21/01359
funded by MICIU/AEI/10.13039/501100011033 and ESF+,
Conselleria de Cultura, Educacién e Ordenacién Universitaria
of the Galician Government (ED431B 2020/43), Centro
Singular de Investigacidén de Galicia accreditation 2019-2022
(ED431G 2019/03), Ministerio de Ciencia, Innovacién y
Universidades (PID2020-118511RB-I00 and PID2021-
1240100B-100).

ORCID® iDs

Lucia Campos-Prieto - https://orcid.org/0000-0002-2332-8100
Aitor Garcia-Rey - https://orcid.org/0000-0003-1633-872X
Ana Mallo-Abreu - https://orcid.org/0000-0002-5092-3538

Data Availability Statement

Data sharing is not applicable as no new data was generated or analyzed
in this study.

References

1. Ghashghaei, O.; Pedrola, M.; Seghetti, F.; Martin, V. V.; Zavarce, R.;
Babiak, M.; Novacek, J.; Hartung, F.; Rolfes, K. M.;
Haarmann-Stemmann, T.; Lavilla, R. Angew. Chem., Int. Ed. 2021, 60,
2603-2608. doi:10.1002/anie.202011253

2. Ma, X.; Zhi, S.; Zhang, W. Molecules 2021, 26, 1986.
doi:10.3390/molecules26071986

3. Cimarelli, C. Molecules 2019, 24, 2372.
doi:10.3390/molecules24132372

4. Muller, T. J. J. Beilstein J. Org. Chem. 2019, 15, 1974—1975.
doi:10.3762/bjoc.15.192

5. Rainoldi, G.; Begnini, F.; de Munnik, M.; Lo Presti, L.;
Vande Velde, C. M. L.; Orru, R.; Lesma, G.; Ruijter, E.; Silvani, A.
ACS Comb. Sci. 2018, 20, 98—105. doi:10.1021/acscombsci.7b00179

6. Hooshmand, S. E.; Zhang, W. Molecules 2023, 28, 1642.
doi:10.3390/molecules28041642

7. Wu, Y.; Cheng, H.; Li, J.; Liu, J.; Sun, J. J. Org. Chem. 2023, 88,
11186-11196. doi:10.1021/acs.joc.3c01206

8. Pachén-Angona, |.; Bernard, P. J.; Simakov, A.; Maj, M.; Jozwiak, K.;
Novotna, A.; Lemke, C.; Gitschow, M.; Martin, H.; Oset-Gasque, M.-J.;
Contelles, J.-M.; Ismaili, L. Pharmaceutics 2024, 16, 121.
doi:10.3390/pharmaceutics16010121

9. Kalnik, M.; Gabko, P.; Bella, M.; Kod$, M. Molecules 2021, 26, 4024.
doi:10.3390/molecules26134024

10. Duvauchelle, V.; Meffre, P.; Benfodda, Z. Environ. Chem. Lett. 2023,

21, 597-621. doi:10.1007/s10311-022-01482-1

.Ricardo, M. G.; Llanes, D.; Wessjohann, L. A.; Rivera, D. G.

Angew. Chem., Int. Ed. 2019, 58, 2700-2704.

doi:10.1002/anie.201812620

12.Machado, I. V.; dos Santos, J. R. N.; Januario, M. A. P.; Corréa, A. G.
Ultrason. Sonochem. 2021, 78, 105704.
doi:10.1016/j.ultsonch.2021.105704

13.Zhu, F.; Yin, P. Chem. — Eur. J. 2023, 29, e202301826.
doi:10.1002/chem.202301826

14.Gulati, S.; John, S. E.; Shankaraiah, N. Beilstein J. Org. Chem. 2021,
17, 819-865. doi:10.3762/bjoc.17.71

15.Tuten, B. T.; De Keer, L.; Wiedbrauk, S.; Van Steenberge, P. H. M.;
D'hooge, D. R.; Barner-Kowollik, C. Angew. Chem., Int. Ed. 2019, 58,
5672-5676. doi:10.1002/anie.201901506

16. Fouad, M. A.; Abdel-Hamid, H.; Ayoup, M. S. RSC Adv. 2020, 10,
42644-42681. doi:10.1039/d0ra07501a

17.Bariwal, J.; Kaur, R.; Voskressensky, L. G.; Van der Eycken, E. V.
Front. Chem. (Lausanne, Switz.) 2018, 6, 557.
doi:10.3389/fchem.2018.00557

18. Waris, A.; Ali, A.; Khan, A. U.; Asim, M.; Zamel, D.; Fatima, K.;
Razig, A.; Khan, M. A.; Akbar, N.; Baset, A.; Abourehab, M. A. S.
Nanomaterials 2022, 12, 2140. doi:10.3390/nano12132140

1

—_

3171


https://orcid.org/0000-0002-2332-8100
https://orcid.org/0000-0003-1633-872X
https://orcid.org/0000-0002-5092-3538
https://doi.org/10.1002%2Fanie.202011253
https://doi.org/10.3390%2Fmolecules26071986
https://doi.org/10.3390%2Fmolecules24132372
https://doi.org/10.3762%2Fbjoc.15.192
https://doi.org/10.1021%2Facscombsci.7b00179
https://doi.org/10.3390%2Fmolecules28041642
https://doi.org/10.1021%2Facs.joc.3c01206
https://doi.org/10.3390%2Fpharmaceutics16010121
https://doi.org/10.3390%2Fmolecules26134024
https://doi.org/10.1007%2Fs10311-022-01482-1
https://doi.org/10.1002%2Fanie.201812620
https://doi.org/10.1016%2Fj.ultsonch.2021.105704
https://doi.org/10.1002%2Fchem.202301826
https://doi.org/10.3762%2Fbjoc.17.71
https://doi.org/10.1002%2Fanie.201901506
https://doi.org/10.1039%2Fd0ra07501a
https://doi.org/10.3389%2Ffchem.2018.00557
https://doi.org/10.3390%2Fnano12132140

19.Luo, M.; Lee, L. K. C.; Peng, B.; Choi, C. H. J.; Tong, W. Y_;
Voelcker, N. H. Adv. Sci. 2022, 9, 2201740.
doi:10.1002/advs.202201740

20.Chen, Z.; Wu, H.; Zhang, M. Neurochem. Int. 2021, 148, 105101.
doi:10.1016/j.neuint.2021.105101

21.Zwicker, A.; Denovan-Wright, E. M.; Uher, R. Psychol. Med. 2018, 48,
1925-1936. doi:10.1017/s003329171700383x

22. Pitsillou, E.; Bresnehan, S. M.; Kagarakis, E. A.; Wijoyo, S. J.;
Liang, J.; Hung, A.; Karagiannis, T. C. Mol. Biol. Rep. 2020, 47,
753-770. doi:10.1007/s11033-019-05129-3

23. Falco-Walter, J. Semin. Neurol. 2020, 40, 617-623.
doi:10.1055/s-0040-1718719

24.Sampietro, A.; Pérez-Areales, F. J.; Martinez, P.; Arce, E. M.;
Galdeano, C.; Muiioz-Torrero, D. Pharmaceuticals 2022, 15, 545.
doi:10.3390/ph15050545

25. Scheltens, P.; De Strooper, B.; Kivipelto, M.; Holstege, H.; Chételat, G.;
Teunissen, C. E.; Cummings, J.; van der Flier, W. M. Lancet 2021, 397,
1577-1590. doi:10.1016/s0140-6736(20)32205-4

26. Colvee-Martin, H.; Parra, J. R.; Gonzalez, G. A.; Barker, W.; Duara, R.
Diagnostics 2024, 14, 704. doi:10.3390/diagnostics14070704

27.Kaur, A.; Nigam, K.; Srivastava, S.; Tyagi, A.; Dang, S.
J. Microencapsulation 2020, 37, 355-365.
doi:10.1080/02652048.2020.1756971

28. Srivastava, S.; Ahmad, R.; Khare, S. K. Eur. J. Med. Chem. 2021, 216,
113320. doi:10.1016/j.ejmech.2021.113320

29. Griffiths, J.; Grant, S. G. N. Semin. Cell Dev. Biol. 2023, 139, 13-23.
doi:10.1016/j.semcdb.2022.05.028

30. Cioffi, F.; Adam, R. H. I.; Broersen, K. J. Alzheimer's Dis. 2019, 72,
981-1017. doi:10.3233/jad-190863

31.Tonnies, E.; Trushina, E. J. Alzheimer's Dis. 2017,57, 1105—-1121.
doi:10.3233/jad-161088

32.Forman, H. J.; Zhang, H. Nat. Rev. Drug Discovery 2021, 20, 689-709.
doi:10.1038/s41573-021-00233-1

33.Brandao, P.; Lépez, O.; Leitzbach, L.; Stark, H.;
Fernandez-Bolafios, J. G.; Burke, A. J.; Pineiro, M.
ACS Med. Chem. Lett. 2021, 12, 1718-1725.
doi:10.1021/acsmedchemlett.1c00344

34.Kushwaha, P.; Fatima, S.; Upadhyay, A.; Gupta, S.; Bhagwati, S.;
Baghel, T.; Siddiqi, M. I.; Nazir, A.; Sashidhara, K. V.
Bioorg. Med. Chem. Lett. 2019, 29, 66-72.
doi:10.1016/j.bmcl.2018.11.005

35. Pachén-Angona, |.; Martin, H.; Chhor, S.; Oset-Gasque, M.-J.;
Refouvelet, B.; Marco-Contelles, J.; Ismaili, L. Future Med. Chem.
2019, 71, 3097-3108. doi:10.4155/fmc-2019-0191

36. Lambruschini, C.; Galante, D.; Moni, L.; Ferraro, F.; Gancia, G.;
Riva, R.; Traverso, A.; Banfi, L.; D'Arrigo, C. Org. Biomol. Chem. 2017,
15, 9331-9351. doi:10.1039/c70b02182h

37.Galante, D.; Banfi, L.; Baruzzo, G.; Basso, A.; D’Arrigo, C.;
Lunaccio, D.; Moni, L.; Riva, R.; Lambruschini, C. Molecules 2019, 24,
2636. doi:10.3390/molecules24142636

38.Benchekroun, M.; Bartolini, M.; Egea, J.; Romero, A.; Soriano, E.;
Pudlo, M.; Luzet, V.; Andrisano, V.; Jimeno, M.-L.; Lépez, M. G;
Wehle, S.; Gharbi, T.; Refouvelet, B.; de Andrés, L.;
Herrera-Arozamena, C.; Monti, B.; Bolognesi, M. L.;
Rodriguez-Franco, M. I.; Decker, M.; Marco-Contelles, J.; Ismaili, L.
ChemMedChem 2015, 10, 523-539. doi:10.1002/cmdc.201402409

Beilstein J. Org. Chem. 2024, 20, 3151-3173.

39. Benchekroun, M.; Romero, A.; Egea, J.; Ledn, R.; Michalska, P.;
Buendia, I.; Jimeno, M. L.; Jun, D.; Janockova, J.; Sepsova, V.;
Soukup, O.; Bautista-Aguilera, O. M.; Refouvelet, B.; Ouari, O.;
Marco-Contelles, J.; Ismaili, L. J. Med. Chem. 2016, 59, 9967—9973.
doi:10.1021/acs.jmedchem.6b01178

40.Madhav, H.; Abdel-Rahman, S. A.; Hashmi, M. A.; Rahman, M. A.;
Rehan, M.; Pal, K.; Nayeem, S. M.; Gabr, M. T.; Hoda, N.

Eur. J. Med. Chem. 2023, 254, 115354.
doi:10.1016/j.ejmech.2023.115354

41.Huang, G.; Kling, B.; Darras, F. H.; Heilmann, J.; Decker, M.

Eur. J. Med. Chem. 2014, 81, 15-21.
doi:10.1016/j.ejmech.2014.05.002

42. Dgachi, Y.; Bautista-Aguilera, O. M.; Benchekroun, M.; Martin, H.;
Bonet, A.; Knez, D.; Godyn, J.; Malawska, B.; Gobec, S.; Chioua, M.;
Janockova, J.; Soukup, O.; Chabchoub, F.; Marco-Contelles, J.;
Ismaili, L. Molecules 2016, 21, 634. doi:10.3390/molecules21050634

43.Malek, R.; Maj, M.; Wnorowski, A.; J6zwiak, K.; Martin, H.; Iriepa, |.;
Moraleda, I.; Chabchoub, F.; Marco-Contelles, J.; Ismaili, L.

Bioorg. Chem. 2019, 91, 103205. doi:10.1016/j.bioorg.2019.103205

44.Manchester, L. C.; Coto-Montes, A.; Boga, J. A.; Andersen, L. P. H.;
Zhou, Z.; Galano, A.; Vriend, J.; Tan, D.-X.; Reiter, R. J. J. Pineal Res.
2015, 59, 403-419. doi:10.1111/jpi.12267

45.Chen, C.-H.; Zhou, W.; Liu, S.; Deng, Y.; Cai, F.; Tone, M.; Tone, Y.;
Tong, Y.; Song, W. Int. J. Neuropsychopharmacol. 2012, 15, 77-90.
doi:10.1017/s1461145711000149

46.Malek, R.; Refouvelet, B.; Benchekroun, M.; Iriepa, I.; Moraleda, |.;
Andrys, R.; Musilek, K.; Marco-Contelles, J.; Ismaili, L.

Curr. Alzheimer Res. 2019, 16, 815-820.
doi:10.2174/1567205016666191011112624

47. Fragkiadakis, M.; Zingiridis, M.; Loukopoulos, E.; Neochoritis, C. G.
Mol. Diversity 2024, 28, 29-35. doi:10.1007/s11030-022-10502-9

48.Chen, X.; Lu, W.; Wu, D. Front. Neurosci. 2021, 15, 614107.
doi:10.3389/fnins.2021.614107

49. Hasaninejad, A.; Mandegani, F.; Beyrati, M.; Maryamabadi, A.;
Mohebbi, G. ChemistrySelect 2017, 2, 6784—6796.
doi:10.1002/slct.201701364

50.Kénning, D.; Swatschek, J. Essential Multicomponent Reactions 1.
Multicomponent Reactions; John Wiley & Sons: Hoboken, NJ, USA,
2015; pp 416—495. doi:10.1002/9781118863992.ch13

51.Burgaz, S.; Garcia, C.; Gonzalo-Consuegra, C.; Gémez-Almeria, M.;
Ruiz-Pino, F.; Unciti, J. D.; Gémez-Canas, M.; Alcalde, J.; Morales, P.;
Jagerovic, N.; Rodriguez-Cueto, C.; de Lago, E.; Mufioz, E.;
Fernandez-Ruiz, J. Molecules 2021, 26, 7643.
doi:10.3390/molecules26247643

52. Figuerola-Asencio, L.; Morales, P.; Zhao, P.; Hurst, D. P.; Sayed, S. S.;
Colén, K. L.; Gémez-Canas, M.; Fernandez-Ruiz, J.; Croatt, M. P;
Reggio, P. H.; Abood, M. E.; Jagerovic, N. ACS Med. Chem. Lett.
2023, 14, 18-25. doi:10.1021/acsmedchemlett.2c00325

53. Dubovsky, S. L.; Marshall, D. Psychother. Psychosom. 2022, 91,
307-334. doi:10.1159/000524400

54.0gawa, Y.; Takeshima, N.; Hayasaka, Y.; Tajika, A.; Watanabe, N.;
Streiner, D.; Furukawa, T. A. Cochrane Database Syst. Rev. 2019, 6,
CD001026. doi:10.1002/14651858.cd001026.pub2

55. Farhid, H.; Khodkari, V.; Nazeri, M. T.; Javanbakht, S.; Shaabani, A.
Org. Biomol. Chem. 2021, 19, 3318-3358. doi:10.1039/d00b02600j

56. Cores, A.; Clerigué, J.; Orocio-Rodriguez, E.; Menéndez, J. C.
Pharmaceuticals 2022, 15, 1009. doi:10.3390/ph15081009

57.Chakrabarti, J. K.; Hotten, T. M.; Tupper, D. E. Method For Preparing A
Derivative Of Tienobenzodiazepin, Used As A Pharmaceutical Product.
Portuguese Patent PT97446B, July 31, 1997.

3172


https://doi.org/10.1002%2Fadvs.202201740
https://doi.org/10.1016%2Fj.neuint.2021.105101
https://doi.org/10.1017%2Fs003329171700383x
https://doi.org/10.1007%2Fs11033-019-05129-3
https://doi.org/10.1055%2Fs-0040-1718719
https://doi.org/10.3390%2Fph15050545
https://doi.org/10.1016%2Fs0140-6736%2820%2932205-4
https://doi.org/10.3390%2Fdiagnostics14070704
https://doi.org/10.1080%2F02652048.2020.1756971
https://doi.org/10.1016%2Fj.ejmech.2021.113320
https://doi.org/10.1016%2Fj.semcdb.2022.05.028
https://doi.org/10.3233%2Fjad-190863
https://doi.org/10.3233%2Fjad-161088
https://doi.org/10.1038%2Fs41573-021-00233-1
https://doi.org/10.1021%2Facsmedchemlett.1c00344
https://doi.org/10.1016%2Fj.bmcl.2018.11.005
https://doi.org/10.4155%2Ffmc-2019-0191
https://doi.org/10.1039%2Fc7ob02182h
https://doi.org/10.3390%2Fmolecules24142636
https://doi.org/10.1002%2Fcmdc.201402409
https://doi.org/10.1021%2Facs.jmedchem.6b01178
https://doi.org/10.1016%2Fj.ejmech.2023.115354
https://doi.org/10.1016%2Fj.ejmech.2014.05.002
https://doi.org/10.3390%2Fmolecules21050634
https://doi.org/10.1016%2Fj.bioorg.2019.103205
https://doi.org/10.1111%2Fjpi.12267
https://doi.org/10.1017%2Fs1461145711000149
https://doi.org/10.2174%2F1567205016666191011112624
https://doi.org/10.1007%2Fs11030-022-10502-9
https://doi.org/10.3389%2Ffnins.2021.614107
https://doi.org/10.1002%2Fslct.201701364
https://doi.org/10.1002%2F9781118863992.ch13
https://doi.org/10.3390%2Fmolecules26247643
https://doi.org/10.1021%2Facsmedchemlett.2c00325
https://doi.org/10.1159%2F000524400
https://doi.org/10.1002%2F14651858.cd001026.pub2
https://doi.org/10.1039%2Fd0ob02600j
https://doi.org/10.3390%2Fph15081009

58.Banfi, L.; Basso, A.; Lambruschini, C.; Moni, L.; Riva, R.
Chem. Heterocycl. Compd. 2017, 53, 382—-408.
doi:10.1007/s10593-017-2065-1

59.Xu, Z.; Martinez-Ariza, G.; Cappelli, A. P.; Roberts, S. A.; Hulme, C.
J. Org. Chem. 2015, 80, 9007-9015. doi:10.1021/acs.joc.5b00955

60. Vézina-Dawod, S.; Gerber, N.; Liang, X.; Biron, E. Tetrahedron 2017,
73, 6347-6355. doi:10.1016/j.tet.2017.09.028

61. Pertejo, P.; Corres, N.; Torroba, T.; Garcia-Valverde, M. Org. Lett.
2015, 17, 612—615. doi:10.1021/01503628r

62.Li, J.; Yang, S.; Wu, W.; Jiang, H. Eur. J. Org. Chem. 2018,
1284—-1306. doi:10.1002/ejoc.201701509

63. Asgari, M. S.; Soheilizad, M.; Ranjbar, P. R.; Larijani, B.; Rahimi, R.;
Mahdavi, M. Tetrahedron Lett. 2019, 60, 583-585.
doi:10.1016/j.tetlet.2019.01.009

64.Neochoritis, C. G.; Zhao, T.; Démling, A. Chem. Rev. 2019, 119,
1970-2042. doi:10.1021/acs.chemrev.8b00564

65. Mohammadkhani, L.; Heravi, M. M. Mol. Diversity 2020, 24, 841-853.
doi:10.1007/s11030-019-09972-1

66.Medda, F.; Martinez-Ariza, G.; Hulme, C. Tetrahedron Lett. 2015, 56,
5295-5298. doi:10.1016/j.tetlet.2015.07.083

67.Kroger, D.; Stalling, T.; Martens, J. Synthesis 2016, 48, 4189—4198.
doi:10.1055/s-0035-1562457

68. Mallo-Abreu, A.; Reyes-Resina, |.; Azuaje, J.; Franco, R.;
Garcia-Rey, A.; Majellaro, M.; Miranda-Pastoriza, D.; Garcia-Mera, X.;
Jespers, W.; Gutiérrez-de-Teran, H.; Navarro, G.; Sotelo, E.
J. Med. Chem. 2021, 64, 8710-8726.
doi:10.1021/acs.jmedchem.1c00704

69. Sonnenschein, S. F.; Grace, A. A. Neuropsychopharmacology 2020,
45, 2106-2113. doi:10.1038/s41386-020-0764-2

70.Waser, M.; Moher, E. D.; Borders, S. S. K.; Hansen, M. M.;
Hoard, D. W.; Laurila, M. E.; LeTourneau, M. E.; Miller, R. D.;
Phillips, M. L.; Sullivan, K. A.; Ward, J. A.; Xie, C.; Bye, C. A,;
Leitner, T.; Herzog-Krimbacher, B.; Kordian, M.; Millner, M.
Org. Process Res. Dev. 2011, 15, 1266—1274. doi:10.1021/0p100325h

71.Ciruelas, K.; Marcotulli, D.; Bajjalieh, S. M. Semin. Cell Dev. Biol. 2019,

95, 130-141. doi:10.1016/j.semcdb.2019.02.003

72.Howard, P.; Remi, J.; Remi, C.; Charlesworth, S.; Whalley, H.;
Bhatia, R.; Hitchens, M.; Mihalyo, M.; Wilcock, A.
J. Pain Symptom Manage. 2018, 56, 645—-649.
doi:10.1016/j.jpainsymman.2018.07.012

73.Cioc, R. C.; Schaepkens van Riempst, L.; Schuckman, P.; Ruijter, E.;
Orru, R. V. A. Synthesis 2016, 49, 1664—-1674.
doi:10.1055/s-0036-1588672

74.Kitano, Y.; Komiyama, C.; Makino, M.; Takasuna, K.; Takazawa, A.;
Sakurada, S. Epilepsia 2005, 46, 811-818.
doi:10.1111/1.1528-1167.2005.66504.x

Beilstein J. Org. Chem. 2024, 20, 3151-3173.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.261

3173


https://doi.org/10.1007%2Fs10593-017-2065-1
https://doi.org/10.1021%2Facs.joc.5b00955
https://doi.org/10.1016%2Fj.tet.2017.09.028
https://doi.org/10.1021%2Fol503628r
https://doi.org/10.1002%2Fejoc.201701509
https://doi.org/10.1016%2Fj.tetlet.2019.01.009
https://doi.org/10.1021%2Facs.chemrev.8b00564
https://doi.org/10.1007%2Fs11030-019-09972-1
https://doi.org/10.1016%2Fj.tetlet.2015.07.083
https://doi.org/10.1055%2Fs-0035-1562457
https://doi.org/10.1021%2Facs.jmedchem.1c00704
https://doi.org/10.1038%2Fs41386-020-0764-2
https://doi.org/10.1021%2Fop100325h
https://doi.org/10.1016%2Fj.semcdb.2019.02.003
https://doi.org/10.1016%2Fj.jpainsymman.2018.07.012
https://doi.org/10.1055%2Fs-0036-1588672
https://doi.org/10.1111%2Fj.1528-1167.2005.66504.x
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.261

	Abstract
	Introduction
	Multicomponent reactions
	Central nervous system diseases

	Review
	Ligands targeting CNS diseases obtained from MCR approaches
	Alzheimer’s disease (AD)
	Parkinson disease (PD)
	Depression and anxiety
	Schizophrenia
	Epilepsy


	Conclusion
	Funding
	ORCID iDs
	Data Availability Statement
	References

