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Multicomponent reactions (MCRs) yielding
medicinally relevant rings: a recent update and
chemical space analysis of the scaffolds+
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In this review we have compiled multicomponent reactions (MCRs) that produce cyclic structures. We have
covered articles reported since 2019 to showcase the recent advances in this area. In contrast to other
available reviews on this topic, we focus specifically on MCRs with strong prospects in medicinal
chemistry. Consequently, the reactions operating in a single-pot and yielding novel rings or new
substitution patterns under mild conditions are highlighted. Moreover, MCRs that do not require special
reagents or catalysts and yield diverse products from commercially available building blocks are
reviewed. The synthetic schemes, substrate scope, and other key aspects such as regio- and

stereoselectivity are discussed for each MCR. Using cheminformatic tools, we have also attempted to
Received 16th September 2024

Accepted 18th December 2024 characterize the chemical space of the scaffolds obtained from these MCRs. We show that the MCR

scaffolds are novel, more complex, and globular in shape compared to the approved drugs and clinical
DOI- 10.1039/04ra06681b candidates. Thus, our review represents a step towards identifying and characterizing the novel ring

rsc.li/rsc-advances space that can be accessed efficiently through MCRs in a short timeframe.

1 Introduction and background

Multicomponent reactions (MCRs) utilize three or more
building blocks that react sequentially to afford the final
product with multiple C-C and C-X bond formations (Fig. 1).
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MCRs have garnered considerable significance in recent times,
as evidenced by the increasing number of publications on this
topic (Fig. 2). MCRs find significant applications in multiple
research areas including medicinal chemistry,"” diversity-
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three or more building blocks

Fig.1 MCR approach in synthetic chemistry.
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Fig. 2 A pubMed search reveals the rising number of publications mentioning ‘"MCR’ in the Title’ or ‘Abstract’ in recent years (2000-2024). The
terms used for the search are "multiple-component reaction”, “multicomponent reaction”, or “multicomponent reaction.”

oriented synthesis,® heterocyclic chemistry,” natural product
chemistry,® and material chemistry.®

MCRs offer several advantages over conventional multistep
synthetic strategies. These include (i) the possibility of conver-
gent synthesis as multiple starting materials are used in the
single step,’ (ii) high atom-economy and pot-economy,"* (iii)
construction of complex molecules from simpler starting
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materials,’ (iv) access to a diverse compound library by varying
building blocks,**>** (v) possibility of post-MCR modifications
to construct novel ring systems and substitution patterns,”*>*®
(vi) convenient and mild reaction conditions leading to greener
approach.”° Due to these advantages, MCRs are particularly
suitable in the drug discovery scenario where access to large
compound libraries can often be a bottleneck.»>** MCRs can be
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used to generate multiple analogues of a hit molecule in a short approved drugs may also lead to overall lower production costs

time frame, thus lowering the costs of early medicinal chemistry and has the potential to offer cost-effective medicines.**>*

efforts. The design of MCR-based synthetic processes for In drug discovery, the importance of ring systems cannot be
overstated.”*3° However, out of the vast theoretical
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Fig. 3 Examples of classical MCRs.
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possibilities,*® a few rings and substitution patterns reappear in
most drugs and clinical candidates.** MCR-derived new ring
systems with diverse three-dimensional (3-D) topologies offer
novel chemical space for drug design.>»'>%3*

Given the significance of MCRs, several classical MCRs, such
as Hantzsch, Strecker, Ugi, Passerini, Gewald, Biginelli, and
Mannich (Fig. 3), are named after their discoverers. Most of
these classical reactions have been exploited in drug discovery
and other fields, and multiple reviews are available on these old
MCRs.>*>%2132 Therefore, to avoid overlap, we focused on
reviewing relatively newer MCRs (2019 onwards). Given the
enormity of the literature, we have used the following criteria
for compiling information in this review:

View Article Online

Review

(i) Only novel MCRs with the potential to have a significant
impact on medicinal chemistry are included. Consequently,
minor modifications or variations of the previously known
MCRs are not considered.

(ii) MCRs leading to the construction of medicinally relevant
rings or previously inaccessible substitution patterns that may
benefit drug discovery projects are incorporated.

(iii) In general, a conscious effort was made to include MCRs
operating under mild conditions from readily available building
blocks and common reagents.

(iv) Only those MCRs were selected in which the product is
obtained in a single pot, thus avoiding the isolation of inter-
mediates and high potential for scale-up.
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Fig. 4 MCR for the synthesis of diversely substituted tetranydropyridine derivatives.
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Thus, the current review is not meant to be comprehensive
but representative of the literature on MCRs. The text is
divided into sections based on the type of heterocycle being
formed in the MCR. General synthetic schemes and substrate
scope are discussed briefly, followed by the cheminformatic
analysis of the scaffolds obtained from the representative
molecules.

2 Nitrogen heterocycles

Nitrogen-containing heterocycles frequently occur in structural
motifs in several drug molecules and natural drugs.*”**%”
Among diverse N-heterocycles, tetrahydropyridines (THPs) and
piperidines are especially important®® since these increase the
three-dimensionality of the molecules and help them escape the
‘flatland’.*® Usually, THPs and piperidines are obtained from
the reduction of corresponding pyridine rings and intra-
molecular cyclization, which often generates waste.**** Thus,
green and convenient methods for synthesizing these aza-
heterocyclic rings are highly desirable.
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Wei et al. reported a mild method to synthesize poly-
substituted 1,2,5,6-THPs using a copper-catalyzed MCR.** The
reaction involves a cascade radical cyclization reaction between
three components, an F-masked benzene-sulfonamide allene
(1), an alkene (2), and trimethylsilyl cyanide (TMSCN) (3),
yielding THPs with rare C3 or C5 substituents (e.g. 4a, Fig. 4).
The screening of reaction conditions revealed tetrakis(acetoni-
trile)copper(i) hexafluorophosphate [Cu(CH3CN),PFs] in
conjunction with a bisoxazoline (BOX) ligand and fluo-
robenzene as solvent to be optimal (Fig. 4). Thus, the model
compound 4a was obtained in 65% yield under these optimized
conditions. Although the BOX ligand provided good regiose-
lectivity, installing the cyanide group at the primary carbon with
the least steric hindrance, stereoselectivity was not observed
despite using a chiral ligand.

A variety of alkenes bearing either single or multiple
aromatic ring substituents reacted successfully under the opti-
mized conditions, yielding diverse C5-substituted THPs (e.g.,
4b-4h). The heterocyclic rings and heteroatom substituents
could also be coupled at C5. Similarly, a variety of electron-
donating groups (EDGs) and electron-withdrawing groups
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Fig. 5 MCR for the synthesis of diverse benzofuran-fused piperidines.
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(EWGs) were tolerated in the aryl ring of the F-masked sulfon-
amides, thus yielding a variety of C3 substituents (e.g., 4i-4m).
However, alkyl groups (e.g., 4n) could not be installed at C3,
highlighting this MCR's key limitation. In addition to TMSCN,
other nucleophiles such as azidotrimethylsilane (TMSN;),
TMSSCN, and silver(i) trifluoromethanethiolate (AgSCF;) also
yielded the corresponding products (e.g. 40-4q) in good yields.
The reaction also proceeded smoothly with various alkynyl-
trimethoxysilanes as nucleophiles to furnish the corresponding
THPs (e.g. 4r-4t), displaying the versatility of the reaction. The
synthetic utility of this reaction was further demonstrated by
making various derivatives of the THP products and by scaling
the reaction to a gram scale.

Cui and coworkers designed an MCR strategy to obtain
benzofuran-fused piperidines employing an electron-rich
benzofuran ring (5), primary amine (6), and formaldehyde (7,
Fig. 5).* The reaction utilizes the unactivated benzylic C(sp®)-H
and position-2 C(sp’)-H bonds of the benzofuran ring as
nucleophilic sites in a double Mannich reaction. Thus, the
newly formed compounds consist of N-substituted piperidine
fused with the positions 2 and 3 of the benzofuran. The model
reaction between 6-methoxy-3-methylbenzofuran, formalde-
hyde (4 equiv.), and glycine methyl ester hydrochloride (2
equiv.) yielded the model compound 8a most efficiently when
acetic acid was used as solvent.

View Article Online

Review

Under the optimized conditions, various amino acids reac-
ted effectively and furnished the corresponding benzofuran-
fused piperidines (e.g., 8b-8h) in good yields with the reten-
tion of configuration on a-carbons. In addition, other primary
amines with diverse functionalities (e.g., 8i-80) were also well-
tolerated, suggesting the MCR's versatility. Late-stage modifi-
cation of several drug derivatives with amine functionalities
could also be achieved, indicating the potential usage of this
one-pot MCR in medicinal chemistry. The benzofuran deriva-
tives with diverse EDGs also afforded the corresponding piper-
idine products (e.g., 8p-8s) in good yields. Various multi-
substituted piperidines could also be obtained by employing
benzofurans with substituents on the benzyl carbon, thus
providing compounds (e.g., 8t and 8u) with diverse physico-
chemical properties. The presence of boronate and alkyne
functionalities in some of the final products also offers an
opportunity for further diversification of piperidine-containing
compound libraries for medicinal chemistry projects. Mecha-
nistic investigations and density functional theory (DFT)
calculations suggested the involvement of several intermediates
formed involving Mannich, retro-Mannich, and nucleophilic
substitution reactions.

By replacing benzofuran with 2-methyl indole, the same
group also reported the synthesis of a piperidine-fused indole
chemotype resembling natural alkaloids, which generally
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Fig. 6 MCR for the synthesis of diverse y-tetrahydrocarbolines.
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Fig. 7 MCR for the synthesis of diverse B-tetrahydrocarbolines.

requires multistep synthesis. Notably, indole is among the most
important heterocycles of numerous drugs and clinical

dimethylformamide (DMF) solvent, with N-benzyl-2-methyl
indole (9), methyl glycine ester, and formaldehyde yielded v-

candidates.?****”  Performing the model reaction in tetrahydrocarboline 10a in excellent yield (Fig. 6).*
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Fig. 8 MCR for the synthesis of indole-fused oxadiazepines.
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Fig. 9 MCR for the synthesis of indole-fused thiadiazepines.

The substrate scope revealed the compatibility of various
amino acids (e.g., 10a-10f) and aliphatic amines bearing diverse
functional groups and rings (e.g., 10g-10p). Many substitutions
in the indole ring were also tolerated (e.g., 10q-10u). Neverthe-
less, replacing the N-alkyl substitution with H-atom or EWGs
(such as Boc, e.g., 10v) reduced yields, suggesting the importance
of electron density on indole nitrogen. Interestingly, this MCR
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could also obtain azaindole (e.g. 10w) and pyrrole fused piperi-
dines (e.g., 10x) by selecting corresponding starting materials.
The authors further expanded the scope of the reaction and
reported the synthesis of related B-tetrahydrocarboline chemo-
type by replacing 2-methyl indoles (9) with 3-methyl indoles (13,
Fig. 7). In this case, the N-tert-butoxycarbonyl (N-Boc) group and
acetonitrile (ACN) as solvent were found to be ideal for the high
reaction yields. Again, diverse amines were tolerated under the

Ra2
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Fig.10 MCR reported for the synthesis of tetrazole-indole derivatives. The yields of the first and second steps are reported, respectively. In cases
where a mixture of regioisomers is obtained, the structure of the major isomer is provided.
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reported conditions (e.g., 14a-14j). However, perturbing elec-
tron density in indole by changing the dimethoxy substitution
pattern resulted in poor yields of the resulting products (e.g.,
14k-14u). Similarly, N-substitutions other than the Boc group
also resulted in diminished yields (e.g., 14v). The MCR's utility
was demonstrated by synthesizing a few indole-based drugs and
clinical candidates.

Continuing with their indole-based MCRs, Cui
coworkers also reported the construction of indole-fused seven-
membered heterocycles. The reaction involved the participation
of the indole-NH and carbon at position 2. The MCR involves
a reaction between 3-methylindole, excess formaldehyde, and
amine hydrochloride salt in tetrahydrofuran (THF), resulting in
an indole-fused oxadiazepine derivative (Fig. 8).* Different
amino acids (e.g., 15a-15¢) and other aliphatic amines (e.g,
15d-15k) furnished the corresponding oxadiazepines in
moderate to excellent yields. The integrity of the chiral centre of
the amino acids was also maintained under the optimized

and
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methoxy, alkene, and alkyne, were also tolerated on the indole
ring (e.g., 151-15r), indicating the generality of the MCR.

Interestingly, the inclusion of sodium thiosulfate (16) in the
same reaction and the use of aqueous hydrochloric acid (HCI)
afforded indole-fused thiadiazepine analogues (e.g., 17a-17n),
further expanding the scope of this MCR (Fig. 9).

Several newly synthesized oxadiazepine and thiadiazepine
analogues displayed inhibition of the liver (BEL7402) and breast
cancer (MDA-MB-231) cell lines in the micromolar (uM) range.
Further, the indole ring of tryptophan (Trp) and Trp-bearing
peptides was also shown to participate in this reaction, sug-
gesting the potential usage of this MCR for peptide and protein
modification.

The indole ring is commonly synthesized using Fischer
indole synthesis, performed under strong acidic conditions and
employing hazardous phenylhydrazine. Despite the plethora of
research based on indole compounds, very few MCR-based
methodologies exist for synthesizing indole and its derivatives.

conditions. Various EWGs and EDGs, such as halogens,
MeO OM; 0
OMe o~ N. N/RZ
. o Rz T H
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R
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O
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Fig. 11 MCR for the synthesis of indole-2-carboxamide derivatives. The yields of the first and second steps are reported, respectively. Single
yields are reported for the compounds synthesized in one-pot operation.
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Domling and coworkers reported the facile synthesis of tet-
razole indoles by exploiting the Ugi-tetrazole four-component
reaction (Fig. 10). In this two-step, MCR, a substituted aryl-
amine (18), dimethoxyacetaldehyde (19), isocyanide (20), and
TMSN; (21) were reacted at room temperature to obtain the Ugi-
tetrazole adducts (22) which are further cyclized to indole
derivatives (23) under acidic conditions.”® The developed
methodology displayed a broad scope tolerating a variety of
EWGs and EDGs on isocyanide and aniline building blocks (e.g.,
23a-23h). The best yields were obtained with methane sulfonic
acid (MSA) for cyclization. In the case of unsymmetrical amines,
the authors optimized temperature for the selective precipita-
tion of the major regioisomer. This two-step MCR was ulti-
mately translated to a one-pot procedure where 23b was
obtained in 49% overall yield. The reaction could be carried out
at a gram scale without requiring chromatographic separation,
demonstrating the scalability and convenience of the synthetic
protocol. The end products could be further functionalized to
expand the diversity of the indole derivatives.

Thus, this MCR represents mild and facile synthesis of
privileged indole core in a one-pot operation.

The group also reported a similar approach to obtain highly
substituted indole-2-carboxamide derivatives (Fig. 11). Initially,
Ugi adducts were obtained from substituted aniline, glyoxal
dimethyl acetal, isocyanide, and formic acid (24) and further
cyclized using MSA to get the indole carboxamides (26).°* This
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two-step approach worked well with anilines with EDGs (e.g.,
26a-26f), while electron-deficient anilines either did not
undergo cyclization or reacted inefficiently (e.g., 26g-26i). In
contrast, various isocyanides afforded the corresponding
products in good yields, producing a library of indole carbox-
amides with diverse physiochemical properties. The authors
developed the single-pot-two-step procedure and displayed the
scalability of the methodology to the gram scale. To further
highlight the usefulness of their designed protocol, the authors
demonstrated the synthesis of two anti-tuberculosis agents (e.g.,
26j and 26k) and a SET domain containing 2 (SETD2) inhibitor
(e.g- 26]) in a short timeframe using this convenient and mild
MCR approach.

Quinazolinone derivatives display multiple pharmacological
properties, including antimicrobial, anticancer, antidiabetic,
and antihypertensive properties.*>* Several methods for the
synthesis of N;,N;-disubstituted 2,3-dihydroquinazolin-4(1H)-
ones are known. However, most of these multistep methodol-
ogies limit the diversity of N;-substituents and might require
specialized catalysts and tedious conditions.****

Zhang et al. reported the synthesis of N-substituted quina-
zolinones employing a Pd(u)-catalyzed cascade reaction
between an o-aminobenzoic acid (27), amine (28), aldehyde (29),
and carbon monoxide (Fig. 12).* This one-pot procedure
involved the Pd-catalyzed carbonylation of o-aminobenzoic acid
followed by the reaction of the resultant isatoic anhydrides with
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Ry— + | Rs + H Ry _Pd(OAC) CulOAc) N S
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CH4CN, 65°C, 9h 3
27 O 28 29 Eadh ' o
30
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| ) : H -
N._Ph 30a2, R, = Et, 65% 8\ N.__Ph ggg; ?2 gme ng’ 30b5, R, = 5-Cl, 59%
T s R=iprsen g [ ] 1T JbARe” SS PO% 5006, R, = 6-0Me, 56%
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Fig. 12 MCR for the synthesis of Ny,Ns-substituted quinazolinones.
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the amine and aldehydes components to afford N;,N;-disub-
stituted 2,3-dihydroquinazolin-4(1H)-ones. The model reaction
was favoured by the usage of copper(u) acetate [Cu(OAc),] as the
oxidant, additives potassium iodide (KI), acetic acid (AcOH),
and ACN solvent at 65 °C.

Different o-aminobenzoic acids with or without N-
substituents generally reacted smoothly under the optimized
conditions to furnish the target products (e.g., 30a1-30a5).
However, sterically hindered substrates with bulky N-
substituents furnished lower yields than those with smaller N-
substituents (e.g., 30a3-30a5). In general, different substitu-
ents on the phenyl ring of o-aminobenzoic acids yielded
moderate to good yields (e.g., 30b1-30b6), except for the nitro
group-bearing aminobenzoic acid (e.g., 30b7) for which no
product was obtained.

View Article Online
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The authors demonstrated the generality of the reaction with
a variety of aliphatic and aromatic amines (e.g., 30c1-30c7).
However, bulky amines led to lower product yields (e.g., 30c3).
The detrimental effect of a steric factor was also observed with
arylamines having ortho-substituents (e.g., 30c5), except for those
with EDGs. Conversely, the presence of strong EWGs like nitro on
the arylamine (e.g., 30c7) led to the failure of the reaction.

The reaction also worked well with a diverse set of aromatic
aldehydes, all of which reacted efficiently regardless of the
electronic or steric nature of the substituents (e.g., 30d1-30d6).
However, the reaction with 4-nitrobenzaldehyde, bearing
a strong EWG like NO,, did not afford the corresponding
product (e.g., 30d7). A variety of aromatic heterocyclic (e.g.,
30e, 30f) and polycyclic aldehydes (e.g., 30g) also furnished the
products in good yields, displaying the wide substrate scope of

0 z
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Fig. 13 MCR for the synthesis of trifluoromethyl- or cyano-functionalized benzoldlazepines.
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this MCR. Interestingly, in the case of aliphatic aldehydes,
those with branched chains afforded higher yields (e.g., 30h),
while an intractable mixture was obtained with the linear ones
(e.g., 30i).

In medicinal chemistry, fluorine and trifluoromethyl groups
are frequently used to improve various drug properties, such as
target potency, metabolic stability, and bioavailability.>” The
trifluorodiazoethane reagent has emerged as a key reagent to
access diverse trifluoromethylated heterocycles.***

Building on previous reports,”® Chandrasekharan et al
designed an MCR between o-alkynyl benzaldehyde (31), amine
(32), and trifluorodiazoethane (33) or diazoacetonitrile (34) for
the construction of pharmaceutically important benzo[d]aze-
pine motif (35, Fig. 13).” During the reaction optimization,
various catalysts were screened, and silver trifluoroacetic acid
(AgTFA) was found to afford the best yield of the model

O S i
37
_Ph R2 o
BocN N
I H NH4OAC BocN
OH °
Tolune, 90 °C, 20h

R1
36 R’
O NH-Ph F 0

NH—Ph
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compound (e.g., 35a1). The use of 1,4-dioxane solvent, 4 A
molecular sieves, and moderate temperature was also found to
improve the yields.

Avariety of arylamines (35a1-35a7), heteroarylamines (35a8-
35a10), and alkylamines (35a12-35a14) were found to yield the
corresponding azepine products indicating the broad scope of
amine substrates. Different o-akynylarylaldehydes were also
tolerated under the given conditions to yield interesting azepine
derivatives (35b1-35b4).

Interestingly, the replacement of trifluorodiazoethane (33)
by diazoacetonitrile (34) resulted in analogous cyano-
substituted azepine products instead of trifluoromethylated
ones. Thus, a variety of amines and akynylarylaldehydes were
shown to furnish the cyano-functionalized azepines (35c1-
35c¢6), extending the scope of the reaction. Since nitrile function
is amenable to further synthetic modifications, this MCR may
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Fig. 14 Synthesis of fully substituted fused pyrroles through an oxidant-free MCR.
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provide access to a diverse library of azepine derivatives for drug
discovery.

Highly substituted pyrrole rings are of great significance in
medicinal chemistry. Several pyrrole-based compounds have
been shown to possess anticancer, antibiotic, antifungal, and
antiviral properties.*

Afratis et al recently reported MCRs between a thioamide-
enol (36), an aldehyde (37), and an ammonia source to obtain
an intermediate (38) which, upon extrusion of sulfur, yielded
the substituted pyrrole product (39, Fig. 14).** Initially, by-
product enamine was also observed in appreciable amounts,
and reaction conditions were optimized to reduce its formation
and improve the overall yield of the reaction. In general, the
optimized conditions worked well with diverse heteroaromatic
and aromatic aldehydes (e.g., 39a-39i) except for the electron-
neutral/-rich aryl aldehydes or alkyl aldehydes. Diverse substi-
tutions on the aromatic ring of thioamide were also tolerated
(e.g., 39j-391) with no loss in yield. Moreover, modifications to
the lactam moiety were also tolerated (e.g., 39m), and the lack of
lactam moiety also yielded the cyclic alkyl fused pyrroles in good
yields (e.g., 39n and 390).

Wang et al. reported a convenient synthesis of 3-thio N-
pyrrole ring (44) from thiol (42), amine (43), and cis-2-butene-
1,4-dial (BDA) (41). The latter was obtained in situ from the
oxidation of pyrrole, leading to an overall two-step single-vessel
process (Fig. 15).°> A mixture of acetone and water (5:1) was
found to be an optimum condition for this MCR. A variety of
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thiols and amines were used to generate multiple N-pyrrole
derivatives bearing varied functional groups (e.g., 44a-44g).
Less reactive aniline and different amino acids were also used to
obtain the corresponding products in good yields. However, the
substrate scope of heteroaromatic amines and thiols is not
reported.

Given the chemoselectivity and robustness of the reaction in
aqueous conditions, the MCR was also used for the late-stage
modification (Fig. 16) of the lysine (e.g., 47 from 45) and
cysteine residues (e.g., 50 from 48) of peptides. Similarly, the
macrocyclization of peptides (e.g., 52 from 51) containing both
free thiols and amino groups was also demonstrated. Moreover,
the amine and thiol groups of several proteins were also shown
to participate in this reaction in a complex cell lysate mixture,
demonstrating the application of this MCR for amino acid
profiling and protein labelling.

In recent years, several organoselenium compounds have
demonstrated biological properties.®® Hence, the convenient
synthesis of organoselenium compounds, is of great impor-
tance in medicinal chemistry.

Peglow et al. recently achieved synthesis of pyrrole ring with
mono- or di-substituted selanyl groups through MCR (Fig. 17).
Building on their previous work, the authors attempted the
design of a one-pot methodology using amine (53, 0.5 mmol),
diselenide (54, 0.25 mmol), and 2,5-hexanedione (55, 0.5
mmol) to afford selenium-substituted pyrroles (e.g. 56 or 57).%”
After screening different conditions, the best yields of
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Fig. 15 Development of one-pot furan-thiol-amine via MCR approach.
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monoselenylated pyrrole were achieved using Cul catalyst in
dimethysulfoxide (DMSO) using ultrasound (US) (60% ampli-
tude) as the source of energy. The molar ratio of the starting
materials and diphenyl diselenide was also found to affect the
final yields. The reaction worked effectively with a variety of
alkyl, aryl, and heteroaryl diorganyl diselenides and amines to
yield pyrroles in moderate to good yields (e.g., 56a-56i).
However, diaryl diselenides with EWG (e.g., 56f and 56g)
required a longer time to obtain moderate yields of the prod-
ucts compared to those with EDG (e.g., 56h and 56i). The
reaction did not perform well with dibutyl diselenide, afford-
ing only a 14% yield for the corresponding product (e.g. 56¢).

Using an excess of diphenyl diselenide (0.5 mmol) and
copper iodide (Cul) (5-20 mol%) bis-selenylated pyrroles could
be obtained as major products (e.g., 57a-57¢). The reaction was
found to be efficient with a variety of amines and organo-
selenides. However, di(thiophen-2-yl)diselenide and dibutyl
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Pyrimidine rings occur in several natural products and
biomolecules, including deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) bases. Several pyrimidine-based
compounds with broad biological properties are reported in
the literature.®** Many synthetic strategies are available for the
synthesis of pyrimidines and their derivatives. However, very
few methods exist for the synthesis of asymmetric bipyr-
imidines, such as 4,5'- and 3,5'-bipyrimidines.

Chen et al. serendipitously discovered an MCR cascade
leading to the synthesis of [4,5"-bipyrimidin]-6(1H)-one, a highly
functionalized asymmetric bipyrimidine scaffold (62, Fig. 18).”°
The authors explored the condensation of 3-formylchromone
(58) in the presence of dinucleophiles such as 2-(pyridine-2-yl)
acetate (59) and amidine hydrochlorides (61), which yielded
(62 or 62), via intermediate (60), depending on the solvent and
temperature. Both EWGs and EDGs groups on the chromone
ring were well-tolerated (e.g., 62a-62h and 62'a-62'd). In addi-

diselenide (e.g;, 57e) produced unsatisfactory results; tion, various benzamidine with differently substituted aromatic
furnishing lower yields of corresponding products. rings or alkyl groups could also be employed to obtain the
desired products (e.g., 62g and 62h).
/
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Fig. 16 Chemoselective modification of lysine and cysteine residues by one-pot furan-thiol-amine MCR.
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The bipyridines were proposed to form through the cascade
of Michael addition, cyclization, intra- and intermolecular ring
opening, and dehydrogenative aromatization reactions with the
overall formation of five bonds and cleavage of one bond.

Lyapustin et al. reported the unexpected synthesis of
a unique azolopyrimidine scaffold (66, Fig. 19) from MCR
involving nitroenamine (63), aminoazoles (64), and aromatic
aldehyde (65).”* The reaction optimization suggested the use of
butanol solvent and boron trifluoride etherate (1.5 equiv.) to
obtain the model compound 66a in good yield. While different
azolopyrimidines were obtained by varying building blocks (e.g.,
66a-66f, Fig. 19), the scope of the reaction seems limited since
most of the derivatives consist of only p-nitro and p-methox-
ybenzaldehydes. Instead of aminoazole (64), a few compounds
with other aminotriazole are also reported (66g-66j) to show the
generality of the reaction. The nitro and ester groups can be
exploited to diversify this scaffold for further drug discovery
application.
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Zhang et al. also reported a facile synthesis of chromone-
fused pyrimidine derivatives using a three-component reac-
tion. The highest yield (98%) of the model compound 5H-
chromeno[2,3-d|pyrimidin-5-one (e.g. 70) was obtained by
heating 3-formylchromone (67), p-toluidine (68), para-
formaldehyde (69) under microwave (MW) irradiation without
solvent (Fig. 20).7>

Substrate scope studies reveal that the chromones
substituted with halides afforded higher yield of the end
products compared to the methyl, hydroxy, or methoxy EDGs
(e.g., 70a-70g). Similarly, naphthalene-fused chromone (70h)
also displayed lower conversion to the corresponding product.
The estrone-based chromone also yielded the desired
pyrimidine-fused derivative (70i) in good yield, supporting the
late-stage derivatization potential of this MCR.

A variety of EWGs and EDGs were also tolerated on the aryl
amines without significant change in the yields of the final
products (e.g. 70j-70n). However, alkyl amines furnished the
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Fig. 17 US-assisted one-pot synthesis of mono- or bis-substituted organylselanyl pyrroles.
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corresponding products in relatively lower yields, especially the
ones offering steric hindrance around the amino group (e.g., 70u).

Overall, this MCR represents an important one-pot strategy
to construct a chromone-fused pyrimidine scaffold under
solvent-free and catalyst-free conditions.

Tan and Wang reported one-pot MCR involving readily
available ethylenediamine (71), cinnamaldehydes (72), and 1,3-
dicarbonyl compounds (73), resulting in the construction of
tetra-substituted hexahydroimidazo[1,2-a]pyridine ring system
(74, Fig. 21).7

The screening of different reaction conditions suggested the
use of an AcOH catalyst (0.2 equiv.) in methanol solvent to be
optimum for the synthesis of the model compound 74a. The
MCR efficiently generated 74a at 84% at room temperature with
excellent trans-selectivity (dr > 99 : 1), which was confirmed by
single-crystal X-ray analysis.

A diverse set of cinnamaldehydes with different EWGs and
EDGs afforded good yields of the corresponding products (e.g.,
74a-74c), except those with the ortho-substituents. Ethylenedi-
amine substituted at one end with alkyl, phenyl, or benzyl
groups also furnished the desired compounds in good yields
(e.g., 74d-74f). Similarly, a variety of 1,3-dicarbonyl starting
materials, including indanedione, afforded the target
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1462 | RSC Adv, 2025, 15, 1447-1489
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compounds good yields, suggesting the generality of the reac-
tion (e.g., 74g-74i). Interestingly, employing aminoethanol
instead of ethylenediamine furnished oxazolo[3,2-a]pyridine
(e.g., 74j and 74Kk), a natural product-like fragment.

Overall, this MCR is a key tool for generating natural
product-like molecules, starting with the commercially avail-
able building blocks. The key features of this MCR include high
atom economy, mild conditions, high diastereoselectivity, and
the use of cheap catalysts.

The heterocyclic ring 1,3,5-triazines and its derivatives are
part of many naturally occurring and synthetic molecules dis-
playing important biological applications.” In particular, 2,4-
diamino-1,3,5-triazines display potent antimicrobial and anti-
cancer activities. This heterocyclic chemotype is usually
synthesized from biguanide and one-carbon synthons under
harsh conditions.

Zhao et al. recently developed a one-pot MCR method for the
synthesis of 2,4-diamino-1,3,5-triazines (78) from methyl
ketones (75), anilines (76), and cyanamides (77) (Fig. 22).” The
molecular iodine (2 equiv.) in combination with TFA (1 equiv.)
as an additive provided the best yields of the model product 78a
substituted with an iodine atom at the ortho-position of the
aromatic amine.
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Fig. 18 MCR for the synthesis of asymmetric 4,5 -bipyrimidine.
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Fig. 19 MCR for the synthesis of azolopyrimidine scaffold.

Methyl ketones with different EWGs and EDGs were found to
be compatible with the optimized conditions (e.g., 78b-78i).
Electron-rich and halogen-substituted aniline substrates also
yielded the corresponding products in good yields (e.g., 78j-
780). Electron-deficient anilines with multiple halogens yielded
the products without an iodo-substituent at the ortho position
(e.g., 78p and 78q), which is in accordance with the poor
nucleophilicity of such anilines at the ortho position. Medici-
nally relevant bi-heterocyclic molecules (e.g. 78r) were also ob-
tained using quinoline-based amine or ketone.

Phthalimide heterocycle is an important pharmacophore in
many clinically used drugs, biologically active molecules,”®
natural products,”””” and in the emerging field of PROteolysis.

Targeting chimeras (PROTACs).?®! The existing synthesis of
phthalimides and their analogues requires multistep synthesis
using metal catalysts and special building blocks and
reagents.*>®

Alizadeh et al. reported the US-mediated MCR reaction for
the construction of a phthalimide skeleton. Initially, they
synthesized the intermediate methyl 2-(3-benzyl-4-oxo-2-
thioxothiazolidin-5-ylidene)acetate (82) from an amine (79),
CS, (80), and dimethyl acetylenedicarboxylate (81, Fig. 23).*
The latter was further reacted with the malononitrile derivative
(83 and 84) in the same pot to afford the desired functionalized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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phthalimide skeleton (85 and 86). The US irradiation with 80%
amplitude and the use of triethylamine (Et;N) as base provided
the best results in terms of reaction time and final yields. The
reaction afforded products in good yields with a variety of 84
derivatives (e.g., 85a-85d) except for those with EWGs like
nitro. Switching to the 2-(3-ox0-2,3-dihydro-1H-inden-1-
ylidene)malononitrile (83) also resulted in the corresponding
phthalimide products (86) with the fused bicyclic indene ring
in good yields (e.g., 86a-86c¢), suggesting the generality of the
reaction.

Like podophyllotoxin, 4-azapodophylolotoxins also exhibit
potent anticancer activity and excellent tubulin polymerization
inhibitory properties.®*® Thi et al. reported an efficient synthesis
of hybrid molecules by combining 4-aza-podophylolotoxins
pharmacophore with aza-anthraquinones. The latter are also
known to display cytotoxicity by intercalating DNA. The hybrid
molecules were obtained by MCR between 2-hydroxy-1,4-
naphthoquinone (87), tetronic acid (88), benzaldehyde deriv-
ative (89), and ammonium acetate (90) under MW irradiation
(Fig. 24).*” The use of glacial acetic acid as solvent and
molecular sieves and heating at 120 °C provided the best yield
of the model compound 91a. Various aldehyde derivatives
possessing diverse EDGs and EWGs were found to afford the
corresponding compounds with good to excellent isolated
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Fig. 20 MCR for the synthesis of chromone-fused pyrimidines.

yields (e.g., 91a-91k). As expected, some of these new
compounds also displayed potent cytotoxicity against different
cancer cell lines.

Aminopyrazoles are important heterocycles in medicinal
chemistry and key building blocks for the synthesis of other
fused heterocycles.®**°

Annes et al. reported a metal-free synthesis of amino pyr-
azole derivatives (94, Fig. 25) with a thioether substitution using
an MCR between phenylhydrazine (92), aryl thiol (93), and
aminocrotononitrile (Fig. 25).* The model product (95a) ob-
tained a good yield when a solventless mixture of all compo-
nents was heated in the presence of iodine (1 equiv.).

1464 | RSC Adv, 2025, 15, 1447-1489

sesact ©f*rA
o

70s, X= OMe, 61%

70t, X=H, 65% 70u, 49%

A variety of phenylhydrazines and thiols were used to afford
corresponding pyrazole products (95a-95z). Overall, both phe-
nylhydrazines and thiols showed similarities in terms of the
steric and electronic effects. In both cases, EWGs or halide
substitutions furnished relatively lower yields of the products
(e.g., 95¢-95h; 95m-95p) compared to those with EDGs. Also,
ortho-substitution afforded lower yields of the corresponding
pyrazoles (e.g., 95i and 95j), potentially due to the steric effect.
Interestingly, in the case of tosyl hydrazide, the tosyl group
remained intact in the corresponding product (95k), albeit with
a lower yield. The benzyl and aliphatic thiols (e.g., 95s and 95u)
reacted less efficiently than the phenylthiols under the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 MCR for the synthesis of novel hexahydroimidazoll,2-alpyridine derivatives.

optimized conditions. The scope of B-enaminonitriles was
found to be lower as replacing aminocrotononitrile with
different aryl-substituted aminonitrile furnished the products
in lower yields (e.g. 95v-95z).

Overall, a diverse range of aminopyrazoles could be ob-
tained in this one-pot MCR. The end products with halide
substituents are particularly useful for the potential of further
modifications.

Pyrazole ring is commonly observed in medicinally relevant
molecules and other areas of chemical research.”*~** Building
on their earlier work,”* Barroso et al. developed a three-
component reaction between alkyne (96), hydrazone (97),
and N-heterocycle (98) to obtain multi-substituted pyrazole
scaffold (99) (Fig. 26).°° The highest yield of the model
compound (99a) was attained by heating the building blocks
in ACN in the presence of excess potassium carbonate (K,CO3)
(5 equiv.).

A variety of terminal alkynes attached to aryl and heteroaryl
rings in combination with nucleophilic N-heterocycles such as
benzotriazole and imidazole were used to furnish diverse
trisubstituted pyrazole products in good to moderate yield
(99b-99h).

The authors further designed a two-step, four-component
methodology for this MCR where N-tosyl hydrazones were ob-
tained from a-bromoketones and tosylhydrazide in the first
step, followed by the addition of alkyne and azole components.
This process resulted in the simplification of the MCR, thus
improving its potential in medicinal chemistry.

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

The pyridine ring, is an important fragment in drugs, cata-
lyst ligands, and other molecules.?”** However, metal-free,
economical, and environmentally friendly methods to
construct 2-substituted pyridines are lacking.*”**

Zhu et al. reported a MCR between ynals (100), isocyanides
(101), and amines/alcohols (102) for the synthesis of pyridine
derivatives under mild conditions (Fig. 27)."* The optimum
reaction conditions included the use of THF solvent and dii-
sopropylethylamine (DIPEA) base at 50 °C (Fig. 27). Under these
conditions secondary and primary amines afforded the targeted
pyridine derivatives in good yields (e.g., 103a and 103b). The
aniline derivatives with different EDGs and EWGs also resulted
in the formation of corresponding desired products with good
to moderate yields (e.g., 103¢c-103h). The use of diverse alcohols
in place of an amine also yielded the corresponding 2-O-
substituted pyridine derivatives (e.g., 103i-1031), showing the
broad application of this MCR.

Although most of the analogues were obtained from phe-
nylpropiolaldehyde as a ynal component, the substitution of
methoxy and methyl groups was also tolerated on the phenyl
ring (e.g., 103m and 103n). The reaction also progressed effi-
ciently with oct-2-ynal (1030) and 3-(thiophen-3-yl)
propionaldehyde and (103p). In the case of isocyanides, the
substrate scope was found to be limited as moving away from
the model substrate ethyl isocyanoacetate did not yield the
corresponding pyridines.

The imidazolopyridine scaffold is known to possess
important therapeutic properties.’”*'* Previously reported
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Fig. 22 Synthesis of 2,4-diamino-1,3,5-triazines via MCR.

methodologies for the construction of this scaffold involve
either multistep synthesis or the use of metal catalysts and
hazardous organic solvents.'>'*>'** Brahmachari et al. re-
ported a reaction between equimolar quantities of phenyl-
glyoxal (104), 2-aminopyridine (105), and barbituric acid (106)
to obtain imidazolopyridine functionalized at C-3 with
pyrimidine ring (107, Fig. 28).'°° Water at reflux condition was
found to be the best solvent for this MCR during reaction
optimization studies, yielding 93% of the model compound
(107a). These catalyst-free conditions also worked efficiently
with other phenylglyoxals substituted with halides, methoxy,
and nitro groups, providing the target molecules with good
yields (e.g., 107b-107f). Replacing barbituric acid with N,N-

1466 | RSC Adv, 2025, 15, 1447-1489

dimethyl barbituric acid also produced the desired products
(e.g., 107g) in good yields. Similarly, substitutions on the
aminopyridine component, such as methyl and halides, were
also tolerated (e.g., 107h-107j). Replacing aminopyridine with
2-aminopyrimidine also afforded the corresponding products
(e.g., 107K) in good yields suggesting the broad scope of this
MCR.

All the products precipitated from the reaction mixture and
could be obtained in high purity upon filtration. Overall, this
MCR represents a facile catalyst-free green methodology with
a high atom economy and very low E-factor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 US-mediated MCR for the synthesis of substituted phthalimides via one-pot MCR.

3 Oxygen heterocycles

A variety of oxygen heterocycles play an important role in
medicinal chemistry.'”” For instance, pyranonaphthoquinone
scaffold exhibits a variety of biological activities and constitutes
several natural products.'**'*

Nguyen and coworkers reported a one-pot synthesis of novel 3-
benzoyl-4H-benzo[g]chromene-5,10-diones (111) from 2-hydroxy-
1,4-naphthoquinone (108), aromatic aldehydes (109) and aryle-
naminones (110) under MW irradiation (Fig. 29)."'° Among various
reaction conditions, the use of glacial acetic acid as a solvent was
found to result in the highest yield of the model compound 111a.
The optimized methodology yielded products with aromatic
aldehydes and arylenaminones substituted with different EDGs
and EWGs in moderate to high yields (e.g., 111a-111k).

Building on their previous work,"* Su and colleagues re-
ported the MCR-based synthesis of 4-phosphorylated 4H-chro-
menes (115) from 2-hydroxy benzaldehyde (112), ketone (113),
and a diphenylphosphine oxide (114, Fig. 30)."*

The optimization of reaction conditions with model
substrates revealed that among various tested acids, boron tri-
fluoride etherate (BF;-Et,0) in a mixture of solvents

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

dichloroethane (DCE) and ACN afforded the best yield of 115a.
Substrate scope studies showed that a variety of ketones with
diverse EWGs and EDGs were tolerated under the optimized
conditions (e.g:, 115b-115h). However, certain ketones with
ortho and meta substituents and alkyl ketones afforded lower
yields of the chromene products (e.g., 115¢ and 115d). In
general, various substitutions on 2-hydroxy benzaldehydes were
also compatible under the optimized conditions (e.g. 115i-
115p). However, substrates with substituents ortho to the
hydroxy group reacted less efficiently (e.g., 115i and 115j).

Huang et al. achieved the synthesis of polysubstituted dihy-
dronaphthofuran motif'** with a quaternary carbon observed in
some medicinally relevant natural products.”** The convenient
synthesis of dihydronaphthofuran (119) was achieved via one-
pot MCR between readily available components, aromatic
amine (116), o-hydroxyl ketone (117), and naphthol (118,
Fig. 31)."* The best yield and diastereoselectivity of the model
compound 119a were achieved using chloroform as solvent and
benzoic acid as the catalyst.

Aryl amines with single or multiple EWGs and EDGs at the
para or meta position (e.g., 119a-119h) were tolerated in the
reaction but not at the ortho position due to the steric
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Fig. 24 Synthesis of dihydrobenzolglfuro[3,4-b]quinoline-1,5,10(3H)-triones derivatives.

hindrance. Nonetheless, bulky naphthylamine afforded the
corresponding product 119i in good yield. However, the use of
alkylamines instead of arylamines in this MCR was not
successful. The reaction also worked efficiently with other a-
hydroxy ketones, including those bearing a heterocyclic ring
(e.g., 119j-119n). A few other naphthols, including a-naphthol,
were also found to be compatible under optimized conditions
yielding corresponding products (e.g., 1190-119q). The reaction
was also scaled to the gram scale, yielding 119a with high dia-
stereoselectivity, which was confirmed by the single-crystal X-
ray structure.

4 Sulphur heterocycles

Thiazole ring is present in diverse natural products, drugs, dyes,
chemosensing agents, and organic semiconductors.'*****
Recently, Banerjee et al. reported an interesting MCR approach
to construct pyrazole-linked thiazole derivatives.***

In this straightforward synthesis, an equimolar mixture of
model substrates, phenylglyoxal —monohydrate (120),

1468 | RSC Adv, 2025, 15, 1447-1489

thiobenzamide (121), and 3-methyl-1-phenyl-1H-pyrazol-5(4H)-
one (122), was stirred to obtain the thiazole derivatives
substituted with the pyrazolyl ring at position 5 (Fig. 32). Among
various solvents, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
provided the best yields of the model product 123a. Notably,
HFIP is emerging as a valuable highly polar solvent in organic
synthesis with a strong tendency to stabilize polar intermedi-
ates.”™ Moreover, owing to its high recyclability, HFIP is
considered as a safe and green solvent."”

The substrate scope studies demonstrated that the differ-
ently substituted pyrazolone component was well tolerated to
yield the desired thiazole products (e.g., 123a-123g). In general,
thiobenzamides with different para-substitutions also afforded
the resultant pyrazole derivatives in good yield (e.g., 123h-
123k). However, a relatively lower yield of the product 1231 was
obtained with heterocyclic 4-pyridinethioamide. A diverse set of
arylglyoxals with variable EDGs and EWGs also reacted
smoothly under the reaction conditions to afford the corre-
sponding thiazole compounds in excellent yields (e.g., 123m-
123q). The bulky substrates, such as naphthyl glyoxal (e.g., 137r)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Synthesis of amino pyrazole thioether derivatives via solvent-free cascade reaction.

and biphenyl glyoxal (e.g., 123s), and smaller-sized methyl
glyoxal (e.g., 123t) also reacted effectively in the MCR to yield the
targeted thiazole analogues.

Notably, like thiazole, the pyrazolone ring is also an impor-
tant heterocycle in medicinal chemistry.*****” Thus, the linking
of two pharmacophores through this mild MCR methodology
may be of great importance in the field of drug design.

5 Carbocyclic rings

Indanone ring is an important structural feature of numerous
bioactive compounds,**®*'* and thus, methodologies for devel-
oping substituted indazoles are of great interest. Hazra and
coworkers developed a three-component MCR for the synthesis
of 3-aryl-1-indanones, employing benzaldehydes, silyl enolates,

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

and an arene as a nucleophile (Fig. 33)."*° This two-step single-
pot strategy avoided the use of metal catalysts employed in
previous approaches of indanone synthesis.

In the first step, a benzaldehyde derivative (124) and dime-
thylketene methyl trimethylsilyl acetal (125) was reacted via
Mukaiyama aldol reaction to produce the beta-O-silyl ether (126)
at room temperature using trimethylsilyl tri-
fluoromethanesulfonate (TMS-OTf) (20 mol%) as a catalyst. The
intermediate (126) was used in the second step to generate
a benzylic carbocation, which is captured by a nucleophilic arene
(127), resulting in a variety of B,B-diaryl esters (128'). The authors
later developed a one-pot process to convert 128’ into different
indanones (128) through Friedle-Crafts acylation using a combi-
nation of triflic acid (TfOH) and HFIP. The reaction worked well
when different strong and weak arene nucleophiles were reacted
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Fig. 26 MCR approach for the synthesis of the trisubstituted pyrazoles.

with diverse aldehydes (e.g., 128a-128Kk). The utility of this MCR
strategy was shown by synthesizing an antidepressant drug,
indatraline, and a muscle relaxant drug, tolterodine.

Tallarida et al. reported MCR to obtain spirocyclopropyl
oxindole scaffold synthesis, which is quite challenging due to
the ring strain. In this reaction, a new highly substituted
cyclopropyl ring is formed, which is fused to position 3 of the
oxindole building block (Fig. 34)."**

The reaction involves triethyl phosphono-acetate (129), 2-
bromoacetophenone (130), N-methylisatin (131), and pyridine
(132) components to yield a multi-substituted cyclopropyl
scaffold (133). Dry pyridine was used as both a reagent and
solvent, and it was proposed to form pyridinium ylide, thus
playing a key role in ring formation.

The four components were heated in the presence of potas-
sium carbonate and a rare earth metal (REM) salt as a Lewis acid
to obtain a single diastereomer as the major product. The best
result for the model product 133a was obtained with scandium
trifluoromethanesulfonate [Sc(OTf);] as REM catalyst in pyridine
as a solvent, although DMF and ACN also gave satisfactory results.

A variety of commercially available isatins with different
EDGs and halides on the benzene afforded excellent yields
under the optimized reaction conditions with high diaster-
eoselectivity (e.g. 133a-133d). However, electron-deficient isa-
tins with a nitro group (133e) or two fluorine substituents (133f)
reacted less efficiently. Isatins with longer N-alkyl chains (133g)
also afforded the corresponding spirocyclopropyl oxindole
products in good yields.

A diverse set of substituents at the aromatic ring of 2-
bromoacetophenone were also compatible in the MCR,
generating the target products with high yields (e.g., 133h and

1470 | RSC Adv, 2025, 15, 1447-1489
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133i). However, the nitro-substituted bromoacetophenone
reacted inefficiently, with low yields of the corresponding
product 133j.

Two other phosphonate derivatives were also screened in the
reaction, one of which worked well with the phenyl substituent
(133k). In contrast, phosphonate with tert-butyl group (1331) did
not yield the corresponding product, presumably due to the
steric hindrance offered by the bulky ¢ert-butyl group. One of the
major disadvantages of this MCR is the requirement of strictly
anhydrous conditions for the metal catalyst to furnish high
yields and diastereoselectivity.

6 Rings with two different
heteroatoms

Benzoxazole heterocycle is an important structural motif
present in diverse natural and synthetic molecules with
multiple applications.”®*™** Several synthetic strategies are
available to access 2-substituted benzoxazoles by reacting o-
aminophenols with different carbonyl functional groups.
However, these methods mostly require harsh conditions and
hazardous reagents.**®

Sharghi et al recently reported an MCR-based milder
synthesis of benzoxazoles from catechols (134), ammonium
acetate (135), and aldehydes (136) in the presence of air as an
oxidant (Fig. 35)."*” Among various catalysts, the use of Fe(m)-
salen complex (137) in ethanol at 50 °C afforded the highest
yields of the model benzoxazole product 138a. Interestingly, the
expected corresponding benzimidazole side product was not
obtained under these conditions. Substrate scope studies

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 27 MCR for the synthesis of tri-substituted pyridines.

revealed that the yield of benzoxazoles was not much affected by
the nature of the substituents on the aryl aldehydes, all of which
afforded final products in excellent yields (e.g., 138a-138f). In
addition, sterically hindered 1-naphthaldehyde (138g) and
different N, O, and S-containing heteroaryl aldehydes also
afforded the benzoxazoles (e.g., 138h-138j) in excellent yields.
However, aliphatic aldehydes did not afford the corresponding
products in reasonable yields (e.g., 138k). The major limitation
of this MCR methodology was the limited number of substitu-
tions tolerated on the catechol component, which were limited
to ¢t-butyl or methyl groups (e.g., 1381-1380). A few other cate-
chol derivatives with nitro and halogen substituents were also
screened under the optimized MCR conditions, but they did not
yield the desired products. Notably, the authors also achieved
gram-scale synthesis of 138a with no loss of yield, thus affirm-
ing the robustness of the methodology.

The thienopyrimidinone ring is known to exhibit antimi-
crobial, anticancer, and other biological activities.***"**
Generally, the synthesis of this bicyclic heterocycle requires

© 2025 The Author(s). Published by the Royal Society of Chemistry
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multistep sequential synthesis."* Shi et al. devised a single-
vessel methodology for the synthesis of thieno[2,3-d]pyr-
imidin-4(3H)-ones (142) involving MCR between a ketone
(139), ethyl cyanoacetate (141), formamide (140), and sulfur
(Ss) (Fig. 36)."*> The reaction optimization suggested that the
catalytic system consisting of diethylamine and ti-proline
(20 mol% each) at high temperature provided the best yield of
the model thienopyrimidinone derivative 142a. Several
ketones with varied EWGs and EDGs on the phenyl ring fur-
nished the corresponding products in high yields (e.g., 142b-
142f). The heterocyclic ketones (e.g. 142g-142i), cyclic ketone
(142j), phenylacetaldehyde (142k), and phenyl-substituted
phenylpropan-2-one (1421) substrates also yielded the desired
products under the optimized conditions. The reaction could
be scaled to a 100 mmol scale without requiring chromato-
graphic purification, which was the key advantage of this MCR.
Due to its catalytic and single-pot procedure, the MCR was
found to have an E-factor of 1.5, suggesting it is a green and
environmentally friendly methodology.
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7 Miscellaneous poly-heterocycles

Polycyclic heterocycles are very often seen in natural products
and often pose synthetic challenges. These frameworks impart
diversity and complexity to a molecule and, hence are relevant
to medicinal chemistry research.**® Therefore, convenient one-
pot synthetic methodologies to obtain poly-heterocycles are
warranted.

Cao et al. reported an interesting MCR between isatin,
proline, and alkyl propiolate to construct several new poly-
heterocyclic systems. A reaction between r-proline (143), N-
benzylisatin (144), and alkyl propiolate (145) in chloroform
yielded an unprecedented azocino[1,2-a]benzo[c][1,5]diazocines
ring system (146al1-146a4, Fig. 37A).*** However, an intractable
mixture was obtained when isatins with free -NH or those with
N-methyl and N-butyl groups were used in this reaction.
Switching to the alcoholic solvent resulted in the products
based on the spiro-indoline-3,3'-pyrrolizine scaffold (146b1-
146b8, Fig. 37B) thus confirming the mechanism of the reaction
involving [3 + 2] cycloaddition of azomethine ylide intermediate
with alkyl propiolate. Overall, isatins with different N-
substituents were found to react differently in this MCR

View Article Online

Review

depending on the reaction conditions, yielding novel ring
systems. The chemical structures and stereochemistry of several
of these derivatives were confirmed by solving single-crystal X-
ray structures.

Zamani et al. reported a three-step single-pot MCR to afford
chromeno[3,2-dJoxazole derivatives representing a unique
fusion of two heterocycles (Fig. 38). The novel heterocyclic
system (151) was obtained from an aldehyde (148), hippuric
acid derivative (149), and a cyclic diketone (150) involving
a sequence of three steps in single-pot; azalactone formation,
Michael addition, and Vilsmeier reactions.'*® The optimized
conditions included the use of propylene carbonate (PC) solvent
at 110 °C and an excess of phosphoryl chloride (POCl;) (1.6
equiv.).

After obtaining the model product (151a) with 88% yield, the
authors studied the substrate scope for the optimized condi-
tions. A variety of aldehydes, three different hippuric acid
derivatives, and 1,3-cyclohexanedione or dimedone as cyclic
ketone were found to furnish corresponding products (e.g.,
151a-151h) efficiently. This broad compatibility of substrates
suggested no influence of the electronic effects on the reaction
yield and established generality of the reaction.
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Fig. 28 MCR for the synthesis of substituted imidazolopyridines.
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Palanivel and Gnanasambandam reported one-pot MCR for
the construction of natural product-like poly-fused heterocycles
(Fig. 39)."* Firstly, the authors reported the synthesis of aza-
cyclopenta(cd)diindene core (156) from a three-component
reaction involving an equimolar mixture of phenylglyoxal
(152), benzimidazole acetonitrile (153), malononitrile (154,
Fig. 39). The use of ACN solvent and TfOH (2 equiv.) at room
temperature was found to furnish the highest yields of the
product (156a1). The same product was obtained when cya-
noacetamide (155) was used in place of malononitrile under
slightly different reaction conditions (Fig. 39). A variety of
substituents on the para-position of phenylglyoxal were found
to be compatible with providing the desired products with good
yields (e.g., 156a1-156a9). Naphthylglyoxal (158a7), hetero-
arylglyoxals (e.g. 156a8), and methylglyoxals (156a9) also fur-
nished the corresponding products in excellent yields.

Using an excess of benzimidazole acetonitrile (153, 2 equiv.),
however, resulted in the formation of two new polycyclic scaf-
folds under slightly different conditions (Fig. 39). The optimi-
zation of both reactions suggested using 1,4-diazabicyclo[2.2.2]
octane (DABCO) base for the synthesis of pyrrolo(3,4-d)pyridine-
13-carboxamide derivatives (e.g., 156b1-156b5). On the other
hand, sodium tert-butoxide (¢-BuONa) base resulted in the

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

formation of pyrrolo(1,2-a)imidazole-4-carboxamides in good
yield (e.g., 156c1-156¢4, Fig. 39). In both cases, a limited
number of substituted phenylglyoxals were exploited to obtain
the corresponding target products.

Interestingly, the authors also achieved the synthesis of rare
furo(2,3-b)furan derivatives (160) by using methylglyoxal (157),
benzothiazole acetonitrile (158), and benzoyl acetonitrile (159)
with an additional electrophilic carbonyl centre (Fig. 40). A
number of substitutions on benzimidazole acetonitrile and
benzoyl acetonitrile were found to be compatible, yielding the
corresponding furo(2,3-b)furan end products (e.g. 160a-160h).
However, only methylglyoxal seemed to be compatible as the
third component in this MCR.

Cao et al. reported™® interesting MCR results in the simul-
taneous synthesis of triazole and oxazole rings, both of which
are important heterocycles in medicinal chemistry.**”~** The
optimized reaction is catalyzed by cerium(m) o tri-
fluoromethanesulfonate [Ce(OTf);] in toluene at elevated
temperature and involves alkynyl carboxylic acids (161), excess
tert-butyl isocyanide (162) and organic azides components
(163, Fig. 41)."*° The mechanistic studies confirm the partici-
pation of three molecules of tert-butyl isocyanide embodying
the N-atom of the oxazole ring and substituents at positions 4

RSC Adv, 2025, 15, 1447-1489 | 1473
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Fig. 30 MCR approach for the synthesis of 4H-phosphorylated-4H-chromenes.

and 5. The optimized conditions were found to work well with
a broad set of alkynyl carboxylic acids that included a phenyl
ring and different EWGs and EDGs substituted-phenyl rings
(e.g. 164a-1640). The carboxylic acids with thiophene (e.g.,
164h), trimethylsilyl (e.g., 164i), and ethyl groups (e.g., 164l)
also reacted efficiently under these conditions. Likewise,
various benzyl (e.g., 164j, 164k, 164m, and 164n) and aliphatic
azides (e.g. 1640) also afforded the target products in good
yields.

An important feature of this MCR is its high atom economy
and significant chemo and regioselectivity.

8 Ring analysis and comparison with
drugs

To evaluate the novelty of the ring systems generated from
MCRs, we compared MCR ring space with the rings of approved

drugs and clinical candidates. To this end, we selected a set of
41 unique molecules obtained from the MCRs reviewed in

1474 | RSC Adv, 2025, 15, 1447-1489

previous sections. A library of 5968 drugs and investigational
agents (henceforth referred to as ‘drugs’) was obtained from
Chemical Database of Bioactive Molecules (ChEMBL) after
removing duplicates, metals, and gaseous molecules. The
Murcko scaffolds® of drugs and MCR products were derived
and plotted on a similarity chart in Datawarrior. The 2D-Rubber
Band Scaling (2D-RBS) algorithm'* is implemented in Data-
warrior, which places a compound closer to its similarity
neighbourhood and connects the similar molecules above
a predefined threshold (80%) with a line. In general, molecules
with more similar neighbours tend to occupy the centre of the
plot, while those with fewer neighbours show on the edges. The
similarity chart demonstrates that most of the MCR scaffolds
are not connected to the drug scaffolds and appear at the plot
borders, thus indicating the uniqueness of these scaffolds
(Fig. 42).

Next, we carried out a direct comparison of Murcko scaf-
folds and Murcko skeletons of the MCR library and drug
library. Eight of the 41 MCR scaffolds had at least one similar

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 31 MCR for the synthesis of poly-substituted dihydronaphthofurans.

scaffolds (=80% threshold) in the drug library (Table 1), but no
identical match was found. Some of the MCR scaffolds shown
in Table 1 display interesting similarities and variations with
respect to the existing drugs. Therefore, the MCRs corre-
sponding to these eight scaffolds represent an interesting
opportunity to generate new analogue libraries of the corre-
sponding drugs in one-pot. Such a comparison between MCR
and drug scaffolds may enable the cost-effective discovery of
‘me-too’ drugs.**

A comparison of Murcko skeletons®*® shows only seven exact
matches of skeletons between the two sets of molecules (data
not shown). However, considering the similarity (=80%
threshold) between the Murcko skeletons reveals that 37 of the
41 MCR Murcko skeletons had at least one match with the
skeletons of the drugs. This is expected since the Murcko
skeleton does not consider the atom types or bond orders, and
thus, a similarity comparison offers more flexibility.

Subsequently, we evaluated the shape and complexity of
the scaffolds from MCR products and drugs. Since the Murcko

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

scaffolds consist of multiple rings, we calculated all small
rings (7-membered or lesser size) in both classes for
comparison. In general, scaffolds from MCR consist of more
rings, as indicated by the high mean and median values
(Fig. 43A). This is expected since MCR reactions often yield
bicyclic or polycyclic systems. In Datawarrior, the ‘Shape
Index’ of the molecules can be calculated based on the 2D
topology of the molecules.”® The values higher than 0.5
indicate a linear shape, while smaller values indicate the
presence of rings or bridges. On average, MCR scaffolds are
significantly less linear (mean 0.504) than drug scaffolds
(mean 0.578) (Fig. 43B). In addition to the shape based on 2D
structure, we also compared the 3D globularity, which was
calculated based on the randomly generated first 16
conformers in the Datawarrior. A value of 1.0 indicates perfect
spherical molecules, while flat or linear molecules have values
close to 0.0. The MCR scaffolds display a statistically signifi-
cant increase in the mean and median values than the drug

RSC Adv, 2025, 15, 1447-1489 | 1475
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Fig. 32 MCR for the synthesis of pyrazole-linked thiazole scaffold.

scaffolds, suggesting that the former have more 3D character
(Fig. 43C).

Several efforts are reported to mathematically quantify the
complexity of a molecule and its correlation with other phar-
maceutical traits."*®* MCRs are known to yield complex rings
with multiple connectivity and substitutions.>* As per the
Datawarrior measure of complexity, MCR scaffolds possess
higher complexity than drug scaffolds (Fig. 43D), indicating the
prevalence of branched structures and bridgeheads. Thus, the
ligands based on the MCR scaffolds offer an advantage as these
may display better target selectivity and safety profiles due to
higher molecular complexity.

9 Toxicity assessment of
representative scaffolds

To further assess the suitability of these scaffolds in early drug
discovery we assessed their toxicity potential using Datawarrior.
The latter program predicts the potential of a compound to have
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mutagenic, tumorigenic, reproductive toxicity, and irritant
properties. These predictions are based on the structural frag-
ments present in molecules recorded by Registry of Toxic Effects
of Chemical Substances (RTECS) database.'*>'** The Data-
warrior provides qualitative assessment, and a compound is
predicted to belong to either ‘high’, ‘low’, or ‘none’ class for
a particular toxicity potential (Fig. 44).

Amongst 41 scaffolds, only 5 were predicted to have ‘high’
potential for mutagenic effect which is considered to the most
serious toxicity in drug discovery. Similarly, for tumorigenic,
reproductive effect, and irritants, the number was 8, 5, and 4,
respectively. Overall, 26 scaffolds were computed to have either
‘low’ or ‘none’ potential for all the four toxicity categories.
However, it should be noted that only representative examples
of each scaffold were selected for this prediction. The change in
substituents around the scaffold may give varying results. In
early drug discovery it is common to synthesize different
analogues of a hit molecule thus, predictions need to be
repeated for the newly synthesized derivatives of a particular
scaffold. Therefore, these computational results should only be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 33 MCR for the one-pot synthesis of 3-aryl-1-indanones.

used to flag a particular scaffold and not for excluding it.
Similarly, the absence of any alert does not imply that the
scaffold is free from toxicity and standard experiments need to
be performed to assess toxicity potential during lead optimi-
zation. Nonetheless, most of the scaffolds represent a good
starting point for their application in medicinal chemistry
projects.

Formation of N-nitrosamines during chemical synthesis is
another source of mutagenic impurities.** The N-nitrosamines
are formed by reaction of a nitrosating agent with a secondary
or tertiary amine, under acidic conditions.****** In many cases,
degradation of the drug molecules or residual solvent DMF,
results in the formation of secondary amines that can result in
nitrosamines. Similarly, use of many acids, catalysts, and other
reagents can participate in nitrosamine formation. The degra-
dation pathways and structural features can be predicted in
silico to assess the formation of nitrosamines during the final
synthesis of molecule.*””*** Thus, the synthetic schemes of
these scaffolds can be screened using such tools to identify the
structural alerts contributing to the formation of nitrosamine
generation. This will enable the selection of scaffolds that can
be produced without compromising the toxicity profile of the

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

128h, 50%

128i, 68% 128j,77% 128k, 80%

final products, especially during large scale synthesis for
preclinical studies.

10 Conclusion

MCRs are known to provide several advantages over traditional
multi-step organic synthesis. Here we review recently reported
novel MCRs generating medicinally relevant ring frameworks in
a single pot operation. Most of these MCRs operate under mild
conditions and employ common building blocks such as alde-
hydes, amines, carboxylic acids, nitriles, and isocyanides. The
commercial availability of these building blocks ensures the
diversity of chemical space that can be accessed with these
MCRs. The rings produced by these MCRs display unique
substitution patterns, novel connectivity, and natural product-
like architectures. High regioselectivity, diastereoselectivity,
broad scope, and robustness are some of the key hallmarks of
these MCRs. Most of the examples are related to N-containing
heterocycles, which are known to play an important role in
drug discovery. Cheminformatic analysis suggests that these
MCRs reviewed here generate unique Murcko scaffolds that are
not present in clinically used drugs and investigational small
molecules. We also show that some of the MCRs may be
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Fig. 34 MCR for the synthesis of spirocyclopropyl oxindoles.

exploited to access analogues of existing drugs in a one-pot
fashion, thus, assisting the discovery of me-too drugs. In addi-
tion, with the more complex topology, globular shapes, and
favourable computed toxicity profile, MCR scaffolds offer
a valuable opportunity to access diverse and unique chemical
space for drug discovery.
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