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Multicomponent reactions have gained significant importance as a tool for the synthesis of a wide variety of
useful compounds, including pharmaceuticals. In this context, the multiple component approach is
especially appealing in view of the fact that products are formed in a single step, and the diversity can be
readily achieved simply by varying the reacting components. The eco-friendly, solvent-free multicomponent
approach opens up numerous possibilities for conducting rapid organic synthesis and functional group
transformations more efficiently. Additionally, there are distinct advantages of these solvent-free protocols
since they provide reduction or elimination of solvents thereby preventing pollution in organic synthesis “at
source”. The chemo-, regio- or stereoselective synthesis of high-value chemical entities and parallel synthesis
to generate a library of small molecules will add to the growth of multicomponent solvent-free reactions in
the near future. In this review we summarized the results reported mainly within the last 10 years. It is quite
clear from the growing number of emerging publications in this field that the possibility to utilize
multicomponent technology allows reaction conditions to be accessed that are very valuable for organic
synthesis. Therefore, diversity oriented synthesis (DOS) is rapidly becoming one of the paradigms in the
process of modern drug discovery. This has spurred research in those fields of chemical investigation that
lead to the rapid assembly of not only molecular diversity, but also molecular complexity. As a consequence
multi-component as well as domino or related reactions are witnessing a new spring.
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1 Introduction

The chemistry of organic synthesis attracts particular attention
in science fundamentally because of its immense importance to
life. The extreme flexibility of bonding at carbon is well-suited to
the wide variety of structures required to support living systems.
Organic synthesis is one of the most important and useful
disciplines of chemistry, which mainly involves the construction
and cleavage of carbon—carbon (C-C) and carbon-heteroatom
(C-X) bond(s). The synthetic strategies regarding how to
construct and cleave the above bonds represent the central
theme in organic synthesis. Due to tremendous impact of the
chemical industry in our society, there is constant pressure to
reduce costs and consumable resources to have less detrimental
impact to the environment. Present day organic synthesis
requires and even demands certain regulations and guidelines
in developing any operationally simple, useful, and practical
strategy, keeping the protection of the environment as a major
concern. The classical ways to improve synthetic reactions are
either to invent a new reagent, to invent a new catalyst or to
elucidate details about the mechanism that in turn enables one to
judiciously modify conditions to increase the reaction’s rate and/
or yield. The continual upsurge in facile and non-polluting
synthetic procedures urges chemists to increase tools of their
arsenal. One approach to address this challenge involves the
development of eco-compatible multicomponent procedures in
organic synthesis.

The literature on multicomponent reactions (MCRs) has
experienced exponential growth over the last decade and the
literature of MCRs under solvent-free conditions has expanded
enormously, making it very difficult to keep up with the research
reported in this field. Therefore, review literature has become
increasingly important to researchers who are trying to keep
abreast of this field. The available reviews in the literature on
solvent-free synthesis and/or multicomponent reactions deal
mainly with the synthesis of certain categories of organic
compounds. Yet no review in the literature is available covering
the wide areas of organic compounds such as acyclic, carbo-
cyclic, and heterocyclic through a multicomponent solvent-free
approach. Thus, considering the lack of such a review in the
literature and in continuation of our efforts on more sustainable
syntheses under solvent-free conditions, here an overview of the
open literature on the development of more sustainable
methodologies for the synthesis of acyclic, carbocyclic, and
heterocyclic compounds under solvent-free conditions is pro-
vided. Since the main goal of this review is to enable the readers
to follow new methods towards the synthesis of carbocyclic and
heterocyclic compounds, we have classified the cycles according
to ring simplicity and then subdivided by the number of
heteroatoms present in the ring. Bearing in mind that the major
interest in heterocycles is the synthesis via multicomponent
reactions under solvent-free conditions, we have arranged the
materials systematically according to the size and number of
heteroatoms. The nature of the heteroatoms, and their number
and positions in the molecule are used as secondary discrimina-
tors. This way, any one searching for a solvent-free synthesis of
an acyclic, carbocyclic or heterocyclic scaffold will find a whole
range of useful protocols. The review begins with the solvent-free
reactions of acyclic compounds followed by carbocyclic and

heterocyclic systems. For clarification of ambiguity, we also have
named the nucleus in the review according to the naming done
by the authors in the respective journals. Thus, our aim is to
provide a comprehensive and updated overview of recent
developments in multicomponent approaches from 2000 to
2010 on the preparation of compounds with the emphasis on
the rationale behind each synthetic procedure and the depen-
dence of the results on a proper selection of reaction conditions.

1.1 Multicomponent reactions (MCRs)

Several methodologies such as the Merrifield synthesis, click
processes, and multicomponent reactions (MCRs) are amenable
to implementation as fast and efficient chemical syntheses suitable
for automation. Of these, multicomponent processes have
considerable economic and ecological interest as they address
the fundamental principles of synthetic efficiency and reaction
design. Multicomponent reactions'™ have become important
tools for the rapid generation of molecular complexity and
diversity with predefined functionality in chemical biology and
drug discovery.*® These reactions are often discovered by
serendipity, but rational design strategies are now playing an
increasing role because of their convergent nature, superior atom
economy, and straightforward experimental procedures in the
construction of target compounds by the introduction of several
diversity elements in a single operation, resulting in substantial
minimizations of waste, labor, time, and cost. Further, chemo-
and stereoselectivities” of MCRs have been widely accepted as a
significant challenging task for synthetic organic chemists. MCRs,
a powerful and virtually reliable target-guided synthetic approach,
has extensively been used and applied for the rapid construction of
molecular-level complex architectures, and interest from different
branches of science is expanding exponentially.

In order to break down the complex notion of molecular
diversity, we can distinguish three fundamental levels of
diversity: (a) appendage diversity (combinatorial chemistry),
(b) stereochemical diversity, and (c) scaffold diversity.
Appendage diversity involves the introduction of different
appendages to a common molecular skeleton, resulting in limited
overall diversity. Stereochemical diversity involves the selective
generation of as many stereoisomers of the same molecule as
possible by changing the stereochemistry of the catalyst and/or
chiral starting materials. Scaffold diversity is probably the most
important element of diversity, which involves the generation of
a collection of compounds with different molecular skeletons.
This can be realized by changing the reagents added to a
common substrate (reagent-based approach) or by transforming
a collection of substrates with suitable pre-encoded skeletal
information under similar reaction conditions (substrate-based
approach). Unlike molecular diversity, which can be readily
quantified on the basis of structural and physicochemical
properties, molecular complexity is a less tangible property that
is hard to quantify. It involves not only the number and types of
atoms in the molecule, but also their connectivity. Therefore,
new protocols in terms of efficiency, minimal environmental
hazards, operational simplicity, and high selectivity are still
demanded and would be of great relevance to both synthetic and
medicinal chemists. Amongst numerous well-known multicom-
ponent name reactions, the important ones are depicted in Fig. 1.

4548 | RSC Adv., 2012, 2, 4547-4592

This journal is © The Royal Society of Chemistry 2012


https://doi.org/10.1039/c2ra01056a

Published on 07 March 2012. Downloaded on 30/07/2024 3:22:36 PM.

View Article Online

Strecker| | G&Wald | | Groebke-Blackbum

Reaction| | Reaction reaction
Ugi
Reaction

Mannich
Reaction

Pauson-Khand <:| Multlcomponent

A Kabachnik-Field
Reaction Reactions Reaction

Asinger %
) Bucherer-Bergs|
Reaction \i ﬂ X Reaction
Hantzsch
Reaction | | Passerini

Reaction

Biginelli
Reaction

Fig. 1 Different multicomponent reactions.
1.2 Solvent-free reactions

Because of the increasing concern of the harmful effects of organic
solvents on the environment and human body, organic reactions
that are operated with green solvents or without conventional
organic solvents have aroused the attention of organic and
medicinal chemists. In the past decade, interest in solvent-free
MCRs has expanded and it now encompasses wide areas of the
chemical enterprise. For reasons of economy and pollution
prevention, solvent-free methods® are used to modernize classical
procedures by making them cleaner, safer, and easier to perform.
The demand for both clean and efficient chemical syntheses is
becoming more urgent.” Among the proposed solutions, solvent-
free conditions are becoming more popular and it is often claimed
that the best solvent is no solvent.'®

A pressing challenge facing organic chemists, therefore, is to
advance new processes that are not only efficient, selective, and

156 H
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high yielding but also eco-compatible.!'"'> Although steps
toward sustainability can be made by reusing solvents, recycling
is rarely accomplished with complete efficiency. An alternative
strategy is to reduce the E factor (the E factor, introduced by
Sheldon,'? is defined as the ratio of the weight of waste to the
weight of product) of reactions and their impact on the
environment is to conduct them under solvent-free condi-
tions.'*'7 The benefits of solvent-free processes are cost savings,
decreased energy consumption, reduced reaction times, a large
reduction in reactor size and capital investment. It has been an
interesting observation that due to demerits associated with
reactions carried out in conventional organic solvents, synthetic
chemists are paying more attention to the development of new
methodologies based on solvent-free reactions, clearly shown by
the graphical representation of the growing number of solvent-
free synthetic methodologies against years (Fig. 2).

2 Acyclic compounds

The synthesis of compounds occupies much of the effort of
organic chemistry, and is the principal business of the chemical
industry. The manufacture of drugs, pigments, and polymers
entails the preparation of organic compounds on a scale of
thousands to billions of kilograms per year, and there is constant
research to develop new products and processes. Synthesis of
new substances is carried out for many purposes beyond the goal
of a commercial product. A compound of a specified structure
may be needed to test a mechanistic proposal or evaluate a
biochemical response such as the inhibition of an enzyme.
Synthesis may provide a more dependable and less expensive
source of a naturally occurring compound. Moreover, a
synthetic approach permits variations in the structure that may
lead to enhanced biological activity.

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Year

Fig. 2 Number of publications dealing with MCRs under solvent-free conditions in the period 2000-2010.
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Three-component coupling of an aldehyde, alkyne, and amine
(A3-coupling) is one of the best examples of acetylene—Mannich
MCR and has received much attention in recent times. The
resultant propargylamines are important building blocks for a
variety of organic transformations and also valuable precursors
for therapeutic drug molecules'®!® such as f-lactams, oxotre-
morine analogues, conformationally restricted peptides, iso-
steres, allylamines, oxazoles and other natural products. These
compounds are synthesized by nucleophilic attack of lithium
acetylides or Grignard reagents to imines or their derivatives®
via a Mannich one-pot three-component coupling reaction of
formaldehyde, secondary amines, and terminal alkynes.?' There
has been continuing interest in developing transition-metal
catalysts to accomplish the Mannich three-component reaction
via C—H activation.”? Dax et al.? reported the use of copper as a
transition-metal catalyst for the solid-phase Mannich condensa-
tion of amines, aldehydes, and alkynes. This polymer-supported
three-component Mannich reaction requires one of the reactants
immobilized on a resin. A microwave-assisted Mannich three-
component coupling reaction in the presence of Cu(l) on Al,O3
under solvent-free conditions has also been reported,?* and the
enantioselective syntheses of propargylamines through a one-pot
three-component coupling protocol have also been developed.?

Copper(1) immobilized on organic-inorganic hybrid materials
such as silica behave as a very efficient heterogeneous catalyst in
the three-component Mannich coupling reaction of terminal
alkynes 1, aldehydes 2, and amines 3 via C-H activation to
afford the corresponding propargylamines 4 in high yields (82—
99%) under solvent-free conditions (Scheme 1A).>° The micro-
wave-enhanced Mannich condensation of 1, 2, and 3 on Cul-
doped alumina in the absence of solvent has been reported by
Kabalka et al.?’ to produce the corresponding propargylamines
4 in good yields (Scheme 1B). The reaction has been further
extended to produce 2-substituted benzo[b]furans in good yields
(71-92%) via a Mannich condensation/cyclization sequence.

Among the cuprous salts, cuprous iodide has been found to be
most effective. Recently, our group has identified NiCl, as a
highly efficient and effective catalyst for a one-pot three-
component (A*) coupling of 1, 2, and 3 to produce propargy-
lamines 4 in nearly quantitative yields.?® Structurally divergent
aldehydes (aromatic, heteroaromatic, and aliphatic) and amines
were well tolerated under the reaction conditions.

p-Acetamido ketones and esters are versatile intermediates
and exist in a number of biologically or pharmacologically
important compounds.? Various methods for the synthesis of -
acetamido ketones and esters by multicomponent coupling have
been reported, involving aldehydes, enolisable ketones, acetyl
chloride, and acetonitrile.®® B-Acetylaminoketones have been
synthesized using Cu(OTf),, Zn(11), Bi(111), Sn(11), Sc(1m)triflates,
BF;, CuCl,, BiCl;, LaCl;, LiClO,4, InCls,*' H,S04-SiO2,”
zeolite Hb,** heteropolyacid,® and KsCoW;,0.49-3H,0.%
Nagarapu ef al.’*” have described the results of SnCl,-2H,O-
catalyzed one-pot synthesis of ff-acetamidoketones and esters 9
with aryl aldehydes 5, enolisable ketones 6, acetyl chloride 7, and
acetonitrile 8 under solvent-free conditions at room temperature
in 76-92% yield (Scheme 2A). When methyl acetoacetate is
involved in the reaction, diastereomeric mixtures can be
obtained. The major diastereomer was anti in all the observed
cases.

The one-pot synthesis of f’-acetamido-f-dicarbonyl com-
pound 9 from precursor compounds 5, 6, 7, and 8, catalyzed
by 20 mol% ZrOCl,-8H,0 in solvent as well as under solvent-
free conditions was described by Ghosh er al.*® in high yields.
Benzaldehyde generated the corresponding f-acetamido-
p'-ketoester in 92% yield with moderate (1 : 3.7) diastereoselec-
tivity using optimised solvent conditions. The selectivity can be
well understood by incorporating a preferred chair like transition
state. Under similar conditions, aromatic aldehydes containing
electron-withdrawing groups in the ring gave good yields and
selectivities. On the other hand, aromatic aldehydes containing

R?CHO
2 1B
R1 — H + CUl/A|203 4
1 MW, SF 71.92¢
NHR3R* | 10 min ’
3
1A
Silica-CHDA-Cu| SF, 12 h
NR3R?
R——=<
4 R
82-99%
Scheme 1
Scheme Substituents
1A R' = C¢Hs, 4-FC¢H,, n-octyl, 4-BrCgH,, 4-CH;CgH,, 2-FCgH,, n-hexyl; R* = H, Propyl,
Cyclohexyl, C(.,Hs, 2-C1C5H4, 4-C1C6H4, 4-MCOC6H4, 4-M6C6H4;
Amine (R’, R*) = Piperidine, Dibenzyl-amine, Anilne, Methyl-phenyl-amine, Dibutyl-
amine, 3,3,5-Trimethyl-piperidine, Morpholine.
1B R'= CsHs, 4-FCgHy, n-octyl, 4-BrCHy, 4-CH;CgHa, 2-FCeHa, n-hexyl; R’=H;
Amine (R), RA): (}’Z-C4Hg)2NH, (C@HsCHz)zNH, piperidine, C(,H5CH2NHCH3, Methyl—
naphthalen-1-yl-methylamine, Morpholine, 1-Phenylpiperazine, 3,3,5,5-Tetramethyl
piperidine.

Scheme 1
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electron-donating groups such as Cl, Me, OH, Br, and F in the
ring also reacted equally well (Scheme 2B). f-Acetamido or f-
amino ketones are also potential intermediates for the generation
of f-amino alcohols,?” the common structural units in natural
nucleoside antibiotics such as nikkomycins or neopolyoxins.
Zr(1v) compounds, especially ZrCly have received considerable
attention in various organic reactions>® because of their ready
availability in the earth’s crust®® and low toxicity.** However, the
reported zirconium oxychloride based reactions are limited.* It
has been reported that a one-pot treatment of a mixture of 5, 6,
7, and 8 at ambient temperature in the presence of ZrOCl,-8H,O
catalyst (20 mol%) furnished the corresponding pf-acetamido
ketones 9 in excellent yields (Scheme 2C).*? «-Substituted
enolizable ketones such as ethyl methyl ketone also reacted with
benzaldehyde or p-methylbenzaldehyde producing poor to
moderate diastereoselectivity, primarily forming the anti-isomer.

A highly efficient and eco-friendly protocol for the synthesis of
p-aminoketone 13 by the coupling of aldehydes 10, amines 11,
and ketones 12 using commercially available Fe(Cp),PF¢ as an
efficient catalyst under solvent-free conditions has been devel-
oped (Scheme 3).%3

a-Amino phosphonate derivatives are increasingly useful due
to their importance in pharmaceuticals and industry. Thus, the
development of simple, eco-benign, and low cost protocols for
the synthesis of o-amino phosphonates are highly desirable. A
facile and efficient synthesis of z-amino phosphonates 17 via
one-pot three-component coupling of aldehydes 14, amines 15,
and diethyl phosphite 16 catalyzed by NBS or CBr, (5 mol%)
under solvent-free conditions at 50 °C has been carried out
(Scheme 4).**

f-Aryl-f-mercaptoketones are valuable synthetic scaffolds for
both medicinal and synthetic organic chemists. They have been
utilized as precursors for the synthesis of various biologically
active compounds, such as thiochromans,* thiopyrans,*® ben-
zothiazapines,*’ 4,5-dihydroisoxazoles, 4,5-dihydropyrazoles*®

etc. Traditionally their synthesis has been performed by a
sequence of two separate reaction steps, (i) synthesis of an o, -
unsaturated ketone vie an aldol reaction, (i) 1,4-conjugate
addition of a thiol to an «,f-unsaturated ketone via thia-Michael
addition. Michael addition of a thiol to chalcone is an efficient
approach to prepare pf-aryl-f-mercaptoketones. Zirconium
chloride (40 mol%) efficiently catalyzes the one-pot three-
component reaction of an aryl aldehyde 18, cyclic or acyclic
enolizable ketones 19, and thiols 20 under solvent-free conditions
at room temperature to afford the corresponding p-aryl-f-
mercaptoketones 21 via an aldol-Michael addition reaction
(Schemes 5).* Interestingly, when silica supported ZrCl, was
used, instead of exclusive formation of the desired product 21,
the side product 22 was formed as the major one by the coupling
of aldehyde and thiol (Scheme 6).

a-Aminophosphonic acids have received significant attention
in synthetic organic chemistry due to their structural analogy to
natural a-amino acids, displaying biological importance either in
themselves or as building blocks for peptides.”® Because of their
versatile biological activities, a number of methods for the
synthesis of «-aminophosphonic acids have been developed
during the past two decades. Among the reported methods,
three-component Mannich type reactions starting from alde-
hydes, amines, and phosphites catalyzed by Lewis acids such as
InCl;,>! ZrCly,,>? lanthanide triflates,”® TaCls-SiO,,°* Sml,,>*
Mg(ClO4)2,56 I, or acetyl chloride®” are common strategies.
Ranu and Hajra®® have described a practical green approach for
the synthesis of o-aminophosphonates by a three-component
condensation of carbonyl compounds (aldehydes and ketones),
amines, and diethyl phosphite at 75-80 °C in the absence of
solvent and catalyst. Subsequently, Kumaraswamy and co-
workers® reported the synthesis of z-aminophosphonates in
good yields. Recently, a simple and efficient three-component
one-pot synthesis of o-amino phosphonates has been accom-
plished in good yields from aldehydes, amines, and diethyl

-

N 2
CHO R4 6 R5 R3 R R1
R SnCly.2H,0 H
+ ROCN N_ RS
R2 8 SF, r.t. \[O(
R3  CHsCOCI R4 RS
5 7 9
SnCl,.2H,0 ZrOClp. 8H,0 | zrOCl,, 8H,0
(0.5 equiv) | 2A 2B | (20 mol %)  2¢|(20 mol %), SF
SF, rt,1-2.5h 50°C, SF r, 2-48 h
4-36 h

9 (76-92%)

9 (31-93%)

Scheme 2

Scheme

Substituents

2A R'=H, Cl;R*=H, Cl; R’ =H, CL, F, Br; R* = H; naphthyl; R’ = COAr where Ar =
CeHs, 4-CIC4Hy, 4-MeCeHy; R = Me

2B R' = H; R? = H; R’ = H, NO,, Cl, Me, OH, Br, F, CN, OMe; Aliphatic aldehyde =
octanal; R* = COOMe; R® = COOMe, R’ = Me

2C R' = H, NO,, OH; R* = H, NO,, OH, OMe; R’ = H, Cl, OMe, Me; R* = C¢Hs, 4-
MeOC¢H,, Me; R® = CH;, CH,CHs; R® = Ph, Me

Scheme 2
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CBr4 =
1 2 NH
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16 17

R = CgHs, 4-MeCgHg, 4-CICgHy; furoyl, n-CzH;
R2 = C6H5, 4- MeOC6H4, 4- FC6H4, 06H5CH2

Scheme 4
o] o] X
R2 R! | SR
|\ X7H |\ Xy CH =
= P
18 . 19 ZrCly (40 mol%) o
R - SH shrt 8T R
| _ @ =
20 N

R% 21

R' = H, 4-OMe, 4-OH, 4-Me
R2 = H, 4-OMe, 3-NO, 3-Cl, 2,6-Cl,, C¢Hs
R3=H, 4-Me, 4-CI

Scheme 5
COMe CHO PhS SPh
ZrCly -Si0;
+
SH SF, r.t.
O :
Scheme 6

phosphite using potassium hydrogen sulfate®® or super magnetic

nano iron oxide®® as a catalyst under solvent-free conditions at
ambient temperature. Zhang et al.®' synthesized o-aminoalk-
ylphosphonate 26 via the one-pot condensation of aldehydes/
ketones 23, diethyl phosphoramidate 24, and cyclic trivalent
chlorophosphite 25 at 50-60 °C in the absence of solvent and
catalyst (Scheme 7). Various substituted aldehydes and ketones

were tested and it was found that aromatic and heteroaromatic

aldehydes produced better yields than ketones. However, only
trace amounts of the «-aminoalkylphosphonates 26 were
obtained when conjugated aliphatic aldehydes were used, and
no expected products were obtained when aliphatic aldehydes
and aliphatic ketones were utilized under similar reaction
conditions.

Compounds with 1,3-amino oxygenated functional groups are
present in a variety of biologically important natural products
and in a number of nucleoside antibiotics and HIV protease
inhibitors, such as ritonavir and lipinavir.®?> 1-Amidoalkyl
naphthol can be easily hydrolyzed to 1-aminoalkyl naphthol,
which shows biological activities such as hypotensive and
bradycardiac effects.®> In addition, 1-aminoalkyl alcohol type
ligands have been used for asymmetric synthesis and also as
catalysts.5* Therefore, for easy access of 1-aminoalkyl alcohols, a
simple and efficient protocol is very much desirable. Nandi
et al.®® have reported an atom-efficient and environment-friendly
approach for the synthesis of amidoalkyl naphthols 30 in
excellent yields via a one-pot three-component reaction of
2-naphthol 27, aromatic aldehydes 28, and amides 29 promoted
by P,Os under solvent-free conditions at 60 °C (Scheme 8A). The
reaction of 2-naphtol with aromatic aldehyde in the presence of a
catalyst is known to provide a ortho-quinone methide (0-QMs)
intermediate. The ortho-quinone methide intermediate was
reacted with various amides to produce 1-amidoalkyl-2-naphtol
derivatives.

Heterogeneous catalysts are generally less expensive, highly
reactive, eco-friendly and are easy to handle. They reduce
reaction times, impart greater selectivity and are simple to
workup and the catalysts are simple to recover.®® Silica
supported sodium hydrogen sulfates have gained much impor-
tance in recent years as heterogeneous catalysts due to economic
and environmental considerations.’” The synthesis of 1-carba-
matoalkyl-2-naphthol derivatives under solvent-free conditions
have been described by Shaterian er al.%® They have described an
efficient one-pot three-component condensation of 27, 28, and
carbamates 29 in the presence of silica supported sodium
hydrogen sulfate at 100 °C to give the corresponding product
30 (Scheme 8B). The method worked well with a variety of aryl
aldehydes with both electron-withdrawing and electron-donating
groups such as OMe, Cl, F and NO,. Under similar conditions,
aliphatic aldehydes such as propionaldehyde or heptaldehyde
and heterocyclic 2-pyridinecarbaldehyde did not give any desired

(e}
X
23

R'” "R?
o}
£t 1 SF EtO, i R;<RZ
N + —
eto-m NH2 catalyst-free e ﬁ’o

24
C'\P&TJ\ 2%

25
R1 = Ph, 4-C|C6H4, 4-MGOCBH4, 2-BrCeH4, 4-MeC6H4,
2-OHCgHg, 4-NO»CgHy, 4-BrCgH, 3-NO,CeHy
2-NO,CgHa, 2,4-(Cl)oCHs, 2-furoyl, CH3CHoCH,

Cyclopentanone, Citral, O
RZ=H, CHs; <o

Scheme 7
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30, up to 95%
HCIO4-SiO; (0.6 mol %),
CH4CN, 85 °C/
8D| SF, 110 °C/
SF, MW, 450 W

30, (90-96%)

Wet TCT,

8C
SF, 100 °C

) OH
Si0,-NaHSO, Q PPA-SIO;
0, 0,
SF, 100 °C 27 R SF, 120 Cso

(60-95%) 8B (71-96%)

* Reaction O O 8E
RICHO — » HN_/<

P20s5, SF 28 conditions  OH R2 | HCIO, / SiO,

% 60 °C, le) 30 neat, 125 °C

(81-97%) 8A HZNiRZ 8F

30
(90-96%)

NaHS0,.H,0, CH5CN,
85 °C/SF, 120 °C/
MW, 800W, SF

Al(H2PO4)3 H3PW12040
125°C, SF/ | 8l 8H (2 mol %), SF, 8
MW, 450 W, SF 100 °C, Et4,NCI,
30 30 30
up to 93% (65-95%) up to 91%
Scheme 8

[}

Scheme

Substituents

8A

R' = 4-NO,C¢Hi, 3-NO,CsH,y, 2-NO,CeHs, 4-CICHs, 2-CICHs, 4-OMeCsH,, 2-
OMCC6H4, 4-MCC5H4, C6H5, 2,4-C12C5H3, 4-NM62C6H4; Rz = CH}, C6H5, CHzCl

8B

R' = C¢Hs, 2-CIC¢H,, 3-CICH,, 4-CICH,, 2,4-Cl,CeHs, 4-NO,C4H,, 3-NO,CHy, 4-
FC5H4, 2,5-(0M€)2C5H3, 3-OMCC6H4; R2 = OMC, 0CH2Ph

8C

R! = CgHs, 4-CIC¢Hs, 4-BrC¢Hs, 4-FCgHs, 4-CNCeH,, 3-NO,CeHi, 3-MeOCH,, 2-
CIC¢H,, 4-MeC¢Hy; R? = CH;, Ph, NH,

8D

R' = C4Hs, 4-NO,CeHs, 3-NO2C¢Hs, 4-CICHs, 2-CICHs, 2,4-CL,CsHs, 3-FCqHs, 4-
BTC6H5, 4-OMCC5H5, 3,4-(OMe)2C6H5, 4-MCC6H5, 2-M6C6H5; I{2 = CH;, C(,H5, NHz,
NHMe

8E

R] = C6H5, 4-C1C5H4, 4-BI'C5H4, 4-FC(,H4, 4-OMeC6H4, 4-N02C6H4, 4-MCC(,H4, 4-
NMe,CeHy, 3-FCeHy, 3-NO,CeHi, 2,4-CLCeHs, 2,5-(OMe),C¢H;, 2-CIC¢Hs, 3-
OMeCHs, 2-NO,C4Hj, 2-MeCeHy, 3,4-(OMe),CsHs; R* = Me or MeCN

8F

R] - C6H5, 4-C1C6H4, 4-FC6H4, 4-BI'C5H4, 4-CNC6H4, 3-N02C6H4, 3-MeOC6H4, 2-
CICeHa, 4-MeCeHa; R* = CHs, CgHs, NH,

8G

R] = C6H5, 4-C1C(,H4, 4-BI'C(,H4, 4-FC6H4, 4-OMCC5H4, 4-N02C(,H4, 4-MCC(,H4, 3-
NO,C¢Hs, 3-FCeHs, 2,4-CLC¢H;, 2,5-(MeO),C¢Hs, 2-CIC¢Hs, 2-MeC¢Hs, 2,5-
(Me0),C¢H;; R? = CH; or MeCN

8H

R' = C4Hs, 4-MeC4H,, 4-NO,C4H,, 3-NO,CeHs, 4-CIC4H,, 2-CICH,, 2,4-CLLCeHs, 4-
MeC¢H,, 1-Naphthyl; R* = CH;, NH,

81

R] = 3,4,5-(0MC)3C6H2, C6H5, 3,4-(0MC)2C6H3, 4-C1, 4-N(Me)2C6H3, 3-N02C6H4, 4-
FCeHs, 2,4-CL,CeHj, 2-CIC¢Hy4, 2-MeCgHas, 4-MeCgHy, 2,5-(OMe),C¢Hs, 4-NO,CgHa, 3-
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FCgH,; R> = CH3, Ph

Scheme 8

product. A direct procedure has been developed for the
preparation of amidoalkyl naphthols 30 in excellent yields by
the one-pot condensation of 27,28 and 29, in the presence of
10 mol% wet-TCT as a catalyst under solvent-free media
(Scheme 8C).*° Shaterian and coworkers’® have found that silica
gel-supported polyphosphoric acid (PPA-SiO,) can also act as
an efficient catalyst for the multicomponent condensation of 27,
28, and 29 to afford the corresponding 30 in good to excellent
yields (Scheme 8E). HCIO,-SiO, "' has been utilized as a
heterogeneous catalyst for the preparation of amidoalkyl
naphthols by a one-pot condensation of aryl aldehydes,
2-naphthol, and urea or amides under solvent-free conditions
(Scheme 8D).

Silica supported perchloric acid acts as a recyclable solid acid
catalyst, which have been extensively used in organic reactions
such as the protection of hydroxyl groups;’* the acetylation of
phenols, thiols, alcohols, amines,”® and f-keto enol ethers;’* the
Knoevenagel condensation, Michael addition and cyclo-dehy-
dration;” the synthesis of 14-aryl-14H-dibenzo[a,j]xanthenes;’®

the Friedlinder synthesis of quinolines;’’ the synthesis of acylals
from aldehydes;’® the synthesis of enaminones and enamino
esters;”” the synthesis of quinoxalines and dihydropyrazines, and
chemoselective carbon sulfur bond formation.®

Mahdavinia et al®' have also used HCIO,-SiO, as a
heterogeneous catalyst (1 mol%) for the preparation of
amidoalkyl naphthols by a one-pot condensation of aryl
aldehydes, 2-naphthol, and urea or amides in excellent yields
under solvent-free conditions (Scheme 8F). The synthesis of
amidoalkyl naphthols 30 using only sodium hydrogen sulfate
(instead of supported by silica) as the heterogeneous catalyst has
also been described (Scheme 8G).®? Another procedure has been
developed for the preparation of amidoalkyl naphthols 30, the
condensation of aryl aldehydes 27, ff-naphthol 28 and urea or
acetamide 29 in the presence of 12-tungstophosphoric acid as a
heterogeneous catalyst under solvent-free conditions. A library
of amidoalkyl naphthols were prepared by performing all the
reactions for 80 min at 100 °C to give a 65-95% yield. Isobutyryl
aldehyde did not take part in the reaction and therefore no
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other aliphatic aldehydes were examined in the protocol
(Scheme 8H).%3

A solvent-free synthesis of amidoalkyl naphthols 30 in the
presence of AI(H,PQ,); as a heterogeneous catalyst has also been
described. The reaction was carried out under thermal conditions
as well as under microwave irradiation. The main feature of the
catalyst is its high stability and catalytic activity. It also can be
recovered and recycled at least five times after washing with
acetone and drying at 100 °C. The reaction time in the case of
microwave irradiation was shortened notably compared to
solvent-free thermal conditions. The yield of the product was
also higher (55-93%) for microwave irradiation compared to
thermal conditions (50-73%) (Scheme 81).3* The one-pot, three-
component condensation of the substrates 27, 28, and 29 also
took place smoothly in the presence of cation-exchange resins
(e.g. Indion-130, Indion-140, and Amberlyst-15) to afford the
corresponding 1-amidoalkyl-2-naphthols 30 in good yields. Up
to 90% yields of the products are obtained in 6-30 min at 110 °C
under solvent-free conditions.®®

A novel one-pot three-component Mannich condensation
between an electron-rich aromatic compound such as 5-methyl-
2-hydroxyphenyl sulfide 31, 2-aminopyrimidine 32, and aromatic
aldehydes 33 for the preparation of a series of new unsymme-
trical multidentate aminophenol ligands 34 has been described in
high yields (75-90%) under solvent-free conditions at 125 °C
(Scheme 9).%¢

The one-pot, three-component synthesis of 4-substituted
l-acylthiosemicarbazides 37 has been described by the condensa-
tion of 2-naphthol 28, aldehydes 35, and 1-acylthiosemicarba-
zides 36 catalysed by p-toluenesulfonic acid (p-TSA) in DCM at
room temperature and under solvent-free conditions at 125 °C.
Various aromatic aldehydes bearing electron-withdrawing and
electron-releasing groups, aliphatic aldehydes, and heterocyclic
aldehydes were well tolerated under the reaction conditions.
Under solvent-free conditions, the reaction times were found to
be much shorter than when using DCM, with almost parallel
yields (Scheme 10).%

Koszelewski er al®® have studied the effects of the substrate
structure and concentration on the yield of the Passerini
reaction. They have developed a new and convenient solvent-
free methodology for the preparation of z-acyloxyamides 41 by
the coupling of 38, 39, and 40. The reaction was performed in
solvent as well as under solvent-free conditions, but the yield of
the product was greatly enhanced (86%) under solvent-free

<)

N
NH, N A
A kY
Cy
OH OH k/ HO CH3
i _S. i
32 SF g
+ —
120 °C
ArCHO HO CH3
CHs CHy 33
31 HN
N Ar
7 N
— 34

Ar = Ph, 4-MeCgHy, 4-MeOCgHy, 4-BrCgHy, 3-BrCgHy,
4-CI-3-NO,CgHs, 4-NO,CgHg, 3-NO,CgHy, 4-CICqH,

Scheme 9

conditions compared to when using solvent (22%). When
aromatic isocyanide was used, an increment of the yield (almost
50%) was observed under solvent-free conditions compared to
the classical procedure. On the other hand, the products derived
from aliphatic aldehydes were obtained in good yields (88-90%)
when the reaction was performed in DCM. Reactions with
p-anisaldehyde, p-methoxybenzoic acid, and isocyanoacetic acid
ethyl ester did not give any desired product (Scheme 11).

Some novel substituted hydrazones 45 have been reported by
El Kaim and coworkers,®® by the coupling of hydrazones 42,
aldehydes 43, and secondary amines 44 under solvent-free
conditions (Scheme 12). The reaction remains confined to
coupling of hydrazones possessing electron-withdrawing groups
on the hydrazone (R! = CO,Et, CN). Simple hydrazones (R! =
alkyl, aryl) did not react at all in ethanol, toluene or
chlorobenzene, even after prolonged heating in the presence of
several equivalents of amine and aldehyde.

Schiff bases owe their applications in metal ion complexation
because they act as inhibitors of human pf-thrombin and
microbicides.”® Some new bis-Schiff bases 48 have been
synthesized by the coupling of 5,5'-methylenebis(2-aminothia-
zole) 46 and aromatic aldehydes 47 under solvent and catalyst-
free conditions (Scheme 13).°!

Srihari ez al.”> have developed a solvent-free synthetic method
catalyzed by PMA-SiO, (5 mol%) for the synthesis of
3-substituted indole derivatives 52 by the one-pot three-
component coupling of aldehyde 49, N-methylaniline 50, and
indoles 51 at room temperature. The reaction proceeded
smoothly at a much faster rate under solvent-free conditions
than when using solvent. The yields of the products were found
to be good (85-95%) depending upon substituents (Scheme 14).
Reactions involving cinnamaldehyde, butyraldehyde and n-octa-
nal did not work under this protocol.

Bhuyan er al®® have synthesized some 3-alkylated indoles
via the Michael addition of indoles to carbonyl compounds in

HO

OH
R
RCHO . O 8
9
28 + 35 Ar—4 H—NH
. s DCM, I'.t.o HN—NH O
Ar N. J\ or SF, 125 °C 37
\[( N" NH,
0]
36
Ar = C6H5, 4-NOQCGH4
R= C6H5, 4-MGCGH4, 4-N02C6H4, 4-C|C6H4,

3-MeOCgH4,2-CICgHy, furfuroyl, 2-pyridyl,
ethyl, propyl, 3-NO,CgH,4, 4-MeOCgH,

Scheme 10

) O P
L, + s
38 9

R SH * R27OH
3 O O
3_
R3-NC a1 MNgs
40

R1 = C5H5, PhCHg, C2H5, (CH3)20HCH2, C7H15,
4-OMeCsH4, 4-N0206H4, 4-FC6H4; R2 = CH3,
CHzBr, CGH5, CH3, 4-OM906H4, 4-N02C6H4;

R3 = CH,CO,Et, CgH5CH,

Scheme 11
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ArHN,
£ NHAr
o ¥ R
o sF ©
v A —
rR3 R TH RZ7N-R
HN; 43 |
R® R?
44 45

R = Ph, 2-furyl, 2-thienyl, 2-CICgH,,
Et, MeCO, CO,Me; R = H, Ph
Ar= C6H5, 4—N0206H4

Scheme 12

N
N\7/NH2 N— "]
\ S

s SF
+ 2ACHO —— o

S 110 °C
47 \
’ N%NHZ N/Q\N
4
46 Ar/ 48

Ar = 2-OHCGH4, 4-OHCGH4, 4-BFCGH4,
3- BrCgHy, 4-CICgH,, 2-CICgH,
4-C-3-NO,CgHg, 2-OH-5-NO»CgHs,
2-OH-5-BrCgH3, 3-NO,CgHy, 2-C4H3S,
3-CgHgN

Scheme 13

the absence of catalyst. The one-pot three-component coupling
of 2-substituted indoles 53, aldehydes 54, and N, N-dimethylbarbituric
acid 55 under solvent-free conditions at 80-150 °C for 15-
25 min resulted two products 56 and 57 in good yields (Scheme 15).

Firouzabdi and co-workers®* have synthesized indole deriva-
tives bis(indolyl)methanes 60 via the electrophilic substitution of
indoles with carbonyl compounds under solvent-free conditions
in high yields. In this three-component condensation, the two
molecules of indole 58 and one molecule of aldehyde/ketone 59
reacted to produce the desired bis(indolyl)methane in the
presence of ZrOCl,-8H,O/Silica gel as a new efficient and highly
water-soluble catalyst. Time required for the completion of the
reaction and the yields of the products depend on Z, R' and R?
(Scheme 16).

CHO NHMe

51 (85-95%)

R=H, 4-CHg, 3-OH, 4-OMe, 4-Cl, 3-NO;, 3-OMe;
other aldehydes = cyclohexanal, 1-naphthaldehyde;
R'=H, 5-Br, 5-OMe

Scheme 14

Among the various indole derivatives, 3-substituted indoles,
i.e. 3-[(N-heteroaryl)-(aryl)methyljindoles 64, have recently been
synthesized by the one-pot three-component domino coupling of
indole 61, aromatic aldehydes 62, and heteroaryl amines 63
under solvent-free conditions at 80 °C in moderate to high yields
(Scheme 17).°> N-Substituted thioamides 68 have been synthe-
sized from acyl halides 65 and amines 66 in the presence
of recently developed thionating system H,O/PSCl; 67
(Scheme 18).%

O-Alkyl-2-methoxyethyl alkylphosphonates act as markers of
nerve agents. A rapid and efficient surface mediated synthesis of
O-alkyl-2-methoxyethyl alkylphosphonates from alkylphospho-
nic acids 69 and alcohols using DCC-Celite as a solid support
under solvent-free condition is described (Scheme 19).%7

The synthesis of S-allyl-N-aryl dithiocarbamates 73 through a
one-pot coupling of amines 70, carbonyl sulfide 71, and alkyl
halide or «,f-unsaturated compounds 72 using SnCl, as a
catalyst under solvent-free conditions is described (Scheme 20).
Various substituted anilines, CS,, and allyl/crotyl bromide were
treated under said conditions to yield the corresponding S-allyl-
N-aryl dithiocarbamates.”®

3 Carbocyclic six-membered compounds

Biphenyls represent a key structural motif in a large number of
compounds used as pharmaceuticals, agrochemicals, dyes, chiral
ligands for metal catalysts, liquid crystals, organic semiconduc-
tors, and materials for molecular recognition devices.”
Furthermore, the biaryl subunit is present in an extensive range

3
o, R
N
R2 7;0
N, 5
mR1 N R1O R
N
o0 N

RZ
R P,
54 R
55 /
N\ /NH
R'=H, CHa; H R'R
R? = Ph, 4-MeOCgHy, 4-MeCgHy, 57
4—C|C6H4, 4-N02C6H4, CH3, H;
R%=Me, H
Scheme 15
2 mz HN O
N —
58 1 ZOClL. 8H,0 7 R!
. (5 mol %) z _/Re
RICOR? silica gel/50 °C iy
59 Q
60
Z=H, Me;

R' = CgHs, 4-CH3CgHy4, 4-OHCgH,,
4-NO,CgHa, n-Butyl; R? = H;
Ketones = Cyclohexanone,
Acetophenone.

Scheme 16
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N
N Ar{__NHAr'

61 M
SF
+ | \
ArCHO Ar'NH, 8o°c N
62 63 ea H

Ar = Ph, 4-CICgH,, 4-BrCgH,, 4-FCgH,,
4-NOyCgH,, 2-CICgHy, 2-CI-6-FCgHs3;
Ar' = 2-pyrimidinyl, 2-pyridinyl
4,6-dimethyl-2-pyrimidinyl

Scheme 17

H,0, PSCl;

o R? 67
1 N\
R—=< 4 N ——— o
cl R Et;N, SF R
65 68

R' = CgHs, CHg, 4-CICgH.4, CI-CHy,
3-CH3C6H4, 2—N0206H4, C6H5CH2;

R2 = CyH5, c-CgH11, n-C3H7, CgHsCHy,
iSO-CgH7, CsHsCHzCHz, -(02H4)-, CsHs,
Br(CHa)y, is0-C4Hg; R3 = H, CoH5

Scheme 18

(0] (e}
[l_O(CH,),OMe [l
RPC (CH2), R_P\/O(CHz)zo'V'e
O(CHy),OMe OH
(|? OCH,CH,OCH
R-R 2CH; 3
OR!
Scheme 19

of natural products.®® The uncatalyzed synthesis of the biphenyl
system has been scarcely investigated'®” and solvent-free
conditions have never been used. Considering the importance
of this class of compounds, the development of a green approach
for their synthesis has been attempted. Fringuelli ez al.'°** have
described the synthesis of biphenyl-2-carbonitrile derivatives 76
by an uncatalyzed and solvent-free multicomponent process,
starting from an aryl aldehyde and constructing the second aryl
ring by (i) the Knoevenagel reaction, (ii) Diels—Alder cycloaddi-
tion, and (iii) the final aromatization process (Scheme 21). The
synthesis has been carried out by the reaction of aryl aldehydes
74, active methylenes e.g. nitroacetonitrile, and 1,3-butadienes

CS;, R2
R2 71 1
R BN SnCL2H,0 Rls ge
+
i r.t., 10-30 min NJ\S)\/
NHy rs H
R3 R 73
70 72

R =H, CHas, CoHs, CI;
R2 = H, CH3; R® = H, CH3, CoHs; R* = H, CH3

Scheme 20

75. The aromatization of adduct was performed at 60 °C,
generally in the presence of 2.0 molar equiv. of DBU under O,
atmosphere (0.5 bar) and solvent-free conditions.

Yanan Zhao and co-workers'®® have developed a simple and
green method for the synthesis of 1,3,5-triarylbenzenes 78 from
three molecules of aryl ketone 77 catalyzed by P-TSA under
solvent-free conditions. Acetophenones reacted smoothly to
afford 1,3,5-arylbenzenes in good yields, irrespective of elec-
tron-donating or electron-withdrawing groups. When the para-
substituents were chloro, bromo and iodo, increased yields were
obtained due to their decreased electronegativity. Strong
electron-donating groups such as NH, and OCHj; provided
lower yields than other groups such as alkyls or halogens. The
reactions of para- or meta-substituted chloroacetophenones
afforded slightly higher yields than sterically hindered ortho-
substituted acetophenone, suggesting that the steric effect
provides a significant contribution. Furthermore, water is the
only byproduct of this reaction, which makes the present
protocol environmentally benign (Scheme 22).

An improved procedure for the three-component coupling
reaction of aldehydes, amides, and dienophiles (AAD-reaction)
has been developed by Strubing er al'°' Using microwave
technology, an endo-selective synthesis of N-acyl cyclohexenyla-
mines 82 by the coupling of aldehydes 79 and amides 80 followed
by a Diels—Alder reaction with electron-deficient dienophiles 81
(Scheme 23) was performed. The reaction has been performed
both in solvents and under solvent-free conditions and it has
been observed that it is comparatively high yielding under
solvent-free conditions. A versatile and efficient route to
3-amino-1-aryl-9 H-fluorene-2,4-dicarbonitrile 86 the via one-
pot coupling of l-indanone 83, aromatic aldehydes 84, and
malononitrile 85 under solvent-free conditions with NaOH as the
catalyst is described in Scheme 24. The reaction has been

Scheme 21

Ar Ar
0,
; )CJ)\ 10% TsOH.H,0 \©/+ 4o
Ar” "CH3 Neat, 128-148 °C Ar

7
78

Ar= CGH51 4-CH3C5H4, 4-NH2C6H4, 4-OCH305H4,
4-NO,CgHy, 4-FCgHj, 4-CICgH,, 4-BrCqH,,
4-1CgHy, 2-CH3CgHa, 3-CH3CgHy, 3-CICgHy, 2-CICgH,

Scheme 22
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performed at room temperature, which provided a 75-87% yield
of the desired product within a very short time.!*

A one-pot synthesis of 2-amino-5-nitro-4,6-diarylcyclohex-1-
ene-1,3,3-tricarbonitriles 89 by the condensation of malononi-
trile 85, aromatic aldehyde 87, and nitromethane 88 has been
carried out in the presence of Mg-Al hydrotalcite ie. HTs
(different Mg/Al ratios) and solid bases (Scheme 25). The
reaction was performed in different solvents, such as DMF,
H,O, and MeOH but the best results were obtained under
solvent-free conditions. The catalyst can be easily separated and
is also recyclable.'®

4 Heterocyclic compounds

Heterocycles'%*!% form the largest of the classical divisions of
organic chemistry. Moreover, they are of immense importance
not only both biologically and industrially, but to the function-
ing of any developed human society as well. Their participation
in a wide range of areas can not be underestimated. The majority
of pharmaceutical products that mimic natural products with
biological activity are heterocycles. Other important practical
applications of heterocycles can also be cited, for instance,
additives and modifiers in a wide variety of industries including
cosmetics, reprography, information storage, plastics, solvents,
antioxidants, and vulcanization accelerators. Most of the
significant advances against disease have been made by designing
and testing new structures, which are often heteroaromatic
derivatives. In addition, a number of pesticides, antibiotics,
alkaloids, and cardiac glycosides are heterocyclic natural
products of immense significance to human and animal health.
Therefore, researchers are in continuous pursuit to design and
produce better pharmaceuticals, pesticides, insecticides, rodenti-
cides, and weed Kkillers following natural models. These
compounds play a major part in biochemical processes and are
the side groups of the most typical and essential constituents of
living cells. Finally, as an applied science, heterocyclic chemistry
is an inexhaustible resource of novel compounds. A huge number

o]
Ar
NaOH, CN
83 Grinding .
i (UL,
ACHO 2 CHy(CN), I
84 85 86

Ar= 4-CH3C6H4, 4-CH3006H4, 3,4-(CH30)206H3,
4-FCgHj, 4-BrCgHy, 4-CICgH,, 2-CICgH,, 3-CICgH,,
2,4-CloCqHs, 3,4-Cl,CqHs

Scheme 24

N\
CHO NC CN

85
X MgAI-HT
+

X rt
© CHNO,

87 88

R =H, 3-NO,, 2-Br, 3-Br, 4-Br, 4-Cl, 4-CN, 4-OMe,
3-OH-4-OMe, 2-Me

Scheme 25

of combinations of carbon, hydrogen, and heteroatoms can
be designed, providing compounds with the most diverse
physical, chemical, and biological properties. In fact, in the
CMC database, more than 67% of the compounds listed contain
heterocyclic rings, and nonaromatic heterocycles are twice as
abundant as heteroaromatics. It is therefore easy to understand
why both the development of new methods and the strategic
deployment of known methods for the synthesis of complex
heterocyclic compounds continue to drive the field of synthetic
organic chemistry. Organic chemists have been engaged in
extensive efforts to produce these heterocyclic compounds by
developing new and efficient synthetic transformations. Among
the new synthetic transformations, cyclocondensation reactions
are among the most attractive methodologies for synthesizing
heterocyclic compounds, and the need for improved cyclocon-
densation reactions is very much desirable.

4.1 Multicomponent reactions for the synthesis of heterocycles

Multicomponent reactions in general are cyclic or acyclic
condensation reactions. The cyclocondensation reaction can be
defined as a kind of annulation reaction involving the formation
of a ring from one or several acyclic precursors. In multi-
component reactions, coupling occurs between three, four or
more components, incorporating almost all the components to
give the desired product with the elimination of some small
molecule(s). The condensation reactions leading to heterocycles
were carried out with a range of different components and
reactions types and the functional groups can react as either the
electrophiles e.g. E', E% and E* or nucleophiles e.g. Nu', Nu?,
and Nu®. The electrophiles are primarily functional groups
containing carbon atoms bonded with other heteroatoms such
as, O, N, S, halogen atoms efc. forming carbonyl, imine, nitrile,
thiocarbonyl, unsaturated ketones, ethylcyanoacetate, mono or
dihalosubstituted carbons, acetal and orthoester carbons; and
the nucleophiles are either carbon atoms joined adjacent to
groups such as aldehydes, ketones, enols, or enamines, or
heteroatoms such as nitrogen, oxygen, and sulfur. We therefore
have given the different mode of condensations schematically in
Fig. 3.1

4.2 Building blocks for the formation of heterocycles

The reactions mentioned in this review leading to the formation of
heterocycles are mainly based on certain building blocks (Table 1).
The building blocks incorporate the characteristics of electro-
philes and nucleophiles, and are consequently coupled in different
ways (as shown in Fig. 3) to form the corresponding heterocycles.
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Three-component condensation reaction schemes
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Fig. 3 Different condensation schemes of multicomponent reactions.

Building blocks for three-component reactions

No. of components Building blocks Products
[3+2+1] [CCN + CC + (] acridines
B3+2+1] [CCO + CC + (] chromenes/chromones
[3+2+1] [CCS + CC + (] thiochromenes/thiochromones
[4+2+1] [NCCN + CC + C] diazepines
B+1+1] [NCN + C + (] imidazoles
[3+2+1] [CCN + CC + (] isoquinolines
2+2+1] [CC + CC + N] pyrroles
2+2+1] [NN + CC + (] phthalazines
[3+2+1] [CCO + CC + (] pyrans/chromenes/xanthenes
3+2+1] [CCC + CC + N] pyridines
[B+2+1] [CCN + CC + (C] pyridinones
B+2+1] [NCN + CC + C] pyrimidines
3+2+1] [NCN + CC + C] pyrimidinones/pyrimidinethiones
B+2+1] [CCN + CC + (] quinolines
[4+1+1] [CCCN + C + N] quinazolines/quinazolinones
[3+1+2] [NCS + C + C(C] thiazines
2+1+1] [CCN + C +S] thiazolines
2+1+2] [CC + N + CS] thiazolines
B+2+1] [NCS + CC + (] thiazines
Building blocks for four-component reactions
R+1+2+1] [CC+ C+ CC+ N] acridines
M+1+1+1] [CC+ N+ C+N] imidazoles
R+2+1+1] [CC+ CC+C+N] pyridines
B+1+1+1] [CCC+ N+ C+N] pyrimidines
R+2+1+1] [CC+ CC+ C+N] pyridinones
2+2+1+1] [CC+ CC+ C+N] quinolines

4.3 Five-membered heterocycles

4.3.1 Containing one heteroatom.

4.3.1.1Pyrroles. Pyrrole derivatives are very important hetero-
cycles from many points of view including medicinal, pharma-
ceutical, and materials science; and are common structural
motifs in various biologically active molecules and pharmaceu-
tical substances for their antioxidant, antibacterial, antitumor,
anti-inflammatory, and antifungal properties. The pyrrole
nucleus is the key structural motif of heme and chlorophyll,
the pigments essential for life. Multicomponent reactions are one

of the most interesting concepts in modern synthetic chemistry to
provide an attractive entry into pyrrole derivatives.'®’* Recently,
a solvent-free and catalyst-free synthesis of pentasubstituted
pyrroles 93 has been developed in good yields (70-85%) via the
one-pot three-component coupling of primary amines 90, alkyl
acetoacetates 91, and fumaryl chloride 92 (Scheme 26).'°7
Ranu er al'®® have synthesized substituted pyrroles 97
(Scheme 27) by coupling aldehydes/ketones/conjugated carbo-
nyls 94, amine 95, and a simple or o,f-unsaturated nitroalkane
96 on the surface of a silica gel by microwave irradiation in
good vyields. The above method was also modified using
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Scheme 26

N,N-disubstituted thiobarbituric acids in place of the o,f-
unsaturated aldehyde, providing pyrrolo[2,3-d] pyrimidines'*®?
in good yields. Furthermore, the synthesis of highly substituted
and fused pyrroles 101 have also been reported by coupling
acyclic/cyclic carbonyl compounds 98, an amine 99, and o,f-
unsaturated nitro compounds 100 on an alumina surface by
Ranu and co-workers (Scheme 28).!98¢<

Polysubstituted pyrroles 105 with complete control of pathway
selectivity have been synthesized by a sequential one-pot three-
component reaction of primary aliphatic amines 102, active
methylene compounds 104, and 1,2-diaza-1,3-dienes 103 under
solvent-free conditions without a catalyst (Scheme 29). Various
primary aliphatic amines such as 4-methoxybenzylamine,
n-propylamine, n-butylamine, allylamine, 1-amino-2-propanol,
l-amino-2-acetaldehyde diethyl acetal, and cyclohexylamine
were used and effectively converted into the corresponding
substituted pyrroles, which are otherwise not easy to synthesize.
Pyrroles substituted with electron-withdrawing functional
groups such as carboxylic acid derivatives (both symmetrical
and unsymmetrical dicarboxylate scaffold, ester, amide, and/or
thioester), sulfone, and phosphonate moiety at the C-3 and C-4
positions of the heterocyclic ring can be directly obtained,
indicating the fitness of the scheme to all kinds of compo-
nents.'%

4.3.1.2 Indoles. The substituted indole nucleus is a structural
component of a vast number of biologically active natural and
unnatural compounds. The indole nucleus is without doubt a
privileged structure in medicinal chemistry and also very
abundant in nature. Substituted indoles possess several biologi-
cal activities such as antioxidant, antibacterial, and insecticidal
properties. They also act as colon cancer cell and tumor growth
inhibitors and are employed as valuable antibiotics. The
synthesis and functionalization of indoles has been the object
of research for over 100 years, and a variety of well-established

O
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Me; R* = Bn, CgH13, n-Pr; n-Bu; R® = Me, Et

Scheme 27
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classical methods are now available. To name a few of them: the
Fisher indole synthesis, the Gassman synthesis of indoles from
N-haloanilines, the Madelung cyclization of N-acyl-o-toluidines,
the Bischler indole synthesis, the Batcho-Leimgruber synthesis
of indoles from o-nitrotoluenes and dimethylformamide acetals,
and the reductive cyclization of o-nitrobenzyl ketones.

Recently, a three-component solvent-free synthesis of a
5-hydroxy-benzo[g]indole scaffold 109 through a Lewis acid-
catalyzed one-pot reaction of naphthaquinone 106, ketones 107,
and urea 108 under microwave irradiation has been devised by
Borthakur and co-workers!!® (Scheme 30). The key step in the
synthesis is a Michael addition followed by in situ aza
cyclization. Urea has been used as an environmentally benign
source of ammonia. This synthetic route tolerates a significant
substrate variation to deliver a broad range of substituted
products in 50-88% yields.

4.3.1.3 Furans. Furans are among the most important five-
membered heterocycles in organic and pharmaceutical chemis-
try. They are not only significant as key motifs in many natural

O y
HO
106 © BF,.0Et, O N g2
. oo
N

o . o MW, 5min O N
Tl
R H,N" “NH; 109
107 108

R'=—N 0 E)N—< —
- ’ ’

R2 = 4-CH3CgHj, 4-CICgHs, CgHs, 4-NO,CgHs

Scheme 30
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products, but also as versatile building blocks for the construc-
tion of highly complex target structures in numerous total
syntheses. As an alternative to classical furan syntheses, when the
mixture of o-ethynylphenol 110, secondary amines 111, and
para-formaldehyde 112 were subjected to microwave irradiation
of 30% power for 5 min under solvent-free conditions in the
presence of cuprous iodide doped alumina, it underwent
Mannich condensation followed by cyclization to give 2-
(dialkylaminomethyl)-benzo[b]furans 113 in low to moderate
yields (38-70%) (Scheme 31).!!'' Interestingly, when o-ethynyl-
phenol (2 equiv) was subjected to react with para-formaldehyde
(excess) and piperazine (1 equiv), bis-Mannich condensation-
cyclization product was formed in 40% yield.

4.3.1.4 Thiophenes. Thiophene derivatives have emerged as a
class of important heterocycles because of their presence in a
broad spectrum of natural and synthetic organic molecules with
diverse biological properties and utility in organic synthesis as
versatile intermediates. Over the years, thiophene-based materi-
als have emerged as an important class of electrically conducting
organic materials. A facile and efficient one-pot synthesis of
highly substituted thiophenes 117 has been developed by
Karthikeyan et al''? via the condensation of pyrrolidine or
piperidine 114, 5-aryldihydro-3(2H)-thiophenone 115, and an
aromatic aldehyde 116 under MW irradiation (Scheme 32).
Moderate to good yields of thienylpyrrolidines (45-60%) were
obtained by a one-pot tandem process. In the case of reactions
with piperidine, the yields are lower (30-35%).

4.3.1.5 Lactams. 2-Azetidinones, commonly known as ff-lactams,
are the key structural motifs in the most widely used class of
antibiotics, ie., f-lactam antibiotics, such as penicillins, cepha-
losporins, carbapenems, etc. The development of novel synthetic
methodologies for the preparation of functionalized f-lactams
and the screening of their biological activity has occupied a
pivotal position in medicinal chemistry for almost a century now.
Deprez et al.''® have synthesized five- and six-membered lactams
121 via a 4-center three-component Ugi reaction by combining
amines 118, isocyanides 119, and ketoacids 120 under solvent-
free microwave irradiation conditions (Scheme 33).

Cul/Al,05
ey J NR'R?

MW
(CH20)n 13
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HNR'R?
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R = H, CH3, CH3CO; Amines = (n-C4Hg),NH,
CgH5CHyNHCHS3, (‘C3Hz)oNH, CgH4NHCHS,

HN N@ HN HN [e]
aagt
H
N/
H
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2,4-ClyCgHg; Ar? = 4-MeCgHy, 2,4-ClyCgHa,
3-FCgHy, 4-FCgHy, 4-CICgH,, 1-C1oH7

117

Scheme 32

4.3.2 Containing two heteroatoms.

4.3.2.1Pyrazoles. Pyrazoles are rarely available in natural
products, but they represent an important motif of man-made
biologically active compounds. Many synthetic pyrazoles show
anti-hyperglycemic, anti-inflammatory, anticancer, antipyretic,
antibacterial, analgesic, sedative, and hypnotic activity. Some of
these compounds have emerged as potent and selective y-
aminobutyric acid (GABA)-gated chloride channel antagonists,
novel ligands for oestrogen receptors, and agrochemicals of
economic importance. The 1,3,5-tri- and 1,3,4,5-tetrasubstituted
pyrazoles constitute the core structures of commercial drugs.
Among the reported syntheses of pyrazoles, widely applicable
methods are the dipolar [3 + 2] cycloadditions between CN, and
C, moiety or the classical cyclocondensation of a monosubsti-
tuted hydrazine with a 1,3-dicarbonyl compound or surrogates
thereof.

Among the various reported methods of pyranopyrazoles,
a three-component condensation''® of N-methylpiperidone, pyr-
azolin-5-one, and malononitrile in absolute ethanol, and a two-
component reaction'!® between pyran derivatives and hydrazine
hydrate are superior. Preparation of 1,4-dihydropyrano[2,3-c]pyr-
azoles include synthesis in aqueous media,'* the use of piperidine as
a base in water,'*! N-methylmorpholine in ethanol,'??> microwave
irradiation'?® and solvent-free conditions.'**'?® A green protocol
has been developed with per-6-ABCD, which acts simultaneously as
a supramolecular host as well as an efficient solid base catalyst for
the solvent-free syntheses of various dihydropyrano[2,3-c]pyrazole
derivatives 125 involving a four-component reaction of 122, 123,
124, and 85 (Scheme 34). This atom-economical protocol also
applies for ketones and resulted in near quantitative yields. The

114-117
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18 119 MW o=\ A H

+ SF B2

o o
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R” “tfn "OH 121
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R" = CgH5CHz, CeHya, (CH3)3C:

Scheme 33
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catalyst can be reused at least six times without any change in its
catalytic activity.'?’

4.3.2.2 Imidazoles. Substituted imidazoles represent a common
scaffold in numerous bioactive compounds and have a number
of pharmacological properties. Imidazoles are also widely used
as precursors of N-heterocyclic carbenes, organocatalysts, and
ionic liquids. Due to the wide importance of this class of
compounds their synthesis and functionalization reactions have
been intensively studied in the field of organic synthesis. Despite
many synthetic processes,'”® Khmelnitsky et al'? have pro-
duced a solvent-free microwave assisted synthesis of 2.,4,5-
trisubstituted and 1,2,4,5-tetrasubstituted imidazoles 130 by the
condensation of 1,2-dicarbonyl compounds 126, aldehyde 127,
and amine 128 using acidic alumina impregnated with ammo-
nium acetate 129 as the solid support in up to 80% yields
(Scheme 35A). Kantevari ef al.'*° have developed a one-pot four-
component synthesis of 1,2,4,5-tetrasubstituted imidazoles 130
by the cyclocondensation of the components using perchloric
acid adsorbed on silica. The reaction was performed in different
solvents using different catalysts but the highest yielding
conditions was a solvent-free environment with HClO,/SiO,
(Scheme 35B). Depending upon different substituents, moderate
to high yields (56-98%) of the products were obtained.

o O
NH,;NH,
R_ R
122 MOH er-6-ABCD CN
-0-, —~
j\ . 123 pl . el
R™ R NC” SgN  grinding, r.t. N 0" >NH,
124 85 125

R = CgHs, 4-BrCgHy, 4-CICgHy, 2-CICgH,4, 4-NHCgHy,
2-NH,CgHy, 4-OHCgH4, 2-OHCgHy4, 4-OCH3CgHy,
4-CH3CgHy4, 2'-Naphthyl, 1'-Naphthyl, 5-Bromothiophene,
5-Chlorothienyl, 1-Piperazine, 2-Pyrrole, 4-Pyridyl;

R" = CH3, CH3CH,CH,, CgHs, CgHsCH=CH, (OMe),CHCH,

Adib and co-workers'?! synthesized 1,2,4-trisubstituted-
1 H-imidazoles 134 via a one-pot four-component reaction of
ammonium acetate 129, 2-bromoacetophenone 131, aldehyde
132, and primary amines 133 under solvent-free conditions
(Scheme 36). Different aryl aldehydes, bromoacetophenones and
alkyl amines have been used and were stable in this protocol.
Depending upon the substituents, 80-95% yields of the product
was obtained in 2 h.

Silica-supported titanium tetrachloride has been prepared and
employed as a novel catalyst for the rapid and efficient synthesis
of 2,4,5-trisubstituted imidazoles 137 in excellent yields by a
three-component one-pot condensation of aryl aldehydes 135,
1,2-diketones 136, and ammonium acetate 129 under solvent-free
conditions using conventional heating or microwave irradiation
(Scheme 37).132

4.3.2.3 Thiazoles. Thiazoles and their derivatives are found to be
associated with various biological activities. In addition,
thiazoles are also synthetic intermediates and common sub-
structures in numerous biologically active compounds. Thus, the
thiazole nucleus has been much studied in the fields of organic
and medicinal chemistry. Among the many synthetic procedures
of thiazole or thiazole derivatives, Dawane er al'>® have
developed a method for the synthesis of thiazole derivatives
141 through the coupling of substituted o-hydroxy benzalde-
hydes 138, substituted-a-haloketones 139, and thiourea 140
under solvent-free conditions in 85-95% yields (Scheme 38).
Anderluh and co-workers'** have described a one-pot three-
component reaction among 142, 143, and 144 leading to the
formation of 2-amino-5-alkylidine-thiazol-4-ones 145 involving
conventional heating under solvent-free conditions or microwave
irradiation in low to moderate yields (Scheme 39).

An efficient procedure for the synthesis of thiazole derivatives
148 by a three-component one-pot reaction of thiourea 140, o-
haloketone 146, and substituted pyrazolones 147 under envir-

Scheme 34 onmentally solvent-free conditions in good yields has been
developed (Scheme 40)."3°
358 RO R
NH,OAC ) N>_<N
129 RYINZ
R2-CHO + R1NH2 HCIO4/SiO, R?2
0O
127 128 Neat, 140 °C 130
56-98%
AlLO3 / NH40AC
35A 129
SF, MW(130 W)
130
75-80%
Scheme 35
Scheme Substituents

3-CICcH,CH,CH,

35A R = Ph, 2-thienyl, 4-CIC4H,, 4-EtC¢Hy; R' = Ph, 4-tolyl; R* = H, C¢H,CH,CH,,

35B R = Ph, Me; R' = PhCH,, PhCH,CHa, iso-Butyl, 4-MeC¢H4, 3-MeCgH, cyclohexyl;
R2 = C6H5, 4-MCC5H4, 3-OMCC(,H4, 3,4,5-(0MC)3C@H2, 3-CIC6H4, 4-CIC(,H4,
4-OMeC¢Hs, 4-BrC¢Ha, 2-CIC¢Ha, 4-N(Me),CeHa, 4-OHCgH4, 2-NO,CsH,
4-OH-3-OM6C6H3, iso—Propyl, 2—Furyl, 3-N02C(,H4, 4-N02C6H4

Scheme 35
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Amines =

4.3.2.4 Thiazolines. Thiazoline and its derivatives are important
scaffolds for drug candidates due to their anticonvulsant,
sedative, antidepressant, anti-inflammatory, antihypertensive,
antihistaminic, and antiarthritic activities. Min Xia and co-
workers'*® have synthesized 2-acylimino-3-aryl-thiazolines 152
via a three-component one-pot reaction of amines 149, iso-
thiocyanate 150, and o-halocarbonyl compounds 151. The
reaction is accelerated by microwave irradiation under solvent-
free conditions, resulting in the desired compounds in 83-98%
yields (Scheme 41).

2-Thiazolines 156 have been synthesized by reaction of
carboxylic acids 153 and 1,2-aminoalcohol 154 in the presence
of Lawesson’s Reagent 155 by microwave irradiation under
solvent-free conditions.'*” The reaction was carried out using
molar ratio of the reactants in 1.0 : 1.5 : 0.75 at 150 °C for 4-8
min. If the substituents in amino alcohol, R%, R* = H or R> = Me
and R® = H, the yield of the product increased significantly,
while with substituents R?> = H, R® = Ph resulted in poor yields.
The overall yield is 21-86% depending upon substituents
(Scheme 42). The reaction is also compatible with heteroaro-
matic acids, e.g pyridyl, furyl and thienyl derivatives. Aliphatic
acids, such as heptanoic and decanoic acids led to the
corresponding 2-thiazolines in good yields.

4.3.2.5 Thiazolidinones. Thiazolidin-4-ones are applied pharma-
ceutically as antimicrobial agents. Kasmi-Mir et al'*® have
developed an efficient one-pot three-component solvent-free
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synthesis of thiazolidine-4-one by the coupling of substituted
thiourea 157, chloroacetic acid 158, and aldehyde 159
(1.0 : 1.2 : 1.0 molar ratio) under microwave irradiation at 90—
110 °C for 10-20 min. The desired product 5-arylidene-2-
iminothiazolidin-4-ones 160 have been obtained in 61-89% yields
(Scheme 43). Yavari and co-workers'®® have synthesized
thiazolidine-4-ones 164 in 70-83% yields through one-pot
three-component reaction under solvent-free conditions at room
temperature. Various 4-phenylthiosemicarbazides 161, DMAD
162, and aldehydes or ketones 163 were tolerated well under
solvent-free conditions (Scheme 44).

4.3.2.6 Phthalazines. Phthalazine (also called benzoorthodiazine
or benzopyridazine) is a heterocyclic organic compound isomeric
with quinoxaline, cinnoline, and quinazoline. Like others
members of the isomeric diazine series, phthalazines have found
wide applications as therapeutic agents, as ligands in transition
metal catalysis, as chemiluminescent materials, and for optical
applications. Heterocycles with a phthalazine moiety exhibit
various pharmacological and biological activities,'*® such as
anticonvulsant,'*' cardiotonic,'** and vasorelaxant'** proper-
ties. In view of its wide range of applications in synthetic and
medicinal chemistry, various methods are reported in the
literature for the synthesis of phthalazine derivatives.'**
Sayyafi et al