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Regarding all the green aspects of sustainable chemical transformations, eco-friendly
processes along with economic development, environmental protection as well as natural resources
preservation are mandatory. The use of unconventional media for organic transformations has
been part of the quest for new eco-friendly process. As new alternative media for volatile organic
solvents, deep eutectic solvents (DES) can be defined as the eutectic mixtures formed of two or
more phase-immiscible components, which furnish a new homogeneous liquid phase with lower
freezing point than those observed for individual counterparts. They found applications in several
different fields, such as solvent/catalyst for organic transformations, biotransformations, and
polymerization reactions, metal and biomass processing applications, and separation technologies.
This review describes the recent studies on the use of deep eutectic mixtures as solvent and/or
catalyst for multicomponent reactions in the synthesis of complex organic compounds.
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1. Introduction

Over the last decades, the principles of Green Chemistry
have been successfully embraced by the scientific
community and now the awareness of environmental issues
regarding chemical processes is considered as mandatory.
Several contributions on the Green Chemistry issue can be
found in the literature, covering different aspects of this
topic.!> Noteworthy, Poliakoff and Licence® addressed
some questions that must be made when thinking of
sustainable technology. “Why is chemical manufacture
becoming unsustainable?”; it is their starting point. Our
dependence on the petrochemical transformation industry
has been increased over the last century as our lifestyle
changed and demanded more complex products, such
as new sophisticated materials (i.e., plastics, polymers,
nanomaterials, etc.), fine chemicals, new drugs, etc. In this
scenario, chemists and chemical engineers are expected
to develop safe, sustainable and eco-friendly processes to
attend all social demands as well as economic development,
whilst providing environmental protection and preservation
of the natural resources for future generations.

*e-mail: luiz.longo@unifesp.br

Regarding all green aspects of sustainable chemical
transformations, such as atom economy, catalysis and
energy efficiency, the reaction media has a central role.
According to Constable et al.,” the solvent of the reaction
accounts up to 80% of total material mass in active
pharmaceutical ingredient (API) manufacture process. It
is not surprising that some big pharmaceutical companies
such as Pfizer,® GSK,® and Sanofi'® have recently developed
solvent selection guides for the chemical processes in drug
synthesis.

The reaction solvent is responsible for the modification
of reactant, catalyst and/or product reactivity, for mass and
heat transference phenomena, as well as the stabilization
of transition states. In addition, solvents are also employed
in extraction, washing and purification steps, either by
recrystallization or chromatography. Therefore, the solvent
has a huge impact in the reaction green metrics as it is used
in large quantity in many steps throughout the process.

Common volatile organic compounds (VOCs) used as
solvents are mainly composed of low molecular weight
petrochemical derivatives and alcohols, which show many
intrinsic drawbacks such as volatility, high flammability,
toxicity and, in many cases, non-biodegradability. To
overcome the disadvantages of conventional organic
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solvents, many alternative solvents have appeared over
the past years, including ionic liquids, supercritical fluids
(carbon dioxide and water), perfluorinated compounds,
glycerol and other biomass-derived solvents, among
others. However, many of these compounds impose several
drawbacks regarding the large-scale use, mainly related to
thermal and chemical stability, substrate/catalyst/product
solubility, cost, sophisticated equipment need, and/or
life-cycle assessment.'!

Ionic liquids (ILs) are composed entirely of mobile ions,
i.e., an organic cation (mainly imidazolium, pyrrolidinium,
pyridinium, ammonium or phosphonium) and usually
a halide anion (typically Cl~ or Br") or a weakly basic
non-coordinating anion such as [PF,]~, [BF,]” or [NTf,]".!?
These low temperature molten salts are often referred to as
“designer solvents”, once adjustable physical or chemical
properties may arise from the thousands of possible
combinations of anions and cations. lonic liquids have low
vapor pressure and high boiling point, reducing loss to the
environment and qualifying them to be recycled. However,
the green credentials of this class of alternative solvents
have been often questioned in the recent literature as their
syntheses involve laborious and hazardous procedures and
their toxicity profile is not fully understood.'>!*

In 2003, Abbott et al.'® described a new type of solvent
composed of choline chloride and different amides, such as
urea, thiourea, benzamide and acetamide. The term “deep
eutectic solvent” (DES) was then coined to describe the
eutectic mixture formed of two or more phase-immiscible
solid components which, upon stirring at a precise
temperature, furnishes a new homogeneous liquid phase
with lower freezing point, compared to those observed
for individual counterparts. For the whole set of possible
molar combinations of components, the eutectic point (EP)
is defined as the minimum melting temperature observed
at a specific molar ratio of A and B.

As the interest in new green solvents spreads over
the scientific community, the deep eutectic solvents
have emerged as promising solvents for a wide range of
different applications,'®!" including alternative solvents
and/or catalysts for organic transformations in general,***
metal-catalyzed organic reactions,” biotransformations,?
polymerization reactions,’® metal processing applications
(metal electrodeposition and electropolishing),?”2
biomass processing,” biodiesel synthesis,*® and separation
processes.’'33 The synthesis, properties and applications of
deep eutectic mixtures were comprehensively reviewed by
Zhang et al.* in 2012 and by Smith ez al.*® in 2014.

Multicomponent reactions (MCRs) are defined as
organic transformations involving three or more starting
materials combining together in a single step to afford
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a product in which all atoms of the starting materials
(or at least most of them) are incorporated into its
structure.®® They are highly atom-efficient reactions with
environmental friendly procedures, as only a catalytic
amount of simple inorganic acids or bases is often required.
Another important feature of such multiple-bond-forming
transformations is the high degree of molecular complexity
and diversity that can be achieved in a single step. The
first MCR was discovered in 1850 by Strecker’’® for
the synthesis of ci-aminonitriles starting from carbonyl
compounds (aldehyde or ketone), amines and cyanide
ion; upon hydrolysis, the o-aminonitriles thus obtained
can be easily convert into the corresponding o-amino
acids. Further classical MCRs include those based on
the chemistry of isocyanides (Passerini, Ugi*#' and
Groebke-Blackburn-Bienaymé** reactions) as well as
the widely known and useful Mannich,* Biginelli,* and
Hantzsch reactions,* among many others. Several aspects
of MCRs and their applications in Organic Synthesis are
extensively reviewed elsewhere.*6-5

So far, the use of deep eutectic solvents in
multicomponent reactions has not been fully and critically
reviewed, despite the fact it was mentioned as part of some
general review on the topic DES.?"*>3 Therefore, in this
contribution we focus on the published studies in which
deep eutectic mixtures are used as both solvent and/or
catalyst in multicomponent reactions based on nucleophilic
addition to imines or enamines, Knoevenagel condensation,
nucleophilic attack of isocyanides to carbonyl compounds
and related processes.

2. Structure and Properties of DES

Typically, deep eutectic mixtures are composed of
nonsymmetric cations with low melting points (i.e., low
lattice energy) and a metallic salt or a natural-derived
compound as hydrogen-bond donor (HBD). Nonsymmetric
tetrasubstituted ammonium salts are the most common type
of cationic component, being choline chloride the most used
salt because it is very cheap and easily accessible through
different suppliers. The interaction that may arise from
the combination of choline chloride and natural-derived
hydrogen-bond donors, such as urea, ethylene glycol
or oxalic acid, usually involves a charge delocalization
effect which occurs via hydrogen bonds formed between
the chloride ion and the hydrogen atoms from the HBD
(Figure 1, exemplified for choline chloride/urea 1:2). The
unusual solvent properties of DES are strongly influenced
by those hydrogen bond interactions.

Up to now, many combinations of cationic salts
and metallic salts or hydrogen-bond donors have been
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Figure 1. Hydrogen-bond interactions proposed for choline chloride/urea
(1:2) eutectic mixture.

described in the literature. Figure 2 shows the most
common compounds used in the preparation of deep
eutectic mixtures.

Deep eutectic solvents can be classified according to the
components used in their preparation.’” The most common
and studied class of DES is that formed of quaternary
ammonium salts, including 1,3-dialkylimidazolium
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and 1-alkylpyridinium cations, and anhydrous metal
halides (type I). Some examples are the well-known
chlorozincate®* and chlorostannate® eutectic mixtures
as well as the melts formed with aluminium,®* iron,>%%
gallium,* and indium salts.®> For example, a eutectic
mixture of choline chloride/ZnCl, is obtained in a molar
ratio of 1:2, respectively (freezing point ca. 24 °C). Due
to the anhydrous nature of the metallic salt, this type of
DES requires more sophisticated handling apparatus once
moisture can be an issue, depending on the application.
The use of hydrated metal halides (MCl;.xH,0) is also
possible, giving rise to the second class of DES. Eutectic
mixtures of quaternary ammonium salts and hydrated metal
halides (type II) are easier to handle and often cheaper
than type I DES. In addition, they are air and moisture
resistant in nature, more prompted to be used in industrial
scale. Pioneering work of Abbott et al.%® demonstrated the
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Figure 2. Common halide salts and hydrogen-bond donors (HBD) employed in the preparation of deep eutectic mixtures.
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physical properties of the dark green viscous liquid formed
upon stirring of choline chloride/CrCl,.6H,0O mixture (1:2;
freezing point ca. 14 °C). Recently, this eutectic mixture
has been studied as catalyst for the esterification reaction
of formic and acetic acid.?’

Type III deep eutectic mixtures are composed of
ammonium quaternary cations with neutral organic
hydrogen-bond donors bearing functional groups such
as —-CO,H, -CO,NH,, -NH,, -NHR and —OH. From the
plethora of possibilities, urea is the most common one,
giving rise to a eutectic mixture with choline chloride in a
1:2 molar ratio, respectively (freezing point ca. 12 °C)."
This type of DES has some advantages compared to the
metal-based analogues, including low cost, easy preparation
and relatively high water resistance. In addition, many of
them are composed of natural biomass-derived organic
HBD, which make them often seen as biodegradable and
non-toxic.%7

More recently, a fourth type of DES was described
(type 1V), which is composed of metal chloride salts
with hydrogen-bond donors (without organic quaternary
ammonium cations). Abbott et al.’” have found that ZnCl,
forms eutectic mixtures with different HBD such as urea,
acetamide, ethylene glycol and 1,6-hexanediol.

There are many possibilities for combination of
components in binary or ternary eutectic mixtures within the
four types of DES described so far. In general, deep eutectic
solvents have freezing points < 150 °C (many of them are
indeed liquids at room temperature), are denser than water
and exhibit high viscosities (typically > 100 cP). As they
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are intend to be used as solvents for organic reactions,
a careful analysis of such properties is needed. Table 1
displays some important physico-chemical properties of
the most common DES. For further information, the reader
is encouraged to access data compiled in the excellent
review contributions on this topic, recently published by
Smith et al.*® and Zhang et al **

3. DES as Solvent and/or Catalyst in Multi-
component Reactions

3.1. MCR based on nucleophilic addition to imines or
enamines

Biginelli reaction is one of the most important MCR to
prepare 3.4-dihydropyrimidin-2-ones, a class of promising
and important biologically active compounds.**’" In
2011, Gore et al.” reported the first study of the Biginelli
reaction using type III DES, which plays a triple role as
solvent, catalyst and also reactant. The authors found that
a 3:7 mixture of L-(+)-tartaric acid/dimethylurea (DMU)
can catalyze the reaction of different aldehydes with
1,3-dicarbonyl compounds in mild conditions, leading to
N,N-dimethyl-3,4-dihydropyrimidin-2-ones (1) in good to
excellent yields. Selected examples are shown in Scheme 1.

Later, Azizi et al.” studied the Biginelli reaction
catalyzed by ChCl/SnCl, (1:2) as deep eutectic reaction
medium and Lewis acid catalyst.

Quinazolines are also an important class of nitrogen-
based heterocyclic compounds with broad spectrum of

Table 1. Summary of relevant physicochemical data for common deep eutectic solvents (DES)*

DES T,/°C Density (p)*/ (g cm™) Viscosity / cP Conductivity (k) / (mS cm™)
ChCl/urea (1:2) 12 1.25 750 (25 °C) 0.199 (40 °C)
ChCl/CF,CONH, (1:2) —45¢ 1.342 77 (40 °C) 0.286 (40 °C)
ChCl/ethylene glycol (1:2) -66 1.12 37 (25°C) 7.61 (20 °C)
ChCl/glycerol (1:2) —40 1.18 376 (20 °C) 1.05 (20 °C)
ChCl/1,4-butanediol (1:2) =32 1.06 140 (20 °C) 1.64 (40 °C)
ChCl/malonic acid (1:2) 10 1.25 1124 (25 °C) -
ChCl/tartaric acid (1:2) 47 1.27 (30 °C) 66441 (30 °C) 0.014 (30 °C)
ChCl/glucose (1:2) 14 1.21 (85 °C) 8045.1 (25°C) -
ChCl/imidazole (3:7) 56 - 15 (70°C) 12 (60 °C)
ChCl/ZnCl, (1:2) 24 - 85000 (25 °C) 0.06 (42 °C)
ZnCl,/urea (1:3.5) 9 1.63 11340 (25 °C) 0.18 (42 °C)
ZnCl,/CH,;CONH, (1:4) -16 1.36 - -
ZnCl,/ethylene glycol (1:4) =30 1.45 - -
ZnCl,/1,6-hexanediol (1:3) -23 1.38 - -

“For more details, see references 34 and 35; "density values measured at 25 °C, unless otherwise stated; “freezing point obtained for a mixture of ChCl/

CF;CONH, in a 1:2.5 molar ratio.
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Scheme 1. Biginelli reaction in L-(+)-tartaric acid/dimethylurea (3:7).

biological properties such as antitumor,’’¢ antioxidant,””’®
anti-inflammatory,’*#
Catalyst free synthesis of quinazoline derivatives was
achieved by employing low melting point sugar-urea
mixtures.?” The authors screened several different binary
and ternary systems and found that a mixture composed of
maltose, DMU and NH,Cl in a ratio of 5:4:1, respectively,
was the best reaction media. Under relatively mild
conditions, 2-aminoaryl ketones, aldehydes and ammonium
acetate furnished a series of forty five quinazolines (2) in
good to excellent yields (Table 2; selected examples).
Similarly, 2,3-dihydroquinazolin-4(1H)-ones (3)
were obtained by using choline chloride/malonic
acid (1:1) as catalyst.®® The reaction of isatoic anhydride,
aromatic aldehydes and anilines, using 20% (v/v) of
ChCl/malonic acid (1:1) in methanol at 65 °C, led to
the desired products 3 in 80-95% yield (Scheme 2). The
catalyst could be recovered after each reaction cycle by
evaporation of the methanol and water (after the isolation
process of the products), thus allowing it to be reused for
five consecutive cycles without loss of activity. The authors
suggested that the acidic catalyst is actually participating
in three steps within the proposed reaction mechanism:
(7) the nucleophilic attack of the aniline to the carbonyl
group of the anhydride, (ii) the formation of the imine
intermediate 4, and (iif) the cyclization step of 4, which led
to the 2,3-dihydroquinazolin-4(1H)-one core (Scheme 3).
The Kabachnik-Fields reaction using Lewis
acidic eutectic mixtures for the preparation of
o-aminophosphonates was investigated by Disale et al.®*
in 2012. Reactions involving aromatic aldehydes, diethyl

and antiviral,®' among many others.
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Table 2. Synthesis of quinazolines (2) using maltose/DMU/NH,CI (5:4:1)
as deep eutectic solvent*

N\\rR
_N

X
NH,OAc 2 Ry
entry X R, R, time / min  Yield*/ %
1 Cl CeH; C¢Hs 180 86
2 Cl CeH; 3,4-(OMe),C¢H, 90 93
3 Cl C¢H; 4-pyridyl 200 87
4 Cl CeH; 2-thienyl 170 91
8 Cl 2-CI-CH, 3-CF;-CH, 240 90
9 Cl  2-CI-CH, 2-thienyl 300 86
7 NO, CeH; 3-CI-C¢H, 250 80
5 H CH; CeHs 200 87
6 H CeH; 4-NO,-C¢H, 150 93
10 H Me 3-pyridyl 200 88

“Reagents and conditions: 2-aminoaryl ketone (1 mmol), aldehyde
(1 mmol), ammonium acetate (1 mmol) were stirred in maltose/DMU/
NH,CI (ratio 5:4:1, respectively) (1.5 g) at 90 °C, whilst air was bubbled
into the reaction medium; “isolated yields. DMU: dimethylurea.

phosphite and aniline were completed within short periods
of time at room temperature when ChCl/ZnCl, (1:2) was
used as catalyst (Scheme 4). The authors proposed a
mechanism where ZnCl, participates as Lewis acid catalyst
in the formation of an imine intermediate. Based on earlier
speciation studies of ChCl/ZnCl, mixtures,*® the authors
also suggested that [ZnCl,]", [Zn,Cls]", and [Zn,Cl,]™ ion
clusters presented within the ionic liquid may also act as
Lewis bases abstracting a proton from diethyl phosphite.
This leads to a nucleophilic phosphite specie that attacks
the imine to furnish the desired o-aminophosphonates (5),
upon further protonation (Scheme 5).

The participation of chlorozincate clusters as Lewis
acid catalyst was also claimed to explain the mechanism
of the one-pot multicomponent synthesis of 4-[(3-indolyl)
(aryl)methyl]-N,N-dimethylanilines (6) catalyzed by
ChCl/ZnCl, (1:3).% Accordingly, the existence of chloride
ion in these clusters may lower the Lewis acidity in
comparison to the free ZnCl,, and the authors overcame
this effect by increasing the molar ratio of zinc chloride to
choline chloride. Furthermore, acidic chlorozincate clusters
of general formula [Zn,Cl,,,,]” were assigned to participate
in the reaction mechanism via activation of aldehyde
carbonyl group to the nucleophilic attack of the aniline. An
hydrogen bond activation involving the hydroxyl group of
choline may also participate in this process. The iminium ion
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Scheme 3. Proposed mechanism for the ChCl/malonic acid (1:1) catalyzed synthesis of 2,3-dihydroquinazolin-4(1H)-ones (3).

intermediate thus obtained was further attacked by the indole
component to furnish the product 6, upon deprotonation
and rearomatization (Scheme 6). The Lewis acidic deep
eutectic mixture, recovered after each run by water extraction
followed by vacuum drying at 120 °C for 2 h, could be
efficiently reused in four consecutive reaction cycles.

Eutectic mixture-stabilized iron oxide nanoparticles
(ferrofluid) were used as catalyst in the preparation of
highly substituted imidazoles.* The 4-component reaction
of 1,2-diphenylethane-1,2-diones, aromatic aldehydes,
anilines and ammonium acetate was run in ChCl/urea (1:2)
stabilized Fe,O, NP at 60 °C to give a series of 1,2,4,5-tetra-



Vol. 29, No. 10, 2018

aryl imidazoles (7) in 60-90% yield (Scheme 7). The same
reaction furnished the products in lower yields when carried
out in the absence of the catalyst system. The authors
suggest that, besides the stabilization effect on the Fe,O,
NP itself, the ChCl/urea eutectic mixture also plays a role as
an ionic media and hydrogen bond catalyst for the reaction.

| . -CHO .
w HN
R-NH

X . ChCliZnCl, (1:2) | N PR
g rt,0.5-2h S O
— X
H™/ oEt 5
15 examples (70-96%)
X = H, CI, Br, NO,, OH, OMe, Me
R= 06H5, 4-X-CGH4 (X=F, Cl, BI’)

Scheme 4. Kabachmik-Fields reaction catalyzed by ChCl/ZnCl, (1:2).
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Scheme 5. Mechanism proposed for ChCl/ZnCl,-catalyzed Kabachmik-
Fields reaction.
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Similarly, the synthesis of 2,4,5-triaryl-1H-imidazoles
has also been independently described under catalysis
of choline chloride/oxalic acid (1:1),%” dimethylurea/

8 examples (43-81%)
X = Me, OMe, F, Cl, Br

Scheme 6. ChCl/ZnCl, (1:3)-catalyzed synthesis of 4-[(3-indolyl)(aryl)
methyl]-N,N-dimethylanilines (6).
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R4 = H, Cl, Br, NO,, Me, OMe, OH, COsMe

R, = H, Cl, Br, Me, OMe
Rs = H, CI, OMe

Scheme 7. ChCl/Zn(l, stabilized Fe,O, NP as catalyst for the synthesis of tetrasubstituted imidazoles (7).
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citric acid (3:2)* and ChCl/ZnCl, (1:2)* deep eutectic
mixtures.

Hu er al.®® reported a study on the use of DES in the
reaction of amines, aldehydes, 1,3-dicarbonyl compounds
and nitromethane to prepare highly functionalized pyrroles
(8). The authors screened a series of different eutectic
mixtures based on natural organic acids (i.e., citric, oxalic,
itaconic, fumaric, succinic and malonic acids) and found
that ChCl/malonic acid (1:1) mixture plays role as solvent
and catalyst in this organic transformation (Scheme 8).
The desired pyrroles 8 could be isolated from the reaction
mixtures by extraction with ethyl acetate, whilst the
recoverd DES could be reused in five cycles without
significant loss of activity.

O
)]\ R1—NH, R4
R
Re™ H L Ghcimalonic ac, (1:1) © 2

L

O O CH3NO», 80 °C
0.5-2.0h Rs N
R3 R4 R
27 examples (52-91%) 8
R1 = aryl, alkyl
Ro = aryl, alkyl
R3 = Me, Et

R4 = Me, OMe, OEt, O'Bu

Scheme 8. ChCl-malonic acid catalyzed synthesis of polysubstituted
pyrroles (8).

The authors proposed a ChCl/malonic acid-promoted
catalysis via hydrogen bonding activation of carbonyl
group of the 1,3-dicarbonyl component, facilitating the
nucleophilic attack of the aniline to form the enaminone 9
as intermediate. Similarly, acid catalysis was claimed
to be involved in the Knoevenagel condensation of the
nitromethane with the aromatic aldehyde component.
Further Michael addition of 9 to 10 led to intermediate 11,
which furnished the desired pyrroles upon cyclization
followed by aromatization with loss of HNO and H,O
(Scheme 9).

Rokade er al.”" also described the synthesis of annulated
pyrroles using an approach focused on the catalytic role
of choline chloride-based deep eutectic mixtures. The
three component reaction involving different sugars with
enamines (generated in situ from aromatic amines and
1,3-dicarbonyl starting materials) led to highly substituted
pyrroles in excellent yields and relatively mild conditions
(Scheme 10).

The utility of Mannich multicomponent reaction
for the preparation of B-amino carbonyl compounds is
widely acknowledged. This three-component reaction can
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be catalyzed by ChCl/ZnCl, (1:2) as Lewis acid in the
presence of water as solvent.”? Thus, reaction of aromatic
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Scheme 9. Proposed mechanism for the ChCl/malonic acid-catalyzed
synthesis of polysubstituted pyrroles (8).
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Scheme 10. Synthesis of sugar-derived pyrroles in ChCl/urea (1:2).
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aldehydes, anilines and enolizable ketones (acetophenone
derivatives and acetone) using 5 mol% of ChC1l/ZnCl, (1:2)
in water at room temperature furnished the desired B-amino
ketones (12) in good to excellent yields (Scheme 11).
Furthermore, the deep eutectic mixture used in this study
could be recovered and reused up to four consecutive runs
without loss of activity.

o)
O RS)J\CH3 R3
| N{TUH - ChCiznCh (12) X7 ONH
S + (5 mol%) Y
R NH, H,0,rt,4h  Ri
12
Rz 18 examples (52-98%) Ro

Ri=H, NOg, Cl, OH, OMe
Ro = H, NO,
Rs = Ph, Me

Scheme 11. Mannich reaction catalyzed by ChCl/ZnCl, (1:2) in water.

Quinoline derivatives, an important class of nitrogen-
based heterocycles with remarkable biological activities,
have attracted attention of the synthetic organic chemists
over the past years.”* Recently, Shahabi and Tavakol®®
showed that the reaction of anilines with aromatic and
enolizable aldehydes, catalyzed by ChCl/SnCl, (1:2), can

X =

Longo Jr. and Craveiro

2007

efficiently furnish trisubstituted quinolines (13) in good to
excellent yields and mild conditions (Scheme 12).

Azizi and Edrisi’® studied the use of
N-methylpyrrolidinium-zinc chloride (HNMPCI/ZnCl,
(1:1)) deep eutectic mixture impregnated on mesoporous
silica SBA-15 as heterogeneous catalyst for Mannich
reactions. Thus, the reaction of ordinary aromatic
aldehydes, anilines and acetophenone, catalyzed by
HNMPC1/ZnCl,/SBA-15 at 60 °C for 5-8 h, led to a series
of B-aminoketones in good to excellent yields (Scheme 13).
The catalyst system has efficiency compared to other
standard methods described in the literature, but the authors
highlighted some advantages of their method, such as non-
toxicity, low catalyst loadings, and reuse of the catalyst for
five consecutive reaction cycles.

Later, the same authors reported the synthesis of
l-aminoalkyl-2-naphthols (14) from the reaction of
B-naphthol, secondary amines and aldehydes using
ChCl/urea (1:2) as solvent (Scheme 14).%

3.2. MCR based on Knoevenagel condensation

Knoevenagel condensation is a base-catalyzed reaction
of aldehydes or ketones with active methylene compounds
such as malonic esters, cyanoesters or dinitriles, among
others. This important reaction is widely involved in
several organic transformations to access biologically
active oxygen and nitrogen-based heterocyclic compounds

5 mol% R
ChCl/SnCl, (1:2)
60°C,2-4h

16 examples (54-96%)
R{=H,Cl, Br
R> = H, CHs, CoHs, CsHy+
H, Me, OMe, NO,, OH, CI,

Scheme 12. Synthesis of quinolines (13) catalyzed by ChCl/SnCl, (1:2) in solventless conditions.

~CHO o VH2 =
|/ = + l/ ¥ Rz_\ |
Ri o R HNMPCI/ZnCly/SBA-15 _ Q HN
neat, 60 °C, 5-8 h X X
Me 200h 1 P | R
clo_y-Me

HNMPCI-ZnCl,

@=0 19 examples (68-95%)

R4 =H, CI, Br, NO,, OMe
R, =H, CI, Br, OMe, Me, iPr

Scheme 13. Heterogeneous catalyst HNMPC1/ZnCl,/SBA-15 for Mannich reactions.
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OH R
Ry N\R/
R O + ChCllurea (1:2)= OH
Y g 60°C, 1:3h OO
H | !
HN. ./
R’ 14

21 examples (72-96%)
= H, OMe, Me, CI, Br, CO-Me

X
SIS
H H H
X = O, CHp, CH(CHs)

Scheme 14. Synthesis of 1-aminoalkyl-2-naphthols (14) in ChCl/urea
(1:2).

such pyranes, chromenes, indoles, 1,4-dihydropyridines
and related compounds. In this section, we will describe
the studies of multicomponent reactions in deep eutectic
mixtures in which the Knoevenagel condensation is part
of the mechanism of the reaction.

In 2013, Azizi et al.*® synthesized benzopyran derivative
15 using benzaldehyde, malononitrile and dimedone as
starting materials. They firstly screened different deep
eutectic mixtures as catalysts for this transformation
and verified that ChCl/urea (1:2) led to the best results
(Scheme 15). The scope of ChCl/urea (1:2) mixture as
catalyst for this transformation was further explored
using different substituted aromatic aldehydes as starting
materials, giving rise to several benzopyran derivatives in
good to excellent yields (75-95%).

H»
| N-H_
o
Ho/\/'g)< _ﬂ/'N_H,— ‘OA\ Ph
Cl=---"H Y
\UH O
LN |N~H w
O-.
H
H\}/CN
NC
(0]
? 4
CN CN .H*
_» —_—
~ =
|z N
o\ . Q7 NH

Deep Eutectic Solvents as Unconventional Media for Multicomponent Reactions
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© © )OL O Ar
Ar H DES CN
* 80°C, 1h |
NC”~ “CN 0" 'NHp
15
DES
ChCl/urea (1:2) - 95%
ChCl/Malonic acid (1:1) - 82%
ChClI/Citric acid (1:1) - 60%
ChCl/Tartaric acid (2:1) - 68%
ChCl/Glicerine (2:1) - 45%

Scheme 15. DES screening for the preparation of benzopyran derivatives
15).

The role of the DES in the mechanism of this reaction
is not fully clear, but many authors suggested that the
catalysis is due to Brgnsted basicity of urea and its hydrogen
bonding ability, making easier the deprotonation of the
active methylene compound involved in the Knoevenagel
condensation, as well as facilitating the nucleophilic attack
to the carbonyl compound (Scheme 16). Initially, the
attack of malononitrile to benzaldehyde is assisted by the
eutectic mixture, leading to intermediate 16, which upon
dehydration furnished the Knoevenagel adduct 17. This
intermediate is attacked by the enol form of the dimedone,
followed by an intramolecular cyclization step leading to
18, which further tautomerizes to the desired benzopyran
product.

In the same year, Pednekar et al.
similar approach using ethyl acetoacetate as CH,-acid
component. Thus, the reaction of dimedone, aliphatic and
aromatic aldehydes, ethyl acetoacetate and NH,OAc in
ChCl/urea (1:2) at 60 °C for 20 min led to the corresponding

T
o m

% studied a

Scheme 16. ChCl/urea catalyzed mechanism for the synthesis of benzopyrans (15).
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7,8-dihydroquinolin-5(1H,4H,6H)-ones (19) in good to
excellent yields (Scheme 17).

O
;%:O
+

o)
)i ChCl/urea (1:2)
> CO,Et
0,
e Yo NHiOAc, 60 C
20 min
H
* 19 H
| N O 14 examples (74-95%)
[ R = H, 4-Me, 4-OMe, 4-OH,

R 4-NO,, 4-NMey, 4-Cl, 3-NO»,

3-OMe, 2-Cl
Scheme 17. Synthesis of 7,8-dihydroquinolin-5(1H,4H,6H)-ones (19)
in ChCl/urea (1:2).

OH

O
20% ChCl/urea (1:2) _

Longo Jr. and Craveiro 2009

In a similar study, Chaskar'® described the synthesis
of 2-amino-4H-chromenes (20) and pyranocoumarins (21)
using 20% ChCl/urea (1:2) in water (v/v) as DES.
The author tested several aromatic aldehydes, two
different CH,-acid components (malononitrile and ethyl
cyanoacetate) and dimedone or 4-hydroxycoumarin as
1,3-dicarbonyl compounds, obtaining the desired products
in good to excellent yields (Scheme 18).

Azizi et al.'™ reported a chemoselective synthesis
of tetraketones (22) and xanthenes (23) in choline
chloride-based DES, using a pseudo-three component
reaction between 1,3-dicarbonyl compounds and aromatic
aldehydes. The authors carried out a careful screening of
eutectic mixtures to obtain both types of products. Higher
yields of 23 were obtained when ChCl/ZnCl, (1:2) was used
as DES whilst 22 was preferentially prepared in ChCl/urea
(1:2) (Scheme 19).

Two years later, a similar transformation was carefully
investigated by Navarro et al.,'” who described the use of

0]
7@ or N
(0] O
o +
O)kH X" CN
I//

R

/

H50, rt, 30-60 min

32 examples (81-96%)
X =CN, CO,Et
R = H, 4-Cl, 4-Br, 4-NO,, 4-OMe,
4-OH, 4-Me, 3-NO,, 2-Cl, 2,4-diOH

Scheme 18. Synthesis of 2-amino-4H-chromenes (20) and pyranocoumarins (21) using aqueous solution of ChCl/urea.

ChCl/urea (1:2)

80°C, 2-6 h

ChCl/ZnCl, (1:2)

80°C, 2-6 h

R
| s
o =~ HO
6 examples (82-92%)
R = H, 4-OMe, 4-NO,,
OH O 4-Me, 4-Cl, 3-Cl
22

10 examples (75-90%)
R = H, 4-OMe, 4-NO,,
4-Me, 4-Cl, 4-Br, 3-Cl, 3-
NO,, 2-Cl

Scheme 19. Pseudo-three component reaction in choline chloride-based deep eutectic solvents.
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deep eutectic mixtures based on sodium acetate trihydrate
and urea as benign reaction media for the Biginelli-like
reactions. The reaction of 2 equivalents of dimedone
with aromatic aldehydes in NaOAc.3H,O/urea (2:3) at
60 °C for 2 h led to a series of tetraketone derivatives 22
in good to excellent yields (Scheme 20; exemplified for
p-chlorobenzaldehyde). However, it was also noticed an
unexpected formation of hexahydroacridine-1,8-dione
products (24) when additional urea (1 molar equivalent)
was added to the media and the reaction was carried out at
90 °C for prolonged periods of time.

Although the authors showed that the NaOAc.3H,O/urea
(2:3) mixture is stable in T < 130 °C (as indicated by thermal
analysis), they also suggested an in sifu production of NH,
upon slow decomposition of urea under reaction conditions.
103 also observed a decomposition of
sorbitol/urea deep eutectic mixture under temperatures below
100 °C, and the in situ produced ammonia was involved
in the synthesis of 1,4-dihydropyridines via Hantzsch
multicomponent reaction. The presence of ammonia in the
reaction medium could explain the formation of 24, as it
can react with the intermediate tetraketones 22 at higher
temperatures. In fact, hexahydroacridine-1,8-dione products
(24) could be obtained in 82% yield when 22 was heated at
100 °C in the presence of NaOAc.3H,O/urea (2:3) for 6 h
(see Scheme 20).

Two distinguished groups published studies on the use
of DES in the synthesis of spirooxindoles (25-27). This
scaffold is widespread in natural products such as alkaloids,
lactones and terpenoids, as well as synthetic compounds
with important biological properties such as antiviral,'™
including anti-HIV,'® MDM?2 inhibitors and anticancer,'*
antitubercular,'”’ antimalarial,'®® antibacterial,'®!'" and
progesterone receptor modulator.'?

Azizi et al.'”® optimized the conditions for the three-
component reaction of isatin, malononitrile or cyanoacetic

Simeonov and Afonso

0 NaOAc.3H,0O/urea (2:3)

esters, and dimedone, 4-hydroxycoumarin or 1-naphthol
using ChCl/urea (1:2) as solvent and catalyst (Scheme 21).
Higher yields were observed when malononitrile was
used as CH,-active component (compared to cyanoacetic
esters). Although the exact role of the choline chloride/
urea in the mechanism of this transformation is not fully
understood, the authors suggested an acid-catalyzed
Knoevenagel condensation between isatin and the
CH,-acid component, followed by the Michael addition
of the enol form of the 1,3-dicarbonyl compound and
further intramolecular cyclization to furnish the desired
spirooxindole.

In the same year, Rajawat et al.'"* reported a variation
of this process using phthalic anhydride and isatin in
the presence of hydrazine hydrate and several different
1,3-dicarbonyl components (dimedone, barbituric acid,
indan-1,3-dione and 4-hydroxycoumarin). Thus, four
structurally diverse spirooxindoles (28-31) were prepared
in good to excellent yields using ChCl/urea (1:2) at 80 °C
for 20 to 40 min (Scheme 22).

The authors suggested a mechanism based on the
choline chloride/urea acid catalysis of a nucleophilic
addition of hydrazine to phthalic anhydride, leading to the
2,3-dihydrophthalazine-1,4-dione (32). The DES also plays
arole as acid catalyst for the Knoevenagel condensation of
1,3-dicarbonyl compound with isatin. Further addition of
32 to the Knoevenagel adduct 33, followed by cyclization
and dehydration steps, led to the desired spirooxindole
derivatives (Scheme 23; exemplified by indan-1,3-dione
as 1,3-dicarbonyl component).

In 2014, Swaroop et al.''> described a straightforward
synthesis of 4H-pyrano[2,3-c]pyrazoles (34-35) in deep
eutectic solvents under mild conditions. The reaction
of hydrazine derivatives, malononitrile, 1,3-dicarbonyl
compounds and aromatic aldehydes in ChCl/urea (1:2)
at room temperature for short period of time furnished

90 °C, 6 h (68%)

O Ar O
’M‘_
N
H

NaOAc.3H,0/

O
HgN)kNHg
O 4
CHO
CI/©/ NaOAc.3H,O/urea (2:3)

60 °C, 2 h (84%)
Ar = 4-CI-C4H,

Scheme 20. Biginelli-like reactions in sodium acetate trihydrate/urea (2:3).

24 urea (2:3)
100 °C, 6h
O Ar OH (52%)
(|) O
H
22
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N
h1 ChCl/urea (1:2)
+ 80°C,1-6h

Longo Jr. and Craveiro 2011

11 examples (55-95%)
X =CN, COgMe, COgEt
R1 = H, Me, C(0)'Bu
R, = H, Me

2 examples
R1 =H; X=CN (650/0)
R1 = H; X = CO5Et (60%)

2 examples
R;=H; X =CN (95%)
Ri=H; X = COgEt (82°/o)

Scheme 21. One-pot synthesis of spirooxindole derivatives (25-27) in ChCl/urea (1:2).

the desired heterocycles in good to excellent yields
(Scheme 24).

Two years later, two independent groups described
almost simultaneously an approach to 4H-pyrano
[2,3-c]pyrazoles, using the same deep eutectic mixture (i.e.,
ChCl/urea (1:2)) with a slight modification on the reaction
temperature (T = 80 °C).!16117

The mechanism generally accepted for this
transformation is based on the ability of DES to be involved
in hydrogen-bonding with carbonyl compounds, enhancing
the electrophilic character of the carbonyl carbons. Thus,
the formation of pyrazolin-5-one (36) as intermediate,
upon reaction of the 1,3-dicarbonyl component with
hydrazine, can be acid-catalyzed by the ChCl/urea solvent
(Scheme 25). Also, an acid-catalyzed Knoevenagel
condensation between the aldehyde and malononitrile
explains the formation of 37, which reacts with 36 to furnish
the desired 4H-pyrano[2,3-c]pyrazoles.''®

4H-Chromenes (38) can also be easily prepared via
multicomponent reactions catalyzed by deep eutectic
mixtures. Azizi et al.""® described a mild protocol for the
condensation of salicylaldehyde derivatives, malononitrile
and different nucleophiles (thiols, amines, nitrile and
indoles) in ChCl/urea (1:2) as green solvent (Table 3). Using
thiophenol (PhSH) as nucleophile, both electron rich and
poor salicylaldehydes afforded 4 H-chromenes in good yields
(entries 1-3). However, when butane-2-thiol was used, the
corresponding 4H-chromene was obtained in only 45% yield
(entry 4). Trimethylsilyl cyanide (TMSCN, entries 5-7) and
piperidine (entries 8-10) were also evaluated as nucleophiles.

More recently, Krishnammagari et al.'"® reported
a similar protocol with the use of dialkyl phosphites
as nucleophiles to obtain 2-amino-4H-chromen-4-yl
phosphonate derivatives (39) (Scheme 26).
Nitrogen-containing heterocycles represent an important
class of biologically active compounds, which exhibited a
broad range of applications in both Medicinal Chemistry
and Biology. The use of deep eutectic mixtures as solvents
and/or catalysts in the preparation of such compounds
is remarkable and they have become very popular as
alternative and green reaction media for the preparation of
compounds containing the indole, pyridine, quinazolinone,
naphthyridine, and pyrazole rings, among many others.
In 2013, Siddalingamurthy et al.'* studied the
synthesis of indole-3-propanamide derivatives (40) using
ChCl/urea as catalyst. These compounds are important
precursors to several biologically active molecules, such as
tyrosine kinase inhibitors (treatment of brain disorders),'!
epidermal growth factor receptor,'* immunosuppressive,'
anti-allergic'” and anti-inflammatory'® activities. The
described method involves N-methylindole, several
aldehydes and Meldrum’s acid, heated in a solution of
20 mol% of ChCl/urea (1:2) in acetonitrile (Scheme 27).
In 2017, Aryan et al.'* described a new method to
prepare pyrazole-4-carbonitrile compounds (41 and 42)
using biocompatible glucose-based deep eutectic solvents.
Thus, the reaction of hydrazine derivatives, malononitrile
and aromatic aldehydes, under heating at room temperature
in glucose/urea (1:5), afforded the desired pyrazoles in good
to excellent yields (Scheme 28). Also recently, Kamble
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8 examples (83-93%)
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4 examples
R{=H (93%)
R1 =Br (91%)
=F (89%)
= NO,, (86%)

z2-2

Scheme 22. Preparation of diverse spirooxindole derivatives (28-31) in ChCl/urea (1:2).

and Shankarling'?’ reported a similar approach for the
ultrasound-promoted Knorr pyrazole synthesis using a
combination of DES and water.

Four independent groups described deep eutectic
mixture-catalyzed multicomponent reaction approaches
to obtain complex polycyclic heterocycles such as 13-aryl-
13H-benzo[g]benzothiazolo[2,3-b]quinazoline-5,4-diones
(43),"*® indeno-fused pyrido[2,3-d]pyrimidines (44),'*
3,4,5,12-tetrahydrobenzo[4,5]imidazo[2,1-b]quinazolin-
1(2H)-ones (45)'3° and pyrazolopyranopyrimidines (46).'3!
The reactions involved the key condensation step of a
Knoevenagel adduct with different amines in ChCl/urea
(1:2), oxalic acid dihydrate/proline (1:1) or ChCl/glycerol
(1:2) as reaction media and catalyst (Scheme 29).

Two pseudo-four multicomponentreactions were recently
designed to furnish cyclohexa-1,3-dienamines (47)'** and
highly substituted pyridines (48).'% In 2017, Azizi et al.'?
described the reaction of aromatic aldehydes, two

equivalents of malononitrile and ketones, in ChCl/urea (1:2)
at 50 °C, which led to the desired cyclohexa-1,3-dienamines
(47) in good to excellent yields (Scheme 30). According
to the authors, the deep eutectic mixture could be recycled
and reused up to five reaction cycles without loss of
activity. Similarly, highly substituted pyridines (48) were
synthesized by the combination of aromatic aldehydes,
malononitrile (two equivalents) and aromatic thiols in
ChCl/urea (1:2) at 60 °C (Scheme 30).'3

Highly substituted naphthyridines can also be obtained
by DES-mediated multicomponent transformations.
Shaabani er al.'** recently described the domino
4-component reaction of equimolar mixtures of diamines,
1,1-bis(methylthio)-2-nitroethylene (49), 2-amino-1-ene-
1,1,3-tricarbonitrile (50) and carbonyl compounds (aldehydes
or ketones) using ChCl/urea (1:2) at 90 °C for 3-4 h. Under
these conditions, a series of complex heterocycles could
be obtained in good to excellent yields (Scheme 31,
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Scheme 23. Proposed mechanism of the formation of spirooxindoles derivatives.
0}
JU L RyHN-NH, R, A R, A
Ar” H CN CN
+ ChCl/urea (1:2) == y
o 0 i 10-gomin PN L or NI
NG CN ’ N™ >0 “NH;, N™ 07 “NH,
Ro OEt 34 Ry 35
(when Ry = H) (when Ry = Ph)
17 examples (62-95%)
aldehydes (Ar) Ry = H, CgHs
CHO Ro = Me, iPr

CHO CHO
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Scheme 24. ChCl/urea-catalyzed multicomponent synthesis of 4H-pyrano[2,3-c]pyrazoles (34-35).
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Scheme 25. Proposed mechanism for the ChCl/urea-catalyzed
multicomponent synthesis of 4H-pyrano[2,3-c]pyrazoles.

exemplified for indoline-2,3-dione). The authors suggested
the mechanism shown in Scheme 32, which involves the
nucleophilic attack of enamine 51 to the Knoevenagel
adduct 52. Two consecutive DES-catalyzed cyclizations of
intermediates 53 and 54 furnish the desired naphthyridines.

3.3. MCR based on nucleophilic attack of isocyanides

Isocyanides are common reagents for an important class
of multicomponent reactions, the so-called isocyanide-based
multicomponent reactions (IMCR)."*!* Due to the unique
properties of the isocyano group, with an electrophile and
a nucleophile center in the same molecule, this class of
reagents can be used in interesting different approaches to
the synthesis of heterocycle compounds.*”'* The first IMCR
was described by the Italian chemist Mario Passerini*® in the

ChCl/urea (1:2) -
MeCN, 80 °C, 6 h

)
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Table 3. Syntheses of 4H-chromenes (38) in ChCl/urea (1:2) using
salicylaldehyde derivatives, malononitrile and different nucleophiles

(0] Nu
CN
7 H NU chairurea (1:2) Y]
/Zon T80 1h . Y07 N
NC” CN 38
entry R Nucleophile Yield / %
1 H PhSH 98
2 5-Br PhSH 95
3 3-OMe PhSH 95
4 H butane-2-thiol 45
5 H TMSCN 95
6 5-Br TMSCN 90
7 3-OMe TMSCN 82
8 H piperidine 78
9 5-Br piperidine 72
10 3-OMe piperidine 68
PhSH: thiophenol; TMSCN: trimethylsilyl cyanide.
O OR,
N O\\P/,ORZ
R{\j OH  chCliurea (12) _ ({7 Rs
NG Rs 80°C, 2-3 h R/ Z NH,
9 139
_P. 46 examples (84-93%)
R:01; OR. Ry = H, Cl, Br, NOy, alkyl, OH,
alkoxy and benzyloxy
R> = Me, Et, Bu
R3 = Cn, CO,Et

Scheme 26. Synthesis of 2-amino-4H-chromen-4-yl phosphonate
derivatives (39) in ChCl/urea (1:2).
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12 examples (74-92%)

R1 = 2-phenylacetaldehyde, quinoline-
3-carbaldehyde, 2-ethoxybenzaldehyde

R»> = benzylamine, 2-chlorobenzylamine,
2-methoxyethanamine

Scheme 27. Preparation of indole-3-propanamide derivatives (40) using ChCl/urea (1:2) as catalyst.
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| h H | / (1:5)
R HN—=NH glucose/urea )
x// * ! 2 rt, 15-30 min
NC” CN

when R1 when R1

16 examples (83-96%)
Ry =H, CeHs
X =H, 2-0OH, 2-Cl, 4-Cl, 4-CN,
4-NHC(O)Me, 3-NO,

Scheme 28. Preparation of pyrazole-4-carbonitrile derivatives (41 and 42) using glucose/urea (1:5) as reaction media.
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19 examples (85-95%)
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13 examples (85-95%)
Ar = phenyl, substituted phenyl

)
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Ar
No¥
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@E - :
45

16 examples (52-91%)
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O O 1-naphthyl

2\ 20 mol% R1\ )
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H )OL EtOH, 80°C, 1h

Ar H 1

46

24 examples (75-92%)
Ar = phenyl, 2-furanyl,
2-thiophenyl
Ri=H, Me

Scheme 29. Synthesis of complex heterocyclic compounds using DES as unconventional solvent and catalyst.
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Ar = phenyl, substituted phenyl,
2-furanyl, 2-thiophenyl, 4-pyridinyl
Ry =H, 4-Me

Scheme 30. ChCl/urea-mediated synthesis of cyclohexa-1,3-dienamines (47) and pyridines (48).

(0]
— n
Me-S NO+2 ) +Ncﬁ\l . —H ChCl/urea (1:2) _
_ : o cN HoN  NHz  gp°C 3-4h
Me—S N H2N
49 50
9 examples (70-82%)
n=1.2
carbonyl compounds
0 O
-~ CHO ~ CHO N .
S % AL N
X H
(0]
X = 4-Br, 2,4-diCl, 4-NO»,, 3-NO, X =H, 5-Br

Scheme 31. Synthesis of highly substituted naphthyridines catalyzed by ChCl/urea (1:2).

1920s, who studied the reaction of carboxylic acids, carbonyl
compounds and isocyanides to prepare o-acyloxyamides.
Later, Ugi*' added a fourth component to the mixture,
an amine, and the reaction, which was named after your
contribution, is so far used to produce unnatural dipeptides
with high degree of molecular diversity. Excellent review
contributions on Passerini and Ugi multicomponent reactions
can be found elsewhere.’"140-142

The first example of IMCR carried out in deep eutectic
mixtures was reported by Azizi et al.'* in 2013. The authors
studied the Ugi reaction in ChCl/urea (1:2) as solvent to
produce a series of dipeptides 55 in good to excellent yields
(Scheme 33). The deep eutectic solvent could be recycled

and reused in four consecutive cycles without significant
loss of activity.

More recently, Singh et al.'** described an interesting
pseudo-four component Ugi/oxidation approach using IBX
(2-iodoxybenzoic acid) in ChCl/urea as eutectic solvent.
Upon addition of 1.0 equivalent of IBX to the reaction
mixture, the straightforward oxidation of the benzylamines
led to the in sifu formation of aldehydes, which in turn
react with a second equivalent of the amine to form the
corresponding imine as intermediate. Further reaction of
this intermediate with the carboxylic acid and isocyanide
furnished the desired dipeptides in good to excellent yields
(Scheme 34). The authors mentioned that the oxidant IBX
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Scheme 32. Proposed mechanism for ChCl/urea-catalyzed synthesis of naphthyridines.
AN
| R
NH; ( o H
ChClurea (12) (NN NO
rt,2-5h
=z = @)

NC |
>\ 55
R1

18 examples (60-92%)
R1 = H, 4-OMe, 4-Me, 2-Me, 4-Cl, 4-Br, 3,4-diCl
R> = H, 4-OMe, 3-OMe, 4-Cl, 2-Cl, 4-NO», 2,4-diCl

Scheme 33. Ugi multicomponent reaction in ChCl/urea (1:2) as DES.

COZH =y

(j/\NHz 1equiv. IBX @ \© R3 e ) o)
R/ = ChCl/urea (1:2) / X N -Rs
1

1 rt, 24 h

24 examples (64-88%)
R; = H, 2-OMe, 4-OMe, 3-Me, 4-Me, 4-CF 3, 3-F, 4-F, 4-Cl
Ry, = H, 4-OFEt, 2-Bu, 2-F, 4-F, 4-Br, 3-Me, 2-NO,, 3-OMe
R = Bu, "Pentyl, cCgH11, CH,CO,Me

Scheme 34. Pseudo 4-CR Ugi using IBX as oxidant and ChCl/urea (1:2) as green solvent.
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(re-oxidized by Oxone®) and the ChCl/urea mixture could
be recycled and reused for up to five cycles with only a
slight loss in activity.

Passerini reaction was also investigated in deep eutectic
solvents. In 2016, Shaabani et al.'* described the first
attempt to perform Passerini reaction in ChCl/urea (1:2) as
solvent. The reaction of a series of aliphatic and aromatic
aldehydes and carboxylic acids with cyclohexyl isocyanide
or fert-butyl isocyanide in ChCl/urea (1:2) at 60 °C led to
the corresponding a-acyloxy-N-alkylamides in 65-94%
yield (Scheme 35).

O
Rg)]\OH H 5
+ ChCl/urea (1:2) Ri” I ®)
R4NC >
)‘i ! 60 °C, 7-25 h Ry OJL R,
R3 H
16 examples (65-94%)
R1 = tBU, CC6H11

carboxylic acids (R»)

COZ COzH
[Saloon

X =H, 4-Br, 4-Me

aldehydes (R3)

CHO CHO
(T Do L

Y = H, 2-NO,, 3-NOo, 4-N02,
2-Me, 4-Me, 4-Br, 4-Cl

Scheme 35. Passerini multicomponent reactions in ChCl/urea (1:2) as
green solvent.

CHO

In 1998, a new isocyanide-based MCR was
simultaneously described by three different and
independent research groups.* The reaction takes place
between aminoazoles, aldehydes and isocyanides to form
annulated nitrogen-containing products, depending on the
aminoazole used as starting material.***° The so-called
Groebke-Blackburn-Bienaymé (GBB) reaction rapidly
became a very popular tool to prepare nitrogen heterocycles,
specially imidazo[1,2-a]pyridines (when 2-aminopyridine
is used as reagent),'“*14” This is a convenient scaffold for
the synthesis of biologically active compounds such as the
anxiolytic drug Alpidem or the hypnotic drug Zolpidem.

Two different approaches to perform GBB reaction in
DES were independently described by two Iranian research
groups in 2016. Firstly, Shaabani and Hooshmand'*® reported
the use of ChCl/urea (1:2) as solvent and organocatalyst for

J. Braz. Chem. Soc.

the preparation of a series of different nitrogen heterocycles
(Scheme 36; selected examples for imidazo[1,2-a]pyridines
(X = CH,) and imidazo[1,2-a]pyrazines, X = N). The
reaction of different 2-aminoheterocycles, aromatic
aldehydes and alkyl isocyanides furnished the desired
3-aminoimidazo-fused heterocycles in good to excellent
yields under mild conditions. According to the authors,
the DES could be recovered after the reaction and reused
up to four new cycles without loss of activity.

Hdu X

RsNC 5 ChCI/urea (1:2)
80 °C, 45-120 min R3HN
| X" "H 7 N\
- Ry =
Rq 16 examples (80-92%)
X=CH,N
Ry =H, Br
R, = H, Me

R3 = tBU, CCGH11
R4 =H, 4-NO,, 3-NOy, 4-F,
4-Br, 4-Cl, 4-Me, 4-OMe,

Scheme 36. Groebke-Blackburn-Bienaymé reaction catalyzed by
ChCl/urea (1:2).

Later that same year, Azizi and Dezfooli'* also
described the use of ChCl/urea (1:2) as solvent for the
synthesis of imidazo[1,2-a]pyridines derived exclusively
from 2-aminopyridines via Groebke-Blackburn-Bienaymé
reaction.

3.4. Miscellaneous

Imidazo[1,2-a]pyridines can also be prepared by
the copper-catalyzed multicomponent reaction of
2-aminopyridines, aldehydes and terminal alkynes. In 2014,
Lu er al.'* firstly screened different deep eutectic mixtures
for this MCR catalyzed by superparamagnetic CuFeO,
nanoparticles. Thus, the desired nitrogen-based heterocycles
56 could be obtained in excellent yields (80-95%), when the
three components of the reaction were heated in citric acid/
DMU (2:3) at 65 °C for 6-14 h (Scheme 37).

Dithiocarbamates are a class of natural and synthetic
thiocompounds with biologically important properties
such as fungicide and anticancer agents.'”"'® Azizi and
Gholibeglo®™’ have studied the use of DES as green media
for the one-pot multicomponent reaction to prepare this
class of compounds. For example, the reaction of carbon
disulfide (CS,), primary or secondary amines, and epoxides
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NH»
A
| Ar/CHO
_N
+
=
X
Ri—
=

citric ac./urea (2:3) i —
65°C, 6-14h Q\Hm

32 examples (80-95%)
R¢ H, 4-Me, 4-nBu, 4-F

aldehydes (Ar)

CHO
AN

O/ [ D—cHo [ H-cHo

W o s

X =H, 4-SMe, 4-1Bu, 4-F, 4-Cl, 4-Br,
4-CF3, 3-OMe, 3-OPh, 3-ClI, 3-CF3, 2-Cl

Scheme 37. CuFeO, NP-catalyzed MCR to prepare imidazo[1,2-a]pyridines (56) using citric acid/DMU (2:3) as DES.

in ChCl/urea (1:2) mixture at room temperature furnished
the corresponding 2-hydroxydithiocarbamates (57) in good
to excellent yields (Scheme 38). Later, the same group'™®
described a similar approach for the synthesis of amino
acid-derived dithiocarbamates, also using ChCl/urea (1:2)
mixture as green solvent.

)

RN OH Rs

Rs + CS, ChCl/urea (1:2)= S. N.
- rt, 12 h R1/k/ R
HN.
R 57 S
15 examples (70-97%)

R1 = Ph, CH,OPh, CH,OPr, CH,OCH,CH=CHj,

amines (R2 R3)

(Nj Q LNJ /\ \k Ph” > NH,

NHz  NH,

Scheme 38. ChCl/urea-mediated synthesis of dithiocarbamates (57).

The ring opening of epoxides by S-alkyl isothiouronium
salts was also described by the same group.'® In this
straightforward and odorless approach, the nucleophile
was generated in situ through the base-catalyzed reaction of
thiourea with alkyl halides in choline chloride/urea eutectic
mixtures as green solvent and catalyst. Further reaction
with different epoxides led to the B-hydroxy sulfides (58)
in good to excellent yields (Scheme 39).

The postulated mechanism involves a nucleophilic
attack of the thiourea to the alkyl halide furnishing the
corresponding S-alkyl isothiouronium salt as intermediate
59. According to the authors, this step would be accelerated

(0]
i R R
ChCl/urea (1:2) 1< 2
+ >
S RiX aq. NaOH S/\O/H

L 60°Ctort, 1-2 h
HoN™ “NH,

18 examples (70-95%)
X=Cl, Br, |
R1 = Bn, Me, Bu, CH,CH=CH,
R, = Et, Ph CH,OPh, CH,O'Pr, CH,OCH,CH=CH,
Scheme 39. Synthesis of B-hydroxy sulfides (58) in ChCl/urea (1:2).

due to the ionic nature of the DES. The hydrolysis of 59
with NaOH, followed by a thiolate nucleophilic attack to
the epoxide, under choline chloride/urea mediated catalysis,
gives the desired product (Scheme 40).'>°

Eutectic mixtures can also catalyze the synthesis of
5-arylidene-2-imino-4-thiazolidones (60). Mobinikhaledi
and Amiri'® described the multicomponent reaction of
N,N-disubstituted thioureas, chloroacetyl chloride and
aromatic aldehydes in choline chloride/urea (1:2) as green
solvent/catalyst (Scheme 41). It is worthy to mention that
the Z-configuration of the exocyclic double bonds was
determined by proton nuclear magnetic resonance and
comparison with analogous 4-thiazolidones.

Recently, Shahcheragh e al.'®' described the use of
choline chloride-based eutectic mixtures in the synthesis
of 1,3,4-thiadiazoles compounds. The one-pot three
component reaction between thiocarbohydrazide (61) and
carbonyl compounds 62 (mainly aldehydes) and ketene
S,S-acetals (63a or 63b) in ChCl/urea (1:2) at 80 °C led to
the desired highly substituted thiadiazoles (64a or 64b) in
moderate to good yields (Scheme 42).
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2 2
o o
59
v
/A
Neocr o
H o A H
OH NN
HoH
R1 \‘ll

Scheme 40. Proposed mechanism for the multicomponent synthesis of
B-hydroxy sulfides catalyzed by ChCl/urea (1:2).

Gewald multicomponent reaction is defined as the
condensation of a carbonyl compound (aldehyde or ketone)
with elemental sulfur and a-cyanoesters (or derivatives) to
prepare highly substituted 2-aminothiophenes.'® In 2017,
Shaabani et al.'®® described the first example of Gewald
reaction carried out in deep eutectic solvents. The reaction
between malononitrile or ethyl a-cyanoacetate, aldehydes
or ketones, and S, using ChCl/urea (1:2) as solvent
and NaOH as base, led to several 2-aminothiophenes in
moderate to good yields (Scheme 43).

4. Conclusions and Perspectives

Multicomponent reactions are acknowledged as
powerful tools to synthesize a series of interesting organic
compounds, especially heterocycles. The complete
replacement of VOCs in these organic transformations is

J. Braz. Chem. Soc.

not a realistic task and more attention should be paid to
the life cycle assessment of the solvents involved in all
procedure steps, i.e., reaction, washings, purification, etc.!!
The use of deep eutectic mixtures as solvent/catalyst in
multicomponent reactions can be seen as an improvement,
especially in the case of natural-based deep eutectic
mixtures composed of components derived from renewable
resources. The versatility of most of the DES studied to date
arises from their good compatibility with several functional
groups in the starting materials and products as well as with
additives such as oxidants (IBX, Oxone®), acids, bases,
among others. In addition, multicomponent reactions can
be performed in deep eutectic mixtures under relatively
mild conditions. However, the majority of the studies
published so far are incremental approaches focusing on
the use of choline chloride/urea-based eutectic mixtures,
with modest innovation in experimental procedures and
solvent replacement. In many cases, a proposed mechanism
of acid catalysis via hydrogen-bond activation or Lewis
acid catalysis of carbonyl compounds to nucleophilic attack
is postulated. No further investigations on the actual role
of DES as catalyst is presented so far. In this scenario,
we identify many opportunities for new investigation
studies on the mechanistic effects of eutectic mixtures
in multicomponent reactions, in order to provide new
insights into the development of interesting and innovative
approaches to the synthesis of even more complex organic
compounds.

Acknowledgments

The authors gratefully acknowledge Fundacdo de
Amparo a Pesquisa do Estado de Sao Paulo (FAPESP) for
financial support (2007/07338-6; 2015/11155-0). Marcus
V. Craveiro also acknowledges FAPESP for a postdoctoral
fellowship (2016/22636-2).

0]
AN H C|/\H/C| / AN
| AN
I 0 Y
+ ChCl/urea (1:2) No s —/~X

Y Y
GBS
H H

80°C,0.5-1h

Y\ ES
\ ~ 60 ©
17 examples (70-94%)

X =H, Cl, NO,, Me, OMe, OH
Y =H, Cl, Me, Et, Bu,

Scheme 41. The multicomponent synthesis of 5-arylidene-2-imino-4-thiazolidones (60).
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Scheme 43. Gewald synthesis of 2-aminothiophenes in ChCl/urea (1:2).
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