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Abstract: The solvents used in chemistry are a fundamental element of the environmental performance
of processes in corporate and academic laboratories. Their influence on costs, health safety, and
nature cannot be neglected. Quantitatively, solvents are the most abundant constituents of chemical
transformations; therefore, acting on solvents and replacing standard solvents with safer products
can have a great ecological impact. However, not all green solvents are suitable for the wide scope
of organic chemistry reactions. A second point to consider is that 50% of pharmaceutical drugs are
nitrogen heterocycles compounds. It therefore appeared important to provide an overview of the more
ecological methodologies for synthesizing this class of compounds. In this review, all publications
since 2000 that describe green reactions leading to the formation of nitrogen heterocycles using safe
solvents were considered. We chose water, PEG, and bio-based solvents for their negligible toxicity.
The synthesis of five-, six-, and seven-membered aromatic nitrogen heterocycles using green reactions
reported in the literature to date is described.

Keywords: bio-based solvents; O,5,N-heterocycles synthesis; catalytic and greener methodology

1. Introduction

Even if the chemistry community has made significant efforts towards identifying greener
processes by minimizing the quantity of catalysts or using multicomponent reactions and one-pot
processes, solvents remain a major portion of the environmental performance of a process, and may
have a significant influence on safety and health issues. Green solvents such as water, Poly(ethylene
glycol) (PEG) and bio-based solvents hold considerable additional promise to reduce the environmental
impact of organic chemistry. The study and search for greener synthetic methods have gained
importance over the past two decades (Figure 1).

Figure 1. Options for greener synthesis of Nitrogen-Containing Heterocycles.
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Background and Methodology

After some time dedicated to the search for Green Reactions Leading to the Formation of
N-Heterocycles, the excellent review entitled “More Sustainable Approaches for the Synthesis of
N-Based Heterocycles”, published by Candeias et al., in 2009 [1] was identified. More recently, other
teams also presented well-documented work on green chemistry [2-5] and about the synthesis of
heterocyclic compounds [6-16]. The instant review discusses the use of green reactions leading to
the formation of nitrogen heterocycles by means of safe solvents, namely water, PEG and various
bio-based systems, since 2000. Methyl-THE, which is one of the bio-sourced green solvents widely
used today to replace THEF, will not be discussed in this review because we did not find any work
reporting its use for the synthesis of nitrogen containing heterocycles. Similarly, we will not discuss
the use of ionic liquids here since many reviews were already devoted to them. Herein, each of the
synthetic strategies and examples are briefly described. We trust this review will be helpful to a broad
community of scientists working in medicinal chemistry.

2. Sustainable Chemistry

Greener routes are required in the synthesis of N-heterocycles, due to the remarkable importance
of these compounds in medicinal chemistry [17,18]. Solvents play an important role in the chemical
industry and their effectiveness in acting along with reagents and products within chemical processes
is a crucial factor. The choice of a solvent will influence the chemical reactivity, selectivity, and yield of
the synthesis process. One way to try to minimize safety, toxicity, and emission problems is to find or
develop new solvents to replace those commonly used [19,20]. In recent years, valid proposals for
green solvents have been reported such as water [21-23], and polyethylene glycol for its low price
and its low acute toxicity [24-26]. More recently, research teams have demonstrated that the use of
bio-based solvents is also a relevant choice [27-30]. All these results in the quest for safer solvents are
the best evidence that the concepts of green chemistry have made remarkable progress.

2.1. Water as Solvent

The use of water as solvent in reactions is a positive choice from the environmental and economic
point of view as it is an inexpensive, nonflammable and widely available resource [31-34]. A report of
water used as solvent for the synthesis of heterocycles was published in 1931 for the cycloaddition
reaction of furan and maleic anhydride by Diels and Alder [35]. Later, an important example was
disclosed by Breslow [36,37], who demonstrated that hydrophobic effects could strongly enhance the
rate of several organic reactions. Water has many advantages as reaction solvent for organic synthesis,
but the poor solubility of many organic compounds in water limits its use under standard conditions.
However, when applied at high temperatures and pressures, it undergoes changes in its properties
and can become a good solvent for organic synthesis [16].

2.2. PEG as Solvent

In recent years, polyethylene glycols (PEGs) have attracted special attention as green solvents in
various chemical transformations [38]. These low-cost compounds are available in a wide range of
molecular weights [39]. PEG 400 is presented as a viscous liquid soluble in water and many organic
solvents. It has the advantage of being biodegradable, non-toxic, odorless, neutral, non-volatile, and
non-irritating, which has allowed its use in a variety of drugs and medications [40—42].

2.3. Bio-Based Solvents

Recently, in response to increased concerns about sustainability, emphasis has been placed on
biologically based solvents and the need to find alternative solutions to conventional organic solvents.
At the moment, the commercial availability supply of this type of solvents is limited because there are
some initial barriers, such as their cost of production. Consequently, their market price of bio-based
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solvents is not competitive [43]. We believe that in the near future, and with the progressive increase in
the investment of research teams in the study of alternative solvents, these obstacles will be overcome.
In this review, we describe biologically based solvents that have been reported as valid alternatives
in the synthesis of N-heterocycles, which are; Meglumine, Gluconic acid, Ethyl lactate and Lactic
acid. Bio-based solvents or bio-sourced solvents are understood as mean solvents which come from
renewable sources, such as for example, vegetable sources which may be agricultural crops rich in
carbohydrates, such as corn, wheat, beets, forestry, or aquatic products. Additionally, our last study is
described in the present document. This study established for the first time the use of eucalyptol as the
new solvent for organic transformations [44].

3. Five-Membered Aromatic Nitrogen Heterocycles
3.1. Formation of the Pyrrole ring

3.1.1. Reactions in Water

In 2013, Reddy et al, developed an effective method to generate 6-substituted-6,6a-
dihydroisoindolo[2,1-a]quinazoline-5,11-diones by the reaction of isatoic anhydride, amine and
2-formylbenzoic acid 1, 2 and 3; in this case, the authors showed that since the multicomponent reaction
is less efficient in the absence of 3-CD (beta-cyclodextrin), the catalyst appears to play an important
role in increasing the efficiency of the reaction especially by activating the anhydride carbonyl group
of 1 in addition to increasing the water solubility of all the reactants. A subsequent nucleophilic attack
by the amine 2 on the activated carbonyl carbon was also facilitated by 3-CD leading to the generation
of the 2-amino-N-arylbenzamide intermediate. This was then reacted with 2-formylbenzoic acid;
intramolecular concurrent cyclization involving the carboxylic acid, and the amide group gave the
desired product (Scheme 1) [45].

/K BCD (Wiw 10%)
HZO /—L

X=HorCl R= Me, Ph or Het(Ar)

4, 60-95%
Scheme 1. Reddy et al. (2013).
Suresh et al., obtained polysubstituted pyrroles in good yields from «-azido chalcones and

1,3-dicarbonyl compounds in water. Their study showed that InCl; was an efficient catalyst for this
regioselective transformation (Scheme 2) [46].

R= Cl, Br, Me, OMe NO, R= Me, CF;, Ph, OEt

X, 71-94%

Scheme 2. Suresh et al. (2013).
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The group of Karamthulla reported a direct method for the synthesis of new spiro[indoline-3,
7,9-pyrrolo[1-c]imidazole]-6,9-carbonitrile derivatives 11 via a three-components reaction. The reaction
proceeded in good yields using isatin, malononitrile, and hydantoin or thiohydantoin in the presence
of Et3N as base (Scheme 3) [47].

Y Et3N (0.2 equiv.)
R < HZO

70 °C

8 9 10
R=Cl, Br, F, |, OMe X=0QorS 11, 60-90%

Scheme 3. Karamthulla et al. (2013).

Keivanloo et al., synthesized pyrrolo[2-b]pyrazines by treating 5-(alkyl-arylamino)-
6-chloropyrazine-2,3-dicarbonitriles 12 with phenylacetylene. This coupling reaction/cyclization
is a variant of the Larock indole synthesis and was performed in water using Pd(Ph3P),Cl, and Cul as
catalytic system, sodium lauryl sulfate and K,COj3 at 70 °C for 24 h (Scheme 4) [48].

Pd(PPh;),Cl, (5mol%)
Cul (10mol%)
SDs 10mol%

II e L0

R= Aryl, Het(Ar) 14, 68-96%
Scheme 4. Keivanloo et al. (2012).
Gogoi et al., described a convenient and fast procedure for the synthesis of cycl[3.2.2]azines

through a three-component reaction of 2-picoline, x-bromoacetophenone and alkyne in aqueous
medium under microwave irradiation (Scheme 5) [49].

Me (o] R
A .
K,CO3 (1.5 equiv.)
R Br —mmm >
N R H,0, MW
7 100°C
R 2-5min
15 16 17 R R
R=H, Me R=CO,Me, CO,Et  R=Ph, Het(Ar)
18, 20-92%

Scheme 5. Gogoi et al. (2011).

Yu et al,, studied a procedure for the alkynylation coupling of aryl iodides with terminal alkynes
catalyzed by a water-soluble copper complex (sulfonato-Cu(salen)). This reaction was stirred using
2-iodoaniline and aryl acetylene to obtain 2-arylindoles in excellent yields. As expected by the authors,
aryl iodides with electron-withdrawing groups afforded much higher isolated yields than those with
electron-donating groups (Scheme 6) [50].



Catalysts 2020, 10, 429 5o0f 74

_N N_
N303S bsoaNa
PTC (20mol%)
NaOH 1equ|v
100° C 24h
R= H, Me, NO, 21, 92-96%

Scheme 6. Yu et al. (2010).

Das et al., developed an efficient approach for the synthesis of polysubstituted pyrrolidin-1,
2-diones. The construction of these compounds was achieved by a one-pot three component reaction
of nitroarenes, formaldehyde, and dialkyl acetylenedicarboxylates using indium in dilute aqueous
HCI at room temperature (Scheme 7) [51].

COR

In (4 equiv.)
NO. HCHO 1 MHCI
s ‘ ‘ RO,C )
H,0
rt, 30 - °40 min N\
COR "
22 23 24
R=Ph, Het(Ar) R= Me, Et 25, 65-76%

Scheme 7. Das et al. (2010).

Barnard et al., adopted greener N-heterocyclizations with water as solvent and no transition metal
catalysts and showed good yields in a fraction of the time needed for the conventional synthesis of
isoindolines (Scheme 8) [52].

R/NHZ mij@ K,CO5 (1.1 equiv.) L
cl H,0
MW, reflux
26 27
R= Ph, Het(Ar) 28, 61-99%
Scheme 8. Barnard et al. (2006).
The Demir group successfully employed a catalyzed amination—annulation strategy for the

synthesis of 2-aminopyrrole-4-carboxylates. This work developed a Zn(ClOy), catalyzed protocol to
generate pyrrole ring-formation in high yields via x-cyanomethyl-ketoesters (Scheme 9) [53].

o
Et0 \
— | NH,
N
R H

t 2 Zn(ClOy),
(5mol%) 31, 71-76%
NH.
R OEt g ? H,0 o
R
CN EtO

. A\ /
29 30 | NH

R= Me, CH(CHj), , Ph, Het(Ar) R= Ph, Het(Ar) R N

32, 70-83%

Scheme 9. Demir et al. (2006).
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3.1.2. Reactions in PEG

The group of Yedukondalu performed the synthesis of substituted tetrahydrocarbazoles.
By heating phenyl hydrazine hydrochlorides or 4-piperidone hydrochloride with substituted
cyclohexanones or piperidone in PEG, the team was able to synthesize several derivatives, as shown in

Scheme 10 [54].
Ot¢

35, 45-93%

0

37, 88-93%

100 - 120 °C

NHNH,.HCI
R=H, C|, Br, F,

Me, Bu, OMe, CN, NO,
Muci 36

Py

Scheme 10. Yedukondalu et al. (2014).

Mishra et al., employed a one-pot synthesis protocol for the preparation of aminoindolizine.
The results were achieved using pyridine- or quinoline-2-carboxaldehydes with secondary amines and
terminal alkynes via tandem C-H activation, coupling, and cyclization reactions using copper chloride
(Scheme 11) [55].

e N CHO R\
| 38 N—R
o =N
2 N / —
R / CuCl (10 mol%)
~u —— 1l
| R _PEG N
39 R 40 90°C, 3-4h
R
morpholine R= Ph, Het(Ar)
piperidine
piperazine 41, 63-96%

dicyclohexylamine
N-methylaniline

Scheme 11. Mishra et al. (2012).
3.1.3. Reactions in Bio-Based Solvents

Dandia et al., reported the first ever 1,3-dipolar cycloaddition synthetic protocol for the synthesis
of spirooxindole derivatives using ethyl lactate as bio-based solvent. The reaction proceeded in high
yield with the 1,3-dipolar cycloaddition reaction of substituted isatin and proline with napthaquinone
(Scheme 12) [56].

\&: ethyl lactate
20 - 40 min.

R=H, CI, Br, NO, , Me, Et, Het(Ar)
&COOH

N 45, 88-93%

43

Scheme 12. Dandia et al. (2013).
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In 2015, Wang et al.,, reported an efficient novel and scalable process for the synthesis of
pyrrole derivatives in lactic acid under ultrasonic irradiation. The synthesis, which gave excellent
yields, consisting of several pyrrole derivatives, was achieved from the Knorr condensation reaction.
The authors demonstrated that the condensation reaction in lactic acid under ultrasonication avoids
the shortcomings of causticity, volatility, and recycling difficulties, when compared with traditional
Knorr condensation using acetic acid as solvent (Scheme 13) [57].

o
*/NHZ
o

ROC |
N co

NaNO,
o — _ =

48
lactic acid lactic acid 9
49

lactic acid

46

R= Me, OEt, OCH,CH=CH,,
R= Me, OMe, OEt, OCH,CH=CH, , 50, 75-92%
OC(CH3)3 , Ph

Scheme 13. Wang et al. (2015).

Yang et al., investigated the use of lactic acid in three-component condensation of benzaldehydes,
anilines and diethyl acetylene dicarboxylate to obtain polysubstituted pyrrolidinones. This team
showed that the application of this bio-based solvent resulted in several improvements; the products
were isolated in good yields using a single step and in a shorter time (Scheme 14) [58].

CO,Et
NH; CHO Iactlc acid O
R R H 30 C 2h
Et0,C

CO,Et
51 52 53
R=H, Me, OMe, NO, R=H, CI, Me, CF3, NO,
54, 52-83%
Scheme 14. Yang et al. (2012).

Li et al., employed a four-component coupling of amines, aldehydes, 1,3-dicarbonyl compounds,
and nitromethane to obtain pyrrole derivatives. Compounds were prepared using a gluconic acid
aqueous solution as an efficient and reusable promoting medium. This methodology demonstrated
excellent functional group tolerance, short reaction time, and high yield of products (Scheme 15) [59].

R

R
GAAS (50% wt%) ©
o M crisNo2 | N
100 °C N\
R

55 56
R= Ph, Het(Ar) R= Me, OMe, OEt, 58, 48-93%
OCH,CH=CH, ,
0C,H,OMe

Scheme 15. Li et al. (2013).

3.2. Formation of the Pyrazole Ring

3.2.1. Reactions in Water

Recently, Muthusamy and Gangadurai published the synthesis of benzopyranopyrazoles
through a 1,3-dipolar cycloaddition approach involving an in situ generated aryl diazomethane
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from propargylated salicyl aldehydes and their intramolecular [3+2]-cycloaddition reaction with
a suitably placed terminal alkyne/alkene. Aryl diazomethanes were generated by base-mediated
decomposition of the corresponding aryl sulfonyl hydrazones; in addition, hydrazones were readily
accessed from the corresponding aldehydes (Scheme 16) [60].

1 s N H

R
‘ TsNHNH; (1.1 equiv.) R / /
K2C03 1 5 equiv.)
HZO
70°C, 12h
R O

R
60, 77-96%

R=H, Cl, Br, I, OMe,OEt,
NO2, tBu, CH=CH-CH=CH

Scheme 16. Muthusamy and Gangadurai (2018).

The group of Eswararao achieved the rapid synthesis of 1H-pyrazolo[1-b]phthalazine-5,10-diones
using InCl; catalyzed reaction of phthalic anhydride, hydrazine hydrate, benzaldehydes and
malononitrile/ethyl cynoacetate at reflux in good yields (Scheme 17) [61].

[o]

R
InCls
NHaNH, H0 N
/\ )k I / .
reflux N
1-15h
63 o NH;
859
R=CN, CO,Et R= Ph, Het(Ar) 64, 82-85%

Scheme 17. Eswararao et al. (2017).

Sagir et al., achieved a one-pot four-component reaction catalyzed by iodine in water. This reaction
protocol involved the formation of pyrazolo-pyrido-pyrimidines and their spiro analogues from
hydrazine, ethylacetoacetate, 6-amino-1-methyluracil, and isatin or aldehyde and iodine as catalyst
(Scheme 18) [62].

)J\)J\ i
Ph OEt
65 NH
. | PN
H,N N (¢}
‘ I (10mol%)
R [e] >
68 H,0, 90 °C
N
\ RNHNH,
66 R 67
R= H, Me, Et R=H. Ph 69, 83-91%

R=H, Br, NO, , Me

Scheme 18. Sagir et al. (2017).

Maleki et al., worked on the preparation of pyrano[2,3-c]pyrazoles. These reactions were conducted
with a one-pot, four-component synthesis process catalyzed by nano-structured diphosphate in water.
The library of pyrano|[2,3-c]pyrazoles was successfully synthesized with this method, which proved
to be effective for aromatic aldehydes bearing either electron-donating or electron-withdrawing
substituents as well as for the heterocyclic aldehyde (Scheme 19) [63].
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Me
? NH,NH, (2 equiv.) oN
2! 2 .
)J\ e en Na;CaP,O; (20mol%)  ff
0 — 7 | |
R H H,0, reflux \
70 o !

o] o NH,

R= Ph, Het(Ar) M
OEt 72, 85-92%

71

Scheme 19. Maleki et al. (2016).

Bakherad et al., demonstrated a reaction protocol using magnetized water as solvent. The water
was prepared using a static magnetic system of 6000 G field strength with a flow rate of
500 mL s-1 at different magnetization times. The generation of pyrano[2,3-c]pyrazoles and
pyrano[4’,3":5,6]pyrazolo[2,3-d]pyrimidines proceeded through a one-pot four-component catalyst-free
protocol (Scheme 20) [64].

Me
NC/\CN
9 cN
o o
M =2 N\/ ‘ |
— =
Me OCH,CH, N o NH,
73 NH,NH,
Magnetized 76, 86-98%
° water '
R)LH
R o
74 50°C Me
—
R= Me, CH(CH3), , CH,CH(CHj3),
Ph, Het(Ar) N
OWO N\/ ‘ |
N
N o N o
HN NH H
\H/ 77, 85-98%

75

Scheme 20. Bakherad et al. (2017).

Markovi¢ and Joksovié¢ reported a methodology for the construction of the ethyl 5-aryl-1H-
pyrazole-3-carboxylate ring system from 4-aryl(hetaryl,alkyl)-2,4-diketoesters and 1,3-diketones with
semicarbazide hydrochloride. This approach did not require toxic hydrazine and product purification,
eliminating the use of toxic liquid chemicals (Scheme 21) [65].

o OH
’N OEt
OEt HN
R 7 H,0 N
NH,CONHNH,.HCI —————> —
o reflux, 2h R [o}
78 79
R= Ph, Het(Ar) 80, 85-98%

Scheme 21. Markovi¢ and Joksovi¢ (2015).

Dam et al., achieved a super-paramagnetic nanoparticle supported L-proline catalyst (nano-FDP)
for the construction of the pyrazole ring. The strategy adopted was under ultrasonic irradiation.
The various derivatives were prepared in excellent yields at room temperature (Scheme 22) [66].
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CHO
o o
nano FDP oN
M R NH,NH, (1.5equiv.)
—_— >
EtO’ Me H,0, 1t N / | |

71 81 2-12 min. \
H o NH,
R= Ph, Het(Ar)

N

NC CN 82, 98-89%
9

Scheme 22. Dam et al. (2015).

The team of Srivastava reported an iodine-catalyzed sequential process to access pyrazole series
from phenyl hydrazine, malanonitrile, and a diverse range of aldehydes. The strategy was performed
using water as solvent and no purification by column chromatography was required (Scheme 23) [67].

CHO
I, (20mol%)
PhNHNH N
R 2 N—
NC/\CN —_— /
H,0 Y, NH,

4 -8 min
83 9 R

R=H, CI, F, NO, ,
Me, OMe, OH, CN
84, 86-94%

Scheme 23. Srivastava et al. (2014).

Khoraamabadizad et al., designed the synthesis of pyrazolo[1,2-a]pyridazine under ultrasonication
in water using triethanolamine as catalyst. This approach involved a one-pot reaction of maleic
hydrazide, with aromatic aldehydes and malononitrile. The catalyst applied participated both in the
Knoevenagel condensation of malononitrile with substituted benzaldehydes and in the reaction of the
condensation product with maleic hydrazide (Scheme 24) [68].

R
o o

NH N
| | cHO | I / oN

NH H,0 N

R
NC/\CN
4 NH,

o
85 86

9

R=H, CI, Br, NO, , 87, 40-95%
Me, OMe

Scheme 24. Khoraamabadizad et al. (2014).
In 2014, Heravi et al., published the synthetic protocol to obtain pyrazolopyranopyrimidines.

They reported access to the derivatives via a one-pot, four-component reaction from ethyl acetoacetate,
hydrazine hydrate, benzaldehydes, and barbituric acid catalyzed by DABCO in water (Scheme 25) [69].
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o o
o Ar
o
Me OEt DABCO
(20mol%) N
71 NH NHyNH, | | \
/N
CHO /K H0 O)\N o N
refl H
A o N o ux H
88 89 90, 84-99%
R= Ph, Het(Ar)

Scheme 25. Heravi et al. (2014).

Sachdeva and Rekha studied a catalytic protocol to obtain pyranopyrazoles using ZnO
nanoparticles. This procedure comprised the reaction of hydrazine hydrate, methylacetoacetate,
substituted aromatic aldehydes, and ethylcyano acetate in the presence of a catalytic amount of ZnO
nanoparticle as catalyst under stirring at room temperature in the presence of water (Scheme 26) [70].

[e] [e]
M j I
CHO  ZnO NPs (9mol%)
Meo Ve o NHNHoH0 — ff g
o 93 N | |
H,0 \N
- rt (o} NH
v o R=Ph, Het(an) H 2

94, 85-90%

Scheme 26. Sachdeva and Rekha (2013).

Wu et al., reported a synthetic approach for the synthesis of pyranopyrazole using
cetyltrimethylammonium chloride (CTACI) as catalyst. The catalyst applied showed high activity, high
stability and the desired products were obtained in good to excellent yields from ethyl acetoacetate,
hydrazine hydrate/phenylhydrazine, aromatic aldehydes, and malononitrile, using water as solvent at

90 °C (Scheme 27) [71].

R=H, CI, Br, F, NO, , CF3,
Me, OMe, OH, CN, N(CHj3),

CHO
0 0 ~©/ CTACI
M R (20mol%) 4
Lol
Eto Me H,0 \

o N
7 95 90°C / 0 NH,
VN R
Ne CN NH,NHR
9 9 97, 72-90%
R=H, Ph

Scheme 27. Wu et al. (2013).

Zonouz et al., presented a catalyst-free methodology for the synthesis of methyl 6-amino-5-cyano-
4-aryl-2,4-dihydropyrano|2,3-c]pyrazole-3-carboxylates in water using a one-pot, four-component
reaction. The key steps in the synthesis were the formation of benzylidine malononitrile via Knoevenagel
condensation between aldehyde and malononitrile; then the formation of pyrazolone by reaction
of hydrazine hydrate with dimethyl acetylenedicarboxylate; and lastly, the Michael addition of the
formed intermediates, followed by cyclization and tautomerization (Scheme 28) [72].
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CO,Me

12 of 74

CO,Me
NH,NH,. H,O  NC.

CHO
H,0 —
e T Y .
55-60 °C . 7
9 15-25h o N

Co,Me

98 99

R=H, Br, NO, ,

-849
Me, OMe, OH. 100, 64-84%

Scheme 28. Zonouz et al. (2012).

Madje et al., accomplished the synthesis of 2H-indazolo[2,1-b]phthalazinetrione derivatives in
good yields by three-component condensation reaction of phthalhydrazide, dimedone, and aromatic
aldehydes using alum [KAI(SO4),.12H;,0] as catalyst in water (Scheme 29) [73].

o -
O, )
NH
@ Ar
NH
Alum (10mol%)
—_—
¢}
101 103

H,0
80°C

CHO
R@ o
104, 88-95%

102

(e}

N\

R=H, Cl, Br, F, NO,,
Me, OMe, OH,

Scheme 29. Madje et al. (2012).

Savant et al., obtained trisubstituted pyrazoles via a sequential condensation of various
R-acylketene dithioacetals with hydrazine hydrate, followed by the oxidation of sulfide to sulfone
using water as solvent. The derivatives were successfully achieved using water as solvent and with a
short reaction time. (Scheme 30) [74].

HN o HN o
NH,NH, . H,0
MeS Me > Mes
/ H,0 z Me
reflux /
SMe o HN

105

R=H, CI, F, NO,,
Me, Et, OMe

106, 89-97%

Scheme 30. Savant et al. (2010).

The team of Mali performed a condensation of 2-chloro-3-formyl quinolines and hydrazine
hydrate/phenyl hydrazine for the synthesis of pyrazolo[3,4-b]quinolines. This protocol was carried out
in aqueous medium and using thermal/microwave energy resources (Scheme 31) [75].
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AN 0 .
N
- HZN/ Y
N cl
R
107 96
R=H, Me, OMe R=H, Ph 108, 87-93%

R=H, Et
Scheme 31. Mali et al. (2010).
3.2.2. Reactions in PEG

Karnakar et al., synthesized spiro pyranopyrazole derivatives in good to excellent yields using
PEG as solvent. This one-pot four-component reaction promoted by a Knoevenagel condensation
occurred between isatin and malononitrile, which reacted with the pyrazolone intermediate formed by
the condensation of dialkyl acetylene dicarboxylate and hydrazine hydrate. The sequential strategy

was finalized with the Michael addition, followed by enolization and ring closure to provide the
desired product (Scheme 32) [76].

NH,NH,.H,0
R: o —
N
109 \R \R 111, 81-92%
?AZ e PEG 400
' COR 100 - 110 °C
R/\CN | | e
110 Ph-NH,NH,
R= CN, CO,Me, COR
CO,Et 23
R= Me, Et \ 112, 78-88%

Scheme 32. Karnakar et al. (2015).

The group of Lavania performed the synthesis of 2-pyrazolines by their condensation with

hydrazine hydrate in PEG. The strategy was applied to the preparation of pyrazolines in good to
excellent yields (Scheme 33) [77].

o) xR S

NH,NH,.H,0
—_—
PEG 400

113

114, 81-84%
R= ClI, Br, OMe, NO,

Scheme 33. Lavania et al. (2013).
Kidwai et al., prepared 1H-indazolo[1,2-b]-phthalazine-1,6,11-triones using ceric ammonium

nitrate (CAN) as catalyst. The library was obtained from a one-pot reaction of phthalhydrazide,
cyclic-B-diketone and an aldehyde in polyethylene glycol (Scheme 34) [78].
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0 R= Ph, Het(Ar)
CHO
~
NH R o
R
116
NH
N (o)
CAN (5mol%) |
—_—
o o PEG 400 Y
101 50 °C
o R
R R
o)
R 117, 62-94%
15
R=H, Me

Scheme 34. Kidwai et al. (2012).

3.2.3. Reactions in Bio-Based Solvents

Bhat et al., achieved the synthesis of 2-pyrazoline derivatives by applying a reaction approach
catalyzed by cerium chloride heptahydrate (CeCl; - 7H,0O) and ethyl lactate as solvent. The team
was able to successfully prepare 1,3,5-triaryl-2-pyrazoline from the condensation reaction between
chalcones and phenyl hydrazine (Scheme 35) [79].

CeCl3.7H,0
NHNH, f _(2omo%)
/\)J\ ethyl lactate
reflux
120, 38-87%
R= Ph, Het(Ar)

Scheme 35. Bhat et al. (2017).

3.3. Formation of the Imidazole Ring

3.3.1. Reactions in Water

Dheer et al., studied the regioselective synthesis of 2-iodo-imidazo[l,2-a]pyridines and
2-iodobenzoimidazo[2,1-b]thiazoles catalyzed by Cul/B3-CD. This methodology showed efficient
synthesis of imidazo derivatives in good yields using water as solvent (Scheme 36) [80].

Cul (10mol%)
NHz 1, (1.5equiv.)
@/ 6D (1mol%) Qr
90 C 4h
121 122 123, 65-85%
R= Ph, Het(Ar), Alkyl R=H, CI, Me
cul, I
C[ : BCD C[ %
90 C 4h

124 12

R= Ph, Het(Ar), Alkyl R

126, 70-80%

Scheme 36. Dheer et al. (2017).

Bhagat and Telvekar described the synthesis of imidazo[1-a]pyridines, imidazo[1,2-a]pyrimidines,
and imidazo[2,1-b]thiazole using NBS in aqueous medium. The series were accomplished with
2-aminopyridines, or 2-aminopyrimidines, or 2-aminothiazole, with (3-keto esters, or 1,3-diones, or
aryl ketones (Scheme 37) [81].
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130, 94-67%
NBS (1.2 equiv.)

128
H,0
R= Ph, C=OMeCO,Me, ~ 80-90 °C

CO,E, Het(Ar) s,
[5 NH, N
Y =
N
129

131, 61-70%

Scheme 37. Bhagat and Telvekar (2017).

Wagare et al., developed an efficient microwave-assisted one-pot process for the synthesis of
azaindolizines in PEG 400 and water. The construction of these compounds was achieved from
2-aminopyridines and in-situ generated phenacyl bromides. This protocol avoided the use of
lachrymatory o-haloketones as well as volatile toxic organic solvents and reduced the reaction time to
obtain excellent yield (Scheme 38) [82].

[e}

N NH, N R
{j/ o - /J_Q
R ——» R
MW N/
7 R 80-85°C X
132 133 134, 84-89%

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

Scheme 38. Wagare et al. (2016).

Nikoofar et al., reported a catalytic system to be used for the synthesis of 2,4,5-triaryl-1H-imidazoles
in water under reflux conditions. The use of ZnO nanorods (ZnO NRs) as catalyst was developed.
The authors showed that they were mild, benign, and effective catalysts for the preparation of
tri-substituted imidazoles in high yield from a one-pot, three-component protocol (Scheme 39) [83].

N
O NH,OAc (4equiv.)
————
R
ZnO nanorodes
R= H, CI, Me, OMe (20mol%)
& H,0

cHo reflux

H

/

R 137, 70-90% R

136
R= Ph, Het(Ar)

Scheme 39. Nikoofar et al. (2015).

Chanu et al., employed a one-pot, three-component reaction approach with x-oxoketenedithioacetals,
diamines and DMAD to prepare tetrahydroimidazo[1,2-a]pyridines. The various derivatives were
achieved under aqueous reaction conditions. The reaction involved SNAr intramolecular cyclization
(Scheme 40) [84].
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o, R
R
i) H,0 H COM
o) reflux N = 2e
/\/NHZ 4h
HoN —_— |

. N

Mes SMe ii) H,0

rt
138 139 10 min
COMe o
R= Ph, Het(Ar)

140, 85-92%

CO,Me
98

Scheme 40. Chanu et al. (2014).

Siddiqui et al., carried out the preparation of imidazo[1,2-a]pyridine through the three-component
conversion of 2-aminopyridine, aldehyde, and alkyne, in imidazo[1,2-a]pyridine by employing iodine
as catalyst under aqueous conditions. The synthesis involved the in-situ formation of imines followed
by the addition of alkyne to give the desired products in excellent yield (Scheme 41) [85].

CHO N, NH,
\ / N
R R I (10mol%) =
= . R
H,0 N
141 142 60 °C

6-6.5h

R=H, Cl, Br, R=H, CI, Br, Me
F, NO,, Ph, CN

=z R
R 144, 65-87%

143

R=H, Me

Scheme 41. Siddiqui et al. (2014).

Peshkov et al., prepared imidazo[1,2-a]azine derivatives via the three-component reaction of
2-aminoazine, 2-oxoaldehyde, and cyclic 1,3-dicarbonyl. The synthetic route studied was successfully
achieved via a Biginelli-type multicomponent process in water (Scheme 42) [86].

@ N
6 r
NH, o o 0 H.0
2
. XN G 4 o
’ A mw o
NH R 120 °C
145 146 147 °

R= Ar, Me

148, 84-89%

Scheme 42. Peshkov et al. (2014).

Bangade et al., succeeded in preparing 3-aryl imidazo[1,2-a]pyridines, 5-aryl imidazo[2,1-b]
thiazoles and 3-aryl benzo[d]imidazo[2,1-b][1,3]thiazoles from the reaction of phenacyl bromide with
heterocyclic amine in presence of DABCO in aqueous medium (Scheme 43) [87].
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L (T

Br DABCO (10mol%) 151, 83-95%

R H,0
60-70°C

Z >N
149 P
N
R=H, Cl, F, NO,, Ph, OH N\ NHz
R
/

152

153, 82-96%
R=H, Me, NO,

Scheme 43. Bangade et al. (2013).
Rustagi et al., obtained various fused benzimidazo[2,1-a]isoquinolines performing a one-pot
approach to the regioselective tandem from o-alkynylaldehydes and arylamines with tethered

nucleophiles using Agl as catalyst in water. This protocol was shown to have a broad substrate
scope, good functional group tolerance, and high efficiency (Scheme 44) [88].

N
- NH.
2 AgNO, / \
R—i— | R (8-15moi%)
“\ . —_— ’,.' AN N
x HO  r—i— |
NH, .

Vs

85 °C ..
70 - 10h X = R
R
154 155 156, 65-93%
X= N, CH R=H, Me
R= Ph, Het(Ar)

Scheme 44. Rustagi et al. (2012).

Kumar et al., accomplished the synthesis of diarylimidazoles using water as solvent by reacting
a-tosyloxy ketones with a variety of amidines. This methodology demonstrated several advantages

such as good yields, no metal reagents, avoidance of toxic, volatile, and corrosive organic solvents
(Scheme 45) [89].

o

R N
R HoN NH
R _— ‘ A\ R
H,0
N
R R H

OTs 60 - 80°C

157 158 159, 50-93%
R= Ph, Het(Ar) R= Ph, Het(Ar)
R=H, COMe

Scheme 45. Kumar et al. (2011).

Rustagi et al., adopted a tandem reaction for the synthesis of substituted benzimidazoles
This protocol was conducted in aqueous media from o-alkynyl aldehydes and amines having an
N-tethered nucleophile using Ag(I) as the catalyst. The sequential strategy involved the formation of
two new carbon—nitrogen bonds and one new carbon-carbon bond, thereby leading to the formation
of two heterocyclic rings in a one-pot reaction giving fused polycyclic heterocycles (Scheme 46) [90].
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N
e, OO NH,  AgNOg I \
) (8mol%)
R—— | EEEE—— N
- H,0 R—— |
NH, 85°C.7h _

X-*

/

R

160 161 162, 75-92%

X=N, CH, S
R= Ph, Het(Ar)
R= Ph, CH(CHj); , Het(Ar)

Scheme 46. Rustagi et al. (2011).

Peng et al., reported a study to obtain benzimidazole in water. For this process, they developed
a CupO/DMEDA system to achieve intramolecular C-N Bond formation and consequently the

benzimidazole ring system in high yields (Scheme 47) [91].

Cu,0 (5mol%)

DMEDA (10mol%)
H K2C03 2equw
2o 100 °c

163 164, 65-93%

X=Cl, Br, |
R=H, CI, Me, OMe, NO,
R= Me, Ph, Het(Ar)

Scheme 47. Peng et al. (2011).
Chanu et al., reported a synthesis of heterocyclic N,N-acetals in water. The compound was

synthesized efficiently from ketene dithioacetal with ethane-1,2-diamine in the absence of any acid/base
catalyst (Scheme 48) [92].

o SMe HaN />
_ 2
SMe _>
H reflux
NH,
165 166 167, 95%
o SMe
HoN
- %
SMe
reflux
NH,
168 166 169, 90%
SMe HaN,
HN/>
R
N . N
H,0 H
R NH, reflux
Y
170 166
171, 70-93%
R=CN, CO,Me

R= CN, CO,Me, CO,C,Hs, PhCO
Scheme 48. Chanu et al. (2010).

Boeini and Najafabadi prepared benzimidazole through 1,2-diaminobenzene and a suitable
S-methylthioamidinium salt in the presence of a catalytic amount of hexadecyl trimethylammonium

bromide (HTAB) (Scheme 49) [93].
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0.
NH, [ﬁj
| - HTAB (10mol/)
)\ o />
R SMe 80 °C
NHz 40 min

161 172 173, 59-76%

R= Ph, Het(Ar)

Scheme 49. Boeini and Najafabadi (2009).

Barbero et al., employed a copper-catalyzed intramolecular N-arylation of 2-bromoarylureas for
the preparation of benzoimidazolones. The synthesis of several derivatives was achieved by using Cul
and TMEDA acting both as the ligand and as the base in a water solution. In addition, the authors
related that although Cul provides the best results in this novel protocol, other copper salts (CuCl, CuBr,
Cu(OAc),.HyO, Cu(OTf), and Cu(ClOy4),.6H;0) could be used with similar efficiency (Scheme 50) [94].

Br Cul (8.5mol%)
o TMEDA (3 5equiv.) >
R
)k H0
T 120 °C

15h
174 175, 51-92%

R=H, F, Me, OMe, NO, , CF,
R= Bn, Het(Ar), Et

Scheme 50. Barbero et al. (2008).

3.3.2. Reactions in PEG

Mekala et al., carried out an efficient procedure for the synthesis of 1,2-disubstituted
benzimidazoles. The construction of these compounds was achieved by the nucleophilic attack
of the phenylenediamine on the carbonyl carbon. The electrophilicity of the carbonyl carbon was
enhanced in the PEG 400 medium compared to the other solvents, and hence accelerated the reaction
by removing the liberated water, which was soluble in PEG 400. It enabled its conversion to the
corresponding benzimidazole (Scheme 51) [95].

NH, CHO N
R R —>» R \
PEG 400
NH, 60 °C N

3.2-45h i
176 177
R=H, CI, Me, NO, R=H, Cl, Me, OH,
OMe, OEt R

178, 82-88%

Scheme 51. Mekala et al. (2015).

In 2014, Berteina-Raboin et al., generated 2-arylimidazo[1,2-a]pyridines in good yields within
10 minutes from readily available 2-amino pyridines and «-bromo ketones. A one-pot procedure was
engineered to achieve 2,3-diarylimidazo[1,2-a]pyridines using a reduced amount of palladium catalyst
without ligand for the C-H arylation step in the same environmentally sound medium (Scheme 52) [96].
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N NH, Br  NaHCO,
X (1 equiv.) i
e —
R R N N
- PEG 400 y
120 °C
MW, 10 min
179 180 =
R
R=H, Cl, Br, Me, R=H, Cl, F, OMe 181, 30-90%

CO,Me, CF4, OBn

Scheme 52. Berteina-Raboin et al. (2014).
Guchhait and Madaan studied the scope and limitations of an Ugi-Type Multicomponent Reaction
mediated by Zirconium(IV) Chloride in PEG. The construction of these compounds was carried out

using reaction of heterocyclic amidines with aldehydes and isocyanides. The team reported that the
combination of catalyst and solvent was crucial for the regioselectivity and versatility of the method

(Scheme 53) [97].
CHO  ZrCl, (10mol%)
t-| BuNC
5-/6-het 5-/6-het
PEG 400

50 °C

182 183 184, 64- 90%

Scheme 53. Guchhait and Madaan (2009).

3.3.3. Reactions in Bio-Based Solvents

Berteina-Raboin et al., demonstrated, for the first time, that eucalyptol could be used as solvent for
organic synthesis. They have shown that it could be an interesting alternative to conventional solvents
for the one-pot synthesis of 2,3-diarylimidazol[1,2-a]pyridines involving a condensation between
2-aminopyridine and bromoacetophenones, followed by a C-H activation at C-3. This solvent, derived
from biomass and recyclable, was also effective for various transformations of heteroatom-containing
heterocycles such as oxygen, sulfur, or nitrogen (Scheme 54) [44].

N NH,
X
| .
1. NaHCO3 (2 equiv.)
Z Eucalyptol (2 mL)
105 °C, 22h N \
—_—
i 2. Pd(OAC), (5 mol%) F
: ) A
R-Br (1.5 equiv.) NN

KOACc (4 equiv.)
150 °C, 24h

185, 58-91%
F

Scheme 54. Berteina-Raboin et al. (2019).

3.4. Formation of the Triazole Ring

3.4.1. Reactions in Water

In 2017, Dheer et al., reported the synthesis of iodo substituted 1,2,3-triazoles. The scope of
the reaction was explored by using substituted benzyl bromides and acetylenes in water at 90 °C.
The desired products, 5-iodo-1,4-disubstituted-1,2,3-triazoles were obtained in major quantity with
1,4-disubstituted-1,2,3-triazoles as minor product. In general, substituted phenylacetylene reacted
smoothly with in-situ synthesized benzyl azide to furnish the triazole derivatives. It was observed that
aliphatic halides were moderately reactive as compared to benzyl halides and furnished the products
in moderate to lower yields (Scheme 55) [80].
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Cul (10mol%) |
I, (1.5equiv.)
BCD (1mol%) R\

G NaN3 (2equi N
// e aN; (2equiv.) I \ .
N

R R
H,0
90°C, 2-4h

186 187, 64-86%

R=Ph, Het(Ar) R= Aryl, Alkyl
Scheme 55. Dheer et al. (2017).
Hiroki et al., adopted a copper(I) chloride catalyzed reaction using 2-ethynylpyridine as catalyst,

and were able to synthesize 1,4-disubstituted 1,2,3-triazoles in good yields from azides and alkynes at
room temperature (Scheme 56) [98].

CuCl N
/ N, (3moi%) \
- —_— | N
R R H,0 N//
rt R
188 189 190, 45-97%
R= Ph, Het(Ar), R=Bn, Ph, Mes,
Mes, Dipp Dipp, n-CgHy7

Scheme 56. Hiroki et al. (2013).

Kshirsagar et al., performed a multicomponent reaction to obtain a library of triazole substituted
trans-beta-lactams from the copper-catalyzed three-component click reaction of 4-acetoxy beta-lactam,
sodium azide, and alkynes without isolation of the azide intermediates (Scheme 57) [99].

N OH
ji N OH
X
P
N H —
N TH

|
191 N R

NaN N

o] OCOM 3
° cul /§|/
(5mol%) o ”\
LR
NéN

cl H,0

N 70°C &

192

R= Ph, Het(Ar), alkyl, aryl 193, 80-95%

Scheme 57. Kshirsagar et al. (2013).

Kumar et al., employed an Intramolecular Huisgen [3+2] cycloaddition in water for the preparation
of pyrrolidine-triazole derivatives. Compounds were prepared with complete 1,5-regioselectivity and
no metal catalyst. Azido-alkynes derived from amino acid/tartaric acid were used, and an alkyne
attached to an electron withdrawing group provided the final product with a better yield and stability
(Scheme 58) [100].

= i

—_
N
H,0 /
R M 70°C,th R \N/

194 195

Scheme 58. Kumar et al. (2012).

Anil et al., prepared 1,4-disubstituted 1,2,3-triazoles through magnetically separable and reusable
copper ferrite nanoparticles in a one-pot reaction, in tap water. This protocol was successfully
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achieved from the initial substitution of benzyl halides with sodium azide to generate in situ benzyl
azides, followed by copper ferrite catalyzed cycloaddition reaction with alkynes in water at 70 °C
(Scheme 59) [101].

N
NaNj3 (1.1equiv.) R/\N’

P / CuFe,0, (5mol%) QN

H,0

196 197 70°C
R

R= Ph, Het(Ar), alkyl 198, 74-93%
Scheme 59. Anil et al. (2012).
3.4.2. Reactions in PEG

Reddy’s group reported the synthesis of triazolo-1,2,4-benzothiadiazine-1,1-dioxides via a
copper-catalyzed tandem cyclisation of ynamides. This approach was crucial because fused triazolo
ring system could be prepared through an intermolecular C-N bond formation followed by subsequent
cycloaddition between ynamide and azide. Thus, three new C-N bonds were formed in a single step
(Scheme 60) [102].

[¢]

—0

o, o,
A R \J\ R
\N/ Cul (5mol%) N/

NaNj; (2equiv.)

—_—

PEG 400
R : H 100 °C, 12h R N‘ Ny
199 NE==N

R

200, 48-84%
R=tBu, Me, OMe, Ph

R= Het(Ar)

Scheme 60. Reddy et al. (2014).

3.5. Formation of the Tetrazole Ring

Reactions in Water

Saiprathima et al., reported a direct method for the synthesis of tetrazole derivatives via a
metal-free azide-nitrile [2+3] cycloaddition. 3-(1H-tetrazol-5-yl)indolin-2-ones were produced easily
with excellent yields at room temperature (Scheme 61) [103].

N
Nr \\N
9 TMSCN Ho. V4
NaNj; (1.2 equiv.) u
PyHCI (2mol%)
_
o o
R H,0
N rt N
\ H
R
201 202, 83-98%

R=H, Cl, Br, F, |, Me,
NO, OCF,
R= aryl, alkyl

Scheme 61. Saiprathima et al. (2013).

Khalili etal., developed an effective method to obtain 5-amino-1-aryl-1H-tetrazoles using secondary
arylcyanamides. With this greener approach, the team successfully achieved the desired products in
most cases, avoiding the generation of unwanted products (Scheme 62) [104].
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HoN

N
— \
H N
N NaN, (3equiv) Naw V4
CN ZrOCl,.8H,0 (0.5equiv.) N
R —_—
H,0 R
reflux, 24h
203 204, 78-98%

R=Cl, Br, Me, OMe, NO,
Scheme 62. Khalili et al. (2013).
Habibi et al., described a convenient procedure for the synthesis of arylaminotetrazoles in water.
The construction of these compounds was carried out using reaction of arylcyanamides and sodium

azide in the presence of ZnCl,. The method was shown to have various advantages such as high yields
and no need for purification (Scheme 63) [105].

H

‘ O
N
A= P
ZnCl, HoN
N/CN NH

—_—
H H,0
reflux
205

R=H, Cl, Br, NOy, 206, 61-84% 207, 84-90%
Me

R

Scheme 63. Habibi et al. (2010).

3.6. Formation of the Isothiazole Ring

Reactions in Water

Wang et al., investigated a Cu catalyzed tandem reaction of o-bromobenzamide derivatives with
potassium thiocyanate in water. The reaction involved a tandem protocol with S—C bond and S—-N
bond formation (Scheme 64) [106].

KSCN
Cul (10mol%) [¢]
DABCO (2equiv.)
1,10-phen (20mol%)

NHR Bu,NI (20mol%)
R _ = R N——R
H,0 /
Br 140 - 160 °C §
48h - 72h
208 209, 35-60%

R=H, Br, F, Me
R=H, Me, Et, nBu, Ph

Scheme 64. Wang et al. (2012).

3.7. Formation of the Thiazole Ring

3.7.1. Reactions in Water

Nagaraju et al., obtained thiazoloquinolines via a one-pot four-component cascade procedure.
The derivatives were synthesized in water-PEG 400 from o-enolic dithioesters, cysteamine, aldehydes,
and cyclic 1,3-diketones. Besides the high efficiency and atom economy as a domino process, this
reaction is an environmentally benign transformation as the isolation and purification of compounds was
achieved by simple filtration and water washing, avoiding conventional chromatographic separation
(Scheme 65) [107].
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NH.
OH s ?
M
R SMe SH
210 212
Q PEG 400
—_—
H,0

reflux,
CHO -
/ R 2-24h

214, 20-92%

R= Ph, Het(Ar), alkyl, aryl
R= Me, Het(Ar), alkyl, aryl
R=H, Me

Scheme 65. Nagaraju et al. (2015).

Sengoden et al., disclosed an efficient process for the (3+2)-cycloaddition of aziridines from
isothiocyanates, isoselenocyanates, and carbon disulfide with pyrrolidine as catalyst in water
(Scheme 66) [108].

R

\

N

I
Ay %

N
215 216 )QY 218
HS
217 N
H

i) pyrrolidine, H,0, 50 °C

Scheme 66. Sengoden et al. (2014).

Aryanasab etal., published the synthesis of thiazolidine-2,4-diones through the reaction of aliphatic
primary amines, carbon disulfide, and methyl 2-bromoacetate in aqueous medium. The authors
related that when the reaction occurred with aliphatic primary amines the corresponding heterocyclic
compounds were successfully obtained; the hindered primary amines such as 1-phenylethylenamine
and cyclohexylamine underwent efficient addition with methyl 2-bromoacetate to give the
dithiocarbamate acyclic intermediate in good yields, but only trace amounts of the pertinent heterocycle
products were obtained. The experimental procedures for aliphatic amines (prepared by a one-pot
three-component reaction) were different from those of aromatic amines (the dithiocarbamate salts
were prepared with Et3N in diethyl ether before being used in following step) (Scheme 67) [109].

CS, (3equiv. S
Br\)’k /NHz 2 (3equiv.) R
OMe R

H,O
80 °C, 5h
219 220

R= alkyl, aryl 221, 54-91%

Scheme 67. Aryanasab et al. (2013).

Zhang et al., reported the synthesis of 2-aminobenzothiazoles in water by a 10-phenanthroline-
catalyzed tandem reaction using 2-iodoaniline and isothiocyanate. The strategy adopted led to
construction of the desired product in the absence of transition metals and phase-transfer catalysts
(Scheme 68) [110].
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RNCS

NH.
? phen (10mol%) N
NaHCO; (2 equiv.
R al 3 (2 equiv.) R \> NHR
H,0 o
X 80 °C, 2h
222 223, traces-99%
X=Cl, Br, |
R=H, Cl, Me, CF5 , CO,Me, NO,
R= Ph, Het(Ar)

Scheme 68. Zhang et al. (2012).

In 2011, Kumar’s team also presented the preparation of thiazoles. The library was achieved from
readily available o-tosyloxy ketones with several thioamides using water as solvent in good yields

(Scheme 69) [89].
[¢]
R N
e D
H,0
OTs R R s

2
60 - 80°C
224 225 226, 50-93%

R= Me, Ph, Het(Ar) R=Ph, Me, NH,
R=H, CO,Me alkyl, aryl

Scheme 69. Kumar et al. (2011).

Pathak et al., successfully developed a water assisted tandem S-alkylation-cyclodeamination
reaction of thioamides/haloamines. This approach involved the formation of an imidothiolinium
species via S-alkylation; as the Imine nitrogen of imidothiolic ester is mildly basic, it was unable to hold
the proton strongly in the presence of water and underwent reversible protonation. The free iminium
nitrogen attacked the electrophilic carbon attached to the ammonium ion, leading to the formation of
thiazoline. The presence of water also suppressed the dehydration of thioamide. Moreover, the use of
a protonated aminohalide inhibited undesired side reactions (transamidation and self-condensation),
leaving S-alkylation and subsequent cyclisation the only available reaction pathway (Scheme 70) [111].

s
NS
X NH, HQN/HZ\R H,0 p
R N
R

2
60 - 70°C
/
X
227 228 229, 79-96%

X= N, CH R= Cl, Br

R= H, Cl, Br, OH, Me

OMe, NO,

Scheme 70. Pathak et al. (2011).

Yavari et al., reported a one-pot procedure to achieve N-alkylthiazoline-2-thiones. The strategy
adopted was a catalyst-free reaction system that started by the formation of an alkylammonium
dithiocarbamate salt, followed by addition to 2-chloro-1,3-dicarbonyl compounds to generate the
acyclic dithiocarbamate derivatives; then cyclization (and closure of the ring) and elimination of water
in the presence of alkylammonium chloride led to the desired product. The various derivatives were
prepared from primary amines, carbon disulfide, and 2-chloro-1,3-dicarbonyl compounds in water
(Scheme 71) [112].
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R
Q 0 \N/<
] CS; (3equiv.) S
—_—
H 2N/ Me R H,0 NS
reflux

Cl
230 231

R= Me, n-Bu, CI-Bn, R= Me, OEt 232, 68-85%
Me-Bn, OMe-Bn, Ph, Het(Ar)

Scheme 71. Yavari et al. (2010).

In 2008, Tu et al., demonstrated a microwave-assisted multi-component approach for the
preparation of thiazolidinones. In aqueous medium, a three-component reaction with various
aromatic aldehydes, aniline, and mercaptoacetic acid afforded the desired products in excellent yields
(Scheme 72) [113].

O 1w @“}

110 C

233 234 235 236, 89-92%

R=H, Me, OMe R=Cl,Br, F

Scheme 72. Tu et al. (2009).

In 2009, Boeini and Najafabadi also accomplished the construction of the thiazole ring using
2-aminthiophenol and S-methylthioamidinium salt with HTAB as catalyst system (Scheme 73) [93].

( j HTAB s

)\ 10mo|% )
Ar

H20 Y,

80 °C N

40 min

238 239, 69-91%

R= Ph, Het(Ar)

Scheme 73. Boeini and Najafabadi (2009).

Potewar et al., reported a direct method for the synthesis of 2-aminothiazoles under catalyst-free
conditions and aqueous medium at room temperature. During evaluation of the scope and generality
of the strategy, the team was able to verify that the phenacyl bromide with both an electron-rich and an
electron-poor functionality underwent a condensation reaction with thioureas equally well to afford the
corresponding 2-aminothiazoles in excellent isolated yields. Furthermore, x-bromo-2-acetonaphthone
smoothly reacted with thiourea and substituted thiourea, affording the corresponding products in
excellent yields (Scheme 74) [114].

R 1- 2h
240 241 242, 89-97%

R=H, F, NO, , OMe, Ph R=H, Me, Ph, Aryl

Scheme 74. Potewar et al. (2008).
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Chakraborti et al., generated benzothiazoles and benzothiazolines in excellent yields from various
aldehydes and 2-aminothiophenol. The team applied a chemoselective protocol with no competitive
thia-Michael addition, O-dealkylation/debenzoylation, reduction of the nitro or the unsaturated
carbonyl groups, and substitution of the halogen atom or the nitro group (Scheme 75) [115].

SH s
aryl
heteroaryl s Ar
styryl H,0 /
Ideh ° N
R NH, aldehydes 110 °C R

243 244,71-98%

R=H, CI, CF,
Scheme 75. Chakraborti et al. (2007).

3.7.2. Reactions in PEG

In 2016, Berteina-Raboin et al., managed to obtain substituted 2-aminobenzothiazole from
isocyanides and 2-aminothiophenol as the starting materials in respectable yield. The results were
achieved using iodine as a catalyst and hydrogen peroxide as an oxidant in PEG 400 (Scheme 76) [116].

I, (5mol%)
/\ H202 35% (1.1equiv.) \
PEG 400
50 °C

18 h
247, 42-89%

R=H, ClI R= aryl, alkyl

Scheme 76. Berteina-Raboin et al. (2016).

In 2015, Nagaraju et al., adopted a one-pot four-component cascade reaction to synthesize
thiazoloquinoline derivatives from «-enolic dithioesters, cysteamine, aldehydes, and cyclic
1,3-diketones. This result was achieved by first optimizing the sequential protocol that generated two
rings by concomitant formation of C=C, C=N, and C-S multiple bonds (Scheme 77) [107].

248 212 SH

R= aryl, alkyl,
heteroaryl
PEG400 R
—_—
H,0
CHO reflux
R R 2-6h

R= aryl, R
cyclohexyl 250

R=H, Me

251, 20-92%

Scheme 77. Nagaraju et al. (2015).

Jin et al., successfully performed a condensation reaction of 2-aminothiophenol with aldehydes.
This work developed an approach catalyzed by ceric ammonium nitrate in PEG to afford benzothiazoles
in good yields in 5 h at room temperature. Additionally, the team was able to recover and reuse the
catalyst system without any noticeable loss in activity (Scheme 78) [117].

SH CAN N
(10mol%)
R/CHO \ R
PEG 400
NH, rt,5h S
237 252 253, 64-97%

R= Ph, Het(Ar)

Scheme 78. Jin et al. (2011).
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A year earlier (2010), Deligeorgiev et al., presented a synthetic strategy with similar starting
reagents using p-toluenesulfonic acid as the catalyst system. In this case, they successfully monitored
the reaction of 2,2’-diaminodiphenyldisulfides or 2-aminothiophenols and aldehydes in PEG 200/400
under microwave irradiation (Scheme 79) [118].

SH
)
R R/CHO p -TsOH (4mol%) \>
PEG 200/ 400
NH,
254 255 256, 58-97%

R=H, CIl, OMe R= aryl, heteroaryl

Scheme 79. Deligeorgiev et al. (2010).

Zhu et al., published the synthesis of thiazoles through a catalyst-free protocol involving solvent
reuse. This procedure, which produced the library in excellent yields, was based on the reaction of
a-haloketones with thioureas/thioamides at room temperature (Scheme 80) [119].

i

Ar’
X 5- 150 min

259, 84-98%

X=Cl, Br R= NH, , Me, Ph, NHPh
R=H, Me

Scheme 80. Zhu et al. (2009).

3.7.3. Reactions in Bio-Based Solvents

Yu et al., succeeded in preparing 2-arylbenzothiazoles using proline-based ionic liquids as a
catalyst prepared previously. The methodology proceeded in air and gave a high yield. The authors
also reported the successful reuse of the catalytic system (Scheme 81) [120].

NH, o [Nz25][Pro] N
(20mol%)
)k o ectate \>7R
R H ethyl lactate
SH 80-90°C s

25 -6h
261, 55-92%

R=aryl
Scheme 81. Yu et al. (2016).

3.8. Formation of the Thiadiazole Ring

Reactions in Water

Halimehjani et al., studied the scope and limitations of the preparation of substituted
2,5-diamino-1,3,4-thiadiazoles via the reaction of dithiocarbamates prepared with aromatic amines and
hydrazine sulfate in water. This strategy involved key steps: a pyridine-water mixture gave a mild
basic medium in which the hydrazine sulfate was converted to hydrazine; then cyclization via the
nucleophilic attack of sulfur on the thiocarbonyl group produced the anion, which after absorbing
a proton from water and aromatization followed by elimination of H;S, resulted in the desired final
product (Scheme 82) [121].
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S
RN S NH,NH; * HSO, " (0.5equiv.) N/ j/
pyridine (1-1.5equiv.) \ s

s b
H,0 NH
reflux
R 20h

262 263, 28-95%

R=H, Cl, Br, Me, OMe
R= Ph, Me, CH,CN, Ph, CH=CH,

Scheme 82. Halimehjani et al. (2012).

3.9. Formation of the Isoxazole Ring

3.9.1. Reactions in Water

Recently, Ahmadzadeh et al., carried out a practical strategy to obtain methyl-4-(hetero)arylmethylene
isoxazole-5(4H)-ones. The construction of these compounds was achieved by one-pot multicomponent
cyclocondensation of hydroxylamine hydrochloride, ethyl acetoacetate and benzaldehyde derivatives
in water under ultrasound irradiation. The process applied was catalyzed by SnIl-Mont K10, which
was prepared previously by ion exchange between SnCl, and montmorillonite K10 (Scheme 83) [122].

[o] o o NH,OH.HCI

)k M Nano-MMT-Sn
B —
R H o Me o e H20
30°C
10 - 50 min
264 265 266, 87-97%
R= aryl, heteroaryl NH,OH.HCI

Scheme 83. Ahmadzadeh et al. (2018).

Using a one-pot Aza-Diels—Alder reaction, Dommaraju et al.,, succeeded in synthesising
spiro(isoxazolo[5,4-b]pyridine-5,5-pyrimidine) using L-proline as catalyst in aqueous medium. The final
products were prepared from 3-amino crotanonitrile, hydroxylamine hydrochloride, aromatic
aldehydes, and barbituric acids in high yields (Scheme 84) [123].

Me NH, cHO
267
NH,OH.HCI
L-proline
(30mol%)
o >
R water
R reflux
~y 269 60 min
R=H, Cl, Br, F,
Me, OMe,NO, , CF3
o T o
R
268
270, 68-91
R=H, Me 66-91%

Scheme 84. Dommaraju et al. (2018).

Kiyani and Ghorbani investigated the synthesis of isoxazole derivatives using potassium hydrogen
phthalate as catalyst and demonstrated a synthetic route to obtain 3,4-disubstituted isoxazol-5(4H)-ones
in aqueous conditions at room temperature. A library of functionalized isoxazoles was synthesized
from the reaction of hydroxylamine hydrochloride, aryl aldehydes and (3-ketoesters (Scheme 85) [124].
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i i KHP {10mol%)
CcHO mol7e
7
H,0
EtO R Tt
271 272 273, 88-97%
R=H,Cl R= aryl, alkyl
heteroaryl,

Scheme 85. Kiyani and Ghorbani (2015).

Chary et al., worked on the preparation of isoxazoles and isoxazolines. These reactions were
conducted with a 1,3-dipolar cycloaddition in aqueous polyethylene glycol. The series were efficiently
synthesized from benzoylnitromethane/ethyl 2-nitroacetate and terminal alkynes or alkenes without
the use of any base, catalyst, dehydrating agent, or hazardous solvent (Scheme 86) [125].

m )
oz

)K/ H,O:PEG 400 (1:1) 276, 71-93%
NO, -
R 90°C,5 -6h

274 AN =0,
R= Ar, OEt 277 < R
R= aryl, alkyl
heteroaryl, o

278, 46-81%
Scheme 86. Chary et al. (2014).
Trogu et al., successfully developed an acid-base-catalyzed condensation reaction to access the
isoxazole series from nitroacetic esters and dipolarophiles. The team assumed that the reaction most

likely involved reversible addition to a dipolarophile which was followed by acid-catalyzed irreversible
dehydration of the cycloadduct (Scheme 87) [126].

RO,C

R
ROzc/\NOZ /\H/ —_— ‘ n
n H,0 N\o
60 °C
279 280 281, 46-99%
R= Me, Et n=1-10

R=H, Br, CN, NO, , NH",
OH, CHO, COMe, OEt,
CO,H, SMe, Ph, C(Me),CHO

Scheme 87. Trogu et al. (2012).
In 2010, Savant et al., also described the generation of trisubstituted isoxazoles via condensation

of various R-acylketene dithioacetals with hydroxylamine hydrochloride followed by oxidation of
sulfide to sulfone using water as solvent (Scheme 88) [74].
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R R
HN o HN o
NH,OH.HCI
KOH
MeS Me E—— MeS
= H,0 z Me
2
reflux
SMe o O ey
282 283, 87-98%

R= CI, F, Me, Et, OMe, NO,

Scheme 88. Savant et al. (2010).

Tan et al., demonstrated a protocol for the synthesis of tetrahydronaphthalenes fused with an
oxazolidine by a tandem approach. The route reported allowed for the formation of the desired
product through tandem Michael/nitrone formation/intramolecular [3+2] nitrone-olefin cycloaddition
in aqueous media (Scheme 89) [127].

N0z
i) Jergensen catalyst
(2mol%)
R H,0,3-10 h
\/\0 ii) PANHOH
H,0,3-10h
OR
RoO—
o M\
284 285 o
R= Et, Bn R= Me, Et, iPr, nPr, 286, 48-83%
Bn, BnO(CH,), ,

Scheme 89. Tan et al. (2010).

3.9.2. Reactions in PEG

In 2013, Lavania et al., designed a route to synthesize 2-isoxazoline containing an anthracene moiety.
The protocol involved the condensation of substituted chalcones with hydroxylamine hydrochloride in
good yields (Scheme 90) [77].

/
o R N
N N
NH,OH.HCI
—_—
PEG 400
287 288, 81-85%

R= ClI, Br, OMe, NO,
Scheme 90. Lavania et al. (2013).

3.9.3. Reactions in Bio-Based Solvents

Vaidya et al., adopted a reaction catalyzed by cerium chloride heptahydrate in ethyl lactate as
bio-based solvent to achieve isoxazolone derivatives. The methodology was carried out at room
temperature; the catalyst and solvent were reused (Scheme 91) [128].
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[¢] o

o
NH,OH.HCI

o CeCly. 7H0
M )J\ (10mol%)
HaC OC,Hs  Ar H

I
ethyl lactate N H
15min, rt
CHs
289 290

291, >99%

Scheme 91. Vaidya et al. (2016).
3.10. Formation of the Oxazole Ring

3.10.1. Reactions in Water

Boeini and Najafabadi, in the work reported in 2009, related the synthesis of benzoxazoles.
The derivatives were obtained by reaction of the corresponding thioamidinium salts and 2-aminophenol
(Scheme 92) [93]

e
¥

X

HTAB (10mol%

o,
)
— = Ar

R SM H.0 7

NH © 80 °C N

2
40 min

292 172 293, 62-88%

R= Ph, Het(Ar)

Scheme 92. Boeini and Najafabadi (2009).

Wallace et al., described a regioselective conversion of an aziridine to an oxazolidinone using only
an iodide salt and CO, in water. The group started with the known assumption, namely the fact that
aziridines undergo ring opening in water using PBu3 as the nucleophile. Thus, they developed the
synthesis strategy using a halide salt as the nucleophile and water as the solvent (Scheme 93) [129].

Ph Ph o Ph o
< salt, CO, kN/( kN%
N _ >
H,0 /k/o 0
Me’
Me
294

Me
Salt: isomer a/ isomer b

Lil: 295a, 88%/ 295b, 12%
Nal: 296a, 80%/ 296b, 20%
Csl: 297a, 86%/ 297b, 14%

NH,l: 298a, 86%/ 298b, 14%

Scheme 93. Wallace et al. (2005).
3.10.2. Reactions in Bio-Based Solvents

Balijapalli et al., applied lactic acid as solvent to investigate its utility in the synthesis of
oxazolonaphthoimidazo[1,2-a]pyridines. The synthetic strategy adopted was highly compatible with

various functionalities. The reactions using derivatives containing electron donating and withdrawing
analogues were achieved in good yields (Scheme 94) [130].
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=
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Y
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Scheme 94. Balijapalli et al. (2016).

4. Six-Membered Aromatic Nitrogen Heterocycles
4.1. Formation of the Pyridine Ring

4.1.1. Reactions in Water

Naeimi and Didar developed a method to generate pyrido[2,3-d:6,5-d]dipyrimidines in high yields
by reaction of aldehyde, 2-thiobarbituric acid and ammonium acetate. This approach was performed
under water using a magnetically recyclable nanocatalyst (CuFe;Oy4) (Scheme 95) [131].

S

NH,OAc
Nano CuFe,04
9 (10m0|°/ )
)J\ HN NH
R H M us (40W) /K
(¢} o 4 -30 min
304 305 306, 90-

99%
R= aryl, hetereoaryl

Scheme 95. Naeimi and Didar (2017).

As previously described, in 2017, Sagir et al., achieved a one-pot four-component reaction catalyzed
by iodine in water. This reaction from hydrazine, ethylacetoacetate, 6-amino-1-methyluracil, and isatin
or aldehyde and iodine as catalyst also resulted in the formation of a pyridine ring (Scheme 96) [62].

RNHNH,

R=H, Ph
LT
HoN T 0 2 2
Ph oet 2 (10mol%)
68 S ——
65 H0
90 °C
o
R (o)
N
\R 307, 83-91%
66
R=H, Me, Et
R=H, Me, Br, NO,

Scheme 96. Sagir et al. (2017).

Lezana et al., obtained tetrahydropyridines via an intramolecular imino-Diels—Alder reaction in
water. The derivatives were synthesized under microwave irradiation and with no catalyst between
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the 2-amino pyrrole and 2-aminopyrazole to construct chiraltetracyclic dihydrochromeno-pyrrolo- and
dihydrochromenopyrazolo-tetrahydropyridines (Scheme 97) [132].

RO

R
T N
X~y 200 °C

\ 5 min

R
308

X=CH,N
R=Me, CN
R=tBu, Ph
R= alyphatic

R=H, Br, OMe \R 310, 60-75%

Scheme 97. Lezana et al. (2016).

Abdelmoniem et al., described a convenient procedure for the synthesis of spiro cyclic derivatives

that included the formation of a pyridine ring. The process was catalyzed by p-toluenesulfonic acid in
aqueous medium (Scheme 98) [133].

315

m>; /

Iz

R=H,Me

N N
R/ \R
312
[}
—_—

i) PTSA (20mol%), H,0, 80 °C, 5 h.

318, 85-86%

Scheme 98. Abdelmoniem et al. (2016).

Yaragorla et al., designed a methodology to access the construction of dihydropyridine and
acridine scaffolds. After optimization, they monitored a one-pot multicomponent reaction with
Ca(OTf); as catalyst using water as solvent (Scheme 99) [134].
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NH4OAc

PhNH,

CHO
Ca(QOTf), (10mol%)
R R BuyNPFg (10mol%) "
H,0
o

reflux

319 320 321, 76-92%
R=H, Br, OMe, OH R=H, Me
Scheme 99. Yaragorla et al. (2015).
By adopting a series of cascade cyclization reactions initiated by aza- or oxa-michael addition in
water, Zhao et al., were able to synthesize Michael adduct 324 from nitroolefin and 2-aminobenzaldehyde

as Michael donor. When nitroolefin was replaced by o, 3-unsaturated aldehyde as Michael acceptor,
the result was compound 324 (Scheme 100) [135].

HN-gZ
‘1§§;:!5E0
CHO \ R NH
(10mol%)
—_—
PhCO,H
NH, (10moi%)
322 323 Hrzto
R=NO,, CHO

324, 24-77%

Scheme 100. Zhao et al. (2014).

Mosslemin et al., employed a one-pot, three-component approach for the preparation of
5-aryl-(1H,3H,5H,10H)-pyrimido[4,5-b]quinoline-2,4-diones. The synthesis of several derivatives
in high yields was achieved from anilines, aldehydes, and barbituric acids using 1,4-diaza-bicyclo
[2.2.2]octane as catalyst system in water (Scheme 101) [136].

CHO
e

Ar

NH, 326
Ar o
R R= aryl, hetereoaryl
DABCO
(15mol%) WH

] — > R |
325 H,0

reflux/MW N N X
R=NO, CHO NH H H
Classical heating
o N X 328a, 78-96%
H
327 Microwave irradiation
328b, 89-98%
X=0,S

Scheme 101. Mosslemin et al. (2014).

As previously mentioned, Chanu et al., published the synthesis of imidazo[1,2-a]pyridines and
pyrido[1,2-a]pyrimidines. In this study, it was also possible to observe the construction of the pyridine
ring (Scheme 102) [84].
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i) H,0
reflux R COMe
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HoN ‘
ii) H,0 N
Mes SMe it

10 min

329 166 CO,Me o

R= Ph, Het(Ar) ‘ ‘ 330, 85-92%

CO,Me

98

Scheme 102. Chanu et al. (2014).

Siddiqui et al., prepared fused pyridines through electron-rich amino heterocycles and
Knoevenagel products derived from aldehyde and malononitrile in water with thiamine hydrochloride
as a reusable catalyst. This protocol was successfully achieved from an addition on an activated
olefinic bond formed in situ by Knoevenagel condensation between an aromatic aldehyde and an
active methylene compound. The Michael product on subsequent cyclo-condensation yielded fused
pyridine in high yield (Scheme 103) [137].

N NH,

332, 92-94%

331 9 Ar
N
R=H, CI, Me, N ¢
OMe, OH, NO,,
/
N NH,

334, 94-95%

Scheme 103. Siddiqui et al. (2013).

Nasseri et al., succeeded in achieving the rapid synthesis of quinoline derivatives in high

yields by PEG-SO3H catalyzed reaction of o-aminoaryl ketones with various carbonyls in water
(Scheme 104) [138].

Ph / \N A
>~

N n

341, 40-92%

339, 75.95% ) PEG-SOH, H;0, 60°C

Scheme 104. Nasseri et al. (2013).
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Makone and Niwadange investigated the synthesis of 1,4-dihydropyridines in aqueous media.
The various derivatives were prepared from the condensation of aldehyde, (3-dicarbonyl compounds,
and liquid ammonia in good yields (Scheme 105) [139].

Lig. NHg

CHO

—>» R
R H,0
50-60 °C
Me’ R
342 343 344, 94-98%
R= OMe, OEt R=H, Cl, Br, F, OH,

NO, , Me, OMe, Et
Scheme 105. Makone and Niwadange (2012).
Khurana et al., demonstrated a three-component condensation of aldehydes, 1,3-dicarbonyl
compounds and electron-rich amino heterocycles catalyzed by indium trichloride in water under

reflux. This protocol afforded several skeletons containing the pyridine ring in good yields [140].
Scheme 106 shows an example of constructing one of the pyridine-containing compounds reported by

Khurana et al.
o
O)\N NH, i) \N
345 315 o N
HO | NH, OH

Cl

g
346 347,91-93%
R= alkyl, aryl, heteroaryl ¢ ii)
o R o

i) InCl3 (20mol%), H,0, reflux, 15 min
ii) InCl3 (20mol%), H,0, reflux, 60 min

348, 89-91%
Scheme 106. Khurana et al. (2012).
Kumar et al., on the preparation of polyhydroquinolines. These reactions catalyzed by Thiourea

dioxide in water were conducted via Hantzsch multicomponent coupling. The library was synthesized
efficiently from aldehyde, dimedone, acetoacetate, and ammonium acetate (Scheme 107) [141].

349 350  TUD (2mol%)
R=H, Cl, Me, OMe, NO, R=H, Me

e} (o}

NH4(OCOCH;)
) _R 352, 85-94%

351

R= Me, Et

Scheme 107. Kumar et al. (2012).
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Rahmati and Khalesi successfully developed a catalyst-free one-pot, three-component
condensation reaction to access pyrido[2,3-d]pyrimidines and pyrazolo[3,4-b]pyridines series in
water. Several derivatives were obtained from aldehydes, benzoyl acetonitriles and 6-amino-1,
3-dimethylpyrimidine-2,4(1H,3H)-dione or 3-methyl-1-phenyl-1H-pyrazol-5-amine (Scheme 108) [142].

Me.

\ NH.
N|\ ’ Me "
N
R= aryl, heteroaryl \ N CN
o 355 Ph 74 |
. N
AN P>
N N Ph
R H /
Ph
353 356, 95-98%
H,0
f 90°C
cN
L
o NH,

X

354
N N
Me/ \Me
o]
357 358, 82-97%

Scheme 108. Rahmati and Khalesi (2012).

Shen et al., reported a synthesis of quinolines from 2-aminobenzaldehyde with various ketones or
malononitrile in water without using any catalyst by Friedldnder reaction (Scheme 109) [143].

CHO R
R N
(L v =X
NH; o orc N R
359 360 361, 53-99%
R= aryl, heteroaryl
Scheme 109. Shen et al. (2012).
Xu et al., described a generation of substituted pyridines via [2+2+2] cycloaddition of diynes

with nitriles in aqueous medium. This ruthenium-catalyzed approach gave efficient access to highly
functionalized pyridines (Scheme 110) [144].

R

Cp*Ru(COD)CI
R 5mol%. R R
/\ (5mol%) N
SN tppts
\ R

R R CN
N (20mol%) P
" .
R N
H,0
50 °C, 48h
362 363 364, 34-87%
R=H, Me R=Cl, Br

R= CH, , C(CO,Me), ,
C(CO,EY),, TsN, O, CI, Br

Scheme 110. Xu et al. (2012).

Mukhopadhyay et al., demonstrated the protocol for the synthesis of [1,6]-naphthyridines by
a one-pot, catalyst-free, pseudo-five-component approach. In water methyl ketones reacted with
amines and malononitrile to afford the corresponding 1,2-dihydro[1,6]naphthyridines in good yields.
The reported protocol allows the formation of two pyridine rings in a one-pot reaction through the
synthetic route without starting from any nitrogen-containing heterocycle moiety (Scheme 111) [145].



Catalysts 2020, 10, 429 39 of 74

R NH,
o q z Ny
PN — e
NC CN
H,0
R Me reflux N > N
& H

365 366 9 N

R= aryl, heteroaryl 367, 79-93%

Scheme 111. Mukhopadhyay et al. (2011).

Paul et al., designed sequential ring closure methodologies to synthesize bisquinoline
derivatives. The process involved a double Friedlander reaction in water between 2-[(2-oxo-2-arylethyl)
sulfanyl]-1-aryl-1-ethanones/2-[(2-oxo-2-arylethyl)disulfanyl]-1-aryl-1-ethanones and 2-aminobenzophenone
with p-toluenesulfonic acid as catalyst (Scheme 112) [146].

O p-TsOH \
(10mol%) S

R 368 H20
reflux, 2h Ar
R=H,ClI / Ar
O N
o 0 R
)k/ X\)J\
Ar A 370, 90-96%
369
X= -S-, -§-5-

R= aryl, heteroaryl

Scheme 112. Paul et al. (2011).

Das et al., adopted a three-component reaction in water to achieve quinolone derivatives. A key
step in the synthesis was the reaction system between nitroarenes, aldehydes, and phenylacetylene in
the presence of indium in dilute HCIL. This conversion involved reduction of the nitroarenes to anilines
followed by coupling of the anilines, aldehydes, and phenylacetylene, concluding with cyclization of
the resulting species, and dehydrogenation of the cyclic intermediates (Scheme 113) [147].

Ph

In (2equiv.) N
R /CHO / M R
R Ph H,0 A
NO reflux N R

2
18-22h
37 372 373,59-91%

R=H, ClI, Br, Me, R= aryl, heteroaryl
OMe, OH, NO,

Scheme 113. Das et al. (2011).

Madhav et al., studied the synthesis of quinoline-2,3-dicarboxylates using water as solvent in
neutral conditions. The optimized conditions were found with -cyclodextrin as catalyst at low
temperature for a short time (Scheme 114) [148].
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Scheme 114. Madhav et al. (2010).

Wau et al., synthesized Benzo[h]pyrazolo[3,4-b]quinolines from 3-methyl-1-phenyl-1H-pyrazol-
5-amine, aldehydes and 2-hydroxynaphthalene-1,4-dione in water. This one-pot condensation strategy
was catalyzed by diammonium hydrogen phosphate (Scheme 115) [149].

N=—"
N’ /-
(NH4 ,HPO,
(10mol% —
reflux \
N\N

376

R=H, CI, F, Me, OMe, NO,
378, 85-93%

Scheme 115. Wu et al. (2010).
Akbari et al., adopted a one-pot Friedlander reaction for a domino approach to quinoline synthesis
in aqueous medium. The series were accomplished from 2-aminoaryl ketones and (3-ketoesters/ketones

using the catalytic system of SOz;H-functionalized ionic liquid. With this strategy, it was possible to
recover and reuse the catalytic system (Scheme 116) [150].

TSIL

R o o, R R
o (10mol%) N
R H,0
R 70 °C =
NH, N R
379 380 381, 85-98%
R=H, CI R= aryl, heteroaryl
R= Me, Ph

Scheme 116. Akbari et al. (2010).

Shi and Yao synthesized furopyridine derivatives by three-component reaction of an aldehyde,
with tetronic acid and 6-amino-1,3-dimethyl-pyrimidine-2,4-dione in aqueous media without using a
catalyst. The team suggested that the reaction proceeded via three key steps: condensation, addition,
and cyclization (Scheme 117) [151].



Catalysts 2020, 10, 429 41 of 74

CHO
o R [e}
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Me Me.
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| e | o
H,0
R=Cl, Br, F, OH, 90 °C
o N NHz  Me, OMe, OCH, < N N
| | OH
Me o] Me
357 384, 77-93%

383

Scheme 117. Shi and Yao (2009).

Shi et al., attained furo[3,4-e]pyrazolo[3,4-b]pyridines via microwave irradiation without any
catalyst. The group successfully performed a three-component reaction using aldehydes, 3-methyl-
1-phenyl-1H-pyrazol-5-amine and tetronic acid in water (Scheme 118) [152].

R
Me Me o

o)
N=— \
Y4 '
N / ° AN &
e 150 - 210 °C N
Ph or / N
NH, o MW ot
355 383
CHO Classical heating
-~ 385, 68-77%

R

384 Microwave irradiation
385b, 94-98%
R= aryl, heteroaryl

Scheme 118. Shi et al. (2008).

In the same year, Shi et al., described the reaction of aromatic aldehydes, 6-aminoquinoline
and either tetronic acid or 1,3-indanedione in water using similar conditions for the preparation of
furo[3,4-b][4,7]phenanthroline and indeno[2,1-b][4,7]phenanthroline derivatives (Scheme 119) [153].

Classical heating
388a, 68-77%

Microwave irradiation
388b, 49-75%
0,

N
383 o Z N
[e] o \
N
NH,
/
H,0
\N 120 °C
386 MW: 6 - 9 min
CH:3-4h
/CHO

R= aryl, heteroaryl
387

Classical heating
389a, 41-70%

313

Microwave irradiation
389b, 91-93%

Scheme 119. Shi et al. (2008).

In 2008, Shi et al., also presented the synthesis of pyrazolo[4’,3":5,6]pyrido[2,3-d]pyrimidine
derivatives. The protocol was assisted by p-toluene sulfonic acid in water under microwave heating
(Scheme 120) [154].
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R R MW
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OMO 392, 82-92%
391
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Scheme 120. Shi et al. (2008).

Additionally, the same team, Shi et al., reported a multi-component catalyst-free reaction of
aldehyde, 3-methyl-1-phenyl-1H-pyrazol-5-amine and 1,3-indanedione in water under microwave
irradiation to successfully achieve a library of indeno[2,1-¢e]pyrazolo[5,4-b]pyridines (Scheme 121) [155].

CHO

DI
390
e/
y R=aryl, hetercaryl
Ph'
H,0
NH, 100 °C
355 o MW
5-9 min

393, 92-97%

313

Scheme 121. Shi et al. (2008).

Kumar and Maurya prepared polyhydroquinolines using an unsymmetric Hantzsch catalyzed
method. The library was obtained at room temperature from aldehydes, dimedones, acetoacetate ester
or acetyl acetone, and ammonium acetate in good yields (Scheme 122) [156].

o R o)
o o 0, o
CHO —_— R
R)J\)J\ R/ H,0 | |
rt
N R
N
394 395 315 396, 47-79%
R= Me, OMe,

OEt, tOBu R= aryl, heteroaryl

Scheme 122. Kumar and Maurya (2007).

As described above, in 2006, Barnard et al., achieved N-heterocyclizations with water as the
solvent. The team was also able to prepare azacycloalkane in good yields (Scheme 123) [52].

R

N

K,COj3 (1.1equiv.)
NH, NN,
R/ Br Br H,O

2
MW, reflux
397 398 399, 87-91% (20.0 mmol)

R= Ph, Br-Ph, Cy

Scheme 123. Barnard et al. (2006).
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Wang et al., studied the Friedlander reaction of 2-aminoarylketone or 2-aminoarylaldehyde with
carbonyl compounds in the presence of hydrochloric acid using water as the solvent. The methodology
proved to be a highly efficient synthesis of quinolines (Scheme 124) [157].

o R
o HCl R
R )k/ (1equiv.) A
R
R
R H,0 >
NH, 60°C N R
400 401 402, 85-96%
R=H, Br R= alkyl, aryl,
R=H, Me, F-Ph heteroaryl

Scheme 124. Wang et al. (2006).

Tu et al., published a three-component approach to synthesize poly-substituted indeno[1,2-b]
quinolines. The method involved reactions between aldehydes, 1,3-indanedione, enaminones and
p-toluene sulfonic acid (p-TsOH) as catalyst. The reactions were performed at high-temperature, using
water under microwave irradiation (Scheme 125) [158].

[¢]

p-TsOH
(1 equiv.)
0 _—
o
H,0
313 MW
150 °C
R CHO
R/
NHR 404
R 405, 86-94%
403 R= aryl, heteroaryl
R=H, Me

R=H, Me, Ph, Me-Ph,
CH,CO,H, Cyclopropyl

Scheme 125. Tu et al. (2006).

Loncaric et al., attained dihydro-4-pyridones in high yields using AgOTf as catalyst. The reaction
protocol was carried out by Aza-Diels-Alder reactions of Danishefsky’s diene with imines in water.
Additionally, the team accomplished silver triflate-catalyzed three-component reactions starting from
aldehydes, amines, and Danishefsky’s diene (Scheme 126) [159].

06
R —-—

411, 57-87% 407
NH, N
4 i) MeO OSiMe;
R:
R

_
= H, Br, OMe 7z Ny
R/N\/R
/\)J\ —>i) o
o R
-
MeO \ 0SiMe; R= aryl, heteroaryl
407
409, 51-90%
CHO i) AgOTf (10mol%), HyO, rit, 2-3 h

R= aryl, heteroaryl

Scheme 126. Loncaric et al. (2003).
4.1.2. Reactions in PEG

Zhang et al., monitored a one-pot tandem aldol condensation/aza-addition reaction. Several
pyrrolo[3,2-c] pyridinone products were successfully synthesized by heating 2-methyl-3-carbamoylpyrroles
and aldehydes using PEG as solvent to afford 2,3,6,7-tetrahydro-1H-pyrrolo[3,2-c]pyridin-4(5H)-ones
in high yields (Scheme 127) [160].
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Scheme 127. Zhang et al. (2017).
Maryamabadi et al., prepared spiro-dihydropyridines by one-pot multi-component reaction of

isatin or acenaphthoquinone derivatives with malononitrile and N,N,0-substituted-2-nitroethene-1,
1-diamines in PEG 400 under catalyst-free conditions (Scheme 128) [161].

R=H, F, CHz, NO,

415 o

R=alkyl, aryl

i) PEG 400, 130 °C

Scheme 128. Maryamabadi et al. (2016).

Using the strategy mentioned by us earlier, Nagaraju et al., also generated the construction of the
pyridine ring on synthesis of thiazoloquinolines (Scheme 129) [107].

OH s (
M *
R A SM 212

o

NH,

R= aryl, alkyl,
heteroaryl

R=aryl,
cyclohexyl 350 422, 20-92%

R=H, Me

Scheme 129. Nagaraju et al. (2015).

Pal et al., described a synthesis of functionalized dihydropyridines via multicomponent reactions,
at room temperature under catalyst free conditions in good yields. This methodology involved the
reaction between different aromatic aldehydes, anilines, malononitrile derivatives, and dimethyl
acetylenedicarboxylate (Scheme 130) [162].
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| | MeO,C, CO,Me
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424 425 426, 50-85%
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CONH,; , COPh

Scheme 130. Pal et al. (2013).

Paidepala et al., reported the successful construction of several polyhydroquinolines by performing
a four-component coupling of aldehydes, dimedone, ethylacetoacetate, and ammonium acetate using
polyethylene glycol as solvent at room temperature for a short time (Scheme 131) [163].

o
o R o]
cHo NH,OAc o N
[¢] R/ R —— ‘ ‘
427 PEG 400
315 t
o)
(;/é 42
_/

2-4h H
R= aryl, heteroaryl

429, 83-95%

8

Scheme 131. Paidepala et al. (2014).

Wau et al., obtained various substituted quinolines by performing an indirect Friedldnder reaction
between the corresponding aminoalcohols and ketones using PEG 400 as reaction medium in the
presence of a base, without any transition-metal catalyst (Scheme 132) [164].

o
R KOH N
OH )k/R (1equiv.)
—_
R
PEG 400 P~
NH, 80 °C N Ar
1h
430 431 432, 81-92%
R=H, CI R= aryl, heteroaryl
R=H, Me, Ph

Scheme 132. Wu et al. (2012).

Karnakar et al.,, generated pyrazolo[3,4-b]quinolines in good yields through a one-pot
three-component protocol. After optimizing the experimental conditions, 3,4,5-trimethoxy benzaldehyde,
5,5-dimethyl-1,3-cyclohexanedione, and 5-amino-3-methyl-1-phenyl-pyrazole were reacted in the
presence of recyclable polyethylene glycol PEG 400, resulting in the formation of the desired
pyrazolo[3,4-b]quinoline derivatives (Scheme 133) [165].
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Scheme 133. Karnakar et al. (2012).

Nalage et al., attained 4, 6-disubstituted 3-cyano-2-pyridones using PEG as solvent via a one-pot
four-component approach. The series of compounds were synthesized from a catalyst-free reaction of
ketones, aldehydes, ethyl cyanoacetate, and ammonium acetate (Scheme 134) [166].

Nc/ﬁ(O\ "

o

CN
Ammonium acetate N
435 (8equiv.)
o o PEG 600
110 °C R ” °
3-5h
R CHy R " 438, 60-80%
436 437

R= alkyl, aryl, heteroaryl

Scheme 134. Nalage et al. (2010).

Manvar et al., developed a three-component coupling between aldehyde, 1,3-diketone or ketoester
and ammonia for the preparation of 1,4-dihydropyridines without using any catalyst. The protocol
was performed at high temperature using microwave irradiation for 1 to 5 minutes (Scheme 135) [167].

o R o
° o o NHj; (1equiv.)
—» R R
PEG 400 | |
R H Me’ R
439 440 MW: 6 - 9 min Me u Me
CH:3-4h

R= aryl, heteroaryl R= Me, OMe, OEt Classical heating
441a, 60-85%

Microwave irradiation
441b, 85-95%

Scheme 135. Manvar et al. (2007).

Smith et al., studied the scope and limitations of a synthetic route to achieve amino-functionalised
2,4 6-triarylpyridines. The preparation of triaryl pyridine derivatives was obtained in good yields from
p-aminoacetophenone and aryl aldehydes by treatment with ammonium acetate (Scheme 136) [168].

o

)L NH,
R H
442
R= aryl, heteroaryl

i) NaOH (1equiv.)
PEG 400

110 °C

o —2e. 4N
i) ammonium

acetate

CH, (excess)

RN Q

443

444, 76-94%

Scheme 136. Smith et al. (2007).



Catalysts 2020, 10, 429 47 of 74

4.1.3. Reactions in Bio-Based Solvents

In the article presented in 2012 by Yang et al., among the set of reactions that occurred in lactic
acid, pyridine ring formation was contemplated. The construction of these compounds was achieved
without the use of any catalyst through Friedldnder annulation between 2-aminoacetophenone and
1,3-dicarbonyl compounds (Scheme 137) [58].

(o} o
o [o}
Me lactic acid N R
—_—
R R 80°C P
NH, 25h N R
445 446 447, 75-95%

R= alkyl, aryl, heteroaryl

Scheme 137. Yang et al. (2012).

Paul and Das managed to obtain hydropyridyl derivatives using ethyl-L-lactate as solvent.
The results were achieved from a one-pot three-component coupling of 4-aminocoumarin, aromatic
aldehyde, and indane-1,3-dione or dimedone catalyzed by (+)lactic acid (Scheme 138) [169].

33§

lactic acid
(2equiv.)

ethyl lactate
448 100 °C
2-3h

R= aryl, heteroaryl

451,78-91%

315

Scheme 138. Paul and Das (2012).
4.2. Formation of the Pyridazine Ring

Reactions in Water

Rimaz and Khalafy reported the synthesis of a series of alkyl 6-aryl-3-methylpyridazine
-4-carboxylates in water. The reaction protocol involved a condensation reaction of (3-ketoesters
with arylglyoxals in the presence of hydrazine hydrate at room temperature (Scheme 139) [170].

COR

o o o Me
NH,NH, . H,0 z
H (5equiv.) |
N
Me OR Ar H,0 o \N/
rt
o 30 - 60 min
452 453 454, 70-97%

R= Me, Et, tBu R= alkyl, aryl, heteroaryl

Scheme 139. Rimaz and Khalafy (2010).

Earlier, the same authors, Rimaz et al., employed a one-pot three-component approach to
prepare pyridazinones. The various 4-cyano-3(2H)-pyridazinones were obtained by reaction of
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alkyl 2-cyanoacetates with aryl glyoxals in the presence of hydrazine hydrate in aqueous medium
(Scheme 140) [171].

CN

o o o
NH,NH, . H,0 <
NC H (4equiv.)
OR Ar H,0 N ,NH
Tt Ar N
o 15 - 30 min
455 456 457, 70-96%

R= Me, Et, nBu

Scheme 140. Rimaz et al. (2010).

4.3. Formation of the Pyrimidine Ring

4.3.1. Reactions in Water

Yan et al., described the synthesis of alkyl 4-oxo-4H-pyrido[1,2-a]pyrimidine-2-carboxylate
derivatives in water, using a catalyst-free approach with 2-aminopyridines and dialkyl ethylenedicarboxylates

(Scheme 141) [172].

o
X NH. oR X N R
x ’ Z -~
€T | = £ XY

/N r21 \ N

6h
[¢]

CO,R

458 23 459, 15-97%

X=CH, N R= Me, Et
R=H, Cl, Br, F,
Me, CO,Et, BnO

Scheme 141. Yan et al. (2014).

Siddiqui demonstrated a catalyzed Biginelli reaction to access 3,4-dihydropyrimidin-2 (1H)-ones.
The reaction involved a Lewis acid catalyst in water, bis[(L)prolinato-N,0]Zn and stirred with
methylene compounds, urea, and various aldehydes. The catalyst was recyclable up to five cycles
(Scheme 142) [173].

HoN NH; R CHO
460 Zn(L-proline)
(10mol%) R NH
—_—

o o H,0 ’ )\
M 462 reflux M N o

5-9min © it

. e R=H, Cl, OH, NO, 463, 78-92%
461

R= Me, OEt

Scheme 142. Siddiqui (2013).

Mukhopadhyay and Datta investigated an approach catalyzed by boric acid and glycerol in
aqueous medium. The various substituted pyrimidinones were achieved from aromatic aldehydes,
cyclopentanone and ureas (or thiourea). The team observed that aromatic aldehydes with
electron-donating groups required a longer reaction time to produce the substituted pyrimidinones;
aldehydes with stronger electron-withdrawing groups provided the products in greater yields compared
to ortho-substituted ones; and thiourea required more time for completion of the reaction than urea
(Scheme 143) [174].
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464 (10mol%)

HoN NH,
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CHO L
- H20
R X=0,8 45-50°C
4-13h

465

R=H, Cl, Br, Me, OMe,
CN, NO,

467, 62-86%

Scheme 143. Mukhopadhyay and Datta (2013).

Ramesh et al., acquired a library of 2-phenyl-2,3-dihydroquinazolin-4(1H)-ones via a cyclodextrin
catalyzed strategy in high yields. The synthetic route studied was based on the reaction between
aldehydes and anthranilamides in water (Scheme 144) [175].

© 5.cD (10mol%) (:fL
55- 60 °c
15-7h

468 470, 78-92%

R=H, Br, F, Me, OMe,
NO, , O-allyloxy

Scheme 144. Ramesh et al. (2012).

Li et al., carried out the preparation of 2-alkylthio-4-amino-5-cyano-6-aryl(alkyl)pyrimidines in
water through three-component, one-pot synthesis. The methodology applied was the reaction of
aldehydes with malononitrile and S-alkylisothiouronium salts at room temperature (Scheme 145) [176].

N N

NC CN
9

/U\ EtaN (4equiv.) | N
CHO
N N
R/ >
471 6 - 24 h
SR

R= aryl, heteroaryl R= Me, Et, PhCH, , 473, 35-93%
cyclopentyl, n-Bu, allyl

HoN R

Scheme 145. Li et al. (2012).

Das et al., disclosed an efficient approach for the synthesis of tetrahydropyrimidines.
The construction of these compounds was achieved using the same procedure as that described
previously—except for the ratio applied to the starting material: in this case, the molar ratios of these
substrates were 2:1:4 (Scheme 146) [51].

COR RO,C. Ar
In (4equiv.) N/
1M HCI ‘
NO, —_—
R/ 2 HCHO )
H,0

. RO,C N
rt, 30 - 40 min

CO,R Ar
22 23 24 474, 64-72%
R=Ph, Het(Ar) R= Me, Et

Scheme 146. Das et al. (2010).
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Zhang et al., were able to prepare quinazolinone derivatives via iron-catalyzed C-N coupling
using water as solvent. The reaction proceeded successfully from substituted 2-halobenzoic acids and
amidines under microwave irradiation (Scheme 147) [177].

FeCl3 (10mol%)

CO,H
z NH Cs,CO; (2equiv.) NH
)J\' HCl  L-proline (20mol%)
—_—
HoN R Ho0 7
| N R

MW
475 476 catalyst system with Ligand
477a, 41-81%
R= aryl, alkyl, catalyst system without Ligand
heteroaryl 477b, 39-78%

Scheme 147. Zhang et al. (2009).

Xu et al., managed a route to the construction of 3,4-Dihydropyrimidin-2(1H)-ones by Biginelli
reaction. This procedure embraced a micellar system according to the Biginelli reaction using
ketoester, urea, and an appropriate aromatic aldehyde in the presence of CuCl,. H,O as catalyst.
The reactions were successfully carried out in water without any organic solvent and gave high yields
(Scheme 148) [178].

o

HQN)kNHZ CuCl,.2H,0 (10mol%) 0 R

479 Sodium dodecylsulphonate
(20mol%) R NH
o o |
H,O
_cHo 50-70 °C Ve N o
R Me R 6h H
478 480
481, 21-96%
R= Me, OEt R=H, aryl, heteroaryl

Scheme 148. Xu et al. (2008).

4.3.2. Reactions in PEG

Hese et al, implemented a one-pot three-component approach for the synthesis of
pyrido[1,2-a]pyrimidine-3-carbonitrile derivatives. The construction of these compounds was achieved
from the corresponding 2-aminopyridines, substituted aldehydes, malononitrile, and using bleaching
earth clay as catalyst (Scheme 149) [179].

NH,

N NH, . CN
A bleaching earth clay = N N
H12.5
| NC/\CN L

= 9 PEG 400 N N
70-80°C N
30 - 40 min

333 R/C“O 483, 80-90%
482
R= Ph, Het(Ar)

Scheme 149. Hese et al. (2015).

Konda succeeded in obtaining pyrazolo[1,5-a]pyrimidines in PEG as reaction medium from
4-(4’-chloro-phenylazo)-5-aminopyrazole with «,-unsaturated carbonyl compounds. The advantages
of this protocol are the simplicity of operation, the high yields of products, and the recyclability of the
solvent (Scheme 150) [180].
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H,N
N "N
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484 485
R=H, Cl, Br, OH, |, Me 486, 86-92%

Scheme 150. Konda (2014).

Using a tandem reaction mediated by PEG 600, Reddy et al., developed an approach to the
synthesis of 2-methyl-3H-quinazoline-4-one by a thermal condensation of anthranilamide with acetic
anhydride for a short time (Scheme 151) [181].

Ac,0O
NH, (1.5equiv.) NH
_—
PEG 600 P>
NH, 100 °C N CH,
1-2h
487 488, 85%

Scheme 151. Reddy et al. (2013).

Maddila et al., monitored the catalyst-free condensation reaction of aromatic aldehydes,
ethyl propionate and guanidine hydrochloride in PEG to access successfully a series of 2-amino-
6-(substitutedphenyl)-5-methylpyrimidin-4-ol compounds (Scheme 152) [182].

NH

I A
CHO
HoN NH, . HCI R/ PEG 400 )‘\ P
75 °
489 490 1.55_ 2?5 h HaN N OH
R= alkyl, aryl, heteroaryl 492, 85-92%

/w/’v
° 491

Scheme 152. Maddila et al. (2012).

Mahnaz and Nikpour reported a one-pot synthesis of 2,4(1H,3H)-quinazolinediones by cyclization
reaction of anthranilic acid derivatives with potassium cyanate and acetic acid in PEG. These results
were achieved using short reaction times and without any catalyst (Scheme 153) [183].
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K "o=N o
R CO,H
AN : CHaCO,H X H
—_—
| PEG 400 |
o x/ N 50 - 60 °C R X/ N °
2 10 - 90 min H
493 494, 78-95%

X= CH, CMe, N

R=H, Cl, Br, OH,

OMe, CO,H

Scheme 153. Mahnaz and Nikpour (2012).

Kidwai et al., successfully adopted a one-pot process catalyzed by Amberlyst-15®in PEG
400 to accomplish a library of benzothiazolo-[2,3-b]-quinazolinones. For that, the team monitored
and optimized a condensation of 2-aminobenzothiazole, cyclic 3-diketones and various aldehydes.

(Scheme 154) [184].
N\> " " Amberlyst 15 R A
o = PEG 400 \ .
)

50 °C

30 - 50 min N
>=N
350
s

CHO R=H, Me

-

495

497, 85-92Y
496 %

R= aryl, heteroaryl

Scheme 154. Kidwai et al. (2012).

Through a one-pot catalyst-free reaction Nikpour et al., achieved the synthesis of 2-mercapto-
4(3H)-quinazolinones in good yields using direct cyclo-condensation of anthranilic acid derivatives
with thiourea in PEG (Scheme 155) [185].

o
COM s
X NH
R —_— R
PEG 400
P HoN NH. o
X NHR 2 2 140 - 150 °C T S
R

4-65h
498 499

CH,N 500, 30-80%
H, Cl, Br, Me
H, Me

03X
W

Scheme 155. Nikpour et al. (2009).

Wang et al., employed a tandem Michael addition and intramolecular cyclization to prepare
5H,6H-[1,3,4]thiadiazolo[1,2-a]pyrimidine-7-ones. The synthesis of several derivatives was achieved
in the presence of K,COj as the catalyst on a reaction system between 2-amino-5-aryloxymethyl-1,
3,4-thiadiazoles and methyl acrylate (Scheme 156) [186].
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\ R PEG 400 <
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501 502 50 °C, 4h
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R= H, Me, OMe R=H, Me
Scheme 156. Wang et al. (2007).
4.3.3. Reactions in Bio-Based Solvents

Khandelwal et al., published the preparation of spiroquinazolines using gluconic acid aqueous
solution as bio-based catalytic solvent system. This procedure was based on the three-component
reaction of isatoic anhydride, aromatic amines, and substituted isatins (Scheme 157) [187].

- :

o

o

s04 © ? (;fk o

N
CH,
" ! ?
o]
H
506

H
N

N GAAS (50%,wt%)

312
Me

NH,

505
Scheme 157. Khandelwal et al. (2015).
The same group adopted a similar strategy to obtain 2,3-dihydroquinazolin-4(1H)-one derivatives.

In a one-pot procedure and using three components (isatoic anhydride, anilines and aromatic aldehydes)
the desired products were successfully achieved (Scheme 158) [188]

OMe H* HN N
—_—
504 O Meo OMe  GAAS (50%,wt%)
Cl
Cl
MeO’ OMe
Me CHO
OMe
505 NH, 507 508

Scheme 158. Khandelwal et al. (2015).

The group of Xu adopted the Biginelli reaction for the preparation of dihydropyrimidinthione
derivatives using ethyl lactate as solvent. A shortand efficient route to obtain the library from aldehydes,
thioureas, 1,3-dicarbonyl, and trimethylsilyl chloride as catalyst was achieved (Scheme 159) [189].
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Scheme 159. Xu et al. (2014).

4.4. Formation of the Pyrazine Ring

4.4.1. Reactions in Water

Rashidi et al., performed the synthesis of quinoxalines using acidic supported ionic liquid
([PPy]HSO4@nSiO;) as catalyst, which was previously prepared. Optimization of the conditions was
achieved and the final products resulted from 1-(2-aminophenyl)pyrrole with acetophenone derivatives
in aqueous medium (Scheme 160) [190].

N —
NH. N
0 ? [PPy]H,S0,@nSiO, /
)L (0.8mol%)
o " H,0, 70 °C . o
N

10 - 50 min

513 514 515, 85-99%

R= aryl, heteroaryl

Scheme 160. Rashidi et al. (2018).

Liu et al., successfully employed a B,(OH)s-mediated one-pot reaction for the preparation of
tetrahydroquinoxalines. An approach was designed to obtain the library via the reaction between
2-amino(nitro)anilines and 1,2-dicarbonyl using water as solvent and hydrogen donor under metal-free
conditions (Scheme 161) [191].

By(OH),4
8equ|v
H,0
80 C

516 517 518, 62-85%
R=H,Cl,Br, F R=H, Me, Et, Ph

Scheme 161. Liu et al. (2017).

Afshin et al., adopted a one-pot four-component condensation between 2-hydroxynaphthalene-1,
4-dione, benzene-1,2-diamines, aromatic aldehyde and pyridinium ylide, to synthesize trans-1,
2-dihydrobenzo[a]furo[2,3-c]phenazines in good yields. The reaction catalyzed by theophylline was
performed in water (Scheme 162) [192].
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theophylline
_(20mol%) o

H,0
70°C
Br
521 523, 78-90%

R= aryl, heteroaryl

Scheme 162. Afshin et al. (2016).
Bardajee et al., attained 2,3-disubstituted quinoxaline and pyridopyrazine derivatives using an
SBA-15-supported palladium catalyst containing N-O chelating Schiff-base ligand. The series of

derivatives containing the pyrazine ring were synthesized through cyclo-condensation of various
1,2-diamines and 1,2-diketones using a nanocatalyst complex in aqueous solution and water as solvent

(Scheme 163) [193].
i })k Pd/SBA - 15 g
1mo|% I
100 c

30 min
524 525 526, 94-99%
X=CH,N R= aryl, heteroaryl
R=H, Me, NO,

Scheme 163. Bardajee et al. (2013).

Alinezhad et al., generated quinoxaline derivatives in high yields from o-phenylenediamine
and 1,2-diketone through a 2-Methylpyridinium trifluoromethanesulfonate ([2-MPyH]OT{) catalyzed
reaction. The catalytic complex system was prepared previously and was reusable (Scheme 164) [194].

[2- MPyH]OTf
| O

529, 95-98%

R=H, Me, NO, R=H, Aryl, Alkyl

Scheme 164. Alinezhad et al. (2013).

In 2013 Bardajee reported another strategy to achieve quinoxaline and pyrazine derivatives
using water as solvent. In this case the reaction was catalyzed by Zirconium(IV) oxide chloride.
Various pyridopyrazine and 2,3-disubstituted quinoxaline derivatives were readily prepared in high
yields under green conditions by cyclo-condensation of the desired 1,2-diamine and 1,2-diketone
(Scheme 165) [195].
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NH, Zr0Cl,.8H,0 N R
| N o (25mol%) XN
o
X A H,0 Y. &
\x NH, R reflux \x/ N R
05-3h
530 531 532, 85-98%
X=CH, N R=aryl, aliphatic

Scheme 165. Bardajee (2013).

In a report published in 2012, Rustagi et al., demonstrated the versatility of the optimized
methodology catalyzed by Agl applied to the formation of the pyrazine ring [88]. This work arose
following the continuation of the study of these procedures by this team (Scheme 166) [90].

R

533 534 535, 45-91%
X=N, CH R=H, Me

R= Ph, Het(Ar),

aliphatic

Scheme 166. Rustagi et al. (2011-2012).

Feng et al., performed a gold-catalyzed tandem reaction to access fused polycyclic indole
derivatives. Synthesis of the final products was achieved from substituted 2-(1H-indol-1-yl) alkylamines
and alkynoic acids in water under microwave irradiation by formation of one new C-C bond and two
new C-N bonds in a single operation (Scheme 167) [196].

//\NHz ‘ ‘ Au catalyst

X N, (2mol%)
R—i R
H,O
P :
MW: 150°C
o OH CH: 100 °C
MW: 30 min
CH: 16 h
536 537 538, 62-93%
R=H, Cl, Br, F Me, R=H, Me, Hex
CN, NO, , Et, OMe
R=H, Me, CN

Scheme 167. Feng et al. (2012).

Zhang and collaborators disclosed a synthetic approach to obtain quinoxaline using water as
solvent without any catalyst. The construction of benzoxazine was achieved using 539 as starting
material (Scheme 168) [197].
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S

R 30 - 60 min

539 540 541, 91-96%

R=H, Me, Et

Scheme 168. Zhang et al. (2008).

Srinivas et al., accomplished the synthesis of quinoxaline derivatives in Water by reacting various
1,2-dicarbonyls and 1,2-diamines. All substrates produced the corresponding desired products in good
yields using a reusable polyaniline catalyst or polyaniline and sodium laurylsulfate in the reaction
system (Scheme 169) [198].

NH, polyaniline

o}
N R
o sulfate salt '
o R 5mol% R |
H,0, rt N
R NH, or N R

water + SLS, rt
542 543 544, 70-97%

R=H, aryl, heteroaryl!

Scheme 169. Srinivas et al. (2008).

4.4.2. Reactions in PEG

Khurana et al., explored a one-pot two-step domino protocol for the preparation of benzo[a]-phenazine.
The team monitored the reaction of 2-hydroxynaphthalene-1,4-dione, ortho-phenylenediamines,
aromatic aldehydes and cyclic 1,3-dicarbonyl compounds with p-TSA as in PEG 400 (Scheme 170) [199].

547

R NH,
R N
i) N
o R NH,
R

546
OH
R=H, Cl
CHO
* iy R 549
OH
0 R= aryl, hetereoaryl

545

i) p-TSA (10mol%), PEG 400, 70°C, 30 min
i) p-TSA (10mol%), PEG 400, 70°C,2-2.5h

550, 82-92%

Scheme 170. Khurana et al. (2012).

Huang et al., reported the preparation of pyrazines in the presence of silica sulfuric acid with
good yields. The team was able to synthesize quinoxaline and pyrazine derivatives applying the
condensation of 1,2-diamines with o-hydroxyketones (Scheme 171) [200].
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R=H, Me, PhCO
552

R NH,
R: : :NHZ
R o R N R
z i) i) z
| - —
N N
R N R R

R OH R N
551
555, 72-82% R= Ph, Furyl 553, 51-90%
RINHZ
R NH
554 i) SSA, PEG 400, 120 °C,2-6 h

R= H, Me, -(CHa)s-

Scheme 171. Huang et al. (2011).

In 2010, Nagarapu et al., employed a protocol for the synthesis of quinoxaline derivatives from
various orthophenylenediamines with ketones under catalyst-free conditions using PEG as recyclable
medium (Scheme 172) [201].

NH, Br
O S N
R—| R—l J—— N
PEG 400
7 NH, 7 80°C

556 557 _/_
R
R=H, Cl, Me R=H, Cl Br, Me, OMe, .
CN, NO, , Ph, N(CH,CHyg), , 558, 35-90%
pyrrolidine

Scheme 172. Nagarapu et al. (2010).
4.5. Formation of the Oxazine Ring

4.5.1. Reactions in Water

Allahbakhsh and Hassanabadi developed a method for the formation of oxazine derivatives.
The 4-aryl-7-methyl-3,4-dihydropyrano[3,4-¢][1,3]Joxazine-2,5-dione were synthesized through an
acyclocondensation reaction between 4-hydroxy-6-methyl-2H-pyran-2-one, aromatic aldehydes and
methyl carbamate using p-toluene sulfonic acid in aqueous media (Scheme 173) [202].

OH
o
= p-TSA
(10mol%)
| \ H —_—
o o R H,0
560 F 3h
561

80 °C H3C

562, 82-94%

o R=H, CI, Br, Me, OMe, NO,

A

HoN OMe

559

Scheme 173. Allahbakhsh and Hassanabadi (2016).

Faramarz et al., generated oxazine derivatives within 10 hours using a one-pot three-component
approach. The reaction of benzoyl cyanide and activated acetylenic compounds was stirred in
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water at room temperature in the presence of N-nucleophiles such as isoquinoline, quinoline, or
N-methylimidazole (Scheme 174) [203].

COR o \

\ —_—> N COR
‘ ‘ H,0

N Ph CN 1t
F 10h
0,
COR COR
563 564 565 P CN

566, 72-90%
R= OMe, OEt, tBuO, Ph

Scheme 174. Faramarz et al. (2013).

Paira et al., in a one-pot sequence using the ion exchange resin Amberlite IRA 402(OH) were able
to synthesize fused tricyclic oxaza quinolinium salts. The authors demonstrated the plausible pathway
of the reaction: it was presumed that the reaction was initiated by amberlite resin converting the
hydroxyquinoline to the quinoxide ion and thus promoting it towards the organic layer (dibromoalkane)
by acting as phase-transfer catalyst. Then, the resin bound quinoxide ion reacted with dibromoalkane
to furnish the desired quinolinium through O,N-dialkylation. The methodology was also applied to
obtain compounds 569 (Scheme 175) [204].

X
X
P Amberlite [RA 402(0OH)
R N
—_—
R
H0 R (?\1/9
OH 80°C Br
2-3h |
567 Br Ov\R
R=H, CI, Br, | Br
569, 80-97%
568
R=H, Me

Scheme 175. Paira et al. (2010).

In 2008, Zhang et al., carried out a protocol for the synthesis of benzo-fused N,O-heterocycles in
water without using any catalyst. The construction of benzoxazine was achieved using 2-aminophenol
as starting material (Scheme 176) [197].

o, OR
N NH. ’ ’ H o]
2
roS T ?
R — R
o o H,0
7 OH | 50°C = o ~ OR
R 35 - 40 min
570 540 571, 93-96%
X=N, CH R= Me, Et
R=H, Cl, Me, NO, , tBu

Scheme 176. Zhang et al. (2008).

4.5.2. Reactions in PEG

Shinde et al., achieved the synthesis of 1,3-oxazine derivatives in PEG medium. They reported
access to the library by reaction between aromatic amines naphthol as well as naphthol and
formaldehyde solution (Scheme 177) [205].
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0 N NH, j
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A
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OMe, OEt, NO,

i) PEG 400, rt, 5-15 min AN
——OH
G

574

Scheme 177. Shinde et al. (2011).
4.6. Formation of the Triazine and Thiadiazine Rings

Reactions in PEG

Sridhar et al., monitored the reaction of isatin, and semicarbazide/thiosemicarbazide in PEG 400
under catalyst-free conditions. The team developed a tandem approach to obtain 5,9b-dihydro-1H-
[1,2,4]triazino[5,6-b]indole-3-ols/thiols at 70-75 °C in 6-9 h in good yields (Scheme 178) [206].

N
) e ﬁ/

XH

/ N
X
R—: o /H NH, o —

- HaN PEG 400 4 NH

N 70-75°C /

H

el 6-9n 0\
575 576 577, 84-96%

R=H, CI, Br, F, Me, OMe, NO,
X=0,8

Scheme 178. Sridhar et al. (2014).

As mentioned earlier in this review, in 2014, Reddy et al., reported the synthesis of triazolo-1,2,
4-benzothiadiazine-1,1-dioxides via a copper-catalyzed tandem cyclisation of ynamides in PEG 400.
This approach also afforded the construction of the thiadiazine ring (Scheme 179) [102].

(o]

[¢]

O, O,

x X
\S\ _-Rcul (5mol%) S R
N NaNj3 (2equiv.) N
_—
PEG 400
R | H 100°C, 12h R N‘ N\ R
N
R
199 200, 48-84%

R= tBu, Me, OMe, Ph
R= Het(Ar)

Scheme 179. Reddy et al. (2014).
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5. Seven-Membered Aromatic Nitrogen Heterocycles
5.1. Formation of the Azepine Ring

5.1.1. Reactions in Water

Prasad et al., employed a domino approach for the synthesis of azepines in water. They reported
access to 2-benzazepine derivatives from the reaction of 4-chloro-3-formyl coumarin with benzyl
amines under catalyst-free conditions in excellent yields (Scheme 180) [207].

0. (o] R
R

Z cHo

c 578

R=H, CI, F, Me, OMe

580, 80-92%

Scheme 180. Prasad et al. (2010).
5.1.2. Reactions in PEG

Mallepalli et al., developed a one-pot synthesis of N-substituted azepines without the use of
any catalyst system. This protocol was conducted smoothly in PEG, and the desired products were
obtained from the three-component condensation of 2,5-dimethoxyfuran with actylenedicarboxylate,
and amines (Scheme 181) [208].

OMe CO,R

_ANH >
R o PEG 400
60°C,7h
COR CO,R
OMe
581 582 23 583, 31-94%
R= Ph, Het(Ar) R= Me, Et

Scheme 181. Mallepalli et al. (2011).

5.2. Formation of the Diazepine Ring

Reactions in Water

The group of Alinezhad accomplished the synthesis of diazepines in aqueous medium using
2-methylpyridinium trifluoromethanesulfonate as catalyst. The 1,5-benzodiazepine were produced
in good yields by reacting o-phenylenediamine with ketone. The methodology presented relevant
advantages, such as short reaction time and reusable catalyst system (Scheme 182) [194].

NH, 0 [2-MPyH]OTf N
| N (1mol%) | N
R R T R R
H,0
R 2
Z " 2 G —
527 584 585, 93-98%

R=H,Me,NO,  R=H, Aryl, Alkyl

Scheme 182. Alinezhad et al. (2013).
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The Shaabani team carried out a one-pot pseudo-five-component synthesis of 4,5,6,7-tetrahydro-
1H-1,4-diazepine-5-carboxamide derivatives. The derivatives were successfully achieved from
2,3-diaminomaleonitrile, a cyclic or acyclic ketone, an isocyanide, and water in the presence of
a catalytic amount of p-toluenesulfonic acid in aqueous medium at room temperature in high yields
(Scheme 183) [209].

NC NH; o p-TsOH.H,0 R R
" (5mol%) \u
—_—
R/ ‘ R NH
R H,0 HN,
rt —
Ne NHy 16-24h
586 587 588 N

R= aliphatic, alicyclic, aromatic 589, 80-92%

Scheme 183. Shaabani et al. (2008).
5.3. Formation of the Thiazepine Ring

5.3.1. Reactions in Water

Dandia et al., attempted and achieved a three-component reaction of aldehydes,
5-amino-3-methylpyrazole, and «-mercaptocarboxylic acids in water under sonication to obtain
pyrazolo[3,4-e][1,4]thiazepines. The authors noted that the formation of benzothiazepines instead
of thiazolidinones was surprising. The chemoselectivity can be explained by the nucleophilic
addition reaction of 5-amino-3-methylpyrazole on the carbonyl carbon atom of aldehyde to afford the
Baylis-Hillman product; which subsequently reacted with «-mercaptoacetic acid to give a substituted
pyrazolo[3,4-¢][1,4]thiazepine (Scheme 184) [210].

CHO
SH \ Me
L N\
OH | ’ NH, ho
R Z N~y Us
! \
590 591

5-10 min
592
R=H, Me R= Cl, Br, F, Me, OMe, R=H, Ph
= /R

Me

z — S,
X ! Nr
—_—
H,0 S —_—
Us x o
NH, | NH
OH \N\
593 \

594, 83-93%
Scheme 184. Dandia et al. (2015).
Yan et al., reported the synthesis of thiazepines using tetrabutylammonium tribromide as catalyst.

Various derivatives were prepared via a one-pot condensation reaction of 2-aminothiophenol with
1,3-diaryl-2-propenones in water (Scheme 185) [211].
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595 596, 75-94%

237

R=H, Cl, OMe, OH, NO,
OCH,CH=CH,
R= Het(Ar)

Scheme 185. Yan et al. (2012).

In 2008 Tu et al., also obtained benzo[e][1,4]thiazepin-2-(1H,3H,5H)-ones by performing a
microwave-assisted multi-component reaction in aqueous media. The construction was prepared from
aromatic aldehyde, aniline and mercaptoacetic acid (Scheme 186) [113].

o
HS/Y
234
l N NH, HZO
I P 11oc

597 599, 90-96%

R=H, Cl, Me, R=H, CI, Br, Me, OMe, NH,
OMe, NO, , dioxole Het(Ar), dioxole

Scheme 186. Tu et al. (2009).

5.3.2. Reactions in PEG

Lingampealle et al., synthesized 1,5-benzothiazepines employing a one-pot protocol by condensing
2-propen-1-ones with 2-aminothiopheol in polyethylene glycol PEG 400 as solvent and catalyst.
Additionally, in this case, the team was able to reuse the PEG 400 (Scheme 187) [212].

600 601, 61-78%

R=H, F, Me, OMe

Scheme 187. Lingampalle et al. (2014).

6. Conclusions

In this review, we listed the reactions reporting with green methodologies for the synthesis of
5, 6 or 7-membered nitrogen or poly-nitrogen heterocyclic compounds. These molecules often have
interesting biological activities and are structures often generated in medicinal chemistry. We hope that
gathering information will enable the scientific community to implement syntheses that respect our
environment a little better in order to reduce our impact as organic chemists on the state of the planet.
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