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hydrate/choline chloride deep
eutectic solvent: redox properties in the fast
synthesis of N-arylacetamides and indolo(pyrrolo)
[1,2-a]quinoxalines†

Sergio Alfonso Trujillo,a Diana Peña-Solórzano,a Oscar Rodŕıguez Bejaranob

and Cristian Ochoa-Puentes *a

In this contribution a physicochemical, IR and Raman characterization for the tin(II) chloride dihydrate/

choline chloride eutectic mixture is reported. The redox properties of this solvent were also studied by

cyclic voltammetry finding that it can be successfully used as an electrochemical solvent for

electrosynthesis and electroanalytical processes and does not require negative potentials as verified by

the reduction of nitrobenzene. The potential use of this eutectic mixture as a redox solvent was further

explored in obtaining aromatic amines and N-arylacetamides starting from a wide variety of

nitroaromatic compounds. In addition, a fast synthetic strategy for the construction of a series of

indolo(pyrrolo)[1,2-a]quinoxalines was developed by reacting 1-(2-nitrophenyl)-1H-indole(pyrrole) with

aldehydes. This simple protocol offers a straightforward method for the construction of the target

quinoxalines in short reaction times and high yields where the key step involves a tandem one-pot

reductive cyclization-oxidation.
Introduction

Nitro compounds are versatile nitrogenated molecules found in
natural products and synthetic derivatives. Its isolation from
plants, bacteria, fungi, and mammals has allowed the discovery
of several bioactive compounds which exhibited a high struc-
tural diversity together with antibiotic,1,2 antitumor3 and
immunosuppressive4 activities. Different synthetic derivatives
have been also employed as solvents, agrochemicals,5 drugs,
dyes6 and ne chemicals.

Due to their reactivity, nitro compounds are considered as
versatile synthetic tools and, in particular, aliphatic nitro
compounds are suitable starting materials to perform carbon–
carbon bond forming reactions such as nitro-Mannich, Henry,
and nitro-Michael reactions.7–9 They are also fundamental
building blocks employed in the synthesis of amines which are
obtained by the reduction of the nitro group through metal–
acid combinations, catalytic hydrogenation, hydride transfer
, Departamento de Qúımica, Universidad
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40561
reductions, catalytic transfer hydrogenation and metal-free
reduction methods.10 The synthetic utility of this trans-
formation is highlighted in several one pot procedures for the
obtention of diverse structures including imines, amides11 and
a-aminophosphonates12 together with heterocyclic compounds
such as benzimidazoles,13–15 quinazolinones,16,17 pyrrolines,18

isoindolinone derivatives,19 tetrahydroquinolines,20–23 and qui-
noxalines,24,25 where a tandem one-pot reduction and intra-
molecular cyclization reaction is achieved.

Among the different nitrogenated heterocycles, quinoxalines
are considered privileged structures with broad medicinal and
industrial applications. This bioactive motif is found in mar-
keted drugs with antibiotic, antibacterial, antitumor, antiviral,
antifungal, anti-inammatory, antimicrobial activities,26 while
many more are under study for potential biomedical applica-
tions (Fig. 1).27

Besides the pharmaceutical interest, various synthetic
derivatives have also found applications in organic elec-
tronics,28–30 dyes,31 chemically controllable switches,32 cavitands
and macrocyclic receptors.33–35

Within the diverse structural derivatives reported in litera-
ture for this heterocyclic system, the indolo(pyrrolo)[1,2-a]qui-
noxalines have attracted much interest from the synthetic and
biological community. Considering the integrity of the benzene
ring, the construction of this polycyclic skeleton follows
different strategies depending on the number of atoms con-
tained in each fragment. Thus, synthetic equivalents with
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Representative bioactive and naturally occurring quinoxalines.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

5 
11

:3
8:

50
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
several combinations of atoms might be used. On the other
hand, a more convenient strategy based on pyrrole or indole
derivatives can be developed for the formation of the pyrazine
ring;36 and for this 1-(2-aminophenyl)pyrrole/indole has been
widely used as starting material in combination with a broad
scope of substrates including aldehydes,37–40 alcohols,41

ketones,42,43 a-aminoacids,44 carboxylic acids,45 2-methylpyr-
idine/quinoline46 and benzylamines47 (Scheme 1). Analogously,
Scheme 1 Synthetic strategies for the synthesis of indolo(pyrrolo)[1,2-a

This journal is © The Royal Society of Chemistry 2020
other synthetic approaches have employed arylhalides,48 aryli-
socyanides,49 and nitrobenzene24 having ortho-substituted
pyrrole or indole rings (Scheme 1).

Although the methods depicted before are ingeniously
developed and represent new alternatives for the obtention of
the indolo(pyrrolo)[1,2-a]quinoxaline skeleton, some of them
suffered from several disadvantages such as the use of strong
oxidizing agents, ligands and costly catalysts, require an elab-
orated set up, and have long reaction times with moderated
yields. Keeping this in mind, we envisioned that the tin(II)
chloride dihydrate/choline chloride deep eutectic solvent (DES)
might be a suitable reductive reaction medium to obtain the
target compounds starting from 1-(2-nitrophenyl)-indole/
pyrrole and aldehydes via a one-pot reductive cyclization
strategy (Scheme 1). The use of tin(II) chloride/choline chloride
DES in organic synthesis has been previously introduced by
Azizi50 and Tavakol.51,52 The rst author found that this eutectic
mixture effectively catalyses the ring opening of epoxides by
a range of nucleophiles (amines, thiols, alcohols, cyanide and
azide) providing the target products with good chemo, regio,
and stereoselectivity.50 On the other hand, Tavakol developed an
environmentally friendly synthesis of quinoline derivatives via
a one-pot multi-component reaction between aryl aldehydes,
aniline derivatives and enolizable aldehydes employing the
ChCl/SnCl2 DES as a green catalyst and solvent.51 The same
author also reported the synthesis of xanthene derivatives by the
]quinoxalines.

RSC Adv., 2020, 10, 40552–40561 | 40553
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reaction between 2-naphthol derivatives and aromatic or
aliphatic aldehydes in the presence of the DES.52 Other appli-
cations of this eutectic mixture include the extractive desul-
furization of liquid fuels53 and its use as catalysts for epoxy resin
crosslinking.54
Fig. 3 Raman spectrum for (a) choline chloride, (b) tin(II) chloride
dihydrate, and (c) the eutectic mixture SnCl2$2H2O/ChCl.
Results and discussion

Before starting the synthetic studies of this work, we rst per-
formed a physicochemical characterization and investigated the
redox properties of the tin(II) chloride dihydrate/choline chlo-
ride DES in order to gain more insight into the properties and
potential applications for this solvent.

The FTIR spectra of pure choline chloride (a), SnCl2$2H2O
(b) and the DES (c) are presented in Fig. 2. For choline chloride,
the FTIR spectrum shows the characteristic bands associated to
the OH, CH2, CH3 and C–N+ groups at 3200 cm�1 (O–H stretch),
1470–1440 cm�1 (CH3 and CH2 bend), 1050 cm�1 (C–O stretch)
and 882 cm�1 (C–N+ symmetric stretching). Similarly, the FTIR
spectrum of pure SnCl2$2H2O (Fig. 2b) showed the usual broad
band of stretching vibrations of the OH bond between 3100 and
3500 cm�1 together with the bending H–O–H vibrations in the
region between 1610–1620 cm�1, while absorption bands below
900 cm�1 belong to Sn–Cl and Sn–OH bonds. These spectra
agree with others previously published.55,56On the other hand, it
is observed that several bands corresponding to choline chlo-
ride co-exist aer the DES formation (Fig. 2c). However,
a vibrational broad band appears at 3500 cm�1 which is
assigned to the O–H stretching. This band broadens because of
the presence of water molecules indicating the formation of
hydrogen bonds. The bending H–O–H vibration appears in the
region between 1615–1624 cm�1, and the absorption corre-
sponding to C–N+ symmetric stretching is observed at 869 cm�1.

The Raman spectra for choline chloride (a), SnCl2$2H2O (b)
and the DES (c) are depicted in Fig. 3. It could be seen that
Raman spectra of ChCl presents bands in the range of 2800–
3100 cm�1 which are assigned to anti-symmetric and symmetric
Fig. 2 FTIR spectrum for (a) choline chloride, (b) tin(II) chloride dihy-
drate, and (c) the eutectic mixture SnCl2$2H2O/ChCl.

40554 | RSC Adv., 2020, 10, 40552–40561
CH2 and CH3 stretching vibrations. Bands assigned to CH3 and
COH deformations are at 1410–1430 cm�1 and the Raman band
at 720 cm�1 can be assigned to the symmetric stretching
vibration of the four C–N bonds.57,58 The Raman spectra of tin(II)
chloride dihydrate shows peaks in frequencies below 300 cm�1.
It is known that the unit cell of SnCl2$2H2O contains four
molecules of the pyramidal dichloroaquatin(II) complexes,
SnCl2(H2O), and this coordinated water molecule at an apex of
each pyramid forms a two-dimensional hydrogen bonded
network with another noncoordinating water molecule. Based
on this, Raman frequencies in the range from 52 to 222 cm�1

has been attributed to the deformation and stretching modes of
the Cl–Sn–Cl, Cl–Sn–O and Sn–Cl groups, while the band at
247 cm�1 corresponds to the O–H/O hydrogen bonded
network.59 It could be seen that Raman spectra of SnCl2$2H2O/
ChCl DES present a combined spectrum of the two components
where the broad band at 254 cm�1 suggest the formation of
hydrogen bonds between ChCl and SnCl2$2H2O through water
molecules from SnCl2$2H2O and Cl� and OH groups from ChCl.

Next, the refractive index (nD), conductivity (k) and density (r)
were studied as function of temperature in the range from 35 to
80 �C. The temperature dependence of the refractive index is
shown in Fig. 4. The refractive index shows a decrease when the
temperature is increased lying in the range from 1.6420 to
1.6304 and it has higher values compared to common polar
protic and aprotic organic solvents such as hexamethylphos-
phoramide (HMPT), N-methylacetamide (NMA), N,N-dimethy-
lacetamide (DMA), dioxane, acetonitrile, N-methylformamide
(NMF), and methanol.60

The temperature-dependent behaviour of refractive index
was tted linearly according with the eqn (1) where nD is the
refractive index, t is the temperature, a and b are unitless terms
given in Table 1.

nD ¼ a(t/�C) + b (1)
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Refractive index (nD) of SnCl2$2H2O/ChCl as a function of
temperature.

Table 1 Values of parameters a, b, k0, Ek/R and correlation coefficient
for eqn (1)–(3)

Parameters and correlation
coefficient

Physical properties

nD k r

a �3 � 10�4 �1.1 � 10�3

b 1.651 2.0808
k0 2.42 � 10�4

Ek/R 645.8
R2 0.9902 0.9995 0.9993
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In contrast to refractive index, higher values for conductivity
are observed at elevated temperatures (Fig. 5) which shows an
increase in the kinetic energy of all species that coexist in the
DES.

The dependence between conductivity and temperature is
modelled with the Arrhenius-like eqn (2), where the values of k0
and (Ek/R) are shown in Table 1.
Fig. 5 Conductivity as a function of temperature for the SnCl2$2H2O/
ChCl DES.

This journal is © The Royal Society of Chemistry 2020
ln k ¼ ln k0 � (Ek/RT) (2)

Similarly to refractive index, the density shows an inverse
correlation where it decreases when the temperature increases
(Fig. 6). In addition, density values measured for this DES are
close two or three-fold higher of that found for the aforemen-
tioned organic solvents.60

The variation of density with temperature was modelled
according to eqn (3), where r is the density, t is the temperature,
a and b are constants (Table 1).

r (g cm�3) ¼ a(t/�C) + b (3)

Gano et al.53 have also studied the effect of temperature on
some basic physical properties of the synthesized DES nding
that the viscosity, density and refractive index decrease with
temperature, while the conductivity increased with tempera-
ture. Our observations are in agreement with the pervious study
and allow to predict the behaviour of the DES at different
temperatures within the studied range (30 to 80 �C).

The redox properties of the SnCl2$2H2O/ChCl DES were also
studied by cyclic voltammetry. Solvents and electrolytes for
electrochemical cells should resist a possible oxidation and
reduction. The electrochemical potential window (EPW) is an
indicator of electrochemical stability of DES and the potential
redox of a given analyte in a reaction process involving DES is
expected to fall within the EPW. The EPW is also useful in the
selection of a DES as an electrochemical solvent for specic
electrochemical applications. In this work, we determine the
potential window of the DES employing four working elec-
trodes. Results are shown in Table 2.

Anodic and cathodic limits of the EPWwere determined with
the oxidation current onset potential for chlorine gas evolution
and the reduction current onset potential for tin deposition
respectively. Although all systems show relatively narrow
potential ranges, these results are consistent with the behav-
iours of similar systems previously reported.61,62 All this indi-
cates that the SnCl2$2H2O/ChCl DES can be a good
Fig. 6 Density as a function of temperature for the SnCl2$2H2O/ChCl
DES.

RSC Adv., 2020, 10, 40552–40561 | 40555
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Table 2 Potential window for the SnCl2$2H2O/ChCl DES

Working electrode
Anodic limit
(V)

Cathodic limit
(V)

Potential window
(V)

Glassy carbon 2 �0.4 2.4
Pt 2 �0.3 2.3
Au 0.5 �0.3 0.8
Sn 1.9 �0.4 2.3
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electrochemical solvent for applications in electroanalytical
chemistry and electrosynthesis.

The use of DES as a novel solvent in reduction reactions is
another application eld that we explored. In order to demon-
strate the reduction ability of the DES, the electrochemical
properties for a model reaction were examined by cyclic vol-
tammetry (CV) mixing 10 mM of nitrobenzene in SnCl2$2H2O/
Fig. 7 Cyclic voltammograms of nitrobenzene (10 mM); in SnCl2-
$2H2O/ChCl DES at scan rate 100mV s�1 using GC disc versus Ag/AgCl
as reference electrode and Pt wire counter electrode at 60 �C. (a)
Recorded after adding nitrobenzene; (b) ten cycles, recorded one
minute after nitrobenzene was added.

40556 | RSC Adv., 2020, 10, 40552–40561
ChCl mixture and glassy carbon (GC) as working electrode
(Fig. 7).

Fig. 7a displays the cyclic voltammogram recorded imme-
diately aer adding nitrobenzene to the mixture. Here, only one
irreversible cathodic peak at �0.35 V is observed, which most
likely corresponds to the reduction of nitrobenzene to aniline.
Fig. 7b shows the voltammograms recorded one minute aer
the addition of nitrobenzene to the mixture, and the absence of
reduction peak of nitrobenzene to aniline suggests that the
reduction in homogeneous phase by the action of the DES
components occurs very fast. The kinetic studies of this process
will be presented in a future work.

With the results of the electrochemical characterization in
our hands, we study the reduction of several aromatic nitro-
compounds employing the eutectic mixture as solvent and
reducing agent (Table 3). As seen in Table 3, all mono-
nitroaromatic compounds are effectively reduced in very short
reaction times. Electron-donating and electron-withdrawing
groups does not inuence the outcome of the reaction and
the corresponding anilines 1a–6a, 10a–16a are obtained in
excellent yields. The tolerance of ketone and ester functional-
ities is demonstrated in the reduction of p-nitroacetophenone
15 and methyl 4-nitrobenzoate 16 which yields p-amino-
acetophenone 15a and methyl 4-aminobenzoate 16a in 93 and
90% yield respectively. In addition, dinitrobenzene isomers 7–9
also afforded the target diaminobenzenes (entries 7 to 9) in
yields comparable to that of the mononitro analogues (entries 4
to 6).

Reactions performed at low temperatures (40 and 60 �C) also
afford the desired products in longer reaction times (between 35
Table 3 Reduction of nitroaromatic compounds in tin(II) chloride
dihydrate/choline chloride DESa

Entry Compd R (nitrocompd) Compd R (aniline) Yieldb

1 1 H 1a H 96
2 2 o-OH 2a o-OH 94
3 3 p-OH 3a p-OH 93
4 4 o-NH2 4a o-NH2 96
5 5 m-NH2 5a m-NH2 95
6 6 p-NH2 6a p-NH2 96
7 7 o-NO2

c 4a o-NH2 94
8 8 m-NO2

c 5a m-NH2 93
9 9 p-NO2

c 6a p-NH2 94
10 10 o-Me 10a o-Me 97
11 11 m-Me 11a m-Me 96
12 12 p-Me 12a p-Me 94
13 13 p-Cl 13a p-Cl 95
14 14 p-Br 14a p-Br 98
15 15 p-(CO)CH3 15a p-(CO)CH3 93
16 16 p-CO2CH3 16a p-CO2CH3 90

a Reaction conditions: nitroaromatic compound (1 mmol), 1.6 g of
SnCl2$2H2O/ChCl (2 : 1 molar ratio) DES, 80 �C, 1–10 min. b Isolated
yield. c 3.2 g of SnCl2$2H2O/ChCl DES was used.

This journal is © The Royal Society of Chemistry 2020
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minutes to one hour) due to the increased viscosity of the DES
and lower solubility of nitroarenes. The reaction conditions
here established allow the reduction of a wide variety of nitro-
arenes employing a simple experimental setup with shorter
reaction times in comparison to traditional methods reported
with stannous chloride.63,64 In light of these interesting results,
we decided to explore the synthesis of some N-arylacetamides
through a one-pot reductive-acetylation of nitroarenes employ-
ing the DES. To perform this synthetic transformation starting
from nitroaromatic compounds, several combination of
reagents such as red phosphorus, iodine and carboxylic acids,65

platinum complexes/carboxylic acids,66 platinum nano-
particles,67 magnetic copper68 and nickel69 catalyst with acetic
anhydride have been reported. In our model reaction, nitro-
benzene reacted with acetic anhydride in presence of the DES
affording acetanilide in 92% yield (Table 4 entry 1). Other
nitroarenes also reacted smoothly yielding the corresponding
N-arylacetamides in 70–94% (Table 4).

As seen in Table 4, nitroaromatic compounds 10–14 bearing
methyl and halogen substituents afforded the corresponding
acetanilides 10b–14b in good yields. On the other hand, bis-
acetylated compounds 2b, 3b, 8b and 9b were obtained with
nitroarenes bearing amino and hydroxy groups (Table 4, entries
2–5). Any attempts to selectively achieve the acetylation on the
amino over the hydroxy group in the reaction of compounds 2
and 3 were unsuccessful.

To further expand the scope of applications for the SnCl2-
$2H2O/ChCl DES, our synthetic efforts were next directed
toward the obtention of indolo(pyrrolo)[1,2-a]quinoxalines.
Different synthetic strategies for the construction of this
heterocyclic skeleton are depicted in Scheme 1, however the
development of a simple and efficient synthetic methodology
involving readily available starting materials, few synthetic
Table 4 One-pot reductive acetylation of nitroarenes in tin(II) chloride
dihydrate/choline chloride DESa

Entry Compd R (nitrocompd) compd R (acetaniline) Yieldb

1 1 H 1b H 92
2 2 o-OHc 2b o-OAc 70
3 3 p-OHc 3b p-OAc 89
4 8 m-NO2

d 8b m-NHAc 88
5 9 p-NO2

d 9b p-NHAc 91
6 10 o-Me 10b o-Me 87
7 11 m-Me 11b m-Me 89
8 12 p-Me 12b p-Me 93
9 13 p-Cl 13b p-Cl 94
10 14 p-Br 14b p-Br 92

a Reaction conditions: nitroaromatic compound (1 mmol), 1.6 g of
SnCl2$2H2O/ChCl (2 : 1 molar ratio) DES, 80 �C, 1–10 min, then Ac2O
(1.2 mmol), AcONa$3H2O (2 mmol), H2O (1 mL) 10 min. b Isolated
yield. c 2.4 mmol of Ac2O, and 4 mmol AcONa$3H2O were used.
d 3.2 g of SnCl2$2H2O/ChCl DES, 2.4 mmol of Ac2O, and 4 mmol
AcONa$3H2O were used.

This journal is © The Royal Society of Chemistry 2020
steps and high yields of products is highly desirable. Therefore,
we envisaged that the reaction of aldehydes with the nitroarene
17 or 18, which are easily obtained in one step from o-nitro-
aniline70 and o-uoronitrobenzene42 respectively, might be
a suitable synthetic proposal to obtain the target quinoxalines
(Scheme 2). To develop our proposal, we rst synthesized the
nitroarene 17 starting from o-nitroaniline and dimethoxyte-
trahydrofurane following the methods reported in literature70

(Scheme 2), and the reaction between compound 17 and benz-
aldehyde in SnCl2$2H2O/ChCl DES was taken asmodel reaction.

Initially, equimolar amounts of 17 and benzaldehyde
(1 mmol each) were poured into the DES (2.0 g, 1.53 g SnCl2-
$2H2O and 0.47 g ChCl) and the reaction was conducted at 80
and 110 �C obtaining the pyrrolo[1,2-a]quinoxaline 17a in 75
and 92% yield aer 1 hour and 30 minutes respectively. Reac-
tions performed with tin(II) chloride (1.53 g, 6.8 mmol) under
solvent free conditions (110 �C, 30 min) and employing ethyl
acetate as solvent (3 h, reux) showed that the heterocyclic
compound was not formed in the rst case, and a 45% yield was
obtained in the second experiment. In addition, a reduction on
the amount of the DES (1.0 g of DES containing 763 mg,
3.4 mmol of tin(II) chloride) decreases the yield to 38%. These
results show that under the optimal reaction conditions (2 g of
DES, 110 �C, 30 minutes) the target compound can be obtained
in a good yield, and to identify the benets and limitations of
our method, we began exploring the substrate scope by reacting
different aliphatic and aromatic aldehydes. Results are
summarized in Table 5.

According to Table 5, all aromatic aldehydes bearing
electron-donating and electron-withdrawing groups reacted
easily with the nitroarene 17 affording the corresponding pyr-
rolo[1,2-a]quinoxalines 17a–17k in 75–98% yield. No clear
tendency was observed regarding the inuence of the substi-
tution pattern or electronic character of the groups on the
aromatic ring (Table 5, entries 1–9). Heteroaromatic and
aliphatic aldehydes such as 2-pyridinecarboxaldehyde and n-
decanal also provide the corresponding derivatives 17j and 17k
in satisfactory yields (Table 5, entries 10 and 11).

Once the series of pyrrolo[1,2-a]quinoxalines were obtained,
we focused on the synthesis of the indolo[1,2-a]quinoxalines,
and for this, the nitroarene 18 was successfully prepared from o-
uoronitrobenzene and indole.42 Next, compound 18 reacted
with different aldehydes affording the desired compounds 18a–
Scheme 2 Synthetic proposal for the obtention of indolo(pyrrolo)[1,2-
a]quinoxalines.
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Table 5 Substrate scope for the synthesis of indolo(pyrrolo)[1,2-a]
quinoxalines in tin(II) chloride dihydrate/choline chloride DESa

Entry Compd R Yieldb Overall yieldc

1 17a C6H5 92 88
2 17b 4-CH3O-C6H4 85 82
3 17c 4-(CH3)2CH-OC6H4 86 83
4 17d 4-CH3-C6H4 89 85
5 17e 3,4-(OCH2O)-OC6H3 84 81
6 17f 2-Cl-C6H4 98 94
7 17g 4-Cl-C6H4 75 72
8 17h 4-Br-C6H4 87 84
9 17i 2-OH-C6H4 89 85
10 17j 2-Py 88 84
11 17k n-C9H19 83 80
12 18a C6H5 94 92
13 18b 4-CH3O–C6H4 94 92
14 18c 4-(CH3)2CH-OC6H4 91 89
15 18d 4-CH3-C6H4 94 92
16 18e 3,4-(OCH2O)-OC6H3 92 90
17 18f 2-Cl-C6H4 92 90
18 18g 4-Cl-C6H4 89 87
19 18h 4-Br-C6H4 95 93
20 18i 2-Py 89 87
21 18j n-C9H19 90 88

a Reaction conditions: compound 17 or 18 (1 mmol), aldehyde (1
mmol), 2.0 g of SnCl2$2H2O/ChCl (2 : 1 molar ratio) DES, 110 �C,
30 min. b Isolated yield. c Calculated considering the yield for
compounds 17 and 18.

Scheme 3 Control experiments performed to propose a plausible
reaction mechanism.

Scheme 4 Plausible reaction mechanism for the obtention of
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18j in 89–95% yield (Table 5). As expected, similar results for the
reactivity were observed in comparison to the pyrroloquinoxa-
line series: the reaction of aromatic and heteroaromatic alde-
hydes with 18 in the presence of the DES leads to the formation
of compounds 18a–18i in good to excellent yields (Table 5,
entries 12 to 20), and n-decanal yield the corresponding product
18j in 90% yield (Table 5, entry 21).

To evaluate the synthetic efficiency of the method here
developed, the overall yield for each synthesized compound was
calculated. As shown in Table 5, the rst group of derivatives
corresponding to pyrrolo[1,2-a]quinoxalines 17a–17j, was ob-
tained in 72–94% overall yields, while for the second group of
indolo[1,2-a]quinoxalines 18a–18j a 87–92% overall yield was
achieved. These remarkable results are attributed to two factors:
the few synthetic steps involved (two for both series of
compounds starting from inexpensive and commercially avail-
able reagents) and the good to excellent yields obtained in each
step.

To evaluate if the DES also plays a role as catalyst in the
reaction, and to propose a plausible reaction mechanism two
control experiments were performed (Scheme 3).

For the rst experiment, the amine 19 and benzaldehyde
were poured into the DES and the reaction was run under the
40558 | RSC Adv., 2020, 10, 40552–40561
optimal reaction conditions already established, however the
compound 17a was not obtained. Taking into account that HCl
might be formed during the reaction of compounds 17 and 18
with the DES, the second experiment was run with the amine 19,
benzaldehyde and HCl (drops) in ethanol. Aer 30 minutes, the
dihydroquinoxaline 20 was obtained in 82% yield.

Control experiments demonstrate that although the deep
eutectic solvent promotes a fast reduction of the nitro group, it
does not catalyze the cyclization process, and therefore the DES
plays a dual role as solvent and reducing agent. On the other
hand, it is hypothesized that the cyclization step might be
promoted by hydrochloric acid generated in situ in the reaction
medium in which the dihydroquinoxaline 20 undergo an
aerobic oxidation.

With the experimental results previously obtained, a plau-
sible reaction mechanism for the obtention of compound 17a is
proposed in Scheme 4. As depicted in Scheme 4, the reaction
begins with the reduction of the nitroarene 17 mediated by the
SnCl2$2H2O present in the DES affording the corresponding
amino derivative 19. It is known that the reduction of nitro
groups might involve the formation of several intermediates,
however the precise mechanism still remains unclear.71 Next,
the reaction of the intermediate amine 19 with benzaldehyde
(activated by HCl) leads to the formation of the imine 21 which
follows an intramolecular cyclization promoted by the nucleo-
philic attack of the carbon C-1 of the pyrrole core over the
azomethine carbon of 21 affording the dihydroquinoxaline 20
which aer an aerobic oxidation yield the corresponding pyr-
rolo[1,2-a]quinoxaline 17a.

Finally, gram scale experiments (10 mmol) for the obtention
of compounds 1a, 1b and 17a were conducted in order to
demonstrate the versatility of this synthetic method. As result of
these experiments, the target compounds were obtained in 90,
87 and 85% yield respectively.
compound 17a.

This journal is © The Royal Society of Chemistry 2020
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Experimental
Materials and methods

All the chemicals and solvents were purchased from commer-
cial suppliers (Aldrich, Merck). Melting points, reported without
correction, were measured using a Stuart SMP10 apparatus. The
FT-IR spectra were obtained with a Shimadzu IR prestige 21
spectrophotometer (Columbia, MD, USA). 1H and 13C NMR
spectra were recorded with a Bruker AVANCE III system oper-
ating at 400 MHz, using residual and deuterated solvent peaks
of CDCl3 (dH 7.26; dC 77.0) and DMSO (dH 2.50; dC 39.5) as
reference standards. Elemental analyses were performed on
a Thermo Scientic Flash 2000 CHNS/O analyser and their
results agreed with the calculated values. Raman spectra was
acquired with Thermo Scientic DXR Raman Microscope,
excitation was accomplished by using a single line of 780 nm
wavelength from a frequency-stabilized single mode diode
laser. The incident power was about 20 mW at the sample point.
The density of the DES was measured using a liquid densi-
tometer (Anton Paar DMA4500M). An Abbe type refractometer
(model 2WAJ equipped with a sodium D1 line) was used to
measure the DES refractive. The conductivity and its tempera-
ture dependence were determined using a Jenway 470 portable
conductivity/TDS meter calibrated by measuring the conduc-
tivities of aqueous solutions of KCl at different concentrations.
The variation of the temperature for the determination of the
physical properties was done by using a Lauda Alpha water
circulator. Cyclic voltammetry was carried out using a Gamry
Interface 1000E potentiostat from Gamry Instruments. The
electrochemical measurements were performed in a conven-
tional three-electrode cell, with the 0.071 cm2 Glassy Carbon,
the 0.0314 cm2 Au, the 0.0314 cm2 Pt, and 0.0314 cm2 Sn disks
as the working electrodes, Ag/AgCl as the reference electrode,
and Pt wire as the counter electrode. The working electrodes
were polished with 1 and 0.3 mm g-alumina paste, rinsed and
sonicated for two minutes with deionized water, and dried prior
to all measurements. The experiments were performed at 60 �C
using a scan rate of 100 mV s�1.
General experimental procedure for the synthesis of
compounds 1a–6a, 10a–16a

To an open headspace vial equipped with a magnetic stir bar,
the nitroarene (1.0 mmol) and 1.6 g of SnCl2$2H2O/ChCl DES
were added, and the resulting solution was then stirred and
heated at 80 �C. Aer running the reaction to an appropriate
time (TLC analysis), the mixture was cooled to room tempera-
ture, neutralized with NaHCO3 and extracted with AcOEt (3� 10
mL). Aer drying over anhydrous Na2SO4 and evaporating the
solvent under reduced pressure, the desired product was ob-
tained in high purity without further purication.

p-Aminophenol (3a). Beige solid, mp 187–189 �C. Yield: 93%.
1H NMR (400 MHz, DMSO-d6) d (ppm): 8.49 (brs, 1H), 6.50 (d, J
¼ 8.8, 2H), 6.43 (d, J ¼ 8.8, 2H), 4.38 (br s, 2H, –NH2).

13C NMR
(100 MHz, DMSO-d6) d (ppm): 148.7, 141.1, 116.2, 115.7.

p-Toluidine (12a). White solid, mp 41–43 �C. Yield 94%. 1H
NMR (400 MHz, CDCl3) d (ppm): 7.04 (d, J¼ 7.5 Hz, 2H), 6.67 (d,
This journal is © The Royal Society of Chemistry 2020
J ¼ 6.7 Hz, 2H), 3.56 (s, 2H, –NH2), 2.32 (s, 3H) ppm. 13C NMR
(100 MHz, CDCl3) d (ppm): 143.9, 129.8, 127.8, 115.3, 20.5.

General experimental procedure for the synthesis of N-
arylacetamides 1b–3b, 8b–14b

To an open headspace vial equipped with a magnetic stir bar,
the nitroarene (1.0 mmol) and 1.6 g of SnCl2$2H2O/ChCl (2 : 1
molar ratio) DES were added, and the resulting solution was
then stirred and heated at 80 �C. Aer complete reduction of the
nitroarene (TLC), Ac2O (1.2 mmol) and AcONa$3H2O (2.0 mmol)
in 2 mL water were added and heating was continued until the
reaction was complete (TLC analysis). Next, the reactionmixture
was cooled to room temperature, neutralized with NaHCO3 and
extracted with AcOEt (3 � 10 mL). Aer drying over anhydrous
Na2SO4 and evaporating the solvent under reduced pressure,
the crude material was puried by column chromatography on
silica gel to afford the desired product.

N-Phenylacetamide (1b). Light yellow solid, mp 112–114 �C.
Yield: 92%. 1H NMR (400 MHz, CDCl3) d (ppm): 8.24 (brs, 1H),
7.54 (d, J ¼ 7.2 Hz, 2H), 7.32–7.28 (m, 2H), 7.12–7.08 (m, 1H),
2.16 (s, 3H). 13C NMR (100 MHz, CDCl3) d (ppm): 169.1, 138.1,
128.9, 124.2, 120.2, 24.4.

N-(4-Bromophenyl)acetamide (14b). Light beige solid, mp
166–169 �C. Yield: 92%. 1H NMR (400 MHz, CDCl3 + DMSO-d6)
d (ppm): 9.37 (br s, 1H), 7.40 (d, J ¼ 6.3 Hz, 2H), 7.29 (d, J ¼
6.0 Hz, 2H), 2.05 (s, 3H). 13C NMR (100 MHz, CDCl3 + DMSO-d6)
d (ppm): 169.0, 138.1, 131.5, 121.3, 115.6, 24.2.

General experimental procedure for the synthesis of
indolo(pyrrolo)[1,2-a]quinoxalines 17a–k and 18a–j

To an open headspace vial equipped with a magnetic stir bar,
the nitroarene 17 or 18 (1.0 mmol), the corresponding aldehyde
(1 mmol) and 2.0 g of SnCl2$2H2O/ChCl (2 : 1 molar ratio) DES
were added, and the resulting solution was then stirred and
heated at 110 �C. Aer running the reaction to an appropriate
time (TLC analysis), the mixture was allowed to cool to room
temperature, neutralized with NaHCO3 and extracted with
AcOEt (3 � 10 mL). Aer drying over anhydrous Na2SO4 and
evaporating the solvent under reduced pressure, the crude
material was puried by column chromatography on silica gel
to afford the desired product.

4-Phenylpyrrolo[1,2-a]quinoxaline (17a). Yellow solid, mp
116–119 �C. Yield: 92%. 1H NMR (400 MHz, CDCl3) d (ppm):
8.11–8.04 (m, 3H), 7.86 (s, 1H), 7.71 (d, J¼ 2.8 Hz, 1H), 7.59–7.56
(m, 3H), 7.41 (s, 2H), 6.99 (d, J ¼ 4.0 Hz, 1H), 6.82 (d, J ¼ 2.6 Hz,
1H). 13C NMR (100 MHz, CDCl3) d (ppm): 154.2, 138.4, 136.1,
130.0, 129.8, 128.7, 128.6, 127.4, 127.0, 125.2, 125.2, 114.7,
114.0, 113.6, 108.7. Anal. calcd for C17H12N2: C, 83.58; H,
4.95; N, 11.47. Found: C, 83.60; H, 4.91; N, 11.49.

6-(4-Methoxyphenyl)indolo[1,2-a]quinoxaline (18b). Red
solid, mp 165–167 �C. 1H NMR (400 MHz, CDCl3) d (ppm): 8.49
(dd, J ¼ 15.8, 10.0 Hz, 1H), 8.14 (d, J ¼ 8.5 Hz, 1H), 7.86 (d, J ¼
8.5 Hz, 1H), 7.71 (d, J¼ 6.4 Hz, 1H), 7.64 (d, J¼ 8.7 Hz, 1H), 7.58
(m, 1H), 7.15 (d, J¼ 8.7 Hz, 2H), 7.03 (d, J ¼ 8.4 Hz, 3H), 6.70 (d,
J¼ 1.4 Hz, 1H), 3.91 (s, 3H). 13C NMR (100MHz, CDCl3) d (ppm):
172.9, 163.0, 134.3, 133.6, 131.9, 131.4, 129.9, 129.4, 128.8,
RSC Adv., 2020, 10, 40552–40561 | 40559
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127.5, 127.1, 125.2, 123.6, 123.5, 120.8, 115.0, 114.7, 114.4,
114.0, 55.5. Anal. calcd for C22H16N2O: C, 81.46; H, 4.97; N, 8.64;
O, 4.93. Found: C, 81.45; H, 4.95; N, 8.65.

Conclusions

In conclusion, we have studied the IR and Raman spectrum,
and different physicochemical properties as function of
temperature for the SnCl2$2H2O/ChCl DES. The FTIR and
Raman spectrum suggest the formation of hydrogen bonds
between ChCl and SnCl2$2H2O through Cl� and OH groups
from ChCl and water molecules from SnCl2$2H2O. The refrac-
tive index and density show an inverse correlation with
temperature while the conductivity increases with temperature.
The electrochemical characterization the eutectic mixture
presents a good potential window, so it could be used as
a solvent for electrochemical cells in several types of applica-
tions. The eutectic mixture proved to be an effective reducing
agent in which several nitroaromatic compounds afforded the
corresponding anilines in short reaction times and high yields.
In addition, this DES also promoted the reductive-acetylation of
nitroarenes yielding acetanilides in 70–94%. Finally, a simple,
fast and high yield method for the synthesis of indolo(pyrrolo)
[1,2-a]quinoxalines via one-pot reductive cyclization–oxidation
reaction was developed. According with this protocol, the target
quinoxalines are obtained in moderate to excellent overall
yields in two steps starting form readily available starting
materials.
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