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synthesis of dispiroheterocycles
using a magnetically separable and reusable
heterogeneous catalyst†
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and Mahendra Kumar *

Dispiroheterocycles have been synthesized by pseudo-four component reaction of 6-aminouracil/6-

amino-2-thiouracil/2-amino-1,3,4-thiadiazole, p-toluidine and isatins in an ethanol–water mixture as

solvent using b-cyclodextrin functionalized Fe3O4 nanoparticles as a magnetically separable and reusable

heterogeneous catalyst. The nanocatalyst was synthesized and characterized by physicochemical

characterization including Fourier-transform infrared spectroscopy (FT-IR), scanning electron

microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX),

and X-ray diffraction (XRD).
Introduction

Domino construction of structurally diverse complex molecules
avoiding multi-step synthesis and hazardous organic solvents
has been a focus of research in view of environmental sustain-
ability and use of synthesized molecules in drug discovery and
medicinal chemistry.1,2 Multicomponent reactions (MCRs) have
emerged as signicant and sustainable synthetic strategies in
view of their exceptional synthetic efficiency and high atom
economy to construct structurally diverse and highly function-
alized complex drug-like molecules. Multi-component reactions
involve the formation of multiple bonds in one-pot operation
without isolating the intermediates and without changing the
reaction conditions. Moreover, these reactions avoid difficult
purication steps and conserve both solvents and reagents. The
synthetic efficiency and operational simplicity of multi-
component reactions make them cost effective, time efficient
and eco-friendly in comparison to conventional multistep
synthesis.3–8.

Supramolecular catalysis is also an emerging eld in chem-
ical research in which the host–guest interactions can regulate
the specic reaction.9 b-Cyclodextrin, macrocyclic oligosaccha-
ride, is an interesting supramolecular catalyst because of being
economical, nontoxic, biodegradable, and easily recoverable
and reusable.10,11 b-Cyclodextrin with its hydrophobic cavities
binds substrates via non-covalent interactions and catalyzes
chemical reactions with high selectivity.12,13
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The use of nanostructured heterogeneous catalysts in
organic transformations has recently attracted attention in view
of their catalytic efficiency, selectivity and recyclability.14,15 The
magnetic nanocomposites not only catalyze the reactions on
their own, but also serve as an effective support for immobili-
zation of active catalyst and facilitate magnetic separation of
catalyst for their recovery and reusability.16 b-Cyclodextrin
forms self assembled composite with iron oxide surface by
forming hydrogen bonds through hydroxyl groups of b-cyclo-
dextrin. The use of b-cyclodextrin increases the solubility of the
catalyst because of the large number of hydroxyl groups around
the rim of the cavity, thus acts as a stabilizing agent and can
catalyze chemical reaction with high selectivity.17,18

The use of water as a solvent for organic synthesis has
provided more economic and sustainable synthetic routes.19,20

Althoughmost of the organic substrates exhibit low solubility in
water, b-cyclodextrin nanocomposite consisting of a hydro-
phobic cavity solubilizes the organic substances in water with
the formation of inclusion complex.21–24 Moreover, the non-
covalent interactions are responsible for the lowering of
energy barrier and for stabilization of intermediate. The pres-
ence of water content in solvent facilitates the reaction probably
through non-covalent interactions.25

Pyrimido[4,5-d]pyrimidines26 are considered annulated
uracils and constitute an important class of biologically signi-
cant molecules because of their structural relationship with
purine and pteridine heterocyclic systems. The compounds
incorporating pyrimidopyrimidinering system have been re-
ported to exhibit diverse activities such as antimicrobial,27 hep-
atoprotective,28 antiviral,28 antibacterial,28 anticancer activity29

and anti-HIV activity.30

1,3,5-Triazine is also used as lead structure and incorporated in
natural and synthetic pharmaceuticals. 1,3,5-Triazines exhibit
RSC Adv., 2020, 10, 36713–36722 | 36713
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Fig. 1 Representative bioactive dispiroheterocycles.
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broad spectrum of activities such as anti-HIV,31 anticancer,32,33

antiprotozoal,34 antimicrobial,35 antibacterial,36 antifungal,37 anti-
inammatory,38 antimalarials,39 antitrypanosomal,40 anti-
proliferative,41 carbonic anhydrase IX inhibitors42 and diuretic
activities.43
Table 1 Optimization of reaction conditionsa,b

Entry Catalysts Solventc

1 Catalyst free Solvent free
2 Catalyst free Ethanol
3 Catalyst free Water
4 FeCl3 (10 mol%) Ethanol
5 InCl3 (10 mol%) Ethanol
6 ZnO NPs (10 mol%) Ethanol
7 ZrO2 NPs (10 mol%) Ethanol
8 Fe3O4 NPs (10 mol%) Ethanol
9 b-CD Ethanol
10 b-CD Water
11 b-CD Water : ethanol (3
12 Fe3O4@b-CD NPs (30 mg) Ethanol
13 Fe3O4@b-CD NPs (30 mg) Water
14 Fe3O4@b-CDNPs (30 mg) Water : ethanol (3
15 Fe3O4@b-CD NPs (25 mg) Water : ethanol (3
16 Fe3O4@b-CD NPs (20 mg) Water : ethanol (3

a Bold row indicates the optimized reaction conditions. b 6-Aminouracil (
stirring. c Solvents (2.0 mL). d Isolated yield aer purication.

36714 | RSC Adv., 2020, 10, 36713–36722
Dispiroheterocycles represent a class of structurally complex
bioactive molecules and incorporated as core units in a number
of natural and synthetic pharmaceuticals44,45 (Fig. 1). In most of
the cases as reported in the literature, dispiroheterocycles have
been synthesized by [3 + 2] cycloaddition of in situ generated
azomethine ylides with dipolarophiles.46–48 But in the present
work, we have presented the synthesis of dispiroheterocycles
spiroannulated with privileged heterocyclic substructures via
domino synthetic protocol using b-CD functionalized nano-
structured heterogeneous catalyst.

In view of our continuing efforts to develop environmentally
sustainable protocol,49–56 we have presented synthetic protocol
to synthesize a library of dispiroheterocycles incorporating
unique combination of three or four privileged substructures.
Results and discussion

In the present work, we have synthesized dispiroheterocycles via
pseudo-four component reaction of 6-aminouracil/6-amino-2-
thiouracil/2-amino-1,3,4-thiadiazole, p-toluidine and isatins in
aqueous-ethanol mixture using b-CD functionalized Fe3O4

nanoparticles as magnetically separable and reusable catalyst.
Initially, the reaction of 6-aminouracil, p-toluidine and isatin
Temperature Time Yieldd (%)

rt 10 h —
Reux 8h Trace
Reux 8h Trace
Reux 5 h 40
Reux 5 h 53
Reux 3h 58
Reux 3h 64
Reux 3 h 70
Reux 2 h 62
Reux 2 h 70

: 1) Reux 2 h 74
Reux 80 min 79
Reux 60 min 85

: 1) Reux 45 min 92
: 1) Reux 45 min 90
: 1) Reux 45 min 89

1 mmol), p-toluidine (1 mmol) and isatin (2 mmol), were reuxed with

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Recyclability and reusability of Fe3O4@b-CD NPs.
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was selected as a model reaction to optimize the reaction
conditions and to explore the feasibility of the present synthetic
strategy (Table 1).

It was observed that the reaction could not provide the
desired product when performed in solvent and catalyst free
conditions even aer continuous stirring the reactants at room
temperature for 10 h (Table 1, entry 1). But when the reaction
was carried out in ethanol and water separately as solvents in
the absence of a catalyst, trace amount of the product was ob-
tained (Table 1, entries 2 and 3). Thus, it was evident from these
observations that the reaction required suitable catalyst to
provide the desired product. The reaction was also performed
with Lewis acid catalysts; FeCl3 and InCl3, using ethanol as
solvent, but both the Lewis acid catalysts provided the product
in low yield (Table 1, entries 4 and 5). The reaction was also
Scheme 1 Proposed mechanism.

This journal is © The Royal Society of Chemistry 2020
performed with three nano-catalysts; ZnO, ZrO2 and Fe3O4 in
ethanol as solvent, the use of catalyst Fe3O4 NPs provided
comparatively better yield (Table 1, entries 6–8). The reaction
conditions were also optimized by performing the reaction with
organocatalyst b-cyclodextrin using ethanol, water, and water–
ethanol mixture as solvents and observed that b-cyclodextrin as
catalyst with water : ethanol (3 : 1) mixture as solvent provided
better results (Table 1, entries 9–11). The model reaction was
also evaluated in the presence of Fe3O4@b-CD nanoparticles as
catalyst using separately three solvents (Table 1, entries 12–14)
and observed that the reaction with the use of Fe3O4@b-CD
nanoparticles as catalyst in water : ethanol (3 : 1) mixture as
solvent provided maximum yield of the product in shorter
reaction time. Thus, the excess of water content in solvent (3 : 1)
up to some extent facilitates the reaction probably through non-
covalent interactions, hydrogen bonding. Therefore, on the
basis of these observations, Fe3O4@b-CD nanoparticles as
catalyst exhibited excellent catalytic activity in terms of product
yield and duration of the reaction. The functionalization of
Fe3O4 nanoparticles with b-CD increases catalytic activity and
facilitates the reaction to a greater extent to provide the product
in excellent yield.

The inuence of catalyst loading on the yield of the product
was also evaluated with the loading amounts of the catalyst.
With these observations, it was inferred that 30 mg of Fe3O4@b-
CD nanoparticles provided themaximum yield of the product in
shorter conversion time (Table 1, entries 14–16). Aer comple-
tion of the reaction, the catalyst was recovered by using external
magnetic eld. The recovered catalyst was washed well with
RSC Adv., 2020, 10, 36713–36722 | 36715
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View Article Online
ethanol, dried at room temperature and reused for subsequent
reaction cycles without an appreciable loss in catalytic activity
(Fig. 2).

Under the optimized reaction conditions, the reaction was
extended with 6-aminouracil/6-amino-2-thiouracil/2-amino-
1,3,4-thiadiazol/2-amino-1,3,4-thiadiazole, isatins and p-tolui-
dine to synthesize a library of dispiroheterocycles with a view to
explore the feasibility and scope of the present synthetic
Table 2 Synthesis of dispiroheterocycles spiroannulated with pyrimido[

36716 | RSC Adv., 2020, 10, 36713–36722
protocol. The synthesized dispiroheterocycles are presented in
Tables 2–4.

Mechanism

The reaction mechanisms of the multicomponent reactions
cannot be investigated by the usual methods. However, some
essential mechanistic information onmulticomponent reaction
may be obtained only from the combinations of several
4,5-d]pyrimidine

This journal is © The Royal Society of Chemistry 2020
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Table 3 Synthesis of dispiroheterocycles spiroannulated with thioxopyrimido[4,5-d]pyrimidine
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methods, but not all of the usual detailed information can be
expected for transformation. The possible and accepted mech-
anism of multicomponent reaction may be determined on the
basis of the noncovalent interactions between in situ generated
preferential intermediate and catalytic framework.25

A plausible mechanism of the reaction is presented in
(Scheme 1). The reaction is considered to proceed with the
This journal is © The Royal Society of Chemistry 2020
nucleophilic attack of amino group of amine on carbonyl
carbon of isatin with the formation of imine intermediate A
involving nucleophilic addition–elimination reaction. In the
next step, the nucleophilic attack of enamino carbon of 6-ami-
nouracil occurs on the carbon of C]N group with the formation
of intermediate B which is in equilibrium with more stabilized
enamine intermediate C through noncovalent interactions with
RSC Adv., 2020, 10, 36713–36722 | 36717
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Table 4 Synthesis of dispiroheterocycles spiroannulated with [1,3,4]thiadiazolo[3,2-a][1,3,5]triazine
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catalyst framework. The stabilization of the intermediate facil-
itates the reaction to proceed in the forward direction. Next step
of the reaction involves nucleophilic attack of amino group of
enamine intermediate on carbonyl carbon of second molecule
of isatin followed by dehydration and subsequent intra-
molecular cycloaddition of –NH group to the C]N group of the
36718 | RSC Adv., 2020, 10, 36713–36722
resulting intermediate D to afford the nal product. The
required organization of the reagents in any catalyzed reaction
is inuenced by intermolecular noncovalent interactions. These
noncovalent forces are in fact responsible for the lowering of
energetic barriers and thus stabilization of transition states. In
the present domino sequential reaction, the competitive
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The XRD patterns of Fe3O4 and Fe3O4@b-CD.

Fig. 4 The FT-IR spectra of Fe3O4 and Fe3O4@b-CD.
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mechanism of the reaction is not possible whatever be the
sequence of the reaction of the reagents with catalyst frame-
work. In the multicomponent reaction, all the changes
Fig. 5 (a) The SEM images of Fe3O4, (b) the SEM images of Fe3O4@b-CD

This journal is © The Royal Society of Chemistry 2020
including generation of intermediates occur in situ and the
intermediates are stabilized through noncovalent interactions
with catalytic framework. Thus, the key role of the noncovalent
interactions is the stabilization of the intermediates generated
in situ during the reaction.

Experimental
General procedure

The melting points of synthesized dispiroheterocycles were
determined on electric melting point apparatus and are
uncorrected. 2-Amino-1,3,4-thiadiazole/6-aminouracil/6-amino-
2-thiouracil, isatins, p-toluidine, salts of iron(II) chloride,
iron(III) chloride and b-cyclodextrin were purchased from the
commercial sources and used as such in the reactions. The
purity of all the synthesized compounds was checked by TLC
and their 1H NMR and 13C NMR were recorded on JEOL 400
MHz and 100 MHz NMR spectrometer, respectively. The nano-
catalyst was synthesized and characterized by physicochemical
characterization tools. FT-IR spectra of catalyst was obtained
over the region 400–4000 cm�1 with a Nicolet IR 100 FT-IR with
spectroscopic grade KBr. XRD patterns were recorded on a PAN
analytical make X'Pert PRO MPD diffractometer (model 3040).
SEM was performed on Carl-Zeiss (30 keV) make and model
EVO 18. TEM and EDX were carried out on XFlesh CTI 30 (200
keV) Bruker.

Typical procedure for synthesis of Fe3O4@b-CD

b-Cyclodextrin functionalized Fe3O4 nanoparticles were
successfully synthesized by reported method18 and character-
ized by physicochemical characterization including Fourier-
transform infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDX), and X-ray diffrac-
tion (XRD).
.

RSC Adv., 2020, 10, 36713–36722 | 36719
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Fig. 6 The TEM image of Fe3O4@b-CD.
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The XRD patterns of Fe3O4 and Fe3O4@b-CD are presented
in (Fig. 3). The comparison with standard data (PDF #89-4319)
indicated the formation of cubic phase. Diffraction peaks of
Fe3O4 in synthesized Fe3O4@b-CD indicate that the crystalline
structure of the magnetite is effectively sustained. In addition,
some characteristic peaks at 2q ¼ 27.29, 30.70, 36.25, 47.04,
56.70 63.54 were attributed to XRD spectra of Fe3O4 and
Fe3O4@b-CD which strongly conrmed the structure of Fe3O4

aer encapsulation. The crystallite size of Fe3O4 and Fe3O4@b-
Fig. 7 EDX analysis of the Fe3O4@b-CD.

36720 | RSC Adv., 2020, 10, 36713–36722
CD were calculated to be around �10 nm and �12 nm,
respectively by applying the Scherer equation, based on theo-
retical calculation of XRD spectrum.

The FT-IR spectra of Fe3O4 and Fe3O4@b-CD are presented in
(Fig. 4). The functionalization of Fe3O4 with b-CD was proved by
comparing FT-IR spectra of Fe3O4 and Fe3O4@b-CD. The
absorption bands around 3435 cm�1 were assigned to the
vibrations of C–O–H and Fe–O–H bonds. The characteristic
peaks at 2922 cm�1 and 1377 cm�1 were attributed to the
vibrations of aliphatic C–H bond in b-CD associated to Fe3O4.
The absorption band observed at 1028 cm�1 was assigned to the
C–O stretching modes of b-CD. The absorption band appeared
around 560 cm�1 is attributed to the Fe–O bond.

The scanning electron microscopy (SEM) images of Fe3O4

and Fe3O4@b-CD shown in Fig. 5(a) and (b) indicate the
agglomerated nanoakes morphology, constituted by nano-
sized crystallites. The TEM image of Fe3O4@b-CD indicates
the agglomerated spherical morphology. The average size of the
nanoparticles was found to be around 8 nm (Fig. 6). The EDX
results indicate the presence of Fe, O and C in Fe3O4@b-CD
(Fig. 7).

Typical procedure for synthesis of dispiroheterocycles

A mixture of 6-aminouracil/6-amino-2-thiouracil/2-amino-1,3,4-
thiadiazol (1 mmol), p-toluidine (1 mmol), isatin (2 mmol) and
This journal is © The Royal Society of Chemistry 2020
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Fe3O4@b-cyclodextrin nanoparticles as catalyst (30 mg) in
2.0 mL aqueous ethanol (water : ethanol v/v/3 : 1) was reuxed
with stirring for about 45 min to 62 min. The progress of the
reaction was monitored by TLC with time ranging from 40–
70 min. Aer completion of the reaction, ethanol was added to
the reaction mixture and the catalyst was removed by an
external magnet, washed well with ethanol and dried at room
temperature and reused for subsequent reaction cycles. The
synthesized compounds were puried by recrystallization from
absolute ethanol without using column chromatography.
Conclusion

In conclusion, we have presented an efficient and sustainable
synthetic protocol to synthesize dispiroheterocycles using b-CD
functionalized Fe3O4 nanoparticles as magnetically separable
and reusable heterogeneous catalyst. The functionalization of
Fe3O4 nanoparticles with b-cyclodextrin enhanced catalytic
efficiency and facilitated the reaction with excellent yields of the
reaction products. The sustainability of the catalyst has been
demonstrated by its reuse for subsequent reaction cycles
without an appreciable loss in its catalytic activity. The present
synthetic protocol will provide an environmentally sustainable
and economically viable synthetic methodology to access
a library of drug-like small molecules withmolecular complexity
for their use in drug discovery research and pharmaceutical
chemistry.
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