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elli reaction mechanism by the
ionic liquid effect: the combined role of supported
heteropolyacid derivatives and acidic strength†

Elon F. Freitas,a Roberto Y. Souza,b Saulo T. A. Passos, b José A. Dias, a

Silvia C. L. Dias *a and Brenno A. D. Neto *b

Herein, a combination of heteropolyacids and ionic liquids as a catalytic system was studied for the Biginelli

multicomponent reaction; the positive ionic liquid effect associated with the acidic strength of zeolite-

supported heteropolyacids made this combination an efficient catalytic system for the multicomponent

synthesis of 3,4-dihydropyrimidin-2(1H)-one/thione derivatives. The acidic strength effect was evaluated,

and a range was determined in which the reaction provided better results. The mechanism of the

reaction was also investigated in the presence and absence of ionic liquids, and two features of

paramount importance were revealed: the mechanism could be tuned to proceed through only one

reaction path among three possibilities and the kinetics of the reaction was significantly faster in the

presence of an ionic liquid.
Introduction

The search for more sustainable catalytic processes is of para-
mount importance in modern chemistry. The possibility of
merging multicomponent reactions (MCRs)1–3 and ionic liquids
(ILs)4–6 under catalytic conditions is therefore an attractive way
to avoid the waste typically observed in linear syntheses and the
use of volatile organic solvents. The combination of MCRs and
ILs has indeed been regarded as “a perfect synergy for eco-
compatible heterocyclic synthesis”.7

ILs are widely used in the chemical industry,8 catalysis,9

biocatalysis,10 extraction processes,11 the obtention and puri-
cation of biological components,12 and other applications.13 For
a long time, these ionic uids have actually been claimed to be
the solvents of the future14–16 because they represent a plausible
alternative towards environmental acceptability.17 The use of
ILs has proved to be essential to improve yields and/or selec-
tivities in several reactions.18–20 The toolbox of organic meth-
odologies has greatly expanded ever since MCRs have been
incorporated as green and sustainable tools.21 For example,
MCRs are being currently used in polymer modications,22 for
uorescent nanoprobe syntheses,23 as AIE luminogens,24 as
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metal sensors,25 and in straight syntheses of new libraries of
biologically active molecules.26

The idea of joining MCRs and ILs is in this context prom-
ising, and the expectation of achieving better results for MCRs
performed in ILs compared to the use of classical organic
solvents is more than reasonable. It is known that Brønsted acid
catalysts can behave as superacids27,28 when supported in ILs.
Heteropolyacids (HPAs) naturally display superacid behavior
and are currently applied as catalysts in several organic trans-
formations, as reviewed elsewhere.29–31 HPAs, both supported
and unsupported, have also been tested as catalysts for
MCRs.32–37

HPA derivatives embedded in IL media have been success-
fully applied to catalyze some MCRs.36–38 For example, a poly-
meric heteropolyacid-containing pyridinium IL catalyst proved
to be a promising system for the multicomponent Biginelli
reaction.39 The Biginelli reaction is believed by some to be the
most important MCR.40 This MCR (Scheme 1) allows the direct
synthesis of bioactive DHMPs (3,4-dihydropyrimidin-2(1H)-
ones or -thiones) such as monastrol, piperastrol, and
enastron.41–45

HPAs and their derivatives have been previously used to
promote the Biginelli reaction; however, in general, only
moderate yields were achieved using organic solvents and no
mechanistic elucidation was described.46 The need for excess
reagents and other drawbacks, such as organic solvent
contamination, low yields, long reaction times and no mecha-
nistic evaluation, were also noted.46–49 Some of the authors have
investigated different features of the multicomponent Biginelli
reaction mechanism50–54 and other MCRs55–58 as well as
heteropolyacid-catalyzed reactions.59–62 In the current work, we
RSC Adv., 2019, 9, 27125–27135 | 27125
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Scheme 1 The general Biginelli reaction and examples of bioactive compounds directly obtained using this multicomponent reaction.
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disclose the benecial effect of ILs using HPA derivatives on the
Biginelli reaction and the mechanistic implications for this
MCR. For the rst time, the reaction pathway of the Biginelli
reaction has been tuned by adding an IL to the catalytic system,
as will be demonstrated in due course.
Results and discussion

A comprehensive physicochemical study of the supported HPA
catalysts on zeolite Y tested herein has been published by some
of the authors elsewhere.59 However, some fundamental aspects
of those characterizations must be briey mentioned herein to
guide the readers as to themost relevant factors and to associate
the structural aspects of the materials with their activity in the
tested MCR. Elemental analysis of the HPA supported on zeolite
Y was performed by EDX/XRF. The values obtained were very
similar to the nominal ones and were reported as the real
values. The XRD results showed increased loss in the crystal-
linity of the supported catalysts, which was higher for the HPW-
supported samples than for the HSiW-supported samples. This
is a result of the stronger acidity of HPW, which destroys the
zeolite Y structure in greater proportion during the preparation
of the composites.59 Dispersion of either HPW or HSiW on the
surface of zeolite Y leads to nanocrystals lower than 20 nm in
size. The ngerprint bands of HPW and HSiW as well as the
zeolite Y main bands were veried by FT-IR. The denitive
presence of Keggin anions and their interactions with zeolite Y
were conrmed by 31P, 29Si and 27Al MAS NMR spectroscopy,
which revealed a decrease in tetrahedral Al as the amount of
HPA increased. Gaseous pyridine adsorption experiments
indicated that Lewis acid sites from zeolite Y interacted with the
Keggin anions; as a result, the catalysts are heterogeneous in
nature.59

An initial model Biginelli reaction (Scheme 2 and Fig. 1)
using benzaldehyde, urea and ethyl acetoacetate (equimolar
quantities) without solvent and in the presence of the catalysts
showed that all the HSiW-supported catalysts presented higher
yields due to their higher amounts of Brønsted sites than of
HPW sites, although they have slightly weaker acid strength. It
27126 | RSC Adv., 2019, 9, 27125–27135
was observed that pure zeolite Y contains Brønsted acid sites
that are not accessible by all reagents (18% yield); therefore, the
catalysis occurred on the external surface. On the other hand,
the impregnation of HPA caused partial destruction of the
crystalline structure of zeolite Y; once deposited on the surface
of the zeolite, the strong Brønsted acidic sites (protons) of HPA
were exposed, and thus the reaction yield increased. The relative
numbers of HPA protons are presented in Table S1 in the ESI.†

One parameter that required further evaluation was the
reaction temperature. The three best catalysts were chosen, and
a temperature range from 50 �C to 100 �C was considered
(Fig. 2). The catalyst 14% HSiW/Y generally showed lower
conversion than the other catalysts. In addition, as the
temperature increased, the yields also increased; thus, 100 �C
was chosen as the ideal temperature to perform the MCR.

Next, twelve solvents with different polarities were studied
(Fig. 3). In a preliminary run, 95% yield was achieved for 28%
HSiW/Y at 100 �C using BMI$PF6 as solvent. When using the
imidazolium-based IL BMI$PF6 in a catalyst-free version of the
model reaction, the DHPM yield was 35%. In the solvent-free
version, but with 28% HSiW/Y as the catalyst, the highest
yield was 69%. These results already indicate a positive ionic
liquid effect by promoting stabilization of the charged inter-
mediates by the formation of both ion pairs and larger supra-
molecular aggregates, in accordance with the literature.19,63 The
presence of the IL increases the reaction rate by decreasing the
activation barrier and alters the keto–enol tautomerization
equilibrium of ethyl acetate.50 The formation of the enol and its
stabilization by interactions with the solvent are paramount for
the Biginelli reaction because the enolic form is more reactive;
literature reports indicate that BMI$PF6 promotes the tauto-
meric equilibrium shi to enol formation.50

A reaction prole was depicted (Fig. 4). The yields ranged
from 16% to 83%. For both catalysts, the yields were very close
within experimental error. Aer 60 min, the yield became
steady, presenting little variation. An approximately sigmoid
prole could be observed because the product precipitates from
the reaction medium, thus shiing the equilibrium towards
This journal is © The Royal Society of Chemistry 2019
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Scheme 2 The model Biginelli reaction used to optimize the catalytic conditions in this study. All reactions were performed using equimolar
quantities of the reagents.

Fig. 1 Effects of the catalyst composition on the reaction yield of the
solvent-free model Biginelli reaction (1 mmol of each reagent) with
a catalyst load of 30 mg after 60 min at 90 �C.
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MCR adduct formation; this is in accordance with the expected
prole as indicated in another study.50

Further evaluation of the catalyst amount revealed that
50 mg of catalyst presented the best yields for both 28%HSiW/Y
and 44% HSiW/Y (Fig. 5).

Thus, based on the optimization results for the Biginelli
reaction, we noted that the best catalysts were 28% HSiW/Y and
44% HSiW/Y. Previous analyses59 of the acidities of these cata-
lysts showed that 28% HSiW/Y had sites as strong as
123 kJ mol�1 in an amount of 0.06 mmol g�1 of catalyst,
whereas 44% HSiW/Y had stronger sites (137 kJ mol�1) with
Fig. 2 Effects of the reaction temperature on the solvent-free model Bi
1 mmol of each reagent and no solvent.

This journal is © The Royal Society of Chemistry 2019
0.05 mmol g�1 of acid sites. At this point, for good performance
of this reaction, acidic sites within 120 to 140 kJ mol�1 were
necessary. Otherwise, the yield for these reactions decreased,
which indicates the occurrence of possible parallel reactions
that lead to the decomposition of the main product and
reagents. These results are in accordance with the literature,52

where superacidic systems led to decomposition of the reagents
and the adduct of the Biginelli reaction. Considering the nature
of the acidic sites of the catalysts used herein, it is shown that
the Lewis sites of the original zeolite Y were practically elimi-
nated by the introduction of HSiW on its surface. Because HSiW
is located mainly at the pore mouths of zeolite Y, the acid sites
accessed by the substrates were those on the deposited nano-
crystals. The Brønsted sites were therefore responsible for the
catalytic Biginelli reaction.59 An in-depth analytical character-
ization of the best catalytic zeolite-supported heteropolyacid is
shown in Fig. S1–S8 in the ESI.†

The best catalytic conditions could therefore be compared
with other catalytic systems already described in the literature
for the multicomponent Biginelli reaction, as shown in Table 1.
It should be noted that the other procedures using zeolites or
heteropolyacids (or both) require longer times and excess
reagents and return lower yields in typically longer reaction
times. Solvent has been proved to play a vital role to further the
Biginelli reaction under catalyzed conditions;64 thus, solventless
conditions are not the best option for this MCR. Some examples
noted in Table 1 require toxic solvents, such as toluene or
acetonitrile.

The current methodology allowed the DHPM derivative to be
obtained in almost quantitative yield using the ionic uid
ginelli reaction yields. Reaction time of 60 min with 30 mg of catalyst,

RSC Adv., 2019, 9, 27125–27135 | 27127
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Fig. 3 Effects of the solvent on the yield of the model Biginelli reaction. Reaction time of 60 min, 30 mg of catalyst, temperature of 100 �C,
1 mmol of each reagent and 0.5 mL of solvent. All reactions were performed in sealed Schlenk tubes to avoid solvent loss.

Fig. 4 Kinetic profile for the catalytic model Biginelli reaction under
the following conditions: temperature of 100 �C, 1 mmol of each
reagent, 30 mg of catalyst and 0.5 mL of the solvent BMI$PF6. All yields
refer to the isolated DHPM derivative.
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BMI$PF6 as the reaction medium. Equimolar quantities of
reagents were required, and no excess reagents were needed to
obtain the DHPM in nearly quantitative yield. The reaction time
Fig. 5 Effect of the catalyst amount on the yields of themodel Biginelli re
reagent, 0.5 mL of BMI$PF6.

27128 | RSC Adv., 2019, 9, 27125–27135
of only 60 min is among the shortest times reported for the
reaction. The catalytic system could also be recovered and
reused at least three times. The following yields were obtained:
99%, 70% and 75%, respectively. The washing procedure using
ethanol to purify the Biginelli adduct (see the Experimental
section for details) is likely responsible for the catalyst mass loss
throughout the purication; aer the third cycle, only 40 mg of
the solid catalyst was recovered, indicating 20% mass loss
during recycling.

To gain insight into the generality of the methodology, the
best system (28% HSiW/Y) was used to perform the synthesis of
other DHPM derivatives. The results are summarized in Table 2.

Good to excellent yields were generally obtained for the
isolated DHPMs, indicating the good performance of the best
catalytic system under the optimized reaction conditions.
Compounds with known antitumoral activities74 (Table 2,
entries b, c, d and g) could be directly obtained using the
developed methodology.

The mechanism of the reaction was also investigated by
electrospray (tandem) mass spectrometry75 (ESI-MS(/MS)). ESI
has been successfully used to disclose several mechanistic
aspects of a plethora of catalyzed and noncatalyzed reactions, as
discussed in several reviews.76–83 The Brønsted acid-catalyzed
Biginelli reaction mechanism was rst disclosed by ESI moni-
toring by Eberlin and co-workers.84 Later, we demonstrated the
action. Reaction time of 60min, temperature of 100 �C, 1 mmol of each

This journal is © The Royal Society of Chemistry 2019
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Table 1 Comparison of the catalytic system developed herein and previously reported literature conditions

Entry Reagent proportions (1 : 2 : 3) Solvent Temp. (�C) Time (h) Catalyst Yield (%) Ref.

1 1.00 : 1.00 : 1.00 Solventless 100 1 PTA@MIL-101 90 65
2 1.00 : 1.00 : 1.00 Toluene 110 6 H-MOR 85 66
3 1.00 : 1.00 : 1.20 Methanol 80 4 MCM-41-HClO4 76 67
4 1.00 : 1.00 : 1.20 Ethanol 80 8 E4a 90 68
5 1.00 : 1.00 : 1.20 CH3COOH 100 5 HTMA 75 69
6 1.00 : 1.00 : 1.20 Solventless 80 1 H3PW12O40@SiO2 91 70
7 1.00 : 1.00 : 1.20 MeCN 80 1 PW@SiO2 95 71
8 1.00 : 1.00 : 1.50 Solventless 80 1 PMoBiV 92 72
9a 1.00 : 1.00 : 1.50 MeCN 80 5 8 wt% NaY + 0.5 mM TPA 80 73
10 1.00 : 1.00 : 1.00 BMI$PF6 100 1 28% HSiW/Y 99 This work

a 4-NO2PhCHO instead of PhCHO.
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Lewis acid-catalyzed Biginelli reaction mechanism53 and some
variations of Brønsted acid-catalyzed reactions.50–52 Basically,
three mechanisms may occur at the same time;56 that is, the
iminium, Knoevenagel and enamine pathways (Scheme 3). The
formation of the rst key intermediate determines the reaction
pathway, although the reactions may take place in a complex
equilibrium.85 Typically, the iminium mechanism is favored, as
shown in many available studies.64,86 Some catalytic conditions,
Table 2 Biginelli reaction promoted by 28%HSiW/Y (50mg) as the cataly
each reagent at 100 �C for 60 min

DHPM R1

a Ph
b 3-OH-Ph

c

d

e Ph
f 2-OH-Ph
g 3-OH-Ph
h 4-Cl-Ph
i 4-Br-Ph
j 4-Br-Ph

This journal is © The Royal Society of Chemistry 2019
however, favor the Knoevenagel mechanism87,88 or the enamine
pathway.89,90 In some cases, more than one mechanism may be
operating at the same time, even under catalyzed conditions.91

Due to the high complexity of the mechanism, its evaluation is
an enormous challenge.

To evaluate the inuence of the IL on the reaction, the
analyses were monitored online during 5, 30, 60 and 90 min in
the absence and in the presence of the ionic medium (Fig. 6).
st in BMI$PF6 (0.5mL). The reactions were performedwith 1.00mmol of

X Yield (%)

O 99
S 89

S 83

S 90

S 96
S 89
O 91
O 70
S 84
O 70

RSC Adv., 2019, 9, 27125–27135 | 27129

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03336j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
2.

 D
ow

nl
oa

de
d 

on
 1

5/
8/

25
67

 3
:0

5:
42

. 
 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
The ESI(+)-MS/MS characterization of all detected intermediates
is presented in Fig. S9–S15 in the ESI.†

For the reaction monitored online in the absence of the IL
(Fig. 6-I), the presence of a signal attributed to the iminium
mechanism was noted (intermediate of m/z 149), although
a Knoevenagel intermediate (m/z 241) and the enamine inter-
mediate (m/z 173) could also be detected (Fig. 6D-I) and were
further characterized by tandem MS/MS (Fig. S3 and S5†). This
indicates that at least three mechanisms may be occurring at
the same time, and it is not possible to identify any preference
of the reaction pathway. It was also noted that the intermediate
of m/z 301 (detected as a sodiated adduct) formed immediately
aer the addition of 1,3-dicarbonyl to the iminium ion (m/z
149); this in turn undergoes cyclization, affording the Biginelli
adduct (m/z 261 orm/z 283 as the sodiated adduct). Aer 90 min
of reaction (Fig. 6D-I) in the absence of the IL, the intermediates
are noted at high intensity, and the base peak is an intermediate
ofm/z 301. In the initial period of the reaction (5 min, Fig. 6A-I),
the base peak is the iminium intermediate (seen as the adduct
of m/z 231).

For the reaction conducted in the presence of the IL BMI$PF6
(0.5 mM), a completely different reaction prole is depicted in
Scheme 3 The catalyzed Biginelli reaction and the three simplified poss

27130 | RSC Adv., 2019, 9, 27125–27135
Fig. 6-II. The Knoevenagel intermediate (m/z 241) appears to be
the key intermediate during the whole transformation. In the
beginning of the reaction (Fig. 6B-II), the iminium intermediate
is also noted; however, the unsuccessful detection during the
time course of the reaction clearly indicates that the iminium is
reversibly formed and returns to the reagents (equilibrium),
therefore proceeding preferentially through the Knoevenagel
pathway (Fig. 6D-II). Another important feature is that the
reaction is apparently faster in the presence of the ionic salt.
Aer 5 min of reaction (Fig. 6A-II), the base peak is the last
intermediate (m/z 301) prior to the Biginelli adduct formation
(m/z 261 or 283), and at the end of the reaction (Fig. 6D-II), the
imidazolium cation (m/z 139) is the base peak. To conrm this
supposition, the monitoring was repeated using 5 mM of the IL
concentration (Fig. 7); aer 5 min, only the imidazolium and
the Biginelli adduct were detected, and almost no intermediate
could be noted except for the last intermediate (m/z 301) formed
prior to the cyclization step, affording the expected DHPM (m/z
261). This result strongly indicates the positive effect of the IL
during the catalyzed reaction.

We also decided to monitor the reaction using 4-chloro
benzaldehyde as the reagent (see Table 2, Entry h) because it
ible reaction pathways for DHPM formation.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 ESI-MS(+) monitoring of the Biginelli reaction in the absence (I, blue spectra) and presence (II, red spectra) of the ionic liquid BMI$PF6. (A)
5 min of reaction, (B) 30min of reaction, (C) 60min of reaction and (D) 90min of reaction. Reaction conditions: catalyst (0.5mol%), BMI$PF6 (0 or
0.5 mM), benzaldehyde (5.0 mM), ethyl acetoacetate (5.0 mM), urea (5.0 mM). The analyses were performed by dissolving the reaction mixture in
methanol to afford the described concentrations.
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returned the lowest yield among all the synthesized DHPMs.
In principle, this experiment should allow us to verify both
the mechanism and the possibility of intermediate (and/or
byproduct) formation and should increase our comprehen-
sion of the transformation along with the catalytic behavior
of the developed system, as shown in Fig. S16.†

The time monitoring of the reaction returned interesting
results and showed no detectable enamine intermediate (m/
z 173). Starting reagent signals (see Fig. S16†) were also
noted during the reaction monitoring time; however, no
characterizable intense byproduct signal was detected,
indicating that no side reactions were taking place. These
results helped to explain the lower observed yields during
the synthesis of this DHPM derivative because the reagents
were not fully consumed but no notable byproduct formed.
This journal is © The Royal Society of Chemistry 2019
The Knoevenagel intermediate (m/z 253 using the 4-chloro
benzaldehyde instead of benzaldehyde), although noted in
the spectra aer 30 min of reaction monitoring, had a very
low intensity, thus preventing its MS/MS characterization.
However, the iminium intermediate (m/z 183) could be
noted during the whole time course of the reaction, and its
signal intensity could be monitored (Fig. 8).

As depicted in Fig. 8, the iminium intermediate concen-
tration increased during the reaction course. This result has
two important implications: (i) the yield is expected to be
lower because the intermediate is increasing in concentra-
tion instead of being consumed, as expected during the
course of a MCR. Therefore, this intermediate shows the
behavior of a so-called dead-end intermediate.57,92 (ii) The
results point once more to the Knoevenagel pathway
RSC Adv., 2019, 9, 27125–27135 | 27131
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Fig. 7 ESI-MS(+) monitoring of the Biginelli reaction in the presence of the ionic liquid BMI$PF6 after 5 min of reaction. Reaction conditions:
catalyst (0.5 mol%), BMI$PF6 (5.0 mM), benzaldehyde (5.0 mM), ethyl acetoacetate (5.0 mM), and urea (5.0 mM). The analyses were performed by
dissolving the reaction mixture in methanol to afford the described concentrations. The inset is a 12-fold expansion to show the intermediate of
m/z 301 prior to the final cyclization step affording the Biginelli adduct.

Fig. 8 Monitoring of the iminium intermediate (m/z 183) by ESI(+)-MS
during the reaction time. Reaction conditions: catalyst (0.5 mol%),
BMI$PF6 (5.0 mM), 4-chloro benzaldehyde (5.0 mM) instead of benz-
aldehyde, ethyl acetoacetate (5.0 mM), and urea (5.0 mM). The analyses
were performed by dissolving the reaction mixture in methanol to
afford the described concentrations.
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because this intermediate was detected and readily
consumed, as expected for the preferentially operating
Biginelli reaction pathway.

Based on all the obtained results, a catalytic cycle can be
proposed (Scheme 4) in the presence and in the absence of
the imidazolium-based IL BMI$PF6. In the presence of
BMI$PF6, the Knoevenagel pathway seems to be highly
favored. The cationic intermediates are also prone to afford
ion pairs and larger supramolecular aggregates when both
the anion and the cation are present in the reaction. In the
absence of the IL, the three reaction pathways are likely to be
involved in the DHPM synthesis; this indicates that the
positive IL effect not only improves the yield and shortens
the reaction time, but also affects the selection of the reac-
tion pathway. Although the iminium mechanism seems to
be preferentially acting in the catalysis without ILs, the
presence of intermediates from the other two possible
mechanisms indicates that the catalytic system is not
capable of selecting only one pathway and suppressing the
possibilities of the other two; this is a key feature that is
observed when the catalysis is performed in the ionic
medium.

In summary, a method has been developed to perform the
Biginelli reaction in combination with HPAs and the limits
of the acidic strength have been demonstrated. The use of
zeolites as supports for HPA derivatives is an effective
strategy for the development of new catalytic systems to be
applied in several acid-catalyzed MCRs. The best catalytic
system developed herein (28% HSiW/Y) could be applied
under optimized conditions to the synthesis of several
DHPMs, including some with known antitumoral activities.

The mechanism investigation by means of ESI-MS(/MS)
indicated that the three possible mechanisms occur at the
same time when the reaction is performed in the absence of
the IL. In the presence of the IL, however, the reaction
27132 | RSC Adv., 2019, 9, 27125–27135
pathway can be tuned, and only one mechanism operates
during the catalytic DHPM synthesis. For the rst time, the
mechanism pathway selection was successfully tuned
simply by carrying out the reaction in an IL; this is in
accordance with the positive IL effects noted for several
previously described catalyzed reactions (see the cited
reviews). The results described herein open an avenue of
possibilities toward more efficient catalyzed MCRs and show
the advantages of merging heteropolyacids and ILs not only
for improving yields and shortening reaction times, but also
for possibly improving the selectivity and tuning the reac-
tion pathways during a chemical transformation.
This journal is © The Royal Society of Chemistry 2019
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Scheme 4 Catalytic cycle in the presence (right) and absence (left) of BMI$PF6. Note that in the presence of the ionic fluid, only one pathway is
favored, whereas in its absence, three pathways are likely to be involved.
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Experimental
Preparation of the supported HPAs

NH4-Y zeolite from Zeolyst (CBV 300, SiO2/Al2O3 molar ratio ¼
5.1) was calcined at 550 �C for 8 h to obtain the protonic form
(HY). HPA impregnation was performed in aqueous solution
using 1 g of HY added to 10 mL of a 0.1 mol L�1 HCl solution
containing the required amount of HPA (15, 30, and 45 wt%
H3PW12O40, HPW or H4SiW12O40, HSiW, Aldrich, >99.9%). The
slurry was maintained under stirring at 150 �C until solvent
evaporation. Then, the catalysts were treated in a furnace at
300 �C for 4 h (denoted as X% HPA/Y).
Characterization of the catalysts

Detailed conditions of the characterization have been published
elsewhere.59 A general description is provided here for refer-
ence. The real amounts of the supported HPAs on the HY
samples were obtained by elemental analysis using an EDX-XRF
spectrometer from Shimadzu (model EDX 720). The quantity of
HPA was determined by tungsten elemental analysis using
analytical curves. XRD patterns were obtained with a Bruker
powder diffractometer (model D8 Focus) using a copper tube
(Ka ¼ 1.5406 �A) in the 2q region from 2 to 50�. FT-IR spectra
were obtained on a Thermo Scientic (model Nicolet 6700)
spectrometer. Samples were prepared by the KBr pellet method
(1 : 100 – sample : KBr). The nature of the acid sites was deter-
mined by FT-IR spectroscopy of pyridine adsorbed on the
This journal is © The Royal Society of Chemistry 2019
catalysts. All acquisitions were obtained at 25 �C, with 256 scans
and 4 cm�1 resolution. Magic angle spinning solid state nuclear
magnetic resonance (MAS NMR) spectroscopy was performed
on a Bruker Avance III HD, Ascend (600 MHz for 1H) at 14.1 T,
using a 4 mm CP/MAS probe in zirconia rotors. 31P (243.1 MHz),
29Si (119.3 MHz) and 27Al (156.4 MHz) nuclei at a spin rate of 10
kHz were used to characterize the catalysts. The strengths
(enthalpy) of the catalysts were measured by liquid phase
incremental microcalorimetry of pyridine in cyclohexane slur-
ries. For the calcined samples (300 �C) of HPA supported on
zeolite Y, a diluted pyridine solution in cyclohexane was added
to the solid slurry in anhydrous cyclohexane, and the amount of
evolved heat was determined.
Catalytic reactions

The reactants benzaldehyde and ethyl acetoacetate were puri-
ed by distillation, and no treatment was performed on
commercial urea. All catalysts were activated by heating treat-
ment at 300 �C for 1 h before being used in the reaction. The
standard experiment was run in a sealed Schlenk tube, in which
50 mg of catalyst was weighed and then 1 mmol of each reagent
was added. 0.5 mL of BMI$PF6 was added to the system. The
tube was then sealed and maintained under magnetic stirring
for 60 min at 100 �C. The Biginelli adducts were puried by
crystallization using hot ethanol. If no precipitation was noted,
the crude mixture was puried by a chromatographic column
RSC Adv., 2019, 9, 27125–27135 | 27133
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using mixtures of hexane and ethyl acetate. All product char-
acterizations are shown in the ESI.†
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