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Abstract. Hydroxymethylfurfural (HMF) derivatives that contain an acrylonitrile group result in inter-
esting scaffold molecules that can be obtained from biomass. However, the synthesis of these types
of molecules has not been extensively studied. In this study, we investigated the catalytic activity of
Mg(OH)2 and MgO materials. Specifically, we evaluated the Knoevenagel reaction between HMF and
malononitrile as a test reaction under solvent-free conditions. The fresh and used catalysts were eval-
uated using various techniques. Our results indicate that the combination of synthesis methods in-
fluences the crystalline, basic, and textural properties of the catalysts. We found that water plays an
essential role in obtaining high yields. By using this simple and inexpensive method, we were able to
achieve yields near 90% in short reaction times (<30 min).
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1. Introduction

For several years, the primary source of carbon for
obtaining fuels and chemical products was fossil fu-
els. However, at present, biomass has become one of
the main sources of carbon, in particular carbohy-
drates such as glucose and fructose that present the
largest natural basis of carbon [1]. The dehydration of
fructose in an acid medium produces the preferen-
tial formation of 5-hydroxymethylfurfural (5-HMF).
This substance is one of the most promoted platform
chemicals derived from biomass, due to the variety
of applications that are provided by the presence of
hydroxyl, aldehyde, and furan moieties [2]. 5-HMF
is widely used as an intermediate in pharmaceutical
products, flavor enhancers in the food industry and
for the synthesis of polymers [3]. Many efforts have
focused on the organic synthesis of HMF derivatives
with active methylene compounds in order to obtain
high-value-added products through environmen-
tally friendly catalysts and renewable raw materi-
als [4]. However, these classical reactions have been
scarcely studied using 5-HMF. Among them, the
Knoevenagel condensation is one of the important
reactions for obtaining C–C bonds [5]. This reaction
is a typical base-catalyzed reaction that involves the
abstraction of a proton from activated methylene by
basic sites to obtain the corresponding carbanion.
Studying basic solid materials in these reactions has
made it possible to contribute to green and sustain-
able chemistry [6]. Hydrotalcite (HT) or hydrotalcite-
like compounds are commonly employed as base
catalysts [7]. However, Knoevenagel condensation
reactions over metal oxide catalysts have been less
investigated [8], although these materials can be
easily obtained at lower costs than hydrotalcite-type
compounds.

MgO and Mg(OH)2 are well known to be basic and
inexpensive solids that have been used as catalysts
for a wide variety of organic transformations includ-
ing oxidation, reduction, epoxidation, condensation,
and notable heterocyclic reactions [9,10]. MgO ex-
hibits good catalytic activity in the Knoevenagel con-
densation depending on the method and conditions
of its preparation which affects their surface and
which can lead to increased CO2 chemisorption and
higher concentration of strong basic sites [11,12]. To
increase the catalytic activity of MgO, which has a low
surface area (near 20 m2/g) and low concentration

of basic sites (around 0.4 mmol/g), it is supported
on materials such as carbon [13], Al-MCM-41 [14],
ZrO2 [15], or also by modifying the synthesis of
MgO using surfactants (sol–gel method), with the
thermal treatment of Mg(OH)2, or using hydration–
dehydration procedures which alter surface charac-
teristics of MgO [12].

In the sol–gel synthesis, it has been observed that
the crystallinity of the magnesium oxide depends on
the surfactant concentration used [11], and conse-
quently, the Knoevenagel condensation of benzalde-
hyde with ethyl cyanoacetate using MgO prepared
with the highest surfactant concentration (Pluronic
P123) led to the highest catalytic activity due to the
highest quantity of basic sites.

The simple calcination of precursors as rehy-
drated Mg(OH)2 allows obtaining MgO with a high
surface area and activity for base-catalyzed reac-
tions [16]. Temperatures between 350 and 450 °C are
sufficient to obtain surface areas of about 300 m2/g.
The formation of a particle-internal nanostructure
comprised of newly crystallized strictly aligned,
cube-shaped, and nanometer-sized crystals of MgO
is the main cause of this increase in the surface
area [17].

The basic sites can be controlled by the densi-
fied nanostructured MgO material in the synthesis
method [18] due to the creation of atomic disor-
der formed at the interface of crystal grains (grain
boundaries) between MgO nanocrystals. Another
strategy used was the use of MgO-stabilized Picker-
ing emulsion. Sadgar et al. [19] studied the emulsion-
stabilizing ability of MgO depending on the method
of preparation, calcination temperature, and sol-
vents. These authors found that the high emulsion
stability and small droplet size have a considerable
effect on the catalytic activity in the Knoevenagel
condensation. For the adduct condensation of fur-
fural and methylene compounds such as malonon-
itrile, it has been reported that it almost always re-
quires short times of reaction using MgO or Mg(OH)2

(15 min, yield > 83) [20] and lower temperatures of
reaction (20 °C in 5 min) to reach yields of 96% [21].
However, no report has been described for obtain-
ing hydroxymethylfurural (HMF) derivatives con-
taining an acrylonitrile moiety which could result in
interesting molecules obtained from biomass.

Curiously, the Knoevenagel condensation be-
tween HMF and malononitrile has only been
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described by three research groups. Rani et al. [22]
described the use of an amine-functionalized MOF
(UiO-66-NH2) to obtain quantitative yields of the
adduct HMF with malononitrile. Mancipe et al. [23],
used hydrotalcite doped with boric acid allow-
ing to obtain yields near 86%, while imidazole-
functionalized 3D-cobalt metal–organic framework
led to quantitative yields under mild reaction con-
ditions (40 °C in 30 min). The absence of a catalyst
requires that the Knoevenagel reactions occur at
higher temperatures for prolonged times of reaction
to afford the adduct in only 30% yield [24].

The Mg2+ cation and O2− anion can be consid-
ered as an acid–base pair [12] leading to the prefer-
ential formation of Knoevenagel products. However,
some studies highlighted the importance of the hy-
droxyls on the MgO surface to stabilize the gener-
ated anionic intermediate R− after abstraction of the
proton [25]. For this reason, the presence of MgO
and Mg(OH)2 materials for the solventless Knoeve-
nagel condensation of HMF and malononitrile was
studied.

2. Experimental section

2.1. Preparation of Mg(OH)2 and MgO

For the synthesis of magnesium hydroxide by the
precipitation method, the magnesium precursor so-
lution (0.0857 mol of Mg(NO3)2·6H2O) was placed
in a glass reactor containing an alkaline solution
(0.1715 mol of NaOH); the solutions were simulta-
neously left under permanent agitation and aged for
one day at room temperature. The suspension was
washed several times with distilled water and dried
at 80 °C. The obtained solid was named BPC.

Mg(OH)2 by sol–gel method was synthesized us-
ing 10 mL of CTAB (cetyltrimethylammonium bro-
mide) as a cationic surfactant. This was added with
constant stirring to a 1 M solution of Mg(NO3)2·6H2O
for one hour. After this time, a 1 M ammonia solution
was added dropwise until the clear solution forms the
Mg(OH)2 sol. The sol was left to age for 2 days so that
the sol particles condense in the gel. The gel particles
were collected by filtering and washing the material
several times with distilled water, and the final prod-
uct denominated BSG was dried at 80 °C.

In both cases, for obtaining the magnesium ox-
ides, the hydroxides synthesized by precipitation and

sol–gel methods were calcined at 500 °C and named
MPC and MSG, respectively.

2.2. Characterizations

X-ray powder diffraction patterns (XRD) of the cat-
alysts were recorded with a PANalytical diffractome-
ter model X’PERT-PRO with Co Kα radiation (λ =
1.78901 Å) and a 1D pixel detector. The data were col-
lected with a step increment of 0.013° in the range of
5° ≤Θ≤ 80°.

FTIR spectra were obtained by the ATR method
using a Thermo SCIENTIFIC model NICOLET iS50
FT-IR equipment with a wavenumber range of 4000–
400 cm−1 and a resolution of 4 cm−1.

XPS analysis was obtained using a Thermo Sci-
entific ESCALAB 250 XI photoelectron spectrome-
ter with a step of 0.05 eV, pass energy of 25 eV, and
dwell time of 50 ms. The pressure was kept around
10−8 mbar inside the analysis chamber. The spectra
were calibrated employing the C 1s peak (284.4 eV).

For the textural analysis measurements, a Mi-
cromeritics ASAP 2020 equipment was used. The
samples were previously degassed at 250 °C for
4 h with a vacuum of 10−3 mmHg to eliminate
gases or molecules adsorbed on the surface. Nitrogen
adsorption–desorption isotherms were measured at
−193.15 °C, obtaining data on the volume of ad-
sorbed gas (cm3 STP/g sample) versus the relative
pressure of nitrogen (P/P0).

CO2 adsorption was measured by the DRIFTS
method using a Thermo SCIENTIFIC model NICO-
LET iS50 FT-IR spectrometer. The oxides and hydrox-
ides were prepared with a 30 mL/min flow of He at
100 °C for 30 min. After the flow of He, the adsorption
of CO2 was evaluated at room temperature. DRIFT
spectra of the CO2-adsorbed species on the sur-
face were obtained by subtracting the background
spectra.

NMR spectra were recorded on a Bruker Avance
400 spectrophotometer (Bruker BioSpin GmbH, Rhe-
instetten, Germany), operating at 400.1 MHz (1H)
and 100.6 MHz (13C) at 298 K using tetramethylsi-
lane (0 ppm) as the internal reference. NMR spec-
troscopic data were recorded in CDCl 3 using as in-
ternal standards the residual non-deuterated signal
(δ = 7.26 ppm) for 1H NMR and the deuterated sol-
vent signal (δ = 77.16 ppm) for 13C{1H} NMR spec-
troscopy. Chemical shifts (δ) and coupling constants
(J) are given in ppm and Hz, respectively.
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2.3. Catalytic studies

Mg(OH)2 and MgO synthesized by precipitation and
sol–gel methods were studied in the solventless syn-
thesis of the Knoevenagel reaction. A mixture of 5-
(hydroxymethyl)furfural (0.4 mmol), malononitrile
(0.4 mmol), and catalyst (20 mg) was placed in a
glass tube with constant stirring. Under solvent-
free conditions, the tube was heated to 60 °C for
3 h. Once the reaction was finished, 2.0 mL of
ethyl acetate was added to solubilize the Knoeve-
nagel product and the catalyst was readily recov-
ered by simple filtration. The monitoring of the
reaction was done in a gas chromatograph cou-
pled to mass spectroscopy (GC-MS), using a column
HP-5. A sample was purified by a flash chromatog-
raphy column on silica gel using dichloromethane
as an eluent to afford 2-((5-(hydroxymethyl)furan-
2-yl)methylene)malononitrile 3a. Brown solid. Rf =
0.16 (DCM). M.p. 76–77 °C (amorphous). 1H NMR
(400 MHz, CDCl3): δ = 2.85 (br s, 1H, OH), 4.73 (s,
2H), 6.62 (d, J = 3.6 Hz, 1H), 7.27 (d, J = 3.6 Hz, 1H),
7.46 (s, 1H) ppm. 13C{1H} NMR (101 MHz, CDCl3):
δ= 57.6 (CH2), 112.0 (CH), 113.0 (C), 114.0 (C), 125.2
(CH), 142.9 (CH), 147.7 (C), 162.6 (C) ppm.

3. Results and discussion

3.1. Characterization

The structural phase of MgO and Mg(OH)2 was de-
termined by XRD. Figure 1 shows the diffraction pat-
terns for MgO at 36.6°, 42.90°, 62.30°, 74.9°, and 78.5°
in 2Θ for (111), (200), (220), (311), and (222) planes,
respectively [26]. The crystalline phase of MgO corre-
sponds to cubic structure (lattice parameters a,b,c =
4.2130 Å) with space group Fm3m (JCPDS card 45-
0946) [27]. The sharp peaks indicate the presence
of well-crystallized MgO particles under precipita-
tion and sol–gel synthesis conditions. X-ray diffrac-
tion patterns for magnesium hydroxide are depen-
dent on crystalline Mg(OH)2 nanoparticles [28], and
the planes can be indexed as a hexagonal struc-
ture with space group P-3m1 and lattice parameters
a of 3.1442 Å and c of 4.7770 Å (JCPDS card 07-
0239) [29,30]. In the MPC material, a signal is shown
at 30° in 2Θ, which can be attributed to a change
from brucite to a pseudomorphic periclase that orig-
inates once the dehydroxylation ends [31]. The av-
erage crystallite size of the catalysts evaluated from

Figure 1. X-ray diffraction of (a) BSG, (b) BPC,
(c) MSG, (d) MPC.

diffraction planes was measured using the Scherrer
equation. The values of BPC, BSG, MPC, and MSG are
12.56, 15.27, 9.71, and 19.54 nm, respectively, show-
ing slightly larger crystallite size in solids synthesized
by sol–gel than those prepared by the precipitation
method.

The FTIR spectra of Mg(OH)2 and MgO materi-
als synthesized by sol–gel and precipitation methods
are shown in Figure 2. The hydroxides present an in-
tense peak at 3700 cm−1 due to the OH stretching vi-
brations in Mg(OH)2 [32]. It is known that MgO can
chemisorb H2O and CO2 on the surface; the signal
around 1400 cm−1 may correspond to carbonate ions
(CO3

2−) adsorbed on the surface, even after the cal-
cination process [33]. In the Mg(OH)2 sol–gel cata-
lyst, the signals at 2918 and 2858 cm−1 correspond
to asymmetric νas(CH3) [34]. The band at 3700 cm−1

disappears in the spectrum of the calcined sample,
which is due to the decomposition of Mg(OH)2 to
MgO particles. The bands below 1000 cm−1 corre-
spond to M–O and M–OH (M = metal) characteristics
of Mg–O and Mg–OH, respectively.

Table 1 summarizes the binding energies and ra-
tios of signals of Mg 1s and O 1s. The XPS spec-
tra are shown in Figure 3. The signal characteris-
tics of Mg(OH)2, MgO, and Mg(NO3)2 are observed
at 1303.08 eV and 1304.48 eV, and 1305 eV, respec-
tively [35]. The proportion of these signals depends
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Figure 2. FTIR spectra of synthesized materials.

on the method of preparation and consequently
on the calcination temperature. Thus, Mg(OH)2 was
only observed in sol–gel synthesis. This is consis-
tent with X-ray diffraction results. The precipitation
method allows obtaining a mixture of Mg(OH)2, and
the precursor used Mg(NO3)2. Once the calcination
takes place at 500 °C, the proportion of MgO and
Mg2+ is dependent on the method employed. A shift
to the highest binding energy could indicate the
highest proportion of Mg2+ species on the surface.
The binding energies of the signals assigned to oxy-
gen in lattices (Ob) and oxygen in OH groups (Os) are
shown in Table 1. The quantitative ratio Ob/Os shows
that the precipitation method favors the formation
of bulk oxygen in Mg(OH)2, which could be related
to the lowest hydration of brucite obtained for this
method. This ratio drops when MgO is formed by cal-
cination from Mg(OH)2, but this same behavior is ob-
served in the ratio between the two main signals. In

consequence, it is possible to suppose that the sol–
gel method favors the hydration of brucite and MgO
on the surface.

In the textural analysis, the specific surface area
(SBET) of the solids Mg(OH)2 and MgO is shown in Ta-
ble 1. No evident changes are observed before and af-
ter the calcination process in the SBET values. The ni-
trogen adsorption–desorption isotherms are charac-
teristics of type IV with H4 hysteresis loop [32], show-
ing sharp peaks at high relative pressures, indicat-
ing that the materials contain large mesopores and
macropores, which can be verified in the pore size
distribution. In general, the precipitation method to
obtain Mg(OH)2 led to the highest density of pores
(dV/dD) with a minor pore diameter compared with
sol–gel synthesis (Figure 4). Besides, the calcination
of Mg(OH)2 sol–gel showed a broad pore diameter.
This means that the porosity is highly dependent on
the synthesis method and calcination process.
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Figure 3. XPS spectra of Mg 1s and O 1s for Mg(OH)2 and MgO materials.

Table 1. Binding energies of Mg 1s and O 1s, quantitative ratio Ob/Os and O 1s/Mg 1s, and surface area
(SBET) and pore size

Catalyst Mg 1s O 1s Ob/O∗
s O 1s/Mg 1s SBET (m2/g) Pore size (nm)

BSG 1301.7(66),
1300.8(34)

532.2(64),
530.56(36)

1.77 0.08 25 22.4

BPC 1303.9(44),
1301.6(56)

530.05(79),
528.75(21)

3.76 0.42 35 33.7

MSG 1302.9(63),
1304.8(37)

532.2(12),
530.7(88)

0.13 0.16 26 14.8

MPC 1304.47(29),
1302.89(71)

531.85(25),
529.97(75)

0.33 0.24 35 22.3

∗Ob/Os quantitative ratio between bulk and surface oxygen.

CO2 adsorption followed by DRIFT spectra of
MgO and Mg(OH)2 synthesized by the two methods
is shown in Figure 5. In the spectra taken at room
temperature, signals can be observed between 3800
and 3300 cm−1 corresponding to the hydroxyl groups

on the surface that may be in variable coordination
with the cation, while the signal at 800 cm−1 may be
due to the bulk infrared absorption of MgO [36]. With
the adsorption of CO2, the formation of monodentate
species can be seen at 1572, 1501, and 1411 cm−1.
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Figure 4. BJH pore size distribution curves of
Mg(OH)2 and MgO materials.

The signals at 1647 and 1331 cm−1 can be assigned
to bidentate species [37]. In the adsorption process,
CO2 chemisorbs on the active sites as unidentate,
bidentate, and bridged carbonates; however, the
formation of bidentate species is favored on the most
active sites, reducing the number of free carbonate
ions. The higher formation of bidentate species in
Mg(OH)2 can be explained by the fact that some of
the active sites have conformational characteristics.
Furthermore, this description is consistent with the
fact that the bidentate carbonate is less basic than
the unidentate and bridged carbonates [38]. Taking
into account the aforementioned and according to
Figure 5, it could be affirmed that MgO solids present
a higher basicity in comparison with the hydroxides
that show signs of adsorption of bidentate species.
On the other hand, the signals at 2924 and 2854 cm−1

in the magnesium hydroxide can be attributed to
the H+ ions resulting from the dissociation of water
molecules that can be trapped by the surface O2−

ions [39].

3.2. Evaluation of the catalytic activity

The Knoevenagel reaction between 5-HMF (1a) and
malononitrile (2a) was studied as a test reaction un-
der solvent-free conditions at 60 °C. The Knoeve-
nagel adduct (3a, m/z = 174) formed by a conden-
sation process and the aldehyde (3b, m/z = 172)
obtained by the dehydrogenation of the hydroxyl
group into adduct 3a were the main products ob-
served (Scheme 1). Figures 6a and 6b display the
yields of 3a and 3b, respectively, as the reaction

Figure 5. DRIFT spectra of MgO and Mg(OH)2

materials at room temperature.

progresses with each catalyst used. It is observed that
they show the preferential formation of adduct 3a
with good yields. Although this reaction can typi-
cally be conducted in H2O, in the absence of catalyst,
and moderate temperatures, the Knoevenagel adduct
is obtained in lower yields. Thus, the use of cata-
lysts under solvent-free conditions appears interest-
ing to understand the role of water on the surface
of MgO.

It can be observed for the uncalcined and calcined
catalysts that the catalytic behavior is highly depen-
dent on the preparation method. The preferential
formation of 3a is observed with Mg(OH)2 obtained
by the sol–gel synthesis. The Knoevenagel product
3a requires deprotonation of the α-methylene hy-
drogen atoms by basic sites. The hydroxyl groups on
the surface of the solid stabilize the anionic inter-
mediate formed on the surface [25]. BSG and BPC
display a similar basicity but a distinct proportion of
surface hydroxyls. Thus the catalysts with the lowest
ratio of Ob/Os present the highest yield for adduct
3a. However, the formation of the adduct 3b in mod-
erate yields is unexpected. The lowest amount of
surface hydroxyls and the presence of two phases of
Mg2+ in BPC could favor the formation of adduct 3b,
which can be formed by two pathways, including the
faster formation of diformylfuran (DFF) that con-
denses with malononitrile or the dehydrogenation of
adduct 3a.
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Scheme 1. Products formed in the condensation of Knoevenagel between 5-HMF and malononitrile.

Figure 6. (a) Yield of 3a and (b) yield of 3b as a function of reaction time with MgO and Mg(OH)2 materials
at room temperature at 60 °C, 100 mg of catalyst, and 600 rpm.

MgO catalysts show a distinct behavior. As the re-
action progresses and by release of water in the re-
action medium, the catalyst surface is modified and
the Knoevenagel reaction is consequently favored for
MPC solid. This phenomenon was not observed with
MSG, where the yield of adduct 3a drops, favoring
the formation by dehydrogenation toward product
3b. These catalysts present the highest basicity and
consequently could also favor the formation of this
product. Thus, the role of surface hydroxyls in the re-
action mechanism to obtain 3a is evident. The MSG
catalyst with a higher proportion of surface hydroxyls
shows a better performance toward the Knoevenagel
reaction at the start of the reaction.

The effect of temperature was studied using MPC.
An increase in temperature should avoid the pres-
ence of water on the surface favoring the formation
of 3a, as can be observed in Figure 7. However, at the
lowest temperatures, the reaction also allows the for-
mation of 3b. In summary, the selectivity of the reac-
tion could be controlled by surface hydroxyls due to
the stabilization of anionic intermediates.

To confirm that those results were obtained with-
out external mass transfer, the reaction was per-
formed at different catalyst amounts (5–20 mg) at
60 °C for 24 h. As shown in Table 2 (entries 1–4),
the behavior follows a linear trend when the catalyst
mass is increased, suggesting the absence of external
mass-transfer resistance. Besides, the recyclability of
the MPC catalysts (entries 5–8) was studied by sep-
aration from the mixture by simple filtration, wash-
ing with hot acetone, and drying at 80 °C for 4 h. The
catalyst was reused up to 4 times without appreciable
loss of catalytic activity. In the fourth reuse, the mass
loss of the catalyst was approximately 5%.

The structure of Knoevenagel adduct 3a was con-
firmed by 1H and 13C{1H} NMR spectroscopy (Fig-
ure 8). The 1H NMR spectrum shows two singlets at
4.73 and 7.46 ppm assigned to methylenoxy (CH2O)
and vinyl (=CH) protons, respectively. To our de-
light, the proton signal of the hydroxyl group was
observed at 2.85 ppm, indicating that the dehydro-
genation of the CH2OH moiety was not success-
ful. The 13C{1H} NMR spectrum of 3a displays eight
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Figure 7. Effect of temperature in the Knoevenagel reaction with MPC (a) 3a adduct and (b) 3b product.

Figure 8. 1H and 13C{1H} NMR spectra of the Knoevenagel adduct 3a.

Table 2. The recycling capability of MPC catalyst in the Knoevenagel synthesis of 3a at different catalyst
amounts at 60 °C for 24 h

Entry Catalysts Loading (mg) T (°C) Time (h) Reuse cycle Yield (3a) (%)

1 MPC 5 60 24 – 50

2 MPC 10 60 24 – 60

3 MPC 15 60 24 – 68

4 MPC 20 60 24 – 77

5 MPC 20 60 24 1 77

6 MPC 20 60 24 2 75

7 MPC 20 60 24 3 70

8 MPC 20 60 24 4 68
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carbon signals, consisting of one methylene, three
methines, and four quaternary carbons. In partic-
ular, the methylenoxy (CH2O) and vinylic (=CH)
carbons can be observed at 57.6 and 142.9 ppm,
respectively.

4. Conclusions

In the present study, the efficient synthesis of MgO
and Mg(OH)2 materials was carried out by the sol–
gel and precipitation methods. The XRD character-
ization of the solids revealed formation of brucite
and periclase phases. IR studies showed signals typ-
ical of hydroxyl groups and M–OH and M–O vibra-
tions. The Ob/Os ratios obtained from XPS analysis
indicate that synthesis by precipitation results in a
lower hydration of the brucite phase compared to
the sol–gel method. The greater formation of biden-
tate species on the surface of Mg(OH)2 indicates
lower basicity compared to MgO. Finally, orienting
the catalytic activity in the Knoevenagel condensa-
tion reaction between HMF and malononitrile un-
der environmentally friendly solvent-free conditions
toward the formation of product 3a requires the de-
protonation of the α-methylene hydrogen atoms and
catalysts with a lower Ob/Os ratio present higher
yield of adduct 3a. On the other hand, the lower
presence of hydroxyls on the surface of BPC favors
product 3b.
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