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Novel series of amino-grafted mesoporous silica materials applied to the green and efficient synthesis of 2-amino-
4H-chromenes, from salicylaldehydes and ethyl cyanoacetate, under mild and free-solvent conditions, is herein
reported for the first time. These catalysts are easily prepared by using the post-synthetic method, by func-
tionalizing the SBA-15 silica with the corresponding amino silanes. The observed catalytic performance is mainly

controlled by the type and concentration of basic sites. The methodology herein reported could be considered as
an environmentally friendly alternative for the selective chromene synthesis, which allows to achieve high yields
in short reaction times using notably small amounts of the catalysts. The experimental results are also supported
with theoretical calculations, which suggest that the amine groups at the silica surface are behind the observed
catalytic performance with the assistance of the silica matrix.

1. Introduction

Mesoporous silicas are versatile materials which find application in a
great variety of research domains, including from catalysis to nano-
medicine, among others [1-4]. In past decades, the use of mesoporous
silica for catalytic applications has exponentially grown, emphasizing on
the periodic mesoporous silicas. Since this type of materials are easily
prepared and functionalized, including multifunctional surface modifi-
cations, exhibit high thermal and chemical stability and their large
surface area and well-sized and well-distributed pores, they can be
considered as an alternative for the transformation of complex and bulky
substrates. Their industrial applications include petroleum refining,
petrochemical production [5] and obtaining numerous products of fine
chemistry [6,7]. In more recent times, ordered mesoporous silica-based
catalysts have acquired importance in carbon dioxide conversion to
chemicals, such as cyclic and dialkyl carbonates, acyclic carbamates,
carboxylic acids, methanol, methane and fuels, as an alternative to
reduce CO; emissions [8].

On the other hand, chromene derivatives are considered versatile
and biologically active scaffolds exhibiting antiviral, antiproliferative,
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antioxidant and antihistaminic effects, among others, but also promising
compounds in schizophrenia and Alzheimer’s treatment [9-12].

The traditional homogeneous catalysts reported for the synthesis of
chromene derivatives, and specifically for 2-amino-4H-chromenes, are
highly polluting organic amines [13], whereas molecular sieves [14],
anion exchange resins, such as Amberlyst A-21 [15], doped hydro-
talcites [16], and zirconium phosphate [17] have been used as hetero-
geneous catalysts. Other efficient alternatives comprise the use of ionic
liquids, such as imidazolium sulfonates [18], bifunctional mesoporous
metallosilicates [19,20], and more recently, amino-grafted metal--
organic frameworks catalysts with basic properties [21], CaO-carbon
materials obtained from PET and natural limestone [22], mesoporous
hydrotalcite/SBA-15 [23] and hydrotalcite/hydroxyapatite composites
[24]. The reported methodologies are characterized by the use of
smaller catalyst amounts operating in absence of any solvent, under mild
reaction conditions, and in some cases after notably short reaction times,
affording the corresponding chromene derivatives in good to excellent
conversions.

These studies have demonstrated that it is possible to simplify the
complex isolation and purification methods, reducing the generation of

E-mail addresses: g.turnes@uib.es (G. Turnes-Palomino), eperez@ccia.uned.es (E. Pérez-Mayoral).

https://doi.org/10.1016/j.cattod.2024.114515

Received 8 November 2023; Received in revised form 22 December 2023; Accepted 8 January 2024

Available online 11 January 2024

0920-5861/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:g.turnes@uib.es
mailto:eperez@ccia.uned.es
www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
https://doi.org/10.1016/j.cattod.2024.114515
https://doi.org/10.1016/j.cattod.2024.114515
https://doi.org/10.1016/j.cattod.2024.114515
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2024.114515&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Gongzalez-Rodal et al.

contaminant effluents and, at the same time, decreasing the reaction
times, thus lowering energy consumption. In this context, the goal of this
work is the development of a family of amino-grafted SBA-15 meso-
porous silicas, able to promote the green and efficient synthesis of 2-
amino-4H-chromene derivatives, from salycilaldehydes and ethyl cya-
noacetate, under mild and solvent-free conditions. These materials are
easily prepared by post-synthetic functionalization of SBA-15 with the
corresponding silane including amines of different nature, demon-
strating that the reaction is mainly controlled by the type and concen-
tration of basic catalytic sites.

2. Materials and methods

The materials used in this research were commercially available.
Chemical reagents and solvents were purchased from Sigma-Aldrich,
Alfa-Aesar or Carlo Erba.

2.1. Synthesis and characterization of mesoporous materials

Mesoporous SBA-15 silica was prepared following the experimental
protocol proposed by Zhao et al. [25,26]. Briefly, 30 mL of deionized
water and 4 g of Pluronic P123 (Sigma-Aldrich, >99.99%) were added
to a 120 g of HCI solution (2 M). The mixture was stirred until a ho-
mogeneous solution was obtained. Then, it was heated until 313 K and
tetraethyl ortosilicate (TEOS; Sigma-Aldrich >99%) was added. After
that, the mixture was kept stirring during 24 h. Subsequently, the so-
lution was introduced into a Teflon autoclave at constant pressure and
373 K during 48 h, under static conditions. The obtained material was
filtered off, washed with water until neutral pH and dried at room
temperature. Finally, the solid was calcined at 823 K for 6 h by setting
the heating rate at 1 K-min ™.

Amino-grafted SBA-15 was functionalized by following the reported
methodology by Lopez-Sanz et al. [27]. To sum up, an excess amount of
the corresponding silane (6.65 mmol) was added to a suspension of dried
2 g of SBA-15 in 35 mL of toluene (Carlo Erba, 99.8%). The mixture was
stirred during 5 h at room temperature. Then, the material was filtered
off and washed with 20 mL of toluene in order to extract the unreacted
silane. Finally, the solid was dried in vacuum at room temperature.

Selected silanes to carry out the grafting process were (3-amino-
propyltriethoxysilane (APTES; Sigma-Aldrich 99%), 3-(diethylamino)
propylltrimethoxysilane (DEAPTMS; Alfa Aesar, 98%), (3-methyl-
aminopropyl)trimethoxysilane (MAPTMS; Alfa Aesar, 98%) and (3-(2-
aminoethylamino)propyl)trimethoxysilane (2APTMS; Sigma-Aldrich
99%) obtaining the corresponding catalysts denoted as APTES/SBA-
15, DEAPTMS/SBA-15, MAPTMS/SBA-15 and 2APTMS/SBA-15,
respectively. This type of catalysts has been previously investigated in
our research group and tested in the synthesis of coumarins [28].

Textural parameters of the materials were determined from Ny
adsorption/desorption isotherms obtained with an ASAP 2020 Surface
Area and Porosity analyzer (Micromeritics). Amino-grafted SBA-15
samples were previously outgassed, before carrying out the measure-
ments, at 353 K under high vacuum, overnight. After degasification
process, the adsorption process was carried out with Ny at 77 K. The
isotherms data were analysed by using the BET method to determine the
specific surface area and the two-dimensional nonlocal density func-
tional theory (2D-NLDFT) model for the determination of pore volume
and pore size distribution. The Dubinin-Radushkevich method was used
to obtain the micropore volume (Vp;cro) from the adsorption branches of
the measured isotherms. Total pore volume (Vt) was determined from
the nitrogen amount adsorbed at relative pressure P/Py of 0.95. The
difference between these volumes corresponds to the mesopore volume
(Vmneso). Broekhoff and de Boer method was followed to determine
windows parameters.

XRD measurements were performed with use of a X'Pert Pro PAN-
alyticals X-ray diffractometer using Cu Ka radiation (. = 1.5406 A, 45
kV, 40 mA), working within 20 range of 4-90°, 0.005° of scan step size
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and 20 s of dwell time.

Fourier transform infrared spectra were determined using a Bruker
Vertex 80V spectrometer, equipped with an MCT cryodetector. For IR
experiments, thin self-supported wafers were prepared and outgassed
under dynamic vacuum at 403 K during 8 h. The spectra were obtained
at room temperature, with a resolution of 4 cm ™! and the number of the
scans fixed in 64.

The mass changes accompanying the material synthesis were inves-
tigated by thermogravimetric analysis using a STD Q600 thermoba-
lance, by heating 45 mg of each sample from room temperature to 1223
Kin an inert helium atmosphere. The heating rate and gas flow were set
at 10 K-min~* and 100 cm®min?, respectively.

2.2. Catalytic performance

In a typical experiment, 25 mg of catalyst was added to a mixture of
salycilaldehyde 2 (2 mmol) and ethyl cyanoacetate 3 (4 mmol; Alfa-
Aesar, > 98%) and the reaction mixture was stirred during 3 h at 323
K. The reactions were carried out in the multiexperiment work station
Starfish, in a liquid phase, under atmospheric pressure and solvent-free
conditions. Samples of the reacting mixtures were periodically taken, at
15, 30, 60, 120 and 180 min, for analysis by 'H NMR. The samples were
diluted with CH,Cl, (1 mL; Sigma-Aldrich, >99.8%) and the catalyst
was filtered off using a glass syringe equipped with a microfilter (Mil-
ipore, 0.45 pm HV). Finally, the solvent was evaporated under vacuum.

The used salycilaldehydes are 2-hydroxybenzaldehyde (Alfa-Aesar,
99%), 5-bromo-2-hydroxybenzaldehyde (Alfa-Aesar, 98%), 2-hydroxy-
5-methoxybenzaldehyde (Alfa-Aesar, 98%) and 2-hydroxy-5-nitroben-
zaldehyde (Alfa-Aesar, 98%).

The progress of the reactions was qualitatively monitored by thin
layer chromatography (TLC) performed on a DC-Aulofolien/Kieselgel
60 Fo45 (Merck), using CH,Clo/EtOH (98:2) mixture as an eluent.

The yield (or conversion) of the process is defined as the fraction of
reactant 2 transformed at each reaction time into compounds 1a and 1b,
determined by 'H NMR.

Reaction products were characterized by H NMR spectroscopy.
Solution NMR spectra were recorded on a Bruker DRX 400 (9.4 Tesla,
400.13 MHz for 1 H) spectrometer with a 5-mm inverse-detection H-X
probe equipped with a z-gradient coil, at 27 °C. Chemical shifts (5 in
ppm) are given from internal solvent, CDCl3 (Euriso-Top, 99.8%) 7.26
for H.

TOF values were defined as TON values by considering a conversion
lower than 50% of 2 when using a) 2/3 molar ratio = 2:4, b) 2/3 molar
ratio = 4:8, and c¢) 2/3 molar ratio = 6:1, in the presence of 25 mg of the
corresponding catalyst, at 303 K, under solvent-free conditions.

TON = Conversion x substrate 2-(mmol)/N loading(mmol)
TOF = TON 1(h)
2.3. Computational studies

The calculations showed in this work were performed by using the
Gaussian 09 software package [29], in gas phase, at 298 K. In order to
optimize geometries, B3LYP hybrid functional was used, in combination
with 6-31 G(d,p) basis set, this functional being a methodology used to
study nanostructures. Stationary points were characterized by analysing
the harmonic vibrational frequency, and the transition structures (TS)
were confirmed to be first-order saddle points. To represent the desired
reaction coordinate, the imaginary frequency was inspected in all TS.
For key transition states the intrinsic reaction coordinate (IRC) was
followed to ensure it connects the reactants and products.
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3. Results and discussion
3.1. Synthesis and characterization of the catalysts

The investigated materials were prepared by functionalization of
SBA-15, previously synthetized, with the corresponding commercially
available silane. As can be seen in Fig. 1a, XRD diffractograms for the
SBA-15 matrix and amino-grafted materials showed well-resolved
diffraction lines at low angles evidencing the hexagonal structure of
the samples. All the materials also showed a type IVa isotherm accom-
panied by an H1 hysteresis loop (Fig. 1b). As expected, the synthesized
SBA-15 matrix showed a predominantly mesoporous structure and high
surface area (Table 1). After functionalization, micro- and mesoporosity
are notably decreased in all the materials, probably due to a partial
blockage of the pores by the incorporated functional groups, originating
a pronounced diminution in surface area from 579 m?-g ! to 269 m2.g~!
in the case of 2APTMS/SBA-15 sample. The pore diameter of the func-
tionalized SBA-15 samples (between 64 and 49 1°\) decreased compared
with pristine SBA-15 (65 A), being lower for the materials with higher N
content (Table 1).

The results of the elemental analysis for amino functionalized sam-
ples confirm the presence of N (Table 1). As it can be seen, different
concentrations of amine groups anchored to the silica surface were
observed. The lower content for DEAPTMS/SBA-15 samples would be
related to the presence of higher C% in the starting silane by the pres-
ence of ethyl groups. In the same context, the highest N loading for
2APTMS/SBA-15 catalyst is attributed to the presence of primary and
secondary amine functions. It is surprising the low concentration of
amine groups in MAPTMS/SBA-15 sample. This feature could be due to
the interaction of basic amine function with silica matrix by hydrogen
bonding inhibiting the grafting processes. These interactions for
2APTMS/SBA-15 and DEAPTMS/SBA-15 samples should be weak
because of the presence of bulking substituents.

Samples under study were also investigated through FTIR spectros-
copy (Fig. 2). For the samples APTES/SBA-15, DEAPTMS/SBA-15 and
2APTMS/SBA-15, the almost total disappearance of the band at
3745 cm™!, assigned to isolated silanol groups, was observed [30],
indicating a high functionalization degree (Fig. 2). However, the
MAPTMS/SBA-15 sample showed a lower functionalization degree
exhibiting an FTIR profile quite similar to SBA-15. All these results are in
accordance with compositional data shown in Table 1. The broad
adsorption band in the range of 3700-3250 cm ™}, assigned to the O-H
stretching mode of hydrogen-bonded silanols [31], is present in all the
explored samples, suggesting the presence of neighbouring silanols at
the silica surface. In the case of the samples APTES/SBA-15 and

MAPTMS/SBA-15, the bands corresponding to amine groups
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(1595 em™ 1) [32] indicate the formation of hydrogen bonds between
amine functions and silanol groups acting as hydrogen acceptors and
donors, respectively. For the 2APTMS/SBA-15 sample, additional bands,
at 3362 and 3301 cm ™}, assigned to asymmetric and symmetric -NH;
stretch hydrogen bonded amino group were observed as expected [33].
On the other hand, it was identified the presence of unreacted -OCHjs
groups as demonstrated by the presence of bands at 2973 and
2884 cm™! corresponding to asymmetric and symmetric -CHjg stretch
[34].

Thermogravimetric analysis of the samples indicated that these
materials are thermally stable from room temperature to approximately
473 K. In the case of SBA-15 matrix, it was observed a mass loss lower
than 5% until 373 K, attributed to the removal of physically adsorbed
water in pores. For amino-grafted samples, there is also a weight loss in
the temperature range of 523-773 K because of the decomposition of
organic moieties, confirming the functionalization of SBA-15 matrix.

3.2. Catalytic performance

The catalytic behaviour of the investigated materials was studied for
the synthesis of 2-amino-4H-chromenes 1, between 2-hydroxybenzalde-
hyde 2 and ethyl cyanoacetate 3, under solvent-free conditions (Scheme
1). Based on previous studies and for comparison purposes, the reaction
at 323 K was firstly carried out. All the catalysts led to the corresponding
chromene derivatives with conversion values to 1 up to 87% in only
60 min of reaction time, except APTES/SBA-15 sample, which reached
lower conversions at the shortest reaction times (Fig. 3a). Note that a
pure sample of chromenes 1 was obtained in all cases after 3 h.

It is noteworthy that all the active catalysts provided diastereomeric
mixtures of chromenes 1a/1b in approximately 2:1 ratio, the major
compound being the most thermodynamically stable isomer 1a, as ex-
pected. Having in mind these results, the observed reactivity could be
attributed to the basicity of the catalysts as an important factor to be
considered. Taking into account the high conversion values to 1 in the
presence of these amino-grafted SBA-15 mesoporous silicas, even at
shortest reaction times, and in order to establish differences between
catalysts, the catalytic behaviour was explored at a lower temperature,
303 K (Fig. 3b). In this case, all the catalysts were also active in the
synthesis of chromenes 1, giving the corresponding chromenes with
lower conversions, as expected, but showing significant differences. As
anticipated, by one side, it was observed that the conversion strongly
depends on the basicity of the samples following the reactivity order:
APTES/SBA-15 < MAPTMS/SBA-15 < 2APTMS/SBA-15 < DEAPTMS/
SBA-15. In general, it is well-known that alkyl-substituted amines
behave as stronger bases as their number of substituents increases, due
to the inductive effects of alkyl groups on the nitrogen atom [35]. An

450 .
——2APTMS/SBA-15
—— APTES/SBA-15
DEAPTMS/SBA-15
300 MAPTMS/SBA-15
B //?
o ; T T T T
0 02 04 06 08 1

Relative Pressure (P/P,)

Fig. 1. a) XRD patterns for SBA-15 and amino-grafted SBA-15 catalysts. b) Adsorption/desorption isotherms of amino-grafted SBA-15 catalysts.
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Table 1
Textural parameters and nitrogen loading in SBA-15 samples.
BET (P/Py = 0.95) Dubinin-Radushkevich BdB N loading

Catalyst S per (m*g ") Vr (em®g ™) Vinicro (cm®g ™) Vineso (cm®g ™) D) (mmol-g™)*
SBA-15 579 0.97 0.04 0.93 65 -
APTES/SBA-15 332 0.63 0.00 0.63 60 2.19
DEAPTMS/SBA-15 271 0.50 0.00 0.50 55 1.72
MAPTMS/SBA-15 326 0.56 0.01 0.55 64 0.42
2APTMS/SBA-15 269 0.47 0.05 0.42 49 2.8

Sger: BET surface, Vy: total pore volume, Vyyjcro: microporous volume, Vieso: mesoporous volume, D (A): diameter determined by Broekhoff and de Boer method.

@ Determined by elemental analysis.

DEAPTMS/SBA-15
—— 2APTMS/SBA-15
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3745 01 2884 MAPTMS/SBA-15
: : | —— SBA-15
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Fig. 2. FTIR spectra of SBA-15 and amino-grafted SBA-15 samples.
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Scheme 1. Synthesis of 2-amino-4H-chromenes 1 from salicylaldehyde 2 and
ethyl cyanoacetate 3 under solvent-free conditions.
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example to be mentioned is the catalytic behaviour of MAPTMS/SBA-15
sample compared to APTES/SBA-15. In this case, it is observed a clear
influence of basicity of the amine groups; while APTES/SBA-15 shows a
considerably higher N content (2.19 vs 0.42 mmol-g ') and similar Sggr
(~330 m2~g’l) and pore size distribution (Table 1), MAPTMS/SBA-15
exhibited an enhancement of the catalytic performance —45% of con-
version vs 23% observed for APTES/SBA-15 after only 60 min—.
Considering the SBA-15 grafted with secondary amines,
MAPTMS/SBA-15 and 2APTMS/SBA-15 samples, and assuming that,
although 2APTMS/SBA-15 contains primary and secondary amine
groups and both functions should not simultaneously work, available
-NH- functions in 2APTMS/SBA-15 are probably behind the enhanced
conversion values observed. The same consideration in combination
with the higher basicity of tertiary amine groups can be made for
DEAPTMS/SBA-15. Regarding the texture parameters of the samples, it
seems that porosity does not influence the catalytic performance prob-
ably because the pore sizes of the catalysts, in all the cases, are large
enough to allow the appropriated diffusion of reactants and products. It
is important to mention that SBA-15 sample was also tested resulting
completely inactive by itself in the synthesis of chromenes 1, even at the
highest temperature (323 K), as expected. Therefore, SBA-15 meso-
porous silica acts as a support of active phases, in our case, differently
substituted amine functions.

In all the investigated cases, chromene 1a was the major isomer,
conversion to 1a being in the range of 57-77% (at 303 K) or 69-81% (at
323 K) depending on the catalysts and the reaction temperature, in both
cases after 3 h of reaction time (Fig. 4a). A slightly lower selectivity
towards 1a can be observed at 303 K, compared to that obtained at
higher temperature, 323 K. The notable increase in selectivity (80%) in
the presence of APTES/SBA-15 catalyst, at 323 K, could be attributed to
epimerization of isomer 1b to 1a as previously observed when using
other basic metallosilicates [20]. Although selectivity to 1a increased

b) —e— APTES/SBA-15 —e— DEAPTMS/SBA-15

—8— MAPTMS/SBA-15 «——#—2APTMS/SBA-15
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Fig. 3. Synthesis of 2-amino-4H-chromenes 1 promoted by amino-grafted/SBA-15 catalysts at a) 323 K and b) 303 K. Reaction conditions: 25 mg of the catalyst, 2/3

molar ratio = 2:4, solvent-free conditions.



D. Gongzalez-Rodal et al.

a)
100
H303K m323K
80
=
> 60
—
>
i3]
o 40
O]
(%}
20
0
I I
Y o) o) o)
<<‘:)\"o (1\‘9 ‘_)\‘9 (1\5
& N N N
L M
< V N

Conversion (%)

Catalysis Today 430 (2024) 114515

—e— Total conversion
b) i 10
—e 1D

- =@ =- Selectivity

100

80

60

40

20

0 T T T T r
0 30 60 90 120 150 180

Time (min)

Fig. 4. Synthesis of chromenes 1 promoted by amino-grafted SBA-15 catalysts, a) selectivity to 1a after 180 min of reaction time, at 323 and 303 K. b) Conversion
values and selectivity variation to isomer 1a using APTES/SBA-15 as catalyst at 323 K. Reaction conditions: 25 mg of catalysts, solvent-free conditions.

with the reaction time in all the investigated cases, this effect was
considerably enhanced in the presence of APTES/SBA-15 catalyst, at
323 K (Fig. 4b). In this case, APTES/SBA-15 was the catalyst with the
highest Spgr (332 m%g™1) and Vpeso (0.63 cm®g™1), which probably
allows the isomer interconversion (Table 1). The superior selectivity to
1a (81% at 323 K) when using 2APTMS/SBA-15 (Sgg = 269 m2-g ! and
Vimeso = 0.42 cm>.g™1) could be then due to some type of confinement
effect. Thus, it seems that the diastereoselectivity to 1a is depending on
the texture of the samples, mainly the mesoporosity, in such a manner
that high diastereoselectivity was observed when using the samples with
lower Vieso values (Fig. 4b).

The influence of the catalyst amount in the reaction was also
explored by modifying, in this case, the reactant molar ratio but main-
taining the catalyst amount at 25 mg. Three experiments were carried
out by increasing the reactant amounts (2-hydroxybenzaldehyde 2/
ethyl cyanoacetate 3 ratio (mmol)): a) 2/3 = 2:4,b) 2/3 = 4:8 and c) 2/
3 = 6:12. Thus, the amount of the corresponding catalyst was reduced
from 3.5% to 1.7% and 1.2% expressed in wt% regarding total reactant
amounts. As it can be observed from Fig. 5, as expected, the conversion

a) —e—APTES/SBA-15

—e— MIAPTMS/SBA-15 —e#—2APTMS/SBA-15
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—e— DEAPTMS/SBA-15 b) —e— APTES/SBA-15

Conversion (%)

values decreased when increasing the reactant amounts, although most
of the catalysts remain actives (Fig. 5). Remarkably, DEAPTMS/SBA-15
afforded chromenes 1 with quantitative conversion after 1 and 2 h when
the reactant molar ratio was 4:8, and 6:12, respectively. However,
APTES/SBA-15 catalyst was found to be almost inactive when the
reactant amount was increased.

In order to evaluate the extension of the silanes leaching, we ach-
ieved additional experiment consisting of the reaction of 2-hydroxyben-
zaldehyde 2 and ethyl cyanoacetate 3 (2/3 molar ratio = 4:8) in the
presence of the most active catalyst, DEAPTMS/SBA-15 (25 mg), at
303 K, in such a manner that the catalyst was removed from the reaction
mixture after 5 min of reaction time. Subsequently, the mixture was
maintained at 303 K after 60 min of reaction time. Under these condi-
tions, chromenes 1 were obtained in at least 18% of conversion as
mixture of chromenes 1a/1b with maintained selectivity (2:1 ratio),
confirming that no leaching of silane is produced. We also carried out
reutilization experiments in the presence 2APTMS/SBA-15 catalyst
(25 mg), at 323 K, using a 2/3 molar ratio of 2:4, observing a decrease of
the conversion values (from 99% to 38%) with maintained selectivity

—e&— DEAPTMS/SBA-15
—o— MAPTMS/SBA-15 —#—2APTMS/SBA-15
100

80 A

60 A

40 4

20 A

0 ® T T T
0 30 60 90 120 150 180

Time (min)

Fig. 5. Influence of catalyst amount in the synthesis of chromenes 1 catalysed by amino-grafted SBA-15 materials: a) 2/3 molar ratio = 4:8, b) 2/3 molar ratio

= 6:12. Reaction conditions: 25 mg of catalysts, 303 K, solvent-free conditions.
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during the second cycle, probably attributed to the strong interactions
between functional groups in chromenes 1, particularly cyano groups,
and silanols (see computational section). This result is in accordance
with those previously reported for amino-grafted metal-organic frame-
works catalysts [21].

In addition, we also compare the catalytic activity of the investigated
samples from the turnover frequency (TOF) values calculated, under
different reaction conditions, only considering N loading, since amine
functions are involved at least in the rate-limiting step, the aldol reaction
between reagents (Table 2). DEAPTMS/SBA-15 highlights by its excel-
lent catalytic activity, exhibiting the highest TOF values notably supe-
rior to those obtained for the other catalysts, but also decreasing when
increasing the molar ratio of the reagents, as expected. The catalytic
activity varies as follows: DEAPTMS/SBA-15 > MAPTMS/SBA-
15 > 2APTMS/SBA-15 > APTES/SBA-15. Note the TOF decrease
observed for MAPTMS/SBA-15 catalyst regarding to 2APTMS/SBA-15
when using a 2/3 molar ratio of 6:12, probably caused by the satura-
tion of the catalytic sites, as shown in Fig. 5b.

Finally, the scope of the reaction was investigated from differently 5-
substituted-2-hydroxybenzaldehydes 4 (Scheme 2) in the presence of the
most efficient catalyst, DEAPTMS/SBA-15, under the same reaction
conditions, at 303 K.

In this case, the observed reactivity order was H > Br > OMe > NO»
(Fig. 6). The obtained results show that the substituted chromenes 5 can
be easily synthesized with conversion values from good to excellent (up
95% after 1 h). Interestingly, the methodology herein reported consti-
tutes a highly efficient alternative for the synthesis of ethyl 2-amino-6-
bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)— 4H-chromene-3-carboxylate
5 (HA 14-1), where R! is Br, in 98% of conversion and 70% of selectivity
to 5a, as a potential drug to be used in cancer treatment [11,36].

It is noteworthy that the presence of substituents on the aromatic
ring of 4 modifies the acidity of the -OH group but also the electrophi-
licity of the -CHO function, influencing the reactivity. In is in accordance
with previous studies concerning the synthesis of coumarins from sali-
cylaldehydes substituted at 5-position and ethyl acetoacetate catalyzed
by amino-grafted SBA-15 materials [28]. Both experimental and theo-
retical results indicated that the substituents do not interact with the
corresponding catalyst, suggesting that the effect on the observed
reactivity is electronic in nature, as expected. Substitution on aromatic
ring modifies both electrophilicity of the carbonyl function but also on
the acidity of the phenol depending on the substituent type. While strong
electro-withdrawing substituent, in this case the NOy group, increased
the acidy of the -OH group, the presence of electro-donor -OMe group
increased the electrophilicity of the carbonyl acceptor in such a manner
that the reaction proceeded with lower free-energy barrier when using
salicylaldehydes bearing electro-donor substituents. This same trend has
been also observed for the synthesis of chromene derivatives 5 investi-
gated herein. In summary, the presence of -OMe and -Br substituents
does not significatively affect the conversion values with respect to the
unsubstituted 2-hydroxybenzaldehyde 2, while the presence of the nitro
group at the 5-position hindered the reaction leading to chromenes 5
with diminished conversion (37% and 97% after 1 and 3 h, respectively)
(Fig. 6).

Table 2
TOF values for the investigated catalysts when working under different reaction
conditions.

Catalyst TOF (h~ 1) TOF (h—1)®! TOF (h— 1)L
APTES/SBA-15 621 244 164
DEAPTMS/SBA-15 22326 16744 16186
MAPTMS/SBA-15 8571 6476 2000
2APTMS/SBA-15 5486 3771 3600

Reaction conditions: 2/3 molar ratio a) 2:4, b) 4:8 and c) 6:12, catalyst (25 mg),
303 K, solvent-free conditions.
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3.3. Computational Study

In order to rationalize the obtained experimental results and based
on previous studies concerning the mechanistic considerations in the
synthesis of 2-amino-4H-chromenes [18], some theoretical calculations
were made. Considering the first step as the rate-limiting one, the aldol
condensation between reagents was studied. In this context, two
different approaches were followed, involving i) only the basic centers
of the catalysts comprising the amine functions, then acting as individ-
ual catalytic sites, but also ii) analysing the influence of the mesoporous
silica as catalyst support, without considering the confinement re-
strictions if any. With this aim, considering the first approach, the
reduced models shown in Fig. 7 were selected to study the catalytic
behaviour of amine functions — primary, secondary and tertiary
amines—.

The initial step of the reaction is the rate-determining step due to its
reliance on the presence of bases. The amine function plays a crucial role
in activating the nucleophile by abstracting the acidic proton in ethyl
cyanoacetate 3. Based on that, different potential interactions between
the reactants and catalysts were explored, the most likely interactions
illustrated in Fig. 7b. Specifically, for APTMS and MAPTMS catalysts,
the spontaneous formation of the respective initial reactant complexes
(RC) (Fig. 7b) were observed, each with free energy barrier values of
— 4.8 and — 6.7 Kcal/mol, respectively, thus favouring the approach of
the reactants. In the case of RCyaprms (R? = Me), nearly all acidic
protons in 3 were transferred to the amine function, confirming the
major basic character of MAPTMS compared to APTMS. Consequently, a
series of H-migrations occurred from ethyl cyanoacetate 3, existing in its
enol form, to the amine function, facilitating the activation of the elec-
trophile—in this scenario, 2-hydroxybenzaldehyde 2— via protonation
of the -CHO group. Simultaneously, ethyl cyanoacetate 3 interacted with
the -OH group in 2-hydroxybenzaldehyde 2 through hydrogen bonding.
Note that this possibility is not viable in the case of DEAPTMS. This
feature was already reported in our previous studies when investigating
the amino-grafted SBA-15 materials as dual acid-base catalysts involved
in the synthesis of coumarin derivatives from ethyl acetoacetate [28].

The preliminary inspection of the optimized transition state (TS) for
the aldolization reaction catalyzed by amines revealed an increment of
the H---O=CH distances depending on the specific nature of the amine
(Fig. 8). The marked basic character of the amine functions on MAPTMS
and DEAPTMS samples was consistent with larger H--O=CH dis-
tances—1.4222 and 1.4981 A, respectively—compared to 1.3727 A for
TSaprms. However, the most advanced TS was TSyaptms Which pre-
sented the shortest C-C bond distance (2.0606 1°\). The variation of C-C
bond distances in TSs followed a similar trend than that observed for
free-energy values (TSpgaptms > TSaprms > TSmaptms) (Fig. 9a), sug-
gesting that the MAPTMS catalyst should exhibit the best catalytic
performance. In addition, we also computed the TS when using diethyl
amine as catalyst. The TSpigTayLaMINE Was quite similar to TSyaprms (C-
C distance of 2.0442 A) although showing a superior free-energy barrier
up to 3.4 Kcal/mol compared to TSyaprms. On the other hand, the
highest free-energy barrier was observed for TSpgaprms, 10.5 Kcal/mol
higher than that observed for TSyaprms probably attributed to steric
effects. These results are in contrast with the observed catalytic per-
formance for the sample functionalized with tertiary amine, DEAPTMS/
SBA-15, which exhibited the best conversion to products after shortest
reaction times. This circumstance could be firstly due to the high con-
centration of basic catalytic sites as confirmed by N loading determined
by elemental analysis (Table 1).

We also studied the effect of the possible involvement of the silica
matrix in the reaction. With this aim, we select the structural unit shown
in Fig. 10 as the most suitable model cluster of SBA-15 molecular sieve
[37]. Firstly, we studied the possible interactions of ethyl cyanoacetate 3
with the silica cluster. Calculations of the free-energy values when the
cyano group in 3 interacts with the selected silica model, forming
hydrogen bonds with the free-hydrogen of silanol, indicated a reduction
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Scheme 2. Synthesis of 2-amino-4 H-chromenes 5 from different 5-substituted-2-hydroxy-aldehydes 4 and 3, at 303 K, under solvent-free conditions.

of 3.0 to 3.6 kcal/mol compared to O- or C=0 interactions. Taking these
findings into consideration, the optimized TS depicted in Fig. 10b-c were
found, maintaining the initial structures suggested earlier (Fig. 8). Here,
the amine functions play a pivotal role in the activation of both nucle-
ophile 3 and electrophile 2, while the silica cluster is also engaged,
holding both species through robust hydrogen bonding interactions
— the cyano group in 3 with silanol (-C=N---H-O-Si=) and the phenolic
hydrogen in 2 with basic centers (O-H.--O=Si) — . Considering the
spontaneous formation of RCyapryms-spa, the free-energy barrier of both,
TSmaprms-sa and TSpeaprms-sea, just differs by 1.7 Kcal/mol less for
TSmapTMs-sBA, Dut also the TSprapTms-spa is @ more advanced transition
state, as deduced from the C-C distance 2.1094 A vs 2.3020 A computed
for TSmapTms-sBa, being these results in accordance with the experi-
mental results. Remarkably, the silica involvement notably reduces the
free-energy values from 20.8 Kcal/mol (Fig. 9a) to 15 Kcal/mol for

—e—H —e—Br —e— NO, —e— OMe

100 -

80

Conversion (%)

0 T T r T T TSpeaptms and TSpeaprms-sea, respectively. Similar energy differences
0 30 60 90 120 150 180 were also observed for TSyaprms-spa. Considering this scenario, it seems
Ti . that the most probable TS for the aldolization of 2 with 3 is that in which

ime (min) . . . .. . .
amine functions are behind the observed reactivity but with assistance
Fig. 6. Synthesis of 4H-chromenes 5 by using different 5-substituted-2-hy- of the silica matrix allowing the reactant approach, more accused in the
droxy-aldehydes 4 and ethyl cyanoacetate 3, catalysed by DEAPTMS/SBA-15. case of TSpraprms. Based on both experimental and theoretical results,
Reaction conditions: 25mg of catalysts, 303K, 4/3 molar ratio = 2:4, amino-grafted mesoporous silicas can be considered as interesting and
solvent-free conditions. more sustainable alternative catalysts, particularly DEAPTMS/SBA-15

sample with a high concentration of active catalytic sites.

a) b) ™ do

\

o_ o. Sic

APTMS: R' =R2 = H ZL ‘N\//J

_R! N
TN MAPTMS: R' = H; R? = CH; :
R? DEAPTMS: R' = R? = CH,CH; |}

7
O/

/
.

)

~

-0 =0

R =H, Me

Fig. 7. a) Reduced models of amine-based catalysts. b) Reactant complexes indicating the reactants-amine interactions.
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Fig. 8. Optimized TS for the aldol reaction between 2-hydroxybenzaldehyde 2 and ethyl cyanoacetate 3 catalyzed by amino-grafted mesoporous silicas when amine
function acting as individual catalytic sites: a) TSaptms, D) TSmaptms, and ¢) TSpeaprms- Relevant distances are expressed in A.
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Fig. 9. Free-energy profiles for the aldolization reaction between 2-hydroxybenzaldehyde 2 and ethyl cyanoacetate 3 catalyzed by amino-grafted mesoporous silicas.
a) Amines as individual catalytic sites. b) Amines with the assistance of the silica matrix.
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/
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Fig. 10. Influence of catalytic support. Optimized TS for the aldol reaction between 2-hydroxybenzaldehyde 2 and ethyl cyanoacetate 3 catalyzed by amino-grafted
mesoporous silicas. a) Silica cluster, b) TSyaprms-sea, and ¢) TSpraprms.spa. Relevant distances are expressed in A.

4. Conclusions

We report herein, for the first time, a family of amino-grafted SBA-15
catalysts, useful in the eco-efficient synthesis of 2-amino-4H-chromenes
1 and 5, from different substituted 2-hydroxybenzaldehydes and ethyl
cyanoacetate, under solvent-free and mild conditions. The catalysts
were easily prepared by a post-synthetic method (grafting), functional-
ising the silica support with the corresponding aminosilanes.

The experimental results suggest that the catalytic performance is
mainly governed by the basicity of the catalyst although it is influenced
by considering also the concentration of amine function at the silica
surface. In this context, DEAPTMS/SBA-15 sample was found to be the
most efficient catalyst, showing the highest concentration of basic sites.

The theoretical calculations supported the experimental results.
Considering the first step of the reaction as the rate-limiting step since it
requires the presence of bases, the amine function role is the activation
of the nucleophile by abstracting the acidic proton in ethyl cyanoacetate
3. It was found that the silica support probably is involved in the reac-
tion reducing the free-energy values of the corresponding optimized TS.
It suggests that the most probable TS for the aldolization step is that in

which amine functions are behind the observed reactivity but with the
assistance of the silica matrix allowing the reactant approach. All these
results strongly indicate that the silica matrix acts not only as support of
the basic catalytic species, in this case the amine functions, but also
contributes to the stabilization of the suggested TS.

In summary, the amino-grafted SBA-15 catalysts reported, particu-
larly DEAPTMS/SBA-15, emerge as eco-friendly catalysts alternative to
other materials, showing notably catalytic performance affording the
corresponding chromenes with almost quantitative conversion values
even at shorter times and using less amount of catalyst.
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