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In this work, we report for the first time a new methodology for the eco-synthesis of 2-amino-4H-chromenes 1,
from salycilaldehydes and cyano compounds, under solvent-free and mild conditions, using amino-grafted MOFs
as catalysts. The selected MOFs — commercial CuBTC and MIL-100(Sc) previously synthetized in our laborato-
ries — can be easily functionalyzed with amines of different nature showing notable differences in their composi-
tion and textural properties. The total or partial functionalization of the metal centers in starting MOFs is
strongly depending on the functionalization method used. Our results indicate that the catalytic performance is
mainly conditioned by the type and concentration of basic sites, porosity of the samples barely showing any in-
fluence. The methodology herein reported could be considered as an environmental friendly alternative to the
selective chromene synthesis, which allows to achieve high yields in relatively short reaction times (up to 90%
over 1 h), using notably small amounts of easily prepared catalysts.

Furthermore, our experiments in combination with theoretical calculations strongly suggest that free-amine
groups in ethylenediamine (EN) functionalized catalysts can act either as individual catalytic sites, as for EN-
M/CuBTC sample, in which all metal centers are functionalized with EN ligands and shows the highest concen-
tration of basic catalytic sites, or acting in cooperation with the closest metal centers in samples partially func-

Fine chemicals

tionalized, as in the case of EN/CuBTC sample.

1. Introduction

Metal-Organic Frameworks (MOFs) are fascinating organic-
inorganic hybrid materials applied to a great variety of research fields
such as gas storage, sensing, catalysis and even drug delivery among
others [1-3]. The wide diversity of both metal ions and multidentate or-
ganic ligands available to form these 3D nanoporous networks by coor-
dination makes possible the synthesis of these materials on demand [4].

Regarding catalytic applications, MOFs are considered promising
candidates for catalyzing liquid phase reactions because of their tex-
tural properties — high surface areas and pore volumes — as well as
their high concentrations of active sites accurately located [5]. In recent
years, MOFs have been extensively explored as catalysts in acid-base
and redox reactions [6], CO, chemical transformations [7], H, produc-
tion [8] and as multifunctional catalysts in synergistic catalysis and tan-
dem reactions [9] but also in the production of fine chemicals [10,11]
involving aldol-based reactions [12]. At this respect, we reported exper-
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imental and theoretical studies concerning the synthesis of quinolines
via Friedlander reaction catalyzed by Cuz(BTC), [13-16]. Much more
recently, commercial Basolites, particularly C300, F300 and 71200,
have been proposed by some of us as efficient porous catalytic active
systems in the synthesis of important heterocyclic scaffolds such as
quinoxalines [17].

Rostamnia and col. have reported different amino-functionalized
MOFs which are able to catalyze the synthesis of very different interest-
ing compounds. Such is the case of tetrahydro-4H-chromenes synthesis
catalyzed by IRMOF-3 (Zn4O(H,;N-TA)3) [18], imidazo [1,2-a]pyridines
through Groebke-Blackburn-Bienaymé multicomponent coupling reac-
tion in the presence of NH,-MIL-53(Al) [19], Hantzsch condensation us-
ing Cr-MOF modified with ethylendiamine [20] and Suzuky coupling
reaction catalyzed by Pd@Cu-BDC/Py-SI, a MOF consisting of palla-
dium ions coordinated to Schiff base-decorated Cu-BDC [21]. Much
more recently, the preparation the ultra-small palladium nanoparticles
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stabilized on diamine-modified Cr-MIL-101 has also been reported for
hydrogen production from formic acid [22].

Chromene derivatives [23] are an extremely versatile class of hete-
rocycles which has acquired especial relevance due to their therapeutic
properties such as antiviral, antiproliferative, antioxidant, antihista-
minic and others [24,25]. These heterocyclic compounds have been
also recognized as antiapoptotic Bcl-2 proteins useful in cancer treat-
ments to avoid the drug resistance [26,27], and for the treatment of
schizophrenia [28] or Alzheimer disease [29].

Different catalysts involved in the synthesis of chromenes, particu-
larly 2-amino-4H-chromenes, have been reported. Among the most tra-
ditional homogeneous ones stand out highly polluting organic amines
[30] whereas molecular sieves [31], anion exchange resins such as Am-
berlyst A-21 [32], doped hydrotalcites [33] and zirconium phosphate
[34], have been reported as heterogeneous catalysts. Developed
methodologies so far are mostly characterized by the use of large
amounts of inorganic solids and solvents, during prolonged reaction
times, also requiring tedious isolation and purification steps to obtain
the reaction products. These features contribute to the production of
wastes, such as solid residues and liquid efluents, highly polluting, and
to increase the energy consumption. In this context, we have recently
reported some new and environmental-friendly catalytic systems, use-
ful in the multicomponent synthesis of 2-amino-4H-chromenes 1
(Scheme 1) comprising ionic liquids like imidazolium sulfonates [35],
bifunctional mesoporous metallosilicates [36,37] and, much more re-
cently, CaO-carbon materials, easily prepared from PET and natural
limestone allowing the valorization of both PET residues and mineral
sources, mesoporous hydrotalcite/SBA-15 and hydrotalcite/hydroxyap-
atite composites [38-40].

The goal of this work is the development of new MOF-derived cata-
lysts with basic properties able to promote the synthesis of 2-amino-4H-
chromene derivatives from salycilaldehydes and different nitriles. The
existence of coordinatively unsaturated metal sites (CUS) in the se-
lected MOFs allows the functionalization with organic amines by coor-
dination using a post-synthetic approach, which is an usual strategy to
modify the acid-base properties of these metal-organic networks. In this
context, Hwang et al. reported the preparation of an amino-grafted
MIL-101 and the evaluation of its catalytic behaviour in Knoevenagel
condensation, between benzaldehyde and ethyl cyano acetate, resulting
to show superior catalytic performance than amino-grafted mesoporous
silica APS-SBA-15 [41]. Based on that, and in order to study the influ-
ence of both basicity and textural properties on catalytic behaviour, we
select two different MOFs — Basolite C300 (CuBTC) and MIL-100(Sc)
[42] —, in which metal ions Cu® and Sc'!!, respectively, are coordinated
by trimesic acid (denoted as BTC) ligands, being both able to coordinate
organic amines of distinct nature.

2. Materials and methods

The materials used in this research were commercially available.
Chemical reagents and solvents were purchased from Sigma-Aldrich or
Alfa-Aesar. Particularly, Basolite C300 was purchased from Sigma-
Aldrich.
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2.1. Synthesis of MIL-100(Sc)

MIL-100(Sc) was synthesized following the experimental procedure
reported by Li et al. [43]. Briefly, it was prepared by mixing Sc(NO3)3 *
H,0 (0.61 g) and trimesic acid (0.25 g) in DMF (45 mL). The mixture
was stirred at room temperature for 30 min and then introduced into a
Teflon-lined autoclave (100 mL) at 423 K for 36 h. The product was fil-
tered off, washed with DMF, and dried at room temperature.

2.2. Synthesis of amino-grafted MIL-100(Sc)

MIL-100(Sc) was functionalized following an adaptation of the ex-
perimental protocol reported by Hwang et al. [41]. As-synthesized MIL-
100(Sc) (1.0 g) was immersed in ethanol, at 373 K, for 20 h before be-
ing activated at 453 K for 12 h under nitrogen atmosphere to remove
the terminal solvent molecules coordinated to the open metal sites. Af-
ter activation, MIL-100(Sc) was suspended in anhydrous toluene
(100 mL) and the corresponding amine (1.0 mL) was added. In order to
make the grafting complete, the reaction mixture was refluxed under N,
for 12 h. The resulting solid was washed with hexane to remove the un-
reacted amine, and dried at room temperature.

Two amino-grafted MIL-100(Sc) samples were prepared by using
ethylenediamine (EN) or N,N’-dimethylethylenediamine (MMEN) de-
noted as EN-M/MIL-100(Sc) and MMEN-M/MIL-100(Sc), respectively.

2.3. Synthesis of amino-grafted CuBTC

Amino-grafted CuBTC samples were prepared by using two different
methologies.

Method A: EN-M/CuBTC samples were prepared from CuBTC by re-
acting with EN following the experimental protocol described above
and used for the functionalization of MIL-100(Sc).

Method B: For comparison purposes, analogous sample EN/CuBTC
was prepared in the presence of diethyl ether as solvent [44]. Briefly,
commercial CuBTC (0.6 g) was refluxed in diethyl ether (20 mL) with
the corresponding amine (1.5 mmol) under vigorous stirring during
72 h. The obtained solid was washed with diethyl ether to remove the
unreacted amine (5 X 5 mL) and dried at 323 K.

Following this method two amino-grafted CuBTC samples were then
prepared by using ethylenediamine (EN) or diethylenetriamine (DET)
denoted as EN/CuBTC and DET/CuBTGC, respectively. In addition, we
also prepared 2DET/CuBTC sample in which a double amount of DET
was used.

2.4. Characterization of the catalysts

Textural parameters of the materials were determined from the Ny
adsorption/desorption isotherms obtained at 77 K with a TriStar IT (Mi-
cromeritics) gas analyzer. The samples were previously outgassed at
413 K overnight. The data of the isotherms were analyzed by using the
Brunauer-Emmett-Teller (BET) method to determine the specific sur-
face area and the two dimensional non-local density functional theory
(2D-NLDFT) model for the determination of pore volume and pore size
distribution. Powder XRD data were collected using CuKa
(A = 1.5418 f\) radiation on a Bruker D8 Advance diffractometer.
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Scheme 1. Synthesis of 2-amino-4H-chromenes from salicylaldehyde 2 and ethyl cyanoacetate 3 under solvent-free conditions.
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Fourier transform infrared (FTIR) spectra were recorded using a Bruker
Vertex 80v spectrometer equipped with an MCT cryodetector. For IR
measurements, a thin, self-supported wafer of the samples was pre-
pared and activated (outgassed) inside the IR cell under dynamic vac-
uum at 423 K for 6 h. After this activation treatment, carbon monoxide
was dosed into the cell to study the coordinatively unsaturated metal
centers. Elemental analyses of the solids were carried out with Elemen-
tal Analyzer LECO CHNS-932. Catalysts copper content was determined
by AES (Atomic Emission Spectroscopy), using a ICP-OES PlasmaQuant
PQ 9000 (Analytik Jena) spectrometer.

2.5. Catalytic performance

In a typical experiment, carried out at 323 K or 303 K, the catalyst
(25 mg) was added to a mixture of salicylaldehyde 2 (2 mmol) and
ethyl cyanoacetate 3 (4 mmol) and the reaction mixture was stirred
during 3 h. The reactions were carried out in a multiexperiment work
station Starfish, in liquid phase, under atmospheric pressure and sol-
vent-free conditions. Samples of the reacting mixtures were periodi-
cally taken after certain times — 15, 30, 60, 120 and 180 min — for
analysis by Proton Nuclear Magnetic Resonance (*H NMR). The sam-
ples were diluted with CH,Cl, (1 mL) to facilitate the separation of the
catalyst by filtering off using a glass syringe equipped with a microfilter
(Millipore, 0.45 pm HV). Finally, the solvent was evaporated in vacuo.

The progress of the reactions was qualitatively monitored by thin
layer chromatography (TLC) performed on a DC-Aulofolien/Kieselgel
60 F245 (Merck), using CH,Cl,/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, deter-
mined by 'H NMR.

Reaction products were characterized by 'H NMR spectroscopy. So-
lution NMR spectra were recorded on a Bruker DRX 400 (9.4 T,
400.13 MHz for 'H) spectrometer with a 5-mm inverse-detection H-X
probe equipped with a z-gradient coil, at 300 K. Chemical shifts (5 in
ppm) are given from internal solvent, CDCl; 7.26 for 'H. Spectroscopic
data of 2-amino-4H-chromenes 1, 6 and 7 are in good agreement with
those previously reported [30,35].

2.6. Computational methods

The calculations showed in this work were performed by using the
Gaussian 09 software package [45], in gas phase, at 298 K. All the
geometries were optimized using B3LYP hybrid functional [46,47] with
6-31G (d,p) basis set, this functional being a methodology used to study
nanostructures [48]. The stationary points were characterized by
means of harmonic vibrational frequency analysis. Thus, the transition
structures were confirmed to be first-order saddle points. The imagi-
nary frequency was inspected in each transition structures to ensure it
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represented the desired reaction coordinate. For key transition states
the intrinsic reaction coordinate (IRC) was followed to ensure it con-
nects the reactants and products [49].

3. Results and discussion

3.1. Characterization of the catalysts

Fig. 1 shows the X-ray diffraction patterns of CuBTC and MIL-100
(Sc) before and after amine grafting. The CuBTC and MIL-100(Sc)
samples showed good crystallinity and all diffraction lines could be
assigned to the corresponding structural types. After the grafting
process, the almost unchanged powder X-ray diffraction patterns of
the samples indicate the preservation of the MOFs structure barely
showing slight variations of crystallinity.

Nitrogen adsorption-desorption isotherms were collected at 77 K for
CuBTC (Fig. 2a) and MIL-100(Sc) (Fig. 2b) samples and were analyzed
using the BET and 2D-NLDFT methods. The measured BET surface areas
and pore volumes of bare MOFs (Table 1) are in agreement with previ-
ous results. Amine-grafted samples show a notable reduction of the spe-
cific surface area and pore volume, especially for MIL-100(Sc) samples,
for which these parameters are 2 and 3 times lower than those of the
bare sample (Table 1), indicating a partial occupation of the space in-
side the pores by the amine molecules. The particularly low value of the
surface area of EN-M/CuBTC sample is probably due to the high amine
loading reached in this case (see below). The pore size distributions
(Figure S1) demonstrate the presence of micropores in CuBTC samples
and a multimodal distribution in MIL-100(Sc) samples, and confirm the
decreased porosity of the functionalized materials.

The amine grafting of CuBTC and MIL-100(Sc) MOFs was also stud-
ied by FTIR spectroscopy. As shown in Fig. 3, all the amine-grafted sam-
ples exhibit additional absorption bands in the range of 3450 to
2800 cm™!, which are assigned to N- H and G- H stretching vibrations
[41,50-52], confirming the incorporation of the amine molecules in the
prepared samples. In addition, in all the grafted samples, the observed
aliphatic C-H stretching vibrations are shifted to larger values com-
pared with those of free amine molecules, as observed when the mole-
cule is coordinated to a Lewis center [41,53], demonstrating the selec-
tive grafting of the amines onto metal open sites of the MOFs. The func-
tionalization with amine molecules of coordinatively unsaturated cop-
per (CuBTC) and scandium (MIL-100(Sc)) cations was also checked by
infrared spectroscopy of carbon monoxide adsorbed at 100 K. After the
activation of the samples, a saturation dose of CO was introduced into
the IR cell and the corresponding spectra were recorded. The IR spectra
of CO adsorbed on the bare MOFs (Fig. 4) show an IR absorption band
centred at 2170 cm~! for CuBTC and 2183 cm™! for MIL-100(Sc) that
comes from the fundamental G- O stretching mode of carbon monoxide
interacting (through the carbon atom) with the Cu'' and Sc'"! cations, re-

o — CuBTC by MIL-100(5¢)
——ENICuBTC == EN-M/MIL-100{5c)
EN-MICUBTC —— MMEN-M/MIL-100{Z¢)
ﬁ —— DET/CuBTC _)IUL_MW e
|
NI
L ! 1
L - e
T T T T T T T T T T T L]
] 10 15 20 25 30 4 6 ] 10 12 14
20 20

Fig. 1. X-Ray diffractograms of amino-grafted a) CuBTC and b) MIL-100(Sc) samples.
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Fig. 2. Nitrogen adsorption-desorption isotherms for amino-grafted a) CuBTC and b) MIL-100(Sc) samples.

Table 1

Catalyst textural properties.
Catalyst Sper (m? g~1) V, (em® g™1)
CuBTC 640 0.46
EN/CuBTC 546 0.23
DET/CuBTC 615 0.24
EN-M/CuBTC 6 0.016
MIL-100(Sc) 1590 0.72
EN-M/MIL-100(Sc) 444 0.23
MMEN-M/MIL-100(Sc) 736 0.41

spectively [54]. Additionally, in the case of CuBTC, another IR band
near 2128 cm~! is observed, which, according to the literature, corre-
sponds to the CO interacting with Cu' species formed during the activa-
tion treatment of the sample [55]. The IR spectra of the EN/CuBTC and
DET/CuBTC samples (Fig. 4a) show the IR absorption band at
2170 cm™!, although much less intense, indicating that the open copper
sites in these samples are partially grafted by the amine molecules. In
the case of the EN-M/CuBTC, the IR absorption band at 2170 cm™! com-
pletely disappears (Fig. 4a) which, together with the porosity results
and compositional data, confirm the high incorporation of amine mole-
cules in this sample. The spectra of the functionalized MIL-100(Sc) sam-
ples (Fig. 4b) show that the band assigned to the CO stretching vibra-

CuBTC
——ENICuBTC
——EN-MICuBTC
~——DETICUBTC
pure EN

pure DET

a)

W

Absorbance (a.u.)

T T T T
4000 3600 3200 2800 2400 2000

Wavenumber [cm ")

tion of carbon monoxide adsorbed on Sc!! is not observed, indicating
that in these samples, most of the metal centers are coordinated to the
amine molecules.

Considering these results, we also carried out elemental analysis of
the prepared samples confirming the presence of N (Table 2). Remark-
able differences can be observed between the synthesized catalysts de-
pending on the method used for their functionalization. Assuming that
only one -NH, group per amine molecule is coordinated to a unique
metal atom in the MOF, EN/CuBTC and DET/CuBTC samples showed a
N content considerably smaller than the Cu loading, which increases in
the case of using a double amount of DET (2DET/CuBTC sample), al-
though still remaining lower than the metal loading. However, in the
case of EN-M/CuBTC, the N content is notably higher indicating that
part of the EN molecules are coordinated to all available Cu atoms,
while the rest are probably interacting with —CO.H defects present in
the framework. Therefore, it can be affirmed that the functionalization
of the MOFs under study with N-containing ligands strongly depends on
the method used. Modification by using the method A produces the to-
tal saturation of CUS, while partially functionalized MOF samples are
obtained when applying method B.

by —— MIL-100(5c)
—— EN-W/MIL-100(Sc)
—— MMEMN-MMIL-100{Sc)
——pure EN
pure MMEN
v

Absorbance (a.u.)

T T T T
4000 3600 3200 2800 2400 2000

Wavenumber (cm ')

Fig. 3. FTIR spectra for amino-grafted a) CuBTC and b) MIL-100(Sc) samples.
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b] ——— MIL-100(Sc)
——— EN-M/MIL-100(S¢)
——— MMEMN-MMIL-100{Sc)

2183 em’
001 |

Absorbance (a.u.)

2240 2200 2160 2120 2080
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Fig. 4. FTIR spectra of CO adsorbed at 100 K on bare and amino-grafted a) CuBTC and b) MIL-100(Sc) samples. IR absorption bands in the 2240-2080 cm™! region.

Table 2
Composition of the amino-grafted MOFs under study.

Sample N¢ (mmol/g) Cu’ (mmol/g)
EN/CuBTC?* 0.33 0.45
DET/CuBTC? 0.42 0.34
2DET/CuBTC?* 0.58 0.31
EN-M/CuBTC" 1.20 0.29
EN-M/MIL-100(Sc)" 0.43 -
MMEN-M/MIL-100(Sc)" 0.30 -

Prepared by using the.
a Method B.
b Method A. Determined by.
¢ Elemental analysis and.
d ICP-OES.

3.2. Catalytic performance

The amino-grafted MOFs were tested in the synthesis of 2-amino-
4H-chromenes 1, from salicylaldehyde 2 and ethyl cyanoacetate 3, un-
der solvent-free conditions (Scheme 1). Firstly, for comparison, we ex-
plored the catalytic performance of the EN-grafted catalysts, at 323 K.
It is important to remark that both supports, CuBTC and MIL-100(Sc),
resulted totally inactive in this transformation even at high tempera-
tures.

Fig. 5 shows conversion values of salicylaldehyde 2 to chromenes 1
vs time in the presence of amino-grafted catalysts. It can be observed
that the highest conversion values to chromenes 1 (up to 90% after
2 h), as mixtures of the corresponding diastereoisomers 1a/1b in ap-
proximately 2:1 ratio, are obtained when using EN-M/CuBTC, the non-
porous sample presenting the superior amount of EN ligand anchored
to CuBTC, as confirmed by FTIR and elemental analysis (%N:
1.20 mmol/g) (Fig. 5a). Considering that a unique —-NH, function in EN
ligand is coordinated to the corresponding metal center in CuBTC or
MIL-100(Sc), as mentioned above, differences in the catalytic behav-
iour of EN-functionalized samples could be firstly attributed to the
presence of available catalytic active sites, comprising free -NH, func-
tions groups (0.60, 0.17 and 0.22 mmol/g for EN-M/CuBTC, EN/
CuBTC and EN-M/MIL-100(Sc) respectively, Table 2). Regarding the
porosity of the catalysts, EN/CuBTC and EN-M/MIL-100(Sc) samples
present similar V,, (0.23 cm? g-1), however EN/CuBTC sample shows

larger Sper (546 vs 444 m? g~1), which could be behind the slightly
higher conversion values obtained at the shortest reaction times when
using this sample (Fig. 5a, Table 1). In the same context, EN-M/CuBTC
and EN-M/MIL-100(Sc) catalysts are able to promote the reaction at
lower reaction temperature; at 303 K, EN-M/CuBTC affords chromenes
1 in 91% of conversion, after 2 h of reaction time, with maintained se-
lectivity towards chromene 1a, as thermodynamically stable isomer
(Fig. 5b). These results strongly suggest that free-amine functions in the
investigated catalysts are the active specie promoting the reaction. In
fact, EN/CuBTC sample with the lowest concentration of available
amine groups resulted active in the chromene synthesis although
reaching the lowest conversions (Fig. 5a) (see computational section).
We also checked the catalytic behaviour of MOFs modified with
amine of different nature, MMEN-M/MIL-100(Sc) and DET/CuBTC
(Fig. 5¢ and d). MMEN-M/MIL-100(Sc), having a similar concentration
of N than DET/CuBTC, resulted active in the investigated transforma-
tion, at 323 K (Fig. 5c¢), yielding the corresponding chromenes 1 in
82%, after 3 h of reaction time, being the conversion values notably
higher compared to those obtained for EN-M/MIL-100(Sc) (Fig. 5a). En-
hanced catalytic performance observed for MMEN-M/MIL-100(Sc)
sample could be attributed to the presence of free secondary amine
(—NH-CH3;) groups with increased basicity in comparison with primary
amine function in EN ligand. In the same context, we also tested the
DET/CuBTC catalyst, affording chromenes 1 in 78% in only 30 min of
reaction time (Fig. 5c). The same trend was observed when the reaction
was carried out at 303 K observing the formation of chromenes 1 with
lower conversion as expected (Fig. 5d). As mentioned above and con-
sidering that a unique —-NH, function in ligands is coordinated to the
corresponding metal center, the concentration of available amine
groups as active catalytic sites calculated for EN/CuBTC and DET/
CuBTC samples is 0.16 and 0.14 mmol/g, respectively, barely showing
significant differences. These results indicate that the reaction is mainly
controlled by the basicity of the samples. On the other hand, MMEN-
M/MIL-100(Sc) shows superior Sggr (736 vs 615 m? g~1) and Vj, (0.41 vs
0.24 cm?® g~1) than DET/CuBTC catalyst, therefore, in this case, texture
of the catalysts does not seem to influence the catalytic performance.
Furthermore, assuming the interaction of DET with Cu centers in
CuBTC through one of the terminal -NH; groups [40], which are steri-
cally less hindered, the secondary amine functions comprising the cen-
tral N, substituted with ethylene bridges, in DET should be responsible
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of the observed reactivity. It is important to note that although the pri-
mary and secondary amine functions are able to catalyze the reaction
(Fig. 5) and that DET/CuBTC shows the presence of both goups, it
seems reasonable to think that both cannot independently and simulta-
neously work. In fact, taken into account that both samples, MMEN-
M/MIL-100(Sc) and DET/CuBTC, show similar concentration of avail-
able secondary amine groups — 0.15 vs 0.14 mmol/g —, additional fac-
tors should be behind the extraordinarly high conversion values to
chromenes 1 observed when using DET/CuBTC catalyst (see computa-
tional section). 2DET/CuBTC sample presenting increased N loading
showed a catalytic behaviour quite similar to DET/CuBTC.

Taken into account all these results, although -NH, functions in EN-
M/CuBTC or EN-M/MIL-100(Sc) are able to catalyze the reaction yield-
ing the corresponding chromene derivatives, acting as individual active
sites, the presence of CUS sites in EN/CuBTC or DET/CUBTC could sug-
gest that both samples can operate as bifunctional catalysts, in which
amine functions and free-metal centers could be responsible of the nu-
cleophile and electrophile activations. This hypothesis is especially rel-
evant when comparing the conversion values observed in the presence
of EN-M/CuBTC and DET/CuBTC catalysts; while the reaction cat-
alyzed by EN-M/CuBTC, with the highest concentration of amine
groups, led to chromene 1 in 57% after 30 min of reaction time, notably
superior conversion values (78%, 30 min) were observed in the pres-
ence of DET/CuBTC sample.

Additionally, in order to check that the amines are anchored to the
metal center during the reaction, leaching test has been carried out in
the synthesis of chromene 1, from salicylaldehyde 2 and ethyl cyanoac-

8) &ENCUBTC *EN-MICUBTC *EN-M/MIL-100(Sc)
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etate 3, in the presence of DET/CuBTC catalyst, operating under the
same experimental conditions at 323 K. After the first 15 min of the re-
action time the catalyst was removed from the reaction mixture by fil-
tering off and the resulting mixture was maintained at 323 K until com-
pleting 180 min. Chromenes 1 was obtained in 22% of conversion, then
demonstrating that no leaching of DET is produced.

Reusability experiments were also carried out in the synthesis of
chromenes 1 in the presence of DET/CuBTC catalyst, at 323 K. In this
sense, it was observed that the conversion to 1 notably decreased dur-
ing the first recycle to 36% after 3 h of reaction time. This fact could be
firstly attributed to the interactions of amine centers in catalyst with
acid hydrogens of chromenes 1, but also it could be possible interac-
tions between CN functions in 1 with CUS (see computational section).
Although it is not the objective of this work, we also investigated the
reusability of the catalyst in the Knoevenagel condensation between
benzaldehyde (4 mmol) and malononitrile (4 mmol), at 303 K, under
solvent-free conditions, affording the corresponding condensation
product in almost quantitative yield during 3 consecutive cycles. The
low conversion value to 1 obtained during the first recycle together
these results suggest that the compounds 1 remain anchored to the
amine functions in catalyst, through acid-base interactions, but also
that the reusability of the catalyst depends on the nature of the prod-
ucts.

The influence of the catalyst amount was explored in the reaction by
using 2DET/CuBTC sample, observing an increase in conversion values
to 1 from 14% (catalyst: 25 mg) to 82% (catalyst: 50 mg), after only
15 min of reaction time. The same trend was also observed when using

b) « EM-MICUBTC
100

EN-MMIL-100(Sc)

B0

Conversion (%)

Q- T T r
a 30 60 a0

Time (min)

120 150 180

d) =DET/CuBTC
100

MMEN-MMIL-100(Sc)

80 4

Conversion (%)

0 3 G0 80 120 150

Time (min}

180

Fig. 5. Synthesis of 2-amino-4H-chromenes 1, from salicylaldehyde 2 and ethyl cyanoacetate 3, under solvent-free conditions, catalyzed by a) amino-grafted
CuBTC and MIL-100(Sc) at 323 K, b) EN-M/CuBTC EN-M/MIL-100(Sc) at 303 K, ¢) DET/CuBTC and MMEN-M/MIL-100(Sc) at 323 K and d) DET/CuBTC and

MMEN-M/MIL-100(Sc) at 303 K.
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other less active catalyst such as MMEN/MIL-100(Sc), affording
chromenes 1 in 96% (50 mg of the catalyst) of conversion, after 3 h of
reaction time, compared to 82% (Figs. 5¢c and 25 mg of the catalyst).
The scope of the methodology was investigated by using different
substituted salycilaldehydes 4 but also other cyano compound such as
malononitrile 5 (Table 3, Scheme 2). In all the cases, chromenes 7 were
selectively synthetized in good-to-excellent yields in the presence of
amino-grafted investigated MOFs. Particularly chromene 6 (R! = H
and R? = CN) was obtained in quantitatively yield in the presence of
EN-M/MIL-100(Sc) in only 15 min of reaction time under mild condi-
tion (303 K) (Table 3, entry 2). Even when using EN/CuBTC, the sample
with minor concentration of -NH, functions, the corresponding
chromene derivative was obtained in almost 90%, due to the strong re-
activity of malononitrile 5 (Table 3 entry 1). Influence of substition at
position 5- in the aromatic ring of salycilaldehydes 4 was investigated
in the presence of the most active catalyst, DET/CuBTC, obtaining, in
all the cases, the corresponding chromene derivatives 7 in good-to-
excellent conversions (7a/7b 2:1 ratio) (Table 3, entries 3-6). The ob-
served reactivity order is as follows: H # NO; > Br > OMe. It seems
then that the presence of electrowithdrawing substituents at position 5-
in salyciladehyde favours the reaction. Based on our previous studies
concerning the use of amino-grafted mesoporous silicas as catalysts in-
volved in the synthesis of coumarins from salyciladehyde and ethyl ace-
toacetate [46], the substitution in salycilaldehyde affects not only to
the electrophilicity of -CHO functions but also to the acidity of the para
—OH group. Although the presence of electrodonating substituents on
aromatic ring should favor the first step of the reaction comprising the
aldolic reaction between reagents, electrowithdrawing substituents at
position 5- produces an increment of acidity of phenol groups probably
driving the heterocyclization step, since when R! is a NO, group the re-
action takes place even at lower temperatures affording mixtures of
chromenes 7 with increased selectivity to 7a (7a/7b 3:1 ratio).
Interestingly,  ethyl  2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-
oxoethyl)-4H-chromene-3-carboxylate 7 (HA 14-1), where R! is Br and

Table 3
Synthesis of chromenes 1, 6 and 7 from salycilaldehydes and cyano com-
pounds catalyzed by amino-grafted CuBTC.

Entry Catalyst R! R? Temperature Time Conversion to 6 or
) (min) 7 (%)
1 EN/CuBTC H CN 303 15 87
EN-M/MIL-100 H CN 303 15 99
(So)
3 DET/CuBTC H CO.Et 323 60 92 (98)
(120)
4 DET/CuBTC Br CO.Et 323 180 87
5 DET/CuBTC OMe CO.Et 323 180 52
6 DET/CuBTC NO, CO.Et 323 60 84 (99)
(120)

Reaction conditions: Salycilaldehyde (2 mmol), cyano compound (4 mmol),
catalyst (25 mg).

NC.__CN
CN
|
CHO 0" 'NHz
R‘_:@ ¢ nege _ Catalyst .
Z~oH 303 or 323 K
or
2 _
4 3: R? = CO,Et 2 H .
5: RZ=CN RSCN c
R? R2
S =
R H * R P H |
Z 0" “NH, 07 "NH,
7a 7b

Scheme 2. Synthesis of chromenes 6-8 from salycilaldehydes and cyano com-
pounds, at 303 or 323 K, under solvent-free conditions.
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R? is CO,Et, as an agonist for Bcl-2 protein [26,27] which is expressed
in most types of cancer, can be efficiently synthesized, as a diastere-
omeric mixture in a 2:1 ratio, in 90% of conversion after 3 h of reaction
time (Table 3, entry 4).

Summarizing, Table 4 shows the results reported for the chromene
synthesis from salycilaldehydes 2 and 4 (R! = Br) and ethyl cyanoac-
etate 3 (Schemes 1 and 2). As it can be seen, the catalysts reported
herein, particularly DET/CuBTC is found to catalyze selectively the syn-
thesis of 2-amino-4H-chromenes 1 and 7 in excellent yields, after short
reaction times, under solvent-free and mild reaction conditions, by us-
ing the smallest catalyst amount (25 mg), starting from higher reactant
amounts.

3.3. Computational study

In order to rationalize the obtained results, the aldolization reac-
tion, as rate-limiting step in the synthesis of chromenes 1, catalyzed by
amino -grafted CuBTC, was theoretically analyzed. Considering previ-
ous studies concerning the Friedlander reaction catalyzed by CuBTC
[15], reduced models representing CuBTC but also functionalized with
the corresponding amines were selected (Fig. 6). In these models it was
observed a slightly increment of the Cu—Cu distance in amino-grafting
catalysts regarding the bare CuBTC —2.4746 A (Figs. 6a), 2.5575 A
(Figure 6b), 2.5570 (Fig. 6¢) —while the Cu-NH, distance maintained in
approximately 2.146 A

Since the reaction is catalyzed by basic species, as experimentally
demonstrated, the transition structures for the uncatalyzed reaction or
in the presence of bare CuBTC have not been investigated. Having in
mind our previous studies analyzing amino-grafted mesoporous silicas
[56,571, we explored the aldolization reaction between ethyl cyanoac-
etate 3 and salycilaldehyde 2, in which compound 3 is able to donate a
proton to amine functions in catalyst, through keto or enol forms, this
proton subsequently activating the carbonyl acceptor, the -CHO group

Table 4
Heterogeneous catalysts active in the chromene synthesis from salycilaldehy-
des and ethyl cyanoacetate.

Catalysts R! Reaction conditions T Catalyst Time Conversion Ref.
(K) amount (h) (%)
(€3]
Molecular Br Salicylaldehyde rt. 3 14 86 31
sieve 3A (0.010 mol), ethyl
cyanoacetate
(0.022 mol), EtOH
(30 ml)
SnMgAl-1 H Salicylaldehyde 333 0.05 1 94 33
(1 mmol), ethyl
cyanoacetate
(2 mmol)
MgAl H 24 88
Zr(KPOy4), H 2 88 34
Br 3 97
Na/NbMCF  H Salicylaldehyde 298 0.05 4 93 36
(2 mmol), ethyl
cyanoacetate
(4 mmol)
Br 5 72
Li/NbMCF H 303 3 97 37
PET/CAL H Salicylaldehyde 323 0.05 2 92 38
30:70 (2 mmol) and ethyl
cyanoacetate
(4 mmol)
Br 2 99
HT30-SBA Br 0.166 4 92 39
HTHA H 0.05 2 93 40
composites
DET/CuBTC H 0.025 1 93 This
work
Br 0.025 2 99 This
work
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Fig. 6. Reduced model simulating a) bare CuBTC, b) EN or EN-M/CuBTC and c)
DET/CuBTC.

in compound 2. Comparing both optimized transition structures when
using the reduced model b or c (Fig. 6) simulating EN/CuBTC (Figs. 7a
and 8a) and DET/CuBTC catalysts (Figs. 7b and 8b), respectively, it can
be observed, in both cases, more advanced transition structures when
ethyl cyanoacetate 3 is involved as enol form (Fig. 8) as confirmed by
computed C-C bond forming distances (2.1761 vs 2.5499 for EN/
CuBTC catalyst and 2.1274 vs 2.6186 for DET/CuBTC catalyst). In the
same context, the formation of TS-ENg (enol form, Fig. 8a) requires
lower free energy barrier in 14.10 kcal/mol than TS-EN, (keto form,
Fig. 7a) observing the same trend for TS-DETg — 16.61 kcal/mol more
stable than TS-DET, (Fig. 7a) —; this diminution is probably due to the
stabilization of the TS by hydrogen bondings involving -NH, functions.

N 1'1.5199 11 5088
i I
1.5303 t r
—
P |

TS-EM,
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Both observations suggested that ethyl cyanoacetate 3 reacts with saly-
cilaldehyde 2 through its enol form (Fig. 8). However, the small free en-
ergy differences do not justify the catalytic behaviour observed for both
EN/CuBTC and DET/CuBTC catalysts, probably indicating that addi-
tional factors could determine the catalytic performance.

As both catalysts, EN/CuBTC and DET/CuBTC, showed only a few
Cu sites grafted with the corresponding amines, the computational and
experimental results seems to suggest that amine functions and metal
CUS in these catalysts could act in cooperation. To investigate this pos-
sibility we firstly analyzed the interaction modes of reactants with un-
coordinated Cu centers using the reduced model showed in Fig. 6a. As it
can be observed from Table 5, the most stable optimized structures
comprise the interaction between ethyl cyanoacetate 3 through lone
pairs from C=O0 or C==N functions with Cu centers showing slight
free energy deviation.

In order to probe our hypothesis, we select an extended cluster sim-
ulating CuBTC in which one Cu atom was functionalized with an amine
group of an EN ligand whereas the closest Cu atom was interacting with
ethyl cyanoacetate 3 through either C=0 (Fig. 9a) or C=N groups
(Fig. 9b) as the most stable interactions. We used the most reduced
models functionalizated with EN molecules in order to reduce the com-
putational cost. Slightly differences between both TS were observed
concerning to C-C distances (2.5868 vs 2.5418 A for TS-EN(Cu-CO)
and TS-EN(Cu-C==N) respectively) and free-energy barrier, TS-EN
(Cu-C==N) being 5 kcal/mol more stable TS-EN(Cu-CO). These fea-
tures make us to suspect that TS-EN(Cu—-C==N) is probably the opera-
tive TS. Considering these results and those previously obtained, the
computed free energy value for TS-EN(Cu-CO) was aproximatley

144897 |

1.1093-’9;!’

22780

T5-DET,

Fig. 7. Optimized transition structures for the aldolization reaction between salycilaldehyde 2 and ethyl cyanoacetate 3 (keto form) catalyzed by a) EN/CuBTC and b)

DET/CuBTC. Relevant distances are expressed in A

11813 /7 1 17351

13273 »
i

2.1823

TS-EN,

TS-DET,

Fig. 8. Optimized transition structures for the aldolization reaction between salycilaldehyde 2 and ethyl cyanoacetate 3 (enol form) catalyzed by a) EN/CuBTC and b)

DET/CuBTC. Relevant distances are expressed in A.
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Table 5
Interactions of the reagents with metal centers in remaining metal CUS sites
for amino-grafted CuBTC.

Interactions Compound AG (Kcal/mol)
Model a (Cu---0O=C) 2 5.92

Model a (Cu---O-H) 2 9.04

Model a (Cu---O=—=C-0) 3 -1.08

Model a (Cu--N=C) 3 —-0.48

Model a (Cu---O-C=0) 3 3,21

10 kcal/mol lower compared to TS-ENy (Fig. 7a) showing similar inter-
action modes with the exception of —OH function now forming a strong
hydrogen bond with the CuBTC cluster. However, small free energy
barrier, less than 1 kcal/mol, was observed when comparing TS-ENg
(Fig. 7b) and TS-EN(Cu-C==N) (Fig. 9b), TS-ENp being a more ad-
vanced transition structure as demonstrated by C-C bond forming dis-
tances (2.1761 vs 2.5418 A for TS-ENp and TS-EN(Cu-C=N), respec-
tively). Note that EN-M/CuBTC catalyst did not contain unsaturated Cu
centers and, therefore, presented a superior concentration of free -NH,
functions (Table 2) able to promote the reaction, probably acting as in-
dividual catalytic sites through TS-ENj (Fig. 8a), being this feature be-
hind of its enhanced catalytic performance (Fig. 5a). In the case of EN/
CuBTC catalyst showing a low %Cu centers functionalized with amine
groups, as experimentally demonstrated, the most probable transition
structure could be TS-EN(Cu-C==N), acting as bifunctional catalyst, in
which the free amine function in EN could be able to abstract a proton
of 3, through its enol form, this proton activating the carbonyl acceptor
in salycilaldehyde 2, whereas —CN function is interacting with neigh-
bouring unsaturated Cu centers. Thus, low conversion values of 2 ob-
tained in the presence of EN/CuBTC sample could be attributed to a
lower concentration of -NH, active centers in this catalyst but also to
the interaction of ethyl cyanoacetate 3 through C=0 or C=N func-
tional groups with bare Cu centers, inhibiting the reaction with the time
as experimentally observed (Fig. 5a).

Considering these results, DET/CuBTC could act as bifunctional cat-
alyst where ethyl cyanoacetate 3 would donate its acidic proton to sec-
ondary amine groups whereas simultaneously interacting with neigh-
bouring CUS through -C==N functions, -NH groups in each amine
group participating in the activation of carbonyl acceptor in salycilalde-
hyde 2 as shown in TS-DETj (Fig. 8b). The presence of additional -NH,
functions in this case should stabilize the corresponding TS, diminish-
ing the free energy barrier as observed in TS-DETg (Fig. 8B).

Microporous and Mesoporous Materials xxx (xxxx) 111232
4. Conclusions

We report herein for the first time a novel family of amino-grafted
MOFs able to catalyze the synthesis of 2-amino-4H-chromenes 1, from
salycilaldehydes and cyano compounds, under solvent-free and mild
conditions. The catalysts were easily prepared by reacting the corre-
sponding metal-organic network with organic amines, the functional-
ization of selected MOFs strongly depending of the used method. Our
results demonstrate that the catalytic performance is mainly condi-
tioned by the type and concentration of basic sites. It is supported by
the catalytic behaviour of EN-M/CuBTC and EN/CuBTC catalysts, being
EN-M/CuBTC the most efficient catalyst, which shows high concentra-
tion of basic catalytic sites coordinating each metal center in CuBTC. In
the same context, the presence of secondary amine functions in DET/
CuBTC or MMEN-M/MIL-100(Sc) samples favors the reaction. Since the
porosity of the samples barely shows influence in catalytic perfor-
mance, the reaction is then mainly controlled by the basicity of the sam-
ples.

Our experimental and theoretical results strongly suggest that avail-
able amine groups in EN functionalized catalysts can act either as indi-
vidual catalytic sites or in cooperation with the nearest CUS in samples
partially functionalized; such is the case of EN-M/CuBTC and EN/
CuBTC catalysts, respectively. In the case of using DET/CuBTC, the ad-
ditional stabilization of the corresponding transition structure for the
aldolization reaction, as the first elementary step in the formation of
chromenes, involving strong hydrogen bonds NH---O=C and responsi-
ble of electrophile activation, could be behind of its superior catalytic
performance.
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