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ESTRUCTURA DE LA TESIS DOCTORAL

La presente Tesis Doctoral se estructura en los siguientes Capitulos:

Capitulo I: Introduccion

Capitulo II: Objetivos

Capitulos IlI-VI: Resultados obtenidos, discusion y conclusiones del estudio realizado.
Capitulo VII: Seccidn Experimental.

Y finalmente la bibliografia consultada.

Con el objetivo de optar a la mencién internacional de la Tesis Doctoral, algunos
apartados de la Memoria se han escrito en inglés, concretamente los capitulos del Il al

VII.

El Capitulo | consiste en una breve introduccidn acerca del estado del arte en la
investigacion de los materiales estudiados y sus diversas aplicaciones. Ademas, se
detalla la relevancia de los 2-amino-4H-cromenos, compuestos objeto de sintesis en el
presente trabajo. Se incluye también un resumen sobre los principales conceptos acerca
de la Quimica Verde y por qué resulta de relevancia en el desarrollo de este trabajo.

Finalmente, se resumen aspectos destacados en relacion a la Quimica Computacional.
El Capitulo Il recoge los objetivos principales de la presente Tesis Doctoral.

En el Capitulo Ill se describe una familia de carbones activados de caracter
basico, preparados a partir de tereftalato de polietileno como precursor de la matriz
carbonosa, permitiendo el reciclado de residuos plasticos en su sintesis, y fuentes
minerales naturales —caliza, magnesita y dolomita— como precursoras de las distintas
especies activas —CaO y/o MgO—. Estos materiales actian como nanocatalizadores
ecoeficientes en la sintesis de 2-amino-4H-cromenos. Ademas, se detalla el estudio
mecanistico de la reaccion catalizada por clusters de CaO, la especie que presenta mayor
actividad catalitica. La caracterizacién de los materiales sintetizados se ha llevado a cabo
en colaboracion con el grupo de investigacién del Prof. Jacek Przepidrski (West

Pomeranian University of Technology).



En el Capitulo IV se describen dos familias de redes metaloorganicas —de Cu y
Sc— funcionalizadas con aminas utilizando dos metodologias distintas, de forma que se
consigue una funcionalizacidn total o parcial de la superficie del material poroso. Estos
materiales catalizan de forma eficiente la sintesis de 2-amino-4H-cromenos, mejorando
los rendimientos de los materiales descritos en el capitulo anterior. Ademds, se comenta
el estudio mecanistico llevado a cabo. La sintesis de los materiales MIL-100 y la
caracterizacion se ha llevado a cabo en colaboracién con el grupo de investigacion de la

Prof. Gemma Turnes Palomino (Universidad de las Islas Baleares).

En el Capitulo V se describen una serie de catalizadores basados en silices
mesoporosas tipo SBA-15, funcionalizadas con distintos silanos comerciales que
presentan grupos amino en su estructura quimica, empleando el método post-sintético.
Se describe la actuacién de estos materiales como catalizadores en la sintesis eficiente
y selectiva de 2-amino-4H-cromenos, permitiendo el empleo de unas condiciones de
reaccidon mas suaves y mejorando las conversiones hacia el producto deseado. Los
resultados obtenidos se han racionalizado mediante un estudio mecanistico que
relaciona la etapa limitante del proceso con el caracter acido-base de los catalizadores,
siendo mas activos aquellos que presentan una mayor basicidad. La caracterizacién por
FTIR de los materiales sintetizados se ha llevado a cabo en colaboracién con el grupo de

investigacion de la Prof. Gemma Turnes Palomino (Universidad de las Islas Baleares).

El Capitulo VI describe la preparacién de catalizadores siliceos del tipo MCF, con
metales (Nb, Ta) en su estructura, incorporados durante su sintesis a partir de distintas
sales del correspondiente metal (etoxidos y oxalatos). Se detalla la funcionalizacién de
los materiales mediante grafting y cdmo estos catalizadores mejoran enormemente los
rendimientos y selectividad del proceso con respecto a aquellos obtenidos con los
materiales previamente preparados. La caracterizacion de los materiales sintetizados se
ha llevado a cabo en colaboracién con el grupo de investigacién de la Prof. Maria Ziolek

(Adam Mickiewicz University).
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En el Capitulo VIl se detallan los materiales y equipos utilizados, asi como los
procedimientos y metodologias experimentales, ademds de los datos espectroscdpicos

de los productos sintetizados.

Y, finalmente, se muestra la bibliografia consultada en la elaboraciéon del

presente documento.
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K: a) from 500 cm™ until 4000 cm™ and b) from 500 cm until 2000 cm™.

Figure 63. UV-Vis spectra of a) NbMCF(Et) and b) TaMCF(Et) catalysts dried at 373 K.
Figure 64. SEM images from a) MCF, b) NboMCF(Ox) and c) 2APTMS/NbMCF(Ox).

Figure 65. Synthesis of 2-amino-4H-chromenes 1, catalysed by a) amino-grafted MCF and
NbMCF (Ox), and b) amino-grafted NoMCF(Et) and TaMCF(Et) catalysts. Reaction conditions: 25

mg of catalysts, 323 K, 2:4, 2/3 molar ratio = 2:4, solvent-free conditions.

Figure 66. Synthesis of 2-amino-4H-chromenes 1 a) catalysed by MCF and NbMCF(Ox) catalysts
at 303 K. b) Conversion of 1a and 1b and c) selectivity to 1a catalysed by 2APTMS/NbMCF(Ox)
at 303 K.

Figure 67. Synthesis of 2-amino-4H-chromenes 1 catalysed by amino-grafted NbMCF(Ox),
NbMCF(Et) and TaMCF(Et) catalysts at a) 303 K. Reaction conditions: 25 mg of catalysts, 2/3

molar ratio = 2:4, solvent-free conditions

Figure 68. Catalyst amount influence in the synthesis of chromenes 1 catalysed by amino-grafted
MCF and Nb/MCF catalysts: a) 2/3 ratio 2:4 (catalyst amount: 50 mg) and b) 2/3 ratio 4:8

(catalyst amount: 25 mg) at 303 K.

Figure 69. Synthesis of 2-amino-4H-chromenes 9 catalysed by 2APTMS/NbMCF(Et). Reaction

conditions: 25 mg of catalysts, 323 K, 6/3 molar ratio = 2:4, solvent-free conditions.
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SUMMARY OF THE THESIS “POROUS SOLIDS IN THE EFFICIENT AND SUSTAINABLE
SYNTHESIS OF 2-AMINO-4H-CHROMENES. EXPERIMENTAL AND THEORETICAL STUDY”

Multicomponent reactions (MCR) are of great interest both from an academic and an
industrial point of view. The use of MCR in organic synthesis constitutes one of the most
useful tools, allowing access to complex heterocyclic systems in a simple, efficient and

selective operation.

Chromenes, more specifically 2-amino-4H-chromenes, are bioactive oxygenated
heterocycles of great interest to the pharmaceutical industry due to their therapeutic
properties, constituting the basic structure of several commercial drugs. One of the
easier synthetic routes to obtain chromenes is based on the MCR between 2-
hydroxybenzaldehyde and nitriles with active methylene groups. However, this MCR
usually requires the use of solvents, involves long reaction times and, in some cases,
complexisolation and purification processes. That is why the development of new active
and selective catalytic systems in the sustainable synthesis of this type of compounds is
essential. This thesis presents the study of porous materials of different nature,
structure, composition and porosity, modified to act as highly efficient catalysts in the
selective synthesis of 2-amino-4H-chromenes —with excellent conversion values at
short reaction times—, under solvent-free and mild reaction conditions, significantly

reducing the environmental impact that such synthesis usually implies.
The synthesized catalysts are grouped into different families:

PET/CAL materials prepared by pyrolysis of polyethylene terephthalate (PET)
and limestone (CAL) mixtures in different proportions. For comparative purposes,
analogous materials were also prepared from natural magnesite (MAG) and natural
dolomite (DOL). The minerals used in the synthesis have provided the active species —
CaO and/or MgO—. The carbonaceous support has been obtained both from

commercial PET and from plastic waste.

Metallo-organic frameworks (MOFs), with basic properties, modified with
amines of different nature, from the corresponding MOFs using two different post-

synthetic (grafting) methodologies. The starting MOFs were MIL-100-Sc, synthesized
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following the adapted methodologies described in the literature and a commercial MOF

(CuBTC, Basolite® C300).

Mesoporous silicas — Santa Barbara Amorphous 15 (SBA-15), Mesoporous
Cellular Foam (MCF)— synthesized following the procedures described in the literature
for this type of materials. As in the case of MOFs, the silicas prepared were
functionalized by grafting with amino groups of different nature, using different
commercial silanes. In the case of MCF materials, during their synthesis, different metal
atoms were incorporated into their structure, obtaining the materials denoted as T/MCF

—where T is Nb or Ta—, using two different metal sources, oxalates and ethoxides.

All of these catalysts were characterized by various techniques. Their textural
parameters were obtained by their N, adsorption/desorption isotherms. The materials
have shown a high surface area in all cases, being especially high in MOFs, followed by
siliceous materials —even higher in MCF materials— and, finally, carbon materials. In
the case of the first three types of catalysts, the surface area decreases proportionally
to the functionalization of the materials, while in the case of PET/CAL catalysts, the

starting PET ratio was the crucial factor that determines this value.

The nature of the surface groups present in the solids was studied by FTIR. In
the case of MOFs, differences were observed in their functionalization, depending not
only on the used amine but also on the used methodology. In the case of CuBTC, a
partially functionalized material was obtained, while in the case of MIL-100 (Sc) all of
the metal centers were coordinated with the amines. The SBA-15 catalysts showed a
high functionalization degree, although differences between them depend on the silane
used, showing the catalysts modified with (3-methylaminopropyl)trimethoxysilane
(MAPTMS) the lowest degree of functionalization. Similarly, the used silane is the
differential factor in MCF materials, having (3-aminopropyl)trimethoxysilane (APTMS)
materials a higher functionalization degree in comparison to [3-(2- aminoethylamino)
propyl] trimethoxysilane (2APTMS) materials. These results were confirmed by
determining the chemical composition of the catalysts, obtained by elemental analysis
so that the amount of N present in the catalysts could be compared with the expected

degree of functionalization.
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Furthermore, their structure was studied by X-Ray Diffraction (XRD) and their
morphology by Transmission Electron Microscopy (TEM) and Scanning Electron
Microscopy (SEM). Using these techniques, it was determined the existence of two
active species in the PET/CAL catalysts —CaO and Ca(OH),—, whose presence is
determined according to the degree of hydration of the materials. The micrographs
showed how the morphology of the PET/CAL catalysts is directly related to their
composition, with the Ca species appearing as dispersed cubic structures on the
carbonaceous support. The support has shown different structures, from amorphous
agglomerates to strands, always depending on the amount of PET present in the starting
mixture. In the XRD analysis of the MOFs, it should be noted how functionalization has
barely altered their degree of crystallinity, maintaining the initial structure in most cases.
On the other hand, the SBA-15 siliceous catalysts have maintained their hexagonal
structure after functionalization, as evidenced by their diffractograms. In the case of
TMCF catalysts, their TEM and SEM images show that their morphology is coral-type,
typical of MCF materials. Besides, Ultraviolet-Visible Spectroscopy (UV-Vis) studies were
carried out for TMCF materials to study the differences in the metal coordination with

the siliceous structure, appearing tetra, penta and octacoordinate species.

Finally, thermogravimetric studies and differential thermal analysis (DTA) were
carried out to determine their thermal stability, being all the materials stable until a

higher temperature range than the used in the studied synthesis.

The prepared materials were tested for the synthesis of 2-amino-4H-chromenes,
by MCR, under mild reaction conditions, between various 2-hydroxy benzaldehydes and
nitriles with active methylene groups as indicated below. Additionally, the influence of

the amount of catalyst and the effect of temperature on the reaction was studied.

R2- CN R2H CN
CHO 2
R X + NCTR2 Catalyst L R
N 303 or 323 K R_'/ H |
OH 0~ >NH

R' = H, Br, NO,, MeO
R? = CN, COOEt RS, SR RR, SS

All the prepared materials were highly efficient catalysts in the synthesis of 2-

amino-4H-chromenes. In the case of PET/CAL materials, although the carbonaceous
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support is involved in the reaction, CaO and Ca(OH). are the predominant catalytic
species. When the Ca content increase, the corresponding samples present higher
catalytic activity. If the synthesis reaction is carried out at a temperature of 323 K, the
most active PET/CAL catalysts reach conversion values close to 100% after 2 h of
reaction, decreasing when the temperature is reduced. The influence of temperature
has been observed in the other families of catalysts, however, the greater catalytic

activity of those notably affects this dependence.

In the case of MOFs, at 303 K, the most active catalysts reach almost quantitative
conversion values after 2 h of reaction. These times are significantly reduced when
working at 323 K. These catalysts showed superior catalytic performance. In fact, half
amount of MOFs (25 mg) was used, regarding the above mentioned carbon catalysts (50
mg). The CuBTC-derived catalysts showed higher catalytic activity than MIL-100-Sc, due
to the differences in the functionalization of the metal centers and the different textural
properties. The basicity of the used amine in the modification of the materials notably
affects the catalytic activity. In general, the highest conversions were obtained in the

presence of the most basic materials.

In the case of siliceous catalysts, both the SBA-15 and MCF samples were found
to be highly active catalysts when working at 323 K, affording almost quantitative
conversion values in just 30 min, in the presence of the most efficient catalysts. At 303
K these catalysts have also shown excellent conversion values, especially the TMCF
catalysts. In the case of functionalized SBA-15 catalysts, the most active samples have
been those that present a higher concentration of basic centers, directly related to the
presence of amino groups. In the case of TMCF catalysts, those functionalized with
2APTMS resulted as the best catalysts. The presence of the additional amino group
probably is behind the enhanced catalytic performance. The presence of metal centers
in the structure of mesoporous silica increases its catalytic activity, probably due to the
interaction between metal atoms and reactants. In addition, a greater catalytic activity
has been observed for the catalysts that incorporated the Nb centers from the

corresponding oxalate as the metal source, in comparison to those that used ethoxides.

All materials were selective to the most stable chromene isomer (RS, SR) in a 2:1

ratio. In most of the studied cases, the selectivity to RS, SR isomer increases with time,
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reaching values close to 90%, probably due to the epimerization of the

thermodynamically less stable isomer to the most stable one.

In all cases, a higher amount of catalyst is related to higher conversion values, as
might be expected. In this sense, the most active catalysts, highlighting 2APMS/NbMCF
(Ox), carried out the synthesis using less than 2% of catalyst amount referred to the
weight of the reactant, in the absence of any solvent and at 303 K, reaching quantitative

conversions after 2 h of reaction time.

The experimental results obtained are supported by the computational studies
carried out, using the computational software Gaussian 09, through the Density
Functional Theory (DFT) methodology. The obtained results allowed us to clarify how
the different catalysts can act in each case. Based on our previous studies, the reaction
could take place through the sequence: aldolization, heterocyclization, dehydration,
and, finally, Michael addition, being the rate-limiting step the activation of the starting

nitrile.
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RESUMEN DE LA TESIS “SOLIDOS POROSOS BASICOS EN LA SINTESIS EFICIENTE Y
SOSTENIBLE DE 2-AMINO-4H-CROMENOS. ESTUDIO EXPERIMENTAL Y TEORICO”

Las reacciones multicomponente (MCR, por sus siglas en inglés) presentan gran
interés tanto desde el punto de vista académico como industrial. El uso de MCR en
sintesis orgdnica constituye una de las herramientas mas utiles, permitiendo el acceso a

sistemas heterociclicos complejos en una operacidn sencilla, eficiente y selectiva.

Los cromenos, mas concretamente los 2-amino-4H-cromenos, son heterociclos
oxigenados bioactivos de gran interés para la industria farmacéutica por sus
propiedades terapéuticas, constituyendo la estructura base de diversos farmacos
comerciales. Una de las rutas sintéticas mads sencillas para la obtencion de cromenos se
basa en la MCR entre 2-hidroxibenzaldehido y nitrilos con grupos metilenos activos. Sin
embargo, esta MCR habitualmente requiere el uso de disolventes, implica tiempos de
reaccion prolongados y, en algunos casos, procesos de aislamiento y purificacién
tediosos. Es por ello por lo que resulta fundamental el desarrollo de nuevos sistemas
cataliticos activos y selectivos en la sintesis sostenible de este tipo de compuestos. En
esta tesis se presenta el estudio de materiales porosos de distinta naturaleza,
estructura, composicion y porosidad, modificados para que puedan actuar como
catalizadores altamente eficientes en la sintesis selectiva de 2-amino-4H-cromenos —
con excelentes rendimientos a tiempos cortos de reaccién—, en ausencia de disolventes
y bajo condiciones de reaccién suaves, reduciendo de manera significativa el impacto

ambiental.
Los catalizadores sintetizados se agrupan en las diferentes familias:

Materiales PET/CAL, preparados mediante pirdlisis de mezclas de tereftalato de
polietileno (PET), y roca caliza (CAL), en distintas proporciones. Con fines comparativos
se prepararon también materiales analogos a partir de magnesita natural (MAG) y
dolomita natural (DOL). Los minerales empleados en la sintesis de estos catalizadores
conducen por tratamiento térmico a las especies activas —CaO y MgO—. El soporte
carbonoso se ha preparado tanto a partir de PET comercial como a partir de residuos

plasticos, ofreciendo una alternativa sostenible al uso de dichos residuos.
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Redes metaloorganicas (MOFs), con propiedades bdsicas, modificadas con
aminas de distinta naturaleza, a partir de los correspondientes MOFs, empleando dos
metodologias post-sintéticas (grafting) distintas. Los MOFs de partida son MIL-100-Sc,
previamente sintetizado siguiendo el protocolo experimental adaptado descrito en la

literatura para MOFs similares, y un MOF comercial (CuBTC, Basolite® C300).

Silices mesoporosas — Santa Barbara Amorphous 15 (SBA-15), Mesoporous
Cellular Foam (MCF)— sintetizadas siguiendo los procedimientos descritos en la
literatura para este tipo de materiales. Al igual que en el caso de las redes
metaloorgdnicas, las silices preparadas se han funcionalizado mediante grafting con
grupos amino de diferente naturaleza, empleando distintos silanos comerciales. En el
caso de los materiales MCF, se han incorporardo en su estructura, durante su sintesis,
distintos atomos metalicos, dando lugar a los materiales T/MCF —donde T es Nb o Ta—

empleando dos fuentes metdlicas distintas, oxalatos o etdxidos.

Todos estos catalizadores se caracterizaron mediante diversas técnicas. Sus
pardmetros texturales fueron obtenidos mediante sus isotermas de
adsorcidon/desorcion de Na. En todos los casos, los materiales han mostrado una elevada
area superficial, siendo esta especialmente elevada en el caso de los MOFs, seguida de
los materiales siliceos —siendo mayor en los materiales MCF— vy, por ultimo, de los
materiales de carbdn. En el caso de los tres primeros, el area superficial decrece de
forma proporcional al grado de funcionalizacion de los materiales, mientras que en el
caso de los catalizadores PET/CAL, la proporcion de PET de partida es determinante en

la porosidad del material.

La naturaleza de los grupos superficiales presentes en los sélidos fue estudiada
mediante espectroscopia infrarroja por transformada de Fourier (FTIR, por sus siglas en
inglés). En el caso de los MOFs, se observaron diferencias en su funcionalizacion,
dependiendo no sélo de la amina utilizada, sino también del método empleado. En el
caso de CuBTC se pudieron obtener materiales parcialmente funcionalizados, mientras
que en el caso de MIL-100(Sc) la mayoria de los centros metalicos estan funcionalizados
con las aminas. Los catalizadores SBA-15 mostraron elevados grados de
funcionalizacién, aunque existen diferencias en funcion del silano utilizado, siendo el

catalizador funcionalizado con (3-metilaminopropil)trimetoxisilano (MAPTMS) el que
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presenta un menor grado de funcionalizacién. Del mismo modo, el grado de
funcionalizacién en los materiales MCF depende del silano empleado. Asi, los materiales
APTMS/MCF mostraron un mayor grado de incorporacion del silano (3-

aminopropil)trimetoxisilano (APTMS) al soporte siliceo.

Estos resultados fueron confirmados mediante la determinacion de la

composicidn quimica de los catalizadores, obtenida mediante analisis elemental.

Ademas, se estudio su estructura mediante XRD y su morfologia mediante TEM
y SEM. Esto permitié determinar la existencia de dos especies activas en los
catalizadores PET/CAL —CaO y Ca(OH),—, en funcion del grado de hidratacién de los
materiales. Las micrografias mostraron cdmo la morfologia de los catalizadores PET/CAL
estd directamente relacionada con su composicion, apareciendo diferentes especies de
Ca como estructuras cubicas dispersas sobre el soporte carbonoso. Asi, se han
observado distintas estructuras, desde aglomerados amorfos hasta hebras, siempre
dependiendo de la cantidad de PET presente en la mezcla de partida. En el andlisis por
XRD de los MOFs cabe destacar cémo la funcionalizacién apenas ha alterado su grado
de cristalinidad, manteniendo la estructura inicial en la mayoria de los casos. Por otro
lado, los catalizadores siliceos SBA-15 han mantenido su estructura hexagonal inalterada
después de la funcionalizacidn, tal y como evidencian sus difractogramas. En el caso de
los catalizadores TMCF, sus imagenes TEM y SEM evidencian que su morfologia es
coralina, tipica de este tipo de materiales. Ademas, se realizaron estudios de UV-Vis en
los materiales TMCF para estudiar las diferencias en la coordinacién de los metales con

la estructura silicea, observandose especies tetra, penta y octacoordinadas.

Finalmente, se realizaron estudios termogravimétricos y analisis térmico
diferencial (DTA) para determinar la estabilidad térmica de los materiales, resultando
todos los materiales estables hasta un rango de temperaturas muy superior al utilizado

en la sintesis estudiada.

Los materiales preparados se ensayaron en la sintesis de 2-amino-4H-cromenos,
mediante la MCR, entre diversos 2-hidroxi-benzaldehidos y nitrilos con grupos metileno

activos, en condiciones suaves de reaccion, tal y como se representa a continuacion.
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Ademads, se estudid la influencia de la cantidad de catalizador y el efecto de la

temperatura en la reaccion.

R2- CN R2H CN
H
N CHO + ~eo Catallzador N R?
R P NC R _I R1—; Hl
3030323K
OH Z 0" O NH

R' = H, Br, NO,, MeO
R? = CN, COOEt RS, SR RR, SS
Todos los materiales preparados son catalizadores altamente eficientes en la
sintesis de 2-amino-4H-cromenos. En el caso de los materiales PET/CAL, aunque el
soporte carbonoso estd involucrado en la reaccidn, CaO y Ca(OH). son las especies
cataliticas predominantes, por lo que al aumentar su contenido, se observa la formacion
de los correspondientes cromenos con mayor conversion. Si la reaccion de sintesis se
lleva a cabo a una temperatura de 323 K, los catalizadores PET/CAL mas activos
conducen a valores de conversion proximos al 100% a las 2 h de reaccidn, viéndose este
rendimiento mermado al reducir la temperatura. Esta influencia de la temperatura ha
sido observada en las demas familias de catalizadores, sin embargo, la mayor actividad

catalitica de estos reduce de forma significativa su influencia.

En el caso de los MOFs, a 303 K, los catalizadores mas activos conducen a valores
de conversidn casi cuantitativos a las 2 h de reaccién. Estos tiempos se reducen
sensiblemente si la temperatura empleada es de 323 K. Ademas, la utilizacién de estos
catalizadores permite trabajar empleando cantidades menores en un 50% con respecto
a las de los catalizadores de carbon —25 mg en lugar de 50 mg—. Los catalizadores
derivados de CuBTC mostraron mayor actividad catalitica que MIL-100-Sc modificados,
debido a las diferencias en la funcionalizacién de los centros metalicos y a las diferentes
propiedades texturales. La basicidad de la amina empleada en la modificacion de los
materiales afecta a la actividad catalitica. En general, las mayores conversiones fueron

obtenidas en presencia de los materiales mas basicos.

Los catalizadores siliceos, tanto los derivados de SBA-15 como de MCF, a 323 K,
condujeron a rendimientos especialmente elevados, cercanos al 100% en apenas 30 min
en el caso de los catalizadores mas eficientes. De igual forma, a 303 K los rendimientos

son excelentes, especialmente con los catalizadores TMCF. En el caso de los
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catalizadores de SBA-15 funcionalizados, los mds activos son aquellos que han mostrado
una mayor concentracién de centros basicos, directamente relacionado con la presencia
de grupos amino provenientes del silano utilizado en su sintesis. En el caso de los
catalizadores TMCF, aquellos funcionalizados con [3-(2- aminoetilamino) propil]
trimetoxisilano (2APTMS) han mostrado una mayor actividad catalitica, muy
probablemente debido al grupo amino adicional. La presencia de los centros metalicos
en la estructura de la silice mesoporosa aumenta su actividad catalitica muy
probablemente debido a la interaccidon entre los dtomos metadlicos y los reactivos.
Ademas, se ha observado una mayor actividad catalitica en los catalizadores que
incorporaron en su sintesis los centros metdlicos a partir del correspondiente oxalato

como precursor metalico, con respecto a los que utilizaron etéxidos.

Todos los materiales fueron selectivos hacia la formacidon del isémero mas
estable (RS, SR) en relacién 2:1. En la mayoria de los casos estudiados, la selectividad a
hacia el isémero mas estable del correspondiente cromeno aumenta con el tiempo,
alcanzando valores cercanos al 90%, probablemente debido a la epimerizacién del

isdbmero termodindmicamente menos estable al mas estable.

En todos los casos, una mayor cantidad de catalizador se traduce en mayores
valores de conversidn, tal y como cabria esperar. En este sentido, los catalizadores mas
activos, destacando el 2APMS/NbMCF(Ox), han permitido llevar a cabo la sintesis con
cantidades inferiores al 2% en peso con respecto a los reactivos, en ausencia de
disolvente y a temperaturas préximas a la ambiente, alcanzando conversiones casi

cuantitativas en menos de 2 h de tiempo de reaccion.

Los resultados experimentales obtenidos se ven respaldados con en el estudio
computacional realizado, empleando el software de quimica computacional Gaussian
09, a través de la metodologia de la Teoria del Funcional de Densidad (DFT). Estos
resultados han permitido clarificar el modo de actuacidn de los diferentes catalizadores.
Basandonos en resultados previos de nuestro grupo, la reaccidon podria tener lugar a
través de la secuencia: aldolizacién, heterociclacidn, deshidratacion, y, finalmente,

adicién de Michael, siendo la etapa limitante la activacion del nitrilo de partida.
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CAPITULO I. INTRODUCCION

Hoy en dia no se puede concebir el desarrollo social y tecnolégico, que ha permitido
alcanzar los estandares sociales, econdmicos y de bienestar de los que actualmente

disfrutamos, sin la contribucidn de la industria quimica.

Considerando los datos proporcionados por la Federacion Empresarial de la
Industria Quimica Espafiola (feiQue)!, en Espafia la industria quimica es un sector
constituido por aproximadamente 3.100 empresas que facturan alrededor de 57 mil
millones de euros, aportando casi un 6 % del PIB espafiol (un 13 % del PIB industrial),
generando mas de medio milldn de puestos de trabajo y siendo el segundo mayor
exportador de la economia espafola tras el sector de la automocién. En cuanto a
inversién en investigacion, desarrollo e innovacién (I+D+i), la industria quimica supone
un 26 % total de las inversiones, aportando hasta un 22,5 % del personal investigador
(Figura 1). La industria quimica es, ademas, la mayor inversora en proteccién
medioambiental, con un 20 % del total invertido. Dentro del sector quimico, la industria
farmacéutica es el subsector mas representativo, abarcando un 22 % del total en la

distribucion sectorial de la cifra de negocios?.

DATOS CLAVE DEL SECTOR QUIMICO ESPANOL
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Figura 1. Datos clave del sector quimico espafiol®.
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Este desarrollo ha sido posible, en parte, gracias a la contribucién de la catalisis.
Actualmente, el 95% del volumen total de los productos sintetizados requiere del uso
de catalizadores, y un 70% de los procesos industriales han incorporado el uso de
catalizadores en alguna de sus etapas. Es por ello que el 80 % del valor afiadido en Ia
industria quimica se basa en tecnologias cataliticas®. La catélisis es, hoy por hoy, el
principal sector tecnoldgico de la industria quimica, lo que la ha convertido en uno de
los grandes motores globales de desarrollo econdmico. Sin embargo, la contribucién
econdmica, tecnoldgica y social de la industria quimica no debe enmascarar la
problematica que supone la produccién de residuos. Atendiendo a las cifras
proporcionadas por las Naciones Unidas, la produccién de cada kilogramo de productos
farmacéuticos implica la produccién de, al menos, 25 kilogramos de emisiones vy
deshechos®. Por esta razén, el desarrollo de nuevos procesos quimicos mas eficientes,
inocuos para el medioambiente y de menor coste econédmico y energético es un reto

importante de gran repercusion social.

1.1 Quimica Fina (QF) vs Quimica Verde (QV)

Actualmente, uno de los campos de gran relevancia en la industria quimica es la Quimica
Fina (QF), que se encarga del desarrollo y sintesis de compuestos de gran valor afiadido.
Estos compuestos son moléculas organicas de estructura compleja que pueden
contener diversos grupos funcionales y heterodtomos estructurales, conformando
productos o intermedios para una aplicacién especifica®. Si bien la produccion de este
tipo de compuestos es bastante limitada, menor a 1000 toneladas al afio, su coste es
muy elevado, debido principalmente a que requiere el uso de procedimientos muy
especificos de sintesis, asi como protocolos tediosos de aislamiento y purificacién de los
productos de reaccién®. Ademads, en sus procesos de produccién y fabricacién se
plantean una serie de desventajas, como es el uso de disolventes nocivos, tanto para la
salud como para el medioambiente, que al final del proceso generan efluentes
altamente contaminantes. Por otra parte, son procesos que tienen lugar a través de
rutas sintéticas complejas, que transcurren en varias etapas, generandose un gran
numero de subproductos y deshechos y, por tanto, dando lugar al producto deseado

con baja selectividad.
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Resulta evidente que el desarrollo y evolucién de nuevas tecnologias quimicas
ha supuesto numerosos avances sociales, mejorando directamente la calidad vy
esperanza de vida actuales. Sin embargo, la emisidn excesiva de residuos altamente
contaminantes ha generado una situacién de alarma medioambiental. En este contexto
surge la Quimica Verde (QV), tratando de dar una respuesta a la necesidad de disefiar
nuevos procesos quimicos fundamentales para el desarrollo tecnolégico, y que resulten,

al mismo tiempo, medioambientalmente sostenibles.

1.1.1 Quimica Verde

Los primeros antecedentes a la concepcién del término QV surgen, en el afio 1991, de
la mano del Prof. Barry Trost, al enunciar el concepto de Economia Atémica’®. Se plantea
la necesidad de cuantificar la cantidad de contaminantes generados en una reaccién
quimica, siendo la economia atdmica un factor para la estimacion de la eficiencia de una
reaccion. Se define como el total de atomos contenidos en los productos de una reaccién
con respecto al total de atomos, ambos en peso, contenidos en los reactivos de partida

(Ecuacidn 1).

Peso molecular del producto de reaccion

% Economia Atomica = x 100 (1)

Peso molecular de los reactivos utilizados

Este concepto se convirtié inmediatamente en una herramienta especialmente
util en la evaluacion rapida de las cantidades de residuos generados en un proceso
guimico. Ademas, contribuyé en la implantacidon de la idea de que, en el disefio de
aproximaciones sintéticas eficientes, se debe tratar de conseguir que la mayor parte de
los dtomos de los reactivos de partida se encuentren presentes en el producto final,
reduciendo al minimo las etapas sintéticas y la formacién de subproductos y residuos.
Sin embargo, esta idea excluia de los cdlculos otros elementos a considerar en una
reaccion quimica, tales como disolventes, reacciones secundarias, subproductos

generados e incluso combustibles empleados®.

Es por ello por lo que el Prof. Roger A. Sheldon amplia el analisis de la produccién
de residuos mediante la definicién del Factor E, que relaciona la cantidad de residuos

generados con la masa de productos obtenidos en un mismo proceso (Ecuacion 2).
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Masa de residuos (Kg)

Factor E =

(2)

Masa de productos (Kg)

De esta forma, un aumento en el valor del Factor E implicaria un aumento en la
produccién de residuos con respecto a la obtencion de productos. Asi, un proceso
completamente sostenible produciria valores de Factor E proximos a cero'®, El analisis
mediante la aplicacion del Factor E de diversos sectores industriales en los que
intervienen reacciones quimicas ha puesto de manifiesto que existen determinadas
industrias, como la industria farmacéutica o la QF, que generan una mayor cantidad
relativa —en ocasiones 50 o 100 veces mayor— de residuos que de productos
generados, mientras que otras mas estigmatizadas, como la industria petroquimica,

muestran valores de Factor E mucho menores (Tabla 1)

Tabla 1. Analisis de la generacion de contaminantes en relacién con la cantidad de producto anual
generado en los diversos sectores quimicos industriales.

Cantidad de Producto generado

Sector Industrial (ton/afio) Factor E
Industria Petroquimica 106 - 108 0,1
Produccion de productos a gran escala 104 - 106 1-5
Quimica Fina 102 - 104 5-50
Industria Farmacéutica 10- 103 25-100

Sin embargo, el modelo de Factor E seguia presentando una serie de limitaciones
al pasar por alto otros parametros a tener en cuenta, como pueden ser el grado de
toxicidad de los reactivos empleados o de los deshechos producidos. Esto ha sido
subsanado con la introduccién del Factor de Impacto o Factor Q, que cuantifica el
impacto medioambiental que supone cada uno de los reactivos y productos implicados
en una reaccion, asi como el coste econédmico en funcién de los precios de mercado.
Esta consideraciéon econdmica resulta indispensable, ya que en la definiciéon de
desarrollo sostenible se asume que el precio de un producto debe reflejar tanto su coste
de produccidon como sus costes medioambientales y sociales'?. Sin embargo, esta
evaluacidén objetiva y cuantitativa de los procesos quimicos no siempre resulta sencilla,
ya que es necesario valorar también otros parametros tales como localizacién,
instalaciones y volumen de produccién. Por ello, actualmente, la evaluacidn del impacto

medioambiental de un proceso quimico, especialmente en procesos de QF, se realiza
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mediante la utilizacién conjunta de los Factores Qv E, dando lugar al Factor QE o Factor
Medioambiental, que consiste en el producto de ambos términos. La aplicacion de este
modelo es la mas efectiva para limitar la emisién y utilizacién de productos
contaminantes, permitiendo una quimica compatible con un desarrollo sostenible. Esto
ha contribuido a que, en la actualidad, especialmente en los paises de mayor desarrollo,
las legislaciones vigentes sean especialmente exigentes y restrictivas en relacién con el
transporte, almacenamiento, produccidn y vertido, tanto de efluentes como de residuos

sélidos nocivos para ser humano y el medioambiente.

En este contexto, en el afio 1998, los profesores Paul T. Anastas y John C. Warner
establecieron las bases del que seria el avance mas significativo en materia de
sostenibilidad con la publicacion del libro Green Chemistry: Theory and Practice'. La
publicacién de esta obra supuso un cambio diametral de enfoque: el sector quimico
industrial no deberia cefiirse exclusivamente a tratar de arreglar los problemas derivados
de un crecimiento descontrolado, sino que deberia desarrollarse en sintonia con la
sostenibilidad. Por ello, debe tratar de redisefiar los procesos quimicos desde su propia
base, intentando, siempre que sea posible, utilizar materias primas renovables y bajo
condiciones de reaccion suaves. Todo ello derivaria en un sector mas seguro, limpio y
eficiente en términos energéticos, desde la sintesis de productos hasta la eliminacién de

residuost® 1>,

La QV se fundamenta en 12 Principios (Figura 2), que son la hoja de ruta que
definird el devenir de una Quimica responsable, que permita un desarrollo sostenible
compatible con los progresos en investigacion, disefiando nuevas rutas sintéticas
respetuosas con el medio ambiente que minimicen el impacto medioambiental®®. Tal y
como el propio Anastas —actualmente miembro de la Agencia de Proteccién del Medio
Ambiente (EPA, por sus siglas en inglés)— la define “es una quimica mas efectiva,

eficiente y elegante. Dicho sencillamente, es una quimica mejor”.
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12 PRINCIPIOS
DE LA QuiMICA
VERDE

1 1 analisis en
tiempo real
para prevenir la
contaminacion

1 0 disefio de 12 minimizar

productos potenciales
biodegradables accidentes

1 prevencion
de emision de
residuos

2 economia
atémica
9 uso de 9 ahorro do e

disolventes y ici
- la toxicidad en la
catalizadores i i i
sustancias sintesis quimica

auxiliares
4 disefio de
compuestos
quimicos

mas sequros

7 empleo de
materias primas
renovables

8 reduccién de
la derivacion
Innecesaria

6 eficiencia
energética

Figura 2. Doce Principios de la Quimica Verde.

Los Doce Principios de la QV son:

1. Prevencidon de emision de residuos. Resulta mas sencillo evitar la produccion de
residuos, mientras sea posible, que su posterior eliminacion.

2. Economia atdmica. Es posible minimizar las pérdidas mediante el desarrollo de
procesos que impliquen la obtenciéon de productos con un nimero de dtomos lo
mas cercano posible al de los reactivos de partida.

3. Reduccion de la toxicidad en la sintesis quimica. El uso de productos quimicos de
escaso o nulo peligro para la salud del ser humano y/o el medio ambiente minimiza
el riesgo de dafo.

4. Disefno de compuestos quimicos mas seguros. Los productos quimicos deben ser
sintetizados, sin perder las propiedades para las que fueron disefiados, de forma
que ofrezcan la menor toxicidad posible.

5. Ahorro de disolventes y sustancias auxiliares. La adicién de sustancias auxiliares
implica un problema afiadido a la contaminacion, asi que su uso debe estar limitado
a los casos en los que resulten indispensables, tratando de emplear siempre los que

menor toxicidad presenten.
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6. Eficiencia energética. Las condiciones en las que se realiza un proceso quimico son
un factor especialmente relevante, sobre todo a la hora de escalar dicho proceso a
nivel industrial. Cuanto mas suaves sean las condiciones de reacciéon empleadas,
mayor serd el ahorro energético y, por tanto, menor el coste econdmico y
ambiental.

7. Empleo de materias primas renovables. Siempre que se consiga mantener un
rendimiento adecuado en los productos deseados se deben emplear materias
renovables, que permiten ahorrar costes y tiempos de produccién, ademds de
reducir la aparicion de productos contaminantes.

8. Reduccion de la derivacién innecesaria. Se debe favorecer el trazado de rutas
sintéticas sencillas, disminuyendo también el nimero de reactivos en la medida de
los posible, para asi reducir el coste econdmico del proceso y la generacion de
contaminantes.

Tal y como se detalla en el Capitulo 1.2, el uso de catalizadores permite
el incremento de la velocidad y selectividad de las reacciones quimicas, ademas de
favorecer la aplicacién de los restantes Principios.

10. Disefio de productos biodegradables. Se ha de buscar la toxicidad minima o nula
de los productos generados, ademas de intentar que su tratamiento y almacenaje
posterior, para su eliminacidon, sean lo menos costosos econdmica y
ecoldgicamente.

11. Prevencidn de la contaminacién mediante analisis en tiempo real. El empleo de
técnicas de monitorizacidn de los procesos que ocurren durante el transcurso de las
reacciones quimicas puede ayudar a evitar la formacién de productos no deseados
o0 toxicos.

12. Prevencidn de accidentes mediante el incremento de la seguridad quimica. No
solo las medidas de seguridad deben implementarse y mejorarse, si no que la

sintesis de productos mas seguros favorecera la prevencion de accidentes.

Hasta hace relativamente poco tiempo, la industria quimica habia centrado su
actividad exclusivamente en la extraccidn y procesamiento de materias primas, ya
fueran naturales o sintéticas, y en su transformacién en otras sustancias con el objetivo

de satisfacer las diferentes necesidades humanas. Actualmente, la preocupacién
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mundial por el medio ambiente suma a su actividad normal la obligacion de implantar
los procedimientos necesarios para desarrollar su actividad de tal manera que ocasionen
el menor impacto en el entorno. La lucha contra la degradacién medioambiental es una
realidad acuciante a la que se debe hacer frente, tal y como establecen los 17 objetivos
y metas de desarrollo sostenible establecidos por las Naciones Unidas'’. Entre ellos se
incluyen las inversiones en industria, innovacion e infraestructuras, en sinergia con un
desarrollo sostenible y las actuaciones para frenar el calentamiento global. Es por ello
que la aplicacién estricta y exhaustiva de los Doce Principios de la QV para la mejora de
los procesos industriales actuales resulta fundamental para el cumplimiento de parte de

estos objetivos antes del plazo establecido: 2030.
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En el afio 2018, conmemorando el 202 aniversario de la concepcién de los 12
Principios de la QV e inspirado en diagramas de arbol que ilustran la diversidad de
productos a partir de materias primas, Anastas et al*®, han presentado el Green
ChemisTREE (Figura 3), como escaparate de la diversidad de investigacion y logros
derivados de la QV. Cada rama del arbol representa a cada uno de los 12 Principios,
mientras que las hojas son las distintas areas de investigacion y desarrollo relevantes

para ese Principio.

Existen numerosos ejemplos en los que se aplican los Principios fundamentales
de la QV en procesos industriales para la obtencién de productos farmacéuticos. Entre
ellos se encuentra la sintesis de simvastatina, en la que se introdujo una etapa de
catdlisis enzimadtica, optimizando el proceso global y reduciendo asi los residuos
generados, asi como el coste de produccién'®. Otro ejemplo relevante es la sintesis de
sitagliptina, que mediante un proceso enzimatico redujo la produccion de residuos,
mejord el rendimiento y la seguridad del proceso, y elimind la necesidad de uso del

catalizador metalico?.

1.2 Catdlisis

Tal y como se muestra en los 12 Principios de la QV (apartado 1.1.1), la catalisis es un
sector de especial relevancia industrial, siendo uno de los pilares fundamentales para
una quimica mas sostenible. El desarrollo de nuevos nanomateriales que pueden actuar
como catalizadores contribuye al conocimiento y desarrollo de nuevas metodologias de

menor impacto ambiental (92 Principio de la QV).

En general, las reacciones quimicas implican cambios en la disposicidén y enlace
de los atomos en las moléculas y, por lo tanto, alteraciones en el estado de
ordenamiento de un sistema. Estos cambios tienen lugar con evolucién o absorcién de
calor y una disminucién de la energia libre. La velocidad de un determinado proceso
depende, entonces, de la ruta de reaccidén por la que los reactivos se convierten en

productos.
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Un catalizador se define como una sustancia que aumenta la velocidad de una
reaccién, disminuyendo considerablemente la energia de activacion de conversion de
reactivos en productos, no siendo consumido durante el proceso, y proporcionando
caminos de reaccidn alternativos a los procesos sin catalizar. Por lo tanto, la velocidad

de un proceso catalizado depende del catalizador empleado.

Aunque existen diferentes clasificaciones de los tipos de catdlisis —por ejemplo,
atendiendo a las caracteristicas del proceso quimico que catalizan, se diferencia entre
catdlisis acido-base, redox o enzimatica, entre otros—la mas general es la que diferencia
entre catalisis homogénea y catdlisis heterogénea. Esta clasificacion hace referencia a si
el catalizador implicado en una reaccion se encuentra en la misma fase que el resto de
las especies quimicas —catalisis homogénea— o no —catdlisis heterogénea—. Los
catalizadores heterogéneos mas comunmente empleados estan constituidos por sélidos
de distinta naturaleza, a menudo inorgénicos, con diferente composicién, morfologia y
textura, y propiedades. La catdlisis heterogénea es clave en la industria quimica
moderna. Se emplea en diferentes areas en la fabricacion de productos quimicos y
farmacéuticos de interés e incluso en la produccidon de productos de QF, sustituyendo
en muchos casos a procesos anticuados que usan cantidades estequiométricas de

reactivos nocivos, dando paso asi a tecnologias mas limpias??.

El uso de catalizadores heterogéneos en procesos industriales supone una serie
de ventajas evidentes frente a las disoluciones con catalizadores homogéneos. Entre
ellas cabe destacar: i) facilidad de separacion del catalizador de los reactivos y
productos; ii) mayor robustez del catalizador, tolerando rangos de temperatura y
presion superiores; iii) menor capacidad corrosiva, lo que permite prolongar el tiempo
de vida medio de los equipos en la industria; iv) menor toxicidad, ya que no se trata de
compuestos volatiles, siendo algunos de ellos incluso inocuos para el ser humano; v)
posibilidad de reutilizacion o regeneracion, reduciendo el coste, el tiempo de operacién

y minimizando la produccion de residuos.

En la Tabla 2 se muestran algunos ejemplos de procesos cataliticos industriales

modernos que involucran catalizadores heterogéneos.
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Tabla 2. Procesos cataliticos que emplean catalizadores heterogéneos en sus transformaciones

quimicas?.
Proceso Transformacion quimica Catalizador
Reformado con vapor CHz + H20 - CO + 3H2 Ni/Al203
P CaHm + NH20 > nCO + (n+m/2)Ha Ni/CaAl204
, . CO + 2H2 = CHsOH
Sintesis de metanol : ’ Cu/Zn0O/AlL03

CO; + 3H2 = CH30H + H20
Hidrogenacién parcial de ésteres de glicerol

. .. . Ni/Si
Hidrogenacion selectiva T i/Si0;
Co o Ni
Hidrodesulfuracion C4HaS (tiofeno) + 2H2 = CaHs + H2S MoS2/Al,03 o
WS2/Al203
, . C2HsCH=CH2 + % 02 = CH,=CHCH=CH .
Deshidrogenacion oxidativa o e I: 0 : 2t Fe203, Cr203, BiPOa
2
. .. : (Cs+Cl)
Oxidacion de eteno C2Ha + %02 = C2H40 (6xido de etileno)
Ag/a-Al>0s

Un aspecto importante a tener en cuenta es la selectividad del proceso. La
selectividad del catalizador es de suma importancia en el desarrollo de procesos
industriales, tanto por razones econdmicas como ambientales®?. En el caso de los
catalizadores heterogéneos, la ruta de reaccion operativa estd condicionada, en gran
medida, por su quimica superficial, lo que constituye el origen de la selectividad del
catalizador. Como ejemplo se puede citar la hidrogenaciéon de mondxido de carbono en
condiciones apropiadas en presencia de diferentes catalizadores: mientras que el
proceso catalizado por niquel conduce selectivamente a metano, en presencia de
catalizadores de cobre o rutenio se obtienen selectivamente metanol o hidrocarburos

superiores, respectivamente.

En este contexto, el desarrollo de nuevos nanomateriales que puedan actuar
como catalizadores heterogéneos de procesos quimicos de interés es un campo de
investigacion muy activo, que contribuye al conocimiento y desarrollo de nuevas
metodologias de menor impacto ambiental. El uso de catalizadores permite adaptarse
a los nuevos modelos de produccién establecidos desde el Parlamento Europeo,
basados en la normativa sobre economia circular establecida el 18 de abril de 201723,
Con esta nueva legislacion se pretende reducir la produccién de residuos al minimo, con
lo que aquellos productos, como son los catalizadores heterogéneos, que permitan su
reutilizacidon durante varios ciclos y que puedan ser retirados sin necesidad de usar

productos contaminantes adicionales, adquieren un gran valor anadido.
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1.2.1 Importancia de la catdlisis en cifras

Para poner de relieve el impacto de la catalisis como uno de los grandes motores
globales de desarrollo econdmico, la mejor opcidén es recurrir a las cifras. El mercado
global de catalizadores alcanzé valores proximos a los 19 mil millones de ddlares en
2018, con una previsidn cercana a los 24 mil millones de ddlares en 2024%4. Segun la
revision realizada por Hagen3, en 2015 las estimaciones sugerian que la catalisis
contribuia a un 35 % del PIB mundial?®, mientras que mas del 80 % de los productos
manufacturados implicaban el uso de catalizadores en alguna de sus etapas de

procesado?®.

Todas estas cifras ponen de manifiesto la importancia de la catalisis para el
desarrollo econdmico y social. Sin las aportaciones de la industria quimica, en todos sus
sectores, la esperanza de vida actual apenas superaria los 40 afios. El ejemplo mas claro
de esto es la relacidn intrinseca que tiene la mayor explosion demografica mundial en la
Historia, a partir de 1920, con uno de los procesos quimicos mas famosos y ampliamente
utilizados que implica el uso de catalizadores: el proceso Haber—Bosch para la obtencién
de amoniaco. En este proceso se emplean catalizadores de hierro pulverizado con
promotores de distintos éxidos (Al, K, Ca, Mb y Mg). Dicho proceso es la base para la
produccién de fertilizantes en masa, tal y como se concibe actualmente. Hasta 2002
implicaba la utilizacién de mds de 500 millones de toneladas de fertilizantes, que
empleaban un 1 % de la energia total mundial producida afio?’. Este desarrollo sumado
a los avances logrados en medicina incrementd, en menos de 80 afios, la poblacién
mundial desde menos de dos mil millones hasta los mas de seis mil millones en el afio
2000%, alcanzando un incremento cercano al 350 % (Figura 4). Dichos fertilizantes
fueron responsables de mantener a la mitad de la poblacién mundial, y se espera que
esta cifra alcance los dos tercios?®. Todo ello deriva en que mds del 50% del nitrégeno

presente en el organismo proceda de procesos industriales.
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Figura 4. Influencia del proceso Haber-Bosch en el crecimiento de la poblacién mundial®.

En esta Tesis Doctoral se han desarrollado tres familias de catalizadores
heterogéneos basados en materiales de carbono, redes metaloorgdnicas (MOF, por sus
siglas en inglés) y silices mesoporosas modificadas, capaces de catalizar la sintesis de 2-
amino-4H-cromenos. En este contexto, en los apartados siguientes, se incluye una
descripcién general de la estructura, propiedades y aplicaciones de este tipo de

materiales.

1.3 Cromenos

Una amplia gama de productos de QF contienen gran variedad de sistemas
heterociclicos en su estructura. La importancia de los compuestos heterociclicos radica
principalmente en sus aplicaciones farmacolégicas o tecnoldgicas3!, aunque también
estdn presentes en diversos aditivos alimentarios, colorantes, productos cosméticos o
fragancias, entre muchos otros3% 33, Aunque hasta 2008 se habian registrado mas de 24
millones de compuestos con estructura heterociclica4, un gran nimero de ellos se
encuentran presentes en la naturaleza, actuando de forma activa en diferentes procesos

bioldgicos ampliamente estudiados. Entre ellos, destacan especialmente los cromenos.

Los cromenos o benzopiranos son compuestos heterociclicos oxigenados,

formados por un anillo bencénico fusionado con un anillo de pirano (Figura 5). Existen,
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por tanto, dos isdmeros seguln la nomenclatura aceptada por la Unién Internacional de
Quimica Pura y Aplicada (IUPAC, por sus siglas en inglés), el 1-benzopirano o cromeno y

el 2-benzopirano o isocromeno.

o 0]
Figura 5. Estructura base de los a) cromenos e b) isocromenos.
Los cromenos forman parte de productos naturales presentes en hojas, tallos y

raices de diversas especies vegetales, entre las que se incluyen varias de las familias

Rutaceae, Liliaceae, Ciperaceae y Asteraceae, especialmente la Astereae, Eupatorieae,

Heliantheae, Inuleae y Senecioneae®® (Figura 6).

Figura 6. Compuestos con estructura base de cromeno extraidos de especies vegetales (Ageratina
Pichinchenis, familia Asteraceae®, izquierda; y Amyris Brenesii, familia Rutaceae, derecha®).

Otro ejemplo de cromeno, en este caso sintético, con aplicaciones farmacéuticas
como inmunomodulador sobre los linfocitos T, es el fdrmaco AX-024, que ha mostrado
un gran potencial en el tratamiento de enfermedades autoinmunes como la esclerosis

multiple, psoriasis, artritis, enfermedad de Chron o lupus (Figura 7b).

c)
Et0,C_ _CN
Br COZEt
0~ “NH,

Figura 7. Estructura de cromenos con aplicaciones farmacéuticas:
a) hematoxilina, b) AX-02438, c) HA-14-1.
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El papel de los cromenos en la industria farmacéutica adquiere especial
relevancia debido a sus propiedades terapéuticas, ya que han mostrado actividad como
agentes antibacterianos, anticoagulantes, antifungicos, antiinflamatorios,
antihistaminicos, antidiuréticos, antioxidantes, antiprotozoarios, antitumorales,
antivirales, antihipertensivos o antiproliferativos, entre otros3°. Un ejemplo de producto
natural con aplicacién médica, que contiene el esqueleto de cromeno, es la hematoxilina
(Figura 7a), aislado de la leguminosa Haematoxylum campechianum, que se emplea
habitualmente como colorante en citologia e histologia en el diagndstico de lesiones

malignas*® (Figura 8).

Figura 8. Flores de Haematoxylum campechianum y seccidén de un glomérulo de un rifién de mamifero
tefiido con una mezcla dehematoxilina (nucleos, color violdceo) y eosina (citoplasma, color rosado)**.

En la familia de los cromenos destacan especialmente los 2-amino-4H-cromenos
y sus derivados, ya que forman la estructura base de numerosos farmacos comerciales
(Figura 8). A modo de ejemplo, se puede citar el farmaco HA-14-1*? (Figura 7c). Este
compuesto actua inhibiendo el comportamiento antiapoptdtico de las proteinas Bcl-2,
las cuales se expresan en un gran numero de procesos cancerigenos y se encuentran

relacionadas con los mecanismos de resistencia a dichos tratamientos.

Los cromenos forman parte de compuestos que se emplean también en el
tratamiento de enfermedades inflamatorias mediadas por el factor de necrosis tumoral
a (TNF a, por sus siglas en inglés), tales como la artritis reumatoide o psoridsica. Son
también destacados anestésicos locales y agentes antileishmaniasis®?, muestran
fototoxicidad ante diversos hongos y bacterias**, y se han descrito como inhibidores de
bacterias Gram positivas y Gram negativas*. Por otra parte, son candidatos potenciales

para el tratamiento de trastornos de la salud mental tales como la esquizofrenia® o la
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enfermedad de Alzheimer?’, ya que muchos de sus derivados resultan activos sobre el
sistema nervioso central (SNC). Su versatilidad permite que incluso tengan aplicacién en

otros sectores industriales, tales como la agroquimica o la cosmética“.

1.3.1 Metodologias de sintesis

Actualmente, se han descrito diferentes rutas sintéticas en la preparacion de 2-amino-
4H-cromenos incluyendo tanto la utilizacién de organocatalizadores homogéneos
clasicos —aminas orgénicas*® °°—, como de heterogéneos, entre los que se incluyen
algunos como fosfato de circonio®!, resinas de intercambio aniénico —Amberlita A-

21°2—, hidrotalcitas dopadas con estafio®® o tamices moleculares 3A>4, entre otros.

Las reacciones multicomponente (MCR, por sus siglas en inglés) presentan gran
interés tanto desde el punto de vista académico como industrial. La utilizacién de MCR
en sintesis orgdnica y quimica médica permite la preparacién de moléculas de gran
complejidad estructural, en una operacidn sencilla, por lo que se consideran rutas de
reaccion altamente eficientes. En general, se caracterizan por ser procesos rapidos,
convergentes, de alta economia atédmica y elevada formacién de enlaces dando lugar a
gran diversidad molecular®. Sin embargo, en funcion de la metodologia elegida, este
tipo de sintesis a menudo requiere el uso de disolventes, empleando altas cantidades
de sélidos inorgdnicos usados como catalizadores del proceso, tiempos de reaccién
prolongados y, en algunos casos, métodos complejos de aislamiento y purificaciéon de
los productos de reaccidn, originando residuos altamente contaminantes, un consumo
energético alto y, por lo tanto, un elevado impacto ambiental. En este contexto, el
disefio de nuevas rutas sintéticas mas eficientes y selectivas, que permitan mantener la
produccién de este tipo de compuestos, minimizando el dafio ecolégico, es una
necesidad urgente. Recientemente, en nuestro grupo de investigacién se han descrito
nuevos sistemas cataliticos activos, selectivos y eficientes en la sintesis de 2-amino-4H-
cromenos. Entre ellos se encuentran los liquidos idnicos>® (ILs, por sus siglas en inglés),
metalosilicatos mesoporosos  bifuncionales®’*® o composites hidrotalcita/

hidroxiapatita®® e hidrotalcita/SBA-15°,
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1.4 Carbones activados (CAs)

Se define como carbones activados (CAs) a aquellos materiales de escala nanométrica
que han sido preparados mediante carbonizaciéon de diversos productos organicos,
entre ellos residuos vegetales procedentes de biomasa de alto contenido en carbono o
compuestos organicos de sintesis®. R. Von Ostrejko se considera el inventor del primer

carbdn activado, en 190992,

Su composicidn quimica se basa, fundamentalmente, en carbono, aunque
habitualmente contienen distintos heterodtomos, tales como oxigeno, nitrégeno o
hidrégeno, entre otros. Se trata de materiales con estructura no grafitica, carbonosa y
microcristalina. Estos materiales presentan, ademads, varias caracteristicas interesantes,
tales como la porosidad controlable, conductividad eléctrica, estabilidad fisica y
quimica, quimica superficial modificable, y posibilidad de presentar diferentes

metodologias de preparacion®.

1.4.1 Estructura y propiedades de los CAs

La estructura de los CAs se conforma de microcristales elementales que
constituyen unidades laminares bidimensionales de planos hexagonales de atomos de
carbono, replegadas sobre si mismas, sin orden cristalografico aparente, generando
espacios que dan lugar a la porosidad y evitan que se adquiera conformacién grafitica

(Figura 9)54 6>,

Figura 9. Plegamiento de las ldminas microcristalinas que generan la estructura de un CA°®®,
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La propiedad fisica mds destacable de los CAs es su porosidad, que facilita el
acceso de los reactivos a los centros activos disponibles®’, resultando, por tanto,
materiales con altas capacidades como adsorbentes. Esta porosidad les confiere una
elevada area superficial, que puede alcanzar mas de 2000 m2-g%. Generalmente, los CAs
presentan una distribucién de tamafio de poro no uniforme que les permite adsorber

moléculas de muy diverso tamafio (Figura 10)%°.

Macroporos

Mesoporos

Microporos

Figura 10. Representacion grafica de la distribucidn de los distintos tipos de poro en un CA®,

Atendiendo a la clasificacidn efectuada por la IUPAC®®, los materiales porosos,

en general, se clasifican en tres grupos en funcion de su diametro de poro:

i) Microporosos: diametro de poro de tamafio menor a 2 nm.
ii) Mesoporosos: didmetro de poro comprendido entre 2 nm y 50 nm.

iii) Macroporosos: didametro de poro de tamafio mayor a 50 nm.

Cada uno de estos poros realiza una funcién especifica. En los CAs predomina la
presencia de microporos, que son los principales responsables de sus elevadas
superficies especificas y contribuyen activamente a sus propiedades adsorbentes. Para
que este proceso tenga lugar, las moléculas acceden al material a través de los
macroporos, que realizan una funcién de transporte. Posteriormente, los mesoporos —
poros de transicion— facilitan el transporte de las moléculas mas pequefias hacia los

microporos, donde se produce la adsorcidn, aunque también participan en la adsorcién
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de las moléculas de mayor tamafio®3. Las diferencias en las propiedades adsorbentes de
los materiales de carbdn se ven perfectamente representadas en sus isotermas de
adsorcién-desorcidn, que muestran las cantidades de gas adsorbidas por un material en
funcion de la presidn ejercida sobre el mismo. De esta forma, a altas presiones se
producird en primer lugar el llenado de los microporos, seguido de los mesoporos y de,
finalmente, los macroporos. Esto ha permitido a la IUPAC establecer diferencias y
generalizar ocho modelos distintos de isotermas de adsorcién-desorcién®, pudiendo asi
clasificar a los materiales adsorbentes, en funcidon de a qué modelo se ajusta mas su

comportamiento (Figura 11).
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Figura 11. Isotermas de adsorcién segun la clasificacion de la [UPAC®.

Otro aspecto que debe ser considerado a la hora de clasificar las isotermas de
adsorcion-desorcién es el denominado ciclo de histéresis (Figura 12), que es la diferencia
entre las cantidades de gas adsorbidas por los materiales durante el proceso de
adsorcidn, frente a las desorbidas durante el proceso de desorcién, a presiones iguales.
La presencia de uno de estos ciclos en la isoterma de adsorcidon-desorcidon se debe a la
aparicidn de procesos de condensacion capilar en el interior de los mesoporos, lo que
permite la identificacion de geometrias y distribuciones de tamafios de poro

determinados’®.
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Figura 12. Ciclos de histéresis segun la clasificacion de la IUPAC®®.

La morfologia de los poros presentes en los materiales porosos permite llevar a
cabo una segunda clasificacién, en funcién de la forma originada durante la etapa de
cristalizacién. Se establecen tres modelos de poro: a) cilindricos, b) cuello de botellay c)

en forma de hendidura’® 71,

Las propiedades estructurales que muestran los CAs estan determinadas por las
condiciones de sintesis empleadas. Tanto sus propiedades texturales como su quimica
superficial pueden modificarse para un uso especifico, lo que les confiere gran
versatilidad. Sin embargo, no siempre unas caracteristicas texturales similares en dos
CAs distintos equivalen a la misma capacidad de adsorcion para un mismo adsorbato,

debido a muchos otros factores, como puede ser su composicidon quimica’?.

Anteriormente se ha citado la estructura no grafitica de los CAs. Es precisamente
esta estructura, con su sistema de electrones 1t de los planos basales, la responsable de
la basicidad de estos materiales. La concentracidén y naturaleza de los grupos funcionales
organicos, asi como los diferentes heterodtomos que estos contienen —principalmente
O, N, H, Cl, S—, sobre la superficie del carbono, contribuyen a los cambios en su caracter
acido-base y propiedades redox, siendo los grupos oxigenados los mas ampliamente
investigados, debido al hecho de que el oxigeno combinado con los &tomos de carbono
forma una amplia variedad de componentes organicos con distintas funciones acido-

base.

La relevancia de la composicidon quimica de un CA se debe al papel que juegan en

el anclaje quimico de los adsorbatos los centros activos presentes en la superficie del
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material, generados por dtomos de carbono con electrones deslocalizados’3, asi como a
los heteroatomos de los grupos funcionales superficiales. La quimica superficial de los
CAs se puede modificar por la introduccion de diversos grupos funcionales, que
modifican sustancialmente sus propiedades redox y acido-base (Figura 13). Por tanto,
su cardcter acido-base dependerd directamente tanto de la concentracién, distribuciéon
y tipo de grupos acidos o basicos en superficie, pudiendo presentar incluso un caracter

anfotero.

Anhidrido

o) 0 o Carbonilo

COLH
Pirrol

HN

Carboxilo

Cromeno

Eter
o/
OH

Pirona

Piridina
Nitrogeno
NO., Cuaternario o

Nitro

Figura 13. Representacion de diversos grupos funcionales en la superficie de un CA.

El método de modificacidn mas habitual para la introduccion de grupos
oxigenados en la superficie del CA’* 7> es la oxidacion. En el proceso de oxidacién seca
se emplean gases oxidantes tales como vapor de agua, didxido de carbono, oxigeno u
ozono, generalmente a altas temperaturas. En cambio, en la oxidacién himeda se
emplean disoluciones oxidantes, tales como acido nitrico, acido sulfurico, peréxido de
hidrégeno o agua clorada, en condiciones suaves. Generalmente, la oxidacion aumenta
los grupos acidos, disminuyendo asi el caracter basico de los CAs. Este proceso ocurre
en los sitios mas susceptibles de ser oxidados, como los defectos en la superficie del CA

o en las cadenas laterales alifaticas del CA, es decir, en los &tomos de carbono periféricos
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en la superficie. Debido a que estos grupos funcionales pueden generarse en la entrada

de los poros, este proceso puede bloquear alguno de ellos®3.

Es igualmente posible la introduccién de otros heterodtomos en la red
carbonosa, tales como B, N, S y P, lo que puede modificar el area superficial y las
propiedades electrénicas de los materiales, ademas de influir en la aplicacion de los CAs

como catalizadores, por ejemplo’®.

1.4.2 Precursores convencionales y estrategias sintéticas

Tradicionalmente, la preparacion de CAs se ha relacionado con |Ia
carbonizacion/activacion de materiales tipicamente lignoceluldsicos y carbon mineral —
carbdn bituminoso, lignito, y antracita— como precursores. Sin embargo, casi todos los
materiales organicos que contienen carbono se pueden utilizar como precursores en la
preparacion de CAs, dependiendo, en gran medida, de su disponibilidad y coste. Otros
precursores habitualmente utilizados han sido los residuos de petrdleo, la turba, la

cascara de coco, la cascara de nuez, los huesos de frutas o restos 6seos animales®* 77,
Los principales métodos para la produccién de CAs son:
Activacion fisica

Los procesos de pirdlisis/activacion son la ruta mas habitual en la sintesis de CAs
porosos. El procedimiento de activacion fisica consta de dos etapas bien diferenciadas:
en una primera etapa, el material precursor se carboniza generalmente a temperaturas
comprendidas entre 673 Ky 1123 Ky en atmésfera inerte, con el fin de que se produzca
la deshidratacion completa del mismo para generar la estructura porosa deseada. En
una segunda etapa se efectla un tratamiento térmico a altas temperaturas, del rango
de 1073 K a 1273 K, en presencia de agentes oxidantes, habitualmente H,0, NH; CO, y
aire’®, o mezclas de estos gases, que reaccionan con los dtomos de carbono de la
matriz®% 7% 8081 Durante este procedimiento se pierden los dtomos de carbono mas
insaturados, que se eliminan en forma de CO, de manera que se incrementa el tamafio
de poroy se aumenta la accesibilidad a los microporos del material®. Las reacciones que
se producen en la activacion de un material de carbén se muestran en las ecuaciones 3-

6.
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C+CO2 > 2CO (reaccion Boudouard) (3)

C+H;0 2> CO+H; (gasificacion con vapor de agua) (4)
C+0;->CO; (5)
CO + H,0 = CO; + Hy (6)

La activacién con CO; producird una distribucién de tamano de microporos
estrecha, mientras que la activacién con vapor de agua generarda CAs con una
distribucién de tamafo de poro mas amplia y un volumen de microporos menor. Las
reacciones de los agentes activantes gaseosos, asi como los productos de reaccién
gaseosos producen la quimisorciéon del oxigeno en la superficie, conduciendo la
formacién de grupos funcionales superficiales oxigenados. En el tratamiento con NH3
también se introduciran grupos superficiales que contengan N, aunque este tipo de
activacion suele combinarse con otros gases oxidantes, como el CO», para asi mejorar el

desarrollo de la porosidad®! 83 84 85 86,

Cabe mencionar la importancia del material inorganico contenido en los
precursores—en particular sales, éxidos y metales de la serie de los metales alcalinos,
metales alcalinotérreos y metales de transicion—, ya que en algunos de ellos pueden

actuar como catalizadores eficaces de las reacciones de gasificacion.
Activacién quimica

El procedimiento de activaciéon quimica puede ocurrir en dos etapas o en una sola,
aunando los procesos de carbonizacion y de activacidn. Para ello, antes del tratamiento
térmico en atmdsfera inerte, a temperaturas entre 673 Ky 1173 K, se debe afadir un
agente quimico, mediante impregnacién del precursor carbonoso, que actuard como
activante, disminuyendo la formacidn de materia volatil y alquitranes, evitando asi la
oclusién de los poros generados. Los activantes habitualmente utilizados son agentes
deshidratantes tales como acidos, cloruros o hidréxidos, entre los que destacan HzPOg,
H,SO4, ZnCl;, NaOH o KOH, entre otros®” 8. Otros agentes quimicos que se pueden
utilizar, aunque menos comunes, son HNOs, HCl, H,0,, FeClsy KMnQ4%% 79.80.81,89 Tanto
el H3POs como el ZnCl; son ejemplos de agentes quimicos que son activos a

temperaturas relativamente bajas, alrededor de 723-773 K, siendo particularmente
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eficaces para los precursores lignoceluldsicos. El ZnCl; se comporta como un catalizador
deshidratante de las estructuras lignoceluldsicas, actuando asi como plantilla para la
generacién de microporos. Esto significa que el volumen de microporos desarrollado es
similar al volumen de ZnCl; introducido en la particula, creando una microporosidad
uniforme® 72.80.85 En el caso del H3PO4, los mecanismos de desarrollo de porosidad son
diferentes ya que el acido promueve la deshidratacién, despolimerizacion, reacciones
de condensacién y reticulacidon en el precursor lignoceluldsico, formando estructuras
enlazadas por grupos éster de fosfato. La insercidon de los grupos fosfato crea una
expansion que, después de la eliminacién del acido, deja la matriz en un estado
expandido con una estructura de poro accesible® 7°. Es por ello que el ZnCl, desarrolla
tanto microporos anchos como mesoporos pequefios, mientras que el H3PO4 desarrolla
esencialmente microporosidad con algunos mesoporos mas grandes e incluso

macroporos’® 89,

El uso de sales de metales alcalinos —déxidos, hidréxidos o carbonatos— para
preparar CAs requiere de mayores temperaturas, generalmente entre 973-1173 K. Las
sales alcalinas no actian como agentes deshidratantes, lo que implica que no reaccionan
con el precursor sino con el carbdn resultante del proceso de carbonizacion’. El
mecanismo de reaccidn para el desarrollo de porosidad con sales alcalinas generalmente
implica los siguientes pasos: i) inicialmente, se produce una reaccién redox donde los
atomos de carbono del carbdn formado se oxidan CO o CO,, produciendo porosidad,
siendo esta gasificacion catalizada por el metal alcalino, y posteriormente ii) la reduccion
de la sal de metal alcalino que produce los dtomos metadlicos que seran intercalados

entre las capas de grafeno, expandiendo la estructura de carbono’® #°,

Tanto el activante elegido como la atmdésfera inerte empleada van a influir en las
caracteristicas texturales y estructurales del material, asi como en su capacidad de
regeneracion®?. Tras realizar el proceso de calcinacidn-activacion, en atmdsfera inerte,
es necesario un lavado posterior, para eliminar los restos sobrantes de activante que no
hayan reaccionado, generalmente con agua destilada. Aunque la activacién quimica
permite la produccién de CAs con elevadas areas superficiales, la etapa de lavado hace

que el proceso sea lento, caro y con un consumo energético elevado, con el
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correspondiente impacto medioambiental. Por otro lado, los CAs obtenidos a mayores

temperaturas permiten un peor control de su porosidad.

Es importante resefiar que ambos procesos de activacién —fisica y quimica—se

pueden utilizar de forma simultanea.
Otros métodos

Otros métodos de sintesis de CAs destacados son: i) la carbonizacion hidrotermal
(HTC, por sus siglas en inglés), en la que el precursor se trata termoquimicamente en
presencia de agua subcritica®; ii) calentamiento bajo irradiacién de microondas (MW,
por sus siglas en inglés), que ofrece la ventaja de acelerar las reacciones quimicas a
temperaturas mas bajas, proporcionando ademds un calentamiento uniforme en
comparacion con la calefaccién convencional®?; iii) preparacién de geles de carbdn
preparados mediante sintesis sol-gel, a través de reacciones de
policondensacién/polimerizacion en disoluciones acuosas de hidroxibencenos —
resorcinol, fenol, floroglucinol o cresol— con aldehidos —formaldehido o furfural—,
catalizadas por agentes quimicos, como Na;COs, NaOH, HCl o 4cido acético, entre
otros®% 93 %4 jv) métodos que emplean sélidos inorganicos como agentes directores de
la estructura (hard template) —zeolitas, silices, arcillas, entre otros—°>°¢; o0 v) aquellos

que usan agentes tensioactivos como plantillas (soft template)®’ %8,

1.4.3 Aplicaciones de los CAs

El elevado poder adsorbente y su bajo coste de produccion convierten a los CAs en
materiales ampliamente utilizados en numerosos sectores. Hoy en dia, muchos
productos comerciales de uso cotidiano estdn compuestos por CAs. Se emplean en la

potabilizacion de aguas para consumo humano®, en los procesos de produccion en la

100

industria alimentarial®, purificacidon de biogds®® 102 en medicina en el tratamiento de

intoxicaciones provocadas por la ingesta de venenos'®® 104 en sistemas para la filtracion

105 106

de aire!® y aguas residuales'®®, o para el control de emisiones tanto de gases nocivos

como de vertidos!?’, entre muchas otras aplicaciones.
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1.4.3.1 Aplicaciones de los CAs en catalisis

Actualmente, el disefio de nuevos nanomateriales que actien de forma eficiente en
procesos quimicos de interés es un campo de investigacién muy activo, debido a su gran

repercusiéon e impacto industrial.

Durante mucho tiempo, los materiales de carbono se han utilizado en el campo
de la catélisis como catalizadores o incluso como soportes de catalizadores%®. Entre las
principales caracteristicas de los CAs para su aplicacién en catdlisis se encuentran: i) su
elevada estabilidad térmica, que les permite ser utilizados a altas temperaturas, ii) alta
estabilidad quimica, tanto en medio acido como basico, iii) baja capacidad de corrosion,
iv) destacado cardcter hidrofdbico, v) facilidad de recuperacién de la mezcla de reaccién

y, vi) desde un punto de vista econdmico, su reducido precio.

En este contexto, los materiales de carbdn se han investigado ampliamente en la
sintesis de productos de QF, particularmente como soportes de nanoparticulas
metdlicas, siendo una alternativa econdmicay sostenible a otros catalizadores sélidos'%
110, 111 | 3 alta dispersion y estabilidad de las fases metélicas en los CAs es posible
principalmente debido a sus elevadas areas superficiales y grupos funcionales en su
superficie. En este contexto, tanto las propiedades texturales como la quimica
superficial de los CAs influyen en su actividad como catalizadores. Algunos CAs
comerciales se emplean en numerosos procesos de interés. Destaca su uso como
catalizadores en procesos de hidrogenacién, debido a las excelentes propiedades de
dispersion de las particulas metdlicas. En general, son soportes mas baratos en
comparacion con la alimina o la silice, y ademds permiten recuperar la fase activa

eliminando el soporte mediante calcinacién.

Muy recientemente, se ha descrito una nueva generacion de materiales
carbonosos preparados a partir de otros precursores emergentes, como son los MOFs y
otros polimeros de naturaleza orgénica, denominados “Covalent Organic Frameworks”
(COF, por sus siglas en inglés), con propiedades fisicoquimicas mejoradas, utiles en la
sintesis de productos de alto valor afiadido®. Estos materiales de carbén porosos

presentan areas superficiales extremadamente altas, volimenes de poro grandes y, en
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algunos casos, contienen especies metdlicas altamente dispersas, todas estas

propiedades de gran importancia para su aplicacion en catalisis.

A este respecto, nuestro grupo de investigacion posee amplia experiencia en la
utilizacidn de materiales carbonosos como catalizadores, o soportes de fases activas, en
la sintesis de compuestos de QF, especialmente en la sintesis de sistemas heterociclicos
de interés. Entre ellos destacan CAs acidos!!? y aerogeles de carbdn, sintetizados por
polimerizacidn resorcinol-formaldehido, libres de metales!!3 empleados en la sintesis de
quinolinas y compuestos relacionados a través de la condensaciéon de Friedlander

(Esquema 1)'%4,

0 R" ©
2
R? R 0O o CAs R
+ —_—
NH, N

Esquema 1. Sintesis de quinolinas catalizada por CAs acidos a través de la condensacidn Friedlander®?,

El estudio realizado ha permitido racionalizar el mecanismo por el que tiene lugar
el proceso. En el caso de los materiales carbonosos derivados del CAs comerciales —
Norit RX3 y Merck— funcionalizados con grupos acidos, —CO;H y —SOs3H, se pudo
comprobar que las funciones —SOsH, presentes en las muestras Norit/S y Merck/S, estan
involucrados en la formacion preferente de la correspondiente quinolina, mientras que
otras funciones oxigenadas —grupos —-COH— en superficie (Norit/N), son
probablemente responsables de selectividades mas bajas. El estudio tedrico realizado,
mediante cdlculos computacionales ab initio, investigando la primera etapa de la
reaccion de Friedlander, que consiste en la reaccién de aldolizacién entre o-
aminobenzofenona y acetilacetato de etilo, en presencia de modelos reducidos de que
simulan los centros activos en los catalizadores estudiados —CsHs-SOsH o CgHs-CO;H—,
sugiere que la formacion de los aldoles correspondientes se produce a través de una red
de intercambio de hidrégenos que tiene lugar durante la formacion del enlace C-C en el
aldol correspondiente; estas migraciones de H se completan en el caso de CgHs-CO2H
pero no en Ce¢Hs-SO3H. Esta red de enlaces de H le confiere gran flexibilidad al complejo
reactivos-catalizador y podria ser responsable de la baja estereoselectividad del

proceso.
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Por otra parte, el estudio experimental y tedrico realizado en la reaccién

catalizada por aerogeles de carbont!?

confirmé que la reaccion es fuertemente
dependiente tanto de la porosidad del material como de su quimica superficial. Fue
posible demostrar que tanto la acidez de los materiales como interacciones de m,m-
stacking, relativamente fuertes, entre la superficie del carbdn y los reactivos podrian ser

responsables de la reactividad observada (Esquema 2).

@ e LT
~
)J\/U\ Et 323 K N

R=H,Cl

Esquema 2. Condensacion Friedlander entre 2-amino-5-clorobenzaldehido y acetilacetato de etilo, y
modelos computacionales de las interacciones t,m-stacking en la formacién de enlaces C-C'*3,

Muy recientemente, nuestro grupo de investigacion ha descrito también
diferentes series de materiales carbonosos, con una quimica superficial similar y alta
microporosidad desarrollada, activos y selectivos en la sintesis verde de

115 v quinoxalinas!'® (Esquema 3). Los resultados obtenidos confirman,

benzodiacepinas
una vez mas, que ambas reacciones son controladas por la combinacién de la porosidad
del material y la fuerza acida de las funciones oxigenadas en superficie. El estudio
realizado ha permitido esclarecer el mecanismo por el que tiene lugar la formacién de
qguinoxalinas, catalizada por los materiales carbonosos investigados, que tendria lugar a
través de las siguientes etapas: i) reaccién de iminacidn entre reactivos, ii) sucesivas

tautomerias imina-enamina y ceto-endlica, iii) heterociclacion con iv) posterior

deshidratacion y, finalmente v) aromatizacién.
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Esquema 3. Sintesis de quinoxalinas a partir de o-fenilendiamina y a-hidroxicetonas catalizada por CAs.
Estructuras optimizadas del ataque nucleofilico de o-fenilendiamina a acetoina a) en ausencia de
catalizador, b) catalizada por grupos —COzH, c) —SOzH y d) —POsH.

La reaccién de condensacién de Friedlander también se ha investigado en
presencia de otros materiales carbonosos como aerogeles de carbén o incluso
nanotubos de carbono de pared multiple (MWCNTSs, por sus siglas en inglés) dopados
con metales de transicidn, en los que la especie activa predominante estd constituida
por nanoparticulas de Co® o Cu® en el caso de los materiales dopadost!’ 18y por CoO en
el caso de los materiales sintetizados por impregnaciéon con disoluciones de sales de

cobalto de los soportes carbonosos!®.

Merece destacar también el estudio descrito por Godino-Ojer et al*?° sobre la
sintesis selectiva de quinolinas, mediante condensacion Friedlander, catalizada por
carbones basicos con MgO soportado (Esquema 4). Se trata de composites preparados
por pirolisis de tereftalato de polietileno (PET, por sus siglas en inglés) y magnesita
(MAG) en distintas proporciones, en los que el MgO es la especie catalitica

predominante mientras que el material carbonoso actia como soporte aportando
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porosidad al sistema. El analisis computacional del mecanismo de la reaccién (Figura
14), en este caso, sugiere que el MgO se comporta como un catalizador dual, activando
ambos compuestos carbonilicos de partida, estando implicado en todas y cada una de
las etapas de reaccién involucradas en la formacion de la correspondiente quinolina,

estabilizando las especies intermedias y promoviendo la reaccion.

Yo -CHO o o Yo X COR?
| + — |
— 1JJ\)J\ 2 ~ ~
X~ NH, R R X~ N7 TR

X Y R' RZ?

a|CH Cl Me Me

b|CH CI Me OEt

¢ | CH ClI  -CH;CMe;)CH;-

d| N H Me Me

e| N H Me OEt

Esquema 4. Sintesis de quinolinas por condensacién de Friedlander a partir de 2-aminobenzaldehidos y
compuestos carbonilicos, catalizada por materiales PET/MAG.

En primer lugar, se estudiaron los distintos modos de adsorcién de acetato de
etilo en el cluster de MgO. En los tres escenarios estudiados, los calculos sugieren que
la adsorcion se produce a través del HC=0, formando un complejo reactivo estable,
mientras la interaccién a través del oxigeno del éster conduce a un complejo
metaestable, menos estable que los reactivos aislados. En todos los casos la
guimisorcion disociativa de los complejos reactivos resulta favorable energéticamente.
Posteriormente, la segunda especie reaccionante, el aldehido, se une al complejo
interaccionando a través del par solitario de oxigeno carbonilico con Mg?*. En la Figura
14 se muestran los tres posibles estados de transicion, teniendo en cuenta los tres
posibles modos de interaccién del nucledfilo que conducen a los respectivos
intermedios lla-c, respectivamente. Las estructuras de transicion muestran cémo,
durante el transcurso de esta etapa, el protdn adsorbido permanece fuertemente unido
al catalizador y forma un enlace fuerte del H con el oxigeno del aceptor carbonilico. El
mecanismo de la Figura 14 muestra como la reaccién sigue, previsiblemente, la
secuencia: i) activacién por quimisorcidn disociativa, ii) aldolizacién, iii) heterociclacién
mediada por una molécula de H20, iv) primera deshidratacién y v) segunda

deshidratacion.
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Figura 14. Perfil de energia libre y posible mecanismo de reaccidén en la reaccién de condensacidn entre
2-amino-5-clorobenzaldehido y acetoacetato de etilo catalizada por MgO*?°,

En nuestro grupo de investigacion se han sintetizado, caracterizado y testado
otros materiales carbonosos, impregnados con metales alcalinos, en la sintesis de
compuestos de QF como es el caso de las chalconas'?® o en la alquilacion de
imidazoles'?> 123, promovida también por radiacién microondas!?* 12> 126 'y en |a sintesis

de y-lactamas N-sustituidas'?’, entre otros ejemplos.
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|.5 Redes Metaloorganicas (MOFs)

Los MOFs son materiales sdlidos cristalinos porosos reticulares, constituidos por iones
metalicos coordinados a ligandos organicos multidentados. La diferente coordinacién
da lugar a estructuras unidimensionales, bidimensionales o tridimensionales (Figura

15)128.

Centro metalico Ligando organico

Metal-Organic Framework (MOF)

Figura 15. Ensamblaje estructural de un MOF mediante la copolimerizacion de iones metalicos con
ligandos orgénicos'?®.

En relacidn con los elementos constituyentes de los MOFs, si bien el Zn?*y el Cu?*
son los cationes metalicos mas utilizados!3?, también se suelen utilizar muchos otros
metales de transicién, como el Y, Sc o elementos lantanidos*!. En el caso de los ligandos
organicos, entre los mas utilizados se encuentran los compuestos con grupos

carboxilicos**? (Figura 16) o nitrogeno estructural.

(0] OH COOH 0 0
HO © HOOC M HO O O OH
Acido oxalico Acido fumarico Acido malénico Acido ftalico
Acido isoftalico O
;()5;\(

HO™ ~O
0. OH m Acido 4,4' 4"-metanotriiltribenzoico
OH (@]
Acido 1,3,5-tricarboxibenzoico

Acido 2-hidroxi-1,2,3-tricarboxipropanoico

Acido naftaleno-2,6-dicarboxilico

Figura 16. Ejemplos de ligandos organicos con grupos carboxilos habitualmente utilizados en la sintesis
de MOFs?32,
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Kitagawa et al*33, en 1998, clasificaron los MOFs en tres generaciones de acuerdo

con su flexibilidad y estabilidad:

i) Primera generacién: redes microporosas, sostenidas exclusivamente por moléculas

huésped que colapsan durante la extraccion de éstas, debido a las fuertes
interacciones electrostdticas que se establecen en la estructura.

ii) Segunda generacion: compuestos estructuralmente estables y robustos, con

porosidad definida y permanente, sin necesidad de la presencia de moléculas
huésped. Las moléculas adsorbidas se pueden extraer facilmente a bajas
temperaturas.

iii) Tercera generacién: MOFs con estructura flexible y dindmica, que actuan en

respuesta a estimulos externos tales como luz, campo eléctrico o moléculas

huésped, de forma que modifican sus canales o poros de forma reversible.

Inicialmente, la mayor parte de la investigacidon en este tipo de materiales se
centré en el desarrollo de nuevos tipos y estructuras, asi como en su aplicacién como
adsorbentes de diversos gases. Sin embargo, actualmente, el gran conocimiento
acumulado sobre este tipo de materiales permite el control de la composicién,
estructura, funcionalidad y porosidad de los mismos, de tal forma que pueden ser
disefiados para aplicaciones especificas. En la Figura 17 se muestra el incremento

exponencial en el nimero de publicaciones sobre MOFs desde los afios 90.
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Figura 17. Numero de publicaciones por afio, desde 1990 hasta 2018, en las que aparece la terminologia

“Metal-Organic Framework” seguin la base de datos de la Web of Science®**.
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1.5.1 Propiedades de MOFs

La conformaciéon particular de los MOFs, centros metalicos y ligandos orgdnicos, les
otorga la capacidad de adaptar su tamafio de poro y su entorno quimico a las
necesidades para las que se sintetice el material. Esto puede llevarse a cabo durante el
proceso de sintesis mediante un disefio adecuado con cationes o ligandos especificos o,
incluso, mediante modificaciones post-sintéticas'®>. Existe, ademas, la posibilidad de
funcionalizar con multiples grupos funcionales de naturaleza variada la superficie de un

MOF, ampliando las posibilidades que puede ofrecer un mismo material.

En la sintesis de MOFs se pueden utilizar un amplio abanico de cationes
metalicos, asi como de ligandos organicos. Estos ligandos otorgan una elevada rigidez a
la estructura del material, pudiendo incluso ser sustituidos por otros, manteniendo la
topologia estructural. Asimismo, presentan una ventaja con respecto a otros materiales
porosos como silices mesoordenadas o zeolitas, ya que no requieren el uso de plantillas

durante su sintesis!3.

Los MOFs son materiales que presentan areas superficiales elevadas, alcanzando
incluso valores de 7400 m?-g'%, asi como una porosidad mayor al 50% del volumen del
cristal, superior a la de los materiales porosos tradicionales. Ademas, la versatilidad que
ofrecen en su sintesis permite la modificacion de diversas propiedades, como su

difusividad e incluso su estabilidad térmica o quimica®®’.

1.5.2 Sintesis de MOFs

La estructura de un MOF puede disefarse a partir de unidades moleculares, de
estructura rigida y bien definida, de forma que se mantenga la integridad estructural del
MOF a lo largo del procedimiento de sintesis!*®. Esta metodologia se conoce como
sintesis reticular'® y se basa en la utilizaciéon de Unidades de Construccién Secundarias
(SBUs, por sus siglas en inglés) como bloques moleculares a partir de los que se elaboran
las redes que conforman la estructura del material final. Las SBUs son figuras
geométricas que representan los clUsters inorganicos o las esferas de coordinacién

enlazadas por ligandos orgénicos, cuyo uso fue adoptado de las estructuras zeoliticas*°
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(Figura 18). Aunque estas estructuras se pueden observar en distintos compuestos

moleculares, habitualmente se sintetizan artificialmente bajo condiciones especificas.

Unidades inorganicas SBU Unidades organicas SBU

Figura 18. Ejemplos de diversas unidades inorganicas (los poliedros azules corresponden a unidades
inorganicas metal-oxigeno, mientras que los poligonos y poliedros rojos delimitan las correspondientes
SBUs) y organicas (los poligonos y poliedros verdes corresponden a las SBUs) de MOFs derivados de
ligandos carboxilicos. Las esferas rojas corresponden a dtomos de oxigeno, las verdes de nitrégeno y las
negras de carbono®,

En la sintesis de MOFs se debe prestar especial atencion, tanto a la seleccion de
los iones metdlicos y ligandos orgdnicos como al ensamblaje entre si de ambos
componentes, de forma que se pueda obtener una estructura final bien definida*! y
evitar una posible descomposicion del ligando organico. Por tanto, la disponibilidad del
ion metdlico para adquirir la geometria buscada, ademds de las caracteristicas del
ligando orgdnico, tales como quiralidad o angulos de enlace son los factores
determinantes en la sintesis de un MOF. Las condiciones de reacciéon son otro factor
importante a considerar, especialmente la temperatura de reaccion, ya que influird en
la coordinacién del ion metalico. Del mismo modo, la elecciéon del disolvente o la cinética
de reaccidon debe ser adecuada para que la nucleacion y el crecimiento de las fases se
produzcan de forma adecuada'#?. Por ello, en ocasiones, se incorporan compuestos
aminados durante los procedimientos de sintesis, sin que formen parte del producto

final, con el fin de favorecer la reaccion mediante la desprotonacién del ligando
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organico, siendo ésta la etapa anterior a la formacién del enlace de coordinacién con el

ion metalico®.

En general, la longitud de los ligandos empleados no afecta a las caracteristicas
de las distintas SBUs mientras se mantenga el mismo grado de conectividad de dichos
ligandos. De esta forma, se pueden modificar las estructuras de los MOFs mediante un
proceso conocido como expansion reticular, consistente en la variaciéon de la longitud
de los ligandos, produciendo estructuras con las mismas caracteristicas geométricas,

pero con diferencias en sus caracteristicas texturales (Figura 19).

Ligando organico

Cu,(BTC),, HKUST-1
MOF-199 (tbo)

x17.4

Cu,(BBC),,
MOF-399 (tbo)

Figura 19. Expansidn reticular. Manteniendo la misma topologia, la adicién de ligandos organicos a la
SBU de partida, permite aumentar el tamafio de poro del material®®’.

En cuanto a la metodologia de sintesis a nivel operacional, existen diversas
alternativas, si bien todas permiten obtener MOFs de manera sencilla, econémica y con
altos rendimientos. A continuacidn, se detallan los posibles métodos de sintesis que

pueden emplearse'*3;
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Sintesis termal

Es la metodologia mas ampliamente utilizada y la que presenta una mayor eficiencia a
la hora de obtener MOFs. En funcién del disolvente empleado se diferencia entre
sintesis hidrotermal, cuando se utiliza H20, o solvotermal, siendo los disolventes mas

empleados etanol, N,N’-dimetilanilina, N,N’-dimetilformamida o DMF, entre otros.

El procedimiento a seguir consiste en el tratamiento térmico de disoluciones de
ligandos organicos y sales metalicas en agua o disolventes organicos a relativamente
bajas temperaturas (rango habitual de 353 K a 533 K) en un espacio confinado,
frecuentemente un autoclave. Existen diversos factores que deben tenerse en cuenta
durante la sintesis termal de MOFs que resultan cruciales en la estructura final del
producto, tales como las caracteristicas del ligando, la tendencia de los iones metalicos
a adoptar determinadas geometrias y las condiciones de reaccion —temperatura,
concentraciones de sal y ligando, disolvente elegido, pH e incluso rampa de

enfriamiento—.

El principal problema de la sintesis termal es que no es apta para materiales de
partida que sean térmicamente sensibles'**. Es ademds un procedimiento tedioso, ya

gue habitualmente requiere de tiempos prolongados, incluso dias o semanas.
Sintesis bajo irradiacion microondas (MW)

La principal ventaja que plantea este método con respecto a los métodos termales4,

146 v de tiempos de cristalizacion. En este

es la mayor velocidad de reaccién del proceso
caso la transferencia energética en el calentamiento depende directamente de las
propiedades dieléctricas del disolvente utilizado, en lugar de deberse a procesos de
conduccién o conveccion, pudiendo por tanto alcanzarse altas temperaturas en
periodos de tiempo muy cortos. Permite, ademds, un mayor control de morfologias,

estructuras y tamafios de los MOFs'*” 148 En ocasiones, esta metodologia se ha

empleado en combinacidn con sintesis termales, como paso previo'#°,
Sintesis promovida por Ultrasonidos (US)

La metodologia de sintesis por sonicacion se basa en el aumento de presién vy

temperatura que se produce por el fendmeno de la cavitacidn acustica, el cual permite
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acelerar el tiempo de reaccién, ademas de producir monocristales de MOFs de pequefio
tamafio®, La cavitacidén acustica consiste en la formacion de cavidades en forma de
burbujas de gas o vapor en fluidos, que crecen y colapsan a una velocidad mayor que la
del sonido, emitiendo ondas de choque o de presién abrupta. En las pequefias zonas
donde se localiza el colapso de estas burbujas, también llamadas hot spots, se alcanzan
temperaturas de 4500-5000 K y presiones superiores a 1000 atm*°!, de forma que las

velocidades de calefaccion y enfriamiento son extremadamente rapidas.
Sintesis en ausencia de disolvente

Aunque las metodologias de sintesis bajo irradiacién microondas o ultrasonidos
permiten reducir los tiempos de sintesis respecto a los métodos termales, ambas
requieren la utilizacién de disolventes. El método de sintesis en ausencia de disolventes
es una técnica novedosa de menor impacto medioambiental, que se basa en la molienda
de reactivos mediante el uso de un molino de bolas mecdnico'*3. Aunque el uso de este
procedimiento no es muy utilizado, ya existen algunos ejemplos en la literatura de

materiales cristalinos sintetizados empleando este método®°% >3,
Sintesis por evaporacion lenta

La primera etapa del procedimiento es andloga a la de la sintesis termal, preparando de
forma similar disoluciones de ligandos organicos y sales metalicas. La diferencia reside
en que el crecimiento de los cristales se produce mientras se evapora el disolvente con

el tiempo®>*.

En este tipo de sintesis resulta fundamental controlar tanto la saturacién del
sistema, de forma que se alcance el estado de nucleacidon y posterior crecimiento

cristalino, como la solubilidad de los reactivos, que se ve afectada por la temperatura.

Aunque esta técnica es la menos utilizada en la sintesis de MOFs, destaca por su
sencillez y ahorro energético, aunque habitualmente los tiempos de cristalizacion son

prolongados, en ocasiones incluso de meses!>.
Sintesis por difusion lenta

Esta metodologia permite el contacto lento entre dos especies diferentes en disolucién,

una conteniendo la sal metdlica y la otra el ligando orgédnico, de forma que difunden en
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sentido opuesto. Habitualmente, entre ambas disoluciones, se ubica una capa de
disolvente puro que permita separar ambas fases, o incluso geles actuando como fases
intermedias, para ralentizar la difusién. Este método permite obtener cristales de gran
tamafio y calidad, apropiados para estudios de difraccién de monocristal®®. Sin
embargo, la duracién del procedimiento es indeterminada, pudiendo requerir de

tiempos prolongados que van desde unas horas hasta incluso meses.
Sintesis por precipitacion directa

Este procedimiento consiste en la adicidn directa de una disolucién que contiene la sal
metalica sobre otra que contiene el ligando. Las condiciones habituales suelen ser
presion atmosférica y temperaturas variables, lo que lo convierte en una metodologia

simple, rdpida y econdmica.
Métodos alternativos

Aunqgue habitualmente, los MOFs se sintetizan mediante reaccién directa entre la sal
metadlica y el ligando orgdnico, existen rutas alternativas, como las modificaciones post-
sintéticas’’ o la sintesis empleando precursores tipo oxoclusters®® e incluso

metaloligandos®®°.

1.5.3 Aplicaciones de MOFs

Tras el descubrimiento de los MOFs, durante los primeros afios, la investigacion se
centré en el desarrollo de nuevas estructuras y topologias. Sin embargo, debido a su
diversidad estructural, una vez se comenzaron a conocer en profundidad sus

propiedades, el estudio de sus posibles aplicaciones crecié exponencialmente.

Aunque se han descrito numerosas aplicaciones de este tipo de sdlidos, como

160

son: liberacién controlada de farmacos o moléculas bioldgicas®®, preparacién de

materiales luminiscentes como pigmentos organicos'®! o elaboracién de membranas
para procesos de separacidn permeoselectival®?; en esta memoria se han destacado las
aplicaciones de MOFs principalmente en el almacenaje y separacién de gases y en

catdlisis, esta ultima por su relacion con el presente trabajo.
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Tal y como ya se ha mencionado, los MOFs son los materiales cristalinos que
presentan los valores mas altos de area especifica, de acuerdo con el modelo Brunauer-
Emmett-Teller (BET), con un valor de 6240 m?-g en el caso del MOF-210%%3, Del mismo
modo, aplicando la expansidn isorreticular, se han podido preparar materiales con un
90% de espacio vacio, lo que ha permitido obtener materiales de densidad
extremadamente baja, como el MOF-200, con un valor de 0,22 g-cm™ (Figura 20). Estas
caracteristicas han convertido a los MOFs en materiales ampliamente utilizados en la
captacion de gases contaminantes atmosféricos, especialmente CO,, y en el

almacenamiento de gases empleados para la obtencion de energia, como CHs o Ha.

Figura 20. MOF-200 (izquierda) y MOF-210 (derecha). Las esferas naranjas y amarillas indican los
diferentes espacios en el interior del material®3,

Su utilizacion en la separacién de gases se fundamenta en la adsorcién selectiva
de moléculas gaseosas en funcién de su tamafio y forma, aumentando su efectividad en
los casos en que el material adsorbente interacciona de forma diferente con los distintos
compuestos de una mezcla gaseosa. Debido a la problematica medioambiental actual
derivada de la necesidad de controlar las emisiones de CO; por parte de la industria,
existe un gran interés en el desarrollo de MOFs que adsorban selectivamente este gas.
Actualmente se estdn empleando diversas modificaciones del MOF-74, de estructura
formada por canales hexagonales. Los estudios realizados sobre el MOF-74 de Mg con
mezclas de gases de CO, y CH4 muestran como las moléculas de CO; son atrapadas en
los poros, mientras que las de metano difunden a través de ellos. Se ha logrado sintetizar

el MOF-74 con hierro como centro metalico, material que ha presentado actividad
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redox, pudiendo adsorber selectivamente moléculas de O». Sin embargo, los dos MOFs
que han mostrado resultados mas prometedores en la adsorciéon de CO;, con aplicaciéon
en la reduccion de emisiones en vehiculos de combustidn interna, son el MOF-177 y
MOF-200, con capacidades de 1470 mg-g! a 3.5 MPa y 2437 mgg! a 5 MPa,
respectivamente!®, Estos resultados permitirian retener una cantidad de CO> de 9a 17

superior a la cantidad de un tanque de gasolina estandar.

En cuanto a sus posibilidades en el almacenaje de CHa, la tecnologia de utilizacién
de MOFs para aumentar la capacidad de recipientes de combustibles, ya se encuentra
actualmente en uso. La empresa BASF comercializa MOFs!®* que duplican, e incluso, en
ocasiones, triplican, la cantidad de CHs almacenada en un recipiente vacio, a
temperatura ambiente y hasta 8 MPa'®3, En el caso de la adsorcidn de H,, el proceso de
adsorcion puramente fisica implica que la interaccién con las moléculas de hidrégeno es
demasiado débil, lo que limita su aplicabilidad. Sin embargo, diversos MOFs han
mostrado potencial'®®, por lo que actualmente se estan tratando de realizar
modificaciones sobre los mismos, dopando su estructura con metales alcalinos®® o
empleando MOFs con centros metdlicos abiertos en la estructura'®’, con el fin de

mejorar su capacidad.
1.5.3.1 Aplicaciones de los MOFs en catdlisis

Los MOFs se han descrito también como catalizadores heterogéneos, debido a su alta
porosidad y a la gran concentracién de centros, metdlicos o no, activos disponibles. Tal
y como se ha mencionado se puede variar su composicion, incluyendo distintas
funcionalidades en los ligandos organicos, permitiendo asi la preparacién de
catalizadores bifuncionales, con una actuacion sinérgica de dos especies activas
diferentes'®®, Esta estrategia, en combinacion con el ajuste de tamafio de poro adecuado,
permite la modificacidon del entorno de los centros cataliticos en los MOFs, aumentando
la selectividad hacia la formacién del producto deseado de forma eficaz, siendo este tipo

de catalizadores de gran interés en catalisis asimétrica'®® 70,

Un gran inconveniente que muestran los MOFs para su aplicacion en la catalisis
es su baja estabilidad térmica, por lo que habitualmente se emplean como catalizadores

en QF, bajo condiciones de reaccidn suaves’?,
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Entre las distintas estrategias que se han descrito para la modificacion de este
tipo de sélidos se encuentran: i) incorporacién de catalizadores homogéneos en su
estructura para ser transformados en catalizadores heterogéneos'’?, ii) estabilizacion de
la estructura de catalizadores con durabilidad limitada'’?, iii) encapsulacidn de especies
cataliticas en la estructura reticular del MOF*”3, iv) modificacién de los centros metalicos
mediante métodos post-sintéticos (grafting)*’® y uso como catalizadores

enantioselectivos en funcién del tamafio del sustrato’°.

En la Figura 21 se muestra un resumen de las distintas aplicaciones de los MOFs

gracias a las posibilidades que facilitan sus propiedades.

Ingenieria de poro
Tamices moleculares

Porosidad Estructura-selectividad
Gran érea superficial | Microporosidad Flexibilidad estructural
Porosidad

Imitacion de sistema enzimatico

Efectos de confinamiento

Interacciones anfitrién-huésped
Orientacion de la actividad del substrato
Entorno quimico

Hidrofilia/hidrofobia

MOFs
Cristalinidad
Porosidad

Centros cataliticos
Centros metalicos
Ligandos

Interior del poro

Quiralidad Multifuncionalidad
Catalisis asimétrica Reacciones en cascada

Figura 21. Propiedades y aplicaciones de MOFs en catélisis heterogéneal’*,

Muy recientemente, en nuestro grupo de investigacidn se han descrito
diferentes Basolitas comerciales —Basolite® C300 (CuBTC, BTC = 1,3,5-
benzenetricarboxylate), F300 (FeBTC) y Z1200 (ZnZIF-8)— activas en la condensacidn
Friedlander, para la sintesis de quinolinas distintamente funcionalizadas’> 176177 y en

la sintesis de quinoxalinas!’® (Esquema 5).

NH 0 1
©i 2 N JJ\/RZ Basolite ©:N\ R
R! T e —
NH, oy 373K

Esquema 5. Sintesis de quinoxalinas a partir de o-fenilendiamina y a-hidroxicetonas, a 373 K, catalizada
por Basolites.
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1.6 Silices Mesoporosas

El primer material mesoporoso siliceo preparado artificialmente fue descrito en 1969
por Chiola et al, aunque las limitaciones técnicas de la época no permitieron la
caracterizacién suficientemente exhaustiva para describirlo por completo!’®. No fue
hasta 1992 cuando cientificos de la Mobil Corporation descubrieron la Mobile
Composition of Matter 41 (MCM-41), revolucionaron el campo de la nanoquimica, de
gran interés y relevancia hoy en dia. El descubrimiento de las silices mesoporosas resulté
un antes y un después en el desarrollo de nuevos nanomateriales con aplicaciones
industriales, aumentando exponencialmente el nUmero de investigaciones dedicadas a
la sintesis de nuevas estructuras siliceas!® El uso de estas silices como catalizadores
permitid superar las limitaciones de las zeolitas, materiales principalmente

microporosos, que impiden las transformaciones de moléculas voluminosas.

El presente trabajo se centra en el desarrollo de diferentes silices mesoporosas
basadas en la estructura de Santa Barbara Amorphous 15 (SBA-15) y Mesoporous

Cellular Foam (MCF).

1.6.1 Santa Barbara Amorphous 15 (SBA-15)

Zhao et al*® describieron la obtencidn de SBA-15 por vez primera en 1998, empleando
el copolimero no idnico Pluronic 123 como agente director de la estructura mesoporosa,
en medio acido. El desarrollo de SBA-15 supuso un avance con respecto a su
predecesora, MCM-41, ya que mostraba una mayor estabilidad térmica, un mayor

grosor de sus paredes y un tamafio de sus canales mas grande!82 183,

Las silices SBA-15 son materiales de estructura hexagonal ordenada, tal y como
se observa en sus imagenes de Microscopia Electrénica de Barrido (SEM, por sus siglas
en inglés) y de Microscopia de Transmisidn Electrénica (TEM'4, por sus siglas en inglés)
(Figura 22), con dos sistemas porosos consistentes en poros cilindricos de diametro
uniforme, interconectados por una red de microporos. El tamafio de los mesoporos
oscila entre 3 - 40 nm, con un grosor de pared de 3,1 - 6,4 nm?*® 18 | os microporos

tienen un diametro de unos 0,5 - 1,5 nm, y su proliferacion esta directamente
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relacionada con la temperatura de sintesis empleada’®’. Su drea BET es elevada, con

valores comprendidos entre 400 - 900 m?-g.

Figura 22. Imagenes SEM (ay b) y TEM (c y d) de SBA-15'28,

El procedimiento de sintesis de la SBA-15 consta de varias etapas
diferenciadas®. En una primera, se prepara una disolucion de tetraortoetilsilicato
(TEOS) con el surfactante Pluronic 123 ((EO)20(P0O)70(EQ)20)), a pH acido. De esta forma,
el TEQS, precursor siliceo, se hidroliza alrededor de las moléculas del surfactante, que
hace de plantilla, generando una red polimérica formada por 6xido de silicio. El caracter
no iénico del Pluronic 123 le permite interaccionar con las especies inorganicas a través

de enlaces de hidrégeno o formando dipolos, tal y como se muestra en la Figura 23.

Figura 23. Interacciones precursor-surfactante no idnico en la sintesis de nanoestructuras mesoporosas
siliceas®.

Las condiciones de temperatura y pH son cruciales en la etapa de sintesis, asi

como las concentraciones de los reactivos empleadas, ya que influirdn la morfologia del

46



CAPITULO I. INTRODUCCION

material final. De esta forma, modificando los pardmetros de sintesis se podran obtener
diferentes SBA-15 con porosidad diversa, pero manteniendo su forma caracteristica.
Cabe reseiiar que el pH acido es un factor clave, ya que no solo permite la obtenciéon de
un tamafo de poro uniforme, sino que a valores de pH mayores de 2 no se forma el gel
siliceo. La segunda etapa consiste en el proceso de envejecimiento, en el que el gel
obtenido se introduce en un autoclave, a 373 K, en condiciones estaticas, durante 24 h.
Durante este proceso, el gel se contrae y aglomera, adquiriendo rigidez. Finalmente, el
surfactante se elimina mediante calcinacién a 823 K, en atmdsfera de aire, durante 5 h,

para asi obtener el material final*°! (Figura 24).

Envejecimiento 0 Calcinacion
w T T cc¢
Micela esférica Micela cilindrica Agrupacién micelar (gel) Agrupacidn micelar rigida SBA-15

Figura 24. Sintesis de SBA-15.

1.6.2 Mesoporous Cellular Foam (MCF)

Las silices mesoporosas MCF son materiales de estructura mesocelular ordenada que
muestran dos sistemas porosos diferenciados: oquedades esféricas, cuyo tamafno esta
comprendido entre 24 - 42 nm, las cuales estan interconectadas por ventanillas de
menor tamano, entre 9 - 22 nm. Esta porosidad les otorga areas superficiales
especialmente elevadas, alcanzando valores de incluso 1000 m?-g, con paredes gruesas
y una distribucién homogénea de tamafio de poro*®>1°3, La morfologia de los materiales

es de tipo coralino®®* (Figura 25).

Figura 25. Modelo de estructura coralina de los materiales MCF.
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Fueron sintetizados por primera vez en 1999 por Schmidt-Winkel et a/**®, a raiz del
desarrollo de la SBA-15. En general, la sintesis de estos materiales se lleva a cabo en
diversas etapas. En primer lugar, se forma una microemulsién del surfactante Pluronic
123 en una disolucién de acido clorhidrico y 1,3,5-trimetilbenceno (TMB). A
continuacion, se adiciona el TEOS, precursor siliceo, el cual se hidroliza en la superficie
de las agrupaciones de TMB/P123, generando etanol. Este etanol se comporta como co-
surfactante, de forma que se establece una red polimérica con éxido de silicio como
unidad. La relacion entre TMB/P123 sera el factor determinante en la estructura de
MCEF. Si esta relacidon es de 0,2 o menor, la estructura se ordenaria formando de SBA-15.
Otros parametros a tener en cuenta son las concentraciones de acido clorhidrico y TEQS,
ya que una baja concentracion de acido (< 0,8 M) generaria trazas de estructuras tipo
SBA-15, incluso a relaciones TMB/P123 = 0,5%°* mientras que una cantidad de TEOS
mayor de lo necesario generaria materiales con una distribucién de poro mas ancha.
Con el fin de controlar el tamafio de las ventanillas de interconexién se emplea fluoruro

de amonio, manteniendo siempre una relaciéon NHa4/Si = 0,032,

Figura 26. Imdgenes TEM de silices MCF con distintos tamafios medios de poro: a) 6,3 nm, b) 11,5 nm, c)
26,4 nmyd) 42,1 nm).

Una etapa crucial es el proceso de envejecimiento, que se realiza en autoclave, bajo
condiciones estaticas y en un rango de temperaturas comprendido entre 373 — 393 K,
durante 24 h. En el transcurso de este proceso se produce una aglomeracién de las gotas
de la microemulsién que generaran los poros del material siliceo. Es una etapa
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fundamental, debido a que influira tanto en el tamafio (Figura 26) como la distribucién
de poros en la estructura final, de forma que cuanto mayor sea la temperatura dentro
del rango establecido, mayor serd el tamafio y volumen de poros y ventanillas, pero

menor su area superficial BET y viceversa.

La ultima etapa en el proceso de sintesis de MCF es la calcinacion, en la que, para la
obtencién del material final, se retira la plantilla mediante calentamiento a 773 K

durante 8h en presencia de aire196iError! Marcador no definido.

1.6.3 Modificacion de los materiales mesoordenados

Las propiedades que presentan las silices mesoporosas hace de ellas unos materiales
utiles y muy versatiles en diversas areas, entre las que destaca la catalisis. Esto se debe
a que poseen una elevada area superficial, ademas de una gran resistencia térmica. Sin
embargo, el caracter ligeramente acido de las mismas, apenas les confiere actividad
catalitica por si solas. Es por ello por lo que resulta fundamental su funcionalizacidn, ya
sea anclando a su superficie compuestos orgdnicos o inorgdnicos, o variando la
composicion del material durante el proceso de sintesis. Los dos métodos principales

para la sintesis de silices mesoporosas son:

a) sintesis directa (one-pot synthesis): el procedimiento consta de una Unica etapa
en la que se incorporan los precursores de los sitios activos a la mezcla de reaccion
durante el proceso de sintesis del material. Aunque esta metodologia facilita el
procedimiento a nivel técnico y permite la obtencion de materiales con una
distribucién de los centros activos mas homogénea sobre su superficie, puede

ralentizar o incluso limitar la formacidn de las estructuras ordenadas®®’.

b) post-sintesis (grafting): la presencia de grupos silanoles (Si-OH) en la superficie de
los materiales siliceos permite que estos actien como punto de anclaje de
diversos grupos orgdanicos. En este procedimiento es necesaria la sintesis previa
del soporte siliceo, que sera funcionalizado en una o varias etapas posteriores. Si
bien esta metodologia ofrece como ventaja la obtencién de materiales mas
ordenados, manteniendo las propiedades del soporte practicamente inalteradas,

la posible insercién de los compuestos orgdnicos empleados en la funcionalizacién
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dentro de los canales porosos puede producir una oclusién parcial o incluso total

de los mismos!98 199,

Las fases activas empleadas para la funcionalizacidon de las silices mesoporosas
pueden ser de naturaleza diversa. Entre las mas frecuentemente utilizadas se
encuentran los &tomos metalicos que pueden incorporarse directamente en la mezcla
de reaccién inicial, de forma que sustituyen las posiciones de los atomos de Si,
otorgando un mayor cardcter acido al material, asi como propiedades redox. Existen
diversos ejemplos de silices mesoporosas descritas en la literatura, empleando atomos
de Al, Nb, Mo o Ti, entre otros. También se pueden encontrar numerosos ejemplos de
silices modificadas con éxidos metadlicos, destacando W, Mo y Re, Utiles en reacciones
de metdtesis de olefinas e hidrodesulfuracién. El procedimiento habitual es la
incorporacion del 6xido en la superficie de la silice previamente sintetizada, de forma
gue el metal se localiza en la interfase, aumentando su accesibilidad con respecto a las

silices dopadas.

cr
ot +
T .
(MeO)3Si _~_ ’E\// o SHOMe),
' TMmOS
(MeO0);Si”” ""NH,
(o]
(Me0);8i”~ " SH

1) H,0, HCI (2M), P1,3,313 K, 24 h
2) Condiciones estaticas, 373 K, 72 h
3) Extraccion Soxhlet del surfactante

Esquema 6. Insercion de grupos funcionales en la estructura de una silice mesoporosa durante el
proceso de sintesis?®,
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En cuanto al anclaje de compuestos orgdnicos y complejos organometalicos,
también se pueden encontrar numerosos estudios al respecto en la literatura. El
procedimiento de inmovilizacidn en estos casos también se puede llevar a cabo durante
la sintesis de la propia silice, mediante la adicién de un organosilano funcional,
produciendo entonces el proceso de co-condensacidn, de forma que el organosilano se

incorpora a la red cristalina de la silice (Esquema 6).

Una alternativa a esta metodologia es la inclusion de los organosilanos durante
el proceso de sintesis, pero en su Ultima etapa previa al calcinado, para la eliminaciéon
del surfactante. De esta forma, se produce un desplazamiento del tensoactivo por el
organosilano, dando lugar a la silice funcionalizada. Si la funcionalizacidn se realiza sobre
la silice ya sintetizada, en un proceso de grafting (Esquema 7), la ausencia o presencia
de agua interfacial delimita que los organosilanos se unan exclusivamente en los lugares
disponibles, o que estos sean hidrolizados y puedan sufrir reacciones de

autoensamblaje, cubriendo gran parte de la superficie de la silice.

—OH —0
. -
_ on Toluene 0
SBA-15 SBA-15/AP

Esquema 7. Anclaje de grupos funcionales en la superficie de una SBA-15 mediante una metodologia
post-sintétical®,

1.6.4 Aplicaciones de las silices mesoporosas

Las propiedades de las silices mesoporosas permiten su aplicacién en diversos campos
de investigacion, entre los que se pueden destacar la adsorcién de contaminantes, su
uso en biomedicina y su aplicacidn en catdlisis. En este contexto, se han desarrollado
numerosos nanomateriales Utiles en la adsorcién de gases contaminantes como, por
ejemplo, CO;, compuestos orgdnicos volatiles e incluso para la descontaminacién de
agua. Asi, las silices mesoporosas funcionalizadas con grupos amino, han demostrado su
eficacia en la adsorcién de CO,20% 202,203,204, 205, " Gin embargo, no solo el CO2 genera un

importante impacto medioambiental, si no que existen otros gases con compuestos
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organicos volatiles (VOCs, por sus siglas en inglés) que suponen un peligro para la salud
del ser humano. En este sentido, diversos autores han demostrado la eficacia de las

silices mesoporosas en la eliminacién de hidrocarburos contaminantes?% 207,

Tanto SBA-15 como MCM-41 modificadas con grupos tiol y amino?®® se han
descrito también en la eliminacion de iones de metales pesados, altamente
contaminantes y tdxicos para el ser humano, ademds de en procesos de

descontaminacion y purificacidn de aguas.

Por otra parte, las silices mesoporosas se han estudiado en procesos de
liberacion controlada de farmacos. La elevada porosidad y drea superficial de estos
materiales facilitan el transporte de principios activos insolubles en agua, a través de la
conversion de la forma cristalina en la fase amorfa del firmaco?°% 220, E| primer estudio
al respecto fue la utilizacion de la MCM-41 en el transporte de ibuprofeno?!?.
Posteriormente se describid la utilizacién de SBA-15 modificada para el transporte de
cefalexina, un antibidtico del grupo de las cefalosporinas utilizado para tratar
infecciones bacterianas del tracto respiratorio?’?; o la MCM-41 modificada para el
transporte de sulfadiazina, que es un tipo de sulfonamida empleada como
antibacteriana para la prevencién de infecciones en quemaduras de segundo y tercer
grado?!3. Entre los grandes desafios en biomedicina, a los que la investigacion con silices
mesoporosas puede dar respuesta, destacan el desarrollo de sistemas que permitan

214

monitorizar los efectos terapéuticos de farmacos anticancerigenos'* o la ingenieria de

tejidos en la reparacion ésea?®>.
1.6.4.1 Aplicaciones de las silices mesoporosas en catalisis

Las silices mesoporosas se han convertido en uno de los materiales mas
investigados y utilizados en el disefio de catalizadores heterogéneos. Su elevada area
superficial, asi como el tamafio y distribucidn de sus poros, las convierten en materiales

idoneos para permitir la transformacion de sustratos de volumen considerable?6: 217,218

El uso de silices mesoordenadas con fines cataliticos ofrece la posibilidad de que
la multifuncionalizacidn superficial permita la sintesis de una gran diversidad molecular.
Ademas, estos nanomateriales utilizados como soportes de fases activas proporcionan

un alto rendimiento catalitico y una acentuada selectividad, debido principalmente al
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aumento de la superficie de contacto que contribuye a los rendimientos globales de los

productos deseados?'®. Entre las distintas aplicaciones industriales de estos

catalizadores destaca la refinacion de petréleo, incluyendo todos los procesos quimicos
220

que conlleva, su utilizacién en la producciéon de productos petroquimicos®?®, o su

aplicacion en la obtencién de numerosos productos de QF?%.

El caracter habitualmente acido de las silices —ya sea por funcionalizacion con
grupos -SOsH o por dopaje con metales de transicion, 6éxidos metalicos o
heteropoliacidos— las convierte en catalizadores activos en la sintesis de heterociclos
de gran complejidad estructural. Nuestro grupo posee amplia experiencia en Ia
aplicaciéon de silices mesoporosas, con distintas propiedades Aacido-base como
catalizadores heterogéneos en gran variedad de transformaciones organicas v,

particularmente, en la sintesis de productos de QF (Esquema 8)>% 109, 221,222,223

SBA-15
(0] modificada N
H R +
+ 323K
O5N O5N O,N

Esquema 8. Reaccidn de Henry entre p-nitrobenzaldehido y acetona catalizada por SBA-15 modificada
con grupos funcionales acidos y amino.

Asi, se han descrito diferentes silices mesoporosas del tipo SBA-15, MCM-41 o
MCF funcionalizadas, dopadas o no con metales —Al, Nb, Ta—, en la condensacion de
Knoevenagel??4, reacciones de isomerizacidn (safrol??> y eugenol??®) y acetalizacién. Son
de gran relevancia los ejemplos de silices mesoporosas de caracter basico descritas en

la reaccion Friedlander. Tal es el caso de la reaccidon entre 2-amino aril cetonas??’

y
compuestos 1,3-dicarbonilicos catalizados por silices mesoporosas MCM-41 con grupos
amino??8. Recientemente nuestro grupo ha publicado una revisién en la que se pone de
manifiesto la utilidad de este tipo de materiales como nanocatalizadores activos en
reacciones de formacién de enlaces C-C y C-heteroatomo, en cascada, implicadas en la

sintesis de sistemas heterociclicos biolégicamente activos?®.
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1.7 Quimica Computacional

La Quimica Computacional surge en paralelo a la Quimica tedrica, como una evolucién
de la misma, tratando de darle soporte técnico mediante el uso de software y la
introduccidon de aproximaciones, para asi dar respuesta a las complejas ecuaciones
matemadticas que definen las reacciones quimicas. El objetivo principal de la Quimica
Computacional es, por tanto, predecir las propiedades moleculares de los sistemas
quimicos. El desarrollo y aplicacion de esta tecnologia ha permitido el avance en la
investigacidn de las propiedades y comportamientos moleculares, ya sean estructurales,

energéticos o electrdnicos, entre las que se incluyen las siguientes:

e Geometria molecular, cuyo objetivo es predecir distancias y angulos de enlace,
permitiendo caracterizar la estructura de distintas moléculas y macromoléculas.

e Energia de las distintas especies quimicas, como son los intermedios de reaccion,
estados de transicién o estados excitados.

e Propiedades termodindmicas.

e Reactividad quimica, cuantificada como indices de reactividad mediante la
determinacién de la geometria y estabilidad relativa de los intermedios o estados
de transicidn involucrados en las distintas etapas de una reaccion, permitiendo
asi caracterizar mecanismos de reaccion.

e Propiedades espectroscopicas, eléctricas y magnéticas.

e Propiedades fisicas de las fases condensadas y materiales.

1.7.1 Superficie de Energia Potencial (SEP)

La Superficie de Potencial (SEP) de una reaccion se define como la expresién de la energia
respecto a una o varias variables posicionales, expresadas en este caso de forma
continua como una superficie, es decir, la envoltura de las fuerzas de interaccién entre

atomos de una molécula.

Los métodos de calculo computacional se fundamentan en la determinacion de
las SEP de las moléculas, para asi obtener la variacidn de la energia potencial total del
sistema en funcidon de las coordenadas de posicidn de los nucleos que lo forman. De esta

forma, la SEP proporciona informacion estructural y quimica de las moléculas
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implicadas, como pueden ser el gradiente de energia g(E), que es la variacion de la
energia potencial del sistema respecto a las coordenadas nucleares del sistema, o la
matriz hessiana H, que se obtiene a partir de la segunda derivada de la energia con
respecto a las coordenadas internas. Existen diferencias entre los métodos
computacionales para calcular las SEP vy, por lo tanto, las propiedades moleculares del
sistema a estudiar?3°. La representacion grafica de una SEP en un modelo multiatémico
resulta casi imposible, ya que seria necesaria una superficie multidimensional que se
veria incrementada con el nimero de variables independientes, en este caso las tres
dimensiones de cada atomo participante en la reaccion. Para solventar este problema,
generalmente se estudian tan solo dos variables independientes por dtomo. De todos
los puntos que constituyen la SEP, existen ciertos puntos criticos que proporcionan
informacién especialmente relevante, que se denominan puntos estacionarios. Entre

ellos estan:

- Minimo global: se define como el estado energético mdas bajo que indica la

conformacion mas estable. Por tanto, solo existe un minimo global por molécula.

- Minimo local: cualquier minimo energético distinto al anterior, de forma que
cualquier variacidn geométrica independientemente de la direccién, proporcionara
una geometria de mayor energia. Su gradiente es nulo y un cdlculo de la segunda
derivada en las coordenadas nucleares, proporcionara en todos los casos resultados

positivos.

- Punto de silla: punto de transicion entre dos minimos de energia. Un punto de silla
de orden 1 corresponderia a un estado de transicion (TS, por sus siglas en inglés), a
partir del cual existiria un incremento energético en todas las direcciones de la SEP
excepto una. Si se realiza un calculo de la segunda derivada en las coordenadas
nucleares de dicho punto, se observa cdmo son todas positivas excepto una, la cual

se asocia a la coordenada de reaccion.

1.7.2 Métodos de cdlculo

La clasificacion de los diversos métodos de cdlculo empleados en Quimica

Computacional establece dos grandes bloques, en funcidn del nivel de aproximacion en
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la resolucién de la ecuacion de Schrodinger: i) los métodos de mecdnica molecular vy ii)
los de mecanica cuantica. A su vez, estos métodos se clasifican en métodos ab initio,
métodos semiempiricos (SE) y métodos basados en la Teoria del Funcional de Densidad
(DFT, por sus siglas en inglés). Todos ellos presentan ventajas e inconvenientes, con lo
gue la eleccién de uno u otro, a la hora de afrontar un calculo, dependera de diversas
variables, tales como el sistema que se desee analizar, los recursos informaticos y
equipos de los que se disponga y la exactitud requerida en el estudio a realizar. En la

Tabla 3 se representan los distintos métodos y sus caracteristicas?3!.

Tabla 3. Métodos utilizados en Quimica Computacional

Método Fundamento Aplicacion Ventajas Inconvenientes
Mecénica . 1-10° . . .
Potenciales Interaccién , Gran rapidez Aplicabilidad limitada
Molecular atomos
s Exactitud
. Ecuacion Schréndinger atomos. ., J Lento y complicado de
Ab Initio ., precision .
y Funcion de Onda Todas las utilizar
. controlable
propiedades
Ecuacion Schréndinger 1-10* Rapido, facil de Errores no
. .. y Funcién de Onda o T. atomos. usar, fiables en sistematicos, escasa
Semiempirico . , - .
Khon-Sham y densidad Todas las moléculas fiabilidad en moléculas
electrdnica propiedades organicas con metales
1-103 ,
. L Exceso de métodos
T. Khon-Sham y atomos. Mas rapido que . . .
DFT . , . o DFT disponibles. Sin
densidad electrénica Todas las ab initio

P pautas de mejora

[.7.2.1 Métodos de Mecanica Molecular (MM)

Se trata de métodos fundamentados en las leyes de la mecanica clasica, de forma que
consideran a la molécula exclusivamente como un nucleo, sin tener en cuenta los
electrones y sus interacciones. EIl modelado matematico se basa, por tanto, en la
representacion de los diversos atomos como un conjunto de esferas de radios diferentes
y con cargas parciales, manteniéndose unidas mediante enlaces elasticos. De esta
forma, la energia molecular queda definida como un sumatorio de las distintas
vibraciones de tension (E), flexién (Es) y torsién (Ew), asi como de interacciones

electrostaticas (Ecou) Yy fuerzas de van der Waals (Evaw) (Ecuacion 7).

E=Er+Eo+ Eyw+ Ecoul + Evaw (7)
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La calidad de los parametros empleados influira directamente en la calidad de
los resultados, ya que todos los términos del sumatorio estan basados en pardmetros
empiricos. Las funciones de energia potencial empleadas, asi como la parametrizacion
en la evaluacién de los diversos métodos de MM, generan lo que se denomina campo
de fuerza. Generalmente, los métodos MM se limitan a la obtencion de la geometria
molecular en equilibrio, no aportando informacién sobre la distribucién electrdnica
molecular. Los campos de fuerza mas utilizados actualmente se han desarrollado
empleando calculos cudnticos de alto nivel y ajustdndose a los valores

experimentales?3?,

1.7.2.2 Métodos de Mecdnica Cuantica (MC)

Este tipo de métodos fundamentan la descripcién de los modelos moleculares en
funcién de las interacciones explicitas entre nudcleos y electrones. De esta forma, el
comportamiento de un sistema para una sola molécula estd descrito por una funcién de
onda W, que incluye todas las coordenadas tanto de electrones (r) como de nucleos (R).
El estudio de las propiedades de un sistema poliatémico en el estado estacionario es la
solucion de la ecuacion de Schrédinger independiente del tiempo. En dicha ecuacién
aparece también H, que es el operador Hamiltoniano, asociado a la energia del sistema
de electrones y nucleos, y que contiene términos de movimiento y de atraccién y
repulsidon entre las particulas que constituyen el sistema. El término restante E es el

correspondiente a la energia total del sistema en el estado estacionario (Ecuacién 8).
Fl (RI r) ' LU(RI r) = E(RI r) ' LIJ(R' r) (8)

La resolucidn analitica de esta ecuacion solo es posible para sistemas sencillos,
por lo que su traslado a sistemas complejos requiere de la introduccion de diversas
aproximaciones. La aproximacién de Born-Oppenheimer o aproximacion adiabatica
supone que la diferencia masica entre nucleos y electrones es de, cuanto menos, 103,
con lo que la diferencia en la velocidad de movimiento serd del mismo orden. De esta
forma, matematicamente es posible separar el hamiltoniano como sumatorio de dos
términos, uno nuclear y otro electrdénico, ya que el movimiento electrénico estd limitado

por una geometria nuclear definida (Ecuacién 9).
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N M N N
1_, Zy 1
H=D |37 |t ®
i=1 e i

donde N corresponde al nimero de electrones del sistema, Z se define como la carga

nuclear, M es el campo de cargas nucleares e i, j son los electrones correspondientes a

cada capa del sistema.

El primer término del sumatorio se corresponde con la energia cinética de un
electron, mientras que los siguientes definen las interacciones interatémicas: i) el
potencial de atraccidn entre un electréon y un nucleo vy ii) la interaccién entre dos
electrones. Por tanto, la energia total del sistema (E), queda definida como la suma de
la energia electrdnica, Ee, con la constante de repulsiéon electronica dependiente de la

geometria del sistema (Ecuacién 10).

M M

Z,Z
E=Ee+zzAB (10)
Ryp

A=1B>A

Serd, por tanto, el nivel de aproximacién matematico-empirico en la resolucion
de la ecuacion de Schrondinger el que delimite las diferencias entre los distintos

métodos de calculo:

[.7.2.3 Métodos ab initio

Son métodos que se basan en la resolucion aproximada de la ecuacidn de Schrodinger
exclusivamente con métodos tedricos, empleando como informacién empirica
Unicamente los datos definidos para las constantes fisicas fundamentales, para asi

obtener la energia y funcién de onda electrdnicas del sistema en evaluacién?32.

El método de calculo ab initio mas ampliamente extendido es la teoria de
Hartree-Fock (HF), que se fundamenta en que el movimiento de cada electrén es
independiente del resto, estableciendo el efecto del potencial como un promedio
generado por los restantes electrones. La funcién de onda W queda expresada en forma
de un determinante de Slater, con lo que la aplicacidon de esta aproximacion permite la

construccion del operador monoelectrénico F (Ecuacién 11).
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N N
F= Z——V2+Z—— Z (11)

i=1 =

La solucién de dicha ecuacidn permitira la obtencion del conjunto de orbitales
ortonormales Xi que establezcan la energia minima del sistema en estado estacionario

(Ecuacion 12).

Fyi=¢&€x; (12)

Para la obtencién del conjunto de funciones monoelectrénicas que proporcionen
la funcidon de onda mds adecuada se recurre al principio variacional, segin el que
cualquier funcidn correctamente definida para un sistema proporciona un valor de
energia mayor o igual al valor exacto del estado fundamental. La aplicacion de este
principio da lugar a las ecuaciones de HF, donde aparecen los términos correspondientes
a los operadores coulombianos —expresan los potenciales de interaccidn de un electron
con la nube electronica promedio, generada por los restantes electrones— y de
intercambio, J y K —expresan la energia de intercambio electrénico que se genera por
el cardcter asimétrico de la funcidon de onda—. La resolucién de las ecuaciones HF se
efectia mediante la aplicacién del método del campo autoconsistente (SCF, por sus
siglas en inglés), que es un método iterativo en el que se selecciona un conjunto de
valores de y; de partida con los que se calcula €;. Estos valores se van modificando hasta

que este €; alcanza su valor minimo.

El método HF tiene una limitaciéon importante en el calculo de la energia con
exactitud, debido a que la repulsién electrénica puntual se simplifica con la utilizacién
de la repulsién promedio, que constituye una aproximacidon poco precisa. A esta
diferencia entre energia exacta y promedio se le denomina energia de correlacién. El
calculo de esta energia de correlacion ha propiciado el desarrollo de diversos métodos
post HF, tales como el método “Configuration Interactions” (Cl) —que expresa la funcién

233 e| método Moller-Plesset (MPn) —

de onda como un conjunto de determinantes
que utiliza como funcién de onda sin perturbar la funcién de HF?**—, o mas
recientemente el método de “Coupled-Cluster” (CC)%*°, que posteriormente evolucioné
al método “Coupled Cluster Single-Double” (CCSD). Estos métodos, de forma mds o

menos exhaustiva, han permitido describir la correlacion electrénica de forma bastante
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adecuada, pudiendo asi predecir las propiedades moleculares con bastante exactitud,
ya que la utilizacién de métodos ab initio mds exactos derivaria en requerimientos de

hardware de altas prestaciones y un mayor consumo de tiempo de célculo.

[.7.2.4 Métodos semiempiricos (SE)

Se trata de métodos quimico-cudnticos que emplean tanto valores tedricos como
experimentales para el calculo de los valores de energia y orbitales moleculares. Esto se
realiza mediante el reemplazo de los valores esperados de la funcién de onda por formas
paramétricas ajustadas estadisticamente mediante la obtencién de grandes volimenes
de datos experimentales —geometrias moleculares y calores de formacién— ademas

de datos tedricos proporcionados por otros métodos, ya sean ab initio o DFT%3®,

Aunque la velocidad de calculo es mucho mayor debido al uso de estos valores,
la fiabilidad en moléculas poco representativas o con propiedades moleculares no
tenidas en cuenta durante la parametrizacién, disminuye abruptamente. Es, por tanto,
una metodologia especialmente ligada a la experiencia previa y que requiere de

confirmacién mediante otros métodos de mayor exactitud.

El método mds ampliamente conocido y utilizado es el PM6, que consiste en una
aplicaciéon semi empirica del método HF y muestra una gran fiabilidad en la prediccién

de geometrias y entalpias de reaccién de compuestos organicos.

1.7.2.5 Métodos de la Teoria del Funcional de la Densidad (DFT)

La DFT fue desarrollada por los profesores Pierre C. Hohenberg y Walter Kohn en
1964237, Actualmente son los métodos mdas ampliamente utilizados en Quimica
Computacional®®®. Tratan de dar solucién a la ecuacion de Schrédinger considerando la
energia de correlacion de manera alternativa, pero sin que suponga un coste
computacional especialmente elevado. Para ello, definen la energia del estado
fundamental de un sistema electrénico sustituyendo la funcién de onda polielectrdnica
W por una magnitud observable, la densidad electrénica p. Esto se traduce,
matematicamente, en que la energia electrdnica del sistema se convierte en funcién de
la densidad E [p(r)], conduciendo a las ecuaciones Khon-Sham (KS)?*°. Estas ecuaciones

guardan gran similitud con las HF ya que la densidad electrdnica se expresa a partir de
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orbitales moleculares, quedando la energia electrénica en el estado fundamental, E,
definida como el sumatorio de la energia cinética (Et), la energia de interaccidn electrén-
nucleo (Ev), la energia de Coulomb (Ecoul) ¥ la energia de correlacién-intercambio (Exc).
Asi, todos los términos dependen de la densidad electrénica, con excepcién de la Et

(Ecuacion 13).
E= Er+ Ev + Ecoul + Exc (13)

Por tanto, la aplicacién de la teoria DFT permite calcular tanto la suma de
energias de intercambio como de correlacién de un gas de electrones uniforme,

simplemente conociendo su densidad.

En los dultimos afios se han desarrollado numerosos métodos DFT,
fundamentalmente debido a que la forma analitica del funcional de correlacién de
intercambio Exc[p] es desconocida, por lo que pueden existir tantos funcionales DFT
como aproximaciones propuestas. Esto ha generado que muchos de los métodos DFT se
aproximen a un enfoque mas cercano a la metodologia semi empirica, ya que los

funcionales correspondientes contienen parametros ajustados a datos experimentales.

Los métodos DFT se pueden clasificar en funcién de la sofisticacién y desarrollo

de los mismos, atendiendo a las variables de las que depende (Tabla 4).

Tabla 4. Clasificacion de métodos en funcidn de la variable de la que depende y ejemplos de funcionales
de cada categoria.

Método Variable de la Aplicacion
que depende
LDA P VWM
cen e HCTH, PBEPBE, BPW91, BLYP, OLYP, mPWPW91,
mPWPBE, mPWLYP
TPSSh, HCTHhyb, MPW1LYP,
o mPW1PW91, mPW3PBE, O3LYP,
Hibridos 2 Ve lals B1B95, B1B95, B3PW91, PBE1KCIS,
PBEh1PBE, X3LYP, B3LYP
MO6L, VSXC, TPSS, T-HCTH, BBOS,
Meta-GGA 2 e PBEKCIS, N12, MN12L
MO6, xB97, cam-B3LYP, LC-xPBE,
P, Vp,

Dispersion corregida LC-BLYP, B2PLYP, M11, N12SX,
MN12SX

p= densidad; Vp= gradiente de densidad; t=energia cinética; HF=intercambio Hartree-Fock

T+HF
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Sin embargo, el uso de estos métodos no estad exento de inconvenientes, como
pueden ser las dificultades a la hora de determinar cual es el funcional éptimo para
analizar cada sistema. Ademas, muchos funcionales presentan errores sistematicos,
como puede ser la no consideracion de la energia de dispersién, que resultaria
fundamental en el analisis de determinados sistemas. Por ultimo, a diferencia de los
métodos ab initio, no permiten el refino sistematico de resultados. Todo ello conlleva
gue, una vez mas, la experiencia acumulada y el contraste con resultados
experimentales o métodos ab initio resulte crucial en la determinacién del funcional DFT

que mas se adecue a las necesidades en cada caso.

Actualmente, el funcional hibrido B3LYP es el de uso mas extendido, ya que su

exactitud y rendimiento son adecuados en la gran mayoria de célculos.

I.7.3 Conjunto de funciones de base

La eleccién adecuada de un conjunto de funciones de base es un elemento crucial en los
métodos mecanocudanticos moleculares, ya que los orbitales moleculares se expresan
como combinacidn lineal de estas funciones. Resulta imposible la utilizacion de un
conjunto infinito de funciones de base, lo que permitiria la obtencién de la solucién
exacta dentro del procedimiento de calculo seleccionado, por lo que es necesario, a nivel
practico, la eleccién de un conjunto finito de funciones de base normalizadas. Dos
aspectos que deben valorarse en su eleccién son tanto el tipo de funciones elegidas

como su nimero240,

En los siguientes apartados se comentan brevemente los principales tipos de

funciones de base que se utilizan:
I.7.3.1 Orbitales de Slater (STO, por sus siglas en inglés)
Estas funciones se definen por la Ecuacién 14:

anm = N{rn_l e_Zr Ylm (14)

donde T = constante relacionada con la carga efectiva nuclear, determinable

variacionalmente; N; = constante de normalizacidn; r = radio del orbital; Y = armdnico
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esférico; n = nUmero cudntico principal efectivo; | = nimero cudntico azimutal; m =

numero cudntico magnético.

La dependencia exponencial con la distancia se asemeja a un orbital
hidrogenoide, de forma que, cuando = 1, coincide con los orbitales hidrogenoides 1s,
2py 3d. Es por este motivo que fueron las primeras funciones utilizadas en el desarrollo
de los orbitales atdomicos. Este tipo de orbitales permiten cdlculos precisos de sistemas
atémicos y diatdmicos empleando métodos semiempiricos. Sin embargo, presentan el
inconveniente de que no permiten la resolucién analitica y rdpida de las integrales
bielectrénicas, debido al elevado coste computacional. Ademas, el término polinomial
en r supone que los orbitales no son ortogonales, ya que no presenta nodos en la funcién

de distribucion radial.

1.7.3.2 Orbitales Gaussianos (GTO, por sus siglas en inglés)
Estas funciones estan definidas por la Ecucacion 11:
Xnim = Ngr"™1 @02 yjm (11)

cuyos términos son idénticos a los de los orbitales de Slater, con la Unica diferencia de
la modificacién en el término exponencial, en este caso elevado al cuadrado, lo que
constituye una ventaja de los GTO frente a los STO. Esto se debe a que el producto de
dos gaussianas es una gaussiana centrada en las dos anteriores, de forma que sus
integrales son igualmente gaussianas, permitiendo una resoluciéon analitica. Sin
embargo, el problema de este tipo de orbitales es que todas las gaussianas presentan
una pendiente cero en el nucleo, lo cual es fisicamente incorrecto, ya que cualquier
orbital diverge en esa posiciéon. Una solucién a este problema es la utilizacién de

gaussianas de corto rango para simular un comportamiento divergente en el nucleo.

Las funciones de base se pueden clasificar en funcidn de la complejidad del
conjunto de funciones descritas por los orbitales atdmicos. Esta clasificacion fue descrita

por el profesor John A. Pople?4!: 242;
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e Conjunto de funciones de base minima

En este tipo de conjuntos se utiliza una Unica funcion de base por cada orbital atémico
ocupado en el estado fundamental del dtomo correspondiente, empleando de esta
forma el nimero minimo de funciones de base necesarias por atomo. Sin embargo, este
tipo de funciones no genera resultados del todo satisfactorios, lo que suele requerir del
uso de bases con un mayor niumero de funciones. Para ello se puede tanto aumentar el
numero de funciones que representan los orbitales de las capas ocupadas como utilizar

funciones que incluyan el nimero cuantico azimutal.

Un ejemplo de este tipo de conjuntos de base es la STO-3G, donde STO se
aproxima mediante un Orbital Gaussiano Contraido (CGTO, por sus siglas en inglés) de 3

gaussianas.
e Conjunto de bases extendidas
Dentro de este tipo de conjuntos podemos encontrar dos tipos:

a) Conjuntos de base doble {, triple {, cuddruple (, ..., n-tuple . En estos conjuntos
se aumenta el tamafio de la base mediante el remplazo de cada funcién del
conjunto minimo por n funciones.

b) Conjuntos de base de valencia desdoblada o Split-valence. En estos conjuntos
cada orbital atdmico queda definido por n funciones de base, tal y como se ha
descrito en el apartado anterior, mientras que cada orbital interno se define por

una Unica funcion de base.

Un ejemplo de este tipo de conjuntos seria la base 6-31G, en el que el orbital
interno se representa mediante una funcién de 6 gaussianas y los orbitales de valencia
por dos funciones —una de 3 gaussianas y otra de 1 gaussiana—. Otra base
caracteristica es la 6-311G, en la que el orbital interno se representa mediante una
funcién de 6 gaussianas y los orbitales de valencia por tres funciones —una de 3
gaussianas y otras dos de 1 gaussiana cada una de ellas—. La gran ventaja de los
conjuntos de bases de valencia extendidos es que ofrecen una mejor descripcién de las
propiedades moleculares del sistema. Sin embargo, su problema radica en que no

permiten una descripcidn completamente exacta de las energias moleculares relativas,
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lo que hace que no sean adecuadas para su utilizacion en métodos

multiconfiguracionales.
e Conjunto de funciones polarizadas

Para subsanar las limitaciones de los conjuntos de base extendidas se recurre, ademas,
al uso de funciones de polarizacién, que son funciones con el mismo ndmero cuantico
principal pero correspondientes a un momento angular superior, de forma que permiten
describir correctamente los cambios de densidad electrénica de un 4&tomo en su entorno

molecular.

Las funciones de polarizacion suelen estar descritas mediante una Unica
gaussiana, como en el caso de la 6-31G(d) o 6-31G*, que es similar a 6-31G pero
afadiendo un conjunto de funciones tipo d para los atomos del segundo periodo. La
inclusién de funciones adicionales de polarizacién mejora el calculo de las propiedades
moleculares, ya que el conjunto anadido de gaussianas de segundo orden equivale a un

conjunto de cinco funciones d puras.

Otro ejemplo es la base 6-31G(d,p) o0 6-31G**, que afiade, ademas del conjunto
de funciones tipo d para los atomos de segundo periodo, un conjunto de orbitales p para
los hidrégenos. De esta forma se contempla un momento angular mayor del requerido

para la descripcién del atomo, permitiendo modificar la forma del orbital.
e Conjunto de funciones difusas

Son funciones con los mismos nimeros cuanticos s y p que las funciones de la capa de
valencias, pero con una mayor extensién espacial. Es decir, son funciones gaussianas de
exponente pequefio. Resultan especialmente importantes en sistemas en los que la

distribucidn electrdnica se encuentra expandida, como en el caso de los aniones.

Ejemplos de conjuntos de funciones difusa son las bases 6-31+G(d,p) 0 6-31+G**
—que afiade funciones difusas a los atomos pesados— o 6-31++G(d,p) 0 6-31++G** —
similar a la base 6,31+G** pero afiadiendo una funcién difusa a los dtomos de

hidrégeno?*3.

El principal problema que presentan todos estos conjuntos de funciones es que

todos sus exponentes y coeficientes de contraccion de bases se optimizaron sin
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contemplar los efectos de la correlacion electrénica. Esto resulta contradictorio con el
hecho de que estas funciones se utilizan habitualmente en célculos post Hartree-Fock,
en los que si entran en juego los efectos de la correlacion electrénica. Es por ello que
Dunning et al desarrollaron conjuntos tales como CC-pVDC, CC-pVTZ, CC-pVQZ, CC-pV5Z

o CC-pV6Z, de alto momento angular que subsanan esta problematica?** 24,

I.7.4 Aproximaciones tedricas al estudio con sdlidos

Existen tres tipos de modelos que se aplican en la descripcidn tedrica de sélidos: i) el
método de condiciones periddicas de contorno o PBC, ii) el método de aproximacién al
modelo del clister y iii) el método de aproximacion al modelo del cluster embebido, que
es un modelo combinado de los dos anteriores?*®. Todos ellos presentan una serie de
ventajas e inconvenientes que propician su aplicaciéon en determinados casos. A modo

de resumen, en la Tabla 5 se comparan los tres modelos en el estudio de zeolitas.

Tabla 5. Métodos habitualmente empleados en el estudio tedrico de sélidos (zeolitas tipo ferrierita)?24.

Modelo Ventajas Inconvenientes
- Todos los atomos se tratan al mismo nivel
Periddico tedrico. - Computacionalmente
| J - Condiciones de contorno periddicas apenas exigente para sistemas
f i\ afectan a la funcién de onda. con celdas unitarias de

fa¥s

Conjuntos de bases
centradas en el atomo

Conjuntos de bases de
onda plana

Cluster

Hibrido

I: region interna
O: region externa
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- Optimizacidon completa de la geometria.

- Interacciones de largo alcance implicitamente

incluidas.

- Comparacion directa con cliusteres modelo de

estudio.

- Eficiencia computacional.

- Clusteres de tamafio pequefio permiten el uso

de métodos HF fiables.

- Optimizacion completa de la geometria.

- Descripcion correcta de la relajacion de la red.

- Interacciones de largo alcance incluidas.
- Posibilidad de uso de métodos HF.

gran tamafio o de gran
numero de dtomos.

- Alto coste
computacional.

- El uso de funcionales
hibridos resulta
prohibitivo a nivel
computacional.

- Condiciones de
contorno problemadticas:
efectos sobre geometria

y funcion de onda.

- Efectos de los enlaces
de los clusteres sobre la
funcion de onda.
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I.7.4.1 Condiciones Periddicas de Contorno (PBC, por sus siglas en inglés)

El modelo de PBC es un procedimiento riguroso y coherente en el caso de materiales
cristalinos. Se basa en forzar dichas condiciones y resolver la correspondiente ecuaciéon
de Schrodinger. Para ello, inicialmente se debe definir una celda unidad, lo que resulta
un proceso simple en materiales cristalinos puros, como el a-cuarzo, que es la forma
estructural mas estable del cuarzo, hasta temperaturas de 846 K, pudiendo obtenerse
la celda unidad de este tipo de cristales mediante Difraccion de Rayos-X (XRD, por sus
siglas en inglés) o estudios de difraccién de neutrones. Las posiciones atdmicas de esta
celda se relacionan entre si por elementos de simetria definidos por el grupo espacial
cristalografico. De esta forma se reduce, en gran medida, el coste computacional, ya que
se evita el calculo sistematico de los distintos componentes de energia total de la celda

unidad, que ya estarian, de este modo, relacionados por simples reglas de simetria.

A la hora de disefiar la celda unidad que defina al sélido objeto de estudio, es
importante ser especialmente cauto con las peculiaridades propias del material,
teniendo en cuenta sus parametros especificos, de forma que los calculos obtenidos
ofrezcan resultados aceptables. A modo de ejemplo, en el caso de los materiales siliceos,
hay que considerar la presencia de los grupos hidroxilo que pueda haber presentes, ya

gue podrian originar la presencia de puentes de hidrégeno.

Resulta evidente, por tanto, que la principal ventaja del enfoque PBC es que
permite tener en cuenta la naturaleza expandida del material partiendo de una celda
unidad suficientemente definida y de tamano adecuado. Sin embargo, este método
presenta como principal desventaja la limitacidon de su aplicabilidad a métodos de
calculo DFT como nivel maximo de método tedrico, ya que resulta complicado extender
los métodos mas altos de correlacién basados en la expansién de la funcién de onda —
métodos MP2— para el estudio del estado sdélido. Recientemente, se han obtenido
diversos avances al respecto, basados en la implementacién periddica del método MP2
en el programa CRYSCOR, asi como métodos basados en la aproximacidon de fase
aleatoria en el programa VASP, aunque todos ellos adolecen de ser largos en exceso y
no permitir una optimizaciéon coherente de las geometrias debido a que el gradiente

analitico de energia aiin no se ha implementado?*’.

67



SOLIDOS POROSOS BASICOS EN LA SINTESIS EFICIENTE Y SOSTENIBLE DE 2-AMINO-4H-CROMENOS. ESTUDIO EXPERIMENTAL Y TEORICO

Muchos de los programas de cdlculo que habitualmente se utilizan, emplean
conjuntos de bases de onda plana, que difieren de las funciones de tipo gaussiano,
explicadas anteriormente, y que son bases localizadas centradas en el &tomo. En el caso
de las de onda plana, se utiliza un niumero finito de funciones, por debajo de un valor de
energia especifico, que se elige para un cdlculo determinado, para asi facilitar ciertas
operaciones integrales que resultarian mds arduas con funciones localizadas. A nivel
practico, es habitual utilizar las funciones de onda plana en combinacién con un
pseudopotencial, de forma que las ondas planas describen Unicamente la densidad de
carga de valencia®®. La aproximacion debida al pseudopotencial simplifica
considerablemente el célculo, ya que implica un menor nimero de electrones. Esto se
debe a que solamente los electrones de valencia quimicamente activos se tratan
explicitamente, mientras que los electrones internos (core) se concentran en torno a los
nucleos atdmicos, de forma que se consideran en conjunto con los nucleos, como
nucleos rigidos no polarizables. El uso del pseudopotencial resulta fundamental debido
al gran tamaifio de las funciones de onda derivadas de esta situacién, asi como
gradientes de densidad cercanos a los nucleos que no resultan faciles de definir con una
base de onda plana. Ademas, la aplicacién de una base de onda plana garantiza la

convergencia de forma suave y mondtona a la funcién de onda objetivo.

La aplicacién de la metodologia PBC en combinacién con una base de onda plana
con pseudopotencial estd ampliamente extendida entre diversos programas de célculo
— Abinit, Castep, Cp2k, NWChem, Quantum Expresso o Vasp, citando algunos —, mientras
gue muchos otros, entre los que se incluyen Gaussian, Crystal Freon, Scigrees o

Turbomole, emplean funciones de tipo gaussiano centradas en el atomo.

I.7.4.2 Modelo de aproximaciones del cluster

A diferencia del método PBC, que se centra inicialmente en la definicidn de la estructura
del sélido, este método se focaliza en la superficie del sélido. Para ello se define como
elemento representativo una region de la superficie en torno a un sitio especifico o
centro activo que interese analizar, considerando la topologia del sélido. Resulta
fundamental tener en cuenta diversos factores a la hora de aplicar el modelo, que

pudieran derivar en defectos estructurales y electrénicos en las terminaciones del
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cluster, tales como perturbaciones en la funcién de onda debido a los limites del cluster,

restricciones estructurales y problemas con interacciones de largo alcance.

La principal ventaja de este método con respecto al método PBC es que serdn los
recursos informaticos utilizados la Unica limitacién al nivel de sofisticacion del método
tedrico adoptado. Esto se debe a que, una vez que el clister estd completamente
definido, se puede tratar de modo habitual a cualquier otra molécula regular,
empleando los métodos altamente sofisticados de mecanica cudntica estandar, para asi
analizar sus caracteristicas fisicoquimicas. Es importante mencionar que las
interacciones de largo alcance, si afectan a las propiedades del cluster, pueden ser un
inconveniente en la aplicacion del método. Por tanto, solo debe utilizarse cuando las

propiedades sean de naturaleza local?*.

1.7.4.3 Modelo de aproximaciones del clister embebido

Este modelo, mas reciente que los anteriores, combina tanto las ventajas del enfoque
de aproximaciones del cluster, pudiendo aplicar un nivel tedrico alto, como las
limitaciones geométricas impuestas por la aproximacion PBC, aunque sin llegar a hacer
uso de la periodicidad?*. El modelo PBC puede ser evitado si se adopta un cluster de
tamafo suficiente como para imitar correctamente el entorno del sitio activo. Sin
embargo, aunque se localice en un centro activo determinado, el uso de este enfoque
provoca un crecimiento exponencial en el nimero de orbitales atdmicos con el tamafio
del cluster. Por ello se han desarrollado una serie de nuevos métodos que tratan de
describir con un mayor nivel la zona quimicamente relevante, siendo la zona externa
descrita por un método inferior y, por tanto, con un menor coste computacional. Entre
ellos destaca el método ONIOM?*°, que subdivide en distintos fragmentos o capas el
sistema de interés, siendo analizada cada una con un nivel de célculo diferente. En esta
divisién, la parte principal y mas importante del sistema es la capa interna, que se
describe con el nivel mas alto de calculo, y se denomina como “sistema de modelo”. El
resto de capas se definen con métodos tedricos de menor coste computacional,

reduciendo asi el coste global de calculo del sistema.
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CAPITULO II. OBJETIVOS

El objetivo general de esta Tesis Doctoral es el disefio, sintesis y caracterizacion de
nuevos materiales porosos de caracter basico, y su utilizacién como catalizadores en la

sintesis de heterociclos oxigenados relevantes para la industria farmacéutica.

Mas concretamente, los objetivos especificos de este trabajo son los siguientes:

I.1. Sintetizar los sélidos objeto de estudio

11.1.1. Carbones Activados (CAs)

Se sintetizara la familia de materiales PET/CAL, por pirdlisis de mezclas de PET, y roca
caliza (CAL), en distintas proporciones, siguiendo los procedimientos descritos en la
literatura. Se prepararan también materiales analogos a partir de MAG y dolomita (DOL),

para su comparacion.

11.1.2. Redes metaloorgdnicas (MOFs)

Se preparardan dos series de redes metaloorganicas, con propiedades basicas,
modificadas con aminas de distinta naturaleza, a partir de los correspondientes MOFs
empleando el método post-sintético (grafting). Se partird de MIL-100-Sc, que se
sintetizard adaptando los procedimientos descritos en la literatura y un MOF comercial

(CuBTC, Basolite® C300).

11.1.3. Silices mesoporosas

Se sintetizaran distintas familias de silices mesoporosas —SBA-15, T/MCF (donde T es
Nb o Ta)— siguiendo los procedimientos descritos en la literatura para este tipo de
materiales. Al igual que en el caso de las redes metaloorganicas (objetivo 11.1.2.), las
silices preparadas se funcionalizardn con grupos amino de diferente naturaleza,

mediante el método post-sintético (grafting), empleando distintos silanos comerciales.
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11.2. Caracterizar los materiales sintetizados

La caracterizacion de los sdélidos obtenidos se llevara a cabo por diversas técnicas. Para
la obtencidon de sus parametros texturales, se realizarda mediante adsorcidon/desorcion
de Ny. Se realizardn estudios termogravimétricos y analisis térmico diferencial (TG-ATD)
para la determinacién de su estabilidad térmica. La naturaleza de los grupos
superficiales presentes en los materiales se estudiard por FTIR. Su estructura se
estudiard mediante XRD y su morfologia mediante TEM y SEM. La determinacién de su
composicidon quimica se estudiara mediante analisis elemental, y la espectrometria de
fluorescencia de Rayos X (XRF, por sus siglas en inglés) para la determinacién de sus

centros metalicos.

11.3 Evaluar la actividad catalitica de los diferentes catalizadores

Los materiales preparados se ensayaran en la sintesis de 2-amino-4H-cromenos,
mediante la MCR, entre diversos 2-hidroxi benzaldehidos y diferentes nitrilos con grupos
metileno activos, en condiciones suaves de reaccion. Adicionalmente, se realizaran
estudios acerca de la influencia de la cantidad de catalizador y del efecto de la
temperatura en la reaccién. Finalmente, se estudiara la posible reutilizaciéon de los

catalizadores mas eficientes.

1.4 Realizar un estudio computacional del mecanismo de reaccién mediante calculos

tedricos

Los resultados experimentales obtenidos se racionalizaran empleando el
software de quimica computacional Gaussian 09, a través de la metodologia DFT. En
combinacidn con los resultados tedricos permitiran clarificar las diferencias de actividad

y selectividad mostradas por los distintos materiales en la sintesis de cromenos.
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CAPITULO 1il. CARBONES BASICOS COMO CATALIZADORES EN LA SINTESIS SOSTENIBLE Y

EFICIENTE DE DERIVADOS DE CROMENOS. VALORIZACION DE RESIDUOS DE PET Y

FUENTES MINERALES

CHAPTER Ill. BASIC-CARBON NANOCATALYSTS IN THE EFFICIENT SYNTHESIS OF
CHROMENE DERIVATIVES. VALORIZATION OF BOTH PET RESIDUES AND MINERAL
SOURCES
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ABSTRACT

Novel series of calcium oxide (calcium hydroxide)/carbon composites applied to the
green and efficient synthesis of 2-amino-4H-chromenes, from 2-hydroxybenzaldehydes
and ethyl cyanoacetate, under mild and solvent-free conditions, is herein reported for
the first time. These basic hybrid materials are easily prepared by direct thermal
pyrolysis of limestone and PET mixtures. Different Ca phases, CaO or Ca(OH),, were
independently detected, since CaO/carbon composites initially formed can be easily
hydrated, under atmospheric conditions, but also dehydrated by re-calcination. CaO-
containing samples present enhanced catalytic performance, the observed reactivity

being attributed to the catalyst basicity.

The reaction under study probably occurs through cascade reactions following
aldolization - heterocyclization - dehydration - Michael addition sequence, strongly
favoured by the presence of the truly active phase, CaO, as experimental and theoretical
has been demonstrated. The methodology herein reported can be framed in the circular
economy domain opening the possibility of synthetizing valuable compounds from

carbon-based catalysts prepared by using plastic residues as PET source.
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[11.1 RESULTS AND DISCUSSION

In this chapter, a new family of calcium oxide (calcium hydroxide)/carbon composites
were synthesized, characterized and applied to the green and efficient synthesis of 2-
amino-4H-chromenes 1, from 2-hydroxybenzaldehydes 2 and ethyl cyanoacetate 3,
under mild and solvent-free conditions (Scheme 9, see /Il.1.2 Catalytic Performance).
These hybrid materials are easily prepared by direct thermal pyrolysis of limestone and
(PET), as commented below. Additionally, some mechanistic considerations are also

reported.

I11.1.1 S Synthesis and characterization of the catalysts

The carbonaceous catalysts were synthesized by following the experimental procedure
previously reported by Przepidrski et al*>*, detailed in Chapter VIl (Section VI1.3.1). The
precursor materials used in this research were commercially available: PET, limestone
(CAL), magnesite (MAG), and dolomite (DOL). The PET was acquired from Elana S.A.
(Poland) whereas the minerals were mined from different deposits in Poland. CAL
deposit was located in Czatkowice, MAG deposit near Grochéw, and DOL was mined
from deposits located near Zgbkowice. CaCO3 and MgCOs are the major components for
CAL (96.3%) and MAG (81.6%), respectively, whereas DOL is mainly composed of both
carbonates, CaCOs and MgCOs in a 52.6/41.5 [wt.%/wt.%] ratio. The minerals contained

naturally included other components, as summarized in Table 6.

The catalysts were prepared by direct pyrolysis of mixtures of PET/CAL, varying
the PET/CAL —ratio 100:0, 83:17, 70:30, 50:50, 30:70 and 0:100—. An extra catalyst was
prepared with the same methodology as PET/CAL 30:70 but replacing commercial PET
by PET residues from plastic bottles, and it was named as PETb/CAL 30:70. In addition,
PET/MAG 30:70 and PET/DOL 30:70 catalysts were also synthesized.

Table 6. Chemical composition (in wt. %, calculated as oxides) of the minerals (based on supplier’s data).

Mineral
Component MAG DOL CAL
Cao0 1.83 29.44 53.80
MgO 41.20 19.75 0.71
SiO2 4.21 1.43 2.13
Fe20s3 2.57 0.14 0.11
Al203 1.18 0.11 0.08
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Firstly, thermogravimetric analysis was carried out to initial PET/CAL mixtures. In
this regard, two mass drops appeared at approximately 623 K and 873 K, corresponding
to thermal degradation of both, PET and limestone, according to previous studies®*!. The
same thermal treatment was used for analysing the catalysts, obtained after several
days stored under atmospheric conditions. The corresponding thermograms showed a
new weight loss presence at, approximately, 625 K (Figure 27). This new drop was
assigned to the dehydration of Ca(OH). to Ca0, according to several studies reported at

similar temperatures?°2,
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Figure 27. Thermogravimetric profile of PET/CAL 30:70 sample.

Table 7 shows the CaO loading determined by TG experiments and point of zero
charge (pHrzc) values for the investigated samples. These values, which are close to 12,

confirm the remarked basic character of the samples, as expected.

Table 7. Calcium oxide content and pHpzc for PET/CAL, PET/MAG and PET/DOL samples.

Sample CaO0 content (wt. %) pHepzc Cristal size (nm)
PET/CAL 0:100 100 - 189
PET/CAL 30:70 87 12.03 140
PET/CAL 50:50 66 12.06 95
PET/CAL 70:30 57 12.38 =
PET/CAL 83:17 35 12.12 61
PET/MAG 30:70 780! 10.23 =
PET/DOL 30:70 88l 12.19 =

[a] MgO content. [b] MgO + CaO content determined by TG.
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The investigated materials were also characterized by XRD. The obtained
diffraction patterns confirmed the presence of CaO, formed by thermal decomposition
of CaCO3 —the major component in limestone—, as well as silica traces, from raw
mineral®>!, Figure 28 shows the XRD patterns of three different PET/CAL 30:70 samples:
PET/CAL 30:70 (1), which corresponds to the recently prepared catalyst; PET/CAL 30:70
(2), which is the catalyst after several days stored under atmospheric conditions; and

PET/CAL 30:70 (3), as recalcined PET/CAL 30:70 (2) sample.

PET/CAL 30:70(1)

A

r T T T T T T T T 1

15 20 25 30 35 40 45 50 55 60
PET/CAL 30:70(2)
15 20 25 30 35 40 45 50 55 60

PET/CAL 30:70(3)

15 20 25 30 35 40 45 50 55 60

Figure 28. XRD patterns of PET/CAL 30:70 recently synthesized, PET/CAL 30:70(1), stored under
atmospheric conditions, PET/CAL 30:70(2), and re-calcined PET/CAL 30:70(3).

The obtained results showed that PET/CAL 30:70(1) and PET/CAL 30:70(3)
present almost the same composition, being CaO the main metallic phase. However,
PET/CAL 30:70(2) contains a new phase, Ca(OH),, probably formed by hydration under
atmospheric conditions, this results in good agreement with the TG results. It is
important to remark that there are no extra diffraction peaks, so it demonstrates that
the carbonaceous support is amorphous and do not contribute to the crystallinity. The
crystal size of Ca phases increases proportionally with CAL content in the initial mixtures
and it was calculated by using the Scherrer equation, such as it was summarized in Table

7.
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Textural parameters of the catalysts were determined by N> adsorption-
desorption. All the obtained isotherms were an overlapping type | — type IV, showing a
remarkable H3 type hysteresis loop (Figure 29). The microporosity character of the
materials is related to the carbonaceous phase amount, these materials also showing
certain mesoporosity. It is important to note that the carbonized PET sample in absence

of CAL showed a weak capacity of N, adsorption, according to the previous studies?°?.

PET/CAL 30:70 —— PET/CAL 50:50 —O— PET/CAL 83:17

200 —@— PET/CAL 70:30 —&— PET/CAL 0:100

180 A
160 A
140 -
120 A
100 -
80 -
60 -

Volume Adsorbed (cm3-g-1 STP)

40 -
20 A

O T T T T
0 0,2 0,4 0,6 0,8 1

Relative Pressure (p/p,)

Figure 29. N2 adsorption/desorption isotherms for PET/CAL hybrid materials.

In general, the porosity is higher for the samples with the higher PET content,
Sger (79-326 m2-g 1) and Vmicro increasing when the CAL amount decreases. In this regard,

all the textural parameters are summarized in Table 8.

Table 8. Textural parameters for the PET/CAL samples.

(p/po = Dubinin-

t-plot 0,95) Radushkevich
Catal st S BET STotaI S External SMicro VT Vmicro Vmeso
v (m>g?) | (m>g?) | (m*>g')  (m*g?) (cm®g?) | (cm’g?) | (cm’g?)
PET/CAL 0:100 33 35 35 0 0.11 0.02 0.09
PET/CAL 30:70 79 78 57 21 0.13 0.04 0.09
PET/MAG 30:70 158 176 107 69 0.32 0.07 0.25
PET/DOL 30:70(27:28] 106 114 90 24 0.22 0.05 0.17
PETb/CAL 30:70 113 113 27 86 0.11 0.04 0.07
PET/CAL 50:50 131 131 67 64 0.20 0.06 0.14
PET/CAL 70:30 159 158 52 106 0.15 0.08 0.07
PET/CAL 83:17 326 327 74 253 0.26 0.16 0.10
PET/CAL 100:012%! 34 37 3 34 0.02 0.02 0.00
Norit RX3 1306 1468 191 1277 - - -
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Figure 30. TEM images of the samples with different PET/CAL ratio: a) PET/CAL 30:70, b) PET/CAL 50:50,
c) PET/CAL 70:30 y and d) PET/CAL 83:17.

Figure 30 shows the TEM images of the samples. It can be seen that the
composition has a remarkable influence on the morphology of the materials. The Ca
phases —CaO and Ca(OH),— appeared as cubic structures heterogeneously dispersed
over amorphous carbon. When the PET/CAL ratio is 30:70, the amorphous carbon is
deposited in the cavities of the predominant cubic Ca phase while when the PET amount
is increased, some carbonaceous agglomerates appeared covering the Ca phase surface
(Figure 30a). Furthermore, the materials with higher PET amount showed thread

structures, with Ca phases dispersed between them (Figure 30c and 30d).

111.1.2 Catalytic performance

The catalysts were firstly tested in the synthesis of 2-amino-4H-chromenes 1, between
2-hydroxybenzaldehyde 2 and ethyl cyanoacetate 3, under solvent-free conditions, at
323 K (Scheme 9) and atmospheric pressure, as it is detailed in the experimental
(Chapter VII). It is noteworthy that the blank experiment, in the absence of any catalyst,

led to chromenes 1 in only 1 % of conversion, after 3 h of reaction time.
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H H
EtO,C_-_CN EtO,C_y_CN
CHO OEt CO,Et CO,Et
Catalyst 2 2
Ty e SO I
OH 0~ "NH, 0~ "NH,
2 3 1a (RS,SR) 1b (RR,SS)

Scheme 9. Synthesis of 2-amino-4H-chromenes 1 from 2-hydroxybenzaldehyde 2 and ethyl acetoacetate
3, at 323 K, catalysed by basic carbon materials.

Figure 31a shows conversion values to chromenes 1 vs time in the presence of
PET/CAL catalysts. All the materials led to mixtures of chromenes 1 as diastereomeric
mixtures of 1a/1b isomers, in approximately 2:1 ratio, compound 1a being the most
thermodynamically stable isomer and, therefore, the major compound. Note that
conversion to 1 depends on the Ca loading in PET/CAL samples, conversion diminishing
when the PET/CAL ratio increases. The most active catalyst was PET/CAL 30:70, affording
almost quantitative conversion of chromenes 1 after 3h of reaction time. There were no
significant differences between the other PET/CAL samples, probably due to the

amorphous carbon phase is covering the Ca species.

—@— PET/CAL 30:70 PET/CAL 50:50

a) / / b) PET/CAL 100:0 —@— Norit RX3
PET/CAL70:30 —@—PET/CAL 83:17

100 100

g 80 $ 80

S 60 5 60 1

& »

2 40 0 40 -

c c

Q o

O 20 O 20 -

0 T T T T T 1 0 — r T T T !
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Time (min) Time (min)

Figure 31. Synthesis of 2-amino-4H-chromenes 1 catalysed by a) PET/CAL hybrid materials, and b) by
PET/CAL 100:00 and Norit RX3. Reaction conditions: 50 mg of catalysts, 323 K, 2/3 molar ratio = 2:4,
solvent-free conditions.

The sample PET/CAL 100:0, prepared from PET, was also tested in the reaction.
The results showed that the catalytic activity of the carbon matrix could be neglected at
the shortest reaction times. When comparing this behaviour with other microporous
carbon material (Figure 31b), Norit RX3, an increase of conversion values to 1 was

observed —approximately 10% in case of PET/CAL 100:0 vs approximately 20% for Norit
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RX3, after 3 h of reaction time—, probably due to its higher surface area (34 vs 1306

m2-g'1, for PET/CAL 100:0 and Norit RX3, respectively, Table 8).

Interestingly, the raw limestone —mainly composed of CaCOs— was not active
in the synthesis of 1, reaching only 3% of conversion after 2 h of reaction time, under
the same experimental conditions. Therefore, in order to confirm that CaO in PET/CAL
catalysts is the predominant catalytic specie, PET/CAL 0:100, prepared by pyrolysis of
CAL, was also tested. It is noteworthy that both PET/CAL 0:100 and PET/CAL 30:70 gave
similar conversion values to 1, with a slight decrease in the case of non-supported
material. One of the main problems when working with metallic oxides is leaching?>3, so
the presence of catalytic support turns into a crucial factor to guarantee heterogeneous
catalysis. For this reason, we carried out the reaction, using PET/CAL 30:70 catalyst,
removing it from the reaction mixture by filtering after 15 min of reaction time (Table
9). In this regard, while PET/CAL 0:100 sample was totally solubilized in the reaction
medium, the presence of a small amount of carbon in PET/CAL 30:70 catalyst confirms

that it certainly works as a heterogeneous catalyst.

Table 9. Synthesis of chromenes 1 catalysed by PET/CAL 30:70 and PET/CAL 0:100. Reaction conditions:
50 mg of catalysts, 323 K, 2/3 molar ratio = 2:4, solvent-free conditions.

Time (min)

Catalysts 15 30 60 120
PET/CAL 30:70 32 42 57 92
PET/CAL 30:70* 31 35 43 57
PET/CAL 0:100 25 38 56 87

*Catalyst removed from the reaction mixture after 15 min.

All these results suggested that the Ca phases are the main active catalytic
species. Thus, the catalytic behaviour is conditioned by the dispersion and Ca loadings
as well as the porosity of each material. The active centres of the catalysts with higher
PET/CAL ratios, probably are less accessible due to the presence of the amorphous
carbon phase. On the other hand, the microporosity and its related higher surface area
contribute to the conversion to chromenes 1, as suggested by the PET/CAL 83:17 results

(Figure 31a).

As above mentioned, the CaO in PET/CAL materials can be easily transformed
into Ca(OH), by hydration under atmospheric conditions (Figure 27). Having this in mind,
three different PET/CAL 30:70 samples were tested: PET/CAL 30:70(1) —recently
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prepared and stored under an inert atmosphere, in which the main phase is CaO—,
PET/CAL 30:70(2) —prepared days ago and stored under ambient conditions, where
calcium phase is mainly Ca(OH);—, and PET/CAL 30:70(3) —recalcined from PET/CAL
30:70(2)—. The obtained results showed a decrease in conversion for PET/CAL 30:70 (2)
in comparison to PET/CAL 30:70(1) and PET/CAL 30:70 (3) (Figure 32). This could be

related to the presence of Ca(OH);, which performs as a catalyst although loading to

lower conversions.
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Figure 32. Synthesis of 2-amino-4H-chromenes 1 catalysed by PET/CAL 30:70 hybrid materials. Reaction
conditions: 50 mg of catalysts, 323 K, 2/3 molar ratio = 2:4, solvent-free conditions.
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Figure 33. Synthesis of 2-amino-4H-chromenes 1 catalysed by PET/CAL 70:30 hybrid material. Reaction
conditions: 50 mg of catalysts, 323 K vs 303 K, 2/3 molar ratio = 2:4, solvent-free conditions.

Following ongoing investigations, we studied the influence of the temperature
and the catalyst amount in the reaction. First of all, the reaction was carried out at a

lower temperature, 303 K, closer to room temperature, using PET/CAL 30:70 as a
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catalyst. The chromenes 1 were obtained with lower conversion values but maintaining

the selectivity, as expected (Figure 33).

Also, the influence of the catalyst amount was checked by using 25 mg and 12
mg of PET/CAL 30:70 instead of 50 mg, at 323 K. As expected, when the quantity of the
catalyst was reduced, conversion to chromenes 1 underwent a remarkable decrease —
49% and 34% of conversion, after 1 h of reaction time, when using 25 mg and 12 mg,
respectively—, without observing any changes in the selectivity. These results are in
agreement with the previous ones when using the samples with a high PET/CAL ratio,
pointing out that the sample with the lowest Ca content works as an efficient catalyst in

chromenes 1 synthesis.
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Figure 34. Synthesis of 2-amino-4H-chromenes 1 catalysed by PET/CAL 30:70(2), PET/DOL 30:70 and
PET/MAG 30:70 hybrid materials. Reaction conditions: 50 mg of catalysts, 323 K, 2/3 molar ratio = 2:4,
solvent-free conditions.

Based on previous studies of our research group concerning the use of similar
catalysts in the Friedlander reaction'?°, we also prepared the corresponding samples
derived from MAG and DOL, following the experimental protocol previously reported by
Przepidrski et al. resulting in PET/MAG 30:70%>* and PET/DOL 30:70 hybrid materials?>.
Both samples PET/MAG 30:70 and PET/DOL 30:70 resulted active in the synthesis of
chromenes 1 although leading to lower conversion values to chromenes 1. In this sense,
when using PET/MAG 30:70 catalyst conversion to 1 was lower than 5% after 3 h of
reaction time, whereas PET/DOL 30:70 sample reached similar conversion values than
PET/CAL 30:70 catalyst (Figure 34). These results strongly suggest that the reaction is

mainly controlled by the basicity of the active specie, which is the corresponding metal
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oxide. Both PET/CAL 30:70 and PET/DOL 30:70 samples showed similar pHpzc, with
values close to 12, while PET/MAG 30:70 presented a pHpzc of approximately 10 (Table
7).

As it was anticipated, an additional catalyst —PETb/CAL 30:70—, in which PET
residues from plastic bottles were used instead of commercial PET, was prepared
following the same methodology reported for PET/CAL 30:70 sample and, subsequently,
tested in chromenes 1 synthesis. Diastereomeric mixtures of chromenes 1a/1b
(approximately 2:1 ratio) were obtained in the presence of PETb/CAL 30:70 catalyst, at
323 K, with similar conversions than that for PET/CAL 30:70 sample (Figure 35). These
results are especially relevant because of the potential application of highly polluting
plastic residues as efficient carbon-based catalysts, allowing the valorisation of such

residues in the frame of the circular economy domain.
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Figure 35. Synthesis of 2-amino-4H-chromenes 1 catalysed by PET/CAL 30:70(1) and PETb/CAL 30:70
hybrid materials. Reaction conditions: 50 mg of catalysts, 323 K, 2/3 molar ratio = 2:4, solvent-free
conditions.

Finally, the PET/CAL hybrid materials were tested in the synthesis of ethyl 2-
amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate 4 (HA-
14-1), which is an agonist for Bcl-2 receptors. This Bcl-2 protein is expressed in most
types of cancer, so HA 14-1 presents great potential in therapy for cancer treatment?**
256,257 HA 14-1 synthesis was carried out between 5-bromo-2-hydroxybenzaldehyde 5
and ethyl cyanoacetate 3, under same reaction conditions mentioned above at 323 K,

catalysed by PET/CAL 30:70(2) and PET/DOL 30:70 (Scheme 10), HA 14-1 being obtained
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with almost total conversion (99 %), after only 2 h of reaction time, as a diastereomeric

mixture of 4a/4b in a 2:1 ratio.

H H
EtO,C. = _CN EtO,C CN
+ g —_— + H |
OH 0~ "NH,

H |
07 "NH,

5 3 4a (RS,SR) 4b (RR,SS)

Scheme 10. Synthesis of HA 14-1 (4a and 4b) from 5-bromo-2-hydroxybenzaldehyde 5 and ethyl
acetoacetate 3. Reaction conditions: 50 mg of catalysts, 323 K, 5/3 molar ratio = 2:4, solvent-free
conditions.

111.1.3 Computational study

Considering these results, the reaction mechanism was investigated by computational
methods through DFT methodology, analysing every step of the reaction as an
elementary reaction, in gas phase, at 298 K. All the involved reactions were simulated in
the presence and the absence of the catalytic specie. The selected representation of the
catalytic specie was a cubic metallic cluster of (Ca0)2o, which is large enough to host all

the reactant structures and the most active Ca phase?®>8.

Based on our previous studies using ionic liquids (ILs) as catalysts involved in the
chromene synthesis, the catalysed reaction probably follows the pathway: i) aldol
formation from chemisorbed reactants to generate 11, ii) heterocyclization to obtain 12,
iii) dehydration to produce 13, and finally iv) Michael addition of a second ethyl
cyanoacetate 3 molecule, leading to chromenes 1 as mixtures of the corresponding

diastereomers (Scheme 11).

H
5 H, OH H, OH H EtO,C.« CN
WCO,Et CO,Et N CO,Et . CO,Et
OH CN \
+ OH (6] NH (0] NH O NH,
k| 12 13 1

NC” > CO,E
Scheme 11. Reaction pathway in the catalysed synthesis of chromenes 1 by ILs.

In Figure 36 it is the shown the free-energy profiles of the catalysed and
uncatalysed processes, point out the relevance of the catalyst. A remarkable decrease

of the free energy values during the first steps of the reaction, as the limiting steps, was
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observed, the presence of CaO having a strong kinetic effect. Regarding the global free-
energy balance, it can be concluded that the uncatalyzed reaction has a negative

balance, while the catalysed one has a positive balance.

Reaction coordinate
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Figure 36. Free-energy profiles computed for the uncatalysed and catalysed synthesis of chromenes 1.
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Scheme 12. Plausible reaction pathway for the synthesis of chromenes 1 catalysed by CaO.
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Our group has experience working with alkaline earth oxides (CaO and MgO),

259 260

which present Lewis basicity and acidity, related to surface Ca cations®>® and O anions®*°,
as reported in previous adsorption experiments?®l. The investigated PET/CAL catalysts
could act then as bifunctional acid-base catalysts, activating simultaneously both
electrophile —2-hydroxybenzaldehyde 2— and nucleophile —ethyl cyanoacetate 3—.
This behaviour has been previously observed in the quinoline synthesis in the presence
of MgO catalysts'?°. Based on that, we propose the initial formation of reactant complex
CR1 as the crucial stage, where ethyl cyanoacetate 3 is activated by dissociative
chemisorption, giving the corresponding enolate, which is anchored to the CaO surface,

whereas 2-hydroxybenzaldehyde 2, is interacting with the Lewis acid centre (Scheme

12).

Notable differences were found when comparing the corresponding catalysed
and uncatalysed TS (Figure 37) proposed for the first step of the reaction —TSg-i1(ca0)and
TSr-11—. It is remarkable that TSg.1(cao0) is more advanced TS to forming C-C bonds, as it
can be observed from the C-C distances—2.1319 A vs 2.6006 A—. On the other hand, in
case of TSgr.1, the enolic proton is hardly transferred to the acceptor, the carbonyl group
in compound 2, whereas in TSg-11(ca0), this proton is strongly bound to the cluster surface.
Remarkably, the activation barrier for the catalysed process is much lower than for

uncatalysed one —8.8 Kcal/mol lower—.

a)

Figure 37. Optimized transition structures TSr-1 for the first step of the reaction in the formation of
chromenes 1. a) TSg.1 in the absence of any catalyst. b) TSg-i1(ca0) in the presence of CaO. Relevant
distances are expressed in A.
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Both heterocyclization of 11 to 12 and subsequent dehydration to I3 are assisted
by one water molecule, the presence of water being observed in all the investigated
samples as demonstrated by TG experiments. There are some previous studies
concerning the water effect in condensation and dehydration reactions?®2. Our group
has observed this water assistance in the mentioned quinolines synthesis by using MgO-

based catalysts!?®

and amino-grafted mesoporous silicas??2. Thus, the participation of
one water molecule in TSiz12 and TSi2.43, in absence of any catalyst, drastically reduces
the activation barrier —18.8 Kcal/mol and 12.2 Kcal/mol, respectively—, diminishing the
ring strain during the proton transference. Considering the water participation in the
catalysed process, the corresponding optimized structures for both elementary steps —

TSi1-12w(cao) and TSi2.13w(cao)— are showed in Figure 38.

5

7 oy
‘ 2.0 17“
. 3 2~ 9
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a) ®

Figure 38. Optimized transition structures TSi1-2w TSi213w for the catalysed synthesis of chromenes 1. a)
TSit-12wicao) and b) TSiz-13w(ca0). Relevant distances are expressed in A.

It is remarkable that the 12 intermediate changes its adsorption mode for the
dehydration process to allow the accessibility to the —OH group for dehydration, the
imine moiety being in the surroundings of Lewis acid centres (Figure 38). This new
interaction is produced with a notable lower free energy barrier —29.2 Kcal/mol— than
those calculated for TSiz-3w(cao) indicating the desorption and re-adsorption before
dehydration. The last step, Michael addition of a second ethyl cyanoacetate 3 molecule,
leading to chromenes 1, depends on the previous formation of the reactant complex
CR2, similar to CR1 (Scheme 12). Thus, another molecule of 3 is located close to both
electrophile faces comprising the C=C of the iminochromene 13 to give the

diastereomeric mixtures of chromenes 1, as sets of the corresponding pairs of
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RESIDUOS DE PET Y FUENTES MINERALES

enantiomers (RR,SS and RS,SR). The calculated TS, TSiz-1rr) and TSiz-1rs), present
energetic differences —1.7 Kcal/mol lower for TSi-1(rs), leading to the most stable
isomer of chromenes 1—, as expected. It is important to remark that the selected model
does not represent a realistic situation, only allowing to study the effect of active centres

in the reaction, Ca0 in this case, without any confinement restrictions.
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1.2 CONCLUSIONS

We report herein, for the first time, a novel family of catalysts comprising composites of
calcium oxide or calcium hydroxide and carbon materials, PET/CAL, active and selective
in the green efficient synthesis of 2-amino-4H-chromenes 1 from 2-
hydroxybenzaldehydes 2 and ethyl cyanoacetate 3, under mild and solvent-free
conditions. These types of oxygenated heterocyclic compounds are especially relevant

for the pharmaceutical industry due to their biological properties.

The composites PET/CAL were synthesized by direct thermal pyrolysis of
mixtures of both PET and CAL as sources of carbon and CaO, respectively, using different
PET/CAL ratios. The investigated hybrid materials showed basic properties and
developed micro and mesoporosity. Different Ca-phases, CaO or Ca(OH),, were
independently detected, since CaO/carbon composites initially formed can be easily
hydrated, under atmospheric conditions, but also dehydrated by re-calcination.
Obviously, the presence of Ca phases in explored composites contributes to the basicity
of the samples whereas carbon material significantly increases the porosity of the
materials. Both Ca phases were active in the investigated reaction, even for the samples
showing the highest PET/CAL ratio. However, CaO-containing samples showed
enhanced catalytic performance. Therefore, the obtained results strongly suggest that
the reaction is mainly controlled by the basicity of the catalysts. The methodology herein
reported opens the possibility of synthesizing valuable compounds from carbon-based
catalysts, prepared by using plastic residues as PET source, selectively affording 2-
amino-4H-chromenes 1 with high conversions as a sustainable alternative framed in

circular economy domain.

The understanding of the reaction mechanism was rationalized by using
computational methods. This study reveals that the catalysed synthesis of 2-amino-4H-
chromenes 1 takes place through cascade reactions, following the sequence: i)
aldolization of both chemisorbed reagents, ii) heterocyclization and iii) dehydration,
both assisted by one water molecule and, finally, iv) Michael addition of a second
molecule of ethyl cyanoacetate 3. The crucial stages are CR1 and CR2 formation, where
both nucleophile and electrophile are activated. Our experimental and theoretical

studies demonstrate that the presence of CaO provokes a strong kinetic effect.
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AMINO IMPLICADAS EN LA SINTESIS VERDE DE 2-AMINO-4H-CROMENOS

CHAPTER IV. AMINO-GRAFTED Cu AND Sc METAL-ORGANIC FRAMEWORKS INVOLVED IN
THE GREEN SYNTHESIS OF 2-AMINO-4H-CHROMENES

Amino-grafted MOFs
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ABSTRACT

A new methodology for the eco-synthesis of 2-amino-4H-chromenes 1 is reported, from
2-hydroxybenzaldehydes and cyano compounds, under solvent-free and mild
conditions, using amino-grafted MOFs as catalysts. The selected MOFs —commercial
CuBTC and MIL-100(Sc), this last previously synthesized in our laboratories— can be
easily functionalized with amines of different nature showing notable differences in
their composition and textural properties. The total or partial functionalization of the
metal centres in 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, the porosity of the samples barely showing any influence.
The methodology herein reported could be considered as an environmentally friendly
alternative for the selective chromene synthesis, which allows to achieve high yields in
relatively short reaction times —up to 90% over 1h—, using notably small amounts of
the catalysts. Furthermore, our experiments in combination with theoretical
calculations strongly suggest that basic sites in ethylenediamine functionalized catalysts
can act either as individual catalytic sites, or in cooperation with the closest metal

centers in samples partially functionalized, as in the case of EN/CuBTC.
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IV. 1 RESULTS AND DISCUSSION

In this chapter, two new families of amino-grafted MOFs were prepared, characterized
and applied to the green and efficient synthesis of 2-amino-4H-chromenes 1, from 2-
hydroxybenzaldehyde 2 and ethyl cyanoacetate 3, under mild and solvent-free
conditions. These materials are easily prepared by functionalization of MOFs —MIL-100
(Sc) previously prepared in our laboratories and CuBTC commercialized by Sigma-Aldrich
and named Basolite® C300™— with polyamines of different nature, by using the post-
synthetic method, as commented below. Additionally, the actuation mode of the most
representative catalysts was theoretically investigated for the first elementary step of
the reaction, consisting of aldolic condensation between reagents, by using

computational methods.

IV.1.1 Synthesis and characterization of the catalysts

The MIL-100 (Sc) material was synthesized following the adapted experimental
procedure previously reported by Zhu et al?®3. Both materials —MIL-100 (Sc) and
CuBTC— were functionalized by following two different methods, as detailed in Chapter

VIl (Section VII.3.1).

Two series of amino-grafted MOFs were then prepared depending on the
selected method: i) materials denoted as amine-M/MOF using the adapted
methodology described by Hwang et al (Method A)?%* and ii) amine/MOF according to
the methodology reported by Das et al (Method B)?%>. Then, it was prepared different
materials such as EN-M/MIL-100(Sc), MMEN-M/MIL-100(Sc) and EN-M/CuBTC (Method
A) and EN/CuBTC and DET/CuBTC (Method B) where EN is ethylenediamine, MMEN is

N,N’-dimethylenediamine, and DET is diethylenetriamine.

Figure 39 shows the XRD 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 diffractograms of the samples indicate
the preservation of the MOFs structure, except in the case of the EN-M/CuBTC sample,

in which a slight variation of crystallinity is observed.
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CuBTC b) ——— MIL-100(Sc)
——EN/CuBTC —— EN-M/MIL-100(Sc)

EN-M/CuBTC —— MMEN-M/MIL-100(Sc)
l —— DET/CuBTC

a)

5 10 15 20 25 3 0 4 6 8§ 10 12 14
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Figure 39. X-Ray diffractograms of amino-grafted a) CuBTC and b) MIL-100(Sc) samples.

Nitrogen adsorption-desorption isotherms were collected at 77 K for CuBTC
(Figure 40a) and MIL-100(Sc) (Figure 40b) samples and were analysed using the BET and
2D-NLDFT methods. The measured BET surface areas and pore volumes of bare MOFs
(Table 10) are in agreement with previous results. Amine-grafted samples show a
notable reduction of the specific 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, indicating a partial occupation of the space inside 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 40c and Figure 40d) demonstrate the presence of micropores in
CuBTC samples and a multimodal distribution in MIL-100(Sc) samples and confirm the

decreased porosity in the functionalized materials.

Table 10. Catalyst textural properties.

Catalyst Seer(m2-gl)  Vp(cm3g?l) Pore width (A)
CuBTC 640 0.46 8.7
EN/CuBTC 546 0.23 9.3
DET/CuBTC 615 0.24 9.5
EN-M/CuBTC 6 0.016 -
MIL-100(Sc) 1590 0.72 10.9/16.7/19.9
EN-M/MIL-100(Sc) 444 0.23 10.8/16.7/19.0
MMEN-M/MIL-100(Sc) 736 0.41 10.4/16.7/19.0
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Figure 40. Nitrogen adsorption-desorption isotherms for amino-grafted a) CuBTC and b) MIL-100(Sc)
samples. Pore size distributions for amino-grafted c) CuBTC and d) MIL-100(Sc).

The amine grafting of CuBTC and MIL-100(Sc) MOFs was also studied by FTIR. As
shown in Figure 41, all the amine-grafted samples exhibit additional absorption bands
in the range of 3450 to 2800 cm™, which are assighed to N—H and C—H stretching
vibrations?®®, confirming the incorporation of the amine molecules in the prepared
samples. The functionalization with amine molecules of coordinatively unsaturated
copper (CuBTC) and scandium (MIL-100(Sc)) cations were 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 (Figure 42) shows an
IR absorption band centred at 2170 cm™ for CuBTC and 2183 cm™ for MIL-100(Sc) that
comes from the fundamental C—0O stretching mode of carbon monoxide interacting,
through the carbon atom, with the Cu" and Sc'' cations, respectively?®’. Additionally, in

the case of CuBTC, another IR band near 2128 cm™ is observed, which according to the
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literature corresponds to the CO interacting with Cu' species formed during the
activation treatment of the sample?®®. The IR spectra of the grafted CuBTC samples
(Figure 42a) show the IR absorption band at 2170 cm™, although much less intense,
indicating that the open copper sites in the CuBTC are partially grafted by the amine
molecules. In the case of the EN-M/CuBTC, the IR absorption band at 2170 cm
completely disappears (Figure 42a) which, together with the porosity results and
compositional data, confirm the high incorporation of amine molecules in this sample.
However, in the spectrum of the functionalized MIL-100(Sc) samples (Figure 42b), the
band assigned to the CO stretching vibration of carbon monoxide adsorbed on Sc''is not

observed, indicating that in these samples the most of the metal centres are coordinated

to the amine molecules.

CuBTC ——— MIL-100(Sc)
a) ——EN/CUBTC b) ——— EN-M/MIL-100(Sc)
Y — DET/CuBTC ——— MMEN-M/MIL-100(Sc)
NH CH

.....

EEEES EN-M/CuBTC

Absorbance (a.u.)
Absorbance (a.u.)
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Figure 41. FTIR spectra for amino-grafted a) CuBTC and b) MIL-100(Sc) samples.
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Figure 42. 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 2240-2080 cm! region.

Considering these results, we also carried out elemental analysis of prepared
samples confirming the presence of N (Table 11). It can be observed remarkable
differences between the synthesized catalysts depending on the method used for their
functionalization. Assuming that only one -NH; group per EN molecule is coordinated to
a unique metal centre 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), although 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 total saturation of Coordinatively Unsaturated Metal Sites
(CUS), while partially functionalized MOF samples are obtained when applying Method
B.

Table 11. Composition of the amino-grafted MOFs catalysts under study.

Sample N* } Cu i
(mmol-g?) (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 2Method B, "Method A. Determined by ‘elemental analysis and 4ICP-OES.

These results are supported by the information provided by thermogravimetric
analysis. The CuBTC support material showed two different weight losses between 373
Kand 453 K, corresponding to the removal of water physically absorbed and coordinated
with metal atoms?®® 270, After that, the main loss appeared between 573 K and 623 K,

attributed to the CuBTC decomposition in BTC ligands, corresponding to the collapse of
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MOF structure. EN-M/CuBTC material showed additional peaks, at 473-573 K, probably

indicating two types of N interactions (Figure 43).
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Figure 43. Thermogravimetric profile of a) EN-M/CuBTC sample and b) CuBTC sample.
IV.1.2 Catalytic performance

The amino-grafted MOFs were tested in the synthesis of 2-amino-4H-chromenes 1, from
2-hydroxybenzaldehyde 2 and ethyl cyanoacetate 3, under solvent-free conditions
(Scheme 9). Firstly, for comparison, we explored 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 temperatures.

Figure 44 shows the conversion values of 2-hydroxybenzaldehyde 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 2h—, as mixtures of
the corresponding diastereoisomers 1a/1b in approximately 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
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mmol-g*— (Figure 44a). Considering that an unique -NH, function in EN ligand is
coordinated to the corresponding metal centre in CuBTC or MIL-100(Sc), as mentioned
above, differences in the catalytic behaviour of EN-functionalized samples could be
firstly attributed to the presence of available catalytic active sites, comprising free -NH;
functions—0.60, 0.17 and 0.22 mmol-g* for EN-M/CuBTC, EN/CuBTC and EN-M/MIL-
100(Sc) respectively (Table 11)—. Regarding the porosity of the catalysts, EN/CuBTC and
EN-M/MIL-100(Sc) samples present similar V, —0.23 cm? g'—, however, EN/CuBTC
sample shows larger Sger —546 vs 444 m?-g*—, which could be behind the slightly higher
conversion values obtained at the shortest reaction times when using this sample
(Figure 44a, Table 11). 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 2h of reaction time, with
maintained selectivity towards chromene 1a, as thermodynamically stable isomer
(Figure 44b). 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 (Figure 44a) (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 (Figure 44c and d). MMEN-
M/MIL-100(Sc), having a similar concentration of N than DET/CuBTC, resulted active in
the investigated transformation, at 323 K (Figure 44c), yielding the corresponding
chromenes 1 in 82%, after 3h of reaction time, the conversion values being notably
higher compared to those obtained for EN-M/MIL-100(Sc) (Figure 44a). Enhanced
catalytic performance observed for MMEN-M/MIL-100(Sc) sample could be attributed
to the presence of free secondary amine groups, -NH-CHs, with increased basicity in
comparison with primary amine functions 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 (Figure 44c). 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

(Figure 44d). Then these results indicate that the reaction is mainly controlled by the
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basicity of the samples. On the other hand, MMEN-M/MIL-100(Sc) shows superior Sger
—736 vs 615 m?gl— and Vp, —0.41 vs 0.24 cm3gl— than DET/CuBTC catalyst,

therefore, in this case, texture of the catalysts does not seem to influence the catalytic

performance.
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Figure 44. Synthesis of 2-amino-4H-chromenes 1, from 2-hydroxybenzaldehyde 2 and ethyl
cyanoacetate 3, catalysed by a) amino-grafted CuBTC and MIL-100(Sc) at 323 K, b) EN-M/CuBTC and EN-
M/MIL-100(Sc) at 303 K, c) DET/CuBTC and MMEN-M/MIL-100(Sc) at 323 K and d) DET/CuBTC and
MMEN-M/MIL-100(Sc) at 303 K. Reaction conditions: 25 mg of catalysts, 2/3 molar ratio = 2:4, solvent-
free conditions.

Assuming the interaction of DET with Cu centres in CuBTC through one of the
terminals -NH2 groups?®®, which are sterically less hindered, the secondary amine
functions comprising the central N substituted with ethylene bridges in DET should be
responsible of the observed reactivity. It is important to note that although the primary

and secondary amine functions are able to catalyse the reaction (Figure 44) and that
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DET/CuBTC shows the presence of both groups, it seems reasonable to think that both
cannot independently and simultaneously work. In fact, taken into account that both
samples, MMEN-M/MIL-100(Sc) and DET/CuBTC, show similar concentration of
available secondary amine groups, additional factors should be behind the
extraordinarily high conversion values to chromenes 1 observed when using DET/CuBTC
catalyst (see computational section). 2DET/CuBTC sample presenting increased N

loading showed a catalytic behaviour quite similar to DET/CuBTC.

Considering all these results, although -NH> functions in EN-M/CuBTC or EN-
M/MIL-100(Sc) are able to catalyse the reaction yielding the corresponding chromene
derivatives, acting as individual active sites, the presence of CUS in EN/CuBTC or
DET/CUBTC could suggest that both samples can operate as bifunctional catalysts, in
which amine functions and free-metal centres could be responsible for the nucleophile
and electrophile activations. This hypothesis is especially relevant when comparing the
conversion values observed in the presence of EN-M/CuBTC and DET/CuBTC catalysts.
While the reaction catalysed 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 presence of DET/CuBTC sample.

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% —25 mg
of the catalyst— to 82% —50 mg of the catalyst—, after only 15 min of reaction time.
The same trend was also observed when using another less active catalyst such as
MMEN/MIL-100(Sc), affording chromenes 1 in 96% —50 mg of the catalyst— of
conversion, after 3h of reaction time, compared to 82% —when using 25 mg of the

catalyst— (Figure 44c).

The scope of the methodology was investigated by using different substituted 2-
hydroxybenzaldehydes 6 but also another cyano compound such as malononitrile 7
(Table 12, Scheme 13). In all the cases, chromenes 8 or 9 were selectively synthesized
in good-to-excellent yields in the presence of amino-grafted investigated MOFs.
Particularly chromene 8 (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 condition (303

K) (Table 12, entry 2). Even when using EN/CuBTC, the sample with minor concentration
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of -NH; functions, the corresponding chromene derivative was obtained in almost 90%,
due to the strong reactivity of malononitrile 7 (Table 12 entry 1). The influence of
substitution at position 5- in the aromatic ring of 2-hydroxybenzaldehydes 6 was
investigated in the presence of the most active catalyst, DET/CuBTC, obtaining, in all the
cases, the corresponding chromene derivatives 9 in good-to-excellent conversions
(9a/9b 2:1 ratio) (Table 12, entries 3-6). The observed reactivity order is as follows: H ~
NO; > Br > OMe. It seems then that the presence of electrowithdrawing substituents at
position 5- in 2-hydroxybenzaldehyde favours the reaction. Based on our previous
studies concerning the use of amino-grafted mesoporous silicas as catalysts involved in
the synthesis of coumarins from 2-hydroxybenzaldehyde and ethyl acetoacetate??’, the
substitution in 2-hydroxybenzaldehyde affects not only the electrophilicity of -CHO
functions but also the acidity of the para —OH group. Although the presence of
electrodonating substituents on the aromatic ring should favour the first step of the
reaction comprising the aldolic reaction between reagents, electrowithdrawing
substituents at position 5- produce an increment of acidity of phenol groups probably
driving the heterocyclization step, since when R! is NO; group the reaction takes place
even at lower temperatures, affording mixtures of chromenes 9 with increased
selectivity to 9a (9a/9b 3:1 ratio). Interestingly, ethyl 2-amino-6-bromo-4-(1-cyano-2-
ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate 4 (HA 14-1)%°% 257 which is expressed in
most types of cancer, can be efficiently synthesized, as a diastereomeric mixtureina 2:1

ratio, in 90% of conversion after 3h of reaction time (Table 12, entry 4).

NC._ _CN
CN
CHO 0~ "NH,
N P Catalyst
R1—:</>[ + NeTORE Y 8
OH 303 or 323 K
or
H H
® 3: R? = CO,Et R2Z_CN RZy CN
7: R?=CN 2 2
R R
RILL Y + RILN |
oA P
0~ "NH, 0" 'NH;
9a 9b

Scheme 13. Synthesis of chromenes 8 and 9 from 5-substituted 2-hydroxybenzaldehydes and cyano
compounds, at 303 or 323 K, under solvent-free conditions.
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Table 12. Synthesis of chromenes 7 and 8 from 2-hydroxybenzaldehydes 6 and cyano compounds 3 or 7
catalysed by amino-grafted CuBTC. Reaction conditions: 25 mg of catalysts, 303 K or 323 K, 6/3 and 6/7
molar ratio = 2:4, solvent-free conditions.

Entry Catalyst Rl R2 Temp(«;z(r)atu re ;I'r:ane) Con\(/;)r)sion
1 EN/CuBTC H CN 303 15 87
2 EN-M/MIL-100(Sc) H CN 303 15 99
3 DET/CuBTC H CO-Et 323 60 (120) 92 (98)
4 DET/CuBTC Br COzEt 323 180 87
5 DET/CuBTC OMe COzEt 323 180 52
6 DET/CuBTC NO; CO-Et 323 60 (120) 84 (99)

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

IV.1.3 Computational study

In order to rationalize the obtained results, the aldolization reaction, as the first
elementary step in the synthesis of chromenes 1, catalysed by amino-grafted CuBTC,
was theoretically analysed. Considering previous studies concerning the Friedlander
reaction catalysed by CuBTC'”’, the reduced models representing CuBTC but also
functionalized with the corresponding amines were selected (Figure 45). In these
models it was observed a slight increment of the Cu-Cu distance in amino-grafted
catalysts regarding the bare CuBTC — 2.4746 A (Figure 45a), 2.5575 A (Figure 45b),
2.5570 Figure 45c) — the Cu-NH; distance maintained in approximately 2.146 A.

a) b)

c)

Figure 45. Reduced models simulating a) bare CuBTC, b) EN or EN-M/CuBTC and c) DET/CuBTC catalysts.

Since the reaction is also catalysed by basic species, as experimentally

demonstrated, the transition structures for the uncatalysed reaction or in the presence
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of bare CuBTC have not been investigated. Having in mind our previous studies analysing
amino-grafted mesoporous silicas??> 223, we explored the aldolization reaction between
ethyl cyanoacetate 3 and 2-hydroxybenzaldehyde 2, in which compound 3 is able to
donate a proton to amine functions in the catalyst, through keto or enol forms, this
proton subsequently activating the carbonyl acceptor, the —CHO group in compound 2.
Comparing both optimized TS when using the reduced model b or c (Figure 45)
simulating EN/CuBTC (Figure 46 and 47) and DET/CuBTC catalysts (Figure 46 and 47),
respectively, it can be observed, in both cases, a more advanced TS when ethyl
cyanoacetate 3 is involved as enol form (Figure 47). This was confirmed by computed C-
C bond forming distances —2.5499 vs 2.1761 for EN/CuBTC catalyst (Figure 46a and 47a)
and 2.6186 vs 2.1274 for DET/CuBTC catalyst (Figure 46b and 47b)—. In the same
context, the formation of TS-ENg (enol form, Figure 47a) requires lower free energy
barrier in 14.10 kcal/mol than TS-ENa (keto form, Figure 46a) observing the same trend
for TS-DETg —16.61 kcal/mol more stable than TS-DETa (Figure 46b)—. Both
observations suggested that ethyl cyanoacetate 3 reacts with 2-hydroxybenzaldehyde 2
through its enol form (Figure 47). However, the small free energy differences do not
justify the catalytic behaviour observed for both EN/CuBTC and DET/CuBTC catalysts,

probably indicating that additional factors could determine the catalytic performance.

b)

1.44897 |

1.10939 7
/

TS-ENa
TS-DETa

Figure 46. Optimized TS for the aldolization reaction between 2-hydroxybenzaldehyde 2 and ethyl
cyanoacetate 3 (keto form) catalysed by a) EN/CuBTC and b) DET/CuBTC. Relevant distances are
expressed in A.

Motivated because both catalysts, EN/CuBTC and DET/CuBTC, showed only a few
Cu sites grafted with the corresponding amines, the computational and experimental

results suggest that amine functions and CUS in these catalysts could act in cooperation.
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Investigating this possibility, we firstly analysed the interaction modes of reactants with
uncoordinated Cu centres using the reduced model showed in Figure 46a. As it can be
observed from Table 13, the most stable optimized structures comprise the interaction
between ethyl cyanoacetate 3 through lone pairs from C=0 or C=N functions with Cu

centres showing slight free energy deviation.

a) b)

1.3273 »
/

N\

2.1761

Vo
/2.0398 .54101

- o
\,

~

2.1823

TS-ENg TS-DETs

Figure 47. Optimized TS for the aldolization reaction between 2-hydroxybenzaldehyde 2 and ethyl
cyanoacetate 3 (enol form) catalysed by a) EN/CuBTC and b) DET/CuBTC. Relevant distances are
expressed in A.

Table 13. Interactions of the reagents with metal centres in remaining CUS for amino-grafted CuBTC.

Interactions Compound AG (Kcal/mol)
Model a (Cu---0=C) 2 5.92
Model a (Cu---0-H) 2 9.04
Model a (Cu---0=C-0) 3 -1.08
Model a (Cu--:N=C) 3 -0.48
Model a (Cu---0-C=0) 3 3.21

In order to prove our hypothesis, we select an extended cluster simulating CuBTC
in which one Cu atom is functionalized with amine groups of EN ligand whereas the
closest Cu atom is interacting with ethyl cyanoacetate 3 through either C=0 (Figure 48a)
or C=N groups (Figure 48b) as the most stable interactions. Briefly, the computed free
energy value for TS-EN(Cu-C=0) were approximately 10 kcal/mol lower compared to TS-
ENa (Figure 46a) showing similar interaction modes except for —OH function now
forming a strong hydrogen bonding with the CuBTC cluster. However, small free energy
barrier, less than 1 kcal/mol, was observed when comparing TS-ENg (Figure 47a) and TS-
EN(Cu-C=N) (Figure 48b), TS-ENg being a more advanced transition structure as
demonstrated by C-C bond forming distances —2.1761 vs 2.5418 A for TS-ENg and TS-
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EN(Cu-C=N), respectively—. Note that EN-M/CuBTC catalyst showed the absence of
unsaturated Cu centres and, therefore, the superior concentration of free -NH;
functions (Table 13) able to promote the reaction, probably acting as individual catalytic
sites thought TS-ENg (Figure 47a), being this feature behind of its enhanced catalytic
performance (Figure 44a). In the case of EN/CuBTC catalyst showing a low %Cu centres
functionalized with amine groups as experimentally demonstrated, the most probable
TS could be TS-EN(Cu-C=N), acting as a bifunctional catalyst, in which the free amine
function in EN is able to abstract a proton of 3, through its enol form, this proton
activating the carbonyl acceptor in 2-hydroxybenzaldehyde 2, whereas —CN function is
interacting with neighbouring unsaturated Cu centre. Thus, low conversion values of 2
obtained in the presence of EN/CuBTC could be attributed to the presence of a lower
concentration of —NH; active centres in this catalyst but also to the interaction of ethyl
cyanoacetate 3 through C=0 or C=N functional groups with bare Cu centres, inhibiting

the reaction with the time as experimentally observed (Figure 44a).

TS-EN(Cu---C=0) TS-EN(Cu---C=N)

Figure 48. Optimized TS for the aldolization reaction between 2-hydroxybenzaldehyde 2 and ethyl
cyanoacetate 3 catalysed by EN/CuBTC. a) Cu---O=C and b) Cu--:N=C interactions. Relevant distances are
expressed in A.

Considering these results, DET/CuBTC could act as a bifunctional catalyst where
ethyl cyanoacetate 3 would donate its acidic proton to secondary amine groups whereas
simultaneously interacting with neighbouring Cu CUS through —C=N functions, —NH
functions in each amine groups participating in the activation of carbonyl acceptor in 2-

hydroxybenzaldehyde 2 as shown in TS-DETs (Figure 47b).
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1V.2 CONCLUSIONS

We report herein for the first time a novel family of amino-grafted MOFs able to catalyse
the synthesis of 2-amino-4H-chromenes 8, from 2-hydroxybenzaldehydes and cyano
compounds, under solvent-free and mild conditions. The catalysts were easily prepared
by reacting the corresponding metal-organic network with organic amines, the
functionalization of selected MOFs strongly depending on the used method. Our results
demonstrate that the catalytic performance is mainly conditioned 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 a
high concentration of basic catalytic sites coordinating each metal centres in CuBTC. In
the same context, the presence of secondary amine functions in DET/CuBTC or MMEN-
M/MIL-100(Sc) samples favours the reaction. Since the porosity of the samples barely
shows any influence on the catalytic performance, the reaction would be then mainly

controlled by the basicity of the samples.

Our experimental and theoretical results strongly suggest that available amine
groups in EN functionalized catalysts can act either as individual catalytic sites or in
cooperation with the nearest CUS in samples partially functionalized, such is the case of
EN-M/CuBTC and EN/CuBTC catalyst respectively. In the case of using DET/CuBTC, the
additional stabilization of the corresponding transition structure for the aldolization
reaction, as the first elementary step in the formation of chromenes, involving strong
hydrogen bonding NH---O=C as responsible for the electrophile activation, could be

behind of its superior catalytic performance.

In comparison with the catalysts previously reported, the amino-grafted MOF
catalysts allow to obtain the 2-amino-4H-chromenes 8 with similar conversion values

but using notably less amount of catalyst.
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CROMENOS

CHAPTER V. BASIC MESOPOROUS SILICAS IN THE GREEN SYNTHESIS OF 2-AMINO-4H-
CHROMENES
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ABSTRACT

A new family of amino-grafted mesoporous silica materials active in the synthesis of 2-
amino-4H-chromenes 1, from 2-hydroxybenzaldehydes and cyano compounds, under
solvent-free and mild conditions, is reported. The catalysts can be easily prepared by a
post-synthetic method, by functionalizing the SBA-15 silica with the corresponding
amino silanes. As reported in previous chapters, the obtained results indicate that the
catalytic performance is mainly conditioned by the type and concentration of the

corresponding basic sites.

The experimental results are also supported with theoretical calculations, which suggest
that the rate-limiting step of the reaction, comprising the aldolization reaction between
reagents, requires the presence of bases, but also the silica matrix favouring this initial

reaction.
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V.1 RESULTS AND DISCUSSION

In this chapter, a new family of amino-grafted SBA-15 mesoporous silicas was prepared,
characterized and applied to the green and efficient synthesis of 2-amino-4H-
chromenes, from 2-hydroxybenzaldehydes 6 and ethyl cyanoacetate 3, under mild and
solvent-free conditions. These materials are easily prepared by functionalization of SBA-
15, previously synthesized, with amino silanes showing amine groups of different
nature, by using the post-synthetic method, as commented below. Additionally, the

mechanism understanding was investigated by using computational methods.

V.1.1 Synthesis and characterization of the catalysts

The mesoporous silica-based catalysts were synthesized by following the experimental
procedure previously reported by Zhao et a/*®%:271 , SBA-15 mesoporous silica, previously
prepared in our laboratory, was functionalized by grafting according to the experimental

protocol reported by Lépez-Sanz et al*’?, as described in Chapter VI (Section VI1.3.1).

The selected silane compounds used for functionalizing the mesoporous SBA-15
were (3-aminopropyl)triethoxysilane (APTES), [3-(diethylamino)propyl]trimethoxysilane
(DEAPTMS),  (3-methylaminopropyl)trimethoxysilane  (MAPTMS), and  [3-(2-
aminoethylamino)propyl]trimethoxysilane (2APTMS), then, affording the 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?23,

All the materials showed a type IVa isotherm accompanied by an H1 hysteresis
loop. As expected, the synthesized SBA-15 matrix shows a predominantly mesoporous
structure and high surface area (Figure 49 and Table 14). After functionalization, micro-
and mesoporosity are notably decreased in all the materials as demonstrated by Vmicro
and Vmeso (Table 14), probably due to a partial blockage of the pores. This also generates
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 is slightly lower with respect to SBA-15
sample in a range of 68 to 57 A as expected, notably decreased for the materials with

higher N content (Table 14).
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Figure 49. a) Adsorption/desorption isotherms of amino-grafted SBA-15 catalysts. b) XRD patterns for

SBA-15 and amino-grafted SBA-15 catalysts.

Table 14. Amount of nitrogen and textural parameters in SBA-15 samples.

Catalyst

SBA-15
APTES/SBA-15
DEAPTMS/SBA-15
MAPTMS/SBA-15
2APTMS/SBA-15

BET (p/po = 0,95)
S eT V1
(m>g?) (cm’g?)

579 0.97
332 0.63
271 0.50
326 0.56
269 0.47

Vmicro
(em*g?)
0.04
0.00
0.00
0.01

0.05

Dubinin-Radushkevich BJH N loading
(c:::;l) D(A) (mmolg?)
0.93 68 -
0.63 62 2.19
0.50 57 1.72
0.55 67 0.42
0.42 61 2.8

Seet: BET surface, Vr: total pore volume, Vmicro: microporous volume, Vmeso: mesoporous volume, D (A):

The SBA-15 sample is mainly composed of SiO;, with minimum traces of C, H, N
and S. The results of the elemental analysis for amino functionalized samples confirm
the presence of N (Table 14). As it can be seen, different concentration of amine groups
anchored to the silica surface was observed. The lower content for DEAPTMS/SBA-15
samples would be related to the presence of higher C% in the starting silane by the
presence of ET 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.
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On the other hand, 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 (Figure 49b).

Samples under study were also investigated through FTIR spectroscopy (Figure
50). It was observed the almost total disappeared band at 3745 cm™, assigned to isolated
silanol groups?’3, indicating a high functionalization degree for the samples APTES/SBA-
15, DEAPTMS/SBA-15 and 2APTMS/SBA-15 (Figure 50). It can be an example depicted in
Figure 50a which shows the comparison between APTES/SBA-15 and SBA-15 matrix.
However, MAPTMS/SBA-15 sample showed a lower functionalization degree exhibiting
an FTIR profile quite like SBA-15 (Figure 50b). All these results are in accordance with
compositional data shown in Table 14. The broad adsorption band in the range of 3700-
3250 cm?, assigned to Si-OH stretching mode of hydrogen-bonded silanols?74, 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 (Figure 50a and
50b), the bands corresponding to amine groups (1595 cm™1)?’> 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?’®. On the other hand, it was identified
the presence of unreacted -OCHs groups as demonstrated by the presence of bands at

2973 and 2884 cm* corresponding to asymmetric and symmetric -CHs stretch?’”.

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

—— APTES/SBA-15 —— MAPTMS/SBA-15
2032 —— 2APMS/SBA-15
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Figure 50. FTIR spectra for amino-grafted SBA-15 samples.
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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 additionally, there is
a weight loss in the temperature range of 523-773 K because of the decomposition of
organic moieties confirming the functionalization at the surface of SBA-15 matrix?’®. The

differences in the mass losses between the catalysts are in good agreement with the

elemental analysis results.

V.1.2 Catalytic performance

Subsequently, we study the catalytic behaviour of the investigated materials in the
synthesis of 2-amino-4H-chromenes 1, between 2-hydroxybenzaldehyde 2 and ethyl
cyanoacetate 3, under solvent-free conditions (Scheme 9). Based on our previous
studies and for comparison purposes, we firstly carried out the reaction at 323 K. 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 for APTES/SBA-15 sample, which reached
to lower conversions at the shortest reaction times. Note that a pure sample of

chromenes 1 was obtained in all cases after 3 h (Figure 51a).

a) —@— APTES/SBA-15 DEAPTMS/SBA-15 b) —@— APTES/SBA-15 DEAPTMS/SBA-15
—8— MAPTMS/SBA-15 —@—2APTMS/SBA-15 —8— MAPTMS/SBA-15 —@—2APTMS/SBA-15
100 100
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Figure 51. Synthesis of 2-amino-4H-chromenes 1 catalysed by amino-grafted/SBA-15 catalysts at a) 323
K and b) 303 K. Reaction conditions: 25 mg of catalysts, 2/3 molar ratio = 2:4, solvent-free conditions.
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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 expected. Having in mind these results, it could
be thought that the basicity of the catalysts is 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, we explore the catalytic behaviour of those at

a lower temperature, 303 K (Figure 51b).

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 this reactivity order:
APTES/SBA-15 < MAPTMS/SBA-15 < 2APTMS/SBA-15 < DEAPTMS/SBA-15 (see
computational section). 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?’°. On the other hand, the catalytic
behaviour is also influenced by the N content. In this context, an 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-gt) and similar Sger (~330 m?g?) and pore size distribution (Table 14, Figure 49a),
MAPTMS/SBA-15 exhibited an enhancement of the catalytic performance —45 % of
conversion 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, as already motivated in
Chapter V, notably available -NH- functions in 2APTMS/SBA-15 are probably behind of
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 probably because the pore sizes of the catalysts, in
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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 mesoporous silica acts as a support

of active phases, in our case differently substituted amine functions.
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Figure 52. Synthesis of chromenes 1 catalysed by amino-grafted SBA-15 catalysts, a) selectivity 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, 2/3 molar ratio = 2:4,
solvent-free conditions.

In all the investigated cases, chromene 1a was the major isomer, conversion to
1a being in a range 57-77 % (at 303 K) or 69-81 % (at 323 K) depending on the catalysts
and the reaction temperature, both after 3h of reaction time (Figure 52a). It can be
observed a slightly diminished selectivity to 1a, at 303 K, compared to that at superior
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®’. Although selectivity to
1a increased 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 (Figure 52b).
In this case, APTES/SBA-15 was the catalyst with the highest Sger (332 m?g™) and Vimeso
(0.63 cm3-g!) probably allowing the isomer interconversion (Table 14). The superior
selectivity to 1a (81 % at 323 K) when using 2APTMS/SBA-15 (Sger= 269 m?-g™t and Vmeso
= 0.42 cm3-g!) 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 of

124



CAPITULO V. SILICES MESOPOROSAS BASICAS EN LA SINTESIS VERDE DE 2-AMINO-4H-CROMENOS

the mesoporosity, in such a manner that high diastereoselectivity was observed when

using the samples with lower Vmeso Values (Figure 52b).

The influence of the catalyst amount in the reaction was also explored by
modifying, in this case, the reactant molar ratio but maintaining 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 Figure 53, the conversion values were decreased when increasing the
reactant amounts, as expected, most of the catalysts remaining actives (Figure 53).
Remarkably, DEAPTMS/SBA-15 afforded chromenes 1 with quantitative conversion after
1 h 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.
a) —e—APTES/SBA-15 DEAPTMS/SBA-15 b) —@—APTES/SBA-15 DEAPTMS/SBA-15
MAPTMS/SBA-15 —@—2APTMS/SBA-15 MAPTMS/SBA-15 —@—2APTMS/SBA-15
100 100
80 80 H
c 60 c 60
1e] RS
4 4
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0 30 60 90 120 150 180 0 30 60 90 120 150 180
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Figure 53. Catalyst amount influence 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.

Finally, the scope of the reaction was investigated from differently 5-substituted-
2-hydroxybenzaldehydes 6 (Scheme 14) in the presence of the most efficient catalyst,

DEAPTMS/SBA-15, under the same reaction conditions, at 303 K.
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H
EtO,C.C
CHO
A Catalyst X
R1—:<j: + NG COEt 2, gil
Z>0oH 303 K %
6 3 9a 9b

Scheme 14. Synthesis of 5-substituted-2-hydroxybenzaldehydes 9 from different 5-substituted-2-
hydroxy-aldehydes 6 and 3, at 303 K, under solvent-free conditions.

The reactivity order of 5-substituted-2-hydroxybenzaldehydes 6 is H > Br > OMe
> NO; (Figure 54). The obtained results show that the 5-substituted chromenes 9 can be
easily synthesized with good to excellent conversion values (up 95 % after 1h).
Interestingly, the methodology herein reported constitutes a highly efficient alternative
for the synthesis of ethyl 2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-
chromene-3-carboxylate 4 (HA 14-1), where R is Br, in 98 % of conversion and 70 % of

selectivity to 4a, as a potential drug to be used in cancer treatment as mentioned in

previous chapters.

—o—H Br Nitro -—@=—Methoxy

100

- —e
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40
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Figure 54. Synthesis of 4H-chromenes 9 by using different 5-substituted-2-hydroxy-aldehydes 5 and
ethyl cyanoacetate 3, catalysed by DEAPTMS/SBA-15. Reaction conditions: 25 mg of catalysts, 303 K, 6/3
molar ratio = 2:4, solvent-free conditions.

It is noteworthy that the presence of substituents on the aromatic ring of 6
modifies the acidity of —OH group but also the electrophilicity of —CHO function
influencing the reactivity as demonstrated in previous studies??3, While the presence of
—NO; group in 5-substituted-2-hydroxybenzaldehydes 6 increase the acidity of —OH
function, —OMe group increases the electrophilicity of —CHO moiety. Both referred
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effects should then affect the reactivity affording the corresponding chromenes 9 with
increased conversions. In our case, the presence of —-OMe and —Br substituents do not
significatively affects to conversion values regarding unsubstituted 2-
hydroxybenzaldehyde 2 (Figure 54). However, in accordance with previous studies
reported by some of us the presence of nitro group at 5-position difficulted the reaction
leading to chromenes 9 with diminished conversion (37 % after 1h) becoming 97 % after
3h of reaction time. The positive trend observed in this case in comparison with those
observed when using amino-grafted MOFs (Chapter IV) could be attributed to the

different interaction modes reagents-catalysts.

IV.1.3 Computational study

We also try to rationalize the obtained experimental results through theoretical
calculations. Based on our previous studies concerning the mechanistic considerations
in the synthesis of 2-amino-4H-chromenes®® but also those recently reported by us and
discussed in this Thesis Chapter Ill (Section 111.1.3)*%°, we analysed the first elementary
step of the reaction consisting of the aldol condensation between reagents. In this
context, we follow two different approaches involving i) only the basic centers of the
catalysts comprising the amine functions, then acting as individual catalytic sites, but
also ii) analysing the influence of the mesoporous silica as catalyst support, without
considering the confinement restrictions if any. To this end, considering the first
approach, we select the reduced models shown in Figure 55a studying the catalytic

behaviour of amine functions — primary, secondary and tertiary amines —.

gl ‘\“\
. L,
0 APTMS: R'=R?=H NZ H N;

0.l R
~si TN MAPTMS: R' = H; R? = CHj, ,
e R? DEAPTMS: R'=R?=CH,CH; {j_0 -9

R=H, Me

Figure 55. a) Reduced models of amine-based catalysts. b) Reactant complexes indicating the reactants-
amine interactions.
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Considering the first step of the reaction as the rate-limiting step since it requires
the presence of bases, as anticipated in previous chapters, the amine function role is the
activation of nucleophile by abstracting the acidic proton in ethyl cyanoacetate 3.
Starting from this hypothesis, we investigated the different possibilities for the
reactants-catalyst interactions involving the distinct catalysts concluding that the most
probable interactions are those shown in Figure 55b. Particularly, in the case of APTMS
and MAPTMS catalysts, it was observed the spontaneous formation of the
corresponding initial reactant complexes (RC) (Figure 55b) with free energy barrier
valuas of -4.8 and -6.7 Kcal/mnl respectively, favouring the reactant approach. For

a) 2 .. b C? . .
numartvs (R = Me), the acidic pruwn in 3 was almost total transferred to amine function,
confirming the major basic character of MAPTMS regarding APTMS. Thus, a serie of H-
migrations occurs from ethyl cyano acetate 3, as enol form, to amine function which are
able to activate the electrophile, in this case 2-hydroxybenzaldehyde 2, by protonation
of the —CHO group whereas ethyl cyanoacetate 3 interacting with —OH group in 2-
hydroxybenzaldehyde 2 by hydrogen bonding. Note that this possibility is prevented 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??3,

i
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14112 ) = / 2.0076
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| ! 1.9901
:)1)71 '

_ _ 1 1470

/2.1911 1.9766

=
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Figure 56. 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, b) TSmaptms, and c) TSoeartms. Relevant distances are expressed in A.

The preliminary inspection of the optimized TS for the aldolization reaction
catalyzed by amines according to the models of our choice (Figure 56a) revealed an
increase of the H---O=CH distances depending on the amine nature (Figure 56). The

marked basic character of MAPTMS and DEAPTMS is in good agreement with larger
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H---O=CH distances, 1.4222 and 1.4981 A, respectively, vs 1.3727 A observed for TSaptwms.
However, the most advanced TS was TSwartms Which presented the shortest C-C bond
distance (2.0606 A). The variation of C-C bond distances in TS followed a similar trend
than that observed for free-energy values (TSpeaptms > TSaptms > TSmartms) (Figure 57a)
suggesting that the MAPTMS should exhibit the best catalytic performance. Additionally,
we also computed the TS when using diethylamine as a catalyst. The TSpietHyLamine Was
quite similar to TSwaptvs (C-C distance of 2.0442 A) although showing a superior free-
energy barrier up to 3.4 Kcal/mol compared to TSmartms. On the other hand, the highest
free-energy barrier was observed for TSpeaptms, 10.5 Kcal/mol higher than that observed

for TSmartms, probably due to steric effects.

These results are in contrast with the observed catalytic performance for the
sample functionalized with a tertiary amine, DEAPTMS/SBA-15, which exhibited the best
conversion to products after the shortest reaction times. This circumstance could be
firstly due to the high concentration of basic catalytic sites as confirmed by N loading

determined by elemental analysis (Table 14).

a) ) ﬁ ‘ TSpeartms b)
150 TSpeaprmsson
13.7 TSpierHviamine
ﬁ TSaprmas
5 ﬁ ‘ *__.TSMAPI Ms
£ | —
:‘E 6.6 TS,
g
L-2,4
-1.5 0.6
Reactants® ‘ L_g Reactants 28
: . -4.0 ‘
e / RCaprms Products oaucts

. -6.7/ R -
" — RCuaptis —6 7 RCuapruss

Figure 57. 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.

We also studied the effect of the possible participation of the silica matrix in the
reaction. With this aim, we select the structural unit shown in Figure 58a as the most

281 |n this context, it is in good

suitable model cluster of SBA-15 molecular sieve
agreement with the FTIR experiments above reported in which it is commented the

presence of associated silanols. Firstly, we studied the possible interactions of ethyl
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cyanoacetate 3 with the silica cluster. The computed free-energy values when the cyano
group in 3 is interacting with the selected silica model, by hydrogen bonding with the
free-hydrogen of silanol, resulted in 3.0 or 3.6 Kcal/mol lower when compared to O- or
C=0 interactions. Considering these results, we found the optimized TS shown in Figure
58b-c maintaining the initial structures suggested above (Figure 56), where the amine
functions are responsible for the activation of both nucleophile 3 and electrophile 2 at
the same time that silica cluster is involved retaining both species by strong hydrogen
bondings between cyano group in 3 and silanol, -C=N-:-H-0-Si=, and phenolic hydrogen
in 2 with basic centers, O-H---:O=Si. Taken into account the spontaneous formation of
RCwmaptvs-sea, the free-energy barrier of both, TSmartvs-sea and TSpeapms-sea, just differs in
1.7 Kcal/mol lower for TSwmaptms-sea, but also that TSpeaptms-sea is @ more advanced
transition state, as deduced from the C-C distance 2.1094 A vs 2.3020 A computed for
TSmarTms-sea. These results are in accordance with the experimental results. Remarkably,
the silica participation notably reduces the free-energy values from 20.8 Kcal/mol
(Figure 57a) to 15 Kcal/mol for TSpeaptms and TSpeaptivis-sea, respectively. Similar energetic
differences were also observed for TSmartms-sea. Considering this scenario, it seems that
the most probable TS for the aldolization of 2 with 3 is that in which amine functions are
behind the observed reactivity but with the assistance of the silica matrix allowing the

reactant approach more accused in the case of TSpeartmvs-sga.

a) b)

SBA-15 cluster TSmapT™s-sBA TSpeapTMS-SBA

Figure 58. 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) TSmaptms-sea, and c) TSoeaptms-sea. Relevant distances are expressed in A.
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Based on both experimental and theoretical results, amino-grafted mesoporous
silicas can be considered as interesting and more sustainable alternative catalysts,

particularly DEAPTMS/SBA-15 sample with a high concentration of active catalytic sites.
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V.2 CONCLUSIONS

We report herein a new family of amino-grafted SBA-15 catalysts, useful in the eco-
efficient synthesis of 2-amino-4H-chromenes 9, from different 5-substituted 2-
hydroxybenzaldehydes and ethyl cyanoacetate, under solvent-free and mild conditions.
The catalysts were prepared by a post-synthetic method (grafting), functionalising the

silica support with the corresponding aminosilanes.

Our experimental results demonstrate that the catalytic performance mainly
depends on the basicity of the catalyst, being DEAPTMS/SBA-15 the most active catalyst,

presenting the highest concentration of basic sites.

Our theoretical calculations supported these 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 nucleophile by abstracting the acidic proton in ethyl
cyanoacetate 3. It was found that the silica support participates in the reaction by
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 our case the amine functions, but also contributing to

the stabilization of the suggested TS.

In summary, the amino-grafted SBA-15 catalysts reported in this chapter,
particularly DEAPTMS/SBA-15, emerge as an eco-friendly alternative to other basic
carbon materials (Chapter Ill) or amino-grafted MOFs (Chapter V), previously described,
showing notably superior catalytic performance affording the corresponding chromenes
with almost quantitive conversion values even at shorter times and using less amount

of catalyst.
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CAPITULO VL. SILICES MESOPOROSAS TMCF (T = Nb, Ta) FUNCIONALIZADAS CON GRUPQOS

AMINO. UN TIPO DE CATALIZADORES ALTAMENTE EFICIENTES EN LA SINTESIS DE 2-
AMINO-4H-CROMENQOS

CHAPTER VI. AMINO-GRAFTED TMCF MESOPOROUS SILICAS (T = Nb, Ta). A TYPE OF
HIGHLY PERFORMANT CATALYSTS FOR THE SYNTHESIS OF 2-AMINO-4H-CHROMENES
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ABSTRACT

In this chapter, a new family of bifunctional mesoporous silica materials is presented.
The synthesis of the materials was carried out from the corresponding TMCF (T = Nb or
Ta) mesoporous silicas, previously prepared, by reacting with aminosilanes —3-

aminopropyl-trimethoxysilane (APTMS) or 2APTMS—.

These materials are highly efficient and selective catalysts in the 2-amino-4H-chromenes
1 synthesis, operating under mild reaction conditions and without any solvent. These
are catalysts more efficient and stereoselective than its analogous modified with metal
alkaline oxides, Me/NbMCF (Me = Na or Cs), previously reported in our group, allowing
the obtaining of 2-amino-4H-chromenes with excellent yields and at short reaction

times, using less catalyst than 2% of total weight.
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VI.1 RESULTS AND DISCUSSION

Having in mind the extraordinary catalytic performance observed for the amino-grafted
SBA-15 mesoporous silicas in the synthesis of 2-amino-4H-chromenes, described in the
Chapter Vil (Section VI1.3.1), but also considering our previous results concerning the use
of the metallosilicates as promising bifunctional catalysts active in the synthesis of
quinolines, through Friedlander reaction??, and more recently in the preparation of
chromene derivatives®’ >%, in this chapter we explore the catalytic behaviour of different
families of metallosilicates based on MFC mesoporous silicas incorporating or not Nb or

Ta in its structure and functionalized with differently substituted amine groups.

VI.1.1 Synthesis and characterization of the catalysts

Firstly, we carried out the preparation of the corresponding mesoporous silicas —
MCF2, NbMCF(Ox) and NbMCF(Et)*® and TaMCF(Et)>’—. The samples marked as Ox or
Et differ in the metallic source used in each synthesis; Ox is referred to ammonium
niobate(V) oxalate hydrate (C4sHsNNbOs) while Et means the corresponding metal

ethoxide.

Subsequently, the prepared silicas were modified by grafting according to the
experimental protocol previously reported by Zhang et al?®2. Then, the samples denoted
as  APTMS/MCEF, 2APTMS/MCEF, APTMS/NbMCF(Ox), 2APTMS/NbMCF(Ox),
2APTMS/NbMCF(Et), 2APTMS/TaMCF(Et) were synthesized where APTMS is 3-
aminopropyl-trimethoxysilane and 2APTMS is [3-(2- aminoethylamino) propyl]
trimethoxysilane. In addition, 2APTMS/Cs/NbMCF catalyst was prepared from
NbMCF(Ox) by treatment with CH3COOCs. It was carried out by filling the outgassed
NbMCF(Ox) with an aqueous solution of CH3COOCs and subsequent functionalization as

shown in the corresponding experimental part section.

The catalysts were characterized by several techniques. Textural parameters and

N loading of the samples are summarized in Table 15.
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Table 15. Textural parameters and N content for the samples under study.

Pore volume

Catalizador su?'f:ce (cm?g) Pore diameter (nm) N loading
(m>g) BdB FI-!H BdB FI-!H (mmol-g?)
adsorption adsorption
MCF 626 2.7 35.7 -
APTMS/MCF 338 2.1 34.1 1.31
2APTMS/MCF 309 1.9 33.5 2.34
NbMCF(Ox) 682 2.7 37.2 -
APTMS/NbMCF(Ox) 339 1.9 36.3 0.93
2APTMS/NbMCF(Ox) 328 1.7 32.0 2.72
NbMCF(Et) 717 2.8 27.9 --
2APTMS/NbMCF(Et) 266 1.4 20.5 4.43
TaMCF 556 2.1 17.9 --
2APTMS/TaMCF(Et) 61 0.2 17.3 4.05

As it can be seen from Table 15, unmodified mesoporous silica exhibited high
Sger in a range of 556-717 m2-g'! and pore volumes between 2.1 and 2.8 cm3.g*. As
previously reported and cited above, the N, adsorption/desorption isotherms of MCF
and TMCF supports are typical of mesostructured cellular foams exhibiting an H1 type
hysteresis loop at relatively high pressure (p/p°) with parallel adsorption and desorption
branches!®?. As an example, the isotherm for TaMCF sample is shown in Figure 59a. It is
important to note that the inclusion of Nb into MFC structure increased Sger and the
pore volume. Regarding the composition of the samples, the loading of Nb and Ta are
expressed as Si/Nb and Si/Ta ratios determined by XRF. In general, the loading of Nb in
NbMCF (Si/Nb ratio = 260 and 169 for NboMCF(Ox) and NbMCF(Et), respectively) is lower
than the assumed one (Si/Nb ratio = 260) whereas Ta content is notably higher (Si/Ta
ratio = 96)>” 8, It is in accordance with literature data, describing that the introduction
of Nb into the framework of molecular sieves is more difficult than in the case of Ta
affording materials with low Nb concentration?®® 284 |n all the cases, the
functionalization of the different mesoporous MCF materials notably reduced the Sger
the pore volume and pore diameter, as expected, probably due to a partial collapse of

the structure and also a partial block of the channels. This reduction is notably lower in
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the case of the 2APTMS/TaMCF(Et) sample (61 vs 266-339 m?2-g!) (Figure 59b and Table

15).
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Figure 59. Adsorption/desorption isotherms of a) TaMCF(Et), b) 2APTMS/NbMCF(Et) and
2APTMSTaMCF(Et) catalysts.

Analysing the compositional data obtained from elemental analysis (Table 15),
both MCF and NbMCF(Ox) samples showed similar functionalization degree whereas
TMCF(Et) (where T is Nb or Ta) present considerably higher concentration of amine
groups, these results in good agreement with the notably Sger diminution, particularly

for 2APTMS/TaMCF (61 m?-g1).

Thermogravimetry/Differential Thermal Analysis (TG/DTA) was carried out to
confirm the grafting on MCF samples and to study the thermal stability of the samples.
Figure 60 shows as examples the TG/DTA curves, recorded under air atmosphere, for
2APTMS/TaMCF(Et) and 2APTMS/NbMCF(Et) samples. Weight loss in the range of 400-
900 K is related to the removal of 2APTMS?8. DTA curves of 2APTMS/NbMCF and
2APTMS/TaMCF catalysts have two exothermic peaks at this range. The first signal, near
to 500 K, is assigned to the removal of terminal amine groups NH». The second one, at
approximately 600 K in 2APTMS/NbMCF and 700 K for 2APTMS/TaMCF, is assigned to
the removal of secondary amine groups. It is noteworthy that the stability of —NH;
groups is similar in all the materials and it does not depend on the nature of support,
whereas the stability of NH groups in 2APTMS loaded on TaMCF is higher than those
anchored at NbMCF surface. Moreover, it should be remarked that for the
2APTMS/NbMCF(Et) sample one endothermic effect, at approximately 350 K, is clearly

observed in DTA curve, attributed to the water desorption which was not observed for
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two other samples. This effect is accompanied by a mass loss observed in the
thermogravimetric curve and should be attributed to a different

hydrophilic/hydrophobic character of both samples.
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Figure 60. TG/DTA curves for a) 2APTMS/NbMCF(Et), and b) 2APTMS/TaMCF(Et). Curves normalized to 5
mg of the sample.

The referred samples were also characterized by FT-IR spectroscopy in order to
confirm the presence of amino and methoxy groups in the investigated materials.
Spectra of MCF, TaMCF(Et) and NbMCF(Et) supports show the bands characteristic of Si-
O-Si vibrations in silica —1240, 1090, 800 and 460 cm™*— (Figure 61a). Moreover, for

MCF sample the band from isolated silanol groups, Si-OH, is observed at 3740 cm™.
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Figure 61. FTIR spectra of a) MCF supports and b) MCF and NbMCF(Ox) materials after evacuation at 373
KZZZ‘
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The grafting of organosilanes is produced by the interaction between silanol
hydroxyl groups, provided by the support, and alkoxy groups from the silane molecules.
In the case of MCF and NbMCF(Ox) catalysts, the IR spectra (Figure 61b) suggest, as
previously reported Smuszkiewicz et al???, the presence of methoxy species —band at
1455 cm™— in the catalysts functionalized with 2APTMS, it indicating the presence of
free methoxy groups not anchored to the silica surface. However, in APTMS materials
most of the methoxy species are bonded to the surface of the mesoporous support. The
bands present in all the catalysts at approximately 1600 cm™ are due to the primary
amines, and the other one at 1660 cm™, which only appears in 2APTMS catalysts, is

assigned to the secondary amines.
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Figure 62. FTIR spectra of 2APTMS/NbMCF(Et) and 2APTMS/TaMCF(Et) after evacuation at 373 K: a)
from 500 cm™* until 4000 cm™ and b) from 500 cm™ until 2000 cm™,

IR spectra of NbMCF(Et) and TaMCF(Et) modified samples proved the 2APTMS
loading. All spectra show the bands assigned to C—H stretching vibrations at 2933 cm™?,
and to C—H bending vibrations at 1472 cm™ and 1350 cm™ (1472- 8a5(CHs) vibrational
mode in methoxy groups, 1350- 3s(CH3) vibrational mode in methoxy groups?8®: 287

(Figure 62). Moreover, the band at 1575 cm™ coming from N—H vibrations is visible,

being this band the most pronounced for 2APTMS/NbMCF(Et), as the sample with the
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highest N loading. All bands indicated above come from (aminoethylamino)propyl

anchored on the surface of mesoporous support.

The metal coordination in NbMC(Ox), NbMCF(Et) and TaMCF(Et) catalysts
modified with 2APTMS was studied by UV-Vis spectroscopy (Figure 63). The UV-Vis
spectrum of NbMCF shows the presence of two UV bands at 230 and 270 nm. The first
band corresponds to a charge transfer in tetrahedrally coordinated niobium species
located in a silica skeleton?® 28,  The second band should be assigned to
pentacoordinated niobium species located in the silica framework as was previously
reported by Tranca et al?°. The presence of an octahedral niobium species in NoMCF is
suggested by the presence of a signal at 300 nm. In the spectra of 2APTMS-NbMCF the
band at 270 nm is not observed due to the interactions between Nb-OH and APTMS.
Moreover, the band at 340 nm is more pronounced, because of the presence of extra

niobium framework.
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Figure 63. UV-Vis spectra of a) NoMCF(Et) and b) TaMCF(Et) catalysts dried at 373 K.

The UV-vis spectrum of TaMCF(Et) shows the symmetric band at 230 nm typically
associated with tetracoordinated Ta species. After the modification with 2APTMS, in
2APTMS/TaMCF(Et) sample, this band becomes wider. Moreover, low intensity band at

330-350 nm appears, which indicates the presence of octahedral tantalum species in
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TaMCF(Et) after modification, due to the removal of tantalum from the framework
during the modification with APTMS or due to a probable coordination of Ta atoms in

the structure with the silane molecules.

The morphology of the materials was also investigated by SEM and TEM
microscopy. All the observed MCF catalysts showed coral-type morphology in the SEM
microphotographs (Figure 64). The TEM images suggested the typical MCF strutlike

structure, regular structure in cellular foams??2,

Figure 64. SEM images from a) MCF, b) NboMCF(Ox) and c) 2APTMS/NbMCF(Ox).

VI.1.2 Catalytic performance

The catalytic behaviour of the synthesized mesoporous silicas was checked in the
synthesis of 2-amino-4H-chromenes 1, between 2-hydroxybenzaldehyde 2 and ethyl
cyanoacetate 3, under mild and solvent-free conditions, at 323 K, for comparison
purposes (Scheme 9). Obviously, the investigated silica supports tested under these

experimental conditions have not shown any catalytic activity, as expected.

In Figure 65 it is depicted the conversion values to chromenes 1, at 323 K, vs
time. All the catalysts led to chromenes 1 as diastereomeric mixtures, in approximately
2:1 ratio, compound 1a being the major diastereomer as expected. Among the most
efficient catalysts highlight 2APTMS/MCF and 2APTMS/NbMCF(Ox), reaching almost
guantitative conversion values at short reaction times (30 min) (Figure 65a).
Remarkably, these catalysts show similar amine functions —primary and secondary
amine groups—, textural parameters and N loading. However, it is clear the influence of
the presence of Nb in APTMS catalysts affording the corresponding chromenes with
conversion up to 87% after 2h. Remarkably, differences were barely observed in the
presence of APTMS/Nb(Cs)MCF, prepared from NbMCF by exchange with Cs salt
solution and subsequent functionalization with the corresponding silane as previously

reported®. The results obtained when using APTMS/MCF catalyst then strongly suggest
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that the nature of amine functions together with the presence of Nb in materials under

study conditioned the catalytic performance.

—@— APTMS/MCF APTMS/NbMCF(Ox)
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Figure 65. Synthesis of 2-amino-4H-chromenes 1, catalysed by a) amino-grafted MCF and NbMCF (Ox),
and b) amino-grafted NbMCF(Et) and TaMCF(Et) catalysts. Reaction conditions: 25 mg of catalysts, 323
K, 2:4, 2/3 molar ratio = 2:4, solvent-free conditions.

We also checked the catalytic behaviour of samples of the Et serie,
2APTMS/NbMCF(Et) and 2APTMS/TaMCF(Et), in this case observing a notable
enhancement of conversion to 1 in the presence of 2APTMS/TaMCF(Et) at short reaction
times (54% vs 84% after 30 min). It should be reasonable to think that a superior
concentration of amine functions available to interact the reactants or intermediate
species should enhance the conversion to 1. However, if we compare the reactivity of
2APTMS/NbMCEF catalysts, Ox or Et, the 2APTMS/NbMCF(Ox) sample showing lower N
loading (2.71 vs 4.43 mmol-g't) and notably higher Si/Nb (260 vs 169) reached significant
higher conversion values to 1 (96% vs 54 % after 30 min) (Figure 65b). This enhanced
catalytic performance could be then attributed to its higher Sger (Vmeso= 1.7 vs 1.4 cm3-g’
L and diameter = 32 vs 20.5 nm) which allow the fast and efficient diffusion of reactant
and products (Table 15). All these results indicate that these amino-grafted NbMCF
samples can act as bifunctional catalysts as previously reported for the quinoline
synthesis through Friedldnder reaction??!. In the case of the catalyst 2APTMS/TaMCF(Et)

the almost absence of porosity and the high concentration of amine functions suggest
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that the organic groups are probably located in the open mouth of the pores acting as

individual catalytic active sites.

—&— APTMS/MCF
a) APTMS/Nb/Cs/MCF(Ox)

—8— 2APTMS/MCF
—e— 2APTMS/NbMCF(Ox)

120

100
80
s
c 60
RS
4
o
Z 40
o
(@]
20
0
0 30 60 90
Time (min)
100
b) H Total conversion
u Isomer A c) 100
= 80 M Isomer B
X — 80
5 &
3 60 <
g 7 o0
c ()]
8 40 2
g § 40
- 3
20 P 20
0 0
15 30 60 120
Time (min)

150

15

180

H Selectivity to 1a

30 60 120 180
Time (min)

Figure 66. Synthesis of 2-amino-4H-chromenes 1 a) catalysed by MCF and NbMCF(Ox) catalysts. b)
Conversion of 1a and 1b and c) selectivity to 1a catalysed by 2APTMS/NbMCF(Ox). Reaction conditions:
25 mg of catalysts, 303 K, 2/3 molar ratio = 2:4, solvent-free conditions.

In order to establish possible differences between the most efficient samples,

2APTMS/MCF and 2APTMS/NbMCF(Ox), the reaction was investigated at a lower

temperature (303 K) (Figure 66). All the catalysts remained active, chromenes 1 being

obtained in around 40% of conversion, after 2h, when using the APTMS samples.

Remarkably, both APTMS catalysts reached conversion values close to 70 % after 180

min. In the case of 2APTMS catalysts, it was observed a slight enhancement of

conversion values (65% vs 53% after 30 min) for the 2APTMS/NbMCF(Ox) sample

attributed to the incorporation of Nb in silica network, as expected. Both samples led to

145



SOLIDOS POROSOS BASICOS EN LA SINTESIS EFICIENTE Y SOSTENIBLE DE 2-AMINO-4H-CROMENOS. ESTUDIO EXPERIMENTAL Y TEORICO

chromenes 1 with quantitative conversions after 2h of reaction time. Figure 66b depicts
the selectivity to isomer 1a with the time. While the conversion values to 1a/1b were
maintained in 2:1 ratio, at the shortest reaction times, selectivity to 1a is increased to
73%, after 2h, probably due to the interconversion of 1b to 1a, becoming 82 % after 3h
of reaction time, when using 2APTMS/NbMCF(Ox) catalyst (Figure 66c).

The samples of Et serie follow a similar trend than that observed at a higher
temperature. Accordingly, 2APTMS/TaMCF(Et) gave superior conversion values to
chromenes 1 (45%) in comparison with 2APTMS/NbMCF(Et) sample (15%), both after 1h
of reaction time (Figure 67). Then, it seems that a compromise between Si/T ratio (T =
Nb or Ta) and N loading is required. Furthermore, the porosity notably diminished in
2APTMS/TaMCF(Et) could be behind of the decreased conversion values to 1 (Table 15).
It is important to note that chromenes 1 was obtained with conversion up to 95%, in the
presence of amino-grafted TaMCF(Et) samples, after 120 min of reaction time.
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Figure 67. Synthesis of 2-amino-4H-chromenes 1 catalysed by amino-grafted NoMCF(Ox), NbMCF(Et)
and TaMCF(Et) catalysts at a) 303 K. Reaction conditions: 25 mg of catalysts, 2/3 molar ratio = 2:4,
solvent-free conditions

The influence of the catalyst amount was checked by following two strategies: i)
increasing the reactant 2/3 molar ratio to 4:8 but maintaining the catalyst amount at
303 K (Figure 68a), and ii) maintaining the molar 2/3 molar ratio in 2:4 and increasing

the catalyst amount to 50 mg (Figure 68b).
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Figure 68. Catalyst amount influence in the synthesis of chromenes 1 catalysed by amino-grafted MCF
and Nb/MCF catalysts: a) 2/3 molar ratio = 4:8 (catalyst amount: 25 mg) and b) 2/3 molar ratio = 2:4
(catalyst amount: 50 mg). Reaction conditions: 303 K, solvent-free conditions.

In the first approach, when using the worst reaction conditions (Figure 68a), all
the catalysts were active maintaining the reactivity order. Even under these reaction
conditions, the most active catalysts, 2APTMS/NbMCF(Ox) and 2APTMS/MCF, showed
excellent conversion values, particularly the first one, leading to chromenes 1 in almost
guantitative yield in 2h (Figure 68a). It is important to note the increase of the selectivity
to chromene 1a after 2h of reaction time, in the case of 2APTMS/NbMCF(Ox) and
2APTMS/MCF catalysts —from 2:1 ratio of 1a/1b to 8:1—. On the other hand, when
increasing the catalyst amount to 50 mg, maintaining the 2/3 molar ratio in 2:4 (Figura

68b), an increment in conversion values to chromenes 1 was observed as expected.

Finally, the reaction was also scoped by using different substituted 2-
hydroxybenzaldehydes 6 in the presence of 25 mg of 2APTMS/NbMCF(Et) as a catalyst,
at 323 K (Scheme 13). In all cases, chromenes 9 were selectively synthesized reaching
good to excellent yields, reactivity differences barely being observed. Certainly, the
substitution at position 5 in the aromatic ring in 2-hydroxybenzaldehyde provoked
notably diminution in conversion values to 9. At the higher reaction times, the following
reactivity order was observed: H > NO; > Br > OMe, concluding that the presence of
electrowithdrawing substituents at position 5 in 2-hydroxybenzaldehyde strongly

favours the reaction (Figure 69).
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Figure 69. Synthesis of 2-amino-4H-chromenes 9 catalysed by 2APTMS/NbMCF(Et). Reaction conditions:
25 mg of catalysts, 323 K, 6/3 molar ratio = 2:4, solvent-free conditions.

As commented in previous chapters, the observed differences when using 5-substituted
2-hydroxybenzaldehydes seems strongly depending on the used catalysts and,

therefore, related to the reactant-catalysts interactions.
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VI.2 CONCLUSIONS

We report herein a new family of amino-grafted MCF catalysts with Nb and Ta metal
sites inserted on the silica matrix, being all of them selective and active in the green
efficient synthesis of 2-amino-4H-chromenes 1 and 9 from 2-hydroxybenzaldehydes and
ethyl cyanoacetate, under mild and solvent-free conditions. TMCF mesoporous silica
(where T is Nb or Ta) were prepared by using different metal sources —ethoxides and
oxalates—. Subsequently, the mesoporous silicas were functionalized by grafting with

the corresponding amino silanes —APTMS and 2APTMS—.

Our experimental results demonstrate that the catalytic performance is
depending on the basicity of the catalysts, being the most active the ones that present
the highest concentration of basic sites, particularly 2APTMS/TMCF samples. The
presence of metal centres in the structure of the mesoporous silica framework
contributes to significantly improve the conversion values to chromenes, even when

using diminished catalyst amount and operating at a lower temperature.

The obtained results indicate that the amino-grafted TMCF catalysts could act as
bifunctional catalysts as suggested by the highest catalytic performance obtained. In the
case of 2APTMS/TaMCF sample, the high concentration of amino groups in combination
with its lower porosity, suggest that the basic functions are mainly located at the open

mouth of the pores, probably acting as individual catalytic sites.

In summary, the amino-grafted MCF catalysts reported herein allow to obtain
the 2-amino-4H-chromenes 1 and 9 reaching quantitative conversion values even at
shorter times, using less amount of catalyst at a reaction temperature close to room
temperature. These materials can be considered as an interesting and sustainable

alternative to other porous catalysts reported in previous chapters.
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Basic carbon nanocatalysts: Amino-grafted Cu and Sc MOFs:
PET/CAL, PET/MAG and PET/DOL CuBTC and MIL-100 (Sc)

*  One pot synthesis. * Two different methodologies of synthesis
* Different catalytic species: Ca0, Ca(OH), and different MOF supports: CuBTC and MIL-
and MgO. 100(Sc).

* Carbonaceous support barely contributes *  Post-synthetic functionalization (grafting).
to the catalytic activity. * Partial or total functionalization depending
« Bifunctional acid-base catalysts. on the support and post-synthetic method.
* Efficient and selective to 1 at 323 K and * Bifunctional acid-base catalysts.
using 50 mg of catalyst. * Efficient and selective to 1 at 303 K and using
*  Valorization of plastic residues. 25 mg of catalyst.

* CUS and amine functions could work in
cooperation.

R2'? CN r2Y on
CHO 2 2
X - . _ Catalyst N R N R
R'T NCTR? ————» il M + Rif M
303 or 323 K
Ok Z 0" NH, Z 0" NH,
R'=H, Br, NO,, OMe
R? = CN, COOEt

Amino-grafted T/MCF (T = Nb, Ta)
[-A Amino-grafted SBA-15 catalysts catalysts
W‘

* Post-synthetic functionalization (grafting).

Structural Nb and Ta atoms from different sources.

* High functionalization degree., * Post-synthetic functionalization (grafting).

« Efficient and selective to 1 at 303 K and « Efficient and selective to 1 at 303 K and using 25
using 25 mg of catalyst. mg of catalyst at short reaction times.

* Catalytic activity depending on the N + (Catalytic activity depending on the N content.
content. * Probable contribution of the metal atoms to the

* |nfluence of the silica support catalytic activity.
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CHAPTER VII. EXPERIMENTAL SECTION

CAPITULO VII. SECCION EXPERIMENTAL

VII.1 EQUIPMENTS

Atomic Emission Spectroscopy

ICP-OES PlasmaQuant PQ 9000 (Analytik Jena) spectrometer

Catalytic Activity Studies

Starfish Multirreaction equipment (Heidolph Instruments)

Elemental analysis

Elemental analyser LECO CHNS-932
Elemental analyser Vario EL IlI

FTIR

Bruker Vertex 80v spectrometer equipped with an MCT cryodetector

N: adsorption/desorption

ASAP 2020 (Micromeritics) physisorption analyser
Tristar 11 3020 (Micromeritics) gas analyser

NMR
Bruker XRD 400 (9.4 Tesla, 400.13 MHz for 'H) spectrometer with a 5-mm inverse-

detection H-X probe equipped with a z-gradient coil, at 300 K

PHpzc determination

GLP 22 Milimeter pHmeter (CRISON)

SEM

Zeiss Evo 40 Microscope

Thermogravimetric analysis

SDT Q600 Thermal Analyzer (TA Instruments)
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TEM

JEOL JEM1010 apparatus equipped with a Gatan Orius 200 SC digital camera
JEOL 2000 Electron Microscope

UV-Vis

Varian-Cary 300 Scan UV-Visible spectrophotometer

XRD

Bruker D8 Advance diffractometer
Siemens D5000 diffractometer
Panalytical X'Pert PRO Theta/Theta diffractometer

XRF

MiniPal Energy-Dispersive X-Ray Fluorescence (Philips)
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VII.2 CHEMICAL REAGENTS AND SOLVENTS

The used materials in this research were all commercially available.

Synthesis of the catalysts

1,3,5-Benzenetricarboxylic acid, (Trimesic acid): SIGMA-ALDRICH, 95%
1,3,5-Trimethylbencene: SIGMA-ALDRICH, >99,99%

Ammonium fluoride: SIGMA-ALDRICH, >99.99%

Chloridric Acid: PANREAC, 36%

Copper benzene-1,3,5-tricarboxylate, (Basolite® C 300): BASF

Dolomite: mined from deposits located near Zgbkowice (Poland), supplied by PPUH
"DOLOMIT" Kopalnia "Zgbkowice” S.A.

Hydrochloric acid: SIGMA-ALDRICH, 36.5-38.0%

Limestone: mined from deposits located near Czatkowice (Poland), supplied by

“Czatkowice” Limestone Mine, Ltd.

Magnesite: mined from deposits located near Grochéw (Poland), supplied by Magnezyty

Grochow S. A
Niobium ammonium niobate (V) oxalate hydrate: SIGMA-ALDRICH, 99.99%
Niobium ethoxide: SIGMA-ALDRICH, 99.95%

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol), (Pluronic
P123): SIGMA-ALDRICH, 299.99%

Poly(ethylene terephthalate) (PET): Elana S. A. (Poland), 99.999%
Scandium(lll) nitrate hydrate: SIGMA-ALDRICH, 99.9%
Tantalum(V) ethoxide: SIGMA-ALDRICH, 99.98%

Tetraethyl orthosilicate (TEOS): SIGMA-ALDRICH o Fluka, >99%
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Catalyst functionalization

(3-Aminopropyl)triethoxysilane, (APTES): SIGMA-ALDRICH, 99%
(3-Aminopropyl)trimethoxysilane, (APTMS): SIGMA-ALDRICH, 99%
N-(2-Aminoethyl)-3-amiopropyltrimethoxysilane, (2APTMS): SIGMA-ALDRICH, 99%
[3-(Diethylamino)propyl]trimethoxysilane, (DEAPTMS): ALFA AESAR, 98%
Diethylenetriamine, (DET): SIGMA-ALDRICH, 99%

N,N’-Dimethylethylenediamine, (MMEN): SIGMA-ALDRICH, 98%

Ethylenediamine, (EN): SIGMA-ALDRICH, 99%

[3-(Methylamino)propyl]trimethoxysilane, (MAPTMS): ALFA AESAR, 98%

Catalytic Activity

5-Bromo-2-hydroxybenzaldehyde: ALFA AESAR, 98%
Ethyl cyanoacetate: ALFA AESAR, >98%
2-Hydroxybenzaldehyde: ALFA AESAR, 99%
2-Hydroxy-5-methoxybenzaldehyde: ALFA AESAR, 98%
2-Hydroxy-5-nitrobenzaldehyde: ALFA AESAR, 98%

Malononitrile: SIGMA-ALDRICH, 99%
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Solvents

Anhydrous toluene: CARLO ERBA, 99.8%
Cloroform-d: EURISO-TOP, 99.8%

Dichloromethane: SIGMA-ALDRICH, >99.8%

Diethyl ether: SIGMA-ALDRICH, 98%
Dimethylformamide, (DMF): SIGMA-ALDRICH, 99.8%
Dimethyl sulfoxide-de: CARLO ERBA, 99.8%

Ethanol: PANREAC, 99.8%

Ethyl acetate: ALFA AESAR, 99%

n-Hexane: PANREAC, 99%

Gasses

Nitrogen: PREMIER X50S, CARBUROS METALICOS
Helium: PREMIER X50S, CARBUROS METALICOS

Synthetic air: PREMIER X50S, CARBUROS METALICOS
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VIl.3 GENERAL PROCEDURES

VI1.3.1 Synthesis and functionalization

Basic-carbon nanocatalysts

The materials were synthesized according to the experimental protocol reported by
Przepidrski et al?>l. Following this methodology, four different homogeneous PET/CAL
mixtures were prepared, varying the PET:CAL ratio. In short, 10 g of PET and several CAL
amounts —2.0, 4.3, 10.0 and 23.3 g— were used to obtain the corresponding catalysts:
PET/CAL 83:17, PET/CAL 70:30, PET/CAL 50:50 and PET/CAL 30:70. Two extra materials
were also prepared for comparison reasons: PET/MAG 30:70 and PET/DOL 30:70, by
mixing 10 g of PET with 23.3 g of MAG or DOL.

Each mixture was previously dried in air atmosphere at 393 K during 24 h. Then,
they were heated from room temperature to 538 K during 1 h, by using a slope of 10
K/min, under nitrogen atmosphere. The gas flow was set at 100 cm3/min. This first
heating stage was done in order to disperse on a uniformly way the selected mineral —
CAL, MAG or DOL— over the PET matrix. After that, the mixtures were cooled back until
room temperature and powdered. Subsequently, the samples were submitted to
additional thermal treatment by heating until 1123 K, using the ramp and gas flow
previously selected. The obtained carbonaceous materials were milled and sieved below

0.025 mm.

Additionally, samples from exclusively PET, MAG, DOL or CAL —10 g each— as
raw materials were also prepared. Finally, the catalyst PETb/CAL 30:70 was synthesized
by using a commercially available plastic bottle and under the same experimental

conditions described below.
Amino-grafted Cu and Sc Metal-Organic Frameworks

MIL-100-Sc was prepared by adapting the experimental procedure reported by Zhu et
al®*. In essence, MIL-100-Sc was prepared by mixing 0.61 g of Sc(NOs3)3-H,0 and 0.25 g
of trimesic acid in 45 mL of DMF. The obtained mixture was stirred at room temperature

for 30 min. After that, it was introduced into a Teflon-lined autoclave (100 mL), at 423
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K, and it was heated for 36 h. The obtained product was filtered off and washed with

DMF. Finally, it was dried at room temperature.

The synthesized MOF material MIL-100-Sc was functionalized adapting and
following the experimental protocol reported by Hwang et al?%*. In short, 1.0 g of as-
synthesized MIL-100-Sc was immersed in ethanol, at 373 K for 20 h before being
activated at 453 K during 12 h, under N; atmosphere to remove the terminal solvent
molecules on the open metal sites. After activation, MIL-100-Sc material was suspended
in 100 mL of anhydrous toluene. Then, 1.0 mL of the corresponding amine was added,
and the reaction was refluxed under N; atmosphere for 12 h. After that, the resulting
solid was filtered and washed with hexane to remove the unreacted amine. Finally, it

was dried at room temperature.

Following this protocol, two amino-grafted MIL-100-Sc catalysts were prepared,
by using ethylenediamine (EN) or N,N’-dimethylethylenediamine (MMEN) denoted as
EN-M/MIL-100-Sc and MMEN-M/MIL-100-Sc, respectively.

On the other hand, amino-grafted CuBTC materials have been prepared, from
commercial reagents, by using two different methodologies. Method A, involves the
same experimental protocol described above, used for the synthesis and
functionalization of MIL-100-Sc catalyst. Following this method, EN-M/CuBTC samples
were prepared from CuBTC by reacting with EN. For comparison purposes, Method B
was followed to prepare analogous sample EN/CuBTC. The material was prepared in the
presence of refluxing diethyl ether as a solvent?®2, To sum up, 0.6 g of commercial CuBTC
was refluxed in 20 mL of diethyl ether with 1.5 mmol of the corresponding amine under
vigorous stirring during 72 h. The obtained catalyst was washed with diethyl ether to
remove the unreacted amine (5 x5 mL) and dried at 323 K. Following the Method B, two
amino-grafted CuBTC samples were prepared by using ethylenediamine (EN) or
diethylenetriamine (DET) denoted as EN/CuBTC and DET/CuBTC, respectively. Besides,

2DET/CuBTC was also prepared by using a double amount of DET.
Amino-grafted SBA-15 catalysts

Mesoporous SBA-15 silica was prepared following the experimental protocol proposed

by Zhao et al*** %%, In short, 30 mL of deionized water and 4 g of Pluronic P123 were
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added to a 120 g HCI solution (2 M). The mixture was stirred until a homogeneous
solution is obtained. Then, it was heated until 313 K and TEOS (tetraethyl ortosilicate)
was added. After that, the mixture remains stirring during 24 h. Subsequently, the
solution was introduced into a Teflon autoclave at constant pressure and 373 K during
48 h, under static conditions. The obtained material was filtered off and washed with
water until neutral pH and dried at room temperature. Finally, the solid was calcined at
823 K, setting the heating range in 1 K/min and remaining the temperature during 6 h.
Amino-grafted SBA-15 was functionalized by following the reported
methodology by Lépez-Sanz et al?’2. To sum up, the corresponding amount of silane
(6.65 mmol, in excess) was added to a suspension of dried 2 g of SBA-15 in 35 mL of
toluene. 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 compounds to carry out the grafting were APTES, DEAPTMS, MAPTMS
and 2APTMS, obtaining the corresponding catalysts APTES/SBA-15, DEAPTMS/SBA-15,
MAPTMS/SBA-15 and 2APTMS/SBA-15, respectively.

Amino-grafted MCF, TaMCF and NbMCF silica catalysts

The experimental methodology followed for the synthesis of MCF support material was
previously reported by Smuszkiewicz et al??2. Briefly, 8 g of Pluronic 123 (poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)) were dissolved into HCI
solution (0.7 M) at a temperature range of 308-313 K. After that, 12 g of 1,3,5
trimethylbenzene and 0.0934 g of NH4F were added. The mixture was stirred during 2h.
Then, 17.054 g of TEOS were added and the solution was stirred in the same
temperature range for 24 h. Once this process was finished, the mixture was transferred
into a polypropylene bottle and heated at 373 K under static conditions for 24h. The
obtained material was filtered off and washed with distilled water. Finally, once the solid
was dried at room temperature, the template was calcined at 773 K, using a heating

range of 1 K/min, during 8 h under static conditions.

NbMCF(Ox), NbMCF(Et) and TaMCF(Et) materials were prepared following the

same experimental protocol but including the corresponding metal sources: niobium
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ammonium niobate(V) oxalate hydrate for NbOMCF(Ox), and niobium ethoxide or
tantalum ethoxide as niobium and tantalum sources, respectively, 10 minutes after
TEOS addition for NoMCF(Et) and TaMCF(Et) samples, respectively. This addition was
made keeping constant the TEOS/Nb or TEOS/Ta ratio in 64, assuming Si/Nb and Si/Ta

molar ratio = 64.

The synthesized mesoporous silicas were functionalized by grafting with 3-
aminopropyl-trimethoxysilane (APTMS) and [3-(2- aminoethylamino) propyl]
trimethoxysilane (2APTMS). According to the experimental protocol previously reported
by Zhang et al?®?, 2 g of the corresponding silica powder were refluxed in 200 mL of a
dry toluene solution. Then, 10 mL of the corresponding silane were added, and the
solution was stirred during 373 K for 18 h. After that, catalyst was filtered off and washed
with 200 mL of dry toluene, 100 mL of water and 20 mL of acetonitrile to remove the
unreacted silane. Finally, the solid was dried in an oven at 373 K. The obtained catalysts
were named as APTMS/MCF, 2APTMS/MCF APTMS/NbMCF(Ox), 2APTMS/NbMCF(Ox),
2APTMS/NbMCF(Et) and 2APTMS/TaMCF(Et).
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VIl.3.2 Characterization techniques
Elemental analysis

The content of C, H and O in the solids was carried out with an Elemental Analyser LECO
CHNS-932. In addition, the copper amount was determined by Atomic Emission
Spectroscopy (AES), using an ICP-OES PlasmaQuant PQ 9000 (Analytik Jena)

spectrometer.

For amino-grafted MCF catalysts, the used equipment to determine the content

of N, C, O and H in the catalysts was an Elementar Analysis Vario EL lll.

These analyses were made in the Transmission Electron Microscopy Laboratory
in the SIdI (Servicio Interdepartamental de Investigacidn, Universidad Auténoma de

Madrid).
FT-IR

Fourier transform infrared spectra were determined using a Bruker Vertex 80v
spectrometer, with an MCT cryodetector coupled. To sum up, these measurements
were carried out in a thin, self-supported wafer of the samples. These wafers were
preciously outgassed for their activation inside the IR cell under dynamic vacuum at 423
K during 6 h. After activation treatment, coordinatively unsaturated metal sites were

determined by dosing carbon monoxide into cells under study.

In case of SBA-15 catalysts, they were activated by outgassing them at 403 K
under dynamic vacuum during 8 h. In case of amino-grafted MCF materials, they were
studied by using a Vertex 70 spectrometer. Previously, the samples were pressed in
wafers (5 mg-cm™) and placed in a vacuum cell, evacuated at 373 K for 2 h. The spectra
were obtained at room temperature, with the resolution set at 4 cm™ and the number

of the scans fixed in 64.
Nitrogen adsorption

Adsorption/desorption isotherms in carbon and silica materials were obtained by using
an analysing equipment ASAP 2020 (Micromeritics). Carbonaceous samples were

previously degasified during 1080 min, at 573 K, under high vacuum. After degasification
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process, the adsorption process was carried out with N, at 77 K. The isotherms data
were analysed by using the BET method to determine the specific surface area and the
two dimensional non local density functional theory (2d-NLDFT) model for the
determination of pore volume and pore size distribution. Micropore surface area (Smicro),
external surface area (Sext) and total surface (Stotal) Wwere determined by as method. The
Dubinin-Radushkevich method was used to obtain the micropore volume (Vmicro) from
the adsorption branches of the measured isotherms. Total pore volume (V1) was
determined from the nitrogen amount absorbed at relative pressure p/po of 0.95. The

difference between these volumes corresponds to the mesopore volume (Vmeso).

For MOF catalysts, samples were previously outgassed at 413 K overnight, under
dynamic vacuum at, approximately, 10® mbar. Isotherms of MOF samples were

obtained with a Tristar 11 3020 (Micromeritics) gas analyser.

In case of amino-grafted SBA-15 catalysts, samples were previously outgassed
before carrying out the measurements, at 353 K overnight. BJH method was followed to

determine windows parameters.

For amino-grafted MCF catalysts, samples were previously outgassed, at 383-393
K overnight, until obtaining a residual pressure lower than 0.7 Pa. BdB-FHH method was

followed to determine cells diameters.

PHpzc determination

The PZC was determined by following the described methodology in the literature?®

29 corresponding to the equilibrium pH when the material is dispersed in H,0 at room

temperature. They were measured with GLP 22 Milimeter pHmeter (CRISON).
Thermogravimetric Analysis and Differential Thermal Analysis

All the samples were studied by thermogravimetric analysis by using an SDT Q600
Thermal Analyzer (TA Instruments), where 45 mg of the corresponding material were
heated from room temperature until 1223 K. The selected slope depends on the
material and the temperature range under study, but it is usually set at 10 K/min. The
analyses were made under two different atmospheres: He as an inert medium and

synthetic air as an oxidant medium. The gas flow was fixed at 100 mL/min.
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Transmission Electron Microscopy

The morphology of the materials was investigated by TEM using JEOL JEM1010
apparatus operating at 100 kV and equipped with a digital camera Gatan Orius 200 SC
model. In the previous preparation of the samples, each material was suspended in
water (2.5 mg in 50 mL). Then, they were homogenized in an ultrasonic bath, during 15

min at 40 KHz. After that, the samples were deposited over a carbon lined grid and dried.

For amino-grafted MCF catalysts, TEM studies were carried out by using a JEOL
2000 electron microscope operating at 80 kV. The powdered samples were deposited

on a grid covered with a holey thin carbon film.

These analyses were made in the Transmission Electron Microscopy Laboratory
in the SIdI (Servicio Interdepartamental de Investigacién, Universidad Auténoma de
Madrid) and in the Unidad de Apoyo a la Investigacion in the ICP (Instituto de Catalisis

y Petroleoquimica).
Scanning Electron Microscopy

For SEM measurements, a Zeiss Evo 40 microscope was used, operating at 17 Kv. The

samples were previously deposited on a grid with a holey thin carbon film.
X-Ray Diffraction

MOF samples were studied by XRD by using both, Bruker D8 Advance diffractometer or
Siemens D5000 diffractometer. In this crystallographic analysis, samples were powdered

and studied under a CuKa (A = 1.5418 A) radiation.

Amino-grafted SBA-15 materials were studied by XRD by using a Panalytical
X'Pert PRO Theta/Theta diffractometer at 45 kV.

These analyses were made in the Transmission Electron Microscopy Laboratory
in the SIdI (Servicio Interdepartamental de Investigacién, Universidad Auténoma de

Madrid).

X-Ray Fluorescence
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Amino-grafted TMCF materials were investigated by X-Ray Fluorescence with a MiniPal
Energy-Dispersive X-Ray Fluorescence instrument (Philips). The calibration curves

prepared from mixtures of silica and Nb,Os (Si/Nb from 5 to 300) were used.

VI1.3.3 Catalytic performance

The catalytic activity of the synthesized materials was checked in 2-amino-4H-
chromene synthesis. In a typical experiment, the corresponding amount of the catalysts
were added to a mixture of 2-hydroxybenzaldehyde (2 mmol) and ethyl cyanoacetate (4
mmol), and the reaction mixture was stirred, at the corresponding temperature, for 3 h
(Scheme 9). The reactions were carried out in a Starfish Multirreaction Equipment, in
liquid phase, under atmospheric pressure and solvent-free conditions. Samples of
reacting mixtures were taken at fixed reaction times —15, 30, 60, 120 and 180 min— in
order to analyse them by Proton Nuclear Magnetic Resonance (*H NMR). The collected
samples were diluted with CH,Cl; (1 mL) and the catalyst was filtered off with a glass
syringe equipped with a microfilter (Millipore, 0.45 um HV). Then, the solvent was

evaporated in vacuo.

Qualitative monitorization of the reaction progress was obtained by thin layer
chromatography (TLC) performed on a DC-Aulofolien/Kieselgel 60 Faas (Merck), using
CH2Cl,/EtOH (98:2) mixture as eluent.

Conversion values are defined as the fraction of the corresponding 2-
hydroxibenzaldehyde reactant transformed each reaction time into chromenes
determined by *H NMR. Reaction products were also characterized by this technique, by
using a Bruker XRD 400 (9.4 Tesla, 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 (&

in ppm) are given from internal solvent, CDCl; 7.26 for H.

VIl.3.4 Computational studies

All the calculations were performed by using the Gaussian 09 software
package?®®, in gas phase, at 298 K. In order to optimize geometries, B3LYP hybrid
functional was used, in combination with 6-31G(d,p) basis set, this functional being a

methodology used to study nanostructures?°¢2%’, Stationary points were characterized
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by the analyse of the harmonic vibrational frequency, and the TS were confirmed to be
first-order saddle points. To represent the desired reaction coordinate, the imaginary
frequency was inspected in all TS. To check the correct connection between reactants

and products, IRC was followed in key TS?%8,
Basic-carbon nanocatalysts

Based on our experimental observations and recent publications —reporting that the
most stable isomers for (CaO), when n>3 show 3D structures, particularly cubic
structures— the selected size of the cluster in the calculations was (Ca0),, being n = 20.

This number was selected because it is large enough to contain all reactant structures.

We studied the most probable pathway comprising i) aldol reaction between reactants,
ii) heterocyclization, iii) dehydration and finally iv) Michael addition of a second
molecule of ethyl cyanoacetate 3 yielding chromenes 1 as mixtures of the corresponding

diastereoisomers.
Amino-grafted Cu and Sc Metal-Organic Frameworks

We studied the first elementary step of the reaction consisting on aldolization reaction

between reagents 2 and 3. The reduced models selected are represented in Figure 44.
Amino-grafted SBA-15 catalysts

We studied the first elementary step of the reaction consisting on aldolization reaction
between reagents 2 and 3. The reduced model when investigating the influence of silica

support in the reaction is depicted in Figure 54, as the most probable model cluster.
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VIl.4 SPECTROSCOPIC DATA

Ethyl 2-amino-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate (1)

H H
EtO,C.=_CN EtO,C.y_CN
CO,Et CO,Et
H | H |
0~ "NH, 0" NH;
1a 1b

(1a): *H NMR (400 MHz, CDCls, 298 K) 6 (ppm)=7.29-7.24 (m, 1H, aromatic), 7.11-7.04
(m, 3H, aromatic), 6.49 (br s, 2H, NHz), 4.70 (d, J (H,H)=3.6 Hz, 1H, CH), 4.28-4.20 (m, 4H,
CH>),3.97 (d, J (H,H)=3.7 Hz, 1H, CH), 1.33 (t, J (H,H)=7.2 Hz, 3H, CH3), 1.27 (t, J (H,H)=7.2
Hz, 3H, CH3). 3C NMR (100 MHz, CDCls, 298 K) & (ppm)= 168.11 (CO), 165.20 (CO), 162.63
(C=C-COOC,CHs), 150.56 (ArC), 129.36 (ArCH), 128.23 (ArCH), 124.71 (ArCH), 120.25
(ArC), 116.65 (ArCH), 115.53 (CN), 73.41 (C=C-COOC,CHs), 62.73 (CH2), 59.96 (CH,),
46.85 (CH), 36.99 (CH), 14.58 (CHs), 14.00 (CHs).

(1b): *H NMR (400 MHz, CDCls, 298 K) & (ppm)=7.48 (dd, J (H,H)=7.8, 1.5 Hz, 1H
aromatic), 7.29-7.24 (m, 1H, aromatic), 7.17 (m, 1H, aromatic), 6.98 (dd, J (H,H)=7.8, 1.5
Hz, 1H aromatic), 6.50 (br s, 2H, NH), 4.61 (d, J (H,H)=3.5 Hz, 1H, CH), 4.28-4.20 (m, 2H,
CH2), 4.02 (q,J (H,H)=7.2 Hz, 2H, CH>), 3.78 (d, J (H,H)=3.5 Hz, 1H, CH), 1.34 (t, J (H,H)=7.8
Hz, 3H, CHs), 1.12 (t, J (H,H)=7.8 Hz, 3H, CH3). $3C NMR (100 MHz, CDCls, 298 K) & (ppm)=
168.21 (CO), 164.82 (CO), 162.42 (C=C-COOC,CHs), 150.23 (ArC), 129.16 (ArCH), 128.76
(ArCH), 124.96 (ArCH), 120.86 (ArC), 116.32 (ArCH), 116.15 (CN), 73.51 (C=C-COOC,CHs),
62.51 (CH), 59.97 (CH2), 45.45 (CH), 37.32 (CH), 14.59 (CH3s), 13.71 (CHs).

Ethyl 2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate (4)

H H
EtO,C.=_CN EtO,C_y_CN
Br CO,Et Br CO,Et
H | H |
O 'NH, O~ "NH,
4a 4b

(4a): *H NMR (400 MHz, CDCls, 298 K) 6 (ppm) = 7.39 (m, 1H, aromatic), 7.23 (d, J
(H,H)=2.2 Hz, 1H, aromatic), 6.96 (d, J (H,H)=8.7 Hz, 1H, aromatic), 6.50 (br s, 2H, NH),
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4.65 (d, J (H,H)=3.5 Hz, 1H, CH), 4.34-4.20 (m, 4H, CH,), 3.97 (d, J (H,H)=3.5 Hz, 1H, CH),
1.33-1.29 (m, 6H, CHs).

(4b): *H NMR (400 MHz, CDCls, 298 K) & (ppm) = 7.58 (d, J (H,H)=2.1 Hz, 1H, aromatic),
7.40-7.37 (m, 1H, aromatic), 6.89 (d, J (H,H)=8.7 Hz, 1H, aromatic), 6.50 (br s, 2H, NH>),
4.57 (d, J (H,H)=3.7 Hz, 1H, CH), 4.34-4.20 (m, 2H, CH2), 4.07 (g, J (H,H)=7.2 Hz, 2H, CHa),
3.74 (d, J (H,H)=3.7 Hz, 1H, CH), 1.33-1.29 (m, 3H, CH3), 1.16 (t, J (H,H)=7.2 Hz, 3H, CHs).

Ethyl 2-amino-4-(1-cyano-2-ethoxy-2-oxoethyl)-6-nitro-4H-chromene-3-carboxylate (R?

=NO; 9)
H H
EtO,C_:_CN EtO0,C_J_CN
NO, CO,Et NO, CO,Et
H | H |
0" NH, 0" “NH,
9a 9b

(9a): *H NMR (400 MHz, CDCls, 298 K) 6 (ppm) = 8.21 (dd, J (H,H)=2.4, 9 Hz, 1H, aromatic),
8.07 (d, J (H,H)=2.4 Hz, 1H, aromatic), 7.18 (d, J (H,H)=9 Hz, 1H, aromatic), 6.50 (br's, 2H,
NH.), 4.80 (d, J (H,H)=3.3 Hz, 1H, CH), 4.37-4.22 (m, 4H, CH,), 4.04(d, J (H,H)=3.3 Hz, 1H,
CH), 1.37-1.29 (m, 6H, CHs).

(9b): 'H NMR (400 MHz, CDCls, 298 K) & (ppm) = 8.41 (dd, J (H,H)=2.3 Hz, 1H, aromatic),
8.21(dd, J (H,H)=2.4, 9 Hz, 1H, aromatic), 7.17 (d, J (H,H)=9 Hz, 1H, aromatic), 6.50 (br s,
2H, NH,), 4.68 (d, J (H,H)=3.6 Hz, 1H, CH), 4.37-4.22 (m, 4H, CH2), 4.11 (g, J (H,H)= 7.2 Hz,
2H, CHa), 3.82 (d, J (H,H)=3.6 Hz, 1H, CH), 1.37-1.29 (m, 3H, CH3), 1.19 (t, J (H,H)=7.2 Hz,
3H, CHs).

Ethyl 2-amino-4-(1-cyano-2-ethoxy-2-oxoethyl)-6-methoxy-4H-chromene-3-carboxylate
(R1=OCHs, 9)

H H
Et0,C.-_CN EtO,C.J_CN
H5;CO CO,Et H3CO CO,Et
H | H |
0~ "NH, 0" 'NH;
9a 9b
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(9a): 'H NMR (400 MHz, CDCls, 298 K) 6 (ppm) = 7.00 (m, 1H, aromatic), 6.84 (m, 1H,
aromatic), 6.62 (d, J (H,H)=3.0 Hz, 1H, aromatic), 6.50 (brs, 2H, NH>), 4.69 (d, J (H,H)=3.7
Hz, 1H, CH), 4.29-4.22 (m, 4H, CH2), 3.97 (d, J (H,H)=3.7 Hz, 1H, CH), 3.75 (s, 3H, OCHs),
1.34 (t, J (H,H)=7.2 Hz, 3H, CHs), 1.30 (t, J (H,H)=7.2 Hz, 3H, CHs).

(9b): *H NMR (400 MHz, CDCls, 298 K) 6 (ppm) = 7.00 (m, 1H, aromatic), 6.93 (d, J
(H,H)=9.0 Hz, 1H, aromatic), 6.82 (m, 1H aromatic), 6.50 (br s, 2H, NH3), 4.60 (d, J
(H,H)=3.7 Hz, 1H, CH), 4.29-4.22 (m, 2H, CH,), 4.04 (q, J (H,H)=7.2 Hz, 2H, CH,), 3.81 (s,
3H, OCHs), 3.80 (d, J (H,H)=3.7 Hz, 1H, CH), 1.34 (t, J (H,H)=7.2 Hz, 3H, CHs), 1.14 (t, J
(H,H)=7.2 Hz, 3H, CHs).

2(-2-Amino-3-cyano-4H-chromen-4-yl)malononitrile (8)

NC CN
CN

0~ "NH,

14 NMR (400 MHz, CDCls, 298 K) & (ppm)=7.52 (d, J (H,H)=6.8, 1.5 Hz, 1H aromatic), 7.45
(d, J (H,H)=6.8, 1.5 Hz, 1H aromatic), 7.31 (d, J (H,H)=6.8, 1.5 Hz, 1H aromatic), 7.15 (d, J
(H,H)=7.0, 1.5 Hz, 1H aromatic), 6.50 (br s, 2H, NHz), 4.31 (d, J (H,H)=3.4, 1.5 Hz, 1H, CH),
4.01 (d, J (H,H)=3.5, 1.5 Hz, 1H, CH).
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ARTICLE INFO ABSTRACT

Keywords: Novel series of calcium oxide (calcium hydroxide)/carbon composites applied to the green and efficient
Heterogeneous catalysis synthesis of 2-amino-4H-chromenes, from salicylaldehydes and ethyl cyanoacetate, under mild and free-solvent
Carbon-based catalysts conditions, is herein reported for the first time. These basic hybrid materials are easily prepared by direct

Cascade reactions

thermal pyrolysis of limestone and PET. Different Ca-phases, CaO or Ca(OH),, were independently detected,
Multicomponent synthesis

since CaO/carbon composites initially formed can be easily hydrated, under atmospheric conditions, but also

Chromenes dehydrated by re-calcination. CaO-containing samples present enhanced catalytic performance, the observed
reactivity being attributed to the catalyst basicity.

The reaction under study catalyzed by CaO probably occurs by cascade reactions through aldolization —
heterocyclization — dehydration — Michael addition sequence, strongly favored by the presence of the truly active
phase, CaO, as experimental and theoretical demonstrated.

The methodology herein reported can be framed in circular economy domain opening the possibility of
synthetizing valuable compounds from carbon-based catalysts prepared by using plastic residues as PET source.

1. Introduction applications as these provide the appropriate physicochemical en-
vironment for the production of fine chemicals because of their unique

Nowadays, the development of new nanomaterials which can be characteristics — high surface areas and chemical inertness and thermal
used as heterogeneous catalysts in diverse chemical processes is an stability, among others — [1,2]. In fact, in the last decades the in-
active researching field with industrial repercussion. Particularly, volvement of advanced porous carbon-based materials in catalytic
carbon materials can be considered attractive supports for catalytic processes has attracted much attention of a number of teams [3-5].
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Although these materials have been used in great variety of fine che-
mical processes, only a few examples of those have been applied on the
green synthesis of heterocyclic compounds with pharmacological in-
terest, through cascade reactions [6]. At this regard, we have already
reported different eco-friendly and efficient methodologies for the
synthesis of nitrogen heterocyclic systems through Friedldnder con-
densation, involving activated carbons exhibiting either acidic or basic
character [7,8], and recently — metal-free [9] and transition metal —
doped carbon aerogels [10,11]. Much more recently, we reported [12]
novel composites consisting of sulfated zirconia supported over porous
carbons active in the synthesis of benzodiazepines.

In this work, we seek to examine catalytic performance of a series of
basic nanoporous carbonaceous catalysts prepared from poly(ethylene
terephthalate) (PET), as source of carbon, and natural limestone. We
have focused on the application of the materials in the catalytic
synthesis of chromene derivatives, as medicinal scaffolds. The latter
compounds are heterocyclic systems of natural origin and synthetic
drugs [13,14]. The structures in question reveal a wide spectrum of
therapeutic uses including antimicrobial, antiviral, antifungal, anti-
proliferative, antioxidant, antihistaminic or antihypertensive. The
chromene derivatives are also known to be biodegradable agrochem-
icals, among others. The synthetic methodologies reported specifically
for the preparation of 2-amino-4H-chromenes include the use of clas-
sical homogeneous organocatalysts like organic amines [15,16] and
heterogeneous ones, such as zirconium phosphate [17], base anion
exchange resins like Amberlyst A-21 [18], doped hydrotalcites [19], or
even molecular sieves [20], among others. Depending on the chosen
methodology, syntheses often require complex isolation of a product
and purification methods. It often entails use of solvents, large amounts
of inorganic solids, or prolonged reaction times. All the purification
methods contribute to the highly polluting waste production and in-
crease the energy consumption. Our research group has also con-
tributed to the development of green methodologies for the preparation
of biologically active 2-amino-4H-chromenes in the presence of ionic
liquids such as imidazolium sulfonates [21] and bifunctional meso-
porous metallosilicates [22,23] as well as the mechanistic under-
standing of the reactions taking place during preparation processes.

In continuation with our ongoing investigations, the goal of this
work is addressed at the development and examination of carbon ma-
terials revealing basic properties, highly efficient in the synthesis of 2-
amino-4H-chromenes 1 from salicylaldehyde 2 and ethyl cyanoacetate
3 under mild and solvent-free conditions, as illustrated in Scheme 1.
Conventionally, metal supported carbon materials, including catalysts
are prepared by an impregnation of carbon supports with metallic salts
followed by calcination or other chemical treatments [24,25]. Carbon-
based catalysts herein reported are synthetized by direct pyrolysis of
homogeneous mixtures of poly(ethylene terephthalate) (PET) and
limestone (CAL) using different ratio of both components. The devel-
oped methodology is characterized by the easy, one-step preparation of
basic catalysts from commercially available PET or troublesome wastes
such as plastics but also natural sources — limestone, and additionally
dolomite or magnesite for comparison. Such approach can be then
framed in the circular economy domain.

2. Materials and methods

The materials used in this research were commercially available:

Et0,C.H oN Et0,C{.CN
CHO CO,Et CO,Et
@[ + N(:/}(OEt PET/CAL H | + @\Hi/[
—_—
OH (0] 323K O~ "NH, O~ 'NH,
2 3 1a (RS,SR) 1b (RR,SS)

Scheme 1. Synthesis of 2-amino-4H-chromenes from salicylaldehyde 2 and
ethyl cyanoacetate 3, at 323 K, catalyzed by basic carbon materials.
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Table 1
Chemical composition (in wt. %, calculated as oxides) of the minerals used in
the work (based on supplier’s data).

Component Mineral

MAG DOL CAL
CaO 1,83 29,44 53,80
MgO 41,20 19,75 0,71
Si0y 4,21 1,43 2,13
Fey03 2,57 0,14 0,11
Al,05 1,18 0,11 0,08

poly(ethylene terephthalate) (PET), Limestone (denoted as CAL),
magnesite (denoted as MAG), and dolomite (denoted as DOL). The PET
was acquired from Elana S.A. (Poland) whereas the minerals were
mined from different deposits in Poland. CAL deposit was located in
Czatkowice, MAG deposit was located near Grochéw, and DOL was
mined from deposits located near Zabkowice. CaCO3; and MgCO5 are
the major components for CAL (96.3%) and MAG (81.6%), respectively,
whereas DOL is mainly composed of both carbonates, CaCO3; and
MgCO3 in a 52.6/41.5 [wt.%/wt.%] ratio. The minerals contained
naturally included other components, as listed in the Table 1.

Other chemical reagents and solvents used in this work were pur-
chased from Aldrich or Alfa-Aesar.

2.1. Synthesis and characterization of carbon materials

Carbons under study have been prepared according the experi-
mental protocol previously reported by Przepidrski et al [26-29]. Four
different homogeneous PET/CAL mixtures were prepared by mixing the
components at varying the PET:CAL ratio: PET/CAL 83:17, PET/CAL
70:30, PET/CAL 50:50 and PET/CAL 30:70 in which PET (10g) and
different amount of CAL (2.0, 4.3, 10.0, and 23.3 g, respectively) were
used. PET/MAG 30:70 and PET/DOL 30:70 mixtures were also pre-
pared for comparison using PET (10g) and MAG (23.3g) or DOL
(23.3g). Briefly, each mixture was dried in air atmosphere at 293 K
during 24 h and subsequently pretreated by mean of heating from room
temperature to 538K during 1h, under flowing (100 cm®/min), ni-
trogen atmosphere using a ramp of 10 K/min. This action was done in
order to obtain uniform dispersion of CAL, MAG, or DOL, over the PET
matrix. After cooling back to the room temperature, the mixtures were
powdered, and submitted to additional thermal treatment by mean of
heating from room temperature to 1123 K (for PET/CAL and PET/DOL
mixtures) or 1023 K (for PET/MAG), using a temperature ramp of 10 K/
min and flowing (100 cm®/min) nitrogen as an atmosphere. The pro-
duct formed during this operation is milled and sieved below
0.025 mm. Samples from exclusively PET (10g) or CAL (10g) as raw
materials were also prepared. Sample PETb/CAL 30:70 was synthetized
by using a commercially available plastic bottle using the same ex-
perimental conditions described above.

Determinations of pHy,. for the prepared materials were done with
GLP 22 Milimeter pHmeter (CRISON) according the experimental pro-
cedure reported by Valente Nabais and Carrot [30].

XRD measurements were performed with use of a X’Pert Pro
PANalytical’s X-ray diffractometer wusing Cu K, radiation
(A = 1.5406 10\, 45kV, 40mA), working within 26 range of 4-90°,
0.005° of scan step size and 20 s of dwell time.

Textural parameters of the materials were determined from the N,
adsorption/desorption isotherms obtained with ASAP 2020 Surface
Area and Porosity analyzer (Micromeritics). Prior to N, adsorption,
each sample was degassed at 573K during 18 h, under high vacuum.
After collecting N, adsorption data, BET model was applied for ob-
taining the specific surface area value. Total surface (S;ota1), micropore
surface area (Smicro) and external surface area (Sey) were determined by
the application of o analysis. Micropore volume (Vy,;cr0) Was calculated
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from adsorption branches of the measured isotherms using the Dubinin-
Radushkievich equation. Total pore volume (V1) was determined from
the amount of N, adsorbed at relative pressure p/po of 0.95. Mesopore
volume (Vi,es0) Was calculated as a difference between the Vy and V
micro-

The mass changes accompanying the material synthesis were in-
vestigated by thermogravimetric analysis using a STD Q600 thermo-
balance, by heating 45 mg of each sample from room temperature to
1223K in an inert helium atmosphere. The heating rate and gas flow
were set at 10 K/min and 100 cm®/min, respectively.

The morphology of the materials was investigated by Transmission
Electron Microscope, (TEM) using JEOL JEM1010 apparatus operating
at 100 kV and equipped with a digital camera. The samples of materials
were suspended in water (2.5 mg in 50 mL) and were homogenized in
an ultrasonic bath, during 15 min at 40 KHz. After that, the samples
were deposited over a carbon lined grid and dried.

2.2. Catalytic performance

In a typical experiment carried out at 323K, to a mixture of sali-
cylaldehyde 2 (2 mmol) and ethyl cyanoacetate 3 (4 mmol), a catalyst
(50 mg) was added and the reaction mixture was stirred during 3 h. The
reactions were carried out in the multiexperiment work station Starfish,
in a liquid phase, under atmospheric pressure and solvent-free condi-
tions. Samples of the reacting mixtures were periodically taken after
certain times for analysis by 'H NMR—15, 30, 60, 120 and 180 min.
The samples were diluted with CH,Cl, (1 mL) to facilitate the separa-
tion of the catalyst by filtered off using a glass syringe equipped with a
microfilter (Millipore, 0.45 um 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 Fy45 (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 1a and
1b, determined by Proton Nuclear Magnetic Resonance (‘*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 1H) spectrometer with a 5-mm inverse-detection H-X
probe equipped with a z-gradient coil, at 300 K. Chemical shifts (8 in
ppm) are given from internal solvent, CDCl; 7.26 for 'H.

2.3. Computational studies

The calculations presented in this work were performed by using the
Gaussian 09 software package [31], in gas phase, at 298 K. All the
geometries were optimized using B3LYP hybrid functional [32,33] with
6-31G(d,p) basis set, this functional being an habitual methodology to
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study nanostructures [34,35]. Recently, Chen et al. [36] reported that
the most stable isomers for (Ca0),, when n > 3 present three-dimen-
sional structures dominated by cubic structures. In this sense, based on
our experimental observations, the cluster size of (Ca0), in which n is
20 was selected because it is large enough to contain the reactant
structures. The stationary points were characterized by means of har-
monic vibrational frequency analysis. Thus, the transition structures
were confirmed to be first-order saddle points. The imaginary frequency
was inspected in each transition structures to ensure it represented the
desired reaction coordinate. For key transition states the intrinsic re-
action coordinate (IRC) was followed to ensure it connects the reactants
and products [37].

3. Results and discussion
3.1. Synthesis and characterization of the catalysts

Four PET/CAL samples in which relative CAL contents increased
were synthetized by direct pyrolysis of the corresponding PET/CAL
mixtures, PET/CAL 83:17, PET/CAL 70:30, PET/CAL 50:50 and PET/
CAL 30:70, following the experimental procedure previously reported
by Przepidrski et al [26]. Additionally, carbonaceous material derived
entirely from PET, (PET/CAL 100:0), or CaO from CAL, (PET/CAL
0:100), were also prepared.

Firstly, we carried out TG analysis of PET/CAL mixtures for com-
parison with previous studies, confirming the appearance of two mass
drops at approximately 623 and 873 K, assigned to thermal degradation
of PET and limestone, respectively, as reported (Fig. 1S, see Supporting
information). Interestingly, PET/CAL 50:50 sample after thermal
treatment and stored several days under atmospheric conditions un-
dergoes a weight loss at approximately 625K. At this regard, several
reports describe the dehydration of Ca(OH), to CaO at closer tem-
peratures affected by the presence of other components [38].

The investigated porous carbon catalysts were characterized by N,
adsorption (Fig. 2S, see Supporting information). All the isotherms
measured for the PET/CAL hybrid materials seem like an overlapping
type I and type IV isotherms as reported [39], with a defined H3 type of
hysteresis loop. It can be observed the microporous character of the
samples considerably increased for the sample with higher PET/CAL
ratio, PET/CAL 83:17 but also the presence of certain mesoporosity. In
contrast, the carbonized PET sample in absence of CAL barely shows
adsorption capacity accordingly with previous studies [26]. Table 2
summarizes the textural parameters of the investigated materials. In
general, the development of the porosity is more pronounced in ma-
terials obtained from PET/CAL mixtures richer in PET component.
Thus, Sppr (79-326 m?/g) and Vo Notably increase as the CAL
amount decreases, observing similar trend for Stota and Syicro-

The investigated samples were also characterized by XRD. Thermal

Table 2
Textural parameters for the PET/CAL samples.
t-plot (p/po = 0,95) Dubinin-Radushkevich BJH

Catalyst S per (M*/g) Srtotal (M?/g) S External (m”/g) Suicro (M*/8) Vr (em®/g) Vimicro (cm®/g) Vineso (cm®/g) D (&)
PET/CAL 0:100 33 35 35 0 0,11 0,02 0,09 142
PET/CAL 30:70 79 78 57 21 0,13 0,04 0,09 118
PET/MAG 30:70 158 176 107 69 0,32 0,07 0,25 -
PET/DOL 30:70 [27,28] 106 114 90 24 0,22 0,05 0,17 -
PETb/CAL 30:70 113 113 27 86 0,11 0,04 0.07 217
PET/CAL 50:50 131 131 67 64 0,20 0,06 0,14 112
PET/CAL 70:30 159 158 52 106 0,15 0,08 0,07 118
PET/CAL 83:17 326 327 74 253 0,26 0,16 0,10 89
PET/CAL 100:0 [26] 34 37 3 34 0.02 0.02 0.00 -
Norit RX3 1306 1468 191 1277 - - - -

Sger: BET surface, Stora: Total surface, Sg: External Surface, Syicro: Microporous surface, Vi Total porous volume, Viicro: Microporous volume, Vi,eso: Mesoporous

volume, D (10\): diameter.
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Table 3

Oxide content and pHpyc for PET/CAL, PET/MAG and PET/DOL samples.
Sample CaO content (wt%) PHpzc
PET/CAL 0:100 100 -
PET/CAL 30:70 87 12.03
PET/CAL 50:50 66 12.06
PET/CAL 70:30 57 12.38
PET/CAL 83:17 35 12.12
PET/MAG 30:70 78'% 10.23
PET/DOL 30:70 8g!®! 12.19

tal MgO content.
] MgO + CaO content determined by TG.

decomposition of CaCO3, as major compound in limestone, is confirmed
by the presence of CaO in all the prepared hybrid materials as reported
in elsewhere [26] together to traces of silica from raw mineral. The XRD
patterns collected for three PET/CAL 30:70 samples of different history
are shown in Fig. 3S (see Supporting information). PET/CAL 30:70(1)
consists of hybrid material just after preparing while PET/CAL 30:70(2)
and PET/CAL 30:70(3) are samples stored under atmospheric condi-
tions several days and re-calcined PET/CAL 30:70(2) sample, respec-
tively. PET/CAL 30:70(1) and PET/CAL 30:70(3) are mainly composed
of CaO while PET/CAL 30:70(2) contains a new phase, Ca(OH),,
formed from CaO by hydration under atmospheric conditions [40].
These results remain in good agreement with TG experiments com-
mented above. In all the samples, the absence of any other diffraction
lines suggests a low crystallinity of the porous carbons. It is also
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observed that the crystal size of the Ca phase increases as function of
the CAL content on the initial mixture as previously reported.

CaO loadings determined by TG experiments and pHpyc of the hy-
brid materials are summarized in Table 3. CaO content increases when
decreasing the PET/CAL ratio whereas pHpyc values are close to 12 as
expected.

Morphology of the samples is also investigated by TEM. It can be
observed the influence of the composition in the morphology of the
materials showing significant differences (Fig. 1). All the samples show
two different phases consisting of amorphous carbon and cubic struc-
tures comprising CaO or Ca(OH), heterogeneously dispersed. While in
the PET/CAL 30:70 sample the amorphous carbon is deposited inside
the cavities of the predominant Ca phase, when increasing the amount
of PET the formation of agglomerates partially covering the CaO surface
is observed. The samples with high carbon content show also the for-
mation of threads assemblies, dispersing the CaO phase (Fig. 1 C and
D).

3.2. Catalytic performance

The catalytic behavior of hybrid materials was investigated in the
synthesis of 2-amino-4H-chromenes 1, between salicylaldehyde 2 and
ethyl cyanoacetate 3 under solvent-free conditions, at 323 K (Scheme
1). Remarkably, the blank experiment in absence of any catalyst lead to
chromene 1 with 1% of conversion, after 3 h of reaction time.

Fig. 1. TEM images of A) PET/CAL 30:70, B) PET/CAL 50:50, C) PET/CAL 70:30 y and D) PET/CAL 83:17.
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—8—PET/CAL 30:70 —— PET/CAL 50:50 —e— PET/CAL 70:30
—a—PET/CAL 83:17 —o— PET/CAL 100:0 —e— Norit RX3

Conversion (%)

Time (min)

Fig. 2. Synthesis of 2-amino-4H-chromenes 1 catalyzed by A) PET/CAL hybrid
materials, at 323K, under solvent-free conditions. B) PET/CAL 100:00 and
Norit RX3.

3.2.1. Catalytic behavior of PET/CAL samples

Fig. 2 depicts conversion values of salicylaldehyde 2 to chromenes 1
vs time. The conversion strongly depends on the Ca loading affording
mixtures of chromenes 1a/1b (2:1 ratio in which the major compound
is the most thermodynamically stable isomer) in almost quantitative
conversion, after 3 h of reaction time, in the presence of PET/CAL 30:70
sample (Fig. 2). When increasing the PET/CAL ratio a diminished
conversion was obtained. However, no significative differences be-
tween catalysts were observed probably due to the formed amorphous
carbon is covering the surface of Ca phase. Additionally, we also tested
the carbon support, prepared by pyrolysis of PET under the same ex-
perimental conditions, observing that influence of the carbon matrix in
the reaction could be neglected at the shortest reaction time. We also
compared with the use of a mainly microporous carbon sample, Norit
RX3, observing an increase of conversion values (up to 20%) probably
because of its high surface area (1306 mz/g) (Table 2). Therefore, the
carbon support slightly contributes to the observed reactivity. It is
important to note that raw limestone was not active in the reaction
giving 3% of conversion after 2 h of reaction time.

In the same context, calcined limestone, PET/CAL 0:100, composed
exclusively by CaO, was tested for comparison purposes. One of the
main problems when working with metallic oxides is leaching [41]. In
fact, PET/CAL 0:100 sample is totally solubilized in the reaction
medium. Thus, the use of PET/CAL 0:100 sample gave quite similar
results although with conversions slightly decreased than those ob-
served for PET/CAL 30:70, the catalyst with highest Ca-content
(Table 4). Additionally, we carry out the reaction in the presence of
PET/CAL 30:70, in which the catalyst was removed from the reaction

Table 4
Synthesis of chromenes 1 catalyzed by PET/CAL 30:70 and CAL, at 323 K, under
solvent-free conditions.

Time (min)
Catalysts 15 30 60 120
PET/CAL 30:70 32 42 57 92
PET/CAL 30:70* 31 35 43 57
PET/CAL 0:100 25 38 56 87

* Catalyst removed from the reaction mixture after 15 min.
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m PET/CAL 30:70(1) = PET/CAL 30:70(2)  m PET/CAL 30:70(3)

100
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Time (min)

Conversion (%)

Fig. 3. Synthesis of 2-amino-4H-chromenes 1 catalyzed by PET/CAL 30:70
hybrid materials, at 323 K, under solvent-free conditions.

mixture by filtered off after 15 min of reaction time. In this case, the
reaction evolves slowly indicating that leaching of active species could
be although in a lesser degree. It is noteworthy that no leaching was
observed in the presence of hybrid materials with increased PET/CAL
ratio. All these results strongly suggest that the calcium phase in these
hybrid materials is truly the active catalytic specie. However, the pre-
sence of carbon in PET/CAL samples also contributing to increase the
porosity of the catalysts (Table 2) make them as heterogeneous cata-
lysts. In this sense, similarities between samples with decreased calcium
loadings could be related to the combination of active phase dispersion
but also with the porosity of the materials. Obviously, in samples with
high PET/CAL ratio the active centers are less accessible by the pre-
sence of amorphous carbon. However, the developed microporosity and
therefore the increased surface area could both contribute to the overall
conversion as suggested by the results in the presence of PET/CAL
83:17 catalyst.

Having in mind that CaO in hybrid materials under study is easily
transformed into Ca(OH), as demonstrated by XRD, we tested different
PET/CAL 30:70 samples: i) PET/CAL 30:70(1) recently prepared and
stored under inert atmosphere, ii) PET/CAL 30:70(2) prepared days ago
and stored under ambient conditions (sample denoted above as PET/
CAL 30:70), and iii) PET/CAL 30:70(3) prepared from PET/CAL
30:70(2) by calcination, in which the calcium phase was CaO or Ca
(OH), (Fig. 38, see supporting information). Fig. 3 depicts the obtained
results indicating that the most active samples are PET/CAL 30:70(1)
and PET/CAL 30:70(3) in which calcium phase is CaO. The diminished
conversions for PET/CAL 30:70(2) sample (60% after 30 min vs 91 and
81% for PET/CAL 30:70(1) and PET/CAL 30:70(3), respectively) could
be related to the presence of Ca(OH), catalyzing the reaction although
in a lesser extent.

3.2.2. Influence of reaction temperature

Following ongoing investigations, we check the catalytic perfor-
mance of the PET/CAL 70:30 catalyst at lower temperature, 303K,
closer to room temperature, observing the formation of chromenes 1
although in lower conversion with selectivity maintained, as expected
(Fig. 4).

3.2.3. Catalytic behavior of PET/DOL and PET/MAG samples

Having all these results in mind, we also checked the catalytic be-
havior of PET/DOL 30:70, sample prepared by direct pyrolysis of the
corresponding PET/DOL mixture (DOL = dolomite), containing both



D. Gongzdlez-Rodadl, et al.

—0—323K —@—303K

100

80 A
<= /':
£ 60 - o—
[—3
8 /
a
2
S 40 -
(&)

20 - /

0 / T T T T T

0 30 60 90 120 150 180
Time (min)

Fig. 4. Synthesis of 2-amino-4H-chromenes 1 catalyzed by PET/CAL 70:30
hybrid material, at 303 K, under solvent-free conditions.

CaO and MgO oxides (Fig. 5) [42]. As it can be observed from Fig. 5,
PET/DOL 30:70 resulted as an active catalyst in the reaction affording
the chromenes 1 with both diminished conversion and selectivity; al-
most 70% of conversion with 60% of selectivity to 1a, after 3h of re-
action time. This result is in good agreement with those obtained for
PET/CAL catalysts with inferior Ca-loading. In order to confirm that in
this case the CaO is the main catalytic specie, we additionally prepared
and tested the analogous PET/MAG 30:70 sample (MAG = magnesite),
by using a similar experimental protocol [8,43], barely showing any
activity (conversion < 5% after 3 h of reaction time). Therefore, these
results strongly suggest that the reaction is mainly controlled by the
basicity of the metal oxide. Thus, PET/CAL 30:70(2) and PET/DOL
30:70 with similar pHpyc values closer to 12, notable differ in their
catalytic behavior in comparison to PET/MAG 30:70 presenting a pHpzc
of 10 (Table 3). Interestingly, MAG and DOL barely are active in the
reaction, as expected. Our results indicate that it is possible the trans-
formation of mixtures of PET and mineral sources, CAL or DOL, on
efficient heterogeneous catalytic systems involved in the synthesis of
chromene derivatives.

W PET/CAL30:70(2) mPET/DOL30:70 ® PET/MAG 30:70

100

80 1

40 1

Conversion (%)

20 A1

60 120 180
Time (min)
Fig. 5. Synthesis of 2-amino-4H-chromenes 1 catalyzed by PET/CAL 30:70(2),

PET/DOL 30:70 and PET/MAG 30:70 hybrid materials, at 323 K, under solvent-
free conditions.
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Fig. 6. Synthesis of 2-amino-4H-chromenes 1 catalyzed by PET/CAL 30:70(1)
and PETb/CAL 30:70 hybrid materials, at 323 K, under solvent-free conditions.

3.2.4. Influence of catalyst amount

Finally, we carry out a study concerning the influence of the catalyst
amount in the reaction by using 25 and 12 mg of the PET/CAL 30:70(2)
catalyst. Thus, when the amount of catalyst was reduced, conversion to
chromenes 1 is notably diminished (49 and 34%, after 1h of reaction
time, in the presence of 25 and 12 mg, respectively) with maintained
selectivity. These results are in good agreement with those previously
shown for samples with high PET/CAL ratio which point out that small
amount of Ca phase can efficiently catalyze the reaction.

3.2.5. Valorization of PET residues

Additionally, we prepared and tested the PETb/CAL 30:70 catalyst
from a commercially available plastic bottle (Fig. 6). The catalytic be-
havior of this sample is quite similar to that for PET/CAL 30:70(1)
sample yielding the chromenes 1 with high conversions as diaster-
eomeric mixtures 1a/1b (approximately 2:1 ratio). These results are
especially relevant due to the potential application of the highly pol-
luting plastic residues in the preparation of efficient catalysts involved
in the synthesis of valuable compounds.

3.2.6. Application of basic-carbon catalysts in the synthesis of bioactive
compound 4

Finally, PET/CAL 30:70(2) and PET/DOL 30:70 samples resulted on
useful catalysts for the synthesis of ethyl 2-amino-6-bromo-4-(1-cyano-
2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate 4 (HA 14-1), from 5-
bromo-2-hydroxybenzaldehyde 5 and ethyl cyanoacetate 3, at 323K,
under solvent-free conditions, obtained with almost total conversion
(99%), after only 2h of reaction time, as diastereomeric mixture in a
2:1 ratio; compound 4 is known as antagonist for Bcl-2 protein which
presents a great potential in therapy for cancer treatment (Scheme 2)
[44].

EtO0,C._,CN
Br CHO
OEt Br COE
N
\C[OH NC/E Catalyst ‘
323K 07 "NH,
5 3 4 (HA 14-1)

Scheme 2. Synthesis of HA 14-1 4 from 5-bromo-2-hydroxybenzaldehyde 5
and ethyl cyanoacetate 3, at 323 K, catalyzed by PET/CAL 30:70(2) and PET/
DOL 30:70.
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Scheme 3. Probably reaction pathway for the synthesis of chromenes 1 cata-
lyzed by CaO.
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Fig. 7. Free-energy profiles computed for the uncatalyzed and catalyzed
synthesis of chromenes 1.

3.3. Computational study

The role of the active phase in the investigated catalysts was theo-
retically studied by analyzing each reaction step as an elementary re-
action, in the presence and in the absence of the catalytic specie. We
select a cubic metallic cluster of (Ca0)»q [36] considering that it is large
enough to contain reactant structures and the most active Ca phase.
Based on our previous studies when using ionic liquids as catalytic
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systems [21], it seems reasonable to think that the reaction could follow
the pathway shown in Scheme 3, comprising i) aldol reaction between
reactants giving I1, ii) heterocyclization to 12, iii) dehydration to I3 and
finally iv) Michael addition of a second molecule of ethyl cyanoacetate
3 yielding chromenes 1 as mixtures of the corresponding diastereoi-
somers. Fig. 7 depicts the free-energy profiles computed for the un-
catalyzed and catalyzed processes which point out the importance of
the presence of the catalyst notably decreasing the free energy values
during the first elementary steps of the reaction. Therefore, the pre-
sence of CaO provokes a strong kinetic effect.

Some relevant differences regarding the uncatalyzed reaction are
found. Considering that alkaline earth oxides (CaO and MgO) present
Lewis basicity and acidity both associated to oxygen anions [45] and Ca
cations [46] at the surface, respectively, as demonstrated by adsorption
experiments [47], CaO in our case could act as bifunctional acid-base
catalyst activating both nucleophile, ethyl cyanoacetate 3, and elec-
trophile, salicylaldehyde 2, at the same time. This fact was previously
theoretically reported by us in the Friedldnder reaction to yield qui-
nolines catalyzed by MgO-based catalysts [8]. Based on that, we pro-
pose for the catalyzed reaction the initial formation of reactant com-
plex, CR1, in which ethyl cyanoacetate 3 is activated by dissociative
chemisorption to form the corresponding enolate anchored at the CaO
surface whereas electrophile is interacting with Lewis acid center
(Scheme 3). On the other side, Fig. 8 shows the computed transition
structures TSgy; for the first step of the process comprising the aldol
reaction between reagents. TSg.11(ca0) is Notably more advanced tran-
sition structure than TSy ; as indicated by the C-C bond forming dis-
tances (2.1319 vs 2.6006 A). However, while for TSg; in absence of
any catalyst the enolic proton is almost totally transferred to the O-
carbonyl acceptor, this proton in TSg.11(ca0y is strongly bound to the
CaO surface. Nevertheless, the catalyzed reaction occurs with decreased
activation barrier, 8.8 Kcal/mol lower than calculated for the un-
catalyzed process.

Both heterocyclization of I1 to I2 and subsequent dehydration to I3
are assisted by one water molecule, the presence of water being ob-
served in all the investigated samples as demonstrated by TG experi-
ments. In this sense, Wang et al. report a study concerning the water
effect in condensation and dehydration reactions [48]. This fact has
been also observed by us in the Friedldnder reaction to produce qui-
nolines catalyzed by amino-grafted mesoporous silicas [49] but also in
the presence of MgO [8]. Thus, the involvement of one water molecule
in TSp1.12 and TSy2.13, in absence of any catalyst, significantly reduces the
activation barrier in 18.8 and 12.2 Kcal/mol, respectively, alleviating
the ring strain in the proton-transfer transition state. Assuming the
water participation in the catalyzed process, the transition structures
TS11-12w(ca0) TS12-13w(ca0) Were optimized and are shown in Fig. 9.

Interestingly, I2 intermediate changes its adsorption mode over the
CaO surface for subsequent dehydration, then the —-OH group being
suitable for dehydration whereas the imine moiety is located

Fig. 8. Optimized transition structures TSg.1; for the
first step of the reaction in the formation of chro-
menes 1. A) TSk ; in the absence of any catalyst. B)
TSr-1n1(ca0) catalyzed by CaO. Relevant distances are
expressed in A.
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surrounding Lewis acid centers (Fig. 9 B). This new interaction is pro-
duced with notable lower free energy barrier (29.2 Kcal/mol) than
those calculated for TSz 13w(cao) indicating the desorption and re-ad-
sorption before dehydration. Subsequent Michael addition of ethyl cy-
anoacetate 3 to I3 leading to chromenes 1 would proceed with the
strongly favored formation of reactant complex CR2, similar to CR1
(Scheme 3). The molecule of 3 is then located close to both electrophile
faces comprising the C=C bond of iminochromene I3 to yield diater-
eomeric mixtures of chromenes 1, as sets of the corresponding en-
antiomers (RS,SR:RR,SS). Finally, computed transitions structures for
this last elementary step, TSi3.1rs) and TSiz.1rr) barely present en-
ergetic differences (1.7 Kcal/mol lower for TSi3igs) yielding the
chromene 1a, the most stable isomer), as expected. At this regard, it is
noteworthy that the selected model does not represent a realistic si-
tuation only allowing to study the effect of active centers in the reac-
tion, CaO in this case, without any confinement restrictions.

4. Conclusions

In this work, we herein report for first time a family of calcium
oxide (calcium hydroxide)/carbon composites involved in the efficient
synthesis of 2-amino-4H-chromenes, a type of privileged heterocyclic
scaffolds related to their biological properties, from salicylaldehydes
and ethyl cyanoacetate, under mild and free-solvent conditions. These
materials were synthetized by direct thermal pyrolysis of easily avail-
able precursors such as limestone and PET, exhibit basic properties and
present micro and mesoporosity. All the samples are easily hydrated
under ambient conditions but also dehydrated by re-calcination. Both
detected Ca-phases, CaO and Ca(OH),, are active in the investigated
reaction even for the samples showing the highest PET/CAL ratio. The
catalysts comprising CaO present notable superior catalytic perfor-
mance. Our results strongly suggest that the reaction is mainly con-
trolled by the basicity of the catalysts.

The developed methodology can be applied by using a PET source
from plastic residues which constitute an interesting environmental
alternative in terms of circular economy, yielding isomer 1a with high
conversion and increase selectivity.

The reaction under study catalyzed by CaO takes place by cascade
reactions probably following the sequence: i) aldolization between re-
agents, ii) heterocyclization and iii) dehydration, both could be assisted
by one water molecule and, finally, iv) Michael addition of a second
molecule of ethyl cyanoacetate 3. The formation of reactant complexes,
CR1 and CR2 for each elementary step involving ethyl cyanoacetate 3
in which both nucleophile and electrophile are activated is proposed.
Our experimental and theoretical studies demonstrate that the reaction

Chemical Engineering Journal 382 (2020) 122795

Fig. 9. Optimized transition structures TSy;.
12w TSi2qsw for the catalyzed synthesis of
chromenes 1. A) TSi2w(caoy and B) TSpo.
13w(ca0)- Relevant distances are expressed in

is strongly favored in the presence of the CaO-containing catalysts.
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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 labora-
tories — can be easily functionalyzed with amines of different nature showing notable differences in their
composition 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
influence. 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 con-
centration of basic catalytic sites, or acting in cooperation with the closest metal centers in samples partially
functionalized, as in the case of EN/CuBTC sample.

1. Introduction as multifunctional catalysts in synergistic catalysis and tandem reactions
[9] but also in the production of fine chemicals [10,11] involving

Metal-Organic Frameworks (MOFs) are fascinating organic- aldol-based reactions [12]. At this respect, we reported experimental

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
organic ligands available to form these 3D nanoporous networks by
coordination 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 textural
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], Hy production [8] and

* Corresponding author.
** Corresponding author.

and theoretical studies concerning the synthesis of quinolines via
Friedlander reaction catalyzed by Cu3(BTC)y [13-16]. Much more
recently, commercial Basolites, particularly C300, F300 and Z1200,
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 inter-
esting compounds. Such is the case of tetrahydro-4H-chromenes syn-
thesis catalyzed by IRMOF-3 (Zn4O(H2N-TA)3) [18], imidazo [1,2-a]
pyridines through Groebke-Blackburn-Bienaymé multicomponent
coupling reaction in the presence of NHy-MIL-53(Al) [19], Hantzsch
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condensation using Cr-MOF modified with ethylendiamine [20] and
Suzuky coupling reaction catalyzed by Pd@Cu-BDC/Py-SI, a MOF con-
sisting of palladium ions coordinated to Schiff base-decorated Cu-BDC
[21]. Much more recently, the preparation of ultra-small palladium
nanoparticles 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 het-
erocycles 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 treatments to
avoid the drug resistance [26,27], and for the treatment of schizo-
phrenia [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
traditional homogeneous ones stand out highly polluting organic amines
[30] whereas molecular sieves [31], anion exchange resins such as
Amberlyst A-21 [32], doped hydrotalcites [33] and zirconium phos-
phate [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, useful
in the multicomponent synthesis of 2-amino-4H-chromenes 1 (Scheme
1) comprising ionic liquids like imidazolium sulfonates [35], bifunc-
tional mesoporous metallosilicates [36,37] and, much more recently,
CaO-carbon  materials, easily prepared from poly(ethyl-
eneterephthalate) (PET) and natural limestone allowing the valorization
of both PET residues and mineral sources, mesoporous
hydrotalcite/SBA-15 and hydrotalcite/hydroxyapatite composites
[38-40].

The goal of this work is the development of new MOF-derived cat-
alysts 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 selected
MOFs allows the functionalization with organic amines by coordination
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 su-
perior catalytic performance than amino-grafted mesoporous silica APS-
SBA-15 [41]. Based on that, and in order to study the influence 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.

Catalyst
R
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Chemical reagents and solvents were purchased from Sigma-Aldrich or
Alfa-Aesar. Particularly, Basolite C300 was purchased from Sigma-
Aldrich.

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)s -
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
filtered 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
experimental 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 being activated at 453 K for 12 h under nitrogen atmosphere to
remove the terminal solvent molecules coordinated to the open metal
sites. After 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 Ny
for 12 h. The resulting solid was washed with hexane to remove the
unreacted amine, and dried at room temperature.

Two amino-grafted MIL-100(Sc) samples were prepared by using
ethylenediamine (EN) or N,N’-dimethylethylenediamine (MMEN)
denoted 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
reacting 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/CuBTC, 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 II
(Micromeritics) gas analyzer. The samples were previously outgassed at
413 K overnight. The data of the isotherms were analyzed by using the

H H
EtO,C.5 CN EtO,C.J CN
CO,Et CO,Et
H | * H |
07 NH, 07 NH,
1a (RS,SR) 1b (RR,SS)

Scheme 1. Synthesis of 2-amino-4H-chromenes from salicylaldehyde 2 and ethyl cyanoacetate 3 under solvent-free conditions.
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Brunauer-Emmett-Teller (BET) method to determine the specific surface
area and the two dimensional non-local density functional theory (2D-
NLDFT) model for the determination of pore volume and pore size dis-
tribution. Powder XRD data were collected using CuKa (A = 1.5418 A)
radiation on a Bruker D8 Advance diffractometer. Fourier transform
infrared (FTIR) spectra were recorded using a Bruker Vertex 80v spec-
trometer equipped with an MCT cryodetector. For IR measurements, a
thin, self-supported wafer of the samples was prepared and activated
(outgassed) inside the IR cell under dynamic vacuum 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 ana-
lyses of the solids were carried out with Elemental Analyzer LECO
CHNS-932. Catalysts copper content was determined by AES (Atomic
Emission Spectroscopy), using a ICP-OES PlasmaQuant PQ 9000 (Ana-
lytik 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 solvent-free
conditions. Samples of the reacting mixtures were periodically taken
after certain times — 15, 30, 60, 120 and 180 min — for analysis by
Proton Nuclear Magnetic Resonance (*H NMR). The samples were
diluted with CH3Cl, (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 CHoCly/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.
Solution NMR spectra were recorded on a Bruker DRX 400 (9.4 T,
400.13 MHz for 1H) spectrometer with a 5-mm inverse-detection H-X
probe equipped with a z-gradient coil, at 300 K. Chemical shifts (§ in
ppm) are given from internal solvent, CDCl3 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 ge-
ometries were optimized using B3LYP hybrid functional [46,47] with

Microporous and Mesoporous Materials 323 (2021) 111232

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 struc-
tures were confirmed to be first-order saddle points. The imaginary
frequency was inspected in each transition structures to ensure it rep-
resented the desired reaction coordinate. For key transition states the
intrinsic reaction coordinate (IRC) was followed to ensure it connects
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 pre-
vious results. Amine-grafted samples show a notable reduction of the
specific surface area and pore volume, especially for MIL-100(Sc) sam-
ples, 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
inside 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 distribu-
tions (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
studied by FTIR spectroscopy. As shown in Fig. 3, all the amine-grafted
samples exhibit additional absorption bands in the range of 3450 to
2800 cm™!, which are assigned to N-H and C-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 compared
with those of free amine molecules, as observed when the molecule is
coordinated to a Lewis center [41,53], demonstrating the selective
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
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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 Sprr (m? g’l) Vo (cm® g’l)
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

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 c¢cm ™! for MIL-100(Sc) that
comes from the fundamental C-O stretching mode of carbon monoxide
interacting (through the carbon atom) with the cu' and Sc™ cations,
respectively [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 acti-
vation 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
em™}, although much less intense, indicating that the open copper sites
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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 ™! completely
disappears (Fig. 4a) which, together with the porosity results and
compositional data, confirm the high incorporation of amine molecules
in this sample. The spectra of the functionalized MIL-100(Sc) samples
(Fig. 4b) show that the band assigned to the CO stretching vibration 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
depending 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),
although 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
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Fig. 3. FTIR spectra for amino-grafted a) CuBTC and b) MIL-100(Sc) samples.
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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) Ccud (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-IOO(SC)b 0.30 -

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

the method used. Modification by using the method A produces the total
saturation of CUS, while partially functionalized MOF samples are ob-
tained when applying method B.

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, under
solvent-free conditions (Scheme 1). Firstly, for comparison, we explored
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
temperatures.

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 approximately
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 behaviour of EN-functionalized sam-
ples could be firstly attributed to the presence of available catalytic
active sites, comprising free -NH> functions groups (0.60, 0.17 and 0.22
mmol/g for EN-M/CuBTC, EN/CuBTC and EN-M/MIL-100(Sc) respec-
tively, Table 2). Regarding the porosity of the catalysts, EN/CuBTC and
EN-M/MIL-100(Sc) samples present similar V}, (0.23 cm® g’l), however

EN/CuBTC sample shows larger Sggr (546 vs 444 m? g’l), 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 reac-
tion time, with maintained selectivity towards chromene 1a, as ther-
modynamically 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 trans-
formation, 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).
Enhanced 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. 5¢). 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
considering that a unique -NHj; 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 signifi-
cant 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’l) and V;, (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 [41], which are steri-
cally less hindered, the secondary amine functions comprising the
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central N, substituted with ethylene bridges, in DET should be respon-
sible of the observed reactivity. It is important to note that although the
primary 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 simultaneously
work. In fact, taken into account that both samples, MMEN-M/MIL-100
(Sc) and DET/CuBTC, show similar concentration of available secondary
amine groups — 0.15 vs 0.14 mmol/g —, additional factors should be
behind the extraordinarly high conversion values to chromenes 1
observed when using DET/CuBTC catalyst (see computational section).
2DET/CuBTC sample presenting increased N loading showed a catalytic
behaviour quite similar to DET/CuBTC.

Taken into account all these results, although -NHj functions in EN-
M/CuBTC or EN-M/MIL-100(Sc) are able to catalyze the reaction
yielding the corresponding chromene derivatives, acting as individual
active sites, the presence of CUS sites in EN/CuBTC or DET/CuBTC could
suggest that both samples can operate as bifunctional catalysts, in which
amine functions and free-metal centers could be responsible of the
nucleophile and electrophile activations. This hypothesis is especially
relevant when comparing the conversion values observed in the pres-
ence of EN-M/CuBTC and DET/CuBTC catalysts; while the reaction
catalyzed 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 presence
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
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the synthesis of chromene 1, from salicylaldehyde 2 and ethyl cyanoa-
cetate 3, in the presence of DET/CuBTC catalyst, operating under the
same experimental conditions at 323 K. After the first 15 min of the
reaction time the catalyst was removed from the reaction mixture by
filtering off and the resulting mixture was maintained at 323 K until
completing 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 during
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 interactions
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 products.

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
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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 chro-
menes 1 in 96% (50 mg of the catalyst) of conversion, after 3 h of re-
action time, compared to 82% (Figs. 5¢ 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 condition (303
K) (Table 3, entry 2). Even when using EN/CuBTC, the sample with
minor concentration of -NHy functions, the corresponding chromene
derivative was obtained in almost 90%, due to the strong reactivity of
malononitrile 5 (Table 3 entry 1). Influence of substitution at position 5-
in the aromatic ring of salycilaldehydes 4 was investigated in the pres-
ence of the most active catalyst, DET/CuBTC, obtaining, in all the cases,
the corresponding chromene derivatives 7 in good-to-excellent conver-
sions (7a/7b 2:1 ratio) (Table 3, entries 3-6). The observed reactivity
order is as follows: H &~ NO3 > Br > OMe. It seems then that the presence
of electrowithdrawing substituents at position 5- in salyciladehyde fa-
vours the reaction. Based on our previous studies concerning the use of
amino-grafted mesoporous silicas as catalysts involved in the synthesis
of coumarins from salyciladehyde and ethyl acetoacetate [56], 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 be-
tween reagents, electrowithdrawing substituents at position 5- produces
an increment of acidity of phenol groups probably driving the hetero-
cyclization step, since when R! is a NO group the reaction 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
R?is CO4Et, as an agonist for Bel-2 protein [26,27] which is expressed in
most types of cancer, can be efficiently synthesized, as a diastereomeric
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 cyanoace-
tate 3 (Schemes 1 and 2). As it can be seen, the catalysts reported herein,
particularly DET/CuBTC is found to catalyze selectively the synthesis of
2-amino-4H-chromenes 1 and 7 in excellent yields, after short reaction
times, under solvent-free and mild reaction conditions, by using the
smallest catalyst amount (25 mg), starting from higher reactant
amounts.

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

Entry  Catalyst R! R? Temperature  Time Conversion to
(K) (min)  6or7 (%)

1 EN/ H CN 303 15 87
CuBTC

2 EN-M/ H CN 303 15 99
MIL-100
(So)

3 DET/ H CO,Et 323 60 92 (98)
CuBTC (120)

4 DET/ Br CO.Et 323 180 87
CuBTC

5 DET/ OMe COEt 323 180 52
CuBTC

6 DET/ NO, CO,Et 323 60 84 (99)
CuBTC (120)

Reaction conditions: Salycilaldehyde (2 mmol), cyano compound (4 mmol),
catalyst (25 mg).
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Scheme 2. Synthesis of chromenes 6-8 from salycilaldehydes and cyano
compounds, at 303 or 323 K, under solvent-free conditions.

3.3. Computational study

In order to rationalize the obtained results, the aldolization reaction,
as rate-limiting step in the synthesis of chromenes 1, catalyzed by
amino-grafted CuBTC, was theoretically analyzed. Considering previous
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 cyanoa-
cetate 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
in compound 2. Comparing both optimized transition structures when
using the reduced model b or ¢ (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-ENj (enol form, Fig. 8a) requires lower free
energy barrier in 14.10 kcal/mol than TS-ENp (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 stabi-
lization of the TS by hydrogen bondings involving -NH, functions. Both
observations suggested that ethyl cyanoacetate 3 reacts with salyci-
laldehyde 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.

Asboth catalysts, EN/CuBTC and DET/CuBTC, showed only a few Cu
sites grafted with the corresponding amines, the computational and
experimental results seem to suggest that amine functions and metal
CUS in these catalysts could act in cooperation. To investigate this
possibility we firstly analyzed the interaction modes of reactants with
uncoordinated 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=0 or C=N functions with Cu centers showing slight free
energy deviation.

In order to probe our hypothesis, we select an extended cluster
simulating CuBTC in which one Cu atom was functionalized with an
amine group of an EN ligand whereas the closest Cu atom was
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Table 4
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Heterogeneous catalysts active in the chromene synthesis from salycilaldehydes and ethyl cyanoacetate.

Catalysts R'  Reaction conditions T (K)  Catalyst amount Time (h)  Conversion (%)  Ref.
(€3]
Molecular sieve 3A  Br Salicylaldehyde (0.010 mol), ethyl cyanoacetate (0.022 mol), EtOH(30 r.t. 3 14 86 31
ml)
SnMgAl-1 H Salicylaldehyde (1 mmol), ethyl cyanoacetate (2 mmol) 333 0.05 1 94 33
MgAl H 24 88
Zr(KPOy4)2 H 2 88 34
Br 3 97
Na/NbMCF H Salicylaldehyde (2 mmol), ethyl cyanoacetate (4 mmol) 298 0.05 4 93 36
Br 5 72
Li/NbMCF H 3 97 37
PET/CAL 30:70 H Salicylaldehyde (2 mmol) and ethyl cyanoacetate (4 mmol) 323 0.05 2 92 38
Br 2 99
HT30-SBA Br 0.166 4 92 39
HTHA composites H 0.05 2 93 40
DET/CuBTC H 0.025 1 93 This work
Br 0.025 2 99 This work
hydrogen bond with the CuBTC cluster. However, small free energy
a) b) \ barrier, less than 1 kcal/mol, was observed when comparing TS-ENp
y (Fig. 7b) and TS-EN(Cu-C=N) (Fig. 9b), TS-ENjp being a more advanced
- transition structure as demonstrated by C-C bond forming distances
(2.1761 vs 2.5418 A for TS-ENp and TS-EN(Cu-C=N), respectively).
\ Note that EN-M/CuBTC catalyst did not contain unsaturated Cu centers
’ and, therefore, presented a superior concentration of free -NH, func-
tions (Table 2) able to promote the reaction, probably acting as indi-
Q) A\ vidual catalytic sites through TS-ENp (Fig. 8a), being this feature behind

N

3

Fig. 6. Reduced model simulating a) bare CuBTC, b) EN or EN-M/CuBTC and c)
DET/CuBTC.

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 computational 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 operative
TS. Considering these results and those previously obtained, the
computed free energy value for TS-EN(Cu-CO) was aproximatley 10
kcal/mol lower compared to TS-EN, (Fig. 7a) showing similar interac-
tion modes with the exception of ~-OH function now forming a strong

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 functional
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
catalyst where ethyl cyanoacetate 3 would donate its acidic proton to
secondary amine groups whereas simultaneously interacting with
neighbouring CUS through —-C=N functions, -NH- groups in each amine
group participating in the activation of carbonyl acceptor in salyci-
laldehyde 2 as shown in TS-DETjg (Fig. 8b). The presence of additional
-NH, functions in this case should stabilize the corresponding TS,

TS-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.
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a)

11813 /7 1 17351

TS-EN,
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b)

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.

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---O=C) 2 5.92
Model a (Cu---O-H) 2 9.04
Model a (Cu---0=C-0) 3 —1.08
Model a (Cu---N=C) 3 —0.48
Model a (Cu---0-C=0) 3 3.21

diminishing the free energy barrier as observed in TS-DETg (Fig. 8B).

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 functionali-
zation of selected MOFs strongly depending of the used method. Our
results demonstrate that the catalytic performance is mainly conditioned
by the type and concentration of basic sites. It is supported by the cat-
alytic behaviour of EN-M/CuBTC and EN/CuBTC catalysts, being EN-M/
CuBTC the most efficient catalyst, which shows high concentration of
basic catalytic sites coordinating each metal center in CuBTC. In the

\

TS-EN(Cu-+-C=0)

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 performance,
the reaction is then mainly controlled by the basicity of the samples.

Our experimental and theoretical results strongly suggest that
available amine groups in EN functionalized catalysts can act either as
individual 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
additional 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 respon-
sible of electrophile activation, could be behind of its superior catalytic
performance.
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