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During the last years, the Organic Chemistry Department and the Organic Synthesis 

Institute at the University of Alicante have focused part of the research on the 

development and applications of oxime-derived palladacycles as homogeneous catalysts in 

cross-coupling reactions1 as well as the synthesis and applications in asymmetric catalysis 

of benzimidazole-derived chiral organocatalysts.2 

Below is stablished the order for the present thesis. 

GENERAL INTRODUCTION 

Graphene-Based Materials 

CHAPTER 1. Suzuki-Miyaura Coupling Reaction Catalyzed by Palladium 

Nanoparticles Supported on Graphene Materials 

1.1. Antecedents 

1.2. Objectives 

1.3. Discussion of Results 

1.4. Experimental Part 

1.5. Conclusions 

CHAPTER 2. Oxime Palladacycles Supported on Graphene Materials as Catalysts in 

the Suzuki-Miyaura Reaction 

2.1. Antecedents 

2.2. Objectives 

2.3. Discussion of Results 

2.4. Experimental Part 

2.5. Conclusions 

CHAPTER 3. Graphene Materials as Carbocatalysts in the Pinacol Rearrangement 

of 1,2-Diols and the Nucleophilic Substitution of Allylic Alcohols 

3.1. Antecedents 

3.2. Objectives 
                                                 
1 Doctoral Theses of María del Carmen Pacheco Lloret (2003), Jose Francisco Cívicos García (2012) and Eduardo 
Buxaderas Pérez de Armiñán (2014). 
2 Doctoral Theses of Diana Almaşi (2009) and Eduardo Gómez Torres (2013). 
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3.3. Discussion of Results 

3.4. Experimental Part 

3.5. Conclusions 

CHAPTER 4. Asymmetric α-Amination of 1,3-Dicarbonyl Compounds Catalyzed by 

Benzimidazole Derivatives 

4.1. Antecedents 

4.2. Objectives 

4.3. Discussion of Results 

4.4. Experimental Part 

4.5. Conclusions 

ANNEXE 1 

Abbreviations 

Part of the results described in this thesis have been reported in the following publications: 

 Gómez-Martínez, M.; Baeza, A.; Alonso, D. A. “Graphene Oxide-Supported Oxime 
Palladacycles as Efficient Catalysts for the Suzuki–Miyaura Cross-Coupling Reaction of 
Aryl Bromides at Room Temperature under Aqueous Conditions”. Catalysts 2017, 7, 94-
110. DOI: 10.3390/catal7030094. 
 

 Gómez-Martínez, M.; Baeza, A.; Alonso, D. A. “Pinacol Rearrangement and Direct 
Nucleophilic Substitution of Allylic Alcohols promoted by Graphene Oxide and Graphene 
Oxide-CO2H”. ChemCatChem 2017, 9, 1032-1039. DOI: 10.1002/cctc.201601362. 
 

 Gómez-Martínez, M.; Buxaderas, E.; Pastor, I. M.; Alonso, D. A. “Palladium 
Nanoparticles Supported on Graphene and Reduced Graphene Oxide as Efficient 
Recyclable Catalyst for the Suzuki–Miyaura Reaction of Potassium Aryltrifluoroborates”. 
J. Mol. Catal. A. 2015, 404, 1-7. DOI: 10.1016/j.molcata.2015.03.022. 
 

 Trillo, P.; Gómez-Martínez, M.; Alonso, D. A.; Baeza, A. “2-Aminobenzimidazole 
Organocatalyzed Asymmetric Amination of Cyclic 1,3-Dicarbonyl Compounds”. Synlett 
2015, 95-100. DOI: 10.1055/s-0034-1379494. 
 
Additionally, other publications related to the topics presented in this thesis have been 

reported. 
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Materiales Derivados de Grafeno 

El carbono es uno de los elementos más abundantes en la Tierra. Este material 

presenta diversas formas alotrópicas: fullerenos, nanotubos de carbono, grafito 

(hibridación sp2) y diamante (hibridación sp3). Centrándonos en estos dos últimos, el 

grafito, se caracteriza por ser opaco y frágil, mientras que el diamante destaca por ser 

brillante, transparente y duro. A pesar de las desventajas que en ocasiones presentan los 

materiales derivados de carbono con estructura amorfa, como una baja estabilidad así 

como una baja resistencia a la oxidación, presentan un gran interés dentro de la química 

sostenible, siendo su uso como soporte de catalizadores metálicos una de sus aplicaciones 

más importantes. Por este motivo, durante las últimas tres décadas, se han desarrollado una 

gran variedad de materiales nanocarbonados, como por ejemplo, carbón activado, 

fullerenos, nanotubos de carbono (CNTs), nanofibras de carbono (CNFs), así como los 

materiales derivados del grafeno.  

Por otro lado, realizando una comparativa con el resto de los materiales de carbono 

empleados en la actualidad, el grafeno (G) y sus derivados han atraído recientemente una 

mayor atención dentro de la comunidad científica debido a las interesantes propiedades 

eléctricas, mecánicas y ópticas que presentan. El grafeno es un material bidimensional, 

formado por una red monocapa hexagonal de átomos de carbono con hibridación sp2, 200 

veces más duro que el acero, muy ligero y flexible. Además, los materiales derivados de 

grafeno (G-mats) se caracterizan por tener una mayor superficie (2630 m2/g) en 

comparación con gran parte del resto de los materiales carbonosos (100 a 1000 m2/g). Este 

material fue redescubierto, aislado y caracterizado en 2004 por los investigadores Andre 

Geim y Konstantin Novoselov en la Universidad de Manchester, los cuales fueron 

galardonados en 2010 con el Premio Nobel de Física "for groundbreaking experiments 

regarding the two-dimensional material graphene". 

Estas características hacen de los G-mats los soportes carbonosos ideales para inmovilizar 

complejos metálicos, nanopartículas metálicas e incluso organocatalizadores quirales, 

abriendo una puerta a la creación de nuevos sistemas catalíticos heterogéneos sostenibles, 

los cuales pueden solventar las principales desventajas que presenta la catálisis homogénea 

https://en.wikipedia.org/wiki/Two-dimensional_space
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desde el punto de vista de la industria química fina. Algunos de los inconvenientes 

surgidos se encuentra principalmente durante el proceso de separación del catalizador y el 

producto de reacción dando lugar a una posible contaminación del producto final con 

trazas metálicas, así como el no reciclado del catalizador, hecho que habitualmente 

conduce a mayores costes en el proceso. 

Por otro lado, derivados del grafeno como el óxido de grafeno (GO), material con un alto 

grado de grupos funcionales oxigenados presentes en la estructura, permite su 

funcionalización de forma sencilla mediante enlace covalente y no covalente (enlaces de 

hidrógeno o apilamiento π-π). GO es un material higroscópico con alto contenido de 

oxígeno, el cual se sintetiza por oxidación del grafito en condiciones ácidas siguiendo el 

método de Hummers-Offeman. El proceso de oxidación tiene lugar tratando el grafito con 

nitrato de sodio (NaNO3), permanganato de potasio (KMnO4) y finalmente con peróxido 

de hidrógeno (H2O2) para transformar las especies de KMnO4 generadas tras su reducción, 

en  especies de manganeso más solubles. Sin embargo, el método de Hummers-Offeman 

modificado es hoy en día el más utilizado para la síntesis de este material ya que evita el 

uso de condiciones oxidantes extremas, eliminando el empleo de NaNO3. Durante la 

preparación del GO a partir de grafito y a causa de las condiciones de oxidación fuertes y 

tras los distintos tratamientos ácidos, se produce la formación de diferentes especies 

carboxiladas poliaromáticas altamente oxidadas así como fragmentos de ácido fúlvico y 

húmico (Esquema 1). Estos fragmentos altamente oxidados, comúnmente conocidos como 

desechos orgánicos, están fuertemente unidos a la superficie del GO mediante 

interacciones no covalentes.  

 
Esquema 1. Síntesis de GO mediante el método de Hummers-Offeman modificado y posterior eliminación 

de los desechos orgánicos mediante un tratamiento ácido/básico. 
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Los desechos orgánicos pueden actuar como tensioactivos y aún más importante, pueden 

modificar el entorno químico de la superficie del GO de cara a posibles interacciones a 

través de enlaces covalentes o no covalentes con complejos metálicos u 

organocatalizadores. Por ello, para evitar inconvenientes durante el proceso de 

inmovilización, se realizan tratamientos alternos ácidos y básicos para eliminar estos 

subproductos generados sobre la superficie del GO. Por el contrario, en 2015, Dimiev y 

colaboradores sugirieron que probablemente la generación de los desechos orgánicos 

provenían de las condiciones altamente básicas empleadas durante la etapa de lavado del 

GO. No obstante, el origen, así como las propiedades físico-químicas de estos materiales 

"descartados"no se han estudiado en detalle. 

Además, dependiendo de las condiciones de oxidación empleadas, el GO puede obtenerse 

con diferentes relaciones oxígeno/carbono, proporcionando una variedad de estructuras 

funcionalizadas con oxígeno. En la actualidad, existen diferentes propuestas para la 

estructura del GO dependiendo de la funcionalización del oxígeno presente en la superficie 

del material (hidroxilos, epóxidos o derivados de carbonilo) y en los bordes (lactonas y 

ácidos carboxílicos). Actualmente, la propuesta de Lerf Klinowski es una de las 

estructuras más aceptadas (Figura 1). 

 
Figura 1. Estructura de GO postulada por Lerf Klinowski.  

Otro derivado de grafeno destacado es el óxido de grafeno reducido (rGO), el cual se 

obtiene mediante reducción térmica o química del GO. Los métodos de reducción 

químicos más empleados incluyen el uso de hidrato de hidrazina (N2H4·H2O) o 
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borohidruro de sodio (NaBH4). Como resultado del proceso de reducción, la relación de 

oxígeno/carbono en los derivados rGO es siempre menor que la del propio GO. 

Reacciones de Acoplamiento Catalizadas por Paladio 

Las reacciones de acoplamiento carbono-carbono y carbono-heteroátomo (Het = N, O, 

S, P, …) catalizadas por metales de transición, se encuentran entre las metodologías más 

empleadas por el químico orgánico sintético moderno. Hoy en día, su aplicación en la 

síntesis de fármacos, nuevos materiales y compuestos de alto valor añadido (química fina) 

es muy habitual. Desde el descubrimiento de la reacción de Heck al término de la década 

de los años sesenta, se han desarrollado un gran número de reacciones de 

homoacoplamiento y acoplamiento cruzado catalizadas por paladio (Esquema 2). Estas 

reacciones son muy variadas con respecto a los sustratos que acoplan y a la tolerancia que 

muestran hacia numerosos grupos funcionales, lo que ha provocado una ingente cantidad 

de publicaciones en revistas científicas a nivel internacional.  

De hecho, la importancia de estos procesos en todos los ámbitos de la ciencia, fue 

recompensada en 2010 con el Premio Nobel de Química a tres de los investigadores más 

representativos en este campo, como son los Profesores Richard F. Heck, Ei-ichi Negishi y 

Akira Suzuki “for palladium-catalyzed cross-couplings in organic synthesis”. 

 
Esquema 2. Reacciones de acoplamiento C-C catalizadas por paladio. 

Dentro de las reacciones de acoplamiento, la reacción de Suzuki-Miyaura en la que se 

produce el proceso de transmetalación con derivados orgánicos de boro, es la reacción 

catalizada por Pd más estudiada debido a las suaves condiciones de reacción que suele 

involucrar. Además, se puede llevar a cabo en medios tanto orgánicos como acuosos dada 
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la estabilidad que los compuestos derivados de boro presentan en ambos medios. 

Empleada fundamentalmente en la síntesis de biarilos tanto en la academia como en la 

industria, hoy en día la reacción de Suzuki-Miyaura también se utiliza con éxito en 

acoplamientos Csp2-Csp3 y Csp3-Csp3, lo que ha posibilitado la síntesis de una gran 

variedad de compuestos orgánicos. 

La citada reacción de acoplamiento transcurre a través del correspondiente ciclo catalítico, 

que consta principalmente de tres etapas (Figura 2). En primer lugar, se produce la adición 

oxidante del electrófilo al catalizador de Pd(0), proceso considerado como la etapa 

determinante de la velocidad de reacción para electrófilos desactivados. Tras el 

intercambio de ligando con la base (la base realmente juega diversos papeles clave en el 

ciclo catalítico), el complejo de Pd(II) B genera el complejo C que sufre transmetalación 

con el nucleófilo generando D, complejo de Pd(II) que, tras eliminación reductora, da 

lugar al producto de acoplamiento con recuperación del catalizador de Pd(0) (Figura 2).  

 
Figura 2. Ciclo catalítico propuesto para la reacción de Suzuki-Miyaura. 

La reacción de acoplamiento suele llevarse a cabo generalmente empleando catalizadores 

homogéneos de Pd, bien en ausencia de ligandos externos o con ligandos auxiliares como 

fosfanos o carbenos N-heterocíclicos, sistemas catalíticos de elevado coste y de difícil 

recuperación, circunstancia que desde el punto de vista industrial limita su uso. Así, en los 
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últimos años, ha crecido notablemente el interés por el empleo de catalizadores de paladio 

soportados sobre diversos soportes orgánicos, inorgánicos e híbridos. Por ejemplo, las 

nanopartículas de paladio (PdNPs) inmovilizadas han mostrado ser una alternativa 

catalítica muy eficiente en la reacción de Suzuki-Miyaura, incluso trabajando en ausencia 

de ligandos externos. Estos nanocatalizadores de paladio han conseguido centrar la 

atención de la industria química y farmacéutica debido no sólo a su elevada actividad 

catalítica, sino también a su estabilidad y potencial reciclabilidad. 

Objetivos 

En base a lo comentado anteriormente, como tema principal de la presente tesis se 

planteó como objetivo el uso de materiales derivados de grafeno como soporte de 

nanopartículas de paladio, así como de complejos de paladio(II) (Capítulos 1 y 2, 

respectivamente) para llevar a cabo, principalmente, la reacción de acoplamiento Suzuki-

Miyaura. Así mismo, se pensó en la idea de estudiar la actividad catalítica de materiales 

derivados de grafeno sobre ciertas transformaciones orgánicas como la reacción de 

reordenamiento pinacolínico de 1,2-dioles y la reacción de sustitución nucleofílica de 

alcoholes alílicos (Capítulo 3). Finalmente, se consideró de interés el empleo de estos 

materiales como soporte de organocatalizadores quirales para llevar a cabo la reaccion de 

α-aminación asimétrica de compuestos 1,3-dicarbonílicos (Capítulo 4). 

A continuación, se presenta un resumen acerca del trabajo realizado en cada uno de los 

capítulos que conforman la presente tesis doctoral. 

CAPÍTULO 1: Reacción de Acoplamiento Suzuki-Miyaura Catalizada por 

Nanopartículas de Paladio Soportadas sobre Derivados de Grafeno 

Por lo expuesto anteriormente en el Capítulo 1, se planteó como objetivo el estudio de 

la actividad catalítica de las nanopartículas de paladio (PdNPs) soportadas sobre 

materiales derivados de grafeno en reacciones de acoplamiento C-C entre las que destacan 

las reacciones de Suzuki-Miyaura, Heck, Sonogashira o Negishi, entre otras. Además, al 

trabajar en catálisis heterogénea se pensó en la idea de realizar un estudio de estabilidad y 
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reciclabilidad del catalizador soportado, así como la escalabilidad del proceso, factores 

importantes a tener en cuenta a la hora de su posible viabilidad a nivel industrial. 

Inicialmente, se estudió la actividad catalítica de diferentes PdNPs soportadas sobre 

materiales derivados del grafeno. Para este propósito, se evaluaron tres tipos de 

catalizadores heterogéneos 1-3, los cuales fueron caracterizados empleando distintas 

técnicas como la Espectrometría de Masas con Plasma de Acoplamiento Inductivo (ICP-

MS) para determinar el porcentaje de paladio soportado y la Microscopía Electrónica de 

Transmisión (TEM) por medio de la cual se determinó la distribución del tamaño de las 

nanopartículas. El catalizador 1 (PdNPs-rGO/ODA), es un óxido de grafeno reducido 

funcionalizado con octadecilamina (ODA, 0.1 mmol/g) sobre el cual se han inmovilizado 

nanopartículas de Pd(0) de 13 nm de tamaño medio (6% en peso de Pd). El grupo 

funcional amino proporciona a este catalizador una buena dispersión en disolventes 

orgánicos. Por otra parte, 2 contiene 6% en peso de nanopartículas de Pd(0) con un tamaño 

promedio de 5 nm, soportado sobre grafeno (PdNPs-G). Finalmente, el catalizador 3 es un 

rGO sobre el cual han sido inmovilizadas nanopartículas de Pd(0) con un tamaño medio de 

partícula de 6.9 nm y un porcentaje de Pd del 6% en peso (PdNPs-rGO) (Figura 3). A 

diferencia de 1, los catalizadores 2 y 3 dispersan mejor en disolventes acuosos. 

 
Figura 3. Nanopartículas de paladio soportadas sobre materiales de grafeno. 

Una vez caracterizados los catalizadores objeto de estudio, se continuó con la búsqueda de 

las condiciones de reacción óptimas para el proceso catalítico que se iba a llevar a cabo. 

Como reacción modelo, se escogió la reacción de acoplamiento Suzuki-Miyaura entre 4-

bromoanisol y feniltrifluoroborato de potasio, optimizando los distintos parámetros de 

reacción como son la base, el disolvente, el catalizador (% molar Pd), el tiempo, la 

temperatura y el tipo de calentamiento (convencional o mediante irradación con 

microondas). El mejor resultado fue obtenido empleando las nanopartículas de Pd 

soportadas sobre grafeno 2 (0.1% molar Pd), empleando K2CO3 como base y una mezcla 
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de MeOH/H2O en una proporción 3 a 1 como disolvente a 80 ºC durante 20 h, dando lugar 

a un rendimiento aislado del producto de reacción 4-metoxibifenilo del 94%. Así mismo, 

se comprobó que la reacción podía llevarse a cabo bajo calentamiento por irradiación 

microondas (MW) dando lugar a resultados semejantes, disminuyendo significativamente 

el tiempo de reacción a 2 h. 

 
Esquema 3. Reacción de acoplamiento Suzuki-Miyaura catalizada por 2. 

Con los distintos parámetros optimizados, se llevó a cabo el estudio de sustratos 

empleando distintos bromuros de arilo, dando lugar a buenos resultados en el caso de 

emplear electrófilos activados como por ejemplo 4-bromoacetofenona, la cual dio lugar al 

correspondiente producto de acoplamiento tras reaccionar con feniltrifluoroborato de 

potasio como nucleófilo con un 74% de rendimiento. Por otro lado, resultados moderados 

fueron observados empleando bromuros de arilo desactivados así como derivados 

heterocíclicos, tales como 2-bromopiridina o 2-bromotiofeno, obteniendo rendimientos 

aislados del 21 y 64% respectivamente (empleando 2 equiv de electrófilo). A la hora de 

emplear otro tipo de nucleófilos, resultados similares fueron obtenidos al emplear el ácido 

fenilborónico. En el caso de llevar a cabo la reacción con el nucleófilo de boro derivado 

del ácido N-metiliminodiacético (MIDA), el rendimiento aislado logrado ascendió hasta 

un 73%. 

En cuanto al estudio de reciclabilidad del catalizador, éste pudo ser recuperado hasta en 8 

ciclos consecutivos sin pérdida significativa de la actividad catalítica bajo calentamiento 

por irradiación MW, mientras que, mediante calentamiento convencional, se observó una 

pérdida notable de la actividad de las nanopartículas de Pd soportadas sobre G, 2, a partir 

del 4o ciclo. Para justificar este comportamiento, se llevó a cabo un análisis TEM del 

catalizador para determinar la distribución de las nanopartículas tras los correspondientes 

ciclos. Tras la comparación con la distribución inicial, se pudo llegar a la conclusión de 

que la disminución en la actividad catalítica bajo calentamiento convencional podía ser 
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debida a una mayor aglomeración de las nanopartículas de Pd sobre la superficie de 

grafeno, conllevando a una pérdida de la actividad catalítica de éstas. 

Por otro lado, para determinar si la catálisis tenía lugar de forma homogénea o heterogénea 

se estudió la cantidad de Pd que había en la disolución una vez transcurrida la reacción. 

Para ello, tras finalizar la reacción, se dejó depositar el catalizador durante 15 minutos (por 

gravedad y por centrifugación), se tomó una alícuota del sobrenadante y se analizó el 

contenido en Pd por medio de ICP-MS. Se obtuvo como resultado que el contenido de Pd 

en la disolución era mayor en el caso de emplear calentamiento mediante irradiación MW 

que convencional, sugiriendo que algún tipo de activación de las PdNPs tenía lugar bajo 

este tipo de irradiación. Además, cabe destacar que la reacción modelo fue escalable 

pudiéndose obtener hasta 10 g del producto de reacción con un rendimiento del 90%. 

CAPÍTULO 2. Reacción de Acoplamiento Suzuki-Miyaura Catalizada por 

Paladaciclos Derivados de Oxima Soportados sobre Materiales de Grafeno 

Los complejos de Pd(II) carbometalados fueron sintetizados originalmente por Cope y 

Sickman a partir de la ciclopaladación de azobenceno en 1965. Estos sistemas catalíticos 

de Pd(II) se pueden clasificar según los átomos dadores que poseen, que son 

principalmente fósforo y nitrógeno. Estos sistemas han sido utilizados con éxito en las 

reacciones de acoplamiento carbono-carbono y carbono-heteroátomo tales como Suzuki-

Miyaura, Mizoroki-Heck, Negishi, Sonogashira y Buchwald-Hartwig, entre otras. Dentro 

de la catálisis metálica y continuando con el trabajo expuesto en el Capítulo 1, se planteó 

como objetivo, la síntesis e inmovilización de paladaciclos derivados de oxima sobre 

materiales derivados de grafeno. Estos complejos de Pd(II) han sido empleados desde hace 

años en el grupo de investigación, mostrando ser muy eficientes en las reacciones de 

formación de enlaces carbono-carbono o carbono-heteroátomo, anteriormente 

mencionadas. 

Los paladaciclos sintetizados escogidos para el presente estudio fueron obtenidos a partir 

de las correspondientes oximas derivadas de 4,4’-diclorobenzofenona (25), 4-

hidroxiacetofenona (26) y 4-(2-hidroxietoxi)acetofenona (38), todas ellas obtenidas por 
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ciclopaladación de la correspondiente oxima, mediante tratamiento con Li2PdCl4 en 

presencia de AcONa (Figura 4). 

 
Figura 4. Paladaciclos derivados de oxima 25, 26 y 38. 

Una vez sintetizados los paladaciclos, se soportaron sobre GO mediante interacción no 

covalente. Para ello, se emplearon distintos métodos de inmovilización siendo más 

efectivo el que implica la sonicación del paladaciclo junto con el GO en THF durante 1 h 

para conseguir una mayor dispersión de las capas del GO y una mayor intercalación del 

complejo de Pd(II) entre ellas, seguido de agitación a temperatura ambiente durante dos 

días. Tras el secado del catalizador (50 ºC), el contenido en Pd de los complejos 

soportados se midió por ICP-OES, obteniéndose 2.00, 2.72 y 2.98% de Pd en 25-GO, 26-

GO y 38-GO, respectivamente. 

Los correspondientes paladaciclos soportados sobre GO fueron ampliamente 

caracterizados por distintas técnicas espectroscópicas tales como Espectroscopía 

Fotoelectrónica de Rayos X (XPS), Espectroscopía Ultravioleta-Visible (UV) y TEM, 

confirmando la estabilidad de estos paladaciclos durante el proceso de anclaje. 

Seguidamente, fueron empleados para catalizar la reacción de acoplamiento Suzuki-

Miyaura entre 4-bromoanisol y ácido fenilborónico. El catalizador 25-GO fue el más 

efectivo, pudiendo emplear tan solo un 0.002% molar de Pd, dando lugar al producto de 

reacción, 4-metoxibifenilo con un 73% de rendimiento aislado. Seguidamente, se realizó 

un estudio de sustratos dando lugar a rendimientos de moderados a elevados en el caso de 

bromuros activados o neutros como 4-bromoacetofenona y bromobenceno dando lugar a 

un rendimiento aislado del 66 y 94% empleando ácido fenilborónico y ácido 4-

metilfenilborónico como nucleófilos, respectivamente. Resultados más bajos fueron 

obtenidos empleando bromuros desactivados, no observándose el producto deseado en la 

reacción entre 4-bromoanisol cuando se hizo reaccionar con nucleófilos impedidos como 
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ácido 2-fenil-1,3-dimetil borónico. Por otro lado, sólo un 35% de rendimiento aislado fue 

determinado en la alquenilación de 4-bromoanisol y ácido estirilborónico (Esquema 4). 

 
Esquema 4. Reacción de acoplamiento Suzuki-Miyaura catalizada por 25-GO. 

En esta ocasión, también se llevó a cabo el estudio de reciclabilidad de 25-GO en la 

reacción modelo observando una considerable disminución en la actividad catalítica a 

partir del 2º ciclo. Para justificar este comportamiento, se realizó la prueba de mercurio, 

confirmando la existencia de PdNPs en el medio de reacción. Por otro lado, los análisis de 

TEM y XPS confirmaron la aglomeración así como la existencia de especies oxidadas de 

paladio, posibles causantes del decrecimiento de la actividad catalítica del paladaciclo 

soportado 25-GO. 

Debido a la no reciclabilidad de los paladaciclos soportados, y puesto que éstos son 

considerados sistemas que generan especies activas de Pd(0), se decidió intentar la 

reducción in situ de las PdNPs empleando N2H4·H2O y NaBH4 como agentes reductores. 

Mediante imágenes TEM, se comprobó la aglomeración de las PdNPs(0), siendo por tanto 

inactivas en la reacción de acoplamiento estudiada. 

CAPÍTULO 3. Materiales Derivados de Grafeno como Carbocatalizadores en la 

Reacción de Reordenamiento Pinacolínico de 1,2-dioles y en la Reacción de 

Sustitución Nucleofílica de Alcoholes Alílicos 

Entre los derivados de grafeno más empleados destaca el GO, el cual ha surgido como 

una nueva clase de catalizador heterogéneo estable en agua, capaz de llevar a cabo 

trasformaciones orgánicas a través de rutas sostenibles. El GO presenta diferentes sitios 

activos tales como intersticios, grupos ácidos y básicos, así como sitios activos dopados 

con heteroátomos e impurezas metálicas generadas a partir de las fuertes condiciones de 

oxidación empleadas durante su síntesis (Figura 5). Estos sitios activos junto con la 

nanoestructura aromática y gran superficie, permite que GO actúe como ácido suave de 

Lewis o Brønsted así como un oxidante suave. La utilidad del GO como catalizador ácido 
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en estado sólido proviene, en parte, por su elevada acidez (pKa 3-4 en agua) como 

consecuencia de los ácidos sulfónicos presentes en su superficie. 

 

Figura 5. Sitios activos en el GO. 

Además, el GO puede ser funcionalizado de forma sencilla, proporcionando al químico 

sintético una amplia variedad de carbocatalizadores derivados de grafeno. Por ello, el GO 

y en algún caso el rGO, han sido empleados como carbocatalizadores en una amplia gama 

de transformaciones orgánicas tales como reacciones aldólicas, adiciones tipo Michael, 

hidrólisis, condensaciones, oxidaciones, apertura de epóxidos, entre otras. Por ello, se 

consideró de interés el estudio de dos reacciones orgánicas, las cuales hasta el momento no 

habían sido llevadas a cabo empleando materiales derivados de grafeno como 

carbocatalizadores, como son la reacción de reordenamiento pinacolínico de 1,2-dioles y 

la sustitución nucleofílica de alcoholes alílicos. 

En cuanto a la reacción de reordenamiento pinacolínico de 1,2-dioles, se empleó 2,3-

difenilbutan-2,3-diol como sustrato modelo. Se optimizaron los distintos parámetros de 

reacción: carbocatalizador (% en peso), disolvente y temperatura. Se obtuvieron los 

mejores resultados empleando 20% en peso de GO, en tolueno a 100 ºC durante 20 h, 

obteniendo el correspondiente producto de reordenamiento pinacolínico con un 94% de 

rendimiento aislado. 

Una vez optimizados los distintos parámetros, se procedió al estudio de sustratos en el que 

fueron empleados diferentes dioles simétricos y asimétricos observando en la mayoría de 

los casos rendimientos aislados de muy buenos a excelentes (Esquema 5). Destacan los 

resultados obtenidos con 1,1-difenil-2-metil-3-metoxipropan-1,2-diol y 2,2-
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difenilciclohexan-1,2-diol en los que, el producto de reacción deseado pudo ser aislado 

con 95 y 80% de rendimiento, respectivamente. 

  
Esquema 5. Reacción de reordenamiento pinacolínico de 1,2-dioles catalizada por GO. 

En cuanto al estudio de reciclabilidad del catalizador, se observó cómo en la reacción 

modelo, la actividad catalítica del GO decrecía considerablemente tras el 4º ciclo, 

disminuyendo de un 93% de rendimiento a un 25%. Para intentar explicar este hecho, y 

puesto que la reacción modelo en presencia de rGO no tenía lugar, se procedió a sintetizar 

un rGO con grupos sulfónicos en su estructura y se empleó como carbocatalizador en la 

reacción modelo, obteniendo un rendimiento del 79% empleando un 20% en peso de 

rGO-SO3H. Este resultado sugería que, posiblemente la disminución en la actividad 

catalítica del GO era debido a la disminución de los grupos sulfónicos presentes sobre su 

superficie. Este hecho fue confirmado tras el análisis elemental de S del GO inicial y tras 

comparación con el porcentaje obtenido tras el 4º ciclo, determinando un contenido de 

azufre el cual descendía de un 0.8 a un 0.0%, respectivamente. Además, otro factor que 

pudo afectar a la no reciclabilidad del carbocatalizador pudo ser la descarboxilación 

producida sobre la superficie del GO motivada por la elevada temperatura de reacción, lo 

cual fue confirmado por XPS observando una disminución de la relación O/C tras los 

consiguientes ciclos catalíticos. Por ello, para comprobar más fehacientemente la 

importancia del contenido de azufre en este proceso, otros ácidos de Brønsted azufrados 

fueron empleados como por ejemplo H2SO4 y ácido p-toluensulfónico (p-TsOH), dando 

lugar únicamente en caso de emplear p-TsOH en un 25% molar el producto de reacción 

con un 90% de rendimiento. Por ello, tras analizar todos los resultados, se llegó a la 

conclusión de que un efecto sinérgico entre los grupos azufrados y la superficie del GO 

tenía lugar, siendo la combinación de ambos imprescindibles para que la reacción tuviera 

lugar. 
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Por otro lado, en cuanto a la reacción de sustitución nucleofílica de alcoholes alílicos, tras 

la consiguiente optimización de las condiciones de reacción, se concluyó que para la 

reacción modelo entre (E)-1,3-difenilprop-2-en-1-ol y p-toluensulfonamida como 

nucleófilo, las mejores condiciones de reacción se obtuvieron empleando GO-CO2H (20% 

en peso) en agua o sin disolvente a 80 ºC durante 20 h, dando lugar al producto de 

reacción con un 82% de rendimiento aislado cuando se utilizó H2O como disolvente. En 

cuanto al estudio de sustratos, se emplearon distintos alcoholes alílicos así como 

compuestos 1,3-dicarbonílicos como nucleófilos, dando lugar a rendimientos aislados de 

moderados a muy buenos en prácticamente todos los casos como se recoge en el Esquema 

6, especialmente en el caso de reacciones sin disolvente. 

 
Esquema 6. Sustitución nucleofílica de alcoholes alílicos catalizada por GO-CO2H. 

En cuanto a la reciclabilidad del catalizador, éste pudo ser recuperado y reutilizado hasta 

en 5 ciclos sin una pérdida notable de la actividad catalítica. El mismo estudio acerca de la 

influencia de los grupos azufrados realizado para la reacción de reordenamiento 

pinacolínico de 1,2-dioles determinó que en este caso, el contenido en azufre presente en 

el GO-CO2H no influía de una manera tan directa en la reacción. 

CAPÍTULO 4. α-Aminación Asimétrica de Compuestos 1,3-dicarbonílicos 

Organocatalizada por Derivados de Benzimidazol no Soportados y Soportados sobre 

Materiales Derivados de Grafeno 

Por último, debido a la experiencia que nuestro grupo de investigación posee en 

organocatálisis asimétrica, principalmente en el uso de derivados quirales del 2-

aminobenzimidazol, se decidió basar el Capítulo 4 en la síntesis y posterior estudio de la 

actividad catalítica de estos organocatalizadores en la reacción asimétrica de α-aminación 

de compuestos 1,3-dicarbonílicos. Esta reacción fue estudiada en condiciones homogéneas 

así como heterogéneas. Diversos organocatalizadores fueron sintetizados, siendo el 
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organocatalizador 79 el que mostró una mayor actividad catalítica así como una elevada 

enantioselectividad. 

En primer lugar, se optimizaron los parámetros de la reacción en condiciones homogéneas 

empleando 2-oxo-ciclopentanocarboxilato de etilo y azodicarboxilato de terc-butilo como 

sustratos modelos. Así, al utilizar 1% molar de catalizador, Et2O, temperatura ambiente y 

16 h como condiciones óptimas, se obtuvo el correspondiente producto de aminación con 

un 95% de rendimiento aislado y un 92% de exceso enantiomérico. Posteriormente, se 

llevó a cabo el estudio de sustratos empleando distintos compuestos 1,3-dicarbonílicos 

como nucleófilos dando lugar a rendimientos entre moderados y bajos así como de 

moderadas a muy buenas enantioselectividades (Esquema 7). 

 
Esquema 7. α-Aminación asimétrica de compuestos 1,3-dicarbonílicos organocatalizada por 79. 

En cuanto al mecanismo de reacción; basándonos en estudios computacionales previos 

llevados a cabo en nuestro grupo de investigación empleando el mismo catalizador para la 

adición asimétrica conjugada de compuestos 1,3-dicarbonílicos a nitroalquenos, se 

propuso el siguiente ciclo catalítico representado en la Figura 6. En primer lugar, el 

benzimidazol 79 podría comportarse como un organocatalizador bifuncional, actuando 

como base formando el correspondiente enolato del compuesto 1,3-dicarbonílico el cual 

puede interactuar con el organocatalizador mediante interacciones por enlace de hidrógeno 

como se representa en el intermedio A. Seguidamente, el grupo dimetilamino protonado 

podría activar el diazocompuesto, facilitando de este modo el ataque enantioselectivo del 

enolato (Figura 6, intermedio B), liberando el aducto de aminación correspondiente y 

regenerando el organocatalizador 79. 
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Figura 6. Mecanismo de reacción de la α-aminación de compuestos 1,3-dicarbonílicos catalizada por 79. 

Así mismo, cabe destacar que el producto de aminación con configuración (S) se obtuvo 

empleando el organocatalizador con configuración (1R,2R)-79. Esta hipótesis se asumió 

por medio de la comparación de la rotación óptica entre el producto de aminación obtenido 

y los valores descritos en la bibliografía. 

Por otro lado, se intentó llevar a cabo la reacción de α-aminación en condiciones 

heterogéneas, soportando de forma no covalente el organocatalizador 79 así como otros 

organocatalizadores empleados frecuentemente por nuestro grupo de investigación, sobre 

GO y rGO. El proceso de inmovilización tuvo lugar sonicando durante 1 h el 

organocatalizador correspondiente junto con el derivado de grafeno y seguidamente, 

agitando la reacción durante dos días a temperatura ambiente. Los mejores resultados 

fueron obtenidos cuando rGO fue empleado como soporte, obteniendo un 71% de 

conversión y un 69% de exceso enantiomérico. Estos resultados sugirieron que 

probablemente en presencia de GO el organocatalizador quedaba inactivado a causa de las 

interacciones mediante enlace de hidrógeno entre el organocatalizador y la superficie del 

GO. 

En cuanto al estudio de reciclabilidad, el catalizador fue recuperado y reutilizado hasta en 

3 ciclos sin una pérdida notable de la reactividad así como de la enantioselectividad del 

proceso. 
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A causa de la baja enantioselectividad obtenida en condiciones heterogéneas, se decidó 

sintetizar un organocatalizador con la estructura de 79 pero con un punto de anclaje para 

su directa inmovilización mediante enlace covalente sobre la superficie del GO. Para ello, 

se partió del 2-clorobenzimidazol, el cual fue nitrado en posición 3 en presencia de una 

disolución concentrada de HNO3 y H2SO4. El correspondiente producto de nitración se 

hizo reaccionar con (1R,2R)-N,N-dimetilciclohexan-1,2-diamina dando lugar al 

correspondiente producto nitrado, el cual fue posteriormente reducido en presencia de 

SnCl2, dando lugar a la amina libre 114. Este organocatalizador pudo ser inmovilizado 

sobre la superfície del GO-CO2H mediante un tratamiento previo de éste con 

cloroformiato de metilo, generando el correspondiente anhídrido mixto, sobre el cual se 

añadió el organocatalizador 114, dando lugar a la formación de la correspondiente amida 

como se representa en el Esquema 8. 

 
Esquema 8. Síntesis del organocatalizador anclado covalentemente 115. 

Una vez sintetizado el organocatalizador quiral soportado 115, se empleó en la reacción de 

aminación modelo dando lugar al correspondiente producto de α-aminación con un 80% 

de conversión pero de forma racémica. 

Conclusiones Generales 

Finalmente, como conclusiones generales se puede decir que han sido utilizados materiales 

derivados de grafeno como soporte de PdNPs, así como de complejos de paladio(II) 

(paladaciclos derivados de oxima) en la reacción de acoplamiento Suzuki-Miyaura con 

buenos resultados siendo 2 y 25-GO los que presentaron una mayor actividad catalítica. 

En el caso de 2, el catalizador fue reutilizado hasta en 8 ciclos bajo calentamiento por 

irradiación MW con una ligera pérdida en la actividad catalítica del mismo. 
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Por otro lado, también se ha comprobado la efectividad de derivados de grafeno como GO 

y GO-CO2H en carbocatálisis, más concretamente en la reacción de reordenamiento 

pinacolínico de 1,2-dioles y en la reacción de sustitución nucleofílica de alcoholes alílicos. 

Además, en este último caso, el catalizador fue recuperado y reutilizado hasta en 5 ciclos 

sin pérdida aparente de la actividad catalítica del mismo.  

Finalmente, se ha llevado a cabo la síntesis de organocatalizadores quirales derivados 2-

clorobenzimidazol, los cuales han sido empleados en la reacción de α-aminación de 

compuestos 1,3-dicarbonílicos en condiciones homogéneas obteniendo buenos resultados. 

Además, se abordó la síntesis de los correspondientes organocatalizadores soportados 

sobre GO y rGO mediante interacciones por enlace de hidrógeno o apilamiento π-π, así 

como mediante enlace covalente. Todos ellos fueron posteriormente empleados en la 

reacción modelo bajo condiciones heterogéneas dando lugar a buenas conversiones pero 

bajas enantioselectividades.  

Así mismo, se realizó el estudio de reciclabilidad del organocatalizador inmovilizado más 

activo 79-rGO, el cual fue recuperado y reutilizado hasta en 3 ciclos manteniendo la 

enantioselectividad. 
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CHAPTER 1. Suzuki-Miyaura Coupling Reaction Catalyzed by Palladium 

Nanoparticles Supported on Graphene Materials 

In Chapter 1, the catalytic activity and the recyclability of palladium nanoparticles 

supported on graphene-derived materials (PdNPs-G, 0.1 mol% Pd) in the Suzuki-Miyaura 

coupling between aryl bromides and potassium aryl trifluoroborates under microwave and 

conventional heating conditions in aqueous media have been studied.  

  

Regarding the recyclability of the PdNPs-G, the catalyst could be reused up to 8 times 

under microwave irradiation and 4 times when conventional heating conditions were used. 

Furthermore, the reaction was scaled-up to multi-gram scale without any loss of catalytic 

activity. 

CHAPTER 2. Oxime Palladacycles Supported on Graphene Materials as Catalysts in 

the Suzuki-Miyaura Reaction 

In Chapter 2, the efficiency and reactivity of supported oxime palladacycles on 

different graphene derivatives through non-covalent interactions have been studied. 

 

0.002 mol% Pd

rt, aqueous

Up to 94% yield
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Supported catalysts have been fully characterized by ICP, XPS, TGA and UV-Vis 

analyses. Among all heterogeneous catalysts, supported oxime palladacycle 25-GO 

demonstrated to be very efficient for the Suzuki-Miyaura coupling between aryl bromides 

and arylboronic acids using very low catalyst loadings (0.002 mol% Pd) at room 

temperature under aqueous conditions. The study of the recyclability was performed and 

25-GO could be recovered and reused although the catalytic activity was reduced 

considerably after the second cycle due to the oxidation and metal agglomeration 

processes. 

CHAPTER 3. Graphene Materials as Carbocatalysts in the Pinacol Rearrangement 

of 1,2-Diols and the Nucleophilic Substitution of Allylic Alcohols 

In Chapter 3, the catalytic activity of graphene oxide (GO) and carboxylic acid-

functionalized GO (GO-CO2H) as promoters of a heterogeneous and environmentally 

friendly pinacol rearrangement of 1,2-diols and the direct nucleophilic substitution of 

allylic alcohols have been studied. In general, high yields and regioselectivities were 

obtained in both reactions using 20 wt% of catalyst loading and mild reaction conditions.  

 

Several studies about the active sites of the carbocatalysts revealed that non-metal species 

are involved in these transformations. Moreover, analytical and experimental data 

suggested that sulphate or sulfonic acid groups, introduced spontaneously during the 

Hummers oxidation together with the carboxylic acids, play a decisive catalytic role in the 

studied reactions. Only GO-CO2H has shown good recyclability in the direct nucleophilic 

substitution. 
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CHAPTER 4. Asymmetric α-Amination of 1,3-Dicarbonyl Compounds 

Organocatalyzed by Non-Supported and Supported Chiral Benzimidazole-

Derivatives on Graphene Materials 

In Chapter 4, the asymmetric electrophilic amination of cyclic 1,3-dicarbonyl 

compounds under homogeneous and heterogeneous conditions has been studied. 

In the homogeneous study, the use of a (1R,2R)-cyclohexanediamine-benzimidazole 

derivative as hydrogen-bond catalyst is presented. The corresponding amination products 

were obtained in most of the cases with high yields and moderate to high 

enantioselectivities just using 1 mol% of catalyst loading. Finally, the organocatalyst 79 

which showed the best catalytic activity under homogeneous conditions, was supported 

through non-covalent and covalent interactions on graphene oxide (GO) and reduced 

graphene oxide (rGO).  

  

The supported organocatalysts were employed in the electrophilic α-amination, affording 

low enantiomeric excesses. Regarding the recyclability of the catalyst, the non-covalently 

supported catalyst was recovered and reused until the third cycle, maintaining the 

enantioselectivity.  
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Graphene-Based Materials 

 

Carbon is one of the most abundant elements on Earth. This material presents different 

allotropic forms such as fullerenes, carbon nanotubes, graphite (sp2 hybridization) and 

diamond (sp3 hybridization).3,4 Focusing on the latter two, graphite is characterized by 

being dull, opaque and soft while diamond stands out for being brilliant, transparent and 

hard (Figure 1). 

 
Figure 1. Diamond (top) vs Graphene structures (bottom).5 

Carbon is a very attractive material in sustainable chemistry, especially as support of metal 

catalysts. However, amorphous carbon materials suffer from different disadvantages, such 

as low stability and low oxidation resistance. During the last three decades, a large variety 

of nanocarbon materials have been developed, such as activated carbon,6 fullerenes,7 

carbon nanotubes (CNTs),8 carbon nanofibers (CNFs)9 and graphene-derived materials10 

(Figure 2). 

                                                 
3 Su, D. S.; Wen, G.; Wu, S.; Peng, F.; Schlögl, R. Angew. Chem. Int. Ed. 2017, 56, 936-964. 
4 Zhai, Y.; Zhu, Z.; Dong, S. ChemCatChem 2015, 7, 2806-2815. 
5 Figure 1source: http://mrsec.wisc.edu/Edetc/nanoquest/carbon/index.html. 
6 Ahmed, M. J. J. Environ. Chem. Eng. 2016, 4, 89-99. 
7 Li, Z.; Liu, Z.; Sun, H.; Gao, C. Chem. Rev. 2015, 115, 7046-7117. 
8 Harris, J. F. Carbon Nanotubes Science: Synthesis, properties and applications Chap.2. Cambridge, 2011. 
9 Mingxi, W.; Zheng-Hong, H.; Yu, B.; Feiyu, K.; Michio, I. Curr. Org. Chem. 2013, 17, 1434-1447. 
10 Rao, C. N. R.; Sood, A. K. Graphene: Synthesis, Properties and Phenomena. Wiley, 2012. 

http://mrsec.wisc.edu/Edetc/nanoquest/carbon/index.html
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Figure 2. Carbonoceous materials 

From left to right: Fullerene, Carbon Nanotube (CNT) and Graphene (G).11 

The unique structure and the extraordinary electrical, mechanical and optical properties12 

of these materials have enabled an enormous development in different fields, such as 

composite materials or optoelectronic sensors, among others. These carbonaceous 

materials have also emerged as efficient supports for transition metals and metal 

nanoparticles in heterogeneous catalysis.13,14 The high porosity, the extended surface area, 

the thermal and chemical stability as well as the recyclability of CNTs and CNFs,15 

fullerenes16 and graphene materials (G-mats)17 are key features in this regard. Comparing 

with the rest of the carbon materials, graphene (G) and its derivatives have recently 

attracted the attention of the scientific community because of its exceptional properties. 

                                                 
11 Geim, A. K.; Novoselov, K. S. Nat. Mater. 2007, 6, 183-191. 
12 (a) Dong, X.-C.; Xu, H.; Wang, X.-W.; Huang, Y.-X.; Chan-Park, M. B.; Zhang, H.; Wang, L.-H.; Huang, W.; Chen, 
P. ACS Nano 2012, 6, 3206-3213, (b) Presser, V.; Heon, M.; Gogotsi, Y. Adv. Func. Mater. 2011, 21, 810-833, (c) 
Muradov, N. Catal. Commun. 2001, 2, 89-94, (d) Kodama, M.; Yamashita, J.; Soneda, Y.; Hatori, H.; Kamegawa, K. 
Carbon 2007, 45, 1105-1107. 
13 Perez-Mayoral, E.; Calvino-Casilda, V.; Soriano, E. Catal. Sci. Technol. 2016, 6, 1265-1291. 
14 Axet, M. R.; Dechy-Cabaret, O.; Durand, J.; Gouygou, M.; Serp, P. Coord. Chem. Rev. 2016, 308, 236-345. 
15 Serp, P.; Corrias, M.; Kalck, P. App. Catal., A. 2003, 253, 337-358. 
16 Filippone, S.; Maroto, E. E.; Martín-Domenech, Á.; Martín, N., Metal Catalysis in Fullerene Chemistry in Advances 
in Organometallic Chemistry and Catalysis, Wiley: 2013; pp 459-472. 
17 Navalon, S.; Dhakshinamoorthy, A.; Alvaro, M.; García, H. Coord. Chem. Rev. 2016, 312, 99-148. 
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Graphene, a bidimensional material formed by a hexagonal monolayer network of sp2 

hybridized carbon atoms,18 is 200 times harder than steel, very feathery and flexible. In 

addition, G offers the highest intrinsic carrier mobility at room temperature with a perfect 

atomic lattice and excellent thermal, electrical, mechanical and optical properties. 

Graphene was rediscovered, isolated and characterized in 2004 by Andre Geim and 

Konstantin Novoselov at the University of Manchester.19 In 2010 both professors were 

awarded with the Nobel Prize in Physics "for groundbreaking experiments regarding the 

two-dimensional material graphene”.  

As previously commented, G-mats have the highest surface area (2630 m2/g) in 

comparison to the rest of the nanostructured carbonaceous materials (100 to 1000 m2/g).20 

Additionally, for example in the case of graphene oxide (GO), the high degree of oxygen 

functional groups present on the structure allows an easy covalent and non-covalent 

(hydrogen-bonding or π-stacking) functionalization of the material.21 These features make 

G-mats ideal carbonaceous supports for metal complexes, metallic nanoparticles and even 

chiral organocatalysts opening the door to the creation of new sustainable heterogeneous 

catalytic systems.22 

Graphene oxide, a non-conducting hygroscopic material with high oxygen content,23 was 

firstly obtained by oxidation of graphite under acid conditions following the Hummers-

Offeman method,24 consisting in the treatment of graphite with sodium nitrate (NaNO3), 

potassium permanganate (KMnO4) and finally with hydrogen peroxide (H2O2) to reoxidize 

                                                 
18 (a) Geim, A. K. Science 2009, 324, 1530-1534, (b) Geim, A. K.; Novoselov, K. S. Nat. Mater. 2007, 6, 183-191, (c) 
Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Katsnelson, M. I.; Grigorieva, I. V.; Dubonos, S. V.; Firsov, 
A. A. Nature 2005, 438, 197-200. 
19 Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V.; Grigorieva, I. V.; Firsov, A. 
A. Science 2004, 306, 666-669. 
20 Bonaccorso, F.; Colombo, L.; Yu, G.; Stoller, M.; Tozzini, V.; Ferrari, A. C.; Ruoff, R. S.; Pellegrini, V. Science 
2015, 347, 1-11. 
21 (a) Chua, C. K.; Pumera, M. Chem. Soc. Rev. 2013, 42, 3222-3233, (b) Huang, X.; Yin, Z.; Wu, S.; Qi, X.; He, Q.; 
Zhang, Q.; Yan, Q.; Boey, F.; Zhang, H. Small 2011, 7, 1876-1902, (c) Loh, K. P.; Bao, Q.; Ang, P. K. L.; Yang, J. J. 
Mater. Chem. 2010, 20, 2277-2289.  
22 (a) El-Shall, M. S., Heterogeneous Catalysis by Metal Nanoparticles Supported on Graphene. Wiley: Weinheim: 
2013, (b) Machado, B. F.; Serp, P. Catal. Sci. Technol. 2012, 2, 54-75.  
23 (a) Fathizadeh, M.; Xu, W. L.; Zhou, F.; Yoon, Y.; Yu, M. Adv. Mater. Interfaces 2017, 4, 1600918, (b) Shamaila, 
S.; Sajjad, A. K. L.; Iqbal, A. Chem. Eng. J. 2016, 294, 458-477, (c) Li, F.; Jiang, X.; Zhao, J.; Zhang, S. Nano Energy 
2015, 16, 488-515. 
24 Hummers, W. S.; Offeman, R. E. J. Am. Chem. Soc. 1958, 80, 1339-1339. 

https://en.wikipedia.org/wiki/Andre_Geim
https://en.wikipedia.org/wiki/Konstantin_Novoselov
https://en.wikipedia.org/wiki/University_of_Manchester
https://en.wikipedia.org/wiki/Two-dimensional_space
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Mn species into soluble ones. However, nowadays the modified Hummers-Offeman 

method25 is the most used approach to get GO since avoids the use of the hazardous 

NaNO3. 

During the chemical preparation of GO and due to the strong oxidation conditions and the 

aqueous acidic work-up process, different highly oxidized polyaromatic carboxylated 

species as well as fulvic and humic acid fragments are formed as byproducts (Scheme 1). 

These carbonaceous species, commonly known as organic debris (OD), are strongly 

bonded to the GO surface through non-covalent interactions. Organic debris acts as GO-

surfactant and can modify the chemical environment of GO avoiding covalent or non-

covalent interactions with substrates.26 Because of that, usually OD is usually removed 

from the GO layers with basic washings. On the contrary, in 2015 Dimiev and co-workers 

suggested that the strong basic conditions used during the GO work-up rather than the 

highly acid media employed during the oxidation step, were responsible for the generation 

of OD.27 However, the origin as well as the chemical and optical properties of these 

“discarded” material have not been studied in detail so far.28,29 

 
Scheme 1. Modified Hummers-Offeman synthesis of GO and elimination of OD. 

                                                 
25 Stankovich, S.; Piner, R. D.; Chen, X.; Wu, N.; Nguyen, S. T.; Ruoff, R. S. J. Mater. Chem. 2006, 16, 155-158. 
26 Coluci, V. R.; Martinez, D. S. T.; Honório, J. G.; de Faria, A. F.; Morales, D. A.; Skaf, M. S.; Alves, O. L.; 
Umbuzeiro, G. A. J. Phys. Chem. C 2014, 118, 2187-2193. 
27 Dimiev, A. M.; Polson, T. A. Carbon 2015, 93, 544-554. 
28 Naumov, A.; Grote, F.; Overgaard, M.; Roth, A.; Halbig, C. E.; Nørgaard, K.; Guldi, D. M.; Eigler, S. J. Am. Chem. 
Soc. 2016, 138, 11445-11448. 
29 Rourke, J. P.; Pandey, P. A.; Moore, J. J.; Bates, M.; Kinloch, I. A.; Young, R. J.; Wilson, N. R. Angew. Chem. Int. 
Ed. 2011, 50, 3173-3177. 
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Depending on the oxidation conditions, GO can be prepared with different O/C ratios, 

affording a variety of oxygen-functionalized structures.30 There are different proposals for 

the structure of GO depending on the oxygen functionalization present on the material 

surface (hydroxyls, epoxides or carbonyl derivatives) and edges (lactones, carboxylic acids 

and sulphonic groups), among others. Currently, Lerf Klinowski’s proposal31 is one of the 

most accepted32 where the hydroxyl and epoxide groups are dominant functionalities 

residing mainly on the basal plane. Other functional groups, such as carboxylic acids, 

ketones, phenols, lactols and lactones are accommodated in holes, defects and edges of the 

material (Figure 3). 

 
Figure 3. Lerf Klinowski´s GO structure. 

Other important G-mat is reduced graphene oxide (rGO), which is obtained by thermal or 

chemical reduction of GO. The most employed chemical reducing methods involve the use 

of hydrazine hydrate (N2H4·H2O)33,34 or sodium borohydride (NaBH4)35 as it is 

represented in Scheme 2. 

 

                                                 
30 Langley, L. A.; Villanueva, D. E.; Fairbrother, D. H. Chem. Mat. 2006, 18, 169-178. 
31 (a) Su, C.; Loh, K. P. Acc. Chem. Res. 2013, 46, 2275-2285, (b) He, H.; Riedl, T.; Lerf, A.; Klinowski, J. J. Phys. 
Chem. Lett. 1996, 100, 19954-19958. 
32 (a) Dreyer, D. R.; Park, S.; Bielawski, C. W.; Ruoff, R. S. Chem. Soc. Rev. 2010, 39, 228-240, (b) Loh, K. P.; Bao, 
Q.; Ang, P. K.; Yang, J. J. Mater. Chem. 2010, 20, 2277-2289, (c) Loh, K. P.; Bao, Q.; Eda, G.; Chhowalla, M. Nat. 
Chem. 2010, 2, 1015-1024. 
33 Mao, S.; Pu, H.; Chen, J. RSC Adv. 2012, 2, 2643-2662. 
34 Chua, C. K.; Pumera, M. Chem. Soc. Rev. 2014, 43, 291-312. 
35 Zhang, W.; Li, Y.; Peng, S. ACS Appl. Mater. Interfaces 2016, 8, 15187-15195. 
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As a result of the reduction process, the O/C ratio in rGO derivatives is always lower than 

in the GO precursors. 

 
Scheme 2. Synthesis of rGO with N2H4·H2O or NaBH4. 

 

Homogeneous catalysis presents several disadvantages from the fine chemical industry 

point of view, such as a challenging catalyst separation and recycling which usually leads 

to higher process costs and final product contamination. In this sense, a wide range of 

nano-carbonaceous materials, including functionalized GO and rGO, have been employed 

as supports of metal complexes as well as metal nanoparticles in cross-coupling 

reactions.36,37 

On the other hand, during the last decade the use of oxygen-functionalized G-mats as 

metal-free sustainable carbocatalysts has emerged as an alternative to conventional 

catalysts in different organic transformations.38 Additionally, the presence of numerous 

oxygen functional groups and the defects on the high surface area of G-mats allow its use 

in photo- and electrocatalytic reactions, among others.39 Furthermore, their easy 

functionalization converts G-mats into supports with potential applications in asymmetric 

organocatalysis.  

 

                                                 
36 Gabriela, B.; Mihaela, D. L. Micro and Nanosystems 2013, 5, 138-146. 
37 Garg, B.; Ling, Y.-C. Green Mat. 2013, 1, 46-61. 
38 (a) Su, D. S.; Wen, G.; Wu, S.; Peng, F.; Schlögl, R. Angew. Chem. Int. Ed. 2017, 56, 936-964, (b) Liu, L.; Zhu, Y.-
P.; Su, M.; Yuan, Z.-Y. ChemCatChem 2015, 7, 2765-2787. 
39 Navalon, S.; Dhakshinamoorthy, A.; Alvaro, M.; García, H. Chem. Rev. 2014, 114, 6179-6212. 
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1.1. Antecedents 

 

1.1.1 Palladium-Catalyzed Suzuki-Miyaura Coupling Reactions 

Transition metal-catalyzed C-C and C-Het (Het = N, O, S, P, etc) coupling reactions 

are one of the most employed methodologies in synthetic organic chemistry, especially in 

the fields of fine and drug chemistry (Figure 4).40,41  

 
Figure 4. Number of publications (2004-2016) for the most used reactions (Source: Scifinder). 

In the last two decades, from the wide range of transition metals able to perform coupling 

reactions, palladium has been the most employed,42 as shown in Figure 5. This is due to 

the high catalytic activity and the selectivity of the wide variety of palladium complexes 

prepared so far in comparison with other metals. 

                                                 
40 (a) Ananikov, V. P.; Beletskaya, I. P. Organomet. 2012, 31, 1595-1604, (b) Ananikov, V. P.; Beletskaya, I. P. 
Organomet. 2012, 31, 1595-1604, (c) Negishi, E. Bull. Chem. Soc. Jpn. 2007, 80, 233-257, (d) Torborg, C.; Beller, M. 
Adv. Synth. Catal. 2009, 351, 3027-3043, (e) Diederich, F.; De Meijere, A., Metal-Catalyzed Cross Coupling 
Reactions. 2nd ed.; Wiley: Weinheim, 2004. 
41 Magano, J.; Dunetz, J. R. Chem. Rev. 2011, 111, 2177-2250. 
42 (a) Negishi, E.; Meijere, A. Handbook of Organopalladium Chemistry for Organic Synthesis. Wiley: New York, 
2002, (b) Tsuji, J. Perspectives in Organopalladium Chemistry for the XXI Century. Elsevier Science, 1999, (c) 
Malleron, J.-L.; Fiaud, J. C.; Lagros, J. Y. Handbook of Palladium-Catalyzed Organic Reactions; Academic Press. San 
Diego, 1997. 
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Figure 5. Most employed transition metals in cross-coupling reactions. 

Since the discovery of the Heck reaction at the end of the sixties,43 a large number of 

palladium-catalyzed cross-coupling reactions have been developed using different 

nucleophiles (Scheme 3). Thus, in 1972 Kumada reported the successful use of 

organomagnesium reagents as nucleophilic partners in the cross-coupling process.44 Five 

years later, in 1977, Negishi45 and Stille described the use of organozinc and organotin 

compounds respectively, to carry out Pd-catalyzed carbon-carbon bond forming 

reactions.46 Later, in 1979, Suzuki and his co-worker Miyaura used alkenylboranes in the 

Pd-catalyzed cross-coupling reaction with aryl- and alkenyl halides.47 In 1988, Hiyama 

reported the first use of organosilicon compounds as nucleophiles in the generation of new 

carbon-carbon bonds.48 Finally, although it has been known since 1983,49 the nowadays 

recognized as the Buchwald-Hartwig reaction was reported by these authors in 1995 

leading to the catalytic formation of C-N bonds.50 These Pd-catalyzed processes usually 

involve different coupling substrates, tolerate many functional groups and are frequently 

used in the synthesis of biaryls, styrenes, stilbenes, allylic olefins and alkynes by Csp2-

Csp2, Csp2-Csp3, Csp2-Csp and Csp-Csp couplings (Scheme 3).  
                                                 
43 (a) Heck, R. F.; Nolley, J. P. J. Org. Chem. 1972, 37, 2320-2322, (b) Heck, R. F.; Nolley, J. P. J. Org. Chem. 1972, 
37, 2320-2322, (c) Mizoroki, T.; Mori, K.; Ozaki, A. Bull. Chem. Soc. Jpn. 1971, 44, 581, (d) Heck, R. F. J. Am. 
Chem. Soc. 1968, 90, 5518-5526. 
44 Tamao, K.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94, 4374-4376. 
45 King, A. O.; Okukado, N.; Negishi, E. J. Chem. Soc. 1977, 0, 683-684. 
46 (a) Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1978, 100, 3636-3638, (b) Masanori, K.; Yutaka, S.; Toshihiko, M. 
Chem. Lett. 1977, 6, 1423-1424. 
47 Miyaura, N.; Yamada, K.; Suzuki, A. Tetrahedron Lett. 1979, 20, 3437-3440. 
48 Hatanaka, Y.; Hiyama, T. J. Org. Chem. 1988, 53, 918-920. 
49 Masanori, K.; Masayuki, K.; Toshihiko, M. Chem. Lett. 1983, 12, 927-928. 
50 (a) Guram, A. S.; Rennels, R. A.; Buchwald, S. L. Angew. Chem. Int. Ed. 1995, 34, 1348-1350, (b) Louie, J.; 
Hartwig, J. F. Tetrahedron Lett. 1995, 36, 3609-3612. 
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Scheme 3. Cross-coupling reactions catalyzed by Pd. 

The importance of the palladium-catalyzed reactions in all areas of Science has been 

recognized with the Nobel Prize in Chemistry to three representative researches in this 

field: Professor Richard F. Heck, Professor Eichi Negishi and Professor Akira Suzuki 

(Figure 6).51 

 
Figure 6. Number of publications (2006-2016) of Pd-catalyzed cross-coupling reactions (Source: Scifinder). 

1.1.2. Suzuki-Miyaura Cross-Coupling Reaction 

The use of boron derivatives as nucleophiles in Pd-catalyzed coupling reactions was 

originally discovered by Eiichi Negishi in 1977.52 However, this author focused his 

                                                 
51 (a) Heck, R. F.; Nolley, J. P. J. Org. Chem. 1972, 37, 2320-2322, (b) Heck, R. F. J. Am. Chem. Soc. 1968, 90, 5518-
5526. 
52 (a) Negishi, E.; King, A. O.; Okukado, N. J. Org. Chem. 1977, 42, 1821-1823, (b) Negishi, E., Selective Carbon-
Carbon Bond Formation Via Transition Metal Catalysis: Is Nickel or Palladium Better than Copper? in Aspects of 
Mechanism and Organomatallic Chemistry, Plenum: New York, 1978. 
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research on the Pd-catalyzed C-C bond formation using organozinc nucleophiles. In 1979, 

Suzuki and Miyaura reported the Pd-catalyzed cross-coupling reaction between aryl- and 

alkenyl halides with boron-derived compounds.47,53 Nowadays, a wide range of 

nucleophiles and electrophiles have been efficiently coupled with excellent yields in 

organic and aqueous solvents due to the high stability of the reagents involved in both 

media (Scheme 4).54 

 
Scheme 4. Suzuki-Miyaura cross-coupling reaction. 

Regarding electrophiles, aryl-, alkenyl- and alkyl halides as well as phenol derivatives, 

such as triflates, carbamates, carbonates, phosphonium salts and sulfamates have been 

used in the Suzuki reaction.55 Boronic acids are the most employed nucleophiles. 

However, the partial formation of boroxines could negatively affect the stoichiometry of 

the coupling. Thus, different alternatives have been reported, such as the use of boranes, 

potassium trifluoroborates and boronic esters (Scheme 4).56 For instance, N-

methyliminodiacetic acid (MIDA) esters have recently been shown as highly reactive 

                                                 
53 Miyaura, N.; Suzuki, A. J. Chem. Soc. 1979, 866-867. 
54 (a) Fihri, A.; Bouhrara, M.; Nekoueishahraki, B.; Basset, J.-M.; Polshettiwar, V. Chem. Soc. Rev. 2011, 40, 5181-
5203, (b) Alonso, F.; Beletskaya, I. P.; Yus, M. Tetrahedron 2008, 64, 3047-3101, (c) Bellina, F.; Carpita, A.; Rossi, 
R. Synthesis 2004, 2419-2440, (d) Suzuki, A. J. Organomet. Chem. 1999, 576, 147-168, (e) Miyaura, N.; Yamada, K.; 
Suzuki, A. Tetrahedron Lett. 1979, 20, 3437-3440. 
55 Li, B.-J.; Yu, D.-G.; Sun, C.-L.; Shi, Z.-J. Chem. Eur. J. 2011, 17, 1728-1759. 
56 Lennox, A. J. J.; Lloyd-Jones, G. C. Chem. Soc. Rev. 2014, 43, 412-443. 
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coupling-partners in the Suzuki-Miyaura reaction,57 extending the synthetic possibilities of 

this methodology towards the synthesis of polyenic natural products.58 In addition, 

potassium organotrifluoroborates are more stable than boronic acids and are easily 

prepared from the corresponding boronic acids by treatment with KHF2 (Scheme 5).59  

 
Scheme 5. Synthesis of potassium organotrifluoroborates. 

Buchwald’s group60 and especially Molander’s group61 have extensively worked with 

potassium organotrifluoroborates as coupling partners in the Suzuki-Miyaura reaction. 

These nucleophiles are stable but reactive enough in the cross-coupling process. Usually, 

potassium trifluoroborates require the use of stronger bases and aqueous solvents 

conditions that generate the corresponding boronic acids in situ. This step is assisted by 

the sequestration of the fluorine ion by the base and the glass of the reaction vessel.62 

Scheme 6 shows, as representative example, the Pd-catalyzed Suzuki coupling between 

cyclopropyltrifluoroborate (more stable than the acid) and 1-(4-chlorophenyl)-1H-pyrrole 

in cyclopentyl methyl ether (CPME) to afford the corresponding product with high yield.61 

 
Scheme 6. Pd-catalyzed Suzuki coupling of potassium trifluoroborates. 

 

                                                 
57 (a) Knapp, D. M.; Gillis, E. P.; Burke, M. D. J. Am. Chem. Soc. 2009, 131, 6961-6963, (b) Uno, B. E.; Gillis, E. P.; 
Burke, M. D. Tetrahedron 2009, 65, 3130-3138, (c) Gillis, E. P.; Burke, M. D. J. Am. Chem. Soc. 2008, 130, 14084-
14085, (d) Lee, S. J.; Gray, K. C.; Paek, J. S.; Burke, M. D. J. Am. Chem. Soc. 2008, 130, 466-468, (e) Gillis, E. P.; 
Burke, M. D. J. Am. Chem. Soc. 2007, 129, 6716-6717. 
58 Woerly, E. M.; Roy, J.; Burke, M. D. Nat. Chem. 2014, 6, 484-491. 
59 Vedejs, E.; Chapman, R. W.; Fields, S. C.; Lin, S.; Schrimpf, M. R. J. Org. Chem. 1995, 60, 3020-3027. 
60 Barder, T. E.; Buchwald, S. L. Org. Lett. 2004, 6, 2649-2652. 
61 (a) Molander, G. A.; Canturk, B. Angew. Chem. Int. Ed. 2009, 48, 9240-9261, (b) Molander, G. A.; Cooper, D. J. J. 
Org. Chem. 2007, 72, 3558-3560.  
62 Butters, M.; Harvey, J. N.; Jover, J.; Lennox, A. J. J.; Lloyd-Jones, G. C.; Murray, P. M. Angew. Chem. Int. Ed. 
2010, 49, 5156-5160. 
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The catalytic cycle of the Suzuki-Miyaura reaction involves three fundamental steps 

(Scheme 7). Initially, an oxidative addition of the electrophile to the Pd(0) catalyst, which 

is considered the rate-limiting step of the reaction for non-reactive electrophiles, takes 

place. The generated Pd(II) complex B by ligand exchange with the base (which can play 

different roles in the catalytic cycle),63 generates complex C which, after transmetalation 

with the nucleophile, affords complex D. Then, this Pd(II) complex suffers reductive 

elimination, generating the corresponding coupling product and recovering the Pd(0) 

catalyst (Scheme 7). 

 
Scheme 7. Catalytic cycle of the Suzuki-Miyaura cross-coupling reaction. 

1.1.3. Suzuki-Miyaura Reaction Catalyzed by Pd-Supported on Graphene-Derived 

Materials 

As previously commented, the Suzuki-Miyaura reaction is usually carried out under 

homogeneous conditions, either in the absence of external ligands64 or using auxiliary 

ligands such as phosphanes65 or N-heterocyclic carbenes (NHCs), among others.66 These 

                                                 
63 (a) Lima, C. F. R. A. C.; Rodrigues, A. S. M. C.; Silva, V. L. M.; Silva, A. M. S.; Santos, L. M. N. B. F. 
ChemCatChem 2014, 6, 1291-1302, (b) Amatore, C.; Jutand, A.; Le Duc, G. Chem. Eur. J. 2011, 17, 2492-2503, (c) 
Carrow, B. P.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 2116-2119, (d) Miyaura, N.; Yamada, K.; Suginome, H.; 
Suzuki, A. J. Am. Chem. Soc. 1985, 107, 972-980. 
64 (a) Jeffery, T. Tetrahedron Lett. 1985, 26, 2667-2670, (b) Jeffery, T. J. Chem. Soc. 1984, 1287-1289, (c) Beletskaya, 
I. P. J. Organomet. Chem. 1983, 250, 551-564. 
65 Littke, A. F.; Fu, G. C. Angew. Chem. Int. Ed. 2002, 41, 4176-4211. 
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high cost catalytic systems are not easily recovered as well as potentially contaminating of 

the final product, which strongly limits their use in industrial applications.67 For these 

reasons, immobilized Pd catalysts (supported on organic, inorganic and hybrid materials) 

have become interesting catalytic systems.68 Numerous heterogeneous Pd catalysts have 

been synthesized, principally using silica, zeolites, carbon, ionic liquids and organic 

polymers as supports.69 Despite the lower catalytic activity usually shown by immobilized 

catalysts with respect to the homogeneous ones; the possibility of being recovered and 

reused makes these materials highly interesting for the chemical industry. 

Focusing on graphene materials (G-mats), these derivatives have proved to be efficient 

supports for palladium nanoparticles (PdNPs) and have been employed as catalysts, 

especially in the Suzuki coupling.70,71 Moreover, the possibility to functionalize G-mats 

allows the preparation of different chemically modified supports with PdNPs stabilizing 

properties. For instance, PdNPs (particle size average 7-9 nm) supported on G (Pd-G, 7.9 

wt% Pd) have demonstrated excellent catalytic activity in the Suzuki cross-coupling 

between aryl bromides as well as activated aryl chlorides with arylboronic acids using 

microwave irradiation (Scheme 8).72 The recovery of the catalyst allowed 8 reaction cycles 

without significant loss of catalytic activity. 

 
Scheme 8. Suzuki coupling catalyzed by PdNPs supported on graphene. 

                                                                                                                                 
66 Valente, C.; Çalimsiz, S.; Hoi, K. H.; Mallik, D.; Sayah, M.; Organ, M. G. Angew. Chem. Int. Ed. 2012, 51, 3314-
3332. 
67 (a) Welch, C. J.; Albaneze-Walker, J.; Leonard, W. R.; Biba, M.; DaSilva, J.; Henderson, D.; Laing, B.; Mathre, D. 
J.; Spencer, S.; Bu, X.; Wang, T. Org. Proc. Res. Dev. 2005, 9, 198-205, (b) Garrett, C. E.; Prasad, K. Adv. Synth. 
Catal. 2004, 346, 889-900. 
68 (a) Molnár, Á. Chem. Rev. 2011, 111, 2251-2320, (b) Yin; Liebscher, J. Chem. Rev. 2007, 107, 133-173. 
69 Phan, N. T. S.; Van-Der-Sluys, M.; Jones, C. W. Adv. Synth. Catal. 2006, 348, 609-679. 
70 (a) Deraedt, C.; Astruc, D. Acc. Chem. Res. 2014, 47, 494-503, (b) Taladriz-Blanco, P.; Hervés, P.; Pérez-Juste, J. 
Top. Catal. 2013, 56, 1154-1170. 
71 For selected examples, see (a) Elazab, H. A.; Moussa, S.; Siamaki, A. R.; Gupton, B. F.; El-Shall, M. S. Catal. Lett. 
2017, 1-13, (b) Sharavath, V.; Ghosh, S. RSC Adv. 2014, 4, 48322-48330. 
72 Siamaki, A. R.; Khder, A. E. R. S.; Abdelsayed, V.; El-Shall, M. S.; Gupton, B. F. J. Catal. 2011, 279, 1-11. 
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In 2009, the group of Bannwarth reported the Suzuki coupling between activated aryl 

bromides or chlorides with arylboronic acids in the presence of a Pd+2-GO catalyst 

obtained from a ligand interchange with Pd(OAc)2.73 As a representative example, the 

coupling reaction between 2-chlorobenzaldehyde and phenylboronic acid catalyzed by 

Pd+2-GO (1 mol% Pd) in aqueous DMA is presented in Scheme 9. As shown, the recovery 

of the catalyst was also studied, but in the 4th cycle a considerably reduction of the 

catalytic activity of the catalyst took place. 

 
Scheme 9. Suzuki-Miyaura reaction catalyzed by Pd+2-GO. 

The catalytic activity in the Suzuki coupling of PdNPs supported on rGO74 or partially 

reduced graphene oxide (prGO) has been also studied.75 Both catalysts promote the 

coupling between aryl bromides and arylboronic acids with a very low catalyst loading 

(TON up to 7800 and TOF up to 230000 h-1) in aqueous conditions. As example, the 

Suzuki coupling between bromobenzene and phenylboronic acid catalyzed by Pd-prGO 

(0.5 mol% Pd) is shown in Scheme 10. Furthermore, the supported catalyst was recovered 

and reused for 7 cycles with a prominent decrease in the catalytic activity (Scheme 10). 

 
Scheme 10. Suzuki-Miyaura coupling reaction catalyzed by PdNPs-prGO. 

 

                                                 
73 (a) Rumi, L.; Scheuermann, G. M.; Mülhaupt, R.; Bannwarth, W. Helv. Chim. Acta 2011, 94, 966-976, (b) 
Scheuermann, G. M.; Rumi, L.; Steurer, P.; Bannwarth, W.; Mulhaupt, R. J. Am. Chem. Soc. 2009, 131, 8262-8270.  
74 (a) Jafar Hoseini, S.; Dehghani, M.; Nasrabadi, H. Catal. Sci. Technol. 2014, 4, 1078-1083, (b) Shendage, S. S.; 
Singh, A. S.; Nagarkar, J. M. Tetrahedron Lett. 2014, 55, 857-860. 
75 Moussa, S.; Siamaki, A. R.; Gupton, B. F.; El-Shall, M. S. ACS Catal. 2012, 2, 145-154. 
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1.2. Objectives 

 

Based on the described antecedents, the following objectives were proposed: 

1. To study the catalytic activity of palladium nanoparticles supported on different 

graphene-derived materials (PdNPs-Gmats) in the Suzuki-Miyaura cross-coupling reaction 

of potassium organotrifluoroborates under aqueous conditions using conventional and 

microwave heating. 

 

2. To study the recyclability of the PdNPs-Gmat catalysts as well as the homogeneous or 

heterogeneous nature of the process. 
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1.3. Discussion of Results 

 

1.3.1 Catalysts 

Initially, the catalytic activity of different palladium nanoparticles (PdNPs) supported 

on graphene-derived materials (PdNPs-Gmats) in the Suzuki-Miyaura reaction was 

studied. For this purpose, three different catalysts 1-3,76 based on graphene (G) and 

reduced graphene oxide (rGO), were evaluated in this study (Figure 7).  

 

Figure 7. Palladium nanoparticles supported on graphene materials. 

Catalyst 1 (PdNPs-rGO/ODA) is an octadecylamine-functionalized rGO containing 

immobilized Pd(0) nanoparticles of 13 nm of average size (6 wt% Pd) (Figure 7). The 

amino functional group provides to this catalyst a good dispersion in organic solvents. On 

the other hand, heterogeneous catalyst 2 contains 6 wt% Pd(0) nanoparticles with an 

average size of 5 nm supported over a G material (PdNPs-G). Finally, catalyst 3 consists 

of Pd(0) nanoparticles (6.9 nm average size, 6 wt% Pd) supported over rGO (PdNPs-

rGO) (Figure 7). Catalysts 2 and 3 disperse better in aqueous solvents. 

1.3.2 Suzuki-Miyaura Coupling Catalyzed by PdNPs-Gmats  

The Suzuki-Miyaura cross-coupling between 4-bromoanisole and potassium 

phenyltrifluoroborate was selected as model reaction in order to study the catalytic activity 

of the Pd supported catalysts 1-3 (Scheme 11). In this study, the catalyst loading and the 

reaction solvent were firstly evaluated. 

                                                 
76 Catalysts 1-3 were provided by Nanoinnova Technologies S.L. 
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Scheme 11. Suzuki-Miyaura cross-coupling reaction catalyzed by 1-3. 

Initially, a mixture of MeOH/H2O: 1/1 was used in the coupling reaction of 4-

bromoanisole (1 equiv) and PhBF3K (1.25 equiv) catalyzed by 1-3 (0.1 mol% Pd) in the 

presence of K2CO3 as base (2 equiv) at 80 ºC for 20 h. As expected, catalyst 1, which 

scatters poorly in aqueous solvents, resulted inactive in this aqueous mixture (Table 1, 

entry 1). Unexpectedly, catalyst 1 also failed when the reaction was performed in an apolar 

solvent such as toluene (Table 1, entry 2). In sharp contrast, catalysts 2 and 3 in the 

MeOH/H2O mixture afforded 4-methoxybiphenyl (4) in a 70 and 75% yield, respectively 

(Table 1, entries 3 and 4). The lack of activity shown by catalyst 1 was adscribed to the 

higher PdNPs size (13 nm) in comparison with catalysts 2 and 3. Consequently, 1 was 

excluded from the next optimization assays. The activity of catalysts 2 and 3 decreased 

when the reactions were carried out in pure water or in methanol, giving 4 with lower 

yields (Table 1, entries 5-8). The use of three different surfactants was tested in order to 

improve the results of the reaction in water. Thus, the model reaction (Scheme 11) was 

performed employing catalyst 2 (0.1 mol% Pd) in the presence of 20 mol% of some 

additives namely: polyoxyethanyl-α-tocopheryl sebacate (PTS, neutral surfactant), 

tetrabutylammonium bromide (TBAB, cationic surfactant) and sodium 

dodecylbenzenesulfonate (SDBS, anionic surfactant) (Table 1, entries 9-11). Only in the 

presence of SDBS an improvement in the formation of the coupling product was observed, 

reaching a 49% yield of 4 (Table 1, entry 11). Considering the significant solvent effect 

observed, two additional mixtures (MeOH/H2O: 1/3 and 3/1) were also tested, under the 

same reaction conditions, using catalysts 2 and 3 (Table 1, entries 12-15). The mixture 

MeOH/H2O: 3/1 afforded better results (Table 1, entries 12 and 14) using both catalysts. 

Additionally, the reaction was performed under microwave irradiation (80 ºC, 40 W, 2 h) 

and the product 4 was obtained in a 92% yield (Table 1, entry 12). 
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In addition, the catalyst loading could be reduced to 0.01 mol% Pd just observing a slight 

decrease of the catalytic activity (Table 1, entries 16 and 17). Finally, other Pd(0) 

catalysts, such as the heterogeneous Pd on carbon (Pd-C) and the homogeneous Pd2(dba)3 

were employed as catalysts in the model reaction. Lower yields were observed in both 

cases, particularly under homogeneous conditions (Table 1, entries 18 and 19). 
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After the optimization process, the best reaction conditions to couple 4-bromoanisole and 

potassium phenyltrifluoroborate in aqueous media (MeOH/H2O: 3/1) involved the use of 

catalyst 2 (PdNPs-G, 0.1 mol% Pd), K2CO3 as base, at 80 ºC for 20 h. 

Next, in order to study the scope of the reaction using catalyst 2 under the optimized 

reaction conditions, different electrophiles were tested (Table 2). Potassium 

phenyltrifluoroborate reacted with the deactivated and sterically hindered 2-bromotoluene 

producing the corresponding biaryl 5 in 45% isolated yield, albeit the conversion was 78% 

(Table 2, entry 2). Other more sterically hindered electrophiles, such as 2-bromo-1,3-

dimethylbenzene did not react with potassium phenyltrifluoroborate (Table 2, entry 3), 

demonstrating the sensitivity of the catalytic system to the steric effects. On the contrary, 

activated aryl bromides such as 4-bromoacetophenone and 1-bromonaphthalene, produced 

the corresponding biarylic systems 7 and 8 in a 74% and 64% isolated yield, respectively 

(Table 2, entries 4 and 5). Moreover, heterocyclic bromides such as 2-bromopyridine and 

2-bromothiophene reacted with potassium phenyltrifluoroborate producing compounds 9 

and 10 in low yields (Table 2, entries 6 and 7). These results could be slightly improved by 

increasing both the catalyst loading to 1 mol% Pd and the amount of nucleophile to 2 

equiv (Table 2, entries 6 and 7). The use of more reactive electrophiles, such as 4-

iodoanisole, phenyltriflate and 4-methoxyphenyldiazonium tetrafluoroborate, under the 

optimized reaction conditions for aryl bromides, gave very different results. For example, 

4-iodoanisole coupled effectively with potassium phenyltrifluoroborate giving product 4 in 

96% yield (Table 2, entry 8). However, the diazonium salt did not yield any cross-

coupling product while phenyl triflate only produced the expected product 11 in 14% yield 

(Table 2, entries 9 and 10). Finally, the reactivity of aryl chlorides was tested employing 

the activated 4-chloroacetophenone but the corresponding biphenyl 7 was only obtained 

with a 7% yield (Table 2, entry 11). 
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The nucleophile scope was studied by employing different potassium aryl- and 

heteroaryltrifluoroborates, as well as other boron-derived reagents (Table 3). Initially, 

potassium 2- and 4-tolyltrifluoroborate were successfully coupled with 4-bromoanisole, 

yielding the corresponding biaryls 12 and 13 with 72 and 68%, respectively (Table 3, 

entries 1 and 2).  

 

Furthermore, 1-bromo-2-methylbenzene yielded product 14 in a 62%, by reaction with 

potassium 4-methylphenyltrifluoroborate (Table 3, entry 3).  
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The more deactivated nucleophile potassium 4-(trifluoromethyl)phenyltrifluoroborate gave 

35% yield of reaction product when coupling with 4-bromoanisole (Table 3, entry 4). 

Regarding the use of heterocyclic trifluoroborates, the reaction between 4-

bromoacetophenone and potassium 2-thienyltrifluoroborate gave product 16 in 50% yield, 

although 1 mol% Pd and 2 equiv of nucleophile were necessary (Table 3, entry 5). 

Concerning other boron reagents, phenylboronic acid resulted slightly less active than the 

corresponding trifluoroborate (Table 3, entry 6). The reactivity of the phenylboronic acid 

pinacol ester was also studied, obtaining a 73% yield of the corresponding isolated product 

4 (Table 3, entry 7). Finally, phenylboronic acid MIDA ester was not reactive under the 

employed reaction conditions (Table 3, entry 8). 

As previously mentioned, product 4 was isolated in 94% yield under the optimized 

reaction conditions from the coupling between 4-bromoanisole and potassium 

phenyltrifluoroborate (Table 2, entry 1). Thus, a multi-gram experiment was also 

performed in order to demonstrate the synthetic utility of the methodology. As depicted in 

Scheme 12, the reaction between 4-bromoanisole (53.5 mmol, 10.0 g) and potassium 

phenyltrifluoroborate (66.7 mmol, 12.3 g) catalyzed by 2 (0.1 mol% Pd) under 

conventional heating conditions (80 ºC) provided product 4 in 99% isolated yield. 

Interestingly, a very low Pd leaching was determined in the product by ICP-MS (1.71 × 

10-3 % Pd). 

 
Scheme 12. Gram-scale experiment of the Suzuki-Miyaura coupling catalyzed by 2. 
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1.3.3. Study of the Recovery and Reaction Mechanism of the Suzuki Coupling 

Catalyzed by 2 

The most important advantage of metal-based heterogeneous catalysts is their 

recyclability. Thus, a study of catalyst 2 recyclability was carried out in the model reaction 

(Scheme 11) using 1 mol% Pd (to facilitate the experimental procedure) under 

conventional and microwave heating conditions (Scheme 13).  

  
Scheme 13. Recyclability study of supported catalyst 2. 

After each reaction cycle, catalyst 2 was recycled by washing the crude with a solvent 

mixture of EtOAc/MeOH/H2O: 4/3/1 and subsequent centrifugation (2000 rpm, 15 min). 

As depicted in Scheme 13, 2 could be easily recycled at least 8 times without losing the 

catalytic activity when using microwave irradiation conditions. However, under 

conventional heating, the activity of catalyst 2 significantly dropped after 5 runs.  

Inductively coupled plasma mass spectrometry (ICP-MS) analysis of the washings after 

the 1st run, under both reaction conditions (MW and conventional heating) showed 

different Pd leaching levels for catalyst 2.  

 
Scheme 14. Leaching experiments under conventional and MW heating and deposition by gravity. 
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Thus, after the 1st reaction cycle using conventional heating, only 15 ppb of Pd leached 

from 2 was detected in the reaction washings after 15 minutes of catalyst deposition by 

gravity without stirring (Scheme 14). On the contrary, 1103 ppb of Pd were detected on 

the washings after the 1st cycle under microwave irradiation conditions using a similar 

catalyst deposition procedure (Scheme 14). It should be highlighted that to perform these 

studies, the catalyst was separated and recovered from the reaction mixture by gravity 

deposition without centrifugation in order to minimize a possible re-deposition of the 

leached Pd species back on the support. 

The unexpected result related with the Pd leaching when performing the Suzuki coupling 

under microwave irradiation conditions led us to carry out the same experiment but 

analyzing the Pd content of the solution after centrifugation of the mixture for 15 minutes 

at 2000 rpm. As depicted in Scheme 15, the ICP-MS analysis of the supernatant only 

showed 177 ppb of Pd. 

 
Scheme 15. Leaching experiment under MW heating and deposition by centrifugation. 

Therefore, the leaching of palladium nanoparticles from 2 should not be the main reason 

for the decrease of the catalytic activity after the 5th run using conventional thermal 

conditions. Then, transmission electron microscopy (TEM) analysis of fresh (Figure 8) 

and recovered catalysts (after the 8th cycle) using conventional (Figure 9) and microwave 

heating (Figure 10) were performed. As shown, the agglomeration of Pd nanoparticles on 

the G sheets was insignificant in both cases (Figure 9 and Figure 10), but it was observed 

that after the 8th run the average nanoparticle size for catalyst 2 (originally 4.5 nm) had 

increased much more using conventional heating than using microwaves (13.4 nm versus 

6.6 nm). This result could justify the lower reactivity of the recycled catalyst 2 under 

conventional heating conditions. 
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Figure 8. TEM images and size distribution of 2. 

 
Figure 9. TEM images and size distribution of 2 after 8 cycles using conventional heating conditions. 

 
Figure 10. Size distribution of 2 after 8 cycles using microwave heating conditions. 
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In order to gain insight into the homogeneous or heterogeneous behaviour77 of catalyst 2 

using conventional and microwave heating conditions, different hot filtration 

experiments78 were performed. Firstly, the coupling reaction between 4-bromoanisole and 

potassium phenyltrifluoroborate catalyzed by 2 (0.1 mol% Pd) was carried out under the 

optimal reaction conditions for 3 h. After this time, 8% conversion of the Suzuki coupling 

product 4 was observed by GC analysis. Then, the catalyst was separated from the reaction 

mixture by centrifugation. The filtrate was transferred to another reaction flask where 

stirring was continued at 80 ºC for 17 h (Scheme 16). After this time, no reaction progress 

was observed by GC analysis confirming that the reaction took place under heterogeneous 

conditions and no leached palladium nanoparticles were present in the solution during the 

reaction process. On the other hand, a second hot filtration experiment was carried out in 

which no centrifugation was performed to prevent a re-deposition of the leached Pd back 

on the catalyst support. In this case, a slight increase of the reaction conversion (from 8% 

to 15%) was observed after 17 h (Scheme 16). 

 
Scheme 16. Hot test filtration experiment under conventional heating conditions. 

This experiment was in agreement with the low Pd leaching observed by ICP-MS from the 

solid support using conventional heating, as previously described. Additionally, the 

homogeneous/heterogeneous behaviour of catalyst 2 under MW irradiation conditions was 

also studied. A hot filtration experiment was performed confirming the coexistence of a 

                                                 
77 Nishina, Y.; Miyata, J.; Kawai, R.; Gotoh, K. RSC Adv. 2012, 2, 9380-9382. 
78 Hartwig, J. F. Acc. Chem. Res. 1998, 31, 852-860. 
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dissolution/re-deposition mechanism.79 Thus, after heating at 80 ºC (40 W, 15 min) 

catalyst 2 (0.1 mol% Pd) in a 3/1 MeOH/H2O mixture, the filtrate was monitored for 

continued activity after adding fresh reactants. As depicted in Scheme 17, after 1 h and 45 

min only 2% conversion was observed when the catalyst was separated by centrifugation 

(the active Pd was re-deposited on the solid support). On the contrary, 99% conversion 

was obtained when the filtrate was separated from the catalyst without centrifugation 

(Scheme 17). 

 
Scheme 17. Hot test filtration experiment under MW irradiation. 

 

 

 

 

                                                 
79 (a) Köhler, K.; Heidenreich, R. G.; Krauter, J. G. E.; Pietsch, J. Chem. Eur. J. 2002, 8, 622-631, (b) Davies, I. W.; 
Matty, L.; Hughes, D. L.; Reider, P. J. J. Am. Chem. Soc. 2001, 123, 10139-10140. 
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1.4. Experimental Data 

 

1.4.1. General 

Unless otherwise noted, all commercial reagents and solvents were used without 

further purification. 1H-NMR and 13C-NMR spectra were obtained on a Bruker AV-300 or 

AV-400. Low-resolution mass spectra (MS) were recorded in the electron impact mode 

(EI, 70 eV, He as carrier phase) using an Agilent 5973 Network Mass Selective Detector 

spectrometer, being the samples introduced through an Agilent 6890N GC equipped with a 

HP-5MS column [(5%-phenyl)-methylpolysiloxane; length 30 m; ID 0.25 mm; film 0.25 

mm]. Analytical TLC was performed on Merck aluminium sheets with silica gel 60 F254. 

Silica gel 60 (0.04-0.06 mm) was employed for column chromatography. The conversion 

of the reactions was determined by GC analysis on an Agilent 6890N Network GC system. 

Centrifugations were carried out in a Hettich centrifuge (Universal 320, 2000 rpm, 15 

minutes). ICP-MS analysis were performed on an Agilent 7700x equipped with HMI (high 

matrix introduction) and He mode ORS as standard. Elemental analyses were determined 

with a C, H, N, and S elemental micro analyzer with Micro detection system TruSpec 

LECO. Transmission electron microscopy (TEM) was performed in JEOL Model JEM-

2010. This microscope features an OXFORD X-ray detector model INCA Energy TEM 

100 for microanalysis (EDS). The image acquisition camera is of the brand GATAN 

model ORIUS SC600. It is mounted on the axis with the microscope at the bottom and is 

integrated into the GATAN DigitalMicrograph 1.80.70 image acquisition and processing 

program for GMS 1.8.0. The supported catalysts were sonicated in ultrasounds P-Selecta 

(360 W). 
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1.4.2. Typical Procedure for the Suzuki-Miyaura Coupling Reaction under 

Conventional Heating Conditions  

A 10 mL glass vessel was charged with catalyst 2 (0.3 mg, 0.1 mol% Pd), 4-

bromoanisole (21 μL, 0.16 mmol, 1 equiv), potassium phenyltrifluoroborate (38 mg, 0.20 

mmol, 1.25 equiv), K2CO3 (45.5 mg, 0.33 mmol, 2 equiv) and MeOH/H2O: 3/1 (0.4 mL). 

The vessel was sealed with a pressure cap and the mixture was stirred and heated at 80 ºC 

for 20 h. Then, the mixture was cooled down to room temperature and H2O (4 mL) and 

EtOAc (4 mL) were added. The mixture was filtered through a cotton plug and extracted 

with EtOAc (3 × 10 mL). The organic layers were dried over MgSO4 and after filtration 

the solvent was evaporated under reduced pressure. The crude residue was purified by 

column chromatography (Hexane/EtOAc: 95/5) to obtain pure 4 (0.0275 g, 94% yield). 

1.4.3. Typical Procedure for the Suzuki-Miyaura Coupling Reaction under MW 

Irradiation Conditions 

A 10 mL MW vessel was charged with catalyst 2 (0.3 mg, 0.1 mol% Pd), 4-

bromoanisole (21 μL, 0.16 mmol, 1 equiv), potassium phenyltrifluoroborate (38 mg, 0.20 

mmol, 1.25 equiv), K2CO3 (45.5 mg, 0.33 mmol, 2 equiv) and MeOH/H2O: 3/1 (0.4 mL). 

The vessel was sealed with a pressure cap and the mixture was heated at 80 ºC using MW 

irradiation (40 W, 2 h) in a CEM Discover MW reactor. The mixture was cooled down to 

room temperature and H2O (4 mL) and EtOAc (4 mL) were added. The mixture was 

filtered through a cotton plug and extracted with EtOAc (3 × 10 mL). The organic layers 

were dried over MgSO4 and after filtration the solvent was evaporated under reduced 

pressure. The crude residue was purified by column chromatography (Hexane/EtOAc: 

95/5) to obtain pure 4 (0.0269 g, 92% yield). 

1.4.4. Typical Procedure for Catalyst Recovery 

Once the reaction was finished (Figure 11a), the mixture was diluted with 10 mL of a 

mixture of EtOAc/MeOH/H2O 4/3/1 and stirred (Figure 11b). This mixture was 

centrifuged (2000 rpm, 20 min) (Figure 11c) and the solvent was removed using a syringe 

equipped with a filter (4 mm PTFE syringe filter, 0.2 μm).  
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Figure 11. Typical procedure for the recovery of the catalyst: (a) End of the reaction; (b) After adding a mixture of 

EtOAc/MeOH/H2O 4/3/1; (c) After centrifugation; (d) After removal of the solvent. 

The washing/centrifugation sequence was repeated four additional times until no product 

was detected in the liquid phase by thin layer chromatography. The residual solvent was 

completely removed under reduced pressure (Figure 11d) affording the Pd catalyst which 

was directly used in the same tube with fresh reagents for the next run. This procedure was 

repeated for every cycle and the conversion of the reaction was determined by GC using 

decane as internal standard. 

1.4.5. Analysis of Supported Palladium Nanoparticles 

 Hot Test Experiments 

Hot test Experiment Using Conventional Heating Conditions 

A 10 mL glass vessel was charged with catalyst 2 (0.3 mg, 0.1 mol% Pd), 4-

bromoanisole (21 μL, 0.16 mmol, 1 equiv), potassium phenyltrifluoroborate (38 mg, 0.20 

mmol, 1.25 equiv), K2CO3 (45.5 mg, 0.33 mmol, 2 equiv) and MeOH/H2O: 3/1 (3 mL). 

The vessel was sealed with a pressure cap and the mixture was stirred and heated at 80 ºC 

a) b)

c)

d)
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for 3 h obtaining 8% of conversion of the corresponding coupling product 4. After this 

time, the separation of the supported catalyst was carried out by centrifugation (2000 rpm, 

15 min) or by deposition by gravity. Then the supernatant was filtered using a syringe 

equipped with a filter (4 mm PTFE syringe filter, 0.2 μm) and it was transferred to another 

tube and the reaction was stirred at 80 ºC for 17 h more. After this time, no further 

increasement of the conversion was observed. 

Hot Test Experiment Using Microwave Irradiation Conditions  

A 10 mL glass vessel was charged with catalyst 2 (0.3 mg, 0.1 mol% Pd) and 

MeOH/H2O: 3/1 (0.4 mL). The vessel was sealed with a pressure cap, and the mixture was 

stirred and heated at 80 ºC using microwave irradiation conditions (40 W, 15 min). Then, 

the separation of the catalyst was carried out by centrifugation (2000 rpm, 20 minutes) or 

by deposition by gravity. Then, the supernatant was filtrated using a syringe equipped with 

a filter (4 mm PTFE syringe filter, 0.2 μm) affording the corresponding solution which 

was transferred to another glass vessel and fresh reactants [4-bromoanisole (21 μL, 0.16 

mmol, 1 equiv), potassium phenyltrifluoroborate (38 mg, 0.20 mmol, 1.25 equiv), K2CO3 

(45.5 mg, 0.33 mmol, 2 equiv)] were added. The reaction was stirred at 80 ºC for 1 h and 

45 min more. 

 Catalyst Leaching Experiment 

To confirm the assumption of re-deposition of palladium nanoparticles, a leaching 

experiment was carried out under conventional and microwave irradiation heating 

conditions.  

Catalyst Leaching Experiment Using Conventional Heating Conditions 

A 10 mL glass vessel was charged with catalyst 2 (3 mg, 1 mol% Pd), 4-bromoanisole 

(21 μL, 0.16 mmol, 1 equiv), potassium phenyltrifluoroborate (38 mg, 0.20 mmol, 1.25 

equiv), K2CO3 (45.5 mg, 0.33 mmol, 2 equiv) and MeOH/H2O: 3/1 (0.4 mL). The vessel 

was sealed with a pressure cap and the mixture was stirred and heated at 80 ºC for 20 h. 

Then a mixture of EtOAc/MeOH/H2O: 4/3/1 (1.6 mL) was added and stirred to get a clear 



Chapter 1                                                                                                   Experimental Data 
 

81 
 

solution where only a suspension of the supported catalyst could be observed. Stirring was 

stopped and a sample was taken after 15 minutes to perform an ICP-MS analysis in orden 

to confirm the re-deposition of the nanoparticles obtaining an amount of 15 ppb of Pd. 

Catalyst Leaching Experiment Using Microwave Irradiation Conditions 

A 10 mL glass vessel was charged with catalyst 2 (3 mg, 1 mol% Pd), 4-bromoanisole 

(21 μL, 0.16 mmol, 1 equiv), potassium phenyltrifluoroborate (38 mg, 0.20 mmol, 1.25 

equiv), K2CO3 (45.5 mg, 0.33 mmol, 2 equiv) and MeOH/H2O: 3/1 (0.4 mL). The vessel 

was sealed with a pressure cap, and the mixture was stirred and heated at 80 oC under 

microwave irradiation conditions (40 W, 2 h). Then, a mixture of EtOAc/MeOH/H2O: 

4/3/1 (1.6 mL) was added and stirred to get a clear solution where only a suspension of the 

supported catalyst could be observed. Stirring was stopped and a sample to ICP-MS 

analysis was taken after 15 minutes of re-deposition of the nanoparticles from the solution, 

obtaining 1103 ppb of Pd. Additionally, a sample was also taken when the above 

experiment was carried out in a similar manner but taking the sample from the solution 

after centrifugation (2000 rpm, 15min) instead deposition by gravity, obtaining ICP 

analysis only 177 ppb of Pd. 

1.4.6. Physical and Spectroscopic Data 

4-Methoxy-1,1'-biphenyl (4)80 

White solid; Yield 94%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.66-7.51 

(m, 4H), 7.45 (t, J = 7.5 Hz, 2H), 7.38-7.30 (m, 1H), 7.02 (d, J = 

8.8 Hz, 2H), 3.89 (s, 3H) ppm; 13C-NMR (75 MHz, CDCl3) δC = 

159.8, 140.8, 133.8, 128.7, 128.2, 126.75, 126.66, 114.2, 55.4 ppm; MS (EI) m/z 185 

(M++1, 18%), 184 (M+, 100), 169 (34), 141 (29), 139 (14), 115 (18). 

 

 

                                                 
80 Alacid, E.; Nájera, C. Org. Lett. 2008, 10, 5011-5014. 
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2-Methyl-1,1'-biphenyl (5)81 

Colorless oil; Yield 45%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.43-7.36 

(m, 2H), 7.35-7.28 (m, 3H), 7.27-7.21 (m, 4H), 2.26 (s, 3H) ppm; 
13C-NMR (75 MHz, CDCl3) δC = 141.98, 141.95, 135.4, 130.3, 

129.8, 129.2, 128.1, 127.2, 126.8, 125.8, 20.5 ppm; MS (EI) m/z 169 (M++1, 14%), 168 

(M+, 100%), 167 (92), 166 (13), 165 (41), 153 (31), 152 (27).  

4-Phenylacetophenone (7)80 

White solid; Yield 74%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 8.04 (d, J = 

8.6 Hz, 2H), 7.71 (d, J = 8.6 Hz, 2H), 7.68 (d, J = 8.6 Hz, 2H), 

7.55-7.38 (m, 3H), 2.66 (s, 3H) ppm; 13C-NMR (75 MHz, CDCl3) 

δC = 197.7, 145.8, 139.9, 135.9, 129.0, 128.9, 128.2, 127.27, 127.22, 26.7 ppm; MS (EI) 

m/z 182 (M++1, 15%), 181 (M+, 100%), 153 (27), 152 (53), 165 (41), 151 (14). 

1-Phenylnaphthalene (8)82 

White solid; Yield 64%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.94-7.88 

(m, 3H), 7.57-7.50 (m, 6H), 7.49-7.43 (m, 3H) ppm; 13C-NMR (75 

MHz, CDCl3) δC = 140.7, 140.2, 133.8, 131.6, 130.1, 128.8, 128.2, 

127.6, 127.3, 127.2, 126.9, 125.9, 125.7, 125.4 ppm; MS (EI) m/z 205 (M++1, 17), 204 

(M+, 100), 203 (M+-1, 31), 202 (38). 

2-Phenylpyridine (9)83 

Colorless oil; Yield 15%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 8.66 (d, J = 

4.8 Hz, 1H), 7.98 (d, J = 5.4 Hz, 2H), 7.66 (m, 2H), 7.47-7.37 (m, 

3H), 7.17-7.13 (m, 1H) ppm; 13C-NMR (75 MHz, CDCl3) δC = 

                                                 
81 Stevens, P. D.; Fan, J.; Gardimalla, H. M. R.; Yen, M.; Gao, Y. Org. Lett. 2005, 7, 2085-2088. 
82 Molander, G. A.; Beaumard, F. Org. Lett. 2010, 12, 4022-4025. 
83 Moreno-Mañas, M.; Pleixats, R.; Serra-Muns, A. Synlett 2006, 3001-3004. 
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157.2, 149.5, 139.2, 136.5, 128.8, 128.6, 126.7, 121.9, 120.3 ppm; MS (EI) m/z 156 

(M++1, 11%), 155 (M+, 100), 154 (79). 

2-Phenylthiophene (10)84 

Yellow oil; Yield 39%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.63-7.58 

(m, 2H), 7.46-7.25 (m, 5H), 7.09-7.07 (m, 1H) ppm; 13C-NMR (75 

MHz, CDCl3) δC = 144.4, 134.4, 128.9, 127.9, 127.4, 125.9, 124.8, 

123.0 ppm; MS (EI) m/z 161 (M++1, 13%), 160 (M+, 100), 115 (26). 

4'-Methoxy-2-methyl-1,1'-biphenyl (12)85 

White solid; Yield 72%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.33-7.23 

(m, 6H), 6.99 (d, J = 8.8 Hz, 2H), 3.89 (s, 3H), 2.31 (s, 3H) ppm; 
13C-NMR (75 MHz, CDCl3) δC = 158.6, 141.6, 135.5, 134.4, 

130.34, 130.29, 130.0, 127.0, 125.8, 113.5, 55.3, 20.6 ppm; MS (EI) m/z 199 (M++1, 

16%), 198 (M+, 100%), 197 (10), 183 (21), 167 (17), 166 (11), 165 (23), 155 (16),154 

(10), 153 (20), 152 (16), 128 (12). 

4-Methoxy-4'-methyl-1,1'-biphenyl (13)86 

White solid; Yield 68%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.54 (d, J = 

8.8 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.2, Hz 2H), 

7.00 (d, J = 8.8 Hz, 2H), 3.88 (s, 3H), 2.42 (s, 3H) ppm; 13C-NMR 

(75 MHz, CDCl3) δC = 158.9, 138.0, 136.3, 133.7, 129.4, 127.9, 126.6, 114.2, 55.3, 21.0 

ppm; MS (EI) m/z 199 (M++1, 18%), 198 (M+, 100), 183 (46), 155 (23). 

 

 

                                                 
84 Rao, M. L. N.; Banerjee, D.; Dhanorkar, R. J. Synlett 2011, 1324-1330. 
85 Ackermann, L.; Gschrei, C. J.; Althammer, A.; Riederer, M. Chem. Commun. 2006, 1419-1421. 
86 Lü, B.; Fu, C.; Ma, S. Tetrahedron Lett. 2010, 51, 1284-1286. 
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2,4'-Dimethyl-1,1'-biphenyl (14)87 

Colourless oil; Yield 62%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.32-7.25 

(m, 8H), 2.46 (s, 3H), 2.33 (s, 3H) ppm; 13C-NMR (75 MHz, 

CDCl3) δC = 158.6, 141.6, 135.5, 134.4, 130.34, 130.29, 130.0, 

127.0, 125.8, 113.5, 55.3, 20.6 ppm; MS (EI) m/z 168 (M++1, 14%), 167 (M+, 100%), 166 

(26), 165 (61), 152 (20). 

4-Methoxy-4'-(trifluoromethyl)-1,1'-biphenyl (15)88 

White solid; Yield 35%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.68-7.64 

(m, 4H), 7.57 (d, J = 8.9 Hz, 2H), 7.03 (d, J = 8.9 Hz, 2H), 3.89 (s, 

3H) ppm; 13C-NMR (75 MHz, CDCl3) δC = 159.9, 144.3, 132.2, 

128.32, 128.7 (q, J = 32.5 Hz), 126.9, 125.7 (q, J = 3.8), 124.34 (q, J = 271.8), 114.5, 55.4 

ppm; MS (EI) m/z 253 (M++1, 15%), 252 (M+, 100%), 237 (19), 209 (36), 183 (10). 

2-[(4-Acetyl)phenyl]thiophene (16)89 

White solid; Yield 50%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.99 (d, J = 

8.7 Hz, 2H), 7.69 (d, J = 8.7 Hz, 2H), 7.58 (dd, J = 2.5, 1.8 Hz, 

1H), 7.43 (dd, J = 2.2, 1.0 Hz, 2H), 2.62 (s, 3H) ppm; 13C-NMR 

(75 MHz, CDCl3) δC = 197.48, 141.0, 140.2, 135.6, 129.05, 129.01, 126.7, 126.3, 122.0, 

26.6 ppm.  

 

                                                 
87 Hoshi, T.; Saitoh, I.; Nakazawa, T.; Suzuki, T.; Sakai, J.-i.; Hagiwara, H. J. Org. Chem. 2009, 74, 4013-4016. 
88 Molander, G. A.; Petrillo, D. E.; Landzberg, N. R.; Rohanna, J. C.; Biolatto, B. Synlett 2005, 1763-1766. 
89 Crespi, S.; Protti, S.; Fagnon, M. J. Org. Chem. 2016, 81, 9612-9619. 
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1.5. Conclusions 

 

Palladium nanoparticles (PdNPs) supported over graphene (G) and reduced graphene-

oxide (rGO) have been shown as efficient catalysts in the Suzuki-Miyaura coupling 

between aryl bromides and potassium aryltrifluoroborates. Both conventional heating and 

microwave irradiation (MW) provided similar results for the coupling reaction. Catalyst 2 

can be recovered by centrifugation and recycled without any loss of activity, up to 8 runs 

for reactions carried out under MW irradiation or 4 cycles when conventional heating is 

employed. The higher agglomeration of PdNPs observed under conventional heating 

conditions seems to be the reason for the deactivation of catalyst 2. Furthermore, we have 

proved that the Pd leached during the reaction is mostly re-deposited on the solid support 

after the reaction, being this recovery process favored by centrifugation. Hot test 

experiments confirmed the heterogeneous behavior of catalyst 2. Finally, the reaction can 

be run on multi-gram scale without any loss of catalyst activity. 
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2.1. Antecedents 

 

2.1.1. Oxime Palladacycles as Catalysts in Cross-Coupling Reactions 

Transition metal-catalyzed cross-coupling reactions are one of the most powerful 

synthetic methodologies in organic chemistry.90 These reactions are often used in the 

preparation of active pharmaceutical compounds and in fine chemical industry. So far, the 

most active cross-coupling catalysts are palladium complexes bearing sterically hindered 

and electron-rich phosphanes or N-heterocyclic carbenes (NHC) as ligands91 as well as 

palladacycles.92 Carbometallated Pd(II) complexes, originally reported by Cope and 

Sickman93 with the cyclopalladation of azobenzene (Figure 12, 17), have emerged as 

effective catalysts for bond-forming reactions in organic and aqueous media. These Pd(II) 

systems can be classified according to the donor atom involved in the metallacycle which 

are mainly phosphorous (18) and nitrogen (19-26).94,95 These catalytic systems, which are 

usually considered reservoirs of highly active Pd(0) nanoparticles (PdNPs) or Pd(II) 

species, have been successfully used in carbon-carbon and carbon-heteroatom coupling 

reactions such as Suzuki-Miyaura,96 Mizoroki-Heck,97 Negishi,98 Sonogashira99 and 

Buchwald-Hartwig,100 among others.101 

                                                 
90 Meijere, A.; Brase, S.; Oestreich, M. Metal Catalyzed Cross-Coupling Reactions and More. Wiley: Weinheim, 2014. 
91 Hazari, N.; Melvin, P. R.; Beromi, M. M. Nat. Rev. 2017, 1, 1-16. 
92 Dupont, J.; Pfeffer, M. Palladacycles: Synthesis, Characterization and Applications. Wiley: Weinheim, 2008. 
93 Cope, A. C.; Siekman, R. W. J. Am. Chem. Soc. 1965, 87, 3272-3273. 
94 Bruneau, A.; Roche, M.; Alami, M.; Messaoudi, S. ACS Catal. 2015, 5, 1386-1396. 
95 (a) Nájera, C. ChemCatChem 2016, 8, 1865-1881, (b) Alonso, D. A.; Nájera, C. Chem. Soc. Rev. 2010, 39, 2891-
2902. (c) Alacid, E.; Alonso, D. A.; Botella, L.; Nájera, C.; Pacheco, M. C. Chem. Rec. 2006, 6, 117-132. (d) Alonso, 
D. A.; Botella, L.; Nájera, C.; Pacheco, M. C. Synthesis 2004, 1713-1718. 
96 Düfert, M. A.; Billingsley, K. L.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 12877-12885. 
97 Balam-Villarreal, J. A.; Sandoval-Chávez, C. I.; Ortega-Jiménez, F.; Toscano, R. A.; Carreón-Castro, M. P.; López-
Cortés, J. G.; Ortega-Alfaro, M. C. J. Organomet. Chem. 2016, 818, 7-14. 
98 (a) Bhonde, V. R.; O'Neill, B. T.; Buchwald, S. L. Angew. Chem. Int. Ed. 2016, 55, 1849-1853, (b) Yang, Y.; 
Mustard, T. J. L.; Cheong, P. H.-Y.; Buchwald, S. L. Angew. Chem. Int. Ed. 2013, 52, 14098-14102.  
99 Cívicos, J. F.; Alonso, D. A.; Nájera, C. Adv. Synth. Catal. 2013, 355, 203-208. 
100 (a) Cui, Z.; Du, D.-M. Org. Lett. 2016, 18, 5616-5619, (b) King, S. M.; Buchwald, S. L. Org. Lett. 2016, 18, 4128-
4131, (c) Park, N. H.; Vinogradova, E. V.; Surry, D. S.; Buchwald, S. L. Angew. Chem. Int. Ed. 2015, 54, 8259-8262. 
101 Das, P.; Linert, W. Coord. Chem. Rev. 2016, 311, 1-23. 
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Figure 12. Carbometallated Pd(II) complexes. 

In 1995, Hermann and Beller introduced the cyclopalladated di-o-tolyl-phosphane 18 as an 

effective pre-catalyst for the Suzuki102 and Heck reactions.103 In both transformations, 

good to very good product yields were obtained employing very low catalyst loadings. 

Thus, complex 18 catalyzed the olefination reaction of activated and deactivated aryl 

bromides and chlorides with n-butylacrylate employing extremely low palladium loadings 

(0.0005-1 mol% Pd, Scheme 18). 

 
Scheme 18. Olefination of aryl bromides and chlorides with n-butylacrilate catalyzed by 18. 

Regarding N-palladacycles, Beletskaya and co-workers have reported the Heck olefination 

of aryl iodides and activated aryl bromides catalyzed by nitrogen-palladacycle 20 in 

dimethylformamide (DMF) or dimethylacetamide (DMA).104 Under these conditions, 

yields ranging from 93 to 95% (for aryl iodides) and from 72 to 98% (for aryl bromides) 

have been obtained using very low catalyst loadings (Scheme 19). 

                                                 
102 Beller, M.; Fischer, H.; Herrmann, W. A.; Öfele, K.; Brossmer, C. Angew. Chem. Int. Ed. 1995, 34, 1848-1849. 
103 Herrmann, W. A.; Brossmer, C.; Öfele, K.; Reisinger, C.-P.; Priermeier, T.; Beller, M.; Fischer, H. Angew. Chem. 
Int. Ed. 1995, 34, 1844-1848. 
104 Beletskaya, I. P.; Kashin, A. N.; Karlstedt, N. B.; Mitin, A. V.; Cheprakov, A. V.; Kazankov, G. M. J. Organomet. 
Chem. 2001, 622, 89-96. 
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Scheme 19. Heck olefination of aryl iodides and bromides with alkyl olefins catalyzed by 20. 

The use of 2-aminobiphenyl-derived palladacycles as pre-catalyst in C-C and C-Het 

coupling reactions has been recently reported.89,105 For instance, Buchwald’s group has 

described the α-arylation of esters using different aryl and heteroaryl chlorides catalyzed 

by palladacycle 19 (1 mol% Pd) at room temperature using tBuXPHOS as ligand and 

lithium hexamethyldisilazane (LHMDS) as base, obtaining high yields of the 

corresponding arylated products (Scheme 20).  

 
Scheme 20. α-Arylation of tert-butyl acetate and primary amines with aryl chlorides catalyzed by 19. 

The same group has reported the 19/SPhos-catalyzed arylation of alkyl, aryl and heteroaryl 

amines with aryl chlorides in dioxane at 100 ºC obtaining excellent yields of the 

corresponding products (Scheme 20). 

On the other hand, Biscoe and co-workers have reported the Pd-catalyzed cross-coupling 

of aryl or heteroaryl chlorides with deactivated secondary alkyl boron derivatives.106 

Interestingly, when an optically active secondary potassium alkyltrifluoroborate was 

employed, an enantiospecific cross-coupling reaction took place with inversion of the 

configuration with a minor erosion of the optical purity of the reagent. The reaction, 

                                                 
105 Bruno, N. C.; Tudge, M. T.; Buchwald, S. L. Chem. Sci. 2013, 4, 916-920. 
106 Li, L.; Zhao, S.; Joshi-Pangu, A.; Diane, M.; Biscoe, M. R. J. Am. Chem. Soc. 2014, 136, 14027-14030. 
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catalyzed by oxime palladacycle 19 (5-10 mol% Pd) afforded the corresponding products 

with good to excellent isolated yields (85-95%) and enantiomeric excesses (87-95% ee, 

Scheme 21). 

 
Scheme 21. Enantiospecific Suzuki-Miyaura coupling catalyzed by 19. 

In addition to cross-coupling reactions, palladacycles have found interesting applications 

in other palladium-catalyzed transformations. For example, the group of Peters has 

recently reported the use of chiral palladacycle 21 for the asymmetric arylation of cyclic 

sulfonyl ketimines with arylboroxines, obtaining up to 99% of isolated yield and 96% of 

enantiomeric excess using 1,3,5-triphenylboroxine or 4-methoxyphenylboroxine (Scheme 

22).107  

 
Scheme 22. Asymmetric arylation of cyclic ketimines with aryl boroxines catalyzed by chiral palladacycle 21. 

Focusing on oxime palladacycles, these Pd(II) complexes have become an important and 

well-studied family of carbometallated systems due to their high robustness and ability to 

generate highly active pre-catalysts under mild reaction conditions.95 Among them, the 

five-membered oxime palladacycles (Figure 12, 22-26), originally synthesized by ortho-

palladation of the corresponding oxime with lithium tetrachloropalladate in the presence of 

sodium acetate as base,108 have been shown as the most active catalysts in cross-coupling 

reactions. The use of oxime palladacycles usually involves very low catalyst loadings 

minimizing the economical impact of the expensive Pd metal. For example, in 2003, Iver 

and co-workers reported the use of the N-heterocyclic carbene-derived palladacycle 22 to 

                                                 
107 Schrapel, C.; Frey, W.; Garnier, D.; Peters, R. Chem. Eur. J. 2017, 23, 2448-2460. 
108 Hiroshi, O.; Kyoji, M.; Kunio, N. Bull. Chem. Soc. Jpn. 1970, 43, 3480-3485. 
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catalyze different C-C bond-forming transformations. Focusing on the Mizoroki-Heck 

olefination, the reaction was carried out using extremely low catalyst loadings (0.00036-

0.0014 mol% Pd), obtaining the corresponding products with yields ranging from 54 to 

93%. The best results were obtained using styrene and neutral or activated aryl bromides, 

while the use of aryl chlorides required the presence of additives such as 

tetrabutylammonium bromide (TBAB) (Scheme 23). 

 
Scheme 23. 22-Catalyzed Heck olefination of aryl chlorides and bromides. 

During the last decade, our research group has developed a family of oxime palladacycles 

able to catalyze a wide variety of cross-coupling reactions under aqueous and organic 

conditions.95 For instance, oxime palladacycle 25 (0.1 mol% Pd) catalyzes the Suzuki-

Miyaura coupling between activated and deactivated aryl chlorides with arylboronic acids, 

affording the corresponding coupling adducts with moderate to very good yields as shown 

in Scheme 24.  

 
Scheme 24. Suzuki-Miyaura coupling of aryl chlorides with arylboronic acids catalyzed by 25. 

Palladacycle 25 also catalyzes the Suzuki alkenylation of aryl, heteroaryl, benzyl and allyl 

chlorides under microwave irradiation heating.109 Scheme 25 shows, as illustrative 

examples, the alkenylations of 4-chloroanisole, cinnamyl chloride and 2-chlorothiophene 

with trans-2-phenylvinylboronic acid catalyzed by 25 (0.1 mol% Pd). As depicted, high 

yields and regioselectivities were obtained after 20 minutes using tri-tert-

                                                 
109 Cívicos, J. F.; Alonso, D. A.; Nájera, C. Adv. Synth. Catal. 2011, 353, 1683-1687. 
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butylphosphonium tetrafluoroborate, [HP(tBu)3]BF4, as auxiliary ligand and TBAOH as 

phase transfer agent.  

 
Scheme 25. Suzuki-Miyaura alkenylation catalyzed by 25. 

Regarding Csp couplings, catalyst 25 has been used in the copper-free Sonogashira 

alkynylation of deactivated aryl bromides and chlorides110 and in the stereoselective head-

to-head dimerization of aromatic terminal alkynes,111 being both reactions performed 

under aqueous and microwave irradiation conditions. With respect to the Sonogashira 

coupling, moderate to very good yields have been obtained for the alkynylation of 

activated and deactivated aryl chlorides (1 mol% Pd) and bromides (0.1 mol% Pd) using a 

wide variety of electronically diverse alkynes. As representative example, the 25-catalyzed 

alkynylation of the sterically hindered 2-chloro-1,3-dimethylbenzene with phenylacetylene 

in the presence of XPhos as ligand in aqueous conditions is presented in Scheme 26. 

 
Scheme 26. 25-Catalyzed Cu-free Sonogashira coupling of 2-chloro-1,3-dimethylbenzene. 

Palladacycle 25 (1 mol% Pd), in the presence of 1,3-bis-(2,6-

diisopropylphenyl)imidazolinium chloride as ligand, also catalyzes the dimerization of 

                                                 
110 Buxaderas, E.; Alonso, D. A.; Nájera, C. Eur. J. Org. Chem 2013, 5864-5870. 
111 Buxaderas, E.; Alonso, D. A.; Nájera, C. RSC Adv. 2014, 4, 46508-46512. 
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functionalized aromatic alkynes in a highly regio- and stereoselective manner to afford 

(E)-1,3-enynes in good yields (47-82%) under aqueous and microwave irradiation 

conditions (Scheme 27).  

 
Scheme 27. Dimerization of terminal alkynes catalyzed by 25. 

4-Hydroxyacetophenone oxime palladacycle 26 has shown good activity in the Heck 

arylation of acrolein diethyl acetal with haloarenes towards the synthesis of 

cinnamaldehyde derivatives.112 As summarized in Scheme 28, the corresponding 

cynnamaldehydes were obtained in moderate to very good yields employing activated and 

deactivated aryl iodides, aryl bromides and activated aryl chlorides. 

 
Scheme 28. 26-Catalyzed arylation of acrolein diethyl acetal. 

Catalyst 26 (1 mol% Pd) has been also efficiently used in a regio- and diastereoselective 

Heck-type arylation of electron-rich olefins, such as N-vinylphthalimide with aryl halides 

under conventional and microwave heating in DMF as solvent (Scheme 29).113 As 

expected, the best results were obtained when using aryl iodides as electrophiles (64-82%). 

Excellent regioselectivities as well as diastereoselectivities were observed, being the β-

regioisomer with E configuration the major product, in all the studied examples (Scheme 

29). 

                                                 
112 Nájera, C.; Botella, L. Tetrahedron 2005, 61, 9688-9695. 
113 Alacid, E.; Nájera, C. Adv. Synth. Catal. 2008, 350, 1316-1322. 
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Scheme 29. β-Arylation of N-vinylphthalimide with aryl halides catalyzed by 26. 

Although the use of oxime palladacycles by the scientific community in homogeneous 

cross-coupling and Heck catalysis is common, reaction product contamination still 

represents an important drawback. For this reason, the immobilization of these complexes 

on different supports has become an interesting alternative for researches in order to 

develop more sustainable catalytic processes.  

2.1.2. Supported Oxime Palladacycles as Catalysts in Cross-Coupling Reactions 

Different palladacycles have been anchored through covalent or non-covalent 

interactions on inorganic and organic supports,95a such as silica-derived materials,114 

organic polymers,115,116 monolithic supports,117 magnetic nanoparticles118 and macrocyclic 

molecules,119 among others (Figure 13).120 Immobilized palladacycles 27-32 are very 

efficient and recyclable catalysts in cross-coupling chemistry, especially in the Suzuki-

Miyaura reaction.121 

                                                 
114 (a) Liu, H.; Li, T.; Xue, X.; Xu, W.; Wu, Y. Catal. Sci. Technol. 2016, 6, 1667-1676, (b) Corma, A.; Das, D.; 
García, H.; Leyva, A. J. Catal. 2005, 229, 322-331, (c) Venkatesan, C.; Singh, A. P. J. Catal. 2004, 227, 148-163, (d) 
Yu, K.; Sommer, W.; Weck, M.; Jones, C. W. J. Catal. 2004, 226, 101-110, (e) Bedford, R. B.; Cazin, C. S. J.; 
Hursthouse, M. B.; Light, M. E.; Pike, K. J.; Wimperis, S. J. Organomet. Chem. 2001, 633, 173-181. 
115 Corma, A.; Das, D.; García, H.; Leyva, A. J. Catal. 2005, 229, 322-331. 
116 (a) Cho, H.-J.; Jung, S.; Kong, S.; Park, S.-J.; Lee, S.-M.; Lee, Y.-S. Adv. Synth. Catal. 2014, 356, 1056-1064, (b) 
Alacid, E.; Nájera, C. J. Organomet. Chem. 2009, 694, 1658-1665, (c) Corma, A.; García, H.; Leyva, A. J. Catal. 
2006, 240, 87-99, (d) Hershberger, J. C.; Zhang, L.; Lu, G.; Malinakova, H. C. J. Org. Chem. 2006, 71, 231-235, (e) 
Bedford, R. B.; Coles, S. J.; Hursthouse, M. B.; Scordia, V. J. M. Dalton Trans. 2005, 991-995. 
117 Karami, K.; Najvani, S. D.; Naeini, N. H.; Hervés, P. Chinese J. Catal. 2015, 36, 1047-1053. 
118 (a) Gholinejad, M.; Razeghi, M.; Nájera, C. RSC Adv. 2015, 5, 49568-49576, (b) Karami, K.; Haghighat Naeini, N. 
App. Organomet. Chem. 2015, 29, 33-39. 
119 Singh, V.; Ratti, R.; Kaur, S. J. Mol. Catal. A 2011, 334, 13-19. 
120 Hübner, S.; de Vries, J. G.; Farina, V. Adv. Synth. Catal. 2016, 358, 3-25. 
121 (a) Yamamoto, S.-i.; Kinoshita, H.; Hashimoto, H.; Nishina, Y. Nanoscale 2014, 6, 6501-6505, (b) Shang, N.; Feng, 
C.; Zhang, H.; Gao, S.; Tang, R.; Wang, C.; Wang, Z. Catal. Commun. 2013, 40, 111-115, (c) Moussa, S.; Siamaki, A. 
R.; Gupton, B. F.; El-Shall, M. S. ACS Catal. 2012, 2, 145-154, (d) Siamaki, A. R.; Khder, A. E. R. S.; Abdelsayed, 
V.; El-Shall, M. S.; Gupton, B. F. J. Catal. 2011, 279, 1-11. 
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Figure 13. Supported oxime palladacycles. 

In this sense, in 2003 the group of Corma and García reported the Suzuki coupling of 

activated aryl bromides and chlorides with phenylboronic acid catalyzed by the oxime 

palladacycle covalently anchored to silica 28.122 This highly active and reusable 

heterogeneous catalyst affords the corresponding Suzuki products with high yields in 

organic or aqueous solvents. Additionally, the supported catalyst has shown good 

recyclability in the Suzuki reaction between 4-chloroacetophenone and phenylboronic 

acid, being recovered and reused for up to 8 cycles without apparent loss of catalytic 

activity (Scheme 30). 

 
Scheme 30. Suzuki-Miyaura reaction of 4-chloro- and 4-bromoacetophenone catalyzed by 28. 

The same group has described the imidazolium salt-functionalized oxime palladacycle 

supported on aluminosilicate 29 (Pd/Al@MCM-41) as heterogeneous catalyst for the Heck 

and Suzuki–Miyaura cross-coupling reactions.123 Regarding the Suzuki coupling, 29 (2 

                                                 
122 Baleizao, C.; Corma, A.; García, H.; Leyva, A. Chem. Commun. 2003, 606-607. 
123 Corma, A.; García, H.; Leyva, A. Tetrahedron 2004, 60, 8553-8560. 
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mol% Pd) catalyzes the coupling between neutral, activated and deactivated aryl iodides, 

bromides and chlorides with phenylboronic acid employing tributylamine (TBA) as base 

and tetrabutylammonium bromide (TBAB) as surfactant, affording the corresponding 

biaryl adducts with moderate to excellent yields (Scheme 31). Recovery studies of the 

catalyst in the reaction between 4-iodoacetophenone and phenylboronic acid did not show 

a significant decrease in the catalytic activity of 29 until the 4th cycle. 

 

Scheme 31. 29-Catalyzed Suzuki-Miyaura coupling of aryl halides with phenylboronic acid. 

Kirschning and co-workers have described the synthesis and catalytic applications of the 

supported palladacycle 32 (Figure 13).124 Taking advantage of the coordination properties 

of pyridine ligands, these authors have immobilized acetophenone oxime palladacycle on a 

polyvinylpyridine (PVP) resin. This catalyst has shown high activity in the Suzuki-

Miyaura reaction between 4-bromo and 4-chloroacetophenone with aryl- and 

alkenylboronic acids using organic and aqueous solvents (Scheme 32). The recyclability of 

32 (1 mol% Pd) was studied in the reaction between 4-chloroacetophenone and 

phenylboronic acid under aqueous conditions, being reused for up to 10 cycles with a 

slight decrease in the activity. Furthermore, leaching experiments after each run showed 

very low amount of Pd in the solution (1.5 ppb in the 4th cycle). 

 
Scheme 32. Suzuki-Miyaura coupling catalyzed by 32. 

 

                                                 
124 Solodenko, W.; Mennecke, K.; Vogt, C.; Gruhl, S.; Kirschning, A. Synthesis 2006, 1873-1881. 
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2.1.3. Supported Palladium(II) Complexes on Graphene-Derived Materials as 

Catalyst in Cross-Coupling Reactions 

During the last years, graphene-based materials (G-mats) have emerged as interesting 

supports for Pd(II) complexes125 due to the chemical stability, large specific surface area 

and easy functionalization of these materials, as discussed in Chapter 1. In contrast with 

other supports, the immobilization of Pd(II) species on G-mats is usually performed using 

non-covalent interactions, although some examples of covalent anchoring have been 

recently reported. For instance, Fareghi-Alamdari and co-workers have prepared the GO-

supported porphyrin-derived-Pd(II) complex 33, which efficiently promotes the Suzuki 

reaction of activated and deactivated aryl halides with boronic acids, affording the 

corresponding coupling products with high yields (87-96%) using low catalyst loadings 

(0.7 mol% Pd).126 The catalyst was recovered and reused up to 7 cycles in the reaction 

between 4-bromoanisole and phenylboronic acid, showing a very low (1.12%) Pd leaching 

on the last run. Scheme 33 shows a representative example where 4-chloro-2,6-

bis(hydroxymethyl)phenol is coupled with phenylboronic acid catalyzed by 33 in aqueous 

DMF obtaining the corresponding biaryl derivative in 88% isolated yield in only two 

hours.  

 
Scheme 33. Suzuki-Miyaura reaction catalyzed by 33.  

In 2016, Sarker and co-workers studied the Suzuki coupling of heteroaryl bromides and 

chlorides with phenylboronic acid catalyzed by a pyrene-derived Pd(II) complex supported 

                                                 
125 (a) Taher, A.; Lee, D.-J.; Lee, I.-M. Synlett 2016, 2333-2338, (b) Verma, S.; Verma, D.; Sinha, A. K.; Jain, S. L. 
App. Catal., A. 2015, 489, 17-23, (c) Bai, C.; Zhao, Q.; Li, Y.; Zhang, G.; Zhang, F.; Fan, X. Catal. Lett. 2014, 144, 
1617-1623. 
126 Fareghi-Alamdari, R.; Golestanzadeh, M.; Bagheri, O. RSC Adv. 2016, 6, 108755-108767. 
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on rGO through π-π-stacking interactions (Scheme 34).127 Using only 0.1 mol% of Pd, 

high to excellent yields were obtained in all the tested substrates. Catalyst 34 was 

recovered and reused up to 5 runs without apparent erosion of catalytic activity in the 

reaction between 2-bromopyridine and phenylboronic acid, detecting only 0.9 wt% Pd 

leaching after the last catalytic cycle. 

 

Scheme 34. Suzuki coupling between heteroaryl halides and phenylboronic acid catalyzed by 34. 

Very recently, Menéndez and co-workers have described the use of a Pd(II) complex 

supported on rGO as catalyst in Heck reactions.128 Catalyst 35, synthetized by a post-

palladation strategy, has demonstrated very good activity and recyclability in the reaction 

between activated and deactivated aryl bromides and styrene or n-butylacrilate in DMF at 

room temperature using 0.3 mol% Pd (Scheme 35). Concerning recyclability, 35 was 

recovered and reused 8 cycles in the olefination of 4-bromobenzene with styrene 

observing a slight decrease in the catalytic activity after the 5th cycle. 

 
Scheme 35. Heck reaction of aryl bromides catalyzed by 35. 

                                                 
127 Taher, A.; Lee, D.-J.; Lee, I.-M.; Lutfor Rahman, M.; Shaheen Sarker, M. Bull. Kor. Chem. Soc. 2016, 37, 1478-
1485. 
128 Fernández-García, L.; Blanco, M.; Blanco, C.; Álvarez, P.; Granda, M.; Santamaría, R.; Menéndez, R. J. Mol. 
Catal. A 2016, 416, 140-146. 
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On the other hand, Hoseini and co-workers have reported the synthesis of a 

cyclometallated organopalladium(II) complex covalently anchored on functionalized 

reduced graphene oxide (frGO) with 3-(aminomethyl)pyridine as spacer ligand.129 Thus, 

catalyst 36 was succesfully tested in the Suzuki-Miyaura coupling of phenylboronic acid 

with neutral or deactivated aryl iodides and bromides as well as activated aryl chlorides 

with yields ranging from 60 to 94% employing very low catalyst loading (0.0012 mol% 

Pd). The recovery and reuse studies of catalyst 36 showed good activity in up to 8 reaction 

runs in the coupling between bromobenzene with phenylboronic acid (Scheme 36). No Pd 

leaching was observed after the 8th cycle. 

 
Scheme 36. Suzuki coupling of aryl halides with phenylboronic acid catalyzed by 36. 

Wu and co-workers have reported a post-palladation synthesis of the “tunnel-like” 

cyclopalladated aryldiimine catalyst immobilized on sililated GO 37, which has shown 

very good activity in the Suzuki coupling of aryl chlorides and activated aryl bromides 

with phenylboronic acid under very low loading conditions (Scheme 37).130  

 
Scheme 37. Suzuki reaction between 4-bromotoluene and phenylboronic acid catalyzed by 34. 

                                                 
129 Hashemi Fath, R.; Hoseini, S. J. J. Organomet. Chem. 2017, 828, 16-23. 
130 Xue, Z.; Huang, P.; Li, T.; Qin, P.; Xiao, D.; Wu, Y.; Liu, M.; Chen, P. Nanoscale 2017, 9, 781-791. 
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The recovery of the catalyst was also studied being possible to reuse it up to 7 times with a 

slight and continuous decrease in the reaction yield [99% for the 1st run to 88% yield for 

the 7th cycle (Scheme 37)]. The heterogeneous behaviour of 37 was confirmed with the hot 

filtration and poisoning tests.  
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2.2. Objectives 

 

Based on the above exposed bibliographical background, the following objectives 

were stablished: 

1. Synthesis and characterization of oxime palladacycles supported on graphene 

oxide and reduced graphene oxide through non-covalent interactions. 

2. To study the catalytic activity and recyclability of these new supported catalysts in 

the Suzuki-Miyaura cross-coupling reaction of aryl- and alkenylbromides with boronic 

acids at room temperature under aqueous conditions.  
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2.3. Discussion of Results 

 

2.3.1. Synthesis and Characterization of Supported Oxime Palladacycles 25, 26 and 

38 

Graphene Oxide (GO) shows interesting hydrophilicity and stability properties in 

liquid phase reactions due to the abundant oxygen-containing functional groups on its 

surface. For these reasons, GO was initially chosen as support of oxime palladacycles 25, 

26 and 38 (Figure 14). A non-covalent immobilization strategy through hydrogen-bond 

and π-stacking interactions between the pre-formed palladacycles and GO was selected to 

prepare the new catalytic materials. This approach should integrally preserve the 

palladacycle structure, avoiding an uncontrolled generation of other Pd(II) or Pd(0) species 

as confirmed by other authors when using a post-palladation strategy.131 Furthermore, we 

expected GO to act as a reservoir and stabilizer for the in situ generated palladium 

nanoparticles which could extend the catalyst lifetime. 

 

Figure 14. Oxime palladacycles 25, 26 and 38. 

Preliminary studies on the immobilization of oxime palladacycles over GO were carried 

out with complex 25 (prepared by palladation of 4,4′-dichlorobenzophenone oxime),132 

either in THF or water as solvents (Scheme 38). Low amounts of palladacycle 25 (0.47 

wt% Pd, determined by ICP-MS) were anchored on GO using Method A, where the 

palladium complex was just stirred in THF in the presence of GO for 48 h (Scheme 38, 

Method A). 

                                                 
131 Venkatesan, C.; Singh, A. P. J. Catal. 2004, 227, 148-163. 
132 Alonso, D. A.; Nájera, C.; Pacheco, M. C. Org. Lett. 2000, 2, 1823-1826. 
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Scheme 38. Synthesis of supported oxime palladacycles 24-GO, 25-GO and 38-GO. 

Sonication of the palladacycle in the presence of GO for 1 h before stirring the suspension 

for 48 h (Methods B and C, Scheme 38) significantly improved the Pd content on the 

carbon surface being the highest (2 wt% Pd) when using THF as solvent (Method B, 

Scheme 38). On the other hand, following B conditions but starting from the 

corresponding oxime palladacycle derived from 4-hydroxyacetophenone and 4-(2-

hydroxyethoxy)acetophenone, the supported catalysts 26-GO (2.72 wt% Pd by ICP-OES) 

and 38-GO (2.98 wt% Pd by ICP-OES) were also prepared (Scheme 38). X-ray 

photoelectron spectroscopy (XPS) was used to analyze the surface elemental composition 

of the different catalysts. XPS analysis of palladacycles 25, 26, 38, as well as all the 

corresponding supported catalysts showed all the binding energies associated with the 

oxime palladacycle structure. This point confirmed the stability of the cyclopalladated 

complexes during the immobilization process on GO. For example, the non-deconvoluted 

XPS spectrum of 25 and 25-GO (prepared by Method B), confirmed the presence of 

carbon, palladium, nitrogen and oxygen atoms (Figure 15). 
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Figure 15. XPS full spectra of: (a) 25; (b) 25-GO. 

Figure 16 shows the XPS spectra of 25 and 25-GO where the spectroscopic signature of 

Pd, C, O, N and Cl atoms has been determined.133 Regarding palladium (Figure 16a), the 

Pd3d XPS spectrum for 25 and 25-GO showed the corresponding binding energies at 

337.62 (3d5/2) and 343.02 (3d3/2) eV and at 337.70 (3d5/2) and 342.83 (3d3/2) eV, 

respectively. These energies were assigned to Pd(II) from the palladacycle. On the other 

hand, the N1s XPS spectra of 25 and 25-GO showed the N=C bonding energies at 399.93 

and 400.36 eV, respectively. Finally, the peaks corresponding to the N–Pd moiety 

appeared at 401.93 eV (25) and 402.86 eV (25-GO) (Figure 16b). 

The O1s XPS spectrum of 25 showed three different components related to the C=N–OH 

bond at 532.20 eV and the O–H bond at 533.5 eV (Figure 16c). The higher content of C–O 

and O–H groups in 25-GO (531.80 and 533.32 eV, respectively) can be associated with 

the corresponding groups on the GO surface. The carbonaceous material was also 

responsible for the higher content of the C=C/C–H aromatic ring binding energies (284.60 

and 286.71 eV) in the C1s XPS spectrum of 25-GO when compared with 25 (Figure 16d). 

Finally, the Cl2p XPS spectra of 25 was analyzed showing the corresponding binding 

energies at 198.6 eV (2p), 199.9 (2p3/2) and 200.3 eV (2p1/2). These energies were 

assigned to the Cl–Pd bonding energy from the palladacycle. The band at 200.18 eV 

corresponds to the 2p3/2 aromatic–Cl bonding energy (Figure 16e).149 

                                                 
133 (a) Singh, G.; Divakar Botcha, V.; Sutar, D. S.; Talwar, S. S.; Srinivasa, R. S.; Major, S. S. Carbon 2015, 95, 843-
851, (b) Lin, Y.; Pan, X.; Qi, W.; Zhang, B.; Su, D. S. J. Mater. Chem. A. 2014, 2, 12475-12483, (c) Yu, B.; Wang, X.; 
Qian, X.; Xing, W.; Yang, H.; Ma, L.; Lin, Y.; Jiang, S.; Song, L.; Hu, Y.; Lo, S. RSC Adv. 2014, 4, 31782-31794. 
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Figure 16. XPS spectra of 25 and 25-GO: (a) Pd3d; (b) N1s; (c) O1s; (d) C1s; (e) Cl2p and deconvoluted peaks (5) 

for Pd3d, N1s, O1s, C1s, and Cl2p core levels. 

Generally, none of the prepared catalysts contained palladium oxides or Pd(0) species on 

their surface according to the XPS analyses. Indeed, only in few cases we could identify 

small amounts of the precursor Li2PdCl4 by XPS analysis, easily removed by simple 

washings with water (Pd XPS: binding energies at 338.6 and 343.9 eV).  
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On the other hand, in the case of using water as solvent (Method C) for the preparation of 

25-GO, we also observed small amounts (~8%) of a non-identified oxidized palladium 

specie (336.2 and 341.8 eV by XPS) as shown in Figure 17. 

 
Figure 17. XPS spectra of 25-GO: (a) Pd3d Method B; (b) Pd3d Method C and deconvoluted peaks for 

Pd3d core levels. 

Thus, as demonstrated by XPS analysis, performing the immobilization of oxime 

palladacycles on GO using THF as solvent led to the immobilization of the integral 

cyclopalladated species. In fact, Pd(0) has been previously detected when anchoring these 

Pd complexes to different supports such as 3-hydroxypropyltriethoxysilyl-functionalized 

MCM-41131 and 3-

(aminomethyl)pyridine-functionalized 

graphene oxide.149 Next, 25 and 25-GO 

(obtained from Method B) were fully 

characterized. Interestingly, in the case of 

the preparation of 25-GO, no structural 

changes in the non-supported oxime 

palladacycle 25 were observed by 1H-

NMR analysis of the mother liquor after 

the immobilization process obtained by 

method B (Figure 18).  
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Thermogravimetric analysis (TGA) of 25, GO, and 25-GO was next performed. As shown 

in Figure 19, palladacycle 25 presents a 39% mass loss below 300 ºC which corresponds 

with the degradation of the 4,4′-dichlorobenzophenone oxime. On the other hand, GO 

exhibited a 13% mass loss below 100 ºC and almost a 27% loss at 210 ºC resulting from 

the removal of the labile oxygen-containing functional groups and H2O.  

 
Figure 19. Thermogravimetric analysis (TGA) of 25 (blue), GO (black), and 25-GO (red). 

The heterogeneous catalyst 25-GO exhibited a 28% mass loss at 200 ºC associated to the 

carbonaceous oxygenated species from GO and the oxime ligand. Finally, a significant 

common drop in mass was observed for the three materials around 925 ºC connected with 

the pyrolysis of the carbon support (Figure 19). According to the TGA, the Pd content for 

catalyst 25-GO (measured over different material batches) was between 1.10 and 1.35 

wt%, which slightly differs from the content obtained from the more accurate ICP-OES 

technique (2 wt% Pd). 

Catalyst 25-GO was also characterized by solid UV-Vis spectroscopy. As depicted in 

Figure 20, 4,4′-dichlorobenzophenone oxime (EtOH solution) showed the characteristic 

absorption C aromatic band at 265 nm.  
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Figure 20. UV-vis spectra of oxime palladacyle 25, GO and supported catalyst 25-GO. 

This absorption band was slightly blue shifted to 261 nm for palladacycle 25, which also 

exhibited the specific metal-to-ligand charge transfer band at 357 nm. As shown in the 

UV-vis absorption spectra, GO exhibited two absorption peaks, a maximum at 230 nm 

corresponding to π/π* transitions of aromatic C–C bonds and a shoulder at 293 nm 

attributed to π/π* transitions of C=O bonds.134 Analyzing the UV-Vis spectrum of 25-GO, 

an absorption band from the palladacycle at 262 nm was also detected (Figure 20). 

2.3.2. Suzuki-Miyaura Coupling Reaction Catalyzed by Supported Oxime 

Palladacycles  

Our research group has previously demonstrated that palladacycles 25 and 26 are very 

active pre-catalysts in the Suzuki–Miyaura reaction in organic135 and aqueous solvents.136 

On the other hand, the amphiphilic character of GO (hydrophilic edges and hydrophobic 

basal plane)137 should be beneficial in aqueous processes, converting this material in a 

potential phase-transfer catalyst. Thus, the synthesized materials 25-GO, 26-GO and 38-

GO were tested in the model aqueous Suzuki–Miyaura cross-coupling between 4-

                                                 
134 Paredes, J. I.; Villar-Rodil, S.; Martínez-Alonso, A.; Tascón, J. M. D. Langmuir 2008, 24, 10560-10564. 
135 Alonso, D. A.; Nájera, C.; Pacheco, M. C. J. Org. Chem. 2002, 67, 5588-5594. 
136 Botella, L.; Nájera, C. Angew. Chem. Int. Ed. 2002, 41, 179-181. 
137 Kim, J.; Cote, L. J.; Kim, F.; Yuan, W.; Shull, K. R.; Huang, J. J. Am. Chem. Soc. 2010, 132, 8180-8186. 
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bromoanisole and phenylboronic acid at room temperature under low catalyst loading 

conditions (0.02 mol% Pd) (Table 4). Initially, a blank reaction revealed that GO (2 wt%) 

was not active in the cross-coupling process (Table 4, entry 1). As depicted in entries 2–4, 

non-supported palladacycles 25, 26 and 38 afforded 4-methoxybiphenyl (4) with high 

yields after 20 h (83, 80 and 99%, respectively). Similar results were obtained for the 

supported catalysts 25-GO (85%) and 38-GO (86%) in the cross-coupling reaction, while 

26-GO catalyst afforded 4 in a lower 69% conversion (Table 4, entries 5–7). 

In order to compare catalytic activities under the studied reaction conditions, phosphane-

derived Herrmann’s catalyst (39, Figure 21) was also supported in GO following 

immobilization Method B (Scheme 38) to afford catalyst 39-GO with a 3.22 wt% Pd 

content according to the ICP-OES analysis. As depicted in entries 8 and 9, both 39 and 39-

GO afforded 4 with good conversion, showing similar catalytic activities than the rest of 

the tested palladacycle-based catalysts. 

The catalytic activity of immobilized palladium 

nanoparticles on graphene nanoplatelets (PdNPs-G) and 

reduced graphene oxide (PdNPs-rGO) was also evaluated in 

the model Suzuki coupling. As previously described in 

Chapter 1, these supported catalysts have shown good 

activity in the Suzuki coupling of potassium aryltrifluoroborates with aryl halides.138 

However, under the studied conditions, these materials afforded 4-methoxybiphenyl in 30 

and 40% conversion, respectively (Table 4, entries 10 and 11). In view of the obtained 

results, it became evident that a reduction of the catalyst loading was mandatory to 

determine the most active catalyst in the model coupling. Thus, supported catalysts 25-GO, 

26-GO, 38-GO and 39-GO were tested but using 0.002 mol% of Pd in order to test the 

catalytic limits of the materials. As depicted in Table 4 (entries 12–15), only the supported 

catalyst 25-GO was active enough to give 4 in 73% yield at room temperature. 

                                                 
138 Gómez-Martínez, M.; Buxaderas, E.; Pastor, I. M.; Alonso, D. A. J. Mol. Catal. A: Chem. 2015, 404, 1-7. 

Figure 21. Herrmann-Beller 
palladacycle 
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After the optimization of the process, a substrate scope was performed using catalyst 25-

GO (Table 5). Initially, the reactivity of different boron-derived nucleophiles such as 

phenylboronic acid, potassium phenyltrifluoroborate, phenylboronic acid pinacol ester and 

phenylboronic acid MIDA ester with 4-bromoanisole was tested (Table 5, entries 1–4). 

None of those nucleophiles was as active as phenylboronic acid, employing 0.002 mol% 

Pd at room temperature under aqueous conditions. Next, the activity of the catalytic 

system was confirmed using other deactivated aryl bromides as electrophiles. As shown, 

4-bromophenol afforded, after reaction with phenylboronic acid, the corresponding 4-

hydroxybiphenyl in a 61% yield (Table 5, entry 5). 
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Both activated 4-bromoacetophenone and neutral bromobenzene reacted with 

phenylboronic acid and 4-tolylboronic acid to afford biphenyls 7 and 41 in 66 and 94% 

yield, respectively (Table 5, entries 6 and 7). As depicted in entries 8 and 9, 25-GO 

resulted to be very sensitive towards the steric hindrance of the reactants since a 42% yield 

was obtained for the reaction between 2-bromotoluene and phenylboronic acid (Table 5, 

entry 8), while no reaction was observed between 4-bromoanisole and 2,6-

dimethylphenylboronic acid (Table 5, entry 9). Regarding the electronic nature of the 

nucleophile, the electron-rich 4-tolylboronic acid afforded 13 in a 68% yield after reaction with 

4-bromoanisole (Table 5, entry 10). On the contrary, the electron-poor 4-

(trifluoromethyl)phenylboronic acid showed, as expected, very low reactivity with the same 

electrophile giving 15 in a 12% yield (entry 11). Finally, the Suzuki alkenylation of 4-

bromoanisole with styrylboronic acid was also carried out, affording compound 43 in a 

35% yield (entry 12). 

With respect to the active species involved in the Suzuki reaction employing 25-GO as 

pre-catalyst, it is well-known that oxime palladacycles can act as stable precursors of 

highly active Pd(0) species, usually generated after transmetallation by the activated boron 

nucleophile followed by a reductive elimination reaction of the aryl-ligated 

palladacycle.139 The presence of water in the reaction media, as demonstrated by 

Blackmond,140 can also play a key role in accelerating the initial formation of the 

monomeric active catalytic species. As commented above, palladium nanoparticles on 

graphene nanoplatelets (PdNPs-G, average size: 4.50 nm) and reduced graphene oxide 

(PdNPs-rGO, average size: 10.9 nm) have shown lower activity in the model Suzuki 

reaction under the optimized reaction conditions, probably due to the agglomeration of the 

PdNPs under these conditions. The slow release of the active Pd species from the 

palladacycle in 25-GO, would account for the better activity shown by this material in the 

Suzuki reaction.  

 
                                                 
139 Bedford, R. B.; Cazin, C. S. J.; Coles, S. J.; Gelbrich, T.; Horton, P. N.; Hursthouse, M. B.; Light, M. E. 
Organomet. 2003, 22, 987-999. 
140 Rosner, T.; Le Bars, J.; Pfaltz, A.; Blackmond, D. G. J. Am. Chem. Soc. 2001, 123, 1848-1855. 
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2.3.3. Study of the Recyclability of Catalyst 25-GO in the Suzuki-Miyaura Reaction 

A simple recovery and reuse of transition-metal immobilized catalytic systems is 

highly desirable from both economic and environmental points of view. The recyclability 

of 25-GO was studied in the model Suzuki-Miyaura reaction between 4-bromoanisole and 

phenylboronic acid using 0.1 mol% Pd as catalyst loading. After each cycle, the catalyst 

was easily separated from the reaction mixture by washing the crude reaction with a 1/1 

EtOAc/H2O mixture, centrifugation (4500 rpm, 15 min) and decantation. Catalyst 25-GO 

showed good catalytic activity for the first two runs (99% conv), considerably decreasing 

the conversion of the reaction in the 3rd cycle (61% conv). Figure 22 shows the reasons 

why 25-GO loses its catalytic activity along the successive reaction cycles (16% conv in 

the 5th run). The Pd3d XPS spectrum of 25-GO before and after the recyclability study 

(Figure 22a-b, respectively) indicated the presence of two different Pd(II) entities after 

recycling the supported catalyst. The component at the highest binding energy was 

assigned to palladacycle 25, while the component at the lowest binding energy [336.2 

(Pd3d5/2) and 341.8 (Pd3d3/2) eV] was assigned to PdO. This metallic oxide probably 

comes from the oxidation of the PdNPs generated in situ from the palladacycle which, 

being in contact with the support, suffers a GO-promoted oxidation during the catalytic 

cycle. This hypothesis has been previously postulated by Chen and co-workers who have 

reported a surface partial oxidation of PdNPs to PdO (detected by XPS) promoted by a 

poly(diallyldimethylammonium chloride)-functionalized GO when supporting the PdNPs 

on the graphene-derived nanosheets.141,142 

C1s XPS analysis also showed a marked decrease of the oxygen content in 25-GO after 

the 5th run: fresh 25-GO (O/C: 0.714); 25-GO after the 5th cycle (O/C: 0.371). The low 

catalytic activity of PdO, especially being agglomerated as demonstrated by the TEM 

analysis (Figure 22c), would account for the observed decrease of the catalytic activity of 

the 25-GO system. 

                                                 
141 Wang, L. J.; Zhang, J.; Zhao, X.; Xu, L. L.; Lyu, Z. Y.; Lai, M.; Chen, W. RSC Adv. 2015, 5, 73451-73456. 
142 (a) Zhao, X.; Zhu, J.; Liang, L.; Liu, C.; Liao, J.; Xing, W. J. Power Sources 2012, 210, 392-396, (b) Devener, B. 
V.; Anderson, S. L.; Shimizu, T.; Wang, H.; Nabity, J.; Engel, J.; Yu, J.; Wickham, D.; Williams, S. J. Phys. Chem. C 
2009, 113, 20632-20639. 
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Figure 22. Analysis of 25-GO: (a) Pd XPS spectrum of fresh 25-GO; (b) Pd XPS spectrum of 25-GO after the 5th 

cycle; (c) TEM images of 25-GO after the 5th cycle. 

In addition, ICP-MS analysis of the washings after the 5th run showed 67 ppb of Pd 

leaching. On the other hand, the mercury poisoning test in the reaction model confirmed 

that Pd nanoparticles were involved in the catalytic system. Moreover, since the recovery 

of the catalyst did not produce satisfactory results, 25 was chemically reduced in situ 

trying to obtain active Pd(0) species95 capable to carrying out the Suzuki coupling with 

better results still being recyclable. PdNPs supported on graphene materials are usually 

prepared by reduction of a Pd salt or a Pd(II) catalyst in the presence of the corresponding 

carbonaceous support.143 Therefore, the reduction of 25 in the presence of GO was carried 

out with NaBH4 to afford a new material [Pd(0)-rGO, 8.40 wt% Pd by ICP-OES] 

(Scheme 39, Eq. a).144 XPS analysis of this material showed a 75.8% content of Pd(0), 

which unfortunately suffered agglomeration during the reduction process as demonstrated 

                                                 
143 (a) Shang, N.; Feng, C.; Zhang, H.; Gao, S.; Tang, R.; Wang, C.; Wang, Z. Catal. Commun. 2013, 40, 111-115, (b) 
Moussa, S.; Siamaki, A. R.; Gupton, B. F.; El-Shall, M. S. ACS Catal. 2012, 2, 145-154, (c) Siamaki, A. R.; Khder, A. 
E. R. S.; Abdelsayed, V.; El-Shall, M. S.; Gupton, B. F. J. Catal. 2011, 279, 1-11. 
144 Chua, C. K.; Pumera, M. Chem. Soc. Rev. 2014, 43, 291-312. 
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by TEM analysis. On the other hand, the reduction of 25-GO with NaBH4 (Scheme 39, Eq. 

b) afforded a material [Pd(II)-rGO] which, according to ICP-OES analysis, contained a 

5.97 wt% Pd. XPS analysis of [Pd(II)-rGO] demonstrated the stability of the palladacycle 

under these reduction conditions since a 76.8% of 25 was not reduced. Both materials 

showed a strong decrease of the oxygen content because of the reduction of GO (O/C: 

0.655) to rGO (O/C: 0.237–0.369). 

 
Scheme 39. Palladacycle reduction studies in the presence of GO. 

The activity of Pd(0)-rGO and Pd(II)-rGO was also studied in the Suzuki reaction 

between 4-bromoanisole and phenylboronic acid under the optimized reaction conditions 

(0.002 mol% Pd) (Scheme 40). As expected, Pd(0)-rGO was inactive in the process. On 

the other hand, Pd(II)-rGO afforded 4 in a 40% yield.  

 
Scheme 40. Suzuki-Miyaura Coupling catalyzed by Pd(0)-rGO and Pd(II)-rGO. 

This latter result confirmed the important amphiphilic effect of GO in the Suzuki coupling 

under aqueous conditions. 

Finally, palladacycle 25 was also immobilized over rGO following Method B, but the 

obtained material (25-rGO) contained only 0.035 wt% of Pd, according to the ICP-OES 

analysis. Therefore its catalytic activity was not tested. 
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2.4. Experimental Data 

 

2.4.1. General 

Unless otherwise noted, all commercial reagents and solvents were used without 

further purification. 1H-NMR (300 MHz and 400 MHz) and 13C-NMR (75 MHz and 101 

MHz) spectra were obtained on a Bruker AV-300 and AV-400, using CDCl3 as solvent 

and TMS (0.003%) as reference, unless otherwise stated. Low-resolution mass spectra 

(MS) were recorded in the electron impact mode (EI, 70 eV, He as carrier phase) using an 

Agilent 5973 Network Mass Selective Detector spectrometer, being the samples 

introduced through an Agilent 6890N GC equipped with a HP-5MS column [(5%-phenyl)-

methylpolysiloxane; length 30 m; ID 0.25 mm; film 0.25 mm]. Analytical TLC was 

performed on Merck aluminum sheets with silica gel 60 F254. Silica gel 60 (0.04-0.06 

mm) was employed for column chromatography. The conversion of the reactions was 

determined by GC analysis on an Agilent 6890N Network GC system. Centrifugations 

were carried out in a Hettich centrifuge (Universal 320, 6000 rpm, 15 minutes). ICP-MS 

analyses were performed on an Agilent 7700x equipped with HMI (high matrix 

introduction) and He mode ORS as standard. Elemental analyses were determined with a 

CHNS elemental micro analyzer with Micro detection system TruSpec LECO. X-ray 

photoelectron spectroscopy (XPS) was performed in a VG-MicrotechMutilab 3000 

equipment equipped with a hemispherical electron analyzer with 9 channeltrons [with 

energy of passage of (2-200 eV)] and an X-ray radiation source with Mg and Al anodes. 

Transmission electron microscopy (TEM) was performed in JEOL Model JEM-2010. This 

microscope features an OXFORD X-ray detector model INCA Energy TEM 100 for 

microanalysis (EDS). The image acquisition camera is of the brand GATAN model 

ORIUS SC600. It is mounted on the axis with the microscope at the bottom and is 

integrated into the GATAN DigitalMicrograph 1.80.70 image acquisition and processing 

program for GMS 1.8.0. The supported catalysts were sonicated in an ultrasounds 
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apparatus P-Selecta (360W). UV-Vis spectroscopy in solid state was performed in a 

JASCO V-670 dual-beam UV-Vis / NIR spectrometer covering the wavelength range from 

190 to 2700 nm. The equipment has a single monochromator with double netting, one for 

the UV-Vis region (1200 grooves / mm) and one for the NIR region (300 grooves / mm). 

The detectors are a photomultiplier tube for the UV-Vis region and a PbS detector for the 

NIR region. The switching of both the detectors and the networks is automatically effected 

at a wavelength set by the user between 750 and 900 nm. The sources used are a deuterium 

lamp (190 to 350 nm) and a halogen lamp (330 to 2700 nm). On the other hand, the UV-

Vis spectroscopy of oxime precursor of catalyst 1 was performed in ethanol solution (1.04 

mg of oxime in 20 mL of ethanol approximately) in a SHIMAZU UV-1603 

spectrophotometer covering the wavelength range from 190 to 2700 nm. Cross-coupling 

products 4, 5, 7 and 13 are characterized in Chapter 1. 

2.4.2. Synthesis of Oxime Palladacycles 

 Synthesis of the Ketone Precursor for Palladacycle 38 

 
To a 25 mL round-bottom flask, 4-hydroxyacetophenone (313 mg, 2.30 mmol, 1 

equiv), cesium carbonate (1.5 g, 4.60 mmol, 2 equiv) and anhydrous DMF (5 mL) were 

added under argon atmosphere. Then, the reaction mixture was stirred at rt for 10 minutes 

and 2-bromoethanol (244 μL, 3.45 mmol, 1.5 equiv) was added. The resulting mixture was 

heated at 110 ºC for 48 h. After this time, the mixture was cooled to room temperature and 

10 mL of H2O and 10 mL of EtOAc were added. The aqueous layer was extracted with 

EtOAc (3 × 20 mL). The organic layers were washed with H2O to completely remove the 

DMF and the combined organic layers were dried over MgSO4 and after filtration, the 

solvent was removed under vacuum. The obtained crude residue was purified by column 

chromatography (Hexane/EtOAc: 6/2) to obtain the pure desired ketone (0.180 g, 45% 

yield). 
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 General Procedure for the Synthesis of Oxime Derivatives145 

 
In a 250 mL round-bottom flask, the corresponding ketone (1 equiv), hydroxylamine 

hydrochloride (3 equiv) and sodium acetate (3 equiv) were suspended in ethanol (80 mL 

for 12.4 mmol of ketone). The reaction mixture was stirred under reflux conditions during 

24 h. After this time, the reaction was cooled down to room temperature. Then, a saturated 

NaHCO3 aqueous solution (100 mL for 8 mmol of starting material) was added. The 

aqueous layer was extracted with diethyl ether (3 × 20 mL) and the organic layers were 

combined, washed with a saturated NaHCO3 aqueous solution, brine and finally dried over 

MgSO4. After filtration, the solvent was removed under vacuum. The corresponding 

oxime was obtained by recrystallization in ethanol. 

 General Procedure for the Synthesis of Oxime Palladacycles 

Typical Procedure for the Preparation of Lithium Tetrachloropalladate (0.5 M in 

methanol) 

A 0.5 M solution of lithium tetrachloropalladate was prepared by stirring a mixture of 

PdCl2 (1 equiv) and LiCl (2 equiv) in MeOH under argon atmosphere until obtaining a 

homogeneous solution (3-24 h). 

General Procedure for the Synthesis of Palladacycles132 

 
A MeOH (4.8 mL for 4.61 mmol of oxime derivative) solution of the corresponding 

oxime (1 equiv), NaOAc (1 equiv) and Li2PdCl4 (1 equiv, 0.5 M in MeOH) was stirred at 

room temperature under argon atmosphere for 4 days. Then, water was added to 
                                                 
145 Ulbrich, H. K.; Luxenburger, A.; Prech, P.; Eriksson, E. E.; Soehnlein, O.; Rotzius, P.; Lindbom, L.; Dannhardt, G. 
J. Med. Chem. 2006, 49, 5988-5999. 
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precipitate the corresponding palladium complex and subsequently, the palladacycle was 

filtered and washed with water and hexane. Finally, the catalyst was dried in the oven at 

50 ºC overnight, giving the corresponding oxime palladacycles 25, 26 and 38. 

2.4.3. Characterization of Graphene Oxide (GO) 

IR of GO showed at 1713, 1611, 1388, 1217 and 1043 cm-1 the bands associated with 

C=O (carbonyl/carboxy), C=C (aromatics), C-O (carboxy), C-O (epoxy), C-O (alkoxy), 

respectively. 

 
Figure 23. Left: full IR spectrum. Right: magnification between 2000 and 900 cm-1. 

 Scanning Electron Microscopy (SEM) 

 
Figure 24. SEM images of GO. 
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 Elemental Analysis 

 

 

 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

The residual amount of Mn in graphene oxide measured by ICP-OES was 0.05%. 

 X-Ray Powder Diffraction (XRD) 

 XRD patterns of graphene oxide and graphite evidencing that complete oxidation has 

occurred. 

 
Figure 25. Left: Comparison between GO and graphite, Right: XRD pattern for as-prepared GO. 

 Thermogravimetric Analysis (TGA) 

Experiment settings: 

- Temperature scanning rate: 1 ºC/min 

- Temperature range 20-800 °C 

- Purging inert gas: N2 

The first 11.9% mass loss (approx. 100 ºC) is due to water molecules absorbed into 

the GO bulk material, the following 30.49% decrease at 300 ºC corresponds to GO 

decarboxylation process. Decomposition takes place above 800 ºC. 

 %C %H %N %S 
GO 54.9 2.32 0.04 0.8 
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Figure 26. TGA of GO. 

 X-ray Photoelectron Spectroscopy (XPS) 

 
Figure 27. Left: XPS C1s of GO. Right: XPS O1s of GO. 

 

 

 

 

 

 C1s O1s O/C Atomic Ratio 
GO 284.8 (38%) 

286.6 (54%) 
288.3 (8%) 

530.9 (21%) 
532.5 (79%) 

0.655 
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 Solid State 13C NMR 

 
Figure 28. Solid State 13C-NMR of GO. 

 Atomic-Force Microscopy (AFM) 

 
Figure 29. AFM topographic image and magnification of GO deposited onto a silicon wafer. 

2.4.4. Characterization of Reduced Graphene Oxide (rGO) 

The IR of GO showed absortion bands at 1725, 1618, 1407, 1225 and 1105 cm-1, 

associated with C=O (carbonyl/carboxy), C=C (aromatics), C-O (carboxy), C-O (epoxy) 

and C-O (alkoxy), respectively. As shown, peaks due to oxygen-containing functional 

groups are almost entirely removed in rGO. 
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Figure 30. IR of GO and rGO. 

 Transmission Electron Miscroscopy (TEM) 

 
Figure 31. TEM images of rGO. 

 X-ray Powder Diffraction (XRD) 

In the XRD pattern of GO, the strong and sharp peak at 2θ = 11.7º corresponds to an 

interlayer distance of 7.6 Å (d002). rGO shows a broad peak that can be fitted by using a 

Lorentzian function into three peaks centered at 2θ = 20.17º, 23,78º and 25.88º, 

corresponding to interlayer distances of 4.47, 3.82 and 3.53 Å, respectively. These XRD 

results are related to the exfoliation and reduction processes of GO and the processes of 

removing intercalated water molecules and the oxide groups. 
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Figure 32. Left, XRD pattern of graphite, GO and rGO. Right, fitting curve for rGO (002) peak. 

 Elemental Analysis 

 

 
 

 X-ray Photoelectron Spectroscopy (XPS) 

The XPS of rGO of C1s and O1s core levels were analyzed and the binding energies 

which appears at 284.8, 532.4, 286.2, 287.8, 289.2 .eV were assigned to C -C, C-O, C-O, 

C=O, C(O)O, respectively. 

 

 

 

 Thermogravimetric Analysis (TGA) 

Experiment settings: 

- Temperature scanning rate: 1 ºC/min 

- Temperature range 20-800 ºC 

- Purging inert gas: N2 

 %C %H %N 
rGO 76.38 1.44 3.72 

 C1s O1s O/C Atomic Ratio 
rGO 284.8 (69%) 

286.2 (21%) 
287.8 (8%) 
289.2 (2%) 

532.4 0.142 



Chapter 2                                                                                                   Experimental Data  
 

128 
 

The first 5.71% mass loss (approx 100 ºC) is due to water molecules absorbed into the 

reduced GO bulk material. The following 8.239% decrease (400 ºC) corresponds to the 

elimination of remaining functional groups. Additionally, further decomposition takes 

place above 800 ºC. 

 
Figure 33.TGA of rGO. 

 Ultraviolet-Visible Spectroscopy (UV-Vis) 

The UV of GO exhibits a maximum absorption peak at 223 nm, corresponding to π-π* 

transition of aromatic C-C bonds. The absorption peak for rGO had red shifted to 270 

nm.This phenomenon of red shift has been used as a monitoring tool for the reduction of 

GO. 

 
Figure 34. UV-Vis spectrum of GO. 
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2.4.5. Synthesis and Characterization of Supported Oxime-Derived Palladacycles 

 Typical Procedure for the Synthesis of Supported Palladacycles 

A 10 mL glass vessel was charged with GO or rGO 

(200 mg) and the corresponding oxime palladacycle 

(25: 45.89 mg; 26: 32.93 mg; 38: 37.87 mg; 39: 52.86 

mg). Then, anhydrous THF (4 mL) was added and the 

reaction mixture was sonicated for 1h. Then, the 

reaction was stirred at room temperature for 48 h. 

After this time, the catalyst was submitted to four 

washing (THF, 10 mL)-centrifugation (6000 rpm, 15 

minutes) cycles, being the solvent eliminated after 

each cycle with a syringe equipped with a 4 mm/0.2 

μm PTFE syringe filter. The residual solvent was 

completely removed under reduced pressure affording the Pd complex supported on 

graphene derivatives 25-GO, 26-GO, 38-GO, 39-GO and 25-rGO. The amount of 

palladium was determined by ICP-OES. 

 XPS Analysis of Supported and Non-Supported Oxime Palladacycles 26 and 

38.146,147,148,149 

 

 

 

 

 

                                                 
146 Singh, G.; Divakar Botcha, V.; Sutar, D. S.; Talwar, S. S.; Srinivasa, R. S.; Major, S. S. Carbon 2015, 95, 843-851. 
147 Yu, B.; Wang, X.; Qian, X.; Xing, W.; Yang, H.; Ma, L.; Lin, Y.; Jiang, S.; Song, L.; Hu, Y.; Lo, S. RSC Adv. 2014, 
4, 31782-31794. 
148 Lin, Y.; Pan, X.; Qi, W.; Zhang, B.; Su, D. S. J. Mater. Chem. A. 2014, 2, 12475-12483. 
149 Hashemi Fath, R.; Hoseini, S. J. J. Organomet. Chem. 2017, 828, 16-23. 
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XPS Analysis of 26 and 26-GO 

 
Figure 35. XPS full spectra of: (a) 26; (b) 26-GO. 

 

 
Figure 36. XPS spectra of 26 and 26-GO: (a) Pd3d; (b) C1s; (c) O1s and deconvoluted peaks for Pd3d, C1s  

and O1s core levels. 
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XPS analysis of 38 and 38-GO 

 
Figure 37. XPS full spectra of: (a) 38; (b) 38-GO. 

 

 
Figure 38. XPS spectra of 38 and 38-GO: (a) Pd3d; (b) O1s; (c) C1s and deconvoluted peaks for Pd3d, O1s and C1s 

core level 
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 Typical Procedure for the Suzuki-Miyaura Reaction Catalyzed by Oxime 

Palladacycles Supported on Graphene Materials. 

 
A 10 mL glass vessel was charged with the corresponding supported palladacycle 

(0.002 mol% Pd, 25-GO: 0.198 mg, 26-GO: 0.098 mg, 38-GO: 0.089 mg), 4-

bromoanisole (156.5 μL, 1.25 mmol, 1 equiv), phenyboronic acid (190.2 mg, 1.56 mmol, 

1.25 equiv), K2CO3 (345.5 mg, 2.5 mmol, 2 equiv) and a 3/1 MeOH/H2O solvent mixture 

(3 mL). The vessel was sealed with a pressure cap and the mixture was stirred at room 

temperature for 20 h. Then, H2O (5 mL) and EtOAc (5 mL) were added and the mixture 

was filtered through a cotton and extracted with EtOAc (3 × 10 mL). The organic layers 

were dried over MgSO4 and after filtration the solvent was evaporated under reduced 

pressure. The crude residue was purified by column chromatography (Hexane/EtOAc: 

95/5). 

 Recovery of the Catalyst in the Suzuki-Miyaura Reaction Catalyzed by Palladacycles 

Supported on Graphene Derivatives 

Typical Procedure for the Recovery of the Catalyst 

Once the reaction was finished, the mixture was suspended and stirred for 15 min in 

10 mL of a mixture of 1/1 EtOAc/H2O mixture. Then, this mixture was centrifuged (6000 

rpm, 20 min) and the solvent was eliminated using a syringe equipped with 4 mm/0.2 μm 

PTFE filter. The washing/centrifugation sequence was repeated four additional times until 

no product was detected in the liquid phase by thin layer chromatography. The residual 

solvent was completely removed under reduced pressure affording the supported 

palladacycle catalyst which was directly used in the same tube by adding fresh reagents for 

the next run. This procedure was repeated for every cycle and the conversion of the 

reaction was determined by GC using decane as internal standard. 
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ICP analysis was performed to determine the palladium content on the solution after the 

5th cycle, giving 66.78 ppb (0.16% Pd). 

XPS Analysis of Recovered Catalyst 25-GO 

 
Figure 39. XPS full spectrum of 25-GO after the 5th run. 

 

 
Figure 40. XPS spectra of 25-GO after the 5th run: (a) Pd 3d; (b) O 1s; (c) C 1s; (d) N 1s and deconvoluted peaks (%) 

for Pd3d, O1s, C1s and N1s core levels. 
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 Mercury Poisoning Test 

A 10 mL glass vessel was charged with the corresponding non supported or the 

supported palladacycle 25 and 25-GO, respectively (0.1 mol% Pd, 25: 0.11 mg, 25-GO: 

1.14 mg), 4-bromoanisole (40 μL, 0.32 mmol, 1 equiv), phenyboronic acid (48.8 mg, 0.4 

mmol, 1.25 equiv), K2CO3 (91.2 mg, 2.5 mmol, 2 equiv) and a 3/1 MeOH/H2O solvent 

mixture (0.8 mL). The vessel was sealed with a pressure cap and the mixture was stirred at 

room temperature for 2 h and 20 min, determining the conversion of the reaction by GC. 

Then, a drop of mercury was added into the reaction vessel and the mixture was stirred for 

an extra 17 h and 40 min. After this time, GC analysis afforded similar reaction conversion 

indicating that nanoparticles are involved in the catalytic system. 

 
Scheme 41. Mercury poisoning test. 

 Typical Procedure for the Reduction of Supported Catalyst 25-GO 

Method A 

A 10 mL glass vessel was charged with GO (100 mg). Then, H2O (100 mL) was 

added and the reaction mixture was sonicated (1-2 h). Afterwards, palladacycle 25 (38.24 

mg) and a 150 mM aqueous solution of NaBH4 in water (215 μL,) were added. The 

reaction mixture was stirred for 2 h at room temperature. Then, the catalyst was washed 

with water (3×20 mL) and the supernatant was separated by centrifugation (4500 rpm, 15 

min). The properties of the catalyst were analyzed by XPS (Figure 41 and Figure 42) and 

ICP-MS. 



Chapter 2                                                                                                   Experimental Data 
 

135 
 

 
Figure 41. XPS full spectrum of the reduction of 25-GO by Method A. 

 

 
Figure 42. XPS spectra of the reduction of 25-GO by Method A: (a) Pd 3d; (b) O 1s; (c) C 1s and deconvoluted peaks 

(%) for Pd3d, O1s and C1s core levels. 
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Method B 

A 10 mL glass vessel was charged with GO (100 mg), palladacycle 25 (38.24 mg) 

Then, H2O (100 mL) was added and the reaction mixture was sonicated until a 

homogeneous solution was observed (1-2 h). After this time, a 150 mM NaBH4 solution in 

water (215 μL) was added and the reaction mixture was stirred for 2 h at room 

temperature. Then, the catalyst was washed with water (3 × 20 mL) and the supernatant 

was separated by centrifugation (4500 rpm, 15 min).The properties of the catalyst were 

analyzed by XPS (Figure 43 and Figure 44) and ICP-MS. 

 
Figure 43. XPS full spectrum of the reduction of 25-GO by Method B. 
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Figure 44. XPS spectra of the reduction of 25-GO by Method B: (a) Pd 3d; (b) O 1s; (c) C 1s and deconvoluted peaks 

(%) for Pd3d, O1s and C1s core levels. 

2.4.6. Physical and Spectroscopic Data 

 Physical and Spectroscopic Data of Ketones, Oximes and Palladacycles 

4,4’-Dichlorobenzophenone oxime 132 

White solid; Yield 99%; 1H-NMR (300 MHz, DMSO-d6) δH = 

11.63 (s, 1H), 7.56-7.49 (m, 2H), 7.47-7.26 (m, 6H) ppm. 

 

4,4’-Dichlorobenzophenone oxime palladaycle (25)132 

Yellow solid; Yield 47%; Pd content by ICP-OES: 2%; 1H-NMR 

(300 MHz, DMSO-d6) δH = 10.97-10.18 (m, 2H), 7.76-7.46 (m, 

10H), 7.12 (s, 2H), 6.72 (s, 2H) ppm. 

 

4-(Hydroxy)acetophenone oxime palladacycle (26)132 

Yellow solid; Yield 43%; Pd content by ICP-OES: 2.72% ;  
1H-NMR (300 MHz, DMF-d7) δH = 9.55 (s, 1H), 7.29 (s, 1H), 

6.99 (d, J = 8.1 Hz, 1H), 6.45 (dd, J = 8.1, 2.1 Hz, 1H), 2.16 (s, 

3H) ppm; 13C-NMR (75 MHz, DMF-d7) δC = 157.5, 154.3, 135.1, 

126.7, 123.0, 111.1, 104.3, 11.2 ppm. 
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4-(2-Hydroxyethoxy)acetophenone150 

White solid; Yield 53%; Purified by column chromatography 

(Hex/EtOAc: 6/2); 1H-NMR (300 MHz, CDCl3) δH = 7.94 (d, J = 

9.0 Hz, 2H), 6.96 (d, J = 9.0 Hz, 2H), 4.16 (dd, J = 5.2, 3.8 Hz, 

2H), 4.06-3.89 (m, 2H), 2.56 (s, 3H), 2.15 (m, 1H) ppm; 13C-

NMR (101 MHz, CDCl3) δC = 196.8, 162.5, 130.6, 130.5, 114.1, 

69.3, 61.2, 26.3 ppm. 

4-(2-Hydroxyethoxy)acetophenone oxime 

White solid; Yield 89%; 1H-NMR (300 MHz, DMSO-d6) δH = 

10.98 (s, 1H), 7.58 (d, J = 8.9 Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 

4.90 (t, J = 5.5 Hz, 1H), 4.00 (t, J = 5.0 Hz, 2H), 3.72 (q, J = 5.0 

Hz, 2H), 2.12 (s, 3H) ppm; 13C-NMR (75 MHz, DMSO-d6) δC = 

159.5, 152.8, 129.8, 127.3, 114.7, 70.0, 60.0, 11.9 ppm. 

4-(2-Hydroxyethoxy)acetophenone oxime palladacycle (38) 

Yellow solid; Yield 50%; 1H-NMR (300 MHz, DMF-d7) δH = 

10.23 (s, 1H), 7.46 (s, 1H), 7.36 (d, J = 8.4 Hz, 1H), 6.82 (dd, J = 

8.4, 2.5 Hz, 1H), 4.21 (t, J = 4.9 Hz, 2H), 4.01 (t, J = 4.9 Hz, 2H), 

2.46 (s, 3H) ppm; 13C-NMR (75 MHz, DMF-d7) δC = 167.2, 157.9, 

151.7, 135.4, 126.8, 122.1, 109.5, 70.0, 60.5, 10.0 ppm. 

 Physical and Spectroscopic Data of Suzuki-Miyaura Coupling Products 

4-Hydroxybiphenyl (40)151 

White solid; Yield 61%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.58-7.51 

(dd, J = 2.6, 1.8 Hz, 2H), 7.50-7.45 (m, 2H), 7.44-7.37 (m, 2H), 

7.34-7.27 (m, 1H), 6.96-6.82 (m, 1H), 5.03 (s, 1H) ppm; MS (EI) 

m/z 171 (M++1, 14%), 170 (M+, 100), 141 (19), 115 (14). 

                                                 
150 Mello, R.; Martínez-Ferrer, J.; Asensio, G.; González-Núñez, M. E. J. Org. Chem. 2007, 72, 9376-9378. 
151 Bai, L.; Wang, J.-X. Adv. Synth. Catal. 2008, 350, 315-320. 
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4-Methylbiphenyl (41)148 

White solid; Yield 94%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.68 (dd, J 

= 7.2, 1.2 Hz, 2H), 7.60 (d, J = 8.1 Hz, 2H), 7.55-7.49 (m, 2H), 

7.46-7.39 (m, 1H), 7.35 (d, J = 8.4 Hz, 2H), 2.49 (s, 3H) ppm; MS 

(EI) m/z 169 (M++1, 13%), 168 (M+, 100), 165 (25), 153 (14), 152 

(19).  

(E)-1-Methoxy-4-styrylbenzene (43)152 

White solid; Yield 35%; Purified by column chromatography 

(Hex/EtOAc: 95/5); 1H-NMR (300 MHz, CDCl3) δH = 7.56-7.46 

(m, 4H), 7.37 (t, J = 7.5 Hz, 2H), 7.32-7.19 (m, 2H), 7.10 (d, J = 

16.4 Hz, 1H), 7.00 (d, J = 16.4 Hz, 1H), 6.93 (d, J = 8.8 Hz, 1H), 

3.86 (s, 3H) ppm; MS (EI) m/z 211 (M++1, 17%), 210 (M+, 100), 

195 (17), 167 (21), 166 (11), 165 (31), 152 (19). 

 

                                                 
152 Huo, C.; He, X.; Chan, T. H. J. Org. Chem. 2008, 73, 8583-8586. 
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2.5. Conclusions 

 

As conclusion of Chapter 2, we have synthesized and fully characterized new oxime 

palladacycles supported through non-covalent interactions on graphene oxide; 25-GO, 26-

GO and 38-GO. The supported oxime-derived palladacycles as well as supported 

Hermann-Beller catalyst 39-GO were tested in the Suzuki–Miyaura coupling between 

activated and deactivated aryl bromides with aryl- and alkenylboronic acids under aqueous 

conditions at room temperature. Catalyst 25-GO resulted very active for this process under 

very low catalyst loadings (0.002 mol% Pd). The recovery and reuse of catalyst 25-GO 

was studied detecting significant loss of catalytic activity after the 3rd cycle (from 99% in 

the 1st to 61% in the 3rd cycle) due to the oxidation and metal agglomeration. 
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3.1. Antecedents 

 

3.1.1. Graphene-Derived Materials in Carbocatalysis 

As discussed in previous chapters, graphene (G) is considered one of the most 

promising materials in nanotechnology, electrochemistry and engineering.18,153 The 

significance of this material in recent years has produced an exponential growth in the 

number of studies related with graphene-based materials (G-mats). Consequently, 

remarkable progress has been accomplished in the development of new G derivatives to be 

used as metal supports as well as carbocatalysts. Among G-mats, it is worth to emphasize 

graphene oxide (GO)154 which has emerged as a new class of sustainable, water-

compatible, carbonaceous heterogeneous catalyst. GO presents different active sites such 

as holes, acid and basics groups, heteroatom-doped spots and metal impurities generated 

from the strong oxidizing conditions employed during the synthesis of this material 

(Figure 45). 

 
Figure 45. Actives sites in graphene oxide (GO). 

                                                 
153 (a) Palermo, V. Chem. Commun. 2013, 49, 2848-2857, (b) Novoselov, K. S.; Falko, V. I.; Colombo, L.; Gellert, P. 
R.; Schwab, M. G.; Kim, K. Nature 2012, 490, 192-200, (c) Ponomarenko, L. A.; Schedin, F.; Katsnelson, M. I.; Yang, 
R.; Hill, E. W.; Novoselov, K. S.; Geim, A. K. Science 2008, 320, 356, (d) Meyer, J. C.; Geim, A. K.; Katsnelson, M. 
I.; Novoselov, K. S.; Booth, T. J.; Roth, S. Nature 2007, 446, 60-63, (e) Novoselov, K. S.; Jiang, Z.; Zhang, Y.; 
Morozov, S. V.; Stormer, H. L.; Zeitler, U.; Maan, J. C.; Boebinger, G. S.; Kim, P.; Geim, A. K. Science 2007, 315, 
1379-1380. 
154 Pyun, J. Angew. Chem. Int. Ed. 2011, 123, 46-48. 
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These active sites along with the aromatic nanostructure and the high surface area where 

different oxygen-containing functional groups are present, allows GO to operate as soft 

acid as well as mild green oxidant. 

GO is easily functionalized155 providing to the synthetic chemist a wide variety of 

graphene-like carbocatalysts.156 Graphene oxide’s usefulness as a solid state acid catalyst 

comes from its high acidity (pKa 3-4 in water)157 generated by the sulfate or sulfonic acid 

groups present on its surface. GO and reduced graphene oxide (rGO), obtained by 

reduction of GO, as well as functionalized graphene materials (fGmats) have been 

employed as carbocatalysts in a wide range of transformations such as aldol reactions, 

Michael additions, hydrolyses, condensations, oxidations, epoxides ring-opening, and 

redox processes (Scheme 42).158 

 
Scheme 42. Graphene-catalyzed C-C and C-heteroatom bond-forming reactions. 

The use of G-mats in catalysis is very recent. In 2010, Bielaswki and co-workers reported 

the oxidation of alcohols employing GO (200 wt%) as catalyst with very good results in 

                                                 
155 Dreyer, D. R.; Park, S.; Bielawski, C. W.; Ruoff, R. S. Chem. Soc. Rev. 2010, 39, 228-240. 
156 (a) Chua, C. K.; Pumera, M. Chem. Eur. J. 2015, 21, 12550-12562, (b) Navalon, S.; Dhakshinamoorthy, A.; Alvaro, 
M.; García, H. Chem. Rev. 2014, 114, 6179-6212, (c) Machado, B. F.; Serp, P. Catal. Sci. Technol. 2012, 2, 54-75, (d) 
Schaetz, A.; Zeltner, M.; Stark, W. J. ACS Catal. 2012, 2, 1267-1284, (e) Dreyer, D. R.; Bielawski, C. W. Chem. Sci. 
2011, 2, 1233-1240. 
157 (a) Dreyer, D. R.; Bielawski, C. W. Adv. Func. Mater. 2012, 22, 3247-3253, (b) Dreyer, D. R.; Jarvis, K. A.; 
Ferreira, P. J.; Bielawski, C. W. Pol. Chem. 2012, 3, 757-766, (c) Konkena, B.; Vasudevan, S. J. Phys. Chem. Lett. 
2012, 3, 867-872. 
158 (a) Boukhvalov, D. W.; Dreyer, D. R.; Bielawski, C. W.; Son, Y.-W. ChemCatChem 2012, 4, 1844-1849, (b) 
Dhakshinamoorthy, A.; Alvaro, M.; Concepción, P.; Fornés, V.; García, H. Chem. Commun. 2012, 48, 5443-5445, (c) 
Dhakshinamoorthy, A.; Alvaro, M.; Puche, M.; Fornés, V.; García, H. ChemCatChem 2012, 4, 2026-2030, (d) Jia, H.-
P.; Dreyer, D. R.; Bielawski, C. W. Adv. Synth. Catal. 2011, 353, 528-532. 
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most of the substrates.159 In the same work, the hydration of alkynes was also studied 

obtaining moderate to low yields in the case of using alkyl, aryl or diynes. As a 

representatives examples, the oxidation of diphenylmethanol to benzophenone and the 

hydration of phenylacetylene to acetophenone are depicted in Scheme 43.159 

 
Scheme 43. GO-catalyzed oxidation of diphenylmethanol and hydratation of phenylacetylene. 

With respect to the generation of new carbon-carbon bond-forming reactions, Lee and co-

workers have described the Michael addition of 1,3-dicarbonyl compounds to nitroolefins 

using GO as phase transfer catalyst and KOH as base.160 Scheme 45 shows the Michael 

addition of acetylacetone to activated and deactivated trans-β-nitrostyrenes to afford the 

corresponding products with good yields regardless the electronic nature of the 

electrophile. Interestingly, the carbocatalyst was recovered and reused in the reaction 

between β-nitrostyrene and acetylacetone in 9 reaction cycles with a slight decrease in the 

activity (Scheme 44). 

 
Scheme 44. GO-catalyzed Michael addition of acetylacetone to β-nitrostyrenes. 

García and co-workers have described the oxidation and hydrogenation of different 

molecules catalyzed by heteroatom-doped graphene materials (Scheme 45 and Scheme 

                                                 
159 Dreyer, D. R.; Jia, H.-P.; Bielawski, C. W. Angew. Chem. Int. Ed. 2010, 49, 6813-6816. 
160 Kim, Y.; Some, S.; Lee, H. Chem. Commun. 2013, 49, 5702-5704. 
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46). Thus, in 2013 this group reported a selective benzylic oxidation of tetralin, 

diphenylmethane and styrene derivatives under oxygen atmosphere employing nitrogen-

doped G (6.65% of nitrogen content) prepared from chitosan as catalyst able to activate 

the dioxygen molecule (Scheme 45). In addition, the catalyst was recovered and reused in 

a 2nd cycle with no erosion of the catalytic activity.161 

 
Scheme 45. Oxidation of tetralin and diphenylmethane catalyzed by (N)-G. 

The same grouo has also reported the hydrogenation of alkenes and alkynes employing G 

(7 mg, obtained by pyrolysis and exfoliation of alginate) as molecular hydrogen 

activator.162 As a representative example, the quantitative G-catalyzed hydrogenation of 

styrene and α-acetoxystyrene with H2 (30 Bar) is presented in Scheme 46.  

 
Scheme 46. Hydrogenation of styrene and α-acetoxystyrene catalyzed by G. 

On the other hand, Base and co-workers have reported a GO-catalyzed multicomponent 

reaction for the synthesis of a wide range of pharmacophore derivatives such as 3-

sulfenylimidazo[1,2-a]pyridines.163 As summarized in Scheme 47, irrespective the 

                                                 
161 Dhakshinamoorthy, A.; Primo, A.; Concepción, P.; Alvaro, M.; García, H. Chem. Eur. J. 2013, 19, 7547-7554. 
162 Primo, A.; Neatu, F.; Florea, M.; Parvulescu, V.; García, H. Nat. Commun. 2014, 5, 5291. 
163 Kundu, S.; Basu, B. RSC Adv. 2015, 5, 50178-50185. 
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electronic properties of the arenes, good yields are usually obtained being GO (which is 

proposed to act as oxidant) recovered and reused in 4 cycles in the reaction between 2-

aminopyridine, acetophenone and thiophenol without apparent decrease of the catalytic 

activity.  

 
Scheme 47. Multicomponent reaction of 2-aminopyridine, acetophenone and thiophenol catalyzed by GO. 

Khalili’s group has recently reported the use of GO as catalyst in a direct electrophilic 

thiocyanation of anilines, phenols, anisoles and enolizable ketones (Scheme 48).164 In this 

process, GO generates the electrophile (SCN+) from H2O2 and KSCN by proton transfer 

processes due to the acidic nature of this material. Regarding the recovery of the catalyst, 

the thiocyanation of aniline could be run up to 5 cycles observing a slight decrease in the 

catalytic activity of GO.  

 
Scheme 48. GO-catalyzed thiocyanation reactions. 

On the other hand, Nishina and co-workers have reported the Heck-Matsuda reaction of 

heteroaryl derivatives with aryldiazonium salts through a single electron transfer (SET) 

                                                 
164 Khalili, D. New J. Chem. 2016, 40, 2547-2553. 
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process catalyzed by base-treated rGO (rGOB).165 As depicted in Scheme 49, for the 

arylation of furane, low to high yields were obtained in DMSO as solvent at 40 ºC. The 

carbocatalyst can be recovered and reused up to 5 cycles without apparent decrease in the 

catalytic activity 

 
Scheme 49. Heck-Matsuda reaction catalyzed by basic reduced graphene oxide (rGOB). 

3.1.2. Pinacol Rearrangement 

The pinacol rearrangement is a valuable process for the synthesis of aldehydes and 

ketones through the elimination of water by skeletal rearrangement of 1,2-diols.166 This 

transformation was firstly reported by Wilhelm Rudolph Fittig in 1860,167 when 

accidentally observed the formation of the pinacol rearrangement product after distillation 

of secondary or tertiary alcohols in diluted sulfuric acid. This carbocationic rearrangement 

involves the migration of one of the groups from the 1,2-diol moiety affording the 

corresponding carbonyl derivative (Scheme 50). 

 
Scheme 50. Mechanism of the pinacol rearrangement. 

The reaction is usually performed under homogeneous conditions employing harsh 

Brønsted acids, such as sulfuric (H2SO4) or perchloric acid (HClO4) although Lewis acids, 

such as iron chloride (FeCl3) have been also used.168 Regarding heterogeneous conditions, 

                                                 
165 Morimoto, N.; Morioku, K.; Suzuki, H.; Nakai, Y.; Nishina, Y. Chem. Commun. 2017, 53, 7226-7229. 
166 (a) Berson, J. A. Angew. Chem. Int. Ed. 2002, 41, 4655-4660, (b) Collins, C. J. Q. Rev. Chem. Soc. 1960, 14, 357-
377. 
167 Fittig, R. Justus Liebigs Ann. Chem. 1860, 114, 54-63. 
168 (a) Kita, Y.; Yoshida, Y.; Mihara, S.; Furukawa, A.; Higuchi, K.; Fang, D.-F.; Fujioka, H. Tetrahedron 1998, 54, 
14689-14704, (b) Vidya, B.; Srinivasan, C. Chem. Lett. 1982, 11, 1537-1538. 
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solid catalysts, such as zeolites169 and silico-aluminophosphates170 have also been used in 

this interesting organic transformation. For example, iron nanoparticles supported on 

aluminophosphonate material (Fe-APO-5) have been employed as catalyst in the pinacol 

rearrangement of 1,2-diols, as described for a representative example in Scheme 52.170 

Also, Chen and co-workers have carried out the pinacol rearrangement of 2,3-dimethyl-

2,3-butanediol using a zirconium supported on mesoporous Santa Barbara amorphous 

material (Zr-SBA-15) as catalyst, obtaining in this case the pinacol rearrangement adduct 

with very low yield (Scheme 51).171 

 
Scheme 51. Pinacol rearrangement catalyzed by Fe-APO-5 and Zr-SBA-15. 

3.1.3. Direct Nucleophilic Substitution of Allylic Alcohols 

The nucleophilic substitution of allylic alcohols is a common methodology 

successfully employed in organic synthesis to obtain functionalized allylic compounds.172 

Traditionally, this transformation is carried out using derivatized allylic alcohols, such as 

acetates, carbonates and halides as electrophiles, generating a stoichiometric amount of 

waste during the preparation and the allylic substitution (Scheme 52).  

                                                 
169 (a) Chen, S.-Y.; Lee, J.-F.; Cheng, S. J. Catal. 2010, 270, 196-205, (b) Wirth, T. Angew. Chem. Int. Ed. 1996, 35, 
61-63, (c) Bezouhanova, C. P.; Jabur, F. A. J. Mol. Catal. 1994, 87, 39-46, (d) Molnár, Á.; Bucsi, I.; Bartók, M. Stud. 
Surf. Sci. Catal. 1988, 41, 203-210. 
170 Hsien, M.; Sheu, H.-T.; Lee, T.; Cheng, S.; Lee, J.-F. J. Mol. Catal. A. 2002, 181, 189-200. 
171 Chen, S.-Y.; Lee, J.-F.; Cheng, S. J. Catal. 2010, 270, 196-205. 
172 (a) Dryzhakov, M.; Richmond, E.; Moran, J. Synthesis 2016, 935-959, (b) Baeza, A.; Nájera, C. Synthesis 2014, 25-
34, (c) Biannic, B.; Aponick, A. Eur. J. Org. Chem. 2011, 6605-6617, (d) Emer, E.; Sinisi, R.; Capdevila, M. G.; 
Petruzziello, D.; De Vincentiis, F.; Cozzi, P. G. Eur. J. Org. Chem. 2011, 647-666, (e) Muzart, J. Eur. J. Org. Chem. 
2007, 3077-3089. 
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Scheme 52. Indirect and direct route for the nucleophilic substitution of allylic alcohols. 

In contrast, the direct nucleophilic substitution of free alcohols is an interesting 

transformation from the sustainable point of view since these compounds are readily 

available and water is the only byproduct generated during the process (Scheme 52). 

However, the direct substitution presents two main drawbacks; the poor leaving group 

ability of the hydroxyl group and the formation of water that requires water-tolerant 

catalysts. To solve this problem, the use of Brønsted and Lewis acids as catalysts 

involving the formation of the corresponding carbocation intermediate through a SN1-type 

reaction has been reported. Other softer Lewis acids such as Au(I) and Hg(II), are also 

able to activate the corresponding double bond facilitating the nucleophilic substitution.172 

In the case of using transition metal catalysts such as Pd, Ir, Pt and Rh, the reaction takes 

place via the formation of a π-allyl intermediate in a Tsuji-Trost-type reaction (Scheme 

53). 

 
Scheme 53. Plausible mechanisms for the nucleophilic substitution of allylic alcohols. 
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Lewis and Brønsted acids usually activate the leaving group forming hydroxy-anionic 

species and the allylic carbocation intermediate which reacts with the corresponding 

nucleophile, as shown in Scheme 54.  

 
Scheme 54. Mechanism for the Lewis acid-catalyzed SN1 type reaction of allylic alcohols. 

Regarding heterogeneous direct substitutions of allylic alcohols,173 Wang’s group has 

recently described the nucleophilic substitution of aryl and alkyl-substituted allylic 

alcohols with primary amides and sulfonamides, catalyzed by silver nanoparticles 

supported on ferrite (AgNPs-Fe3O4) (Scheme 56). The recyclability of the catalyst was 

studied in the reaction between (E)-1,3-diphenylprop-2-en-1-ol and 4-

methylbenenesulfonamide, where no important erosion of the catalytic activity was 

detected after 5 cycles (Scheme 55). 

 
Scheme 55. Nucleophilic substitution of allylic alcohols catalyzed by AgNPs-Fe3O4. 

At the same time, García-Martínez, Nájera and co-workers described the synthesis of a 
hybrid iron(III) complex–silica mesoporous gel (Gel-Fe-L2) which catalyzed the 

heterogeneous direct amination of (E)-1,3-diphenylprop-2-en-1-ol with p-

toluensulfonamide in water, employing 10 mol% of catalyst. The corresponding amination 

adduct was obtained with excellent results.174  

                                                 
173 Xu, X.; Wu, H.; Li, Z.; Sun, X.; Wang, Z. Tetrahedron 2015, 71, 5254-5259. 
174 Grau, A.; Baeza, A.; Serrano, E.; García-Martínez, J.; Nájera, C. ChemCatChem 2015, 7, 87-93. 
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Moreover, the heterogeneous catalyst was recovered and reused over at least 6 cycles 

without any apparent loss of catalytic activity. No leching from iron(III) was observed 

(Scheme 56).  

 
Scheme 56. Nucleophilic substitution of allylic alcohols catalyzed by Gel-Fe-L2. 
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3.2. Objectives 

 

Based on the previously exposed bibliographical background, the following objectives 

were stablished; 

1. To study the activity and recyclability of graphene-based materials as catalysts in the 

pinacol rearrangement of 1,2-diols. 

2. To study the activity and recyclability of graphene-derived materials in the direct 

nucleophilic substitution of allylic alcohols. 
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3.3. Discussion of Results 

 

3.3.1. Graphene-Derived Materials 

In the present work, commercially available few-layers graphene oxide (GO), freshly 

prepared monolayer graphene oxide (GO’), commercially available reduced graphene 

oxide (rGO), commercially available graphene oxide functionalized with acid groups 

(GO-CO2H) and commercially available graphite oxide (GiO) have been used as 

carbocatalysts in the pinacol rearrangement of 1,2-diols and in the nucleophilic 

substitution of allylic alcohols.  

In heterogeneous catalysis, the characterization of the catalysts is extremely important. 

This fact becomes even more important in carbocatalysis since organic, inorganic and 

metal impurities present in the catalyst might play a complementary or even essential 

catalytic role. For this reason, a proper characterization (ICP-MS and XPS) of G-mats 

employed in this study was performed and the results are presented in Table 6. 

 
The oxygen/carbon content of the different carbocatalysts were detemined by XPS 

analysis ranging from 0.655 in the case of GO to 1.142 for rGO. Additionally, ICP-MS 

analysis provided the Mn and S content, which was very low or negligible except for GiO 
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whose high S content (5.2%) is ascribed to the acidic sulphonic groups generated during 

the oxidation of graphite. 

3.3.2. Pinacol Rearrangement of 1,2-Diols Catalyzed by Graphene Materials 

Generally, the 1,2-diols employed in the present work are commercially available. 

Only 2-methyl-1,1,3-triphenylpropane-1,2-diol, 3-methoxy-2-methyl-1,1-

diphenylpropane-1,2-diol, 2-methyl-1,1-diphenylpropane-1,2-diol, 1-

(hydroxydiphenylmethyl)cyclopentan-1-ol and 1,1,2-triphenylethane-1,2-diol were 

synthetized by a Ti-catalyzed retropinacol/cross-pinacol coupling from the corresponding 

ketones or aldehyde (Scheme 57).175 

 
Scheme 57. Synthesis of 1,2-diols. 

The pinacol rearrangement study was performed using 2,3-diphenylbutane-2,3-diol as a 

model substrate. Initially, GO (20 wt%) was tested as catalyst using toluene (0.20 M) as 

solvent at 100 ºC. As depicted in Table 7, entry 1, only migration of the phenyl group was 

observed, affording 3,3-diphenylbutan-2-one (44) in a 93% isolated yield. Interestingly, 

the rearrangement was highly chemoselective and no other side reactions, such as the 

                                                 
175 Scheffler, U.; Stößer, R.; Mahrwald, R. Adv. Synth. Catal. 2012, 354, 2648-2652. 
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Nametkin rearrangement176 were observed in the crude reaction mixture. The yield of the 

reaction clearly decreased when reducing the temperature (Table 7, entries 2 and 3). The 

reaction could also be performed under solvent-less conditions to afford 44 in an 80% 

yield (Table 7, entry 4). No conversion towards 44 was detected when H2O was used as 

solvent, being only acetophenone formed (8% conversion by GC) from the retro-pinacol 

coupling of the starting diol (Table 7, entry 5). This reaction is probably catalyzed by 

traces of metal oxides, such as MnO2, contained in the carbocatalyst (0.09% Mn by ICP-

MS).177  

 

                                                 
176 Nametkin, S. S. Ann. Chem. 1923, 207-231. 
177 (a) Riaño, S.; Fernández, D.; Fadini, L. Catal. Commun. 2008, 9, 1282-1285, (b) Masuyama, Y.; Takahara, J. P.; 
Kurusu, Y. J. Am. Chem. Soc. 1988, 110, 4473-4474. 
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Interestingly, the pinacol rearrangement of 2,3-diphenylbutane-2,3-diol carried out under 

microwave irradiation conditions showed, without compromising performance, a 

significant reduction in reaction time affording the corresponding final product 44 in a 

92% conversion after 1 h (Table 7, entry 6). No conversion was observed in the absence of 

GO (Table 7, entry 7). On the other hand, GO’ (0% S) showed low reactivity in the model 

reaction affording only a 30% conversion of the corresponding pinacol rearrangement 

product (Table 7, entry 8). The importance for catalysis of the functional groups present on 

GO was demonstrated using rGO as catalyst in toluene, which resulted inactive in the 

pinacol rearrangement (Table 7, entry 9). The carboxylic acid-functionalized GO-CO2H 

(0.7 mmol CO2H/g) was also unproductive as catalyst in the rearrangement. In fact, only 

acetophenone was detected (10% conversion by GC) because of the retro-pinacol coupling 

of the diol (Table 7, entry 10). These results clearly showed the importance for catalytic 

activity of a high-surface few-layer system with the appropriate functionality. 

Graphite has often been reported as effective carbocatalyst in different organic 

transformations, such as the multicomponent synthesis of highly functionalized pyrroles 

and substituted 3,4-dihydropyrimidinones.178 However, graphite was not effective in the 

pinacol rearrangement of 2,3-diphenylbutane-2,3-diol (Table 7, entry 11), probably due to 

the markedly smaller specific surface area and the absence of active sites. This result was 

confirmed when graphite oxide (GiO) was used as catalyst, which afforded 44 in an 80% 

isolated yield (Table 7, entry 12). Given the analytical properties of the employed GiO 

(see Table 6), this result clearly indicated the important contribution to the process of both 

appropriate acidic sulfate groups (C-OSO3H) and a high surface area. Catalytic 

contributions from metallic contaminants were also object of study.179 Thus, in order to 

discard the influence on catalysis of residual Mn originated during the preparation of GO 

(0.09% Mn by ICP-MS, Table 6), the model reaction was carried out in the presence of an 

excess (0.1 mg) of MnO2 and MnCl2 (Table 7, entries 13 and 14). The obtained results 

clearly illustrated that Mn species have no catalytic activity in the pinacol rearrangement 
                                                 
178 (a) Dhumaskar, K. L.; Meena, S. N.; Ghadi, S. C.; Tilve, S. G. Bioorg. Med. Chem. Lett. 2014, 24, 2897-2899, (b) 
Nandeesh, K. N.; Raghavendra, G. M.; Revanna, C. N.; Jenifer Vijay, T. A.; Rangappa, K. S.; Mantelingu, K. Synth. 
Commun. 2014, 44, 1103-1110. 
179 Leadbeater, N. E. Nat. Chem. 2010, 2, 1007-1009. 
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under the optimized reaction conditions. Furthermore, rGO (0.16% Mn by ICP-MS, 0% S 

by elemental analysis, Table 6) showed no activity in the reaction (Table 7, entry 9), while 

GiO (0.05% Mn by ICP-MS, 5.2% S by elemental analysis, Table 6) showed very good 

catalytic activity (80% yield). These results suggested a no metal-catalyzed rearrangement 

and reinforced the possible role of the acidic sulphate groups (C-OSO3H) as catalytic 

active sites. 

Finally, to test the recyclability of the catalyst, GO was recovered after centrifugation, 

washed with diethyl ether and reused in 4 consecutive reaction cycles under the optimized 

reaction conditions, observing a progressive deactivation of the carbocatalyst (Figure 46). 

Elemental analysis of GO after the 4th run showed a strong decrease in the O and S 

contents. In addition, the fact that GO-CO2H showed very low catalytic activity in the 

rearrangement (Table 7, entry 10), confirmed the central role of the -OSO3H groups as 

active sites for a good catalytic activity in the pinacol rearrangement. This hypothesis was 

established by analyzing the result obtained using GO’ as catalyst (Table 7, entry 8) in 

which the sulphur content is practically negligible, confirming the key catalytic role of the 

S groups in the rearrangement. 

 
Figure 46. Recyclability study and elemental analysis of GO in the pinacol rearrangement. 

Furthermore, some partially nonspecific reduction of GO was observed during the 

catalytic cycle by XPS which showed a strong decrease of the O/C ratio (0.655 to 0.186), 

also confirming a possible descarboxylation process of the carbonaceous material.180 The 

                                                 
180 Chua, C. K.; Pumera, M. Chem. Soc. Rev. 2014, 43, 291-312. 
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importance for catalysis of these groups was further confirmed by different tests. Initially, 

sulfonated reduced graphene oxide181 (rGO-SO3H, 3.29% S by elemental analysis) was 

prepared from rGO (inactive catalytic material in the pinacol rearrangement). As shown in 

Scheme 58, rGO-SO3H showed good activity in two rearrangement cycles.  

 
Scheme 58. Recyclability of rGO-SO3H in the pinacol rearrangement. 

The activity of GO was also studied in the model pinacol rearrangement after being 

thoroughly washed with ultrapure water in order to remove possible sulphuric acid 

impurities. The catalytic activity of the washed GO (wGO) was tested in the pinacol 

rearrangement of 2,3-diphenylbutane-2,3-diol resulting in an 80% conversion after 20 h 

(Table 7, entry 15). This result demonstrated that water removed some of the not so 

strongly bonded -OSO3H groups from the GO sheets. Overall, the performed control 

experiments were compatible with the presence of hydrogen sulphate catalytic units bound 

to GO, as previously demonstrated for other organic transformations.182 In order to 

consider how important was the presence of the -OSO3H groups for the reaction to 

proceed, the reaction using H2SO4 and p-TsOH as homogeneous catalysts in equivalent 

amounts to the S content of GO was tested (Table 8). Thus, 2,3-diphenylbutane-2,3-diol 

was allowed to react under the optimized conditions using H2SO4 (1.2 mol%) as catalyst. 

After 20 h no rearranged product was observed (<5% conversion by GC), being only 

detected a 17% of acetophenone from the retro-pinacol reaction (Table 8, entry 1). On the 

other hand, p-TsOH (1.2 mol%) afforded a 15% conversion of 44 along with a 55% of 

acetophenone (Table 8, entry 2). Interestingly, when the same reaction was carried out in 

the presence of a 20 wt% of rGO, only starting material was detected by GC analysis and 

no retro-pinacol product was being observed. 

                                                 
181 Oger, N.; Lin, Y. F.; Labrugère, C.; Le Grognec, E.; Rataboul, F.; Felpin, F.-X. Carbon 2016, 96, 342-350. 
182 (a) Dhakshinamoorthy, A.; Alvaro, M.; Concepción, P.; Fornés, V.; García, H. Chem. Commun. 2012, 48, 5443-
5445, (b) Dhakshinamoorthy, A.; Alvaro, M.; Puche, M.; Fornés, V.; García, H. ChemCatChem 2012, 4, 2026-2030. 
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Thus, the role of the carbonaceous surface on the selectivity of the process was clearly 

demonstrated. Finally, good conversion towards 44 was only observed when the reaction 

was performed using 25 mol% (20-fold of S content) of p-TsOH as homogeneous catalyst 

(Table 8, entry 4). 

With the optimal reaction conditions established, the pinacol rearrangement was 

performed with other structurally different 1,2-diols (Table 9). In general, good to 

excellent isolated yields were obtained, being in many cases (46-50, 53) unnecessary the 

purification of the products since the crudes reaction were highly pure (>95% by 1H-

NMR). As expected, the weak acidic conditions provided by GO led to the expected 

rearranged products formed through the most stable carbocation involving the predictable 

migration. For instance, 2-methyl-1,1,3-triphenylpropane-1,2-diol and 3-methoxy-2-

methyl-1,1-diphenylpropane-1,2-diol afforded compounds 45 and 46 in a 96 and 95% 

yield, respectively (Table 9, entries 2 and 3). 2-Methyl-1,1-diphenylpropane-1,2-diol 

yielded as major product 3,3-diphenylbutan-2-one (47) although small amounts of ketone 

48 were also detected as a consequence of the good migratory aptitude of the phenyl group 

(Table 9, entry 4). Similarly, ketones 49 and 50 were obtained in a 78 and 15% yield, 

respectively, from the rearrangement of 1,1,2-triphenylethane-1,2-diol (Table 9, entry 5). 

1,2,2,2-Tetraphenylethan-1-one was isolated from benzopinacol in a 72% yield through a 

phenyl 1,2-shift (Table 9, entry 6). In this case, benzophenone (10%) and 2,2,3,3-

tetraphenyloxirane 9 (8%) were also detected in the crude reaction mixture. 
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Finally, ring-expansion of [1,1'-bi(cyclopentane)]-1,1'-diol  and 1-

(hydroxydiphenylmethyl)cyclopentan-1-ol afforded spiro[4.5]decan-6-one (53) and 2,2-

diphenylcyclohexan-1-one (54) in 99 and 80% isolated yield, respectively (Table 9, entries 

7 and 8). 

Alkene oxides such as 52 have been proposed as possible intermediates in the pinacol 

rearrangement of sterically hindered substrates because of the formation of a transient 
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carbocationic intermediate.166 These types of substrates are also starting materials for the 

Meinwald rearrangement, reaction which is usually catalyzed by Brønsted or Lewis 

acids.183 As depicted in Scheme 59, GO also promoted the synthesis of carbonyl 

compounds from epoxides through the Meinwald rearrangement. Thus, treatment of 1-

phenyl-7-oxabicyclo[4.1.0]heptane (prepared by epoxidation of 1-phenyl-1-cyclohexene 

with m-chloroperbenzoic acid) with GO (50 wt%) under the optimized conditions led to 

the formation of 1-phenylcyclopentanecarbaldehyde (55) in a 56% isolated yield. 

 
Scheme 59. GO-catalyzed Meinwald rearrangement of 1-phenyl-1,2-epoxycyclohexane. 

The assumption of the formation of epoxide 52 as intermediate in the pinacol 

rearrangement was reinforced performing the GO-catalyzed rearrangement of 

benzopinacol in presence of two soft nucleophiles such as TsNH2 and acetylacetone under 

the optimized reaction conditions. As depicted in the Scheme 60, apart from the unreacted 

starting material, benzophenone and the rearranged product 51 were observed.  

 
Scheme 60. Pinacol rearrangement mechanism elucidation experiments. 

GC and 1H-NMR analyses of the crude reaction mixture, revealed the formation of 

compounds 56 and 57 in 1/1 ratio. The presence of such products can be explained from 

                                                 
183 Meinwald, J.; Labana, S. S.; Chadha, M. S. J. Am. Chem. Soc. 1963, 85, 582-585. 
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the direct attack of the nucleophile onto a transient carbocation and/or from the epoxide 52 

ring-opening both possibilities pointing towards the formation of a carbocationic 

intermediate (Scheme 60). 

3.3.3. Nucleophilic Substitution of Allylic Alcohols Catalyzed by Graphene 

Materials 

The use of the graphene-based carbocatalysts in the intermolecular direct 

nucleophilic substitution of allylic alcohols was next studied.172 The reaction, which 

normally proceeds via a carbocationic intermediate when a Lewis or Brønsted acid are 

employed as catalysts (SN1 pathway), can be considered as a straightforward and 

environmentally benign way to get access to new allylic entities, generating water as the 

sole byproduct.184 Then, as starting point, the reaction between (E)-1,3-diphenylprop-2-en-

1-ol and p-toluensulfonamide as nucleophile in water as solvent185 was chosen as model 

reaction in the search for the optimal conditions (Table 10). Firstly, GO (20 wt%) was 

employed as catalyst at 80 ºC, being the corresponding amination product 58 obtained in a 

75% isolated yield (Table 10, entry 1). Attempts to reduce the temperature resulted in 

detriment of the yield (Table 10, entries 2 and 3). Good yields were also achieved at 50 ºC 

but using 50 wt% of catalyst. It is worth to say that in the absence of catalyst, the reaction 

did not work at all (Table 10, entry 4). Next, other carbocatalysts were examined under the 

above-mentioned conditions. Thus, whereas rGO or graphite gave rise to 58 in low yields 

(Table 10, entries 5 and 7), GO-CO2H rendered the substitution product in an 83% yield 

(entry 6). The fact that rGO produced a low yield in the process, somehow ruled out a 

possible Mn-catalyzed reaction, in agreement with the result observed in the pinacol 

rearrangement. The solvent-free allylic amination reaction was also studied using the most 

active GO-derived catalysts (GO and GO-CO2H) obtaining 58 in a 64 and 88% yield, 

respectively (Table 10, entries 8 and 9).  

                                                 
184 (a) Trillo, P.; Baeza, A.; Nájera, C. J. Org. Chem. 2012, 77, 7344-7354, (b) Trillo, P.; Baeza, A.; Nájera, C. Eur. J. 
Org. Chem. 2012, 2929-2934. 
185 (a) Trillo, P.; Baeza, A.; Nájera, C. ChemCatChem 2013, 5, 1538-1542, (b) Liu, Y.-L.; Liu, L.; Wang, Y.-L.; Han, 
Y.-C.; Wang, D.; Chen, Y.-J. Green Chem. 2008, 10, 635-640, (c) Shirakawa, S.; Shimizu, S. Synlett 2008, 1539-1542. 
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In agreement with the previous results using water as solvent, GO-CO2H was the best 

catalyst yielding the corresponding product in an 83% yield. The better performance of 

this catalyst under both reaction conditions was ascribed to the presence of more Brønsted 

acidic functionalities on the surface of the material, which facilitate the allylic alcohol 

activation. 

Other nucleophiles were tested using (E)-1,3-diphenylprop-2-en-1-ol as π-activated allylic 

alcohol, GO-CO2H as catalyst in water as solvent and under solvent-free conditions 

(Table 11). Firstly, 1,3-dicarbonyl compounds were taken into account. Thus, 

acetylacetone rendered the corresponding allylic substitution product 59 with 74 and 90% 

of yield even when 1.25 equiv of nucleophile were employed using both approaches 

(Table 11, entries 1 and 2).  
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Similarly, 1,3-diphenyl-1,3-propanedione behaved well in both media producing (E)-2-

(1,3-diphenylallyl)-1,3-diphenylpropane-1,3-dione (17) with 60% yield (Table 11, entries 
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3 and 4). Asymmetrically substituted 1-phenylbutane-1,3-dione gave rise to the desired 

product 61 in 91 and 90% yield (aqueous and neat conditions, respectively) as a 58:42 

diastereomeric mixture, regardless the conditions employed (Table 11, entries 5 and 6). 

Next, β-ketoesters were essayed starting with ethyl benzoylacetate. In this case, product 62 

was achieved in moderate yields at the best under both conditions (Table 11, entries 7 and 

8). Better results were obtained with a cyclic β-keto ester, reaching for compound 63 80% 

and 81% yield, respectively (Table 11, entries 9 and 10). Electron-rich aromatics were 

next evaluated as nucleophiles in a Friedel-Crafts type reaction. Thus, when N,N-

dimethylaniline was tested, product 64 was obtained as a sole regioisomer in high yields, 

especially when water was employed as solvent (83%) (Table 11, entries 11-12). 

However, phenol showed an opposite trend. Thus, whereas the reaction barely worked in 

water (<25%), 76% yield was obtained under neat conditions (Table 11, entries 13 and 

14). On the other hand, when allyltrimethylsilane was allowed to react under the optimized 

conditions, only low conversion was observed even when higher amounts (3 equiv) of 

nucleophile were employed. Intrigued by these results, it was decided to switch the 

carbocatalyst since we speculated a possible consumption of the nucleophile by some of 

the multiple oxygen atoms present in the GO-CO2H surface. The assumption seemed to 

be true, since the reaction employing GO (20 wt%) rendered the corresponding allylation 

product with only 38% of conversion under aqueous conditions and 85% yield under 

solvent-free conditions (Table 11, entry 16). In addition, rGO was also tested but no 

reaction was observed, which pointed towards the need of acidic functionalities within the 

graphene surface able to activate both the substrate and the nucleophile. In addition, this 

experiment again rules out a possible metal catalyzed process. 

In order to study the regiochemical outcome of the reaction, (E)-4-phenylbut-3-en-2-ol 

was submitted to the allylic substitution using acetyl acetone as nucleophile under the 

above-mentioned optimal reaction conditions (Scheme 61). When this more challenging 

substrate, due to formation of a less stable carbocation, was allowed to react under neat 

conditions, a good 76% yield of a 70:30 regioisomeric mixture was obtained, being the 
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isomer with the most stable olefin 67 (conjugated with the aromatic ring) the major 

regioisomer. Unfortunately, the reaction in water gave very low yields. 

 
Scheme 61. Regiochemical study between (E)-4-phenylbut-3-en-2-ol and acetyl acetone.  

Although the direct allylic substitution reaction over allylic alcohols is a well-studied 

process which proceeds through the formation of the corresponding allylic carbocation, we 

studied the substitution of (E)-1,3-diphenylprop-2-en-1-ol in the presence of 

equimolecular amounts of 4-methylbenzenesulfonamide and acetylacetone. As depicted in 

Scheme 62, under the optimized reaction conditions, a 37/63 mixture of compounds 58/59 

was observed in the crude mixture (1H-NMR), supporting that also in the case of using 

GO-CO2H as catalyst, the allylic substitution reaction occurs through fully developed 

carbocations. 

 
Scheme 62. Nuclephilic substitution of allylic alcohols. Mechanistic study. 

The recyclability of the carbonaceous catalyst in the direct allylic substitution was next 

studied. For this purpose, the reaction between (E)-1,3-diphenylprop-2-en-1-ol and 

acetylacetone without solvent and under the optimized conditions (Table 11, entry 2) was 

chosen. As can be observed in Figure 47, the yield of the product remained almost 

unaltered until the 3rd cycle. In the fourth run a slight decrease in yield was obtained, 

which was more accused after the 5th one. 
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Figure 47. Recyclability study of GO-CO2H in the nucleophilic substitution of allylic alcohols. 

As in the case of the pinacol rearrangement, elemental analysis of GO-CO2H after the 5th 

run also showed a strong decrease in the S content due to the loss of acidic sulphur-

containing groups on the catalyst surface. However, in the case of the nucleophilic 

substitution of allylic alcohols, almost no change on the oxygen content was observed. 

These results could explain the partial reduction of the catalytic activity, which is by far 

less accused than in the pinacol rearrangement. Additionally, the role of the -OSO3H and -

CO2H groups in the reaction mechanism of the direct nucleophilic substitution of allylic 

alcohols was explored. For that purpose, three parallel experiments consisting on the 

optimized reaction between (E)-1,3-diphenylprop-2-en-1-ol and acetylacetone using the 

equivalent amount of PhCO2H, H2SO4 and p-TsOH as homogeneous catalysts were 

performed, according to the calculated carboxylic acid and sulfur contents of GO-CO2H. 

After 20 h, when PhCO2H was used (2.93 mol%) as acid catalyst, 18% conversion of the 

allylation product was observed by GC analysis. On the contrary, H2SO4 (0.26 mol%) and 

p-TsOH (0.26 mol%) were able to catalyze the substitution of (E)-1,3-diphenylprop-2-en-

1-ol in a 68 and 97% conversion, respectively. These results are somehow in agreement 

with the behavior observed in the recyclability test, where the loss of -OSO3H groups did 

not considerably decrease the catalyst activity. From all the performed tests, both sulfonic 

and carboxylic acid moieties seem to be involved as active sites in the process with the 

former as main actor. 
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3.4. Experimental Data 

 

3.4.1. General 

Unless otherwise noted, all commercial reagents and solvents were used without 

further purification. 1H-NMR (300 MHz and 400 MHz) and 13C-NMR (75 MHz and 101 

MHz) spectra were obtained on a Bruker AV-300 and AV-400. Low-resolution mass 

spectra (MS) were recorded in the electron impact mode (EI, 70 eV, He as carrier phase) 

using an Agilent 5973 Network Mass Selective Detector spectrometer, being the samples 

introduced through an Agilent 6890N GC equipped with a HP-5MS column [(5%-phenyl)-

methylpolysiloxane; length 30 m; ID 0.25 mm; film 0.25 mm]. IR spectra were obtained 

using a JASCO FT/IR 4100 spectrophotometer equipped with an ATR component; 

Wavenumbers are given in cm-1. Analytical TLC was performed on Merck aluminum 

sheets with silica gel 60 F254. Silica gel 60 (0.04-0.06 mm) was employed for column 

chromatography whereas P/UV254 silica gel with CaSO4 (28-32%) supported on glass 

plates was employed for preparative TLC. Microwave reactions were performed on a 

CEM Discover Synthesis Unit (CEM Corp., Matthews, NC) with a continuous focused 

microwave power delivery system in glass vessels (10 mL) sealed with a septum under 

magnetic stirring. The temperature of the reaction mixture inside the vessel was monitored 

using a calibrated infrared temperature control in the reaction vessel. The conversion of 

the reactions was determined by GC analysis on an Agilent 6890N Network GC system. 

Centrifugations were carried out in a Hettich centrifuge (Universal 320, 6000 rpm, 15 

minutes). ICP-MS analyses were performed on an Agilent 7700x equipped with HMI 

(high matrix introduction) and He mode ORS as standard. Elemental analyses were 

determined with a C, H, N and S elemental micro-analyzer with micro-detection system 

TruSpec LECO. 
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1,2-Diols 45,186 46,186 47,186 54,186 epoxide of 55187 and rGO-SO3H188 were synthesized 

following the corresponding procedures previously described in the literature. 

Compounds 44, 45, 48, 49, 50, 51, 52, 53, 54, 56, 57, 58, 62, 63, 64 are known, therefore 

only 1H-NMR and MS data is provided. 

3.4.2. Analysis of Metal-Content of the Carbocatalysts 

The metal-content of the employed carbocatalysts was determined by ICP-MS 

analysis. The results are shown in the table below. 

 

3.4.3. Sulfonation of rGO: Synthesis of rGO-SO3H181 

 

In a 10 mL glass vessel, rGO (50 mg) was suspended in deionized water (4 mL). The 

mixture was then sonicated at room temperature for 2 h. After this time, NaNO2 (173.5 

mg, 3.47 mmol) and sulfanilic acid (144.5 mg, 2.89 mmol) were added to the reaction 

mixture. The resulting suspension was stirred at room temperature for 24 h. The sulfonated 

catalyst was washed with a 1M HCl aqueous solution (3 × 5 mL) and acetone (4 × 10 mL), 

being the solvents removed by centrifugation (4000 rpm, 15 min). The obtained catalyst 

                                                 
186 Scheffler, U.; Stößer, R.; Mahrwald, R. Adv. Synth. Catal. 2012, 354, 2648-2652. 
187 Vyas, D. J.; Larionov, E.; Besnard, C.; Guénée, L.; Mazet, C. J. Am. Chem. Soc. 2013, 135, 6177-6183. 
188 Oger, N.; Lin, Y. F.; Labrugère, C.; Le Grognec, E.; Rataboul, F.; Felpin, F.-X. Carbon 2016, 96, 342-350. 

 Metal content (wt%) 
Catalyst Mn Fe Ni Cu Cd Au 
Graphite 0.0007 0.0447 0.0018 0.0007 <0.0001 <0.0001 

rGO 0.1570 0.0770 0.00034 <0.0001 <0.0001 <0.0001 
GO 0.0930 0.0020 <0.0001 <0.0001 <0.0001 <0.0001 
GO’ 0.0375 0.0467 0.0027 0.0010 <0.0001 <0.0001 

GO-CO2H 0.0027 0.0032 0.00045 <0.0001 <0.0001 <0.0001 
GiO 0.0483 0.0011 <0.0001 <0.0001 <0.0001 <0.0001 
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was dried under vacuum overnight. The sulfur content of the catalyst was determined by 

elemental analysis 

 Elemental Analysis  

 

 

 

3.4.4. Synthesis of Graphene Oxide (GO’)189 

 

In a 500 mL round-bottom flask graphite (2 g) was suspended in sulphuric acid 

(H2SO4, 35 mL). The mixture was vigorously stirred 2 h at room temperature. Then, 6 g of 

potassium permanganate (KMnO4) were added into the reaction mixture in small portions 

keeping the temperature of the reaction no higher than 20-30 ºC using an ice bath. The 

reaction was stirred at 35 ºC for 4 h. The resulting suspension was diluted with 90 mL of 

ultrapure water. The mixture was further stirred obtaining a brown suspension, which was 

treated with hydrogen peroxide (33% H2O2, 470 mL). The GO obtained was washed by 

centrifugation (6000 rpm, 20 min in a Teflon tube) with a 2M HCl aqueous solution until 

neutral pH. The pure GO was dispersed in ultrapure water (0.5 mg GO/mL water) by 

sonication for 1 h. Finally, the mixture was centrifugated and the solvent removed from 

GO, which was dried in the oven (50 ºC) overnight. The graphene oxide was fully 

characterized by elemental analysis (48.7% C, 2.0% H, 0.0% S and 49.3% O), ICP, 

Raman, XPS and TEM. 

 

                                                 
189 Vu, T.; Tran, T.; Le, H.; Nguyen, P.; Bui, N.; Essayem, N. Bull. Mater. Sci. 2015, 38, 667-671. 

 Elemental Analysis (%) 
Catalyst C H N S O 

rGO 49.90 2.24 0.0 0.0 47.87 
rGO-SO3H 76.88 0.93 2.66 3.29 16.24 
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 XPS of GO’ 

O/C: 0.455 

 
Figure 48. XPS full spectrum of GO’. 

 
Figure 49. XPS spectra of GO’: (a) C1s; (b) O1s and deconvoluted peaks for C1s and O1s core levels. 

 TEM images of GO’ 

Analyzing TEM images of the synthesized carbon material GO’, a monolayer 

structure was confirmed. 
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Figure 50. TEM images of GO’. 

 Raman of GO’ 

The G and D peaks of graphene oxide are due to the sp2 hybridation of the carbon 

atoms and the defects induced on the sp2 hybridized hexagonal layers. In the literature, the 

common values for the G peak are ranging from 1500 to 1600 cm-1. Regarding the D peak, 

those values range between 1300 and 1400 cm-1.  

 
Figure 51. Raman spectrum of GO’. 

3.4.5. Carbocatalyzed Pinacol Rearrangement 

 General Procedure for the Synthesis of Diols175 

 

A 10 mL round-bottom flask under Argon atmosphere, was charged with 1,1,2,2-

tetraphenylethane-1,2-diol (366 mg, 1 mmol, 1 equiv) and the corresponding ketone or 
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aldehyde (4 mmol, 4 equiv) followed by the addition of 3 mL of anhydrous CH2Cl2. Then, 

1 mL of 1M solution of Ti(OtBu)4 (1 mmol, 382 µL) and Et3SiCl (1 mmol, 168 µL) in 

CH2Cl2 were added into the reaction mixture which was stirred at room temperature. The 

reaction was followed by TLC until no starting diol was observed (48 h). After the 

reaction time, water was added (10 mL) and the mixture was extracted with CH2Cl2 (3 × 

15 mL). The combined organic layers were washed with a saturated NaHCO3 aqueous 

solution and NH4Cl and dried over MgSO4. After filtration, the solvent was removed under 

reduced pressure and after purification by column chromatography (Hexane/EtOAc: 9/1) 

the corresponding diols were obtained. 

 General Procedure for the Carbocatalyzed Pinacol Rearrangement 

 

A 10 mL glass vessel was charged with GO (14.54 mg, 20 wt%), the corresponding 

diol (0.1 mmol) and toluene (0.5 mL). The vessel was sealed with a pressure cap, and the 

obtained slurry was stirred and heated at 100 ºC for 20 h. Then, the mixture was cooled 

down to room temperature and the mixture was filtered using a syringe equipped with a 4 

mm/0.2μm PTFE filter. The solvent was removed under reduced pressure. The crude 

residue was purified by column chromatography (Hexane/EtOAc: 99/1-8/2) to give the 

corresponding pinacol rearrangement adducts. 

 Typical Procedure for Catalyst Recovery 

Once the reaction was finished, 10 mL of Et2O were added and the resulting mixture 

was stirred for 5 min. After a centrifugation process (6000 rpm, 15 min), the solvent was 

separated using a syringe equipped with a 4 mm/0.2 μm PTFE syringe filter. The 

washing/centrifugation sequence was repeated five additional times until no product was 

detected in the liquid phase by TLC. Then, the residual solvent was completely removed 

from the carbocatalyst under reduced pressure, being the material further dried at room 

temperature under vacuum for 12 h. The recovered catalyst was directly used in the next 

run after adding fresh reagents and the corresponding solvent. This procedure was 
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repeated for every cycle, being the conversion of the cycles determined by GC 

chromatography. 

 Typical Procedure for the MnO2 or MnCl2-Catalyzed Pinacol Rearrangement 

A 10 mL glass vessel was charged with MnO2 or MnCl2 (0.1 mg), 2,3-

diphenylbutane-2,3-diol (72.69 mg, 0.3 mmol) and toluene (1.5 mL).The vessel was sealed 

with a pressure cap and the reaction was stirred at 100 ºC for 20 h. The mixture was cooled 

down to room temperature and a GC analysis was performed directly over an aliquot of 

the crude reaction, showing less than 5% conversion of the corresponding pinacol 

rearrangement product. 

 Typical Procedure for the H2SO4 or p-TsOH Catalyzed Pinacol Rearrangement 

 

A 10 mL glass vessel was charged with H2SO4 (67 µL) or p-TsOH (0.208 mg) 

according to the sulfur content of GO [Sulfur content 0.8%. Typical experiment 4.85 mg 

GO, 20 wt% meaning 12×10-4 mmol of S], 2,3-diphenylbutane-2,3-diol (24.23 mg, 0.1 

mmol) and toluene (0.5 mL). The vessel was sealed with a pressure cap, and the mixture 

was stirred at 100 ºC for 20 h. Then, the reaction was cooled down to room temperature 

and the mixture was filtered using a syringe equipped with a 4 mm/0.2 μm PTFE filter. 

The conversion of the reaction was calculated by GC, affording adduct 44 with less than 

5% and 15% conversion employing H2SO4 and p-TsOH (detecting 44% of acetophenone), 

respectively. 
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3.4.6. Meinwald Rearrangement 

 Synthesis of 1-Phenyl-7-oxabicyclo[4.1.0]heptane 

 

In a previously purged Schlenk tube, 1-phenyl-1-cyclohexene (477,28 µL, 3 mmol, 1 

equiv) followed by 12 mL of anhydrous CH2Cl2 were added at 0 ºC. Then, m-

chloroperbenzoic acid (m-CPBA, 621 mg, 3.6 mmol, 1.2 equiv) was added and the 

reaction mixture was stirred overnight. After the reaction time, water was added (10 mL) 

and the mixture was extracted with CH2Cl2 (3 × 15 mL). The combined organic layers 

were washed with water and brine and dried over MgSO4. The solvent was removed under 

reduced pressure obtaining pure phenyl-7-oxabicyclo[4.1.0]heptane after purification in 

preparative TLC using hexane as eluent (480 mg, 92% yield). 

 Typical Procedure for the Meinwald Rearrangement 

 

A 10 mL glass vessel was charged with GO (8.96 mg, 50 wt%), 1-phenyl-7-

oxabicyclo[4.1.0]heptane (17.9 mg, 0.1 mmol), and toluene (0.5 mL). The vessel was 

sealed with a pressure cap and the mixture was stirred at 100 ºC for 20 h. After cooling 

down to room temperature, the mixture was filtered using a syringe equipped with a 4 

mm/0.2 μm PTFE filter. The solvent was removed under reduced pressure. The crude 

residue was purified by column chromatography (Hexane/Et2O: 95/5) to obtain pure 55 

(9.7 mg, 56% yield). 
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3.4.7. Carbocatalyzed Allylation Reaction 

 General Procedure for the Carbocatalyzed Allylation Reactions 

 

A 10 mL glass vessel was charged with the carbocatalyst GO-CO2H (12.61 mg, 20 

wt%), the allylic alcohol (0.3 mmol, 1 equiv) and the nucleophile (0.375 mmol, 1.25 

equiv) in H2O (2 mL). The vessel was sealed with a pressure cap and the obtained slurry 

was stirred at 80 ºC for 20 h. Then, the mixture was cooled down to room temperature and 

EtOAc (4 mL) was added. The resulting two-phase mixture was filtered using a 4 mm/0.2 

μm PTFE syringe filter. Then, after phase separation, the aqueous phase was further 

extracted with EtOAc (3 × 10 mL). The combined organic layers were dried over MgSO4 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (Hexane/EtOAc: 9/1) to obtain pure 58 (89.3 mg, 82% yield). 

The same procedure was carried out under neat conditions, obtaining after purification 

61.6 mg of pure 58 (69% yield). 

 Typical Procedure for the H2SO4, PhCO2H or p-TsOH Catalyzed Allylation 

Reactions 

 

A 10 mL glass vessel was charged with PhCO2H (1.07 mg), H2SO4 (42 µL) or p-

TsOH (0.135 mg) according to the calculated carboxylic acid and sulfur contents of GO-

CO2H [Acid and sulfur contents of the employed GO-CO2H (0.7 mmol CO2H/g GO-

CO2H and 0.2% S) in a typical experiment (12.61 mg, 20 wt%, which are 8.8 × 10-3 mmol 

CO2H and 7.9 × 10-4 mmol S, respectively)], (E)-1,3-diphenylprop-2-en-1-ol (63.07 mg, 

0.3 mmol, 1 equiv), acetylacetone (38.5 µL, 0.375 mmol, 1.25 equiv) and H2O (2 mL). 

The vessel was sealed with a pressure cap and the obtained mixture was stirred at 80 ºC for 
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20 h. Then, the mixture was cooled down to room temperature and EtOAc (4 mL) was 

added. The resulting two-phase mixture was filtered using a 4 mm/0.2 μm PTFE syringe 

filter. The conversion of the reaction was calculated by GC obtaining 18%, 68% and 97% 

of conversion, respectively. 

 Typical Procedure for Catalyst Recovery 

 

For the catalyst recovery experiment, acetylacetone was chosen as nucleophile under 

solvent-free reaction conditions. Once the reaction was finished, the mixture was diluted 

with 10 mL of EtOAc and it was stirred for 5 minutes. This mixture was then centrifuged 

(6000 rpm, 15 min) and the solvent was filtered using a syringe equipped with a 4 mm/0.2 

μm PTFE filter. The washing/centrifugation sequence was repeated five additional times 

until no product was detected in the liquid phase by TLC. The residual solvent present in 

the catalyst was completely removed under reduced pressure. The recovered carbocatalyst 

was further dried under vacuum at room temperature and it was directly used in the next 

reaction cycle after adding fresh reagents. This procedure was repeated for every reaction 

cycle, being the reaction conversion determined by GC. 

3.4.8. Physical and Spectroscopic Data 

 Synthesis of Non-Commercially Available 1,2-Diols 

2-Methyl-1,1,3-triphenylpropane-1,2-diol186 

Yellow oil; Yield 61%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δH = 7.78-7.56 

(m, 4H), 7.43-7.24 (m, 9H), 7.15 (dd, J = 7.8, 1.6 Hz, 2H), 3.15 (d, 

J = 13.4 Hz, 1H), 3.00 (s, 1H), 2.72 (d, J = 13.5 Hz, 1H), 2.03 (d, J 
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= 4.8 Hz, 1H), 1.21 (s, 3H) ppm; MS (EI) m/z 300 (M+-H2O, 1%),285 (12), 259 (28), 209 

(21), 191 (11), 184 (65), 183 (33), 182 (33), 181 (28), 179 (25), 178 (27), 167 (10), 166 

(21), 165 (41), 135 (28), 115 (10), 105 (100), 103 (11), 92(11), 91 (40), 77 (50), 51 (15). 

3-Methoxy-2-methyl-1,1-diphenylpropane-1,2-diol186 

Yellow oil; Yield 72%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δH = 7.77-7.68 

(m, 2H), 7.68-7.59 (m, 2H), 7.38-7.17 (m, 6H), 4.65 (s, 1H), 3.40 

(s, 2H), 3.21 (s, 3H), 2.68 (s, 1H), 1.39 (s, 3H) ppm; MS (EI) m/z 

273 (M++1, 0.009%), 272 (M+, 0.014%), 183 (72), 165 (21), 105 (100), 89 (12), 77 (52), 

51 (12). 

2-Methyl-1,1-diphenylpropane-1,2-diol186 

Off-white solid; Yield 51%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δH = 7.77-7.57 

(m, 4H), 7.37-6.98 (m, 6H), 2.78 (s, 1H), 2.21 (s, 1H), 1.33 (s, 6H) 

ppm; MS (EI) m/z 224 (M+-H2O, 0.1%), 208 (57), 184 (75), 183 

(61), 165 (27), 105 (100), 77 (45), 59 (16). 

1-(Hydroxydiphenylmethyl)cyclopentan-1-ol186 

Off-white solid; Yield 70%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δH = 7.59 (dd, J = 

8.3, 1.4 Hz, 1H), 7.40-7.16 (m, 6H), 2.73 (s, 1H), 2.27-2.02 (m,, 

2H), 1.89-1.70 (m, 3H), 1.67-1.40 (m, 4H) ppm; MS (EI) m/z 250 

(M+-H2O, 8%), 206 (10), 184 (100), 165 (32), 91 (11), 85 (11), 77 (36). 

1,1,2-Triphenylethane-1,2-diol186 

White solid; Yield 38%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δH = 7.72 (d, J = 

7.1 Hz, 2H), 7.43 (m, 2H), 7.37-7.30 (m, 1H), 7.26-7.01 (m, 10H), 

5.65 (d, J = 3.1 Hz, 1H), 3.18 (s, 1H), 2.49 (d, J = 3.3 Hz, 1H) ppm; 

MS (EI) m/z 213 (M+-Ph, 0.05%), 183 (78), 105 (100), 77 (51). 
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 Pinacolinic Rearrangement Products 

3,3-Diphenylbutan-2-one (44)190 Yellow oil; Yield 92%; Purified 

by column chromatography (Hex/EtOAc: 8/2); 1H-NMR (300 

MHz, CDCl3) δH = 7.35-7.24 (m, 6H), 7.21-7.18 (m, 4H), 2.10 (s, 

3H), 1.87 (s, 3H) ppm; MS (EI) m/z 224 (M+,0.2%),182 (15), 181 

(100), 166 (19), 165 (22), 103 (23). 

3,3,4-Triphenylbutan-2-one (45) 

Yellow oil; Yield 96%; IR: ν = 1703, 1594, 1495, 1446 cm-1; 1H-

NMR (300 MHz, CDCl3) δH = 7.28-7.18 (m, 10H), 7.02-6.92 (m, 

3H), 6.60 (d, J = 7.2 Hz, 2H), 3.65 (s, 2H), 2.04 (s, 3H) ppm; 13C-

NMR (75 MHz, CDCl3) δC = 207.4, 140.3, 137.7, 130.9, 129.8, 

128.0, 127.3, 127.1, 125.9, 68.7, 43.5, 27.4 ppm; MS (EI) m/z 301 (M++ 1, 0.2%), 300 

(M+, 0.6), 258 (22), 257 (100), 209 (14), 179 (65), 178 (46), 165 (27); HRMS Calcd for 

C20H17 (M+-MeCO): 257.3484; Found 257.1329. 

4-Methoxy-3,3-diphenylbutan-2-one (46). 

Yellow solid; Yield 95%; IR: ν = 1709, 1599, 1495, 1484, 1446, 

1119, 1109, 1091 cm-1; 1H-NMR (300 MHz, CDCl3) δH = 7.37-

7.25 (m, 6H), 7.21-7.18 (m, 4H), 4.20 (s, 2H), 3.33 (s, 3H), 2.15 (s, 

3H) ppm; 13C-NMR (75 MHz, CDCl3) δC = 207.4, 140.8, 129.0, 

128.2, 127.1, 77.5, 66.2, 59.4, 28.1 ppm; MS (EI) m/z 255 (M++ 1, 0.1%), 254(M+, 

0.3),220 (4), 211 (25), 181 (21), 179 (48), 178 (33), 166 (11), 165 (55), 105 (17), 77 (12); 

HRMS Calcd for C15H15O(M+-MeCO): 211.1117; Found 211.1121. 

3,3-Diphenylbutan-2-one (47)191 
1H-NMR (300 MHz, CDCl3) δH = 7.37-7.25 (m, 6H), 7.21-7.18 

(m, 4H), 2.11 (s, 3H), 1.87 (s, 3H) ppm; MS (EI) m/z 225 (M++ 1, 

38%), 224 (M+,4%), 111 (100), 108 (23), 95 (24), 93 (17), 81 (15), 

                                                 
190 González, M. J.; González, J.; Vicente, R. Eur. J. Org. Chem. 2012, 6140-6143. 
191 Ciminale, L. L. F.; Nacci, A.; D’Accolti, L.; Vitale, F. Eur. J. Org. Chem. 2005, 1597-1603. 
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79 (11), 67 (50), 55 (11). 

2-Methyl-1,2-diphenylpropan-1-one (48)192 
1H-NMR (300 MHz, CDCl3) δH = 7.50-7.47 (m, 2H), 7.33-7.23 

(m, 8H), 1.60 (s, 6H) ppm; MS (EI) m/z 224 (M+,0.5%), 119 (50), 

118 (17), 105 (100), 91 (36), 77 (32). 

2,2,2-Triphenylacetaldehyde (49)191  
1H-NMR (300 MHz, CDCl3) δH = 10.29 (s, 1H), 7.38-7.26 (m, 

9H), 7.09-7.04 (m, 6H) ppm; MS (EI) m/z 243 (M+-HCO, 100%), 

165 (62). 

1,2,2-Triphenylethanone (50)193 
1H-NMR (300 MHz, CDCl3) δH = 8.02-7.98 (m, 2H), 7.50-7.48 

(m, 1H), 7.44-7.25 (m, 12H), 6.04 (s, 1H) ppm; MS (EI) m/z 272 

(M+, 0.8%), 167 (36), 165 (31), 152 (12), 105 (100), 77 (20). 

1,2,2,2-Tetraphenylethanone (51)194  

White solid; Yield 80%; Purified by TLC preparative (hexane); 
1H-NMR (300 MHz, CDCl3) δH = 7.68-7.65 (m, 2H), 7.30-7.12 

(m, 18H) ppm; MS (EI) m/z 244 (M++1-PhCO, 21%),243 (M+-

PhCO, 100),165 (36). 

2,2,3,3-Tetraphenyloxirane (52)191  

White solid; 1H-NMR (300 MHz, CDCl3) δH = 7.26-7.20 (m, 8H), 

7.14-7.10 (m, 12H) ppm; MS (EI) m/z 348 (M+, 23%), 244 (16), 

243 (77), 166 (51), 165 (100), 105 (11). 

 

 

                                                 
192 Díaz-Valenzuela, M. B.; Phillips, S. D.; France, M. B.; Gunn, M. E.; Clarke, M. L. Chem. Eur. J. 2009, 15, 1227-
1232. 
193 Padmanaban, M.; Biju, A. T.; Glorius, F. Org. Lett. 2011, 13, 98-101. 
194 Barbero, M.; Cadamuro, S.; Dughera, S.; Venturello, P. Synthesis 2008, 1379-1388. 
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Spiro[4.5]decan-6-one (53)195  

Dark yellow oil; Yield 99%; 1H-NMR (300 MHz, CDCl3) δH = 

2.42-2.38 (m, 2H), 2.10-2.01 (m, 2H), 1.85-1.80 (m, 2H), 1.72-

1.70 (m, 4H), 1.63-1.54 (m, 4H), 1.44-1.34 (m, 2H) ppm; MS (EI) 

m/z 153 (M++1, 4%), 152 (M+, 38%), 111 (100), 108 (23), 95 (24), 

93 (17), 81 (15), 79 (11), 67 (50), 55 (11). 

2,2-Diphenylcyclohexanone (54)196  

Yellow solid; Yield 80%; Purified by preparative TLC 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δH = 7.35-7.22 

(m, 6H), 7.07-7.04 (m, 4H), 2.61 (dd, J = 7.0, 4.6 Hz, 2H), 2.53-

2.49 (m, 2H), 1.98-1.91 (m, 2H), 1.88-1.82 (m, 2H) ppm; MS (EI) 

m/z 251 (M++ 1, 10%), 250 (M+, 59), 222 (12), 207 (21), 206 (87), 194 (19), 193 (100), 

180 (28), 179 (49), 178 (70), 167 (31), 165 (76), 152 (16), 144 (13), 131 (31), 115 (73), 

103 (13), 91 (37), 77 (14). 

 Meinwald Rearrangement Products 

1-Phenyl-7-oxabicyclo[4.1.0]heptane 

Colourless oil; Yield 92%; Purified by preparative TLC (Hexane); 
1H-NMR (300 MHz, CDCl3) δH = 7.41-7.26 (m, 5H), 3.08 (m, 1H), 

2.34-2.25 (m, 1H), 2.15-2.10 (m, 1H), 2.00-1.97 (m, 2H), 1.64-1.48 

(m, 3H), 1.37-1.25 (m, 1H) ppm. 

1-Phenylcyclopentane-1-carbaldehyde (55)197  

Colourless oil; Yield 56%; Purified by column chromatography 

(Hex/Et2O 95/5); IR: ν = 1491, 1599, 1720, 2780, 2878 cm-1; 1H-

NMR (300 MHz, CDCl3) δH = 9.40 (s, 1H), 7.39-7.33 (m, 2H), 

                                                 
195 Soni, R.; Collinson, J.-M.; Clarkson, G. C.; Wills, M. Org. Lett. 2011, 13, 4304-4307. 
196 Frimer, A. A.; Gilinsky-Sharon, P.; Aljadeff, G.; Gottlieb, H. E.; Hameiri-Buch, J.; Marks, V.; Philosof, R.; 
Rosental, Z. J. Org. Chem. 1989, 54, 4853-4866. 
197 Hrdina, R.; Müller, C. E.; Wende, R. C.; Lippert, K. M.; Benassi, M.; Spengler, B.; Schreiner, P. R. J. Am. Chem. 
Soc. 2011, 133, 7624-7627. 
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7.29-7.24 (m, 3H), 2.57-2.49 (m, 2H), 1.94-1.74 (m, 2H), 1.68-1.64 (m, 4H) ppm; 13C-

NMR (75 MHz, CDCl3) δC = 200.7, 140.3, 128.8, 127.7, 127.2, 63.7, 32.4, 24.2 ppm; MS 

(EI) m/z 175 (M++ 1, 0.1%), 174(M+, 1.2),145 (100), 115 (16), 91 (94), 67 (14). 

 Allylation Reaction Products 

(E)-N-(1,3-Diphenylallyl)-4-methylbenzenesulfonamide (58)184  

White solid; Yield 82%; Purified by column chromatography 

(Hex/EtOAc: 9/1); 1H-NMR (300 MHz, CDCl3) δH = 7.68 (d, J = 

8.3 Hz, 2H), 7.29-7.15 (m, 12H), 6.37 (d, J = 15.9 Hz, 1H,), 6.10 

(dd, J = 15.8, 6.6 Hz, 1H), 2.35 (s, 3H), 5.14 (t, J = 6.7 Hz, 1H), 

5.06 (d, J = 7.2 Hz, 1H) ppm; MS (EI) m/z 364 (M++1, 0.5%),363 (M+, 2), 208 (100), 193 

(12), 130 (11), 115 (18), 104 (35), 103 (10), 91 (42), 77 (13). 

(E)-3-(1,3-Diphenylallyl)pentane-2,4-dione (59)184  

Off-White solid; Yield 90%; 1H-NMR (300 MHz, CDCl3) δH = 

7.34-7.20 (m, 10H), 6.43 (d, J = 15.8 Hz, 1H), 6.19 (dd, J = 15.8, 

5.1 Hz, 1H), 4.35-4.33 (m, 2H), 2.25 (s, 3H), 1.93 (s, 3H) ppm; 

MS (EI) m/z 249 (M+-COCH3, 91%), 274 (44), 232(30), 231 (11), 

194 (11), 193 (29), 191 (17), 189 (10), 178 (25), 128 (11), 115 (68), 91 (100). 

(E)-2-(1,3-Diphenylallyl)-1,3-diphenylpropane-1,3-dione (60)198  

White solid; Yield 60%; Purified by column chromatography 

(Hex/EtOAc: 12/1); 1H-NMR (300 MHz, CDCl3) δH = 8.03 (dd, J 

= 8.4, 1.3 Hz, 2H), 7.82 (dd, J =8.4, 1.3 Hz, 2H), 7.57-7.51 (m, 

1H), 7.48-7.41 (m, 3H), 7.36-7.30 (m, 4H), 7.25-7.06 (m, 8H), 

6.31 (d, J = 6.2 Hz, 2H), 5.97 (d, J = 10.6 Hz, 1H), 4.80 (ddd, J = 10.6, 6.0, 1.4 Hz, 1H) 

ppm; MS (EI) m/z 312 (M++1-PhCO, 18%), 311 (M+-PhCO, 79), 281 (29), 209 (19), 208 

(19), 207 (34), 194 (16), 193 (31), 191 (36), 179 (17), 178 (21), 147 (20), 115 (33), 105 

(35), 91 (19), 78 (14), 77 (19), 75 (34), 73 (30). 

                                                 
198 Liu, P. N.; Zhou, Z. Y.; Lau, C. P. Chem. Eur. J. 2007, 13, 8610-8619. 
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(E)-2-(1,3-Diphenylallyl)-1-phenylbutane-1,3-dione (61)199  

White solid; Yield 91%; Purified by column chromatography 

(Hex/EtOAc: 12/1); 1H-NMR (300 MHz, CDCl3, Mixture of 

diastereoisomers) δH = 8.10 (dd, J = 8.4, 1.3 Hz, 2H), 7.91 (dd, J = 

8.4, 1.3 Hz, 2H), 7.62-7.10 (m, 26H), 6.58 (d, J = 15.8 Hz, 1H), 

6.38 (dd, J = 15.8, 8.8 Hz, 2H), 6.18 (dd, J = 15.8, 7.7 Hz, 1H), 5.23 (dd, J = 13.3, 11.3 

Hz, 2H), 4.60-4.71 (m, 2H), 2.28 (s, 3H), 2.02 (s, 3H) ppm; 13C-NMR (75 MHz, CDCl3, 

Mixture of diastereoisomers) δC = 202.9, 202.1, 194.4, 194.2, 140.6, 139.9, 137.1, 136.9, 

136.7, 136.6, 133.7, 133.6, 131.7, 131.6, 129.9, 129.3, 129.0, 128.83, 128.82, 128.7, 

128.6, 128.5, 128.30, 128.28, 127.9, 127.7, 127.37, 127.28, 126.9, 126.4, 126.2, 69.5, 

68.6, 49.4, 49.2, 28.1, 27.7 ppm; MS (EI) m/z 337 (M+-OH, 5%), 336 (12), 312 (24), 281 

(18), 249 (48), 208 (16), 207 (82), 194 (27), 193 (45), 191 (17), 179 (22), 178 (31), 165 

(11), 116 (13), 115 (62), 105 (59), 91 (76), 77 (44). 

(E)-Ethyl 2-benzoyl-3,5-diphenylpent-4-enoate (62)199 

Yellow oil; Yield 56%; Purified by column chromatography 

(Hex/EtOAc: 12/1); 1H-NMR (300 MHz, CDCl3, Mixture of 

diastereoisomers) δH = 6.40 (dd, J = 14.4, 10.0 Hz, 1H), 6.53 (d, J 

= 15.7 Hz, 1H), 6.37 (d, J = 16.0 Hz, 1H), 6.22 (dd, J = 15.8, 7.5 

Hz, 1H), 5.01 (dd, J = 11.0, 4.6 Hz, 2H), 4.59 (dd, J = 11.0, 4.7 Hz, 2H), 4.10 (qd, J = 7.1, 

5.1 Hz, 2H), 3.87 (qd, J = 7.1, 2.7 Hz, 2H), 1.13 (t, J = 7.1 Hz, 3H), 0.90 (t, J = 7.1 Hz, 

3H) ppm; 13C-NMR (75 MHz, CDCl3, Mixture of diastereoisomers) δC = 193.1, 192.5, 

167.9, 167.5, 140.8, 140.3, 136.84, 136.80, 136.5, 133.6, 133.4, 131.7, 131.5, 129.8, 

129.7, 128.71, 128.69, 128.6, 128.54, 128.42, 128.40, 128.3, 127.9, 127.4, 127.3, 127.0, 

126.7, 126.3, 126.2, 61.6, 61.4, 59.7, 59.6, 48.9, 48.8, 14.1, 13.6 ppm; MS (EI) m/z 367 

(M+-OH, 4%), 366 (75), 310 (75), 293 (22), 279 (27), 234 (12), 233 (54), 207 (21), 205 

(16), 204 (14), 194 (24), 193 (62), 192 (11), 191 (17), 179 (10), 178 (23), 116 (12), 115 

(60), 105 (100), 91 (41), 77 (45). 

                                                 
199 Cheng, D.; Yuan, K.; Xu, X.; Yan, J. Tetrahedron Lett. 2015, 56, 1641-1644. 
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(E)-Ethyl 1-(1,3-diphenylallyl)-2-oxocyclopentanecarboxylate (63)200  

Yellow oil; Yield 81%; Purified by column chromatography 

(Hex/EtOAc: 12/1); 1H-NMR (300 MHz, CDCl3, Mixture of 

diastereoisomers) δH = 7.35-7.17 (m, 20H), 6.59-6.44 (m, 2H), 

6.43-6.33 (m, 2H), 4.53 (d, J = 8.6 Hz, 1H), 4.43 (d, J = 7.5 Hz, 

1H), 4.12 (m, 2H), 4.00 (q, J = 7.1 Hz, 2H), 2.45-2.08 (m, 6H), 1.93-1.54 (m, 6H), 1.19 (t, 

J = 7.1 Hz, 3H), 1.08 (t, J = 7.1 Hz, 3H) ppm; 13C-NMR (75 MHz, CDCl3, Mixture of 

diastereoisomers) δC = 213.5, 213.2, 169.1, 169.0, 139.7, 139.5, 137.0, 133.1, 132.9, 

129.8, 128.9, 128.46, 128.43, 128.3, 127.6, 127.5, 127.4, 127.03, 127.02, 127.0, 126.35, 

126.32, 66.3, 66.1, 61.82, 61.63, 52.93, 52.04, 38.89, 38.75, 30.0, 28.6, 19.8, 19.5, 14.1, 

13.9 ppm; MS (EI) m/z 332 (M+-OH, 4%), 331 (15), 330 (45), 257 (13), 207 (19), 194 

(30), 193 (100), 178 (19), 165 (10), 116 (10), 115 (64), 91 (26). 

(E)-4-(1,3-Diphenylallyl)-N,N-dimethylaniline (64)201  

Yellow oil; Yield 83%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δH = 7.36 (d, J = 

7.9 Hz, 2H), 7.32-7.15 (m, 8H), 7.10 (d, J = 8.4 Hz, 2H), 6.70 ( d, J 

= 8.8 Hz, 2H), 6.63 (dd, J = 15.8, 7.5 Hz, 1H), 6.33 (d, J = 15.8 Hz, 

1H), 4.81 (d, J = 7.5 Hz, 1H), 2.91 (s, 6H) ppm; 13C-NMR (75 MHz, CDCl3) δC = 149.2, 

144.2, 137.5, 133.3, 131.5, 130.8, 129.2, 128.6, 128.4, 128.3, 127.1, 126.25, 126.16, 

112.7, 53.3, 40.7 ppm; MS (EI) m/z 314 (M++1,24%), 313 (M+, 100), 312 (46), 269 (10), 

236 (18), 191 (19), 165 (14), 134 (18), 117.5 (10). 

(E)-4-(1,3-Diphenylallyl)phenol (65)202  

Yellow oil; Yield 76%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δH = 7.38-7.18 

(m, 10 H), 7.09 (m, 2H), 6.77 (m, 2H), 6.64 (dd, J= 15.8, 7.5 Hz, 

1H), 6.33 (m, 1H), 4.83 (d, J= 7.3 Hz, 1H) ppm; MS (EI) m/z 287 

                                                 
200 Cheng, D.; Bao, W. Adv. Synth. Catal. 2008, 350, 1263-1266. 
201 Tao, Y.; Wang, B.; Zhao, J.; Song, Y.; Qu, L.; Qu, J. J. Org. Chem. 2012, 77, 2942-2946. 
202 Yang, H.; Fang, L.; Zhang, M.; Zhu, C. Eur. J. Org. Chem. 2009, 666-672. 
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(M++1, 24%), 286 (M+, 100), 209 (24), 208 (65), 207 (82), 195 (28), 194 (19), 193 (18), 

192 (63), 191 (27), 181 (22), 179 (24), 178 (32), 177 (12), 165 (30), 152 (22), 131 (16), 

115 (29), 107 (13), 91 (16), 78 (11), 77 (13). 

(E)-1,3-Diphenylhexa-1,5-diene (66)184 

Yellow oil; Yield 85%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δH = 7.35-7.15 

(m, 10H), 6.36 (d, J = 5.3 Hz, 2H), 5.83-5.69 (m, 1H), 5.08-4.96 

(m, 2H), 3.55-3.48 (m, 1H), 2.58 (t, J = 7.7 Hz, 2H) ppm; MS (EI) 

m/z 234 (M+, 1%), 194 (17), 193 (100), 178 (21), 115 (60), 91 (13). 

(E)-3-(4-Phenylbut-3-en-2-yl)pentane-2,4-dione (67)184  
1H-NMR (300 MHz, CDCl3) δH = 7.30-7.12 (m, 5H), 6.42 (d, J= 

17.8 Hz, 1H), 5.99 (dd, J = 15.9, 8.5 Hz, 1H), 3.69 (d, J = 10.4 Hz, 

1H), 3.23-3.20 (m, 1H), 2.23 (s, 3H), 2.13 (s, 3H), 1.08 (d, J = 6.7 

Hz, 3H) ppm; 13C-NMR (75 MHz, CDCl3,) δC =203.2, 203.1, 

136.8, 131.0, 130.8, 128.9, 127.7, 127.0, 75.6, 37.9, 30.1, 30.0, 18.9, ppm; MS (EI) m/z 

187 (M+-COCH3, 100%), 170 (31), 169 (12), 145 (12), 132 (11), 131 (87), 130 (20), 129 

(44), 128 (37), 127 (12), 117 (11), 116 (16), 115 (33), 105 (14), 91 (51), 77 (13). 

(E)-3-(1-Phenylbut-2-en-1-yl)pentane-2,4-dione (68)184  

1H-NMR (300 MHz, CDCl3) δH = 7.30-7.12 (m, 5H), 5.52-5.48 

(m, 2H), 4.21 (d, J = 11.7 Hz, 1H), 4.10 (dd, J = 10.4 Hz, 1H), 

2.24 (s, 3H), 1.87 (s, 3H), 1.61 (d, J = 4.8 Hz, 3H) ppm; 13C-NMR 

(75 MHz, CDCl3) δC = 203.6, 203.5, 140.9, 131.0, 130.8, 128.6, 

127.6, 126.2, 74.7, 49.2, 29.7, 29.5, 17.9 ppm; MS (EI) m/z 187 (M+-COCH3, 100%), 170 

(31), 169 (12), 145 (12), 132 (11), 131 (87), 130 (20), 129 (44), 128 (37), 127 (12), 117 

(11), 116 (16), 115 (33), 105 (14), 91 (51), 77 (13). 
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3.5. Conclusions 

 

In summary, it has been demonstrated that few-layers GO and functionalized GO-

CO2H are able to catalyze the pinacol rearrangement and the direct nucleophilic 

substitution of allylic alcohols, respectively. As result of several studies about the active 

sites of the carbocatalysts, it can be concluded that metal species are not involved in these 

transformations. Instead, the analytical and experimental data suggest that acidic sulfur 

containing groups, introduced spontaneously during Hummers oxidation and the 

carboxylic acids play a decisive catalytic role in the studied reactions. Finally, only GO-

CO2H has shown good recyclability when used in the direct nucleophilic substitution. 
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4.1. Antecedents 

 

4.1.1. Asymmetric Organocatalysis 

Asymmetric organocatalysis is considered one of the fundamental pillars in 

asymmetric catalysis together with bio- and metal catalysis (Figure 52).203 The numerous 

synthetic possibilities and activation modes of asymmetric organocatalysts have allowed a 

methodologic advance in this field,204 converting this discipline in a powerful tool in the 

synthesis of complex chiral molecules and natural products with biological activity,205 

even at industrial level.206 

 
Figure 52. Pillars of asymmetric catalysis. 

During the last decade, asymmetric organocatalyzed reactions have experienced an 

exponential development as depicted in Figure 53. This is mainly due to the sustainable 

character of this methodology,207 the mechanistic insights obtained from computational 

chemistry208,209 and the advantages of chiral organocatalysts: readily available, non-toxic 

                                                 
203 (a) Giacalone, F.; Gruttadauria, M.; Agrigento, P.; Noto, R. Chem. Soc. Rev. 2012, 41, 2406-2447, (b) Seayad, J.; 
List, B. Org. Biomol. Chem. 2005, 3, 719-724. 
204 (a) Dondoni, A.; Massi, A. Angew. Chem. Int. Ed. 2008, 47, 4638-4660, (b) Dalko, P. I.; Moisan, L. Angew. Chem. 
Int. Ed. 2004, 43, 5138-5175, (c) Houk, K. N.; List, B. Acc. Chem. Res. 2004, 37, 487-487, (d) List, B. Chem. Rev. 
2007, 107, 5413-5415. 
205 (a) Aleman, J.; Cabrera, S. Chem. Soc. Rev. 2013, 42, 774-793, (b) Marcia de Figueiredo, R.; Christmann, M. Eur. 
J. Org. Chem. 2007, 2575-2600. 
206 Izawa, K.; Torii, T.; Nishikawa, T.; Imai, H., Industrial Applications, en Science of Synthesis, Asymmetric 
Organocatalysis 2. Thieme: Stuttgart, 2012. 
207 Hernandez, J. G.; Juaristi, E. Chem. Commun. 2012, 48, 5396-5409. 
208 Cheong, P. H.-Y.; Legault, C. Y.; Um, J. M.; Çelebi-Ölçüm, N.; Houk, K. N. Chem. Rev. 2011, 111, 5042-5137. 
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and stable molecules, which are easily functionalized enabling their immobilization on 

inorganic and organic supports.210  

 
Figure 53. Asymmetric organocatalyzed reactions (2000-2016). Source: Scifinder. 

In 2008, MacMillan identified the activation modes in asymmetric organocatalysis.211 This 

fact gave rise to the nowadays commonly accepted way of classifying organocatalysts 

according to the type of interactions involved in the transition state of the reaction. 

McMillan distinguished between covalent interactions (nucleophilic and aminocatalysis 

though enamine, iminium and SOMO activation) and non-covalent interactions in the 

transition state (Brønstead and Lewis acids and bases, hydrogen bonding and phase 

transfer catalysis) as represented in Figure 54. Regarding non-covalent asymmetric 

organocatalysis, an acceleration of the reaction rate through weak interactions (ion pair 

and hydrogen bonding) between the substrate and the organocatalyst takes place. 

Additionally, ion pair catalysis212 can be subdivided according to the different activation 

modes in Brønsted base catalysis, phase transfer catalysis (PTC) and counter ion catalysis. 

                                                                                                                                 
209 Klussmann, M., Mechanism in Organocatalysis, en Science of Synthesis, Asymmetric Organocatalysis 2. Thieme: 
Stuttgart, 2012. 
210 Kristensen, T. E.; Hansen, T. Eur. J. Org. Chem. 2010, 3179-3204. 
211 MacMillan, D. W. C. Nature 2008, 455, 304-308. 
212 (a) Brak, K.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2013, 52, 534-561, (b) Briere, J.-F.; Oudeyer, S.; Dalla, V.; 
Levacher, V. Chem. Soc. Rev. 2012, 41, 1696-1707. 

O
rg

an
o

ca
ta

ly
si

s 

M
ic

h
ae

l 

A
ld

o
l 

R
ed

o
x 

C
yc

lo
a

d
d

it
io

n
 

M
an

n
ic

h
 

H
al

o
ge

n
at

io
n

 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

20
00

 

20
0

4 20
08

 

20
12

 

20
16

 P
u

b
lic

at
io

n
s 

Year 



Chapter 4                                                                                                              Antecedents 
 

197 
 

 
Figure 54. Activation modes in organocatalysis. 

Brønsted bases abstract in a reversible form a proton from a pro-nucleophile hence 

increasing its nucleophilicity and generating a chiral environment through the formation of 

the corresponding ion pair. The activation by PTC213,214,215,216 relies on a similar strategy. 

In this case, the chiral ion pair is formed by an ionic substrate and the catalyst (normally a 

chiral quaternary ammonium salt). Finally, the activation using chiral ureas, thioureas, 

diols and organic acids has burst as interesting alternative in enantioselective catalysis,217 

usually activating the electrophile by hydrogen-bond interactions decreasing the energy of 

the LUMO and consequently accelerating the reaction rate.  

Jacobsen’s group218 firstly described the use of chiral thioureas as hydrogen-bond 

organocatalysts to carry out the enantioselective addition of cyanide to N-allylimines. The 

corresponding Strecker adducts of both alkyl and aryl electrophiles were obtained with 

good yields and enantioselectivities using chiral thiourea 70 (2 mol%) (Scheme 63). 

                                                 
213 (a) Novacek, J.; Waser, M. Eur. J. Org. Chem. 2013, 637-648, (b) Jew, S.-s.; Park, H.-g. Chem. Commun. 2009, 
7090-7103, (c) Hashimoto, T.; Maruoka, K. Chem. Rev. 2007, 107, 5656-5682, (d) Ooi, T.; Maruoka, K. Angew. 
Chem. Int. Ed. 2007, 46, 4222-4266. 
214 O'Donnell, M. J.; Bennett, W. D.; Wu, S. J. Am. Chem. Soc. 1989, 111, 2353-2355. 
215 Lygo, B.; Wainwright, P. G. Tetrahedron Lett. 1997, 38, 8595-8598. 
216 Corey, E. J.; Xu, F.; Noe, M. C. J. Am. Chem. Soc. 1997, 119, 12414-12415. 
217 (a) Liu, X.; Lin, L.; Feng, X. Chem. Commun. 2009, 6145-6158, (b) Doyle, A. G.; Jacobsen, E. N. Chem. Rev. 2007, 
107, 5713-5743, (c) Pihko, P. M. Angew. Chem. Int. Ed. 2004, 43, 2062-2064, (d) Schreiner, P. R. Chem. Soc. Rev. 
2003, 32, 289-296. 
218 Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 4901-4902. 
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Scheme 63. Strecker reaction of N-allylimine derivatives catalyzed by 70. 

In addition to Jacobsen´s studies, an important breakthrough was carried out by 

Takemoto’s group, who described the successful use of chiral thiourea 71 as catalyst in the 

addition of 1,3-dicarbonyl compounds to nitroolefins (Scheme 64).219  

 
Scheme 64. Michael addition of malonates to nitroolefins catalyzed by 71. 

Takemoto’s contribution is considered as the starting point of the hydrogen bonding 

asymmetric organocatalysis, methodology that has experienced a remarkable progress. 

Thus, shortly after Takemoto’s studies, other authors, such as Nagasawa,220 Connon,221 

Ricci,222 Soos223 and Corey224 among others, developed different chiral ureas, thioureas 

and guanidines and applied them to a multitude of asymmetric processes with excellent 

results. 

4.1.2. Benzimidazole-Derived Chiral Organocatalysts 

Benzimidazole is a heterocyclic molecule present in a wide variety of natural products 

with biological activity225 which plays an important role in pharmaceutical industry.226  

                                                 
219 Okino, T.; Hoashi, Y.; Takemoto, Y. J. Am. Chem. Soc. 2003, 125, 12672-12673. 
220 Sohtome, Y.; Hashimoto, Y.; Nagasawa, K. Adv. Synth. Catal. 2005, 347, 1643-1648. 
221 McCooey, S. H.; Connon, S. J. Angew. Chem. Int. Ed. 2005, 44, 6367-6370. 
222 Herrera, R. P.; Sgarzani, V.; Bernardi, L.; Ricci, A. Angew. Chem. Int. Ed. 2005, 44, 6576-6579. 
223 Vakulya, B.; Varga, S.; Csámpai, A.; Soós, T. Org. Lett. 2005, 7, 1967-1969. 
224 Corey, E. J.; Grogan, M. J. Org. Lett. 1999, 1, 157-160. 
225 (a) Nájera, C.; Yus, M. Tetrahedron Lett. 2015, 56, 2623-2633, (b) Preston, P. N. Chem. Rev. 1974, 74, 279-314, (c) 
Wright, J. B. Chem. Rev. 1951, 48, 397-541. 
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In addition, benzimidazole has been employed in the preparation of ionic liquids227 and N-

heterocyclic carbenes, among other uses.228 Benzimidazole can work both as Brønsted 

base and as hydrogen-bonding catalyst due to its basic character [pKa (BzImH2
+) = 5.4].229 

Moreover, the high stability of benzimidazoles as well as their easy synthesis convert these 

derivatives into potential chiral organocatalysts similar to thioureas or guanidines. Figure 

55 shows different benzimidazole-derived chiral organocatalysts which have been 

successfully employed in the asymmetric aldol or conjugate addition reactions. 

 
Figure 55. Chiral benzimidazole organocatalysts. 

The first study employing benzimidazole-derived organocatalysts was reported in 2004 by 

Vincent’s group, who described the 72-catalyzed aldol reaction between ketones and 

aromatic aldehydes with moderate to excellent selectivities (52 to 99% ee).230 
Later, catalyst 76 was shown to improve the catalytic activity, diastereo- and 

enantioselectivity of the aldol reaction231 through a bifunctional activation mode of the 

nucleophile (enamine) and the electrophile (hydrogen-bond) (Figure 56). 

                                                                                                                                 
226 (a) Sørensen, U. S.; Strøbæk, D.; Christophersen, P.; Hougaard, C.; Jensen, M. L.; Nielsen, E. Ø.; Peters, D.; 
Teuber, L. J. Med. Chem. 2008, 51, 7625-7634, (b) Horton, D. A.; Bourne, G. T.; Smythe, M. L. Chem. Rev. 2003, 
103, 893-930. 
227 Wasserscheid, P.; Welton, T. Ionic Liquids in Synthesis. Wiley-VCH: Weinheim, 2007. 
228 Nolan, S. P. N-Heterocyclic Carbenes in Synthesis. Wiley-VCH: Weinheim, 2006. 
229 Sabri, S. S.; El-Abadelah, M. M.; Yasin, H. A. J. Het. Chem. 1987, 24, 165-169. 
230 (a) Lacoste, E.; Vaique, E.; Berlande, M.; Pianet, I.; Vincent, J.-M.; Landais, Y. Eur. J. Org. Chem. 2007, 167-177, 
(b) Lacoste, E.; Landais, Y.; Schenk, K.; Verlhac, J.-B.; Vincent, J.-M. Tetrahedron Lett. 2004, 45, 8035-8038. 
231 Tang, G.; Gün, Ü.; Altenbach, H.-J. Tetrahedron 2012, 68, 10230-10235. 
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Figure 56. Proposed activation mode of 76 in the aldol reaction. 

Regarding conjugate additions, Zhang and co-workers have reported pyrrolidine-

benzimidazole 77 (10 mol%) as bifunctional catalyst in the asymmetric addition of ketones 

to nitrostyrenes to afford the corresponding adducts in high yields, diastereo- and 

enantioselectivities (Scheme 65).232 

 
Scheme 65. Michael addition of cyclohexanone to trans-nitrostyrenes catalyzed by 77. 

Organocatalysts 78233 and 79234 have proved to be very selective in the addition of 1,3-

dicarbonyl compounds to nitroolefins. Especially selective has resulted catalyst 79 derived 

from (1R,2R)-cyclohexane-1,2-diamine, in the conjugate addition of 1,3-diketones, β-

ketoesters and malonates to aromatic and aliphatic nitroolefins in the presence of 

trifluoroacetic acid (TFA) as co-catalyst to afford the corresponding products with high 

diastereo- and enantioselectivities (Scheme 66). In addition, 79 can be recovered from the 

reaction media with an acid/basic extraction and reused in subsequent catalytic cycles 

without loss of catalytic activity or selectivity. 

                                                 
232 Lin, J.; Tian, H.; Jiang, Y.-J.; Huang, W.-B.; Zheng, L.-Y.; Zhang, S.-Q. Tetrahedron Asymm. 2011, 22, 1434-1440. 
233 Zhang, L.; Lee, M.-M.; Lee, S.-M.; Lee, J.; Cheng, M.; Jeong, B.-S.; Park, H.-g.; Jew, S.-s. Adv. Synth. Catal. 2009, 
351, 3063-3066. 
234 Almaşi, D.; Alonso, D. A.; Gómez-Bengoa, E.; Nájera, C. J. Org. Chem. 2009, 74, 6163-6168. 
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Scheme 66. Conjugate addition of 1,3-dicarbonyl compounds to nitroolefins catalyzed by 79. 

Computational studies supported the bifunctional Brønsted acid-base organocatalytic 

character of 79 with the activation of the nitroolefin better achieved by the protonated 

tertiary amine motif (Figure 57, A) rather than the generally accepted nucleophile 

activation by the tertiary amine (Figure 57, B).234 

 
Figure 57. Plausible activation mode of 79. 

On the other hand, the C2-symmetric bis(2-aminobenzimidazole) 80 has shown high 

catalytic activity and selectivity in the Michael addition of 1,3-dicarbonyl compounds to 

maleimides through a bifunctional activation mode (Scheme 67).235 

 
Scheme 67. Michael addition of 1,3-dicarbonyl compounds to malemides catalyzed by 80. 

More recently, our research group has reported the α-chlorination of 1,3-dicarbonyl 

compounds catalyzed by 79 and 80 employing N-chlorosuccinimide (NCS) or 2,3,4,4,5,6-

                                                 
235 Gómez-Torres, E.; Alonso, D. A.; Gómez-Bengoa, E.; Nájera, C. Org. Lett. 2011, 13, 6106-6109. 
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hexachloro-2,5-cyclohexadien-1-one as chlorine sources. The corresponding chlorinated 

adducts were afforded with excellent yields and moderate to good enantioselectivities 

(Scheme 68).236 

 
Scheme 68. α-Chlorination of β-ketoesters and 1,3-diketones catalyzed by 79 or 80. 

4.1.3. Asymmetric α-Amination of 1,3-Dicarbonyl Compounds 

 Homogeneous α-Amination of 1,3-Dicarbonyl Compounds 

The carbon-heteroatom bond formation is a fundamental reaction in organic synthesis, 

especially when generating optically active nitrogen-containing compounds.237 

Furthermore, the synthesis of chiral quaternary stereocenters bearing an amine moiety is 

an important reaction in synthetic organic chemistry due to the wide variety of 

pharmaceutically active compounds possessing such structure.238 The asymmetric 

electrophilic amination of prochiral carbonyl compounds with azodicarboxylates is a 

simple and straightforward method to synthesize chiral amines due to the stability and 

availability of both reagents.239 Particularly interesting is the asymmetric α-amination of 

1,3-dicarbonyl compounds, since the resulting functionalized structures can be further 

elaborated. In this regard, in the last decades several metal-240 and organocatalyzed241,242 

                                                 
236 Sánchez, D.; Baeza, A.; Alonso, D. Symmetry 2016, 8, 3. 
237 Genet, J.-P.; Greck, C.; Lavergne, D. Modern Amination Methods. Chapter 3. Wiley-VCH: Weinheim, 2000. 
238 (a) Christoffers, J.; Mann, A. Angew. Chem. Int. Ed. 2001, 40, 4591-4597, (b) E. Bruin, M.; Peter Kundig, E. Chem. 
Commun. 1998, 2635-2636. 
239 Ciganek, E. Organic Reactions. Wiley: New Jersey, 2008. 
240 (a) Torres, M.; Maisse-François, A.; Bellemin-Laponnaz, S. ChemCatChem 2013, 5, 3078-3085, (b) Ghosh, S.; 
Nandakumar, M. V.; Krautscheid, H.; Schneider, C. Tetrahedron Lett. 2010, 51, 1860-1862, (c) Mashiko, T.; 
Kumagai, N.; Shibasaki, M. J. Am. Chem. Soc. 2009, 131, 14990-14999. 
241 (a) Santacruz, L.; Niembro, S.; Santillana, A.; Shafir, A.; Vallribera, A. New J. Chem. 2014, 38, 636-640, (b) Liu, 
X.; Li, H.; Deng, L. Org. Lett. 2005, 7, 167-169, (c) Pihko, P. M.; Pohjakallio, A. Synlett 2004, 2115-2118. 
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strategies have successfully accomplished this transformation.243 Figure 58 shows the most 

selective chiral organocatalysts reported so far. 

 
Figure 58. Chiral organocatalysts employed in the α-amination of 1,3-dicarbonyl compounds. 

Jørgensen’s group, who also pioneered the asymmetric metal-catalyzed α-amination of 

1,3-dicarbonyl compounds,244 has studied the asymmetric organocatalyzed amination of α-

substituted cyanoacetates and β-dicarbonyl compounds with di-tert-butyl azodicarboxylate 

(DBAD) using β-isocupreidine (β-ICD) 81 (5 mol%) as catalyst in toluene.245 As Scheme 

69 shows, the aminated adducts were isolated in excellent yields and enantioselectivities. 

 
Scheme 69. α-Amination of α-cyanoacetates catalyzed by 81. 

                                                                                                                                 
242 (a) Inokuma, T.; Furukawa, M.; Uno, T.; Suzuki, Y.; Yoshida, K.; Yano, Y.; Matsuzaki, K.; Takemoto, Y. Chem. 
Eur. J. 2011, 17, 10470-10477, (b) Lan, Q.; Wang, X.; He, R.; Ding, C.; Maruoka, K. Tetrahedron Lett. 2009, 50, 
3280-3282, (c) Terada, M.; Nakano, M.; Ube, H. J. Am. Chem. Soc. 2006, 128, 16044-16045. 
243 (a) Vallribera, A.; Maria Sebastian, R.; Shafir, A. Curr. Org. Chem. 2011, 15, 1539-1577, (b) Vilaivan, T.; 
Bhanthumnavin, W. Molecules 2010, 15, 917, (c) Greck, C.; Drouillat, B.; Thomassigny, C. Eur. J. Org. Chem. 2004, 
1377-1385, (d) Anderson, J. C.; McDermott, B. P.; Griffin, E. J. Tetrahedron 2000, 56, 8747-8767. 
244 Marigo, M.; Juhl, K.; Jørgensen, K. A. Angew. Chem. Int. Ed. 2003, 42, 1367-1369. 
245 Saaby, S.; Bella, M.; Jørgensen, K. A. J. Am. Chem. Soc. 2004, 126, 8120-8121. 
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On the other hand, Maruoka has described the synthesis and use of binaphtyl-derived 

quaternary phosphonium salt 82 as chiral PTC in the asymmetric α-amination of β-

ketoesters with DBAD,246 affording the corresponding amination adducts with excellent 

yields and enantioselectivities (Scheme 70). 

 
Scheme 70. α-Amination of 1,3-dicarbonyl compounds with DBAD catalyzed by 82. 

Focusing on hydrogen-bond activation, Terada247 and co-workers have reported an 

efficient α-amination of 1,3-dicarbonyl compounds with DBAD employing guanidine 83 

(0.005 mol%) as catalyst in THF at -60 ºC (Scheme 71). 

 
Scheme 71. α-Amination of 1,3-dicarbonyl compounds catalyzed by 83. 

Simultaneously, Takemoto’s group248 described the efficient use of chiral bifunctional 

urea 84 (10 mol%) in the amination of 1,3-dicarbonyl compounds to afford the 

corresponding adducts with high enantioselectivies (Scheme 72). 

 

Scheme 72. α-Amination of 1,3 dicarbonyl compounds catalyzed by 84. 

                                                 
246 He, R.; Wang, X.; Hashimoto, T.; Maruoka, K. Angew. Chem. Int. Ed. 2008, 47, 9466-9468. 
247 Terada, M.; Nakano, M.; Ube, H. J. Am. Chem. Soc. 2006, 128, 16044-16045. 
248 Xu, X.; Yabuta, T.; Yuan, P.; Takemoto, Y. Synlett 2006, 137-140. 
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Finally, Rawal and co-workers249 have used squaramide-derived hydrogen-bond 

organocatalyst 85 in the enantioselective α-amination of different 1,3-dicarbonyl 

compounds with DBAD at rt. The corresponding functionalized adducts being obtained in 

high yields and enantioselectivities (Scheme 73). 

 
Scheme 73. 85-Catalyzed α-amination of 1,3-dicarbonyl compounds. 

 Heterogeneous α-Amination of 1,3-Dicarbonyl Compounds 

The asymmetric organocatalyzed α-amination of 1,3-dicarbonyl compounds under 

heterogeneous conditions has been barely studied. Only two examples have been recently 

reported, using a covalent attachment of the organocatalyst to the corresponding 

support.250 Thus, Vallribera and co-workers have developed recyclable gold nanoparticles 

decorated with a cinchonine organocatalyst 86 (5 mol%) which catalyzes the α-amination 

of ethyl 2-oxocyclopentanecarboxylate with dibenzyl azodicarboxylate with good 

enantioselectivity (75% ee). The catalyst can be recovered and reused in a 2 catalytic cycle 

observing a slight decrease in the ee (Scheme 74).251 

 
Scheme 74. α-Amination of ethyl 2-oxocyclopentanecarboxylate catalyzed by 86. 

On the other hand, Pericás and co-workers have recently described the enantioselective α-

amination of β-ketoesters and 1,3-diketones under batch and continuous flow conditions 

catalyzed by the polystyrene-immobilized chiral thiourea-derived organocatalyst 87 (PS-
                                                 
249 Konishi, H.; Lam, T. Y.; Malerich, J. P.; Rawal, V. H. Org. Lett. 2010, 12, 2028-2031. 
250 Gruttadauria, M.; Giacalone, F.; Noto, R. Chem. Soc. Rev. 2008, 37, 1666-1688. 
251 Santacruz, L.; Niembro, S.; Santillana, A.; Shafir, A.; Vallribera, A. New J. Chem. 2014, 38, 636-640. 
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TU, 5 mol%).252 Excellent enantiomeric excesses were achieved in all the studied 

reactions, the organocatalyst being reused up to 9 cycles with not apparent decrease in 

activity and selectivity under such conditions (Scheme 75). 

 
Scheme 75. α-Amination of 1,3-dicarbonyl compounds catalyzed by supported catalyst 87. 

4.1.4. Supported Organocatalysis on Graphene-based Materials 

The immobilization of organocatalysts on graphene-derived materials has been 

scarcely studied. Concerning non-asymmetric transformations, piperidine- and pyridine-

derived organocatalysts have been covalently attached to rGO253 and GO,254 respectively 

and used in Knoevenagel-type reactions. Regarding chiral organocatalysts, Tan and co-

workers have carried out the direct asymmetric aldol reaction catalyzed by L-Proline 

supported on graphene oxide (Pro-GO) through hydrogen-bond interactions.255 As 

depicted in Scheme 76, the reaction between acetone and different substituted 

benzaldehydes afforded the corresponding aldol adducts in moderate to excellent yields 

(up to 96%) and good selectivities (up to 79% ee) using a 30 mol% of Pro-GO. The study 

of the recovery of the supported catalyst was performed in the model reaction between 

acetone and 2-nitrobenzaldehyde not observing an appreciable decrease in the reactivity or 

enantioselectivity until the 7th cycle.  

                                                 
252 Kasaplar, P.; Ozkal, E.; Rodriguez-Escrich, C.; Pericas, M. A. Green Chem. 2015, 17, 3122-3129. 
253 Rodrigo, E.; García-Alcubilla, B.; Sainz, R.; Fierro, J. L. G.; Ferritto, R.; Cid, M. B. Chem. Commun. 2014, 50, 
6270-6273. 
254 Sobhani, S.; Zarifi, F. RSC Adv. 2015, 5, 96532-96538. 
255 Tan, R.; Li, C.; Luo, J.; Kong, Y.; Zheng, W.; Yin, D. J. Catal. 2013, 298, 138-147. 
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Scheme 76. Aldol reaction between acetone and benzaldehyde derivatives catalyzed by Pro-GO. 

Recently, Bartók and co-workers have reported the asymmetric aldol reaction catalyzed by 

L-Proline non-covalently supported on several graphene materials with different oxygen- 

(GnO) and sulphur- (GnS) contents.256 The supported organocatalysts were tested in the 

reaction between acetone and 2-nitrobenzaldehyde obtaining the best results when GnO 

was used as support giving 85% conversion and 77% ee (Scheme 77). The catalyst was 

recovered and reused in subsequent cycles maintaining the enantioselection but observing 

a strong decrease in the yield from 85% to 25% after the 3rd run.  

 
Scheme 77. Aldol reaction between acetone and 2-nitrobenzaldehyde catalyzed by Pro-GnO. 

                                                 
256 Szőri, K.; Réti, B.; Szőllősi, G.; Hernádi, K.; Bartók, M. Top. Catal. 2016, 59, 1227-1236. 
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4.2. Objectives 

 

Based on the above exposed bibliographical background, the following objectives were 

stablished: 

1. The study of the asymmetric α-amination of 1,3-dicarbonyl compounds catalyzed by 

chiral benzimidazoles under homogeneous conditions. 

2. The study of the asymmetric α-amination of 1,3-dicarbonyl compounds catalyzed by 

chiral benzimidazoles supported over graphene-derived materials. 
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4.3. Discussion of Results 

 

4.3.1. Synthesis of Chiral Organocatalysts and Substrates 

Initially, we carried out the synthesis of chiral organocatalysts employed in this work 

(Figure 59). Except commercially available Takemoto`s thiourea catalyst 71, the 

organocatalysts were synthesized according to the different procedures reported in the 

literature.  

 
Figure 59. Chiral organocatalysts used in this work. 

Catalysts 79 and 89-91 were synthesized from 88 which was obtained in a 46% yield by a 

nucleophilic substitution reaction between (1R,2R)-cyclohexane-1,2-diamine and 2-chloro-

1H-benzo[d]imidazole at 200 ºC in TEA (Scheme 78). Dimethylation of the primary 

amine in 88 by treatment with formic acid and formaldehyde (Eschweiler-Clarke 

reaction)257 and diethylation of 88 via reductive amination with acetaldehyde and 

NaBH3CN afforded catalysts 79 and 89, respectively (Scheme 78). 

                                                 
257 (a) Clarke, H. T.; Gillespie, H. B.; Weisshaus, S. Z. J. Am. Chem. Soc. 1933, 55, 4571-4587, (b) Eschweiler, W. 
Ber. Dtsch. Chem. Ges. 1905, 38, 880-882. 
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Scheme 78. Synthesis of organocatalysts 79 and 89-91. 

Similarly, the reductive amination of glutaraldehyde and the reaction of 2,5-hexanedione 

with 88, afforded organocatalysts 90 and 91 with a 61% and 67% yield, respectively 

(Scheme 78). 

Finally, C2-symmetric chiral catalysts 80,234 92,234 and 93 (Nagasawa´s catalyst)258 were 

synthesized by reaction of (1R,2R)-cyclohexane-1,2-diamine with the corresponding 

electrophile (Scheme 79). 

                                                 
258 Sohtome, Y.; Tanatani, A.; Hashimoto, Y.; Nagasawa, K. Tetrahedron Lett. 2004, 45, 5589-5592. 
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Scheme 79. Synthesis of organocatalysts 80, 92 and 93. 

Regarding the synthesis of the non-commercially available 1,3-dicarbonyl nucleophiles, 

ethyl 1-oxo-2,3-dihydro-1H-indene-2-carboxylate (Scheme 80, Eq. a),259 2-acetyl-2,3-

dihydro-1H-inden-1-one (Scheme 80, Eq. b)259 and ethyl 1-oxo-1,2,3,4-

tetrahydronaphthalene-2-carboxylate260 (Scheme 80, Eq. c) were prepared from indanone 

or α-tetralone via the corresponding enolate and reaction with diethyl carbonate or N-

acetylimidazole (Scheme 80). 

 
Scheme 80. Synthesis of non-commercial available 1,3-dicarbonyl nucleophiles. 

                                                 
259 Crumbie, R. L.; Nimitz, J. S.; Mosher, H. S. J. Org. Chem. 1982, 47, 4040-4045. 
260 Tan, C.; Xiang, H.; He, Q.; Yang, C. Eur. J. Org. Chem. 2015, 3656-3660. 
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4.3.2. α-Amination of 1,3-Dicarbonyl Compounds under Homogeneous Conditions 

Initially, a catalyst study using as a model reaction the amination of ethyl 2-

oxocyclopentanecarboxylate with di-tert-butyl azodicarboxylate in toluene at rt was 

performed (Table 12). Thus, organocatalysts 71, 79-80 and 88-93 were tested using a 10 

mol% (Table 12, entries 1-9). The more basic organocatalysts 79 and 88-90 afforded the 

amination adduct 94 in high conversions and enantioselectivities (Table 12, entries 1-4), 

reaching up to 90% ee in the case of catalyst 79 (Table 12, entry 2). The use of the less 

basic catalyst 91 resulted in a dramatically drop of the enantioselection (Table 12, entry 5).  

 

Next, C2-symmetric bis(2-aminobenzoimidazole) derivative 80 was evaluated obtaining 

50% ee and 90% of conversion in the model reaction (Table 12, entry 6). The importance 

of the imidazole NH moiety for the selectivity was demonstrated with catalyst 92, which 

afforded racemic 94 (Table 12, entry 7). Finally, for the sake of comparison, bisthiourea 
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93 and Takemoto’s catalyst 71 were also tested. Catalyst 71 resulted inactive in the model 

reaction (Table 12, entry 9) while thiourea 93 afforded 94 in a 70% yield and 65% ee 

(Table 12, entry 8). 

Once the organocatalyst screening revealed that benzimidazole 79 provided the best 

results, further optimization of the reaction conditions was performed (Table 13).  
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Firstly, different solvents were tested (Table 13, entries 1-7) obtaining the best results in 

terms of conversion and enantioselectivity when toluene, Et2O and hexane were employed 

giving quantitative yields and enantiomeric excess from 90 to 92% ee (Table 13, entries 1, 

3 and 6). With these solvents, the temperature influence was evaluated. Thus, at 0 ºC, the 

same results were observed (Table 13, entries 8-10) and lowering the temperature at -20 ºC 

resulted in lower conversions remaining the enantioselectivity the same. At this point and 

since the influence of the temperature was negligible, the optimization was continued at 

room temperature, using Et2O as solvent for solubility reasons. In order to avoid waste 

production, the reaction was carried out using 1.05 equiv of ethyl 2-

oxocyclopentanecarboxylate but the same results were observed (Table 13, entry 11). 

Next, the effect of nucleophile concentration was studied, similar results being achieved 

using 0.2 and 0.05 M (Table 13, entries 12 and 13), choosing the latter as optimal 

concentration. Finally, the catalyst loading was reduced and it was determined that 

employing 1 mol% of 79 was enough to promote the reaction with full conversion and 

92% ee (Table 13, entry 15). 

Then, with the optimal reaction conditions in hands, the influence of the electrophile 

structure was studied using 10 mol% of catalyst 79 (Table 14).  
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Thus, ethyl 2-oxocyclopentanecarboxylate was allowed to react with other different alkyl 

diazocarboxylates but in all the cases the yields and selectivities turned out to be lower 

than in the case of using DBAD, as shown in Table 14. 
Under the optimized reaction conditions, a substrate scope study was performed (Table 

15). First, cyclic -ketoesters were examined. As previously commented, ethyl 2-

oxocyclopentanecarboxylate afforded the desired product in quantitative yield and with a 

92% ee (Table 15, entry 1). Surprisingly, the six membered analogue did not react even 

using higher catalyst loadings (Table 15, entry 2). Ethyl 1-oxo-2,3-dihydro-1H-indene-2-

carboxylate rendered the amination product 99 in a 97% yield but only 45% ee (Table 15, 

entry 3). In contrast, the amination of ethyl 1-oxo-1,2,3,4-tetrahydronaphthalene-2-

carboxylate afforded compound 100 with a 98% yield and 88% ee (Table 15, entry 4). 

Cyclic -amidoester such as ethyl 1-methyl-2-oxopyrrolidine-3-carboxylate was also 

examined, but a low enantioselectivity (20% ee) was obtained (Table 15, entry 5). The 

most reactive cyclic 1,3-diketones were also examined in the amination with DBAD under 

the optimized conditions. Thus, compound 102 was obtained with a 75% yield and 

moderate enantioselectivity (50% ee) when 2-acetylcyclopentan-1-one reacted with 

DBAD (Table 15, entry 6). In this case, the yield was slightly increased to 82% using 5 

mol% of catalyst loading. As already observed in the case of β-ketoesters, the six member 

1,3-diketone 2-acetylcyclohexan-1-one afforded the corresponding amination adduct 103 

with very low conversion at the best regardless the reaction conditions tested (Table 15, 

entry 7). Benzocondensed 1,3-diketones, such as 2-acetyl-2,3-dihydro-1H-inden-1-one and 

2-acetyl-3,4-dihydronaphthalen-1(2H)-one were also evaluated in the amination affording 

in both cases the corresponding products with high yields although moderate 

enantioselectivities (Table 15, entries 8 and 9). In these cases, a slight increase of the 

optical purity was observed by lowering the temperature. Products 106 and 107 were 

obtained from 3-acetyldihydrofuran-2(3H)-one and 3-acetyl-1-methylpyrrolidin-2-one 

with 66 and 89% yields and 26 and 25% ee, respectively (Table 15, entries 10 and 11). 

Finally, linear -ketoester ethyl 2-acetylpropanoate was also studied but very low yield 

(<10 %) and only 25% of ee were obtained (Table 15, entry 12). 



Chapter 4                                                                                               Discussion of Results 
 

218 
 

 



Chapter 4                                                                                               Discussion of Results 
 

219 
 

 

Regarding the reaction mechanism and based on previous computational and experimental 

studies carried out in our research group employing benzimidazole-derived catalysts in 

asymmetric conjugate additions, the catalytic cycle depicted in Figure 60 has been 

proposed. Benzimidazole 79 could act as a bifunctional organocatalyst, firstly acting as a 
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base forming the corresponding 1,3-dicarbonyl compound enolate, which would 

coordinate through hydrogen bonding to the catalyst, as depicted at intermediate A.  

 
Figure 60. Proposed reaction mechanism for the α-amination of 1,3-dicarbonyl compounds. 

Then, the dimethylammonium moiety could activate the electrophile facilitating the 

enantioselective attack of the enolate (intermediate B), releasing the corresponding 

amination adduct and regenerating the organocatalyst. It is also worth to mention that the 

(S)-configured amination product seems to be obtained when (R,R)-79 is employed. This 

assumption was taken from the optical rotation comparison between product 94 and the 

reported values.261 

4.3.3. α-Amination of 1,3-Dicarbonyl Compounds under Heterogeneous Conditions 

After the study of the α-amination of 1,3-dicarbonyl compounds catalyzed by chiral 

benzimidazole 79 under homogeneous conditions, it was decided to study this reaction 

under heterogeneous conditions. For that purpose and based on the results exposed in the 

previous section, the immobilization of catalyst 79 on graphene-derived materials was 

studied. Firstly, rGO was selected as carbonoceous support to reduce a potential catalyst 

deactivation by H-bonding interactions with the carbonaceous material. For this reason, a 

                                                 
261 Kang, Y. K.; Kim, D. Y. Tetrahedron Lett. 2006, 47, 4565-4568. 
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non-covalent and π-π stacking anchoring approach was assumed to support the chiral 

organocatalyst on rGO. Thus, a mixture of 79 and rGO was sonicated in THF for 1 h and 

then stirred for two days at rt. The supported catalyst was separated by centifugation (2000 

rmp, 15 min) and washed with THF (5 × mL) (Scheme 81). The amount of supported 

chiral organocatalyst was initially determined to be 11 wt% by difference in weight and 

after analyzing the different collected mother liquors from the THF washings of the 

material by 1H-NMR to confirm the absence of catalyst in the organic phase.  

 
Scheme 81. Synthesis of supported catalyst 79-rGO. 

To confirm the non-covalent support of catalyst 79 on rGO, XPS analysis was used to 

determine the elemental composition of the heterogeneous catalyst surface. The XPS 

spectrum of 79, showed binding energies at 397.7 and 398.8 eV of the N1s band signal 

which were assigned to the NMe2 moiety and the benzimidazole nitrogen atoms, 

respectively (Figure 61).  

 
Figure 61. XPS spectra of 79: (a) C1s; (b) N1s and deconvoluted peaks for C1s and N1s core levels. 

These binding energies were also found in the XPS spectra of 79-rGO (Figure 62) 

together with the binding energies associated to the rGO surface which appeared at 284.6 

(Csp2-C), 285.9 (Csp3-C), 286.9 (C-O, C-N, C=O, C=N) and 288.4 (CO2H) eV. It should 
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be mentioned that the XPS N1s spectra of rGO also showed two binding energies at 399.3 

and 400.9 eV which were identified as pyridine and pyrrole-type moieties, probably 

formed during the reduction treatment of GO with hydrazine (Figure 63).262 

 
Figure 62. XPS spectra of 79-rGO: (a) C1s; (b) N1s and deconvoluted peaks for C1s and N1s core levels. 

 
Figure 63. XPS spectra of rGO: (a) C1s; (b) N1s and deconvoluted peaks for C1s and N1s core levels. 

Once catalyst 79-rGO was characterized, it was tested in the model α-amination reaction 

between ethyl 2-oxocyclopentanecarboxylate and DBAD using the optimized 

homogeneous conditions. As depicted in Scheme 82, compound 94 was obtained in a 71% 

yield and 69% ee. Then, a recyclability study was performed in the reaction model 

employing 79-rGO (1 mol%) as organocatalyst. As depicted in Scheme 82, a progressive 

slight decrease in the enantiomeric excess was observed while keeping good conversions.  

                                                 
262 (a) Xing, Z.; Ju, Z.; Zhao, Y.; Wan, J.; Zhu, Y.; Qiang, Y.; Qian, Y. Sci. Rep. 2016, 6, 26146, (b) Wang, H.; 
Maiyalagan, T.; Wang, X. ACS Catal. 2012, 2, 781-794. 
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Scheme 82. α-Amination of ethyl 2-oxocyclopentanecarboxylate catalyzed by 79-rGO. 

Due to the moderate selectivity obtained with 79-rGO in the electrophilic α-amination 

reaction, chiral organocatalysts 80 and 92 were also supported on rGO following a similar 

experimental procedure as described for 79. In addition, 79, 80 and 92 were similarly 

immobilized on commercially available GO and freshly prepared monolayer graphene 

oxide (GO’) (Scheme 83). 

 
Scheme 83. Synthesis of 79-GO, 79-GO’, 80-GO, 80-rGO, 92-GO, 92-rGO. 

The supported chiral organocatalysts were tested in the electrophilic amination of ethyl 2-

oxocyclopentanecarboxylate under the optimized reaction conditions as shown in Table 

16, affording from moderate to very good conversions but low selectivities in all the tested 

reactions. For example, a 71% and 90% conversion were achieved using supported 

organocatalysts 79-GO and 79-GO’ although in both cases 94 was obtained as a recamic 

mixture (Table 16, entries 1 and 2). Employing supported organocatalysts 80-GO and 92-

GO, moderate to good conversion towards 94 were determined (76 and 88%, respectively) 
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but only with a 48 and less than 5% ee, respectively (Table 16, entries 3 and 4). 

Additionally, 80-rGO and 92-rGO were used as heterogeneous organocatalysts, affording 

the amination product with a 75 and 73% of conversion and 59 and less than 5% ee, 

respectively (Table 16, entries 5 and 6). 

 

The results obtained with catalyst 92 supported on GO and rGO suggested, as somehow 

expected, that the benzimidazole N-H moiety was involved in the reaction mechanism. 

Another important information arising from these experiments is that rGO was confirmed 

as the support of choice for the chiral organocatalysts. The best performance of this 

material can be ascribed to the lower hydrogen-bonding functionalities content which 

seem to interfere in the selectivity of the organocatalysts, as initially predicted. 

Furthermore, this undesirable effect of the carbonaceous support appeared to be much 

more pronounced for catalyst 79 which did not show any selectivity in the amination 

process when immobilized over GO and GO’. 

Next, a kinetic study was performed in the model amination reaction in order to compare 

the rate using homogeneous and heterogeneous conditions. For such purpose, supported 

and non-supported catalysts 79 and 80 were employed. For the sake of comparison and 

with the aim to evaluate the influence of the non-enantioselective background reaction, the 

reaction in absence of catalyst and in the presence of rGO was also monitorized. As 

demonstrated in Figure 64, neither catalyst-free conditions nor rGO afforded the amination 
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adduct 94, obtaining less than 5% conversion in both cases after 10 hours. On the other 

hand, catalysts 79 and 80 gave rise to the corresponding amination product with 94% 

conv/88% ee and 95% conv/52% ee, respectively after 3 hours. Finally, after the same 

reaction time (3 h) catalysts 79-rGO and 80-rGO produced compound 94 with a 68% 

conv/60% ee and 37% conv/59% ee, respectively (Figure 64). All these results ruled out a 

possible contribution of a non-catalyzed background reaction or a rGO-catalyzed non-

asymmetric transformation.  

 
Figure 64. Kinetic studies of the α-amination of 1,3-dicarbonyl compounds. 

As described above, supported organocatalyst 80-rGO showed higher enantioselectivity 

(59% ee) than the homogeneous counterpart (52% ee). In view on this result, the 

electrophilic α-amination of ethyl 2-oxocyclopentanecarboxylate was carried out at 0 ºC 

using 80 and 80-rGO as catalysts (1 mol%) trying to improve further the selectivity of the 

process. As can be observed in Scheme 84, slowing down the reaction rate with the 

temperature did not effectively improve the selectivity of the process. In fact, under 

heterogeneous conditions, there was a marked decrease in both conversion and 

enantioselectivity (80-rGO: 75% conv/59% ee at rt vs 48% conv/47% ee at 0 ºC).  
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Scheme 84. Electrophilic α-amination reaction catalyzed by 80 and 80-rGO under 0 ºC. 

The results obtained under heterogeneous conditions clearly demonstrate a strong 

influence of the carbonaceous support on the selectivity of the process using 

benzimidazole-derived catalysts. This influence is even more accussed when GO was the 

support since a considerable drop in the enantioselectivities were observed, probably due 

to strong deactivating interactions between this support and the catalyst.  

In addition, the carbonaceous support could modify the conformation of the chiral 

organocatalyst in the transition state of the reaction leading, as in the case of 80-rGO, to 

an improvement in the selectivity of the reaction under heterogeneous conditions. 

Since the results were not as satisfactory as expected, the next approach was to design a 

new chiral benzimidazole-derived organocatalyst covalently immobilized onto the 

carbonaceous support. The direct synthesis of functionalized chiral benzimidazole 114 

from catalyst 79 was initially attempted. However, this approach failed since the nitration 

of 79 (H2SO4/HNO3) led to a mixture of dinitrated products in positions 5 and 6 of the 

aromatic moiety. At this point, the synthesis of 114 was then carried out starting from the 

Boc-monoprotected diamine 109, which was dimethylated by reductive amination with 

sodium triacetoxyborohydride [NaBH(OAc)3] and aqueous formaldehyde to obtain 

compound 111 after deprotection of the primary amine.263 Parallelly, the nitration of 2-

chloro-1H-benzo[d]midazole with H2SO4/HNO3 was selective towards mononitration, 

affording 112 in a 60% isolated yield (Scheme 85).264 Then, compound 111, obtained after 

acidic hydrolysis of 110, was allowed to react with 2-chloro-5-nitro-1H-benzo[d]midazole 

(112) at 150 ºC, affording compound 113 in 27% yield. Finally, reduction of the nitro 

                                                 
263 Västilä, P.; Pastor, I. M.; Adolfsson, H. J. Org. Chem. 2005, 70, 2921-2929. 
264 Barvian, K. K.; Carpenter, A. J.; Cooper, J. P.; Feldman, P. L.; Guuo, Y. C.; Handlon, A. L.; Hertzog, D. L.; 
Hyman, C. E.; Beat, A. J.; Peckham, G. E.; Speake, J. D.; Swain, W. R.; Tavares, F. X.; Zhou, H. Patent. WO 
2004092181, October, 28, 2004. 
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group with SnCl2·HCl under aqueous conditions afforded 114 in a 61% yield (Scheme 

85).264 

 

Scheme 85. Synhtesis of chiral catalyst 114. 

Next, in order to perform a covalent immobilization of 114, commercially available 

graphene oxide functionalized with carboxylic acid groups GO-CO2H (0.7 mmol of 

CO2H/g) was activated with methyl chloroformate in the presence of TEA as base 

(Scheme 86). The resulting material was allowed to react with benzimidazole 114 to yield 

supported catalyst 115 (Scheme 86).  

 
Scheme 86. Synthesis of supported catalyst 115. 

To confirm the immobilization of organocatalyst 114 onto the graphene-based support, the 

mother liquors from the successive washings with THF and H2O to remove the non-

supported organocatalyst were analyzed by 1H-NMR, where 114 was not detected. As 
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depicted in Figure 65, mainly organic debris from the carbonaceous graphene material was 

observed (dashed circles). With this results, the amount of supported chiral organocatalyst 

was determined to be 19 wt%. 

  
Figure 65. 1H NMR; (a) 114, (b) mother liquor washings of 115. 

In addition, a comparative analysis of 114, GO-CO2H and 115 by infrared spectroscopy 

(IR) was carried out. As shown in Figure 66, the IR spectrum of 114 presented the C-N 

stretching band (ν C-N) at 1456 and 1491 cm-1, associated with the tertiary and primary 

amines of the molecule, respectively. Additionally, the absortion band at 1637 cm-1 and 

1571 cm-1 are attributed to the stretching vibrations (ν C=N), the aromatic skeletal 

vibrations (ν ArC=C) as well as the in-plane C-N bending vibration (δ C-N). On the other 

hand, the IR of GO-CO2H showed ν C=O absorption bands at 1735 cm-1 and 1703 cm-1 

corresponding to -OCH2CO2H and the ArCO2H groups. The absorption band at 1585 cm-1 

was associated to the in-plane O-H bending vibration (δ O-H), the aromatic skeletal (ν 

ArC=C) vibrations and the epoxide stretching vibrations. 

Finally, the IR spectrum of the supported organocatalyst 115 showed an absortion band at 

1702 cm-1 attributed to the ν C=O absorptions frequencies from the unreactive ArCO2H 

and the carbonyl moiety of the desired amide. Moreover, the absortion bands at 1653 cm-1 

a) 

b) 
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and 1575 cm-1 were attributed to the stretching vibrations (ν C=N) from the benzimidazole 

moiety and the skeletal aromatic (ν ArC=C) stretching vibrations togheter with the in-

plane O-H (δ O-H) and C-N (δ C-N) bending vibrations (Figure 66). 

 
Figure 66. IR spectrum of: 114 (left), GO-CO2H (middle) and 115 (right). 

Supported organocatalyst 115 was also characterized by XPS (O/C = 0.307) and elemental 

analysis. As depicted in Figure 67, the main difference observed between 114 and 115 was 

the N1s energy bands, since 115 showed an additional band at 401.6 eV which is 

associated to the formation of the amide (Figure 68).  

 
Figure 67. XPS of 114: (a) C1s; (b) N1s and deconvoluted peaks for C1s and N1s core levels. 
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Figure 68. XPS of 115: (a) C1s; (b) N1s and deconvoluted peaks for C1s and N1s core levels. 

In addition, elemental analysis of 115 confirmed an increase in the nitrogen content when 

compared with GO-CO2H (Figure 69). 

 
Figure 69. Elemental analysis of 115 and GO-CO2H. 

With the supported catalyst 115 and the non-supported benzimidazole 114 in our hands, 

we tested their catalytic performance in the electrophilic α-amination between ethyl 2-

oxocyclopentanecarboxylate and DBAD at rt using diethyl ether as solvent. Good 

reactivity was observed when supported catalyst 115 was employed, although 94 was 

obtained as racemic mixture (Scheme 87). On the contrary, catalyst 114 under 

homogeneous conditions afforded the amination adduct with good conversion (80% conv) 

and enantioselectivity (71% ee) under homogeneous conditions. 

The reason for the low selectivity shown by 115 is probably again the influence of the 

carbonaceous support which can inhibit the hydrogen-bond interactions between the 

substrate and the organocatalyst. 

 
Scheme 87. α-amination catalyzed by 114 and 115. 
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4.4. Experimental Data 

 

4.4.1. General 

Unless otherwise noted, all commercial reagents and solvents were used without 

further purification. 1H-NMR (300 MHz and 400 MHz) and 13C-NMR (75 MHz and 101 

MHz) spectra were obtained on a Bruker AV-300 and AV-400. Low-resolution mass 

spectra (MS) were recorded in the electron impact mode (EI, 70 eV, He as carrier phase) 

using an Agilent 5973 Network Mass Selective Detector spectrometer, being the samples 

introduced through an Agilent 6890N GC equipped with a HP-5MS column [(5%-phenyl)-

methylpolysiloxane; length 30 m; ID 0.25 mm; film 0.25 mm]. IR spectra were obtained 

using a JASCO FT/IR 4100 spectrophotometer equipped with an ATR component; 

Wavenumbers are given in cm-1. Analytical TLC was performed on Merck aluminum 

sheets with silica gel 60 F254. Silica gel 60 (0.04-0.06 mm) was employed for column 

chromatography whereas P/UV254 silica gel with CaSO4 (28-32%) supported on glass 

plates was employed for preparative TLC.. Centrifugations were carried out in a Hettich 

centrifuge (Universal 320, 6000 rpm, 15 minutes). ICP-MS analyses were performed on an 

Agilent 7700x equipped with HMI (high matrix introduction) and He mode ORS as 

standard. Elemental analyses were determined with a C, H, N and S elemental micro-

analyzer with micro-detection system TruSpec LECO. Optical rotations were measured on 

a Jasco P-1030 Polarimeter with a 5 cm cell (c given in g/100 mL). Enantioselectivities 

were determined by HPLC analysis (Agilent 1100 Series HPLC) equipped with a G1315B 

diode array detector and a Quat Pump G1311A equipped with the corresponding Daicel 

chiral column and the retention time of the major enantiomer is highlighted in bold. 
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4.4.2. Synthesis of Organocatalyst 98234 

 

In a pressure tube, a mixture of 2-chloro-1H-benzo[d]imidazole (3.43 g, 22.48 mmol, 

1 equiv), (1R,2R)-cyclohexane-1,2-diamine (10.2 g, 180 mmol, 4 equiv) and TEA (3.13 

mL, 22.4 mmol, 1 equiv) was heated at 200 ºC overnight. The reaction mixture was cooled 

down to 50-80 ºC and water (20 mL) was added. Then, the reaction mixture was extracted 

with CH2Cl2 (3×20 mL) before the mixture reach room temperature (to avoid solubility 

problems). The combined organic layers were dried over MgSO4 and after filtration, the 

solvent was evaporated under reduced pressure to give the corresponding crude product 

which was purified by precipitation with CH2Cl2, affording the organocatalyst 98 (2.39 g, 

46% yield). 

4.4.3. Synthesis of Organocatalyst 79234 

 

A mixture of 79 (2.39 g, 10.4 mmol, 1 equiv), HCO2H (36 mL) and a 36% aqueous 

solution of HCHO (1.75 mL, 22.8 mmol, 2.2 equiv) was stirred at 120 ºC overnight. Then, 

the solvent was removed under reduced pressure and a saturated NaHCO3 aqueous 

solution (150 mL) was added. Then, a 10% NaOH aqueous solution was added until pH = 

8 and the mixture was extracted with CH2Cl2 (3×15 mL). The combined organic layers 

were dried over MgSO4 and after filtration, the solvent was evaporated under reduced 

pressure to give the corresponding crude product which was purified by precipitation with 

acetonitrile to give pure 79 (1.56 g, 58% yield). 
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4.4.4. Synthesis of Organocatalyst 99234 

 

Under argon atmosphere, a solution of primary amine 98 (260 mg, 1.13 mmol, 1 

equiv) and acetaldehyde (1.23 mL, 21.8 mmol, 5 equiv) in anhydrous MeCN (27 mL) was 

stirred at room temperature for 15 min. Then, NaBH3CN (570 mg, 8.72 mmol, 2 equiv) 

was added. After 15 additional min, acetic acid (1.35 mL) was added dropwise to the 

solution and the reaction mixture was stirred for 2 h. Next, the solution was diluted with a 

1/1 MeOH/CH2Cl2 mixture (60 mL) and it was washed with a 10% NaOH aqueous 

solution (25 mL × 3). The combined organic layers were dried over MgSO4 and after 

filtration, the solvent was removed under reduced pressure affording of the corresponding 

crude product which was purified by column chromatography (EtOAc/MeOH: 9/1) to give 

pure 99 (93.86 mg, 29% yield). 

4.4.5. Synthesis of Organocatalyst 100265  

 

To a solution of primary amine 98 (1.0 g, 4.4 mmol, 1 equiv) in dichloroethane (30 

mL), a 25% aqueous solution of glutaraldehyde (1.64 mL, 4.5 mmol, 1.02 equiv) and 

NaBH3CN (1.15 g, 17.6 mmol, 4 equiv) were added. The resulting mixture was stirred 4 h 

at room temperature. After the reaction time the mixture was basified with a 6M NaOH 

aqueous solution until pH = 8. Then, the mixture was extracted with CH2Cl2 (3 × 15 mL). 

The combined organic layers were washed with brine, dried over MgSO4 and after 

filtration, the solvent was removed under reduced pressure obtaining the corresponding 

                                                 
265 Gómez-Torres, E.; Alonso, D. A.; Gómez-Bengoa, E.; Nájera, C. Eur. J. Org. Chem. 2013, 1434-1440. 
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crude product which was purified by column chromatography (EtOAc/MeOH: 9/1) to give 

pure 100 (801 mg, 61% yield). 

4.4.6. Synthesis of Organocatalyst 101265 

 

To a methanol (21.5 mL) solution of 98 (1.0 g, 4.4 mmol, 1 equiv), acetic acid glacial 

was added dropwise (250 µL, 4.4 mmol, 1 equiv) along with 2,5-hexanedione (510 µL, 4.4 

mmol, 1 equiv). The reaction mixture was stirred 1 h at 50 ºC. Then, the solvent was 

evaporated under reduced pressure and the resulting crude was dissolved in CH2Cl2. The 

mixture was basified with a 6M NaOH aqueous solution until pH = 8. Then, the mixture 

was extracted with CH2Cl2 (3×20 mL). The combined organic layers were dried over 

MgSO4 and after filtration, the solvent was evaporated under reduced pressure to obtain 

the corresponding crude product which was purified by column chromatography 

(EtOAc/MeOH: 9/1) to give pure 101 (909 mg, 67% yield). 

4.4.7. Synthesis of Organocatalyst 80235 

 

In a pressure tube, a mixture of 2-chloro-1H-benzo[d]imidazole (2 g, 13.56 mmol, 2 

equiv), (1R,2R)-cyclohexane-1,2-diamine (774 mg, 6.78 mmol, 1 equiv) and TEA (1.89 

mL, 13.56 mmol, 2 equiv) was heated at 200 ºC overnight. The reaction mixture was 

cooled down to 50-80 ºC and water (20 mL) was added. Then, the reaction mixture was 

extracted with CH2Cl2 (3×20 mL) before the mixture reach room temperature (to avoid 

solubility problems). The combined organic layers were dried over MgSO4 and after 

filtration, the solvent was evaporated under reduced pressure to obtain the corresponding 
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crude product which was purified by column chromatography (EtOAc/MeOH: 9/1) to give 

pure 80 (938.4 mg, 40% yield). 

4.4.8. Synthesis of Organocatalyst 102265 

 

In a pressure tube, a mixture of 2-chloro-1-methyl-1H-benzo[d]imidazole (500 mg, 3 

mmol, 1 equiv), (1R,2R)-cyclohexane-1,2-diamine (342 mg, 3 mmol, 1 equiv) and TEA 

(420 µL, 3 mmol, 1 equiv) was heated at 200 ºC overnight. The reaction mixture was 

cooled down to 50-80 ºC and water (20 mL) was added. Then, the reaction mixture was 

extracted with CH2Cl2 (3×20 mL) before the mixture reach room temperature (to avoid 

solubility problems). The combined organic layers were dried over MgSO4 and after 

filtration, the solvent was evaporated under reduced pressure to give the corresponding 

pure 102 after washing with 50 mL Et2O (898.8 mg, 80%). 

4.4.9. Synthesis of Organocatalyst 103258 

 

To a solution of (1R,2R)-cyclohexane-1,2-diamine (886 mg, 7.58 mmol, 1 equiv) in 

THF (10 mL) was added 3,5-bis(trifluorophenyl)phenyl isothiocyanate (2.77 mL, 15.2 

mmol, 2 equiv) at 0 ºC and the mixture was stirred for 10 min. After warming the reaction 

mixture up to room temperature, it was stirred for 22 additional hours. Then, the solvent 

was removed under reduced pressure obtaining pure 103 after recrystallization in 

EtOAc/Hexane (4.29 g, 81% yield). 
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4.4.10. Synthesis of Organocatalyst 109266 

 

A 250 mL round-bottom flask was charged with the (1R,2R)-cyclohexane-1,2-diamine 

(4 g, 35 mmol) and anhydrous CH2Cl2 (35 mL) under argon atmosphere. Then, a solution 

of di-tert-butyl dicarbonate (2.6 g, 11.7 mmol) in anhydrous CH2Cl2 (30 mL) was added 

dropwise to the solution for 30 min at 0 ºC. The mixture was allowed to reach room 

temperature and it was stirred for 24 h. After this time, H2O (20 mL) and CH2Cl2 (20 mL) 

were added to the solution until disappearance of turbidity. The mixture was extracted 

with CH2Cl2 (3 × 25 mL) and the combined organic layers were dried with MgSO4, 

filtered and the solvent was evaporated under reduced pressure. The crude was dissolved 

in Et2O (25 mL) and H2O (40 mL). The solution was acidified with a 4M HCl aqueous 

solution until reaching pH = 5. The organic layer was washed with H2O (3 × 25 mL). The 

combined aqueous layers were basified until pH = 11 with a 4M NaOH aqueous solution 

and extracted with EtOAc (3 × 25 mL). The organic layers were dried over MgSO4 and 

after filtration, the solvent was evaporated under reduced pressure, obtaining compound 

109 (1.64 g, 66% yield, pure by 1H-NMR). 

4.4.11. Synthesis of Organocatalyst 110266 

 

A 250 mL round-bottom flask was charged with compound 109 (1.64 g, 7.65 mmol, 1 

equiv) and DCE (70 mL). Formaldehyde (1.2 mL, 15.30 mmol, 2 equiv) was then added 

and the reaction mixture was stirred at room temperature for 15 min. Then, NaBH(OAc)3 

(3.73 g, 17.6 mmol, 2.3 equiv) was added into the flask and the reaction mixture was 

further stirred at room temperature for 20 h. After the reaction time, a saturated NaHCO3 

                                                 
266 Yu, L.; Li, P. Tetrahedron Lett. 2014, 55, 3697-3700. 
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aqueous solution (200 mL) was added and the mixture was extracted with CH2Cl2 (3 × 25 

mL). The combined organic layers were dried over MgSO4 and after filtration, the solvent 

was evaporated under reduced pressure to give the corresponding crude product which was 

purified by column chromatography (EtOAc/MeOH: 95/5) to give pure 110 (645 mg, 

35%). 

4.4.12. Synthesis of Organocatalyst 111263 

 

A 25 mL round-bottom flask was charged with compound 110 (645 mg, 2.66 mmol, 1 

equiv). A mixture of MeOH with a 3M HCl aqueous solution (5.3 mL) in 1:1 ratio was 

added and the mixture was stirred at room temperature for 24 h. MeOH was evaporated 

under reduced pressure and the solution was basified with a 6M NaOH aqueous solution 

until pH = 14. Then, the reaction mixture was extracted with CH2Cl2 (5× 25 mL) and the 

combined organic layers were dried over MgSO4 and after filtration, the solvent was 

removed under reduced pressure, obtaining the pure 111 (291 mg, 77%, pure by 1H-

NMR). 

4.4.13. Synthesis of Organocatalyst 112264 

 

A 25 mL round-bottom flask was charged with the 2-chlorobenzimidazole (500 mg, 

3.3 mmol). Concentrated sulfuric acid 95-98% (3.2 mL) was added and the reaction 

mixture was stirred until the reagent was dissolved. At 0 ºC a 65% HNO3 aqueous solution 

(1 mL) was added dropwise and the mixture was stirred for 1 h. Then, 10 mL of H2O was 

added and the reaction mixture was extracted with EtOAc (3 × 15 mL). The combined 
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organic layers were dried over MgSO4 and after filtration, the solvent was evaporated 

under reduced pressure, obtaining 112 (386 mg, 60%, pure by 1H-NMR). 

4.4.14. Synthesis of Organocatalyst 113 

 

In a pressure tube, a mixture of 2-chloro-5-nitro-1H-benzo[d]imidazole (265 mg, 1.34 

mmol, 1 equiv), (1R,2R)-N,N-dimethylcyclohexane-1,2-diamine (191 mg, 1.34 mmol, 1 

equiv), and TEA (1.34 mmol, 187 µL) was heated at 150 ºC overnight. The reaction 

mixture was cooled down to 50-80 ºC and water (20 mL) was added. Then, the reaction 

mixture was extracted with CH2Cl2 (3 × 20 mL) before reaching room temperature (to 

avoid solubility problems). The combined organic layers were dried over MgSO4 and after 

filtration, the solvent was evaporated under reduced pressure to give the corresponding 

crude product which was purified by column chromatography (EtOAc/MeOH: 95/5) to 

give pure 113 (108 mg, 27%). 

4.4.15. Synthesis of Organocatalyst 114264 

 

A 10 mL glass vessel was charged with compound 113 (108 mg, 0.36 mmol, 1 equiv) 

and tin(II) chloride (SnCl2, 236.4 mg, 1.26 mmol, 3.5 equiv). After that, a 37% HCl 

aqueous solution (1 mL) was added and the reaction mixture was stirred for 15 min at 

room temperature. Then, the mixture was stirred at 100 ºC for 2 additional hours. After the 

reaction time, the mixture was basified with a 6M NaOH aqueous solution until pH = 8, 

being extracted with EtOAc (3 × 15 mL) after adding brine. The combined organic layers 
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were dried over MgSO4 and after filtration, the solvent was evaporated under reduced 

pressure give the corresponding pure product 114 (59.3 mg, 61% yield, pure by 1H-NMR). 

 IR of 79 and 114 

Chiral organocatalyst 114 was fully 

characterized by 1H-NMR, 13C-NMR and IR. 

For example, whereas IR of catalyst 79 showed 

C-N strength band at 1460 cm-1, catalyst 114 

showed two bands at 1456 and 1491 cm-1 

confirming the presence of an additional C-N 

bond which is delocalized on the arene part 

appearing at higher wave number as shown in 

Figure 70. 
 

Figue 70. Amplified IR spectrum of: (a) 79 and (b) 114. 

4.4.16. General Procedure for the Synthesis of Supported Catalyst Through Non-

Covalent Bonding 

 

A 10 mL glass vessel was charged with GO, rGO or GO’ and the corresponding 

organocatalyst 79, 80 and 92. Then, anhydrous THF (2 mL) was added and the reaction 

mixture was sonicated for 1h. Then, the reaction was allowed to reach room temperature 

and was stirred for 48 h and it was submitted to four washing (THF, 10 mL)-centrifugation 

(6000 rpm, 15 minutes) cycles, being the solvent eliminated after each cycle with a syringe 

equipped with a 4 mm/0.2 μm PTFE filter. The residual solvent was completely removed 

under reduced pressure affording the supported organocatalyst on graphene derivatives 79-

a) b)
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GO, 79-rGO, 79-GO’, 80-GO, 80-rGO, 92-GO and 92-rGO. The amount of 

organocatalyst non-covalently anchored on graphene materials was determined by weight 

difference and by 1H-NMR analysis of the supernatant confirming the absence of starting 

material. 

4.4.17. Synthesis of Supported Catalyst 115 

 

In a 10 mL round-bottom flask, GO-CO2H (284 mg, 0.199 mmol CO2H) was 

suspended in anhydrous THF (4 mL). The catalyst was dispersed by sonication for 1 h. 

After this time and at 0 ºC, TEA (30.4 µL, 0.219 mmol, 1.1 equiv) and methyl 

chloroformate (16.9 µL, 0.219 mmol, 1.1 equiv) were added dropwise to this mixture. 

After that, a solution of the organocatalyst 114 (54.35 mg, 0.199 mmol) in THF (1mL) 

was added and the reaction mixture was stirred at room temperature for 24 h. Then, the 

reaction was refluxed at 85 ºC for 3 additional hours and cooled down to room 

temperature. The supported catalyst was washed with THF (to remove the non-supported 

organocatalyst) by centrifugation (9000 rpm, 15 min × 2), ultrapure water (9000 rpm, 15 

min × 2) and with THF again (9000 rpm, 15 min × 2). Finally, the catalyst was dried in the 

oven at 50 ºC overnight obtaining 300 mg of supported catalyst 115. 
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4.4.18. Synthesis of Ethyl 1-oxo-2,3-dihydro-1H-indene-2-carboxylate259 

 

To a mixture of indanone (248µL, 2 mmol, 1 equiv), diethyl carbonate (1.18 g, 10 

mmol, 5 equiv) and EtOH (23 µL, 0.02 equiv) in THF (5 mL) was added tBuOK (673 mg, 

6 mmol, 3 equiv) and the reaction was refluxed for 5 h. Then, the mixture was cooled 

down to room temperature and ice-water and concentrated HCl was added to adjust pH to 

5-6. The mixture was extracted with EtOAc (3 × 10 mL) and the combined organic layers 

were dried over anhydrous MgSO4 and after filtration, the solvent was removed under 

reduced pressure, obtaining the corresponding crude product which was purified by 

column chromatography (Hex/EtOAc: 99/1) to give pure compound (342.4 mg, 84% 

yield). 

4.4.19. Synthesis of 2-Acetyl-2,3-dihydro-1H-inden-1-one259 

 

A Schlenck tube was charged with NaH 95% (101 mg, 4 mmol, 2 equiv) and 1.5 mL 

of anhydrous DMSO. Then a solution of the indanone (264.3 mg, 2 mmol, 1 equiv) and N-

acetylimidazole (220.2 mg, 2 mmol, 1 equiv) in 250 µL of anhydrous DMSO were 

consecutively added to the reaction mixture dropwise. The mixture was stirred at room 

temperature overnight. After the reaction time, the mixture was diluted with a 0.5M HCl 

aqueous solution (10 mL) and it was extracted with EtOAc (3 × 10 mL). The combined 

organic layers were washed with a 0.5M HCl aqueous solution and water to remove the 

DMSO. Finally, the organic layer was dried over MgSO4 and after filtration, the solvent 

was evaporated under reduced pressure, affording the corresponding crude product which 

was purified by column chromatography (Hex/EtOAc: 9/1) to give pure compound (112.4 

mg, 32% yield). 
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4.4.20. Synthesis of Ethyl 1-oxo-1,2,3,4 tetrahydronaphthalene-2-carboxylate260 

 

A Schlenck tube was charged with NaH 60% (500 mg, 12.5 mmol, 2.5 equiv) and 4 

mL of anhydrous toluene. Then, diethyl carbonate (3.6 mL, 30 mmol, 6 equiv) was added 

to the reaction dropwise. The mixture was heated at 60 ºC and a solution of α-tetralone 

(665.1 µL, 5 mmol, 1 equiv) in 7.5 mL of anhydrous toluene was added dropwise and 

stirring was continue for 30 additional minutes. The reaction was cooled down to 0 ºC and 

was acidified with 1.2 mL of acetic acid glacial and it was extracted with EtOAc (3 × 15 

mL) and the combined organic layers were washed with a saturated NaHCO3 aqueous 

solution and brine. The solvent was removed under reduced pressure affording the 

corresponding crude product which was purified by preparative TLC (Hex/EtOAc: 9/1) to 

give pure compound (569 mg, 52% yield). 

4.4.21. General Procedure for the α-Amination Reaction under Homogeneous and 

Heterogeneous Conditions 

 

In an open air tube at 25 ºC, the corresponding 1,3-dicarbonyl compound (0.2 mmol, 1 

equiv) was added to a solution of the corresponding organocatalysts (0.002 mmol, 1 

mol%) in technical grade diethyl ether (1 mL). After 5 minutes, di-tert-

butylazodicarboxilate (0.21 mmol, 1.05 equiv) was added in one portion and the reaction 

was then allowed to react for 10-18 h. After this time, water (5 mL) was added, and then 

the aqueous layer was extracted with EtOAc (3 x 5 mL). The combined organic phases 

were dried over MgSO4 and after filtration, the solvent was evaporated under reduced 

pressure. Finally, the crude reaction was purified by column chromatography using 

hexanes/ethyl acetate mixtures as eluent. 
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Regarding heterogeneous conditions, the same procedure was carried out employing ethyl 

2-oxocyclopentanecarboxylate (0.08 mmol, 11.8 µL, 1 equiv), the corresponding 

supported organocatalyst (1 mol%) in diethyl ether (0.5 mL) and DBAD (0.084 mmol, 

19.3 mg, 1.05 equiv). After the reaction time, the amination adduct was recovered by 

filtration using a syringe equipped with a 4 mm/0.2 μm PTFE filter. 

4.4.22. Typical Procedure for the Recovery of Catalyst 79-rGO 

 

Once the reaction had finished, Et2O was added (4 mL) and the reaction mixture was 

stirred for 5 min. Then, the supported catalyst was separated from the reaction media by 

centrifugation (4000 rpm, 15 min × 5). After the washing/centrifugation steps the catalyst 

was completely dried under vacuum overnight. Then, the supported catalyst was used in 

another catalytic cycle by adding fresh reagents. 

 

4.4.23. Physical and Spectroscopic Data 

 Organocatalysts 

(1R,2R)-N1-(1H-Benzo[d]imidazol-2-yl)-N2,N2-diethylcyclohexane-1,2-diamine (88)234 

White solid, Yield 46%; Purified by precipitation with CH2Cl2; 1H-

NMR (300 MHz, CD3OD) δH = 7.19 (dd, J = 5.8, 3.2 Hz, 2H), 6.96 

(dd, J = 5.8, 3.2 Hz, 2H), 3.46- 3.35 (m, 1H), 2.61 (td, J = 10.5, 4.2 

Hz, 1H), 2.24-1.98 (m, 2H), 1.86- 1.66 (m, 2H), 1.53-1.13 (m, 5H) 

ppm. 
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(1R,2R)-N1-(1H-Benzo[d]imidazol-2-yl)-N2,N2-dimethylcyclohexane-1,2-diamine 

(79)234 

Off-White solid; Yield 58%; Purified by precipitation with MeCN; 
1H-NMR (300 MHz, CDCl3) δH = 7.33-7.22 (m, 2H), 7.03 (dd, J = 

5.8, 3.2 Hz, 2H), 5.49 (s, 1H), 3.42 (m, 1H), 2.80-2.54 (m, 1H), 

2.43-2.28 (m, 1H), 2.25 (s, 6H), 1.96-1.79 (m, 2H), 1.75-1.59 (m,, 1H), 1.45-1.04 (m, 5H) 

ppm. 

(1R,2R)-N1-(1H-Benzo[d]imidazol-2-yl)-N2,N2-diethylcyclohexane-1,2-diamine (89)234 

Off-White solid; Yield 29%; Purified by column chromatography 

(EtOAc/MeOH: 9/1); 1H-NMR (300 MHz, CD3OD) δH = 7.19-7.15 

(m, 2H), 6.97-6.92 (m, 2H), 3.44 (td, J = 10.6, 3.9 Hz,1H), 2.50-

2.72 (m, 4H), 2.44-2.33 (m, 2H), 1.92-1.73 (m, 2H), 1.69-1.51 (m, 

1H), 1.51-1.14 (m, 4H), 1.01-0.96 (t, J = 7.02, 6H) ppm. 

(1R,2R)-N1-(1H-Benzo[d]imidazol-2-yl)-N2-piperidylcyclohexane-1,2-diamine (90)265 

Off-White solid; Yield 61%; Purified by column chromatography 

(EtOAc/MeOH: 9/1); 1H-NMR (400 MHz, CD3OD) δH = 7.18 (dd, 

J = 5.8, 3.2 Hz, 2H), 6.95 (dd, J = 5.8, 3.2 Hz, 2H), 3.50 (dt J = 

10.7, 3.9 Hz, 1H), 2.72-2.60 (m, 6H), 2.54-2.29 (m, 7H), 1.94-1.13 

(m, 6H) ppm. 

(1R,2R)-N1-(1H-Benzo[d]imidazol-2-yl)-N2-(2,5-dimethyl-1H-Pirrole-1-

yl)cyclohexane-1,2-diamine (91)265  

Off-White solid; Yield 58%; Purified by precipitation with MeCN; 
1H-NMR (400 MHz, CD3OD) δH = 7.13 (dd, J = 5.8, 3.2 Hz, 2H), 

6.92 (dd, J = 5.8, 3.2 Hz, 2H), 5.56 (d, J = 9.3 Hz, 2H), 4.35 (dt, J = 

11.0, 4.0 Hz, 1H), 3.96 (dt, J = 11.8, 3.8 Hz, 1H), 2.75-1.28 (m, 14H), 2.37 (s, 3H), 2.28 

(s, 3H) ppm. 
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(1R,2R)-N1,N2-Di[1H-Benzo[d]imidazol-2-yl]cyclohexane-1,2-diamine (80)234 

Off-White solid; Yield 58%; Purified by precipitation with 

MeCN; 1H-NMR (300 MHz, CD3OD) δH = 7.15-7.11 (m, 

4H), 6.95-6.90 (m, 4H), 3.74-3.71 (m, 2H), 2.23-2.18 (m, 

2H), 1.76 (bs, 2H), 1.47-1.35 (m, 4H) ppm. 

(1R,2R)-N1,N2-Bis[1-methyl-1H-Benzo[d]imidazol-2-yl]cyclohexane-1,2-diamine 

(92)265  

Off-White solid; Yield 58%; Purified by precipitation with 

MeCN; 1H-NMR (400 MHz, CDCl3) δH = 7.38 (d, J = 7.8, 

2H), 7.06 (dt, J = 7.7, 1.1, 2H), 7.97 (dt, J = 7.6, 1.0, 2H), 

6.84 (d, J = 7.7, 2H), 5.49 (bs, 2H), 4.04 (s, 2H), 3.15 (s, 

6H), 2.32 (d, J = 9.1, 2H), 1.86 (s, 2H), 1.50 (d, J = 7.5, 4H) ppm. 

(1R,2R)-N1,N2-[3,5-Bis(trifluoromethyl)phenyl]-1,2-(diamino)cyclohexyl thiourea 

(93)220 

Off-White solid; Yield 58%; Purified by precipitation 

with MeCN; 1H-NMR (300 MHz, CDCl3) δH = 8.36 

(bs, 2H), 7.82 (s, 4H), 7.67 (s, 2H), 7.16 (bs, 2H), 4.36 

(bs, 2H), 2.19-2.06 (m, 4H), 1.79 (bs, 2H), 1.50-1.25 

(m, 4H) ppm. 

(1R,2R)- N1-[5-nitro-1H-benzo[d]imidazol-2-yl]-N2,N2-dimethylcyclohexane-1,2-

diamine (113) 

Yellow solid; Yield 42%; 1H-NMR (300 MHz, CDCl3) δH = 8.00 

(d, J = 2.2 Hz, 1H), 7.93 (dd, J = 8.7, 2.2 Hz, 1H), 7.19 (d, J = 

8.7 Hz, 1H), 6.07 (bs, 1H), 3.61 (bs, J = 6.4 Hz, 1H), 2.65-2.38 

(m, 2H), 2.30 (s, 6H), 1.99-1.55 (m, 3H), 1.38-1.05 (m, J = 7.4, 

3.1 Hz, 5H) ppm; 13C-NMR (101 MHz, CDCl3) δC = 158.9, 141.1, 136.4, 129.7, 117.7, 

112.2, 107.1, 67.5, 53.9, 39.9, 33.3, 25.0, 24.4, 21.5 ppm; MS (EI) m/z 303 (M++ 1, 0.5%), 



Chapter 4                                                                                                   Experimental Data 
 

246 
 

304 (M++1, 0.1), 126 (10), 125 (100), 84 (40), 71 (16); HRMS Calcd for C13H13N4O2(M+-

NMe2): 259.1195; Found:259.1178. 

(1R,2R)- N1-[5-Amino-1H-benzo[d]imidazol-2-yl]-N2,N2-dimethylcyclohexane-1,2- 

diamine (114) 

Brown solid; Yield 61%;1H-NMR (400 MHz, CDCl3) δH =7.00 

(d, J = 8.2 Hz, 1H), 6.54 (d, J = 1.9 Hz, 1H), 6.37 (dd, J = 8.2, 2.1 

Hz, 1H), 5.60 (bs, 1H), 3.48 (td, J = 10.5, 3.9 Hz, 1H), 2.69-2.48 

(m, 10.4 Hz, 1H), 2.41-2.20 (m, 1H), 2.17 (s, 6H), 1.84-1.62 (m, 

2H), 1.62-1.38 (m, 1H), 1.27-0.93 (m, 5H) ppm; 13C-NMR (101 MHz, CDCl3) δC = 155.3, 

140.2, 138.8, 131.7, 112.5, 108.8, 99.6, 66.9, 53.6, 39.7, 33.2, 29.6, 25.1, 24.3, 21.3 ppm; 

MS (EI) m/z 274 (M++ 1, 4%), 273 (M+, 19), 228 (32), 227 (10), 215 (11), 201 (13), 189 

(11), 188 (18), 173 (11), 149 (28), 148 (62), 147(15), 126 (21), 125 (100),124 (34), 97 

(12), 84 (23), 71 (20), 70 (13); HRMS Calcd for C15H23N5 (M+): 273.1953; Found: 

273.1936. 

tert-butyl (1R,2R)-2-Aminocyclohexyl)carbamate (109)267 

White solid, Yield 66%; 1H-NMR (300 MHz, CDCl3) δH = 4.54 (bs, 

J = 6.7 Hz, 1H), 3.14 (bs, J = 8.5 Hz, 1H), 2.35 (td, J = 10.3, 3.9 

Hz, 1H), 2.06-1.87 (m, J = 8.1, 4.5 Hz, 2H), 1.69 (bs, 4H), 1.45 (s, 

9H), 1.36-0.98 (m, 4H) ppm. 

Tert-butyl ((1R,2R)-2-(dimethylamino)cyclohexyl)carbamate (110)267 

White solid, Yield 35%; Purified by column chromatography 

column. EtOAc/MeOH: 95/5; 1H-NMR (300 MHz, CDCl3) δH = 

3.30-3.11 (m, 1H), 2.25 (s, 6H), 1.89-1.72 (m, 2H), 1.72-1.60 (m, 

1H), 1.47 (s, 9H), 1.37-1.00 (m, 6H) ppm. 

 

 

                                                 
267 Amarasinghe, N. R.; Turner, P.; Todd, M. H. Adv. Synth. Catal. 2012, 354, 2954-2958. 
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(1R,2R)-N,N-Dimethylcyclohexane-1,2-diamine (111)267 

White solid, Yield 77%; 1H-NMR (300 MHz, CDCl3) δH = 2.59 (s, 

1H), 2.24 (s, 6H), 2.07-1.85 (m, 3H), 1.81-1.57 (m, 3H), 1.25-1.03 

(m, 5H) ppm. 

2-Chloro-5-nitro-1H-benzo[d]imidazole (112)264 

White solid; Yield = 60%; 1H-NMR (300 MHz, CD3OD, Mixture 

of regioisomers) δH = 8.37 (d, J = 2.1 Hz, 1H), 8.18 (dd, J = 9.0, 

2.2 Hz, 1H), 7.93 (dd, J = 8.7, 2.2 Hz, 1H), 7.80 (d, J = 2.2 Hz, 

1H), 7.65 (d, J = 9.0 Hz, 1H), 7.08 (d, J = 8.7 Hz, 1H) ppm. 

 Non-commercially available 1,3-dicarbonyl compounds 

Ethyl 1-oxo-2,3-dihydro-1H-indene-2-carboxylate259 

Brown oil; Yield = 81%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δ 7.98-7.70 (m, 

1H), 7.63 (t, J = 6.8 Hz, 1H), 7.50 (d, J = 8.6 Hz, 1H), 7.39 (t, J = 

8.3 Hz, 1H), 4.25 (q, J = 7.0 Hz, 2H), 3.72 (dd, J = 8.3, 4.1 Hz, 1H), 3.53 (d, J = 4.1 Hz, 

1H), 3.37 (dd, J = 17.3, 8.3 Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H) ppm. 

2-Acetyl-2,3-dihydro-1H-inden-1-one259 

Brown solid; Yield 32%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3) δ 7.82 (d, J = 

7.6 Hz, 1H), 7.64-7.46 (m, 2H), 7.43-7.30 (m, 1H), 3.59 (s, 2H), 

2.18 (s, 3H) ppm. 

Ethyl 1-oxo-1,2,3,4-tetrahydronaphthalene-2-carboxylate260 

Yelow oil; Yield 52%; Purified by column chromatography 

(Hex/EtOAc: 99/1); 1H-NMR (300 MHz, CDCl3, mixture of 

tautomers): δH = 12.40 (s, 1H, enol), 8.05 (d, J = 9.2 Hz, 1H, 

keto), 7.80 (d, J = 9.0 Hz, 1H, enol), 7.49 (t, J = 8.2 Hz, 1H, keto), 7.36-7.23 (m, 2H 

keto+enol), 7.17 (d, J = 7.7 Hz, 1H, enol), 3.82 (s, 3H, enol), 3.78 (s, 3H, keto), 3.63 (dd, J 
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= 10.2, 4.8 Hz, 1H, keto), 3.11-2.96 (m, 2H, keto), 2.85-2.77 (t, J = 8 Hz, 2H, enol), 2.60-

2.53 (t, J = 7.8 Hz, 2H, enol), 2.50-2.44 (m, 1H, keto), 2.41-2.31 (m, 1H, keto) ppm. 

 α-Amination Products 

Di-tert-butyl (S)-1-[1-(ethoxycarbonyl)-2-oxocyclopentyl]hydrazine-1,2-dicarboxylate 

(94)268 

Colourless oil; Yield 95%; 91% ee;; Purified by column 

chromatography (Hex/EtOAc: 95/5); [α]D
29 = +3.8 (c = 1, 

CHCl3); 1H-NMR (300 MHz, CDCl3) δH = 6.65-6.00 (m, 1H), 

4.16 (q, J = 14.7, 10.7 Hz, 2H), 2.53 (s, 2H), 2.36-2.04 (m, 2H), 

1.98-1.88 (m, 1H), 1.66-1.44 (m, 1H), 1.40-1.30 (m, 18H), 1.20 (t, J = 7.1 Hz, 3H) ppm; 
13C-NMR (75 MHz, CDCl3) δ = 167.8, 155.7, 155.1, 154.3, 82.6, 81.3, 81.0, 64.8, 62.0, 

32.0, 28.1, 28.0, 27.9, 27.8, 18.5, 14.0 ppm; Chiral HPLC analysis Chiralcel IA column, 

Hexane/EtOH 96/4, flow rate = 0.7 mL/min,  = 210 nm, tr = 8.0, 9.2 min. 

Di-tert-butyl 1-[2-(ethoxycarbonyl)-1-oxo-2,3-dihydro-1H-inden-2-yl]hydrazine-1,2-

dicarboxylate (99)269 

Colorless sticky oil; Yield 97%; 52% ee; Purified by column 

chromatography (Hex/EtOAc: 95/5); [α]D
28 = +56.3 (c = 1.5, 

CHCl3); 1H-NMR (400 MHz, CDCl3) δH = 7.75 (m, 1H), 7.61 

(t, J = 6.8 Hz, 1H), 7.49 (d, J = 6.8 Hz, 1H), 7.34 (t, J = 7.3 Hz, 

1H), 6.60 (m, 1H), 4.43-4.03 (m, 3H), 3.96-3.50 (m, 1H), 1.68-1.19 (br m, 21H) ppm; 13C-

NMR (100 MHz, CDCl3) δC = 195.7, 167.1, 154.7, 152.6, 136.1, 133.3, 127.8, 127.5, 

124.9, 82.3, 81.3, 62.5, 29.7, 27.9, 27.6, 25.6, 14.0 ppm; Chiral HPLC analysis Chiralcel 

IA column, Hexane/iPrOH 90/10, flow rate = 1 mL/min,  = 254 nm, tr = 9.8, 11.6 min. 

 

 

                                                 
268 Terada, M.; Nakano, M.; Ube, H. J. Am. Chem. Soc. 2006, 128, 16044-16045. 
269 Jung, S. H.; Kim, D. Y. Tetrahedron Lett. 2008, 49, 5527-5530. 
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Di-tert-butyl 1-[2-(ethoxycarbonyl)-1-oxo-1,2,3,4-tetrahydronaphthalen-2-

yl]hydrazine-1,2-dicarboxylate (100)268 

Slightly yellow sticky oil; Yield 98%; 91% ee; Purified by 

column chromatography (Hex/EtOAc: 95/5); [α]D
28 = +23.3 (c 

= 2.0, CHCl3); 1H-NMR (300 MHz, CDCl3) δH = 7.95 (dd, J = 

28.0, 7.2 Hz, 1H), 7.46 (m, 1H), 7.25 (m, 2H), 6.23 (m, 1H), 

4.31 (q, J = 7.0 Hz, 2H), 3.44 (br m, 1H), 2.95 (m, 2H), 2.67 (m, 1H), 1.33 (br m, 21H) 

ppm; 13C-NMR (75 MHz, CDCl3) δC = 191.0, 169.5, 155.5, 154.4, 133.4, 131.7, 128.5, 

127.7, 126.4, 82.7, 80.8, 61.9, 60.3, 31.1, 28.0, 27.7, 25.6, 14.1 ppm; Chiral HPLC 

analysis Chiralcel IA column, Hexane/iPrOH 85/15, flow rate = 1 mL/min,  = 254 nm, tr 

= 8.0, 11.5 min. 

Di-tert-butyl 1-[3-(ethoxycarbonyl)-1-methyl-2-oxopyrrolidin-3-yl]hydrazine-1,2-

dicarboxylate (101) 

Chiral HPLC analysis: Chiralcel OD-H column, Hexane/iPrOH 

99:1, flow rate = 1 mL/min,  =210 nm, tr = 11.5, 15.0 min. 

Di-tert-butyl 1-(1-acetyl-2-oxocyclopentyl)hydrazine-1,2-dicarboxylate (102)268 

Colourless oil; Yield 82%; 55% ee; Purified by column 

chromatography (Hex/EtOAc: 95/5); [α]D
29 = -1.1 (c = 1.4, 

CHCl3); 1H-NMR (300 MHz, CDCl3) δH = 6.35 (m, 1H), 2.76 

(s, 1H), 2.52-2.13 (m, 5H), 2.10-1.75 (m, 2H), 1.58-1.35 (br m, 

18H) ppm; 13C-NMR (75 MHz, CDCl3) δC = 128.67, 127.12, 127.10, 82.3, 82.0, 37.2, 

28.3, 28.2, 28.1 ppm; Chiral HPLC analysis Chiralcel AD-H column, Hexane/iPrOH 98/2, 

flow rate = 1 mL/min,  =210 nm, tr = 13.9, 29.0 min. 
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Di-tert-butyl 1-(2-acetyl-1-oxo-2,3-dihydro-1H-inden-2-yl)hydrazine-1,2-

dicarboxylate (104) 

Chiral HPLC analysis: Chiralcel IA column, Hexane/iPrOH 

90/10, flow rate = 1 mL/min,  = 210 nm, tr = 15.0, 17.8 min. 

Di-tert-butyl 1-(2-acetyl-1-oxo-1,2,3,4-tetrahydronaphthalen-2-yl)hydrazine-1,2-

dicarboxylate (105). 

Brown solid; Yield 70%; 48% ee; Purified by colum 

chromatography (Hex/EtOAc: 6/1); [α]D
29 = -36.8 (c =1, 

CHCl3); IR:  = 1150, 1240, 1366, 1693, 1719, 2853, 2914, 

2975, 3305 cm1; 1H-NMR (300 MHz, ): δH = 7.97 (d, J = 7.8 

Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 7.39-7.30 (m, 1H), 7.18 (d, J = 7.6 Hz, 1H), 6.20 (m, 

1H), 3.20-2.85 (m, 2H), 2.68 (d, J = 4.4 Hz, 2H), 2.41 (m, 3H), 1.56-1.37 (br m, 18H) 

ppm; 13C-NMR (75 MHz, CDCl3): δC = 201.9, 177.6, 133.7, 133.0, 128.7, 127.1, 127.0, 

83.1, 81.7, 77.6, 77.4, 77.2, 76.7, 65.5, 29.8, 28.3, 28.2, 27.9, 26.0, 25.5 ppm; MS (EI): 

m/z  318 (M+-Boc, 1.4%), 275 (25), 221 (32), 220 (100), 175 (56), 160 (11), 159 (20), 158 

(50); Chiral HPLC analysis: Chiralcel IA column, Hexane/iPrOH 90/10, flow rate = 1 

mL/min,  = 210 nm, tr = 17.0, 21.4 min. 

Di-tert-butyl 1-(3-acetyl-2-oxotetrahydrofuran-3-yl)hydrazine-1,2-dicarboxylate 

(106)268 

Chiral HPLC analysis: Chiralcel IA column, Hexane/EtOH 

98/2, flow rate = 0.7 mL/min,  = 230 nm, tr = 20.4, 24.7 min. 
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Di-tert-butyl 1-(3-acetyl-1-methyl-2-oxopyrrolidin-3-yl)hydrazine-1,2-dicarboxylate 

(107) 

Chiral HPLC analysis Chiralcel ODH column, Hexane/iPrOH 

97/3, flow rate = 1 mL/min,  = 230 nm, tr = 6.9, 7.9 min. 

Di-tert-butyl 1-(3-methyl-2,4-dioxohexan-3-yl)hydrazine-1,2-dicarboxylate (108) 

Chiral HPLC analysis Chiralcel IA column, Hexane/EtOH 

98/2, flow rate = 1 mL/min,  = 230 nm, tr = 10.1, 10.9 min. 
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4.5. Conclusions 

 

As conclusion, the α-amination of 1,3-dicarbonyl compounds with DBAB has been 

successfully carried out employing benzimidazol derivative 79 as catalyst using just 1 

mol% loading. Under the optimal reaction conditions, very good conversion and moderate 

to excellent enantiomeric excesses were obtained for the corresponding amination adducts. 

Moreover, supported organocatalysts on graphene materials through non-covalent (79-

GO, 79-rGO, 79-GO’, 80-GO, 80-rGO, 92-GO and 92-rGO) and covalent interactions 

(115) were synthesized and tested in the model α-amination model reaction obtaining good 

conversions and moderate enantioselectivities at best. The recovery of the catalyst 79-rGO 

was possible up to two cycles with a slight decrease of the enantiomeric excess. 
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Abbreviations 

 

µL Microliter 

AFM Atomic Force Microscopy 

CNF Carbon Nanofibers 

CNT Carbon Nanotubes 

Conv Conversion 

CPME Cyclopentyl Methyl Ether 

DBAD Di-tert-butyl Azodicarboxylate 

DFT Density Functional Theory 

DMA Dimethylacetamide 

DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

EDG Electron Donating Groups 

ee Enantiomeric Excess 

EI Electronic Impact 

equiv Equivalents 

eV Electron Volt 

EWG Electron Withdrawing Groups 

fG-mat Functionalized Graphene-materials 

FTIR Fourier Transform Infrared Spectroscopy 

G Graphene 

g Grams 

GC Gas Chromatography 

G-mat Graphene-materials 

GO Graphene Oxide 

GO’ Monolayer Freshly Prepared Graphene Oxide 
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GO-CO2H Functionalized Graphene Oxide with Acid Groups 

h Hour/Hours 

HPLC High-Performance Liquid Chromatography 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry 

LHMDS Lithium Hexamethyldisilazane 

LUMO Lowest Unoccupied Molecular Orbital 

M Molar 

m-CPBA meta-Chloroperbenzoic Acid 

mg Milligrams 

MHz Megahertz 

MIDA N-Methylimino Diacetic Acid Ester 

min Minutes 

mL Milliliter 

mm Millimeter 

MW Microwaves 

NCS N-Chlorosuccinimide 

NHC N-Heterocyclic carbene 

nm Nanometer 

NMR Nuclear Magnetic Resonance 

º C Celsius Degrees 

OD Organic Debris 

ODA Octadecylamine 

PdNPs Palladium Nanoparticles 

PdNPs-GO Palladium Nanoparticles Supported on Graphene Oxide 

PdNPs-rGO Palladium Nanoparticles Supported on Reduced Graphene Oxide 

ppb Parts Per Billion 

ppm Parts Per Million 

prGO Partially Reduced Graphene Oxide 
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PS Polystyrene 

PTC Phase-transfer Catalyst 

PTFE Poly (tetrafluoroethylene) 

PTS Polyoxoethanyl-α-tocopherylsebacate 

p-TsOH para-Toluenesulfonic Acid 

rpm Revolutions Per Minute 

SDBS Sodium dodecylbenzenesulfonate 

SEM Scanning Electron Microscopy 

SN Nucleophilic Substitution 

SOMO Singly Occupied Molecular Orbital 

T Temperature 

TBAA Tetrabutylammonium Acetate 

TBAB Tetrabutylammonium Bromide 

TBAOH Tetrabutylammonium Hydroxide 

TEM Transmission Electron Microscopy 

TGA Thermogravimetric Analysis 

THF Tetrahydrofurane 

TLC Thin Layer Chromatography 

TMS Tetramethylsilane 

TOF Turnover Frequency 

TON Turnover Number 

tr Retention Time 

UV-Vis Ultraviolet-Visible Spectroscopy 

W Watts 

wGO Washed Graphene Oxide 

wt Weight 

XPS X-ray Photoelectron Spectroscopy 

XRD X-Ray Powder Diffraction 

 




