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Resum 

 

A aquesta tesi presentem el funcionament de diferents metal·lacarborans com a 

catalitzadors fotoredox en l‟oxidació de diferents alcohols i alquens aromàtics i 

alifàtics en medi aquós, utilitzant llum com a única font d‟activació.  

 

Amb la idea general anteriorment exposada, a la secció un del capítol IV, 

descrivim el comportament fotocatalític de diferents metal·lacarborans com, 

Na[Co(C2B9H11)2] Na[1] i els seus derivats clorats, Na[3,3‟-Co(8-Cl-1,2-C2B9H10)2]  

Na[Cl2-1] i  Na[3,3‟-Co(8,9,12-Cl3-1,2-C2B9H8)2] Na[Cl6-1]. Aquests compostos van 

ser provats com a catalitzadors fotoredox a l‟oxidació d‟alcohols aromàtics i alifàtics 

en aigua a través de processos single-electron transfer (SET), mostrant alta 

eficiència que va poder ser a causa de l‟alta solubilitat en aigua, el seu alt poder 

oxidant a causa del parell redox CoIV/III i la seva manca de fluorescència en 

l‟excitació, entre altres propietats. En la major part dels experiments catalítics, va 

ser possible obtenir alts rendiments de 90-95% amb selectivitats superiors al 99%, 

utilitzant una concentració de catalitzador de 0.4 mol %. Reduint la càrrega del 

catalitzador a 0.01 mol %, es van obtenir alts rendiments, superiors al 99% en 

alguns casos. La reducció de concentració portada a terme, va permetre demostrar 

l‟alta eficiència del catalitzador, aconseguint TON de 10000. Addicionalment, els 

metal·lacarborans van poder ser recuperats fàcilment mitjançant precipitació en 

afegir [NMe4]Cl. Basat en els resultats obtinguts, és proposat un cicle per al procés 

catalític fotoredox.  

 

Per altra banda, tenint en compte la importància dels avantatges de la 

reutilització i heterogeneïtzació del catalitzador pel seu ús en processos a gran 

escala, a la secció dos del capítol IV expliquem la seva heterogeneïtzació en 

nanopartícules magnètiques (MNPs) cobertes amb una capa de sílice, observant 

que l‟activitat del catalitzador va ser preservada, a més de mostrar una fàcil 

separació magnètica i reciclabilitat. Les nanopartícules de sílice magnètiques amino 

funcionalitzades, enllaçades d‟una manera no covalent a H[3,3‟-Co(1,2-C2B9H11)2] 

(H[1]), anomenades MSNPs-NH2@H[1], són altament estables i no es produeix 

lixiviació del catalitzador fotoredox en aigua. L‟estabilitat col·loïdal de MNPs en 

aigua ha sigut estudiada utilitzant diferents surfactants, ja que això suposa un gran 

problema en catàlisi. El sistema catalític heterogeni va ser estudiat per a la 



 

 
 

fotooxidació d‟alcohols, usant càrregues de catalitzador de 0.1 i 0.01 mol %. Els 

surfactants van ser introduïts per a prevenir l‟agregació de MNP, i com a surfactant 

es va escollir el cetil trimetil clorur d‟amoni (CTAC), amb el propòsit de donar 

estabilitat, sense impedir la fàcil separació magnètica. La reciclabilitat del sistema 

catalític va ser exitosa a través de 12 experiments catalítics, sense pèrdues de 

selectivitat i rendiment. El catalitzador cobaltabis(dicarballur) suportat en 

nanopartícules magnètiques recobertes de sílice ha demostrat ser un sistema 

robust, eficient i fàcilment reutilitzable per a la fotooxidació d‟alcohols en aigua, 

resultant un sistema catalític heterogeni verd i sostenible.  

 

A la secció tres del capítol IV descrivim la síntesi d‟un sistema catalític 

fotoredox cooperatiu, [RuII(trpy)(bpy)(H2O)][3,3‟-Co(1,2-C2B9H11)2]2 (C4). A aquest 

sistema, la part aniònica fotoredox es correspon amb el catalitzador 

cobaltabis(dicarballur) i la part catiònica correspon al catalitzador d‟oxidació RuII-

H2O. Ambdues parts són enllaçades per interaccions no covalents que persisteixen 

inclús després de dissolució en aigua. Aquest fet suposa un pas endavant en la 

cooperativitat evitant els costosos enllaços covalents. A més, la recristal·lització de 

C4 en acetonitril condueix a la substitució d‟aigua per lligand acetonitril i a la 

formació del complex [RuII(trpy)(bpy)(CH3CN)][3,3′-Co(1,2-C2B9H11)2]2 (C5), que és 

caracteritzat estructuralment. Un important acoblament electrònic entre les dues 

parts, [RuII(trpy)(bpy)(H2O)]2+ (C2’) i [3,3‟-Co(1,2-C2B9H11)2]
- ([1]-), va ser 

primerament detectat en estudis electroquímics en aigua. El parell redox CoIV/III va 

mostrar una diferència de 170 mV en aigua, quan [1]- posseeix sodi com a contraió 

davant a quan el complex de ruteni és el catió. El sistema cooperatiu permet 

demostrar la seva eficiència com a catalitzador per a l‟oxidació fotoredox d‟alcohols 

en aigua, a través de processos proton-coupled electron transfer (PCET), operant a 

temperatura ambient sota irradiació UV, utilitzant 0.005 mol % de catalitzador. És 

possible obtenir TON=20000, i cal assenyalar que C4 demostra millor rendiment 

catalític que els compostos C2’ i Na[1], funcionant a les mateixes concentracions i 

proporcions de Ru/Co. A més es va proposar un mecanisme pel procés catalític 

fotoredox.  

 

A la secció quatre del capítol IV es descriu a Na[1] com a catalitzador fotoredox 

efectiu per a l‟oxidació d‟alquens en aigua. Algunes característiques, descrites 

anteriorment, diferencien Na[1] del fotosensibilitzador conegut i àmpliament utilitzat, 

tris(2,2‟-bipyridine)ruthenium (II) [Ru(bpy)3]
2+, que a més participa en la 
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transferència electrònica a través d‟un mecanisme d‟esfera externa. Una 

comparativa del rendiment catalític del complex de Ru(II) amb Na[1] per a la 

fotooxidació d‟alquens va mostrar la manca o molt poca eficiència del 

fotosensibilitzador de ruteni. Amb una càrrega de catalitzador de 0.1 mol %, es van 

obtenir conversions entre el 65-97% en temps de reacció curts, amb selectivitat 

moderada vers l‟epòxid corresponent, a causa de la formació de diols com a 

productes. La reducció de concentració del catalitzador, es va traduir en un 

augment important de la selectivitat vers l‟epòxid, i es van obtenir alts valors de 

TON. Verifiquem que el cobaltabis(dicarballur) actua com a fotocatalitzador en 

l‟epoxidació i en la hidroxilació d‟alquens en aigua amb una proporció més alta per 

l‟epoxidació que per la hidroxilació. Experiments preliminars de fotooxidació 

utilitzant oleat de metil com a substrat, van portar a la selectiva epoxidació del doble 

enllaç del substrat. Aquests resultats representen un prometedor punt de partida pel 

desenvolupament de mètodes pràctics pel processament d‟àcids grassos 

insaturats, com ara la valorització de residus de greix animal utilitzant aquest 

catalitzador fotoredox sostenible.  

 

Finalment, a la secció cinc del capítol IV hem investigat el comportament 

fotocatalític del ferrabis(dicarballur) [3,3'-Fe(1,2-C2B9H11)2] Na[2], en l'oxidació 

d'alcohols i alquens en aigua, utilitzant baixes càrregues de catalitzador. Els 

alcohols s'oxiden a compostos carbonílics, mostrant-se l‟alta capacitat de Na[2] 

com a catalitzador fotoredox en aquests processos, aconseguint alts valors en 

rendiments, TON i selectivitat per la majoria dels substrats estudiats. A més va 

demostrar-se l‟eficiència de Na[2] com a catalitzador fotoredox en l‟epoxidació 

d‟alquens, aconseguint valors de conversió i selectivitat elevats en els 

corresponents epòxids.  

Hem establert una comparació amb el complex fotoredox cobaltabis(dicarballur) 

Na[1], ja que Na[2] presenta característiques similars com la seva manca de 

fluorescència, alta solubilitat i comportament tensioactiu en medis aquosos. No 

obstant això, Na[2] presenta característiques avantatjoses com ara, Na[2] es basa 

en el metall de transició més abundant a l'escorça terrestre i el menor poder oxidant 

del seu parell redox FeIV/III. Aquest darrer fet porta a mostrar una major selectivitat i 

rendiment pels corresponents epòxids en temps de reacció curts, a més d‟obtenir 

resultats comparables als obtinguts amb Na[1] en l‟oxidació d‟alcohols. En 

conseqüència tenim a les nostres mans un fotocatalitzador altament sostenible i 

verd. 
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Resumen 

 

En esta tesis presentamos el funcionamiento de diferentes metalacarboranos como 

catalizadores fotoredox en la oxidación de diferentes alcoholes y alquenos aromáticos 

y alifáticos en medio acuoso, utilizando luz como única fuente de activación.  

 

Con la idea general anteriormente expuesta, en la sección uno del capítulo IV, 

describimos el comportamiento fotocatalítico de diferentes metalacarboranos como, 

Na[Co(C2B9H11)2] Na[1] y sus derivados clorados, Na[3,3‟-Co(8-Cl-1,2-C2B9H10)2]  

Na[Cl2-1] y  Na[3,3‟-Co(8,9,12-Cl3-1,2-C2B9H8)2] Na[Cl6-1]. Estos compuestos fueron 

probados como catalizadores fotoredox en la oxidación de alcoholes aromáticos y 

alifáticos en agua a través de procesos single-electron transfer (SET), mostrando alta 

eficiencia que pudo ser a causa de la alta solubilidad en agua, su alto poder oxidante 

debido al par redox CoIV/III y su falta de fluorescencia en la excitación, entre otras 

propiedades. En la mayor parte de los experimentos catalíticos, fue posible obtener 

altos rendimientos de 90-95% con selectividades superiores al 99%, utilizando una 

concentración de catalizador de 0.4 mol %. Reduciendo la carga del catalizador a 0.01 

mol %, se obtuvieron altos rendimientos, superiores al 99% en algunos casos. La 

reducción de concentración llevada a cabo, permitió demostrar la alta eficiencia del 

catalizador, consiguiendo TON de 10000. Adicionalmente, los metalacarboranos 

pudieron ser recuperados fácilmente mediante precipitación al añadir [NMe4]Cl. 

Basado en los resultados obtenidos, es propuesto un ciclo para el proceso catalítico 

fotoredox.  

 

Por otro lado, teniendo en cuenta la importancia de las ventajas de la reutilización 

y heterogeneización del catalizador para su uso en procesos a gran escala, en la 

sección dos del capítulo IV explicamos su heterogeneización en nanopartículas 

magnéticas (MNPs) cubiertas con una capa de sílice, observando que la actividad del 

catalizador fue preservada, además de mostrar una fácil separación magnética y 

reciclabilidad. Las nanopartículas de sílice magnéticas amino funcionalizadas, 

enlazadas de una manera no covalente a  H[3,3‟-Co(1,2-C2B9H11)2] (H[1]), llamadas 

MSNPs-NH2@H[1], son altamente estables y no se produce lixiviación del catalizador 

fotoredox en agua. La estabilidad coloidal de MNPs en agua ha sido estudiada 

utilizando diferentes surfactantes, ya que esto supone un gran problema en catálisis. 

El sistema catalítico heterogéneo fue estudiado para la fotooxidación de alcoholes, 



 

 
 

utilizando cargas de catalizador de 0.1 y 0.01 mol %. Los surfactantes fueron 

introducidos para prevenir la agregación de MNPs, y como surfactante se eligió cetil 

trimetil cloruro de amonio (CTAC), con el propósito de dar estabilidad, sin impedir la 

fácil separación magnética. La reciclabilidad del sistema catalítico fue exitosa a través 

de 12 experimentos catalíticos, sin pérdidas de selectividad y rendimiento. El 

catalizador cobaltabis(dicarballuro) soportado en nanopartículas magnéticas 

recubiertas de sílice ha demostrado ser un sistema robusto, eficiente y fácilmente 

reutilizable para la fotooxidación de alcoholes en agua, resultando un sistema catalítico 

heterogéneo verde y sostenible.  

 

En la sección tres del capítulo IV describimos la síntesis de un sistema 

catalítico fotoredox cooperativo, [RuII(trpy)(bpy)(H2O)][3,3‟-Co(1,2-C2B9H11)2]2 (C4). 

En este sistema, la parte aniónica fotoredox se corresponde con el catalizador 

cobaltabis(dicarballuro) y la parte catiónica corresponde al catalizador de oxidación 

RuII-H2O. Ambas partes son enlazadas por interacciones no covalentes que 

persisten incluso después de disolución en agua. Este hecho supone un paso 

adelante en la cooperatividad evitando los costosos enlaces covalentes. Además, la 

recristalización de C4 en acetonitrilo conduce a la sustitución de agua por ligando 

acetonitrilo y a la formación del complejo [RuII(trpy)(bpy)(CH3CN)][3,3′-Co(1,2-

C2B9H11)2]2 (C5), que es caracterizado estructuralmente. Un importante 

acoplamiento electrónico entre las dos partes, [RuII(trpy)(bpy)(H2O)]2+ (C2’) i [3,3‟-

Co(1,2-C2B9H11)2]
- ([1]-), fue primeramente detectado en estudios electroquímicos 

en agua. El par redox CoIV/III mostró una diferencia de 170 mV en agua, cuando [1]- 

posee sodio como contraión frente a cuando el complejo de rutenio es el catión. El 

sistema cooperativo permite demostrar su eficiencia como catalizador para la 

oxidación fotoredox de alcoholes en agua, a través de procesos proton-coupled 

electron transfer (PCET), operando a temperatura ambiente bajo irradiación UV, 

utilizando 0.005 mol % de catalizador. Es posible obtener TON=20000, y hace falta 

señalar que C4 demuestra mejor rendimiento catalítico que los compuestos C2’ i 

Na[1], funcionando a las mismas concentraciones y proporciones de Ru/Co. 

Además se propuso un mecanismo para el proceso catalítico fotoredox.  

 

En la sección cuatro del capítulo IV se describe a Na[1] como catalizador 

fotoredox efectivo para la oxidación de alquenos en agua. Algunas características, 

descritas anteriormente, diferencian Na[1] del fotosensibilizador conocido y 

ampliamente utilizado, tris(2,2‟-bipyridine)ruthenium (II) [Ru(bpy)3]
2+, que además 
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participa en la transferencia electrónica a través de un mecanismo de esfera externa. 

Una comparativa del rendimiento catalítico del complejo de Ru(II) con Na[1] para la 

fotooxidación de alquenos mostró la falta o muy poca eficiencia del fotosensibilizador 

de rutenio. Con una carga de catalizador de 0.1 mol % se obtuvieron conversiones de 

entre el 65-97% en tiempos de reacción cortos, con selectividad moderada respeto el 

epóxido correspondiente, debido a la formación de dioles como productos. La 

reducción de concentración del catalizador, se tradujo en un aumento importante de la 

selectividad respecto al epóxido, y se obtuvieron altos valores de TON. Verificamos 

que el cobaltabis(dicarballuro) actúa como fotocatalizador en la epoxidación y en la 

hidroxilación de alquenos en agua, con una proporción más alta por la epoxidación 

que por la hidroxilación. Experimentos preliminares de fotooxidación utilizando oleato 

de metilo como sustrato, llevaron a la selectiva epoxidación del doble enlace del 

sustrato. Estos resultados representan un prometedor punto de partida para el 

desarrollo de métodos prácticos para el procesamiento de ácidos grasos insaturados, 

como la valorización de residuos de grasa animal utilizando este catalizador fotoredox 

sostenible.  

 

Finalmente, en la sección cinco del capítulo IV hemos investigado el 

comportamiento fotocatalítico del ferrabis(dicarballuro) [3,3'-Fe(1,2-C2B9H11)2], Na[2], 

en la oxidación de alcoholes y alquenos en agua, utilizando bajas cargas de 

catalizador. Los alcoholes se oxidan a compuestos carbonílicos, mostrándose la alta 

capacidad de Na[2] como catalizador fotoredox en estos procesos, consiguiendo altos 

valores en rendimientos, TON y selectividad para la mayoría de sustratos estudiados. 

Además se demostró la eficiencia de Na[2] como catalizador fotoredox en la 

epoxidación de alquenos, consiguiendo valores de conversión y selectividad elevados 

en los correspondientes epóxidos.  

Hemos establecido una comparación con el complejo fotoredox 

cobaltabis(dicarballuro) Na[1], ya que Na[2] presenta características similares como su 

falta de fluorescencia, alta solubilidad y comportamiento tensioactivo en medios 

acuosos. No obstante, Na[2] presenta características ventajosas como, Na[2] se basa 

en el metal de transición más abundante de la corteza terrestre y el menor poder 

oxidante de su par redox FeIV/III. Este anterior hecho lleva a mostrar una mayor 

selectividad y rendimiento por los correspondientes epóxidos en tiempos de reacción 

cortos, además de obtener resultados comparables a los obtenidos con Na[1] en la 

oxidación de alcoholes. En consecuencia tenemos en nuestras manos un 

fotocatalizador altamente sostenible y verde.  
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Abstract 

 

In this thesis we present the performance of different metallacarboranes as photoredox 

catalysts in different aromatic and aliphatic alcohols and alkenes oxidation in aqueous 

media, using light as the only activation source.  

 

With the above mentioned general idea, in section one of chapter IV, we describe 

the photocatalytic behavior of different metallacarboranes such as, Na[Co(C2B9H11)2] 

Na[1] and their chlorinated derivatives, Na[3,3‟-Co(8-Cl-1,2-C2B9H10)2]  Na[Cl2-1] i  

Na[3,3‟-Co(8,9,12-Cl3-1,2-C2B9H8)2] Na[Cl6-1]. These compounds were tested, as 

photoredox catalysts in the oxidation of aromatic and aliphatic alcohols in water 

through single-electron transfer (SET) processes, showing high efficiency that could be 

due to the high solubility in water, their high oxidizing power of the CoIV/III redox couple, 

and their lack of fluorescence on excitation, among others properties. In the major part 

of the catalytic experiments, was possible to obtain high yields of 90-95% with 

selectivities greater than 99%, using a catalyst concentration of 0.4 mol %. By reducing 

the catalyst load to 0.01 mol %, high yields were obtained, greater than 99% in some 

cases. The reduction of concentration performed, allowed to demonstrate the high 

catalyst efficiency, achieving TON of 10000. Additionally, the metallacarboranes could 

be recovered easily by precipitation on addition of [NMe4]Cl. Based on the results 

obtained, a cycle for the photoredox catalytic procedure is proposed.  

 

On the other hand, taking into account about the importance and the advantages 

of the reutilization and heterogeneization of the catalyst for their use in a large-scale 

processes, in the section two of the chapter IV we explain about their 

heterogeneization on magnetic nanoparticles (MNPs) coated with a silica layer, noting 

that the catalyst activity was preserved, besides showing an easy magnetic separation 

and recyclability. The amino functionalized magnetic silica nanoparticles linked in a 

non-covalent manner to H[3,3‟-Co(1,2-C2B9H11)2] (H[1]), named MSNPs-NH2@H[1], 

are highly stable and do not produce any leaching of the photoredox catalyst in water. 

The colloidal stability of the MNPs in water has been studied using different 

surfactants, since this supposes a huge issue in catalysis. The heterogeneous catalytic 

system was studied for the photooxidation of alcohols, using catalyst loads of 0.1 and 

0.01 mol %. Surfactants were introduced to prevent the aggregation of MNPs, and cetyl 

trimethyl ammonium chloride (CTAC) was chosen as surfactant, with the aim of 



 

 
 

providing stability, without hindering the easy magnetic separation. The recyclability of 

the catalytic system was successful through 12 catalytic experiments, without loss of 

selectivity and yield. The cobaltabis(dicarbollide) catalyst supported on silica-coated 

magnetic nanoparticles has proven to be a robust, efficient and easily reusable system 

for the photooxidation of alcohols in water, resulting in a green and sustainable 

heterogeneous catalytic system.  

 

In section three of chapter IV we describe the synthesis of a cooperative 

photoredox catalytic system, [RuII(trpy)(bpy)(H2O)][3,3‟-Co(1,2-C2B9H11)2]2 (C4). In this 

system, the photoredox anionic part is corresponding to the cobaltabis(dicarbollide) 

catalyst and the cationic part corresponds to RuII-H2O oxidation catalyst. Both parts are 

linked by noncovalent interactions that persist even after water dissolution. This fact 

supposes a step ahead in the cooperativity avoiding costly covalent bonds. In addition, 

recrystallization of C4 in acetonitrile leads to the substitution of water by acetonitrile 

ligand and the formation of complex [RuII(trpy)(bpy)(CH3CN)][3,3′-Co(1,2-C2B9H11)2]2 

(C5), which is structurally characterized. A significant electronic coupling between both 

parts, [RuII(trpy)(bpy)(H2O)]2+ (C2’) and [3,3‟-Co(1,2-C2B9H11)2]
- ([1]-) was first sensed 

in electrochemical studies in water. The CoIV/III redox couple displayed a difference of 

170 mV in water, when [1]- has sodium as counterion versus when the ruthenium 

complex is the cation. The cooperative system allows demonstrating their efficiency as 

catalyst for the photoredox oxidation of alcohols in water, through proton-coupled 

electron transfer (PCET) processes, operating at room temperature under UV 

irradiation, using 0.005 mol % of catalyst. It is possible to obtain TON=20000, and it is 

worth noting that C4 demonstrates better catalytic performance than C2’ and Na[1] 

compounds, operating at the same concentrations and ratios of Ru/Co. Furthermore a 

mechanism for the photoredox catalytic process was proposed.  

 

In section four of chapter IV we describe Na[1] as an effective photoredox catalyst 

for alkene oxidation in water. Some features, described above, differentiate Na[1] from 

the well-known and widely used photosensitizer tris(2,2‟-bipyridine)ruthenium (II) 

[Ru(bpy)3]
2+, which also participates in electron transfer through an outer sphere 

mechanism. A comparison of the catalytic performance of the Ru(II) complex with 

Na[1] for alkene photo-oxidation showed the lack or very low efficiency of the 

ruthenium photosensitizer. With a catalyst load of 0.1 mol % conversions between 65-

97% have been obtained in short reaction times, with moderate selectivity for the 
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corresponding epoxide, due to the formation of diols as products. The reduction of 

concentration of the catalyst was traduced in an important increase of the selectivity 

with respect the epoxide, and high TON values were obtained. We have verified that 

cobaltabis(dicarbollide), acts as photocatalyst in the epoxidation and hydroxylation of 

alkenes in water with a higher ratio for the epoxidation than for the hydroxylation. 

Preliminary photooxidation tests using methyl oleate as substrate, led to the selective 

epoxidation of the double bond of the substrate. These data represent a promising 

starting point for the development of practical methods for the processing of 

unsaturated fatty acids, such as the valorisation of animal fat waste by using this 

sustainable photoredox catalyst.  

 

Finally, in section five of chapter IV we have investigated the photocatalytic 

behavior of the ferrabis(dicarbollide) [3,3‟-Fe(1,2-C2B9H11)2], Na[2] in the oxidation of 

alcohols and alkenes in water, using low catalyst loads. Alcohols are oxidized to 

carbonyl compounds, showing the high capacity of Na[2] as photoredox catalyst in 

these processes, achieving high yields, TON and selectivity values in the 

corresponding epoxides for the major part of the substrates studied. Furthermore, it 

was demonstrated the efficiency of the Na[2] as a photoredox catalyst in the alkene 

epoxidation, achieving high conversion and selectivity values in the corresponding 

epoxides. 

We have stablished a comparison with the cobaltabis(dicarbollide) photoredox complex 

Na[1], since Na[2] displays similar features as its lack of fluorescence, high solubility 

and surfactant behavior in aqueous media. However, Na[2] presents advantageous 

features such as, Na[2] is based in the most abundant transition metal in the earth‟s 

crust and the minor oxidizing power of its FeIV/III redox couple. This last fact leads to 

display higher selectivity and performance for the corresponding epoxides in short 

reaction times, furthermore with the obtention comparable results to those obtained 

with Na[1] on alcohols oxidation.  Consequently we have in our hands a highly 

sustainable and green photocatalyst.  
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Chapter I 
II 

 

3 

 

I.1.    Introduction of elemental boron and boranes 

 

The Boron element in periodic table belongs to the group 13 and it is the only one 

that does not have metallic character but being a metalloid, therefore it behaves like a 

semiconductor. With trivalent electronic configuration, it has an empty p orbital, which 

makes it a varied chemistry. Boron-containing compounds have been known for 4,000 

years. Although the existence of boron and boron hydrides or boranes was known in 

1878, but it was not until 1912 when the German chemist A. Stock prepared and 

characterized the first boranes.1 The first correct structure of diborane (B2H6) was 

proposed by W. C. Price,2 and H. C. Longuet-Higgins had introduced the concept of 

three-center two-electron bond (3c-2e),3 based on the high chemical connectivity of 

boranes (B-H-B bridging bonds) that complies with the Lewis theory and that of 

molecular orbitals. Great advances were made in the field of boranes (pentaborane 

and decaborane) in times close to World War II, as fuels and energy sources for 

aviation.4 From these times, boranes started to play an important role due to the 

properties of boron hydrides as an energy source, which generated various symposia 

and a great growth was experimented in this field.  In 1976 W. N. Lipscomb received 

the Nobel Prize in Chemistry for his work about the structure of boranes and boron 

clusters.5,6 In 1979 H. C. Brown also received the Nobel Prize with G. Wittig for his 

studies of boron hydrides and phosphorous compounds applied in the field of organic 

synthesis.7 Furthermore, Lipscomb described polyhedral boron clusters as compounds 

with occupied orbitals and multicentric bonds in different resonant forms.8 The last fact 

led them to be considered as superatomic, rather than electron deficient species.9,10 

Recently it has been demonstrated by Teixidor, Solà and Co. that borane compounds 

can be considered aromatic, obeying according to the Huckel rule.11,12   

 

I.2. Generalities of Boron clusters 

 

Elemental boron has the property of forming three-dimensional structures due to 

the catenation property that as well elemental carbon exhibits. Also, boron has 4 

orbitals and 3 electrons of valence, which suppose the formation of more clusters than 

chains.13 Boron clusters are classified into boranes, carboranes, and 

metallacarboranes. According to this classification, boranes are built up only of boron 
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and hydrogen atoms, carboranes contain in addition carbon atoms and 

metallacarboranes also contain a metal in their structures.  

I.2.1. Boranes 

 

Borane compounds were discovered by Alfred Stock in 1912. Their molecular 

formula is [BnHm]x- and can be prepared by different synthetic routes from minerals 

such as borax.14,15 The simplest of the boranes is BH3 that dimerizes giving rise to 

diborane (B2H6), which is one of the most important boranes along with pentaborane 

(B5H9) and decaborane (B10H14). Between their properties, they are diamagnetic, with a 

colourless, white, or yellow appearance and can be neutral or anionic. Furthermore, 

from 5 boron atoms they form clusters. Within the family of boranes, closo-

dodecaborate or [B12H12]
2- stands out for its enormous stability,16  its electronic 

properties (electronic delocalization throughout the cluster), chemical reactivity and 

magnetic properties.17  All these properties have led it to be considered as a three-

dimensional aromatic compound.18,19 

I.2.2. Carboranes 

 

There are a large number of boranes in which one or more of the boron vertexes 

have been substituted by heteroatoms such as C, N, O, Si, P, As, S, Se, Sb and or 

Te,20,21 giving rise to a variety of compounds named Heteroboranes. The most studied 

among them are the carboranes in which one or two of the boron atoms have been 

replaced by carbon atoms. The empiric formula of these compounds is represented by 

[CnBmHn+m+p]
x-, where n represents the number of C atoms in the vertices of the cluster, 

m is the number of B atoms in the cluster, p the number of bridging H and x the charge 

of the molecule. 

In 1971 R. E. Williams classified the great variety of boranes in three groups: 

closo, nido and arachno (Figure I.1), based on these electronic requirements for 

boranes were studied as well by Wade, Mingos and Rudolph,22,23 furthermore obey the 

classic Wade‟s rules,24,22 which  allow to predict the shape of the cluster considering 

the number of occupied vertices and the number of electron pairs required to form the 

cluster skeleton. With respect the classification made by Williams, if the number of 

electrons in the cluster is 2n+2, the compound shows a closo structure; if it is 2n+4, the 
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compound will be nido and in the case of 2n+6 the cluster will be arachno, being n, the 

number of polyhedral vertexes (B atoms or different heteroatoms). The skeletal 

electron counts are made by considering that each B-H unit brings two electrons to the 

cluster, from the boron atom; each C-H or C-R unit gives three electrons from the 

carbon atom and each bridge hydrogen atom contributes with one electron to the 

cluster. With respect the structural relationship between closo, nido and arachno 

boranes as well as hetero-substituted boranes we can mention that, when a vertex of 

the closo is removed, we will obtain the nido structure and if a second vertex is 

removed the arachno cluster will be obtained. The boron clusters are electron deficient 

due to their characteristic molecular form and type of bond based on 3c-2e,25 these 

properties provide to the cluster specific properties that cannot be found in their organic 

analogous.26 

 

 

 

Figure I.1. 1. The structural relationship between closo, nido and arachno polyhedral noted by 

Williams which were the motivation to develop the Wade‟s rules. Figure adapted from ref 22a. 
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The most known and studied  carboranes are those in which two atoms of boron 

have been replaced  by two carbon atoms giving rise to dicarba-closo-dodecaboranes, 

with the empirical formula C2B10H12, commonly named carboranes. The (Figure I.2 a) 

shows the ortho-carborane specie27,28 with formula 1,2-C2B10H12. The dicarba-closo-

dodecaboranes, are the most studied of all the carboranes due to their properties as 

high thermal stability26a,29 and chemical resistance.30,31 These properties are a 

consequence of the electronic delocalization of the structure. In these compounds, the 

position of the carbon atoms determines the existence of three different isomeric forms, 

1,2-dicarba-closo-dodecaborane or o-carborane, 1,7-dicarba-meta-dodecaborane or 

m-carborane and 1,12-dicarba-para-dodecaborane or p-carborane, that are showed in 

the following (Figure I.2 b).  

 

 

 

The o-carborane presents atoms with different electronegativities (C=2.5, B=2.0, 

H=2.2 at the Pauling scale). This fact affects the different reactivity of the vertices and 

the type of isomer.32,33 Thus, the cluster has an electron-withdrawing character on the 

substituents attached along the carbons in the cluster and on the neighbouring 

atoms,34,35 as is showed in the (Figure I.3). In carboranes the bonds (B-H), hydrogen 

atoms exhibit low polarity due to the low electronegativity of boron atom, thus, the B-H 

atoms exhibit almost no acidic character toward even the strongest proton acceptors as 

organolithium and Grignard reagents. However, the electron-delocalized of the o-

carborane could be attacked by electrophile species.  The boron atoms attached 

directly to the carbon atoms, see B3 and B6, present a positive charge density than the 

others, while the rest of eight BH vertices would react with electrophile species and the 

two vertices allow be attacked with nucleophile species. To functionalize the carborane 

Figure I.2. a) Structure of 1,2-C2B10H12. (C in grey, B in pink and H in white). b) The dicarba-

closo-dodecaborane with the numbering of the vertices. The nomenclature o-, m- and p- is 

referred to the relative position of the carbons.  
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species, the B(9) and B(12 )positions followed by B(8 )and B(10) are the most 

susceptible to the electrophilic attack on the cluster cage, thus, the halogenation 

reaction in these positions is possible to carry out36.Halogenation in positions B(3) and 

B(6) was achieved years later.37 

 

 

 

 

 

 

 

 

 

 

 

I.2.3. Metallacarboranes 

 

Due to steric and electronic properties of anionic carborane clusters, they have 

been used as ligands for formation of metallacarborane complexes. Metallacarborane 

compounds form a large family of carborane species that their structures allow one or 

more transition metals or lanthanides.38,39 The most studied metallacarboranes have a 

sandwich structure and they are formed by two dicarbollide units as [1,2-C2B9H11]
2- with 

a central transition metal between the two units. Among the most used metals are 

Co(III), Co(II), Fe(II), Ni(III) and Au(III).  

In 1965 was carried out the synthesis of the first metallacarborane,40 using iron as 

the central atom, the [3,3-Fe(1,2-C2B9H11)2]
-, named ferrabis(dicarbollide) or FESANE. 

Recently, C. Viñas and Co. have published a fast and very efficient green synthesis 

that does not require any solvent, which could facilitate the research over these 

compounds.41 

Cobaltabis(dicarbollide)42  [3,3‟-Co(1,2-C2B9H11)2]
- , also name COSANE, in which 

the two Cc carbon atoms of the cluster occupy adjacent positions, is the best 

representative example of metallabisdicarbollides. The latter has been the most widely 

Figure I.3. Reactivity of the different vertices in the o-carborane. 
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studied and synthesized metallacarborane. The reason why COSANE is the most 

studied are diverse but undoubtedly lie in its thermal and chemical stability and simple 

synthesis. In its structure, the central cobalt atom has an oxidation state of +3 and the 

two dicarbollide ligands provide two negative charges each one (-4), yielding  one 

global negative charge delocalized throughout the  volume of the complex which 

contributes to the low charge density of it, distributed between the  atoms in the 

compound.43 This anionic specie shows other properties as high molecular volume, and 

low nucleophilic character.44,45  

To synthetize the metallacarborane, the 1,2-dicarba-closo-dodecaborane  could be 

deboronated partially under nucleophilic reaction in a selective manner over one of the 

boron atoms directly bonded to the carbon cluster, as mentioned above, because of the 

electronic impoverishment. Thus, the partial deboronation gives the anionic nido cluster 

[7,8-nido-C2B9H12]
- which has lost one B+ fragment with respect the closo specie, 

having a pentagonal face (C2B3) with the hydrogen still present in the structure manly 

bonded over the B (10).46 The next step consists in the extraction of the bridging H in 

[7,8-nido-C2B9H12]
- to form the dicarbollide dianionic cluster [C2B9H11]

2- using a strong 

base such as K[tBuO], NaH or n-BuLi under anhydrous conditions.47 (First step in the 

Figure I.4). Then, anhydrous CoCl2 or FeCl2 is added to form the form the cobalt or iron 

complexes, in each case, as is showed in the step of the (Figure I.4).42  

 

 

 

 

 

Figure I.4. Schematic representation of the synthesis from COSANE (M=Co) and FESANE 

(M=Fe).  
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I.2.3.1.  Physicochemical properties of metallacarboranes 

  

Initially, the investigations related to metallacarborane complexes were developed 

in a lot of applications with the purpose of introducing new functional groups into the 

molecules.48 The development of new applications for the metallacarboranes supposed 

to study in more depth its physical-chemical properties, such as their self-assembly 

capacity, redox properties, being both the most important, and others like,  low charge 

density, high molecular volume, high thermal and chemical stability, 49 hydrophobicity 

and limitation of the movement due to the geometry stiffness. In addition, other 

properties as low nucleophilic character and the possibility to establish di-hydrogen 

bridging bonds.19,50,51,52 Metallacarboranes exhibit derivatization capacity similar or 

superior to that of organic compounds.43a,53 The interactions in a supramolecular 

approach seem to be significant in the processes of electron transfer and therefore in 

the effectiveness of photocatalytic systems, which is the main objective of this thesis.54 

It is important to highlight the solubility of the metallacarboranes.38 The state of 

oxidation from metal that build up the metallacarborane influences the type of solubility 

of the molecule.39 The neutrality or the ionicity of the compound will determine its 

solubility in organic or both aqueous and organic media, respectively.  

Metallacarboranes are considered highly compact Θ-shaped molecules ready for 

stepwise substitutions at B that sequentially modify its redox potentials and maintain 

them reversible.55 Teixidor et. al.  described the monohalogenation of metallacarborane 

compounds. The study reveals the existence of intermolecular Cc-H…X-B hydrogen 

bonds building up two dimensional structures. The results showed that halogens (Cl, Br 

and I) are well hydrogen-bond acceptors in the bonding to boron atoms.56 Other 

properties of metallacarboranes are, its nonlocalized negative charge spread all over 

the molecule,43a,57 its possibilities to form hydrogen bonds such as Cc-H…O and Cc-

H…H-B dihydrogen bonds, which have been proven to participate their self-assembly,58 

water solubility,59 micelle and vesicle formation,60 and derivatization capacity similar or 

superior to that organic compounds,43a,61 all properties mentioned in the above section. 

They can be substituted either at carbon or boron atoms,62 and in the last chemical 

element, regioselectivity at different ways of the cobalbis(dicarbollide) molecule.63 In 

the metallacarboranes under study (COSANE and FESANE), the negative 

monocharged nature of the compounds play an important role in their solubility, 

depending on the nature of the cation, as well was previously mentioned.  
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The self-assembly property exhibited by the metallacarboranes, is a broad term 

that is extensive to  surfactants, block copolymers, monolayers, nanoclusters, 

nanotubes and nanowires and larger building blocks.64 Furthermore, it is abundant in 

many biological systems. Also, there are certain similarities between the self-assembly 

showed by metallacarboranes and surfactants.65 Metallacarboranes, without classical 

amphiphilic topology but with an inherent amphiphilic character can behave similarly to 

classical surfactants. The differences in electronegativity between the atoms that build 

up the metallacarborane, the metal and the coordinating atoms of the ligands, (e.g., 

XFe-XB= -0.21 in [Fe(C2B9H11)2]
- and XCo-XB= -0.16 in [Co(C2B9H11)2]

- ) are responsible 

for the ability to self-assemble and for the presence of different natures in the hydrogen 

atoms which influence the existence of  hydrogen bridging bonds for the construction of 

supramolecular structures.  

The part “Co(C2B3)2” from the cobaltabis(dicarbollide) anion is similar to that of 

ferrocene “Fe(C5H5)2”, showing similarities in the reversible electrochemistry,
66  but 

differentiating in the enhanced protection of the Co at cobaltabis(dicarbollides) by the 

canopy of boron hydrogen atoms.67 These boron hydrogen atoms can suffer 

substitution reactions of electrophilic halogenation.68 The better positions susceptible to 

be halogenated are in the order of B (8, 8‟)>B (9,9‟,12,12‟)>B (10,10‟), due to that these 

vertexes are richer in electrons.69 

There are different types of oxidation state of metallacarboranes ( MIV/III, MIII/II and 

MII/I) with potential values that may change negatively or positively depending on the 

nature of the substituents attached to the clusters of metallacarborane. The redox 

potentials of a wide variety of metallacarboranes have been studied70, although here 

we will study COSANE, FESANE and some chlorinated derivatives of COSANE in 

more detail, as they are the metallacarboranes used in this doctoral thesis. 

Previous work has shown that cobaltabis(dicarbollide) anion can be modified by 

halogenations, 71 and it has the ability to produce a stepwise modulation of its redox 

potential by each B-X (X=halogen) added. Our group demonstrated that sequential 

substitution of B-H by B-X units gives an average E1/2 shift, close to 0.13 V, to more 

positive values of potential. 72 This sequential process is exclusive from it structure. The 

shift induced by each Cl atom in cobaltabis(dicarbollide) is in average about +0.1 V, 

approximately to more positive values, as is showed in (Figure I.5). 
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Figure I.5. CV of COSANE (blue), Cl2-COSANE (clear green) and Cl6-COSANE (dark red) in 

CH3CN+ 0.1M TBAH. All potentials vs Ferrocene.  

 

Comparing the E1/2 redox potentials for the pure COSANE , that are -1.75 and -

2.64 V vs Fc for the redox couples CoIII/II and CoII/I, respectively (for the CoIV/III the E1/2 is 

1.22 V vs Fc)70 and the FESANE, the redox potential will be more positive. The 

ferrabisdicarbollide shows potentials of 0.76 and -0.78 V vs Fc for the redox couples 

FeIV/III and FeIII/II, respectively, as is showed in (Figure IV.6).  The easy modulation of 

the redox potentials of metallacarboranes described, allow use them in different 

applications where the catalysis is one of them.  

These metallacarborane complexes have been tested as catalysts in synthetic 

processes such as hydrogenation, hydroformylation, hydrosilylation, carbonylation, 

amination, alkylation, sulfonylation, the Kharasch reaction, polymerization, and ring 

opening metathesis polymerization.73  

There is a wide history about the implication of metallacarborane complexes in 

catalysis in diverse areas, however there are no studies reported in the literature, about 

the photooxidation catalysis of organic compounds with metallacarboranes as catalyst.  
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Figure IV.6. Comparison cyclic voltammetries of COSANE (orange) and FESANE (purple) in 

CH3CN+ 0.1M TBAH. All potentials vs Ferrocene.  

 

1.3. Ruthenium complexes  

 

Ruthenium is a metal situated in the d group of the periodic table. The electronic 

configuration of this, allows the displaying of a wide range of oxidation states, from -2 

to +8) in their complexes. The synthetic versatility of these in different oxidation states 

makes these complexes particularly interesting. Other characteristics are their high 

electron transfer capacity,74 the robust character of their coordination sphere, their 

redox-active capacity, their easily available high oxidation states, their application as 

redox reagents in many different chemical reactions, and their ability to stabilize 

reactive species like oxo-metals75 and metal-carbene complexes.76The robust 

character of their coordination sphere and the other properties mentioned before, make 

ruthenium complexes specifically advantageous for catalytic transformations, such as 

cyclopropanation,77 isomerization,78 metal-promoted radical reactivity,79 oxidation, 

80addition,81 hydrogen generation,82 hydrogenation,83 C-H and C-halogen bond 

activation84 and olefin metathesis.85 Furthermore, the wide utility of ruthenium 
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complexes with heterocyclic N-donor ligands have been demonstrated due to their 

attractive spectroscopic, photophysical and electrochemical properties,86 which led to 

important applications in different areas such as photosensitizers for photoactive 

conversion of solar energy,87 molecular electronic devices and photoactive DNA 

cleavage agents for therapeutic goals.88 

1.3.1. Ruthenium polypyridyl aqua complexes  

 

Numerous publications about hexacoordinated ruthenium complexes containing 

polypyridyl ligands, like 2,2‟-bypyridine (bpy) or 2,2‟:6‟,2”-terpyridine (trpy),  have been 

reported, because of their ligand stability towards oxidation and their magnific 

coordinative capacity, enhanced by their chelating effect , giving a high stability to the 

formed complex. When an aqua ligand is directly attached to the ruthenium center, the 

redox properties of these complexes become particularly interesting. In that event, a 

proton-coupled-electron transfer (PCET) is possible, becoming the high oxidation 

states fairly accessible.89 The successive oxidation form Ru(II) to Ru(IV) are 

accompanied by a sequential loss of protons and electrons favored by the increased 

acidity of the bonded aqua ligand. Hence, the initial RuII-OH2 is oxidized to RuIV=O, 

passing through a RuIII-OH specie (Scheme I.1). 

 

 

 

 

Scheme I.1. PCET oxidation process characteristic of Ru-aqua complexes. 

              

The coordinated aqua ligand to the metal decreases the redox potential values due to 

the production of protons upon oxidation. This equilibrium is promoted by the 

successive deprotonation and the following electronic stabilization of the higher 

oxidation states by the oxocomplex formation, thanks to the more acidic character of 

the deprotonated aqua ligand.  The Latimer diagrams allow comparing the basic trends 

of different polypyridyl ruthenium complexes (Scheme I.2), where the electronic 
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configuration of each compound is important in redox processes due to the fact that a 

rising or loss of electrons takes place from dπ levels. In the case of ruthenium chloride 

complexes, the Ru(III/II) oxidation occurs at low potentials (0 V) however a rising in 

charge and oxidation state changes the Ru(IV/III) changes the Ru (IV/III) oxidation to 

greatly positive potentials (1.7 V). 90 When the chloride ligands are changed by pyridine 

and water ligands, the rising in charge and the changes in bonding rise the potential of 

the RuIII-OH/RuII-OH2 redox couple (from 0 to 0.67 V) in comparison to that 

corresponding to chloride complexes. 91 

 

 

 

Scheme I.2. Latimer diagrams of ruthenium polypyridyl complexes (a) without and with (b) a 

coordinated water molecule. V vs NHE, M=0.1 at pH=7. 

 

The reactivities of the oxocomplexes in ruthenium are related to different elements, 

affecting the values of half-wave potential, E1/2, and the stability of the complex. One of 

the elements, are the modification of the ancillary ligands. The modulation of the 

reactivity by tuning their redox potentials, furthermore with the selectivity improvement 

of the catalysts, derived in a variety of studies oriented to the redox properties of the 

complexes, with a large number of ligands with different electronic and geometric 

nature.92 There is a strong effect over Ru(IV/III) redox couples potentials in different 

complexes N-containing ligands. 93 The range of potentials for Ru(IV/III) and Ru(III/II) 

couples is important for the mechanism. Since the accessibility of both RuIII and RuII, 

RuIV can act as a one-or two-electron oxidant. It is worth mentioning that oxocomplexes 

with a two-electron process is important due that the fact that this type of catalyst gives 

concerted reactions preventing a radical mechanism which allow the encouragement of 

unwanted secondary reactions.94,95  

Due to these properties, polypyridyl ruthenium complexes with aqua ligands have 

been extensively employed in catalytic oxidation reactions of organic substrates by a 
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PCET process96 or an oxygen transfer.97 Furthermore, ruthenium polypyridyl aquo 

complexes participate in different oxidation reactions, like the epoxidation of alkenes, 

the cleavage of double bonds, the oxidation of alcohols and ethers and the oxidation of 

amines and amides among other catalytic processes. The orbital and energetic 

properties of RuIV=O promote different manner to operate, like outer-sphere electron 

transfer, PCET, electrophilic ring attack, oxo transfer, hydride transfer and C-H 

insertion.  

In this thesis we have taken advantage of catalytic capabilities of a Ru-OH2, in a 

cationic form together with metallacarboranes, working in a cooperative manner, to 

carry out the photoredox oxidation catalysis of different alcohols and alkenes in water.  

 

I.4.  Homogeneous and heterogeneous catalysis. Supported Catalysts  

 

The term Catalysis was coined by Berzelius more than 150 years ago and the current 

definition is: “A catalyst is a substance that increases the rate of approach to 

thermodynamic equilibrium of a chemical reaction without being consumed”.98 

 

In general, the broad concept of Catalysis is shared by two topics homogeneous 

and heterogeneous catalysis. The first type of catalysis supposes that both catalyst and 

substrate are in the same phase; meanwhile in the second one is in a different phase 

(solid and liquid respectively).  In the context of the last group, a supported catalyst 

consists in the immobilization of a homogeneous catalyst on the surface of an insoluble 

solid, a support. Furthermore, it can be considered as a heterogeneous catalyst. 

Currently, the development of these systems is subjected to strong ecological and 

economical demands for sustainability lead by a green chemistry approach for catalytic 

reactions. 99  The main differences between the types of catalyst are showed at the 

table (Table I.1).  

Homogeneous catalysts have the advantage that they are well defined on a 

molecular level with well-defined active sites and speedily soluble inside the reaction 

medium. Such single-site catalysts are extraordinarily accessible to the substrates and 

frequently show high catalytic activity and selectivity, despite off to work under mild 

conditions. Therefore, there is an invariable energetic interaction among the active 
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sites and the substrate. From the perspective of sustainability and industrial 

applicability, homogeneous catalysts are often expensive and generate further waste 

and their regeneration is difficult. In addition, the constitution of the catalyst by 

expensive noble metal and/or ligands makes the processes more expensive. Thus, the 

recyclability of the homogeneous catalysts supposes a crucial matter in the mark of 

sustainability of large-scale industrial production of fine chemicals, such as for 

enantioselective transformations in which the cost of the ligands frequently surpasses 

that of the metals used.100 Therefore, despite their intrinsic advantages, homogeneous 

catalysts are used in less than 20 % of the industrially relevant processes.101 

 

Table I.1. Scheme of comparison among homogeneous, heterogeneous, and supported 

catalyst. 

 

 

 

It is worth mentioning, that heterogeneous catalytic systems allow the simple 

product and catalyst separation, along with the recovery from the reaction medium, 

easy manipulation, and for their recycling. Moreover, they are frequently several active 

sites in catalysis that differ in activity and selectivity in the bulk commodity of the 

heterogeneous systems, which are challenging to probe on a molecular level. 

Furthermore, the synthetic procedures are concerted and therefore not necessarily 
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reproducible. 102 Additionally, the situation of the actives sites in a microporous 

environment frequently causes diffusion control of the catalysed reaction and 

decreases the activity and selectivity of the system. Hence, the development of novel 

catalysts that combine the best attributes of each type of systems become an 

interesting and growing area in catalysis. These improved catalysts are named 

supported catalysts. 103 Based on the development of the studies made for this thesis 

we will focus on the grafting of homogeneous catalyst on a solid support with a high 

surface area, such (e.g. magnetic nanoparticles, MNPs), being a good approach.104 

I.4.1. Different immobilization strategies and supports 

  

The purpose of supported catalysts is to merge the advantages of homogeneous 

and heterogeneous catalysts such as: (1) great activity, selectivity and reaction rates 

contributed by the homogeneous catalysis, (2) simple catalyst recovery and sustained 

recyclability, as well as preparation of multifunctional catalysts contributed by the 

heterogeneous one. Between the different techniques described to immobilize catalysts 

into solid supports, the methods frequently used98 (Figure I.7) are adsorption,105 

electrostatic immobilization,106 encapsulation,107 ionic liquid,108 and covalent binding 

(anchoring).109 

 

 

 

Figure I.7. Schematic representation of different strategies for catalyst immobilization: a) 

adsorption, b) electrostatic immobilization, c) encapsulation, d) ionic liquid, and e)covalent 

binding.  

 

Between the different techniques used for the inmobilization of the catalyst the 
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electrostatic inmobilization is a simple and quick approach to the formation of 

heterogeneous catalytic systems.  

 

 Magnetic Nanoparticles and core-shell magnetic nanoparticles 

supports 

 

Among the different types of existing supports, we will focus on magnetic 

nanoparticles and core-shell magnetic nanoparticle that will be the object of study in 

this doctoral thesis. 

The definition of Nanoparticles (NPs) can be related to microscopic particles with a 

diameter of 1-100 nm.110 They can be considered as a connection between 

homogeneous and heterogeneous catalysis, usually referring us to a kind of 

“quasihomogeneous “systems or in other words soluble heterogeneous systems.111 

The nanoparticles are classified depending on their properties, shape and 

composition.112 These materials are of significant interest due to the singular properties 

in compensation of the small sizes. The properties exhibited by these particles are 

different than that of the same materials in their bulk counterparts owing to the greater 

surface to volume ratio that they have. NPs have different shapes like spheres, rods, 

tetra-pods, wires, belts, rings disks etc. which aids in the attainment of interesting 

results in their properties. Depending on the overall shape of NPs, these can up to 3D.  

Currently, magnetic nanoparticles (MNPs), as iron oxide nanoparticles, have 

emerged growing attention due the exclusive physical properties as the high surface, 

supermagnetism and low toxicity. All these properties spread the field of 

applications.113 Different iron oxides are currently in use: iron (II) oxide (FeO), iron (III) 

oxide (Fe2O3) and iron (II, III) oxide (Fe3O4). In catalysis usually species as ϒ-Fe2O3 or 

maghemite and Fe3O4 or magnetite are used. They are often referred to as SPIONs 

(Super Paramagnetic Iron Oxide Nanoparticles) as they show superparamagnetic 

properties due to their size. The synthesis of magnetic nanoparticles (MNPs) has been 

intensively developed for many technological114 and medical applications.115 

In the case of Fe3O4 materials, the simplicity of preparation, surface-

functionalization and recycling from the solution by an external magnetic field make the 

Fe3O4 nanoparticles ideal for the separation of the reaction system and reuse of the 

catalyst supported on that.116 Inside the groups of core-shell structured composites, 
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silica-coated magnetic nanoparticles highlight in the field of catalysis due to their 

potential applications, furthermore with the fact that each nanoparticle is formed by a 

well-defined magnetic nucleus which is enclosed by a microporous silica shell and a 

broad surface are-to volume ratio and easy functionalization (Figure I.8). 117    

 

 

 

Figure I.8. a) Magnetic nanoparticle. b) silica-coated magnetic nanoparticle. 

 

As we mentioned before, from the point of view of sustainability and industrial 

applicability, the anchoring of a homogeneous catalyst on a solid support with a high 

surface area, such magnetic nanoparticles (MNPs) suppose an advance. To avoid 

undesired oxidation and agglomerations, it is mandatory the suitable coating with a 

layer of material, as we mentioned before, leading to core-shell magnetic particles for 

their stabilization and where to link the actives sites. These materials combine the 

magnetic properties of the core with the possibility to further functionalize the 

surface.118 Additionally, the application of an external magnetic field enables the 

removal of the particles in a simple way.119 

Recently, core-shell multi-components have attracted serious attention due to their 

potential applications in a catalytic context.120  

 

I.5.      Catalytic oxidation reactions 

 

During the last years a set of research are focused to imitate natural systems that 

carry out chemical transformations with magnific efficiency in the context of selectivity 

and energy consumption. Particularly, the oxidation of organic substrates has received 

an extraordinary interest.121 Oxidation of organic substrates mediated by transition 
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metals is a relevant process from an industrial point of view.122 The high selectivity in 

the oxidation of starting materials is important for the industry, due to the aim for the 

production of oxygen-containing chemicals from fossil hydrocarbons preventing the 

complete conversion to carbon dioxide. To achieve selective oxidation is commonly a 

problem in the synthesis of fine chemicals, given that it is still challenging to cleanly 

add an alcohol function at the wanted position of a drug precursor similarly as 

enzymatic systems work. Many enzymes are present in nature acting as “biological 

catalysts” able of catalyzing oxidation reactions in living organism.123 Metals in enzymes 

work in complex biochemical reactions and greatly specialized biological functions due 

to their capability to be in different oxidation states and several geometries. Despite 

biomimetic catalysts of iron124 or manganese125 are extensively studied, different 

studies with ruthenium have been published.126  

I.5.1. Alcohol oxidation reactions 

 

The oxidation of primary and secondary alcohols to, aldehydes, ketones and 

carboxylic acids is a fundamental reaction in organic synthesis.127  Primary alcohols (R-

CH2-OH) can be oxidized either to aldehydes (R-CHO) or to carboxylic acids (R-CO2H). 

The direct oxidation of primary alcohols to carboxylic acids normally proceeds via the 

corresponding aldehyde, which is transformed via an aldehyde hydrate (R-CH(OH)2) by 

reaction with water before it can be further oxidized to the carboxylic acid (Figure I.9). 

 

 

 

 

Figure I.9. Mechanism of oxidation of primary alcohols to carboxylic acids via aldehydes and 

aldehyde hydrates. [O]=oxidant reagent. 

 

The conversion of alcohols to aldehydes or ketones is of great relevance, as have 

been shown by the number of publications.128 This process has practical importance in 

the hydrogen-based energy technologies because the anodic liberation of protons and 

electrons can be coupled on a cathode for hydrogen fuel production in an integrated 

photochemical cell (Equation I.1).129 In recent years, alternative methods for the 
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selective oxidation of alcohols to aldehydes or ketones have been developed in the 

mark of green and environmentally acceptable processes.130 

However, there are not many catalytic systems based on metals abundant in nature, as 

photocatalysts for the oxidation of alcohols, where the compound acts as catalyst and 

photosensitizer.  

 

 C (  )          C(  )   2     2                        i     1  

 

In the context of efficient systems supported on silica-coated magnetic 

nanoparticles for chemical alcohol oxidation, Rossi and coworkers131 reported about 

the use of magnetically recoverable supports for the immobilization of gold 

nanoparticles (AuNP) as catalysts. The catalyst preparation is based on the 

immobilization of Au3+ on the surface of core-shell silica-coated magnetite 

nanoparticles, followed by metal reduction. The catalyst resulted to be active in the 

aerobic oxidation reactions, but less selective for the aldehyde product.  Years after, 

Gawande, Sharma and coworkers132 reported about a new and efficient manganese-

based magnetic nanocatalyst developed through a covalent grafting of the manganese 

acetylacetonate complex onto amine-functionalized silica-coated iron-core 

nanoparticles and the resulting nanocatalyst was found to be efficient for selective and 

greener oxidation of organic halides and alcohols to desirable carbonyl compounds in 

terms of excellent yields with high turnover number. This catalytic protocol included 

effortless magnetic recovery, employment of H2O2 as the sole and green oxidant, and 

nontoxic solvents, that are mild reaction conditions, operating in shorter reaction times.  

Safaei and coworkers133 reported about the immobilization of a complex of iron(III) 

amine bis(phenolate) on silica-coated magnetic nanoparticles as a new magnetically 

recoverable catalyst (Fe3O4@SiO2-APTES-FeLGDC). The latter sustainable catalyst 

leads to the efficient oxidation of a wide range of alcohols and sulfides with excellent 

conversion and selectivity under mild conditions. 

All these examples described in the literature are efficient systems supported on 

silica-coated magnetic nanoparticles for chemical alcohol oxidation; however, no 

examples of well-defined molecular photoredox catalysts supported on the previously 

mentioned MNPs have been described.  
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I.5.2. Epoxidation of alkenes 

 

Olefin epoxidation has received considerable interest from both academics and 

industry. Epoxides constitute an important and versatile class of intermediates and 

building blocks to obtain more elaborated chemical products both in organic synthesis 

and in industrial production of bulk and fine chemicals.134,135 Epoxides can be 

transformed into a variety of functionalized products (Figure I.10). For example 

reductions, rearrangements or ring-opening reactions with various nucleophiles give 

diols, aminoalcohols, allylic alcohols, ketones, etc.136-139 Starting from alkenes four 

general methods are available: the Jacobsen-Katsuki epoxidation that uses a Mn 

catalyst and NaOCl or variations of these,140,141 the Prilezhaev reaction uses 

commercially available m-CPBA,142,143 the Sharpless epoxidation that uses tert-butyl 

hydroperoxide and is catalyzed by Ti(OiPr)4,
144,145 and the Shi epoxidation that uses 

oxone and a ketone as a catalyst to generate dioxirane.146,147 Most of these processes 

have been studied by chemical catalysis in organic media by some of us.148,149,150 A 

common characteristic is that all these reactions are carried out in organic solvents. 

 

 

 

Figure I.10. Epoxidation of alkene substrate and possible further transformations. 

 

 

https://www.organic-chemistry.org/chemicals/oxidations/tert-butylhydroperoxide.shtm
https://www.organic-chemistry.org/chemicals/oxidations/tert-butylhydroperoxide.shtm
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In 2017, Romero, Teixidor and coworkers,151 reported carboranyl-carboxylate 

complexes as precatalysts in epoxidation reactions, using peracetic acid as the 

oxidant. These studies are based on Mn or Co complexes, all containing the 

carboranylcarboxylic (1-CH3-2-CO2H-1,2-closo-C2B10H10) ligand. This work highlights 

that the coordination of the carboranylcarboxylic ligand to the metal ions is important 

for the performance of the complexes as catalysts. In these studies, was demonstrated 

that the manganese complexes were more active in the epoxidation of different alkenes 

than the cobalt complex.  

Currently, photochemical systems studied for the oxidation of substrates involve a 

photocatalyst152 or a photocatalyst combined with a transition metal catalyst based on 

polypyridyl compounds.153,154,155,156,157,158 In these, one compound acts as the light-

harvesting antenna and the second metal complex is used as catalyst to activate a 

water molecule or an organic substrate by a proton coupled electron transfer 

mechanism (PCET) (vide infra). However, few examples of photochemical epoxidation 

of alkenes have been carried out with earth abundant metals.159,160   

I.6.       Catalysis and sustainability 

  

Most of the homogeneous catalysts mentioned in the previous section for organic 

transformations, operate in organic media. Nevertheless, today, chemical processes 

and even at the industrial production level, are undergoing an intense transformation in 

order to meet sustainability criteria, where obsolete methods are renewed in 

accordance with the principles of green chemistry.161 It is mandatory the use of 

compatible chemicals with human health and the environment, instead of that harmful 

and hazardous, and among these the solvent replacement is especially important since 

amounts of solvents are usually much larger than those of reagents and products.  

In this context, new solvents should exhibit small environmental impact, no toxicity, 

and no volatility to meet the demands of sustainability. 162 Water has been much under-

investigated as a solvent for chemical transformations basically because of poor 

solubility of organic molecules; however, water is the “ideal solvent” 163 being economic, 

non-toxic, non-inflammable and compatible with the environment. Substitution of 

organic solvent by water is desirable, but it becomes especially suited for those 

chemicals transformations in which water is one of the reagents.  
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Currently, one of the challenges is to design catalysts to improve the control on the 

activity and selectivity of the chemical processes, and in a parallel manner, they should 

be compatible and friendly with the environment. Light can be considered an ideal 

reagent for environmentally friendly, green chemical synthesis; unlike many 

conventional reagents, UVA, visible, and IR lights are nontoxic and generate no waste. 

There is consensus that solar energy combined with water is the best alternative 

energy source for the development of non-fossil-based fuels.164 Hence, the 

development of photocatalytic methods and systems for organic transformations is an 

important challenge in this aspect.165 The photoredox catalysis which uses the 

absorption of light radiation through a catalyst to generate reactive radicals that 

activate stable low-energy organic molecules through single-electron processes 

(oxidation or reduction) is a successful way of imitating nature in efficiency and 

sustainability.  

 

I.7. Principles of Photoredox catalysis 

 

Photoredox catalysis is an emerging methodology where light is used to alter the redox 

properties of compounds then accelerating chemical reactions by electron transfer 

between a photocatalyst and a substrate.166 In particular, photoredox catalysis employs 

small quantities of a light-sensitive compound that, when excited by light, trigger single-

electron transfer (SET) processes with substrates upon radiation. 

The interaction of simple organic molecules with light is generally weak; however 

photocatalysts can absorb light with greater efficiency and converting the energy of an 

absorbed photon into chemical potential that can be used to transform organic 

substrates.  

The photoredox catalysis facilitates access to highly reactive radical species under mild 

conditions that often cannot be generated using other non-photochemical strategies. 

Mimic processes that occur in nature is one step forward in the development of a 

sustainable chemistry. In this sense, the photosynthesis is a source of inspiration for 

scientists; in this process, plants convert light energy into chemical energy.167 

Then, photoredox catalysis that use the absorption of light radiation by a catalyst 

that generates reactive radicals and activates stable low-energy organic molecules 

through single-electron processes (oxidation or reduction), is a successful way of mimic 

nature in efficiency and sustainability.167,168
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There is consensus that solar energy combined with water is the good alternative 

energy sources for the development of non-fossil-based fuels.169 A great effort has 

been dedicated to catalysis activation of organic molecules.  

Photoredox strategies have been used in diverse fields offering excellent benefits in 

terms of atom economy. So in the pharmaceutical industry, protocols for the direct and 

selective functionalization of drug-like scaffolds (amination, halogenation, and 

alkylation)170 and late-state functionalization of biologically active heterocycles171 have 

been developed. Another benefit of photoredox catalysis in the industrial production is 

the use of renewable resources, the reduced environmental impact and the 

energetically efficiency. An example could be the revalorization of bulk biomass and 

feedstock materials for the production of value-aromatic feedstock chemicals through 

the lignin of different plants,167 or the easy functionalization of hydrocarbon feedstock 

as methane.172 

These examples highlight the potential of photoredox catalysis for a circular chemistry, 

which aims is to replace today‟s linear „take–make–dispose‟ approach with circular 

processes. 

 

I.7.1. Mechanisms of photocatalysis 

 

The interaction between an electronically excited photocatalyst and the substrate can 

result in the generation of diverse reactive intermediates. Then a photochemical 

synthesis could take place according to different mechanistic pathways (Scheme 

I.3).173 

1. Photoinduced electron transfer, which involves one-electron oxidation or one-

electron reduction of a substrate by the photocatalyst, occurring an outer-

sphere reaction on the photoexcited metal centre. (path i and ii) 

2. Photoinduced atom transfer, which an atom or group is transferred from the 

substrate to the photocatalyst, with the formation of a radical and an inner 

sphere reaction can takes place on the photoexcited metal centre. (path iii). 

3. Photoinduced energy transfer, which electronically excited photocatalyst can 

activate the substrate via energy transfer to yield electronically excited species, 

(path iv).  

 



Chapter I 

 

26 
 

The majority of photoinduced reactions occur through the first or second 

mechanisms; however there are few examples of reactions catalyzed through 

photoinduced energy transfer. 

 

 

 

Scheme I.3. Mechanisms of Homogeneous Photocatalysis. Scheme extracted and modified 

from ref. 173. 

 

Photoinduced promotion of an electron from the HOMO to the LUMO orbital, 

results in the formation of an electronically excited state that can formally be 

conceptualized as a charge-separated electron-hole pair. In a photoredox process the 

absorption of a photon results in the generation of an electronically excited state; this 

can undergo relaxation back to the ground state via a number of unimolecular emissive 

and non-emissive pathways at relatively rapid rates. The redox properties of the 

excited state, however, can lead to a fast electron transfer to an electron-deficient 

acceptor or oxidative quencher (A) or from and electron-rich donor or reductive 

quencher (D) compound. Regeneration of the photochemically active state requires a 

second electron transfer process from others donor or acceptor species. (Figure I.11)   

displays the mechanism. 
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Figure I.11. Photoinduced electron transfer (PET). Figure extracted and modified from ref. 173. 

 

It is important to outline the main points that need to be considered when choosing 

photocatalyst:  

1) The photocatalyst must have a good absorption over a wide range of 

wavelengths that the other species in the reaction mixture do not absorb.  

 

2) The yield of formation of the reactive excited state should be as high as 

possible. This concept is influenced both by intrinsic quantum yield of its 

formation (the efficiency with which the reactive excited state is formed upon 

photon absorption), as well as the absorption cross-section as measured by 

the compound‟s concentration and molar absorptivity.  

 

3) The excited state lifetime must persist enough to undergo the desired reaction 

with the substrate. 

 

4) The photophysics of the photocatalyst must be reversible (i.e., no degradation 

in the absence of quencher). In electron transfer catalysis, the photocatalyst 

should exhibit reversible electrochemical behaviour. Both of these 
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characteristic are important to maintain the viability of the chromophore as part 

of the catalytic cycle.174 

 

5) The excited-and ground-state redox potentials of the photocatalyst must 

provide for an exothermic reaction.  

 

6) In an ideal form, the excited-state properties of the photocatalyst should be 

easily tuned through synthetic modifications to facilitate the adaptation of the 

excited-state reactivity of the photocatalyst to the reaction desired.  

 

I.7.2. Different photocatalytic approaches. 

 

Light induced reactions have become an important and powerful issue in metal-

catalysed transformations. Photocatalysis can be systemized into three categories: A) 

photocatalysis that enables the transformation to occur either via redox- or atom 

transfer; the photocatalyst is not involved in the bond-forming /breaking event. The 

processes occur through an outer-sphere mechanism. B) Cooperative/dual 

photocatalysis, which synergistically combines the first strategy with a transition metal 

catalysis. C) The photocatalyst is a transition metal that enables the bond-

forming/breaking event, and then the processes occur through an inner-sphere 

mechanism. 

This introduction focuses on the development of A and B photoredox catalyst in relation 

to the oxidation of organic substrates.  

 

A. Outer-sphere photoredox catalysis  

 

 

Electron-transfer processes are initiated by the absorption of a photon by a 

chromophore, (i.e., the photocatalyst). These systems take the advantage of the 

enhanced redox reactivity of the chromophore in it excited state to facilitate a reaction 

that would not proceed otherwise; in this direction, light provides the added energy 

needed to make the reaction thermodynamically viable.175 The photoredox catalyst is 

able to transform the light into chemical energy and performs the selective molecule 

activation, simultaneously, by means of the mechanism of photoredox catalysis. 

The most common photocatalysts are based in transition metal complexes; between 
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them the more studied and employed are the polypyridyl ruthenium176,177 and iridium178 

complexes (Figure I.12).  

 

 

 

 

Figure I.12. Chemical structures of some polypyridyl complexes as photoredox catalyst. Figures 

reproduced from ref: 176,177,178. 

 

For the complex tris(2,2‟-bipyridine)ruthenium (II) upon absorption of a photon in the 

visible region, an electron is excited from one of the photoredox catalyst‟s metal-

centered d-orbitals to a ligand-centered π* orbital,179 thus this transition is termed a 

metal to ligand charge transfer (MLCT). During this process, exists a reductive and 

oxidative quenching cycle in which are produced [Ru(bpy)3]
+, a strong reducing agent 

−1.76V vs Fc+/0 in CH3CN, and [Ru(bpy)3]
3+, a strong oxidant (+0.85 V vs Fc+/0 in 

CH3CN), respectively 180. The highly studied octahedral tris (2,2′-

bipyridine)ruthenium(II) ([Ru(bpy)3]
2+),181 participates in electron transfer through an 

outer sphere mechanism, that implies that no major structural modification occurs upon 

ET. In the photoredox catalyst the ligand-centered π* orbital is lower in energy than the 

metal-centered eg orbital. Upon irradiation, an electron is transferred from the t2g orbital 

from the metal to the π* orbital from the ligand which after rapid intersystem crossing 

results in an excited triplet state, as is showed in (Figure I.13).182 
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Figure I.13. Ruthenium polypyridyl complex: simplified molecular orbital depiction of Ru(bpy)3
2+

 

photochemistry. Figure adapted from ref. 182.  

 

The electronic absorption spectrum of [Ru(bpy)3]
2+ shows (Figure I.14 a), an 

intense absorption at 285 nm that corresponds to a ligand-centered transition (πL  

πL*).
183 The band in the visible region (ʎmax=452 nm) corresponds to a metal-to-ligand 

charge-transfer (MLCT) transition. The energy of the MLCT band can be as the amount 

of energy necessary to reduce the ligand and oxidize the metal. This type of excited 

state can be though as the promotion of an electron from a metal-based orbital to one 

ligand like character. This transition is a simultaneous photo-induced oxidation of the 

metal center and the reduction of the ligand that gives a chemical specie as 

[RuIII(bpy•‾
)(bpy)2]

2+*(Figure I.14 b).184 Due to this spatial redistribution of electron 

density, this transition is responsible of better reactivity of the excited state with respect 

to what is observed in the ground state and makes the compounds a candidate to be a 

photoredox catalyst.  
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a) 

 

b) 

 

Figure I.14. a) Electronic absorption spectrum of [Ru(bpy)3]
2+ 

in acetonitrile solution at room 

temperature. The inset shows an expanded view of the metal-to-ligand charge transfer band. b) 

Representation of a MLCT state in [Ru(bpy)3]2
+
. Figures extracted from ref. 175. 

 

Another features can be seen in the absorption spectrum of [Ru(bpy)3]2+, one at 

330 nm and the other at 350 nm. Their origin could be due to ligand-field or “d-d” 

transitions within the d-orbital of the metal. These metal-centered transitions 

redistribute electronic density into orbitals that are antibonding with respect to the 

metal-ligand bonds and thus typically promote photodissociation.185 A molecular orbital-

based description of these various transitions is shown in Scheme I.4. 



Chapter I 

 

32 
 

 

 

Scheme I.4. Simplified molecular orbital diagram for an octahedral compound with π-acceptor 

ligands. The main types of electronic transitions typically observed in metal polypyridyl 

complexes are indicated by the arrows.  Scheme adapted from ref. 175.  

 

In this sense, Cano-Yelo and Deronzier186 reported about the feasibility of photo-

oxidation by visible light of some alcohols to aldehydes, catalysed by Ru(II) polypyridyl 

complexes in presence of diazonium salts as quenchers and basic agents.  

 

Rocha et al.187 reported a ruthenium complex [Ru(O)(bpy)(tppz)]2+(Scheme I.5 a), 

with π-accepting N-ligands. The oxo-complex is produced directly from a single metal-

to-ligand charge-transfer (MLCT) photoexcitation of the RuII-aquo complex in aqueous 

media. This photoinduced path to 2-electron/2-proton activation of mononuclear 

catalyst is enabled by thermodynamic instability of the intermediate RuIII-hydroxo 

species, which disproportionate into the RuIV-oxo and RuII-aquo states as was reported 

by the electrochemical tests in a wide range of pH. The proton-coupled multielectron 

photocatalytic capability of the complex in neutral solution, at room conditions, was 

demonstrated through the dehydrogenative oxidation of benzyl alcohol into 

benzaldehyde with selectivity >99 %. The mononuclear complex act as 

chromophore/catalyst and the overall photocatalytic cycle is showed in (Scheme I.5 b) 
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a)                                                             b) 

 

 

Scheme I.5. a) The mononuclear complex [Ru(L)(bpy)(bpz)]
n+

 (L=Cl
-
,n=1) (L=H2O, n=2) b) Main 

steps underlying the photocatalytic dehydrogenative oxidation of benzyl alcohol into 

benzaldehyde by the mononuclear complex [Ru(H2O)(bpy)(tppz)]
2+

. Scheme modified from ref. 

187. 

  

Z. Amara and co-workers published almost recently about the efficient 

immobilization by adsorption and photochemical reactivity of [Ru(bpy)3]Cl2 on silica in 

the context of photochemical oxidations with singlet oxygen (1O2), as is shown in 

(Figure I.15).188  The adsorption of the latter ruthenium compound on unmodified silica 

particles provides opportunities in the intensification of photochemical oxidations with 

almost 10-fold increase in reactivity. This outstanding performance is attributed to 

noncovalent outer-sphere interactions between the substrate and the solid particles, 

because higher concentrations of reactive species are produced at the interface. This 

catalytic system was efficiently recycled and shows an up to 4-fold increase in stability, 

compared to its homogeneous counterpart.  
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Figure I.15. a) Schematic general approach to improve productivity in visible-light 

photochemical reactions: adsorption of cationic photocatalyst on an oxide. This approach is 

applied to the synthesis of two commercially important terpenes: artemisinin (1) and rose oxide 

(2).  Figures extracted and modified from ref. 188.  

 

As we have seen, photoredox catalysis with metal complexes as sensitizers and 

catalysts frequently relies on the use of precious metals like ruthenium or iridium. 

Recently, some progresses are made with respect the use of complexes made from 

earth-abundant elements in photoredox catalysis. In the context of photoredox catalysis 

oriented to the oxidation of substrates, metals as copper, tungsten or vanadium are 

reported in the literature.   

Polyoxometalates (POMs) are metal oxide nanoclusters that can adopt a wide 

variety of structures.189 These complexes are stable, have acid-base and redox 

properties, and have received much attention especially in the field of oxidation 

catalysis.190 Therefore, POMs are attractive materials for application as photocatalysts. 

Upon irradiation with UV and /or near UV light takes place a intramolecular charge 

transfer from the O2- based highest occupied molecular orbital (HOMO) to the W6+ 

based lowest unoccupied molecular orbital (LUMO), leading to the formation of 

photoexcited states that are highly reactive, as oxidizing agents, allowing them to be 

used for photocatalytic reactions. Photocatalytic oxidation of organic compounds such 

as alcohols, alkanes and alkenes can be carried out under aerobic conditions using 

UV-driven decatungstate photocatalysis, as is showed in (Figure I.16). The irradiation 

of decatungstate generates short-lived excited states that decay to form the reactive 

specie, which is responsible for the subsequent transformation of the organic 

substrates. Thus, the reaction of the excited catalyst may occur by HAT and /or SET.  
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a)                                                      b) 

 

 

Figure I.16. a) Anionic structure of decatungstate POMs. b) Decatungstate Photocatalysis for 

oxidation of aliphatic alcohols, alkanes, and aromatic alcohols under aerobic conditions. Figures 

extracted and modified from ref. 190. 

 

The first example of photoredox catalysis using copper (I) complex was reported 

by Sauvage et al.191 The group reported the C-C coupling of benzylic bromides to form 

bibenzyl derivatives or benzyl aldehydes using [Cu(dap)2]Cl as the photocatalyst.  

  

Owing to its abundance on the Earth and inexpensiveness, copper catalysts are 

particularly attractive for different organic processes, like C-H alkenylation, alkynylation, 

and amination of arenes via two-electron or single electron processes (SET).192 K. C. 

Hwang and co-workers,193 developed a visible light-induced photo-redox copper-

catalyzed oxidative Csp2-H annulation of amidines with terminal alkynes at room 

temperature to synthesize functionalized quinazolines, using O2 as oxidant. Copper (I)-

phenylacetylide catalyzed this reaction at room temperature, and it have been 

demonstrated the application of this method to the synthesis of anti-cancer compounds 

(Scheme I.6).   

 

 



Chapter I 

 

36 
 

 

 

 

Scheme I.6. Transition Cu-catalyzed synthesis of quinazolines using inexpensive CuCl as 

catalyst, without ligands/organic oxidants and reaction at room temperature being an 

environmentally benign and economically feasible reaction. Scheme extracted from ref. 193.  

 

 

X-D. Chen and coworkers194 reported metal-organic frameworks (MOFs) copper-

based as promising catalysts under the point of view of their environmental friendly 

features such as the use of renewable and sustainable energy of visible light and 

potential catalyst recyclability. The group developed potential heterogeneous 

photocatalysts, a family of three copper (II) coordination polymers bearing different Cu-

O assemblies with ligands 4,4′-disulfo-[1,1′-biphenyl]-2,2′-dicarboxylate acid 

(H4DSDC), namely, {[Cu7(DSDC)2(OH)6(H2O)10]·xH2O}n, as is shown in (Scheme I.7). 

The polymer catalyzes the visible-light oxidation of alcohols at mild conditions using 

hydrogen peroxide as an oxidant, demonstrating a satisfactory efficiency. For this 

photoreaction, the extent of oxidation over aryl primary alcohols was fully controllable 

with time-resolved product selectivity, giving either corresponding aldehydes or 

carboxylate acids in good yields. It is worth mentioning, that the photocatalyst was able 

to be recovered quantitatively once the reaction was finished without any structure 

changes, and it could be recycled for catalytic use for at least five cycles with constant 

efficiency.  
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Scheme I.7. On the top: [Cu7(μ3-OH)6(H2O)10]
8+

 cluster in complex surrounded by DSDC
4−

 

ligands, showing coordination geometries of the Cu(II) centres. On the bottom: Reaction 

conditions for the photooxidation of benzyl alcohol to benzaldehyde ( t= 24 h) and benzoic acid 

(t= 60 h).  Schemes modified and extracted from ref. 194.  

 

H-S. Soo and co-workers195 reported a vanadium photocatalyst for the 

transformation of hydroxyl-terminated polymers such as polyethylene glycol, the block 

co-polymer with polycaprolactone, and the non-biodegradable polyethylene into fuels 

and chemical feedstocks, such as formic acid and methyl formate (see, Figure I.17). 

This work integrates the benefits of the photoredox catalysis into environmental 

remediation and artificial photosynthesis. The cleavage and oxidation of the different 

aromatic alcohols yielded conversions > 95 % in most cases into different aldehydes, 

and hydroxylated derivatives using hydrogen atom transfer (HAT) as antioxidants to 

preserve the selectivity of the reaction over the production of the desired products 

when it was needed.  
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Figure I.17. C-C bond cleavage reaction in different large alcohols using the catalyst depicted 

as 2e (on the right). Figure extracted and modified from ref. 195. 

 

The use of iron catalysts in photochemistry has sprung up owing to their 

abundance, low price, nontoxicity, and novel properties, including the exhibition of 

ligand to metal charge transfer states. To date, there have been important progresses 

on the utilization of iron complexes in photoredox catalysis for organic 

transformations.196 

In this direction an iron catalyst for visible-light-driven oxidation reactions was 

developed by Wolf and co-workers197  for the photocatalytic oxygenation of alkyl 

benzenes delivering the desired ketones and carboxylic acids with high yields and 

selectivity. In this system, a tris(2-pyridylmethyl)amine iron complex was used to 

catalyze the disproportion of hydrogen peroxide produced in the reaction, which 

prevented the degradation of the vitamin B2 derivative riboflavin tetraacetate (RFT) as 

well introduced on the reaction, owing to the low concentration of H2O2.  

Selective oxidation of alkanes is an efficient method to synthesize alcohols and 

ketones.198 Recently, iron (III) complexes were found to be efficient catalysts in 

photocatalytic oxidation reactions. Jiang, Quiao and co-workers199 shows a 

tetrahalogenoferrate (III) complex as photocatalyst for the selective oxidation of 

alkanes. The method has been employed for the photooxygenation of benzylic C(sp3)-

H and the challenging aerobic oxidative transposition of vinyl halides, which allows a 

well chemoselective approach to carbonyl compounds in moderate to excellent yields.  

Another iron complex [(MeN4Py)FeII(CH3CN)]2+ was reported by Browne et al.200 

the complex catalyzed the oxidation of methanol to formaldehyde using molecular 

oxygen as oxidant under the irradiation at 365 nm at room temperature, achieving 
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TON=50 in the oxidation reaction.201  

 

Cerium is among the earth-abundant elements (~101.5 atoms per 106 atoms of Si), 

with comparable abundance to copper, and cerium reagents have been widely used in 

synthetic and material chemistry, displaying a wide range of photocatalytic pathways 

for organic transformations. Related with the substrate oxidations, J.-J. Guo et al.202 

reported recently about the photocatalytic alkoxy radical-mediated transformations, 

based on a previous work reported by the same group.203  Under redox-neutral 

conditions, in the presence of catalytic amounts of cerium trichloride and tert-

butylammonium chloride, cyclic alcohols could be directly oxidized to aminated ketones 

via an alkoxy radical-mediated C-C bond scission and radical amination pathway. This 

protocol could be applied to the efficient and selective C-C bond functionalization of a 

wide range of cyclic alcohols. Hence, numerous secondary alcohols can also be 

cleaved and functionalized, under the catalytic conditions, to achieve the formation of 

cyclic ketones via direct oxidation.  

 

B. Cooperative photoredox catalysts 
 

Cooperative photoredox catalysis entails a new progress in this field and refers to 

a first catalyst that is photochemically active, while the second is redox-active in the 

absence of light.204 This strategy allows multielectron photoredox catalysis with the help 

of a second redox catalyst, avoiding the single electron transfer (SET) imposed by the 

photoredox catalyst. The union in one single complex of a photoredox catalyst and a 

transition metal catalyst could result in higher efficiency and may lead to new selective 

light-induced organic transformations.  

Inside the mark of cooperative photoredox catalysis oriented to photoredox 

oxidation reactions we will expose different examples classified in base on the nature 

of the system, thus, we can find different cooperative systems: i) based in two separate 

complexes in the reaction media (photoredox catalyst and transition metal catalyst); ii) 

based in one complex that contents both parts linked by an organic linker or iii) sharing 

a common bridging ligand or are directly connected.  
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B.1. Cooperativity in photoredox catalysis in two separate complexes.   

 

Inside the mark of the formation of carbon-carbon bonds, the concept of 

cooperative photoredox catalysis operates well for selective oxygenation of organic 

molecules with a ruthenium or iridium complexes photoredox catalyst and transition-

metal catalysts (Scheme I.8).  The mechanism of two-electron transfer is commonly 

used for the transformation of one organic molecule, although a single-electron transfer 

is more frequent inside the mark of photoredox catalysis. Thus, the use of a catalyst 

based on transition-metals to accumulate two oxidation events generated by a 

photoredox catalyst to engender a high valence state , results in a good option for the 

oxidation of one molecule.  

Fukuzumi, Nam and co-workers reported in 2011205 about a cooperative effect 

between Mn complex (m1) and Ru-complex photoredox catalyst (a) (equation 1, 

scheme I.8) in different oxygenation reactions such as the epoxidation of alkenes and 

the hydroxylation of alkanes with water as the oxidant. The oxidative quenching of the 

excited Ru complex by [CoIII(NH3)5Cl]2+ leads to a RuIII specie, which can induce the 

oxidation of MnIII to MnIV. Accompanied by the oxidation of water, i.e., PCET, the MnIV 

is oxidized by another RuIII that leads to MnV-oxo specie, from which the oxygen atom 

transfers to the organic substrate, resulting in an oxidation product with high quantum 

efficiency. The selective oxygenation of sulfide using sodium persulfate as sacrificial 

electron acceptor have been done using a Fe complex (m2), 206  which works in a 

cooperative manner with the photoredox catalyst of ruthenium (Scheme I.8 a) 

(equation 2, scheme I.8).  
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Scheme I.8. Cooperative photoredox catalysis in two separate complexes. Schemes extracted 

and modified from ref: 205, 206 and 207. 

 

Zhao and co-workers,207 demonstrated the coupled production of H2 and 

oxygenation of a hydrocarbon carried out with two photoredox catalysis reactions 

working in concert. (equation 3, scheme I.8). The oxidation catalyst m3 to RuIV-oxo 

driven by RuIII, generated by the oxidative quenching of Ru complex (a), performs the 

half-reaction of the oxygenation of the hydrocarbon; the reduction catalyst Fe(CO)5 

driven by IrII formed by the reductive quenching of Ir complex (b’) executes the 

reduction of protons. The electrons exchange of the two excited photoredox catalyst 

stabilizes the charge of the overall system. 

More recently, Mn(V) nitride complex [Mn(N)(CN)4]
2- was reported as an efficient 

catalyst for visible-light induced oxidation of alkenes and alcohols in water using 

[Ru(bpy)3]
2+as photosensitizer and [Co(NH3)5Cl]2+ as a sacrificial oxidant. Alkenes were 

oxidized to epoxides and alcohols to carbonyl compounds, through proton-coupled 

electron transfer (PCET) processes.208  

At the same time, Stephenson and co-workers reported about successful dual 

photoredox/Pd catalysis for the efficient oxidation of several lignin model substrates to 

their corresponding ketone in high yields, an oxidation mechanism is shown in 

(Scheme I.9).209  
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Scheme I.9. Oxidation of lignin systems by merging palladium with photocatalysis. Scheme 

extracted from ref.  209.  

 

B.2.  Cooperativity in photoredox catalysis in one complex.   

 

The linking of a photoredox catalyst and a transition metal catalyst into one 

complex could to leave to an enhancement of the efficiency of the catalytic reaction or 

may be new activity for the selective visible-light-induced organic transformations.  

In a general overview, two methods are reported about the linking of a photoredox 

catalyst and a transition-metal catalyst, in one, the photoredox catalyst and transition-

metal catalyst are connected with an organic linker, where both parts can operate 

independently in their common roles; in the other, the central metal atom of the 

transition-metal catalyst share a common bridging ligand or an organic linker or simply 

are directly connected.  The merging of two complexes in a unimolecular system, 

considering that the linker does not alter the electronic properties, supposes the 

prediction of additional findings in comparison with the separate complexes.  
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B.2.1. Photoredox and transition metal catalyst connected by organic linkers. 

In this context, Rocha and coworkers210 have described the selective oxidation of 

alcohols to aldehydes in aqueous media performed by some ruthenium dyads (aa) and 

(ab) using [CoIII(NH3)5Cl]2+ as sacrificial oxidant (equation 1, scheme I.10). Fu and 

Chao in 2013,211 reported that the Ru-Fe complex ac can perform the oxygenation of 

triphenyl phosphine in aqueous media. In contrast to the reaction pathway exposed in 

previous where Na2S2O8 plays the role as the electron acceptor, the role of 

[CoIII(NH3)5Cl]2+ as an electron acceptor is less ambiguous. It only results in the 

oxidative quenching of the excited Ru unit in the complex (ac) to produce RuIII 

(equation 2, scheme I.10). Accompanied by PCET, the consecutive oxidation of FeII 

with two RuIII produces FeIV-oxo, transferring the oxygen atom to triphenyl phosphine.  

Numerous photocatalytic reactions have been well established today and 

photocatalytic oxidation of organic substrates as the selective oxidation of organic 

sulfides is of significant interest.212 Oxidation of sulfides can generate sulfoxides that 

are an important class of compounds in organic synthesis and pharmaceuticals.213 

Many homogeneous photocatalytic systems have been developed for this 

transformation using metal complexes and organic dyes.214 

Almost at the same time, Hamelin, Torelli and co-workers215 in 2015 reported 

about the visible-light-induced aerobic oxidation of sulphides to sulphoxide, using O2 

rather than water as the terminal oxidant, by means of Ru-Cu complex (ad) (equation 

3, scheme I.10). The Ru-Cu complex (ad) oxidates sulphide, phosphine, and alkenes 

in an efficient manner. The reaction is performed by the reductive quenching of the Ru 

unit by triethanolamine (TEOA) to produce RuI specie. Electron transfer from RuI 

results in the recovery of the Ru unit and the reduction of CuII to CuI. The latter can 

activate O2 for the oxidation of organic substrates. 

In this type of oxidation reactions, the loading of catalysts is still relatively high. For 

instance, several chromophore-catalyst assemblies containing ruthenium(II)-based 

chromophore were studied for this purpose using water as an oxygen source.216 

However, these photocatalytic procedures displayed limited TON numbers. In addition, 

sacrificial reagents are needed, but in some dyes display low stability upon irradiation 

in the presence of O2 and can lower the TON even more.217 With all this in mind, M. 

Zhao et. al.218 reported about a molecular chromophore-catalyst assembly containing a 

chromophore ruthenium (II) center (RuII
chro) and a catalytic coper (II) center (CuII

cat). 
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This bimetallic complex was used in the photocatalytic oxidation of sulfides without 

sacrificial reagent in the presence of dioxygen under blue light irradiation. The 

procedures allowed to obtain TON=32000. 

 

 

 

Scheme I.10. Organic-linker-connected photoredox catalyst and transition-metal catalyst for the 

oxidation of organic compounds. Scheme extracted and modified from ref: 210, 211, 212. 

 

B.2.2. Photoredox and transition metal catalyst sharing a ligand. 

As an alternative of an organic linker, a shared bridging ligand can connect the two 

functionalities together as well. The visible-light-absorbing unit, or a photoredox 

catalyst, and the bridging ligand and reactive central metal atom are the three 

interconnected components for a successful architecture that might upgrade existing 

discoveries or permit us to carry out novel tasks. The substitution of the electronic 

properties of the two central metal atoms with a shared bridging ligand is important. 
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Curiously, numerous reaction types that cannot be conducted with two separated 

complexes can be performed by through this paradigm of cooperative photoredox 

catalysis. The selective oxygenation of sulphides mentioned before, which can be 

performed with a mixture of a photoredox catalyst and a transition-metal catalyst, 

furthermore, can be performed with the Ru-Ru complex (ag), (Scheme I.11) , where 

one Ru unit carry out the task of the redox catalyst.219 The oxidative quenching of the 

excited Ru unit to RuIII is accompanied by PCET to produce RuIV-oxo specie in the 

redox catalytic unit. The latter oxo specie confers the oxygen atom onto the sulphide to 

complete the oxidation reaction. The (ag) complex demonstrated to be more efficient 

than the bimolecular system.  

 

 

 

Scheme I.11. Bridging-ligand-connected photoredox catalysts and transition-metal catalysts for 

organic transformations. Scheme extracted and modified from ref: 219. 
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Chapter III. Objectives 

 
 
 

 

 

 

 



 

 

 

 

 

 

 

  

 



Chapter II 
II 

 

49 
 

The main research lines of the groups where this PhD Thesis has been developed 

are, on the one hand, the evaluation of metallacarboranes compounds in diferent types 

of applications and, on the other hand, the study of transition metal compounds as 

catalysts and photocatalysts in oxidation reactions.  

 

As it has been in the introduction chapter, metallacarboranes of the type 

cobaltabisorthodicarbollide, which are the most representative of this group,  are highly 

robust species able to withstand harsh conditions. Contrarily to some ruthenium 

compounds like [Ru(bpy)3]
2+, the cobaltabis(dicarbollide) upon excitation no produces 

fluorescence. These properties motivated us to study the possible performance of  

metallacarboranes as a non-conventional photocatalyst. Metallacarboranes have never 

been used as part of a photocatalytic system, although they have been tested as 

catalyst in different synthetic processes. Metallacarboranes despite being purely 

inorganic molecules they have a substitution behaviour comparable or superior to 

organic frameworks, an important aspect that could introduce hybrid systems with new 

and interesting innovative features in photocatalysis.  

 

On the other hand, one of the challenges of this century is to design improved active 

and selective catalysts respectful with environment. From a sustainable perspective, 

one of the ways that makes the reuse of catalysts and photocatalysts possible is their 

heterogeneization on solid supports. In this way, costs, toxicity and waste formation 

can be reduced. 

 

For this purpose, the objectives of this thesis were the design of new systems based in 

metallacarborane compounds and their evaluation in photoredox oxidation catalysis of 

alcohols and alkenes, using a green methodology based in the use of water and light, 

together with the heterogeneization of these systems on the surface of magnetic 

nanoparticles.  

 

On the basis of the above considerations , the specific objectives for this PhD 

thesis were: 

 

 The synthesis and characterization of the cobaltabisorthodicarbollide [Na.2,5 

H2O] [3,3‟-Co(1,2-C2B9H11)2], Na[1], and its dichloro [3,3‟-Co(8-Cl-1,2-

C2B9H10)2]
- [Cl2-1]-, and hexachloro derivatives [3,3‟-Co(8,9,12-Cl3-1,2-

C2B9H8)2]
-,[Cl6-1]- (Figure II.1) following the procedures described in the 
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literature. We use sodium as counterion due to the high solubility of the 

corresponding metallabisdicarbollide in water.  

 

 The computational studies through TD-DFT calculations, in order to get more 

detailed insight into the character of the electron transitions of [3,3‟-Co(1,2-

C2B9H11)2]
- and to know the type of charge transfer that takes place under 

excitations at 293 nm, which is the most intensive band in the UV spectrum. 

 

 The study of the photocatalytic behavior of these compounds, in the 

photooxidation of alcohols in water, under different catalytic conditions, in some 

cases, under uncommon conditions from 0.01 to 0.1 mol% of catalyst. In all 

cases the metallabisdicarbollides perform two roles: photosensitizers and 

catalysts at once. Also, the study of the influence of lamp frequency on the 

efficiency of the catalysts.  

 

 The study of the photoredox oxidation of alkenes in water  by Na[1] and the 

optimization of conditions. For the purpose of comparison, we want to study the 

performance of the conventional photosensitizer tris(2,2′-bipyridine) 

ruthenium(II) ([Ru(bpy)3]
2+), in the photoredox oxidation of alkenes, under the 

same catalytic conditions.  

 

 

 The heterogenization of the homogeneous photoredox catalyst 

cobaltabisorthodicarbollide [1]-, on magnetic nanoparticles (MNP) coated with a 

silica layer functionalized with amine groups Fe3O4@SiO2-NH2 (MSNP-NH2), 

and the full characterization of the functionalized supports to learn about  their 

morphology and colloidal stability. The colloidal stability of the MNP in water will 

be studied using different surfactants, since this is a huge issue in catalysis. 

The immobilization is based in the formation of a hybrid material linked by ionic 

interactions between [1]- and the functionalized magnetic nanoparticles with 

amine groups, (MSNP-NH2).  

 

 The study of the performance of the cobaltabisorthodicarbollide as a 

heterogeneous catalyst in the photooxidation of aromatic and aliphatic alcohols 

in aqueous media, even using small loadings of the catalyst and short catalytic 

times and the re-utilization of the corresponding supported catalyst.  
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 The design and synthesis of a cooperative photoredox catalytic System, 

[RuII(trpy)(bpy)(H2O)][(1,2-C2B9H11)2Co]2 (C4, where trpy=terpyridine and 

bpy=bipyridine; where the photoredox metallacarborane catalyst [1]- and the 

oxidation catalyst [RuII(trpy)(bpy)(H2O)]2+ are linked by noncovalent interactions, 

together with their complete spectroscopic and electrochemical 

characterization. 

 

 The study of their catalytic activity in the photooxidation of aliphatic and 

aromatic alcohols and alkenes, in aqueous media. 

 

 The study of the photocatalytic behavior of the ferrabisorthodicarbollide 

[Na·2,5H2O][3,3‟-Fe(1,2-C2B9H11)2], Na[2] in the oxidation of alcohols and 

alkenes in water, together with a comparative study of its efficiency compared 

to the previous compounds studied. 

 

 
 

Figure II.1. 1 Compounds used in this work.  





 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Chapter IV. Experimental section 
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III.1. Materials 

All reagents used in the present work were obtained from Aldrich Chemical Co and 

Panreac Applichem and were used without further purification. Reagent grade organic 

solvents were obtained from SDS, and high-purity deionized water was obtained by 

passing distilled water through a Milli-Q water purification system.  

All synthetic manipulations were performed under nitrogen atmosphere using vacuum 

line techniques. 

 

III.2. Preparations  

 

III.2.1. Synthesis of metallacarborane compounds 

[Na·2.5H2 ] [3,3’-Co(1,2-C2B9H11)2] (Na[1]),220 [Na·2.5H2 ][3,3’-Co(8-Cl-1,2-

C2B9H10)2] (Na[Cl2-1]),221 [Na·2.5H2 ][3,3’-Co(8,9,12-Cl3-1,2-C2B9H8)2] (Na[Cl6-

1]),221,222 H[3,3‟-Co(1,2-C2B9H11)2] (H[1]),223  Ag[Co(1,2-C2B9H11)2] Ag[1], C3,224 were 

synthesized from commercial Cs[Co(1,2-C2B9H11)2], Cs[1] and  [Na·2.5H2 ] [3,3’-

Fe(1,2-C2B9H11)2] (Na[2])47 was synthetized from ortho-nido-carborane compound. All 

the compounds were synthesized following the methods described in the literature.  

 

III.2.2. Synthesis of ruthenium compounds 

[RuIIICl3(trpy)] (C1),225 [RuIICl(trpy)(bpy)]Cl (C2), [RuII(trpy)(bpy)(OH)2](ClO4)2 or [RuII 

(trpy)(bpy)(OH)2](PF6)2 both (C2’),226  were synthesized following the methods described 

in the literature.  

 

-Synthesis of [RuII(trpy)(bpy)(H2O)] [(1,2-C2B9H11)2Co]2   (C4) 

 

A 90 mg sample of C2 and 173 mg sample of Ag[1] were dissolved in 60 ml of acetone 

: water (1:1) and the resulting solution was refluxed for 3h. Then, AgCl was filtered off 

through a frit containing celite. The volume of the solution was reduced, and the 

mixture chilled in a refrigerator for 48 h. The orange dark precipitate was collected on a 

frit, washed with cold water and anhydrous ethyl ether and then vacuum-dried.  
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Yield: 134.69 mg( 89.93%). Anal. Found (Calc.) for C33 H65 B36N5Co2ORu 1.5 H2O . 

2Et2O : C, 37.04 (36.99); H, 6.24 (6.66); N, 5.19 (5.26). 1H-NMR (acetone-d6, 400 

MHz): δ  9.87 (d, 1H, 3JH-H = 5.6 Hz, 1H, H1), 8.98 (d, 1H, 3JH-H = 8.1 Hz, 1H, H7), 8.91 

(d, 3JH-H = 8.0 Hz, 2H, H17, H19), 8.76 (d, 3JH-H = 8.1 Hz, 2H, H14, H22 ), 8.64 (d, 3JH-H 

= 8.1 Hz, 1H, H4 ), 8.52 (t, 3JH-H = 8.1 Hz, 1H, H8), 8.43 (t, 3JH-H = 8.1 Hz, 1H, H18), 

8.23 (t, 3JH-H = 7.1 Hz, 1H, H9), 8.16 (t, 3JH-H = 8.1 Hz, 2H, H13, H23), 8.04(d, 3JH-H = 

5.6 Hz , 2H, H11, H25), 7.88 (t, 3JH-H = 8.4 Hz, 1H, H3), 7.55 (ddd, 3JH-H = 7.9 Hz, 8.0 

Hz, 4JH-H = 1.3 Hz, 3H, H10, H12, H24), 7.17 (t, 3JH-H = 7.0Hz, 1H, H2), , 5.83 (s, 2H, 

Ru-OH2), 3.98 (s, 8H, Cc-H). 1H{11B}-NMR (acetone-d6, 400 MHz): δ  3.98 (s, 8H, Cc-H 

), 3.41 (s, 4B-H, B8, B8‟ ), 3.16 (s, 4B-H, B10, B10‟ ), 2.75(s, 8B-H, B4, B4‟, B7, B7‟), 

1.96 (s, 8B-H, B9, B9‟, B12, B12‟ ), 1.68 (s, 4B-H, B6, B6‟ ), 1.59 ( s, 8B-H, B5, B5‟, 

B11, B11‟).  11B NMR (acetone-d6, 128 MHz): δ 6.31 ( d, 4B, JB-H = 144.3 Hz, B-H ), 

1.13 ( d, 4B, JB-H = 143.5 Hz, B-H), -5.87 (m, 16B, B-H ), -17.45 (d, 8B, JB-H = 156.0 Hz, 

B-H ), -22.90 (d, 4B, JB-H = 165.3 Hz, B-H). 11B{1H}-NMR (acetone-d6, 128 MHz): δ 6.33 

(s, 4B, B8, B8‟), 1.19 (s, 4B, B10, B10‟), -5.87 (d, JB-B = 95.4 Hz 16B, B4, B7, B4‟, B7‟, 

B9, B12, B9‟, B12‟), -17.40 (s, 8B, B5‟, B11‟, B5, B11), -22.84 (s, 4B, B6‟, B6). 13C{1H}-

NMR (acetone-d6, 100 MHz): δ 159.42, 158.98, 153.69, 153.55, 150.66, 138.74, 

138.46, 128.32, 127.91, 126.68, 126.50, 124.27, 124.17, 123.63 and 123.47 (C Ru 

trpy-bpy), 51.11 and 50.89 (Cc). IR (ν,  cm-1): 3039, 2922, 2854, 2531, 1601, 1446, 

1464,1384, 1095, 1016, 980, 884, 761. E1/2 (CH2Cl2+ 0.1 M TBAH) CoIII/II, -1.37 V;  

CoIV/III, 1.38 V; RuIII/II, 0.70 V; RuIV/III, 1.06 V vs Ag. UV-vis (CH2Cl2,1.16x10-5 M):  max nm 

(ε, M-1 cm-1) 279 (37297), 292 (42727), 325 (66493), 392 (9686), 477 (8362). ESI-MS 

(m/z):  [M-Cosane-H2O]+ 814.4 (100%); [M-Cosane]+ 831.4 (31%).  

 

-Synthesis of   [RuII(trpy)(bpy)(CH3CN)] [(1,2-C2B9H11)2Co]2   (C5)  

 

[RuII(trpy)(bpy)(CH3CN)] [(1,2-C2B9H11)2Co]2 (C5), was synthesized from 

[RuII(trpy)(bpy)(H2O)] [(1,2-C2B9H11)2Co]2  (C4) by recrystallization of the latter C4 in 

acetonitrile solution, yellow needles suitable for X-ray diffraction were obtained 

corresponding to complex C5.  

UV-vis (CH3CN, 1.16x10-5 M):   max nm (ε, M-1 cm-1) 287 (59852), 308 (31314), 

333(11997), 464 (5774). 
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III.2.3 Preparations of heterogeneous systems 

 

The syntheses of Magnetic nanoparticles (MNP) were prepared according to 

literature procedures,227 using the aqueous co-precipitation method. This core was then 

further encapsulated in a silica shell using the Stober process.228 After having the 

MNPs coated with SiO2, (MSNPs) they were further functionalized by amino groups. 

 

-Synthesis of Fe3O4 core  

First, NaOH (15 g, 375.02 mmol) was dissolved into 25 mL of double-distilled water. 

Then, a mixture of FeCl2.4H2O (2 g, 10.05 mmol), FeCl3.6H2O (5.2 g, 19.23 mmol), 25 

mL of double distilled water and 0.85 mL of HCl (12 M) was added dropwise with 

vigorous stirring to make a black solid product. The resultant mixture was heated using 

an oil bath for 4h at 80 0C. The black magnetite solid MNPs were isolated using an 

external magnet and washed three times with deionized water and finally one with 

ethanol, and then dried at 80 0C for 10 h.   

 

-Synthesis of Fe3O4 @SiO2  core-shells (MSNP). 

Fe3O4 (0.5 g, 21 mmol) was dispersed in a mixture of ethanol (100 mL)  and deionized 

water (25 mL) for 30-40 minutes using an ultrasound bath. Then, 2.5 mL of NH3 (30 %, 

for analysis) was added followed by the dropwise addition of tetraethoxysilane (TEOS) 

(1.5 mL). This solution was stirred mechanically for 6 hours at room temperature. Then, 

the product Fe3O4@SiO2 was separated using an external magnet and was washed 

three times with deionized water and finally with ethanol, and then dried at 80 0C for 10 

hours. For this reaction our group designed a new Teflon covered system with a crystal 

mechanical stirring rod (see Annex II). 

 

-Synthesis of Small and Large particles. 

The smaller silica-coated particles are synthesized using the standard silica coating 

procedure reported above. In the case of larger particles, the magnetite core reaction is 

stirred for 6 h and the silica reaction is stirred for 12 or 18 hours depending on the size 

needed to be produced. The quantity of TEOS to be added can also be controlled on 

the necessity of thickness of the shell. The biggest advantage of this method lies in the 

fact that it helps to change the size of the particles by modifying the time and 
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temperature of the reaction. The silica coating using Stober process can also be done 

at a mild temperature (40 0C) in need for thicker coatings over the magnetite core. This 

flexibility in the process makes it attractive but the disadvantage of this procedure lies 

in less control of the mono-dispersity of the particles.  

 

 -Synthesis of amine functionalized silica, Fe3O4@SiO2-NH2  (MSNP-NH2). 

A mixture of Fe3O4@SiO2 (0.2 g) was dispersed in ethanol (45 mL). Then 5 mL of 3-(2-

aminoethylamino)propylmethyldimethoxy silane (APMS) was dissolved in 20 mL of 

ethanol and added to the suspension of Fe3O4@SiO2 in ethanol. The pH value of the 

reaction mixture was set to 11 using tetramethylammonium hydroxide (TMAH). The 

reaction mixture was then heated to 50 0C and stirred for 5 h. After ageing for a night, 

the suspension of functionalized nanoparticles was completely stable. It was then 

precipitated using NaCl solution. Then, the nanoparticles were thoroughly washed with 

distilled water using magnetic separation and finally dried at 80 0C in vacuo.  

For this amine functionalization instead of APMS other reagents like (3-aminopropyl) 

triethoxy silane (APTES) of (3-aminopropyl) trimethoxy silane (APTMS) can also be 

used which give the same result.  

 

-Synthesis of COSAN functionalized silica, Fe3O4@SiO2-NH2-H[COSAN], (MSNP-

NH2@H[1]). 

Fe3O4@SiO2-NH2 (0.05 g) was suspended in 10 mL of water containing 5 mM of H 

[3,3‟-Co (1,2-C2B9H11)2], H[1].231 The mixture was sonicated in an ultrasound bath for 

30 minutes and then washed 10 times with water using magnetic separation. Finally, 

the sample was dried under vacuum at 80 0C.  

 

III.3.   UV-visible studies from COSAN functionalized silica, Fe3O4 

@SiO2-NH2 -H [COSAN], (MSNP-NH2@H[1]) 

 

The sample for this experiment was prepared by mixing 0.005 g of Fe3O4@SiO2-

NH2 in a solution of 1mM of H[1] (0.0163 g, 0.0501 mmol) in 50 mL of water, sonicating 

for 15 minutes, and then collecting the MNPs with the help of a magnet for about 10 

minutes; the MNPs are concentrated at the bottom of the flask and the clear liquid at 
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the top is measured in the UV-Visible.  This procedure was done for 0.005, 0.01, 0.015, 

0.02, 0.025 and 0.03 g of Fe3O4@SiO2-NH2 keeping constant the amount of H[1]. The 

UV-visible absorbance decrease with the addition of magnetic nanoparticles and the 

difference between the two absorbance peaks permits to quantify the H[1] anchored to 

the surface of the nanoparticles.  

 

III.4. Colloidal stability studies from Fe3O4 @SiO2-NH2  

 

0.005 g of Fe3O4@SiO2-NH2 was suspended using ultrasound sonication in 10 mL 

of distilled water in 5 different vials. After 5 minutes of sonication the MNPs were well 

dispersed in water. Then 0.0025 g of five different surfactants were added in each vial 

and sonicated further for another 5 minutes. These samples were taken to be tested 

using ζ-potential to check the stability. After that, another 0.0025 g of the surfactants 

were added in their respective vials totaling the amount of surfactant to be 0.005 g in 

each vial and sonicated for another 5 minutes and tested for ζ- potential values. This 

was continued further by the addition of up to 0.03 g of surfactant in each of their 

respective vials, followed by sonication and then testing their stability by using ζ-

potential.  

 

III.5. Computational details from calculations. 

 

All calculations were carried out with the Gaussian 09 program package229 at the 

B3LYP/6-311+G** level of theory. For Ru the Def2TZVP basis set was used. Full 

geometry optimization calculations were performed and harmonic vibrational 

frequencies were calculated to establish the nature of the stationary points obtained, as 

characterized by no one negative eigenvalue of the Hessian for minima structures. The 

NTOs, electron and hole distributions, and charge-density difference maps were 

calculated with the Multiwfn program.230 For the visualization the MOLDEN231 and VMD 

programs232 were used.  
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III.6. Crystallographic Data Collection and Structure  

 

Measurement of the C5 crystals were performed on a BRUKER SMART APEX CCD 

diffractometer using graphite-monochromated Mo Kα radiation (  = 0.71073Å) from an 

X-Ray tube. Programs used: data collection, Smart Version 5.631 (BrukersAXS 1997-

02); data reduction, Saint+ Version 6.36A (Bruker AXS 2001); absorption correction, 

SADABS version 2.10 (Bruker AXS 2001), structure solution SHELXTL (V 6.14, Bruker 

2003) and structure refinement SHELXL-2018/3 (Sheldrick, 2018). The crystallographic 

data as well as details of the structure solution and refinement procedures are reported 

in Annex S.I.III. CCDC 2058809 for C5 contains the supplementary crystallographic 

data for this compound, C5. These data can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/products/csd/request/ 

 

Complex Color 
Solvent of 

crystallization 
T(K) 

Ɵ 

range 

Data 

collection 

Number of 

reflections 

Unique 

reflections 

[R(int)] 

C5 orange acetonitrile 100 
1.6-

28.3
0
 

full- 

sphere, ω 

and φ 

  scans 

18893 11984[0.050] 

 

 

III.7.   Photocatalytic oxidation studies 

III.7.1.   Photocatalytic oxidation of alcohols  

III.7.1.1. Homogeneous phase 

 

Different metallacarboranes with the shape of the Greek letter Θ, such as [2.5· 

H2O][3,3‟-Co(1,2-C2B9H11)2] (Na[1]), dichloro derivative [2.5·H2O][3,3‟-Co(8-Cl-1,2-

C2B9H10)2] (Na[Cl2-1]) , hexachloro derivative [2.5•H2O][3,3‟-Co(8,9,12-Cl3-1,2-

C2B9H8)2] (Na[Cl6-1]), [2.5·H2O][3,3‟-Fe(1,2-C2B9H11)2] (Na[2]), [RuII(trpy)(bpy)(H2O)] 

(C2’) and cooperative catalysts with ruthenium aquo complexes as 

[RuII(trpy)(bpy)(H2O)][(1,2-C2B9H11)2Co]2 (C4), were tested ,as efficient photoredox 

http://www.ccdc.cam.ac.uk/products/csd/request/
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catalysts in the oxidation of aromatic, aliphatic alcohols in water.  

  

A quartz tube containing an aqueous solution (5 mL) at pH 7.2 (phosphate buffer) with 

the corresponding catalyst, alcohol as substrate, and Na2S2O8 or an air stream as 

sacrificial acceptor was exposed to UV light (2.2 W, ʎ=253.7, 300 or 352 nm) for 

different times.  

The complex: substrate: sacrificial oxidant ratios used (1:250:500, 1:1000:2000, 

1:10000:20000, 1:10000:10000, 1:10000:5000, 1:10000:40000, 1:20000:40000 and 

1:20000:20000) corresponding to concentrations of 0.08:20:40 mM, 0.02:20:40 mM, 

0.002:20:40 mM, 0.002:20:20 mM, 0.002:20:10 mM, 0.002:20:80 mM, 0.001:20:40 mM 

and 0.001:20:20 mM, respectively), were varied according to the study. For each 

experiment, light illumination was supplied by a light reactor with twelve lamps that 

produce UVA light at room temperature. The resulting solutions were extracted with 

CH2Cl2 three times in the case of aromatic alcohols and with diethyl ether in the case of 

aliphatic alcohols. The solution was dried with anhydrous sodium sulfate and the 

solvent was evaporated under reduced pressure. To check the reproducibility of the 

reactions all the experiments were carried out three times. The reaction products were 

quantified and characterized by 1H NMR spectroscopy using tetramethylsilane (TMS) 

as internal standard in the case of primary aromatic alcohols. In a second set of 

experiments, NEt3 or K2CO3 was added to water as a base.  

 For comparison with NMR measurements, the oxidation products were also 

determined by gas chromatography. To each aliquot of the reaction, biphenyl or 

naphthalene as internal standards and analyzed in a Shimadzu GC-2010 gas 

chromatography apparatus equipped with an Astec CHIRALDEX G-TA column and a 

FID detector, and quantification was achieved from calibration curves.  

 

III.7.1.2. Heterogeneous phase 

 

Alcohol (0.1 mmol) and Na2S2O8 (0.2 mmol) were dissolved in 5 mL of distilled 

water (K2CO3, pH=7) together with 5 mg of MSNP-NH2@H[1] (0.1 µmol catalyst). The 

amount of heterogenized catalyst was calculated taking into account the 

functionalization of magnetic nanoparticles. In the case of addition of the surfactant 

cetyl trimethyl ammonium chloride (CTAC), the concentration used was 0.4 mM. The 
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general photocatalytic oxidation experiments were all performed by exposing the 

reaction quartz vials to UV irradiation (ʎ= 300 nm), at room temperature and 

atmospheric pressure, for different times. The complex/substrate/sacrificial oxidant 

ratios used (1: 1000: 2000 and 1: 10000:20000 that correspond to the concentrations 

of 0.02: 20: 40 mM and 0.01: 100: 200 mM) were varied according to the study. For 

every experiment, light illumination was supplied by a light reactor with twelve lamps 

that produce UVA light at room temperature. A magnet was used for the separation of 

the catalytic material from the reaction medium. The reaction products were extracted 

with dichloromethane (3 x 10 mL). The combined organic phases were dried over 

sodium sulfate, and the solvent was evaporated under reduced pressure. To check the 

reproducibility of the reactions, all of the experiments were carried out three times. The 

reaction products were quantified using 1H NMR spectroscopy and confirmed by gas 

chromatography-flame ionization detection (GC-FID) and gas chromatography-mass 

spectrometry (GC-MS) analysis or high-performance liquid chromatography-mass 

spectrometry (HPLC-MS). 

 

Recycling experiments 

 

After finishing each catalytic experiment, the heterogeneous catalyst was separated by 

a homemade structure based on magnets, used for catalyst separation material from 

the reaction medium.  Upon the solution of interest to be extracted and analyzed was 

separated, the heterogeneous catalyst remaining in the catalytic quartz tube, thanks to 

the magnets, was washed four times with distilled water, and reused in subsequent 

runs.  

 

III.7.2. Photocatalytic oxidation of alkenes  

 

A quartz tube containing an aqueous solution (5 mL) at pH 7 (K2CO3) with Na[1],   

Na[2], or [Ru(bpy)3]Cl2 as catalysts, alkene as substrate, and Na2S2O8 as sacrificial 

acceptor was exposed to UV light (2.2 W, ʎ= 300 nm) for different times. In the case of 

Na[1] or Na[2], the complex: substrate: sacrificial oxidant ratios used (1:1000:2000, 

1:1000:1300, 1:10000:20000 and 1:10000:13000 corresponding to concentrations of 

0.02: 20: 40 mM, 0.02: 20: 26 mM, 0.002: 20: 40 mM and 0.002: 20: 26 mM, 

respectively. The concentrations were varied according to the study. For each 



Chapter III 
II 

 

63 
 

experiment, a light reactor supplied light illumination with twelve lamps that produce 

UVA light at room temperature. The resulting solutions were extracted with CH2Cl2 six 

times. The solution was dried with anhydrous sodium sulfate and the solvent was 

reduced to a minimum volume under reduced pressure, then 100 µL of biphenyl 100 

mM as internal standard was added to the resulting solution, 2 mM in the resulting 5 

mL solution. To check the reproducibility of the reactions all the experiments were 

carried by triplicate and analyzed by Gas Chromatography. In the case of using methyl 

oleate as alkene substrate, a quartz tube containing an aqueous solution (5 mL) at pH 

7 (K2CO3) with 3% of acetone and Na[1] was sonicated for 10 min. The complex: 

substrate: sacrificial oxidant ratios used were, 1:10000:13000 corresponding to 

concentrations of 0.002: 20: 26 mM, respectively. The samples were exposed to UVA 

light at room temperature during 60 min and the resulting solutions were extracted with 

CH2Cl2 six times. The solution was dried with anhydrous sodium sulfate and the solvent 

was reduced to 2 ml. The organic phase was analyzed by High Performance Liquid 

Chromatography.  

 

III.8.     Additional Instrumentation and measurements 

 

FT-IR spectra were taken in a JASCO FTIR-4600 spectrometer.  

UV/Vis spectroscopy was performed with a Cary 50 Scan (Varian) and a Cary-5000 

Scan (Varian) UV/Vis spectrophotometer with 1 cm quartz cells or with an immersion 

probe of 5 mm path length.  

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed in 

an IJ-Cambria 660C potentiostat using a three electrode cell. Glassy carbon electrode 

(3 mm diameter) from BAS was used as working electrode, platinum wire as auxiliary 

and Ag as pseudo reference electrode or SCE, Ag/AgCl, as the reference electrode, 

and in some cases using ferrocene (Fc) as internal reference. All cyclic 

voltammograms presented in this work were recorded under nitrogen atmosphere. The 

complexes were dissolved in deoxygenated solvents containing the necessary [n-

Bu4N][PF]6 (TBAH) from Alfa Aesar, Thermo Fisher Scientific to yield a 0.1 M ionic 

strength solution,  or phosphate buffer at pH 7.02  from Panreac Applichem working as  

supporting electrolytes in organic or aqueous media, respectively. All E1/2 values were 

estimated from cyclic voltammetry experiments as the average of the oxidative and 
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reductive peak potentials (Epa+Epc)/2. Unless explicitly mentioned the concentration of 

the complexes was approximately 1mM. 

Elemental analyses were performed using a CHNS-O Elemental Analyzer EA-1108 

from Fisons. Mass spectra were recorded in negative-ion mode with a Bruker Biflex 

MALDITOF [N2 laser; ʎexc=337 nm (0.5 ns pulses); voltage ion source 20000kV (Uis1) 

and 17 500 kV(Uis2)] without matrix. The intensity of the laser was fixed at 30%.  

ESI-MS experiments were performed on a Navigator LC/MS chromatograph from 

Thermo Quest Finnigan, using acetonitrile as mobile phase.  

Transmission electron microscopy (TEM) studies were carried out using JEOL JEM 

1210 at 120 kV. 

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) 

analyses were done using QUANTA FEI 200 FEG-ESEM device. The solid samples 

were analyzed for this. 

High-resolution transmission electron microscopy (HRTEM) was done using JEM-2011 

at 200 kV with 0.18 nm resolution. 

High-resolution scanning electron microscopy (HRSEM) was done using a Zeiss Merlin 

instrument. ImageJ software was used for measuring the particles. 

ζ-Potential studies were carried out using a Zetasizer Nano ZS (for DLS light source, a 

He-Ne laser was used, 633 nm, max 4 mW, backscattering angle used was 1730, and 

for ζ-potential, electrophoretic light scattering principle was used for measurements). 

The magnetization hysteresis cycle was measured using a Quantum Design MPMS-XL 

system at 300 K with a maximum of 60 kOe. 

Scanning transmission microscopy (STEM) and EELS measurements were done using 

an FEI Tecnai F20 S/TEM HRTEM device at 200 kV.   

NMR spectra were recorded with a Bruker ARX 360 and 400 instruments. 1H NMR 

spectra were recorded in CDCl3, acetone-d6 and D2O. Chemical shifts were referenced 

to SiMe4.  

Gas chromatography studies were performed with a GC-2010 Gas Chromatograph 

from Shimadzu, equipped with an Astec CHIRALDEX G-TA column, 30m x 0.25 mm 

(i.d); FID detector, 250°C; injection: 250 °C; carrier gas: helium; rate: 1.57 mL/min; area 

normalization. For alcohols, substrates and products of catalysis were detected under 
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the following conditions: column temperature: 80°C for 5 minutes, raising to 170°C in a 

rate of 10°C/min, holding at 170°C for 2 minutes. The product analyses in the catalytic 

experiments of 1-phenyletanol, benzyl alcohol and 4-methylbenzyl alcohol, were 

performed using biphenyl as internal standard. In the case of the product analysis in 

the catalytic experiment of 4-chlorobenzyl alcohol, was used naphthalene as internal 

standard. 

For alkenes, substrates and products of catalysis were detected under the following 

conditions: styrene and derivatives:  column temperature, 80°C for 5 minutes, raising to 

170°C in a rate of 10°C/min, holding 170°C for 6 minutes. Trans-β-methyl-styrene, cis-

β-methyl-styrene, cis-cyclooctene and derivatives: column temperature, 40°C for 5 

minutes, raising to 170°C in a rate of 5°C/min, holding 170°C for 2 minutes. 4-vinyl-1-

cyclohexene and derivatives: column temperature, 40°C for 5 minutes, raising to 170°C 

in a rate of 10°C/min, holding 170°C for 2 minutes.  1-octene and derivatives: column 

temperature, 30°C for 5 minutes, raising to 170°C in a rate of 10°C/min, holding 170°C 

for 3 minutes. Trans-stilbene and derivatives: column temperature, 50°C for 1 minutes, 

raising to 150°C in a rate of 15°C/min, holding 150°C for 2 minutes, then raising to 

170°C in a rate of 4°C/min, holding 170°C for 12 minutes. The products analyses in the 

catalytic experiments were performed by GC with biphenyl as internal Standard. 

Catalytic experiments analyses were performed as well, with an Agilent LC 1200 series 

HPLC system equipped with a UV-Vis detector was used to analyze samples. 

Separation of products was achieved on an Eclipse XDB-C18 column (150x4.6 

nm,5µm) from Agilent Technologies. The column was thermostatically controlled at 

25◦C. The flow rate was set to 1 mL/min, and the injection volume was 100 µL. The 

mobile phase consisted of two solvents: methanol (A, 100%) and Milli-Q water 

(B,100%). The system worked in isocratic mode and the volume ratios was as follows: 

85% A, 15% B. The ultraviolet (UV) absorbance values of the peaks were collected at 

242 nm. An Ion Trap mass spectrometer (Bruker Squire 6000 system from Agilent 

Technologies) equipped with an Orthogonal electrospray ionization (ESI) source was 

used to identify the derivatives. Positive mode was selected for data collection. The 

products were qualitatively identified according mass spectra peaks and matching with 

mass spectra with the software Bruker Compass DataAnalysis 4.0. 
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IV.1. Metallacarboranes as Photoredox Catalysts in Water 

 

 

 

---------------------------------------------------------------------------------------------------------- 

 

We describe here the photocatalytic behavior of the Cobaltabis(dicarbollide) 

[Na·2,5H2O][3,3‟-Co(1,2-C2B9H11)2], Na[1], and its dichloro [Na·2,5H2O][3,3‟-Co(8-Cl-

1,2-C2B9H10)2],Na[Cl2-1], and hexachloro derivatives [Na·2,5H2O][3,3‟-Co(8,9,12-Cl3-

1,2-C2B9H8)2]
-, Na[Cl6-1] in the oxidation of alcohols in water. Remarkable, the 

metallabisdicarbollide performs two roles: photosensitizer and catalyst at once. We will 

use as oxidizing agents Na2S2O8 or air showing that both are suitable to oxidize the 

alcohol. In addition we shall see how matching the lamp frequency and the maximum 

of the absorbance of the photoredox catalyst enhances the yield of the catalysis. The 

photoredox catalyst can be easily recovered after performing the catalysis. 
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IV.1.1.  General strategy 

Our main goal was to demonstrate that a metallacarborane like [3,3-Co(1,2-C2B9H11)
2-, 

with a nonconventional structure compared with existing photoredox catalysts can act 

as such, thanks to its own characteristics, as we have seen in the introduction chapter 

of this thesis. To carry out this, the first is to demonstrate that the reaction could be 

done under homogeneous conditions in water. Therefore, Na[1] was prepared from 

water-insoluble Cs[1] by using a cation-exchange resin233 and its dichloro (Na[Cl2-1]) 

and hexachloro (Na[Cl6-1]) derivatives (Figure IV.1.) were prepared in a similar way.234 

All three Na+ salts are soluble in water, as required by the catalysis conditions.  

 

 

 

Figure IV.1. 1Metallacarboranes used in this work: [3,3‟-Co(1,2-C2B9H11)2]
-
 ([1]

-
, only the trans 

rotamer is shown) and its dichloro and hexachloro derivatives [3,3‟-Co(8-Cl-1,2-C2B9H10)2]
-
 and 

[3,3‟-Co(8,9,12-Cl3-1,2-C2B9H8)2]
-
, respectively. The green circles represent BCl units and the 

pink circles BH units.  

 

Likewise, we wanted to show that the Cobaltabis(dicarbollide) anion could be 

adjusted for two reasons, on one hand, to alter the E0 value of [3,3‟-Co(1,2-C2B9H11)2]
0/-

1 to obtain a more oxidizing molecule, for example, [3,3‟-Co(1,2-C2B9H11)2]
0, and on the 

second hand, by shifting the absorption maximum to the visible region. By having two 

or six chloro substituents on the anion, we shifted the absorption maximum towards the 
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visible range.  By using lamps with the closest emission to the absorption maximum of 

the photoredox catalyst; we sought to improve the yield of the reaction in the less 

possible exposure time. The UV-Vis spectrum of Na[1] (Figure IV.2.a) shows one 

strong absorption band at 293 nm and two weaker ones at 345 and 445 nm, in 

accordance with the literature,235 and the visible spectrum was interpreted on the basis 

of ligand-field theory.236 The UV-Vis spectra of Na[Cl2-1] and Na[Cl6-1] show bands at 

320 nm (Ɛ=26000 M-1 cm-1) and 384 nm (Ɛ=3700  M-1 cm-1) and at 327 nm (Ɛ=29000 M-

1 cm-1) and 393 nm (Ɛ=3500 M-1 cm-1), respectively (Figure IV.2.b) 

 

a) 

 

b) 

 

 

Figure IV.2. a) UV-Vis spectra of Na[1] in phosphate buffer solution, 1.3x10
-4

M at pH 7.2. Inset: 

Magnification of the visible region of Na[1] in phosphate buffer solution, 2x10
-3

M at pH 7.2. b) 

UV-visible spectra of carborane Na[3,3‟-Co(1,2-C2B9H11)2] (black), Na[3,3‟-Co(8-Cl-1,2-

C2B9H10)2] (red) and Na[3,3‟-Co(8,9,12-Cl3-1,2-C2B9H8)2] (blue) in acetonitrile solution, 1.3 x10
-4 

M.  



Chapter IV 

 

 

72 
 

  

 

IV.1.2.    Computational study 

 

With the aim to get a detailed knowledge about the character of the electron 

transitions of [3,3‟-Co(1,2-C2B9H11)2]
-, TD-DFT calculations were performed at the 

B3LYP/6-311 + G** level of theory. The stabilities of the cisoid, gauche and transoid 

(see, Figure IV.3) are similar, but the stability depends on their interactions with the 

environment. Their relative stability depends on whether the environment is vacuum, 

water, or the solid state. 237 Thus, all three rotamers were computationally investigated 

in vacuum, and they exhibit practically identical electronic properties which were in 

good agreement with the previously published results.238 During the investigation all the 

three rotamers were considered since the energy difference between them are small, 

thus under experimental conditions these rotamers may be populated as well. 

However, gas phase calculations showed that gauche and cisoid are less stable by 0.5 

and 2.9 kcal/mol at B3LYP/6-311+G** level of theory, respectively.  Our recent study 

demonstrates that the cisoid structure is more favoured in water do to the interactions 

with the solvent molecules.239 

 

 

 

Figure IV.3. Different rotamers of [3,3‟-Co(1,2-C2B9H11)2]
-
 ( [1]

-
 ). 

 

We studied in more detail the excitation at 293 nm, which is the most intensive band in 

the spectrum. The calculated results reproduced well the position of the absorption 
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peaks and they were in good agreement with the previously published results.240  All of 

the three rotamers have transitions with large intensities (f>0.1) in the region of 257-

290 nm (Table IV.1). While in case of the transoid isomer only one transition 

(S0→S11) exhibits large intensity, the other two rotamers have two significant 

transitions in this region (probably due to their lower symmetry). 

 

Table IV.1. The main electronic transitions in the different rotamers of [1]
-
. 

 

 Since there are no dominant MO transitions in these transitions especially in case of 

gauche and cisoid rotamers (3-4 pair of orbitals, see Table IV.1.), which make difficult 

to visualize the nature of the excitations, we generated and analysed the natural 

transition orbitals (NTOs) corresponding to the proper transitions (see Annex I Table 

Rotamer 
Th  r  ic l λabs 

(nm) 
transition Intensity main contribution Coefficient 

trans 280 S0→S11 0.6625 HOMO-3 → LUMO+1 0.13 

HOMO-2 → LUMO 0.56 

HOMO-1 → LUMO+1 0.37 

gauche 266 S0→S11 0.3252 HOMO-7 → LUMO 0.46 

HOMO-3 → LUMO+1 0.37 

HOMO-2 → LUMO 0.29 

257 S0→S13 0,4212 HOMO-7 → LUMO 0.49 

HOMO-3 → LUMO+1 0.32 

HOMO-9 → LUMO 0.21 

HOMO-2 →LUMO 0.21 

cis 273 S0→S13 0.3498 HOMO-5 → LUMO 0.40 

HOMO-3 → LUMO 0.39 

HOMO-2 → LUMO+1 0.21 

HOMO-1 → LUMO+1 0.21 

268 S0→S15 0.2577 HOMO-4 → LUMO+1 0.34 

HOMO-3 → LUMO 0.26 

HOMO-5 → LUMO 0.26 

HOMO-8 → LUMO 0.25 
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SIV 1.1). During the NTO calculations the ordinary orbitals are transformed to a more 

compact form in which each excited state is described as a single and sometimes a 

double pair of orbitals.241  In our case two pairs of NTO orbitals are obtained for all 

investigated excitations and the common motif of them is that the excitation can be 

mainly regarded as a transition from the boron vertex on the skeleton towards the 

metal center. While the significant overlaps of the electron and hole distributions 

suggest rather local excitation modes with percentages of 34.9-49.3%, (Table IV.2.), 

the charge density difference maps generated (Table IV.3 and Annex I Figure SIV.1) 

clearly show that the electron density shifted from the ligand toward the metal center 

(and a little bit towards the carbon atoms as well), as is showed more clearly in the 

charge-density difference map from Figure IV.4, during the excitation at 293 nm, and 

this indicates charge transfer from the ligand framework towards the metal center 

(LMCT) during the transition.  

 

Table IV.2. The overlap of hole and electron distribution. 

 

Rotamer transition 
overlap of hole and electron 

distribution 

trans S0→S11 41.92 % 

gauche S0→S11 36.78 % 

S0→S13 34.91 % 

cis S0→S13 37.21 % 

S0→S15 49.34 % 

 

 

 

 

 

 

 

Figure IV.4. 1. Charge-density difference map of the transition at 293 nm in case of the 

transoid structure. (The blue and red parts correspond to the regions in which electron density 

is increased and decreased after electron excitation, respectively). Isosurface value: 0.003. 
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This is in accordance with the double negative charge of the carborane ligands, which 

increases the energy level of these occupied orbitals (ƐHOMO([3,3‟-Co(1,2-C2B9H11)2]
-) 

being -4.00 and -4.03 eV depending on the rotamer, whereas ƐHOMO([Ru(bpy)3]
2+) 

shows a value of -11.17 eV at the B3LYP/6-311+G** level of theory) and the ligands 

contribute significantly to HOMO-1 and HOMO-3. Hence, upon irradiation, electrons 

are promoted mainly from the orbitals with ligand-like character to the rather metal-

based LUMO and LUMO+1. The last fact is contrary to the electron route in 

[Ru(bpy)3]
2+, from the metal to the ligand, and is a first indication of a possible distinct 

behavior in electron transfer as a consequence of the difference in electronegativity 

among the elements participating in the bonding, the negative charge of the carboranyl 

ligands, and the overall negative charge of [3,3‟-Co(1,2-C2B9H11)2]
-. 

 

Table IV.3. The charge density difference maps of the different transitions. (The blue and red 

parts correspond to the region where electron density is increased and decreased after electron 

excitation, respectively. Isosurface value: 0.003). 

 

Rotamer ( Transition ) 

trans 

 

(S0→S11) 

                     gauche 

 

     (S0→S11)                (S0→S13) 

cis 

 

 
                                         (S0→S13)                      (S0→S15) 
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IV.1.3. Photocatalytic oxidation of alcohols  

IV.1.3.1.  Photocatalytic oxidation of alcohols under common 

conditions (0.4 mol % catalyst versus substrate, 0.08 mM) 

There are not much photoredox catalytic systems based on earth-abundant metals 

for organic transformations. Due to the importance of this fact, we elected the oxidation 

of alcohols to evaluate the photoredox properties of Na[1]. The first photocatalytic 

oxidation experiments, were all performed by exposing quartz reaction vials to UV 

irradiation (2.2 W, ʎ=253.7 nm) at room temperature and atmospheric pressure for 

different times. The samples were made from 5 mL of water (phosphate buffer, pH 7.2) 

and a mixture of Na[1] (0.08 mM), substrate (20 mM), and Na2S2O8 (40 mM) as 

oxidizing agent. Following the irradiation for a determinate time (see Table IV.5), the 

reaction products were extracted with dichloromethane three times, dried with Na2SO4, 

quantified by 1H NMR spectroscopy (see the following Figure IV.5 and (Annex I 

Figures SIV.2 - SIV.5), and confirmed by GC-MS analysis ( see Annex I Figure SIV.6)  

 

 

Figure IV.5. 1. Representative 
1
H NMR spectra of the reaction mixtures of the substrate (1-

phenylethanol) and the corresponding oxidation product (acetophenone), dissolved in CDCl3 at 

room temperature. i) 3h after irradiation, ii) 6h after irradiation, iii) 8h after irradiation after pH 

neutralization. The 
1
H NMR spectra of 1-phenylethanol and acetophenone are included as 

control at the bottom and the top, respectively.  
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1-Phenylethanol was taken as the reference compound to find the optimal reaction 

conditions. Then, preliminary catalytic oxidation studies at different concentrations of 

Na[1] as photoredox catalyst were performed for 3h  (see Table IV.4.) while 

maintaining constant concentrations of substrate (1-phenylethanol) and Na2S2O8. The 

results showed that an increased amount of acetophenone is produced at higher 

catalyst loadings. However, as shown in Table IV.4, a six fold increase in catalyst 

concentration results only in a 1.7-fold increase in yield. Consequently, lower 

concentrations of catalyst seem to be more effective. 

 

Table IV.4. Oxidation tests of 1-phenylethanol performed with cobaltabis(dicarbollide) complex 

Na[3,3‟-Co(1,2-C2B9H11)2]. Conditions: catalyst (0.08-0.48 mM), substrate (20 mM), Na2S2O8 (40 

mM), 5 ml 0.1M phosphate buffer solution at pH=7.2, light irradiation for 3h. 

 

[Na[1]] % Yield 

0.08 mM 33 

0.12 mM 38 

0.16 mM 45 

0.24 mM 52 

0.48 mM 57 

 

 

 Thus, we took the lowest tested concentration of [3,3‟-Co(1,2-C2B9H11)2]
- (0.08 

mM) as optimal for extending the study to other alcohols. Also, different reaction times 

were tested with 1-phenylethanol as substrate (see in Figure IV.6.). We choose 8h as 

optimal time to perform the catalytic experiments, but we also studied the performance 

of the catalyst after 6h of reaction.  
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Figure IV.6. Plot of yield as a function of time for the photoredox catalysis of 1-phenylethanol. 

Conditions: Na[3,3‟-Co(1,2-C2B9H11)2] (0.08 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 ml 

0.1M phosphate buffer solution at pH=7.2, light irradiation (2.2 W,      253.7  nm). 

 

Blank controls showed that after 8h of reaction in the dark with all reagents in the 

reaction pot, no significant oxidation of alcohol occurred (<2%). With all components 

and light, with no exception, aldehyde or ketone was detected as only product of the 

oxidation reaction, and the selectivity was greater than 99%. Table IV.5 lists the results 

obtained in the catalytic oxidation of different alcohols with Na[1] in phosphate buffer 

solution at pH 7.2 after 6 and 8h of reaction. These results show moderate to high 

yields of aldehydes or ketones. Oxidation of the secondary alcohol 1-phenylethanol 

(Table IV.5, entry 1) gives the corresponding ketone with slightly lower conversion 

than in the case of benzyl alcohol (Table IV.5, entry 2). Nevertheless, the oxidation of 

the secondary alcohol diphenylmethanol to benzophenone showed the highest yield 

(Table IV.5, entry 5). The conversion is enhanced by the presence of electron-

donating substituents on the aromatic ring of benzyl alcohol (Table IV.5, entry 3) but 

decreased by the presence of electron-withdrawing substituents such as chloro (Table 

IV.5, entry 4). The general trend was the decreasing of the initial neutral pH from 7.2 to 

5 or 6 after 6h of irradiation. To investigate the role of the pH, the reaction mixture of 1-

phenylethanol (Table IV.5, entry 1c) was recovered to neutral pH after 6h of reaction 

by the addition of dilute NaOH and further irradiation for 2h more. The yield of the 

oxidation product increased from 48 to 62 %. The results revealed that increasing 

acidity of the catalytic solution deactivates the system and prove that protons are 

0

10

20

30

40

50

60

0 2 4 6 8 10

yi
e

ld
 (

%
) 

time (h) 



Chapter IV 
 

 

79 

 

released in the mechanism. This fact induced us to use NEt3 to corroborate our 

hypothesis (see below).  

 

Table IV.5. 1Oxidation tests performed with Na[1]. Conditions: Na[1] (0.08 mM), substrate (20 

mM), Na2S2O8 (40 mM), 5 mL 0.1 M phosphate buffer solution at pH 7.2 light irradiation (2.2 W, 

ʎ=253.7 nm) for 6 and 8h. Yield values in the absence or in the presence of 40 mM NEt3. 

 
[a]

 After 6 h of reaction.
 [b]

 After 8 h of reaction. 
[c]

 After 8 h of reaction, with previous 

neutralization after 6 h.      

 

 

The MALDI-TOF mass spectra of a solution of Na[1] were made before and after the 

catalytic experiments, showing that most of the catalyst remained unchanged after the 

catalysis, only 10 % was hydroxylated,242 as is showed in Figure IV.7. According to 

the computational studies the hydroxylated derivative maintains the photoredox 

capacity, so its formation should not affect the conversion, as is showed in (Annex I. 

Table SIV 1.2).  

 

Entry Substrate Product 
Yield(%) 
(no NEt3) 

Yield(%) 
(with NEt3) 

1 

  

48 
[a]

, 54 
[b]

 91 
[b]

 

62 
[c]

  

2 
  

53 
[a]

 92 
[b]

 

 63 
[b],

  

3 

  

63
 [a]

 94
 [b]

 

67 
[b]

  

4 

  

50 
[a]

 75 
[b]

 

59 
[b]

  

5 

  

78 
[a]

 94 
[b]

 

85 
[b]
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Figure IV.7. Experimental MALDI mass spectrum of Na[1] a) before and b) after the 

photocatalytic oxidation of 1-phenylethanol. In b) The peak at m/z 324 corresponds to [3,3‟-

Co(1,2-C2B9H11)2]
-
 , and that on the right to [3,3‟-Co(1,2-C2B9H11)(1,2-C2B9H11O)]

-
. Simulated 

spectra for a) [3,3‟-Co(1,2-C2B9H11)2]
-
 = 324.28 (m/z) and b) [3,3‟Co(1,2-C2B9H11)(1,2-

C2B9H11O)]
-
 = 340.28 (m/z). 

 

The LMCT mode suggested by the DFT calculations and the electrochemistry of 

Na[1] highlight that [CoIV] is a strong oxidizing agent which can be obtained by two 

ways, in an electrochemical or a photoinduced manner. The reaction pathway 

postulated showed in (Figure IV.8) accounts for the observed photoredox-catalyzed 

oxidation of alcohols by Na[1]. In the reaction pathway, incident photons are absorbed 

by photoredox catalyst [3,3‟-CoIII(1,2-C2B9H11)2]
-, which undergoes excitation to form 

[3,3‟-CoIII(1,2-C2B9H11)2]*
-, which experiences an oxidative quenching by S2O8

2-, the 

oxidizing agent, to generate two strong oxidizing agents: [3,3‟-CoIV(1,2-C2B9H11)2] and 

SO4
.-. The generation of SO4

.- is well documented and is normal for the oxidation of 

other metals like FeII or AgI by S2O8
2- to FeIII or AgII, respectively.243 The 

photogenerated strong oxidant CoIV is able to oxidize the alcohol to the corresponding 

alcohol radical, which in the presence of the SO4
.- leads to the corresponding aldehyde 

or ketone.  With the proposed pathway, the exchange of two electrons and two protons 

takes place in the oxidation of alcohols, with associated increase of the acidity in the 

reaction medium, as we have also evidenced after the catalytic tests. The increased 

acidity could be responsible for the moderate yield observed in the absence of base, as 

we have seen at the results on (Table IV.5).  
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Figure IV.8.  Suggested mechanism for the alcohol oxidation with Na[1] upon UV light 

irradiation. 

 

To support the postulated pathway a weak base was added to the system. For 

convenience and availability, we added 0.2 mmol of NEt3, twofold in concentration with 

respect the substrate added (0.1 mmol). For 1-phenylethanol as substrate, base 

addition resulted in a significant increase of the desired product (ketone), yielding to 91 

% with turnover number (TON) of 227 after 8 h of irradiation (see Table IV.5, entry 1). 

We extended our study to other alcohols, to assess the catalytic activity in presence of 

NEt3 (Table IV.5). In all experiments (see last column in Table IV.5) the degree of 

conversion improved remarkably, in most cases to greater than 90 %, while 

maintaining selectivity greater than 99%. This, along with the fact that the 

cobaltabisorthodicarbollide remains practically unchanged after the catalytic oxidation 

reaction (only 10 % is hydroxylated) is consistent with the proposed pathway.  

Just after irradiation and before extraction, on addition of [Me4N]Cl the salt 

[Me4N][3,3‟-Co(1,2-C2B9H11)2] precipitates. After filtration, solubilization with acetonitrile, 

and addition of water, the solution was passed to a cationic exchange resin loaded with 

Na+ to regenerate Na[1]. The resulting catalyst has been tested in a second catalytic 
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reaction with 1-phenylethanol as substrate, in the presence of NEt3, which produced 89 

% of the corresponding ketone, which is similar to the yield observed in the first run. 

Notwithstanding, in the major part of studies, we skipped this step and proceeded 

directly after the irradiation to extraction with organic solvent (dichloromethane).  

Cobaltabisorthodicarbollide [1]- is a platform with many sites for the substitution of 

B-H by B-Cl, which results in the formation of chlorinated derivate [Clx-1]-, successive 

substitutions of which, modulate the redox potentials,244 as is showed in Figure IV.9, 

that shows the cyclic voltammetries from Na[1] and their dichloro [Cl2-1] and 

hexachloro derivative [Cl6-1], all vs Fc+/0. 

 

 

 

Figure IV.9. CV of Na[1] (blue), Na[Cl2-1] (green) and Na[Cl6-1] (brown) in CH3CN+ 0.1M 

TBAH. All potentials vs Ferrocene.  

 

[1]- shows three quasireversible waves in cyclic voltammetries at -2.70, -1.75 and 

+1.22 V vs ferrocene assigned to CoII/CoI, CoIII/CoII and CoIV/CoIII, respectively. The 

two latter redox couples are showed in (Figure IV.9 blue line).  

 



Chapter IV 
 

 

83 

 

It has been observed that a simple substitution produces a shift of the redox 

potential of approximately 0.12 V to more anodic voltages. Hence, examining the E1/2  

for the dichlorinated derivative, as is showed in (Figure IV.9 green line), the addition of 

two Cl would implies an estimated increase of 0.24 V to more positive values, and the 

real values are found at -2.50 V and 1.44 V, applied to the CoII/CoI and CoIV/CoIII 

couples, respectively. The negative E1/2 peaks indicate that introducing one and two 

electrons into CoIII system is energy intensive.245 Thus, the real redox potential of the 

dichlorinated anion is -1.45 V for the couple CoIII/CoII, about 0.3 V more positive than 

for [1]-, corresponding to two steps of dehydrochlorination.  

In the case of the hexachlorinated derivative (see Figure IV.9  red line), the 

addition of 6 Cl units to the structure allows to achieve the potentials -2 V, -1 V, 

approximately, corresponding to the CoII/CoI, CoIII/CoII. Less data has been obtained 

for the CoIV/CoIII couple due to the overall anodic shift upon higher chlorination that 

has taken the E1/2 value for this couple to the almost anodic edge of the solvent.  

As has been observed, the successive chlorine substitutions produce the shifting 

of the redox potentials to more anodic voltages. Consequently, this results in a 

decrease in the energy gap of the frontier orbitals, which leads to longer wavelengths 

with respect to unsubstituted [1]-. This behavior allows the absorption maximum of the 

UV-Vis spectrum to be shifted towards the visible region. Among these chlorinated 

compounds, [Cl2-1]- and the [Cl6-1]- were selected to explore their behavior as 

catalysts in the oxidation of alcohols. The photocatalytic oxidation experiments were all 

carried out by exposing the quartz reaction vials to UV irradiation (ʎ=253.7 or 352 nm) 

for different reaction times under the same conditions as listed in the above Table IV.5 

exposed for Na[1]. The results shown in (Table IV.6) indicate high yields, in some 

cases total conversion, after 6h of irradiation when using a wavelength of 352 nm of 

irradiation, closest to the maximum absorbance of the derivate catalysts ( see above 

Figure IV.2b). As expected, the performance of the catalysts was lower when the 

irradiation of the samples was done with a lamp of wavelength 253.7 nm, far from their 

absorption maxima. In all cases, the selectivity for the corresponding aldehydes or 

ketones was greater than 99%. Under the studied conditions, Na[Cl6-1] as catalyst, 

generally shows slightly higher activity than Na[Cl2-1], probably due to the enhanced 

oxidizing capacity of CoIV in the former, as a consequence of the presence of more 

electron-withdrawing substituents on the metallacarborane platform.  

With the purpose to decrease even more the requirements of these 

metallacarboranes, we tested the behavior of the three catalysts in the photoredox 
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oxidation of one aromatic secondary alcohol like diphenylmethanol, using only water, 

no buffer, and NEt3 or K2CO3 as base. For the use of Na[1] we employed lamps of 

irradiation of 300 nm, closer to the absorption maximum of this specie, observed in 

UV/Vis spectrum (293 nm). The results listed in (Table IV.7) unveil the high 

performance in water in absence of phosphate buffer for all the catalysts used and their 

activities are a little bit enhanced in all cases when we replaced the organic base by 

that inorganic like K2CO3. The results revealed by [1]- both using NEt3 or K2CO3 after 

6h of reaction with a 300 nm lamp are remarkable with yields of 96 % and >99%, 

respectively, which are slightly higher than those obtained in phosphate buffer media 

after 8h , being 94 % (see Table IV.5, entry 5).  

Considering the good results exposed by the three catalysts shown above, we 

wanted to advance even more, by the replacement of Na2S2O8 by air. In a preliminary 

study, we carried out the oxidation of a secondary aromatic alcohol like 

diphenylmethanol in a water/ K2CO3 solution using [1]- as a reference catalyst and an 

air stream during 6 h of irradiation at ʎ=300 nm. The results showed an almost total 

yield in benzophenone (98 %). This preliminary and promising result, suppose a step 

towards the development of practical processes with inorganic catalyst systems based 

on boron compounds and it is unprecedented in the literature. More studies are being 

performed in this regard.  

To learn whether water was a key reaction medium, we tested the oxidation of 

diphenylmethanol as substrate in an organic solvent like acetonitrile using NEt3 as base 

and an air stream as oxidant. After 6h of irradiation, practically no conversion was 

observed. Then the reaction medium was changed to acetonitrile/water in 9/1 and 8/2 

ratio with K2CO3 and after 6h of irradiation we observed conversions of 26 and 34 %, 

respectively, with a total selectivity towards the desired product (benzophenone). This 

result may indicate that the acetonitrile in water/acetonitrile mixtures displaces the 

necessary water molecules for the catalysis to occur from the vicinity of [3,3‟-Co(1,2-

C2B9H11)]
- (the catalyst) and thus prevents electron transfer, which is in accordance 

with experimental values reported earlier.246 These results indicate that water is a key 

participant for these systems to work efficiently as catalysts in the photoredox oxidation 

processes. The fact that an all-inorganic catalyst system consisting of water as solvent, 

K2CO3 as base, a metallabisdicarbollide photoredox catalyst with fully inorganic ligands 

and an earth-abundant transition metal, and air as oxidizing agent can oxidize alcohols 

to aldehydes or ketones, indicates the feasibility of all-inorganic catalytic processes 

with earth-abundant transition metals.  
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Table IV.6. 1. Oxidation tests performed with chlorinated cobaltabisdicarbollide complexes 

Na[Cl2-1] and Na[Cl6-1]. Conditions: catalyst (0.08 mM), substrate (20 mM), Na2S2O8 (40 mM), 

NEt3(40 mM), 5 mL 0.1 M phosphate buffer solution at pH 7.2, light irradiation for 4, 6, and 8h. 

Percentage yields.
[a]

 

 

 

[a]
 yields of products were determined by NMR spectroscopy. 

 

Table IV.7. 1.  Oxidation tests on diphenylmethanol performed with Na[1], Na[Cl2-1], and 

Na[Cl6-1]. Conditions: catalyst (0.08 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL of an 

aqueous solution containing 40 mM of NEt3 or K2CO3. Light irradiation for 6h.  

 

Catalyst 
%Yield 

(Water/NEt3) 
%Yield 

(Water/K2CO3) 

 
 Na[1],       = 300 nm 96 >99 

 
Na[Cl2-1], = 352 nm 89 

 
89 
 

 
Na[Cl6-1], = 352 nm 93 

 
94 
 

 

 

 

 

 
 

8h 
λ= 253.7 nm 

4h 
λ= 352 nm 

6h 
λ= 352 nm 

Substrate [Cl6-1]
-
 [Cl2-1]

-
 [Cl6-1]

-
 [Cl2-1]

-
 [Cl6-1]

-
 [Cl2-1]

-
 

 

40 50 60 53 92 86 

 
22 32 61 63 90 81 

 
45 40 67 46 >99 85 

 
21 30 82 60 85 77 

 

68 89 93 90 >99 93 
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IV.1.3.2. Photocatalytic oxidation of alcohols under uncommon 

conditions (0.01-0.1 mol % of catalyst (0.002 mM -  0.02 mM) 

 

As mentioned above, a six fold increase in catalyst concentration from 0.4 mol % (0.08 

mM) to 2.5 mol% (0.5 mM) of [1]- results only in a 1.7-fold increase in conversion, 

whereas the UV-Vis absorption spectrum increases according to the increase in 

concentration. This seems to indicate that lower concentrations of catalyst are more 

effective. Thus, we maintain the concentrations of substrate and oxidizing agents 

constant, as in the earlier described experiments, but we reduced the catalyst loading 

to 0.1 mol% (0.02 mM) and 0.01 mol %(0.002 mM) as opposed to the original 0.4 mol% 

(0.08 mM), corresponding  to catalyst: substrate: oxidizing agent ratios of 1:1000:2000 

and 1:10000:20000, all in homogeneous phase. For these experiments, we used 

K2CO3 as base, a total irradiation time of 8h, and pH 7, with readjustment at t=4h. 

Control experiments revealed that no reaction occurred in the absence of photocatalyst 

Na[1] or light. Table IV.8 lists the results corresponding to the photooxidation of 

different alcohols, including aliphatic alcohols. In general lines, primary and secondary 

aromatic alcohols with different substituents were found to be effective in the 

photooxidation process, and the primary aromatic alcohols were slightly less reactive 

than the secondary ones. The yields observed for 1-phenylethanol (1) and 

diphenylmethanol (5) were remarkable, greater than 99%, in both cases for 0.01 mol% 

catalyst loading (0.002 mM). To the best of our knowledge these are among the 

highest turnover numbers (TON=10000) achieved in alcohol photoredox oxidation 

under homogeneous conditions. With the same catalyst loading of 0.01 mol % (0.002 

mM), Na[1] shows high efficiency towards primary and secondary aliphatic alcohols, 

with yields greater than 90 % and selectivities greater than 99 %. Cyclohexanol yielded 

in 93% into (6) product, 1-hexanol and 2-ethoxyethanol yielded acids in 90% of (7) and 

in 95% of (8), respectively. The observed quantitative conversion with 1-phenylethanol 

and diphenylmethanol is in support of the pathway exposed in (Figure IV.8). If 1 mol of 

S2O8
2- is needed for each mol of alcohol to perform the oxidation reaction, on reducing 

the fraction of oxidizing agent the conversion should be decreased if the ratio of 

oxidizing agent to substrate is smaller than 1:1. Under the same conditions as in (Table 

IV. 8), but with reduced amount of oxidizing agent in a ratio (1:10000:10000), the 

degree of conversion should be similar to 100 %, but it could be a bit lower due to the 

kinetics of the reaction; we found 91 %, and if the ratio is lowered to 1:10000:5000, the 

maximum yield would be of 50 %, being experimentally 43 %. This fact is in agreement 

with the pathway proposed in the (Figure IV.8). Further studies on the application of 
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these cobaltabisorthodicarbollides as photoredox catalysts to other substrates are 

underway.  

 

Table IV. 8. 1.  Product set obtained from photooxidation of alcohols by Na[1].
[a] 

 

 

[a]
 Conditions: Na[1] (0.002 or 0.02 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL 

potassium carbonate solution at pH=7 ;light irradiation 8h using a lamp with   =300 nm; yields 

and TONs values obtained are shown together with loading of Na[1] in parenthesis.  Yields of 

products were determined by NMR spectroscopy (see Annex I Figures SIV.7-14). 

 

 

 

 

 

 
 

 
  

1 2 3 

>99%, TON=1000 (0,1mol%) 

>99%, TON=10000 (0,01mol%) 

>96%, TON=960 (0,1mol%) >97%, TON=970 (0,1mol%) 

 
 

 
4 5 6 

>94%, TON=9400 (0,01mol%) >99%, TON=1000 (0,1mol%) 

>99%, TON=10000 (0,01mol%) 

93%, TON= 9300 (0,01mol%) 

 
 

 

7 8 

91%, TON=9100 (0,01mol%) 97%, TON=9700 (0,01mol%) 
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In summary, we have shown that cobaltabis(dicarbollide), [3,3‟-Co(1,2-C2B9H11)2]
-, and 

its chloro derivatives represent efficient compounds, acting both as catalyst and 

photosensitizer, for the photooxidation of alcohols. In most of the studied examples, 

using a catalyst load of 0,4 mol %, high yields near 90-95% have been obtained, with 

selectivity values >99%. By reducing the catalyst load to 0,01 mol %, quantitative 

conversion of reactants into products have been achieved, in some cases over 99% 

yield, exhibiting the catalyst high efficiency to reach TON=10000, and proving that a 

higher yield is achieved with 45 times less concentrated catalyst. These compounds 

operate in a catalytic system in which the solvent is water, the metal in the catalyst is 

an earth-abundant transition metal, the ligand is inorganic, the base is an inorganic 

salt, the reagent is an inorganic salt or air and the excitation source is light. The only 

organic compound in the mixture is the substrate.   
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IV.2.  Non-covalently Linked Metallacarboranes on 

Functionalized Magnetic Nanoparticles as Highly Efficient, 

Robust and Reusable Photocatalysts in Aqueous Medium 

 

 

 

 

---------------------------------------------------------------------------------------------------------- 

 

We have prepared heterogeneous catalysts in which the catalyst, that is molecular, is 

firmly bound to the magnetic support just by non-bonding interactions, and with a very 

efficient and fast process of binding. We shall see that the efficiency of the catalysis 

extends to many cycles without the loss of conversion.  

With all this in mind, we describe the synthesis and characterization of magnetic 

nanoparticles (MNP) coated with an inorganic shell of silica (SiO2), and their 

functionalization with amine groups (-NH2), through which the cobaltabis(dicarbollide) 

complex is attached. The colloidal stability of the MNP in water has been studied using 

different surfactants, since this is a huge issue in catalysis. We also report the excellent 

performance of the cobaltabis(dicarbollide) as a heterogeneous catalyst for the 

photooxidation of aromatic and aliphatic alcohols in water, even using small loading of 

catalyst 0,01 mol % and short catalytic times, along with the re-utilization of the 

corresponding supported catalyst and its recovery by a magnet.  
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IV.2.1.    Catalyst Preparation, Structural and Spectroscopic 

Characterization.  

 

The synthetic strategy carried out for the immobilization of H[3,3‟-Co(1,2-

C2B9H11)2], H[1], on silica coated Fe2O3 magnetic nanoparticles (MSNPs) is shown in 

Scheme IV.1. The anchoring of H[1] to MSNP has never been explored before, and it 

has been done and studied by the groups for the first time. Cobaltabisorthodicarbollide, 

[1]-, is extremely stable in water and can form ion-pair complexes with protonated 

amino groups in the form ([cation-NH]+ [COSAN]-) through an ionic interaction.247 

Hence, the synthetic approach for the immobilization of H[1] is based on the formation 

of hybrid materials linked by ionic interactions between cobaltabisorthodicarbollide and 

the functionalized magnetic nanoparticles with amine groups of the type (-NH2), 

Fe3O4@SiO2-NH2 (MSNPs-NH2). Then, these functionalized magnetic nanoparticles 

were used for the anchoring of the H[1] complex to them. 

 

Scheme IV.1. 1.  The synthetic strategy used for a) the functionalization of MSNP with amine 

groups, MSNP-NH2 and b) for the immobilization of H[COSAN], H[1], MSNP-NH2@H[1]. 
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Previously, it was necessary to carry out the synthesis of Fe3O4 magnetic 

nanoparticles (MNPs) by means a coprecipitation method,248 and this core of 

magnetite was then further encapsulated in a silica shell for the formation of silica-

coated magnetic nanoparticles, Fe3O4@SiO2 (MSNPs), see the procedures in (Annex 

II Figure SIV.15). 

These nanoparticles were functionalized with amine groups (Scheme IV. 1a) by 

mixing the MSNP with 3-(2-aminoethylamino)propylmethyldimethoxy silane (APMS) in 

ethanol at a temperature of 500C for 5h to reach the hydrolysis of the methyl 

groups.249 The corresponding amine-coated nanoparticles (MSNPs-NH2) were then 

mixed with cobaltabisorthodicarbollide, [1]-, in water and sonicated for 30 min to afford 

brown silica particles that were washed 10 times with water, separated by a magnet, 

and dried under vacuum at a temperature of 80 0C, giving the corresponding 

cobaltabisorthodicarbollide anchored to the silica support Fe3O4@SiO2-NH2-

H[COSAN] (MSNPs-NH2@H[1]) in a noncovalently bonded manner (Scheme IV. 1b).  

UV-visible spectra studies were carried out by our research group to quantify the 

anchoring of H[1] on the amine-functionalized silica, Fe3O4@SiO2-NH2, as is showed in 

Figure IV.10 furthermore to confirm the presence of metallacarborane on the surface 

of the nanoparticles. 

The UV-vis spectrum indicates that H[1] interacts with the nanoparticles MSNPs-

NH2 since the absorbance of the band at 446 nm decreases with increasing amount of 

nanoparticles. For every 5mg of MSNPs-NH2, 0.14 ± 0.03 mM of H[1] is consumed to 

form the anchored complex MSNPs-NH2@H[1] (Figure IV.10 a). The saturation occurs 

when 30 mg of the nanoparticles has been added to the solution, bringing 0.028 mmol 

of total amount of metallacarborane anchored to MSNPs-NH2 per 100 mg of 

nanoparticles (Figure IV.10 b). 
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Figure IV.10. a) UV-vis spectra corresponding to the interaction of MSNP-NH2 with 1 mM of H[1] 

in water. The inset photo shows the solution measured and the magnetic nanoparticles 

extracted using an external magnet at the bottom; b) Evolution of absorbance of a solution of 1 

mM of H[1] in water with the addition of different amounts of MSNP-NH2. 

 

 At the same time, another an UV-vis experiment was carried out to assess the 

time needed for the extraction of the magnetic nanoparticles with a magnet. The results 

showed that a time of 10 min was enough to attract all of the magnetic nanoparticles 
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(Figure IV.11).  

 

 

 

Figure IV.11. UV-vis spectra at different time of extraction of the MNP. It shows that 10 minutes 

is sufficient for the extraction of all the MNP by an external magnet. 

 

The characterization of the nanoparticles synthesized has been done previously in 

our group.249 Here we indicate a summary of this characterization. 

The ζ-potential studies revealed that the positive value located in a range of 10-30 

mV, indicated that the ammonium cations are located on the surface of 

nanoparticles,250 and their tendency to aggregate. This value is transformed to a 

negative when [1]- is anchored on their surface.  

The XRD pattern supported the presence of magnetite (Fe3O4)
251 or a mix with 

maghemite (ɣFe2O3)
248b on the magnetic nanoparticles. Transmission electron 

microscopy (TEM), performed to observe the shape and size of the particles, and the 

Gaussian representation, showed the spherical shape of these nanoparticles with a 

mean size of 9.34 ± 1.6 nm, that increases to 11.22 ± 2.13 nm and 14.17 ± 1.03 nm, 

when the structures become MSNPs-NH2 and MSNPs-NH2@H[1], respectively, also 

evidencing that [1]- is located between MSNPs-NH2  and tends to aggregate the 

complex. All these trends are showed in (Annex II Figure SIV.16). 

IR spectra of MSNPs-NH2 and MSNPs-NH2@H[1] show the bands near 546 cm-1 

for the case of MSNPs-NH2 and 542 cm-1 in the nanoparticles functionalized with [1]-, 

MSNPs-NH2@H[1], which can be assigned to ʋFe-O stretching modes, while the ʋSi-O 
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stretching mode is located to 1074 and 1071 cm-1, respectively. The IR spectrum of the 

latter shows a band corresponding to the ʋB-H stretching mode at around 2560 cm-1, 

typical in metallacarborane compounds. These absorptions indicate the fact of the 

anchoring of the complex H[1] to the support (Figure IV.12). 

 

 

 

Figure IV.12.  IR spectra of MSNP-NH2 (red) and MSNP-NH2@H[1] (blue).   

 

Magnetic Hysteresis studies were carried out and revealed that the anchoring of 

the photocatalyst onto the magnetic nanoparticles does not vary the magnetic 

behaviour of the nanoparticles, since a saturation magnetization (Ms) value of 29.1 

emu/g has been observed in both cases (Annex II Figure SIV.17). 

 

Colloidal Stability  

 

The colloidal stability is an important issue in the study of nanoparticles. The more 

these magnetic nanoparticles are stable in a colloidal state, the more difficult is to 

separate them by a magnet. Large MNPs evidence higher magnetization values 

although with less stability in the colloidal state, and they tend to form aggregates. To 

improve the stability of the MNPs synthesized in this work, the sonication was used as 

an effective way for the disaggregation to maintain the dispersion of them in the 

colloidal state.  

The MSNPs-NH2@H[1] composite is maintained in a suspended state just for a few 
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hours; however, it is enough for the applications sought and large enough to allow 

magnetic separation in a few minutes of time. Then, to improve the stability for catalytic 

applications which need longer times, the surface of the nanoparticles was coated with 

different surfactants with the goal to increase the viscosity of the media, which 

furthermore for preventing the aggregation.  

In this sense, five different surfactants were tested, the results are showed in 

(Annex II Table SIV 2.3), where are showed the ζ-potential values of each surfactant. 

The stability was tested for amine-functionalized MSNPs-NH2, and in the case of 

surfactants tested, dimethyl di-octadecyl ammonium chloride provided long-term 

stability, due to that it increased the viscosity of the medium and hence stopped 

MSNPs-NH2 from aggregating. The increase of the viscosity of the medium, results in 

the dramatically reduction of the diffusion rate for the nanoparticles and therefore 

prevented the aggregation of particles into larger dimensions. 

 Notwithstanding, a major drawback was that these MNPs were difficult to extract 

using an external magnet. Then, different concentrations of dimethyl di-n-octadecyl 

ammonium chloride were studied (see Annex II Figure SIV.18). The tendency was the 

same; the more stable are they became, the more difficult to extract them. Up to 15 mg 

of the surfactant, the dispersion was stable, and with lots of time, a small amount of 

MNPs could be extracted by the magnet. Nevertheless, the obtention of total dryness in 

MNPs, free from surfactant is difficult due to the highly viscosity of the suspension.  As 

was said before, a compromise between colloidal stability and ease of MSNPs 

recovery was made, and for our case we observed that cetyl trimethyl ammonium 

chloride (CTAC), with the lowest ζ-potential, but still higher than 20 mV (negative), was 

the most suitable.  

 

IV.2.2.    Photocatalytic Alcohol Oxidation. 

 

The heterogeneous photocatalytic activity of MSNPs-NH2@H[1] was tested in the 

oxidation of different alcohols in water (pH=7, K2CO3), using Na2S2O8 as the oxidizing 

agent. All the substrates were tested under analogous conditions using a loading of 0.1 

or 0.01 mol % of the catalyst based on the amount of complex anchored on the 

nanoparticles, by exposing the reaction quartz vials to UV irradiation at ʎ=300 nm, at 

room temperature and atmospheric pressure. Initially, an optimization of the reaction 

time was carried out for the photooxidation process using 1-phenylethanol as the 
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substrate and the yield values obtained at different times are showed in the following 

(Figure IV.13). We have observed a certain degree of aggregation in the nanoparticles 

after 4h, which could be responsible for the 76 % of yield found after 8h of catalytic 

reaction (Table IV.9, entry 4). Then, we sonicated the mixture for 3 min after 4h of the 

reaction and continued the catalysis until 8h. In this way, we optimized the reaction 

times shown in (Figure IV.13), where almost a total conversion was attained after 8h of 

reaction. This time should be chosen as the optimal time to carry out the catalytic 

assays. In all cases, acetophenone was detected as an only product and the selectivity 

achieved were higher than 99%.  

 

 

 

Figure IV.13. Plot of yield as a function of time for the photoredox catalysis of 1-phenylethanol 

using MSNP-NH2@H[1] as catalyst. The blue curve shows the dependence of substract yield 

with the reaction time in presence of MSNP-NH2@H[1] catalyst. The red curve shows the 

dependence of substracte yield with the reaction time after the catalyst was removed at 4h. 

Conditions: MSNP-NH2@H[1] (0,1µmol), substrate (0,1 mmol), Na2S2O8 (0,2 mmol),  5 mL 

potassium carbonate solution at pH=7 ;light irradiation using a lamp with   =300 nm. 

Sonication after 4 hours. 
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Figure IV.14.  UV-vis spectra corresponding to a solution of 0.02 mM of [1]
-
 in 5 ml of water 

(yellow line). UV-visible spectra of the solutions after the oxidation of 1-phenylethanol by MSNP-

NH2@H[1] catalyst, throughout the different reuses. 

  

The results showed in (Table IV.9) highlights the extraordinarily effectivity of the 

heterogeneous catalyst in the photooxidation of aromatic and aliphatic alcohols. Blank 

experiments using nude MSNPs-NH2 (Table IV.9, entry 1) or performed in the absence 

of light (Table IV.9, entry 3) with yield less than 6 % of acetophenone, revealing that 

the metallacarborane-free material is ineffective in the photooxidation process and that 

light is also needed. 

The yields observed in the photooxidation of 1-phenylethanol by the homogeneous 

complex Na[1] (Table IV.9, entry 2) and by the supported MSNPs-NH2@H[1] (Table 

IV.9, entry 5) are >99% in both cases, which seems to indicate that the support does 

not modify the catalytic properties of the metallacarborane under the same reaction 

conditions. In general, primary and secondary alcohols were found to be effective in the 

photooxidation process, the secondary aromatic alcohols were slightly more reactive 

than the primary ones. The quantitative conversion was obtained with 1-phenylethanol 

(Table IV.9, entry 5) .For the primary aromatic benzyl alcohol, the photooxidation to 

benzaldehyde showed high yield, 90 % (Table IV.9, entry 6). The yield values 

enhanced by the presence of electron-donating substituents on the aromatic ring of the 

benzyl alcohol (Table IV.9, entry 7) but decreased by the presence of electron-

withdrawing substituents, such as chloro (Table IV.9, entry 8). In the case of the 
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aliphatic alcohols 1-butanol, 1-pentanol, 1-hexanol, and 2-ethoxyethanol, all were 

oxidized to the corresponding acids with high yields of 97 %, 98 %, 92 % and 96 % 

(Table IV.9, entries 10, 11, 12 and 14), respectively. The lower yield was exhibited by 

the isobutanol substrate (entry 13), being the latter 87 %. Using the secondary 

aliphatic alcohol, cyclohexanol a conversion of 98 % was achieved. Furthermore, we 

extended the study to interesting diols at an industrial level, diethylene glycol and 1,6-

hexanediol. In both cases, the diacid has been obtained with good yields of 75 % and 

92 % (Table IV.9, entries 16 and 17) respectively. Using the same conditions 

expressed in (Table IV.9), although increasing the amount of oxidizing agent due to the 

presence of two alcohol groups , being the final ratio used (1:1000:4000), the degree of 

conversion increased to 99 % and 95 %, respectively. Important to remark is that blank 

controls have shown that after 8h of reaction, under the latter conditions and in the 

absence of MSNPs-NH2@H[1] in the reaction medium, no significant oxidation of 

alcohol occurred (<10%).  

A fact observed was the decreasing of the initial neutral pH of the system, ranged 

from 5 to 6. In the latter cases, it was necessary the readjustment of the pH after 4h of 

reaction, but obtaining high selectivity values >99%.  

Furthermore, we verified that the catalytic activity proceeds from the 

heterogeneous catalyst and not from the release of the active catalytic species from the 

support during the catalysis, which indicates the presence of a homogeneous (leached) 

catalyst. Therefore, two experiments have been done. On one hand, the experiment 

consisted of stopping the photooxidation reaction of the substrate (1-phenylethanol) at 

4h, removing the nanoparticles by a magnet, and continuing the reaction with the rest 

of solution until 8h. We have not observed further reaction in the absence of the MNPs; 

then, we can argue a lack of metal leaching in our photocatalytic experiment as was 

exposed in the above Figure IV.13. On the other hand, we experimented on the 

evaluation, through UV-visible spectroscopy, of the amount of metallacarborane 

complex in the reaction solvent after the oxidation of 1-phenylethanol. The results are 

showed in the above (Figure IV.14), where the absorption band corresponding of the 

complex is not observed, which reconfirms that the leaching of metallacarborane is 

negligible for the heterogeneous system.  

As we have commented previously, after 4h of reaction, we have observed a 

certain degree of aggregation that has led to a decrease in the activity of the 

heterogeneous catalyst. With respect this fact, we have studied the effect of the 

presence of the surfactant, cetyl trimethyl ammonium chloride (CTAC) in a 

concentration that represents 2% (0.4. mM) with respect the concentration of the 
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substrate, on the oxidation of 1-phenylethanol by the heterogeneous system, MSNPs-

NH2@H[1]. The concentration of surfactant was selected in base of a compromise 

between the stability of the nanoparticles in solution and their recovery employing a 

magnet.  

The (Figure IV.15) displays the yields after 1, 2 or 4 h of catalytic procedure. We 

can observe that total conversion of 1-phenylethanol after 4 h, indeed after 2h, the yield 

was of 95 %; with high selectivity values >99 %. These results confirm the positive 

effect of the surfactant on the catalytic performance of the nanoparticles since, on one 

hand, (i) the presence of surfactant does not detract the activity of the catalyst, which 

indicates that the surfactant does not block the active sites of the supported catalyst, 

while, on the other, (ii) the surfactant decreases the aggregation of these nanoparticles 

during the catalysis. For at least 4h, the nanoparticles remain highly dispersed. This 

behavior improves the performance of the heterogeneous catalyst, probably due to a 

greater number of active centers exposed to the substrate, which could facilitate their 

interaction.  

 

 

Figure IV.15. Plot of yield as a function of time for the photoredox catalysis of 1-phenylethanol 

using MNSP-NH2@H[1] as the catalyst in the presence of 0,4 mM of cetyl trimethyl ammonium 

chloride (CTAC) as a surfactant. The blue curve shows the dependence of substrate yield on 

the reaction time after the catalyst was removed at 4h. Conditions: MNSP-NH2@H[1] 

(0,1µmol), substrate (0,1 mmol), Na2S2O8 (0,2 mmol), CTAC (2 µmol), potassium carbonate 

solution (5 mL) at pH=7; light irradiation using a lamp with λ =300 nm. 
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Table IV.9. 1.  Photocatalytic oxidation of alcohols.
a 

Entry catalyst Substrate Yield(%)(TON) 

1 MSNP-NH2 

 

6 

2 Na[1] 

 

>99 (1000) 

3 MSNP-NH2@H[1] 

 

4
 b
 

4 MSNP-NH2@H[1] 

 

76 (760)
c 

5 MSNP-NH2@H[1] 

 

>99 (1000) 

6 MSNP-NH2@H[1] 

 

90 (900) 
 

7 MSNP-NH2@H[1] 

 

97 (970) 

8 MSNP-NH2@H[1] 

 

86 (860) 

9 MSNP-NH2@H[1] 

 

95 (950) 

10 MSNP-NH2@H[1]  97 (970) 
 

11 MSNP-NH2@H[1]  98 (980) 

12 MSNP-NH2@H[1]  92 (920) 

13 MSNP-NH2@H[1] 
 

87 (870) 

14 MSNP-NH2@H[1] 
 

96 (960) 

15 
 

MSNP-NH2@H[1] 

 

98 (980) 

16 MSNP-NH2@H[1] 
 

75 (750)** 
98

 d
 (980)**

 

17 MSNP-NH2@H[1] 
 

90 (900)** 
95

 d
 (950)** 

 

a 
Conditions: MNSP-NH2@H[1] or Na[1] (0,1µmol), substrate (0,1 mmol), Na2S2O8 (0,2 

mmol), 5 ml of potassium carbonate solution at pH=7 ;light irradiation (8h) using a lamp with 

  =300 nm; sonication after 4 hours. b
 absence of light 

c 
without sonication. Yield values 

obtained are shown together with TON that is shown in parenthesis .  Yields of products were 

determined by NMR spectroscopy and gas chromatography (GC). 
d 

MNSP-NH2@H[1] or Na[1] 

(0,1µmol), substrate (0,1 mmol), Na2S2O8 (0,4 mmol), 5 mL of potassium carbonate solution 

at pH=7 ;light irradiation (8h) using a lamp with   =300 nm; sonication after 4 hours. ** 

Analysis was done on the neat reaction. No attempt to separate was done. (see Annex II 

Figures SIV.20-23). 
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Based on the above results, we have studied the photooxidation of alcohols in the 

presence of surfactant, using the same conditions displayed in the above Figure IV.15 

and considering 2 and 4 h as the optimal times to perform the catalytic assays. The 

yields obtained are showed in the Table IV.10. In all cases, selectivity values were 

greater than 99%. The results show that MSNPs-NH2@H[1] is also an efficient catalyst 

for the photooxidation of alcohols in times as short as 2h and 4h, which confirm the 

positive effect of the surfactant on the catalytic behavior. We have reduced the catalyst 

loading to 0.01 mol % vs the used 0.1 mol %, corresponding to ratios of 1:10000:20000 

of the catalyst/substrate/oxidizing agent, in the oxidation of 1-phenylethanol (1b), and 

we have obtained a yield greater than 99% corresponding to TON=10000. The latter 

value is similar to that previously obtained in homogeneous conditions after 8h; but in 

this case, we have used short reaction times, 4h.  

We have also verified the performance of the heterogeneous catalyst by removing 

the nanoparticles after 1h of operation by magnetic separation, followed by reaction 

with the rest of the solution until 4h (Figure IV.15, blue curve). No increasing of the 

product yield was observed after removal of the catalyst, proving that either no leaching 

or negligible leaching occurred. 

The lifetime of the catalyst and its level of reusability are very important factors for 

practical applications. In this way and based on the results shown above, we have 

investigated the recyclability of the heterogeneous MSNPs-NH2@H[1] catalytic system 

in water on two different substrates, 1-phenylethanol and diphenylmethanol (Figure 

IV.16 a), and on the cyclohexanol (Figure IV.16 b). In all cases, after 4h of reaction, 

the heterogeneous catalyst was recovered from the catalysis medium by magnet 

separation. Afterward, the particles were washed with water, dried, and exposed to a 

new loading of substrate under the same experimental conditions.  
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Table IV.10. The substrate scope of photooxidation of alcohols  by MSNP-NH2@H[1].
[a] 

 

 
1 
 

 
2 

 
3 

95%, TON=950 (2h) 
>99%, TON=1000 (4h) 

    >99%, TON=10000 (4h)
b
 

80%, TON=900 (2h) 
95%, TON=950 (4h) 

94%, TON=940 (2h) 
96%, TON=960 (4h)  

 
 

4 
 

5 
 

6 

72%, TON=720 (2h) 
83%, TON=830 (4h) 

83%, TON=830 (2h) 
90%, TON=900 (4h) 

85%, TON=850 (2h) 
98%, TON=980 (4h) 

 
7 

 
8 

 
9 

90%, TON=900 (2h) 
>99%, TON=1000 (4h) 

92%, TON=920 (2h) 
95%, TON=950 (4h) 

96%, TON=960 (2h) 
98%, TON=980 (4h) 

 
 

10 
 

11 
 

12 

91%, TON=910 (2h) 
94%, TON=940 (4h) 

79%, TON=790 (2h) 
84%, TON=840 (4h) 

55%,** TON=550 (2h)
c 

81%,** TON=810(4h)
c 

 
13   

62%,**TON=620 (2h)
c
 

90%,**TON=900 (4h)
c 

 

 
[a]

 Conditions: MNSP-NH2@H[1] (0,1µmol), substrate (0,1 mmol), Na2S2O8 (0,2 mmol), CTAC 

(2 µmol),  5 mL potassium carbonate solution at pH=7 ;light irradiation using a lamp with   

=300 nm. yields and TON values obtained are shown together with the time of the catalyst 

that is shown in parenthesis. 
b
 MNSP-NH2@H[1] (0,05 µmol), substrate (0,5 mmol), Na2S2O8 

(1 mmol), CTAC (2 µmol),  5 mL potassium carbonate solution at pH=7. 
c
 MNSP-NH2@H[1] 

(0,1 µmol), substrate (0,1 mmol), Na2S2O8 (0,4 mmol), CTAC (2 µmol),  5 mL potassium 

carbonate solution at pH=7. Yields of products were determined by NMR spectroscopy and GC. 

**Analysis was done on the neat reaction. No attempt to separate was done.               
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Figure IV.16. Yield values obtained throughout a number of successive reuses of catalyst 

MSNP-NH2@H[1] in the photooxidation of (a) diphenylmethanol (light purple) and 1-

phenylethanol (dark purple); (b) cyclohexanol. Conditions: MNSP-NH2@H[1] (0,1µmol), 

substrate (0,1 mmol), Na2S2O8 (0,2 mmol), CTAC (2 µmol), potassium carbonate solution 

(5mL) at pH=7; light irradiation using a lamp with λ =300 nm, 4 h per run. 
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These results evidence that the heterogeneous catalyst maintains a good 

performance throughout the twelve runs, with good yields values for 1-phenylethanol, 

diphenylmethanol, and cyclohexanol as substrates, maintaining the selectivity values 

greater than 99%. The overall turnover numbers (TONs) are 11960 for 1-

phenylethanol, 9490 for diphenylmethanol, and 11180 for cyclohexanol. To the best of 

our knowledge, these values are among the highest turnover numbers achieved in 

alcohol photoredox oxidation in heterogeneous conditions. Furthermore, we have 

observed that the activity of the catalysts does not decrease through the repeated 

uses. The high stability shown by the catalyst seems to be due to the favorable 

nonbonding interactions mostly B-H…H-N between cobalbisorthodicarbollide, [1]-, and 

NH3
+ groups from the nanoparticles which lead to the formation of a hybrid material 

with enhanced stability. UV-visible spectroscopy was performed to the solutions after 

the consecutive recycling experiments indicating that no noticeable loss of catalyst 

takes place as was showed in the above (Figure IV.14). The morphology of the 

recovered catalyst was analyzed, after 12 runs, in the photooxidation of 1-

phenylethanol. The SEM image obtained was compared with that of the catalyst before 

the catalysis (Annex II Figure SIV.19). The results show that the morphology is 

maintained.  

 

In summary, we have shown that proton cobaltabisdicarbollide, H[3,3‟-Co(1,2-

C2B9H11)2] has been heterogenized on magnetic nanoparticles (MNPs) coated with a 

silica layer, maintaining the homogeneous catalytic properties. The heterogeneous 

catalyst synthesized showed an easy magnetic separation and recyclability. In the 

structure of the heterogeneous catalyst, magnetic silica nanoparticles amine terminated 

was anchored in a non-covalently manner to H[3,3‟-Co(1,2-C2B9H11)2] (H[1]) to achieve 

a highly stable photoredox catalyst in water, MSNP-NH2@H[1] which was analysed in 

depth to understand their morphology, characterization and colloidal stability.  The 

heterogeneous catalyst was tested in the photooxidation of different aromatic and 

aliphatic alcohols as substrates, using catalyst loads of 0.1 mol %, and 0.01 mol %. 

Cetyl trimethyl ammonium chloride was chosen as surfactant to prevent the 

nanoparticles aggregation and maintain the stability at the same time allow a fast 

magnetic separation. The recyclability of the catalytic system was demonstrated over 

the course of 12 runs, with the maintenance of the high yields and selectivity. Hence, 

the metallacarborane catalyst supported on silica-coated magnetic nanoparticles has 

proven to be a robust, efficient, reusable and green photoredox oxidation 

heterogeneous catalyst in water.  
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IV.3.    Aqueous Persistent Noncovalent Ion-Pair Cooperative 

Coupling in a Ruthenium Cobaltabisorthodicarbollide System 

as a Highly Efficient Photoredox Oxidation Catalyst 

 

 

 

 

 

---------------------------------------------------------------------------------------------------------- 

 

Here, we describe the synthesis of a new air-stable ruthenium-

cobaltabis(dicarbollide) compound, [RuII(trpy)(bpy)(H2O)][(3,3´-Co(1,2-C2B9H11)2]2, 

C4, where the [Ru-OH2] cation belongs to the family of redox oxidation catalysts, 

together with their complete spectroscopic and electrochemical characterization. The 

recrystallization of C4 in acetonitrile, leads to the formation of 

[RuII(trpy)(bpy)(CH3CN)][(3,3´-CO (1,2-C2B9H11)2]2, C5 complex, that has been 

structurally characterized. C4 has been tested as a cooperative photoredox catalyst in 

the oxidation of aromatic and aliphatic alcohols in water showing high performance, 

using very low catalyst loads.  
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IV.3.1.    Synthetic Strategy, Structure, and Redox Characterization. 

 

The synthetic procedure used for preparation of the compounds is showed in 

Scheme IV.2. The aqua complex C4 is obtained by dissolving the chloride ruthenium 

(II) complex [RuII(trpy)(bpy)(Cl)]Cl (C2), obtained following the method described in the 

literature,252 in a mixture of water/acetone (1:1) in the presence of Ag[1], C3, under 

reflux. The latter compound was synthesized by a cationic exchange resin from Cs[1], 

as was described in the literature.253 After filtration of AgCl, the complex was isolated. 

The recrystallization of C4 in acetonitrile led to the substitution of water by acetonitrile 

ligand, and then the formation of complex C5 took place. It is important to note, that, 

this is the first example of a molecular aqua ruthenium (II) complex containing two 

cobaltabisorthodicarbollide anions as counterions.  

 

 

 

Scheme IV.2. Synthetic Strategy for the Preparation of Complexes C4 and C5. 



Chapter IV 
 

 

107 

 

Single crystals of C5 were grown by recrystallization of C4 in acetonitrile. Although 

all attempts to obtain crystals of C4 in water or noncoordinating solvents were 

unsuccessful.  

X-ray diffraction analysis was used to solve the crystal structure of complex C5, as 

is showed in the following (Figure IV.17).  

 

 

 

Figure IV.17. Crystal structure of complex C5. 

 

The main crystallographic data, together with selected bond distances and angles, 

are showed in (Annex III Tables SIV 3.4 and SIV 3.5). The cationic moiety of 

compound C5 is formed by a ruthenium (II) complex, where the Ru center displays an 

octahedral distorted type of coordination, in which the trpy ligand is bonded to the RuII 

cation in a meridional manner and the bpy ligand is coordinated in a bidentate fashion. 

The sixth coordination site is occupied by the monodentate acetonitrile ligand. All bond 

distances and angles are within the expected values for these types of complexes.254 

For instance, it is interesting to note that the Ru-N2 bond length in the bpy ligand, 

where the N2 atom is placed trans to the pyridyl N4 atom of trpy, is longer (2.069 Å) 

than the analogous distance Ru-N1 (2.033 Å), where the N1 atom is trans to the N6 

atom of the acetonitrile ligand. This evidence highlights the stronger trans influence of 

the pyridine ring with respect to the acetonitrile ligand. The N3-Ru-N4 and N4-Ru-N5 

angles are 79.880 and 79.130, respectively, less than the 900 expected for an ideal 
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octahedral geometry. This may be due to the geometry of the trpy ligand, which defines 

the equatorial plane of the structure; as a consequence, the other two equatorial 

angles, N3-Ru-N2 and N2-Ru-N5, are larger than 900. The anionic moiety is formed by 

two anionic metallabisorthodicarbollide units, which display different rotamers: one 

cisoid and the other transoid. The C1A-C2A (1.661 Å) and C1B-C2B (1.642 Å) bond 

lengths are different in the cisoid anion, while the C1C-C2C bond lengths are similar 

(1.649 Å) in the transoid rotamer anion. The packing showed in the following (Figure 

IV.18) displays the arrangement adopted between the metallacarborane anions and 

cationic moieties.  

 

 

 

Figure IV. 18. Packing displayed by C5. 

 

The IR spectrum of complex C4 shows vibrations around 2900 cm-1 that can be 

assigned to the ʋC-H stretching modes for the aromatic rings, while the bands around 

3030 cm-1 correspond to the ʋC-H stretching of the Cc-H bonds in the different rotamers. 

A band over 3500 cm-1 can be seen that corresponds to the ʋO-H stretching of the aqua 

ligand. We have also observed a significant vibration around 2530 cm-1 that 

corresponds to the ʋB-H stretching mode for the B-H bond, as is showed in the following  

(Figure IV.19).  
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Figure IV.19. IR spectrum of C4. 

 

The 1D and 2D 1H NMR spectra of complexes C3 and C4 were recorded in 

acetone-d6 and are displayed in (Annex III Figure SIV.25 and Figure IV.20 a), 

respectively, and COSY NMR spectrum is displayed in (Annex III Figure SIV.26). The 

1H NMR spectrum of C4 shows two set of signals as is showed in (Figure IV.20 a): one 

in the aromatic region corresponding to the protons of the bipyridine and terpyridine 

ligands of the [Ru-OH2]
2+ cation and the second set in the aliphatic region that can be 

assigned to the Cc-H of the cobaltacarborane anions, with resonances of near δ = 3.98 

ppm. The 1H {11B} NMR spectrum exhibits the resonances of H atoms bonded to B 

atoms over a wide range of chemical-shift in the region from δ =1.50 to 3.5 ppm. These 

resonances appear as broad bands, as is showed in (Figure IV.20 b). The 11B {1H} 

NMR resonances represented the typical pattern of the pristine 

cobaltabisorthodicarbollide cluster in the range from δ =15 to -22 ppm, as is showed in 

the following (Figure IV.20 c).255 
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Figure IV.20. a) 
1
H-NMR; b) 

1
H{

11
B}-NMR; c) 

11
B{

1
H}-NMR spectra of cobaltabis(dicarbollide) 

C4 compound in acetone-d6. 

 

The UV-vis spectra of Ag[1], C3, is showed in the (Annex III Figure SIV.27), C2’ 

and C4, are showed in the following (Figure IV.21). The UV-vis spectrum of Ag[1], C3 

in Figure SIV.27, shows one strong absorption band at 286 nm and others with less 

intensity at 210, 333, and 450 nm, in accordance with the literature.256 The spectrum of 

the aqua complex C2’ showed in (Figure IV.21 a) (black line) shows ligand-based π-π* 

bands and dπ(Ru)- π*(L) metal-to-ligand charge-transfer (MLCT) transitions, as is 

usual for these complexes.257 The UV-visible spectrum corresponding to complex C4 is 

showed as well in (Figure IV.21 a) (dash dotted line) and (Figure IV.21 b), where is 

exhibited the ligand-based π-π* bands of the cationic part below 350 nm that are 

partially eclipsed by strong absorptions corresponding to the 

cobaltabisorthodicarbollide anionic moiety. Above 350 nm, the spectra show less 

intense bands that correspond to dπ(Ru)- π*(L) MLCT transitions. In (Figure IV.21 b) 

are showed the UV-spectra of C4 in CH2Cl2, phosphate buffer, and CH3CN. It is worth 

mentioning that the shift to higher energy absorptions observed for C4 in acetonitrile 

with regard to the same complex in the other solvents mentioned. This is expected 

because of substitution of the aqua ligand by acetonitrile; this ligand shows a higher π-

acceptor capacity with respect to the aqua ligand, which provokes stabilization of the 

dπ (Ru) donor orbitals.  
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Figure IV.21. a) UV-vis spectra of complex C2’ (black line) and C4 (dash dotted line) in 

phosphate buffer at 7.02 pH. b) UV-vis spectra of complex C4 in CH2Cl2 (dotted line), 

phosphate buffer at 7.02 pH (dash-dotted line), and CH3CN (solid line).  
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The electrochemical behavior of complexes C3, Na[1], and C4 have been studied 

by means of cyclic voltammetry (CV) and differential pulse voltammetry (DPV).  The 

CV curve of C3 in acetonitrile shows two reversible one-electron-redox processes at 

E1/2=-1.69 and 1.27 V versus Ag/AgCl as reference electrode, which can be assigned 

to CoIII/CoII and CoIV/CoIII, respectively and it is showed in (Annex III Figure SIV. 28).  

The CV curve of the aqua complex C4 in dichloromethane exhibits different redox 

processes because of the Ru and Co ions. Two are almost reversible monoelectronic 

CoIIIRuIII/CoIIIRuII and CoIIIRuIV/CoIIIRuIII redox waves at E1/2 around 0.68 and 0.96 V 

versus Ag and two monoelectronic CoIIIRuII/CoIIRuII and CoIVRuIV/CoIIIRuIV redox waves 

at E1/2=-1.57 and 1.38 V Versus Ag/AgCl, respectively and it is showed in (Figure 

IV.22). 

 

 

            Figure IV.22. CV of C4 in CH2Cl2 + 0.1 M TBAH vs Ag/AgCl. 

 

The electrochemical behaviour of C4 is showed and was also studied in aqueous 

solution and it is showed in (Figure IV. 23 and Figure IV.24). The CV curve of C4 is 

showed in (Figure IV.23, red line) and DPV curve in (Figure IV.24 a) exhibit two 

successive one-electron-oxidation waves at 0.55 and 0.67 V (vs Ag/AgCl), which 

correspond to  CoIIIRuIII/CoIIIRuII and CoIIIRuIV/CoIIIRuIII redox couples, respectively, and 

are assigned to two proton-coupled electron-transfer (PCET) processes (equations 1 

and 2). These values have been assigned to the RuIII/RuII and RuIV/RuIII couples of the 

catalytic unit, based in the values presented by the mononuclear 
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[RuII(trpy)(bpy)(H2O)]2+ compound.258  

The CV curve in (Figure IV.24 b) shows that the above mentioned waves 

corresponding to Ru, are followed by another two-electron oxidation wave at 1.19 V (vs 

Ag/AgCl), which was attributed to the CoIVRuIV/CoIIIRuIV redox couple. In this case, this 

value is assigned to the CoIV/CoIII couple of the photoactive unit given the similarity with 

the potential value of Na[1], whose CV curve presents a CoIV/CoIII redox wave at E1/2 = 

1.36 V, as is showed in (Figure IV. 23, blue line) and in (Annex III Figure SIV.29).   

 

 

 

Equations 1-4. The electrochemical transition reaction corresponding to each redox couple 

processes at pH=7.12. Ref Ag/AgCl.  

 

 

 

Figure IV.23. CV for complexes C4 (red line) and Na[1] (blue line) registered in a phosphate 

buffer (pH= 7.12) vs Ag/AgCl. The right red and blue inserts show dI/dE to better appreciate the 

position of the couple Co
IV

/Co
III
. Further proof of this will be shown later when dealing with the 

C4 precedents that we will henceforth call the C4 history.  
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Figure IV.24. a)  DPV for complex C4 registered in a phosphate buffer (pH= 7.12) vs Ag/AgCl. 

b) CV for complex C4 registered in a phosphate buffer (pH= 7.12) vs Ag/AgCl. 

 

For C4, the CoIV/CoIII redox potential value is 170 mV more cathodic with respect 

to the potential of Na[1], which indicates a certain and significant electronic coupling 

between the two units. To check this out, we have measured the redox potentials of 
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Na[1] after adding different concentrations of two divalent salts, CaCl2 and ZnCl2 as is 

showed in (Table IV.11 and Annex III Figure SIV.30), where is reproduced the 

dipositive charge of the ruthenium complex, and no substantial change in the redox 

potential of Na[1] has been observed. This is consistent with a coupling between the 

cation and anion in C4. (Equations 1-4) contain the electrochemical transition 

reactions corresponding to each redox couple processes at pH=7.12 with reference 

electrode Ag/AgCl.  

 

Table IV.11. Potential values of complex Na[1], corresponding to the couple Co
IV

/Co
III 

after 

the addition of different concentrations of a) CaCl2 and b) ZnCl2.  

a) 

 

Entry [Na[1]](M) E
CoIV/III

(Na[1]) (V)
a
 [CaCl2]added(M) E

CoIV/III
(Na[1]+CaCl2)

a
(V) 

1 1x10
-3

 1.36 2.5x10
-4

 1.354 
2 1x10

-3
 1.36 5x10

-4
 1.346 

3 1x10
-3

 1.36 1x10
-3

 1.352 

 

b) 

 

Entry [Na[1]](M) E
CoIV/III

(Na[1]) (V)
a
 [ZnCl2]added(M) E

CoIV/III
 (Na[1]+ZnCl2)

a
(V) 

1 1x10
-3

 1.36 2.5x10
-4

 1.348 

2 1x10
-3

 1.36 5x10
-4

 1.368 

3 1x10
-3

 1.36 1x10
-3

 1.338 
 

a. potentials registered in a phosphate buffer (pH=7.12) vs Ag/AgCl.  

 

Therefore, the observed oxidation potentials indicate that the photogenerated CoIV 

is able to easily oxidize [RuIII-OH]2+ to [RuIV=O]2+, with a driving force of 520 mV, since 

the potential for CoIV/CoIII is high enough, compared to the RuIV/RuIII couple. This would 

be thermodynamically possible in water via PCET processes.259 Therefore, on the 

basis of these studies, it is expected that, for photocatalytic oxidation of organic 

substrates, [1]- could act as a good photosensitizer.  

In (Figure IV.23) is showed that there is an ion-pair contact effect, which causes 

the CoIV/CoIII redox couple potential to vary near 170 mV under the influence of the 

ruthenium complex.  
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IV.3.2.    Photocatalytic Oxidation.  

 

C4 is [Ru][Co]2 ion-pair complex in which the photocatalytic system is based on 

cobalt, an abundant transition metal, whereas the redox part is the ruthenium complex. 

The photocatalytic oxidation experiments were all carried out by exposing the reaction 

quartz vials to UV irradiation (2.2 W, ʎ ~ 300 nm), for different times, at atmospheric 

pressure and room temperature. The samples were 5mL of water, a K2CO3 solution at 

pH=7, and a mixture of C4 as a substrate, Na2S2O8 as a sacrificial oxidant (air could 

also do the work, as we have seen in the above section IV.1), and 0.005 mol % 

catalyst. The blank experiments were performed in the absence of catalyst, sacrificial 

oxidant, or light for 8 h. The results evidenced that a negligible amount of oxidation 

product was formed, less than 8% in all cases. After irradiation for a specified time, the 

reaction products were extracted with dichloromethane three times, quantified by 

means of 1H NMR spectroscopy, and confirmed by gas chromatography with flame 

ionization detection (GC-FID) analysis. The results are showed in (Table IV.12), which 

displays the catalytic results obtained in the photooxidation of aromatic and aliphatic 

alcohols, after different times of reaction. In general, high yields of conversion and 

selectivity have been obtained, even when short reaction times have been used. After 

8h of irradiation and timely neutralization at 4h, the yields observed in the 

photooxidation of 1-phenylethanol (entry 1) and diphenylmethanol (entry 5), both 

secondary aromatic alcohols, were remarkably >99%, with selectivity values of >99% 

and turnover numbers equal to TON = 20000 in both cases. However, the yield values 

observed for benzyl alcohol are slightly less than the secondary ones. It is worth 

mentioning that, after 4h of irradiation, the achieved high selectivity values were to 

obtain only the corresponding aldehydes. The conversion values enhanced by the 

presence of electron-donating substituents, such as methyl, on the aromatic ring of the 

benzyl alcohol (entry 3d) and decreased with the presence of chloro, an electron-

withdrawing substituent (entry 4d). In the case of both benzyl alcohol and the 

substituted substrates, the selectivity decreases after 8h of irradiation, and it is 

observed an alcohol overoxidation toward the formation of the corresponding acids. C4 

displays high efficiency by primary and secondary aliphatic alcohols, with yields larger 

than 76% after 4h of irradiation and selectivity values of >99%.  

1-Hexanol (entry 6), 1-butanol (entry 7), isobutyl alcohol (entry 8) and 2-

ethoxyethanol (entry 9) were converted to the corresponding acids with yields of 82 % 

(4h) and 92 % (8h) (entry 6), 89% (4h) and 98 % (8h) (entry 7), 83 % (4h) and 92 % 
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(8h) (entry 8), and 76 % (4h) and 93 % (8h) (entry 9), respectively. Conversely, 

cyclohexanol converted to cyclohexanone in 79 % yield after 4h and 95 % (8h) (entry 

10). When the amount of oxidizing agent was lowered (ratio applied 1:20000:20000), 

we observed that the degree of conversion for 1-phenylethanol and benzyl alcohol after 

4h, is on the same order as the values obtained using a ratio 1:20000:40000 (entries 

1e and 2e), respectively. It should be noticed that the conversion was a little bit less 

because of the kinetics of the reaction. These results are consistent because 1 mol of 

S2O8
2- is needed for each 1 mol of alcohol to achieve the oxidizing reaction. We have 

no evidence that the catalyst has undergone any transformation following catalysis, as 

has been evidenced in other cases with ruthenium complexes containing trpy.260 We 

performed matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) of C4 after the catalytic experiments, and it can be seen that the 

catalyst remains unchanged after catalysis, as is showed in (Annex III Figure SIV.31).  

 

Relevance of the History of C4. 

 

As mentioned in the introduction Chapter I of this thesis, Na[1] tends to self-

aggregate in water, producing micelles and/or vesicles.261 Upon the process of 

dissolving C4, the constituent ions would become free; for the vast majority of salts, 

this is completely independent. However, this apparently would not be the case here; 

see also the electrochemical section in which the [Ru-OH2]
2+ affects the redox couple of 

[1]-. Persistence even in the water ion-pair coupling between the cation and anion 

would be possible, which would prevent full dissociation and therefore maintain 

cooperation. Indeed, no noticeable changes have been observed at the UV-vis spectra 

in catalytic conditions near 10-6 M upon a 10-fold increase in concentration, as is 

showed in (Annex III Figure SIV.32).  

To evidence the noncovalent bonding relevance between the photosensitizer [1]- 

and the redox catalyst, we took advantage of the photooxidation process and studied 

the yields with the same concentrations of cations and anions but whose origins were 

different. Thus, we have studied the behavior of a mixture of two separate compounds, 

[RuII(trpy)(bpy)(H2O)](ClO4)2 (C2’) and Na[3,3‟-Co(1,2-C2B9H11)2] (Na[1]), after 4h of 

catalysis and using the Co/Ru ratios 1:1 and 2:1, maintaining the same ruthenium 

concentrations as that for the C4 photocatalyst. (Table IV.13) displays the results 

obtained for two substrates, 1-phenylethanol and 4-methylbenzyl alcohol. The results 

show that the noncovalent ion pair C4 displays a better catalytic performance than the 



Chapter IV 
 

 

119 

 

equal 1:2 mixture of C2’ and Na[1], evidencing the advantage of the coupling history 

between the two compounds, where nonbonding interactions between 

[RuII(trpy)(bpy)(H2O)]2+ and [1]- could facilitate or stimulate ET and, consequently, the 

efficiency of the cooperative system in the alcohol oxidation. For comparison purposes, 

the ratio 1:1 ratio of C2’ and Na[1] as well as C2’ and Na[1] alone was also studied. All 

of these are reported in Table IV.13, showing a distinct and lower yield than C4.  

Dynamic light scattering (DLS) measurements of catalytic mixtures were done, and 

the results are displayed in (Annex III Figure SIV.33). The hydrodynamic radius value 

of C4 in the catalytic mixture is D = 140.9 nm, which is of the same order as that 

presented by Na[1],262 which indicates the absence of larger aggregates in the 

medium, despite the presence of the [Ru-OH]2+. On the other hand, the value of D = 

128.4 nm, in the case of using a mixture of a 1:2 ratio of C2’ and Na[1] as catalysts, is 

less than that for C4, indicating to what extent the history of the catalytic medium 

influences the generated aggregates and hence, although limited, the results.  

 

Table IV.13. Photooxidation tests performed with C4 and C2’ + Na[1]
a
.  

 

Entry Photocatalyst Substrate Product TON (Yield, 
select. %) 

1 C4 1-phenylethanol acetophenone 16200 (81, ≥ 99) 

2 C2‟ 1-phenylethanol acetophenone 4400 (22, ≥ 99) 

3 Na[1] 1-phenylethanol acetophenone 6200 (62, ≥ 99) 

4 C2‟ + Na[1] (1:1) 1-phenylethanol acetophenone 12800 (64, ≥ 99) 

5 C2‟ + Na[1] (1:2) 1-phenylethanol acetophenone 15200(76, ≥ 99) 

6 C4 4-methylbenzylalcohol 4-methylbenzaldehyde 19600 (98, ≥ 99)
 

7 C2‟ 4-methylbenzylalcohol 4-methylbenzaldehyde 5200 (25, ≥ 96) 

8 C2‟ + Na[1] (1:1) 4-methylbenzylalcohol 4-methylbenzaldehyde 17200 (70, 82) 

9 C2‟ + Na[1] (1:2) 4-methylbenzylalcohol 4-methylbenzaldehyde 18000 (86, 96) 

 

a
Conditions: C4 (0.001 mM); C2’ and Na [1] (0.001 mM) for ratio 1:1 (C2’/Na[1]); C2’ (0.001 

mM) and Na[1] (0.002 mM) for ratio 1:2 (C2’/Na[1]), substrate (20 mM), Na2S2O8 (40 mM), 

5 mL potassium carbonate solution at pH=7. Light irradiation during 4h.   
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This study represents the first work, to the best of our knowledge, in which a 

photoredox catalyst based on an abundant first transition metal (Co3+) is noncovalently 

bonded to an active oxidation catalyst ([RuII(trpy)(bpy)(H2O)]2+), producing a persistent 

ion-pair interaction even in water and showing high selectivity in the photooxidation of 

alcohols.  

The observed values of conversion obtained using C4, together with the previous 

electrochemical study, are consistent and support the proposed mechanism shown in 

the Figure IV.25.  

Under irradiation, photons are absorbed by the photosensitizer Cop
III that 

experiences excitation to form Cop
III*, which undergoes oxidative quenching by the 

oxidizing agent S2O8
2-, generating Cop

IV. This photogenerated strong oxidizing CoIV is 

able to oxidize Ruc
II-OH2 to Ruc

III-OH. Then the SO4
•- radical oxidizes a new Cop

III to 

Cop
IV, which oxidizes Ruc

III-OH to Ruc
IV=O species. The Ruc

IV=O specie reacts with the 

corresponding alcohols to afford the oxidized products with regeneration of the 

corresponding catalyst Ruc
II-OH2. With the proposed mechanism, the exchange of two 

electrons and two protons takes place in the photooxidation of alcohols.  

 

 

Figure IV.25. Proposed mechanism for alcohol photooxidation using C4. 
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Table IV.12. Photooxidation tests performed with ruthenium cobaltabis(dicarbollide) 

complex C4.
[a] 

Entry Substrate Product t(h) 
TON(Yield, 
select. %) 

 

1 

  

8
[b]

 

6
[c]

 

4
 [d] 

4
 [e]

 

20000 (≥99, ≥99) 

19200 (96, ≥99)
 

16200 (81, ≥99) 

14600 (73, ≥99) 

2 

  

8
[b]

 

4
 [d] 

4
 [e]

 

18000 (75, 84)
 

16800 (84,
 
98)

 

16200 (77, 95) 

3 

  

 

8
[b]

 

4
 [d] 

 

 

19800 (93, 94)
 

19600 (98, ≥99)
 

 

4 
  

8
[b] 

4
 [d] 

 

19000 (90, 95)
 

15000 (75
 
, ≥99)

 

 

5 

 
 

 
 

8
[b] 

4
 [d] 

 

 20000(≥99,≥99)    

15800(79,
 
≥99) 

 

 

6 
 

 

  

 

8
[b] 

4
 [d] 

 

 

 18400 (92, ≥99) 

 16400 (82,
 
≥99) 

7 
 

 

8
[b] 

4
 [d]

 

19600 (98,
 
≥99) 

17800 (89,
 
≥99) 

8 
 

 

8
[b] 

4
 [d]

 

18400(92,
 
≥99) 

16600 (83,
 
≥99) 

9 
 

 

  

8
[b] 

4
 [d]

 

19400 (93, ≥99) 

18600 (76
 
, ≥99) 

10 

  

 

8
[b] 

4
 [d] 

 

 

19000 (95,
 
≥99) 

15800 (79,
 
≥99)

 

 
 

[a]
Conditions: C4 (0.001 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium 

carbonate solution at pH=7. Ratio 1:20000:40000: 
[b]

 8h of reaction, with previous 

neutralization after 4 h.
[c]

 4h of reaction, with previous neutralization after 3 h.
 [d]

 4 h of reaction, 

without neutralization.
 [e]

 Ratio 1:20000:20000; after 4 h of reaction.  
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In summary we have synthetized a cooperative ion-pair photoredox system, 

[RuII(trpy)(bpy)(H2O)][(3,3´-Co(1,2-C2B9H11)2]2, C4, where the metallacarborane, as 

photoredox catalyst and the ruthenium aquo complex, as oxidation catalyst are linked 

by non-covalent interactions which persist even after water dissolution. The 

recrystallization of C4 in acetonitrile, leads to the substitution of the water by the 

acetonitrile ligand and the formation of [RuII(trpy)(bpy)(CH3CN)][(3,3´-Co(1,2-

C2B9H11)2]2, C5  complex. 

The electrochemical studies in water revealed a significant coupling between 

[RuII(trpy)(bpy)(H2O)]2+, C2’ and [(3,3´-Co(1,2-C2B9H11)2]
-, [1]-. This cooperative 

system was an efficient photoredox catalyst for the oxidation of alcohols in 

aqueous media, through a Proton Coupled Electron Transfer process (PCET), 

operating at room temperature under UV irradiation, using 0.005 mol% of 

catalyst and high turnover number (TON=20000) was obtained.  

The photocatalytic studies showed that C4 complex displayed better 

catalytic performance than separated mixtures of C2’ and Na[1], with the same 

concentrations and ratios of Ru/Co. Cooperative catalytic systems with this kind 

of interactions have not been described before, and represent an advance in the 

cooperativity avoiding the expensive covalent bonds. A possible mechanism for 

this photoredox catalytic mechanism has been proposed.  
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IV.4. A Stand-Alone Cobaltabis(dicarbollide) Photoredox 

Catalyst Epoxidates Alkenes in Water at Extremely Low 

Catalyst Load 

 

 

---------------------------------------------------------------------------------------------------------- 

 

We describe the photoredox oxidation of alkenes by the sodium salt of anionic 

cobaltabis(dicarbollide), Na[Co(C2B9H11)2], in water and we establish a comparison with 

the photocatalytic behavior of the conventional photoredox, Ru(bpy)3
2+ widely studied in 

the literature. The comparison shows that the performance of [Ru(bpy)3]
2+ in the photo 

oxidation of alkenes in water is very low or null efficiency.  We shall see that low 

concentrations of Na[1] enhance the selectivity for the corresponding epoxide with high 

TON values in short reaction times. We have verified that Na[3,3‟-Co(1,2-C2B9H11)2],
 

acts as a photocatalyst in both processes, in the epoxidation of alkenes and in their 

hydroxylation in aqueous medium with a higher rate for epoxidation than for 

hydroxylation. Preliminary photooxidation tests using methyl oleate as substrate, led to 

the selective epoxidation of the double bond.  
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IV.4.1.    Photocatalytic alkene oxidations 

 

As we mentioned above Na[1] was prepared by cationic exchange resin from the 

water insoluble Cs[1] as is described in the literature.263 

The first photocatalytic alkene oxidation experiments using Na[1]  as catalyst were 

all performed by exposing reaction quartz vials to UV irradiation (2.2 W, ʎ ~ 300 nm, 12 

lamps in the walls of a box), at room temperature and atmospheric pressure, and using 

styrene as substrate; this was the reference compound used to find the reaction 

optimal conditions. The samples were made of 5 mL of water (0.4 µM in K2CO3 pH=7) 

with a mixture of Na[1] (0.02 mM), styrene (20 mM) and Na2S2O8 (26 mM) as oxidizing 

agent, ratios 1:1000:1300. Then, different reaction times were tested in order to know 

the conversion and the yields obtained along the time. Following irradiation for a 

specified time, as we can see in the (Figure IV.26), the reaction products were 

extracted with dichloromethane six times, dried with Na2SO4 and quantified by means 

of GC-FID and GC-MS analysis. As can be observed in Figure IV.26, after 30 minutes 

of reaction all the styrene was converted, and different products of oxidation were 

obtained as function of the reaction time.  

 

The evolution of yields with the reaction time and the evolution of the molar 

fractions of the styrene together with those of the oxidation products have been 

displayed in (Figure IV .27). (Figure IV.27 a) shows that after 5 minutes of reaction the 

amount of epoxide obtained is greater (37%) with respect to the other generated 

products (diol, benzaldehyde and benzoic acid); however, after 15 minutes it is 

observed that the amount of diol increases (35 % diol vs 27 % epoxide) and finally after 

30 minutes the amount of epoxide is maintained whereas the diol increases (50 % vs 

25 % epoxide). Along this time, benzaldehyde and benzoic acid have been formed but 

in less ratio. Moreover, as is shown in Figure IV.27 an increase of time results in a 

decrease in yield and selectivity values for the epoxide formation. Therefore, we have 

chosen 15 minutes as the time to perform the catalytic experiments, though in some 

cases, we have also studied the performance of the catalyst after 30 minutes of 

reaction.  

Blank experiments after 30 minutes of reaction, in the absence of catalyst, light or 

oxidizing agent, have shown that no significant conversion of styrene occurred.  
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Figure IV.26. Plot of conversion as a function of time for the photoredox catalysis of styrene. 

Conditions: Na[3,3‟-Co(1,2-C2B9H11)2] (0.02 mM), styrene (20 mM), Na2S2O8 (26 mM), 5 ml 

K2CO3 solution at pH=7, light irradiation (2.2 W,      300 nm). 

 

 

Fig r   V 27  a) Plot of yield as a function of time and b) plot of the molar fractions (XM) 

versus a time for the photoredox catalysis of styrene. Blue: styrene oxide; red: 1-phenyl-1,2-

ethanediol; green: benzaldehyde; brown: benzoic acid; orange: styrene. Conditions: Na[3,3‟-

Co(1,2-C2B9H11)2] (0.02 mM), styrene (20 mM), Na2S2O8 (26 mM), 5 ml K2CO3 solution at pH=7, 

light irradiation (2.2 W,      300  nm).
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Figure IV.28. Plot of TON of styrene oxide as a function of pH. Conditions: Na[3,3‟-Co(1,2-

C2B9H11)2] (0.02 mM), styrene (20 mM), Na2S2O8 (26 mM), 5 ml of water, light irradiation (2.2 W, 

     300  nm). TON = (mol of product)/(mol of catalyst). 

 

 

The effect of the pH on the photocatalytic oxidation of styrene has been also 

examined. As is showed in the above (Figure IV.28), the optimal TON value for the 

epoxidation of styrene to styrene oxide after 15 minutes of reaction is obtained to pH=7 

(TON=270) since this value decreases at lower (pH=5, TON=200) and higher (pH=8, 

TON=250) and (pH=10, TON=180 ) values of pH.  The lower value observed at pH=5, 

probably is due to the easy epoxy ring opening in acidic medium.264 
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Table IV.14. Photooxidation tests performed with Na[1] complex. 

 

Entry substrate 
Conv.

% 
product TON 

Selectivity 
% 

1 
 

 

 

 
78

[a] 

80
[b] 

96
[c] 

 

 

 
370

[a] 

270
[b] 

250
[c] 

 

 
47 
34 
26 

2  

 
85

[b] 

91
[c] 

  

 
440

[b] 

200
[c] 

 

 
52 
22 

 

3 

 

 
66

[b] 

95
[c] 

  

 
390

[b] 

290
[c]

 

 
44 
41 

4  

 
92

[b] 

≥99
[c] 

  

 
750(97%,cis)

[b] 

330(48%,cis)
[c] 

 
82 
33 
 

5 
 

 
91

[b] 

≥99
[c] 

 

 

 
470

[b] 

380
[c] 

 

 
47 
42 

6  

 
97

[b] 

≥99
[c] 

  

 
700

[b] 

370
[c]

 

 
72 
37 

 

7 
 

 
81

[b] 

≥99
[c] 

 

 

 
580

[b] 

160
[c]

 

 
72 
16 

 

Conditions: Na[1] (0.02 mM), substrate (20 mM), Na2S2O8 (26 mM), 5 mL potassium 

carbonate solution at pH=7. Ratio 1:1000:1300: 
[a]

 5 min of reaction 
[b]

 15 min of 

reaction.
 [c]

 30 min of reaction.
  
 

 

 

 

 

 

 

 

 



Chapter IV 

 

 

128 
 

  

IV.4.2.    Photocatalytic oxidations using catalyst load of 0.1 mol % 

 

Once the catalytic conditions have been optimized, we have also studied the 

photocatalytic oxidation of other alkenes using Na[1] as photoredox catalyst. Table 

IV.14 and in (Annex IV Table SIV 4.6) displays the performance of the photocatalyst 

after 5, 15 and 30 minutes of reaction. In general it can be observed that high 

conversion values were achieved after 15 minutes of reaction, being in many cases, 

total conversion after 30 minutes. However the moderate selectivity for the epoxide 

decreases with the reaction time, along to the TON values. This happens 

simultaneously with an increase in the amount of the corresponding diol for most of the 

substrates studied, as is showed in Table SIV 4.6.  

As is showed in Table IV.14, the photoepoxidation of trans-β-methylstyrene (entry 

2), trans-stilbene (entry 3) and cis-β-methylstyrene (entry 4), led to the formation of 

the corresponding isomer without isomerization in the first 15 minutes; however in the 

case of cis-β-methylstyrene, the stereoselectivity towards the formation of the cis-

epoxide isomer decreases greatly, up to half, after 30 minutes of reaction. This could 

be due to the formation of more long-lived free radical from the substrate that lead to 

the rotation of the C-C bond during the oxygen-transfer process, and consequently to 

the isomerization of cis to trans isomer.265 

 For the aromatic alkenes, the conversion values are enhanced by the presence of 

electron-donating substituents on the double bond (entry 2 and 4) but it is decreased 

by the presence of electron withdrawing substituents (entry 3).  

Oxidation of the aliphatic alkenes have been also tested, being the linear 1-octene 

(entry 7) slightly less efficient that cyclooctene (entry 5) and 4-vinyl-1-cyclohexene 

(entry 6). The photooxidation of this last substrate, occurs on the external double bond, 

which indicates that this reaction is regiospecific.  

On the other hand, the highly studied octahedral tris (2,2‟-bipyridine)ruthenium(II) 

([Ru(bpy)3]
2+),181 participates in electron transfer through an outer sphere mechanism, 

that implies that no major structural modification occurs upon ET. To the best our 

knowledge this compound has never been studied as photocatalyst for the epoxidation 

of alkenes in water medium. Then for the purpose of comparison, we also studied the 

performance of this compound in the photoredox oxidation of trans-stilbene, cis-β-

methylstyrene, cyclooctene and 1-octene, under the conditions described in Table 

IV.14 and after 30 minutes of reaction (Table IV.15). As can be observed in Table 
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IV.15, only in the case of the activated trans-stilbene and cis-β-methylstyrene, 10 % 

and 3 % respectively, of the corresponding epoxides were obtained after 30 minutes. In 

the case of aliphatic alkenes, cyclooctene and 1-octene, the conversion to the oxidized 

products was inexistent after this time. Based on these results, we can conclude that, 

unlike the photosensitizer [Ru(bpy)3]
2+, the cobalt based Na[1], acts both as an efficient 

photosensitizer and a redox catalyst for the epoxidation of alkenes in water.  

 

Table IV.15. Comparative results of Photooxidation tests performed with Na[1] vs 

[Ru(bpy)3]
2+

complex. 

 

Entry substrate 
Conv.% 

product 
Na[1] [Ru(bpy)3]

2+
 

1 

 

 

95
[c] 

 

10
[c]

 
 

2 
 

 

≥99
[c] 

 

3
[c]

 
 

3 

 

 

 

≥99
[c] 

 

 

0
[c]

 
 

4 
 

 

≥99
[c] 

 

0
[c]

  

 

Conditions: Na[1] (0.02 mM), substrate (20 mM), Na2S2O8 (26 mM), 5 mL 

potassium carbonate solution at pH=7. Ratio 1:1000:1300: 
[c]

 30 min of 

reaction.
  
 

 

It is important to remark that Na[1], just after irradiation and before extraction, 

upon addition of [Me4N]Cl yields the [Me4N][Co(C2B9H11)2] salt that precipitates. This 

salt was filtered. The material produced from various catalytic processes was 

solubilized in acetonitrile and upon addition of water, the solution is passed to a 

cationic exchange resin loaded with Na+ to generate again the Na[1], which purity was 

proven either by 1H- and 11B-NMR spectra and by MALDI-TOF-MS. Once confirmed 

the stability of the catalyst after its recovery we confirmed that its catalytic activity 

remained. This recovered catalyst was tested for a second catalytic reaction using 
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trans-β-methylstyrene, producing 80 % of the epoxide, similar value to the observed in 

the first catalytic run.  

Based in the results above exposed, we have proposed a mechanism, displayed in 

the Figure IV.29, for the photoepoxidation of alkenes carried out by Na[1]. In the 

mechanism, the absorption of light by the photoredox catalyst [CoIII(C2B9H11)2]
- in the 

presence of water and S2O8
2- (the oxidizing agent) generates the oxidized 

[CoIV(C2B9H11)2]
- compound together with radical hydroxyl (OH•), protons (H+) and 

sulphate anion (SO4
2-). The posterior oxidation of the alkene by [CoIV(C2B9H11)2]

- and 

the addition of radical hydroxyl (OH•) to the double bond, lead to the formation of the 

corresponding epoxide. 

 

 

Overall reaction 

 

 

 

Figure IV.29. Proposed mechanism for the alkene epoxidation in water, with Na[1] as 

photoredox catalyst upon UV light irradiation. 
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Scheme IV.3. Oxidation of methyl oleate by Na[1] 

 

Earlier we indicated that the selectivity towards the epoxide decreased with 

reaction time. The study graphs shown in Figure IV.27 reflects that when the epoxide 

decreases, the diol increases, which proves that this is a consequence of the evolution 

of the epoxide in aqueous media. It should also be noted that ring opening of epoxides 

is a promising process to produce 1,2-diols, an important functional group to produce 

surfactants, pharmaceuticals or their intermediates.264,266  

It is known that in an aqueous medium an opening of the epoxide ring occurs, but 

in our case, we wanted to know if this opening was due solely to water or if Na[1] 

catalyzed the process. Then different experiments were performed by exposing the 

sealed reaction quartz vials to UV irradiation (2.2 W, ʎ ~ 300 nm, 12 lamps), at room 

temperature and atmospheric pressure, for 15 and 30 minutes, using three different 

epoxides, 1,2-epoxyoctane, styrene oxide and trans-stilbene oxide.  

The samples were made of 5 mL of water (K2CO3 pH=7) with a mixture of Na[1] 

(0.02 mM), epoxide (20 mM) and Na2S2O8 (26 mM) as oxidizing agent, following 

irradiation for a specified time, the results are showed in (Table IV.16). Previously, a 

set of different blank experiments were performed for 15 and 30 minutes.   

These results show that the formation of the corresponding diols in water take 

place if the photocatalyst is present, since their absence in the reaction medium led to 

lower or nonexistent yield of diols in the short times of reaction that we have studied. 

Therefore, we can conclude that Na[1] acts as a photocatalyst in both processes, in the 

epoxidation of alkenes and in their hydroxylation in aqueous medium.  

 

IV.4.3.    Photocatalytic oxidations under lower catalyst load.  

 

As have been described in previous works, [3,3‟-Co(1,2-C2B9H11)2]
- despite does not 

have the typical surfactant structure performs as a surfactant and at concentrations of 

[3,3‟-Co(1,2-C2B9H11)2]
- between 10-3 – 10-2 M, vesicles, free molecules, and micelles 

coexist, but at lower concentrations the ratio of molecules is higher.267 Based on the 
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non-parallel conversion of substrate vs the amount of catalyst given in previous works, 

described above in the first section of this chapter,  we assumed that free molecules 

were more efficient, in terms of catalytic activity, than vesicles or micelles and we 

wanted to know if this also occurred in the photooxidation reaction of alkenes. Then we 

kept the concentrations of substrate and oxidizing agents constant as we have 

presented in Table IV.14 and we have reduced the catalyst load to 0.01 mol % vs the 

original 0.1 mol %, corresponding to ratios of 1:10000:13000 of catalyst: substrate: 

oxidizing agent. The corresponding results are displayed in the following Table IV.17. 

We can observe that the conversion values were remarkable, higher than 90 % in most 

cases, after 30 minutes of reaction, with high TON in the photoepoxidation of alkenes, 

that to the best of our knowledge corresponds to the one of the highest turnover 

number achieved in alkene photoredox oxidation in homogeneous conditions. It is 

worth noting that in most of the substrates studied with the exception of styrene, the 

selectivity for the corresponding epoxide is greater than 99 % after 15 minutes of 

reaction, being higher than that obtained when working with higher loads of catalyst. At 

this point we can assert that our catalyst in low loads increase the selectivity towards 

the epoxidation of alkenes in relatively short times of reaction.  

Under these conditions of reaction, we have done a preliminary photooxidation test 

using methyl oleate, the ester of oleic acid, as substrate (Scheme IV.3). Natural fats 

and oils are known to be a valuable source of hydrocarbons for the chemical industry. 

In many cases, their successful application as renewable raw materials depends on the 

efficiency of oxidative transformation of their alkyl chain. It was found that after 60 

minutes of reaction and after the organic phase was analyzed by HPLC/ESI-MS, the 

oxidation took place selectively on the double bond C=C, detecting the presence of 

epoxide, as we can see in (Annex III Figure SIV.31). These preliminary studies show 

the high potential of this compound as photocatalyst to produce high added value 

products from animal fats.  
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Table IV.16. Photooxidation of epoxides performed with Na[1] complex. Conditions: Na[1] (0.02 

mM), epoxide (20 mM), Na2S2O8 (26 mM), 5 mL potassium carbonate solution at pH=7. 

Entry substrate Conv.% Product Yield(select.)% 

1 

 

85
[a] 

≥99
[b]

 
 

70(82)
[a] 

60(60)
[b]

 

2 

 

 

90
[a] 

≥99
[b]

  

 

67(74)
[b] 

80(80)
[c]

 

3 

 

 

70
[b] 

≥99
[c]

  

 

70(≥99)
[b] 

≥99(≥99)
[c]

 

 

Ratio 1:1000:1300: 
[a]

15 min of reaction 
[b]

30 min of reaction.
 
Yield and

 
selectivity with 

respect the overall diol produced. 

 

Table IV.17. Photooxidation tests performed with Na[1] complex. 

 

Entry substrate Conv.% product TON Selectivity% 

1 
  

68
[a] 

98
[b] 

  

3600 
[a] 

2000 
[b] 

 

53 
20 

2 
 

85
[a] 

93
[b] 

  

8500
[a] 

9300
[b] 

 

≥99 
≥99 

 

3 

 

75
[a] 

95
[b] 

 
 

7500
[a] 

6400
[b]

 
≥99 
75 

4 
 

76
[b] 

  
7600 

[b] 
≥99 

5  

78
[a] 

90
[b] 

 
 

7800
[a] 

3900
[b]

 

 
≥99 
43 
 

6 
 

85
[a] 

≥99
[b] 

  

8500
[a] 

5000
[b]

 
≥99 
50 

 

Conditions: Na[1] (0.002 mM), substrate (20 mM), Na2S2O8 (26 mM), 5 mL 

potassium carbonate solution at pH=7. Ratio 1:10000:13000: 
[a]

 15 min of reaction.
 [b]

 

30 min of reaction.
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In summary, we have tested the cobaltabis(dicarbollide), Na[3,3‟-Co(1,2-C2B9H11)2], 

Na[1] as photoredox catalyst in the oxidation of different aromatic and aliphatic alkenes 

in aqueous media exhibiting excellent efficiency. The comparative catalytic studies of 

both Na[1] and ([Ru(bpy)3]
2+),  catalysts under the same catalytic conditions, for the 

photo oxidation of different alkenes showed in the case of [Ru(bpy)3]
2+ a low or non-

existent efficiency. Na[1] displayed moderate to high conversion  and moderate 

selectivity values for the corresponding epoxide at a catalyst load of 0.1 mol % in short 

reaction times. The moderate selectivity values were due to the formation of diols as 

main by-products, but the selectivity for the epoxide increased to be >99%  with the 

reduction of the catalyst concentration to 0.01 mol %. High TON values were obtained 

(TON=8500) for the epoxidation of alkenes in aqueous media. The studies carried out 

ensured that the metallacarborane acts as a photoredox catalyst in the epoxidation and 

hydroxylation of the alkenes studies, being the latter process lower in ratio versus the 

first.  Preliminary photo oxidation catalytic studies using methyl oleate as substrate, led 

to the selective epoxidation of the substrate. The results obtained represent a hopeful 

starting point for the development of practical processes for the treatment of 

unsaturated fatty acids, such as the valorization of animal fat waste by using this 

sustainable photoredox catalyst.  
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IV.5. Ferrabis(dicarbollide), an Abundant Metal Photoredox 

Oxidation Catalyst in water 

 

 

 

 

---------------------------------------------------------------------------------------------------------- 

 

We describe here the photocatalytic behavior of the ferrabis(dicarbollide) 

[Na·2,5H2O][3,3‟-Fe(1,2-C2B9H11)2] Na[2] in the oxidation of alcohols and alkenes in 

water. In the same manner as cobaltabis(dicarbollide) Na[1], there is a duality in their 

performing in the catalytic aqueous media, photosensitizer and catalyst at the same 

time. In the experiments we will use the Na2S2O8 as sacrificial oxidant in a K2CO3 

neutral media, using lamps of frequency near to the maximum absorbance of the 

photoredox catalyst (ʎ=300 nm). Due to the excellent results we have found in the 

photooxidation of these substrates with the well-known Na[1] at a low load of catalyst, 

we decided to use Na[2] as photoredox catalyst to stablish a comparison with the 

Na[1]. As Na[1], Na[2] is highly soluble in aqueous media, showing the same 

molecular compact shape, but with different properties mostly due to the redox 

potential of the Fe4+/3+ couple. 
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IV.5.1.    Ferrabisorthodicarbollide: general properties. 

 

Once it has been demonstrated the high performance of Na[1] as a photoredox 

catalyst, which act both as catalyst and photosensitizer, being highly efficient in the 

photooxidation of alcohols and alkenes in water, through single electron transfer 

processes (SET),  we wanted to study if another very similar metallacarborane like 

ferrabis(dicarbollide) [3,3-Fe(1,2-C2B9H11)]
2- Na[2], could perform as photoredox 

catalyst, as well as it does Na[1], given their similar characteristics as, the absence of 

fluorescence, surfactant behavior and water solubility. So we wanted to demonstrate 

that the catalysis could also be carried out under homogeneous conditions in aqueous 

media. Hence, Na[2] was prepared from the ortho-nido-carborane compound, following 

the methods described in the literature (Figure IV.30).47 

 

 

 

 

Figure IV.30. 2Metallacarborane used in this work: [3,3‟-Fe(1,2-C2B9H11)2]
-
 ([2]

-
, only the trans 

rotamer is shown). The grey circles represent Cc-H units and the pink circles B-H units.   

 

Although both are soluble in water, they display different electrochemistry, as we have 

seen in the introduction chapter of this thesis. Na[1] or COSAN has three accessible 

redox reversible processes, formally CoII/I, CoIII/II  and CoIV/III at  -2.64, -1.75 and +1.22 V 

vs Fc, respectively. In the case of Na[2] or FESAN, presents a redox potential 

reversible at -0.78 V vs Fc corresponding to the couple FeIII/II and a second one at 0.76 

V corresponding to FeIV/III (Figure IV.31). Comparing these redox potentials with those 

for Na[1], the difference between the MIV/III and MIII/II couples is less in Na[2] and  also 
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comparing the MIV/III redox couples, the one for Fe is 460 mV less anodic than that 

corresponding to Co. Comparing the redox potentials of the metallacarboranes 

mentioned above with these found corresponding to [Ru(bpy)3]Cl2, a well-known 

photosensitizer, at -1.76 V (RuII/I) and +0.85 V (RuIII/II),268 the latter value is similar to the 

potential of Na[2] corresponding to the couple FeIV/III (+0.76 V), although both values 

are less anodic than the potential value for CoIV/III(1.22 V) in Na[1]. With all this in mind, 

we can hypothesize that Na[2] based on a cheap abundant metal can act as 

photoredox oxidation catalyst, but probably with less oxidizing power than Na[1], based 

on these electrochemical results.  

 

 

 

Figure IV. 31. Cyclic voltammetries of Na[1] (orange) and Na[2] (purple) in CH3CN+ 0.1M 

TBAH. All potentials vs Ferrocene. 

 

Despite the differences in the electrochemical behaviour, both metallacarboranes 

display similar differences in electronegativity between the atoms, (e.g., XFe-XB= -0.21 

in [Fe(C2B9H11)2]
- and XCo-XB= -0.16 in [Co(C2B9H11)2]

- ) , compared to organometallic 

complexes like [Ru(bpy)3]
2+ or Fe[(C5H5)2]. Lower negative values can translate into 

better overlap of orbitals of the metal and ligands, and the orbitals in the frontial orbital 

region for both metallacarboranes are less metal-based. Also, the metallacarboranes 

present negative charge and double negative charge for the ligands. This fact results in 

occupied high energy molecular orbitals and with ligand-like character. These features 
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are responsible for the ability to self-assemble and for the presence of differences in 

the hydrogen atoms which influence the existence of hydrogen bonding to construct 

supramolecular structures.269 The interactions in a supramolecular approach seem to 

be significant in the processes of electron transfer and in the effectivity of the 

photocatalytic systems.270 

 

 With respect to the UV- visible spectrum, Na[2] shows bands at 278 nm (Ɛ=14213 

M-1 cm-1) , 303 (Ɛ=12465 M-1 cm-1)  and two weaker at weaker one at 452 nm (Ɛ=633 M-

1 cm-1) and other at 560 nm (Ɛ=236 M-1 cm-1) (Figure IV.32 a), slightly similar to Na[1] 

which shows bands at 293 nm (Ɛ =27172 M-1 cm-1)  and two weaker ones at 345 nm (Ɛ 

=1928 M-1 cm-1)and 452 nm (Ɛ =300 M-1 cm-1), in acetonitrile as solvent, as is shown in 

(Figure IV.32 b). Thus, we decided to perform the catalytic studies operating under 

UVA light in the same conditions used with Na[1], using a UVA lamp that irradiates at ʎ 

~300 nm because this frequency is near to the maximum absorbance of the catalyst. 

 

IV.5.2.    Photocatalytic oxidation of alcohols  

 

As Iron is the fourth most abundant element in the earth's crust and the most 

abundant element as a transition metal it was highly attractive to be tested as a 

photocatalyst. Then we could replace Co by the very abundant Fe metal, and therefore, 

to have a major sustainable and green photocatalyst. This motivated us to use Na[2] to 

test the oxidation of different aromatic and aliphatic alcohols to evaluate their 

photoredox properties as catalyst.  

As stated earlier, when using Na[1] as photocatalyst, preliminary studies revealed 

that lower concentrations of Na[1] resulted to be more effective in conversion. Hence, 

initial photocatalytic alcohol oxidation experiments using 0.01 mol % of Na[2] as 

photocatalyst were all performed by exposing the reaction quartz vials to UV irradiation 

(2.2 W, ʎ ~300 nm, 12 lamps in the walls of a box), at room temperature and 

atmospheric pressure, and using 1-phenylethanol as substrate, in order to test the 

optimal time to perform the catalytic studies. The samples were made of 5 mL of water 

(K2CO3 pH=7) with a mixture of Na[2] (0.002 mM), 1-phenylethanol (20 mM) and 

Na2S2O8 (40 mM) as oxidizing agent, ratios 1:10000:20000. After 4 h of irradiation, the 

reaction products were extracted with dichloromethane three times, dried with Na2SO4, 

and quantified by 1H NMR spectroscopy and GC chromatography. We found that 4 h 
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was the optimal time to convert 1-phenylethanol into acetophenone, as it can see in 

Table IV.18. However we have extended the time of reaction to 8h for other alcohols. 

Control experiments revealed that no reaction occurred in the absence of 

photocatalyst, light or oxidizing agent, after 8h of reaction. 

 

 

Figure IV.32. a) UV-Vis spectrum of Na[3,3‟-Fe(1,2-C2B9H11)2] Na[2] in acetonitrile (purple line)  

and in water (dashed line), 8.0x10
-5 

M. b) UV-visible spectra of Na[3,3‟-Co(1,2-C2B9H11)2] Na[1] 

in acetonitrile (orange line) and in water (dashed line), 8.0 x10
-5 

M.  

 

As we can see in Table IV.18, in general, high yields have been achieved for all the 

substrates tested. For the secondary aromatic alcohols 1-phenylethanol and 
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diphenylmethanol, we have observed an almost total conversion towards the 

corresponding ketones, after 4h of reaction (entry 1b and 5b), even when the amount 

of sacrificial oxidant was reduced to half for the photooxidation of 1-phenylethanol 

(entry 1c). For the primary aromatic benzyl alcohol (entry 2), the photooxidation 

process led to the formation of 90 % of benzaldehyde at 8h. The reduction of the 

reaction time to 4 h allowed the enhancing of the selectivity towards the aldehyde 

accompanied by a reduction in yield 80 % (entry 2). The yield values were enhanced 

by the presence of electron-donating substituents on the aromatic ring of the benzyl 

alcohol (entry 3), whereas the presence of electron withdrawing substituents, 

decreased the yield (entry 4), at 4 and 8h. In the case of aliphatic alcohols 1-hexanol 

(entry 6), and 2-ethoxyethanol (entry 7), high yields towards the corresponding acids 

were observed after 4h. For the secondary cyclohexanol (entry 8), 95 % of 

cyclohexanone was obtained. In general, the selectivity values are remarkable, >99% 

with the exception of benzyl alcohol, as we have commented above.  

 

MALDI-TOF mass spectrum of Na[2] (Figure IV.33) was made after a catalytic 

experiment using 1-phenylethanol as substrate. The results show the increase in the 

hydroxylated derivative to 24 %, after 4h of irradiation; with the formation of the 

corresponding mono- (10%), di- (3%), tetra- (2%), hexa- (2%), hepta- (5%) and octa 

(2%) hydroxylated forms of Na[2]. After the corresponding sample treatment, the 

catalyst was tested in a second catalytic experiment, showing a yield in acetophenone 

of 93 %, evidencing that the formation of hydroxylated catalyst maintain the photoredox 

capacity.  

 

To gain more insights to the behavior of our photoredox catalyst, we studied the 

photooxidation of diols interesting at an industrial level, like diethylene glycol and 1,6-

hexanediol and other alcohols like 1-butanol, 1-pentanol and isobutanol as substrates, 

as we can see in (Table IV.19). In the case of 1-butanol, 1-pentanol and isobutanol 

(entries 1, 2 and 3) moderate yields in the corresponding acids, have been observed 

(76%, 72% and 71% respectively) after 4h. The photooxidation of diethylene glycol 

and 1,6-hexanediol (entries 4 and 5) displayed lower yields (57 % and 42 % 

respectively). In any case, high selectivity (>99%) and TON values have been 

achieved with these substrates.  
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Table IV.18. Oxidation tests performed with ferrabis(bisdicarbollide) complex Na[2]. Conditions: 

Na[2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate solution at 

pH=7 .light irradiation 4h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[a]
 After 8 h of reaction.

 [b]
 After 4 h of reaction.

 [c]
 After 4h of reaction with ratio 

1:10000:10000.  

Entry Substrate Product Yield 
(select.) % 

 

1 

  

99 (≥ 99
 
) 

[b] 

95 (≥ 99
 
) 

[c]
 

2   

90
 
(91)

[a] 

80
 
(95)

[b] 

75
 
(95)

[c]
 

3   

 

92 (≥ 99)
 [a] 

83 (≥ 99)
 [b] 

 

4   

 

85 (≥ 99)
[a] 

65 (≥ 99)
[b] 

 

5 
 

 
 

 

99 (≥ 99)
[a]

 

92 (≥ 99)
[b]

 

 

 
6 
 
 

 

 

 

79 (≥ 99)
[b]

 

 

7 
 

 

  

 

93 (≥99)
[b]

 

 

8 

  

 

95(≥99)
[b]

 

 



Chapter IV 

 

 

142 
 

  

Table IV. 19. Products obtained from photooxidation of alcohols by Na[2] 
 

 
 

[a]
 Conditions: Na[2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium 

carbonate solution at pH=7 ;light irradiation 4h using a lamp with   =300 nm
. 

Yields and 

TONs values obtained are shown.  Yields of products were determined by NMR spectroscopy. 
**Analysis was done on the neat reaction.  

 

These results show that the ferrabis(dicarbollide) acts as an efficient catalyst in the 

photooxidation of alcohols with results comparable to those obtained with 

cobaltabis(dicarbollide). Furthermore, [2]- displays total conversion values even after 

4h of reaction and high TON values, for most of the substrates studied evidencing the 

high performance of this photoredox catalyst.  

 

 

 

 

 

 

 

 

 

 

 
 

1 2 3 

 76% 
[a]

, TON=7600 72% 
[a]

, TON=7200 71% 
[a]

, TON=7100 

 

 

 

 

 

 

 
4 5 

 

 57%
 [a]

 ,** TON=5700 42%
 [a]

 ,** TON=4200  
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Figure IV.33. Experimental MALDI mass spectrum of Na[2], a) before of photocatalytic 

oxidation of 1-phenylethanol The peak at m/z 321 corresponds to [3,3‟-Fe(1,2-C2B9H11)2]
-
. b) 

Experimental MALDI mass spectrum after of photocatalytic oxidation of 1-phenylethanol. The 

peaks correspond to [3,3‟-Fe(1,2-C2B9H11)2]
- 

[1]
-
 and that on the to [3,3‟-Fe(1,2-C2B9H11)(1,2-

C2B9H11O)]
-
 [2-O]

- = 336 (m/z), to [3,3‟-Fe(1,2-C2B9H11)(1,2-C2B9H11O2)]
-
 [2-O2]

-=353 (m/z), [3,3‟-

Fe(1,2-C2B9H11)(1,2-C2B9H11O4)]
-
 [2-O4]

-=383 (m/z), [3,3‟-Fe(1,2-C2B9H11)(1,2-C2B9H11O6)]
-
 [2-

O6]
-=417 (m/z), [3,3‟-Fe(1,2-C2B9H11)(1,2-C2B9H11O7)]

-
 [2-O7]

-=438 (m/z), [3,3‟-Fe(1,2-

C2B9H11)(1,2-C2B9H11O8)]
-
 [2-O8]

-=454 (m/z). 

 

 

IV.5.3.    Comparative overview of Na[2] vs Na[1] as photoredox catalysts 

in the oxidation of alcohols.  

 

Table IV.20 displays a comparison of the results corresponding to the 

photooxidation of different alcohols, using Na[1] or Na[2] as catalysts. In general we 

can observe excellent yields, with selectivity values >99 % for both photocatalysts. In 

the case of secondary aliphatic and aromatic alcohols, almost total conversion have 

been observed after 4 h using the Na[2] as catalyst. However, for the photooxidation of 

primary aromatic and aliphatic alcohols the yields obtained using Na[1] as 

photocatalyst are slightly higher than the obtained using Na[2]. This fact could be 

explained due to the higher oxidizing power of Na[1] vs. Na[2].  
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These results show that the ferrabis(dicarbollide) acts as an efficient catalyst in the 

photooxidation of alcohols with results comparable to those obtained with  

cobaltabis(dicarbollide); therefore, this iron photoredox catalyst based on the most 

abundant metal in nature is even postulated as a greener photocatalyst from a 

sustainable point of view. 

 

Table IV. 20. Comparison product set obtained from photooxidation of alcohols by Na[2] vs 

Na[1] 
[a] 

 

 
 

   

1 2 3 

Na[2] >99%, TON=10000 

>99%
[b]

, TON=10000 

85%, TON=8500 

65%
[b]

, TON=6500 

>99%, TON=10000 

92%
[b]

, TON=9200 

Na[1] >99%, TON=10000  >94%, TON=9400 >99%, TON=10000 

 

 

 

 

 

4 5 6 

Na[2] 95%
[b]

, TON= 9500 79% , TON=7900 93%  TON=9300 

Na[1] 93% , TON= 9300 91% , TON=9100 97% , TON=9700 
 

[a]
 Conditions: Na[1] or Na[2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL 

potassium carbonate solution at pH=7 ;light irradiation 8h using a lamp with   =300 nm; [b]
 

light irradiation 4h. Yields and TONs values obtained are shown.  Yields of products were 

determined by NMR spectroscopy (see Annex V).  

 

   

IV.5.4.    Photocatalytic alkene oxidation 

 

Photocatalytic oxidation of alkenes has also been investigated. The first photocatalytic 

experiments were all performed by exposing reaction quartz vials to UV irradiation (2.2 

W, ʎ ~ 300 nm). The samples were made of 5 mL of water (K2CO3 pH=7) with a 

mixture of 0.1 mol % of Na[2] (0.02 mM), alkene (20 mM) and Na2S2O8 (26 mM) as 
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oxidizing agent, in ratios 1:1000:1300. Using styrene as substrate, as substrate, 

different reaction times were tested (Figure IV.34) observing that after 30 minutes of 

reaction 86 % of styrene was converted. In addition, blank experiments at this time 

have shown that no significant conversion of styrene occurred.  

 

 

Figure IV.34. Plot of conversion as a function of time for the photoredox catalysis of styrene. 

Conditions: Na[3,3‟-Fe(1,2-C2B9H11)2] (0.02 mM), styrene (20 mM), Na2S2O8 (26 mM), 5 ml 

K2CO3 solution at pH=7, light irradiation (2.2 W,      300 nm). 

 

The oxidation products formed over this time and the evolution of the molar 

fractions of styrene together with the oxidation products (Figure IV.35) show that after 

5 and 15 minutes of reaction the amount of epoxide obtained is greater (43% and 36% 

respectively) with respect to other generated products (diol, benzaldehyde and benzoic 

acid); however, after 15 minutes it is observed that yields of benzaldehyde and benzoic 

acid progressive increase, and after 30 minutes these values are 21% and 50 % 

respectively, being the amount of epoxide of 14%.  It is important to highlight that after 

15 minutes of reaction the formation of 1-phenyl-1,2-ethanediol is practically negligible 

(1 %).  

The performance of [2]- in the epoxidation of other alkenes have been studied after 

15 and 30 min (Table IV.21). In general, it can be observed high conversion values 

achieved after 15 minutes of reaction, with high selectivity values for the epoxide, in 

some cases (entries 3, 4, 7). However, the selectivity and TON values decrease with 

the reaction time for styrene (entry 1), cis-cyclooctene (entry 5) and 1-octene (entry 
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7). This happens simultaneously with an increase in the amount of the corresponding 

overoxidation products (see Table SIV 5.1 in Annex V) mainly the corresponding acid 

or aldehyde in the case of styrene, diol in cis-cyclooctene and aldehyde and acid in 1-

octene. In the case of cis-β-methylstyrene (entry 4), the selectivity for the cis-epoxide 

is maintained, after 15 minutes (92% cis). Epoxidation of the linear 1-octene (entry 7) 

was less efficient that the epoxidation of cis-cyclooctene (entry 5) and 4-vinyl-1-

cyclohexene (entry 6), being this last substrate epoxidated on the external double 

bond, indicating that the reaction is regiospecific.  After the epoxidation of trans-β-

methylstyrene, Na[2] was precipitated as [Me4N][Fe(C2B9H11)2], and recovered as 

sodium salt through a cationic exchange. The catalyst was tested in a second run, 

using the same substrate and the same yield in epoxide was obtained. 

 

Table IV.21. Photoepoxidation tests performed with Na[2] complex. 

Entry substrate Conv.% product TON 
Select

. % 

1 
 

 

 

66
[a] 

75
[b]

 
86

[c]
 

 

430
[a] 

360
[b]

 
140

[c] 

 

65 
48 
16 

2 
 

 
≥99

[b]
 

≥99
[c] 

  

 
570

[b]
 

440
[c] 

 

 
57 
44 
 

3 

 

 
≥99

[b]
 

≥99
[c] 

  

 
950

[b]
 

900
[c]

 

 
95 
90 

4 
 

 
≥99

[b]
 

≥99
[c] 

  

960 
(92%,cis)

[b]
 

940 
(69%,cis)

[c] 

 
96 
 

94 
 

5 

 

 
95

[b]
 

≥99
[c] 

  

 
560

[b]
 

90
[c] 

 

 
59 
9 

6 

 

 
≥99

[b]
 

≥99
[c] 

  

 
440

[b]
 

310
[c]

 

 
44 
31 
 

7 
 

 
86

[b]
 

95
[c] 

 
 

 
830

[b]
 

20
[c]

 

 
97 
2 

 

Conditions Na[2] (0.02 mM), substrate (20 mM), Na2S2O8 (26 mM), 5 mL potassium 

carbonate solution at pH=7. Ratio 1:1000:1300: 
[a]

 5 min of reaction 
[b]

 15 min of reaction.
 [c]

 30 

min of reaction.
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A comparison of the catalytic performance of Na[2] with  (2,2‟-

bipyridine)ruthenium(II) ([Ru(bpy)3]
2+) for alkene photooxidation is fully in favor of our 

compound, as  [Ru(bpy)3]
2+ shows very low or null efficiency, under the same 

conditions  (Table IV.22).  

 

Table IV.22. Comparative results of Photooxidation tests performed with Na[2] or Na[1] vs 

[Ru(bpy)3]
2+

complex. 

 

Entry substrate Conv.% product 

Na[2] [Ru(bpy)3]
2+

 

1 

 

 
≥99

[c] 
 

10
[c]

 

 

2 
 

 
≥99

[c] 
 

3
[c]

 

 

3 

 

 
 

≥99
[c] 

 
 

0
[c]

 
 

4 
 

 
95

[c] 
 

0
[c]

  

 

Conditions: Na[2] (0.02 mM), substrate (20 mM), Na2S2O8 (26 mM), 5 mL 

potassium carbonate solution at pH=7. Ratio 1:1000:1300: 
[c]

 30 min of 

reaction.
   

 

On the other hand, as we have observed earlier, the selectivity towards the 

formation of the epoxide in styrene, decreased after 15 min and benzaldehyde and 

benzoic acid increase, the same fact was observed for other substrates studied. As we 

discussed in the previous section, the opening of the epoxide ring occurs in aqueous 

medium. After a set of experiments, including blank experiments, we can assert that 

[2]- acts as photocatalyst also in the overoxidation of epoxides to diols, aldehydes or 

acids, in the reaction times that we have studied, because in the absence of catalyst 

the opening of the epoxide ring takes place a very small extent (Table IV.23).  
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Figure IV.35. Plot of a) yield and b) molar fractions (Xi) vs time for the photoredox catalysis 

of styrene. Dark green line: styrene, line: styrene oxide, dashed line: 1-phenyl-1,2-

ethanediol. Dash dotted line: benzaldehyde. Dotted line: benzoic acid. Conditions: Na[3,3‟-

Fe(1,2-C2B9H11)2] (0.02 mM), styrene (20 mM), Na2S2O8 (26 mM), 5 ml K2CO3 solution at pH=7, 

light irradiation (2.2 W,      300  nm).  

  

The use of 1,2-epoxyoctane (entry 1), as substrate allowed the obtention of 

octane-1,2-diol up to 15 minutes of reaction with selectivity >80 %, and after 30 

minutes total conversion were obtained with the formation of octanal and octanoic acid. 

In the case of using styrene oxide (entry 2) as substrate, the obtention of 1-phenyl-1,2-

ethanediol up to 15 minutes of reaction shows low selectivity (47 %), that decreases 
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even more towards the  production of benzaldehyde and benzoic acid, after 30 minutes 

of reaction. Finally, the photooxidation of trans-stilbene oxide (entry 3) led to the only 

formation of meso-hydrobenzoin compound.  

 

Table IV.23. Photooxidation of epoxides performed with Na[2] complex. Conditions: Na[2] (0.02 

mM), epoxide (20 mM), Na2S2O8 (26 mM), 5 mL potassium carbonate solution at pH=7. 

 

Entry substrate Conv.% Yield(select.)% 
Conv.% 

Blank experiments*** 

  
Na[2] 

Experiment 
A 

Experiment 
B 

 

1 

 
 

90
[a]

 

≥99
[b] 

75(83)
[a]1

 

≥99(≥99)
[b]2

 

 

0
[a]

 

0
[b] 

 

 

5
[a]

 

11
[b] 

 

2 

 

85
[a]

 

≥99
[b] 

40(47)
[a]3

 

75(75)
[b]4

 

 

4
[a]

 

13
[b] 

 

 

7
[a]

 

10
[b] 

 

3 

 

≥99
[a] 

≥99
[b] 

≥99(≥99)
[a]5

 

≥99(≥99)
[b]5

 

 

0
[a]

 

0
[b] 

 

 

0
[a]

 

0
[b] 

 

 

Ratio 1:1000:1300: 
[a]

15 min of reaction 
[b]

30 min of reaction.
 
Yield and

 
selectivity with 

respect the overall diol produced. 
1
 yield in octane-1,2-diol. 

2 
yield in octanal and octanoic 

acid, (30 and 70 % respectively). 
3 

yield in
 

1-phenylethane-1,2-diol. 
4 

yield in 

benzaldehyde and benzoic acid, (20 and 55 % respectively). 
5 

yield in meso-

hydrobenzoin. *** Experiments: A: catalytic experiment with oxidant, without light 

irradiation and catalyst. B: catalytic experiment with oxidant and light irradiation and 

without catalyst.  
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IV.5.4.1. Photocatalytic oxidations reducing catalyst loads.  

 

We have described in previous chapters that metallacarboranes as [1]- performs 

as a surfactant and at lower concentrations (10-3-10-2 M) we assumed that free 

molecules were more efficient, in terms of catalytic activity, than vesicles or micelles. 

Hence, we wanted to know if this also occurred in the photooxidation of alkenes by [2]-. 

Therefore, we reduced the photocatalytic load to 0.01 mol % vs the initial 0.1 mol % 

and we kept the concentrations of substrate and oxidizing agents constant (ratios of 

1:10000:13000 of catalyst: substrate: oxidizing agent). Table IV.24 displays the 

corresponding results, where we can observe total conversion values in most cases, 

after 15 min, with high TON values (TON=10000) for the photooxidation of trans-

stylbene (entry 3) and cis-β-methylstyrene (entry 4), that to the best of our knowledge 

corresponds to one of the highest turnover numbers achieved in alkene photoredox 

oxidation in homogeneous conditions in short reaction times. Also, the selectivity for 

the corresponding epoxide is higher that the values observed with greater amount of 

catalyst. It is worth noting that in the case of cis- cis-β-methylstyrene the selectivity for 

the cis-epoxide is maintained, after 15 minutes (99% cis), it is even higher than that 

observed with larger amounts of catalyst. 

 

IV.5.5.    Comparative overview of photocatalytic oxidation of alkenes 

.Na[2] vs Na[1] 

 

We wanted to establish a comparison of the behavior of ferrabis(dicarbollide) 

photocatalyst Na[2] vs the previously studied cobaltabis(dicarbollide) Na[1] in the 

photooxidation of alkenes. Figures IV.36 and Figure IV.37 display the evolution of the 

yields of styrene in their oxidation products and their molar fractions in function of time, 

for both photocatalysts. The reaction conditions were, catalyst (0.02 mM), alkene (20 

mM) and Na2S2O8 (26 mM) as oxidizing agent, in ratios 1:1000:1300. These figures 

show that after 5 minutes of reaction the amount of epoxide formed by both catalysts is 

higher that the formation of diol, benzaldehyde or acid, observing in [2]- greater amount 

of epoxide with respect to other over-oxidation products (43 % vs 14 % diol ), however 

in [1]-, although greater quantity of epoxide is obtained, an appreciable quantity of diol 

is also observed (37 % vs 23 % diol). After 15 min the main oxidation product formed 

by [2]- is the epoxide (36 %), but when [1]- is the photocatalyst the main product is the 

diol (35 %).  This behavior is maintaining for the rest of substrates studied in Table 
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IV.25. In general, we can see that the photooxidation of substrates by [2]-, display good 

selectivity values for the corresponding epoxides after 15 minutes of catalysis, being 

these values lower for [1]-. The selectivity values decrease after 30 minutes since both 

compounds photocatalyze the opening epoxide ring and then others over-oxidation 

products are obtained.  

 

Table IV.24. Photooxidation tests performed with Na[2] complex. 

 

Entry substrate 
Conv.

% 
product TON 

Select
.% 

  
Na[2] 

 
Na[2] Na[2] 

1 
  

 
60

[a] 

75
[b]

 
 

 
4200 

[a] 

2025 
[b]

 

 
70 
27 

2 
 

 
80

[a]
 

88
[b]

 

 

 
6000

[a] 

4100
[b]

 

 
75 
47 

3 

 

 
≥99

[a]
 

≥99
[b] 

  

 
10000

[a]
 

8200
[b]

 

 
≥99 
 82 

4 
 

 
≥99

[a]
 

≥99
[b] 

 

 
 

10000 
(>99%,cis)

[b]
 

10000 
(88%,cis)

[c]
 

 
≥99 
≥99 

5 

 

 
70

[a]
 

85
[b] 

 

 
 

 
7000 

[a] 

8500 
[b] 

 
≥99 
≥99 

6 

 

 
86

[a]
 

≥99
[b] 

  

 
6700

[a] 

7700
[b]

 

 
 78 
 77 

7 
 

 
≥99

[a]
 

≥99
[b] 

 
 

 
7100

[a] 

4600
[b]

 

 
 71 
 46 

 

Conditions: Na[2] (0.002 mM), substrate (20 mM), Na2S2O8 (26 mM), 

5 mL potassium carbonate solution at pH=7. Ratio 1:10000:13000: 
[a]

 

15 min of reaction.
 [b]

 30 min of reaction.
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Figure IV.36. a) Plot of yield in styrene oxide and 1-phenylethanediol as a function of time 

for the photoredox catalysis of styrene. Line: styrene oxide, dashed line: 1-phenyl-1,2-

ethanediol. b) Plot of yield in benzaldehyde and benzoic acid as a function of time for the 

photoredox catalysis of styrene. Dash dotted line: benzaldehyde; dotted line: benzoic acid. 

Conditions: Na[3,3‟-Fe(1,2-C2B9H11)2] (purple) or Na[3,3‟-Co(1,2-C2B9H11)2] (orange)(0.02 mM),  

styrene (20 mM), Na2S2O8 (26 mM), 5 ml K2CO3 solution at pH=7, light irradiation (2.2 W,      

300  nm).  
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Figure IV.37. Plot of the molar fraction (Xi) versus time for the photoredox catalysis of 

styrene. a) Using Na[1] as catalyst. Vermilion line: styrene, orange line: styrene oxide, 

dashed line: 1-phenyl-1,2-ethanediol, dash dotted line: benzaldehyde, dotted line: benzoic 

acid. b) Using Na[2] as catalyst. dark green line: styrene, purple l ine: styrene oxide, dashed 

line: 1-phenyl-1,2-ethanediol, dash dotted line: benzaldehyde, dotted line: benzoic acid 

Conditions: Na[3,3‟-Fe(1,2-C2B9H11)2] (purple) or Na[3,3‟-Co(1,2-C2B9H11)2] (orange)(0.02 mM),  

styrene (20 mM), Na2S2O8 (26 mM), 5 ml K2CO3 solution at pH=7, light irradiation (2.2 W,      

300  nm).  

 

 

These results highlight the excellent performance displayed by ferrabis(dicarbollide) 

compound, obtaining high yields and selectivity values for the corresponding epoxides 

in relatively short reaction times. 
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Table IV.25. Comparative overview about photooxidation tests performed with Na[1] vs 

Na[2] complexes. 

 

Entry substrate Conv.% product TON Select. % 

  Na[1] Na[2]  Na[1] Na[2] Na[1] Na[2] 

1 
 

 

 

78
[a] 

80
[b] 

96
[c] 

 
 

66
[a] 

75
[b]

 
86

[c]
 

 

370
[a] 

270
[b] 

250
[c] 

 
 

430
[a] 

360
[b]

 
140

[c] 

 

47 
34 
26 

65 
48 
16 

2 
 

 
85

[b] 

91
[c] 

 

 
≥99

[b]
 

≥99
[c] 

  

 
440

[b] 

200
[c] 

 

 
570

[b]
 

440
[c] 

 

 
 52 
 22 

 

 
57 
44 

 

3 

 

 
66

[b] 

95
[c] 

 

 
≥99

[b]
 

≥99
[c] 

 
 

 
390

[b] 

290
[c] 

 
950

[b]
 

900
[c]

 

 
44 
41 

 
95 
90 

4 
 

 
92

[b] 

≥99
[c] 

 

 
≥99

[b]
 

≥99
[c] 

 
 

750 
(97%,cis)

[b] 

330 
(48%,cis)

[c] 

960 
(92%,cis)

[b]
 

780 
(69%,cis)

[c] 

 
82 

 
33 

 
96 

 
78 

 

5 

 

 
91

[b] 

≥99
[c] 

 

 
95

[b]
 

≥99
[c] 

  

 
470

[b] 

380
[c] 

 

 
560

[b]
 

90
[c] 

 

 
    47 
    42 

 
59 
9 

6 

 

 
97

[b] 

≥99
[c] 

 

 
≥99

[b]
 

≥99
[c] 

  

 
700

[b] 

370
[c] 

 
440

[b]
 

310
[c]

 

 
    72 
    37 

 
44 
31 

 

7 
 

 
81

[b] 

≥99
[c] 

 

 
86

[b]
 

95
[c] 

 
 

 
580

[b] 

160
[c] 

 
830

[b]
 

20
[c]

 

 
   72 
   16 

 
97 
2 

 

Conditions: Na[1] or Na[2] (0.02 mM), substrate (20 mM), Na2S2O8 (26 mM), 5 mL potassium 

carbonate solution at pH=7. Ratio 1:1000:1300: 
[a]

 5 min of reaction 
[b]

 15 min of reaction.
 [c]

 30 

min of reaction.
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In summary, we have studied the ferrabis(dicarbollide) compound, [3,3‟-Fe(1,2-

C2B9H11)2]
- [2]- as photocatalyst for the photooxidation of alcohols in water. As 

cobaltabis(dicarbollide) [3,3‟-Co(1,2-C2B9H11)2]
- [1]-, it acts as catalyst and 

photosensitizer through SET processes. The electrochemical behaviour indicates that 

Fe metallacarborane have less oxidizing power related to the couple Fe4+/3+ compared 

with the Co4+/3+ in [1]- (0.76 V and 1.22 V vs Fc, respectively). 

We have highlighted the capacity of [2]- to perform as excellent photoredox catalyst in 

the oxidation of alcohols in water, achieving high yields, TON an selectivity values for 

most of the substrates studied, even when short reaction times of irradiation have been 

used (4h). These results show that the ferrabis(dicarbollide) acts as an efficient catalyst 

in the photooxidation of alcohols with results comparable to those obtained with 

cobaltabisorthodicarbollide, in some cases greater for the former. 

Furthermore, it has been also demonstrated that Na[2], is an efficient photoredox 

catalyst for the epoxidation of alkenes in water, achieving high conversion and 

selectivity values for the corresponding epoxide after 15 minutes of reaction, even 

using low catalyst loads of 0.01 mol %. High TON have been obtained (TON=10000) 

for the photooxidation of trans-stilbene and cis-β-methylstyrene. 

It is concluded that this behaviour is possible thanks to the properties of Na[2], as 

their high solubility in water, its molecular compactness, their lack of 

photoluminescence, probably their surfactant behaviour in aqueous media and the high 

oxidizing power for the couple Fe4+/3+ high enough to oxidize substrates, and at the 

same time to be able to obtain high selectivity values for the corresponding aldehydes, 

ketones or epoxides.This last characteristic make the difference with 

cobaltabis(dicarbollide) Na[1], which displays lower selectivity values for the 

corresponding epoxides after 15 minutes of catalysis in comparison with the 

ferrabis(dicarbollide). We have also proven that Na[2], acts as a photocatalyst/catalyst 

in both processes, in the epoxidation of alkenes and in the formation of over oxidation 

products, in aqueous medium.  

Our results demonstrated that Na[2] is an efficient photocatalyst based in a green, 

cheap and abundant metal that operates in water in relatively short reaction times, 

moreover, we can assert that Na[2] could be a useful platform for the construction of 

highly efficient derivative systems for photoredox oxidation catalysis.  
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The most important conclusions arising from the present work are summarized below:  

 

Regarding cobaltabisorthodicarbollide and derivatives 

 

It has been demonstrated for the first time that cobaltabisdicarbollide, [3,3‟-Co(1,2-

C2B9H11)2]
-, and its chloro derivatives, dichloro [3,3‟-Co(8-Cl-1,2-C2B9H10)2]

- and 

hexachloro [3,3‟-Co(8,9,12-Cl3-1,2-C2B9H8)2]
-, are efficient tunable photoredox catalysts 

for the oxidation of alcohols in water, including aliphatic alcohols, through Single 

Electron Transfer processes. This behaviour has been possible thanks to the 

properties of metallacarboranes as their high solubility in water, their lack of 

photoluminescence, the easy modification of HOMO-LUMO gap, their high oxidizing 

power for the couple Co4+/3+ and their colloidal behaviour in aqueous media. 

Computational studies show that ligand-to-metal charge transfer (LMCT) takes place 

during the excitation at 293 nm, probably due to the difference in electronegativity 

among Co and B (-0.16) and evidence that a strong CoIV oxidizing agent can be 

obtained by a photoinduced manner, which seems to be responsible of the good 

performance of the catalysts.  

[3,3‟-Co(1,2-C2B9H11)2]
- and derivatives showed high conversions and selectivity values 

in the photooxidation of alcohols, with yields near 90-95%, using catalysts load of 0.4 

mol % (0.08 mM), in neutral media. Further the catalyst can be recovered easily by 

precipitation upon the addition of [NMe4]Cl. A preliminary and promising result 

represents the high conversion value (98%) obtained in the photooxidation of 

diphenylmethanol by [1]-  using an air stream as oxidizing agent. This fact can 

represent an input towards the development of practical processes with inorganic 

systems based in boron compounds. 

The more striking fact was, that reducing the catalyst load to 0.01 mol % (0.002 mM), 

the high performance of Na[1] in the oxidation of alcohols is maintained, including 

aliphatic alcohols. High yields in the corresponding aldehyde or ketone have been 

achieved, > 99% in the case of 1-Phenylethanol, and diphenylmethanol, reaching 

TON= 10000. To the best of our knowledge this value is among the highest turnover 

number achieved in the alcohol photoredox oxidation performed in homogeneous 

conditions. These results highlight the interplay between water and catalyst due to the 

surfactant behaviour of the catalysts. Cobaltabisdicarbollide, and its chloro derivatives, 

in the form of free molecules are more efficient, in terms of photocatalytic activity, than 

vesicles or micelles.  
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These Metallacarboranes in the concentration range between 10-3 to 10-2 M coexist as 

molecules, micelles and vesicles; however at lower concentrations of metallacarborane 

the ratio of molecules is higher. A possible mechanism is also proposed.  

 

We synthetized successfully a heterogeneous catalyst based in the anchored proton 

cobaltabis(dicarbollide), H[3,3‟-Co(1,2-C2B9H11)2] onto magnetic nanoparticles (MNPs) 

coated with a silica layer, through no chemicals bindings. The non-bonding linkage 

between the “homogeneous catalyst” and the MNP was based on the well-established 

interaction between the θ shape metallabis(dicarbollide) [1]- and ammine or ammonium 

functionalities. Thus the magnetite MNPs were first coated with SiO2 to provide a 

certain degree of stability to the MNP and importantly enough silanol groups to be 

tethered to ammine carrying units. These were the MSNP-NH2 on which was easily 

anchored, in water, the photoredox catalyst H[3,3‟-Co(1,2-C2B9H11)2], H[1], to generate  

MSNP-NH2@H[1]. Dedicated techniques have been utilized to study the morphology, 

characterization and colloidal stability of the MNPs produced. To optimize the MNP, the 

model was the homogeneous catalysis performance of H[1], on the oxidation of 

alcohols that did require about 8 h of reaction to achieve near 100% conversion. Thus 

the stability of the MNP was focused on this period of time. As the reaction does 

produce H+, and pH tuning was advisable to reach high conversion the reaction was 

stopped at 4 h for pH adjusting, so the MNP were aimed at being in a stable colloidal 

form for a minimum of 4 h. Then, by sonication they were set back into a colloidal 

stable phase for an additional reaction period of 4 h. This was successful and catalyst 

loads of 0,1mol %, and 0,01 mol% were studied. The substrates studied did contain 

either aromatic or aliphatic groups. To the best of our knowledge, the ratios catalyst: 

substrate indicated are among the highest ever reported. We had the feeling, however, 

that the reaction could even take less time and that there still was the opportunity to 

lessen it if we prevented somehow aggregation. For this purpose several surfactant 

agents were studied in combination with the MNPs and their zeta-potentials were 

studied. Even though some did provide excellent colloid stability, they were in turn 

difficult to separate magnetically. We decided to use the cetyl trimethyl ammonium 

chloride (CTAC) that provided an adequate zeta-potential, thus adequate stability, 

without hampering a quick magnetic separation. The results with a 1:20 ratio of catalyst 

to surfactant proved our hypothesis and demonstrated that the reaction could be 

speeded up if aggregation was prevented. Again, however, one must balance if the 
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reaction shortening in time compensates a more difficult working up. 

It has been demonstrated that the water soluble cobaltabis(dicarbollide), Na[1], is 

an efficient photoredox catalyst for the epoxidation of aromatic and aliphatic alkenes in 

water, requiring short reaction times (15-30 min), operating through single electron 

transfer processes (SET). This compound acts both as a catalyst and a 

photosensitizer. It is concluded that this behaviour is possible thanks to the properties 

of Na[3,3‟-Co(1,2-C2B9H11)2], as their high solubility in water, its molecular 

compactness, the donor ability of the boron unit ligand, their lack of 

photoluminescence, the high oxidizing power for the couple Co4+/3+ and their surfactant 

behaviour in aqueous media. These characteristics make the difference with the well-

known and widely used photosensitizer tris (2,2′-bipyridine) ruthenium(II) ([Ru(bpy)3]
2+), 

which also participates in electron transfer through an outer sphere mechanism. We 

have compared the [Ru(bpy)3]
2+performance in the photo oxidation of alkenes in water 

following the procedures described earlier for Na[3,3‟-Co(1,2-C2B9H11)2], and the 

comparative epoxidation tests have been strongly supportive of Na[3,3‟-Co(1,2-

C2B9H11)2], showing for [Ru(bpy)3]
2+ a very low or null efficiency.  The catalyst can be 

recovered easily by precipitation upon the addition of [NMe4]Cl, and re-utilized. In 

general, under catalyst loads of 0,1 mol % high conversion values can be found with 

only 15 minutes of reaction, being in most of the cases the conversion total after 30 

minutes. The major product after 15 minutes is the epoxide that gradually upon 

reaction with water converts into the dihydroxide. This reaction prevents a high 

throughput of the epoxide. This is in agreement with the increase in the amount of the 

corresponding diol for most of the substrates studied. We have also proven that 

Na[3,3‟-Co(1,2-C2B9H11)2], acts as a photocatalyst/catalyst in both processes, in the 

epoxidation of alkenes and in their hydroxylation in aqueous medium. The question 

was whether the catalyst was faster for epoxidation than for hydroxylation. If this was 

the case it would enable the epoxide ratio to be improved in a short time reaction 

operation. And indeed it was so. 

When Na[3,3‟-Co(1,2-C2B9H11)2] was added in a very low ratio 0,01%, it was observed 

an extremely good performance for the epoxidation of alkenes in short times of 

reaction, with less ratio of the diol, proving our hypothesis.  

Following these conditions, preliminary photooxidation tests using methyl oleate as 

substrate, have shown the selective epoxidation on the double bond C=C. This can 

represent a milestone towards the development of practical processes as the 

valorization of animal fat waste using Na[3,3‟-Co(1,2-C2B9H11)2], as to promote circular 

economy.       
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Regarding Ruthenium- Cobaltabisorthodicarbollide Systems 

 

A cooperative ion-photoredox system [RuII(trpy)(bpy)(H2O)][(3,3´-Co(1,2-

C2B9H11)2]2, C4, formed by cobaltabis(dicarbollide), [(3,3´-Co(1,2-C2B9H11)2]
-
 [1]-, as 

photosensitizer, and the aqua ruthenium complex, [RuII(trpy)(bpy)(H2O)]2+ C2’, as 

oxidation catalyst, has been synthesized. Both are linked by non-covalent interactions 

that in large degree persist even after water dissolution. This represents a step forward 

in cooperative catalysis, avoiding expensive covalent bonds. C4 has been easily 

synthesized by the reaction of the chloride Ru(II) complex, with Ag[1] in water/acetone 

(1:1) under reflux and the recrystallization of C4 in acetonitrile yield 

[RuII(trpy)(bpy)(CH3CN)][(3,3´-Co(1,2-C2B9H11)2]2, C5 complex, in which the aqua 

ligand was substituted by CH3CN, as shown in the X-ray diffraction.  

The electrochemical studies evidence a significant electronic coupling between 

the two units in the non-covalent ion pair ruthenium-cobaltabis(dicarbollide) 

compound. The photogenerated CoIV can easily oxidize [RuIII-OH]2+ to [RuIV=O]2+ 

in water via Proto Coupled Electron Transfer (PCET) processes. This 

cooperative system performed as excellent cooperative photoredox catalyst in 

the oxidation of alcohols in water, under UV irradiation, using catalyst load of 

0.005 mol% achieving high yields even when short reaction times of irradiation 

have been used. In some cases, a high turnover number (TON= 20000) has 

been observed.  

The CoIV/III redox couple of [1]- in water, differed by 170 mV when [1]- had Na+ as 

cation versus when the Ru complex was the cation. The catalytic results 

revealed that C4 displays better performance that the mixtures based on C2’ and 

Na[1], proving that the non-covalent bonding existing in C4 allows the electron-

transfer between the photosensitizer and the catalyst and hence the efficiency of 

the cooperative system in the photo oxidation process. Cooperative catalytic 

systems with this kind of interactions have not been described before, and 

represent an advance in the cooperativity avoiding the expensive covalent 

bonds.  

 

Regarding Ferrabis(dicarbollide)  

 

The ferrabis(dicarbollide) compound, [3,3‟-Fe(1,2-C2B9H11)2]
- [2]-, has been studied 

as photocatalyst for the oxidation of alcohols and alkenes in water. This compound acts 
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as catalyst and photosensitizer through SET processes. The electrochemical behaviour 

of the compound indicates less oxidizing power related to the couple Fe4+/3+ compared 

with the couple Co4+/3+ in [1]- (0.76 V and 1.22 V vs Fc, respectively). 

We have highlighted the capacity of [2]- to perform as excellent photoredox catalyst in 

the oxidation of alcohols in water, achieving high yields, TON an selectivity values for 

most of the substrates studied, even when short reaction times of irradiation have been 

used (4h). These results show that the ferrabis(dicarbollide) acts as an efficient catalyst 

in the photooxidation of alcohols with results comparable to those obtained with 

cobaltabisorthodicarbollide.  

Furthermore, it has been also demonstrated that Na[2], is an efficient photoredox 

catalyst for the epoxidation of alkenes in water, achieving high conversion and 

selectivity values for the corresponding epoxide after 15 minutes of reaction, even 

using low catalyst loads of 0.01 mol %. High TON have been obtained (TON=10000) 

for the photooxidation of trans-stilbene and cis-β-methylstyrene. 

It is concluded that this behaviour is possible thanks to the properties of Na[2], as their 

high solubility in water, its molecular compactness, their lack of photoluminescence, 

probably their surfactant behaviour in aqueous media and the high oxidizing power for 

the couple Fe4+/3+ high enough to oxidize substrates, and at the same time to be able to 

obtain high selectivity values for the corresponding aldehydes, ketones or 

epoxides.This last characteristic make the difference with cobaltabis(dicarbollide) 

Na[1], which displays lower selectivity values for the corresponding epoxides after 15 

minutes of catalysis in comparison with the ferrabis(dicarbollide). We have also proven 

that Na[2], acts as a photocatalyst/catalyst in both processes, in the epoxidation of 

alkenes and in the formation of over oxidation products, in aqueous medium.  

Our results demonstrated that Na[2] is an efficient photocatalyst based in a green, 

cheap and abundant metal that operates in water in relatively short reaction times, 

moreover, we can assert that Na[2] could be a useful platform for the construction of 

highly efficient derivative systems for photoredox oxidation catalysis.  
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ANNEX I. Supporting Information 

Chapter IV.1 

 
 

 
Figure SIV.1. Selected Kohn-Sahm orbitals of the different rotamers of 1

-
 anion. 
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Table SIV 1.1. Natural Transition Orbitals (NTOs) of the different rotamers. 

Rotamer Transition eigen-
value 

 

trans S0→S11 0.64 

 

0.34 

 

gauche S0→S11 0.84 

 

0.15 

 

S0→S13 0.63 
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0.35 

 

cis S0→S13 0.65 

 

0.34 

 

S0→S15 0.75 

 

0.24 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

192  

XYZ matrix and total energies (in atomic unit) of the optimized structures  

 

isomer cis  

E(B3LYP/6-311+G**)= -1996.261847 

 B    -0.035903    -0.183755    -0.091513 

 B     0.026157    -0.071157     1.704528 

 B     1.727128     0.006439     2.209533 

 B     0.745468     1.470529     2.164354 

 B     2.398265     1.513265     1.552525 

 B     2.728975    -0.022847     0.730738 

 B     1.246332    -1.013537     0.823931 

 B     1.655012    -0.174472    -0.708156 

 B     2.351886     1.411975    -0.238281 

 C     1.130511     2.185894     0.647158 

 C    -0.205420     1.293810     0.732576 

Co     0.463878     1.540323    -1.202825 

 C     0.930251     3.140682    -2.417673 

 B     0.901225     3.154072    -4.108835 

 B    -0.820512     3.216790    -4.539406 

 B    -1.600835     1.765899    -3.848543 

 B     0.046738     1.655243    -4.528028 

 B     1.206258     1.643954    -3.176403 

 B    -0.353203     0.758553    -3.026415 

 B    -1.447550     1.825287    -2.084184 

 B    -1.734072     3.328429    -3.021078 

 B    -0.203172     4.183994    -3.200473 

 C    -0.553782     3.239084    -1.805196 

 H     1.014574     3.261560     0.683345 

 H    -1.149788     1.813053     0.816507 

 H     3.177878     2.060378    -0.788799 

 H    -0.987310    -0.753365    -0.497369 

 H     2.033841    -0.828540    -1.618687 

 H     1.269360    -2.198035     0.903092 

 H     3.819243    -0.493302     0.736900 
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 H    -0.885430    -0.480953     2.339594 

 H     3.172174     2.242249     2.075352 

 H     0.335324     2.168985     3.025899 

 H     2.085035    -0.435334     3.251020 

 H    -0.458226    -0.418458    -3.090213 

 H    -2.327089     1.532065    -1.345118 

 H     2.305473     1.229157    -3.295007 

 H    -0.693397     3.867127    -0.934651 

 H     1.713037     3.701659    -1.926728 

 H    -0.072706     5.351874    -3.068853 

 H     1.798100     3.662839    -4.691092 

 H    -2.712491     3.964705    -2.817145 

 H     0.286953     1.084727    -5.541257 

 H    -2.546679     1.270938    -4.368583 

 H    -1.191760     3.749390    -5.532639 

 

isomer gauche  

E(B3LYP/6-311+G**)= -1996.2657531 

C     0.000000     0.000000     0.000000 

Co     0.000000     0.000000     2.064117 

 C     1.415153     0.000000     3.541631 

 B     1.209975    -0.575743     5.123361 

 B     2.363057    -1.355952     4.037988 

 C     1.609138    -1.216240     2.502415 

 B     0.186188    -2.109007     2.311147 

 B    -0.999215    -1.357097     3.415754 

 B    -0.092961    -2.827414     3.909055 

 B     1.558550    -2.728557     3.276130 

 B     1.248907    -2.346240     4.983143 

 B    -0.314801    -1.485109     5.061830 

 B    -0.171951     0.051611     4.163118 

 B    -1.287945     0.542963    -0.996135 

 B     0.290022     1.331216    -1.015944 

 B     0.994519     1.216614     0.623877 
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 B    -0.034530     2.138003     1.756475 

 B    -1.627433     1.307735     1.782890 

 C    -1.475109     0.044969     0.647167 

 B    -2.325883     1.418386     0.132024 

 B    -1.399601     2.780042     0.798005 

 B     0.231189     2.722517     0.078922 

 B    -1.193165     2.303453    -0.911725 

 H     0.393533     2.775724     2.662437 

 H     2.172301     1.057930     0.661985 

 H    -2.439523     1.250656     2.638062 

 H     0.368113    -0.964886    -0.317285 

 H    -2.021509    -0.883799     0.716435 

 H    -1.685418    -0.176351    -1.845458 

 H    -3.499348     1.341039    -0.004799 

 H     0.981885     1.179293    -1.965553 

 H    -1.943861     3.794983     1.087667 

 H     0.875032     3.696195    -0.141432 

 H    -1.576588     2.958849    -1.823509 

 H    -0.019868    -2.684486     1.291264 

 H     2.335199    -1.078090     1.714422 

 H    -2.175132    -1.429611     3.265240 

 H     2.027572     0.878907     3.405890 

 H    -0.620163     1.060794     4.581120 

 H     1.629636     0.071071     6.021828 

 H    -1.008298    -1.564869     6.022520 

 H     3.535427    -1.222282     4.104522 

 H    -0.636011    -3.877291     4.027353 

 H     2.229508    -3.606469     2.848816 

 H     1.665038    -3.026526     5.861751 

 

isomer trans  

E(B3LYP/6-311+G**)= -1996.2665465 

 C     0.000000     0.000000     0.000000 

 B     0.000000     0.000000     1.721270 
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 B     1.705935     0.000000     2.168209 

 B     2.663199     0.073389     0.662389 

 B     2.443556    -1.483082     1.500682 

 B     0.788124    -1.522979     2.140041 

 C    -0.199718    -1.415344     0.762288 

 B     1.186742    -2.393399     0.629905 

 B     2.362687    -1.414199    -0.285423 

 B     1.539698     0.107585    -0.717124 

 B     1.140881     0.976769     0.793680 

Co     0.389685    -1.617854    -1.180477 

 C     0.779351    -3.235713    -2.360918 

 B    -0.361513    -4.212484    -3.154608 

 B    -0.926511    -3.235725    -4.529141 

 B    -1.664140    -1.752617    -3.861661 

 B    -1.883809    -3.309073    -3.023348 

 B    -0.760285    -3.343281    -1.643830 

 B    -1.583276    -1.821497    -2.075529 

 B    -0.407336    -0.842298    -2.990862 

 B    -0.008724    -1.712719    -4.501008 

 B     0.779364    -3.235719    -4.082211 

 C     0.979107    -1.820381    -3.123251 

 H     3.241456    -1.888778    -0.936308 

 H     1.713770     0.794558    -1.664802 

 H     1.097541    -3.572003     0.687024 

 H    -0.881567     0.482020    -0.394868 

 H    -1.204147    -1.804017     0.836331 

 H    -0.945635     0.434852     2.280855 

 H     0.386355    -2.123146     3.078562 

 H     0.989520     2.151176     0.776404 

 H     3.323821    -2.045905     2.065920 

 H     3.703549     0.644974     0.616637 

 H     2.046639     0.501330     3.188244 

 H    -2.462062    -1.346922    -1.424663 

 H    -0.318105     0.336303    -3.047983 
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 H    -0.934342    -4.030250    -0.696147 

 H     1.983541    -1.431723    -3.197308 

 H     1.660904    -3.717733    -1.966018 

 H     1.725008    -3.670568    -4.641786 

 H    -0.210150    -5.386891    -3.137321 

 H     0.393079    -1.112584    -5.439535 

 H    -2.924174    -3.880635    -2.977607 

 H    -2.544388    -1.189791    -4.426921 

 H    -1.267193    -3.737050    -5.549187 

 

[Ru(bpy)3]
2+ 

E(B3LYP/6-311+G**)= -1541.7828268 

C    -0.228327     2.923471    -0.064736 

 N     0.286025     1.901460    -0.805147 

 C     1.010867     2.186830    -1.907335 

 C     1.268571     3.488248    -2.321502 

 C     0.756293     4.542977    -1.567441 

 C     0.001442     4.253639    -0.434455 

Ru    -0.091495    -0.094883    -0.150338 

 N    -1.846978    -0.404147    -1.266926 

 C    -2.522080    -1.552376    -0.984983 

 C    -3.659992    -1.911846    -1.711899 

 C    -4.108648    -1.089600    -2.743218 

 C    -3.404756     0.078309    -3.027249 

 C    -2.279013     0.381382    -2.266431 

 C    -1.964730    -2.367612     0.113156 

 N    -0.815468    -1.898131     0.676343 

 C    -0.234490    -2.586461     1.677582 

 C    -0.765717    -3.769882     2.177242 

 C    -1.943542    -4.260443     1.613442 

 C    -2.544921    -3.552583     0.575334 

 C    -1.036039     2.539347     1.114156 

 N    -1.173078     1.204520     1.323486 

 C    -1.903140     0.780799     2.369631 
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 C    -2.528896     1.650314     3.257991 

 C    -2.391315     3.022379     3.052494 

 C    -1.637589     3.469345     1.970135 

 N     0.890755    -0.973104    -1.504879 

 C     2.208789    -1.163456    -1.233799 

 C     3.084329    -1.804202    -2.130191 

 C     4.441704    -1.974647    -1.798470 

 C     4.943321    -1.503671    -0.594243 

 C     4.101900    -0.839363     0.349231 

 C     2.736626    -0.688561     0.015497 

 N     1.831335    -0.077954     0.832633 

 C     2.263282     0.408128     1.998916 

 C     3.604726     0.303527     2.414630 

 C     4.528996    -0.321063     1.596189 

 H     1.522738     0.894116     2.626219 

 H     3.894608     0.716126     3.374814 

 H     5.568123    -0.413094     1.899554 

 H     5.994877    -1.637486    -0.355295 

 H     5.104775    -2.476524    -2.495569 

 H     2.688119    -2.164774    -3.074686 

 H     1.378592     1.334818    -2.466565 

 H     1.855763     3.661101    -3.216844 

 H     0.935203     5.573641    -1.856716 

 H    -0.409445     5.063755     0.154927 

 H    -1.983447    -0.293643     2.492865 

 H    -3.108635     1.255998     4.085543 

 H    -2.863328     3.735436     3.720873 

 H    -1.526184     4.533130     1.800075 

 H    -1.698095     1.274977    -2.457354 

 H    -3.711933     0.746370    -3.824404 

 H    -4.989292    -1.362369    -3.315729 

 H    -4.191211    -2.828708    -1.487134 

 H     0.681303    -2.166046     2.075136 

 H    -0.262310    -4.290748     2.984276 



 

198  

 H    -2.389056    -5.182325     1.973678 

 H    -3.459425    -3.924986     0.130592 

 

SIV.2. Photocatalytic experiments 

 

Table SIV 1.2. The transitions which belong to the strong absorption band in the UV regions. 

Note that the OH and Cl group has the similar impact, which was in agreement with similar σ-
electron withdrawing character. 

 
Compound  

(transoid rotamer) 
Theoretical 

 ʎabs (nm) 

transition Intensity 

[3,3’-Co(1,2-C2B9H11)2]
-
 280 S0→S11 0.662 

[3,3’-Co(8-Cl-1,2-C2B9H10)(1,2-C2B9H11)]
-
 294 S0→S10 0.407 

[3,3’-Co(8-Cl-1,2-C2B9H10)2]
-
 304 S0→S11 0.361 

[3,3’-Co(8-OH-1,2-C2B9H10)(1,2-C2B9H11)]
-
 296 S0→S10 0.339 

[3,3’-Co(8-OH-1,2-C2B9H10)2]
-
 305 S0→S10 0.376 
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Figure SIV.2. a) Representative 
1
H NMR spectrum (CDCl3) of the product benzaldehyde and the 

substrate benzyl alcohol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst in the photooxidation 

reaction after 8 hours. Conditions: catalyst (0.08 mM), substrate (20 mM), Na2S2O8 (40 mM) 5 ml 

0.1M phosphate buffer solution at pH=7.2 light at 8 h of irradiation. b) 
1
H NMR spectrum of pure 

commercial benzyl alcohol. c) 
1
H NMR spectrum of pure commercial benzaldehyde.  

a) 

 

 

 

b) 

 

 

1
H NMR (400 MHz, CDCl3) δ 7.46-7.29 (m, 5H ), 4.62 (s, 1H ).  
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c)  
 

 

1
H NMR (400 MHz, CDCl3) δ 10.00 (s, 1H ), 7.86 (dt, J = 8.3, 1.0 Hz, 2H ), 7.64 – 7.58 (m, 1H 

), 7.55 – 7.46 (m, 2H ). 
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Figure SIV.3. a) Representative 
1
H NMR spectrum (CDCl3) of the product 4-

methylbenzaldehyde and the substrate 4-methylbenzyl alcohol, using Na[3,3’-Co(1,2-C2B9H11)2] 

as catalyst in the photooxidation reaction after 8 hours. Conditions: catalyst (0.08 mM), 

substrate (20 mM), Na2S2O8 (40 mM) 5 ml 0.1M phosphate buffer solution at pH=7.2 light at 8 h 

of irradiation. b) 
1
H NMR spectrum of pure commercial 4-methylbenzyl alcohol. c) 

1
H NMR 

spectrum of pure commercial 4-methylbenzaldehyde. 

a) 

 

  

b) 

 

1
H NMR (400 MHz, CDCl3) δ 7.27 (d, 2H, J = 8.1 Hz, 2H ), 7.20 (d, J = 8.0, 2H ), 4.65 (s, 2H ), 

2.39 (s, 3H). 
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c) 
 

 
 
1
H NMR (400 MHz, CDCl3) δ 9.98 (s, 1H), 7.79 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 7.5 Hz, 2H), 

2.45 (s, 3H). 
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Figure SIV.4. a) Representative 
1
H NMR spectrum (CDCl3) of 4-chlorobenzaldehyde and the 

substrate 4-chlorobenzyl alcohol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst in the 

photooxidation reaction after 8 hours. Conditions: catalyst (0.08 mM), substrate (20 mM), 

Na2S2O8 (40 mM) 5 ml 0.1M phosphate buffer solution at pH=7.2 light at 8 h of irradiation. b) 
1
H 

NMR spectrum of pure commercial 4-chlorobenzyl alcohol. c) 
1
H NMR spectrum of pure 

commercial 4-chlorobenzaldehyde. 

a) 

 
 

 

 
b) 

 

1
H NMR (400 MHz, CDCl3) δ 7,39-7.29 (m, 4H), 4.68 (s, 2H, a).  
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c)  

 

1
H NMR (360 MHz, CDCl3) δ 10.00 (s, 1H ), 7.88-7.81 (m, 2H ), 7.57-7.50 (m,  2H ). 
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Figure SIV.5. a) Representative 
1
H NMR spectrum (CDCl3) of the product benzophenone and 

the substrate diphenylmethanol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst in the 

photooxidation reaction after 8 hours. Conditions: catalyst (0.08 mM), substrate (20 mM), 

Na2S2O8 (40 mM) 5 ml 0.1M phosphate buffer solution at pH=7.2 light at 8 h of irradiation. b) 
1
H 

NMR spectrum of pure commercial diphenylmethanol. c) 
1
H NMR spectrum of pure 

commercial benzophenone. 

a) 

 

 

b) 

 

1
H NMR (400 MHz, CDCl3) δ 7.45 – 7.34 (m, 8H), 7.33 – 7.27 (m, 2H), 5.87 (s, 1H). 
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c)  

 

 
 

 

1
H NMR (400 MHz, CDCl3) δ 7.87-7.80 (m, 4H), 7.65-7.58 (m, 2H), 7.51 (dddd, J = 8.2, 6.6, 

1.5, 1.0 Hz, 4H). 
 

 

 

Figure SIV.6. Representative chromatogram corresponding to the photooxidation tests of 
different alcohols performed with cobaltacarborane complex Na[3,3’-Co(1,2-C2B9H11)2]. 
Conditions: catalyst (0.08 mM), substrate (20 mM), Na2S2O8 (40 mM) 5 ml 0.1M phosphate 
buffer solution at pH=7.2 light at 8 h of irradiation.   
 
a) 1:CH2Cl2, 2: acetophenone, 3: 1-phenylethanol, 4: biphenyl (internal standard). 
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b)  1:CH2Cl2, 2: benzylaldehyde, 3: benzyl alcohol, 4: biphenyl (internal standard). 

 

c) 1:CH2Cl2, 2: p-Toualdehyde, 3: 4-Methylbenzyl alcohol, 4: biphenyl (internal standard). 

 

d) 1:CH2Cl2, 2: 4-Chlorobenzaldehyde, 3: naphtalene (internal standard), 4: 4- Chlorobenzyl 
alcohol.
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Figure SIV.7. Representative
1
H NMR spectrum (CDCl3) corresponding to the photooxidation of 

1-phenylethanol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst. Conditions: Na[3,3’-Co(1,2-
C2B9H11)2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate 
solution at pH=7. Light irradiation 8h.  

 

 

1
H NMR (360 MHz, CDCl3) δ 8.07 – 7.90 (m, 2H), 7.59 (dd, J = 8.4, 6.5 Hz, 1H ), 7.53 – 7.38 

(m, 2H), 2.63 (s, 3H). 
 
 
Figure SIV.8. 

1
H NMR spectrum (CDCl3) corresponding to the photooxidation of benzylalcohol, 

using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst. Conditions: Na[3,3’-Co(1,2-C2B9H11)2] (0.02 mM), 
substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate solution at pH=7. Light 
irradiation 8h.   
 

a) 

 
 
1
H NMR (400 MHz, CDCl3) δ 10.00 (s, 1H), 7.92-7.83 (m, 2H), 7.65 – 7.56 (m, 1H ), 7.54 – 7.47 

(m, 2H ). 
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Figure SIV.9. 
1
H NMR spectrum (CDCl3) corresponding to the photooxidation of 4-

methylbenzylalcohol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst. Conditions: Na[3,3’-Co(1,2-
C2B9H11)2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate 
solution at pH=7. Light irradiation 8h.  

 

 

 
1
H NMR (300 MHz, CDCl3) δ 9.98 (s, 1H), 7.85 – 7.72 (m, 2H), 7.34 (d, J = 7.6 Hz, 2H), 2.45 

(s, 3H). 

 
 
Figure SIV.10. 

1
H NMR spectrum (CDCl3) corresponding to the photooxidation of 4-

chlorobenzylalcohol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst. Conditions: Na[3,3’-Co(1,2-
C2B9H11)2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate 
solution at pH=7. Light irradiation 8h.  

 

 

 

1
H NMR (400 MHz, CDCl3) δ 10.01 (s, 1H ), 7.85 (d, J = 7.9 Hz, 2H ), 7.54 (d, J = 7.5 Hz, 2H ). 
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Figure SIV.11. 
1
H NMR spectrum (CDCl3) corresponding to the photooxidation of 

diphenylmethanol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst. Conditions: Na[3,3’-Co(1,2-
C2B9H11)2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate 
solution at pH=7. Light irradiation 8h.  

 

 

1
H NMR (400 MHz, CDCl3) δ 7.87 – 7.81 (m, 4H), 7.66 – 7.58 (m, 2H), 7.51 (dddd, J = 8.2, 6.6, 

1.5, 1.0 Hz, 4H). 
 
Figure SIV.12. a) Representative 

1
H NMR spectrum (CDCl3) corresponding to the 

photooxidation of hexanol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst. Conditions: Na[3,3’-
Co(1,2-C2B9H11)2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium 
carbonate solution at pH=7. Light irradiation 8h. b) 

1
H NMR spectrum of pure commercial 1-

hexanol. c) 
1
H NMR spectrum of pure commercial Hexanoic acid. 

 
a) 

 

 

1
H NMR (400 MHz, CDCl3) δ 10.34 (br, 1H, COOH), δ 2.36-2.29 (m,  2H ), 1.67 (t, J = 8.1 Hz, 

2H ), 1.38 – 1.29 (m, 4H ), 0.91 (t, J = 6.9 Hz, 3H). 
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b)  

 

1
H NMR (400 MHz, CDCl3) δ 3.66(t, J = 6.7 Hz, 2H), δ 1.78 (br, 1H, OH ), 1.64-152 (m, 2H ), 

1.44 – 1.23 (m, 2H), 0.93-0.89 (m, 3H). 

 

c) 

 

 

1
H NMR (400 MHz, CDCl3) δ 10.34 (s, 1H, COOH), 2.36 (t, J = 7.5 Hz, 2H), 1.65 (t, J = 8.0 Hz, 

3H), 1.41 – 1.23 (m, 4H), 0.90 (t, J = 6.9Hz, 3H). 
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Figure SIV.13. a) Representative 
1
H NMR spectrum (CDCl3) corresponding to the 

photooxidation of 2-ethoxyethanol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst. Conditions: 
Na[3,3’-Co(1,2-C2B9H11)2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL 
potassium carbonate solution at pH=7. Light irradiation 8h. b) 

1
H NMR spectrum of pure 

commercial 2-ethoxyethanol.  
 
 
a) 

 

 

1
H NMR (360 MHz, CDCl3) δ 4.79 (s, 2H ),  3.50 (q, J = 7.0 Hz, 2H, 1.22 (t, J = 7.0 Hz, , 3H ). 

 
b) 

 

1
H NMR (400 MHz, CDCl3) δ 3.79-3.71 (m, 2H ),  3.61-3.51 (m, 4H ), 2.24 ( td, J = 6.1, 1.4 Hz, 

OH), 1.24 (td, J = 7.0, 1.4 Hz, 3H). 
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Figure SIV.14. a)  Representative 
1
H NMR spectrum (CDCl3) corresponding to the 

photooxidation of cyclohexanol, using Na[3,3’-Co(1,2-C2B9H11)2] as catalyst. Conditions: 
Na[3,3’-Co(1,2-C2B9H11)2] (0.002 mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL 
potassium carbonate solution at pH=7. Light irradiation 8h. b) 

1
H NMR spectrum of pure 

commercial cyclohexanol.   
 
a) 

 

 

 
 

 
1
H NMR (360 MHz, CDCl3) δ 2.35 (t, J = 6.6 Hz, 4H), 1.87 (p, J = 6.1 Hz, 4H), 1.74 (td, J = 7.0, 

3.6 Hz, 2H). 
 
b) 
 

 
 
1
H NMR (400 MHz, CDCl3) δ 3.63 (dt, J = 9.2, 4.8 Hz, 1H), 1.91 (dt, J = 10.9, 5.1 Hz, 2H), 1.84 

– 1.66 (m, 2H), 1.64 – 1.41 (m, 2H), 1.40 – 1.11 (m, 5H). 
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c) 
 

 
 
 
1
H NMR (400 MHz, CDCl3) δ 2.35 (t, J = 6.6 Hz, 4H), 1.87 (p, J = 6.1 Hz, 4H), 1.79-1.68 (m, 2H). 
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ANNEX II. Supporting Information 

Chapter IV.2  

 
Figure SIV.15. a) Synthesis of Fe3O4 core (MNP) using co-precipitation method. b) Synthesis of 
Fe3O4 @SiO2 core (MSNP) using co-precipitation method. 

 

 
 

 
 
Figure SIV.16. 1.  TEM images of a) MSNPs, b) Gaussian size graphs of MSNPs (9.34 nm), c) 
MSNPs-NH2 (11.22 nm), and d) MSNPs-NH2@H[1] (14.17 nm)   
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Figure SIV.17. Hysteresis cycles recorded at room temperature (300 K) for MSNPs-NH2 and 
MSNPs-NH2@H[1]. 
 
 

 
 
 

Table SIV 2.3. Stability of Fe3O4@SiO2-NH2 with different surfactants. 
 

 

Surfactant ζ-Potential 

Citric acid -15.6mV 

Tricaprylyl methyl ammonium chloride -26.8mV 

Cetyl trimethyl ammonium chloride (CTAC) -22.6mV 

Tetrabutyl ammonium chloride -36.9mV 

Dimethyl di-n-octadecyl ammonium 
chloride 

-54.2mV 
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Figure SIV.18. Stability of Fe3O4@SiO2-NH2 based on the measurement of the ζ-potential upon 

increasing amounts of dimethyl di-n-octadecyl ammonium chloride.   
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Figure SIV.19.  SEM images of MSNP-NH2@H[1], a) before the photooxidation of 1-
phenylethanol and b) after twelve reuses.   

 

a) 

 

 
 

b) 
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Figure SIV.20. a) Representative 
1
H NMR spectrum (CDCl3) corresponding to the 

photooxidation of 1-butanol, using MSNPs-NH2@H[1] as catalyst. Conditions: [1]  (0.02 mM), 
substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate solution at pH=7. Light 
irradiation 8h. b) 

1
H NMR spectrum of pure commercial 1-butanol. c) 

1
H NMR spectrum of 

pure commercial butanoic acid. 

a) 

 

 

 

 
1
H NMR (400 MHz, CDCl3) δ 9.60 (br, 1H), 2.34 (t, J = 7.4 Hz, 2H), 1.68 (h, J = 7.4 Hz, 2H),  

1.02 – 0.96 (m, 3H). 
 

 

b) 
 

 
 

1
H NMR (400 MHz, CDCl3) δ 3.65 (t, J = 6.6 Hz, 2H), 3.99 – 0.41 (m, 0H), 1.57 (tt, J = 8.6, 6.3 

Hz, 3H), 1.44 – 1.29 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H). 
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c) 

 

 
1
H NMR (400 MHz, CDCl3) δ 10.79 (s, 1H), 2.35 (t, J = 7.4 Hz, 2H), 1.68 (h, J = 7.3 Hz, 2H), 

0.99 (t, J = 7.4 Hz, 3H). 

 

Figure SIV.21. a) Representative 
1
H NMR spectrum (CDCl3) corresponding to the 

photooxidation of Isobutyl alcohol, using MSNPs-NH2@H[1] as catalyst. Conditions: [1] (0.02 
mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate solution at pH=7. 
Light irradiation 8h. b) 

1
H NMR spectrum of pure commercial Isobutyl alcohol. c) 

1
H NMR 

spectrum of pure commercial Isobutiric acid. 

 

a)  

 
 

1
H NMR (360 MHz, CDCl3) δ 2.58 (dq, J = 13.3, 7.2 Hz, 1H), 1.20 (d, J = 8.6 Hz, 6H). 
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b)  

 
 

1
H NMR (360 MHz, CDCl3) δ 3.40 (d, J = 5.6 Hz, 1H), 1.84 – 1.65 (m, 1H), 0.92 (d, J = 6.8 Hz, 

1H). 

 
c) 

 

 

 
1
H NMR (360 MHz, CDCl3) δ 2.59 (hept, J = 7.1 Hz, 1H), 1.21 (dd, J = 7.0, 1.5 Hz, 6H). 
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Figure SIV.22. a) Representative 
1
H NMR spectrum (D2O) corresponding to the photooxidation 

of diethylene glycol, using MSNPs-NH2@H[1] as catalyst. Conditions: [1]
-
 (0.02 mM), 

substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate solution at pH=7. Light 
irradiation 8h. b) 

1
H NMR spectrum of pure commercial diethylene glycol. c) 

1
H NMR 

spectrum of pure commercial diglycolic acid. 

 

a)  

 

 
1
H NMR (360 MHz, D2O) δ 4.20 (s, 4H).  

 

b)  

 

 
1
H NMR (360 MHz, D2O) δ 3.67 – 3.59 (m, 4H), 3.57 – 3.50 (m, 4H). 
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c) 

 
 

1
H NMR (360 MHz, D2O) δ 4.16 (s, 4H).  

 

Figure SIV.23. a) Representative 
1
H NMR spectrum (acetone-d6) corresponding to the 

photooxidation of 1,6-hexanediol, using MSNPs-NH2@H[1] as catalyst. Conditions: [1] (0.02 
mM), substrate (20 mM), Na2S2O8 (40 mM), 5 mL potassium carbonate solution at pH=7. 
Light irradiation 8h. b) 

1
H NMR spectrum of pure commercial 1,6-hexanediol. c) 

1
H NMR 

spectrum of pure commercial adipic acid. 

 

a)  

 

 

 
1
H NMR (360 MHz, acetone-d6) δ 2.32 (m, 4H), 1.64 (d, J = 5.7 Hz, 4H). 
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b) 

 

 

 
1
H NMR (360 MHz, acetone-d6) δ 3.53 (dd, J = 6.6, 5.1 Hz, 4H), 3.47 (dd, J = 5.9, 4.6 Hz, 1H), 

1.60 – 1.45 (m, 4H), 1.37 (dq, J = 7.4, 3.3 Hz, 4H). 

c) 

 

 

 
1
H NMR (360 MHz, Acetone-d6) δ 10.50 (br, 1H), 2.34 (dq, J = 7.1, 4.5, 3.1 Hz, 4H), 1.65 (h, J 

= 3.0 Hz, 4H). 
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ANNEX III. Supporting Information 

Chapter IV.3 

  

 
Table SIV 3.4.  Crystal Data for X-ray structure of complex C5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

   [a] R1 = Fo - Fc/Fo 

   [b] wR2 = [{w(Fo
2
-Fc

2
)
2
}/{w(Fo

2
)
2
}]

½
,where w = 1/[

2
(Fo

2
) + (0.0042P)

2
] and P=(Fo

2
+2Fc

2
)/3 

 

 

 

 

 

 

 

 

 [C5]  

Empirical 
formula 

C35H66N6B36Co2Ru  

Formula weight 1179.02  

Crystal system Triclinic  

Space group P-1  

a [Å] 14.2721(17)  

b [Å] 14.9427(17)  

c [Å] 15.5782(19)  

 [º] 114.464(2)  

 [º] 106.404(2)  

 [º] 99.788(2)  

V [Å
3
] 2739.8(6)  

Formula 
Units/Cell 

2  

calc. [g cm
-3

] 1.429  

 [mm
-1

] 0.910  

R1
[a]

, [I > 2(I)] 0.0716  

wR2
[b]

 [all data]
 

0.1639  
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Table SIV 3.5. Selected bond lengths (Å) and angles (°) for C5 complex.  

 

      

Ru(1)-N(1) 2.034(6) Co(3C)-C(2C) 2.049(7) N(1)-Ru(1)-N(2) 78.9(2) 

Ru(1)-N(2) 2.069(6) Co(3C)-B(4C) 2.066(7) N(1)-Ru(1)-N(3) 92.6(2) 

Ru(1)-N(3) 2.067(5) Co(3C)-C(1C) 2.022(7) N(1)-Ru(1)-N(4) 92.3(2) 

Ru(1)-N(4) 1.961(5) Co(3C)-C(2C)_a 2.049(7) N(1)-Ru(1)-N(5) 90.1 (2) 

Ru(1)-N(5) 2.079(5) Co(3C)-C(1C)_a 2.022(7) N(1)-Ru(1)-N(6) 174.5(2) 

Ru(1)-N(6) 2.035(6) Co(3D)-B(4D)_b 2.070(8) N(2)-Ru(1)-N(3) 97.4(2) 

Co(3A)-C(2A) 2.046(7) Co(3D)-B(7D)_b 2.077(8) N(2)-Ru(1)-N(4) 170.7 
(2) 

Co(3A)-C(1A) 2.065(7) Co(3D)-B(7D) 2.077(8) N(2)-Ru(1)-N(5) 103.6(2) 

Co(3A)-B(7A) 2.062(8) Co(3D)-C(2D)_b 2.041(7) N(2)-Ru(1)-N(6) 96.1(2) 

Co(3A)-B(4B) 2.093(9) Co(3D)-C(2D) 2.041(7) N(3)-Ru(1)-N(4) 79.9(2) 

Co(3A)-B(7B) 2.080(7) Co(3D)-B(4D) 2.070(8) N(3)-Ru(1)-N(5) 158.9(2) 

Co(3A)-B(8A) 2.097(9) Co(3D)-C(1D) 2.041(8) N(3)-Ru(1)-N(6) 90.3(2) 

Co(3A)-C(1B) 2.045(8) Co(3D)-C(1D)_b 2.041(8) N(4)-Ru(1)-N(5) 79.1(2) 

Co(3A)-C(2B) 2.040(7) Co(3D)-B(8D)_b 2.103(8) N(4)-Ru(1)-N(6) 92.8(2) 

Co(3A)-B(4A) 2.098(9) Co(3D)-B(8D) 2.103(8) N(5)-Ru(1)-N(6) 88.9(2) 

Co(3C)-B(4C)_a 2.066(7)     
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Figure SIV.24. Dihydrogen bonds C-H···H-B interactions between cationic and anionic moieties 
in C5. 

 

 

 

 

Figure SIV.25. a) 
1
H{

11
B}-NMR and b) 

11
B{

1
H}-NMR spectra of Ag[1] C3 compound in acetone-

d6. 

 

a) 
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b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure SIV.26. COSY NMR spectra of cobaltabis(dicarbollide) C4 compound in acetone-d6.  
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Figure SIV.27. UV-visible of Ag[1], C3.  
 
 

 

 

 

Figure SIV.28. CV of Ag[1] C3 in CH3CN + 0.1 M TBAH vs Ag. 
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Figure SIV.29. CV for complex Na[1] registered in a phosphate buffer (pH= 7.12) vs Ag/AgCl. 

 

 

Figure SIV.30. CV of complex Na[1] (1 mM) registered in a phosphate buffer (pH= 7.12) vs 
Ag/AgCl, before and after the addition of 1 mM of a) CaCl2 and b) ZnCl2. The blue and purple 
inserts show dI/dE to better appreciate the position of the couple Co

IV
/Co

III
.  

 

a) 
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b) 

 

 
 
 
 
 
Figure SIV.31. MALDI of C4 after the photooxidation of 1-phenylethanol. [3,3’-Co(1,2-
C2B9H11)2]

-
=324.1 (m/z)  and [3,3’Co(1,2-C2B9H11)(1,2-C2B9H11O)]

-
 =340.1 (m/z). 
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Figure SIV.32. UV-Visible spectra of mixtures of C2’:Na[1] (1:1) (black line), (1:2) (dotted 
line) and C4 (dash dotted line) at a) 3 x 10

-6
 and b) 0.33 x 10

-6
 M.  
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Figure SIV.33. DLS of catalytic mixture using a) C4 as catalyst and b) C2’ and Na[1] (1:2) as 
catalyst.  
 

a) 

Sample Oxidant (Na2S2O8) 

S1C4 

Without oxidant 

DH = 151nm; PDI = 0.34 

 

With oxidant 

DH = 140.9nm; PDI = 0.48 
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b) 

 

Sample Oxidant (Na2S2O8) 

 

S2RuCo 
1:2 

Without oxidant 

DH = 116.1nm; PDI = 0.33 

 

With oxidant 

DH = 128.4nm; PDI = 0.34 
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Figure SIV.34. ESI-MS spectra of C4.  
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ANNEX IV. Supporting Information 

Chapter IV.4 
 

Table SIV 4.6. Photooxidation tests performed with Na[1] complex. Conditions: Na[1] (0.02 
mM), substrate (20 mM), Na2S2O8 (26 mM), 5 mL potassium carbonate solution at pH=7. 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ratio 1:1000:1300: 
[a]

 5 min of reaction 
[b]

 15 min of reaction.
 [c]

 30 min of reaction.
 [d]

 60 min of reaction.
1
 

benzaldehyde and benzoic acid produced as another byproducts. 
2
selectivity with respect the overall 

epoxide produced.
3
yield with diol and benzoic acid from vinyl produced. 

4
octanal and octanoic produced. 

Entry Substrate 
Conv 

% 
Product Yield.(select.)% 

1 

 
 

 
 

78
[a]1 

80
[b]1 

96
[c]1

 

 

37(47)
[a]

 
27(34)

[b] 

25(26)
[c]

 

 

23(29)
[a] 

35(44)
[b] 

50(52)
[c]

 

2 
 

91
[b] 

≥99
[c]

 

 

47(47)
[b] 

38(42)
[c]

 

 

53(58)
[b] 

53(53)
[c]

 

3 
 

85
[b] 

91
[c]

 
 

44(52)
[b] 

20(22)
[c]

 

 

41(48)
[b] 

71(78)
[c]

 

4 

 

 
66

 [b] 

95
 [c] 

 

 

39(44)
[b] 

29(41)
[c]

 

 

37(56)
[b] 

56(59)
[c]

 

5 
 

 
92

[b] 

≥99
[c] 

 

 

75[73/2, cis/trans](82
2
)
[b] 

33[16/17, cis/trans](33
2
)
[c]

 

 

17(19)
[b] 

67(67)
[c]

 

 
6  

97
[b] 

≥99
[c]

 

 

70(72)
[b] 

37(37)
[c]

 

 

8(8)
[b]

 
6(6)

[c] 

Other products 
19

3
(19)

[b] 

57
3
(57)

[c]
 

7 
 

 
81

[b] 

≥99
[c]

 

 

58(72)
[b] 

16(16)
[c]

 

 

9(11)
[b] 

44(44)
[c] 

Other products 
14

4
 (17)

[b] 

39
4
 (39)

[c]
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Figure SIV.35. HPLC/ESI-MS spectra from Oxidation of methyl oleate by Na[1]. 
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ANNEX V. Supporting Information 

Chapter IV.5 
 

Table SIV 5.1. Photooxidation tests performed with Na[2] complex. Conditions: Na[2] (0.02 
mM), substrate (20 mM), Na2S2O8 (26 mM), 5 mL potassium carbonate solution at pH=7.  

 

Entry Substrate 
Conv 

% 
Product Yield.(sel.)% 

1 

 
 

 
 

66
[a]1 

75
[b]1 

86
[c]1

 

 

43(65)
[a]

 
36(48)

[b] 

14(16)
[c]

 

 

5(8)
[a] 

12(16)
[b] 

21(24)
[c]

 

 

9(14)
[a] 

26(35)
[b] 

50(58)
[c]

 

2 
 

95
[b] 

≥99
[c]

 

 

56(59)
[b] 

9(9)
[c]

 

 

39(41)
[b] 

91(91)
[c]

 

3 
 

≥99
[b] 

≥99
[c]

 
 

57(57)
[b] 

44(44)
[c]

 

 

43(43)
[b] 

56(56)
[c]

 

4 

 

 
≥99

 [b] 

≥99
 [c] 

 

 

95(95)
[b] 

90(90)
[c]

 

 

5(5)
[b] 

10(10)
[c]

 

5 
 

 
≥99

[b]2 

≥99
[c]2 

  

96[92/4, cis/trans](96
3
)
[b] 

94[69/25, cis/trans](95
3
)
[c]

 

 
6  

≥99
[b]4 

≥99
[c]4

 

 

44(44)
[b] 

31(31)
[c]

 

 

12(13)
[b]

 
14(15)

[c] 

 

42(43)
[b]

 
53(54)

[c]
 

7 
 

 
86

[b]5 

95
[c]5 

 

 

83(97)
[b] 

2(2)
[c]

 

 

-(-)
[b] 

64 (67)
[c] 

 

1(1)
[b] 

27 (28)
[c]

 

Ratio 1:1000:1300: 
[a]

 5 min of reaction 
[b]

 15 min of reaction.
 [c]

 30 min of reaction.
 [d]

 60 min of reaction.
1
 1-

phenylethane-1,2-diol as another byproduct. 
2
 1-phenylpropane-1,2-diol as another byproduct. 

3 
selectivity 

with respect the overall epoxide produced. 
4
 4-Vinyl-1-cyclohexene 1,2-epoxide as another byproduct. 

5 

octane-1,2-diol as another by product. 
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