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Thesis abstract

The present dissertation presents the scientifik @eveloped in the last three years at the Unityers
of Regensburg (UR, Regensburg, Germany) and angtigut Catala d’Investigacié Quimica (ICIQ,
Tarragona, Spain). The work was focused on theldprent of nanocatalysts composed of metal
nanoparticles deposited on the surface of magmetimbeads and the evaluation of their catalytic
activity.

The first chapter describes the two types of magrsetpports employed in this work. On one hand,
cobalt magnetic nanobeads with an average dianoét® nm were used. These nanobeads are
composed of a metallic core surrounded by a graplika shell, which protects the core from
oxidation and ensures thermal and chemical stabflih the other hand, iron oxide nanobeads with an
average diameter of 6 nm, synthesised by thermaldposition of Fe(acag)n the presence of oleic
acid and oleylamine as surfactant agents, wereamglas magnetic support.

The second chapter deals with the evaluation ofatiievity for the Suzuki-Miyaura cross-coupling
reaction of a catalyst composed by palladium narimpes deposited on the surface of the carbon-
coated Co nanobeads. High catalytic activity wasibfor the coupling of phenylboronic acid with
aryl iodides and bromides. The use of microwavedation was proven to be particularly
advantageous for this transformation, allowing Bigantly shorter reaction times. In fact, full
conversions of the aryl iodides and bromides wéxtained after only 5 and 15 minutes respectively,
when the reaction mixture was heated to 100 and°C20y microwave irradiation. Moreover, low
metal loading of 0.1 and 0.5 mol% were required aodurther chromatographic purification was
needed to isolate the products. The recyclabilitg metal leaching in the final products were also
evaluated. The nanocatalyst could be easily reeovétom the reaction mixture by applying an
external magnetic field and directly reused forsaguent reactions, being active for at least sis.ru
However, the detected metals leaching (Co and Pa$ wabove the allowed limits. Thus, a
functionalisation consisting on a silica coatingepthe carbon shell and incorporatiaina palladium
complex was studied in order to minimize the leaghof metals. The resulting catalyst showed high
catalytic activity for the Suzuki-Miyaura cross-gding of phenylboronic acid with aryl iodides and
bromides, proving its recyclability for four consgige runs. The silica coating was found to minieniz
the metals leaching, being the palladium amountdon the final products below the required limits
whereas the cobalt still exceeding them.

The third chapter describes the deposition of nofd¢als (Au and Pt), on the carbon coating of the
cobalt nanobeads and the assessment of their tiataftivity. Aiming to obtain small (~ 5 nm)
catalytically active metals nanoparticles, diffarepnthetic pathways were studied. The synthesis of

an active gold catalyst was achieved proving itemial for the hydrogenation phra-nitrophenol.



Contrarily, synthesising an active supported platircatalyst was more difficult. High metal loading
were achieved but the Pt was forming big clusterout a catalytic activity, on the surface of the
magnetic support.

The fourth chapter deals with the deposition okeimanoparticles on the surface of two different
magnetic nanobeads and the evaluation of theitytiatactivity for a broad range of reactions. On
one hand, the carbon coated cobalt nanobeads werleyed as support, taking in consideration the
tendency of carbonaceous materials to incorpora&t@lmanoparticles. On the other hand, the ability
of nickel to link to C-C double bonds present oa slarface of iron oxide nanobeads was investigated.
Unfortunately, in nocase, an active catalysts was obtained due todhmafion of nickel oxide

nanoparticles and agglomeration of the metal orstiace of the magnetic supports.



Zusammenfassung

Die vorliegende Dissertation zeigt die wissensdicht Arbeit, die in den letzten drei Jahren an der
Universitdt Regensburg (UR, Regensburg, Deutschlamdi am Institut Catala d’Investigacio
Quimica (ICIQ, Tarragona, Spanien) entwickelt wurdXe Arbeit konzentrierte sich auf die
Entwicklung von Nanokatalysatoren bestehenden aatalManopartikeln auf der Oberflache von
magnetischen Nanobeads und auf die weitere Ausmgeitwer katalytischen Aktivitat.

Das erste Kapitel beschreibt die zwei Arten von megigchen Tragern, die in dieser Arbeit verwendet
wurden. Einerseits wurden magnetische Nanobeadsinein durchschnittlichen Durchmesser von 50
nm bestehend aus einem Cobaltkern umgeben mit giaphenéhnlichen Schicht verwendet, die den
Kern vor Oxidation schitzt und thermische und clseimé Stabilitdt sichert. Andererseits wurden
Eisenoxidnanobeads als mégliche magnetische Tragexsinem durchschnittlichen Durchmesser von
6 nm verwendet, die durch thermische Zersetzung R@(@cacg) in Anwesenheit von Olsaure und
Oleylamin als oberflachenaktive Substanz synthestisiurden.

Das zweite Kapitel beschaftigt sich mit der Auswedg der Aktivitat fir die Suzuki-Miyaura
Kreuzkupplungsreaktion eines Katalysators bestelargl Palladiumnanopartikel abgeschieden auf
der Oberflache kohlenstoffbeschichteter Cobaltnaadb. Es konnte eine hohe katalytische Aktivitét
fur die Kupplung von Phenylborsaure mit Aryliodidndu Arylboromid gezeigt werden. Die
Verwendung von Mikrowellenbestrahlung erwies sielich Minimierung der Reaktionszeit in der
Praxis als vorteilhaft fir die Transformation. Inerd Tat wurde kompletter Umsatz der
Ausgangsmaterialien nach nur jeweils 5 und 15 Mindtir Aryliodid und Arylbromid beim Erhitzen
der Reaktionsmischung auf 100 und 120 °C mit Mileb@nbestrahlung erhalten. Dartiber hinaus
wurde eine niedrige Metallbeladung von 0.1 und Or®I% bendtigt und keine weitere
chromatographische Aufreinigung war nétig. Ebesfallurde die Recycelbarkeit und das Leaching
der Produkte untersucht. Der Nanokatalysator komaote der Reaktionsmischung einfach mit Hilfe
eines externen magnetischen Feldes wiedergewonregdew und direkt fiir weitere Reaktion
wiederverwendet werden mit Aktivitat fir mindesteeshs weitere Laufe. Jedoch war das detektierte
Metallleaching (Co und Pd) Uber den erlaubten Grenten. Daher wurde eine Funktionalisierung
bestehend aus einer Silicaschicht Uber der Kotd&hstle und Aufnahmen eines
Palladiumkomplexes untersucht um das Metallleackingninimieren. Der entstandene Katalysator
zeigte hohe katalytische Aktivitat fur Suzuki-Miyau Kreuzkupplung von Phenylborsaure mit
Aryliodid und Arylbromid mit Recycelbarkeit fir vieaufeinanderfolgende Laufe. Die Silicaschicht
reduzierte das Metallleaching des Palladiums impEmdukt unter den benétigten Grenzwert, wobei
der Cobaltwert immer noch dartber liegt.

Das dritte Kapitel beschreibt die Ablagerung vorelgtetallen (Au und Pt) auf die Kohlenstoffhiille
der Cobaltnanobeads und die Bewertung der katelhgis Aktivitat.



Hierbei war das Ziel kleine (~ 5 nm) katalytischiied« Metallnanopartikel zu erhalten, es wurden
verschiedene synthetische Weg erforscht. Die Sgetleées aktiven Goldkatalysators wurde erreicht
und dessen Potential fur dir Hydrierung vpara-Nitrophenol gezeigt. Im Gegensatz dazu war die
Synthese eines aktiven Platinkatalysators schwvéerigiohe Metallbeladungen konnten erreicht
werden, aber Pt bildete groRe Cluster ohne jeglictalytische Aktivitat auf der Oberflache der
magnetischen Tréger.

Das vierte Kapitel beschaftigt sich mit der Absdlugig von Nickelnanopartikeln auf den Oberflachen
von zwei verschiedenen magnetischen NanobeadseamBedvertung ihrer katalytischen Aktivitat far
eine breite Auswahl an Reaktionen. Einerseits wulidekohlenstoffumhullten Cobaltnanobeads als
Trager verwendet, mit der Uberlegung dass kohléihstitige Materialien eine Tendenz zur
Aufnahme von Metallnanopartikeln aufweisen. Andeeés wurde die Fahigkeit von Nickel zum
Binden an C-C Doppelbindungen, die auf der Obdmiader Eisenoxidnanobeads vorhanden sind,
untersucht. Unglicklicherweise wurde in keinem érélein aktiver Katalysator erhalten, wegen der

Bildung von Nickeloxidnanopartikeln und Agglomeaatides Metalls auf den magnetischen Tragern.



Resumen

La presente tesis doctoral expone el trabajo dalctealizado durante los Ultimos tres afios en la
Universidad de Regensburg (UR, Regensburg, Alehané Institut Catala d’'Investigacié Quimica
(ICIQ, Tarragona, Espafia). El trabajo se enfocélatesarrollo de nanocatalizadores compuestos de
nanoparticulas metalicas depositadas en la suiediE nanoperlas magnéticas y su consecuente
evaluacion catalitica.

El primer capitulo describe los dos tipos de s@somagnéticos utilizados en este trabajo. Pordo) la
se emplearon nanoperlas magnéticas de cobalto wodidmetro promedio de 50 nm. Dichas
nanoperlas estan compuestas por un nicleo YeBeado por una capa de tipo grafeno la cual &rind
proteccién al nacleo metalico, evitando su oxidagi@arantizando su estabilidad quimica y térmica.
Por otro lado, nanoperlas de 6xido de hierro codiametro promedio de 6 nm fueron usadas como
posible soporte magnético. Estas perlas fueroatsiatias por medio de la descomposicion térmica de
Fe(acag) en presencia de acido oleico y oleilamina coméastantes.

El segundo capitulo trata la evaluacion cataliicda reaccion de acoplamiento Suzuki-Miyaura de un
catalizador compuesto por nanoparticulas de paldejmsitadas en la superficie de nanoperlas de
cobalto envueltas en carbono. Una alta actividadlitea fue encontrada para el acoplamiento de
acido fenilborénico con yoduros y bromuros de arbuso de irradiacion con microondas fue de
particular utilidad para esta transformacion ya paemitid reducir apreciablemente los tiempos de
reaccion. Conversiones completas de yoduros y masrde arilo fueron obtenidas en 5y 15 minutos
respectivamente, cuando la mezcla de reacciondiemtada a 100 y 120 ° C usando irradiacion de
microondas. Adicionalmente, bajas cargas de catiiz(0.1 y 0.5 mol %) pudieron ser usadas y no
se requirié purificacion por cromatografia paraislamiento de los productos. La reciclabilidad del
catalizador y la contaminacién de los productos lixiviacibn metalica fueron evaluadas. El
nanocatalizador pudo ser facilmente separado deelala de reaccion mediante la aplicaciéon de un
campo magnético externo mostrando actividad cataliégn al menos 6 ensayos cataliticos, sin
embargo, el contenido metalico (Co y Pd) en lodpetns se encontré por encima de los limites
permisibles. Con el objetivo de contrarrestar efteto se exploré el uso de un recubrimiento deasil
sobre la capa de carbono en la cual se incorporéomplejo de paladio. El catalizador resultante
mostrd alta actividad catalitica para el acoplamieBuzuki-Miyaura de acido fenilboronico con
yoduros y bromuros de arilo pudiendo ser tambiétilizado en al menos 4 reacciones consecutivas.
El recubrimiento de silica redujo efectivamentgdadida de metales del catalizador, encontrandose
los niveles de paladio por debajo de los limitegieeidos aunque la contaminacion por cobalto adn
los supera.

El tercer capitulo describe la deposicion de lotatae nobles (Au y Pt) en la cubierta de carbono de

las nanoperlas de cobalto y su evaluacién catalitic



Con el objetivo de obtener nanoparticulas pequéfids nm) que fuesen cataliticamente activas se
estudiaron diversas metodologias de sintesis. Natioplas de oro cataliticamente activas pudieron
ser sintetizadas y su potencial en la hidrogenad&wara-nitrofenol fue estudiado. Por otro lado, la
sintesis de un catalizador activo de platino seporpresenté dificultades. Altas incorporacionePide
fueron observadas, sin embargo, la formacion deteriés de gran tamafio, sin actividad catalitie, fu
predominante en la superficie del soporte magnético

El cuarto capitulo trata la deposicidbn de nanopalegs de niquel en la superficie de dos diferentes
nanoperlas y la evaluacién de su actividad catal&n una gran variedad de reacciones. Por urséado
utilizaron nanoperlas de cobalto recubiertas camare, teniendo en cuenta la tendencia de los
materiales carbonaceos a la incorporacion de natoylas metélicas. Del otro lado, nanoperlas de
Oxido de hierro fueron empleadas. La alta afinidaldniquel por los dobles enlaces C-C presentes en
la superficie de las nanoperlas fue usada paraelimiatalizador al soporte. Desafortunadamente en
ninglin caso se obtuvieron catalizadores activomcipalmente por causa de la formacion de
nanoparticulas de 6xido de niquel y aglomeracidnnital en la superficie de ambos soportes

magnéticos.



Introduction

Metal nanoparticles on solid supports: synthesis ahapplications

Nanoscience, the emerging science of objects wiithemsions in the range of few to 100 Hh,
(Figure 1) has received in the last decade gredentaan from different disciplinesi.€. physics,
medicine, chemistry, biology and engineering) altdays a main role in the technological progres
for the development of efficient approaches for #yathesis of chemicals, materials and energy
generatior?? It mostly focuses on a) the development of methaads tools for the synthesis of
nanostructures, b) the evaluation of the physiodl@hemical properties of the obtained nanomaterial

and c) their final application in different fiels.

e
v

S0 nm

Figure 1 Depiction of the size regime of nanoparticlesteglado common “nano” scale

objects. (A) prokaryotic cell, (B) ultraviolet wavC) virus and (D) enzyme. Blue sphere
represents a 50 nm metal nanoparticle. Reproduoced Reference [9], with permission

from The Royal Society of Chemistry.

Nanomaterialsife. carbon-based and inorganic materials) have beégelywinvestigated due to their
application as building blocks for the assemblyahoscale machines and heterogeneous catalysis, in
particular, significant interest has been placednuetallic nanoparticles (MNPs). These, display
different properties compared to the related bultenals, such as large surface-to-volume ratio,
degenerated density of energy states, higher tatalgtivity and optical, mechanical and chemical

properties that can be tuned by modifying theie sind composition (Figure 2.
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Figure 2 Size, shape and composition matters. This statefiseilustrated here by

considering the Rayleigh light-scattering propertigf various nanoparticles (quoted
nanoparticles sizes are all approximated). Repfifitem Reference [4]. Copyright ©

2005 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Waigim.

Due to their size, metal nanoparticles are thermadycally unstable because of the high surface
energies” Thus, their synthesis and growth must be performeder controlled conditions. Two
different methods can be applied to obtain stab&amnanoparticles. On the one hand, organic
ligands, capping materials or polymers can be eyaooto form protected core-shell
nanocomposite. An alternative and widely investigated procedisetheir immobilization on solid
supports” The latter method minimizes some of the disadwgE#a@ncountered employing bare metal
nanoparticles, such as aggregation, poisoning @agdtidation® The properties of supported metal
nanoparticles are strongly related to their morpbyl(size and shape), dispersion and interactidm wi
the support material, rendering them suitable foraad spectrum of applicatiofis.

In the following sections an overview of the modtely employed supports, common deposition

methods and applications of the corresponding mamposites is presented.

1.1 Supports

A variety of materials is employed as support f@tahnanoparticles, each of them possessing specifi
advantages and influencing the final charactesstt the nanohybrid$!® Among these, carbon
based materials, metal oxides, polymers and magnatiobeads are the most widely applied families

in the synthesis of supported metal nanoparticles.



Carbon-based materials

Carbon nanotubes (CNTs) are an important classabénmals frequently investigated in the last years
because of their intrinsic and specific charadiegssuch as high mechanical strength, high surface
area and high electrical and thermal conductivishich make them attractive for different
applicationd™ Carbon nanotubes are one-dimensional tube-likeniaig with the carbon layer rolled
up into a long, thin cylinder with diameters in th@noscale range. They exist in two forms: single-
walled carbon nanotubes (SWCNTSs) have a diametarges 1 and 10 nm and are usually capped at
the end while the multi-walled ones (MWCNTS), catigig in concentric cylinders held together by

Van der Waals forces, are consequently larger disimeters between 5 to a few hundred nm (Figure
3) [12,13]

Figure 3 Schematic representation of single-walled (left}d amulti-walled carbon

nanotubes (right).

Moreover, the surface of CNTs can be tailored byatant and non-covalent functionalisation
strategies. These madifications involve the incaapion of new element®(g oxygen and nitrogen),
the anchoring of organic functionalities.@ biological macromolecules, polymers or surfactaand
also the deposition of metal nanoparti¢téd” In 2010, Biet al. successfully deposited RwO
nanoparticles on the surface of MWCNTSs by a sotubased method. The structure of the MWCNTSs
with a diameter of 60-100 nm was retained after tteatment and scanning electron microscopy
(SEM) showed a rougher surface indicating the presef Ru@ nanoparticles. Transmission electron
microscopy (TEM) and high resolution transmissitece#on microscopy (HRTEM) revealed carbon
nanotubes coated with very small (< 2 nm) and disipersed Ru©nanoparticles (Figure &4
Similarly, Choi et al selectively deposited small Pt and Au nanopadicbn the sidewall of
MWCNTs!!



100 nm

Figure 4 Upper panel: SEM picture of the multi-walled CNTsed (left) and the as
prepared RUGICNT nanocomposites (RU@NT = 6:7 in wt %) (right). Bottom panel:
TEM (left) and HRTEM (right) images of the as preggh RUQ/CNT nanocomposites
(RUG/CNT = 6:7 in wt %). Images adapted with permissioom Reference [14].
Copyright © 2010 American Chemical Society.

Graphene is another carbon-based material comm@lgt as a support for metal nanoparti¢feg!

It is a two-dimensional single-layer®sparbon atom network that is densely packed inreeycomb
structurd’®*® As in the case of CNTs, graphene possesses semgradsting properties as large
surface area, high adsorption capacity, excelldattical and thermal conductivity and high
mechanical strength that render it attractive foaber of application$” Functionalisation of the
surface of graphene sheets allows to obtain végdatbrid materials with use in different fieldse(
solar cells, fuel cells, water treatment and caia)VG] A common modification is the introduction of
defects on their surface to improve the electrtnainsport properties.

In fact, intrinsic graphene is a zero bandgap radteith small on/off ratios that lead to a limita

for the electronic applicatio®®’ Disadvantages that can be encountered working gvidbhene are
connected to the possible agglomeration causechdyhighn-n stacking between the nanosheets,
leading to a decrease in activity as the catajtés are blocke”

Nevertheless, several examples of well-dispersdhfile metal nanoparticles on graphene are
reported in literature. A uniform coating of FeRihoparticles with an average diameter of 7 nm was

obtained by Guet al applying a solution-phase-assembly strat&gy.

10



Similarly, Shanget al deposited Pt nanoparticles on reduced grapheite aheel! obtained by
oxidation of graphite and composed of exfoliategest’® A uniform distribution of ultrafine Pt
nanoparticles with an average diameter of 1.6 nm ahieved and the nanohybrid was successfully

applied in catalysi"

.
.
.
..000
Tah

Figure 5 Left: TEM image of the G/RgPt, NCs. Adapted with permission from
Reference [18]. Copyright © 2012 American Chemigatiety. Right: TEM image of Pt-
rGO (etched). Reprinted from Reference [21]. Cagwri© 2014 Wiley-VCH Verlag

GmbH & Co. KGaA, Weinheim.

(Bio)polymers

Biopolymers are a class of organic materials charaed by their robustness, chemical stability and
easy chemical modification. They have been widelgstigated as supports for metal and metal oxide
nanoparticles leading to the synthesis of hybridemes with unique properties and applicationse Th
dispersion of the metal nanoparticles inside tHgrper network takes place through a combination of
different mechanisms.€. complexation and electrostatic interactions) atrdngly depends on the
morphology, porosity and surface area of the supfsor

Chitosan is a polysaccharide biopolymer deriveddiegcetylation of natural chitin that displays
unique characteristics as film-forming and chelatproperties due to the presence of amino and
hydroxyl functional groups. Moreover, it can be igaseparated from the reaction mixture and is
nontoxic, biocompatible and biodegradable, makisgise feasible for pharmaceutical and biomedical
applications® In 2010, Weiet al achieved the synthesis of Au and Ag-chitosandoicjugates,
where the chitosan was able to directly reducentietal source to metal nanoparticles (Figure 6).
Similarly, homogeneously distributed Pd nanopasticlvith an average diameter of 5 nm were
described by Sarkagt al showing a different nanoparticles size dependingthe metal loading,

which indicates the presence of agglomerates whetoading was too high (Figure ).

11
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° Low Pd content

... High Pd content . '

Presence of large agglomerates
of 60-120 nm

Figure 6 Left: Image of metal NPs-chitosan bio-conjugates éxposure of 30 mg
chitosan flakes to 6.0 mM AgNGat 95 °C. Reprinted from Reference [23]. Copyright
2009 Elsevier Ltd. Right: TEM analysis of chitosad-catalyst. Adapted with permission
of Springer from Reference [22]. Copyright © 2012ri8ger Science+Business Media
B.V.

Nanocelluloses are another class of biopolymer iobta from vegetal cellulose. They are
characterized by a rod-like or ribbon-like shap¢éhwength between 50-1000 nm and width in the
range of 3-50 nm. The final structure depends ernptieparation conditions and the starting cellulose
that can be derived from several different sou(ceswood, cotton, bacteria, bamboo). Nevertheless,
nanocelluloses have high surface area, high asp#ot high crystalline order and chirality, good
mechanical strength and feasible surface modi6ioatiue to the presence of hydroxy and sulphate
ester groups. Because of these unique charaatsrigbgether with the ability to form stable
suspensions in water, nanocelluloses have beerywitestigated as support for metal nanopatrticles

and organometallic species for catalytic applicatio

Metal oxides

Another family of widely used supports for metahaparticles are metal oxides, which in turn can be
classified as inert (Si§p and active (Ti@ CeQ, ZrO,, Al,Os). In general, they possess high thermal
and chemical stability together with a well-deveddporous structure and high surface &tegheir
use enhances the stability of the metal nanopestiahd allows their application in different fielas
optics, analytic chemistry and catalyéfs.

Moreover, active metal oxide supports participateatalytic reactions through interactions with the
metal nanoparticles. An example is the applicatibRt@CeQ catalyst in water/gas shift reactidfrs.

In this case, on one hand, the ceria drives theatetl oxygen to the Pt and, on the other handPthe
nanoparticles enhance light absorption and chaageec separation in the metal oxide semiconductor.
Jin et al. achieved the synthesis of nanohybrids where nmetabparticles were uniformly distributed
on the surface of different metal oxides (Figuréd”7)An additional example comes from the
application of precious metals supported on ;Ti@&nospheres for photocatalytic water-splitting

12



reactions. It has been demonstrated that metalpaaticles induce a shift in the Fermi level to more
negative potentials, leading to the formation afiataybrids with improved energetics and efficiency

in the interfacial charge-transfer procg8s.

Figure 7 SEM (first, third and fifth column) and TEM (seahrfourth and sixth column)
images of the mesoporous metal oxides microspheaeed with metal nanoparticles. a,
b) Au@TiO. c, d) Au@ZrQ. e, f) Au@ALOs. g, h) PA@TIQ. i, j) Pd@ZrQ. k, |)
Pd@ALO;. m, n) Pt@TIQ. o, p) Pt@ZrQ. q, r) Pt@A}Os. Reprinted from Reference
[25]. Copyright © 2012 Wiley-VCH Verlag GmbH & C&GaA, Weinheim.

Magnetic nanobeads

The use of magnetic nanobeads as support has atso widely investigated in the recent years
because of their properties as high surface areeliome ratio, chemical inertness and thermal
stability. Moreover, they can be easily recovenenf the reaction mixture by applying an external
magnetic field, which greatly facilitates the réastwork-up®®”! In fact, time-consuming and tedious
protocols as filtration and centrifugation can beoided and the catalyst can be reud&d.
Furthermore, the surface of the magnetic nanobeadse functionalised in different ways such as
silica/carbon coating or by the addition of surfexts and polymers.

This leads to a stabilization of the nanopartidiesmselves and also introduce the possibility to

anchor different molecules or deposit metal nartages on the surfacé”

13



1.2 Deposition Methods

Different preparation routes, physical or chemicaly be applied to achieve the deposition of metal
nanoparticles onto solid suppofisToday’s focus on sustainable chemistry drivesdéneelopment of
synthetic pathways that employ less toxic precstsenvironmentally friendly solvents, ambient
reaction temperatures and few synthetic steps. dere minimum quantities of by-products and

waste should be generatéd.

Atomic layer deposition

Atomic layer deposition (ALD) is a technique empdyfor the deposition of thin filri8 on different
supports such as nanoparticles, nanowires, narstubeft and biological materidfé? This
technique is extensively used as a consequendeeafeproducibility of the obtained films together
with the large range of applications of the syniges hybrid structuresi.¢. catalysis,
microelectronics, energy storage and sensing). Ad based on the reaction of precursors that are
separated into successive surface reactions.dmwidy, the reactants are kept separated and réact w
the surface in a self-limiting process. Every stefaeaction is separated by a purge step, where
unreacted precursor and by-products are removedadh cycle, a film with a defined thickness is
deposited and the cycles are continued until timal fidesired film is obtained (Figure .
Nevertheless, sometimes nanoparticles can be degasstead of films, being particularly convenient
for catalysis applications due to the higher swfaea. In 2009, Liet al achieved the deposition of
uniform and well-dispersed Pt nanoparticles on @amanotubes as it is possible to observe in Figure

8 where the Pt nanoparticles appear as whitefdbts.

Figure 8 Left: SEM cross-section of the carbon nanotubeSiowafer after ALD of Pt
for 100 cycles. The carbon nanotubes were acidetlefar 6 h. Right: SEM images of
carbon cloth, with acid treatment for 6 h, afterD\bf Pt. Reprinted from Reference [31].
Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGak/einheim.
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Figure 9 Schematic illustration of one ALD reaction cycReprinted from Reference
[30], with the permission of AIP Publishing. Stepplilse of the reactant A leading to its
absorption on the surface. Step 2: purge of theaated precursor A and of the by-

products. Step 3: pulse of the reactant B, whieletsewith the surface species created by

precursor A. Step 4: purge of the unreacted precBsnd of by-products.
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Microwave irradiation

Microwave (MW) heating found in the recent yearsgda application in different fields such as
synthesis of nanomaterials, solid-state chemistgnotechnology and organic synthéisMw
application in the synthesis of organic, inorgaant hybrid materials allows to obtain nanoparticles
with uniform size/shape because of the fast anfbumiheating of the reaction mixture. Moreover, it
often allowed a fine dispersion of the metals andtpports, a generally difficult goal with methads
co-precipitation and impregnatiéil. In 2008, Campelet al developed an easy and fast procedure to
deposit metal nanoparticles on polysaccharide-ddriiesoporous materials by microwave irradiation
and avoiding the use of reducing agents. The sgigthiequired microwave heating for 2 min at 100-
140 °C (300-450 W) of an ethanol/acetone or ethtamtdr solution of the desired metal salt. They
demonstrated how microwave irradiation was critfcalthe synthesis of nanoparticles with uniform
size, shape and distribution. Moreover, the coletdotemperature allowed the deposition of only
reduced metal nanoparticles. A comparison with hghids obtained by conventional heating was
also made. In this case, low metal loading waseaehi together with an irregular nanopatrticle shape,
size and distributioff® Similarly, Guoet al. employed microwave irradiation for the depositizin
platinum nanoparticles on graphene sheets witheastep protocol. High loading of Pt nanoparticles
with a uniform distribution and small size (2.6 nmwvps achieved. The nanohybrids were then

successfully applied for electroanalytical applimas*®!

Sonochemistry

Sonochemistry is an additional deposition methagiplthat can be applied to the synthesis of
supported metal nanoparticles. The advantagesedelat this procedure such as controllable size
distribution, environmentally friendly protocol aadhbient temperature reaction conditions, are due t
the acoustic cavitation phenomena involving themfation, growth and collapse of bubbles in a
liquid.®”! During the sonochemical process, three differegions are formed in the liquid medium: 1)
the gas phase of the collapsing bubbles, where teigiperatures (> 5000 °C) and pressures (> 20
MPa) are reached, causing water to pyrolyse intand OH radicals; 2) interfacial region with
temperatures high enough (few hundred °C) to indeeetions and 3) the bulk solution at ambient
temperaturé€® Polet al demonstrated how sonochemical processes lede eposition of small (~

5 nm) Ag and Au nanoparticles on silica nanospheriéis a uniform distribution. Furthermore, no
reducing agents were added to the reaction mixheimg the high temperature and pressure reached
during the sonochemical process, responsible ferréduction of the metal ions to the amorphous

form 13739
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Chemical vapour deposition

Hybrid materials such as microelectronic devicesticea and membrane reactors synthesised by
chemical vapour deposition (CDV) of thin films oolid supports can be used in a variety of
applications. Moreover, CDV allows a conformal asmlective deposition of metals. The process
involves the thermally induced reaction of a meiedcursor on a heated surface. In particular, a
volatile metal precursor (inorganic, metal-orgaoicorganometallic) is transported in the reactat an
to the support where it adsorbs and reacts todibethe ligand that is subsequently desorbed and
transported out of the reactor. The metal atoms tliffuse to form stable nucleus and the film cogti
(Figure 10*” This methodology was employed by Okumeral to deposit small (2-3 nm) and well-
dispersed gold nanoparticles on different metafl@xdupports, ADs, SiG;, and TiQ. The same good
results could not be achieved applying liquid phasparation method¥!

Main gas flow
e ——
_—

R

as-phase
sa>p Main gas flow

\ieaction
® "
—_—
® "

desorption
of precursor '
surface nucleation
iffusi and growth
. diffusion g
adsorption
substrate

Figure 10 Schematic representation of the key steps involwethe chemical vapour

deposition process.

Pulsed laser deposition

Pulsed laser deposition (PLD) is a clean and lost-pbysical technique employed for the deposition
of thin metal films on solid supporfé! In PLD, a high power pulsed laser is focused antirget
surface. Applying a sufficiently high laser fluengel J/cm), each laser pulse is able to vaporise or
ablate a small amount of material which expandglhlafrom the surface in vacuum and provides the
deposition flux of thin film growti:®! The dimension and morphology of the nanopartiatesusually
controlled by the number of laser pulses, leadingptherical small nanoparticles (1 nm) with a na&rro
size dispersion for low metal loadif§. In 2012, Daiet al deposited CdSe quantum dots on ternary

metal oxide nanoparticles £nQ, for photovoltaic application by pulsed laser depms.
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This methodology allowed to use non-toxic chemicaigl to obtain a uniform monolayer of small

quantum dots varying laser paramet&ls.

Deposition-precipitation method

Currently, this methodology is particularly empldyéor the deposition of metal nanoparticles on
functionalised/coated magnetic nanobeads. It ctmBsisthe sonication of the support in the desired
metal salt solution followed by addition of a rephgc agent. Zhuet al applied this method to
incorporate Pd nanoparticles on the surface of axide (FgO,) nanobeads coated with a carbon
layer derived from glucose carbonizatiéh.Similarly, Liu et al deposited Ag, Pd and Au on the
polymer coating of magnetic nanospheres;Cz@P(MBAAmM-co-MAA). The loading of the metal
nanoparticles was achieved by exchange of soditionsapresent in the ionized microsphere, leading
to the formation of uniform and well-dispersed AgdaPd nanoparticles on the shell layer of the
microspheres. In the case of Au, nanoparticles witgular shape and distribution were formed,
probably because of the weak interaction betweerthand the polymer coating (Figure ¥4)).

Figure 11 TEM images of (A, D) F&©,@P(MBAAmM-co-MAA)/Ag microspheres, (B, E)
FeO,@P(MBAAM-co-MAA)/Ag microspheres and (C, F) @@P(MBAAmM-co
MAA)/Au microspheres. Adapted with permission frdReference [46]. Copyright ©

2011 American Chemical Society.

Microemulsion
Water-in-oil microemulsion is a well-known proceduo synthesise supported metal nanopatrticles. In
fact, the interaction between the microemulsiorlitand the support is believed to enhance the

hydrophobicity of the latter rendering it more clieafly-compatible?
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Yoon et al employed this method to synthesise a catalystposed of Pd and Rh nanopatrticles
uniformly distributed on carbon nanotubes, of ageraize between 2 and 10 nm. Hexane was added
to an aqueous solution of the desired metal congia surfactant agent, obtaining a two-phase
system. The solution was purged with nitrogen amdrdgen, leading to the formation of the
nanoparticles within the microemulsion. The nantipias were anchored on the support by stirring
the carbon nanotubes into the microemulsion. Itb®en moreover demonstrated that, with a direct
deposition of metal nanoparticles on the carborotudres, not employing the microemulsion method,
large Pd and Rh clusters (1 order of magnitudesfangere obtained (Figure 1%

e )
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J"sj‘é‘g‘ r;;i‘h

o

Reusable
CNT-supported
nanocatalysts

Microemulsion-templated
synthesis of
metal nanoparticles

‘» - ‘. .\
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Figure 12 Upper panelSchematic representation of the microemulsion-basettiod for
the deposition of metal nanoparticles on carborondoes. Bottom panel: TEM images of
the microemulsion-templated synthesis of CNTs-supplo metal nanoparticles: a)
Pd/CNTs, b) Rh/CNTs, ¢) Pd/Rh bimetallic nanop&sicfrom the microemulsion
methods and d) Pd/CNTs from an aqueousPN&l, solution. Adapted with permission
from Reference [47]. Copyright © 2005 American CleahSociety.
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Impregnation

This approach, also known as wetness impregnatansists in the “wetting” of a solid support with a
solution containing the desired metal. Usually, oparticles with a broad distribution of sizes is
observed” In 2011, Choiet al developed graphene-supported metal nanopartietegloying
impregnation method obtaining materials composesh@dll nanoparticles (Pt = 1.9 nm; Pd = 2.0 nm;
Rh = 3.9 nm; Ru = 3.0 nm) with a fine distribution the graphene sheets. The synthesis was achieved
by mixing the graphene with a solution of the meitalacetone and stirring the mixture by
ultrasonication. After collecting and drying, thgbhid materials were treated with 4% 4 N, at 250

°C for 3 h, to reduce the metal nanopartiéiés.

Centrifuge

In 2014, Markeloni®t al showed the possibility to employ a common lalmsatentrifuge to deposit
uniform films of Au and PbS nanoparticles on diffiertypes of materials, from flexible to rigid stee

as well as flat and rough surfaces. The synthas@es the placement of the chosen support on the
bottom of a vial followed by addition of a well-gisrsed solution of the colloidal nanoparticles. The
mixture was at this point centrifuged, leading tee tformation of uniformly supported metal
nanoparticles, the thickness of the film correlaiedhe concentration of the colloidal nanopartcle
solution employed (Figure 18!
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Figure 13 Upper panel: PbS NPs deposited by centrifugatiethod on different

substrates. Left: blank substrates and right: PBS teposited on a) aluminium foil, b)
paper, c) plastic sheet and d) glass. Bottom p&whiematic diagram to illustrate the
centrifuge deposition process. Adapted figaeference [49], with permission of Springer

1.3 Applications

Supported metal nanopatrticles have been succgsafyblied in a great variety of different fields. A

small overview of the most relevant uses of thesehybrids is presented in the following section.

Sensors

Metal-graphene nanocomposites have found variopications as electrochemical energy storage
and sensing due to their large electrochemicaltwecsurface areas, which are able to efficiently
increase the electron transfer between the eleximod the detected molecules, leading to more rapid
and sensitive response than traditional sen&ofs™ Determination of hydrogen peroxide xB) in
biological systems is of high importance in biolpgijomedicine and environmental protection, being
a by-product of several biological and chemicalcpssesife. pharmaceutical, paper and chemical
industries). In biological systems, hydrogen petexg¢an generate reactive oxygen species (ROS) that,
in excess, can cause different diseases Parkinson, Alzheimer, heart attack and cad&%r).
Similarly, detection of glucose in blood serum ertularly important in the control of diabetes
mellitus, a current worldwide health problem. In120 Zhanget al developed a new nanohybrid
material composed of Ag nanoparticles depositedy@phene, employing tannic acid as reducing
agent. The nanocomposite was then immobilized erstinface of a glassy carbon electrode (GCE) by
addition of chitosan to form a modified electrodbifosan/Ag NPs-G/GCE), evaluated for the sensing
of H,O, and glucose. The Ag NPs-G nanocomposites exhight bBlectrocatalytic activity for the
reduction of HO,, being the current response of the modified chitédg NPs-G/GCE electrode
significantly higher than the current obtained witk bare electrode. For the detection of glucthee,

enzyme glucose oxidase (GOD) was immobilized oratteady described electrode.
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The detection mechanism involves the oxidationlogse in the presence of oxygen by GOD leading
to the formation of k., that is electrochemically detected. A good linedationship was observed
between the current response and the glucose doatien, with a detection limit of 100 pumol/L,
which enabled the modified electrode to be sucalgsfised for the detection of glucose in blood
sample$®™ In 2014, Majiet al developed a hybrid material composed of well-eispd small (~ 3
nm) Au NPs deposited over reduced graphene ox{@@)sheets covered with periodic mesoporous
silica (PMS) (rGO-PMS@AuUNPs). The nanocomposite sascessfully employed as an electrode
material to fabricate a sensor for the detectiorHg®, and glucose in biological samples (human
urine). Additionally, as a result of the very losh#evable detection limit (60 nM), it was used &iso
the detection of kD, released by cancer cells (Figure $%).

Cancer Cells

Figure 14 Schematic diagram for in vitro detection 0fQ4. Adapted with permission
from Reference [50]. Copyright © 2014 American ClehSociety.

Different cell lines were employed, human embrydadney cells (HEK 293), human cervical cancer
cells (HeLa) and human hepatoma cancer cells (Hefdg2ther with a stimulating agent, the phobol
12-myristate-13-acetate (PMA), which induces theegation of hydrogen peroxide from tumour cells
in a short time period. The RGO-PMS@AuUNPs was datnated to be sensitive and reliable in the
detection of HO, generated by tumour cells, allowing the distincti®etween normal and cancerous
cell lines®

The surface-enhanced Raman scattering (SERS) trastedl great attention for its microanalytical
abilities, allowing the detection of analyte witigi sensitivity and low detection limits. In 201Han

et al prepared silver-coated magnetic nanosphere®gAa) that serve as a SERS substrate and can
also be easily handled by applying an external retgrfield. Malachite green (MG) is a fungicide
and antiseptic used in aquaculture industry buypestted to be genotoxic and carcinogenic, making its
monitoring in water at trace level particularly iarant®® This scenario has been selected to evaluate
the SERS-property of the silver-coated magnetiosphere§? The SERS signal obtained for this
hybrid materials were much stronger than the onectled for the bare microspheres. A quantitative
analysis was also made. Stock solutions of the MEewiirstly mixed with the R©,/Ag. A sample
solution was then dropped on a glass slide, drietl analysed by Raman spectroscopy, using the

relative Raman intensity to quantitatively evaluidie MG content.
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A good linear relationship was observed in the eat@tion range of 10-350 ppb, demonstrating that
the microspheres can be used to detect MG in wiategncentration as low as 10 ppb. The(z6Ag
microspheres were also used to develop a SERS-mgstefluidic system (Figure 15), where the
microspheres and the MG analytes were mixed incaaftdidic channel and the SERS analysis was
performed under continuous flow conditions. A nménienoid was introduced in the system, in order
to generate a magnetic field that can trap the ogfifrere in the channel. In this way, they could
adsorb the analyte molecules and be effective. l&evaystem was also introduced to regulate the
flows. First, the microspheres were introduced tagped on the channel. Afterwards, the analyte
was circulated through the channel and absorbati@microspheres. Here, “hot spots” generated by
Fe;0,/Ag were detected by SERS,
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Water
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Figure 15 Layout of a SERS-based optofluidic sensor integraivith a solenoid.
Adapted with permission from Reference [52]. Coglyti© 2011 American Chemical
Society.

Fuel cells

The current increase in energy consumption combiméd the depletion of fossil fuel reserves and
the environmental concerns associated with greeséiogas emissions have motivated the
development of alternative energy sources. Fuéd,calich as proton exchange membrane fuel cells
(PEMFCs) and direct methanol fuel cells (DMFCs) @vasidered one of the most promising class of
energy conversion devices allowing high densities efficiencies>” Fuel cells might play a key role
as possible future energy sources for zero-emisgihicles, distributed home power generators and
power source for small electronits.Fuel cells consist in an electrochemical devic th able to
convert chemical energy of fuelse( hydrogen, methanol, formic acid and ethanol)léztécity by
separating the electron flow from the mass transpbtwo main chemical reactions involved, fuel

oxidation on the anode and oxygen reduction orcétieode (Figure 16"
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Figure 16 Schematic representation of a fuel cell. Adapteth vpermission from
Reference [54]. Copyright © 2014 American Chemigatiety.

In 2011, Qiuet al described a new hybrid nanomaterial composedrafls(~ 4.6 nm) and well-
dispersed Pt nanoparticles on functionalized gnaphgheets, successfully employed in a direct
methanol fuel cell (DMFC) where methanol is oxidizeith oxygen to carbon dioxide and water,
generating electricity. Platinum is the most wideked catalyst in fuel cells and graphene has been
used as support for these applications due to itite donductivity and surface area. The synthesised
nanocomposite exhibits high electrochemical agtitar methanol oxidation and oxygen reduction.

Moreover, good tolerance towards CO was obsérfed.

Photocatalysis

Metal nanoparticles supported on semiconductor niaégehave been extensively studied for a variety
of photocatalytic reactions. In 2011, Tsukametal. studied the oxidation mechanism under visible-
light irradiation of small Au nanoparticles (< 5 hateposited on the interface of anatase/rutile,TiO
particles. Au nanopatrticles are characterized Isgrang light absorption in the visible region that
generate oscillation of free electrons, known adasa plasmon resonance (SPR). In a general
mechanism of visible-light-driven oxidation (Figurg7), surface plasmon resonance transfers
electrons from Au nanoparticles to the semicondustgport conduction band and the positively
charged Au nanoparticles receive electrons from ubstsate that is in this way oxidized.
Simultaneously, the electrons in the conductiondbaf the support are consumed by oxygen

reduction®”
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Figure 17 Proposed mechanism for visible-light-driven aerabiiation by Au particles
supported on semiconductor particles. Adapted wighmission from Reference [57].
Copyright © 2012 American Chemical Society.

It was demonstrated that small Au nanopatrticlesregeired to observe a photocatalytic activity and
also their position on the support influences thire process. In fact, the Au nanoparticles neduokt
located at the interface of the anatase/rutile,Ti@rticles in order to obtain an active joint ghat
facilitates the electron transfer, leading to aficieint transformation. Applying the described
nanocomposite, the oxidation of alcohols was peréar at room temperature using sunlight. This
opens the way to the design of more efficient ptatiaysts that can be applied in a range of organic
transformation§” Supported metal nanoparticles can also be apfgiéite photodegradation of toxic
pollutants. In 2010, Het al evaluated the photocatalytic activity of silvéxar iodide nanoparticles
supported on alumina (Ag-Agl/ADs) for the degradation of phenolic compounds thatraghly toxic
and difficult to degrade.é. 2-chlorophenol (2-CP), 2,4-dichlorophenol (2,4#)@nd trichlorophenol
(TCP)). Different irradiation wavelengthk)(were tested and comparison with Agi®4 was done to
understand the reaction mechanism. Firstly, polkstawere absorbed on the surface of the
nanocomposite under dark conditions. Subsequetigradation (dechlorination) and mineralization
(degradation of by-products) was carried out in agueous dispersion. The Ag-Agli&h
demonstrated to be an effective and stable plasmduced catalyst that could be recycled for six
consecutive runs. A two electron process was iraalin the reaction. A first electron transfer
occurred from photoexcited Ag nanoparticles toAlyé conduction band, leading to the formation of
O,” species and plasmon induced positive holgsrdésponsible of the pollutants degradation. A
second electron transfer occurs from the pollutamthe Ag nanopatrticles that resulted in this way
significantly stablé>®
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Catalysis

Heterogeneous catalysis has been extensively dtudighe past decades due to several related
advantages such as easy separation from the meactixture, minimized metal contamination,
recyclability, eco-friendliness and more economimsformation§” Several examples of supported
metal nanoparticles employed in catalytic reactiares present in the most recent literature. In 2014
Denget al developed efficient hydrogen evolution reactiblfER) electrocatalysts by encapsulating
3d transition metals Fe, Co and FeCo nanopartiatedl-doped carbon nanotubes (NCNTSs). The
production of hydrogen is important for the devehgmt of technologies related to energy suppéy (
hydrogen fuel cells). A general mechanism for thedpction of hydrogen by HER in acid media
involves three steps: 1) absorption of an H atomcbsnbination of a proton and an electron, 2)
formation and desorption of an,Hnolecule by reaction of an H atom with a protoanirthe
electrolyte and an electron from the CNT or 3) fation and desorption of an,Hnolecule by
combination of two H atoms. Extraordinary catalydictivity was observed for this hanocomposite,
showing, moreover, long-term durabillt§\.

Similarly, Chenet al immobilised small and well-dispersed Pd nanopladi on graphene oxide
sheets, employing the nanocomposite for the electidation of formic acid and ethanol. The
nanohybrid showed superior catalytic activity comgpla to standard Pd/C electrode in both
transformations. Moreover, high stability was eiteith, being still active after 100 potential cycfés
Important catalytic reactions are also the hydragen of multiple carbon-carbon bonds and their
formation. Liu et al embedded Pd nanoparticles on the inner surfaceadfon nanotubes and
employed the nanocatalyst for the Suzuki-Miyau@ssfcoupling reaction. The Pd nanoparticles were
found uniformly distributed on the carbon surfaced aexhibited an enhanced sinter-resistance
compared to the commercially available CNTs-sumubi®d catalyst. In fact, no decrease in the
catalytic activity was observed after 4 rif35.

a-B-Alkynyl ketones are an important class of compaupiesent in biologically active molecules and
in intermediates of natural products. They can b&ioed by the metal-catalysed Sonogashira
coupling of terminal alkynes and aryl iodides ie firesence of CO. Liet al applied immobilized Pd
nanoparticles on iron oxide nanobeads to catahisd@ransformation. A broad scope was investigated,
including aryl iodides bearing both electron-witlnding and electro-donating group antho, meta
and para position. In all the cases, the desired produd afforded in good yields. Moreover, the
nanocatalyst exhibited high stability and recydlghi being still active after seven consecutive
runs®®! Palladium is often used as catalysis in an exoeddiarray of reactions, among those,
hydrogenation and coupling reactions play an ingrdrtrole in pharmaceutical and chemical
industries. In 2014, Linharddt al immobilised Pd nanoparticles on magnetic nanabgadviously
modified with an ionic liquid, capable of stabihg the nanoparticles through electrostatic intevast

or coordination. The obtained nanocatalyst wadlfirsuccessfully applied in the hydrogenation of

trans-stilbene with molecular hydrogen.
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High yields were obtained in short reaction timed aworking at room temperature. Furthermore, the
catalyst could be recycled for at least 11 run&evt loss of activity and it was also possible oy

the substrates, from different olefins to nitroidates®

1.4 Conclusions

In combination with the development of nanoscieace the possibility to work and manipulate
materials on a nano-scale, the rising environmartaterns and growing demand for energy and fast
consumption of organic fuels, have created the niegatomote “green” and sustainable processes.
The immobilisation of metal nanoparticles on a efyriof solid supports, leading to the formation of
nanomaterials that can be recycled, allows a ramuatf the generated waste. Furthermore, the
synthesis of these nanocomposites can be achiewgdioying naturally occurring materials as
supports and also methodologies that use altematiergy inputi(e. ultrasound and microwave). The
development of more efficient catalytic system e @f the most intensely investigated topics, of
particular importance is the simplification and hoing of reaction protocols that would enable
increased productivities. The use of nanocatalyssticularly those employing magnetic supports,
show great promise at fulfilling these objectivés a consequence of their easy separation from
reaction media, the development of nanosystemsddmatbe recycled for several consecutive runs
without loss of activity is now a hot topic. At tisame time, supported metal nanoparticles provide
significant contributions in biomedical applicat®rallowing to detect molecules connected to human
diseases in biological samples.

In conclusion, substantial advances have been nmatlee last years in nanoscience regarding the
synthesis and applications of supported metal remicfes and the on-going research will surely lead

to the creation of improved nanosystems with améwreader application range.

Objectives

Goal of the present doctoral thesis developedeatthiversity of Regensburg and at the Institut 2ata
d’Investigacié Quimica was the synthesis of magnedinocatalysts that can be easily recovered from
the reaction mixture just applying an external neignfield and recycled for consecutive runs. The
deposition of metal nanoparticles (Pd, Pt, Au anyl & the surface of two different magnetic
supports, iron oxide and carbon-coated cobalt neaddy was investigated. Different deposition
methods were considered aiming to obtain small a&athlytically active supported metal
nanoparticles. The activity of the synthesised nanposites was afterwards evaluated for a wide
range of reactions, from Suzuki-Miyaura cross-cimgpto hydrogenation of C-C double bonds and
nitro-derivatives. Once the catalytic activity wa®ved, the recyclability of the nanocomposites and

the metals leaching in the final product was euaidia
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Main Part

1. Magnetic supports: iron oxide and carbon-coatedobalt nanobeads

1.1 Introduction

Magnetic nanobeads have been extensively studidtheinrecent years because of their intrinsic
properties and the useful application in catalyddue to the high surface area and the
superparamagnetic behaviour, high catalyst loadind easy recovery and recyclability can be
achieved. In the present work, two types of magm&ipport have been employed. In 2007, Sgark
al. reported a new one-step, large scale procesediging flame spray pyrolysis for the synthesis of
nanobeads characterized by a cobalt core and aapegike coating (Co/C) (Figure 1a) that protect
the core from oxidation and can be easily functiaed, either covalently or non-covalently.
Moreover, these versatile nanobeads show highditizermal stability, as well as high magnetisation
(158 emu/g), which allows the removal from the tescmixture within seconds (Figure 18).

Figure 1 a) Left: Photograph of about 5 g of air-stable, carboated nanomaterial.
Right: Transmission electron microscopy image of tpowder shows two to four
homogeneous graphene layers coating the metaltialtcoore. b) Separation of cobalt
nanoparticles from a suspension (1 g/L) in watealspmmercial neodymium magnet (B
= 1.4 T). Photographs were taken at indicated timisr placement of the magnet.
Figures adapted with permission from Reference Cdpyright © 2007, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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On the other hand, monodisperse, well-defined spddeiron oxide (FgD,) nanobeads with an
average diameter of 5.6 + 1.3 nm (Figure 2) wet@iobd by thermal decomposition of Fe(agac)
the presence of oleic acid and oleylamine as sariacagent§® A straightforward surface
functionalization with covalently supported ligandsd organocatalyst, was achieved grafting a
propyltrimethoxysilane bearing an azido or amindetyd”

Figure 2 Transmission electron microscopy images of irordexaanoparticles with an
average diameter of 5.6 = 1.3 nm at different nidgations.

1.2 Outline

The following chapters demonstrate possibilitieslépose different metal nanoparticles on magnetic
supports, ensued by the evaluation of the catabgtivity. The recyclability of the catalyst and a
possible functionalization to minimize metals ldaghwere also investigated for the material

described in Chapter 2, that was able to promorIlSC-C coupling in high yields.
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2. Pd@Co/C and Pd@Sig@Co/C nanobeads: evaluation of the catalytic
activity for the Suzuki-Miyaura coupling reaction and recyclability test

The activity of a catalyst composed of palladiunmayzarticles (NPs) deposited on the surface of
carbon-coated cobalt (Co/C) nanobeads has beerstigaed. The Suzuki-Miyaura C-C cross-
coupling of phenylboronic acid and different aryhlides was chosen as a test reaction. Full
conversion of the starting material was achieveidguaryl iodides and bromides. Moreover, the
catalyst could be reused for six consecutive rumthout a significant loss in the activity. A
modification of the magnetic nanobeads consisting silica coating grown around the graphene shell
and incorporating a Pd complex, has also beenestudihe catalytic activity and recyclability of the

new catalyst were afterwards compared with theipusvone.
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2.1 Introduction

Palladium is one of the most commonly used tramsithetal in catalytic transformations, in particula
for the formation of new carbon-carbon boHd8.High activities under mild reaction conditions
employing small amounts of catalysts have been detrated? Moreover, the catalytic activity can
be easily tuned by the use of different ligands aiditives™ The Suzuki-Miyaura coupling,
consisting in the cross-coupling of an arylboroaimid and an organohalide, is one of the most
versatile and powerful methods for the synthesiseaf carbon-carbon bond among all the palladium
catalysed reactions. The availability and sustalitaif the boronic acids used as starting maté#ia
the low toxicity of the by-products formed, the dhileaction conditions and the tolerance to a wide
range of substrate and functional grofifsmake this coupling one of the most widely applied
reactions for the formation of biaryl skeletonsyexy common substructure in pharmaceutical and
natural product$:® A general catalytic cycle (Figure 1) involves fies oxidative addition step of an
organohalide2 to a Pd(0) catalyst that leads to the formatiora ¢&td(ll) intermediat&. This is the
rate-determining step and the reactivity decreasébe following order: | > Br > Cf! The Pd(ll)
intermediate3 reacts afterwards with a base to give intermediatehich undergoes transmetallation
with an organoboronateto form the organo palladium spectsThe following reductive elimination

releases the desired prodidand regenerates the original catallst

R'-R?
R'X
7 pd° )
1
R'-Pd(11)-R? R'-Pd(I)-X
6 3
HY
Y-B(OR),
R'-Pd(ID)-Y HX
R2-B(OR), 4
5

Figure 1 Schematic representation of the Suzuki-Miyaura togpeaction mechanism.

35



Although homogeneous palladium catalysts have bedansively investigated because of their
extraordinary catalytic activity, their separatiom the reaction medium is often complicafed.
Thus, big interest has grown around the use ofrbgémeous catalysts that can replace homogeneous
systemd? For this purpose, several different supports sagipolymer$” mesoporous materidfs!

ionic liquids™ carboff*® and ALO™ have been explored. However, also in these cdses t
recovery by filtration and ultracentrifugation istrstraightforward. Magnetic nanobeads with a high
surface-to-volume ratio and superparamagnetic behaconstitute a promising alternative and, in
recent years, broad attention has been focusedhedn use as supports for Pd catalystsin our
group, carbon-coated cobalt nanobeads develop2@lin by Starlet al. and described in the previous
chapter have been extensively investigdfed? In 2010 a palladium complex was non-covalently
grafted on the graphene-like coating of the cohaliobeads and was demonstrated to be able to
dissociate from the nanobeads during the hydrokgrafdation of aryl halides at 100 °C and
recaptured at room temperatlifé The catalyst could then be recovered from theti@agnixture
applying an external magnetic field. A differenthétionalization was developed by Schétzl that
covalently immobilized the nitroxyl radical 2,2,&@&ramethylpiperidine-1-oxyl (TEMPQO) on the
carbon shell of the cobalt nanobe&#sThe new heterogeneous catalyst was active fooxitation

of primary and secondary alcohols and could beegtsr at least six runs.

Figure 2 Non covalently immobilized Pd-NHC compl& and covalently grafted
TEMPQ™ on carbon-coated cobalt nanobeads.

In 2014 an innovative catalytic system composeBahanoparticles deposited on the surface of the
carbon-coated cobalt nanobeads was developed Iny K&al*® The catalyst exhibited high catalytic
activity and good recyclability in hydrogenatioractions at room temperature. Hence, the aim of the
present study was to investigate the activity awyclability of this catalyst for the Suzuki-Miyaur

coupling reaction.
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A comparison between conventional and microwavdiigavas also made. In the recent years,
microwave (MW) has become a popular and usefulitgegource in organic chemistry. Reduced
reaction times, fast heating, clean transformatamincreased reaction yields and selectivity tlage

main advantages of this technold@yWhile in the traditional conductive heating thagton mixture

temperature depends on the conductivity of theouarimaterials that have to be warmed up, in
microwave irradiation, employing vessels transpatermicrowaves, all the heat is generated in the
interior of the sample, leading to a faster and emeificient methods. Metals leaching in the final
products has also been evaluated and an additsdital coating over the carbon shell of the cobalt

nanobeads has been considered in order to redeieartbunt of metals released during the reaction.

2.2 Results and discussion

In 2014 Kainzet al developed a new hybrid catalytic system by dimeposition of palladium
nanoparticles on the surface of the carbon-coatedltnanobeads (Pd@Co/C) produced by Stark
al.**?% and described in the previous chapter. These skémiee an appropriate support due to the
reported carbon stabilization of metal nanopasi¢teoughr-interactiond?”! Thermal decomposition
under microwave irradiation of the complex,fithay- CHCk (Figure 3) led to the formation of Pd
nanoparticles on the surface of the magnetic sappoonly 2 minutes. Catalystl has been fully
characterizéf’ and the presence of Pd(0) instead of Pd(ll) naicfess was confirmed by X-ray
powder diffraction (XRD). Well-dispersed 5-10 nm Ranoparticles with high catalytic activity for
double bond hydrogenation were obtained when thaldtmading was fixed to 0.015 mmol/g.

Pd2(dba)3 : CHCI3

MW, anhydrous toluene, 110 °C, 2 min

10 11

Figure 3 Schematic representation of microwave depositionPdf nanoparticles on
carbon-coated cobalt nanobeads. Co/C nanohEadgere dispersed by sonication in a
Pd,(dba)- CHCE solution in anhydrous toluene and heated to 110fdtC2 min by
microwave irradiation.
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Figure 4 Left: TEM picture of original Co/C nanobead$. Right: TEM pictures of
Pd@Co/C nanobeadtl (Pd loading: 0.015 mmol/g). Figure adapted withnpssion
from Reference [19]. Copyright © 2013, Wiley-VHC Nagg GmbH & Co. KGaA,
Weinheim.

In the present work, catalydtl was reproduced keeping a Pd loading of 0.015 ngmat/d its
catalytic activity for the Suzuki-Miyaura couplingaction has been investigated. First, different
reaction conditions were screened for the couptihghenylboronic acidl2 and 4-iodoanisold.3;
these results are summarized in Table 1. The usauw#ne afforded low yields (entries 1 and 2) and
was therefore deemed as not a good solvent fortthissformation. Other organic solvents and
mixtures of these with water were tested. The dse mixture of water/ethanol 1:1 afforded the best
result (entry 8). Running the reaction in only watesulted in low isolated yield, probably duehe
inadequate dispersibility of the catalykt in this solvent. Interestingly, the minimum amouwft
catalyst required to obtain full conversion of #tarting material was found to be only 0.1 mol%,
validating the good activity of Pd@Co/C catalyidt Moreover, the isolation of a clean product
without the need of further chromatographic puafion was achieved by simple extraction with
EtOAc. In addition, the ability of recovering thatalyst applying an external magnetic field and
decanting the reaction mixture, enabled a simptkfast reaction protocol. In fact, the higher puat
the products can be attributed to the homogenewosiu heatind?® As shown in Table 1, the use of
microwave irradiation, reduced the reaction time tfee investigated transformation, obtaining full

conversion of the starting material after only Hutes.
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base, solvent OMe
B(OH), OMe catalyst 11
+
1 ®

A
12 13 14
cat. . o : .
entry amount solvent base heating T (°C) time yield
1° 0.4% toluene GE€£0O;  conventional 100 overnight 10%
2 0.4% toluene GEO; MW 100 45 min 28%
3 0.2% MeOH kPO, conventional 100 4h 50%
4° 0.2% DMF/water KCO, conventional 100 2h 65%
5° 0.2% THF/water KCO; conventional 100 4 h 43%
6° 0.2% EtOH/water KPO, conventional 100 2h 85%
7° 0.2% EtOH/water KPO, MW 100 5 min 90%
8° 0.1% EtOH/water KPO, MW 100 5min 98%
o° 0.05% EtOH/water KO, MW 100 10 min 65%
10 0.1% water KPO, MW 100 30 min -
11 - EtOH/water KPO, MW 100 5 min -

Table 1 Phenylboronic acidl2 (0.55 mmol) was reacted with 4-iodoanisdi@ (0.5
mmol) in 3 ml of solvent adding 1 mmol base andedént amounts of catalydtl. #
Yield after product isolatiorf. Product isolated by extraction with EtOAcYield after
chromatographic purification.

After the successful coupling between arylboromidsiand aryl iodides, the Suzuki-Miyaura reaction
of phenylboronic acid2 and 4-bromoanisol&é5 was investigated. In addition, in view of the good
results previously achieved working with microwasradiation, only this heating source was used in

the subsequent studies.
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As summarized in Table 2, full conversion of thertshg material was obtained after a slight inceeas
of the catalyst loading, the temperature and reactime. The reaction is still fast and simple,
requiring only 15 min at 120 °C and 0.3 mol% ofatgdt 11. Moreover, also in this case a clean

product was isolated by extraction with EtOAc, withthe need of any further purification.

solvent, base OMe
B(OH), OMe catalyst 11
+
Br O

MW
12 15 14
entry cat. solvent base T (°C) time yield?®
amount
1° 0.1% EtOH/water KPO, 100 40 min 50%
2° 0.1% EtOH/water KPO, 120 20 min 54%
3 0.2% EtOH/water KPO, 120 15min  86%
4P 0.3% EtOH/water KPO, 120 15 min 98%

Table 2 Phenylboronic acid.2 (0.55 mmol) was reacted with 4-bromoanisb (0.5
mmol) in 3 ml of solvent adding 1 mmol base andedént amount of catalygtl ? Yield
after product isolation® Product isolated by extraction with EtOAE.Yield after
chromatographic purification

Next, we wished to evaluate the activity of catalysfor the coupling reaction of phenylboronic acid
12 and 4-chloroacetophenodé. It is well known that aryl chlorides are diffi¢idubstrates in cross-
coupling reactions due to the strength of the ®@id'® 4-chloroacetophen®6 was chosen as aryl
halide due to the presence of the activating eacwithdrawing (EWG) group. Unfortunately the
activity of catalystl1 for this transformation was not as good as inptevious cases. In Table 3 are
summarized all the reaction conditions that havenlsereened. No improvements were observed after
increasing catalyst amount, temperature and readtioe. In fact, in each attempt several side
products, including the homocoupling of 4-chlordapbenonel 6, were found. The highest attainable

isolated yield of the desired 4-acetylbiphehylwas only 10% (entry 5).
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0]
B(OH), MW
o
a C
12 16 17
Entry cat solvent base heating T (°C) time yield
amount
1 0.3% EtOH/water WO, MW 125 30 min -
2 0.4% EtOH/water WO, MW 125 30 min -
3P 0.4% EtOH/water KPO, MW 120-150 3h -
42 0.6% EtOH/water KPO, MW 130-140 3h -
5% 1% EtOH/water KPO, MW 130-140 5h 10%
6 2% EtOH/water KPO, MW 130 1h -
7 4% EtOH/water KPO, MW 130 1h -
8 1% DMF/water CL£O; MW 130 1h -
9 1% DMF/EtOH/water KPO, MW 130 1h -

Table 3 Phenylboronic acid 2 (0.55 mmol) was reacted with 4-chloroacetophenthe
(0.5 mmol) in 3 ml of solvent adding 1 mmol basd different amount of cataly4tl. *
Reaction temperature was increased from 120 °G@o°C, at a rate of 10 °C/mifi.It
has not been possible to reach temperatures higaerl50 °C because of black leaching
from the magnetic nanobeads to the reaction mixture

Considering the tendency for the formation of homugating product of 4-chloroacetophendtt the
activity of catalystl1 for the Ullmann reaction was investigated. Thasmsformation, reported for the
first time in 1901, is an additional important avetsatile route to construct biaryl units presenai
large variety of organic compoun@8. The reaction conditions tested for this transfdiomaare
shown in Table 3. Unfortunately, catalyist showed only modest activity in this transformatito
full conversion of the starting material could behiaved, the highest isolated yield of 4,4'-

diacetylbiphenyll8 being only 35% (entry 6).
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(0]
o 0
_—
‘ C

O
16 18
entry cat solvent base T (°C) time yield?
amount
1 0.3% EtOH/water KPO, 120 1h -
2 0.5% EtOH/water KPO, 120 1h -
3 0.5% DMSO KPQO, 120 5h -
4 0.5% EtOH/water KO, 130 2h -
5 0.5% DMF/water KPO, 130 1h 25%
6 1% DMF/water KPO, 130 2h 35%
7 1% DMF/water EN 130 3h 10%
8 1% NMP/water KCO; 130 2h -
9 1% MeCN/water KPO, 130 2h -
10 1% EtOH/water BN 130 2h 11%

Table 4 4-chloroacetophenon&6 (1 mmol) was heated in 3 ml of solvent adding 1.5
mmol base and different amount of cataly4t ® Isolated yield after chromatographic
purification.

Recyclability of catalystll in the Suzuki-Miyaura coupling of phenylboronicicadd2 and 4-
bromoacetophenori was investigated, under the reaction conditioesipusly found to lead to full
conversion of the starting materials (Figure 5XeAkach reaction, the catalyst was recovered avith
external magnet, washed several times with watérEa®Ac, dried under vacuum and reused in the
following reaction. As is possible to observe imgle 5, catalystll is characterized by good

recyclability, being still active after six runs.
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H,O/EtOH, K5PO,
©/B(OH)2 0.3 mol% catalyst 11 O
+
By MW, 120 °C, 15 min O

12 19 17
100 r T T
ol l |
_%
g 40 b 77 26 86 85 5 76
20
0 . . . . .
1 2 3 4 5 6
cycles

Figure 5 Recycling experiments with cataly&tl in the Suzuki-Miyaura coupling of
phenyl boronic acidl2 and 4-bromoacetophenori®. Displayed bars with relative
standard deviations are the average of three differesults obtained for the same
reaction. Yields are given in % at the centre aérgwsingle column. Catalystl was
recovered with a magnet after each run, washedhdstiwith water and EtOAc, dried
under vacuum and directly used in the followingctizan.

Taking in consideration that an advantage of waykinth an heterogeneous catalyst is the possibility
to avoid heavy metal contamination of the finaldarcts, the amount of Pd and Co leached during the
Suzuki-Miyaura coupling was evaluated. The 4-abgbylenyl 17 products isolated during the
recyclability test, were analysed by ICP-OES arml itsults obtained are shown in Table 5. Since
these products belong to an important class of ocoimgs for pharmaceutical industries, metal
contamination should lay below very strict limitgpically under 10 pprff>2® As reported in Table 5,
the amount of Pd and Co present in the final prtsdisowell over the allowed limits. These resuls a

in disagreement with those obtained in the previeok of Kainzet al™® where the same catalykt

was used for the double bond hydrogenation at rteanperature. In this case the amount of metals

contamination was found to be below the requinetdi.

43



This difference in behaviour can be ascribed tohilgaer reaction temperature applied in the present

study that could affect the final metal leachingnfrthe heterogeneous catalyst.

O

H,O/EtOH, K5PO,
©/ B(OH), /@)J\ 0.3 mol% catalyst 11 O
+
B MW, 120 °C, 15 min O

r

12 19 17

Run Pd leaching [ppmf  Co leaching [ppmf

1 52.78 394.6
2 49.13 143.8
3 30.78 80.35
4 19.00 56.82
5 38.24 114.9
6 43.14 151.3

Table 5 Metal leaching evaluation. 4-acetylbipheriyf products obtained from the
Suzuki-Miyaura coupling of phenylboronic acl@ and 4-bromoacetophenod® in a
mixture of water/EtOH 1:1 (3 ml) under microwaveattation, have been analysed by
ICP-OES?® Values expressed in pg metal per g of product.

A functionalization of the carbon coated Co nanolsel) and a new metal deposition have been
investigated by Soraia Fernandes, a member ofroupg With this modification, consisting in a sdic
coating around the magnetic nanobeads, a decreasetals leaching could be achieved as it has
already been demonstraté@. Moreover, it would allow a higher Pd loading ore timagnetic
nanobeads, improving the reaction protocol asdessunt of material would be used. The synthesis
shown in Figure 6 consists of a first diazonium-ragetl functionalization of the graphene-like shell,
followed by the growing of a silica coating arouthg nanobeads and simultaneous incorporation of

the complex Pgdba)- CHCk by ultrasonication.
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NH, (P NP

10 20 21 22

Figure 6 Schematic representation of the silica coating tionalization of the carbon-
coated cobalt nanobead® and incorporation of the complex Jdba)- CHCE to form
the new catalyst PA@Si@Co/C NPs22. All the reaction steps were performed by
ultrasonication.

In Figure 7a the TEM pictures of the new catalyad@FBiQ@Co/C NP2 are shown. It is possible to
observe that the silica shell is not growing arowagh single carbon-coated nanobe&d@sbut is
incorporating more than one, forming a magnetistelu The presence of a palladium complex was

confirmed by XPS measurements and a loading off0ndfdol/g quantified by ICP-OES.

100 nm 50 nm

Figure 7 TEM picture of Pd@Sig@Co/C NPs (Pd loading of 0.107 mmol/22 at
different magnification. Is it possible to obsemat the silica shell is growing around
more than one carbon coated cobalt nanoti@afbrming a sort of magnetic cluster.

The thus synthesised catalg® was also tested for the Suzuki-Miyaura reactkirst, the coupling
between phenylboronic aci® and two different aryl iodides was evaluated (€&, using the same
reaction conditions that lead to full conversiontlud starting material with the previous cataly/t
High catalytic activity was exhibited for this tisformation and, also in this case, a clean product
could be isolated just by extraction with EtOAc heitit the need of any further purification. The

presence of a strongly deactivating group led togroversion of the starting material (entry 3).
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©/ B(OH), /©/R
1

H,O/EtOH, K;PO,
0.1 mol% catalyst 22

MW, 100 °C, 5 min

12 23-25 26-28
entry aryl iodide product yield®
1 1/©/ O I 95%
23 26
. | 2 e s
24 27
NH,
fopprre
N ® -
25 28

Table 6 Phenylboronic acidl2 (0.55 mmol) was reacted with aryl iodide (0.5 mmol
owing different functional group ipara position 3-25). in 3 ml of solvent adding 1
mmol base and 0.1mol% of catalga ° Yield after product isolation by extraction with

EtOAc.

Motivated by the good activity of cataly8® for the coupling between phenylboronic acid and ary

iodides, the Suzuki-Miyaura coupling of phenyl hamacid 12 and aryl bromides with different

functional group inpara position was investigated (Table 7). High yieldsrgvachieved also in this

transformation and, once more, clean products cbaldsolated by simple extraction with EtOAc.

Oddly, no conversion of the starting material wakieved when an ester or carboxylic acid was

present in the substrate (entries 8 and 9).

46



2

H,O/EtOH, K;PO,
0.3 mol% catalyst 22

MW, 120 °C, 15 min

r

Br
12 15;19;29-35 14;18;27;36-41
entry aryl bromide product yield®
OMe
O™ |
0,
1 . O 95%
15 14
2 /© I 5506
Br
29 27
CHO
CHO O
3 /O/ O 86%
Br
30 36
0
(0]
o >
s C
19 17
NO,
- C
5 /©/ 96%
Br
31 37
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entry Aryl bromide Product yield®
CN
o | &€
0
6 . O 95%
32 38
. J
7 Y| -
33 39
(0]
o]
O OMe
OMe
8 -
Br
34 40
0O
0
o
OH
9 -
Br
35 41

Table 7 Phenylboronic acid2 (0.55 mmol) was reacted with different aryl bromi@.5
mmol) owing different functional group mara position (5;19;29-35 in 3 ml of solvent
adding 1 mmol base and 0.3 mol% of catal¥@t® Yield after product isolation by

extraction with EtOAc.

The coupling of phenylboronic acitl2 and 4-chloroacetophenorib was also tested under the
previously optimized conditions (Table 3, entry Bpfortunately, also in this case, the catalystas
able to activate aryl chlorides and no conversibthe starting material was achieved. The next step
was the evaluation of the recyclability of catal®2tn the Suzuki-Miyaura coupling of phenylboronic
acid 12 and 4-bromoanisold5. After each reaction, the catalyst was recoveredh &it external
magnet, washed several times with water and Et@Aed under vacuum and reused in the following

reaction (Figure 8).
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Unlike catalyst1l, good catalytic activity was exhibited only untile 4" run. Afterwards, lower
conversions of the starting material were obseraed it was necessary to isolate the product by
chromatographic purification.

r

H,O/EtOH, K5PO, OMe
©/B(OH)2 /©/0Me 0.3 mol% catalyst 22 O
. .
B MW, 120 °C, 15 min O

12 15 14

1 2 3 4 5 6

cycles

Figure 8 Recycling experiments with cataly® in the Suzuki-Miyaura coupling of
phenylboronic acidl2 and 4-bromoanisold5. Displayed bars with relative standard
deviations are the average of two different resoiitined for the same reaction. Yields
are given in % at the centre of every single colu@atalyst22 was recovered with a
magnet after each run, washed 4 times with watdrEt®Ac, dried under vacuum and
directly used in the following reaction

The isolated products were afterwards analysedB+@ES in order to assess the amount of metals
leached during the reaction, evaluating in this wee/role of the additional silica coating. In Teld

the results obtained are shown. As previously dfdatee amount of metals should not exceed 10 ppm
and working with the new cataly2®, the Pd values are all below the allowed limitsthe case of Co
however, even though it is significantly decreashd,amount leached during the reaction is still ou
of the required range.
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r

H,0/EtOH, K;PO, OMe
©/B(OH)2 /©/0Me 0.3 mol% catalyst 22 O
+
B MW, 120 °C, 15 min O

12 15 14
Run Pd leaching [ppmf Co leaching [ppmf
1 6.048 7.48
2 1.070 5.81
3 1.106 7.62
4 0.401 11.23
5 1.417 3.027
6 1.038 30.165

Table 8 Metal leaching evaluation. 4-methoxybipheriyl products obtained from the
Suzuki-Miyaura coupling of phenyl boronic aci@ and 4-bromoanisol&5in a mixture

of water/EtOH 1:1 (3 ml) under microwave irradiatitnave been analysed by ICP-OES.
#Values expressed in pg metal per g of product.

To better highlight the difference between thewintis of the two catalystsll and22) described in
this chapter, a graphic comparison of the resudtained is shown in Figure 9 (a-c). We can conclude
that PdA@Co/C NP#%1 are characterized by high catalytic activity floe Suzuki-Miyaura coupling of
phenylboronic acid and an aryl iodide and bromide equally good activity was found in the case of
Pd@SiQ@Co/C NP2, being the catalyst a Pd complex incorporatechéndilica shell instead of
Pd(0) nanoparticles. Catalykt exhibits better recyclability compared to cataB®tfor which yields
drop after the @ run (Figure 9a). The silica shell characterizihg Pd@Si@@CO/C NP2 has an
evident effect on the metal leaching. Pd amountsdoin the final products are considerably
decreased working with this catalyst (Figure 9bhjlevfor the Co values, even though definitely

improved, they are still out of the allowed limits.
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100 - Ecatalyst 11
Ocatalyst 22
80 -
< 60 1
o
2
> 40 -
20 -
0 T T T T T T 1
1 2 3 4 5 6
cycle

Figure 9aComparison between the recyclability of the twaabts investigated in the
present study. Pd@Co/C NPscan be recycled for six runs without a significksts in

the activity while working with the Pd@Si@Co/C NP2, the activity drops after the
4" run.

60 - H catalyst 11
Ocatalyst 22

= 40+
I3
=
S
g

20 | l l

0 i T T I T T 1

1 2 3 4 5 6

cycle

Figure 9b Comparison of the amount of Pd released by thdysata the final products.

Working with catalyst Pd@SK@Co/C NPs22 definitely decreases the ppm of metal

leached during the reaction.
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500 - mcatalyst 11
O catalyst 22
400 -
=)
> 300 -
=
é 200 -
- I l l_\
1 2 3 4 5 6

cycle

Figure 9c Comparison of the amount of Co released by thdysatia the final products.
Working with catalyst Pd@SK@Co/C NPs22 definitely decreases the ppm of metal
leached during the reaction even if still out cf tilowed range.

2.3 Conclusions

In summary, a Pd@Co/C catalyst was successfullfiesppn the Suzuki-Miyaura coupling of
phenylboronic acid with aryl iodides and bromideligh yields were achieved working with low
catalyst loadings (0.1 and 0.3 mol% respectivelyd & short reaction times (5 and 15 min each)
applying microwave irradiation. The catalyst coldd recycled for at least six runs without a
significant loss in activity.

The activity of a new catalyst derived from a mamdifion of the graphene coated nanobeads and
characterized by a Pd(0) complex incorporated angilica shell grown around the carbon coating of
the magnetic nanobeads, was investigated. In &gs,digh yields were also achieved in the Suzuki-
Miyaura coupling of phenylboronic acid and aryl ieek and bromides, applying the previously
optimized reaction conditions. The recyclabilitytbe catalyst was not as good as the previous one,
the yield dropping after thé"4un. Anyway, the advantages achieved with thistionalization were

a higher metal loading on the support but keepimgdame high catalytic activity and a decreased

metal leaching from the heterogeneous catalystth@dinal products.
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2.4 Experimental section

Material and methods

Carbon coated cobalt nanobeads (Co/C, 26/§,rmean particles size40 nm) were purchased from
Turbobeads Llc, Switzerland. Prior to use, theyemeashed in a concentrated HCl/water mixture
(1:1) 5 times for 24 h. Acid residues were remobgdwashing with millipore water (x5) and the
particles were dried at 50 °C in a vacuum oven. iiagnetic nanobeads were dispersed using an
ultrasound bath (Sonorex RK 255 H-R, Bandelin) ewbvered with the aid of a heodymium-based
magnet (15 x 30 mm). All commercially available quunds were used as received. IR-ATR
spectroscopy was carried out on a Biorad Excalat8 3000. Elemental microanalysis (LECO CHN-
900) was carried out by the micro analytic Departirat the University of Regensburg and by the
Universidad Complutense de Madrid. Transmissiorcteda microscopy was carried out by Dr.
Daniela Paunesco from ETH, Zurich; by Prof. Josek&k from the Department of Physic of the
University of Regensburg and by the Microscopy WfitUniversitat Rovira i Virgili, Tarragona.
Inductively coupled plasma optical emission speogtty was carried out by University of
Regensburg (Spectro Analytical Instruments ICP MadtOP), by Universidad de Alicante and by
MEDAC Ltd, United Kingdom. XPS measurements werefqwened by Thomas Meier from the
Department of Physic at the University of Regengband by SuSoS, Switzerland. Pd@Co/C
nanoparticlesl1 were prepared following a previously reported pahre?!® NMR spectra were
recorded with a Bruker AV 300 spectrometer. Chehsbdts ) are reported in ppm and coupling
constantsJ) are reported in Hertz (Hz). The signals in thecsfa are described as singlet (s), doublet
(d), triplet (t) and multiplet (m).

Palladium nanoparticles deposited on the graphenekie shell of cobalt nanobeads (11)

500 mg Co/C nanobead$, Pd(dba)- CHCE (3.88 mg, 7.5 pmol) and anhydrous toluene (3 neljew

introduced in a microwave vessel under nitrogenoaphere. The reaction mixture was sonicated in
an ultrasonic bath for 10 min and then heated nmcaowave oven to 110 °C for 2 min. The catalyst
was recovered by an external magnet, the soluttmarded and the nanoparticles washed with DCM

(5 x 3 ml). After drying under vacuum, the metaldang was evaluated by ICP-OES (0.015 mmol/g).
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Functionalization of the graphene-like coating of abalt nanobeads by diazonium chemistry (21)

1 g Co/C nanobeadR) (0.17 mmol/g of C), 4-(2-aminoethyl)aniline (224, 417 mmol, 10 equiv),
conc. HCI (1.7 ml) and water (23 ml) were introddite a round bottom flask and the reaction mixture
was sonicated in an ultrasonic bath for 15 min. dispersion was cooled to 0 °C in an ice/water bath
before generation of the diazonium spedresitu by adding dropwise a cooled solution of NaNO
(176 mg, 2.55 mmol, 15 equiv in 23 ml water). Theryg was sonicated for additional 30 min at room
temperature. The nanoparticles were collected bmagnet and the supernatant decanted. The
magnetic nanobeads were carefully washed with asbMtion of NaOH (3 x 20 ml) and water (3 x
20 ml). When the pH was neutral, the nanobeads add@ionally washed with acetone (3 x 15 ml)
and EtO (2 x 15 ml). After freeze-drying under vacuume thitrogen loading was evaluated by

microelemental analysis (0.14 mmol/g).

Palladium complex incorporation in the silica shellgrowing around the graphene-like coating of

cobalt nanoparticles (22)

100 mg of Co/C-NH nanobead®l, aqueous ammonia (32%, 16 ml) and EtOH (200 mllewe
introduced in a round bottom flask and the reactioxture was sonicated in an ultrasonic bath for 30
min. Afterwards, tetraethyl orthosilicate (TEOS)saadded (0.1 ml) and the sonication was continued
for an additional 1 h. Then, Rdba}- CHCL (20 mg, 0.019 mmol) was added to the reaction umixt
and the sonication was continued for 1 h. Once#talyst was collected with an external magnet and
the reaction mixture decanted, the nanobeads wereughly washed with water (7 x 40 ml). After

drying under vacuum, the Pd loading was evaluaye€B-OES (0.107 mmol/g).
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General procedure for the Suzuki-Miyaura coupling é phenylboronic acid and an aryl halide
using Pd@Co/C catalyst 11 under conventional heatin(GP1)

base, solvent R
B(OH), R catalyst
- T
x » ®

12 42 43

GPL1. The desired amount of Pd@ColIC, phenylboronic acid (0.55 mmol), aryl halide (@asnol),
base (1 mmol) and solvent (3 ml) were introduced @ Schlenk tube. The reaction mixture was
heated to the desired temperature in an oil bathwégorously stirred. The reaction progress was
monitored by TLC and the heating was stopped wteifurther conversion of the starting material
was observed. Once cooled down to room temperatugesatalyst was collected with a magnet and
the supernatant decanted in a separation funneln&hobeads were washed with water (3 x 3 ml) and
EtOAc (3 x 3 ml) and dried under vacuum. The sdivarllected from the washing step was also
added to the separation funnel and the productiseteted by extraction with EtOAc (3 x 15 ml). The
organic phase was dried over MgS&hd the solvent evaporated under vacuum, chedckmgrude
material by'"H NMR analysis. For isolation of the products, thede mixture was purified by column

chromatography.

General procedure for the Suzuki-Miyaura coupling & phenylboronic acid and an aryl halide
using Pd@Co/C catalyst 11 and Pd@ Si@ Co/C catalyst 22 under microwave irradiation (GP2)

base, solvent R
B(OH), R catalyst
el
. : ®

12 42 43

GP2. The desired amount of Pd@CalC or Pd@SIiQ@CO/C22, phenylboronic acid (0.55 mmol),
aryl halide (0.5 mmol), base (1 mmol) and solvénhin() were introduced into a microwave vessel.
The reaction mixture was vigorously stirred for fhmand heated to the desired temperature under
microwave irradiation. The reaction progress wasiitnoed by TLC and the heating was stopped
when no further conversion of the starting matevi@s observed. Once cooled down to room
temperature, the catalyst was collected with a mBgnd the supernatant decanted in a separation
funnel. The nanobeads were washed with water (3m)3and EtOAc (3 x 3 ml) and dried under

vacuum.

55



The solvent collected from the washing step wasddd the separation funnel and the product was
isolated by extraction with EtOAc (3 x 15 ml). Tbheganic phase was dried over MgSéhd the
solvent evaporated under vacuum to give a cruderahthat was submitted féi NMR analysis. In
case of not achieving full conversion of the staytmaterial, the product was isolated from the erud
mixture by column chromatography.

For the recycling experiments, the nanoparticlesewseparated by an external magnet and after
magnetic decantation, they were washed with waetr 8 ml) and EtOAc (3 x 3 ml). After drying

under vacuum, the catalyst was reused for furtines.r

General procedure for the Ullmann homo-coupling o#-chloroacetophenone using Pd@Co/C 11

(GP3)
0]
o oM
a C

16 18

GP3. The desired amount of Pd@Cold, 4-chloroacetophene (1 mmol), base (1.5 mmol) and
solvent (3 ml) were introduced into microwave vésgke reaction mixture was stirred vigorously for
5 min and heated to the desired temperature undgowave irradiation. The reaction progress was
monitored by TLC and the heating was stopped wteifurther conversion of the starting material
was observed. Once cooled down to room temperatgesatalyst was collected with a magnet and
the supernatant decanted in a separation funnelnihobeads were washed with water (3 x 3 ml) and
EtOAc (3 x 3 ml) and dried under vacuum. The sdivarilected from the washing step was also
added to the separation funnel and the productiseéeted by extraction with EtOAc (3 x 15 ml). The
organic phase was dried over MgS&ahd the solvent was evaporated under vacuum t gjierude
material that was submitted #d NMR analysis.

For isolation of the products, the crude mixtureswarified by column chromatography.
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NMR Data

All products are literature-known and all spectoysc data match with those reported in the liteatu

4-Methoxybiphenyl (14)
O OMe

Synthesised according to the general proceGi2

'H NMR (300 MHz, CDC}): § = 7.58-7.52 (m, 4H), 7.45-7.39 (m, 2H), 7.34-7(@8 1H), 7.00 (d,

J = 8.8, 2H), 3.86 (s, 3H}’C NMR (75 MHz, CDC}): § = 159.1, 140.8, 133.8, 128.7, 128.1, 126.7,
126.6, 114.2, 55.3.

4-Acetylbiphenyl (17)
O
Synthesised according to the general proceGi2
'H NMR (300 MHz, CDC}): § = 8.04 (dJ = 8.5, 2H), 7.72-7.61 (m, 4H), 7.51-7.38 (m, 3HBEZ(s,

3H); *C NMR (75 MHz, CDC}): § = 197.8, 145.8, 139.9, 135.8, 128.9, 128.9, 12823,3, 127.3,
26.7.

4-Methylbiphenyl (26)

Synthesised according to the general proceGi2
'H NMR (300 MHz, CDC)): = 7.65-7.62 (m, 2H), 7.54-7.48 (m, 2H), 7.47-7(#0) 2H), 7.37-7.30

(m, 1H), 7.29-7.24 (m, 2H), 2.41 (s, 3HJC NMR (75 MHz, CDC}): § = 135.7, 132.8, 129.5, 128.8,
128.0, 127.0, 127.0, 21.1
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Biphenyl (27)

Synthesised according to the general proceGi2

'H NMR (300 MHz, CDCY)): 6 = 7.64-7.61 (m, 4H), 7.50-7.44 (m, 4H), 7.40-7(85 2H);
¥C NMR (75 MHz, CDC}): § = 141.3, 128.8, 127.3, 127.2.

Biphenyl-4-carboxaldehyde (36)
O CHO

Synthesised according to the general proceGi2

'H NMR (300 MHz, CDC}): & = 10.07 (s, 1H), 7.96 (d,= 8.21, 2H), 7.76 (d] = 7.7, 2H), 7.65 (m,
2H), 7.52-7.41 (m, 3H):*C NMR (75 MHz, CDC}): 8 = 192.0, 147.2, 139.7, 135.2, 130.3, 129.0,
128.5, 127.7, 127.4.

4-Nitrobiphenyl (37)
ok

Synthesised according to the general proceGi2
'"H NMR (300 MHz, CDC}): 5 = 8.30 (dJ = 8.8, 2H), 7.74 (d] = 8.8, 2H), 7.65-7.59 (m, 2H), 7.54-
7.44 (m, 3H);®*C NMR (75 MHz, CDC}): § = 147.6, 147.0, 138.7, 129.2, 128.9, 127.8, 12124,1.
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4-Cyanobiphenyl (38)
o8

Synthesised according to the general proceGir2
'H NMR (300 MHz, CDC)): § = 7.76-7.66 (m, 4H), 7.62-7.57 (m, 2H), 7.52-7(#0 3H);°C NMR
(75 MHz, CDC¥}): 6 = 145.6, 139.1, 132.6, 129.1, 128.6, 127.7, 121719,9, 110.9.

2-Phenylnaphtalene (39)

Synthesised according to the general proceGi2

'H NMR (300 MHz, CDC}): 8 = 8.05 (s, 1H), 7.95-7.85 (m, 3H), 7.78-7.71 (id),37.55-7.46 (m,
4H), 7.42-7.34 (m, 1H)*C NMR (75 MHz, CDC}): § = 134.5, 131.6, 127.7, 127.3, 127.1, 126.9,
126.5, 126.3, 126.2, 125.2, 124.8, 124.7, 124.5
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3. Deposition of platinum and gold nanopatrticles othe graphene-like

coating of cobalt nanobeads and evaluation of thegatalytic activity

The deposition of noble metals (Pt and Au) nandogest on the surface of carbon-coated cobalt
nanobeads was investigated. The study could leatig¢adevelopment of a catalyst containing an
expensive metal that can be easily recovered fhmmdaction mixture and recycled for more than one
run, achieving a cheap and fast reaction performabifferent synthetic pathways were employed in
order to obtain ultra-small catalytically active tadlenanoparticles with an average diameter of 35 n

The catalytic activity of the synthesized materiadas tested for secondary alcohol oxidation and

hydrogenation of both nitro derivates and doublé Gsuble bonds.
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3.1 Introduction

Noble metals nanoparticles, with their unique ptgisand chemical properties that differentiate them
from the bulk material¥! have attracted a wide interest in the recent yaadshave been applied in
different fields, from catalysf to sensing® biomedicin& and nanoelectronidd.Due to the high
cost of these metals and the growing need of dpireloenvironmentally-friendly and sustainable
catalytic systems, deposition of metal nanopadide solid supports that can be easily recoverdd an
recycled, have been extensively investigated. Ogpoof gold and platinum nanoparticles on carbon
nanotubes and related materials or, alternativaiymagnetic supports is widely reported. The aim of
the present work is to combine the qualities os¢héwo different materials, depositing gold and
platinum nanoparticles on the graphene-like coatihgobalt nanobeadd.@) previously described.
On one hand, magnetically separable nanocatalystbeaeasily and rapidly separated from the
reaction mixture by applying an external magnetdf allowing recyclability and decreasing costs
and, on the other hand, carbon-based materialsomeeof the most applied support for metals
nanoparticles due to their outstanding charactesisie. large surface area, high strength and the
ability to increase the contact between reactant eatalytic site§! An additional goal is the
development of an easy and fast synthetic pathwi#lyout employing procedures that require long
reaction times at high temperatures.g( calcination and annealing procesSesyr particular
instrumentations g.g laser vaporization deposition). Gold in the b@btkm has been historically
considered catalytically inert as it is inactivevesds chemisorption of oxygen and hydro§enately,

the catalytic activity of this metal once the padisize is reduced to few nanometres has been
revealed, the performance being strongly depenadierihe size and shape of the nanoparticles. Also
platinum-based nanosystems have found a largecafiph because of their high catalytic activity and
stability” A wide range of organic transformations are catyby these two metals from alcohol
oxidation to hydrogenation of both C-C double boadsl nitro group§” employing molecular H
and Q. This type of catalytic transformations are higatiractive since they represent the main goals
of green chemistry: high activity, recyclability canminimization of by-products and waste.
Nitroarenes are known to be harmful industrial wagith long degradation times and their removal is
an important concern for public healtA. Hydrogenation with NaBiHwas demonstrated to be an
effective choice leading to the formation of amirerees that found a wide application in synthetic
organic chemistry and in the manufacture of anépys, analgesi€s! and in the industrial production
of polymers™ The widely accepted mechanism was proposed by rHab&898 and is shown in
Figure 1% The hydrogenation is characterized by a first ctéidn step of the nitro group to a nitroso
group, followed by the addition of a second equaalof hydrogen to form an hydroxylamine. A
further addition of hydrogen leads to the formatdithe final aniline derivative. An important feas

of the employed catalyst is to avoid accumulatiérihe intermediates and the developing of side

reactions €.g hydroxylamine and nitroso compound condensation).
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Figure 1 Schematic representation of the reduction mecharo$ nitro derivatives

proposed by Haber in 1898.

Selective alcohol oxidation is another importaiss| of transformation in organic chemistry, leading
to the formation of building blocks applied in tegnthesis of various drugs, agro-chemicals and
fragrances$:> Moreover, catalytic oxidation is a significant grealternative to the use of metal-based
oxidants such as permanganate and manganese dithatleare a major source of waste and
problematic by-product&$*”]

Encouraging precedents have been recently repoite@012, Yanget al developed a catalyst
composed of Pt nanoparticles deposited on engideamon nanotubes (CNTSs) by incipient wetness
impregnation. The nanocatalyst was employed irhfltdeogenation of chloronitrobenzene showing, in
comparison to platinum nanoparticles supported otivated carbon, lower activity for C-Cl
hydrogenolysis and higher selectivity to chloroaeil due to the advantageous porosity of the
support” Kumar et al, in 2013, synthesised new carbon nanotube-goftbmdrids. Multiwall
carbon nanotubes (MWCNTS) were decorated twice pdllimers, obtaining a two-layer assembly on
which monodispersed gold nanoparticles with an ayerdiameter of 3 nm were deposited. The
nanohybrid showed high catalytic activity for thedation of diverse alcohols at room temperature
and under mild conditions. Under anhydrous conajoprimary alcohols were converted to the
corresponding aldehyde while the presence of watidre reaction mixture led to the formation of the
acid derivatives. The catalyst could also be redsedonsecutive reactions without any loss in the

catalytic activityt"®

3.2 Results and discussion

Considering the increasing need of developing gesghsustainable catalytic systems, the deposition
of gold and platinum nanoparticles on the grapHameeoating of cobalt nanobead$ previously
described, was investigated. The study would leati¢ synthesis of a catalyst that can be easdy an
quickly recovered from the reaction mixture by apmpd an external magnetic field and can be
recycled for several consecutive runs. The recylghalof these catalysts composed of expensive

noble metals, would decrease the cost of the paifigy such reactions.
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An important key factor working with metal nanopelds, is the ability to synthesise small and
shaped nanomaterials, exploiting their affinity foarbonaceous surfaces that discriminate the
magnetic support employed in the present work.dpdfit synthetic pathways were evaluated and are
described in the subsequent sections. Bearingrnd thie previously described catalyst Pd@Co/C NPs
11 showing the highest activity with a metal loadiofy0.015 mmol/g, in most of the following
described attempts was planned to achieve the $m@lemetal loading. Selected samples were
analysed by TEM and XPS.

3.2.1 Deposition of Au nanoparticles on graphene-ated cobalt nhanobeads and evaluation of

their catalytic activity

Considering the reported high similarity of thelmar coating of the cobalt nanobeddswith carbon
nanotube$§?® a first attempt of deposition of gold nanoparticlen the surface of the magnetic
nanobeads was done taking in consideration the wfo@hoiet al that reported a spontaneous metal
nanoparticles formation on singlewalled carbon hatm® (SWCNT) by direct redox reaction between
the metal ions and the carbon nanotubes. In tked @arork, Au nanoparticles with an average size of 7
nm were formed on the sidewalls of the CNTs in sheaction time&” In Figure 2 is shown a
scheme of the reproduced synthesis employing th@onacoated cobalt nanobeatil@ These were
stirred for 1 hour in a water/EtOH solution of tha salt, collected by an external magnet, washed
several times with water and dried under vacuune. dinount of gold deposited on the carbon shell of
the magnetic nanobeads was evaluated by ICP-OESsyiitithesis did not lead to the expected results,
the final gold incorporation in the nanocatalyel being only 22%. TEM pictures of the sample
(Figure 3) show a tendency of the gold nanopagitdeagglomerate and to distribute without a regula

size on the surface of the magnetic nanobeads.

Q HAUCI, 3H,0
water/EtOH, r.t., 1 h

10 44

Figure 2 Schematic representation of the synthesis of ystdd. Carbon-coated cobalt
nanobeadd0 were stirred in a gold water/EtOH solution for @uh Afterwards the
catalysts was collected with a magnet, the reactiotiure decanted and the nanobeads
washed several times with water before being duisder vacuum. Au loading of 0.005
mmol/g was evaluated by ICP-OES (22% incorporation)
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Figure 3 TEM pictures of catalys#4. The arrows indicate the tendency of the gold
nanoparticles to agglomerate on the surface ofnthgnetic nanobeads) without a
regular size distribution.

A modification of the aforementioned synthesis vedierwards assayed, adding a reducing agent

(Figure 4) to evaluate upcoming differences. Annowement in the final gold incorporation was

achieved, obtaining a 90% value.

HAuUCI, 3H,0

water, NaBH, r.t., 3 h

10 45

Figure 4 Schematic representation of the synthesis of Aul@QWPs catalysé5. The
magnetic nanobead) were stirred in a gold aqueous solution for 30utés. NaBH
was added and the stirring continued for 2 houns.l@ading of 0.047 mmol/g was
evaluated by ICP-OES (90% incorporation)

In 2003, Jianget al reported a simple and versatile method to degodit nanoparticles on multiwall
carbon nanotubes (MWCNTS) through surface absaorptib anionic or cationic polyelectrolytes.
Citric acid was used not just as a reducing agémAuCl, but also as a dispersant to modify the
surface of the CNT3! (Figure 5a). Application of this method to our eded to a 60% gold
incorporation on the magnetic nanocata8{Figure 5b). However, TEM pictures in Figure 6\&ho
gold nanoparticles without a regular size and itistion over the carbon shell of the magnetic

nanobeads.
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COOH
a) )J\O‘
HO COOH o

COOH
-O/l\ 0 HAUCI,

MWCNTs citric acid coated-MWCNTSs Au coated-MWCNTs

b)
HAUCI, 3H,0

water, citric acid, 70 °C, 3 h

10 46

Figure 5a) Schematic representation of the process for inilining gold nanoparticles
on the surface of MWCNTSs by absorption of citriagdagia electrostatic interaction. b)
lllustrative scheme of the synthesis of the cata#f&by applying the same principle
shown in picture 5a. Au loading of 0.009 mmol/g waaluated by ICP-OES (60%
incorporation)

50 nm

Figure 6 TEM pictures of catalyst6. It is possible to observe gold nanoparticles \aith
average size > 10 nm and with the tendency to aggyiate instead of regularly distribute
over the carbon shell of the magnetic nanobeads.

A new attempt consisting in the synthesis of goddloads followed by deposition on the carbon
coating of the magnetic nanobeads was also inastigFigure 7). Stable gold nanopartici@svere
synthesised in an acidic aqueous gold solutiondoltian of NaBH, as reducing agent and stabilizer,
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employing a defined molar ratio of Au/reducing ag@norder to obtain nanoparticles in the range of
4-6 nmi? The magnetic nanobeati§ were afterwards added to the solution leadingiéoformation

of the nanocatalyst8 with a final 70% gold incorporation.

HAuCl, 3H,0 in HCI 0.05 M @@ 10
NaBH, in NaOH B @
water, r.t., 1h @ 20 h, r.t.
47 48

Figure 7 Schematic representation of the synthesis of ysit48. Gold nanoparticled?
were previously synthesised by addition of NaBdian acidic solution of HAUGI3H,O.
The magnetic nanobeai® were then added to the solution and stirred ogétrieading

to the formation of the nanocataly®®. Au loading of 0.029 mmol/g was evaluated by
ICP-OES (70 % incorporation)

A different pathway for the synthesis of gold callowas afterwards evaluated. In 2001, Gitéhal
developed a new facile method for the synthesispbrical gold nanoparticles with an average size
of 5 nm through phase transfer from organic to agaemedia by using a 4-dimethylamino
pyridine®! The cobalt nanobeads were stirred overnight with gold nanoparticles solution thus
obtained, achieving the synthesis of catab@(Figure 8). TEM pictures of the sample manifesbals

in this case, the formation of big agglomeratesiadahe magnetic nanobeads (Figure 9).

HAuCl, 3H,0 in water

TOAB in toluene @Q@ 10
®

NaBHy, DMAl;in water 20h, Tt
r.t., 1

49 50

Figure 8 Scheme of the synthesis of cataly6t Gold nanoparticled9 were previously
synthesised by addition of a solution of trioctytaomium bromide (TOAB) in toluene to
an aqueous solution of HAuEBH,O. NaBH, was afterwards added and the final phase
transfer from organic to agueous media was driwethb addition of an aqueous DMAP
solution. The magnetic nanobeatld were then added and the slurry stirred overnight
leading to the formation of the nanocatalyst. Aadimg of 0.04 mmol/g was evaluated by
ICP-OES. It was not possible to evaluate the leféhcorporation, since the initial gold
concentration was unknown.
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100 nm
I

Figure 9 TEM pictures of the sample. It is possible to olssghe formation of big gold
agglomerate around the carbon-coated magnetic padsb

An additional trial was made considering the woklZbang from 2013, where a capping agent is also
employed in the synthesis of carbon supported gatparticléd” (Figure 10). Polyvinylpyrrolidone
(PVP) was added to the reaction mixture as a stabiand shape directing agent in the synthesis of
the gold nanoparticles. This synthetic pathwayttethe incorporation of the 63% of gold in the fina
nanocatalys61. TEM pictures in Figure 11 show the formation, @moore, of big gold clusters
difficult to distinguish from the cobalt nanobeads.

HAuCI, 3H,0

water, PVP, NaBi rt, 4 h

10 51

Figure 10 Scheme of the synthesis of catalytby gold nanoparticles deposition on the
magnetic nanobead$. The support was sonicated in an aqueous goldicollPVP and
NaBH, were afterwards added to the slurry and the stiaitaontinued for additional 4
hours. Au loading of 0.03 mmol/g was evaluated®y-1OES (63% incorporation).
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Figure 11 TEM pictures of the sample. Gold nanoparticles agglomerating in big
clusters, being almost impossible to distinguigimttirom the cobalt nanobeatid

The activity of the synthesised nanocatalysts veagetl for the oxidation of diphenylmetharsd
Different reaction conditions were investigatedrywag the reaction times, temperatures and catalyst
loadings (Table 1). The test reaction was run sgviemes employing different bases as additive:
NaOH (entries 1 and 2),,K0; (entries 4 and 6) and £30; (entry 5). The reaction temperature was
raised from ambient temperature to 120 °C but novewsion of the starting material was observed.
The addition of HO, (entries 7 and 8) as an oxidizer did not leadht® formation of the desired
product either. A final trial was made running tieaction in MeOH without addition of a base but
also in this case no product was formed. The alesehcatalytic activity is probably connected te th
formation of gold agglomerates instead of nanopladi with an average diameter of 5 nm, which
remarkably influencies the catalytic activity. Thusonsidering the unpromising results, a new
deposition method was investigated.
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mol% catalyst 44-51

solvent, additive

53
entry cat solvent additive O T (°C) time
amount
1 0.3% water 0.5 mmol NaOH v r.t. over-night
2 0.3% water 1 mmol NaOH 4 120 8h
3 0.3% toluene - 4 110 8h
4 0.7% toluene 1 mmol €O, v 120 6h
5 0.7% toluene 1 mmol g80; v r.t 8h
6 0.3% water 1 mmol CO; v r.t 8h
7 0.3% EtOH 0.5 mmol D, - r.t. 8h
8 0.3% water 0.5 mmol 40, - 100 6 h
9 0.3% MeOH - v r.t over-night
10 0.8% MeOH - v r.t over-night
11 0.7% MeOH - v 80 8h

Table 1 Diphenylmethanob2 (0.5 mmol) was stirred under an @mosphere with the
indicated amount of base and catalyst in 3 ml dfesd. In entries 7 and 8, the oxidizer
H,0, was employed so the reaction was not run undeti@osphere.

As already known, the synthesis of an active gel@dlgst is considerably elaborate, being correlated
to several parameters as morphology, dimensiondaspersion on the support. A new attempt was

made, preparing Au nanoparticles in the presencea ddtabilizing agent and the subsequent

immobilization®® A solution of gold and PVP in a known molar ratiat leads to the formation of

nanoparticles with an average diameter of 5 nm, prapared. Afterwards, a solution of NaBWas

added, observing the solution colour change frotfoweto ruby red, confirming the formation of

Au(0) nanoparticles. After acidification to pH 2t support was added, stirring vigorously until the

gold solution turned transparent (Figure 12).
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HAuCl, 3H,0 in water @ 10
PVP in water @ @
—_—
NaBHy, r.t.,10 min @ 1h.r.t
54 S5

Figure 12 Schematic representation of the synthetic pathviayshe synthesis of the
nanocatalysb5. Gold nanoparticle$4 were prepared by addition of PVP and NaBéi
an aqueous gold solution. A change in the coloomflight yellow to ruby red was
observed after addition of the reducing agent, iomnig the formation of the Au(0)
nanoparticle®4. After acidification to pH = 2, the magnetic naraldls10 were added to
the solution and stirred until a transparent sotutivas obtained. Au loading of 0.048
mmol/g was evaluated by ICP-OES (98% incorporation)

To confirm the formation of gold nanoparticles with average diameter of 5 nm, the prepared gold
solution was characterized by UV-Vis analysis aldMTpictures (Figures 13 and 14) before addition
of the magnetic suppof0. The analysis of the UV-Vis spectra gave a prelany idea about the
average size of the gold nanoparticles, the nastariwith dimension above 7 nm being characterized
by a sharp and intense plasmon absorption bane ¢$25 nn¥®?" In this case, observing the
spectra in Figure 13, it is possible to establighformation of gold nanoparticles smaller thamd n
being the plasmon absorption at 520 nm quite brohd.size of the nanoparticles was then confirmed
by TEM pictures (Figure 14), in which gold nanopdes smaller than 5 nm are recognizable showing

the typical grid-like surface appearance.

Abs 3 -

O T T T
200 300 400 500 600 700 800

A (nm)

Figure 13 UV-vis spectrum of gold nanoparticlégl before addition of the magnetic
nanobead40. The spectrum shows the typical broad plasmonrphien band at 525 nm
of nanoparticles with average size below the 5 nm.
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Figure 14 TEM pictures of gold nanoparticlésl. It is possible to observe the typical
grid-like surface appearance and dimension belowmnd of the synthesised gold
nanoparticles.

The final nanocatalysh5 was afterwards analysed by TEM (Figure 15), obegrthe presence of
small gold nanopatrticles on the carbon shell of niegnetic nanobeads. Moreover, XPS analysis

confirmed the presence of Au(0) nanoparticles.

Figure 15 TEM picture of the nanocatalysé Au@Co/C NPs. It is possible to observe
the presence of small gold nanoparticles on theorashell of the magnetic nanobeads.
The metal nanocluster can be recognized by thedygrid-like surface appearance.

Preliminary studies on the thus synthesised naalysab5 were made evaluating the catalytic activity
in the hydrogenation gbara-nitrophenol56 (Figure 16). The test reaction was performed enip{py

0.5 mol% of catalysh5 using water as a solvent and Nagd reducing agent.
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Already after 15 min it was possible to observe tbaction mixture colour changing from bright
yellow to colourless indicating that hydrogenattwad occurred. The reaction was performed also in
the absence of the catalyst and no change in thmurcgolution was noticed. Problems were
encountered during the isolation and characteamatif thepara-aminophenob7, being difficult to

remove the remaining NaBHMoreover, black leaching from the magnetic supp@s detected.

/©/N02 catalyst 55 /©/ NH,
HO water, NaBH, HO
rt,1h

56 57

Figure 16 Hydrogenation ofpara-nitrophenol56. 0.5 mmol ofpara-nitrophenol were
stirred in 6 ml of water at room temperature fdr &dding 5 mmol NaBHand 0.5 mol%
of catalyst55. It was possible to observe a change in the cadbiie reaction mixture
from bright yellow to colourless.

Despite the detected leaching during the previons a recyclability test was performed, employing
the catalyst for two consecutive hydrogenation tieas. The catalyst did not show activity in the
second run, probably being deactivated by NaBEbnsidering the problems encountered with the
hydrogenation of para-nitrophenol 56, catalyst 55 was tested also for the oxidation of

diphenylmethanab?2 (Figure 17) but no conversion of the starting matavas observed.
OH @)
1 mol% catalyst 55
0 oo T

52 53

Figure 17 Diphenylmethanab2 (0.5 mmol) was stirred under, @ith 1 mol% of catalyst
55in 3 ml MeOH at room temperature for 20 h.

Being the tested reactions only a preliminary study the activity of catalysb5, this can be
considered an interesting starting point in theetlgwment of a magnetic supported gold catalyst,
employing an easy and simple reaction protocoltheurinvestigations could lead to a more active
catalyst that can be easily recovered from theti@amixture and recycled for consecutive reactions
In addition, an interesting synthesis that couldbedter investigated, is the incorporation of Au
nanoparticles on polyethylenimine (PEI) functiosatl carbon-coated cobalt nanobea@éAu@PEI-
Co/C) (Figure 18). The PEI functionalised magne@émobead$8, developed in our group, form a
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stable dispersion in water with no tendency to aggirat€® and can be considered a good support
for metal nanoparticles due to the presence ofraéwmino groups that cap and stabilize metal
nanoparticles. Moreover, even if the magnetisasamduced because of the presence of the polymer,
it is still possible to quickly collect them frornd reaction mixture by applying an external magneti
field.”® A first attempt is shown in Figure 18. High incoration percentage (80%) was achieved and
the presence of the polymer coating, which extdhdstotal surface area of the magnetic support,
allowed an increased metal loading, leading to raprovement in the reaction protocol as less

material can be employed.

HAuCl, 3H,0, NaBH,

water, r.t.,2h

59

Figure 18 Gold nanoparticles incorporation on PEI coatedGCoAnobead$8. The
polymer functionalised magnetic nanobe&@swere stirred in an aqueous solution of
HAuClI,3H,0 for 30 min. NaBH was added and the stirring continued for 2 h. Au
loading of 0.8 mmol/g evaluated by ICP-OES (80%wrporation).

3.2.2 Deposition of Pt nanoparticles on graphene-ated cobalt nanobeads and evaluation of

their catalytic activity

Preliminary studies were made regarding the depasitf platinum nanoparticles on the carbon-
coated cobalt nanobeads. As already mentionedeirptvious paragraph, considering the reported
high similarity of the carbon coating of the cobradinobead40 to carbon nanotubés! a first attempt

of deposition of platinum nanoparticles on the acefof the magnetic nanobeads was done once more
taking in consideration the work by Chet al that reported a spontaneous metal nanoparticles
formation on SWCNTSs by direct redox reaction betwte metal ions and the carbon nanotijes.

In Figure 19 is shown a scheme of the reproducethegis.

The magnetic nanobeadl® were stirred for one hour in a water/EtOH solutidithe Pt salt, collected

by an external magnet, washed several times witkrvaand finally dried under vacuum. The amount

of platinum deposited on the carbon shell of thgmesic nanobeads was evaluated by ICP-OES.
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In this case the synthesis was successful, leaudingigh metal incorporation (90%) in the final
catalyst60. As it was observed in the previous case, the Tidtures of the sample (Figure 20) show

a tendency of the platinum nanoparticles to aggtategorming big clusters.

K ,PtCl,

water/EtOH, r.t.,, 3 h

10 60

Figure 19 Schematic representation of a synthetic pathwathi® deposition of platinum
nanoparticles on the carbon coating of cobalt neadb10. These were stirred in a
water/EtOH solution of the Pt salt for 3 hours.ekitards the catalysts was collected by
an external magnetic field, the reaction mixtureasdéed and the nanobeads washed
several times with water before being dry undewwvat. Pt loading of 0.02 mmol/g was
evaluated by ICP-OES (90% incorporation)

Figure 20 TEM pictures of the sample. It is possible to obselatinum nanoparticles
agglomerating in big clusters.

Also in this case, a modification of the aforemenéd synthetic pathway was investigated, adding a
reducing agent (Figure 21) to evaluate upcominfeidifices in the catalytic activity. A high metal

incorporation of 90% was, once again, obtained.
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Q K,PtCl,
water/EtOH, NaBH,, r.t., 3 h

10 61

Figure 21 Schematic representation of the synthesis of PI@GIPs catalys6l. The
magnetic nanobead) were stirred in a platinum solution for 30 minutB&BH, was
added and the stirring continued for 2 hours. Rtlileg of 0.02 mmol/g was evaluated by
ICP-OES (90% incorporation).

The catalytic activity of the synthesised catalysés tested for both hydrogenation of nitrobenzihe
andtrans-stilbene64. In the first case, the hydrogenation was perforomader H in a Schlenk tube at
atmospheric pressure. Only traces of the desiredugt were detected running the reaction in EtOH at
40 °C and employing cataly$tl (Table 1, entry 3). No further reaction conditiomsre screened,
adducing the insufficient catalytic activity context to the formation of big platinum cluster on the

magnetic hanobeads.

NO, NH,
©/ mol% catalyst 60 and 61 ©/
solvent, H,

62 63
entry s solvent H T(C) time yield
amount
1 0.3% EtOH v 40 8h -
2 0.3% EtOAC v r.t. 8h -
3 0.5% EtOH v 40 8h traces
4 0.5% EtOAC v r.t. 8h -

Table 2 Nitrobenzenes2 (0.5 mmol) was stirred under, vith the indicated amount of
catalyst60 or 61 in 3 ml of solvent. Traces of the product wereedtd only in entry 3.
Because of the low conversion no isolation of tfadpct was possible.
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The hydrogenation dfansstilbene64 was performed under,hh both Schlenk tube and autoclave at
different pressure values (Table 3) to evaluat®omeg improvements. The tested reaction conditions
were those applied in a previous work from our g6t where a magnetically supported Pd catalyst

was successfully employed for the same transfoomati

X O mol% catalyst 60 and 61 ‘
O i-PrOH, H,, r.t. O

64 65
entry cat. time autoclave yield
amount
1 0.3% 6 h - -
2 0.3% 6h v (20 bar) -
3 0.5% 6h v (40 bar) -
4 1% 20 h - -

Table 3 transStilbene64 (0.5 mmol) was stirred under, ivith the indicated amount of
catalyst60 or 61 in 3 mli-PrOH at room temperature for the indicated timeemtries 2
and 3 an autoclave was employed to run the reaander H at higher pressure (20 and
40 bar respectively). No conversion of the startiragerial was observed.

As is it possible to observe in Table 3, no coneersf the starting material was observed applying
the indicated reaction conditions with both thethgsised catalyst80 and61. Also, performing the
reaction in an autoclave that allows working athleigpressure, did not lead to an improvement in the
transformation. The absence of catalytic activitgswascribed to the presence of big non-active
platinum clusters on the surface of the magneticohaads. For this reason, no further reaction
conditions were tested, considering necessary @bhefirstly to obtain a catalyst composed of $mal
platinum nanoparticles with a potentially highetidty. After this, optimized reaction conditions
could be investigated. Later on, XPS analysis efsample, exhibited the presence of Pt(ll) instdad
Pt(0), additionally minimizing the activity of theatalyst. Further research needs to be done im twde
be able to obtain an active platinum supportedlysitan this direction, as previously described fo
the gold supported nanocatalyst, an interestingtiomalization that could be examined is the
incorporation of Pt nanoparticles on PEI-coated metig nanobeads. A preliminary study has been
done on the platinum uploading on this materiadirg to a high incorporation percentage (83%) and

higher metal loading (Figure 22).
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Figure 22 Platinum nanoparticles incorporation on PEIl codedC nanobeads8. The
polymer functionalised magnetic nanobe&@swere stirred in an aqueous solution of
K,PtCl, for 30 min. NaBH was added and the stirring continued for 2 h.oBtling of
0.92 mmol/g evaluated by ICP-OES (83% incorporation

3.3 Conclusions

In this chapter, the deposition of nanoparticlethef noble metals Au and Pt was investigated ensued
by the evaluation of the catalytic activity. Thdfidulties in synthesising an active catalyst ofsh
metals are well known, as an appreciable actigitytiserved only when really small nanoparticles are
obtained. Different synthetic pathways were evadafirstly considering a direct deposition of the
nanoparticles on the magnetic nanobeads, expldiiadigh similarity of the carbon coating present
in the support with carbon nanotubes. Under thesditions, big clusters of the metals were obtained
often being difficult to distinguish them from tih@agnetic support. Further investigations were made
and the synthesis of small Au nanoparticles withaserage diameter of 5 nm deposited on the
magnetic nanobeads was achieved. Preliminary studiehe activity were made and the catalyst was
able to promote the hydrogenation para-nitrophenol. However, further investigation is ded in
order to optimize the reaction conditions, imprelve recyclability and to broaden the reaction scope
Regarding the supported Pt catalyst, more diffieslthave been encountered in the attempt of

synthesising small nanoparticles. More studiesyaszled in order to obtain an active catalyst.
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3.4 Experimental section

Material and methods

Carbon coated cobalt nanobeads (Co/C, 26/§,rmean particles size40 nm) were purchased from
Turbobeads Llc, Switzerland. Prior to use, theyemamshed in a concentrated HCl/water mixture
(1:1) 5 times for 24 h. Acid residues were remobgdwashing with millipore water (x5) and the
particles were dried at 50 °C in a vacuum oven. iiagnetic nanobeads were dispersed using an
ultrasound bath (Sonorex RK 255 H-R, Bandelin) mwbvered with the aid of a heodymium-based
magnet (15 x 30 mm). All commercially available quunds were used as received. IR-ATR
spectroscopy was carried out on a Biorad Excalat8 3000. Elemental microanalysis (LECO CHN-
900) was carried out by the micro analytic Departia the University of Regensburg. Transmission
electron microscopy was carried out by Dr. DanRtaunesco from ETH, Zurich and by Prof. Josef
Zweck from the Department of Physics of the Uniitgref Regensburg. Inductively coupled plasma
optical emission spectrometry was carried out byvehsity of Regensburg (Spectro Analytical
Instruments ICP Modula EOP). XPS measurements werormed by Thomas Meier from the
Department of Physic at the University of Regenglaurd by SuSoS, Switzerland. NMR spectra were
recorded with a Bruker AV 300 spectrometer. Gasomiatography was recorded on Fisons
Instruments GC8000 equipped with a capillary (3850 um x 0.25 pum) and flame ionization
detector. TLC were performed on silica gel 60 Fpites and detection was carried out under UV
light. Absorption spectra were recorded in a Var@ary BIO 50 UV/VIS/NIR spectrometer with

temperature control using 1 cm quartz cuvette (hiz)l

Gold nanopatrticles deposited on the graphene-likensll of cobalt nanobeads (44)

300 mg Co/C nanobead$, HAuCl,3H,O (2 mg, 4.82 umol) and a water/EtOH mixture 1:Im@
were introduced in a Schlenk tube. The reactiontume& was stirred for 1 h. The catalyst was
recovered by an external magnet, the solution dedaand the nanoparticles were washed with water
(5 x 4 ml). After drying under vacuum, the metadang was evaluated by ICP-OES (0.005 mmol/g;

22% incorporation).
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Gold nanoparticles deposited on the graphene-likehell of cobalt nanobeads (45)

200 mg Co/C nanobead$§, HAuCl,-3H,O (4.3 mg, 0.01 mmol) and a water/EtOH mixture (& Inl)
were introduced in a Schlenk tube. The reactiontuméxwas stirred for 30 min followed by addition
of NaBH, (2 mg, 0.05 mmol) and additionally stirred for.2 h

The catalyst was recovered by an external magmesdlution decanted and the nanoparticles washed
with water (5 x 4 ml). After drying under vacuurhetmetal loading was evaluated by ICP-OES (0.05

mmol/g; 90% incorporation).

Gold nanopatrticles deposited on the graphene-likensll of cobalt nanobeads (46)

300 mg Co/C nanobead®), sodium citrate dihydrate (1.6 mg, 4.41 umol) avater (2 ml) were
introduced in a Schlenk tube. The reaction mixtwees stirred for 30 min, followed by dropwise
addition of an aqueous solution of HAYGH,O (1.7 mg, 4.41 umol). The slurry was stirred for
additional 3 h at 70 °C.

The catalyst was recovered by an external magmetsdlution decanted and the nanoparticles washed
with water (5 x 4 ml). After drying under vacuunhet metal loading was evaluated by ICP-OES
(0.009 mmol/g; 60% incorporation).

Gold nanoparticles deposited on the graphene-likehell of cobalt nanobeads (48)

Firstly, gold colloids47 were synthesised. HAug3H,O (3.6 mg, 8 pmol) and 1 ml of a 0.05 M HCI
solution were added to a Schlenk tube followeddyiteon of water (6 ml).

The mixture was stirred for 30 min and afterward=BN, (0.3 mg, 8 umol) in a 0.05 M NaOH
solution (1 ml) was added. The solution was stifiardan additional 1 h and, afterwards, 200 mg of
Co/C nanobead40 were added and the stirring continued for 20 h @t°6. The catalyst was
recovered by an external magnet, the solution dedaand the nanoparticles were washed with water
(5 x 10 ml). After drying under vacuum, the metading was evaluated by ICP-OES (0.029 mmol/g;

65% incorporation).

Gold nanopatrticles deposited on the graphene-likensll of cobalt nanobeads (50)

Gold colloids49 were synthesised by Dr. Adela Carrillo followingetprocedure described in the
work of Gittinset al®® 0.3 ml of the aforementioned Au nanoparticles muwas diluted with 4 ml

water. Then, 100 mg Co/C nanobeddswere added and the mixture was stirred for 20 foain

temperature.

81



The catalyst was recovered by an external magmesdlution decanted and the nanoparticles washed
with water (5 x 5 ml). After drying under vacuurhetmetal loading was evaluated by ICP-OES (0.04

mmol/g).

Gold nanoparticles deposited on the graphene-likensll of cobalt nanobeads (51)

500 mg Co/C nanobead$ and a 0.25 mM aqueous solution of HAM8H,O (9.84 mg, 0.025 mmol)
were added to a round bottom flask and stirredlftr. An agueous solution of PVP (5%, K-30 40
kDa; 5 g) was added and the stirring continuedaftditional 30 min. A 100 mM aqueous solution of
NaBH, (18.19 mg, 0.5 mmol) was rapidly injected into thexture under vigorously stirring and the
slurry was aged for 3 h. The catalyst was recoveyedn external magnet, the solution decanted and
the nanoparticles washed with water (5 x 15 mlteAdrying under vacuum at 60 °C, the metal

loading was evaluated by ICP-OES (0.03 mmol/g, @38orporation).

Gold nanoparticles deposited on the graphene-likehell of cobalt nanobeads (55)

Firstly, gold nanoparticleS4 were synthesised. HAuE3H,O (1.69 mg, 5 pumol) and water (10 ml)
were added to a Schlenk tube. PVP (0.246 mg; Au:P\P0.125 wt/wt) was added to the solution
and stirred vigorously for 3 min. An aqueous 0.1 ddlution of NaBH (0.8 mg, 0.02 mmol,
Au/NaBH, = 1:4 mol/mol) was added and the solution stif@dome minutes, observing a change in
the colour from yellow to ruby red (formation of @) nanoparticles). The mixture was acidified to
pH = 2 with HSQ, and 100 mg Co/C nanobeati3were added. The slurry was sonicated for some
minutes and afterwards stirred for 1 h, until asgarent solution was observed.

The catalyst was recovered by an external magmesdlution decanted and the nanoparticles washed
with water (5 x 6 ml). After drying under vacuuniet metal loading was evaluated by ICP-OES

(0.048 mmol/g; 98% incorporation).

Carbon-coated cobalt nanobeads functionalized with PEI-coating (58)
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Firstly, the carbon-coated cobalt nanobeHdlg/ere functionalized by diazonium chemistry asadse
described in the previous chapter, obtaining fkhctionalized nanobead®l (N loading: 0.14
mmol/g determined by elemental microanalysis). @@ nanobead&1 were sonicated in DCM (34
ml) for 10 min. Aziridine (5.08 ml, 1000 equiv, 98mol) and concentrated HCI (98 pl, 12 equiv,
1.176 mmol) were added and the slurry was stirte8D&C for 24 h. The nanobeads were recovered
by an external magnet, the solution decanted amahéimobeads washed with DCM (5 x 20 ml) and
water (2 x 10 ml). After freeze-drying under vacyutme nanobeads were analysed by elemental

microanalysis (N loading: 0.97 mmol/qg).

Gold nanoparticles deposited on the PEI-coated coliananobeads (59)

50 mg PEl-coated Co/C nanobe&@s HAuCl,;3H,O (20.4 mg, 0.052 mmol) and water (4 ml) were
added to a Schlenk tube and the slurry was stime80 minutes. NaB(23.7 mg, 0.625 mmol) was
added and the stirring continued for 2 h. The gatalvas recovered by an external magnet, the
solution decanted and the nanoparticles washedwdthr (5 x 5 ml). After drying under vacuum, the

metal loading was evaluated by ICP-OES (0.8 mm@0g5 incorporation).

Platinum nanoparticles deposited on the graphenele shell of cobalt nanobeads (60)

200 mg Co/C nanobead®, K,PtCl, (2 mg, 4 umol) and a water/EtOH mixture 1:1 (4 mwbre
introduced in a Schlenk tube. The reaction mixtwas stirred for 3 h. The catalyst was recovered by

an external magnet, the solution decanted andaheparticles washed with water (5 x 4 ml).
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After drying under vacuum, the metal loading wasileated by ICP-OES (0.02 mmol/g; 90%

incorporation).

Platinum nanoparticles deposited on the graphenele shell of cobalt nanobeads (61)

200 mg Co/C nanobead®), K,PtCl, (2.2 mg, 4 pmol) and a water/EtOH mixture 1:1 (B were
introduced in a Schlenk tube. The reaction mixtwess stirred for 30 min, followed by addition of
NaBH, (2 mg, 0.05 mmol) and additional stirring for 2 h.

The catalyst was recovered by an external magmesdlution decanted and the nanoparticles washed
with water (5 x 4 ml). After drying under vacuunimet metal loading was evaluated by ICP-OES

(0.023 mmol/g; 90% incorporation).

Platinum nanopatrticles deposited on the PEI-coatedobalt nanobeads (66)

50 mg PEI-coated Co/C nanobe&ds K,PtCl, (23.30 mg, 0.056 mmol) and water (4 ml) were added
to a Schlenk tube and the slurry stirred for 30utes. NaBH (23.7 mg, 0.625 mmol) was added and

the stirring continued for 2 h. The catalyst wasokered by an external magnet, the solution dedante
and the nanoparticles washed with water (5 x 5 After drying under vacuum, the metal loading was

evaluated by ICP-OES (0.92 mmol/g, 83% incorporgtio

General procedure for the hydrogenation of diphenyhethanol 52 (GP4)

OH O
mol% catalyst 44-51
O O solvent, additive O O
52 53
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GP4. The desired amount of gold supported catalygt5@), diphenylmethanol (0.5 mmol) and
solvent (3 ml) were introduced into a Schlenk tubgether with the base and oxidizing agent (if
employed). The reaction mixture was stirred vigeipwnder 1 atm Hatmosphere (balloon). The
reaction progress was monitored by TLC. The catalyas collected with a magnet and the
supernatant decanted. The nanobeads were washedatér (3 x 4 ml) and dried under vacuum. The
solvent collected was evaporated under vacuum tairola crude material that was analysed'Hy
NMR.

General procedure for the hydrogenation opara-nitrophenol 56 (GP5)

/©/N02 catalyst 55 /©/ NH,
HO water, NaBH, HO
rt,1h

56 57

GP5. The desired amount of gold supported catdistpara-nitrophenol (0.5 mmol), water (6 ml)
and NaBH (5 mmol) were introduced into a Schlenk tube. Tkaction mixture was stirred
vigorously observing the colour change from a lrighllow to transparent. The catalyst was collected
with a magnet and the supernatant decanted. Thaebeads were washed with water (3 x 4 ml) and
dried under vacuum. The solvent collected wasréitleawice and evaporated under vacuum, giving a

crude material analysed byl NMR.

General procedure for the hydrogenation of nitroberzene 62 (GP6)

NO NH
©/ 2 mol% catalyst 60 and 61 ©/ 2

solvent, H,

62 63

GP6. The desired amount of supported platinum caté§®61), nitrobenzene (0.5 mmol) and solvent
(3 ml) were introduced into a Schlenk tube. Thetiea mixture was stirred vigorously under 1 atm
of H, (balloon). The reaction progress was monitoredThZ. The catalyst was collected with a
magnet and the supernatant decanted. The nanolveaesvashed with water (3 x 4 ml) and dried
under vacuum. The solvent collected was evaponatedr vacuum to give a crude material that was
analysed byH-NMR.
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General procedure for the hydrogenation otrans-stilbene 64 (GP7)

e O mol% catalyst 60 and 61 O
O i-PrOH, H,, r.t. O

64 65

GP7. The desired amount of supported platinum catdB@61), transstilbene (0.5 mmol)i-PrOH

(3 ml) and dodecane (0.5 mmol) as an internal stah@ere introduced into a Schlenk tube. The
reaction mixture was stirred vigorously under 1 aftintd, (balloon). Alternatively, the reactants were
transferred to an autoclave and stirred rapidlyoam temperature under 20 or 40 atm of hydrogen
gas. The reaction progress was monitored by GC.cakayst was collected with a magnet and the
supernatant decanted. The nanobeads were washedatér (3 x 4 ml) and dried under vacuum. The
solvent collected was evaporated under vacuummibtpia crude material that was analysed'ty
NMR.
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4. Deposition of nickel nanoparticles on magneticanobeads and evaluation

of their catalytic activity

In the present chapter, the deposition of nickeloparticles on two different magnetic supports was
investigated. On the one hand, carbon-coated colaalbbeadd0 were employed, exploiting the
tendency of this carbonaceous material to coordinatal nanoparticles, leading to the synthesss of
supported Ni nanocatalyst whose activity was evatlifor the hydrogenation of nitro derivatives and
C-C double bonds. On the other hand, the behawabinon oxide nanoparticles (already delineated in
Chapter 1) as a suitable support for direct dejposivf nickel nanoparticles, was considered. The
stability of the nanocatalyst was expected to @eriftom the high affinity of nickel for the C-C
double bonds present in large amount on the sudhtee magnetic support. The activity of the thus
obtained magnetic nanocatalyst was evaluated inhtfi¥ogenation of nitro derivatives and the

Suzuki-Miyaura cross-coupling reaction.
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4.1 Introduction

From the point of view of sustainable chemistryyalepment of chemical transformations that
minimize byproducts, waste and that avoid the dis@Babundant precious metals, is one of the most
important goals in catalysis. To tackle this promléhe use of nickel has attracted wide attention i
the recent years as an easily available and lgssneive alternative to the more commonly used Pd,
Rh, Ru, Pt and Au. Nickel nanoparticles demondirdate be able to be competent catalysts for a
number of transformations, including the reductainseveral functional groups.g C-C multiple
bonds!? sulfonaté? nitro derivatives*® aldehydes and keton&g! Moreover, high catalytic activity
was exhibited in the Wittig-type olefinatidh,imine reduction? Suzuki-Miyaura cross-coupling
reactiod®*! and for the N-alkylation of amines with alcohof$! Due to the spreading of
nanotechnology, noteworthy progresses have also bwmle in the development of heterogeneous
systems, employing solid supports that allow easyovery and recycling of the catal{ft. In
particular, the use of magnetic supports has bddalwinvestigated due to their high surface-area,
robustness, availability and easy recovery from rimction mixture by just applying an external
magnetic field****® Magnetic supported nickel catalysts also showebtiea good alternative to
Raney Ni, extensively used as a heterogeneousystatispite possessing several disadvantages as
being pyrophoric or not selective towards functiogriups as C=0 and NQreducing all of them
simultaneously:® Additionally, difficulties regarding dosage andadévation after long-term storage
are commonly encounter&d.

The aim of the present chapter was the direct dég@o®f Ni nanoparticles on two different magnetic
supports employing simple and fast synthetic paitodn one case, cobalt nanobeads coated with a
graphene-like shell comparable to carbon nanotutye vwmployed. In 2015, Huamg al deposited
nickel nanoparticles on carbon nanofibers (CNFhg 3ynthesis required firstly the immersion of the
nanofibers in a Ni nitrate solution, followed bycarbonization step in a vacuum tube furnace to
reduce nickel nitrate to Ni(0) nanoparticles. Thistasmed catalysts were then applied in the
hydrogenation of nitrotoluert¥! resulting in high catalytic performance carrying the reaction at
160 °C in an autoclave under a hydrogen atmosgber@ h. Similarly, Gunawast al supported Ni
nanoparticles on carbéffl The synthesis was accomplished by reducing niiked with reducing
gases €.g H,, CH,, CO) formed during the carbonization of tannims particularo-catechol, with
microwave irradiation. The synthesised hybrid mateshowed Ni(0) nanoparticles uniformly
dispersed on the carbon matrix, being a good catelidr heterogeneous catalysis.

The second support employed in the present stuay,inen oxide nanobeads. In 2009, Polshettatar
al. applied nano ferrite-supported Ni catalyst infoggnation and transfer hydrogenation reactiths.
The catalyst was obtained by a two-step synthedithvpay. Firstly, the nano ferrite beads were
sonicated with dopamine and the thus generatedeafuirctionalized nano ferrites were dispersed in a

solution containing the Ni source and the reduciggnt.
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The magnetic nanocatalyst showed catalytic actifdtyhydrogenation of both alkynes and carbonyl
compounds. An additional example of Ni nanoparsickipported on iron oxide nanobeads was
developed by Sharmet al in 2015%% Firstly, the magnetic nanoparticles were syntheesisy a co-
precipitation technique and, to avoid agglomerattbey were additionally coated with a silica shell
that also provides suitable sites for a furthercfiomalization of the surface. The hydroxy groups o
the silica coating were reacted with 3-aminoprapstthoxysilane and the amino moieties of the latter
with thiophene-2 carboxaldehyde. On this resultimaerial were finally deposited nickel(ll) species.
The magnetic nanocatalyst was applied in the Sudlij@ura coupling of phenylboronic acid and
aryl halides, adding PRto reduce Ni(ll) to Ni(0), leading to an activetalgst. The desired products
were obtained in high yield and the catalyst cdaddused for six runs, without a significant metal

leaching.

4.2 Results and discussion

The aim of the project was the development of &&sed, supported catalyst, synthesised by a simple
and fast procedure. The presence of a magnetiogiypuld allow the recovery of the catalyst from
the reaction mixture by only applying an externalgmetic field, gaining a very simple and quick
reaction work-up. As a result, the catalyst cowddrécycled and used for consecutive reactions. TEM

pictures and XPS analysis of selected samples pazfermed.

4.2.1 Nickel nanoparticles on Co/C nanobeads (Ni@ @D)

For the deposition of nickel nanoparticles on thebon shell of the cobalt nanobedds a procedure
similar to the one applied for the synthesis ofalyat 11 (Pd@Co/C) was employed. The Ni(0)
complex Ni(COD) was used as a metal source. The optimizationadfticn times and temperatures

for the synthesis of cataly8¥ is shown in Table 1.

@ Ni(COD),

Anydrous toluene, MW

10 67
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entry catalyst Time (min) T (°C) loading (mmol/g) % incorporation
1 67a 2 75 0.8 83
2 67b 15 75 0.8 80
3 67¢c 2 90 0.1 95
4 67d 15 90 0.1 97
5° 67e 2 100 0.02 91
6 67f 2 100 0.1 98
7 679 2 100 1 98

Table 1 Reaction conditions screened for the depositionNofNPs on magnetic
nanobead40, leading to the synthesis of catalysts Ni@Cd@TZafg. Co/C nanobeadR)
were sonicated under argon in a solution of Ni(CQiD)anhydrous toluene. Different
reaction times and temperatures were evaluatedpgimg microwave irradiatiorf. After

the deposition of the Ni nanoparticles, the catales washed several times with toluene

instead of DCM, employed in the other entries.

The highest incorporation percentage was achieeatirtg up the solution to 100 °C for 2 min (entry

6) by microwave irradiation. Once the reaction ¢bods were optimized, different metal loadings

were evaluated (entries 5 to 7) with the purposastess the presence of dissimilarities in thd fina

catalytic activity. Two solvents, DCM and toluemeere tested for the washing step of the synthesised

catalysts, also with the aim to examine upcomitfigdinces in the final activity. The ability of hiel

to react with chlorinated compounds is in fact kné# leading to a loss of catalytic activity if DCM

is used. Catalys®87aand67d (Table 1) were analysed by TEM, images are shoviigure 2. Nickel

nanoparticles tended to agglomerate in big clustersnd the carbon shell of the magnetic nhanobeads,

independently from the metal loading.
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Figure 2 TEM picture of the catalys&7aand67d. a) Ni loading: 1 mmol/gg7a), b) Ni
loading: 0.1 mmol/gg7d). In both the cases the Ni nanoparticles tendembtomerate
in big clusters around the magnetic nanobeads.

Although the synthesised Ni nanoparticles favouhedformation of big clusters, normally associated
to poor catalytic performané8 a survey of their activity in a number of modehetions was
undertaken. Firstly, the hydrogenation of acetopherwas considered (Figure 3), bearing in mind the

work by Alonsoet al, where in situ synthesised Ni(0) nhanoparticlesttethe formation of the desired
product in high yield®
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O OH

©)J\ 3 mol% catalyst 67e-g ©)\
i-PrOH

68 69
entry time T (°C) yield

1 24 h 78 -

2 6 h 100 (MW) -

Figure 3 Hydrogenation of acetopheno6& by catalysts$67e-g Acetophenon&8 (0.5
mmol) was stirred with 3 mol% of the selected gatib7e-gin 3 mli-PrOH. In entry 1,
conventional heating was applied while in entry He tsample was heated using
microwave irradiation. No conversion was observedry case.

Subsequently, the activity of cataly§tBe-gfor the hydrogenation of nitrobenze®2was investigated
(Figure 4). Once more, none of the synthesisedlystséashowed any catalytic activity and no

conversion of the starting material was observed.

NH
©/ NO, 1 mol% catalyst 67e-g ©/ 2
water, NaBHy, r.t, 20 h.

62 63

Figure 4 Test reaction of the activity of cataly§Ze-g for the hydrogenation of
nitrobenzene2. Nitrobenzenes2 (0.5 mmol) was stirred with 1 mol% of the selected
catalyst67e-gand NaBH (5 mmol) in 3 ml water at room temperature for 20No
conversion of the starting material was observed.

Similarly, also the hydrogenation para-nitrophenol56 (Figure 5) was investigated, considering the
promising results obtained with the Au@Co/C naralgat55 (Chapter 3, Figure 16). Unfortunately,

no conversion of the starting material was observed
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/©/N02 1 mol% catalyst 67e-g /©/NH2
HO water, NaBH, HO
r.t,3h

56 57

Figure 5 Hydrogenation opara-nitro phenol by cataly€i7e-g para-Nitrophenol56 (0.5
mmol) was stirred with 1 mol% of the selected gatih7e-gand NaBH (5 mmol) in 3
ml water at room temperature for 3 h. No conversidnthe starting material was
observed.

An additional last attempt was made to evaluate ativity of the synthesised catalysts for the
hydrogenation oftransstilbene 64 (Figure 6). No change in the behaviour of the Igata was
observed and no activity was detected. The absefnaetivity was probably due to the formation of
big Ni nanoclusters around the magnetic nanobeastead of small nanoparticles with a regular
distribution?? A subsequent XPS analysis of the samplésand67d, revealed the presence of Ni(ll)

species, suggesting that a more strict control theesynthesis and storage conditions is required.

N O 1 mol% catalyst 67e-g O
O i-PrOH, Hy, r.t.

64 65

Figure 6 trans-Stilbene hydrogenation by cataly€ge-g trans-Stilbene64 (0.5 mmol)
was stirred under Hwith 1 mol% of the selected cataly&te-gin 3 mli-PrOH at room
temperature for 6 h. No conversion of the startiregerial was observed.

In conclusion, deposition of Ni hanoparticles orbca-coated cobalt nanobeads in high percentage of
incorporation was achieved however, the resultiagocatalysts showed no activity in the reactions
examined. This is probably due to the formationb@f Ni(ll) nanoclusters around the magnetic
nanobeads. No differences in the activity were ataeld decreasing the amount of metal deposited on

the support.
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4.2.2 Nickel nanopatrticles on F€, nhanobeads (Ni@FgD,)

In the present section, the deposition of Ni nantigas on a different magnetic support is desctibe
Iron oxide (FeO,) nanobead¥0 were synthesised by thermal decomposition of E&jadn the
presence of oleylamine and oleic acid as surfacdgents, being in this way characterized by the
presence, on the surface, of several C-C doubld€¥6hBecause of the high affinity of Ni for these
double bonds, their ability to coordinate and diabiNi nanoparticles was investigated. Different
reaction conditions were screened and are summdaiisdable 2. The Ni(Ng),6H,O salt was
employed as metal source, while different types ambunts of reducing agents were tested. The
synthesis was achieved stirring the magnetic naadsbé a solution of the Ni salt in EtOH at room
temperature. Table 2 shows that it was necessarya@n excess of NaBkb or 10 equiv) in order to
obtain a high incorporation percentage (entry 6hewa weaker reducing agent was employed, as
NH.NH,, low percentage incorporations were achieved ient4 and 5), while the absence of a
reducing agent in the reaction mixture led to ndamicorporation. Catalysts with different metal
loadings were synthesised to evaluate possiblerdiftes in the catalytic activity. In the TEM
pictures (Figure 7) no appreciable difference fittven FgO, nanobead30 could be observed except
for a slight tendency to agglomerate.

Figure 7 Left: TEM picture of spherical well-dispersed;6g nanobead§0 with an
average size of 5 nm. Right: TEM picture of thealyet 71f. The nanobeads show still a
uniform size distribution with an average diametérs nm, with a slight tendency to
agglomerate.
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HN—CHy(CH2)sCHy  CH,(CH,)6CH3

HN—-CH,(CH2)sCHz  CH5(CH2)sCH3

Ni(NO,), 6H,0
CHy(CH2)eCH3 CHo(CH,)sCHs
EtOH, rt., 3 h
HN—CHx(CH2)sCHy_CHo(CH2)sCH3 HN=CHy(CH2)sCHa _CH5(CH2)sCHa
(\]
70 71
entr catalyst reducing equiv loading % incorporation
y y agent 4 (mmol/g) P
12 71a NaBH, 1 2.24 55
2 71b NaBH, 1 2.62 63
3 71c NaBH, 0.2 0.12 4
4 71d NH,NH, 1 0.08 2
5 71e NH,NH, 10 0.16 5
6 71f NaBH, 5 3.06 90
7 719 NaBH, 10 2.76 67
8 71h NaBH, 10 0.32 82
9 71i NaBH, - - -

Table 2 Deposition of Ni nanoparticles on the surface ef0z nanobead§0. These
were stirred together with the Ni(N)@6H,0 in EtOH for 2 h before NaBHvas added
and the slurry was stirred for an additional £ klagnetic nanobead& were stirred for
only 1 h before addition of NaBH

The activity of the thus synthesised cataly&lb, 71f, 71g and71h was firstly tested for the Suzuki-

Miyaura cross-coupling of 4-iodotolue28 and phenylboronic acitl2. Different reaction conditions

were evaluated and are summarized in Table 3. aetions were run at room temperature and at 100
°C in THF (entries 1 and 2); considering the woyKTtanget al, ** PPh was added in the attempt of

reducing any Ni(ll) nanoparticles present. Undesthconditions no conversion was observed. Then

dioxane at reflux was used as solvent (entries ) tthiowever no reaction took place. An additional

attempt was made applying the conditions that kechigher conversion rate working with the

Pd@Co/C11 catalyst. In this case, the indicated amount oélgat was stirred in a water/EtOH

mixture under microwave irradiation. As found ir threvious attempts, no conversion of the starting

material was observed, independently of the metalihg on the magnetic nanobeads.
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B(OH),
/©/ . ©/ mol% catalyst 71b;f-h
1 solvent, K3PO,4, PPhy O

23 12 26
entry el solvent e TI0G. time T (°C) yield
catalyst PPh3 K3sPO,

1 3 THF 0.04 1.5 30 r.t. -
2 2 THF 0.04 1.5 8 100 -
3 2 dioxane 0.1 15 15 reflux -
42 2 dioxane 0.1 1.5 15 reflux -
5P 5 dioxane 0.1 1.5 15 reflux -

6 3 water/EtOH - 1 1 120 -

Table 3 Suzuki-Miyaura coupling of 4-iodotoluer3 with phenylboronic acid.2 by
catalysts71b;f-h. Phenylboronic acid (0.6 mmol) was reacted witlodbanisole (0.5
mmol) in 5 ml of the indicated solvent addingRCQ,, PPh if indicated and the indicated
amount of the catalyst. The reaction was performed under argdbithe reaction was
tested only for catalyst&la;f-g.

The catalysts were also tested for the hydrogematipara-nitrophenol56 (Figure 8) but, also in this

case, no conversion of the starting material wasoled.

/©/N02 2 mol% catalyst 71b;f-h /@/NHz
HO water, NaBH, HO
r.t.,4h

56 57

Figure 8 Hydrogenation opara-nitro phenol by catalysi1b;f-h. para-Nitrophenol56
(0.5 mmol) was stirred with 2 mol% of the seleatathlyst71b;f-h and NaBH (5 mmol)

in 3 ml water at room temperature for 4 h. No cosim of the starting material was
observed.
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A subsequent XPS analysis revealed the preserdi#o$pecies instead of Ni(0) nanoparticles, which
is believed to be responsible for the total absericeatalytic activity. It was moreover clarifiedet
inability of the C-C double bonds to coordinateMioat was thought to be Ni(0) nanoparticles. Further
studies are necessary to achieve the synthesis attave Ni supported magnetic catalyst, probably
being necessary to functionalise the magnetic suppo this direction, a particular coating and
functionalisation of the iron oxide nanobeatfswas studied with the aim of synthesising a catalys
with a further increased surface area on which ly#tally active Ni nanoparticles could be
incorporated. In 2015, Yuet al”® developed new magnetic mesoporous silica micrasghe
combining the characteristics of two different matls: the mesoporous silica with a high surface
area, large pore volume and tunable mesostrucameison the other hand, the magnetic nanoparticles,
characterized by easy separation and recyclabilitye synthesis has been reproduced and the

nanohybrid74 was synthesised in a 4-step procedure (Figure 9).

. . ammonia, resorcinol
sodium citrate, NaOAc formaldehyde
FCCI3 -

ethylen glycole EtOH/water, 30 °C, 2 h
autoclave, 200 °C, 10 h

72 73

ammonia, CTAB, TEOS acetone, 70 °C, 12 h ,' @ \‘,

water/hexane, 30 °C, 12 h \ /!

74

Figure 9 Scheme of the reproduced synthesis of magnetiopoesus silica microsphere
74. Firstly, iron oxide nanoparticle® were synthesised and coated with a resin, giving
the RF@F¢D, nanobeadd3. These were afterwards coated with a mesopordiga si
shell leading to the formation of the microsphefés

Firstly, new iron oxide nanoparticles with a diaaredf 200 nm were synthesised and coated with a
resorcinol-formaldehyde resin, leading to the fdiomaof the coated RF@B®, nanobead33. The
coating was followed by a biliquid-phase step whbeetetraethyl orthosilicate (TEOS) dissolved in
hexane was hydrolysed in the oil-water interfaced acoassambled with the surfactant

cetyltrimethylammonium bromide (CTAB) on the sudaaf the coated microsphere.
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After removal of the surfactant, microspheres od ®n surrounded by pores of 9 nm, should have
been obtained. Figure 10 shows the TEM picturehef RF@F¢D, nanobeads3 and the final
microspheres4. While the resorcinol-formaldehyde coating wascsssfully achieved, the coating
with the silica pores was not accomplished andntih@oporous texture seemed to connect several
magnetic microspheres. To better understand thdhdison of this coating, the microspheres were
treated by ultrathin microtomming, which consists aating the substrate with a resin and cut it in
slice before being observed at the TEM. In this wayas possible to analyse the material in lateral
sections (Figure 10b). Absence of material in thete of the magnetic nanopatrticles is due to the

ultrathin microtomming treatment that can causs wfismaterial.

Figure 10 a) TEM picture of RF@RO, 73 under normal (left) and dark field (right),
clearly showing the presence of a coating arouedntagnetic nanobead?. b) TEM
picture after ultrathin microtomming of the finaliarosphere74. Microporous silica
texture is present between RF@®£73, without creating a real coating.
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The procedure was repeated employing as a startagnetic support the iron oxide nanobe#ds
previously described, however no formation of tesorcinol-formaldehyde resin was achieved. Even
though the coating with microporous silica was achieved, the microspher&st were further
functionalized by reaction of the hydroxy groupstbé silica with 3-aminopropyltriethoxysilane
(APTES) (Figure 11), in order to obtain amino gretipat can coordinate the Ni nanoparti¢iés.

OH NH, NH
/of /@ @
K HO S HN S WIHN
; HO JUPEE /. HN JUTS, / H2N>>/

: @ '. (OED)3Si NH; ; @ \ Ni(NO3), 6H,0 ! @ \
: , \ 1 — !
\ ; EtOH, water, NaBH, EtOH,3h :

ammonium hydroxide
80°C,2h

74 75 76

Figure 11 Microspheres74 were functionalized with amino group by reactiorhws-
aminopropyltriethoxysilane. The microsphei&s were collected and the N loading of
0.76 mmol/g evaluated by elemental microanalysiskél nanoparticles were afterwards
deposited on the Nifunctionalized microsphereg5, leading to the formation of
microspheres/6, with a Ni loading of 2.37 mmol/g (20% incorpomatj evaluated by
ICP-OES).

The activity of the nanocataly36 thus obtained was tested in the Suzuki-Miyaurgptiog of 4-
iodotoluene23 and phenylboronic acid2 under the conditions indicated in Figure 12 but no

conversion of the starting material was observed.

B(OH),
/©/ N ©/ 4 mol% catalyst 76
1 solvent, KzPO,4, PPhy O

23 12 26
mmol mmol . o .
entry solvent PPh3 K PO, Time T (°C) yield
1 dioxane 0.1 1.5 8 reflux -
2 H,O/EtOH - 15 2 120 -

Figure 12 Suzuki-Miyaura coupling of 4-iodotoluera3 with phenylboronic acid 2 by
catalyst76. Phenylboronic acid (0.6 mmol) was reacted witbdbanisole (0.5 mmol) in
5 ml of the indicated solvent adding®O,, PPHh if indicated and 4 mol% of the catalyst.
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4.3 Conclusions

In summary, the deposition of Ni nanoparticles lva surface of two different magnetic supports was
investigated. In one case, the ability of the geaqghlike coating of cobalt nanoparticles to coaatin
and stabilise Ni nanoparticles was studied. Highoiporation percentages of the metal were
accomplished using Ni(CORPRs metal source. Nevertheless, no catalytic &ctfer hydrogenation

of both nitro derivates and C-C double bonds wdashéed probably because of the formation of big
Ni nanoclusters on the surface of the magnetic beadd?” Moreover, XPS analysis revealed the
presence of Ni(ll) species. It was known the diffiies to work with this metal, that can so easily
oxidize® New synthetic pathways need to be considereddardp obtain an active nanocatalyst. A
starting point could be the use of the already martl PEI-coated Co/C nanobe&®s evaluating the
ability of the several amino groups present to dimate and stabilize the Ni nanoparticles. In the
other case, the affinity of Ni for C-C double bompesent on the surface of iron oxide nanobeads was
taken in consideration. Also in this case, highahetcorporation percentages were achieved but no
catalytic activity was exhibited for both hydrogéaoa of nitro derivates and Suzuki-Miyaura cross-
coupling. TEM pictures of the synthesised nanogatal showed no appreciable difference in the
average dimensions in comparison with the staitimgoxide nanobeads. Subsequently, XPS analysis
revealed the presence of NiO species, probablyonsdiple for the absence of catalytic activity. An
additional coating with microporous silica was staldto evaluate the ability of Ni nanoparticlesdt®
coordinated inside the amino-functionalized micrggoof the coating. Unfortunately, it was not
possible to reproduce the synthesis and the micooigosilica coating was not achieved and, once
more, no catalytic activity was shown. Further stigations need to be done regarding nickel

deposition, the major problem being the persisteittation of the metal.
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4.4 Experimental section

Material and methods

Carbon coated cobalt nanobeads (Co/C, 26/§,rmean particles size40 nm) were purchased from
Turbobeads Llc, Switzerland. Prior to use, theyemeashed in a concentrated HCl/water mixture
(1:1) 5 times for 24 h. Acid residues were remobgdwashing with millipore water (x5) and the
particles were dried at 50 °C in a vacuum oven. ffagnetic nanobeads were dispersed using an
ultrasound bath (Sonorex RK 255 H-R, Bandelin) eewbvered with the aid of a neodymium-based
magnet (15 x 30 mm). All commercially available qmwunds were used as received. IR-ATR
spectroscopy was carried out on a Biorad Excaiii® 3000. Elemental microanalysis (LECO CHN-
900) was carried out by the micro analytic Departirat the University of Regensburg and by the
Universidad Complutense de Madrid. Transmissiorctela microscopy was carried out by Dr.
Daniela Paunesco from ETH, Zurich; by Prof. Joseke@k from the Department of Physic of the
University of Regensburg and by the Microscopy WfitUniversitat Rovira i Virgili, Tarragona.
Inductively coupled plasma optical emission speogtty was carried out by University of
Regensburg (Spectro Analytical Instruments ICP MadtOP), by Universidad de Alicante and by
MEDAC Ltd, United Kingdom. XPS measurements werefggened by Thomas Meier from the
Department of Physic at the University of Regenglaud by SuSoS, Switzerland. NMR spectra were
recorded with a Bruker AV 300 spectrometer. Gasomiatography was recorded on Fisons
Instruments GC8000 equipped with a capillary (3 rB50 um x 0.25 um) and flame ionization
detector. TLC were performed on silica gel 60 Fpites and detection was carried out under UV
light.

Iron oxide nanopatrticles with an average diameter ©5 nm (70)

1,2-Dodecanediol (5.6 g, 27.7 mmol) and benzyl re{@@ ml) were added to a three-neck round
bottom flask and purged with argon. Fe(ag#t)76 g, 5 mmol), oleic acid (4.72 mg, 16.7 mmnaiy
oleylamine (5.69 g, 21.28 mmol) were added in tescdbed order under argon. The reaction mixture
was heated up to 260 °C for 3 h. Once cooled dawroom temperature, the nanoparticles were
collected by centrifugation, washed several timéh ®wtOH (6 x 20 ml) and acetone (3 x 15 ml) and
dried under vacuum for 6 h. The magnetic nanobeeade characterized by elemental microanalysis
(C: 16.50; H: 2.74; N: 0.10).
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Nickel nanoparticles deposited on the graphene-likehell of cobalt nanobeads (67a-g)

The further indicated amounts of Co/C nanobeBtiand Ni(COD) were introduced in a microwave
vial under nitrogen atmosphere. After adding anbydrtoluene (3 ml), the reaction mixture was
sonicated in an ultrasonic bath for 10 min and theated up in a microwave oven at the indicated
temperature and time. The catalyst was recoverethi®xternal magnet, the solution decanted and the
nanoparticles washed with DCM or toluene (5 x 3. ifjer drying under vacuum, the metal loading
was evaluated by ICP-OES.

67a 50 mg Co/C nanobeads; 14 mg, 0.05 mmol Ni(COP)min at 75 °C; washing step with DCM.
Final Ni loading: 0.8 mmol/g, 83% incorporation.

67b_50 mg Co/C nanobeads; 14 mg, 0.05 mmol Ni(COILH min at 75 °C; washing step with DCM.
Final Ni loading: 0.8 mmol/g, 80% incorporation.

67c_100 mg Co/C nanobeads; 2.7 mg, 0.01 mmol Ni(GODinin at 90 °C; washing step with DCM.
Final Ni loading: 0.1 mmol/g, 95% incorporation.

67d 300 mg Co/C nanobeads; 10 mg, 0.03 mmol Ni(GOD§ min at 90 °C; washing step with
DCM. Final Ni loading: 0.1 mmol/g, 97% incorporatio

67e 500 mg Co/C nanobeads; 3.2 mg, 0.01 mmol Ni(GOP)min at 100 °C; washing step with
toluene. Final Ni loading: 0.02 mmol/g, 91% incamgen.

67f_300 mg Co/C nanobeads; 10.2 mg, 0.03 mmol Ni(GOP)nin at 100 °C; washing step with
toluene. Final Ni loading: 0.1 mmol/g, 98% incorataon.

679 300 mg Co/C nanobeads; 82 mg, 0.3 mmol Ni(COR)min at 100 °C; washing step with

toluene. Final Ni loading: 1 mmol/g, 98% incorpavat

Nickel nanoparticles deposited on iron oxide nanolaels (71a-g)

HN—CH2(CH3)eCH2  CH2(CH2)sCH3

CH3(CH5)sCH3

HN—CH2(CH2)6CH2  CH2(CH2)sCH3
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The further indicated amounts of iron oxide nanols&® and Ni(NQ),-6H,O were introduced in a
Schlenk tube. After adding EtOH (4 ml), the reattmixture was stirred at room temperature for 2 h.
The indicated amount of NaRr NH,NH, was added and the slurry stirred for an additidnal The
catalyst was recovered by an external magnet,alséien decanted and the nanoparticles washed with
EtOH (5 x 3 ml). After drying under vacuum, the aldbading was evaluated by ICP-OES.

71la 23.8 mg FgO, nanobeads; 27.7 mg, 0.095 mmol Ni®BH,O; 5 mg, 0.127 mmol NaBH
Final Ni loading: 2.24 mmol/g, 55% incorporation.

71b 24.7 mg FgO, nanobeads; 29.6 mg, 0.102 mmol Ni(j)BH,O; 5 mg, 0.127 mmol NaBH
Final Ni loading: 2.62 mmol/g, 63% incorporation.

71c 32.9 mg FgO, nanobeads; 31.2 mg, 0.107 mmol Ni(jbH,O; 1 mg, 0.026 mmol NaBH
Final Ni loading: 0.12 mmol/g, 4% incorporation.

71d 32.9 mg F¢O, hanobeads; 31.2 mg, 0.107 mmol Ni(jBH,0; 1 mg, 0.026 mmol NHNH..
Final Ni loading: 0.12 mmol/g, 4% incorporation.

71e 25 mg FeO, nanobeads; 39.3 mg, 0.135 mmol Ni(jBH,O; 4.33 mg, 0.135 mmol NiNH..
Final Ni loading: 0.08 mmol/g, 2% incorporation.

71f_76.4 mg FgO,nanobeads; 75 mg, 0.258 mmol Ni(N&BH,0; 50 mg, 1.272 mmol NaBH

Final Ni loading: 3.06 mmol/g, 90% incorporation.

719 50 mg FgO,nanobeads; 60 mg, 0.206 mmol Ni(j6H,0; 78 mg, 1.984 mmol NaBj

Final Ni loading: 2.76 mmol/g, 67% incorporation.

71h 100 mg FgO,nanobeads; 15 mg, 0.052 mmol Ni(N&6H,O; 19 mg, 0.483 mmol NaBH

Final Ni loading: 0.32 mmol/g, 82% incorporation.

71i_25.5 mg FgO,nanobeads; 40.3 mg, 0.139 mmol Ni(jbH,O.

Final Ni loading: - mmol/g, No incorporation.

Iron oxide nanopatrticles with an average diameter ©200 nm (72)

FeCk (0.65 g, 4 mmol) and trisodium citrate (0.2 g,70t@mol) were dissolved in ethylene glycol (20
ml). NaOAc (1.20 g, 14.63 mmol) was added undeonags stirring, continued for additional 30 min.
The slurry was transferred to a Teflon-lined sedslsteel autoclave and heated up to 200 °C far 10
Once cooled down at room temperature, the magmetimbeads were collected by centrifugation,

washed several times with EtOH (5 x 20 ml) and wgtex 15 ml) and dried under vacuum.
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Resorcinol-formaldehyde coated iron oxide nanopartles (73)

Magnetic nanobeads3 (100 mg) were dispersed by sonication in 30 mi afixture of EtOH/water
2:1. Ammonia solution (32%, 0.5 ml), resorcinol Qdg, 0.9 mmol) and formaldehyde (100 mg, 3.3
mmol) were added in the indicated order and thaltex slurry was stirred for 2 h at 30 °C. The
coated magnetic nanobeatidwere collected with a magnet, washed with EtOk (® ml), water (3

x 10 ml) and dried under vacuum.

Magnetic mesoporous silica microspheres (74)

The resorcinol-formaldehyde coated magnetic nardshedd (120 mg) were dispersed by
ultrasonication in a mixed solution of water (89,n@TAB (500 mg, 1.37 mmol) and ammonia (32%,
0.8 ml). 20 ml ofn-hexane were added, leading to the formation afiquid phase system. To tune
the mesoporous size, the slurry was stirred agifft rates (170-500 rpm) for 10 min. Subsequently,
TEOS (2.5 ml, 11.2 mmol) was added dropwise duti@gmin and a gentle stirring (170 rpm),
maintaining a biliquid phase solution, was contthfier 12 h at 30 °C. The resulting hybrid material
was collected by a magnet and washed with EtOH (#5xml) and water (3 x 15 ml). The
microspheres were then dispersed in acetone (3a@mdlyefluxed for 12 h. Once at room temperature,
they were collected with a magnet, the solution desanted, new acetone (30 ml) added and, once
more, refluxed for 12 h. Finally, the microsphenese collected, washed with EtOH (2 x 10 ml) and

dried under vacuum at 40 °C for 12 h.

106



Amino-functionalized magnetic mesoporous silica miosphere (75)

NH.
/"i 2
O HN
/,' H2N2>>/

The magnetic mesoporous silica microsphéfés20 mg) were dispersed in a water/EtOH 15:1
mixture (32 ml). Ammonium hydroxide (2 ml, 0.166 minand APTES (0.2 ml, 0.166 mmol) were
added and the reaction mixture was stirred for& BO °C. The functionalized microspheres were

collected by a magnet and, after decanting thersapent, washed with water (4 x 15 ml) and dried

under vacuum. The final nitrogen loading of 0.76 stimwas evaluated by elemental microanalysis.

Deposition of Ni nanoparticles on amino-functionaked magnetic mesoporous silica
microspheres (76)

NHa e
2,
0. O

The amino functionalized microsphergs (20 mg) and Ni(N@»6H,O (33.6 mg, 0.116 mmol) were
introduced in a Schlenk tube. After adding EtOHNn{Y, the reaction mixture was stirred at room
temperature for 2 h. NaBH24.48 mg, 1,2 mmol) was added and the slurryestifor an additional 1

h. The catalyst was recovered by an external maghetsolution decanted and the nanopatrticles

washed with EtOH (5 x 3 ml). After drying under vam, the metal loading was evaluated by ICP-
OES (2.37 mmol/g; 20% incorporation).

General procedure for the hydrogenation of acetoph®ne 68 (GP8)

(0] OH
©)J\ 3 mol% catalyst 67e-g ©)\
i-PrOH
68 69

GP8. 3 mol% of supported Ni catalyséqe-9, acetophenone (0.5 mmol) an€rOH (3 ml) were
introduced into a Schlenk tube under the reactaditions showed in Figure 3. The reaction progress

was monitored by TLC. The catalyst was collecteith @i magnet and the supernatant decanted.
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The nanobeads were washed with water (3 x 4 mldaied under vacuum. The solvent collected was

evaporated under vacuum obtaining a crude matbaakas analysed B NMR.
General procedure for the hydrogenation of nitrobezene 62 (GP9)

NH
©/N02 1 mol% catalyst 67e-g ©/ 2
water, NaBHy, r.t, 20 h.

62 63

GP9. 1 mol% of supported Ni cataly€i{e-9, nitrobenzene (0.5 mmol), NaBKb mmol) and water

(3 ml) were introduced into a Schlenk tube. Thetiea mixture was stirred at room temperature for
20 h. The reaction progress was monitored by TLi& datalyst was collected with a magnet and the
supernatant decanted. The nanobeads were washedatér (3 x 4 ml) and dried under vacuum. The
solvent collected was evaporated under vacuummibtpia crude material that was analysed'tdy
NMR.

General procedure for the hydrogenation opara-nitrophenol 56 (GP10)
1 mol%
/©/N02 catalyst 67e-g; 71b;f-h /O/NHz
HO water, NaBH, HO
rt,3h

56 57

GP10 1 mol% of supported nickel cataly&te-gand71b;f-h, para-nitrophenol (0.5 mmol), water (3

ml) and NaBH (5 mmol) were introduced into a Schlenk tube. Thaction mixture was stirred
vigorously at room temperature for 3 h. The reacpmgress was monitored by TLC.

The catalyst was collected with a magnet and tipersiatant decanted. The nanobeads were washed
with water (3 x 4 ml) and dried under vacuum. Théected solvent was evaporated under vacuum

obtaining a crude material that was analyset+-b{MR.
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General procedure for the hydrogenation otrans-stilbene 64 (GP11)

N O 1 mol% catalyst 67e-g
O i-PrOH, Hy, r.t.

64 65

GP11 1 mol% of supported nickel catalyg7€-9, transstilbene (0.5 mmol)i-PrOH (3 ml) and
dodecane (0.5 mmol) as an internal standard wdredunced into a Schlenk tube. The reaction
mixture was stirred vigorously under 1 atm (dalloon). The reaction progress was monitoreGRy

The catalyst was collected with a magnet and tipersiatant decanted. The nanobeads were washed
with water (3 x 4 ml) and dried under vacuum. Thilvent collected was evaporated under vacuum

obtaining a crude material that was analyset-bNMR.

General procedure for the Suzuki-Miyaura coupling GP12)

B(OH), mol%
catalyst 71b;f-h; 76
+
1 solvent, KzPO,4, PPhy O

23 12 26

The indicated amount of catalyétb;f-h (Table 3) and’6 (Figure 12), 4-iodotoluen23 (0.5 mmol),
phenylboronic acid2 (0.6 mmol) and the amount ofRO, and PPhindicated (Table 3 and Figure
12) were added to a round bottom flask. The reactioxture was stirred at different reaction
temperatures and times, also indicated (Table 3F&gute 12). The reaction progress was monitored
by TLC. The catalyst was collected with a magnet #re supernatant decanted. The nanobeads were
washed with water (3 x 4 ml) and dried under vacutihre solvent collected was evaporated under

vacuum obtaining a crude material that was analpgesl NMR.
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NMR Spectra

'H NMR (300 MHz)
¥C CNMR (75 MHz)
Solvent: CDC{
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List of abbreviations

acac
APTES
atm
CNTs
ColC
COD
CTAB
DCM
dba
DMF
DMSO
EtOAcC
equiv
Et;N
EtOH
GC

GO

Hz

ICP

i-PrOH

MeCN
MeOH

MNPs

acetylacetonate
3-aminopropyltriethoxysilane
atmosphere

carbon nanotubes
carbon-coated cobalt nanobeads
cyclo-ocatadiene
cetyltrimethylammonium bromide
dichloromethane
dibenzylidene acetone
dimethylformamide

dimethyl sulfoxide

ethyl acetate

equivalents

triethylamine

ethanol

gas chromatography
graphene oxide

hertz
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