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Summary

The present work deals with the preparation of ruthenium nanoparticles using an
organometallic approach. In the first part, the synthesis of ruthenium nanoparticles stabilized
by mesogenic isonicotic ester ligands is presentadle have been interested in the use of
long-chain isonicotinic esters as lipohilic components in order to increase the anticancer
activity of arene ruthenium complexes, while using them as stabilfper ruthenium
nanoparticles with the aim of exploring selganization and biological (anticancer)
properties of these new hybrid materidlbe ruthenium nanoparticles thus obtained as well
as their organometallic precursors sleovanticancer activitycompaable to cisplatin or
superior to cisplatin in the cancer cell lines A2780 and cisptasiistant cell line A2780cisR
the highest cytotoxicity being 0.179 yM value 9 fold lower than cisplatin a platinum

based chemotherapy drugdely used to treatlifferenttypes of cancers

In second partsilicatesupported ruthenium nanoparticles with a special emphasis on
hectoritesupported Ru(0) is presented. Sizmd shapeelective preparation of hectorite
supported ruthenium nanoparticles was achieved Iygusither molecular hydrogen or
solvothermal reduction route employing different organometallic precur$bes.atalytic
efficiency of these nanoparticles was -eval us
unsaturated ketones. Hectorgi@ppored ruthenium nanoparticles were found to be promising
hydrogenation catalysts. It was observed that the modification of intercalated particles size
and reaction conditions tune the catalwativity for chemeselective reactionsThus these
nanoparticlepreferentially reducéheC=C o | e f i n rupsatlraied ketones at 35,°C
However, change in particle size reswults [
unsaturated ketongi$ anexcess of solvent is used at low temperatures. A selectivity > 98 %
for an unconstrained ,-umsaturated ketongrans-4-phenyt3-pentenr2-one was observed at
0 °C. This kind of selectivity is unique for a heterogeneous catalyst especially when the C=C
ol ef i ni c -unsatorated imaietyUs, sterfzally not hinderedvds believed thasucha
preferential C=0 b o-undaturated dketangaesnrett possiblewith n U, b
heterogeneousatalysts



In the last part superparamagnetic cesbelttype FgO4,/Ru nanoparticles (particle
size ~ 15 nm) synthesized by cgprecipitation, ads@tion and reduction methodsre
presented Their catalytic efficiencyfor selective C=0 hydrogenation in an unconstrained
U ,-umsaturated ketonwas evaluated usingans-4-phenyt3-penten2-one These particles
present a green and sustainable apprdagbards catalyst separation frothe reaction
mixture, as they can be efficiently separated from the reaction mixture by applying an external
magnetic field.

It was the aim of this study to develop metallic ruthenium nanoparticles stabilized by
mesogenicgonicotinic ester ligands, intercalated in hectorite and supported on magnditite
to evaluate theicatalytic and biologicgbotential
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Chapter 1: Introduction

Introduction

1.1 Historical Background

Nanoparticles are usually considered an invention of modern science, but they have a
long history. Since ancient times, colloidal gold solutions were prescribédnas and
elixirs* Gold and Silver nanoparticles were often employed as pigments by roman glass
makers of ¥ century in order to generate glittering effect on potfehy. 1857, Michael
Faraday was the first to explain tentatively how metal partidiestathe color of church
windows. He presented a proper method to prepare deep red sols containing colloidal gold by
reduction of chloroaurate solutions in a paper published in the perideicilsophical
Transactions of the Royal Sociétj recentrep oducti on of those prepa
original laboratory at the Royal Institution in London showed these gold sols to contain gold
nanoparticles of 3 to 30 nm in si2&®hotography became a mature technology durirlgy 19
century, being largely depdent on the production of ligisiensitive silver nanoparticles on
photographic flmS. The advent of colloidal science,
seminal paper in 1907, in which he developed the relation between particle size and surface
area’ One \ear later, Gustav Mae explained the color dependence of the glasses on metal size
in a paper published in a German jourAainalen der PhysikLeipzig). As far as catalytic

applications are concerned, Nord reported in a pioneering study as early asel&4thlytic
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activity of palladium for nitrobenzene reduction to depend critically on the size of the metallic
particles’

A breakthrough in this area c¢ame, when
metallic colloids in the wake of the emergence of mactmnology, following the oftenited
Feynman |l ecture entitl ed AiThef @he bciencepdfent y
nanoparticles grew largely after the publication of Brtstal. in 1994, which presented a
facile biphasic method to obtain 2 nm sizeldgnanoparticleS.The last two decades have
seen an exponential growth in the number of publications in the nanopaticle field. Pioneered
by Schmid, Bonnemann, Bradley, Chaudret, Reetz, Crooks, Astruc, Birgi, Roucoux and
others, metallic nanoparticles leaxeceived much attention in recent years, in particular with
respect to catalytic applicatioh$Today, many technologies depend crucially on processes
that take place on the nanometer scale. Nanohybrid materials have wide range of advance
applications sch as opteelectroni¢* and photovoltaic device$, bioimaging and
biosensors? catalysis™* targeted drug delivery, energy storag® and information storage

applications-’

1.2 Understanding Nanoparticles

In nanotechnology, a particle is definasl a small object that behaves as a whole unit
in terms of its transport and properti@sThese units have a size between 1 and 100
nanometers in at least one dimensibNanopaticles can be considered as being intermediary
between atomic and bulk mattéut displaying properties different from their atomic and
bulk counterpartd’ They have unique physical properties which are often dictated by their
size, shape and surface characteristics. These physical properties can be combined with
chemical and hilogical properties of other materials usually functionalized at the surface of
these nanoparticles, thus resulting in new type of hybrid matdriads domain where

chemistry, physics and biology meé&ts?

Although metallic nanoparticles are known fémast all metals, the vast majority of
publications in the field S concerned wi
palladium being the second metal to be extensively studied in the form of nanoparticles.
Commercially, nanoparticles with differeu, Pd, Pt, Ag, Rh and Co formulations are
available?® Ruthenium nanoparticles have been studied to a much lesser extent, and they are

not commercially available so far, although ruthenium has meanwhile become the most

t

1
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interesting metal for homogeneouatalysis due to the seminal work of Grubbs and of
Noyori.2*

=
Electrostatic Stabilization™ Steric Stabilization'™®
Electric charges due to ionic Hydrophohic  chains  of  the
species onthe particle surface species adsorbed at the particle
are respaonsible for the repulsion surface are responsible for the
between dispersed particles. repulsion between particles.

Because of their small size, nanoparticles have large surface to volume ratio. They
tend to aggregate into bulk metal in order to minimize their surface energy. It is, therefore,
imperative touse some stabilizing agent to prevent undesired aggregation and precipitation.
Stability can be obtained by surrounding the particles either with an electrical double layer
(electrostatic stablization) or by using polymeric materials adsorbed or grattesl surface
(steric stablization}®® Thus, nanoparticles are usually stabilized by the addition of a support,

a surfactant, a polymer, or an organic ligand to the reaction miXttre.

1.3 Organometallic Precursors

The past ten years have withesse@goonential growth in the number of publications
especially for supported nanoparticles with the aim of improving their activities, selectivities
and mechanistic understandirfySeveral methods are being employed for the preparation of
nanoparticles whitcan be subdivided into physical, chemical and physicochemical Fdutes.
Among these, chemical routes have been the most extensively investigated and currently
include vapor depositioff, co-precipitation®® sokgel synthesié? ion adsorptiori’ depositon-

precipitation>* electrochemical reductioffjmmobilization and impregnation methotf<.’

Classical precursors for the synthesis of metallic nanoparticles are simple metal salts
or complexes. In recent years, easily reducible organometallic compbamdsalso been

used as precursots.Of particular interest are watepluble organometallics which can be
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reduced in aqueous solutidhthe most promising ones being waseluble arene ruthenium

complexes.

In 1967, the first arene ruthenium complex wsgathesized byinkhaus and Singer
by the reduction of ruthenium 4chloride hydrate (RuGlA xO) Wsing 1,cyclohexadiene
in refluxing ethanol. The diamagnetic compound obtained was considered to be a polymeric
material, for which the empirical formula [Ru(TsHs)]» was proposed’ Later studies by
Baird et al®® and by Bennetiet al®” revealed that this complex had in fact a dimeric
[(CsHe)RUCL], structure, in which the two bridging chlorides connect two mononuclear
(CsHe)RUCI wunits, in analogy ta h e c 0 mp iCeHy) evi-ENClle qM = Ir, Rh)

published by Maitlis in 1968
Cl.
@\ & “

Ru Rd

o e \@

After this discovery, various arene ruthenium complexes have been synthesized during
the last forty years. For example, the dimdric®-ptMeCsH4PI) R w-CBHCI]> p-cymene
complex a precursor being extensively used for the prejoaraf anticancer drugs today,
was synthesized by the dehydrogenation-p{ (Ephellandrene using ruthenium-tfloride
hydrate in refluxing ethandf. However, this method cannot be employed with the
electronically rich arenes, such as hexamethylbenzéGMes) and durene (1,2,4.5
Me4CeH>). In such cases, the arene exchange at elevated temperatures (~ 200 °C) usually give

rise to the corresponding dimeric compféx*

1.4  Stabilizing Nanoparticles

A wide variety of materials is available as supgpmmd stabilizer for controlling the
growth of nanoparticles. Each support has its own advantages regarding thermal stability and

selectivity.
1.4.1 Ruthenium Nanopatrticles Stabilized by Organic Materials

Many methods have been developed to prepare niuthamanoparticles using various
organic compounds as stabilizers. Even simple organic sol¢suth as metharilare

reported to stabilize the ruthenium nanoparticles satisfactorily.
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Polymers as StabilizeiFunctional polymers are known to be effectpm@tective agents to
stabilize ruthenium colloid solutions due to steric bulk of their frame#dPalymers such as
poly(4-vinylpyridine)** polyvinylpyrrolidine*® cellulose derivativé’ and optically active

COlstyrene copolymé&tare used to stabilizeithenium nanoparticles.

Ligands as StabilizerLigands usually provide steric stabilization by coordinating with the
metal nanoparticles surface. Different small organic ligand molecules such as &llalkgs,
thiols® alkylamines:® dithiocarbamates s(rrfactantsf and carbenéd are reported to

passivate the ruthenium nanopatrticles.

Organic Solvents as StabilizeBince ruthenium is the metal of choice for numerous catalytic
applications, a clean metal surface is requiféfater® and simple organisolvents such as
methanof*> methanol/THF mixturé® propanol**® pentanof**® heptanal’ and polyol$* can
stabilize the ruthenium nanoparticles satisfactorife stabilization of the particles is
believed to be due to the electrostatic repulsionrémitlts from solverinduced polarization

of the surfac&®
1.4.2 Ruthenium Nanoparticles Stabilized by Inorganic Materials

Among the range of solid supports available these days, carbonaceous materials,
polymers and inorganic metal oxides are the threan rfamilies of solid supports being

extensively used for the preparation of supported metallic nanoparficles.

Inorganic Salts and Minerals as Stabilizefd/atersoluble nanoparticles are desired for
several applications. In this case, electrostatic lization by cation¥ or by anions is an
interesting alternativé>®! Different inorganic salts such as sodium acetate trihytifatad
inorganic minerals, for example hydroxylapatigre reported in the literature to stabilize the

ruthenium nanoparties effectively.

lonic Liquids as StabilizersThese are liquid salts which usually have melting point below
100 °C. Their intrinsic ionic charge and polymeric nature provide a unique electronic and
steric protection for metal nanoparticRéslonic liquids, in particular those based on
imidazolium catiorf® are emerging as alternative liquid templates for the generation and

stabilization of ruthenium nanoparticl&s*

Carbonaceous MaterialsCarbonaceous materials are known to be an ideal material for

nanoparticles support/stabilization due to their nanale size, high surface to volume ratio
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and chemical stabilit}> Therefore, different carbonaceous materials such as chitcoal,
carbon nanofiber®®” carbon nanotubes (CNT§, MgO-CNT,*® multiwalled carbon
nanotubes (MWCNTY have been quoted in the literature for the passivation of ruthenium

nanoparticles.

Figure 1. Nanoparticlestabilized inside carbon nanotubes.

Inorganic Metal Oxides Inorganic oxides are used as both host and stabilizer of
nanoparticles. Uptill now, any inorganic oxides such as,®k,’* titanatedAl 03, TiO,,"

SiO,"* Y,0s,"° CeO,”® and Mg3’ have been employed for the support and stabilization of
nanceruthenium. Of particular interest are microporous and mesoporous materials such as
silicas (e.gSBA-15) and faujasite zeolites in which caging effect help to limit the growth of

ruthenium nanoparticles inside these pourous matéfials.

Cage
o ) o
O Sodium cations in the
o tunnel for ion exchange

Figure 2. Zeolite cage structure which shows tunnels contain
sodium cations for ion exchange. These tunnels help to co
the growth of nanoparticleé.

Layered clays are alumirgilicate materials. They are relatively less explored as
supports but are believed have significant potential due to soft dimensional constr&ints.
They possess an exceptional swelling property (up to 35x for hectorite) in aqueous medium.
The expanded interlayer space facilitates the introduction of water soluble organometallic

compkxes by cation exchange, thus resulting in heterogenisation of a homogeneous
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catalys® Ruthenium nanoparticles intercalated in montmorilldhitend hectorit® are
reported in the literature for different catalytic applications.

Aqueous Solution of
Ruthenium Containing
Compound

© Hydrated Na* () Hydrated Ru © Ru(0)

Figure 3. Preparation of ruthenium nanoparticles in layedagis’®

1.4.3 Ruthenium Nanopatrticles on Magnetite Cores

Recently, the use of magnetic materials as catalyst support has attracted much
attention®” becausesolid catalysts with magnetic properties can efficiently be separated from
the reaction mixture by applying an external maignéield.®®* This green and sustainable
approach has many advantages, since it is a fast, economical and environmentally acceptable
way of product separation and catalyst recycihg.

Magnetic nanoparticles mainly of f&&, -F&Os; or Co have been widely studied,
especially for medical diagnostics, magnetic hyperthermia treatment, imaging and data
storage®™ magnetically separable materials have also found catalytic applicitigvisile
silica-coated FgO, nanoparticles dmrated with metallic palladium (nanoPd@®g have
been synthesized and reported to catalyze the hydrogenation of cyclohexene to cycfBhexane,
for ruthenium only ruthenium complexes supported ofOFare known: [Ru(binap”)(dpen)

Cly] bound to FgO4 (binap” = R)-2,2"-bis(diphenylphosphine},1-binaphthyt4phosphonic
acid, dpen = R,R-1,2diphenylethylenediamine) as a catalyst for the asymmetric
hydrogenation of keton&and [Ru(OH)] supported on R©, as a catalyst for the hydration

of nitriles to amiles®® So far, magnetically recoverable metallic ruthenium is only known to

be supported by NiE®, nanoparticles, which catalyze the hydrogenation of alkynes to
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alkanes® Despite the interesting catalytic potential to be expected from such a material,
Fe;04 nanoparticles decorated with metallic ruthenium (nanoRu@jréhave never been
reported to the best of our knowledge. The easy separability of magnetic nanoparticles from a
reaction mixture by means of an external magnet makes nanoRO@é&e interestig

material for catalytic transformations.
1.5 Aim of this Work

Nanosized molecular materials have raised mucterést because of their unique
properties and their potential applications. For such materials, functional qualities such as
anticancer, matgtic or catalytic properties can be introduced by transition metals, while the

self-organization and stabilization can be induced by mesogenic ligands.

In our case, we decided to use latwin isonicotinic ester ligands, which usually have
mesogenic prperties® Isonicotinic acid is widely used for the synthesis of antibiotics and
antituberculosis preparatioffsand it has strong bactericide effett®Ve have been interested
in the use of longhain isonicotinic esters as lipohilic components in otdeincrease the
anticancer activity of arene ruthenium complexes, while at the same time, using them as
stabilizer for ruthenium nanoparticles with the aim of exploring-@&anization and
biological (anticancer) properties of these new hybrid materials

Developing green chemical transformations to reduce waste in liquid phase organic
reactions is a major challenge today. Heterogeneous catalysts are considered clean
technologies because they help minimize consumption of energy and raw materials used in
the synthesis. Layered clays are relatively less explored as supports but are believed to have
significant potential in organic chemical processing due to soft dimensional consfraints.
Clays possess an exceptional swelling propertiestdugb times for bctorite) in aqueous
medium. The expanded interlayer space facilitates the introduction of catalytically active
arene ruthenium complexes by cation exchange, thus resulting in heterogenisation of a
homogeneous catalyst. This approach has many benefigmsigy tunable catalyst with low
cost, high activity and selectivity and the ease with which reactions are carriéd\mihave
been interested in using arene ruthenium complexes intercalated in hectorite as a precursor for
size and shapeelective prparation of ruthenium nanoparticles and their possible catalytic
potential in hydrogenation reactions.
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Based on the experience gained from hectatifgported nanouthenium and on well
established procedures to make magnetite nanoparticles-psecipitdion from aqueous
solutions of F& and F&" salts® using the Massart methd8iwe have been interested in
developing rutheniurcoated magnetite (comhell type) nanoparticles by the aqueous
organometallic route. The easy separability of magnetic natdparfrom a reaction mixture
by means of an external magnet makes nanoRy@Fm interesting material for catalytic

transformations.

It was, therefore, the aim of this study to develop metallic ruthenium nanoparticles
stabilized by mesogenic isonicotinester ligands, intercalated in hectorite and supported on

magnetite for catalytic and biological applications.







Chapter 2: Ruthenium Nanoparticles Stabilized by Mesodégénds

Ruthenium Nanoparticles
Stabilized by Mesogenic Ligands

2.1 State of the Art

Arene ruthenium complexes containing chloro ligandsbaté lipophilic and water
soluble, which preconditions these organometallics forniédical applications such as
anticancer agent€.The field of antitumoural and antimetastatic arene ruthenium complexes
has, in recent years, received considerable taitett*° following the notion of using arene
ruthenium compounds as anticancer agents by Toehal. in 1992, who observed a
cytotoxicity enhancement by coordinating the anticancer agent metronidazdie [1
(hydroxyethyl}2-methy}5-nitro-imidazole] to a benzene ruthenium dichloro fragntéht.
Later on, two prototype arene ruthenium(ll) complexes were evaluated in 2001 for anticancer
properties viz. (p-MeCsHJP)Ru(Ppta)Ch (pta = 1,3,5triaza7-phosphatricyclo-
[3.3.1.1]decane), termed RAPTB!'' and [(GHsPh)RufN,N-en)CI][PR] (en = 1,2

ethylenediamine)®?

= O

e Ru"'w,, +Ru
et o
N\>N HZN\)

RAPTA-C [(CsHsPh)Ru(N,N-en)CI]*

11
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Isonicotinic acid is widely used for the synthesis of antibiotics and antituberculosis
preparations? and it hasstrong bactericidal effecfé.We have been interested in the use of
long-chain isonicotinic esters as lipohilic components in order to increase the anticancer
activity of arene ruthenium complexes, while at the same time, using a molecule that is

known tobe toleratedn vivo.

<o

.Ru O
Cl —

OH

Only one arene ruthenium complex containing isonicotinic acid has been reported so
far, namely [(GHe)RU(NGH,COOH)CL by J. 6. al, ' *fbuf the hiological
properties of the complex weret studied. The lorghain isonicotinic ester ligands also
have mesogenic properties. Several metallomesogens have already been reported by using

these ligand&!

Nanoparticles are finding increasing application in medicinal chemistry being
used as drugdelivery agents, in photodynamic therapy, as luminescent imaging
agents and magnetic imaging agents. In particular, the selective accumulation of
nanoparticles in tumor tissue through thehanced permeability and retentieffect,
and tunable physical andhemical properties, are attractive properties for such
applicationst®*Thefenhanced per me a(ERR)eéffecyis agphedomenertire nt i o
which macromolecules are able to accumulate at the tumor site due to the dramatic increase in
blood vessel @rmeability within diseased tissues compared to normal ti$&URsthenium
based lipovectors that assemble to form lamellar vesicles have already been
reported:®® In this section, we describe the synthesis and characterization of arene
ruthenium comple e s of t h es ttoyopl e ficpoi nehadoi isomicotopic dstern g
ligands and of ruthenium nanoparticles stabilized by these ligénsisould be noted that,
while most attention has been focusedvards mononuclear arene ruthenium anticancer
compounls®%'%there has been increasing interest in polynuclear comp!&ies]uding

clusters:®which also display excellent pharmacological properties.

12
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2.2 Long-Chain Isonicotinic Ester Ligand-Containing Arene Ruthenium
Complexes and Nanopatrticles

2.2.1 Synthesis of Alkylated LongChain Isonicotinic Ester Ligands

Promesogenic lorghainN-ligands of type NGH;-4-COO-CgHy4-4-O-CH2n+1 derived
from isonicotinic acid were synthesized using a feti@p method. Alkyl bromide reacts with
benzyl hydroquinoné o gi ve an ether accor di™h@teptllo Wil I
The benzyl group can be removEdising Pd/C under 4 barpressure at room temperature

to produce an alcohol (Step 2).

o O—CpHazn + 1
OOOH + Br—— CpHaneq KOH < >
Q_/ EtOH
Pd/C, H
04<j>7o—c,ﬁz,”1 =2 HOOO\
@_/ CH,CI,/EtOH CoHan + 1

n=24,6,8,10,12, 14, 16

— 0 — o
\ 7/ \, \ 7/ \,
— o — o
+
\ i
\_/ o Cobns HCl \_/ OOO\
CnH2n+1

Scheme 1 n| 245810 12 14, 16

|1,2,3,4, 5 6 7, 8

Isonicotinic acid is transformed into the corresponding acyl chloride (Step 3) by oxalyl
chloride!'? in order to facilitate the nucleophilic substitution with the alcohol to give the
ester§® 171 8. The reaction is done in the presence of triathjne to bind the eliminated
HCI. Alkylated longchain isonicotinic ester ligand is a new organic compound, the

characterization of which is presented in the Experimental Part.

2.2.2 Alkylated Long-Chain Isonicotinic Ester Ligand-Containing Arene Ruthenium

Complexes

The dinuclear complexes  [(Bg)RUCh]l,,  [(p-MeCeH4P)RUCL],  and
[(CsMes)RUCE], react in dichloromethane with 2 equivalents of the isonicotinic ester ligands

171 8 to give the neutral complexes [(arene)Ru(L)GP 1 18) in quantitative yeld, see

13
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Scheme 2. All the complexes are obtained asstabble yellow to yellow/brown powders,
which are soluble in polar organic solvents, in particular in dichloromethane and chloroform.

The complexes are also sparingly soluble in water.

— O
Cl — o]
/
NN O ,aRu_NQ%
RU \CnH2n+1 \CI \ / OOO
\CnH2n+1

n | 2, 4, 5 8, 10, 12, 14, 16

CeHs - - - - 13
) .
Scheme 2 S 4 p-MeCgH4Pr | 9, 10, 11, 12, 14, 16, 17, 18
©
CgMeg - - - - 15

X-Ray Structural Analysis &

Suitable orange crystals & were obtained by slow evaporation afmethylene
chloride solution. This compound crystallizes in thenocliniccentrosymmetric space group
P2i/c. The structure of this comgk is pseuddetrahedral having "piano stool" like
arrangement in which a ruthenium atom is coordinated tp-tleCsH,PY ligand, a nitrogen
atom and two chloro ligand$he molecular structure &is shown in Fig4. Characteristic
distances and anglese summarized in Table 1.

Figure 4. ORTEP diagram of compleXwith 50% probability thermal ellipsoids

14
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Table 1.Selected bond lengths (A) and angles (°)or

Bond lengths (A) Angles (°)
Ru(1)}N(1) 2.142(3) CI(1)-Ru(1)N(1) 12859(14)
Ru(1)C(1) 2.216(4) CI(2)-Ru(1)N(1) 86.13(9)
Ru(1}C(2) 2.181(4) CI(1)-Ru(1)CI(2) 88.02(4)
Ru(1)}C(3) 2.144(5)
Ru(1)-C(4) 2.177(4)
Ru(1}C(5) 2.153(4)
Ru(1)C(6) 2.188(4)
Ru(1)Cl(1) 2.4251(12)
Ru(1)CI(2) 2.3934(11)

Silver salts suclas AgSQO, in agueous or AQGHSG; in organic medium are usually
employed to remove chloro ligands as chloride anions from arene ruthenium complexes to
give the corresponding aqua complexes. In the case of the neutral complexes
[(arene)Ru(L)C]] containingthe longchainN-ligand L = 5, the removal of both chlorides
results in the precipitation of the free isonicotinic ester ligand (Scl3nTehe triaqua arene
ruthenium complexe49 i 21 can then be isolated as sulfate salts after filtration from the

reacton mixture.

2+

: —_— | \_/
\CI \ / OOO -2AgCl OOO\
CioH21

\.Ru\
N

CioH24 H20 l OH,
H,0

arene

19 | CeHg
Scheme 3 20 | p-MeCgH,Pr’

21 | CgMeg

On the other hand, it is possible to remove only one chloro ligand as silver chloride
from the neutral complexes [(arene)Ru(LJCland to coordinate a second isonicotinic ester
ligand5. This reaction yials the cationic complex@2i 23, which can be isolated as triflate
salts (Schemd). In theH NMR spectra of comple22, t he si g-pradnsintheor t he
pyridine ring appear at higher field as the signals of the corresponding protdi® in

However, for complexe23 1 24, these signals appear at lower field as the signals of the

15
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corresponding protons ib4 1 15. Moreover, the benzene signal 82 is shifted low field
with respect to the one @8.

+

_Ru_NC/>_<  CHi0H/ AgF4S0; _
' ‘O AgCI ) >_<:> C>_<
C10"'21 C1oH21

arene

Scheme 4 22 | CgHe _
23 | p-MeCgH4Pr
24 | CoMeg

2.2.3 Preparation of Nanoparticles from Alkylated Long-Chain Isonicotinic Ester
Ligand-Containing Arene Ruthenium Complexes

When an ethaol solution of13 (5mg, 5mL) is stirred for 14 h under hydrogen (50 bar)

at 100 °C, a black materidb is obtained. This material can be purified by centrifugation and

washing with dichloromethane. THE NMR shows that isonicontinic ester ligand hasrbee

hydrogenated. The TEM analysis reveals the presence of aggregated Ru(0) particles having

particle sizeof 3 nm. Selectedreaelectrondiffraction of the sample shows that these

particles are crystalline in nature. On the other hand, the comfdléxesl 15 are notreduced

under these conditions; they give dark red or yellow solutions respectively.

20 nm

Figure 5. TEM micrograph and SAED analysis (inset) of
ruthenium nanoparties 25
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2.2.4 Preparation of Nanoparticles from Triaqua Arene Ruthenium Complexes
Stabilized by Alkylated Long-Chain Isonicotinic Ester Ligands

Evaluation of Reduction Potential of Triaqua Arene Ruthenium Complexes

Ruthenium nanoparticles are known to shmwinteraction with light during UWis
spectroscopy™* This behavior of Ru(0) can be used to evaluate the reduction potential of
different triaqua arene ruthenium complexes. In the absence of stabilizing agent, the triaqua
benzene complexe [(Hs)Ru(H:0)3]** (19) is reduced to black Ru(0) precipitates at 90 °C
under a pressure of 50 bag.H he dispersion thus obtained shows almost no interaction with
light in UV-Vis spectroscopy. The analoguesp-MeCsHsPr)Ru(H0)]?* (20) and
[(CeMeg)Ru(H:0)s]** (21) give a lustrous metallic ruthenium surface on the walls of the glass
tube upon reduction with hydrogen (50 bar) at higher temperatures (> 90 °C).

Preparation of the Ruthenium Nanoparticl@6 ¢ 29)

The Ru nanoparticle®6 stabilized by ligand, are prepeed by reducing complex
13 (5 mg, 8.26x 10° mmol) under solvenfree conditions in a magnetically stirred

stainlesssteel autoclave (volume 100 mL) withH 50 bar ) at 100 eC for

s = %07 X=85nm, s =36nm
(a) £ % ( b) [ size Distribution

Gaussian Fit

[ha* e

20 —

Distribution [%6]

10 —

T T T T T T
o 2 4 6 8 10 12 14 16 18

Size of Particle [nm]

F

10.00 12.00 14.00 16.00 18.00 20.00 kev

Figure 6. TEM micrograph ) histogram ) and EDAX analysis €) of ruthenium nanoparticlez6
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Alternatively, the5 stabilized Ru nanmarticles27 i 29 are obtained by reacting 5
mg of [(arene)Ru(KO)3]SO, (27: arene = @GHg; 28 arene :p-MeC6H4P|j; 29: arene =
CsMeg) with one equivalent ob in absolute ethanol (1 mL) in a magnetically stirred
stainlesssteel autoclave (volume 100 mLhder a 50 bar pressureoflt 100 e C f or
h. After pressure release, the solvent was removed and the nanoparticles werla dried
vacua The characterization of the nanoparticlB6i 29 is presented in Fig. 6 9. The
size distribution of the ruthenium(0) nanoparticles was stubietransmission electron
microscopy (TEM) usi n'gfortintage pfocessimg and analysis.f t wa
The mean particle size was estimated from image analys& D90 particles at least.

30 b X=28 nm, s =1.0nm
[ size Distribution

K — GaUSsian Fit

20 —

Distribution [%]

10 —

0 T T T T T T T ™
12 16 2 24 28 32 36 4 44 48 52

Size of Particle [nm]

14.00 16.00 18.00 20.00 22.00 KeV

Figure 7. TEM micrograph §) histogram i) and EDAX analysis €) of ruthenium nanoparticlea?

The solventless reduction afolid 13 with H, (50 bar, 50°C) gives ruthenium
nanoparticle6 stabilized by the isonicotinic ester ligamgdwhich have a mean
particle size of 8.5 nm (established by TEM). The size distribution of these
nanoscopiauthenium particles (2 16 nm) is elatively large.Smaller ruthenium

nanoparticles stabilized by the isonicotinic ester ligahdare obtained by
reducing
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50 7 X=22n0m, s =04nm
(b) [ size Distribution
/_\ — GUSSiaN Fit
40 — ‘
g 30
c
8
£ i
2
ki
0 20
10 — /
0= y I
12 16 2 24 2.8 32 36 4
Size of Particle [nm]
Ruxs
Ruxb
14.00 16.00 18.00 20.00 22.00 Kev

Figure 8. TEM micrograph &) histogram i) and EDAX analysis €) of ruthenium nanoparticle28

507 X=22nm, s =06nm
(b) [ size Distribution
- — (GaUssian Fit
40 —
g 30 —
c
)
e i
2
i
0 204
10 —
0\‘\‘\‘\\\‘\‘\‘\‘

04 08 12 16 2 24 28 32 36 4

10 nm

Size of Particle [nm]

10.00 Kev

Figure 9. TEM micrograph &) histogramI¢) and EDAX analysis €) of ruthenium nanoparticlezd
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[(arene)Ru(HO)3]SOy in ethanol at 100C with molecular hydrogen (50 bam the
presence of5 (1 equivalent): The ruthenium nanoparticl&’ obtained from
[(CeHs)RU(H20)3]SO,4 have a mean particle size of 2.8 nm, the Ru nanopart@8es
obtained from [p-MeCsH4Pr)Ru(H,0)3]SOs have a mean particle size of 2.3 nm,
and the Ru nangpticles 29 obtained from [(GMeg)Ru(H,0)3]SO, have a mean
particle size of 2.2 nmThe'H NMR spectra o226 29 in CDCl; show the presence
of the ligand5, the signals of the pyridine ring being weak.

2.2.5 Alkylated Long-Chain Isonicotinic Eger Ligand Exchange on Pyridine

Stabilized Nanoparticles

In recent years, the preparation of nanoparticles having a clean surface state has
attracted much attention due to their potential applicafforfs® We have been able to
prepare well dispersed basarfa@ ruthenium nanoparticles, avoiding traditional protective
agents, with the aim of using these particles for ligand exchange at their surface and prepare a

new series of hybrid materials.

When an ethanol solution @D (5mg, 5mL) containing one equivaleoit pyridine is
stirred for 14 h under hydrogen (50 bar) at 100 °C, a brownish black m&tisabbtained.

_|2+
— (o]
©_< o 50 bar H,, 100 °C o RuO)
| \_/
Ru

14h (30)
H o\\“‘\\ \\OHz
2 OH, Scheme 5

&
-
v

Al
S

LA

8

Sadsy

Figure 10.  TEM micrograph of ruthenium nanoparticled
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The'H NMR spectrumof 30 shows the presence of piperidifreduced pyridingat
the surface of these particles. TEM analysis reveals the presence of well dispersed Ru(0)

having particles sizef 2 nm

When an ethanol solution 4® (5mg, 5mL) containing one equivalent of pyridiise
stirred for 14 h under hydrogen (50 bar) at 100 °C, a black masdrialobtainedThe TEM
analysis reveals the presence of rather aggregated ruthenium nanopatrticles. If the solvent is
removed by evaporation an@il is dried overnight under vacuum (0? mbar), these
nanoparticles burn in the air. This shows tBathas clean metal surfacprobably due to

absolute removal of protective agents under high vacuum.

When anethanol solution oB1 is stirred overnighafter addingone equivalent ob
dissdved in CH,Cl,, the piperidine ligand at the surface is exchanged againgbrigehain
isonicotinic ester ligan&, to give 32. Thernmogravimetric analysis 082 shows the presence
of 2.3% of5 at the surface of these nanoparticles.

2.2.6 Catalytic Properties of Long-Chain Isonicotinic Ester Ligand-Stabilized and
Pyridine-Stabilized Ruthenium Nanoparticles

Hydrogenation of Arenes CatalyzedZ#and 30

The ruthenium nanoparticled? (stabilized bythe long-chain isonicotinic ester
ligand 5) and 30 (stablized by piperidine) efficiently catalyse theydrogeration of
arenes (5 mLunder a hydrogemressure of 50 bar @0e C using et hanol
solvent.After a 15 bar decrease in pressure, the readsoquenched in an ice batmd the

product was decanted off and analyzed#y\NMR spectroscopy

R

R =H or CH, Scheme 6
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Table 2. Catalytic hydrogenatin of arenes using7 and30in ethanol

Reaction Conversion Activity
Catalyst Substrate fime () (%) TOF (h}?
27 Benzene 12.6 49 170
30 Benzene 1.3 29 979
27 Toluene 18 57 116
30 Toluene 61.7 17 28

®TOF, turnover frequency was calculated as moleconverted benzene per mol
Ru per hour

It can be seen (Table B)atthe piperidinestabilized ruthenium nanoparticl&® are
more activethan the longchain isonicotinic stabilized ruthenium nanoparticBsfor the

hydrogenation of benzene.

Seledve C=CHydrogenation oz, b-Unsaturated Ketones Catalyzbyg30

The ruthenium nanoparticleé30 (stabilized by peridine) catalyzethe selective
hydrogenation of dutene2-one under a hydrogen pressure of 5 baBBiC using
ethanol as solvent. These paarticles exclusively hydrogenatee olefinic C=C bond irthe

substrate

2-butanone
97 %
o OH

\ \*
3-buten-2-one 2-butanol
0,
\ OH / 3%
\)\

3-buten-2-ol

Scheme7. Selective hydrogenation oftutene2-one catalyzed b$0
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2.2.7 Anticancer Properties of Long-Chain Isonicotinic Ester Ligands, their Arene
Ruthenium Complexes and Nanoparticles

The in vitro cytotoxicity of longchain isonicotinic ester ligandsl (i 8),
complexes (91 21) and their nanoparticle6 i 29) has been studied in the A2780
ovarian cancer cell line and cisplatin resistamriant A2780cisR using the MTT
assay. The monomeric dichloro complexE3i 15 of ligand 5 exhibit a very high
cytotoxicity in cancer cell lines, A2780 and the cisplatin resistant cell line
A2780cisR. In particular, the benzene apadtymene complexed3 i 14 have 1Go
values equivalent to cisplatin in the A2780 line (Ir®) and are 23 times more
active in the A2780cisR cell link"™®

>400 4 4 4 .
A2780 A2780cisR
\ . }g A [ Compound 1 uM]  ICso [uM]
350 \}‘_/\\3 \
"’\T\”‘U"’ \0’ /A\ / 9 >400 205
w \ \ X/ \\ / 10 119 64
11 29 4

250

T U B B O T B
AN V) Ve
oA

1Can (URAD

15 29 28

[ ——

\\ \ \ / 16 >400 338

30 \ 17 17 19.3

. m V 18 >400 >400

L edtesmmsgcw | cisplatin®® 1.6 8.6
Figure 11. Cytotoxicity values of arene ruthenium comple®et 18 containing long cain

isonicotinic ester ligandand the graphical representation of carbon atom ct
lengtheffectin paracymene derivedomplexes on Ig; values

Interestingly, the analogous pyridine compléxMeCsH4Pr)Ru(py)Ch] is essentially
inactive (IGso = 750 mM) under comparable conditions in these cancer cell Ifés,
suggesting that the cytotoxicity of these complexes may be due tdonigehain
isonicotinic ester group. This is supported by the very loyg W@lues observed for the free
ligands (Figl12).
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»400

_ A2780  A2780cisR
vau\}qﬂ [ Compound 1 Ml 1Cso [uM]
\ / 1 150 212
20 \ / 2 56 36
)E; 200 ‘ \ / —§—AZ7ED 3 50 22
;"5 \ \ / —8—A2780cisR
150 o 4 25 19
- \\ \ / 5 5 11
\ / 6 >400 >400
50 \
7 >400 >400
0 2 4 6 8 10 12 14 16 18 8 >400 >400
Number of Carbon Atoms in Alkyl Chain
Figure 12. Cytotoxicity values of long chain isonicotinic ester liganti$ 8 and the graphical

representation of carbon atom chain lergffectin these ligands on Kgvalues

By contrast,the triaqua arene ruthenium complex@9 i 21 are much kss
cytotoxic in spite of their good solubilityn water as sulfate sal{(see Table 3).

Table 3. Cytotoxicity values of triaqua arene ruthenium compleb@s 21

S
19 >200 )
20 >200 )
21 74 )

The 5-stabilized Ru nanoparticleé6 i 29, also exhibita moderate cytotoxicity in
the ovarian cancer cell lin&2780, with the exception op-cymenederived systen?8,
which was unusually inactive (Table gyobably de to their insolubility in water and
DMSO. For the other compounds, the size of the nanoparticlesttendature of the
ligands in the precursor complex appear to have little effadhecytotoxicity, all three

compounds exhibiting similar Kg values (® - 39 nM). It seems probable that the
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isonicotinic ester ligan@ is importantfor thein vitro activity of the complexegiven that the
free ligand is so cytotoxic.

Table 4. Cytotoxicity values ofuthenium nanoparticlez6i 29

Compound A2780 A2780cisR
IC 50 [UM] IC 5 [UM]
26 29
27 34
28 >200
29 39

2.3 Cyanobiphenylic Long-Chain Isonicotinic Ester Ligand-Containing
Arene Ruthenium Complexes and Nanoparticles

231 Synthesis ofa CyanobiphenylContaining Long-Chain Isonicotinic Ester
Ligand and its Arene Ruthenium Complexes

The mesogenic lapchain N-ligand NGH-4-COO-(CH,)10-O-CgHy4-4-COO-CgH4-4-
CsHs-4-CN (32), derived from isonicotinic acid, is synthesized by reactsanicotinoyl
chloride hydrochloride with4'-cyanobipheny#-yl-4-(10-hydroxydecyloxy)benzoate using

triethylamine to faciliate the esterification process. The reaction gd&is high yield, it is a

new organic compound, the characterization of which is presented in the Experimental Part.
— (o]

N + HO Q 0

O O

(e}

— o -HaI \ Et;N
ates
o] Q 0
\
CioHzo—0O
Soses

Scheme 8 (32)

The dinuclear complexes [(Bs)RuChl,,  [(p-MeCsHsP)RUCL], and

[(CsMeg)RUCH], react in dichloromethane with 2 equivalents of the cyanobiphenyl containing
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long-chain isonicotinic ester ligan@®? to give the neutral complexes [(arene)Ru(l)CB3 1
35) in quantitative yield, see Scheme 9. All the comreteare obtained as @table orange
powders, which are soluble in polar organic solvents, in particular in dichloromethane and

chloroform. The complexes are also sparingly soluble in water.

1, c< RU>CI v ‘R‘%NO_{O OO\ o

34 | p-MeCgH,Pr
Scheme 9 35 | CeMesg

2.3.2 Preparation of Nanoparticles from Triaqua Arene Ruthenium Complexes
Stabilized bya CyanobiphenytContaining Long-Chain Isonicotinic Ester
Ligand

The Ru nanoparticle36 are prepared by reducir with one equivalent 082 in
absolute ethanol in a magnetically stirred skesssteel autoclave (volume 100 mL)
under a 35 bar pressure of Ht 100 °C for 14 h. After pressure release, the brownish
black solution was isolated and treated with,CH followed by centrifugation in order
to remove excess d32. These nanoparticleare insoluble in polar solvents such as
alcohols and waterThe 'H NMR shows that cyanobiphenyl containing isonicotinic ester
ligand has been hydrogenatddhe characterization of these nanoparticles is presented in
Fig. 13. The size distribution of the uthenium(0) nanoparticles was studidu/
transmission electron microscopy (TEMJhe mean particle size was estimated from

image analysis afa. 100 particles at least.
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% 60 — X=24nm C=04nm
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Figure 13. TEM micrographand histogram of ruthenium nanoparticig@é

Transmission electron microscdgpanalysis of these particles also shows the
presence of ruthenium nanoplat8g, sees Fig. 14. However, it was not possible to

separate them from nanoparticlé& by sizeexclusion chromatography.

50 nm 50 nm

Figure 14.  Rutheniumnanoplate87 observed along with ruthenium nanoparti@ésn transmission
electron microscopy
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2.3.3 CyanobiphenylContaining Long-Chain Isonicotinic Eger Ligand Exchange on
Pyridine-Stabilized Nanoparticles
When anethanol solution 081 is stirredovernightafter addingone equivalent 082
dissolved in CH,CI,, the piperidine ligand at the surface is exchanged against the
cyanobiphenyl containinglong-chain isonicotinic ester ligand32 to give 38. The
themogravimetric analysis 088 shows the presice of< 1 % of 32 at the surface of these

nanoparticles.

2.3.4 Catalytic Properties of CyanobiphenylContaining Long-Chain Isonicotinic Ester
Ligand-Stabilized and Pyridine-Stabilized Ruthenium Nanopatrticles

The catalytic activity of the ruthenium napmarticles 36 was studied for the
hydrogenation of arenes (5 mL) under a hydrogen pressure of 50 taOa& C usi ng
ethanol (5 mL) as solvenifter 15 bar decrease in pressure, the reaction was quenched in an
ice bath, product was decanted off and analyzetHoMMR spectroscopyit turned out that
36 is less efficient for toluene hydrogenati@s comparedot benzenehydrogenation(see
Tableb).

Table 5. Catalytic hydrogenation of arenes usB&jin ethanol

Reaction Conversion Activity
Substrate time (h) (%) TOF (h)?
Benzene 3.2 42 555
Toluene 18 50 101

®TOF, turnover fequency was calculated as moles of converted
benzene per mol Ru per hour

2.3.5 Anticancer Properties ofa Cyanobiphenylic Long-Chain Isonicotinic Ester

Ligand, its Arene Ruthenium Complexes and Nanopatrticles

Thein vitro cytotoxicity of cyanobiphenyl containingpng-chain isonicotinic
ester ligand32 and theircomplexes(331 35) has been studied in the A2780 ovarian
cancer cell line and cisplatin resistant variant A2780cisR using the MTT assay.
Cyanobiphenyl containing longhain isomcotinic ester ligand32 and their arene

ruthenium complexes33 i 35 show much lower cytotoxicityas compared to
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previously described alkylated longhain containing isonicotinic ester ligarftdand
the corresponding arene ruthenium complet8s 15. Thisis probably due to the
poor solubility of32 71 35 in water. Cytotoxicity studies for ruthenium nanoparticles

36 are not possible due to the naplubility of these particles in water and DMSO.

Table 6. Cytotoxicity values othe compound8271 35

Compound A2780 A2780cisR
IC 50 [UM] IC 50 [UM]
32 255 303
33 36 264
34 28 253
35 38 278

2.4 Long-Chain Isonicotinic Ester-Alcohol Ligand-Containing Arene
Ruthenium Complexes and Nanoparticles

2.4.1 Synthesis ofa Long-Chain Alcohol-Containing Isonicotinic Ester Ligand

The longchain NGH4-4-COO-CgH4-4-O-(CH,)16-OH (39), derived from isonicotinic
acid and containing a frealcohol function, is synthesized using a fstep method. 10
Bromodecanol is prepared by selective bromination of -dgldandiol using 48 % HBr
solution in a liquidliquid extractot® (Step 1). 1@Bromodecanol reacts with benzyl
hydroquinone in the preace of potassium carbonate andct®wvn6 to give ether according
to a literature modified etherification procES{Step 2). The benzyl group can be removed

using Pd/C under 4 barlpressure at room temperature to produce an alcohol (Step 3).

e e e \Fa NPl L NSNS NSO
HO H,0 Br

C10H20

O—< >fOH —< >—
18-Crown-6, K2C03
+ Br——CyoHy—OH

(CH3)2CO
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CqoH. OH
Q_\ PdIC / 10M20—
O O——C4pHyp—OH — X X X > HO (0]
H,

—_— o] — (0]
+ Hy _
\_/ \ -HCI

cl CioHzo—OH \ / o O\
CqoHpo—OH

Scheme 10 (39)

The final ligand39 is synthesized by reactingonicotinoyl chloride hydrochloride
with the alcoholviz. 4-(10-hydroxydecybxy)phenol (Step 4)The reaction is done in the
presence of triethylamine to bind the HCI eliminafBge reaction give89in good yield, it is
a new organic compound, the characterization of which is presented in the Experimental Part.

2.4.2 Long-Chain Isonicotinic Ester-Alcohol Ligand-Containing Arene Ruthenium

Complexes

The dinuclear complexes [(Be)RuChl,,  [(p-MeCeHsPr)RUCL], and
[(CsMeg)RUCH], react in dichloromethane with 2 equivalents of the isonicotinic ester ligands
39 to give the neutral amplexes [(arene)Ru(L)ell (40 i 42) in quantitative yield, see
Scheme 11. The complexation of ligand at the ruthenium centre can be concluded fidm the
NMR spectra of the complef0i 42, in whicht h e s i g n apfo®ns indhe pytidne U
ring appear at lower field as compared to those of the corresponding protdfs iall
complexes are obtained as-siable yellow to yellow/brown powders, which are soluble in
polar organic solvents, in patlar in dichloromethane and chloroform. The complexes are

also soluble in DMSO and sparingly soluble in water.

— o]
1/2 Cl Cl + N Cl = o)
O e 20
RU CgHag—OH cl 0 o]
/N AN
\ ¢] arene CioHag—OH

40 | CgHg
41 | p-MeCgH4Pr'
Scheme 11 42 | CoMeg
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2.4.3 Preparation of Nanoparticles from Triaqua Arene Ruthenium Complexes

Stabilized by a Long-Chain Isonicotinic Ester-Alcohol Ligand

The Ru nanoparticle43 areprepared by reducing0 with one equivalent 089in
absolute ethanol in a magnetically stirred stainlge®l autoclave (volume 100 mL)
undera 40 bar pressure of Hat 100°C. This mixture is stired for 14 h in order to
facilitate the Ostwald ripening process of ruthenium nanopartichkdter pressure
release,the brownish black solution is isolated and treated with,@kfollowed by
centrifugation in order to remove excess 3. These nanopaxles are insoluble in
polar solvents such as alcohols and wafére 'H NMR of 43 in CDCkL shows thathe
aromatic ring adjacent to theonicotinic estefunction inligand 39 has been hydrogenated.
However, the pyridine ring of the isonicotinic esterduon itself is not hydrogenatedhe
characterization of tleenanoparticles is presentedking. 15.

3
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Figure 15. TEM micrograph &) histogram ) SAED (c) and EDAX analysis @) of ruthenium nanoparticlet3
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The size distribution of the ruthenium(0) nanoparticles was stubiedransmission
electron microscopy (TEM)The mean article size is estimated from image analysisaf

100 particles at leasthe mean particle size was calculated by using the equation:
d=4and/n

Whered is the mean particle sizé, is the individual particle sizandn is the total

number of particles measured.

Theseruthenium(0) nanoparticleare well dispersed havinidpe mean siz&.8 nm
with a narrow range of size di stthan2@tof on,
meanparticle size Selectedareaelectrondiffraction of the sample shows that these particles
are crystalline in natur@&.he presence of ruthenium was inferred from energy dispexsive
ray spectroscopic (EDAX) analysis

2.44  Anticancer Properties ofa Long-Chain Isonicotinic Ester-Alcohol Ligand, its

Arene Ruthenium Complexes and Nanoparticles

The in vitro cytotoxicity of long-chain isonicotinic estefalcohol ligand 39
and complexes40 1 42 has been studied in the A2780 ovarian cancer cell line and
cisplatin resistant variant A2780cislsing the MTT assaylhe monomeric dichloro
complexes40 i 42 of ligand 39, exhibit very high cytoxicity in both the A2780 and
resistant cell line, see Tablé In particular, thep-cymene complexis highly
cytotoxic (Cso = 0.179 mM), the value being 9 bld lower thancisplatin in the
A2780 line (1.6mM) and 23 fold lower in the cisplatimesistant line A2780cisR:®

Table 7. Cytotoxicity values othe compound891 42

Compound A2780 A2780cisR
IC 50 [UM] IC 50 [UM]
39 162 208
40 0.598 3.564
41 0.179 3.036
42 2.995 9.566

32

t



Chapter 2: Ruthenium Nanoparticles Stabilized by Mesodégénds

Arene ruthenium complexes of alcohecl@ng-chain containing isonicotinic
ester ligand(40 7 42) show much higher cytotoxicity as compared to previously
described arene ruthenium complexes of alkylated domgin containing isonicotinic
ester ligandl2 i 15. It is worth noting that fod2 1 15, the cytotoxicities reflect, to some
extent, tloseof the free ligand€t 7 5. Interestingly, thesonicotinic ester ligan®9 is
almostinactive (IGo= 162 and 208rM) under comparable conditions, suggesting that
the cytotoxicity of these complexes may be duetheir good solubility in DMSO,
thusresulting in efficient ugke of these mononuclear complexdewever, it is too early to
say whether thessomplexesexert their cytotoxic effect via a similar mechanism to cisplatin
or whether different mechanisms are in operatiGgtotoxicity studies for ruthenium

nanoparticlegt3 are not possible due to the precipitation of these particles in DMSO.

2.5 Alkylated Long-Chain Bipyridine Ligand -Containing Arene
Ruthenium Complexes and Nanoparticles

2.5.1 Synthesis of a 5,5Disubstituted Bipyridine Ligand

5,5-Dimethyt2,2-bipyridine reacts with Noromosuccinimide (NBS) in carbon
tetrachloride to give 5,5Bis(bromomethyB2,2"-bipyridine!?* 5,5-Bis(bromomethyl2,2-
bipyridine reacts with 4decyloxy)phenol in the presence of potassium carbonate and 18

crown6 ether to yieldi4 according to a literaturmodified etherification procegs’

CioHa1
—N — O O/
—N — Br
v pa moomarens . = A )= )
N CioHa1 CH3CN / N
CioH24

Br (44)

Scheme 12

The reaction gived4in good yield, it is a new organic compound, the characterization

of which is presented in the Exjpaental Part.
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2.5.2 Arene Ruthenium Complexes of 5,5Disubstituted Bipyridine Ligand

The dinuclear complexes [(Bs)RuChl,,  [(p-MeCsHsP)RUCL], and
[(CsMeg)RUCKL], react in refluxing dichloromethanenethanol (1:1) mixturewith 2
equivalents o#4 to give the cationic complexets i 47, which can be isolated aloride
salts in quantitative yield, see Scheh® The complexation of ligand at the ruthenium centre
can be concluded from NMR spectta.the '"H NMR spectum of the ligand, the two Chi
protns adjacent to the bipyridine rings appear as a singlet at 5.09 ppm. However, in
complexes45 1 47, these two protons appear as two doublets with a germinal coupling
constant {J) of ~ 14 Hz. These lightsensitive complexesre obtained agellow to
yellow/brown powders,and are soluble in polar organic solvents, in particular in
dichloromethane and chloroform. The complexes are stdable in DMSO andparingly

soluble in water.

.
R C|\,Lu
1/2 Ci c o+ 4 @ —
Ru
S CioH24 arene CioH21
45 | CgHg
Scheme 13 46 | p-MeCqH,Pr
47 | CgMeg

Silver salts are usually employed to @m chloro ligands as chloride anions from
arene ruthenium complexes to give the corresponding aqua complexes. In thed&asd Hf
the removal otthe chloro ligand by silver sulfatesults in thformation ofthe monaqua
arene ruthenium complexd81 50, which can then be isolated as sulfate salts after filtration

from the reaction mixture, see Schebdie

2+

CH3OH / Ag,SO. H,0—R
45-47 ORGS0 2 u
-AgCl N N

CioH21 arene CioH21

48 | CgHs

Scheme 14 49 | p-MeCgH,Pr’
50 | CgMeg
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2.5.3 Ruthenium Nanoparticles from Arene Ruthenium Complexes Containinghe
5,5-Disubstituted Bipyridin e Ligand

The Ru nanoparticleSl areprepared by reducing8in refluxing methanolAfter
96 h, the black solution was evaporated under reduced prestheéH NMR of this
black material shows the presence of the free ligelhahd the absence of an aeepeak. The
stabilization of the ruthenium nanoparticles is maintaineddfyyas shown by the weak
bipyridine signals having lost their sharpneSeme fragmentation of the ligand has also
occured, a breakdown being observed for the ether linkage betteetwo aromatic
rings in 44. Transmission electron microscopy (TEM)pservation shows that this
black material contains agglomerated ruthenium nanoparticles. The other complexes

49171 50 cannot be reduced and give instead a green solution upon refluxtimamnod.

2.5.4 Anticancer Properties of the 5,5'Disubstituted Bipyridine Ligand and its Arene

Ruthenium Complex

The in vitro cytotoxicity of 5,5-disubstitutedbipyridine ligand 44 and its
p-cymenecomplex 46 has been studied in the A2780 ovariamear cell line and
cisplatin resistant variant A2780cisR using the MTT assiy compoundsi4 and
46 show amuch lower cytotoxicityas compared to previously described compounds,
see Table 8. This is probably due to the poor solubilityéfand 46 in water and
DMSO.

Table 8. Cytotoxicity values othe compoundd4 and46

Compound A2780 A2780cisR
IC 5o [UM] IC 50 [UM]
44 >50 >50
46 >50 >50
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2.5.5 Synthesis ofa 4,4-Disubstituted Bipyridine Ligand

4,4-Bis(bromomethyb2,2-bipyridine'*? reacts with 4(decyloxy)phenol in the
presence of potassium carbonate anatrb8vn6 ether to give$2 accordingto a literature

modified etherification process?

CqoH
Br 10121
N — °© O/
- o o 18-Crown-6, K,CO; =N — /:
\ * \
/ CioH21

\ / CHyON \ / \ /

N N
Br o% >7o
52
Scheme 15 Cwo"'z{ €2

The reaction giveS2in good yield, it is a new organic compound, the characterization

of which is presented in the Experimental Part.

2.5.6 Arene Ruthenium Complex d the 4,4-Disubstituted Bipyridine Ligand and the

Preparation of Ruthenium Nanoparticles

The dinuclear complexes [{Bs)RUCh], react in refluxing dichloromethane/methanol
(1:1) mixture with 2 equivalents @2 to give the cationic complex&s3, which canbe
isolated as the chloride salts in quantitative yield, see Scheme 16.

j+
.« Q &

C|\Ru

RO
12 c< >CI + 52
A \ / \ /
Cl _< »—O _< >_
Q C10H21 0\010H21

(53)
Scheme 16

It is not possible to reduce3 by a solvothermal route. A green solution is always
obtained upon refluxing these complexes in alcohols such asam@ttand ethanol.
Alternatively, he Ru nanoparticleS4 are prepared by reducir2p in the presence of
one equivalent of52 in absolute ethanol in a magnetically stirred stainksel
autoclave (volume 100 mL) under a 50 bar pressure 0&tHL00 °C forl4d h. After
pressure release, the black material is isolated and treated witGlCtdllowed by

centrifugation in order to remove excess of ligarithe '"H NMR shows ligand
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fragmentation at the ether linkagetween the two aromatic rings 3. The transission

electron microscopic images of these nanoparticles are presented in Fig. 16.

Figure 16. TEM micrograpls of ruthenium nanoparticles#
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Ruthenium Nanoparticles
Supported by Silicate Materials

3.1 State of theArt: Silicas, Zeolites and Clays

In recent years, metallic naparticles received much attention due to their potential
applications as catalysts. The design of nanocomposites consisting of functional metals and
adequate matrices is a challenge for the fabrication of recyclable catalysts. Highly active
metallic nanparticles must be stabilized by a suitable support in order to prevent aggregation
to bulk metat?® Therefore, ruthenium nanoparticles have been supported by
montmorillonite®* by nonporou&' or mesoporous sili¢dor by zeolites of the types bé&thor
faujasite'® All these materials have been shown to catalyze the hydrogenation of benzene to
give cyclohexane with excellent activitig!P74P: 784124123y hile polymersupported (on
PVP) ruthenium nanoparticles proved to be completely inatiivéhe very recent JACS
paper (2010) by Ozkar on faujasitepported ruthenium nanoparticféslaims this material
to fulfill the majority of the WgMeechach cher
observed earlier that the cationic complex gfig)Ru(H,0)s]** intercalates in aqueous
solution into the cationic sheets of layered materials such as synthetic hectorite by ion
exchange against sodium catioldVe used this strategy for the generation of metallic

ruthenium nanoparticles using different suppatgsh as clays, silicas and zeolites. The
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catalytic efficiency of these supported ruthenium nanoparticles was studied for arene
hydrogenation reactions. Hectorite, being the most efficient layered clay support, was
further systematically studied for the gleaand sizeselective preparation of ruthenium

nanoparticles, and selective C=C and C=0 bond hydrogenation reactions.

3.2 Shape and SizeSelectiveFormation of Ruthenium Nanoparticles

Intercalated in Hectorite

Since the physical and chemical propertiesnetallic nanoparticles are often related
to their size and shap& controlling their growth has been an area of active research for
decades® In the field of catalytic research, an effective size control of metal nanoparticles
helps the rational degi of catalyst for practical usé> Size and shape of nanoparticles are
usually controlled by varying different reaction parameters. For exaMafeget alwas able
to control the size of ruthenium nanoparticles in the range f7lnm by changing the
reducing agent, temperature and stabilt?eBonet et al.synthesized very small PVP
stabilized ruthenium nanoparticles (2 nm) with narrow size distribution by using ethylene
glycol**? Recently,Chen et al.found that the sizes and standard deviationsutifenium

nanoparticles decrease on increasing the temperature of reaction m&dium.

In this section, practical methods to efficiently control the growth of hectorite
supported ruthenium nanoparticles are discussed in detail. This work has significdruth o
fundamental and practical viewpoints, because a better -shagdesizeselectivity of these
supported nanoparticles is necessary to investigate their novel catalytic properties.

3.2.1 Preparation of Ruthenium Nanoparticles from [(CsHe)Ru(H20)3]?*

The dinuclear complex benzene ruthenium dichloride dimer dissolvweater with
hydrolysis to give, with successive substitution of chloro ligabgisaqua ligands, a
mixture of mononuclear benzene ruthenium complekeig in equilibriunt** The
benzenéH NMR signals in a BO solution have been assigned todfig RuCh(H-0)] (d
= 5.89 ppm), [(GHs)RUCI(H0),]* (d = 5.97 ppm), and [(§Hs)Ru(H,0)s]** (d = 6.06
ppm) (Scheme 17F° The dication [(GHs)Ru(H.0)s]%*, which has been isolated as the
sulfate and structurally characterizEd,is the major species present in the hydralyt

mixture over the pH range from 5 to 8 according to NMR spectrum.
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172 C' _c +H,0
RuS R _—
CI/ \CI/ &]
j + _‘ 2+

@ +H,0, -CI @ +H,0, -CI @

«~Ru B - «Ru _ - \N@.Ru
o \OHZ H,0,+ Cl o / \OHZ H,0,+ Cl H,0" / \OHZ

cl H,0 H,O
5 (CHg) =5.89 8 (CgHg) = 5.97 8 (CgHg) = 6.06

Scheme 7. Hydrolysis of the dinuclear complex [fB¢)RuClL], in water to give a mixture of

mononuclear benzene ruthenium complexes, the dicationic triaqua con
[(CeHs)Ru(H,0)3]** beingthe major product

When the yellow solution obtained from dissolving the dinuclear complex
[(CeHg)RUCL]2 in water after adjusting the pH to 8 by NaOH is added to white
sodium hectorite §5), the main hydrolysis product [§EBe)Ru(H.0)s]?"
intercalates into the solid, replacing the appropriate amount of sodium cations, to
give the yellow ruthenium(lkmodified hectorite56. This material, which can be
dried and stored inig reactseitherwith hydrogen under pressure (50 bar) at 2Q0
or refluxing alcohols by reduction of [(Ce¢He)Ru(H,0)3]?* to give the black
ruthenium(0)modified hectorites7 (Schemelg).

2

N& Na’ aq) SSDlE > [(CeHe)RU(H20)s]**

I H:0 I I
(55) (56)

I eitheHrz\ ‘ |||+-|||||

[(CsHe)RU(H20)3]** o \ g H30 H30+

N I I RCH,OH RCHO (N D
(56) (57)

Schemel8. lon exchange of Na" cations in sodium hectorite 55 (white)
against  [(CeHg)Ru(H,0)3]**  cations to give  ruthenium(ll)
modified hectorite 56 (yellow) and reduction of [(CgHg)Ru(H,0)s]**
in 56 either by molecular hydrogen or by refluxing alcoholsto
give ruthenium nanoparticles in thathenium(O}containing hectorit&7
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The ruthenium loading of the bladkectorite57 was assumed to be 3.2 wt%,
based upon the molar ratio of [{€s)RuCk], used (corresponding to 75% of the
experimentally determinéd’ cation exchange capacity d&5), and the presence of
metallic ruthenium was proven by its typical reflecsoin the Xray diaraction pattern.
The specific surface @37 was determined by losemperature nitrogen adsorption to be
207 nflg, which is significantly higher than for the unmodified hectoB&(87 nf/g),
the pore size distribution i67 showing a madnum of 1.98 nm->°

The size distribution of the ruthenium(0) nanoparticles5ih was studiedby
transmission el ectron mi croscopy ( TEM) u
processing and analysis. The micrographs show particles varying from 2 to 60 nm
depending on method of reduction and nature of solvent used. At the edges of
superimposedsilicate layers nanoparticles are visible, the lighter tone of which is
typical for intercalated particlesThe mean particle size and standard deviatignwere

estimated from image analysisaa. 100 particles at least.
Formation of HectoriteStabilizedRu(0) Nanoparticles under Hydrogen Pressure

When yellow ruthenium(lkcontaining hectorit®6 is reduced in an aqueous medium,
a black suspension is @lied, which represents a stable dispersion of ruthenium(0)
containing hectorit®7 in water. Even after storage for several weeks, the dispersed solid does
not precipitate. The TEM analysis of this material shows the presence of hexagonally shaped
ruthenum nanoparticles intercalated in hectorite, the nanoparticles having mean size of 38 nm

with a wide range of size distributiot ¥ 11.6), see Fig. 17.

Hexagonally shaped ruthenium nanoparticles are also obtained in water/methanol
mixtures, indicating that water is essential for the formation of hexagons in heé&arite
Whereas the reduction with,Hh alcohols alone produces neoor less spherically shaped
ruthenium particles (see below), the nanoparticles obtained in agueous methanol are also
hexagonally shaped, the size of which depends on the ratio of methanol/water: For example,
the reduction 066 in an aqueous solution c@amning 50% methanol results in a hectobie
containing relatively small hexagons with an average size up to 20.7 nm having a standard
deviationl < 25% ofthe mean particle size (Fig. 18), which is fairly narrow as compared to
that observed in pure water (Fig. 17). If the water content is inferior to 20%, hexagonally

shaped nanoparticles are not observed any more.
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Figure 18. TEM micrograph (a) and histograr
(b) of hexagonally shaped rutheniul
nanoparticles  prepared in
water/methanol (1:1) mixture
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The reduction 066 with molecular hydrogem different alcohols was studied as well.
The TEM micrographan these caseseveal the blackhectorite 57 to contain smadr

ruthenium nanoparticles as those observed in aqueous media, sE® Fig.

Figure 19. TEM micrographs of hectoritstabilized ruthenium nanoparticles prepared from
reduction ofyellow ruthenium(llymodified hectaite 56 in different alcohols: methanol (a)
ethanol (b). 2oropanol (c). Zbutanol (d)

When 56 is reducedin primary alcohols, well separated particles are observed, the
average size ranging from 9.4 nm (ethanol) to 12.3Iaprgpanol) with a fairly wide particle
size distribtion as shown in the histogramnia the caseof 1-butano) two kinds of particles
are observed with amveragesize of 3 nm and of 26.7 nm. In secondary alcohdls

reduction o6 with H; results in well separated arden smalleparticles (Figs19 and20).

44



Chapter 3: Ruthenium Nanoparticles Supported by Silicate Materials

% 60 Z-94nm, C=550m
2% =102nm, @ =36nm :
[ Szeditribuion [ ] Histogram 1
Gaussian fit Fit 1. Normal
30 —
(@) (b)

40 —|

- /\
S~

- N A R 0 |
2 4 6 8 10 12 14 16 18 20 22 24 0 4 8 12 16 20 24 28
Size of particle [nm] Size of Particle [nm]

Distribution [%)]
Distribution [%]
1

40 —

X=71mm O =24mm

X =41nm, & =14nm
[ size digribution [ Size distribution
—— 355 1EN fi

Gaussian fit

/M © N\ Q

[
o
\

Distribution [%)]
(%]
[=]
\
Distribution [%]

_ \ | \

0 2 4 6 8 10 12 14 16| 1 2 3 4 5 6 7 8 9 10
Size of particle [nm] Size of particle [nm]

Figure 20. Histograms of hectoritstabilized ruthenium nanoparticles prepared by réetuction in
methanol (a), ethanol (b);&opanol (c), Zoutanol (d) showing the particle size distributior

Formation of HectoriteStabilized Ru(0) irRefluxing Alcohols

We found outthat in refluxing alcohols other than methanol, the Ru(ll) complé&6in
is reduced to Ru(0) nanoparticles to givé even without hydrogen being present, which
shows that, in this caséhe alcohol itself functions as reducing age&8themel8). This can
be observed very easily by the color change of the refluxing hectorite suspension in various
alcohols from yellow to black. In the case of primary alcohols, the refluxing time necessary
for completion varies from 96 h (ethanol) to 12 hb(itanol), indicating that lorghain
alcohols are better reducing agents 36rto 57. The same applies to secondary alcohols
which are, however, less efficient than primary alcohols (67 B-fmopand and 24 h for 2
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butanol). Once the reduction is complete, an increased refluxing time has no effect on particle
size. However, hectoritstabilized ruthenium nanoparticles obtained this way tend to
aggregate to form clusters of nanoparticles. In every, dhemeanparticle size is always less

than 10 nm witha standard deviationlf generally greater thah8% of mean particle size

(Figs.21and22).

Figure21. TEM micrographs of hectoritstabilized ruthenium nanoparticles prepared by
reduction of yellow ruthenium(Himodified hectorite56 in different refluxing alcohols
without H, being present: ethanol (akptopanol (b), 2oropanol (c), Zoutanol (d)
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Figure 22. Histograms showing the particle size distribution leéctoritestabilized ruthenium

nanoparticles prepared by the reduction of yellow rutheriynmodified hectorite56 in
different refluxing alcohols without Hbeing presentethanol (a), dpropanol (b), 2
propanol (c), Zoutanol (d)

3.2.2 Preparation of Ruthenium Nanoparticles from [(arene),Ru,(OH)3]"

When an aqueous solution of a dinuclear complex ssch(@&He)RWCl4], [(p-
MeCeH4PP),RWCly] and [(GMes).RWwCls] is passed through a strongly basic anion
exchange resin, all chloro ligands are depleted from the complex as chloride anions. The
'H NMR spectrum in BO solution shows the presence of a singecies. A chloride
depleted species, obtained by passiiiGsHs).:RWwCls] through strongly basic anion

exchange

resin,has been isolated and structurally characterized. Theay
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crystallographic analysis reveals the presence of a new hydaoxicoxebridged complex,
[(CeHe)2RU(OH)2(O)] - 8H0O (58).

R O o %" Anion Exchange Resin Rd%i%:Ru\
CI/ U\CI/ o (I-)I

arene = CgHg (58), p-MeCgH,Pr' (59), CcMeg (60)

Scheme 19

The analogous complexes pfileCsHsPr),RWL(OH),0] - nHO (59) and
[(CeHg)2RW(OH)2(0)] - nHO (60) have also been prepared according to the above
mentioned procedure and amacterized by'H NMR, UV-Vis and IR spectroscopic

methods.

X-Ray Structural Analysis of [Els).RWw(OH)(0)] - 8HO (58)

Suitable crystals were obtained as yellow hexagonal plates by slow evaporation of
agueous solutionThe molecule possesses mirromsygetry and crystallizes as an octa
hydrate. There is evidence that some of that@ns in one of the aromatic rings (atoms C5
C8) undergo considerable thermal motion. Attempts to split these atoms did not improve the
situation. The OHanion appears to kdisordered with a water molecule in a position related
by the mirror symmetry of the structure. It was not possible to locate a hydrogen atom on
bridging oxygen O2. The average bond lengths for the bridging hydroxyl groups
(Ru-0O1) in this cation is 2.1A, which is very close to that of an already reported
[(CeHe)-RW(OH)s] " cation*® However, the bond length for bridging oxygen (R@) is
relatively small (2.058). The metaldistance between two ruthenium atoms (FRu2) is

2.95 A, just slightly outsidéhe distance of a metahetal bond.
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Figure 23. A view of the molecular structure of [§H¢),RU(OH),0O] - 8H,O with partial numbering
scheme and displacement ellipsoids drawn at the 50% probability level [symmetry code:
@) x, -y+1/2, 2]

Table 9. Selected bond lengttfd) and angleg°) for 58

Bond lengths (A) Angles (°)

Ru(1)}Ru(2) 2.950(6) Ru(1)}Ru(2)-0(2) 43.98(8)
Ru(1)0(1) 2.0952) Ru(2)-Ru(1)-0(2) 45.36(9
Ru(1)}0(2) 2.060(3) O(1)Ru(1)}0(2) 74.838)
Ru(2)-0(1) 2.0992) O(1)Ru(2-0(2) 74.768)
Ru(2-0(2) 2.04903) O(1)Ru@)-0(2) 76.178)

RU(1)-0(1)-Ru(2) 89.42(8)

RU(1)-0(2)-Ru(2) 92.08(1)

When the yellow solution of these dimeric complexes, obtained from anion
exchange resin, is added to white sodium hectord®),(they interalate into the
solid, replacing the appropriate amount of sodium cations, to give the yellow

ruthenium(llymodified hectorites. Inductively coupled plastoptical emission
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spectroscopy (ICROES) analysis of these yellow hectorites shows B2 mg Ru /

g of the yellow hectorites which means that these complexes replaced ~ 70% of
sodium cations present in hectorite. It may be assumed ttenheutral oxodj-
dihydroxobis[@-arene)ruthenium(ll)] complex dissolves iwater (pH > 9) with
protonation of the oxo bridge gives the cationic trihhydrximlge complexes6l i 63).
These cations can be intercalaiatb hectorite by cationic sodium exchange. The same
mechanism has @dady been reported in which treatment of the phesrmidged

[(CeHe)2RU(OCeHs)3] " cation with excess of water at room temperature gives the
[(CsHe)2RU(OH)3]* cation®

o \ pH > 9 ‘o

58 - 60

Scheme 20

The hectorite materials obtained4( i 66) react with hydrogen under
pressure (50 bar) at 10@ by reduction of the corresponding-p-hydroxobig (- d

arene)ruthenium(ll)] cationo give the black ruthenium(@nodified hectorites67 1 69
(Scheme 21).

Na' (6171 63) .
“ Na'w > [(arene);Ruy(OH)]
Lt ri-ri1 H0 HEEEEEN
(55) (6471 66)
L1111 LI 1111
. H2 - H30+
[(arene),Rux(OH);] > H,O"
Lt i-ri1 Lt ri-ri1
(647 66) (671 69)
Scheme2l. lon exchange of Nacations in sodium hectoritg5 (white) against

[(arene}Ru,(OH);]" cations to give ruthenium(l¥modified
hectorites64 i 66 (yellow) and reduction of [(arengRu,(OH)s]" in
641 66 by molecular hydrogen give ruthenium nanoparticles in 1
ruthenium(0}containing hectorité71 69
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The size distribution of the ruthenium(0) nanoparticle$7i 69 was studiedby
transmission electron microscopy (TEMJhe micrographs show particles varying
from 1 to 24 nm depending on the nature of the arene substituernti-in
hydroxobi§ (-adene)ruthenium(ll)] cation used to prepdté i 66. At the edges of
superimposedsilicate layers nanoparticles are visible, thghter tone of which is
typical for intercalated particlesThe mean particle size and standard deviatigrnwere

estimated from image analysisaa. 100 particles at least.
Formation of HectoriteStabilizedRu(0) Nanoparticles Usinf{CgsHs)2Ru(OH)3] * (67)

When a yellow solution of [(§He)2Ru(OH)s]™ (61), obtained by passing
[(CeH6)2RW:Cl4] through a strongly basic anion exchange resin, is added to white
sodium hectorite §5), cations intercalate into the solid, replacing the appropriate
amount of sotum cations, to give the yellow ruthenium@dmodified hectorite64.
ICP-OES analysis of this yellow hectorite shows the presence of 32.2 mg Ru / g of
64. This material, which can be dried and stored in air, reacts hytirogen under
pressure (50 bar) at00 °C by reduction of[(CeHe)2RuUx(OH)3]" to give the black
ruthenium(0O)modified hectorite67 (Scheme 21). The ruthenium loading of the black
hectorite67 was assumed to be 3.2 wt%, based upon the®EB analysis of Ru for

yellow ruthenium(llymodified hectorite64.
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Figure 24. TEM micrograph with SAEDd) and histogramk) showing size distribution authenium(0)
nanoparticles in67 preparedfrom H, reduction of[(CgHe)-RU,(OH)s]* containing yellow
ruthenium (Ilymodified hetorite 64 in ethanol
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The TEM analysis of this material shows the presence of ruthenium nanoparticles
intercalated in hectorite, the nanoparticles having mean size of 12.3 nm with a wide range of
size distribution i = 4.9), see Fig. 24. Fine rings in seled-areaelectrondiffraction (SAED)

pattern show that these nanoparticles are crystalline in nature.

Formation of HectoriteStabilizedRu(0) Nanoparticles Usinf(p-MeCsHa4'Pr),Ru(OH)s] *
(69)

When a yellow solution of f{-MeCgH4 Pr),Rux(OH)s]* (62), obtaned by
passing[(p-MeCsH4 PrLRW.Cly] through a strongly basic anion exchange resin, is
added to white sodium hectorit®5), cations intercalate into the solid, replacing
the appropriate amount of sodium cations, to give the yellow ruthenium(ll)
modified hectorite 65. ICP-OES analysis of this yellow hectorite shows the
presence of 31.8 mg Ru / g 6b. This material, which can be dried and stored in air,
reacts with hydrogen under pressure (50 bar) at 100 by reduction of [(p-
MeCsH4 PrpRu(OH)s]* to give the black ruthenium(@hodified hectorite68 (Scheme
21).
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Figure 25. TEM micrograph 4) and histogram k) showing size distribution ofruthenium(0)
nanoparticles in68 preparedfrom H, reduction of[(p-MeCgH,'Pr),Ru,(OH)3]" containing
yellow ruthenium (Ilimodified hectorites5in ethanol

The TEM analysis of this material shows the presence of aggregatteehium
nanoparticles intercalated in hectoyritee nanoparticles having mean size of 8.7 nm with a
wide range of sizdistribution (1 = 2.7), see Fig25.
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Formation of HectoriteStabilizedRu(0) Nanoparticles UsinfCsMes):Ru(OH)s] © (69)

When a yellow solution of [(§Meg)2RU(OH)3]™ (63), obtained by passing
[(CsMeg)2RWw:Cly] through a strongly basic anion exchange resin, is addeahite
sodium hectorite §5), cations intercalate into the solid, replacing the appropriate
amount of sodium cations, to give the yellow ruthenium¢iddified hectorite66.
ICP-OES analysis of this yellow hectorite shows the presence of 27.1 mg Ru / g of
66, relatively less than those discussed previaudifiis material, which is highly
sensitive to air and should be stored under inert atmosphere, reactsydittgen under
pressure (50 bar) at 100 by reduction of[(C¢Meg)2Rux(OH)s]* to give the black
ruthenium(0O)modified hectorite69 (Scheme 21). The ruthenium loading of the black
hectorite69 was assumed to be 2.7 wt%, based upon theQEB analysis of Ru for

yellow ruthenium(ll}ymodified hectorite66.
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Figure 26. TEM micrograph &) and histogram h) showing size distribution ofruthenium(0)
nanoparticles in69 preparedfrom H, reduction of[(C¢Hg),RU(OH)3]™ containing yellow
ruthenium (Ilymodified hectoriteés6 in ethanol

The TEM analysis of this material shows the pres of clusters of smallithenium
nanoparticles intercalated in hectoyritee nanoparticles having mean size of 4 nm with a

relatively narrowange of size distributioniE 2.7), see Fig26.

An overall comparison of particle size distribution of ruthen nanoparticles
obtained in the above mentioned experiments is showfigare 27. It is evident from
this figure that the reduction ¢fCsHs)RU(OH)3]" in 64 gives large nanoparticles with a
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wide range of size distribution. However, small nanopasiakith narrow size distribution
can be obtained by the reduction of §§¢).Ru(OH)s]* containing66. In conclusion,

growth of ruthenium nanoparticles in hectorite can be easily controlled by changing the
nature of arene substituent in these organometadimplexes.
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Figure 27.  Comparison of Ru nanoparticles size distribution in the hecto8itgs 1)/
68 (I 1)and69 (1 1)
The yellow ruthenium(lhmodified hectorite66 containing[(CeMes)2Ru(OH)z]*

(63) is highly sensitive to air, it turns grearpon exposure to air, probably due to the
oxidation of the ruthenium centers. This matei@imust be stored under nitrogen.

air

Figure 28. Freshly prepared hectorit@6, containing[(C¢Meg).Ru(OH)s]" which is yellow (a) and
green material obtained by exposure to @D (b)
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This green hectorite material alseacts withhydrogen under pressure (50 bar)
at 100°C to give a black ruthenium(0)nodified hectorite71. The TEM analysis of this
material shows the presence of sasatled, highlydispersedruthenium nanoparticles

intercalated in hectorife¢he nanoparticles havirgmean size of 2 nm with a narrow range of
size distribution { = 0.7), see Fig29.
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Figure 29. TEM micrograph 4) and histogram k) showing size distribution ofruthenium(0)
nanoparticles irv1 preparedrom H, reduction ofgreen hectorit&@0 in ethanol

The nanoparticles obtained by theduction of green hectorité0 are even smaller
than those observed by the reduction gfllow hectorite 66 containing

[(CeMeg)RU(OH)s]". Moreover, the Gaussian fit is sharper with a narrower size

di stribution (G = 0. 78sare wamddisperseshe ans t hat
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Figure 30. Comparison of Ru nanoparticle size distributiobtained
by the reduction of[(C¢Meg),Ru(OH)s]™ containing
yellow hectorite66 (I )iand oxidized green hectoritt
700 1)i

3.3 Ruthenium Nanoparticles Supported by Montmorillonite,
Mesoporous Silicas and Zeolites

3.3.1 Montmorillonite -Supported Ruthenium Nanoparticles

Montmorillonite is, just like hectorite, a naturally agcing clay belonging to
smectite family. Both clays have the same cation exchange capacity (1.0 meq/g) but
different structural and swelling properties. Montmorillonite is a dioctahedral,
aluminium based cldy®! in which the sodium cations in the intaminar space can
easily be exchanged in water by other wageluble organic, inorganic or

organometallic cations.
Preparation of Ruthenium Nanoparticles Supported by Montmorillofdte

When a yellow solution, obtained from dissolving the dinuclear derp
[(CsHs)RUCL]. in water after adjusting the pH to 8 by NaOH, is added to white sodium
montmorillonite 72, the main hydrolysis product [¢B8s)Ru(H.0)s]?" intercalates into
the solid, replacing the appropriate amount of sodium cations, to give the yellow
ruthenium(llymodified montmorillonite 73. This material, which can be dried and
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stored in air, reacts with hydrogen under pressure (50 bar) af@Qdfy reduction of
[(CeHs)RU(H,0O)3]** to give the black ruthenium(@podified montmorillonite74. The
ruthenium loading of the black montmorillonité4 was assumed to be 3.2 wt%, based

upon the the molar ratio of [(Elg)RUCL], used in73.

3.3.2 Zeolite-Supported Ruthenium Nanoparticles

Zeolites are robust alumino silicate minerals and are considered pronaisiag
support for metallic nanoparticléd’ They are porous materials with a pore size usually
less than 10 nm. Zeolites are well known for molecular shape selectivity during a
catalytic reactiort’® Two faujasite zeolites/iz. Y-type and ultrastable Yype (USY)
zeolites were selected for the intercalation of gH§)Ru(H.0)s]** complexes and
generation of zeolitsupported ruthenium nanoparticles for catalytic studies. These
zeolites possashigh surface area 660%hg having pore diameter in the rangeQo741i
1.3 nm. Compared to US¥pe zeolite (3.90 meq / g),-¥pe zeolite has huge cation
exchange capacity (5.34 meq / g), thus allowing the dispersion of large amount of

catalytically active components.
Preparation of Ruthenium Nanoparticles SupporbgdY-Type Zeoliter 7

When a yellow solution, obtained from dissolving the dinuclear complex
[(CeHe)RUCL], in water after adjusting the pH to 8 by NaOH, is added ta-MHeolite
75, the main hydrolysis product [(Bs)Ru(H,O)s]** adsorbs into the zeolitehannels,
replacing the appropriate amount of ammonium cations, to give the yellow
ruthenium(llymodified Y-type zeolite 76. ICP-OES analysis shows 81.4 mg of
ruthenium loading per gram @t. This material, which can be dried and stored in air,
reacts wih hydrogen under pressure (50 bar) at 100G by reduction of
[(CeHe)RU(H,O)35]** to give the black ruthenium(@hodified Y-zeolite 77. The
ruthenium loading of the black-Yeolite23 was assumed to be 8.1 wt%, based upon the
ICP-OES analysis o76.
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Prepardaion of Ruthenium Nanoparticles Supported by USye ZeoliteBO

When a vyellow solution, obtained from dissolving the dinuclear complex
[(CeHe)RUCL], in water after adjusting the pH to 8 by NaOH, is added ta-NSY
zeolite 78, the main hydrolysis produd{CeHs)Ru(HO)s]*>* adsorbs into the zeolite
channels, replacing the appropriate amount of ammonium cations, to give the yellow
ruthenium(llymodified USY-type zeolite 79. ICP-OES analysis shows 70.9 mg of
ruthenium loading per gram &1. This materialwhich can be dried and stored in air,
reacts with hydrogen wunder pressure (50 bar) at @ by reduction of
[(CeHs)RU(H,O)3]** to give the black ruthenium(@podified USY-zeolite 78. The
ruthenium loading of the black USXeolite 80 was assumed to be 7wit%, based upon
the ICROES analysis o79.

3.3.3 Silica-Supported Ruthenium Nanoparticles

Two types of silicasviz. GRACE SPR1522 and SBAL5 were selected for the
intercalation of [(GHe)Ru(H0)s]>* complex and generation of silicupported
ruthenium naoparticles. Compared to SFE522 silica, SBAL5 is highly ordered
mesoporous silica with pore size of 6.8 nm and huge surface area ¢g85%, mlowing
the dispersion of large amount of catalytically active components.-8BAas honey
comb like structureontaining disconnected chandide pores*** These pores help the
diffusion of molecules during catalytic processes. These properties makelSBA
promising candidate as catalyst support and therefore one of the most attractive silica

host material fonanoparticles®?
Preparation of Ruthenium Nanoparticles Supported bylSP2 Silica83

When a yellow solution obtained, from dissolving the dinuclear complegH{RuCl],

in water after adjusting the pH to 8 by NaOH, is added to GRACESR silica81, the
main hydrolysis product [(§Hs)Ru(H.0)s]** adsorbs into silica pores to give the yellow
ruthenium(llymodified SPR1522 silica 82. ICP-OES analysis shows 39.1 mg of
ruthenium loading per gram &2. This material, which is sensitive to air and sholoéd
stored under Natmosphere, reacts with hydrogen under pressure (50 bar) &C169
reduction of [(GHe)Ru(H,0)s]?* to give the black ruthenium(@odified SR1522 silica
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83. The ruthenium loading of the black 9B22 silica83 was assumed to be 3.9%,
based upon the IGRES analysis 082.

Preparation of Ruthenium Nanoparticles Supported by-3B/ilica86

When a yellow solution, obtained from dissolving the dinuclear complegH{RuClh]-

in water after adjusting the pH to 8 by NaOH, is adde®&BA-15 silica84, the main
hydrolysis product [(@Hs)Ru(H,O)s]*>" adsorbs into silica pores to give the yellow
ruthenium(llymodified SBA15 silica 85. ICP-OES analysis shows 47.1 mg of
ruthenium loading per gram &85. This material, which is sensitive &ir and should be
stored under Batmosphere, reacts with hydrogen under pressure (50 bar) &C169
reduction of [(GHs)Ru(H,0)s]** to give the black ruthenium(@hodified SBA15 silica
86. The ruthenium loading of the black SBAS silica86 was assmed to be 4.7 wt%,
based upon the IGRES analysis 085.

34 Hydrogenation of Arenes Catalyzed by Ruthenium Nanopatrticles

Arene hydrogenation catalysis has been a fascinating area of research since many
decades® Hydrogenated aromatic products suchcgslohexane are industrially important
intermediates. Annually, millions of tons of cyclohexane are produced by this route for adipic
acid synthesis, which is used in polymer (nylon, resin), pharmaceutical and food intfustry.
Moreover, growing demand argtricter environmental legislations also insist for cleaner
fuels, thus necessitating the removal of toxic benzene and polyaromatic contents it tiesel.
Lower aromatic contents also enhance the fuel quality by improving its cetane rimber.
Therefore,the development of an efficient catalyst for the hydrogenation of arenes is a

demanding task.

Traditionally, such hydrogenations are usually performed under harsh reaction
conditions™*’ For example, industrial processes for benzene hydrogenation ireithée a
liquid phase processes employing Rahiy1701 230 °C, 20i 40 bar H)**® or vapour
phase processes using noble metals (> 400 °C, 30 4P bt Zieglertype catalysts doped

with Ni or Co salts (180 °C, 7 banH™°

During the last decadesxtensive efforts have been devoted to develop a competent,

practically feasible and energy efficient catalyst for arene hydrogenation. A brief look over
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the research work which appeared during the last five years shows that the supported noble
metal nanopdicles are being thoroughly studied to realize the dream of an efficient and
practically viable catalyst for such hydrogenations at mild conditions. Recently, several
articles reported the hydrogenation of arenes especially neat benzene catalyzed tgdsuppo
metal nanopat i cl es under mil d r eac t) with modesbturrdbvet i on s
frequencies upto ~ 1000"H*** Currently, Zahmakiraret al. were able to provoke
solventless hydrogenation of neat benzene at a rate of 542Gihg Ru(0) nanocluster
stabilized by Ytype nanozeolite framework under the above mentioned mild reaction
conditionst? Jacintoet al. hydrogenated benzene and toluene at 75 °C and 6 bar hydrogen
using supported Pt(0) nanoparticles, turnover frequencies being 1111 and 662 h
respectively>* Rhodium especially activated on carksupported Rh(0), is considered the

best option for arene hydrogenation as compared to other supported transition metal
catalysts=>? For example, Motoyamat al. efficiently catalyzed the benzene hgdenation

using CNFsupported Rh(0) with a turnover frequency of 775Quhder 4 bar hbipressure at

75 °CX? Yoon et al. reported the solventless hydrogenation of benzene usiligRPACNT

system at room temperature and 10 bamiith a TOF being 593 h**® Dyson group used
polymerstabilized rhodium nanoparticles for toluene hydrogenatiori (9% % conversion)

at 60 °C and 20 bar #Hor 2 h'** Recently, Vangliset al. achieved an exceptionally high
catalytic activity (TOF > 2040001 using wateisduble Rh/TPPTS complexes at 80 bar H
pressure and 130 °C, turnover frequency being calculated as per mole of hydrogenated C=C
units of benzene per mole of Rh per htiiin spite of excellent activity of rhodium towards
arene hydrogenation, the recycling expensive rhodium catalysts is limited due to facile

sintering and leaching of metallic rhodidmi.

Supported ruthenium catalysts are also being studied extensively and several papers
have been published during this time. For example, Shatne. achieved the complete
conversion of benzene into cyclohexane within 2 hours using ruthenium containing
hydrotalcite clay at 120 °C and 60 bag ptessure?® Borichaet al. used montmorillonite
supported Ru(0) at 100 °C and 34.5 bar¥Marquardtet al.reported a turnover frequency
of 1570 R using graphensupported Ru(0) at 4 barldnd 75°C.**’ Rossiet al.calculated a
turnover frequency of 3550'tfor benzene hydrogenation under mild reaction conditions (75
°C, 4 bar H) using Ru(0) nanoparticlestabilized by imidazolium ionic liquid¥® Our group

has recently reported that hectosigpported Ru(0) nanoparticles are also efficient catalyst

60



Chapter 3: Ruthenium Nanoparticles Supported by Silicate Materials

for such hydrogenations under mild conditions (50°C, 50 bamith turnover frequencies
being 6531 and 3 h* for benzene and toluene respectivéf '

In this section, a detailed study for the hydrogenation of arenes (benzene and toluene)
over the supportetuthenium nanoparticles is being presented. The triaqua cationic complex
[(CeHe)RU(H:0)3]** was sed as precursor of ruthenium nanoparticles. Different support
materials such as zeolites (Y and USY type), silicas (@3BAand SPL522) and layered clays
(hectorite and montmorillonite) were evaluated with a special emphasis to hestipterted
ruthenum nanoparticles which proved to be relatively the best choice for such

hydrogenations.

3.4.1 Arene Hydrogenation Catalyzed by Ruthenium Nanoparticles in Layered Clays

The hectoritesupported ruthenium nanoparticlé§, and the montmorillonite
supporte ruthenium nanoparticleg4 have been used as catalysts for the hydrogenation of
benzene and toluene. Both hectorite and montmorillonite have different swelling properties,

hectorite being known for its exceptional swelling (35 times higher).

Hydrogenaibn of Benzene Catalyzed by Ru Nanopatrticles in Hectorite

Ruthenium nanoparticles intercalated in hectorite are highly active
hydrogenation catalysts: Rutheniun@ntaining hectorite57 efficiently reduces
even benzene to give cyclohexane under mitthditions 60 °C). However, the
catalytic activity of57 crucially depends on the way how the rutheniumgbntaining
hectorite57 is prepared and conditioned as well as on the solvent used for benzene

hydrogenation.

(e - [T

The catalytic activity of the vamus Ru(Oj)hectorite 57 samples obtained by
different synthesis and conditioning for the hydrogenation of benzene was studied in
various alcohols or in water under a hydrogen pressure of 50 t&r °at It turned out
that ethanol is by far the best solvét catalytic benzene hydrogenation (TabG3.
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Table 10. Benzene hydrogenation using Ru{@ctorite57 prepared by reduction of Ru(iRectorite56 with H,

Medium for

catalyst LHEEN particle  Solvent for Reactiortime  Conversion Activit}l/ )
preparation size (nm) catalytic reaction (h) (%) TOF (HY)

H,0 38 H,0 0.5 63 3670
EtOH 2.2 56 839
H,O/MeOH (1:1) 21 H,O/MeOH (1:1) 1.1 71 1874
EtOH 1.7 39 883
MeOH 10 MeOH 1.9 47 893
EtOH 0.3 46 5060
EtOH 9 EtOH 0.2 38 6531
PI"OH 12 PI"OH 1.3 64 1553
EtOH 0.5 39 3278
PFOH 7 PFOH 0.3 34 4753
EtOH 0.3 60 5732
Bu"OH 3and 27 Bu"OH 1.4 56 1354
EtOH 0.6 70 3508
Bu'OH 4 BU'OH 0.4 41 4125
EtOH 0.2 18 5564

®TOF, turnover frequency was calculated as moles of converted benzene per mol Ru per hour

Otherwise, no clear correlation between the catalytic activity and the size nor
the shape of the ruthenium(0) nanoparticles intercalated in hectorite can be
established. The way ho®&7 is prepared and conditioned is much more important than
particle sizeand shape. Thus, the Ru{bgctorite57 obtained by reduction 056 in
refluxing alcohols (in the absence of hydroges)almost inactive in the original

alcohol and become only slightly active after being transferred to ethanol (T@ble

Table 11. Benzne hydrogenation using Ru{bgctorite 57 prepared by reduction of Ru(iRectorite 56 in
refluxing alcohols

Medium for Mean particle Solvent for Reaction time  Conversion  Activity
catalyst preparatior  size (nm) catalytic reaction (h) (%) TOF (hY?
EtOH 3 EtOH 4.7 34 301
Pr'oH 2 Pr"OH 72 0 0
EtOH 3.2 53 564
PFOH 9 PFOH 72 0 0
EtOH 57 21 20
Bu"OH 4 Bu"OH 182 14 5
EtOH 2.6 53 684
BU'OH 6 BUOH 31 37 479
EtOH 6.9 35 208

*TOF, turnover frequency was calculated as moles of conveetezkthe per mol Ru per hour

62



Chapter 3: Ruthenium Nanoparticles Supported by Silicate Materials

By contrast, the Ru(Ghectorites57 prepared by reduction d&6 with H; in
ethanol or other alcohols are more or less catalytically active in the original reaction
medium and become even more active if transferred to ethartdiewer the size
(mean values varying from 3 to 27 nm) of the ruthenium nanoparticles is (Taple 1
The highest catalytic activity is observed w7 being prepared with fin ethanol
(TOF 6531 AY). This suggests that the highly active ruthenium nantgas (made by

H, reduction of56) contain hydrogen adsorbed at the surface or in the interior.

A special cases the large and mediuraized hexagonally shaped ruthenium
nanoparticles obtained in hectorite by reduction56f with molecular hydrogen in
water or in agueous methanol. Despite their regular shape sizs, they are quite
active for benzene hydrogenation in an aqueous system (TOF 36ifDHLO or 1874
hin H,O/MeOH, 1:1), but their activity drops sharply by transferring them to ethanol
(Table 11). A possible explanation might be that the hexagonal nanoparticles
exclusively obtained in the presence of water contain water or hydroxyl groups at the

surface which may be blocked or replaced by alcohols.

Hydrogenation of Toluene Catalyzed byfanopatrticles in Hectorit&7

The catalytic activity of the Ru(&hectorite57 for the hydrogenation of toluene
was studied under a hydrogen pressure of 50 b&0 &C. It turned out that ethanol is by
far the best solvent for catalytic toluene hydrogemafTablel12).

Table 12. Toluene hydrogenation using Ru{@&ctorite57 prepared by reduction of Ru@Rectorite56 with H,

Medium for Solvent for Conversion Activity

catalyst preparation catalytic reaction RERELE WAE () (%) TOF (h%)?
EtOH EtOH - - 3550
No Solvent No Solvent 0.5 61 1760

®TOF, turnover frequency was calculated as moles of ctevéenzene per mol Ru per hour
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Hydrogenation of Benzene and Toluene Catalyzed by Ru Nanoparticles in Montmori#onite

The catalytic actiiy of the Ru(O)montmorillonite 74 samples for the
hydrogenation of benzene and toluene was studied under a hydrogen pressure of 50 bar
at 50 °C. It turned out that ethanol is by far the best solvent for catalytic benzene

hydrogenation (Tabl&3).

Table 13. Benzenéhydrogenation using Ru(@hontmorillonite74 prepared by reduction of Ru(l)
montmorillonite 73 with H,

Medium for Solvent for A Conversion Activity
catalyst preparation catalytic reaction R (i ) (%) TOF (HY)?
EtOH EtOH 20 38 1327
H,O H,O 0.8 37 1543
No Solvent No Solvent 4.8 28 204

®TOF, turnover frequency was calculated as moles of ctetvéenzene per mol Ru per hour

Table14.  Toluene hydrogenation using Ru(@hontmorillonite 74 prepared by reduction oRu(ll)-
montmorllonite 73 with H,

Medium for Solvent for ey o Conversion Activity
catalyst preparation catalytic reaction Reaction time (h) (%) TOF (HY)?
EtOH EtOH 17 50 86
H,O H,O 16 58 104
No Solvent No Solvent 18 61 102

®TOF, turnover frequency was calculated as moleconveted benzene per mol Ru per hour

3.4.2 Arene Hydrogenation Catalyzed by Ruthenium Nanopatrticles in Zeolites

The catalytic activity of the Ru(©jeolite (Y- and USY-type) samples for the
hydrogenation of benzene and toluene was studied umtgdrogen pressure of 50 bar
at50 °C. It turned out that water is by far the best solvent for catalytic benzene hydrogenation
for USY- zeolite supported ruthenium nanoparticles (Tat#¢. However, Ru(Gxeolite

system proved to be relatively inefficiea® compared to Ru(@®ectorite.
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Table 15. Arenehydrogenation using Ru(0) zeolite77 prepared by reduction of Ru@¥ zeolite 76 with H,

Medium for _ Substrate Sol\(ent for. Reaction time  Conversion Activit_)ll
catalyst preparation catalytic reaction (h) (%) TOF (h)?

EtOH Benzene EtOH 5.0 26 72
H,O Benzene H,O 0.6 46 999

No Solvent Benzene No Solvent 5.3 6.1 16
EtOH Toluene EtOH 48 40 10
H,0O Toluene H,O 22 50 26

No Solvent Toluene No Solvent 4.6 40 101

®TOF, turnover frequency was calculated asawndalf conveeed benzene per mol Ru per hour

Table 16. Arenehydrogenation using Ru(@)SY zeolite80 prepared by reduction of Ru@ySY zeolite79

with H,
Medium for Substrate Solvent for Reaction time  Conversion Activity
catalyst preparation catalytic reaction (h) (9%0) TOF (HY)?
EtOH Benzene EtOH 1.9 25 202
H,O Benzene H,O 0.5 43 1469
No Solvent Benzer No Solvent 4.2 29 111
EtOH Toluene EtOH 41 37 12
H,O Toluene H,O 16 59 49
No Solvent Toluene No Solvent 5 47 125

®TOF, turnover fequency was calculated as moles of coraeebenzene per mol Ru per hour

3.4.3 Arene Hydrogenation Catalyzed by Ruthenium Nanopatrticles in Silicas

The catalytic activity of the Ru(®ilica (SRPR1522 and SBAL5) samples for the
hydrogenation of benzerend toluene was studied & °C under a hydrogen pressure
of 50 bar SR1522 supported Ru(0) was able to efficiently catalyze the toluene
hydrogenation under solventless conditions at a rate of 41¢Bahle17). However, Ru(0)

silica system proved toelrelatively inefficient for benzene hydrogenation.
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Table 17. Arene hydrogenation using Ru({BP-1522 silica 83 prepared by reduction of Ru{g§Rr1522
silica 82 with H,

Medium for _ Substrate Sol\{ent for' Reacton time Conversion Activit}l/
catalyst preparation catalytic reaction (h) (%) TOF (h)?

EtOH Benzene EtOH 0.6 29 1423
H,O Benzene H,O 0.3 37 3392

No Solvent Benzene No Solvent 3.8 58 447
EtOH Toluene EtOH 17 43 608
H,0 Toluene H,O 2.0 56 668

No Solvent Toluene No Solvent 3.7 64 4169

®TOF, turnover frequency was calculated as moles of ctetvéenzene per mol Ru per hour

Table 18. Arene hydrogenation using Ru¢@BA-15 silica 86 prepared by reduction of Rud§BA-15silica

85 with H,
Medium for Substrag Solvent for Reaction time  Conversion Activity
catalyst preparation catalytic reaction (h) (%) TOF (hY?
EtOH Benzene EtOH 5 26 123
H,O Benzene H,O 12 37 736
Solventless Benzene No Solvent 0.8 89 2566
EtOH Toluene EtOH 0.8 65 1634
H,O Toluene H,O 16 63 92
Solvertless Toluene No Solvent 21 58 55

®TOF, turnover frequency was calculated as moles of ctetvéenzene per mol Ru per hour

In conclusion, #ica- and zeolitesupported Ru(0) are found to be relatively inefficient
probably due to high catisnexchame capacity of these materials. Huge quantities of
[(CeHs)Ru(H0)3]** cation intercalate in these materials, which result in large agglomerates of
Ru(0) upon H reduction. The size of these agglomerates was found to bel60 nm.The

best results are tdined with hectoritessupported ruthenium nanopatrticles.
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3.5 Hydrogenation of Furfuryl Alcohol Catalyzed by Ruthenium

Nanoparticlesin Hectorite

The hydrogenation of furfuryl alcohol (FA) to give tetrahydrofurfuryl alcohol (THFA)
iIs of great importance.tlis an environmentally acceptable green solvent which is
biodegradable with low toxicity?® This green solvent has an octane number of 83 and it is
also being investigated for use as an additive in "clean” fuels, allowing diesel and ethanol to
be mixed®**®* Furfural, THFA's parent compound, is derived from agricultural waste
biomass such as rice hulls, carobs and sugarcane bagasse. Thus, THFA is manufactured
from renewable sources, which make itpeeferred choice for fine chemical synthesis,

pharmaeutical formulations, coatings and paint stripper applicafitns.

This great potential of THFA focused our attention on the hydrogenation of FA, but
little information is available in this regard. A brief literature survey shows that rielseld
catalyss (alloys or Raneynickel, promoted or supported) are generally used for this reaction.
With these catalysts, the yields are generally high, but the reaction is not very selective.
Moreover, drastic pressure and temperature conditions are required.n\&hle (Pd, Pt and

Rh) supported catalysts are less efficient thasufiported catalyst§>1%®

Ruthenium nanoparticles intercalated in hectorite are shown to be highly active and
selective catalysts for this reaction: Rutheniurg@taining hectorit&7 efficiently reduces
FA to give THFA under mild conditions, the formation of the usual-prdeluct 2,5
bis(trimethyleneoxyl,4-dioxane being avoided.

OH OH

o o
H, (20 bar)

\ / 57,40°C, 1h

(FA) (THFA >99%)

However, the catalytic activity ob7 crucially depends on the wafilow the
ruthenium(0)containing hectorité7 is prepared and conditioned as well as on the solvent
used for FA hydrogenation. The effects of various factors on the course of FA hydrogenation
were evaluated in order to determine suitable conditions forrmemi FA conversion and

highest possible selectivity towards THFA.
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3.5.1 Influence of the Various Solvents on Catalyst Behavior

Solvents are known to have a significant effect on the rate of catalytic hydrogenation.
The effect of solvent is attributed tonaus factors, which include solubility of hydrogen,
thermodynamic interaction of solvent with reactant and product, competitive adsorption of
solvent, et¢® Yellow hectorite56 was reduced in 10 mL of different polar solvents (Fig.
31a) under a pressuot hydrogen (50 bar) at 100 °C for 14 h. The hydrogenation of FA was
evaluated by adding 1mL of FA under a pressure of hydrogen (25 bar) at 50 °C for 2h while
stirring vigorously. The effect of various solvents on FA hydrogenation is shown in Fig. 31a.
Methanol resulted in a maximum FA conversion and in the highest yield of THFA. The use of
other alcohols as solvent decreased the yield. In non alcoholic solvents, the catalyst was
almost inactive. This high yield in alcoholic solvents, especially in methanay be
attributed to an increase in the concentration of dissolved hydrogen and therefore to an

increase in the general reaction rate-"**"*
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Fig. 31 Effect of different solvents on FA hydrogenation) (Effect of different volumes of
MeOH on FA hydrogenationb(

3.5.2 Influence of the Solvent Volume on the Catalyst Performance

In order b find the optimal volume of methanol for the hydrogenation of FA, the
ruthenium(0) nanoparticles &7 were obtained by reducing yellow hectorié in different
volumes (mL) of methanol (Fig. 31b) under a pressure of hydrogen (50 bar) at 100 °C for 14
h. Hydrogenation of FA was done by adding 1mL of FA under a pressure of hydrogen (25

bar) at 50 °C for 2h while stirring vigorously. The optimal volume of methanol for the highest
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yield of THFA was found to be 18 mL. For further experiments, this volumestiianol was
used to prepare ruthenium (0) nanoparticlés/in

3.5.3 Influence of Pressure and Temperature on the Catalyst Performance

The effect of reaction temperature was studied in the range 6f °C with
different hydrogenation partial pressu(&sy. 32). It was observed that reaction temperature
has a pronounced effect on the catalytic behavior of the ruthenium(0) nanoparti&Tessin
evident from the graphical representation of experimental results. When yellow hegorite
was reduced in MeB® (18 mL) under a pressure of hydrogen (50 bar) at 100 °C for 14 h, a
black suspension of the ruthenium(0) nanoparti&liésn methanol was obtained. For the
hydrogenation of FA (1 mL) over these ruthenium(0) nanoparticles, the optimal conditions

found wee 40 °C under 20 bar hydrogen partial pressure.
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Figure 32. Effect of pressure and temperature on FA hydrogenation

3.5.4 Evaluation of Selectivity and Activity

The hydrogenation of FA was done by usiBg obtained by reduction 066 in
methanol (18 mL) under a pressure of hydrogen (50ai&k®0 °C for 14 h. GBIS analysis
shows complete conversion of FA (100 %) into THFA. The commercial production of THFA
by the hydrogenation of FA over fased catalysts usually results in the formation of a

number of byproducts attributable to hydrogdgsis'’® or hydrolytic ring cleavag®’® In
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practice, these are separated by fractional distillation, being recovered abaillog/ fore

run and a higtboiling residue. Formation of bgroducts such a2,5-bis(trimethyleneoxy)
1,4dioxane, is a commoproblem during catalytic FA hydrogenatidff.However, these
sidereactions do not occur during the catalytic hydrogenation of FA®Xexnd only traces

of 1,2pentandiol was observed. The overall selectivitbfowards THFA was >99%. The
turnover nurber was determined by adding 0.2 mL of FA after regular intervals (1 h), until
the catalyst became almost inactive, the total volume of substrate added being 2 mL (Table
19).

Table 19. Furfuryl alcohol hydrogenation using Ruf@gctorite57 in methant by adding
fresh substrate each hour

Cat. Run FA Conversion (%) Time (h) TON THFA Selectivity (%)
1 100 1 144 100
2 100 1 142 98.7
3 100 1 143 99.6
4 100 1 144 99.8
5 100 1 144 99.8
6 100 1 144 99.9
7 100 1 142 98.9
8 100 1 142 98.6
9 94.8 1 136 99.3
10 100 2 142 98.7
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The size distribution of the ruthenium(0) nanoparticles 5in was studied by
transmission electron microscopy. The mean particle size of ruthenium(0) nanopartdes in

was found to be ~ Am havingli > 25% ofthe mean patrticle size (Fig3).
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Figure 33. TEM micrograph with SAED &) histogram ) and EDS analysisc) of ruthenium(0)
nanoparticles irb7 prepared by reduction &6 in methanol (18 mL) at 100 °C under 50 bar
H>

3.5.5 Recycling and Regeneration

Once the ruthenium nanoparticles became inactive, the ruthenibed@yrite57 was
recycled by washing three times with methanol (3x18 mL). The recycled rutherium(0)
hectorite 57 regained their activity by transformingA into THFA selectively (selectivity
upto 100%). However, a decrease in TOF was observed for these recycled nanoparticles as
evident from time of reaction (see Table 20).
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Table 20. Furfuryl alcohol hydrogenation using recycled Ru{ctorite57

Cat. Run FA Conversion (%) Time (h) TON THFA Selectivity (%)
1 100 2 142 98.7
2 100 2 144 100
3 100 2 144 100

It was also observed that presence of air during the catalytic reaction results in a loss of
activity and selectivity. But this inactive catalysanc be regenerated by reacting the
thoroughly washed suspension of recycled rutheniuimg@jorite57 in a magnetically stirred
stainlesssteel autoclave (volume 100 mL) with £50 bar) at 100 °C for 14 h in methanol (18
mL). This regenerated ruthenium{@ntaining hectorite57 was also able to selectively
produce THFA with a selectivity upto 100% (Table 21).

Table 21. Furfuryl alcohol hydrogenation using regenerated Ru{@ytorite57

Cat. Run FA Conversion (%) Time (h) TON THFA Selectivity (%)
1 100 2 144 100
2 100 2 143 99.1
3 100 2 143 99.6

Transmission electron microscopy (TEM) images of these recycled and regenerated
ruthenium(0) nanoparticles &7 show particles varying from 2 to 18 nm (Fig. 19 and 20).
These nanoparticles are still crystadlim nature with an average size of 6 nim=(2) and 9

nm ([ = 3) respectively. Thus decrease in TOF can be attributed to decrease in overall surface
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area of theseecycled ruthenium nanoparticles as evident from an increase in particle size
during the cotse of catalytic reactions.
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Figure 35. TEM micrograph with SAED(a) histogram ) of ruthenium(0) nanoparticles iB7
after regeneration

In conclusion, ruthenium nanoparticles intercalated in hectorite are found to efficiently

catalyze the hydrogenation of FA at low temperatures. The best results were obtain®&d at 40

73



Chapter 3: Ruthenium Nanoparticles Supported by Silicate Materials

under a hydsgen pressure of 20 bar (conversion 100%, selectivity > 99%, TOF = 177, TON
= 1423). Hectoritesupported ruthenium nanoparticles can be recycled and regenerated.

3.6 Selective C=CHydrogenation ofa,b-Unsaturated Ketones Catalyzed

by Ruthenium Nanoparticles intercalated in Hectorite

Chemoselective hydrogenationdb-unsaturated carbonyl compounds is useful in the
preparation of fine chemicals, flavours, hardening of fats, pharmaceutical manufacturing
processes and in the synthesis of various orgarimiediates and solverlts.The selectivity
of the reaction is a problem and requires specific reaction conditions and catalyst systems. In
heterogeneous catalysts, the effect of m&ti@lport interaction also plays an important role in
determining the settivity of the reaction’® Therefore, the design of nanocomposites
consisting of functional metals and adequate matrices is a challenge for the fabrication of
recyclable catalysts. Highly active metallic nanoparticles must be stabilized by a suitable
support in order to prevent aggregation to bulk m&tHectorite is a naturally occurring
clay, belonging to the smectite family of layered minerals. These materials are composed of
individual platelets containing a metal oxide center sandwiched betweesilivon dioxide
outer layers!” Included in this group of minerals are sodium hectorite, bentonite
(montmorillonite), saponite, vermiculite, kenyaite, volkonskoite, sepiolite, beidellite,
magadiite, nontronite and sauconite. Of these, hectorite isdseimportant one because of
its exceptional swelling properties. dan be defined as layers of negatively charged two
dimensional silicate sheets held together by cationic species in the interlaminar space, which
are susceptible to ion exchand®:*?"817 Rutheniumsupported hectorite obtained by ion
exchange has been reported by Shimetzai. using [Ru(NH)e]?* cation£®® and by our group
using [(GHe)RU(H0)s]*" cation§*®3%° or [(CsHe)sRwH4]?* cationg™ for the intercalation.
These materialshow high catalytic activity for the hydrogenation of oleffisand of
aromatic compound$?3* Recently, we reported théighly selective lowtemperature
hydrogenation of furfuryl alcohol to tetrahydrofurfuryl alcohol catalyzed by hectorite

supportechanoparticles®*

The hydrogenation dflb-unsaturated ketones implies either the olefinic C=C bond or
the carbonyl C=0 bond, or both of them. In addition, side reactions have to be considered as
well.*® Supported metals such as platinum, rhodium, ruthenium, gold, nickel, aluminum,

copper andron are reported to be active for the hydrogenatiodfiunsaturated ketoné®
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However, in most cases the selectivity for C=C bond hydrogenation is only high at low
conversion®*#Therefore, palladium is conventionally used to selectively rede iond

in unsaturated carbonyl compourtf§!®° Complex metal hydrides such as potassium
triphenylborohydride and lithium aluminum hydridepper(l) iodide also show a good
selectivity (upto 99 %) for olefinic bond hydrogenation in both cyclic and acgalones, but
they result in the production of substantial amounts of wit8ome organometallic
complexes are also highly selective towards the hydrogenation of C=C boftb-in
unsaturated ketones under milder conditifidhese complexes are sensitive to permanent
deactivation and show all disadvantages of homogeneous catalysts-frigketapproaches
towards such hydrogenations are almost futile with 75% selectivity tswsaturated

ketones-&8

We have been interested in the influence of increasing steric hindrance at the C=C
bond -ansatutatecbketones on the selectivity of the hydrogenation using our hectorite
supported nanouthenium as catalyst. Therefore;b@ten2-one, 3penten2-one and 4
methyt3-penten2-one have been studied. Of these three substratasthyt3-pentenr2-one
is the most important industrial precursor; it is also called mesityl oxide which, upon selective
hydrogenation, gives methyl isobutyletone. Methyl isobutyl ketone is an important
commercial solvent with a reported world consumption of 295 thousand metric tons in
2007:%°

Traditionally, methyl isobutyl ketone is manufactured via a tistep process in
which acetone condensation giveiscetone alcohol which readily dehydrates into mesityl
oxide. The olefinic C=C bond in mesityl oxide is then selectively hydrogenated to methyl

isobutyl ketone avoiding further C=0 reduction into methyl isobutyl carbinol.

(0] (0] (0] (0] o
Ho
+ —_— _— _—
X -H,0 X
oH . . methyl isobutyl ketone
diacetone alcohol mesityl oxide

Scheme 22
Methyl isobutyl ketone production may also be achieved by using a bifunctional

catalyst to facilitate all three reaction steps in a single step. A 0 % conversion of
acetone with 30 90 % selectivity for methyl isobutyl ketone is observed fordlssglestep
processes under harsh reaction conditionsi (860 °C, 10i 100 bar H).}"****°Thus, the

methyl isobutyl ketone concentration in the effluent is typically less than 30 wt%
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necessitating further purification stef2® The largescale prodation of methyl isobutyl
ketone still follows a threstep rout& involving mesityl oxide hydrogenation into methyl
isobutyl ketone at 15200 °C and L0 bar H using Cu or Ni catalyst¥ or, alternatively, on

a supported palladium catalyst at8P0 T.28%#18 |t is therefore desirable to find alternative
green processes which produce methyl isobutyl ketone under mild reaction conditions.
Metallic ruthenium nanoparticles intercalated in hectorite are promising as catalysts, since

they can be easilyamdled and recycled.

Here, we report ruthenium nanoparticles (~7 nm) intercalated in hectorite to be a
highly productive (conversion 100%, turnover number 7Y681800) and highly selective
(selectivity > 99.9 %) reusable catalyst for the hydrogenatiommdws industrially important
U, -unbaturated ketones under mild conditions (ethanol solution, 352Cpar H). To the
best of our knowledge, such a high selectivity with a complete conversion of mesityl oxide
into methyl isobutyl ketone at mild conidins has never been reported in the published
literature, except for a sodium hydride containing complex reducing agent of the type NaH

t-AmONai Ni(OAc),, but giving only a turnover number of ¢

3.6.1 Preparation of the Catalyst

A freshly preparé suspension (5 mL) of ruthenium{@ntaining hectorits7 was
prepared for selective hydrogenation. The ruthenium loading of the black hebibritas
assumed to be 3.2 wt%, based upon the molar ratio ofHJRuU(H0)]** used
(corresponding to 75% dlfie experimentally determined cation exchange capach$)pfind
the presence of metallic ruthenium was proven by its typical reflections in sy X
diffraction pattern. The size distribution of the ruthenium(0) nanoparticlé3 was studied
by transnission electron microscopy. The micrographs show particles of a size up to 18 nm.
At the edges of superimposed silicate layers nanoparticles are visible, the lighter tone of
which is typical for intercalated particles. The mean particle size and stashelaadion ()

were estimated from image analysiaf500 particles at least.
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Figure 36. TEM micrograph with SAED &) histogram ) and EDAX analysisd) of ruthenium(0)

nanoparticles irb7 prepared by reduction &6 in ethanol (5 mL) at 100 °C under 5
bar H,

A comparison of the diffractogram for ruthenium{@ntaining hectorit&7 with the
powder pattern of sodiwmontaining hectorit®5 and ruthenim(ll)-containing hectorit®6 is
shown in Fig. 37. The-dpacing value (d001 = 17.8 A) is significantly higher for 3 than that
of 1 (d001 = 13.32 A). The ruthenium@pntaining hectorite 2 also shows a slight shift
(d001 = 14.08 A) as compared to thétlo Peaks of the Ru phase are not observed, which is

presumably due to the low concentration of Ru renystallites, the peaks of which being
hidden by the high hectorite background.
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Figure 37. XRD pattern for sodiuatontaining hectorité5, rutheniunfll) -containing hectorité6 and Ru(0j
containing hectorit&7

3.6.2 Catalytic Reaction

These ruthenium nanoparticles intercalated in hectorite are highly active and selective
hydrogenation catalysts: Ruthenium{@ntaining hectorit®7 efficientlyredue s di f f er en't
b-unsaturated ketones to give saturated ketones under mild conditions, the formation of the
alcohols (saturated and unsaturated) being avoided.

R, o) R, o
N 57, EtOH,35°C
1 1

R1, R2 =Hor CH3

>99.9%
Scheme 23
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Table 22. Selective hydrogenation of different) ,-umsaturated ketones by metallic ruthen
nanoparticles intercalated in hectorite

Pressure Temp Time*  Conversion Selectivity TOP TON®
substrate " pary  (°0) (h) (%) (%) (h)
3-buten2-one 1 35 2 100 >99.9 822 765
3-penten2-one 7 35 1 100 >99.9 1254 3825
4-methyl3- 10 35 1 100 >99.9 1212 91800

penten2-one

®Time required for 100% conversion of 12.2 mmol unsaturated ketones into saturated ketones,
®Turnover frequency calculated as moles of saturated ketone per mol ruthenium per hour for 12.2
mmol substrate hydrogenation after 25 minut@tal turn over number (until the catalyst loses its
selectivity or activity)

The highly productive reduction of mesityl oxide to methyl isobutyl ketone by
hectoritesupported ruthenium nanopatrticles is striking, especially, since no traces of further
C=0 reduction (methyl isobutyl carbinol) observed. This highly selective C=C bond
hydrogenation i s al-mnsaturatdd ketanaseldw datalyst loading & r U,
capable of reducing only the olefinic double bond. Molar ratio of converted gebkira
catalyst decreased in the ordeméthyl3-penten2one > 3penten2-one > 3buten2-one in
the direction of decreasing steric hinderance. The increasing steric hinderance in the substrate
requires increased hydrogen pressure : whileuten2-one is hydrogenated under 1 bar
hydrogen pressure, forf@nten2-one a hydrogen pressure of 7 bar is required, and for the
bulkiest substrate-mmethyt3-penten2-one 10 bar. However, the selectivity for C=C bond
hydrogenation is not reduced by the high presgliable 22). It is likely that the absence of
bulky substituents on the conjugated C=C double bond -bfit@r2-one favors stable
adsorption of the product on catalytic sites. The high selectivity for the C=C bond
hydr ogenat i amatuwated kethes e be tentdtively attributed to the activation
of the C=C bond by the metalipport interaction® It can be assumed that hectorite probably
modifies the electronic properties of ruthenium which in turn leads to an increase in the
hydrogenation set#ivity for the C=C bond. Thus, the specific hydrogenation tendency of
U ,-umsaturated ketones can be interpreted in terms of an exclusive adsorption of C=C bonds
at the surface of these nanoparticles. The same -swgipbrt effect was observed in the
highly selective C=C bond hydrogenation of furfuryl alcohol by hectatggported

ruthenium nanoparticles®
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Ruthenium nanoparticles intercalated in hectorite are found to efficiently catalyze the
hydr og e n aunsammtedkétonds atmild conditionsebest results were obtained at
35 °C under a constant hydrogen pressure-D® bar (conversion 100 %, selectivity > 99.9
%). Surprisingly, an exceptionally high catalytic activity is observed in the case of mesityl
oxide hydrogenation. Methyl isobutyktone is produced in high yield with essentially all of
mesityl oxide converted to methyl isobutyl ketone, and further hydrogenation of methyl
isobutyl ketone does not occur. Hectostgported ruthenium nanoparticles can be recycled

and reused.

3.7 Seletive C=0 Hydrogenation ofa,b-Unsaturated Ketones Catalyzed

by Ruthenium Nanoparticles Intercalated in Hectorite

Selective hydrogenation of the carboxygen bond inUb-unsaturated carbonyl
compounds is a synthetic challenge, since the C=C bond redustirermodynamically
more favorable (35 kJ mid) than the C=0 bond reductid¥. This problem becomes even
more complicated by the presence of an aromatic substituent in such systems due to a possible
ring hydrogenatiori’® Moreover, the transformatiorf ansaturated ketones into unsaturated
alcohols is more difficult than that of unsaturated aldehydes, because ketones are sterically
more hindered®1 n addi ti on, the fApromoter effectod toc

case of unsaturated ketzst*®

In a pioneering study, Széllost al. evaluated the potential of different metals such as
Pt, Pd, Rh, Ru, Cu and Ni supported on silica for the selective hydrogenatioj- of
unsaturated ketonéd’ Later on, von Arxet al.were able to attain cheoselectivities >90 %
for a sterically hindered C=0 bond in ketoisophoron over alwsumpgorted Pt and Pd
catalysts:®® Such a remarkable selectivity might be attributed to steric efféét5®because
the presence of bulky substituents at the olefaauible bond presumably hampers its
adsorption at catalytic sité®®> Milone et al. and Mertenset al. showed that unsaturated
alcohols can be obtained from differdsb-unsaturated ketones with a selectivity higher than
60 % at a conversion of 90 % using a geatalyst:***°Recently, Wangt al.also used gold
supported on mesostructured G&® hydrogenaterans-4-phenyt3-pentenr2-one at 100 °C
with 63% selectiity for the unsaturated alcoh@ However, in spite okxtensive studies,
efforts to selectively hydrogenatélb-unsaturated ketones to give the corresponding

unsaturated alcohols by molecular hydrogen have not been very suct&&<tl.
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Thus, the gnthesis of unsaturated alcohols is mainly achieved with hazardous metal
hydrides such as LiAlHand NaBH,?* silicon hydride&® or by transfer hydrogenatibii*#*®
including MeerweirPonndorfVerley-type reduction method$? Homogeneous transition
metal catalysts show sometimes high selecti#iyput such complexes are often inefficient
or have limited reusabilit§?® Moreover, the separation of these complexes from the reaction
mixture is very difficult?® Thus, the development of a highly seleetieasily recoverable
and recyclable heterogeneous catalyst for the hydrogenation of unsaturated ketones remains a
demanding task*® because unsaturated alcohols are important intermediates used in the

production of fine chemicals, pharmaceuticals, peefty and food processing industrfés.

3.7.1 Preparation of the Catalyst
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Figure 38. TEM micrograph with SAED &) histogram ) and EDAX analysis d) of
ruthenium(0) nanoparticles iB7 prepared by reduction d86 in ethanol (10
mL) at 100 °C under 50 bar,H

A freshly prepared suspension (10 mL) of rutheniure(@)taining hectoritds7 was

prepared for selective hydrogenation. The size distribution of themum(0) nanoparticles
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in 57 was studied by transmission electron microscopy (TEM). The initial micrograph
analysis shows particles of a size ranging from 2 to 18 nm. At the edges of superimposed
silicate layers nanoparticles are visible, the lighter tohehich is typical for intercalated
particles. The mean particle size and standard deviafipwére estimated from image

analysis otta. 100 particles at least.
3.7.2 Catalytic Reaction

These ruthenium nanoparticles intercalated in hectorite are highly active and selective
hydrogenation catalysts: Ruthenium@@ntaining hectorit&7 efficiently reduces C=0 bond
of an U n ¢ o n-snsaturtedn ketne t, giveb unsaturated alcohol under mild
conditions, the formation of the ketones and saturated alcohols being avoided.

fo) OH
~ H, (15 bar)
57, EtOH, 0 °C 98.2 %
Scheme 24

The high selectivity for the C=0 bond drpgenation oftrans-4-phenyt3-penten2-
one can be attributed to the activation of the C=0 bond due to +sepgort interaction,
presumably provoked by an excessive use of solvent (50 mL EtOH) and low temperature. It
can be anticipated that a 100 % stlgty for unsaturated alcohol in this case can be attained
by further increasing the volume of solvent and decreasing the reaction temperatus&Qup to
°C.

Ruthenium nanoparticles intercalated in hectorite are found to efficiently catalyze the
hydroge a t i o rRunsatfirated kefones at mild conditions. The best results were obtained at
0 °C under a constant hydrogen pressure of 15 bar (conversion 100 %, selectivity 98.2 %,
initial turnover number 751). The remaining 1.8 % are totally hydrogenatedqinad. 4-

cyclohexylbutar2-ol.
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Ruthenium Nanoparticles
Supported on Magnetite Cores

4.1 State of the Art: Superparamagnetic CoreShell Nanoparticles

In chemical technology heterogeneous catalysts are usually preferred, because
separation, recoverand recycling of the catalyst are relatively edS\However, in liquid
phase batch reactions, the separation of the catalyst from the reaction products is still
problematic® Therefore, environmentally friendly and cedfective, robust, easily
recoverable and cleanly reusable catalysts would be highly de$irablensure minimum
loss, enhance their lifetime and minimize the consumption of auxiliary substances used in

achie\ng separation§°

Recently, the use of magnetic materials as catalyst support has attracted much
attention®” becausesolid catalysts with magnetic properties can efficiently be separated from
the reaction mixture by applying an external magnetic fiélhis green and sustainable
approach has many advantages over traditional tameé solventonsuming processes, since
it is a fast, economical and environmentally acceptable way of product separation and catalyst
recycling?*®

Superparamagnetic nanapeles are such materials with high surface &tédhey
can be easily dispersed in solution, because they are intrinsicaliyagmetic and therefore
show no tendency to aggregate in solufiSrOn the other hand, these nanoparticles can be
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