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SUMMARY

Transition metal nanoparticles have generated deresble attention
in recent years as a result of their potentiallgt¢aactivity and selectivity.
They are at the frontier between homogeneous ateddigeneous catalysis
and combine the advantages of both. For this reamsoroparticles emerged
as promising catalyst for different reactions sasHor the hydrogenation of
arenes. The final goal of this thesis is the sysithand characterization of
ruthenium nanoparticles to explore their perfornasimcarene and polyarene

hydrogenation reactions.

Chapter 1 contains a general introduction to thaeth®sis,
characterization and application of nanopartiatesatalysis. Chapter 2 sets

out the general objectives of this thesis.

The research in_Chapter 3 describes the synthesid a
characterization of ruthenium and rhodium nanoplagi stabilized by
phosphine donor ligands and their application comparative study in the
reduction of a wide range of substituted phenylnzye and phenethyl

ketones.

In the case of arylketones, ruthenium nanopartiwia® found to be
more selective than the rhodium ones towards tleodggnation of the aryl
group. Interestingly, only rhodium nanoparticle®yided hydrogenolysis
products. Concerning the non-conjugated aryl ketpheth metals were

found to be really selective towards arene hydragen.

The research in_Chapter 4 describes the use ofemutim
nanoparticles stabilised by triphenylphosphine e tydrogenation of
polyaromatic substrates under mild reaction coon#i Systems containing

2, 3 or more fused benzene rings are reduced aigamgh selectivities
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towards the partial hydrogenation. The recoverihthe total hydrogenated
product is only achieved for the less hindered sates like naphthalene and
anthracene. Moreover, the influence on the hydratyi@m of naphthalenes

containing a substituent (reducible or not) is @salied.

The research in_Chapter 5 explores the syntheses rdw chiral
phosphine ligand, which is obtained in good yiefd avith 97% optical
purity. Then, this phosphine and commercial cindtlioe (Figure 1) are used

as stabilizing agents for the synthesis of chieadaparticles.
@ch@ %

Figure 1. Phosphine and cinchonidine ligands.

These nanopatrticles are tested in the asymmetdoobgnation of
different substituted arenes but unsuccessful tesuh terms of
enantioselectivity are obtained. Moreover, deutenattudies to elucidate the
coordination of the different substrates to the amamticles surface are

performed.

Chapter 6 presents the final remarks and conclastatracted from

the results obtained in this thesis.
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RESUM

Les nanoparticules metal-ligues han esdevinguenna tde recent
actualitat degut al seu potencial catalitic i aséwa capacitat de generar
elevades selectivitats. Es troben a la frontereedatcatalisis homogeénia i
heterogénia i combinen les avantatges d’ambduesa@eest motiu, les
nanoparticules han emergit com a catalitzadorspnothetedors en diferents
reaccions, per exemple, en la hidrogenacié d’arkfohjectiu principal
d’aquesta tesi és la sintesi i la caracteritzaei@ahoparticules de ruteni i la

seva aplicacio en reaccions d’hidrogenacié d'argadiarens.

En el Capitol 1 es fa una descripcid general desil#esi,
caracteritzacio i aplicacié de les nanoparticutesaalisi. En el Capitol 2

s’estableixen els objectius generals d’aguesta tesi

La recerca en el Capitol 3 es centra en la sintesia caracteritzacio
de nanoparticules de ruteni i de rodi, estabilgésguer lligands fosfina i en la
seva aplicacio en un estudi comparatiu de redutcida gran varietat de

cetones aromatiques.

En el cas de les arilcetones, les nanoparticulestdai es mostren
més selectives respecte la hidrogenacio del giupwe les nanoparticules
de rodi. Curiosament, només amb les nanoparticidesodi s’obtenen
productes d’hidrogendlisi. En relacio a les areets no conjugades, els dos

metalls son selectius cap a la hidrogenacio de.l'ar

La recerca en el Capitol 4 descriu I'is de nandpdes de ruteni
estabilitzades per trifenilfosfina, en la hidrogeidale sistemes poliaromatics
en condicions suaus de reacci6. Diferents sisteamds 2, 3 o0 més anells
aromatics conjugats son reduits en elevades safatsicap a la hidrogenacio

parcial. L'obtencié dels productes totalment hidnogats només s’assoleix
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pels substrats més impedits estéricament, talsetamaftale o I'antracé. A
més, també s’estudiara la influéncia en la hidrageéndels naftalens que

contenen grups funcionals (reduibles o no).

La recerca en el Capitol 5 explora la sintesi dian lligand fosfina
quiral, el qual és obtingut en bons rendiments lb ama puresa oOptica del
97%. Posteriorment, aquesta fosfina i el lligandcenidina comercial
(Figura 1) s'utilitzaran com agents d'estabilitZzacper la sintesi de

nanoparticules quirals.

SR
&0

Figura 1. Lligands fosfina i cinconidina.

Aquestes nanoparticules son provades en reaccioiasogienacio
asimetrica de diferents arens disubstituits pesdannadament, no s’obté en
cap cas enantioselectivitat. D’altra banda, tanfiensdut a terme estudis de
deuteracio per deduir la coordinaci6 dels difersnotsstrats a la superficie de

les nanoparticules.

El Capitol 6 presenta les observacions finalscteglusions extretes

dels resultats obtinguts en aquesta tesi.
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RESUME

Les nanoparticules de métaux de transition ontiteusne attention
considérable au cours des derniéres années em rdisoleur activité
catalytique et sélectivité. Elles sont a la froriéntre la catalyse homogeéene
et hétérogene et combinent les avantages des Beux.cette raison, les
nanoparticules ont émergé en tant que catalysewrsdifférentes réactions
telles que I'hydrogénation d'arenes. L'objectifafide cette thése est la
synthése et la caractérisation de nanoparticulestdénium et I'exploration
de leur performance catalytique en réactions ddgémation d’'aréenes et

polyarenes.

Le Chapitre 1 contient une introduction générala &ynthése, la
caractérisation et I'application des nanoparticatesatalyse. Le Chapitre 2

définit les objectifs généraux de cette thése.

Le Chapitre 3 décrit la synthése et la caractéoisale nanoparticules
de ruthénium et de rhodium stabilisées par desdigae type phosphine et
leur application dans une étude comparative coaceria réduction d'une

large gamme de phényles substitués, benzyle dié&wethyle cétones.

Dans le cas des cétones d'aryle, des nanopartaelrghénium ont
démontré étre plus sélectives pour I'hydrogénatiogroupe aryle que celles
de rhodium. Par contre, les nanoparticules de dmodiournissent des
produits d'hydrogénolyse. En ce qui concerne lsétones non conjuguées,

les deux métaux sont trés sélectifs envers I'hyéragion du groupe aryle.

Le Chapitre 4 décrit l'utilisation de nanoparticulde ruthénium
stabilisées par la triphénylphosphine pour I'hyéragion de substrats
polycycligues aromatiques dans des conditions im¥awtlles douces. Les

systémes contenant deux, trois ou plusieurs cyaresatiques condensés
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sont réduites et montrent une haute sélectivité flogdrogénation partielle.
Le produit d'hydrogénation totale est uniquemeriemb pour les substrats
moins encombreés, tels que le naphtaléne et l'artthea L'influence d'un
substituant (réductible ou non) sur I'hydrogénatidu naphtalene est

également étudiée.

La recherche dans le Chapitre 5 explore la syntd&se nouveau
ligand de type phosphine chiral, qui est obtenwe avebon rendement et avec
une pureté optiqgue de 97%. Ensuite, cette phospéinla cinchonidine
commercial (Figure 2) sont utilisées comme ageatstdbilisation pour la

synthese de nanoparticules chirales.

QYUD

Figure 2. Ligands phosphine et cinchonidine.

Ces nanoparticules ont été testées dans I'hydrogéresymétrique
de difféerents arénes disubstitués mais en termeadi®sélectivite, les
résultats n'ont pas été bons. Une étude de deiorératété effectuée pour

élucider la coordination des différents substrdassairface de nanoparticules.

Le Chapitre 6 présente les observations finaléssetonclusions de

cette these.
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RESUMEETENDU

CHAPITRE 1.INTRODUCTION AUX NANOPARTICULES

La nanochimie est un champ de recherche exponentieht
croissant en science et implique la synthésemdliation de nanoparticules

de différentes tailles, formes, activité et sélagdi'

Les nanoagrégats modernes de métaux de transifpelés
également nanoparticules (NPs), sont dans la gatrblenm de diametre,
plus petits que les colloides classiques (typiqueem&0 nm de diametre). lls
sont isolables et solubles dans les solvants ajgeni (les colloides
classiques ont été généralement utilisés dansydésnges aqueux) et sont
bien définis en termes de composition. Les nanmpdes ont des
distributions de taille étroites, des surfaces ot la synthése et I'activité

sont reproductibles.

Les nanoparticules métalliques solubles sont ardatiére de la
catalyse homogéne et hétérogéne et combinent éegames des deux. Elles
sont actives dans des conditions douces, plustis€leque les systemes
hétérogenes et en raison de leur solubilité, difftas techniques d'analyse
permettent étudier leur comportement. Ces systéomdibres de rotation et
ont trois dimensions dans les systémes de réactienqui ameéliore
l'accessibilité aux sites actifs des surfac&ependant, les nanoparticules
présentent aussi quelques inconvénients comme temdance a

l'agglomération et leur relativement faible stabithermiqué.

Les propriétés des nanoparticules sont dépenddatksur taille, ce
qui peut affecter leur activité et selectivit€haudreet al.* ont développé

I'utilisation d'un précurseur organométallique geut étre décomposé en
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présence d'un gaz réducteup (i CO), pour obtenir la réduction du métal.
Le précurseur idéal doit étre un complexe oléfiniqavec valence zéro
comme [Ru(COD)(COT)], dans lequel les ligands oigaes peuvent étre
facilement déplacés dans des conditions doucesdafbitenir une surface

non contaminée.

Des agents stabilisateurs sont nécessaires paer Eagglomération
des nanopatrticules. Solvants, polymeres, agerasréce ioniques et ligands

ont été utilisés pour stabiliser des nanopartictles

Applications générales des nanoparticules de métahtalyse

Les nanoparticules ont été beaucoup utilisées cowatayseurs
dans plusieurs réactions telles que oxydation, tigracde couplage,
hydroformylation et hydrogénation entre auffek'application la plus
importante de la réaction d’hydrogénation est tucton du benzeéne en

cyclohexene pour la production d’acide adipiqu&¢prseur du nylorf).

L'hydrogénation des arénes est beaucoup plus itiffique
I'hydrogénation des oléfines simples, en raisolfédergie de stabilisation de
résonance qui est perdue lors de I'hydrogénatioadiffonnellement, le
Rh/AlLOs, les sulfures métalliques et le Nickel de RdMegnt été les
catalyseurs de choix pour I'hydrogénation des arem®nocycliques.
Néanmoins, des conditions drastigues en termesmpérature et/ou de
pression sont nécessaifeBour cette raison, les nanoparticules apparaissent
comme une solution pour développer I'hydrogénatiaréne dans des

conditions douces.

Le mécanisme généralement accepté pour I'hydragérdds arénes

a été proposé en 1974Ce mécanisme peut étre appliqué aux arénes qui
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interagissent avec plus d'un centre métallique ceroi@st le cas pour des

clusters, nanoparticules ou surfaces métalligties.

Un mode de coordination commun en chimie de clustesur les
surfaces métalliques est lew:n?n? (Schéma 1). L'addition d’hydrogéne sur
une seule double liaison conduit a umfn?-diene et I'hydrogénation d’une
double liaison supplémentaire se traduit par lalpction d’'un monoen¥.
La libération des produits diéne et monoene peotrdieu a travers le

remplacement du produit partiellement hydrogénéuparouveau substrét.

N @VQ
6O ©
S ) S

>
( bo =trimetal face

Schéma 1Mécanisme d'échange d’arénes proposé pour un setelfpétérogene.

Hydrogénation partielle d’'arénes

La réduction partielle des arenes a dienes cydique monoénes
représente une réaction utile en raison de la sifiopination de cyclohexanol
par hydratation. Cette réduction est généralenéalisée avec des réactifs

stoechiométriques comme dans la réduction de Birch.

Les nanoparticules représentent une nouvelle oppmitét pour
I'hydrogénation partielle des arenes. Cependagtailquelques obstacles a

surmonter en raison de la réduction facile desiélexs doubles liaisons, une
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fois l'aromaticité perdue. En outre, I'éliminatidlun diene coordonné ou

chimisorbé au métal est une tache diffiéfle.

En ce qui concerne I'hydrogénation partielle démes substitués,
différents exemples ont été rapporté®ar exemple, Chaudret et van
Leeuwen ont rapporté l'utilisation de carbénes Np@ir stabiliser les
nanoparticules de ruthénium et leur utilisationsddrydrogénation d’arénes.
A 393 K et 20 % de conversion, environ 60 % d'hgération partielle a été

obtenue dans le cas deméthylanisolée®

Sélectivitécigtransdans I'hydrogénation d’arénes

Les substituants sur les composés aromatiquesdtiisids ont un
effet important non seulement sur la vitesse dédation, mais aussi sur la
sélectivitécig/trans La sélectivité envers le stéréoisoméisest rationalisée
par une addition continue d'hydrogene sur une Sewle de I'aréne, et le
stéréoisoméretrans se forme lorsqu'un intermédiaire partiellement
hydrogéné se dissocie de la surface des nanopestieLréassocie par la face

opposée avant hydrogénation supplémentaire (ScBgia

R

IsomérisationJ

renversement

T % ..... +H2g3 .....

Schéma 2Mécanisme proposé pour I'nydrogénation des ardeabgtitués sur
des surfaces métalliques.

Les arénes disubstitués comme les methylanisoléssotylénes ont
été généralement utilisés pour étudier la séleétiid/transdans les réactions

d'hydrogénation par NP$Il est intéressant de souligner que le prottaits
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a été principalement obtenu (taux de 19:1) lorstpseRu-NPs stabilisées par

des monooxazolines chiraux ont été utilisées cocatayseurd®

CHAPITRE 3.HYDROGENATION SELECTIVE DES CETONES AROMATIQUES

Introduction

L'hydrogénation chimiosélective de cycles aromaide substrats
contenant d’autres groupes fonctionnels réductildesme des cétones
représente toujours un défi. Quelques exemples dggnation
chimiosélective d’'arenes ont été rapportés avecatdyseurs hétérogénes
et, en général, des mélanges de produits sontusdfefour cette raison, les
nanoparticules sont apparues comme une solutionmgiteuse pour

surmonter ce probléme.

L'acétophénone est, en général, le substrat deené® utilisé dans
I'étude de I'hydrogénation sélective d'un areseun groupe carbonyle
utilisant des nanoparticules. Différents exemples éé signalé¥. Par
exemple, van Leeuwen et ses collaborateurs oriséutiles carbenes N-
hétérocycliques (ItBu et IPr) pour stabiliser dg8sNde Ru qui catalysent
I'nydrogénation de l'acétophénobes sélectivités jusqu'a prés de 60 % ont
été obtenues pour I'hydrogénation de l'aréne disauti les nanoparticules

stabilisées par IPf.

774 2

De meilleurs résultats en termes de sélectivit@&tinbbtenus dans la
réduction de cétones aromatiques non conjuguéesi,far exemple, en
2004, Duponkt al.ont réduit la phénylacétone en utilisant des nartmules
d'iridium. L'hydrogénation de l'arene a été réaligéec 92 % de sélectivité a
97 % de conversion et dans des conditions de o&adtiuces (4 atm et 75°
C) (Schéma 3%
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©/\H/ [|r(0)]n O/\”/ . O/Y
% H,, 4 atm, 75°C % OH

97% Conversion 92% 8%

Schéma 3Hydrogénation sélective de phénylacétone utilitaNps stabilisées
par ILs?

Résultats et Discussion

L'objectif de ce chapitre est la comparaison du pmtement
catalytique des nanoparticules de Ru et Rh daydrdgénation de I'aréne
vs. la fonction cétone. L'effet de la nature du médal |'agent stabilisant et

I'influence de la structure du substrat ont étéiétu

Des NPs de Ru et Rh stabilisées par les ligands &Rippb (P:Ru /
Rh= 0,4) ont été synthétisées par décomposition pescurseurs
organométalligues [Ru(COD)(COT)] et [R{CsHs)s], respectivement,
dans le THF et sous pression d{iSchéma 4). Les NPs ont été isolées comme
des poudres noires aprés précipitation avec pergapat été entierement

caractérisées.

Les micrographies du TEM de ces NPs ont révélés taus les cas,
la formation de petites nanoparticules de formeégphe, avec une
distribution de la taille étroite et le méme diaragenviron 1.5 nm). Des pics
diffus ont été observés dans le spectre XRD déN&ss comme prévu pour
une répartition homogene de particules tres petesc une structure
hexagonale compacte (hc). L'analyse thermogravimér des systemes
Rul-2 a montré que ces NPs contiennent environ 2 % ldargp 25 % de

ligands phosphines et 70 % de ruthénium.
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3 bar Hp, rt

[Ru(COD)(COT)] + 0.4 equiv. PRy [Ru(THF),(PR3),]
THF Y
Rul-2
6 bar H,, 40°C
[Rh(h® -C3Hs);] + 0.4 equiv. PRy —_— [Rh(THF)(PR3)y]
Rh1-2

WY me@
ST Y

Schéma 4 Synthése de NPs de Ru et Rh stabilisées avece®@ppb.

Des résultats similaires ont déja été signalés pemisystemes de
Rh!*¢Dans le cas de nanoparticules de Rh, les micrbggadEM ont révélé
la formation de petites nanoparticules de formeésghe (environ 1.6 nm).
Des pics diffus ont été observés dans le spectr® B&® ces NPs, comme
prévu pour une répartition homogéne de particules petites avec une
structure cubique a faces centrées (cfc). Aucuftexién due a I'oxyde de
rhodium n’a été observée. L'analyse thermogravimétrdes systeméthl-

2 a montré que ces NPs contiennent 1 % de solv&n®o2de ligands
phosphines et 70 % de Rh.

L’acétophénone2.3 a été utilisée pour évaluer la sélectivité de
I'nydrogénation (groupe arylevs groupe cétone) en utilisant les

nanoparticuleRul-2 etRh1-2.

De grandes différences ont été observées seloith et les agents
stabilisants. Les nanoparticules de ruthénium faeat la réduction du cycle
aromatique par rapport a la réduction du groupenigtie (on obtient une

sélectivité jusqu'a 60%) et elles sont égalemepalgias de réduir2.3apour
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produire2.3c Toutefois, avec ces catalysel2s3b est réduit trés lentement

(Schéma 5). En outre, la sélectivité est influenuaide ligand stabilisateur.

V1 v3 OH

i 7 238 T~
23 > oH /v4' 2.3c
2.3b

Schéma 5Chemins de réaction d'hydrogénation de 'acétopteER@ utilisant des
nanoparticuleRul.

Cependant, les NPs de rhodium favorisent la réoluadu groupe
cétone pour produire 1-phénylétharoBb, qui est de nouveau hydrogéné
pour former2.3cou hydrogénolysé et forn&e3dexclusivement lorsquehl
est utilisé comme catalyseur. Fait intéressanRledNPs ne réduisent pas la
cyclohexylcéton@.3a(Schéma 6).

/ O)\ méme a 80°C
(0}
a

@*\y @

Schéma 6Voie de réaction d'hydrogénation de I'acétophérdoBaetilisant des
nanoparticulefRhl.

Ces résultats nous ont amenés a étudier le compamtede ces
nanocatalyseurs dans I'hydrogénation des arylenegtmon conjuguées
(Schéma 7). La réduction d’aryl cétones non corgeglet l'influence de la
longueur de la chaine alkyle entre le phénylesgteupes cétone (substrats
2.4et2.5) ont été étudiées en utilisaRti1l-2 etRh1-2 comme catalyseurs.
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oY - O O

24:n=1 24a:n=1 2.4b: n=1 2.4c:n=1
25:n=2 2.5a: n=2 2.5b: n=2 2.5¢c: n=2

Schéma 7 Hydrogénation des aryle cétones non conjuguées.

Pour les deux métaux, la réduction de l'aréne éigcipalement
observée mais des sélectivités plus élevées onbliérvées quand des
nanoparticules de Rh ont été utilisées. Dans |leleda réduction du substrat
2.5avec des NPs de Rh, ce processus est pratiquercdumsif. La sélectivité
pour la réduction de I'arene augmente quand laulgt entre I'aréne et le
groupe cétone augmente. Pour les deux systemésdiem, des sélectivités
semblables ont été obtenues, alors que dans gecaghénium, une valeur
plus élevée pour la réduction de l'aréne a éténabtavedrul (jusqu'a 74
%).

Enfin, il a été décidé d'élargir I'étude a la réuuc des dérivés
d'acétophénone. Les compos&$-2.11 contenant différents substituants

dans les fractions d'alkyle et de phényle ont gtitdgénés (Schéma 8).

En général, des activités faibles a modérées @énblservées en
utilisant les nanoparticuleRul-2. Des conversions inférieures ont été
obtenues quand il y avait une augmentation de batiution de la chaine
alkyle ou dans le cycle aromatique, particulierent@rsque les substituants
sont situés en positioortho. La sélectivité pour I'hydrogénation de I'arene
est affectée négativement par la présence de w#vgs sur le cycle

aromatique.
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0 0 OH OH
(O
s 7 /= 7

R2 R? R2
a b

R2
C

calicaliicn

2.3 R=H 2.8 R=Me 2.10 R= OMe
2.6 R=iPr 2.9 R= OMe 211 R=CF;
2.7 R=1Bu

Schéma 8 Hydrogénation des dérivés d'acétophénone.

Dans le cas des nanoparticuidsl-2, I'activité de ces catalyseurs est
significativement affectée par I'effet stérique dabstituants alkyles de la
cétone. Toutefois, lorsque les substituants sariesiycle aromatique, ils ont
peu d'influence et une activité élevée est obtelams tous les cas. En ce qui
concerne la sélectivité, dans tous le cas, lesutofréférablement obtenus

sont ceux qui proviennent de la réduction du graxétene (>70 %).

En outre, I'hnydrogénolyse des dérivés de 1l-phéhglél a été
observée seulement avec les nanoparticBles stabilisées avec PRHI
convient de noter que le processus d'’hydrogénags@terrompu lorsque
l'effet stérigue de la chaine allyligue augmentegismpas quand les

substituants sont présents en positictho oupara du cycle aromatique.

CHAPITRE 4. HYDROGENATION SELECTIVE D 'ARENES POLYCYCLIQUES
EN UTILISANT DES NANOPARTICULES DE RUTHENIUM

Introduction

Les hydrocarbures aromatiques polycycliques (HABs)t une

classe de composés organiques formés par deux umieynrs cycles
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benzéniques fusionnés avec différents arrangersentsturels? Les HAPs

ont gagné une attention considérable en raisonedes leffets toxiques,
cancérogénes et tératogefebifférentes méthodes ont été proposées pour
l'assainissement des HAPs, comme le traitemennthae, bio-remédiation,
photodégradation, oxydation chimique, etc. maisarg encore des procédés
lents qui impliquent des techniques complexes anecforte consommation
d'énergie?*

Comme il a été commenté auparavant, les nanopagiant été
utilisées dans une grande variété de réactionpaBitulier, plusieurs études
ont porté sur I'hydrogénation des composés arooegignais peu d'études
ont été publiées concernant I'hydrogénation detsatbspolyaromatiques

dans des conditions douces catalysées par desartinojes?®

Le naphtalene a été probablement le systeme padigagc
aromatique le plus étudié dans les réactions digyhation (Schéma 9.
L'un des premiers exemples concernant |'utilisatiemanoparticules dans
I'hydrogénation de naphtaléne a été signalé en.2D@8s cet article, le
naphtaléne a été réduit en utilisant des nanopéticde rhodium dans une
microémulsion de C©Osupercritique dans l'eau et, aprés une heure,d6%
conversion a été obtenu et la tétraline a été abtenmme produit unigufé.

En général, la décaline est rarement obtenue.
= 0 - 0
+
Naphtaléne Tétraline Décaline
Schéma 9 Produits formés dans I'hydrogénation du naphtaléne.
L'hydrogénation des naphtalénes est connue pourlawdans des

conditions de réaction douces en utilisant une éw@ride catalyseurs.

Néanmoins, la réduction des arenes polycycliquigsi(€ 1) requiére plus de
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température et de pression et un mélange de psoekititen général obtenu

(sélectivité faibley®

Anthracene Phénanthréne Triphényléene Pyréne Péryléne

Figure 1. Structures d'hydrocarbures aromatiques polycyciciddectionnées.

Des nanoparticules ont aussi été utilisées comrtaysaurs pour
I'hydrogénation d’hydrocarbures polycycliques artizes, avec plus de
deux cycles conjugués. Néanmoins, des produits vjanhnent de
I'nydrogénation totale sont rarement obteffuBar exemple, en 2007, Park
et al. ont synthétisé des nanoparticules de Rh et leprdsl piége dans des
nanofibres d’oxyde d'hydroxyde aluminium, qui oté& appliquées dans des
réactions d'hydrogénation d’arenes. Des rendenmtns®lectivités élevés
furent obtenus pour I'nydrogénation de composésatiques bicycliques et
tricycliques. Le naphtalene était réduit a tételigt I'anthracéne a 9,10-
dihydroanthracéne a température ambiante avec llonka hydrogéne (1
atm, Schéma 10). Cependant, de longs temps déoréétaient nécessaires
pour obtenir des produits totalement hydrogénésnet charge élevée de

catalyseur dans le cas de I'anthrac&he.

Quelques exemples d'hydrogénation chimiosélectegeatenes ont
été signalés a l'aide de catalyseurs hétérogenes @énéral, on a obtenu des

mélanges de produit8.
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“ Ru o O@
+
1atm 3h

97% 3%
O Ru and Ir NPs ‘O Oiji)
+
1atm, 3h
97% 3%

Schéma 10Hydrogénation du naphtaléne et d'anthracéne satrs &t a température
ambiante pendant 3h.

Résultats et Discussion

L'objectif de ce travail était de réaliser une étde I'hydrogénation
de différents arénes polycycliques dans des camditiouces en utilisant des
nanoparticules de ruthénium. L'étude se concentrdas sélectivité pour
I'nydrogénation partielle des polyarenes, mais &gaement a savoir s'il est
possible d'atteindre la réduction totale de polyasedans des conditions
douces. En outre, I'nydrogénation des naphtalé@emant des substituants

Jvoe

en différentes positions du cycle aromatique deitée.

Dans ce chapitre, des nanoparticules stabilisées &2 et 0.4
équivalent de PRHRu3 etRul) ont été préparées, caractérisées et utilisées
comme catalyseurs dans ['hydrogénation de différemydrocarbures
polycycliques aromatiques. En comparant les natiopssRu3 etRul, on
peut conclure que les NFRu3 sont Iégéerement plus grosses Guel. Les
nanoparticules présentent une structure hexagawigacte et aucune
oxydation n'est détectée. Quantitativement, elt@giennent environ 70 %
de Ru et 30 % de PRh

Le naphtaléne était initialement utilisé comme sabsnodele pour
évaluer la sélectivité envers I'hydrogénation phet totale. On peut conclure
que la sélectivité dépend fortement de la pressidiabtention du naphtalene

hydrogéné partiellement ou totalement peut étrélefaent ajusté. Des
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sélectivités jusqu'a 93% pour la formation de teatiie & 70% de conversion
(3 bar de H 10 h) et une sélectivité jusqu'a 84 % decimdécaline a

conversion complete (20 bar de, H6 h) ont été atteintes.

Puis, des systémes polycycliques aromatiques camtéiris arenes
conjugués ont été hydrogénés (Schéma 11). L'obfiriiette partie était la
réduction sélective d’une aréne. Bien qu'ayant@emnombre d’aréenes, un
comportement trés différent a été observé pourthfanene et le
phénanthréne. Dans le cas de l'anthracéne, le @xtierne A a été
initialement hydrogénée et le proddiRaa été sélectivement obtenu a 44%
de conversion dans les conditions de réaction agdies (20 bar pression H
et 30°C). Aprés un temps de réaction de 9h, ootk produid.2c avec

une sélectivité de 96 % a conversion compléte.

- 00 CCO
4.2 4.2a 4.2b 4.2c
: 1000
4.2d 4.2e

P09 0900

4.3a 4.3b 4.3c

Schéma 11Produits obtenus dans I'hydrogénation de I'antheaeé du
phénanthréne.

L'hydrogénation du phénanthréne donne des mélahggsoduits
dés le début de la réaction. Le produit totalerhgdtogéné n'est pas observé.
Dans ce cas le cycle B est préférentiellement téahaiis le cycle A est réduit

avec une sélectivité proche de celle de I'annedun®. fois que I'anneau A
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est réduit, 'anneau C semble étre aussi facileméhtit, et les composés

4.3bet4.3csont obtenus avec un pourcentage similaire (~ B0 %

L'hydrogénation de polyaromatiques contenant 4em@onjuguées
ou plus a aussi été tentée (Schéma 12). Le tripwéeg.4 été réduite a 20
bar et 30°C pendant 16h et 61% de conversion énbléenus. Le produit
4.4a qui a seulement un cycle hydrogéné, a été olagaa une sélectivité
jusqu'a 53% a 61% de conversion. Le comphdé (2 anneaux extérieurs
hydrogénés) a été obtenu avec 12% de sélectivagpedduitd.4c(3 anneaux
externes hydrogénés) avec 35%. C'est clair qué&daation des anneaux
externes est facile et le produit totalement hyédnégn'est pas observe.
Lorsque la température est augmentée a 80°C, 1@08éldctivité envers le
produit4.4cest obtenue.

4.4b 4.4c 4.4d
DO O
4.5 4.5a 4.5b

’
4.6 4.6a

Schéma 12Produits obtenus dans I'hydrogénation de polyaropnes contenant 4

arénes conjugués ou plus.

Dans le cas du pyrénk5, la température a un effet important sur
l'activité. 60 heures de réaction a 80°C ont ébéssaires pour atteindre 86%
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de sélectivité vers le produitSaet 45% de conversion. Quand la réaction a
été effectuée avec les nanoparticlRes, la sélectivité s’est élevée a 100%,
mais la conversion était trés basse (7 %). L'hy@naton du coronene n'a

pas été possible.

Les résultats obtenus dans I'hydrogénation de ¢tesscomposeés
polycycliqgues aromatiques démontrent que, lorsquendmbre de cycle

benzenique augmente, I'hydrogénation devient pffisile.

Enfin, une étude sur l'effet de la substitution Busélectivité de
I'hydrogénation de polyarenes, ainsi que la rédoctilective de polyarenes
vs.autres groupes fonctionnels a aussi été réalieémaphtalénes substitués
en positions (position 1) eP (position 2) avec des substituants donneurs et
accepteurs, ainsi qu'avec des substituants quigient étre réduits de fagon

compétitive, ont été sélectionnés.

Au départ, des naphtalénes avec différents suéstiien position 2
ont été hydrogénés (Schéma 13). Lorsque l'effeigse est augmenté par
rapport au naphtaléne, la réaction devient pluselen la sélectivité est
influencée par le type de substituant (donneurcme@teur). Dans tous les
cas, I'hydrogénation de l'arene qui ne contient gassubstituant est
préférable. Des sélectivités d'environ 80% ontofti@nues pour le substrat
4.7a Toutefois, de trés faibles conversions ont étérales pour les substrats
4.8¢et4.9.
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U - - QO

4.7, R=OMe 4.7a, R=OMe 4.7b, R=OMe 4.7c, R=OMe
4.8, R=Me 4.8a, R=Me 4.8b, R=Me 4.8c, R=Me
4.9, R=COOCH; 4.9a, R=COOCH;j3; 4.9b, R=COOCH; 4.9c, R=COOCH;3

Schéma 13Hydrogénation des naphtalénes substitués en po&itio

L'étude a été poursuivie en réduisant des naplasleontenant un
substituant dans la position la plus proche a targicinaux, position 1
(Schéma 14). Quand un groupe méthoxy se trouvesitign 1, la réaction
devient plus lente et 40 % de conversion est oletdéien que la sélectivité
reste inchangée (85 % del0g. La présence d'un groupe accepteur comme
le -CFs, en comparaison avec les groupes donneurs, latrédulu cycle plus
substitué était léegérement favorable. Quand une@mst présente dans le
substrat comme pour.12 la conversion diminue considérablement (méme
apres plusieurs heures). La faible réactivité dedinas et en général

d'aminoarénes a été déja obserfée.

00 — 00 - 00 - OO

4.10, R=OMe 4.10a, R=OMe 4.10b, R=OMe 4.10c, R=OMe
4.11, R=CF, 4.11a, R=CF, 4.11b, R=CF, 4.11c, R=CF,
4.12, R=NH, 4.12a, R=NH, 4.12b, R=NH, 4.12c, R=NH,

Schéma 14Hydrogénation des naphtalénes substitués en poditio

La position du substituant a plus d'influence awrdnversion que sur
la sélectivité. Lorsque le substituant est en fosit, les conversions sont
plus faibles, probablement en raison de l'effetigt® plus important qui
rend plus difficile I'approche du substrat a laface. Néanmoins, la
sélectivité n'est pas significativement affecté&aeéne qui ne contient pas

de substituants est toujours celui qui est faverakht hydrogéné.
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Comme dernier objectif de ce chapitre, en relativec le chapitre
précédent, nous étions intéressés dans I'étuderédliction des naphtalénes
qui contiennent des cétones. De des résultats uwdtem peut conclure
gu'aussi dans ce cas, il y a une compétition iraptetentre la réduction de
'arene vs. la cétone et gu’elle est influencée par la pasititu groupe

cétonique.

Ainsi, lorsque le groupe cétonique est en posifipta réduction du
cycle aromatique le moins substitué a lieu prifeipent, bien qu'e I'on
observe également une réduction significative dbargyle. Si le groupe
cétonique est en position 1, l'observation la pleidinente est le fait que le
cycle le plus substitué est également réduit. Lié dae les groupes
electroaccepteurs activent I'hydrogénation du cyclsin a déja été observe
dans le cas du dérivé trifluorométhyfeX1), mais maintenant, nous pouvons
conclure que cet effet est plus important lorsgusubstituant est en position
1.

CHAPITRE 5.VERS L'H YDROGENATION ENANTIOSELECTIVE DES ARENES
UTILISANT DES NANOPARTICULES DE RUTHENIUM CHIRAUX

Introduction

L'important développement de la catalyse énantemiidle en
systémes homogénes a augmenté lintérét pour leprigtes et le
développement de surfaces chirales et leur appplicaen catalyse

asymétrique.

Différents mécanismes et modes de coordinationéttproposés
pour l'adsorption du substrat et du modificateur lausurface métallique.

Toutefois, il est généralement admis que les resgddas de
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I’énantiosélection sont des interactions modifinasgsubstrat a la surface

métallique™

Le premier exemple de catalyse énantiosélectivec ades
nanoparticules métalliques a été publié en 1994 pamaire, Gallezogt al.
sur I'hydrogénation de cycles aromatiques disulssit utilisant des
nanoparticules de Rh a l'aide de I'amine chiraleCB® comme ligand.

Toutefois, un excés énantiomérique trés modestHO#e avait été observé

(Schéma 15)7°
OH
ol SUPUNE

Hy
0 _Z . o _—
YD 0
PN o PN o ee=10%

Schéma 15Hydrogénation diastéréosélective utilisant des Ris Bt DOCEA®

Par la suite, plusieurs réactions asymétriquesisamil des
nanoparticules ont été tentées. La plus étudiédhgsirogénation des-
cétoesters comme pyruvate d'éthyle et des énaleaaisdtés jusqu'a 98 % a
conversion compléte ont été obtenues en utilisaatrénoparticules de Pt
stabilisées par des dérivés de quinine (Schém& Bs).général, dans tous
ces exemples, des ligands chiraux s'ajoutent ats atel la catalyse afin
d'obtenir des ee élevés. Cette exigence est atilau I'épuisement du
modificateur de la surface du métal en raison ligdibgénatiori® Dans
certains cas, on suppose gu'il existe une dépldgsnigands a la surface des
nanoparticules et des complexes chiraux homogesegept étre formés in

situ et deviennent le véritable catalyseur.
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O Pt OH OH

Catalyseur OX : OX
A AN Ay
o} Alkaloid modificateur 0 le)
X=Me, Et, t-Bu

Ry= H, Ry=H

H
N
Ry= Ph, Ry=H

N Ry= H, R,=OMe

R

Schéma 16Hydrogénation énantiosélective de pyruvates eisaiit des NPs de
pt3

Plusieurs exemples d'hydrogénation asymétrique didgrents
groupes fonctionnels et de transfert d’hydrogéliaide de NPs recouvertes
de ligands chiraux ont été publi@sNéanmoins, en général, I'obtention
d’énantiosélectivité dans des réactions d'hydrog@ma’arenes est toujours

une tache tres difficile.

Seuls quelgues exemples ont été signalés et legi@gselectivités obtenues
ont été inférieures a 10%. Des nanoparticules déiuim stabilisées par des
amines chirales ont été utilisées dans I'hydrog@malieso-méthylanisole et
o-méthyl-O-triméthylsilyl-benzéne. Une bonne sélétdi cistrans a été

obtenue, mais les excés énantiomériques n'ontépessé les 696°3°

En 2009, Claveet al. ont rapporté la synthese de nanoparticules de
Ru, Rh et Ir stabilisées par des ligands diphosptdhiraux pour
I'hydrogénation d’arénes monocycliques. De bonnetivigés sous des
conditions douces et des résultats intéressartsmes de sélectivités ont
été obtenus. Cependant, seule une énantiosélédtieg faiblea été atteint
(jusqu'a 6%}’
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Résultats et Discussion

Le but de ce travail était de synthétiser et wildes ligands chiraux
phosphine et cinchonidine pour stabiliser des nartimplles de ruthénium
pour I'hydrogénation asymétrique d'arénes. L'hyps¢h était basée sur
I'interaction supramoléculaire entre le ligandeetdbstrat qui pourrait induire

un produit énantiomériquement enrichi.

Dans le cadre de cette étude, nous avons réalséaus avions
besoin d'informations sur l'interaction du ligamé@la nanoparticule pour la
conception du ligand. Des études de deutératidigdeds simples ont été
effectuées afin de comprendre comment les ageatslisants peuvent

interagir avec la surface des nanoparticules.

La conception des agents stabilisants pour nanopiad est une
étape importante afin d'obtenir de bons résultateeames de sélectivité et
d’activité en nanocatalyse. Notre hypothése état synthétiser une
phosphine avec des groupes fonctionnels suppléimentavec de faibles
propriétés acides et basiques. Par conséquenthdappine5.13 a été
synthétisée en 4 étapes et utilisée avec la cindimencomme stabilisateurs

de nanoparticules de ruthénium (Schéma 17).

Les NPsRu4 ont un diamétre de 1.61+0.35 nm, sont hautement
cristallines avec une structure hexagonale compacaeicune oxydation ne
fut détectée. Quantitativement, ils contiennen¥w8u Ru et 21 % de ligand
5.13 En comparant les deux nanoparticules stabilipaesinchonidine, on
peut déduire que les plus petites sont obtenueadquae plus grande
proportion de ligand est utilisée pour les stabili®u6 sont plus petites que
Ru5). Aucune différence appréciable de la proporti@n rdthéniumvs.

proportion de ligand n’est observée.
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1) THF, 3 bar H,, 18h, Room T
[Ru(COD)(COT)] + 5.13 Ru(0) NPs  +2
2) Pentane

Ru4, L=5.13, 0.2 equiv.

1) THF, 3 bar H,, 18h, Room T
[Ru(COD)(COT)] + 5.14 Ru(0) NPs +2
2) Pentane

Ru5, L=5.14, 0.1 equiv.
©Y\/P©

N

O

5.13 5.14

Ru6, L=5.14, 0.2 equiv.

Schéma 17Synthése de nanoparticules de ruthénium stabjpiaédes ligands
chiraux.

Au départ, nous avons sélectionné les amiglds et 5.16 2-
pyridinemethanol §.17) et le 2-methoxyphenylmethanob.18 comme
substrats en raison de la possibilité de créeirdesactions acide-base avec
le ligand 5.13 La chiralit¢ des fonctions acide-base du ligamdrait

déterminer l'interaction avec le substrat (Figyre 2
o 0T Ol OO0
o N OH OH
N
5.15 5.16 5.17 5.18

.

,H/ 0 /
AV S 7

B

Figure 2. Des interactions proposées entre le ligariBet des substrats
disubstitués.

Nous avons entrepris I'étude en réduigabbet5.16en utilisant des

nanoparticulefRu4 et Ru6. Malgré les similitudes entre les deux substrats,
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des différences importantes ont été observées. Paas d&.15 seulement
le produitcis totalement hydrogéné a été observeé, indiquantlegieleux
substrats ont un mode de coordination différent aa surface des
nanoparticules, ce qui, dans le cassdes permet la formation du produit
trans Sans doute, le fait que le produit d’hydrogémapartielle est observé
pour 5.16 indique que ce substrat pourrait étre libéré deudace des
nanoparticules et coordonner dans un autre modantffe stéréoisomere
trans Toutefois, dans les essais tentés, aucune éséleibivité n'a été

obtenue.

Lorsque I'hnydrogénation du substbat 7a été tentée sous 20 bars de
H> pendant 64 heures, 78% de conversion a été ob&iu# dans le cas de

5.18 Néanmoins, aucune énantiosélectivité n'a pudétectée.

Puis, dans le but de comparer le comportement desparticules
préparées dans ce chapitre avec celui de cellpanges dans les chapitres
précédents et pour vérifier si un degré dénanigos@ité pourrait étre
observée dans la réduction de cétones, nous aesis b réduction de
certains  dérives de l'acétophénone. L'acétophénoe¢ le
trifluoroacétophénone ont été réduites a l'aiddodes les nanoparticules

chirales mais aucune énantiosélectivité n'a éténis.

A ce stade et apreés les résultats négatifs d'@satectivité obtenue
dans I'hydrogénation des différentes arénes, iltéa de&cidé d'étudier
l'interaction et la fagon dont les ligands sontrdoanés sur la surface des
nanoparticules afin d'essayer de comprendre quelssires devraient étre

prises pour atteindre notre objectif ambitieuxnéiétiosélectivité.
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e Etudes de Deuteration

Récemment, Chaudret al.ont rapporté un échange H/D qui permet
la deutération de pyridines, quinoléines, indolkylamines et composés
biologiguement actifs avec.len présence de nanoparticles de ruthenium
stabilisées par PVPB.Cette technique permet la deutération exclusive des
positions voisines a I'atome d'azote dans les mdiffés substrats, méme en

présence d'autres éléments électronégatifs teldegpiatomes d'oxygene.

Pour cette raison, cette méthode pourrait égaleétemutilisée pour
mieux comprendre comment les différents liganderagissent avec la
surface et pour savoir quels atomes sont coordomuegjuels postes
pourraient étre proches de la surface métallique ps, cette technique
pourrait étre utile pour deutérer non seulemenpdtestes voisins aux atomes

d'azote, mais aussi aux autres centres, par exeaydatomes de phosphore.

La cinchonidine et le ligan8.13 sont tres complexes et pour cette
raison, nous pensions qu’il serait plus facile denmencer l'étude de
deutération avec des ligands plus simples. Airssitriphénylphosphine,

I'oxyde de triphénylphoshine et le triphénylphosehint été deutérés.

La triphénylphosphine a pu étre monodeutérée, thdée ou
polydeutérée en modifiant la température et le sedgpréaction. Dans le cas
de l'oxyde de triphénylposphine, moins de tempst é@cessaire pour
monodeutérer les positions vicinales a I'atome kiesphore. Toutefois, la
réduction des groupes phényles n'a pas pu étrée2\iinfin, la deutération
du triphénylphosphite a été essayée dans les cumglile réaction standard
utilisées précédemment et, étonnamment, aucuneérdéoh n'a été

observée.
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Tous les résultats obtenus dans I'étude prélinendér deutération
nous amenent a déduire que dans le cas de la phespihsemble que le
ligand est coordonné a travers l'atome de phosphescarenes doivent étre
positionnés orthogonalement a la surface des natmpas et, par
conséquent, les positions vicinales a I'atome desphore peuvent étre
facilement deutérées. Le cas de l'oxyde de phosmsndifférent, le ligand
ne peut pas se coordonner par l'atome de phosm@topar conséquent,
I'interaction avec la surface des nanoparticulgsreduit par les arenes. Ce

fait a pour conséquence une réduction plus faeiteaénes.

Enfin, en ce qui concerne le triphénylphosphitgpthe d'oxygene
pourrait coordonner a la surface et, par conségleniphényles devraient
étre situés a proximité de la nanoparticule et d&ne facilement deutérés.
Mais puisqu'aucune deutération n'est observée,dsarie la coordination a
lieu par 'atome de phosphore, de telle sorte gsi@hényles se positionnent

loin de la surface des nanoparticules.
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1.1.INTRODUCTION TO NANOPARTICLES

Nanochemistry is an exponentially growing resediaid in science
and it involves the synthesis and application ofaparticles with different

sizes, shapes, activity and selectivity.

The word colloid was introduced for the first time in 1861 and
implied the suspension of a phase (solid or liquitt) a second phase, and
was used for suspensions, which were neither dettler deposited

spontaneously.

Modern transition-metal nanoclusters also calledhoparticles
(NPs), are in the 1-10 nm range in diameter, sm#iken classical colloids
(typically >10 nm in diameter). They are isolabhelaedisolvable, soluble in
organic solvents (classical colloid were usuallgdis aqueous systems), and
are well defined compositionally (unlike classicalloids). Nanoparticles
have narrow size distributions, clean surfacesraptbducible synthesis and

activities.

Soluble metal nanopatrticles are at the frontiewbeh homogeneous
and heterogeneous catalysis and combine the adesntd both. They are
active under mild reaction conditions, more selectihan heterogeneous
systems and due to their solubility and differamlgtical techniques can be
used to study their behaviour. These systems aedyfrotational and three-
dimensional in reaction systems which enhance ¢bessibility towards the
surface active sitésHowever, there are some drawbacks like their tecyle

to agglomeration and the relatively poor thermabity.>
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1.2. SYNTHESIS AND STABILIZATION OF METAL NANOPARTICLES

The formation of zerovalent nanoparticles can laiobd following
two main methods operating in various media (agsieorganic or a solvent
mixture): the physical method and the chemical we{{Scheme 1.1§.

The physical method also commonly named as “toprdauses
various methods of lithography to pattern nanossaiestures. It yields broad
particle size dispersion, larger nanoparticles (w0 and bad
reproducibility. On the contrary, the chemical nwethor the “bottom-up”
approach uses interactions between colloidal pestio assemble discrete
nanoscale structures in two and three dimensions.the most convenient
way to obtain smaller isolable nanoparticles withvell-defined surface

composition and with high level of reproducibility.

Aggregation Nucleatiot

NPs coos
Bulk @ﬂ 9 '@ V :5::. ?}g Moleculal

. - > & & & Metallic
Metal Physical Method v ‘&:‘% < ChamirsaMathndd
¥ ¥ Precursor

Scheme 1.1Methods for the synthesis of metal nanoparticldBgN

In general, these suspensions have to be stabibyegrotective
agents to prevent aggregation or agglomerationh® kulk. At short
interparticle distance and in the absence of repifsrces, the van der Waals
forces will attract two metallic particles to eaather.For that reason, two
different types of nanoparticles stabilization chea envisaged: charge

stabilization and steric stabilization.

On the one hand, ionic compounds like halides, aafllates or
polyoxoanions in solution (aqueous media in gehedn generate

electrostatic stabilization. These compounds caateran electrical double-
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layer that prevents agglomeration due to the cobiomepulsion generated
between the particles (Figure 1.1). Colloidal syste stabilized by
electrostatic repulsion are very sensitive to i@irength or thermal motion

which could disrupt the double layer formed.
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Figure 1.1. Schematic representation of electrostatic stalbitinaof two
nanoparticles.

On the other hand, polymers, oligomers, ligand$vests or an
organic molecule containing coordination groups banadsorbed on the
particles surface providing a protective layer. Séhanolecules will be
restricted in motion in the interparticle space &t increasing of
concentration will favour the interpenetration béttwo protective layers.
This results in an osmotic repulsion and, thereftte media restores the
equilibrium by separating the particles (Figure) 1The steric stabilization

can be used both in organic or in aqueous phase.

Figure 1.2. Schematic representation of steric stabilizatiotwaf nanoparticles.

The properties of nanoparticles are size deperatehit is important
to control the size and the shape to reach a mepedie assembly and to

tune their activity and selectivifyFor this reason, the reduction methods
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display limitations and, for example, the presentesalts and water can
produce oxides or hydroxides that can consequeptgsivize the

nanoparticle surface.

Chaudretet al® developed the use of an organometallic precursor
which can be decomposed in the presence of a rglgzs (H or CO)
obtaining a net reduction of the metal. The ideakprsor is a zerovalent
olefinic complex in which the organic ligands (@hé€ or polyolefinic) can
be displaced easily in mild conditions obtaining han-contaminated
surface!® Different precursors such as [RuytGo)(CsHi2)] also named as
[Ru(COD)(COT)] (COD: 1,5-cyclooctadiene, COT: 1;8yclooctatriene,
[Ni(CsH12)]*% [Rh(n*-CsHs)s]*2 and complexes like [RBtiba)]*4, [Pt(dba)]*®
or [Rh(acac)(ftCsH12)]*® have been used. Moreover, the nanoparticles
obtained by this procedure have a high degree mir@oon the size, shape

and surface environment.

Concerning to the stabilizing agent, solvents, pays, ionic
surfactants, ionic agents and ligands can be wsst@bilize nanoparticles by

this approacf§:107

1.3. CHARACTERIZATION OF NANOPARTICLES

Before studying the reactivity of nanoparticlesjsitnecessary to
establish the surface composition in order to kriimw the reaction will
evolve. Several techniques generally used in #ld 6f nanomaterials such
as transmission electron microscopy (TEM), highehatson transmission
electron microscopy (HRTEM), scanning electron wécope (SEM), X-ray
diffraction (XRD), wide-angle X-ray scattering (WA, elemental analysis
(EA), X-ray photoelectron spectroscopy (XPS), etan be used to

characterized nanoparticles. Moreover techniques/ate from molecular
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chemistry like infrared spectroscopy (IR), UV, rea magnetic resonance
spectroscopy in solid state or in solution (NMR) amagnetic measurements
are useful to characterize the nanoparticles seitfathe most commonly

used techniques are briefly described below:

- Transition electronic microscopy (TEM) is the mesimmonly used

technique to characterize metal nanoparticlesart yield information
such as particle size, size distribution, shapspaisity, structure and
morphology of the nanoparticles. TEM permits theuaiization of thin
slices of material with nanometer resolutt8EM has a resolution of +
4 A and HRTEM has a resolution of + 2 A. The disambages of these
techniques are: 1) electron beam induces structwalrangement,
aggregation or decomposition of the nanopartideshree dimensional
samples have to be interpreted from two-dimensionages and 3) the
samples are dried under high-vacuum condition psdirect information

of nanopatrticles in solution is obtain€d.

- X-ray diffraction (XRD) is a non-destructive tecjpe which allows

determining the composition of crystallized compdsirfor particles
larger than 4 nr®® When the NPs are smaller, the acquisition of strat
information is more difficult and broad diffract@gns are expected.
The peak position of X-ray diffractogram is relate® the
crystallographic symmetry and the peak intensitgliated to the unit cell

composition.

- Wide-angle X-ray scattering (WAXS) consists in thiffraction of X-

rays on atoms from nanocrystals and it revealsrteenal structure of
the average nanocrystal core and permits an appab@iassumption of
nanoparticle dimensiort$ The samples are analysed in solid state, sealed

in Imm Lindemann glass capillaries. The WAXS presgia@ distribution



46 | CHAPTER1

of the metal-metal bonds inside a homogeneous &dgerof
nanoparticles and a well-defined RDF is related crystallised
nanoparticles. Using a model is then possible tetan access to the
structure and coherence length of the particlayrasgy that all particles

adopt the same size and structure.

- X-ray photoelectron spectroscopy (XPS) is a tedmmighat gives

information about the composition and chemicalustatf the elements
present on the solid surface. It provides dadsexpulsion and analysis
of the related energies of the electrons that cioome the solid when are
irradiated by X-rays. The exciting beam does natallg damage the
surface” The peak intensities measured indicate how muehnaédterial

is at the surface and the peak position is rel&tethe elemental and

chemical composition.

- Infrared spectroscopy (IR) is used to study thdaser of nanoparticles

and the adsorption of different molecules on théase. In general, it
demonstrates the clean and unoxidized nature afgheparticle surfaces
by adding CO and the surface dynamic at room teatpey. Carbon

monoxide has been widely used due to its charatitervibrational

frequencies around 1800-2100-tnThe detection of bridging CO is in
general associated to the absorption on the NIes fte germinal ones
on the edges. Furthermore, the presence of sorfaeswxidation leads

to an important shift towards high frequenciesheftypical CO band$:®

- Nuclear magnetic resonance (NMR) spectroscopy lid state or in

solution permits the study of the intra-core méatoms and the ligands
surrounding the metal core. This technique can gseful information

on the dynamics of the surface ligarfdsiowever, the study of the metal
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core is more difficult because the nuclear-spitidatrelaxation time is

really sensitive to any metallic property that thester can have.

1.4. GENERAL APPLICATIONS OF METAL NANOPARTICLES IN

CATALYSIS

As it was commented before, transition metal cdidiave generated
great interest over the last decade due to théémgial catalytic activity and
selectivity. Nevertheless, it is important to etlate whether if the true active
catalyst is homogeneous or heterogeneous. Fordhabtn, several studies

have been performed to identify the real activeigsen different reactions.

The most commonly method used to identify the taglyst in a
general reaction is the poisoning of the surfacehleyaddition of reagents
that could bind to the heterogeneous catalyst itihgthe reaction. If the
activity of the catalyst remains unchanged afteratidition of the poisoning
(mercury or CO), then the reaction would be mdetlyi homogeneou¥.
However, mercury may react with certain complexelsggands deactivating
the catalyst in homogeneous systems too and, coesty the results

obtained using this test are not conclusive.

Ligands like Cg PPRh or thiols can also be used as poisons. When
less than one equivalent of ligand for surface atetaps the activity, then it

can be deduced the presence of an heterogenealystat’

In some cases, the type of reactivity observed perrthe
determination of the real catalyst. For instancep@ntet al. reported the
used of Rh and Ir NPs stabilised by ionic liquids the hydrogenation of

arenes. In this study, hydrogenolysis products wlaie related to surface
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metal catalysis were observed and, consequentlg, phesence of

homogeneous systems was discarded.

Furthermore, the study of the kinetics of a reactian also be useful
to determine the nature of the catalyst. When narigies are the real
catalyst, no induction period is expected and groe&ntial decay kinetic
curve should be observétHowever, in some examples an incubation period
has been observed while the real heterogeneoulystataformed from a

homogeneous compoufd.

All these techniques help to obtain information w@hthe system
although an unambiguous and conclusive distindiigiveen homogeneous

and heterogeneous catalysis is very difficult toiewe.

Nanoparticles have been widely used as catalysisvaral reactions
such as oxidation, cross coupling, hydroformylatimmd hydrogenation
reactions among othet#in overview of the uses of nanopatrticles in catialy

will be described in the following section.

1.4.1.NANOPARTICLES INC-C COUPLING REACTIONS

Coupling reactions like Suzuki, Heck and Sonogastaactions have

been widely described with Pd catalysts providargé turn over numbe#s.

Herrmann was the first one to describe the udedohanoparticles
in a Heck coupling reactiofi.Several examples have been repdftadd, in
general, a higher activity was observed when thaew are substituted with
an electron-withdrawing groups such as a nitrocardonyl. However, more
investigations are required to determine the reatalgst® Palladium
nanoparticles, either preformed or generateslty, can act as a reservoir of

molecular complexes becoming the true catalyticaltyive species. The
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accepted mechanism involves an oxidative additibrthe aryl halide
substrate to the colloid surface, then a leachingdgll) molecular species
takes place that enter in the catalytic cycle afiokm the nanoparticles at the

end of the reaction (Scheme 132).

Leaching

Oxidative
Addition

Catalytic
Cicle

Scheme 1.2Representation of the accepted mechanism for Hssdtion with Pd
NPs as catalytic precursofs.

A similar behaviour was observed in Suzuki coupliegctions. For
instance, Rothenberg and co-workers used a membraaetor and
concluded that the molecular species leached frallagium nanoparticles
were the responsible of catalysis (Scheme %.Bysonet al. used nitrile-
functionalized ionic liquids as solvent, formingnagarticlesin situ from
PdCEfor Suzuki and Stille reactions. Nevertheless,datlyst in this case
could also be the Pd molecular species and thepaaticies were considered

to act as reservoirs.

B(OH), I
Pd-TOAG NPs
+ —_—
100°C, NaOAc

Scheme 1.3Pd nanocolloids stabilized by tetraoctylammoniugcglate (TOAG) in
a Suzuki cross-coupling reactiéh.

It has also been demonstrated the influence oftiveent and the
decisive role of nanoparticles for Suzuki reactiéikile in organic solvents,

good donor ligands lead to the formation of stablaplexes, in ionic liquids,
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palladium systems are only active when nanopasticee generated
(probably acting as reservoi)However, Changt al.reported a ruthenium-
catalysed olefination and Suzuki cross-couplingctieas in which they
proposed that the real catalytic species were Ropaticles even when a
homogeneous complex precursor such as [Rp€ymene)} was
employed® Similar trend was observed by Gémeizal. that performed
Suzuki C-C coupling reactions using Pd nanopadicl€he inactivity
detected for the molecular precursor and for thiagiam powder confirmed

the colloidal nature of the catalyst.
Br B(OH),
© © [BMI][PFg], [Pd/L] ‘
N
Na,CO; (aq), 110°C, 1h O

Scheme 1.4C—C coupling between bromobenzene and phenylboemiitusing Pd
NPs37. 39

The carbonylation of methanol is another C-C cawupiieaction with
a lot of importance in industrial processes. Rhopanticles stabilized by
PVP have been used in this reaction obtaining loaaivities than the
homogeneous system already described. The catalsgssdue to Rh(l)
species formed by oxidation of nanoparticles bynieghyl iodide present in
the medid?

Other C-C coupling reaction like cycloaddititimallylation;*? aldol
and Mannich-typ® reactions have also been described by using

nanocolloids.

1.4.2.NANOPARTICLES INHYDROFORMYLATION REACTIONS

The hydroformylation using nanoparticles (Schengg is.a reaction

in which the role of the metal is not clear. Soresults point out that the
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nature of the catalysts are nanopartitlbat other studi¢sshow that the real

catalyst is homogeneous.
CHO
©A\ H,/CO ©)\ CHO
Catalyst ¥ ©/\/
Scheme 1.5Hydroformylation reaction.

Hydroformylation of olefins in neat condition usimgmodified or
Xantphos-modified Rh nanoparticles have been regort The
hydroformylation of 1-alkenes has a strong inflleenn the nanopatrticle size
and linear/branched selectivities up to 25% weréesed. Moreover, TEM,
XRD, IR and NMR experiments indicated that Rh (Bs\were probably
degraded into soluble mononuclear Rh-carbonyl yttally active

species®

Then Chaudrekt al. used rhodium nanoparticles stabilized by a
chiral diphosphite ligand in the hydroformylatioh styrene. Although the
diluted experiments and the poisoning test wereootlusive, thén situHP
NMR revealed the formation of molecular speciesolvttiould act as the true

catalyst?’

Recently, it has been reported a Rh nanopartidtesyformed in a

HPS matrix for the hydroformylation reactions ifC&%.%8

1.4.3.NANOPARTICLES INHYDROGEN TRANSFERREACTIONS

The transfer hydrogenation process is safer and emor
environmentally benign process than other redugifooesses. In general, 2-
propanol is used as source of hydrogen becausehieap and easy to remove
(Scheme 1.6%°
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Scheme 1.6Transfer hydrogenation reactions.

Nickel (0) nanoparticles have been used in thesteailydrogenation
of olefing®, carbonyl compounds and in the reductive amination of
aldehyde¥.

Zeolite supported copper nanoparticles were usegtduction of
aromatic and aliphatic carbonyl compounds by trertsydrogenation in high

yields>®

Moreover, magnetic silica-supported ruthenium natalgst was
developed for the transfer hydrogenation of carboagnpounds. Due to the
magnetic nature of the nanopatrticles it can beraggrhby an external magnet

and, therefore, the filtration of the catalystisided>*

Finally, it is important to highlight that iron naparticles have been
used in the asymmetric transfer hydrogenation tdres. Although several
methods like poisoning with PMekinetic analysis and image techniques
have been used, it is difficult to rule out comelgthe fact that small amount

of homogeneous catalyst is generated during theioad®
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1.4.4 NANOPARTICLES INHYDROGENATION REACTIONS

Metal nanoparticles have been widely used in hyeinagon
reactions of different functional groups. For imste, reduction of substrates
bearing terminal, internal or cyclic olefins haveeh investigated. In general,
good results in terms of activities and selectstiwere obtainetlAn
important substrate which has been hydrogenatezkbbgral types of metal
nanoparticles is styrene. This substrate is oftgnt@rest due to the fact that
it cannot be hydrogenated by classical homogenesystems like
Wilkinson’s catalyst and in the case of heterogesecatalysts, the

hydrogenation does not only take place in the akairt also in the arene

In general, rutheniurf, rhodiun?’ and, in less proportion,
palladiun®® nanoparticles have been used. As an example ppdilet al.
reported the synthesis of water soluble ruthenianmoparticles stabilised by
alkyl sulphonated diphosphines for the hydrogematibstyrene. Different
proportion of ligand were used to stabilise theapeanticles and the ones with
higher L/Ru ratio provided an increase towarddonmation of ethylbenzene
by restricting the approach of the aromatic ringthe more hindered

nanoparticle surfac®.

The reduction of other functionalities like niggmups has been also
performed using nanoparticles. Contrary to whatiocahen heterogeneous
systems are used, by-products like azo and azoxyatiges and
hydroxylamines are not formed in notable proposioBeveral examples
have been reported? for instance, iridium nanoparticles stabilisedmyP
has been used in the hydrogenation of nitroaromatataining aldehydes,
ketones, nitriles and chloridés. Really good results in terms of
chemoselectivity were achieved and the correspgndiriline compounds

were obtained leaving the other functional groupadt (Scheme 1.7).
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NO, NH,
| N PVP@Ir NPs X Conv.= 95-100%
XR 1 atm H,, 208 K XR Selectivity= 99-100%

R=-CHO, -COCHyz, -CN, -CI
Scheme 1.7Selective hydrogenation of nitroaromatics by iridinanoparticle&t

Another example of selective reduction of a subst@ontaining
more than one reducible functional groups is thalrbgenation of
unsaturated carbonyls into unsaturated alcdi@se of the first examples
reported was the chemoselective hydrogenation wfhachaldehyde into
cinnamic alcohol using several bimetallic colloglgh as Pt, Pt/Co in PVP
or Pt immobilized in supports like polystyrene uraina. Selectivity up to
99 % at 84% of conversion towards the selectivadgehation of the alkene
was obtained when PVP-Pt-FeGlas used as catalytic system (Scheme
1.8)8

©/\/CHO / \i @/\/\OH
Scheme 1.8Pathways for the cinnamaldehyde hydrogendiion.

Regioselective hydrogenations using transition hoetéoids such as
hydrogenation of conjugates dienes to monool&fiasd hydrogenation of

conjugated alkyne-alkene compounds to dienes, bese reportetf.

Stereoselective hydrogenations have also beenrpextb As an
example, Lemaire developed the stereoselectiveoygiation of dibenzo-
18-crown-6-ether (DB18C6) using Rh nanoparticletining as the major

product thecis-syn-ciscompound (Scheme 1.9).
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Scheme 1.9Reduction of DB18C6 using rhodium nanoparticlebistzed by
trioctylamine®®

Finally, it is important to put the accent on thee wf nanoparticles
for arene hydrogenation. Nanoparticles have emasye¢he solution for
reducing aromatic rings under mild reaction cownditi. Ruthenium, rhodium,
iridium and platinum nanoparticles are the metélshoice for this purpose

and a general overview will be presented in thio¥ahg section.

1.5. ARENE HYDROGENATION

Nowadays, the hydrogenation of arenes is an impbriaea of
research ought to the interesting industrial apgiber. The most important
application of the arene hydrogenation reactiorths hydrogenation of

benzene to cyclohexene for the adipic acid prodadtiylon precursory>867

The generally accepted mechanism for the hydrogenaft arenes
was proposed in 1974.This mechanism can be applied for arenes that
interact with more than one metal centre like irstérs, nanoparticles or bulk
metal surface® Furthermore, other interesting reaction like theipl arene
hydrogenation for the synthesis of cyclohexenes ttbatment of diesel to
obtain low-aromatic-content diesel fuels and thdrbgenation of aromatic
polymers to produce new materials are reaction& \&ithigh industrial

interest.

The hydrogenation of arenes is much more diffidhian the

hydrogenation of simple olefins due to the resoaatabilization energy that
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is lost during the hydrogenation. Traditionally,/RhOs, metal sulfides and
Raney Nicke™ have been the catalysts of choice for the hydraigem of
monocyclic arenes. Nevertheless, drastic conditiongerms of pressure

and/or temperature were requiréd.

Regarding the homogeneous catalysis, some exarhphs been
reported although, in some cases, the true catalgst concluded to be
colloidal systems formed under the reaction cooad&i* For instance, bulk
ruthenium metal has been demonstrated to be the#talyst in the benzene
hydrogenation using as precatalyst the moleculampbex Ru(ll)¢°-
CsMeg)(OAC).."2

The coordination modes of areneg){ cyclohexadienen) and
cyclohexener?) to several metallic centres have been crystadioigically
characterized®®"3A common coordination mode in cluster chemistrgt an

metal surfaces is thesp%nzn? (Scheme 1.10).

i
Qﬁ/x N
f? o i
:% ) »/+H2

-

IR
( =trimetal face
o b

Scheme 1.10Proposed arene-exchange mechanism on a metahface i
homogeneous cluster or heterogeneous cafdlyst.

The addition of hydrogen across one double bordklema gn2n?-
diene and further hydrogenation results in a moadkiihe release of the
diene and monoene products can take place by esp&&t of the partially

hydrogenated product by a new arene subsitate.
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1.5.1.PARTIAL ARENEHYDROGENATION

Partial reduction of arenes to cyclic dienes or osmes represents a
synthetically useful reaction due to the straightfrd formation of
cyclohexanolvia hydration (Scheme 1.11). This reduction is gengrall

conducted with stoichiometric reagents like in Bieh reduction?®

Hydrogenation O Oxidation Polymers
Thermodynamically OH/
favored product O/
\ Fine

Partial \ /
hydrogenation O Hydration chemicals

Kinetically
stable product

Scheme 1.11Industrial application of partially hydrogenate@mes’®

The most effective catalyst for the hydrogenatidnbenzene to
cyclohexene used on an industrial scale emplogdegts/e bilayer catalytic
system using ruthenium metal catalyst, Za@d ZnSQ. The process affords

60% of selectivity and 90% of conversitn.

Nanoparticles represent a new opportunity for thartig
hydrogenation of arenes. However, there are somstacdles to overcome due
to the easy reduction of the double bonds onceatioenaticity is lost.
Moreover, the elimination of a diene coordinatedlmisorbed to the metal

is a difficult task’’

It is assumed that in the case of nanoparticlesatlene reduction
occurs through a Horiuti-Polanyi mechanism and pheduct selectivity
depends on the affinity of the partially hydrogexabproduct with the surface
(Scheme 1.12%
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Scheme 1.12Full and partial hydrogenation of 1,3-cyclohexadiemechanism by
surface atom&

In general, palladium nanoparticles are the mostrson catalysts
used in the partial hydrogenation of 1,3-dienesvextieless, the specific
case of partial hydrogenation of benzene is limiedhe use of aqueous
reaction medi® or the use of ionic liquids where the solubility the
substrate is higher than that of the cyclohexeodumt. Furthermore, the best
selectivity obtained is lower than 39% at very lo@nzene conversion (<1%)
using ruthenium nanoparticles stabilized by imidiamo ionic liquids® The
same type of ionic liquids were used by Machati@al. obtaining 65% of

selectivity towards cyclohexene product at 0.3%efzene conversich.

In relation to the partial hydrogenation of sulgétl arenes, the
higher steric hindrance generated by the preseinttee substituents affects
the selectivity since the bulky groups favour tiesdciation of the partially
hydrogenated product from the catalyst surface disflavour the re-

adsorption.

Some example of partial hydrogenation of substkweenes have
been reported using nanoparticlé®® For instance, Masdeu-Bultd, Gémez
and co-workers reported the use of rhodium andenithm nanoparticles
stabilized by phosphines containing fluorinatedugio (PPh and P[3,5-
(CR)2CeH3)3) in the partial hydrogenation of methylanisolestaiting

selectivity up to 15% at 21% of conversion in a @e@edia®?> The same
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group reported the use of ruthenium nanoparticlebilzed by 4-(3-
phenylpropyl)-pyridine in the hydrogenation of difént substrates and
obtaining 25% of selectivity for the partial hydestion product op-
methylanisole (Scheme 1.13}.

RuL NPs
+
EtOH, 40 bar, 50°C, 6h
OMe OMe

OMe Conv.=100%

75% 25%

Scheme 1.13Hydrogenation of p-methylanisole using Ru NPs $isdd by 4-(3-
phenylpropyl)-pyridine®®

Chaudret and van Leeuwen reported the use of NHEBenas to
stabilize ruthenium nanoparticles in the hydrogemadf different arenes. At
393 K and 20% of conversion, approximately 60% bt tpartial

hydrogenation ob-methylanisole was obtainégl.

Recently, a series of P-donor stabilized Rh-NP&lzdso been used
in the partial hydrogenation of xylenes and methiglales with selectivity up

to 39% at relatively high conversions (Scheme 1714)

O\ O\
+
Rh Phosphite NPs

Conversion 35% 36%

o~ Rh-Phosphite NPs o~ o~

Conversion 38%
39%

: +
Rh Phosphite NPs
Conversion 49% 21%
0 ~

-

Scheme 1.14Hydrogenation 0b-, m-, p-methylanisole with Rh-phosphite NPs.
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1.5.2.CIS'TRANSSELECTIVITY IN ARENEHYDROGENATION

The substituents on disubstituted aromatic compsuhave an
important effect not only on the reaction rate, higo in thecis/trans
selectivity. Thecis isomer is the only product expected if the aromatic
substrate is adsorbed in a flat fashion on theasarfHowever, in some arene
hydrogenations, th&ans product is also obtained as a minor product. For
that reason, theis stereoisomer is considered as the kinetically deed

product whereas theansisomer as the thermodynamically favoured.

The selectivity towards theis stereoisomer is rationalized by a
continuous addition of hydrogen to only one fac¢hef arene and theans
stereoisomer is formed when a partially hydrogehatatermediate
dissociates from the nanoparticle surface and seesstes with the opposite

face before further hydrogenation (Scheme 1315).

ER T

Isomerization J

Qﬂl Q ,,,,, Q .....

Scheme 1.15Proposed mechanism for the hydrogenation of digutest arenes on
metal surface®

Di-substituted arenes like methylanisoles or xytereave been
typically used to study thes/transselectivity in hydrogenation reactions by
NPs. Alper and co-workers hydrogenate phmethylanisole obtaining just
the cis-product using Rh nanoparticles (92% yiétdnd Lemaire, Gallezot

et al. found cis-selectivities up to 97% in the hydrogenation of
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methylanisole using Rh- and Ru-nanocatalyst (higieselectivities were

observed for arenes bearing electron-withdrawirgstwents§®

Furthermore, nanoparticles stabilized by carboheddarived 1,3-
diphosphite ligand®, chiral ammonium-capped rhodium nanoparti‘lasd
ruthenium nanoparticles stabilized by carb&hdsave been used to
hydrogenate methylanisoles obtaining always ¢lsestereocisomer as the

major one.

The temperature and the hydrogen pressure candraimportant
influence on theigtrans selectivity. Schuetz and Siegel reported higlier
selectivities in the hydrogenation of xylenes whenpressure was increased
and the temperature decreased. Under this reambiaditions, the substrate
was rapidly hydrogenated avoiding the desorptiaindithe catalysi&®

Finally, it is interesting to highlight the factahusing Ru-NPs
stabilized by chiral mono-oxazolines, ttiens product was obtained as the

major one in drans:cisratio of 19:1 (Scheme 1.1%).

RuNPs MeOH
+H ——— + by-products
50°C, 6h

OMe
36% 24% 13% 10% 18%
MeO
RUNPs, MeOH ONS
+tH —m——— + by-products
50°C, 6h
54% 38% 2% 4% 2%

Scheme 1.16Hydrogenation obrtho- andpara-methylanisole catalysed Ru NPs
stabilised by mono-oxazoliné$.
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1.5.3.ARENE HYDROGENATION VS OTHER FUNCTIONAL GROUPS
CHEMOSELECTIVITY.

Contrary to what it generally happens with hetenegeis catalysts,
nanoparticles can act as selective system forhibmoselective reduction of

an arene in the presence of other reducible fumakigroups.

Arenes containing imide groups have been hydrogenaising
nanoparticle§® For instance, rhodium nanoparticles stabilised sbyid
ammonium salts which formed ionic liquids in sobutihave been used.
Selectivities up to 96% at 60% of conversion towatte hydrogenation of
the arene in the presence of an alkene was acha\i€) bar of KHland 60°C

when the Rgroup was 2,4,5,6-tetramethylpyrimidine (Schemig 1°!

O COOH O COOH o )CgiH O  COOH

Ri  RnNPs Ry Ny R

NTX L N N . N 1
©)J\H)\IL/ - ©)J\HJ\H( + O)‘\H I O)LH)\H(
Scheme 1.17Hydrogenation of)-2-(benzoylamino)-2-propenoic acids.

Fewer examples of aromatic rings hydrogenationdmoparticles in
the presence of estérsind amide® have been reported. Concerning esters,
rhodium nanoparticles on charcoal have been usesditace methyl benzoate
obtaining 100% of selectivity towards the hydrogemraof the arene under

1 atm of H.%*

Finally, the chemoselective hydrogenation of ameatic arene in the
presence of a ketone has also been studied usiifigredt metallic
nanoparticles. A more detailed review of the litera related to this topic is

presented in Chapter 3 of this thesis.
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The final goal of this thesis is the synthesis ahdracterization of
ruthenium nanoparticles stabilised by differenaitigs and their application

as effective and selective catalysts for arenedyehiation reactions.

The research presented_in Chapter 3 aims to syzehetthenium
nanoparticles stabilized by triphenylphosphine andl,4-
bis(diphenylphosphino) and the their applicationttie hydrogenation of

aromatic ketones. In particular, the specific otijes of this chapter are:

- To synthesize and fully characterise ruthenium dmadium
nanoparticles stabilized by phosphine-donor ligafiRih and
dppb).

- Study the structural factors in substrate and nartimpes that
can influence the selectivity on the hydrogenatbithe arene
vs.the ketone function.

- To perform selective hydrogenation of various st

phenyl, benzyl and phenethyl ketones.

The work presented in this chapter has been chroait in
collaboration with the group of Prof. Carmen Claard Dr. Cyril Godard.

The research described in Chapter 4 aims to uskemium
nanoparticles stabilized by triphenylphosphine liee thydrogenation of
polycyclic aromatic hydrocarbons. In particulare thpecific objectives of

this chapter are:

- To perform selective hydrogenation of various pgtjic

arenes under mild reaction conditions.
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To compare the catalytic behaviour of the nanogagion the
hydrogenation of substrates containing two, thremare fused
aromatic rings.

To obtain high selectivities towards the hydrogemabf one
arene over others presented on the substrate.

To study the influence on the selectivity of napifthes
containing substituents in different positions bé taromatic

ring.

The research described_in Chapter 5 aims to dew@pproach to

the enantoselective hydrogenation of arenes udiinglaanoparticles. In

particular, the specific objectives of this chayates:

To design and synthesize a chiral phosphine liggmde
applied as stabilizer for ruthenium nanoparticles.

To prepare nanoparticles stabilized by differempprtions of
cinchonidine.

To use all the nanoparticles prepared in the asynune
hydrogenation of different substituted arenes.

To investigate coordination and interaction aspeaftsthe
different ligands with the nanoparticle surfaceusyng isotopic

labelling with deuterium.



SELECTIVE HYDROGENATION OF
AROMATIC KETONES

This work has been carried out in collaborationtwihe group of Prof.
Carmen Claver and Cyril Godard. The work developsthg rhodium

nanoparticles has been entirely carried out by Dessica Llop in the
context of her PhD work.






Selective Hydrogenation of Aromatic Ketor'e'SS

3.1.INTRODUCTION TO THE SELECTIVE HYDROGENATION OF

AROMATIC KETONES

The reduction of ketones to alcohols is a veryigitéorward
reaction which has been accomplished by a legiaeajents and catalysts
like boron- and aluminium-based hydride reagergsy-xalent metals or by
the use of hydrogen and transition metal catalystsvertheless, from an
ecological and economical point of view, the useatilytic hydrogenation

methods is more desirable than traditional stoitieiwic reduction systends.

However, the chemoselective hydrogenation of armmangs in
substrates containing other reducible functionalgs like ketones is still a
challenge. Few examples of chemoselective hydrdgenaf arenes have
been reported using heterogeneous catalysts angenaral, mixtures of
products are obtainédFor that reason, nanoparticles have appeared as a

promising way to overcome this problem.

3.1.1.Acetophenone Hydrogenation

Acetophenone is, in general, the benchmark substrs¢d in the
study of the selective hydrogenation of an arene carbonyl group using
nanoparticles. Different examples have been regoaied, here we will

comment in more detail those targeting the seliggtiv

One of the first examples was reported by Dupsdrdl. in 2003 in
which iridium and rhodium nanoparticles stabilizeg imidazolium ionic
liquids were used in the hydrogenation of acetophenamong other
aromatic substratésNanoparticles with a diameter around 2.0-2.5 nmewe
prepared and used in solventless conditions at @844 atm of Kpressure

in the hydrogenation of acetophenone. Both aredekatone were reduced



76 | CHAPTER3

under these conditions. Noteworthy, 42% of the bgdnolysis product
ethylcyclohexane was obtained using iridium nantigas (Scheme 3.1).
Although the hydrogenolysis of PhC-X bonds is akebwn reaction, using
nanoparticles it is in general much slower compavid the aromatic ring
reduction and the hydrogenolysis products are dolyned in small
guantitiesS Interestingly, when rhodium nanoparticles were dysao

hydrogenolysis products were observed in this case.

o] OH
—_— +
H, (4 atm), 75°C
58% 42%

Scheme 3.1Hydrogenation of acetophenone using Ir NPs stadullizy
imidazolium ionic liquids®

In 2010, Gémez and co-workers reported a comparativdy on the
use of ruthenium nanoparticles unsupported andastgap on multi-walled
carbon nanotubes as catalyst for hydrogenationepsgs. In the particular
case of acetophenone, total conversion towardsfutye hydrogenated
product (1-cyclohexylethanol) was obtained at 4Cdmal 50°C for 16 h using
the supported catalyst.

Then, van Leeuweet al.reported the use of N-heterocyclic carbenes

(I'Bu and IPr) stabilized Ru NPs in the hydrogenatbdifferent aromatic
substrate&.Concerning acetophenone, a deep study was peiddamwehich

the solvent, pressure, temperature and catalydingavas optimized. THF
was the solvent of choice due to the low activitgtber solvents like pentane
or MeOH. The pressure did not affect the ketonedyenation rate but it did
affect the arene hydrogenation and the increasengferature had a positive
effect on the activity but not on the selectivity. relation to the catalyst
loading, better results were obtained when loweantjties of ruthenium were

used, obtaining the best results in terms of dgtamd selectivity using 0.3%



Selective Hydrogenation of Aromatic Ketor’e‘S?

of Ru. As it is shown in Figure 3.1, selectivitigg to almost 60% towards
the hydrogenation of the arene was obtained ubimganoparticles stabilized
by IPr.

time (h)

Figure 3.1. Hydrogenation of acetophenone at 40 bar §f298 K and 0.3% of Ru
using RulPr0.2 NPs. Acetophenone (black), cyclohmagthylketone
(red), 1-phenylethanol (blue), 1-cyclohexylethafgreen)®

Water-soluble ruthenium nanoparticles stabilized dawfonated
diphosphines or by a sulfonated-diphosphine-cycltride system with a
diameter range 1.2-1.5 nm have also been usedpimasic liquid-liquid
conditions in the hydrogenation of unsaturated rhedlestrates like styrene,
acetophenone am-methylanisole (Scheme 3.2)//hen cyclodextrin was
also used to stabilize the nanoparticles, it aete@ phase-transfer reagent
that promoted an increase on activity and affetted selectivity. In the
particular case of acetophenone, the presence abddsxtrin pushed the
selectivity towards 1-phenylethanol up to 91% wBeh equivalents of the

ligand were used at only 1 bar of pressure for@@r$
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a)L or b) L+CD
[Ru(COD)(COT)] RuNPs
1) THF, 3 bar Hy; 2) H,O

OR
SOzNa ORRO
RO o
ORO R
o OR

OR
gt © °
NaO3S P o
/ RO RO,

OR RO
Por
P RO OR
0 OR ORQ-£©O
o RO
RO

SOzNa SOzNa

(6]
OR

Scheme 3.2Synthesis of the Ru NPs stabilized by sulfonatpda$phine and
cyclodextrin (R=H or Chj degree of substitution=1.8).

3.1.2.Hydrogenation of non-Conjugated Aromatic Ketones

The reduction of acetophenone towards the formatioi
cyclohexylmethylketone with selectivities higheat60% is still a challenge
due to the no preferential coordination mode of ahenevs. the carbonyl
group. However, better selectivity results havenb®gtained in the reduction

of non-conjugated aromatic ketones using nanopestic

Thus, for instance, in 2004, Dupoet al. reduced phenylacetone
using iridium nanoparticles stabilized byn®utyl-3-methylimidazolium
hexafluorophosphate (BMI-BF A 92% of selectivity towards the
hydrogenation of the arene under mild reaction tmms (4 atm and 75°C)

at 97% of conversion was achieved (Scheme?3.3).
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©/\ﬂ/ [r©@)l O/\,( . O/Y
0 H,, 4 atm, 75°C % OH

97% Conversion 92% 8%

Scheme 3.3Selective hydrogenation of phenylacetone usingpls Btabilized by
ILs.2

In 2012, Dyson and co-workers reported the use WP RRh
nanoparticles in the hydrogenation of phenylacetob&ining 70% of
selectivity towards the hydrogenation of the ardi chemoselectivity was
increased up to 90% at 80% of conversion when agitine ligand was

added as poisoning (site blocking) (Scheme 8.4).

m PVP/Rh NPs
+ +
o 30 bar H,, 80°C 0 OH OH

PVP/Rh NPS: 70% 5% 19%

PVP-L/RhNNPS: | = O\ /Q 90% 4% 2%
P

SO3Na

Scheme 3.4Hydrogenation of phenylacetone using PVP/Rh and-BN&»h NPs!0

As it was commented on the previous section, récedHC-
stabilized ruthenium nanoparticles have been sstdés used in the
hydrogenation of acetophench®loreover, the influence of the alkyl chain
length on the chemoselectivity was studied. It waiscluded that, as more
distance there was between the arene and the kebatier were the
selectivities (up to 98% in 4-phenyl-2-butanoneh&une 3.5). For this
reason, it could be concluded that there is a prré® for coordination of the

arene over the ketone on the nanoparticle surface.
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NHC-Ru NPs n . n
"
0] 40 bar H,, 25°C o OH OH

n=0 36% - 64%
n=1 92% 5% 3%
n=2 98% - 2%
n=3 99% - 1%

Scheme 3.5Hydrogenation of aromatic ketones using Ru NPsilstad by NHC
ligands®

3.2.OUTLOOK AND OBJECTIVES OF THIS CHAPTER

As previously outlined, nanoparticles are a verysagle class of
catalyst which have been used with great successeweral catalytic
transformations. In particular, arene hydrogenat®@ reaction in which
nanoparticles have been successful catalysts, ialjotine reaction to be
performed under really mild reaction conditions.wdwer, in terms of
selectivity, the ability to hydrogenate an aromatig in the presence of

another more easily reducible functional group stilhains a challenge.

As it was commented in the introduction, differestudies of
selective reduction of arenes in the presence tof gups using different
metals and different stabilizers have been perfdriHewever, most of these
studies are limited to one type of metal, stahil@esubstrate. For that reason,
we decided to perform a general study of reduaticarenevs.ketone using
Ru and Rh nanoparticles stabilized by phosphinesdbgands. Ruthenium
and rhodium were selected because they were thepmoaising metals for
arene reduction. Phosphines were selected asiztabibecause they offer
the possibility of modulate the surface of the nmarticle by selecting mono
or bidentate ligands besides of using differentatieggand ratio. Moreover,
phosphines showed interesting results of selegtivithe few studies carried

out. Thus, the aim of this chapter is the comparisicthe catalytic behavior
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of Ru and Rh nanoparticles in the hydrogenatiothefareness. the ketone
function. The effect of the nature of the metak #tabilizing agent and the

influence of the substrate structure will be stddie

As it was stated before, this work was performeaaditaboration
with the group of Prof. Carmen Claver and Cyril @atiand the study of
rhodium nanoparticles was supervised by them andedaout by Jessica
Llop in the frame of her Doctoral Thesis. The waiks programmed by both
groups together, the nanopatrticles were synthesigien) the same batch of
ligands, and the catalysis was performed in theesggactor and using the
same batch of substrates and solvents in orderetaeglly comparable
results. For this reason, and in order to undetistae general conclusions
derived from this study, the results obtained bssiga Llop with rhodium

nanoparticles, have also been included in the Reanll Discussion section.
3.3.RESULTS AND DISCUSSION

3.3.1.SYNTHESIS, STABILIZATION AND CHARACTERIZATION OFRUTHENIUM
AND RHODIUM NANOPARTICLES

Soluble Ru- and Rh-NPs stabilised by the phosphdousr ligands
PPh and dppb(P:Ru/Rh= 0.4) were synthesised by decompositiothef
organometallic  precursors [Ru(COD)(COT)] and [R¥HCsHs)s],
respectively, in THF underitpressure (Scheme 3.6). The NPs were isolated
as black powders after precipitation with pentame &haracterised by
transmission electron microscopy (TEM), X-ray difftion (XRD), X-ray
photoelectron spectroscopy (XPS), wide-angle Xsagttering (WAXS),
elemental analysis (EA) and thermogravimetric asialy(TGA) (see

Experimental Part).



82 | CHAPTER3

. 3 bar Hy, 1t
[Ru(COD)(COT)] + 0.4 equiv. PRy [Ru(THE),(PR3),]
THF
Rul-2
, _ 6 bar H,, 40°C
[Rh(h? -C3Hs);] + 0.4 equiv. PR, [Rh(THF),(PR5), ]
THF
Rh1-2
P @\P/\/\/P

2.1: PPh, @ 2.2: dppb

Scheme 3.6Synthesis of Ru and Rh-NPs stabilized by RiPid dppb.

* Rul nanoparticles:

Initially, 0.4 equivalents of the monodentate ligan
triphenylphoshine2.1 were used to synthetizRul nanoparticles. TEM
micrographs permitted to observe the formatiomudlsand spherical shaped
nanoparticles, narrow size distribution and a diemef 1.32+0.28 nm.
Moreover, the high-resolution transmission eleatnmmoscopy (HRTEM)

confirmed the formation and dispersion of the namtges (Figure 3.2).

Then, the proportion of ligand present on the nanoge surface
was determined not only by elemental analysis Isatlay thermogravimetric
analysis (TGA). By elemental analysis, 6% of phas@nd 54% of Ru was
determined. These results were confirmed by TG&hith 69% of Ru, 29%
of PPh and 2% of THF was observed (Figure 3.3).
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Figure 3.2. TEM and HRTEM micrographs ¢&tul NPs.

To help to clarify the TGA graphic (Figure 3.3)ist important to
highlight that the sample of nanoparticles was dwdtom 30°C to 900°C
under a flow of N, while the weight was continuously recorded.
Triphenylphosphine was used as reference and aeifogs at around 340°C
was observed. TheRul nanoparticles were heated and two main weight
losses were observed between 70°C and 100°C coméisyg to the solvent
(THF) and between 200°C and 450°C corresponditigetdigand (PP$). No
free ligand at around 340°C was observed and tighivwmeasured at the end

of the experiment (900°C) was referred to the remgiruthenium.

10

8q

Weight (%)

44

200 600 800
Temperature (C)

Figure 3.3. TGA of Rul nanoparticles. Free ligand PHhkolid line) and the
corresponding nanopatrticle (dashed line).
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From the experimental data obtained by TEM and ®BABnd using
the Van Hardevel Hartogmodel, the approximate quantity of ruthenium
atoms present on tiRul nanoparticles surface can be calculated. In Table
3.1 are presented the values referring to the tatalber of atoms (Nt) and
the atoms on the surface (Ns) related to the dienmetbtained by TEM. A
P/Ru ratio between 0.2-0.3 that represents approximatelghosphorus
ligand for 6-8 ruthenium surface atoms is obtaifféxd ratio of surface atoms

per total atoms in the nanopatrticle remains siniilaall the cases.

Table 3.1.Approximate quantity of ruthenium atoms on Bl surface.

Size of NPs 1.04nm 1.32nm 1.60 nm

Nt 43 89 15¢
Ns 35 63 99
Ns/Nt 0.810 0.709 0.628
P/Ru 0.25 0.23 0.26

The structure of the nanoparticlBsil was determined by X-Ray
diffraction (XRD). The diffraction pattern is shovim Figure 3.4 in which
Bragg's diffraction corresponding to the planes0)01002), (011), (012),
(110), (013) and (020) are related to the hexagoloaske packing lattice of
Ru-NPs and coherence length of 1.01 £ 0.02 nm wtsmhined.

Moreover, Wide Angle X-Ray Scattering (WAXS) wagfpemed
revealing crystalline ruthenium nanoparticles digpig hcp structure with a
coherence length of 1.5 nm and a bond length &30n2n (Figure 3.5). Then
mean size is slightly higher than the ones detezthisy TEM and XRD and
this fact could be due to the different approximatiused for the

calculations'
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Figure 3.4. XRD of hcp crystallindRul nanoparticles.
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Figure 3.5. Experimental RDF oRul nanoparticles (red line) and theoretical
RDF for Ru hcp (green line).

Finally, the oxidation state of the atoms situatu the Rul
nanoparticles surface was determined by X-ray Riettron Spectroscopy
(XPS) (Figure 3.6). Two peaks are expected fdt unoparticles although
the Ru 3d region shows highly overlapping betwear8BR and C 1s peaks.
Six component peaks are necessary to fit the expeatal peaks: 3d5/2 and
3d3/2 for Ru(0), 3d5/2 and 3d3/2 for Ru(lV) and € fdeaks. Using the
Monte-Carlo approximatidd and taking into account the parameters
optimized for Ru systems, the analysis reveale@D&dof Ru(0) atoms at the

surface of the NPs.
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k‘ LMLA

Figure 3.6. XPS spectra dRul nanoparticles.

To summarise, thRul NPs exhibit a diameter of 1.32+0.28 nm, are
highly crystalline with hcp packing and no oxidatios detected.
Quantitatively, they contain 70% Ru and 30% £Ph

* Ru2 nanoparticles:

Initially, 0.2 equivalents of the bidentate ligand, 4-
bis(diphenylphosphino)butane (dppB)2 were used to synthetizedu2
nanoparticles. Small nanoparticles with a diameter.49+0.35 nm, narrow
distribution and spherical shape were observedEM.TThe high-resolution
transmission electronmicroscopy (HRTEM) confirmée formation and

dispersion of the nanoparticles (Figure 3.7).

The proportion of ligand present on the nanopa&rtslirface was
determined by elemental analysis and by thermogratvic analysis (TGA).
By elemental analysis, 3.35% of phosphor and 74.80R was determined.
These results were confirmed by TGA and 72% of 29 of PPhand 3%
of THF was observed (Figure 3.8).
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Figure 3.8. TGA of Ru2 nanoparticles. Free ligand PHhbolid line) and the
corresponding nanopatrticle (dashed line).

From the experimental data obtained by TEM and®ABnd using
the Van Hardevel Hartogmodel, the approximate quantity of ruthenium
atoms contained on tu2 nanoparticles surface can be calculated. In Table
3.2 are presented the values related to the totaber of atoms (Nt) and the
atoms on the surface (Ns) related to the diameta#esned by TEM. A P/Ru
ratio between 0.1-0.32 which represents approximnat@hosphorus ligand
for 11-14 ruthenium surface atoms is obtained.rékie of surface atoms per

total atoms in the nanoparticle remains similaalinthe cases.
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Table 3.2.Approximate quantity of ruthenium atoms on B surface.

Size of NPs 1.14nf$m 1.49nm 1.84 nm

Nt 57 127 24C
Ns 44 84 137
Ns/Nt 0.771 0.658 0.572
P/Ru 0.11 0.13 0.15

The structure of the nanoparticlBa2 was determined by X-Ray
diffraction (XRD). Bragg's diffraction are relateid the hexagonal close
packing lattice of ruthenium nanoparticles and cehee length of 1.12 +
0.05 nm was determined.

Wide Angle X-Ray Scattering (WAXS) was performedealing
crystalline ruthenium nanoparticles displaying bopcture with a coherence
length of around 1.8 nm (Figure 3.9).
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rtom)

Figure 3.9. Experimental RDF oRu2 nanoparticles (red line) and theoretical
RDF for Ru hcp (green line).

Finally, the oxidation state of the atoms situated the Ru2
nanoparticles surface was also determined by X-Rdnptoelectron
Spectroscopy (XPS) (Figure 3.10) After the optirtiza of the parameters

and using the Monte-Carlo approximation, 6% of‘Ruas observed on the
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NPs surface (oxidation of the samples during thenipudation and the

measurements cannot be discarded).

Figure 3.10. XPS spectra dRu2 nanopatrticles.

To conclude, the TEM micrographs of these NPs lledga all cases
the formation of small nanoparticles with spherishlape, narrow size
distribution and similar diametecd. 1.5 nm diameter, Figure 3.2 and Figure
3.7). The mean diameter and size distribution &f Rul-2 NPs are in
agreement with the size of Ru-NPs stabilised wi#sé ligands previously
reported at lower L/M ratios (0.1 equivalent ofplrénylphosphiné and
dppBb¥).- It was therefore concluded that for these systehes,amount of
ligand used to stabilise the nanoparticles doesaffett significantly their

size.

Diffuse peaks were observed in the XRD patternhek¢ NPs, as
expected for an homogeneous distribution of venalsiparticles with a
hexagonal close-packing (hcp) lattice structureerifogravimetric analysis
of Rul-2 systems showed that these NPs contaiee@% of solvent, 25%

of phosphine ligands and 70% of Ru, in agreemettt previous reports4
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Similar results were already reported for the Riteayis'® In the case
of Rh nanoparticles, TEM micrographs revealed thienétion of small
nanoparticles with spherical shape and narrow digteibution €a. 1.6 nm
diameter, Figure 3.11). Diffuse peaks were obseimdtle XRD pattern of
these NPs, as expected for an homogeneous digiribof very small
particles with a face-centred cubic (fcc) lattiteisture. No reflections due
to rhodium oxide were observed. Thermogravimetralgsis of Rh1-2
systems showed that these NPs contaioed1% of solvent, 29% of
phosphine ligands and 70% of Rh (see Experimertalf&r more details).

< sy < .
P o g St :

3 1.57£0250m }.

“ngmber of particles. , *

-

2 .0.9,,;-'3?.1.8. S

i RS S I N S el Tntd, 3
© . diameter (nm)

Figure 3.11. TEM micrographs and the corresponding size histografRh1-2
NPs.

3.3.2.Acetophenone Hydrogenation

As it was mentioned in the introduction, acetoplmenwas used as
benchmark substrate in the studies of competigdection of arene and keto
group. Thus, acetophenoBR8was first used to evaluate the selectivity of the
hydrogenation (aryl groupvs ketone group) usindRul-2 and Rh1-2
nanoparticles. Three main products are expectdatisnreaction (Scheme
3.7): cyclohexylmethylketon®2.3aresulting from the selective reduction of
the aromatic ring, phenylethan®I3b resulting from selective reduction of
the ketone group and cyclohexylethadc the total hydrogenated product.
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Scheme 3.7Expected products formed in the hydrogenation efagahenone.

Initially, Rul nanoparticles stabilised by triphenylphosphiBel)(
were used to optimize conditions. Initially, asishown in Table 3.3, it was
decided to use the pressure and temperature comsldilready reported for
acetophenone hydrogenation by ruthenium nanopestidgiherefore2.3was
reduced at 40 bar of pressure and at 30°C andcimt&krsion was achieved
and 74% of the total hydrogenated prod2@&c was detected (Table 3.3,
Entry 1). Then the reaction pressure was reduc@@ tmar and the time was
increased to 5 hours in order to see if more delgcttowards the
hydrogenation of the arene could be obtained (Tat8e Entry 2). Under
these reaction conditions, full conversion and &f%be total hydrogenated

product2.3cwas achieved.

At this point, different solvents were tested caridg the reaction at
30 °C and at 20 bar of,HWhen the reaction was performed in pentane for 5
hours (Table 3.3, Entry 3), the reaction was slottan in THF and in
contrast with the previous experiment, the majadpct was2.3b (53%).
This result was attributed to the poor solubilitgiee ruthenium nanoparticles
in this solvent although, in general, the actiafythis type of heterogeneous
catalysts depends on the competitive coordinatioth® substratess. the
solvent. Then, as it was expected, the reaction maitl proceed using
acetonitrile as solvent (Table 3.4, Entry 4). Treisult was in agreement with
previous report§ and indicated that competitive coordination oftanitrile

at the surface blocks the active sites of the ysitaFrom this screening, it
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was deduced that the best results in terms ofigctwnd selectivity were
obtained using THF as solvent and subsequent ewpets were carried out
in this solvent.

Table 3.3.0ptimization of the conditions for the hydrogenataf acetophenor.3
usingRul NPs?

[0} [0} OH OH
©)LM6 O)LMe @/kMe @Me
—_— + +
23 2.3a 2.3b 2.3c

E. Solvent (bZr) (OTC) T('rrge C((?/Or)“é 234 230 237
1 THF 40 3C 2.E 100 26 - 74
2 THF 20 30 5 100 13 - 87
3 Pentane 20 30 5 24 23 53 24
4 CHCN 20 30 5 - - - -

5  THF 20 30 25 90 57 4 39
6 THF 10 30 25 50 61 21 18
7 THF 20 50 25 100 7 _ 93

%General conditions: 2mol%®ul NPs (2mol%), substrate (1.24 mmol), solvent (10 ml
®Determined by GC.

When the reaction using THF was repeated during 2riger the
same reaction conditions, 90% conversion was rebwiite a selectivity up
to 57% of the arene reducti@3a (Table 3.3, Entry 5), 39% of the totally
hydrogenated produ@t3cand, curiously, of only 4% of phenylethar2oBb.

Finally, it was decided to optimize the pressure e temperature.
When the pressure was reduced to 10 bar and tipetatare was maintained
at 30°C, the conversion decreased to 50% althduglselectivity remained
practically unchanged and 61% of proddc8a was obtained (Table 3.4,
Entry 6). Therefore, it was decided to maintain pihessure to 20 bar and
increase the temperature to 50°C in order to s#eeittonversion could be

improved and the selectivity maintained (Table E8try 7). However, the
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total hydrogenated product was obtained in 93%etdcsivity and only 7%

of product2.3awas achieved.

Therefore, the best results are obtained using d¢igolvent, 20 bar
of pressure and 30°C and the subsequent experimvengscarried out under

these reaction conditions.

Then the reaction was performed usiRg2 nanoparticles for 5h
(Table 3.4, Entry 2), a conversion of 70% was olgdiwith selectivities of
43% and 41% foR.3a and 2.3b, respectively. Th&ku2 nanoparticles are
therefore apparently less active tHaal, which could be attributed to the
more facile dissociation of the monodentate #Rym the surface oRul.
From these results, it can be concluded that tfend used to stabilise the
nanoparticles has an effect on the activity ands#ébectivity. It is noteworthy
that bidentate phosphine stabilised Ru-NPs ardlysuare active than their
monodentate counterpatfs.

Then, the rhodium nanoparticlBhl,2 were used as catalysts in the
hydrogenation of acetopheno®& under the same reaction conditioR&.1
nanoparticles provided high conversions when tlaetien was driven in
THF during 5h (Table 3.4, Entries 5-7). Howeveringsthis catalyst, in
addition to the expected produc®s3a-c obtained in 15, 23 and 33%,
respectively, the hydrogenolysis products ethylbesz £.3d) and
ethylcyclohexane 2,39 were detected in 13% and 17%, respectively. In
previous reports on hydrogenation of acetophengrsluble Rh-NPs, these

products were only observed as trat¥s.

As it was mentioned before and in the frame oflboration,Rh2
nanoparticles, which bear dppb as stabilising ligaalso afforded full
conversion under the same reaction conditions €rald, Entry 8). Relevant

differences between the two rhodium systems weserobd in terms of
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selectivity. Indeed, usindRh2 system as catalyst, the hydrogenolysis
products?2.3d and2.3ewere not detected while 1-phenylethaRdb (46%)
was the main product, ad3aand2.3cwere obtained in similar percentages,

28% and 26%, respectively.

Table 3.4.Ru-NPs Rul,2) and Rh-NPs Rh1,2 catalysed hydrogenation of
acetophenong.3?

O 0] OH OH
©)LM6 O)’LME ©)\Me O/LME ©/\Me O/\Me
- + + + +
23 2.3a 2.3b 2.3c 2.3d 23e

E. Subs. NPs Solvent T('[Be %%“é 238 230 23¢
1 2.2 Rul THF 2.5 aC 57 4 39
2 2.3 Ru2 THF 5 70 43 41 16
3 2.3a Rul THF 16 100 - - 100
4 2.3b Rul THF 16 5 - 95 5
5 2.3 Rh1 THF 5 a0 15 23 33
6¢ 2.3 Rh1 Pentane 5 100 6 1 8
7 2.3 Rh1 CHsCN 5 - - - -
8 2.3 Rh2 THF 5 100 28 46 26
9 2.3a Rh1 THF 16 - - - -
10 2.3a Rh1l Pentane 5 - - - -
11¢ 2.3b Rh1 THF 16 100 1 - 26
12 2.3c Rh1 THF 16 - - - -

dGeneral conditions: NPs= Ru, Rh (2 mol%), substta®4 mmol), T = 30 °C, P= 20 bas.H
PDetermined by GC13% of2.3d and 17% of.3ewere also obtained57% of2.3d and
27% of2.3ewere also obtained3% of2.3ewas obtained.

These results therefore indicated strong differemiepending on the
metal and stabilising agents used. In terms o¥isiess, no important changes
were observed, although the systBu2 was slightly less active than the
other NPs. However, large differences were observéeifms of selectivity.
With  the
cyclohexylmethylketone2(3a) varied from 13% witiRul (Table 3.3, 57%

at shorter reaction times) to 43% usiRg2. With the rhodium systems, the

ruthenium systems, the selectivity towardshe
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same trend was observed, although in this casemée difference in
selectivity was the formation or not of hydrogersidy products, since
productsle and1f were only detected using the systRhml. This therefore
suggests that the stabilising ligand dppBRh® blocks the active sites of the

NPs responsible for the hydrogenolysis process.

Interesting results were obtained for both metabparticles and, at
this point and to further investigate the evolutadithe selectivity with time,
the hydrogenation of acetophendh8 catalysed byRul andRh1 systems
were monitored by GC-MS under the optimized reactionditions (30°C,

20 bar of H pressure and THF as solvent).

Using theRul system, full conversion was obtained after 4h
(Figure 3.12). During the first 30 min, the convensreacheda. 20% and
products2.3a 2.3b and2.3c were rapidly formed, witl2.3a as the major
product ¢a.60%). Comparing the initial rates of formatior2o8aand2.3b,
the hydrogenation of the arene ring revealed to3bemes faster. The
concentration o2.3aremained constant faa. 1h before decreasing to 15%
after 5h of reaction. At 20% of conversion, the duat 2.3b reached a
maximum of ca. 20% of selectivity, progressively decreasing atgkr
reaction times, until full disappearance after SDlring the reaction, 2-
cyclohexylethanoR.3c became the main produgia the hydrogenation of
2.3aand2.3b.
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Figure 3.12. Monitoring the hydrogenation of acetophen@n@usingRul NPs
(Conditions: substrate (1.24 mmadRul (2 mol%), THF, 30°C, 20 bar#

Then to compare the reactivity of the intermediake3aand?2.3b
were used as substrates under the same reactiafiticos than2.3
Surprisingly, when the reaction was performed Wiphenylethano?.3b as
substrate, only 5% conversion into the total hydreded produc.3cwas
obtained, even after 16h (Table 3.4, Entry 4).

This result is in contrast with the kinetic studyewe 2.3b fully
disappeared after 5h, although in this case, ceivein2.3bwas very low.
It was deduced that the relative concentration leénylethanol2.3b in
solution could explain the difference observed. Kiamd co-workers have
recently reported that alcohols like3b can deactivate the catalyst by

forming stable adducts with the active spedies.

As expected, when cyclohexylmethylketo2e3a was used as
substrate, total conversion was observed (TableEhtty 3) indicating that

2.3cis mainly formed througB.3a
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The same study was monitored using the rhodiumesy&hl
(Figure 3.13) and, at early stages of the reactienproduc®.3bwas rapidly
formed and reached a maximum selectivitgaf60%. Comparing the initial
rates of formation oR.3a and2.3b, the hydrogenation of the arene ring
revealed to be 4 times slower than that of the destiunction. At longer
reaction times, the concentration28b was observed to steadily decrease.
The selectivity toward®.3a reached 20% after 40 min and practically
remained unchanged at higher conversion. As exgpettte formation of the
product 2.3c progressively increased until the end of the feactThe
hydrogenolysis produc2.3d was rapidly formed at the beginning of the
reaction and its concentration was maintained eomsturing the rest of the
hydrogenation process. The concentration in prod&d was also
practically constant throughout the experimentgssting that this product
is formed at a similar rate than that at whicls itonverted int@.3e

10

—A— % 2.3a

8 —=— %2.3b
—x— %2.3c
—*— %2.3d
—e— %2.3e
—&— Conversion

6(

%

0 100 200 300 200 500 600
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Figure 3.13. Monitoring the hydrogenation of acetophen@@usingRh1 as
catalyst (Conditions: substrate (1.24 mmBij1 (2 mol%), THF, 30°C,
20 bar H).

Then, product®.3a2.3c were again used as substrates in order to
elucidate the reaction pathway (Figure 3.13). bdengly, when

cyclohexylketon®.3aor cyclohexylethan®.3cwere reacted, no conversion
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was achieved even at 80°C (Table 3.4, Entries 920 ,n contrast, when 1-
phenylethano®.3bwas used as substrate, complete conversion wasradh
with up to 63% selectivity for the hydrogenolysedquct2.3e and 26% of

2.3c(Table 3.4, Entry 11).

These results therefore showed that during thedygaration o2.3,
the formation of produ@.3conly arises from the hydrogenation of the aryl
group of2.3b, and not from the hydrogenation of the ketone grof2.3a
Furthermore, the formation of the hydrogenolysisdpict 2.3e necessarily
involves the produc2.3b as intermediate while the transformation2a3a

and2.3cinto 2.3ewere shown not to proceed under these conditiortse(8e

3.8).
o @* Sate

- . 2.3e

2.3b 2.3d

Scheme 3.8Reaction pathway for the hydrogenation of acetophef.3 using
Rh1 nanopatrticles.

To summarize, the results obtained in the hydrogemaof
acetophenong.3show that, very surprisingly, distinct reactionhpyeays are

employed depending on the metal and ligand used:

- Ru NPs favour the reduction of the aromatic orgr the reduction
of the keto group, and are also able to redu8ato produce2.3c However,
with these catalyst&,.3bis reduced very slowly. Moreover, the selectivgty

influenced by the stabilising ligand.
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- Rh NPs favour the reduction of the keto grouprabat of the
aromatic ring to produce 1l1-phenylethardBb, which is then further
hydrogenated to forrd.3cor hydrogenolysed t8.3d exclusively wherRh1l
is used as catalysts. Interestingly, the Rh-NPs mibd reduce the

cyclohexylketone.3a

The selectivity trends observed for the hydrogematiof

acetophenong.3are summarized in Scheme 3.9.

proposed pathway for Rh catalysts

o<
2 = ot
5

proposed pathways for Ru catalysts

Scheme 3.9Schematic representation of the selectivity trestulserved in the
hydrogenation of acetophenoRs.

Based on these results, tRel nanoparticles appeared to be more
active tharRu2 andRh1-2. Therefore, in order to obtain similar conversions
and to facilitate the comparisons in terms of galitg, the hydrogenation of
the other substrat@s4-2.11was carried out during 2.5h usiRgl as catalyst
and 5h wherRu2 andRh1-2 were employed.

3.3.3.Hydrogenation of Acetophenone using Ru/C and Rh/C

Ru/C and Rh/C, conventional heterogeneous catalyst® used in

blank experiments, in order to know if the presemfcgtabilizing ligands had
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influence in the activity and selectivity. Surpngly, the reaction did not

proceed when Ru/C was used as catalyst.

However, when the reaction was monitored and pedrunder the
optimized reaction conditions (20 bar of Hnd 30°C) using Rh/C, full
conversion was achieved after 90 min and 1-cyclgletixanol2.3¢ was

principally obtained (Figure 3.14).

100G v v

80 X

—A— 2.3a
—a—2.3b
—x<— 2.3C
—*— 2.3d
—e— 2.3e
—&— Conversion

60

4q

Figure 3.14. Monitoring the hydrogenation of acetophen@@using Rh/C as
catalyst. (Conditions: substrate (1.24 mmol), R{l/@0l%), THF,
30°C, 20 bar k).

In this case, hydrogenation was faster than usampparticles and
the total hydrogenation product was observed asnth@r one from the
beginning. Produc®.3b is observed as a minor product which is rapidly
hydrogenated to forrd.3cand the hydrogenolysis prodi&B8d and2.3eare

only observed as traces.

These results justify the use of nanoparticlesetectve catalyst for
the hydrogenation of an arene in the presenceket@ne. Using the Rh/C
system onlyca. 30% of cyclohexylketon@.3awas detected whereas using

Ru NPS almost 60% of selectivity could be achieved.
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3.3.4.Hydrogenation of non-Conjugated Aryl Ketones

As it was commented before, concerning selectithity behaviour of
Ru and Rh NPs seems to be complementary: Ru NPgymadluce the arene
ring while Rh NPs reduce first the keto group. @a btther hand, Ru NPs
reduce the keto group of cyclohexyl methyl ketoh&4), while Rh NPs do
not. These results prompted us to explore the hetiawf these nanocatalysts

in the hydrogenation of non-conjugated aryl ketones

The reduction of non-conjugated aryl ketones aadrtfiuence of the
alkyl chain length between the phenyl and the ke{sabstrate®.4and2.5)
groups was studied usiiRul-2 andRh1-2 as catalysts (Table 3.5). Using
the ruthenium systenRul-2, similar activities were obtained (conversions
around 65%) for both substrates (Table 3.5, Enttiés and 3-4). For
substrate?.4, 58% selectivity for the arene-hydrogenated pro@uéa was
obtained (Table 3.5, Entry 1) usiRy1, while only 30% was achieved using
Ru2 system (Table 3.5, Entry 2). For substiateusingRul to give2.5ais
higher than in the reduction 8f4to give2.4a A similar trend was observed

whenRu2 were used.

When the reaction was performed usiRgl-2 as catalysts, good
activities (conversions up to 80) were obtainedilinthe cases. In these
reactions, high to excellent selectivities for tiene hydrogenated products
were achieved, obtaining up ta. 75% of the cyclohexylketone derivative
2.4aand up to 94% of produ2t5a(Table 3.5, Entries 5-8). The selectivities
obtained for both substrates were similar usindp lsgstemdRh1l andRh2.

It should be noted that low selectivity for theyulydrogenated products was

obtained in these experiments.
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Table 3.5.Hydrogenation of ketonea 4, 2.5 catalysed by RuRu1-2) and Rh NPs

.W OOt O

2.4:n=1 2.4a:n=1 2.4b: n=1 2.4c:n=1
2.5:n=2 2.5a: n=2 2.5b: n=2 2.5c:n=2

Entry  Substrate NPs C(:(%\é 248 240 2.4¢

1b 24 Rul 67 58 39 3
2 2.4 Ru2 66 30 70 -
3P 2.5 Rul 66 74 17 9
4 2.5 Ru2 67 a7 37 16
5 2.4 Rh1 78 76 24 -
6 2.4 Rh2 64 74 26 -
7 2.5 Rhl 73 93 3 4
8 2.5 Rh2 80 94 2 4

#General conditions: NPs=Ru, Rh (2 mol%), subs{ta#4 mmol), THF (10

ml), T = 30 °C, P= 20 barit=5h."t=2.5h."% determined by GC.

For substrate®.4 and2.5the nature of the metal affects significantly
the catalytic results. Indeed, with Rh NPs, thedaelity for arene reduction
increases when the separation between arene admohghigroup increases
until reaching practically total selectivity foreare reduction. Moreover, the
stabilizing ligand shows neither influence on theersion nor on the
selectivity. This suggests that substrate coorainggkes place through the
aromatic ring while the carbonyl group is progreslsi pushed away from
the nanoparticle. The fact that the ligand doesatfact the activity and
selectivity of the catalysts indicates that bofjatids leave enough space at

the surface of these nanoparticles for the areaedowtion.



Selective Hydrogenation of Aromatic Ketor'e]so3

In the case of the Ru catalysts, the stabilizigarid does not
influence the activity but affects the selectivifithe catalysts, increasing the
percentage of ketone reduction when dppb is theiliger (Ru2). It is
relevant that even for compouBdb, 37% of ketone reduction was obtained.
However, this is not surprising since we observadiar that ruthenium is
able to reduce alkyl ketones liRe2a (see Table 3.4). These results suggest
that the stronger coordination and higher stemclfznce of the dppb ligand
limits more efficiently the coordination of the agethan the coordination of
ketone. This may be due to a higher bonding enefgphosphines towards
ruthenium than towards rhodium and/or to the ddiférgeometries of these
small polyhedral NPs as a result of their differenystal structure, namely
hcp and fc

Comparing the results from Table 3.4 and Table 8.%an be
observed that the rhodium NPs reduce selectivelaténe in compoun@s4
and 2.5, since these catalysts do no reduce alkyl ket@sues as2.3a
However, in the case of acetophen@rigthe reduction of the ketone group
is preferred. Concerning, ruthenium NPs the sitmais different since
reduction of arene and carbonyl groups are conngetibr all substrates,
including for non-conjugated aryl ketones. Althoubk selectivity towards
arene reduction also increases when aryl and ketgpg become more and

more separated (Scheme 3.10).
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proposed pathway for Rh catalysts
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Scheme 3.10Schematic representation of the selectivity trestoserved in the
hydrogenation of aryl keton&s4, 2.5.

3.3.5.Hydrogenation of Substituted Acetophenones Usingh&uum
Nanoparticles

All the results presented suggest that acetophe@d)enhich is
often selected for testing the competition betwssauction of arene and
carbonyl group, is in fact a particular case thestedlves additional attention.
In this context, it was decided to enlarge the wtiadthe reduction of the
acetophenone derivatives. Compoun@s6-2.11 containing different
substituents in the alkyl and phenyl moieties weydrogenated and the

results obtained are summarized in Table 3.6.

In general, low to moderate activities were obsgrusingRul-2
nanoparticles. Lower conversion were obtained where was an increase
of the substitution in the alkyl chain (Table E®tries 3-6) or in the aromatic
ring (Table 3.6, Entries 7-14), particularly whée tsubstituents are located
in ortho position (Table 3.6, Entries 7-10).
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Table 3.6.Ru-NPs Rul,2) catalysed hydrogenation of ketor&6-2.11%

(0] O OH OH
paEpaNraNAS
=
RZ// RZ/ R2/ R2/
a b

[

0 0 0
salicalNen
R R
23R=H 28R=Me 2.10 R= OMe
26R=iPr 29R=0Me 211R=CF;
27R=tBu
Entry  Substrate  NPs C(:(f}or)“é' a’ b® o
19 2.3 Rul aC 57(96° 4 39
2 2.3 Ru2 70  43(86F 41 16
3d 2.6 Rul 39 54(67F 33 13
4 2.6 Ru2 35 47(59¥ 41 12
5d 2.7 Rul 35 38(46¥ 54 8
6 2.7 Ru2 36  35(41F 59 6
7d 2.8 Rul 44 64 36 -
8 2.8 Ru2 25 36 64 -
od 2.9 Rul 39 39 61 -
10 2.9 Ru2 20 22 78 -
11¢ 2.10 Rul 60 34(50% 50 16
12 210 Ru2 42  18(37F 63 19
13 2.11 Rul 62 16 84 -
14 2.11 Ru2 49 14 86 -

#General conditions: Ru-NPs (2 mol%), substrate4(ingnol), THF (10 ml), T =30
°C, P= 20 bar b t=5h. "Determined by GCSSelectivity in arene reduction
considering that compourwit has been generated frar’t= 2.5 h.

For substrate®.8, 2.9 and2.11, the products resulting from the total
reduction were not observed (Table 3.6, Entrie®,7tB-14). The stabilizing
ligand also affected significantly the activitytb&se catalysts and, in general,
whenRul NPs were used, higher or similar activity tharhviru2 NPs was

obtained (take into account the different reactiomes for both nanopatrticles
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systems). This indicates that in this case, thedination of both aromatic
ring and keto groups are strongly affected by stGtors in the substrate or
in the ligand. Consequently, low conversions wetdeved for substrat&s8
and2.9, respectively (Table 3.6, Entries 8 and 10).

The selectivity was shifted towards ketone reductithen the steric
hindrance in the substrate was increased or wheln dps used as stabilizer
indicating that the rate of arene reduction is nadfected than that of ketone
reduction. Furthermore, using ruthenium nanopasidhe substrae11has
a particular behaviour, since the reaction afftidh percentages of carbonyl
group reduction. This fact probably confirms thenskrene reduction in the

1-arylethanol derivative, since in this case, pmp@ullcwas not observed.

Comparing the results obtained with substrat8and2.6-2.11, the
reduction of the arene group is largely prefernredcompound2.3 as a
consequence of the affinity of the arene for thesNFowever, the results
obtained with the substituted compounds indicade $small variations in the
steric properties of the substituents of the aramatg and of the alkyl keto

group cause important shifts in selectivity.

3.3.6.Hydrogenation of Substituted Acetophenones UsingodRim

Nanoparticles

The same substrate®.6-2.11 were hydrogenated usingh1-2
nanoparticles. The results are presented in TalBlér8sults obtained in the
reduction of acetophenor®3, under the same reaction conditions are also
included for comparison). It is important to higit that, since it was
demonstrated in Table 3.Rh1-2 do not reduce cyclohexyl alkyl ketones it
can be considered that compoudd, e, are generated froilm and a new
value resulting from the addition of the percensagkall these compounds

was included in the table.
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As it can be observed in Table 3.7, the activitytted catalysts is
significantly affected by the steric hindrance loé talkyl substituent of the
ketone (compounda.6-2.7, Entries 3-6) but the ratio of products a: b+c+d+e
remains practically unchanged when the substitugrnié¢s from dso-propyl

to atert-butyl group.

However, when the substituents are on the aromiatic they have
little influence and high activities are obtainedail cases (Table 3.7, Entry
7-11). It is worth noting that, in contrast withepious studies which
determined that substrates with electron donatmogigs are hydrogenated
faster than substrates with electron-withdrawingugs® no clear effect of
the substituents on the aromatic ring on the agtwas observed in this study
(Table 3.7, Entries 11-14).

Concerning the selectivity, products obtained fr@auction of the
ketone group were preferably obtained in all c&s@8%), in agreement with
the results observed for compoua@. In general, ketone reduction slightly
decreases whemh2 (dppb stabilizer) is used. The selectivity is not
influenced by the modification of the alkyl moietyt is more significantly
affected when substituents are present on the amoiety. This is
particularly true when the substituent is locateddra position, since arene
reduction decreases notably (Table 3.7, Entrieg&4)0interestingly, using
Rh2 nanoparticles as catalysts, exclusive reductighe€arbonyl group was
obtained in the reduction of compou®d 1, which incorporates the electron
withdrawing group CE Nevertheless, a general trend concerning the

influence of the stabilizing ligand on the seleityivannot be established.
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Table 3.7.Rh-NPs Rh1-2) catalysed hydrogenation of ketor6-2.11*

(6] 0 OH OH
O O
+ + +
A A A A A A
R2 R2 |R2 R2 R2 R2 |
a b [+ d e
0 0 (o]
ool R
R R

2.3R=H 2.8 R=Me 2.10 R= OMe

26R=iPr 2.9 R=0OMe 241R=CF;

27R=1Bu

Entry Substrate  NPs c(:(%“é' a (%)° (b+c+d+ef

1 2.2 Rh1 90 15 85%23,33,12,17
2 2.3 Rh2 100 28 72(46,26,-.-)
3 2.6 Rh1 90 13 87%(69,18,-,-)
4 2.6 Rh2 91 21 79(63,16,-,-)
5 2.7 Rh1 50 18 82(71,11,-,-)
6 2.7 Rh2 54 27 79(66,7.-.-)
7 238 Rh1 85 24 76%(59,-,14,3)
8 2.8 Rh2 81 32 68%(59,9,-.-)
9 2.9 Rh1 100 20 80°(50,-,26,4)
10 2.9 Rh2 75 11 89%(73,16,-,-)
11 2.10 Rh1 96 17 83%(43,9,24,7)
12 210  Rh2 98 16 845(48,36,-.-)
13 211  Rh1 100 8 92(57,-.23,12)
14 211 Rh2 100 0 100(87,13.--)

dGeneral conditions: Rh-NPs (2 mol%), substrate4(tiznol), THF (10 ml), T = 30
‘;)Ce P= 20 bar b t=5h."% determined by GCAddition of percentage of compounds
Moreover, similarly to the results obtained for state 2.3

hydrogenolysis of 1-phenylethanol derivatives, et by the reduction of
the carbonyl group of the substrates to provide/letenzene and then
ethylcyclohexane was only observed with Riel nanoparticles stabilized
with PPh. These results can be related with the labilitthefmonophosphine
in contrast with the stronger coordinating diphasph Indeed, PRhcan
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dissociate from the particle and therefore libetlagesites responsible for the
hydrogenolysis reaction. These sites are therefquected to be the apex and

edge sites which are left undercoordinated.

It is noteworthy that the hydrogenolysis process s@pped when
the steric hindrance of the alkyl side chain insesa but not when the

substituents are presentdrtho or para position of the aromatic ring.

To summarize, in the case of rhodium nanopartithesgoordination
of the arene group dominates the interaction ofthestrate with the catalyst
surface, while the coordination of carbonyl groufhwhe nanoparticle is not
evidenced by the results of this study since farstates such as aromatic
compounds containing a carbonyl group far fromrthg, the aromatic ring
is mainly reduced. The case of acetophenone demgais singular, since
despite coordination to the nanoparticle takesgilamugh the aromatic ring,
the carbonyl group remains in a position very faable for its reduction, in
such a way that it takes place faster than thesaregiuction. The selectivity
of this process is scarcely affected by substituitnothe alkyl or arene sides,
and only the substitution jpara completely drives the reaction towards the
reduction of ketone. No significant electronic efferas observed (Table 3.7,
Entries 11, 1%s.13, 14).

Interestingly, once the carbonyl group is redudadher aromatic
ring reduction can take place and hydrogenolys@éss observed when the

reaction is catalysed Byh1 (PPh stabilizer).

3.4. CONCLUSIONS

A series of Ru and Rh nanoparticles stabilized Hyased ligands

were successfully synthesized and characterizedp@rmable results in terms
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of size and stabiliser content were obtained wieiizs metal/ligand ratios

were used. In a comparative study, these nanolegrtieere used as catalysts

in the reduction of various substituted phenyl,Zy¢and phenethyl ketones.

In the case of aryketones, acetophen@r®&was used as model

substrate and it can be concluded that:

)

Ruthenium nanoparticles are more selective thadiunonanoparticles

for the reduction of the aryl group.

The stabilizing ligand PRI{Rul) provides higher selectivities towards
the arene hydrogenation rather than dgpb2).

The selectivity towards the arene hydrogenatiamegatively affected

by the presence of substituents on the aromatigc rin

The presence of electron-withdrawing substituan®sliland the steric
hindrance induced by substituents in the keto greeig also shown to

affect the selectivity in favour of the keto grawgaluction.

Rhodium nanoparticles have a clear tendency temefially reduce
the keto group of arylketones and this trend wadmseoed by the same
factors than in the case of ruthenium. Interesginginly Rhl
nanoparticles provided hydrogenolysis products utide conditions

used.

Concerning the non-conjugated aryl ketongst2.5), it can be

concluded that:

Vi)

vii)

For both metals, arene reduction was mainly obskealthough higher
selectivities were observed when Rh catalysts weed. In the case of
the reduction of substrae5 with rhodium, this process is practically

exclusive.

Selectivity to arene reduction increases when tstamce between the

arene and the ketone group increases.
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viii) The influence of the ligand on the selectivity wiéstinct for ruthenium
and rhodium. For both rhodium systems, similar cidlities were
obtained, while in the case of ruthenium higherugafor arene

reduction were obtained wifRul.

3.5.EXPERIMENTAL PART

General Methods

All syntheses were performed using standard Schtenkniques
under argon atmosphere. Chemicals were purchasedAfdrich Chemical
Co and Alfa Aesar and used without further purifima All solvents were
purified by distillation following standard proce®s and were deoxygenated
before use. The precursor [Ru(COD)(COT)] was pwelddrom Nanomeps.
The precursor Ripe-(CsHs)s, was prepared following previously described
methods’! The synthesis of the nanoparticles was performedus. Fisher

Porter and pressurized to 3 bar on a high predisgre

All reactions temperatures were kept electronicalytrolled by

heating baths.

Characterization Techniques

Transmission Electron Microscopy (TEM)

TEM experiments were performed at the “Unitat derdscopia dels
Serveis Cientificotécnics de la Universitat Rovi¥éargili” (TEM-SCAN) in
Tarragona with a Zeiss 10 CA electron microscopratmng at 100 kV with
resolution of 3 A. The particles size distributiowsre determined by a
manual analysis of enlarged images. At least 300cfes on a given grid
were measured in order to obtain a statistical digeibution and a mean

diameter.
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High Resolution TEM (HRTEM)

HRTEM experiments were performed at the Unitaiviieroscopia
dels Serveis Cientifics i Tecnologics de la Uniitatsde Barcelona with a
JEOL 1010 electron microscope working at 200kV vétresolution of 2.5
A. The particles size distributions were determibgca manual analysis of

enlarged images.

Thermo Gravimetric Analysis (TGA)

TGA experiments were carried out in the oven of ettMr Toledo
TGA/SDTAS851 instrument.

1-2 mg of the nanoparticles were placed in the $ampider in the
oven and it was heated up at a rate of 10°CrimirN, while the weight was
recorded continuously from 30°C to 900°C. The weigks of the organic
part and metal were used to calculate the appragimamber of ligands

coordinated on the metal surface.

X-Ray Diffraction (XRD)

XRD measurements were performed using a SiemensOM50
diffractometer (Bragg- Brentano parafocusing geoyneind vertical6-0
goniometer) fitted with a curved graphite diffradtddeam monochromator,
incident and diffracted- beam Soller slits, a 0.0@teiving slit and
scintillation counter as a detector. The angulard#ffraction range was
between 26 and 95°. The data were collected wittinglar step of 0.05° at
16s per step and sample rotation. A low backgrdifiL0) wafer was used
as sample holder. Cukradiation was obtained from a copper X- ray tube
operated at 40 kV and 30 mA.
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Wide Angle X-ray Scattering (WAXS)

WAXS analyses were performed at CEMES-CNRS. Sampkre
sealed in 1 mm diameter Lindemann glass capillafié® samples were
irradiated with graphite-monochromatized M@®.071069 nm) radiation and
the X-ray intensity scattered measurements wefenpeed using a dedicated
two-axis diffractometer. Radial distribution furarts (RDF) were obtained

after Fourier transform of the reduced intensityctions.

X-Ray Photoelectron Spectroscopy (XPS)

XPS measurement were performed using a PHI 550€tkttinique
System (from Physical Electronics) with a monochmtm X-ray source
(Aluminium Kalfa line of 1486.6 eV energy and 350 )Wplaced
perpendicular to the analyser axis and calibrassaguthe 3d5/2 line of Ag
with a full width at half maximum (FWHM) of 0.8 eWrhe analysed area was
a circle of 0.8 mm diameter, and the selected uéisol for the spectra was
187.5eV of Pass Energy and 0.8 eV/ step for themgéspectra and 23.5 eV
of Pass Energy and 0.1 eV/step for the spectizeddifferent elements in the
depth profile spectra. A low energy electron gubQ€V) was used in order
to discharge the surface when necessary. All meamnts were performed
in an ultra-high vacuum (UHV) chamber pressure betw5x16 and 2x10

8torr. The data processing was carried out usingCasaXPS program.

General procedure for the synthesis of rutheniunoparticles

In a typical procedure, the [Ru(COD)(CQOT)] (400 rid268 mmol)
was placed into a Fischer-Porter reactor in 400ofmdlry and deoxygenated
THF by freeze-pump-thaw cycles in the presencéefligand (0.2 eq. for
dppb and 0.4 eq. for PRhThe Fischer-Porter reactor was pressurised under

3 bar of H and stirred for 24 h at room temperature. Therstiation was
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concentrated under reduced pressure to 40 ml.gregmn and washing with

pentane (3x15 ml) was then carried out, obtainibtpak precipitate.

General procedure for the synthesis of rhodium particles

In a typical procedure, the [R#(CsHs)s] (400 mg, 1.746 mmol)
was placed into a Fischer-Porter reactor at -11(a®€tone/ Nbath) in 64
mL of dry and deoxygenated THF by freeze-pump-thawles in the
presence of the appropriate ligand (0.2 equiv.digpb and 0.4 equiv. for
PPh). The Fischer-Porter reactor was pressurised u@dear of H and
stirred for 30 minutes at room temperature. Aftert time, the solution was
then heated to 40°C and stirred at this temperaturing 24 h. Then the
solution was concentrated under reduced presstgeipRation and washing

with pentane (3 x 15mL) was then carried out, olitg a black precipitate.

Rul nanoparticles stabilized by 0.4 eq of RPh

- TEM: mean size 1.32+0.28 nm.
- XRD hcp crystalline Ru nanopatrticles, coherence tehd1+0.02 nm.
- XPS 3d5/2 (280.68 eV) and 3d3/2 (285.38 eV), 100%(Ruat the
nanoparticles surface.
- TGA 69% Ru, 29% PRh2% THF.
Approximate formula: [Res THFs L 1s).

Ru2 nanoparticles stabilized by 0.2 eq dppb:

- TEM: mean size 1.49+0.35 nm.
- XRD: hcep crystalline Ru nanoparticles, coherence feadt2+0.05 nm.
- XPS 3d5/2 (280.53 eV) and 3d3/2 (285.23 eV), 6%*Rat the
nanoparticles surface.
- TGA 72% Ru, 25% dppb, 3% THF.
Approximate formula: [Ru7 THFg L 14].
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Rh1 nanoparticles stabilized by 0.4 eq of RPh

- TEM: mean size 1.52+0.21 nm.

XRD: fcc crystalline Rh nanoparticles, coherence llerdgd9+0.03 nm.
- XPS 3d5/2 (308.32 eV) and 3d3/2 (313.02 eV), 40%"Rit the
nanoparticles surface.

TGA 72% Rh, 27% PRh1% THF.

Approximate formula: [Rix2 THF, L 2.

Rh2 nanopatrticles stabilized by 0.2 eq dppb:

- TEM: mean size 1.57+£0.25 nm.

XRD: fcc crystalline Rh nanoparticles, coherence llerdgd9+0.07 nm.
- XPS 3d5/2 (307.43 eV) and 3d3/2 (312.13 eV), 100%(®hat the
nanoparticles surface.

TGA 69% Rh, 29% dppb, 2% THF.

Approximate formula: [Rlis THFsL15].

General procedure for the hydrogenation reactions

Autoclave Par 477 equipped with PID control terapere and
reservoir for kinetic measurements and HEL 24 @atctor for substrate
scope were used as reactors for the hydrogenatiactions. In a typical
experiment, the autoclave was charged in the dghmxewith Ru or Rh
nanoparticles (3 mg for Ru-NPs; 3.5 mg of Rh-NRs;datalyst concentration
was calculated based on the total number of metaiims in the NPs) and
the substrate (1.24 mmol, approx. substrate tolmatia=55) in 10 mL of
THF. Molecular hydrogen was then introduced uht tlesired pressure was
reached. The reaction was stirred during the cporeding time at 30°C. The
autoclave was then depressurised. The solutionfiter®d over silica and

analysed by gas chromatography. The conversiorrenselectivities of the
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product were determined using a Fisons instrum&@@€ ©000 series)

equipped with a HP-5MS column.

Conversion and selectivity was determined by GCgdcsroscopy.
GC-MS spectroscopy was carried out on a HP 689@&tspmeter, with an
achiral HP-5 column (0.25mm x 30m x 0.25um). Thehme used consist in
an initial isotherm period at 40°C for 3 min folled/ by a 3°C min

temperature ramp to 120°C and a hold time of 12 ftow 1.3 ml/min.

Substrate3.1: trz.1= 16.70 min, t§1= 15.0 min, %1~ 1.58 min, t51= 15.82

min, trs.1&= 6.30 min.

Substrate3.2 tr; = 19.80 min, 2= 19.07 min, 2= 20.01 min, tf2&=
20.14 min, t52= 10.71 min, t52e= 12.77 min, tf2= 8.36 min.

Substrate3.3; trs= 25.24 min, 3= 24.79 min, 3= 25.87 min, &=
25.05 min.

Substrate8.4: trs = 23.44 min, 4= 21.4 min, t§.4—= 23.65 min, 4= 23.06

min, trs4— 24.61 min.

Substrate3.5; trss= 24.82 min, 5= 23.04 min, #s= 26.28 min, #s=
25.36 min, t§s 25.71 min.

Substrate3.6. tr3e= 20.18 min, te= 18.20 min, #e—= 22.14 min, tfe=
19.70 min, e~ 12.51 min, e 10.11 min.

Substrate3.7: trs7= 27.54 min, t57= 22.80 min, 7= 27.09 min, &=
23.06 min, t§7¢= 17.60 min, tfze= 13.70 min.

Substrate B: tr3g= 30.21 min, ts= 24.72 min, #g~= 28.33 min, tfs=
24.85 min, tss~ 15.53 min, t§ge= 14.72 min.

Substrate3.9 trso= 16.65 min, o= 17.89 min, o= 19.16 min, tfo=
18.30 min, o= 9.45 min, t§.9e= 9.62 Min.
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4.1. INTRODUCTION TO THE HYDROGENATION OF POLYCYCLIC

AROMATIC HYDROCARBONS

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic
compounds comprising two or more fused benzene rings with different
structural arrangements.! PAHs have earned considerable attention due to
their toxic, carcinogenic and teratogenic effects.” Their hydrophobicity
permits a high resistance to natural degradation processes and the
developing of removing methods is getting much relevance for
environmental and human health reasons. Different methods have been
proposed for remediation of PAHs like thermal treatment, bio-remediation,
photo-degradation, chemical oxidation, etc. but these processes are slow and

that imply complex techniques with high energy consumption.?

As it was commented in Chapter 1, in the last few years, metal
nanoparticles have been widely used in different domains such as medicine,
sensors or catalysis. Particularly in catalysis, nanoparticles are advantageous
for the moderate reaction conditions needed, the high selectivity and activity
obtained due to their small particle size (high surface area), their unique

electronic effects and their potentially low cost.

Nanoparticles have been used in a wide assortment of reactions. In
particular, several studies have been focused on the hydrogenation of
aromatic compounds due to their usefulness for preparing key intermediates
in organic chemistry and for the production of aromatic-content-free-fuels.*
However, there have been only few studies concerning the hydrogenation of
polyaromatics substrates under ambient or mild reaction conditions using

nanoparticles.’
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It is important to highlight the fact that the hydrogenation of arenes
is much more difficult than the reduction of simple olefins due to the
resonance stabilization. Moreover, at least under mild conditions,
monocyclic arenes are more difficult to hydrogenate than polycyclic
arenes.® Marshall ef al. concluded that the partial hydrogenation of PAHs
does not suffer a dramatic loss of resonance compared to mono-ring
compounds but longer reaction times are needed to obtain complete
hydrogenation (a greater number of fused benzene rings implies longer

reaction times).’

In addition, several factors should be considered in order to
understand the decrease in reaction rates when the hydrogenation of PAHs

proceeds:

- Adsorption constant: for heterogeneous catalysis, the adsorption
of reactants on catalyst surfaces is a crucial step before the
surface reaction and, in general, it increases with the number of
fused benzene rings. For example, the adsorption constant of
phenanthrene is approximately 1.5 times higher than the

constant of naphthalene.®

- Superdelocalizability (S;): index to measure the hydrogen-
accepting abilities of an atom in aromatic rings. The higher S;

value, the easier an atom can accept a hydrogen atom.’

- Loss of resonance energy: as it was commented before, the
hydrogenation of monocyclic arenes implies a higher loss of
resonance energy than polycyclic arenes. For instance, the
resonance energy of benzene and naphthalene is approximately

151 and 255 kJ'mol’!, respectively. When benzene is
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hydrogenated to cyclohexane, it loses all its resonance energy,
(151 kJ-mol™!) but, in the case of naphthalene, it only loses 104

kJ-mol! when is hydrogenated to tetralin.®

- Hydrogen accessibility: the access of the adsorbed hydrogen
atoms to the adsorbed PAHs substrates on catalyst surface will
be influenced by the extruding hydrogen atoms and by the

hindrance generated by the polyaromatic substrates.”
4.1.1. HYDROGENATION OF NAPHTHALENE

Naphthalene has probably been the polyaromatic system the most

studied in hydrogenation reactions (Scheme 4.1).

Naphthalene Tetralin Decalin

Scheme 4.1. Products formed in the hydrogenation of naphthalene.

Initially, in 1996, Huand and Kang investigated the hydrogenation
of naphthalene on some noble metals such as platinum and palladium

obtaining decalins rather than tetralins.'!

In 2008, Song ef al. reduced naphthalene to tetralin at 1 atm of
hydrogen pressure using a Pd/C catalyst in the presence of an ionic liquid
but the hydrogenation to decalin is still a challenge under mild reaction

conditions.'?

One of the first examples related to the use of nanoparticles in the
naphthalene hydrogenation was reported in 2002. In this paper, naphthalene

was reduced using rhodium nanoparticles in a water-supercritical CO,
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microemulsion and after one hour 96% of conversion was achieved and

tetralin was obtained as unique product.'?

Finally, in 2013, Fang et al. studied a new platinum supported
catalyst in the reduction of naphthalene. In some experiments,
dibenzothiophene (DBT) was added to test the sulfur tolerance of the
catalyst. The platinum supported catalyst showed better sulfur resistance
than that of Pt/Alumina. The excellent catalytic performance and sulfur
tolerance was attributed to the combination of high acidity and mesoporous

structure of the catalyst.!*

4.1.2. HYDROGENATION OF POLYCYCLIC AROMATIC HYDROCARBONS

CONTAINING MORE THAN TWO FUSED ARENES

The hydrogenation of naphthalenes is known to take place under
mild reaction conditions using a variety of catalysts. Nonetheless, the
reduction of polycyclic arenes requires higher temperatures and pressures

and mixture of products are in general obtained (low selectivity).'®

In 1995, Quann et al. studied the catalytic hydrogenation of some
PAHs like naphthalene, anthracene, pyrene, etc. over presulfided
CoMo/AlLOs3 catalysts in cyclohexane at 350°C and 68 atm of H; pressure
and it was deduced the fact that the reactivity decreased with the number of
aromatic rings. This fact was justified by different adsorption parameters

that clearly increased with the increasing aromatic rings number.'¢

Then in 2002, Blum and co-workers hydrogenated anthracene,
phenanthrene, triphenylene, pyrene and perylene (Figure 4.1) using a
palladium-rhodium system embedded in a silica sol-gel matrix at 80°C and
400 psi (30 bar approx.). Mixtures of products and low selectivities in all

the cases were obtained.!” For instance, in the case of anthracene 60% of
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selectivity towards 1,2,3.4,5,6,7,8-octahydroanthracene was observed, 37%
towards 9,10-dihydrophenanthrene in the case of phenanthrene or 27% of
selectivity towards 1,2,3,4,5,6,7,8-octahydrotriphenylene in the case of

triphenylene.
Anthracene Phenanthrene Triphenylene Pyrene Perylene

Figure 4.1. Structures of selected polyaromatic hydrocarbons.

Different polycyclic arenes were hydrogenated over activated
carbon at 300°C and it was concluded that the hydrogenation was dependent
on the hydrogen-accepting abilities of the arenes (S; value, Table 4.1) and
on the adsorption strengths to the catalyst.’” In addition, the hydrogen

transfer was also studied.*

Table 4.1. S; values of different polycyclic arenes.'®

7 AN 2 8 1 7 AN 2
Position @ 63 QOQ OOO
5 4 6 5 4 3 5 10 4
1 0.833 0.994 0.978 1.073
2 0.873 0.859 0.922
3 0.892
4 0.940
9 0.703 0.998 1.314

Nanoparticles have also been used as catalyst for the hydrogenation
of polycyclic aromatic hydrocarbons with more than two fused rings.
Nevertheless, totally hydrogenated products are rarely obtained.”” For

instance, in 2007, Park and co-workers, synthetized Rh and Ir nanoparticles
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entrapped in aluminium oxyhydroxide nanofibers which were applied in
arene hydrogenation reactions. High yields and selectivities in the
hydrogenation of bicyclic and tricyclic aromatic compounds were obtained
by controlling the reaction conditions. Naphthalene was reduced to tetralin
and anthracene to 9,10-dihydroanthracene at room temperature with a
hydrogen balloon (1 atm, Scheme 4.2). However, long reactions times were
needed for obtaining the total hydrogenated products and high catalyst

loading in the case of anthracene.?

“ Ru ner C@
+
1atm rT, 3h

97% 3%
_Ruand Ir NPs O‘O C@O
.
1atm T, 3h
97% 3%

Scheme 4.2. Hydrogenation of naphthalene and anthracene at 1 atm and room
temperature.?

Supported Pd, Rh and Rh/Pd nanoparticles on CNT have also been
used to hydrogenate arenes and anthracene showing an unusually high
catalytic activity.?! In all the cases, moderate to high selectivities towards
the partial hydrogenation of anthracene (major product 1,2,3,4,5,6,7,8-
octahydroanthracene) were obtained and the total hydrogenated product

could not be achieved even under 10 bar of H» pressure.

Concerning triphenylene, it is important to highlight that the central
ring is very difficult to saturate.”!” Few examples are reported in which the
total hydrogenated product is observed.?? With rhodium nanoparticles
supported on  carbon nanotubes, high selectivities towards
1,2,3,4,5,6,7,8,9,10,11,12-dodecahydrotriphenylene were obtained under

mild reaction conditions (10 atm H> and room temperature) after 3 hours of
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reaction. Rh/C and other commercial Rh nanocatalyst were not useful for

this purpose.??®

Finally, the hydrogenation of other polyaromatic hydrocarbon
compounds like pyrene or phenanthrene has also been attempted in the
presence of supercritical carbon dioxide.” For instance, Pd nanoparticles
stabilized in polydimethylsiloxane (PDMS) have been used to hydrogenate
polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons
(200 atm of CO», 10 atm of H, and 1 hour).?* Affording total hydrogenated

products for naphthalene, anthracene, phenanthrene and pyrene.

The last study reported on the hydrogenation of polycyclic aromatic
compounds describes the use of carbon-supported Pd nanoparticles in the
hydrogenation of anthracene. A study of the dependence of the selectivity
on the temperature and the reaction time was performed and a

hydrogenation mechanism is proposed (Scheme 4.3).%

DHA

1\
C

(cis + trans) OHA

CO0
oy 70

sym-OHA

Scheme 4.3. Proposed mechanism for the anthracene hydrogenation using carbon-

supported Pd nanoparticles as catalyst.?
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4.1.3. HYDROGENATION OF HETEROAROMATIC COMPOUNDS AND

SUBSTITUTED NAPHTHALENES

The hydrogenation of substituted aromatic rings is important for the

126

release of aniline and alkylanilines from coal*® and the upgrading of coal-

derived oil and heavy fractions from petroleum.*’

In industry, polycyclic hydrocarbons and N- and S-heteroaromatics
compounds are substrates needed to be removed from fuel®® because, in
general, nitrogen- or sulfur- species act as poison of the catalyst surface.?
Heterogeneous  processes like  hydrodenitrogenation and  hydro-
desulfurization require the use of high temperatures and pressures.
However, there are limited examples in the literature in which these
compounds are hydrogenated using metal NPs as catalysts under mild

reaction conditions.

In 2011, Sanchez-Delgado et al. prepared Ru NPs of 3.1 nm
stabilized by poly(4-vinylpyridine) (PVPy) which were used in the
hydrogenation of a wide variety of aromatic hydrocarbons and N- and S-
heteroaromatic compounds. They concluded that two different
hydrogenation pathways were performed in two distinct active site of the
nanosurface: a conventional homolytic hydrogen splitting of the simple
aromatic substrates and a novel heterolytic hydrogenation for the N-
heteroaromatics. Nevertheless, 120 or 150°C and pressures of 10-50 atm of
H, were needed.? Recently, the same group reported the use of ruthenium
nanoparticles supported on magnesium oxide for the same purpose
including the hydrogenation of S-heteroaromatics compounds. Selectivities
around 80% towards the hydrogenation of one arene in naphthalene and
anthracene (1,2,3,4-tetrahydroanthracene as major product) were achieved.

Furthermone, comparable selectivities towards the partial hydrogenation of
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N-heterocyclic compounds and selectivities up to 60% in S-heteroaromatics

were achieved.”

Roucoux and co-workers also used Rh NPs stabilized by N,N-
dimethyl-N-cetyl-N-(2-hydroxyethyl)ammonium salts to hydrogenate
different substrates such as pyridine to piperidine and quinoline to 1,2,3,4-
tetrahydroquinoline at 1 atm of H, pressure and 20 °C. However, no
catalytic activities were observed when sulfur compounds like thiophene
were used.*® Shi et al. used Pd NPs on black tannin grafted collagen fibers
to hydrogenate quinoline to 1,2,3,4-tetrahydroquinoline between 20 and 80
°C and 10—40 atm H,. They proposed a mechanism in which the
coordination of the nitrogen to the palladium surface took place initially
(Scheme 4.4). The catalyst could be recycled at least 6 times without

significant loss of activity.’!

Desorbed

Activated H, py-THQ
\, 7
a (D\ e | e [ I j
‘ l ‘/N\ ‘
/ —_— —_—
N N
| y H
",IO/H ",/O/H ",IO/H
BT-CF BT-CF BT-CF

Scheme 4.4. Proposed mechanism for the hydrogenation of quinoline over Pd-BT-
CF catalyst.’!

Bimetallic systems have also been used to enhance activity,
selectivity and tolerance to nitrogen and sulfur substrates. For instance, as
commented before, Wai et al. demonstrated that a bimetallic RhPd/CNT
system, driving the reaction at 10 atm H, and 25 °C, showed higher catalytic
activity for the hydrogenation of anthracene towards 1,2,3,4,5,6,7,8-
octahydroanthracene than the monometallic catalysts.>!* Then, in 2012
Buriak and co-workers synthetized a series of mono-, bi-, and trimetallic
NPs catalysts supported on metal oxides (72 catalyst in total). They were

applied in the hydrogenation of mono, poly- and heteroaromatic substrates
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(naphthalene, pyridine, indole, quinoline, thiophene and benzothiophene)
under mild reaction conditions obtaining good to excellent selectivities
towards the partial hydrogenation or the hydrogenation of the arene

containing the heteroatom. Kinetic studies were also performed.’

One example of the hydrogenation of polyarenes containing nitro or
amine functionalities using silica sol-gel entrapped palladium-
[Rh(COD)CI]; catalyst, has been reported. High temperatures (140°C) and
long reaction times (from 3 to 21 days) were needed to obtain total
hydrogenated products due to the presence of the NH, moiety which
extremely slowed down the reaction.’” In general, the major product formed
was the one in which the non-substituted ring was hydrogenated.
Nonetheless, deamination products were also observed in proportions

around 10%.

There is only one study of the hydrogenation of naphthalenes in the
presence of different functional groups using nanoparticles under mild
reaction conditions. In this case, the substrates are reduced using non-
stabilized manganese and cobalt nanoparticles and when the naphthalenes
bear oxygenated functionalities, hydrogenolysis of the C-O bond takes
place. In general, the tetralin derivate and hydrogenolysed products are

observed. (Scheme 4.5).33
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o0

THF 25°C, @O

Co NPs Mn NPs

Scheme 4.5. Reduction of 1-naphthol and 1-methoxynaphthalene promoted by Co or
Mn NPs. *

4.2. OUTLOOK AND OBJECTIVES OF THIS CHAPTER

As 1t was commented in the introduction, different studies have
been reported for the hydrogenation of polyaromatic substrates. However,
few of them are performed using well-defined nanoparticles under mild
reaction conditions (especially ruthenium nanoparticles) and no attention
has been focused on more hindered substrates or in competitive studies
between different functional groups. In this context, the goals of this chapter

are:

i) To carry out a study of the hydrogenation of different polycyclic arenes
under mild reaction conditions using well defined ruthenium
nanoparticles. The study is focused on the selectivity towards the partial
hydrogenation of polyarenes, but, at the same time, it also aims to know
if it is possible to achieve the total reduction of polyarenes under mild

reaction conditions.

ii) To study the hydrogenation of naphthalenes containing substituents in
different positions of the aromatic ring (Figure 4.2). The competition
between the hydrogenation of the substituent (for instance in the case of

ketones) and the naphthalenic system will be also studied.
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Figure 4.2. Naphthalene containing a functional group in position 1 or 2.
4.3. RESULTS AND DISCUSSION

4.3.1. SYNTHESIS, STABILIZATION AND CHARACTERIZATION  OF

RUTHENIUM NANOPARTICLES

In the previous chapter, we concluded that ruthenium nanoparticles
stabilized by triphenylphosphine were active catalysts for the reduction of
substituted arenes. Our purpose is to know the behaviour of these
nanoparticles in the reduction of polyarenes. In that chapter nanoparticles
stabilized with 0.4 equiv. of PPh; (Rul) were prepared and characterized.
We will also study the catalytic performance of nanoparticles stabilized
with 0.2 equiv. of PPh; in order to analyse the effect of the stabilising agent

on the nanoparticles activity.

For this purpose, soluble Ru nanoparticles stabilised by the
phosphorus donor ligand PPhs (0.2 and 0.4 equiv.), Ru3 and Rul
respectively, were synthesised by decomposition of the organometallic
precursors [Ru(COD)(COT)] in THF under H, pressure following reported
methods (Scheme 4.6, see also Chapter 3).3* The non-reported ruthenium
nanoparticles Ru3 were characterised by transmission electron microscopy
(TEM), X-ray diffraction (XRD), elemental analysis (EA),
thermogravimetric analysis (TGA) and X-ray photoelectron spectroscopy

(XPS) (see spectra data in the Experimental Section).
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3 bar Hy, 24h, rt
[Ru(COD)(COT)] + 0.4 eq PPhy T Ru(0) NPs +2

Ru1

3 bar Hy, 24h, rt
[Ru(COD)(COT)] + 0.2eqPPhy ———— > Ru(O)NPs +2

THF
Ru3

Scheme 4.6. Synthesis of ruthenium nanoparticles by decomposition of
[Ru(COD)(COT)] in the presence of PPhs.

e Ru3 nanoparticles stabilized by 0.2 eq of PPhs:

TEM micrographs showed the formation of small and spherical
shaped nanoparticles, with a narrow size distribution and a diameter of
1.57£0.37 nm. Moreover, the high resolution transmission electron
microscopy (HRTEM) confirmed the formation and dispersion of the

nanoparticles.

The proportion of ligand present on the nanoparticle surface was
determined by thermogravimetric analysis (TGA) and 70% of Ru and 30%

of PPh; were observed.

From the experimental data obtained by TEM and by TGA and
using the Van Hardevel Hartog model, the approximate quantity of
ruthenium atoms contained on the Ru3 nanoparticles surface was
calculated. In Table 4.2 are presented the values referring to the total
number of atoms (Nt) and the atoms on the surface (Ns) related to the
diameters obtained by TEM. A P/Rusratio between 0.21-0.30 that represents
approximately 1 phosphorus ligand for 6-7 ruthenium surface atoms is
obtained. The ratio of surface atoms per total atoms in the nanoparticle

remains similar in all the cases.
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Table 4.2. Approximate quantity of ruthenium atoms on the Ru3 surface.

Size of NPs 1.20 nm 1.57 nm 1.94 nm
Nt 67 149 281
Ns 50 95 155
Ns/Nt 0.750 0.636 0.553
P/Rug 0.21 0.26 0.30

The structure of the nanoparticles Ru3 was determined by X-Ray
diffraction (XRD) in which an hexagonal close packing lattice and a

coherence length of 1.36 + 0.09 nm were determined.

Finally, the oxidation state of the atoms situated on the Ru3
nanoparticles surface was determined by X-ray Photoelectron Spectroscopy
(XPS). Using the Monte-Carlo approximation® and taking into account the
parameters optimized for Ru systems, the analysis revealed a 100% of

Ru(0) atoms at the surface of the NPs.

To summarise, the Ru3 NPs exhibit a diameter of 1.57+0.37 nm,
are highly crystalline with hcp packing and no oxidation is detected.
Quantitatively, they contain 70% Ru and 30% PPhs,

Comparing Ru3 and Rul nanoparticles, it can be concluded that
Ru3 NPs are slightly bigger than Rul (1.32+0.28 nm). Both nanoparticles
present hexagonal close packing lattice and no oxidation is detected.
Quantitatively, they both contain 70% of Ru and 30% of PPhs

approximately.
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4.3.2. HYDROGENATION OF NAPHTHALENES AND POLYAROMATIC

SUBSTRATES

The different PAHs studies are presented in Figure 4.3.

BSOS

1 Naphthalene 2 Anthracene 3 Phenathrene

o
D04 G

4 Triphenylene 5 Pyrene

Figure 4.3. PAHs of 2, 3 and 4 fused aromatic rings.

Naphthalene was initially used as model substrate to evaluate the
selectivity towards the partial and the total hydrogenation. The pressure and
temperature initially selected were the ones previously optimized for the
reduction of aromatic ketones.>* THF was the solvent of choice due to the
better activities and selectivities obtained in comparison to heptane, pentane
or acetonitrile. Low conversion were achieved when the reaction was
conducted in these solvents. As it is shown in Table 4.3, hydrogenation with
ruthenium nanoparticles stabilized by 0.4 equivalents of triphenylphosphine
was carried out at 30°C and 20 bar of H, for 16 h affording quantitative
conversion toward the total hydrogenated product with a proportion of cis-
4.1b/trans-4.1¢ of 84/16 (Table 4.3, Entry 1). The products were detected
by GC-MS and the cis/trans selectivity was determined by NOE

experiments.

Next, the pressure was reduced to 3 bar in order to know the
influence on the selectivity. Total conversion was also obtained but, in this

case, product 4.1a, which has only one arene hydrogenated, was the major
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product with a selectivity of 74% and together with compounds 4.1b and
4.1c in a 24:2 ratio (Table 4.3, Entry 2). Then, the reaction time was
reduced in order to increase the selectivity towards product 4.1a. When the
reaction was performed at only 3 bar of pressure for 10 hours (Table 4.3,
Entry 3), excellent selectivity of 93% towards the partial hydrogenated
product 4.1a was obtained at 70% of conversion. Using these conditions, no

product 4.1c was observed.

The reaction was also performed using ruthenium nanoparticles
stabilized by 0.2 equivalents of triphenylphosphine (Ru3) under the same
conditions but in this case, only 9% of conversion and total selectivity

towards product 4.1a was achieved after 10 h (Table 4.3, Entry 4).

Table 4.3. Hydrogenation of naphthalene using Rul and Ru3 as catalyst."

o0~ 0o b b

4.1 4.1a 4.1b 4.1c
P Time Cony. b b b
E. NPs (bar) (h) (%) %a %b %c
1 Rul 20 16 100 - 84 16
2 Rul 3 16 100 74 24 2
3 Rul 3 10 70 93 7 -
4 Ru3 3 10 9 100 - -
5 Ru3 3 16 20 97 3 -

“General conditions: Ru NPs (2 mol %), substrate (0.62 mmol), THF (10 ml),
T=30°C. "Determined by GC.

At this point, it was decided to increase the reaction time to 16 h in
order to increase the conversion but only 20% was achieved maintaining a
high selectivity (97%) towards product 4.1a (Table 4.3, Entry 5). These

results indicated relevant differences between the two ruthenium systems.



Selective Hydrogenation of Polycyclic Arenes using Ruthenium Nanoparticles

Contrary to the expected, less proportion of ligand implied lower activities

but more selectivity towards the partial hydrogenated product 4.1a.

From these results it can be concluded that the selectivity is highly
dependent on the pressure and the obtaining of the partial or total

hydrogenated naphthalene can be easily tuned.

As far as we are concerned, only in two cases similar selectivities
have been reported using supported nanoparticles. In 2007, Rh and Pd
nanoparticles were used in the hydrogenation of naphthalene and a yield up
to 97% towards product 4.1a was obtained.”” In 2011 selectivity up to 91
towards product 4.1b was described using rhodium nanoparticles supported
on Ti0,.3® In both cases only 1 bar of pressure was used. Some of the best
results in terms of selectivity reported in the bibliography for naphthalene

are presented in Table 4.4 for comparison.

Table 4.4. Selected results reported for naphthalene hydrogenation.

T Time Conv.

E. Catalyst (b};r) ©CC) (h) (%) %a %b %c Reference
1 Rh@TiO: 1 T 24 100 - 91 16 [36]

2  Supported RhNPs | T 16 100 - 88 12 [20]

3 Supported RhNPs 1 T 10 70 97 3 - [20]

4  Supported RuNPs 50 150 1 97 80 15 - [29]

Then, polyaromatic systems containing three conjugated arenes
were hydrogenated (Table 4.5). The aim of this part was the selective
reduction of one arene. Using the same conditions in which good activity
and selectivity was obtained in the naphthalene system, moderate
conversion (41%) and excellent selectivity towards the hydrogenation of
only one aromatic ring (91% of 4.2a) was obtained (Table 4.5, Entry 1).
These results indicated that a more hindered substrate needed more drastic

conditions in order to improve the activity. Therefore the pressure was
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increased to 20 bar (Table 4.5, Entry 2) and 44% of conversion was

achieved after only 30 minutes with total selectivity towards product 4.2a.

Table 4.5. Hydrogenation of anthracene and phenanthrene using Rul nanoparticles
as catalyst.?

“‘ “‘C@O@O@
“‘OCO

o~ o o oy

E. Subs. P (bar) T (°C) T(il‘l‘)‘e C(‘,}“)‘é %a” %b” %c” %d" %ee”
1 42 3 30 16 4 91 6 - 3 -
2 42 20 30 05 44 100 - - - -
3 42 20 30 9 100 - 9 - - 4
4 42 20 30 16 100 - 9 - - 10
5 43 20 30 16 6 4 35 23 - -
6 43 20 50 16 24 42 28 30 - -

‘General conditions: Rul NPs (2 mol%), substrate (0.62 mmol), THF (10 ml).
"Determined by GC.

When the reaction time was increased to 9h, conversion was

complete and compound 4.2b was obtained in a 96% of selectivity (Table

4.5, Entry 3). If the reaction time is increased to 16 h (Table 4.5, Entry 4),

10% of the total hydrogenated product 4.2e is observed, which indicates the

difficulty to achieve the total reductions under this reaction conditions.

hydrogenation of polycyclic aromatic hydrocarbons,

With these results in hands and looking for additional insights in the

a study of the
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evolution of the hydrogenation of anthracene 4.2 with time was monitored

by GC-MS (Figure 4.4).

100

80 1 —=—4.2a

—e—4.2b
—A—4.2¢

4.2d
—<4—4.2e
—»— Conversion

60

%

40 1

20

0 20 40 60 80 100 120 140 160 180 200 220 240 260

Time (min)

Figure 4.4. Monitoring of the catalytic hydrogenation of anthracene (4.2).
(Conditions: Rul (2 mol%), substrate (0.62 mmol), solvent= THF, T= 30 °C, P= 20
bar H»).

Using the nanoparticles stabilized by 04 equiv. of
triphenylphosphine, full conversion was obtained after ca. 1h. During the
first 30 min, the conversion reached ca. 50% and total selectivity towards
the formation of product 4.2a as a result of the hydrogenation of ring A of
anthracene was obtained. Then, after 40 min, the selectivity towards product
4.2a started to decreased as a consequence of the progressively formation of
product 4.2b. However, selectivity up to ca. 80% towards product 4.2a was
achieved at a ca. 80% of conversion. After ca. 5 hours, selectivity up to
95% of product 4.2b was achieved. During the reaction, products 4.2¢ and
4.2d were also detected as traces (maximum of 5%). As expected for longer
reaction times, the formation of the product 4.2e progressively increased
but, only a maximum of 10% of selectivity was achieved after 16 hours

indicating the difficulty in obtaining the total hydrogenated product.

Compared to the recent mechanistic proposal reported for

anthracene hydrogenation using palladium nanoparticles,? in our case, total

139



140 | CHAPTER 4

conversion was achieved at room temperature and 20 bar of H» after only 30
minutes whereas 60 min and at least 260°C were needed in the reported
work. The main difference was that total different selectivity was achieved.
In our case, as it was commented before, the major product initially formed
was 4.2a while in the reported work, product 4.2d was initially observed as
the major product at 250°C. Then, when the temperature was increased to
300°C, mainly products 4.2b and 4.2¢ were detected. However, lower
selectivities were reported and a maximum of 80% approx. of 4.2b was
achieved. Surprisingly, product 4.2d was only observed in really low
proportions in our monitored study (<5%) and, in the reported work, even at
300°C, low proportion (<10%) of the total hydrogenated product was

observed.

Comparing these results using Ru NPs with those reported using Pd
catalytic systems, it suggests a difference in the hydrogenation mechanisms.
With palladium, reduction of ring B is initially observed while using
ruthenium catalysts, ring A is clearly reduced first and only traces of
compound 4.2d, coming from ring B reduction, were observed along the
reaction. The fact that reduction of ring B of anthracene to afford compound
4.2d, which will preserve more the aromaticity, is not observed can suggest
that that in the ruthenium case the reaction proceeds under kinetic control,
probably determined by accessibility of the arene to the nanoparticle
surface. It can also suggest a different hydrogen transfer mechanism in the

case of palladium.

Next, phenanthrene 4.3 was also reduced under the same reaction
conditions and, unexpectedly, really different results in terms of conversion
were obtained compared to anthracene 4.2 despite the really similar
structure of both substrates. Thus, when the reaction was performed at 20

bar for 16 hours (Table 4.5, Entry 5), only 6% of conversion was achieved
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and 42% of product 4.3a, with the middle arene hydrogenated, 35% of
product 4.3b with one external arene hydrogenated and 23% of product 4.3¢
with two arenes hydrogenated were obtained. Consequently, it was decided
to increase the temperature to 50°C to push the activity. Curiously, the
conversion was only increased to 24% remaining the selectivity practically

unchanged (Table 4.5, Entry 6).

Despite having the same number of fused benzene rings, really
different behaviour was observed in substrate 4.2 and 4.3. Surprisingly, in
the case of anthracene, the first ring hydrogenated was the ring A despite
the Sr value (the hydrogen accepting ability) in C-9 is 1.314, much higher
than in C-1 or C-2 (1.073 and 0.922).>” Consequently, it could be expected
that 4.2d, resulting from the reduction of ring B, should be preferably

formed.

Nevertheless, hydrogenation of phenanthrene, afforded mixtures of
products from the beginning of the reaction and the total hydrogenated
product was not observed. However, also in this case, terminal rings A and
C are reduced faster than the central ring B, although the selectivity is lower
than for anthracene. In spite of the higher preservation of aromaticity that
would suppose the obtaining of 4.3b, the reduction of the terminal ring to
afford 4.3a is still preferably. Moreover, it seems that the hydrogenation of
the second terminal ring is quite fast. Compound 4.3d is not observed. This
observed low selectivity is in agreement with previous results dealing with
phenanthrene reduction.!”- *® There are only two cases in which using PtO,*
or a niobium catalyst under higher pressures and temperatures (80 bar and
80°C)* selectivities of ~70% towards compound 4.3a were obtained. Some
of the best results in terms of selectivity reported in the bibliography for

phenanthrene are presented in Table 4.6 for comparison.
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Table 4.6. Selected results reported for phenanthrene hydrogenation.

E. Catalyst (bgr) (olé) T(ill;)le (é?,/l:;’ * %a %b %c %d Reference
1 PtO: 1 T 120 70 70 - - - [39]
2 Nb Catalyst 82 80 24 00 22 - 78 - [40]
3 Pd-Rh 30 80 40 62 37 20 2 5 [17]

Finally, the hydrogenation of polyaromatics containing 4 or more
conjugated arenes was attempted (Table 4.7). Triphenylene 4.4 was reduced
under the optimized conditions (Table 4.7, Entry 1) for 16 hours, to afford
61% of conversion. Product 4.4a, which has only one arene hydrogenated,
was obtained with a selectivity up to 53%, compound 4.4b (2 external rings
hydrogenated) in a 12%, and product 4.4¢ (3 external rings hydrogenated) in

35%. It is clear that the reduction of the external rings is easily performed.

Under the conditions tested, the fully hydrogenated product was not
observed. This result indicates that the central ring of triphenylene is very
difficult to hydrogenate probably due to the sterical hindrance of compound
4.4c when the three saturated side rings interact with the catalyst surface. At
this point, it was decided to increase the temperature to 80°C and, after 16
hours, full conversion and exclusive formation of 4.4¢ was achieved (Table
4.7, Entry 2). Then the reaction time was increased to 60 hours but
compound 4.4c was still the major one and only traces of the total
hydrogenated product 4.4e were detected (Table 4.7, Entry 3). Therefore, it
can be concluded that 4.4c¢ is really difficult to be hydrogenated using these
nanoparticles and more drastic conditions would be needed to obtain the
total hydrogenated product. Moreover, it is important to highlight the fact
that 10% of product 4.4d containing one double bond bridging two arenes
rings is observed. This double bond is of course, the most difficult to

hydrogenate.
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Table 4.7. Hydrogenation of triphenylene, pyrene and coronene.”

o§oBgooges

4.4
4.5a 4.5b
. .

E. Subs. NPs T (°C) T(il‘l‘)‘e C(‘,}“)‘é %a” %b” %c” %d" %e"
| 44 Rul 30 16 6 53 12 35 - -
2 44 Rul 8 16 100 - - 100 - -
3 44 Rul 8 60 100 - - 8 10 2
4 45 Rul 50 16 17 93 7 - - -
5 45 Rul 80 16 25 90 10 - - -
6 45 Rul 80 60 44 8 14 - - -
7 45 Ru3 80 60 7 100 - - - -
8 46 Rul 80 60 0 - - -

‘General conditions: Rul NPs (2 mol%), substrate (0.62 mmol), P=20 bar Hz, THF

(10 ml). *Determined by GC.

The results obtained in the hydrogenation of triphenylene advised,

similarly to the case of anthracene, to further investigate the hydrogenation

of triphenylene 4.4 by monitoring the catalysis by GC-MS (Figure 4.5),

looking for information about the evolution of the reaction and the

selectivity.
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Using Rul nanoparticles, ca. 65% of conversion was obtained after
8 h. From the beginning of the reaction products 4.4a, 4.4b and 4.4¢ were
detected. During the first 2 hours, the conversion reached ca. 20% and
selectivity up to 70% towards the formation of product 4.4a in which the
hydrogenation of ring A was produced. Then, the selectivity towards this
product started to decrease and product 4.4¢ with three hydrogenated
external arenes started to be formed progressively in a major proportion. It
is important to highlight the fact that the selectivity towards product 4.4b
was practically maintained during the reaction indicating that it is rapidly
hydrogenated to 4.4c. Therefore, the hydrogenation of the external arenes in
4.4a becomes faster after the hydrogenation of the first aromatic ring in the
starting material 4.4. The fully hydrogenated product was not observed

showing, as previously commented, the difficulty in reducing product 4.4c.

—»— Conversion|
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90 —o—4.4c
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Figure 4.5. Monitoring of the catalytic hydrogenation of triphenylene 4.4.
(Conditions: Rul NPs (2 mol%), substrate (0.62 mmol), solvent= THF, T= 80°C,
P=20 bar H»).

In the case of pyrene 4.5, the temperature has an important effect on
the activity but not on the selectivity. Initially, the substrate was

hydrogenated at 20 bar and 50°C obtaining only 17% of conversion but with
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high selectivity towards product 4.5a (93%), which has only one arene
reduced (Table 4.7, Entry 4). Increasing the temperature to 80°C, the
conversion was slightly increased to 25% without a substantially change in
the selectivity (Table 4.7, Entry 5). Finally, when the reaction was
performed under these reaction conditions for 60 hours, the conversion was
raised to 44% and the selectivity towards product 4.5a was maintained at
86% (Table 4.7, Entry 6). Pyrene can be considered as a phenanthrene
derivative, with an additional internal ring. However, in this case, there are
not disubstituted terminal rings such as in the case of anthracene (4.2) and
phenanthrene (4.3). All rings are trisubstituted (A,C) or tetrasubstituted (B,
D). In this case, although the higher substitution of rings B and D, the

higher preservation of aromaticity seems to determine the selectivity.

Next, it was decided to try the same hydrogenation but using Ru3
nanoparticles in order to improve the activity and/or the selectivity.
However, as it happened in the case of naphthalene (Table 4.3, Entry 5), the
conversion was very low (7% after 60 hours) and total selectivity towards

the formation of 4.5a was achieved (Table 4.7, Entry 7).

Then coronene 4.6 hydrogenation was studied. Initially it was tested
quite drastic reaction conditions (20 bar and 80°C) but no conversion was
obtained (Table 4.7, Entry 8). Coronene is a really complex and hindered
molecule which could have difficulties to coordinate on the nanoparticle
surface. Moreover, it is only partially soluble in THF and this fact could

also prevent the reaction.

As it has been demonstrated, substrates containing 4 or more fused
rings are more hindered and the approach to the nanoparticle could be
limited. For that reason, harsher reaction conditions are needed to obtain
moderate conversions and selectivities. In the case of triphenylene 4.4, good

selectivities towards product 4.4¢, which can be exclusively obtained, are

145



146 | CHAPTER 4

achieved after 16 hours. These results are comparable to those reported
using supported Rh and Pt nanoparticles.??® Nevertheless, to the best of our
knowledge, it the first time that compound 4.4a is obtained in such a
selectivity (~50%) at similar conversion values. Some of the best results in
terms of selectivity reported in the bibliography for triphenylene are

presented in Table 4.8 for comparison.

Table 4.8. Selected reported results for triphenylene hydrogenation.

E. Catalyst (b};r) (OTC) T(ilrlr)le C(Oo/lg * %a %b %c %e Reference
1 Supported Rh 10 T 3 100 - - 100 - [22a]
2 Rh/MWNTs 10 20 3 100 - - 95 5 [22b]
3 Pd-Rh 30 80 40 71 15 27 28 1 [17]

In the case of pyrene, excellent selectivities towards product 4.5a
were detected at moderate conversions. Different publications have focused
on the hydrogenation of pyrene obtaining mixtures of products and high
temperatures were required in order to obtain good conversions.!s 16 17
Using Pt nanoparticles supported on carbon nanotubes, total selectivity

towards product 5a was achieved but the conversion was only 7%.2%

The results obtained in the hydrogenation of all these polyaromatic
hydrocarbons show that high selectivities towards different partial
hydrogenated products can be obtained in all the cases except for
phenanthrene, and forcing the reaction conditions or increasing the reaction
times, the fully hydrogenated product can also be obtained in some of the
substrates, namely naphthalene 4.1 and anthracene 4.2. When the number of
fused benzene rings increases, the hydrogenation becomes more difficult.
The proportion of ligand used to stabilize the nanoparticles has an important

effect not only on the activity but also on the selectivity. Based on these
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results, the nanoparticles stabilized by 0.4 equiv. of triphenylphosphine

appeared more active than the ones stabilized by 0.2 equiv.

Good results in terms of activity and selectivity were obtained in the
reduction of naphthalene using Rul NPs (Table 4.1). For that reason, it was
considered that it would be interesting to study the effect of the presence of
different substituents on a naphthalenic system, considering the nature of

the substituent and the position.

4.3.3. CHEMOSELECTIVITY. HYDROGENATION OF SUBSTITUTED

NAPHTHALENES VS. OTHER FUNCTIONALITIES

As it was commented in the introduction and to the best of our
knowledge, few examples are reported related to the effect of substitution
on the selectivity of polyarene hydrogenation, as well as the selective
reduction of polyarenes vs. other functional groups.*>* In order to gain
information about these two aspects, reduction of substituted naphthalenes
was studied. Different substitutions were considered: substitution at
positions a (position 1) and [ (position 2), donor and acceptor substituents,

and substituents that could be competitively reduced.

4.3.3.1. HYDROGENATION OF SUBSTITUTED NAPHTHALENES

We began the study with 2-methoxynaphthalene 4.7 which was
used as model substrate (Table 4.9). Considering the results obtained in the
previous studies of this Thesis, it was thought that as the substrate is
sterically more hindered compared to naphthalene, harder reaction
conditions would be needed in order to have high conversions. We decided
to maintain the temperature but we initially worked at 20 bar of hydrogen.

Remember that only 3 bar were required for naphthalene hydrogenation (see
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Table 4.3). Initially the effect of the solvent on the selectivity was studied.
When the hydrogenation of 4.7 was carried out for 2.5 h using THF as
solvent, a conversion of 31% and a selectivity of 83% towards the
hydrogenation of the less substituted ring (4.7a) was obtained (Table 4.9,
Entry 1). A 11% of compound 4.7b, resulting from the reduction of the
most substituted ring, and a 6% of the fully reduced compound 4.7¢ was
also obtained. Then, pentane and ethanol were used leading to excellent
selectivities (up to 93%) towards product 4.7a although really low
conversions were achieved (Table 4.9, Entries 2 and 3). Interestingly, when
MTBE was used as solvent (Table 4.9, Entry 4), conversion up to 35% and
91% of selectivity towards 4.7a were obtained. In order to increase the
conversion, the reaction was performed for 16 h but the conversion was still
moderate (52%) and the selectivities were comparable to the ones obtained

using THF as solvent (Table 4.9, Entry 5).

When the reaction was performed using MTBE as solvent and a
more diluted solution (0.62 mmol substrate), the selectivity was still good
(81%) and full conversion was achieved (Table 4.9, Entry 6). In the case of
THF and in the same conditions (Table 4.9, Entry 7), the selectivity
remained unchanged and 83% of 4.7a was obtained at 91% of conversion
performing the reaction for only 2.5 hours (6 times shorter than using
MTBE). In MTBE there are not significant changes in the reaction rate
(compare Entries 5 and 6). For the same reaction conditions, when there is
double amount of substrate only 50% conversion was achieved (Table 4.9,
Entry 5). However, in THF a significant increase in the reaction rate
(approx. 50%) was observed when a more diluted solution of substrate was
used (compare Entries 1 and 7). From these assays it was concluded that
the best option was again to use THF as solvent due to the higher

conversion at lower reaction times.
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Then, the reaction was performed under the same reaction
conditions using Ru3 nanoparticles in order to see if the selectivity could be
improved. Comparable results were obtained although the conversion (75%)
was slightly decreased (Table 4.9, Entry 8). Contrary to what was observed
in the case of naphthalene (Table 4.3, Entry 4 and 5), in this case, the
conversion was not dramatically affected and the selectivity remained

practically unmodified.

Next, we reduced the pressure in order to see if the selectivity could
be enhanced. Using the same reaction conditions but under 10 bar for 2.5
hours, similar results in terms of selectivity were obtained but the

conversion dropped to 11% (Table 4.9, Entry 9).

Unexpectedly, when substrate 4.8 containing a methyl group instead
of a methoxy group was hydrogenated, a very low conversion (6%) was
achieved after 16 h, although selectivity (79%) towards product 4.8a was
similar to the obtained in the previous examples (Table 4.9, Entry 10). We
repeated this experiment several times, even using recrystallized substrate,

with similar results.

Hydrogenation of substrate 4.9, which contains an ester group,
using Rul nanoparticles (Table 4.9, Entry 11), was also unsuccessful and
no conversion was obtained. Surprisingly, when Ru3 NPs were applied
under the same reaction conditions (Table 4.9, Entry 12), 12% of
conversion was obtained after 16 hours with total selectivity towards

product 4.9a.
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Table 4.9. Hydrogenation of 2-substituted naphthalenes.

oA COARNC OGO

4.7, R=OMe 4.7a, R=OMe 4.7b, R=OMe 4.7c, R=OMe
4.8, R=Me 4.8a, R=Me 4.8b, R=Me 4.8c, R=Me
4.9, R=COOCH, 4.9a, R=COOCH;, 4.9b, R=COOCH;, 4.9c, R=COOCH,

E. Subs. Nps mmol S‘ng)“t (bar) T(il'l‘)‘e C(&)“)‘é %a” %b” %c"
1 47 Rul 124 THF(10) 20 2.5 31 83 11 6
2 4.7 Rul 1.24 Pentane 20 2.5 14 93 3 4
3 477 Rul 124 EtOH (10) 20 2.5 18 91 6 3
4 47 Rul 124 MTBE(10) 20 2.5 35 91 5 4
5 477 Rul 124 MTBE(10) 20 16 52 89 6 5
6 47 Rul 0.62 MTBE(10) 20 16 100 81 o6 13
7 47 Rul 0.62 THF(10) 20 2.5 91 83 11 6
8 47 Ru3 0.62 THF(10) 20 2.5 75 81 12 7
9 47 Rul 0.62 THF (10) 10 2.5 11 83 12 5
10 4.8 Rul 0.62 THF (10) 20 16 6 79 14 7
11 49 Rul 0.62 THF(10) 20 16 0 - - -

12 49 Ru3 0.62 THF (10) 20 16 12 100 -
‘General conditions: Ru NPs (2 mol%), T=30°C. °Determined by GC.

In conclusion, when the steric hindrance is increased compared to
naphthalene, the reaction becomes slower although good results in terms of
selectivity, towards the hydrogenation of the non-substituted ring, are
obtained using different solvents. The good selectivity and high conversions
in low reaction times, obtained using THF, makes it the solvent of choice

for reducing naphthalene derivatives.

The selectivity results obtained in the hydrogenation of
naphthalenes with different substituents in position 2 cannot be strictly
related to the donor or acceptor abilities of the substituents, since when a
weak donor substituent such as Me is present conversion is really low, as

well as when there is an acceptor group such as an ester. A possible
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explanation can be related with the coordination of the heteroatoms to the
nanoparticle surface. Thus, while the oxygen of the substituted arene may
interact with the metal surface upon approaching the nanoparticle, this
interaction through the carbonyl group in the case of the ester function will
leave the arene far away from the surface. The methyl group will only
provide steric hindrance in the approach of the arene to the surface.
Anyway, there is a clear different reaction rate in the reduction of both
arenes, which can be determined by the substitution level and by the

different electron density on each ring.

Then, the study was continued by reducing naphthalenes containing
a substituent in position 1 (Table 4.10). When substrate 4.10 containing a
methoxy group was reduced using the optimized reaction conditions for 4.7
(Table 4.9, Entry 7), 85% of product 4.10a was obtained at a 40% of
conversion (Table 4.10, Entry 1). Selectivity was similar to the obtained for
compound 4.7, since also similar amounts of compounds 4.10b and 4.10c,

were obtained.

The use of Ru3 nanoparticles, which contains less proportion of
stabilizing ligand, afforded similar selectivities and slightly higher
conversion (49%) (Table 4.10, Entry 2), contrary to what happened in

naphthalene and in other polyarenes.

At this point, it was decided to run the reaction using Rul
nanoparticles for 16 hours in order to try to increase the conversion (Table
4.10, Entry 3). In this case, full conversion was achieved but the selectivity
was shifted towards the totally reduced product cis-4.10¢, which was

present in a 65%. No product 4.10b was observed in this case.

Interestingly, when an electron withdrawing group like —CF;3 is

present in position 1 (substrate 4.11), the selectivity towards the
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hydrogenation of the more substituted ring increases, comparatively, and
compound 4.11b was obtained with a selectivity of 31% although the
conversion was still moderate (Table 4.10, Entry 4). Changing the solvent to
MTBE (Table 4.10, Entry 5), the conversion decreased to 15% although the

selectivity towards product 4.11a increased to 85%.

Table 4.10. Hydrogenation of 1-substituted naphthalenes.”

QO — 00 - CO - QO

4.10, R=OMe 4.10a, R=OMe 4.10b, R=OMe 4.10c, R=OMe
4.11, R=CF; 4.11a, R=CF; 4.11b, R=CF; 4.11c, R=CF;
4.12, R=NH, 4.12a, R=NH, 4.12b, R=NH, 4.12c, R=NH,

E. Subs. NPs Solvent (ml) T(ilrlr)le ((j.%l)‘ﬂ' %a” %b" %c"

410 Rul THF(10) 25 40 85 11 4
410 Ru3 THF(10) 25 49 8 10 4
410 Rul THF(10) 16 100 35 - 65
411 Rul THF(10) 25 45 63 31 6
411 Rul MTBE(10) 25 15 85 15 -
411 Ru3 THF(10) 16 34 68 27 5
7 412 Rul THF(10) 16 16 100 - -

*General conditions: Ru NPs (2 mol%), substrate (0.62 mmol), P= 20 bar,
T=30°C. "Determined by GC.

AN L AW =

When the reaction was performed using Ru3 nanoparticles, a
conversion of 34% was obtained after 16 h of reaction (Table 4.10, Entry 6).
Selectivity was comparable to that obtained with Rul under similar reaction

conditions.

Finally, substrate 4.12 containing an amine was reduced for 16 h at
20 bar leading to a conversion of only 16%. Despite the long reaction time,

only the product 4.12a was obtained (Table 4.10, Entry 7).
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In conclusion, the selectivity is affected when an electron donating
groups or an electron withdrawing group is present. The presence of an
electronwithdrawing group, slightly favours the reduction of the more
substituted ring. When an amine is present in the substrate (4.12), the
conversion decreases considerably (even after several hours) and only the
arene that do not contain the amino group is reduced. The low reactivity of
anilines and in general of aminoarenes has been already reported in the

bibliography.*?

Comparing tables Table 4.9 and Table 4.10, it can be concluded that
the position of the substituent has more influence on the conversion than on
the selectivity. When the substituent is in position 1, conversions are lower
probably due to the higher steric hindrance and to the consequent difficulty
of the substrate for approaching the surface. Nonetheless, the selectivity is
not significantly affected and the arene which does not contain substituents
is still the one which is favourably hydrogenated. These results agree with
the necessity for the arene ring to approach and coordinate to the

nanoparticle’s surface in order to be reduced.

4.3.3.2. HYDROGENATION OF AROMATIC RING V'S. KETONE

As a last objective of this chapter, and in connexion with the
previous chapter, we were interested in studying the competitive reduction
of arenes vs. ketones in polyarene substrates. Thus, naphthalenes containing
keto groups directly linked to the aromatic ring, which presented a more
interesting behaviour in the study carried out in the previous chapter, were

also hydrogenated (Table 4.11 and Table 4.12).

In the previous section we have observed that the substituents
present in one of the rings of naphthalene have a strong influence on the

selectivity. In general the less substituted ring is preferably hydrogenated,
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but the coordination of heteroatoms to the surface of the nanoparticle and
the donor or withdrawing nature of substituents has also an influence. In
the case of ketones, all this factors must be also taken into account, plus the

possibility to compete with the arene for the reduction.!

Initially we studied the hydrogenation of naphthalene with an acetyl
group located on position 2, compound 4.13, under the standard reaction
conditions leading to full conversion in 2.5h (Table 4.11, Entry 1). Three
products 4.13a-4.13¢, resulting from the reduction of the less substituted
ring (4.13a), the keto group (4.13b) and both the less substituted are and the
keto group (4.13c¢) were obtained. The less substituted arene was mainly
reduced (52%) in agreement with that observed in the Chapter 3 for
acetophenone. However, the difference in selectivity cannot be pointed out
since compound 4.13¢ can proceed from 4.13a and 4.13b. When the
reaction is performed using Ru3 NPs (Table 4.11, Entry 2) the conversion

drastically decreases achieving only 10% of compound 4.13b.
Table 4.11. Hydrogenation of 2-ketonaphthalenes.”

(0] (0] OH OH
~Q©*+ +£@
R R R R

4.13, R=H 4.13a, R=H 4.13b, R=H 4.13c, R=H
4.14, R=Me 4.14a, R=Me 4.14b, R=Me 4.14c, R=Me

E. Subs. NPs Time (h) Conv. (%)" %a" %b° %c"

1 4.13 Rul 2.5 100 52 26 22
2 4.13 Ru3 2.5 10 - 100 -
3 4.14 Rul 2.5 44 16 84 -

‘General conditions: Ru NPs (2 mol%), substrate (0.62 mmol), THF (10 ml),
P= 20 bar, T=30°C. "Determined by GC.

The presence of a methyl group in position 6 in compound 4.14

place both rings with the same substitution pattern. The increase of
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substitution in 4.14 has as a consequence a decrease in conversion and in
the hydrogenation of the A ring and hence a preferred reduction of the

acetyl group (Table 4.11, Entry 3).

Next, we studied compound 4.15 where the acetyl group is moved
to position 1. Hydrogenation of compound 4.15 was carried out under the
standard conditions. Full conversion was observed and a complex mixture
was produced (Table 4.12, Entry 1). The previous observation that the
substitution at position 1 has a negative effect on the arene reduction,
translated in this case in the higher relative percentage of ketone reduction,
compared with compound 4.13. However, in this case it is also noteworthy
that small percentages of reduction of the more substituted ring (B),
affording product 4.15e, or the presence of the fully reduced product 4.15f.
These facts indicate that the presence of the keto group at position 1 of ring

B increase the hydrogenation ability of this ring.

Table 4.12. Hydrogenation of 1-acetonaphthone.”

o o O HO HO
4.15

4.15a 4.15b 4.15¢ 4.15d
HO HO

+ +
4.15e 4.15f

P Time Conv.
(bar) (h) (%)

1 20 2.5 100 38 - 24 25 9 4
2 10 16 100 24 8 8 36 14 10

‘General conditions: Rul NPs (2 mol%), substrate (0.62 mmol), THF
(10 ml), T=30°C. "Determined by GC.

%a” %b" %c” %d” %e® %f

155



156 | CHAPTER 4

This fact was confirmed upon driving the reaction at 10 bar of
hydrogen pressure. After 16 hours of reaction a similar mixture of products
was observed. However, now even the product 4.15b resulting from the
exclusive hydrogenation of ring B, the more substituted, was detected

(Table 4.12, Entry 2).

From the results observed in Table 4.11 and Table 4.12, it can be
concluded that also in this case, reduction involves important competition
between the reduction of the arene and the ketone groups and it is
influenced by the position of the keto group. Thus, when the keto group is at
position 2 (4.13) reduction of the less substituted aromatic ring takes place
principally, although significant reduction of the carbonyl group is also
observed. If the keto group is at position 1, the most relevant observation is
the fact that the most substituted ring is also reduced. The fact that electron-
withdrawing groups activates the hydrogenation of the neighbouring ring
was already observed in the cas of trifluoromethyl derivative, compound
4.11, but now we can conclude that this effect is more important when the

substituent is at position 1.

4.4. CONCLUSIONS

In  conclusion, ruthenium  nanoparticles stabilized by
triphenylphosphine are good catalysts for the hydrogenation of PAHs in
mild conditions leading to good activities and interesting selectivities. In
general, the reaction rate decreases when the number of aromatic rings
increases. The disposition of the rings has also an influence on the reaction
rate and, for instance, phenanthrene reacts much slower than anthracene in
agreement with its more difficult approach to the nanoparticle’s surface.

Figure 4.6 shows the main results of conversion and selectivity achieved.
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Cb
H
1a 1b 2a 2b

Conversion 70 100 44 100
Selectivity 93 cis/trans: 84:16 100 96
4a 4c 5a
Conversion 61 100 44
Selectivity 53 100 86

Figure 4.6. Main results of conversion and selectivity in PAHs reduction.

From the study of the hydrogenation of polycyclic aromatic

hydrocarbons, the following conclusions can be extracted:

i)  Naphthalene is hydrogenated to tetralin (4.1a) or decalin (4.1b),
cis/trans= 86:14, by just adjusting the hydrogen pressure.

i)  Anthracene can be selectively hydrogenato to 4.2a or 4.3b. The total
hydrogenated product 4.2d might be obtained under the reaction

conditions used, but really long reaction times would be required.

iii)  The hydrogenation of phenanthrene is more difficult and long reaction
times are required to obtain low conversions. In all the cases, mixtures
of products were obtained and the total hydrogenated product was not

observed in any of the assays attempted.

iv)  Triphenylene has 3 equivalent external rings and it is difficult to
achieve partial selectivity in hydrogenation. Thus, compound 4.4a was
obtained with a selectivity of 53% at 61% of conversion, which in

spite of being quite low is one the best reported in the bibliography.



158 | CHAPTER 4

vi)

The selective reduction of 3 rings to give compound 4.4¢c was

achieved in 88% of selectivity and full conversion.

Pyrene, as well as phenanthrene, was difficult to hydrogenate and a
88% of selectivity in compound 4.5a was obtained at 44% of

conversion.

There are only few mechanisms proposed for PAHs hydrogenation. In
general, we have observed, that there is a competition between kinetic
and thermodinamic control, which affects the reduction of the less
substituted ring in front to preservation of aromaticity. The
hydrogenation of the less substituted ring predominates in compound

4.2, but not in compound 4.3 and in compound 4.5.

From the study of the chemoselective reduction of polyarenes vs.

other functional groups, the following conclusions can be extracted:

)

iii)

Substitution has an important effect on the reactivity and selectivity.
The reactions are slower than in the unsubstituted naphthalene, and
hydrogenation takes place in the ring that does not contain

substituents.

Selectivity is influenced by the nature of substiuents. Electron
donating substituents deactive the ring to which they are attached and,
consequently, the neighbouring ring is preferably reduced. The more
relevant example is the case of compound 4.12. Electronwithdrawing
substituents activate the ring. Then, although the effect of substitution
predominates, reduction of the less substituted ring is mainly observed
and appreciable amounts of reduction of the more substituted ring are
achieved. See for instance, compounds 4.11 and 4.15.

The position of the substituent (position 1 or 2) influences the

conversion more than the selectivity. When the substituent is at

position 1, the conversion decreases probably due to the higher steric
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hindrance which hampers the approaching of the substrate to the

surface.

iv) Comparing the results obtained with compounds 4.7-4.9 it can be
observed that the best results are obtained with compound 4.7, which
has an electrodonor substituent, while the presence of a
carboxymethyl group in 4.9 clearly deactivates the reaction. Probably,
it is necessary to consider the effect of the coordination to the
nanoparticle of the oxygen atom of the methyl ether that will approach
the arene to the NPs surface, while the interaction with the carbonylic
oxygen of the ester group will put the aromatic ring away from the
NP. The case of the ketone derivatives deserves then a comment, since
in this case carbonyl group is also reduced. The difference should be
the less electrondensity in the carbonylic oxygen that will allow
different interaction modes.

v)  When a ketone is present in the substrate like in 4.13, 4.14, 4.15, there
is a competition between the reduction of the naphthalenic system and
the ketone. If the ketone is placed in position 1 like in 4.15, its
reduction is favoured probably because the ketone coordinates
preferably to the metal surface rather than the naphthalenic system.

vi) Regarding the differences between the nanoparticles stabilized by 0.2
or 0.4 equivalents of triphenyphosphine, more proportion of ligand

implies more activity and slightly less selectivity.

4.5. EXPERIMENTAL PART

General Methods

All syntheses were performed using standard Schlenk techniques

under argon atmosphere. Chemicals were purchased from Aldrich Chemical
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Co and Alfa Aesar and used without further purification. All solvents were
purified by distillation following standard procedures and were
deoxygenated before use. The precursor [Ru(COD)(COT)] was purchased
from Nanomeps. The synthesis of the nanoparticles was performed using 1L

Fisher Porter and pressurized on a high pressure line.

All reactions temperatures were kept electronically controlled by

heating baths.

Characterization Techniques

Transmission Electron Microscopy (TEM)

TEM experiments were performed at the “Unitat de Microscopia
dels Serveis Cientificotécnics de la Universitat Rovira I Virgili” (TEM-
SCAN) in Tarragona with a Zeiss 10 CA electron microscope operating at
100 kV with resolution of 3 A. The particles size distributions were
determined by a manual analysis of enlarged images. At least 300 particles
on a given grid were measured in order to obtain a statistical size

distribution and a mean diameter.
High Resolution TEM (HRTEM)

HRTEM experiments were performed at the Unitat de Microscopia
dels Serveis Cientifics 1 Tecnologics de la Universitat de Barcelona with a
JEOL 1010 electron microscope working at 200kV with a resolution of 2.5
A. The particles size distributions were determined by a manual analysis of

enlarged images.
Thermo Gravimetric Analysis (TGA)

TGA experiments were carried out in the oven of a Mettler Toledo

TGA/SDTAR851 instrument.
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1-2 mg of the nanoparticles were placed in the sample holder in the
oven and it was heated up at a rate of 10°Cmin™! in N,, while the weight was
recorded continuously from 30°C to 900°C. The weight loss of the organic
part and metal were used to calculate the approximate number of ligands

coordinated on the metal surface.
X-Ray Diffraction (XRD)

XRD measurements were performed using a Siemens DS5000
diffractometer (Bragg- Brentano parafocusing geometry and vertical 0-0
goniometer) fitted with a curved graphite diffracted- beam monochromator,
incident and diffracted- beam Soller slits, a 0.06° receiving slit and
scintillation counter as a detector. The angular 20 diffraction range was
between 26 and 95°. The data were collected with an angular step of 0.05°
at 16s per step and sample rotation. A low background Si(510) wafer was
used as sample holder. Cuka radiation was obtained from a copper X- ray

tube operated at 40kV and 30mA.
X-Ray Photoelectron Spectroscopy (XPS)

XPS measurement were performed using a PHI 5500
Multitechnique System (from Physical Electronics) with a monochromatic
X-ray source (Aluminium Kalfa line of 1486.6 eV energy and 350 W),
placed perpendicular to the analyser axis and calibrated using the 3d5/2 line
of Ag with a full width at half maximum (FWHM) of 0.8 eV. The analysed
area was a circle of 0.8 mm diameter, and the selected resolution for the
spectra was 187.5eV of Pass Energy and 0.8 eV/ step for the general spectra
and 23.5 eV of Pass Energy and 0.1 eV/step for the spectra of the different
elements in the depth profile spectra. A low energy electron gun (<10 eV)
was used in order to discharge the surface when necessary. All

measurements were performed in an ultra-high vacuum (UHV) chamber
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pressure between 5x10” and 2x107® torr. The data processing was carried out

using the CasaXPS program.

General procedure for the synthesis of ruthenium nanoparticles stabilized by

triphenylphosphine*

In a typical procedure, the [Ru(COD)(COT)] (400 mg, 1.268 mmol)
was placed into a Fischer-Porter reactor in 400 mL of dry and deoxygenated
THF by freeze-pump-thaw cycles in the presence of triphenylphosphine (0.2
eq. or 0.4 eq.) The Fischer-Porter reactor was pressurised under 3 bar of H»
and stirred for 24 h at room temperature. Then the solution was
concentrated under reduced pressure to 40 ml. Precipitation and washing

with pentane (3x15 ml) was then carried out, obtaining a black precipitate.

Ru3 nanoparticles stabilized by 0.2 eq of PPhs:

- TEM: mean size 1.57+0.37 nm.

- XRD: hcp crystalline Ru nanoparticles, coherence length
1.36+0.09 nm.

- XPS: 3d5/2 (280.46 V) and 3d3/2 (285.16 eV), 100% Ru (0) at
the nanoparticles surface.

- TGA: 70% Ru, 30% PPhs. Approximate formula: [Ruis9 L24].
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Figure 4.8. XRD of hcp crystalline Ru3 nanoparticles.

s

i w

. o B Ve Name  Pos FWHM Area AU
2 0 l 20040 1050 822 4099
F RAE2a 2046 0982 1276 35414

ROG2: 8516 864 4546 21590
) 1 e W19 03T 00
REG2D 24589 0301 00

T T T T
1o s P

nu/\ >
Bating By V) BiningEncy €0

Figure 4.9. XPS spectra of Ru3 nanoparticles.

163



164 | CHAPTER 4

General procedure for the hydrogenation reactions

In a typical experiment, a 5 entries autoclave or an autoclave Par
477 equipped with PID control temperature and reservoir for kinetic
measurements were charged in the glove-box with 3 mg of Ru nanoparticles
(the catalyst concentration was calculated based on the total number of
metallic atoms in the NPs) and the substrate in 10 mL of solvent. Molecular
hydrogen was then introduced until the desired pressure was reached. The
reaction was stirred during the corresponding time at the desired
temperature. The autoclave was then depressurised. The solution was

filtered over silica and analysed by gas chromatography.

Conversion and selectivity was determined by GC-MS and cis/trans
selectivity was confirmed by NOE experiments in NMR. GC-MS
spectroscopy was carried out on a HP 6890A spectrometer, with an HP-5
column (0.25mm x 30m x 0.25pum). The method used for the polyaromatic
systems consist in an initial isotherm period at 130°C for 10 min followed
by a 10°C min! temperature ramp to 180°C and a hold time of 35 min,

flow 3.5 ml/min.

The method used for the substituted naphthalenes consist in an
initial isotherm period at 40°C for 3 min followed by a 3°C min’

temperature ramp to 120°C and a hold time of 12 min, flow 1.3 ml/min.

Substrate 4.1: trg1= 2.03 min, trg1,= 1.83 min, trg= 1.58 min, trg;= 1.41
min.
Substrate 4.2: try>= 14.91 min, trs2,= 14.22 min, tryzs= 13.15 min, tryz=

10.73 min, trg2q¢= 12.76 min, trg2.e= 8.37 min.

Substrate 4.3: trgz= 14.72 min, trg3,= 13.04 min, trazp= 14.31 min, tryz—
13.71 min.
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Substrate 4.4: trsq= 46.46 min, try4,= 44.62 min, traq= 41.16 min, trqsc—
36.74 min, trs4q= 20.58 min, trg4e= 21.90 min.

Substrate 4.5: trq.s= 22.80 min, trs.s,= 20.80 min, trs.sp= 18.27 min.

Substrate 4.7: trs7= 5.56 min, trq7,= 4.91 min, tra7,= 3.68 min, try7.= 3.02

min.

Substrate 4.8: tras= 27.39 min, tryg,= 25.96 min, tragp= 23.70 min, tras—
20.51 min.

Substrate 4.9: trgo= 11.93 min, trg9,= 12.01 min.

Substrate 4.10: trq.10= 5.46 min, tra10.= 4.55 min, traop= 3.39 min, trai0~

2.90 min.

Substrate 4.11: trgpi= 2.11 min, trgg.= 2.04 min, traip= 1.96 min,

tra.11¢=1.86 min.
Substrate 4.12: trq.12= 7.94 min, trq.12.= 6.41 min.
Substrate 4.13: trq.13,= 11.56 min, tra.13p= 10.79 min, trg.13.= 9.21 min.

Substrate 4.14: trs14= 14.06 min, trs.14o= 12.55 min, trs14= 13.61 min.
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5.1.INTRODUCTION TO THE ASYMMETRIC HYDROGENATION OF

ARENES

The significant development of homogeneous enagléotve
catalysis has triggered the interest for the dgraént of chiral surfaces and
their application as recyclable catalysts. Homogese systems have
typically a single active site while the surfaceoigetry of heterogeneous
systems implies various types of substrate sitéls different coordination
(terrace, step, edge, kink, vacancy, etc.) and,sexurently, different

adsorption properties.

Nowadays, the adsorption mode of the substraterenchodifier on
the metal surface is only speculated based ontexmseasurements and
theoretical calculations. For this reason, several mechanistic and
coordinative modes have been proposed for the msiostied reactions.
However, it is generally accepted that enantiosieleds generated by the

direct interactions between modifier and substadtbe metal surface.

The first example of enantioselective catalysis f@tt it was
diastereoselective) by metal nanoparticles wasrtegpan 1994 by Lemaire,
Gallezotet al.in which hydrogenation of a disubstituted aromatig linked
to a chiral auxiliary was attempted using Rh nantigjas and the chiral
amine R)-dioctylcyclohexyl-1-ethylamine (DOCEA) as stabdi. However,

only a very modest enantiomeric excess (10%) whaieeed (Scheme 5.%).

Thereafter, several asymmetric reactions using pemticles have
been attempted. The most studied reaction hasthedrydrogenation af-
ketoesters, typically ethyl pyruvate, using cincha@ikaloid derivatives as

ligands.
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Scheme 5.1Diastereoselective hydrogenation using Rh NPs aDE@PA?

In general, in all these examples, aliquots ofdhieal ligands must
be added during the catalysis in order to obtagh lee’s. This requirement is
attributed to the depletion of the modifier frone timetal surface due to the
hydrogenatiof. A very successful example was reported using Pt
nanoparticles where enantioselectivities up to @8%ull conversion were
obtained (Scheme 5.2).

0]

OH OH
)J\[(oer 4, _PtCatalyst )\I(OX C A
0 0 0

Alkaloid modifier

Ethyl pyruvate (R)-ethyl lactate  (S)-ethyl lactate
X=Me, Et, t-Bu -
s
RiO N R{=H, Ry=H
Ra SN R= Ph, Ry=H
| NG R;=H, R,=OMe

Scheme 5.2Enantioselective hydrogenation of pyruvates usinyPs®

Baiker et al. revealed that the enantioselective hydrogenation o
chiral modified Pt NPs was shape-dependent andethetion rate and the
enantioselectivity increased with an increase enRK111}/Pt{100} ratio®
In some cases, it is supposed that there is ataeplef ligands from the
surface of the nanoparticles and chiral homogenammsplexes can be

formedin situbecoming the real catalytic species.

Nanoparticles stabilized by chiral ligands have dlsen used in C-

C coupling asymmetric reactions catalysed by Pd siBkilized by chiral
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phosphines. In the asymmetric Suzuki-Miyaura cross couplingctn,

enantioselectivity up to 69% was achieved and jfiedeled on the dihedral
angle of the backbone axes of the bis-phosphinantlg and on the
application of a strong base. Therefore, theseisfi@e consistent with the
formation of molecular palladium(ll) speci&ésGlorius and co-workers
developed immobilized Pd catalysts modified by ahiN-heterocyclic

carbenes (NHC) in the asymmettiarylation of ketones with aryl halides.
The heterogeneous nature of the active speciesewidenced by several
experiments such as hot filtration test, mercurig@uaing test and trace metal

analysis’

The asymmetric allylic alkylation catalysed by PEd\stabilized by
chiral diphosphite ligands witkylo- or ribo- furanoside backbone has also
been reported (Scheme 5.3), although the moleaaiture of the catalysts
cannot be excluded. The nanoparticles stabilizetllbipehaved differently
from the corresponding molecular systems. Howewerthe case of the
colloids stabilized by L2 and L3, no differencesterms of activity and

selectivity were detected compared with the mokacspecied®

THF

1/2 [Pdy(dba)s] + 0.2L = . [Pdy(THF),L]
3 bar Hy
L=1,2,3 -dba, -dbaH

oo rg  (C5° ;
(%2 0q }—WO O\YY/O . :
LWY e T M

Scheme 5.3Pd NPs stabilized by chiral diphosphite ligandslusethe
discrimination between molecular and colloidal bt 1°°

Furthermore, several examples of asymmetric hyaration of
different functional groups and transfer hydrogamatising NPs coated with

chiral ligand have been report€d-or instance, Liret al synthesized metal
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NPs-supported chiral catalysts containing BINAPIBREN moieties in the
asymmetric hydrogenation of aromatic ketones witgh hactivity and
enantioselectivity (up to 98% é&pnd, as it was commented in Chapter 1,
Morris et al. reported the use of iron nanoparticles stabilizgd®NNP-type
tetradentate ligands for the transfer hydrogenatidtetones obtaining 64%
of enantioselectivity (Scheme 5.4). However, threnftion of homogeneous

species during the reaction could be the respansitnantioselectivity?

o OH
(j)k iPrOH, RT, Fe(0) NPs, L ©/'\
Ph. Ph
N -
CﬁPth thpjb

Scheme 5.4PNNP-Fe NPs used in the asymmetric transfer hyahatgen of
acetophenon&

In some reactions, the low selectivities are aitgd to a dynamic
behaviour of the ligands at the nanoparticle serfaat further studies are

required to elucidate the nature of the true cataty

Moreover, a bimetallic Co-Rh system immobilizedabrarcoal and
decorated with a chiral bis-phosphine ligand haachied 87% of
enantioselectivity in the Pauson-Khand reactiomé8ee 5.5). The debate on
whether the reaction was catalysed by homogeneouketerogeneous
species was not solved by the addition of mercurgespoisoning of the
system indicating that the active catalyst couline NPs but Co and Rh
species were detected by ICP-AES analysis.
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Ph

/———Ph  Go-Rh NPs x::@: o
X/ THF, 130°C
1atmCO, 18 h

X=0, (EtO2C)2C, (MeOQC)QC, N-SOQ-C6H4-CH3-p

Scheme 5.5Pauson-Khand reaction catalysed by Co-Rh NPs inimetion
charcoal®

Nevertheless, in general, obtaining enantioseliggtiin arene
hydrogenation reactions is still a really challemgitask. Thus, Rh
nanoparticles stabilized by chiral amines, whicmbime the properties of a
phase transfer agent and a chiral inductor, wezd irsthe hydrogenation of
o-methylanisole ando-methyl-O-trimethylsilyl-phenol. Good cis/trans
selectivity were obtained but the enantiomeric eges did not exceed the
6%.2' 16

In 2009, Claver and co-workers reported the symh@sRu, Rh and
Ir nanoparticles stabilized by chiral diphosphitgahds with furanoside
backbone for the hydrogenation of prochiral distngtd monocyclic arenes.
Good activities under mild conditions and intemggtiesults in terms afis-
selectivity were obtained. However, very low ee’srev achieved (up to
6%) 17

Chiral auxiliaries that covalently bind to the swates were also used
in order to obtain asymmetric induction (Figure)38Covalent bonding
should induce stronger interactions and enantioBeity could be obtained
with the help of a chiral auxiliary temporarily ked to the substrate.
Therefore, the sterically hindrance will block tteaction at one face of the

substraté?

Using such systems, the catalyst does not need thial but the
scope of substrates is still limited and, in gehe2amethylbenzoic acid

derivatives have been used.
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For instance, Ranadet al. described the diastereoselective
hydrogenation of anthranilic acid anetoluidine covalently bonded t)-

proline obtaining diastereoselectivities up to 9694%¢

Olo CO,Me CO,Me
2 &

deupto10%? deupto68%™®9  deupto 95%

Figure 5.1. Arene derivatives bound to a chiral auxiliary ahd torresponding
diastereoselectivities.

5.2.OUTLOOK AND OBJECTIVES OF THIS CHAPTER

As commented above, only a few studies have bguortesl on the
enantioselective hydrogenation of arenes using peatioles stabilized by
chiral ligands and even more limited studies areused on the

supramolecular interaction of the chiral ligandhathe substrate.

In the previous chapters, nanoparticles stabiliaeBPhrevealed to
be good catalysts for arene reduction. In this exinthe aim of this work
was to synthetize chiral phosphine ligands to Bibi ruthenium
nanoparticles for the asymmetric hydrogenationrehas. Our hypothesis
was based on the idea that supramolecular interalb&tween the ligand and
the substrate could direct the approach of thetsatbgo the catalyst surface

and could eventually induce enantioselectivity.

As supramolecular interaction, we selected a dowddel-base

interaction. Thus, we planned to prepare a phosgigand with an acid and
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a basic functional group that could interact withikr functions present in

the substrate (Figure 5.2).

27N
ACID %g;j>

BASE
1 _JACID

Ri-
p

/
Ry

a/zm
>
n
m

Figure 5.2. Supramolecular interaction proposed for a phospligaed and a
general substrate.

On the other hand, cinchona alkaloids, which congabasic and a
acidic function, have been widely used in the asgtnic hydrogenation of
ethyl pyruvate with really good results in termseofantioselectivity using
platinum catalyst. Since cinchonidine has not been used as stabftiser
nanoparticles applied in the asymmetric hydrogenatiof arenes,
nanoparticles stabilized by cinchonidine will alsosynthetized and applied
in the hydrogenation of substituted aromatic riogstaining basic and acidic
sites.

In the course of this study, we realized that wedeel information
about the interaction of the ligand and the nartaperto design the
appropriate ligands. In this area, deuterationistudsing Ru@PVP NPs
have recently been used for the selective deuterafi pyridines, quinolines
and alkyl amines, which informs about the possibtordination of
heteroatoms at the surfa®eSince this technique could be also useful to
understand how the stabilizers can interact with lhnoparticle surface,

preliminary deuteration studies of simple ligandsdbeen been performed.
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5.3.RESULTS AND DISCUSSION

5.3.1.DESIGN AND SYNTHESIS OF THETARGET CHIRAL PHOSPHINELIGAND

As was previously commented, the design of theilstimly agents
for nanoparticles is an important aspect in ordeolitain good results in
terms of selectivity and activity in nanocatalysseveral examples of
phosphine ligands used as stabilizers have beenteepand small and well
dispersed nanoparticles have been obtained (sedogse chapters):
However, as far as we are concerned, no examptdsraf phosphine ligands

have been used to stabilize Ru NPs for arene hgdsdgpn.

As it was previously mentioned, our hypothesis teasynthesise a
phosphine with additional functional groups witlidaand base properties.
Phosphinés.4 was selected as it is closely related to triphgimysphine and
incorporates a basic (NRand an acid function (OH) and eventually the
aromatic ring can provide an additional interactioth the surfacé?Scheme
5.6 shows the retrosynthetic analysis of the tappelsphine. We envisage
the synthesis of the phosphiel by a substitution reaction of the primary
alcohol in compoun®.3. This aminodiol can be obtained by regioselective
opening of epoxidé.2, which in turn can be prepared from cinnammyl
alcohol using Sharpless epoxidation. Using thishm@éslogy, modifying the
nucleophile and the position attack in the oxirang via variation on the

catalyst, should provide a series of differentridgs
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QH;
“__P. OH
— 2 _— 0,
\© ~_OH @Q/VOH: A~_OH
NR¢
NR;

54 53 5.2 5.1

Scheme 5.6.Retrosynthetic scheme for the synthesis of clingho-hydroxyl-
phosphines based on Sharpless epoxidation.

In 1980 T. Katsuki and K. B Sharpless reported first
enantioselective epoxidation reaction from allglicohols with up to 90% of
enantiomeric exce$.This classical asymmetric transformation use$
butyl hydroperoxide (TBHP) as terminal oxidant &he titanium tartrate
catalyst is readily accessible from dialkyl tagrand titanium alkoxide (most
commonly diethyl tartrate (DET) and titanium isopoaide). It was reported
that the addition of molecular sieves to the resctnixture had a beneficial
effect on the process and the reaction can be npeefb with 5-10 mol% of
the readily available Ti catalyst whereas in theesige of molecular sieves,

a stoichiometric amount of this complex is needed.

The catalyst is considered to be the [Ti(tartr@&)]. dimer5.5and
will generate the structuie6 after the addition of the allylic alcohol and the
oxidant (TBHP). The coordination of the oxygen atlsom TBHP to the
titanium activates the peroxide and facilitates iheamolecular oxygen
delivery (Figure 5.3). This reaction is applicatde wide range of substrates:
(B)-allylic alcohols give high enantioselectivitiedie (2)-allylic alcohols

are more dependent on the substrate structure.
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Figure 5.3. Proposed structure for the titanium tartrate cemx.5 and its
transformation after the addition of reagems).

With regard to enantioselectivity, the oxygen tfansfrom the
coordinated alkyl peroxide to an allylic alcoh@gresented &7in Scheme
5.7) will take place from “above” wheis(3-(-)-DET is employed as chiral
ligand, and from “below” when thék(R-(+)-DET is used?!

R2

Rl
(S:5)-(-)-DET _.» R3—=0
R2 Pl OH
R3\%Rl - 8
OH ==~ __ R2

57 (RR)-(+)-DET ™ —~R1
R3—("O
OH

59

Scheme 5.7Enantiofacial differentiation depending on the ¢gufation of the
diethyl tartrate ligand in the titanium complex.

Therefore, cinnamyl alcohd.1 was selected as substrate for the
Sharpless epoxidation (Scheme 5.8). Thus, whdnwas reacted under
Sharpless epoxidation conditions using diethyl ixéée as chiral ligand the
reaction proceed with a 61% yield and a 32% of toamric excess.
However, when (-)-diisopropyl D-tartrate (DIPT) wased, the reaction was

guantitative in conversion and enantiomeric exeesseved 97%.
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TBHP
Ti(O'Pro)4 (14 mol %)

D-(-)DIPT (7.5 mol%) 0,
_~_OH =~ _OH

CH20|2 3 2 1

5.1 5h, -15°C 5.2
93%, 97% ee

Scheme 5.8Sharpless epoxidation of allylic alcormlL

The formation of producds.2 was confirmed byH-NMR in which
the protons from the alkene disappeared and two gigmals at 3.91 ppm
(doblet) and a multiplet at 3.23 ppm correspondmthe protons from the

epoxide were detected.

The following step was a regioselective epoxide nimg by a
secondary amine (Scheme 5.9). We selected pymeliaé secondary amine
and the reaction witb.2 in the presence of titanium(IV) isopropoxide
afforded compoun&.10in 92% yield?® Titanium coordinates the hydroxyl
and the epoxidic oxygens directing the attack wtpgm 3, which in addition,
Is a benzylic position. The incorporation of therplidine was confirmed by
the corresponding multiplets at 2.43-2.53 and 1L.6&-ppm in théH-NMR
spectra. The incorporation at position 3 was inedaby the coupling of
signals at 4.16 ppm (ddd, position 2) and 3.24 ggnposition 3) with the
typical signals of CHOH at 3.42 and 3.28 ppm.

NH Tioi OH
©\?}VOH C  THOPD, ~_OH

CH,Cl,, 5h 92% i

O

5.2 5.10

Scheme 5.9Epoxide ring opening with pyrrolidine.

We initially attempted the selective tosylation dibl 5.10 but

conversions were low and purification issues werecoantered.
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Consequently, the introduction of the phosphineetyoby an epoxide ring
opening was considered. The primary alcohol of caump5.10was treated
with propylsulphonyl chloride following a report@doceduré to afford the

sulphonate5.11 that was then treated in a one-pot manner with MaO
yielding epoxide5.12in 58% overall yield (Scheme 5.10). The formatudn
the epoxide was confirmed by the corresponding adtaristic signals at

3.11, 2.82 and 2.61 ppm for protons bonded to cexlod an epoxide.

(0]
i e\
OH cl g BN oH N o
z z A
OH O\g/\/
N CH,CI, il MeOH

5.10 5.1 5.12

Scheme 5.10.Synthesis of epoxidg.12

Finally, the desired phosphire13 was obtained by treating.12
with a solution of potassium diphenylphosphide €of 5.11).

o &
~0  KPPh, S
—_—
L ow T
) 60% )/

5.12 5.13

Scheme 5.110btaining of the target ligarsl13

The presence of the phosphine in the reaction ptodas confirmed
by the signal at -22.9 ppm in tF®{*H} NMR spectrum. Regarding tHél-
NMR, the H-3 proton was located as a doublet & §@m, the H-2 as a
multiplet at 4.10 ppm (higher chemical shift) aheé H-1 protons appeared
at 2.03 and 1.78 ppm as multiplets due to the @ogiplith the phosphorus.



Approach to the enantioselective hydrogenationrefhas using chiral Ru NP|5183

Moreover, 15 aromatic protons were detected®arthe three carbons of the

alkyl linear chain appeared as doublets due thplomuwith the phosphorus.

5.3.2.SYNTHESIS AND STABILIZATION OF CHIRAL METAL NANOPARTICLES

The synthesis of the ruthenium nanoparticles wasiech out
following the method described in the previous t¢eep(see Experimental
Section). The commercially available organometalliprecursor
[Ru(COD)(COT)] was reduced in a Fischer-Porter lbotunder H
atmosphere in the presence of the prepared chigaihd 5.13 and
cinchonidine 5.14 in sub-stoichoimetric proportions and using THF as
solvent. After 16 h, the nanoparticles were isaladas black powders after
precipitation with pentane and they were charazeri(Scheme 5.12, see

spectroscopic data in the Experimental Part).

1) THF, 3 bar H,, 18h, Room T
[Ru(COD)(COT)] + 5.13 Ru(0) NPs +2

2) Pentane
Ru4, L= 5.13, 0.2 equiv.

1) THF, 3 bar Hp, 18h, Room T
[Ru(COD)(COT)] + 5.14 Ru(0) NPs +2

2) Pentane
o O
~_P
& ©

5.13 5.14

Ru5, L= 5.14, 0.1 equiv.
Ru6, L= 5.14, 0.2 equiv.

Scheme 5.12Synthesis of ruthenium nanoparticles stabilisedHtiyal ligands.

* Ru4 nanoparticles

Initially, 0.2 equivalents of the monodentate pHose ligand5.13

were used to synthetizRu4 nanoparticles. The formation of small and
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spherical nanoparticles was observed by TEM, etthdpia diameter of

1.61+0.35 nm and a narrow size distribution.

Then, the amount of ligand present at the nanaparsurface was
determined by thermogravimetric analysis (TGA), ethiindicated the
presence of 79 wt% of Ru and 21 wt% of lig&nti3

From the experimental data obtained by TEM and BABnd using
the Van Hardevel Hartogmodel, the approximate quantity of ruthenium
atoms present on tiRu4 nanoparticles surface can be calculated. In Table
5.1 are presented the values referring to the tatalber of atoms (Nt) and
the atoms on the surface (Ns) related to the dienmetbtained by TEM are
presented. The P/Ruatio is between 0.10-0.13 that represents appiabeiy
1 phosphorus ligand for 15 ruthenium surface atorhe ratio of surface

atoms per total atoms in the nanoparticle remaimias in all the cases.

Table 5.1.Approximate quantity of ruthenium atoms on B4 surface.

Size of NPs 1.26 nm 1.61nm 1.96 nm

Nt 77 161 29C
Ns 56 101 159
Ns/Nt 0.729 0.626 0.549
P/Ru 0.10 0.11 0.13

The structure of the nanoparticlBsi4 was determined by X-Ray
diffraction (XRD). The diffraction pattern is reéat to the hexagonal close
packing lattice of Ru-NPs and coherence length d740.20 nm was

determined. This value is in concordance with the determined by TEM.

Finally, the oxidation state of the atoms situatd the Ru4

nanoparticles surface was determined by X-ray Riettron Spectroscopy
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(XPS). The analysis revealed a 100% of Ru(0) atatrthe surface of the
NPs.

To summarise, thRu4 NPs exhibit a diameter of 1.61+0.35 nm, are
highly crystalline with hcp packing and no oxidatios detected.
Quantitatively, they contain 79% of Ru and 21% df3

* Ru5 nanoparticles

Ru5 nanoparticles were prepared using 0.1 equivaleoits
cinchonidine 5.14 TEM micrographs permitted the observation of the
formation of small and spherical shaped nanopesielith a diameter of
1.85+0.54 nm.

Then, the proportion of ligand present on the narage surface
was determined by thermogravimetric analysis (T@Sulting 72 wt% of
Ru and 28 wt% of cinchonidine.

From the experimental data obtained by TEM and®ABnd using
the Van Hardevel Hartogmodel, a L/Ruratio between 0.18-0.27 that
represents approximately 1 cinchonidine ligand #8 ruthenium surface

atoms was determined (Table 5.2).

The structure of the nanoparticlBsi5 was again determined by X-
Ray diffraction (XRD). A hexagonal close packingtitee and a coherence

length of 1.35+0.06 nm was determined.

The oxidation state of the atoms situated onRh& nanoparticles
surface was determined by X-ray Photoelectron $psmbpy (XPS),
revealing 100% of Ru(0) atoms at the surface oNRs.
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Table 5.2.Approximate quantity of ruthenium atoms on Eigb surface.

Size of NPs 1.31nm 1.85nm 2.39nm

Nt 87 244 52¢
Ns 62 139 255
Ns/Nt 0.713 0.570 0.485
L/Rus 0.18 0.23 0.27

To summarise, thRu4 NPs exhibit a diameter of 1.85+0.54 nm, are
highly crystalline with hcp packing and no oxidatios detected.
Quantitatively, they contain 72% of Ru and 28%iathonidine.

+ Ru6 nanopatrticles

Ru6 nanoparticles were prepared using 0.2 equivaleftshe
cinchonidines.14 The formation of small and spherical shaped nartmtes
with a diameter of 1.23+0.40 nm was obtained frdaMTmicrographs. The
amount of ligand present at the nanoparticle sarfaas determined by
thermogravimetric analysis (TGA) and 67% of Ru 8886 of cinchonidine

were measured.

From the experimental data obtained by TEM and ®ABnd using
the Van Hardevel Hartognodel, it was determined a L/Ratio between
0.19-0.28 that represents approximately 1 cinchoaidigand for 6-7

ruthenium surface atoms (Table 5.3).

Ru6 presented an hexagonal close packing lattice witbheerence
length of 0.81 £ 0.04 nm and 100% of Ru(0) atomsewabserved at the

surface of the NPs
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Table 5.3.Approximate quantity of ruthenium atoms on tha6 surface.

Size of NPs 0.88nm 1.27nm 1.66 nm

Nt 2€ 78 17¢
Ns 23 57 108
Ns/Nt 0.877 0.726 0.613
L/Rus 0.19 0.23 0.28

To summarise, thRu6 NPs exhibit a diameter of 1.27+0.39 nm, are
highly crystalline with hcp packing and no oxidatios detected.
Quantitatively, they contain 67% of Ru and 33%iathonidine.

Comparing both nanoparticles stabilised by cincthoe, it can be
deduced that smaller nanoparticles are obtainea wigge ligand is used as
stabiliser Ru6 are smaller thaRu5). No relevant differences in the amount
of rutheniumvs. ligand were observed. Table 5.4 collects the maswvant

characterization data of nanoparticiis4-6.

Table 5.4.Summary oRRu4-Ru6 characterization.

NPs Diameter (nm) Structure Stgt)gczoaﬂ?lg[]ﬁ) %Ru %L
(TEM) (XRD) (XRD) (XPS) (TGA)
Ru4 1.61+0.35 1.47+0.20 hcp 0 79 21
Ru5 1.85+0.54 1.35+0.05 hcp 0 72 28
Ru6 1.23+0.40 0.81+0.04 hcp 0 67 33

5.3.3.HYDROGENATION OFDISUBSTITUTEDAROMATIC COMPOUNDSUSING

CHIRAL NANOPARTICLES

As previously commented in the introduction of thkisapter, an
exploratory study of arene reduction was carrigdisingRu4-6as catalysts,

which were bearing two stabilizers, namely the phose 5.13 and
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cinchonidine. Both stabilisers contained amino-atdamoieties aiming to

provide supramolecular interactions with the sutstr

For these reactions, substrates that should betalgeovide acid-
base interactions with the ligand were selected:amides5.15 and5.16
since amides are usually not reduced under mildticea conditions, 2-
pyridinemethanol §.17) and the 2-methoxyphenylmethand.X8. The
configuration of the chiral centres bearing theddmse functions in the
ligand should determine the interaction orientatieith the substrate.
Subsequently, face discrimination should occuhatnhetal surface (Figure
5.4).

H
N OM
NH, Y = ‘ e
O \N OH OH

5.15 5.16 5.17 5.18

S22, < <>
Qg Nt
H H

N - N O/H /@

Figure 5.4. Proposed model of the interaction between the dgah3and
disubstituted substrates.

We initiated the study with the hydrogenation ah2thylbenzamide
(5.19 usingRu4 andRu6 nanoparticles. As shown in Table 5.5 when the
reaction was performed at 30°C and 40 bar of hysirggessure in THF for
64 h usingRu4 nanoparticles as catalysts, 72% of conversionokésined
(Table 5.5, Entry 1) whereas whBRu6 were used, the conversion decreased
to 17% (Table 5.5, Entry 3). No conversion was iolet when the reaction

was performed using heptane probably due to the dolubility of the
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substrate in the solvent (Table 5.5, Entries 249nNo enantioselectivity was

observed in any case.

Alternatively, the reaction was tried using PVP aarticles Ru7)
modified by the addition of 0.5 equivalents of ¢inanidine. In this case, the
reaction was again slow and only 13% conversion acseved after 64
hours. The steric bulk induce by cinchonidine tbatild fully cover the
nanoparticle surface, can explain the low conversichieved (Table 5.5,
Entry 5).

Enantioselectivity was not achieved in these reastiandcis-
hydrogenated product was always obtained as thquenproduct, as

demonstrated by NOE experiments.

Table 5.5.Hydrogenation of 2-methylbenzamifel5

0] 0]

Qe — CO
5.15 5.15a

E. NPs EXCeSSOf  gonent (mi) Cony.  gpabc e

: ligand L/Ru (%) 0 0

1 Ru4 - THF (4 72 10C 0
2 Ru4 - Heptane (4) 0 - 0
3  Ru6 - THF (4) 17 100 0
4 Ru6 - Heptane (4) 0 - 0
5 Ru7 0.5 Cinch THF (4) 13 100 0

®General conditions: Ru NPs (2 mol%), substrate2(@#6nol), T= 30°C, P= 40 bar, 64 h.
*Determined by GC and NMROnly thecisisomer was observeBEnantiomeric excess
was calculated by chiral GC.

Then, N-p-tolyl)acetamides.16 was hydrogenated using the same
ruthenium nanoparticles (Table 5.6). When the reaawas carried out in
heptane, the reaction did not evolve (Table 5.@ri&n1 and 4). However,

when the reaction was performed in THF, 69% conerarsvas achieved
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using Ru4 NPs, and 39% usingu6 (Table 5.6, Entries 2 and 5). This
substrate was thus more easily hydrogenated tHastrate5.15 but in this
case is/transmixture was obtained, with 42% of th@ns-product using
Ru4 and 19% usindRu6. Thecigtransratio configuration of products was
determined by NMR-NOE experiments.

The reaction was also performed usitigd NPs in methytert-butyl
ether (MTBE) as solvent for 64 hours (Table 5.6ir¥¢8). In this case, the
conversion was significantly reduced to 25% andciké®.16aproduct was
obtained in a 55% of selectivity showing againdhgial role of the solvent

in the catalysis.

Next, the effect of the proportion of stabilizingesat used was
studied, andrRu5 NPs (stabilised by 0.1 equivalent of cinchonidimere
applied as catalyst in the hydrogenatio® df6(Table 5.6, Entry b After 24

hours, 57% of conversion was achieved aois&ransratio of 51:18.
Table 5.6.Hydrogenation of Ng-tolyl)acetamide5.16°

oy — Oy - QY

5.16a 5.16b

E. NPs Solvent Time Conv. _%ab %bb  Yee
(ml) (h) (%) cis/trans
1 Ru4 Heptane (4 24 0 - - 0
2 Ru4 THF (4) 24 69 48/42 10 0
3 Ru4 MTBE (4) 64 25 55/15 30 0
4 Ru6 Heptane (4) 24 0 - - 0
5  Ru6 THF (4) 24 39 7119 10 0
6 Ru5 THF (4) 24 57 51/18 31 0

%General conditions: Ru NPs (2 mol%), substrate 2(0némol), T= 30°C, P= 40
bar’Determined by GC and NMREnantiomeric excess was calculated by chiral HPLC.
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Curiously, in all the cases, the partial hydrogedgtroducts.16b
was obtained in selectivities up to 30%. Despite similarities between
substrate5.15 and 5.16 important differences were observed. Thus,
hydrogenation 0%.15affords only the fully hydrogenateis-product, while
hydrogenation of5.16 affords cis/trans mixtures and the partially
hydrogenated produét.16h It should be noted that the percentageist
isomer suffers small variations and that the surthefpercentage dfans
isomer plus the percentage of compoéGribbis almost constant (Table 5.6,
Entries 2 and 3). The isomérans should be formed from the partially

hydrogenated produét16h

Finally, Ru4 nanoparticles were tested in the hydrogenatios. bf
and 5.18 For substrate5.17, stronger acid-base interactions between

substrate and ligand were expected.

The hydrogenation of substrd&iel 7under 20 bar of kHor 64 hours,
afforded compouné.17ain 78% conversion, but no enantioselectivity was
obtained (Table 5.7, Entry 1). Substrat#8 which was expected to interact
weakly with the ligandwas hydrogenated but only 6% conversion was
achieved after 64h. No enantioselectivity couldbleieved (Table 5.7, Entry
2).

The low conversion even at long reaction times ddad due to the
presence of the nitrogen and/or the alcohol maietthe substrate which

could interact with the surface and could somehiowt the reaction.
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Table 5.7.Hydrogenation 06.17 and5.18usingRu4 NPs?

5.17 5.17a
o\ O\
B ——
5.18 5.18a

E. Subs. P (bar) Time Con\é. %aP  Y%ee
(h) (%)

1 5.17 2C 64 78 10C 0
2 5.18 20 64 6 100 0

®General conditions: Ru NPs (2 mol%), substrate(@énol), THF (10 ml), T=

30°C. "Determined by GC and NMREnantiomeric excess was calculated by
chiral HPLC.

5.3.4.HYDROGENATION OF AROMATIC KETONES USING CHIRAL
NANOPARTICLES

With the aim of comparing the behaviour of the naarticles
prepared in this chapter with those prepared inptlegious ones, and also
aiming to check if some enantioslectivity coulddieserved in the reduction
of ketones, we tested the reduction of some acetapte derivatives (see

Chapter 3 for comparison).

ThereforeRu4 nanoparticles were employed in the hydrogenation o
aromatic ketones. Acetophenone was selected asl sulolsrate and it was
hydrogenated under the same reaction conditions ins€hapter 3 (Table
5.8, Entry 1). Total conversion and 56% of thaltgthydrogenated product
5.19c were obtained but no enantioselectivity was ole®rwVhen the
reaction time was increased to 24 h (Table 5.8yE2)t the percentage of

5.19cincreased to 80% but no enantioselectivity wasnadetected.
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It has been reported that, in some heterogengmienss, catalyst
deactivation and poor enantioselectivities are ntestunder high pressure
conditions®2’ Then, we decided to reduce the pressure to 3fdds @Table
5.8, Entry 3). Under these conditions, and aftem@4rs, 11% conversion and
total selectivity towards produét19b was obtained but enantioselectivity

was neither observed.

Next, Ru6 NPs were tested as catalysts in this reaction.rvthe
reaction was performed at 3 bar, 31% of selectigtyards compoun8.19b
was achieved at 49% of conversion (Table 5.8, EAtylncreasing the
pressure to 20 bar the selectivity towards theracproducts.19aincreased
to 70% (Table 5.8, Entry 5).

Table 5.8.Acetophenone hydrogenation wiu4 andRu6 nanoparticle$.

0 0 OH OH
5.19

5.19a 5.19b 5.19¢c
E. NPs P Time  Conv.  gpab  gppd  opc  Ypeet
(atm) (h) (%)"
1 Ru4 20 5 10 44 - 5 0
2 Ru4 20 24 100 20 - 8 0
3 Ru4 3 24 11 - 100 - 0
4  Ru6 3 24 49 585 31 11 0
5 Ru6 20 24 89 70 11 19 0

#General conditions: Ru NPs (2 mol%), substrate2(@énol), THF (10 ml), T= 30°C.
®Determined by GCEnantiomeric excess was calculated by chiral GC.

Regarding the selectivity, it is important to comrmtie influence of
the pressure on the selectivity in the cas®@f nanoparticles (Table 5.8,
Entry 1-3). At lower pressures (Entry 3), only hygenation of the ketone
was produced. When the reaction was conductedyhehpressures (Table

5.8, Entries 1-2)5.19bwas not observed, indicating that this produetisily
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hydrogenated to yield the totally hydrogenated pod8.19c¢ In the case of
Ru6 nanoparticles, the +pressure had an effect on both the selectivitg an
the conversion. It is important to highlight that to 70% of selectivity
towards the arene hydrogenatiorc@t90% of conversion was obtained. This
selectivity is higher than that obtained using ewilim nanoparticles
stabilized by triphenylphosphine described in Cba@?® and is the best

obtained in the reduction of the arersea ketone in acetophenones.

At this point, we decided to study the hydrogenatiof
trifluoroacetophenone, which was successfully useseveral asymmetric
hydrogenations using cinchonidine-Modified Pt®4.2° It was reported that
when trifluoroacetophenone is reduced, the chilhol obtained forms a
diastereomeric complex with the cinchonidine atgtidacevia N-H-O type
H bonding, which can induce enantioselectivity. ld@er, this alcohol could

also interact in a competitive manner at the serfowing the reaction.

Initially the reaction was performed under 3 bar hgfdrogen
pressure, 30°C for 24 h usiigué NPs. Under these conditions, 26%
conversion and 100% selectivity towards produ20bwas obtained (Table
5.9, Entry 1). When the pressure was increase0 twaf, producb.20bwas
obtained with 85% of selectivity ab. 65% conversion (Table 5.9, Entry 2).
Finally, under 20 bar of Horessure total conversion and 63% of selectivity
towards producb.20bwas obtained (Table 5.9, Entry 3). It was therefore
concluded that usinBu6 NPs, the ketone is preferably hydrogenated rather

than the arene under the conditions used in thdyst

Ru5 NPs were more active catalysts since total conwerand
approximately 60% of selectivity towards prodac0cwas obtained when
the reaction was performed under 3 bar of hydrqgessure and similar

reaction time (Table 5.9, Entry 4). The pressurs thian increased to 10 bar,
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however, comparable results in terms of conversiod selectivity were
achieved (Table 5.9, Entry 5).

Comparing both nanoparticles, more activity is of#d with the
nanoparticles synthetized with less proportionigdind probably due to the
easier accessibility of the substrate to the namiofe@surface. Furthermore,
it is important to highlight that distinct seledtigs were obtained for both
types of nanoparticles when the reaction was padrat 10 bar (Table 5.9,
Entry 2 and 5). In the case &u6, high selectivity (85%) towards the
hydrogenation of the keton&.20 was observed whereas usiRg5, the

major product was.20cindicating that the arene is easily reduced.

Once more, no enantiselectivity was obtained usiagoparticles

stabilized by cinchonidine.

Table 5.9.Trifluoroacetophenone hydrogenation wRi5 andRu6 nanoparticles.

0 o} OH OH
@ca O)%Fg, . ©/§\CF3 . @ca

5.20 5.20a 5.20b 5.20c
E. NPs P Time  Conv.  gpab  gppb  opc  Ypeet
(atm) (h) (%)°
1 Ru6 3 24 26 0 10 O 0
2 Ru6 10 24 64 4 8 11 0
3 Ru6 20 24 100 6 63 31 0
4 Ru5 3 24 100 15 22 63 0
5 RuS 10 24 100 12 27 61 0

®General conditions: Ru NPs (2 mol%), substrate2(@énol), THF (10 ml), T= 30°C.
"Determined by GCEnantiomeric excess was calculated by chiral GC.

At this point, after the negative results of enasgiectivity obtained
in the hydrogenation of different arenes, it wagidied to study the

interaction of the ligands with the nanoparticlefacevia deuteration.
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5.3.5.DEUTERATION STUDIES

Recently, Chaudreet al. have reported an H/D exchange which
allows the deuteration of pyridines, quinolinegjales, alkyl amines and
biologically active compounds with 2Din the presence of Ru@PVP
nanoparticle$® This technique permits the exclusive deuterationthef
positions neighbouring to the nitrogen atoms ifedént substrates, even in
the presence of other electronegative elementsasiolxygen atoms. These
results gave information about the direct coordimabf the substrate to the
nanoparticle surface by the nitrogen atom and that affinity of other

functional groups like ethers is much lower.

We thought that this method could also be usectterstand how
the different ligands interact with the surface amdnow which atoms are
coordinated or which positions could be close eorttetal surface. Moreover,
this technique could be useful to deuterate not neighbouring positions to

nitrogen atoms but also other atoms, for instapbesphorus atoms.

Cinchonidine and ligan8.13 are really complex stabilizing agents
which could interact with the nanoparticles surfagealifferent positions. On
the one hand, cinchonidine has two different ngrogtoms which could
interact with the nanoparticle, an easy-reducibleree and a quinoline
moiety which can generateq&interaction with the metal surface. Therefore,
many different positions can be mono- or polideatssat and really complex

mixtures products would be expected.

On the other hand, ligarkl13 has, besides the phosphorus atom, a
pyrrolidine moiety and three different aromatictsyss that could also be
deuterated. For this reason, it was thought thaially, it would be easier to

start the deuteration study with more simple ligaimdorder to understand
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better the basis of the technique and the inteapoet of the results before
analysing more complicated compounds. Here we ptabke preliminary

results of this study.

5.3.5.1 DEUTERATION OFTRIPHENYLPHOSPHINE

Triphenylphosphine ligand was chosen to performdbateration
study because it was widely used as stabilizinghtage our work (see
Chapters 3 and 4) and because phosphorus atomsealhg prone to
coordinate to the metal surface and it is suppdtis&iits adjacent positions

could be easily deuterated.

For that reason, PVP nanoparticles were synthéfizeahd
triphenylphosphine was firstly used as model sabstrThe reaction was
initially carried out following the reported coniditsin the presence of 2 bar
of Dz and 55°C for 36 hour8.An analysis of the NMR spectra indicated that
the monodeuteration of each phenyl ring of tripheingsphine was produced
(Scheme 5.13).

3
p2 2,
2 bar D,, 55°C 5

P P71 6

@ 36h, PVP@RuNPs D ©/D

5.21 5.22

Scheme 5.13Deuteration of PPhat 2 bar of R and 55°C for 36 hours.

The monodeuteration of each phenyl ring was cowit by*C- and
31P-NMR. In thet®*C-NMR spectrum, the signals of carbons that appkease
doublets in the starting material, now appearedaldefl. Particularly, the
carbon containing the deuterium (C2) becomes a agignal at 134.4 ppm
while C6, which is not deuterated, is still obseras a doublet at 134.8 ppm
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(Figure 5.5). Carbon C1 (137.3 ppm) becomes a psquddruplet, and
carbons C3 and C5 appear as two doublets and areonpled with the
deuterium but they are coupled with the phosphatam. C4 remains as a
singlet and, therefore, it is not coupled neithethwphosphorus nor
deuterium. The pseudo-quadruplet at 137.1 (C1h watative intensities
1:2:2:1, can be justified by the coupling of C1hwR and D with similar
coupling constant values of. 11 Hz ¢Jc~2Jp). The C2 signal is quite
complex but it can be explained by the couplingwitand D with coupling
constants of 18 HZIcp) and 26 Hz {Jcp), respectively (Figure 5.6). No

signals in the aliphatic region were observed.

By *P-NMR (Figure 5.7) a possible septuplet at -7.5 ppas
detected indicating the coupling with 3 atoms ofutddum. 10% of
deuterated phosphine oxide is also observed at (@81 and, this fact is
confirmed by the presence of a small peak corredipgrto the oxide that is

observed ifH-NMR (7.8 ppm) and it is also confirmed in the smapectrum.

Mass spectrum showed a complex molecular ion vatdkp between
262 and 270 (Figure 5.8). The molecular ion of PBhexpected at 263
(262+1) and that of trideuterated phosphine shapigear at 266 (265+1),
while the most intense peak is at 267. All thisigates that the situation is
more complex than that reflected by the NMR speatichprobably a mixture
of different deuterated compounds could be presérdre compoun8.22is
the major one. In fact the multiplet assigned tq i81*C-NMR, consisting
of 4 signals of relative intensities 1:2:2:1 mate#ll with a monodeuteration

at position C2 of each phenyl ring.
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Figure 5.5. *C-NMR of monodeuterated PFh22
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Figure 5.6. *C-NMR of monodeuterated PPh22, signals C1, C2 and C6.
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Figure 5.7. 31P-NMR and?H-NMR of monodeuterated PP$.22
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Figure 5.8. Detail of the mass spectrusn22 molecular peak at 267 m/z.

Aiming to explore if a higher deuteration was pbksiwe performed
the reaction at 2 bar ofxDut at 80°C for 36 hours. In thA&-NMR spectrum
of the obtained product, it was observed that tigmas at 134.8 ppm
corresponding to C6-H had completely disappearédew was still present
the multiplet around 133 ppm, similar to that oledr for C2-D in the
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previous experiment (Figure 5.8). This fact suggéisat dideuteration of
positionsortho of all the phenyl rings has took place (Schemd)s.1

LL) s QL )@
3 heg

36 h, PVP@Ru NPs

5.21 5.23

Scheme 5.14Deuteration of PPhat 2 bar of R and 80°C for 36 hours.

Surprisingly, the signal corresponding to C1 appéars a doublet
(maybe two singlets) although a sextuplet was eepetVe have not for the
moment a clear explanation for this fact, and frtbxperiments will be
necessary for elucidating the spectrum. The CXahsignals remained quite
simple and similar to the ones obtained for tripteimosphine (doublet and
singlet, respectively) indicating that no polydeat®n was produced (Figure
5.9).

By 3P-NMR two broad signals were observed one at 291 ©0%
of oxide detected) and at -6.2 ppm. The presenaxidie was unexpected
since all the manipulations were performed undertioonditions. The same

information was obtained from tRE-NMR spectrum (Figure 5.10).
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Figure 5.9. °C-NMR of dideuterated PRB.23
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Figure 5.10. *P-NMR and®H-NMR of dideuterated PR6.23
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Mass spectrum showed a complex molecular ion wittagn peak at
285 (Figure 5.11). The molecular ion of BElideuterated (6D) is expected
at 269 (268+1), but the peak at 285 (262+6+16+&jnseto indicate that the
sample is oxidized, probably during the manipuladidor performing the
mass spectra. All these data are in agreementwvditieuteration at positions

C2,6 of each phenyl ring.

x104 |+ESI Scan (0.099-0.504 min, 25 scans) Frag=120.0V EB_141124b.d Subtract (2)
285.1306
4+ (M+H)+
3.54
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0 | | | |
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Counts vs. Mass-to-Charge (m/z)

Figure 5.11. Detail of the mass spectrusn23 molecular peak at 285 m/z.

Finally, the reaction was performed at 2 bar efdnd 30°C but
during 110 hours in order to see if at lower terapge the oxidation could
be avoided maintaining high deuteration. Nonetlselé® total oxidation of
the phosphine was produced and, what is more, deiate on different

positions was detected (Scheme 5.16).

NS ayJe
; 3
2 bar D,, 30°C A A
P —_— Dn/ P 1 2 Dn
110 h, PVP@Ru NPs
Q
SoX

Dn
521 5.24

Scheme 5.15Deuteration of PPhat 2 bar of R and 30°C for 110 hours.
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It was though that THF could be the responsibldtieroxidation of
the triphenylphosphine because the system is nabmiact with the air
atmosphere at any stage of the reaction. For ggeton, different solvents
which do not contain an oxygen atom were testedisTthe reaction was
performed using heptane and pentane but in bo#saas deuteration was
observed and totally oxidation was produced inthgathat THF is not the

responsible of the phosphine oxide formation.

5.3.5.2 DEUTERATION OF TRIPHENYLPHOSPHINE  OXIDE AND
TRIPHENYLPHOSPHITE

At this point, we decided to explore the deuteratiof
triphenylphosphine oxide in order to see if the dation of
triphenylphosphine hamper the reaction or if itldooe deuterated in the
same way. When triphenylphosphine oxide was detgigrander 2 bar of D
at 55°C for 36 h, a really complé3C-NMR spectra was obtained and an
important proportion of signals in the aliphatimeowere observed, which
informs that the triphenylphosphine oxide had bestuced. This fact was
confirmed by the presence of several broad signalse aliphatic region of
deuterium and proton spectra (Figure 5.12). Theasigt 51.4 and 45.6 ppm
in the®!P-NMR spectrum corresponding to the fully reduckedgphine oxide
and the dicyclohexylphenylphosphine oxide respebtjvconfirmed the

previous observations.
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Figure 5.12. 3'P-NMR ancd?H-NMR of deuterated PORinder 2 bar of Band
55°C for 36 h.

Moreover, the complex molecular ion with peaks leetw 304 and
324 observed by mass spectrometry also support riction and
polydeteuteration took place.

In order to avoid the formation of reduced produetsperformed the
reaction under the same reaction conditions buhguré h (Scheme 5.16).

D) weme DL DA
16 h, PVP@Ru NPs
O Q 3

Dn Dn
5.25 5.26 5.27

Scheme 5.16Deuteration of PORfat 2 bar of R and 30°C for 16 hours.



206 | CHAPTERS

However, the reaction was not completed and 3rdiffiephosphorus
signals were detected BYP-NMR (Figure 5.13). One corresponded to the
unreacted substrate (peak at 29.2 ppm, 4%). Theoter signals were
assigned, the more intense to compo&r&6 (34.4 ppm), which has a ring
reduced, and the third signal to compo&ri2i7 (45.2 ppm).

45.18
3441
29.16

| &

48 47 46 45 44 43 4 4 40 39 38 ¥ 36 35 3# 33 32 31 30 29 8
f1 (ppm)

Figure 5.13. 3P-NMR of deuterated PORbinder 2 bar of Pand 55°C for 16 h.

In the?H-NMR spectra (Figure 5.14), broad peaks are ptésghe
aliphatic zone (1.0-2.3 ppm), in agreement withvjangs observation. In the
aromatic region, 7.5 ppm, the signal was very weakcating that the
deuteration of aromatic rings took place, but thay were mostly reduced.
This fact was also confirmed by the presence ofadgin the aliphatic region

of the'H NMR spectrum.
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Figure 5.14. ?H-NMR of deuterated PORinder 2 bar of Pand 55°C for 16 h.

The reaction was then carried out at room temperahut no
conversion was observed even after 36 hours ofiogadt is worthy to
comment that we have observed that heating is sapedor a good

dispersion of nanoparticles in the reaction medium.

Finally, we tried the deuteration of triphenylphb#e under the

standard reaction conditions previously used angyisingly, no deuteration

was observed.

The preliminary results obtained in the deuteratibrphosphorus
ligands allowed concluding that important differes@re observed between
phosphine, phosphine oxide or phosphite. In the oagphosphine, selective
deuteration of carbons C2,6 indicates that thentiga strongly coordinated
through the phosphorus atom, which can make a psagastic interaction
in a way similar to what is observed for H/D exop@n nitrogen donors.

The key intermediate must be a five membered rig?FC-C-Ru’.
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The case of phosphine oxide is different and tlemers reduced
under the same reaction conditions. In tripheny$phe oxide the arenes
are more activated for hydrogenation due to thetele withdrawing
properties of the P=0O group. Moreover, the coottibnahrough the oxygen
is unlikely, so the preferred coordination occim®tgh the arenes and leads

to the reduction of the aromatic rings.

Finally, triphenylphosphite is not deuterated naitheduced. This
fact can be explained considering that the five bened intermediate
described for PRBhcannot be made because of the oxygen atom and the

deuteration is disfavoured.

5.4. CONCLUSIONS

Ru nanoparticles stabilized by the chiral ligandtonidine and
5.13 were successfully synthesized and characterizhkdsd nanopatrticles
have been applied in the hydrogenation of differsabstrates (arenes
containing an acid and a basic group, aromatic esrethd aromatic ketones)

and the following conclusions can be extracted:

i) In the reactions carried out with nanoparticledifit'ed with chiral
ligands no enantioselectivity was observed.

i)  Reduction of compound. 15afforded only theis-product, while in the
reduction of 5.16 considerably proportions ofrans-product were
formed.

i) A preliminary study of deuteration of triphenylppbse,
triphenyphosphine oxide and triphenylphosphite Ib@sn developed
using ruthenium nanoparticles stabilized by PViirg to elucidate

how the ligands are coordinated to the nanopast®leface.



Approach to the enantioselective hydrogenationrehas using chiral Ru NP|5209

Iv)  Mono-, di- and polideuteration of triphenylphospghitan be achieved
by controlling the reaction conditions.

v) In the case of triphenylphosphine oxide significegduction of the
aromatic ring was produced.

vi)  Triphenylphoshite was not deuterated.

vii) These results inform about the coordination of ligands on the
nanoparticle surface. Thus, the triphenylphosphist interact with
the nanoparticle through the phosphorus atom, wivicthld facilitate
the deuteration at positions 2. That would be dls® case of the
triphenylphosphite, but the presence of the oxygéhprevent the
deuteration. Concerning the triphenylphosphine @xilde coordination
with the nanoparticle surface takes probably pthosugh the aromatic

rings which favours the reduction of them.

5.5.EXPERIMENTAL PART

General Methods

All preparations and manipulations were carried ander an
oxygen-free nitrogen atmosphere using conventi8calenk techniques or
inside a glovebox. The solvents were dried, destiland degassed using
standard proceduféReagents were purchased from Aldrich and Alfa-Aesar

and were used as received.

The precursor [Ru(COD)(COT)] was purchased from dvaeps.
The synthesis of the nanoparticles was performedydd. Fisher Porter and

pressurized on a high pressure line.

All reactions temperatures were kept electronicalytrolled by

heating baths.
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Characterization Techniques

Transmission Electron Microscopy (TEM)

TEM experiments were performed at the “Unitat derdscopia dels
Serveis Cientificotécnics de la Universitat Rovikérgili” (TEM-SCAN) in
Tarragona with a Zeiss 10 CA electron microscopratmg at 100 kV with
resolution of 3 A. The particles size distributiomsre determined by a
manual analysis of enlarged images. At least 3@0cfes on a given grid
were measured in order to obtain a statistical diggibution and a mean

diameter.
Thermo Gravimetric Analysis (TGA)

TGA experiments were carried out in the furnaca bfettler Toledo
TGA/SDTAS851 instrument.

1-2 mg of the nanoparticles were placed in the sammplder in the
furnace and it was heated up at a rate of 10°CrnnirNz, while the weight
was recorded continuously from 30°C to 900°C. Theigit loss of the
organic part and metal were used to calculate gpeoaimate number of

ligands coordinated on the metal surface.
X-Ray Diffraction (XRD)

XRD measurements were performed using a SiemensOM50
diffractometer (Bragg- Brentano parafocusing geoyneind vertical6-0
goniometer) fitted with a curved graphite diffradtddeam monochromator,
incident and diffracted- beam Soller slits, a 0.Q@teiving slit and
scintillation counter as a detector. The angulérd#fraction range was
between 26 and 95°. The data were collected witlingalar step of 0.05° at



Approach to the enantioselective hydrogenationrehas using chiral Ru NP|5211

16s per step and sample rotation. A low backgrdsisil0) wafer was used
as sample holder. Cukradiation was obtained from a copper X- ray tube
operated at 40kV and 30mA.

Wide Angle X-ray Scattering (WAXS)

WAXS analyses were performed at CEMES-CNRS. Sampire
sealed in 1 mm diameter Lindemann glass capillafib® samples were
irradiated with graphite-monochromatized M®.071069 nm) radiation and
the X-ray intensity scattered measurements wefenpeed using a dedicated
two-axis diffractometer. Radial distribution furents (RDF) were obtained

after Fourier transform of the reduced intensitydfions.
X-Ray Photoelectron Spectroscopy (XPS)

XPS measurement were performed using a PHI 550€tkttinique
System (from Physical Electronics) with a monochmtm X-ray source
(Aluminium Kalfa line of 1486.6 eV energy and 350 )Wplaced
perpendicular to the analyser axis and calibrassdguthe 3d5/2 line of Ag
with a full width at half maximum (FWHM) of 0.8 eWhe analysed area was
a circle of 0.8 mm diameter, and the selected wéisol for the spectra was
187.5eV of Pass Energy and 0.8 eV/ step for thergéspectra and 23.5 eV
of Pass Energy and 0.1 eV/step for the spectizeddifferent elements in the
depth profile spectra. A low energy electron gubhQ€V) was used in order
to discharge the surface when necessary. All meamnts were performed
in an ultra-high vacuum (UHV) chamber pressure betw5x10-9 and 2x10-

8 torr. The data processing was carried out usiagtasaXPS program.
Nuclear Magnetic Resonance (NMR)

1H, 13C and®!P spectra were recorded on a Vatiddercury VX 400
(400 MHz, 100.6 MHz, 162 MHz respectively). Cherhishift values forH
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and*C were referred to internal SiMe4 (0.0 ppm) and¥Brwas referred to
H3:PQs (85% solution in RO, O ppm). 2D correlation spectra (gCOSY,
gHSQC and gHMBC) were visualized using VNMR progr@fariar?).

Mass spectrometry (MS)

Apparatus: Finnigan MAT 900S (EB-Trap-Geometry) iSyes
pump Model 22.

Specific rotation (§])

Apparatus: Perkin EImer 343plus Optical rotatiorerevmeasured
using a 1 mL cell with a 1 dm path length. Measwets were carried out in
different wavelengths using sample solution in ohfiorm at 20 °C. The

sample concentrations are given in g/100 mL unit.

General procedure for the synthesis of ruthenium naoparticles

stabilized by the chiral ligands

In a typical procedure, the [Ru(COD)(COT)] (200 rAgh34 mmol)
was placed into a Fischer-Porter reactor in 200ofndlry and deoxygenated
THF by freeze-pump-thaw cycles in the presencehefligand (0.1 or 0.2
eq.). The Fischer-Porter reactor was pressurisddridbar of Hand stirred
for 24 h at room temperature. Then the solution w@scentrated under
reduced pressure to 40 ml. Precipitation and washith pentane (3x15 ml)

was then carried out, obtaining a black precipitate

General procedure for the synthesis of ruthenium naoparticles

stabilized by polyvinylpyrrolidone?2°

[Ru(COD)(COT)] (158 mg, 0.50 mmol) was introducadhiFischer-
Porter bottle and left in vacuum for 30 min. Thasolution of 1 g of PVP in
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60 mL of THF (degassed by freeze-pump cycles) wide@ using a transfer
tubing. The resulting yellow solution was stirredr f30 min at room
temperature, after which the Fischer-Porter wassumized under 3 bar obH
and the solution was stirred for 68 h, during whtiche a black precipitate
formed. After elimination of excess dihydrogen, th®lution was
concentrated to 20 mL and filtrated by cannula. Blaek precipitate was
washed three times with 20 mL of THF and driedasuo. The precipitate
was then washed with pentane (30 mL) and driedaicuvm overnight

leading to dark grey nanopatrticles.

Ru5 nanoparticles stabilized by 0.2 ec5013

- TEM: mean size 1.61+0.35 nm.

- XRD hcp crystalline Ru nanoparticles, coherence kehgt7+0.12 nm.

- XPS 3d5/2 (279.50 eV) and 3d3/2 (284.20 eV), 100%(Ruat the
nanoparticles surface.

- TGA 79% Ru, 21% P.

- Approximate formula: [Risil11].

T R AT T A St
SARTA el Sle O

1.61+0.35nn |

Figure 5.15. TEM micrographs and size distribution®R&5 NPs.
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Sqrif Counts)

Figure 5.17. XPS spectra oRu5 NPs.

Ru4 nanoparticles stabilized by 0.1 egsof4

- TEM: mean size 1.85+£0.54 nm.
- XRD: hep crystalline Ru nanopatrticles, coherence tet@5+0.06 nm.
- XPS 3d5/2 (278.84 eV) and 3d3/2 (283.54 eV), 100%(Ruat the
nanoparticles surface.
- TGA 72% Ru, 28% Cinchonidine.
Approximate formula: [Risd 37].
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1.85+0.5:nm |

Figure 5.18. TEM micrographs and size distribution®&4 NPs.
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Figure 5.19. XRD of hcp crystallineRu4 nanopatrticles.
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Figure 5.20. XPS spectra oRu4 NPs.
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Ru6 nanoparticles stabilized by 0.2 egcoi 4

- TEM: mean size 1.27+0.34 nm.
- XRD: hep crystalline Ru nanoparticles, coherence te@dd1+0.04 nm.
- XPS 3d5/2 (279.97 eV) and 3d3/2 (284.45 eV), 100%(Ruat the
nanoparticles surface.
- TGA 67% Ru, 33% Cinchonidine.
Approximate formula: [RisL13].

1.27+0.39nn
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Figure 5.22. XRD of hcp crystallindRu6 nanoparticles.
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Figure 5.23. XPS spectra oRu6 NPs.

General procedure for the hydrogenation reactions

Hydrogenation reactions were carried out in a Befdghx 25mL
stainless steel autoclave. In a typical experimiet autoclave was charged
inside the glove-box with the nanoparticles, thebsstate and the
corresponding solvent. The autoclave was then rechfnom the glove-box
and immediately pressurized to the appropriatprelssure and temperature.
After the desired reaction time, the autoclave degzressurized. Conversion
was calculated by GC-MS and confirmedblyNMR and the enantiomeric

ratios were determined by GC or HPLC analysis.

Gas chromatography analyses were carried out ievad#-Packard
HP 6890 gas chromatograph, using the chiral col@RrChirasil-Dex CB.
HPLC analyses were carried out in a Merck-Hitach6200A liquid
chromatograph, using the appropriate chiral colui@hiralpack AD-H,
Chiralpack 1A).
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Method 1: Gas chromatography. CP Chirasil-Dex CB, 25 mmwluinternal
diameter: 0.25 mm, film thickness: 0.28n, carrier gas: 120 kPa He,
temperature: 80 °C for 15 min, rate 5 °C/min to 180and hold for 3min.

Method 2: HPLC. Chiralpack AD-H column, hexanes:iPrOH =35tow: 1
mL/min, A: 205 nm.

Method 3: HPLC. Chiralpack ID column, hexanes:iPrOH = 50f&w: 0.8
mL/min, A: 240 nm.

Method 4: Gas chromatography. CP Chirasil-Dex CB, 25 mmoiuinternal
diameter: 0.25 mm, film thickness: 0.28n, carrier gas: 120 kPa He,
temperature: 90 °C, rate 0.5 °C/min to 120 °C awld for 3min.

Method 5: Gas chromatography. CP Chirasil-Dex CB, 25 mmoiuinternal
diameter: 0.25 mm, film thickness: 0.28n, carrier gas: 120 kPa He,
temperature: 130°C for 10 min, rate 10 °C/min t6 18 and hold for 3min.

Product Method Ret. 1_'|me Product Method Ret. _T|me
(min) (min)
5.15a 1 30.32, 30.5 5.1¢ 3 470, 5.0
5.1€a 2 8.59, 9.3 5.1% 4 14.59, 16.1
5.17a 3 5.61, 6.4 5.2(h 5 470, 5.0

General procedure for H/D exchanges

A Fischer—Porter glassware was charged with Ru@RF® (8 mg,
3.3%) and anagnetic stirrer in a glove box under argon. Treelkér—Porter
glassware was then left undexcuum for 5 min and pressurized with 3 bars
of D2 gas during 2 hours. A solution of thebstrate (0.15 mmol) in distilled
and degassed solvent (1 mL) was added under affgp@reaction mixture

was magnetically stirred at the desired temperatndepressure of fluring
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the corresponding hours. Finally, the solution wasled down to room
temperature and filtrated on a small neutral alapad (Pasteur pipette)

using 10 mL of THF as elution solvent.

Synthesis of ((2R,3R)-2,3-Epoxy-3-phenylpropanol (8):

@\9}\/0]'[ To a solution of diisopropyl D-tartrate (3 mL, 2.8
mmol) in methylene chloride (80 mL) at -10°C under

Chemical Formula: CoH;oO,

Molecular Weight: 150.17 | - grgon was added 4 A molecule sieve (1.5 g), titaniu

isopropoxide (0.6 mL, 20 mmol), and cinnamyl aldo{fh7g, 200 mmol).
The mixture was allowed to age for 40 minutes &f€l cooled to -20°C,
and treated in a dropwise fashion with a solutibt-tautyl hydroperoxide
(TBHP, ~45 mmol) in decane. After 18 hours at -15H@ reaction mixture
was treated with 30% aqueous sodium hydroxide isolu0.5 mL) and
diethyl ether (10 mL). The cold bath was removed #re mixture was
allowed to warm to ~10°C. Magnesium Sulfate (anbydr 1.5 g) was added
and the mixture was stirred for 20 minutes. Aftelidssettled, the solution
was filtered through a pad of Cefitewashing with ether (5 mL). The
resulting mixture was concentrated and purifiedflagh chromatography
(hexane:ethyl acetat 3:1), to afford 1.56 g of commqu5.2 (93 %) as a pale
yellow solid. An enantiomeric excess of 97% ee deermined by chiral
HPLC (chiralpack OD, heptanBrOH 96:4, 1 mimin, t&(R) = 33.8 min and
tr(S) = 37.6 min).

'H NMR (CDCl, 400 MHz,6 in ppm): 7.29 (m, 5H), 4.01 (m, 1H),
3.91 (d, 1HJ= 3.5 Hz), 3.76 (m, 1H), 3.60 (bs, 1H, OH), 3.23 (H).*C
NMR (CDCl, 100.6 MHz 6 in ppm): 136.8, 128.5, 128.3, 125.8, 62.8, 61.5,
55.8. All spectroscopy data matched with thoseritgest in the literaturét
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Synthesis of (2S,3S)-3-Phenyl-3-(pyrrolidin-1-yl)pspane-1,2-diol (5.10)

on To a solution 06.2(0.38 g, 2.53 mmol) in Ci€l>
~OoH (18 mL) were added pyrrolidine (0.32 mL, 3.84
CI] mmol) and Ti(CPr), (1.14 mL, 3.83 mmol) under
Chemical Formula: C;;H;gNO,| @rgon at room temperature. After 5 h of stirring at
Molecular Weight: 221,30

room temperature, a 10% solution of NaOH in brine
(10 mL) was added, and vigorous stirring continé@danother 24 h. The
mixture was filtered through Celfteand the residue washed with &Hp (2

x 25 mL). The combined organic extracts were dded concentrated in

vacuum. 0.52 g of produbt10(92%) was afforded as a yellow oil.

'H NMR (CDCl, 400 MHz,6 in ppm): 7.22-7.32 (m, 5H), 4.16 (ddd,
1H,J=7.0,5.0, 5.0 Hz), 3.63 (bs, 2H, OH), 3.42 (td, J = 11.4, 5.0 Hz),
3.24 (d, 1HJ =5.0 Hz), 3.28 (dd, 1H] = 11.4, 7.0 Hz), 2.53 (m, 2H), 2.43
(m, 2H), 1.66-1.72 (m, 4H}*C NMR (CDClk, 100.6 MHz3 in ppm): 137.0,
129.6, 128.5, 128.1, 72.3, 71.2, 66.3, 51.8, 2AIB.spectroscopy data

matched with those described in the literafare.

Synthesis of 1-((S)-((S)-Oxiran-2-yl)(phenyl)methypyrrolidine (5.12)

o To a stirred solution 06.12 (7.00 mmol) in dry
©\l/\ dichloromethane (50 ml) under argon atmosphere at
@ -10°C was added triethylamine (2.05 ml, 14.7 mmol)
Chemical Formula: C;3H,,NO[ in one portion followed by propanesulfonyl chloride
Molecular Weight: 203,28

(0.79 ml, 7.00 mmol) in dry dichloromethane (10
ml) dropwise. The mixture was stirred for 20 aneated dropwise with a
solution of sodium (0.42 g, 18.3 mmol) in dry metba(30 ml) and stirred
below 0°C until TLC showed complete conversion e epoxide. The

reaction mixture was quenched with brine (200 nmi)l @&xtracted with
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dichloromethane (3x 100ml). Concentration in vaotithe combined, dried
(MgSQy) organic phases gave the crude product which weiigu by
column chromatography (3:7 ethyl acetate: hexanéass.12obtained in
58% vyield.

'H NMR (CDCl, 400 MHz,6 in ppm): 7.24-7.40 (m, 5H), 3.11-3.15
(m, 1H), 2.82 (dd, 1H}= 5.3, 3.7 Hz), 2.56 (d, 1H= 7.6 Hz), 2.61 (dd, 1H,
J=5.3, 2.6 Hz), 2.55 (m, 2H), 2.40 (m, 2H), 1.71 &H).3C NMR (CDClL,
100.6 MHz,5 in ppm): 140.7, 128.3, 128.1, 127.5, 73.2, 552.9548.5,
23.1. All spectroscopy data matched with thoseritgest in the literaturé®

Synthesis of (1S,2S)-3-(diphenylphosphino)-1-phengt(pyrrolidin-1-
yl)propan-2-ol (5.13)

A solution 0f5.12(0.1 g, 0.7 mmol) in 2 ml of THF
Q\;ip was added to another solution of potasstent-
N @ butoxide in THF 0.5 M (1.4 ml, 0.7 mmol) and the
Q mixture was stirred overnight. The solvent was

Chemical Formula: CysH,sNOP
Molecular Weight: 389,19 | evaporated in vacuum, then the mixture was

redissolved in toluene, filtrate through Célitnd the solvent was evaporated
in vacuum. The crude productwas purified by colwwhromatography (1:1

ethyl acetate: hexane) aBd.3was obtained in 60% yield.

IH NMR (CDCk, 400 MHz,3 in ppm): 7.35-7.42 (m, 5H), 7.25-7.30
(m, 10H), 4.10 (m, 1H), 3.35 (d, 18 3.4 Hz), 2.56 (M, 2H), 2.34 (M, 2H),
2.03 (m, 1H), 1.78 (ddd, 1H= 13.6, 6.8, 1.1 Hz), 1.71 (m, 4HJC NMR
(CDCl, 100.6 MHz,3 in ppm): 133.3, 133.1, 133.0, 132.8, 130.0, 129.0,
128.7, 128.3, 74.6 (d= 7.7 Hz), 69.4 (d)= 16.6 Hz), 53.0, 33.3 (d= 13.2
Hz), 23.6. 3P-NMR (CDCls, 162 MHz,5 in ppm):s= -22.9 (s).ESI-TOF
MS for [M+H]* CosH2dNOP(m/2): calc. 390.1987; found: 390.2076]0% -
11.25° € 0.007, CHCYJ).
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From the study on the selective hydrogenation omatic ketones

carried out in Chapter 3, the following conclusiovere extracted:

- Ruthenium and rhodium nanoparticles stabilized {moRor ligands

have been synthetized.

- These nanopatrticles have been fully characteriseldcamparable

results in terms of size and stabiliser contenteHaeen obtained.

This family of nanoparticles has been applied ie #elective
hydrogenation of aromatic ketones. From this stuthe following

conclusions can be extracted:

- Ruthenium nanoparticles are more selective thandiuho
nanoparticles for the reduction of the aryl groumpthe case of

arylketones.

- The selectivity towards the arene hydrogenationnégatively

affected by the presence of substituents on th@aatro ring.

- Only Rh1 nanoparticles provided hydrogenolysis productsuitite

conditions used.

- Inrelation to non-conjugated aryl keton@s42.5), arene reduction
was mainly observed for both metals although higdedectivities

were observed when Rh catalysts were used.

- Selectivity to arene reduction increases when thamtce between

the arene and the ketone group increases.



228 | CHAPTERG

From the study of the selective reduction of pobjfity aromatic
hydrocarbons carried out in Chapter 4, the follagvgonclusions can be

drawn:

- Ruthenium nanoparticles stabilized by P&te good catalysts for the
hydrogenation of PAHs with high activity and selgty in mild

reaction conditions.

- Inthe case of naphthalene, the obtaining of ieteald/or decalin can

be tunned by adjusting the hydrogen pressure.

- Anthracene can be selectively hydrogenaté.Baor 4.3b. The total
hydrogenated product.2d might be obtained under the reaction

conditions used, but really long reaction times lde required.

- The hydrogenation of phenanthrene is more difficaid long
reaction times are required to obtain low convarsidn all the cases,
mixtures of products were obtained and the totadrbgenated

product was not observed in any of the assays ptégin

- Triphenylene has 3 equivalent rings and it is diffi to achieve
partial selectivity in hydrogenation. Thus, compdu#.4a was
obtained with a selectivity of 53% at 61% of corsien, which in
spite of being quite low is one the best reportethe bibliography.
The selective reduction of 3 rings to give compouhdc was

achieved in 88% of selectivity and full conversion.

- Pyrene was difficult to hydrogenate and a 88% décdrity in

compound4.5awas obtained at 44% of conversion.

From the study of the chemoselective reduction afgrenesvs. other

functional groups, the following conclusions candieeluced:
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- The reactions are slower than in the unsubstitnggghthalene, and
hydrogenation takes place in the ring that does cattain

substituents.

- Electron donating substituents deactive the ringvihich they are
attached and, consequently, the neighbouring ringriferably
reduced. Electronwithdrawing substituents activhte ring. Then,
although the effect of substitution predominatedurction of the less
substituted ring is mainly observed and appreciartounts of

reduction of the more substituted ring are achieved

- The position of the substituent (position 1 or Bjluences the
conversion more than the selectivity. When the Stwiesnt is at
position 1, the conversion decreases probablyaltiethigher steric
hindrance which hampers the approaching of thetsibsto the

surface.

- When a ketone is present in the substrate likeli§ 4.14 4.15 there
is a competition between the reduction of the rtagdbhic systeras.
the ketone. If the ketone is placed in positionike lin 4.15 its
reduction is favoured reduced probably because kbtone
coordinates easily to the metal surface rather thamaphthalenic

system.

- More proportion of stabilising ligand implies moeetivity and

slightly less selectivity.

From the approach to the enantioselective hydragenaf arenes

carried out in Chapter 5, the following conclusiaas be extracted:

- A novel enantiomerically enriched phosphine ligahds been

synthesized and fully characterized.
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- This phosphine ligand and the commercial cinchomidiave been
used in different proportions as stabilising agefiots ruthenium

nanoparticles.

- These nanoparticles have been applied in the astiome
hydrogenation of aromatic amides, arenes contaiaimgcid and a
basic group and aromatic ketones. However, no gesuts in terms

of enantioselectivity have been obtained in anthefreactions.

- Attempts to elucidate how the ligands are coordidato the
nanoparticles surface have been performed by dsitterstudies.
Mono-, di- and polideuteration has been observethincase of
triphenylphosphine. Monodeuteration and mostly cfida of the
arene has been achieved in the case of tripherggypinoe oxide and
there has not been success in the attempt to deuter

triphenylphoshite.

- Triphenylphosphine must interact with the nanopbetthrough the
phosphorus atom, placing the rings orthogonal éodinface. The
same trend is deduced for triphenylphosphite, leipresence of the
oxygen push away the aromatic rings. In tripheng$gtine oxide,
the coordination with the nanoparticle surface sapeobably place

through the aromatic ring.






