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Summary

Summary of the thesis

Transition metal nanoparticles (M-NPs) have gained
significant interest in catalysis during the recent years and have been
considered at the frontier between homogeneous and heterogeneous
catalysis, potentially combining the advantage of both. Because of
their small size, and consequently high surface to volume ratio, they
have exhibited high activities, even under mild reaction conditions.
They are soluble in a wide range of organic solvents that are
commonly used as reaction media in catalysis. For their preparation,
the use of stabilizers is required to avoid the formation of bulk metal,
which is the thermodynamically favoured product during the
aggregation of metal atoms. In this context, the utilization of small
molecules such as ligands for NPs stabilization is of special interest
since parameters such as their steric and electronic properties have
been extensively studied in homogeneous catalysis and allows the
tuning of the final metallic catalyst performance. In the field of
ligand-stablized M-NPs, N-heterocyclic carbenes (NHCs) have
demonstrated to be efficient compounds for the formation of stable
M-NPs due to their high o-donor properties. For these reasons, M-
NPs have been considered promising catalysts for different
processes such as selective hydrogenation and C-H activation

reactions, among others.

The final goal of this thesis was the synthesis and characterization of
Rh NPs stabilized by N-heterocyclic carbene (NHC) ligands for their
application in the hydrogenation of compounds bearing aromatic

rings such as aromatic ketones, phenols and pyridines. Besides, the



Summary

catalytic performance of these Rh NPs towards the selective
deuteration of P-containing molecules such as phosphines and
phosphine oxides has also been explored to get insights into the

coordination mode of these P-ligands at metal surfaces.

In Chapter 1 a general introduction on the synthesis and application
of M-NPs in catalytic reactions will be exposed. In this part, some
examples on the use of M-NPs in reactions such as oxidation of
alkanes and alkenes, Fischer-Tropsch, hydrosilylation of alkenes and
akynes, C-C coupling (Heck and Suzuky-Miyaura), hydroformylation
of alkenes, transfer hydrogenation of ketones, olefins, nitroarenes
and o,pB-unsaturated carbonyl compounds hydrogenation and H/D

exchange of N- and P-based compounds will be described.
Chapter 2 sets out the general objectives of the thesis.

The synthesis of Rh NPs formed by the utilization of different
stabilizing agents will be exposed in the introduction part of Chapter
3, with special emphasis on the methods previously reported for the
formation of M-NPs stabilized by NHC ligands. Results regarding the
synthesis and characterization of Rh NPs stabilized by 1,3-Bis(2,6-
diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene (IPr) will be
exposed in this chapter. The effect of the amount of ligand used on
the Rh NPs formation will be investigated and the availability of sites
on the NPs surface where catalytic reactions can take place will be

examined by CO adsorption experiments.

The research in Chapter 4 deals with the application of these Rh NPs
stabilized by IPr in the selective hydrogenation of aromatic ketones,

phenols and N-heteroaromatic compounds as such as pyridines and
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quinoline. A review of the previously reported results regarding
these catalytic reactions using M-NPs will be described, followed by

the catalytic results obtained using these NHC-stabilized Rh NPs.

In the case of aromatic ketones, the preferential reduction of the
arene ring over the ketone moiety will be investigated. Parameters
such as the arene-ketone distance and the presence of different
substituents close to the ketone group and in an aromatic position

will also be examined.

In the case of phenols, the selective formation of cyclohexanones by
partial reduction of the arene ring will be examined, studying the
effect of the presence of different substituents in ortho and para

positions of the arene ring.

Finally, in the case of N-heteroaromatic substrates such as pyridine
derivatives, the catalytic activity of these Rh NPs will be examined.
The selective reduction of substituted pyridines bearing phenyl and
ketone moieties will also be investigated. The complete reduction of

quinoline was also aimed at during this study.

Chapter 5 describes the application of Rh and Ru NPs stabilized by
IPr and poly(N-vinyl-2-pyrrolidone) (PVP) in the selective H/D
exchange of P-containing substrates. The catalytic application of M-
NPs in this reaction provided valuable information on the
coordination mode of these substrates at the surface of these NPs. In
this context, a detailed review exposing the reported results
concerning the application of M-NPs in the selective H/D exchange
reaction of N- and P-containing molecules will be presented in the

introduction of this chapter. The research in this chapter explores
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the difference in catalytic activity and selectivity of Rh and Ru NPs
formed by stabilization of IPr and PVP in the selective deuteration of
various phosphines and diphosphines bearing aryl/alkyl positions
and phosphine oxides. Indeed, coordination mode for these
substrates at the surface of these NPs will be proposed based on the

results obtained for these selective deuteration reactions.

The final remarks and conclusions extracted from the results

obtained in this thesis will be described in Chapter 6.
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Resum de la tesis

Les nanoparticules metal-liques de metalls de transici6 (M-
NPs) han guanyat significant interes en catalisis en els darrers anys i
han estat considerades a la frontera entre la catalisi homogenia i
heterogenia, potencialment combinant avantatges de totes dues. A
causa de la seva petita grandaria, i en conseqiiéncia la seva elevada
relacié superficie/volum, han demostrat exhibir elevades activitats,
inclas sota condicions suaus de reaccié. S6n solubles en una amplia
gamma de dissolvents organics comunament utilitzats com a medis
de reaccio en catalisi. Per la seva preparacid, I'is d’estabilitzants és
requerit per evitar la formacié6 de massa metal-lica, la qual és el
producte termodinamicament afavorit durant l'agregacié d’atoms
metal-lics. En aquest context, 1'ds de molecules petites com ara
lligands per l'estabilitzaci6 de NPs és d'especial interes ja que
parametres tals com ara les seves propietats esteriques i
electroniques han estat extensament estudiats en catalisi homogénia
i permeten 'afinacié del rendiment del catalitzador metal-lic final. En
el camp de NPs metal-liques estabilitzades per lligands, els carbens
N-heterociclics (NHCs) han demostrat ser compostos eficients per la
formaci6 de NPs metal-liques estables a causa de les seves altes
propietats o-donadores. Per aquestes raons, les NPs metal-liques
han estat considerades prometedors catalitzadors per a diferents
processos com ara reaccions d’hidrogenaci6 selectiva i d’activacié C-

H, entre d’altres.

L’objectiu final d’aquesta tesis era la sintesi i la caracteritzacié de

NPs de Rh estabilitzades amb lligands carbens N-heterociclics (NHC)
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per la seva aplicacié a la hidrogenacié6 de compostos portadors
d’anells aromatics com ara cetones aromatiques, fenols i piridines.
Per altra banda, el rendiment catalitic d’aquestes NPs de Rh cap a la
deuteraci6 selectiva de molecules que contenen atoms de P com ara
fosfines i oxids de fosfines han estat també explorades per tal
d’obtenir coneixements sobre el mode de coordinacié d’aquests

lligands amb fosfor sobre superficies metal-liques.

Al Capitol 1, una introduccié general sobre la sintesis i aplicacio de
M-NPs en reaccions catalitiques sera exposada. En aquesta part,
alguns exemples sobre I'is de NPs metal-liques en reaccions com ara
oxidaci6 d’alcans i alquens, Fischer-Tropsch, hidrosililaci6 d’alquens
i alquins, acoblament C-C (Heck i Suzuky-Miyaura), hidroformilacio
d’alquens, hidrogenacié per transferencia de cetones, olefines,
nitroarens i compostos carbonilics ao,p-insaturats, hidrogenacié
d’alquens, aromatics, nitroarens i compostos carbonilics i intercanvi

H/D de compostos basats en N i P seran descrits.
El Capitol 2 estableix els objectius generals de la tesis.

La sintesi de NPs de Rh formades per I'is de diferents agents
estabilitzants sera exposada en la introducci6 del Capitol 3, donant
especial emfasis als metodes previament reportats per la formacié
de M-NPs estabilitzades amb lligands NHC. Resultats pel que fa a la
sintesis i la caracteritzacio de NPs de Rh estabilitzades amb 1,3-
Bis(2,6-diisopropilphenil)-1,3-dihydro-2H-imidazol-2-yliden  (IPr)
seran exposats en aquest capitol. L'efecte de la quantitat de lligand
utilitzat a la formaci6 de les NPs de Rh sera investigada i la

disponibilitat de llocs a la superficie de les NPs on reaccions

10
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catalitiques es puguin produir seran examinades a través

d’experiments d’adsorci6 de CO.

La investigacio al Capitol 4 tracta sobre I'aplicacié d’aquestes NPs de
Rh estabilitzades amb IPr en la hidrogenaci6 selectiva de cetones
aromatiques, fenols i compostos N-heteroaromatics com ara
piridines i quinolina. Una revisié de previs resultats reportats pel
que fa aquestes reaccions catalitiques utilitzant M-NPs sera
exposada, seguit pels resultats catalitics obtinguts utilitzant aquestes

NPs de Rh estabilitzades amb lligands NHC.

En el cas de cetones aromatiques, la preferencial reduccié de I'anell
aromatic sobre la cetona sera investigada. Parametres com ara la
distancia anell aromatic-cetona i la presencia de diferent grups
propers as grup cetona i en una posicid0 aromatica seran també

examinats.

En el cas dels fenols, la formacié selectiva de ciclohexanones per
reduccié parcial de l'anell aromatic sera examinada, estudiant
'efecte de la preséncia de diferents substituents a les posicions ortho

i para de I'anell aromatic.

En el cas de substrats N-heteroaromatics com ara derivats de
piridina, l'activitat catalitica d’aquestes NPs de Rh sera examinada.
La reduccio selectiva de piridines substituides portant grups fenil i
cetona sera també investigada. La completa reduccié de quinolina

també es va tractar durant aquest estudi.

El Capitol 5 descriu I'aplicacié6 de NPs de Rh i Ru estabilitzades per
[Pr i poly(N-vinyl-2-pyrrolidona) (PVP) en l'intercanvi H/D selectiu

de substrats portant atoms de P. L’aplicacié catalitica de M-NPs en

11
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aquesta reaccié proporcioné informacié valuosa sobre el mode de
coordinacié d’aquests substrats a la superficie d’aquestes NPs. En
aquest context, una revisié detallada exposant els resultats reportats
referents a l'aplicaci6 de M-NPs en l'intercanvi H/D selectiu de
molecules que contenen atoms de N i P sera presentada en la part
introductoria d’aquest capitol. La investigaci6 en aquest capitol
explora la diferéncia en I'activitat i la selectivitat catalitica de NPs de
Ru i Rh formades per estabilitzacio per IPr i PVP en la deuteraco
selectiva de varies fosfines i difosfines amb posicions aril/alquil i
oxids de fosfina. El mode de coordinacié d’aquests substrats a la
superficie de aquestes NPs sera proposada en base als resultats

obtinguts en aquestes reaccions de deuteracio selectiva.

Les observacions finals i les conclusions extretes dels resultats

obtinguts en aquesta tesi seran descrits al Capitol 6.

12
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Chapter 1

1.1. Introduction to metal nanoparticles

Nanochemistry has been a field of intense scientific research
during the last decades due to the wide variety of potential
applications of metal nanoparticles in different areas such as

biomedicine, optics, electronics and catalysis.12

Transition metal nanoparticles (M-NPs) are formed by the
combination of several metallic atoms, usually in the zero oxidation
state. They possess a nanometric dimension, between 1 and 100 nm
in diameter. In this nanoscale regime, between metallic bulk and
molecular complexes, atoms and molecules work differently,

providing surprising and unique properties.

Soluble M-NPs have been considered at the frontier between
homogeneous and heterogeneous catalysis, potentially combining
the advantage of both. They are soluble in a wide range of organic
solvents that are commonly used as reaction media in catalysis and
where the substrate is also soluble. They have exhibited activity even
under mild reaction conditions and high selectivity via the
modulation of their surface. Because of their small size, and
consequently high surface to volume ratio, they have exhibited high
activities 3 and the fact that they can be easily recovered, in contrast
to homogeneous systems, has been considered to be of extreme
importance. In addition, these systems are freely rotational and
three-dimensional when used in catalytic reaction, which increases
the accessibility of the surface active sites and thus enhance their
activity.* The main disadvantage of the use of M-NPs as catalysts is

their instability in solution, particularly at high temperatures.>
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1.2. Synthesis and stabilization of M-NPs

The formation of M-NPs can be achieved following two main general
methodologies: the physical method and the chemical method
(Figure 1. 1). The physical method (Figure 1. 1a), also known as
“top-down” approach, is based on lithography to pattern nanoscale
structures. This method can be used for the formation of large NPs of
>10nm in size. However, poor reproducibility and broad size
distributions are usually obtained. On the other hand, the chemical
method (Figure 1. 1b), known as “bottom-top” approach, uses
interactions between colloidal particles to assemble discrete
nanoobjects and is generally considered the most convenient
procedure for the formation of small isolable NPs with a well-defined

surface composition.

NPs
M Agregation Nucleation
. = P 59.°
@ @ 7 ) () dﬂ SOOOOO oog oo Molecular
Bulk > Y < Metallic
Metal a) Physical Method ﬂ b) Chemical Method Precursor

Figure 1. 1. Methods for the synthesis of metal nanoparticles

Within the chemical method, several synthetic procedures have been
reported for the synthesis of M-NPs such as the reduction of
transition metal salts, electrochemical synthesis and metal vapour
synthesis.” More recently, other chemical methods used for the
formation of M-NPs such as the organometallic approach, reported

by Chaudret and co-workers, showed to be suitable for obtaining

16
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NPs with narrow size distribution and clean surfaces in a

reproducible manner.8

1.2.1. Electrostatic and steric stabilization

During the NPs formation, the formation of bulk metal is the
thermodynamically favoured product during the aggregation of
metal atoms. For this reason, colloidal suspensions need to be
stabilized by protecting agents to avoid agglomeration. In the
absence of repulsive interactions, the Van der Waals forces will
attract two metallic particles to each other causing agglomeration
and thus leading to the loss of properties associated with the
colloidal state of M-NPs. In this topic, different types of M-NPs
stabilization can be envisaged: electrostatic stabilization and steric

stabilization.®
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Figure 1. 2. Schematic representation of electrostatic stabilization of metal

colloid particles

The electrostatic stabilization is based on the creation of an
ionic environment at the surface of the particles (Figure 1. 2). The
adsorption of ionic species such as halides, carboxylates or

polyoxoanions (dissolved in aqueous media) at the surface of the

17
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particles will generate an electrical double-layer around the
particles. If the electric potential associated with the double layer is
strong enough, then the electrostatic repulsion will prevent particle

agglomeration.

The steric stabilization is based on the repulsion of molecules
located at the surface of the particles (Figure 1. 3). Such repulsion
can be induced by organic compounds such as polymers or small
molecules such as ligands bearing coordinating groups in their
structure. These species will prevent agglomeration of NPs by
providing a protecting layer at the metallic surface. In contrast with
the electrostatic stabilization, which is mainly used in aqueous
phase, steric stabilization can be used in both organic and aqueous

VTR
o
SN TSN

Figure 1. 3. Schematic representation of steric stabilization of metal colloid

particles
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1.2.2. Stabilizing agents

In terms of stabilizing agents, compounds such as polymers,
surfactants, ionic liquids (ILs) and small molecules such as ligands,
have been reported to efficiently stabilize soluble M-NPs (Figure 1.
4).10

polymers surfactants ionic liquids (ILs)
k\/fn e V¥
N N - A 671
go ~ {\/\/\ I 3

"BF,
PVP methyltrioctylammonium chloride [BMI][BF4]
ligands
- oWe oy
7N ~
e )
2,2"-bipyridine PPhy IPr

Figure 1. 4. Examples of stabilizing agents used for the formation of metal

nanoparticles

Polymers

Polymers provide stabilization for M-NPs through the steric
bulk of their framework, but also by binding weakly to the NPs
surface via heteroatoms present in their structure. Poly(N-vinyl-2-
pyrrolidone (PVP) (Figure 1. 4) is the most used polymer for NPs
stabilization because it fulfils both steric and coordinating
requirements.1? The fact that it is soluble in water and other organic
polar solvents such as methanol and ethanol has made PVP a

versatile polymer to be used in M-NPs formation.
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Surfactants, micelles and microemulsions

These stabilizing agents prevent agglomeration via the
formation of a monomolecular layer around the particles core.
Lipophilic surfactants of cationic type such as tetraalkylammonium
halides (R4N*X-) can lead to the formation of stable M-NPs.11 Micelles
has also been used as micro-reactors for the growth of particles,
forming a confined environment able to control the size and

distribution of the final M-NPs.

Ionic Liquids (ILs)

lIonic liquids have been reported to be valuable stabilizing
agents for the formation of M-NPs.12.13.14 The sterically hindered
substituted imidazolium cation favours the electrosteric stabilization
of particles. The size of the imidazolium cation can be modulated by
the choice of the desired N-alkyl substituents. This tuning has an
important role regarding the size and the solubility of M-NPs, which
are parameters that have an effect on catalysis. Another interesting
feature of these compounds is the possibility to use them as both
solvent and stabilizer.1> The fact that they display interesting
physicochemical properties such as ionic mobility, hydrophobicity,
low vapour pressure, non-flammability and miscibility with organic
and inorganic solvents made them an alternative and
complementary medium to classical organic solvents and water in

many applications.16

Ligands
The utilisation of small molecules such as ligands for NPs

stabilization is of special interest since parameters such as their
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steric and electronic properties directly affect the performance of the
final metallic catalyst. In this field, stabilization by N-, S- and Si-
containing ligands, phosphines, phosphites and, more recently, N-
heterocyclic carbenes (NHCs) has been reported.l” This stabilization
strategy potentially allows the fine tuning of the parameters that
govern the catalytic performance of the final particles. Besides, the
application of chiral ligands is also considered to be an effective
technique for increasing the enantioselective efficiency of these M-

NPs.

1.3. Heterogeneous nature of M-NPs

As previously mentioned, the application of M-NPs has been
widely studied due to their potential high activity and selectivity
when used as catalysts. However, leaching of molecular species from
nanocatalysts can take place during the catalytic experiments. For
this reason, it is crucial to demonstrate if the active catalyst is
homogeneous or heterogeneous in nature and several studies based
on the application of precise techniques aiming at the identification
of the real active species in catalytic reaction were reported.

One of the most commonly used methods to assess whether a
catalytic reaction goes through a homogeneous or heterogeneous
mechanism is the poisoning of the catalyst surface by reagents that
bind to the heterogeneous catalysts and inhibit their catalytic
activity.1®8 The selective poisoning of colloids using Hg is well

known.19
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Figure 1. 5. Example of Hg® poisoning study using heterogeneous catalysts

in a hydrogenation reaction

In a typical study, the catalyst activity and selectivity towards a
certain reaction is studied in the absence and presence of Hg.18 If the
activity of the catalyst remains unchanged, then it is most likely
homogeneous, while a decrease in the activity strongly suggests the

existence of a colloidal catalyst (Figure 1. 5).

On the other hand, the utilization of other capping agents such as CO
has also been published to be employed as poisoning in specific
reactions such as catalytic hydrogenation reactions in mild reaction
conditions.2? Under these conditions, CO can bind to the metallic
surface of NPs and perform its deactivation. Preliminary studies
based on the quantification of surface hydrides on Ru NPs stabilized
by PVP and 1,4-(diphenylphosphino)butane (dppb) demonstrated
their complete removal upon exposure of to low pressures of C0.2!
More recently, further studies showed that saturation of the surface
of these Ru NPs with CO groups could also have an effect on the
catalyst performance towards styrene hydrogenation by fully

inhibiting the catalyst activity.20

22



Chapter 1

The application of Lewis bases as such as CSz, PPhs or thiols as
poisons represent an important tool to identify homogeneous
catalysts.??2 The fact that the catalyst activity is inhibited when less
than 1 equivalent of ligand is added to the catalytic mixture suggests
the presence of a heterogeneous catalyst. As an example, surface-
poisoning studies using PVP-stabilized Ru NPs by addition of
sulfonated phosphine ligands evidenced a decrease in the catalytic
activity towards the reduction of aromatic substrates such as phenol

(Figure 1. 6) and thus demonstrated the heterogeneous character of

O - Q

this Ru catalyst.23

PR3:

10 bar H,

H,0, RT, 5h SO;Na

OH

a) In the absence of PR3
b) In the presence of PRy

Figure 1. 6. Results reported by Dyson and co-workers in the
hydrogenation of phenol using PVP-stabilized Rh NPs (a) in the absence

and (b) the presence of PR323

In some specific cases, the reactivity observed in a catalytic reaction
can also give information about the real active species in a catalytic
reaction. For instance, the fact that hydrogenolysis of the C-O bond,
which is characteristic of a surface metal catalyst, took place when

the hydrogenation of acetophenone and anisole was performed
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using Ir NPs stabilized by ILs, suggested that these NPs behave
preferentially as heterogeneous catalysts. This behaviour was more
recently observed using PPhs-stabilized Rh NPs24 and PVP-stabilized
Rh NPs with NiOx surface decoration?® in the hydrogenation of

substrates bearing arene moieties.

The study of the reaction kinetics also provides information on the
real nature of the active catalytic species. In the case of
heterogeneous catalysts, no induction period is expected, with the
observation of an exponential decay aspect curve.? However, if NPs
are formed in situ from a homogeneous compound, an incubation
period is usually observed, as reported for the hydrogenation of

benzene using Rh NPs.2”

1.4. Application of colloidal M-NPs in catalysis

In view of their unique properties, M-NPs have been applied
in several catalytic processes such as oxidation of alkanes and
alkenes, Fischer-Tropsch Synthesis (FTS), hydrosilylation of alkenes
and alkynes, C-C coupling, hydroformylation of alkenes, transfer
hydrogenation of ketones, olefins, nitroarenes and o,p-unsaturated
carbonyl compounds, hydrogenation and deuteration reactions.2829
30 A brief presentation of the application of M-NPs in these reactions

is described below.

1.4.1. Colloidal M-NPs in oxidation reactions

In oxidation reactions, only a few examples of application of
colloidal M-NPs as catalysts have been published to date. For

instance, Fe3! and Ru32 NPs have showed to be active in the oxidation
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of cyclooctane and cyclohexane33 using tert-butylhydroperoxide (t-
BHP) as oxidizing agent for the formation of cyclic aliphatic ketones.
In the case of Ru NPs formed from RuCl3-3H20 in neat water, a
conversion of 97% together with 90% selectivity to the ketone
product were achieved, which constitutes a high-value-added

intermediate for polymer or fine chemistry (Figure 1. 7).33

o) OH 001Bu
Rui\lg
0240
t-BHP
H,0, R.T
97% conv. 90% 0% 7%

Figure 1. 7. Results reported by Roucoux and co-workers for the oxidation

of cyclohexane using Ru NPs33

Besides, the oxidation of ethene has also been reported, in this case
using Ag NPs in the presence of O, producing ethylene oxide as the
reaction product. 3%+ The application of Ag NPs stabilized by
polyacrylate under an oxygen atmosphere at 170°C provided higher
catalytic activity than a commercial Ag catalyst. In addition, the
presence of alkali metal ions such as Cs(I) or Ru(VII) remarkably

increased the catalytic activity of these M-NPs.

1.4.2. Colloidal M-NPs in Fischer-Tropsch Synthesis
reactions

From an industrial point of view, the production of liquid
hydrocarbons from syngas (CO + Hz) by Fischer-Tropsch synthesis
(FTS) is also of great interest.3> Reaction schemes for the formation

of paraffins and olefins are shown in Figure 1. 8.
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a) nCO + @n+DH, — o CHpwo + NH,O

b) nCO + (nH, — o  CH, + nHO

Figure 1. 8. Fischer Tropsch reaction scheme for the production of (a)

paraffins and (b) olefins.

Concerning this reaction, the application of soluble M-NPs as catalyst
is of special importance as they provide high levels of activity and
selectivity using a wide range of solvents such as water, ionic liquids
and high boiling point organic solvents. In this context, mainly Ru, Fe
and Co based nanocatalysts formed in the presence of various
stabilizing agents such as polymers, surfactants, ILs and small
ligands have been investigated.?? On the other hand, based on the
high industrial interest of FTS, considerable efforts have been done

concerning the synthesis and application of supported M-NPs.36.37.38

For instance, in 2010 Kou and co-workers published the application
of Fe NPs dispersed in Polyethylene glycol (PEG) in the liquid-phase
FTS under mild reaction conditions.3® The fact that the FT reaction
products were insoluble in PEG made them very easily separable
from the reaction mixture. Some years later, the same research
group described the application of Co NPs towards the aqueous-
phase FTS.%0 These Co NPs, synthesised by reduction of CoCl; by
LiBEtzsH in the presence of n-dodecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate (SB3-12), showed high catalytic activity and
recycling ability with a high selectivity of 40% towards Cs. products.

More recently, our group reported the application of colloidal Co NPs

stabilized by PVP in the aqueous FTS, evaluating their catalytic
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performances at various pH values*! and solvent compositions4?,
parameters. The pH of the catalytic solution showed to affect both
the activity and selectivity of the reaction since side reactions such as
the Water Gas Shift reaction (WGS) and formation of formate from
CO2 were favoured at basic pH and in terms of solvent composition,
the catalytic results revealed that both activity and selectivity was
strongly dependent on the nature and composition of the solvent

mixture.

1.4.3. Colloidal M-NPs in hydrosilylation reactions

Regarding the hydrosilylation reactions, colloidal Rh#3.44,
Pd#4546, Pt47.48 and bimetallic RuRh and RuPt NPs*® were reported.
For instance, BINAP-stabilized Pd NPs were found to be more active
and stable than previously reported homogeneous Pd complexes for
the asymmetric hydrosilylation of styrene with trichlorosilane.#>
This work pointed towards a new direction in the design of chiral M-
NPs catalyst for asymmetric transformations.

In a recent report, Shafir and co-workers reported the use of flower-
like Rh NPs stabilized by a nitrogen-rich PEG tagged substrate for the
stereoselective hydrosilylation reaction.#* These Rh NPs showed to
be very efficient catalysts towards the hydrosilylation of symmetric
internal alkynes, achieving in almost all cases (E)-vinylsilanes in
quantitative yields for a large variety of diaryl alkynes in solvent-free

conditions.
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Figure 1. 9. Results reported by Shafir and co-workers for the

stereoselective hydrosilylation of diaryl alkynes using Rh NPs#4

1.4.4. Colloidal M-NPs in C-C coupling reactions

The use of transition metal catalysts for the formation of new
C-C bonds is one of the most important reactions in organic
synthesis. In this field C-C coupling reactions such as Heck and
Suzuki-Miyaura have been widely described using Pd NPs.505152 [n
1996, the first example of the use of Pd NPs to catalyse the Heck
coupling reaction was reported by Herrmann and co-workers.>3

Since then, several examples have been described.545556,57

However, when Pd NPs were prepared and isolated to be used as
catalyst, the possibility of leaching and formation of catalytically
active molecular species should be considered. Several mechanisms
were proposed and are summarized in Figure 1. 10: (a) Pd NPs are
the true heterogeneous catalyst and (b) Pd NPs act as a reservoir of

molecular species.>? In this latter case, either “naked Pd atoms” could
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leach from the NPs or the first step of the reaction, namely the
oxidative addition, could occur at the NPs surface followed by
leaching of the [Pd(Ar)X] species which can initiate an homogeneous
catalytic cycle. Moreover, it has been shown that the leaching can be
reversible and that Pd NPs can be formed during the reactions from
homogeneous metal complexes and thus, acting these NPs as a

reservoir of molecular species.

[ Truly heterogeneous catalysis j

(

heterogeneous
catalytic cycle

— Ar-X
4
Ar
'/ﬁ X Ar

Ar-X product

AP oo
o il
Ar-X | I s
homogeneous '
\ catalytic cycle |
homogeneous :
catalytic cycle " /
product ==

( * * 242 » N
Oxidative addition at the NP surface,

active homogeneous catalysts

( "naked" Pd atom leaching

leaching of the Pd(Ar)X species
active homogeneous cataly slsj

Figure 1. 10. Proposed mechanisms for the Pd NPs catalysed C-CO

coupling reactions.50

The application of mainly Pd NPs115859.60,61,62,63 hut also Ru NPs®*in
Suzuki-Miyaura C-C coupling reactions has also been studied.
However, as in the case of Heck reactions, in most cases the catalytic
activity was attributed to a homogeneous complex formed by

leaching from M-NPs during the reaction.65.66
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1.4.5. Colloidal M-NPs in hydroformylation reactions

The formation of C-C bonds through catalytic
hydroformylation reactions in the presence of Rh NPs has also been
studied. For instance, the hydroformylation of 1-alkenes was carried
out using ILs-stabilized Rh NPs, achieving linear to branched ratios
up to 25 for the linear/branched aldehyde product when xantphos-
modified Rh NPs were used.®” Nevertheless, an induction period
detected in all reactions starting from NPs was indicative of NPs
degradation under the reaction conditions into soluble mononuclear
Rh-carbonyl species. This fact suggested the homogeneous nature of
the real catalytic species in the reaction. The application of (R)-
BINAP-8 and chiral-diphosphite-¢° stabilised Rh NPs has also been
reported for the asymmetric hydroformylation of styrene (Figure 1.
11). High regioselectivities with from low to moderate enantiomeric

excesses (ee) were obtained in these cases.

oo @ @N

a) 92% 25% ee ( 8%
b) >99% 40% ee

OO (O Bu Bu
0-PO OF?,D O
Stabilizer: PPh; -0 0_ o
PPh, | 0
I LS
: Bu

Bu
a) (R)-BINAP b) Chiral diphosphite

Figure 1. 11. Results reported for the asymmetric hydroformylation of
styrene using Rh NPs stabilized by (a) (R)-BINAP¢8 and (b) a chiral
diphosphite®®
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Nevertheless, in both studies the formation of active homogeneous
catalysts was detected. More recently, Rh NPs stabilized by
hypercross-linked polystyrene (HPS) showed to be en efficient
catalyst towards the hydroformylation of a variety of olefins in
scC02.70 The catalyst could be reused up to six times without any

noticeable decrease in activity or regioselectivity.

To summarize, while Rh-based homogeneous complexes are well-
known as highly active species in hydroformylation reactions, it
appears that only a few examples deal with the application of Rh
NPs.”1 This probably results from a lack of robustness of Rh NPs
under hydroformylation reaction conditions, involving the formation
of monometallic Rh(I)-species. This fact questions the real active
species in this catalytic reaction, namely M-NPs or homogeneous

complex due to the metal leaching.

1.4.6. Colloidal M-NPs in transfer hydrogenation
reactions

Transfer hydrogenation of organic compounds is a much safer
and more environmentally benign process compared to reduction
reactions using molecular hydrogen, metal hydrides or dissolving
metals and does not require elaborate experimental setups.7?
Furthermore, 2-propanol, which is one of the most used sources of
hydrogen in this reaction, is readily available, cheap, easy to handle

and environmentally friendly.

In this area, the application of Ni NPs have been widely investigated
by Yus and co-workers’3 for the reduction of ketones (Figure 1.

12)7475 and olefins.’® The same catalysts were also active in the
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hydrogen-transfer reductive amination of aldehydes using
isopropanol as the hydrogen source for the formation of secondary

amines”’.

N
Q)

- Ay

R2 iPrOH, 76°C R" "R2?

R1

OH OH OH
o e
HO

Figure 1. 12. Results reported by Yus and co-workers for the transfer

hydrogenation of ketones using Ni NPs.74

The application of M-NPs based on Fe, Pd, Ir, Rh, Ni and bimetallic Ni-
Co, in transfer hydrogenation reactions of nitroarenes’879.80 and o, 3-
unsaturated carbonyl compounds®8l.82 was also reported. It is
interesting to highlight the application of Fe®3 and, more recently,
Rh 8 NPs stabilized by chiral ligands in the asymmetric
hydrogenation of acetophenone, achieving up to 70 and 69% ee

respectively.

1.4.7. Colloidal M-NPs in hydrogenation reactions

The catalytic hydrogenation reaction is one of the fields
where the application of M-NPs has received much attention. The
catalytic reduction of arenes has attracted much interest from both
academic and industrial point of view due to the high activities of
these systems when used under mild reaction conditions.8> The
application of heterogeneous catalysts was previously reported in

this kind of transformations. However, colloidal M-NPs provided

32



Chapter 1

higher selectivities compared to those obtained by classical
heterogeneous systems. This feature made them of great interest for
their application as catalysts in hydrogenation reactions of

substrates bearing aromatic rings.

In this context, the hydrogenation of substrates such as benzene 8687,
mono- and di-substituted arenes®8.89.90, polyarenes®!, phenols,
pyridines®? 23, among others, using M-NPs have been described. The
specific case of phenol is of commercial and environmental interest
due to the application of one of its reduction products, namely
cyclohexanone, in the production of Nylon 6 and Nylon 66 (Figure 1.
13).9495 Reported results regarding the application of M-NPs in the
hydrogenation of phenols and pyridines are presented in Chapter 4

of this thesis.

)

HO
o wowa
OH oH Q / Adipic acid
H,
_— + O
1.@*

NH
2.H,S0, —> Nylon 6

€-Caprolactam

Figure 1. 13. Schematic synthesis of Nylon 6 and Nylon 66 using

cyclohexanone produced by phenol reduction

The use of styrene as substrate has become of great importance due
to the presence of an extra C=C double bond unit, which can lead to
the formation of ethylbenzene, vinylciclohexane, or
ethylcyclohexane, depending on the chemoselectivity of the reaction

(Figure 1. 14). For this reason, this reaction was considered key to
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evaluate the selective reduction of an aromatic ring and/or vinylic
C=C bonds and although mainly Ru?%6.97.9899 and Rh#89.100,101,102 NPg
have been used for this transformation; the application of Pd NPs103

has also been reported.
Sh
H Hp
e

2
/ Vinylcyclohexan (j\

@/\
}* ©/\ %2' Ethylcyclohexane

Styrene

Ethylbenzene

Figure 1. 14. Expected products for the selective hydrogenation of styrene

For instance, Philippot and co-workers reported the application of
water soluble Ru NPs stabilized by different alkyl-sulphonated
diphosphines for the selective reduction of styrene.?” While mixtures
of ethylbenzene and ethylcyclohexane were obtained in most cases,
an increase in the steric hindrance at the NPs surface by an
increment on the [L]/[Ru] molar ratio resulted in 84% of selectivity

towards the formation of ethylbenzene (Figure 1. 15).

Au ,N);,f;

N = X
—_ | +
1 bar H, i/
H,O, R.T

[L}/[Ru] molar ratio = 0.1 41% 59%
[L}/[Ru] molar ratio = 0.5 84% 16%

Figure 1. 15. Results reported by Philippot and co-workers for the

selective hydrogenation of styrene using Ru NPs%7
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One year later, our research group investigated the application of Rh
NPs stabilized by mono- and di-phosphine and phosphite ligands
towards the hydrogenation of styrene.?° In this case, selective
reduction of the vinylic C=C bond over the arene ring was achieved

at full conversion after short reaction times.

Reduction of other functionalities like nitro groups has also been
investigated using M-NPs.194 [n this context, the application of

Ni105,106 P 107 Rh108,109 Ry110, [r111,112 Pt113,114 and bimetallic

RuPt!1> NPs for the reduction of nitrobenzenes were reported.

As an example, Rh NPs stabilized by ILs functionalized by sulfonated
phosphines were used in the reduction of different m-, o- and p-
substituted nitrobenzenes and almost all substrates were efficiently
converted into the corresponding aniline under mild reaction
conditions.1%® In the case of chloro- and methyl-substituted
nitrobenzenes, the corresponding aniline products could be afforded
with comparable reaction rates with that of unsubstituted

nitrobenzene.

The chemoselective reduction of nitroarenes bearing other reducible
functional groups such as aldehydes, ketones, esters, amides or
nitriles was also investigated using M-NPs. For instance, PVP-
stabilized Ir NPs revealed efficient catalysts for the selective
reduction of the nitro group in the presence of aldehyde, ketone or

nitrile group (Figure 1. 16).111
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Figure 1. 16. Results reported by Tsukuda and co-workers for the selective

hydrogenation of nitroarenes using Ir NPs111

In contrast, a distinct behavior in terms of selectivity was recently
reported in the chemoselective reduction of 4-nitrobenzaldehyde
using Ir NPs formed by decomposition of [Ir(COD)(OMe)]2 under H>
in the presence of a secondary phosphine oxide.112 In this case, the
hydrogenation of both reducible functionalities led to a selectivity of
95% at full conversion towards the formation of the aminobenzyl

alcohol derivative after 18h of reaction under 20 bar of H».

The application of NHC-stabilized M-NPs for the hydrogenation of
this type of compounds has also been reported.107.110.114 [ndeed, the
high donor properties of such ligands result in an increase in the
robustness of these nanocatalysts compared to other ligand-
stabilized M-NPs. It is noteworthy that Pt NPs stabilized by NHC
ligands exhibited high levels of activity and selectivity in the
chemoselective reduction of diverse functionalized nitroarenes
carrying amide, ester, ketone, aldehyde, nitrile, and o,f-unsaturated

esters groups to the corresponding aniline derivative, leaving the
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second reducible moiety untouched under mild conditions (Figure 1.

17).114

NH,
>99% yield
HoN
D (0]
Pt NPs NHo
e
1 bar H, >99% yield
30°C EtO
(0]
NH,
/_Q 79% yield
EtO,C EtO,C

Figure 1. 17. Results reported by Chaudret and co-workers for the

selective hydrogenation of nitroarenes using NHC-stabilized Pt NPs114

The hydrogenation of aromatic ketones has also been studied using
M-NPs with acetophenone as the benchmark substrate. In this case,
the selective reduction of the arene ring or a ketone group is of
interest (Figure 1. 18).99114116,117 A more detailed review of the
literature regarding the reduction of aromatic ketones using colloidal

M-NPs is presented in Chapter 4 of this thesis.
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0 / \ OH
@A S OA
H
Acetophenone 2 ©)\ Ha

Figure 1. 18. Expected products for the selective hydrogenation of

acetophenone

On the other hand, the reduction of aromatic substrates bearing
other carbonyl functionalities as such as esters,118.119,116h gmides120,
aldehydes112. 121, 122/, 123 , 124, 125 gnd q,pB-unsaturated carbonyl

compounds!2¢ using colloidal M-NPs have also been reported.

Cl )
o )

T

ﬂ/<

[.T\

THS

O Rh % (0]
OEt __  — OEt
10 bar H,

SCC2H6, 36°C
96% selectivity

Figure 1. 19. Results reported by Jessop and co-workers for the selective

hydrogenation of ethyl benzoate using Rh NPs119

Jessop and co-workers reported the use of colloidal Rh NPs for the
selective hydrogenation of aromatic substrates containing ester
groups.!1® These Rh NPs were formed in situ starting from

[Rh(COD)CI]; bimetallic precursor in aqueous/supercritical fluid
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biphasic media using tetrabutylammonium hydrogen sulfate (THS)
as stabilizing agent. When this catalytic system was applied under 10
bar of H: using ethyl benzoate as substrate, the aromatic ring

reduction was achieved with 96% of selectivity (Figure 1. 19)

Dupont and co-workers also investigated the chemoselective
hydrogenation of esters.118 In this case, I[r NPs synthesized by simple
reduction of [Ir(COD)Cl]2 in the presence of 1-n-butyl-3-
methylimidazolium hexafluorophosphate ionic liquid, revealed an
efficient and recyclable catalytic system for the solventless or
biphasic  hydrogenation of substrates bearing carbonyl
functionalities under mild reaction conditions. The hydrogenation of
ethyl 2-oxopropanoate produced ethyl 2-hydroxypropanoate as the
only reaction product in 98% yield after 2.5 h of reaction (Figure 1.
20).

Ir NP
YJ\O/\ D N \)J\O/\
4 bar H,
(0] 750G OH
98% yield

Figure 1. 20. Results reported by Dupont and co-workers for the selective

hydrogenation of ethyl 2-oxopropanoate using Ir NPs

More recently, the application of Ru NPs stabilized by NHCs has also
been used for the reduction of this type of compounds.116h [n this
report, a new route for the synthesis of Ru NPs using non-isolable
NHC ligands was described. The catalytic activity of the resulting Ru
NPs was tested in various hydrogenation reactions involving

substrates having different carbonyl groups. Substrates containing
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ketones were converted into the corresponding alcohols in good to
excellent conversions without reducing ester functionalities (Figure
1. 22a). The reduction of substrates bearing C=C bonds was also
achieved selectively, with no reduction of the corresponding ester

functionality (Figure 1. 22a).
O o Ru% OH O
a) OEt — > OEt
10 bar H,
hexane, 25°C

H H
N B" N
MeO MeO
10 bar Ho
hexane, 30°C

Figure 1. 21. Results reported by Chaudret and co-workers for the

selective hydrogenation of esters using NHC-stabilized Ru NPs116h

Aromatic compounds bearing amide groups have been tested as
substrate in the hydrogenation reaction using Rh NPs.120 [n this
work, Leitner and co-workers reported the synthesis of Rh NPs by
decomposition of [Rh(acac)(CO)z] under supercritical conditions in
the presence of tetrabutylammonium bromide. In contrast to
conventional catalysts, this ammonium halide-stabilized Rh NPs
provided good catalytic activities and significant differentiation
between aromatic and olefinic moieties in the hydrogenation of (E)-
2-(benzoylamino)-2-propenoic acids (Figure 1. 22). For these
substrates, all three possible hydrogenation products were formed in

a network of parallel and consecutive hydrogenation processes. In

40



Chapter 1

some specific cases, the reduction of the arene took place
preferentially over the C=C olefinic double bond. This trend was even
more pronounced for more sterically hindered substrates, achieving
in some cases up to 96% of selectivity at 60% of conversion towards

selective arene reduction.

HOOC R ) HOOC R HOOC R HOOC R

OHB?S% o »< o = 0

NH H < NH H NH H NH H
P TTEE— + +
100 bar H,
iPrOH

Figure 1. 22. Results reported by Leitner and co-workers for the selective

hydrogenation of amides using Rh NPs120

As an example of aldehyde reduction, van Leeuwen and co-workers
reported the synthesis of air-stable Au NPs stabilized by secondary
phosphine oxides by reduction of a dinuclear Au(I)-complex using
NaBH4, for their application in the hydrogenation of a number of
aldehydes.'?! These Au NPs revealed very active catalysts for the
highly chemoselective hydrogenation of substituted aldehydes,
obtaining high conversions and selectivities for a broad range of
aldehydes bearing different functional groups. Essentially, full
chemoselectivity was obtained towards carbonyl reduction for

substrates bearing other functionalities such as arene rings, C-C
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double and triple bonds and nitro, nitril, pyridine, ketone, carboxylic
acid and ester moieties. Some examples of these catalytic results are

shown in Figure 1. 23.

0
1
0 N e % OH N7
— N OH
/@2 40 bar H, | P
[0]
y THF 60C

Figure 1. 23. Results reported by Leeuwen and co-workers for the

selective hydrogenation of aldehydes using Au NPs121

The selective hydrogenation of o,p-unsaturated aldehydes to a.,f-
unsaturated alcohols is an important step in the preparation of
various fine chemicals.1?” The selective reduction of the C=0 group,
when conjugated to a C=C double bond, is considered a difficult task
since several metal catalysts readily reduce the C=C double bond to
yield the saturated aldehyde as the main product.’?8 In this field,
cinnamaldehyde (Figure 1. 24) has become a model

substrate.121,122,123127,129

In a preliminary study, Pt NPs stabilized by PVP were used for the
hydrogenation of cinnamaldehyde and 12% of selectivity at 38% of
conversion was obtained towards ketone reduction (formation of
cinnamyl alcohol).1292 An increase in the selectivity up to 99% at

84% of conversion was achieved for the same product using this
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catalytic system after addition of FeClz or CoCl; to the reaction
mixture. In view of these results, the authors proposed that an
interaction between the cation and the oxygen of the carbonyl could
facilitate the adsorption of the double bond on the metallic surface
and thus increasing the selective reduction of this group.

_0

Hy

/¥

Hydrocinnamyl aldehyde

H
~_..0 | X 0o
@/\/V . P
. H\A = / Hydrocinnamyl alcohol
Cinnamaldehyde 2 2

Cinnamyl alcohol

Figure 1. 24. Expected products for the selective hydrogenation of

cinnamaldehyde

More recently, very interesting results have been reported where
cinnamyl alcohol was formed selectively from cinnamaldehyde with
no need of additives.121.122,129d For jnstance, van Leeuwen and co-
workers investigated the application of air-stable Au NPs formed by
decomposition of Au(I) homogeneous complexes bearing secondary
phosphine oxides.1?2 These NPs were completely selective to the
carbonyl functionality. The hydrogenation of citral was also
attempted using this catalytic system, achieving geraniol and nerol
(the cis- and trans-isomers formed by the single reduction of the

ketone group) as the only reaction products (Figure 1. 25).

43



Introduction

Au NP
"0 ,% " oH N
R
40 bar H, + OH
| THF, 60°C | |
Citral Geraniol Nerol

Figure 1. 25. Results reported by Leeuwen and co-workers for the

selective hydrogenation of citral using Au NPs122

It can be therefore concluded that the use of soluble M-NPs in
hydrogenation processes can provide very interesting results in

terms of selectivity.

1.4.8. Colloidal M-NPs in H/D exchange reactions

Recently, the application of M-NPs in H/D exchange reactions by C-H
activation has been reported.3® Pd NPs stabilized by 4-
dimethylaminopyridine (DMAP)130 and PVP131 were used for the
selective deuteration of N-containing compounds using D0 as

deuterium source (Figure 1. 26).

P NPs -
/0 N\ D,0 A

(" Labelling position

Figure 1. 26. Results reported by Sullivan for the selective deuteration of

N-based compounds using Pd NPs130

Some years later, Chaudret and co-workers reported a method based
on the application of PVP 132133 (Figure 1. 27a) and NHC134 stabilized

Ru NPs for the selective deuteration of N-containing molecules using
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D2 under mild reaction conditions Later, the application of PVP-
stabilized Ru NPs towards the selective deuteration of P-containing
compounds was described by our group in collaboration with that of
Chaudret (Figure 1. 27b).135 The results obtained in the selective
deuteration of these N- and P- molecules demonstrated the ability of
such NPs to activate C-H bonds and provided useful information
regarding the coordination mode of these species at metallic

surfaces.

R R.-.
W D

a R_N_R - RoNoR
|! - - I! Ruli%#, - -
by & TPT ‘!l ~p” ‘lg

("> Labelling position

+D2

Figure 1. 27. Results reported by (a) Chaudret 132and (b) our group 135 for
the selective deuteration of N- and P-based compounds using PVP-

stabilized Ru NPs

This latter aspect is particularly relevant to the work described in
this thesis and a more detailed description of the reported results on
the selective H/D exchange reaction of N- or P-containing substrates
using the nanocatalytic systems will be presented in the introduction

of Chapter 5.

In this context, the work described in this thesis deals with the
synthesis and characterization of M-NPs stabilized by NHC ligands
for their application in selective catalysis, including hydrogenation

and H/D exchange reactions.
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Chapter 2

2.1. Objectives of the thesis

The work described in this thesis deals with the synthesis and
characterization of Rh NPs stabilized by NHCs for their use in
selective catalytic processes such as hydrogenation and H/D

exchange reactions of different substrates.
The main objectives of this work can be thus summarized as follow:

Chapter 3: Synthesis and characterization of Rh NPs stabilized by
NHCs, followed by study of the availability of catalytic sites at the
surface of these Rh NPs by CO adsorption experiments (Figure 2. 1).

"Rh(CO), site” terminal CO
L L co
A Lo oc 1.
77N\ \ g A
| L, 4 bar H, . Yol 1 bar CO OCJ % Y
] > {4 1
/Rh\ o Rh NW . o / RhN
(7 ™J] THF 35°C, 16h oS solid state, 25°C I NS
P o L
L L
Characterization: Availability of catalytic sites:
— -TEM, HRTEM, SEM -IR
N/ \ -XRD -Solid state NMR
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-Quantification of hydrides
-IR
L: IPr .
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Figure 2. 1. Schematic representation of the synthesis and characterization

of Rh NPs stabilized by NHCs
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Chapter 4: Study the catalytic performance (activity and selectivity)
of Rh NPs in the selective hydrogenation of aromatic ketones,
phenols and N-heteroaromatic compounds such as pyridines and

quinoline (Figure 2. 2).

R2 R2 R2
OH OH
Ch B O O
= =5
—_—
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N N N N
H
Figure 2. 2. Schematic catalytic hydrogenation of aromatic ketones,

phenols, pyridines and quinoline using NHC-stabilized Rh NPs
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Chapter 5: Study the coordination mode of P-based ligands (Figure 2.
3) at the surface of Rh NPs by H/D exchange reactions using D; as
deuterium source under mild reaction conditions. Furthermore,
another objective of this chapter is to compare the catalytic
performance of several M-NPs to get insights into the effects of: the
nature of the M (Ru vs. Rh), the stabilizer (PVP vs. IPr) and the

structure of the P-based substrates.

= =
R{j\ Jij_:g CHs CHy
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P P H3C P CH3
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R@ CHs CHs
N

HyC™ "CHjz
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Figure 2. 3. Substrates of study in the H/D exchange reaction using Rh and
Ru NPs stabilized by PVP or NHCs
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Chapter 3

3.1. Introduction

3.1.1. Stabilizing agents used for the formation of Rh
NPs

Several studies on the synthesis and characterization of
colloidal Rh NPs were reported using different stabilizing agents and
were mainly based on the reduction of metal salts or metallic
precursors using reducing agents such as H2 or NaBH4.! Among the
different stabilizing agents used for the preparation of colloidal Rh
NPs, compounds such as ionic liquids, polymers or ligands

containing N or P-donor atoms were utilized.

TN | L TN

=\ . |+ + )n
ay —N /N‘C4H9 \H/\/I\/\OH / C.H —
4Mg C4H9 \ /
[BMI] [HEA] [MBPyrr] [MBPyr]
[BMIMB][TfoN], n=1
[BIHB][Tf,N], n=7
\_ ¢ \7 7\ v /Ny
Systems use by Roucoux and co-workers Systems used by Dyson and coworkers

Figure 3. 1. (a) lonic liquids#56 and (b) bipyridine compounds used for the
stabilization of Rh NPs#5

lonic liquids

lIonic liquids (ILs) revealed interesting protecting agents for the
stabilization of NPs because of the ability of these compounds to play
the dual role of solvent and stabilizing agent.?:3 As an example,
Roucoux and co-workers reported the preparation of Rh NPs by

reduction of RhCl3 with NaBH4 in the presence of bipyridine and ILs
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(Figure 3. 1a).4.> The synthesis was performed under aerobic
conditions at room temperature, obtaining small NPs of ca. 2-2.5 nm
in diameter. The catalytic activity of these Rh NPs was evaluated in
the hydrogenation of various aromatic compounds in various ILs.

A similar approach was reported by Dyson and co-workers a few
years later using ILs containing imidazolium groups modified with
pyridines as stabilizers (Figure 3. 1b).6 The application in catalysis of
the resulting Rh systems was described and correlated to the steric
and electronic effects of the modified ligands. Functionalization
showed to increase the activity of these Rh NPs in the hydrogenation
of arenes and also in the retention of the NPs in the reaction medium

during product extraction.

The stabilization of Rh NPs in the presence of phosphine
functionalized ionic liquids (PFILs) was also reported.” These Rh NPs
were synthesized by reduction of Rh(n3-C3Hs)3 under Hz in the
presence of the corresponding PFIL (Figure 3. 2) and were found to
be active in the biphasic catalytic hydrogenation of toluene, styrene
and xylenes under mild conditions. More recently, Rh NPs stabilized
in ILs were also reported as active catalysts for the selective
reductive cleavage of C-O and hydrodeoxygenation of lignin model

compounds.8
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Figure 3. 2. Synthetic strategy reported by Zhang and co-workers for the

formation of Rh NPs stabilized by phosphine- functionalized ionic liquids?

Polymers

Polymers provide stabilization for metal NPs through the steric bulk
of their framework, but also by weakly binding to the NPs surface
through heteroatoms. Polyvinylpyrrolidone (PVP) (Figure 3. 3a) is
the most used ligand because it fulfil both steric and binding

requirements.?10,11,12

In 2007, Kou and co-workers investigated the modification of PVP by
the introduction of an imidazolium salt group, for the formation of an
ionic-liquid-like copolymer that could be used for the formation of
Rh NPs (Figure 3. 3b).13 The resulting Rh NPs exhibited a mean
diameter of 3 nm and were highly active catalysts in the
hydrogenation of arenes. Moreover, when the deactivation of these
NPs was examined by CO adsorption/ IR experiments, a direct
correlation between the activity of the catalyst and the availability of

catalytic sites at the Rh surface was observed.
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Cr o Cr r
Bu CI° COONa

a) PVP b) IL modified PVP c¢) Carboxylic acid modified PVP
poly[NVP-co-VBIMICI

Figure 3. 3. Molecular structures of polymeric compounds used for the

stabilization of Rh NPs

In 2011, Dyson and co-workers reported the synthesis of Rh NPs
stabilized by a PVP-derived polymer bearing a carboxylate group in
its structure (Figure 3. 3¢).1* The formation of these NPs was carried
out by reduction of RhCl3 with NaBH4 in the presence of the
corresponding PVP-derived polymer. The thermal stability of the
resulting Rh NPs was examined, displaying superior behaviour than

those of the unfunctionalised PVP-stabilized Rh nanocatalysts.

More recently, the synthesis of Rh NPs stabilized by PVP has been
reported by Philippot and co-workers for their application in the
chemoselective hydrogenation of arenes.!> The surface modification
of the PVP stabilized Rh NPs via the introduction of NiOx was
reported. In contrast to PVP stabilized Rh NPs, the resulting NiOx/Rh
NPs, revealed efficient catalysts for C-O bond hydrogenolysis without
hydrogenating benzene rings, which is crucial for lignin conversion

under hydrogen treatment.16
Ligands

The application of ligands for NPs stabilization is of special interest
because it focuses on the precise molecular definition of the

nanocatalytic materials. This strategy potentially allows the fine
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tuning of the parameters that govern the efficiency of NPs when
applied in a catalytic reaction.’ Among ligands, phosphorus
containing molecules such as phosphites and phosphines have been
extensively applied in homogeneous catalysis due to their strong
coordinating nature to transition metals. Indeed, the possibility to
fine-tune the electronic and steric properties of the metal catalyst
through structural modifications of these ligands was found to have
an effect on the performance of the catalyst, resulting in high
activities and selectivities in several catalytic processes.1” In the last
decade these ligands have also been reported to allow stabilization
of metal NPs, which are applied as catalysts in many catalytic

reactions.1.18

In 2008, Chaudret, Claver and co-workers reported the
organometallic synthesis of Rh NPs in the presence of chiral
diphosphite ligands derived from carbohydrates.l® These Rh NPs
were obtained by decomposition of two different Rh precursors,
Rh(n3-C3Hs)3 and [Rh(u-OMe)(COD)]2, under at Hz atmosphere. The
resulting Rh NPs were characterized by TEM, WAXS and elemental
analysis, observing a clear dependence of the shape, size and
dispersion of the resulting NPs on the metal precursor used. When
these Rh systems were tested in the asymmetric hydroformylation of
styrene, the formation of molecular species was detected by NMR
techniques during the course of the catalytic reaction, suggesting

that these NPs could act as a reservoir for molecular catalysts.
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Cd OOS

Bu 'Bu Me 'Bu
= O O
O O
Bu O Bu Me O Bu
Figure 3. 4. 1,3-diphosphite ligands reported by Chaudret, Claver and co-

workers for the stabilization of Rh NPs20

One year later, the same groups examined the use of similar 1,3-
diphosphite ligands derived from carbohydrates (Figure 3. 4) as
stabilizers for Rh NPs and their application in the catalytic
hydrogenation of prochiral monocyclic arenes.?? A comparative
study in terms of catalytic activity and selectivity between these Rh,
Ru and Ir NPs stabilized by the same ligands was performed. These
NPs showed to be active in the hydrogenation of m- and o-
methylanisole. The order of activity was Rh>Ru>Ir, achieving in all
cases high cis-selectivity. The structure of the stabilizing ligand also
showed to have a drastic effect on the catalytic activity of these
hydrogenation reactions. However, low or no ee was obtained in all
cases.

In terms of Rh NPs stabilized by phosphine ligands, Li and co-
workers reported the chemical reduction of RhClz by NaBH4
employing the chiral (R)-BINAP ligand as stabiliser in the presence of
the tetraoctylammonium bromide salt (TOAB) (Figure 3. 5).21 These

68



Chapter 3

systems were used in the asymmetric hydroformylation of styrene
and vinyl acetate, obtaining enantioinduction in some cases.
Although the authors assumed that a heterogeneous process was
taking place, Philippot and co-workers proposed the formation of

molecular species acting as the real catalysts for these systems.??

RhCly-3H,0 + TOAB

(R)-BINAP \

PPh
O PPh, * 7 O PPh, -
PPh « x
Ph2P NaBH4 )
Ph,P.
PP e 2 washlngs th
Q PPh, O Pth«,,

PPh,

4

F'4

Figure 3. 5. Synthetic strategy reported by Li and co-workers for the
formation of Rh NPs stabilized by (R)-BINAP2!

Jin and co-workers investigated the formation of Rh NPs stabilized
by the thermoregulated ligand Ph2P(CH2CH20),CH3 (n=16) from
RhCl3z under H; using a mixture of 1-butanol/water as solvent.?3
These types of ligands allow the transfer of the system from aqueous
phase to 1-butanol phase and vice versa by means of temperature
variation, which was thought to be useful in terms of product
separation and recycling of the nanocatalyst.

In 2009, Masdeu-Bulté and co-workers reported the synthesis of Rh

NPs stabilized by commercially available PPhz and its fluorinated
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derivatives with the aim of increasing the affinity of the metallic NPs
to scCOz.2* The precursor [Rh(u-OMe)(COD)]. was decomposed
under H; in the presence of the corresponding phosphine ligand and
the resulting Rh NPs were characterized by TEM, revealing systems
of ca. 2 nm with tendency to agglomerate. These NPs were used as
catalysts for the hydrogenation of substrates containing aromatic
groups using scCO; and THF as solvents, showing different activities
related with solubility issues. Moreover, the selectivity obtained
when employing these systems revealed the strong coordination
between the phenyl moieties of the substrates and the surface of the

NPs.

In 2010, an interesting study involving the application of water-
soluble sulfonated phosphines used as additives for the modification
of the surface state of PVP stabilized Rh NPs was reported by Dyson
and co-workers (Figure 3. 6).2> The sulfonated phosphines were
added after formation of Rh NPs by alcoholic reduction in the
presence of PVP. Then, the effect of the presence of these phosphine
ligands at the surface of these NPs was examined by CO adsorption
IR spectroscopy, and revealed site blocking at the surface of the NPs.
These phosphines also showed to have an effect when the NPs were
applied in the hydrogenation of phenyl acetone, preventing binding
of the substrate molecules to certain sites of the NPs surface, which
resulted in lower conversions but higher selectivities towards the

reduction of the arene ring over the ketone.
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Figure 3. 6. Synthetic strategy reported by Dyson and co-workers for the
formation of Rh NPs stabilized by sulfonated phosphines25

More recently, the synthesis of Rh NPs stabilized by P-donors such as
a mono- and diphosphine and a mono- and a diphosphite has also
been investigated by our group (Figure 3. 7).26 Rh NPs of ca. 1.6 nm
were formed by the reduction of Rh(n3-C3Hs)z under H: in the
presence of the corresponding P-donor ligands and the activity of
these nanocatalysts was examined in the hydrogenation of styrene
and the partial hydrogenation of substituted arenes. The effect of the
[L]/[Rh] molar ratio used for the synthesis of Rh NPs stabilized by
PPh3 and P(OPh)s on the size and distribution of the NPs was
examined. ?” The analysis of the surface of these NPs by CO
adsorption IR spectroscopy revealed the availability of faces, edges

and apexes where catalytic reactions could take place. Moreover,
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application of Rh NPs stabilized by PPhz and dppb in the selective
hydrogenation of aromatic ketones was also reported, which showed
that the coordination of the arene dominates the interaction of the
substrate with the surface of the NPs, whereas the coordination of

the ketone group was not evidenced.?8
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Figure 3. 7. Phosphine and phosphite ligands reported by Godard and co-

workers for the stabilization of Rh NPs2é6

More recently, Philippot and co-workers also investigated the
synthesis of Rh NPs stabilized by PPhs and dppb by reduction of
Rh(n3-C3Hs)3 under Hz. 2° The surface properties of these
nanocatalysts were compared using a model catalysis reaction
namely, hydrogenation of cyclohexene, first under colloidal

conditions and then under supported conditions after their
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immobilization onto an amino functionalized silica-coated magnetite

support.

3.1.2. N-Heterocyclic Carbene stabilized M-NPs

Among ligands, N-Heterocyclic Carbenes (NHCs) constitute an
interesting class of stabilizers owing to their high electron-donating
properties, which allow them to form very strong bonds to transition
metals.3? Since NHCs only contain C, H and N atoms, they cannot be
oxidized as happens with other ligands such as phosphines, which
have been widely used for the stabilization of metal NPs.24:26,27,31,32,33
Indeed, NHCs are easily tuneable ligands, which steric hindrance and
electronic properties can be modified through simple modification of
their substituents. For these reasons, NHCs have been considered an
essential class of ligands during the last years, being used for the

formation of Ru, Pt, Pd, Au, Ag and Ni NPs.
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Figure 3. 8. Strategies followed for the formation of NHC-stabilized metal
NPs
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Several strategies have been followed for obtaining metal NPs
bearing NHCs as stabilizers: by direct reduction or decomposition of
organometallic complexes bearing the NHCs (Figure 3. 8a), by ligand
exchange (Figure 3. 8b) and by the organometallic approach (Figure
3. 8c), based on the stabilization of metal NPs starting from an
organometallic precursor3+35, However, other methods based on the
modification of the surface from already stabilized metal NPs via the
addition of imidazolium salts under basic conditions also revealed
efficient for the tuning of the catalytic performance of the final
catalyst. As an example, Glorius and co-workers reported the
application of Pd NPs on magnetite (Fe304) modified by chiral NHCs
for their application in asymmetric catalysis.3® These Pd NPs showed
to be catalytically active towards the asymmetric a-arylation of

ketones with aryl halides, achieving up to 85% ee.

The synthesis of metal NPs by decomposition of metallic complexes
bearing NHCs was reported for Pt, Pd, Au and Ag NPs. In 2014
Chaudret and co-workers reported the use of sulfonated NHC ligands
for the stabilization of Pt NPs.37 These NPs were formed by thermal
decomposition of a preformed molecular Pt complex containing the
desired sulfonated ligand (Figure 3. 9). These NPs of 1.3 - 2 nm,
which were purified by dialysis using a regular cellulose membrane,
were soluble in water and stable under air for an indefinite period of
time. 13C solid state NMR studies showed the coordination of the
NHC ligand to the surface of the Pt NPs through the carbenic carbon
and allowed the determination of the 13C-195Pt coupling constant

(Ype-c= 940 Hz) for the first time in a nanosystem.
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Figure 3. 9. Synthetic strategy reported by Chaudret and co-workers for
the formation of Pt NPs stabilized by sulfonated NHCs37

More recently, a similar procedure based on the thermal
decomposition of a Pd complex bearing a similar sulfonated NHC
ligands was also followed for the formation of water soluble Pd NPs
of 4.6 - 3 nm.38 The formation of NPs by reduction of the metallic
complex using CO was also attempted leading to the formation of
smaller Pd NPs of 1.3 = 0.3 nm. When Pd NPs of 3.7 nm were
analysed by 13C NMR spectroscopy, the observation of Knight Shift in
the 13C resonance of the carbonic carbon confirmed the coordination

of NHC ligands at the NPs surface.

The synthesis of Au and Ag NPs by reduction of Au(l) complexes,
bearing different NHC ligands, using KBEt3H, 3° NH3:BH3 or
tBuNH>BH3%? as reducing agents has also been reported. Besides, a
modified procedure for the formation of Pd and Au NPs starting from
the bis(hexyl)imidazolium metallate Pd and Au complex was also
described.#! The NHC-stabilization of these NPs was obtained by
deprotonation of the imidazolium cation by reacting the imidazolium
salt with NaH, before adding NaBH4 to reduce the metals for the
formation of Au and Pd NPs (Figure 3. 10a). On the other hand, the

direct NaBH4 reduction of the metallate bearing the imidazolium salt
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was also tested, showing the formation of Pd NPs stabilized by the

imidazolium cations in this case (Figure 3. 10b).
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Figure 3. 10. Synthetic strategy reported by Beer and co-workers for the

formation of NHC and imidazolium stabilized Au and Pd NPs#1

The ligand exchange at the surface of already formed NPs has also
been considered to be a useful technique for the synthesis of NHC-
stabilized metal NPs. This technique consists in the displacement of
low coordinative stabilizing ligands, mainly thioethers, located at the
surface of NPs to be exchanged by stronger donor ligands such as
NHCs. In 2009, the first example based on the synthesis of metal NPs
by ligand exchange was reported.*? In this study, Au NPs of 2.6 + 0.5
nm stabilized by NHCs were prepared by reaction of freshly
prepared ItBu with Au NPs stabilized by weakly bonded long-chain
thioethers (Figure 3. 11). The complete ligand exchange was
confirmed by the total disappearance of the strong sulphur peak in

the XPS spectrum of the resulting Au NPs.
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Figure 3. 11. Ligand Exchange synthesis reported by Chechik and co-

workers for the formation of Au NPs stabilized by [tBu42

Some years later, Ravoo and co-workers reported the first example
based on the formation of long-term stable Pd NPs synthetized by
ligand exchange. 43 Stabilization using rationally designed NHCs
bearing long carbon chains at the imidazole backbone (Figure 3. 12a)
gave rise to the formation of small NPs with a mean diameter of
about 4.4 - 5.6 nm. Then, Glorius and co-workers used the same
synthetic protocol for the formation of Au and Pd NPs stabilized by
negatively charged NHC ligands bearing sulfonate and carboxylate
groups in their structures (Figure 3. 12b).** The metal content, the
size distributions and the long term stability of these NPs was
investigated by TGA, TEM, DLS and UV-vis and the coordination of
the NHC ligand at the NPs surface was confirmed by 'H and 13C NMR
spectroscopy. The hydrophilic character of these NPs was key for
obtaining high activities and chemoselectivities in catalytic
hydrogenation reactions. More recently, the same group also used
the ligand exchange strategy for the formation of bidentate hybrid
NHC-thioether (Figure 3. 12c) stabilized Pd NPs. These NPs showed

high chemoselectivities in the catalytic hydrogenation of olefins.*>
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Figure 3. 12. NHC ligands used for the synthesis of metal NPs by ligand

exchange*34445

As previously exposed, the synthesis of metal NPs stabilized by NHCs
by decomposition of an organometallic precursor (known as the
organometallic approach)343> has also been explored. This
procedure reported by Chaudret and co-workers allows the
formation of small with narrow size distribution metal NPs with
clean surfaces. The fact that clean-surface metal NPs can be formed is
crucial for subsequent surface studies and in order to perform

reproducible chemistry.

In 2011, Chaudret and co-workers reported the synthesis of Ru NPs
by decomposition of [Ru(COD)(COT)] under 3 bar of H: in the
presence of variable amounts of IPr and I‘Bu free NHCs (Figure 3.
13).46 In order to avoid any pollution of the surface of the NPs, the
carbenes and not the imidazolium precursors were used for the
synthesis of the Ru NPs. TEM and HRTEM analysis revealed the
presence of non-agglomerated, spherical, monodisperse and highly
crystalline NPs and the presence of coordinated hydrides at the NPs
surface was evidenced by titration using 2-norbornene.3?
Furthermore, thanks to the synthesis of these NPs in the presence of
the analogous 13C-labelled ligands on the carbene carbon, the NMR

spectroscopic evidence for the direct binding between the NHC
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ligands and the surface of the Ru NPs was presented. Indeed, the use
of highly coordinative molecules such as CO was found to give
valuable information about the availability of catalytic sites at the
surface of the NPs where catalytic reactions can take place. Later
reports based on the application of these NPs in the catalytic
hydrogenation of arenes revealed the high activity of these

nanocatalysts.”
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Figure 3. 13. Synthetic strategy used by Chaudret and co-workers for the
preparation of NHC-stabilised Ru NPs#6

Some years later, the same group carried out the stabilization of Ru
NPs using a family of distinct NHC ligands and studied their impact
on the NPs growth and reactivity.#® The influence of the structure of
these ligands, especially the groups bound to the N atoms (arylic or
alkylic) and the substituents and saturation of the imidazole ring, on
the size of the NPs, their dispersion and their surface state was
investigated. [Ru(COD)(COT)] was also used as metal precursor,
under H: in the presence of the different NHCs for the formation of
the Ru NPs. As in the previous example, the location of the different

NHC ligands at the NPs surface was explored by CO adsorption NMR
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experiments, which gave information about the availability of

catalytic sites for each system.

Recently, the synthesis of water-soluble Ru NPs stabilized by
sulfonated NHC ligands has also been reported using this synthetic
procedure. ¥ The resulting Ru NPs were applied in the
enantiospecific H/D exchange of the amino acid L-Lysine, exhibiting

high activities when D20 was used as solvent.

The application of this procedure for the synthesis of Pt NPs was also
investigated. > These NPs were synthesized starting from the
[Pt(dba)z] organometallic precursor in the presence of similar NHCs
under Hz. Even in this case, the formation of well-defined NPs was
achieved, which was at that time the only example of Pt NPs
stabilized by NHC ligands. These NPs were used as catalysts in the
chemoselective hydrogenation of nitroarenes.

More recently, the same group reported a new methodology that
provides the preparation of NHC-stabilized Ru NPs, with no need to
isolate the corresponding free carbenes prior to NPs formation

(Figure 3. 14).51
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Figure 3. 14. In situ formation of free NHCs reported by Chaudret and co-

workers used in the synthesis of Ru NPs5!

This new method was of great interest since it allows the formation
of Ru NPs stabilized by NHCs that are not stable when isolated,
extending the range of potentially useful NHC ligands on the field of
metallic NPs. The new procedure is based on the in situ formation of
the free carbene by deprotonation using KOtBu with consequent
transfer into the reactor containing the organometallic precursor.
Filtration through Celite was crucial to eliminate inorganic salts
produced during the deprotonation step that could coordinate at the
metal surface and thus poison it. With this aim, Ru NPs stabilized by
two chiral NHCs (SIDPhNp and SIPhOH) that are not accessible as
pure solids were synthesized. The surface chemistry of these NPs
was also investigated by CO adsorption IR and NMR spectroscopic
techniques, as well as their reactivity in asymmetric hydrogenation
reactions. Then, this new method was applied for the formation of Ru
NPs stabilized with long aliphatic chain NHCs, containing either

small or bulky substituents at the N atoms of the imidazole ring and

81



— Synthesis and characterization of Rh NPs stabilized by IPr

the effect of the presence of different N-substituents on the size and

reactivity of the resulting Ru NPs was finally evaluated. 52

Lately, the synthesis of Ni NPs stabilized by NHCs through a new
methodology involving the decarboxylation of a zwitterionic CO;
adduct has been reported by our group.> These NPs were
thoroughly characterised and supported onto carbon nanotubes.
These latter NPs revealed efficient catalysts in the selective
hydrogenation of terminal alkynes into the corresponding (Z)-
alkenes under very mild reaction conditions. Furthermore, these
heterogeneous catalysts could be readily recovered by simple

filtration and reused 3 times without relevant decrease in activity.

Among all these examples and taking into account several
precedents based on the stabilization of Rh NPs by different ligands,
the fact that any examples were reported related to the stabilization
of Rh NPs by NHC ligands encourage us to study the formation of Rh
NPs in the presence these type of ligands. Besides, since previous
studies related to the synthesis of metal NPs by the organometallic
approach showed the possible formation of clean surface NPs, it was

the chosen procedure for the synthesis of NHC-stabilized Rh NPs.
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3.2. Results and discussion

3.2.1. Synthesis and characterization of Rh NPs
stabilized by IPr

The rhodium nanoparticles described in this work were
synthesized by decomposition of Rh(n3-C3Hs)3 in THF at 35°C under
4 bar of Hzin the presence of substoichiometric amounts of free IPr
ligand (Figure 3. 15). This IPr ligand was synthesized by
deprotonation of the imidazolium salt IPr-HBFs prior to NPs
formation (See experimental part). This methodology allows the
formation of metal NPs by olefin reduction and displacement from
organometallic compounds, providing NPs with small size and

narrow size distribution.3435

In order to study the effect of the amount of stabilizing ligand used
for the formation of these NPs, [IPr]/[Rh] molar ratios of 0.2, 0.4 and
0.6 were used, providing the corresponding Rh%2, Rh%4 and Rh?-6

NPs, respectively.

L
|
/r\ L, 4 bar H, L. /H N/_\N
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Figure 3. 15. Synthesis of Rh NPs stabilized by [Pr
After 16h of reaction under 4 bar of Hz at 35°C, the initial pale yellow

solution was observed to slowly turn black, confirming the

decomposition of the Rh precursor. The Rh NPs were isolated as
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black powders after washing with pentane. Analysis of the black
solution by Transmission Electron Microscopy (TEM) revealed the
formation of small and well-dispersed Rh NPs with mean diameters
of 1.68 = 0.26 nm for Rh®2, 1.26 + 0.25 nm for Rh%4 and 1.29 = 0.21
nm for Rh%¢, exhibiting in all cases spherical shapes and narrow size
distributions (Figure 3. 16). The size obtained for Rh%2 was similar
to a hydrodynamic radius value of 1.4 nm obtained from the Stockes-
Einstein equation using an obtained diffusion coefficient of 3.4x10-10
m2s-1 by Diffusion-Ordered NMR SpectroscopY (DOSY) for the same

sample.
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Figure 3. 16. TEM micrographs and size distributions of a) Rh02, b) Rho4
and c) Rho6

Similar mean sizes were reported for Ru4¢47 and Pt>0 NPs stabilized

using a [[Pr]/[M] molar ratio of 0.2. A slight decrease in size at higher
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[[Pr]/[Rh] molar ratios was observed for the formation of these NPs,
which is in agreement with previously reported results based for the
formation of Ru#64852 and Pt NPs stabilized by NHC ligands.
However, the fact that similar size distributions were obtained for
Rh%% and Rh%6 would indicate the formation of similar NPs when
[[Pr]/[Rh] molar ratios greater than 0.4 are used in the NPs
synthesis. These results suggest the complete coverage at the NPs

surface when a [IPr]/[Rh] molar ratio of 0.4 is used.

Analysis by High Resolution Transmission Electron Microscopy
(HRTEM) showed the high crystalline character of these Rh NPs
exhibiting a fcc (face-centred cubic) packing structure (Figure 3.
17a). The Fourier (FTT) analysis performed to these high resolution
acquisitions provide a bond length between the Rh atoms of 0.27 nm

that is in agreement with a fcc structure. Analysis by Scanning

Electron Microscopy (SEM) also showed the presence of highly

crystalline Rh NPs (Figure 3. 17b).
a) b)

Figure 3.17. (a) HRTEM and (b) SEM micrographs of Rh02

85



— Synthesis and characterization of Rh NPs stabilized by IPr

The structure of Rh%Z, Rh%4 and Rh%¢ was investigated by X-Ray
Diffraction (XRD) and Wide Angle X-ray Scattering (WAXS). First, the
structural determination of Rh%2 was performed by XRD, obtaining
the diffraction pattern shown in (Figure 3. 18). The detection of
strong Bragg’s diffraction peaks detected at 41.07°, 47.78°, 61.88°
and 89.11° from planes (111), (200), (220) and (222), respectively,
which are related to the facets of the fcc structure confirmed this
type of packing for Rh%2.54 These results were in agreement with
previously reported results by our group for Rh NPs stabilized by
phosphorus containing ligands.5> No reflections due to Rh oxide
were observed in this case. A crystalline size of 1.79 = 0.05 nm was
observed during this analysis, which match the size distribution
determined from TEM analysis (1.68 = 0.26 nm). Similar results in
terms of packing structure and crystallinity were obtained when
Rh%4 and Rh%¢ were analysed (Figures S8 and S9, Supporting
information). Surprisingly, crystallite sizes of 1.97 + 0.03 and 2.17=+
0.06 nm, respectively, were obtained for these samples, which are

higher than the values observed by TEM.
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Figure 3. 18. XRD pattern recorded for Rho:2

WAXS analysis of these samples were also performed, revealing the
presence of highly crystalline Rh domains displaying a fcc structure
with a coherence length of 2.5 nm for Rh?2 and 3.4-3.5 nm for Rh04
and Rh%¢ (Figure 3. 19). These coherence lengths were higher than
those measured by TEM and XRD. The observation of higher sizes by
WAXS compared to TEM has been previously reported; concluding
that the mean size obtained by WAXS could be affected by NPs

agglomeration.>®
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Figure 3. 19. Experimental RDF of Rh%2 (blue), Rho4 (green) and Rho-6
(red).

Moreover, the mean size value can differ between the different
techniques and depend on the approximation used for the
calculations. However, similar packing was obtained by XRD and
WAXS in all cases, corresponding to fcc structured crystalline Rh NPs.
In all cases, a bond length of 0.269 nm between Rh atoms was
observed by WAXS, which value is similar to the one obtained by
HRTEM. The WAXS analysis of Rh?# and Rh?¢ showed the formation
of almost identical Rh NPs, as previously observed by TEM.

X-ray Photoelectron Spectroscopy (XPS) measurements were also
performed on freshly prepared samples to obtain information on the
oxidation state of the Rh atoms at the surface of these NPs. In the
spectrum corresponding to Rh%2, the expected peaks for Rh(0) 3ds,2
and 3d3,2 were observed at 306.7¢eV for 3ds,2 and 311.40eV for 3ds,
(Figure 3. 20), which is very similar to the theoretical values (307.2
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and 311.9eV, respectively). Using calculations based on Monte-Carlo
approximation and taking into account the parameters optimised for
Rh surfaces,®” the analysis revealed >99% of Rh(0) at the surface of
the NPs Rh?2. Lower percentages of Rh in zero valent at the surface
of the NPs of 99% for Rh%4 and 97% for Rh%4 were obtained based

on the same analysis (Figures S13 and S14, Supporting information).

Variable  Name Pos. FWHM LSh  Area At%
0 Rh3d352a 30670 2664 GL(30) 2883
Rh3d32a 31140 2871 GL(G0)
Rh3§52b 30738 0426 GL(G30)
Rh3d32b 31208 1228 GL(G30)
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Figure 3. 20. XPS spectra of Rh 3d for Rho-:2

To evaluate the content of stabilizer at the surface of these NPs,
thermogravimetric analysis (TGA) was performed. As a reference,
the free ligand (IPr) was first analysed, observing a unique weight
loss at ca. 300°C (Figure 3. 21, black). When the NPs Rh?-2, Rh04 and
Rh%6 were examined, a main weight loss (21.5%, 37% and 36.1%,
respectively) was observed, which was attributed to the IPr ligand

(Figure 3. 21, red, green and blue). The observed increase in the
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weight loss corresponding to the IPr ligand, between Rh?2 and
Rh%4/Rh%6 is in agreement with an increase in surface coverage
when the [IPr]/[Rh] molar ratio is increased from 0.2 to 0.4/0.6
during the synthesis of the NPs. In contrast, the similar values
obtained for Rh%4 (37wt%) and Rh%¢ (36.1wt%) indicated a similar
surface coverage for these NPs, again suggesting the saturation of the

Rh surface when a [IPr]/[Rh] molar ratio higher than 0.4 was used.
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Figure 3. 21. TGA curves of the IPr free ligand (black), Rho2 (red), Rho4
(blue) and Rho6 (green)

A minor weight loss of 3.1-6.4wt% was also observed at lower
temperatures (<150°C) for all samples, and was attributed to THF on
the surface of the Rh NPs. The Rh content of the different samples
was calculated at 900°C, obtaining values of 74% for Rh%Z,56.6% for
Rh%4 and 60.8% Rh%6, The fact that very similar results were

obtained in terms of ligand weight loss and Rh content between
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Rh%4 and Rh%¢ confirmed that both nanosystems are almost

identical.

Using the mean sizes obtained by TEM for the synthesized Rh NPs
and applying the VHH model,8 the approximate total number of Rh
atoms (Nt) and of Rh atoms at the surface (Ns) of Rh?-2, Rh%# and
Rh0-6 was calculated (Table 3. 1). The IPr/Rhs molar ratio was also
calculated from the Ns and the data obtained by TGA, providing
values between 0.12 and 0.24, which represents ca. 1 IPr ligand for
8-4 Rh surface atoms, respectively. These L/Rhs values are similar to
the values previously obtained by our group for Rh NPs stabilized by
phosphine ligands (0.17-0.33).5559

Table 3. 1. Approximate structural features for systems Rh?2, Rho4 and
Rho6, Calculations based on the diameter (nm) obtained by TEM and the
ligand content measured by TGA analysis.

1.68 nm 1.26 nm 1.29 nm
(Rho2) (Rho4) (Rho-)
Nt 178 75 80
Ns 111 54 57
Ns/Nt 0.62 0.72 0.71
IPr/Rhs 0.12 0.24 0.22

These results reflected that small differences in size produce
significant changes in the total and surface number of Rh atoms,
while the ratio of surface Rh atoms per total of Rh atoms remained

very similar.

In an attempt to directly detect the presence of the IPr ligand
coordinated at the surface of the Rh NPs, Infrared spectroscopy (IR)
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experiments of the Rh NPs in KBr pellets were carried out. Then, the
analysis of the IPr free ligand was also performed for comparison
(Figure 3. 22, green). Similar IR spectra were obtained for NPs Rh0-2,
Rh%4 and Rh%¢. As an example, the spectrum obtained for Rh%4 is
shown in Figure 3. 22 (blue). A main set of signals, also observed for
the IPr free ligand, was detected at high frequencies of 2960cm1 < v
< 2850cm! and attributed to alkyl C-H stretching. The bands from
alkenyl C-H stretching above 3000 cm-!, which were observed in the
case of the IPr free ligands, could not be detected for Rh%4. At lower
frequencies, the detection of several bands between 1700 and 1500
cm! from aromatic C=C bending and the presence of sharp signals
between 860 and 680 cm! attributed to aromatic C-H bending would

confirm the presence of aromatic moieties from the IPr ligand.
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Figure 3. 22. IR spectra of IPr free ligand (green) and Rh04 (blue)

The presence of hydrides at the surface of NPs was demonstrated by
Chaudret and co-workers, using NMR spectroscopy in the case of Ru

NPs stabilized by hexadecylamine (HDA).®® Some years later, a
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methodology for the quantification of these hydrides by titration
using 2-norbornene and 1-octene in the absence of added H; was
reported.32 33,61 Values between 1.1-2.5 were reported for Ru NPs

stabilized by NHC ligands.*®
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Figure 3. 23. Hydride titration of Rh02 using 2-norbornene

In order to quantify the presence of hydrides at the surface of the Rh
NPs, Rh%2 was first reacted with 2-norbornene following the
methodology described by Chaudret and co-workers. The production
of norbornane by reduction of 2-norbornene via surface hydrides
was determined by GC-MS, revealing a hydride/Rhs molar ratio 0.58
(Figure 3. 23). The fact that lower hydride/Rhs molar ratios of 0.39
and 0.34 were obtained for Rh%4 and Rh?%¢ respectively (Table 3. 2)
suggests a lower availability of sites when more stabilizing ligands
are coordinated to the NPs surface, compared to Rh%2 It is
noteworthy that these values were lower than the ones reported for
Rh NPs stabilised by P-based ligands (0.8 hydride/Rhs)>° and Ru NPs
stabilized by PVP, HDA and dppb (1.3, 1.3 and 1.1 hydride/Rus)%132,
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Table 3. 2. Conversion of 2-norbornene to 2-norbornane and the
corresponding values of mol H/ mol Rh surface and mol Rh surface/mol H

Rho-2 Rho4 Rho.6

Conversion of 2-norbornene 18% 14% 12%
mol H / mol Rh surface 0.58 0.39 0.34
mol Rh surface / mol H 1.72 2.58 2.98

Solution Nuclear Magnetic Resonance (NMR) technique was then
used in order to confirm the presence of ligand at the surface of
these Rh NPs. This technique is not commonly used for the
characterization of colloids due to the width of the signals (if
observable) from molecules close to the NPs surface as a result of
slow molecular tumbling, presence of different chemical
environments and magnetic effects as the Knight shift.3862.63 For this
reason, no signals from groups close to the surface of metallic NPs
were detected by solution NMR spectroscopy.#>>6.64 On the other
hand, some reports described the detection of sharp or broad signals
that were attributed to ligands located at the surface of Pd NPs
stabilized by phosphorus®® and imidalzolium salts*4% and Au NPs

stabilized by imidalzolium salts*1.

In this work, a solution NMR study was first performed on Rh4 after
their dissolution into THF-d® and the signals were compared to the
ones present in the 'H NMR spectrum of the free IPr ligand (Figure 3.
24a). When a 'H NMR spectrum of Rh%4 was recorded at room
temperature (Figure 3. 24b), a broad signal between 6.75-7.75 ppm
was observed, which was attributed to the -CHarom- of the phenyl
rings of the coordinated ligand. A signal detected at 7.94 ppm was

assigned to the protons of the imidazole backbone and the two pairs
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of “doublets” centred at 0.82 and 1.29 ppm were attributed to the -
CH3 of the iPr groups. Another signal was observed at 5.19 ppm and
was assigned to methylene fragments formed via the reduction of the
backbone of the IPr ligand, based on literature data.®” When the
synthesis of NPs Rh%4 was performed under D this signal

disappeared, thus confirming this signal assignment (Figure 3. 25).
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Figure 3. 24. 'H NMR (THF-d8, 400MHz) spectra of a) IPr free ligand and b)
Rho4

The detection of several broad signals at low chemical shifts (0.5-2
ppm) were also attributed to aliphatic protons due to hydrogenation
of the IPr ligand, as previously reported in the case of Ru NPs
stabilized by the same NHC.*¢ Besides, signals corresponding to

the -CH- groups of the iPr moieties could not be detected.
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Figure 3. 25.'H NMR (THF-d8, 400MHz) spectrum of Rho4 synthesized

under D,

Surprisingly, a broad signal with low intensity corresponding to an
acidic proton of a protonated imidazolium species was also observed
at 10.23 ppm. This observation could indicate that the nanoparticles
could be not only stabilized by the carbene ligand, but also by the
protonated ligand. Moreover, the difference between the chemical
shifts of the acidic proton observed for the imidazolium salt IPr-HCI
(8.7 ppm) and the protonated species that are thought to stabilize
the Rh NPs (10.23 ppm) may be related to the interaction of the
latter with the Rh NPs surface. Similar signals were observed when
1H NMR spectra were recorded for Rh%# and Rh¢ (Figure 3. 26b and
c). Besides, an increase in the sharpness of the signal attributed to
the imidazole backbone (7.94 ppm) was detected when higher

amounts of the ligand were used during the NPs formation
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In summary, 'H signals of almost all the protons from the ligand
could be observed, in contrast with the data reported for Ru NPs

stabilized by the same NHC ligand.®
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Figure 3. 26. 'H NMR (THF-d8, 400MHz) spectra of a) Rh%2, b) Rh04 and c)
Rho.6

The stability of these Rh NPs in solution under CO pressure was also
studied. In a high-pressure (HP) sapphire NMR tube containing a
solution of NPs Rh%4 in THF-d8, 30 bar CO were added. When a H
NMR spectrum was recorded (Figure 3. 27), new signals were
observed: sharp signals were detected at 7.56, 7.47 and 7.34 ppm
corresponding to the protons of the imidazole backbone and of the
aryl rings of an imidazole-based species, along with the septuplet

centred at 2.97 ppm corresponding to the -CH- groups of the iPr
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moieties that was previously not detected. Moreover, two doublets at
1.35 and 1.12 ppm were also observed and attributed to the -CHj3
substituents of the aryl rings of the ligand. Furthermore, a sharp
signal at 9.31 ppm could also be detected and attributed to an acidic
proton. It is noteworthy that this chemical shift is lower than that
previously observed for the coordinated imidazolium coordinated

species (10.23 ppm).
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Figure 3.27.1H NMR (THF-d8, 400MHz) spectrum of Rh04 + 30 bar CO

This observation together with the detection of sharp signals, which
match those of IPr-HCl, suggested the release of some protonated
NHC ligand. This fact has been also observed for Ru NPs stabilized by
similar NHC ligands.52
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Figure 3. 28. 'H NMR (THF-d8, 400MHz) spectrum of 13C-Rh04

In order to inspect the coordination of the NHC ligand at the surface
of the NPs, a set of Rh NPs stabilized by 13C-labelled IPr ligand in the
C2-carbon (carbenic carbon) was synthesized using a [IPr]/[Rh]
molar ratio of 0.4 (13C-Rh%#4). When a 'H NMR spectrum of these NPs
was recorded (Figure 3. 28), the only difference with the spectrum
obtained for the unlabelled NPs (Rh%4) was the acidic signal at 10.49
ppm, which exhibited a large 13C-1H coupling (233.21Hz) (Figure 3.
28 inset), thus confirming that this signal was arising from the
protonated ligand and that these NPs were stabilized by both the IPr

ligand and its protonated analogue.

When a solution 13C{1H} NMR spectrum of 13C-Rh%4was recorded in
THF-d8, two main signals centred at 170 and 140 ppm were detected

(Figure 3. 29). The latter signal is characteristic of the corresponding
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imidazolium salt respectively, while that at 170 ppm was attributed

to a metal-coordinated carbenic carbon atom.
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Figure 3. 29. 13C{tH} NMR (THF-d8, 100.6MHz) spectrum of 13C-Rh04

In an attempt to remove the protonated species from the surface of
the NPs, a sample of Rh%4 was washed with H20. However, no
decrease in the intensity of the signal centred at 140 ppm was
observed by 13C{IH} NMR, suggesting that this species is relatively
strongly adsorbed, presumably in the second coordination sphere of
these Rh NPs. This fact is in agreement with some reports regarding
the use of imidazolium salts for the formation of M-NPs.41.44.66
Moreover, the bond strength of these two stabilizers to the Rh
surface was tested by reaction with PPh3 and P(OPh)s. However, as
previously observed for Ru NPs stabilized by the same NHC ligand*¢,

no difference in the 1TH NMR spectrum was observed, confirming the
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strong binding of both stabilising agents at the NPs environment.

Next, the same sample containing 13C-Rh%4 in THF-d® was exposed
to 30 bar of CO following the previously described procedure for
Rh%4, and 'H and 13C{'H} NMR spectra were recorded. In the 1TH NMR
spectrum, a series of new sharp signals were detected (Figure 3. 30).
The only difference compared to Rh%# was the observation of a
doublet centred at 9.27 ppm due to the 13C-1H coupling for a free
protonated species, which chemical shift is also lower than the
previous one observed for the coordinated labelled imidazolium
species (detected at 10.49 ppm). Thus, decoordination of some
species containing the NHC ligand from the NPs surface was also
observed in this case. Besides, a new doublet resonance centred at
180.8 ppm (Jrn-c=46 Hz) was detected in the 13C{IH} NMR spectrum
under these conditions (Figure 3. 30, inset). This latter signal was
assigned to a Rh(I)-L complex formed by leaching from the surface of
the Rh NPs under high CO pressure.®® This experiment therefore
demonstrated the decoordination of the protonated species from the
Rh surface of the NPs and the formation of Rh-NHC species under
these reaction conditions. Furthermore, this last result therefore
indicated the strong binding of the NHC ligand IPr to the surface Rh
atoms, since no free ligand was detected during this experiment. A
signal at 126.09 ppm was also detected and was tentatively
attributed to C02.%° No changes were observed when the CO was
evacuated from the HP-NMR tube and a 'H and 13C NMR spectra
were recorded after repressuring the HP-NMR tube with 5 bar of Ho.
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Figure 3. 30. 'H NMR (THF-d8, 400MHz) spectrum 13C-Rh04 + 30 bars of
CO. Inset: 13C{1H} NMR (THF-d8, 100.6MHz) spectrum of 13C-Rh%4 + 30 bars
co

Other NMR techniques such as 13C Magic Angle Spinning (MAS) have
been reported to provide valuable information for the detection and
location of ligands coordinated to the surface of metallic NPs.70.71
Furthermore, regarding the stabilization of Ru#6, Pd¢2¢44 and Pt37 NPs
by NHC ligands, the direct bonding between the 13C labelled carbenic
carbon and the surface of the NPs have been successfully detected
using 13C MAS NMR technique, which have never been proved by

solution NMR spectroscopic techniques.

The coordination of the NHC ligand on the surface of the Rh NPs was
studied by 'H-13C Cross Polarization Magic Angle Spinning NMR
spectroscopy (CP-MAS NMR) with the aim of determining their
location and possible dynamics. The CP-MAS spectrum of the NPs
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stabilized using a high [IPr]/[Rh] molar ratio of 0.4 (Rh°4) (Figure 3.
31b), displayed 3 signals at 25.6, 29.8 and 32.6 ppm that were
attributed to two -CHsz groups and the -CH- of the iPr moieties
respectively. Regarding the aromatic region, an intense signal
centred at 127.28 ppm and two more signals with very low intensity
were detected at 142.23 and 149.53 ppm, arising from aromatic
carbons and those from the imidazole backbone of the NHC ligand.
These chemical shifts were in agreement with the ones obtained
from the 13C CP-MAS spectrum of the free 13C-IPr ligand (Figure 3.
31a). Besides, signals corresponding to hydrogenated NHC species
were observed, in agreement with the results obtained by solution
NMR and previously reported results based on NHC-stabilized Ru
NPs.>1 These signals, detected at 51.5 and 65.9 ppm, were attributed
to -CHz- carbons by 13C CP-MAS Attached Proton Test NMR (CP-MAS
APT) (Figure 3. 48, Experimental part). The detection of similar
signals was observed when samples of Rh?2 and Rh?¢ were analysed

by 13C CP-MAS NMR spectroscopy.
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Figure 3. 31. 13C{1H} CP-MAS spectra of a) 13C-IPr free ligand and b) Rh04

To obtain evidence of the carbenic carbon of the NHC coordinated at
the NPs surface, the analysis of the Rh NPs stabilized by the 13C
labelled IPr ligand (13C-Rh%4) was carried out. The fact that two new
main signals at ca. 140 and 170 ppm were detected in this case
(Figure 3. 32b), compared to the spectrum obtained for Rh%4 (Figure
3. 32a), suggested the presence of two different 13C-labelled species
at the NPs surface. These chemical shifts are in agreement with the
ones observed by the analysis of the same sample using solution
NMR techniques. Thus, the 13C signals detected at ca. 140 ppm were
attributed to imidazolium protonated species and the 13C signal
detected at ca. 170 ppm was attributed to a directly bonded carbenic
carbon to the surface of the Rh NPs. This chemical shift was in
agreement with signals for carbenic carbon atoms coordinated to

Pd** and Pt37 NPs detected at 166-172 ppm using similar NMR
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techniques. In addition, the fact that spinning side bands were
detected for the 13C signal at ca. 170 ppm corroborates the strong
coordination between this species and the surface of the Rh NPs.
Besides, the detection of signals at 138.4 ppm and 144.1 ppm were
assigned to protonated species could explain the presence of more
than one protonated imidazolium species. Similar results were

obtained for 13C-Rh?2 and 13C-Rh?-,
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Figure 3. 32. 13C{1H} CP-MAS spectra of a) 13C-Rh4 and b) Rho4
(*spinning sidebands at 12 KHz)

Experiments increasing the time of contact during the acquisition of
the 13C CP-MAS NMR spectrum of 13C-Rh%4 from 35 to 10000 us
were also performed to further demonstrate that the signals at ca.

140 ppm corresponded to protonated imidazolium species.
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‘20 20 200 140 s 40 o
Figure 3. 33. 13C{tH} CP-MAS spectra of 13C-Rh04 increasing the time of
contact from 35 to 10000 us during the acquisition (from top to bottom)
(*spinning sidebands at 12 KHz)

As the CP MAS technique is based in obtaining 13C signals from cross
polarization of the signals obtained from the 1H, the 13C signals from
carbon atoms close to hydrogen atoms appear at low contact time. In
these experiments (Figure 3. 33), the signals centred at ca. 140 ppm
grew much more faster compared to the one at ca. 170 ppm and was
thus attributed to carbon atoms directly bonded to a hydrogen atom,
confirming that the signal at ca. 170 ppm was a quaternary carbon
and thus corresponded to the Cz-carbon of the ligand coordinated to
the Rh surface. This study therefore demonstrated for the first time
the direct coordination of the IPr ligand by the carbenic carbon at the

metallic surface of Rh NPs.
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Next, the analysis of solid samples after washing with H20 as
performed in an attempt to eliminate the presence of imidazolium
protonated species at the surface of the NPs. However, no change
was observed after these washings, and confirmed that this species
is relatively strongly coordinated to the NPs surface (Figure 3. 34).
This is in agreement with results reported on Au*! and Pdé NPs

stabilized by imidazolium salts.

290' B 2;0 a '210 o 170' B 150 B '90 B v60 B ‘30 B ‘0
Figure 3. 34. 13C{1H} CP-MAS spectrum of 13C-Rh04 after washings with
H,0 (*spinning sidebands at 10 KHz)

3.2.2. Surface characterization using CO adsorption/
Infra-red spectroscopy

Infrared spectroscopy (IR) analysis on NPs exposed was
shown to provide interesting information on the availability of sites
at the surface of these species. In these experiments, two main types

of carbonyl groups have been reported.’273 Signals from bridging CO
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are detected at frequencies between 1750 and 1900 cm and
attributed to COs coordinated at the faces of the NPs (Figure 3. 35),
while terminal CO groups, detected at higher frequency values
(1950-2050 cm), are mainly located on low coordination sites such
as edges and apexes. In the latter case, one or two COs can be

coordinated to these sites, giving rise to one or two stretching bands.
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Figure 3. 35. Representation of CO adsorption onto metallic NPs

Recently, the groups of Chaudret and co-workers demonstrated that
IR spectroscopic studies could be useful for the precise location of
stabilizing ligands at the surface of Ru32747551 Pt76 and RuPt33
bimetallic NPs. Dyson and co-workers also used CO adsoption-IR
spectroscopy to study the location of different aromatic phosphines
at the surface of Rh NPs stabilized by PVP.25 The selective
coordination of these phosphine ligands showed to modify the steric
hindrance at specific sites of these Rh NPs, generating selectivity in
catalysis. More recently, our group reported the synthesis of Rh NPs
stabilized by phosphine and phosphite ligands and a study based on
CO adsorption-IR spectroscopy was also used to locate coordinated
phosphorus compounds at the surface of the Rh NPs.5° The nature of

the ligands, the ligand content and the steric hindrance induced by
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the ligands of the NPs was observed to influence the formation of

geminal “Rh(C0O)>” sites.

In order to study the availability of sites at the surface of our NPs,
samples from NPs Rh?2 Rh%% and Rh%6 were analysed after 16h
exposure to 1 bar of CO by IR spectroscopy using KBr pellets. When
the Rh%2 NPs were analysed, three different CO stretching
frequencies between 2200 and 1700 cm?! were detected and
attributed to geminal-terminal (or multicarbonyl) “Rh(CO);” units
(2067 cm1), terminal CO (2009 cm-1) and bridging CO (broad band
centred at around 1864 cm-1) based on previously reported results

(Figure 3. 36, green).
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Figure 3. 36. IR spectra of Rh%2 (green), Rho4 (blue) and Rh%6 (red) after

CO exposure

The detection of bridging COs indicated the availability of the faces,
while the detection of terminal CO bands also indicated availability

of edges and apexes for Rh?2, The detection of geminal, terminal and
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bridging COs when samples of Rh%* and Rh0¢ were examined
(Figure 3. 36, blue and red), also suggested the availability of edges,
apexes and faces for these NPs. In addition, more intense geminal
“Rh(C0O)2” bands at 2009 cm-! for a [L]/[Rh] molar ratio of 0.6 (Rh?-6)
were observed compared to Rh%4, which evidence has been
previously reported for Rh systems stabilized by PPhs.5° The
evidence that less intense CO bands for bridging COs were observed
for Rh%# and Rh%6é compared to Rh%2Z suggested higher occupation of
faces due to the presence of excess of ligand at higher [IPr]/[Rh]
molar ratios.#¢ Interestingly, both, terminal and bridging CO bands
were shifted to lower frequencies when the ligand coverage
increased (Rh%4 and Rh%¢ vs. Rh02), as expected for an increase in
electronic density of the Rh surface and the low amount of CO

molecules coordinated at the metallic surface.

104

100

1841 cm!

%T

95

1995 cm!

91 ! L L I
2200 2100 2000 1900 1800 1700
Wavenum ber [cm-1]

Figure 3. 37. IR spectra of Rho4 after exposure to 1 (blue) and 30 (green)
bar of CO.

110



Chapter 3

To explore the effect of the CO pressure on the adsorption of CO
molecules onto the surface, a sample of Rh%# was analysed after
exposure to 30 bars of CO and the IR spectrum was compared to that
obtained after exposure to 1 bar of CO. (Figure 3. 37). An increase in
intensity of the bands corresponding to germinal “Rh(CO);” units
located at ca. 2070 and 2020 cm'! was observed while no relevant
changes were detected in the rest of the spectra (terminal COs at
ca.1996 cm'! and bridging COs at ca. 1841 cm1) (Figure 3. 37, green).
This increase in “Rh(C0O)2” groups on the NPs surface indicated that
the coordination of a second CO on coordinatively unsaturated Rh

centres depend on the CO pressure.

The application of 13C MAS NMR spectroscopy for samples exposed
to CO have also been reported as a useful technique for obtaining
information related to the availability of free sites and the location of
ligands at the NPs surface. The coordination of CO on metal NPs was
first monitored by 13C MAS NMR, with and without 1H-13C Cross
Polarization (CP), for Ru NPs stabilized using PVP and dppb.3?
Studies based on 3C MAS NMR analysis of these samples after
exposure to 13CO revealed that CO groups are mobile at the surface
of polymer stabilized Ru NPs (Ru/PVP) but notably less mobile on
ligand stabilized Ru NPs (Ru/dppb), probably because of the steric
hindrance induced by the presence of these ligands at the NPs
surface. Furthermore, the analysis of Ru/dppb by 13C CP-MAS NMR
evidenced the presence of dppb on the edges or the apexes of the
NPs. These results were then used to study how the presence of
anchillary ligands can influence catalytic reactions such as CO

oxidation, CO; reduction and styrene hydrogenation.’” Similar
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results in terms of CO adsorption were obtained on Ru NPs stabilized
by heptanol and heptanol-dppb’8 and on Pt NPs stabilized by PVP
and dppb’¢. In addition, the effect of the presence of other phosphine
ligands such as PPh3 on the CO coordination at the NPs surface was
found to be similar to the one observed for dppb.’? In contrast, the
availability of only the apexes and edges on bimetallic RuPt NPs was

observed by the same procedure.33

More recently, this technique has also been used for surface
characterization of Ru NPs stabilized by NHC ligands.#¢ Detection of
diffusing bridging COs at the faces of the NPs and static terminal COs,
from CO groups coordinated at the edges and apexes of the NPs, was
observed when Ru NPs stabilized by [tBu and IPr were analysed after
exposure to 13CO. On the other hand, the fact that no signals for
bridging COs were detected when Ru NPs formed by an excess of the
[Pr ligand were examined following the same procedure, evidenced
that coordination of this excess of ligand had taken place on the faces
of these NPs. This result was correlated with a decrease in catalytic
activity of this nanocatalyst in the hydrogenation of substrates

bearing aromatic rings.4’

In this work, the surface of the NPs Rh0-2-Rh?%6 was analysed by 13C
CP-MAS NMR using similar procedures: the solid samples were
exposed to 0.5 atm of 13CO of at room temperature for 16h prior to
NMR analysis. The detection of two new signals centred at ca. 170
and 190 ppm in the 13C CP-MAS NMR spectrum (Figure 3. 38b),
compared to the spectrum obtained for the same sample before

exposure to 13CO (Figure 3. 38a), evidenced the coordination of 13CO
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to the surface of the NPs. These signals were assigned to bridging
and terminal CO molecules, respectively, and therefore
corresponded to the COs coordinated to the faces and the

apexes/edges of the Rh NPs, respectively.
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Figure 3. 38. 13C{tH} CP-MAS spectrum of a) Rh0-2 and 13C CP-MAS
spectrum of Rho:2 after exposition to 0.5 bar 13CO for 16h
(*spinning sidebands at 12 KHz)

It is noteworthy that previous results on Rh/silica surfaces described
higher chemical shifts (222 ppm for the adsorption of bridging COs
and 177 ppm for terminal ones).”® The chemical shifts of the signals
described here were also slightly lower than those previously
reported for systems based on Ru#64832517078 Pt76 and RuPt33

bimetallic NPs (~250 for bridging and ~200 ppm for terminal CO).

The fact that similar intensities were observed for both signals at ca.

190 and 170 ppm using 13C CP-MAS NMR, suggested the presence of
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similar amounts hydrogen carriers, mainly stabilizing ligand, at the

apexes/edges and the faces of NPs Rh-2,
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Figure 3. 39. 13C{1H} CP-MAS spectra of a) Rh02, b) Rh%4and c) Rho6 after
exposition to 0.5 bar 13CO for 16h (*spinning sidebands at 12 KHz for Rh02

and Rh06; and at 10 KHz for Rh04)

When Rh%4 and Rh%® were analysed following the same
methodology, signals were detected at similar chemical shifts (Figure
3. 39b and c). In these cases, the observation of two signals arising
from terminal COs at 168 and 172 ppm confirmed the possible
formation terminal and geminal (or multicarbonyl) COs, as
previously observed by IR spectroscopy. By comparison with IR
results, the increase in intensity of the resonance at 172 ppm
suggested that this signal arose from geminal-terminal (or
multicarbonyl) “Rh(CO)2”". On the other hand, the fact that higher

intensities were observed for terminal COs in the case of Rh%4 and
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Rh?%6 compared to Rh?2 (in reference to the signals from the ligand)
would evidence the greater presence of stabilizing ligands on the

faces of NPs Rh%4 and Rh9-6,
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Figure 3. 40. Representation of CO adsorption and stabilizing ligands onto

metallic Rh NPs

Surprisingly, spinning side bands from static bridging COs were
detected in all cases, in contrast with previously reported results for
Ru/IPr NPs.#¢ This observation evidenced the static nature of the COs
coordinated on the faces of these Rh NPs, possibly due to the

presence of the stabilizing agents (NHC and imidazoliums).
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3.3. Conclusions

- Well dispersed spherical Rh NPs with fcc packing structure and
mean diameters between 1.26 - 1.68 nm were successfully
synthesised in the presence of IPr ligands using the organometallic
approach. The surface Rh atoms of these NPs were shown to be in

the 0 oxidation state.

- A decrease in the mean diameter was observed at higher [IPr]/[Rh]

molar ratios.

- An increase in the [IPr]/[Rh] molar ratio from 0.2 to 0.4 showed an
increase in the ligand content at the surface of the NPs from 21.5 to
37 wt%; and a decrease in the hydride/Rhs molar ratio from 0.58 to
0.39.

- The presence of stabilizing ligand at the Rh NPs surface was

evidenced by IR and solution/solid-state NMR spectroscopy.

-The presence of an imidazolium species at the surface of the Rh NPs

was detected by solution-state NMR spectroscopy.

- The availability of faces, edges and apexes for Rh?-2, Rh%4 and Rh?-6
was investigated using CO adsorption-IR/solid state NMR
spectroscopy. COs adsorbed on the faces, edges and apexes were
detected. Edges and apexes revealed less available at high [IPr]/[Rh]
molar ratios (0.4 and 0.6).

- The presence of static COs on the faces of these NPs was evidenced

by NMR spectroscopy.
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- High-pressure solution NMR experiments under CO showed:

1) The decoordination of imidazolium species from the Rh

surface of the NPs.
2) The strong binding of the NHC ligand IPr at the surface of

the NPs via the formation of Rh-NHC species (no free NHC

detected).

117



— Synthesis and characterization of Rh NPs stabilized by IPr

3.4. Experimental part

General procedures

All operations were carried out using standard Schlenk tubes,
Fischer-Porter bottle techniques or in a glove-box under argon
atmosphere. The chemicals were purchased from Sigma-Aldrich and
used without further purification. THF and pentane were dried over
sodium/benzophenone, distilled and then thoroughly degassed
before use by three freeze- pump cycles. IPr carbene and Rh(n3-
C3Hs)3 were synthesized from previously published methodologies.
Rh nanoparticles were synthesized following a reported
methodology starting from the appropriate metal precursor and
stored in a glove box under argon atmosphere. The synthesis of the
nanoparticles and the catalysis was carried out in a Fischer-Porter

glassware under argon.

Synthesis of the ligand

Synthesis of N,Nu-Bis(2,6-diisopropylphenyl)-1,4-diazabutadiene?8°:

2,6-diisopropylaniline (11 g, 0.056 mol) was

dissolved in methanol (112 ml), treated with N N
aqueous glyoxal solution (3.23 ml, 0.028 mol)

and three drops of formic acid. The reaction

mixture was stirred for 16 h at room temperature. The yellow solid
was filtered off washed with cold methanol and dried in vacuum.

The volume of the mother liquor was halved and the remaining
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solution kept at 4°C over night for a second batch of product.
(Yield=7.9 g, 68%).
Spectroscopic data are in agreement with the reported in the

literature.

Synthesis of IPr-HCI¢7:

Diazabutadiene (10 g, 0.027 mol) was dissolved

in anhydrous THF (250 ml) wunder an !
atmosphere of Ar. A  solution of
paraformaldehyde (1 g, 0.033 mol) in HCI in dioxane (10 ml, 0.04
mol) was prepared and added to the diimine solution at 0°C via
syringe. The reaction mixture was stirred at room temperature for
16 h to observe the formation of a white precipitate. The precipitate
was filtered off and washed with THF (3 x 50 ml). (Yield: 6.69 g,
60%). A similar procedure was followed for the synthesis of the 13C-
labelled IPr-HCl in similar yields. TH-NMR (CDClz, 400MHz, & in
ppm): 0 = 8.7 (s, 1H, Haciaic), 7.83 (d, 2H, -CH=CH-), 7.60 (t, 2H, -
CHarompara-), 7.37 (d, 3H, -CHarommeta-), 2.43 (sept, 4H, -CH-(CHs)2),
1.29 (d, 12H, -CHz), 1.21 (d, 12H, -CHz). 13C{'H}-NMR (CDCls,
100.6MHz, 6 in ppm): d = 145.05 (-CHortho-), 138.26 (-N-C-N-), 132.09
(-Cipso-N-), 129.95 (-CHpara-), 126.9(-CHmeta-), 124.65 (=CH), 29 (-CH-
(CHz)2), 24.98 (-CH3), 23.9 (-CH3).
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Figure 3. 41.1H NMR (CDCls, 400MHz) spectrum of IPr-HCI
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Figure 3. 42.1H NMR (CDCl3, 400MHz) spectrum of 13C-IPr-HCI
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Figure 3. 43. 13C{H} NMR (THF-d8, 100.6MHz) spectrum of IPr-HCl

Synthesis of IPr-HBF,481:

[Pr-HCI (3.89 g, 9.16 mmol) was dissolved in

the minimum amount of water (150 ml). HBF4

(1.89 ml, 13.7 mmol) was added to the solution ,’\L/\N
and a white precipitate was formed
instantaneously. The aqueous phase was

extracted with CHzClz (3 x 30 ml) and the combined organic phases
were dried with MgS0O4 and concentrate under vacuum to obtain a
white powder. (Yield: 2.84 g, 65%).

Spectroscopic data are in agreement with the reported in the

literature.
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Synthesis of [Pré7:

A solution of KOBu (94.51 mg, 0.84 mmol) in THF

(10ml) was added drop wise to a stirred

suspension of IPr-HBF4 (267.5 mg, 0.56 mmol) in NfN
THF (15ml) at room temperature. After the

mixture was stirred for 30 min, the solution was evaporated and the
crude white powder was extracted with hexane (3 x 10 ml) to
remove the excess of base and evaporated to dryness to give the
isolated product as a white powder. (Yield: 160 mg, 73%). A similar
procedure was followed for the synthesis of the 13C-labelled IPr in
similar yields. TH-NMR (THF-d8, 400MHz, 6 in ppm): d = 7.35 (t, 2H, -
CHarompara-) 7.25 (d, 4H, -CHarom,meta-), 7.17 (s, 2H, -N-CH=), 2.81 (m,
4H, -CH-(CHs)_2, 1.19 (d, 12H, -CHs), 1.15 (d, 12H, -CH3). 13C{*H}-NMR
(THF-d8, 100.6MHz, § in ppm): 6 = 221.3 (-N-C-N-), 146.71 (-CHortho-),
139.61 (-Cipso-N-), 129.17 (-CHypara-), 123.88 (-CHmeta-), 122.47 (=CH),
29.20 (-CH-(CHz3)2), 24.87 (-CH3), 23.70 (-CHa3).
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Figure 3. 44.1H NMR (THF-d8, 400MHz) spectrum of IPr
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Figure 3. 45. 13C{tH} NMR (THF-d8, 100.6MHz) spectrum of IPr
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Synthesis of the Rh precursor

Synthesis of [Rh(n3-C3Hs)3]82:83:

An allylmagnesium bromide solution (35mmol) was /,|\\
added to a cold suspension (-10°C) of RhCl3-3H20 (1.1g, Rh
5.3mmol) in THF (93ml). The solution slowly lost its K 2/
red-brown colour to become yellow. The solution was then allowed
to warm to room temperature and stirred for an additional 16h. The
solvent was removed under reduced pressure and the residue
extracted with pentane (previously distilled and deoxygenated)
(3x20ml). The sublimation was carried out in a water bath at 40°C
and the formation of yellow crystals was observed onto the cold
finger. (Yield: 520mg, 55%).

The purity of this complex was checked by 'H and 13C NMR

spectroscopy.84
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Synthesis of Rh NPs stabilized by IPr

S
Xeq. IPr, 4 bar H, 3

|
() THRasec, 1en s %

In a typical procedure, the [Rh(n3-(C3Hs)3] (250mg, 0.22mmol) was
placed into a Fischer-Porter reactor and dissolved in 230 ml of dry
and deoxygenated THF by three freeze-pump cycles. The resulting
yellow solution was cooled at -110°C (acetone/N; bath) and a
solution of 20 ml of THF containing the appropriate amount of
equivalents of the IPr carbene was added into the reactor. The
Fischer-Porter reactor was then pressurized under 4 bar H; and
stirred for 30 minutes at room temperature. The solution was then
heated to 35°C and stirred at this temperature during 16 h. The
initial yellow solution became black after 1 h. A small amount (2
drops approx.) of the solution was deposited under an Argon
atmosphere on a carbon-covered copper grid for transmission
electron microscopy analysis. The rest of the solution was
evaporated to dryness. Precipitation and washings with pentane (3 x
15 ml) was then carried out, obtaining a black powder. (Yield: ca.
150 mg, 98%). A similar procedure was followed for the synthesis of

the 13C-Rh NPs in similar yields.
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Rh NPs stabilized by 0.2 eq. of IPr (Rh0-2):

TEM: 1.68 = 0.26 nm

XRD: fcc structure, coherence length 1.79 = 0.05 nm
WAXS: fcc structure, coherence length 2.5 nm

XPS: Rh(0) 3ds/2 (306.7eV) 3ds,2 (311.40eV), >99% Rh(0)
TGA: 74% Rh, 21.5% organic part, 4.5% THF

Rh NPs stabilized by 0.4 eqg. of IPr (Rh%4):

TEM: 1.26 = 0.25 nm

XRD: fcc structure, coherence length 1.97 = 0.03 nm
WAXS: fcc structure, coherence length 3.4-3.5 nm

XPS: Rh(0) 3ds/2 (308.98eV) 3d3,2 (313.68eV), 99% Rh(0)
TGA: 56.6% Rh, 37% organic part, 6.4% THF

Rh NPs stabilized by 0.6 eg. of IPr (Rh0-6):

TEM: 1.29 £ 0.21 nm

XRD: fcc structure, coherence length 2.17 + 0.06 nm
WAXS: fcc structure, coherence length 3.4-3.5 nm

XPS: Rh(0) 3ds/2 (308.45eV) 3d3,2 (313.35eV), 97% Rh(0)
TGA: 60.8% Rh, 36.1% organic part, 3.1% THF
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Figure 3. 46.1H NMR (THF-d8, 400MHz) spectrum of Rho4
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Figure 3. 47.13C{'H} NMR (THF-d8, 100.6MHz) spectrum of 13C-Rho4
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Figure 3. 48. 13C{1H} APT CP-MAS spectrum of 13C-Rh04

General characterization techniques

Transmission Electron Microscopy (TEM), For High Resolution

Transmission Electron Microscopy (HRTEM) and Scanning Electron

Microscopy (SEM):

TEM analysis were performed at the “Unitat de Microscopia dels
Serveis Cientificotecnics 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. For
HRTEM and SEM a probe-corrected, cold-FEG JEOL ARM microscope
equipped with a centurio EDX detector operated at 200keV was

used.
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X-Ray Diffraction (XRD):

XRD measurements were made using a Siemens D5000
difractometer (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 26
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 30maA.

Wide Angle X-ray Scattering (WAXS):

WAXS was performed at CEMES-CNRS. Samples were sealed in 1 mm
diameter Lindemann glass capillaries. The samples were irradiated
with graphite-monochromatized molybdenum Ka (0.071069)
radiation and the X-ray intensity scattered measurements were
performed using a dedicated two-axis diffractometer. Radial
distribution functions (RDF) were obtained after Fourier

Transformation of the reduced intensity functions.

X-ray Photoelectron Spectroscopy (XPS):

XPS analysis were performed at the “Centres Cientifics i Tecnologics
de la Universitat de Barcelona” (CCiT UB) in a PHI 5500
Multitechnique System (from Physical Electronics) with a

monochromatic X-Raysource (Aluminium Kalfa line of 1486.6 eV
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energy and 350W), 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 187.5
eV of Pass Energy and 0.8!eV/ step fort 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 pressure between 5x1039 and 2x1038 torr. For this
analysis, the data processing was carried out with the program
CasaXPS. Initially, the general spectrum of the different binding
energies observed for this sample was analysed and was used to
calibrate the following calculations. This calibration was performed
using the values for the rhodium that is the element of interest for

these analyses.

ThermoGravimetric Analysis(TGA):

TGA analysis was carried out in the furnace of a Mettler Toledo
TGA/SDTA851 instrument. As a typical TGA experiment, 132 mg of
NPs were placed in the simple holder in the furnace and the material
was heated up at a rate of 10°C min in Nz, while the weight was
recorded continuously from 30°C to 900°C. The weight loss of the
organic part and the metal were used to calculate an approximate
number of ligands coordinated to the metal surface. The ligand loss
was attributed to the weight loss observed between 150 and 900°C.

For the calculation, the molecular weight of the corresponding
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ligands and the metal, and the number of metal atoms at the surface

from TEM data were taken into account.

Infrared spectroscopy (IR):

IR analysis was performed by the preparation of samples as KBr
pellets. The nanoparticles were used without any preparation step,
mixed and crushed with dry KBr in the glove box before the
preparation of the pellet. For CO coordination studies, Rh
nanoparticles were introduced in a Fischer Porter bottle and were
pressurised with 3 bars of H, in solid state for 5h. After this period of
time, the H, gas was evacuated under vacuum for 10 min. The
Fischer Porter bottle was then pressurised with 1 atm of CO for 16h.
HEL 24 Cat reactor was used for high CO pressure exposures. Then,
the gas was evacuated under vacuum for 15 min and IR spectroscopy

samples were prepared as KBr pellets in the glove box.

General procedure to perform hydrides titration:

A previously reported procedure was used for the quantification of
hydrides coordinated on the surface of the Rh nanoparticles.6132

The colloidal solution has been prepared in THF as previously
described and on each fresh colloidal solution, five cycles of 1 minute
vacuum/1 minute bubbling of argon were performed in order to
eliminate the Hz solved into the solvent. After that, 1 equivalent of 2-
norbornene was added and samples were regularly taken from the
solution every 24h. All samples were filtrate throught an Al,03 pad.

and analysed by GC and estimation of the olefin conversion into
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alkenes were obtained. The method used for the quantification of
hydrides consists of 15 min at 40°C and a ramp of 8°C/min. until
250°C.

The number of hydrogen atoms was calculated from the respective
conversion obtained for the hydrogenation of 2-norbornene to
norbornane and taking into account the number of atoms of Rh in
the surface of the NPs calculated by the Van Hardeveld-Hartog
model, the mol H / mol Rh surface ratio was calculated. The systems
used for these measurements were: Rh%2, Rh%4 and Rh?¢; and their
mean sizes and surface rhodium atom contents were: Rh%Z (mean
size: 1.68/ 62% surface atoms), Rh%4 (mean size: 1.26/ 72% surface

atoms), Rh0-¢ (mean size: 1.29/ 71% surface atoms).

Nuclear Magnetic Resonance (NMR):

1H, 2D, 13C, 31P spectra were recorded on a Varian® Mercury VX 400
(400 MHz, 61.49 MHz, 100.6 MHz, 162 MHz respectively). Chemical
shift values for 'H and 13C were referred to internal SiMes (0.0ppm)
and for 3P was referred to H3PO4 (85% solution in THF, 0 ppm).
Chemical shifts are reported in parts per million (ppm) and coupling

constants are reported in Hertz (Hz).

Cross Polarization - Magic Angle Spinning (CPMAS):

CPMAS experiments were performed on a BRUKER Avance III
spectrometer operating at a magnetic field of 9.4 T and equipped
with a double channel 4.0 mm MAS probe. The powder materials

were packed into 4 mm ZrO; rotors and were sealed with tight fitting
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Kel-F caps. Sample spinning was set to 10 and 12 KHz, depending on
the experiment. Chemical shifts are reported in parts per million
(ppm) externally referenced to adamantane (CH: peak set to 38.5
ppm). Cross polarization time was set to 2500 ms and performed
with a radio-field strength of 83 KHz and a 'H ramp pulse was used
(ramp70100 in Bruker nomenclature). H-decoupling was
performed using SPINAL-64 pulse scheme. The recovery delay was
set to 1 s and overall experimental time was set from 12 to 24h by
varying the number of scans depending on the sample sensitivity.
Spectra were acquired at 20°C controlled by a BRUKER BCU unit.

For CO coordination studies, Rh nanoparticles were introduced in a
Fischer-Porter reactor and were pressurized with 3 bar of Hz for 5h
to avoid the presence of oxygen on the surface. After this period of
time, the H, was evacuated under vacuum for 15min. The Fischer-
Porter reactor was further pressurized with 0.5 bar of 13CO for 16 h.
Then, the gas was evacuated under vacuum for 15 min. 13C CP-MAS
NMR experiments were recorded after transfering the sample into a

NMR rotor after its dilution using KBr.
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4.1. Introduction

As exposed in Chapter 1, metallic NPs (M-NPs) have been
applied in a number of catalytic reactions. Among the studied
reactions, systems based on M-NPs have been applied in the
hydrogenation of substrates bearing aromatic rings. In this chapter,
the use of these catalysts for the selective reduction of aromatic
ketones, phenol derivatives and N-heteroaromatic compounds such

as pyridine or quinoline derivatives will be exposed.123

4.1.1. Selective hydrogenation of aromatic ketones

The hydrogenation of aromatic ketones using M-NPs has
gained much interest since these catalysts offer the possibility of
selectively reduce the aromatic ring or the keto group (Figure 4. 1).
In this area, the use of Ru and Rh NPs was mainly reported, although
some examples of application of Pd, Ir and to a less extent Fe and Pt

have also been described.*

o)
M-NPs O)ka M-NPs
Ho / Ho

0 /V1Y R k OH

P f R
l// /
R MNPS MNPs

//

Figure 4. 1. Hydrogenation of aromatic ketones using M-NPs

The chemoselective hydrogenation of aromatic ketones bearing
different R and R’ groups (Figure 4. 1) is extremely challenging and

in many cases, acetophenone was employed as model substrate.>
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In 2010, Gémez and co-workers reported one of the first examples of
the application of Ru NPs in the hydrogenation of aromatic ketones.®
Recycling studies via their immobilization onto MWCNTs were also
performed. These Ru NPs were prepared following the
organometallic approach 7 -8, through the decomposition of
[Ru(COD)(COT)] under Hz in the presence of 4-(3-
phenylpropyl)pyridine as stabilising agent, as previously reported by
the same group.’ Small and homogeneous NPs with a mean diameter

of 1.3 + 0.3 nm and narrow size distribution were obtained.

% (0] OH OH
;:" NS
+ | +
(j)k 40 bar Ho O)k > O)\
[o]
EtOH, 50°C 15% 9% 75%

Figure 4. 2. Results reported by Gémez and co-workers for the selective

hydrogenation of acetophenone catalysed by Ru NPsé

These Ru NPs were applied in the hydrogenation of acetophenone
(among other aromatic substrates such as methylbenzene, 4-methyl
anisole and styrene) providing 99% conversion after 16h of reaction
with 75% of selectively towards the totally hydrogenated product
(Figure 4. 2). The catalysts supported onto MWCNT provided similar
results although they revealed slightly more activity than the

unsupported NPs.

Some years later, Philippot and co-workers reported the use of
water-soluble Ru NPs synthesised using various alkyl sulfonated

diphosphines (L) as stabilizers. 1 These nanocatalysts were
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synthesised by decomposition of [Ru(COD)(COT)] under H: in the
presence of various [L]/[metal] molar ratios (0.1, 0.2 and 0.5) to
achieve the formation of small and well dispersed Ru NPs with a
mean diameter of 1.2 - 1.5 nm, depending on the [L]/[metal] molar

ratio and the sulfonated diphosphine used in each case.

/'\
NN 3
| |
|'\—\Ru/) L, 3barH, Ru NPé
N\ THF, rt ':N
1 bar H,
H,0, rt 84% 15%
SOgNa SOSNa
X
L P(/\)EP/© |
/@ @—SOSNa
Na038
n=4,3,2

Figure 4. 3. Catalytic system reported by Philippot and co-workers for the

selective hydrogenation of acetophenone10

When these systems were applied in the hydrogenation of
acetophenone under 1 bar of Hz (Figure 4. 3), 100% conversion was
achieved after 20 h of reaction with the formation of phenylethan-1-
ol in 84% of selectivity. In contrast, when the H, pressure was
increased to 10 bar of Hz, full conversion towards the totally

hydrogenated product was obtained after 2 h of reaction.
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Figure 4. 4. Synthetic strategy reported by Philippot and co-workers for

the preparation of water soluble Ru NPs11

Later, the same group studied the combination of sulfonated
diphosphine ligands and cyclodextrin (CD) as stabilizers for Ru NPs
surface.!l For the synthesis of these Ru NPs, a mixture of 1,4-bis[(di-
m-sulfonatophenyl)]phosphine]butane (L) and RAME-B-CD (0.2, 1.0
and 5.0 equiv.) was used (Figure 4. 4). The ability of CDs to form
supramolecular inclusion entities with the sulfonated diphosphine
ligands was studied by DLS and NOESY experiments, observing a
clear increase in the mean size of the NPs when higher CD
concentrations were used during the synthesis of the NPs and the
interaction between L and the CD by NMR, respectively. The activity
and selectivity of the sulfonated diphosphine-stabilized Ru NPs and
the sulfonated diphosphine-cyclodextrin-stabilized Ru NPs were
studied in the hydrogenation of acetophenone. When the reaction
was performed under 1 bar o H, higher TONs were obtained for

those systems bearing CD. In terms of selectivity, up to 91%
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selectivity towards the formation of phenylethanol was obtained
when the Ru NPs stabilised using a [L]/[CD] molar ratio of 5.0 after
20 h of reaction. An increase in the pressure of H; in the catalytic
reaction from 1 to 10 bar of H; provided strong acceleration of the
reaction for all catalytic systems, increasing the TON and TOF values
with an increase in the amount of CD present in the reaction mixture
during the synthesis of the Ru NPs. In terms of selectivity, the totally
hydrogenated product, cyclohexylethan-1-0l, was obtained with
100% of selectivity when Ru/L and Ru/L/0.2CD were used as
catalysts after 2 h of reaction, while richer systems in CD such as
Ru/L/1.0CD and Ru/L/5.0CD presented only 34 and 26% of
selectivity towards the same product, respectively. These results
highlighted the tuning of the catalytic performances in the
hydrogenation of acetophenone of these nanocatalysts in the

presence of CD.

In 2013, Chaudret, van Leeuwen and co-workers demonstrated the
influence of the ligands coordinated to the NPs surface on their
catalytic activity, studying the application of Ru NPs stabilized by N-
heterocyclic carbene ligands (NHCs) in the catalytic hydrogenation of
acetophenone and other substrates bearing aromatic and ketone
groups.1?2 The nanoparticles were prepared by decomposition of
[Ru(COD)(COT)] using Hz in the presence of the carbenes I‘Bu and
[Pr used as stabilizers, following the reported procedurel3 (Figure 4.
5). Under these reaction conditions, monodisperse nanoparticles
with a mean size of 1.7 + 0.2 nm for the Ru NPs prepared using 0.5

equiv. of [‘Bu (Rul‘Bu®®) and 1.7 + 0.2 nm and 1.5 + 0.2 nm for the
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NPs prepared using 0.2 (RulPr%2) and 0.5 equiv. of IPr (RulPr%5) per

Ru were obtained, respectively.

BRU/VN I'Bu or IPr, 3 bar Hy RuN Jé'
|\|/ \B Pentane, r.t /; ﬁ

/:\ /:\
T &vﬁ

IPr I-Bu

Figure 4. 5. Synthetic strategy used by Chaudret and co-workers for the
preparation of NHC-stabilized Ru NPs!3

When RulPr%2 were applied in the hydrogenation of acetophenone
under 40 bar of H; in THF, up to 80% selectivity towards the
hydrogenation of the aromatic ring was observed with conversions
under 50% using only 0.03% of total Ru. On the other hand, at higher
Ru loading (0.1-0.3%), over 60% was obtained at almost full
conversion of acetophenone. The hydrogenation of other aromatic
compounds containing ketones was also tested using the same
nanocatalysts. An increase in the chain length between both
functionalities led to an increase in the selectivity towards the
hydrogenation of the aromatic ring, achieving selectivities of 98%
and 99% for 4-phenyl-2-butanone and 5-phenyl-2-pentanone at full

conversion (Figure 4. 6).
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ot 2. oy O O

THF, 25°C
n=0 36% 64%
n=1 92% 5‘70 3%
n=2 98% 2%
n=3 99% - 1%

Figure 4. 6. Results reported by Chaudret and co-workers for the
hydrogenation of aromatic ketones using Ru NPs stabilized by NHC

ligands?2

More recently, ruthenium NPs stabilized by phosphine-
functionalized ionic liquids (PFILs) were synthesized using an
imidazolium-based ionic liquid as solvent and starting from Ru
precursors such as [Ru(COD)(2-methylallyl)z] or RuOz:xH20 under
H; atmosphere (Figure 4. 7).1* Characterization of these NPs showed

well-dispersed NPs of ca. 2.2 nm in size.

PFIL, 10 bar H,

Ru NE%
[BMIM]BF,, 75°C e

—

Ru precursor -

SO; SO

30 | @ |, 00
PFILs: P /N\/ 0.S P

@N-”Bu
B s N/

BF, BF,
< g
50, |

[BMIM][tppm] [(BMIM];[tppt]

Figure 4. 7. Synthetic methodology reported for the synthesis of Ru NPs
stabilized by PFILs14

Initially, when the [BMIM][tppm]-Ru NPs were tested in the

chemoselective reduction of acetophenone using [BMIM]BFs as
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solvent, no activity was observed at room temperature in the
absence of a basic additive, as previously reported using
homogeneous?> and heterogeneous Pt/C modified1® catalysts. The
addition of [BMIM]OH (1-butyl-2,3-dimethylimidazolium hydroxide)
to the solution improved the catalytic performance, achieving 99%
selectivity to 1-phenylethanol at 77% of conversion (Figure 4. 8).
Lower selectivities were obtained using Ru NPs synthesized in the
absence of PFIL (76.6% of selectivity towards 1-phenylethanol at
94% of conversion). On the other hand, when H;0 was used as
solvent using [BMIM][tppm]-Ru NPs, the reaction progressed very
fast with a chemoselectivity of 99.6% to cyclohexylethan-1-ol, which

was attributed to an increase in the substrate solubility in this

solvent.l”
0 Ru NP$
[BMIM][ ]
Rz
R 40 bar Hy
1
THF, 25°C
Conversion
Ry= -H, Ry= -CH3 77% 99% 0.4% 0.6%
Ry= -H, Ry= -CH,CH, 21% 86% 14% 0%
Ry=-H, Ry=-Pr 10.4% 80% 20% 0%
R;=-OMe, R,= -CHj 2% 100% 0% 0%
R4=-CF3, Ry=-CHj 100% 100% 0% 0%

Figure 4. 8. Results reported for the selective hydrogenation of aromatic

compounds bearing ketone moieties using Ru NPs stabilised by PILFs14

Other aromatic ketones were also tested using the same nanocatalyst,
generally obtaining lower activities and chemoselectivities for the
corresponding phenylethan-1-ol derivatives when the steric
hindrance of the alkyl group close to the ketone function was

increased. In the case of substrates bearing electron-donating groups
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in the para position of the phenyl ring, poor activity with excellent
chemoselectivity to the C=0 hydrogenated product was observed in
[BMIM]BF4, while substrates bearing electron-withdrawing groups
in the same position showed an excellent reaction activity with full

chemoselectivity towards C=0 hydrogenated products.

In 2004, Dupont and co-workers reported the application of Ir NPs
stabilized by ionic liquids in the reduction of acetophenone and
benzylmethylketone.l® The Ir NPs were prepared by decomposition
of [Ir(COD)(u-Cl)]2 under H:z in 1-n-butyl-3-methylimidazolium
hexafluorophosphate [BMIM]PF¢. The resulting NPs revealed an
efficient and recyclable catalytic system for the solventless or
biphasic hydrogenation of ketones under mild reaction conditions. In
the hydrogenation of cyclohexanone, the dispersion of Ir NPs in
[BMIM]PF¢ required longer reaction times than when the reaction
was carried out under solventless conditions. These results were
attributed to the characteristic biphasic nature of the reaction in the
ionic liquid. However, the recovered nanocatalyst, could be recycled
for reuse at least 15 times without significant loss in activity, in
contrast to the solventless system, which started to lose activity after
the third recycle. When the hydrogenation of acetophenone was
tested using these Ir NPs at 75°C under 4 atm of Hz, a moderate
selectivity of 35% for the hydrogenation of the aromatic ring over
the carbonyl group was obtained at 50% of acetophenone
conversion. It was concluded that for this substrate, there is no
preferential coordination mode of the arene ring or the carbonyl
group to the NPs surface during the catalysis. The same system was

also applied in the hydrogenation of benzylmethylketone under
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same reaction conditions, achieving a selectivity of 92% for the
hydrogenation of the aromatic ring at 97% of substrate conversion

(Figure 4. 9).

Ir NPs
[BMI
+
W 4 atm H», m (m
75°C

92% 8%
Figure 4. 9. Results reported by Dupont and co-workers in the

hydrogenation of phenylacetone using Ir NPs stabilized by ILs18

More recently, van Leeuwen and co-workers reported the
application of chiral Ir NPs stabilized by a secondary phosphine
oxide towards the enantioselective hydrogenation of prochiral
ketones bearing aryl rings.1® Well dispersed Ir NPs with a size of ca.
1.4 nm were formed by reduction of [Ir(u-OMe)(COD)]2 under H; at
room temperature in the presence of a [L]/[Ir] molar ratio of 0.5
(Figure 4. 10). First the hydrogenation of acetophenone was
attempted using this catalytic system, detecting the selective
reduction of the ketone group in 88% conversion and 55% ee at
room temperature using THF as solvent. When the asymmetric
hydrogenation of substituted aromatic ketones was examined,
almost full selectivity for the reduction of the ketone group over the
arene ring could be achieved with promising enantioselectivities and

moderate to high conversions.
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OH

ge
e L, 5 barH, Ir pr/”
0™ N\ THF, rt S
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/-U\\
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Figure 4. 10. Catalytic system reported by van Leeuwen and co-workers

for the enantioselective hydrogenation of acetophenone??

Concerning the application of Rh NPs in the selective hydrogenation
reactions of aromatic ketones, Dyson and co-workers reported in
2012 the application of phosphine modified PVP stabilized Rh NPs.20
These NPs were synthesised by alcoholic reduction of RhCl3-xH20 in
the presence of PVP and subsequently, sulfonated water-soluble
phosphine ligands were added in a [phosphine]/[Rh] molar ratio of
0.5 to investigate the possible effect of the presence of these

phosphines at the surface of the NPs in catalysis (Figure 4. 11).
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RoP._ . [T
1) PVP K-30 W\ 2)PR
RhCly-xH,0 ) ~ Rh fou 2)PRs ,R,h;Ntfj PRy
H,O/EtOH, reflux 2h S 78 ,%
= RgHP o
PR,

Figure 4. 11. Synthetic methodology reported by Dyson and co-workers
for the synthesis of PVP-PR3-Rh20

A series of phosphine ligands with distinct steric and electronic
properties and polarities were investigated and several trends were
observed, showing the capacity of these phosphine ligands as
modifiers in nanocatalysis. No differences were observed from the
point of view of nanoparticle size distributions, but differences in
activity and selectivity were observed when the Rh NPs were applied
in the hydrogenation of phenylacetone, which were attributed to the
modification of the NPs surface (site blocking) and to a modification
of the polarity of the surface of the NPs because of the presence of

hydrophobic phosphine ligands.

Rh NPs
il
m eX m N W . (j/Y
(0] 30 bar H2 OH (0] OH
H,0, 50-80°C

In the absence of phosphine: 5% 70% 19%
In the presence of phosphine: 6% 92% 2%

Figure 4. 12. Results reported by Dyson and co-workers in the selective

hydrogenation of phenylacetone using PVP-Rh and PVP-PR3-Rh NPs20

154



Chapter 4

The PVP stabilized Rh NPs afforded 1-cyclohexylpropan-2-one in
70% selectivity in the absence of phosphine ligand and this value
was increased up to 92% upon addition of one of the sulfonated
phosphine ligands after optimization of the catalytic reaction

conditions (Figure 4. 12).

Previously, this transformation had been studied using Rh NPs in
biphasic aqueous/supercritical ethane reaction media and was the
first successful example of an unsupported colloid-catalysed
hydrogenation of a substrate in a supercritical fluid.?! The selective
hydrogenation of 4-phenylbutanone was essentially complete with
the selective hydrogenation of the arene ring (97%).

Jutz and co-workers studied the employment of in situ synthetized
Pd and Rh NPs stabilized by various ionic liquids ([BMIM]PFs,
[BMIM][OTf] and N(CeH13)sBr) in the solventless selective
hydrogenation of acetophenone.?2 Supercritical COz extraction was
performed for the removal of the metal precursor used for the
synthesis of the NPs as well as for the separation of the
hydrogenation products from the reaction media. In terms of catalyst
performance, high selectivities for the formation of phenylethan-1-ol
(up to 90%) were obtained using [BMIM][PF¢]-Pd NPs under 50 bar
of Hz at 80°C, while in the case of [BMIM][PFs]-Rh NPs lower
selectivities towards the hydrogenation of the carbonyl group were
achieved. Recycle experiments were carried out with no noticeable

deactivation after at least 6 recycles.

Roucoux and co-workers reported the synthesis of Rh nanocatalysts

protected by self-assembled supramolecular complexes based on
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cyclodextrins and surfactants (Figure 4. 13) for application in the
biphasic hydrogenation of acetophenone, among other reductible
compounds.?? The inclusion complexation of randomly methylated
CDs (RaMeCD) with an ammonium surfactant?4 or a sulfonated
phosphinell as guests molecules was previously used for the
synthesis of Ru NPs, and although some studies proved the
stabilization of Ru NPs using CDs alone,?>26 no studies were reported
related to the stabilization of Rh NPs using CDs alone. Rh NPs
stabilized by RaMeCD or the ammonium surfactants were
synthesized following the previously reported methodology for Ru
NPs24 by chemical reduction of RhCl3-3H20 using NaBH4 (Figure 4.
13).

o] AC
NaBH
RhClg-3H,0 t . Bh,NE?/ @\@/\@ﬁz
HQO, r.t 12 e %/

e

Figure 4. 13. Synthetic methodology reported by Roucoux and co-workers
for the synthesis of Rh NPs stabilized by methylated-CD/ammonium

surfactant inclusion complexes23

Then, the chemoselective hydrogenation of acetophenone using
these nanocatalysts was studied. In general, high values of selectivity
for the hydrogenation of the ketone group were obtained, however,
the significant quantity of cyclohexylethanone formed during the
catalysis proved that these nanocatalysts could not surround the

aromatic ring and avoid its hydrogenation.
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In 2016, Philippot and co-workers reported the application of PVP-
stabilized Rh NPs for the chemoselective hydrogenation of arenes.
Among other substrates, the chemoselective hydrogenation of
acetophenone was tested using these Rh NPs, achieving 20% of
selectivity towards arene ring reduction over the ketone, in 20%

yield.?”

Recently, our research group reported the stabilization of Rh NPs
using P-donor ligands, such as phosphines and phosphites, for the
selective hydrogenation of aromatic substrates.?8 In this context, a
comparative study using Rh and Ru NPs stabilized by
triphenylphosphine (PPh3) and diphenylphosphinobutane (dppb)
was performed (Figure 4. 14), and their application in the selective
hydrogenation of aromatic ketones was examined.? These NPs were
synthesized in THF by decomposition under H; pressure of [Rh(n3-
C3Hs)3] and [Ru(COD)(COT)], respectively.

0.4 equiv. L, 3 bar H,

[Rh(n3-C3Hs)s] RhNPs,
3o’ THF, r.t 9 ,%

0.4 equiv. L, 6 bar H

[RU(COD)(COT)] — 0t = 2P T Ru NPs
THF, 40°C > ,%

a0 ok
% 5T

Figure 4. 14. Synthetic methodology reported by our group for the
synthesis of Rh and Ru NPs stabilized by P-donor ligands2?
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In all cases, spherical shape NPs with a narrow size distribution of
1.3 - 1.5 nm were obtained. When PPh3-Ru NPs were used for the
hydrogenation of acetophenone, 13% of selectivity for
cyclohexylethanone and 87% for the totally hydrogenated product
were achieved, while in the case of PPh3z-Rh NPs the same products
were obtained in 15% and 33% of selectivities respectively, under
the same catalytic conditions. Hydrogenolysis products
(ethylbenzene and ethylcyclohexane) were also detected in this last
case.

An increase in the alkyl chain between the arene ring and the ketone
group was studied by using these nanocatalysts in the selective
hydrogenation of 1-phenylpropan-2-one and 4-phenyl-butan-2-one.
For these substrates, the nature of the metal showed to affect the
catalytic results significantly. Using Rh NPs, the selectivity for arene
reduction increased when the separation between the arene and the
carbonyl group was larger, achieving up to 94% of selectivity for 4-
cyclohexylbutan-2-one, suggesting coordination through the
aromatic ring (Figure 4. 15a). A possible competition between
coordination through arene ring and carbonyl group could explain
lower selectivities obtained using Ru nanocatalysts stabilized using

the same ligands (Figure 4. 15b).
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o

-
] o
S5

Figure 4. 15. Schematic representation of the selectivity trends reported
by our group in the selective hydrogenation of aryl ketones using (a) Rh

and (b) Ru NPs stabilized by P-containing ligands2?

The effect of the presence of different substituents in the alkyl and
phenyl moieties was also investigated and in the case of Rh NPs, the
activity of the nanocatalysts decreased significantly by the presence
of bulky alkyl substituents close to the carbonyl group. Besides, the
presence of different substituents on the aromatic ring showed to
have an influence in selectivity since in all cases, products obtained
for the selective hydrogenation of the ketone group were obtained in

>70% selectivity.

In summary, it was considered that for Rh NPs, coordination through
the arene ring dominates the interaction between the substrate and
the NPs surface, while in the case of Ru NPs the results showed that
both the arene ring and the ketone group can coordinate to the

metallic surface competively.

The high affinity for the selective coordination of the arene ring

when the reduction of aromatic ketones was performed using Rh
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NPs, together with the reported evidence that high activities and
selectivities towards the selective reduction of this moiety were
achieved using Ru NPs stabilized by NHC ligands,!3 encourage us to
investigate the application of NHC-stabilized Rh NPs in the
hydrogenation of this kind of substrates.
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4.1.2. Selective hydrogenation of phenols

The hydrogenation of phenol and derivatives is one of the
most important processes in industrial organic chemistry and plays
an important role in the processing of various types of renewable
raw materials. The catalytic hydrogenation of phenol is of
commercial and environmental significance for the formation of
cyclohexanone and cyclohexanol, which is the primary stage for the
production of adipic acid and e-caprolactam (Figure 4. 16)3° used for

the production of Nylon 6 and Nylon 66.31

)

HO
1 oH Howa
OH oH Q / Adipic acid
Hy
—_— + (o)
1.@*

NH
2.H,S0, — > Nylon 6

€-Caprolactam

Figure 4. 16. Schematic synthesis of Nylon 6 and Nylon 66 using

cyclohexanone produced by phenol reduction

Hydrogenation products of phenol derivatives are also used as
feedstock for the manufacture of synthetic lubricants, oil and fuel
additives, special solvents, surfactants and synthetic fragrances.
Indeed, the reduction of various types of substituted phenols is also
important for the production of hydrocarbon or alcohols. In this case,
works focused on processing phenol compounds that can be used as

models of lignin fragments have attracted much attention.32.33,34.35

161



— Selective hydrogenation of aromatic compounds using Rh NPs ___

In this context, the application of either supported or immobilized Pd,
Ir, Ru and Rh NPs has gained interest due to the high activity of these
nanocatalyts towards the hydrogenation of phenols, where Pd is the
most efficient metal, achieving almost full selectivity towards the

cyclohexanone products.36

As an example, the application of Pd NPs supported on mesoporous
MMT-1 silica (Pd@sMMT-1), formed by reduction of the palladium
precursor PdClz(MeCN), under Hz in the aqueous-phase
hydrogenation of phenol showed high selectivities for the formation
of cyclohexanone over cyclohexanol.3” A high selectivity (98%) for
the formation of cyclohexanone over cyclohexanol (2%) was
detected when the reaction was carried out at 25°C under
atmospheric Hz pressure (1 bar Hz) at 99% of phenol conversion
(Figure 4. 17a). A lower selectivity of 85% towards cyclohexanone in
43% of conversion was obtained when Pd/C was used as catalyst
compared to PA@sMMT-1. The reduction of substituted phenols into
the ketone product using this catalytic system was also studied
achieving moderate to high conversions of 42-99% at 25-45°C in

high selectivities (Figure 4. 17b, c, d).
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Pd@sM Y-+ OH pd@smmiT-1 OH Q
OH )% OH OH
b) —— + +
1 bar H2 1 bar H,

450C

99% conv. 98% 2% >99% conv. 84% 8% 8%
H \ Pd@s
0 Pd@s/l\%T -1
— Toar H
©/ 1 bar H, i‘j/ ©/ 2§£C 2
250°C
42% conv.  97% 3% 73% conv.  99%

Figure 4. 17. Results reported for the aqueous-phase hydrogenation of
phenol and its derivatives using Pd@sMMT-137

These results were attributed to the relatively strong interaction
between these phenols and the Pd surface (through hydrogen
bonding to silanol groups), resulting in a non-planar adsorption. The
arene ring of phenol may then be partially hydrogenated to the enol
(Figure 4. 18, Step 1), which can rapidly isomerize to give the ketone
product. The fact that the ketone group interacts weakly to the Pd
surface could explain its desorption, hence avoiding further

hydrogenation.

OH 0] OH
Step 1 fast Step 2
—_— R
Ho Ho

Figure 4. 18. Phenol hydrogenation over Pd catalyst3”

To a much lesser extent, the application of Ir NPs in the
hydrogenation of phenols was also investigated. Ir NPs prepared by

NaBH4 reduction of IrClz in the presence of N,N-dimethyl-N-cetyl-N-
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(2-hydroxyethyl)ammonium chloride salt displayed quantitative
activity for phenol reduction at 20°C under 40 bar of H2.38 However,
full selectivity for the formation of cyclohexanol was obtained in this
case. The hydrogenation of methyl-substituted phenols in the ortho,
meta and para position of the arene ring was also performed, also
resulting in full selectivity for the formation of the corresponding
methylcyclohexanol products, with high stereoselectivities towards
the cis diastereomer.

The application of Ru NPs in the hydrogenation of phenol was also
reported. Catalytic systems based on Ru NPs stabilized by PVP3? and
Ru NPs supported on a nitrogen-doped carbon material have been
used for the reduction of phenol. 4° However, as in the case of Ir NPs,
full selectivity for the formation of cyclohexanol was also obtained in

these cases.

Several studies have been reported in the literature regarding the
catalytic hydrogenation of phenols using Rh NPs. Among these
studies, a few examples were reported to produce cyclohexanol as
the exclusive hydrogenation reaction product. Rh NPs were prepared
in water in the presence of polyvinylpyrollidin-2-one-3-
carboxylate.*! These NPs were tested under high H» pressure (40 bar
H:), forming cyclohexanol in 99.8% of selectivity. Other systems
based on the application of PVP stabilized Rh NPs were also
reported.2%42Indeed, the application of Rh NPs stabilized by N,N-
dimethyl-N-alkyl-N-(2-hydroxyethyl)Jammonium  bromide  salts
(HEAC16Br) in the reduction of phenol and m-cresol also showed full
selectivity for cyclohexanol products when the reaction was

performed under 1 bar of Hz.43
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On the other hand, catalytic systems based on Rh NPs have also been
developed to achieve the formation of the ketone product. For
instance, Rh NPs prepared by reduction of RhClz under H> and
stabilized with an IL-like copolymer Poly(NVP-co-VBIMCI)] provided
a selectivity of 29% towards cyclohexanone at 37% conversion
(TOF=247) when the reaction was performed under 40 bar of H:
using [BMIM][BF4] as solvent (Figure 4. 19a).#* The reduction of
substituted phenols was also tested, reaching higher selectivity for
the ketone (49%) in the case of p-propylphenol, but at lower
conversion (11%, TOF=25) (Figure 4. 19b). A slightly higher
conversion was achieved when p-methoxyphenol was used as
substrate  (TOF=70); however, the formation of 4-

methoxycyclohexanone was not detected (Figure 4. 19¢).

OH Rh NPS 0 OH
+ Copolymer: N N, o
40 bar H2 m <j
75°C N j
37% conv. 29% 71% Bu" -
Rh NPs,
copol%
b)
40 bar Hy
75°C
11% conv.
Rh NPs,
copoly
40 bar H2
75°C
21% conv. 71% %

Figure 4. 19. Results reported for the hydrogenation of phenol and its

derivatives using IL-like copolymer stabilized Rh NPs#4
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More recently, the hydrogenation of phenols in ILs using Rh NPs
stabilized by hexyltriethyl-ammonium bromide was reported. 4>
Although only 36% of selectivity for cyclohexanone was achieved
when phenol was used as substrate under 40 bar of Hz, an increase
to 66% selectivity for the same product was obtained when the
pressure was lowered to 10 bar of Hz, and 84% selectivity when the
reaction was carried out under 5 bar of H; (Figure 4. 20). These
results evidenced the direct effect of the H; pressure on the
selectivity to the ketone product using this catalytic system, in

agreement with other reported studies.*®

OH  RhNPs 0 OH
s
- . +
80°C, 3h
40 bar H, 100% conv. 36% 64%
10 bar H, 98% conv. 66% 34%
5 bar H, 57% conv. 84% 16%

Figure 4. 20. Effect of the H; pressure for the hydrogenation of phenol
using ILs stabilized Rh NPs45

The hydrogenation of methyl-substituted phenols in different
positions of the aromatic ring was also investigated, detecting only
the formation of the corresponding cyclohexanol products, although
in lower conversions than for phenol under the same reaction
conditions. The application of Rh NPs stabilized by the partially
hydrogenated ligand 1-(phenyl)iminoethyl pyridine has also been

reported and provided full selectivity to cyclohexanone.*”

More recently, the effect of cyclodextrins on the activity and

selectivity of a catalytic system based on Rh NPs stabilized by
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polyacrylic acid (PAA) in the hydrogenation of phenol in aqueous
solution and ILs has also been reported.*® In this case, the ability of
cyclodextrins to form host-guest inclusion complexes with the
cyclohexenol intermediate was the key factor for obtaining 100%

selectivity towards cyclohexanone (Figure 4. 21).

OH Rh/PAA @ ij é
© ’% @ desorbed
~&7

adsorbed Cyclodextrin:

Figure 4. 21. Effect of cyclodextrin in the selectivity towards formation of

cyclohexanone from phenol reduction48

In view of these reports and since no studies based on ligand-
stabilized Rh NPs have been reported in this field, it was decided to
investigate the use of our Rh NPs stabilized by NHC ligands as

catalysts in the hydrogenation of phenol and derivatives.
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4.1.3. Selective hydrogenation of N-heteroaromatics

The piperidine scaffold is commonly present in a wide range
of natural products from both marine and terrestrial sources, and

many of them are used in pharmacy (Figure 4. 22).

F HO
NH;
N
o
o [¢]
W
=

MeO
120 :
MeO HO

Magellanine Xestoproxamine A Carmegliptin Morphine

isolated from isolated from Dipeptidyl Peptidase IV inhibitor narcotic pain reliever
Lycopodium magellanicum Neopetrosia exigua

(Terrestrial) (Marine)

Figure 4. 22. Piperidine containing natural products and pharmaceutical

agents

From a chemical point of view, piperidine is after pyridine the
second most common ring structure that is present in thousand of
compounds in clinical and preclinical research.#? For this reason, the
synthesis of piperidine has been subject of intense study for the last
years.>05152 While there are various methods for the synthesis of
piperidine derivatives, the reduction of pyridine analogues is one of
the most straightforward. In this field, metallic NPs mainly based on

Rh and Ru have been applied.

The catalytic hydrogenation of pyridine, 53 54,5556, 57 47 2.
picoline®3.58,564-picoline>® and pyridine-3-0l>° under H; pressure

between 1-10 bar has been reported using systems based on Rh NPs.

Recently, the diastereoselective reduction of pyridine analogues

bearing an amine group such as substituted-4-aminopyridines, have
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also been reported using Rh/C as catalyst. ©© This study
demonstrated the need to protect the amine with an electron-
withdrawing group in order to decrease the Lewis basicity of the
nitrogen, so the nucleophilic pyridine nitrogen does not coordinate
and deactivate the metal catalyst (this effect is enhanced due to the
presence of an amino group in C4). When 2-methyl-4-boc-
aminopyridine was used as substrate at 80°C under 8 bar of H:
(Figure 4. 23), the desired product was obtained in quantitative yield
with an unexpected 2:1 (cis:trans) mixture of diastereoisomers. Such
a result could be explained by the desorption of a partially
hydrogenated intermediate prior to complete hydrogenation.
Surprisingly, in the case of slightly larger substituents at C2 (ethyl

substituent), only the cis diastereomer was obtained in 75% isolated

yield.
NHBoc NHBoc
AN Rh/C
| _— 2:1 (cis/trans)
= 8 bar H,
N Methanol, 80°C H
18h
NHBoc NHBoc
AN Rh/C

| —
N 8 bar H,
Methanol, 80°C
18h

Iz

Figure 4. 23. Results reported by Murphy and co-workers in the
diastereoselective hydrogenation of substituted-4-aminopirydines using

Rh/C60

The competitive reduction of aromatic vs. heteroaromatic was

evaluated using 2-phenyl-4-Boc-aminopyridine as substrate,
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nevertheless very low conversions into the full reduction product

were obtained after 16h of reaction.

The reduction of pyridine was reported using Ru NPs supported on
magnesium oxide. 1 The reduction of compounds bearing N-
heterocyclic rings and a ketone group were also studied using Ru
NPs stabilized by NHC ligands!? and PFILs.1# In these cases, high
selectivity for the ketone moiety reduction (at 26% conversion)
(Figure 4. 24a) and almost full selectivity of the ketone reduction
were observed when [BMIM]BF4was used as solvent under 50 bar of

H> (Figure 4. 24b).

Q Ru NP
) N/ 40 bar H2
80°C
2% 15% 1% 8%

o [BMIM]BF, 30°C N
0% 96.7% 3 3%

Figure 4. 24. Results reported for the hydrogenation of acetyl substituted
pyridine derivatives using Ru NPs stabilized by (a) NHC ligands!? and (b)
PFILs4

Despite these reports, most of the studies in this area focused on the
reduction of quinoline (Q) and derivatives since the hydrogenation
of Q and analogues are of considerable industrial interest for the
production of  petrochemicals, ¢ fine chemicals and
pharmaceuticals.®3 The manufacture of decahydroquinoline (DHQ) is

particularly challenging and although it has been extensively studied,
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the production of DHQ via catalytic hydrogenation rather than
stoichiometric reduction remains wunusual. The complete
hydrogenation of Q to DHQ occurs in two different reaction steps: Q
is first hydrogenated to 1,2,3,4-tetrahydroquinoline (ITHQ) and
5,6,7,8-tetrahydroquinoline (°*THQ), and both compounds are then
hydrogenated to DHQ (Figure 4. 25).

Quinoline = DHQ

5THQ
Figure 4. 25. Reaction pathways for the hydrogenation of quinolone

Several reports describe the application of Rh645556,58 Ry 61,6514,66,40,
Pdé7 and Pt8 catalysts for the reduction of Q into DHQ; however,
relatively high temperatures (50-200°C) and hydrogen pressures
(20-40 bar H:) were needed for obtaining full conversion of Q.
Indeed, the selective reduction of the N-heterocyclic ring of Q was
observed in most of these examples. The selective formation of 1TTHQ
was attributed to both the low activity of these catalytic systems for
the hydrogenation of 'THQ to DHQ under this reaction conditions
and/or deactivation of the catalyst due to strong adsorption of 1'THQ

on the active sites.b4c

In contrast, the recent application of Rh/AIO(OH) in this reaction

provided excellent results for the complete hydrogenation of Q into
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DHQ under relatively mild conditions.®® These Rh NPs were prepared
by sol-gel method starting from RhCl3-xH20 in the presence of 2-
butanol and Al(O-Sec-Bu)z and were characterized by ICP, TEM, XPS
and FT-IR. When the Rh/AIO(OH) catalyst was tested in the
hydrogenation of Q and its analogues, high to full conversion to DHQ
and its derivatives was achieved under 8 bar Hz at 100°C (Figure 4.

26).

R RWAIO(OH) N
W —
R2 N 8 bar H2 R2 N
n-Hexane, 100°C H

Ra 3h Rs
Ry=-H, Ry=-H, Ry=-H 99% yield
R;=-CHj, Ro=-H, Rg= -H 96% yield
Ry= -H, Ro= -CHs, Ry= -CH, 84% yield
Ri=-H, Ro=-H, Ry= -CH,4 99% yield

Figure 4. 26. Results reported for the hydrogenation of Q to DHQ using
Rh/AlO(OH) catalyst®®

The effect of the hydroxyl groups of the support on the formation of
DHQ was investigated by varying the calcination temperature of the
catalyst. An increase in the activity and selectivity to DHQ was
observed when the catalyst was calcined at lower temperatures,
evidencing the importance of the presence of structural water and
surface hydroxyl groups on the catalyst surface. These results
suggested that the formation of hydrogen bonds between the surface
hydroxyl groups of Rh/AIO(OH) and the nitrogen atom of Q could
promote the first hydrogenation of the N-heterocycle of Q into 'THQ.
Similarly, the aromatic cycle of 1'THQ could be easily adsorbed onto
the surface of the catalyst via the same hydrogen bond thus

facilitating its reduction into DHQ.
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Ru catalysts supported on hydroxyapatite (HAP) also provided
excellent results for the hydrogenation of Q into DHQ.7° The Ru/HAP
catalyst was prepared through the impregnation of the previously
synthesized HAP with an aqueous solution of RuCl3z, followed by
reduction under 30bar H; at 180°C. In the hydrogenation of Q over
Ru/HAP, 56.3% selectivity to DHQ was achieved when the reaction
was performed at 150°C under 50 bar H; (Figure 4. 27). The
reduction of substituted quinolines over Ru/HAP was also tested,
yielding high to full selectivity to the corresponding DHQ under the

same reaction conditions.

Ru/HAP
“50barH, H, Ry N
0°C H
3

Cyclohexane, 15

Ry= -H, Rp=-H, Rg=-H 41.7% 2.0% 56.3%
Ry= -CHj, Rp=-H, Rg=-H 0% 22.8% 77.8%
R1= 'H, R2= 'CHB, R3= 'H Oo/o 00/0 1000/0
R1= 'H, R2= 'H, R3= 'CH3 00/0 OO/O 1000/0

Figure 4. 27. Results reported by Sun and co-workers for the

hydrogenation of Q and derivatives using the Ru/HAP catalyst7°

In view of these results, a mechanism similar to that reported for
Rh/AIO(OH)®° and based on the formation of hydrogen bonds
between the hydroxyl groups of the HAP and the nitrogen atom of
the substrate, was proposed (Figure 4. 28).
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AN X —
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OSSN CQ‘\ le \
o e NGy
o o o) —— Mo () o

HAP HAP HAP

Figure 4. 28. Proposed mechanism for the reduction of Q into DHQ using
Ru/HAP catalyst70

The group of Sanchez-Delgado reported the application of Ru NPs
stabilized by poly(4-vinylpyridine) (PVPy) in the hydrogenation of
Q.71 This functional polymer (PVPy) showed to be particularly
attractive for the stabilization of Ru NPs due to the strong affinity of
the pyridyl group for metallic surfaces. Moreover, PVPy was
employed as stabilizing agent as it provides a unique opportunity to
immobilize Ru NPs in close proximity to quaternizable nitrogen
atoms, thereby creating a nanostructure capable of promoting the

heterolytic activation of hydrogen.

Ru NP

® O@ SR OQ
N7 50bar|—|2

150°C
29% 17% 54%

Figure 4. 29. Results reported by Sanchez-Delgado and co-workers for the

hydrogenation of Q using Ru NPs stabilized by PVPy53

Although Q was selectively reduced (99%) into 'THQ at 120°C under
10 bar Hy, an increase in selectivity towards THQ was observed

when the temperature was increased up to 150°C under higher
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pressures of 50 bar Hy, detecting up to 54% of the totally reduced
product DHQ (Figure 4. 29).53
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4.2. Results and discussion

In the following sections, the results obtained in the
hydrogenation of aromatic ketones, phenol and derivatives and N-
heteroaromatic compounds using the NHC-stabilized Rh NPs

introduced in Chapter 2 will be described.

4.2.1. Selective hydrogenation of aromatic ketones

Acetophenone (1) was first used as model substrate to
evaluate the selectivity (reduction of arene ring vs. carbonyl group)
of the Rh NPs stabilized by 0.2 (Rh?2), 0.4 (Rh%4) and 0.6 (Rh0-6)
[[Pr]/[Rh] molar ratios in the hydrogenation of aromatic ketones.
Three main products are expected for this process: cyclohexyl
methyl ketone (1a) formed from the selective reduction of the arene
ring, 1-phenylethan-1-ol (1b) formed from the selective reduction of
the carbonyl group and 1-cyclohexylethan-1-ol (1c) formed from
complete reduction of the substrate (Figure 4. 30).

o
o / 1a \ OH
- o Q*
; }; ©)\ /V41 1c
1b
Figure 4. 30. Expected products for the selective hydrogenation of

acetophenone (1)
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The hydrogenation of 1 was initially attempted using Rh%Z as
catalyst under reaction conditions previously optimized by our
group in the same reaction using similar Rh and Ru NPs stabilized by
P-donor ligands (30°C, 20 bar of Hz, THF),2? and the reaction was
monitored by GC (Figure 4. 31). Complete conversion of 1 was
observed after 50 min of reaction, with a selectivity of 45% towards
1a, which remained unaltered after longer reaction times. The
selectivity towards 1b after 5 min was 58%, and progressively
decreased due to its hydrogenation into 1c. After 120 min, 1¢ was
formed in 55%. The stability of 1a under the reaction conditions was
not surprising since a similar behaviour was previously observed for
Rh NPs stabilized by PPh3.2° The lack of reactivity of alkyl ketones
suggests coordination of 1 to the NPs surface through the arene ring
during the reaction. In contrast with the results previously reported
using Rh NPs stabilized by PPhs as catalysts, no hydrogenolysis

products were detected in this study.
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Figure 4. 31. Monitoring of the catalytic hydrogenation of acetophenone

(1) using Rho2 as catalyst. Conversion in pink.

A higher selectivity (60%) to 1a was previously reported using Ru
NPs stabilized by the same ligand and [IPr]/[metal] molar ratio.!?
However, Ru/IPr were able to reduce 1a into 1c. This fact informs
that the coordination mode of 1 to Rh/IPr is distinct than that to
Ru/IPr. In the case of Ru/IPr, the coordination can probably take

place through both the aryl and the carbonyl groups.
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Figure 4. 32. Monitoring of the catalytic hydrogenation of acetophenone

(1) using Rho4 as catalyst. Conversion in pink.

To study the effect of the amount of ligand present at the surface of
these nanocatalysts, Rh04 was tested in the hydrogenation of 1
under the same reaction conditions and the reaction was again
monitored by GC. As displayed in Figure 4. 32, complete conversion
of 1 was achieved after 180 min of reaction, with a slight increase of
selectivity up to 55% for the formation of 1a (45% using Rh0-2). Also
in this case, the compound 1a was not converted into 1c at longer
reaction times. The fully hydrogenated product 1¢ was thus formed

by hydrogenation of 1b, achieving a selectivity of 45% after 240 min.
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Using Rh%6 as catalyst, comparable results were obtained. The fact
that conversion and selectivity for the formation of 1a and 1c using
Rh%6¢ and Rh%4 were similar, confirmed our previous assumption
that both catalytic systems were very similar. Based on these results,
the evidence that reaction rates in the hydrogenation of 1 with
catalysts Rh%4 and Rh%6 were lower than with catalyst Rh%Z is in
agreement with a higher surface coverage for those NPs, as
previously indicated by the study of CO adsorption / IR on Rh%# and
Rh%6 NPs. A similar behaviour concerning CO adsorption and

catalytic activity!? was also described for Ru/IPr.72

Table 4. 1. Rh NPs (Rh?2, Rho4) catalysed hydrogenation of aromatic
ketones (1, 2, 3)2

Rh NBs
L ]Pﬁ W W
O 20 bar Ho
THF 30°C
1n=0
2n=1 2a 2b 20
3n=2 3a 3b 3c
Entry | Substrate Cat. Conv.b | TOF a b C
(%) (%)° | (%)b | (%)°
1 1 Rho:2 100 457 45 - 55
2 1 Rho4 100 99 55 3 42
3 2 Rheo:2 100 -d 50 50 -
4 2 Rho4 100 -d 53 47 -
5 3 Rheo:2 100 147 91 7 2
6 3 Rho4 100 -d 91 7 2

aCatalytic conditions: 1.24 mmol substrate, 1.25 mol% cat. bCalculated by
GC using undecane as internal standard 4 Not calculated.
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Next, the influence of an increase in the chain length between the
aromatic ring and the carbonyl group on the selectivity was studied
by the hydrogenation of ketones 1-phenylpropan-2-one (2) and 4-
phenylbutan-2-one (3) using Rh%2 and Rh04 as catalysts. Results of
the reduction of 2 and 3 are collected in Table 4. 1 (results obtained
using 1 under the same reaction conditions are also included for

comparison).

Hydrogenation of 2 with both Rh%2 and Rh%4 catalysts afforded full
conversions and similar selectivities (ca. 50:50) to compounds 1-
cyclohexylpropan-2-one (2a) and 1-phenylpropan-2-ol (2b) (Table 4.
1, Entries 1 and 2 vs. 3 and 4).

The hydrogenation of 3 using both Rh?2and Rh%#4 nanocatalysts also
provided full conversion but selectivity to 4-cyclohexylbutan-2-one
(3a) improved up to 91% for both catalysts (Table 4. 1, Entries 5 and
6). Monitoring the hydrogenation of 3 in the presence of Rh?2
(Figure 4. 33) also revealed lower reaction rates for this substrate

than for 1, with full conversion reached after 110 min of reaction

(calculated TOF = 147).
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Figure 4. 33. Monitoring of the catalytic hydrogenation of 4-phenylbutan-

2-one (3) using Rh02 as catalyst. Conversion in pink.

The lack of reduction of the alkyl ketone 3a over the reaction time
corroborates that ketone group is only reduced when an aromatic
ring is present in the substrate structure. Moreover, when the
carbonyl group is distant from the arene (n>2), only reduction of the
arene ring takes place. This fact was also observed using Irl8, Rul2

and Rh20.29 NPs,

The effect of the presence of bulky alkyl groups close to the ketone
moiety in the activity and selectivity of the reaction was then studied

via the use of 2-methyl-1-phenylpropan-1-one (4) and 2,2-dimethyl-
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1-phenylpropan-1-one (5) as substrates. The results of the reduction
of 4 and 5 are summarized in Table 4. 2 (results obtained using 1
under the same reaction conditions are also included for

comparison).

Table 4. 2. Rh NPs (Rh¢2, Rho4) catalysed hydrogenation of aromatic
o) Rh
20 b

ketones (1, 4, 5)2
NPs
- ﬁ @ @
ar Hy
h

THF, 30°C
1 R=-CHg 5
4 R=-iPr 4a 4b 4c
5 R=-1Bu 5a 5b 5c
Entry Substrate Cat. Conv.b a b C
(%) (%) | (%)° | (%)P
1 1 Rho2 100 45 - 55
2 1 Rho+4 100 55 3 42
3 4 Rho:2 100 19 74 7
4 4 Rho+4 100 25 58 17
5 5 Rho:2 100 23 7 70
6 5 Rho+4 100 22 63 15

a Catalytic conditions: 1.24 mmol substrate, 1.25 mol% cat. b Calculated

from GC using undecane as internal standard.

When the hydrogenation of 4 was carried out, full conversion was
achieved using both Rh2 and Rh%4 after 5 h of reaction, and the
reduction of the ketone group to give 4b was the main process. The
selectivities towards the reduction of the aromatic ring (formation of
4a) were 19% using Rh%2? and 25% using Rh%4, which was clearly
lower to those obtained in the hydrogenation of 1 (45% and 55%
respectively, Table 4. 2, Entries 1 and 2 vs. 3 and 4). The fully
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hydrogenated product 4c was formed in 7% and 17% using Rh0-2
and Rh%4, respectively. In the case of 5, selectivities were similar to
those obtained for 4 (Table 4. 2, Entries 3 and 4 vs. 5 and 6), which
indicated that an increase in the bulkiness of the substituent
from -iPr to -tBu does not have a strong effect on the selectivity of

the reaction.

"

O O OH OH
+ +
WL% mol% cat. O)K{/ w m/

20 bar H,
THF, 30°C

5a 5b 5¢
TOF= 381

%

T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

Time (min)

Figure 4. 34. Monitoring of the catalytic hydrogenation of 1-phenylpropan-
1-one (5) using Rh?2 as catalyst. Conversion in pink.

In order to get more information on the selective hydrogenation of 5,
monitoring of the reaction by GC using Rh%2 was performed (Figure
4.34). At the beginning of the reaction, the product 5b resulting from

the reduction of the keto group was formed with very high selectivity
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(88%), but progressively decreased as a result of its conversion into
the fully hydrogenated product 1c. Reduction of arene to give 5a
reached 22% after 1h and remained constant along the time,
similarly to that observed for 1. The decrease in selectivity to 4a and
5a observed may be explained by the hindered coordination of the
arene ring at the Rh surface. Thus, a change in selectivity for the
hydrogenation of 4 and 5 was observed compared to 1 using Rh?-2
and Rh%4, in contrast to what was previously reported using Rh-PPhs
NPs.22 Moreover, the TOF of 381 calculated for 5 using Rh%2 was
lower that that obtained for the hydrogenation of 1 using the same
catalyst (457), which indicated that the presence of bulky groups as
in 4 and 5 decrease the overall reaction rate. It is noteworthy that
distinct trends were previously reported using Ru NPs stabilized by

PFILs as catalysts and an imidazolium-based ionic liquid as solvent.14
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Table 4. 3. Rh NPs (Rh?2z, Rho4) catalysed hydrogenation of aromatic
ketones (1, 6, 7)2

(0] Rh NP (0] OH OH
- + +
R 20 bar H2 R R R
THF, 30°C
1R=-H 5h 1a 1b 1c
6 R=-CHj 6a 6b 6¢c
7 R=-OCHg 7a 7b 7c
Entry | Substrate Cat. Conv a b C
(%) | (%)° | (%)° | (%)P
1 1 Rho:2 100 45 - 55
2 1 Rho4 100 55 3 42
3 6 Rho:2 74 29 66 5
4 6 Rho+4 67 25 60 15
5 7 Rho:2 95 38 62 -
6 7 Rho4 91 42 58 -

a Catalytic conditions: 1.24 mmol substrate, 1.25 mol% cat. b Calculated

from GC using undecane as internal standard.

Next, acetophenone derivatives bearing substituents in ortho and
para position of the aromatic ring such as compounds 6-9 were used
as substrates. The results obtained for ortho-substituted derivatives
are collected in Table 4. 3 (results obtained using 1 under the same
reaction conditions are also included for comparison). The reaction
rates for both substrates were lower, especially for substrate 6
(Table 4. 3, Entry 1 and 2 vs. 3-6). In these cases, the ketone
reduction to give compounds 6b and 7b was the main process. A
difference between reduction of ketones 6 and 7 is the absence of
fully reduced product 7c¢ during the reduction of 7, with both
catalysts Rh%Zand Rho4 (Table 4. 3, Entries 5 and 6). This is probably

due to the distinct steric hindrance induced by the substituent -OMe
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versus -Me, but also to the higher electron donating properties of the
-OMe group.

Table 4. 4. Rh NPs (Rh¢2, Rho4) catalysed hydrogenation of aromatic
ketones (1, 8, 9)2

0] Rh NP 0] OH OH
B + | +
R 20 bar H, R RTNF R
THF, 30°C
1R=-H 5h 1a 1b 1c
8 R=-OCHj 8a 8b 6c
9 R=-CF; % 9b 9c
Entry | Substrate Cat. Conv. a b c
(%)° | (%) | (%) | (%)°
1 1 Rho:2 100 45 - 55
2 1 Rho4 100 55 3 42
3 8 Rho:2 99 2 71 27
4 8 Rho4 74 5 48 47
5 9 Rho:2 99 13 87 -
6 9 Rho4 81 35 65 -

a Catalytic conditions: 1.24 mmol substrate, 1.25 mol% cat. b Calculated

from GC using undecane as internal standard

Next, the hydrogenation of the para substituted acetophenone
derivatives 8 and 9 bearing the electron donating and electron
withdrawing groups -OCH3 and -CF3 was studied. The results are
collected in Table 4. 4 (results obtained using 1 under the same

reaction conditions are also included for comparison).

A lower conversion was obtained for Rh%4 than for Rh%2 with
substrates, in agreement with the surface availability for these

catalysts.

187



— Selective hydrogenation of aromatic compounds using Rh NPs ___

A striking difference was observed between the -OMe derivatives
ortho (7) and para (8). In the case of 7, the fully reduced product 7c¢
was not observed while for 8, significant amounts of 8c were formed
(Table 4. 3, Entries 5 and 6 vs. Table 4. 4, Entries 3 and 4). Comparing
the data of both substrates, the selectivities to 7b-8b were similar,
and the main difference is that 7a was not reduced under these

conditions, in contrast with 8a.

A difference in selectivity was observed using Rh%2 or Rh%4 as
catalyst in the case of 9, with Rh%Z being more selective towards the
reduction of the ketone group (Table 4. 4, Entries 5 vs. 6). This was
surprising since the lower availability of the faces in the case of Rh04
would be expected to disfavour the reduction of the aromatic ring

over that of the ketone group.

Table 4. 5. Rh NPs (Rh?2, Rh4) catalysed hydrogenation of 102

Q Rh NPs Q

S ) O)k
O,N" F 20barH,  H,N
THF, 30°C
10 5h 10a
Entry | Substrate Catalyst Conversion

(%)°

1 10 Rho:2 14

2 10 Rho4 18

a Catalytic conditions: 1.24 mmol substrate, 1.25 mol% cat. b Calculated

from GC using undecane as internal standard.

Finally, the reduction of the aromatic ketone 10 bearing a reducible

nitro group was looked at using Rh%2 and Rh%#. Standard reaction
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conditions used previously were exclusively tested. Under these
conditions, conversions were very low with both catalysts and only
the reduction of the nitro group to afford the aniline 10a was
observed (Table 4. 5, Entries 1 and 2). These results were in
agreement with those previously reported using Rh6473. 74 Rul2 and
Pt7> NPs. The lack of reduction of the arene ring and the ketone
function once the nitro group is reduced indicated the preferred

initial coordination of this substrate through the nitro group.
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4.2.2. Selective hydrogenation of phenols

The hydrogenation of aromatic compounds bearing alcohol
groups using Rh NPs stabilized by the IPr ligand was examined using
phenol (11) as model substrate. Two main products are expected for
this process: cyclohexanone (11a) formed after the fast keto-enol
tautomerism of cyclohex-1-en-1-ol and cyclohexanol (11b)
(complete reduced product) formed by reduction of the ketone
group of 11a (Figure 4. 35). As commented in the introduction of this
chapter, 11a is an intermediate for the production of caprolactam
and adipic acid that can be used for the production of Nylon 6, Nylon

66 and polyamide resins.

OH OH (0] OH
Step 1 fast Step 2
e = — > — >
Hy -~ Hy

11 11a 11b

Figure 4. 35. Expected products for the hydrogenation of phenol (11)

The hydrogenation of phenol 11 was first carried out using
1.25mol% of Rh%2 at 30°C under 20 bar of Hz in THF and the
reaction was monitored by GC-MS. Under these reaction conditions,
95% conversion was reached after 210 min of reaction with
selectivities to cyclohexanone (11a) and cyclohexanol (11b) of 32%

and 68%, respectively (Table 4. 6, Entry 1).
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Table 4. 6. Rh NPs (Rh2) catalysed hydrogenation of 112

OH 0 OH
Rho2
:;% .
H, é @
THF
210 min.
1 11a 11b
Entry | Pressure Temper. Conv. TOF« 11a 11b
(bar) @9 (%)° (%)> | (%)P
1 20 30 95 81 32 68
2 5 30 93 86 48 52
3 1.7 30 30 23 75 25
4 1.7 60 100 43 79 21
5d 1.7 60 62 34 43 57

a Catalytic conditions: 2.48 mmol substrate, 1.25 mol% Rho2, b Calculated
from GC using undecane as internal standard. ¢ TOF=(mmol product/mmol
Rh surface)*h-t, calculated at conv. <20%. 41.25mol% Rho4

When the H; pressure was decreased to 5 and 1.7 bar, an increase in
selectivity to cyclohexanone (up to 75%) was observed while
conversion diminished to 30% at similar reaction time (Table 4. 6,
Entries 2 and 3).4>46 However, an increase in temperature up to 60°C
provided full conversion with no variation in selectivity (Table 4. 6,
Entry 4). The use of Rh%4 as catalyst afforded a lower conversion and
lower selectivity towards cyclohexanone (11a) (Table 4. 6, Entry 5).

The results of the monitoring of the catalytic hydrogenation of 11
using Rh02 at 60°C under 20 and 1.7 bar of H; pressure are displayed
in Figure 4. 36. When the reduction of 1 was performed under 20 bar
of Hz (Figure 4. 36), full conversion was reached after 270 min. At
short reaction times, a practically equimolar mixture of 11a and 11b
was observed, and later evolved towards the fully hydrogenated

compound 11b.
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OH thf% (0] OH
— +
© 1.25 mol% cat. ij @
20 bar Hy
THF, 60°C
11 11a 11b
TOF=81

%

0 50 100 150 200 250 300 350 400

Time (min)

Figure 4. 36. Monitoring of the catalytic hydrogenation of phenol (11)

using Rh02 as catalyst. Conversion in pink.

When the reaction was conducted under 1.7 bar of Hz, full conversion
was achieved at similar reaction times, but in this case, the initial
11a/11b ratio (75/25) did not vary over time (Figure 4. 37),
suggesting that cyclohexanone was not reduced under these

conditions.
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OH R% (o) OH
2 .
1.25 mol% cat.

1.7 bar H,
THF, 60°C
1 11a 11b
TOF=43
100 e
| /
80
70
60 _. /////
€ 507 {//
1 /
T
30 \O’H L
S e e
10 i /*/
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Figure 4. 37. Monitoring of the catalytic hydrogenation of phenol (11)

using Rh02 as catalyst. Conversion in pink.

To corroborate this hypothesis, the hydrogenation of cyclohexanone
11a was carried out using Rh%2 and Rh%# as catalysts. The results
showed that 11a is reduced under 20 bar Hz but not under 1.7 bar H>
(Table 4. 7, Entries 1-3). It was therefore concluded that under low
H> pressure, the selectivity is determined by the difference in rates
(k2 versus k2’) between isomerisation and hydrogenation of the enol

intermediate 11’ (Figure 4. 38).
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OH

on ke
© Rh NPs, 2H2 / W
Ha, k3
SN
e

11a

Figure 4. 38. Competitive reactions in the hydrogenation of phenol (11)

using Rh02 as catalyst

The results of the reduction of 11 using Rh%#are presented in Figure
4. 39. Reaction rates at 60°C and 1.7bar of H, were lower for Rho4
than for Rh%Z, achieving with Rh%4 a conversion of 62% after 210
min (TOF= 34). This result is agreement with the behaviour
observed in the reduction of ketones. Selectivity towards 11a (44%)
was also lower than the obtained using Rh%Z (79%). This fact
suggests that an increase in steric hindrance at the surface of the
catalyst could disfavour desorption of the enol intermediate,
promoting the reduction of 11a and thus enhancing the selectivity

towards the formation of 11b.
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OH R% (o] OH
22 .
1.25 mol% catl.
1.7 bar H,
THF, 60°C
1 11a 11b
TOF=34
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Figure 4. 39. Monitoring of the catalytic hydrogenation of phenol (11)

using Rh04 as catalyst. Conversion in pink.

In order to examine the effect of the metal on the reaction, the
application of previously reported Ru NPs stabilized using the same
amount of the IPr ligand!2 were tested. Results are shown in Figure 4.
40. The reaction was conducted using Ru®2 under the previously
optimized reaction conditions (1.7 bar Hz, and 60°C) to afford a
conversion of 64% after 210 min (TOF= 24). The ratio 11a/11b of
ca. 55/45 was also in this case practically constant over the reaction,
but it is lower than for Rh%Z (75/25). These results indicated a

higher efficiency of Ru®2 for the catalytic reduction of ketones,
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compared to Rh%2, which is in agreement with the reported results

obtained in the hydrogenation of aromatic ketones.2°

)

OH (o) OH
+
1.25 mol% cat.

1.7 bar H,
THF, 60°C

1 11a 11b
TOF=24

100

%

0 —

T T T T T T T T
0 50 100 150 200 250 300 350 400

Time (min)

Figure 4. 40. Monitoring of the catalytic hydrogenation of phenol (11)

using Ru?2 as catalyst. Conversion in pink.

Finally, to confirm that the reduction of 11a was depending on the
H> pressure, catalytic tests using 11a as substrate in the presence of
Rh02, Rh%4 or Ru?%2 at different H, pressures were carried out. When
the reaction was conducted under 1.7 bar of H2 with Rh%2 and Rho4
as catalysts, 11a was not reduced (Table 4. 7, Entries 1 and 2).
However, when the reaction was performed under 20 bar of Hz using
Rh?Z 3as catalyst, 11a was smoothly reduced to give 11b (Table 4. 7,

Entry 3). However, Ru?? reduced 11a even under 1.7 bar of Hp,
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(Table 4. 7, Entry 4), achieving a conversion of 79% (Table 4. 7, Entry
3 vs. 4). These results are in agreement with the selectivity observed
in the phenol reduction and also with the reactivity showed by Ru

NPs in ketone reduction.2°

Table 4. 7. Rh and Ru NPs (Rh%2 and Ru®2) catalysed hydrogenation of

11a
i w-NPS 4
Ho
THF
11a 5h 11b
Entry | Catalyst | Pressure | Conv.
(bar) (%)°
1 Rho:2 1.7 0
2 Rho4 1.7 0
3 Rho:2 20 38
4 Ru?:2 1.7 79

aCatalytic conditions: 2.48 mmol substrate, 1.25 mol% Rh°2, Rho4or Ru®2.
bCalculated from GC using undecane as internal standard

Next, the hydrogenation of substituted phenols was explored. When
the reaction was performed in the presence of Rh02 at 60°C under
1.7 bar of Hz pressure, very low conversions were obtained in the
hydrogenation of the phenol derivatives 12-16. The reactions were
then performed at 60°C and under 20 bar Hz (Table 4. 8). In all cases,
the conversions were lower than when 11 was used as substrate. In
agreement with the results obtained in the hydrogenation of 11, the
cyclohexanols 12b-16b were always preferably obtained, although
the selectivity to the cyclohexanone 14a reached 42% (Table 4. 8,
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Entry 4). The lower selectivities to cyclohexanones obtained with
these more sterically hindered substrates are in agreement with the
results obtained during the hydrogenation of phenol using Rh%# as
catalysts (Table 4. 6, Entry 5). Indeed, an increase in steric hindrance
either at the surface of the catalyst or at the substrate favours the
formation of cyclohexanols, which could indicate that desorption of
the enol intermediates is disfavoured, thus enhancing the selectivity

to cyclohexanols.

Table 4. 8. Rh NPs (Rh?2) catalysed hydrogenation of 11, 12, 13, 14, 15,

162
SOV - IS G
20 bar H, v
e omin, & R
11-16 11a-16a 11b-16b
Entry Subst. R1 R: R3 Conv. | TOFc a b
(%)P (%) | ()P
11 -H -H -H 96 43 33 67
12 -CH3 -H -H 12 3 27 73
(74:26)4
3 13 -H -H -CH3 12 3 18 82¢
4 14 -CH3z | -CH3z | -H 8 2 42 58e
5 15 -OH -H -H 38 9 7 93e
6 16 -OMe | -H -H 14 3 0 100
(83:17)d

aCatalytic conditions: 2.48 mmol substrate, 1.25 mol% Rh9-2. bCalculated by GC using undecane
as internal standard. <TOF=(mmol product/mmol Rh surface)*h-, calculated at conv. <20%

dcis:tran stereoselectivity. eoverlapped signals in GC, not quantified.
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In the case of the hydroxyl 15 or alkoxy 16 substituted derivatives,
practically no cyclohexanones were detected (Table 4. 8, Entries 5
and 6). The cyclohexanol derivatives were obtained as cis/trans
mixtures with selectivities up to 83:17 (Table 4. 8, Entry 6). These
results are in agreement with those previously reported for the
hydrogenation of p-methylanisole (71:29), o-xylene (75:25) and m-
xylene (75:25) using Rh NPs stabilized by P-donor ligand,?® and
indicated that the desorption of partially reduced species before
reaching complete reduction is not fully avoided. It can consequently
be concluded that in terms of conversion, substitution of the phenol
ring has a detrimental effect, which can be explained by the high

steric hindrance provided by the NHC ligand at the catalyst surface.

Next, the hydrogenation of nitrobenzene (17) was examined under
same reaction conditions and the reaction was monitored by GC

(Figure 4. 41).
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NO, R% NO NH,
— +
@ 0.625 mol% catl. © ©
20 bar H,
THF, 30°C
17 17a 17b
TOF=505
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Figure 4. 41. Monitoring of the catalytic hydrogenation of nitrobenzene

(17) using Rh02 as catalyst. Conversion in pink.

The reaction was completed after 150 min of reaction with a TOF of
505. The partially reduced product nitrosobenzene (17a) was
detected in up to 10% selectivity at the beginning of the reaction, but
was progressively reduced to aniline 17b, which was not further

reduced, similarly to the observed for the nitroderivative 10.
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4.2.3. Hydrogenation of N-heteroaromatics

The hydrogenation of N-heterocyclic compounds using Rh?-2
was evaluated using first pyridine (17) as model substrate. In Figure
4. 42, the evolution of the reaction over time at various temperatures
and H: pressures is displayed. As expected, the decrease of both
parameters has a negative influence on the conversion, although full
conversion could be achieved in 180 min at 30°C under 10 bar of H>

pressure.

Rh02)
s H2
N THF H
18 18a

Conversion (%)

o+ 7
0 200 40 60 80 100 120 140 160 180 200

Time (min)

Figure 4. 42. Monitoring of the catalytic hydrogenation of pyridine (18)
using Rh02 as catalyst. (Catalytic conditions: 2.48 mmol substrate; (black)
0.625 mol% Rh©2, 60°C, 20 bar Hy; (red) 1.25 mol% Rh©2, 60°C, 20 bar Hy;
(blue) 0.625 mol% Rh©2, 30°C, 20 bar Hy; (green) 0.625 mol% Rh°2, 30°C,

10 bar Hy).
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The Rh%4 NPs were also applied as catalysts in the hydrogenation of
18 (0.625 mol% cat., 20 bar H; at 30°C) (Figure 4. 43) and a TOF of
229 was calculated at conversion<20%. This value was lower than

that calculated for Rh%Z (305), in agreement with the results

obtained for previous substrates.

Rho4 )
2320
e [
=z 20 bar H,
N THF, 30°C N
18 18a
TOF= 229

Conversion (%)

T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Time (min)

Figure 4. 43. Monitoring of the catalytic hydrogenation of pyridine (18)
using Rh04 as catalyst. (Catalytic conditions: 2.48 mmol substrate, 0.625
mol% Rho4).
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H H H
18a 19a 20a
94% 90% 33% (96:4)2
(100% after 120min)  (100% after 120min)  (100% after 420min)
TOF=305 TOF=238 TOF=48
N ﬁNj
H H
21a 22a
30% 49%
(65% after 420min) (100% after 240min)
TOF=38 TOF=48

Figure 4. 44. Results obtained for the hydrogenation of 18, 19, 20, 21 and
22 using Rh02 as catalyst. (Catalytic conditions: 2.48 mmol substrate, 0.625

mol% Rh©2, 30°C, 20bar Hz, 90 min.) acis/trans selectivity

With these results in hand, the effect of substituents in ortho- and
para- positions of the pyridine ring was then evaluated. A negative
influence of substitution on the conversion was previously reported
for 2-methylpyridine>® and substituted-quinoline derivatives using
Rh/Al;03 as catalysts.’®8 However, using Rh%2? as catalyst, the
hydrogenation of 2-methylpyridine (19) to compound 19a took
place at a similar rate than the parent compound 18 (Figure 4. 44),
whereas the rate of hydrogenation of the 2,6-dimethyl derivative
(20) to afford 20a was significantly lower under the same reaction
conditions (full conversion was reached extending the reaction time).
In this case, the cis diastereomer was almost exclusively formed,
which suggested a strong interaction between the pyridine ring and
the NPs surface, and hence that the decoordination necessary for the

formation of the trans isomer after partial hydrogenation of the
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aromatic ring was disfavoured. These results indicated that an
increase in the ring substitution negatively influences the
hydrogenation rate of these compounds; however, the
stereochemistry of the product suggested that the flat coordination
of the pyridine ring required for its reduction is strong enough in
spite of the presence of two methyl substituents.

In view of these results, the effect of para-substituents was explored
using 4-methylpyridine (21) and 4-trifluoromethylpyridine (22) as
substrates. Surprisingly, the hydrogenation of 4-methylpyridine (21)
to afford 10a was the slowest of the series (TOF =38) (Figure 4. 44).
Hydrogenation of 4-trifluoromethylpyridine (22) afforded 22a at a
slightly faster reaction rate (TOF=48) than 21, which indicated that
electronically-poorer rings are more easily reduced, in spite of the
higher bulkiness of the -CF3 group vs. -CHs. These results therefore
showed that under these conditions, the hydrogenation rates of
para-substituted substrates is more similar to that of 2,6-
dimethylderivative 20 than those of 18 and 19, suggesting that the
né-coordination of the aromatic ring to the surface of the NPs is more
hindered by the presence of substituents in 4-position. This effect
was not previously observed when the hydrogenation of 4-
methylpyridine was performed using Lewis acid-ILs stabilized Rh
NPs.>6 In order to confirm this hypothesis, the catalytic
hydrogenation of 19 and 21 was carried out using Rh%4 as catalyst
under the same reaction conditions (Figure 4. 45). Lower reaction
rates were observed in the reduction of both 19 and 21, with TOFs of
143 and 19 respectively, a bit higher percentage decreases for 21,

which is in agreement with our previous supposition.
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Figure 4. 45. Monitoring of the catalytic hydrogenation of 2-
methylpyridine (19) and 4-methylpyridine (21) using Rh4 as catalyst.
(Catalytic conditions: 2.48 mmol substrate, 0.625 mol% Rh°4, 30°C, 20 bar
Hz).

In previous studies with Ru and Rh NPs, a different selectivity in
ketoarenes reduction (arene vs. ketone) was observed depending on
the distance between the keto and the arene groups.'22° To
investigate whether this trend could be extended to pyridine
derivatives, the hydrogenation of 2-acetylpyridine (23) and 1-
pyridin-2-yl-propan-2-one (24) was studied.
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0.625 mol% cat.

Ho, THF 30°C
3a 3c
a) 20 bar H, 100% conv. 0% 0% 0% 100%
TOF= 196
b) 5barH, 84% conv. 2% 8% 14% 76%
TOF=174

Figure 4. 46. Results obtained for the hydrogenation of 2-acetylpyridine
(23) using Rh02 as catalyst.

Hydrogenation of 23 carried out at 30°C under 20 bar of H; afforded
full conversion after 60 min of reaction with full selectivity towards
the totally reduced product 23d (Figure 4. 46a) (TOF =196). Full
reduction of 23 was previously reported using Ru NPs stabilized by
PFILs in water (30°C, 50 bar Hz, 15h of reaction).12 When the H:
pressure was decreased to 5 bar, partially reduced products 23a,
23b and 23c were observed in low selectivities (2, 8 and 14%,
respectively) (Figure 4. 46b), although compound 23d was again the
major product (TOF = 174). The high activities obtained for the
electron-deficient pyridine ring (23), compared to 18, confirmed our
assumption that electronically-deficient pyridine rings are more

easily reduced.
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Table 4. 9. Rh NPs (Rh02) catalysed hydrogenation of 242

RHO2)
™ o = 0 0 7N o OH
&z Ee—— x + + P +
N Ho N N N N
H H H

THF, 30°C
1h

5 bar H, 24 TOF= 170 24a 24b 24c 24d

2 bar Hy TOF=93

Entry | Time Pressure Conv. 24a 24b 24c 24d

(min.) (bar) (%)° (%)° | (%)° | (%)° | (%)P

1 60 5 79(100)¢ 64 8 16 12
2 240 5 100 64 0 0 36
3 60 2 39 78 12 10 0
4 240 2 89 76 12 9 3

aCatalytic conditions: 2.48 mmol substrate, 0.625 mol% Rh?0-2. bCalculated
by GC using undecane as internal standard. cAfter 2h.

The reduction of 24 was initially studied at 30°C and under 5 bar of
H> (Table 4. 9, Entry 1) in order to explore the possibility to obtain
partially reduced compounds. Under these conditions, 79%
conversion was obtained after 60 min, which was slightly lower than
that obtained for 23 (84%). Interestingly, in this case, the pB-
enaminone 24a was the major product of the reaction with 64%
selectivity. The identity of this product was confirmed by mass
spectrometry (M+*=139) (Figure S108, Supporting information) and
13C and H NMR spectroscopy (Figures S112 and S113, Supporting
information), and comparison with reported values.”® Products from
the selective reduction of the pyridine ring (24b), ketone (24c) and
the totally reduced product (24d) were also detected in 8, 16 and
12%, respectively. At longer reaction time, the reduction of 24b and

24c into 24d was observed whereas the selectivity to 24a remained
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unchanged even after 4h of reaction under these conditions (Table 4.
9, Entry 2). When the reaction was repeated under 2 bar of H:
pressure, an increase in the selectivity to 24a up to 78% was
observed (Table 4. 9, Entry 3). This selectivity was maintained when
the reaction was run for 240 minutes (conv.= 89%) (Table 4. 9, Entry
4).

Comparison of the results obtained in the hydrogenation of the
pyridine derivative 24 and the related arylketone 2 indicated a
clearly distinct output. The product 24a is probably formed through
isomerization of a partially reduced intermediate, which takes place

faster on this case than for 2 (Figure 4. 47).

24 24a

Figure 4. 47. Isomerization mechanism for the formation of 1-(2-

piperidinylidene)-2-propanone (24a)

Next, the competitive reduction of pyridine vs. phenyl rings was
looked at. With this purpose we studied first the hydrogenation of
benzene (25) under the same reaction conditions than those used for
pyridine (18) (Figure 4. 48). After 60 min, 84% conversion was
obtained, similarly to the results obtained for 18. However, when the
hydrogenation of a 1:1 mixture of 18:25 was carried out and
monitored by GC over time, complete conversion of 18 was reached

when hydrogenation of 25 was only 9% of conversion (Figure 4. 49).
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© 0.625 mol% cat. O 84% conversion
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25 THF, 30°C 25a
60min

Figure 4. 48. Results obtained for the hydrogenation of benzene (25) using
Rho-2

These results can be explained considering that piperidine (18a),
which is produced by the reduction of 18, can coordinate to the NPs
surface and as such can act as a poison that prevent the reduction of
25. This poisoning effect has been previously evidenced in the
reduction of quinoline and imines using nanocatalysts.®3¢ The fact
that pyridine 18 was reduced in the presence of piperidine 18a
suggests a displacement of the reduction product 18a by the
substrate 18, which confirms the involvement of the nitrogen

coordination with the catalyst surface prior to hydrogenation.

209



— Selective hydrogenation of aromatic compounds using Rh NPs ___

RHO2)
S /3%
| _ + +
N 0.625 mol% cat. N
20 bar H, H
18 25 THF, 30°C 18a 25a
100 - ® L
90—-
80
70 4
2 60
g 4
E, 50 —
ué) 40 -
o
[}
30 H
20—-
10—-
0 T T T T T T T T
0 50 100 150 200 250 300 350 400
Time (min)

Figure 4. 49. Monitoring of the catalytic hydrogenation of 18 + 25 using

Rh02 as catalyst.

Next, the hydrogenation of 2-phenylpyiridine (26) was looked at
30°C under 20 bar of Hz and the reaction was monitored over time
(Figure 4. 50). Under these conditions, this reaction was very slow
(19% conv. after 7h). The low reactivity of 2-phenylpyridines had
been already observed.®® Three products 26a-c can be formed and
initially only 26a,b were produced in a ratio 65:35. Compound 26b
was slowly reduced to 26¢, but 26a was not reduced under these
conditions, and a constant ratio 26a/(26b+26c) was observed over
time, corresponding to the selectivity for the pyridine vs. arene

reduction.
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Figure 4. 50. Monitoring of the catalytic hydrogenation of 2-

phenylpyiridine (26) using Rh02 as catalyst. Conversion in pink.

When the temperature was increased to 60°C, an increase in activity
was observed (Figure 4. 51) and compound 26c¢ was rapidly
generated. Under these conditions, the compound 26a was also
reduced and, after 48h, only the fully reduced product (26c) was

present in the reaction mixture.
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Figure 4. 51. Monitoring of the catalytic hydrogenation of 2-
phenylpyiridine (26) using Rh02 as catalyst. Conversion in pink.

To summarize, both the pyridine moiety and the phenyl ring were
reduced using Rh?2 as catalyst at 20 bar of H; and 60°C to afford the

fully reduced product 26c¢ in 100% selectivity.

In view of the results obtained in the hydrogenation of pyridine
analogues bearing arene rings, the reduction of quinoline (27), was
also investigated. As previously mentioned in the introduction of this
chapter, three main products are expected: 1,2,3,4-
tetrahydroquinoline (ITHQ) (27a) formed from the selective
reduction of the pyridine ring, 5,6,7,8-tetrahydroquinoline (°THQ)

(27b) formed from the selective reduction of the arene ring and
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decahydroquinoline (DHQ) (27c) formed from complete reduction of
the substrate (Figure 4. 52).

C
e G e

27b
Figure 4. 52. Expected products for the hydrogenation of quinoline (27)

(L

N
H
27¢

(0
N/

27

The hydrogenation of quinoline (27) was initially performed at 30°C
under 20 bar of H; using Rh02 as catalysts, and the reaction was
monitored by GC (Figure 4. 53). Under these conditions, full
conversion was achieved after 140 min of reaction. Initially, the fully
reduced product 27c¢ was not detected and the ratio 27a/27b was
89:11 (conversion 33%, Figure 4. 53). This selectivity progressively
decreased to 75:20 at full conversion. At this point, 5% of 27c was
formed although the reduction of both 27a and 27b was very slow

under these conditions.
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Figure 4. 53. Monitoring of the catalytic hydrogenation of quinoline (27)

using Rh02 as catalyst. Conversion in pink.

When the reaction was conducted at 60°C, full conversion was
achieved after only 30 min of reaction and at this point ratio
27a/27b was 75:25 (TOF= 496) (Figure 4. 54), with practically no
traces of the fully reduced product 27c. After 24h of reaction, full
conversion towards 27c¢ was achieved as a consequence of the
complete reduction of 27a,b. In summary, in the presence of Rh%2 as
catalyst, 27c can be obtained as the only product after 24h in the
absence of additives>36970 The TOF measured for this last process

(496) is the highest reported to date.
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Figure 4. 54. Monitoring of the catalytic hydrogenation of quinoline (27)

using Rh02 as catalyst. Conversion in pink.

When Rh%4 was used as catalyst for the hydrogenation of 27 under
the same conditions (Figure 4. 55), selectivities were similar to those
obtained with Rh?2, although a slight decrease in the reaction rate
was observed (TOF= 447). These results confirmed the lower activity
of the catalyst with a higher coverage of stabilizing ligand at its

surface.
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Figure 4. 55. Monitoring of the catalytic hydrogenation of quinoline (27)

using Rh04 as catalyst. Conversion in pink.
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4.3. Conclusions

Selective hydrogenation of aromatic ketones:

-Lower activities were in general obtained for the reduction of
aromatic ketones using Rh%4 and Rh?%¢ compared to Rh?2 due to the

presence of higher amounts of ligand in the surface of the Rh NPs.

-The lack of reduction of alkyl ketones such as 1a, 2a and 3a
indicated interaction between the corresponding aromatic ketones
and the Rh NPs surface through the arene ring. This fact was
confirmed by an increase in selectivity up to 91% to 3a when 3 was

used as substrate.

-The presence of bulky groups close to the ketone group (substrates
4 and 5) decreased the selectivity towards the arene ring reduction
(products 4a and 5a) due to the hindered coordination of the

aromatic ring to the surface of the NPs.

-In general, the presence of substituents in the ortho position of the
aromatic ring (6 and 7) produced a decrease in the activity of the
reaction, achieving moderate lower selectivities towards the
reduction of the aromatic ring. These decreases in activity and
selectivity can be due to the electron-donating properties of the

groups present and/or to the higher substitution of the ring.

-The presence of both, electron-donating or electron-withdrawing
substituents in the para position of the aromatic ring (8 and 9)
produced a strong decrease in the selectivity towards the reduction

of the aromatic ring.
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Hydrogenation of phenol derivatives:

- Selectivities up to 79% to cyclohexanone (11a) or 100% towards
cyclohexanol (11b) could be achieved using Rh%2 depending on the

reaction conditions.

-The effect of the presence of high amounts of ligand at the NPs
surface showed to have a detrimental effect on the activity and

selectivity towards the formation of 11a.

-The application of Ru®2 for the reduction of 11 gave rise to lower

activities and selectivities towards the formation of 11a.

-The presence of -CHs groups in the ortho (12 and 14) and para (13)
position of the aromatic ring decreased the reduction reaction rate
due to the hindered flat coordination of the aromatic ring to the

surface of the NPs.

-The possible coordination of 15 and 16 in a chelating mode to the
NPs surface produced an increase on the selectivity of the reaction
towards the formation of cyclohexane-1,2-diol (15b) and 2-
methoxycyclohexanol (16b).

-An increase in the electronic density of the aromatic ring for the
reduction of nitrobenzene (17) along with the strong coordination of
the aniline product (17b) gave rise to full selectivity towards the

reduction of the nitro group.
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Hydrogenation of N-heterocyclic compounds:

-Rh%2 and Rh%4 were able to reduce pyridine rings (18) with high
efficiency at 30°C under 20 bar of Ha.

- The effect of the presence of high amounts of ligand at the NPs
surface showed to have a detrimental effect on the activity and

selectivity towards the reduction of pyridine rings (19 and 21).

-The presence of -CHz groups in ortho position of the pyridine ring
(19 and 20) decreased the reaction rate due to an increase in the
steric hindrance close to the N atom, which coordinates to the NPs

surface before reduction of the aromatic ring.

-The presence of -CH3z and -CF3 groups in para position of the
pyridine ring (21 and 22) also decreased the hydrogenation rate,
which suggests an effect of these groups on the coordination of the
aromatic ring to the surface of the NPs in a flat way, necessary for its

reduction.

-Pyridine derivatives bearing a ketone group in ortho position of the
aromatic ring (23 and 24) were hydrogenated much faster than
pyridine (18). The totally reduced compound 23d was the only
reaction product in the case of 23, and the -enaminone 24a was the
major reaction product in the case of 24, and was obtained in 78%

selectivity under 5 bar of Ha.

-The formation of piperidine (18a) was observed to poison the NPs
surface by hydrogenation experiments using 1:1 pyridine

(18):benzene (25) mixtures.
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-The presence of a phenyl ring in the ortho position of the aromatic
ring have an effect on the hydrogenation reaction rate due to an

increase in the steric hindrance close to the N atom.

-Reduction of 26 and 27 provided moderate to high selectivities to
compounds 26a and 27a, up to 65 and 89% respectively, resulting
from the reduction of the pyridine ring when performing the

reaction at 30°C under 20 bar of H».

-Reduction of 26 and 27 afforded the totally reduced products 26¢
and 27c¢ when the reactions were carried out at 60°C under 20 bar of

Hy, after 48 and 24h of reaction, respectively.
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4.4. Experimental part

General procedure for the hydrogenation reactions

Autoclave Par 477 equipped with PID control temperature and
reservoir for kinetic measurements and HEL 24 Cat reactor for
substrate scope were used as reactors for the hydrogenation
reactions. In a typical experiment, the autoclave was charged in the
glove-box with the desired Rh NPs (1.25 or 0.625 mol%; the catalyst
concentration was calculated based on the total number of metallic
Rh atoms in the surface of the NPs) and the substrate (0.124 M) in
THF. Molecular hydrogen was then introduced until the desired
pressure was reached and the reaction was stirred for the desired
reaction time at the chosen temperature. After the reaction finished,
the autoclave was depressurised and the solution was filtered over
silica for subsequent analysis by GC. Samples were taken after the
desired reaction time in the case of kinetic studies, at constant H>
pressure. The conversion and the selectivities for each reaction
product were determined by GC-FID on an Agilent Technologies
7890A spectrometer, with an achiral HP-5 column (30m x 0.25mm x

0.25um). TOF was defined as: (moles of product/mol Rhs or Rus)*h-1.

GC methods and retention times in the selective
hydrogenation of ketones.

The method used for 1, 2, 3, 4, 6, 7, 9 and 10 consists in an initial
isotherm period at 40°C for 3 min followed by a 3°C/min ramp to

120°C and a hold time of 12 min, with a flow of 1.3ml/min. Undecane
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was used as internal standard (tr:18.61 min). The method used for 8
consists in an initial isotherm period at 130°C for 10 min followed by
a 10°C /min ramp to 180°C and a hold time of 20 min. Undecane was

used as internal standard (tr: 1.45 min).

GC methods and retention times in the hydrogenation
of phenol derivatives.

The method used for these compounds consists in an initial isotherm
period at 40°C for 3 min followed by a 3°C/min ramp to 100°C and a
hold time of 25 min, with a flow of 1.3ml/min. Undecane was used as

internal standard (tr: 18.18 min).

GC methods and retention times in the hydrogenation
of pyridine derivatives.

The method used for 17, 18, 19, 20 and 21 consists in an initial
isotherm period at 40°C for 3 min followed by a 3°C/min ramp to
100°C, with a flow of 1.3ml/min. Undecane was used as internal
standard (tr: 23.74 min). The method used for 24 consists in an
initial isotherm period at 28°C for 5 min followed by a 25°C/min
ramp to 200°C and a hold time of 5 min, with a flow of 1.3ml/min.
Undecane was used as internal standard (tr: 9.62 min). The method
used for 22, 23, 25 and 26 consists in an initial isotherm period at
40°C for 3 min followed by a 3°C/min ramp to 120°C and a hold time

of 25 min, with a flow of 1.3ml/min. Undecane was used as internal

standard (tr: 18.10 min).
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Chapter 5

5.1. Introduction

5.1.1. H/D exchange reactions using M-NPs

Over the last years, C-H activation has become a very
powerful technique for the synthesis or functionalization of complex
organic compounds by the formation of a large variety of C-C, C-N, C-
O, C-B and C-D bonds.! Regarding this latter case, C-H activation
allows the rapid access to deuterium labelled compounds, which are
of interest in basic research on C-H bond activation? or in
mechanistic investigations on catalysts and reaction pathways.3
Application of isotopically labelled compounds as internal standards
is of particular interest in the investigation of environmental, animal
and human samples, in which matrix effects can interfere with
quantification of toxins. For this reason, labelled compounds, which
generally display the same retention and ionization behaviour in
LC/MS, have been found to be useful for quantitative LC/MS analysis

of new drug candidates and of metabolites in biological fluids.*

Basically, two synthetic strategies for the formation of these labelled
compounds can be followed: a synthetic pathway starting from a
commercially available isotopically labelled precursor or reagent, or
through the direct exchange of a hydrogen atom (bonded to a carbon
atom) by a deuterium atom, which is commonly known as H/D
exchange. The fact that the H/D exchange can often be performed
directly on the target molecule or at late synthetic intermediates
makes this strategy preferred over the synthetic pathway involving
labelled building blocks. For this reason, the development of efficient

and selective methodologies for the formation of D labelled
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compounds through catalytic H/D exchange reaction at carbon

atoms has gained interest.

In this context, many methodologies based on H/D exchange using
homogeneous and heterogeneous metal catalysts were reported.>
Among the examined substrates, the selective deuteration of N-
containing molecules was widely investigated due to the presence of
this heteroatom in many biologically active compounds. However,
most of the labelling procedures reported in the literature using Ru
complexes®’ or activated Rh, Pt or Pd catalysts,® suffered from major
drawbacks such as harsh reaction conditions, poor selectivity or low
deuteration incorporation in the target molecules.

The deuteration of N-containing compounds by H/D exchange using
metal NPs was also described.® Indeed, analysis of the results
obtained by the selective deuteration of N and P-containing
compounds have been found to be wuseful for studying the

coordination mode of these species at the surface of metallic NPs.

In 2008, Sullivan and co-workers reported the application of Pd NPs
stabilized by 4-dimethylaminopyridine (DMAP) for the selective H/D
exchange of pyridine-based compounds. 1 These NPs were
synthesized by reduction of Naz[PdCls] using NaBH4 in the presence
of DMAP. During the course of the characterization, the formed Pd
NPs of ca 3.4 nm were found to be active in promoting selective H/D
exchange in a position to the endocyclic N atom of the DMAP

molecule through reaction with D;0 (Figure 5. 1).11
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Figure 5. 1. Synthetic strategy used for the preparation of DMAP-stabilized
Pd NPs11

This fact was confirmed by 1H NMR, FTIR and high-resolution mass
spectrometry. The effect of factors such as temperature, the age of

the NPs dispersion and the presence of H, were also examined.

This catalyst was immobilized onto thiolated multi-walled carbon
nanotubes (MWCNTSs), which revealed beneficial for the deuteration
of pyridine-based molecules not initially used in the stabilization of
Pd NPs. A dramatic increase in reactivity was observed for the
deuteration of DMAP in this case, but selectivity decreased, since the
protons in  position of the aromatic rings were also exchanged
(Figure 5. 2a). The supported catalytic system was also applied in the
deuteration of 4-aminopyridine, and similar results were obtained
(Figure 5. 2b). Deuteration of 4-hydroxypyridine was less selective
and deuteration at 3 positions were in this case preferred (34%), in

front of only a 6% for a positions (Figure 5. 2c).
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Figure 5. 2. H/D exchange of pyridine derivatives using MWCNTSs
supported DMAP-stabilised Pd NPs10

When other N-containing molecules were tested as substrates, lower
activity and selectivity were observed, which was attributed to
different coordination modes of these substrates at the Pd NPs

surface.

Following this study, the application of Pd NPs stabilised by PVP
(Pd@PVP) as catalysts in the deuteration of similar pyridine-based
molecules in D20 was investigated.? These NPs were formed by the
reduction of Pd(OAc); by 2-ethoxyethanol in the presence of PVP.
Using this catalyst, the selective deuteration of pyridine and 4-
substituted pyridines in o position to the endocyclic nitrogen was
achieved at room temperature. These results, as previously observed
using Pd NPs stabilized by DMAP,10 suggested coordination of these
substrates to the surface of these Pd NPs through the lone pair of the
N atom (Figure 5. 3a).
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Figure 5. 3. Proposed coordination modes for the deuteration of N-

containing compounds at the surface of PdA@PVP12

The case of 4-methylpyridine showed to be slightly different;
achieving also deuteration of methyl group. The only pyridine
derivative that showed deuteration at all aromatic positions was 3-
methylpyridine, which suggested coordination by & electrons of the
aromatic ring at the Pd surface. Interaction between the NPs surface
and the N atom of N-methylimidazole (Figure 5. 3b), quinoline
(Figure 5. 3c), 3-cyanopyridine and nicotinic acid was also proposed.
The presence of a cyano or a carboxylic acid group affected the
activity/selectivity of the reaction, probably due to an
electronic/steric effect or the competitive coordination of these

groups at the NPs surface.

The deuteration of compounds used as stabilizers has also been
observed in the case of Ru NPs synthesised according to the
organometallic approach procedure.l3 The presence of mobile and
reactive hydride species at the surface of metallic NPs was reported

for Ru NPs stabilized by hexadecylamine (HDA).1# These surface
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species were also found to perform H/D exchange reactions with the

alkyl chain of HDA when exposed to a Dz atmosphere (Figure 5. 4).

+Dy, -HD
‘R NPs P R NPs
“— s % D— 3 %
2 on Y ona
o 5
Figure 5. 4. H/D exchange between surface deuterides and HAD used for

the stabilisation of Ru NPs14

Some years later, the quantification of hydride species at the surface
for Ru NPs stabilised by HDA, PVP and dppb by titration with olefins
such as 1-octene and 2-norbornene was reported.!>1¢ The presence
of ligands showed to directly affect the amount of surface hydrides,
and values were higher when the ligand produces lower steric

hindrance at the surface of the particles.

H/D exchange at molecules such as4-(3-phenylpropyl)pyridine!” and
secondary phosphine oxides®19 while used for the stabilization of
Ru NPs has also been observed by 2D MAS NMR spectroscopy after

exposure to Do.
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Figure 5. 5. H/D exchange methodology reported by Chaudret and co-

workers for the deuteration of N-containing compounds using Ru@PVP20

Based on these results, Chaudret and co-workers reported the
application of Ru NPs for the regioselective and stereospecific
deuteration of N-containing substrates.?? In order to facilitate the
interactions between the substrate and the metallic surface, Ru NPs
stabilized by PVP (Ru@PVP), which are considered as “naked

particles”, were used as catalyst.?!

Deuteration experiments carried out using 3mol% of Ru@PVP in
THF under 1 or 2 bar of D2 allowed the regioselective deuteration of
pyridines, quinolines, indoles and alkyl amines, with high isotopic
enrichment in positions close to the N atom (Figure 5. 5). For
substrates bearing an O atom in their structure no deuteration close
to the oxygen was observed, suggesting the direct and selective
coordination of N to the surface of these Ru NPs. Moreover, the
deuteration of indoles at 2- and 3-positions indicated the possible
formation of a transition carbene, which could compete with N

coordination.
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(" Labelling position

Figure 5. 6. Products obtained in the deuteration of biologically active

compounds using Ru@PVP20

Then, the viability of this procedure for the deuteration of aza
compounds was demonstrated by the labelling of eight biologically
active compounds, achieving the corresponding deuterated products
in high levels of isotopic enrichment (Figure 5. 6). In addition,
conservation of the enantiomeric purity was observed for chiral
compounds, even when the deuteration took place in the vicinity of

the asymmetric centre.

238



Chapter 5

0 0 0 : 0
~ ~ -~ e
Yy TOH ¢~ “OH 7" OH ¢~ OH A
NH, NH, NH, NH, H  OH
(o] 0 o) J\JT 0]
HoN - ~ z
2 \H/YJ\OH HZNWOH HoN H/\/\TJ\OH
O NH2 NH2 NH2
e OH O 0
HoN . = e X~ _
2 W HO%OH MOH (‘{/INNOH
HNSD NH,

o)
¢~ “OH
NH, NH, NH,
OH

O 0] 0] (0]
H — — -—
0, gk oAgoon ney
(0] NH, NH, NH,
(0]
M J< QE/\F)OJ\ 0 0
N N e)
5 NG NH NH
NH e N 2 2
0 2 HN*<! NH, /\© NH, OYN

K H
" Labelling position

Figure 5. 7. Products obtained in the enantiospecific deuteration of amino

acids using Ru@PVP22

More recently, the same group reported the application of this
deuteration procedure for the enantiospecific deuterium

incorporation at stereogenic centers of amino acids (Figure 5. 7).22

Efficient enantiospecific deuteration was achieved for amino acids
with aliphatic, amide and N-containing side chains in a-position of
the coordinating N atom, detecting also deuteration at the (3-position
or other additional sites for substrates bearing alcohol or imidazole

functionalities. In the case of substrates bearing more than three

239



Selective deuteration of P-ligands using Ru and Rh NPs

coordination units such as amines, carboxylic acids and aromatic
rings, lower deuterium incorporation was measured. Additionally,
this procedure was applied for the deuteration of more complex,

biologically relevant structures (Figure 5. 8).

NH

/gNH

% Labelling position

HoN

Figure 5. 8. Products obtained in the enantiospecific deuteration of

biologically relevant amino acids using Ru@PVP22

In all cases, the expected C-H activation occurred at the o carbon
atom of the N-terminal amino acid with moderate to high deuterium

incorporation.

In order to obtain more insights into the mechanism, DFT
calculations were then performed on a 13 atom scale model (Ruis)
with 1.6 deuterium atoms per Ru surface atoms, being the most
relevant pathways validated with a fully deuterated Russ nanocluster
with 1.6 deuterium atoms per Ru surface atoms. Considering a

Langmuir-Hinshelwood mechanism (amineags + Dags = deuterated
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amineads + Hads), two competitive pathways based on oxidative
addition and a less favoured mechanism involving o-bond
metathesis were found. Both pathways proceeded through the
formation of a four-membered dimetallacycle, with the C-H bond
breaking as the rate-limiting step (Figure 5. 9). Indeed, the high
rigidity of this dimetallacycle was hold responsible of the joint
grafting of the N and the C atoms onto two vicinal Ru atoms at the
surface of the NPs with retention of configuration. Besides, a
decrease of the presence of deuterides close to the coordinated
amine showed to affect the reaction rate, reducing the energy for the

activation of the C-H bond and thus favouring the reaction.

H o Me H o Me
Hly—g=Me Haly—g=Me
“H
! [P,
Ru—~Ru-p Ru—Ru™
! 235 N H Me H o Me 235
’ Hy—g=Me  Hly_g=Me
: [ A [ P
h /D
' Ru—Ru Ru—Ru— \
C-H activation reductive elimination
Me : T ' : We
H * Me ' 16.4 16.4 ' H : Me
H~'/N/C\H H/D exchange H‘/N/C\H
Ru—-Ru-.p Ru—-Ru~p
8.6 8.6

Figure 5. 9. Energy diagram for the Langmuir-Hinshelwood-type H/D

exchange mechanism for RussDy, clusters (energies given in kcal-mol-1)22

This work clearly demonstrated the great potential of NPs for C-H

activation.

More recently, the same group reported the application of water-

soluble Ru NPs stabilized by sulfonated NHC ligands for the H/D
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exchange of L-Lysine in D20, under reaction conditions similar to
those previously reported for Ru@PVP.23 The water-soluble nature
of this novel Ru NPs gave access to a direct measurement of the
substrate-metallic surface interaction by NMR. A study based on
chemical shift perturbations (CSPs) gave valuable information on the
proximity of different H and C atoms from the substrate at the

surface of the NPs.

pH3 pH 10 pH 13

{" Labelling position

Figure 5. 10. Products obtained in the enantiospecific deuteration of L-

Lysine depending on the pH using sulfonated NHC-stabilised Ru NPs23

L-Lysine exists in different forms as a function of the pH: Lys** (the
two amino and carboxylate groups protonated), Lys* (the two amino
groups protonated), Lys (the ¢ amino group protonated) and Lys- (no
groups protonated). An increase on the pH value (from 1.6 to 13.8)
showed to have a clear influence on the activity and the selectivity of
the H/D exchange reaction by enhancing the catalytic activity (Figure
5. 10). These results suggested that NH> groups are required for
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coordination of this compound to the Ru NPs surface. This real time
monitoring of the interaction between L-Lysine and the NPs surface
at different pH values demonstrated that the orientation of the
substrate with the Ru surface is a crucial aspect in this deuteration

reaction.

At the same time, Chaudret and our group reported that phosphorus
containing ligands such as phosphines or phosphites, which had
been previously used for the stabilization of metal NPs,242526,27,28
could be labelled following a similar procedure.2? Ru@PVP NPs was
described as an efficient catalytic system for the selective
deuteration of aryl phosphines (Figure 5. 11) such as PPhz (and
derivatives), PPh;Me and dppb in ortho position. However, and in
contrast to what was previously observed for N-containing

compounds,?? the methyl and methylene groups remained unaltered.

pZ DD

SWe L
P P

D D

C C R‘!@?’f DD
i ] :D N
CHs CHa

2 bar D, D

G o

Figure 5. 11. H/D exchange of P-containing compounds using Ru@PVP as

catalyst??
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Phosphines bearing electron donating and electron withdrawing
groups in para position of the aromatic ring were selectively
deuterated at the ortho position. However, the reaction rate in these
cases was lower than for PPhs.

These results suggested that phosphines coordinate to the
nanoparticles surface through their P atom, thus placing the
ortho protons very close to the surface and as such favouring
the H/D exchange (Figure 5. 12a). As in the case of N-containing
substrates,?2 a reaction mechanism based on the formation of
five membered-ring intermediates Ru-P-C-C-Ru’ via oxidative

addition was expected.

a) b) c)
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0 <H;L¢ 0 07 T e
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Figure 5. 12. Proposed coordination modes for the deuteration of P-

Eﬁ

containing compounds at the surface of Ru@PVP29

Interestingly, when triphenylphosphine oxide (O=PPhs) was
tested as substrate, a distinct behaviour was observed since the
reduction of aromatic ring took place under the same reaction
conditions. This result indicated that coordination of this
compound to the NPs surface had taken place through the
aromatic ring and not through the P=0 function (Figure 5. 12b).

244



Chapter 5

Whne triphenylphosphite was tested as substrate, no
deuteration was observed, which was attributed to the smaller
cone angle of this ligand, with the phenyl rings pointing away

from the Ru surface (Figure 5. 12c).

In this context, we considered to examine other parameters
such as the nature of the metal and of the stabilizer and study
their effect on the activity and selectivity on the selective
deuteration of P-containing compounds. With this purpose, we
carried out a comparative study using Ru and Rh NPs stabilized
by PVP or NHC ligands as catalysts in the deuteration of a

number of P-based ligands.
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5.2. Results and discussion

For this study, the structurally different P-containing
compounds such as monodentate aryl (Figure 5. 13a), mixed
aryl-alkyl and alkyl phosphines (Figure 5. 13b), diphosphines
(Figure 5. 13c), N,O-arylphosphines (Figure 5. 13d) and

phosphine oxides (Figure 5. 13e) were selected as substrates.
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Figure 5. 13. P-containing compounds (28-41) studied in H/D exchange
using Rh and Ru NPs stabilised by PVP or NHCs

The nanocatalysts used were Ru@PVP15, Ru@NHC3? and the
Rh@PVP, 31 which were synthesised according to reported
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procedures and Rh@NHC. These nanoparticles all exhibited
small sizes (<2nm), spherical shapes and narrow size
distributions. The Ru and Rh NPs presented hcp and fcc packing,

respectively, with the metals in the zero oxidation state.

5.2.1. Selective deuteration of monodentate aryl
phosphines

In order to study the coordination of aromatic phosphines to
the surface of NPs, PPh3z (28) was used as model substrate. First, the
reaction was performed following the previously reported
methodology using Dz as deuterium source.3? Ru@PVP were
exposed to 3 bar of D; in solid state for 2h, after which a solution
containing 28 in THF was added. Then, the reaction was left at 55°C
under 2 bar of D2 and monitored over time by NMR spectroscopic

techniques.

= 5 _ /l
A = -2 e
@ 2 bar D, 55°C é
THF Dn—\ |
28 28a-f
D _~_D D
L0 L0 al O
0 ) el
« |
28a 28b 28c
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D\@ D D D D D
D D D D D

28d 28e 28f

Figure 5. 14. Deuteration of PPh3 (28) using Ru@PVP
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Deuterium incorporation in an aromatic position was evidenced by
the detection of a broad signal at 7.6 ppm by 2D NMR (Figure S127,
Supporting information). When 31P{!H} and 13C{!H} NMR spectra
were recorded after different reaction times, the progressive H/D
exchange of the protons at the ortho position of the aromatic rings
was detected (formation of products 28a-28f) (Figure 5. 14). Thus,
when the reaction was monitored by 31P{!H} NMR, after 16h of
reaction, 6 new resonances located between -5.5 and -6.2 ppm
(Figure 5. 15b) appeared with the initial signal of the starting
material 28 at -5.5 ppm (Figure 5. 15a).

{

a) I\
| | ,17.80Hz
b) ) 1| N
c) |
d)
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-4.8 —5.1‘ }}} —§.4 ..... -5.7 -6.0 B ‘—6'.3 lllll B 66 . -6.9 —7‘2. o

Figure 5. 15. 31P{1H} NMR (CDCls, 162MHz) spectra of PPhz (28)
deuteration evolution using Ru@PVP: (a) t=0, (b) 16h, (c) 36h, and (d) 48h
at 55°C and (e) 48h at 80°C

At longer reaction times, the intensity of the signals at higher fields

progressively increased (Figure 5. 15b-d). These 7 signals were
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attributed to 28 and to the deuteration labeled products 28a, 28b,
28c, 28d, 28e and 28f, respectively. When the reaction was carried
out for 48h at 80°C the signal detected at -6.2 ppm corresponding to
28f was mainly observed (Figure 5. 15e), together with a small
resonance at -6.1 ppm corresponding to 28e. It was then concluded
that each added deuterium produced an isotopic shift of -0.11 ppm (-
17.80 Hz) in the 31P NMR. Mass spectrometry analysis of the
resulting mixture of products confirmed the identity of these
reaction products. Importantly, the formation of reaction products
by reduction of the aromatic rings of 28 was not observed under
these reaction conditions. The progressive deuteration at the ortho
position of the aromatic rings of 28 was also observed by 13C{1H}
NMR spectroscopy. When the mixture of products was analysed after
16h of reaction, the signal of the corresponding C2-D was detected at
134.4 ppm as a triplet of doublet (?Jcp = 18 Hz, 1J;p = 26 Hz) while
the C2-H remained unchanged as a doublet at 134.8 ppm (J¢p = 19
Hz) (Figure 5. 16b).
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Figure 5. 16. 13C{tH} NMR (CDCl3, 100.6MHz) spectra of PPh3 (28)
deuteration evolution using Ru@PVP: (a) t=0, (b) 16h, (c) 36h, and (d) 48h
at 55°C and (e) 48h at 80°C

This observation was in agreement with the partial deuteration at
the ortho position of the aromatic rings of 28. The ipso carbon (C1)
was detected at 137.3 as a multiplet, as a result of the overlap of
several doublets from partial deuteration. When a 13C{1H} NMR
spectrum was recorded after 36h and 48h of reaction at 55°C (Figure
5. 16c and d) and after 48h at 80°C (Figure 5. 16€e) an increase in the
intensity of the triplet of doublets signal at 134.4 ppm attributed to
the C2-D was observed. This fact and the decrease of the signal
detected at 134.8 ppm for the C2-H carbon determined the
progressive and selective H/D exchange of the protons at the ortho
position of the phenyl ring. Quantification of the deuterated products

was performed by integration of their corresponding signals
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detected by 31P NMR, with a value >95% for the totally deuterated
product 28f after 48h at 80°C. The corresponding percentage of
compounds in the reaction mixture, obtained by 31P{'H} NMR after
48h of reaction at 55°C under 2 bar of D; are presented in Table 5. 1.
Deuteration products 28c, 28d, 28e and 28f were observed in the
reaction mixture, with the hexadeuterated product 28f as the major

product (52%) (Table 5. 1, Entry 1).

To study the effect of the nature of metal and the stabilizer of the NPs,
the application of Rh NPs stabilized by PVP (Rh@PVP) and of Ru and
Rh NPs stabilized by IPr as catalyst was investigated for the
deuteration of 28. Since high contents in stabilizing ligands at the
NPs surface usually decrease their activity in catalytic reactions such
as hydrogenation of aromatic compounds, 3 Ru and Rh NPs
stabilized using a low [IPr]/[Rh] molar ration of 0.2 (Ru®2 and Rh?2)

were selected as catalysts to investigate these deuteration reactions.

Table 5. 1. Selective deuteration of PPhs (28) using Ru and Rh NPs

stabilized by PVP and IPr. Percentage of compounds in the reaction

mixture.2
Entry NPs 28 28a 28b 28c | 28d 28e 28f
(%)° | (%)> | (%)° | (%) | (%)° | (%) | (%)P
1c Ru@PVP - - - 2 12 34 52
2d Rh@PVP 96 3 1 - - - -
3d Ru?:2 - - - - - 16 84
4d Rho02 13 19 23 17 13 7 8

a Catalytic conditions: 0.15 mmol substrate, 55°C, 2 bar D 2ml THF, 48h. b
Calculated by 31P{*H} NMR spectroscopy. ¢3 mol% cat. 425 mol% cat.
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Deuteration of 28 with Rh@PVP was carried out at 55°C under 2 bar
of D2, but very low conversion was observed (Table 5. 1, Entry 2).
The low solubility of these NPs in the reaction media could explain

this result.

Results of deuteration of 28 with Ru®2? were similar to those
obtained with Ru@PVP. Product 28f was formed in 84% yield, being
28e the second major product in the reaction mixture (16%) (Table
5.1, Entry 3). However, a higher catalyst loading of Ru?2 (25 mol %)
was needed in order to obtain similar deuteration rates compared to
Ru@PVP (Table 5. 1, Entry 1 vs. 3), which was used in 3mol%. It can
be concluded that the presence of NHC ligands at the surface of the
Ru NPs hinders phosphine coordination, and thus results in a
decrease in the activity of the catalyst. A high catalyst loading of 41%
for the deuteration of DMAP has been previously reported using Pd
NPs.10 Rh%2 were then used for the deuteration of 28. 31P{1H} NMR
showed the formation of all the expected products but exhibited a
lower activity than that of Ru®2 (Table 5. 1, Entry 4). Particularly, the
fully deuterated product (28f) was formed in only 8%. It was
therefore concluded that the Ru NPs used in this study (stabilized by
PVP and IPr ligand) were more active than the corresponding Rh NPs

in the deuteration of 28.

Deuteration took place at the ortho position of the phenyl ring for all
catalytic systems tested, which indicated that the coordination of
substrate 28 to the surface of these NPs takes place through the P

atom, presumably via a five-membered dimetallacycle (Figure 5. 17).
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Figure 5. 17. Proposed coordination mode for PPh3 (28) at the surface of
Ru and Rh NPs

At this point, substrates bearing —~CHz substituents in ortho and para
positions of the aromatic ring were tested in this process. Thus, P(p-
tolyl)s (29) was treated at 55°C under 2 bar of D2 using Ru@PVP,
Ru%2 and Rh92 as catalysts. Exclusive deuteration at the ortho
position of the arene rings was observed; affording compounds 29a-f

(Figure 5. 18).
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Figure 5. 18. Deuteration of P(p-tolyl)s (29) using Ru@PVP NPs
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Each compound 29a, 29b, 29c, 29d, 29e and 29f showed a different
signal in 31P{!H} NMR, separated by -0.11 ppm (-17.8 Hz), which
corresponds to the isotopic shift induced by each new deuterium

atom incorporated in the molecule.

When the reaction was performed using Ru@PVP as catalyst, the
pentadeuterated product 29e was detected as the major product of
the reaction, with 38% yield (Table 5. 2, Entry 1). Thus, it was
therefore deduced that using Ru@PVP as catalyst, the rate of

deuteration of 29 was lower than that of 28.

Table 5. 2. Selective deuteration of P(p-tolyl)z (29) using Ru and Rh NPs
stabilized by PVP and IPr. Percentage of compounds in the reaction

mixture.a
Entry NPs 29 | 29a | 29b | 29c | 29d | 29e | 29f
(%)° | (%)° | (%)° | (%)° | (%)° | (%)° | (%)P
1c Ru@PVP - - 3 11 27 38 21
24 Ru?:2 - - - - 1 12 87
3d Rho2 30 23 20 10 7 3 7

aCatalytic conditions: 0.15 mmol substrate, 55°C, 2 bar D, 2ml THF, 48h.
bCalculated by 3!P{1H} NMR spectroscopy. ¢3 mol% cat. 425mol% cat.

On the other hand, when the deuteration of 29 was carried out using
25mol% of Ru?2, selectivities were similar to those obtained for 28
under the same reaction conditions, with 87% selectivity to 29f
(Table 5. 1, Entry 3 vs. Table 5. 2, Entry 2). It was therefore deduced
that, in contrast with the results obtained for Ru@PVP, when Ru?-2
was the catalyst, the rate of deuteration of 29 was similar to that of
28. When Rh°2 was the catalyst, the results were also similar to

those obtained with phosphine 28 as substrate, with a selectivity to
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the hexadeuterated product 29f clearly lower than that obtained
with Ru®2 (Table 5. 1, Entry 4 vs. Table 5. 2, Entry 3).

In summary, the presence of the p-Me substituent at the aromatic
rings of tri-phenylphosphine only produces a small change in activity
but not in selectivity since exclusive deuteration in ortho position
was observed. This is in agreement with a coordination of these
compounds to the NPs surface through the P atom (Figure 5. 17).
Since 28 and 29 exhibit similar cone angles (145°),3% the lower
deuteration rate observed for 29 than for 28 in some specific cases
using the same nanocatalysts was attributed to an electronic effect
caused by the presence of a methyl group in the para position of the
phenyl rings. As a general conclusion, Ru NPs (stabilized by PVP or
NHC) were found to be more active than Rh%2, being Ru@PVP more
active than Ru?2, which is in agreement with the results observed for

the H/D exchange of 28.

Next, the deuteration of an aromatic phosphine bearing a methyl
group at one of the ortho positions of the aromatic rings P(o-tolyl)s,
(30) was investigated. Initially, the treatment of 30 with Ru@PVP
under the standard reaction conditions afforded very low

deuteration, based on 31P and 2D NMR.

Ru%2 NPs were then used as catalysts under the same reaction
conditions, and a 2D NMR analysis performed after 48h of reaction
revealed the presence of a signal in the aliphatic protons region (2.39
ppm) (Figure 5. 19), which indicated that deuteration of the methyl
group had taken place. Furthermore, the observation of deuterium

signals at 6.81 and 7.34 ppm corresponding to C3-D and C5-D
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revealed deuteration at the meta positions of the aromatic rings

(Figure 5. 19).
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Figure 5. 19. 2D NMR (CHCl3, 61.49MHz) spectrum of the deuteration of
P(o-tolyl)3 (30) using Ru®2 after 48h of reaction

In the 13C{1H} NMR spectrum, the detection of two triplets centred at
132.9 (?Jcp = 25 Hz) and 128.6 ppm (?Jcp = 24 Hz) corresponding to
C3-D and C5-D close to the singlets from C3-H and C5-H, confirmed
the H/D exchange at these positions (Figure 5. 20).

The formation of several deuteration products during the reaction
was also noticed by the observation of various phosphorus signals by
31P{1H} NMR. However, the detection of the starting material 30 as
the major product in the reaction mixture at -29.7 ppm suggested

low deuteration rates under the tested reaction conditions.
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These results were surprising since no H/D exchange in ortho
positions of the aryl rings was detected. Additionally, an important
change in activity between Ru@PVP and Ru?®2 was also observed for
this substrate. The presence of NHC ligands at the NPs surface in the
case of Ru%2 was crucial in the reaction, possibly due to an increase
in the electronic density of the metallic surface, which could favour

the activation of aliphatic protons.
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Figure 5. 20. 13C{1H} NMR (CDCl3, 100.6MHz) spectrum of the deuteration
of P(o-tolyl)s (30) using Ru®2 after 48h of reaction

When the reaction was performed using Rh02 as catalyst under the
same catalytic conditions the 2D NMR spectrum showed signals
similar than those detected when Ru?2 was applied, which indicates
also in this case the selective deuteration at the same aliphatic and

aromatic positions (Figure 5. 21b). It was also observed that the
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signal corresponding to deuteriums at the C3 position were more

intense that the corresponding to deuteriums at the C5.

The 'H NMR spectrum revealed the almost complete disappearance
of the signal at 2.39 ppm corresponding to the -CHz group. These
results indicated a very high degree of deuteration at this aliphatic
position, which takes place faster when compared to aromatic

protons (Figure 5. 21a).
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Figure 5. 21. (a) 'H (CDCl3, 400MHz) and (b) 2D NMR (CHCl3, 61.49MHz)
spectra of the deuteration of P(o-tolyl)s (30) using Rh2 after 48h of

reaction

These data were confirmed by 13C{1H} NMR via the detection of a
septuplet signal at 20.68 ppm (J¢p = 19 Hz) arising from the coupling
between the -CH3z carbon and 3 directly attached deuterium atoms

(Figure 5. 22, inset). As in the case of Ru?®Z, the detection of C3-D and
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C5-D as triplet signals at 132.9 (?J¢p = 25 Hz) and 128.6 ppm (?J¢p =
24 Hz) confirmed deuterium incorporation at the meta positions of

the tolyl moieties (Figure 5. 22).
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Figure 5. 22. 13C{tH} NMR (CDCI3, 100.6MHz) spectrum of the deuteration
of P(o-tolyl)z (30) using Rh02 after 8d of reaction

The 31P{1H} NMR spectrum of the reaction mixture recorded after
48h of reaction, showed four main signals at -29.56, -29.65, -29.74
and -29.83 ppm, with a separation of -0.09 ppm (-14.7 Hz) (Figure 5.
23). The fact that no phosphorus signal corresponding to the starting
material 30 was detected at -29.7 ppm indicated the complete
conversion of the substrate in this case and therefore a higher

reaction rate compared to that of Ru®2,
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Figure 5. 23. 31P{1H} NMR (CDCls, 162MHz) spectrum of the deuteration of
P(o-tolyl)s (30) using Rho-2 after 2d at 55°C

Since the spectrum presented less signals than expected it was
decided to follow the deuteration evolution during the course of the
reaction. Thus, the 31P{1H} NMR spectra were recorded after 7h, 2d,
8d and 12d of reaction (Figure 5. 25). The 31P{tH} NMR spectrum
obtained after 7h of reaction showed the formation of a large range

of deuterated products (Figure 5. 24).
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Figure 5. 24. 31P{1H} NMR (CDCl3, 162MHz) spectrum of the deuteration of
P(o-tolyl)3 (30) using Rho2 after 7h at 55°C

Interestingly, and taking as reference the signal of phosphine P(o-
tolyl)s (30), a difference on the sign for the isotopic shift was
evidenced depending on the position where the deuteration took
place. Thus, when the H/D exchange took place at the -CH3, an
isotopic shift of +0.015 ppm (+2.5 Hz) was detected, giving rise to the
observation of 9 different products at higher chemical shifts
compared to the starting material (30) corresponding to different
deuteration degrees at the -CH3z groups). At the same time, the H/D
exchange at the meta positions of the arene rings was also detected
by the observation of new signals at lower chemical shifts compared

to 30, displaying an isotopic shift of -0.09 ppm (-14.7 Hz).
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The almost complete deuteration of the -CHs groups after 2 days of
reaction simplified the 31P{1H} NMR spectrum, showing essentially
four family of signals. The intensity of the signals at higher fields
increased notably after 8 and 12 days of reaction (Figure 5. 25d and
e). This evidence was attributed to the complete deuteration of the
methyl groups and the progressive deuteration at the meta positions
of the aromatic rings. The high width of the 31P signals could indicate
a slightly different isotopic shift depending on the meta position
where the deuteration takes place.

The fact that the H spectrum after 12d of reaction showed
approximately 66% of H/D exchange for the protons at the C3-meta
position and 33% at the C5-meta position (Figure S160, Supporting
information) confirmed the presence of 30b as the major reaction
product, detected at -29.83 ppm. These results were in agreement
with the detection of a species with a M*=316.3 as the main
compound in the mixture by mass spectrometry (Figure S165,

Supporting information).
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Figure 5. 25. 31P{1H} NMR (CDCls, 162MHz) spectra of P(o-tolyl)s (30)
deuteration evolution using Rh92: (a) t=0 (b) 7h, (c) 2 days, (d) 8 days and
(e) 12 days at 55°C

The absence of H/D exchange for the protons at the C6-ortho
position of the aromatic ring of 30 when Ru?2 and Rh%2 were used
as catalysts and the preferred deuteration of the -CHs group and the
protons at meta positions suggests a different coordination mode at
the NPs surface compared to 28 and 29. The cone angle of phosphine
30 (194°)34, which is higher than 180°, must prevent the P atom to
reach the NPs metallic surface and thus, having an effect on the
selectivity of the deuteration reaction. One possibility based on the
evidence that the H/D exchange at the protons of the —-CHz groups is
faster, suggested the interaction between these alkyl groups and the
Ru?%2 and Rh?2 surface. Moreover, the close proximity of the protons

at the meta positions of the methyl group when this interaction takes
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place could also explain the H/D exchange at these aromatic

positions (Figure 5. 26).

Figure 5. 26. Proposed coordination mode for P(o-tolyl)s (30) at the

surface of Ru%2 and Rho:2

To confirm this hypothesis, the deuteration of borane protected
phosphine H3B-P(o-tolyl)3 (30-BH3) was tested. However, when the
deuteration of 30-BH3 was attempted under 2 bar of D, at 55°C,
phosphorus signals from 30 together with signals from their
corresponding deuterated products (previously observed in the
deuteration of 30) were detected in the 31P{1H} NMR spectrum
(Figure S167, Supporting information). These results suggested that
deprotection of the phosphine borane had taken place under these

reaction conditions.

The deuteration of tris(3,5-dimethylphenyl)phosphine (31), an
aromatic phosphine bearing methyl groups in both meta positions,
was then investigated using Rh02. Deuterium incorporation in
aromatic and aliphatic positions was confirmed by the presence of

signals at 2.25 and 6.98 ppm in the 2D NMR spectrum (Figure 5. 27).
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Figure 5. 27.2D NMR (CHCl3, 61.49MHz) spectrum of the deuteration of
tris(3,5-dimethylphenyl)phosphine (31) using Rho:2

However, the reaction rate was so low that mainly the phosphorus
signal from the starting material was detected by 3!P{1H} NMR
(Figure S169, Supporting information) even after 8 days of reaction.
The low degree of deuteration in methyl and aromatic groups did not

allow the identification of the reaction products by 13C{1H} NMR.

With these results in hands and since both aliphatic and aromatic
protons could be exchanged when the deuteration of 31 was
attempted, a similar coordination mode compared to 30 was
hypothesised for this substrate. However, this proposal could not be

confirmed.
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5.2.2. Selective deuteration of monoaryl-alkyl
phosphines

Next, we focused on the study of phosphines with alkyl groups
directly linked to the phosphorus atom, such as PPh;Me (32) and
PPhMe; (33).

To start with, the deuteration of PPhoMe (32) was carried out using
Ru@PVP as catalyst at 80°C under 2 bar of D, (Figure 5. 28) and the

reaction mixture was analysed after 88h by NMR spectroscopic

techniques.
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Figure 5. 28. Deuteration of PPh;Me (32) using Ru@PVP

The detection of a single signal at -27.40 ppm by 31P{1H} NMR
revealed the formation of only one reaction product. In the
corresponding 13C{IH} NMR spectrum, a triplet of doublets was
detected at 133.9 ppm (?J¢p = 18.7 Hz, Y] = 24.4 Hz), similar to the
one observed in the deuteration of 28 and 29, and was assigned to
C2-D. This indicates the selective deuteration at the ortho aromatic

position using Ru@PVP, leading to the formation of compounds
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32a-d (Figure 5.28). The signal at 12.53 ppm (?Jcp = 13.8 Hz)
attributed to the -CH3 group remained unaltered, proving that no
H/D exchange took place at the methyl group. This fact was also
confirmed by the detection of only an aromatic deuterium signal at
7.52 ppm in the 2D NMR spectrum (Figure 5. 29a), arising from
deuterium incorporation at the ortho positions of the aromatic rings
of 32. Based on these results, the reaction product was identified as

32d, which is in agreement with Mass spectrometry measurements.
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Figure 5. 29. 2D NMR (CHCl3, 61.49MHz) spectra of the deuteration of
PPh;Me (32) using (a) Ru@PVP and (b) Ru?2

Since the selectivity for the deuteration of 32 was similar that for 28
and 29, it was concluded that a coordination mode through the P

atom of the aryl-alkyl phosphine 32 at the Ru@PVP surface had
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taken place (Figure 5. 17). Interestingly, this Ru nanocatalyst was not

able to promote H/D exchange at the methyl groups.

The application of Ru®2 and Rh%Z as catalysts in this reaction was
then investigated. In previous studies on the application of Rh%2 as
catalysts for the hydrogenation of aromatic compounds, a drop in the
activity of this catalyst was observed at temperatures >60°C. In
consequence, the catalytic activity of Ru%2 and Rh%2 towards the

deuteration of 32 was carried out at 55°C.

First, H/D exchange of 32 was tested using Ru?2 (Figure 5. 30) and
the identification of the deuteration products in the reaction mixture
was examined by 2D, 13C{1H} and 3!P{!H} NMR. The 2D NMR
spectrum recorded after 48h of reaction, showed a couple of signals
at 1.60 and 7.44 ppm, indicating the deuteration at methyl and
aromatic groups (Figure 5. 29b). Aromatic rings were deuterated at
the ortho position as confirmed by the presence of a triplet of
doublets at a chemical shift that was similar to that of products

deuterated in ortho positions.
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Figure 5. 30. Deuteration of PPh;Me (32) using Ru?-2
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The 5 signals present in the 31P{1H} NMR spectrum at -26.92, -27.40,
-27.63, -27.89 and -28.13 ppm were assigned to compounds 32 and
32d-g. Product 32d was detected at -27.40 ppm by 31P{1H} NMR,
identifying the phosphorus signals from 32e, 32f and 32g at -27.63, -
27.89 and -28.13 ppm, respectively. The isotopic shift observed
between the signals of 32d-g was -0.24 ppm (-39.86 Hz) (Figure 5.
31a). No partially deuterated products at the ortho position of the

aromatic rings were observed during this experiment.
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Figure 5. 31.31P{1H} NMR (CDCls, 162MHz) spectra of PPh;Me (32)

deuteration evolution using Ru?2: (a) 48h and (b) 8 days at 55°C

The corresponding percentages of each reaction product for the
deuteration of 32 were obtained by 31P{1H} NMR after 48h and 8
days of reaction using Ru%2 as catalyst and are presented in Table 5.
3. The fact that the intensity of the phosphorus signals increased at

higher fields at high reaction times indicated the progressive
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deuteration of products 32d, 32e and 32f towards the formation of
32g (Figure 5. 31a vs. b). Product 32g was detected as the major
deuteration product in the reaction mixture in 47% yield after 48h
(Table 5. 3, Entry 1), increasing up to 65% with full conversion of the
starting material 32 after 8 days of reaction (Table 5. 3, Entry 2).

Table 5. 3. Selective deuteration of PPh;Me (32) using Ru%2. Percentage of
compounds in the reaction mixture.2

Entry Time 32 32d | 32e | 32f | 32g
(%)° | (%)° | (%)° | (%)° | (%)P
1 48h 6 9 15 23 47
2 8 days - 5 10 20 65

aCatalytic conditions: 0.15 mmol substrate, 25 mol% cat., 55°C, 2
bar Dy, 2ml THF. bCalculated by 31P{'H} NMR spectroscopy.

Next, the deuteration of 32 was explored using the catalyst Rh-2.
Selective deuteration at the ortho position of the aromatic ring and at
the -CHs group was also evidenced in this case by 13C{!H} and 2D
NMR. However, the relative intensity of doublet attributed to C2-H at
132.2 ppm (?J¢p = 18.48 Hz) in 13C{'H} NMR, in relation to the triplet
of doublet signal assigned to C2-D suggested that the deuteration
rate of aromatic rings was lower for Rh?2 compared to Ru?2 (Figure

5.32).
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Figure 5. 32. 13C{tH} NMR (CDCI3, 100.6MHz) spectrum of the deuteration
of PPh;Me (32) using Ru®2 after 48h of reaction

The fact that the deuteration rate was also low for the -CH3 moiety
was confirmed by the presence of over 10 different signals in the
31P{1H} NMR spectrum of a sample extracted after 48h of reaction
(Figure 5. 33a). These signals corresponds to a wide number of
deuteration products that can be formed by the possible
simultaneous exchange of 4 hydrogen atoms at the ortho position of
the aromatic ring and 3 hydrogen atoms at the -CHz moiety. 31P
signals from the different deuteration products after H/D exchange
at the ortho position of the aromatic ring were detected as major
reaction products mainly at -27.06, -27.18, -27.29 and -27.40 ppm
with an isotopic shift of -0.114 ppm (-18.55 Hz), which is the same
value than that measured for the H/D exchange in the same aromatic

position for 28 and 29 (-0.11 ppm, -17.80 Hz).
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Figure 5. 33.31P{1H} NMR (CDCl3, 162MHz) spectra of PPh;Me (32)
deuteration evolution using Rho2: (a) 48h and (b) 8 days at 55°C

Products deuterated at the -CHs group were detected at lower
chemical shifts, between -27.52 and -28.13 ppm, being the 31P signal
at -28.18 ppm that previously assigned to the fully deuterated
product 32g. A 31P{1H} NMR spectrum carried out after 8 days of
reaction showed an increase in the intensities of the signals at higher
fields which indicates the progressive deuteration of the partially
deuterated products towards the formation of 32g (Figure 5. 33b).
Quantification of the different deuteration products formed during
the reaction could not be performed due to overlapping of the

phosphorus signals attributed to different reaction products.

In summary, larges differences were observed in this case depending
on whether the NPs were stabilized with PVP or NHCs. The Ru@PVP

NPs did not promote deuteration at the methyl group while Ru?2
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and Rh%2 did. Concerning the NHC-stabilized M-NPs, Ru®2 showed to
be more active than Rh0-2. The selectivity indicated the coordination

of the phosphine through the phosphorus atom.

Different phosphines bearing alkyl moieties such as PPhMe; (33)
and P(i-Pr)s (34) were also tested for their deuteration using Rho-2
under 2 bar of Dz and 55°C. The 2D NMR spectra performed after 48
h of reaction showed signals in the aliphatic and aromatic region in
the case of 33 (Figure 5. 34a), and only in the methyl region of the
iPr groups in the case of 34 (Figure 5. 34b). However, many signals
were observed by 31P NMR due to the large number of deuterated
species that could be formed, and the deuteration products could not
be unambiguously identified (Figures S186 an S188, Supporting
information). Moreover, the difficult separation of the mixture of
products from the NPs solution due to the low boiling point of these
phosphines prevented the complete characterization of these

products.
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Figure 5. 34. 2D NMR (THF, 61.49MHz) spectra of the deuteration of (a)
PPhMe; (33) and (b) P(i-Pr)s (34); using Rho-2

Minor deuteration of THF used as the reaction media was also
observed by the detection of signals at 1.72 and 3.58 ppm by 2D NMR,
which would demonstrate interaction between molecules of solvent
and the surface of the Rh NPs while the deuteration of P-containing

compounds took place.

5.2.3. Selective deuteration of bidentate phosphines

To start with, dppm (35), a diphosphine bearing a methylene carbon
between the two P atoms, was studied using Ru@PVP and Ru®? as
catalysts. However, no H/D exchange was detected after carrying out
both reactions at 55°C under 2 bar of D, even after 8 days of

reaction (Figure 5. 35a).
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Figure 5. 35. Deuteration of dppm (35) using a) Ru@PVP and Ru®2 and b)
Rho-2

These results were surprising since the presence of aromatic rings
close to the P atom were expected to get deuterated, similarly to the

cases of the monodentate aryl phosphines 28 and 29.

When Rh%Z was tested as catalyst in the same reaction under the
same reaction conditions, deuteration at the methylene group was
evidenced by 2D NMR via the detection of a broad signal at 2.81 ppm,
(Figure 5. 36b). This evidence was corroborated by the
disappearance of the corresponding signal in the 'H NMR spectrum

(Figure 5. 36a).
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Figure 5. 36. (a) 1H (CDCls, 400MHz) and (b) 2D NMR (CHCls, 61.49MHz)

spectra of the deuteration of dppm (35) using Rh02 after 48h of reaction

When the reaction mixture was analysed by 13C NMR, the absence of
the triplet from the methylene carbon detected at 28.16 ppm for the
starting material 35 confirmed the H/D exchange at this position.
Unfortunately, the expected signal attributed to the dideuterated
carbon -CD2- was not observed due to its expected high multiplicity
(Figure S192, Supporting information). When a 31P{!H} NMR
spectrum was recorded, the phosphorus signal from the starting
material 35 at -22.64 ppm was detected (Figure 5. 37a) together
with other two signals at -22.93 and -23.22 ppm that were assigned
to the mono- and the dideuterated products 35a and 35b

respectively (Figure 5. 35b and Figure 5. 37).
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35

35b
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b)

Figure 5. 37.31P{tH} NMR (CDCl3, 162MHz) spectra of dppm (35)
deuteration evolution using Rho-2: (a) t=0 and (b) 48h at 55°C

The fact that an isotopic shift of 0.29 ppm (47.09 Hz) was measured
between signals, which is similar to the one measured after
deuterium incorporation at alkyl positions of substrate 32 (-0.24
ppm, -39.86 Hz), was in agreement with deuteratium incorporation

at the methylene carbon.

The corresponding percentage of compounds in the reaction mixture
after 48h and 8 days of reaction were then quantified by 31P{1H}
NMR (Table 5. 4). An increase from 69% to 84% for the formation of
product 35b was observed when the reaction mixture was analysed
after 8 days of reaction (Table 5. 4, Entries 1 vs. 2), in almost full

conversion of 35.
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Table 5. 4. Selective deuteration of dppm (35) using Rho2. Percentage of
compounds in the reaction mixture.2

Entry Time 35 35a | 35b
(%)° | (%)° | (%)°
1 48 h 4 27 69
2 8 days 2 14 84

aCatalytic conditions: 0.15 mmol substrate, 25
mol% cat, 55°C, 2 bar D; 2ml THF.
bCalculated by 31P{*H} NMR spectroscopy.

In terms of selectivity, the fact that 35 was selectively deuterated at
the methylene carbon with no H/D exchange at aromatic positions,
suggested a different coordination mode at the surface of Rh%2 than
the monodentate phosphines 28, 29 and 32. In the case of 35,
coordination through the methylene carbon is suggested (Figure 5.
38). The formation of a unstable carbene intermediate which could
coordinate to the surface of metallic NPs was previously reported for
indoles using Ru@PVP by H/D exchange experiments.?? Such a

coordination mode could be envisioned in the case of 35.
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Figure 5. 38. Proposed mechanism for the deuteration of dppm (35) using
Rho-2

In order to investigate the role of the NHC stabilizer for modulating
the reactivity of the NPs, a blank experiment was performed using
Rh/C35 as catalyst. Thus, the deuteration of 35 was attempted in the
presence of 5mol% of Rh/C under similar reaction conditions to
those previously tested, but only deuteration of THF used as reaction
media and small amounts of H20 coming from the Rh/C were

detected by 2D NMR (Figure 5. 39).
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Figure 5. 39. 2D NMR (THF, 61.49MHz) spectrum of the deuteration of
dppm (35) using Rh/C

Since no H/D exchange was observed in this case, it was thought that
the presence of NHCs at the surface of Rh%2 could play an important
role in the reaction. In this view, the presence of a greater amount of
NHCs at the surface of the metallic NPs for Rh%2 than for Ru?®Z, 30
could explain the lack of activity using this latter catalyst. However,
the displacement of the NHC ligands from the Ru surface caused by a

strong affinity of dppm to Ru cannot be discarded either.

Next we investigated the deuteration of dppe (36) (bite angle 83°),
containing a two carbon chain between the phosphorus atoms. In
view of the previous results with dppm (35), these experiments
were performed exclusively using Ru%? and Rh%2, and under the
same reaction conditions used for 35. After 48h of the reaction the

2D NMR spectrum showed only a signal in the aromatic region (7.43
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ppm), for both catalysts (Figure 5. 40 and Figure S195, Supporting

information).
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Figure 5. 40. 2D NMR (CHCl3, 61.49MHz) spectrum of the deuteration of
dppe (36) using Rho:2

The 31P{1H} NMR spectra of the reaction crude of both catalytic tests
showed several phosphorus signals at fields higher that the signal of
the starting material 36 at -12.71 ppm (Figure 5. 41a). Comparing the
relative intensity of the signal of the starting material with those of
the deuterated products using Ru®2 and Rh92 catalysts, it was
concluded that deuteration progressed more rapidly with Ru?2 than
with Rh%2 (Figure 5. 41b vs. c). However, the number of signals was
much higher than those expected for the deuteration in the ortho

positions of 36, as observed for other substrates such as 28 or 29.
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Figure 5. 41.31P{1H} NMR (CDCl3, 162MHz) spectra of (a) dppe (36) and
the deuteration of 36 using (b) Ru®2 and (c) Rho2 after 48h hours of

reaction

Then, the 13C{1H} NMR spectra were analysed in order to identify the
specific aromatic positions where the deuteration of 36 took place.
However, both spectra showed complex carbon signals that could be
due to second order effects, which made impossible the
determination of the precise deuteration position for this substrate
(Figures S198 and S202, Supporting information). On the other hand,
the fact that H/D exchange occurred at aromatic positions and no
deuterium incorporation was detected at aliphatic positions
indicated a different behaviour than dppm (35). In view of the
complexity of 31P{1H} and 13C{!H} spectra, no clear conclusions could
be drawn. However, an hypothesis could be that the deuteration of

36 takes place at the ortho positions, as usual in aromatic rings with
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the exception of P(o-tolyl)3 (30). The complexity observed in those
spectra could be caused by the coupling of both P atoms with the
arene rings. A difference in the deuteration degree of the rings would
make both P atoms inequivalent, giving rise to second order spectra.
This hypothesis would involve an interaction between the NPs

surface and the substrate through the phosphorus atoms.
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Figure 5. 42. Deuteration of dppb (37) using Ru@PVP

Given the complex spectra obtained in the study with dppe (36), it
was decided to extend the study to dppb (37), a diphosphine with a
longer bridge between the two P atoms. When the reaction was
performed at 80°C under 2 bar of D2 in the presence of Ru@PVP for
48h (Figure 5. 42), the 2D {1H} NMR spectrum of the reaction mixture
only contained a signal at 7.42 ppm, which indicated deuteration at

the aromatic ring.
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The 13C{1H} NMR of the reaction mixture showed the characteristic
triplet of doublet centred at 132.54 ppm (?Jcp = 18.21 Hz, Y¢p =
24.50 Hz) assigned to C2-D, close to the signal assigned to the C2-H
carbon of the starting material 37, detected as a doublet at 132.85
ppm (Jcp = 1855 Hz). These results confirmed the selective
deuteration of 37 in the ortho position of the aromatic ring, similarly
to monophosphines studied with the exception of 30. A bite angle of
97°, higher than the one of 35 (72°), was suggested (Figure 5. 43).

H
-
@LP\/\/\/ Ph
D H l Ph

Figure 5. 43. Proposed coordination mode for dppb (37) at the surface of
Ru and Rh NPs

Four different phosphorus signals were detected by 3'P{1H} NMR
with an isotopic shift of -0.111 ppm (-17.97 Hz) (Figure 5. 44b),
similar to that for 28 and 29 (-0.11 ppm, -17.80 Hz). In the case of 28,
29, 32 and 35 the different signals in the 3P NMR spectrum
corresponded to the incorporation of a new deuterium atom in an
aromatic position. In the case of 37, since both P atoms are
equivalents, it was considered that each of these 4 different
phosphorus signals detected by 3P NMR at -16.36, -16.47, -16.58
and -16.69 ppm, did not correspond to one product, but corresponds

to the sum of the signals of the phosphorus bearing 1, 2, 3 or 4
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deuterium atoms at the ortho position of the phenyl rings. (Figure 5.

44c).
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Figure 5. 44. 31P{1H} NMR (CDCls, 162MHz) spectra of (a) dppb (37) and
the deuteration of 37 using (b) Ru@PVP at 80°C and (c) Ru®2 and (d) Rho:2

at 55°C; after 48h of reaction

Next, we investigated the deuteration of 37 with Ru®2 and Rho2
catalysts. The reactions were conducted at 55°C under 2 bars of D;
pressure for 48h. In both cases deuterated products obtained were
similar to those obtained with Ru@PVP. The only difference
between catalysts was the activity, with Ru@PVP as the most active,
although this could result from the high temperature (80°C) at which
the reaction was set in this case. With Ru@PVP, the fully deuterated
compound (4 deuterium atoms at ortho positions of the aromatic

rings linked to each P atom) was obtained in 66% yield and the yield
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for the product with 3D for each PPhz unit was 28% (Figure 5. 5,
Entry 1). With Ru®Z as catalyst, all possible ortho deuterated
products were detected but the fully deuterated product was present
in 32%. The catalyst Rh%2 (Figure 5. 5, Entries 2 vs. 3) was less active
and important amounts (61%) of unaltered starting material 37

remained in the solution.

Table 5. 5. Selective deuteration of dppb (37) using Ru and Rh NPs
stabilized by PVP and IPr. Percentages for the insertion of 0, 1, 2, 3 and 4

deuterium atoms at the ortho position of the aromatic rings.2

Entry NPs 0D 1D 2D 3D 4D
(%) | (%) | (%) | (%) | (%)P
1c | Ru@PVP | 0.5 0.5 5 28 66
2d Ruo:2 9 12 27 20 32
3d Rho-2 61 16 14 4 5

aCatalytic conditions: 0.15 mmol substrate, 2 bar D, 2Zml THF, 48h. » Calculated
by 31P{1H} NMR spectroscopy. <3 mol% cat. at 80°C.425 mol% cat. at 55°C

It was concluded that deuteration of dppb (37) takes place at the
ortho positions of the aromatic rings, in a similar way to
monophosphines 28, 29 and 32. In this case and given the flexibility
of the linker between P atoms, this coordination to the NPs surface
can be as a monophosphine or as a chelate. Finally, comparing the
results obtained for dppm (35), dppe (36) and dppb (37), it can be
concluded that dppm is the exception showing a completely different
behaviour, since aromatics were not deuterated while H/D exchange
at the methylene group took place. This was explained by the
particular activation of C-H between 2 P atoms within the P-CH»-P

group, and/or the possibility of a carbene formation. We consider
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that dppe behaves similarly to dppb and that the complexity of

spectra are due to second order effects.
Deuteration of bidentate phosphine-heterocycles

Finally, the deuteration of bidentate phosphine-heterocycles such as
PPh;py (38) and P(furyl)s (39), containing different heteroatoms in
their structure with similar P-N and P-O distances compared to the

P-P distance of 35, was attempted (Figure 5. 45).

@Q @@ C@O QQD
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Figure 5. 45. Proposed coordination mode for bidentate P-containing
compounds dppm (35), PPhzpy (38) and P(furyl)s (39) using Rh and Ru
NPs stabilised by PVP or NHCs

Regardless of whether Ru@PVP, Ru®Z or Rh%2 was used as catalyst
at 55°C under 2 bar of D2, no deuterated products were obtained.
These results are similar to those obtained for 35 using Ru@PVP
and Ru®%2. We considered in that case, the coordination strength of
the substrates to the NPs surface could be the responsible for the
lack of activity. Similarly, in the case of 38 and 39, the coordination
could take place through the P and the heteroatom (N or O). Indeed,
a reported value of 68°3¢ for the bite angle of 38, which is similar to
the bite angle reported for 35 (72°), supported this hypothesis.

Besides, since no protons are present at the carbon between the P
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and the corresponding heteroatom (N or O) in the case of 38 and 39,
similar deuteration selectivities to that obtained for 35 using Rh?-2

was not possible.

5.2.4. Selective deuteration of phosphine oxides

The coordination of phosphine oxides at the NPs surface was
investigated by deuteration of O=PPh3z (40) and O=P(o-tolyl)s (41),
two phosphine oxide derivatives of phosphines PPhs (28) and P(o-
tolyl)s (30).

The H/D exchange of 40 using Ru@PVP as catalyst was first
attempted under 2 bar D2 at 55°C (Figure 5. 46), and the products
formed during the reaction were analysed by NMR spectroscopy
after 36h of reaction. The 31P{1H} NMR spectrum showed signals at
45.6 and 51.4 ppm corresponding to O=PCy,Ph (40b) and O=PCys3
(40c) respectively, which indicated the reduction of the phenyl rings
of the starting material 40 under these reaction conditions (Figure 5.

47a).
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Figure 5. 46. Deuteration of 0O=PPh3 (40) using Ru@PVP

This was confirmed by the detection of several aliphatic deuterium
signals between 0.8-2.25 ppm (Figure S215, Supporting information)
in the corresponding?D NMR spectrum. When the reaction time and

the temperature were decreased to avoid reduction of 40, GC-MS
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analysis of the reaction mixture again revealed the formation of

these reduction products (Figure S217, Supporting information).
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Figure 5. 47.31P{1H} NMR (THF-d8, 162MHz) spectra of the deuteration of
0=PPh3 (40) using (a) Ru@PVP, (b) Ru®2 and (c) Rho2

Taking into account the results obtained using 40 as substrate, it was
concluded that reduction of the aromatic rings in the case of 40
should be due to the coordination of the phosphine oxide 40 to the
surface of the Ru NPs through the phenyl rings, thus favouring their
reduction (Figure 5. 48).
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Figure 5. 48. Proposed coordination mode for O=PPh3 (40) at the surface
of Ru and Rh NPs

The effect of the metal and the presence of NHC ligands at the surface
of the Rh and Ru NPs were then evaluated.

When the deuteration of 40 was carried out under the same reaction
conditions, using Ru®Z as catalyst, the reduction of the aromatic
rings was also observed. This was evidenced by the detection of
similar broad aliphatic deuterium signals by 2D NMR compared to
the ones observed using Ru@PVP. Besides, only the detection of a
signal centred at 51.4 ppm by 31P{1H} NMR attributed to 40c,
revealed in this case the complete reduction of the starting material
40 (Figure 5. 47b). The fact that higher yields for the reduction of 40
were achieved using Ru®?2 as catalysts could be attributed to the
application of these nanocatalysts in higher catalyst loadings
compared to Ru@PVP, which would result in higher reaction rates

for the reduction reaction.
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Figure 5. 49. 2D NMR (CHCl3, 61.49MHz) spectra of the deuteration of
0=PPh3 (40) using Rh02 after 48h of reaction

Similar results were also obtained when Rh%2 was used as catalyst,
however, the detection of signals from O=PCyPh; (40a), 40b and 40c
suggested even lower reaction rates for the reduction of the aromatic
rings of 40 using this Rh nanocatalyst (Figure 5. 47c). Indeed,
deuterium exchange at aromatic positions prior to reduction of the
aromatic rings for 40 could be observed in this case by the detection
of a broad signal at 7.2 ppm by 2D NMR (Figure 5. 49). GC-MS
analysis of the reaction mixture obtained using both, Ru?2 and Rh??2,
confirmed the formation of these reduction products (Figures S220

and 223, Supporting information).

In summary, the presence of NHC ligands at the NPs surface of Ru
and Rh NPs did not have an effect on the coordination mode of

O=PPhsz (40) at the NPs surface, which takes place through -
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interactions of the phenyl rings, leading to the reduction of the

aromatic rings of the phosphine oxide 40.
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Figure 5. 50. Deuteration of O=P(o0-tolyl)3 (41) using Rh0:2

The effect of the presence of a methyl group at the ortho position of
the aromatic ring of O=P(o-tolyl); (41) was then studied. Indeed,
since in the case of the corresponding aromatic phosphine 30 a
difference in selectivity compared to PPhz (28) was observed using
Rh02 as catalyst, the H/D exchange of 41 was attempted using this
catalytic system (Figure 5. 50). In this case, apart from the
appearance of some deuterium signals by 2D NMR between 0.8-2.35
ppm arising from the reduction of the aromatic rings, sharper signals
between 2.45 and 2.86 ppm were also detected and suggested
deuterium incorporation at -CHs positions (Figure 5. 51). H/D
exchange at aromatic positions prior to the arene reduction was
observed by the detection of deuterium signals at 7.2 ppm by 2D
NMR (previously observed for the deuteration of 40 using the same
catalyst). The detection of several signals by 31P NMR at similar
chemical shifts compared to those observed for 40a, 40b and 40c,
which appeared at higher frequencies compared to the starting

material 41 (37.16 ppm), also confirmed the reduction of the
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aromatic rings of the phosphine oxide 41 (Figure 225, Supporting

information).
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Figure 5. 51. 2D NMR (CHCl3, 61.49MHz) spectrum of the deuteration of
0=P(o-tolyl)3 (41) using Rh02 after 48h of reaction

As in the case of 40 the reduction of the aromatic rings was
attributed to their coordination at the surface of the corresponding
Rh and Ru NPs through m-interactions. On the other hand, the H/D
exchange at -CH3 positions of 41 also indicated the interaction
between these alkyl moieties and the Rh surface, which would
confirm our previous assumption based on the proposed
coordination modes for 30 and 31 at the surface of Ru and Rh NPs

stabilized by NHC ligands.
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5.3. Conclusions

The general conclusions that can be drawn from the results
described in this chapter are that the nature of the metal and the
properties of the stabilizers at the nanocalyst surface clearly
influence the selectivity of the H/D exchange process when P-

containing compounds are used as substrates.

The affinity between Ru and phosphorus favours the P-coordination
at the Ru NPs surface while in the case of Rh, the weaker M-P

coordination lead to the deuteration of alkyl groups more readily.

Furthermore, the distinct selectivities obtained in some cases using
nanocatalysts bearing NHC ligands compared to those provided
using PVP-stabilized NPs clearly evidenced a modification of the
surface properties of these catalysts by these stabilizing agents

which could be electronic in nature.

A decrease in the activity for Ru®2 and Rh%2 compared to Ru@PVP
was attributed to the presence of ligand at the surface of the NPs,
which could prevent the substrate to coordinate to the metallic
surface and thus reducing the H/D exchange reaction rate. Besides,
Ru%2 showed to be generally more active than Rh%Z for the
deuteration of P-containing compounds. Rh@PVP showed to b

almost inactive due to solubility issues.

Furthermore, the fact that deuteration of the several P-containing
molecules could be achieved using Ru@PVP, Ru?2 and Rh?2 showed

the high efficiency of these nanocatalysts to perform C-H activation.
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Next, conclusions on the coordination mode of the different P-
containing molecules at the surface of the corresponding Ru or Rh
NPs (stabilized by PVP or NHCs) will be exposed here depending on

the substrate structure:

Aryl phosphines:
Deuteration of PPhz (28) and P(p-tolyl)s (29):

*  Ru@PVP: ortho position of the aromatic ring
* Ru%2: ortho position of the aromatic ring

* RhO2: ortho position of the aromatic ring

Coordination of 28 and 29 to the NPs surface of Ru@PVP, Ru?®2
and Rh02 through the P atom.

Deuteration of P(o-tolyl)s (30):

*  Ru@PVP: no deuteration
* Ru%2: meta position of the aromatic ring and methyl group

* Rh2: meta position of the aromatic ring and methyl group

-Coordination of 30 to the NPs surface of Ru®2 and Rh%2 through

the —~CH3 moiety
-Rh%2 more active than Ru?2

Deuteration of tris(3,5-dimethylphenyl)phosphine (31):
* Rh%Z; gromatic and aliphatic position

-Coordination of 31 to the NPs surface of Rh%2 through the -CHj3

moiety
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Aryl-alkyl phosphines:
Deuteration of PPh;Me (32):

*  Ru@PVP: ortho position of the aromatic ring
* Ru%2: ortho position of the aromatic ring and methyl group

* RhO2: ortho position of the aromatic ring and methyl group

-Coordination of 32 to the NPs surface of Ru@PVP, Ru%Z and
Rh?2 through the P atom

Deuteration of PPhMe; (33) and PiPr3 (34):

* Rh%2Z; gromatic and aliphatic position for 33; aliphatic

position for 34

-Coordination of 33 and 34 to the NPs surface of Rh?2 through

the P atom

Bidentate phosphines:
Deuteration of dppm (35):

Ru@PVP: no deuteration

Ru®2: no deuteration

* Rh%Z: methylenic position

-Coordination of 35 to the NPs surface of Rh%Z through the

methylenic carbon
Deuteration of dppe (36):
* Rh%2: aromatic position

-Coordination of 36 to the NPs surface of Rh%2 through the P

atom
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Deuteration of dppb (37):

*  Ru@PVP: ortho position of the aromatic ring
* Ru%2: ortho position of the aromatic ring

* RhO2: ortho position of the aromatic ring

-Coordination of 37 to the NPs surface of Ru@PVP, Ru®2 and
Rh?Z through the P atom

Deuteration of PPhzpy (38) and P(furyl)s (39):

e Ru@PVP: no deuteration
e  Ru®Z2: no deuteration

e Rh°2: no deuteration

-Coordination as a chelate to the NPs surface of Ru@PVP, Ru?-:2
and Rho-2,

Phosphine oxides:

Deuteration of O=PPhs (40):

* Ru@PVP: reduction of the aromatic rings
* Ru®2: reduction of the aromatic rings

* RhO2: reduction of the aromatic rings

-Coordination of 40 to the NPs surface of Ru@PVP, Ru?%2 and

Rh?2 through n-interaction of the arene rings
Deuteration of 0=P(o-tolyl)s (41):

* Rh%Z; reduction of the aromatic rings / deuteration at the

methyl groups
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-Coordination of 41 to the NPs surface of Rh?2 through -

interaction of the arene rings and through the —-CH3 moiety.
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5.4. Experimental part

General procedures

All operations were carried out using standard Schlenk tubes,
Fischer-Porter bottle techniques or in a glove-box under argon
atmosphere. The chemicals were purchased from Sigma-Aldrich and
used without further purification. THF and pentane were dried over
sodium/benzophenone, distilled and then thoroughly degassed

before use by three freeze- pump cycles.

General procedure for the H/D exchange reactions

A 100 ml Fischer-porter glassware was charged in a dry-box with the
desired Ru@PVP (3mol%), Rh@PVP (25mol%), Rh%2 (25mol%) or
Ru?%? (25mol%) and a magnetic stirrer. The Fischer-Porter was left
under vacuum for 5 minutes and then it was pressurized under 3 bar
of D; gas during 2 hours. Next a solution of the substrate (0.15
mmol) in degassed THF (2 ml) was added under argon. The reaction
was stirred under 2 bar of Dz under the required temperatures and
time. Then the solution was cooled down to room temperature, the
solvent was removed, deuterated products were extracted using
pentane and evaporated to dryness. In the case of compounds with
low boiling points, direct NMR analysis was performed without

isolation of the reaction products.
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Synthesis of substrates

Synthesis of H3B-P(o-tolyl)3 (30-BH3)3":

To a solution of P(o-tolyl)z (200mg, 0.657 mmol) in <
dried THF (2ml) a solution of BH3-THF (1.65 ml], @\
1.6425 mmol) was added at -78°C with stirring. The

reaction was stirred overnight at room temperature.

All volatiles were removed in vacuum and the resulting residue was
dissolved in CH:Cl; with subsequent filtration over silica. The
product was obtained as a white solid after removing the solvent.
(Yield: 173 mg, 83%). 1H-NMR (CDCl3, 400MHz, § in ppm): 6 = 7.42 (t,
3H, -CHarommeta3-, J= 6.84 Hz), 7.33 (dd, 3H, -CHarommetas-, J= 7.71 Hz,
J= 4.13 Hz), 7.14 (t, 3H, -CHarom,ortho-, J= 6.74 Hz), 6.98 (dd, 3H, -
CHarompara-, J= 11.3 Hz, J]= 8.58 Hz), 2.41 (s, 9H, -CH3). 31P{1H} NMR
(CDCl3, 162MHz, § in ppm): 8 = 22.69. 11B{1H}-NMR (C¢Ds, 128MHz,

0 in ppm): 0 =-31.56 (s).

Synthesis of O=P(o-tolyl)s (41)38:

P(o-tolyl)z (200mg, 0.657 mmol) was dissolved in
O
9 ml of Toluene in an Schlenk flask and the in

solution was cooled to 0°C. Then, H202 (0.65ml, ©/
6.57 mmol) were added dropwise with stirring.

The reaction was stirred overnight at room temperature. Then, the
toluene phase was transferred into a round bottom flask with a
metal cannula, the aqueous phase was washed with toluene (3x2 ml)
and all organic phases were combined. The resulting solution was

stirred for 4h in the presence of molecular sieves. After retrieving the
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molecular sieves, the solvent was removed in vacuum to obtain the
product as a white crystalline solid. (Yield: 179 mg, 85%). ITH-NMR
(CDCl3, 400MHz, & in ppm): 8 = 7.42 (t, 3H, -CHarommeta3-, ]= 7.46 Hz),
7.31 (dd, 3H, -CHarommetas-, J= 7.01 Hz, J= 4.17 Hz), 7.16 (t, 3H, -
CHarom,ortho-, J= 6.59 Hz), 7.09 (dd, 3H, -CHarom,para-, J= 11.5 Hz, ]= 8.72
Hz), 2.49 (s, 9H, -CH3). 31P{1H} NMR (CDCl3, 162MHz, 6 in ppm): 0 =
37.16.

General characterization techniques

Nuclear Magnetic Resonance (NMR):

1H, 2D, 13C, 31P spectra were recorded on a Varian® Mercury VX 400
(400 MHz, 61.49 MHz, 100.6 MHz, 162 MHz respectively). Chemical
shift values for 1H and 13C were referred to internal SiMes (0.0ppm)
and for 3P was referred to H3PO4 (85% solution in THF, 0 ppm).
Chemical shifts are reported in parts per million (ppm) and coupling

constants are reported in Hertz (Hz).

Gas Chromatography — Mass Spectrometry (GC-MS):

The structure of the different deuteration reaction products was
determined by GC-FID on an Agilent Technologies 7890A
spectrometer, with an achiral HP-5 column (30m x 0.25mm x
0.25um). The method used consists in an initial isotherm period at
80°C for 2 min followed by a 15°C/min ramp to 280°C and a hold

time of 20 min, with a flow of 1.3ml/min.
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6. 1. General conclusions

From the study on the synthesis and characterization of Rh
NPs stabilized by IPr performed in Chapter 3, the following

conclusions have been extracted:

-This synthetic method allows the formation of well disperse,
spherical and non-oxidized Rh NPs with fcc packing structure, with

mean diameters between 1.26 - 1.68 nm.

-TEM analysis of freshly synthesised Rh NPs showed a decrease in

the mean diameter of the NPs at higher [IPr]/[Rh] molar ratios.

- An increase in the [[Pr]/[Rh] molar ratio from 0.2 to 0.4 showed an
increase in the amount of ligand present at the surface of the NPs
from 21.5 to 37 wt%; with decrease in the hydride/Rhs molar ratio
from 0.58 to 0.39.

-The presence of stabilizing ligand at the Rh NPs surface was

evidenced by IR and solution/solid-state NMR spectroscopy.

-High CO pressure experiments in solution-state showed:
1) The decoordination of strongly coordinated protonated
species from the Rh surface of the NPs.
2) The strong binding of the NHC ligand IPr at the surface of
the NPs by the formation of Rh-NHC species.

-CO adsorption-IR spectroscopy showed the availability of faces,
edges and apexes for Rh%Z, Rh%4 and Rh%¢, being the edges and
apexes less available at high [IPr]/[Rh] molar ratios of 0.4 and 0.6.
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-The presence of a carbene and protonated imidazolium species at
the surface of the Rh NPs was detected by solution-state NMR

spectroscopy.

-CO adsorption-CP MAS NMR spectroscopy showed the availability of
faces, edges and apexes for Rh?2, Rh%4 and Rh%6, having more
stabilizing ligand located the edges and apexes of the Rh NPs at high
[[Pr]/[Rh] molar ratios of 0.4 and 0.6.

-The fact that static CO species were detected at the faces of the NPs,
suggested coordination of the protonated imidazolium species at

these sites of the Rh NPs.

The formed Rh NPs has been applied in the selective hydrogenation
of different substrates bearing aromatic moieties (Chapter 4). From

this study, the following conclusions have been extracted:

Selective hydrogenation of aromatic ketones:

-Lower activities were in general obtained for the reduction of
aromatic ketones using Rh%4 and Rh%6 compared to Rh%2 due to the

presence of excess of ligand in the surface of the Rh NPs.

-The lack of reduction of alkyl ketones as such as 1a, 2a and 3a
indicate interaction between the corresponding aromatic ketones
and the Rh NPs surface through the arene ring. This fact was
confirmed by an increase in the selectivity up to 91% towards the

formation of 3a when 3 was used as substrate.

-The presence of bulky groups close to the ketone group, substrates

4 and 5 decreased the selectivity towards the arene ring reduction
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(products 4a and 5a) due to an effect on the coordination of the
aromatic ring to the surface of the NPs in a flat way, necessary for its

reduction.

-In general, the presence of electron-donating substituents in the
ortho position of the aromatic ring (6 and 7) produced a decrease in
the activity of the reaction, achieving moderate lower selectivities

towards the reduction of the aromatic ring.

-The presence of both, electron-donating or electron-withdrawing
substituents in the para position of the aromatic ring (8 and 9)
produced a strong decrease in the selectivity towards the reduction

of the aromatic ring.

Hydrogenation of phenol derivatives:

- Selectivities up to 79% for the formation of cyclohexanone (11a) or
100% towards cyclohexanol (11b) could be achieved using Rho-2

depending on the reaction conditions.

-The effect of the presence of high amounts of ligand at the NPs
surface showed to have a detrimental effect on the activity and

selectivity towards the formation of 11a.

-The application of Ru®2 for the reduction of 11 gave rise to lower

activities and selectivities towards the formation of 11a.

-The presence of -CHz groups in the ortho (12 and 14) and para
(13) position of the aromatic ring decreased the reduction reaction
rate due to an effect on the coordination of the aromatic ring to the

surface of the NPs in a flat way, necessary for its reduction.
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-The possible coordination of 15 and 16 in a chelating mode to the
NPs surface produced an increase on the selectivity of the reaction
towards the formation of cyclohexane-1,2-diol (15b) and 2-
methoxycyclohexanol (16b).

-An increase in the electronic density of the aromatic ring for the
reduction of nitrobenzene (17) along with the strong coordination of
the aniline product (17b) gave rise to full selectivity towards the

reduction of the nitro group.

Hydrogenation of N-heterocyclic compounds:

-Rh%2 and Rh%# were able to reduce pyridine rings (18) with high
efficiency at 30°C under 20 bar of Ha.

- The effect of the presence of high amounts of ligand at the NPs
surface showed to have a detrimental effect on the activity and

selectivity towards the reduction of pyridine rings (19 and 21).

-The presence of -CH3z groups in the ortho position of the pyridine
ring (19 and 20) decreased the reaction rate due to an increase in
the steric hindrance close to the N atom, which coordinates to the

NPs surface before reduction of the aromatic ring.

-The presence of -CHz and -CF3 groups in the para position of the
pyridine ring (21 and 22) also decreased the hydrogenation
reaction rate, which suggests an effect of tis groups on the
coordination of the aromatic ring to the surface of the NPs in a flat

way, necessary for its reduction.

-Pyridine derivatives bearing ketone group in the ortho position of

the aromatic ring (23 and 24) were hydrogenated much faster than
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pyridine (18), to form the totally reduced compound as the only
reaction product (23d) in the case of 23; and the (-enaminone
(24a) as the major reaction product in the case of 24 in 78%

selectivity under 5 bar of Ho.

-The formation of piperidine (18a) was observed to poison the NPs
surface by hydrogenation experiments wusing 1:1 pyridine

(18):benzene (25) mixtures.

-The presence of a phenyl ring in the ortho position of the aromatic
ring have an effect on the hydrogenation reaction rate due to an

increase in the steric hindrance close to the N atom.

-For the reduction of 26 and 27: Moderate to high selectivities
towards the reduction of the pyridine ring for the formation of
compounds 26a and 27a up to 65 and 89% could be obtained
respectively when performing the reaction at 30°C under 20 bar of

Ho.

-The totally reduction products (26c¢ and 27c) for the hydrogenation
of 26 and 27 could be obtained as the only reaction product at 60°C

under 20 bar of H; after 48 and 24h of reaction, respectively.

From the study regarding the application of Ru and Rh NPs in the
selective deuteration of P-containing ligands carried out in Chapter

5, the following conclusions have been extracted:

-Deuteration of the several P-containing molecules using Ru@PVP,
Ru?Z and Rh?2 showed the high efficiency of these nanocatalysts to

perform C-H activation.
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-A decrease in the activity for Ru®2 and Rh%2 compared to Ru@PVP
was attributed to the presence of ligand at the surface of the NPs,
which could prevent the substrate to coordinate to the metallic

surface and thus reduce the H/D exchange reaction rate.

-The coordination mode of various P-based ligands at the surface of
the corresponding Ru or Rh NPs (stabilized by PVP or NHCs) was

proposed based on the selective H/D exchange at different positions:

HC\

Ru?2 and Rh0-2 Rh0-2

H P\ H /@
@PNV Ph

_——P
~ o=
D H L Ph D \®

P B

Figure 6. 1. Proposed coordination modes of P-based ligands at the NPs
surface of Ru and Rh NPs

* Aromatic phosphines 28, 29 and 32 coordinate to the NPs
surface of Ru@PVP, Ru®2 and Rh%2 through the P atom.
(Figure 6. 1a).

*  P(o-tolyl)s (30) coordinates to the NPs surface of Ru%2 and
Rh?Z through the -CHsz group (Figure 6. 1b).
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Diphosphine dppm (35) coordinates to the NPs surface of
Rh0-2 through the methylenic carbon (Figure 6. 1c).
Diphosphine dppb (37) coordinate to the NPs surface of
Ru@PVP, Ru®2 and Rh?2 through the P atom (Figure 6. 1d).
Phosphine oxides coordinate to the NPs surface of Ru@PVP,
Ru?®Z and Rh92 through the arene ring (Figure 6. 1e).
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7.1. Congresses and scientific meetings

2014
-VI Journées Franco-Catalanes de Chimie Moléculaire, Laboratoire
Trans-Pyrénéen: de la Molécule aux Matériaux, 27-28t% January

2104, Toulouse, France.
Attendance

-GEQO XXXII meeting (Grupo Especializado de Quimica
Organometalica), September 17th-19th 2014, Tarragona, Spain

Poster contribution: “Synthesis and characterization of Rh
nanoparticles stabilized by NHC ligands and their application in

selective hydrogenation reactions.”

2015
-GEQO XXXIII meeting (Grupo Especializado de Quimica
Organometalica), May 14th 2015, Madrid, Spain

Attendance

-18th JTUPAC International symposium, OMCOS 18 (Organometallic
Chemistry directed towards Organic Synthesis), June 28th-July 2nrd
2015, Sitges, Spain

Poster contribution: “Synthesis and surface study of Rh
nanoparticles stabilized by NHC ligands and their application in

selective catalysis.”
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2016
-VII Journées Franco-Catalanes “Hetero-elements and Coordination
Chemistry: from Concepts to Applications” 1st HA3C meeting, 26th-

27% January 2016, Toulouse, France

Oral communication: “NHC-stabilized Rh nanoparticles: Synthesis,
characterization and application in H/D exchange processes using P-

donor ligands as substrates.”

-GEQO XXXIV congress, (Grupo Especializado de Quimica

Organometalica), 7th-9th September 2016, Girona, Spain

Poster contribution: “NHC-stabilized Rh nanoparticles: Surface study
and effect on the H/D exchange reaction of phosphorus and oxygen

containing compounds.”
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7.2. Stages

-June-March 2015: stage in Laboratoire de Physique et Chimie des
Nano-Objects (LPCNO) in Institut National des Sciences Appliqués
(INSA), Toulouse, France.

-April 2016: short stage in Laboratoire de Physique et Chimie des
Nano-Objects (LPCNO) in Institut National des Sciences Appliqués
(INSA), Toulouse, France.
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7.3. Publications based on the content of the thesis

-“NHC-stabilized Rh nanoparticles: Surface study and application in
the catalytic hydrogenation of aromatic substrates” - Submitted to

Journal of Catalysis (15/03/2017). Status: Under review.

-“Selective Catalytic Deuteration of Phosphorus Ligands using
Ruthenium and Rhodium Nanoparticles: A comparative study” -

Status: Under preparation
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