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Resum

En aquesta tesi es presenta la sintesi i caracteritzacid de diferents tipus de complexos de
manganes i de ruteni amb la idea d’estudiar la seva quimica de coordinacid, aixi com I'activitat
catalitica dels complexos sintetitzats en les reaccions d’epoxidacié d’olefines i d'hidrolisi de
nitrils. Per altra banda, tenint en compte la importancia i els avantatges de la reutilitzacio i
I’heterogeneitzacié dels catalitzadors per al seu Us a gran escala, s’han utilitzat liquids ionics
com a co-dissolvents, permetent el disseny d’un sistema catalitic reutilitzable, aixi com també
s’ha dut a terme la immobilitzacié d’alguns d’aquests complexos sobre suports tipus silice i
nanoparticules magnétiques amb la finalitat d’aplicar-los en els mateixos processos catalitics

en fase heterogénia i avaluar-ne I'activitat al llarg de successives reutilitzacions.

A més a més, tenint en compte la importancia actual dels complexos metal-lics en tractaments
quimioterapeutics i la necessitat de minimitzar efectes secundaris derivats del seu Us (en
paral-lel a intentar reduir costos de produccid), alguns dels complexos de manganes i ruteni
sintetitzats en aquesta tesi han estat avaluats com a agents anticancerigens en les linies

cel-lulars OVCAR-8 i NCI-H460.

En concret, al capitol 4 es descriu la coordinacié dels lligands tipus piridina-pirazole i fenol-
pirazole a sals de manganes (ll), generant una serie de complexos mononuclears que s’han
caracteritzat completament a partir de les técniques estructurals i espectroscopiques
habituals. També es descriu I'activitat catalitica dels complexos sintetitzats en I'epoxidacio
d’alquens utilitzant acid peracéetic com a oxidant, obtenint en general bons valors de conversid
i de selectivitat. S’ha avaluat I'Gs del liquid idnic [bmim]:PFs com a co-dissolvent, permetent el
disseny d’un sistema catalitic reutilitzable, i s’han dut a terme estudis preliminars
d’heterogenitzacié del complex [Mn"(CF3SOs),(pypz-CH,COOEt),] en particules de silica aixi

com del seu comportament en la catalisi heterogenia d’epoxidacié d’alquens.

Al capitol 5 es descriu la sintesi i caracteritzacié de nous complexos Ru(ll)-dmso que contenen
lligands tipus piridina-pirazole i pirazole-fenol. S’estudia la isomeritzacié d’enllag¢ de Ru'"(dmso-
S) a Ru"(dmso-0) induida per la transferéncia electronica en els complexos cis, cis-[Ru"Cl,(pypz-
CH,COOEt)(dmso),] i [Ru"Cl,(HOphpz-H)(dmso),]. També es descriu I'activitat catalitica dels
complexos sintetitzats en I’hidrolisi de nitrils en aigua, on s'observa en general una efectivitat
més elevada en el cas de substrats activats, perdo amb certa influéncia estructural en el cas dels

complexos amb substituents voluminosos als lligands.
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Al capitol 6 es descriu la sintesi, estructura i propietats espectroscopiques i redox de nous
complexos Ru-Cl i Ru-OH, que contenen el lligand neutre meridional trpy i el lligand no-
simétric bidentat pypz-H. Es descriu la influencia de les propietats electroniques i
geometriques dels lligands sobre el pKa i el comportament electroquimic d’aquests compostos
i es porta a terme una comparacié amb complexos previament sintetitzats al nostre grup.
També es descriu I'activitat catalitica de I'aquo-complex en I'epoxidacié d’olefines utilitzant
diacetat de iodobenze com agent oxidant, i observant-se millors valors de conversié per als

substrats alifatics, fet que indicaria la participacié d'una espécie activa de tipus electrofilic.

Al capitol 7 es descriu I'heterogeneitzacid de la mescla d’isomers cis,cis- i cis,trans-
[Ru"Cl,(pypz-CH,COOEt)(dmso),] en suports de silica i de nanoparticules magnétiques
recobertes de silica. S’ha realitzat una caracteritzacié exhaustiva del sistema catalitic
heterogeni amb les tecniques ICP-AES, IR, UV-Vis, SEM, TEM, TGA i XPS, confirmant la
preséncia del lligand pypz-CH,COOEt i de Ru(ll) en tots els casos. S’ha avaluat la seva activitat
catalitica en la hidrolisi del benzonitril i de I'acrilonitril en condicions suaus i utilitzant aigua
com a dissolvent, obtenint millors valors de conversié i selectivitat que en el cas dels sistemes

homogenis analegs.

Finalment, al capitol 8 s’investiga I'aplicacié d’alguns dels complexos de manganés i ruteni
sintetitzats en la tesi, junt amb d'altres previament sintetitzats al grup de recerca, com a
agents anticancerigens per les linies cel-lulars OVCAR-8 i NCI-H460. Tots els complexos de
manganes estudiats presenten una citotoxicitat més elevada que els seus lligands lliures,
confirmant que I'activitat antitumoral s’afavoreix quan aquests lligands es coordinen al metall.
El complex [Mn"(CF3S0s)((-)-pinene[5,6]bipyridine),] presenta activitats similars al cisplati en
les dues linies cel-lulars estudiades. Per contra, els complexos de ruteni estudiats han mostrat

valors d’ICsq relativament elevats.
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Resumen

En esta tesis se presenta la sintesis y caracterizacién de diferentes tipos de complejos de
manganeso y de rutenio con la idea de estudiar su quimica de coordinacién, asi como la
actividad catalitica de los complejos sintetizados en reacciones de epoxidacién de olefinas y de
hidrélisis de nitrilos. Por otro lado, teniendo en cuenta la importancia y las ventajas de la
reutilizacion y la heterogeneizacién de los catalizadores para su uso a gran escala, se han
usado liquidos idnicos como co-disolventes, permitiendo el disefio de un sistema catalitico
reutilizable, y también se ha llevado a cabo la inmovilizacidon de algunos de estos complejos
sobre soportes tipo silice y nanoparticulas magnéticas con la finalidad de aplicarlos en los
mismos procesos cataliticos en fase heterogénea y evaluar su actividad a lo largo de sucesivas

reutilizaciones.

Ademas, teniendo en cuenta la importancia actual de los complejos metalicos en tratamientos
quimioterapéuticos y la necesidad de minimizar efectos secundarios derivados de su uso (en
paralelo a intentar reducir costes de produccidn), algunos de los complejos de manganeso y
rutenio sintetizados en esta tesis han sido evaluados como agentes anticancerigenos en las

lineas celulares OVCAR-8 y NCI-H460.

En concreto, en el capitulo 4 se describe la coordinacién de los ligandos tipo piridina-pirazola y
fenol-pirazola a sales de manganeso (ll), generando una serie de complejos mononucleares
gue se han caracterizado completamente a partir de las técnicas estructurales vy
espectroscopicas habituales. También se describe la actividad catalitica de los complejos
sintetizados en la epoxidacion de alquenos utilizando acido peracético como oxidante, y
obteniendo en general buenos valores de conversidn y de selectividad. Se ha evaluado el uso
del liquido idnico [bmim]:PFs como co-disolvente, permitiendo el disefio de un sistema
catalitico reutilizable, y se han llevado a cabo estudios preliminares de heterogeneizacion del
complejo [Mn"(CF5S0s),(pypz-CH,COOEt),] en particulas de silice asi como su comportamiento

en la catalisis heterogénea de epoxidacion de alquenos.

En el capitulo 5 se describe la sintesis y caracterizacion de nuevos complejos Ru(ll)-dmso que
contienen ligandos tipo piridina-pirazola y pirazola-fenol. Se estudia la isomerizacion de enlace
de Ru'(dmso-S) a Ru"(dmso-0) inducida por la transferencia electrénica en los complejos
cis, cis-[Ru"Cl,(pypz-CH,COOEt)(dmso),] y [Ru"Cl,(HOphpz-H)(dmso),]. También se describe la
actividad catalitica de los complejos sintetizados en hidrdlisis de nitrilos en agua, donde se

observa en general una efectividad mas elevada en el caso de sustratos activados, pero con
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cierta influencia estructural en el caso de los complejos con sustituyentes voluminosos en los

ligandos.

En el capitulo 6 se describe la sintesis, estructura y propiedades espectroscépicas y redox de
nuevos complejos Ru-Cl i Ru-OH; que contienen el ligando neutro meridional trpy y el ligando
no-simétrico bidentado pypz-H. Se describe la influencia de las propiedades electrénicas y
geométricas de los ligandos sobre el pKa y el comportamiento electroquimico de estos
compuestos y se lleva a cabo una comparacion con otros complejos previamente sintetizados
en nuestro grupo. También se describe la actividad catalitica del aquo-complejo en
epoxidaciéon de olefinas utilizando diacetato de yodobenceno como agente oxidante, y se
observan mejores valores de conversidon por los sustratos alifaticos, hecho que indica la

participacion de una especie activa de tipo electrofilico.

En el capitulo 7 se describe la heterogeneizacion de la mezcla de isémeros cis,cis- y cis,trans-
[Ru"Cl,(pypz-CH,COOEt)(dmso),] en soportes de silice y de nanoparticulas magnéticas
recubiertas de silice. Se ha realizado una caracterizacion exhaustiva del sistema catalitico
heterogéneo con las técnicas ICP-AES, IR, UV-Vis, SEM, TEM, TGA y XPS, confirmando la
presencia del ligando pypz-CH,COOEt y de Ru(ll) en todos los casos. Se ha evaluado su
actividad catalitica en la hidrdlisis del benzonitrilo y del acrilonitrilo en condiciones suaves y
utilizando agua como disolvente, obteniéndose mejores valores de conversion y selectividad

qgue en el caso de los sistemas homogéneos analogos.

Finalmente, en el capitulo 8 se investiga la aplicacion de algunos de los complejos de
manganeso y rutenio sintetizados en la tesis, junto con otros previamente sintetizados en el
grupo de investigacién, como agentes anticancerigenos para las lineas celulares OVCAR-8 i NCI-
H460. Todos los complejos de manganeso estudiados presentan una citotoxicidad mas elevada
que sus ligandos libres, confirmando que la actividad antitumoral esta favorecida cuando estos
ligandos se coordinan al metal. El complejo [Mn"(CF3S0s),((-)-pinene[5,6]bipyridine),] presenta
actividades similares al cisplatino en las dos lineas celulares estudiadas. Por el contrario, los

complejos de rutenio estudiados han mostrado valores de ICsq relativamente elevados.
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Summary

In this thesis we present the synthesis and characterization of different types of manganese
and ruthenium complexes with the idea of studying their coordination chemistry, as well as
the performance of the complexes synthesized in alkene epoxidation and nitrile hydration
reactions. On the other hand, taking into account the importance and the advantages of the
reutilization and heterogeneization of the catalysts for their use in a large-scale processes,
ionic liquids have been used as a co-solvent allowing the design of a reusable catalytic system,
and the immobilization of some of these complexes on silica-type and magnetic nanoparticles
supports has also been carried out with the aim to apply them in the corresponding

heterogeneous processes and evaluate their activity throughout successive reuses.

In addition, taking into account the current importance of the metal complexes in
chemotherapeutic treatments and the need to minimize its toxic side-effects derived from
their use (in parallel to a decrease the production costs), some of the manganese and
ruthenium complexes synthesized in this thesis have been evaluated as antitumor agents in

the OVCAR-8 and NCI-H460 cell lines.

In particular, in chapter 4 we describe the coordination of the pyrdine-pyrazole and phenol-
pyrazole types of ligands to manganese (ll) salts, obtaining different mononuclear complexes
that have been fully characterized throughout structural and spectroscopic techniques. We
also describe the performance of these complexes towards alkene epoxidation using peracetic
acid as oxidant, leading in general to good conversion and selectivity values. Moreover, the use
of the ionic liquid [bmim]:PFg as a co-solvent has been studied for this purpose, allowing the
design of a reusable catalytic system, and preliminary studies on the heterogenization of
complex [Mn"(CF3S0s),(pypz-CH,COOEt),] onto silica particles along with its performance

towards alkene epoxidation have been carried out.

In chapter 5 we describe the synthesis and characterization of new Ru(ll)-dmso complexes
which contain pyrdine-pyrazole and pyrazole-phenol types of ligands. We study the electron-
transfer-induced linkage isomerization of the dmso ligands, from Ru'"(dmso-S) to Ru"(dmso-0),
in compounds cis, cis-[Ru"Cl,(pypz-CH,COOEt)(dmso),] and [Ru"Cl,(HOphpz-H)(dmso),]. We also
describe the catalytic performance of all complexes towards nitrile hydration in water, and
better results are obtained for the activated substrates, but with a certain structural influence

in the case of the complexes bearing ligands with bulky substituents.
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In chapter 6 we describe the synthesis, structure, spectroscopy and redox properties of new
Ru-Cl i Ru-OH, complexes which contain the neutral meridional trpy and the non-symmetric
bidentate pypz-H ligands. The influence of electronic and geometrical effects of the ligands
over the pKa and the electrochemical behaviour of these compounds is discussed, and a
comparison with the analogous complexes previously synthesized in our group is also carried
out. We describe the catalytic performance of the aqua-complex with regard to the alkene
epoxidation reaction using iodobenzene diacetate as oxidant, obtaining better conversion
values for the aliphatic substrates, which would indicate the involvement of an active

electrophilic species.

In chapter 7 we describe the heterogenization of the isomeric mixture cis,cis- and cis,trans-
[Ru"Cl,(pypz-CH,COOEt)(dmso),] onto silica and silica core-shell magnetic nanoparticles. A fully
characterization of the new heterogeneous systems has been done using ICP-AES, IR, UV-Vis,
SEM, TEM, TGA and XPS techniques, confirming the presence of the ligand pypz-CH,COOEt and
the Ru(ll) in all cases. The catalytic activity of these heterogeneous systems has been evaluated
towards benzonitrile and acrylonitrile hydration in mild conditions and using water as solvent,
obtaining better conversion and selectivity values than those observed for the analogous

homogeneous system.

Finally, in chapter 8 we have investigated the application of some of the manganese and
ruthenium complexes synthesized in this thesis, together with some others previously
synthesized in our research group, as antitumor agents in two cancerous cell lines, OVCAR-8
and NCI-H460. All the manganese complexes studied showed a higher cytotoxicity than their
free ligands, confirming that the antitumor activity is favored when these ligands are
coordinated to the metal. Complex [Mn"(CF5S0s),((-)-pinene[5,6]bipyridine),] showed similar
activities as cisplatin for both studied cell lines. On the other hand, the ruthenium complexes

studied in this thesis presented relatively high ICsovalues.
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Chapter 1. Introduction







chapter | |

I.1. Towards a new “Green Chemistry”

Chemical transformations, as well as other industrial productive processes, are experiencing a
profound renovation to meet sustainability criteria, moving from old methods to new ones
developed in agreement with green chemistry principles." Substitution of harmful and
hazardous chemicals with others more compatible with human health and the environment is
mandatory, and among these the solvent replacement is especially important since amounts of

solvents are usually much larger than those of reagents products.

In this context, new solvents should exhibit small environmental impact, no toxicity and no
volatility to meet the demands of sustainability.? Glycerol derivatives are promising solvents in
this respect, and glycerol itself appears as a valuable green solvent that is produced as a
concomitant product in biodiesel preparation.? Glycerol derivatives have been studied in some
epoxidation reactions using hydrogen peroxide as oxidant,*®* but their application is limited so
far. Water has been much under-investigated as solvent for chemical transformations basically

because of poor solubility of organic molecules; however, water is the “ideal solvent”?

being
economic, non-toxic, non-inflammable and compatible with the environment. Substitution of
organic solvents by water is desirable, but it becomes especially suited for those chemical

transformations in which water is one of the reagents such as hydration of nitriles.

On the other hand, new methods based on heterogeneous catalysts not only show the
attractive and the powerful alternatives of avoiding the extreme acidity and basicity conditions
of those nonmetal-catalyzed systems, but also exhibit the capability to recover and reuse the

catalysts towards their application in large-scale processes.®

I.1.1. Supported Catalysts. Homogeneous vs. heterogeneous systems.

In general, catalysis is divided into homogeneous’ and heterogeneous® catalytic systems. In the
first type both catalyst and substrate are in the same phase, whereas in the second one are in
a different phase (solid and liquid respectively). Among these, a supported catalyst is the result
of the immobilization of a homogeneous catalyst on the surface of an insoluble solid, and can
be also regarded as a heterogeneous catalyst. These types of systems are developed nowadays
in order to satisfy the stringent ecological and economical demands for sustainability lead by a
green chemistry approach for catalytic reactions.’ Table 1.1 summarizes the principal

differences between homogeneous and heterogeneous/supported catalysis.™

Homogeneous catalysts have the advantage that they are well characterized at a molecular

level with well-defined active sites and they are readily soluble in the reaction medium. Such
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single-site catalysts are highly accessible to the substrates and often show high catalytic
activity and selectivity even under mild conditions, thus involving a constant energetic
interaction between each active site and the substrate. However, removing them from the
reaction mixture to avoid contamination of the product requires expensive and tedious

purification steps.

Table I.1. Schematic comparison between a homogeneous, heterogeneous and a supported catalyst.

Het t
Features Homogeneous catalyst eterogeneous Supported
catalyst catalyst
Solid, often metal or Solid Wlth.a
Form Metal complex . soluble active
metal oxide
molecule
Active centers Well defined Not defined Defined
Activity High Variable High
Selectivity High Variable High
Reaction conditions Mild Drastic Mild
Average time of life Variable Long Long
Sensitivity to poisons Low High Low
Problems of diffusion None Possible Possible
Recycling Difficult and expensive Easy Easy
Separation from
products Difficult Easy Easy
Variation of steric and
electronic features Possible Difficult Possible
Mechanism studies Possible Difficult Possible

On the other hand, the catalyst often consists of a high-priced noble metal and/or ligand.
Recycling of the homogeneous catalysts is thus an important issue in the sustainable and large-
scale production of fine chemicals. It is of special importance for enantioselective
transformations, in which the cost of sophisticated ligands often exceeds that of the noble
metal employed.” For these reasons, despite their intrinsic advantages, homogeneous

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

36



Chapter | S

In contrast, heterogeneous catalysts allow easy product/catalyst separation and recovery from
the solution, easy handling and potential catalyst recycling. However, there are often different
catalytically active sites with differing activities and selectivities in the bulk material of a
heterogeneous catalyst, which are challenging to understand at a molecular level. Also, the
preparation procedures are concerted and consequently not always easy to reproduce.” In
addition, the fact that active sites are located in a microporous environment often causes

diffusion control of the catalyzed reaction and reduces the activity and the selectivity.

Therefore, the development of new catalysts that combine the best homogeneous and
heterogeneous features is an interesting and growing area in catalysis. These hybrid catalysts

are named immobilized heterogeneous catalyst or supported catalysts.™*

[.1.2. Immobilization methods

The aim of supported catalysts is to combine the mentioned advantages of both homogeneous
and heterogeneous catalysis such as: (1) high activity, selectivity and reaction rates
(homogeneous catalysis), (2) easy catalyst recovery and long-term recyclability, and
preparation of multifunctional catalysts (heterogeneous catalysis). Among the different
techniques described to immobilize catalysts into solid supports, the most common methods
used® (see Figure 1.1) are adsorption,16 electrostatic immobilization,’ encapsulation,18 jonic

liquid®® and covalent binding (anchoring).

a) b)c)
) G

d)

X0 BCE
AP
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Figure I.1. Schematic representation of different strategies for catalyst immobilization: adsorption (a),
electrostatic immobilization (b), encapsulation (c), ionic liquid (d) and covalent binding (e).

a) Adsorption

The adsorption is usually established by Van der Waals interactions between groups such as
aromatic systems or by hydrogen bonds (Figure I.1a). These interactions are rather weak and
can be disrupted easily by solvent effects or competition from oxidation products or polar

oxidants. Also, the scope of this technique is quite limited taking into account that the surface

&



Chapter |

of most supports is polar (limiting the application to the immobilization of polar catalysts).
However, the range of supports that are used with this methodology is broad, including
amorphous and crystalline materials such as silica and zeolites, but in overall this method is

one of the most time- and cost-effective procedures.

b) Electrostatic immobilization

An obvious limitation comes up when using this method since only a charged catalyst can be
immobilized in this manner (Figure 1.1b). Also, possible interactions between the support and
ionic substrates or reagents that could compete with the catalyst must be considered.
However, this method is a simple and fast approach to the fabrication of heterogenized
catalytic systems. The most common supports used are ion-exchange resins, zeolites, clays,

layered double-hydroxides, etc.

¢) Encapsulation

This technique is based on the encapsulation of the catalyst inside the pores of the support
(Figure 1.1c). Encapsulation presents the advantage that the homogeneous catalyst does not
suffer any change in its structure or chemical properties when being immobilized. Another
advantage is the impossibility of deactivation by oligomerization, since each molecule, and just
one, is encased in a well-defined cage, precluding the interaction with neighbouring molecules.
However, this limits the application of the technique to complexes with well-defined size, and
possible diffusion problems of the substrate through the pores should be considered.
Nevertheless, this technique is very useful for the immobilization of complexes with bulky
ligands such as porphyrins, phtalocyanines, bipyridines, tetradentate Schiff bases, etc. The
supports used are often crystalline and contain cages such zeolites, mesoporous silica and

MOFs.

d) lonic liquid matrices

Over the last decade, growing attention has been devoted to the use of ionic liquids (ILs) as
solvents for organic synthesis. The strong interest in ILs for catalyzed reactions is due to the
expected immobilization of the catalyst in the IL that would allow the recycling of the tandem
catalyst/solvent (Figure 1.1d). Furthermore, ILs have a rate acceleration effect on some
catalytic reactions, and they are often considered as green alternatives to volatile organic

solvents although their toxicity and biodegradability are yet to be fully determined.?

lonic liquids are in general defined as liquid electrolytes composed entirely of ions. Generally,

ionic liquids include liquid compounds which involve organic compounds and organominerals.
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Those ionic liquids, based on quaternary ammonium or phosphonium salts and usually named
room temperature ionic liquids (RTILs), have received in recent years a good deal of attention

as potential alternative solvents or co-solvents in catalysis®® given their physicochemical

properties and so their potential benefits:****

= Good electrical conductivity and a relatively wide electrochemically stable window.
= Non-volatility.

= Reasonable thermal and chemical stabilities.

=  Non-flammability.

=  Wide range of solubility for organic, inorganic and organometallic compounds.

= They are suitable solvents for catalytic hydrogenations, carbonylations,
hydroformylations and aerobic oxidations, as the solubility of gases into ILs are

generally good.
= Immiscibility with a large number of organic solvents.

= Easy-tuning of their physicochemical properties.

Non-coordinating anions.

As mentioned earlier, room temperature ionic liquids are generally salts of organic cations. The
most common salts in use are those with alkylammonium, alkylphosphonium, N-
alkylpyridinium and N,N’-dialkylimidazolium cations (Figure 1.2). In order to be liquid at room
temperature, the cation should preferably be unsymmetrical. Typically, the anions are

inorganic and include [PFs], [BF4], [CF3SOs] and [(CF3SO,),N].
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Figure 1.2. Structures of common cations and anions in ionic liquids.

Numerous combinations of cations and anions offer convenient ways to fine-tune the
physicochemical properties of ILs such as polarity, viscosity and miscibility with other
reagents.”* Most metal catalysts are soluble in ILs without modification of the ligands,” and
usually the non-coordinating anions of ILs leave the active sites of catalysts available for

interaction with the substrates.

lonic liquids represent a new class of solvents with non-molecular ionic character. Even though
the first representative has been known since 1914, ionic liquids have only been investigated
as solvents for transition metal catalysis in the past twenty years, and this has led to a greater
than exponential growth in the number of papers published. Publications to date show that
replacing an organic solvent by an ionic liquid can lead to remarkable improvements in well-

6026 There are also evidences that switching from a normal organic solvent to

known processes.
an ionic liquid can lead to novel and unusual chemical reactivity. This opens up a wide field for

future investigations into this new class of solvents in catalytic applications.

e) Covalent binding (anchoring)

This type of immobilization gives a stronger interaction between catalyst and support (Figure
I.1e). This immobilization method has been used to support a wide variety of active
homogeneous catalysts. One of its advantages is that the chemical surrounding of the metal
center is maintained as in the homogeneous parent precursor, but with all the advantages of a
heterogeneous system.” The covalent immobilization process for an active homogeneous

catalyst is represented in Figure 1.3.
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Figure 1.3. General process for anchoring a homogeneous catalyst onto a solid support.

woddns pijos

Following this methodology, the catalyst must be modified by adding a linking group that
enables its attachment to the solid support. The most common linking groups used are
organosylanes, of general formula R.SiXs., (Cl, alkoxy)®® and organophosphorus acids resulting
in the formation of a M-O-Si, M-O-P or M-O-C bond between the inorganic support and the
linker. In the case of phosphonic acid up to three M-O-P bonds can be formed with oxide-type

surfaces, as represented in Figure 1.4.
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Figure 1.4. Possible binding modes of a phosphonate unit (monodentate (a), bidentate (b), tridentate
(c)), alkoxysilane unit (d) (only the tridentate mode is represented but the other two are possible) and
carboxylate unit (e) to an oxide-type surface.

I.1.3. Supports

When choosing a support for the immobilization of a catalyst, two main aspects must be taken
into account. First, the metal complex must be well dispersed through the surface of the
support in order to achieve proper activities and good diffusion conditions. For this reason,
parameters such as surface charge, polarity, or particle and pore size must be considered.

Secondly, the system must be chemically and physically stable in the catalytic conditions.

The supports can be organic® (such as polymers with a polystyrene, polypyrrole or
polyacrylate backbone), inorganic®® (such as silica, alumina, titania, zeolites, metallic
nanoparticles or core-shell nanoparticles) or metal-organic frameworks (MOFs).*! In the

present work, some of the inorganic oxides will be explained.
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a) Titanium dioxide

Structural modifications of titanium dioxide (TiO,) can affect its band gap energy allowing it to
absorb light in the visible zone, then being of interest in the solar cells research field. These
modifications can be carried out by synthesizing new TiO,-based composite materials,*
through n-doping or by surface immobilization of sensitizing dyes.*® The latest approach is
especially interesting because by introducing adequate functional groups in the organic

structure of the ligands, a complex can be easily anchored onto the TiO, surface.®

b) Silicon dioxide

The origin of the almost exclusive use of alumina as support has been ascribed to its
outstanding textural and mechanical properties and its relatively low cost.>> However, the
presence of undesirable strong metal-support interactions in the alumina-supported catalysis
has triggered research devoted to the development of new supports. Silica gel is a granular,
vitreous, and porous form of silicon dioxide. It is a tough and hard material with good ability to
adsorb compounds on its surface. It has a large surface area (800 m?/g) that can be effectively
used for catalytic applications. The silanol (Si-OH) groups of silica gel provide an attractive
center for the synthesis of silica-supported/functionalized novel heterogeneous catalysts.
Furthermore, chelating groups can also be covalently bonded to silica gel. When silica is used
as a support, its polar surface helps to change the spatial orientation of reactants toward

catalysts through hydrogen bonding with functional groups of reactant molecules.*’

c) Nanoparticles and core-shell nanoparticles

Nanoparticles (NP) can be defined as microscopic particles with a diameter of 1-100 nm. They
are considered as a bridge between molecular structures and bulk materials or, in catalytic
terms, a bridge between homogeneous and heterogeneous catalysis as these systems are
often referred to as “quasihomogeneous” (or soluble heterogeneous) systems.*® Nowadays,
magnetic nanoparticles (MNP), especially iron oxide nanoparticles, have attracted increasing
interest because of their unique physical properties including high surface area,
supermagnetism and low toxicity, that broadens their potential applications to many fields.*
There are three common iron oxides: iron (ll) oxide (FeQ), iron (lll) oxide (Fe,03) and iron (ll, 1)
oxide (Fes0,;). Among these, y-Fe,03; (maghemite) and Fes0,; (magnetite) have received an
especial attention in catalysis. The Fe;0, nanoparticles are easily prepared and surface-
functionalized and they can be recycled from the solution by an external magnetic field.
Hence, the catalyst supported on Fe;0, nanoparticles can be separated from the reaction

system and reused.>***
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In recent years, core-shell multi-components have attracted intense attention because of their
potential applications in catalysis.** These core-shell multi-components can integrate various

functions into one system for specific applications.*®"*

Among the core-shell structured
composites, the silica-coated magnetic nanoparticles not only stand out for their potential
applications in catalysis, as each nanoparticle is formed by a well-defined magnetic nucleus
which is surrounded by a microporous silica shell (see Figure 1.5),** but also for their large

surface area-to-volume ratio and easy functionalization.

a) b)

Figure 1.5. Magnetic nanoparticle (a) and a silica-coated magnetic nanoparticle (b).

1.2. Metal-catalyzed chemical transformations

Transition metal-catalyzed reactions are a field of unquestionable importance in inorganic
chemistry for their wide range of applications. In the present work, metal-catalyzed oxidation,
one of the most important transfer reactions in chemistry and biology,** is one the main
application of the prepared manganese and ruthenium complexes, together with catalytic
hydrolysis reactions. More specifically, the studied chemical transformations are olefin
epoxidation and hydration of nitriles (see Scheme I.1) which have received considerable

46,47

interest from both academic and industrial points of view, since epoxides® and amides play

a significant role as intermediates and building blocks in synthesis and material science.

a) R R? R : R?
> - < [cat.]
oxidant
R4 R3 R* R3
O
Oy feat] )K
H,0 R NH,

Scheme I.1. General reaction for olefin epoxidation (a) and hydration of nitriles (b).

1.2.1. Epoxidation of alkenes

As mentioned earlier, olefin epoxidation has received considerable interest from both
academics and industry since epoxides are key intermediates in the synthesis of more
elaborated chemical products for the industrial production of bulk and fine chemicals.*" 48

For instance, the fine chemical Medrol, which is an anti-inflammatory and anti-allergic

e



Chapter |

corticosteroid, is synthesized from an epoxide.* Also, epoxy polymers are widely used in the

marine, automotive, aerospace and building industries.

Epoxides can be transformed into a wide variety of functionalized products. For example their
reductions, rearrangements or ring-opening reactions with various nucleophiles can lead to

the formation of diols, aminoalcohols, allylic alcohols, ketones, etc., as depicted in Scheme

4

OH

N\ o \/\/ Z: >¥OH_
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Scheme 1.2. Epoxide formation and possible further transformations.

Epoxidation of alkenes can be achieved by a variety of oxidants. These include perbenzoic
acids (among which metachloroperbenzoic acid, MCPBA, is the most commonly used for this
purpose in the laboratory),>® dioxiranes,> alkylhydroperoxides, hydrogen peroxide,
hypochlorite,” iodosylbenzene® and molecular oxygen.>* Most of these oxidants have the
disadvantage that, besides oxygenated products, stoichiometric amounts of waste products
are generated and have to be separated from the desired epoxides. Thus, there is special
interest on the use of environmentally friendly “green” oxidants. The most efficient are
peroxides, in particular hydrogen peroxide since it is relatively cheap and the only side product
after the oxidation reaction is water. However, hydrogen peroxide also presents some
disadvantages such as the easy generation of highly reactive hydroxyl radicals (-OH) giving rise

to non-selective oxidation reactions, and its prevalent self-disproportionation in the presence

of transition metals.>*

Uncatalyzed epoxidations of alkenes with peracetic acid are well known reactions to obtain
epoxides as many terminal alkenes are susceptible to it, but these epoxidation reactions

require extended reaction times at elevated temperatures that often lead to a reduced
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selectivity.”™ Combining transition metal catalysts with peracetic acid can enhance the

epoxidation selectivity and reduce reaction times.>®

1.2.2. Nitrile hydration

As it has been mentioned earlier, the hydration of nitriles to generate the corresponding
amides is an important transformation for a wide range of fields, since the amide bond is one
of the most important functional groups in contemporary chemistry. This reaction is also of
biotechnological interest since nitrile hydratases, a family of non-heme iron enzymes,”” are
used in the industrial preparation of relevant amides, such as acrylamide, nicotinamide and 5-

cyanovaleramide.*®*®

In addition, amides can be reduced to the corresponding amines under
remarkably mild conditions, making the catalytic hydration of nitriles also interesting from this
point of view.*

(@) (0]

@
e H,0 Il H,0 Il Il
R—C=—N —» R—C—NH; ————» R—C—OH oOr R—C—O

Scheme 1.3. The nitrile hydration and amide hydrolysis reactions.

Amides are commonly prepared by the reaction of activated carboxylic acid derivatives (acid
chlorides, anhydrides and esters) with amines including ammonia,® or by direct union of the
acids with the amines assisted by coupling reagents, such as carbodiimides or 1H-benzotriazole
derivatives.®’ However, despite being of great applicability, these methods suffer from low
atom economy, making their environmental profile unfavorable. For these reasons, the
development of atom-efficient catalytic methods for amide formation is currently an
extremely active area of research.”> An increasing attention is being devoted to the
development of more efficient and sustainable synthetic routes that allow access to this

important class of compounds.®®

In this context, one of the simplest methods of synthesizing primary amides is the catalytic
hydration of nitriles. Conventionally, this reaction has been carried out by using strong acids®*
and bases,® thus suffering several drawbacks as for example the formation of undesired by-
products (such as carboxylic acids by over-hydrolysis of the amides), or the formation of a large
amount of salts generated after the neutralization step. Moreover, many sensitive functional
groups do not endure such harsh conditions, which consequently decrease the selectivity of
the reaction. Therefore, the development of new efficient procedures for the synthesis of
amides that avoid the use of stoichiometric reagents and/or acidic and basic media is highly

desirable.
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To overcome these drawbacks, considerable efforts have been expended in the search of
alternative methods for the nitrile hydration process. In this context, nitriles hydratases
(NHases), a family of enzymes containing non-heme low spin Fe(lll) or non corrinoid low-spin
Co(lll) active centers, have demonstrated great potential to promote the selective

transformation of nitriles into amides under mild conditions.®®

In fact, these types of
biocatalysts have found application in commercial production of some relevant amides, such
as levetiracetam, an antiepileptic drug marketed under the trade name Keppra® (Scheme

1.4).5
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Scheme 1.4. Synthetic route of levetiracetam employing a nitrile hydratase.

I.3. Manganese and ruthenium compounds as catalysts
I.3.1. Generalities of manganese

Manganese is a relatively abundant metal, constituting about 0.1 % of the earth’s crust (1000
ppm), making it the 12" most abundant element and the third most abundant transition
element (exceeded only by iron and titanium). It is found in over 300 different and widely
distributed minerals of which about twelve are commercially important. As a class-A metal it
occurs in primary deposits as the silicate. Of more commercial importance are the secondary
deposits of oxides and carbonates such as pyrolusite (MnO,), hausmannite (Mn3;0O,) and
rhodochrosite (MnCOj3). Millions of tons of manganese are used annually, and its most
common mineral, pyrolusite, has been used in glassmaking since the time of the Pharaohs. The
metal is produced by reduction of its oxides with sodium, magnesium and aluminum, or by
electrolysis. Nearly all manganese produced commercially is used in the steel industry as

ferromanganese.
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Figure 1.6. From left to right: pyrolusite (MnO,), hausmannite (Mn30,4) and rhodochrosite (MnCOs)
(Images from http://www.mindat.org).

The most common oxidation states of manganese are +2, +3, +4 and +7. The +2 oxidation state
is the most stable, with the +3, +4, +5 and +6 states becoming increasingly less stable.
Manganese (VIlI) compounds are powerful oxidizing agents, though the oxidation state +7 are
restricted to the unstable oxide Mn,0; and compounds of intensely purple permanganate
anion MnO,. Compounds with oxidation states +5 (blue) and +6 (green) are also strong

oxidizing agents, but show vulnerability to disproportionation.

1.3.1.1. Manganese (II) compounds

This is the dominant oxidation state and the most stable. Manganese (ll) is a relatively hard
acid and this is manifested, for example, in the preference for O-donor rather than N-donor
ligands. Few compounds are also known with P, As and S-donor ligands.®® Manganese (I1)
compounds are generally quite labile. Most of the Mn(Il) complexes are high-spin d°, due to
their stable half-filled d electron shell, but few low-spin compounds have been isolated,” as
[Mn(CN)¢]*. The lack of the ligand-field stabilization energy for the high-spin configuration
gives a large variability of coordination numbers and geometries, which seem to depend
mostly on the ligand steric and electronic effects. Lower coordination numbers (three, four
and five) are fairly rare, whereas higher coordination numbers (seven and eight) are more
common than for other first-row (+2) transition elements, a reflection of the larger size of

Mn(11).% Coordination geometry six is the most common for Mn(ll) compounds.

In octahedral fields, in terms of electronic transitions, the high-spin configuration involves the
pairing of some electrons and therefore spin-forbidden as well as parity-forbidden character,
thus accounting for the extremely pale color of such compounds. In tetrahedral environments,
the transitions are still spin-forbidden but no longer parity-forbidden; these transitions are
therefore approximately 100 times stronger and the compounds have a noticeable green-
yellow color. In low-spin configuration, compounds are strongly colored since a spin-allowed

absorption band is expected in the visible region.”
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Many compounds, generally high-spin, with a variety of open-chain polydentate nitrogen
ligands (bidentate to heptadentate), have been isolated in some cases with additional anion
ligands, for example, halides or carboxylates. For instance, the tripodal tetradentate ligand
ntb, (tris(2-benzimidazolylmethyl)amine), with chloride, acetate, or nitrate anions, forms the
five to seven-coordinate mononuclear complexes [Mn(ntb)X]CI (X= CI, O0,CMe) and
[Mn(ntb)(NO,),], having trigonal bipyramidal or distorted octahedral geometries.”* 8N and 7N
coordination are found respectively in [Mn(L"),]*" (Figure 1.7a),”* and [MnL*]** (Figure 1.7b);"”
the latter complex has been investigated as superoxide dismutase mimic. The structure of a

rare low-spin, six-coordinate complex [Mn(L%),] (Figure 1.7c) has also been obtained.®"

[Mn(L" )2 MLY% Mn(L3)]

Figure I.7. Examples of Mn (ll) coordinated by N-donor ligands.

1.3.1.2. Manganese (III) compounds

The aqua ion of manganese (lll) can be obtained by electrolytic or peroxo sulphate oxidation of
Mn?* solutions or by reduction of MnO,.”® The latter ion is often subject to disproportionation
into manganese (IV) and manganese (ll). The chemistry of manganese (lll) is dominated by
dinuclear, trinuclear and tetranuclear complexes with oxo, alkoxo and carboxylate bridges. The
propensity of these complexes to be in mixed-valence states such as manganese (I, lll) or
manganese (lll, 1V) requires the confirmation of their structures by spectroscopic and X-ray
structural methods. Mononuclear compounds can be stabilized by Schiff-based ligands,
nitrogen-based ligands and macrocyclic ligands. The most commonly observed coordination
numbers of manganese (Ill) are five’* and six.”” The electronic configuration of manganese (11l)

is d*, so the high-spin configuration (S= 2) in an octahedral field is subject to Jahn-Teller

distortion.”®
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1.3.2. Generalities of ruthenium

Ruthenium is a metal situated in the d group of the periodic table whose electronic
configuration is [Kr] 4d’5s". As the 74™ most abundant element in the Earth’s crust, ruthenium
is relatively rare (100 parts per trillion). It was discovered in 1844 by Karl Ernst Claus and was
named after his homeland, Russia (in Latin, Russia is Ruthenia). It is usually found as a minor
component of nickel, copper and platinum metal ores, together with other platinum group
metals such as palladium, platinum, rhodium and iridium. No less important is the fact that

ruthenium is the least expensive among these metals. Its annual production is about 12 tones.

Figure 1.8. A pure ruthenium(0) bar (image from http://www.mindat.org).

Ruthenium is the unique among all the elements of the periodic table, together with osmium,
that covers the hole range of 11 oxidation states theoretically possible for a transition metal
(from d° to d*°), from -2 as in [Ru(CO)4]* to +8 as in RuO, (each with different coordination

geometries).”’

The kinetic stability of ruthenium complexes in different oxidation states, the often reversible
nature of the redox pairs and their relative easy preparation make these complexes
particularly interesting. Other general characteristic of ruthenium coordination compounds are
their high electron transfer capacity,’® and their ability to stabilize reactive species like oxo-

metals’® and metal-carbene complexes.?

Ruthenium complexes are widely used and studied in different chemical fields. Their
properties and so their applications are clearly correlated with the nature of the ligands
coordinated to the central metal ion. Ruthenium complexes with m-conjugate ligands or
systems that enable electronic delocalization have shown specific properties in nonlinear
optics,®* magnetism,®? molecular sensors® and liquid crystals.®* On the other hand, sulfoxide
complxes have been extensively studied, as it will be seen in section 1.3.2.2, due to their

relevant usefulness in chemotherapy. *>%

Ruthenium complexes with heterocyclic N-donor
ligands are the most employed due to their interesting spectroscopic, photophysical and

electrochemical properties,®® which lead to potential applications in many different areas such
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as photosensitizers for photoactive conversion of solar energy, molecular electronic

devices® and photoactive DNA cleavage agents for therapeutic purposes.®

In the present work, catalysis is the most important application of the prepared ruthenium
complexes. Synthetic versatility, easily available high oxidation states and a robust character of
their coordination sphere make ruthenium complexes particularly useful for catalytic
transformations, such as cyclopropanation,® isomerization,”® metal-promoted radical
reactivity,”” oxidation,”® addition,’* hydrogen generation,’® hydrogenation,”® C-H and C-halogen
bond activation®” and olefin metathesis.?® The effect of the ligands is crucial in determining the
type of the catalytic reaction; in consequence the same metal complex can transform the same
substrate into different products by changing the ligands. To illustrate it, in Scheme L5 is
shown how styrene can be transformed into multiple products as function of the catalyst

used.”
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Scheme 1.5. Possible chemical transformations of styrene as function of the catalyst used.

Due to the importance of the ligand environment, numerous studies have been focused on the
understanding of their electronic and geometric properties and how these properties influence

the metal reactivity.

1.3.2.1. Ruthenium polypyridyl aqua complexes

The research carried out by Frances P. Dwyer and co-workers during 1940s to 1960s can be
considered the starting point of the chemistry of polypyridyl complexes of ruthenium and
osmium.*® Further studies have considerably improved the synthetic procedures described in
these initial publications. For example, Thomas J. Meyer and collaborators began a systematic
study of their relevant reactive properties or Ru and Os-aqua complexes based on their

accessibility to long-lived excited states and oxidation states varying from M(Il) to M(VI).”%*%
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It is important to notice that it is possible to create families of related complexes in which

these redox properties can be varied by changing the ancillary ligands.*®

Polypyridyl ligands give a great stability to the metal ion not only thanks to their chelating
effect, which enhance their coordinative capacity, but also for the resulting increased stability

of the formed complex against oxidation (Figure 1.9).

2,2"-bipyridine 1,10-phenantroline 2,2'(6,6"),2"-terpyridine

(bpy) (phen) (trpy)

Figure 1.9. Common polypyridyl ligands used in ruthenium coordination chemistry.

The redox properties of these polypyridyl-based complexes becomes especially interesting
when an aqua ligand is directly bound to the metal center. In this case, proton-coupled-
electron transfers (PCET) are possible, thus making high oxidation states become fairly

accessible:™®

gt -e Ht _a-
RUH-OH2 — RuIH_OH —e; RuIV:O
+H' +e +H' +e

Scheme 1.6. PCET oxidation process characteristic of Ru-aqua complexes.

As shown in Scheme 1.6, the successve oxidation from Ru(ll) to Ru(lV) are accompained by a
sequential loss of protons favored by the enhanced acidity of the bonded aqua ligand.

Therefore, the initial Ru"-OH, is oxidized to Ru'"=0, passing through a Ru"

-OH species. As a
result of this behaviour, the redox potential of the aqua complexes can be directly correlated
with the pH of the medium: if pH increases, the Ru(lll/Il) and Ru(IV/Ill) couples are shifted to
lower potentials and viceversa. The Nernst equation (Equation 1.1) correlates pH with redox
potential in such a way that, for monoprotic and monoelectronic transfer, the redox potential

diminishes in 59 mV by every pH unit increased.

Z3 5
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Equation I.1. The Nernst equation, which correlates pH with redox potential (E;;, = half wave redox
potential at a given pH; E°1/2= half wave redox potential at standard conditions; m= number of
transferred protons; n= number of transferred electrons).

The graphical representation of this pH dependence in front the redox potential is known as
Pourbaix diagram. This diagram combines the redox equilibria with the acid-base equilibria of
all thermodynamically stable species involved, and represents the evolution of the half wave

redox potential, E;/,, throughout the complete pH range.

The presence of a coordinated aqua ligand to Ru lowers the redox potentital values thanks to
the release of protons upon oxidation. This stabilization is promoted by the successive
deprotonation and subsequent electronic stabilization of the higher oxidation states by the
oxocomplex formation, due to the more acidic character of the deprotonated aqua ligand

(Scheme 1.7).

H

Rull_é/ —_— Rulll_@\ P —— RulV:c:)

H

Scheme 1.7. The stabilization of the Ru metal center promoted by the successive deprotonation of the
aqua ligand.

In order to illustrate this behaviour, Scheme 1.8 shows the Latimer diagrams for two different
polypyridylic ruthenium complexes: (a) [Ru(bpy)(py)(trpy)]** and (b) [Ru(bpy)(trpy)(OH,)]1*. As
it can be seen, the substitution of a pyridyl ligand by an aqua ligand causes a dramatic

decreasment of the oxidation potentital values.

Out of solvent range

120V
@  [Ru(bpy)(py)irpy)]** — [Ru™(bpy)(py)(trpy)]** ee— [Ru™ (bpy)(py)(trpy)]**
c
(b) [Ru(bpy)(trpy)(OH,)]** Al [Ru(OH)(bpy)(trpy)]** —2r. [Ru™v(0)(bpy)(trpy)]**
+H, +e +H' +e

Scheme 1.8. Latimer diagrams of Ru polypyridyl complexes (a) non-containing and (b) containing a
coordinated water molecule (V vs. SCE, pH= 7).

The stabilization and the E;/, of the ruthenium oxocomplexes, and therefore their reactivity,
depend on several factors. The nature of the accompanying ligands is one of the most studied
among them. The possibility of modulate the complexes reactivity by tuning their redox
potentials, in addition to the need of obtain selective catalysts, has resulted in a large number
of systematic studies on the redox properties of these complexes, containing a broad variety of

ligands."®*
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Table 1.2. Electrochemical parameters for aqua complexes for Ru (table extracted from ref.102)°.

51/2 (V) AEl/2
Entry Compound Ru(lli/ll)  Ru(Iv/)
1 [Ru(NHs)(OH,)]* -0.33 0.35 0.68
) [Ru(trpy)(acac)(H,0)]" 0.19 0.56 0.37
3 [Ru(trpy)(C,04)(H,0)] 0.16 0.45 0.29
4 [Ru(trpy)(H,0)5]*" 0.35 0.64 0.29
5 trans-[Ru(trpy)(pic)(H,0)]" 0.21 0.45 0.24
6 cis-[Ru(trpy)(pic)(H,0)]" 0.38 0.56 0.22
7 cis-[Ru(6,6’-Me,-bpy)(H,0),]** 0.57 0.73 0.16
8 [Ru(trpy)(tmen)(H,0)]*" 0.36 0.59 0.13
9 [Ru(trpy)(phen)(H,0)]*" 0.50 0.60 0.10
10 cis-[Ru(bpy),(py)(H,0)1** 0.42 0.53 0.11
11 [Ru(trpy)(bpy)(H,0)I*" 049 062 0.13
12 [Ru(trpy)(4,4’-((CO,Et),bpy)(H,0)]** 0.66 0.80 0.13
13 [Ru(trpy)(4,4’-Me,-bpy)(H,0)]** 0.47 0.61 0.14
14 cis-[Ru(bpy),(AsPh;)(H,0)]** 0.50 0.67 0.17
15 cis-[Ru(bpy)(biq)(PEt;)(H,0)]** 0.45 0.63 0.18
16 [Ru(tpm)(4,4’-((NO,),-bpy)(H,0)]**  0.56 0.75 0.19
17 cis-[Ru(bpy),(PEts)(H,0)1** 0.46 0.67 0.21
18 cis-[Ru(bpy)(big)(PPhs)(H,0)]*" 0.48 0.70 0.22
19 cis-[Ru(bpy),(P(i-Pr)s)(H,0)]*" 0.45 0.68 0.23
20 cis-[Ru(bpy),(PPhs)(H,0)1** 0.50 0.76 0.26
51 cis-[Ru(bpy),(SbPhs)(H,0)]** 0.52 0.80 0.28
22 [Ru(trpy)(dppene)(H,0)]* 1.17 1.53 0.36

1°In H,0 at pH= 7.0, T= 2242 °C, I= 0.1 M vs. SCE. "E;;, values for Ru"-OH/Ru"-OH,, Ru""=0/Ru"-OH and
Ru"=0/Ru"-OH, couples. A Ei,= Ei(Ru(IV/IN)) - Eyp (Ru(lli/N)).%pH= 4.0. °In CH,Cl,/H,0 (3:1).
Abbreviations: acac= acetyl acetonate; pic= picolinate anion; tmen=
N,N,N,N,tetramethylethylenediamine; py= pyridine; big= 1,1’-biquinoline; tpm= tris(pyrazolyl)methane;
dppene= cis-1,2-bis(diphenylphosphino)ethylene.

Table 1.2 shows the strong ligand effect over the Ru(IV/IIl) and Ru(lll/ll) redox couples in

102 A5 it can be seen, the

different families of ruthenium complexes with N-containing ligands.
Ru(IV/Ill) and Ru(ll1/11) redox couples are clearly influenced by the ligands. Ru(ll) is stabilized by
ligands with low-lying 1t acceptor levels, such as PPh; or the py ligand (entries 20 and 10), then
displaying relatively high Ru(lll/l) E;/, values. On the contrary, Ru(lll) oxidation state is clearly
stabilized by o-donor ligands as acetyl acetonate (acac) or oxalate, C,0,” (entries 2 and 3) and

thus oxidation from Ru(ll) to Ru(lll) is easily attained.
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On the other hand, Ru(IV/Ill) couples are, in general, less sensitive to ligand variations than
Ru(lli/N). This phenomenon can be observed by comparing the complexes in entries 2 and 11
or 3 and 9, where changes in the accompanying ligands produce only a slight modification in
the potential of the Ru(IV/Ill) couple, whereas the Ru(lll/1l) couple is strongly influenced. This
behaviour is due to the control of the m-binding exerted by the oxo ligand through a d,gu-po

interaction in the Ru(IV) species.

Due to these properties, polypyridyl ruthenium complexes with aqua ligands have been
extensively employed in oxidation reactions of organic and inorganic substrates, C-H insertion

and proton-coupled electron transfer as it will be seen in section [.3.2.1.

1.3.2.2. Ruthenium complexes with sulfoxide ligands

In general, transition metal complexes containing sulfoxide ligands have been used since the
60s'* as a precursors for the synthesis of a large variety of compounds'® with applications in a
wide number of catalytic processes.'”” Nevertheless, the most remarkable applications of

106b,108

these complexes are their utility in medicinal chemistry as antitumor compounds and

antimetastatic agents.109

On the other hand, the ambidentate behaviour of sulfoxide ligand, responsible for the bond
isomerization observed in these type of complexes (see below), makes them interesting from
an academic point of view for their basic coordination chemistry**® and their applications as
molecular memories.'"* The characteristics of this kind of complexes are closely associated
with the nature of the metal-sulfoxide bond and, for this reason, the understanding of the

factors which affects the bond mode is important for the design and tuning of their properties.

Dimethyl sulfoxide (dmso) presents a certain selectivity for different electronic population in
Ru-dmso complexes. It acts as a S-bonded molecule (S-dmso) for Ru(ll) d® low spin
configuration and as O-bonded molecule (O-dmso) for Ru(lll) d° low spin configuration.'*
Consequently, it must be taken into account that Ru-dmso complexes can suffer a linkage
isomerization process. There are some factors that can induce such isomerization,™**! but in
the present work focus is set in the S-dmso to O-dmso isomerization provoked by the change
in metal oxidation state. According to Pearson acid-base theory,'** diffuse orbitals from
metallic ions are well overlapped wiith donor orbitals from S, and this Ru-S linkage is further
favored when a n-retrodonation from metal to empty d,) or m* dmso orbitals takes place. The
Ru(I1)-Sgmso bond has some double bond character due to the occurrence of m-retrodonation

and, for this reason, it can be observed that the average Ru-S bond distance is lower than the
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sum of the respective covalent radius. For harder metallic ions as Ru(lll) the linkage through O
is the favorite in agreement with Pearson’s theory, n-retrodonation is less important due to
the higher oxidation state of the metal and the absence of empty d orbitals in O, and therefore

the Ru-Sgmso to Ru-Og4ms, isomerization takes place when Ru(ll) is oxidized to Ru(lll).

1.3.3. Catalytic properties in homogeneous phase
I.3.3.1. Manganese in oxidation catalysis

Nowadays a lot of studies are focused to mimic natural systems that carry out chemical
transformation with excellent effectiveness in terms of selectivity and energy consumption.

Concretely, the oxidation of organic substrates has received a special interest.*><48211>

Selective oxidation of raw materials is an important area for the chemical industry, due to the
necessity to produce oxygen-containing chemicals from fossil hydrocarbons avoiding the
complete conversion to carbon dioxide. This is often a difficulty during the preparation of fine
chemicals, since it is still challenging to cleanly introduce an alcohol moiety at the desired

position of a drug precursor in the same manner as enzymes do.

Many enzymes are present in nature acting as “biological catalysts” capable of catalyzing

oxidation reactions in living organisms.'®

Metals in enzymes participate in complex
biochemical reactions and highly specialized biological functions thanks to their ability to exist
in multiple oxidation states and different geometries. Manganese compounds are used as
biomimetic catalysts due to Mn biological role, as is an essential trace nutrient in all form of
life. The best-known manganese-containing polypeptides may be arginase, the diphtheria toxin
and Mn-containing superoxide dismutase (Mn-SOD). These enzymes are frequently studied by
using model complexes which provide information on the nature and reactivity of the active

17 several factors

site (see Figure 1.10) and also about possible reactions mechanisms.
modulate the reactivity of the active center, such as the nature of the ligand, the type of the
metal ion or the coordination geometry around the metal center. Based on the manganese or
iron containing enzymes and on the related model complexes various oxidation catalysts have

been studied.
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Enzyme Active site Model

Figure 1.10. Bioinorganic chemistry gain inspiration from metal active site of enzymes to design
structural and functional model compounds.

Superoxide (0O,) is a harmful radical for living organisms and is generated by the single electron
reduction of oxygen. Due to its high toxicity it needs to be transformed to less reactive species.
Superoxide dismutases (SOD) are metalloenzymes which catalyze the dismutation of

Y8 This latter

superoxide (O,) to oxygen (0,) and hydrogen peroxide (H,0,) (see Scheme 1.9).
product can be degraded by catalase enzymes to water and oxygen. So, the SOD enzymes
serve a vital role in defending oxygen-utilizing life forms from oxidative damage. There are
three distinct families of SOD enzymes depending on which metal ion employs to mediate the
chemistry: NiSODs, Cu,ZnSODs and Mn- or FeSODs.'*® The active site of MnSOD contains a

mononuclear five-coordinated Mn" ion bound to three histidines, one aspartate residue and

one water or hydroxide ligand.'*

02'>/ Mn*3SOD-0," \<0:

Mn+3s()D\ Mn+2SOD
HzozR Mn*2S0D-0, /<02-

Scheme 1.9. Dismutation of the superoxide ion (O,) to oxygen (0O,) and hydrogen peroxide (H,0,)
catalyzed by MnSOD.

Manganese is also important in photosynthetic oxygen evolution in chloroplasts in plants. The
oxygen-evolving complex (OEC) is a part of photosystem Il contained in the thylakoid
membranes of chloroplasts. It is responsible for the terminal photooxidation of two water
molecules to molecular oxygen during the light reactions of photosynthesis. Based on many
spectroscopic measurements it has been recognized that a tetranuclear Mn-cluster is the
active catalyst for the oxygen evolution,®! which has been confirmed by the crystal structure
of PSII (see Figure 1.11)." However, the exact mechanism of the water oxidation has not been

elucidated so far.**
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Figure 1.11. Schematic representation of the atomic structure of the oxygen evolving complex OEC. Color
codes for atoms: grey, manganese; blue, calcium; red, oxo- oxygen; yellow, oxygen; orange, water.

Roman numerals in the grey spheres indicate the valences of the manganese atoms assigned by Suga et.
122c¢
al.

Catalases decompose hydrogen peroxide to water and oxygen'” and some of these
manganese enzymes have been isolated from different bacteria.'* X-ray crystallographic
structure analysis elucidated that these catalases contain a dinuclear manganese center.'”

During the catalytic process the dinuclear manganese active site cycle between the Mn",- and

126

Mn",-oxidation states (see Figure 1.12).

Figure 1.12. Schematic representation of the proposed catalytic cycle for Lactobacillus plantarum
manganese catalase.”® Oxidative half-reaction: (1) resting oxidized Mn,(lll, 1ll) state. (2) Terminal
peroxide adduct. (3) Terminal dioxygen adduct. Reductive hald-reaction: (4) resting or reduced Mny(Il, 1)
state. (5) Activated hydrogen peroxide complexes: (a) terminally bound substrate; (b) ul,1 bridging
substrate.
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Many compounds containing a dinuclear manganese core surrounded by a variety of ligands

have been employed as catalase mimic complexes. *’*'?®

The development of artificial models of cytochrome P450 in oxidation reactions of organic

44c,129

substrates has also received a special attention. Although iron models have received

much more attention, synthetic manganese porphyrins have been extensively used as P450

models, and both Mn(1V)-oxo and Mn(V)-oxo porphyrin complexes have been characterized."*°

Nature is able to efficiently perform monooxygenation reactions by introducing one oxygen
atom of molecular oxygen into a defined substrate, while the second oxygen atom of O, is
eliminated as a water molecule with the associated consumption of two electrons provided by
NAD(P)H:

Monooxygenase

R—H + O, + 2¢ + 2H' » R—OH + H,O
(e.g. cytochrome P450)

Although many artificial systems based on molecular oxygen together with an electron source
have been reported to catalyze hydroxylation and epoxidation reactions, it has been observed
the formation of water as the main product instead of the expected alcohol or epoxide, via the

2e” reduction of the intermediate metal-oxo species.”!

An alternative way to avoid this
difficulty is to use single oxygen atom donors such as hydrogen peroxide (H,0,), alkylperoxides
(ROOH), iodosylbenzene (PhlO), hypochlorite (NaOCl), monopersulfate (KHSOs) or peracids.
The use of oxygen atom donors to generate the oxidized species is known as the “peroxide
shunt” (Scheme 1.10)."** In particular hydrogen peroxide is the suitable “green” oxidant since
the only side product after an oxidation reaction is water. However, peroxides have weak and
rather symmetrical O-O bonds. The low dissociation energy leads to spontaneous homolytic
cleavage and the formation of hydroxyl radicals HO-. Alkylhydroperoxides ROOH can be easily
cleaved by transition metal complexes and the resulting alkoxyl radicals RO- are able to

efficiently abstract hydrogen atoms from alkanes leading to a mixture of alcohols and ketones

as in autoxidation reactions.’*®
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Fe'lloon) R-H-—T Fe'(0o-) R-H
e’ H*

7

Scheme 1.10. Catalytic cycle for oxygen activation and transfer by cytochrome P450.

Effective monooxygenase models are able to perform both hydroxylation of alkanes and
epoxidation of olefins, since the active species is an electrophilic high-valent metal-oxo entity
like in the corresponding metalloenzymes. The metal center is able to activate the oxidant and
then to control the oxygen atom transfer from the metal-oxo species to the substrate (the
oxygen rebound mechanism involves an organic radical intermediate controlled by the metal
center, without formation of free radicals). All the different studies on the modeling of
oxygenases clearly confirm that the coordination of olefins to the metal-oxo center is not

necessary to producte epoxides.

All the biomimetic oxidations have largely contributed to the development of methods for the
characterization of high-valent metal-oxo species™* and to their chemical reactivity knowledge
with respect to organic substrates,” although new studies are required to deepen in the

processes and mechanisms.

Manganese complexes containing nitrogen-based ligands have emerged during the last
decades as a very active and interesting compounds for oxidation catalysis, due to the well-
known advantages such as chemical robustness or rich coordination chemistry of these ligands
in combination with inexpensive first-row transition metal. The most developed systems are

those based on sp*hybridized nitrogen-donor atoms such as chiral oxazolines™® or

137,138

pyridines, porphyrines™* and Salen ligands.”® Specially, manganese complexes bearing

140,141 _

non-heme ligands, such as salen-, Tacn ,  N-based tetradentate®%?

and
bypyridine”>***'*3_derivated ligands (see Figures 1.13-1.19), have shown a remarkable activity

as catalysts in olefin epoxidation.**
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d) Salen-based ligands

In 1980, it was reported that catalytic amounts of manganese Schiff bases associated with

sodium hypochlorite as oxygen source were able to epoxidize styrene (8 % yield after 3

145 6

hours).'”> Some years later, Kochi et al. used chromium™® and manganese®’ Schiff base

complexes as catalysts for olefin epoxidation in the presence of iodosylbenzene. Although the
obtained vyields were moderate, these preliminary works evidencied that Schiff base
complexes were able to mimic the monooxygenase activity of heme proteins, in a similar way
as synthetic metalloporphyrins. A few years after the discovery of Kochi, the groups of

148

Katsuki'*® and Jacobsen'* independently described a breakthrough in this olefin epoxidation

by the introduction of a chiral functionality in the salen ligand. This fact was the starting point

for many researchers to develop new chiral manganese systems capable to epoxidize olefines

148,149,150

in an enantioselective way, in the presence of iodosyl-derivatives, sodium

hypochlorite™ or MCPBA™ as the oxygen donor atom.

Figure 1.13. Structure of the best Jacobsen’s catalyst prepared on a large scale™™

commercially available.

and currently

In order to improve the activity and selectivity, and to broaden the scope of substrates, an
optically active binaphtyl moiety was introduced in the structure of the salen-based ligand,™?
but the manganese complexes obtained displayed poor catalytic activity and
enantioselecitivity probably due to extensive degradation of the manganese binaphtyl-based

compounds under the oxidation reaction conditions (NaOCI, H,0, or MCPBA as oxidant).

In overall, all these compounds showed higher ee’s and yields compared to porphyrin
complexes, but they also presented several limitations: a relatively limited substrate scope
(especially in the epoxidation of terminal olefins), relatively high catalyst loading requirement

(5-10 %) and an easy catalyst degradation.

60



chapter | |

e) N-based tetradentate ligands

In 2003 Stack et al. presented a new tetradentate N-donor system that, when coordinated to
manganese, was able to catalyze epoxidation of terminal olefins with peracetic acid (PAA),
with 400-1000 TON in only 5 minutes.**" This new family of manganese compounds were more
stable than those reported earlier under the acidic conditions created by PAA, and so allowed

an efficient epoxidation reaction with a catalytic load range between 0.02-0.1 mol %.

\N N/ \N\\\ N/
| NN NN
mep R,R-mcp

Figure 1.14. Some ligands used by Stack and co-workers, to synthesize new manganese N-based
complexes able to oxidize terminal olefins with PAA as oxidant.>>*4%

These N-tetradentate based complexes showed a remarkable activity towards the epoxidation
of some terminal olefins. For example, in the case of l-octene, the manganese complex
[Mn"(R,R-mcp)(CF350s),] (0.1 mol %) achieved a conversion of 98 % and 94 % vyield in the
epoxide product within 5 minutes of reaction at room temperature, in acetonitrile and with

PAA as oxidant.**

More recently, Pfaltz et al. reported a system based on 4N diamino-bisoxazoline manganese

complexes. Modest stereoselectivity (up to 21 %) was observed using PAA as oxidant.******

oy

NN\ NSOM
Og\ N N/ZO S\ N NP7
\"{ L/ O\,{ X\/O
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R

Figure 1.15. Structure of the ligands reported by Pfaltz.

In 2012, Palaniandavar et al. presented a series of Mn(ll) complexes containing tetradentate
4N ligands with systematically varied diazacycloalkane backbones, that were studied in the
epoxidation of cyclohexene, styrene and cis-cyclooctene by using PhlO as the oxygen source in
acetonitrile. They observed that the epoxide yield and product selectivity increase upon

increasing the Lewis acidity of the Mn(ll) center, modified by the variation of the
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142b

diazacycloalkane ligand backbone. For the cis-cyclooctene substrate, they obtained

moderate conversions (21-54 %) and excellent selectivities (100 %) for the cis-epoxide product.

H\N/ \N/H N N//__\\N
@ é é é 0

Figure 1.16. Structure of some ligands reported by Palaniandavar and co-workers.
f) Bypyridine-based ligands

Among the catalysts screened by Stack and co-workers, complex [Mn(bpy),(CF3S0s),], together
with [Mn(R,R-mcp)(CFsS0s),] and [Mn(phen),(CF3SOs),] (phen= 1,10-phenantroline), showed
the highest catalytic activity in epoxidation of alkenes, obtaining with the bypiridylic complex a
conversion of 99 % and yield of 95 % (> 1000 TON/min) with 1-octene as substrate using PAA
previously prepared from acidic resins.’***® Later studies demonstrated that trinuclear
[Mn3(L,)(OAc)¢], complexes containing a neutral bidentate nitrogen ligand, are also highly

1> 50, taking into account these

efficient catalysts in the epoxidation of alkenes using PAA.
precedents, the bipyridine (bpy) core appeared to be an ideal candidate about with develop

new and better catalytic systems.

Watkinson and co-workers reported in 2008 a preliminary investigation into a rationally
designed catalytic system for the epoxidation of alkenes based on a bipyridyl core.”® They
developed a series of new manganese compounds containing bypyridine-based ligands and
tested them in the catalytic epoxidation of alkenes substrates, such as styrene, cis-cyclooctene
and 1-octene, in acetonitrile using PAA as the oxygen source. They obtained moderate to good
conversions and yields, except when 1-octene was the substrate (in this case no conversion

was observed), but with a long reaction times (4 - 16 h of reaction for 1 mol % of catalyst).

Figure 1.17. Structure of a bypyridine-based manganese complex described by Watkinson et al.
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Manganese complexes with electronically modified phen ligands were synthesized and

described by Jiang et al. in 201214

Electronic perturbations were introduced at the 5-position
of the phen ligands in order to minimize the influence of the steric effects on the alkene
epoxidation. Each of the [Mn(R-phen),Cl,] compounds (R= NH,, CHs, H, NO,) were able to
catalyze the epoxidation of alkenes by PAA. Unexpectedly, the more electron-rich ligands lead
to faster reactivity with the alkenes investigated, which suggest that [Mn(phen),Cl,] and

related complexes may oxidize alkenes to epoxides through a different pathway than Mn(lll)-

salen catalysts.

R=NO,, H, Me, NH,

Figure 1.18. 1,10-phenantroline ligand and its derivatives used by Jiang et al.

Finally, in our group new Mn(ll) complexes containing the bidentate polypyridylic chiral ligand
(-)-L ((-)-L = (-)-pinene[5,6]bipyridine), were synthesized and tested towards the epoxidation of

some alkenes.*’

These complexes displayed a good efficiency in the epoxidation of aromatic
olefins and complete stereoselectivity in the epoxidation of cis-B-methylstyrene as substrate,
using PAA as oxidant. This work pointed out that, although triflate Mn complexes have been
extensively tested as epoxidation catalysts (sometimes invoking the lability of the
monodentate triflate ligands), chlorido complexes proved to be better catalysts for styrene

epoxidation than the triflate analogues.

Figure 1.19. Structure of the complexes containing the (-)-L chiral ligands.

The catalytic epoxidation activity of these complexes was studied in CH;CN using commercial
peracetic acid (32 %) as oxidant, both in the absence and in the presence of two different
additives, imidazole and NaHCOs, at room temperature for 3 h. For styrene, the conversion

with the chlorido complex was 70 %, whereas only a 24 % was achieved in the same conditions

o
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by the triflate complex. The selectivity was also much better for the chlorido complex (74 %)

than the obtained with the triflate complex (33 %).

I.3.3.2. Ruthenium in oxidation catalysis

The Ru"=0 complexes are able to act as efficient oxidants for a wide range of substrates.™’
Firstly, as mentioned above, the oxo group stabilizes high oxidation states and makes them
accessible at fairly low potential. In addition, from the mechanistic point of view, its ability to
accept two electrons can avoid radicalary reaction pathways of high energy and

reactivity.28@)159

Finally, the robust character of the first coordination sphere of these
complexes makes possible the easy exchange between Ru(ll) and Ru(IV) without any dramatic

changes in the catalyst structure, the oxo group being the only that modifies its environment.

Among the oxidation reactions promoted by Ru"'=0 complexes, the oxidation of alkenes, the
epoxidation of alkenes, the cleavage of double bonds, the oxidation of alcohol and ethers and
the oxidation of amines and amides can be pointed out. The orbital and energetic properties of
Ru“=0 promote different mechanistic pathways, icluding outer-sphere electron transfer,
proton-coupled electron transfer, electrophilic ring attack, oxo transfer, hydride transfer and

C-H insertion.

Among different oxidation agents used in the catalysis with oxocomplexes, PhlO and PhI(OAc),,
two electrons oxidation agents, remain the most effective in the oxidation of organic

substrates in the presence of ruthenium complexes.*®

The catalytically active Ru=0 species act as excellent catalysts for the oxidation of different
organic substrates following the catalytic cycle shown in Scheme 1.11. In this cycle the catalytic
oxidation of the substrate is simultaneously accompained by the reduction of ruthenium

complex from oxidation state +IV to +lI.

Red Ls-Ru!V=0 S

Ox ox

Ls-Ru'-OH,

Scheme 1.11. Scheme of a catalytic cycle of oxidation of a substrate (S) with Ru''=0 species.

Ruthenium complexes have proved efficient in the epoxidation of different olefins with

relatively high selectivities,'®" and a huge variety of ruthenium oxocomplexes with different

162

oxidants as oxygen source have been described in the literature.”™ One of the first examples of
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the epoxidation by these kind of compounds was described by Griffith et al. Complex
[Ru(0,)(bpy){l03(0OH)s}] showed a great performance for the oxidation of different olefines in
the presence of NalO, and the N-methylmorpholine N-oxide (NMO) as a co-oxidant.'®® Also,
Che et al. presented in 1998 the [Ru"“(ppz)(bpy)O](ClO4), complex (in where ppz= 2,6-
bis[(4S,7R)-7,8,8-trimethyl-4,5,6,7-tetrahydro-4,7-methaneindazol-2-yl]pyridine)  which s

capable of oxidizing, stoichiometrically, different aromatic olefins.'®

It is believed that the oxygen atom transfer involves a side-on approach of the olefin to the
Ru(lV) active site. This kind of approach explains the lower enantioselectivities generally
observed for trans-olefins compared to cis-olefins, both with porphyrin-based complexes and

Jacobsen type salen ligands, since the approach of trans-olefins is clearly more hindered.

Different mechanisms, concerted and non-concerted, have been proposed as possible
pathways for oxygen atom transfer (Scheme 1.12): direct transfer through a concerted oxene
insertion (a); by the formation of a 4-member ring where both Ru and O atoms are respectively
bonded to the Ca and CB of the olefin (b); through a single electron transfer with the
formation of a radical cation (c); or through the formation of a benzylic radical intermediate

(d).164
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Scheme 1.12. Proposed mechanistic pathways for oxygen atom transfer process.

The use of cis-alkenes, such as cis-B-methylstyrene, is known to be useful for determining

whether a concerted or non-concerted pathway takes place.'®

If the epoxidation of the cis-
alkene takes place in a non-concerted pathway (pathways c and d, Scheme 1.12), involving a
brekage of the C=C it bond, a mixture of the cis and trans-epoxide products can be obtained by
the possible isomerization by the rotation of the C-C bond due to the formation of an acyclic
radical intermediate. On the contrary, if the epoxidation takes place in a concerted pathway

(pathways a and b, Scheme 1.12), only the cis-epoxide product will be obtained.
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Stereoselectivities for cis-alkene epoxidations vary with both cis-alkenes and ruthenium
oxidants. In the epoxidation of cis-B-methylstyrene mixtures of cis and trans-epoxides were
observed (cis: trans ratios varying from 2:1 to 5:1). This loss of stereospecificity could not be
explained with a concerted insertion of Ru"=0 into the C=C bond (path a, Scheme 1.12) and,
hence, a non-concerted pathway was proposed. Scheme 1.13 shows the radical mechanism of

epoxidation reaction and the different possible products.

(U] O,

concerted sy [N
Otransfer H R4

Ry cis-epoxide

H H —
>:< + [Ru=0] Ru
\
Rz R \ o) ring closure

cis-olefin radical . oH
pathway Hw7 R,
ﬁirotation

(U)] Rz

trans-epoxide

Scheme 1.13. Proposed mechanism for the oxidation of aromatic olefins by ruthenium(IV)
oxocomplexes.

Recently, Chatterjee has shown that for Ru-aqua complexes with general formula
[Ru(T)(D)OH,] (T= tridentate ligand and D= bidentate ligand), the geometry of the tridentate
ligand and the electronic nature of the bidentate ligand play a key role in the catalytic
performance of complexes in the epoxidation reactions. Indeed, the facial coordination of a
tridentate ligand can make stereochemically easy the contact between the organic substrate
and the catalytic species. The electrophilic character of ruthenium can be modulated by the
auxiliary bidentate ligand. Thus, a good m-acceptor bidentate ligand would make electron
deficient the ruthenium center, while a good o-donor ligand could increase the electron
density, then reducing the tendency of the metal center to have a reduction via electron
transfer through the external sphere, thus allowing the ruthenium to act as epoxidation

catalyst instead of hydroxylation.'®®

In Table 1.3 some examples of the effects of ligands on the reactivity of the ruthenium

complexes in the case of the epoxidation of trans-stilbene are shown.
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Table 1.3. Ligand effects on the epoxidation of trans-stilbene with Ru-aqua complexes.”

Q [RulV/Rul"] O Q
_ L S
O Oxidant, solvent O

Entry Complex Oxidant Yield (% trans-stilbene)  Ref.
1 [Ru"(trpy)(bpy)OH,]** NaOcl 7 167
2 [Ru'(trpy)(pic)OH2]** t-BuOOH 55 168
3 [Ru"(trpy)(phbox-iPr)OH,]** PhI(OAc), 37 169
4 [Ru"(trpy)(box-C)OH,]* PhI(OAc), 13 170
5 [Ru"(tpm)(box-C)OH,]** PhI(OAc), 61 170

Abbreviations: pic = picolinate; phbox-iPr = 1,2-bis[4’-alkyl-4’,5’-dihydro-2’-oxazolyl]benzene; box-C=
4,4’-dibenzyl-4,4’,5,5' -tetrahydro-2,2’-bioxazole.

The substitution of a neutral bpy ligand (entry 1) by a stronger o-donor pic ligand (entry 2)
leads to improve the catalytic performance from 7 to 55 %. This could be explained by the fact
that the ruthenium electron density increases due to the important donor effect of the anionic
pic ligand, which facilitates the attack of the ruthenium to the substrate, whereas the m-
acceptor nature of the phbox-iPr ligand makes electron defficient the metal center and causes

a yield reduction (entry 3).

The change in the geometry of the tridentate ligand could also have an important influence on
reactivity. Thus facial disposition of tpm ligand, unlike the meridional disposition of trpy ligand,
promotes contact between the substrate and the active group Ru=0 which leads to an

increased yield (61 %) (entries 4 and 5).

1.3.3.3. Hydration of nitriles catalyzed by ruthenium complexes

The first example of a ruthenium complex which was able to catalyze the hydration of nitriles

was described by Taube and co-workers in the 1970s.'"*

This system worked in a stoichometric
amount of [RuCI(NH;)s]Cl, together with Ag,0, trifluoroacetic acid and zinc amalgam in CH,Cl,,
obtaining in high yields the corresponding amide products from aromatic, aliphatic and a,f-
unsaturated nitrile substrates. However, it was not until 1992 that the first truly catalytic
system could be developed by Murahashi and co-workers employnig the ruthenium dihydride

complex [RuH,(PPhs),] as catalyst.'”? This catalytic system worked under neutral conditions in

g
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1,2-dimethoxyethane (DME), and showed an excellent functional group tolerance, therefore
expanding its applicability in the syntheses of complex organic molecules and natural products.
A reaction pathway involving the intermolecular nucleophilic addition of water to the
coordinated nitrile, to give an iminolate complex, was proposed (Scheme 1.14). Reductive
elimination, isomerization of the iminol to the amide and subsequent dissociation regenerates

the catalytically active ruthenium species.’*

[Ru] \\
B

[RuI—N=—

[Ru]/N—< /\

Scheme 1.14. The reaction pathway proposed by Murahashi and co-workers for the catalytic hydration
of nitriles by [RuH,(PPhs),] complex.

[Rul—

It is commonly accepted that the nitrile substrate has to coordinate firstly to the metal,
activating the CN bond towards the nucleophilic addition of water (or the hydroxyl group if
basic conditions are used), and obtaining the amide product, thus enhancing the rate of the

hydration step.”

The half-sandwich  hydrido-ruthenium(ll)  complex  [RuH(n’>-CsH;)(dppm)]  (dppm=
bis(diphenylphosphino)methane; CsH; = indenyl) revealed also as a quite effective catalyst for

the selective conversion of nitriles to amides in water.'”

Worthy of note, its chlorido
counterpart [RuCl(n®-CsH;)(dppm)] was found to be completely ineffective, suggesting that the
hydride ligand plays a key role during the catalytic event. To clarify this point, Density
Functional Theory (DFT) calculations were performed, pointing out an unusual promoting
effect of the hydride (Scheme 1.15). Hydride ligand activates the incoming water molecule
through a Ru-H---H-OH dihydrogen-bonding interaction, favoring the nucleophilic attack of
water on the coordinated nitrile. In this rate-determining step, an iminol intermediate is
produced, which quickly tautomerizes to amide upon dissociation. Remarkably, despite the

75 the DFT calculations

known tendency of the indenyl ligand to undergo n°-n® slippage,
indicated that coordination of the nitrile to ruthenium takes places by dissociation of one arm

of the diphosphine dppm.
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Scheme 1.15. Promoting effect of the hydride ligand of [RuH(n>-CsH;)(dppm)] complex during the
catalytic hydration of nitriles.

The same promoting effect of the hydride ligand, via Ru-H---H-OH dihydrogen-bonding, was
evidenced by means of DFT calculations in the reaction of the isoelectronic
hydro(trispyrazolyl)borate complex [RuH(Tp)(PPh;)(NCMe)] with water.'”® Both complexes are
able to promote the selective conversion of several organonitriles to the corresponding
primary amides in 1,4-dioxane/water mixtures. However, modest results in terms of activity

were in general obtained.

The tetranuclear cluster and the mononuclear derivative shown in Figure 1.20 are additional
examples of hydrido-ruthenium complexes which are able to promote the selective hydration
of CN bonds. These systems work in iPrOH, THF, acetone or DME as solvent and 10 to 20
equivalents of water. In the case of the tetranuclear cluster, amides were obtained in excellent

yields, whereas the mononuclear complex showed a remarkably lower activity.
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Figure 1.20. Structure of ruthenium hydride complexes: tetranuclear cluster (a) and mononuclear
complex (b).

Oshiki and co-workers evidenced the key role played by the auxiliary ligands in this catalytic
transformation.’”” Complex cis-[Ru(acac),(PPh,py),] was able to hydrolize efficiently a large
number of nitriles employing DME as solvent and 4 equivalents of water. However, when
complexes cis-[Ru(acac),(PPhs),], cis-[Ru(acac),(PMes),] and cis-[Ru(acac),(PBus),] were used,

7% mediocre results were obtained. This fact can be

which contain non-cooperative ligands,
explained in terms of bifunctional catalysis, in which the substrates are activated by the
combined action of the metal, which acts as a Lewis acid, and the ligand (in this case a pyridyl
ring), that acts as a Lewis base. Such a concept has been largely exploited in homogeneous

catalysis durint the last years."”®

Inspired by the works of Oshiki and co-workers, Smejkal and Breit described the preparation
and catalytic behaviour of the bis(acetylacetonate)-ruthenium(ll) complexes bearing the
potentially cooperative P-donor ligands 6-diphenylphosphino-N-picaloyl-2-aminopyridine and

7% All of them were able to catalyze selectively

3-diphenylphospihinoisoquinolone (Figure 1.21).
the model substrate 4-methylbenzonitrile. However, under the same reaction conditions, their

effectiveness was comparatively lower to that shown by complex cis-[Ru(acac),(PPh,py),].

o
/ 7 AP N
/K N B
(o) \N H tBU \N H u
N Ph,HP Ph27p

Ph,HP
(acac),Ru
(acac),RU (acac),Ru 2
PhyHP.
Ph,HP. H PhoHP y 2 N\ H 5
N u
(0]
/ o} / / Y
— 0

Figure 1.21. Structure of the bis(acac)-ruthenium(ll) complexes.
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Most of the known homogeneous catalysts for nitrile hydration, including the examples
commented above, operate in organic media in the presence of only small amounts of water.
Therefore, in the search for cooperative effects of the ligands and being environmentally
concerned, the catalytic behaviour of different arene-ruthenium(ll) complexes with potentially
H-bond accepting amino-aryl-phosphines was also explored by Crochet, Cadierno and co-

180

workers.”™" All these complexes (5 mol %) were able to hydrolize the model substrate

benzonitrile in pure water as solvent.

In order to facillitate the solubility of the catalysts in water, remarkable efforts have been
devoted in recent years to the study of ruthenium complexes bearing water-soluble
phosphines. In this context, a possible cooperative effect of the “cage-like” phosphines 1,3,4-
triaza-7-phosphaadamantane (PTA), 1-benzyl-1-azonia-3,5-diaza-7-phosphaadamantyl (PTA-
Bn), 3,7-Diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1lnonane  (DAPTA), 2,4,10-trimethyl-
1,2,4,5,7,10-hexaaza-3-phosphatricyclo[3.3.1.1(3,7)]decane (THPA) and 2,3,5,6,7,8-
hexamethyl-2,3,5,6,7,8-hexaaza-1,4-diphosphabicyclo[2.2.2] octane (THDP),m"181 via H-
bonding of the nucleophilic water molecule with the nitrogen atoms present in their
structures, has been proposed to explain the remarkably high effectiveness shown by the

182 Al of these

arene-ruthenium(ll) (Figure 1.22) and bis(allyl)-ruthenium(lV) complexes.
catalytic systems work in pure water solvent without the addition of any ammount of acid or
base, showing a wide substrate scope and high tolerance to common functional groups. In
addition, after selective crystallization of the final amide, recycling of the aqueous phase

containing the active species could also be demonstrated for [RuCl,(n®-C¢Meg)(PTA-Bn)].8%

S

Ru, oy
ici
thHP/

Figure 1.22. Examples of arene-ruthenium(ll) complexes.

Cadierno et al."®® developed a new class of water-soluble phosphine ligands, consisting of N-
protonated thiazolyl-phosphine salts (Figure 1.23). One of them turned out to be an excellent
auxiliary ligand in the ruthenium-catalyzed selective hydration of nitriles to primary amides in

environmentally friendly aqueous medium. In addition, the high solubility of complex in water

P
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allowed a facile amide product separation (by selective crystallization), and the effective reuse

of the remaining aqueous solution containing the catalyst.

////;_Q
1,

3-n

Figure 1.23. Structure of water-soluble arene-ruthenium(ll) complexes reported by Cadierno et al.'®

Finally, more recently our group reported a new class of phosphine-free ruthenium(Il) catalysts

containing N- or S- ligands.'®

For the first time, Ru-dmso complexes were used as mediator
complexes in nitrile hydration. The Ru-dmso complexes described contained the non-
symmetric bidentate ligand 2-(3-pyrazolyl)pyridine (pypzH), and a variety of monodentate
azole ligands (Figure 1.24). All complexes showed an excellent performance regarding to the

selective hydration of nitriles in a pure water medium.

Br

OaN CF,

Figure 1.24. Pyrazole-based ligands used in the synthesis of Ru-dmso complexes described by Ferrer et
a|‘184

All compounds displayed good selectivity for the amide products and was demonstrated the
promising potential of this kind of Ru-dmso complexes towards the hydration of nitriles in

environmentally friendly media.

1.3.4. Heterogeneous catalytic systems for oxidation reactions

Oxidation catalysis requires of the participation of an oxo-metal complex or another metal-
oxygen bond, so the inhibition of undesired self-interactions between catalyst molecules will
lead to the enhancement of their stability. In consequence, the heterogenization of the
catalyst seems to be a suitable strategy to prevent its deactivation, either by ligand oxidative

degradation or by formation of p-oxo-bridged dimers or other oligonuclear species.

The range of immobilized catalysts used to perform the epoxidation of olefins is broad. Among

185d,186 188

the metals used we can find manganese,185 iron, titanium,*® cobalt, molybdenum,189

190 192

vanadium,*® tungsten'®! and ruthenium.'®® The immobilizing methods used involves tethering
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procedures on functionalized silica surfaces and on PVA polymers, as well as using

functionalized silica-coated magnetic nanoparticles.3'°’b'193

303,194 5

Heterogenized catalyst have been active in oxidation of alcohols, olefins,'® organic

198

sulfides,'®® phenol®’ and aromatic C-H.'*® They also show activity in allylic oxidation'® and

dihydroxylation.’® Some examples of heterogenized Mn and Ru catalysts are described below.

1.3.4.1. Manganese compounds immobilized in ionic liquids as catalysts for
oxidation reactions

In 2000, Song et al. reported the first example of a transition metal catalyzed oxidation

reaction in an ionic liquid, describing a procedure to recycle an achiral Jacobsen-type

(salen)Mn(Ill) epoxidation catalyst (Scheme 1.16).%

In that case, the asymmetric epoxidations
were carried out at 0 °C in [bmim](PFg): CH,Cl, (1: 4 v/v), with NaOCl as the oxidant.
Dichloromethane was added as a co-solvent in order to avoid the IL solidification at the
reaction temperature. The authors described a clear enhancement of the catalyst activity by
the addition of the ionic liquid to the organic solvent. In the presence of the ionic liquid a 86 %
conversion of 2,2-dimethylchromene was observed after 2 h. In contrast, without the ionic
liquid, the same conversion was achieved after 16 h. In both cases the enantiomeric excess
was as high as 96 %. Moreover, the use of the ionic liquid solvent allowed an easy catalyst
recycling without any modification or further treatment. However, after five recycles under
the same conditions, the conversion dropped from 83 % to 53 %. The authors explain this loss

in activity by a slow degradation of the [Mn"(salen)] complex.

o Me (Jsalen*)Mn(11I) (0.04 equivs.)
buffered NaOCl (pH= 13)

Me -
[C,mim](PF)/CH,Cl, (1: 4), 0 °C

G 2h

R=H: 86 % yield, 96 % ee (5th use: 53 % yield, 86 % ce)
R=CN: 72% yield, 94 % ee

Scheme 1.16. Epoxidation with Jacobsen-type catalyst in IL.

Smith et al. used a chiral Katsuki-type (salen)Mn(lll) catalyst for the epoxidation at 0 °C of 1,2-
dihydronaphthalene with NaOCI, in a mixture of [bmim](X) (X= PFs or BF;) and an organic
solvent (CH,Cl, or EtOAc), in the presence of 4-phenylpyridine-N-oxide (4-PPNO) (Scheme 1.17).
A higher reactivity and similar ee’s were achieved when compared to those obtained in
chlorinated solvents. Under identical experimental conditions, (Ksalen*)Mn(lll) provided a
higher yield and enantioselectivity than (Jsalen*)Mn(lIl) but required a longer reaction time.

Up to 100 % ee was obtained under some specific conditions.?*
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(Ksalen*)Mn(III) (0.025 equivs.)
4-PPNO (0.25 equivs.)
buffered NaOCI (pH=11.3, 1 equiv.)

[C,mim](PF)/CH,CL, (2: 3), 0 °C

Ist use, 1h: 81 % yield, 93 % ee
Sth use, 2.5 h: 63 % yield, 90 % ee
9th use, 5 h: 50 % yield, 79 % ee

Scheme 1.17. Epoxidation with Katsuki-type catalyst in IL.

Manganese porphyrins in a mixture of [bmim](PFs) and CH,Cl, were used, at room
temperature, by Xia et al. for the efficient catalytic epoxidation of various alkenes with
iodosylbenzene diacetate, this latter being more efficient than PhlO (Scheme 1.18). Also, an

effective recycling of the catalytic system was obtained.?*

R? MnTEPPCI (0.04 equivs.) o
/\/ PhI(OAc), (2 equivs.) /<\
. > R
R [C,mim](PF¢)/CH,Cl, (3: 1), RT, 4h 2

R'= n-pentyl, R?= H: 74 % yield, 6th cycle: 86 %
RI-R?= C,Hg: 74 % yield, 6th cycle: 56 %.

MnTFPPCI

Scheme 1.18. Epoxidation with manganese porphyrins in IL.

Since then, ILs have been successfully applied in olefin epoxidations, using manganese(lll)

catalysts with porphyrins of Schiff base ligands.*****

Moreover, effective epoxidation of various alkenes was accomplished at room temperature in
[bmim](BF4) with aqueous hydrogen peroxide, in the presence of catalytic amounts of
manganese sulfate and a stoichiometric quantity of tetramethylammonium hydrogen
carbonate. Good conversions and high selectivities were generally obtained, except for the
case of an inactivated terminal alkene such as 1-decene, which was unmodified, and 1-
phenylcyclohexene. For recycling experiments, some amounts of MnSO, and Me;NHCO; must

to be added from time to time to restore the activity of the system.*®
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The asymmetric epoxidation of limonene was investigated by the group of Bernardo Gusmano
et al. They used the Jacobsen’s Mn(Salen) catalyst and hydrogen peroxide as oxygen source.
The catalytic procedure was performed in [omim](BF;) and resulted in a high diastereomeric
excess of 74 % to the respective 1,2-epoxi-p-ment-8-enes, while the conversion was 70 %.°%
Also, a Mn(salen) catalyst was used for the oxidation of styrene with molecular oxygen to

benzaldehyde.?”’

Finally, in 2010 Wong et al. reported a novel and robust IL system for the rapid epoxidation of
a number of aliphatic terminal alkenes under relatively mild conditions using manganese(ll)

acetate as an effective ligand-free catalyst precursor, with peracetic acid as oxidant.?®

Recently our group has described the epoxidation activity of two manganese(ll) complexes
containing (-)-L IigandZSID in [bmim](PFg)/CHsCN media that constitute some of the scarce
systems evaluated to date as epoxidation catalysts in such media (Scheme 1.19). The Mn(ll)
chlorido complexes showed a remarkable effectiveness and selectivity for the epoxide product

as well as a good degree of reusability.

R2 MnCl,((-)-L), (0.01 equivs.) o
/ CH;COzH (2 equivs.)
[bmim](PFy) (1: 1), RT, 3h
R’ R?

R'=Ph, R?>= H: 95 % yield
R!=Ph, R?= CH;: 91 % yield, 9th cycle: 65 % MnCly((-)-L)

R‘l

Scheme 1.19. Epoxidation with manganese(ll) compounds bearing bpypinene* ligands.

1.3.4.2. Manganese compounds as supported catalysts for oxidation reactions

Previously, it has been explained that the homogeneous catalysts limitations, such as their low
average life-time and the non-easy recovery and recyclability, can be avoided by attaching
them onto a solid support. In this context, the first reports found in the literature for Mn
complexes used metalloporphyrins bounded to silica as catalysts for oxidation reactions, with
PhIO or H,0, as the oxygen source®®, since some synthetic metalloporphyrins have been found
to be highly efficient homogeneous oxidation catalysts, and the solid support can act in some
way analogously as the protein matrix of hemoproteins in respect of sterical hindrance and

electronic effects.?®

FIEs
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Vinhado et al. reported the preparation of three supported cationic manganese(lll) porphyrins
bounded to a bis-functionalized silica (see Figure 1.25) as catalysts for hydrocarbons oxidation,

using PhlO and H,0, as oxidants.?%¢

In this case, the support provide two important benefits:
(a) the sulfonatophenyl groups ensure a securely anchoring by electrostatic interactions and
(b) the propilimidazole groups act as proximal ligands to the Mn(lll), reflecting the role of

histidine in some enzymes.

SisO; (IPG)

Figure 1.25. Schematic representation of the bis-functionalized silica with sulfonatophenyl and
propylimidazole groups.

However, none of their Mn(lll) supported catalysts were efficient towards hydrocarbon
oxygenation using H,0, as oxidant without the addition of a co-catalyst such as CH;COONHj,. In
contrast, good results were achieved using PhlO as the oxygen source in the cis-cyclooctene
epoxidation:

[Mn {M(4-N-MePy)TDCPP}]-SiSO;(IPG)
PhIO

DCE, 24 h, RT

>

o O

100 % yield

Salavati-Niasari et al. described the synthesis of manganese(ll) complexes of 12-membered
macrocyclic ligands, encapsulated within the nanopores of a zeolite by the Flexible-Ligand
Method (FLM).*'® The complexes were entrapped in the nanocavities of zeolite-Y by a two-
step process in the liquid phase. These host-guest nanocatalysts were used for oxidation of
cyclohexene with tert-buthylhydroperoxide (TBHP) oxidant in different solvents, obtaining
better selectivities for the ether product than the same catalyst essayed in homogeneous

conditions.
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[Mn([H],Ny)],"NaY (0.1 %) o
TBHP (1.6 equivs.) - o + +
DCM, 8h, at reflux, N, \O
HO

Istcycle:  81.5 % conv. 2.4 % 6.5 % 91.1 %
2nd cycle: 79 % conv. 4.4% 8.4 % 87.2 %

Scheme 1.20. Oxidation of cyclohexene catalyzed by a host-guest nanocatalyst using a manganese(ll)
compound.

In 2009, Salvati-Niasari, Salimi et al. reported the synthesis of new host-guest nanocatalysts
with octahydro-Schiff base ligands.?’® In this case, the catalysts were used for oxidation of
cyclohexene using H,0, as the oxygen source and showed a clearly preference towards the

alcohol product.

£

\

[M([Hg]-N4O4)]-NaY
(M= Mn(11), Co(11), Ni(11),
cu(ln)

Figure 1.26. Host-guest nanocatalysts with octahydro-Schiff base ligands described by Salvati-Niasari,
Salimi and co-workers.

There are several examples in the literature for the preparation of heterogenized manganese

catalysts by the covalent binding method."****

A covalent immobilization of Mn(lll)-Salen complexes on an amorphous mesoporous silica

21 The complexes were anchored onto the silica

support was reported by Luts et al. in 2007.
using peptide and ester bonds, and were studied in the catalytic epoxidation of cyclooctene

with TBHP as oxidant.
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Figure 1.27. Schematic representation of the ways of immobilization employed by Luts et al. to anchor a
Mn(lll)-Salen compound, through peptide bonding (a) and ester bonding (b), onto a mesoporous silica
support.

The epoxidation of cyclooctene with the homogeneous catalysts was carried out in toluene as
solvent at three different temperatures: 45, 60 and 75 °C. The cyclooctene oxide yield
decreased with the increment of the temperature (yield(T °C) at 30 h: 40 %(45); 20 %(75)). The
authors related this fact with the thermal decomposition of organic peroxides. The
heterogenized catalysts were recycled up to three consecutive runs at the same conditions
(1:2.2:0.02, substrate:oxidant:catalyst mmol) but keeping the temperature at 45 °C, and

obtained similar conversions through all the runs (30 - 35 %).

Khalil et al. reported the immobilization of Mn(lll)-Salen onto silica by the covalent binding
method.?" In this case, the covalent binding was provided through a cross linker. The use of
crosslinkers makes the active site far away from the surface of the support and may prevent
problems such as the restricted orientation of the active site and the effect of the surface on

t.>* So, the crosslinker connects the solid and the complex by reaction with functional surface
groups and a suitable modified ligand. Both the silica surface and the Mn(lll)-Salen complex
were modified. The surface was silylated using 3-aminopropyltriethoxysilane, whereas the

complex was modified by adding an aryldiamine ligand containing -NH, groups. The crosslinker

used was 1,4-phenylenediisothiocyanate which was able to react with both -NH, moieties
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belonging to the silane groups on the silica surface and the -NH, groups belonging to the

aryldiamine Mn(lll)-Salen ligand (Figure 1.28).

o N
N
N=C=S
N=C=S
5 ' T
o—s|/\/\N—C—N—< >—N——C-—'N—< :>—N—Mn
EO Hol H / ‘N>
s Q)

Figure 1.28. Schematic representation of the immobilized modified Mn(lll)-Salen complex onto the
modified silica surface as described by Khalil et al.

This heterogenized complex was studied in the oxidation of cyclohexene using TBHP as the
oxygen source. The results showed a highly selectivity towards both cyclohexenol (36 % yield)
and cyclohexenone (44 % yield) products, although only a 25 % of conversion was achieved.
Authors explained the low selectivity for the epoxide product (2 % yield) as the preference for

the attack at activated C-H bond over the C=C bond, since TBHP promotes the allylic oxidation

210a 4

pathway. Moreover, the epoxidation of cyclohexene is inhibited by water’™® and the
heterogenized catalyst was not dehydrated before the catalytic reaction and could contain a
certain amount of water. Similar results were observed at the second, and final, run of the

heterogenized catalyst.

A covalent immobilization of a manganese(lll) porphyrin complex onto silica-coated Fe30,
magnetic nanoparticles as catalyst for oxidation reactions was reported by Bagherzadeh et al.
in 2016.%''* The immobilization of the complex was achieved via an amino propyl linkage
belonging to the functionalized silica-shell. First of all, the authors synthesized the Fes;0,
nanoparticles and coated them with a thin layer of silica.”™ Then, the functionalized silica-shell
was obtained by its reaction with 3-aminopropyltriethoxysilane. Afterwards, the complex was
added to a dispersion of the functionalized silica-coated Fe;0, nanoparticles in toluene, and

refluxed for 24 h under argon atmosphere (Figure 1.29).
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TEOS APTS —0
- Q — oSN, Mabor,
—O0
Fe;04 Fe;0,@Si0, Fe;0,@Si0,-NH,

TEOS= tetracthylorthosilicate
APTS= 3-aminopropyltriethoxysilane

Figure 1.29. Schematic representation of the synthesis of the immobilized manganese(lll) porphyrin onto
silica-coated Fe;0, magnetic nanoparticles, as described by Bagherzadeh et al.

The heterogenized catalyst obtained, Fe;0,@Si0,-NH,@[Mn(TPFPP)OAc], was used in alkane
oxidation in the presence of two different oxidants: tetra-n-butylammonium hydrogen
monopersulfate (n-BusNHSOs) and PhIO; and in epoxidation of alkenes using n-BusNHSOs as
the oxygen source. The catalysis were performed in dichloromethane at room temperature,
and with a molar ratio of {catalyst:imidazole:substrate:oxidant}:{1:80:250:500} (imidazole
acting as an additive). Regarding to the cyclooctene epoxidation, the heterogenized catalyst

showed a remarkable activity through up six consecutive runs with a minimum leaching.

1.3.4.3. Ruthenium compounds as supported catalysts in oxidation reactions

A SiO,-supported unsaturated Ru-monomer complex (Figure 1.30) was reported by lwasawa
and co-workers,?™® exhibiting high values of selectivity for aldehyde oxidation and alkene

epoxidation at room temperature.
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Figure 1.30. Structure of SiO,-supported Ru catalyst.

Louloudi et al.**’ reported a biomimetic ruthenium complex covalently attached to silica
surface (Figure 1.31). The complex was efficient in alkene oxidation and, in some cases, it

showed increased activity compared to the homogeneous ruthenium complex.
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Figure 1.31. Structure of biomimetic ruthenium complex.

Our group has described recently the anchoring of a Ru polypyridyl complex onto mesoporous

SiO, and silica-coated magnetic nanoparticles (Figure 1.32) via phosphonated groups attached

to the trpy ligand.**®

The heterogeneous system was able to epoxidize aromatic and aliphatic
olefins with PhI(OAc), as oxidant in dichloromethane and could be recycled for up to five runs,
thought with a progressive decrease in the conversion values. The selectivity values were kept
around 60-80 % throughout all the catalytic cycles and were only slightly worse than that

displayed by the corresponding homogenous complex in solution.?*®

Figure 1.32. Structure of the heterogeneous [Ru(trpy)(pypz-Me)(OH,)]** complex.

I.3.5. Heterogeneous catalysts for hydration of nitriles
The first example of nitrile hydration by a nanoparticle catalyst reported in the literature was
in a short letter published by Oshiki and co-workers.?*® They prepared water soluble palladium

and platinum nanoparticles stabilized by a water-soluble polymer, poly(N-vinyl-2-pyrrolidone)

(PVP; Figure 1.33).
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Figure 1.33. Poly(N-vinyl-2-pyrrolidine) (PVP), a water-soluble polymer commonly used as a nanoparticle
stabilizer.

After this first heterogeneous catalyst, other metals such as nickel,*® silver,”** gold*** and
ruthenium?®®® were reported as nitrile hydration catalysts, mainly as nanoparticle catalysts or

supported nanoparticles.

I.3.5.1. Ruthenium compounds as supported catalysts for hydration of
nitriles

Despite the enormous interest of heterogeneous catalysts for industry due to their easier

handling, higher stability, easier recovery and reusability, heterogeneoous ruthenium-based

systems for nitrile hydration reactions have been comparatively much less developed than the

homogeneous ones.

In this context, the use of ruthenium supported on carbon (Ru/C)*** and alumina (Ru/Al,05),?*
as well as ruthenium nanoparticles combined with oxygen-containing copper compounds,®*®
have been described in a series of Japanese patents. All of them were active and selective
towards amide formation. Efficient and selective hydration of a number of organonitriles in
water was described by Mizuno and co-workers employing ruthenium hydroxide supported on

alumina (Ru(OH),/AlO;) as catalyst.?*’

Magnetic nanoparticles have also been used in hydration catalysts by means of ruthenium
hydroxide supported on dopamine-functionalized Fe;0, nanoparticles,””® Ru(OH),**" or Ag**® or
Mo,0,”*° nanoparticles and a bifunctionalruthenium(ll) complex* supported on silica-coated
Fe;0, nanoparticles (Figure 1.34). All these nanocatalysts showed excellent activities and
selectivities for a broad range of activated and inactivated benzonitriles, as well as
heteroaromatic, aliphatic and a,B-unsaturated nitriles. Because the super-paramagnetic
nature of the Fe;0, support, all these nanocatalysts could be easily separated from the

reaction products with the help of an external magnet.”"
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Figure 1.34. Structure of a ruthenium(ll) complex supported on silica-coated magnetic nanoparticles.

I.4. Biological roles of transition metals

Transition metals and metal compounds have been used in versatile platforms for biomedical
applications and therapeutic intervention. Transition metal complexes have a valuable role in

antitumor therapy and open a new area of research in the field of medical chemistry.?*

The modern research regarding the development of the metal-based anticancer drugs began
with the discovery of the platinum (I1) complex cisplatin by Rosenberg in the 1960s.%** While
the platinum based anti-tumor agents have an enourmous impact on current cancer

234

therapy,”™ the types of cancer that can be treated with platinum agents are narrow and suffer

235

from side effects and resistance phenomena.” In order to overcome these problems and

taking into account the good clinical success of Pt-based anticancer drugs, the exploration of

other metal-based anticancer compounds has been stimulated in recent years.?**?%

Inertness and stability are desirable properties for drug design, allowing the complex to reach
its target site without being modified. The ligands may play important roles in target site
recognition; the presence of a chelating ligand may control the reactivity toward different
biomolecules (DNA, enzymes, etc.) and play a key role in the interaction with them through
hydrogen bonding or intercalation. On the other hand, the coordination site occupied by good
leaving groups may drive the coordination of the metal ion to target biomolecules. For
example complexes as a-[Ru(azpy),Cl,] containing N-chelating ligands and the chlorido ligand

as leaving group showed remarkably high cytotoxicity against most of the tested cell lines.”*’

Cancer cells are different from healthy cells due to their unique redox balances and the
generation of high level of reactive oxygen species (ROS). Consequently, metal complexes
interfere with the cellular redox homeostasis, stimulate generation of ROS, and interact with
DNA strands and thereby produce antiproliferative activity against cancer cells.”*® Notably,
most of the chemotherapeutic agents kill cancer cells by diverse mechanisms including

intercalation into DNA, inhibition of DNA replication, cell membrane damage, or free radical
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generation.” Although the primary intracellular targets of drug action are rather distinct, the

drug-induced cytotoxicity ultimately leads to a common pathway causing apoptosis. Apoptosis
is a highly orchestred cell suicidal program required to maintain a balance between cell

proliferation and death, and is usually induced by a variety of physicological and external

240

stimuli,”™ therefore it can also be induced by a metal complex. In fact, most of the Pt-based

235a,241

anticancer agents in clinical use induce the apoptosis in cancer cells. However, defects in

242

the apoptotic programs may cause resistance to the therapeutic agents,”” thus new

chemotherapeutic agents capable to act through an alternative cell death pathway called

232,243

autophagy (“self-cannibalistic” process) are becoming increasingly important in cancer

243a,244

therapy.

1.4.1. Cell death mechanisms

Although there are at least 13 different types of cell death,®® in general the cell death
mechanisms are divided into programmed cell death and non-programmed cell death (PCD and
non-PCD, respectively). PCD is proposed to be the death of a cell in any pathological format
associated with a series of biochemical and morphological changes, and is divided into three
main categories: type | (apoptosis), type Il (autophagy) and type Il (necroptosis). The
differences between these modes of death are stablished by the type of morphological,
biochemical, and biomolecular alterations that induce them.?*® For a long time, non-PCD was
synonymous with necrosis, which was viewed as an accidental or uncontrolled type of cell
death. However, new studies have shown recently that necrosis is in fact an active and
controlled form of PCD.** Apoptosis and programmed necrosis, which was named
“necroptosis”, lead to cell death, whereas the role of autophagy is more complex.**®

0 C}:o => °;;va0 Apoptosis
0 O\\O @ 0 O\\O ¢ oﬂ Oog(;: Autophagy
- OOO => Necrosis

Figure 1.35. Representation of the morphological features of apoptosis (blue), autophagy (red) and
necrosis (green). Apoptotic cells are characterized by cell shrinkage, membrane blebbing (I) and nuclear
fragmentation (ll). Autophagy is characterized by the accumulation of autophagosomes and
autophagolysosomes (I) and protein degradation (Il). Necrosis is characterized by the swelling of the cell
and its organelles (l1) as well as early membrane damage (l).
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1.4.2. Anticancer metallotherapeutics in clinical development

Among thousands of metal complexes that have been synthesized and evaluated as anticancer

234e

agents, only complexes of platinum,”**® ruthenium,?* titanium®° and gallium®* have entered

clinical trials.

a) Platinum complexes

Currently, the platinum complexes being investigated as anticancer candidates include cis-
diamminedichloroplatinum (ll), cisplatin, derivatives (e.g., carboplatin and oxaliplatin) (Figure

1.36), trans-platinum and polynuclear platinum complexes, Pt(IV)-based prodrugs and

others.”*
O
HsN o H, 0
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Figure 1.36. Structures of some platinum complexes being investigated as anticancer agents.

The action mechanisms of the platinum-based anticancer agents are mainly the apoptotic way.
However, in various cell types some Pt complexes stimulate autophagy as a cytoprotective
response. For instance, both cisplatin and oxaliplatin can induce this cytoprotectic process to
antagonise the metal-induced apoptosis. Therefore, the inhibition of the induced autophagy

could enhance their apoptotic effects.”*’

Although trans-platin was found to be inactive, platinum complexes bearing aromatic or bulky
amines in the trans geometry showed potent antiproliferative activities.”>> Among them, a
series of mono- and bimetallic trans-N-heterocyclic carbene-amine-Pt(ll) have displayed a

potent cytotoxicity and the capability to overcome cisplatin resistance.**

Pt(IV) complexes, which are kinetically more inert than Pt(ll)-compounds, have been
synthesized in recent years to generate more potent and selective antitumor drugs, taking into
account that they can be reduced in vivo to form active cisplatin species.241h Two Pt(IV)
complexes with ethylendiamine-N,N’-di-3-propanoate esters as ligands were found to show
cytotoxicity comparable to that of cisplatin.”>> Moreover, photoactivable Pt(IV) prodrugs offer

the potential for targeted drug release and reduced side effects.”*®

Complexes as cisplatin or derivatives can interact with the DNA through a covalent

intercalation. Cisplatin becomes activated once it enters into the cell. In the cytoplasm the
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electrophile that can react with any nucleophile, such as the nitrogen donor atoms of nucleic
acids. Cisplatin binds to the N reactive center on purine residues and causes DNA damage in

cancer cells, blocking cell division and resulting in apopoptic cell death.?’

b) Ruthenium complexes

Compared with platinum complexes, ruthenium complexes have similar substitution kinetics

but differ in biological properties. Based on the chemical structures of NAMI-A and KP1019

249

(Figure 1.37), the two ruthenium complexes in clinical trials,”” the anticancer candidates based

on ruthenium currently investigated can be divided into NAMI-A type complexes, KP1019 and

its derivatives, Ru(ll)-arene complexes, Ru(ll)-PTA complexes, Ru(ll)-polypyridyl complexes and

236¢,258

others. Other families of ruthenium compounds under investigation are the so-called

259

“RAPTA” complexes and multinuclear compounds.” RAPTA complexes are characterized by

the pesence of a facially-coordinated aromatic ring (which is relatively hydrophobic) and a PTA
(1,3,5-triaza-7-phosphaadamantane) ligand (which is highly water soluble). Regarding to the

multinuclear compounds, some particularly interesting strategies include ruthenium-platinum

260

mixed-metal compounds,”™ ruthenium cluster complexes,261 ruthenium DNA intercalators®®

and supramolecular “Trojan Horses”, which contain a cytotoxic payload that is released upon

entry to the cancer cell.”
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Figure 1.37. Structures of some ruthenium complexes being investigated as anticancer agents.

The NAMI-A type complexes were predominantly studied for their antimetastatic activities and

258a

showed relatively low cytotoxicity. KP1019 was reported to induce apoptosis in human

colon adenocarcinoma SW480 cells.?*

The ruthenium-arene complexes can provide both
hydrophilic and hydrophobic properties and form covalent and noncovalent interactions with
DNA.”®* A Ru(ll)-arene complex developed by Bugarcic et al. was able to induce apoptosis as

well as a much lower extent of necrosis.”® A study conducted by Chen et. al. showed that a
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Ru(ll) polypyridyl complex could also induce apoptosis in human malignant melanoma A375

cell line.

More recently, Pierroz et al. developed a Ru(ll)-poypyridyl complex containing the 2-pyridyl-2-
pyrimidine-4-carboxylic acid as the ligand, which could accumlate in mitochondria causing

serious dysfunctions and therefore the caspase activation.?*®

Inhibitors of DNA topoisomerases constitue a novel family of anticancer agents. Chao et al.
reported that Ru(ll)-polypyridyl complexes containing an asymmetric ligand exhibited high
selectivity for cancer cells over normal cells by targeting topoisomerase. The most effective
complex coud effectively induce apoptosis via mitochondrial dysfunctions, ROS generation,
and the activation of caspase family proteins.”®’ A series of mononuclear and binuclear redox-
active Ru(ll)-polypyridyl complexes developed by Yadav et al. were found to induce apoptosis

involving both the intrinsic and extrinsic pahways.?*®

Regarding the anticancer mechanism of NAMI-A, its metabolites once hydrolyzed inside the
cell have been shown to bind strongly to several proteins, including integrins, transferrins, and

238269 |y contrast to platinum drugs, NAMI-A binds to DNA weakly,?”°

human serum albumin.
indicating that its antimetastatic activity may be not related to DNA damage. Theoretical
calculations carried out by Vargiu et al. confirmed that NAMI-A is easly reduced in vivo and
that reduction strongly affects the hydrolysis. They suggest that cis and trans Ru(ll)-diaqua
metabolites are the most abundant, though the monoaqua complexes cannot be discarded,

and perhaps the most relevant for the biological acitivity of NAMI-A.*"*

1.4.3. Biological application of manganese compounds

In comparison with the well-developed Mn catalysts, Mn anticancer agents are scarcely

studied.?%?"2

Since the success of cisplatin, more and more attention has been paid to metal
complexes, which inhibit the proliferation of cancer cells through DNA or mitochondria
involved path.?”® Mitochondria are the most important organelles in determining continued
cell survival and cell death. Mitochondrial membranes span across a negative potential, so
positive charged complexes, such as Mn(lll)-salen and -salphen compounds, take advantage of

electrostatic forces in locating its target and causing the cell death through the apoptotic

pathway.””*

Moreover, manganese(ll) ions are the required cofactor for many ubiquitous enzymes.
Mitochondria can accumulate Mn?* ions through an ATP-dependent Ca transporter.’”

Mitochondrial Ca®* loading has profound consequences for mitochondrial function, such as

i
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regulating cellular respiration and mediating cell death by apoptosis or necrosis.”’® The
transport mechanism of Mn(ll) ions in vivo may make it possible for Mn(ll)-based compounds
to be tumor-targeted. Research has proven that Mn(ll) ions were mainly taken up and
transported by a divalent metal transporter (DMT-1) and a transferrin (Tf) receptor (TfR),

which were highly expressed in some tumor issues.”’*>*’”

Simple Mn(ll) salts have shown an
antiproliferative effect on several cancer cells lines, but their application was limited because
of their high dose.””® Mn(l1) complex [(Adpa)Mn(Cl)(H,0)] (Adpa= bis(2-pyridylmethyl)amino-2-
propionic acid), Adpa-Mn, targets mitochondria and inhibit the proliferation of human glioma
cell line U251, with low ICsy (9.5 pM) in vitro.”’**® So, it is possible for special Mn(ll)

complexes to target cancer cells through an ATP-related Ca transporter.

\

\ |
XN—Mn<C|

F

Figure 1.38. Structure of Adpa-Mn described by Gao et al.

Cellular levels of H,0, directly or indirectly play a key role in malignant transformation. Cancer
cells use O, to generate excessive levels of ROS and H,0,. During the overexpression of H,0,-
detoxifying enzymes, H,0, concentration decreases and the cancer cells revert to normal
appearance,”® so the alteration in the metabolism of O, by Mn(ll) complexes plays an
important role in carcinogenesis. Adpa-Mn induce mitochondrial dysfunction by the
accumulation of ROS. ROS play several roles in cellullar processes, including DNA damage,

mitochondrial dysfunction, the activation of signaling pathways and the activation of

transcription factors, leading to the upregulation of genes.?!

Ansari et al. reported several Mn(lll)-salphen derivatives that induce apoptosis in human cells
via mitochondrial pathway, with 1C5o values lying within the range 11-40 uM towards malignant
breast cells (MCF7), being similar to cisplatin in terms of cytotoxicity and selectivity versus the

same cell line.”’*
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Figure 1.39. Structure of a Mn(lll)-salphen compound described by Ansari et al. active towards malignant
breast cells (MCF7).

The synthesis of two manganese(ll) complexes bearing modified acetylpyridine
thiosemicarbazones were described by Li, Chen, Zang, et al. in 2010.7% These compounds
showed antitumor activity against K562 leukemia cancer cell line, with 1C5o values lying within
the range 2.5-0.6 puM.
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Figure 1.40. Structure of a manganese(ll) complex bearing the 2-acetylpyridine thiosemicarbazone
ligand, synthesized and characterized by Li, Chen, Zang et al.

Dash et al. described the synthesis and characterization of a manganese(ll) compound,
[Mn(Phpyk),(SCN),] (Phpyk= 2-benzoylpyridine), which also presents antimetastatic activity
against K562 leukemia cancer cell line.”® In this case, the IC5, values were higher (~46 uM) but
authors reported that no toxicological impact on healthy cells were detected. Despite of the
observation of numerous effects in cells due to their exposition to this Mn(ll) complex, such as
alteration of cellular redox status, loss of mitochondrial membrane potentital, and oxidative
stress caused by ROS, the authors couldn’t identify the exact mechanism of action for its

anticancer activity.



Chapter |

S
Il
C
I
N =z
|
/O /Mn\o
=N N\
—
N
\ 4

Figure 1.41. The [Mn(Phpyk),(SCN),] complex described by Dash et al.

Gao et al. reported the anticancer activity of manganese(ll) complexes containing N-

72¢ These complexes interfered with the

substituted di(2-pyridylmethyl)amines as ligands.
functions of mitochondria and the metabolite of O, in cancer cells, exhibiting good inhibition
of proliferation of U251 (glioblastoma) and Hela (human epitheloid cervix carcinoma) cells.
The inhibiting activity of these compounds is related to their disproportionating H,0, activity,

causing the apoptosis of cancer cells.

A manganese(ll) complex capable to bind to DNA was reported by Zhang et al. in 2012.7* The
complex, {(Hapy),[Mnll(DCA),]-6H,0} (Hapy= 2-aminopyridine acid; DCA= dimethylcantharate),
showed antiproliferative activity against human hepatoma cells lines (ICso= 56 uM) and human

gastric cancer cell lines (ICso= 72 uM) in vitro, through a partial intercalation mode into DNA.

To sum up, complexes containing pyridine rings have been reported for their bioactivities, such
as DNA binding properties and antibacterial activity.®> Meanwhile, ionic compounds possess
the advantages of the better water-solubility and easy channeling through cell membranes. All
Mn-anticancer agents described above possess at least one of these properties. Therefore, the
combination of two of them in new manganese complexes could give a promising results in

biological applications as anticancer agents.
1.4.4. Biological application of ruthenium compounds
There are four main properties that make ruthenium compounds well suited to medicinal

application:

= The low ligand exchange rate. Their kinetics are on the timescale of cellular
reproduction, meaning that if a ruthenium ion does bind to something in the cell, it is

likely to remain bounded for the remainder of that cell’s lifetime.

= The range of accessible oxidation states (I, Ill and IV) under physiologically relevant
conditions. The energy barriers to interconversion between these oxidation states is

relatively low, allowing for fast oxidation state changes when inside the cell.
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= The ability to bind to a range of biomolecules and not just DNA. Ruthenium belongs to
the same group as iron, and that has led to some chemists postulating that it is capable

of taking iron’s place in some proteins.

=  Preference to form compounds in octahedral geometry. Ruthenium tends to form
octahedral complexes, which gives the chemist two more ligands to exploit compared

with platinum(Il) complexes, which adopt a square planar geometry.

For all these reasons, there are many different applications for ruthenium compounds in
medicine. For example, Ru(lll) complexes with N-donor ligands such as [Ru(NHs)4(Im),] (Im =
imidazole) are used as immunosuppressants; the complex [RuCl,(cloroquinone)], is used
against the malaria; coordinating ruthenium to organic antibiotic compounds often results in
higher in vitro activity (e.g: the ruthenium(lll) derivative of thiosemicarbazonee); and as

anticancer agents (see section 1.4.2).2%

Interestingly, ruthenium compounds have shown to be less toxic as anticancer agents
compared to platinum(ll) complexes. One hypothesis is that ruthenium(lll) complexes are
more inert, so they can be administrered causing the minimal damage to healthy cells, and can
be reduced to the active Il oxidation state in cancer cells. Cancerous cells tend to have a more
chemically reducing environment than healthy cells, owing to their lower concentration of
molecular oxygen (due to their higher metabolic rate). Moreover, the higher metabolic rate of
cancer cells requires high quantities of iron, therefore they increase the number of transferrin
receptors located on their cell surfaces. The ability of ruthenium to mimic iron in binding to
many biomolecules enables the Ru ion to bind transferrins, so a higher amount of ruthenium
will target cancer cells than healthy cells, and therefore its toxicity is reduced because less of it

will reach healthy cells.?>%?%3

1.4.4.1. Anticancer activity of Ru-dmso

Ru-dmso complexes have shown an antimetastatic activity comparable to that of cisplatin in
some malign tumors in animals, plus having less toxic secondary effects. The presence of dmso
as ligand is a key point in the potentital anticancer activity of ruthenium compounds for these

reasons:

= dmso is a polar molecule which is able to cross cellullar membranes. Therefore, when
it is coordinated to a metal center, the solubility of this complex could be better in

water and in parallel the capacity to cross the biologic membranes could increase.
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= dmso has a quite strong trans effect when dmso is coordinated through S, which could

generate free coordination positions in the metal center.

Furthermore, Ru(lll) complexes with S-dmso ligands in their coordination sphere present
another characteristic: due to m-acceptor properties of S-dmso their redox potential is
especially high and their reduction in vivo to Ru(ll) is favorable, then making them more labile

and consequently more active.

Specifically, trans-imidazoledimethylsulfoxide-tetrachlororuthenate, known as NAMI-A (Figure
1.37) is active against solid tumor metastases either in experimental mouse tumors or against

human xenograft.mb'284

As it has been said in section 0, NAMI-A has a unique mechanism of
activity which is not fully understood yet. Its high antimetastatic properties are accompained

with low antitumor effect for primary tumors in vivo and no cytotoxic effect in vitro.?*®

Due to their characteristics, different monomeric and dimeric Ru(ll) complexes similar to
NAMI-A have been synthesized.”® Preclinical studies with indazolium bis-
indazoletetrachlororuthenate, known as KP1019 (Figure 1.37) showed promising activity

against colorectal tumours and the phase | study seems to support this.*®’
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IL.1. General Objectives

One of the main research lines of the group where this PhD Thesis has been developed is
centered in the synthesis of new manganese and ruthenium complexes and their exhaustive
characterization, as well as their evaluation as potential catalysts for different reactions such
as expoxidation or nitrile hydration. As it has been seen in the introduction, these reactions are

important transformations from both academic and industrial points of view.

Transition-metal complexes containing ligands with nitrogen as donor atom constitute an
important class of coordination compounds that are able to perform a wide range of
transformations. Nitrogen-based ligands have well-known advantages such as chemical
robustness or rich coordination chemistry. In this line, it is well known that manganese and
ruthenium complexes containing polypyridyl type of ligands have shown to be good catalysts
for the epoxidation of alkenes, and ruthenium compounds bearing azole-based ligands have
been described to be good catalysts for the nitrile hydration reaction in environmental friendly
media; therefore the use of mixed ligands as pyridine/pyrazole or phenol/pyrazole is expected
to generate also active compounds for these reactions, and the characteristics of the different
ligands employed will help to broaden the knowledge of the factors that influence the catalysts

performance.

As described also in the introduction, chemical transformations are experiencing a profound
renovation to meet sustainability criteria, moving from old methods to new ones developed in
agreement with green chemistry principles as the hazardous solvent replacement. In this
context, heterogenization and reuse of catalysts are fields of unquestionable importance

especially towards their application in large-scale processes.

On the other hand, transition metal compounds have been used in versatile platforms for
biomedical applications and therapeutic intervention. Transition metal complexes have a
valuable role in antitumor therapy and open a new area of research in the field of medical
chemistry. In the specific field of chemotherapeutic agents for cancer treatment cis-platin is
nowadays used worldwide. However, its toxic side-effects have pushed on the research on
alternative drugs, in some cases based on metals such as ruthenium or manganese. Mn
complexes have potentially fewer side effects and are more environment-friendly compared to

platinum or ruthenium.

For this purpose, one of the general objective of this thesis was the design of new families of

manganese and ruthenium complexes with different types of N-donor ligands and their

s e
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evaluation as potential catalysts in epoxidation or nitrile hydration reactions. From the point of
view of sustainability of the processes, we were interested in studying the degree of reusability
of our catalysts and their performance as heterogenous catalytic systems. Therefore, other
objectives were, on one hand, the use of new green solvents, such as RTILs or glycerol as
reaction media in the catalytic reactions and, on the other hand, the immobilization of certain
compounds onto silica and magnetic silica nanoparticles to use them as heterogeneous
catalysts. Finally, and taking into account the versatility of our complexes, we also considered

studying them as potential antitumoral agents.

I1.2. Specific Objectives

In order to to attain the general goals, specific objetives for manganese and ruthenium
complexes have been designed.

For manganese complexes:

= The synthesis and complete characterization (elemental analysis, spectroscopic,
structural and electrochemical techniques) of new manganese(ll) and manganese(lll)
complexes containing the bidentate ligands 2-(3-pyrazolyl)pyridine, pypz-H, 2-(1-
methyl-3-pyrazolyl)pyridine, pypz-Me, 2-(1H-pyrazol-3-yl)phenol, HOphpz-H, and 3-(2-
pyridyl)-1-(pyrazolyl)aceticacid ethylester, pypz-CH,COOEt (Figure I1.1).

= The study of their catalytic activity in the epoxidation of some aliphatic and aromatic
alkenes in different media as CH3CN, glycerol and in ionic liquid:solvent media using

peracetic acid as oxidant.

= The study of the reusability of these homogeneous systems in ionic liquid:solvent

media.

= The heterogenization of the new manganese systems containing pyrazole-based
ligands onto silica particles, the characterization of the new materials prepared and

the study of their catalytic activity and reusability with regard to alkene epoxidation.

= To test some of synthesized manganese compounds, together with other manganese
complexes previously synthesized in our group, as potential antitumor agents through
the study of in vitro cytotoxicity tests against ovarian and lung human cancer cell lines,

OVCAR-8 and NCI-H460.
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For ruthenium complexes:

The synthesis and complete characterization (structural, spectroscopic and
electrochemical techniques) of two new families of ruthenium(ll) complexes: i) Ru(ll)-
dmso complexes containing the bidentate ligands 3-(2-pyridyl)-1-(pyrazolyl)aceticacid
ethylester, pypz-CH,COOEt, 2-(1H-pyrazol-3-yl)phenol, HOphpz-H, and 3-(2-
methoxyphenyl)pyrazole, MeOphpz-H, and the monodentate ligand 3,4-dimethyl
pyrazole, 3,4-dmpzH ; and ii) Ru-Cl and Ru-OH, complexes, containing the tridentate
ligand 2,2':6,2”-terpyridine, trpy, and the bidentate ligand 2-(3-pyrazolyl)pyridine,
pypz-H (Figure 11.1).

The study of the electron-transfer-induced linkage isomerization of the dmso ligands in
representative compounds as [Ru"Cl,(pypz-CH,COOEt)(dmso),] or [Ru"Cl,(MeOphpz-H)

(dmso)s].

The study of the catalytic activity of the new ruthenium(ll)-dmso complexes with
regard to the hydration of some aromatic and aliphatic nitriles in water, together with
the heterogenization of some of the compounds onto silica particles and magnetic
silica nanoparticles, including their full characterization (ICP-AES, UV-Vis, IR, SEM, TEM,

TGA and XPS) and the evaluation of their heterogeneous catalytic activity.

The study of the Ru-aqua reactivity towards the epoxidation of alkenes using
iodobenzene diacetate as the oxidant, establishing a comparison with analogous

complexes previously synthesized in our group.

To test some of the ruthenium(Il) complexes synthesized as antitumor agents, through
the study of in vitro cytotoxicity tests against human ovarian and lung cancer cell lines,

OVCAR-8 and NCI-H460.
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Figure 11.1. N-donor ligands used to synthesize the new manganese(ll), manganese(lll) and

ruthenium(Il) complexes of this work.
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IIL.1. Materials

All commercial reagents and mesoporous silica particles (SP) were purchased from Sigma-
Aldrich and were directly used without further purification. Reagent grade organic solvents
were obtained from SDS and Scharlab and high purity de-ionized water was obtained by
passing distilled water through a nano-pure Mili-Q water purification system. RuCl;-2.53H,0
was purchased from Johnson and Matthey Ltd. and was used as received. Fe;0,@SiO, core-
shell nanoparticles (MSNP) were prepared in Dr. Josep Ros group in Universitat Autonoma de

Barcelona (UAB) according to the literature.?®

I11.2. Preparations

I11.2.1. Synthesis of ligands
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2-(3-pyrazolyl)pyridine® (pypz-H, L1), 2-(1-methyl-3-pyrazolyl)pyridine®° (pypz-Me, L2), 3-(2-

pyridyl)-1-(pyrazolyl)aceticacid ethylester pypz-CH, t, an ,N-bis(2-pyridyl-
idyl)-1-( lyl)aceticacid ethyl 2 CH,COOEt, L3) and N,N-bis(2-pyridyl

292

methyl)ethylamine™~ (bpea, L9) ligands were prepared according to literature procedures.

For the structure and NMR numbering scheme see the Supporting Information, Figure Slll.1.

2-(1H-pyrazol-3-yl)phenol (HOphpz-H, L4). This ligand was prepared following a different

method to that described in the literature.?*®

A 5 g (36.7 mmol) of 2’-hydroxyacetophenone and 7 mL (52.6 mmol) of N,N-
dimethylformamide dimethylacetal were introduced in a round-bottomed flask. The reaction
mixture was refluxed overnight at 160 °C. A solid, corresponding to 3-(dimethylamino)-1-(1-
hydroxyphen-2-yl)prop-2-en-1-one, L, precipitated after cooling to room temperature. That
solid was collected by filtration, washed with hexane (3 x 100 mL) and diethyl ether (3 x 100
mL), and dried at vacuum. Yield 5.05 g (72 %). 'H-NMR (400 MHz, CDCls, 20 °C): § = 2.97 (s, 3H,
N-CHs), 3.19 (s, 3H, N-CHs), 5.78 (d, 1H, H5, *,; = 16 Hz), 6.81 (t, 1H, H3, *J,;,; = 10.8 Hz), 6.93
(d, 1H, H1,* )y = 11.2 Hz), 7.34 (t, 1H, H2, *Jy = 11.2 Hz), 7.69 (d, 1H, H4, *J, 4 = 10.8 Hz), 7.88
(d,, 1H, H6, 3JH,H = 16Hz), 13.92 (s, 1H, O-H) ppm . In a second step, 2.76 g (14.43 mmol) of L in
ethanol (9 mL) and 6 mL (123.5 mmol) of hydrazine were introduced in a round-bottomed
flask. The mixture was heated at 60 °C and stirred for 30 min at this temperature. After
reducing the volume and cooling to room temperature, 30 mL of distilled water were added,
giving rise to the precipitation of a brown solid corresponding to HOphpz-H ligand. This solid
was filtered off, washed with hexane (2 x 200 mL) and dried at 100 °C for 1 h. After cooling, the
product was recrystallized in ethanol (5 ml), obtaining a pale brown powder. Yield 1.31 g (57

%). "H-NMR (400 MHz, CDCls, 20 °C): & = 6.73 (d, *Ju = 3.4 Hz, 1 H, H4), 6.93 (ddd, 1 H, H3, */,
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=10.3, 9.7 Hz, *Jy = 1.2 Hz), 7.04 (dd, 1 H, H1, *J4 4= 10.9 Hz, “Jy = 1.6 Hz,), 7.24 (ddd, 1 H, H2,
*Jup=10.9, 9.7 Hz, *Jy = 2.2 Hz), 7.61 (dd, 1 H, H4, *Jy = 10.3 Hz, *}y;,y= 2.2 Hz), 7.63 (d, 1 H,
H6, *Jy = 3.4 Hz) ppm.

2-(1-methyl-1H-pyrazol-3-yl)phenol (HOphpz-Me, L5). This ligand was prepared following the

method described in the literature.”®

The product was purified by chromatography column of
silica with CH,Cl, as the eluent, and ligands 3-(2-methoxyphenyl)pyrazole (MeOphpz-H, L5’)
and 3-(2-methoxyphenyl)1-methyl-1H-pyrazole (MeOphpz-Me, L5”) were also isolated in a

ratio of L5: L5°: [5”’=0.5: 0.4: 0.1.

For L5: "H-NMR (400 MHz, CDCl3, 20 °C): & = 3.95 (s, 3H, N-CH3), 6.61 (d, 1H, H5, *J; = 3.20 Hz),
6.90 (ddd, 1H, H2, */y 4= 10.91, 10.42 Hz, *Jy 4= 2.08 Hz), 7.02 (dd, 1H, H1, *Jy 4 = 10.91 Hz, *Jy 4
= 2.12 Hz), 7.20 (ddd, 1H, H3, */y 4= 10.42, 10.28 Hz, *Jy ;= 2.12 Hz), 7.40 (d, 1H, H6,%Jy 4 = 3.20
Hz), 7.55 (dd, 1H, H4, *J,,=10.28 Hz, *J;;;= 2.08 Hz), 10.80 (s, 1H, O-H) ppm.

For L5”: "H-NMR (400 MHz, CDCls, 20 °C): & = 4.01 (s, 3 H, O-CHs), 6.65 (d, 1H, H5, >}, = 2.24
Hz), 7.05 (m, 2H, H1, H2), 7.32 (ddd, 1H, H3, *};;;;= 10.5, 9.4 Hz, “J; ;= 2.24 Hz), 7.62 (d, 1H, HS,
*Jun=2.20 Hz), 7.70 (dd, 1H, H4, *Jy 4= 10.5 Hz, *Jy 4= 2.24 Hz), 11.38 (s, 1H, N-H) ppm.

For L5”: "H-NMR (400 MHz, CDCl;, 20 °C): & = 3.89 (s, 3H, O-CH;), 3.96 (s, 3H, N-CH3), 6.75 (d,
1H, H5, *Jy = 2.96 Hz), 6.96-7.06 (m, 2H, H1, H2), 7.28 (ddd, 1H, H3, */y4= 10.42, 10.32 Hz,
*Jun=2.37 Hz), 7.38 (d, 1H, H6, >}, = 2.96 Hz), 7.89 (dd, H4, 1H, >}, ;= 10.32 Hz, “Jy 4= 2.33 Hz)

ppm.

I11.2.2. Synthesis of manganese compounds

Mn(CF5505),”” and [Mn(CF5S05),((-)-L),]"*” (Mn10) compounds were prepared following the

method previously described in the literature.

[Mn"Cl,(pypz-H),]-H,0, Mn1. A solution of pypz-H (L1) (0.144 g, 0.992 mmol) and 0.049 g
(0.389 mmol) of MnCl, in ethanol (5 mL) was stirred for 30 min at room temperature. A pale
yellow precipitate was obtained that was collected by filtration, washed thoroughly with
diethyl ether and dried in air. The resulting pale yellow solution was left to evaporate at room
temperature. After one week, air-stable, colorless crystals of Mn1, suitable for X-ray diffraction
analysis, were obtained. Yield: 0.15 g (94 %). Anal. Found (Calc.) for Ci;sH14NgCl,Mn-H,0: C,
44.07 (44.26); H, 3.1 (3.71); N, 19.17 (19.36) %. IR (cm™): v = 3106-3045 (v (NH)); 1600 (v (C-
N)sp®); 1433 (v (C-C)sp®) cm™. Ey, (II/11): 0.63 V vs. Ag/AgNO; (CH;CN + 0.1 M TBAH). ESI-MS
(m/z): 457 ([MnCl,(pypz-H),]-H,0)Na".
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[Mn"(CF3S0;),(pypz-H),], Mn2. A solution of pypz-H (L1) (0.115 g, 0.792 mmol) and
Mn(CF3S0s), (0.141 g, 0.399 mmol) in THF (5 mL) was stirred for one hour at room
temperature. Afterwards, the volume of the solution was reduced to 1 mL and a pale yellow
precipitate was obtained. This solid was filtered off, washed thoroughly with diethyl ether and
dried in air. After two days, air-stable, colorless crystals, suitable for X-ray diffraction analysis,
were obtained. Yield: 0.24 g (93.5 %). Anal. Found (Calc.) for CigH14NeS,06FsMn: C, 33.54
(33.60); H, 2.32 (2.19); N, 13.65 (13.06) %. IR (cm™): v = 3238-3142 (v (N-H)); 1607 (v (C-N)sp?);
1434 (v (C-C)sp?); 1223-1172 (v (S-0)sp°). cm™. Ey, (I1I/11): 0.72 V vs. Ag/AgNO; (CH;CN + 0.1 M
TBAH). ESI-MS (m/z): 494 [Mn(CF3SO;)(pypz-H),]".

[Mn"(OAc),»(pypz-H),]-H,0, Mn3. 0.107 g (0.737 mmol) of pypz-H (L1) were added under
stirring to a solution of Mn(OAc),'4H,0 (0.086 g, 0.356 mmol) in acetonitrile (5 mL). A pale
yellow product was obtained after one hour. This solid was collected by filtration, washed
thoroughly with diethyl ether and dried in air. By recrystallization of the product in CH,Cl,,
colorless plates of Mn3 suitable for X-ray diffraction were obtained. Yield: 92.4 mg (57 %).
Anal. Found (Calc.) for CyH,,NsOsMn: C, 49.57 (49.90); H, 4.01 (4.60); N, 17.52 (17.45) %. IR
(cm™): v = 3145-3050 (v (NH)); 2926 (v (C-H)sp®); 1587 (v (COO).); 1407(v (COO’),); 899
(8(CO07)) em™. Ey;, (II/11): 0.74 V vs. Ag/AgNO; (CHsCN + 0.1 M TBAH). ESI-MS (m/z): 558

[{Mn(pypz-H)},(u-OAc)s]".

[Mn"(NO;),(pypz-H),)], Mn4. 0.15 g (1 mmol) of pypz-H (L1) were added to a solution of
Mn(NQOs),-4H,0 (0.13 g, 0.5 mmol) in ethanol (5 mL) under stirring. After one hour, diethyl
ether was added, giving rise to the precipitation of a pale brown solid that was collected by
filtration, washed thoroughly with diethyl ether and dried in air. Suitable crystals as colorless
blocks were grown by diffusion of ethyl ether into an acetone solution of the compound. Yield:
0.18 g (74 %). Anal. Found (Calc.) for Cy¢H1sNsO¢Mn: C, 39.39 (40.95); H, 2.96 (3.01); N, 22.86
(23.88) %. IR (cm™): v = 3174 (v (OH)); 3045-2925 (v (NH)); 1607-1517 (v (NO,)); 1431 (v (C-
C)sp?); 1301 (v (C-N)sp?). E,, (I11/11): 0.73 V vs. Ag/AgNO; (CH5CN + 0.1M [(nBu);N]PFe). ESI-MS
(m/z): 489 ([Mn(NO3),(pypz-H),]-H;0".

[Mn"Cl,(pypz-H)(H,0),], Mn5. To a solution of MnCl, (0.087 g, 0.695 mmol) in ethanol (5 mL),
0.102 g of pypz-H (L1) (0.705 mmol) were added under stirring. The resulting pale yellow
solution was stirred for 10 min and afterwards a white solid precipitated. This solid was filtered
off, washed with diethyl ether and dried in air. Colorless plates, suitable for X-ray diffraction,
were grown by recrystallization in ethanol. Yield: 0.16 g (73 %). Anal. Found (Calc.) for
CsH11Cl,Mn N3O,: C, 31.47 (31.29); H, 3.55 (3.61); N, 13.73 (13.69) %. IR (cm™): v = 3328-3222
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(v (OH)); 3140-3119 (v (NH)); 1606 (v (C-N)sp®); 1429 (v (C-C)sp’) cm™. Ey (1lI/11): 0.66 V vs.
Ag/AgNO; (CH5CN + 0.1 M TBAH). ESI-MS (m/z): 660 [{MnCI(H,0)(pypzH)},(u-Cl),]-Na*.

[Mn"Cl,(pypz-Me),], Mn6. To a solution of MnCl, (0.030 g, 0.236 mmol) in acetonitrile (5 mL),
0.072 g of pypz-Me (L2) (0.472 mmol) were added under stirring. The resulting white solution
was stirred for 10 min and afterwards a white solid precipitated. This solid was filtered off,
washed with diethyl ether and dried in air. Colorless plates, suitable for X-ray diffraction, were
obtained from the mother liquor. Yield: 73.7 mg (70 %). Anal. Found (Calc.) for C;gH19Cl,NgMn:
C, 47.93 (48.27); H, 3.70 (4.08); N, 18.65 (18.92) %. IR (cm™): v = 3238-3142, 1604 (v (C-N)sp?),
1431 (v (C-C)sp?). Eys (I11/11): 0.62 V vs. Ag/AgNO; (CHsCN 0.1 M + TBAH). ESI-MS (m/z): 408
[MnCl(pypz-Me),]".

[Mn"(CF;S0;),(pypz-Me),], Mn7. 0.058 g (0.365 mmol) of pypz-Me were added under stirring
to a solution of Mn(CF;S03), (0.064 g, 0.183 mmol) in anhydrous THF (5 mL). After one hour a
white precipitate was obtained and collected by filtration, washed thoroughly with diethyl
ether and dried in vacuum. Colorless needles, suitable for X-ray diffraction, were grown by
diffusion of ethyl ether into a THF solution of the compound. Yield: 70.2 mg (57 %). Anal.
Found (Calc.) for CyoH13FsNsO6S,Mn: C, 36.11 (35.78); H, 2.63 (2.70); N, 12.28 (12.52) %. IR (cm’
): v = 3238-3142, 1608 (v (C-N)sp?), 1437 (v (C-C)sp?), 1303 (v (C-N)sp?), 1208-1163 (v (S-
0)sp?). Eyy (I/): 0.76 V vs. Ag/AgNO; (CHsCN 0.1 M + TBAH). ESI-MS (m/z): 522
[Mn(CF5SO3)(pypz-Me),]".

[Mn"(CF3S0;),(pypz-CH,COOEt),], Mn8. 0.115 g (0.500 mmol) of pypz-CH,COOEt (L3) were
added under stirring to a solution of Mn(CF5;50s), (0.088 g, 0.250 mmol) in aqueous THF (5 mL).
The resulting white solution was stirred for 30 min and afterwards a white solid precipitated.
This solid was collected by filtration, washed thoroughly with diethyl ether and dried in air.
Colorless needles, suitable for X-ray diffraction, were grown by diffusion of diethyl ether into a
CH,Cl, solution of the compound. Yield: 123.3 mg (60 %). Anal. Found (Calc.) for
Ca6H26NgF60105:Mn-0.5 THF: C, 39.21 (39.49); H, 3.47 (3.55); N, 9.58 (9.87) %. IR (cm™): v =
3122, 2977 (v (C-C)sp?), 1742 (v (C-0)y), 1607 (v (C-N)sp?), 1304 (v (C-N)sp?), 1210-1167 (v (S-
0)sp?). Ei, (II/I): 0.80 V vs. Ag/AgNOs(CH;CN 0.1 M + TBAH). ESI-MS (m/z): 666
[Mn(CF3S0s)(pypz-CH,COOEt),]", 258.5 [Mn(pypz-CH,COOEt),]*".

[Mn"'Cl(Ophpz-H),]-3H,0, Mn9. 100 mg (0.624 mmol) of HOphpz-H (L4) were added to a
solution of MnCl; (39.3 mg, 0.312 mmol) in ethanol (5 mL) under stirring. Afterwards, 0.3 mL of

NaOH 1 M were added to the reaction mixture and this solution turned from yellow to dark
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green. After one hour, 15 mL of distilled water were added, giving rise to the precipitation of a
dark green solid that was collected by filtration, washed thoroughly with cool water and dried
in air. After one week, air-stable, dark green crystals of Mn9, suitable for X-ray diffraction
analysis, were obtained from the mother liquor. Yield: 27.6 mg (19 %). Anal. Found (Calc.) for
Ci1gH14CIN,0,Mn-3H,0: C, 46.74 (46.71); H, 4.10(4.36); N, 12.05 (12.10) %. IR (cm™): v =3360-
3258 (v (OH)); 1601-1560 (v (C-N)sp®). Ey, (IV/II1): 0.63 V vs. Ag/AgNO; (CHsCN + 0.1 M TBAH).
UV-Vis (CH3CN) [Amax, nM (g, M cm™)]: 636 (202.34). ESI-MS (m/z): 373 [Mn(Ophpz-H),]*.

I11.2.3. Synthesis of ruthenium compounds

[RuCly(dmso)s] (P1),""* [RuCly(pypz-H)(dmso),] (P2),"*** [RuCls(trpy)] (P3),** [RuCly(bpea)
(dmso)] (bpea= N,N-bis(pyridin-2-ylmethyl)ethanamine) (Ru12),"%¢ [RuCl,(NO,-pzH)(dmso),]

(Ru13)™** were prepared according to literature procedures.

cis, cis- and cis, trans-[Ru"Cl,(pypz-CH,COOEt)(dmso),], Rula and Rulb. A 0.046 g (0.200 mmol)
sample of pypz-CH,COOEt (L3) were added to a solution of [RuCl,(dmso),] (P1) (0.097 g, 0.200
mmol) in absolute ethanol (15 mL) under stirring and the resulting solution was refluxed for 2
h. Afterwards, the solvent volume was reduced to 7 mL and the solution was cooled, giving rise
to the precipitation of an orange solid. The solid was filtered on a frit, washed with diethyl
ether and vacuum-dried. This solid was a mixture approximately 1: 0.5 of complexes Rula and
Rulb. Overall yield: 54 mg (48 %). Anal. Found (Calc.) for Cy¢H,5Cl,N3O4RUS,: C, 34.25 (34.35);
H, 4.58 (4.50); N, 7.48 (7.51) %. IR (Vmax, cm™): 3010 (v (=C-H)), 2918 (v (-C-H)), 1747 (v (-C=0)),
1207 (v (-C-0)), 1091-916 (v (-C-H)). UV-Vis (CH,Cl;) [Amaxy NmM (g, M cm™)]: 278 (579), 376
(152). ESI-MS (m/z): 524 [RuCl(pypz-CH,COOEt)(dmso),]".

Suitable crystals of Rula were obtained as orange blocks by slow evaporation of the mother
liquor. Ey (I1I/11)=1.14 V vs. SCE (CH,Cl, + 0.1 M TBAH). '"H-NMR (400 MHz, CDCl5, 20 °C): 6 1.33
(t, 3H, H12, >}y 4= 7.2 Hz), 2.49 (s, 3H, H14), 3.19 (s, 3H, H15), 3.51 (s, 3H, H13), 3.61 (s, 3H,
H16), 4.248 (q, 1H, H11", *Jy = 7.1 Hz), 4.252 (q, 1H, H11, *Jy = 7.1 Hz), 4.97 (d, 1H, HY, *Jy =
18.0 Hz), 6.82 (d, 1H, H9, *Jy = 18.0 Hz), 6.98 (d, 1H, H7, *J,,4=2.8 Hz), 7.35 (m, 1H, H2), 7.64 (d,
1H, H8, *Jy = 2.8 Hz), 7.80-7.82 (m, 2H, H3, H4), 9.88 (ddd, 1H, H1, */y 4= 5.6, 1.2 Hz, %}, 4= 0.8
Hz) ppm. *C-NMR (400 MHz, CDCls, 20 °C): & 14.3 (1), 44.3 (13), 45.2 (16), 45.7 (15), 45.8 (14),
54.2 (4), 62.4 (2), 105.2 (6), 121.6 (9), 124.5 (11), 137.1 (10), 137.2 (5), 152.7 (7), 153.7 (8),
157.1 (12), 168.9 (3) ppm.

Suitable crystals of Rulb as pale yellow plates were grown by diffusion of diethyl ether into a

chloroform solution of the orange solid. E;/, (11l/11)= 0.96 V vs. SCE (CH,Cl, + 0.1 M TBAH). 'H-
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NMR (400 MHz, CDCl;, 20 °C): 6 1.34 (t, 3H, H12, *Jy 4= 7.2 Hz), 3.01 (s, 6H, H13 H16), 3.16 (s,
6H, H14, H15), 4.28 (q, 2H, H11, *Jy = 7.2 Hz), 5.95 (s, 2H, H9), 6.93 (d, 1H, H7, *J,;,=2.90 Hz),
7.35 (m, 1H, H2), 7.66 (d, 1H, H8, *J,;;= 2.90 Hz), 7.76 (ddd, 1H, H4, >}, = 7.90, *J, = 1.60, 0.70
Hz), 7.85 (ddd, 1H, H3, *Jy = 7.90, 7.60 Hz, *J,; ;= 1.50 Hz), 9.56 (ddd, 1H, H1, *};4= 5.90, 1.52
Hz, *Jyy= 0.70 Hz) ppm. C-NMR (400 MHz, CDCls, 20 °C): § 14.3 (12), 41.7 (15, 14), 42.8 (13,
16), 53.4 (9), 62.3 (11), 105.8 (7), 121.1 (4), 123.9 (2), 136.4 (8), 136.7 (3), 153.2 (6), 154.4 (1),
155.9 (5), 168.0 (10) ppm.

For the NMR assignaments we use the same labeling scheme as for the X-ray structures (Figure

IV.2.1).

[Ru"Cl,(HOphpz-H)(dmso);] and [Ru"Cl,(HOphpz-H),(dmso),], Ru2 and Ru2’. A mixture of
[RuCl,(dmso),4] (P1) (77 mg, 0.15 mmol) and HOphpz-H (L3) (25 mg, 0.15 mmol) in CH,Cl, (4 mL)
was refluxed at 40 °C for 90 minutes. After this time, the reaction was cooled to room
temperature and a greenish-yellow solid was formed. This greenish-yellow solid, which
corresponds to the minor product Ru2’ complex, was recovered with a glass frit and dried
under vacuum. Yield: 10.2 mg (10 %). Afterwards, the volume was reduced and Ru2 complex
was obtained by adding diethyl ether to the mother liquor. The pure Ru2 complex was

obtained in this manner as a pale yellow solid. Yield: 35.3 mg (45 %).

For Ru2’, "H-NMR (400 MHz, acetone d, 20 °C): & = 3.14 (s, 12H, CH;-dmso), 6.81 (dd, 2H, H2,
*Jup= 2.16, 2.14 Hz), 6.94 (ddd, 2H, H8, ;= 7.80, 7.19 Hz, *Jyu= 1.09 Hz), 7.07 (dd, 2H, H6,
*Jup= 7.73 Hz, “Jyuy= 1.09 Hz), 7.21 (ddd, 2H, H7, *Jyy= 7.73, 7.19 Hz, *Jy = 1.55 Hz), 7.68 (dd,
2H, HY, *J,; = 7.80 Hz, “Jy 4= 1.55 Hz), 8.09 (d, 2H, H3, *J;; 4= 2.14 Hz), 9.89 (s, 2H, H10), 13.41 (s,
2H, H2A) ppm. Suitable greenish crystals for X-ray diffraction were grown by slow evaporation
of the mother liquor. For the NMR assignaments we use the same labeling scheme as for the
X-ray structure (Figure SIV.2.1). E,, (11/11): 1.31 V vs. Ag/AgNO; (CH;CN + 0.1 M TBAH). UV-Vis
(MeOH) [Ama, NM (g, M cm™)]: 270 (17446), 306 (12307). ESI-MS (m/z): 646.8 [RuCl,(Ophpz-
H)(HOphpz-H)(dmso),]’, 486.7 [RuCl,(Ophpz-H)(dmso),]".

For Ru2, 'H-NMR (400 MHz, acetone-ds, 20 °C): & = 3.19 (s, 6H, H12, H15), 3.45 (s, 6H, H11,
H16), 3.48 (s, 6H, H13, H14), 6.85 (dd, 1H, H2, *J;4= 2.1, 2.1 Hz ), 6.97 (ddd, 1H, H8, *J; = 7.5,
7.3 Hz, *Jy 4= 0.8 Hz), 7.10 (dd, 1H, H6, *Jyy= 7.7 Hz, “Jyy = 0.8), 7.25 (ddd, 1H, H7, *},1=7.7, 7.5
Hz, “Jyu= 1.5 Hz), 7.71 (dd, 1H, H9, *}4 = 7.3 Hz, “Ju= 1.5 Hz), 8.54 (dd, 1H, H3, /= 2.1, 2.1
Hz), 9.71 (s, 1H, H10), 14.36 (s, 1H, H2A) ppm. *C-NMR (400 MHz, CDCls, 20 °C): 6 45.81 (C13,
C14), 46.95 (C12, C15), 47.60 (C11, C16), 104.8 (C2), 116.2 (C4), 117.3 (C6), 121.0 (C8), 128.5
(C9), 130.9 (C7), 142.9 (C1), 143.3 (C3), 154.9 (C5) ppm. For the NMR assignation we have used
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the numbering scheme shown in Figure [V.2.2. Anal Found (Calc.) for
C1sH26C1N,04RUS;+1CH,Cly-H,0: C, 28.76 (28.70); N, 3.79 (4.18); H, 4.41 (4.51) %. IR (cm™): v =
3130 (v (OH)); 3010 (v (NH)); 1594 (v (C-N)sp?); 1404 (v (C-C)sp?); 1065 (V (S=0)). E,q (I1/1):
1.60 V vs. SCE (CH,Cl, + 0.1 M TBAH). UV-Vis (MeOH) [Amax, NM (€, M cm™)]: 302 (17593), 358
(1731). ESI-MS (m/z): 564.7 [RuCl,(Ophpz-H)(dmso);], 486.7 [RuCl,(Ophpz-H)(dmso),],, 408.7
[RuCl,(Ophpz-H)(dmso)].

[Ru"Cl,(MeOphpz-H)(dmso)s;], Ru3. A mixture of [RuCl,(dmso),] (P1) (100 mg, 0.206 mmol) and
MeOphpz-H (L2) (35.9 mg, 0.206 mmol) in CH,Cl, (5 mL) was refluxed at 40 °C for 3 h minutes.
After this time, the reaction was cooled to room temperature and the volume was reduced to
1 mL. The addition of diethyl ether provoked the precipitation of the pale yellow Ru3 product,
which was recovered with a glass frit, washed with diethyl ether and dried at vacuum. Yield: 86
mg (77 %). Suitable pale yellow crystals for X-ray diffraction were formed by slow evaporation
of the mother liquor. "H-NMR (400 MHz, acetone-ds, 20 °C): 6 = 3.21 (s, 6H, H12, H15), 3.47 (s,
6H, H11, H16), 3.49 (s, 6H, H13, H14), 4.04 (s, 3H, H10), 6.87 (dd, 1H, H2, *J;,= 2.22, 2.22 Hz),
7.07 (ddd, 1H, H8, *J,= 7.58, 7.56 Hz, *J; 4= 1.06 Hz), 7.19 (d, 1H, H6, *Jy = 7.87 Hz, “Jy 1= 1.06
Hz), 7.40 (ddd, 1H, H7, *Jy = 7.87, 7.56 Hz, *Jy = 1.67 Hz), 7.80 (dd, 1H, H9, /4= 7.58 Hz, *Jy =
1.67 Hz), 8.53 (dd, 1H, H3, *Jy = 2.22, 2.22 Hz), 14.44 (s, 1H, H2A) ppm. *C-NMR (400 MHz,
CDCl;, 20 °C): 6 45.8 (C13, C14), 46.9 (C12, C15), 47.6 (C11, C16), 55.4 (C10), 104.9 (C2), 112.7
(C6), 121.9 (C8), 128.6 (C9), 130.6 (C4), 131.2 (C7), 142.99 (C3), 143.01(C1), 157.1 (C5) ppm.
For the NMR assignation we have used the numbering scheme shown in Figure 1V.2.2. Anal
Found (Calc.) for CyH,5Cl,N,04RUSs: C, 32.84 (33.10); N, 3.79 (4.83); H, 4.75 (4.86) %. IR (cm™):
v = 3130 (v (OH)); 3010 (v (NH)); 1594 (v (C-N)sp?); 1404 (v (C-C)sp?); 1065 (v (5=0)). E,, (11/111):
1.65 V vs. SCE (CH,Cl, + 0.1 M TBAH). UV-Vis (MeOH) [Amax, nm (€, M cm™*)]: 358 (725). ESI-MS
(m/z): 545.12 [RuCl(MeOphpz-H)(dmso),]".

[Ru"Cl,(pz-H),(dmso),], Rud. This complex was obtained from modified literature procedure.”’

A 0.120 g (0.25 mmol) sample of [Ru"Cl,(dmso),] (P1) and 0.034 g (0.50 mmol) of pyrazole
were refluxed in 10 mL of methanol for 2 h. Afterwards, the volume of the solution was
reduced to 5 mL and cooled at 0 °C. Orange crystals corresponding to Ru4 were collected on a
frit and washed with diethyl ether and dried in vacuum. Yield: 70 mg (60 %). ‘H-NMR (400
MHz, CD,Cl,, 20 °C)= & 3.14 (s, 12H, CH;-dmso), 6.39 (m, 2H, H2), 7.66 (m, 2H, H1), 7.90 (m, 2H,
H3), 12.63 (s, 2H, N-H) ppm. UV-Vis (H,0) [Amax, NM (g, M cm™)]: 228 (1033), 300 (46).

[Ru"Cl,(3,4-dmpzH),(dmso),], Ru5. This compound was prepared following a method
analogous to that described for Ru4 starting from [Ru'"Cl,(dmso),] (P1) (0.120 g, 0.25 mmol)
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and 3,4-dimethylpyrazole (0.048 g, 0.50 mmol). Suitable crystals for X-ray diffraction were
grown by slow evaporation of the mother liquor. Yield: 53 mg (41 %). Anal. Found (Calc.) for
CaaH2sN4C1,0,5,Ru: C, 32.13 (32.31); H, 5.47 (5.42); N, 10.35 (10.76) %. ‘H-NMR (400 MHz,
CD,Cl,, 20 °C)= 6 1.95 (s, 6H, H5, H10), 2.22 (s, 6H, H9, H4), 3.19 (s, 12H, H11, H12, H13, H14),
7.62 (s, 2H, H3, H8), 11.98 (s, 2H, H2B, H4D) ppm. *C-NMR (400 MHz, CD,Cl,, 20 °C)= & 8.45
(5), 9.71 (4), 44.82 (6), 114.83 (2), 138.35 (2), 141.44 (1) ppm. For the NMR assignaments we
use the same labeling scheme as for the X-ray structures (Figure 1V.2.3). IR (Vimax, cm™): v 1092
(v (S-0)), 1016 (v (S-0)). E4/2 (HI/1)=1.02 V vs. SCE (CH,Cl,+ 0.1 M TBAH). UV-Vis (H,0) [Amaxy, NM
(e, M cm™)]: 238 (1476), 302 (102). ESI-MS (m/z): 485 [RuCl(3,4-dmpzH),(dmso),]*.

[Ru"Cl,(3,5-dmpzH),(dmso),], Ru6. This complex was prepared following a different procedure

to that previously described in the literature.”®

0.120 g (0.25 mmol) of [Ru"Cly(dmso),] (P1) and 0.048 g (0.50 mmol) of 3,5-dimethylpyrazole
were refluxed in 10 mL of methanol for 2 h. Afterwards, the volume of the solution was
reduced to 1 mL and cooled at 0 °C. A yellow solid corresponding to Rué was formed and was
filtered on a frit, washed with diethyl ether and dried in vacuum. Yield: 55 mg (43 %). Anal.
Exp. (calc) per Cy4H,CIN,0,5,Ru: C, 32.59 (32.31), N, 10.63 (10.76), H, 5.72 (5.42), S, 12.03
(12.32) %. 'H-NMR (400 MHz, CD,Cl,, 20 °C)= 6 1.70 (s, 3H, H9), 2.12 (s, 3H, H4), 2.33 (s, 6H,
H5, H10), 2.70 (s, 3H, H11), 2.86 (s, 3H, H14), 3.41 (s, 3H, H12), 3.77 (s, 3H, H13), 5.83 (s, 1H,
H2), 5.90 (s, 1H, H7), 11.15 (s, 1H, H4A), 12.10 (s, 1H, H2A) ppm. E; (IIl/1)= 1.15 V vs. SCE
(CH,Cl,+ 0.1 M TBAH). UV-Vis (MeOH) [Amay, nm (g, M™* cm™)]: 364 (1472).

[Ru"Cl,(trpy)(dmso)] (P4). This complex was prepared through a modification of the method

previously described in the literature. **

A 0.250 g (0.516 mmol) sample of [Ru"Cl,(dmso),] (P1) and 0.123 g (0.516 mmol) of 2,2":6',2"-
terpyridine, trpy, were dissolved in 40 mL of absolute ethanol, and the resulting solution was
refluxed for 2 h. A dark solid, corresponding to the mixture of trans- and cis-
[Ru"Cl,(dmso)(trpy)] in a 1:0.6 ratio, was formed in solution and was filtered on a frit and
washed with diethyl ether. A brown solid was obtained by reducing the volume of the mother
liquor to 15 mL, and this solid corresponds to a mixture of trans- and cis-[Ru"Cl,(trpy)(dmso)] in
a 0.4:1 ratio. Pure cis-[Ru"Cl,(trpy)(dmso)] was obtained as red crystals by slow evaporation of
the solution at room temperature. Yield: 200.8 mg (80 %). £, (I11/11): 0.69 (trans-), 0.88 (cis-) V
vs. SCE (CH,Cl, + 0.1 M TBAH).
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cis- and trans-[Ru"Cl(pypz-H)(trpy)]1(PFs), Ru7a and Ru7b.

Isomeric complexes Ru7a and Ru7b were obtained following three different synthetic routes,

A-C, detailed below.
Route A

A 0.558 g (1.179 mmol) sample of [Ru"Cly(pypz-H)(dmso)] complex (P2) and 0.275 g (1.155
mmol) of trpy were refluxed in 150 mL of methanol for 18 h. Afterwards, the solution was
evaporated to dryness in a rotary evaporator and the residue redissolved in MeOH:NH,OH
(75:1). The mixture was cooled in an ice bath until a brown precipitate was formed, that was
filtered on a frit and washed two times with cold MeOH:NH,OH (75:1) mixture. At this point,
the solid (PP1) and the filtrate (F1) were treated separately. Brown solid PP1 was purified
through a recrystallization by dissolving it in a mixture of MeOH:HCI (adjusting the pH to < 2),
followed by addition of 1 mL of a saturated NH,PF¢ aqueous solution together with 100 mL of
cold water under vigorous stirring. After cooling in an ice bath, pure Ru7b complex
precipitated (267 mg, 34 % yield) that was filtered off and washed with cold H,0 and diethyl
ether. On the other hand, filtrate F1 was reduced to dryness and purified by column
chromatography (SiO,, eluent MeOH:NH,OH 30:1). The first orange fraction containing
Ru(trpy),”" was discarded together with a second purple fraction. Finally, a third brownish
fraction containing the cis-isomer was obtained that was evaporated to dryness and
redissolved in 10 mL of a MeOH:HCI mixture (pH<2). Then a saturated aqueous NH,PF¢solution
was added and the resulting solution was cooled until precipitation. The fine crystalline
precipitate was filtered off, washed twice with cold H,0 and diethyl ether and dried in vacuum

obtaining 98.7 mg (13 % yield) of pure Ru7a complex.

A higher yield of Ru7b product can be obtained following the same synthetic procedure but
using absolute ethanol instead of methanol as solvent, and maintaining the reflux throughout
48 h. Subsequent precipitation with aqueous saturated NH,PF¢ solution and purification of the
solid by column chromatography (Al,0s;, eluent CH,Cl,:CH;0OH, 99:1 mixture) leads to the

obtaining of pure Ru7b in 48 % yield.
Route B

A sample of [Ru"'Cls(trpy)] (P3, 0.1 g, 0.23 mmol) was added to a solution of LiCl (22 mg, 0.52
mmol) dissolved in 15 mL of EtOH:H,0 (9:1) under magnetic stirring. Then, NEt; (0.07 mL, 0.52
mmol) was added and the reaction mixture was stirred under N, atmosphere at room

temperature for 30 min. Afterwards, pypz-H (0.033 g, 0.23 mmol) was added and the mixture
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was refluxed for 2 h. The hot solution was then filtered off in a frit and the volume was
reduced in a rotary evaporator. After addition of a saturated NH,PF; aqueous solution a
precipitate was formed which was filtered off and washed with cold water. This solid was
purified by column chromatography (Al,Os;, eluent CH,Cl,:CH;0H, 99:1 mixture) and a purple-
reddish fraction, corresponding to complex Ru7b, was obtained (32 mg, 21 % yield) together

with other secondary products.
Route C

A 150 mg (0.34 mmol) of complex [Ru"Cl,(trpy)(dmso)] (P4) and 49 mg (0.34 mmol) of pypzH
were refluxed in 20 mL of absolute ethanol for 20 hours. After the reaction time, the mixture
was cooled to room temperature and the volume was reduced. Afterwards, a saturated
aqueous solution of NH4PFs; was added and a brown precipitate was formed, which was
separated by filtration, washed with diethyl ether and dried in vacuum. This solid was purified
by column chromatography (Al,Os;, eluent CH,Cl,:CH3;0OH, 99:1 mixture), obtaining the pure
Ru7b complex. Yield: 128 mg (57 %).

For Ru7a: 'H-NMR (400 MHz, methanol-d,, 20 °C): & 6.88 (ddd, 1H, H2, 3JH,H: 8.04, 6.66 Hz,
*Jun= 1.45 Hz), 7.15 (ddd, 1H, H1, *Jy 4= 6.66 Hz, *Ji; = 1.33 Hz, *Jy 4= 0.80 Hz), 7.37 (ddd, 2H,
H10, H22, *Jy = 7.53, 6.59 Hz, “Jy 4= 1.31 Hz), 7.53 (d, 1H, H7, *Jy 4= 2.89 Hz), 7.65 (td, 1H, H3,
*Jup= 7.98 Hz, *Jy = 1.33 Hz), 7.76 (ddd, 2H, H9, H23, *Jy 4= 6.59 Hz, “Jyu= 1.43 Hz, *Jyu= 0.71
Hz), 7.92 (td, 2H, H11, H21, >}, ;= 7.71 Hz, *Jyy= 1.43 Hz), 8.08 (ddd, 1H, H4, J,; = 7.98, *Jyu=
1.45, °Jy 4= 0.80 Hz), 8.12 (t, 1H, H16, *J,, ;= 8.06 Hz), 8.38 (d, 1H, H8, *J, 4= 2.89 Hz), 8.50 (ddd,
2H, H12, H20, *Jy 4= 7.71 Hz, *Jy 4= 1.13 Hz, °Jy; 4= 0.81 Hz), 8.62 (d, 2H, H15, H17, *},; ;= 8.06 Hz)
ppm. C-NMR (400 MHz, methanol-d,, 20 °C): 6 106.0 (C7), 123.1 (C4), 123.6 (C15, C17), 124.6
(C12, C20), 125.3 (C2), 128.5 (C10, C22), 134.7 (C8), 134.9 (C16), 137.1 (C3), 138.1 (C11, C21),
152.7 (C1), 154.0 (C9, C23), 160.4 (C13, C19), 160.6 (C14, C18), 168.2 (C6), 168.3 (C5) ppm. For
the NMR assignments we use the same labeling scheme shown in Figure 1V.3.2. IR (v max, cm’
'): 3648, 3562, 1594, 1445, 1382, 838, 760. Ey/, (111/11): 0.88 V vs. SCE (CH,Cl, + 0.1 M TBAH). UV-
Vis (CH,Cl3) [Amax NM (g, M cm™)]: 238 (1480), 276 (1163), 318 (1198).

For Ru7b: "H-NMR (400 MHz, methanol-d,, 20 °C): 6 7.09 (d, 1H, H7, 3JH,H: 2.84 Hz), 7.32 (ddd,
2H, H10, H22, *J,, 1= 6.88, 6.57 Hz, “Jy 4= 1.30 Hz), 7.48 (d, 1H, H8, *Jy = 2.84 Hz), 7.70 (ddd, 2H,
H9, H23, )y = 6.57 Hz, *Jyy= 1.98 Hz, °J,y= 0.72 Hz), 7.81 (ddd, 1H, H2, *Jy = 6.54, 5.61 Hz,
*Jun= 1.4 Hz), 7.91 (td, 2H, H11, H21, *Jy 4= 6.88 Hz, *Jy;;= 1.98 Hz), 8.10 (t, 1H, H16, /4= 8.10
Hz), 8.23 (ddd, 1H, H3, %)= 7.78, 6.54 Hz, “Jy = 1.46 Hz), 8.36 (dd, 1H, H4, *Jy 4= 7.78 Hz, “Jy =
1.41 Hz), 8.48 (ddd, 2H, H12, H20, /= 8.05 Hz, *};; = 1.30 Hz, *Jyu= 0.72 Hz), 8.58 (d, H15,
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H17, *Juu= 8.10 Hz), 10.02 (ddd, 1H, H1, *}yy= 5.61 Hz, “}iy = 1.46 Hz, °J;y= 0.9 Hz) ppm. “C-
NMR (400 MHz, methanol-d4, 20 °C): 6 105.3 (C7), 123.2 (C4), 123.3 (C15, C17), 124.1 (C12,
C20), 125.3 (C2), 128.3 (C10, C22), 134.2 (C8), 134.9 (C16), 137.9 (C11, C21), 138.0 (C3), 153.6
(C9, C23), 160.7 (C13, C19), 160.8 (C14, C18), 160.9 (C5, C6) ppm. Suitable crystals for X-ray
diffraction were grown as brownish-purple needles by diffusion of diethyl ether into a CH,Cl,
solution of the pure complex. For the NMR assignments we use the same labeling scheme as
for the X-ray structures (Figure 1V.3.2). IR (v max, cm-1): 3800-3000 (w), 3200-2800 (m), 1628,
1445, 1386, 1062, 842, 760. E;/, (111/11): 0.80 V vs. SCE (CH,Cl, + 0.1 M TBAH). UV-Vis (CH,Cl,)
Mmae NM (e, MY ecm™)]: 236 (1477), 276 (1235), 322 (1146). ESI-MS (m/z): 514.9

[Ru"Cl(trpy)(pypz-H)]".
[Ru'"(pypz-H)(trpy)(dmso)](PFs),, Rus.

Complex Ru8 was obtained as minor product in the synthesis of complexes Ru7a and Ru7b
when following routes A (synthesis carried out in absolute ethanol) and C. Ey/, (11I/1l)= 1.48 V vs.
SCE (CH,Cl; + 0.1 M TBAH). Suitable crystals for X-ray diffraction of Ru8 were grown as brown

large needles.

[Ru,"Cl(trpy)(1-Cl)(1-pypz)](PFs), Ru9

Complex Ru9 was obtained as a minor product in the column cromatography carried out for
the synthesis of complexes Ru7a and Ru7b by following route B, as a deep purple color
fraction (12 mg, 5 % yield). Eqj, (11I-11/11-11): 0.49 V; Eqp (11-H1/11-11): 0.96 V vs. SCE (phosphate
buffer pH= 7).

For Ru9: 'H-NMR (400 MHz, acetone-ds, 20 °C): 6 6.65 (td, 1H, H17, *J,= 5.8 Hz, *J,,= 1.48
Hz), 7.04 (ddd, 1H, H16, *Jy = 5.68 Hz, *Jyu= 1.4 Hz, *Jy = 0.76 Hz), 7.54 (ddd, 2H, H2, H14,
*Jun=7.6, 5.48 Hz, *Jy = 1.32 Hz), 7.64 (td, 1H, H18, *},, ;= 7.68 Hz, *Ji; = 1.4 Hz), 7.65 (ddd, 2H,
H25, H37, *Jyu= 7.52, 5.04 Hz, *Jyu= 1.4 Hz), 7.66 (t, 1H, H8, *Jy 4= 8.08 Hz), 7.68 (d, 1H, H22,
*Jun= 2.32 Hz), 7.78 (td, 2H, H26, H36, *Jy = 7.68 Hz, *Jy = 1.56 Hz), 7.84 (td, 2H, H3, H13, *Jj; =
7.76 Hz, *Jy 4= 1.56 Hz), 7.99 (t, 1H, H31, *J,, ;= 8.08 Hz), 8.02 (ddd, 1H, H19, *},; ;= 8.12 Hz, *Jy; =
1.44 Hz, °Jy = 0.84 Hz), 8.05 (ddd, 2H, H1, H15, *Jy = 5.44 Hz, *Jyu= 1.48 Hz, *Jyu= 0.72 Hz),
8.26 (ddd, 2H, H27, H35, *Jy 4= 8.04 Hz, *Jy 4= 1.32 Hz, °J 4= 0.76 Hz), 8.28 (d, 2H, H7, HY, >}, =
8.04 Hz), 8.36 (ddd, 2H, H4, H12, *J, ;= 8.08 Hz, “Jy;= 1.20 Hz, °J,,,= 0.80 Hz), 8.51 (d, 2H, H30,
H32, *Jy4= 8.08 Hz), 8.80 (ddd, 2H, H24, H38, *Jyu= 5.4 Hz, *Jy = 1.48 Hz, °J,,,= 0.68 Hz), 9.16
(d, 1H, H23, *},, = 2.28 Hz) ppm. C-NMR (400 MHz, acetone-ds, 20 °C): § 105.6 (C22), 120.5
(C19), 121.5 (C7, C9), 122.1 (C17), 122.9 (C27, C30, C32, C35), 123.9 (C4, C12), 127.3 (C25,
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C37), 127.9 (C2, C14), 130.9 (C8), 133.2 (C31), 135.8 (C26, C36), 136.7 (C18), 137.0 (C3, C13),
143.6 (C23), 148.4 (C21), 152.2 (C16), 154.3 (C1, C15), 155.0 (C24, C38), 159.8 (€29, C33, C5,
C11), 160.4 (C20), 161.2 (C28, C34), 162.7 (C6, C10) ppm. Suitable purple rhomboidal crystals
for X-ray diffraction were grown by diffusion of diethyl ether into a CH,Cl, solution of the pure
complex. For the NMR assignments we use the same labeling scheme as for the X-ray

structures (Figure IV.3.3). ESI-MS (m/z): 884.1 {[Ru,""Cl(trpy),(u-Cl)(u-pypz)]}".

trans-[Ru"(pypz-H)(trpy)(H,0)](PFs),, Rul0. 0.08 g of AgPFs (0.32 mmol) were added to a
solution of Ru7b (0.1 g, 0.15 mmol) in 30 mL of H,0, and the mixture was heated at reflux for 2
h in the absence of light. Then, the AgCl formed was filtered off through Celite. Afterwards,
NH4PFs (1 mL) was added to the filtrate and the volume reduced until a precipitate that
corresponded to the Rul0 aqua complex was formed, which was filtered on a firt, washed with
cold water and diethyl ether and dried at vaccuum. Yield: 0.040 g (40 %). "H-NMR (400 MHz,
Methanol-d,, 20 °C): § 7.09 (d, 1H, H7, *Jy 4= 2.94 Hz), 7.42 (ddd, 2H, H10, H22, *},, 4= 7.84, 5.53
Hz, “Jup= 1.31 Hz), 7.53 (d, 1H, H8, *Jy= 2.94 Hz), 7.78 (ddd, 2H, H9, H23, >}, 4= 5.53 Hz, “Jy =
1.51 Hz, *Jyu= 0.76 Hz), 7.92 (ddd, 1H, H2, *Jy = 7.66, 6.65 Hz, *J,y= 1.44 Hz), 8.03 (ddd, 2H,
H11, H21, *J,,= 8.06, 7.84 Hz, “Jy 4= 1.51 Hz), 8.25 (t, 1H, H16, *J,; = 8.14 Hz), 8.33 (ddd, 1H,
H3, )y = 8.37, 7.66 Hz, “}y = 1.47 Hz), 8.47 (ddd, 1H, H4, *Jy = 8.37 Hz, *J = 1.44 Hz, *Jy =
0.89 Hz), 8.58 (ddd, 2H, H12, H20, ;1= 8.06 Hz, “Jyy 4= 1.31 Hz, °Jyy 4= 0.76 Hz), 8.70 (d, 2H, H15,
H17, *Jy = 8.14 Hz), 9.48 (ddd, 1H, H1, >/ = 6.65 Hz, “Jyy = 1.47 Hz, *Jy 4= 0.89 Hz) ppm. IR (v
max, cm?): 3618, 3551, 1992, 1602, 1449, 820, 756. Ey,(Ill/Il): 0.26 V vs. SCE (phosphate
buffer pH= 7). E;;, (11I/11): 0.40 V; E;;, (IV/IN): 0.69 V vs. SCE (phosphate buffer pH=7). UV-Vis
(phosphate buffer pH= 7) [Amax, nm (g, M cm™)]: 230 (18800), 270 (16180), 315 (15060), 381
(3410), 460 (3654). For the NMR assignments we have used the numeration scheme in Figure
IV.3.3.

[Ru,"(trpy).(1-pypz),](PFe)z, Rull

A single crystal of complex Rull was obtained by treating Ru7a with AgPFs in H,O at reflux for

2 hiin the absence of light, after slow evaporation of the mother liquor.

I11.2.4. Preparation of the heterogeneous systems

[Mn"(OTf),(pypz-CH,COO0Si0,),], SP@Mn8. SP (0.1 g) was added to a solution of Mn8 (0.03 g,
0.037 mmol) in toluene (5 mL) and stirred at 35 °C for 6 days. The resulting product was
centrifuged, washed with methanol (2 x 5 mL) and acetone (5 mL) and dried in a hot air oven at

110 °C. UV-Vis (MeOH) [Ama, NM]: 248, 288.
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[Ru"Cl,(dmso),(pypz-CH,COOSIO,)], SP@Rul. SP (0.1 g) was added to a solution of Ru4 (0.05
g, 0.089 mmol) in EtOH:H,0 (7 mL, 6:1). Then, 1.5 equivalents of LiOH 4 M (0.133 mmol) were
added and the dispersion was magnetically stirred at 50 °C for 1 h. Afterwards, the resulting
dispersion was centrifuged, washed with MeOH (3 x 5 mL) and acetone (5 mL) and dried at

vaccuum. IR (Vmax, €MY): 1699 (v (C=0)4). UV-Vis (MeOH) [Amayx, NM]: 280, 378.

[Ru"Cl,(dmso),(pypz-CH,CO0SiO,@Fe;0,)], MSNP@Rul. 0.025 g (0.045 mmol) of Rud were
added to a dispersion of MSNP (0.05 g) in EtOH:H,0 (7 mL, 6:1). Then, 1.5 equivalents of LiOH
4M (0.067 mmol) were added and the dispersion was mechanically stirred at room
temperature for 4 h. Afterwards, the MSNP@Rul were magnetically separated from the
solution, washed with MeOH (3 x 5 mL) and acetone (5 mL) and dried at vaccuum. IR (Vax, €M

'): 1688 (v (C=0)s;). UV-Vis (MeOH) [Ayay, NM]: 278, 376.

II1.3. Cytotoxicity assays
II1.3.1. Tested compounds

Compounds and their ligands were first reconstituted in dmso and later diluted with sterile
and bidistilled water to a final concentration of 4 % dmso and their concentration was
determined using their extinction coefficients. The extinction coefficient of each manganese
compound was calculated experimentally by measuring their absorbance at the wavelength
where it has its maximum (An.y), i.e., 240 nm (Mn1), 276 nm (Mn4), 242 nm (Mn5), 282 nm
(Mn6), 248 nm (Mn7), 278 nm (Mn2 and Mn8) and 292 nm (Mn10), while for the ligands of
compounds Mn6-8, Mn1-Mn5, and Mn10 we used wavelengths of 278 nm, 276 nm, and 292
nm, respectively. A linear regression equation between absorbance at A (Amax) and different
compound concentrations was calculated. The extinction coefficients of compounds were
19082 (Mn1), 16291 (Mn2), 13353 (Mn4), 18186 (Mn5), 17526 (Mn6), 23274 (Mn7), 21380
(Mn8), and 23541 (Mn10) M™*cm™. For the ligands pypz-H (Mn1-5), pypz-Me (Mn6-7), pypz-
CH,COOEt (Mn8) and (-)-L (Mn10) we used extinction coefficients of 12452, 6719, 6717, 3625,
and 15467 M™cm™, respectively. The extinction coefficient of each ruthenium compound was
calculated experimentally by measuring their absorbance at the wavelength where it has its
maximum (Anax), i.€., 230 nm (Ru4), 238 nm (Ru5), 344 nm (Ru6), 286 nm (P2), 330 nm (Ru12),
336 nm (Rul4) and 340 nm (Rul5), while for the ligands pz-H, 3,4-dmpz-H, 3,5-dmpz-H, NO,-
pz-H, bpea and 953 we used wavelengths of 231 nm (for pz-H, 3,4-dmpz-H and 3,5-dmpz-H),
276 nm, 260 nm, 274 nm, respectively. A linear regression equation between absorbance at
Amax (Amax) and different compound concentrations was calculated. The extinction coefficients

of compounds were 12692 (Ru4), 11938 (Ru5), 419 (Ru6), 10076 (P2), 4402 (Rul2), 5315
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(Rul13) and 3336 (Rul4) M'cm™. For the ligands pz-H, 3,4-dmpz-H, 3,5-dmpz-H, NO,-pz-H,
bpea and 953 we used extinction coefficients of 295, 2741, 662, 7048, 6866, and 208 Mem™?,

respectively.

Stock solutions were then diluted to the desired final concentrations with sterile complete
medium immediately before each experiment. Cisplatin (Pfizer, Spain) and carboplatin (Teva,

Spain) were included as controls in these experiments.

II1.3.2. Cell lines and culture conditions

NCI-H460 human lung cancer and OVCAR-8 human ovarian cancer cell lines were obtained
from the National Cancer Institute-Frederick DCTD tumour cell line repository. MCF7, MDA-
MB-231 and SK-BR-3 human breast cancer cells lines and CCD18-Co human colon fibroblasts

were obtained from Celltec UB (Universitat de Barcelona, Spain).

The NCI-H460, OVCAR-8, MCF7 and MDA-MB-231 cells were routinely grown in RPMI,
supplemented with 10 % fetal bovine serum (FBS), 50 U/mL penicillin, 50 pg/mL streptomycin
and 2 mM L-glutamine. The SK-BR-3 cells were grown in McCoy's 5A medium and the CCD-
18Co in DMEM, in all cases supplemented with 10 % FBS, 50 U/mL penicillin, 50 pg/mL
streptomycin and 2 mM L-glutamine. The cells were used immediately after thawing and were
routinely grown at 37 °C in a humidified atmosphere with 5 % CO,. All media and reagents
used to culture the cell lines were from Lonza (Switzerland). Cells were maintained and
propagated following established protocols and remained free of mycoplasma throughout the

experiments.

I11.3.3. Cell proliferation assays

Cells were seeded into 96-well plates at the appropriate density, i.e., 1500 for OVCAR-8; 1900
for NCI-H460; 4000 for MCF7; 2500 for MDA-MB-231; 10,000 for SK-BR-3 and 4000 for the
non-tumor cell line CCD-18Co, cells per well. After 24 h of incubation, cells were treated for 72
h with various concentrations of the compounds. When indicated, the widely used ROS
scavenger N-Acetyl-L-cysteine (NAC) (Sigma, St. Louis, MO, USA) was added to a final
concentration of 5 mM. Cell viability was determined by the MTT method as previously
described. The ICsq value corresponds to the concentration of the assayed compound required
to inhibit cell proliferation by 50 % relative to untreated cells and, in each case, it was
calculated by linear interpolation from the obtained growth curves. All data are reported as
the mean + standard error (SE) of at least three independent experiments with three replicates

in each.
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I111.3.4. Cell cycle phase analysis

Cell cycle phase analysis was performed by propidium iodide (PI) staining. NCI-H460 and
OVCAR-8 cells (400,000 cells/100-mm dish) were treated with compound Mn10 and its ligand
(2 uM or 9 uM for NCI-H460 and 5 uM or 24 uM for OVCAR-8) for 72 hours. Cells were then
harvested and fixed with 70 % ethanol for at least 1 hour at -20 °C. Fixed cells were harvested
by centrifugation and washed in cold PBS. These collected cells were resuspended in PBS (1-2 x
106/mL) and treated with RNase A (100 pg/mL) and PI (40 pg/mL) (Molecular Probes, Eugene,
OR, USA) at 37 °C for 30 minutes prior to flow cytometric analysis. A minimum of 10,000 cells
within the gated region were analyzed on a FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA, USA). Cell cycle distribution was analyzed using the Flowlo program (FreeStar,

Ashland, OR, USA).

I11.3.5. Flow cytometric analysis of ROS generation

ROS generation was determined by flow cytometry using the carboxy-20, 70-
dichlorodihydrofluorescein diacetate probe (carboxy-H2DCFDA). Carboxy-H2DCFDA is oxidized
to green fluorescent dichlorofluorescein (DCF) by ROS species. Cells were seeded in 6-well
plates (70,000 cells/well) in phenol red-free RPMI 24 h prior to treatments. Cells were treated
with different concentrations of compound Mn10 and its ligand (2, 4.5 or 9 uM for NCI-H460
cells and 5, 12 or 24 uM for OVCAR-8 cells) for 48 or 72 hours at 37 °C. After treatments, cells
were washed with PBS and incubated with 1 pM carboxy-H2DCFDA for NCI-H460 cells or 0.5
UM for OVCAR-8 cells in PBS for 30 minutes at 37 °C in the dark. Then, cells were collected with
phenol red-free trypsin and analyzed on a FACSCalibur flow cytometer. The geometric mean
fluorescence intensity of 10,000 cells was established using CellQuest Pro software (Becton

Dickinson).

I11.3.6. Spectrophotometric and spectrofluorometric studies

Compound stability

Small amounts of freshly prepared individual compounds in dmso 4 % were diluted in PBS, pH
7.4. The concentration of each compound in the final sample was 40 uM. The resulting
solutions were monitored by collecting spectra at 0, 3, 24 and 48 hours at 25 °C between 230

and 320 nm in a Perkin-EImer Lambda BIO-20 UV-Vis spectrophotometer.



Chapter Il

In vitro ROS generation

Generation of ROS species in vitro was measured by consumption of ascorbic acid (AA). Small
amounts of compound Mn10 and its ligand were dissolved in 4 % dmso and diluted to a final
concentration of 1 uM with phosphate buffer pH= 7. The reaction was initiated by the addition
of a solution of AA to a final concentration of 100 uM. The disappearance of AA over time was
followed by its UV absorbance at 265 nm using a Perkin-Elmer Lambda BIO-20 UV-Vis

spectrophotometer.

Protein binding

UV-Vis spectra (between 230 and 320 nm) using a Perkin-Elmer Lambda BIO-20 UV-Vis
spectrophotometer of 25 uM of compound Mn10 and its ligand were recorded before and
after the addition of each model protein (chicken egg lysozyme, ribonuclease A and
cytochrome C) at a stoichiometric ratio of 4:1 (metal/protein) at different times for a period of

48 h in the dark in PBS pH=7.4.

I11.3.7. DNA interaction analysis

DNA interaction was monitored by agarose gel electrophoresis. Stock solutions of the
compound Mn10 and its ligand were freshly prepared in milliQ water with 4 % dmso. To
investigate whether the presence of ROS could mediate the interaction of the compound with
DNA, 1 uL of H,0, 30 % (w/v) was added to the reaction. The samples were prepared by mixing
0.5 pL of supercoiled pUC18 DNA at a concentration of 0.5 pg/uL (Thermo Scientific) with
appropriate aliquots of the compound or ligand followed by dilution with TE buffer (10 mM
Tris-HCl, pH= 7.6, 1 mM EDTA) to a final volume of 20 ul. A sample of pUC18 DNA -without
neither compound nor ligand was used as negative control. The samples were then incubated
at 37 °C for 24 h and then 4 pL of loading buffer (6x) (10 mM Tris-HCl, pH 7.6, 0.03 %
bromophenol blue, 0.03 % xylene cyanol FF, 60 % glycerol, 60 mM EDTA) were added to each
sample. The mixed solutions were loaded on a 0.8 % agarose gel in 0.5 x TBE buffer (89 mM
Tris-borate, pH 8.3, 2 mM EDTA) and electrophoresis was carried out for 1 h and 10 min at 100
V. Gels were stained with a ethidium bromide (1 pg/mL in TBE) for 15 min and the DNA bands
were visualized under UV light. For comparison purposes, cisplatin effect was evaluated under

the same experimental conditions.
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I11.3.8. Statistical analysis

All statistical analyses were performed with IBM SPSS Statistics 23 software for Windows
(USA). Results were analysed using the Student’s t test. P-values < 0.05 were considered

statistically significant.

Il1.4. X-ray structure determination

The measuraments were carried out on a BRUKER SMART APEX CCD using graphite

monochromated Mo Ka radiation (A= 0.71073 A) from an x-Ray Tube. Programs used: data

1 302

collection, Smart;*® data reduction, Saint+;>** absorption correction, SADABS.** Structure

3% The structure was solved by direct

solution and refinement was done using SHELXTL.
methods and refined by full-matrix least-squares methods on F2. In all complexes the non-
hydrogen atoms were refined anisotropically. For complexes Mn1, Mn2, Mn3, Mn5, Mn6,
Mn7, Mn8, Mn9, Rula, Rulb, Ru5 and Ru8, all the H-atoms were placed in geometrically
optimized positions and forced to ride on the atom to which they are attached, whereas for
complexes Mn4, Mn5, Ru7b, Ru9 and Rull, some particular treatments were applied as
described next. For complexes Mn4 and Ru7b, the N-H hydrogen was located in the difference
Fourier map and refined freely. Complex Mn5 is a co-crystal consistent of an equimolar
mixture of two isomeric molecules. For Ru9, the hydrogen of the different hydratation water
molecules present in the structure were not located on Fourier map, but were added in the
empirical formula and derived values (e.g. formula weight, F(000), etc), as in the case of Mn4
which a considerable amount of electron density attibutable to an ethyl ether disordered
solvent molecule per assymetric unit was removed with the SQUEEZE option of PLATON?®.
Those solvent molecules are, however, included in the reported chemical formula and derived
values. Finally, regarding complex Rull a considerable amount of electron density attributable
to disordered solvent which could not be identified was removed with the SQUEEZE option of
PLATON?*. Those solvent molecules are, however, included in the reported chemical formula
and derived values. The crystal was non-merohedrally twinned. The Twin law was calculated

304

with the instruccion TwinRotMat of PLATON”™ which also generated the hkfl5 files used to

refine the structure.

The refinament parameters for all crystal structures solved are gathered in Table Il1.1:



Chapter Il

Table Ill.1. Parameters for all crystal structures.

| . T Unique
Complex Color solvent o T(K)  @range pata Mumber of  reflections
crystallization collection reflections .
[R(int)]
full-
2.37 - sphere, w 2567
Mn1 colorless ethanol 298(2) o age and & 12727 [0.1002]
scans
full-
2.329-  sphere, w 5985
Mn2 colorless THF 298(2)  ,g369° and ¢ 15958 [0.0769]
scans
full-
2.03 - sphere, w 3467
Mn3 colorless CH,Cl, 298(2) 28.30° and & 40443 [0.1204]
scans
full-
diethyl 2.15 - sphere, w 5745
Mn4 colorless ether/ethanol 100(2) 28.46° and & 20260 [0.4239]
scans
full-
1.789-  sphere, w 6087
Mn5 colorless ethanol 298(2) 28.285° and ¢ 38802 [0.0414]
scans
full-
1.518 -  sphere, w 8273
Mn6 colorless CH4CN 142(2) 5o oge  and o 10955 [0.0816]
scans
full-
diethyl 1.455-  sphere, w 5471
Mn7 colorless ether/thf 130(2)  Se5850 and & 9186 [0.0853]
scans
full-
diethyl ether/ 2.043-  sphere, w 8955
Mng  colorless ch.cl, 2982) 76400 andd 57987 [0.0612]
scans
full-
dark 2.19 - sphere, w 4154
Mn9 green ethanol 293(2) g o and & 24962 [0.0826]
scans
full-
diethyl 2.343-  sphere, w 12040
Rula orange ether/methanol 1esi2) 28.391° and ¢ 31922 [0.0438]
scans
full-
2.301- sphere, w 5635
Rulb orange ethanol/CH,Cl, 100(2) 28.294° and & 35701 [0.1050]
scans
full-
2.202- sphere, w 6737
Ru2’ yellow CHCl, 298(2) 28.666° and & 40751 [0.0545]
scans
2.073 - full- 5491
Ru3 colorless CH,Cl, 298(2) g e sphere, o 11455 [0.0699]
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and ¢
scans
full-
diethyl 2.098 -  sphere, 5147
Ru5 rele ether/methanol B 28.251° and ¢ 31907 [0.0462]
scans
full-
2.461-  sphere, w 7288
Ru7b black water 298(2) 28.426° and & 21219 [0.0458]
scans
full-
2.073 -  sphere, w 7628
Ru8 red L 1002) 5060 andd 4639 [0.1877]
scans
full-
2.1- sphere, w 20358
Ru9 black hexane/acetone  298(2) 28.3° and ¢ 66240 [0.102]
scans
hemi-
diethyl ether/ 1.659-  sphere, w 5850
Rull brown cH,Cl, 1932) e85 andd 8320 [0.0685]
scans

IIL5. Catalytic studies
IIL.5.1. Epoxidation of alkenes
II.5.1.1.Homogeneous phase

Mn-based catalysis

An anhydrous CHs;CN (1 mL) solution of alkene (250 umol), manganese catalyst (2.5 umol) and
biphenyl (250 pumol, internal standard) was prepared in a 5 mL flask and cooled in an ice bath.
At this point, 39 % peracetic acid (500 umol) was added via syringe over 3 minutes under
stirring. The reaction vessel was then taken out of the ice bath and allowed to progressively
warm to RT. Each aliquot of the reaction taken for analysis was filtered through a basic
alumina plug and was analysed in a Shimadzu GC-2010 gas chromatography apparatus
equipped with an Astec CHIRALDEX G-TA column and a FID detector, and quantification was

achieved from calibration curves.

Ru-based catalysis

The ruthenium catalyst (1.25 pumol), alkene (125 umol) and Phl(OAc), (250 umol) were stirred
at room temperature in CH,Cl, (2.5 mL) for 24 h. After addition of an internal standard, the
sample was filtered through a basic alumina plug and quantified by GC analysis based on

calibration curves for each substrate and epoxide.
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I11.5.1.2.Heterogeneous phase

In ionic liquid: solvent media

Manganese catalyst (2.5 umol) and substrate (250 pumol) were dissolved in 2 mL of
[bmim]PFg:CH3CN (1:1) (bmim= 1-butyl-3-methyl-imidazolium). 39 % peracetic acid (500 pmol)
was added via syringe over 3 minutes at 0 °C. Afterwards the solution was stirred at RT for 3 h.
After completion, CH;CN was removed under vacuum and the resulting suspension was
washed with diethylether (3 x 5 mL) to extract the epoxide (which was then analysed by GC
after the addition of 250 umol of biphenyl) and the oxidant by-products. The remaining
mixture was washed with NaOH aqueous solution and dried in vacuum. A new load of
substrate and oxidant dissolved in acetonitrile was then added and the mixture was left for an

additional 3 h run. This procedure was repeated up to twelve times.

Based on silica-anchored catalysts

Alkene (2.2 umol) and heterogenized manganese catalyst (2.27-10™ pmol) were dissolved in 1
mL of anhydrous CH3;CN. The amount of heterogenized catalyst was calculated taking into
account the functionalization of SP (mmol Mn-g™). 39 % peracetic acid (4.54 pmol) was added
via syringe over 3 minutes at 0 °C. Afterwards the solution was stirred for 3 or 24 h at RT. After
completion, the resulting solution was centrifugated to separate the catalytic material from
the reaction medium. An aliquot (100 pL) was taken from the solution, was filtered through a
basic alumina plug and after the addition of an internal standard (biphenyl) the amount of the
remaining substrate was quantified by GC analysis based on calibration curves. The catalytic
heterogeneous system was washed with MeOH (3 x 5 mL) and acetone (2 x 5 mL) and was

used in a subsequent catalytic run.
I11.5.2. Hydration of nitriles

II.5.2.1.Homogeneous phase

The ruthenium catalyst (0.01 mmol), water (0.6 mL) and the corresponding nitrile (0.2 mmol)
were introduced into a sealed tube and the reaction mixture was stirred at 100 °C for 20 h. The
nitrile was extracted with chloroform containing an internal standard (biphenyl) to quantify
the remaining substrate by GC. The identity and purity of the resulting amides was assessed by

'H-NMR.
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I11.5.2.2.Heterogeneous phase

Nitrile (0.3 mmol) and heterogenized ruthenium catalyst (0.015 mmol) were dissolved in H,0
(1 mL) in a sealed tube and the reaction mixture was stirred at 100 °C for 20 h. The amount of
heterogenized catalyst was calculated taking into account the functionalization of SP and
MSNP (mmol Ru-g™). After completion, the resulting solution was centrifuged (in the case of SP
support) or magnetically separated (in the case of MSNP support) to separate the catalytic
material from the reaction medium. The catalytic heterogeneous system was washed with
water (2 x 2 mL), and was used in a subsequent catalytic run. The aqueous phases were put
together and the remaining substrate were extracted with chloroform (4 x 2 mL) containing an
internal standard (biphenyl), was filtered through a basic alumina plug and the ammount of

the remaining nitrile was quantified by GC analysis based on calibration curves.

III.6. Additional instrumentation and measurements

FT-IR spectra were taken in a Mattson-Galaxy Satellite FT-IR spectrophotometer containing a

MKII Golden Gate Single Reflection ATR System.

UV-Vis spectroscopy was performed on a Cary 50 Scan (Varian) UV-Vis spectrophotometer with

1 cm quartz cells.

Cyclic voltammetric (CV) and differential pulse voltammetry (DPV) experiments were
performed in an IJ-Cambria IH-660 potentiostat using a three electrode cell. Glassy carbon
electrode (3 mm diameter) from BAS was used as working electrode, platinum wire as auxiliary
and SSCE as the reference electrode. All cyclic voltammograms presented in this work were
recorded under nitrogen atmosphere unless explicitly mentioned. The complexes were
dissolved in solvent containing the necessary ammount of n-BusNH'PF¢ (TBAH) as supporting
electrolyte to yield a 0.1 M ionic strenght solution. All E;/, values reported in this work were
estimated from cyclic voltammetric experiments as the average of the oxidative and reductive
peak potentials (E,q + E,c)/2, or directly from the DPV peak. Unless explicity mentioned the

concentration of the complexes was approximately 1 mM.
Elemental Analyses were performed using a CHNS-O Elemental Analyser EA-1108 from Fisons.

ESI-MS experiments were performed on a Navigator LC/MS chromatograph from Thermo

Quest Finnigan, using acetonitrile as a mobile phase.

SEM images were recorded using a FE-SEM Hitachi, Japan, S-4100. Digital images were

collected and processed by Quarz PCl program.
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TEM images were recorded using a ZEISS EM910 equipped with a 4MP camera Gatan Orius SC
200 CCD.

For metal content determination a quadrupole-based inductively coupled plasma mass
spectrometer system (ICP-MS, Agilent 7500c, Agilent Technologies, Tokyo, Japan) were used.
This instrument is equipped with an octapole collision reaction cell. However, in this work, the
collision reaction cell acts only as an ion focusing lens because it was not filled with any

pressurized gas. Prior to measuraments, sample were digested with HCl: HNOs.

Thermogravimetric analysis (TGA) was performed under N, atmosphere with a 10 °C min™

heating rate from 30 °C to 700 °C.

NMR spectra were recorded on a 300 MHz and 400 MHz NMR spectrometer from Bruker.

Chemical Shifts (8) for 'H and *C were referred to internal solvent resonances.

Catalytic experiments analyses were performed in a GC-2010 Gas Chromatograph from
Shimadzu, equipped with an Astec CHIRALDEX G-TA Column (30 m x 0.25 mm diameter)
incorporating a FID detector. All the product analyses in the catalytic experiments were

performed based on calibration curves using biphenyl as internal standard.
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IV.1.

catalysts for epoxidation reactions.

IV.1.1. Synthesis and Structure

Chapter v

Reusable manganese complexes containing pyrazole-based ligands as

The synthetic strategy followed for all the complexes described in this chapter, together with

the ligands used, is outlined in Scheme IV.1.1. Different Mn(ll) salts are used as starting

materials and then the corresponding ligand is added stepwise for the preparation of

complexes Mn1-9.

) MnX,

X=Cl
EtOH
2.5:1 (L:M)

X = CF4S0;,
—33

THF

X =0Ac

[MnCl,(pypz-H),] Mnl

[Mn(CF;S50;),(pypz-H),] Mn2

» [Mn(OAc),(pypz-H),]  Mn3

pypz-H, L1

O
7 N\ 022
\N N-N_

pypz-Me, L2

— -
(o]
D Mn(CF;SO
N\ NN o~ _Mn(CFs505)2 | Mn(CF,S04),(pypz-CH,COOE®),] Mn8

pypz-CH,COOEt, L3

=
N\
n—NH
OH

HOphpz-H, L4

EtOH

X =NO,
EtOH

X=Cl
EtOH
1:1 (L:M)

X=Cl
EtOH

X = CF;S0;
L=

THF

THF

MnCl,

NaOH/EtOH

[Mn(NOs),(pypz-H),] ~ Mn4

[MnCly(pypz-H)(H,0),] Mn5

[MnCly(pypz-Me),] Mn6

[Mn(CF;80;),(pypz-Me),] Mn7

[MnCl(Ophpz-H),] Mn9

Scheme 1V.1.1. Synthetic routes for the preparation of complexes Mn1-9 and ligands used. The

metal:ligand ratio was 1:2 unless specified otherwise.

When an ethanolic solution of ligand pypz-H is added to MnCl, dissolved in ethanol with a

metal:ligand ratio 1:2.5, the complex [MnCl,(pypz-H),], Mn1, is obtained in good yield and it

can be crystallized by slow evaporation of the corresponding solution. However, when the
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metal:ligand ratio is 1:1 complex [MnCl,(pypz-H)(H,0),], Mn5, containing only one unit of the
bidentate ligand, is isolated. A metal:ligand ratio of 1:2 is used to obtain the mononuclear
compounds [Mn(CF;SOs),(pypz-H),], Mn2, [Mn(OAc),(pypz-H),], Mn3, and [Mn(NOs),(pypz-
H),], Mn4, starting from the corresponding Mn(ll) salts. A similar strategy is used to obtain the
complexes [MnCl,(pypz-Me),], Mn6, and [Mn(CF3SO3),(pypz-Me),], Mn7, using in this case the
pypz-Me ligand in a metal: ligand ratio 1:2. Compound [Mn(CFsSOs),(pypz-CH,COOELt),], Mn8,
is obtained in good yield when a THF solution of ligand pypz-CH,COOEt is added to
Mn(CF3S0s), with the same metal:ligand ratio Finally, the reaction of MnCl, with two
equivalents of the HOphpz-H ligand in the presence of NaOH results in the formation of the
Mn(Ill) complex [MnCl(Ophpz-H),], Mn9. In this case, the deprotonation of the ligand upon
coordination leads to the subsequent oxidation of the Mn center facilitated by the increased o-

donor capacity of the ligand.

The crystal structures of all complexes have been solved by X-ray diffraction analysis.
Crystallographic data and selected bond distances and angles for compounds Mn1-9 can be
found in the Supporting Information section (Tables SIV.1.1 and SIV.1.2). ORTEP plots with the
corresponding atom labels for the X-ray structures of all compounds are presented in Figures

IV.1.1- IV.1.3.
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F2

Mnl Mn2

Mn3 Mn4

Cl2a

Mn5

Figure IV.1.1. Ortep plots with the corresponding atom labels for the X-ray structures of compounds
Mn1-Mn5, which contain the pypz-H ligand.

FT 5



Chapter IV

Mn6 Mn7

F3

Mn8

Figure IV.1.2. Ortep plots with the corresponding atom labels for the X-ray structures of compounds
Mn6 and Mn7, which contain the pypz-Me ligand, and Mn8, with the pypz-CH,COOEt ligand.
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C12

=4

\ !
13 M
c1 c15°

C17

Mn9

Figure IV.1.3. Ortep plot with the corresponding atom labels for the X-ray structure of compound Mn9,
which presents the Ophpz-H ligand.

Crystal structures of mononuclear compounds Mn1-4, containing the pypz-H ligand, reveal in
all cases a distorted octahedral geometry around the metal, where the Mn(ll) ion is
coordinated by four nitrogen atoms of two pypz-H ligands and two anionic monodentate
ligands adopting a cis configuration. Compound Mn3 is, to date, the first described
mononuclear Mn(ll) compound where acetate groups are acting as monodentate ligands
adopting a cis configuration around the metal. It is noticeable that in the four complexes the
respective anionic ligands (X) are situated trans to the pyridyl ring of each pypz-H ligand, which
is consistent with the higher Lewis basicity of pyrazole as compared to pyridine then leading to
thermodinamically more favourable pyridine-Mn-X trans diagonals. Mn-N bond lengths also
manifest this trans influence since the average Mn-N,iq4, bond distances for each compound
(see Table SIV.1.2) are longer than the corresponding Mn-Npyraz0e, Where two pyrazole rings are
mutually in trans position. The Mn-Cl, Mn-Oifiatey MN-Ojcetate aNd Mn-O,iirate bond distances in

3% Metal-ligand

complexes Mn1-4 are comparable to those found in similar Mn(ll) compounds.
angles deviate significantly from the ideal value of 90° or 180° characteristic of a regular
octahedron due to the spatially constrained nature of the pypz-H ligand coordinated to the
metal (Np,-Mn-N,,= 70.87°; 72.77°; 71.07°; 71.95° for Mn1-Mn4 respectively); also, N,,-Mn-N,,
bond angles are significantly less than 180°. This deviation is more significant for the nitrate
compound Mn4 that, in fact, presents a distorted geometry between octahedral and trigonal

prismatic.

Also, weak intramolecular hydrogen bonding interactions are observed between the anionic X
ligands and the pyrazolic hydrogen atoms. In complex Mn1, the H(2b)-Cl(1) bond distance is
3.148 A (see Figure IV.1.1 for the numbering scheme). The triflate compound Mn2 displays two

strong intramolecular H-bonding between the non-coordinated oxygen atoms and the
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hydrogen atoms of the pyrazole ring (0(2)-H(6a) = 2.091 A; O(5)-H(3b) = 2.120 A) whereas for
the acetate compound Mn3, a strong intramolecular H-bonding is present between the
uncoordinated O(2) atom and H(1), 2.073 A. For complex Mn4, the highly distorted geometry
allows hydrogen-bonding interactions between the coordinated oxygen atoms and the closest

pyrazolic hydrogen atoms (O(1)-H(3) = 2.786 A; O(4)-H(6) = 2.721 A).

Crystal structures of compounds Mn6-Mn8 (Figure 1V.1.2), containing in this case two units of
the pypz-Me or the pypz-CH,COOEt ligands, also reveal a distorted octahedral geometry
around the metal, where Mn(ll) ion is coordinated by four nitrogen atoms of two pypz-R
ligands and by two anionic monodentate ligands adopting a cis configuration The Mn-Cl and
Mn-Ogifiate, boNd distances are comparable to those found in similar Mn(ll) (:ompounds305 and
also in complexes Mn1-4. Metal-ligand angles deviate significantly from the ideal value of 90°
or 180° characteristic of a regular octahedron due to the spatially constrained nature of the
pypz-Me or pypz-CH,COOEt ligands coordinated to the metal: N(1),,-Mn-N(3),,= 69.95°; N(4),,-
Mn-N(6),,= 70.4° (Mn6); N(1)p-Mn-N(3),,= 73.0°; N(4)p-Mn-N(6),,= 73.0 (Mn7); N(1),,-Mn-
N(3)p= 73.15°, N(4)p,-Mn-N(6),,= 73.45° (Mn8). Also, the trans N-Mn-N bond angles are
significantly less than 180° (175.25° in Mn6, 160.3° in Mn7 and 167.35° in Mn8). However,
despite the similarity in the nature of the ligands and the overall structural parameters,
different geometrical isomers are found for Mn6 and Mn7 in comparison with the rest of
complexes. The structural factors that could have an influence in this distinctive behaviour are

discussed next.

The spatial disposition of two pypz-R ligands and two monodentate ligands in an octahedral
environment, as is the case of complexes Mn1-4 and Mn6-8, could potentially lead to a set of
eight different isomers (including three pairs of enantiomers, see Scheme IV.1.2). The
nomenclature trans or cis for the isomers refers to the relative position of the two
monodentate X ligands and also to the relative position of the pyridyl or pyrazolyl rings of the

two pypz-R ligands in each case, as indicated in Scheme IV.1.2.
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A-cis-X-trans-Pz

_=N,, N
O
S \N Z
\ N/ \N J
\R X

R=H, Mn1-Mn4
R=-CHj;, Mn6-Mn7
R=-CH,COOEt, Mn8

A-cis-X-cis-(PyPz) A-cis-X-cis-(PyPz)

Scheme 1V.1.2. Possible diastereisomers for [MnX,(pypz-R),] complexes (R= -H, -CH; or -CH,COOEt),
Mn1-4 and Mn6-8.

As evidenced by the X-ray structures of the complexes (Figures IV.1.1 and IV.1.2), the
enantiomeric pair A/A cis-X-trans-pz is the isomer obtained for the four complexes containing
the pypz-H ligand, Mn1-4. The specificity towards this isomer can be interpreted in terms of
the presence of the previously mentioned intramolecular H-bonds between the monodentate
ligands (X) and the pyrazole H atoms in cis to each monodentate ligand, as will be described
later (see Figure SIV.1.10). However, in complexes Mn6-8, where the pyrazolyl H atoms are not
present, three different geometrical isomers can be found: the A/A cis-Cl-trans-py isomer for
Mn6, the A/A cis-CF3SO;-cis-(PyPz) for Mn7 and the A/A cis-CF3SOs-trans-pz isomer (as in the
case of Mn1-4) for Mn8.

The preferential formation of the enantiomeric A/A cis-X-trans-py isomers in Mn6 can be
interpreted in terms of the presence of H-bonding involving the pyridyl rings of the pypz-Me
ligands: two intramolecular H-bonds can be found between chlorido ligands and H atoms in

position 2 of the pyridine rings (H1a-Cl2 = 2.762 A, H10a-Cl1 = 2.733 A). The electronic factors

FRL 3
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associated to the formation of such H-bonds are undoubtedly the main argument for the
formation of this geometrical isomer because from a steric perspective it results in a highly
hindered structure, with two methyl,, groups directly facing the pyridyl ring of the other pypz-
Me ligand thus resulting in an extremely distorted octahedral geometry (the corresponding cis
bond angles are N1-Mn-N6 = 108.5° and N3-Mn-N4 = 105.2°, far above the ideal 90°). These
kinds of interactions are determinant in the specificity towards an isomer in some compounds

396397 The obtaining of the A/A cis-X-trans-pz isomer in Mn8

containing polypyridylic ligands.
can be rationalized in similar terms: the two coordinated O atoms from triflate ligands interact
with a methylene group from a —CH,COOEt chain in cis (H9b-05 = 2.425 A; H21b-08 = 2.411 A).
In this case, the length of the —CH,COOEt chain allows the occurrence of additional H-bonds
with the 2-pyridyl H atoms (H1a-03 = 2.618 A; H13a-0O1 = 2.714 A). Finally, in the case of
complex Mn7 the formation of the A/A cis-X-cis-(PyPz) isomer leads to the occurrence of only
one intramolecular H-bonding between the coordinated oxygen atom of one triflate ligand and
the H atom in 2 position of the pyridine ring situated in cis (H(1a)-O(4) = 2.615 A). Such H-
bonding is less energetic than the analogous H-:-Cl interaction found in Mn6 and thus the steric
arguments are in this case determinant preventing the formation of the A/A cis-X-trans-py
isomer that would take benefit from the formation of two H-bonding interactions but that

would in parallel set a methyl group and a pyridyl ring in a close, highly unfavourable cis

location.

Regarding the rest of complexes, the X-ray structure of complex Mn5 (Figure IV.1.1) is a co-
crystal that contains two isomers: trans-Cl,cis-H,0 and cis-Cl,trans-H,0 (see Scheme IV.1.3)
where two chlorido and two aqua ligands are mutually placed trans or cis, and m-stacking
interactions between the pypz-H rings of the two isomers are present. Also, weak
intramolecular H-bonding interactions take place between the hydrogen atoms of the pypz-H
ligand and the monodentate Cl or H,0 ligands disposed in cis configuration and located at the
equatorial plane defined by the pypz-H ligand (Npz-H---Cl, 3.094 A, Npy-H---O H, 2.883 A). These
intramolecular hydrogen bonding interactions together with the spatially constrained nature
of the pypz-H ligand coordinated to the metal are responsible for the distorted octahedral
geometry observed around the Mn(ll) ions (Npz-Mn(1)-Npy= 71.51°; Npz-Mn(1a)-Npy= 72.73°).
Compound Mn5 is the first reported co-crystal of Mn(ll) containing Cl and H,0 ligands and also
the first one containing a bidentate nitrogen ligand together with two Cl and two H,0 ligands;
some compounds are described in the literature that contain Cl and H,O ligands but together
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with two monodentate nitrogen ligands™" and, in all the cases, nitrogen ligands are arranged

in trans position with respect to each other.
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The spatial disposition of four monodentate ligands and one bidentate ligand in octahedral
environment, as is the case of Mn5, could potentially lead to a set of six different
stereoisomers (including two pairs of enantiomers), depicted in Scheme 1V.1.3. The
nomenclature trans or cis refers to the relative position of two identical monodentate ligands
(Cl or H,0) and, in the case of cis,cis isomers, the ligand indicated in brackets at the end is the

one placed in trans with regard to the pyrazole ring.

A-cis-Cl-cis-H,0-[H,0]

cis-Cl-trans-H,0

A-cis-Cl-cis-H,O-[Cl] A-cis-Cl-cis-H,O-[Cl]

Scheme IV.1.3. Possible diastereosiomers for complex Mn5.

As stated above, complex Mn5 is attained as an equimolar mixture of the two cis,trans isomers
depicted in Scheme 1V.1.3 and this behaviour is most likely explained by supramolecular
interactions taking place within the crystal. Weak intermolecular interactions such as hydrogen
bonding and aryl-aryl stacking interactions play important roles in the creation of a variety of

molecular architectures for molecular self-assembly and recognition.®

The geometries of
ligands also influence the topologies of their metal complexes, especially for low-nuclearity
coordination complexes.’'® In this context, the specificity towards the isomers formed in
complex Mn5 can be interpreted in terms of the presence of strong intermolecular H-bonding
(O-H---Cl contacts around 2.3 A) together with the above-mentioned m-stacking interactions
between the pyridine and pyrazole rings that establish connections between the two isomers
and favor their co-crystallization under the 1:1 ratio found. The resulting packing of this

compound presents a compact structure made by alternate layers of the two different

isomers, trans-Cl-cis-H,0 and cis-Cl-trans-H,0 (see Figure IV.1.4).
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Figure IV.1.4. Intramolecular hydrogen bonding interactions and packing diagram for complex Mn5.

Finally, complex Mn9 (Figure IV.1.3) can also be obtained as different isomers as depicted in
Scheme 1V.1.4, but the single trans-N-Mn-N isomer has been observed probably due, as is the
case for complexes Mn1-4, to the presence of two H-bonding N-H---O interactions between the

two Ophpz-H ligands that are not found in the rest of potential isomers.

trans-N-Mn-O, aplical Cl: trans-N-Mn-N, apical Cl:
I
cl cl ; cl
AN—H H— _~N—H ! He N
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%

A-cis-O A-cis-O
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& ~N—H H—N"X =N,
Nuy,,, | O O, | N==
/Mn "Mn'.
o \c| Cl/ ~~o

A-trans-O A-trans-O

Scheme IV.1.4. Possible diastereoisomers for complex Mn9.

The geometry around the Mn(lll) ion is a distorted square-pyramid with a Tindex of 0.20 (t=0
for a square-pyramid, and t = 1 for trigonal bipyramid),**! where the base is defined by the two
bidentate ligands and the monodentate chloride ion occupies the apical position. The Mn-0O
and the Mn-N average bond lengths are 1.85 A and 1.97 A respectively and are shorter than
the Mn-Cl bond (2.45 A) which indicates that the chloride ion interacts with Mn(Ill) in a weaker
way than the donor atoms from the hydroxyphenyl pyrazole ligands, as expected. However,

the Mn-Cl bond is shorter than the analogous Mn-X distance found in a similar structure that
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contains a Br’ ligand instead of CI', due to the smaller ionic radius and larger electronegativity

3122 This fact is also reflected in the distortion of the coordination

of CI" when compared to Br.
geometry, where the distance of the manganese(lll) ion from the N,O, mean plane is 0.242 A
(in the reported structure with a bromo ligand the distance of Mn with regard to the
analogous plane is 0.337 A). The average of the two intraligand O-Mn-N angles is slightly
smaller than 90° (89.07°). The structure contains also intramolecular H-bonding interactions
between the O atom of one Ophpz-H ligand and the pyrazole H atom of the other (Figures
IV.1.3 and SIV.1.11). The packing of Mn9, organized in zig-zag ladder-like chains (Figure
SIV.1.12), presents m-stacking interactions together with intermolecular H-bonding between Cl

and the pyrazole N-H atoms, (N(1)-H(1)---CI(1) = 3.207 A). These interactions are stronger than

in other compounds previously reported in the literature.*'?

1V.1.2. Electrochemical properties

The redox potentials of complexes Mn1-9 were determined by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) in CHsCN containing 0.1 M of n-BusNPFs (TBAH) as
supporting electrolyte using Ag/AgNO; as reference electrode. The voltammograms obtained
are shown in Figures IV.1.5 and IV.1.6 and in the supporting information section (Figure
SIV.1.13). The CV of complexes Mn1l and Mn5 (Figure 1V.1.5) exhibit a one-electron quasi-
reversible redox wave at potential values of E;; = 0.63 V (Mnl) and 0.66 V (Mn5)
corresponding to the Mn(lll)/Mn(ll) system. In contrast, for compounds Mn2, Mn3, and Mn4
the CV experiments do not display well defined redox processes and thus DPV experiments
have been carried out to determine the potential values more precisely (Figure SIV.1.14),
yielding Ej;, values (in V) of 0.72 (Mn2), 0.74 (Mn3) and 0.73 (Mn4). As can be observed,
triflate (Mn2), acetate (Mn3) and nitrate (Mn4) compounds are oxidized at higher potentials
than the structurally similar chlorido complex Mn1, which can be explained in terms of the
stronger electron-donating capacity of chlorido ligands compared to the above mentioned

anions.
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Figure IV.1.5. Cyclic voltammetry for complexes Mn1 (a) and Mn5 (b) in CH5CN vs. Ag/AgNOs.

The CV and DPV obtained for complexes Mn6-8, containing substituted pypz-R ligands, are
shown in Figure IV.1.6 and in the supporting information section (Figures SIV.1.13). The CV of
Mn6 (Figure 1V.1.6) exhibits a one-electron quasi-reversible redox wave at a potential value of
Ei;, = 0.62 V corresponding to the Mn(Ill)/Mn(ll) system, whereas in the case of complexes
Mn7 and Mn8 the CV experiments do not display well defined redox processes so DPV
experiments have been done to determine the potential values more precisely (Figure
SIV.1.14), showing E;/, values of 0.76 V for Mn7 and 0.80 V for Mn8. These values are again
higher than the corresponding to the chlorido complex Mn6, due to the stronger electron-
donating capacity of chlorido ligands compared to the triflate anions present in Mn7 and Mn8
compounds, as was the case of complexes Mn2-4 when compared to Mnl. However, when
comparing the whole set of complexes, it can be observed that the Mn(lll)/Mn(Il) E,/, values
are not significantly different for complexes leading an alkyl substituent on the pypz-R ligand
when compared to the pypz-H complexes, and the geometrical isomer does not exert any

substantial effect on the redox properties.
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Figure IV.1.6. Cyclic voltammetry for complex Mn6 in CH3CN vs. Ag/AgNOs.

Regarding the pentacoordinated Mn(lll) complex Mn9, an irreversible oxidation process is
found at E,,=0.95 V, which can be assigned to the Mn(IV/IIl) redox pair (Figure SIV.1.13). This
assignment has been carried out on the basis of a bulk electrolysis (not shown) performed at
an applied potential of 0.5 V after which the initial Mn(lll) complex remains unchanged. We
have not observed any wave corresponding to the Mn(lll)/Mn(ll) redox pair in the potential
range from -0.6 to 1.5V, indicating that the coordination of three anionic ligands to Mn highly

destabilizes the Mn(ll) oxidation state.

The monoelectronic nature of the wave was confirmed in compound Mn1l by performing a
bulk electrolysis of a 1 mM solution of the complex in acetonitrile at an applied potential of
Espp = 0.63 V, which transfers one electron per molecule of complex and leads to the
generation of {Mn"Cly(pypz-H),}" as attested by the CV obtained (Figure 1V.1.7). However, the
yield of Mn(lll) species is only 83 % as judged by comparison between the intensities of the
waves recorded before and after electrolysis, and two new irreversible oxidation waves appear
at 0.8 and 1 V which, in the case of the latter, could tentatively be assigned to the oxidation of
free chloride ions. The new wave at 0.8 V could be related to the presence of new Mn(ll)
species arising from substitution of Cl ligands by acetonitrile solvent, and the increase in the
E;/; value with regard to the initial wave would be in accordance with the higher electron-
withdrawing ability of CH;CN when compared to chlorido.*** The cyclic voltammetry obtained
after back-electrolysis performed at 0.3 V shows an increase of the intensity of the Mn(ll1/11)

redox wave but the initial species is not completely restored.
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Figure IV.1.7. CV of a 1 mM acetonitrile solution containing 0.1 M TBAH of Mn1 a) before electrolysis, b)
and c) after electrolysis at 0.63 V, d) after back-electrolysis at 0.3 V. The initial scan direction is indicated
by arrows in all cases.

The UV-Vis spectrum of the resulting oxidized compound was also performed (Figure SIV.1.15)
and shows the same features than other Mn(lll) complexes with nitrogen and chlorido based

ligands described in the literature 33

1V.1.3. Catalytic olefin epoxidation in acetonitrile medium

The catalytic activity of manganese compounds Mn1-9 towards styrene epoxidation using
peracetic acid (39 %) as oxidant in acetonitrile was investigated. Table IV.1.1 reports the
conversion and selectivity values for the epoxide product in each case. No epoxidation
occurred in the absence of catalyst, and olefin conversion values were below 5 % in the
presence of different manganese salts. Hydrogen peroxide was also tested as oxidant but did
not result in the formation of any epoxide and the decomposition of the oxidant dominated
through catalase-like activity despite very extensive attempts to develop effective conditions
similar to those previously reported.**® For example, the use of a combination of H,0, (50 %
aqueous solution) and acetic acid at 0 °C (1:10 H,0,:AcOH ratio) gave very low conversion

values (<10 %).

As we can see in Table 1V.1.1, all the compounds show moderate conversion and selectivity
values for styrene epoxide and in all cases benzaldehyde (4-19 % vs. epoxide) is detected as

main side product.'®
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The conversion values displayed by chlorido precatalysts with the pypz-H bidentate ligand,
Mn1 and Mn5, are higher than those presented by the triflate (Mn2), acetate (Mn3) or nitrate
(Mn4) complexes. The differences observed can be explained by slower oxidation kinetics for
the latter three compounds since the oxidation potential of the chlorido complexes (E;/; = 0.63
V, Mn1 and 0.66 V, Mn5) are significantly lower than those of complexes Mn2-4 (above 0.7 V).
Also, distinctive high-valent species are probably involved depending on the precatalyst used.
Previous works>®® demonstrated the remarkable differences in the oxidized species formed
from structurally analogous chlorido and triflate Mn complexes containing bipyridyl ligands,
where the high-valent species formed by oxidation of the chlorido complexes attained a higher
oxidation state thanks to the presence of Cl ligands that remained coordinated after addition
of the oxidant, and this was related to the better catalytic performance observed for these
complexes when compared to the analogous triflate compounds. A similar picture can be

postulated for the epoxidation mediated by complexes Mn1-5.
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Table IV.1.1. Catalytic epoxidation of styrene by Mn1-9 compounds using PAA as oxidant.” Conversion
(conv.) and selectivity (sel.) values are given in %.

CH;CO;H
cat., CH;CN, RT

Entry compound conv. sel.?
1 [MnCl,(pypz-H),], Mn1 47 60
2 [Mn(CF3S0s),(pypz-H),], Mn2 22 30
3 [Mn(CH5CO,),(pypz-H),], Mn3 26 55
4 [Mn(NOs3),(pypz-H),], Mn4 24 61
5 [MnCl,(pypz-H)(H,0),], Mn5 51 47
6 [MnCl,(pypz-Me),], Mn6 12 >99
7 [Mn(CF3S0s),(pypz-Me),], Mn7 10 >99
8 [Mn(CF3S0s),(pypz-CH,COOEt),], Mn8 21 58
9  [MnCl(Ophpz-H),], Mn9 34 50

®Conditions: catalyst (2.5 umol), substrate (250 pmol), CHsCN (1 mL). Peracetic acid 39 % (500 pmol)
added in 3 minutes at 0 °C, then 3 hours of reaction at RT. bSelectivity for epoxide (sel.):
[Yield/Conversion] x 100.

It is worth to notice that the replacement of the pyrazolic-H by the -CH; moiety as in the case
of the chlorocomplex Mn6 leads to a notable decrease of the conversion when compared to its
analogous Mn1 complex (12 and 47 % of conversion respectively), though in parallel with a
remarkable increase in the selectivity. A similar effect can be observed for related triflate
complexes (entries 2 and 7). On the other hand, when comparing analogous complexes with
substituted pypz-R ligands and different monodentate X ligands, the conversion value achieved
in the epoxidation of styrene for Mn6 is only slightly higher than that displayed by its
analogous triflate Mn7 complex, in contrast with the difference observed between complexes
Mn1 and Mn2 explained above. Moreover, compound Mn8, with triflate and pypz-CH,COOEt
ligands, shows better performance than Mn6 and Mn7 complexes. These evidences indicate
that other factors than redox potential must be taken into account, and the N-substitution of

the pypz ligand seems in general to worsen the catalytic activity. This effect could arise either
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from the higher electron density of the alkylated pypz-R ligands, or from a structural influence
that would hinder the decoordination of the X ligands making it more sluggish. The different
geometrical isomer in Mn6 and Mn7 could also have some influence since it might condition
the approach of the alkene substrate to the active intermediate species upon decoordination

of the monodentate X ligands.

Finally, the activity of complex Mn9 towards the styrene epoxidation is also moderate despite
its pentacoordinated nature that in principle should favour the approach of the substrate
towards the active site. This fact could be due to the strongly coordinating and electron-donor
ability of the anionic phenolate moieties that would increase the stability of a putative high-
valent metal-oxo intermediate hence decreasing its reactivity and leading to a lower

31 |In the case of

conversion of substrate, as has been observed with other Mn(lll) compounds.
Mn9 complex, the main factors affecting the reactivity seem to be the nature of the ligands

and the coordination environment rather than the oxidation state of the initial precatalyst.

In order to further rationalize the catalytic behaviour of the complexes, compounds Mn1, Mn5
and Mn6-9 (which present different number and types of bidentate ligands, different isomers,
coordination environments, and Mn oxidation state) have been tested in the epoxidation of
other olefins. Table IV.1.2 reports the conversion and the selectivity values obtained for the

corresponding epoxide products.
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Table 1V.1.2. Catalytic epoxidation of different alkenes with compounds Mn1, Mn5 and Mn6-9, using
peracetic acid as oxidant.” Conversion (conv.) and selectivity (sel.) values are given in %.

Complex Mn1 Mn5 Mn6 Mn7 Mn8 Mn9
Entry Substrate conv. sel.? conv. sel. conv. sel. conv. sel. conv. sel. conv. sel.
x
1 O/\ 47 60 51 47 12 >99 10 >99 21 58 34 50
N 89 68 89 92 98 84
2 m 41 33 31 28 30 61
[85/15]° [80/20]° [30/70]° [56/44]° [1/99]° [85/15]°
2
3 ©/\/ 61 >99 47 58 41 72 37 67 55 57 87 85
N 92 90 >99 >99 >99 63
4 U\ >99 80 66 62 91 >99
[100/0]% [100/0]% [100/0]° [100/0]% [100/0]% [100/0]°
5 O >99 >99 86 >99 80 >99 82 >99 85 85 98 >99

®Conditions: catalyst (2.5 umol), substrate (250 umol), CHsCN (1 mL). Peracetic acid 39% (500 pmol)
added in 3 minutes at 0 °C, then 3 hours of reaction at RT. bSelectivity for epoxide (sel.):
[Yield/Conversion] x 100. © Ratio [% cis epoxide/ % trans epoxide]. “Ratio [% ring epoxide/ % vinyl
epoxide].

As can be observed in Table IV.1.2, moderate conversion values are obtained in general for the
three aromatic olefins tested (entries 1-3) whereas the six catalysts display better
performances when epoxidizing the aliphatic cyclooctene and 4-vinylcyclohex-1-ene substrates
(entries 4 and 5). Moderate to high selectivity values for the corresponding epoxides are
observed in all cases, with formation of minor amounts of the corresponding aldehyde, alcohol

or/and ketone.

The improved performance observed for the most electron-rich aliphatic substrates suggests
that an electrophilic active species could be responsible for the attack at the alkene position.
This is also in agreement with the catalysts leading specifically to the epoxidation of the ring
alkene position at the 4-vinylcyclohex-1-ene substrate. The epoxidation of this olefin with

d*%*** and the results indicate that either

manganese complexes has been only scarcely studie
a mixture of the two possible regioisomers or the corresponding diepoxide are formed. To the
best of our knowledge, the total epoxidation of the alkene ring position has never been

reported with manganese compounds.
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Concerning the epoxidation of the aromatic substrates (entries 1-3), it is interesting to observe
the increased conversion of compound Mn9 with regard to the rest of complexes in the
epoxidation of cis and trans-B-methylstyrene, which could be caused by the hexacoordinated
nature of the latter precatalysts that presumably leads to an increased steric encumbrance
(the pyramidal complex Mn9 probably provides a faster route for the approach of the
substrate). However, for styrene, as described earlier, the best performances are shown by the
pypz-H complexes Mnl and Mn5, followed by the pyramidal Mn9 complex and with the
compounds containing the alkylated pypz-R ligands displaying the worse conversion degrees.
This behaviour seems to indicate that, in the case of styrene, electronic factors dominate over
the steric encumbrance and consequently the most electron-rich complexes Mn6-8 (with
alkylated pypz-R ligands) and Mn9 (containing the anionic Ophpz-H ligand), lead to lower
conversion degrees compared to the pypz-H Mnl and Mn5 compounds. As mentioned above,
slower kinetics for the decoordination of the monodentate X ligands due to steric factors can

also be invoked to explain the lower activity of complexes Mn6-8.

On the other hand, the epoxidation of the aliphatic substrates (entries 4 and 5) manifests both
types of effects. Considering structural factors, we should expect complex Mn9 to be the best
catalyst and, indeed, it displays excellent performance for both aliphatic substrates. However,
the octahedral complex Mn1 presents an equal activity, followed by complexes Mn5 and Mn8,
and then by compounds Mn6 and Mn7. Firstly, if we compare the two octahedral pypz-H
complexes Mnl and Mn5, the lower performance displayed by Mn5 is rather explained by
electronic factors as a less electrophilic active species is expected for this catalyst that contains
only one electron-acceptor pypz-H ligand, differently to the bis(pypz-H) complex Mnl. In
contrast, the complete conversion attained by complex Mn9 evidences a structural influence
since one would expect a poorly electrophilic intermediate for this catalyst containing two
anionic Ophpz-H ligands, as discussed above for the aromatic substrates. Secondly, we should
expect a relatively poor activity for complex Mn8 (containing the pypz-CH,COOEt ligand)
arising from both electronic and structural factors, as is the case of complexes Mn6 and Mn7.
However, triflate compound Mn8 performs in general better than the other two pypz-R
complexes, and these results could also be explained on the basis of both electronic and
structural arguments, invoking favourable interactions exerted by the the CH,COOEt
substituents thanks to the overall spatial arrangement in the high-valent metal-oxo
intermediates. In this context, it is important to bear in mind the type of environment close to
the Mn=0 active group where the olefin will approach, and substituents in Mn8 might play a

role by exerting Van der Waals or H-bonding interactions that could favour the substrate
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approach. As mentioned above, the three pypz-R compounds are isolated under different
geometrical isomers and, in the case of complex Mn8, both CH,COOEt arms would be close to
the vacant sites letf after decoordination of the triflate ligands, a fact that could explain in part

its improved performance with regard to Mn6 and Mn7.

Regarding the oxidation of cis-B-methylstyrene, the selectivity for the epoxide is high in all
cases, but it is not stereospecific since a certain amount of trans-epoxide (between 15 and 99
%, depending on the catalyst) is produced. This behaviour is similar to that displayed by
Mn(salen) catalysts bearing chlorido as counterion/axial ligand,®’ but it is different to
[MnCly(L),], with L= pinene-bypiridylic ligand,>*****” where only cis-epoxide is produced. This
results suggest in our compounds the presence of a long-lived free substrate radical during the
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oxygen transfer process - where the C-C bond rotation leading to cis/trans isomerization in

the intermediate species formed is faster than the closure of the ring (Scheme 1.13).

It is surprising this variance in cis/trans selectivity when complex Mn1 is compared to the
structurally analogous [MnCI,(L),], where the only difference is the presence of a second
pyridyl ring instead of pyrazolyl in the bidentate ligand. It is clear that the pyrazole ring must
have a distinctive electronic and/or structural influence in the stabilization of the intermediate
radical species formed. The differences in the reaction pathway arising from the distinctive
nature of a bipyridyl and pypz ligands have been analysed through DFT calculations and will be
described later in this chapter. Moreover, it seems clear that the occurrence of different
structural isomers in the compounds tested, together with electronic factors, must have a
distinctive influence in the stabilization of the intermediate species formed and consequently

in the different cis/trans selectivity values observed in Table IV.1.2.

In order to obtain more information about the formation of high-valent species in acetonitrile,
we carried out UV-Vis spectroscopic measurements on compounds Mnl and Mn9 to observe
their evolution after addition of peracetic acid and styrene. The procedure consisted on adding
2 equivalents of peracetic acid and, after 15 minutes, 10 equivalents of styrene, and
monitoring the UV-Vis spectrum periodically (see below). The oxidant was initially added at a
temperature of -10 °C to slow down the reaction in the case of Mnl, but for Mn9 the

temperature had to be increased to 25 °C due to solubility problems.

The different UV-Vis spectra registered are gathered in Figure 1V.1.8. In the case of complex
Mn1, the initial colourless solution changed to brown with the addition of peracetic acid at -10
°C and a new band appeared in the visible region at 570 nm with a strong increase of the

absorbance below 490 nm (Figure IV.1.8A). This band suggests the formation of Mn(lll)
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species,® as also stated by the ESI-MS experiments described later. After 15 minutes evolving
to room temperature the spectrum is unchanged. Subsequent addition of styrene (10
equivalents) induces a change in the spectrum, reducing this species to low-valent manganese

(I1) species.

A)

390 490 590 690 790

B)

Abs

434 534 634 734
A (nm)

Figure IV.1.8. A) Evolution of UV-Vis spectrum of complex Mn1 in CH;CN (1.4 mM), upon addition of 2
eq. of peracetic acid at -10 °C and 10 eq. of styrene substrate at 15 °C: (a) initial, (b) 1 minute after
addition of PAA, (c) 15 minutes after addition of PAA (addition of styrene at this point), (d) 1 hour after
addition of styrene (e) 20 hours after addition of styrene; B) Evolution of UV-Vis spectrum of complex
Mn9 in CH;CN (1.4 mM), upon addition of 2 eq. of PAA at 25 °C and 10 eq. of styrene substrate at 25 °C:
(a) initial, (b) 1 minute after addition of PAA, (c) 15 minutes after addition of PAA (addition of styrene at
this point), (d) 1 hour after addition of styrene (e) 20 hours after addition of styrene.

A similar experiment has been performed with Mn9 (Figure IV.1.8B), but at an initial
temperature of 25 °C. When 2 eq. of peracetic acid were added to an acetonitrile solution
containing the Mn(lll) compound, the initial dark green colour turned to greenish-brown, and
the band at 636 nm was initially shifted to 680 nm. After 15 minutes, a decrease of the overall
absorbance was observed, indicating that lower temperatures would be necessary to avoid

degradation under these experimental conditions. This latest spectrum can be attributed to a
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new Mn(lll) species arising from oxidant and solvent coordination as evidenced by the ESI-MS
spectrum of the solution (see below). At this point, styrene is added but no further changes are
observed in the UV-Vis spectra. It must be noticed that the catalytic experiments previously
described have been carried out using a large excess of oxidant, thus allowing the catalytic

activity for both complexes.

Electrospray mass spectra were recorded in positive detection mode for both complexes after
addition of two equivalents of peracetic at 0 °C (Figure SIV.1.16). In the starting solution (still
without oxidant), ions at m/z 457.2 for Mn1 and 372.9 for Mn9 were detected, corresponding
to [MnCly(pypz-H),]-H,0-Na* and [Mn(Ophpz-H),]" respectively. After addition of PAA new
peaks appear that, in the case of compound Mnl, may be attributed to different cationic
species of Mn(Il), Mn(lll) and oxo-bridged binuclear manganese (lll) compounds. In the case of

Mn9 only mononuclear cationic species of Mn(lll) have been detected.

In addition to the species mentioned above, it should be noted that other high-valent
mononuclear oxo or peroxo manganese species could be involved as catalytic active species, as
has previously been reported in the epoxidation reaction with peracids.>*"**® Also, several
types of reactive intermediates including cis-Mn"(0), and trans-Mn"(0),,>*>**° have been
proposed in the literature for Mn-catalysed organic oxidations. These intermediate species
might be transiently formed upon addition of oxidant, but they are not spectroscopically
observable, or they are present in a too low concentration to be detected in the experimental

conditions tested.

IV.1.4. Computational studies on the epoxidation of cis olefins

DFT calculations have been carried out to unravel the origin of the about 15 % of cis = trans
isomerization in the epoxidation of cis-B-methyl styrene with complex Mn1 in comparison with

the total stereoselectivity for the cis-epoxide observed with [MnCl,(L)] (L = SPAN ligands)™** o

r
[MnCly(L),](L= bypiridylic ligands).”®’ Starting with the catalytic, high oxidation active species
[Mn"(0),] generated from the precatalyst Mn1, Figure IV.1.9 displays the reaction profiles

leading to cis and trans epoxides.

The initial ground state of complex Mn1 is a doublet. Then it switches to quadruplet after the
formation of the biradical species Il. The reaction pathway follows the typical scheme for such
epoxidations, with two steps that require overcoming low barriers for system Mn1l. Once the
intermediate radical species Il is formed, the direct closure of the ring (ll— lll.) requires

overcoming a barrier of 2.0 Kcal/mol, a value slightly higher than the 1.0 Kcal/mol
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corresponding to the barrier of the cis>trans isomerization, ll;s— ll;,. However, the closure
of the ring after isomerization through the subsequent transition state ;s Wlyans, requires
0.6 kcal/mol more than the closing transition state ll;s— Il s leading to cis epoxide. This
explains why there is some degree of cis — trans isomerization although at the end the cis

epoxidized product is the main product obtained experimentally despite being 1.1 Kcal/mol

less stable.
_ v
[ 1-[Mn"*(0),] =
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N/// N o \\\
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Figure IV.1.9. Reaction pathway for the epoxidation of the cis-B-methylstyrene substrate by the catalyst
Mn1 (Gibbs energies in Kcal mol™).

As discussed before, the stereoselectivity observed in catalyst Mn1 is different to that found in
catalysts with non-pyrazolic based ligands. To explore the origin of this difference we have
calculated the reaction mechanism for some complexes bearing non-pyrazolic ligands
(complexes 2 and 3, Figure SIV.1.17), and also for complex 1, where we have substituted the
NH groups of catalyst Mnl by CH,, to discuss the role of potential H-bonds involving the NH
groups. In all cases, the reaction profile is quite similar (see Table 1V.1.3), although some
differences are observed. If we focus the discussion on the stereoselectivity of the reaction, we
have to analyze the reaction pathways starting from Il.;. For complex 1 the energy barriers of

the reactions ll— ;s and = g, are very low, 0.5 and 0.3 Kcal/mol respectively. On the
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other hand, the ll;4,s— ll,qns process has to surpass a barrier of 3.2 Kcal/mol. Overall, for 1,
application of the Curtin-Hammett principle leads to the conclusion that the cis product
formation will be more favored in this case than for Mn1. To compare the role of pyridyl and
pyrazole based ligands, we envisaged calculations with complexes 2 and 3, which
experimentally have demonstrated to give selective cis epoxidation from cis substrates.
Bearing in mind the previously reported SPAN based system 2 (see Figure SIV.1.17),"*%* we
found a relative instability of the Il s species that would not favor the cis = trans isomerization
but the direct closure of the cis epoxide ring through a barrierless step (ll;s— lll), i.e., the key
results to point out are that the barrier of the isomerization ls-ll;ans is 2.0 Kcal/mol higher in
energy than the closure of the cis epoxide, exactly the opposite with respect to the situation
found in Mn1. Consequently, for catalyst 2, ;s is not formed and the reaction is completely
stereoselective. To find a reason for the higher reactivity of 2 as compared to Mn1 in the Il ;—
lll;; process, we looked at the NBO charges of intermediate Il and we found only slight
differences. For instance, the negative charge of the oxygen atom attacking the C atom to
close the ring is 0.03 electrons more negative in 2. Even though this slightly different charge
can make a difference, we think that the main reason for the larger reactivity of the Il — Il ;s
process in 2 has to be ascribed to the different O---C distance in Il that will be transformed
into a O-C bond in lll. This distance is nearly 0.3 A shorter for complex 2 (see Figure SIV.1.17),
with respect to complex Mn1.

Table 1V.1.3. Reaction coordinate energies (in Kcal mol™) for epoxidation of cis-B-methylstyrene with
catalysts Mn1, 1, 2 and 3.

"cis' | Icis'l |tmns "trans' I Itmns' I Itrans

v ”cis'”lcis
Cat [Mn 02] Icis Icis'"cis "cis "cis'"lcis P I"r:is P trans - Itmns
barrier Hrons  barrier Wlons  barrier
Mn1l 39.8 324 325 7.7 9.7 2 0.0 8.7 1 7.7 103 2.6 -1.1
1 356 306 339 9.2 9.7 0.5 0.0 9.5 0.3 8.0 11.2 3.2 -2.5
2 334 313 320 75 8.8 1.3 0.0 108 33 5.6 6.9 13 -1.0
3 37.8 315 322 84 10.1 1.7 0.0 13.2 4.8 6.9 7.0 0.1 -2.8

On the other hand, the use of a bipyridyl ligand in 3 (see Figure SIV.1.17) instead of five-
membered rings like in systems Mnl and 1, and with added sterical hindrance due to the
presence of a pinene group in each bipyridine, confirms that the formation of trans epoxides

was not possible because Il -1l transition state is 3.1 Kcal/mol higher in energy with respect
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to the closure of the cis epoxide through the Il -lll;s pathway and thus, no competition is

likely.

Further calculations on the epoxidation of the 4-vinylcyclohex-1-ene substrate by Mnl-
[Mn"(0),] confirmed the complete selectivity towards the alkene epoxidation at the ring
position that was found experimentally. Indeed, the first barrier of the reaction pathway,
which would be equivalent to the I -l step displayed in Figure IV.1.9 for the cis-B-
methylstyrene substrate, is located 1.8 Kcal/mol higher in energy for the terminal epoxidation

than for the ring epoxidation.

IV.1.5. Catalytic olefin epoxidation in different media. Reusability of catalysts in
ionic liquid:CH3CN.

We have also tested the performance of precatalysts Mn1, Mn5 and Mn9 in different media to

the above described acetonitrile. Current research has been going on in trying to find new

solvents with low environmental impact.” The need to develop sustainable oxidation processes

led us to test the effect of different clean solvents as ionic liquids (IL) or glycerol on the

epoxidation of alkenes using the above-mentioned compounds as catalysts.

First of all, the suitability of using an ionic liquid as solvent or co-solvent vas evaluated with the
commercial ionic liquid [bmim]PFg, We have investigated the catalytic performance of complex
Mn1 in ionic liquid media using different IL:acetonitrile ratios, with trans-B-methylstyrene as
substrate, and the results are displayed in Table IV.1.4.

Table 1V.1.4. Optimization of the procedure for the epoxidation of trans-B-methylstyrene substrate in
ionic liquid:solvent media with Mn1 as catalyst. Conditions: trans-B-methylstyrene (250 umol), catalyst

(2.5 umol), peracetic acid (500 umol), RT, 3h. Conversion (conv.) and selectivity (sel.) values are given in
% and were evaluated by GC analysis with biphenyl as internal standard.

Entry [bmim]PF¢/solvent Solvent conv. sel.
ratio
1 1/0 - 99 <10
2 1/0.5 CH3CN 90 43
3 1/1 CH3CN 85 96

In pure ionic liquid (entry 1 in Table 1V.1.4) quantitative olefin conversions are obtained, but
with low selectivity values, presumably due to the hydrolysis and/or overoxidation of the
corresponding epoxide.®”* In general, better performances (in terms of conversion and

selectivity) are obtained in presence of IL:CH;CN 1:1 ([bmim]PFs:acetonitrile ratios) (entry 3),
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and these conditions were chosen for subsequent catalytic tests carried out in a mixture of

solvent and ionic liquid.

The results obtained for the catalytic tests performed with complexes Mn1, Mn5 and Mn9
using different solvents are gathered in Table IV.1.5. The substrates chosen for this study were
cis and trans-B-methylstyrene, and cyclooctene. As was the case for the catalytic experiments
performed in acetonitrile, no epoxidation occurred in the absence of catalyst or in the
presence of Mn salts in any case. The results obtained in pure acetonitrile, discussed
previously, are included for purposes of comparison

Table IV.1.5. Epoxidation tests performed with complexes Mn1, Mn5 and Mn9 in different media.’
Conversion (conv.) and selectivity (sel.) values are given in %.

[MnCly(pypz-H),],  [MnCl(H,0),(pypz-H)],  [MnCl(Ophpz-H),],

Mn1 Mn5 Mn9

Entry  Substrate Solvent conv. sel.” conv. sel. conv. sel.
1 CH;CN 41 89° 33 68° 61 84°
\ . d d d

2 @ [bmim]PFs:CH3;CN 80 80 43 70 65 80
3 glycerol 73 57° 38 32° 76 25°
4 CHsCN 61 >99 47 58 87 85
5 ©/\/ [bmim]PFg 99 <10 76 14 97 <10
6 [bmim]PFg:CH3CN 85 96 54 83 82 97
7 glycerol 86 38 71 20 90 17
8 CHsCN >99 >99 86 >99 98 99
9 [bmim]PFg:CH3;CN >99 >99 73 >99 99 97
10 glycerol 64 76 69 69 74 98

®Conditions: catalyst (2.5 umol), substrate (250 pmol), Solvent (2 mL). Peracetic acid 39% (500 pumol)
added in 3 minutes at 0 °C, then 3 hours of reaction at RT. When using [bmim]PFs:CH;CN mixtures the
ratio was 1:1 in all cases. bSelectivity for epoxide (sel.): [Yield/Conversion] x 100. “ 15 % of trans epoxide
isomer has been obtained for catalysts Mn1 and Mn9, whereas it was of 20 % for Mn5. 9<5 % of trans
epoxide isomer has been obtained for all catalysts. ° 100 % of cis epoxide has been obtained.

As can be observed (comparing for instance entries 1/2, 4/6 or 8/9) the selectivity for the
epoxide product is well maintained in IL:CH3CN 1:1 mixture when compared to acetonitrile
with only a slight decrease in some cases, but it is important to note that the presence of the
ionic liquid exerts a significant stabilizing effect on our catalysts, and the conversions are
improved particularly for complex Mn1, whereas are well maintained at moderate to high

values for the case of complexes Mn5 and Mn9. The ionic liquids have been described to have
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a variety of distinctive effects in catalysis (being in some cases directly involved in the catalytic
path) and, in our case, we can postulate a stabilizing effect arising from electrostatic or m-
cation interactions between the bmim® cation and the aromatic rings of the ligands in the

22 However, the presence of acetonitrile is essential to achieve good

intermediate Mn species.
selectivities for the epoxide product (see entry 5), and a possible reason is that it could inhibit
the mechanism of hydrolysis in a similar way to other coordinating base species which block
the access of the epoxide to the acidic metal centre inhibiting the hydrolysis and consequently

increasing the selectivity for the corresponding epoxide.**

On the other hand, the reaction in glycerol leads to an increase in the conversion values for the
methylstyrene substrates with regard to acetonitrile (compare entries 1 and 3, or 4 and 7) but
in the case of cyclooctene only a moderate conversion is attained. Also, the selectivity values
for the corresponding epoxides are moderate to low, probably due to the hydrolysis of the
epoxide as described previously for the IL:acetonitrile systems.? In the case of cyclooctene the
selectivity values in glycerol are higher than for the two methylstyrene substrates but,
although a decrease in the selectivity was observed for the latter, a total stereospecificity was
observed for the cis epoxide in the epoxidation of cis-B-methylstyrene mediated by the
complexes synthesized. In this context, these preliminary results are promising for the use of
glycerol as a green solvent in oxidation processes using peracetic acid as oxidant. As we have
previously reported, the performance of compound Mn1 as catalyst in these media is better
than the one displayed by compound Mn5, which corroborates again the role of pyrazolic

ligands in the modulation of the catalytic activity.

Based in the above results, the recyclability of the Mnl and Mn9 catalytic systems was
investigated in [bmim]PFs:CH3;CN medium and the results obtained for both catalysts are
displayed in Figure IV.1.10 and in Figures SIV.1.19 and SIV.1.20. One can observe that the
catalysts maintain an excellent performance through up to 12 runs in all cases. The selectivity
towards the epoxide product is also well maintained and the conversion values are near 100 %
for trans-B-methylstyrene (Figure IV.1.10) and cyclooctene (Figure SIV.1.20), and close to 90 %
for cis-B-methylstyrene (Figure SIV.1.19). In this latest case, the selectivity for the cis epoxide is
maintained through all the runs and this value is higher than in acetonitrile solvent (< 5 % of
trans epoxide isomer has been obtained for catalyst Mnl1l and < 10 % for catalyst Mn9,
whereas in acetonitrile this value was around 15 %). The overall turnover numbers for the
obtaining of the respective epoxides are; 914 (complex Mn1) and 1033 (complex Mn9) for
trans-B-methylstyrene; 1190 (complex Mn1) for cyclooctene; 915 (complex Mn1) and 880

(complex Mn9) for cis-B-methylstyrene. It is worth to notice the good stabilizing effect of the
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ionic liquid on the catalysts that allows their reuse without loss of activity and keeping

excellent selectivity values.
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Figure 1V.1.10. Conversion (orange bars) and selectivity (pink bars) values obtained throughout
consecutive reuses of complex Mnl (a) and complex Mn9 (b) in the epoxidation of trans-p-
methylstyrene in [omim]PFs:CH;CN (see text for experimental conditions).

To the best of our knowledge, these systems constitute one of the most effective and stable
epoxidation systems based on the reutilization of manganese compounds and the first

example of Mn(ll) and Mn(lll) complexes with pyrazole- based ligands tested under such

conditions.

IV.1.6. Heterogenization of complex [Mn(CF3S03)2(pypz-CH2COOEt):] onto a SiO;
support.

IV.1.6.1. Immobilization of complex Mn8

The immobilization method used for the heterogeneization of [Mn(CF3SO3),(pypz-CH,COOEt),]
(Mn8) is based on covalent binding formed between the modified pyridine-pyrazole ligand

containing an ethyl ester group and the silica particles and, consequently, a strong interaction
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between the catalyst and the support is achieved. In order to create this covalent bond, the
pypz-H ligand was first functionalized with an ethyl acetate group to generate the pypz-
CH,COOEt ligand. The anchoring to the surface of silica particles will be carried out through the
subsequent hydrolisis of the terminal ester group of the ligand to generate the corresponding
carboxylic acid, which will be able to form covalent C-O-Si bonds at the surface of the silica

particles.

Silica mesoporous particles (SP) with mean diameter of aprox. 200 nm and surface area of 886
m?/g were chosen as heterogeneous support. The immobilization of the complex onto the SP
surface was performed through the attachment of the previously synthesized Mn8 complex
(that bears two units of the pypz-CH,COOEt ligand), by simply stirring a toluene solution of the
complex and SP at 35 °C for 6 days (Figure IV.1.11). The resulting SP@Mn8 modified silica was

centrifuged, washed with methanol and acetone and dried at air.

00CH,C——N,

FaCO,S0,, / N s

Toluene, 35°C
6 days F300280/\ NN
A
0OCH,C——N" ™

. \\\\\\

Si0, +

Figure IV.1.11. Synthetic strategy for the immoblization of Mn8 onto silica particles (SP).

However, under the synthetic conditions described above, a considerable low yield of the
compound attached onto SP (quantified through ICP-AES spectroscopy as described later) was
obtained. This fact, could probably be due to the incomplete hydrolysis of the ester moiety to
the corresponding carboxilic acid. Other conditions (such as the use of protic solvents, heating
the solution at temperatures above 35 °C or the addition of little ammounts of base) have

been tried but the complex was unstable in such conditions.

1V.1.6.2. Characterization of the functionalized support

The heterogeneous support was characterized by spectroscopic techniques. The UV-Vis
spectrum obtained for a suspension of SP@Mn8 in methanol was compared with that of the
homogeneous compound Mn8, confirming that the immobilized species is indeed complex
Mn8 based on the similarity of the respective spectra (Figure 1V.1.12). The complex exhibits

ligand-based m-it* bands below 300 nm.
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Figure IV.1.12. UV-vis spectrum for homogeneous complex Mn8 (blue) and heterogeneous SP@Mn8
catalyst (red) in MeOH.

The amount of catalyst anchored onto the silica support was determined by atomic emission

(ICP-AES) spectroscopy, and 2.5-10° % Mn (g Mn/ 100g of SiO,) was detected.

1V.1.6.3. Catalytic activity in olefin epoxidation

The catalytic activity of SP@Mn8 was evaluated in epoxidation of alkenes in CHsCN, under the
same conditions used with the analogous homogeneous complex Mn8. Cyclooctene, trans-p-
methylstyrene and cis-B-methylstyrene were used as test substrates. Table 1V.1.6 shows the
preliminary results obtained.

Table IV.1.6. Epoxidation tests performed with heterogeneous complex SP@Mn8 in CH;CN.? Conversion
(conv.) and selectivity (sel.) values are given in %.

Substrate O ©/\/ m

Time (h) conv. sel.” conv. sel. conv. sel.
3 43 >99 0 - 0 -
24 62 >99 15 >99 15 >99

*Conditions: alkene (2.2 pmol), catalyst (2,27-10* umol), CHsCN (1 mL). Peracetic acid 39 % (4,54 pmol)
added in 3 minutes at 0 °C, then 3 or 24 hours of reaction at RT. bSelectivity for epoxide (sel.):
[Yield/Conversion] x 100. A blank experiment using unfunctionalized silica yielded 10 % of conversion.
This value has been substracted from the results shown above.

As can be observed in Table IV.1.6, low conversion values were obtained for the aromatic
substrates, whereas moderate conversion were achieved for cyclooctene with an excellent

selectivity towards the epoxide product, in all cases. Longer reaction times were evaluated in
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the heterogeneous system as kinetics are expected to be much slower due to the higher
difficulty of the substrates to reach the anchored catalyst and also to the low amount of

catalyst used.

The recyclability of the heterogeneous SP@Mn8 catalyst was studied towards the epoxidation
of cyclooctene at RT for 3 h. The performances of four consecutive reuses of the catalytic

system are displayed in Figure 1V.1.13.
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Figure 1V.1.13. Conversion (orange bars) and selectivity (pink bars) values obtained throughout
consecutive reuses of heterogeneous SP@Mn8 in the epoxidation of cyclooctene in CH;CN (see text for
experimental conditions).

The heterogeneous complex shows a slight decrease of the conversion values along the
successive runs but an excellent selectivity for the epoxide product is mantained. The TON
values obtained are excellent (4330, 4500, 2660, 2160 for runs 1-4 respectively, with an overall
TON above 13600). As mentioned in the introduction, the control of the activity in
heterogeneous catalytic systems is not easy since active sites are placed in a microporous
environment that often causes diffusion control of the catalyzed reaction and thus reduces
both activity and selectivity degree. In this case, the conversions are indeed lower than those

presented by the analogous homogeneous system but keeping an excellent selectivity.

In summary, in this chapter we have synthesized and fully characterized a family of new
manganese(ll) and manganese(lll) complexes containing pyrazole-based ligands. The redox
properties of all complexes have been studied and several different redox processes are found

in all cases.

All complexes have been studied as precatalysts in the epoxidation of some alkenes using

peracetic acid as oxidant, displaying in general moderate to excellent conversion and
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selectivity values, with the best results obtained for aliphatic substrates. A certain degree of cis
— trans isomerization has been evidenced in the epoxidation of cis olefins, in accordance with
the computational calculations performed on these systems. Chlorido complexes Mn1, Mn5
and Mn9 have also been investigated in epoxidation catalysis carried out in other media such
as glycerol and ionic liquid:solvent medium. In the latter all catalysts show a remarkable
effectiveness and selectivity for the epoxide product. Also, an excellent degree of reusability in
the epoxidation of some alkenes in this medium has been observed for catalysts Mnl and
Mn9, which were found to be robust and recyclable catalytic systems that can be reused

without loss of activity and keeping high conversion and selectivity values after twelve cycles.

Also, we have sucessfully heterogenized complex Mn8 onto silica particles leading to the
SP@Mn8 heterogeneous catalyst which has been characterized by UV-Vis and ICP-AES
spectroscopic techniques. Preliminary studies in epoxidation of alkenes in acetonitrile has
been carried out using SP@Mn8, under the same conditions used with the analogous
homogeneous complex Mn8. Its recyclability has been studied towards the epoxidation of
cyclooctene for four consecutive reuses, showing a slight decrease of the conversion values

along the successive runs but keeping an excellent selectivity towards the epoxide product.
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V.2, Ru(II) complexes containing dmso and pyrazolyl ligands as catalysts
for nitrile hydration.

IV.2.1. Synthesis and structure

The synthetic strategy followed for the preparation of ruthenium(ll) complexes Rul-Ru6 is
outlined in Scheme 1V.2.1. Reaction of equimolar amounts of [RuCl,(dmso)s] (P1) and the
bidentate pypz-CH,COOEt ligand, L3, in absolute ethanol at reflux under nitrogen atmosphere
and in the absence of light gives a mixture of the cis,cis and cis,trans isomers for complex Rul
(where the nomenclature refers to the one-to-one position of Cl and dmso ligands
respectively) in 1:0.5 ratio. Although this mixture couldn’t be purified, an alternative synthesis
in dichloromethane led to the sole cis,trans-Rulb isomer that was obtained in a very low yield
together with a certain amount of the starting P1 complex.

— cis, cis-[RuCly(L3)(dmso),] Rula
L3

EtOH, reflux

—» cis, trans-[RuCl,(L3)(dmso),]  Rulb

—® cis, fac-[RuCl,(L4)(dmso);] Ru2

L4, L5
[RuCl,(dmso),]
CH,Cl,, reflux
Pl L— - cis, fac-[RuCl,(L5")(dmso);] Ru3
— trans, cis-[RuCly(Ln),(dmso),] 1= 06, Rud
L6, L7 or L8 n=7, RuS
MeOH, reflux
— cis, cis-[RuCly(L8),(dmso),] Ru6
X
N _N /\n/ ~ A N
N \—NH N-NH
o OH /0
pypz-CH,COOEt, L3 HOphpz-H, L4 MeOphpz-H, L5’
C f f<
NH
./ N\ _NH X NH
N N~ N~
pzH, L6 3,4-dmpzH, L7 3,5-dmpzH, L8

Scheme IV.2.1. Synthetic strategy for Rul-Rué compounds and ligands used.

On the other hand, the reaction of [RuCl,(dmso),] (P1) with equimolar amounts of the
bidentate ligands HOphpz-H, L4, or MeOphpz-H, L5’, in CH,Cl, at reflux leads respectively to
compounds cis-,fac-Ru2 and cis,fac-Ru3, where the term cis indicates again the relative
position of two Cl ligands and fac refers to the facial disposition of the three dmso ligands (see

below for a discussion on the geometrial isomers obtained). The synthesis of complex Ru2 also
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leads to the generation of a secondary product, Ru2', that contains two units of the L4 ligand

(see SlI). In all cases, ligands L4 and L5' coordinate in a monodentate fashion through the outer

324

pyrazolyl N atom thanks to the tautomeric capability of the pyrazolyc proton®" (see Scheme

IV.2.2A). This is consistent with the well-known tautomerism of diazoles via intermolecular

3246325 o with the behaviour displayed by other similar ruthenium compounds

proton transfer
found in the literature,®”® and might lead to a more stable conformation that prevents the

coordination of L4 and L5'in a chelate manner.
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Scheme 1V.2.2. A, Tautomerization of the ligands 3(5)-(2’-hydroxyphenyl)pyrazole, L4 (R= H), and 3-(2-
methoxyphenyl)-1H-pyrazole, L5' (R= CHs). B, ligand 2-(1-methyl-1H-pyrazol-3-yl)phenol, L5.

Despite many efforts have been done to obtain the bidentate L4 and L5’ compounds we could
only observe the monodentate coordination in ruthenium(ll) complexes Ru2, Ru2' and Ru3.
We also tried to coordinate ligand L5 (Scheme 1V.2.2B), which cannot undergo the
tautomerization process, using the same reaction conditions than for the coordination of
ligands L4 and L5' but no reaction occurred in this case, thus indicating that bidentate
coordination is not favoured for this phenolate-type of ligands, as is also the case for

monodentate O-coordination through the phenolate moiety.

Finally, the reaction of [RuCl,(dmso),] (P1) and the monodentate ligands pzH, L6, 3,4-dmpzH,
L7, or 3,5-dmpzH, L8, in 1:2 ratio at reflux under inert atmosphere and in the absence of light
produces respectively the complexes trans,cis-Ruéd, trans,cis-Ru5 and cis,cis-Ru6 (the
nomenclature cis or trans refers again to the relative position of Cl and dmso ligands

respectively). Note that compound Ru4 has been previously described in the literature®”’ and
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compound Ru6 has been obtained earlier in our group,”® but in this chapter we present a new

synthetic method for both complexes.
Structural analysis

The substitution of two dmso ligands in [RuCl,(dmso),] by the unsymmetrical bidentate ligand
L3, generating complexes Rula and Rulb, can potentially lead to the formation of six diferent

stereoisomers (including two pairs of enantiomers) which are depicted in Scheme IV.2.3.
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Scheme IV.2.3. Possible steroisomers for complex Rul.

In the case of compound Rul two geometrical isomers, A/A cis-Cl cis-dmso (Rula) and the cis-
Cl,trans-dmso (Rulb) have been detected in 1:2 ratio respectively when the reaction is
performed in ethanol, either when the reaction is limited to 15’ or it is extended up to 24 h,
whereas only the cis,trans-Rulb isomer is obtained in dichloromethane but in an incomplete
reaction. In general, the preference towards the formation of a specific isomer in Ru(ll)

complexes can be explained taking into account the following structural and electronic factors:

= Ru(ll) is a d° ion, it forms strong bonds with N-donor ligands and these cannot be
exchanged in solution with other coordinated ligands, thus minimizing the geometrical

reorganization after their coordination.
= The existence of strong intramolecular interactions as hydrogen bonding.

= The steric hindrance caused by bulky substituents at the ligands.
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= The synergistic m-donor and m-acceptor effects among n-donor and m-acceptor ligands

mutually placed in trans.

In the case of Rul compound, the mixture of isomers obtained seem to be a balance between
electronic and structural factors. Firstly, the cis-Cl,cis-dmso (a) and (b) isomers (Scheme 1V.2.3)
seem to be energetically favoured thanks to the occurrence of a trans Cl-Ru-dmso layout that
takes advantage of the synergistic effect of a n-donor (Cl) and a m-acceptor (dmso) placed in
trans and, indeed, the cis,cis isomer (b) was obtained specifically in the synthesis of the
analogous complex containing the related pypz-H ligand,”“*** also favoured by the
occurrence of H-bonding interactions between the equatorial dmso ligand and the Nj-H
proton. However, in the case of Rul complexes, the pendant ethylester arm in the pypz ligand
prevents the formation of hydrogen bonds and, additionally, provides a high degree of steric
hindrance that probably difficults the coplanar disposition of the L3 ligand together with one
dmso and one Cl ligands. Thus, the cis-Cl,trans-dmso isomer (d), which is probably favoured
only by steric factors, is formed exclusively in dichloromethane, where the reaction
temperature wouldn't allow to surpass the energetic barrier leading to the cis-Cl,cis-dmso (a),

and is still obtained as major product in ethanol, together with the cis,cis-Rula isomer.

The crystal structure of complexes Rula and Rulb have been solved by X-ray diffraction
analysis. Figure 1V.2.1 displays the ORTEP diagram corresponding to their molecular structures
whereas selected bond parameters as well as the main crystallographic data can be found in

the supporting information (Tables SIV.2.1 and SIV.2.2).

Rula Rulb

Figure IV.2.1. ORTEP plots and labeling schemes for complex Rula and Rulb.
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The X-ray structure shows that the Ru metal center adopts an octahedral distorted type of
coordination in both cases, where the the pypz ligand acts in a bidentate fashion and the other
coordination sites are occupied by two chlorido ligands in cis and two dmso ligands in cis
(Rula) or trans (Rulb). All bond distances are within the expected values for this type of

107¢,108¢,112¢,1842327 1t 5 interesting to note that in complex Rula, where the pyrazolyl

complexes.
ring has a dmso ligand in trans position, the Ru-N,, bond length (2.116 A) is larger than the
analogous distance observed for complex Rulb (2.069 A), where a Cl ligand is located in trans,

evidencing the trans influence of dmso respect to the chlorido ligand.

The chelate N(1)-Ru(1)-N(3) angle is 77.4(2)° for Rula and 78.18(11)° for Rulb, showing the
geometrical restrictions imposed by the bidentate pypz-CH,COOEt ligand, which is considered
to define the equatorial plane of the structure; as a consequence of this, the rest of the
equatorial angles are larger than the 90° expected for an ideal octahedral geometry. In the
case of Rula, the presence of a bulky dmso ligand in the equatorial plane forces a further
enlargement of the N1-Ru-S2 bond angle (99.5°) with regard to the equivalent angle in Rulb
(N1-Ru-ClI2 = 93.8°), which is concomitant to a lower N,,-Ru-Cl angle in Rula (97.8°, vs. 99.1° in
Rulb) and thus provokes an approach of the pendant ethylester arm to the equatorial Cl
ligand in cis for Rula. This fact could be the origin of a distinctive behaviour in NMR

spectroscopy between the two isomers, as will be discussed later.

For compounds Ru2 and Ru3, containing each of them a monodentate pyrazolate ligand (L4 or
L5’) together with three dmso and two Cl ligands, only three different isomers can be

obtained, which are displayed in Scheme 1V.2.4:

O/ o 0L/
?/ %, , E/ %, , c
Cla,, WU =1 \ 5 awt :
,"Ru“‘ \O [0) II"Ru“‘\\ \\o O/ 11y, Ru_\\
N N/ \ o \ N/ \ i \ N/ \ —0
| i~ W AN | N
\,  CI N ¢a © Ly d
H H H
OR OR OR
cis-Cl, fac-dmso (e) trans-Cl, mer-dmso (f) cis-Cl, mer-dmso (g)

Scheme 1V.2.4. Possible steroisomers for complexes Ru2 (R= H) and Ru3 (R=-CHs).

Among the three potential isomers, the occurrence of only monodentate ligands will probably
make steric hindrance a less determining factor in the preference for a specific geometrical
isomer. However, from an electronic perspective, the cis-Cl,fac-dmso isomer (e) is presumably

the most favoured thermodinamically thanks to the occurrence of two Cl-Ru-dmso trans axis
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and, indeed, complexes Ru2 and Ru3 are obtained exclusively under this isomeric form, as
confirmed by different techniques (see below). An X-ray diffraction structure could be
obtained for complex Ru3, which is shown in Figure 1V.2.2. A packing diagram of the structure,
together with selected bond parameters and crystallographic data can be found in the

supporting information.
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Figure IV.2.2. ORTEP plot and labeling scheme for compound Ru3.

Complex Ru3 also presents a distorted octahedral geometry, with two strong H-bonding
interactions that take place between Np,-H(2) (which is now bonded to the inner N,, atom as a
consequence of the tautomerization process in L5') and oxigen atoms in the structure: on one
hand, the oxigen atom of the dmso ligand in cis (H(2)--- O(2) = 1.954 A) and on the other hand
the methoxy oxigen atom of the ligand L5 itself (H(2)-- O(1) = 2.102 A).

Finally, six different isomers (including two pairs of enantiomers, see Scheme IV.2.5) can be
formed in the synthesis of compounds Ru4-6 (and also Ru2', obtained as secondary product in
the synthesis of Ru2 as described above), which bear three pairs of different monodentate

ligands.
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Scheme 1V.2.5. Possible stereoisomers for compounds Ru2’ (R1= R’= H; R’= -phOH), Ru4 (R1= R’= R3= H),
Ru5 (R'=H; R’= R*= -CH3) and Ru6 (R'= -CH;; R’= H, R’= -CH,).

In this case, as described above for the geometrical isomers depicted in Scheme IV.2.5), we

cannot expect structural factors to address a marked preference for a specific isomer.

Nevertheless, electronic factors are neither determinant in this case since different

geometrical isomers have been found experimentally. Thus, for complex Ru6 the main isomer

obtained was the most asymmetric enantiomeric pair (h) whereas for Ru2', Ru4 and Ru5 the

trans-Cl isomer (j) is formed preferentially. It is worth mentioning that the alternative

syntheses followed for the preparation of complexes Ru4 and Ru6 (with shorter reaction times

than the procedures previously reported®”’?*® |ead to the same isomer than the formerly

obtained in both cases. A crystal structure could be obtained for compound Ru5 which reveals

an octahedral distorted type of coordination. The corresponding ORTEP diagram is shown in

Figure IV.2.3.
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Figure IV.2.3. ORTEP plot and labeling scheme for compound Ru5.

Four intramolecular H-bonds are formed between the monodentate Cl ligands and the H,,
placed in cis (H(4D)--Cl(1), 2.780 A; H(2A)--Cl(1), 2.552 A), and between chlorido and the
protons in the 5™ position of the pyrazolyl ring (H(3A)--Cl(2), 2.812 A; H(8A)--Cl(2), 2.849 A)
(see Figures SIV.2.10-SIV.2.12).

As a general trend, the Ru metal centers adopt an octahedrally distorted type of coordination
with the corresponding pyrazolyc ring of each ligand coordinated in trans with respect to a
dmso ligand in most cases. The exception is complex Rulb, where steric hindrance seem to be

determinant to destabilize the cis,cis isomer Rula.

IV.2.2. Spectroscopic properties

The IR spectra for all complexes (Figures SIV.2.5-5IV.2.9) show bands around 1090-1110 cm™
that can be assigned to the v(S=0) stretching, and the absence of any significant vibration in

32721066328 5 confirmed by the

the 930-920 cm™ range indicates a sulfur-bonded dmso complex,
X-ray structures obtained. The S-coordination increases the S-O bond order and thus the
stretching band appears at higher wavenumbers with respect to that shown by free dmso

(1050 cm™). 0%

The one-dimensional (1D) and two-dimensional (2D) NMR spectra of complexes Rul-Ru6 were
registered in CDCl;, CD,Cl, or acetone-ds and are presented in Figure IV.2.4 and in the
Supporting Information (Figures SIV.2.15- SIV.2.21). The resonances found for all complexes
are consistent with the structures obtained in the solid state. The complexes exhibit two sets

of signals: one in the aromatic region corresponding to the rings of the N-donor ligands and
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the N-donor ligands and the other one in the aliphatic region assigned to the methyl groups of
the bonded dmso ligands, to the methylene and ethyl groups of the aliphatic chain of the
pyrazole N-substituted in complex Rul, and to the pyrazole methyl groups of complexes Ru5-
6. In all cases, the resonances of the aromatic region are easly identified through the COSY and

NOESY spectra.

Compound Rula has been obtained together with Rulb and the assignment of the different
resonances has been made by comparison with the spectrum of pure Rulb (see Figure 1V.2.4).
Rula is an asymmetric molecule and it generates four different methyl resonances for the
dmso ligands (see Figure IV.2.5 for details of some significant regions of the spectrum). The
resonances at lower chemical shift (2.49 and 3.19 ppm) display a cross coupling in the COSY
spectrum and are assigned to the spatially close C14 and C16 methyl groups (see Figure 1V.2.
for the numbering scheme used). On the other hand, the resonances of C13 and C15 methyl
groups (found respectively at 3.51 and 3.61 ppm) are influenced by the deshielding effect of
the close N-pyrazole and chlorido ligands. In the aromatic region, the H(1),, is easily identified
at 9.88 ppm due to the deshielding effect exerted by the oxygen atom of the equatorial dmso
ligand. In contrast, in complex Rulb a symmetry plane makes the two dmso ligands
magnetically equivalent and thus only two signals at 3.01 and 3.16 ppm are observed, that are
assigned respectively to C14+C15 and C13+C16 methyl groups again on the basis of the

deshielding effect exerted by the two close chlorido ligands over the latter.

. ul il | J Loy ]HL ‘
NI

L AT J |

10.5 9.5 8.5 7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5
f1 (ppm)
Figure 1V.2.4. Black, "H-NMR spectrum (400 MHz, CDCl;) of an isomeric mixture of Rula and Rulb in a
1:0.5 ratio. Blue, "H-NMR spectrum of the pure complex Rulb at the same scale to facilitate the
identification of the Rula signals.
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Figure IV.2.5. Different regions of the "H-NMR spectrum of an isomeric mixture of Rula and Rulb in a
1:0.5 ratio, 400 MHz, CDCl;. The figure shows some examples of the high asymmetry of the Rula
molecule: A) four methyl dmso signals (black dots), whereas only two dmso signals for Rulb isomer
(grey crosses); B) signals of the methylene protons (green dots), and C) signals which correspond to the
aliphatic chain of the terminal ester group (red dots).

The resonances of the pendant ethylester arm also show significant differences between the
two complexes. In the symmetric Rulb the ethyl group displays a typical triplet+quadruplet set
of signals and a singlet is observed at 5.95 ppm for the two protons of the methylene C9
group. However, in Rula two close quadruplet signals are observed for the H11 ethyl protons
and the two methylene H9 and H9' protons appear as doublets at significantly different
chemical shift (see Figure IV.2.5 B and C). This behaviour manifests a distinct magnetic
environment of the two H atoms bonded to a specific carbon atom, and the occurrence of this
phenomenon only in Rula could be related to the smaller bond angle between the pyrazolyl
ring and the Cl1 ligand in cis due to the steric hindrance exerted by the equatorial dmso ligand,
as described previously in the structural description. This would allow stronger H-bonding
interactions involving the pendant ethylester arm and the chlorido ligand, consequently
restricting its free rotation and providing such different magnetic environments for two H

atoms located at the same C atom.

Compounds Ru2 and Ru3 present simpler spectra due to the occurrence of only one N-donor
ligand. Their 'H-NMR spectra show three resonances corresponding to three pairs of

magnetically equivalent dmso methyl groups (Figures SIV.2.7 and SIV.2.8).

Compounds Ru4-6, which contain two dmso, two monodentate Cl ligands and two pyrazolyl

derivatives, show different behaviours in *H-NMR arising from the distinct geometrical isomers
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found. Complexes Ru4 and Ru5 are symmetrical and display a singlet corresponding to the four
dmso methyl groups at 3.14 and 3.19 ppm respectively, and Rub also displays two additional
singlets at 1.95 and 2.22 ppm corresponding respectively to the methyl groups at positions 4
and 3 of the pyrazole ligand. Finally, complex Ru6 is the most asymmetric molecule and
consequently it displays eight different resonances, four corresponding to the methyl dmso

signals and the other four assigned to the pyrazole methyl groups at positions 3 and 5.

The UV-Vis spectra of complexes Rul-Ru6 have been registered in dichloromethane, water or
methanol and are displayed in the Supporting Information (Figure SIV.2.13). The spectral
features of complexes are presented in the experimental section and in Table IV.2.1. The
complexes exhibit very intense ligand based n-n* bands below 300 nm and relatively intense
bands above 300 nm mainly due to dr-mt* MLCT transitions.>*

Table IV.2.1. UV-Vis spectroscopic features in CH,Cl, (Rul, as a mixture of isomers Rula and Rulb),
MeOH (Ru2, Ru3 and Ru6) and in H,0 (Ru4-5).

Compound hmaxy NM (g, M:cm™)
[RuCl,(pypzCH,COOEt)(dmso),], Rul 278 (579), 376 (152)
[RuCl;(HOphpz-H)(dmso);], Ru2 302 (17593), 358 (1731)
[RuCl;(MeOphpz-H)(dmso)s], Ru3 358 (725)
[RuCly(pz-H),(dmso),], Rud 228 (1033), 300 (46)
[RuCl,(3,4-dmpz-H),(dmso),], Ru5 238 (1476), 302 (102)
[RuCl,(3,5-dmpz-H),(dmso),], Rué 364 (1472)

In general, the lower aromatic character of the monodentate R,-pz-H ligands (where R= H or
CHg, ligands L6-L8 in Scheme 1V.2.1) when compared to bidentate pypz-R; (R= CH,COOEt), L3,
involves ligand orbitals of higher energy for the former and, consequently, provokes a blue-
shift of the dm-m* bands for complexes Ru4-6 when compared to Rul. The intraligand m-nt*
bands are also affected in a similar manner and, for complex Rub6, these bands are sufficiently
blue-shifted as to be out of the solvent range. It is striking to see that complex Ru3, which
contains an ether O-CH; substituent in the aromatic ring, displays dn-mt*absorptions above 300
nm whereas the analogous complex Ru2, which contains a phenol ring, shows only bands
below the 300 nm corresponding to m-m* absorptions that display high molar extinction

coefficients.
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1V.2.3. Electrochemical properties and linkage isomerization

The redox properties of complexes Rul-5 have been determined by CV experiments and the
corresponding voltammetries are displayed in the Supporting Information (Figure SIV.2.14).
Table IV.2.2 contains the electrochemical data of all complexes. In the case of complex Rula, a
dmso linkage isomerization process takes place upon Ru(ll)—Ru(lll) oxidation, due to the
increased hard Lewis acid character of the oxidized Ru(lll) ion, that displays more affinity for
the O-bonded dmso acting as a harder Lewis base (see below). The anodic and cathodic peak
potential values corresponding respectively to the Ru-S and Ru-O forms are also given in Table

IV.2.2.

Table IV.2.2. Electrochemical data (CH,Cl, + 0.1M TBAH vs. SCE) for complexes Rul-Ru6.

Epa (V) Epc (V)
Compound Eqz2 (11/10) (V)
[Ru"-s = Ru"-Ss]  [Ru"-0 — Ru"-0]

[RuCly(pypzCH,COOEt)(dmso),], Rula 1.14 1.18 0.38

[RuCly(pypzCH,COOEt)(dmso),], Rulb 0.96
[RuCl,(HOphpz-H)(dmso);], Ru2 1.60
[RuCly(MeOphpz-H)(dmso)s], Ru3 1.65 0.7

[RuCl,(pz-H),(dmso),], Rud 1.08
[RuCly(3,4-dmpz-H),(dmso),], Ru5 1.02
[RuCl,(3,5-dmpz-H),(dmso),], Rué 1.15

Complexes Rula and Rulb, containing the bidentate pypz-CH,COOEt ligand, exhibit two
different behaviours. The latter shows a reversible monoelectronic Ru(lll/Il) redox wave at E;/,
values of 0.96 V vs. SCE, whereas the former shows an electrochemically irreversible process at
Epe = 1.18 V with a cathodic peak at E,. = 0.38 V, suggesting the occurrence of a quasi-
quantitative dmso ligand linkage isomerization process. Consequently, a comparison between
the two compounds can be done only on the basis of the anodic E,, values, which are 1.18 and
1.00 V for compounds Rula and Rulb respectively. The slight increase in the [Ru"-S = Ru"-S]
oxidation potential value for complex Rula in comparison to Rulb could be related to the non-
favorable trans disposition of the dmso ligands in Rulb, that could lower their m-acceptor
ability thus making the complex slightly easier to be oxidized. On the other hand, the dmso

linkage isomerization that takes place for Rula could be favoured by the steric encumbrance
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exerted by the equatorial dmso ligand that, upon Ru-S—Ru-0 isomerization, would place its

methyl dmso groups in a less hindered position, further away from the metal center.

As mentioned above, the Rula complex undergoes a dmso linkage isomerization process. This
can be illustrated by the cyclic voltammogram of a Rul isomeric mixture in CH;CN at a scan
rate of 0.1 V and starting the potential scanning at E;,;= 0 V (see Figure IV.2.6). The CV shows
an anodic peak at E,, = 1.2 V vs. SCE which corresponds to the oxidation of Ru'(dmso-S) species

to Ru"

(dmso-S) (the notation dmso-S indicates that the dimethylsulfoxide ligand is coordinated
to ruthenium via the sulfur atom). This species undergoes a fast linkage isomerism forming
Ru"(dmso-0) (see Scheme IV.2.6). Upon back-scanning to low potential, the isomerized species
undergoes reduction at E,= 0.38 V to form Ru"(dmso-0) and then rearranges restoring the
initial complex. This shift to lower potential values (0.38 vs. 1.1 V) for the O-coordinated dmso

complex is due to the lower electron-withdrawing ability of the O-coordinated dmso, then

making the upper oxidation states of Ru more accessible.

3,0E-05 -
(Ru"-s > Ru"-s)
2,0E-05 -
1,0E-05 -
<
- —>
0,0E+00 -
(Ru"-s > Ru'-s)
"L,0E-05 1 (Ru"-0 > Ru"-0)
o
-2,0E-05 ; ; ; ; ; ; ; |
0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6
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Figure IV.2.6. CV of complex Rul (as a mixture of isomers Rula and Rulb) performed in CH;CN (TBAH
0.1 M) vs. SCE starting the scanning potential at E;,;= O V. Red dots indicate the anodic and cathodic
peaks of isomer Rulb which does not present dmso linkage isomerization process.
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Ru(II): S+O isomerisation
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Scheme IV.2.6. Electron transfer and linkage isomerization processes observed for Ru-dmso complexes.

The isomerization process becomes more evident by starting the potential scanning at E;,:= 1.6

V and applying an equilibration time of 1 minute prior the cathodic scan (see Figure 1V.2.7).

1,5E-05 -
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Figure IV.2.7. CV of complex Rul (as a mixture of isomers Rula and Rulb) performed in CH;CN (TBAH
0.1 M) vs. SCE starting the scanning potential at E;,;= 1.6 V. Red dots indicate the anodic and cathodic
peaks of isomer Rulb which does not present dmso linkage isomerization process.

A thorough kinetic study has been carried out on the linkage isomerization using an isomeric
mixture of complexes Rula and Rulb, following the method described in the literature3?’*3%

that is detailed below.

The scan rates directly influence the intensity of waves of the cyclic voltammograms and this
dependence provides information about the participation of chemical reactions coupled to

electrochemical processes (as is the example of dmso linkage isomerization shown in Scheme

170



Chapter v

IV.2.6), allowing the determination of the corresponding rates and equilibrium constants. To
do so, cyclic voltammetries at different scan rates, starting the potential scanning from the
lower and upper points of the CV range, has been performed for complex Rul in CHsCN. The

set of formulas used are gathered in Table SIV.2.3.

The equilibrium constant for the Ru"-0 S Ru"-S reaction (K" ,.s) can be obtained from cyclic
voltammograms recorded through starting the potential scanning from the upper E;,;: values
(1.6 V with 1 minute of equilibration time at the initial potential, see Figure IV.2.8) and
applying eq. 1 (Table SIV.2.3). Plotting the ratio i.i/ic; vs. v and extrapolating v to infinity in

order to obtain the intercept values (Figure SIV.2.23) results in K"o.s= 0.14 (see Table IV.2.3).

ial
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Figure IV.2.8. CV of complex Rul (as a mixture of isomers Rula and Rulb) performed in CH;CN (TBAH
0.1 M) vs. SCE starting the scanning potential at E;,;= 1.2 V, at scan rates between 0.05 and 0.4 V-s'l,
applying an equilibration time of 1 min.

The kinetic isomerization constants (k"o.s and k") are calculated by plotting v/ vs. the iy/i
ratio (eq. 2, Table SIV.2.3), where j; represents the measured peak current (i;;) and iy the
corresponding diffusional current in the absence of a chemical reaction (i,;). The ixand iy values
were obtained respectively from the cyclic voltammetries performed through reverse (Figure
IV.2.8) and direct (Figure SIV.2.22) scan potentials. From the value of the slope obtained
(Figure SIV.2.24), and considering that K" o= K" /K" 0, the following kinetic constants can be

calculated: k"= 5.41 x 10%s* and k"5 ,=3.8 x 107" s ™.

With the equilibrium constant K”o.s and assuming that E° = Eqs or Ep, for each linkage isomer,

eq. 3 (Table SIV.2.3) can be used to calculate the equilibrium constant for the Ru"-0 S Ru'"-S
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process in the Ru(ll) oxidation state, K'os, resulting in K'ss= 7.75 x 10°. Finally, the kinetic
isomerization constants in the Ru(ll) oxidation state can be calculated from eq. 4 in Table
SIV.2.3 and the linear fit of the corresponding plots (Figure SIV.2.25) yield k"o.s= 6.0 x 10> s™
and ks o =7.7x10°s™.

Table 1V.2.3. Thermodynamic and kinetic parameters for the linkage isomerization in complex Rula,
together with related Ru-dmso complexes.’

R A
Entry Compound Kyl K

(s”) (s”) (s") (s")
1 cis,cis-[RuCl,(pypz-CH,COOEt)(dmso),], Rula 0.14 541.10°  3.810° 7.75-10° 6.0-10°  7.7-107
2 cis,cis-[RuCly(pypz-H)(dmso-S),] (ref 327b) 139 176100 1.26:100 1.3410% 1.1-10' 8.2:10™
3 cis,cis-[RuCl,(H3p)(dmso-S),] (ref 112c) 1.7 2.8.10" 1.7.10* 5210 4910 9310™
4 trans,cis-[RuCly(H3p)(dmso-S),] (ref 112¢) 0.27 5.7-107 2.2.10™ 53.10° 87107  1.6:10™
5 trans,cis-[RuCl,(bpp)(dmso-S),] (ref 107¢) 0.26 1.7-102 6.5-10" 6.5-10° 1.3-100 2.1.10™
6 out-[Ru(L)(trpy)(dmso-S)]* (ref 331) 0.13 7.7:10" 6.0-10" 5.5.10° 2510 4610%
7 cis,fac-[RuCly(CHs-pz-H)(dmso-S)s] (ref 327b) 0.036  1.9-10° 53-10"  1.5310% 7.2:10°  4.7-10™

°H3p is 5-phenyl-3-(2-pyridyl)-1H-pyrazole, L’ is 5-phenyl-3-(pyridin-2-yl)pyrazolate and bpp is 3,5-(2-
pyridyl)pyrazolate. 3275

As can be observed in Table IV.2.3, the values of K"o.s obtained for all complexes are very high
indicating that, in Ru(ll) redox state, the dmso ligand displays a high preference to be bound to
the metal through the S atom. However, the value displayed by complex Rula is markedly
lower to that shown by the related complex in entry 2, for which the bidentate ligand is pypz-
H, with no pendant ethylester arm. This indicates that the thermodynamic stability of Rula is
lower, in accordance with that stated above in the description of the synthetic procedure,
where the trans-dmso isomer Rulb is the major product obtained either in EtOH or
dichloromethane as solvent. The steric encumbrance exerted by the pypz-CH,COOEt ligand
makes complex Rula the least stable of the whole series gathered in Table IV.2.3, even below

the complexes in entries 4 and 5, which display a trans-Cl layout.

In the Ru(lll) state, the K//’¢ values evidence that, for complex Rula, the Ru-O bound form is
dominant in sharp contrast with the structurally related cis,cis complexes in entries 2 and 3,
thus evidencing a relatively low thermodynamic stability also for the oxidized form of the
complex, as could be expected from the smaller radius of the Ru(lll) ion that enhances the

overall steric hindrance around the metal center. This is in accordance with the CVs registered
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for the complex, where the cathodic peak corresponding to the Ru"-S—Ru"-S reduction

process is only hardly observed.

Regarding the kinetic constants, Rula presents a higher Ru-S—Ru-0 isomerization rate than
that displayed by most of the complexes in Table 1V.2.3, even in the Ru(ll) oxidation state. A
major number of m-acceptor ligands is a factor that seems to favour the Ru-S—Ru-O
isomerization after generation of the Ru(lll) species*”’® but, in the case of Rula, the number of
pyridyl or dmso ligands coordinated to the metal is the same as for complexes in entries 2-5.
The electron-withdrawing character of the ethylester substituent at the pyrazolyl ring could
play a role similar to that of m-acceptor ligands. However, steric influence, which would
prevent the ligands to approach the Ru metal center upon oxidation and thus would lower the

amount of electron density given to the metal, can also be considered.

On the other hand, complexes Ru2 and Ru3, which contain three dmso ligands, two
monodentate Cl and one monodentate phenol-pyrazole based ligand, exhibit
electrochemically irreversible Ru(Ill)/Ru(ll) redox processes at E,, value of 1.60 V and 1.65 V
respectively. In the case of Ru2, the irreversible nature of the wave probably indicates that the
complex is degraded after oxidation. In contrast, Ru3 exhibits a cathodic peak at £,= 0.7 V
which indicates that a dmso linkage isomerization process is taking place after Ru(ll) to Ru(lll)
oxidation. Such linkage isomerization process has been evidenced by performing cyclic
voltammetries at different scan rates. A detail of the cathodic peaks observed in the CV

obtained at four different scan rates are shown in Figure 1V.2.9:
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0,0E+00 - //
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Figure IV.2.9. Intensity of the cathodic Ru"-0 — Ru'"-O peak at different scan rates.
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As can be observed in Figure 1V.2.9, lower scan rates lead to an increased cathodic intensity of
the peak, which is consistent with the isomerized Ru(lll)-O being formed in higher amount

throughout the cathodic scan timescale.

Pyrazole-based complexes Ru4-6 show chemically and electrochemically reversible Ru(lll/I1)
redox processes with similar £;/, values (1.08, 1.02 and 1.15 V respectively). It is interesting to
note that among complexes Ru5 and Ru6, which contain dimethyl-substituted pyrazole rings,
compound Ru5 shows a lower potential value. This fact could be explained in terms of
geometrical stability. Both complexes are different isomers and Ru5 contains the two strong o-
donor Cl ligands in an unfavorable trans disposition. This geometry probably diminishes the
overall electron density given to the metal and thus could stabilize better a higher oxidation
state of ruthenium (Ru(ll) — Ru(lll)), decreasing the oxidation potential values. In Ru6, the
structure is energetically stable thanks to the synergistic m-donor and m-acceptor effects of
trans Cl and dmso ligands, and also to the relative trans disposition of pyrazolyl rings and

dmso.

1V.2.4. Catalytic hydration of nitriles

We have checked all complexes in the catalytic hydration process of different nitriles under
neutral conditions using water as solvent. The catalytic conditions were initially optimised
testing the isomeric mixture of complex Rul at different catalyst:substrate ratios and at
different temperatures, using benzonitrile as substrate, as shown in Table 1V.2.4. As could be
expected, better conversion values were obtained in a 5:100 cat:substrate ratio at 100 °C, and
these were the conditions chosen for the rest of the catalytic tests.

Table 1V.2.4. Optimization of the catalytic hydration conditions for complex Rul using benzonitrile as
substrate.

Entry t(h) T(°C) cat: subs (ratio) conv. (%)

1 20 80 1:100 38
2 20 80 5:100 71
3 20 100 1:100 46
4 20 100 5:100 88

To evaluate the overall catalytic performance, the remaining substrate has been quantified
through GC chromatography with biphenyl as the internal standard, and the hydrolysis
products have been analyzed by NMR spectroscopy and compared to pure samples of the

corresponding amide and acid derivatives. Conversion and selectivity values for cis, cis- and cis,
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trans-[RuCl,(pypz-CH,COOEt)(dmso),] as a mixture of isomers, Rul, [RuCl,(HOphpz-H)(dmso)s],
Ru2, [RuCl,(MeOphpz-H)(dmso)s], Ru3,  [RuCly(pz-H),(dmso),],  Ru4,  [RuCly(3,4-
dmpzH),(dmso),], Ru5, and [RuCl,(3,5-dmpzH),(dmso),], Ru6, are summarized in Table 1V.1.2,

together with the conditions used in the catalysis.

Firstly, blank experiments (without catalyst) were carried out by keeping the substrates in
water at 100 °C for 20 h. In all cases, the nitrile was quantitatively recovered except for the
aliphatic substrate chloroacetonitrile, were a conversion around 45 % was achieved. However,
no traces of the amide product were found after the blank test.

Table IV.2.5. Catalytic hydration of nitriles to amides in water mediated by compounds Rul-6.°
Conversion (conv.) and selectivity (sel.) values are given in %.

cat.
R—=—=N >
H,0, 100 °C R)J\NH2
20h
Complex Rul Ru2 Ru3 Rud Ru5 Ru6

Entry Substrate conv. sel.? conv. sel. conv. sel. conv. sel. conv. sel. conv. sel.

1 /\ 55 23 56 ~3 70 71 70 84 68 69 86 80
N
Cl

2 —_ 60 80 71 >99 82 >99 83 >99 86 >99 86 80
¢N

3 88 88 99 80 98 68 >99 90 >99 90 >99 >99
4N

4 /©/ 14 67 98 63 29 39 54 50 84 61 97 57
_

5 \o/©/ 33 68 62 77 33 29 54 48 21 8 66 13
&N

6 /©/ 34 >99 97 56 68 62 >99 76 >99 83 >99 70
éN

7 /©/ 17 16 57 >99 26 98 40 66 67 76 54 79
o

8 @M 6 ; 60 ; 36 ; 42 - 47 ; 62 ;

®Conditions: Reactions performed at 100 °C in H,O and in a [Substrate]:[Ru] ratio= 100:5 (see
experimental section for details). Time: 20 h reaction. bSelectivity for for the amide (sel.) = (amide
yield/substrate conversion) x 100, determined by "H-NMR analysis of the reaction mixture.
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As we can observe in Table IV.2.5 all complexes were found to be active towards nitrile
hydration, with low-moderate to high conversion values. Among all the substrates tested,
aromatic substrates (entries 3-7) show in general better activities and this is in accordance
with the general mechanism currently accepted in the metal-mediated hydration of nitriles,
which begins with a substitution process at the catalyst where a ligand is replaced by the
corresponding nitrile in the metal coordination environment and a subsequent nucleophillic
attack of water (or hydroxo anions) on the nitrile carbon atom takes place (see introduction,

section 1.3.3.3).1%%

Then, the electronic properties of the substrates influence the extent of the
hydration reactions and consequently the more activated nitriles, bearing electron-
withdrawing substituents, are expected to show the best results. However, some differences
can be observed within the bench of aromatic substrates: benzonitrile (entry 3) displays the
best results whereas p-benzonitrile and 4-methoxybenzonitrile (entries 4 and 5) are in general
less active, probably due to the presence of an electron-donating group at the ring. On the
other hand, halide substituted benzonitriles (entries 6 and 7) are also expected to display good
performances thanks to the electron-withdrawing character of the halide substituents
(inductive effect). However, for p-chlorobenzonitrile (entry 7) the performance is clearly
lowered for all catalysts, indicating that a deactivating effect, probably caused by the
resonance delocalization of the Cl lone pairs throughout the aromatic system, is taking place
(the same resonance effect is expected to be much less significant for the smaller fluoride
substituent and, indeed, the results obtained for p-fluorobenzonitrile are comparable to that
displayed by benzonitrile except for catalysts Rul and Ru3, for which structural factors at the

catalysts might play a role, as will be discussed later).

Regarding the aliphatic substrates (entries 1, 2 and 8 in Table 1V.2.5), the most activated 2-
chloroacetonitrile (entry 2) displays the best conversion and selectivity values, followed by
acrylonitrile (entry 1) and finally 3-phenylpropanenitrile (entry 8). For 2-chloroacetonitrile, a
considerable degree of substrate conversion was also obtained in blank experiments though in
this latest case the amide product was not obtained. In the catalytic tests performed with Rul-
6 the interaction of a given catalyst with 2-chloroacetonitrile must present faster kinetics as
high selectivities for the amide product are shown in all cases. Note the activating effect that Cl
substituents have on this aliphatic substrate, in contrast with the above-described p-

chlorobenzonitrile.

The hydration of acrylonitrile (entry 1) is particularly interesting for the industrial applications

of the acrylamide product. The best results are obtained with this substrate for catalysts Ru3-

176



Chapter v

Ru6, with conversion and selectivity values above ~70%. In the case of Rul, high acid product

amounts (above 75 %) have been detected.

On the other hand, the electronic characteristics of the ligands in the catalyst influence the
ability of the metal to activate the nitrile substrate: a high electron-withdrawing character of
the ligands will drive the metal to a stronger activation of the coordinated nitrile substrate,
making it more susceptible to a water (or hydroxo) nucleophillic attack. This would be in
accordance with complexes Ru2-3, which contain three highly m-acceptor dmso ligands,
displaying better conversions than the rest of catalysts tested, which contain only two
coordinated dmso (this has been evidenced in the activity shown by analogous complexes
previously described, which contain bidentate and monodentate pyrazolyl ligands).'®*
However, whereas catalyst Ru2 is among the most active complexes of Table IV.2.5 (together
with complexes Ru4-6), Ru3 displays lower activity, particularly for the substrates of entries 4-
8. This could be explained in terms of structural restrictions arising from the methylated
MeOphpz-H ligand in Ru3, that would hinder the approach of the bulkier substrates of entries
4-8. This steric effect would still have some influence (though in a much lesser extent) in
catalyst Ru2 since it displays overall performance comparable or even slightly worse to that of

complexes Ru4-Ru-6, and this cannot be explained only by electronic arguments as the latter

compounds contain only two m-acceptor dmso ligands.

Finally, the isomeric mixture Rul leads to the lower conversion values, in particular for
substrates of entries 4-8, despite containing also two dmso ligands. This could be explained, on
one hand, by the steric encumbrance exerted by the pendant ethylester arm and, on the other
hand, by the lower flexibility of a putative intermediate species containing the chelate pypz-
CH,COOEt ligand, in contrast with the rest of complexes that contain only monodentate
ligands. Also, the occurrence of a higher number of potentially labile sites in complexes Ru2-6
can be considered as the involvement of parallel mechanisms, involving the decoordination of

dmso but also of monodentate pyrazolyl ligands cannot be ruled out.

In conclusion, the catalytic activity in the hydration of nitriles is in general governed by the
electronic factors of the substrates, with the more activated nitriles showing better overall
performances, but steric factors are also manifested in the case of catalysts Rul and Ru3,
which display lower activity for the bulkier substrates. Complexes Ru4-Ru6 display in general

excellent performances despite containing only two m-acceptor dmso ligands.
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IV.3. Ru(Il) complexes containing trpy and pyridylpyrazole ligands as
catalysts for epoxidation of alkenes.

IV.3.1. Synthesis and structure

Three synthetic pathways were followed for the preparation of the Ru(ll) compounds cis and
trans-[Ru"Cl(trpy)(pypz-H)](PF¢) (Ru7a and Ru7b respectively) and trans-[Ru'(trpy)(pypz-H)
(OH,)](PFs),, Rul0, which are outlined in Scheme IV.3.1 (the nomenclature trans and cis for
complexes refers to the relative position of the monodentate ligand with regard to the
pyrazole ring of the pypz-H ligand, see below). Different complexes, cis(Cl),cis(S)-[Ru"Cly(pypz-
H)(dmso),],*** P2, [Ru”'CI3(trpy)],296 P3 and [RuCl,(trpy)(dmso)],**® P6, were used as starting
products depending on the synthetic strategy (pathways A, B or C) used. Compounds P2 and
P6 were first obtained by reaction of [Ru'Cl,(dmso),] (P1) with pypz-H or trpy ligand
respectively, in EtOH at reflux.

H Cl
7\ ~ 2~ [ \,
asxe! Y AN
N NNy O, | \Cl N N~
pypz-H, EtOH PR, b trpy, EtOH
—— 7'\
[ ™ o
"V No

cl Cl
= 3 7 AN
5N, \Cl S /N___\ i /\N =
SR —N Rut — G
N\ N, I\ " | ~¢ — N ’ cl
% cl \
7 o 7 o
[RuClx(pypz-H)(dmso),] (P2) [RuCl,(trpy)] (P3) [RuCl,(trpy)(dmso)] (P6)
pypz-H, NEts,
rov. MeOH EtOH/H,0
rpy, Me
or pathway B
absolute EtOH _|@ pypzH, EtOH
Cl
pathway A pathway C

trans-[RuCl(pypz-H)(trpy)](PFe) (Ru7b)

l H,0, AgPFg

trans-[Ru(pypz-H)(trpy)(OH,)](PFs), (Ru10)

Scheme IV.3.1. Schematic pathways for the synthesis of the Ru(ll)-chlorido compounds Ru7a and Ru7b
and the aqua-complex Rul0 (other minor products were obtained in the different synthesis but are not
displayed, see text for details).
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In pathway A, P2 reacts with equimolar amounts of commercial trpy ligand in methanol at
reflux (18 h) to generate a mixture of Ru(ll)-Cl isomeric compounds, cis and trans-[Ru"Cl(pypz-
H) (trpy)l(PFs), Ru7a and Ru7b, in a 4:1 ratio, which are separated and purified through
crystallization and by column chromatography. The use of absolute ethanol instead methanol
as solvent, along with a longer reflux time (up to 48 h), leads to an increased final yield of the
pure trans-isomer Ru7b (see the experimental section). In pathway B, equimolar amounts of
[Ru"'Cls(trpy)], P3, and the bidentate pypz-H ligand in EtOH:H,0 (9:1) in the presence of EtsN
(1.2 equivalents, used as reducing agent), resulted in the substitution of two chlorido ligands in
P3 to generate the Ru(ll) complex Ru7b as a single trans-isomer together with other secondary
products, among which the dimeric species [Ru,'Cl(trpy),(u-Cl)(1-pypz)](PFs), Ru9, that
contains a deprotonated pypz bridging ligand. Finally in pathway C, P6 reacts with equimolar
amounts of pypz-H ligand in EtOH at reflux for 20 h and leads to the major formation of Ru7b
compound isolated after chromatography. In both pathways A and C, the formation of the
dmso-complex trans-[Ru"(pypz-H)(trpy)(dmso)](PFe),, Ru8, as a minor product was also
observed. Treatment of the trans-[Ru"Cl(pypz-H)(trpy)](PFs) RuZb complex with Ag* generates
the corresponding aqua compound, trans-[Ru"(pypz-H)(trpy)(OH,)1(PF¢),, Ru10. Finally,
treatment of the cis-[Ru"Cl(pypz-H)(trpy)](PFs) Ru7a complex with Ag* generates a minor

product which corresponds to the dimeric species [Ru,"(trpy),(H-pypz),](PFe),, Rull.

In all the synthetic pathways, the obtaining of the trans isomer Ru7b is favored versus the cis
Ru7a isomer. This fact could in principle be due to both steric and electronic effects. From a
structural point of view, the proximity of the pyridilic N-H proton to the central pyridine ring of
the trpy ligand placed in a relative cis disposition in the case of the Ru7a isomer (see Figure
IV.3.1) could increase the steric hindrance when compared to Ru7b, where this position is
occupied by the smaller pyrazolyl ring. This would be in accordance with the cis:trans ratio
obtained in previous works for the analogous chlorido complexes containing the pypz-Me
ligand, with a pyridilic N-CH; group instead of N-H (see Figure SIV.3.8 in the supporting
information): this additional methyl group would sterically hamper the formation of the trans
isomer and, indeed, the pypz-Me complexes are isolated in a roughly 1:1 isomeric ratio.**?
However, the trans isomer was again clearly favoured in the case of another family of

d*** (Figure SIV.3.8) with an isolated

complexes containing the NHC carbene CN-Me ligan
cis:trans ratio of 1:4, despite that the steric encumbrance is almost identical to that of the
pypz-Me complexes. For carbene CN-Me complexes, electronic factors related to the
particularly strong o-donor capacity of the carbene NHC rings seem to be determinant in the

preference for the trans isomer (probably exerting as distinctive trans effect during the
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coordination step), and a similar argument could be invoked in the case of complexes Ru7a
and Ru7b since we expect the pyrazolyl ring in pypz-H to have an increased sigma-donor

character thanks to the relative acidity of the N-H proton.

Cc

I"’I:
" ““_”_'_H>—|® —</“® —|©
u NI '

= N=
P d

cis-Ru7a trans-Ru7b

Figure IV.3.1. Hydrogen bond formation (red dashed line) between the Cl ligand and the pyrazolic N-H
proton (cis-Ru7a) or the pyridylic H(1) proton (trans-Ru7b).

It is interesting to note that the hydrogen bond formed between the N-H and the close
chlorido ligand in the case of the cis isomer Ru7a will probably increase the N-H acidic
character and thus enhance the coordinative ability (due to a higher Lewis basicity) of this
negatively charged N,, atom upon deprotonation, which could explain the formation of the
dimeric by-product species Ru9 and Rull (see below). As can be observed in the
corresponding X-ray structures (Figure 1V.3.3), both structures involve cis precursor moieties,
and this could also explain in part the lower amount of cis isomer Ru7a obtained in the

synthesis.

The crystal structures of compound trans-[Ru'Cl(trpy)(pypz-H)](PFs), Ru7b, and that of the
minor products trans-[Ru"(pypz-H)(trpy)(dmso)](PFs),, Ru8, [Ru,'Cl(trpy).(u-Cl)(p-pypz)](PFs),
Ru9, and [Ru,"(trpy)(p-pypz),](PFs),, Rull, have been solved by X-ray diffraction analysis from
a single crystal. Figures 1V.3.2 and 1V.3.3 display the molecular structures for the compounds,
whereas the main crystallographic data and selected bond distances and angles can be found

in the Supporting Information section (Tables SIV.3.1 and SIV.3.2).

The structure of Ru7b (Figure 1V.3.2) shows that the Ru metal center adopts an octahedral
distorted type of coordination where the trpy ligand is bonded in a meridional manner and the
pypz-H ligand acts in a bidentate fashion. The sixth coordination site is occupied by the
chlorido ligand placed in trans respect to the pyrazole ring. All bond distances and angles are

within the expected values for this type of complexes.*****
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Figure IV.3.2. ORTEP plot and labeling scheme for the cationic moiety in the X-ray structure of complex
Ru7b.
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c)

Figure IV.3.3. ORTEP plots and labeling schemes for the cationic moieties in the X-ray structures of
complexes Ru8 (a), Ru9 (b) and Rull (c) isolated as minor products during the synthesis of the chloro
compounds Ru7a and Ru7b.

In the case of the side-product Ru8, the ruthenium metal center also adopts an octahedral
distorted type of coordination similar to that described for Ru7b, but the sixth coordination
site is occupied by the dmso ligand that displays a hydrogen bonding interaction between the

0(1) of the dmso ligand and the pyrazolic proton N-H (2.339 A).

Regarding the dimeric compounds Ru9 and Rull, their structures show again distorted
octahedral geometries around the metal centers, where the trpy ligands are also bonded in a
meridional manner and the deprotonated pyrazole rings of the corresponding pypz-H ligands
are bridging two ruthenium centers. In the case of Ru9, the structure is asymmetrical and
shows two Ru(trpy) centers connected by a deprotonated pypz ligand and by a bridging
chlorido. The structure can be observed as a merge of a mononuclear cis Ru7a unit
(corresponding to Rul in Figure IV.3.3b) and a reduced form of [Ru"Cl5(trpy)], used as starting
material in route B, after decoordination of one chlorido ligand (precursor of Ru2). The
formation of Ru9 is probably favoured by the presence, in the reaction medium of pathway B,
of the reducing agent NEt; that can also act as a base, presumably assisting the deprotonation
of the incipiently formed Ru7a compound and thus increasing the coordinating ability of the
deprotonated N, atom, as mentioned earlier. On the other hand, Rull displays a symmetric
cation with an inversion center, and each ruthenium is coordinated by one terpyridine ligand
and by two bridging pypz ligands. Again, the trpy and pypz arrangement around each Ru
metal center corresponds to that of a cis isomer thus reinforcing the hypothesis of the easy
deprotonation of the pyrazolic proton in Ru7a then lowering the yield obtained with respect

to the trans Ru7b isomer.
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1V.3.2. Spectroscopic properties

The IR spectra of compound Ru7 (as a mixture of isomers cis and trans, Ru7a and Ru7b
respectively) and Rul0 (Figure SIV.3.1) show bands around 3600-3400, 3090 and 1412-1389
cm™, that can be respectively assigned to Unu, U-cu and Ucy stretching modes of the
polypyridylic ligands. In the case of Rul0, the spectrum displays an additional peak over 3350

cm™ which corresponds to the ug.y stretching of the aqua ligand.

The one-dimensional (1D) and two-dimensional (2D) NMR spectra of compounds Ru7a, Ru7b,
Ru9 and Rul0 were recorded in methanol-d, and are presented in Figures IV.3.4- IV.3.5 and in
the supporting information (Figures SIV.3.4-SIV.3.7). The resonances for the complexes, all of
them found in the aromatic region, are consistent with the solid-state structures determined
through X-ray diffraction for RuZb and Ru9. The combination of 1D and 2D NMR spectra allows
to identifying all the resonances for the complexes. The most interesting feature of the spectra
of chloro-complexes Ru7a and Ru7b (Figure IV.3.4) is the deshielding effect exerted by the
chlorido ligand over the pyridilic H(1) of the bidentate ligand in the trans isomer Ru7b (& = 10.0
ppm) with regard to Ru7a, where H(1) is influenced by the aromatic n electron density then
appearing upfield with regard to Ru7b (& = 7.2 ppm). This is an evidence of the spatially close
Cl ligand to H(1) in the case of the trans isomer. For the trans Ru-OH, Rul0 complex (Figure
IV.3.5) the deshielding effect of the H,0 ligand over H(1) is not as strong as that observed in

the corresponding chlorido complex Ru7a, thus leading to a lower chemical shift (3 = 9.4 ppm).
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Figure IV.3.4. "H-NMR spectra of complexes a) Ru7a and b) Ru7b in methanol-d,
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Figure IV.3.5. "H-NMR spectrum of complex Ru10 in methanol-d,.

The UV-Vis spectra of complexes Ru7a, Ru7b and Rul0 registered in CH,Cl, or aqueous

phosphate buffer are displayed in Figure IV.3.6. The complexes exhibit ligand based m-mt *

bands below 350 nm and relatively intense bands above 350 nm assigned mainly to dm-mt*

transitions due to a series of MLCT transitions. For the Ru-Cl complexes the MLCT bands are

shifted to the red with regard to the Ru-OH, due to the relative destabilization of the dm(Ru)

levels provoked by the chloro ligand. A similar MLCT maximum wavelength values are

observed for other complexes described in the literature.****
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Figure IV.3.6. UV-Vis spectra of Ru7a (solid line), Ru7b (dotted line) in CH,Cl, and Rul0 (dashed line) in
phosphate buffer (pH= 7).

1V.3.3. Electrochemical properties
The redox properties of chlorido complexes Ru7a and Ru7b, the dmso complex Ru8, the
dimeric complex Ru9 and the aqua complex Rul0 were investigated by means of cyclic
voltammetry (CV) and differential pulse voltammetry (DPV). Figure IV.3.7 shows the CVs of

Ru7a and Ru7b registered in dichloromethane, and 1V.3.8 displays the DPV of Rul0 in aqueous

medium. CV and DPVs experiments for complexes Ru8 and Ru9 performed in CH,Cl, are shown

in the supporting information (Figures SIV.3.2 and SIV.3.3).
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Figure IV.3.7. CV for complex Ru7a (blue) and Ru7b (red) registered in CH,Cl, vs. SCE.
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Figure 1V.3.8. DPV of complex Rul0 in phosphate buffer (pH adjusted to 11.8) vs. SCE.

Chlorido complexes Ru7a and Ru7b exhibit a reversible one electron Ru(lll)/Ru(ll) redox
process at Ey;,= 0.88 V and E;;,= 0.80 V vs. SCE, respectively (Figure IV.3.7). Despite presenting
the same coordination environment, higher potential values are obtained for the cis chlorido
complex Ru7a (0.88 V) when compared to the analogous trans Ru7b (0.80 V). This behaviour is

> where the two chlorido

distinct to that shown by the analogous pypz-Me complexes,*
isomers display almost identical £/, values, but is related to the redox properties of the above-
mentioned carbene CN-Me complexes®®, where the two isomers present redox couples with
values that differ in around 100 mV. In the case of complexes Ru7a and RuZb the redox
behaviour evidences that the oxidation state (lll) is affected by the relative coordination of the
pyridylpyrazole ligand to the ruthenium, leading to a greater stabilization of Ru(lll) when the

pyrazolyl ring is placed in trans respect to the o-donor chlorido ligand.

On the other hand, the aqua complex Rul0 exhibits two reversible redox processes at E;/,= -
0.03 V and 0.34 V vs. SCE in aqueous phosphate buffer at pH= 11.8, corresponding to the one
electron Ru(ll1)/Ru(Il) and Ru(IV/IIl) redox couples, as we have confirmed through the Pourbaix

diagram (see below).

The redox potentials for the Ru-aqua complexes are pH dependent, due to the capacity of the

coordinated aqua and pyrazolylic (PzH) ligands to exchange protons (equations (2) and (3)):
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pKa(Ru"),

[Ru"(pypz-H)(trpy)(OH,)1** = [Ru"(pypz)(trpy)(OH,)]* + 1H" (2)

pKa(Ru"),
[Ru'(pypz)(trpy)(OH,)]* = [Ru"(pypz)(OH)(trpy)]* + 1H" (3)

When the Ru(ll) form is oxidized, the higher Lewis acidity of the upper oxidation state leads to
the parallel deprotonation of one or more of the ligands, originating a pH-dependence of the
E,/, values. Such dependence is represented under the form of Pourbaix diagrams, and that
corresponding to complex Rul0 is displayed in Figure IV.3.9. The diagram shows several pH-
potential regions arising from the multiple protonation sites in the complex. The changes in
the slope correspond to the pKa values of the Ru(ll) or Ru(lll) species, and are indicated with

vertical lines in each case.

Ru'(pypzH)(OH)

Ru(pypz)(0)

| Ru(pypzH)(OH,)

Ru'(pypz)(OH)

Ru''(pypzH)(OH,)

Ru'(pypz)(OH)

-0,2 T

Figure IV.3.9. Pourbaix diagram for complex Rul0. The pH-potential regions of stability and the proton
composition for the different redox species are indicated. The pKa of each species is represented with a
dashed vertical line.

Under acidic conditions only one electrochemically quasirreversible wave is observed
corresponding to the Ru(lll/ll) couple; for pH values below 2.4, the potential is not pH-
dependent and the wave observed at E;,=0.64 V corresponds to the simple one-electron

oxidation process displayed in equation 4:
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[Ru"(pypzH)(trpy)(OH,)1** = [Ru"(pypzH)(trpy)(OH)I** +e  (4)

Within the pH range 2.4 — 5.9 approximately, the potential decreases ~69 mV per pH unit,
whereas in the pH range 5.9 - 7.9 this decrease is of 118 mV. These variations are consistent

with the processes shown in equations 5 and 6, respectively:

[Ru'(pypzH)(trpy)(OH,)1** = [Ru"(pypzH)(OH)(trpy)]** +H" +e (5

[Ru"(pypzH)(trpy)(OH,)1* = [Ru"(pypz)(OH)(trpy)]" +2H" + & (6)

At basic pH two redox processes can be detected. For instance, at pH= 11.8 two reversible
redox processes at Ej;,= -0.03 V and 0.34 V are observed. The first wave is assigned to the

Ru(l11)/Ru(ll) couple and the second to the Ru(IV)/Ru(lll) redox pair (equations 7 and 8):

[Ru"(pypz)(trpy)(OH,)]" = [Ru"(pypz)(OH)(trpy)]* + H" + & (7)

[Ru"(pypz)(OH)(trpy)]* = [Ru"(pypz)(O)(trpy)]" + H" + & (8)

As mentioned above, the changes in the slope indicated by the vertical lines in the Pourbaix
diagram correspond to the pKa values of the Ru(ll) and Ru(lll) species. In the case of Rul0, the
pKa values for Ru(ll) are pKa(Ru");= 7.9 and pKa(Ru"),= 11.8, corresponding to the
protonation/deprotonation of the pyrazole ring and the aqua ligand respectively. In the case of
Ru(lll), the values of pKa(Ru");= 2.5 and pKa(Ru"),= 6 can be assigned to the aqua ligand and
pyrazole ring, respectively. As can be observed, the oxidation to Ru(lll) and the subsequent
increase of the Lewis acid character has a notably higher influence on the pKa value of the
aqua ligand, which is directly coordinated to the Ru metal center, than on that of the pyrazolyl

ligand.

Table IV.3.1 shows the comparison of the redox potential of the Ru-OH, complex Rul10 with

others previously reported in the literature.**>**>3%
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Table 1V.3.1. pKa and electrochemical data (pH= 7, Ey/, in V vs. SCE) for aqua complexes described in this
work and others for purposes of comparison.

entry compound Exj (N1/N) Eypr (IV/U1) pKa(11) pK,(I1)  ref
1 Rul0 0.26 0.61° 11.8(7.9)° 2.5(5.9)° ¢

2 trans-[Ru(trpy)(pypz-Me)(OH,)]** 0.39 0.57 10.1 0.95 332
3 [Ru(trpy)(bpy)(OH,)]** 0.49 0.62 9.7 1.7 335
4 [Ru(trpy)(acac)(OH,)]" 0.19 0.56 11.2 5.2 336

b

®Value estimated from extrapolation of the (IV/Ill) trace in the Pourbaix diagram to pH = 7. "In

parentheses, pKa value corresponding to the deprotonation of the pyrazolyl ligand. “This work.

The redox potential of the couple Ru(lll/ll) in Rul0 is lower than that displayed by the
analogous trans-[Ru'(trpy)(pypz-Me)(OH,)]"and [Ru(trpy)(bpy)(OH,)]** complexes (entries 2
and 3), which is in accordance with the higher electron-donor character of the pypz-H ligand
with regard to pypz-Me or bpy. In this line, the substitution of the bidentate ligands in entries
1-3 by a strong o-donor anionic ligand such as acetylacetonate (acac) produces a stabilization
of the Ru(lll) oxidation state and thus a strong decrease of the Ill/Il couple to values below to
that observed in Rul0, which bears the neutral pypz-H ligand. Hovewer, the IV/Ill couple is
much less affected by the different bidentate ligands present (in the case of complex Rul0 the
Ey/ (IV/11) wave is not observed in the Pourbaix diagram but it could be estimated to be
around 0.61 V). Regarding the pKa values, complex Rul0 presents the highest pka(ll) value
(11.8) followed by that displayed by the acac complex in entry 4. This is in accordance with the
anionic nature of acac and of the pypz ligand (that is deprotonated at this pH value) which are

strong o-donor and thus make the Ru metal center and the coordinated aqua ligand less acidic.

1V.3.4. Catalytic epoxidation of alkenes

The catalytic activity of the ruthenium aquacomplex trans Rul0 was checked in the
epoxidation of different alkenes in dichloromethane and using iodobenzene diacetate as
oxidant, with a catalyst:substrate:oxidant ratio of 1:100:200. No epoxidation occurred in the
absence of catalyst. Table 1V.3.2 reports the conversion and selectivity values for the epoxide

product in each case.
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Table 1V.3.2. Ru-catalyzed alkene epoxidation mediated by complex Ru10.” Conversion (conv.) and
selectivity (sel.) values are given in %.

R! R? R! A 2
cat. Rul0 R
— —_— A
R o CH,Cl,, 24h, RT R 3
Complex Rul0
Entry Substrate conv. sel.?
~
! ©/\ 69 >99
2 ~ >99
(T .
[78/22]
N
3 ©N 86 82
4 N >99
@A >99 d
[100/0]
> O 94 >99
/\/\/\/
6 7 66 >99

®Conditions: Rul0:subs:Phl(OAc), (catalyst/substrate/oxidant) ratio of 1:100:200 in CH,Cl,, 24 h at
RT.bSeIectivity for epoxide (sel.): [Yield/conversion] x 100. Ratio [% cis epoxide/ % trans epoxide]. “Ratio
[% ring epoxide/ % vinyl epoxide].

As can be observed in Table IV.3.2, in general moderate to high conversions and good
selectivity values for the corresponding epoxides (with benzaldehyde identified as the main
byproduct) are obtained for all the substrates tested. Both aliphatic and aromatic alkenes are
efficiently epoxidized and, among the aromatic ones (entries 1-3), styrene (entry 1) displays a
slightly lower conversion degree. This would be in accordance with the involvement of an
electrophilic active species that would display better reactivity towards the alkyl-substituted B-
methylstyrenes (entries 2 and 3) than for styrene. The conversion trend within aliphatic olefins
(entries 4-6) would also be in accordance with the occurrence of such electrophilic active
species, achieving slightly lower converion values for the monosubstituted 1-octene substrate

(entry 6) when compared to the alkyl-disubstituted cyclic olefins.

Within the epoxidation area a particularly interesting reaction is the stereoselective
epoxidation of cis-alkenes.'®®*****7 The cis — trans isomerization in epoxidation processes
involving cis alkenes is a common phenomenon due to the higher thermodynamic stability of
the trans epoxides. To undergo such isomerization, a rotation around the C-C bond is required

involving the presence of a relatively long-lived free substrate radical during the oxygen
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transfer process (see introduction, Scheme 1.13). The activity of Rul0 with regard to the
epoxidation of cis-B-methylstyrene shows 78 % of cis-epoxide and 22 % of trans-epoxide, and
this fact must be caused by the involvement of a relatively stable radical species in the catalytic
cycle that undergoes isomerization to the most thermodynamic stable trans isomer. It is
interesting to compare the activity of complex Rul0 with regard to the previously reported
trans-[Ru(trpy)(pypz-Me)(OH,)]**, for which the isomerization to the trans-epoxide is
inexistent. Taking into account that both catalysts present similar redox behaviour (with two
clearly separated monoelectronic redox processes) their different stereoselectivity could be
related to structural factors associated to the presence of the additional methyl group which

could hinder the cis — trans rotation of the intermediate species in the catalytic cycle.

Regarding the 4-vinylcyclohexene substrate, Rul0 is specific towards the ring oxidation, again
in agreement with the formation of an electrophilic catalytic species that would preferently

epoxidize the disubstituted ring double bond.
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1V.4. Heterogenization of complex [RuCl;(pypz-CH.COOEt) (dmso):].
Evaluation of the catalytic activity in the hydration of nitriles.

IV.4.1. Strategies for the immobilization of Ru complexes

The immobilization method used for the heterogenization of [Ru"Cl,(pypz-CH,COOEt)(dmso),]
(Rul, as a mixture of isomers Rula and Rulb, see section IV.2) described in this chapter is
based in the formation of hybrid materials in which the support and the heterogenized
compound are linked by a chemical bond. A covalent binding is formed between the modified
pyridine-pyrazole ligand containing an ethyl ester group (Scheme IV.4.1) and the surface of

different types of silica particles, through the hydrolisis of the terminal ester group.

N X
| / BrCH,COOEt | \
z e 4 o
N N~ 1 equiv. NaH N N/N/ﬁl/ ~
(0]
pypz-H, LI pypz-CH,COOE, L3

Scheme 1V.4.1. Modification of the pypz-H ligand by the introduction of a terminal ester group, pypz-
CH,COOEt.

In this chapter, two different SiO, supports were used: commercial silica mesoporous particles
(SP) and silica-coated Fe;0, magnetic nanoparticles (MSNP), with mean diameters of aprox.
200 nm and 20 nm, respectively. The main physical parameters for both types of support are

shown in Table 1, and full characterization of MSNP particles can be found elsewhere.*®

The strategy followed for the immobilization of complex Rul consists in the reaction of
molecular complex with SP or MSNP particles as is shown in Scheme 2. In the case of the SP
material, an EtOH:H,0 mixture (6:1) was used to solubilize the complex Rul and afterwards
the SP was added to the solution together with 1.5 equivalents of LiOH in aqueous solution.
The resulting dispersion was heated at 50 °C and stirred for one hour. The resulting
heterogeneous system SP@Rul was centrifuged, washed and dried at vaccuum. The yellow
color of the final solid indicates that the complex was successfully attached to the silica
surface. For MSNP, a similar procedure was used with the difference that it was mechanically
stirred at room temperature for 4 h. The brown-reddish color of the MSNP does not allow to
see the yellow color of complex Rul attached onto the silica surface, but further experiments
confirmed its presence. To the best of our knowledge, this is the first example of a dmso
ruthenium complex immobilized and fully characterized (see below) onto silica supports

including magnetic particles.
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Scheme 1V.4.2. Synthetic strategies for the immobilization of complex Rul (as mixture of isomers Rula
and Rulb) onto SP (grey spheres) and MSNP (orange-core and grey-shell spheres).

IV.4.2. Characterization of supports

The different techniques used for the characterization of the supports described below
correspond to both SP@Rul and MSNP@Rul particles, except for the physical parameters

which are given for the naked silica and MSNP supports.

IV.4.2.1. Physical parameters of the silica supports used

The physical parameters were measured on the various silica supports prior to the attachment
of the complex or ligand and are summarized in Table 1V.4.1. As can be observed, the core-
shell MSNP is not a mesoporous material (does not have pores on the surface) in contrast with
SP. The specific surface areas (Sger) of the supports are quite different, with SP having a value

around ten times as much than MSNP. Finally, MSNP contain around 24.3 % of Fe

Table 1V.4.1. Physical parameters of the different supports used.

Pore
Support Particle size (nm) Volume Size Seer % Fe
(cm’/g)  (nm)
SP ~200 0.002 4 886 -
MSNP ~20 - - 80.3 24.29

<
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1V.4.2.2. Atomic Emission Spectroscopy (ICP-AES)

From the ICP-AES experiments, the amount of Rul complex covalently anchored to the

supports was obtained. The results are shown in Table 1V.4.2.

Table 1V.4.2. Amount of Ru anchored in the different supports.

Support Average Ru(%)* Ru(mmol/g silica)
SP 3.08 0.305
MSNP 1.32 0.131

9% g Ru/100 g support
As can be observed in Table IV.4.2, a lower amount of Ru was anchored onto the MSNP

support probably due to the incomplete hydrolysis of the ester groups since milder reaction

conditions have been used to hydrolyze the ethyl groups of the ester ligand.

1V.4.2.3. SEM images

Scanning electron microscopy (SEM) was performed on the two supports after
functionalization, and the images obtained are displayed in Figure 1V.4.1. As can be observed,
both supports maintain their particle size and morphology after the attachment process.
Figure SIV.4.1 shows the SEM images obtained for supports SP and MSNP before anchoring the
complex (MSNP particles had been synthesized and fully characterized by the group of Dr.
Josep Ros from UAB).288 The resolution of the MSNP are not as good as for SP because of

aggregation phenomena.

a)

Figure I1V.4.1. SEM images of a) SP and b) MSNP after the anchoring of the Ru complex.
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1V.4.2.4. TEM images

Transmission electron microscopy (TEM) was performed on the two different supports after
functionalization, and the images obtained are displayed in Figure 1V.4.2. This technique gave
better resolution for magnetic nanoparticles MSNP, where the Fe;0,4 core and the SiO, shell
can be observed (Figure 1V.4.2b, black and grey zones respectively). Also, TEM images for the
SP and MSNP supports before anchoring the complex were registered and the images are
shown in Figure SIV.4.2. As can be observed, both supports maintain their particle size and

morphology after the attachment process.

Figure 1V.4.2. TEM images of a) SP and b) MSNP after the anchoring of the Ru complex.

1V.4.2.5. Thermal studies (TGA)

Thermogravimetric profiles have been registered for the naked SP support and for the two
(SP@Rul and MSNP@Rul) supports after anchoring the Ru complex, and the results obtained
are shown in Figure 1V.4.3. In all cases, the supports present an initial weight loss at
temperatures below 150 °C, corresponding to the evaporation of adsorbed solvent. At higher
temperatures, the weight loss for both heterogeneous materials corresponds to the release of

the Ru complex. For SP@Rul the weight loss was 17.1 %, whereas it was of 7.3 % for MSNP.
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Figure IV.4.3. Thermogravimetric profiles of naked SP support (green), SP@Rul (blue) and MSNP@Rul
(red).

1V.4.2.6. X-ray Photoelectron Spectroscopy (XPS)

The X-ray Photoelectron Spectroscopy (XPS) technique relies upon the photoelectric effect. An
electron in an atom of a solid may absorb an inicident photon and so gain sufficient energy to
leave the confines of that atom’s potential well. Although photoelectrons are produced
whereever X-rays penetrate, only those within a few nanometres of the surface can actually
escape the solid completely and thus carry information about their origins in their kinetic
energy. Given the fixed energies of core energy levels in atoms, the net energy of a
photoelectron is also fixed and a binding energy of its origin can be determined. For a given
element, the energies of the core levels do not vary a great deal, so each element has a

characteristic “fingerprint” spectrum.**®

The XPS survey spectra have been registered for SP@Rul and MSNP@Rul, and the
corresponding overall spectra are shown in Figure IV.4.4 and in the supporting information
(Figures SIV.4.3 and SIV.4.4 respectively). Peaks corresponding to C, Si, O and Ru are clearly
observed for both samples, with a strong signal near 530 eV which corresponds to the 1s
orbital from the oxygen atoms of the silica, together withtwo weak signals identified as C 1s
(~282-290 eV) and Si 2p (~103 eV) (see Figure IV.4.4a and Figure SIV.4.3).%*° A third weak signal
at ~280.85 eV for SP@Rul and ~280.5 eV for MSNP@Rul was identified as the Ru(3ds,)
orbital, confirming the ruthenium (Il) oxidation state. This signal is in close proximity to the C
1s signal (Figure 1V.4.4b) and a deconvolution of the overall signal has been performed for
both samples (Figures SIV.4.3 and SIV.4.4 in the supporting information). The Ru(3ds,) value is

similar to that reported for other Ru(ll) complexes found in the literature.**°
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survey scans of SP@Rul: a) overall XPS spectra and b) C 1s signal together with

IV.4.2.7. Spectroscopic properties

Both heterogeneous systems SP@Rul and MSNP@Rul have been characterized through IR

and UV-Vis spectroscopies. Figure IV.4.5a displays the IR spectra for SP and SP@Rul and, as

can be observed in the inset, the modified silica SP@Rul shows bands around 1702 cm™ that

can be assigned to V(C-0) stretching modes of the supported pypz-CH,COOEt ligand. In a

similar way, MSNP@Rul1 (Figure 1V.4.5b) displays the analogous v(C-O) band at 1695 cm™.
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Figure IV.4.5. IR spectra of a) SP@Rul and b) MSNP@Rul. Blanks of SP and MSNP respectively are
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represented in blue, and the heterogeneous complex in red lines.

The UV-Vis spectra for SP@Rul and MSNP@Rul have been registered on a suspension of the
heterogeneous support in dichloromethane and are displayed in Figure IV.4.6, together with
the UV-Vis spectrum of the homogeneous complex Rul and those of SP and MSNP naked
supports. The anchored complex exhibits ligand based m-n* bands below 350 nm and relatively
intense bands above 350 nm mainly due to dr(Ru)-rt*(L) MLCT transitions>*° that are similar to

those obtained for the homogeneous complex Rul. We can then assert that the anchored Rul

complex is analogous to that previoulsy synthesized in solution.
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Figure 1V.4.6. UV-Vis spectra (red lines) for a) SP@Rul and b) MSNP@Rul. In each figure, spectra of the
corresponding naked SP and MSNP supports are depicted in green and that of complex Rul in blue.

IV.4.3. Catalytic hydration of nitriles

The catalytic activity of the heterogeneous systems SP@Rul and MSNP@Rul was tested in
the hydration of benzonitrile and acrylonitrile under neutral conditions using water as solvent
at 100 °C. The experimental conditions used were analogous to that used in homogeneous
catalysis (catalyst:substrate, 5:100). Conversion and selectivity values obtained with the
heterogeneized systems, together with the values attained with [RuCl,(dmso),(pypz-
CH,COOEt)], Rul, are gathered in Table IV.4.3. A blank experiment using naked SP and MSNP
yielded 10 and 17 % of amide respectively. This value has been subtracted from the results

shown in Table 1V.4.3.
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Table 1V.4.3. Ru-catalyzed hydration of nitriles to amides in water using homogeneous complex Rul and
the heterogenized systems SP@Rul and MSNP@Ru1.® Conversion (conv.) and selectivity (sel.) values
are given in %.

Complex Rul SP@Rul MSNP@Rul
Substrate conv. sel.” conv. sel. conv. sel.
Z N 55 23 >99 72 >99 83
%N
¢N
88 88 85 83 >99 88

®Conditions: Reactions performed at 100 °C in H,O (3 mL) and in a [Substrate]:[Ru] ratio= 100:5. Time:
20 h reaction. bSelectivity for the amide is determined by 'H-NMR analysis of the reaction mixture.
Selectivity (sel.) = (amide yield/substrate conversion) x 100.

It is interesting to note that both heterogenized catalysts showed better performances in
terms of conversion and selectivity values than the homogeneous counterpart, with an
outstanding improvement for the less activated acrylonitrile substrate. This could be explained
by the fact that the SP and MSNP supports might play a certain role in the catalytic pathway,

perhaps diminishing the catalyst-self deactivation pathways.

For practical applications the life-time of a catalyst and its level of reusability are very
important factors. In this sense, and based on the results shown above, the recyclability of the
heterogeneous systems SP@Rul and MSNP@Rul was investigated. In all cases, after the first
run the reaction mixture was cooled and the catalyst was recovered by centrifugation (in the
case of SP support) or magnetically (in the case of MSNP support), washed with water and
introduced in the reaction flask with a new load of substrate under the same experimental

conditions.

The results obtained for both heterogeneous systems throughout several consecutive runs
using benzonitrile and acrylonitrile as substrates are shown in Figures IV.4.7 and 1V.4.8

respectively.
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Figure IV.4.7. Conversion (orange bars) and selectivity (pink bars) values obtained throughout
consecutive reuses of SP@Rul (a) and MSNP@Rul (b) in the hydration of benzonitrile to benzamide in
water (see text for experimental conditions).
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Figure IV.4.8. Conversion (orange bars) and selectivity (pink bars) values obtained throughout

consecutive reuses of SP@Rul (a) and MSNP@Ru1 (b) in the hydration of acrylonitrile to acrylamide in
water (see text for experimental conditions).

One can observe that the catalysts maintain an excellent performance through all the runs,
with conversion values above 75 % for benzonitrile and close to 95 % for acrylonitrile when
using both heterogeneous systems. The selectivity towards the amide product is also well
maintained in similar values to that found for the first run in all cases: for benzonitrile, the
average selectivity values are 85 % and 90 % for SP@Rul and MSNP@Rul respectively,

whereas in acrylonitrile the SP-based catalyst displays a slightly lower value (~ 70 %) than the

MSNP (~80 %).

The overall turnover numbers obtained with SP@Rul are 102 for benzonitrile and 43 for

acrylonitrile, whereas for MSNP@Rul are 111 and 49 respectively.

In view of these results, the reutilization of SP@Rul and MSNP@Rul systems in the hydration
of both benzontrile and acrylonitrile has demonstrated a good effectiveness, keeping high
conversion and selectivity values through all the runs. In the case of the nanoparticles, the
magnetic core allows us to attract and remove them from the reaction medium by a magnet,

facilitating the reusability of the material.
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IV.5. Biological application of some manganese and ruthenium complexes.
Evaluation of the activity against tumoral cells.

IV.5.1. Manganese complexes

As it has been exposed in Chapter 1, manganese-based complexes may be valuable antitumor
agents though they have been only scarcely studied for such purpose. Mn complexes have
potentially fewer side effects and are more environment-friendly compared to other metals.
Moreover, some factors such as hydrophobicity (that may help cellular uptake) the presence of
chelating ligands (that would control the reactivity towards different biomolecules, and the
interaction with them through hydrogen bonding or intercalation) or the occurrence of good
leaving groups (which provide vacant sites for metal-interaction with target molecules) would

seem to be essential requirements for the cytotoxic activity of Mn complexes.

In previous works, we have studied the coordination of some nitrogen-based ligands such as

8c 25b,137 341

pyridines,**  bipyridine and pyrazoles®™ to manganese ions together with their
characterisation and catalytic behaviour in epoxidation reactions. We thought that manganese
complexes containing these N-chelating ligands and chloride, triflate or nitrate as labile ligands
could show good cytotoxicity against certain cell lines, as has been observed with the a-

27 These manganese

[Ru(azpy),Cl,] compound, which contains the same type of ligands.
complexes would accomplish most of the aforementioned requirements for anticancer activity
and then could be a promising alternative to the current precious metal based compounds.
Moreover, slight modifications on the ligands such as alkylation at the acidic positions could

enhance their hydrophobicity and inertness, thus potentially improving their activity.

The manganese compounds studied in this chapter for this purpose are those with general
formula [MnX;(pypz-H),] (X= Cl, Mnl; CF3:SO;, Mn2; NO;, Mn4), and complexes
[MnCl;(H,0,)(pypz-H)] (Mn5), [MnX,(pypz-Me),] (X= Cl, Mn6; CF;SO;, Mn7) and
[Mn(CF5S0s),(pypz-CH,COOEL),] (Mn8), which have been fully described and characterized in
section V.1, together with compound [Mn(CF5S0s),((-)-L),] (Mn10, see Figure IV.5.1) that was

previously synthesized in our group.?****’
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Mn10 (-)-L

Figure IV.5.1. Structure of complex [Mn(CF3;SO3),((-)-L),] (Mn10) and the ligand (-)-pinene[5,6]bipyridine
((-)-L).

1V.5.1.1. Stability tests

Before the cytotoxicity measurements, the stability of all the compounds in physiological
conditions was tested by monitoring the changes in their UV-Vis spectra after a period of 72 h
(Figure SIV.5.1 displays the spectra registered in PBS at pH= 7.4 for complexes Mn6-10 as
representative examples), and no significant changes from the initial spectrum were observed,
thus indicating that the compounds are stable in PBS at pH= 7.4. The potential decoordination
of N-donor ligands wouldn't lead to significant changes in the maximum absorbance
wavelengths given the featureless UV-Vis spectra of free Mn ions but, in parallel, we should
expect a considerable drop in the absorbance due to the lower extinction coefficient of the
free ligands with respect to the complexes that is not observed experimentally. In order to
study the occurrence of rapid changes that could take place in the complexes shortly after
solubilization (and that would not be observed in the UV-Vis spectra due to the need of longer
times for the preparation of solutions with exact concentrations), some VC experiments were
carried out with compounds Mn6-8 in aqueous solution containing a mixture of NaCl and KCl
(0.103 and 0.0049 M respectively) as electrolyte support, which mimics the concentration of
these ions in the PBS medium used for UV-Vis spectroscopy. Complexes were dissolved in the
NaCl/KCl agueous solution(1 mg/2 mL) and then their cyclic voltammograms were recorded
immediately (Figure IV.5.2 displays the CV obtained for complex Mn7). After 30 minutes, little
ammounts of p-toluene sulfonic acid were added to the solution causing the shift of the redox
wave towards upper potential values. The subsequent addition of NaOH shifted the cyclic
wave back to lower potentials. This pH dependance of the redox potential presumably
indicates the presence of an aqua-complex generated upon substitution of one or two
monodentate ligands by water medium within the first few seconds after solubilization. The

new species is stable for several days as discussed earlier from UV-Vis experiments.
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Figure IV.5.2. VC of compound Mn7 in H,0 + 0.103 M NaCl/0.0049 M KCl vs. SCE. The solid lines
correspond to the voltammograms registered after complex solubilization at different times (blue, 25 s;
red, 7 min; green, 30 min). The purple dashed line corresponds to the CV obtained after addition of p-
toluene sulfonic acid, whereas that recorded after addition of NaOH is displayed as a blue dotted line.

The behaviour displayed by Mn7 was parallel to that shown by complexes Mn6 and Mn8 in the
same medium. Other media such as 0.1 M solutions of NH,PF¢ or Na(CF;SO3) were also used
(the latest to test the influence of extra triflate anions on the substitution kinetics in the case
of complex Mn8, that contains triflate as monodentate ligands), leading to similar results

(Figure SIV.5.2).

IV.5.1.2. Cytotoxicity assays

The cytotoxic effect of the manganese compounds, containing pyridine-pyrazole (Mn1-2 and
Mn4-8) and (-)-pinene[5,6]bipyridine (Mn10) ligands, together with different monodentate
labile ligands was evaluated in two human cancer cell lines, NCI-H460 and OVCAR-8, after 72 h
of exposure to them. Each ligand was also evaluated to discern the role of the manganese
moiety on the cytotoxic effect. All the tested compounds exhibited cytotoxic effects in a dose-

dependent manner. Table IV.5.1 shows the corresponding ICsq values.
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Table IV.5.1. ICso* values (uM) of tested ligands and compounds Mn1-2, Mn4-8 and Mn10 on the

indicated cell lines.

Compound NCI-H460 OVCAR-8
[MnCl,y(pypz-H),], Mn1 124.7+2.6 373.1462.7
[Mn(CF3S0s),(pypz-H),], Mn2 189.2+29.2 492.4+93.4
[Mn(NOs),(pypz-H),], Mn4 157.2432.1 >600.00
[MnCl,(H,0),(pypz-H)], Mn5 132.2+23.5 413.1+45.8
[MnCl,(pypz-Me),], Mn6 160.8+20.2 >600.00
[Mn(CF5S0s),(pypz-Me),], Mn7 94.3+10.9 318.3+53.0
[Mn(CF5S0s),(pypz-CH,COOELt),], Mn8 51.3%7.2 212.5+37.5
[Mn(CF3S0s),((-)-L),], Mn10 1.7+0.4 4,710,4
(-)-L 3.310.1 15.9+3.8
pypz-Me >600.00 >600.00
pypz-CH,COOEt 160.5£21.3 >600.00
pypz-H >600.00 >600.00
Cisplatin 1.0+0.1 6.9+1.2
Carboplatin 12.8+2.2 110.0%+4.2

*|Cso values correspond to the concentrations of each compound or its ligands that are required to
inhibit cell proliferation by 50 %. Data are presented as mean + SE of at least three independent
experiments conducted in triplicate.

Among the compounds containing pyridine-pyrazole ligands, Mn7 and Mn8 are cytotoxic for
both cells lines, whereas none of the corresponding pypz-R ligands displays significant activity
(only a minor effect could be observed in the case of ligand pypz-CH,COOEt on NCI-H460 cell
line). Compound Mn10, containing the pinene-bipyridine ligand (-)-L, presents a remarkable
cytotoxicity that is of the same order of magnitude than that shown by cisplatin for both cell
lines and between 10- and 22-fold higher than that of carboplatin for NCI-H460 and OVCAR-8,
respectively. In all cases manganese complexes have higher biological activity than their free

ligands, confirming that the antitumor activities of pyrazolyl and bipyridyl ligands can be
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enhanced by coordinating the corresponding ligand to manganese. In general, the NCI-H460

cell line is more sensitive to the action of compounds than the OVCAR-8 cell line.

Similar to other ruthenium®’ and platinum compounds,**

the cis-coordinated labile groups in
our complexes could be crucial for the good values obtained in the cytotoxic results, as it
seems to be a key factor for the coordination of the metal to DNA.*>** The selectivity toward
these bases appears to result from both electronic and steric effects.>** The nature of N-R
groups (CH,COOEt, H or Me) seems also to be important in the activity shown by the different
complexes with pyrazolic ligands: as a general trend, complexes containing the less polar
alkylated pypz-Me and pypz-CH,COOEt ligands display better activities than those containing
pypz-H, in consistency with hydrophobicity being a favourable requirement for cytotoxic
activity as mentioned earlier. An additional influence of the N-R groups over the activity could
arise from the potential H-bonding interactions that the R substituents on the pyrazole ring
may present around the vacant site after removal of the leaving groups. If we compare, for
instance, compounds Mn6-Mn8, we can observe that manganese compound Mn8, which
shows the cis-X-trans-pz geometry (see Scheme 1V.5.1), places the two N-CH,COOEt groups of
the N-pyrazole ligands in cis to each monodentate labile group, a fact that could favour a best
accessibility or interaction through hydrogen bonding with some biomolecules approaching
the vacant sites; in the case of complex MnZ7, only one N-CH; group is in cis to the labile
positions and for complex Mn6 these N-CH; groups are situated trans- to these groups, thus
exerting low influence. Complexes Mnl, Mn2 and Mn4 display the same cis-X-trans-pz
geometry than complex Mn8 and, consequently, the geometrical isomer itself is not a
determinant factor for cytotoxicity. Nevertheless, the geometry determines the spatial
disposition of the N-R substituents which seems to be important in the antiproliferative
activity of the pyrazolic complexes, with a certain contribution of the polarity of the
substituents on the ligands as the more polar N-H groups instead of N-R organic substituents

seem to slightly worsen the cytotoxicity activity.
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NeiR

A-cis-X-trans-Pz A-cis-X-trans-Pz

A-cis-X-trans-Py

R=H, Mn1-Mn4
R=-CH;, Mn6-Mn7
R=-CH2COOEt, Mn8

A-cis-X-cis-(PyPz) A-cis-X-cis-(PyPz)

Scheme IV.5.1. Diastereisomers obtained for [MnX,(pypz-R),] complexes (R= -H, -CH; or -CH,COOEt),
Mn1-4 and Mn6-8.

Compound Mn10, which contains the more apolar ligand (-)-L and that presents pyridine rings
in cis to the labile positions, exhibits increased activity. In concordance with the results
obtained for the series of pyrazole ligands descrived above, we can assert that an overall
increase in the hydrophobicity of the compounds seems to have certain importance since
compounds Mn7 and Mn8, and particularly Mn10 exhibit the highest cytotoxic effect.
However, an additional influence of the leaving group can be also postulated here, as these
three compounds contain triflates as monodentate anionic ligands. The presence of triflate
seems to have a positive influence on the cytotoxicity activity when comparing for instance
compounds Mn6 and Mn7, with the chloro compounds Mn6 displaying lower activity. This fact
could be related to an easier dissociation of the triflate groups that could facilitate the

coordination of the metal ion to target molecules.

Taking into account the higher antiproliferative effect of compound Mn10, and the remarkable
difference with respect to the rest of the compounds containing pyrazole ligands, we further
investigated its cytotoxicity on a panel of breast tumour cell lines (MCF7, SK-BR-3 and MDA-
MB-231) as well as on the CC18-Co non-tumour cell line (Table IV.5.2). Compound Mn10 is
twice more cytotoxic than its ligand on the three breast cancer cell lines representatives of
tumours ER* PR* (MCF7), Her2" (SK-BR-3) and triple negative (MDA-MB-231). At the same time,
it is clearly selective for cancer cells because its ICsq value for the non-tumour cell line CC18-Co

is higher than 30 uM.
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Table IV.5.2. ICsy’ values (M) of compound Mn10 and its ligand on the indicated cell lines.

Cell line Compound Mn10 (-)-L
MCF7 5.410.4 11.9+1.9
MDA-MB-231 7.5£1.1 15.5+0.3
SK-BR-3 15.1+1.6 27.1£1.7
CCD-18Co >30 >30

% ICso values correspond to the concentrations of each compound or its ligands that are required to
inhibit cell proliferation by 50 %. Data are presented as mean * SE of at least three independent
experiments conducted in triplicate.

Provided the interesting results of compound Mn10 we further characterized how its

antiproliferative effect may be exerted.

1V.5.1.2.1. Analysis of compound Mn10 treatment on the cell cycle phase
distribution

The effect of Mn10 on the OVCAR-8 and NCI-H460 cell cycle phase distribution has been

investigated by flow cytometry. For comparison, the effect of its ligand was also analyzed.

After 72 h of exposure to compound Mn10 or to its ligand, it can be observed only a minor

accumulation on the Gy/G; cell cycle phase (see Figure SIV.5.5) compared to that of untreated

growing cells in OVCAR-8 and in NCI-H460 cells (Table IV.5.3).
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Table IV.5.3. Effects of compound Mn10 and its ligand at the indicated concentrations on the OVCAR-8
and NCI-H460 cell cycle phase distribution after treatment for 72 h. Untreated OVCAR-8 and NCI-H460
cells were used as control.

OVCAR-8° Control Mn10 (-)-L
5uM 24 uM 5um 24 pm
GO/G1 52.9 58.2 64.7 58.8 63.6
> 30.1 27.3 215 27.0 24.0
G2/M 15.8 14.1 11.8 13.5 10.9
NCI-H460° Control Mn10 (-)-L
2uM 9uM 2 uMm 9 uM
G0/G1 65.7 62.4 72.2 60.9 715
> 20.6 22.1 16.8 25.4 18.4
G2/M 13.8 15.3 10.4 13.6 9.8

® Treated cells were permeabilized and stained with Pl. Cell DNA content was analyzed by flow
cytometry. Data are representative of three independent assays. Values were analyzed from 10,000
total events.

1V.5.1.2.2. ROS generation triggered by compound Mn10

To determine whether ROS play an important role in the antiproliferative effect induced by
compound Mn10, we investigated by flow cytometry whether the treatment with this
compound increased the levels of ROS in OVCAR-8 and NCI-H460 cells. Cells were treated for
48 or 72 h with compound Mn10 at different concentrations and then labelled with carboxy-
H2DCFDA, which is oxidized to green fluorescent dichlorofluorescein in presence of ROS thus
allowing quantification (see Chapter 3, experimental section). For comparison, the effect of the
ligand was also analyzed. As it is observed in Figure 1V.5.3, the ROS levels increase with time
and concentration in both cell lines either with the compound Mn10 or its ligand. The effect of
compound Mn10 is higher than that of the ligand and, in the NCI-H460 cell line, the ROS

production is enhanced compared to OVCAR-8.
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Figure 1V.5.3. ROS production triggered by compound Mn10 and its ligand in OVCAR-8 (A) and NCI-H460
(B) cell lines. Cells were treated for 48 and 72 h with the compound or (-)-L and generation of ROS was
measured by flow cytometry after labelling with carboxy-H2DCFDA (see the text for more details). ROS
levels are indicated as fold-increase vs. control (non-treated cells). Values were analyzed from 10,000
total events. Data are presented as mean + SE of at least three independent experiments. Differences
versus untreated cells were considered significant at *p < 0.05.

Further, we investigated whether the increase of ROS could explain the antiproliferative effect
of compound Mn10. We measured cellular viability, using the MTT assay, of NCI-H460 cell line
treated with different concentrations of compound Mn10 or its ligand in the presence and
absence of the reducing agent N-acetyl cysteine (NAC). This reducing agent counteracts the
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ROS production in the cells. Figure 1V.5.4 shows that the presence of NAC reduces the
antiproliferative effect of compound Mn10 at all the concentrations assayed. We also
investigated whether compound Mn10 was able to generate ROS in vitro evaluating its ability
to consume ascorbic acid. The results were negative, indicating that the compound does not
produce ROS by itself. This result seems to indicate that compound Mn10 increases
intracellular ROS concentration by affecting those enzymes that control the homeostasis of
ROS.

120 -
B 0 MW NAC

100 4 = 5 mM NAC
- . *
F a0 .
= *
F-
o
= *
G 40

20

o4 I

Contral 2 ] 9 2 5 9

Mn10 (-)-L

Figure IV.5.4. Cellular viability of NCI-H460 cells after treatment with compound Mn10 and its ligand in
the presence and absence of N-acetyl cysteine (NAC). Cellular viability was measured by the MTT assay.
Data are presented as mean * SE of at least three independent experiments. Differences in the cell
viability values of cells with and without NAC treatment were considered significant at *p < 0.05.

1V.5.1.2.3. Binding of compound Mn10 to proteins and DNA

We tested the ability of compound Mn10 to interact with protein models and DNA. Protein
interaction of compound Mn10 and its ligand was tested using three different protein models:
chicken egg lysozyme, human pancreatic ribonuclease and cytochrome C, by following the
changes in the complex UV-Vis spectra after the addition of the protein at different times for a
period of 48 h (metal:protein molar ratio 4:1). In any case the spectrum of compound Mn10,
which displays a maximum at 292 nm, was changed (Figure SIV.5.3) indicating that compound

Mn10 does not interact with these model proteins.

To test the ability of Mn10 and its ligand to interact with DNA, three different concentrations
of the compound and its ligand were incubated with DNA (plasmid pUC18) at 37 °C for 24 h
and the effects were analysed in an agarose gel electrophoresis. The results are shown in

Figure IV.5.5A. As can be observed, neither the ligand nor the compound are able to interact
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with DNA since at all the concentrations assayed the bands observed, corresponding to the
supercoiled form (CCC) and circular nicked form (OC), are identical to those of the negative
control (plasmid pUC18 alone). In contrast, cisplatin, the positive control, promotes the
described effect on DNA i.e., the migration of the CCC form decreases until it co-migrates with

relaxed (OC form) to reach the coalescence point.**®

Taking into account the results of ROS
generation by Mn10 we performed the same assay of DNA interaction in the presence of H,0,.
It can be observed (Figure IV.5.5B) that, in the presence of H,0,, increasing concentrations of
Mn10 from 25 to 100 uM are able to change the ratio of the CCC to OC form of DNA and at 75
UM concentration it is also observed the appearance of a band corresponding to the linear
form of plasmid pUC18 (L) that is formed when both DNA strands are broken. Finally, at 100
UM, degradation of DNA is clearly produced. In contrast, the ligand does not have any effect in
the DNA topology even at the maximum concentration assayed when compared with the
negative control (plasmid pUC18 alone). Thus, we can conclude that in the presence of ROS
compound Mn10 cuts the DNA and promotes its degradation presenting a different behaviour
from that observed for cisplatin in this assay. Provided that compound Mn10 and its ligand
trigger ROS generation, the fact that the latter does not cut the DNA may explain the higher

antiproliferative effect of the compound. This result confirms that ligand coordination

enhances the cytotoxic properties.
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Figure IV.5.5. Agarose gel electrophoresis of pUC18 plasmid DNA treated with different concentrations
(indicated in uM) of compound Mn10 and its ligand in the absence (A) and presence (B) of H,0,. (A)
From left to right, lane 1, cisplatin (positive control), lane 2 plasmid pUC18 alone (negative control),
lanes 3—6 increasing amounts of compound Mn10 and lanes 7-10 increasing amounts of ligand (-)-L; (B)
From left to right in both gels (Mn10 and (-)-L), lane 1 cisplatin (positive control), lane 2 plasmid pUC18
alone (negative control), lanes 3—6 increasing amounts of compound Mn10 or its ligand ((-)-L). OC =
open circular form; CCC = covalently closed circular form; L = linear form.

1V.5.2. Ruthenium complexes

The ruthenium compounds studied in this chapter for this purpose are Ru4-6, with general
formula [RuCl,(L),(dmso),] (L= pz-H (Ru4), 3,4-dmpz-H (Ru5), 3,5-dmpz-H (Ru6)), which have
been fully described and characterized in Chapter 5, together with compounds [RuCl,(pypz-
H)(dmso),] (P2), [RuCly(bpea)(dmso)] (Rul12),% [RuCl,(NO,-pzH)(dmso)s] (Ru13)®* and
[RuCl(pypz-H)(9S3)]Cl (Ru14),**® that were previously synthesized in our group (see Figure
IV.5.6).
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Figure 1V.5.6. Structures of complexes [RuCl,(pypz-H)(dmso),] (P2), [RuCl,(bpea)(dmso)] (Rul2),
[RuCl,(NO,-pzH)(dmso)s] (Rul3), [RuCl(pypz-H)(9S3)]IClI (Ruld) and the free ligands N,N-bis(pyridin-3-
ylmethyl)ethanamine (bpea), 4-nitro-1H-pyrazole (NO,-pz-H) and 1,4,7-trithionane (9S3).

IV.5.2.1. Stability tests

Before the cytotoxicity measurements, the stability of all the compounds in physiological
conditions was tested by monitoring the changes in their UV-Vis spectra after a period of 72 h
(see SI, Figure SIV.5.4). For complex Rul4, a rapid substitution of the chlorido ligand by water
or another component of the working medium takes place immediately after solubilization in
aqueous media as evidenced by previously in our group®*® and, after that, its UV-Vis spectra
did not experiment any further change for 72 h. In overall, all the compounds were stable in

PBS/complete medium at pH 7.4.

1V.5.2.2. Cytotoxicity assays

As described earlier for Mn complexes, the cytotoxic effect of the above-metioned ruthenium
compounds was evaluated in two human cancer cell lines, NCI-H460 and OVCAR-8, after 72 h
of exposure to them. Each ligand was also evaluated to discern the role of the ruthenium
moiety on the cytotoxic effect. All the tested compounds exhibited cytotoxic effects in a dose-

dependent manner. Table I1V.5.4 shows the corresponding ICso values.
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Table 1V.5.4. IC5y* values (uM) of tested ligands and compounds Ru4-6, P2 and Ru12-14 on the indicated

cell lines.

Compound NCI-H460 OVCAR-8
[RuCl,(pz-H),(dmso),], Rud 308.0£31.6 338.0+31.6
[RuCl,(3,4-dmpz-H),(dmso),], Ru5 125.54+32.7 203.6+50.0
[RuCl,(3,5-dmpz-H),(dmso),], Ru6 187.0£50.5 215.648.0
[RuCl,(pypz-H)(dmso),], P2 370.7+21.0 532.3+35.5
[RuCl,(bpea)(dmso)], Rul2 325.0+38.5 >600.00
[RuCl,(NO,-pz-H)(dmso)s], Rul3 >600.00 >600.00
[RuCl(pypz-H)(9S3)], Rul4 149.0+31.1 234.2446.5
pz-H >600.00 >600.00
3,4-dmpz-H >600.00 >600.00
3,5-dmpz-H >600.00 >600.00
bpea 48,6+20.0 108.7+15.0
pypz-H >600,00 >600.00
NO,-pz-H >600.00 >600.00
9s3 >600.00 >600.00
Carboplatin 12.842.2 110.044.2

*|Cso values correspond to the concentrations of each compound or its ligands that are required to
inhibit cell proliferation by 50 %. Data are presented as mean = SE of at least three independent
experiments conducted in triplicate.

As it can be observed in Table IV.5.4, all compounds show in general higher cytotoxicities
towards the NCI-H460 than for the OVCAR-8 cell lines, as is also the case for Mn complexes
(see Table IV.5.1). However, although they are active for both cancer cell lines tested, the 1Cs
values obtained are rather high when compared to those presented by carboplatin or other

ruthenium compouds previoulsy described in the literature.**’

On the other hand, as a general
trend the ICso values of the free ligands are higher than those presented by the ruthenium

complexes tested, thus indicating that the presence of metal is necessary to achieve
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cytotoxicity, except for the case of the bpea ligand, which presents lower ICs, values for both
cell lines and therefore higher cytotoxicity than the corresponding complex Rul2. For the
OVCAR-8 cell line, the ICso value obtained for bpea is similar to the one presented by
carboplatin. This result is interesting as the majority of the clinical terapheutic treatments
against the human ovarian cancer are based in the administration of platinum-based

complexes.

The possible binding to DNA of complexes Ru5-6, which in general present the lowest 1Cso
values among all the compounds tested, together with the free bpea ligand, was studied by
incubating them with plasmid pUC18 at 37 °C for 24 h and the effects were analysed in an
agarose gel electrophoresis. Neither the ligand nor the compounds were able to interact with
DNA since at all the concentrations assayed the bands observed are identical to those of the

negative control (plasmid pUC18 alone, see Figure 1V.5.7).

Control bpea Ru5 Ru6

+ - 200 100 200 100

Figure IV.5.7. Agarose gel electrophoresis of pUC18 plasmid DNA treated with different concentrations
(indicated in uM) of compounds Ru5-6 and ligand bpea. From left to right, lane 1, cisplatin (positive
control), lane 2 plasmid pUC18 alone (negative control), lanes 3-8 indicated concentrations of bpea and
complexes Ru5 and Ru6. OC = open circular form; CCC = covalently closed circular form.

200 100 (uM)

ocC
Ccc

IV.5.3. Summary

For all the manganese compounds assayed, complexes have higher biological activity than
their free ligands, confirming that the antitumor activities of pyrazole and bipyridine ligands
can be enhanced by coordinating the corresponding ligand to manganese. Among all the
characteristics of the ligands, their hydrophobic character seems to be critical to enable them
with antiproliferative activities. Compound Mn10 has been chosen since it presents a higher
hydrophobic character than the rest of the compounds containing pyrazole ligands. The
cytotoxicity of this compound in vitro is of the same order of magnitude than that shown by
cisplatin for both cell lines and even higher than that of carboplatin. We show that compound
Mn10 inhibits the proliferation of cancer cells by triggering the generation of reactive oxygen

species and by binding to DNA.
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Although the IC5q values obtained for all the ruthenium compounds tested in this work were
too high to do a further investigation about their mechanisms of action, these results
prompted us to keep investigating about these kind of complexes in order to obtain new

ruthenium complexes with higher cytotoxicities than those found in the literature.

Surprinsingly, the bpea ligand showed a remarkable cytotoxicity against both cancer cell lines

tested (NCI-460 and OVCAR-8), specially towards the human cancer cell line OVCAR-8.
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This PhD Thesis collects the synthesis and thorough study of new Mn and Ru compounds
containing N-donor ligands as catalysts in important transformations as epoxidation of alkenes
and nitrile hydration reactions. The immobilization of these compounds onto different silica
supports as well as the use of different solvent media allow the reutilization of the catalysts in
the mentioned processes. Also, this work provides novel potential chemotherapeutic agents
against two human cancer cell lines, OVCAR-8 and NCI-H460. The most important conclusions

arising from the present work are summarized below:

Regarding manganese complexes

= New manganese complexes containing the bidentate ligands 2-(3-pyrazolyl)pyridine,
pypz-H, 2-(1-methyl-3-pyrazolyl)pyridine, pypz-Me, 2-(1H-pyrazol-3-yl)phenol, HOphpz-
H, and 3-(2-pyridyl)-1-(pyrazolyl)aceticacid ethylester, pypz-CH,COOEt, have been
synthesized and thoroughly characterized by analytical, structural and electrochemical
techniques. The complexes prepared are: [Mn”Xz(pypz—H)z] (X =CI', Mn1; CF3S03, Mn2;
OAc,Mn3; NOs, Mn4), [Mn"Cl,(pypz-H)(H,0),] (Mn5), [Mn"X,(pypz-Me),] (X = CI', Mn6;
CF3S03, Mn7), [Mn"(CF3S05),(pypz-CH,COOEt),] (Mn8) and [Mn"'Cl(Ophpz-H),] (Mn9).

= The X-ray structures for complexes Mn1-8 display hexacoordinated Mn(ll) ions, with
distorted octahedral geometry around the metal. Among these, complexes Mn1-4,
bearing two units of the pypz-H ligand, are obtained in all cases as the A/A cis-X-trans-
pz isomer, which seems to be energetically favoured thanks to H-bonding interactions
involving the pyrazolic H atoms and the monodentate ligands. In contrast, for
manganese complexes with pypz-Me or pypz-CH,COOEt ligands other H-bonding
interactions, along with steric factors, lead to obtaining different diastereoisomers:
A/N cis-Cl-trans-py for Mn6, A/ cis-CF3SOs-cis-(PyPz) for Mn7 and A/A cis-CF3SO;-
trans-pz for Mn8. Complex Mn5, containing one unit of the pypz-H ligand, is the first
co-crystal consisting of two isomers of a hexacoordinated Mn(ll) species, trans-Cl-cis-
H,O and cis-Cl-trans-H,0. Finally, complex Mn9, containing two Ophpz-H and one
chlorido ligand, displays a penta-coordinated Mn(lll) environment and has been

obtained as a single isomer.

= The redox properties of all complexes have been studied by cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) experiments in CH3CN. Complexes Mn1-8
exhibit one-electron Mn(ll1/11) redox processes and, among those contaning the pypz-H
ligand, the triflate (Mn2), acetate (Mn3) and nitrate (Mn4) compounds are oxidized at

higher potentials than the structurally similar chlorido complex Mn1 and the bis-Cl bis-
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H,O compound Mn5, which can be explained in terms of the stronger electron-
donating capacity of chlorido ligands compared to the above mentioned anions. A
similar behaviour has been observed for Mn6-8 containing the substituted pypz-R
ligands, where the redox potential values presented by the triflate complexes Mn7 and
Mn8 are again higher than that of the chlorido Mn6é complex. These results have
shown that neither the geometric isomer nor the type of substituent on the pyrazole
ring (H, Me or CH,COOEt) exert any substantial effect on the redox properties of these

compounds.

Finally, complex Mn9 shows an irreversible oxidation process which can be assigned to
the Mn(IV/lll) redox pair. The Mn(lll/lIl) redox pair has not been observed in the
potential range from -0.6 to 1.5 V, indicating that the coordination of three anionic

ligands to Mn highly destabilizes the Mn(ll) oxidation state.

All the manganese complexes synthesized have been tested as precatalysts in styrene
epoxidation in acetonitrile medium using peracetic acid as oxidant. Among the six-
coordinated complexes Mnl-5, contaning the pypz-H ligand, an increased
performance in the oxidation of this substrate is observed for the chlorido complexes
Mn1 and Mn5 with respect to triflate, acetate and nitrate compounds. This reveals the
role of the monodentate ligands in the catalytic activity observed, which can arise from
distinctive intermediate species or from faster oxidation kinetics due to the higher
electron donating ability of Cl ligands in the case of Mnl. For pyrazole-substituted
complexes Mn6-8, worse conversion values were obtained probably due to steric
factors which can slow the kinetics for the decoordination of the monodentate ligands,
and also to electronic effects arising from the increased electron-donor character of
the substituents at the pypz-R ligands. Finally, the pentacoordinated Mn(lll) complex
Mn9 also shows moderate performance, probably due to the relative stabilization of a
high-valent intermediate species by the electron-donor character of phenolate and

chlorido anionic ligands.

o Other aromatic and aliphatic substrates were tested with complexes Mn1,
Mn5 and Mn6-9 with better conversion values obtained for aliphatic olefins in
all cases, suggesting the involvement of a catalytic electrophilic active species.
This is in agreeement with the 4-vinylcyclohex-1-ene substrate being

epoxidized specifically at the more electron-rich ring position with all catalysts
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o The epoxidation of aromatic substrates with complexes Mn1, Mn5 and Mn6-9
evidences the influence of structural factors in the epoxidation of cis- and
trans-B-methylstyrene, for which the pentacoordinated catalyst Mn9 displays
the best conversion values, in contrast to that observed for styrene. In the
case of aliphatic substrates, both electronic and steric factors are manifested:
on one hand, electronic factors can explain the better performance displayed
by compound Mn1, containing two pyrazolic ligands, in comparison to that
presented by Mn5, with only one pyrazolic ligand and for which a less
electrophilic active species can be expected. However, structural factors must
be determinant in the excellent conversion and selectivity values displayed by
the pentacoordinated complex Mn9, where a poorly electrophilic active
species will be presumably formed. These results highlight the crucial role that
pyrazolic ligands seem to have in the fine tuning of the intermediate species

formed during oxidative catalysis.

o Regarding the selectivity in the epoxidation of cis-B-methylstyrene, moderate
to high percentages of epoxide are obtained, but with a certain degree of cis
to trans isomerization, which suggest the presence of a long-lived free
substrate radical during the oxygen transfer process. These results are in
agreement with computational calculations performed on complex Mnl,
which predict a lower barrier for the closure of the cis epoxide than for the
isomerization step, but with a smalloverall energy difference (0.6 Kcal-mol™)
that explains the partial formation of the thermodynamically more stable trans

epoxide.

The catalytic olefin epoxidationin different solvents (glycerol, IL:CHsCN and IL) has
been studied, using the chlorido complexes Mn1, Mn5 and Mn9 as catalysts using
peracetic acid as oxidant.. The epoxidation in an ionic liquid:solvent medium,
[bmim]PFg:CH;CN, shows a remarkable effectiveness and selectivity for the epoxide
product, but the presence of acetonitrile is essential to achieve good performances. A
possible reason is that it could inhibit the hydrolysis and/or overoxidation of the
product. Also, an excellent degree of reusability in the epoxidation of some alkenes in
this medium has been observed for catalysts Mn1 and Mn6 without loss of activity and
keeping high conversion and selectivity values after twelve cycles. When glycerol is
used as solvent, the selectivity values for the corresponding epoxides are moderate to

low, with only moderate conversion degrees.
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Complex Mn8 has been successfully immobilized onto a silica support and the new
functionalized silica has been characterized by spectroscopic techniques (UV-Vis, ICP-
AES). The heterogeneous catalytic activity has been tested with regard to the
epoxidation of some alkenes using peracetic acid as oxidant, and its reutilization
allowed the effective recyclability of this catalytic system through several consecutive

runs.

Manganese compounds Mn1-9 together with complex [Mn"(CF5S0s),((-)-
pinene[5,6]bipyridine);] (Mn10), previously synthesized in our group, have been
studied as potential antitumor agents. Pyrazolic complexes Mn7 and Mn8, and mainly
the bipyridyl complex Mn10, show a remarkable antiproliferative activity against
different human tumour cell lines, OVCAR-8 and NCI-H460. The overall hydrophobic
nature of the compounds seems to be a determinant factor in their cytotoxic effect
since complexes Mn7 and Mn8 (bearing the apolar —-Me and —CH,COOEt substituents
at the bidentate ligands) and complex Mn10 (which contains the pinene-bipyridine
ligand) are better than the rest of complexes which contain the more polar pypz-H
ligand. The geometrical isomer of the complexes is not a determinant factor on the
cytotoxicity. The occurrence of triflate as monodentate anionic ligand, as is the case of
complexes Mn7, Mn8 and Mn10, seems also to have a positive influence on the
cytotoxic activity. The antitumor activity displayed by Mn10 is of the same order of
magnitude than that of cisplatin, and kills the cancer cells by generating ROS species

that enable it to cut the DNA.

Regarding ruthenium complexes

224

New ruthenium(ll) dmso complexes containing the bidentate ligands 3-(2-pyridyl)-1-
(pyrazolyl)aceticacid ethylester, pypz-CH,COOEt, 2-(1H-pyrazol-3-yl)phenol, HOphpz-H,
and 3-(2-methoxyphenyl)pyrazole, MeOphpz-H, and the monodentate ligand 3,4-
dimethyl pyrazole, 3,4-dmpzH, have been synthesized and thoroughly characterized by
analytical, structural, spectroscopic and electrochemical techniques. The complexes
prepared are: cis,cis-[RuCly(pypz-CH,COOEt)(dmso),] (Rula), cis,trans-[RuCl,(pypz-
CH,COOEt)(dmso),]  (Rulb), cis,fac-[RuCl,(HOphpz-H)(dmso)s]  (Ru2), cis,cis-
[RuCl,(HOphpz-H),(dmso),] (Ru2’), cis,fac-[RuCl,(MeOphpz-H)(dmso)s] (Ru3) and
cis,cis-[RuCl,(3,4-dmpzH),(dmso),] (Rub).

Isomeric complexes Rula and Rulb are obtained from the same reaction mixture in a

1:2 ratio when using ethanol as reaction solvent, whereas isomerically pure Rulb is
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produced in dichloromethane, indicating that the cis,cis geometrical isomer is not

energetically favoured.

The crystal structures of all complexes (except for Ru2) have been solved by X-ray
diffraction analysis and in all cases the Ru metal center adopts an octahedrally
distorted type of coordination. The characterization in solution is consistent with the
structures obtained in the solid state. The compounds have been mostly obtained as a
single geometrical isomer and this can be rationalized taking into account structural
and electronic factors as hydrogen bonding and synergistic electronic effects among

ligands.

The redox properties of complexes Rul-Ru5 have been investigated. Complexes Rula
and Rulb, containing the pypz-CH,COOEt ligand, exhibit two different behaviours.
Rulb shows a reversible monoelectronic Ru(lll)/Ru(ll) redox wave, whereas Rula
shows an electrochemically irreversible oxidation process due to a quasi-quantitative
Ru-S — Ru-O dmso ligand linkage isomerization in parallel with the oxidation of the

"(dmso-0). Ru2 and Ru3 exhibit an electrochemically

Ru"(dmso-S) species to Ru
irreversible (l11/11) redox process and, in the case of Ru3, a certain degree of dmso
linkage isomerization has also been observed. Ru4-6 show chemically and

electrochemically reversible Ru(lll/Il) redox processes.

The isomerization process for complex Rula has been studied through scan rate
dependent cyclic voltammograms and the kinetic and equilibrium constants for linkage
isomerization have been calculated. The values obtained allow concluding that, in
Ru(ll) redox state, the dmso ligand displays a high preference to be bound to the metal
through the S atom but this preference is lower than that displayed by similar
complexes previously described. Steric hindrance arising from the presence of a bulky
ethylester substituent at the pypz-R ligand seems to be determinant for the relatively
lower thermodynamically stability of Rula in its Ru(ll) form, which is consistent with
the lower yield obtained for this complex in the synthesis. In oxidation state (lll), the
dmso ligand displays a higher preferece to be bound to the metal through the O atom

than that shown by other related cis,cis complexes.

The nitrile hydration catalysis has been evaluated for complexes Rul-Ru6 under
neutral conditions in water as solvent using different nitrile substrates and low-
moderate to high conversion and selectivity values were observed. The more activated

nitriles show in general better performances, but steric factors worsen the activity in
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the case of catalysts Rul and Ru3, which display lower conversion values for the

bulkier substrates.

Complex Rul (as a mixture of isomers Rula and Rulb) has been successfully
immobilized onto silica particles (SP) and magnetic silica nanoparticles (MSNP). These
heterogeneous systems SP@Rul and MSNP@Rul have been fully characterized by
ICP-AES, IR, UV-Vis, SEM, TEM, TGA and XPS, confirming the presence of Ru(ll) and the

ligand pypz-CH,COOSi~ anchored in both materials.

The catalytic activity of the heterogeneous systems SP@Rul and MSNP@Rul was
tested in the hydration of benzonitrile and acrylonitrile under neutral conditions using
water as solvent. Both heterogeneous systems showed better performances in terms
of conversion and selectivity values than the homogeneous counterparts. Also, their
recyclability was investigated throughout several consecutive runs, showing a good

effectiveness and keeping high conversion and selectivity values through all the runs.

Three new ruthenium(ll) compounds containing the tridentate 2,2:6,2"'-terpyridine,
trpy, and the bidentate ligand 2-(3-pyrazolyl)pyridine, pypz-H, ligands have been
synthesized and fully characterized through analytical, structural, spectroscopic and
electrochemical techniques: cis and trans-[Ru"Cl(pypz-H)(trpy)](PFs), Ru7a and Ru7b,
and trans-[Ru"(pypz-H)(trpy)(OH,)](PFs),, Ru10. Other minor products (trans-[Ru"(pypz-
H)(trpy)(dmso)](PFs),, Ru8; [Ru,'Cl(trpy)y(k-Cl)(k-pypz)](PFs), Ru9; and [Ru,'(trpy)s(p-

pypz),](PF¢),, Rull, were obtained and characterized in different extent.

Regarding the two isomers obtained, cis and trans, Ru7a and Ru7b, the latter is the
most favored one probably due to steric and electronic effects. The aqua complex
Rul0 was easily obtained after refluxing the chlorido complex Ru7b in water in the

presente of Ag’.

The crystal structures of compound trans-[Ru"Cl(trpy)(pypz-H)](PFs), Ru7b, and that of
the minor products trans-[Ru"(pypz-H)(trpy)(dmso)](PF¢),, Ru8, [Ru,"Cl(trpy),(p-Cl)(p-
pypz)](PFs), Ru9, and [Ru," (trpy),(1-pypz),](PFe),, Rull, display an octahedral distorted
type of coordination around the Ru metal center with the trpy ligand bonded in a
meridional manner. In the case of Ru7b and Ru8 the pypz-H ligand acts in a bidentate
fashion and the sixth coordination site is occupied by the chlorido or dmso ligand,
placed in trans respect to the corresponding pyrazole ring. In the case of the dimeric
compounds, the deprotonated pyrazole rings of the corresponding pypz-H ligands are

bridging two ruthenium centers.
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= The electrochemical properties of Ru7Za and Ru7b have been investigated. Both
complexes exhibit a reversible one electron Ru(lll)/Ru(ll) redox process, with the cis-
complex Ru7a exhibiting a higher redox potential than that of the trans- complex
Ru7b. This behaviour evidences that the oxidation state (lll) is affected by the relative
coordination of the pyridylpyrazole ligand to the ruthenium, leading to a greater
stabilization of Ru(lll) when the pyrazolyl ring is placed in trans respect to the o-donor

chlorido ligand.

= The redox characterization of the Ru-aqua complex Rul0 showed the occurrence of a
two-electron (IV/1l) redox process. The Pourbaix diagram obtained indicates that two
deprotonation processes can take place, which take place at the pypz-H and aqua
ligands. The redox potential of the Ru(lll/Il) couple in Rul0 is lower than that displayed
by the analogous trans-[Ru"(trpy)(pypz-Me)(OH,)]** and [Ru(trpy)(bpy)(OH,)]**
complexes, which is in accordance with the higher electron-donor character of the
pypz-H ligand with regard to pypz-Me or bpy. The pKa values for the aqua-complex
Rul0 are also higher than those of the above-mentioned trpy complexes, and this is in
accordance with the anionic nature of the pypz ligand which is a strong c-donor and

thus make the Ru metal center and the coordinated aqua ligand less acidic.

o Compound Rul0 was tested in the epoxidation of different alkenes, showing
good conversion and selectivity values for both aliphatic and aromatic
substrates. Regarding the cis-B-methylstyrene, a certain isomerization to the
trans-epoxide has been observed, in contrast to the previously reported trans-
[Ru(trpy)(pypz-Me)(OH,)]1**, for which the isomerization to the trans-epoxide is
inexistent. Taking into account that both catalysts present similar redox
behaviour (with two clearly separated monoelectronic redox processes) their
different stereoselectivity could be related to structural factors associated to
the presence of the additional methyl group which could hinder the cis —

trans rotation of the intermediate species in the catalytic cycle.

o Regarding the 4-vinylcyclohexene substrate, Rul0 is specific towards the ring
oxidation, in agreement with the formation of an electrophilic catalytic species

that would preferably epoxidize the disubstituted ring double bond.

= Complexes Ru4-6, together with compounds [RuCl,(pypz-H)(dmso),] (P2),
[RuCl,(bpea)(dmso)] (Rul2), [RuCl,(NO,-pzH)(dmso)s] (Rul3) and [RuCl(pypz-H)(9S3)]CI

(Rul4), previously synthesized in our group, were studied as potential antitumor
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agents through the study of in vitro cytotoxicity against human cancer cell lines,
OVCAR-8 and NCI-H460. Although they are active for both cancer cell lines tested, the
ICso values obtained are rather high when compared to those presented by carboplatin
or other ruthenium compounds previoulsy described in the literature. As a general
trend, the ICsy values of the free ligands are higher than those presented by the
ruthenium complexes tested, thus indicating that the presence of metal is necessary to
achieve cytotoxicity, except for the case of the bpea ligand, which presents lower ICsq
values (and therefore higher cytotoxicity) than the corresponding complex Rul2 for
both cell lines. For the OVCAR-8 cell line, the ICsy value obtained for bpea is similar to
the one presented by carboplatin. This result is interesting as the majority of the
clinical terapheutic treatments against the human ovarian cancer are based in the
administration of platinum-based complexes. Neither the ligand nor the compounds

were able to interact with DNA.
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Chapter 4

Table SIV.1.1. Crystallographic data for complexes Mn1-Mn9.

Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Mn7 Mn8 Mn9
Empirical formula C16H14Cl,MNNg C15H14FMNN6OgS, CaaH2sMnNgOg CieH1aMnNsOg ~ CgH1,CLLMNN;O, C1sH15Cl,MnNg CaoH18FMNNgOgS,  CasH2sFsMNNgO105,Cl,  CigH1aCIMNN,O,
Formula weight 416.17 643.41 583.46 543.41 307.04 444.22 671.46 900.51 408.72
Crystal system Monoclinic Triclinic Orthorhombic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic
Space group C2/c P-1 Pbcn P21/c P21/c P-1 C2/c P21/c P2(1)/c
a/A 10.562(2) 9.879(2) 13.439(3) 12.558(17) 11.642(2) 7.916(7) 22.475(6) 11.577(2) 12.183(4)
b/A 14.818(3) 10.616(3) 10.422(3) 11.881(16) 19.420(4) 13.457(12) 9.064(3) 20.847(4) 7.422(3)
c/A 13.274(3) 13.434(3) 20.069(5) 19.294(18) 11.223(2) 18.745(16) 29.523(9) 16.274(3) 18.732(7)
a/° 90 86.091(5) 90 90 90 90.535(17) 90 90 90
B/° 91.500(4) 83.134(5) 90 95.143(2) 102.100(4) 92.560(15) 108.499(7) 101.281(3) 96.061(6)
v/° 90 62.804(4) 90 90 90 94.308(16) 90 90 90
V/A® 2076.8(8) 1244.5(5) 2811(12) 2382(5) 2480.8(9) 1989(3) 5704(3) 3851.6(12) 1684.3(11)
Formula units per cell 4 2 4 4 8 4 8 4 4
T/K 298(2) 298(2) 298(2) 100(2) 298(2) 142(2) 130(2) 298(2) 293(2)
Peaic/Mgm™ 1.331 1.717 1.379 1.308 1.644 1.483 1.564 1.553 1.612
p/mm™* 0.903 0.791 0.525 0.624 1.483 0.948 0.694 0.677 0.964
Reflections
collected/unique 12727/2567 15958/5985 40443/3467 20260/5745 38802/6087 10955/8273 9186/5471 57987/8955 24962/4154
R(int) 0.1002 0.0769 0.1204 0.4239 0.0414 0.0816 0.0853 0.0612 0.0826
Final R indices, [1>20{1] R,= 0.0492, wR’= Ric 0.0801, WR’=0.1309 R,= 0.0468, wR’= R,=0.1355, wR’=  R,= 0.0686, wR’= R1=2 0.1261; R1=2 0.0788; R1=2 0.0722; Ri= 0.0475, wR’=
0.1126 0.1022 0.2408 0.1611 WR’=0.3026 WR’=0.1488 WR’=0.1834 0.0953
Rindices [all data] R,= 0.0686, WR’= R;=0.1438, wR>=  R;=0.0900, wR>= R,=0.3981, wR’= R;=0.0856, WR’=  Ry=0.2115,wR’=  R,=0.1798, wR’= R;=0.1213, wR>=  R;=0.0877, wR’=
0.1227 0.1566 0.1223 0.3067 0.1705 0.3645 0.1874 0.2196 0.1093
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Table SIV.1.2. Selected bond lengths (A) and angles (°) for Mn1-Mn3.

Annex

Mnl
Mn—cl(1) 2.4768(8) Cl(1)—Mn—ci(1) 97.95(4)
Mn—N(1),, 2.351(2) xg;::_m:_:g;: °C 7087(7)
N(1),,—Mn—N(1),, 86.20(10)
Mn—N(3),. 2.236(2) N(3)p—Mn—N(3),, 157.15(12)
Mn2
Mn—0(1) 2.172(3) 0(4)—Mn—0(1) 89.31(15)
Mn—0(4) 2.155(4) N(1),,—Mn—N(3),, 73.13(14)
Mn—N(1),, 2.288(4) N(1),,—Mn—N(4),, 90.83(15)
Mn—N(4),, 2.312(4)
Mn—N(3),, 2.230(4) N(3),,—Mn—N(6),, 155.37(15)
Mn—N(6), 2.212(4)
Mn3
Mn—0(1) 2.1262(18) 0(1)—Mn—0(1) 94.61(11)
Mn—N(1),, 2.3381(19) N(1),,—Mn—N(3),, 71.08(7)
N(1),,—Mn—N(1),, 82.39(9)
Mn—N(3);. 2.2616(18) N(3)p—Mn—N(3),, 159.59(9)
Mn4
Mn—0(1) 2.2230(19) 0(4)—Mn—0(1) 79.70(7)
Mn—0(4) 2.2465(18) N(1),,—Mn—N(3),, 71.95(8)
Mn—N(1),, 2.269(2) N(1),,—Mn—N(4),,, 94.52(8)
Mn—N(4),, 2.310(2)
Mn—N(3),, 2.272(2) N(3),:—Mn—N(6),, 150.74(8)
Mn—N(6),, 2.281(2)
Mn5
Mn(1)—Ci(1) 2.4751(15) 0(2)—Mn(1) —0(1) 170.63 (10)
Mn(1)—Cl(2) 2.5013(15) 0(1a)—Mn(1a)—0(2a) 101.04 (13)
Mn(1)—0(1) 2.218(3) Cl(1)—Mn(1)—cl(2) 105.23(5)
Mn(1)—0(2) 2.202(3) Cl(1a)—Mn(1a)-Cl(2a) 170.65 (5)
Mn(1)—N(1),, 2.301(4) N(1),,—Mn(1)—N(3),, 71.52 (14)
Mn(1)—N(3),, 2.258(4) N(1a),,-Mn(1a)}-N(3a),,  72.7(2)
Mn(1a)—Cl(1a) 2.5235(15) 0(1)—Mn(1)—N(1),, 88.85 (14)
Mn(1a)—Cl(2a) 2.5945(14) Cl(1a)-Mn(1a)-N(1a),, 92.27 (12)
Mn(1a)—O0(1a) 2.151(3) 0O(1) —Mn(1) —N(3),, 90.58 (13)
Mn(1a)—0(2a) 2.174(3) Cl(1a)-Mn(1a)-N(3),, 97.83 (15)
Mn(1a)—N(1a),, 2.242(5) CI(1)—Mn(1)—N(3),, 89.75 (11)
Mn(1a)—N(3a),, 2.241(5) 0(2a)—Mn(1a)-N(3a),, 91.5 (2)
Mn6
Mn—cl(1) 2.4715(4) cl(1)—Mn—ci(2) 104.095(11)
Mn—cl(2) 2.483(3) N(4),,—Mn—CI(2) 91.505(19)
Mn—N(1),, 2.3485(9) N(3),,—Mn—N(6),, 81.35(3)
Mn—N(4),, 2.3565(10) N(1),,—Mn—N(3),, 69.95(3)
Mn—N(3),, 2.351(8) N(1),,—Mn—N(4),, 175.25(3)
Mn—N(6),, 2.316(9) N(4),,—Mn—N(6),, 70.4(3)
N(1),,—Mn—cl(1) 90.2(2)
Mn7
Mn—0(1) 2.176(4) 0(4)—Mn—0(1) 95.10(18)
Mn—0(4) 2.161(5) N(1),,—Mn—N(3), 73.0(2)
Mn—N(1),, 2.255(6) N(1),,—Mn—N(4),, 88.79(19)
Mn—N(4),, 2.321(5) N(3),.—Mn—N(6),, 99.0(2)
Mn—N(3),, 2.232(6) N(3),;—Mn—N(4),, 87.29(18)
Mn—N(6),, 2.230(6) N(4),y—Mn—N(6),, 73.0(2)
N(6),,—Mn—0(4) 98.1(2)
0(1) —Mn—N(1),, 99.60(19)
Mn8
Mn—0(5) 2.149(3) 0(5)—Mn—0(8) 92.63(13)
Mn—0(8) 2.130(3) N(1),,—Mn—N(3),, 73.15(12)
Mn—N(1),, 2.252(4) N(1),,—Mn—N(4),, 89.89(13)
Mn—N(4),, 2.235(4) N(3),.—Mn—N(6),, 167.35(12)

265



Annex

Mn—N(3),, 2.254(3) N(3),.—Mn—N(4),, 102.16(13)
Mn—N(6),, 2.272(2) N(4),,—Mn—N(6),,, 73.45(12)
N(6),,—Mn—0(5) 96.58(2)
0(8) —Mn—N(1),, 93.11(13)
Mn9
Mn—Cl(1) 2.4515(12) Cl(1)—Mn—0(2) 98.39(7)
Mn—0(1) 1.8522(19) Cl(1)—Mn—N(2),,, 93.14(8)
Mn—0(2) 1.8481(19) Cl(1)—Mn—0(1) 102.56(7)
Mn—N(2),, 1.976(2) 0(1)—Mn—0(2) 159.05(10)
Mn—N(4),, 1.970(2) 0(1)—Mn—N(2) 88.77(9)
0(2)—Mn—N(4),, 89.37(9)
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Figure SIV.1.2. FTIR spectra of Mn1.
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Figure SIV.1.3. FTIR spectra of Mn2.
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Figure SIV.1.4. FTIR spectra of Mn3.
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Figure SIV.1.5. FTIR spectra of Mn4.
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Figure SIV.1.6. FTIR spectra of Mn5.
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Figure SIV.1.7. FTIR spectra of Mn6.
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Figure SIV.1.8. FTIR spectra of Mn7.
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Figure SIV.1.9. FTIR spectra of Mn8.

Figure SIV.1.10. FTIR spectra of Mn9.
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(c) (d)

Figure SIV.1.10. Packing diagram for the structures of Mn1 (a), Mn2 (b), Mn3 (c) and Mn4 (d). The
intermolecular H-bonding interactions are depicted in pale blue color.

(c)

Figure SIV.1.11. Packing diagram for complexes Mn6 (a), Mn7 (b) and Mn8 (c).
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Figure SIV.1.12. Intramolecular hydrogen bonding interactions and packing diagram for complex Mn9.
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Figure SIV.1.13. Cyclic voltammetry of Mn2-4 and Mn7-8 compounds (Mn2 (a), 2 mM; Mn3 (b), 1 mM;
Mn4 (c), 1 mM; Mn7 (d), 1 mM; Mn8 (e), 1 mM and Mn9 (f) 1 mM). Experiments have been performed
in CH3CN containing, 0.1 M of n-BusNPFs (TBAH) using a graphite working electrode (3 mm diameter)

and Ag/AgNO; as reference electrode; scan rate: 200mV/s.
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Figure SIV.1.14. DPV of Mn2-4 and Mn7-8 compounds (Mn2 (a), 2 mM; Mn3 (b), 1 mM; Mn4 (c), 1 mM;
Mn7 (d), 1 mM; Mn8 (e), 1 mM). Experiments have been performed in CH;CN containing, 0.1 M of n-
BusNPFg (TBAH) using a graphite working electrode (3 mm diameter); scan rate: 100mV/s.
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(g) [IMn"(OOCCH,)(Ophpz-H),]-H,0-AcOH-Na*
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m/z
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Figure SIV.1.16. ESI-MS spectrum formed after addition of 2 eq of peracetic acid to a solution of
complexes A) Mn1 and B) Mn9 in CH;CN at 0 °C (2.5mM) together with the corresponding simulations of
some selected peaks (experimental values, black bars; simulated, grey bars).
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Figure SIV.1.17. Lewis structures of catalysts 1-3.

278



Annex

Figure SIV.1.18. Molecular structures of intermediates licis of catalysts a) Mn1, b) 2 and c) 3 (distances
in A).
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Figure SIV.1.19. Conversion (orange bars) and selectivity (pink bars) values obtained throughout
consecutive reuses of complex Mn1 (A) and complex Mn9 (B) in the epoxidation of cis-B-methylstyrene
in [bmim]PFg:CH3CN (see text for experimental conditions).
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Figure SIV.1.20. Conversion (orange bars) and selectivity (pink bars) values obtained throughout
consecutive reuses of complex Mn1 in the epoxidation of cyclooctene in [bmim]PFg:CH3CN (see text for
experimental conditions).
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Chapter 5

Synthesis and characterization of complex [RuCl2(HOphpzH)2(dmso):] (Ru2’)

Synthesis and structure

The substitution of two dmso ligands in [RuCl,(dmso),] by L4 acting as monodentate ligands
leads to the formation of compound [RuCl,(HOphpzH),(dmso),], Ru2’, that can present six
different isomers (including two pairs of enantiomers) as depicted in Scheme IV.1.2. The
crystal structure of compound Ru2’ (Figure SIV.2.1, left) reveals the nature of the complex as
the trans-Cl, cis-(dmso/pz) geometric isomer (j, Scheme IV.1.2). The trans disposition of the Cl
ligands, despite being unfavorable in energetic terms (two strong o-donor ligands in trans),
favors the H-bond formation in both equatorial and axial planes between the chlorido ligands
and the hydrogen atoms of the pyrazolic ligands. The hydrogen bonding interactions take place
between the monodentate Cl ligands with the hydrogen of the pyrazolyl ligands in cis (Np,-
H(3A)--Cl(1), 2.470 A; N,,-H(1B)--Cl(2), 2.457 A), and with the protons in the 5" position of
each pyrazolyl ring (H(10A)---Cl(2), 2.882 A; H(1A)---CI(1), 2.848 A), see Figure SIV.2.1 (right).

C16

C1s Z@cn
c14 & cis
A c13

C12

C20

Figure SIV.2.1. Left, ortep plot and labeling scheme for the X-ray diffraction of compound Ru2’. Right,
detail of the intramolecular H-bonding interactions taking place.
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Electrochemical properties

The cyclic voltammetry registered in acetonitrile for complex Ru2’ (Figure SIV.2.2) presents
two irreversible redox processes at Ep,= 1.31 V (Ru(lI=11l)) and Ep,= 1.59 V (oxidation process

associated with the ligand).

1,3E-04

8,0E-05 -

1(A)

3,0E-05

-2,0E-05 T T T
0 0,5 1 1,5
E(V)

N

2,5

Figure SIV.2.2. CV of complex Ru2’ in CH;CN + 0.1 M TBAH.

Spectroscopic properties

The UV-Vis spectrum for complex Ru2’ has been performed in MeOH (Figure SIV.2.3). The

complex exhibits relatively intense bands between 250 and 300 nm assigned to dm-t* MLCT.
0,6 -
0,5 -
Abs
04 -
0,3 -
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0,1 -

230 280 330 380 430
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Figure SIV.2.3. UV-Vis spectra of a 0.1 mM solution of complex Ru2’ in MeOH.
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The 1D and 2D NMR spectra (*H-NMR, COSY and NOESY) were registered in acetone-dg (Figure
SIV.2.4). Complex Ru2’ presents a C2 symmetry axis that interconverts all the identical ligands,

so the two HOphpz-H and the two dmso ligands show magnetically equivalent signals.
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Figure SIV.2.4. NMR of Ru2’, 400 MHz, acetone-dg: a) 1H-NMR; b) COSY; c) NOESY.
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Table SIV.2.1. Crystallographic data for complexes Rul-3 and Ru5.

Rula Rulb Ru2 Ru3 Ru5
Empirical CigH31CIbN3O5  CiHp5CIN3O4  CyoHosCILNAOs  CigHpsClN,O4  CigHosCLNLOS
formula RuS; RuS; RusS, RuS; RuS,
Formula 605.55 559.48 648.57 580.55 520.49
weight
Crystal Monoclinic Monoclinic Orthorhombi Triclinic Monoclinic
system C
Space group P21 P21/n Pna21 P-1 P21/c
a/A 8.2315(12) 9.405(2) 24.517(8) 8.089(3) 10.168(2)
b/A 25.635(4) 17.702(4) 14.093(5) 10.670(4) 11.447(2)
C/A 12.3938(18) 13.828(3) 7.813(2) 14.557(5) 18.887(3)
o/° 90 90 90 69.903(7) 90
B/° 107.335(2) 95.678(4) 90 85.921(7) 107.348(9)
v/° 90 90 90 86.309(6) 90
V/A3 2496.5(6) 2291.0(9) 2699.6(15) 1175.9(8) 2098.3(7)
Formula 4 4 4 2 4
units per cell
T/K 143(2) 100(2) 298(2) 298(2) 293(2)
Peac/Mgm’> 1.611 1.622 1.596 1.640 1.648
|,l./mm'1 1.043 1.126 0.969 1.184 1.217
Reflections 31922/12040 35701/5635 40751/6737 11455/5491 31907/5147
collected/un
ique
R(int) 0.0438 0.1050 0.0545 0.0699 0.0462
Final R R;=0.0442, R;= 0.0440, R,;= 0.0401, R;= 0.0576, R;= 0.0342;
indices, wR?=0.1051  wR?=0.0871 wR’=0.0776  wR?=0.1157  wR’=0.0775
[1>20(1)]
R indices [all R;=0.0504, R,=0.0721, R;=0.0552, R.=0.1161, R;=0.0389,
data] wR’=0.1051  wR’=0.0983 wR’=0.0834 wR’=0.1383  wR’=0.0795
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Table SIV.2.2. Selected bond lengths (&) and angles (°) for Ru1-3 and Ru5.

Annex

Rula
Ru—CI(1) 2.4271(16) Cl(1)—Ru—Cl(2) 91.02(6)
Ru—CI(2) 2.4403(16) N(1),,—Ru—N(3),, 77.4(2)
Ru—N(1),, 2.102(5) N(1),,—Ru—Ci(1) 175.16(16)
Ru—N(3),, 2.117(5) N(1),,—Ru—CI(2) 89.04(15)
Ru—S(1) 2.2428(17) N(1),,—Ru—5(1) 86.71(15)
Ru—S(2) 2.4271(16) N(1),,—Ru—5(2) 98.33(16)
N(3),,—Ru—Cli(1) 97.75(14)
N(3),,—Ru—Cl(2) 83.95(14)
N(3),,—Ru—5S(1) 93.69(14)
N(3),,—Ru—5S(2) 170.27(15)
S(1)—Ru—5S(2) 94.82(7)
S(1)—Ru—Cl(1) 93.09(6)
S(1)—Ru—Cl(2) 175.51(7)
S(2)—Ru—CI(1) 86.51(7)
S(2)—Ru—CI(2) 87.24(7)
Rulb
Ru—Cl(1) 2.4244(10) Cl(1)—Ru—Cl(2) 88.89(4)
Ru—Cl(2) 2.4128(10) N(1),,—Ru—N(3),, 78.18(11)
Ru—N(1),, 2.071(3) N(1),,—Ru—CI(1) 177.13(8)
Ru—N(3),, 2.069(3) N(1),,—Ru—CI(2) 93.91(8)
Ru—S(1) 2.3101(11) N(1),,—Ru—5(1) 86.04(8)
Ru—S(2) 2.3027(11) N(1),,—Ru—5(2) 91.75(8)
N(3),,—Ru—Cl(1) 99.14(8)
N(3),,—Ru—Cl(2) 171.94(8)
N(3),,—Ru—5S(1) 92.96(8)
N(3),,—Ru—5(2) 90.57(8)
S(1)—Ru—5S(2) 175.37(3)
S(1)—Ru—CI(1) 93.13(3)
S(1)—Ru—CI(2) 87.24(3)
S(2)—Ru—Cl(1) 89.27(3)
S(2)—Ru—Cl(2) 88.85(3)
Ru2
Ru—CI(1) 2.3959(14) Cl(1)—Ru—Cl(2) 177.57(5)
Ru—CI(2) 2.4145(13) N(2),,—Ru—N(4),, 84.03(18)
Ru—S(1) 2.2435(14) N(2),,—Ru—Cli(1) 88.59(13)
Ru—S(2) 2.2489(15) N(2),,—Ru—Ci(2) 89.30(12)
Ru—N(2),, 2.115(5) N(2),,—Ru—5S(1) 92.90(12)
Ru—N(4),, 2.116(4) N(2),,—Ru—5(2) 172.68(12)
N(4),,—Ru—Ci(1) 89.64(11)
N(4),,—Ru—Cli(2) 88.94(11)
N(4),,—Ru—5S(1) 174.97(12)
N(4),,—Ru—5S(2) 88.88(13)
S(1)—Ru—5S(2) 94.30(5)
S(1)—Ru—Cl(2) 95.02(5)
S(1)—Ru—Cl(1) 86.30(12)
S(2)—Ru—Cl(1) 93.19(5)
S(2)—Ru—CI(2) 88.75(5)
Ru3
Ru—CI(1) 2.4264(16) Cl(1)—Ru—Cl(2) 88.13(6)
Ru—Cl(2) 2.4256(16) Cl(1)—Ru—N(1),, 84.44(13)
Ru—S(1) 2.2779(16) Cl(2)—Ru—N(1),, 88.29(13)
Ru—S(2) 2.2941(17) Cl(1)—Ru—S(1) 90.39(6)
Ru—S(3) 2.2662(17) Cl(1)—Ru—S(2) 88.73(6)
Ru—N(1),, 2.138(5) Cl(1)—Ru—S(3) 175.36(6)
Cl(2)—Ru—S(1) 177.58(6)
Cl(2)—Ru—S(2) 85.22(6)
Cl(2)—Ru—S(3) 90.72(6)
S(1)—Ru—5S(2) 92.84(6)
S(1)—Ru—5S(3) 90.91(6)
S(1)—Ru—N(1),, 93.47(13)
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$(2)—Ru—N(1),, 170.72(13)

S(3)—Ru—N(1),, 91.04(14)
Ru5
Ru—CI(1) 2.4140(7) Cl(1)—Ru—Cl(2) 175.46(2)
Ru—Cl(2) 2.4045(7) N(1),,—Ru—N(3),, 84.83(8)
Ru—N(1),, 2.122(2) N(1),,—Ru—Cli(1) 88.27(6)
Ru—N(3),, 2.115(2) N(1),,—Ru—Ci(2) 88.79(6)
Ru—S(1) 2.2348(7) N(1),,—Ru—5s(1) 175.29(6)
Ru—S(2) 2.2443(7) N(1),,—Ru—S(2) 92.51(6)
N(3),,—Ru—Cli(1) 88.00(6)
N(3),,—Ru—Cli(2) 88.28(6)
N(3),,—Ru—5s(1) 93.94(6)
N(3),,—Ru—5(2) 175.55(6)
S(1)—Ru—5S(2) 89.00(3)
S(1)—Ru—CI(1) 96.23(2)
S(1)—Ru—CI(2) 86.63(2)
S(2)—Ru—Cl(1) 88.35(3)
S(2)—Ru—CI(2) 95.24(3)
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Figure SIV.2.5. FTIR spectra of Rulb.
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Figure SIV.2.6. FTIR spectra of a mixture of Rula and Rulb isomers.
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Figure SIV.2.7. FTIR spectra of Ru2.
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Figure SIV.2.8. FTIR spectra of Ru3.
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Figure SIV.2.9. FTIR spectra of Ru5.
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Figure SIV.2.10. Intermolecular and intramolecular hydrogen-bonding interactions and packing diagram
for complex Rul, A) A/A cis-Cl cis-dmso isomer (a) (Rula) and B) cis-Cl trans-dmso isomer (d) (Rulb).

Figure SIV.2.11. Intermolecular and intramolecular hydrogen-bonding interactions and packing diagram
for complex Ru3.
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Figure SIV.2.12. Intermolecular and intramolecular hydrogen-bonding interactions and packing diagram
for complex Ru5.
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Figure SIV.2.13. UV-Vis spectra of complexes a) Rul (0.2 mM in CH,Cl,), b) Ru2 (0.1 mM in MeOH), c)
Ru3 (0.1 mM in CH,Cl,), d) Ru4 (0.1 mM in H,0), ) Ru5 (0.1 mM in H,0) and f) Ru6 (0.2 mM in MeOH).

294



a) 3,0E-05

2,0E-05

1,0E-05

1(A)

0,0E+00

-1,0E-05

-2,0E-05

b) 3,0E-05

2,0E-05

1,0E-05

1(A)

0,0E+00

-1,0E-05

c) 6,0E-05
5,0E-05
4,0E-05
3,0E-05

% 2,0E-05
1,0E-05
0,0E+00
-1,0E-05

-2,0E-05

Annex

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6
E(V)

—

0 0,5 1 1,5 2
E(V)

e

0 0,5 1 1,5 2
E(V)

295



1(A)

e) 6,0E-05
5,0E-05
4,0E-05
3,0E-05

2,0E-05

1(A)

1,0E-05
0,0E+00
-1,0E-05
-2,0E-05
-3,0E-05

-4,0E-05

f) 3,0E-05

2,0E-05

1,0E-05

1 (A)

0,0E+00

-1,0E-05

-2,0E-05

-8,0E-03

-6,0E-03

-4,0E-03

-2,0E-03

0,0E+00

2,0E-03

4,0E-03

6,0E-03

0,000

0,200 0,400 0,600 0,800 1,000 1,200

E (V)

04 0,6 0,8 1 1,2 1,4 1,6
E(V)

04 0,6 08 1 1,2 14 16
E(V)
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Table SIV.2.3. Formulas used for the calculation of rate (k) and equilibrium (K) constants.

Annex

Equations Description of parameters
i. = cathodic peak intensity (A)
a = RT/nF, with:
R = Boltzmann constant (J/(K-mol))
ic_l —a 1 + KU T=temperature (K)
iy " 0-5
( ) n = number of exchanged electrons
eq.
F = Faraday constant (A-s/mol)
L = scan rate (V/s)
K = equilibrium constant
] iy = diffusional current in the absence of a
Vv = 1 .l__d - 1.02 chemical reaction (= i)
0471 |[nFl % 0471 |nFl . .
—K(I)US "\NRT —K(I)Hs ‘\NRT i, = measured peak current (= i)
(eq. 2)

F -0 0
K = k' + o&7 (ERu-s~ERu-0)

(eq. 3)

E® = standard potential

i 1
ln(ﬂ)zk"_ = +b
= 0-s "7,

(eq. 4)
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Chapter 6

Table SIV.3.1. Crystallographic data for complexes Ru7b-9 and Rull.

Ru7b Ru8 Ru9 Rull
Empirical Ca7H27C1iNgO1FP1RU;  CosHsS1NgO1F1PRU;  CroHgsClaNisF1P203RU,  CagHaaNioF1oPoRU,
formula
Formula weight 733.03 847.57 2151.51 1246.93
Crystal system Triclinic Monoclinic Triclinic Triclinic
Space group P-1 C2/c P-1 P-1
a/A 10.503(10) 22.793(10) 13.019(2) 8.731(6)
b/A 11.377(11) 10.889(6) 18.411(3) 12.835(8)
c/A 13.781(13) 24.907(11) 18.677(3) 12.943(8)
a/° 69.045(14) 90 83(3) 71.468(11)
B/° 86.516(16) 92.581(10) 81.185(3) 89.272(10)
v/° 85.950(16) 90 71.846(3) 86.629(12)
V/A? 1533(3) 6175(5) 4190.3(13) 1372.8(15)
Formula units 2 8 2 1
per cell
T/K 298(2) 100(2) 298(2) 193(2)
Peac/Mgm’> 1.588 1.823 1.705 1.508
p/mm™ 0.719 0.785 0.960 0.692
Reflections 21219/7288 46396/7628 66240/20358 8920/5850
collected/unique
R(int) 0.0458 0.1877 0.102 0.0685
Final R indices, R;=0.0722, wR’= R;=0.1108, R;= 0.0582, wR*= R;=0.1231,
[1>20(1)] 0.2019 wR?=0.2751 0.1127 wR’=0.3154
R indices [all  R,=0.0881, wR’= R;= 0.2364, wR’= R;= 0.1598, wR’= R;= 0.1399,
data) 0.2221 0.3585 0.1477 wR?=0.3304
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Table SIV.3.2. Selected bond lengths (&) and angles (°) for Ru7b-9 and Rull.

Ru7b
Ru—CI(1) 2.396(3) Cl(1)—Ru—N(1),, 94.14(13)
Ru—N(1),, 2.103(5) N(1),,—Ru—N(2),, 77.03(17)
Ru—N(2),, 2.040(5) N(1),,—Ru—N(4) 104.61(17)
Ru—N(4) 2.076(4) N(1),,—Ru—N(5) 174.38(15)
Ru—N(5) 1.952(4) N(1),,—Ru—N(6) 95.99(18)
Ru—N(6) 2.081(4) N(2),,—Ru—N(4) 91.48(16)
N(2),,—Ru—N(5) 99.34(16)
N(2),,—Ru—N(6) 92.38(17)
N(2),,—Ru—Cli(1) 170.82(12)
N(5)—Ru—N(4) 79.61(17)
N(5)—Ru—N(6) 79.78(18)
N(5)—Ru—Cl(1) 89.66(12)
N(4)—Ru—N(6) 159.38(18)
N(4)—Ru—Cl(1) 88.33(11)
N(6)—Ru—Cl(1) 91.00(12)
Ru8
Ru—S(1) 2.267(3) S(1)—Ru—N(1) 95.7(3)
Ru—N(1),, 2.084(8) N(1)—Ru—N(2) 80.1(4)
Ru—N(2),, 1.987(9) N(1)—Ru—N(4),, 89.6(3)
Ru—N(3) 2.077(7) N(1)—Ru—N(3) 159.6(4)
Ru—N(4) 2.121(11) N(1)—Ru—N(6),, 98.3(4)
Ru—N(6) 2.044(10) N(2)—Ru—N(4),, 92.6(5)
N(2)—Ru—N(3) 79.7(3)
N(2)—Ru—N(6),, 170.8(4)
N(2)—Ru—Cl(1) 90.57(8)
N(3)—Ru—N(4),, 88.0(3)
N(3)—Ru—N(6),, 101.1(3)
N(3)—Ru—5S(1) 89.9(2)
N(4),,—Ru—N(6),, 89.27(3)
N(4),,—Ru—5(1) 170.1(3)
N(6),,—Ru—5S(1) 92.6(3)
Ru9
Ru(1)—ClI(1) 2.4189(15) N(2)—Ru(1)—N(5) 174.4(2)
Ru(1)—N(1) 2.062(5) N(2)—Ru(1)—N(4) 95.8(2)
Ru(1)—N(2) 1.962(4) N(5)—Ru(1)—N(4) 78.67(19)
Ru(1)—N(3) 2.073(5) N(2)—Ru(1)—N(1) 79.69(19)
Ru(1)—N(4) 2.056(5) N(5)—Ru(1)—N(1) 99.59(18)
Ru(1)—N(5) 2.037(4) N(4)—Ru(1)—N(1) 91.4(2)
Ru(2)—ClI(1) N(2)—Ru(1)—N(3) 78.9(2)
N(5)—Ru(1)—N(3) 101.77(19)
N(4)—Ru(1)—N(3) 91.04(19)
N(1)—Ru(1)—N(3) 158.57(19)
N(8)—Ru(2)—N(9) 79.7(2)
N(8)—Ru(2)—N(7) 78.8(2)
N(9)—Ru(2)—N(7) 158.2(2)
N(8)—Ru(2)—N(6) 177.33(18)
N(9)—Ru(2)—N(6) 100.6(2)
N(7)—Ru(2)—N(6) 100.99(19)
N(2)—Ru(1)—CI(1) 98.12(15)
N(5)—Ru(1)—CI(1) 87.41(14)
N(4)—Ru(1)—CI(1) 165.95(14)
N(1)—Ru(1)—CI(1) 89.07(14)
N(3)—Ru(1)—CI(1) 93.66(13)
N(8)—Ru(2)—CI(2) 93.40(14)
N(9)—Ru(2)—CI(2) 88.55(14)
N(7)—Ru(2)—CI(2) 88.85(13)
N(6)—Ru(2)—CI(2) 89.26(13)
N(8)—Ru(2)—CI(1) 88.07(14)
N(9)—Ru(2)—CI(1) 90.66(14)
N(7)—Ru(2)—CI(1) 92.49(13)

317



N(6)—Ru(2)—CI(1) 89.27(13)

Cl(2)—Ru(2)—CI(1) 178.17(6)
Rull
Ru(1)—N(1) 2.055(10) N(2)—Ru(1)—N(1) 79.2(4)
Ru(1)—N(2) 1.964(10) N(2)—Ru(1)—N(3) 80.7(4)
Ru(1)—N(3) 2.067(9) N(1)—Ru(1)—N(3) 160.0(4)
Ru(1)—N(4) 2.074(10) N(2)—Ru(1)—N(4) 94.2(4)
Ru(1)—N(5) 2.085(11) N(1)—Ru(1)—N(4) 87.6(4)
Ru(1)—N(6) 2.097(10) N(3)—Ru(1)—N(4) 93.4(4)
N(2)—Ru(1)—N(5) 172.4(4)
N(1)—Ru(1)—N(5) 101.9(4)
N(3)—Ru(1)—N(5) 97.9(4)
N(4)—Ru(1)—N(5) 78.5(4)
N(2)—Ru(2)—N(6) 89.8(4)
N(1)—Ru(2)—N(6) 91.6(4)
N(3)—Ru(2)—N(6) 88.7(3)
N(4)—Ru(2)—N(6) 175.8(4)
N(5)—Ru(2)—N(6) 97.7(4)
a)
g
S
2(zuoo 3&00 3150 zéoo zLoo 1800 11‘oo séo
Wavenumber (cm)
b)
g
;é 60
g
3‘:uoo 3éoo 3150 zgoo zﬁm 1§oo 11‘00 sﬂo

Wavenumber (cm?)

Figure SIV.3.1. FTIR spectra of a mixture of the chlorido complexes Ru7a and Ru7b (a), and the trans
aqua complex Rul0 (b).
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Figure SIV.3.2. DPV experiment for dmso complex Ru8 (CH,Cl, + 0.1 M TBAH vs. SCE).
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Figure SIV.3.3. VC (a) and DPV experiment (b) for the dimeric complex Ru9 (CH,Cl, + 0.1 M TBAH vs.
SCE).
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Figure SIV.3.4. NMR of Ru7a, 400 MHz, methanol-ds: a) ‘H-NMR; b) *C-NMR; c) COESY; d) NOESY; e)'H-

B HsQgc; f) *H-"*c HMBC.
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Figure SIV.3.7. '"H-NMR of Rul0, 400 MHz, methanol-ds.

E1/2= E°1/2— 0.059 (m/n) pH

Eqjo: half wave redox potential at a given pH
E%a half wave redox potential at standard conditions
m:

number of transferred protons

n: number of transferred electrons

Equation SIV.3.9. Relation between potential and pH in the Nernst equation.
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(a)

(b)

Figure SIV.3.8. Schematic structures for the cis and trans isomers of complexes (a) [RuCl(pypz-
Me)(trpy)]” and (b) [RuCI(CN-Me)(trpy)]".
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Figure SIV.4.1. SEM images of a) SP and b) MSNP before the anchoring of the Ru complex. Notice that
for magnetic nanoparticles (b) the resolution is not as good as for the SP caused for aggregation.
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b)

Figure SIV.4.2. TEM images of a) SP and b) MSNP before the anchoring of the Ru complex (Image (b) was
obtained by the group of Dr. Josep Ros from ICMAB).
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Figure SIV.4.3. XPS survey scans of SP@Rul: a) deconvoluted XPS spectra for C 1s and Ru (3d s/,) signals,
b) Si 2p signal and c) O 1s signal.
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Figure SIV.4.4. XPS survey scans of MSNP@Ru1l: a) overall XPS spectra, b) C 1s and Ru (3d s,) signals, c)
deconvoluted XPS spectra for C 1s and Ru (3d s,) signals, d) Si 2p signal and e) O 1s signal.
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Figure SIV.5.1. UV-Vis spectra registered in PBS of complexes a) Mn6, b) Mn7 and c) Mn8. Blue lines
correspond to the initial spectrum registered and red lines after 72 h.
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Figure SIV.5.2. a) Mn6 and b) Mn8 in H,0 + 0.103 M NaCl/0.0049 M KCl; c) Mn6, d) Mn7 and e) Mn8 in
H,0 + 0.1M NH,4PFg; f) Mn7 and g) Mn8 in H,0 + 0.1 M Na(OSO,CF3) vs. SCE. The solid lines correspond
to the voltammograms registered after complex solubilization at different times. The purple dashed line
corresponds to the CV obtained after addition of p-toluene sulfonic acid, whereas that recorded after
addition of NaOH is displayed as a blue dotted line.
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Figure SIV.5.3. Time-course of UV-Vis spectra of compound Mn10 (B, D and F)) and its ligand (-)-L (A, C
and E) dissolved in 10 mM phosphate buffer, pH 7.4, in the presence of chicken egg lysozyme (A and B),
human pancreatic ribonuclease (C and D) and cytochrome C (E and F) at a stoichiometric ratio of 4:1
(compound or ligand/protein). Pink: spectra of compound or ligand before the addition of the protein;
purple: protein spectra before the incubation with the compound or ligand; green: mix of compound 8
or ligand (-)-L with protein at t= 0 h of incubation; red: at t= 4 h of incubation; blue: at t= 20 h of
incubation; and black: at t= 48 h of incubation.
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Figure SIV.5.4. UV-Vis spectra registered in H,O of complexes a) Ru4, b) Ru5, c) Ru6, d) P2, e) Rul2, f)
Rul3 (+ 1 % dmso) and g) Rul4. Blue lines correspond to the initial spectrum registered and red lines
after 72 h.
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Figure SIV.5.5. The cell cycle phases a) Gy: growth and normal metabolic roles; b) G, first growth phase
(growth and normal metabolic roles) plus preparation for DNA synthesis: cellular contents excluding the
chromosomes, are duplicated; c) S, synthesis phase: duplication of chromosomes; d) G,, second growth
phase and preparation for division: the cell “double checks” the duplicated chromosomes for error,
making any needed repairs; and e) M, mitosis: cell division.
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