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Abstract

In recent years, the scientific community has beemcerned with the development of
ecofriendly strategies in several fields, includecagalysis. Many studies have been performed that
focus on the use of the special properties of teemanoparticles. As a support, the small size of
these particles allows their thorough dispersion tie reaction media, thus nearing the
homogeneous environment of a soluble catalysthéAtsame time, their magnetic properties allow
easy recovery of the catalyst at the end of thetica

The synthesis of MNPs described in this work usecbprecipitation method that exhibited
reproducibility because several parameters weretrated, such as temperature, pH, and
component addition. In particular, owing to the gbsity of aggregation, protection of the
nanoparticles was carried out. Several acids de=tin the literature were examined, but owing to
the possibility of improved catalytic propertiehiet MNPs were functionalized with 10-
bromodecylphosphonic acid (protective layer), whiogkars a halogen in the-position to allow
further modification.

The important feature of this work was demonstrabgd several attempts to immobilize
phenanthroline (4-MePhen and 4-OH-Phen) on theeptioe layer, and the success of these
developed strategies is discussed. Immobilizatias werified by IR spectroscopy following the
formation of new complexes with molybdenum hexacaxh Mo(CO.

Pd(OAc) was then coordinated to phenanthroline immobilipedthe protective layer, and
finally catalytic tests were performed for strategieactions that are interesting from the
pharmaceutical point of the view, such as carbdioyflaand reductive cyclization reaction of
nitrostyrenes to give indoles. The catalysis rasoltained by employing these strategies were
encouraging, but the recycling process was proliemprobably due to metal leaching during
catalysis.

Oxidative Heck reactions were also performed udvigPs developed using these strategies.
The results demonstrated the importance of tedtseitnomogeneous phase, which allowed the use
of the best conditions with MNPs. Owing to the meatgemployed (styrene), the catalysis results

suggested the possibility of polymerization aneheed future investigation.



General Introduction

Nanotechnology is a field of science that has ujolee great growth in the last 20 years,
especially in areas such as chemistry, pharmaedsitiand biology, promoting innovation and
technological progress.

Materials employed in nanotechnology have at leas dimension between 1 and 100
nanometers (nm) and usually contain from severadteds to 10 atoms® Many studies have
demonstrated that several properties change coehpléd the nanometer regime, with the
observation of low Curie temperatures, high magnetusceptibilities, and high electrical
conductivities, as well as the appearance of tperparamagnetism phenomerofi.

MNPs have various important applications in fielsisch as biomedicin®, environmental
applicationd® and catalysi§’ Ferrite nanoparticles have been widely studiedngwio their
interesting magnetic properties and relatively loegt. In catalytic reactions, these materials have
often been used as a support both for heterogenemtsllic catalysts and for heterogenized
homogeneous catalysts. The use of ferrite nanepestin catalysis is attractive owing to their high
surface area, high strength, and ease of recychMtageover, these MNPs are easily recovered,
nontoxic, and widely available. This particular lpgtion is possible because MNPs have a very
small size distribution.

The synthesis of ferrite nanoparticles requiresesdvparameters to be controlled during the
synthesis, such as pH value, type of salt useid, oafferric and ferrous ions, reaction temperature
and reaction temperature during the protective @hbmfortunately, these nanoparticles tend to
aggregate to achieve thermodynamic stability, teguln a drastic reduction of the surface area. To
prevent unwanted aggregation, the ferrite corescasted with suitable capping agents able to
interact with the nanopatrticles by a functionalugr@and allowing dispersion in an organic solvent.
In general, these binders contain terminal phosishaxid, polyethylene glycol, or carboxylic acid
groups, or other molecules or complexes that cawl sirongly to the surface of MNPs. The
immobilization process is successful when a dedidadlance of forces is achieved between the
molecules to be grafted and the substrate suffdce.

Phenanthroline is a very versatile compound thabrmmmonly used in coordination chemistry. For
years, our research group has examined applicatmnghenanthroline in catalysié:*%

Specifically, in this work, our strategy consistefdpreparing ferrite nanoparticles capped with a
suitable protective layer that makes them hydrophdionctionalization of the nanoparticles by
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covalently attaching a phenanthroline derivativeg &nally coordination of palladium to test our
strategy in organic synthesis reactions, such aBzegion of nitrostyrenes to indole groups and
oxidative Heck reactions.

Cyclization of o-nitrostyrenes has long been known, but recentlywi€¥a and coworkers
succeeded in obtaining the desired products undsdatively mild conditions using
palladium/phenanthroline complexes as catal8tsAmong the various compounds of
pharmaceutical interest, indoles were chosen asnthal targets. Indeed, the indole skeleton is
present in several pharmaceuticals, e.g., vinogs{anticancer), pindolol (antihypertensive), and
indomethacin (anti-inflammatory).

Oxidative Heck reactions were used as anothereglyab test our system because the synthesis
conditions in the presence of dioxygen are lessthavhen compared with the use of carbon
monoxide in the synthesis of indoles, which makesé reactions attractive from the experimental
point of view. The phenanthroline ligands are ablgoromote the interaction between palladium

and dioxygen in a Pd(0)/Pd(ll) redox cycle undezropir*®!
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Chapter 1: Magnetic Nanoparticles and Their

Preparation

Introduction

1.1 Magnetic materials

Magnetic materials can be classified into five maypes: ferromagnetic, paramagnetic,
diamagnetic, antiferromagnetic, and ferrimagnedagording to the arrangement of their magnetic
dipoles when an external magnetic field is appfiétFigure 1 shows schematic diagrams of these

five different types of materials.
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Figure 1: Schematic illustration of the five types of magnetaterials in the absence or presence

of an external magnetic field (H].

Ferromagnetismt Ferromagnetism occurs in materials that have peemt magnetization,
resulting from the natural tendency to align thermeats of atoms or molecules. The alignment is
perfect in regions called domains. Ferromagnetimalos are small regions where dipoles are
aligned parallel to each other. When a ferromagnetaterial is in its demagnetized state, the
magnetization vectors have different orientatiomg #he total magnetization averages to zero.

An important feature of ferromagnetic materials higsteresis.A hysteresis loop (induced

magnetic flux density and the magnetizing forcel)lisstrated in Figure 2. When a large magnetic
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field is applied, the spins become aligned with fieédd. The maximum magnetization value is
called saturation. On the other hand, when the matg of the magnetic field decreases, spins
cease to be aligned with the field and the totafjymetization decreases. The loop represents the
measurement of the magnetic flux of the materialcgercivity force occurs when an inverse
magnetic field is applied to a material causinglass to return to zero. Several years ago, Frenkel
and Dorfman realized that particles of ferromagnetiaterials with sizes below a critical value
could exhibit different behavior and thus lead ighhmagnetizatiof’!

B Flux Densit
Y Saturation

Retentivity

N

Coercivity

N

H

Magnetizing Forcs

-H
Magnetizing Force
In Opposite Direction

Saturation i
A Flux Densit
In Opposite Direction -B DpposileyDireclion

Figure 2: lllustration of a hysteresis cycf.

Paramagnetism: Paramagnetism occurs in materials that have wgbailectrons. In paramagnetic
materials, as the coupling between the magnetic entsnis weak, it is subject to thermal changes
around the alignment field. When a magnetic fisldpplied, the moments start to align, but only a
small fraction of them are deflected into the fielidection for all practical field strengths. Many
salts of transition elements are paramagnetic. rhofieagnetic material becomes paramagnetic
above their Curie temperature, when the thermatggnis enough to overcome the order of the

magnetic moments.

Diamagnetism: Diamagnetism is associated with the magnetic dippbments of electrons in

atomic or molecular orbitals. Therefore, it is @nasto a greater or lesser degree in all substances
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However, in most cases, the intensity is very lowl ¢he presence of diamagnetism is masked by
other phenomena. If a material does not have a et@gtipole in the absence of an external field,

but this condition changes in the presence of anetagfield, it can be considered as a diamagnetic
material. In a superconductor, the intensity ohthgnetism is so strong that the resulting magnetic

field inside the sample is zero.

Antiferromagnetism: In antiferromagnetic materials, the interactioetween the magnetic
moments tends to result in the alignment of adjacmoements antiparallel to each other.
Antiferromagnets have no net spontaneous magnetizatnd their response to external fields at a
fixed temperature is similar to that of paramagnetaterials.

Ferrimagnetism: Ferrimagnetism is a property exhibited by materfauch as F©, and -Fe03)
whose atoms or ions tend to assume an orderedobparallel arrangement in a zero applied field

below a certain characteristic temperature, knosvtha Neel temperature.

In bulk materials, magnetic properties are charemetd using parameters such as coercivity (H)
and susceptibility (, which depend on composition, crystallographiuature, vacancies, and
defects. In the case of MNPs, the size and sha atso be considered to determine magnetic
behavior”!

Owing to the small dimensions of MNPs, it is import to understand the superparamagnetic
phenomenon. This phenomenon occurs when the diorenef the magnetic domains generated by
an external magnetic field are small. As a consecgieonce the external magnetic field is
removed, thermal fluctuations misalign the spinsl am net magnetization remaifis.This
phenomenon can be understood from the plot showfigare 3. As the particle size decreases,
multidomains (MDs) start to form a single domaijSwith the diameter that coincides with the
conversion of MDs to a SD represented as Ds. Eaabnetic domain possesses independent
directionality, which results in a decrease in itiggnetic coercivity (Hc), which falls to about zero
(remaining magnetization) for superparamagnetitiggas at diameter Dp (Figure 3). This property

of remaining magnetization prevents agglomeration.
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Figure 3: Plot of magnetic coercivity versus particle size.

1.2 Fundamental features of MNPs

The literaturd”® including a recent review about MNPs in 281@xplains the importance of

parameters such as particle size, structure, skaqke,composition for characterizing MNPs, as
summarized in Figure 4.

Agglomeration

Concentration

% 1 @@
Structure i \ H /
ﬁ- <:"---::::::3 /" Npl

Size
Distribution

o Surface Charge

. i Surface area,
Composition Surface Functionality,
Forosity

Figure 4: Important MNPs featurdd,
Briefly, the most prominent features are:

Size effects:Magnetic properties are highly dependent on the sf nanoparticles. When the size

is below a certain critical value, the spins ofefrelectrons within MNPs are aligned by
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ferromagnetic coupling into only one direction,ukisg in a single-domain magnet, as explained
previously. In large magnetic particles, a multidamstructure is predominant. The presence of
external magnetostatic energy is directly respdaditr domain formation and increases with the

interfacial area between domains.

Structure and shape effects:The crystalline structure determines the frontiere sbetween
multidomains and monodomairSenerally, a larger anisotropy constant resultarger coercivity.
Spherical MNPs have no shape anisotropy owing & tisotropic structure, and they exhibit

smallercoercivity.

Composition effects:In the ferrite FgO, structure, O anions form a close-packed fcc sirect
with Fe ions located at interstitial octahedral @)tetrahedral (T) sites. Composition control in

MNPs is important not only for the magnetizatiotueabut also for the coercivity parameters.

Surface charge A MNP surface can be positively or negatively rgjeal depending on the pH.
Consideration of this feature is very importantidgrsynthesis owing to the necessity of stabilizing
the prepared material. Repulsion between nanofartwith the same charge prevents
agglomeration and the formation of larger aggregjate

1.3 Ferrite structure

Ferrite materials are characterized by the comiposhiFeO,, where M = metal. When M = Fe,
“‘magnetite” (common name for the mineral) or “feati (common name for the synthesized
compound) is obtained with the formulagBg The framework of oxygen atoms creates two types
of coordination sites with tetrahedral and octabbdgeometries (called A- and B-sites,
respectively). In the case of metal cations teuledilby coordinated by oxygen, a spinel structure
containing two sites for metal cations is obtaingag this configuration is expected to have 8 A-
sites. In the case of octahedral coordination,rdigoration with 16 B-sites is expected. The normal
spinel configuration is obtained when the A-sites accupied by K cations and the B-sites are
occupied by F& cations. On the other hand, if the A-sites aremetely occupied by Fé& cations
and the B-sites are randomly occupied b§" Mnd Fé&" cations, an inverse spinel structure is
obtained. In the case of ferrite materials, magadteO,, NiFe0O,, and CoFgD, have inverse

spinel structures with eight formula units per unéll. F€’* cations are located half in the

15



tetrahedral and half in the octahedral sites, wifé cations occupy the remaining octahedral sites,

as shown in Figure !

/.’ A: tetrahedral site
iy B: octahedral site

O 0: oxygen

Figure 5: Schematic view of a partial unit cell and ferrimatic ordering of a spinel ferrite

structure?!

1.4 Applications of MNPs

In biomedicine, MNPs and (SPION orJR) have several uses, e.g., as potential mateoals f
drug delivery?** gene delivery*? biosensor§? hyperthermid®” and contrast agents for
magnetic resonance imagiftd. In the case of biomedical applications, high satan
magnetization (M) of the MNPs is desirable to exploit the magnptgperties. Figure 6 shows the

application of MNPs as targeted drug carriers.
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Figure 6: Biomedical applications of MNP3.

In environmental applications, MNPs can be useddarediation and water treatment owing to
the possibility of selective removal of the hazarslonetal ions from complicated matrices. MNPs
have an excellent ability to remove high concerdrat of organic compounds. The most widely
used MNPs in such applications are nano zero-vailemt (nZVI), magnetite (F£©,), and
maghemite (-Fe0s) nanoparticle&®

In catalysis applications, MNPs can be used in reéveactions because they possess special
characteristics that allow for recycling and rewseshown in Figure 7. Thus, MNPs have become a
very attractive tool in catalysis. Several years, agtalysis studies were focused on achieving good
activities and selectivities, but in recent yeagseen chemistry” has become an important factor to
be considered to address ecological and econom&ahnds. Several uses of MNPs in catalysis
have been described in recent reviéfdncluding their use in organic chemistry in reant such
as Suzuki coupling,Heck, Sonogashira coupling, Stille couplingyydroformylationt®!

hydrogenatio®t® and polymerization reactioff!

g=—= LTy e

\ Q
RuctantA Magnetic
Q \J separation
\> ‘?
Relcant B
Q
Catalyst - Q %o

Q+Q — Q + 0 eyt

Figure 7: Catalytic applications of MNPS”
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1.5 Synthesis of MNPs

Successful preparation of MNPs is directly relatedseveral factors, including control of the
size, shape, agglomeration, composition, and sair€hemistry of the nanopatrticless explained
previously There are several protocols in the literature thoe synthesis of MNPs, such as

microemulsiort???  thermal decompositiof®??  coprecipitatiod?>?"  template-mediated
synthesid?® sonochemical technigqlé? and continuous flow reactidi?’ The most common

methods are described in the following sections.

1.5.1 Microemulsion

Microemulsion as a general concept refers mixtofesil, water, and surfactant, which can be
employed in the preparation of MNPs using a simiylase system. In this case, an appropriate
surfactant needs to be chosen. Surfactant moledel@ease the interfacial tension between the two
components: water and oil (W/O). However, even he presence of surfactants, preventing
aggregation in this procedure usually requires re¢weashing processes and further stabilization.
By controlling the water content, type of solveahd concentration of surfactant in solution, the
nanoparticle dimensions can be tuned. Surfactaatshiave been employed in the literature include
dioctyl sodium sulfosuccindfe! and sodium dodecyl sulfafé! The disadvantage of this synthesis
procedure is that surfactant present in the finadlioom, even in the smallest quantities, canalter th

properties of the final material.

1.5.2 Thermal decomposition

The synthesis procedure is based on the thermahtgmusition of organometallic precursors at
high temperatures in organic solvents in the presesf surfactants.Surfactants that have been
employed include oleic acid, oleylamine, and heggenine. Heyoli® used this route to
synthesis MNPs by employing Fe(G@j 100 °C in the presence of oleic acid. In othedy Sun
and Zen§* reported the thermal decomposition of Fe(acat)265 °C in diphenyl ether in the
presence of surfactants such as oleic acid andlaotiye. Lee et df° prepared
polyvinylpyrrolidine-coated iron oxide nanopartisleby thermal decomposition of Fe(GO)
Although the thermal decomposition method has thewatages of producing highly monodisperse
particles with a narrow size distribution, the téag MNPs exhibit lower dissolution abilities in

polar solvents.
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1.5.3 Coprecipitation

The most common method for obtainingg®gor FeOjs is coprecipitation. This method consists
of mixing ferric and ferrous ions in a 1:2 molatisan highly basic solutions at RT or at elevated
temperatures. In this synthetic procedure, fernd &rrous hydroxides are precipitated by the

addition of a base (N}©H or NaOH) to a solution of Beand F&" inorganic salts (eq. 1).

Fe **+ 2Fe***+ 80H ———— Fe30,4 +4H0
(Eq.1)

Success in this method depends on the type olusall (e.g., chlorides, sulfates, nitrates, and
perchlorates), the ratio of ferric and ferrous aine reaction temperature, the pH value, the ionic
strength of the media, and other reaction paramééeg., stirring rate and dropping speed of basic
solution), as discussed in detail in the followsagtions.

1.6 Protection methods

MNPs have a high energy associated with their $gp@rarea and, for this reason, have a
tendency to agglomerate. This behavior is not dbkarin several applications, including catalysis.
Another problem concerns the interaction of MNPthwlioxygen under atmospheric conditions. In
the case of oxidation, the formation of a thin lag€oxides leads to a loss or decrease of several
properties. For this reason, the MNP synthetic @doce must afford nanoparticles with long-term
stability. Strategies in the literature concernihg use of protection agents involve surfactants,
polymers, or an inorganic layer, such as silicaasbon>®

Silica is the most popular inorganic coating maierior MNPs because it is easy to
functionalize. Moreover, it has several advantagetiding improving the stability of MNPs in
solution, avoiding agglomeration of MNPs, and imjing the biocompatibility of MNPs.

In the case of polymers, two processes exist fatieg MNPSs: in situ polymerization or grafting
of polymers onto MNPs via coordination, hydrophoiteractions, or electrostatic interactions.
Other alternatives include the encapsulation of idNPvarious solid supports, such as mesoporous
materials, graphene, or carbon nanotubes, and todaf a pure single-metal or nonmetal shell,

such as gold, silver, platinum, palladium, ironcarbon.
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Figure 8 shows several possibilities for the priovec of MNPs. In the case, of catalysis
applications, several studies demonstrated thefuseoating with strategies targeted at performing
catalytic reactions. For example, for a Sonogastégztion, Zolfigol et af” employed a silica
coating and then functionalized the coated MNP wpiglladium complexes. Naeimi et
functionalized the surface of silica-coated MNPghwsulfonic acid and then employed this
nanocomposite to synthesize 1,8-dioxooctahydroxarghderivatives. Seidi and coworkéfs

employed a functionalized poly(ionic liquid) to ¢das0,4 nanoparticles, which were then used for

the deprotection of acylals.

D]FFERENT COAT[NG O Coating Agents
STRATEGIES FOR A T o
PROTECTION OF MNPs
SILICA COATING CARBON COATING POLYMER COATING

Approaches: Sol gel, Microemulsion and Approaches: Hydrothermal, Approaches: Inversion microemulsion
use of silicic acid solutions Sonochemical and Flame spray Pyrolysis = and oxidative polymerization
Temperature: 20-25 °C Temperature: 20-400 °C Temperature: 20-80 °C
Precursors : TEQS, Sodium silicate Precursors: Glucose, cellulose Precursors: Polyesters, Polyaniline,
Advantages: Improves stability & provides = Advantages: High chemical & thermal Polyethylene glycol and many more
sites for covalent attachment of functional  stability as well as excellent Advantages: Enhances colloidal stability
groups biocompatibility of MNPs

METAL COATING METAL HYDROXIDE METAL OXIDE COATING
Approaches: Microemulsion, redox COATING
transmetalation and iterative Approaches: Deposition-precipitation Approaches: Sol-gel, homogeneous co-
hydroxylamine seeding and Sonochemical precipitation and seed assisted
Temperature: 25-300 °C Temperature: 60-100 °C Bl
Precursors : Metal salts Precursors : Metal salts Temperature: 35-70 °C
Advantages: Allows linkage of functional =~ Advantages: Imparts stability to MNPs Precursors : Metal oxide salts
ligands besides imparting stability Advantages: Prevents the magnetic cores

from sintering at high temperatures

Figure 8: Protective strategies developed for stabilizingm4™"
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Results and Discussion

1.7 Synthesis and protection of ferrite MNPs

Ferrite nanopatrticles with diameters of less thadmi are not readily available in large amounts
or at a reasonable cost. For these reasons, wdogedea procedure for the synthesis and
subsequent protection of such nanopatrticles todaaggregation and facilitate the functionalization
step.

The synthetic procedures reported in most pap&empt to control the size of nanoparticles by
controlling the rate of the nucleation and growtbps (a kinetic approach: nucleation speed vs.
particle growth speed). This method is based oryicay out the chemical reaction in a monophasic
agueous medium under an inert atmosphere, whiolwslboth the nucleation and growth of iron
hydroxide nuclei to be controlled. In the absentatabilizing factors, the formation of massive
particles and aggregation are always favored. Tassical model of burst nucleation and growth

proposed by LaMer and Dinegar is depicted in Figure

Rapid Self-nucleation

..-% : : Nucleation threshold
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Figure 9: LaMer model of nucleation and growth processesrfonodisperse MNP,
This process can be explained as a balance ohthe phases. The first phase consists of the
formation of nuclei when the concentration of momosnincreases. Burst nucleation in phase Il

starts to form nuclei, resulting in a rapid deceead the monomer concentration. When the
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concentration falls to a level below the nucleatibreshold in phase Ill, no new nuclei form and
growth begins. During syntheses employing the kineticleation speed approach, the process of
nucleation and growth, precise control of the pa&ns involved, such as stirring speed and the
presence of impurities, is required to avoid aggtieg and maintain a uniform rate of growth.

A different approach has been reported in which nhaoparticle size is controlled by the
solution pH. The patrticle size is influenced by gnecipitation pH, with particles becoming smaller
with increasing pH. This phenomenon is the restiswoface tension and electrostatic repulsion.
Every ferrite nanoparticle is negatively chargeepf@tonated) to a certain extent, depending on the
solution pH. As fusing two negatively charged et results in a lower total surface area, this
would cause increased electrical repulsion betvieercharges on the particles. Thus, there are two
opposing tendencies. On one side, larger partasegshermodynamically more stable than smaller
ones; on the other, negative charge is best dis&tbover many small particles than over a few
larger ones. Balancing these two tendencies resuttanoparticles that are small at higher pH and
increasingly large as the pH is lowered. In thisecathe size control mechanism is a
“thermodynamic approach” (a trade-off between swgfeension and electrostatic repulsion), as it
results in an equilibrium situation and does ngbvathel on the rate of addition or any reaction
involved.

Our research group decided that this approach wallddv easier promotion of reproducible
results and scale up. Changing the solution pHn after the nanoparticles have been prepared,
results in a change in their dimension, but thecgss is very slow and takes a longer time than
required for our standard work up procedure. Actgydo the literature, working at a pH between
12 and 13 should provide particles with diametdr2 om, but under these conditions, we obtained
reproducible particles with average diameters 8+2.nm, as demonstrated by TEM analyses. In
our procedure, after their synthesis, the partielesseparated by centrifugation, washed until the
pH of the solution is 10, and then dispersed irewat

Control of the pH is also important during the dagpstage with carboxylic acids. Indeed, the
interaction between carboxylate ions and the tersiirface is ionic and, to be effective, needs
positively charged particles. For this reasons ihécessary to work at a slightly acidic pH towllo
efficient coordination of the acid to the partislerface. In general, our research group works with
aqueous solutions at pH 5-6 that are left undeirsti*® Our group has introduced a new protocol
for the protection of the nanoparticles in whichbi@hasic medium water/chlorinated organic

solvent is employed and the particles pass intootiganic phase over a time that depends on the
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identity of the acid used. During acidificationetferrite isoelectric point (pl&) must be exceeded
without protonating the carboxylate anions.

Different isoelectric points are reported in seletadies at pH 6 6.31*? 6.8/%1 7,214 or
even 7.9%% Thus, it should be considered that the magnetitgno(e.qg., natural or heated at high
temperature after RT synthesis) is not negligiake small changes could have a significant effect.
For example, the particles reported in ref. [4@]r fvhich pH,. = 7.9 was measured, were
synthesized as reported in ref. [41], but for titéel pH.. = 6 was measured. There are some minor
differences in the two preparations, as the padielere washed with a solution of NaCl in the
former casé®” and with a solution of NaClQOn the lattef** The particles obtained using this
strategy disperse very well in organic solventsvetheless, chloride ions can coordinate iron
effectively. As the interaction between ferrite aratboxylate ions is ionic, the presence of ions on
the surface could neutralize superficial positiiarges and inhibit the interaction with carboxylate
ions. We can approximate that for each superfahédride ion there is one less bound carboxylate
ion. In fact, by destroying particles with HN(precipitating chloride by addition of AgNOand
guantifying it gravimetrically, we found that chide ions account for 1.06% of the particle weight.
As the amount of absorbed carboxylic acid on thmesgarticles is 24.45% (w/w), the molar
acid/chloride ratio is 3.10, which means that therene chloride ion for every three carboxylicdaci
molecules. Therefore, the presence of chloride @ssa negative and nonnegligible effect.

To minimize the presence of chloride ions, the pduce was modified to use Fe(G)®and
Fe(NQy)3 as starting materials and to acidify with HGJ@s shown in eq. 2. Maintaining the same
synthetic procedure, the use of new reagents didremult in any change in the nanoparticle
dimensions. In addition, in the washing procedorpromote particle separation, we used NaClO
This addition was necessary during the washing quioe owing to an increasing difficulty in
nanoparticle separation with successive washingsstdéikely owing to a variation in the
concentration of ions in solution. Indeed, in thigthesis stage, particles are negatively charged
and have the tendency to repel each other. lonsoasihield this repulsion among particles, but
washing steps remove counterions, inducing pastickpulsion and making separation more
difficult. Therefore, addition of NaClguring the washing procedure provides a certainuarnof
ions to shield the nanopatrticle charge, avoidimuison. Chloride must also be avoided in this

case to prevent its coordination on the particléese.
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Fe(Cl0,),.6.8H,0 + Fe(NO3);.0H,0 _NaNOs NaOH
H,0

(Ea.2)

As an alternative to carboxylic acids, phosphoros can also be employed. In this case,
acidification by another acid is not required, app#ly because the phosphonic acid is acidic
enough to protonate ferrite.

In my synthesis, the ferrite nanoparticles wergared in aqueous solution by coprecipitation of
Fe'(ClO,), and F&(NOs); salts by addition of NaOH, at controlled pH and i¢ostrength
conditions. The dispersion was then treated withs@ution of protecting agent (10-
bromodecylphosphonic acid) in dichloroethane antharel. In my thesis, we solved the problem
of the low solubility of phosphonic acid in dicht@thane by adding a small quantity of methanol to
increase the polarity minimally. This was an ingtireg factor to resolve, as the protection level of
the obtained nanoparticles was increased.

Particle protection was performed without acidifyiwith 1.17 M HCIQ (10.9%). Moreover, we
found that the amount of phosphonic acid boundhéoparticles was larger (2.5 times higher) than
the amount of bound carboxylic acid in previouseskpents. Thus, the influence of the amount of
acid employed on the level of particle protectioaswinvestigated by varying the phosphonic
acid/Fé molar ratio between 1.0 and 1.6. When the moléw w@as over 1.2, the amount of bound
phosphonic acid decreased, but adding more (meaio of 2) or less (molar ratio of 0.5)
phosphonic acid was not effective. Therefore, tbst Imnolar ratio of phosphonic acid was found to
be 1:1.2.

1.8 Protection of ferrite nanoparticles

Ferrite nanoparticles do not exhibit good stabilityder ambient conditions, as shown in eq. 3.
Oxygen causes the oxidation of iron ions, affecting desired stoichiometric ratio of 'fee" .
Oxidation turns magnetite into maghemite 4B, resulting in a general loss magnetism and
decreased dispersibility of the nanopatrticles. Mwoeg, if nanoparticles are left unprotected, they
show a tendency to aggregate. For these reas@ngrdtection procedure must be carried out in the
shortest time possible after nanoparticle synthé&sigther, coprecipitation and all other stages are

performed under an inert atmosphere to avoid thedton of byproducts.

24



2Fej0,+120,+9H,0 — » 6 Fe(OH);

2Fe304+120, — 5 3Fe)0;
(Eq.3)

The available protection strategies described pusly consist of grafting or coating
nanoparticles with organic species, including suigfats or polymers, or with an inorganic layer,
such as silica or carbon. In our group, particletguotion is generally performed using 11-
bromoundecanoic acid in dichloroethane. Severabmapt tests were performed using this acid, as
described in the following sections.

1.8.1 Temperature effect during protection

In a previous mater thesis, it was found that tewipee has an influence on the amount of
carboxylic acid that can bind to particles. Inciregghe temperature of the protection reaction from
RT to 40 °C increased the amount of bound acid fB&#18% to 25.4%. However, increasing the

temperature further (60 and 75 °C) did not resuliny significant improvement.

1.8.2 pH effect during protection

After acidification with HCIQ, the amount of absorbed carboxylic acid depends@pH. As
the pH is close to the ferrite zero point chargeals differences could be important.

Table L Amount of 11-bromoundecanoic acid as a percerdggsal particle weight (experiments
performed on a single batch of nanoparticles).

Final pH Acid %
8.11 21.8
6.62 19.1
3.08 17.9
1.89 17.3
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Table 2 Amount of 11-bromoundecanoic acid as a percerdgg®al particle weight (same as
Table 1, but operating on a different batch of meambicles).

Final pH Acid %
7.95 20.2
7.74 18.2
7.48 17.9
6.8 21.7

At pH values of about 7—8, small changes do notlaastatistically significant effect.

1.8.3 Effect of amount of carboxylic acid

The amount of carboxylic acid used in the protecstep is in large excess with respect to the
final amount of bound acid. If the process is iniklgrium, variations in the initial amount of
carboxylic acid could affect the final amount albeal on the particles. In a previous mater thesis,
tests were performed by varying the molar ratioveen the acid and the amount of Fe(§i@sed

for the synthesis.

Table 3. Amount of 11-bromoundecanoic acid as a perceradg#al particle weight.
Molar ratio RCOOH/Fe Acid %

0.3 22.5
0.6 20.6
1.0 21.5

These data show that the amount of acid used éoprbtection step has not effect on the final

amount of bound acid.

1.8.4 Synthesis of 10-bromodecylphosphonic acid

Some recent studies indicate that phosphonic atig®ove the magnetic properties of
nanoparticle$'’* The acid used in the protection of nanoparticlesijnthesis was synthesized in
two steps: the firS® (eq. 4) is the synthesis of diethyl 10-bromodekgkphonate (Arbuzov
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reaction) using 1,10-dibromodecane and triethyl sphite, and the secdnil (eq. 5) is the
hydrolysis of the reaction mixture containing phospate to give 10-bromodecylphosphonic acid
(69.7% overall yield, m.p. 80-85 °C).

o)
160° C I
Br(CHy)10Br + P(OEt); ————=—3 Br(CHy){,P(OEt), (Eq.4)

(0]
I
Br(CHy)10P(OEY), HBr48% _  Br(CH,)(oP(OH), (Eq.5)

After the synthesis of phosphonate, we analyzedehetion mixture to check if the reaction was
complete. Thé'P NMR spectrum showed only one signal at 32.6 pphich is very close to one
value reported in the literature € 32.8 ppm}* but different by 1 ppm from another reported
value ( = 31.7 ppm}*

The 3P NMR spectrum of the free acid showed one sigha7& ppm, which is about 1 ppm
higher than the literature value = 36.4 ppm)°® Elemental analysis gave the following
experimental values: C% 40.68 and H% 7.49 (caledlatlues: C% 39.88 and H% 7.36).

The particle protection process was performed wiiBrbromodecylphosphonic acid in
dichloroethane and methanol without acidifying WiHE10, because the acidity of the phosphonic
acid was high enough to obtain pH 6 in the aquebhiase which is sufficient to allow the particles

to pass into the organic phase.

1.8.5 Comparison of phosphonic acid and carboxyliacid

The amount of phosphonic acid bound to the pagiale a protecting agent was larger than the
amount of bound carboxylic acid. Thus, the partipl®tection process was performed with
different molar ratios of 10-bromodecylphosphortaan dichloroethane. The amounts of organic
acid for about 100 mg of particles, the amountsrganic acid calculated for 100 mg of ferrite, and
the molar ratios between the phosphonic and catiwoxgids (mmol of phosphonic acid for 100 mg
of ferrite and mmol of carboxylic acid for 100 m§ferrite) are shown in Tables 4 and 5. In all
cases, the molar ratio between the phosphonic arimbxylic acids is over 1 for the same type of
nanoparticles. This result means that the amouphogphonic acid bound to the particles is more

than the amount of bound carboxylic acid.
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During the protection step with 11-bromoundecaramid, it is necessary to acidify the aqueous
suspension of particles with HGJ@ obtain pH 6—7, allowing the organic acid todto the ferrite
nuclei. On the other hand, the acidity of the plhasfic acid is high enough to reach pH 6 in the
agueous phase and allow the particles to passthetamrganic phase. In fact, acidification with
HCIO, did not result in a significant increase in theoamt of phosphonic acid bound to the
particles. We tested different amounts of acid Agying the molar ratio between 1.0 and 1.6 with
respect to the Fesalt, and we found that increasing the molar ratimore than 1.2 decreased the
amount of bound phosphonic acid (Table 5). Howeagding more (molar ratio of 2) or less (molar
ratio of 0.5) phosphonic acid was not efficientuhthe best molar ratio of phosphonic acid to Fe

for the particle protection process is 1.2.

Table 4.Synthesis and protection at RT.

21EZ % mg acid mmol  mg ferrite™  mg particles
Carboxylic acid” 20.7 20.800 0.0784 79.800 100.6
For 100 mg of ferrite 26.065 0.0983
Phosphonic acid &' 54.9 54.900 0.1823 45.200 100.1
For 100 mg of ferrite 121.460 0.4033
Molar ratio phosph. ac./ carb. ac. 4.104
Phosphonic acid 3 50.9 50.900 0.1690 49.300 100.2
For 100 mg of ferrite 103.245 0.3428
Molar ratio phosph. ac./ carb. ac. 3.488
Phosphonic acid 4 38.9 38.900 0.1292 61.300 100.2
For 100 mg of ferrite 63.458 0.2107
Molar ratio phosph. ac./ carb. ac. 2.144

llCalcd. Based on the amount of particles and thatiof found on the particled. Acidified with 0.07 mL
of HCIO, 1.17 M (10.9%).
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Table 5.Synthesis and protection at 25 °C.

35EZ % mg acid mmol  mg ferrite™  mg particles
Phosphonic acid 1 40.8 41.000 0.1546 59.600 100.6
For 100 mg of ferrite 68.792 0.2284
Molar ratio phosph. ac./ carb. &¢. 2.078
Phosphonic acid 2 50.5 50.800 0.1687 50.800 101.6
For 100 mg of ferrite 100.000 0.3320
Molar ratio phosph. ac./ carb. &¢. 3.021
Phosphonic acid 3 37.7 38.200 0.1268 63.000 101.2
For 100 mg of ferrite 60.635 0.2013
Molar ratio phosph. ac./ carb. &¢. 1.832
Phosphonic acid 4 26.5 26.600 0.0883 73.900 100.5
For 100 mg of ferrite 35.995 0.1195
Molar ratio phosph. ac./ carb. &¢. 1.087

llCalcd. Based on the amount of particles and thatiof found on the particle&'mmol of carboxylic acid

(from Table 4).
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1.9 Particle characterization

To characterize the nanoparticles, TEM analyses warried out on nanoparticles that were
synthesized, protected (23EZ, 27EZ), and dispersddy CHCl,. TEM micrographs are presented
in Figures 10 and 11. TEM analyses were also choea batch of unprotected ferrite particles and
on particles from the same batch that were pratelolel1-bromoundecanoic acid (8EZ) (Figures
12 and 13). Partial aggregation was observed s ¢hse, probably because the particles were
synthesized about one month before the measureimdrte particles size is the same before and

after protection. The particles size is in the @0§2.8—-4 nm.
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Figure 12: Particles 8EZ (after synthesis) Figure 13: Particles 8EZ (after protection)
(Image7misure). (Imagellmisure).

Figure 12 represents unprotected particles fromqeous suspension stored at basic pH for a
month. The particles were dispersed a little bieragonication. Some drops of the solution were
diluted with degassed milli-Q water and then saidaA yellow solution with a solid was formed,
and the purified solution was used for the TEM gsial

Figure 13 represents particles protected with Dbidmundecanoic acid, dried in vacuo, and
stored under a Natmosphere for a month. The particles were diggers CHCI, by sonicating for
1 h, and the obtained orange solution was usethéTEM analysis.

X-ray diffraction analyses carried out on the sapagticle samples (8EZ, 23EZ, and 27EZ)
(Figures 14-17) showed that the particle sizebal@v 4 nm. However, the broadness of the peaks

does not allow more precise quantification of thetiple sizes.
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Figure 14: Particles 8EZ after synthesis.
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Figure 16: Particles 23EZ. Figure 17: Particles 27EZ.
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Experimental Section

1.10 Instrumentation

'H NMR and*'P NMR spectra were recorded on a Bruker AC 300 FAwance Bruker DPX
300 spectrometer operating at 300 MHz or on a BriieX 400 spectrometer operating at 400
MHz. Elemental analyses were recorded on a PenkiaEI2400 CHN elemental analyzer. IR
spectra were recorded on a Varian Scimitar FS-1@00 Perkin Elmer Spectrum BX
spectrophotometer using a 0.48 nm or 0.10 mm ligachpling cell with CaFwindows. The
products were analyzed by gas chromatography (Sm&C-2010 equipped with a SUPELCO
EQUITY ™-5ms column). TEM analyses were performed on 308hrfermvar/carbon copper
grids or 300 mesh carbon copper grids using an BFTIEE0912ab transmission electron
microscope (Zeiss) at 80 kV. Digital images wergua@d using an Esivision CCD-BM/1K system.
Quantification of palladium in catalysts was pemied on a PerkinElmer PinAAcle 900T atomic
adsorption spectrometer. Degassed milli-Q wateratdgined by sonication of milli-Q water under

a N\, atmosphere.

Gas chromatography (fast)

Shimadzu GC-2010

Column: SUPELCO EQUIT¥-5ms, 10 m x 0.1 nm x 0.Im film thickness capillary column
Carrier (He) linear velocity: 32.6 cm/s

Air flow: 400.0 mL/min

Hydrogen flow at the detector: 40.0 mL/min

Makeup gas (B flow: 30.0 mL/min

Split ratio: 10.0

FID temperature: 270 °C

Oven temperature program

Rate (°C/min) Temperature (°C) Hold Time (min)
130.0 0.0
8.0 150.0 0.0
60.0 195.0 5.0
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80.0

250.0

1.0

PTV injector program

Rate (°C/min)

Temperature (°C)

Hold Time (min)

80

190.0
250.0

7.0
2.0

GC-MS

Shimadzu GC-17A, Shimadzu GCMS-QP5050

Column: SUPELCO SLB"-5ms, 30 m x 0.25 mm x 0.28n film thickness capillary column
Carrier pressure (He): 28.7 kPa

Injection port: 250 °C

Detector temperature: 260 °C

Oven temperature program

Rate (°C/min)

Temperature (°C)

Hold time (min)

- 60.0 4.50
25.0 120.0 2.00
7.0 240.0 5.0
15.0 270.0 10.00

Pressure program

Rate (°C/min)

Temperature (°C)

Hold time (min)

- 28.7 4.50
5.2 43.7 2.0
1.7 72.5 5.00
3.0 79.4 10.00
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1.11 Solvent purification

Most of the solvents used in the experimental pfooes were dried and distilled under a N

atmosphere immediately before use. Various drygens were used, depending on the solvent.

CH.Cl, Magnesium/Mg(OCHh),

MeOH Cahb

DMSO Na
(CHy).Cl,

CHCl;

DMF

n-heptane

1.11.1 Standard amounts for nanoparticle synthesis

Solution (A)
The required concentration of Nahl®@as 3 M (2.28-18 mol = 19.382 g) in 76 mL of degassed

milli-Q water and the required pH was 13. The qitardf NaOH needed to obtain this pH was
7.60-10° mol = 0.304 g, so the final concentration of Na®&s 0.1 M.

Solution (B)

The equivalents of NaOH necessary for the synttvesis two for each Fdon, three for each Fe
ion, and 3.2 to maintain pH 13 when adding sol#i@ and C to solution A. Thus, the total
equivalents of NaOH were 8.2 (6.23?mol = 2.492 g) in 12 mL of degassed milli-Q waire

final amount of water must equal the volume of 8otuC).

Solution (C)

The solution was prepared with the following comgats in 7.6 mL of degassed milli-Q water:
Concentration of Pesalt of 1 M = 7.60-186mol = 2.868 g

Concentration of Pésalt of 2 M = 1.52-16mol = 6.141 g

Concentration of NaN§bf 3 M = 2.28-1G mol = 1.938 g

Owing to the presence of hydrated iron salts, hlene of the solution became 12 mL. Solutions
(B) and (C) were added dropwise into solution (A}hee same time and at the same rate using a
sirynge pump.
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1.12 General procedures

1.12.1 General procedure for nanoparticle synthesis

All procedures were performed under a &tmosphere. For the synthesis step, the operating
temperature was 30 °C.
Solution (A)
In a Schlenk flask equipped with a magnetic stiyrbbar, NaN@ and NaOH were dissolved in
degassed milli-Q water, as reported in sectionl(1)1
Solution (B)
In a Schlenk flask equipped with a magnetic stiyioar, NaOH was dissolved in degassed milli-Q
water, as reported in section (1.11.1).
Solution (C)
In a Schlenk flask equipped with a magnetic stiyrrar, F&(CIO,),-6.8H,0, F&'(NOs)s-9H,0,
and NaNQwere dissolved in degassed milli-Q water, as reygboirt section (1.11.1).

Elemental analysis of purchased Fe($H,O, as found on the Aldrich site, allowed us to
determinate that the composition was Fe({;:®.8H,0.

In the early synthesis attempts, we found that dhemicals for Solution (C) could not be
mixed/prepared very long before use. In particulahen mixing F&(NOs)s-9H,0O with
Fe'(ClO,),-6.8H0 or even with NaN@ we observed some type of redox reaction releasing a
nonnegligible amount of NOx gases. Such a proceag amange the oxidation state of iron,
probably by oxidizing Féto F€", and affect the correct stoichiometry for the hgsis.

The best way to avoid this side reaction is to arefsolution (C) using the following procedure:
weigh salts and place them in the Schlenk flaskhim sequence Fe(NJ@-9H,O, NaNQ, and
finally Fe(ClQy),.6.8H,0O. After the last addition, immediately add the essary amount of water.
The side reaction occurred when the salts werergctdcontact with each other, but no visible
reaction was observed in solution. Moreover, toigany problems, it is better to prepare the
solution immediately before use.

Solution (B) and (C) were then loaded in two syes@nd slowly added to solution (A), under
stirring, over 30 min using a syringe pump. Durthgs process, a black precipitate was instantly
formed. While maintaining vigorous stirring, thespension was divided with a graduated pipette

into four 30 mL centrifuge tubes with screw capfieAthe synthesis, the solution pH was still 13.
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The nanoparticles were separated by centrifugaatoA750 rpm and washed four times with
degassed milli-Q water. The washing procedure,essribed in the next paragraph, was repeated

until the solution reached pH 10.

1.12.2 General procedure for nanoparticle washing

All operations were performed in a wide-mouth (deten of 9 cm) Schlenk tube under a N
atmosphere. The nanoparticle washes were carrieanoB0 mL centrifuge tubes closed with a
screw cap to always maintain & [dtmosphere. Every solution of dispersed nanopestizas
centrifuged to promote the separation of the ligpithse (aqueous solvent) from the solid one
(nanoparticles). Following removal of the liquidgsie with a pipette, the new washing solvent (10
mL of degassed milli-Q water) was added to the parales. The suspension was stirred for 15
min, sonicated for 15 min (to improve nanopartaigpersion), and then centrifuged until complete
separation occurred. At the fourth washing stepjais necessary to add 1 mL of a 0.24 M solution
of NaClQ, (0.3371 g/10 mL) to reduce nanoparticle aggregatitherwise, the nanoparticles could
not be separated from the solution. If the additvaCIO, is not necessary, something has gone

wrong in the synthesis process.
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1.12.3 General procedure for nanoparticle protectio

All manipulations were performed under a &dmosphere. For the protection step, the operating
temperature was 40 °C. In a Schlenk flask, the roegacid (10-bromodecylphosphonic acid, 11-
bromoundecanoic, or others) was dissolved in aurexof dichloroethane (40 mL) and methanol (2
mL). This solution was added in equal parts tofthe centrifuge tubes containing nanoparticles. A
biphasic system formed, with the nanoparticlesaliyt remaining in the upper agueous phase. For
protection with 10-bromodecylphosphonic acid (onegpally with phosphonic acids), we found that
it was better not to acidify the aqueous phase gwinthe high acidity of these kinds of acids.
Higher amounts of phosphonic acid linked to theopanticles were obtained without acidification.
In this case, prolonged stirring was sufficientc@muse migration of the nanoparticles from the
aqueous phase to the organic layer. After stirthigg samples overnight, the aqueous phase was
removed and the organic layers of the four samplar®e washed with degassed milli-Q water (10
mL each time) until the washing solution appearéelarc and colorless (3—4 washes). The
nanoparticles were then precipitated with degadde®H (10 mL) and washed four times with
degassed MeOH (10 mL each time). The MeOH waslohgien was evaporated in vacuo and the
resulting residue (organic acid) weighed. The waglprocedure was repeated until the amount of
washed protecting agent was equal to or less thang @er tube. Finally, the nanoparticles were
dried in vacuo. The nanopatrticles must be blackreethe protection phase and dark brown after

protection.
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1.12.4 General procedure for quantitative determintion of protective

organic acids on the particles by their destruction

Approximately 100 mg of nanoparticles were chenhyod¢graded by sonicating and stirring in 8
mL of 6 M HCI until a clear yellow solution was @med. The organic acid was extracted with
CH.Cl> (4 x 10 mL). The combined organic phases were dmezt NaSO, and the solvent was
evaporated in vacuo. The solid obtained was thealyaed by quantitative gravimetric

determination.

1.12.5 General procedure for GC analysis of protertg layers on the

particles

Long-chain carboxylic acids must be silanized f&@ @nalysis. The silanization was performed
by adapting a literature proced(#8.In a test tube, the organic acid (10 mg) was dissbin dry
MeCN (1 mL) and naphthalene (10 mg) was added astamal standard. Then, 2@ of BSA
(N,O-bis(trimethylsilyl)acetamide) and 1L of TMCS (trimethylchlorosilane) were added to the
solution. TMCS works as a catalyst (5% of the anic@iBSA). The solution was vigorously
stirred for 30 s and then heated at 70 °C for 40. mhe solution was diluted with Gal, to
achieve a naphthalene concentration of 0.1 mg/md, Ja L of the diluted solution was injected

into the gas chromatograph.
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1.13 Preparation of FgO, nanoparticles protected by organic acid

1.13.1 Synthesis of FR®, nanoparticles protected by 10-

bromodecylphosphonic acid

Fe(ClO4),- 6.8 Hy0+Fe(NOgy- 9 Hy0 + Br(CH,)1oPO(OH), NaNOs NaOH, {Fe,0,}((0),0P(CH,)10Br),

H,O
M.W.
Reagent (gemol ™) g V(mL) M (mol/L) mmol Molar ratio
NaNO; 84.99  19.3833 3.00 228.0 30.0
A NaOH 40.00 0.3114 0.102 7.78 1.02
H-0 76
NaOH 40.00 2.4991 5.20 62.47 8.23
B H,0 12
Fe' (CIO,)-6.8H0 377.39  2.8668 1.00 7.59 1.00
Fe"(NO3)s-9H,O  404.00  6.2036 2.02 15.35 2.02
= NaNO; 84.99 1.9398 3.00 22.82 3.00
H.0 7.6

The nanoparticles were synthesized, protected, \mashed, as described in the general

procedure.
M.W.
Tube Reagent (gemol™) g V(mL) mmol Molar ratio
1234 Br(CHy)10PO(OH) 301.16 2.7492 9.12 1.2*
MeOH( degassed) 2
(CH,).Cl, (degassed) 40

*Calculated on 1 of Femoles.

The nanoparticles were washed as reported in thergleprocedure and dried in vacuo.
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A small amount of nanoparticles were treated temeihate the achieved protection level:

Amount of MNPs

Tube used for the analysis  Acid recovered (g) Protection level (%)
(9)
1 0.1032 0.0590 57.17
2 0.1033 0.0569 55.08
3 0.1012 0.0573 56.62
4 0.1042 0.0597 57.29

The percentages obtained were similar, with anameesiprotection level d56.54%. The total
amount of nanoparticles protected by 10-bromodémgdphonic acid that we obtained w4158
g.

Phosphonic acid showed poor solubility in dry dochethane, forming a dispersion. For this
reason, we decided to mix dichloroethane with th@imum amount of MeOH capable of
solubilizing the protecting agent. Tests were earrout by varying the amount of MeOH in the
range of 20-2000 pL. The best amount was foune t® imL of MeOH in 40 mL CkCls.
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1.13.2Synthesis of 10-bromodecylphosphonic acid

)
° [
Br(CHp)10Br + POEt); —99CC » rcH,),P(OEY,

MW
Reagent (gemol™) g mol  Molarratio V[mL]  d[g/mL]
Br(CHy)1Br 300.07 60.012 2.00-10 3.63 45 1.335
P(OER) 166.16 9.160 551-70  1.00 9.5 0.969

The reaction was performed under adtmosphere. In a Schlenk flask, 1,10-dibromodeeaae
triethylphosphite were heated at 160 °C for 4 he Thmpletion of the reaction was checked by
TLC (silica gel, 1:1 ChCly/hexane, stained by vapor). The* P NMR spectrum of the reaction

mixture showed only one signal at 32.6 ppm.

0 O
Il 0 [
Br(CHz)1oP(OEt) HBr 48% o Br(CH,)1oP(OH)
Reagent MW . g mol Molar V [mL d[g/mL]
(gemol™) ratio
Br(CHy,)10P(O)(OED 5.51.10%* 1.00
HBr 48% 80.98 1.9310" 3.50 22.4 1.45
Br(CH,)1P(O)(OEt)(OH) 329.47  11.5554 3.50-1C° 1.00
HBr 48% 80.98 22.867 2.82-10' 4.00 15.8 1.45

*|t was supposed that P(OEteacted completely.

The reaction was performed under adtmosphere. First, 22.4 mL of 48% HBr was addeti¢o
above reaction mixture, which was then heatedftoxdor 20 h. The HBr solution was evaporated
under vacuum and then 90 mL of hexane was addedrustdring to eliminate excess 1,10-
dibromodecane. The formed suspension was thenifogetl. The obtained solid was washed with
hexane (6 x 15 mL) and then dried in vacuo, affaydil.5554 g.
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The 3P NMR spectrum showed two signals instead of oné&.4 3ppm (10-
bromodecylphosphonic acid) and 35.7 ppm (Br{}zé®?(O)(OEt)(OH)). Thus, the hydrolysis was
repeated by considering all of the obtained saithe monophosphonic acid.

In a Schlenk flask, 15.8 mL of 48% HBr was added 16554 g of product and then heated to
reflux for 24 h. Theé’P NMR spectrum of the reaction mixture in C@6howed one signal at 37.9
ppm. The phosphonic acid was extracted with 400aCH,CI,, dried over NgSQO,, and filtered
using a cannula. Rotary evaporation and dryingdoue afforded 11.5684 g (3.8472, 69.70%
overall yield, m.p. 80-85 °C).

Elemental analysis for {gH2,BrOsP: calcd. C% 39.88, H% 7.36; found C% 40.68, H9®.7.4

%P NMR (162 MHz, CDGQ, 300 K)d 37.9 ppm. (figure 18)

'H NMR (400 MHz, CDC}, 300 K)d 7.55 (bs, 2H, —OH), 3.42-3.49 (t, 2H, 4B J = 6.9 Hz),
1.89-1.82 (m, 2H, —CiCH,Br), 1.75-1.28 (m, 16H) ppm.(figure 19)

13C NMR (100 MHz, CDQ, 300 K) 34.10 (s), 32.97 (s), 30.60 (s), 29.48 (s), 29s3729.13 (s),
28.86 (s), 28.30 (s), 25.35 @= 144.3 Hz), 22.16 (s) ppm. (figure 20)
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Figure 18:*'P NMR (162 MHz, CDGJ, 298 K) spectrum of0-bromodecylphosphonic acid.
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Figure 19: 'H NMR (400 MHz, CDG}, 298 K) spectrum af0-bromodecylphosphonic acid.
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Figure 20: **C DEPT (100 MHz, CDC}, 298 K) spectrum of0-bromodecylphosphonic acid.

46



Figure 21: *H-C HSQC (300 MHz, CDGJ 298 K) spectrum of 10-bromodecylphosphonic acid.
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Figure 22: *H-C COSY (300 MHz, CDGJ 298 K) spectrum of 10-bromodecylphosphonic acid.
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Chapter 2: The Ligand and Its Immobilization

Introduction

2.1 Phenanthroline

1,10-Phenanthroline (Phen) is a bidentate ligandtrEmsition metal ions commonly used in
coordination chemistry. The Phen ligand, which bekaas a weak base in aqueous solution, is
electron-poor and a relatively poordonor. Owing to its low -donor ability, Phen is very stable.
The important structural features of Phen are lasarity, rigidity, and hydrophobicity. The 1,10-
isomer is the most basic phenanthroline isomerchvican be attributed to intramolecular bonds
between hydrogen and both nitrogen atoms thatlztalhe conjugate acid. Scheme 1 shows some

isomers of phenanthroline.

7 N\ \ o A

Scheme 1Various phenanthroline isomers (1) 1,7-, (2) 1,80d 4,7-phenanthroline.

The first phenanthroline isomer (1,7-isomer) wastlsgsized by Skraup and Vortmann in
18821 However, 2-methyl-1,10-phenanthroline was thet fogho-phenanthroline reported, as
synthesized nine years later by Bldun nature, there are a few examples of naturatiuaing

phenanthrolinic skeletord¥,such as in marine animals (Scheme 2).
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Scheme 2

There are many derivatives of Phen, but few arenceruially available. Generally, the synthesis
of substituted phenanthrolines is difficult and egvlow yields. The classical method for the
preparation of phenanthroline derivatives is thea8g reaction. This reaction was first applied to
the formation of quinoline, which was prepared kgatmg a mixture of aniline, nitrobenzene,
glycerol, and sulfuric acid, but this reaction hlas disadvantage of proceeding violently. Besides
sulfuric acid, hydrochloric and phosphoric acids eéso be employed, but afford lower yields. As
an oxidizing agent, arsenic acid is apparentlyoist, but its toxicity discourages its use.

In my thesis, we performed the synthesis of twongihéhrolines, the first being 4-MePhen. The
first synthesis of 4-MePhen was published by CAsm this synthesis, 8-aminolepidine and
glycerol were reacted in the presence of diarspantoxide but the yield was low at 15%. Over the
subsequent years, other processes have been emhpboyeyields of less than 50% still presented a
problem. Bernhard and coworkBtssynthesized 4-MePhen in 51% yield using 8-aminoajirie

and methylvinylketone in the presence of sodiundeds a cataly$t as shown in Scheme 3.

o Me
110°C _
=N NH, “Z N N

Scheme 3
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The results of this synthesis demonstrated thatptioeluct was impure, and separation by
chromatography on silica was required. For sevgedrs, our research group has studied
phenanthrolines as ligands in catalysis. This sty reported synthesis was repeated by our
group, but the synthesized phenanthroline was ity impure. For this reason, a purification
method was developed using a zinc complex, whi¢hbeidiscussed later.

The second phenanthroline derivative used in thesis was4-OH-Phen The synthesis was
performed in our research group by adapting thequtore reported in the literatfe Both 4-
MePhen and 4-OH-Phen could be immobilized on tleeptive layer of the MNPs and finally
tested in catalysis.

Results and Discussion

2.2. Synthesis of 4-MePhen

In this synthesis, we employed methyl vinylketomal @-aminoquinoline in 80O, with 3-
nitrobenzenesulfonic acid as an oxidant (SchemeTHg use this oxidant instead of Nal was
motivated by the search for a reagent that afferggoduct with higher purityThe synthesized
phenanthroline derivative was still impure (fig@®30), but fewer colored impurities were present,

as judged by the color of the product. In any cpaefication of the product is still required.

SO; Na*

+ HySO4 75% H3C

O NO
| A NH2 + 2 > / \
N J 110°C =N N=

Scheme 4

The purification method developed in our reseanduy involves the formation of a complex
with zinc chloride (Scheme 5). The first importéeature of this process was finding an appropriate
solvent. In this case, we required a solvent incwhioth ZnCJ and the phenanthroline derivative
have good solubility, but the complex is insolubléhe choice of a suitable solvent is very

important, for example, methanol has too a low fylao dissolve zinc chloride efficiently.
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Further, polar and aprotic solvents, such as DM& BMSO, could not be used because they
strongly coordinate zinc, leading to its deactimatiAmong the available solvents, ethylene glycol

was found to be the solvent of choice, affording ¢bmplex with an acceptable degree of purity.

H5C
HsC - /Z”\ ethylene glycol ) A\
=
7 N/ N\ cl cl

—N N=

—N N= \_/

AN

Cl Cl

Scheme 5

After formation of the complex, we performed twystallizations, again using ethylene glycol.
The free ligand was then obtained by treating tragiex with agueous ammonia (Scheme 6). The
advantage of this process is that [Zng\f* is formed, which is soluble in the water phase,
without forming any intermediate insoluble speci@#wing recovery of the ligand by extraction
with CH,Cl,. The final product (figure 31,32) is suitable fimmmobilization on the protective layer.

2+

NH, NH, _
Zn + 2Cl

NH3

|
|
AN
RN

N
N,/ —N N= NH

Scheme 6

'H NMR (300 MHz, CDC}, 300 K): =9.22 (dd3Jyn = 4.3 Hz andJy = 1.7 Hz, 1H, H9), 9.09
(d, 334 = 4.5 Hz, 1H, H2), 8.28 (ddJu 1 = 8.1 Hz andJy 1 = 1.8 Hz, 1H, H7), 8.04 (dJ4 1 = 9.1
Hz, 1H, H5), 7.85 (24 = 9.1 Hz, 1H, H6), 7.64 (ddJyn = 4.3 and 8.1 Hz, 1H, H8), 7.50 (d,
334 = 4.5 Hz, 1H, H3), 2.81 (s, 3HH3) ppm.
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2.3 Immobilization of 4-MePhen on theprotective layer

Immobilization of 4-MePhen on the protecting lay&cheme 7) was achieved by adapting a
reaction previously reported for the free ligdhd:he methyl group at the 4 can be lithiated with
LDA and then alkylated.

o
@ (5 —®"

Scheme 7

During this thesis, we initially changed the imniaition procedure systematically according to
the conditions given in Table 6 because the ingitdbmpt gave a low amount of immobilized
phenanthroline on the protective layer of MNPs. Agidhe many attempts, the procedure that
produced the best results was synthesis V (Tahldn6jhis synthesis, the nanoparticles were
initially placed in a sonication bath for 14 h teeyent aggregation; principally, sonication acts to
stabilize the nanoparticles, suggesting a phygioatess. During the various attempts, we showed
the importance of the sonication time for succddgsfmobilization owing to increased dispersion.
This procedure was also performed with freshly Isgaized MNPs to exclude the interpretation that
aggregation of nanoparticles synthesized a long previously led to the poor results.

In the literature, functionalization as a conseqaeof a reaction is usually taken for granted and
no tests are carried out to check that functioatibn actually occurs or if secondary reactions als
occur. As phenanthroline forms strong complexes widn, we were worried about the possibility
of this ligand being coordinated to the nanopagtmlirface. The first attempt to verify the success
of immobilization was performed using the proceddoe quantification of the MNPs by
destruction; however, it was not possible to usegame methodology because of problems with
the formation of a red solution and undissolvedemat during the destruction with HCl. When we

carry out the same procedure without phenanthroline obtained solution was yellow and no
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precipitate appeared. We attributed these obsenatio the possible formation of ferroin. Other
methods for verifying immobilization were testedicls as complexation with EDTA, potassium
fluoride, or thiocyanate, but the results were cmiclusive because iron/phenanthroline complexes
could form after the reactions.

Thus, to verify that immobilization actually occed; we synthesized a Mo carbonyl complex on
the protected MNPs, Mo(4-MePhen)(GQkcorded the IR spectrum, and compared the spectru
with that of a monomeric complex prepared from 4F¥len under otherwise identical conditions.
The complex was prepared by adapting a literatuoequlure for the corresponding complex of
unsubstituted phenanthroliffé.

The IR spectrum of the complex with MNPs recordedliy toluene (Figure 23) showed four
bands at 2011 (w), 1900 (s), 1886 (m), and 1845¢m). The bands in the carbonyl region were
very intense, demonstrating the formation of thenameric complex (Scheme 8). The spectrum of
the nanoparticles after functionalization with phaethroline and reaction with Mo(C©O)n dry
toluene was also recorded (Figure 24). The intertditthe absorption bands was lower owing to
limited dispersibility, but the spectrum clearlyosted four bands at 2009 (w), 1899 (s), 1877 (m),
1839(m) cn. Taking into account that small differences in flegjuencies are expected owing to
the different environment around the complex arad the intensity pattern is the same for the two
spectra, a comparison of these spectra provepligatanthroline is bound to the nanopatrticles in a
way that allows further coordination to the nitraggoms, as desired (Scheme 9).

o CO &

90°C \

Mo(CO)s * // \ » OC, | N
dry Toluene oc” IO\N ~

—N N=— co -

Scheme 8
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Figure 23 IR spectrum of monomeric complex Mo(4-MePhen)(€i@oluene.

-5
'H NMR (300 MHz, CDCJ) 9.48 (d,J = 4.6 Hz, 1H, H9), 9.31 (d,= 5.1 Hz, 1H, H2), 8.41 (d,
= 8.1 Hz, 1H, H7), 8.13 (d,= 9.0 Hz, 1H, H5), 7.97 (d,= 9.1 Hz, 1H, H6), 7.73 (dd,= 8.1, 5.0
Hz, 1H, H8), 7.57 (dJ = 5.1 Hz, 1H, H3), 2.90 (s, 3H, GHppm. Attribution of théH NMR
signals is based on the correspondence with thiabe dree ligand. (figure 33)
¥C NMR (75 MHz, CDCJ) 223.34 (C), 205.46 (C), 153.29 (CH), 152.79 (CH)6.27 (C),
136.57(CH), 130.09 (C), 129.93 (C), 126.93 (CH(.X3 (CH), 124.46 (CH), 123.77 (CH), 19.46
(CHzg) ppm. Signals corresponding to the carbonyl castmmuld not be detected. (figure 34)

o P
‘Of’\ 90°C CO &
(CHQ)W + MO(CO)GW» OC”’“l\/io"‘\\\N\ 5
- AN
=N N- fyfouene ocm LN <CH2>10_H;§‘

Scheme 9
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Figure 24: IR spectrum of the Mo complex with 4-MePhen imifimbd on the protective layer of

MNPs in toluene.

In an attempt to obtain a more defined spectruntifersupported particles, we recorded an ATR
spectrum of the Mo carbonyl complex with the MNBsverify the success of the immobilization
(Figure 25). Although the spectrum is less defitleah that in solution, it show signals at 2013(w),
1899(s), 1868(m), and 1830 (m) ¢nwhich again support efficient immobilization.

2013

Transmittance

1868
1830

1899

T T T T T T T T T T T
2050 2000 1950 1900 1850 1800 1750

Wavemunber(cm™)

Figure 25 ATR spectrum of the Mo complex with 4-MePhen infitiaed on the protective layer
of MNPs.
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Having clarified that phenanthroline was effectiwbbund to the nanoparticles, we turned to the
problem of quantifying the extent of immobilizatioAmong the various existing techniques, we
found that it was possible to use elemental amalisiquantify the amount of nitrogen present
following immobilization, as the only source ofmagen is 4-MePhen in the sample. We used this
technique as an indication of the success of imhzalion by comparing the value predicted for
complete substitution of all bromine atoms by pmtheline with the experimental values.
Calculations allowed us to conclude that only abth#o of the bromine atoms were functionalized

and the others were most likely unchanged, as suinedan Table 6.

Table 6. Attempts to immobilize 4-MePhen on the protectager.

% C % H %N
Synthesis Ligand Calculated Found Calculated Found Calculated Found
' 4MePher” 4541 2544 481 4.29 4.30 0.13
I 4MePher” o4 2511 4.81 4.33 4.30 0.19
I 4MePher’ 4041 3022 481 444 430 1.48
V. 4MePher” 4541 3289 481 4.47 4.30 2.26
v 4-MePher” 441 3197 4.81 4.40 4.30 2.28
VI 4-MePher’” 4541 3139 4.81 4.27 4.30 2.04

a) In the syntheses I-V a 1.5 excess of 4-MeRtitnrespect to the estimated bromine content éngiotective layer
was used.

b) In synthesis VI a 3.0 excess of 4-MePhen widpeet to the estimated bromine content in the ptiote layer was
used..

In synthesis VI (Table 6), we tested the immobti@a process with a three-fold excess of 4-
MePhen with respect to the protective layer untersame conditions as the other attempts. These
conditions were expected to result in about twieedxtent of immobilization achieved in synthesis
V. However, the immobilization unfortunately didtrtave the expected result. The conditions for
immobilization are extremely delicate and any smh#inges interfere dramatically with the results,
making reproducibility difficult. Although only appximately 50% immobilization was achieved,

as demonstrated in synthesis V, we proceededttthiese nanoparticles in catalysis.
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We also considered a different way of attachingnghé¢hroline to the nanoparticle surface by
taking advantage of a substitution reaction betweedound alkyl bromide and a phenolate anion.
For this reason, we synthesized 4-OH-Phen, in tpe lthat a better functionalization level could

be achieved.

2.4 Synthesis of 4-OH-Phen

4-OH-Phen was prepared by adapting the Iiteratmeemiuré?] 8-Aminoquinoline was initially
treated with Meldrum’s acid in triethyl orthoforneaffirst step) to give an adduct that cyclizes+o 4
OH-Phen on refluxing in diphenyl ether (second st&cheme 10). The synthesis procedure is
faster in comparison with that of 4-MePhen and roeee, no purification is needed. The obtained
product can be used directly for immobilizationtba protective layer.

0 0./
74 N\
AN i(o N Ph,0, —N  N=
reflux
N” S N — N
NH, CH(OCH,), NH
reflux |
o) o
0
oxo
N
\ NH N=
Scheme 10
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First Step:™H NMR (300 MHz, CDC4, 300 K) 12.86 (br d2Jyn = 14.9 Hz, 1H, NH), 9.02 (dd,
33un= 4.2 Hz andJy y= 1.6 Hz, 1H, H2), 8.94 (&), 1= 14.9 Hz, 1H, H-olefinic), 8.23 (ddJu
= 8.3 Hz and'Ju = 1.6 Hz 1H, H4), 7.73-7.69 (m, 2H, H5 and H7)17(ps t,*Jy = 7.8 Hz, 1H,
H6), 7.56 (dd3Jy = 8.3 and 4.2 Hz, 1H, H3), 1.80 (s, 6H, $ipm.

Second Step'H NMR (300 MHz, CDC}, 300 K) 10.47 (br, 1H, NH), 8.93 (ddJy = 4.3 Hz
and*Jy = 1.6 Hz, 1H, H9), 8.42 (d)y 1= 8.9 Hz, 1H, H5), 8.28 (dd)y = 8.2 Hz andJ 1= 1.6
Hz, 1H, H7), 7.85 (dfJyn= 7.5 and 5.8 Hz, 1H, H2), 7.67 @, 1= 8.9 Hz, 1H, H6) overlapping
with 7.64 (dd2Jy 4 = 8.2 and 4.3 Hz, 1H, H8), 6.57 (dd, n= 7.5 Hz and'Jy 1= 1.6 Hz, 1H, H3)
ppm.

2.5 Immobilization of 4-OH-Phenon the protective layer

The immobilization (Scheme 11) was performed adogrdo a procedure adapted from the

literature!”!
HO (0]
—O\I? NaH ol
\O/P_(CHz)mBr 7 A\ DME/THF \O/P_(CH2)10—O
—N N= 7 N\ A\
—N N=
Scheme 11

As for the 4-MePhen immobilization procedure, weried out several attempts to immobilize 4-
OH-Phen on MNPs. Even the initial results realibetter substitution efficiency than that achieved
with the methylated phenanthroline. The first agppenvas performed using sodium hydride and 4-
OH-Phen in a DMF/THF solvent mixture, as reportethie literaturé” The MNPs were first put in
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a sonication bath for 8 h, and then transferrecrioequilibrated dropping funnel and slowly
dropped into a solution containing the phenantheoliin the second attempt, the influence of
temperature was tested. After addition of the retgydghe reaction was heated and, as a result, the
amount of bound phenanthroline doubled, but theltesvere still below the expectations.

We returned to the initial idea on the importantesanicating the nanopatrticles, and the best
conditions confirmed the importance of this physmacess. Immediately after addition of MNPs
to 4-OH-Phen, we placed the reaction flask in acstion bath overnight. This procedure differs
with respect to previous attempts, even with 4-M&Rhin that only the nanoparticles had been
sonicated in those cases. The best results (Tgbtgnthesis V) confirmed the success of the
immobilization process.

To verify the success of this immobilization praxgese used the same procedures as previously
described. We synthesized a Mo carbonyl complexthen protected MNPs, recorded the IR
spectrum, and compared the obtained spectrum hathof a monomeric complex prepared from 4-
MeO-Phen under otherwise identical conditions (Sehel2). The bands in the carbonyl region
were very intense, demonstrating the formation h& monomeric complex (Scheme 12). The
spectrum of the monomeric complex in dry toluengyfe 26) showed four bands at 2011 (w),
1898 (s), 1883 (m), and 1843 (m) ¢nSimilar to other verifications, the bands in terbonyl
region were very intense, demonstrating the foromatif the monomeric complex. The spectrum of
the complex with the protected MNPs in dry tolu¢hmure 27) showed four bands at 2008 (w),
1895 (s), 1869 (m), and 1829(m) ¢nirhe similarity between these spectra again provasthe
phenanthroline is bound to the nanoparticles inay what allows further coordination to the

nitrogen atoms, as desired.

CO & 1
MeO 90°C ocC,, | N
Mo(CO > “Mo?
(CO)s 4 7 N\ dry Toluene oc” | \N\ ==
=N N= CO ~>ome

Scheme 12
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Figure 26. IR spectrum of the monomeric Mo carbonyl completh 4-MeO-Phen in toluene.
5 6
HsC—0O 4 4a 6a 7
¥4 Ve
—N N=
N s 9
“oc-Mo—co
oc CO
'H NMR (300 MHz, CDCY) 9.44 (t,J = 8.7 Hz, 1H, H9), 9.24 (d,= 5.7 Hz, 1H, H2), 8.39 (d,
= 8.0 Hz, 1H, H7), 8.29 (§ = 12.3 Hz, 1H, H5), 7.88 (8,= 11.9 Hz, 1H, H6), 7.70 (dd,= 7.7,
5.0 Hz, 1H, H8), 7.12 (dl = 5.7 Hz, 1H, H3), 4.20 (s, 3H, OGHpm. (figure 35)

13C NMR (75 MHz, CDCJ) 223.28 (C), 222.73 (C), 205.31 (C), 162.77 (C}.1B (CH), 152.77
(CH), 146.87 (C), 146.21 (C), 136.36 (CH), 129.€@}, 125.68 (CH), 124.20 (CH), 122.17 (C),
121.19 (CH), 104.79 (CH), 56.95 (@Hpm. (figure 36)

0 CO & 7
"OJF!—(CH ) OC”"’Ml NS
~0" 2)10—Q 90°C oc” IO\N . (I)I o
7\ \* Mo(CO)g ———> o L o/(CHz)m_,:.\oI4

dry Toluene
N N

Scheme 13
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Figure 27: IR spectrum of the Mo carbonyl complex with th©#-Phen on the protective layer of

MNPs in toluene.

We also recorded the ATR spectrum of the Mo carbamnplex on the protected MNPs
(Scheme 13) to further prove the success of imnzabibn (Figure 28). The ATR spectrum showed
signals at 2010 (w), 1895 (s), 1869 (m), and 1889dni*, which are very close to the values for

the solution spectrum.

2010
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1829
1869
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T T T T T T T T T T T
2050 2000 1950 1900 1850 1800 1750

Wavemumber(cm™)

Figure 28 ATR spectrum of the Mo carbonyl complex 4-OH-Ploarthe protective layer of
MNPs.
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We then used elemental analysis to compare thesgrtedicted for complete substitution of all

bromine atoms by phenanthroline with the experimlerdalues.

Table 7. Attempts to immobilize 4-OH-Phen on the proteetiayer.

% C % H %N
Synthesis Ligand Calculated Found Calculated Found Calculated Found
' 4-OH-Phen” 3955 3363 4.34 5.08 4.16 0.79
I 4-OH-Phen” 49 55 25.22 4.34 2.89 4.16 1.54
I 4-OH-Phen® 3955 5765 4.34 3.41 4.16 2.77
IV 4-OH-Phen” 3955 3650 4.34 4.35 4.16 3.72
V. 4OH-Pher’ 3955 3757 4.34 4.45 4.16 3.95

a) Inthe syntheses b 1.5 excess of 4-OHPhen with respect to the agtdnbromine content in the protective

layer was used

b) a) In the syntheses II-\4 3.0 excess of 4-OHPhen with respect to the egirtaromine content in the

protective layer was used.

2.6 Coordination of Pd(OAc) to nanoparticles

ACO\
AcQ N,I7d/OAc
o Q AcO’Pd\;N N
OZ -P—(CH
o (CH2)10—0 \ Pd(OAc), AcQ N
/_\ _ THF AcO,PctN N
o) NN N
-0. U Pd(OAc
@:lcn. o, N
\
7\ N\ THF Nr\N N‘P\d/OAc
=N N= OAc
Scheme 14

We carried out various tests to examine palladiucordination to the functionalized

nanoparticles (Scheme 14). Factors such as temperaolvent, sonication time, and amount of

palladium in excess to phenanthroline immobilizedlte protective layer were examined. The best
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results, as determined from the results of catalg@sts, were obtained when the coordination was
carried out at RT using THF as the solvent anduwa-fold excess of palladium with respect to
phenanthroline immobilized on the protective laydre same coordination procedure was used for
both phenanthroline derivatives.

After coordination with palladium, the nanopartileere separated and washed several times
until the amount of extracted solid was less thang?to ensure that the recorded catalytic activity

is not due to excess amounts of palladium.
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Experimental Section

2.7 Synthesis of 4-MePhen

SO; Na*
©\ + H,S04 75% HaC
O NO
Ny ONH,  + 2 . A
| _N Y 110 °C =N N=
Reagent M.W g mmol Molarratio V [mL] d[g/mL]
(gemol™)
8-aminoquinoline (98%) 144.17 1.94 13.5 1
1-Buten,3one (99%) 70.1 22.9 1.7 2.0 0.842
3-nitrobenzenesulfonic acid (98%) 22516 6.37 28.3 2.1
H2S0y (75%) 50

slight excess over the theoretical calculation.

Sulfuric acid, 8-aminoquinoline, and 3-nitrobenzarionic acid were added under stirring to a
250 mL three-neck round bottom flask. The suspensias heated to 90 °C to help dissolve the
reagents. Once the reagents were dissolved, thpetamre was increased to 110 °C. At this
temperature, 1-butene-3-one was slowly added oveusing a syringe pump. After the addition,
the solution was stirred for a further hour andntimeutralized with a 5 M NaOH solution. The
solution was extracted with GBI, (4 x 200 mL) and re-extracted with 37% HCI (3 xrb). The
solution was returned to a basic pH with the additf 65 mL of 9 M NaOH solution. The solution
was then extracted with GBI, (3 x 70 mL), and the product was dried ovepBa,. The solvent
was evaporated under vacuum affording 1.88 g (@n@&l, 71.70%) of the crude product (see
Figures 29 and 30 for the correspondiigNMR spectrum).
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Figure 29: 'H NMR (400 MHz, CDCY, 298 K) spectrum of impure 4-MePhen
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Figure 30: ExpandedH NMR (400 MHz, CDC}, 298 K) spectrum of impure 4-MePhen.
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2.8 Purification of the 4-MePhen
2.8.1 Complexation

H5C
HsC + 2N ethylene glycol ) \
7 N/ N\ cl cl -
— _ —N N=—
N N \_ /
Zn_
cl” Tl
Reagent M.W g mmol Molarratio V [mL]  d[g/mL]
(gsmor™)
Raw Product 194.24 1.88 9.68 1
ZnCl, 136.30 1.98 14.5 15

%1t was considered that the product obtained wégthe phenanthroline.

The raw product and ethylene glycol (5 mL) wereeatitb a 50 mL round bottom flask. The
reaction mixture was heated at 55 °C for 1 h. Iotla@er 50 mL round bottom flask, ZnQOhas
dissolved in ethylene glycol (5 mL). The secondusoh was then added to the first one under
stirring. After the addition, the temperature wasreased to 100 °C and the reaction mixture was
maintained at this temperature for 1 h. Subsequethtt formed suspension was allowed to cool to
RT under stirring. The obtained suspension wastetiluwith 5 mL of MeOH to decrease the
viscosity and facilitate filtration. The final prodt was separated by filtration on a Buchner funnel
and washed with ethyl ether (3 x 5 mL). The solwea$ evaporated under vacuum affording 3.52 g
of the zinc complex (10.6 mmol, 91.0%, assumingdtaeting material is perfectly pure, which is

not the case).
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2.8.2 Crystallization

Reagent Complex (g) Solvent (ml) Yield (%)
1° Crystallization 3.5184 15 98.7
2° Crystallization 2.3622 10 68.0

Crystallization was performed by dissolving the pbew in ethylene glycol at reflux for 3 h.
Subsequently, the solution was allowed to cool ToaRd 10 mL of MeOH was added. The solid
was separated by filtration on a Buchner funnelshireg with a little ethyl ether. This procedure
was repeated two times. The first crystallizatioelded 3.47 g (10.50 mmol, 98.7%) of product,
and the second 2.36 g (7.14 mmol, 68%).
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2.8.3 Decomplexation

HsC cHaCl 2+
2Ll HsC
/_N N_\ + 4NH; - y N+ NH3\Zn/ NH; .
N/ =N N= NH,”  NHg
/Zn\
cl” ¢l
Reagent M.W g mmol  Molar ratio V [mL] d[g/mL]
(gemol™)
Comp|ex 330.54 2.36 7.14
NH3 28% 23.6
CH:Cl, 23.6

To a flask containing the complex were added;MdHd CHCI,, and the biphasic mixture was
stirred for 16 h. During this time, zinc passeditlhe aqueous phase as its ammonia complex,
whereas free 4-MePhen remained in the organic pldisr separation of the phases, the aqueous
phase was further extracted with &Hp (3 x 15 ml). The combined organic extracts weiedir
over NaSQ,. The solvent was evaporated under vacuum affortliage9 g (5.55 mmol, 77.73%)

of free purified ligand.

'H NMR (300 MHz, CDCY)  9.22 (dd 23y 4= 4.3 Hz anddy 4= 1.7 Hz, 1H, H9), 9.09 (dJ)y 1=
4.5 Hz, 1H, H2), 8.23 (ddJ)y 1= 8.1 Hz andJy = 1.8 Hz, 1H, H7), 8.07d, *J 1= 9.1 Hz, 1H,
H5), 7.83(d, 33y 1= 9.1 Hz, 1H, H6), 7.64 (dd)y = 4.3 and 8.1 Hz, 1H, H8), 7.49 {1 = 4.5
Hz, 1H, H3), 2.81 (s, 3H, CHlppm. (figure 31, 32)
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Figure 31: 'H NMR (300 MHz, CDC} 298 K) spectrum of purified-MePhen.
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Figure 32: ExpandedH NMR (300 MHz, CDC}, 298 K) spectrum of purified-MePhen.
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2.9 Immobilization of 4-MePhenon the protective layer

2.9.1 Test |

</ ;2 \;
—N N= wiTHF

Li |C|)
(I? y { ':g:P_(CHz)m
OLO:P_(CHz)mBr + 78\ A
0 =N N= N N=

M.W Molar
Reagent L mg mmol _ V [mL] d[g/mL]
(gemol™) ratio
4- MePhen 194.24 109.8 0.5653 15
THF dry 16 +5
LDA (2M) 107.12 0.678 1.8 0.340 0.812
O1g;@-<CH2)1@r 301.16 1135 0.3769 1

& Amount of functionalized phosphonic acid boun@®®.8 mg of nanoparticles (protection level
56,54 %)

The reaction was performed under a &imosphere, and 4-MePhen used in the synthesis was
dried. To a 50 mL Schlenk tube were added 200.®&hpgotected MNPs and 5 mL of THF, and the
dispersion was sonicated for 4 h. To another 50 Schlenk tube were added 109.8 mg of 4-
MePhen and 16 mL of THF. The latter solution wasleo with an acetone/dry ice bath. When the
temperature reached -78 °C, 0.340 mL of LDA (2 Myrevadded in one shot to the 4-MePhen
solution, after which the solution was left to sir the same temperature for 1 h. Then, it was
transferred to a dropping funnel using a Teflonncda.

In this first immobilization attempt, lithiated 4@Phen was added to the MNP dispersion. The
dropwise addition lasted 3 h, and the temperat@e nvaintained at -78 °C. After the addition, the
temperature was increased to 0 °C and the solwtas left at this temperature for 2 h under
stirring. Then, the solution was allowed to readhd¥ernight. The next morning, the reaction was

stopped by adding 4 mL of Milli-Q water. Then, thigtained product was subjected to the washing
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process. For such processes, magnetic separatibn magnets could be used in addition to
centrifugation. After the initial separation, thest wash was performed by adding 10 mL of Milli-
Q water, stirring (10 min), sonicating (15 min),dafinally separating. This same procedure was
repeated with MeOH (3 x 10 mL), THF (10 mL), and4/CH (10 mL). After the washing process,

the solid was dried in vacuo, affording 151.0 mg.
Elemental analysis was carried out to analyze tieetevzeness of immobilization.

Calculated: C% 42.41, H% 4.81, N% 4.30.
Found: C% 25.44, H% 4.29, N% 0.13

77



2.9.2 Test Il

</ ;2 \;
—N N7 WTHF

Li |C|)
(I? y { ':g:P_(CHz)m
';O:P_(CHz)mBr + 72\ A
0 =N N= N N=

M.W Molar
Reagent L mg mmol _ V [mL] d[g/mL]
(gemol™) ratio
4- MePhen 194.24 218.7 1.12 15
THF dry 32+10
LDA (2M) 107.12 1.35 1.8 0.680 0.812
O.giﬁ_(cm)@r 301.16 226.4 0.75 1

& Amount of functionalized phosphonic acid bound®®.5 mg of nanoparticles (protection level 56,54 %

The reaction was performed under a &imosphere, and 4-MePhen used in the synthesis was
dried. In a 50 mL Schlenk tube, 400.5 mg of praadd?INPs were put in a sonication bath for 6 h.
In another 100 mL Schlenk tub218.7 mgof 4-MePhen was added to 32 mL of THF under
agitation. When the temperature reached -78 °@006L of LDA (2 M) was added to 4-MePhen
and the solution was maintained at this temperatnder stirring for 1 h.

In this second immobilization attempt, the orderdélition was inverted. In this case, the MNPs
were added dropwise into the 4-MePhen/LDA solutawer 2 h at -78 °C. Subsequently, the
reaction mixture was allowed to reach RT overnidlite next morning, the reaction was refluxed
for 2 h. After returning to RT, the reaction wagpgied by adding 8 mL of Milli-Q wateThen, the
obtained product was subjected to the washing peodeor such processes, magnetic separation
with magnets could be used in addition to centafign. After the initial separation, the first wash
was performed by adding 20 mL of Milli-Q water,rstig (10 min), sonicating (15 min), and
finally separating. This same procedure was repeatth MeOH (3 x 10 mL), THF (20 mL), and
CH.CI; (20 mL). After the washing process, the solid @asd in vacuo, affording 290.4 mg.
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Elemental analysis was carried out to analyze tieeteveness of immobilization.
Calculated: C% 42.41, H% 4.81, N% 4.30.
Found: C% 25.11, H% 4.33, N% 0.19
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2.9.3 Test Il

</ § 2 \;
N NTNLpa/THE
Li 9
(I? y { ':g:P_(CHz)m
'1O?P—<CH2)1oBr * - = 7\ \
o =N N= N N=

M.W Molar
Reagent L mg mmol _ V [mL] d[g/mL]
(gemol™) ratio
4- MePhen 194.24 110.3 0.564 15
THF dry 16+5
LDA (2M) 107.12 0.675 1.8 0.340 0.812
O:g:('i—(cm o 301.16 113.7 0.375 1

& Amount of functionalized phosphonic acid boun@®®.3 mg of nanoparticles (protection level 58/6¢

The reaction was performed under a &imosphere, and 4-MePhen used in the synthesis was
dried. In a 50 mL Schlenk tube, 200.3 mg of praadd?INPs were put in a sonication bath for 8 h.
In another 50 mL Schlenk tub&10.3 mgof 4-MePhen was added to 16 mL of THF under
agitation. When the temperature reached -780°840 mL ofLDA (2 M) was added to 4-MePhen
in one shot and the solution was maintained attdngperature under stirring for 1 h. The MNPs
were then added dropwise into the 4-MePhen/LDAtgmiuover 2 h at -78 °C. Subsequently, the
temperature was allowed to reach RT overnighe next morning, the reaction was refluxed for 2
h. After returning to RT, the reaction was stoppgdadding 4 mL of Milli-Q waterThen, the
obtained product was subjected to the washing peodeor such processes, magnetic separation
with magnets could be used in addition to centafian. After the initial separation, the first wash
was performed by adding 10 mL of Milli-Q water,rsiig (10 min), sonicating (15 min), and
finally separating. This same procedure was repeatth MeOH (3x 10 mL), THF (10 mL), and
CH.Cl, (10 mL). After the washing process, the solid wasd in vacuo, affording 153.4 mg.
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Elemental analysis was carried out to analyze tieetevzeness of immobilization.
Calculated: C% 42.41, H% 4.81, N% 4.30.
Found: C% 30.22, H% 4.44, N% 1.48
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2.9.4 Test IV

4 A

N N LDA / THF
Li 0
| -
0 y ( '\8:P—<CH2)10
';O:P—<CH2)1oBr + > 7\ \
o =N N= —N N=

M.W Molar
Reagent L mg mmol _ V [mL] d[g/mL]
(gemol™) ratio
4- MePhen 194.24 110.9 0.570 15
THF dry 16+5
LDA (2M) 107.12 0.676 1.8 0.340 0.812
O:g:§—<cH2>1 o 301.16 112.8 0.375 1

& Amount of functionalized phosphonic acid boun@®®.0 mg of nanoparticles (protection level 56,46 %

The reaction was performed under a &imosphere, and 4-MePhen used in the synthesis was
dried. In a 50 mL Schlenk tube, 200.0 mg of praddINPs (freshly synthesized) was put in a
sonication bath for 10 h. In another 50 mL Schlare, 110.9 mg of 4-MePhen was added to 16
mL of THF under stirring. When the temperature heatc-78 °C, 0.340 mL of LDA (2 M) was
added to 4-MePhen in one shot and the solutionlefaat this temperature under stirring for 1 h.
The MNPs were then added dropwise into the 4-MeRleh solution over 2 h at -78 °C.
Subsequently, the temperature was allowed to r&acbvernight. The next morning, the reaction
was refluxed for 2 h. After returning to RT, theacgon was stopped by adding 4 mL of Milli-Q
water. Then, the obtained product was subjectethéowashing process. For such processes,
magnetic separation with magnets could be useddditian to centrifugation. After the initial
separation, the first wash was performed by addidgnL of Milli-Q water, stirring (10 min),
sonicating (15 min), and finally separating. Thasne procedure was repeated with MeOH (3 x 10
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mL), THF (10 mL), and CkCI, (10 mL). After the washing process, the solid wasd in vacuo,
affording 112.5 mg.

Elemental analysis was carried out to analyze tieetevzeness of immobilization.

Calculated: C% 42.41, H% 4.81, N% 4.30.
Found: C% 32.89, H% 4.47, N% 2.26
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295 T TestV

</ ;2 \;
—N N7 WTHF

Li |C|)
(I? y { ':g:P_(CHz)m
';O:P_(CHz)mBr + 78\ A
0 =N N= N N=

M.W Molar
Reagent L mg mmol _ V [mL] d[g/mL]
(gemol™) ratio
4- MePhen 194.24 104.5 0.538 15
THF dry 16+5
LDA (2M) 107.12 0.646 1.8 0.330 0.812
O1g:ﬁ-<CH2)1dar 301.16 108.3 0.359 1

amount of functionalized phosphonic acid bound @ Z mg of nanoparticles (protection level 54%)

The reaction was performed under a &imosphere, and 4-MePhen used in the synthesis was
dried. In a 50 mL Schlenk tube, 200.7 mg of praddvINPs (freshly synthesized) was put in a
sonication bath for 14 h. In another 50 mL Schlarbe, 104.5 mg of 4-MePhen was added to 16
mL of THF under stirring. When the temperature heatc-78 °C, 0.330 mL of LDA (2 M) was
added to 4-MePhen in one shot and the solutionlefaat this temperature under stirring for 1 h.
The MNPs were then added dropwise into the 4-MeRleh solution over 2 h at -78 °C.
Subsequently, the temperature was allowed to r&acbvernight. The next morning, the reaction
was refluxed for 2 h. After returning to RT, theacdon was stopped by adding 4 mL of Milli-Q
water. Then, the obtained product was subjectethéowashing process. For such processes,
magnetic separation with magnets could be useddditian to centrifugation. After the initial
separation, the first wash was performed by addidgnL of Milli-Q water, stirring (10 min),

sonicating (15 min), and finally separating. Thasn® procedure was repeated with MeOkk (B0
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mL), THF (10 mL), and CkCI, (10 mL). After the washing process, the solid wasd in vacuo,
affording 114.6 mg.

Elemental analysis was carried out to analyze tieetevzeness of immobilization.

Calculated: C% 42.41, H% 4.81, N% 4.30.
Found: C% 31.97, H% 4.40, N% 2.28
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2.9.6 Test VI

</ ;2 \;
—N N7 WTHF

Li |C|)
(I? y { ':g:P_(CHz)m
OLO:P_(CHz)mBr + 78\ A
0 =N N= N N=

M.W Molar
Reagent L mg mmol _ V [mL] d[g/mL]
(gemol™) ratio
4- MePhen 194.24 313.3 1.614 8.0
THF dry 46+7.5
LDA (2M) 107.12 1.936 3.6 0.970 0.812
@l one 30116 162.0 0.538 1

& The calculation was made considering the exce<8 &) of the 4-MePhen in respect to the acid & fitotective
layer.’Amount of functionalized phosphonic acid bound @3 mg of nanoparticles (protection level 54%)

The reaction was performed under a &imosphere, and 4-MePhen used in the synthesis was
dried. In a 50 mL Schlenk tube, 300.1 mg of praddINPs were put in a sonication bath for 14 h.
In another 100 mL Schlenk tube, 313.3 mg of 4-MePhas adding to 46 mL of THF under
stirring. When the temperature reached -78 °C,®mAL of LDA (2 M) was added to 4-MePhen in
one shot and the solution was left at this tempeeatinder stirring for 1 h. The MNPs were then
added dropwise into the 4-MePhen/LDA solution ad¥ér at -78 °C. Subsequently, the temperature
was allowed to reach RT overnight. The next mornthg reaction was refluxed for 2 h. After
returning to RT, the reaction was stopped by add@gnL of Milli-Q water. Then, the obtained
product was subjected to the washing process. Boh rocesses, magnetic separation with
magnets could be used in addition to centrifugatiiter the initial separation, the first washing
was performed by adding 28 mL of Milli-Q water,rstig (10 min), sonicating (15 min), and
finally separating. This same procedure was repeattéh MeOH (3 x 28 mL), THF (28 mL), and
CH.Cl, (28 mL). After the washing process, the solid wasd in vacuo, affording 246.7 mg.
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Elemental analysis was carried out to analyze tieetevzeness of immobilization.
Calculated: C% 42.41, H% 4.81, N% 4.30.
Found: C% 31.39, H% 4.27, N% 2.04
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2.10Synthesis of [Mo(CO)(4-MePhen)]

NS
29 Bt randi IS €
=
L Molar
Reagent M.W(gemol") mg mmol . V [ml] d[g/mL]
ratio
4- MePhen 194.24 24.5 0.126 11
Mo(CO) 264.0 30.2 0.114 1.0
Toluene 4

The reaction was performed under adimosphereln an oven-dried Schlenk flask, Mo(CGO)
was dissolved in 2 mL of dry toluene. In anotheemdried Schlenk flask, 20.0 mg of 4-MePhen
was dissolved in 2 mL of dry toluene. The molybdencomplex solution was added to the 4-
MePhen solution, and then heated stepwise (3090 °C). After approximately 30 min, when
temperature reached 90 °C, the solution was maedaat the same temperature for 3 h. Then, the
solution was cooled and the solvent evaporatecdaue. The obtained solid was dissolved in 1 mL
of dry CHCE and 1 mL of hexane with gentle warming (~30 °G)erawhich the solution was
transferred in a centrifuge tube (still undes) ldnd left to cool. A solid precipitated, which was
separated by centrifugation and dried in vacuardfig 39.2 mg (84.5% vyield).

IR (toluene): 2011 (w), 1900 (s), 1886 (m), 1845 cmi’.

5 6
HaC 4 4a 6a 7

¥4 A\
2 N\Mo{l ’
oCc— \ CcoO
oc CO
'H NMR (300 MHz, CDC4) 9.48 (d,J=4.6 Hz, 1H, H9), 9.31 (d,= 5.1 Hz, 1H, H2), 8.41 (d,
= 8.1 Hz, 1H, H7), 8.13 (d,= 9.0 Hz, 1H, H5), 7.97 (d,= 9.1 Hz, 1H, H6), 7.73 (dd,= 8.1, 5.0
Hz, 1H, H8), 7.57 (d) = 5.1 Hz, 1H, H3), 2.90 (s, 3H, GHopm. Attribution of théH NMR

signals is based on the correspondence with thiabe dree ligand. (figure 33)
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13C NMR (75 MHz, CDCJ) 223.34 (C), 205.46 (C), 153.29 (CH), 152.79 (CH)6.27 (C),
136.57 (CH), 130.09 (C), 129.93 (C), 126.93 (CHK.X3 (CH), 124.46 (CH), 123.77 (CH), 19.46
(CHs) ppm. Signals corresponding to the carbonyl caslmmuld not be detected. (figure 34)
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Figure 33:™H NMR (300 MHz, CDGJ, 298 K) spectrunf Mo(CO)(4-MePhen) in CDGI



Figure 34:%3C DEPT (75 MHz, CDGJ 298 K) spectrunpf Mo(CO)(4-MePhen) in CDGl
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2.11Reaction of Mo(CO) with 4-MePhen immobilized on the

protective layer

CO

o 0
N
‘O/P\ 90°C g0 e
(CW% + Mo(CO)g———» OC“’I\/\O‘i o
 é
-N N= dry Toluene oc L (CHwo—f 1
o)

Reagent M.W mg mmol Molar V [ml] d[g/mL]
(gemol™) ratio
‘g;,{’mz ; 414.4 15.9 0,038 1
) ﬁ/ { >—>
NN
Mo(CO) 264.0 20.2 0,076 2
Toluene 4

amount of functionalized phosphonic acid bound 822mg of nanoparticles (protection level 56.54%)

The reaction was performed under adimosphereln an oven-dried Schlenk flask, Mo(CGO)
was dissolved in 2 mL of dry toluene. In anotheeredried Schlenk tube, 28.2 mg of immobilized
nanoparticles was dispersed in 2 mL of dry toluand then put in a sonication bath for 3 h.
Following sonication, the molybdenum complex sautwas added to the MNP dispersion and
heated at 90 °C for 3 h. Then, 1 mL of the nanaglarsolution was evaporated and another 1 mL
of dry toluene was added. Subsequently, the IRtspacof the solution was recorded under a N
atmosphere: 2009 (w), 1889 (s), 1877 (m), and 18B8@’. The ATR spectrum showed signals at
2013(w), 1899(s), 1868(m), and 1830 (m)trihe total amount of isolated solid was 27.0 mg.
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2.12 Coordination of Pd(OAc), to 4-MePhen immobilized on the
protective layer

AcQ

o)
Pd(OAC),

ol
Og P=(CHaro
7\ A\ THF
=

L Molar
Reagent M.W(gemol~) mg mmol . V [ml] d[g/mL]
ratio

0\3*"“”2”%@3 414.4 548 013 1

Pd(OAC) 224.51 116.8  0.52 4
THF 12

®Amount of functionalized phosphonic acid bound @ .D mg of nanoparticles (protection level 54%)

The reaction was performed under adiimosphere. In an oven-dried Schlenk flask, Pd{@Ac
was dissolved in 7 mL of dry THF. In another oveied Schlenk tube, 100.0 mg of
phenanthroline-functionalized nanoparticles wapelised in 5 mL of dry THF. To obtain a good
dispersion, it was necessary to sonicate andatisdme hours. The palladium complex was then
added to the nanopatrticles, and the mixture wasdedtir for 16 h at RT.

The nanoparticles can be separated magneticallyyocentrifugation. In this case, we used
centrifugation to optimize the process time andiédlmss of material, and washed the sample with
dry THF (2 mL for each wash) several times. Thehias procedure is the same as that used for
washing nanoparticles, as described in Chapterndl, @nsists of agitation, sonication, and
separation. The washing procedure was repeateldthmtamount of solid extracted was less than 2
mg. The final yield was 75 mg.
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2.13 Synthesis of 4-OH-Phen (first step)

/ N\
AN Ph,0, =N N=
le) _ reflux
N —_—
CH(OCHa)3 NH

reflux ﬁ)f\f
O @)
IS le%8
\ NH N=

L Molar
Reagent M.W(gemol-) g mmol . V [ml] d[g/mL]
ratio
8-aminoquinoline 144.17 2.905 20.14 1
Meldrum's acid 114.13 3.501 24.29 1.2
CH(OCH)s 106.12 311 15.4 34 0.97

The synthesis was performed by adapting the liteeaproceduré! In an oven-dried Schlenk
flask, a solution of Meldrum’s acid in trimethyltboformate was refluxed for 2 h undes. N'he
resulting yellow solution was allowed to cool (~8D). Aminoquinoline was then added, and the
solution was heated to reflux for 1.5 h. The cormpie of the reaction was checked by TLC
(alumina, 1:1 CHCI/THF). After cooling to RT, an abundant yellow pptate formed. The
solvent was removed by rotary evaporation and élselting solid was recrystallized from ethanol
(40 mL). The yellow solid was separated by filiation a Buchner funnel, washed with a small
amount of cold ethanol, and dried in vacuo. Thadya the adduct was 4.6779 g (16.17 mmol,
80.3%).

'H NMR (300 MHz, CDC}, 300 K) 12.86 (br d2Jyn = 14.9 Hz, 1H, NH), 9.02 (ddJy = 4.2
Hz and*Jyy = 1.6 Hz, 1H, H2), 8.94 (dJ4n = 14.9 Hz, 1H, H-olefinic), 8.23 (ddJ4 1= 8.3 Hz
and*Jqn = 1.6 Hz 1H, H4), 7.73-7.69 (m, 2H, H5 and H7§17(ps t3J4 1 = 7.8 Hz, 1H, H6), 7.56
(dd,3Jy 1 = 8.3 and 4.2 Hz, 1H, H3), 1.80 (s, 6H, £Hpm. (figure 35,36)
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Figure 35:'H NMR (300 MHz, CDCY, 298 K) spectrum of after the first step in sysihimg 4-OH-Phen.
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Figure 36:ExpandedH NMR (300 MHz, CDCY, 298 K) spectrum of after the first step in sysihimg 4-OH-Phen.
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2.13.1 Synthesis of 4-OH-Phen (second step)

L Molar
Reagent M.W(gemol-) g mmol . V [ml] d[g/mL]
ratio
1 289.29 4.6779 16.17
Diphenylether 200

The synthesis was performed by adapting the liteeaprocedur€! Adduct 1 was refluxed in
diphenyl ether under vigorous stirring for 1 h. Tinéture was allowed to cool and 100 mL of
petroleum ether (40-60 °C fraction) was added. Bitoevn precipitate that formed was vacuum
filtered on a Buchner funnel, washed abundantlyr yietroleum ether, and dried under vacuum at
~70 °C, affording 2.4574 g of 2 (12.52 mmol, 77.4¢%d).

Compound 2 is in tautomeric equilibrium with itstéeic form. Under the NMR experimental

conditions, the equilibrium appears to be shiftedards the ketonic form.

'H NMR (300 MHz, CDCY4, 300 K) 10.47 (br, 1H, NH), 8.93 (dd)yn = 4.3 Hz andJy = 1.6
Hz, 1H, H9), 8.42 (®J4 1 = 8.9 Hz, 1H, H5), 8.28 (ddJ, 4 = 8.2 Hz andJy i = 1.6 Hz, 1H, H7),
7.85 (dd.*Jn = 7.5 and 5.8 Hz, 1H, H2), 7.67 {0 = 8.9 Hz, 1H, H6) overlapping with 7.64
(dd,Jyn = 8.2 and 4.3 Hz, 1H, H8), 6.57 (dd; 1 = 7.5 Hz andJy 1 = 1.6 Hz, 1H, H3) ppm.
(figure 37,38)
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Figure 37:'H NMR (300 MHz, CDC4, 298 K) spectrum of 4-OH-Phen.
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Figure 38:ExpandedH NMR (300 MHz, CDC4, 298 K) spectrum of 4-OH-Phen.
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2.14 Immobilization of 4-OH-Phen on the protecting layer
2.14.1 Test |

HO 0
ol + e O-p(cH
\O/P_(CHz)wBr 4 N\ DME/THE ~o (CH2)10—0
=N N= 7 N\ \
N \=
M.W Molar
Reagent N mg mmol _ V [ml] d[g/mL]
(gemol™) ratio
4-OH-Phen 196.20 131.9 0.672 15
NaH (60)% 24 28.7 0.718 1.6
THF/DMF 6
@3 -cne 301.16 1350  0.448 1
THFdry 5

Amount of functionalized phosphonic acid bound 503 mg of nanoparticles (protection level 54%)

In a 50 mL Schlenk tube, 250.3 mg of protected MN@gse put in a sonication bath for 8 h. The
dispersion of MNPs was transferred to a droppimmél using a Teflon cannula just before adding
it dropwise into the 4-OH-Phen solution.

In another 50 mL Schlenk tube, NaH was added toL3omTHF and 3 mL of DMF under
stirring. The suspension was cooled and when thgédeature reached 0 °C, the 4-OH-Phen
solution was added. The suspension was maintairthisaemperature under stirring for 30 min.

The MNP solution was added dropwise into the 4-Qtgri?NaH solution at 0 °C, and after the
addition, the solution was allowed to reach RT oigiit. The next morning, the reaction was
refluxed for 1 h. After returning to RT, the reactiwas stopped by adding 5 mL of Milli-Q water.
Then, the obtained product was subjected to theniwggprocess. For such processes, magnetic
separation with magnets could be used in additorentrifugation After the initial separation, the
first wash was performed by adding 10 mL of Milliv@ter, stirring (10 min), sonicating (15 min),
and finally separating. This same procedure wasateg with MeOH (4 x 10 mL), THF (10 mL),
and CHCI, (10 mL). After the washing process, the solid wasdlin vacuo, affording 125.2 mg.
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Elemental analysis was carried out to analyze tieetevzeness of immobilization.
Calculated: C% 39.25, H% 4.34, N% 4.16.
Found: C% 33.63, H% 5.08, N% 0.79
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2.14.2 Test Il

0 HO 0
.ol N NaH 'O\IIDI—
\O/P_(CH2)1OBr / \ DMF \O/ (CH2)10_O
—N  N= 7 N\ A
—N N=
Reagent M.W mg mmol Molar V [ml] d[g/mL]
(gemor™) ratio
4-OH-Phen 196.20 210.4 1.075 3
NaH (60)% 24 57.5 1.4344 4
DMF 6
O:g:ﬁ—m - 301.16 108.2 0.3586 1
THFdry 5

@Amount of functionalized phosphonic acid bound @2 mg of nanoparticles (protection level 54%)

In a 50 mL Schlenk tube, 200.4 mg of protected MM#®gse put in a sonication bath for 8 h. The
dispersion of MNPs was transferred to a droppimmél using a Teflon cannula just before adding
it dropwise into the 4-OH-Phen solution.

In another 50 mL Schlenk tube, NaH was added td.®hDMF under stirring. The suspension
was cooled and when the temperature reached 0h®440OH-Phen solution was added. The
suspension was maintained at this temperature whidking for 30 min.

The MNP solution was added dropwise into the 4-OQtgri?NaH solution at 0 °C, and after the
addition, the solution was allowed to reach RT oighit. The next morning, the reaction was
heated to 120 °C (bath temperature) for 1 h. Afedarning to RT, the reaction was stopped by
adding 5 mL of Milli-Q water. Then, the obtainedguct was subjected to the washing process.
For such processes, magnetic separation with magoeltd be used in addition to centrifugation.
After the initial separation, the first wash wasfpemed by adding 10 mL of Milli-Q water, stirring
(10 min), sonicating (15 min), and finally sepangti This same procedure waspeated with
MeOH (4 x 10 mL), THF (10 mL), and GBI, (10 mL). After the washing process, the solid was
dried in vacuo, affording 100.7 mg.

102



Elemental analysis was carried out to analyze tieetevzeness of immobilization.
Calculated: C% 39.25. H% 4.34, N% 4.16.
Found: C% 25.22, H% 2.89, N% 1.54

Note: To determine the reaction conditions to be usethis attempt, a test was performed using

fast GC in the absence of nanopatrticles. The saowegure was followed as described above using
1-bromohexadecane. At time = 0, before heatings@@ved the presence of a peak at about 4 min.
After 6 h at 120 °C, the peak was no longer pressiggesting that all 1-bromohexadecane was

consumed. For this reason, we used this temperattines attempt.
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2.14.3 Test I

—O\('j +HO NaH —o\('P?_
O\O/ —(CH2)10Br 7/ \ DME ’ ~0 (CH2)10—()<ij>
—N  N= 7 N\ A\
-  N=
Reagent M.W mg mmol Molar V [ml] d[g/mL]
(gemol™) ratio
4-OH-Phen 196.20 1055.2 5.373 3
NaH (60)% 24 286.3 7.165 4
DMF 30
O._gﬁj_(cm - 301.16 5400 1.791 1
THF dry 20

®Amount of functionalized phosphonic acid bound @@.3mg of nanoparticles (protection level 54%)

In a 50 mL Schlenk tube, 1000.3 mg of protected l&MRre put in a sonication bath for 10 h.
The dispersion of MNPs was transferred to a drappumnel using a Teflon cannula just before
adding it dropwise into the 4-OH-Phen solution.

In another 100 mL Schlenk tube, NaH was added tmBMMF under stirring. The suspension
was cooled and when the temperature reached 0h®440OH-Phen solution was added. The
suspension was maintained at this temperature whideing for 30 min.

The MNP solution was added dropwise into the 4-Qtdfi?lNaH one at 0 °C, and after the
addition, the solution was allowed to reach RT oigdit. The next morning, the reaction was
stopped by adding 20 mL of Milli-Q watemhen, the obtained product was subjected to the
washing process. For such processes, magnetiasieparith magnets could be used in addition to
centrifugation After the initial separation, the first wash wasfpamed by adding 30 mL of Milli-

Q water, stirring (10 min), sonicating (15 min),dafinally separating. This same procedure was
repeated with MeOH (4 x 30 mL), THF (30 mL), andCH (30 mL). After the washing process,

the solid was dried in vacuo, affording 361.9 mg.

Elemental analysis was carried out to analyze tieetevzeness of immobilization.
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Calculated: C% 39.25, H% 4.34, N% 4.16.
Found: C% 27.65, H% 3.41, N% 2.77
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2.14.4 Test IV

_ o\(')l HO NaH —o\(ljl_
'\O,P—(CHz)mBr 4 N TowE Lo " (CHa—0
—N  N= <\/ \; 2 \>
—N  N=
Reagent M.W mg mmol Molar V [ml] d[g/mL]
(gemorl ™) ratio
4-OH-Phen 196.20 2104 1.075 3
NaH (60)% 24 575  1.4344 4
DMF 6
O:g:('i—m)@r 301.16 108.2 0.3586 1
THFdry 5

@Amount of functionalized phosphonic acid bound @2 mg of nanoparticles (protection level 54%)

In a 50 mL Schlenk tube, 200.2 mg of protected MMRse put in a sonication bath for 14 h.
The dispersion of MNPs was transferred to a drappumnel using a Teflon cannula just before
adding it dropwise into the 4-OH-Phen solution.

In another 50 mL Schlenk tube, NaH was added td.®hDMF under stirring. The suspension
was cooled and when the temperature reached 0h®440OH-Phen solution was added. The
suspension was maintained at this temperature whidking for 30 min.

The MNP solution was added dropwise into the 4-QtdfiPlNaH one at 0 °C, and after the
addition, the solution was allowed to reach RT.thms attempt, the solution was left in the
sonication bath overnight. According to the elerakranalysis, this procedure afforded better
results than that in Test Ill. The next morning tkaction was stopped by adding 5 mL of Milli-Q
water. Then, the obtained product was subjectethéowashing process. For such processes,
magnetic separation with magnets could be useddditian to centrifugation. After the initial
separation, the first wash was performed by addidgnL of Milli-Q water, stirring (10 min),
sonicating (15 min), and finally separating. Thasn® procedure wagpeated with MeOH (4 x 10
mL), THF (10 mL), and CkCl, (10 mL). After the washing process, the solid wesd in vacuo,
affording 72.3 mg.
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Elemental analysis was carried out to analyze tieeteveness of immobilization.
Calculated: C% 39.25, H% 4.34, N% 4.16.
Found: C% 36.50, H% 4.35, N% 3.72
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2.145 Test V

Q HO NaH —o\('jl
O' (CHp)oBr + [/ N TowE Lo " (CHa—0
—N  N= <\/ \; 2 \>
—N  N=
Reagent M.W mg mmol Molar V [ml] d[g/mL]
(gemorl ™) ratio
4-OH-Phen 196.20 209.6 1.079 3
NaH (60)% 24 57.0  1.4344 4
DMF 6
O—gﬁ-w@r 301.16 108.2 0.3586 1
THFdry 5

“Amount of functionalized phosphonic acid bound @3 mg of nanoparticles (protection level 54%)

In a 50 mL Schlenk tube, 200.8 mg of protected MMRse put in a sonication bath for 14 h.
The dispersion of MNPs was transferred to a drappumnel using a Teflon cannula just before
adding it dropwise into the 4-OH-Phen solution.

In another 50 mL Schlenk tube, NaH was added ta_®fhDMF under stirring. The suspension
was cooled and when the temperature reached 0h®440OH-Phen solution was added. The
suspension was maintained at this temperature whidéing for 30 min.

The MNP solution was added dropwise into the 4-QtdfiPlNaH one at 0 °C, and after the
addition, the solution was allowed to reach RT.this attempt, the solution was left in the
sonication bath overnight, as in Test IV. The nexirning, the reaction was stopped by adding 5
mL of Milli-Q water. Then, the obtained product wagbjected to the washing process. For such
processes, magnetic separation with magnets caulgséd in addition to centrifugation. After the
initial separation, the first wash was performedadging 10 mL of Milli-Q water, stirring (10 min),
sonicating (15 min), and finally separating. Thasne procedure was repeated with MeOkk (80
mL), THF (10 mL), and CkCI, (10 mL). After the washing process, the solid wasd in vacuo,
affording 75.9 mg.
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Elemental analysis was carried out to analyze tieetevzeness of immobilization.
Calculated: C% 39.25, H% 4.34, N% 4.16.
Found: C% 37.57, H% 4.45, N% 3.95
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2.15Synthesis of [Mo(CO)(4-MeO-Phen)]

CO &
MeQ 90°C oc,, | N :
- ‘Mo
Mo(CO)s 74 N\ dry Toluene oc” |O\N =
co
—N N= OMe
Reagent M.W(gemol®) mg mmol Molar ratio V [ml] d[g/mL]
4-MeO-Phen 210.23 25.7 0.128 1.1
Mo(CO) 264.0 30.7 0.116 1.0
Toluene 4

The reaction was performed under adimosphereln an oven-dried Schlenk flask, Mo(CGO)
was dissolved in 2 mL of dry toluene. In anotheemdried Schlenk flask5.7mg of 4-MeO-Phen
was dissolved in 2 mL of dry toluene. The molybdareomplex solution was added to the 4-MeO-
Phen solution, and the heated stepwise (30, 609a@rf€). After approximately 30 min, when the
temperature reached 90 °C, the solution was mamdaiat the same temperature for 3 h.
Subsequently, the solution was cooled and hexang_j4vas added. The precipitate was separated
by centrifugation. The resulting solid (which cantgd some toluene) was redissolved in C{#0d
the solvent was evaporated again to afford 40.788% yield).

IR (toluene): 2011(w), 1898 (s), 1883 (m), 1843 (m)".

5 6

HzC—0 4 4a 6a 7
3 / \ 8
2 N\Mo/i\j ’
OC// \ CO
oc CO
H NMR (300 MHz, CDCJ) 9.44 (t,J=8.7 Hz, 1H, H9), 9.24 (d,= 5.7 Hz, 1H, H2), 8.39 (d,
= 8.0 Hz, 1H, H7), 8.29 ( = 12.3 Hz, 1H, H5), 7.88 (§,= 11.9 Hz, 1H, H6), 7.70 (dd,= 7.7,

5.0 Hz, 1H, H8), 7.12 (dl = 5.7 Hz, 1H, H3), 4.20 (s, 3H, OGHpm. (figure 39)
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13C NMR (75 MHz, CDCY) 223.28 (C), 222.73 (C), 205.31 (C), 162.77 (C%.1B (CH), 152.77
(CH), 146.87 (C), 146.21 (C), 136.36 (CH), 129.6}, (125.68 (CH), 124.20 (CH), 122.17 (C),
121.19 (CH), 104.79 (CH), 56.95 (@ppm. (figure 40)
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Figure 39:'H NMR (300 MHz, CDC}, 298 K) spectrum of Mo(CQJ4-MeO-Phen).
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Figure 40:'°C DEPT (75 MHz, CDGI 298 K) spectrum of Mo(CQJ4-MeO-Phen).
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2.16 Reaction of Mo(CO), and 4-OH-Phen immobilized on the
protective layer

0 CO & 7
“O\ IIDI—(CH )10—0 OC., MIO«»\N N o
~0” 2)10— 90°C oc” | YN 1.0
+ Mo(CO ,(CH2)10—p”
(@} (O Gy Totone. €0 0" O g
=N W=
N Molar
Reagent M.W(gemol") mg mmol ) V [ml] d[g/mL]
ratio
of 0.050
'\gip_(CHz)wo*O _ 2 l ?
CQD ' Phef}
Mo(CO) 264.0 26.5 039.101 2
Toluene 4

@ Extimated amount based on the amount of phosplammic(54% by weight) bound to the nanoparticles

The reaction was performed under adimosphereln an oven-dried Schlenk flask, Mo(GO)
was dissolved in 2 mL of dry toluene. In anotheersgried Schlenk tube, 39.2 mg of OH-Phen-
functionalized nanoparticles were dispersed in 2ahtry toluene and placed in a sonication bath
for 3 h. Following sonication, the molybdenum coexpkolution was added to the nanoparticle
dispersion and heated at 90 °C for 3 h. SubseguebtinL of the nanoparticle solution was
evaporated and other 1 mL of dry toluene was adilkdn, the IR spectrum of the solution was
recorded under a Natmosphere: 2008(w), 1895 (s), 1869(m), and 18p3fm*. The ATR

spectrum showed signals at 2010 (w), 1895(s), 185%nd 1829 (m) cth The total amount of
isolated solid was 42.4 mg.
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2.17 Coordination of Pd(OAc), to 4-OH-Phen immobilized on the

protective layer

)

ol
O\Ozp_(CHz)m—O Pd(OAC),
0 =

\
OAc

Reagent M.W(gemol%) mg mmol I\:I;I;r V [ml] d[g/mL]
O;g:ﬁ—(cmgo ] 37 g 0.091 L
e Phert
Pd(OAc) 224.51 818 0.364 4
THF 12

@ Extimated amount based on the amount of phosplammic(54% by weight) bound to the nanoparticles

The reaction was performed under adiimosphere. In an oven-dried Schlenk flask, Pd{@Ac

was dissolved in 7 mL of dry THF. In another overed Schlenk tube, 70.0 mg of OH-Phen-

functionalized nanoparticles were dispersed in 5ahidry THF. To obtain a good dispersion, it

was necessary to sonicate and stir the solutiorsdare hours. The palladium complex was then

added to the nanopatrticles, and the mixture wagdtior 16 h at RT.

The nanoparticles can be separated magneticallyyocentrifugation. In this case, we used

centrifugation to optimize the process time andicvoss of material. In was necessary to repeat

the washing procedure until the amount of solid extret@s less than 2 mg. The solid was dried

in vacuo, affording 51.7 mg.
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Chapter 3
Catalytic Applications

Introduction
3.1 Catalysis

From the scientific and industrial points of theeswi catalysis is a very interesting field.
Therefore, this study focuses on the preparationaskl catalystsA catalyst is usually defined as a
substance that participates in a reaction withetutdconsumed in the process, increasing the speed
of the reaction by creating an alternative paththla new reaction pathway, all the steps have towe

activation energies in comparison with those ofdhginal path, as shown in Figure 41.

Figure 41: Changes in activation energy in the presence afalyst™

Nowadays, successful catalysis requires the remlizaof several features, such as low
preparation cost, high activity, great selectivifficient recovery, and recyclability. Conventibna
catalysts can be divided into two categories: hagnegus and heterogeneous. In homogeneous
catalysis, the catalyst is in the same phase asetwtants, whereas in heterogeneous catalysis, the
catalyst is in the solid phase with the reactioouoking on the surfac®. However, difficulties in
separating homogeneous catalysts from the reacteium restrict their employment in industrial
applications, especially in the manufacture of dragd pharmaceuticals in the case of metal-
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catalyzed synthesis owing to the issue of metakarnimation. In heterogeneous catalysis, the
reaction rate is restricted owing to the limitedface area of the catalyst.

A strategy that implements the advantages of bathlyst types involves the heterogenization of
active molecules on a solid support, such as naticlea. As discussed previously, the use of
MNPs for heterogenization requires the system tee harious properties, such as stability, high
surface area, a tendency to not form aggregatesthenpossibility of functionalizing the capping

agent.

3.2 Heterocyclic compounds

Heterocyclic compounds are present in biologicatl aynthetic drugs. Various currently
marketed drugs have heterocycles as their coretstay as shown in Scheme 15.

|
0.0
N\
l\ é?,' Cl
A\ N
N e N
HN OMe B
S
Plavix®
CH,COOH

7~

a0y m%

®

Indomethacin

Scheme 15

Indoles are probably the most widely distributedehscyclic compounds in nature with
medicinal importance (Scheme 16). Tryptophan iseasential amino acid and, as such, is a
constituent of most proteins; it also serves asiogybthetic precursor for a wide variety of
secondary metabolites. Serotonin or 5-hydroxytnypte (5-HT) is a monoamine neurotransmitter

in the central nervous system, and also in thei@adcular and gastrointestinal systems, which
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regulates mood, sleep, appetite, and the emotipeaeption of pain. The structurally similar

hormone melatonin is thought to control the diumhgthm of physiological functions.

CO,H
{ NH, NH,
N A\
N
: H
tryptophan tryptamine
HO NH, MeO NHAc
A\ A\
N
y )
serotonin melatonin
Scheme 16

In pharmaceutical drugs, the indole skeleton issgmé as a basic molecular structure, as
demonstrated in Table 8. However, in general, ltgét and complicated synthesis operations are
required to obtain indoles. Syntheses of indolegehlbeen performed by Fischer, Madelung,
Bischler, Reissert, Nenitzescu, Leimgruber-Batato, In various methods, transition metals have
been used as catalysts, especially palladium compldPalladium is tolerant to a wide range of
functionalities and has many applications in orgayinthesis. Both palladium(ll) and palladium(0)
can be used for the synthesis of indoles. Palla@iynavhich is very electrophilic and tends to reac

with electron-rich alkenes and arenes, presentbakeresults in a number of studies.

Table 8 Indole-ring-containing drug moleculEs.
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The reductive cyclization ob-nitrostyrenes has been known since 1965 when Suddb
developed a reductive cyclization ofnitrostyrenes to indoles using trivalent phospBoas a
ligand. In 1986, Cenini and coworkBlsemployed the same substrates to obtain catalytic
deoxygenation of the nitro group using carbon mdasexand transition metal carbonyls under harsh

conditions, as shown in Scheme 17.

~UR M,(CO), . m
©\/\/ CO (80 atm), 220°C H

NO, tolune

Scheme 17

In 1997 and 1999, Soderb&ff’ demonstrated that it is possible to synthesizelenxdompounds
by reductive N-heteroannulation of 2-nitrostyrenesg carbon monoxide as a reductive agent and
Pd/phosphine, as shown in Scheme 18. In geneeaiméthanism involves reductive deoxygenation

of a nitro group and the use of palladium as alysita

Br Br
©\/\ Pd(OAc), @
PPh,.CO N
NO, 3 H

Scheme 18

Depending on the basicity of the phosphine, thalgat activity may be improved or worsened
and, in general, phosphine ligands are goabnors.

In 2005, Davies and cowork&sshowed that is possible to improve the efficiedythe
catalytic system for reactions ofnitrostyrenes affording indoles. Conditions simila those used
by Soderberg were tested for the Pd/phosphineyzatéireductive cyclization ad-nitrostyrenes.
The results showed that reducing the ligand analysitloading resulted in decreased yields owing
to lower conversion. Taking into account this resthhe authors searched for another efficient
catalyst system. Catalytic reactions with palladimsalts and bidentate nitrogen ligands are
highly reactive systems, and the use of bidentdétegen ligands has been demonstrated to be very
efficient for the reductive carbonylation of nitreaes to give isocyanates and carbamates.

Moreover, this system had already been employe@dace nitrostyrene, but at high temperature
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and pressure. Using these arguments, Davies de¢wtdedplace the phosphine ligand with a
phenanthroline ligand. The initial results with Rhdemonstrated that is possible to use this
catalytic system at lower pressures and tempemature

In 2009, Ragaini and cowork&'showed that is possible to synthesize indoles teyrimlecular

cyclization (Scheme 19).

R3
R®  [Pd(Phen),][BF,] R
R1 2 412
7 - (0.33 mol %) T T g
XS NO S N
2 + CO, -CO, H
R2 R* R2

Scheme 19

In this study, a Pd/phenanthroline complex was eh@s an active catalyst for the reduction of
nitroarenes. Several nitroarenes and alkynes wedies, and the reaction was found to be
completely regioselective. Further, the Pd/pheralitte catalyst proved to be very efficient.

3.3 Oxidative Heck reactions
The first example of an oxidative Heck reaction weported by Hed® using arylmercuric
chlorides, but owing to the employment of toxic amgmercury compounds, the reaction was not

widely accepted in the scientific community (Schezfg

O
~
0 | ©
HgOAc _ Li,PdCly, CuCl,
DA A ‘
MeOH, rt
1 2 3, 57%

Scheme 20

Several years later, in 1994, Uemura ét®atemonstrated that the reaction could be carri¢d ou

equally well with arylboronic acids (Scheme 21).
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*Ar :

=
Ar
ArB(OH), + :< Pd(OAc), (5 mol%), NaOAc (4 equiv) N

AcOH (10 equiv),rt /—/<
(33-99%) Ar

Scheme 21

Jung and coworkelfs! reported the first example of an aerobic oxidatiexk reaction. In this
work, molecular oxygen was investigated as an g¥feoxidant for the reaction (Scheme 22).

Pd(OAC), (10mol%),0
X -CO,tBu + PhB(OH), 2 2 ~ Ph/\/COZtBu

Na2003,DMF,50°C 87%

Scheme 22

Larhed and coworkef$*¥ studied the influence of an added ligand on taétion. They found
2,9-dimethyl-1,10-phenanthroline (dmphen) to baghlly effective ligand for this reaction, when
carried out in the presence Mfmethylmorpholine as a base. In comparison, theofighosphines

was found to be ineffective owing to their oxidationder the same conditions (Scheme 23).

o | OnBu

Pd(OAC), (1 mol%),0,

<O:©/B(OH)2 . ﬁOnBu dmphen( 1.2 mol%),
O

NMM (2 equiv) 0
MeCN,50°C -0
Scheme 23

The same group investigated the very importantufeadf regioselectivity in the arylation of
enamides, revealing that it is influenced by thecbnic properties of boronic acid. These results
demonstrated that higher selectivity is obtainedha reaction in the presence of electron-rich

boronic acids; consequently, the use of electram-fmronic acids led to poor selectivity. Other
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studies performed by the same group and Jung amdrkers demonstrated that it is possible to use
this catalyst, even in the absence of a base, wiemproduct is an enone. The effectiveness of
dmphen was attributed to the methyl groups at taed29 positions, which prevent the formation of
inactive palladium dimers. The same steric effacimportant for other reactions, such as the
oxidation of alcohols. It should be noted that tise of a supported ligand may be advantageous in
such situations, as dimerization may become imptesdor geometric reasons, which would
eliminate the need farrtho-substituents. This would be an advantage bec#&espresence of such
substituents may retard individual steps of thalgtdt cycle and add synthetic complexity during

ligand synthesis.

Results and Discussion

3.4 Synthesis of substrate for catalytic applicatios

The coordination of Pd(OAg)to the —CH-Phen and —O-Phen moieties immobilized on the
nanoparticles cannot be assessed spectroscopicatiguse of the lack of characteristic IR
absorption bands and the impossibility of usilg NMR spectroscopy owing to the
superparamagnetic nature of the nanoparticle cinas, the most straightforward evidence for
coordination is the successful use of the prepaedsstrates in catalysis. Consequently, we
synthesized various substituteehitrostyrenes to form indoles using CO as a reghic{Scheme
24). The catalytic cycle involves the reaction afiito compound in the presence of a Pd catalyst
and CO. The initialo-nitrostyrene gives aro-nitrosostyrene by elimination of GO which
undergoes further reaction to give a nitrone. Assgjoient 1,5-hydrogen shift and isomerization

affords aN-hydroxyindole that reacts with a second equivatér@O to finally afford the indole.
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Scheme 24

3.4.1 Synthesis ofH)-2-(2-nitrostyril)pyridine

This starting material (Schemne 25) was preparedhbyreaction ob-nitrobenzaldehyde, 2-

picoline, and acetic anhydride for 28 h at refllike product was obtained as a yellow solid (69%
yield).

i |
CL_ Yy == S
+ B ———
NO, A Reflux
Scheme 25

'H NMR: (400 MHz, CDC}) 8.66 (d,J = 4.1 Hz, 1H), 8.06 (d] = 16.0 Hz, 1H), 8.00 (dd] =
8.0, 1.2 Hz, 1H), 7.81 (d,= 7.8 Hz, 1H), 7.73 (td] = 7.71, 1.7 Hz, 1H), 7.65 (§,= 7.5 Hz, 1H),
7.51 (d,J =7.9 Hz, 1H), 7.49 () = 7.8 Hz, 1H), 7.26 (d, 1H, overlaps with CRQCI7.17 (d,J =
16.1 Hz, 1H) ppm. (figure 46,47)
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3.4.2 Synthesis of 2-(pyridine-2-yl)-H-indole

In this synthesis (Scheme 26k)4{2-(2-nitrostyril)pyridine was employed as the suate and
the catalyst was the palladium complex of 4-MePh&nobilized on the protective layer of MNPs,
as discussed in Chapter Phe experimental conditions for the catalytic esere adapted from a

procedure reported by Davies et’al.

CO (5 bar) - DMF
No2 120°C

Scheme 26

The approximate amount of palladium bound to theoparticles employed as catalysts was
estimated based on the amount of bound phenamtératihich in turn was calculated by elemental
analysis, as detailed in Chapter 2. The data foth&gis V (Table 6, Chapter 2) were employed, as
this sample was used for the following tests. Thiial tests with MNPs were carried out
employing 12 mg of MNPs (corresponding to 0.043 rhofd”d) and a CO pressure of 2 bar, but
this attempt was not successful, as shown in Table the second attempt, the time and amount of
MNPs was doubled, but again the results were pldars, we increased the CO pressure to 20 bar,
which is significantly higher than the pressure &wed in the Davies study. Although improved
results were observed at this pressure, the satgctiecreased if the temperature was also
increased to 120 °C (entry V, Table 9). After soopéimization, we found that the best conditions
for this reaction system were 5 bar and 120 °CMiXentry VIII, Table 9)
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Table 9. Catalytic results for the conversion &){2-(2-nitrostyril)pyridine to 2-(pyridine-2-yl)-

1H-indole.
Entry Pressure Solvent Temp. Time (h) Conv. Selec.
(CO)/ bar (°C) (%) (%)
2 2 DMF 80 8 0 0
e 2 DMF 80 15 0 0
1k 20 DMF 80 7 6 81
A 20 DMF 80 14 9 76
VP 20 DMF 120 21 36 64
vI® 5 DMF 150 3 0 0
vi® 5 CHCN 120 7 23 54
VIIP 5 DMF 120 7 62 79
Recycle*VIII° 5 DMF 120 7 13 52

Experimental conditions: ® 0.5 mmol nitro compound,12 mg, MNP(N~N), corresgiog to 0.043 mmol Pd. 5 mL
DMF. ° 0.5 mmol nitro compound, 24 mg MNP(N”N), correspiagdo 0.086 mmol Pd. 5 mL DMF; * a recycle of
reaction VIII.

Using the results in entry VI, we tested the mdability of this catalyst system. These tests
were performed as shown in Figure 42 (recycle* My employing magnetic bars. The separation
process was very fast (taking about 5 min overallyy, and very attractive from the point of view
of experimental conditions. As shown in Table Qyés only possible to recycle the catalyst once.
This recycling issue may be attributed the coortitigaability of the pyridine moiety in the
substrate, which may favor loss of palladium frdma hanoparticle. For this reason, we synthesized

another substrate.

(@) (b)

Figure 42: Process for recycling the MNPs: (a) before anda{t®r separation using magnetic bars.
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3.4.3 Synthesis of methyl-2-nitrocinnamate

The synthesis was performed by reactihgitrocinnamic acid, sulfuric acid, and MeOH at

reflux for 21 h. The product was obtained as aoyekolid (57% yield).

X COOH X~ COOMe
©\/\/ HSO4cat @(\/
NO NO

> MeOH 2
riflux

Scheme 27

'H NMR (400 MHz, CDC}) 8.16 (d,J = 15.8 Hz, 1H, B, 8.06 (d,>J = 7.9 Hz, 1H, H), 7.70-
7.65 (m, 2H, Band H), 7.57 (dd, 1H, 9, 6.37 (d,J = 15.8 Hz, 1H, 1, 3.86 (s, 3H, Ck) ppm.
(figure 48,49)

3.4.4 Synthesis of methylH-indole-2-carboxylate

AcO
AcO PdOAc
AcoPd
AcO
AcoPd —_N

X~ COOMe NN NpdOAc H
OAc
©\/\/ . ©/\/)—COOM9
NO

2 CO (5 bar) - DMF
120°C
Scheme 28
In this synthesis, we employed methyl-2-nitrocinaéenas the substrate and the palladium
complex of the —O-Phen-functionalized nanopartieleghe catalyst. Nanoparticles functionalized
under the best immobilization conditions for 4-OHeR (entry V, Table 7, Chapter 2) were
employed, using the best catalytic conditions fvent, pressure, and temperature, as identified in
section 3.4.2. The results of this catalytic remctre shown in Table 10, entry 1.
The catalyst was recycled by following the proceddescribed above. In this case, the recycling

results were better than whdg){2-(2-nitrostyril)pyridine was employed as the suate. However,
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even in this case, the conversion decreased atkefirst recycle. Thus, the coordinating ability of
the pyridine moiety of the substrate is only pdrtle problem. In general, it is clear that some

palladium is lost during the catalytic reaction.

Table 10.Catalytic results for the conversion of methylitatinnamate to methylH-indole-2-

carboxylate.
Entry Pressure Solvent Temp. Time (h) Conv. Selec.
(CO)/ bar (%) (%)
| 5 DMF 120°C 7 79 72
Recycle* | 5 DMF 120°C 7 31 88

Experimental conditions: 0.5 mmol nitro compound, 24 mg MNP(N”N), correspagdto 0.172 mmol Pd. 5 mL
DMF; * arecycle of reaction |

3.5 Oxidative Heck reactions

As discussed in the general introduction, OxidatiVeck reactions were used as a second
strategy to test our system. The conditions fohstgactions are milder than those used in the
synthesis of indoles. In this case, we employedmerially available phenylboronic acid and
styrene as substrates (Scheme 29). Initially, weetethe reaction by employing a homogeneous
catalyst to determine the analytical procedure @mtdnize the experimental conditions (Table 11).

As a starting point, we used the conditions repbbieLarhed and coworkets”

©/2\HOH \ @A\ - ©Av©

Scheme 29

The original study employed 2 mmol of phenylboromicid and 1 mmol of styrene. As
phenylboronic acid is more expensive than styremeijnitially tried to employ a lower amount of
the former reagent. We conducted a series of {@&ble 11). A batch of phenylboronic acid
already available in the laboratory was used initiiteal tests (entries 1-8), but the purity ofghi
batch was apparently compromised, and subsequsstwere conducted with a newly purchased
batch. In the first five attempts, we performed tbaction at 80 °C for 3 h without the additionaof

base. To mimic the process in our system emplogh@H-Phen-functionalized nanopatrticles, we
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tested 4-MeO-Phen as a ligand (entry 5). Even thalg results showed a low activity, we decided
to start testing our system with MNPs using the esaonditions (entry 6). However, the results
were disappointing. More tests were then carriedimihe homogeneous phase. In entry 8, we
carried out a control experiment without palladiwvhich demonstrated that catalysis does not
occur, as expected

Suspecting that the catalyst was easily deactivate®0 °C, from entry 11 onwards, we
performed the reaction at RT. Among the variousiltes entry 13 indicates the importance of
preformation of the catalyst in the process. Ifitiéentries 1-12), the reagents were added in the
following order: phenylboronic acid, styrene, sauatwith ligand (1 mL), solution with palladium
acetate (2 mL), and finally base (if applicable).the original study, palladium acetate and the
bidentate ligand were dissolved together in MeCN #ren added to the reaction mixture. We
ascribed the better results in entry 13 to the adopof this procedure, which allows catalyst
preformation. Following these tests in the homogesehase, we decided to use the same amounts
of reagents as reported in the reference artib@ndoning our attempt to employ a lower amount of
phenylboronic acid. In this case (entry 15), theuhs were indeed similar to those reported in the
original article.We decided to test 4-MeO-Phen again to mimic thectren with our system
containing nanopatrticles, now at RT and using dopmeed catalyst (entry 16). As this result was
better than that in entry 5, we decided to test(fth®H-Phen)-MNP system again (entry 17), but
the results were again below expectations. We padd a test without the ligand and found that
the catalytic reaction does not proceed in thegmes of only palladium (entry 18). We then tested
our MNP system with 4-MePhen as a ligand usingstéi®e conditions as listed previously, but
increasing the reaction time by performing the tasr a weekend (entry 21). We also performed
one recycling test for this entry, as shown ingatt-R, but the results were poorer than expected.

At this point, we decided to carry out atomic alpsion spectroscopy measurements on the
palladium coordination systems to check the amotipialladium present in both systems, that is,
MNPs functionalized with 4-OH-Phen and 4-MePhen.e T&tomic absorption analysis was
performed following the procedure for destructidrttee nanoparticles; however, in this case, we
employed a mixture of nitric acid and hydrochlaamd, known as "aqua regia“, and for analysis of
the recycling test, we employed the solution remngirafter separation witmagnetic bargentry
21-R). We found that the amount of palladium meadury atomic absorption, assuming all bound
phenanthrolines coordinate one palladium atom, loxsr than expected by eight times for 4-OH-
Phen-MNPs (entry 26) and six times for 4-MePhen-MNghtry 27). In the case of indole synthesis
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using CO as a reductant, although we encountergdlegns in the recycling of the catalyst, the
catalytic reactions proceeded, even if the amo@iatiadium was lower than expected. Clearly,
the catalytic system is very active for this reamti However, in the case of oxidative Heck
reactions, the amount of MNPs (24 mg) seems tanbefficient. It is important to note that the
results for the recycling solution confirmed thedmf palladium to be about 27%.

The reaction in entry 22 was performed by withdregvsix aliquots of the solution at 3 h
intervals to monitor the changes in conversion aabkctivity for a reaction performed in the
homogeneous phase using Neoc as a ligand. Thasre$uhis text are shown in Figures 43-45. In
Figure 43, it is interesting to observe that thevarsion does not change appreciably after the firs
9 h, suggesting that either the catalyst has bemctidated or one of the reagents has been
completely consumed. The available data are irgaffi to draw clear-cut conclusions, but some
tentative explanations for the observed results loangiven, which should be considered as
provisional for the moment.

a) The fact that the amount tbhns-stilbene continues to increase, even after noéurstyrene

is consumed, indicates that some long-lived inteliate is formed that is slowly converted
to the final product.

b) cis-Stilbene is not formed initially, but appears alater stage, which may be associated

with a slower decay of the long-lived intermedifdethis product or with the fact that it is
only produced by isomerization of initially formécns-stilbene. Furthergis-stilbene is a
very minor product, with the reaction being seksfior thetransisomer.

c) The fact that the selectivity for botrans- andcis-stilbene is much lower than expected in

all cases in which an excess of boronic acid ispnesent and that, in the case of reaction
22, the selectivity increases with time up to aaiarpoint and then decreases is puzzling.
The only explanation we can advance for both tlobservations is that styrene is consumed
by polymerization, a reaction known to be catalybgdpalladium complexes. This would
also explain the otherwise difficult to rationalidecrease of selectivity at the end of the
reaction for bothlrans-andcis-stilbene. If we assume that polymerization of estyr occurs,
inclusion of stilbene in the polymer chain is highkely. As stilbene is still formed, its rate
of formation may be higher than that of inclusiarthe polymer, resulting in an increase in
the amount in solution. However, once most styrd@s been consumed, stilbene
consumption becomes faster, and the amount inigoldecreases. Although not stated in

the literature, polymerization of styrene may be thason why most authors perform the
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reaction in the presence of an excess of the bomd instead of working with an excess
of the cheaper and more easily separable olefin.

d) The above supposition was experimentally confirnbgdrunning a reaction under the
conditions of entry 15 in the absence of phenylbmraacid (entry 28). A 60% styrene
conversion was observed, but no product could bectld by GC, which is in accordance
with the high molecular weight of the products @meir polymeric nature.

The reaction in entry 23 was run using THF as tieest, and the results demonstrated that this
solvent can be used as an alternative to MeCNinhalate the amount of palladium that was found
to be present on the nanopatrticles by atomic atlearppectroscopy in the system with 4-MePhen,
the experiment in entry 24 was performed usingfaldlower amount of palladium than usually
employed The obtained conversion, as expected,abvast 6 times lower than that for the best
result (entry 15). We also tested the 4-OH-Phewmtfanalized MNPs with 2.0 mmol of
phenylboronic acid (entry 25). This result confidnence again the observed problem regarding

selectivity.

To simplify Table 11, we have employed the follovimumbers to identify the reagents:

(I)H
SAMNO A
Phenylboronic acid Styrene
1 2

For the ligands, we employed the following numbers:

Neocuproine 1,10-phenanthroline 4-Methoxy-1,10-phenanthroline
3 4 5
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For the MNPs (coordinated to Pd(OA@lthough only the ligand is shown), we employesl t

following numbers:

(@]
(CHy) 0
—(\Lh2)10—0 o\
~P—(CHa)1¢
7 N\ N\
—N N=
4-OH-Phen 4-MePhen
6 7

For the base, we employed the following number:

®

"LHO,# %
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Table 11.Catalytic results for oxidative Heck reactions.

Entry Rea.}Lgent Reagent 2 Ligand Base Pd(OAC), T(°C) Time cis-stilbene Conv. (%) Selec. (%)
[mmol] [mmol] [mmol] (h)

1 1.5 1 3 - 0.02 80 3 - 21 27
2 1.2 1 3 - 0.02 80 3 - 13 25
3 1.2 1 3 - 0.02 80 3 9 53 45
4 1.2 1 4 - 0.02 80 3 - 46 12
5 1.2 1 5 - 0.02 80 3 - 35 7
6 1.2 1 6 - 80 3 - 35 1

7 1.2 1 3 8 0.02 80 3 13 57
8 1.2 1 5 - - 80 3 - 0 0
9 1.1 1 3 - 0.02 80 3 11 29 57
10 1.1 1 5 - 0.02 80 3 3 59 54
11 1.1 1 3 - 0.02 RT 24 5 99 32
12 1.1 1 3 8 0.02 RT 24 11 58 55
13 1.1 1 3 8 0.02 RT 24 11 61 64
14 1.1 1 3 - 0.02 RT 24 5 83 34
15 2.0 1 3 8 0.02 RT 24 3 95 92
16 1.1 1 5 8 0.02 RT 24 - 54 53
17 1.1 1 6 8 RT 24 - 0 0
18 1.1 1 5 8 RT 24 - 0 0
19 1.1 1 3 8 0.02 RT 48 7 55 70
20 1.1 1 8 0.02 RT 24 - 0 0
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21
21-R
22-1P
22-2P
22-3P
22-4P
22-5P
22-6P
23
24
25
26
27
28

11
11
2.2
2.2
2.2
2.2
2.2
2.2
11
2.0
2.0
11
11

P R R R R DNMNNMNNMNNDNNDNR R

1

7 8

7 8

3 8 0.04
3 8 0.04
3 8 0.04
3 8 0.04
3 8 0.04
3 8 0.04
3 8 0.04
3 8 0.02/6
6 8

6 8 8X
7 8 6X
3 8 0.02

RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT

64
61
24
24
24
24
24
24
24
24
24
24
24
24

- 39
- 49

- 89
- 91
- 92
1 90
2 92
1 92
28 42
- 16

- 18

- 73
- 65
- 60

14
4
3
5
6
14
24
14
71
33
7
12
8

Experimental conditions Open vessel charged with phenylboronic acid f22114,16-21-23) — 1.5(1) and 2.0 (15)mmol], (aief2.0 mmol), N- methylmorpholine
(2.0 mmol), Pd(OAg) (0.02 mmol), Neoc (0.024 mmol) and acetonitrileni) employed under homogeneous catalysis conditidbmld phenylboronic acid.
Undistilled acetonitrile was employed in entriearid 2 . All other other reactions were performedried and distilles acetonitrile, except for ent@, where DMF
was used as a solvent and entry 23, where THF ses as a solvenR4 mg of nanoparticles was employed in the casbeo$ystem with MNP(N”N) entries 6,17,21
and 21R. The reaction in entry 22 was performedleymm a double amount of the substrate, base)ysatand solvent (6 mL). The reaction in entry \28s
performed employing in absence of phenylboronid.aci

134



Conversion(%)

Selectivity cis-stilbene (%)

-0.2 —

93 +

92

91 A .

90

89

88 . , .

Reaction time (h)

30
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Experimental Section
3.6 Synthesis of )-2-(2-nitrostyril)pyridine
|

(0] =
I N

+ _—
NO, A Reflux

NO,

Reagent M.W(gemol*) mg mmol Molar ratio V [ml] d[g/mL]
o-nitrobenzaldehyde 151.12 1.7054  11.26 1
2-picoline 93.13 1.369 14.70 1.31 1.45 0.944
Acetic anhydride 3

A 25 mL Schlenk round-bottom flask was charged vathitrobenzaldehyde, 2-picoline, and
acetic anhydride. A reflux condenser was attachetithe solution was heated to reflux for 28 h
(reaction conversion was monitored by TLC on silissng AcOEt:hexane = 7:3 as the eluent). The
color of the solution gradually turned dark. At #med of the reaction, 5 mL of water was added and
the reaction mixture was maintained at RT for 9@ omder stirring. The formed dark solution was
filtered on a Buchner funnel and washed with delitold water. A TLC (AcOEt:hexane = 8:2 as
the eluent) showed that the product is presentthmre was also a dark spot at the bottom of the
TLC plate. To isolate the product, a filtration owdica gel was performed (AcOEt:hexane = 8:2 as
the eluent). After drying over N8O, and evaporation of the solvent in vacuo, the prodves
obtained as a yellow solid (1.7587 g, 69.09% yield)e'H NMR spectrum revealed the presence
of only theE isomer (Figures 46, 47).

'H NMR: (400 MHz, CDC}4, 298 K) 8.66 (d,J = 4.1 Hz, 1H), 8.06 (d] = 16.0 Hz, 1H), 8.00 (dd,
J=8.0, 1.2 Hz, 1H), 7.81 (d,= 7.8 Hz, 1H), 7.73 (td] = 7.71, 1.7 Hz, 1H), 7.65 (§,= 7.5 Hz,
1H), 7.51 (dJ = 7.9 Hz, 1H), 7.49 (t) = 7.8 Hz, 1H), 7.26 (d, 1H, overlapped with CB)CV.17
(d,J=16.1 Hz, 1H) ppm.
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Figure 46:'H NMR (400 MHz, CDGJ, 298 K) spectrum of)-2-(2-nitrostyril)pyridine.
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Figure 47: ExpandedH NMR (400 MHz, CDCJ, 298 K) spectrum of )-2-(2-nitrostyril)pyridine.
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3.7 Synthesis of 2-(pyridine-2-yl)-H-indole

= | '
NN —
" Ve,
CO (5 bar) - DMF N
"o 120°C
Reagent M.W(gemol‘) mg mmol Molar ratio V [ml] d[g/mL]
(B)-2-(2-
_ _ . 226.03 126.6 0.5601 15
nitrostyril)pyridine
638.71 24  0.0375 1
DMF 5

#The value found was approximate considering theibesobilization (entry V) table 6 chapter 2.
In this attempt we used the catalyst derived fromhe immobilization of 4-Me-Phen onto MNPs.

All manipulations of the reagents involved in thaatytic reactions were conducted under,a N
atmosphere. All glassware and magnetic stirring liged in the catalytic reactions were kept in an
oven at 120 °C for at least 2 h and allowed to agwder vacuum before use. Reactions were
performed in a glass liner closed with a screw w#h a glass-wool-filled open mouth to allow
exchange of gaseous reagents. The subs{EBt24{(2-nitrostyril)pyridine) was weighed in the én
which was thenplaced inside a Schlenk tube with a wide openind alaced under a AN
atmosphere. Th&®NPs were dispersed in DMF and added under stirramgl then the liner was
transferred to the autoclave. The autoclave wasedlofilled with CO, and then evacuated three
times, after which, it was filled with CO at thestted pressure. The autoclave was placed into a
preheated oil bath and heated at the desired tatuperfor the desired time. We performed several
trials following the same procedure, but changimg $olvent, temperature, and pressure of CO, as
summarized in Table %At the end of the reaction, the autoclave was abatean ice bath and

vented. An internal standard was added tfer GC analysis and the catalyst was magnetically
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separated before performing the analysis. Fordhgcling test, we added fresh reagent and solvent
to the same MNPs and repeated the reaction follpwie same procedure. Attention was paid not
to allow the solution to be exposed to air betwessctions.

For quantification by GC, we added biphenyl as maternal standard. The amount of added
internal standard was calculated as one quartehefmass of the substrate. After adding the
internal standard, we made a diluted solution waithnternal standard concentration of 0.1 mg/mL.
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3.8 Synthesis of methyl-2-nitrocinnamate

X COOH X~ COOMe
©\/V H,S0, cat ©\/V
NO NO

2 MeOH 2
riflux
Reagent M.W(gemol*) g mol Molar ratio V [ml] d[g/mL]
2-nitrocinnamic acid 193.16 4.0406 2.09 3
H,SO, 98.08 7.02 1 0.374 1.840
MeOH dry 120

To a 100 mL Schlenk flask was added 2-nitrocinnaaticl. The flask was evacuated by three
vacuum-nitrogen cycles. In a nitrogen stream, Medid sulfuric acid were added. The reaction
was refluxed for a total of 21 h and checked by Th€xane:AcOEt = 8:2 as the eluent). MeOH
was then evaporate in vacuo and the product wasesdsd in 30 mL of a saturated NaH{CO
solution to neutralize excess$0,. The reaction mixture was extracted with LLH (3 x 50 mL).
The organic phase was washed with 30 mL of a dadifdaHCQ solution and twice with 30 mL
of water. The product was dried over,8@), filtered, and the solvent removed under vacuum. A

yellow solid was obtained (2.63 g, 56.7%)).

'H NMR (400 MHz, CDC}, 298 K) 8.16, (d.2J = 15.8 Hz, 1H, B, 8.06 (d3J = 7.9 Hz, 1H, H),
7.70=7.65 (m, 2H, Band H), 7.57 (dd, 1H, 9, 6.37 (d,3 = 15.8 Hz, 1H, 1, 3.86 (s, 3H, Ch)
ppm.
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Figure 48:'H NMR (400 MHz, CDGJ, 298 K) spectrum of methyl-2-nitrocinnamate.
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Figure 49: ExpandedH NMR (400 MHz, CDCJ, 298 K) spectrum of methyl-2-nitrocinnamate.
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3.9 Synthesis of methyl-H-indole-2-carboxylate

AcO
AcO PdOAc
AcoPd
AcO
AcoPd __N

X~ COOMe KN NPdOAc H
OAc
(:(\/ . ©/\/)—COOM9
NO

2 CO (5 bar) - DMF

120°C
Reagent M.W(gemol%) mg mmol Molar ratio V [ml] d[g/mL]
Methyl-2
o 222.22 1245 0.5601 15
Nitrocinnamate
Acof"fe;” N 640.87 24 0.0375 1
DMF 5

#The value found was approximate considering theibewobilization (entry V) table 7chapter 2.
In this attempt, we used the catalyst derived fronthe immobilization of 4-OH-Phen onto MNPs.

All manipulations of the reagents involved in theatytic reactions were conducted under,a N
atmosphere. All glassware and magnetic stirring liged in the catalytic reactions were kept in an
oven at 120 °C for at least 2 h and allowed to agwder vacuum before use. Reactions were
performed in a glass liner closed with a screw w#h a glass-wool-filled open mouth to allow
exchange of gaseous reagents. The substrethyl-2-nitrocinnamate) was weighed in the liner,
which was therplaced inside a Schlenk tube with a wide openindeu a N atmosphere. The
MNPs were dispersed in DMF and then added undeingti and then the liner was transferred to
the autoclave. The autoclave was closed, fillechv@O, and then evacuated three times, after
which, it was filled with CO at the desired pressurhe autoclave was placed into a preheated oll
bath and heated at the desired temperature forddsged time. We performed several trials

following the same procedure, but changing the estdlvtemperature, and pressure of CO, as
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summarized in Table 1@t the end of the reaction, the autoclave was @baiean ice bath and

vented. An internal standard was added tfee GC analysis and the catalyst was magnetically
separated before performing the analysis. Forebgcting test, we added fresh reagent and solvent
to the same MNPs and repeated the reaction folgpwie same procedure. Attention was paid not

to allow the solution to be exposed to air betwesattions.

For quantification by GC, we added biphenyl as maternal standard. The amount of added
internal standard was calculated as one quartehefmass of the substrate. After adding the
internal standard, we made a diluted solution w&ithnternal standard concentration of 0.1 mg/mL.
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3.10 Synthesis ofrans-stilbene

©/(|I3)\HOH O L

S

\

Reagent M.W mg mmol Molarratio V[mL] d[g/mL]
Phenylboronic acid 121.93 134.4 1.10 1.1
Styrene 104.15 104.0 1.0 1 0,909
Ligand* 208.26 5 0.024 0.024
Pd(OAC) 224.51 4.5 0.02 0.02
4-NMM 101.15 202.3 2 2 0.920
CHsCN 3

The reactions were performed in dried and distiledtonitrile, except for entry 10 in Table 11, veh®MF was used
as a solvent and entry 23, where THF was usedalvant.

Initial tests (entries 1-12 in Table 11):

To an open vessel were added phenylboronic agicgrst, the ligand solution (0.024 mmol in 1 mL
of MeCN), the palladium acetate solution (0.02 mmo2 mL of MeCN), and finally the base (if
applicable). The vessel was immersed in a prehesltbéath and heated at 80 °C for 3 h. At the end
of the reaction, the vessel was cooled on an ite drad a GC analysis of the reaction mixture was
immediately performed. We used and added intertaaldard (naphthalene) of all analyses. The
amount of internal standard added was equivalerdn® quarter of the mass of styrene. After
adding the internal standard, we made a dilutedtisol with an internal standard concentration of

0.1 mg/mL. In all analyses, the conversion andcseigy refer to styrene.

From entry 13 onward in Table 11, we used the ¥alg procedure:

To an open vessel were added phenylboronic agicgrst, base, and 1 mL of MeCN under stirring.

In a separate flask, a solution containing thendgand palladium acetate in 2 mL of MeCN was

prepared. After preformation of the catalyst, thielr solution was added to the former in an open
vessel. The reaction was performed at RT, and imatedyl after the end of the reaction, a GC

analysis was performed. This procedure provided lest results and for this reason, all
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homogenous catalysis trials from Entry 13 onwardewserformed by preforming the catalyst. For
quantification by GC (Shimadzu GC-2010, Column SUEE EQUITY™-5ms, 10 m x 0.1 nm x
0.1 m film thickness capillary column), naphthalene vaded as an internal standard. The
amount of added naphthalene was calculated as uaméeq of the mass of the substrate (styrene).
After adding the internal standard, we made a femhlition containing 0.1 mg/mL of the internal

standard using Ci€I; as a diluent.

Procedure using MNPs:

The procedure for trials using the MNPs is analsgmuthe one described above, but a solution of
palladium-functionalized nanopatrticles in MeCN (Z)nwas employed instead of the palladium

complex. At the end of the reaction, we removed ¢h&lyst by magnetic separation. In the

recycling test, we used the same MNPs with fre&istsate and solvent.

GC method for oxidative Heck reactions

Rate Temperature Hold Time
- 100°C 1 min
PTV1 50 200°C 3 min
100°C 50 270°C 2 min
- 90°C 0 min
Column 4.00 140°C 0 min
90°C _
80.00 225°C 0 mim
80.00 280°C 1.50 min
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3.11 Atomic absorption spectroscopy

Reagent M.W(gemol%) mg V [mL] d[g/mL]
AcO'F\"f';N N 24.3

HNO3 63.01 1 1.51

HCI 36.46 3 1.19

In this analysis was used the 4-Me-Phen immobilizeainto MNPs.
Only Milli-Q water was used during the process.

We performed atomic absorption spectroscopy toyaeathe quantity of palladium in our
system. In an open vessel, we added 24.3 mg d¥itfiés and a mixture of HN£and HCI ("aqua
regia"). The solution stirred vigorously, and witbe nanoparticles were completely solubilized, 1
mL of the resulting solution was transferred teest tube and diluted with a solution of 5% nitric
acid in Milli-Q water.

We constructed a calibration curve (0.1-6 ppm) gisin certified standard. The obtained
coefficient of correlation was 0.99984. To analylze palladium content in the recycled solution,
we removed the nanoparticles by magnetic separafien the catalytic reaction and analyzed the

remaining solution.

Results:

Theoretical palladium (calculated assuming eacthamee phenanthroline binds one palladium
atom): 4-OH-Phen-MNPs: 0.1575 mg Pd/mg 4-OH-PherPsIN

PJAAS: 1.967 x 18 mg = 1.85 x 19 mmol Pd/mg 4-OH-Phen-MNPs (1/8 of the calculated

amount).

Theoretical palladium (calculated assuming eacthamee phenanthroline binds one palladium
atom): 4-MePhen-MNPs: 0.1650 mg Pd/mg 4-MePhen-MNPs
PdAAS: 2.75 x 18 mg = 2.58 x 10 mmol Pd/mg 4-MePhen-MNPs (1/6 of the calculated

amount).
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Conclusions

MNPs were synthesized and protected with 10-bromygdbBosphonic acid, and the
procedure was found to be reproducible.

The synthesis and characterization of 4-MePhen4a@iH-Phen were in accordance with
the literature, and the corresponding Mo(¢€&)mplexes were prepared and characterized.

4-MePhen and 4-OH-Phen were also attached to thepasticles, and the success of this
procedure was proven by coordination with molybaenu

Elemental analyses supported the presence of aitrdigands, and it was possible to
guantify the amount of immobilized phenanthrolirezidatives.

Palladium was successfully attached to the phenalitib-functionalized nanopatrticles.

The heterogenized complex successfully catalyzeddimation of indoles, but the recycled
catalyst rapidly lost activity.

In the case of oxidative Heck reactions, we firgitimized the conditions in the
homogeneous phase.

Employing the MNP complexes, we observed low selggtthat was attributed to the
polymerization of styrene. This issue needs talvestigated further.
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