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“A person who never made a mistake 

never tried anything new” 

Albert Einstein 
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List of Abbreviations 
 

atm 

dppp 

atmosphere 

1,3-bis(diphenylphosphino)propane 

°C degrees Celsius 

Cat. catalytic or catalyst 

Conv. Conversion 

DCM dichloromethane 

DMF 

DMSO 

N,N-dimethylformamide 

dimethyl sulfoxide  

DNA deoxyribonucleic acid 

EDG 

EDTA 

electron-donating group 

ethylenediaminetetraacetate  

e.g. for example or example given 

Equiv. Equivalent 

EWG electron-withdrawing group 

Fe3O4 ferrite 

FT-IR Fourier transform infrared spectroscopy 

g gram 

GC gas chromatography 

GC/MS gas chromatography-mass spectrometry 

h hours 

Lig. ligand 

LDA lithium diisopropylamide 

maghemite  � -Fe2O3 

MeCN 

4-MePhen 

4-MeO-Phen 

4-OH-Phen 

acetonitrile 

4-methyl-1,10-phenanthroline 

4-methoxy-1,10-phenanthroline 

4-hydroxy-1,10-phenanthroline 

mg milligram 

mL milliliter 
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mmol millimole 

MNPs magnetic nanoparticles 

M.W. molecular weight 

nd not detected 

Neoc neucuproine 

NMR nuclear magnetic resonance 

Pd(OAc)2 palladium(II) acetate 

Phen 1,10-phenanthroline 

ppm parts per million 

RT room temperature 

Sel. 

SPION 

selectivity 

superparamagnetic iron oxide nanoparticles 

Temp. temperature 

TEM transmission electron microscopy 

THF tetrahydrofuran 

TLC 

PPh3 

thin-layer chromatography 

triphenylphosphine 

UNIMI Università degli Studi di Milano 

w/o  water-in-oil 
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Abstract 
In recent years, the scientific community has been concerned with the development of 

ecofriendly strategies in several fields, including catalysis. Many studies have been performed that 

focus on the use of the special properties of ferrite nanoparticles. As a support, the small size of 

these particles allows their thorough dispersion in the reaction media, thus nearing the 

homogeneous environment of a soluble catalyst. At the same time, their magnetic properties allow 

easy recovery of the catalyst at the end of the reaction. 

The synthesis of MNPs described in this work used a coprecipitation method that exhibited 

reproducibility because several parameters were controlled, such as temperature, pH, and 

component addition. In particular, owing to the possibility of aggregation, protection of the 

nanoparticles was carried out. Several acids described in the literature were examined, but owing to 

the possibility of improved catalytic properties, the MNPs were functionalized with 10-

bromodecylphosphonic acid (protective layer), which bears a halogen in the w-position to allow 

further modification. 

The important feature of this work was demonstrated by several attempts to immobilize 

phenanthroline (4-MePhen and 4-OH-Phen) on the protective layer, and the success of these 

developed strategies is discussed. Immobilization was verified by IR spectroscopy following the 

formation of new complexes with molybdenum hexacarbonyl Mo(CO)6.  

Pd(OAc)2 was then coordinated to phenanthroline immobilized on the protective layer, and 

finally catalytic tests were performed for strategic reactions that are interesting from the 

pharmaceutical point of the view, such as carbonylation and reductive cyclization reaction of o-

nitrostyrenes to give indoles. The catalysis results obtained by employing these strategies were 

encouraging, but the recycling process was problematic, probably due to metal leaching during 

catalysis.  

Oxidative Heck reactions were also performed using MNPs developed using these strategies. 

The results demonstrated the importance of tests in the homogeneous phase, which allowed the use 

of the best conditions with MNPs. Owing to the reagent employed (styrene), the catalysis results 

suggested the possibility of polymerization and so need future investigation. 
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General Introduction 
 

Nanotechnology is a field of science that has undergone great growth in the last 20 years, 

especially in areas such as chemistry, pharmaceuticals, and biology, promoting innovation and 

technological progress. 

Materials employed in nanotechnology have at least one dimension between 1 and 100 

nanometers (nm) and usually contain from several hundreds to 105 atoms.[1] Many studies have 

demonstrated that several properties change completely in the nanometer regime, with the 

observation of low Curie temperatures, high magnetic susceptibilities, and high electrical 

conductivities, as well as the appearance of the superparamagnetism phenomenon.[2-4] 

MNPs have various important applications in fields such as biomedicine,[5] environmental 

applications,[6] and catalysis.[7] Ferrite nanoparticles have been widely studied owing to their 

interesting magnetic properties and relatively low cost. In catalytic reactions, these materials have 

often been used as a support both for heterogeneous metallic catalysts and for heterogenized 

homogeneous catalysts. The use of ferrite nanoparticles in catalysis is attractive owing to their high 

surface area, high strength, and ease of recycling. Moreover, these MNPs are easily recovered, 

nontoxic, and widely available. This particular application is possible because MNPs have a very 

small size distribution.  

The synthesis of ferrite nanoparticles requires several parameters to be controlled during the 

synthesis, such as pH value, type of salt used, ratio of ferric and ferrous ions, reaction temperature, 

and reaction temperature during the protective phase. Unfortunately, these nanoparticles tend to 

aggregate to achieve thermodynamic stability, resulting in a drastic reduction of the surface area. To 

prevent unwanted aggregation, the ferrite cores are coated with suitable capping agents able to 

interact with the nanoparticles by a functional group and allowing dispersion in an organic solvent. 

In general, these binders contain terminal phosphonic acid, polyethylene glycol, or carboxylic acid 

groups, or other molecules or complexes that can bind strongly to the surface of MNPs. The 

immobilization process is successful when a delicate balance of forces is achieved between the 

molecules to be grafted and the substrate surface.[8,9] 

Phenanthroline is a very versatile compound that is commonly used in coordination chemistry. For 

years, our research group has examined applications of phenanthroline in catalysis.[10,11]  

Specifically, in this work, our strategy consisted of preparing ferrite nanoparticles capped with a 

suitable protective layer that makes them hydrophobic, functionalization of the nanoparticles by 
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covalently attaching a phenanthroline derivative, and finally coordination of palladium to test our 

strategy in organic synthesis reactions, such as cyclization of nitrostyrenes to indole groups and 

oxidative Heck reactions. 

Cyclization of o-nitrostyrenes has long been known, but recently Davies and coworkers 

succeeded in obtaining the desired products under relatively mild conditions using 

palladium/phenanthroline complexes as catalysts.[12] Among the various compounds of 

pharmaceutical interest, indoles were chosen as the initial targets. Indeed, the indole skeleton is 

present in several pharmaceuticals, e.g., vincristine (anticancer), pindolol (antihypertensive), and 

indomethacin (anti-inflammatory). 

Oxidative Heck reactions were used as another strategy to test our system because the synthesis 

conditions in the presence of dioxygen are less harsh when compared with the use of carbon 

monoxide in the synthesis of indoles, which makes these reactions attractive from the experimental 

point of view. The phenanthroline ligands are able to promote the interaction between palladium 

and dioxygen in a Pd(0)/Pd(II) redox cycle under open air.[13]  
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Chapter 1: Magnetic Nanoparticles and Their 

Preparation 

Introduction 

 

1.1 Magnetic materials 

Magnetic materials can be classified into five main types: ferromagnetic, paramagnetic, 

diamagnetic, antiferromagnetic, and ferrimagnetic, according to the arrangement of their magnetic 

dipoles when an external magnetic field is applied.[1,2] Figure 1 shows schematic diagrams of these 

five different types of materials.  

 

Figure 1: Schematic illustration of the five types of magnetic materials in the absence or presence 

of an external magnetic field (H).[1] 

 
 

Ferromagnetism: Ferromagnetism occurs in materials that have permanent magnetization, 

resulting from the natural tendency to align the moments of atoms or molecules. The alignment is 

perfect in regions called domains. Ferromagnetic domains are small regions where dipoles are 

aligned parallel to each other. When a ferromagnetic material is in its demagnetized state, the 

magnetization vectors have different orientations and the total magnetization averages to zero. 

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

magnetic flux density and the magnetizing force) is illustrated in Figure 2. When a large magnetic 



�

12 
�

field is applied, the spins become aligned with the field. The maximum magnetization value is 

called saturation. On the other hand, when the magnitude of the magnetic field decreases, spins 

cease to be aligned with the field and the total magnetization decreases. The loop represents the 

measurement of the magnetic flux of the material. A coercivity force occurs when an inverse 

magnetic field is applied to a material causing its flow to return to zero. Several years ago, Frenkel 

and Dorfman realized that particles of ferromagnetic materials with sizes below a critical value 

could exhibit different behavior and thus lead to high magnetization.[3] 

 

 

 

 

Figure 2: Illustration of a hysteresis cycle.[4] 

 
 

Paramagnetism: Paramagnetism occurs in materials that have unpaired electrons. In paramagnetic 

materials, as the coupling between the magnetic moments is weak, it is subject to thermal changes 

around the alignment field. When a magnetic field is applied, the moments start to align, but only a 

small fraction of them are deflected into the field direction for all practical field strengths. Many 

salts of transition elements are paramagnetic. A ferromagnetic material becomes paramagnetic 

above their Curie temperature, when the thermal energy is enough to overcome the order of the 

magnetic moments.  

 

Diamagnetism: Diamagnetism is associated with the magnetic dipole moments of electrons in 

atomic or molecular orbitals. Therefore, it is present to a greater or lesser degree in all substances. 



�

13 
�

However, in most cases, the intensity is very low and the presence of diamagnetism is masked by 

other phenomena. If a material does not have a magnetic dipole in the absence of an external field, 

but this condition changes in the presence of a magnetic field, it can be considered as a diamagnetic 

material. In a superconductor, the intensity of diamagnetism is so strong that the resulting magnetic 

field inside the sample is zero.  

 

Antiferromagnetism: In antiferromagnetic materials, the interaction between the magnetic 

moments tends to result in the alignment of adjacent moments antiparallel to each other. 

Antiferromagnets have no net spontaneous magnetization, and their response to external fields at a 

fixed temperature is similar to that of paramagnetic materials.  

 

Ferrimagnetism: Ferrimagnetism is a property exhibited by materials (such as Fe3O4 and � -Fe2O3) 

whose atoms or ions tend to assume an ordered but nonparallel arrangement in a zero applied field 

below a certain characteristic temperature, known as the Neel temperature.  

 

In bulk materials, magnetic properties are characterized using parameters such as coercivity (H) 

and susceptibility (� ), which depend on composition, crystallographic structure, vacancies, and 

defects. In the case of MNPs, the size and shape must also be considered to determine magnetic 

behavior.[5] 

Owing to the small dimensions of MNPs, it is important to understand the superparamagnetic 

phenomenon. This phenomenon occurs when the dimensions of the magnetic domains generated by 

an external magnetic field are small. As a consequence, once the external magnetic field is 

removed, thermal fluctuations misalign the spins and no net magnetization remains.[6] This 

phenomenon can be understood from the plot shown in Figure 3. As the particle size decreases, 

multidomains (MDs) start to form a single domain (SD), with the diameter that coincides with the 

conversion of MDs to a SD represented as Ds. Each magnetic domain possesses independent 

directionality, which results in a decrease in the magnetic coercivity (Hc), which falls to about zero 

(remaining magnetization) for superparamagnetic particles 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.[2] 

 

1.2 Fundamental features of MNPs 

The literature,[7,8] including a recent review about MNPs in 2016,
[3] explains the importance of 

parameters such as particle size, structure, shape, and composition for characterizing MNPs, as 

summarized in Figure 4.  

 

 

 

Figure 4: Important MNPs features.[8] 

Briefly, the most prominent features are: 

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

is below a certain critical value, the spins of free electrons within MNPs are aligned by 
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ferromagnetic coupling into only one direction, resulting in a single-domain magnet, as explained 

previously. In large magnetic particles, a multidomain structure is predominant. The presence of 

external magnetostatic energy is directly responsible for domain formation and increases with the 

interfacial area between domains. 

 

Structure and shape effects: The crystalline structure determines the frontier size between 

multidomains and monodomains. Generally, a larger anisotropy constant results in larger coercivity. 

Spherical MNPs have no shape anisotropy owing to their isotropic structure, and they exhibit 

smaller coercivity.  

 

Composition effects: In the ferrite Fe3O4 structure, O anions form a close-packed fcc structure, 

with Fe ions located at interstitial octahedral (O) or tetrahedral (T) sites. Composition control in 

MNPs is important not only for the magnetization value but also for the coercivity parameters.  

 

Surface charge: A MNP surface can be positively or negatively charged depending on the pH. 

Consideration of this feature is very important during synthesis owing to the necessity of stabilizing 

the prepared material. Repulsion between nanoparticle with the same charge prevents 

agglomeration and the formation of larger aggregates. 

 

1.3 Ferrite structure 

Ferrite materials are characterized by the composition MFe2O4, where M = metal. When M = Fe, 

“magnetite” (common name for the mineral) or “ferrite” (common name for the synthesized 

compound) is obtained with the formula Fe3O4. The framework of oxygen atoms creates two types 

of coordination sites with tetrahedral and octahedral geometries (called A- and B-sites, 

respectively). In the case of metal cations tetrahedrally coordinated by oxygen, a spinel structure 

containing two sites for metal cations is obtained, and this configuration is expected to have 8 A-

sites. In the case of octahedral coordination, a configuration with 16 B-sites is expected. The normal 

spinel configuration is obtained when the A-sites are occupied by M2+ cations and the B-sites are 

occupied by Fe3+ cations. On the other hand, if the A-sites are completely occupied by Fe3+ cations 

and the B-sites are randomly occupied by M2+ and Fe3+ cations, an inverse spinel structure is 

obtained. In the case of ferrite materials, magnetite Fe3O4, NiFe2O4, and CoFe2O4 have inverse 

spinel structures with eight formula units per unit cell. Fe3+ cations are located half in the 



�

16 
�

tetrahedral and half in the octahedral sites, while Fe2+ cations occupy the remaining octahedral sites, 

as shown in Figure 5.[9] 

 

 

 

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

structure.[9] 

 

1.4 Applications of MNPs 

In biomedicine, MNPs and (SPION or Fe3O4) have several uses, e.g., as potential materials for 

drug delivery,[10,11] gene delivery,[12] biosensors,[13] hyperthermia,[14] and contrast agents for 

magnetic resonance imaging.[15] In the case of biomedical applications, high saturation 

magnetization (MS) of the MNPs is desirable to exploit the magnetic properties. Figure 6 shows the 

application of MNPs as targeted drug carriers. 
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Figure 6: Biomedical applications of MNPs.[5] 

 

In environmental applications, MNPs can be used for remediation and water treatment owing to 

the possibility of selective removal of the hazardous metal ions from complicated matrices. MNPs 

have an excellent ability to remove high concentrations of organic compounds. The most widely 

used MNPs in such applications are nano zero-valent iron (nZVI), magnetite (Fe3O4), and 

maghemite (� -Fe2O3) nanoparticles.[16] 

In catalysis applications, MNPs can be used in several reactions because they possess special 

characteristics that allow for recycling and reuse, as shown in Figure 7. Thus, MNPs have become a 

very attractive tool in catalysis. Several years ago, catalysis studies were focused on achieving good 

activities and selectivities, but in recent years, “green chemistry” has become an important factor to 

be considered to address ecological and economical demands. Several uses of MNPs in catalysis 

have been described in recent reviews,[17] including their use in organic chemistry in reactions such 

as Suzuki coupling, Heck, Sonogashira coupling, Stille coupling, hydroformylation,[18] 

hydrogenation,[19] and polymerization reactions.[20]  
 

 
 

Figure 7: Catalytic applications of MNPs.[17] 
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1.5 Synthesis of MNPs 

Successful preparation of MNPs is directly related to several factors, including control of the 

size, shape, agglomeration, composition, and surface chemistry of the nanoparticles, as explained 

previously. There are several protocols in the literature for the synthesis of MNPs, such as 

microemulsion,[21,22] thermal decomposition,[23,24] coprecipitation,[25-27] template-mediated 

synthesis,[28] sonochemical technique,[29] and continuous flow reaction.[30] The most common 

methods are described in the following sections.  

 

1.5.1 Microemulsion 

Microemulsion as a general concept refers mixtures of oil, water, and surfactant, which can be 

employed in the preparation of MNPs using a single-phase system. In this case, an appropriate 

surfactant needs to be chosen. Surfactant molecules decrease the interfacial tension between the two 

components: water and oil (W/O). However, even in the presence of surfactants, preventing 

aggregation in this procedure usually requires several washing processes and further stabilization. 

By controlling the water content, type of solvent, and concentration of surfactant in solution, the 

nanoparticle dimensions can be tuned. Surfactants that have been employed in the literature include 

dioctyl sodium sulfosuccinate[31] and sodium dodecyl sulfate.[32] The disadvantage of this synthesis 

procedure is that surfactant present in the final medium, even in the smallest quantities, canalter the 

properties of the final material.  

 

1.5.2 Thermal decomposition 

The synthesis procedure is based on the thermal decomposition of organometallic precursors at 

high temperatures in organic solvents in the presence of surfactants.Surfactants that have been 

employed include oleic acid, oleylamine, and hexadecylamine. Heyon[33] used this route to 

synthesis MNPs by employing Fe(CO)5 at 100 °C in the presence of oleic acid. In other study, Sun 

and Zeng[34] reported the thermal decomposition of Fe(acac)3 at 265 °C in diphenyl ether in the 

presence of surfactants such as oleic acid and oleylamine. Lee et al.[35] prepared 

polyvinylpyrrolidine-coated iron oxide nanoparticles by thermal decomposition of Fe(CO)5. 

Although the thermal decomposition method has the advantages of producing highly monodisperse 

particles with a narrow size distribution, the resulting MNPs exhibit lower dissolution abilities in 

polar solvents. 
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1.5.3 Coprecipitation 

The most common method for obtaining Fe3O4 or Fe2O3 is coprecipitation. This method consists 

of mixing ferric and ferrous ions in a 1:2 molar ratio in highly basic solutions at RT or at elevated 

temperatures. In this synthetic procedure, ferric and ferrous hydroxides are precipitated by the 

addition of a base (NH4OH or NaOH) to a solution of Fe3+ and Fe2+ inorganic salts (eq. 1). 

 

 

 

Success in this method depends on the type of salt used (e.g., chlorides, sulfates, nitrates, and 

perchlorates), the ratio of ferric and ferrous ions, the reaction temperature, the pH value, the ionic 

strength of the media, and other reaction parameters (e.g., stirring rate and dropping speed of basic 

solution), as discussed in detail in the following sections.  

 

1.6 Protection methods  

MNPs have a high energy associated with their superficial area and, for this reason, have a 

tendency to agglomerate. This behavior is not desirable in several applications, including catalysis. 

Another problem concerns the interaction of MNPs with dioxygen under atmospheric conditions. In 

the case of oxidation, the formation of a thin layer of oxides leads to a loss or decrease of several 

properties. For this reason, the MNP synthetic procedure must afford nanoparticles with long-term 

stability. Strategies in the literature concerning the use of protection agents involve surfactants, 

polymers, or an inorganic layer, such as silica or carbon.[36]  

Silica is the most popular inorganic coating material for MNPs because it is easy to 

functionalize. Moreover, it has several advantages including improving the stability of MNPs in 

solution, avoiding agglomeration of MNPs, and improving the biocompatibility of MNPs.  

In the case of polymers, two processes exist for coating MNPs: in situ polymerization or grafting 

of polymers onto MNPs via coordination, hydrophobic interactions, or electrostatic interactions. 

Other alternatives include the encapsulation of MNPs in various solid supports, such as mesoporous 

materials, graphene, or carbon nanotubes, and oxidation of a pure single-metal or nonmetal shell, 

such as gold, silver, platinum, palladium, iron, or carbon.  
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Figure 8 shows several possibilities for the protection of MNPs. In the case, of catalysis 

applications, several studies demonstrated the use of a coating with strategies targeted at performing 

catalytic reactions. For example, for a Sonogashira reaction, Zolfigol et al.[37] employed a silica 

coating and then functionalized the coated MNPs with palladium complexes. Naeimi et. al[38] 

functionalized the surface of silica-coated MNPs with sulfonic acid and then employed this 

nanocomposite to synthesize 1,8-dioxooctahydroxanthene derivatives. Seidi and coworkers[39] 

employed a functionalized poly(ionic liquid) to coat Fe3O4 nanoparticles, which were then used for 

the deprotection of acylals.  

 

 

 

Figure 8: Protective strategies developed for stabilizing MNPs.[17] 
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Results and Discussion 
 

1.7 Synthesis and protection of ferrite MNPs  

Ferrite nanoparticles with diameters of less than 20 nm are not readily available in large amounts 

or at a reasonable cost. For these reasons, we developed a procedure for the synthesis and 

subsequent protection of such nanoparticles to avoid aggregation and facilitate the functionalization 

step.  

The synthetic procedures reported in most papers attempt to control the size of nanoparticles by 

controlling the rate of the nucleation and growth steps (a kinetic approach: nucleation speed vs. 

particle growth speed). This method is based on carrying out the chemical reaction in a monophasic 

aqueous medium under an inert atmosphere, which allows both the nucleation and growth of iron 

hydroxide nuclei to be controlled. In the absence of stabilizing factors, the formation of massive 

particles and aggregation are always favored. The classical model of burst nucleation and growth 

proposed by LaMer and Dinegar is depicted in Figure 9.  

 

 

 

Figure 9: LaMer model of nucleation and growth processes for monodisperse MNPs.[3] 

 

This process can be explained as a balance of the three phases. The first phase consists of the 

formation of nuclei when the concentration of monomers increases. Burst nucleation in phase II 

starts to form nuclei, resulting in a rapid decrease of the monomer concentration. When the 
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concentration falls to a level below the nucleation threshold in phase III, no new nuclei form and 

growth begins. During syntheses employing the kinetic nucleation speed approach, the process of 

nucleation and growth, precise control of the parameters involved, such as stirring speed and the 

presence of impurities, is required to avoid aggregation and maintain a uniform rate of growth. 

A different approach has been reported in which the nanoparticle size is controlled by the 

solution pH. The particle size is influenced by the precipitation pH, with particles becoming smaller 

with increasing pH. This phenomenon is the result of surface tension and electrostatic repulsion. 

Every ferrite nanoparticle is negatively charged (deprotonated) to a certain extent, depending on the 

solution pH. As fusing two negatively charged particles results in a lower total surface area, this 

would cause increased electrical repulsion between the charges on the particles. Thus, there are two 

opposing tendencies. On one side, larger particles are thermodynamically more stable than smaller 

ones; on the other, negative charge is best distributed over many small particles than over a few 

larger ones. Balancing these two tendencies results in nanoparticles that are small at higher pH and 

increasingly large as the pH is lowered. In this case, the size control mechanism is a 

“thermodynamic approach” (a trade-off between surface tension and electrostatic repulsion), as it 

results in an equilibrium situation and does not depend on the rate of addition or any reaction 

involved.  

Our research group decided that this approach would allow easier promotion of reproducible 

results and scale up. Changing the solution pH, even after the nanoparticles have been prepared, 

results in a change in their dimension, but the process is very slow and takes a longer time than 

required for our standard work up procedure. According to the literature, working at a pH between 

12 and 13 should provide particles with diameters of 2 nm, but under these conditions, we obtained 

reproducible particles with average diameters of 2.8–4 nm, as demonstrated by TEM analyses. In 

our procedure, after their synthesis, the particles are separated by centrifugation, washed until the 

pH of the solution is 10, and then dispersed in water. 

Control of the pH is also important during the capping stage with carboxylic acids. Indeed, the 

interaction between carboxylate ions and the ferrite surface is ionic and, to be effective, needs 

positively charged particles. For this reason, it is necessary to work at a slightly acidic pH to allow 

efficient coordination of the acid to the particle surface. In general, our research group works with 

aqueous solutions at pH 5–6 that are left under stirring.[40] Our group has introduced a new protocol 

for the protection of the nanoparticles in which a biphasic medium water/chlorinated organic 

solvent is employed and the particles pass into the organic phase over a time that depends on the 
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identity of the acid used. During acidification, the ferrite isoelectric point (pHpzc) must be exceeded 

without protonating the carboxylate anions. 

Different isoelectric points are reported in several studies at pH 6,[41] 6.3,[42] 6.8,[43] 7.2,[44] or 

even 7.9.[45,46] Thus, it should be considered that the magnetite origin (e.g., natural or heated at high 

temperature after RT synthesis) is not negligible, as small changes could have a significant effect. 

For example, the particles reported in ref. [46], for which pHpzc = 7.9 was measured, were 

synthesized as reported in ref. [41], but for the latter pHpzc = 6 was measured. There are some minor 

differences in the two preparations, as the particles were washed with a solution of NaCl in the 

former case[46] and with a solution of NaClO4 in the latter.[41] The particles obtained using this 

strategy disperse very well in organic solvents. Nevertheless, chloride ions can coordinate iron 

effectively. As the interaction between ferrite and carboxylate ions is ionic, the presence of ions on 

the surface could neutralize superficial positive charges and inhibit the interaction with carboxylate 

ions. We can approximate that for each superficial chloride ion there is one less bound carboxylate 

ion. In fact, by destroying particles with HNO3, precipitating chloride by addition of AgNO3, and 

quantifying it gravimetrically, we found that chloride ions account for 1.06% of the particle weight. 

As the amount of absorbed carboxylic acid on the same particles is 24.45% (w/w), the molar 

acid/chloride ratio is 3.10, which means that there is one chloride ion for every three carboxylic acid 

molecules. Therefore, the presence of chloride ions has a negative and nonnegligible effect. 

To minimize the presence of chloride ions, the procedure was modified to use Fe(ClO4)2 and 

Fe(NO3)3 as starting materials and to acidify with HClO4, as shown in eq. 2. Maintaining the same 

synthetic procedure, the use of new reagents did not result in any change in the nanoparticle 

dimensions. In addition, in the washing procedure to promote particle separation, we used NaClO4. 

This addition was necessary during the washing procedure owing to an increasing difficulty in 

nanoparticle separation with successive washing steps, likely owing to a variation in the 

concentration of ions in solution. Indeed, in this synthesis stage, particles are negatively charged 

and have the tendency to repel each other. Ions act to shield this repulsion among particles, but 

washing steps remove counterions, inducing particles repulsion and making separation more 

difficult. Therefore, addition of NaClO4 during the washing procedure provides a certain amount of 

ions to shield the nanoparticle charge, avoiding repulsion. Chloride must also be avoided in this 

case to prevent its coordination on the particle surface.  
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As an alternative to carboxylic acids, phosphonic acids can also be employed. In this case, 

acidification by another acid is not required, apparently because the phosphonic acid is acidic 

enough to protonate ferrite. 

In my synthesis, the ferrite nanoparticles were prepared in aqueous solution by coprecipitation of 

FeII(ClO4)2 and FeIII(NO3)3 salts by addition of NaOH, at controlled pH and ionic strength 

conditions. The dispersion was then treated with a solution of protecting agent (10-

bromodecylphosphonic acid) in dichloroethane and methanol. In my thesis, we solved the problem 

of the low solubility of phosphonic acid in dichloroethane by adding a small quantity of methanol to 

increase the polarity minimally. This was an interesting factor to resolve, as the protection level of 

the obtained nanoparticles was increased. 

Particle protection was performed without acidifying with 1.17 M HClO4 (10.9%). Moreover, we 

found that the amount of phosphonic acid bound to the particles was larger (2.5 times higher) than 

the amount of bound carboxylic acid in previous experiments. Thus, the influence of the amount of 

acid employed on the level of particle protection was investigated by varying the phosphonic 

acid/FeII molar ratio between 1.0 and 1.6. When the molar ratio was over 1.2, the amount of bound 

phosphonic acid decreased, but adding more (molar ratio of 2) or less (molar ratio of 0.5) 

phosphonic acid was not effective. Therefore, the best molar ratio of phosphonic acid was found to 

be 1:1.2. 

 

1.8 Protection of ferrite nanoparticles 

Ferrite nanoparticles do not exhibit good stability under ambient conditions, as shown in eq. 3. 

Oxygen causes the oxidation of iron ions, affecting the desired stoichiometric ratio of FeII/FeIII . 

Oxidation turns magnetite into maghemite (Fe2O3), resulting in a general loss magnetism and 

decreased dispersibility of the nanoparticles. Moreover, if nanoparticles are left unprotected, they 

show a tendency to aggregate. For these reasons, the protection procedure must be carried out in the 

shortest time possible after nanoparticle synthesis. Further, coprecipitation and all other stages are 

performed under an inert atmosphere to avoid the formation of byproducts. 
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The available protection strategies described previously consist of grafting or coating 

nanoparticles with organic species, including surfactants or polymers, or with an inorganic layer, 

such as silica or carbon. In our group, particle protection is generally performed using 11-

bromoundecanoic acid in dichloroethane. Several important 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 temperature has an influence on the amount of 

carboxylic acid that can bind to particles. Increasing the temperature of the protection reaction from 

RT to 40 °C increased the amount of bound acid from 22.3% to 25.4%. However, increasing the 

temperature further (60 and 75 °C) did not result in any significant improvement. 

 

1.8.2 pH effect during protection 

After acidification with HClO4, the amount of absorbed carboxylic acid depends on the pH. As 

the pH is close to the ferrite zero point charge, small differences could be important. 

Table 1. Amount of 11-bromoundecanoic acid as a percentage of total 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 percentage of total particle weight (same as 

Table 1, but operating on a different batch of nanoparticles). 

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 not have a statistically significant effect. 

 

1.8.3 Effect of amount of carboxylic acid 

The amount of carboxylic acid used in the protection step is in large excess with respect to the 

final amount of bound acid. If the process is in equilibrium, variations in the initial amount of 

carboxylic acid could affect the final amount absorbed on the particles. In a previous mater thesis, 

tests were performed by varying the molar ratio between the acid and the amount of Fe(ClO4)2 used 

for the synthesis. 

 

Table 3. Amount of 11-bromoundecanoic acid as a percentage of total particle weight. 

Molar ratio RCOOH/FeII  Acid % 

0.3 22.5 

0.6 20.6 

1.0 21.5 

These data show that the amount of acid used for the protection 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 acids improve the magnetic properties of 

nanoparticles.[47-49] The acid used in the protection of nanoparticles in my thesis was synthesized in 

two steps: the first[50] (eq. 4) is the synthesis of diethyl 10-bromodecylphosphonate (Arbuzov 
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reaction) using 1,10-dibromodecane and triethyl phosphite, and the second[51] (eq. 5) is the 

hydrolysis of the reaction mixture containing phosphonate to give 10-bromodecylphosphonic acid 

(69.7% overall yield, m.p. 80–85 °C). 

 

 

 

 

 

After the synthesis of phosphonate, we analyzed the reaction mixture to check if the reaction was 

complete. The 31P NMR spectrum showed only one signal at 32.6 ppm, which is very close to one 

value reported in the literature (�  = 32.8 ppm),[49] but different by 1 ppm from another reported 

value (�  = 31.7 ppm).[48]  

The 31P NMR spectrum of the free acid showed one signal at 37.9 ppm, which is about 1 ppm 

higher than the literature value (�  = 36.4 ppm).[50] Elemental analysis gave the following 

experimental values: C% 40.68 and H% 7.49 (calculated values: C% 39.88 and H% 7.36).  

The particle protection process was performed with 10-bromodecylphosphonic acid in 

dichloroethane and methanol without acidifying with HClO4 because the acidity of the phosphonic 

acid was high enough to obtain pH 6 in the aqueous phase which is sufficient to allow the particles 

to pass into the organic phase.  

 

1.8.5 Comparison of phosphonic acid and carboxylic acid 

The amount of phosphonic acid bound to the particles as a protecting agent was larger than the 

amount of bound carboxylic acid. Thus, the particle protection process was performed with 

different molar ratios of 10-bromodecylphosphonic acid in dichloroethane. The amounts of organic 

acid for about 100 mg of particles, the amounts of organic acid calculated for 100 mg of ferrite, and 

the molar ratios between the phosphonic and carboxylic acids (mmol of phosphonic acid for 100 mg 

of ferrite and mmol of carboxylic acid for 100 mg of ferrite) are shown in Tables 4 and 5. In all 

cases, the molar ratio between the phosphonic and carboxylic acids is over 1 for the same type of 

nanoparticles. This result means that the amount of phosphonic acid bound to the particles is more 

than the amount of bound carboxylic acid. 
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During the protection step with 11-bromoundecanoic acid, it is necessary to acidify the aqueous 

suspension of particles with HClO4 to obtain pH 6–7, allowing the organic acid to bind to the ferrite 

nuclei. On the other hand, the acidity of the phosphonic acid is high enough to reach pH 6 in the 

aqueous phase and allow the particles to pass into the organic phase. In fact, acidification with 

HClO4 did not result in a significant increase in the amount of phosphonic acid bound to the 

particles. We tested different amounts of acid by varying the molar ratio between 1.0 and 1.6 with 

respect to the FeII salt, and we found that increasing the molar ratio to more than 1.2 decreased the 

amount of bound phosphonic acid (Table 5). However, adding more (molar ratio of 2) or less (molar 

ratio of 0.5) phosphonic acid was not efficient. Thus, the best molar ratio of phosphonic acid to FeII 

for the particle protection process is 1.2.  

 

 

 

Table 4. Synthesis and protection at RT. 
�

21EZ % mg acid mmol mg ferrite [a] mg particles 

Carboxylic acid[b] 20.7 20.800 0.0784 79.800 100.6 

For 100 mg of ferrite 26.065 0.0983   

Phosphonic acid 2[b] 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 
[a]Calcd. Based on the amount of particles and that of acid found on the particles. [b] Acidified with 0.07 mL 
of HClO4 1.17 M (10.9%). 
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Table 5. Synthesis and protection at 25 °C. 
�

35EZ % mg acid mmol mg ferrite [a] 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. ac. [b] 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. ac. [b] 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. ac. [b] 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. ac. [b] 1.087 

[a]Calcd. Based on the amount of particles and that of acid found on the particles. [b]mmol of carboxylic acid  
(from Table 4).�
�
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1.9 Particle characterization 

To characterize the nanoparticles, TEM analyses were carried out on nanoparticles that were 

synthesized, protected (23EZ, 27EZ), and dispersed in dry CH2Cl2. TEM micrographs are presented 

in Figures 10 and 11. TEM analyses were also carried on a batch of unprotected ferrite particles and 

on particles from the same batch that were protected by 11-bromoundecanoic acid (8EZ) (Figures 

12 and 13). Partial aggregation was observed in this case, probably because the particles were 

synthesized about one month before the measurement, but the particles size is the same before and 

after protection. The particles size is in the range of 2.8–4 nm.  

�

� �
Figure 10: Particles 23EZ (left: image2 and right: image13). 

� �
Figure 11: Particles 27EZ (left: image21_misure and right: image24). 
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Figure 12: Particles 8EZ (after synthesis)  Figure 13: Particles 8EZ (after protection) 

(Image7misure).     (Image11misure). 

Figure 12 represents unprotected particles from an aqueous suspension stored at basic pH for a 

month. The particles were dispersed a little bit after sonication. Some drops of the solution were 

diluted with degassed milli-Q water and then sonicated. A yellow solution with a solid was formed, 

and the purified solution was used for the TEM analysis. 

Figure 13 represents particles protected with 11-bromoundecanoic acid, dried in vacuo, and 

stored under a N2 atmosphere for a month. The particles were dispersed in CH2Cl2 by sonicating for 

1 h, and the obtained orange solution was used for the TEM analysis. 

X-ray diffraction analyses carried out on the same particle samples (8EZ, 23EZ, and 27EZ) 

(Figures 14–17) showed that the particle sizes are below 4 nm. However, the broadness of the peaks 

does not allow more precise quantification of the particle sizes. 
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Figure 14: Particles 8EZ after synthesis. 
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Figure 15: Particles 8EZ after protection. 
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Figure 16: Particles 23EZ.    Figure 17: Particles 27EZ. 
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Experimental Section 

 

1.10 Instrumentation 
1H NMR and 31P NMR spectra were recorded on a Bruker AC 300 FT or Avance Bruker DPX 

300 spectrometer operating at 300 MHz or on a Bruker DPX 400 spectrometer operating at 400 

MHz. Elemental analyses were recorded on a PerkinElmer 2400 CHN elemental analyzer. IR 

spectra were recorded on a Varian Scimitar FS-1000 or Perkin Elmer Spectrum BX 

spectrophotometer using a 0.48 nm or 0.10 mm liquid sampling cell with CaF2 windows. The 

products were analyzed by gas chromatography (Shimadzu GC-2010 equipped with a SUPELCO 

EQUITYTM-5ms column). TEM analyses were performed on 300 mesh formvar/carbon copper 

grids or 300 mesh carbon copper grids using an EFTEM Leo912ab transmission electron 

microscope (Zeiss) at 80 kV. Digital images were acquired using an Esivision CCD-BM/1K system. 

Quantification of palladium in catalysts was performed on a PerkinElmer PinAAcle 900T atomic 

adsorption spectrometer. Degassed milli-Q water was obtained by sonication of milli-Q water under 

a N2 atmosphere.  

 

Gas chromatography (fast) 

Shimadzu GC-2010 

Column: SUPELCO EQUITYTM-5ms, 10 m × 0.1 nm × 0.1 � m 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 (N2) 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) 

 
190.0 7.0 

80 250.0 2.0 

 

GC-MS 

Shimadzu GC-17A, Shimadzu GCMS-QP5050 

Column: SUPELCO SLBTM-5ms, 30 m × 0.25 mm × 0.25 mm 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 procedures were dried and distilled under a N2 

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

 
 

CH2Cl2 Magnesium/Mg(OCH3)2 

MeOH CaH2 

DMSO Na 

(CH2)2Cl2 

CHCl3 

DMF   

n-heptane 

 

1.11.1 Standard amounts for nanoparticle synthesis 

Solution (A) 

The required concentration of NaNO3 was 3 M (2.28·10-1 mol = 19.382 g) in 76 mL of degassed 

milli-Q water and the required pH was 13. The quantity of NaOH needed to obtain this pH was 

7.60·10-3 mol = 0.304 g, so the final concentration of NaOH was 0.1 M.  

Solution (B) 

The equivalents of NaOH necessary for the synthesis were two for each FeII ion, three for each FeIII  

ion, and 3.2 to maintain pH 13 when adding solutions B and C to solution A. Thus, the total 

equivalents of NaOH were 8.2 (6.23·10-2 mol = 2.492 g) in 12 mL of degassed milli-Q water (the 

final amount of water must equal the volume of solution C). 

Solution (C)  

The solution was prepared with the following components in 7.6 mL of degassed milli-Q water:  

Concentration of FeII salt of 1 M = 7.60·10-3 mol = 2.868 g 

Concentration of FeIII  salt of 2 M = 1.52·10-2 mol = 6.141 g 

Concentration of NaNO3 of 3 M = 2.28·10-2 mol = 1.938 g 

Owing to the presence of hydrated iron salts, the volume of the solution became 12 mL. Solutions 

(B) and (C) were added dropwise into solution (A) at the 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 N2 atmosphere. For the synthesis step, the operating 

temperature was 30 °C. 

Solution (A) 

In a Schlenk flask equipped with a magnetic stirring bar, NaNO3 and NaOH were dissolved in 

degassed milli-Q water, as reported in section (1.11.1). 

Solution (B) 

In a Schlenk flask equipped with a magnetic stirring bar, 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 stirring bar, FeII(ClO4)2·6.8H2O, FeIII(NO3)3·9H2O, 

and NaNO3 were dissolved in degassed milli-Q water, as reported in section (1.11.1). 

 

Elemental analysis of purchased Fe(ClO4)2·nH2O, as found on the Aldrich site, allowed us to 

determinate that the composition was Fe(ClO4)2·6.8H2O. 

In the early synthesis attempts, we found that the chemicals for Solution (C) could not be 

mixed/prepared very long before use. In particular, when mixing FeIII(NO3)3·9H2O with 

FeII(ClO4)2·6.8H2O or even with NaNO3, we observed some type of redox reaction releasing a 

nonnegligible amount of NOx gases. Such a process may change the oxidation state of iron, 

probably by oxidizing FeII to FeIII , and affect the correct stoichiometry for the synthesis. 

The best way to avoid this side reaction is to prepare Solution (C) using the following procedure: 

weigh salts and place them in the Schlenk flask in the sequence Fe(NO3)3·9H2O, NaNO3, and 

finally Fe(ClO4)2·6.8H2O. After the last addition, immediately add the necessary amount of water. 

The side reaction occurred when the salts were in direct contact with each other, but no visible 

reaction was observed in solution. Moreover, to avoid any problems, it is better to prepare the 

solution immediately before use.  

Solution (B) and (C) were then loaded in two syringes and slowly added to solution (A), under 

stirring, over 30 min using a syringe pump. During this process, a black precipitate was instantly 

formed. While maintaining vigorous stirring, the suspension was divided with a graduated pipette 

into four 30 mL centrifuge tubes with screw caps. After the synthesis, the solution pH was still 13.  
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The nanoparticles were separated by centrifugation at 2750 rpm and washed four times with 

degassed milli-Q water. The washing procedure, as described 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 (diameter of 9 cm) Schlenk tube under a N2 

atmosphere. The nanoparticle washes were carried out in 30 mL centrifuge tubes closed with a 

screw cap to always maintain a N2 atmosphere. Every solution of dispersed nanoparticles was 

centrifuged to promote the separation of the liquid phase (aqueous solvent) from the solid one 

(nanoparticles). Following removal of the liquid phase with a pipette, the new washing solvent (10 

mL of degassed milli-Q water) was added to the nanoparticles. The suspension was stirred for 15 

min, sonicated for 15 min (to improve nanoparticle dispersion), and then centrifuged until complete 

separation occurred. At the fourth washing step, it was necessary to add 1 mL of a 0.24 M solution 

of NaClO4 (0.3371 g/10 mL) to reduce nanoparticle aggregation. Otherwise, the nanoparticles could 

not be separated from the solution. If the addition NaClO4 is not necessary, something has gone 

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

All manipulations were performed under a N2 atmosphere. For the protection step, the operating 

temperature was 40 °C. In a Schlenk flask, the organic acid (10-bromodecylphosphonic acid, 11-

bromoundecanoic, or others) was dissolved in a mixture of dichloroethane (40 mL) and methanol (2 

mL). This solution was added in equal parts to the four centrifuge tubes containing nanoparticles. A 

biphasic system formed, with the nanoparticles initially remaining in the upper aqueous phase. For 

protection with 10-bromodecylphosphonic acid (or generally with phosphonic acids), we found that 

it was better not to acidify the aqueous phase owing to the high acidity of these kinds of acids. 

Higher amounts of phosphonic acid linked to the nanoparticles were obtained without acidification. 

In this case, prolonged stirring was sufficient to cause migration of the nanoparticles from the 

aqueous phase to the organic layer. After stirring the samples overnight, the aqueous phase was 

removed and the organic layers of the four samples were washed with degassed milli-Q water (10 

mL each time) until the washing solution appeared clear and colorless (3–4 washes). The 

nanoparticles were then precipitated with degassed MeOH (10 mL) and washed four times with 

degassed MeOH (10 mL each time). The MeOH washing solution was evaporated in vacuo and the 

resulting residue (organic acid) weighed. The washing procedure was repeated until the amount of 

washed protecting agent was equal to or less than 6 mg per tube. Finally, the nanoparticles were 

dried in vacuo. The nanoparticles must be black before the protection phase and dark brown after 

protection.  
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1.12.4 General procedure for quantitative determination of protective 

organic acids on the particles by their destruction 

Approximately 100 mg of nanoparticles were chemically degraded by sonicating and stirring in 8 

mL of 6 M HCl until a clear yellow solution was obtained. The organic acid was extracted with 

CH2Cl2 (4 × 10 mL). The combined organic phases were dried over Na2SO4 and the solvent was 

evaporated in vacuo. The solid obtained was then analyzed by quantitative gravimetric 

determination.  

 

1.12.5 General procedure for GC analysis of protecting layers on the 

particles 

Long-chain carboxylic acids must be silanized for GC analysis. The silanization was performed 

by adapting a literature procedure.[51] In a test tube, the organic acid (10 mg) was dissolved in dry 

MeCN (1 mL) and naphthalene (10 mg) was added as an internal standard. Then, 20 � L of BSA 

(N,O-bis(trimethylsilyl)acetamide) and 1 � L of TMCS (trimethylchlorosilane) were added to the 

solution. TMCS works as a catalyst (5% of the amount of BSA). The solution was vigorously 

stirred for 30 s and then heated at 70 °C for 40 min. The solution was diluted with CH2Cl2 to 

achieve a naphthalene concentration of 0.1 mg/mL, and 1 � L of the diluted solution was injected 

into the gas chromatograph. 
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1.13 Preparation of Fe3O4 nanoparticles protected by organic acid 

1.13.1 Synthesis of Fe3O4 nanoparticles protected by 10-

bromodecylphosphonic acid 

 
 

 

 
 

  Reagent  
M.W. 

(g•mol-1) g V(mL) M (mol/L)  mmol Molar ratio  
NaNO3 84.99 19.3833 3.00 228.0 30.0 

A 
NaOH 40.00 0.3114 0.102 7.78 1.02 

  H2O 76 

B 
NaOH 40.00 2.4991 5.20 62.47 8.23 

H2O 12 

C 

FeII (ClO4)·6.8H2O 377.39 2.8668 1.00 7.59 1.00 

FeIII(NO3)3·9H2O 404.00 6.2036 2.02 15.35 2.02 

NaNO3 84.99 1.9398 3.00 22.82 3.00 

H2O 7.6 

 
 

The nanoparticles were synthesized, protected, and washed, as described in the general 

procedure.  

 

 Tube Reagent  
M.W. 

(g•mol-1) g V(mL) mmol Molar ratio  

1,2,3,4 
Br(CH2)10PO(OH)2 301.16 2.7492 9.12 1.2* 

MeOH( degassed) 2 

(CH2)2Cl2 (degassed) 40 

*Calculated on 1 of FeII moles. 

The nanoparticles were washed as reported in the general procedure and dried in vacuo. 
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A small amount of nanoparticles were treated to determinate the achieved protection level:  

Tube 

Amount of MNPs 

used for the analysis 

(g) 

Acid recovered (g) Protection level (%) 

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 an average protection level of 56.54%. The total 

amount of nanoparticles protected by 10-bromodecylphosphonic acid that we obtained was 2.4158 

g.  

Phosphonic acid showed poor solubility in dry dichloroethane, forming a dispersion. For this 

reason, we decided to mix dichloroethane with the minimum amount of MeOH capable of 

solubilizing the protecting agent. Tests were carried out by varying the amount of MeOH in the 

range of 20–2000 µL. The best amount was found to be 2 mL of MeOH in 40 mL CH2Cl2. 
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1.13.2 Synthesis of 10-bromodecylphosphonic acid  

 

 

 

Reagent  
MW 

(g•mol-1) g mol Molar ratio  V [mL] d[g/mL] 

Br(CH2)10Br 300.07 60.012 2.00·10-1 3.63 45 1.335 

P(OEt)3 
166.16 9.160 5.51· 10-2 1.00 9.5 0.969 

 

The reaction was performed under a N2 atmosphere. In a Schlenk flask, 1,10-dibromodecane and 

triethylphosphite were heated at 160 °C for 4 h. The completion of the reaction was checked by 

TLC (silica gel, 1:1 CH2Cl2/hexane, stained by I2 vapor). The 31P NMR spectrum of the reaction 

mixture showed only one signal at 32.6 ppm. 

 

 

 
 

Reagent MW 
(g•mol-1) 

g mol Molar 

ratio  

V [mL  d[g/mL]  

Br(CH2)10P(O)(OEt)2   5.51·10-2*  1.00   

HBr 48% 80.98  1.93×10-1 3.50 22.4 1.45 

Br(CH2)10P(O)(OEt)(OH) 329.47 11.5554 3.50·10-2 1.00   

HBr 48% 80.98 22.867 2.82·10-1 4.00 15.8 1.45 

*It was supposed that P(OEt)3 reacted completely. 

 

The reaction was performed under a N2 atmosphere. First, 22.4 mL of 48% HBr was added to the 

above reaction mixture, which was then heated to reflux for 20 h. The HBr solution was evaporated 

under vacuum and then 90 mL of hexane was added under stirring to eliminate excess 1,10-

dibromodecane. The formed suspension was then centrifuged. The obtained solid was washed with 

hexane (6 × 15 mL) and then dried in vacuo, affording 11.5554 g. 
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The 31P NMR spectrum showed two signals instead of one: 37.4 ppm (10-

bromodecylphosphonic acid) and 35.7 ppm (Br(CH2)10P(O)(OEt)(OH)). Thus, the hydrolysis was 

repeated by considering all of the obtained solid as the monophosphonic acid. 

In a Schlenk flask, 15.8 mL of 48% HBr was added to 11.5554 g of product and then heated to 

reflux for 24 h. The 31P NMR spectrum of the reaction mixture in CDCl3 showed one signal at 37.9 

ppm. The phosphonic acid was extracted with 400 mL of CH2Cl2, dried over Na2SO4, and filtered 

using a cannula. Rotary evaporation and drying in vacuo afforded 11.5684 g (3.84·10-2, 69.70% 

overall yield, m.p. 80–85 °C).  

 

Elemental analysis for C10H22BrO3P: calcd. C% 39.88, H% 7.36; found C% 40.68, H% 7.49. 
31P NMR (162 MHz, CDCl3, 300 K) d 37.9 ppm. (figure 18) 
1H NMR (400 MHz, CDCl3, 300 K) d 7.55 (bs, 2H, –OH), 3.42–3.49 (t, 2H, –CH2Br, J = 6.9 Hz), 

1.89–1.82 (m, 2H, –CH2CH2Br), 1.75–1.28 (m, 16H) ppm.(figure 19) 
13C NMR (100 MHz, CDCl3, 300 K) �  34.10 (s), 32.97 (s), 30.60 (s), 29.48 (s), 29.37 (s), 29.13 (s), 

28.86 (s), 28.30 (s), 25.35 (d, J = 144.3 Hz), 22.16 (s) ppm. (figure 20)
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Figure 18: 31P NMR (162 MHz, CDCl3, 298 K) spectrum of 10-bromodecylphosphonic acid. 
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Figure 19: 1H NMR (400 MHz, CDCl3, 298 K) spectrum of 10-bromodecylphosphonic acid. 
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Figure 20: 13C DEPT (100 MHz, CDCl3, 298 K) spectrum of 10-bromodecylphosphonic acid. 
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Figure 21: 1H-13C HSQC (300 MHz, CDCl3, 298 K) spectrum of 10-bromodecylphosphonic acid. 
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Figure 22: 1H-13C COSY (300 MHz, CDCl3, 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 ligand for transition metal ions commonly used in 

coordination chemistry. The Phen ligand, which behaves as a weak base in aqueous solution, is 

electron-poor and a relatively poor � -donor. Owing to its low � -donor ability, Phen is very stable. 

The important structural features of Phen are its planarity, rigidity, and hydrophobicity. The 1,10-

isomer is the most basic phenanthroline isomer, which can be attributed to intramolecular bonds 

between hydrogen and both nitrogen atoms that stabilize the conjugate acid. Scheme 1 shows some 

isomers of phenanthroline.  
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Scheme 1: Various phenanthroline isomers (1) 1,7-, (2) 1,10-, and 4,7-phenanthroline. 

 

The first phenanthroline isomer (1,7-isomer) was synthesized by Skraup and Vortmann in 

1882.[1] However, 2-methyl-1,10-phenanthroline was the first ortho-phenanthroline reported, as 

synthesized nine years later by Blau.[2] In nature, there are a few examples of naturally occurring 

phenanthrolinic skeletons,[3] such as in marine animals (Scheme 2).  



�

53 
�

 

 

Scheme 2  

 

There are many derivatives of Phen, but few are commercially available. Generally, the synthesis 

of substituted phenanthrolines is difficult and gives low yields. The classical method for the 

preparation of phenanthroline derivatives is the Skraup reaction. This reaction was first applied to 

the formation of quinoline, which was prepared by heating a mixture of aniline, nitrobenzene, 

glycerol, and sulfuric acid, but this reaction has the disadvantage of proceeding violently. Besides 

sulfuric acid, hydrochloric and phosphoric acids can also be employed, but afford lower yields. As 

an oxidizing agent, arsenic acid is apparently the best, but its toxicity discourages its use.  

In my thesis, we performed the synthesis of two phenanthrolines, the first being 4-MePhen. The 

first synthesis of 4-MePhen was published by Case.[4] In this synthesis, 8-aminolepidine and 

glycerol were reacted in the presence of diarsenic pentoxide but the yield was low at 15%. Over the 

subsequent years, other processes have been employed, but yields of less than 50% still presented a 

problem. Bernhard and coworkers[5] synthesized 4-MePhen in 51% yield using 8-aminoquinoline 

and methylvinylketone in the presence of sodium iodide as a catalyst,[6] as shown in Scheme 3. 

 

 

 

Scheme 3  
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The results of this synthesis demonstrated that the product was impure, and separation by 

chromatography on silica was required. For several years, our research group has studied 

phenanthrolines as ligands in catalysis. This previously reported synthesis was repeated by our 

group, but the synthesized phenanthroline was still very impure. For this reason, a purification 

method was developed using a zinc complex, which will be discussed later.  

The second phenanthroline derivative used in this thesis was 4-OH-Phen. The synthesis was 

performed in our research group by adapting the procedure reported in the literature.[7] Both 4-

MePhen and 4-OH-Phen could be immobilized on the protective layer of the MNPs and finally 

tested in catalysis. 

 

Results and Discussion 
 

2.2. Synthesis of 4-MePhen 

In this synthesis, we employed methyl vinylketone and 8-aminoquinoline in H2SO4 with 3-

nitrobenzenesulfonic acid as an oxidant (Scheme 4). The use this oxidant instead of NaI was 

motivated by the search for a reagent that affords a product with higher purity. The synthesized 

phenanthroline derivative was still impure (figure 29,30), but fewer colored impurities were present, 

as judged by the color of the product. In any case, purification of the product is still required.  

 

 

 

Scheme 4 

 

The purification method developed in our research group involves the formation of a complex 

with zinc chloride (Scheme 5). The first important feature of this process was finding an appropriate 

solvent. In this case, we required a solvent in which both ZnCl2 and the phenanthroline derivative 

have good solubility, but the complex is insoluble. The choice of a suitable solvent is very 

important, for example, methanol has too a low polarity to dissolve zinc chloride efficiently. 
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Further, polar and aprotic solvents, such as DMF and DMSO, could not be used because they 

strongly coordinate zinc, leading to its deactivation. Among the available solvents, ethylene glycol 

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

 

 

 

Scheme 5 

 

After formation of the complex, we performed two crystallizations, again using ethylene glycol. 

The free ligand was then obtained by treating the complex with aqueous ammonia (Scheme 6). The 

advantage of this process is that [Zn(NH3)4]
2+ is formed, which is soluble in the water phase, 

without forming any intermediate insoluble species, allowing recovery of the ligand by extraction 

with CH2Cl2. The final product (figure 31,32) is suitable for immobilization on the protective layer.  

 

 

 

 

Scheme 6 

 
1H NMR (300 MHz, CDCl3, 300 K): �  = 9.22 (dd, 3JH,H = 4.3 Hz and 4JH,H = 1.7 Hz, 1H, H9), 9.09 

(d, 3JH,H = 4.5 Hz, 1H, H2), 8.28 (dd, 3JH,H = 8.1 Hz and 4JH,H = 1.8 Hz, 1H, H7), 8.04 (d, 3JH,H = 9.1 

Hz, 1H, H5), 7.85 (d, 3JH,H = 9.1 Hz, 1H, H6), 7.64 (dd, 3JH,H = 4.3 and 8.1 Hz, 1H, H8), 7.50 (d, 
3JH,H = 4.5 Hz, 1H, H3), 2.81 (s, 3H, CH3) ppm. 
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2.3 Immobilization of 4-MePhen on the protective layer 

Immobilization of 4-MePhen on the protecting layer (Scheme 7) was achieved by adapting a 

reaction previously reported for the free ligand.[8] The methyl group at the 4 can be lithiated with 

LDA and then alkylated. 
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Scheme 7 

 

During this thesis, we initially changed the immobilization procedure systematically according to 

the conditions given in Table 6 because the initial attempt gave a low amount of immobilized 

phenanthroline on the protective layer of MNPs. Among the many attempts, the procedure that 

produced the best results was synthesis V (Table 6). In this synthesis, the nanoparticles were 

initially placed in a sonication bath for 14 h to prevent aggregation; principally, sonication acts to 

stabilize the nanoparticles, suggesting a physical process. During the various attempts, we showed 

the importance of the sonication time for successful immobilization owing to increased dispersion. 

This procedure was also performed with freshly synthesized MNPs to exclude the interpretation that 

aggregation of nanoparticles synthesized a long time previously led to the poor results. 

In the literature, functionalization as a consequence of a reaction is usually taken for granted and 

no tests are carried out to check that functionalization actually occurs or if secondary reactions also 

occur. As phenanthroline forms strong complexes with iron, we were worried about the possibility 

of this ligand being coordinated to the nanoparticle surface. The first attempt to verify the success 

of immobilization was performed using the procedure for quantification of the MNPs by 

destruction; however, it was not possible to use the same methodology because of problems with 

the formation of a red solution and undissolved material during the destruction with HCl. When we 

carry out the same procedure without phenanthroline, the obtained solution was yellow and no 
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precipitate appeared. We attributed these observations to the possible formation of ferroin. Other 

methods for verifying immobilization were tested, such as complexation with EDTA, potassium 

fluoride, or thiocyanate, but the results were not conclusive because iron/phenanthroline complexes 

could form after the reactions. 

Thus, to verify that immobilization actually occurred, we synthesized a Mo carbonyl complex on 

the protected MNPs, Mo(4-MePhen)(CO)4, recorded the IR spectrum, and compared the spectrum 

with that of a monomeric complex prepared from 4-MePhen under otherwise identical conditions. 

The complex was prepared by adapting a literature procedure for the corresponding complex of 

unsubstituted phenanthroline.[9] 

The IR spectrum of the complex with MNPs recorded in dry toluene (Figure 23) showed four 

bands at 2011 (w), 1900 (s), 1886 (m), and 1845 (m) cm-1. The bands in the carbonyl region were 

very intense, demonstrating the formation of the monomeric complex (Scheme 8). The spectrum of 

the nanoparticles after functionalization with phenanthroline and reaction with Mo(CO)6 in dry 

toluene was also recorded (Figure 24). The intensity of the absorption bands was lower owing to 

limited dispersibility, but the spectrum clearly showed four bands at 2009 (w), 1899 (s), 1877 (m), 

1839(m) cm-1. Taking into account that small differences in the frequencies are expected owing to 

the different environment around the complex and that the intensity pattern is the same for the two 

spectra, a comparison of these spectra proves that phenanthroline is bound to the nanoparticles in a 

way that allows further coordination to the nitrogen atoms, as desired (Scheme 9). 

 

 

 

Scheme 8 
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Figure 23: IR spectrum of monomeric complex Mo(4-MePhen)(CO)4 in toluene. 
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1H NMR (300 MHz, CDCl3) �  9.48 (d, J = 4.6 Hz, 1H, H9), 9.31 (d, J = 5.1 Hz, 1H, H2), 8.41 (d, J 

= 8.1 Hz, 1H, H7), 8.13 (d, J = 9.0 Hz, 1H, H5), 7.97 (d, J = 9.1 Hz, 1H, H6), 7.73 (dd, J = 8.1, 5.0 

Hz, 1H, H8), 7.57 (d, J = 5.1 Hz, 1H, H3), 2.90 (s, 3H, CH3) ppm. Attribution of the 1H NMR 

signals is based on the correspondence with those of the free ligand. (figure 33) 
13C NMR (75 MHz, CDCl3) �  223.34 (C), 205.46 (C), 153.29 (CH), 152.79 (CH), 146.27 (C), 

136.57(CH), 130.09 (C), 129.93 (C), 126.93 (CH), 125.73 (CH), 124.46 (CH), 123.77 (CH), 19.46 

(CH3) ppm. Signals corresponding to the carbonyl carbons could not be detected. (figure 34) 

 

 

Scheme 9 



�

59 
�

2050 2000 1950 1900 1850 1800 1750

1839
1877

1899

2009
A

bs
or

ba
nc

e

Wavemumber (cm-1)

 

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

MNPs in toluene. 

In an attempt to obtain a more defined spectrum for the supported particles, we recorded an ATR 

spectrum of the Mo carbonyl complex with the MNPs to verify the success of the immobilization 

(Figure 25). Although the spectrum is less defined than that in solution, it show signals at 2013(w), 

1899(s), 1868(m), and 1830 (m) cm-1, which again support efficient immobilization. 
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Figure 25: ATR spectrum of the Mo complex with 4-MePhen immobilized on the protective layer 

of MNPs. 
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Having clarified that phenanthroline was effectively bound to the nanoparticles, we turned to the 

problem of quantifying the extent of immobilization. Among the various existing techniques, we 

found that it was possible to use elemental analysis to quantify the amount of nitrogen present 

following immobilization, as the only source of nitrogen is 4-MePhen in the sample. We used this 

technique as an indication of the success of immobilization by comparing the value predicted for 

complete substitution of all bromine atoms by phenanthroline with the experimental values. 

Calculations allowed us to conclude that only about 45% of the bromine atoms were functionalized 

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

 

Table 6. Attempts to immobilize 4-MePhen on the protective layer. 

 

Synthesis 

  % C % H %N 

Ligand Calculated  Found  Calculated  Found  Calculated  Found  

I 4-MePhena 42.41 25.44 4.81 4.29 4.30 0.13 

II 4-MePhena 42.41 25.11 4.81 4.33 4.30 0.19 

III 4-MePhena 42.41 30.22 4.81 4.44 4.30 1.48 

IV 4-MePhena 42.41 32.89 4.81 4.47 4.30 2.26 

V 4-MePhena 42.41 31.97 4.81 4.40 4.30 2.28 

VI 4-MePhenb 42.41 31.39 4.81 4.27 4.30 2.04 

a) In the syntheses I-V   a 1.5 excess of 4-MePhen with respect to the estimated bromine content in the protective layer 
was used. 
b) In synthesis VI a 3.0 excess of 4-MePhen with respect to the estimated bromine content in the protective layer was 
used.. 
 

In synthesis VI (Table 6), we tested the immobilization process with a three-fold excess of 4-

MePhen with respect to the protective layer under the same conditions as the other attempts. These 

conditions were expected to result in about twice the extent of immobilization achieved in synthesis 

V. However, the immobilization unfortunately did not have the expected result. The conditions for 

immobilization are extremely delicate and any small changes interfere dramatically with the results, 

making reproducibility difficult. Although only approximately 50% immobilization was achieved, 

as demonstrated in synthesis V, we proceeded to test these nanoparticles in catalysis.  
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We also considered a different way of attaching phenanthroline to the nanoparticle surface by 

taking advantage of a substitution reaction between a bound alkyl bromide and a phenolate anion. 

For this reason, we synthesized 4-OH-Phen, in the hope that a better functionalization level could 

be achieved. 

 

2.4 Synthesis of 4-OH-Phen  

4-OH-Phen was prepared by adapting the literature procedure.[7] 8-Aminoquinoline was initially 

treated with Meldrum’s acid in triethyl orthoformate (first step) to give an adduct that cyclizes to 4-

OH-Phen on refluxing in diphenyl ether (second step) (Scheme 10). The synthesis procedure is 

faster in comparison with that of 4-MePhen and moreover, no purification is needed. The obtained 

product can be used directly for immobilization on the protective layer. 

 

 

 

 

Scheme 10 
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First Step: 1H NMR (300 MHz, CDCl3, 300 K) �  12.86 (br d, 3JH,H = 14.9 Hz, 1H, NH), 9.02 (dd, 
3JH,H = 4.2 Hz and 4JH,H = 1.6 Hz, 1H, H2), 8.94 (d, 3JH,H = 14.9 Hz, 1H, H-olefinic), 8.23 (dd, 3JH,H 

= 8.3 Hz and 4JH,H = 1.6 Hz 1H, H4), 7.73–7.69 (m, 2H, H5 and H7), 7.61 (ps t, 3JH,H = 7.8 Hz, 1H, 

H6), 7.56 (dd, 3JH,H = 8.3 and 4.2 Hz, 1H, H3), 1.80 (s, 6H, CH3) ppm. 

� �

��

� � �

�

 

 

Second Step: 1H NMR (300 MHz, CDCl3, 300 K) �  10.47 (br, 1H, NH), 8.93 (dd, 3JH,H = 4.3 Hz 

and 4JH,H = 1.6 Hz, 1H, H9), 8.42 (d, 3JH,H = 8.9 Hz, 1H, H5), 8.28 (dd, 3JH,H = 8.2 Hz and 4JH,H = 1.6 

Hz, 1H, H7), 7.85 (dd, 3JH,H = 7.5 and 5.8 Hz, 1H, H2), 7.67 (d, 3JH,H = 8.9 Hz, 1H, H6) overlapping 

with 7.64 (dd, 3JH,H = 8.2 and 4.3 Hz, 1H, H8), 6.57 (dd, 3JH,H = 7.5 Hz and 4JH,H = 1.6 Hz, 1H, H3) 

ppm.  

 

2.5 Immobilization of 4-OH-Phen on the protective layer  

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

literature.[10]  

 

 

Scheme 11 

As for the 4-MePhen immobilization procedure, we carried out several attempts to immobilize 4-

OH-Phen on MNPs. Even the initial results realized better substitution efficiency than that achieved 

with the methylated phenanthroline. The first attempt was performed using sodium hydride and 4-

OH-Phen in a DMF/THF solvent mixture, as reported in the literature.[9] The MNPs were first put in 
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a sonication bath for 8 h, and then transferred to an equilibrated dropping funnel and slowly 

dropped into a solution containing the phenanthroline. In the second attempt, the influence of 

temperature was tested. After addition of the reagents, the reaction was heated and, as a result, the 

amount of bound phenanthroline doubled, but the results were still below the expectations. 

We returned to the initial idea on the importance of sonicating the nanoparticles, and the best 

conditions confirmed the importance of this physical process. Immediately after addition of MNPs 

to 4-OH-Phen, we placed the reaction flask in a sonication bath overnight. This procedure differs 

with respect to previous attempts, even with 4-MePhen, in that only the nanoparticles had been 

sonicated in those cases. The best results (Table 7, synthesis V) confirmed the success of the 

immobilization process. 

To verify the success of this immobilization process, we used the same procedures as previously 

described. We synthesized a Mo carbonyl complex on the protected MNPs, recorded the IR 

spectrum, and compared the obtained spectrum with that of a monomeric complex prepared from 4-

MeO-Phen under otherwise identical conditions (Scheme 12). The bands in the carbonyl region 

were very intense, demonstrating the formation of the monomeric complex (Scheme 12). The 

spectrum of the monomeric complex in dry toluene (Figure 26) showed four bands at 2011 (w), 

1898 (s), 1883 (m), and 1843 (m) cm-1. Similar to other verifications, the bands in the carbonyl 

region were very intense, demonstrating the formation of the monomeric complex. The spectrum of 

the complex with the protected MNPs in dry toluene (Figure 27) showed four bands at 2008 (w), 

1895 (s), 1869 (m), and 1829(m) cm-1. The similarity between these spectra again proves that the 

phenanthroline is bound to the nanoparticles in a way that allows further coordination to the 

nitrogen atoms, as desired. 

 

 

 

Scheme 12 
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Figure 26: IR spectrum of the monomeric Mo carbonyl complex with 4-MeO-Phen in toluene. 

 
1H NMR (300 MHz, CDCl3) �  9.44 (t, J = 8.7 Hz, 1H, H9), 9.24 (d, J = 5.7 Hz, 1H, H2), 8.39 (d, J 

= 8.0 Hz, 1H, H7), 8.29 (t, J = 12.3 Hz, 1H, H5), 7.88 (t, J = 11.9 Hz, 1H, H6), 7.70 (dd, J = 7.7, 

5.0 Hz, 1H, H8), 7.12 (d, J = 5.7 Hz, 1H, H3), 4.20 (s, 3H, OCH3) ppm. (figure 35) 

 
13C NMR (75 MHz, CDCl3) �  223.28 (C), 222.73 (C), 205.31 (C), 162.77 (C), 154.18 (CH), 152.77 

(CH), 146.87 (C), 146.21 (C), 136.36 (CH), 129.91 (C), 125.68 (CH), 124.20 (CH), 122.17 (C), 

121.19 (CH), 104.79 (CH), 56.95 (CH3) ppm. (figure 36) 

 

 

 

Scheme 13 
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Figure 27: IR spectrum of the Mo carbonyl complex with the 4-OH-Phen on the protective layer of 

MNPs in toluene. 

We also recorded the ATR spectrum of the Mo carbonyl complex on the protected MNPs 

(Scheme 13) to further prove the success of immobilization (Figure 28). The ATR spectrum showed 

signals at 2010 (w), 1895 (s), 1869 (m), and 1829 (m) cm-1, which are very close to the values for 

the solution spectrum.  
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Figure 28: ATR spectrum of the Mo carbonyl complex 4-OH-Phen on the protective layer of 

MNPs. 
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We then used elemental analysis to compare the values predicted for complete substitution of all 

bromine atoms by phenanthroline with the experimental values. 

 

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

 

Synthesis 

  % C % H %N 

Ligand Calculated  Found  Calculated  Found  Calculated  Found  

I 4-OH-Phena 39.25 33.63 4.34 5.08 4.16 0.79 

II 4-OH-Phenb 39.25 25.22 4.34 2.89 4.16 1.54 

III 4-OH-Phen b 39.25 27.65 4.34 3.41 4.16 2.77 

IV 4-OH-Phenb 39.25 36.50 4.34 4.35 4.16 3.72 

V 4-OH-Phenb 39.25 37.57 4.34 4.45 4.16 3.95 

a) In the syntheses I,  a 1.5 excess of 4-OHPhen  with respect to the estimated bromine content in the protective 
layer was used 

b) a) In the syntheses II-V   a 3.0 excess of 4-OHPhen with respect to the estimated bromine content in the 
protective layer was used. 
 

 

2.6 Coordination of Pd(OAc)2 to nanoparticles  

 

 

 

Scheme 14 

 

We carried out various tests to examine palladium coordination to the functionalized 

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

palladium in excess to phenanthroline immobilized on the protective layer were examined. The best 
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results, as determined from the results of catalytic tests, were obtained when the coordination was 

carried out at RT using THF as the solvent and a four-fold excess of palladium with respect to 

phenanthroline immobilized on the protective layer. The same coordination procedure was used for 

both phenanthroline derivatives.  

After coordination with palladium, the nanoparticles were separated and washed several times 

until the amount of extracted solid was less than 2 mg 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  

 
 

Reagent 
 

M.W 
(g•mol-1) 

g mmol Molar ratio  V [mL]  d[g/mL]  

8-aminoquinoline (98%) 144.17 1.94 13.5 1 
  

1-Buten,3one (99%) 70.1 
 

22.9 1.7 2.0a 0.842 

3-nitrobenzenesulfonic acid (98%) 225.16 6.37 28.3 2.1 
  

H2SO4 (75%) 
    

50 
 

a slight excess over the theoretical calculation. 

Sulfuric acid, 8-aminoquinoline, and 3-nitrobenzenesulfonic acid were added under stirring to a 

250 mL three-neck round bottom flask. The suspension was heated to 90 °C to help dissolve the 

reagents. Once the reagents were dissolved, the temperature was increased to 110 °C. At this 

temperature, 1-butene-3-one was slowly added over 6 h using a syringe pump. After the addition, 

the solution was stirred for a further hour and then neutralized with a 5 M NaOH solution. The 

solution was extracted with CH2Cl2 (4 × 200 mL) and re-extracted with 37% HCl (3 × 25 mL). The 

solution was returned to a basic pH with the addition of 65 mL of 9 M NaOH solution. The solution 

was then extracted with CH2Cl2 (3 × 70 mL), and the product was dried over Na2SO4. The solvent 

was evaporated under vacuum affording 1.88 g (9.68 mmol, 71.70%) of the crude product (see 

Figures 29 and 30 for the corresponding 1H NMR spectrum).  
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Figure 29: 1H NMR (400 MHz, CDCl3, 298 K) spectrum of impure 4-MePhen. 
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Figure 30: Expanded 1H NMR (400 MHz, CDCl3, 298 K) spectrum of impure 4-MePhen. 
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2.8 Purification of the 4-MePhen 

2.8.1 Complexation 

 
 

Reagent 
 

M.W 
(g•mol-1) 

g mmol Molar ratio  V [mL] d[g/mL] 

Raw Product a 194.24 1.88 9.68 1 
  

ZnCl2 136.30 1.98 14.5 1.5 
  

a It was considered that the product obtained was only the  phenanthroline. 

The raw product and ethylene glycol (5 mL) were added to a 50 mL round bottom flask. The 

reaction mixture was heated at 55 °C for 1 h. In another 50 mL round bottom flask, ZnCl2 was 

dissolved in ethylene glycol (5 mL). The second solution was then added to the first one under 

stirring. After the addition, the temperature was increased to 100 °C and the reaction mixture was 

maintained at this temperature for 1 h. Subsequently, the formed suspension was allowed to cool to 

RT under stirring. The obtained suspension was diluted with 5 mL of MeOH to decrease the 

viscosity and facilitate filtration. The final product was separated by filtration on a Buchner funnel 

and washed with ethyl ether (3 × 5 mL). The solvent was evaporated under vacuum affording 3.52 g 

of the zinc complex (10.6 mmol, 91.0%, assuming the starting 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 complex in ethylene glycol at reflux for 3 h. 

Subsequently, the solution was allowed to cool to RT and 10 mL of MeOH was added. The solid 

was separated by filtration on a Buchner funnel, washing with a little ethyl ether. This procedure 

was repeated two times. The first crystallization yielded 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 

 

 
 

Reagent 
 

M.W 
(g•mol-1) 

g mmol Molar ratio  V [mL] d[g/mL] 

Complex 330.54 2.36 7.14 
   

NH3 28% 
    

23.6 
 

CH2Cl2     
23.6 

 

 

To a flask containing the complex were added NH3 and CH2Cl2, and the biphasic mixture was 

stirred for 16 h. During this time, zinc passed into the aqueous phase as its ammonia complex, 

whereas free 4-MePhen remained in the organic phase. After separation of the phases, the aqueous 

phase was further extracted with CH2Cl2 (3 × 15 ml). The combined organic extracts were dried 

over Na2SO4. The solvent was evaporated under vacuum affording 1.0769 g (5.55 mmol, 77.73%) 

of free purified ligand. 

 
1H NMR (300 MHz, CDCl3) �  9.22 (dd, 3JH,H = 4.3 Hz and 4JH,H = 1.7 Hz, 1H, H9), 9.09 (d, 3JH,H = 

4.5 Hz, 1H, H2), 8.23 (dd, 3JH,H = 8.1 Hz and 4JH,H = 1.8 Hz, 1H, H7), 8.07�(d, 3JH,H = 9.1 Hz, 1H, 

H5), 7.83�(d, 3JH,H = 9.1 Hz, 1H, H6), 7.64 (dd, 3JH,H = 4.3 and 8.1 Hz, 1H, H8), 7.49 (d, 3JH,H = 4.5 

Hz, 1H, H3), 2.81 (s, 3H, CH3) ppm. (figure 31, 32) 
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Figure 31: 1H NMR (300 MHz, CDCl3 298 K) spectrum of purified 4-MePhen.  



�

75 
�

	��	��	��	��	��	�		�
	��
��
��
��
��
��
��
��
�	
�

��������������
��
�����

	��
�

	��
�

	��
�

	��
�

	��
�

	��
�

	��
	

	�

�

	�

�


��
�


��
�


��
�


��



���
�

���
�

���
�

���
�

�

�
Figure 32: Expanded 1H NMR (300 MHz, CDCl3, 298 K) spectrum of purified 4-MePhen. 
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2.9 Immobilization of 4-MePhen on the protective layer  

2.9.1 Test I 

 
 

 

Reagent 
M.W 

(g•mol-1) 
mg mmol 

Molar 

ratio 
V [mL] d[g/mL] 

4- MePhen 194.24 109.8 0.5653 1.5   

THF dry     16 + 5  

LDA (2M) 107.12  0.678 1.8 0.340 0.812 

 
301.16 113.5a 0.3769 1   

a Amount of functionalized phosphonic acid bound to 200.8 mg of nanoparticles  (protection level 
56,54 %) 

 

The reaction was performed under a N2 atmosphere, and 4-MePhen used in the synthesis was 

dried. To a 50 mL Schlenk tube were added 200.8 mg of protected MNPs and 5 mL of THF, and the 

dispersion was sonicated for 4 h. To another 50 mL Schlenk tube were added 109.8 mg of 4-

MePhen and 16 mL of THF. The latter solution was cooled with an acetone/dry ice bath. When the 

temperature reached -78 °C, 0.340 mL of LDA (2 M) were added in one shot to the 4-MePhen 

solution, after which the solution was left to stir at the same temperature for 1 h. Then, it was 

transferred to a dropping funnel using a Teflon cannula.  

In this first immobilization attempt, lithiated 4-MePhen was added to the MNP dispersion. The 

dropwise addition lasted 3 h, and the temperature was maintained at -78 °C. After the addition, the 

temperature was increased to 0 °C and the solution was left at this temperature for 2 h under 

stirring. Then, the solution was allowed to reach RT overnight. The next morning, the reaction was 

stopped by adding 4 mL of Milli-Q water. Then, the obtained product was subjected to the washing 
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process. For such processes, magnetic separation with magnets could be used in addition to 

centrifugation. After the initial separation, the first wash was performed by adding 10 mL of Milli-

Q water, stirring (10 min), sonicating (15 min), and finally separating. This same procedure was 

repeated with MeOH (3 × 10 mL), THF (10 mL), and CH2Cl2 (10 mL). After the washing process, 

the solid was dried in vacuo, affording 151.0 mg.  

 

Elemental analysis was carried out to analyze the effectiveness of immobilization. 

Calculated: C% 42.41, H% 4.81, N% 4.30. 

Found: C% 25.44, H% 4.29, N% 0.13. 
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2.9.2 Test II 

 
 

 

Reagent 
M.W 

(g•mol-1) 
mg mmol 

Molar 

ratio 
V [mL] d[g/mL] 

4- MePhen 194.24 218.7 1.12 1.5   

THF dry     32+10  

LDA (2M) 107.12  1.35 1.8 0.680 0.812 

 
301.16 226.4a 0.75 1   

a Amount of functionalized phosphonic acid bound to 400.5 mg of nanoparticles (protection level 56,54 %) 

 
The reaction was performed under a N2 atmosphere, and 4-MePhen used in the synthesis was 

dried. In a 50 mL Schlenk tube, 400.5 mg of protected MNPs were put in a sonication bath for 6 h. 

In another 100 mL Schlenk tube, 218.7 mg of 4-MePhen was added to 32 mL of THF under 

agitation. When the temperature reached -78 °C, 0.680 mL of LDA (2 M) was added to 4-MePhen 

and the solution was maintained at this temperature under stirring for 1 h.  

In this second immobilization attempt, the order of addition was inverted. In this case, the MNPs 

were added dropwise into the 4-MePhen/LDA solution over 2 h at -78 °C. Subsequently, the 

reaction mixture was allowed to reach RT overnight. The next morning, the reaction was refluxed 

for 2 h. After returning to RT, the reaction was stopped by adding 8 mL of Milli-Q water. Then, the 

obtained product was subjected to the washing process. For such processes, magnetic separation 

with magnets could be used in addition to centrifugation. After the initial separation, the first wash 

was performed by adding 20 mL of Milli-Q water, stirring (10 min), sonicating (15 min), and 

finally separating. This same procedure was repeated with MeOH (3 × 10 mL), THF (20 mL), and 

CH2Cl2 (20 mL). After the washing process, the solid was dried in vacuo, affording 290.4 mg. 
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Elemental analysis was carried out to analyze the effectiveness 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 III 

 

 
 

Reagent 
M.W 

(g•mol-1) 
mg mmol 

Molar 

ratio 
V [mL] d[g/mL] 

4- MePhen 194.24 110.3 0.564 1.5   

THF dry     16+5  

LDA (2M) 107.12  0.675 1.8 0.340 0.812 

 
301.16 113.2a 0.375 1   

a Amount of functionalized phosphonic acid bound to 200.3 mg of nanoparticles  (protection level 56,54 %) 

 

The reaction was performed under a N2 atmosphere, and 4-MePhen used in the synthesis was 

dried. In a 50 mL Schlenk tube, 200.3 mg of protected MNPs were put in a sonication bath for 8 h. 

In another 50 mL Schlenk tube, 110.3 mg of 4-MePhen was added to 16 mL of THF under 

agitation. When the temperature reached -78 °C, 0.340 mL of LDA (2 M) was added to 4-MePhen 

in one shot and the solution was maintained at this temperature under stirring for 1 h. The MNPs 

were then added dropwise into the 4-MePhen/LDA solution over 2 h at -78 °C. Subsequently, the 

temperature was allowed to reach RT overnight. The next morning, the reaction was refluxed for 2 

h. After returning to RT, the reaction was stopped by adding 4 mL of Milli-Q water. Then, the 

obtained product was subjected to the washing process. For such processes, magnetic separation 

with magnets could be used in addition to centrifugation. After the initial separation, the first wash 

was performed by adding 10 mL of Milli-Q water, stirring (10 min), sonicating (15 min), and 

finally separating. This same procedure was repeated with MeOH (3 × 10 mL), THF (10 mL), and 

CH2Cl2 (10 mL). After the washing process, the solid was dried in vacuo, affording 153.4 mg. 
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Elemental analysis was carried out to analyze the effectiveness 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 
 

 
 

 

Reagent 
M.W 

(g•mol-1) 
mg mmol 

Molar 

ratio 
V [mL] d[g/mL] 

4- MePhen 194.24 110.9 0.570 1.5   

THF dry     16+5  

LDA (2M) 107.12  0.676 1.8 0.340 0.812 

 
301.16 112.8a 0.375 1   

a Amount of functionalized phosphonic acid bound to 200.0 mg of nanoparticles (protection level 56,46 %) 

 

The reaction was performed under a N2 atmosphere, and 4-MePhen used in the synthesis was 

dried. In a 50 mL Schlenk tube, 200.0 mg of protected MNPs (freshly synthesized) was put in a 

sonication bath for 10 h. In another 50 mL Schlenk tube, 110.9 mg of 4-MePhen was added to 16 

mL of THF under stirring. When the temperature reached -78 °C, 0.340 mL of LDA (2 M) was 

added to 4-MePhen in one shot and the solution was left at this temperature under stirring for 1 h. 

The MNPs were then added dropwise into the 4-MePhen/LDA solution over 2 h at -78 °C. 

Subsequently, the temperature was allowed to reach RT overnight. The next morning, the reaction 

was refluxed for 2 h. After returning to RT, the reaction was stopped by adding 4 mL of Milli-Q 

water. Then, the obtained product was subjected to the washing process. For such processes, 

magnetic separation with magnets could be used in addition to centrifugation. After the initial 

separation, the first wash was performed by adding 10 mL of Milli-Q water, stirring (10 min), 

sonicating (15 min), and finally separating. This same procedure was repeated with MeOH (3 × 10 
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mL), THF (10 mL), and CH2Cl2 (10 mL). After the washing process, the solid was dried in vacuo, 

affording 112.5 mg. 

 

Elemental analysis was carried out to analyze the effectiveness 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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2.9.5 Test V 

 

 
 

 

Reagent 
M.W 

(g•mol-1) 
mg mmol 

Molar 

ratio 
V [mL] d[g/mL] 

4- MePhen 194.24 104.5 0.538 1.5   

THF dry     16+5  

LDA (2M) 107.12  0.646 1.8 0.330 0.812 

 
301.16 108.3a 0.359 1   

aAmount of functionalized phosphonic acid bound to 200.7 mg of nanoparticles (protection level 54%) 

 

The reaction was performed under a N2 atmosphere, and 4-MePhen used in the synthesis was 

dried. In a 50 mL Schlenk tube, 200.7 mg of protected MNPs (freshly synthesized) was put in a 

sonication bath for 14 h. In another 50 mL Schlenk tube, 104.5 mg of 4-MePhen was added to 16 

mL of THF under stirring. When the temperature reached -78 °C, 0.330 mL of LDA (2 M) was 

added to 4-MePhen in one shot and the solution was left at this temperature under stirring for 1 h. 

The MNPs were then added dropwise into the 4-MePhen/LDA solution over 2 h at -78 °C. 

Subsequently, the temperature was allowed to reach RT overnight. The next morning, the reaction 

was refluxed for 2 h. After returning to RT, the reaction was stopped by adding 4 mL of Milli-Q 

water. Then, the obtained product was subjected to the washing process. For such processes, 

magnetic separation with magnets could be used in addition to centrifugation. After the initial 

separation, the first wash was performed by adding 10 mL of Milli-Q water, stirring (10 min), 

sonicating (15 min), and finally separating. This same procedure was repeated with MeOH (3 × 10 
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mL), THF (10 mL), and CH2Cl2 (10 mL). After the washing process, the solid was dried in vacuo, 

affording 114.6 mg. 

 

Elemental analysis was carried out to analyze the effectiveness 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 

 

 
 

 

Reagent 
M.W 

(g•mol-1) 
mg mmol 

Molar 

ratio 
V [mL] d[g/mL] 

4- MePhen 194.24 313.3 1.614 3.0a   

THF dry     46+7.5  

LDA (2M) 107.12  1.936 3.6 0.970 0.812 

 
301.16 162.0b 0.538 1   

a The calculation was made considering the excess of (3 X) of the 4-MePhen in respect to the acid of the protective 
layer. bAmount of functionalized phosphonic acid bound to 300.1 mg of nanoparticles (protection level 54%) 
 

The reaction was performed under a N2 atmosphere, and 4-MePhen used in the synthesis was 

dried. In a 50 mL Schlenk tube, 300.1 mg of protected MNPs were put in a sonication bath for 14 h. 

In another 100 mL Schlenk tube, 313.3 mg of 4-MePhen was adding to 46 mL of THF under 

stirring. When the temperature reached -78 °C, 0.970 mL of LDA (2 M) was added to 4-MePhen in 

one shot and the solution was left at this temperature under stirring for 1 h. The MNPs were then 

added dropwise into the 4-MePhen/LDA solution over 2 h at -78 °C. Subsequently, the temperature 

was allowed to reach RT overnight. The next morning, the reaction was refluxed for 2 h. After 

returning to RT, the reaction was stopped by adding 10 mL of Milli-Q water. Then, the obtained 

product was subjected to the washing process. For such processes, magnetic separation with 

magnets could be used in addition to centrifugation. After the initial separation, the first washing 

was performed by adding 28 mL of Milli-Q water, stirring (10 min), sonicating (15 min), and 

finally separating. This same procedure was repeated with MeOH (3 × 28 mL), THF (28 mL), and 

CH2Cl2 (28 mL). After the washing process, the solid was dried in vacuo, affording 246.7 mg. 
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Elemental analysis was carried out to analyze the effectiveness 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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2.10 Synthesis of [Mo(CO)4(4-MePhen)] 

 

�����	 �
�

� �

�� �

!�" ��#$�%� ��
��

��

��

� �

�

�
 

 

Reagent M.W(g•mol-1) mg mmol 
Molar 

ratio 
V [ml] d[g/mL] 

4- MePhen 194.24 24.5 0.126 1.1   

Mo(CO)6 264.0 30.2 0.114 1.0   

Toluene     4  

 

The reaction was performed under a N2 atmosphere. In an oven-dried Schlenk flask, Mo(CO)6 

was dissolved in 2 mL of dry toluene. In another oven-dried Schlenk flask, 20.0 mg of 4-MePhen 

was dissolved in 2 mL of dry toluene. The molybdenum complex solution was added to the 4-

MePhen solution, and then heated stepwise (30, 60, and 90 °C). After approximately 30 min, when 

temperature reached 90 °C, the solution was maintained at the same temperature for 3 h. Then, the 

solution was cooled and the solvent evaporated in vacuo. The obtained solid was dissolved in 1 mL 

of dry CHCl3 and 1 mL of hexane with gentle warming (~30 °C), after which the solution was 

transferred in a centrifuge tube (still under N2) and left to cool. A solid precipitated, which was 

separated by centrifugation and dried in vacuo, affording 39.2 mg (84.5% yield).  

 

IR (toluene): 2011 (w), 1900 (s), 1886 (m), 1845 (m) cm-1. 

 
1H NMR (300 MHz, CDCl3) �  9.48 (d, J = 4.6 Hz, 1H, H9), 9.31 (d, J = 5.1 Hz, 1H, H2), 8.41 (d, J 

= 8.1 Hz, 1H, H7), 8.13 (d, J = 9.0 Hz, 1H, H5), 7.97 (d, J = 9.1 Hz, 1H, H6), 7.73 (dd, J = 8.1, 5.0 

Hz, 1H, H8), 7.57 (d, J = 5.1 Hz, 1H, H3), 2.90 (s, 3H, CH3) ppm. Attribution of the 1H NMR 

signals is based on the correspondence with those of the free ligand. (figure 33) 
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13C NMR (75 MHz, CDCl3) �  223.34 (C), 205.46 (C), 153.29 (CH), 152.79 (CH), 146.27 (C), 

136.57 (CH), 130.09 (C), 129.93 (C), 126.93 (CH), 125.73 (CH), 124.46 (CH), 123.77 (CH), 19.46 

(CH3) ppm. Signals corresponding to the carbonyl carbons could not be detected. (figure 34) 
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Figure 33: 1H NMR (300 MHz, CDCl3, 298 K) spectrum of Mo(CO)4(4-MePhen) in CDCl3.  
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 Figure 34: 13C DEPT (75 MHz, CDCl3, 298 K) spectrum of Mo(CO)4(4-MePhen) in CDCl3. 
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2.11 Reaction of Mo(CO)6 with 4-MePhen immobilized on the 

protective layer  

 

 

 

 

 

Reagent M.W 

(g•mol-1) 

mg mmol Molar 

ratio 

V [ml] d[g/mL] 

 

414.4 15.9a 0,038 1   

Mo(CO)6 264.0 20.2 0,076 2   

Toluene     4  
aAmount of functionalized phosphonic acid bound to 28.2 mg of nanoparticles  (protection level 56.54%) 

 

The reaction was performed under a N2 atmosphere. In an oven-dried Schlenk flask, Mo(CO)6 

was dissolved in 2 mL of dry toluene. In another over-dried Schlenk tube, 28.2 mg of immobilized 

nanoparticles was dispersed in 2 mL of dry toluene and then put in a sonication bath for 3 h. 

Following sonication, the molybdenum complex solution was added to the MNP dispersion and 

heated at 90 °C for 3 h. Then, 1 mL of the nanoparticle solution was evaporated and another 1 mL 

of dry toluene was added. Subsequently, the IR spectrum of the solution was recorded under a N2 

atmosphere: 2009 (w), 1889 (s), 1877 (m), and 1839(m) cm-1. The ATR spectrum showed signals at 

2013(w), 1899(s), 1868(m), and 1830 (m) cm-1. The total amount of isolated solid was 27.0 mg. 

N N

+ Mo(CO)6

90°C

dry Toluene Mo
OC

OC

CO

CO

N

N (CH2)10 P

O

O

O
Fe3O4

(CH2)10

P
OO

O
Fe3O4
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2.12 Coordination of Pd(OAc)2 to 4-MePhen immobilized on the 

protective layer  

 

 

 

Reagent M.W(g•mol-1) mg mmol 
Molar 

ratio 
V [ml] d[g/mL] 

 
414.4 54.0a 0.13 1   

Pd(OAc)2 224.51 116.8 0.52 4   

THF     12  

 aAmount of functionalized phosphonic acid bound to 100.0 mg of nanoparticles  (protection level 54%) 

The reaction was performed under a N2 atmosphere. In an oven-dried Schlenk flask, Pd(OAc)2 

was dissolved in 7 mL of dry THF. In another oven-dried Schlenk tube, 100.0 mg of 

phenanthroline-functionalized nanoparticles was dispersed in 5 mL of dry THF. To obtain a good 

dispersion, it was necessary to sonicate and stir for some hours. The palladium complex was then 

added to the nanoparticles, and the mixture was left to stir for 16 h at RT.  

The nanoparticles can be separated magnetically or by centrifugation. In this case, we used 

centrifugation to optimize the process time and avoid loss of material, and washed the sample with 

dry THF (2 mL for each wash) several times. The washing procedure is the same as that used for 

washing nanoparticles, as described in Chapter 1, and consists of agitation, sonication, and 

separation. The washing procedure was repeated until the amount 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) 
 

 
 

Reagent M.W(g•mol-1) g mmol 
Molar 

ratio 
V [ml] d[g/mL] 

8-aminoquinoline 144.17 2.905 20.14 1   

Meldrum`s acid 114.13 3.501 24.29 1.2   

CH(OCH3)3 106.12  311 15.4 34 0.97 

 

The synthesis was performed by adapting the literature procedure.[7] In an oven-dried Schlenk 

flask, a solution of Meldrum’s acid in trimethyl orthoformate was refluxed for 2 h under N2. The 

resulting yellow solution was allowed to cool (~60 °C). Aminoquinoline was then added, and the 

solution was heated to reflux for 1.5 h. The completion of the reaction was checked by TLC 

(alumina, 1:1 CH2Cl2/THF). After cooling to RT, an abundant yellow precipitate formed. The 

solvent was removed by rotary evaporation and the resulting solid was recrystallized from ethanol 

(40 mL). The yellow solid was separated by filtration on a Buchner funnel, washed with a small 

amount of cold ethanol, and dried in vacuo. The yield of the adduct was 4.6779 g (16.17 mmol, 

80.3%). 

 
1H NMR (300 MHz, CDCl3, 300 K) �  12.86 (br d, 3JH,H = 14.9 Hz, 1H, NH), 9.02 (dd, 3JH,H = 4.2 

Hz and 4JH,H = 1.6 Hz, 1H, H2), 8.94 (d, 3JH,H = 14.9 Hz, 1H, H-olefinic), 8.23 (dd, 3JH,H = 8.3 Hz 

and 4JH,H = 1.6 Hz 1H, H4), 7.73–7.69 (m, 2H, H5 and H7), 7.61 (ps t, 3JH,H = 7.8 Hz, 1H, H6), 7.56 

(dd, 3JH,H = 8.3 and 4.2 Hz, 1H, H3), 1.80 (s, 6H, CH3) ppm. (figure 35,36) 
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Figure 35: 1H NMR (300 MHz, CDCl3, 298 K) spectrum of after the first step in synthesizing 4-OH-Phen. 
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Figure 36: Expanded 1H NMR (300 MHz, CDCl3, 298 K) spectrum of after the first step in synthesizing 4-OH-Phen. 

- 
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2.13.1 Synthesis of 4-OH-Phen (second step) 
 

Reagent M.W(g•mol-1) g mmol 
Molar 

ratio 
V [ml] d[g/mL] 

1 289.29 4.6779 16.17    

Diphenylether     200  

 

The synthesis was performed by adapting the literature procedure.[7] Adduct 1 was refluxed in 

diphenyl ether under vigorous stirring for 1 h. The mixture was allowed to cool and 100 mL of 

petroleum ether (40–60 °C fraction) was added. The brown precipitate that formed was vacuum 

filtered on a Buchner funnel, washed abundantly with petroleum ether, and dried under vacuum at 

~70 °C, affording 2.4574 g of 2 (12.52 mmol, 77.42% yield).  

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

conditions, the equilibrium appears to be shifted towards the ketonic form. 

 
1H NMR (300 MHz, CDCl3, 300 K) �  10.47 (br, 1H, NH), 8.93 (dd, 3JH,H = 4.3 Hz and 4JH,H = 1.6 

Hz, 1H, H9), 8.42 (d, 3JH,H = 8.9 Hz, 1H, H5), 8.28 (dd, 3JH,H = 8.2 Hz and 4JH,H = 1.6 Hz, 1H, H7), 

7.85 (dd, 3JH,H = 7.5 and 5.8 Hz, 1H, H2), 7.67 (d, 3JH,H = 8.9 Hz, 1H, H6) overlapping with 7.64 

(dd, 3JH,H = 8.2 and 4.3 Hz, 1H, H8), 6.57 (dd, 3JH,H = 7.5 Hz and 4JH,H = 1.6 Hz, 1H, H3) ppm. 

(figure 37,38)
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Figure 37: 1H NMR (300 MHz, CDCl3, 298 K) spectrum of 4-OH-Phen. 
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Figure 38: Expanded 1H NMR (300 MHz, CDCl3, 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 I 

 

 

 

Reagent 
M.W 

(g•mol-1) 
mg mmol 

Molar 

ratio 
V [ml] d[g/mL] 

4-OH-Phen 196.20 131.9 0.672 1.5   

NaH (60)% 24 28.7 0.718 1.6   

THF/DMF     6  

 301.16 135.0a 0.448 1   

THF dry     5  
aAmount of functionalized phosphonic acid bound to 250.3 mg of nanoparticles  (protection level 54%) 

 

In a 50 mL Schlenk tube, 250.3 mg of protected MNPs were put in a sonication bath for 8 h. The 

dispersion of MNPs was transferred to a dropping funnel using a Teflon cannula just before adding 

it dropwise into the 4-OH-Phen solution.  

In another 50 mL Schlenk tube, NaH was added to 3 mL of THF and 3 mL of DMF under 

stirring. The suspension was cooled and when the temperature reached 0 °C, the 4-OH-Phen 

solution was added. The suspension was maintained at this temperature under stirring for 30 min.  

The MNP solution was added dropwise into the 4-OH-Phen/NaH solution at 0 °C, and after the 

addition, the solution was allowed to reach RT overnight. The next morning, the reaction was 

refluxed for 1 h. After returning to RT, the reaction was stopped by adding 5 mL of Milli-Q water. 

Then, the obtained product was subjected to the washing process. For such processes, magnetic 

separation with magnets could be used in addition to centrifugation. After the initial separation, the 

first wash was performed by adding 10 mL of Milli-Q water, stirring (10 min), sonicating (15 min), 

and finally separating. This same procedure was repeated with MeOH (4 × 10 mL), THF (10 mL), 

and CH2Cl2 (10 mL). After the washing process, the solid was dried in vacuo, affording 125.2 mg. 
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Elemental analysis was carried out to analyze the effectiveness 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 II 

 

 

 

Reagent M.W 

(g•mol-1) 

mg mmol Molar 

ratio 

V [ml] d[g/mL] 

4-OH-Phen 196.20 210.4 1.075 3   

NaH (60)% 24 57.5 1.4344 4   

DMF     6  

 
301.16 108.2a 0.3586 1   

THFa dry     5  
aAmount of functionalized phosphonic acid bound to 200.4 mg of nanoparticles  (protection level 54%) 

 

In a 50 mL Schlenk tube, 200.4 mg of protected MNPs were put in a sonication bath for 8 h. The 

dispersion of MNPs was transferred to a dropping funnel using a Teflon cannula just before adding 

it dropwise into the 4-OH-Phen solution.  

In another 50 mL Schlenk tube, NaH was added to 6 mL of DMF under stirring. The suspension 

was cooled and when the temperature reached 0 °C, the 4-OH-Phen solution was added. The 

suspension was maintained at this temperature under stirring for 30 min.  

The MNP solution was added dropwise into the 4-OH-Phen/NaH solution at 0 °C, and after the 

addition, the solution was allowed to reach RT overnight. The next morning, the reaction was 

heated to 120 °C (bath temperature) for 1 h. After returning to RT, the reaction was stopped by 

adding 5 mL of Milli-Q water. Then, the obtained product was subjected to the washing process. 

For such processes, magnetic separation with magnets could be used in addition to centrifugation. 

After the initial separation, the first wash was performed by adding 10 mL of Milli-Q water, stirring 

(10 min), sonicating (15 min), and finally separating. This same procedure was repeated with 

MeOH (4 × 10 mL), THF (10 mL), and CH2Cl2 (10 mL). After the washing process, the solid was 

dried in vacuo, affording 100.7 mg. 
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Elemental analysis was carried out to analyze the effectiveness 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 used in this attempt, a test was performed using 

fast GC in the absence of nanoparticles. The same procedure was followed as described above using 

1-bromohexadecane. At time = 0, before heating, GC showed the presence of a peak at about 4 min. 

After 6 h at 120 °C, the peak was no longer present, suggesting that all 1-bromohexadecane was 

consumed. For this reason, we used this temperature in this attempt. 
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2.14.3 Test III 

 

 

 

Reagent M.W 

(g•mol-1) 

mg mmol Molar 

ratio 

V [ml] d[g/mL] 

4-OH-Phen 196.20 1055.2 5.373 3   

NaH (60)% 24 286.3 7.165 4   

DMF     30  

 
301.16 540.0a 1.791 1   

THFa dry     20  
aAmount of functionalized phosphonic acid bound to 1000.3mg of nanoparticles  (protection level 54%) 

 

In a 50 mL Schlenk tube, 1000.3 mg of protected MNPs were put in a sonication bath for 10 h. 

The dispersion of MNPs was transferred to a dropping funnel using a Teflon cannula just before 

adding it dropwise into the 4-OH-Phen solution.  

In another 100 mL Schlenk tube, NaH was added to 30 mL DMF under stirring. The suspension 

was cooled and when the temperature reached 0 °C, the 4-OH-Phen solution was added. The 

suspension was maintained at this temperature under stirring for 30 min.  

The MNP solution was added dropwise into the 4-OH-Phen/NaH one at 0 °C, and after the 

addition, the solution was allowed to reach RT overnight. The next morning, the reaction was 

stopped by adding 20 mL of Milli-Q water. Then, the obtained product was subjected to the 

washing process. For such processes, magnetic separation with magnets could be used in addition to 

centrifugation. After the initial separation, the first wash was performed by adding 30 mL of Milli-

Q water, stirring (10 min), sonicating (15 min), and finally separating. This same procedure was 

repeated with MeOH (4 × 30 mL), THF (30 mL), and CH2Cl2 (30 mL). After the washing process, 

the solid was dried in vacuo, affording 361.9 mg. 

 

Elemental analysis was carried out to analyze the effectiveness 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 

 

 

 

Reagent M.W 

(g•mol-1) 

mg mmol Molar 

ratio 

V [ml] d[g/mL] 

4-OH-Phen 196.20 210.4 1.075 3   

NaH (60)% 24 57.5 1.4344 4   

DMF     6  

 
301.16 108.2a 0.3586 1   

THF dry     5  
aAmount of functionalized phosphonic acid bound to 200.2 mg of nanoparticles  (protection level 54%) 

 

In a 50 mL Schlenk tube, 200.2 mg of protected MNPs were put in a sonication bath for 14 h. 

The dispersion of MNPs was transferred to a dropping funnel using a Teflon cannula just before 

adding it dropwise into the 4-OH-Phen solution.  

In another 50 mL Schlenk tube, NaH was added to 6 mL of DMF under stirring. The suspension 

was cooled and when the temperature reached 0 °C, the 4-OH-Phen solution was added. The 

suspension was maintained at this temperature under stirring for 30 min.  

The MNP solution was added dropwise into the 4-OH-Phen/NaH one at 0 °C, and after the 

addition, the solution was allowed to reach RT. In this attempt, the solution was left in the 

sonication bath overnight. According to the elemental analysis, this procedure afforded better 

results than that in Test III. The next morning, the reaction was stopped by adding 5 mL of Milli-Q 

water. Then, the obtained product was subjected to the washing process. For such processes, 

magnetic separation with magnets could be used in addition to centrifugation. After the initial 

separation, the first wash was performed by adding 10 mL of Milli-Q water, stirring (10 min), 

sonicating (15 min), and finally separating. This same procedure was repeated with MeOH (4 × 10 

mL), THF (10 mL), and CH2Cl2 (10 mL). After the washing process, the solid was dried in vacuo, 

affording 72.3 mg. 
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Elemental analysis was carried out to analyze the effectiveness 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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2.14.5 Test V 

 

 

 

Reagent M.W 

(g•mol-1) 

mg mmol Molar 

ratio 

V [ml] d[g/mL] 

4-OH-Phen 196.20 209.6 1.079 3   

NaH (60)% 24 57.0 1.4344 4   

DMF     6  

 
301.16 108.2 0.3586 1   

THF dry     5  
aAmount of functionalized phosphonic acid bound to 200.8 mg of nanoparticles  (protection level 54%) 

 

In a 50 mL Schlenk tube, 200.8 mg of protected MNPs were put in a sonication bath for 14 h. 

The dispersion of MNPs was transferred to a dropping funnel using a Teflon cannula just before 

adding it dropwise into the 4-OH-Phen solution.  

In another 50 mL Schlenk tube, NaH was added to 6 mL of DMF under stirring. The suspension 

was cooled and when the temperature reached 0 °C, the 4-OH-Phen solution was added. The 

suspension was maintained at this temperature under stirring for 30 min.  

The MNP solution was added dropwise into the 4-OH-Phen/NaH one at 0 °C, and after the 

addition, the solution was allowed to reach RT. In this attempt, the solution was left in the 

sonication bath overnight, as in Test IV. The next morning, the reaction was stopped by adding 5 

mL of Milli-Q water. Then, the obtained product was subjected to the washing process. For such 

processes, magnetic separation with magnets could be used in addition to centrifugation. After the 

initial separation, the first wash was performed by adding 10 mL of Milli-Q water, stirring (10 min), 

sonicating (15 min), and finally separating. This same procedure was repeated with MeOH (4 × 10 

mL), THF (10 mL), and CH2Cl2 (10 mL). After the washing process, the solid was dried in vacuo, 

affording 75.9 mg. 
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Elemental analysis was carried out to analyze the effectiveness 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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2.15 Synthesis of [Mo(CO)4(4-MeO-Phen)] 

 

 

 

Reagent M.W(g•mol-1) mg mmol Molar ratio V [ml] d[g/mL] 

4-MeO-Phen 210.23 25.7 0.128 1.1   

Mo(CO)6 264.0 30.7 0.116 1.0   

Toluene     4  

 

The reaction was performed under a N2 atmosphere. In an oven-dried Schlenk flask, Mo(CO)6 

was dissolved in 2 mL of dry toluene. In another oven-dried Schlenk flask, 25.7 mg of 4-MeO-Phen 

was dissolved in 2 mL of dry toluene. The molybdenum complex solution was added to the 4-MeO-

Phen solution, and the heated stepwise (30, 60, and 90 °C). After approximately 30 min, when the 

temperature reached 90 °C, the solution was maintained at the same temperature for 3 h. 

Subsequently, the solution was cooled and hexane (4 mL) was added. The precipitate was separated 

by centrifugation. The resulting solid (which contained some toluene) was redissolved in CHCl3 and 

the solvent was evaporated again to afford 40.7 mg (83.0% yield).  

 

IR (toluene): 2011(w), 1898 (s), 1883 (m), 1843 (m) cm-1.  

 
1H NMR (300 MHz, CDCl3) �  9.44 (t, J = 8.7 Hz, 1H, H9), 9.24 (d, J = 5.7 Hz, 1H, H2), 8.39 (d, J 

= 8.0 Hz, 1H, H7), 8.29 (t, J = 12.3 Hz, 1H, H5), 7.88 (t, J = 11.9 Hz, 1H, H6), 7.70 (dd, J = 7.7, 

5.0 Hz, 1H, H8), 7.12 (d, J = 5.7 Hz, 1H, H3), 4.20 (s, 3H, OCH3) ppm. (figure 39) 
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13C NMR (75 MHz, CDCl3) �  223.28 (C), 222.73 (C), 205.31 (C), 162.77 (C), 154.18 (CH), 152.77 

(CH), 146.87 (C), 146.21 (C), 136.36 (CH), 129.91 (C), 125.68 (CH), 124.20 (CH), 122.17 (C), 

121.19 (CH), 104.79 (CH), 56.95 (CH3) ppm.  (figure 40)
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 Figure 39: 1H NMR (300 MHz, CDCl3, 298 K) spectrum of Mo(CO)4(4-MeO-Phen). 
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 Figure 40: 13C DEPT  (75 MHz, CDCl3, 298 K) spectrum of Mo(CO)4(4-MeO-Phen). 
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2.16 Reaction of Mo(CO)6 and 4-OH-Phen immobilized on the 

protective layer  

 

 

 

Reagent M.W(g•mol-1) mg mmol 
Molar 

ratio 
V [ml] d[g/mL] 

 
- 21.2a 

0.050 

Phena 
1   

Mo(CO)6 264.0 26.5 039.101 2   

Toluene     4  
a Extimated amount based on the amount of phosphonic acid (54% by weight) bound to the nanoparticles 

 

The reaction was performed under a N2 atmosphere. In an oven-dried Schlenk flask, Mo(CO)6 

was dissolved in 2 mL of dry toluene. In another over-dried Schlenk tube, 39.2 mg of OH-Phen-

functionalized nanoparticles were dispersed in 2 mL of dry toluene and placed in a sonication bath 

for 3 h. Following sonication, the molybdenum complex solution was added to the nanoparticle 

dispersion and heated at 90 °C for 3 h. Subsequently, 1 mL of the nanoparticle solution was 

evaporated and other 1 mL of dry toluene was added. Then, the IR spectrum of the solution was 

recorded under a N2 atmosphere: 2008(w), 1895 (s), 1869(m), and 1829(m) cm-1. The ATR 

spectrum showed signals at 2010 (w), 1895(s), 1869(m), and 1829 (m) cm-1. The total amount of 

isolated solid was 42.4 mg. 
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2.17 Coordination of Pd(OAc)2 to 4-OH-Phen immobilized on the 

protective layer  

�

 

Reagent M.W(g•mol-1) mg mmol 
Molar 

ratio 
V [ml] d[g/mL] 

 
- 37.8a 

0.091 

Phena 
1   

Pd(OAc)2 224.51 81.6a 0.364 4   

THF     12  
a Extimated amount based on the amount of phosphonic acid (54% by weight) bound to the nanoparticles 

 

The reaction was performed under a N2 atmosphere. In an oven-dried Schlenk flask, Pd(OAc)2 

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

functionalized nanoparticles were dispersed in 5 mL of dry THF. To obtain a good dispersion, it 

was necessary to sonicate and stir the solution for some hours. The palladium complex was then 

added to the nanoparticles, and the mixture was stirred for 16 h at RT.  

The nanoparticles can be separated magnetically or by centrifugation. In this case, we used 

centrifugation to optimize the process time and avoid loss of material. In was necessary to repeat 

the washing procedure until the amount of solid extracted was less than 2 mg. The solid was dried 

in vacuo, affording 51.7 mg. 



�

116 
�

References  

[1] Z. H. Skraup, G. Vortmann, Monatshefte Fur Chemie, 1882, 3, 570-602. 

[2] F. Blau, Monatshefte Fur Chemie, 1898, 19, 647-689. 

[3] C. J. Moody, C. W. Rees, R. Thomas, Tetrahedron Letters, 1990, 31 (30), 4375-4376. 

[4] F. H. Case, J. Amer. Chem. Soc. 1948, 70, 3994. 

[5] P. Belser, S. Bemhard, U. Guerig, Tetrahedron, 1996, 52, 2937. 

[6] C. O. Murchu, Synthesis, 1989, 880. 

[7] G. I. Graf, D. Hastreiter, L. Everson ASilva, R. A. Rebelo, A. G. Montalban, A. McKillop, 

Tetrahedron, 2002, 58, 9095-9100. 

[8] F. M. Menger and Jeng-Jong Lee, J. Org. Chem, 1993, 58(7), 1909-1916. 

[9] Sjogren. M. P. T., H. Frisell, B. Åkermark, P. Norrby, L. Eriksson, A. Vitagliano, 

Organometallics, 1997, 16, 942-950  

[10] X. Liu, X. Li, Y. Chen,Y. Hu,Y. Kishi, J. Am. Chem. Soc, 2012,134,6136-6139.�



�

117 
�

Chapter 3 

Catalytic Applications 

Introduction 

3.1 Catalysis  

From the scientific and industrial points of the view, catalysis is a very interesting field. 

Therefore, this study focuses on the preparation of novel catalysts. A catalyst is usually defined as a 

substance that participates in a reaction without being consumed in the process, increasing the speed 

of the reaction by creating an alternative path. In this new reaction pathway, all the steps have lower 

activation energies in comparison with those of the original path, as shown in Figure 41. 

�

�

�

Figure 41: Changes in activation energy in the presence of a catalyst.[1] 

�
Nowadays, successful catalysis requires the realization of several features, such as low 

preparation cost, high activity, great selectivity, efficient recovery, and recyclability. Conventional 

catalysts can be divided into two categories: homogeneous and heterogeneous. In homogeneous 

catalysis, the catalyst is in the same phase as the reactants, whereas in heterogeneous catalysis, the 

catalyst is in the solid phase with the reaction occurring on the surface.[2] However, difficulties in 

separating homogeneous catalysts from the reaction medium restrict their employment in industrial 

applications, especially in the manufacture of drugs and pharmaceuticals in the case of metal-
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catalyzed synthesis owing to the issue of metal contamination. In heterogeneous catalysis, the 

reaction rate is restricted owing to the limited surface area of the catalyst.  

A strategy that implements the advantages of both catalyst types involves the heterogenization of 

active molecules on a solid support, such as nanoparticles. As discussed previously, the use of 

MNPs for heterogenization requires the system to have various properties, such as stability, high 

surface area, a tendency to not form aggregates, and the possibility of functionalizing the capping 

agent.  

 

3.2 Heterocyclic compounds 

Heterocyclic compounds are present in biological and synthetic drugs. Various currently 

marketed drugs have heterocycles as their core structure, as shown in Scheme 15. 

 

 

 

Scheme 15 

 

Indoles are probably the most widely distributed heterocyclic compounds in nature with 

medicinal importance (Scheme 16). Tryptophan is an essential amino acid and, as such, is a 

constituent of most proteins; it also serves as a biosynthetic precursor for a wide variety of 

secondary metabolites. Serotonin or 5-hydroxytryptamine (5-HT) is a monoamine neurotransmitter 

in the central nervous system, and also in the cardiovascular and gastrointestinal systems, which
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 regulates mood, sleep, appetite, and the emotional perception of pain. The structurally similar 

hormone melatonin is thought to control the diurnal rhythm of physiological functions. 

 

�

 

Scheme 16 
 

In pharmaceutical drugs, the indole skeleton is present as a basic molecular structure, as 

demonstrated in Table 8. However, in general, high cost and complicated synthesis operations are 

required to obtain indoles. Syntheses of indoles have been performed by Fischer, Madelung, 

Bischler, Reissert, Nenitzescu, Leimgruber-Batcho, etc. In various methods, transition metals have 

been used as catalysts, especially palladium complexes. Palladium is tolerant to a wide range of 

functionalities and has many applications in organic synthesis. Both palladium(II) and palladium(0) 

can be used for the synthesis of indoles. Palladium(II), which is very electrophilic and tends to react 

with electron-rich alkenes and arenes, presents the best results in a number of studies. 

Table 8. Indole-ring-containing drug molecules.[3] 
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The reductive cyclization of o-nitrostyrenes has been known since 1965 when Sundberg[4] 

developed a reductive cyclization of o-nitrostyrenes to indoles using trivalent phosphorus as a 

ligand. In 1986, Cenini and coworkers[5] employed the same substrates to obtain catalytic 

deoxygenation of the nitro group using carbon monoxide and transition metal carbonyls under harsh 

conditions, as shown in Scheme 17. 

 
 

�

 
Scheme 17 

 
In 1997 and 1999, Soderberg[6a,b] demonstrated that it is possible to synthesize indole compounds 

by reductive N-heteroannulation of 2-nitrostyrenes using carbon monoxide as a reductive agent and 

Pd/phosphine, as shown in Scheme 18. In general, the mechanism involves reductive deoxygenation 

of a nitro group and the use of palladium as a catalyst. 

 

 

 

Scheme 18 
 

Depending on the basicity of the phosphine, the catalytic activity may be improved or worsened 

and, in general, phosphine ligands are good � -donors.  

In 2005, Davies and coworkers[7] showed that is possible to improve the efficiency of the 

catalytic system for reactions of o-nitrostyrenes affording indoles. Conditions similar to those used 

by Soderberg were tested for the Pd/phosphine-catalyzed reductive cyclization of o-nitrostyrenes. 

The results showed that reducing the ligand and catalyst loading resulted in decreased yields owing 

to lower conversion. Taking into account this result, the authors searched for another efficient 

catalyst system. Catalytic reactions with palladium(II) salts and bidentate nitrogen ligands are 

highly reactive systems, and the use of bidentate nitrogen ligands has been demonstrated to be very 

efficient for the reductive carbonylation of nitroarenes to give isocyanates and carbamates. 

Moreover, this system had already been employed to reduce nitrostyrene, but at high temperature 
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and pressure. Using these arguments, Davies decided to replace the phosphine ligand with a 

phenanthroline ligand. The initial results with Phen demonstrated that is possible to use this 

catalytic system at lower pressures and temperatures.  

In 2009, Ragaini and coworkers[8] showed that is possible to synthesize indoles by intermolecular 

cyclization (Scheme 19). 

 

 

 

Scheme 19 
 

In this study, a Pd/phenanthroline complex was chosen as an active catalyst for the reduction of 

nitroarenes. Several nitroarenes and alkynes were studied, and the reaction was found to be 

completely regioselective. Further, the Pd/phenanthroline catalyst proved to be very efficient.  

 

3.3 Oxidative Heck reactions 

The first example of an oxidative Heck reaction was reported by Heck[9] using arylmercuric 

chlorides, but owing to the employment of toxic organomercury compounds, the reaction was not 

widely accepted in the scientific community (Scheme 20). 

 

 

Scheme 20 

 

Several years later, in 1994, Uemura et al.[10] demonstrated that the reaction could be carried out 

equally well with arylboronic acids (Scheme 21).  
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Scheme 21 

 

Jung and coworkers[11] reported the first example of an aerobic oxidative Heck reaction. In this 

work, molecular oxygen was investigated as an effective oxidant for the reaction (Scheme 22). 

 

 

 

Scheme 22 

 

Larhed and coworkers[12,13] studied the influence of an added ligand on this reaction. They found 

2,9-dimethyl-1,10-phenanthroline (dmphen) to be a highly effective ligand for this reaction, when 

carried out in the presence of N-methylmorpholine as a base. In comparison, the use of phosphines 

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

 

 

 

Scheme 23 

 

The same group investigated the very important feature of regioselectivity in the arylation of 

enamides, revealing that it is influenced by the electronic properties of boronic acid. These results 

demonstrated that higher selectivity is obtained in the reaction in the presence of electron-rich 

boronic acids; consequently, the use of electron-poor boronic acids led to poor selectivity. Other 
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studies performed by the same group and Jung and coworkers demonstrated that it is possible to use 

this catalyst, even in the absence of a base, when the product is an enone. The effectiveness of 

dmphen was attributed to the methyl groups at the 2 and 9 positions, which prevent the formation of 

inactive palladium dimers. The same steric effect is important for other reactions, such as the 

oxidation of alcohols. It should be noted that the use of a supported ligand may be advantageous in 

such situations, as dimerization may become impossible for geometric reasons, which would 

eliminate the need for ortho-substituents. This would be an advantage because the presence of such 

substituents may retard individual steps of the catalytic cycle and add synthetic complexity during 

ligand synthesis. 

 

Results and Discussion 

 

3.4 Synthesis of substrate for catalytic applications 

The coordination of Pd(OAc)2 to the –CH2-Phen and –O-Phen moieties immobilized on the 

nanoparticles cannot be assessed spectroscopically because of the lack of characteristic IR 

absorption bands and the impossibility of using 1H NMR spectroscopy owing to the 

superparamagnetic nature of the nanoparticle core. Thus, the most straightforward evidence for 

coordination is the successful use of the prepared substrates in catalysis. Consequently, we 

synthesized various substituted o-nitrostyrenes to form indoles using CO as a reductant (Scheme 

24). The catalytic cycle involves the reaction of a nitro compound in the presence of a Pd catalyst 

and CO. The initial o-nitrostyrene gives an o-nitrosostyrene by elimination of CO2, which 

undergoes further reaction to give a nitrone. A subsequent 1,5-hydrogen shift and isomerization 

affords a N-hydroxyindole that reacts with a second equivalent of CO to finally afford the indole.  
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Scheme 24 

 

3.4.1 Synthesis of (E)-2-(2-nitrostyril)pyridine 

This starting material (Schemne 25) was prepared by the reaction of o-nitrobenzaldehyde, 2-

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

yield).  

�

�

�

Scheme 25 

�
1H NMR: (400 MHz, CDCl3) �  8.66 (d, J = 4.1 Hz, 1H), 8.06 (d, J = 16.0 Hz, 1H), 8.00 (dd, J = 

8.0, 1.2 Hz, 1H), 7.81 (d, J = 7.8 Hz, 1H), 7.73 (td, J = 7.71, 1.7 Hz, 1H), 7.65 (t, J = 7.5 Hz, 1H), 

7.51 (d, J = 7.9 Hz, 1H), 7.49 (t, J = 7.8 Hz, 1H), 7.26 (d, 1H, overlaps with CDCl3), 7.17 (d, J = 

16.1 Hz, 1H) ppm. (figure 46,47) 
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3.4.2 Synthesis of 2-(pyridine-2-yl)-1H-indole 

In this synthesis (Scheme 26), (E)-2-(2-nitrostyril)pyridine was employed as the substrate and 

the catalyst was the palladium complex of 4-MePhen immobilized on the protective layer of MNPs, 

as discussed in Chapter 2. The experimental conditions for the catalytic tests were adapted from a 

procedure reported by Davies et al.[7] 

�

�

Scheme 26 

 

 
The approximate amount of palladium bound to the nanoparticles employed as catalysts was 

estimated based on the amount of bound phenanthroline, which in turn was calculated by elemental 

analysis, as detailed in Chapter 2. The data for synthesis V (Table 6, Chapter 2) were employed, as 

this sample was used for the following tests. The initial tests with MNPs were carried out 

employing 12 mg of MNPs (corresponding to 0.043 mmol of Pd) and a CO pressure of 2 bar, but 

this attempt was not successful, as shown in Table 9. In the second attempt, the time and amount of 

MNPs was doubled, but again the results were poor. Thus, we increased the CO pressure to 20 bar, 

which is significantly higher than the pressure employed in the Davies study. Although improved 

results were observed at this pressure, the selectivity decreased if the temperature was also 

increased to 120 °C (entry V, Table 9). After some optimization, we found that the best conditions 

for this reaction system were 5 bar and 120 °C in DMF (entry VIII, Table 9)��
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Table 9. Catalytic results for the conversion of (E)-2-(2-nitrostyril)pyridine to 2-(pyridine-2-yl)-

1H-indole. 

Entry Pressure 

(CO)/ bar 

Solvent Temp. 

(°C) 

Time (h) Conv. 

(%) 

Selec. 

(%) 

Ia 2 DMF 80 8 0 0 

IIa 2 DMF 80 15 0 0 

III b 20 DMF 80 7 6 81 

IV b 20 DMF 80 14 9 76 

Vb 20 DMF 120 21 36 64 

VIb 5 DMF 150 3 0 0 

VII b 5 CH3CN 120 7 23 54 

VIII b 5 DMF 120 7 62 79 

Recycle*VIIIb 5 DMF 120 7 13 52 

Experimental conditions: a 0.5 mmol nitro compound,12 mg, MNP(N^N), corresponding to 0.043 mmol Pd. 5 mL 
DMF. b  0.5 mmol nitro compound, 24 mg MNP(N^N), corresponding to 0.086 mmol Pd.  5 mL DMF; * a recycle of 
reaction VIII.  

Using the results in entry VIII, we tested the recyclability of this catalyst system. These tests 

were performed as shown in Figure 42 (recycle* VIII) by employing magnetic bars. The separation 

process was very fast (taking about 5 min overall), easy, and very attractive from the point of view 

of experimental conditions. As shown in Table 9, it was only possible to recycle the catalyst once. 

This recycling issue may be attributed the coordinating ability of the pyridine moiety in the 

substrate, which may favor loss of palladium from the nanoparticle. For this reason, we synthesized 

another substrate.  

  

(a)                                  (b) 

Figure 42: Process for recycling the MNPs: (a) before and (b) after separation using magnetic bars.  
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3.4.3 Synthesis of methyl-2-nitrocinnamate 

The synthesis was performed by reacting 2-nitrocinnamic acid, sulfuric acid, and MeOH at 

reflux for 21 h. The product was obtained as a yellow solid (57% yield). 

 

�

Scheme 27 
 

1H NMR (400 MHz, CDCl3) �  8.16 (d, 3J = 15.8 Hz, 1H, He), 8.06 (d, 3J = 7.9 Hz, 1H, Hd), 7.70–

7.65 (m, 2H, Ha and Hb), 7.57 (dd, 1H, Hc), 6.37 (d, 3J = 15.8 Hz, 1H, Hf), 3.86 (s, 3H, CH3) ppm. 

(figure 48,49) 

 

3.4.4 Synthesis of methyl-1H-indole-2-carboxylate 

�

�

Scheme 28 

In this synthesis, we employed methyl-2-nitrocinnamate as the substrate and the palladium 

complex of the –O-Phen-functionalized nanoparticles as the catalyst. Nanoparticles functionalized 

under the best immobilization conditions for 4-OH-Phen (entry V, Table 7, Chapter 2) were 

employed, using the best catalytic conditions for solvent, pressure, and temperature, as identified in 

section 3.4.2. The results of this catalytic reaction are shown in Table 10, entry I.  

The catalyst was recycled by following the procedure described above. In this case, the recycling 

results were better than when (E)-2-(2-nitrostyril)pyridine was employed as the substrate. However, 
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even in this case, the conversion decreased after the first recycle. Thus, the coordinating ability of 

the pyridine moiety of the substrate is only part of the problem. In general, it is clear that some 

palladium is lost during the catalytic reaction. 

 

Table 10. Catalytic results for the conversion of methyl-2-nitrocinnamate to methyl-1H-indole-2-

carboxylate. 

Entry Pressure 

(CO)/ bar 

Solvent Temp. Time (h) Conv. 

(%) 

Selec. 

(%) 

I 5 DMF 120°C 7 79 72 

Recycle* I 5 DMF 120°C 7 31 88 

Experimental conditions: 0.5 mmol nitro compound, 24 mg MNP(N^N), corresponding to 0.172 mmol Pd. 5 mL 
DMF;  * a recycle of reaction I�
�

3.5 Oxidative Heck reactions  

As discussed in the general introduction, Oxidative Heck reactions were used as a second 

strategy to test our system. The conditions for such reactions are milder than those used in the 

synthesis of indoles. In this case, we employed commercially available phenylboronic acid and 

styrene as substrates (Scheme 29). Initially, we tested the reaction by employing a homogeneous 

catalyst to determine the analytical procedure and optimize the experimental conditions (Table 11). 

As a starting point, we used the conditions reported by Larhed and coworkers.[13] 

 

 

�

Scheme 29 

The original study employed 2 mmol of phenylboronic acid and 1 mmol of styrene. As 

phenylboronic acid is more expensive than styrene, we initially tried to employ a lower amount of 

the former reagent. We conducted a series of tests (Table 11). A batch of phenylboronic acid 

already available in the laboratory was used in the initial tests (entries 1–8), but the purity of this 

batch was apparently compromised, and subsequent tests were conducted with a newly purchased 

batch. In the first five attempts, we performed the reaction at 80 °C for 3 h without the addition of a 

base. To mimic the process in our system employing 4-OH-Phen-functionalized nanoparticles, we 
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tested 4-MeO-Phen as a ligand (entry 5). Even though the results showed a low activity, we decided 

to start testing our system with MNPs using the same conditions (entry 6). However, the results 

were disappointing. More tests were then carried out in the homogeneous phase. In entry 8, we 

carried out a control experiment without palladium, which demonstrated that catalysis does not 

occur, as expected. 

Suspecting that the catalyst was easily deactivated at 80 °C, from entry 11 onwards, we 

performed the reaction at RT. Among the various results, entry 13 indicates the importance of 

preformation of the catalyst in the process. Initially (entries 1–12), the reagents were added in the 

following order: phenylboronic acid, styrene, solution with ligand (1 mL), solution with palladium 

acetate (2 mL), and finally base (if applicable). In the original study, palladium acetate and the 

bidentate ligand were dissolved together in MeCN and then added to the reaction mixture. We 

ascribed the better results in entry 13 to the adoption of this procedure, which allows catalyst 

preformation. Following these tests in the homogeneous phase, we decided to use the same amounts 

of reagents as reported in the reference article, abandoning our attempt to employ a lower amount of 

phenylboronic acid. In this case (entry 15), the results were indeed similar to those reported in the 

original article. We decided to test 4-MeO-Phen again to mimic the reaction with our system 

containing nanoparticles, now at RT and using a preformed catalyst (entry 16). As this result was 

better than that in entry 5, we decided to test the (4-OH-Phen)-MNP system again (entry 17), but 

the results were again below expectations. We performed a test without the ligand and found that 

the catalytic reaction does not proceed in the presence of only palladium (entry 18). We then tested 

our MNP system with 4-MePhen as a ligand using the same conditions as listed previously, but 

increasing the reaction time by performing the test over a weekend (entry 21). We also performed 

one recycling test for this entry, as shown in entry 21-R, but the results were poorer than expected.  

At this point, we decided to carry out atomic absorption spectroscopy measurements on the 

palladium coordination systems to check the amount of palladium present in both systems, that is, 

MNPs functionalized with 4-OH-Phen and 4-MePhen. The atomic absorption analysis was 

performed following the procedure for destruction of the nanoparticles; however, in this case, we 

employed a mixture of nitric acid and hydrochloric acid, known as "aqua regia", and for analysis of 

the recycling test, we employed the solution remaining after separation with magnetic bars (entry 

21-R). We found that the amount of palladium measured by atomic absorption, assuming all bound 

phenanthrolines coordinate one palladium atom, was lower than expected by eight times for 4-OH-

Phen-MNPs (entry 26) and six times for 4-MePhen-MNPs (entry 27). In the case of indole synthesis 
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using CO as a reductant, although we encountered problems in the recycling of the catalyst, the 

catalytic reactions proceeded, even if the amount of palladium was lower than expected. Clearly, 

the catalytic system is very active for this reaction. However, in the case of oxidative Heck 

reactions, the amount of MNPs (24 mg) seems to be insufficient. It is important to note that the 

results for the recycling solution confirmed the loss of palladium to be about 27%.  

The reaction in entry 22 was performed by withdrawing six aliquots of the solution at 3 h 

intervals to monitor the changes in conversion and selectivity for a reaction performed in the 

homogeneous phase using Neoc as a ligand. The results of this text are shown in Figures 43–45. In 

Figure 43, it is interesting to observe that the conversion does not change appreciably after the first 

9 h, suggesting that either the catalyst has been deactivated or one of the reagents has been 

completely consumed. The available data are insufficient to draw clear-cut conclusions, but some 

tentative explanations for the observed results can be given, which should be considered as 

provisional for the moment. 

a) The fact that the amount of trans-stilbene continues to increase, even after no further styrene 

is consumed, indicates that some long-lived intermediate is formed that is slowly converted 

to the final product. 

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

with a slower decay of the long-lived intermediate for this product or with the fact that it is 

only produced by isomerization of initially formed trans-stilbene. Further, cis-stilbene is a 

very minor product, with the reaction being selective for the trans isomer. 

c) The fact that the selectivity for both trans- and cis-stilbene is much lower than expected in 

all cases in which an excess of boronic acid is not present and that, in the case of reaction 

22, the selectivity increases with time up to a certain point and then decreases is puzzling. 

The only explanation we can advance for both these observations is that styrene is consumed 

by polymerization, a reaction known to be catalyzed by palladium complexes. This would 

also explain the otherwise difficult to rationalize decrease of selectivity at the end of the 

reaction for both trans- and cis-stilbene. If we assume that polymerization of styrene occurs, 

inclusion of stilbene in the polymer chain is highly likely. As stilbene is still formed, its rate 

of formation may be higher than that of inclusion in the polymer, resulting in an increase in 

the amount in solution. However, once most styrene has been consumed, stilbene 

consumption becomes faster, and the amount in solution decreases. Although not stated in 

the literature, polymerization of styrene may be the reason why most authors perform the 
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reaction in the presence of an excess of the boronic acid instead of working with an excess 

of the cheaper and more easily separable olefin.  

d) The above supposition was experimentally confirmed by running a reaction under the 

conditions of entry 15 in the absence of phenylboronic acid (entry 28). A 60% styrene 

conversion was observed, but no product could be detected by GC, which is in accordance 

with the high molecular weight of the products and their polymeric nature. 

The reaction in entry 23 was run using THF as the solvent, and the results demonstrated that this 

solvent can be used as an alternative to MeCN. To simulate the amount of palladium that was found 

to be present on the nanoparticles by atomic adsorption spectroscopy in the system with 4-MePhen, 

the experiment in entry 24 was performed using a 6-fold lower amount of palladium than usually 

employed The obtained conversion, as expected, was about 6 times lower than that for the best 

result (entry 15). We also tested the 4-OH-Phen-functionalized MNPs with 2.0 mmol of 

phenylboronic acid (entry 25). This result confirmed once again the observed problem regarding 

selectivity.  

 

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

�

�

�

For the ligands, we employed the following numbers:  
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For the MNPs (coordinated to Pd(OAc)2, although only the ligand is shown), we employed the 

following numbers: 

 

 

�

 

 

For the base, we employed the following number: 

�

�

�
�� �

�'��.,"#/��0,�#�%�

� �

�
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Table 11. Catalytic results for oxidative Heck reactions. 

Entry 
Reagent 

1 
[mmol] 

Reagent 2 
[mmol] 

Ligand Base Pd(OAc)2 

[mmol] 
T(°C) Time 

(h) 
cis-stilbene Conv. (%) Selec. (%) 

1 1.5a 1 3 - 0.02l 80 3 - 21 27 

2 1.1a 1 3 - 0.02 80 3 - 13 25 

3 1.1a 1 3 - 0.02 80 3 9 53 45 

4 1.1a 1 4 - 0.02 80 3 - 46 12 

5 1.1a 1 5 - 0.02 80 3 - 35 7 

6 1.1a 1 6 - 
 

80 3 - 35 1 

7 1.1a 1 3 8 0.02 80 3 
 

13 57 

8 1.1a 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 1.1 1 7 8  RT 64 - 39 14 

21-R 1.1 1 7 8  RT 61 - 49 4 

22-1P 2.2 2 3 8 0.04 RT 24 - 89 3 

22-2P 2.2 2 3 8 0.04 RT 24 - 91 5 

22-3P 2.2 2 3 8 0.04 RT 24 - 92 6 

22-4P 2.2 2 3 8 0.04 RT 24 1 90 14 

22-5P 2.2 2 3 8 0.04 RT 24 2 92 24 

22-6P 2.2 2 3 8 0.04 RT 24 1 92 14 

23 1.1 1 3 8 0.04 RT 24 28 42 71 

24 2.0 1 3 8 0.02/6 RT 24 - 16 33 

25 2.0 1 6 8  RT 24 - 18 7 

26 1.1 1 6 8 8x RT 24 - 73 12 

27 1.1 1 7 8 6x RT 24 - 65 8 

28 - 1 3 8 0.02 RT 24 - 60 - 
Experimental conditions: Open vessel charged with phenylboronic acid [(1.1= 2-14,16-21-23) – 1.5(1) and 2.0 (15)mmol], (olefin -2.0 mmol), N- methylmorpholine 
(2.0 mmol), Pd(OAc)2 (0.02 mmol), Neoc (0.024 mmol) and acetonitrile (3 mL) employed under homogeneous catalysis conditions. a old phenylboronic acid. 
Undistilled acetonitrile was employed in entries 1 and 2 . All other other reactions were performed in dried and distilles acetonitrile, except for entry 10, where DMF 
was used as a solvent and entry 23, where THF was used as a solvent.  24 mg of nanoparticles was employed in the case of the system with  MNP(N^N) entries 6,17,21 
and 21R. The reaction in entry 22 was performed employing a double amount of the substrate, base, catalyst and solvent (6 mL).  The reaction in entry 28 was 
performed employing in absence of phenylboronic acid.  
 

�
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Figure 43: Conversion of styrene (results of entry 22). 
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Figure 44: Selectivity for cis-stilbene (results of entry 22). 
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Figure 45: Selectivity for trans-stilbene (results of entry 22). 
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Experimental Section 

 

3.6 Synthesis of (E)-2-(2-nitrostyril)pyridine  

�

�

 

Reagent M.W(g•mol-1) 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 with o-nitrobenzaldehyde, 2-picoline, and 

acetic anhydride. A reflux condenser was attached and the solution was heated to reflux for 28 h 

(reaction conversion was monitored by TLC on silica using AcOEt:hexane = 7:3 as the eluent). The 

color of the solution gradually turned dark. At the end of the reaction, 5 mL of water was added and 

the reaction mixture was maintained at RT for 90 min under stirring. The formed dark solution was 

filtered on a Buchner funnel and washed with a little cold water. A TLC (AcOEt:hexane = 8:2 as 

the eluent) showed that the product is present, but there was also a dark spot at the bottom of the 

TLC plate. To isolate the product, a filtration over silica gel was performed (AcOEt:hexane = 8:2 as 

the eluent). After drying over Na2SO4 and evaporation of the solvent in vacuo, the product was 

obtained as a yellow solid (1.7587 g, 69.09% yield). The 1H NMR spectrum revealed the presence 

of only the E isomer (Figures 46, 47). 

�
1H NMR: (400 MHz, CDCl3, 298 K) �  8.66 (d, J = 4.1 Hz, 1H), 8.06 (d, J = 16.0 Hz, 1H), 8.00 (dd, 

J = 8.0, 1.2 Hz, 1H), 7.81 (d, J = 7.8 Hz, 1H), 7.73 (td, J = 7.71, 1.7 Hz, 1H), 7.65 (t, J = 7.5 Hz, 

1H), 7.51 (d, J = 7.9 Hz, 1H), 7.49 (t, J = 7.8 Hz, 1H), 7.26 (d, 1H, overlapped with CDCl3), 7.17 

(d, J = 16.1 Hz, 1H) ppm. 
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Figure 46: 1H NMR (400 MHz, CDCl3, 298 K) spectrum of (E)-2-(2-nitrostyril)pyridine.
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�

 

Figure 47: Expanded 1H NMR (400 MHz, CDCl3, 298 K) spectrum of (E)-2-(2-nitrostyril)pyridine.�
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3.7 Synthesis of 2-(pyridine-2-yl)-1H-indole 

�

�

�

Reagent M.W(g•mol-1) mg mmol Molar ratio V [ml] d[g/mL] 

(E)-2-(2-

nitrostyril)pyridine 
226.03 126.6 0.5601 15   

�

638.71 24a 0.0375 1   

DMF     5  
aThe value found was approximate considering the best immobilization (entry V) table 6 chapter 2. 
In this attempt we used the catalyst derived from the immobilization of 4-Me-Phen onto MNPs.  
�

All manipulations of the reagents involved in the catalytic reactions were conducted under a N2 

atmosphere. All glassware and magnetic stirring bars used in the catalytic reactions were kept in an 

oven at 120 °C for at least 2 h and allowed to cool under vacuum before use. Reactions were 

performed in a glass liner closed with a screw cap with a glass-wool-filled open mouth to allow 

exchange of gaseous reagents. The substrate ((E)-2-(2-nitrostyril)pyridine) was weighed in the liner, 

which was then placed inside a Schlenk tube with a wide opening and placed under a N2 

atmosphere. The MNPs were dispersed in DMF and added under stirring, and then the liner was 

transferred to the autoclave. The autoclave was closed, filled with CO, and then evacuated three 

times, after which, it was filled with CO at the desired pressure. The autoclave was placed into a 

preheated oil bath and heated at the desired temperature for the desired time. We performed several 

trials following the same procedure, but changing the solvent, temperature, and pressure of CO, as 

summarized in Table 9. At the end of the reaction, the autoclave was cooled in an ice bath and 

vented. An internal standard was added for� the GC analysis and the catalyst was magnetically�
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separated before performing the analysis. For the recycling test, we added fresh reagent and solvent 

to the same MNPs and repeated the reaction following the same procedure. Attention was paid not 

to allow the solution to be exposed to air between reactions.  

For quantification by GC, we added biphenyl as an internal standard. The amount of added 

internal standard was calculated as one quarter of the mass of the substrate. After adding the 

internal standard, we made a diluted solution with an internal standard concentration of 0.1 mg/mL. 
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3.8 Synthesis of methyl-2-nitrocinnamate  

�

 

�

Reagent M.W(g•mol-1) g mol Molar ratio V [ml] d[g/mL] 

2-nitrocinnamic acid 193.16 4.0406 2.09  3   

H2SO4 98.08  7.02 1 0.374 1.840 

MeOH dry     120  

�

�

To a 100 mL Schlenk flask was added 2-nitrocinnamic acid. The flask was evacuated by three 

vacuum–nitrogen cycles. In a nitrogen stream, MeOH and sulfuric acid were added. The reaction 

was refluxed for a total of 21 h and checked by TLC (hexane:AcOEt = 8:2 as the eluent). MeOH 

was then evaporate in vacuo and the product was suspended in 30 mL of a saturated NaHCO3 

solution to neutralize excess H2SO4. The reaction mixture was extracted with CH2Cl2 (3 × 50 mL). 

The organic phase was washed with 30 mL of a saturated NaHCO3 solution and twice with 30 mL 

of water. The product was dried over Na2SO4, filtered, and the solvent removed under vacuum. A 

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

�
1H NMR (400 MHz, CDCl3, 298 K) �  8.16, (d, 3J = 15.8 Hz, 1H, He), 8.06 (d, 3J = 7.9 Hz, 1H, Hd), 

7.70–7.65 (m, 2H, Ha and Hb), 7.57 (dd, 1H, Hc), 6.37 (d, 3J = 15.8 Hz, 1H, Hf), 3.86 (s, 3H, CH3) 

ppm.
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Figure 48: 1H NMR (400 MHz, CDCl3, 298 K) spectrum of methyl-2-nitrocinnamate.�
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�
Figure 49: Expanded 1H NMR (400 MHz, CDCl3, 298 K) spectrum of methyl-2-nitrocinnamate.
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3.9 Synthesis of methyl-1H-indole-2-carboxylate 

�

�

�

�

Reagent M.W(g•mol-1) mg mmol Molar ratio V [ml] d[g/mL] 

Methyl-2 

Nitrocinnamate 
222.22 124.5 0.5601 15   

�

640.87 24a 0.0375 1   

DMF     5 �
aThe value found was approximate considering the best immobilization (entry V) table 7chapter 2. 
In this attempt, we used the catalyst derived from the immobilization of 4-OH-Phen onto MNPs.  

�

All manipulations of the reagents involved in the catalytic reactions were conducted under a N2 

atmosphere. All glassware and magnetic stirring bars used in the catalytic reactions were kept in an 

oven at 120 °C for at least 2 h and allowed to cool under vacuum before use. Reactions were 

performed in a glass liner closed with a screw cap with a glass-wool-filled open mouth to allow 

exchange of gaseous reagents. The substrate (methyl-2-nitrocinnamate) was weighed in the liner, 

which was then placed inside a Schlenk tube with a wide opening under a N2 atmosphere. The 

MNPs were dispersed in DMF and then added under stirring, and then the liner was transferred to 

the autoclave. The autoclave was closed, filled with CO, and then evacuated three times, after 

which, it was filled with CO at the desired pressure. The autoclave was placed into a preheated oil 

bath and heated at the desired temperature for the desired time. We performed several trials 

following the same procedure, but changing the solvent, temperature, and pressure of CO, as 
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summarized in Table 10. At the end of the reaction, the autoclave was cooled in an ice bath and 

vented. An internal standard was added for� the GC analysis and the catalyst was magnetically�

separated before performing the analysis. For the recycling test, we added fresh reagent and solvent 

to the same MNPs and repeated the reaction following the same procedure. Attention was paid not 

to allow the solution to be exposed to air between reactions.  

For quantification by GC, we added biphenyl as an internal standard. The amount of added 

internal standard was calculated as one quarter of the mass of the substrate. After adding the 

internal standard, we made a diluted solution with an internal standard concentration of 0.1 mg/mL. 
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3.10 Synthesis of trans-stilbene 

 

�

 

Reagent 
 

M.W 
������ �	 
 

mg mmol Molar ratio  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)2 224.51 4.5 0.02 0.02 
  

4-NMM 101.15 202.3 2 2 
 

0.920 

CH3CN  
    

3 
 

The reactions were performed in dried and distilled acetonitrile, except for entry 10 in Table 11, where DMF was used 
as a solvent and entry 23, where THF was used as a solvent. 
�

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

To an open vessel were added phenylboronic acid, styrene, the ligand solution (0.024 mmol in 1 mL 

of MeCN), the palladium acetate solution (0.02 mmol in 2 mL of MeCN), and finally the base (if 

applicable). The vessel was immersed in a preheated oil bath and heated at 80 °C for 3 h. At the end 

of the reaction, the vessel was cooled on an ice bath and a GC analysis of the reaction mixture was 

immediately performed. We used and added internal standard (naphthalene) of all analyses. The 

amount of internal standard added was equivalent to one quarter of the mass of styrene. After 

adding the internal standard, we made a diluted solution with an internal standard concentration of 

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

 

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

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

In a separate flask, a solution containing the ligand and palladium acetate in 2 mL of MeCN was 

prepared. After preformation of the catalyst, the latter solution was added to the former in an open 

vessel. The reaction was performed at RT, and immediately after the end of the reaction, a GC 

analysis was performed. This procedure provided the best results and for this reason, all 
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homogenous catalysis trials from Entry 13 onward were performed by preforming the catalyst. For 

quantification by GC (Shimadzu GC-2010, Column SUPELCO EQUITYTM-5ms, 10 m × 0.1 nm × 

0.1 � m film thickness capillary column), naphthalene was added as an internal standard. The 

amount of added naphthalene was calculated as one quarter of the mass of the substrate (styrene). 

After adding the internal standard, we made a final solution containing 0.1 mg/mL of the internal 

standard using CH2Cl2 as a diluent.  

 

Procedure using MNPs:  

The procedure for trials using the MNPs is analogous to the one described above, but a solution of 

palladium-functionalized nanoparticles in MeCN (2 mL) was employed instead of the palladium 

complex. At the end of the reaction, we removed the catalyst by magnetic separation. In the 

recycling test, we used the same MNPs with fresh substrate 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 

Column 
90°C 

- 90°C 0 min 

4.00 140°C 0 min 

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(g•mol-1) mg V [mL] d[g/mL] 

�

�� 24.3 � �

HNO3 63.01  1 1.51 

HCl 36.46  3 1.19 
a In this analysis was used the 4-Me-Phen immobilized onto MNPs.  
Only Milli-Q water was used during the process. 

�

We performed atomic absorption spectroscopy to analyze the quantity of palladium in our 

system. In an open vessel, we added 24.3 mg of the MNPs and a mixture of HNO3 and HCl ("aqua 

regia"). The solution stirred vigorously, and when the nanoparticles were completely solubilized, 1 

mL of the resulting solution was transferred to a test tube and diluted with a solution of 5% nitric 

acid in Milli-Q water.  

We constructed a calibration curve (0.1–6 ppm) using a certified standard. The obtained 

coefficient of correlation was 0.99984. To analyze the palladium content in the recycled solution, 

we removed the nanoparticles by magnetic separation after the catalytic reaction and analyzed the 

remaining solution. 

 

Results:  

Theoretical palladium (calculated assuming each anchored phenanthroline binds one palladium 

atom): 4-OH-Phen-MNPs: 0.1575 mg Pd/mg 4-OH-Phen-MNPs.  

PdAAS: 1.967 × 10-2 mg = 1.85 × 10-4 mmol Pd/mg 4-OH-Phen-MNPs (1/8 of the calculated 

amount). 

 

Theoretical palladium (calculated assuming each anchored phenanthroline binds one palladium 

atom): 4-MePhen-MNPs: 0.1650 mg Pd/mg 4-MePhen-MNPs.  

PdAAS: 2.75 × 10-2 mg = 2.58 × 10-4 mmol Pd/mg 4-MePhen-MNPs (1/6 of the calculated 

amount). 
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Conclusions 
 

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

• The synthesis and characterization of 4-MePhen and 4-OH-Phen were in accordance with 
the literature, and the corresponding Mo(CO)4 complexes were prepared and characterized.  

• 4-MePhen and 4-OH-Phen were also attached to the nanoparticles, and the success of this 
procedure was proven by coordination with molybdenum. 

• Elemental analyses supported the presence of nitrogen ligands, and it was possible to 
quantify the amount of immobilized phenanthroline derivatives.  

• Palladium was successfully attached to the phenanthroline-functionalized nanoparticles. 

• The heterogenized complex successfully catalyzed the formation of indoles, but the recycled 
catalyst rapidly lost activity.  

• In the case of oxidative Heck reactions, we first optimized the conditions in the 
homogeneous phase.  

• Employing the MNP complexes, we observed low selectivity that was attributed to the 
polymerization of styrene. This issue needs to be investigated further. 
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