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por un recuerdo de campo y mar, 
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como tu cuerpo en la oscuridad, 
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We made a promise we swore we’d 
always remember 
No retreat, no surrender 
Like soldiers in the winter’s night 
with a vow to defend 
No retreat, no surrender 
 
Now young faces grow sad and old 
and hearts of fire grow cold 
We swore blood brothers against the 
wind 
I’m ready to grow young again 
And hear your sister’s voice 
calling us home across the open yards 
well maybe we could cut someplace of 
our own 
With these drums and these guitars 
 
 
No surrender 
Bruce Springsteen 
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Abbreviations and Acronyms 
 

In this document the abbreviations and acronyms most commonly used in organic 

chemistry have been used, according to the recommendations of ACS “Guidelines for 

authors”: 

 

http://pubs.acs.org/page/joceah/submission/authors.html 

 

Other abbreviations and acronyms are listed below: 

 

acac acetylacetonate  

ADP  adenosine diphosphate 

AMP  adenosine monophosphate 

AOT sodium bis(2-ethylhexyl)-

sulfosuccinate  

aq aqueous 

Ar aromatic 

ATP adenosine-5’- triphosphate 

ATR Attenuated total reflectance 

AW Atomic weight 

BINAP 1,1’-binaphtalene-2,2’-

diyl)bis(diphenylphosphine) 

bpy tris(2,2’-bipyridyl) 

cAMP  Cyclic adenosine monophosphate  

CD cyclodextrin  

COD 1,5-cyclooctadiene 

COSY correlation spectroscopy 

Cp cyclopentadienyl 

CT  Charge transfer  

CuAAC Copper catalyzed alkyne and 

azide cycloaddition 

Cup N-nitrosophenylhydroxylamine 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DEPT  Distortion Enhancement by 

Polarization Transfer 

DIPEA N,N-diisopropylethylamine 

DMAP 4-N,N’-dimethylaminopyridine 

DME 1,2-dimethoxyethane 

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DPEN (R,R)-1,2-diphenylethylenediamine 

dppe 1,2-Bis(diphenylphosphino)ethane 

dppm 1,1-Bis(diphenylphosphino)methane 

dppp 1,3-Bis(diphenylphosphino)propane 

EA Elemental analysis  

ee enantiomeric excess 

EET electronic energy transfer  

eq equivalents 

Eq equation 

ESI  Electrospray Ionization 

exp experimental 

f  functionalization  

FAAS Flame atomic absorption 

spectroscopy 

FAB Fast atom bombardment 

fcc  face-centered cubic 

FTIR Fourier Transform InfraRed 

G guest 

GMP  guanosine monophosphate 

H host  

hcp  hexagonal close packed  
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HPLC High performance liquid 

chromatography 

HOMO highest occupied molecular orbital 

HR-MAS high-resolution magic angle 

spinning 

HR-MS  High resolution Mass 

Spectrometry  

HSQC heteronuclear single quantum 

correlation 

ICP-AES Inductively coupled plasma 

atomic emission determination 

IDA  indicator displacement assay  

IPA isopropyl alcohol, 2-propanol 

IR  Infrared spectroscopy  

ISR  Indicator-spacer-receptor approach  

Ka association constant 

LMCT  ligand to metal charge transfer 

LUMO lowest unoccupied molecular orbital 

MALDI  Matrix assisted laser 

desorption ionization  

max maximum 

MFH magnetic fluid hyperthermia 

MLCT  metal to ligand charge transfer 

MNP/s Magnetics nanoparticle/s 

m.p. Melting point  

MRI Magnetic resonance imaging 

MS Mass Spectrometry  

MW molecular weight 

MW microwave 

NMR Nuclear Magnetic Resonance  

NP/s nanoparticle/s 

PBP  phosphate binding proteins  

PEG  polyethylene glycol  

PET  photoinduced electron transfer  

PMP p-methoxyphenyl 

PS-PEG polystyrene-

polyethyleneglycol  

PS polystyrene 

PTC  phase transfer catalyst  

PTFE polytetrafluoroethylene 

PVA  polyvinyl alcohol  

pyr pyrene 

QDs quantum dots 

r  Ionic size  

RNA ribonucleic acid 

rt room temperature 

SBP  sulfate binding proteins  

SDS sodium dodecyl sulfate 

t time 

T transmittance 

TBAF tetrabutylammonium fluoride 

TBDMSCl  t-butyldimethylsilyl chloride 

TEA triethylamine 

TEMPO   2,2,6,6-

tetramethylpiperidine-1-oxyl 

TEOS tetraethylorthosilicate 

TFA trifluoroacetic acid 

TGA Thermogravimetric analysis 

THF tetrahydrofurane 

TLC Thin Layer Chromatography  

TOF Time of flight 

TOP  trioctyl phosphine  

TOPO Trioctylphosphine oxide 

TEM  transmission electron microscopy  

tren  Tris(2-aminoethyl)amine 

UV ultraviolet 

v/v volume in volume 

Vis visible 

W/O water in oil 

XRD X-Ray Diffraction  
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1.1 Nanoscience and nanotechnology 
 

Nanoscience is the science of objects that are intermediate in size between the 

largest molecules and the smallest structures that can be fabricated by current 

photolithography, that is, the science of objects with smallest dimensions ranging from 

a few nanometers to less than 100 nanometers.1 A more precise definition of these terms 

can be achieved by focusing on the intrinsic properties of the nanoscale objects and on 

the possibility of using, manipulating or organizing them into assemblies in order to 

perform specific functions.2 In the Nature there are many examples that can be 

considered nanostructures (DNA, viruses, subcellular organelles), while in chemistry 

these concepts have been historically related to colloids, micelles, polymers and more 

recently to nanotubes, nanoparticles or semiconductors quantum dots that have emerged 

as interesting nanostructures.3 

The methods used to generate nanoscale structures are commonly classified as 

“top-down” and “bottom-up” approaches. In the “top-down” approach, 

photolithography and related techniques are used to pattern features over length scale 

approximately four orders of magnitude larger (in linear dimension) that an individual 

structure.4 This approach is subject to drastic limitations for dimensions smaller than 

100 nm. This size restriction and high cost make the “bottom-up” approach an 

alternative and most promising strategy. In the bottom-up approach, nano or 

subnanoscale objects (that is, atoms or molecules) are used to build up nanostructures.2 

Among the disciplines devoted to the synthesis study of the properties and applications 

of nanostructures are supramolecular chemistry and nanoparticles science.  

 

1.2 Supramolecular chemistry and nanoparticles 
 

Supramolecular chemistry5 is the scientific discipline devoted to the study of 

systems formed by aggregates of molecules or ions held together by means of 

intermolecular, non-covalent interactions, such as electrostatic interactions, hydrogen 

bonding, dispersion interactions and solvophobic effects.6 This area emerged in the late 

1970s as a new branch of chemistry and with time showed the potential to use 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Introduction and Aims 

16 

molecules as building blocks to construct nanoscale objects (molecular devices and 

machines), following the bottom-up approach.2 

Nanoparticles, entities with diameters ranging from 1 to 100 nm made of 

inorganic or organic materials, also represent an interesting strategy for the preparation 

of functional materials by the bottom-up approach. The past decades has witnessed an 

increasing interest in nanoparticles on account of their unique and size-dependent 

optical, electronic and catalytic properties. One interesting type of nanoparticles are 

magnetic nanoparticles (MNPs), which are very promising for their applications in 

catalysis,7 biolabeling, bioseparation, medical diagnosis and therapy.8 For these 

applications they offer the advantage that they can be controlled and moved as required 

by the application of an external magnetic field. The surface of the MNPs can be 

functionalized with different types of organic molecules (catalysts, molecular receptors, 

fluorescent species) and the possibility of magnetic decantation may allow the easy 

recycling of the system or the removal of target species from solutions. 

These two areas, supramolecular chemistry and nanoparticles are, by no mean, 

independent disciplines, and there are several examples in which they are combined for 

the preparation of new functional materials.9 

 

1.3 Aims and objectives 
 

In the present work we explored different subjects related to supramolecular 

chemistry and nanoparticles, in particular focusing on the development of receptors for 

charged species, and in the preparation and use of MNPs as supporting material for 

molecular receptors. The resulting functional nanoparticles were investigated as 

extracting materials for the removal of charged species from solutions, and as carriers 

for catalyst molecules through the formation of inclusion complexes. For a better 

organization, the work is presented divided in two parts. 

In Part I (Chapters 1 to 3) the research was centered in the use of metal complexes 

as receptors for anions, employing the metal centres as structural and organizing 

moieties of the binding groups.  
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In particular the objectives of Part I are: 

 

1) To preparate di-platinum complexes bearing different thiolato-urea 

ligands. This required the preparation of several thiolato-urea compounds with different 

substituents in the urea and variable length of the intermediate alkyl chain 

2) To explore different routes for the preparation of the platinum-thiolato 

complexes. 

3) To study the ability of these complexes to recognise anionic species, 

determining the association constants for their interaction with different anions, in 

solution. 

4) To develop a chemosensor based in the di-platinum complexes, exploring 

both the ISR approach and the dye displacement strategy. 

 

In Part II (Chapter 4 to 7) we wanted to further develop the use of functional 

MNPs for applications in extraction of cations from solutions and in catalysis.  

 

The objectives of Part II are: 

 

1) To prepare different types of MNPs (cobalt nanoparticles or Fe3O4 

nanoparticles) and decorate their surfaces with metal binding units using different 

strategies for the anchoring of the functional monomers. Additionally we liked to 

comparatively assess the merits of other types of heterogeneous support material; i.e, 

insoluble polymers (Merrifield type resins and polystyrene-polyethyleneglycol resin) as 

platforms, for the grafting of receptors groups onto their surfaces.  

2) To evaluate the extracting materials mentioned above in the extraction of 

cations from aqueous and organic solutions.  

3) To prepare MNPs functionalized with organocatalyst molecules using 

different strategies for placing the catalyst in the surface of the nanoparticles.  

4) To evaluated these hybrid materials as catalyst in the corresponding 

reactions.  
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1.1 Supramolecular chemistry  
 

Supramolecular chemistry1 is the scientific discipline that studies the physical, chemical 

and biological features of chemical entities of greater complexity than molecules 

themselves. It deals with structures composed by two or more molecules that are held 

together by means of intermolecular, non-covalent interactions. This discipline has been 

described by J.M. Lehn as “…chemistry beyond the molecules, bearing on the 

organized entities of higher complexity that result from the association of two or more 

chemical species that are held together by intermolecular forces”.2,3 At the very base of 

supramolecular chemistry is molecular recognition,3,4 because the construction of any 

supramolecular system involves selective molecular combinations. The molecule that 

does the recognizing is called host (or receptor) and the one that is recognized is named 

guest (or substrate) and is usually the smaller component of the pair. Thus, molecular 

recognition is also called host-guest chemistry. More precisely, this branch of chemistry 

studies how host molecules recognize guest molecules and how these species associate. 

Underlying molecular recognition is the “lock and key” principle of steric fit 

proposed by Emil Fisher at the end of the 19th century (Figure 1.1). 

 

ENZYME ENZYME - SUBSTRATE 
COMPLEX

PRODUCTS

SUBSTRATE
ACTIVE SITES

Lock-and-key model: The substrate and the 
enzyme active sites have complementary shapes  

Figure 1.1. The “lock and key” model of enzyme recognition. 

Fisher proposed that in the enzyme-substrate recognizing event a “lock and key” 

mechanism takes place, where the structural fit between the recognizing molecule and 
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the recognized one is important. This provided the idea that binding must be selective 

and that geometrical complementarity is necessary for the interactions of a host and 

corresponding guest.  

If in addition to binding sites the receptor also has reactive sites or functionalities, 

it may produce a chemical transformation to the bound substrate as in the case of 

supramolecular catalysts. In other cases the receptor may act as a carrier, achieving the 

translocation of the bound substrate. Thus, the three central functions of supramolecular 

entities are molecular recognition, transformation and translocation.2  

 

1.1.1 Design of receptors 

 

Recognition implies geometrical and interactional complementarity between the 

associated partners. This concept refers both to energetic features as well as to 

geometrical ones. For a host to achieve effective recognition of a given substrate 

(selected among other possible substrates present in the medium) several factors must 

be taken into account:3 

1) Steric complementarity: related to the size and shape of both partners 

and to the presence of concave and convex domains in host and guest molecules, 

respectively. 

2) Interactional complementarity: this refers to the presence on the host 

of complementary functionalities with respect to those present in the guest, for example 

positively and negatively charged groups, dipole-dipole interactions or hydrogen bonds 

donors and acceptors. In addition, all these groups have to be placed in a well-defined 

three-dimensional architecture with the correct arrangement of functionalities to achieve 

complementarity. The presence of multiple convergent interaction sites is usually 

required, as individual non-covalent interactions are rather weak. 

3) Large contact areas: the receptor is usually designed to wrap around its 

guest so as to establish numerous non-covalent binding interactions. That is why most 

receptors have intramolecular cavities, clefts and pockets lined with binding sites 

directed towards the bound species. In addition, inclusion also leads to more or less 

complete solvent exclusion from receptor site, thus minimizing the number of solvent 

molecules to be displaced by the substrate on binding.  

As the molecular recognition event usually takes place in solution, medium 

effects must be also taken into account. Solvent molecules are present in very large 
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number with respect to that of host and guest and therefore can have a pronounced 

effect in the dynamics and energetic of association. The vast majority of supramolecular 

interactions are electrostatic in nature, meaning that polar solvents often act to reduce 

the observed binding, while the presence of least competitive apolar solvents usually 

results in stronger associations. 

Another aspect to consider is the balance between rigidity and flexibility. Rigid 

receptor allows very efficient recognition providing high stability and selectivity. 

Flexible receptors that bind the substrate by an “induced fit” may display high 

selectivity but lower stability. Flexibility allows for exchange, regulation, cooperativity 

and allostery, processes in which the receptor have to adapt and respond to changes. 

This possibility is of great importance in biological receptor-substrate interactions. 

 

Over the past years, many different host molecules have been developed for the 

recognition and binding of neutral and charged species. Binding is generally based on 

non-covalent interactions1 of different kinds: 

Electrostatic interactions: these are the type of interactions that take place 

between charged molecules. Attractive forces are present between molecules with 

opposite charges, while repulsive forces act between molecules with the same charge. 

The magnitude of this interaction is relatively large compared to other non-covalent 

interactions and the strength of the interactions is inversely proportional to the dielectric 

constant of the surrounding medium. The more hydrophobic the environment (smaller 

dielectric constant) the bigger the electrostatic interaction. Other types of electrostatic 

interactions as dipole–dipole and dipole–ion interactions, play a role in case of neutral 

species. 

Hydrogen bonding interactions: This is a type of dipole – dipole interaction 

where positively polarized H atoms in, for example, OH or NH groups, interact strongly 

with electron rich atoms located nearby. This results in relatively strong direction-

specific hydrogen bond between these functional groups. They play a crucial role in 

recognition although they are weaker than electrostatic interactions. Hydrogen bonds 

only occur when the functional groups that are interacting are properly oriented.  

Coordinate bonding: is the type of interactions that exist between metal ions and 

electron rich atoms in ligands. It is a direction-specific interaction of moderate strength.  

Van der Waals interactions: they are less specific and weaker than the others but 

their importance lies in the fact that they apply to all kinds of molecules. They are 
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driven by the interactions of dipoles created by instantaneous imbalanced electronic 

distributions in neutral substances. Although weak, the combined cooperative 

contributions from numerous Van der Waals interactions are key to molecular 

recognition. They are important when the host molecule recognize the shape of the 

guest molecule. 

Hydrophobic effect: It is important in aqueous medium, as the major driving 

force for hydrophobic molecules to aggregate in water. It does not represent an 

interaction between hydrophobic molecules, but it is related to the hydration structure 

present around hydrophobic molecules.5 The mechanisms and nature of this effect is not 

clear yet.6 The hydrophobic effect play a key role in membrane and micelle formation, 

protein folding, ligand-protein binding and protein-protein binding and it is of crucial 

importance in the binding of organic guest to cyclodextrins and cyclophanes hosts in 

water.5 

π  - π  interactions: this type of interactions take place between aromatic rings and 

provide an important contribution to molecular recognition in those cases where these 

rings are present in the receptor and the substrate.7 Due to aromaticity, the electron 

density is draw into orbitals associated with the carbon framework and the hydrogen 

atoms in the aromatic ring are polarized. This creates an electron rich region associated 

with the π system and an electron poor region associated with the hydrogen atoms. As a 

result of that, the positively polarized hydrogen atoms can interact with the π system of 

a neighbouring molecule through a perpendicular dipole-dipole interaction. Aromatic 

rings can also stack through staggered π - π interactions, where one molecule lies above 

the other, but offset. In this manner the complementary electron rich and electron poor 

regions match up. 8 

Usually, selective and effective recognition is achieved through combination of 

several of these molecular interactions. Finding an appropriate combination of 

molecular interactions is the key to designing efficient molecular recognitions systems. 

 

1.2 Anion recognition 
1.2.1 General aspects  

 

Anions play many different and significant roles in biological systems and in 

chemical processes. Phosphates and their derivatives (Figure 1.2), as for example de 
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nucleotides mono-, di-, and triphosphates, are biologically important anions. 

Mononucleotides, for instances, are part of the structure of the nucleic acids (DNA and 

RNA). Cyclic adenosine monophosphate (cAMP) derived from adenosine triphosphate 

is a second messenger, important in many biological processes. Inositol-1,4,5-

triphosphate9 is another second messenger in intracellular signal transduction, which 

induces the release of Ca2+ from its intracellular stores and regulate a number of 

processes including cell proliferation and cell death.  
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Figure 1.2. Same phosphate derivatives of biological relevance 

Anions are, as well, the majority of enzyme substrates and co-factors. therefore, 

anions take part in a wide range of fundamental processes, including gene replication 

and energy transduction. Examples of proteins that interact with negatively charged 

species are carboxypeptidase A,10 superoxide dismutase, phosphate binding proteins 

(PBP) and sulfate binding proteins (SBP).11,12  

Anions are also important due to their applications in industry and some of them 

are related to environmental pollution problems. Tetrahedral oxyanions13 are of 

particular relevance in this regard. The presence of large amounts of inorganic 

phosphate in rivers and lakes (originated from factories or the use of fertilizers) causes 

eutrophication of these waterways and the production of toxic algal blooms, with 
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deleterious effects for the environment; contamination with radioactive pertechnetate 

(TcO4
-) coming from nuclear energy centrals is another environmental concern. Finally, 

other tetrahedral anions as chromate and arsenate are extremely toxic and therefore their 

presence in waterways and soils is not desirable. Considering the above the 

development of synthetic receptors for the binding and/or sensing of anions is a central 

topic in molecular recognition research due to the possible applications of the receptors 

in medicine, catalysis and environmental control.11,14-17 Receptors may be used to 

selectively detect and quantify the guest species or to separate it from the medium in 

which it is embedded. The research in receptors for anionic species have already 

provided some interesting applications in the detection of anions of biological or 

environmental concern (phosphorylated species,18 cyanide19), in the selective transport 

of anionic species20 and in the use of host – guest interactions to template the formation 

of complex supramolecular assemblies.21 

 

1.2.2 Development of receptors for anions 

 

The first receptors for cationic guests were reported in 1967 by Pedersen, more 

specifically on the complexation of alkali metal ions by crown ethers22 (I). These 

studies were seminal for the development of supramolecular chemistry and since then 

the area has developed enormously.  

 

O
O

O

OO
O

N NCl-H H

nCH2

nCH2
nCH2

I II  

Figure 1.3. Example of a cation receptor (I) and an anion receptor (II). 

 

Compared with cation receptors, anion receptors were developed much later, 

although already in 1968 the first synthetic receptor for inorganic anions was reported – 

namely the protonated macrobicyclic amine23 (II) that selectively binds Cl- through an 

array of hydrogen bonds. 

The delay in the development of anion receptors has been often attributed to 

several factors, namely:  
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1) Anions are considerably larger than cations (Table 1.1) and therefore require 

larger receptors than the ones developed for positively charges species, making the 

synthesis of artificial hosts more difficult and challenging. 

 

Table 1.1. Ionic size (r), experimental enthalpies and Gibbs free energies of hydration for 

selected anions and cations.24 

 r (ppm) ΔHhyd (kJ/mol) ΔGhyd (kJ/mol) 

F- 133 -510 -465 

Cl- 181 -367 -340 

Br- 196 -336 -315 

I- 220 -291 -275 

HCOO- 156 -432 -335 

NO3
- 179 -312 -300 

H2PO4
- 200 -522 -465 

CO3
2- 178 -1397 -1315 

SO4
2- 230 -1035 -1080 

Li+ 69 -531 -475 

Na+ 102 -416 -365 

K+ 138 -334 -295 

Cs+ 170 -283 -250 

NH4
+ 148 -329 -285 

Ca2+ 100 -1602 -505 

Zn2+ 75 -2070 -1955 

Al3+ 53 -4715 -4525 

Fe3+ 65 -4462 -4265 

 

 

When ions of comparable size are considered, (for example F-, r = 133 ppm and 

K+, r = 138 ppm) one can see that anions are more strongly hydrated, and hence anions 

host must compete more effectively with the surrounding medium to be able to 

coordinate the anion. This stabilization in aqueous (and in general in polar protic 

solvents) is due to hydrogen-bonding interactions with the solvent molecules.24  

What is more, anions are bigger than the isoelectronic cations (Table 1.2), which 

means that they have a lower charge to radius ratio making electrostatic interactions less 

intense than for similar cations.15 
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Table 1.2. Radii (r) of isoelectronic cations and anions in octahedral environments.15 

Cation r[Å] Anion r[Å] 

Na+ 1.16 F- 1.19 

K+ 1.52 Cl- 1.67 

Rb+ 1.66 Br- 1.82 

Cs+ 1.81 I- 206 

 

2) Many anions exist as such only in a relatively narrow pH window. Carboxylic 

acids or inorganic oxoanions for instance, are sensitive to the pH and become 

protonated in acidic media, losing partially or completely their negative charge. That 

can be problematic, in particular in the case of receptors based in polyammonium salts, 

where the host may not be fully protonated in the pH range in which the anion is present 

in the desired form. As a result, host molecules must be designed so that they can bind 

the targeted anion in the adequate pH region.15 

3) Another reason for the relatively slow development of supramolecular 

chemistry of anions has been attributed to the wide variety of geometries anions present 

(Figure 1.4). 

spherical
F-, Cl-, Br-, I- linear

N3
-, CN-, SCN-, OH-

trigonal planar
CO3

2-, NO3
-

tetrahedral
PO4

3-, VO4
3-, SO4

2-, 
SeO4

2-, MoO4
2-,  MnO4

-

octahedral
[Fe(CN)6]4-, [Co(CN)6]3-

complex shapes
DNA double helix

square planar
PdCl42-

 

Figure 1.4. The structural variety of anions.15  

Inorganic anions occur in a wide range of shapes and geometries, spherical (e.g. 

the halides F-, Cl-, Br- and I-), linear such as N3
- and SCN-; trigonal planar like NO3

-, 

tetrahedral such as PO4
3- and SO4

2- and even octahedral as in the case of some anionic 

coordination compounds, for example [Fe(CN)6]4-. Even more complicate structures can 

be considered as the ones of the biologically relevant oligophosphate anions.15 All this 
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means that a bigger effort is required in the design of receptors that are complementary 

to the guest species.  

4) Finally, one has to consider the solvent in which the recognition event is taking 

place. The nature of the solvent may affect anion binding strength and selectivity of the 

host. Solvents can form hydrogen bonds with anions and the host must compete with 

the solvent to interact with the anion. It is often the case that receptors that binds 

strongly anions in apolar non-competitive solvents, are completely ineffective when the 

recognition event is attempted in a polar medium such as water.  

 

1.2.3 Types of interactions used in anion binding: examples of anion receptors 

 

A wide variety of neutral and cationic compounds that take advantage of various 

kinds of non-covalent interactions have been synthesized as potential anion hosts. The 

types of interactions used to complex anions include electrostatic interactions, hydrogen 

bonds and coordination to a Lewis acid. In some cases combinations of some of these 

interactions are present in one single receptor.  

 

1.2.3.1 Electrostatic interactions: Protonated polyaza macrocycles 

 

One of the first properties of anions to be considered in the design of complexing 

agents was of course the presence of a negative charge, and there are a lot of examples 

of cationic structures that bind anions through coulombic forces.25,26 Cationic hosts 

capable of forming ion pairs with anions in solution are most easily prepared by 

protonation of suitable basic compounds. Since many of the target anions have 

themselves basic properties, the host – guest interaction depends in most cases on 

relative proton affinities in the different acid - base equilibria that are established.  

Some of the first synthetic receptors reported for anions where macrocyclic or 

macropolycyclic arrangements of positively charged centers, such as ammonium and 

quaternary ammonium groups that form host-guest complexes with a variety of anionic 

guests. As mentioned before, receptor II (Figure 1.3), reported by Parks and Simmons 

in 1968 and named katapinate by the authors,23 was shown to form a non-covalent 

encapsulation process with anions guest, in the presence of halide salts and is the first 

example of anion coordination.27  
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More developed receptors would require the incorporation of more ammonium 

sites in the macrocycle to maximize the electrostatic attraction for the anionic guest. 

This accumulation of charge was achieved by enlargement of the macrocycle28 

(receptors III) or by functionalizing smaller macrocycles with amino side chains29 (IV), 

resulting in receptors that work at neutral pH.28, 29 Another example is receptor V – a 

polycyclic quaternary ammonium compound - that was shown to encapsulate a variety 

of anions in water.30 One of the inconveniences of these positively charged receptors is 

that they have an associated counterion that may compete for the anion-binding site. 

Neutral zwitterionic receptors (VI) have been developed to overcome this problem.31  
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Figure 1.5. Anion receptors based in electrostatic interactions. 

 

Electrostatic interactions can be used together with hydrogen bonds to produce 

effective receptors for anions, as is the case polyammonium macrocycles like VII.25 

This receptor was found to bind strongly and selectively ATP and other nucleotides via 

electrostatic interactions and hydrogen bonding between the positively charged 

ammonium groups of the receptor and the negatively charged phosphate groups of the 

substrate. 

Anion binding using protonated polyaza hosts has the disadvantage that it is 

restricted to quite acidic pH regions, not allowing work with more basic anions. What is 
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more, using a different solvent can cause partial deprotonation and thus impair anion 

complexation.  

 

1.2.3.2 Anion receptors based in hydrogen bonds 

 

Being directional, hydrogen bonds have the advantage of allowing the design of 

receptors that can complement the particular geometrical or bonding requirements of 

different anions, providing a tool for selectivity. There are several hydrogen bond donor 

functionalities that have been used in anion coordination and are shortly described in the 

following paragraphs.  

Amides and theirs derivatives are particularly suitable as anion binding motifs 

because they have relatively acidic protons in rigid conformations and they have been 

extensively used in anion receptors.32 Examples of amide-containing receptors are 

compounds VIII and IX. Compound VIII is a 2,6-dicarboxamidopyridine that binds 

different anions in DMSO-d6. Higher association constant are achieved for acetate (Ka = 

3240 M-1) in comparison with halides (Ka = 1930 M-1 for Cl-).33 The macrocyclic 

receptor binds anions more strongly than the acyclic analogue IX (for acetate Ka = 160 

M-1 and for chloride, Ka = 45 M-1), what shows the existence of a macrocyclic effect in 

the coordination of the anions.34 Lately biscyclopeptides linked with different spacers 

have been reported as receptors of sulfate and iodide anions in aqueous solution, 

forming 1:1 complexes. 35,36 The fluorescent receptor X, a biscyclopeptide in which two 

cyclohexapeptides moieties with alternating L-proline and 6-aminopicolinic acid 

subunits are attached to a biphenyl linker has been reported as a very selective sensor 

for sulfate (log Ka = 3.87).36 Another recent example of amide-containing receptors is 

compounds XI, reported by Bowman-James and co-workers.37 It is a cyclophane 

capsule with “side pockets” for anion complexation that shows a large association 

constant for the binding of F- (Ka = 21000 M-1) and also high affinity for H2PO4
- and 

HP2O7
3- in DMSO-d6. 
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Figure 1.6. Anion receptors with amide groups. 

 

Urea and thiourea are also good hydrogen-bond donors and are appropriate as 

receptors for Y-shaped anions, such as carboxylic groups, because they have the 

possibility of forming two parallel hydrogen bonds (Figure 1.7).15 

 

R
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O N

N
X

H

H

R

R X= O, S  

Figure 1.7. Scheme of the two-point interaction between a urea or thiourea and a carboxylate 

group. 

 

Several examples of compounds containing ureas and thioureas as binding motifs 

for anions can be found in the literature.38 For example the very simple urea receptor 

XII binds anions such as phenylphosphonate with a stability constant of 2500 M-1 in 
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DMSO.39 Receptor XIII, reported by Umezawa and co-workers,40 binds H2PO4
- very 

strongly (with stability constant of about 1.95 × 105 M-1 in DMSO) through two 

thiourea groups. This is a consequence of the high degree of pre-organization present in 

this host molecule. This receptor is also selective to H2PO4
- over Cl- (and to a less 

extent over CH3COO-), a feature that can be attributed to the complementary hydrogen-

bonding array in the cleft that allows the formation of up to four hydrogen bonds with 

each dihydrogenphosphate ion.  
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Figure 1.8 Anion receptors with urea and thiourea groups. 

 

A few years ago the family of receptors XIV was reported.41 The presence of the 

substituents in the phenyl ring provides the possibility of a color change accompanying 

guest binding, enabling this family of receptors to act as colorimetric anion sensors. 

Tris(2-aminoethyl)amine (tren) based tris-urea receptors have also been reported for 

their anion binding properties. They are particularly interesting because they can 

coordinatively saturate oxoanions binding the guest in a 2:1 receptor to anion 

stoichiometry via twelve hydrogen bonds.42 One example of this behaviour is 

compound XV, recently reported by Ghosh. Titration studies with tetrabutylammonium 

halide salts have showed that the receptor is selective for fluoride with respect to the 

other halides (log Ka = 4.06 for F-, 3.42 for Cl- and 1.27 for Br-; no biding with I-) and 
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crystallographic studies of the sulfate complex demonstrated the formation of the 2:1 

receptor anion complex.43 

 

During the last years, pyrrole- and indole-containing compounds have arisen as 

very useful and versatile anion receptors.44 NH groups in these receptors serve as 

binding sites for anions through hydrogen bonds. They present the advantage over 

urea/thiourea or amide groups of the presence of a single NH hydrogen bond donor and 

no hydrogen bond acceptors, a fact that avoids the possibility of intramolecular 

competition due to NH···O hydrogen bonding interactions.17 A classical example of this 

group of receptors is meso-octamethylcalixpyrrole XVI that forms complexes 

selectively with fluoride.45 Strapped calyx[4]pyrrole receptors (containing an extra 

pyrrole group) have a higher affinity for chloride in acetonitrile when compared with 

the non-strapped analogue.46 The immobilization of calixpyrroles (XVII) in polymers 

has also been reported, resulting in particularly effective extractants of anions and ion 

pairs from aqueous to organic solutions.47  
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Figure 1.9. Anion receptors with pyrrole, indole and triazole groups. 

 

Like pyrrole, indole has also a single bond donor group, but whilst the anion 

complexation chemistry of pyrrole is well developed, the chemistry of indole as anion 

binding motif have not been much studied.16,48 There are anyway, some interesting 

examples in the literature, as the macrocyclic receptor XVIII and acyclic receptors XIX 

and XX. 49 Compounds XIX and XX show the same selectivity with respect to 

carboxylates and phosphates (acetate < H2PO4
- < HP2O7

3-) but the association constants 
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are larger for the second receptor because it is able to bind the anions via more 

hydrogen bonds.50 1,3-diindolylureas and thioureas (XXI) have recently been reported 

as good receptors for phosphate and carboxylates in DMSO-d6 / 5% water.51 

Recently, the 1,2,3-triazole moiety has appeared as a new binding group in anion 

receptors, solely via neutral CH···anion hydrogen bonding interactions.52 Macrocycle 

XXII has been reported by Li and coworkers53 and has been shown to bind chloride in 

CH2Cl2 solutions, in a 1:1 fashion and with a stability constant of 1.3×105 M-1. 

 

1.2.3.3  Guanidinium containing receptors 

 

The guanidinium ion has also been incorporated in anion recognition systems.54 In 

biologic systems, the guanidinium groups contained in the arginine residues of enzymes 

play a major role in the binding of anionic substrates and in maintaining the tertiary 

structures of proteins. For example, in the enzyme carboxypeptidase A the main 

recognition point to discriminate between an anionic and a cationic peptide is the 

arginine residue Arg145.10 This positively charged residue is able to bind a carboxylate 

group of the substrate via the establishment of a “salt bridge”, that is, two hydrogen 

bonds reinforced by electrostatic interactions.  

The guanidinium group has the advantage of combining the two kinds of binding 

interactions already described, namely electrostatic (by mean of the positive charge it 

carries) and hydrogen bonding. What is more, it has a pKa value55 of around 12 – 13 so 

it remains protonated up to high pH values extending the pH range over which the anion 

receptors operate. Another important characteristic of guanidinium groups is that, like 

urea groups, they have an optimal geometrical orientation for the interaction with Y-

shaped anions like carboxylate, phosphates, sulfate and nitrate (Figure 1.10).  
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Figure 1.10. Interaction of guanidinium group with Y-shaped anions. 

Examples of guanidinium containing receptors (Figure 1.11) are XXIII, a bicyclic 

system that can bind p-nitrobenzoate in CHCl3 forming a very stable complex (Ka = 

1.4×105 M-1)56 and XXIV, a receptor that has naphthoyl substituents and display 
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hydrophobic interactions in the recognition of aromatic carboxylates.57 De Mendoza and 

coworker have also reported a family of guanidinium receptors for nitrate (XXV).58 
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Figure 1.11. Guanidinium containing receptors. 

 

1.2.3.4 Lewis acid coordination 

 

In an analogous way that Lewis bases can be used to bind cations, neutral anion 

receptors can be built by means of an adequate array of Lewis acid sites. Electron 

deficient Lewis acids are able to bind anions by an orbital overlap that causes bonding 

interaction. Many receptors that contain boron59 (XXVI or XXVII)60, silicon (XXVIII) 
61, tin (XXIX)62 or mercury (XXX)63 atoms have been developed (Figure 1.12). 
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Figure 1.12. Lewis acid based receptors. 
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Many organometallic and coordination compounds have also been employed as 

binding systems for negatively charged species64,65 taking advantage of the structural 

and electronic characteristics of metals (Figure 1.13). Mono and polynuclear 

coordination compounds of different metals (zinc,66,67 copper68 and platinum among 

others) have been used in this manner. In compound XXXI, a copper complex of a tren 

derivate with appended benzylamine groups, reported by Anslyn,69 the binding cavity is 

complementary to three faces of a tetrahedron (featuring C3v symmetry), maximizing, in 

this manner, the enthalpy and entropy of tetrahedral oxoanions binding in water. This 

approach is schematically shown in Figure 1.13, a representation that highlights the idea 

that these receptors are expected to act as a tetrahedral binding cage. In this receptor the 

CuII centre plays a dual role: binds the anion and pre-organizes the ligands to give the 

desired geometry for optimal binding and the three positively charged ammonium 

groups provide additional binding interactions. Titrations of this receptor with 

phosphate in 98:2 H2O/MeOH, gave binding constants as high as 2.5 × 104 M-1. Anions 

with different geometry, for example NO3
-, have binding constants of about 20 M-1, 

clearly much smaller than those of the tetrahedral anions.  
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Figure 1.13. Anion binding through coordination to metal centres. 
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In some cases, more complex systems are used that bind one or more anions, via a 

cascade mechanism. Fabbrizzi reported the tripodal tris-amine XXXII in which urea 

fragments are appended to a central tren subunit and that is able to bind one CuII ion and 

two anions. In the absence of metal the receptor binds only dihydrogenphosphate, in 

DMSO, while when CuII is present, it coordinates to the amine of the tren moiety and 

one anion (Cl-, Br-, N3
-, NCS-, H2PO4

-) interacts with the metal centre that adopts a 

trigonal-bipyramidal geometry. A second anion (N3
- or H2PO4

-) is then bound through 

hydrogen bond interactions with the urea units.70 

 

1.2.4 Metal – containing receptors for anions 

 

Apart from acting as coordination site, metal ions play several different roles in 

anion receptors providing structural and functional properties to the system.71 Metals 

can act as non-coordinating reporter groups, signalling the presence of the anion by a 

change on their physical properties, taking advantage of the optical, magnetic or redox 

characteristics of metal complexes. They can withdraw electron density from a π 

electron system and in this way increase the affinity of a hydrophobic receptor. Metals 

can also be part of a self-assembled system that binds an anionic guest and finally they 

may provide the system with such geometrical properties to pre-organize hydrogen 

bonding donor groups for optimal anion binding. In the next paragraphs we will 

describe those systems in which the metal main function is not the binding of the anion. 

 

1.2.4.1 Non-coordinating metals as sensors 

 

Metals have been incorporated into anion receptors to act as non-coordinating 

reporter groups. This can be achieved when the host-guest binding induces a change in 

the physical properties of the metal centre, namely induces changes in its 

electrochemical or optical properties. The incorporation of a redox and/or optical 

signalling moiety in close proximity to a binding site enables the host to be used as a 

sensor for the targeted guest species as binding will perturb its electrochemical and / or 

photophysical properties.  

Several organic, organometallic and inorganic redox active centers have been 

incorporated into receptors and have been used to electrochemically detect different 

guest species, including anions (Figure 1.14). Of the organometallic redox-active 
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centers used, the most important are those based on metallocenes, more specifically 

cobaltocenium and ferrocene.64  

Compound XXXIII was reported by Beer in 1989 and was one of the first anion 

receptors bearing cobaltocenium moieties.72 This macrocyclic receptor binds bromide 

via electrostatic interactions and the binding induces electrochemical changes allowing 

the system to sense the anion. 
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Figure 1.14. Examples of anion receptors in which the metal acts as reporter group. 

 

In later examples (XXXIV), amide groups were incorporated providing hydrogen 

bond donors capable of binding anions.73 Ferrocene has also been extensively used in 

the electrochemical sensing of anions.74 One of the significant differences between 

cobaltocenium and ferrocene-based receptors is that the latter are neutral and therefore 

have no inherent electrostatic interactions. As a consequence the stability constants are 

usually lower in magnitude than for the analogous positively charged cobaltocenuim 

systems. Compound XXXV is an aza-macrocycles that has been functionalized with 

ferrocene arms rendering a receptor capable of electrochemically detecting sulfates, 

phosphates and nucleotides in 70:30 THF/H2O mixtures.75 

Another interesting approach in the development of sensors for anions is to have a 

luminescent group attached to the binding system. One of the most extensively 

investigated luminescent metal-containing systems has been tris(2,2’-

bipyridyl)ruthenium(II), ([Ru(bpy)3]2+), which has interesting redox and luminescent 
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properties.76 For example, receptor XXXVI one of the bipyridines of the [Ru(bpy)3]2+ 

complex has been functionalized with secondary amide groups which have hydrogen 

bonding capabilities. This yields a molecular receptor that can optically and 

electrochemically recognize anions.77 Upon binding of chloride there is a significant 

blue shift in the metal-ligand charge transfer emission band and a large increase in 

emission intensity, that are not observed on un-functionalized [Ru(bpy)3]2+ complex. 

Similar systems have been developed with other metals such as osmium(II) and 

rhenium(I).78 

Lanthanides have also been used to produce fluorescent sensors. For instances 

XXXVII is a tetra-N-oxide bipyridine-europium complex reported by Anslyn that binds 

2,3-bisphosphoglycerate through three complementary binding points. Beyond acting as 

a binding site, the europium complex signals the binding of the guest through 

modification of the charge transfer emission.79 

 

1.2.4.2 Self assembled metallic systems as anion receptors 

 

Anions can be directly bound to metal centers in self assembled metallo-host 

(Figure 1.15). One example is XXXVIII, a self-assembled dinuclear zinc(II) 

dithiocarbamate macrocyclic receptor that binds organic anions like isonicotinate in a 

cooperative way between the zinc centers.80 

A different approach to the optical sensing of anions has been employed when 

using the hexa-nickel complex XXXIX. This metallacage was obtained by selective 

anion-templated synthesis using Cl- to direct the formation of the structure. The 

interesting feature is that there is a dramatic color change upon formation of the cage 

and this change has been used as a colorimetric detection system for chloride in 

methanol.81 This is possible thanks to the selectivity of the templated process: only 

chloride direct the formation of the cage; no other anion, such as Br-, I-, OAc-, NO3
-, 

ClO4
- was able to induce this remarkable self-assembly process. 
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Figure 1.15. Self-assembled metallic systems as anion receptors. 

 

1.2.4.3 Metals as organizational elements in anion receptors 

 

In this class of anion receptors, the metal does not participate directly in the 

binding of the anion (although in many of the cases there is a weak interaction since 

metals are Lewis acids and anions Lewis bases). Instead, the geometrical characteristics 

of the metal centre serve to organize the hydrogen-bonding groups in a more o less 

convergent mode allowing their simultaneous binding to the anionic guest. This 

approach has yielded receptors with high binding affinities for anions, because it 

combines the structural and functional properties of metal centres with the recognition 

capabilities of hydrogen-bonding groups.64,82Metal centres are flexible structural motifs 

(with a wide range of coordinating geometries) that allow the organization of ligands 

containing hydrogen bonding moieties for optimal binding of anions with different 

shapes and sizes. Using metals as organizational centers may represent an advantage 

over more or less complex organic scaffolds, like for instances calixarenes, in terms of 

easiness of preparation. Many examples of anion receptors are built based on these 

organic structures that are used to spatially organize the binding groups and that are 

often synthetically challenging. In contrast coordination compounds are more or less 

easy to prepare and may result in a practical and convenient way for placing the binding 

groups in an adequate geometry for anion coordination.83,84 In addition, metal centres 

can confer useful optical, electrochemical or catalytic properties to the receptor, 

providing properties that can be interesting for various applications. Early examples of 

metallo-host for anions are the already mentioned metallocene-based receptors reported 

by Beer and the uranyl complexes with salenes ligands reported by Reinhoudt.85  
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All the most common coordination geometries and a wide range of metal cations 

have been used to construct anion receptors based in these ideas. 

 

1.2.4.3.1 Tetrahedral coordination 

 

Several examples of metallo-receptors using metals as pre-organizing units and 

depicting tetrahedral coordination have been reported and some examples are shown in 

Figure 1.16. 
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Figure 1.16. Anion receptors with metals as organizational elements: tetrahedral systems. 

 

A tetracoordinated CuI complex of a phenanthroline derivative with amide groups 

in the ligands (XL) was reported as a receptor for dicarboxylic acids.86 A similar 

approach based on the assemble of the receptor using CuI and a phenantroline derivative 

(XLI) have recently been reported by Fabbrizzi.87 In this case the coordination of the 

metal to two phenantroline ligands controls the assembling of a urea-based anion 

receptor generating a binding site suitable for selective anion binding. The 
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stoichiometry of the host – guest complex is related to the nature of the anion. In 

presence of Cl- or H2PO4
-, a 1:1 host – guest complex is formed, with both ureas facing 

each other. However, in presence of acetate, the CuI complex rearranges to interact with 

two CH3COO- ions in a 1:2 host – guest complex, according to two stepwise equilibria. 

Other examples are the already mentioned copper complexes with tetradentate ligands 

reported by Anslyn,69,88 or the tetrahedral (arene)ruthenium(II) complexes containing 

flexible aminomethyl pyridine ligands (XLII) that have been studied as anion receptors. 

They form both 1:1 and 1:2 host – guest complexes and bind chloride and acetate with 

high association constants in CDCl3.89 Recently described related examples are 

compounds XLIII and XLIV.90 

 

1.2.4.3.2 Square planar coordination 

 

Square planar platinum complexes have been used by Bondy et al. as scaffoldings 

upon which to construct an anion receptor.83,91 The metal complex XLV is a 

platinum(II) coordinated to urea-functionalized isoquinolines that exhibits remarkably 

strong binding to sulphate by the formation of eight hydrogen bonds.92 They have also 

explored the anion binding properties of related trans-functionalized platinum 

complexes93  (XLVI). The studies have revealed that the receptor has a high affinity for 

SO4
2- and that 1:1 and 1:2 host-guest complexes are formed. The 1:1 complex is formed 

at low anion concentration and the receptors adopts an up-up conformation, with the 

anion bound by two urea groups oriented in the same direction. The 1:2 complex is 

formed at higher anion concentration and the receptor presents an up-down 

conformation, with the urea groups oriented on different faces of the receptor and 

binding a different anion.  
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Figure 1.17. Anion receptors with metals as organizational elements: square planar systems. 
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Recently another example of a square planar PtII centre as pre-organization unit 

has been reported by Gale and co-workers. In this case a neutral PtII complexed with a 

4,4’-carboxamido-diindole-2,2’-bipiridine was prepared (XLVII). The formation of a 

square planar complex prevents the rotation around the bipyridine ring, preorganizing a 

well-defined indole-containing cleft for anion binding. The receptor shows a particular 

selectivity for H2PO4
- (Ka = 3644 M-1) in comparison with carboxylic acids (acetate, Ka 

= 189 M-1) or halides (Cl-, Ka = 37 M-1), and the binding affinity of the ligand is greatly 

enhanced by complexation to the metal cation.94 Another example of square planar 

coordination as organizational motif for anion binding is the metallo-receptor XLVIII, 

reported by Vilar and co-workers. The thiolato ligands contain urea groups as hydrogen 

bonding units. These metallo-receptors have demonstrated to bind several anions in 

DMSO solutions, through hydrogen bonds. 95 

 

1.2.4.3.3 Octahedral coordination 

 

Octahedral geometries have also been used as scaffold to organize a set of 

hydrogen-bonding functionalities (Figure 1.18). Recently rhenium carbonyl complexes 

with pyrazole ligands (XLIX) have been described as anion receptors, binding Cl- and 

Br- via hydrogen bonds. 96   
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Figure 1.18. Anion receptors with metals as organizational elements: octahedral systems. 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 1. Introduction to anion recognition  

 49 

A related example is compound LII, a rhenium carbonyl complex with two 

different hydrogen bond donor ligands due to the replacement of one of the pyrazole 

ligands, by an amonopyridine group. The resulting metallo-receptor is stable to 

substitution by anions and can bind halides by a combination of hydrogen bonds with 

the NH of the pyrazole and of the free amine. The association constant for the 

interactions of the receptor with halides where determined by titration in acetonitrile.97 

The same research group have prepared octahedral molybdenum carbonyl complexes 

with bisimidazole (L) and bis(amide)bipyridine ligands (LI). Both bidentate ligands 

possess hydrogen bond donors groups that, upon coordination, are appropriately 

oriented for the biding of anions. The bis(amide)bipyridine complex is the best receptor 

of the two, showing selectivity for chloride (Ka = 17169 M-1) in comparison with other 

halides (Ka Br- = 7183 M-1 and Ka I- = 217 M-1) or acetate (Ka = 342 M-1).98 Another 

example is compound LIII, a metal-templated pseudo-cryptand type host, obtained by 

complexation of transition metals (FeII, CoII, NiII and RuII) with a tripodal ligand.99 The 

ligand present bipyridine units that coordinate the metal, assembling the receptor 

structure and preorganizing the anion binding site. The FeII and RuII complexes showed 

strong binding with Cl- and Br-, with a large enhancement of the guest selectivity upon 

complexation. 

 

1.2.4.3.4 Other geometries 

 

Silver(I) complexes with ureidopyridyl ligands (LIV and LV) have also been 

reported as anion binding systems.100 In the solid state all the complexes containing the 

para-ligand exhibit a similar chain like structure based around a linear AgI centre, 

irrespective of the anion present, except in the case of NO3
-. The structures containing 

meta-ligand display different geometries. In particular, in presence of NO3
-, the anion is 

chelated within a pincer arrangement of the ligands (LVI). The titration of this complex 

with nitrate shows the formation of two host – guest complexes, with 1:1 and 1:2 

stoichiometries, and a high association constant for NO3
- (K11=30200 M-1 in acetone-

d6). Di-nuclear gold(I) complexes with thiolato-urea ligands have also been 

synthesized. Compound  (LVII) presented a high selectivity and sensitivity for F- and 

the binding was evidenced by a drastic colour change from yellow to red.101 
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Figure 1.19. Anion receptors with metals as organizational elements: miscellaneous systems. 

 

In some cases, the presence of metal centres in the structure of the receptor 

enhances its anion binding ability due to the interaction of the hydrogen bond donor 

sites with the cation. This is the case of ligand LVIII in Figure 1.19. The coordination 

of the NS2O2 unit with AgI (forming complex LIX) causes a significant enhancement of 

the anions association constant in acetonitrile. An increase of 103 to 106-fold in 

association constant was observed and was attributed to interactions of the urea/thiourea 

functional groups with the metal centre, that causes a withdrawal of electron density 

from the urea/thiourea moiety.102 Hydrogen bonding through CH groups has also been 

employed as binding interaction in metallo-receptors. An interesting example is receptor 

LX reported by Bedford, a five-coordinated PdII palladacycle complex in which the 

metal centre rigidifies a face-capping [9]ane-S3 ligand that then binds halides by a 

preorganized array of CH···anion hydrogen bonds.103 
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1.2.5 Sensors for anionic species 

 

When a chemical receptor gives a measurable signal in response to binding an 

analyte, the receptor is called a sensor or a chemosensor. In general terms, an anion 

sensor consists of two parts: an anion binding site and a reporter module, as it is shown 

in Figure 1.20. 

 

 

Figure 1.20. Schematic representation of an anion sensor based in the ISR approach. B = anion 

binding site; R = reporter module. 

 

In the construction of chemosensors, two approaches are possible. In the 

“Indicator-spacer-receptor” approach (ISR), binding and reporter sites (chromophore, 

fluorophore or redox-active group) are covalently attached through a spacer (one can 

also term it “binding site-reporter group” approach) (Figure 1.20).104 The interaction of 

the guest species with the binding site causes a change in the electrochemical or 

photophysical properties of the reporter site, generating a signal that can be detected/ 

measured and informs about the presence of the guest. Sensors can then be used for 

qualitative or quantitative determination of the guest, to obtain binding constants and 

stoichiometries of binding. The second approach is the “indicator displacement assay” 

(IDA) in which binding and reporter sites are not covalently attached (Figure 1.21).104  

 

AnalyteIndicator

Receptor  

Figure 1.21. Schematic representation of a chemosensor based in a displacement method. 
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Apart from these two approaches based in the reversible interaction between host 

and guest, a third strategy is possible in anion sensing, in which an irreversible reaction 

between the anion and a chromogenic host results in a change in color or fluorescence 

emission. In this case the term chemosensor should not be strictly applied and names 

like chemoreactants or chemodosimeter are preferable.105 The idea is to take advantage 

of the selective reactivity that certain anions may present.106 The anion may either react 

to a given compound remaining covalently bonded in the product or catalyze a chemical 

reaction (Figure 1.22). Various types of chemoreactants for the detection of, for 

instance, fluoride107 108, cyanide109, bisulfite110 or ATP111 have been reported. 

 

Analyte
Signal: fluorescence, 
colour change

Analyte
Signal: fluorescence, 
colour change

+

(A)

(B)

 

Figure 1.22. Schematic representation of a chemodosimeter or a chemoreactant. In the first 

example (A) the anion reacts with the chemodosimeter remaining covalently bonded to it. In the 

second case (B), the anion catalyzes a chemical reaction. 

 

An electrochemical signal can be obtained if a transition metal or organic redox-

active center is attached to the anion recognition unit. The most commonly used 

inorganic redox centres are metallocenes (e.g. cobaltocenium and ferrocene).74 

Detection of a current or potential perturbation of the properties of the redox-active host 

on complex formation can be used as an electrochemical signal.  

Of particular interest are fluorogenic sensors,112 due to the high sensitivity of 

fluorescence measurements in comparison with absorbance measurements. Emission of 

fluorescence is proportional to the concentration of the substance, while in the case of 

absorbance determinations the concentration is proportional to the absorbance that is a 
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ration between the intensities of incident and transmitted light. Therefore, in 

fluorescence an increase of the intensity of the incident light results in an increase of 

fluorescence signal, while in absorbance this is not the case. Using fluorescence 

techniques one can measure concentration about one million times smaller than using 

absorbance measurements.105 The binding of the target anion to a fluorescent sensor 

may result in an increase or a decrease (quenching) of the fluorescence that may in turn 

be related to different processes, for example, photoinduced electron transfer (PET), 

electronic energy transfer (EET), monomer-excimer formation or rigidity effects. 

Fluorescent chemosensors can be based in polycyclic aromatic hydrocarbons 

(anthracene, naphthalene, pyrene), aromatic heterocycles (acridine, phenantroline) and 

metal containing fluorescent systems (ruthenium, osmium, iridium, and lanthanides 

complexes). Fluorescent chemosensors for anions have been extensively 

reviewed.74,105,113 Some interesting examples are shown in Figure 1.23. 
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Figure 1.23. Fluorescent receptors for anions containing different fluorophores. 

 

Receptor LXI has been shown to be selective to fluoride in 9:1 v/v acetonitrile-

DMSO. This anion is the only one that causes fluorescence quenching via PET 

mechanisms, while other halides cause just a small diminishment of fluorescence.114 

The tripodal naphtylurea LXII shows selective coordination of tetrahedral anions such 

as H2PO4
- and HSO4

- over spherical ones. In the presence of the former anions, there is 

an increase of the fluorescence intensity due to an anion induced reduction of the 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part I. Metallo-receptors for anion recognition  

54 

efficiency of PET mechanism.115 In the case of receptors LXIII and LXIV, the 

interaction with anions results in the appearance of a new band in the emission 

spectrum, causes by the formation of an excimer. Receptor LXIII116 is selective for 

acetate and receptor LXIV117 is able to complex pyrophosphate in a 2:1 host-guest 

complex. Finally receptor LXV uses a fluorescent dye (dansyl group) as signalling unit, 

a group that have the characteristic of absorbing and emitting light in the visible spectral 

region. This feature represents an advantage over fluorescent aromatic hydrocarbons 

that emit in the UV region, where serious interference due to the matrix may occur.118 

 

Chromogenic sensors - in which a change of colour is observed upon binding of 

the anion - are also of great interest because of the clear advantage of naked eye 

detection,119 and because, when quantitative measurements are necessary, they require 

inexpensive equipment. Chromogenic sensors may be obtained by attaching a 

chromophore to the anion receptor. Organic compounds are colored when they are able 

to absorb radiation in the visible range of the electromagnetic spectrum, that is, between 

400 and 700 nm approximately. A coloured compound usually has systems of 

conjugated bonds and is the energy gap between the HOMO and the LUMO that is 

critical in determining the colour of the compound. It is well known that the larger the 

conjugation system is the smaller the difference between the fundamental and excited 

state, resulting in a shift of the absorption band to longer wavelength. Also, the presence 

of electron donor or electron acceptor groups anchored to the basic conjugated 

backbone can modify the absorption wavelength of the conjugated system. The 

interaction of anions with the donor or acceptors groups in those systems can result in a 

change in the colour. Thus, for instance, if the target anion interacts with a donor group, 

this will make it more electron donating, injecting electrons to the conjugated system, 

enhancing the conjugation and inducing a bathocromic shift.105 Chromophores used in 

this type of sensors are mainly organic dyes such as azobenzene, nitrobenzene or 

anthraquinone.120 Some selected examples of chromogenic sensors of anions are shown 

in Figure 1.24.121 
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Figure 1.24. Chromogenic sensors for anions. 

 

Transition metal complexes can also be employed as chromogenic units using the 

coordination chemistry of metal complexes, which have vacant binding sites to bind 

specific anions or side arms with anion receptors units. Transition metal atoms have 

partially filled d orbitals in their electronic structure so transitions can occur between 

these orbitals upon excitation with light. The energy gap between these orbitals is not 

big and transitions fall in the visible region of the electromagnetic spectrum. As d-d 

transitions are Laporte forbidden, the absortivities are small, in the 10 – 100 M-1cm-1 

range. Charge transfer (CT) transition may also be present in transition metal-containing 

compounds. Charge transfers involve a direct transfer of electron from filled orbitals of 

the ligand to unoccupied orbitals of the metal (LMCT) or a transfer from filled d 

orbitals of the metal to unoccupied antibonding orbitals of the ligand (MLCT). These 

types of transitions are not forbidden and thus are usually more intense than d-d 

transitions. Interaction with anions results in perturbations of the electronic structure of 

the metal and causes colour changes. An example of this is the bis-tren criptate dicopper 

complex LXXI that is able to encapsulate halide anions and the binding is evidenced by 

a colour change from pale blue to bright yellow due to LMCT transition.122 
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Although widely employed, the ISR approach has limitations. The most important 

drawback is the fact that the attachment of the indicator to the receptor may require 

complicate synthetic routes. The other way to generate an optical sensor is the already 

mentioned “indicator displacement assay” approach (Figure 1.21). A chromophore or 

fluorophore is reversibly attached to the binding site of the receptor and is displaced by 

competition with the anion, generating a change in an optical signal (color or 

fluorescence), if the spectroscopic characteristics of the indicator in the molecular 

ensemble are different from those in the free state.104,105,123  

In the case of IDA, the indicator is bound to the host by hydrogen bonding, 

electrostatic interactions or complexation to metal centers. The major requisite for an 

IDA is that the binding affinity between the indicator and the receptor has to be 

comparable with that of the analyte. The displacement approach has many advantages 

over the ISR approach. First, as the indicator in not covalently attached to the receptor, 

complex syntheses are usually avoided. Second, the systems are flexible allowing the 

possibility to use the same receptor with different indicator to detect different analytes. 

Both colorimetric and fluorescent IDA have been reported, that utilizes purely 

organic or metal-containing receptors, and a variety of indicators (Figure 1.25).  

The colorimetric version of the IDA has the advantage of the naked-eye detection. 

The indicator’s color varies depending on whether it is free or bound to the receptor. 

Change in the color of the indicator modulates the optical signal, and thus, makes the 

detection of binding events possible. 
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Figure 1.25. Some indicators used in IDA. 
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Anslyn has reported some examples of indicator displacement assays that allow 

the detection of carboxylic acid (citrate, tartate) in fruit juice, wine and other 

beverages.124,125 One of this chemosensors (Figure 1.26) was used to detect citrate in 

methanol - water mixtures and it is composed of a guanidinium-containing receptor 

(LXXII) and 5-carboxyfluorescein.124 
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Figure 1.26. Citrate detection using an indicator displacement assay. 

 

In another example of this approach, pyrocatechol violet – a pH sensitive dye - 

has been used as chromogenic indicator in a phosphate sensor based on zinc complex 

LXXIII (Figure 1.27).67 The receptor is a dinuclear zinc(II) complex of 2,6-bis(bis(2-

pyridylmethyl)aminoethyl)-4-methyl-phenol that shows a high sensitivity and 

selectivity for phosphate ions over other anions, in aqueous solution at neutral pH.67 
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Figure 1.27. Detection of dibasic phosphate by displacement of pyrochatecol violet. 

 

Indicators displacement assays based on hydrogen bonding have also been 

reported. The receptor LXXIV was designed to selectively bind NO3
- by hydrogen 
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bonds with the amide protons. The association constant between the receptor and the 

target anion in organic solvents was determined using a competition assay with methyl 

red or resorufin.126 
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Figure 1.28. Anion receptors used in IDA. 

 

In fluorescent IDA, a fluorescent indicator is displaced from a receptor upon 

introduction of the analyte, and changes in the emission of the indicator are measured. 

Again, this approach has the valuable advantage of the high sensitivity of fluorescence 

emission measurements. Phosphorilated species, for example inositol-1,4,5-triphosphate 

have been detected using a competition assay based in the combination of a cleftlike 

2,4,6-triethylbenzene-based receptor LXXV and fluorescent indicator.127 
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CHAPTER 2 

DI-PLATINUM COMPLEXES FOR ANION BINDING 
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2.1 Di-nuclear platinum(II) complexes 
 

The chemistry of di-nuclear platinum complexes is well developed and has a long 

history. The platinum carbonyl [Pt2Cl2(µ-Cl)2(CO)2] was the first binuclear compound 

isolated as early as 1870 and synthetic procedures for the preparation of [M2Cl2(µ-

X)2(PR3)2] (X = Cl or SR’) complexes were developed in the second quarter of the last 

century. Platinum complexes containing bridging ligands have been applied in different 

areas, including organic synthesis, catalysis, material sciences and chemotherapy. A 

wide variety of di-nuclear platinum complexes have been reported in the literature, 

containing different types of bridging ligands. The nature of the ligand that acts as a 

bridge includes halogens (LXXVI), hydroxo (LXXVII), amido (LXXVIII), phosphido 

(LXXIX), alkenes (LXXX) and sulfido (LXXXI) groups, to name a few (Figure 2.1).1 

The ability of anions to form bridges between platinum centres follows the trend: RSO2
-

< Cl- < Br- < R2PO- < RS- < PR2
-.2 
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Figure 2.1. Examples of di-nuclear platinum(II) complexes with different bridging ligands. 

 

In particular, platinum group metal chalcogenolates have attracted considerable 

attention during the last 20 years due to their rich structural diversity and relevance in 

catalysis and as a result of being precursors for the synthesis of metal chalcogenides for 

electronic devices.3 Di-platinum complexes containing bridging thiolato,4-9 selenolato7-

11 and tellurato8,11,12 have been reported and examples of them are compounds LXXII,6 

LXXXIII,10 and LXXXIV12 shown in Figure 2.2. 
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Figure 2.2. Di-platinum complexes containing bridging chalcogenolates. 

 

2.1.1 Organothiolate ligands in metal complex formation 

 

The organothiolate anion (RS-) is a fundamental ligand type. The thiolate anion 

may be classified as a pseudohalide, comparable as a ligand with Cl- or Br-. This 

classification is in part based in the one-electron oxidation that it may suffer (Eq. 1) 

 
Thiolates are stronger Brønsted bases than halides (Eq. 2), with pKa values in 

water in the range of 11.1 (tBuSH) to about 6.6 (PhSH).13  

 
The thiolate anion has a metal-complex formation ability comparable to halides 

and in complexes RS- can also be compared with HS- and S2-. However, the presence of 

the R subsistent provides a way to manipulate its ligation ability, through changes in the 

steric and electronic characteristics. Thiolate can act as a terminal or bridging ligand 

forming mononuclear or multinuclear structures and a wide variety of complexes have 

been described. Several complexes of different metals (Fe2+, Fe3+, Co2+, Co3+, Ni2+, 

Pd2+, Pt2+, Cu+, Ag+, among others) with thiolates acting as terminal ligands have been 

reported, that present 2, 3 or 4 coordination number. A great deal of the chemistry of 

metal thiolates involves thiolate as a bridging ligand. Thiolate can bridge between two 

(µ2-bridging) or three metals (µ3-bridging) to give dinuclear, linear or three-dimensional 

cluster compounds and the bridges can consist of one, two, three or four thiolate sulfur 

atoms.14 An enormous amount of complexes containing (µ-SR)2 bridges have been 

reported, both homo- and heteronuclear, with a wide range of metals including 

molibdemun, manganese, rhenium, iron, cobalt, copper, silver, palladium and platinum. 
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The M2S2 ring can be planar or bent, adopting the “butterfly” conformation. The 

bending may be produced as a result of metal-metal interactions or asymmetric 

distribution of bulky bridging or terminal ligands. Several rings geometries are possible 

(Figure 2.3). With planar M2S2 the configuration of the two R substituents are anti or 

syn, while with non-planar M2S2 the configuration of the R groups are anti, syn-exo and 

syn-endo. In general, an anti orientation of thiolate substituents usually allows planarity, 

while the syn isomer may cause a slightly bent, due to steric interactions across the 

bridging system.13,14 The M-S-M angle is variable, ranging from 67º to 100º and in 

general the metal to bridging S bonds are longer than those to terminal thiolate S in 

related complexes. 
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Figure 2.3. Possible geometries for substituted M2S2 rings. 

 

A wide variety of synthetic methods have been used for the preparation of thiolate 

complexes of transition metals.14 The most direct and simplest method is based in the 

displacement of halide ions by thiolate anion (RS-). This is more advantageous than the 

use of the substituted thiol (RSH) because the formation of an insoluble halide acts as a 

thermodynamic driving force. Lithium, sodium and potassium thiolates are commonly 

used in non-aqueous solvents for this type of reactions. More covalent thiolates (e.g. 

Pb(SR)2, AgSR or Al(SR)3) have been also employed in halide substitution reactions in 

transition metal complexes, giving insoluble halide by-products which are easily 

removed by filtration. An alternative method is the use of Me3SiSR, which is 

particularly interesting because of the ease of removal of volatile Me3SiCl. Examples of 

these three methods are shown in equations 3, 4 and 5.15 
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Alternatively, the thiolate anions may be generated in solution by addition of base 

to the reaction mixture containing thiol and the metal precursor as in the case of the 

formation of the molybdenum complex shown in equation 6, where triethylamine was 

used as a base.16 

 

[MoCl2(CO)4] + 3  HSC6H2Pri
3

+ 3 NEt3

[HNEt3][Mo(SC6H2Pri3)3(CO)2]

2 [HNEt3]Cl+ + 2 CO

(Eq. 6)

 
 

The base may also be present in the precursor complex, as in the reactions 

between thiols and dialkylamido-complexes (eq. 7).17  

 

n  [Ti(NR2)4] + 4n  HSR [Ti(SR)4]n + 4n  HNR2 (Eq. 7)  
 

Another approach involves the use of disulfides (RSSR) or thiols as oxidative 

addition type reagents with low-valent metal complexes, particularly metal(0) carbonyls 

or tertiary phosphines complexes (eq 8).18 

 

2  [Pd(PPh3)4] + 2  PhSSPh [{Pd(SPh)2(PPh3)}2] + 6  PPh3 (Eq. 8)  
 

Thiolate frequently acts as bridging ligand, a tendency that in general makes 

difficult the synthesis of mononuclear compounds. To avoid the formation of bridged 

complexes two strategies have been applied: the use of the electron-withdrawing 

substituents to make the sulfur a weaker donor and thus decrease its ability to bridge; or 

the use of thiols containing bulky R groups. The synthesis of compounds with bridging 

thiolates, on the contrary, is more direct, and usually relies on two basic approaches. 

One possibility is the reaction of monomeric species with terminal thiolate ligands with 

another metal centre either by addition or by ligand displacement. The other approach 
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relies in the spontaneous formation of thiolate bridges that, as was mentioned above, is 

a mode of reaction more difficult to avoid than to achieve. 

Among the early reports of di-µ-SR bridged palladium and platinum complexes 

are [{Pd(PPh3)(µ-SPh)(SPh)}2]18 and similar complex [{Pt(PR3)Cl(SR)}2].19 During the 

1990’s Gonzalez-Duarte and co-workers reported the preparation and structural 

characterization of several di-nuclear platinum complexes with bridging thiolato ligands 

(Figure 2.4) containing both amino (LXXXV) and phosphino (LXXXVI and 

LXXXVII) ligands to complete the coordination sphere of the metal centers.4,6  
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Figure 2.4. Examples of thiolato bridged platinum complexes. 

 

Complex LXXXVI was prepared by reaction of [PtCl2(dppe)] (dppe = 1,2-

Bis(diphenylphosphino)ethane) with the corresponding thiol, in the presence of sodium 

tetraphenylborate while complex LXXXVII was obtained by reaction of [PtCl2(dppe)] 

with [Pt(SC5H9NMe)2(dppe)] using potassium hexafluorophosphate to precipitate the 

chloride (Scheme 2.1). 
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[PtCl2(dppe)] + HS N
2 NaB(C6H5)4
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Scheme 2.1. Preparation of some di-nuclear platinum complexes. 

Similarly, Klein reported the preparation of di-nuclear platinum complexes of 

general formula [Pt2(µ-SR)2(dppm)2][CF3SO3] (dppm = 1,1-Bis(diphenylphosphino)-

methane) in which thioaryl ligands acted as bridging ligands They were prepared by 

reaction of [PtCl2(dppm)] with the corresponding thiolato mononuclear complex 

[Pt(SR)2(dppm)] in the presence of Tl(CF3SO3), as shown in Scheme 2.2.9 

 

[PtCl2(dppm)] + [Pt(SAr)2(dppm)] 2 Tl(CF3SO3) Pt
P

P

S
S Pt

Ph
Ph

PhPh
P

P

Ph
R

Ph PhAr

Ar = C6H4Y-4, Y= Cl, CH3

Ar

[CF3SO3]2

LXXXVIII  

Scheme 2.2 

Di-platinum complexes with biologically relevant sulphur-containing bridging 

ligands have also been reported (Figure 2.5). Jensen and co-workers have synthesized 
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di-platinum bis(phosphine) complexes of N-acetylcysteine and glutathione (LXXXIX) 

by reaction of [PtCl2(PMe3)2] with N-acetylcysteine  or glutathione in methanol.20 
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Figure 2.5. Di-platinum complexes with biologically relevant thiolates. 

 

Lately they reported the synthesis, characterization and reactivity of di-platinum 

bypyridine complexes with cysteinato and related thiol ligands acting as bridging units 

(XC, Figure 2.5).21 

Stable diplatinum complexes with functional thiolato bridges can also be obtained 

by dialkylation of [Pt2(µ−S)2(PPh3)4], using reactive halides containing aromatic, 

electron rich substituents (Scheme 2.3).  
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By this procedure, Hor has reported the preparation of indole containing complex 

XCI. An analogous procedure using [Pt2(µ-S)2(dppp)2] as starting material allowed the 

preparation of di-nuclear complex XCII.22 

 

2.1.2 Di-nuclear complexes containing thiolato ligands for anion binding 

 

As already described in Chapter 1 there are some reports in the literature of 

mellato-receptors containing platinum(II) centres as organizational motif, showing both 

cis and trans geometries (Figure 2.6).  
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Figure 2.6. Platinum containing complexes for anion binding. 

 
In our research group there has been a great interest in anion templated self-

assembly and in developing metallo-receptors for anions.23 One example of this is the 

synthesis of a series of di-palladium complex (Figure 2.7) with thiolato ligands 

containing urea groups.24,25  

Pd PdS S
P P
P P

HN

HN

HN

HN
OO

R R

P
P = dppp

XLVIII   R = Ph
XCIII     R = Np
XCIV     R = Et

[CF3SO3]2

 

Figure 2.7. Di-palladium metallo receptors containing thiolato-urea ligands. Dppp = 1,3-

Bis(diphenylphosphino)propane. 
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As have been explained before, the urea group has been widely employed as 

binding site due to its well established ability to interact with anions. 26,27 

The design of these receptors is based on two square–planar palladium centres 

connected by thiolato ligands acting as bridges. The thiolato ligands contain urea groups 

as hydrogen bonding units. 

The single crystal X-ray structure of the complex XLVIII was determined and it 

confirmed the formation of the di-nuclear complex and showed that both of the thiolates 

ligands are on the same side of the central Pd2S2 ring. Interestingly, it showed also the 

encapsulation of one of the triflate anions between two thiolate ligands arms, by virtue 

of N–H---O hydrogen bonding from the urea groups (Figure 2.8, a).24  

 
a     b    c 

Figure 2.8. X-ray crystal structures of a) di-palladium complex XLVIII encapsulating a 

trifluoromethane sulfonate anion, b) the same complex encapsulating Na+ and trifluoromethane 

sulfonate anion, c) a decomposition product of di-palladium complex XCVIII, resulting in the 

formation of a hydroxobridged compound. Figures taken from references 24 and 25. 

 

Interestingly, a slightly different compound was obtained when different 

conditions were used for purification and crystallization, namely the di-nuclear complex 

Na{[Pd(dppp){µ-SCH2CH2NHC(=O)NHPh}]2[CF3SO3]3} in which a sodium cation 

(coming from the chemicals employed in the reaction) and an extra triflate are included 

in the structure (Figure 2.8, b). The presence of a sodium cation leads to very different 

orientations of the urea groups. In the first structure the N–H groups were oriented 

inwards to allow the formation of the N–H---O hydrogen bonds to one of the triflate 

counterions. In the second structure, on the contrary, are the carbonyl oxygen atoms that 
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are pointed inwards to encapsulate the sodium cation. It is clear that these thiolate – 

urea ligands give the receptors the possibility to act as host for both cationic and anionic 

guests.24,25 These metallo-receptors have demonstrated to bind several anions in DMSO 

solutions, through hydrogen bonds. The binding constants are in the order of 104 M-1 

and they show a degree of selectivity for anions such as H2PO4
- and 

[P(=O)(OH)(OPh)O]-. Although the discrimination between anions is not very high, 

there is a clear trend in the binding abilities: PF6
- ~ CF3SO3

- < HSO4
- < Cl- < Br- ~ 

H2PO4
- ~ [P(=O)(OH)(OPh)O]-.24,25 However these complexes can decompose in 

solution losing the thiolato bridging ligands to form hydroxobridged compounds. This 

decomposition pathway was evidenced by the X-ray crystal structure a product obtained 

from a chloroform solution of one of the di-palladium dimers (Figure 2.8, c). Another 

possible decomposition pathway comprised the oxidation of the phosphine ligands 

during the titration experiments as was evidenced by the appearance of an additional 

signal in the 31P-NMR spectra of some samples.25 Therefore it was of interest to find 

analogous compounds, which were more stable and therefore could be used more 

widely as anion receptors. In that context, the preparation of analogous di-platinum(II) 

compounds seemed quite obvious and straightforward. Platinum thiolato complexes 

have shown to be more robust than the palladium analogues being stable in solution, 

relatively inert towards ligand substitution and therefore better for their applications in 

molecular recognition.  

Also the possibility of having receptors that could bind anions more strongly and 

more selectively on changing the ligand is appealing. One of the easiest changes would 

be to have a longer alkyl chain between the urea and the thiolate groups of the ligand, a 

change that may modify the anion binding ability of these systems.  

Another interesting possibility is to modify the di-metallo complexes in order to 

obtain a luminescent receptor (a chemosensor), which will signal the binding of the 

anions. As mentioned in Chapter 1, the two main approaches to achieve this are the 

“indicator-spacer-receptor (ISR)” approach and the “indicator displacement assay 

(IDA)” approach. It would be of interest to develop chemosensors based on the di-

metallic complexes, pursuing these two strategies. The ISR system would requires, for 

example, the modification of the thiol-urea ligand in order to place a fluorescent or 

chromophore group as substituent of the urea, so as to construct a complex of the type 

that is schematize in Figure 2.9 (A). The interaction of the anions with the urea binding 

site would cause a change in the photophysical properties of the reporter group. 
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Figure 2.9. Two possible approaches to develop a chemosensor based in di-nuclear platinum 

metallo-receptors. A) the ISR approach and B) the IDA approach. 

 

The IDA would require selecting an adequate dye molecule that would bind to the 

urea groups through hydrogen bonds, doing so with a binding affinity comparable with 

that of the analytes. Displacement of the indicator molecule with the anions would 

cause a change in the colour or the fluorescence of the solution (Figure 2.9 (B)).  

 

2.2 Objectives and aims 
 

The research presented in this chapter was aimed at further developing the use of 

metal complexes as receptors for anions, in particular employing the metal centres as 

structural and organizing moieties. It was initially proposed to use platinum instead of 

palladium, to improve the stability of the complexes in solution. In addition we were 

interested in modifying the thiol ligands in order to study the influence of the alkyl 

chain length and of the nature of the urea substituents on the anion binding. Finally we 

also aimed at developing a chemosensor, based in these metallo complexes. In 

particular the objectives are: 

1) the preparation of di-platinum complexes bearing different thiolato-urea ligands. 

This will require the preparation of several thiolato-urea compounds with different 

substituents in the urea and variable length of the intermediate alkyl chain 
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2) To explore two different routes for the preparation of the platinum-thiolato 

complexes: 

a. The reaction of thiols with platinum complexes substituted with labile 

ligands, in the presence of base. 

b. The use of heavy metal thiolates and halide platinum complexes as 

precursors. 

3) To study the ability of these complexes to recognise anionic species, determining 

the association constants for their interaction with different anions, in solution. 

4) To develop a chemosensor based in the di-platinum complexes, exploring both the 

ISR approach and the indicator displacement strategy. 

 

2.3 Results and discussion 

2.3.1 Di-platinum complexes containing thiolato – urea ligands 

 

As previously mentioned, there are several methods for the preparation of 

dinuclear thiolate complexes. The two more common strategies are based in the reaction 

of thiolate (RS-) or thiol (RSH) species with an adequate metal precursor. These two 

routes were explored in the present work, for the preparation of the di-platinum thiolato-

urea complexes. 

 

2.3.1.1 Preparation of di-platinum receptors using substituted thiols 

 

As a first approach, a synthetic route similar to the one previously reported for the 

analogous palladium urea-thiolato dinuclear complexes was followed. As shown in 

Scheme 2.4 it consists in the reaction of a metal precursor containing easily substituted 

ligands (CF3SO3
-) with the urea-thiol in the presence of a base. In the preparation of the 

palladium complexes sodium tert-butoxide was used as a base. As is explained later, we 

encountered some difficulties when exploring this possibility, so we analysed another 

base source as well. 
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Scheme 2.4. Preparation of di-palladium complex with thiolato urea ligands. 

 

2.3.1.2 Preparation of platinum precursor 

 

The starting platinum complexes [Pt(CF3SO3)2(dppp)] was prepared following the 

three-steps reaction sequence that is shown in Scheme 2.5, according to previously 

described procedures.28,29 
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Scheme 2.5. Preparation of precursor complex [Pt(CF3SO3)2(dppp)] (3). 

 

In the first step K2[PtCl4] (a common starting material for the preparation of PtII 

coordination compounds) was reacted with 1,5-cyclooctadiene (COD) in aqueous 

medium, to obtain [PtCl2(COD)] 1. In the next step COD complex was converted to 

[PtCl2(dppp)] 2 by reaction with the corresponding diphosphine in dichloromethane. 

Finally the halide groups were substituted by the CF3SO3
- by reaction with an excess of 
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the corresponding silver salt. The trifluoromethanesulfonate complex 3 could be 

recrystallised from a mixture of dichloromethane and diethyl ether, if required. 

 

2.3.1.3 Preparation of the thiol-urea ligands 

 

The next step in the synthesis of the di-platinum complexes was the preparation of 

the alkylthiol ligands, containing a functionalized urea group in the opposite part of the 

alkyl chain (see Scheme 2.6). 

The thiol-urea ligands HS(CH2)2NHC(=O)NHR (R = Et, 7a; R = Ph, 7b) were 

prepared from the commercially available cystamine dihydrochloride, H2N(CH2)2S-

S(CH2)2NH2·2HCl (4a·2HCl) following the methodology recently reported (see Scheme 

2.6).24 This three-steps procedure consisted first in the reaction of the diamine – in 

which the thiol is protected as disulfide – and an isocyanate to yield the urea – disulfide 

5a-5b. This species was then reduced with PPh3 and protonated with HCl to yield the 

corresponding thiol. The thiol was not isolated in this step. Instead it was precipitated as 

a lead thiolate (6a – 6b) that could be easily separated and purified by washing. In the 

final step, the thiolate was treated with HCl, and the thiol urea ligand was isolated as an 

analytically pure compound. 
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Scheme 2.6. Synthetic scheme for the preparation of thiol-urea ligands. 

To explore whether a variation on the length of the spacer between the thiol and 

the urea would have an impact in the binding properties of the resulting complexes, the 

new thiol HS(CH2)3NHC(=O)NHPh (7c) was also prepared following an analogous 

procedure. Since H2N(CH2)3S-S(CH2)3NH2 (4b) is not commercially available, it was 
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first necessary to prepare it following the procedure previously reported by Doi (see 

Scheme 2.7).30  

 

 

Scheme 2.7. Preparation of H2N(CH2)3S-S(CH2)3NH2 from 3-chloropropylamine. 

 

It was prepared by reaction of one equivalent of 3-chloropropylamine and one 

equivalent of sodium thiosulfate in aqueous methanol to form the corresponding S-

alkylthiosulfate (“Bunte salt”, R-S2O3
-).31 The later was then oxidized by addition of 

iodine to form the corresponding disulfide. To be able to separate the desired product 

from the reaction medium the aqueous solution was made basic to form the free amine 

and was extracted with CHCl3 in a continuous mode using a liquid-liquid extractor by 

downward displacement, for the extraction of aqueous solutions with solvents heavier 

than water. The product was obtained as a yellow liquid and was characterized by 1H 

and 13C NMR spectroscopy, being the obtained values in accordance to those previously 

published.30 This disulfide was then used to prepare 7c following the same methodology 

we previously reported for the synthesis of 7a and 7b (see Scheme 2.6). In the first step 

H2N(CH2)3S-S(CH2)3NH2 was converted to the urea disulfide 5c by reaction with 

phenyl isocyanate in dry acetonitrile. The immediate formation of a white precipitate 

was observed. The mixture was refluxed overnight and the product was separated by 

filtration as a white solid. Compound 5c was characterized by 1H and 13C NMR 

spectroscopy, mass spectrometry and elemental analysis. The 1H NMR spectrum shows 

the characteristic signals of the phenyl urea residue, a singlet at 8.37 ppm assigned to 

the proton of the NH group next to the phenyl ring, a doublet at 7.37 ppm (ortho 

protons of the phenyl ring), two signals at 7.20 and 6.88 ppm (meta and para H) and a 

triplet at 6.21 ppm resulting from the coupling of the NH proton with the CH2 of the 

alkyl chain. The signal corresponding to the protons of the methylene group next to the 

S-S group appear as a triplet at δ = 2.74 ppm. The methylenic protons next to the amine 
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appear as a doublet of doublets at δ = 3.17 ppm. The protons of the central CH2 group 

appear as a multiplet at δ = 1.80 ppm as they are coupled with the protons of the two 

other carbons. The 13C NMR spectrum of the product is consistent with the proposed 

structure, showing the C=O signal at 155.21 ppm, the four different aromatic carbons at 

117.7, 121.0, 128.6 and 140.4 ppm and the three CH2 groups at 29.4, 35.3 and 37.8 

ppm. The ESI+ mass spectrum shows a intense peak at m/z = 441.1 corresponding to 

[M+Na]+ and a small peak at m/z = 419.2 that was assigned to [M+H]+, with M = 

[C6H5NHC(=O)NH(CH2)3S-]2. The elemental analysis was also consistent with the 

proposed formulation. One equivalent of the urea disulphide 5c was reduced with two 

equivalents of triphenylphosphine in a degassed mixture of 1,4-dioxane and water and 

was protonated to form the corresponding thiol with 37% HCl. The mixture was 

refluxed overnight and, after cooling the thiol was precipitated as the yellow lead 

thiolate 6c by addition of lead acetate. The 1H NMR spectrum of this solid was similar 

in chemical shift, integration and multiplicity to that of the starting urea disulfide 5c 

except for a downfield shift of the CH2-S triplet, that changes from 2.74 ppm in 5c to 

3.49 ppm in 6c. The 13C NMR spectrum of the product is consistent with the proposed 

structure and similar to the spectrum of 5c showing the C=O signal at 155.2 ppm. The 

FAB(+) mass spectrum showed a peak at m/z = 417 that was assigned to a lead species 

containing just one of the urea thiolate molecules. The elemental analysis also confirms 

the proposed structure. The thiol urea ligand 7c could then be prepared by treating one 

equivalent of 7c with a methanolic solution of HCl. The reaction mixture changed from 

yellow to white within a few minutes. The white solid in suspension (PbCl2) was 

filtered off and rinsed with CHCl3. The extracts were combined with the filtrate and 

evaporated under reduced pressure to dryness. The resulting white solid was washed 

with water to eliminate the excess of acid, and dried under reduced pressure. The 1H 

NMR spectrum of this product was similar in chemical shift, integration and 

multiplicity to that of the starting lead thiolate 6c except for an upfield shift of the CH2-

S triplet and the appearance of a triplet at 2.36 ppm assigned to HS-CH2. The 13C NMR 

spectrum of the product is consistent with the proposed structure and similar to the 

spectrum of 6c showing the C=O signal at 155.3 ppm. The ESI+ mass spectrum of the 

product shows a strong signal at m/z = 233.0 that was assigned to [M+Na]+ and a weak 

peak at m/z = 211.1 that corresponds to [M+H]+, M being C6H5NHC(=O)NH(CH2)3SH. 

The elemental analysis also confirms the proposed structure.  
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2.3.1.4 Preparation of a thiol-urea ligand containing a fluorescent moiety 

 

With the idea of developing a chemosensor based on the di-platinum receptors a 

thiolato-urea with a fluorescent substituent was designed. This group would eventually 

act as a reporter, signalling the presence of the anions, when negatively charged species 

would interact with the metallo-receptors. To this aim we intended to prepare the pyrene 

containing thiol urea shown in Figure 2.10, using the same synthetic route employed in 

the preparation of the other three thiol-urea (7a-7c).  

 

 

Figure 2.10. Possible thiol-urea ligand for the preparation of a fluorescent metallo-receptor. 

 

However, pyrene isocyanate is not commercially available, so we developed an 

alternative synthetic route for the preparation of disulfide 5d containing a pyrene 

derivative (Scheme 2.8). To that aim, 1-pyrenemethylamine hydrochloride was reacted 

with a slight excess of 1,1’-carbonyl-diimidazole, in the presence of imidazole, to give 

the intermediate pyrene amide. This compound was not isolated although its presence 

was evidenced by 1H-NMR spectroscopy of the reaction mixture. After 24 hours of 

reaction at room temperature, the unreacted pyrenemethylamine hydrochloride was 

separated by filtration and the filtrate was reacted with cystamine dihydrochloride, in 

the presence of potassium carbonate. The mixture was refluxed overnight and the 

product was separated by filtration as a white solid, with a 59% yield. The product was 

characterized by 1H and 13C NMR, mass spectrometry and IR spectroscopy. The 1H 

NMR spectrum of 5d shows the formation of the urea by the presence of two triplets at 

6.72 ppm and 6.28 ppm, assigned to the protons of the two NH groups of each urea 

subunits, that are coupled with the adjacent CH2. The signal corresponding to the 

protons of the methylene group next to the pyrene residue appears as a doublet at δ = 

4.89 ppm which is associated to the NH at 6.72 ppm. The signal corresponding to the 

protons of the methylene group next to the S-S group appear as a triplet at δ = 2.81 
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ppm. The protons of the central CH2 group appear as a multiplet at δ = 3.37 ppm that is 

partially overlapped with the HOD signal of the solvent. The 13C NMR spectrum of the 

product is consistent with the proposed structure, showing the C=O signal at 157.8 ppm, 

the aromatic carbons between 134 and 123 ppm (7 quaternary carbons and 9 primary 

carbons) and the three CH2 groups at 41.1, 38.6 and 38.4 ppm. The ESI+ mass spectrum 

shows a peak at m/z = 689.2 corresponding to [M+Na]+ and a small peak at m/z = 705.2 

that was assigned to [M+K]+, with M = [(C16H9)CH2NHC(=O)NH(CH2)2S-]2. 

 

NH2.HCl

N N

O

N N

1H-imidazole (1.2 eq), THF, 24 h, rt

H
N

O

N
N

N NH.HCl

4a (0.5 eq), K2CO3 (4 eq), THF, reflux, 
overnight

NH

O
NH

S S
H
N

O

HN

(1.2 eq) +

5d

 

Scheme 2.8. Preparation of urea disulfide 5d.  

 

The disulfide 5d was then reduced with triphenyl phosphine in presence of 

hydrochloric acid, and the corresponding thiolate was precipitated as before with lead 

acetate. Thiol 7d was obtained by treatment of lead thiolate 6d with hydrochloric acid in 

methanol, as a white solid (Scheme 2.9). The 1H NMR spectrum of 7d showed again 

two triplets at 6.66 ppm and at 6.20 ppm, assigned to the protons of the two NH groups 

of the urea. It shows also the appearance of a triplet at 2.26 ppm assigned to HS-CH2. 

The 13C NMR spectrum of the product is consistent with the proposed structure 

showing the C=O signal at 157.75 ppm. The ESI+ mass spectrum of the product shows 

a strong signal at m/z = 357.1 that was assigned to [M+Na]+, M being (C16H9)CH2-

NHC(=O)NH(CH2)2SH. 
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Scheme 2.9. Synthetic route for the preparation of thiol 7d. 

 

2.3.1.5 Preparation of the dinuclear complexes 

 

With the thiol-urea ligands in hand, we attempted the preparation of the 

corresponding di-platinum(II) complexes following an analogous reaction procedure as 

the one shown in Scheme 2.4 for the palladium complexes (Method A, Scheme 2.10). 
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Scheme 2.10. Method A for the synthesis of di-platinum complexes bridged by thiolato-ureas 

using sodium tert-butoxide as a base. 

 

To this aim, a solution of [Pt(CF3SO3)2(dppp)] in dichloromethane was added to a 

mixture of the thiol and sodium tert-butoxide. The reaction mixture was stirred 

overnight at room temperature, concentrated under reduced pressure down to half its 

volume and the product precipitated by addition of dry diethyl ether. The solid product 

obtained with thiols 7b and 7c have 31P{1H} and 1H NMR spectra which are consistent 

with the formation of the diplatinum complexes. The 31P{1H} NMR spectra of these 
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products indicated the presence of only one type of phosphorus in each case, showing a 

singlet at ca. 3 ppm with the corresponding 195Pt satellites, with a coupling constant 1JPt-

P of 2737 Hz. The ESI(+) mass spectra of 7b and 7c gave peaks at 1753 and 1782 a.m.u. 

respectively which correspond to [M – OTf]+ and, therefore, is consistent with the 

proposed formulation of the complexes. Although this method allowed the preparation 

of the desired products, in some cases other phosphorous containing species were 

formed, as indicated by the presence of additional signals in the 31P{1H} NMR spectra. 

For example, in the case of using thiol 7b, two doublets appeared in the 31P{1H} NMR 

spectrum of the reaction mixture (Figure 2.11). 

 

 

Figure 2.11. Partial 31P{1H} NMR spectrum of the reaction mixture of the preparation of 

receptor 9 under Method A, showing several phosphorous signals. 

 

The product was obtained by precipitation with diethylether, but it was 

contaminated. From the mother liquors crystals appeared on standing and although they 

were not fully characterized, X-ray analysis showed that they correspond to a 

mononuclear platinum complex, with a thiolate-urea molecule acting as a chelating 

ligand (Figure 2.12). 
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Figure 2.12. Ortep-Plot (thermal ellipsoids shown at 50 % probability level) of crystals 

appeared from the reaction mixture of the preparation of receptor 9 under Method A. 

 

The formation of this undesired secondary product, prompted us to search for an 

alternative base. Therefore piperazinomethyl polystyrene resin was used as a base 

instead and the products were prepared according to Methods B (Scheme 2.11). The 

resin acted as a proton scavenger, was easy to weight and had the advantage of being 

easily removed from the reaction mixture by filtration.  
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Scheme 2.11. Method B for the synthesis of di-platinum complexes bridged by thiolato-ureas 

using piperazinomethyl polystyrene resin as a base. 

Using Method B the di-platinum complexes with the three thiols were isolated by 

recrystallization and fully characterized by spectroscopic, analytical and structural 

means. The 31P{1H} NMR spectra of 8-10 again indicated the presence of only one type 

of phosphorus in each case as evidenced by the observation of a singlet at ca. 3 ppm 

with the corresponding 195Pt satellites (Figure 2.13 shows the spectrum of compound 8), 
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and they were identical to the ones obtained for the products prepared with Method A, 

as were 1H and 13C NMR spectra.  

 

 

Figure 2.13. Partial 31P{1H} NMR spectrum of receptors 8 in DMSO-d6 showing the presence 

of only one type of phosphorous atom, together with the 195Pt satellites. 

 

The 1H-NMR spectra of receptors 8, 9 and 10 were recorded and the peaks 

assigned with the help of a COSY90 experiment (see Appendix II). In the case of 

receptor 8 1H-NMR spectrum shows a triplet at 1.01 ppm and a multiplet at 3.03 ppm 

that corresponds to the CH3 and CH2 protons of the ethyl groups, respectively. Two 

broad singlets at 1.99 and 2.11 ppm integrating 4 protons each, correspond to the CH2 

next to the NH and the one adjacent to the S in the intermediate chain of the thiol, 

respectively. The broad signal at 1.85 ppm that integrates four protons was assigned to 

the central CH2 group in the alkyl chain of the dppp ligand, while the singlet at 3.10 

ppm, that correspond to eight protons, was assigned to the CH2 next to the phosphorous 

atoms in the dppp molecules. The triplet at 5.82 ppm corresponds to the NH next to the 

ethyl chain while the triplet at 5.37 ppm corresponds to the other NH group. Finally a 

set of signals in the aromatic region between 7.30 and 7.70 ppm, corresponds to the 40 

protons of the eight phenyl rings. For receptor 9, 1H-NMR spectrum shows one broad 

signals at around 2 ppm (integrating to eight protons) and a broad singlet at 2.28 ppm 

integrating to four protons. The first signal corresponds to the central CH2 group in the 

alkyl chain of the dppp ligand overlapped to the CH2 next to the NH. The second one 

was assigned to the CH2 adjacent to the S in the intermediate chain of the thiol. The 

broad singlet at 3.13 ppm (integrating 8 protons), was assigned to the CH2 next to the P 
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atoms in the dppp molecule. The aromatic region shows the characteristic signals of the 

phenyl urea residue, a singlet at 8.38 ppm assigned to the proton of the NH group next 

to the phenyl ring, a multiplet that accounts for the 40 protons of the aromatic rings of 

the phosphine ligand plus the ortho H of the phenyl groups of the urea, a multiplet at 

7.19 ppm (meta H) and a triplet at 6.88 ppm (para H) and a triplet at 5.71 ppm resulting 

from the coupling of the NH proton with the CH2 of the alkyl chain. 

For receptor 10 the aromatic region of this spectrum is quite similar to that in the 

spectrum of receptor 9, but the spectrum shows some differences in the regions between 

0 and 4 ppm. The signal that corresponds to the CH2 next to the S appears in this case at 

2.26 ppm, upfield with respect to the CH2 next to the NH group (2.64 ppm). Finally, the 

signal that corresponds to the central CH2 in the alkyl chain of the thiol ligand appeared 

quite shielded at about 0.29 ppm. 

The 13C NMR spectra of receptors 8, 9 and 10 show the C=O signal at 157.3, 

154.6 and 155.1 ppm respectively, followed by the four different aromatic carbons at 

about 133.0, 132.0, 129.0 and 127.0 ppm that correspond to the ortho, para, meta and 

ipso carbons of the phenyl groups in the phosphine ligand. An additional peak at 126 

ppm was assigned to the C of the OSO2CF3 groups. This assignation was done by 

comparison with the one already reported for [Pt(CF3SO3)2(dppp)].29 In the case of 

receptor 9 and 10 four more peaks in the aromatic region at about 140.1, 128.6, 121.3 

and 117.7 could be assigned through a HSQC experiment (see Appendix II) as to be the 

quaternary, para, metha and ortho carbons of the phenyl groups of the urea, 

respectively. For receptor 8 the five CH2 groups at 40.8, 34.1, 33.1, 22.1 and 17.5 ppm 

were assigned to the NH2CH2, CH3CH2, CH2S CH2P and PCH2CH2 groups, 

respectively, with the help of a HSQC experiment (see Appendix II) and the carbon at 

15.6 ppm corresponds to the CH3 group in the ethyl substituent of the urea. For receptor 

9 the spectrum shows four CH2 groups at 40.4, 32.7, 22.3 and 17.6 ppm were assigned 

to the NH2CH2, CH2S, CH2P and PCH2CH2 groups, respectively. Finally, in the case of 

receptor 10 five CH2 groups at 38.3, 32.5, 31.8, 22.6 and 17.2 ppm were assigned to the 

NH2CH2, to the central CH2 of the alkyl chain of the thiol, CH2S, CH2P and PCH2CH2 

groups, respectively. 

The ESI(+) mass spectra of 8-10 gave molecular peaks at 1657, 1753 and 1782 

a.m.u. respectively which correspond to [M – OTf]+ and, therefore, is consistent with 

the proposed formulation of the complexes. 
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2.3.2 Preparation of di-platinum receptors using substituted lead thiolates  

 

Although the platinum dimers could be prepared in reasonably good yields via the 

procedure described above, the synthesis is relatively long and cumbersome. Therefore 

we decided to investigate a more direct route using [PtCl2(dppp)] and 

Pb[S(CH2)2NHC(=O)NHR]2. As was previously mentioned, the reaction of thiolates 

with halide complexes of the metal is a convenient method for the preparation 

complexes contaning thiolate ligands. This procedure was already successfully applied 

for the preparation of the palladium(II) analogues, in particular in the case of [Pd{µ-

SCH2CH2NHC(=O)NHEt}(dppp)]2Cl2.25 It was expected that the formation of insoluble 

PbCl2 would drive the formation of the Pt-thiolato bonds and therefore reduce the 

number of steps (see Scheme 2.12). 
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Scheme 2.12. Attempted synthesis of a di-platinum complex from [PtCl2(dppp)] and the 

corresponding lead thiolate. 

 

To this aim, two equivalents of [PtCl2(dppp)] were reacted with one equivalent 

of the corresponding lead thiolato-urea (6a-6c) in dry dichloromethane, stirring the 

mixture overnight at 40ºC. In most cases a white solid was formed (presumably PbCl2) 

which was separated by filtration and the filtrate was treated with hexane to precipitate 

a white solid (product 11-13). The spectroscopic characterization of these solid was 

consistent with the formation of the expected di-platinum complexes, showing the 

expected singlet at ca. 3 ppm with the corresponding 195Pt satellites, although the main 

peak were slightly shifted with respect to the corresponding complexes prepared by 

reaction of the thiols. 
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The 1H NMR spectra were also consistent with the formation of the platinum 

dimers but the signals were shifted with respect to the ones of the product obtained by 

reaction of the thiols. In particular, the peaks corresponding to the NH groups were 

down shifted, probably due to the establishment of hydrogen bonds with Cl- present in 

the solution. Elemental analyses of the products were in all cases consistently off (by a 

large margin) indicating that either a not-detectable impurity was present or that a 

different complex had formed.  

As discussed below, it was necessary to carry out the structural characterization of 

this product to find out its true formulation. This was possible in the case of the 

complex formed with thiolate 7a, where crystals suitable for X-ray analysis were 

obtained. This analysis showed that indeed, the reaction led to the formation of the 

expected {[Pt{µ-S(CH2)2NHC(=O)NHEt}(dppp)]2}2+ cation. However, rather than 

having two chloride counterions, the structural characterization showed the presence of 

the unusual [Pb2Cl6]2– anion which is bridging the urea units of neighboring di-platinum 

complexes generating the coordination polymer {[Pt{µ-

S(CH2)2NHC(=O)NHEt}(dppp)][Pb2Cl6]}n (11) (vide infra for structural 

characterization). Although structurally the resulting polymeric complex is unusual and 

interesting, it was not clear that it could be easily employed as a receptor for anion 

binding and therefore this synthetic approach was abandoned. 

 

2.3.3 Structural characterization of di-platinum complexes 8-11 

 

To confirm the formulation of the new di-platinum thiolato-urea complexes 8-10, 

they were structurally characterized. This was also of interest to determine the relative 

position of the urea groups since, in principle they could be either on the same side (syn) 

of the molecule or pointing in opposite directions (anti) as shown in Figure 2.14. 

Crystals of 8 were obtained at room temperature by slow evaporation from a 

methanol solution and the molecular structure was unambiguously elucidated by single 

crystal X-ray diffraction (see Figure 2.15). 
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Figure 2.14. Schematic representation of two possible conformations for di-platinum thiolato-

urea complexes. 

 

The asymmetric unit contains one molecule of 8 with the two corresponding 

triflate anions and two positions of methanol and water. The solvent molecules are 

partially disordered with a total occupancy of one and half molecules of water and 

methanol.  

 

Figure 2.15. Ortep-Plot (thermal ellipsoids shown at 50 % probability level) of complex 8 

showing the two anions and the water molecule interacting with the urea groups. Non relevant 

hydrogen atoms have been omitted for the sake of clarity.  

 

The di-platinum complex 8 crystallizes in a similar fashion to the previously 

reported analogous di-palladium complexes with the central Pt2S2 ring folded about the 

S···S vector. The two planes containing the platinum atoms (S1-Pt1-S2 and S1-Pt2-S2) 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 2. Di-platinum complexes for anion binding 

 97 

form an angle of approximately 146.5º (distances: Pt-S: 2.3662(6)/ 2.3696(6)/ 

2.3737(6)/ 2.3711(6) Å and Pt···Pt: 3.378(2) Å). The distance between the platinum 

atoms depends on the folding of the Pt2S2 central ring (see Table 2.1). The thiolato-urea 

ligands are in a syn conformation. Interestingly, the ureas are connected through a water 

molecule via hydrogen bonds to the carbonyl groups (distances: O1-O1W: 2.766(7) Å 

[H···O: 1.9 Å uncorrected] and O2-O1W: 2.738(7) Å [H···O: 1.8 Å uncorrected]). The 

carbonyl bond distances are, due to the hydrogen bonds, significantly elongated 

compared to non-coordinating carbonyl groups (about 0.03 Å; see Table 2.1). The NH-

groups of each urea show weak interactions with an oxygen atom of a triflate anion 

(distances: N1-O3P: 3.568(8) Å [H···O: 2.8 Å uncorrected], N2-O3P: 3.772(9) Å 

[H···O: 3.2 Å uncorrected], N3-O1S: 3.256(9) Å [H···O: 2.5 Å uncorrected] and N4-

O1S: 3.062(8) Å [H···O: 2.2 Å uncorrected]).  

 

Table 2.1. Selected distances and angles for the single crystal X-ray structures of 8, 9, 10 and 

11. 

Compound Pt···Pt distance (Å) Pt-S distance (Å) Pt2S2 ring folding* C=O distance (Å) 

8 3.378(2) 
2.3662(6)/ 2.3696(6)/ 

2.3737(6)/ 2.3711(6)  
146.5º 1.242(5)/1.242(6) 

9 3.603(8) 2.3698(15)/ 2.3819(17) 180º 1.207(11) 

10 3.598(5) 2.3904(14)/ 2.3719(12) 180º 1.213(10) 

11 3.281(3) 
2.3550(8)/ 2.3725(9)/ 

2.3707(8)/ 2.3592(9) 
137.8º 1.257(5)/1.252(5) 

* Angle between the planes formed by S1-Pt1-S2 and S1-Pt2-S2 

 

Crystals of 9 were obtained by slow evaporation at room temperature from a 

dichloromethane/acetonitrile solution of the compound and the molecular structure was 

determined by a single crystal X-ray diffraction (Figure 2.16). Compound 9 crystallizes 

with the center of the Pt2S2 ring being located on a center of inversion (Ci symmetry, 

half di-cation is refined). For each half di-cation a triflate anion was detected. The two 

Pt-atoms show an ideal square-planar coordination with the two planes described 

previously for the Pt2S2 central ring forming an angle of 180º (distances: Pt-S: 

2.3698(15)/ 2.3819(17) Å). The distance between the platinum centers is significantly 

longer than in 8 (distance Pt···Pt in 9: 3.603(8) Å; distance Pt···Pt in 8: 3.378(2) Å; see 
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Table 2.1). In contrast to the structure of 8, in this case the thiolato-urea ligands are in 

an anti conformation (see Figure 2.16).  

 

 

Figure 2.16. Ortep-Plot (thermal ellipsoids shown at 50 % probability level) of 9. Non relevant 

hydrogen atoms have been omitted for the sake of clarity. 

 

Each triflate anion is interacting through two oxygen atoms with the N-H groups 

of symmetry related neighboring di-platinum cations (see Figure 2.17). (N1 with O1S 

and N2’ with O2S; distances: N1A-O1S: 2.917(8) Å [H···O: 2.6 Å uncorrected], N2A’-

O2S: 2.864(8) Å [H···O: 2.0 Å uncorrected]).  

Additionally, the oxygen atom O2S of the triflate, shows a weak interaction with 

the second neighboring N-H group of the urea (N1 with O2S; distances: N1-O2S: 

3.237(8) Å [H···O: 2.5 Å uncorrected]). This leads to the formation of triflate-linked 

infinite assemblies of di-platinum complexes. 
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Figure 2.17. Structure model of 9 showing the interactions between the urea groups and the 

triflate anions. Non relevant hydrogen atoms have been omitted for the sake of clarity. 

 

Crystals of complex 10 were obtained by slow evaporation of the solvent from a 

toluene solution of the compound at room temperature. The X-ray crystal structure 

showed that this di-platinum complex crystallizes in a Ci symmetry with a triflate anion 

for each half refined di-cation (see Figure 2.18). The unit cell contains an additional 

position containing a half molecule of toluene that is highly disordered. As in 

compound 9, the two Pt-atoms display an ideal square-planar coordination and the 

thiolato-urea ligands are in an anti conformation (distances: Pt-S: 2.3904(14)/ 

2.3719(12) Å and Pt···Pt: 3.598(5) Å). The triflate anion interacts through the same 

oxygen atom with both N-H groups of the same urea (N1 with O3S and N2 with O3S; 

distances: N1-O3S: 3.065(9) Å [H···O: 2.2 Å uncorrected], N2-O3S: 3.132(8) Å [H···O: 

2.3 Å uncorrected]). The oxygen atom O2S of the triflate displays a weak interaction 

with N1 (N1-O2S: 3.223(9) Å [H···O: 2.5 Å uncorrected]). In this case no interactions 

of the triflate anion with a second neighboring urea group could be observed.  
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Figure 2.18. Ortep-Plot (thermal ellipsoids shown at 50 % probability level) of 10. Non 

relevant hydrogen atoms have been omitted for the sake of clarity. 

 

Structural characterization of coordination polymer 11 

 

Crystals of 11 were obtained by slow evaporation from a dichloromethane/hexane 

solution. The structure of the complex was unambiguously elucidated by single crystal 

X-ray diffraction (see Figure 2.19). The structure of this di-platinum complex is 

analogous to that of 8, with the difference that in 11 the carbonyl groups of the urea 

groups are coordinated to [PbCl3]¯ moieties. The central Pt2S2 ring in folded about the 

S···S vector with an angle between planes (S1-Pt1-S2 and S1-Pt2-S2) of about 137.8º 

(distances: Pt-S: 2.3550(8)/ 2.3725(9)/ 2.3707(8)/ 2.3592(9) Å and Pt···Pt: 3.281(3) Å) 

yielding the shortest Pt···Pt distance in the series of four structures reported herein (see 

Table 2.1 for comparisons). As in the structure of 8, the thiolato-urea ligands are in a 

syn conformation. The lead atoms are linked through dative covalent bonds to the 

oxygen atoms of the urea groups (distances: Pb-O: 2.625(3)/ 2.545(3) and O-C: 

1.257(5)/1.252(5)). These distances are within the range of Pb–O distances (2.739 to 

2.385 Å) found in a systematic search in the Cambridge Structural Database of 

complexes containing a urea–lead bond.32 The carbonyl C=O bond distances are 
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significantly elongated compared to non-coordinating carbonyl groups (about 0.05 Å; 

see Table 2.1).  

 

 

Figure 2.19. Ortep-Plot (thermal ellipsoids shown at 50 % probability level) of 11. Non 

relevant hydrogen atoms have been omitted for the sake of clarity. 

 

An interesting feature detected in compound 11, is the fact that one of the N-H 

groups of the urea group is rotated 180º pointing to one of the chlorine atoms of the 

[PbCl3]¯ group and forming a hydrogen bond (distances: N-Cl: 3.232(10)/3.246 (12) Å  

[Cl···H: 2.48/2.45 Å]). The crystal packing revealed that the [PbCl3]¯ groups act as 

bridges between neighboring complexes generating a polymeric assembly which grows 

linearly forming chains of molecules (see Figure 2.20). The di-cationic complexes are 

connected alternately through two different [Pb2Cl6]2¯ units corresponding to the Pb1 

and Pb2 atoms. The distance between the [PbCl3]¯ units (shown as discontinuous lines 

in Figure 2.20) is symmetric in both directions (Pb1-Cl2: 2.8125(11)/3.320(2) Å and 

Pb2-Cl5: 2.8132(11)/3.358(2) Å). These distances are similar to those found using the 

Cambridge Structural Database for similar arrangements (distances in a range from 

2.681 to 3.447 Å).32 
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Figure 2.20. View of the polymeric assembly formed by the interaction of [Pb2Cl6]2- with the 

carbonyl of the urea groups from neighboring complexes. 

 

2.3.4 Anion binding studies for the diplatinum complexes 

 

Once the formulation of the di-platinum complexes was unambiguously 

established by spectroscopic and structural methods, it was of interest to evaluate their 

anion binding properties. Although in two of the four X-ray crystal structures the urea 

groups were shown to be pointing in opposite directions – above and below the Pt2S2 

plane – and therefore not generating a “cleft” for anion binding between the two urea 

groups, it was expected that in solution the two conformations would be in equilibrium. 

It has been previously shown experimentally and theoretically that these two 

conformations in thiolato-bridged di-platinum complexes can easily interconvert, the 

energy barrier between the two being relatively small33. For the analogous di-palladium 

dimers the energy barrier between the two conformations is low allowing for 

intercoversion between the two isomers.25 To investigate the possibility of a similar 

behaviour for the di-platinum complexes, variable temperature 31P{1H} NMR spectra 

were recorded for receptor 9 (see Figure 2.21). Deuterated methanol (CD3OD) was 

chose as solvent, as it provides a wide temperature range with a melting point at -97 ºC 

(176K). The temperature was decreased from 298K to 188K at 10K intervals, and the 
31P{1H} NMR spectrum was recorded at each temperature. The main peak and the 
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satellites observed at room temperature split into two signals each as the temperature 

drops, suggesting that there is an equilibrium between two conformers with different 

phosphorous environments. The spectrum measured at 298K at the end of the 

experiment is identical to the initial one, suggesting that the equilibrium is fully 

reversible. 

 

Figure 2.21. Partial 31P {1H} NMR spectra of a solution of receptor 9 in CD3OD, at different 

temperatures. The spectrum at the top corresponds to the measurement performed at room 

temperature at the end of the experiment. 

 

The anion-binding properties of the three di-platinum complexes 8-10 were 

investigated by studying the interaction of the corresponding compound (in DMSO) 

with different anions. 

 

2.3.4.1 Determination of the stoichiometry of the host-guest complexes: Job’s 

Plots 

 

First the stoichiometry of the receptor–anion complexes was determined by means 

of the Continuous Variation Method or Job’s Method, performing the Job’s plots for the 

three receptors and some selected anions. This method allows for the determination of 

the stoichiometry of compounds formed in solution by reaction of two components. It 

was initially described by Job for the case when one compound is formed in solution,34 
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and later modified by Vosburgh and Cooper to be applied when one or more 

compounds are formed from a pair of reagents.35 The method was traditionally 

employed for the determination of the stoichiometry in coordination compounds of 

metal ions and has also been widely applied in the study of association complexes in 

supramolecular chemistry.  

The formation of complex species can be represented by the equation 9: 
 

 
 

To determine n, solutions of A and B of the same molar concentration are mixed 

in varying proportions and a suitable property of the resulting solutions is measured. 

The difference (Y) between each value found and the corresponding value of the 

property calculated for no reaction is plotted against the composition. The resulting 

curve should have a maximum if the property measured has a larger value for the 

complex formed than for each of the reagents A or B, or a minimum if smaller. It has 

been shown that the composition of which the difference Y is a maximum bears a 

simple relation to n and is independent of the equilibrium constant. At the molar 

fraction of B (XB) were Y has a maximum then: 
 

 
 

In the case of coordination compounds of transition metals, UV-vis absorption 

measurements are usually used to construct the Job’s plots. In the case of host-guest 

complexes were hydrogen bond interactions are present, NMR measurements are more 

convenient to follow the complex formation. Job’s method of continuous variation can 

be applied to NMR results when the species are in rapid exchange. It has been shown 

that an appropriate Y function would be the concentration of the host-guest complex [H-

G] that in turn can be calculated as [H-G] = Δδ × XH, XH being the mole fraction of host 

and Δδ = (δH - δexp) where δH is the chemical shift of a given atom of host and δexp is the 

observed chemical shift for the same signal in the different mixtures.36 

Job’s plots were constructed for receptors 8, 9 and 10 for four selected anions 

(H2PO4
-, Cl-, CH3COO- and HSO4

-) and in all cases, they indicated a 1:1 stoichiometry 

for the receptor-anion complex formed as can be seen in Figure 2.22 for the case of 

H2PO4
- and CH3COO-. The rest of Job plots can be found in Appendix III. 
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Figure 2.22. Job plot determined by 1H NMR spectroscopy of the interaction between receptor 8-10 

with H2PO4
- and with CH3COO-in DMSO-d6. 

 

2.3.4.2 Determination of association constant 

 

Once the stoichiometry of the complexes was established, the interaction of 

different monocharged anions with the hosts was investigated. Typically the binding 

tendencies of a given receptor for anions are determined through titration experiments. 

A solution of the receptor is titrated with a standard solution of a tetralkylammonium 

salt of the anion and changes in the 1H NMR or Uv-vis spectra of the mixture are 

monitored. The changes in chemical shift of the urea protons of the bridging thiolato-

ligands upon adding increasing amounts of the different anions were recorded. To 

determine the association constants the obtained spectral data are treated using a non-
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linear least-square method. In our case, SPECFIT program was used, considering in all 

cases a 1:1 receptor-guest model. As relatively concentrated solutions (≥5 × 10-3 M) are 

required for NMR measurements there is a limit for the determination of constants 

higher than 104-105 M-1. The solvent plays also an important role in the stability of host-

anion complex in solution. The higher the polarity of the solvent (DMSO> CH3CN> 

CHCl3), the higher the anion desolvation energy term and the lower the stability of the 

H-bond complex are.27  

As an example the 1H-NMR spectra for the titration of receptors 9 with H2PO4
- 

and the corresponding titration curve extracted from these spectra are shown in Figure 

2.23. The rest of titration curves can be found in Appendix III. 

 

Figure 2.23. Partial 1H NMR spectra (500 MHz, DMSO-d6) for the titration of receptor 9 with 

n-Bu4N+(X) (X= H2PO4
-) and the titration curve derived from them. 
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The determined binding constants for different anions using the three receptors 

are summarized in Table 2.2.  
 

Table 2.2 Association constants (log Ka)a in DMSO solution. 

Anion 

8 

Log Ka (Std Devb) 

9 

log Ka (Std Devb) 

10 

Log Ka (Std Devb) 

[PF6]– 0 0 0 

[NO3]– 2.3 (±0.08) 1.9 (±0.10) 2.3 (±0.04) 

[HSO4]– 2.7 (±0.04) 2.6 (±0.06) 2.8 (±0.08) 

I– 2.2 (±0.08) 2.3 (±0.05) 2.4 (±0.05) 

Br– 2.4 (±0.09) 2.2 (±0.03) 2.7 (±0.07) 

Cl– 2.4 (±0.02) 3.0 (±0.07) 3.3 (±0.03) 

[P(=O)(OH)(OPh)O]
−
 2.5 (±0.04) 3.1 (±0.05) 3.6 (±0.04) 

[CH3COO]– 2.8 (±0.03) 3.2 (±0.03) 3.3 (±0.07) 

[H2PO4]– 3.6 (±0.12) 3.2 (±0.05) 3.7 (±0.10) 
a Determination of constants by 1H NMR spectroscopy monitoring the changes in chemical 

shifts of the urea protons. bStandard deviation corresponding to the fit of the experimental 

data to the calculated curve.  

  

As can be seen in Table 2.2 all three compounds (8, 9 and 10) act as good 

molecular receptors for anionic species, with association constants between 80 M-1 and 

5000 M-1. Although the discrimination between the anions is not very high, there is a 

trend in the binding abilities that follows the order:  PF6
– < NO3

– ~ halides < HSO4
– < 

CH3COO– < [P(=O)(OH)(OPh)O]− ~ H2PO4
–. This trend is similar to the one previously 

reported for analogous di-palladium receptors (see above).24,25 By comparing receptors 

8 and 9 we were hoping to evaluate the influence of the substituent on the urea (Et or 

Ph) in anion binding. However, from the data shown in Table 2.2 it is not possible to 

establish a clear trend. The impact of the length of the spacer in the anion-binding 

capabilities of the receptors was analyzed by comparing receptors 9 and 10, which have 

the same substituting group on the urea (i.e. phenyl) but different spacers (2 and 3-

carbon). As can be seen from the data in Table 2.2, the association constants were in 

most cases larger for the receptor with the longer spacer (10), indicating that a more 

flexible ligand is able to bind better the anions. The binding constants between different 

anions and metallo-receptors 8-10 are larger than those reported in the literature for 
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simple ureas (e.g. the association constant between the urea Tol-NHC(=O)NHBu  and 

[P(=O)(OH)(OPh)O]– in DMSO has been reported37 to be 27(±4) M–1 in comparison to 

a value of ~103 M–1 for our metallo-receptors). This suggests that the platinum(II) 

centres in these receptors play an important role in pre-organising the thiol-ureas in an 

optimal conformation for anion binding. It should also be pointed out that there is also 

an electrostatic contribution due to the doubly charged nature of the metal centres in the 

receptors.  

In order to verify that the receptors were stable in solution and remained 

unchanged during the titrations, the 31P{1H} NMR spectra of the receptors at the 

beginning and at the end of the titrations were recorded. In all the cases, the 

phosphorous signals of the receptors remained unchanged after the titrations (see Figure 

2.24 for the titration of receptor 8 with chloride) and no additional phosphorous signal 

were observed, except in those cases were phosphorous-containing anions were used, as 

for example in the titration with H2PO4
- (Figure 2.25). 

 

 

Figure 2.24. Partial 31P{1H} NMR of receptor 8 in DMSO-d6 before and after the titration with 

chloride. 
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Figure 2.25. Partial 31P{1H} NMR of receptor 10 in DMSO-d6 before and after the titration with 

H2PO4
-. 

 

2.3.4.3 Titration of metallo-receptors with fluoride 

 

In the case of fluoride (an specially basic anion) the behaviour of the system was 

different: upon addition of increasing amounts of this anion to the receptors, 

deprotonation of the urea was observed. This is not an unprecedented phenomenon for 

fluoride, which is known to deprotonate (rather than hydrogen bond) ureas and amides, 

particularly if they are substituted with electron-withdrawing groups that enhance the 

acidity of the NH group.38,39 In particular, the interaction takes place at the more acidic 

N-H fragment, that is, at the one closer to the more electron-withdrawing substituent. 

Deprotonation of the H-bond donors in presence of F- generates HF2
– which can be 

detected by 1H NMR spectroscopy as a triple at around 16 ppm (see for example the 

case of receptor 8 in Figure 2.26).27 The triplet appears after the addition of two 

equivalents of F- and is in accordance with the occurrence of two stepwise equilibria 

that has been described for other urea-containing receptors:27,38 

 

LH + F- [LH····F]-

[LH····F]- + F- L- + [HF2]-  
 

First F- forms a truly H-bond complex [LH···F]-, however on further addition of F- 

the complex releases an HF molecule by formation of the self-complex [HF2]-. In our 
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case, the estimation of the association constant for the first step (H-bond formation) was 

not possible, due to quick broadening and disappearance of the NH signals upon the 

first additions of F-. Attempts to use the change in chemical shift of other H signals in 

the urea side chains or aromatic rings, resulted in very steep titration profiles from 

which an association constant could not be extracted as can be seen in Figure 2.27, 

which shows the change in the chemical shift corresponding to para H in the phenyl 

ring of the urea (δ H-Ar) of receptor 9 is represented against the number of equivalents 

of F- added.  

 

Figure 2.26. Partial 1H NMR spectra (500 MHz, DMSO-d6) for the titration of receptor 8 with 

n-Bu4N+F-, showing the appearance of a triple at about 16 ppm. 

 

Figure 2.27. Tritation curves of receptor 9 with F- in DMSO-d6. 
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2.3.4.4 Preliminary studies to establish an indicator displacement assays 

 

The results presented in the previous section indicate that, although the three di-

platinum receptors 8-10 can indeed bind anions in a competitive solvent, the selectivity 

to discriminate different anions is rather poor. For example, the receptors bind acetate 

with binding constants of the same order of magnitude than the phosphate-containing 

species. We therefore rationalized that perhaps an indicator displacement assay40 (in a 

different solvent system) could increase the selectivity of the system towards specific 

anions. In addition, a displacement assay could also be used as a colorimetric method to 

detect the presence of specific anions in solution. 

A range of different dyes have been previously used for displacement assays 

using receptors that bind anions via hydrogen bonds.41 One of such dyes is methyl red 

(see Figure 2.28) which we propose binds to our receptors via hydrogen bonding 

interactions between the receptors’ urea groups and the carboxylate on the dye.  

 

 

Figure 2.28. Chemical formula of methyl red. 

 

We first investigated whether methyl red would indeed bind to our receptors 

(receptor 10 was used as a representative example of the series) and in doing so a color 

change would be observed. To this aim, a 20 µM solution of the dye (as the 

tetrabutylammonium salt) in CH3CN/CH2Cl2 75:25 was prepared and increasing 

amounts of receptor 10 (dissolved in the same solvent mixture) were added. This 

generated a change in the colour of the solution from yellow (λmax= 405 nm) to orange 

(λmax = 493 nm) (Figure 2.29). 
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Figure 2.29. UV/visible spectra of methyl red upon addition of increasing amounts of receptor 

10 in 75:25 CH3CN/CH2Cl2 and titration curve at 490 nm. 

 

This colour change is associated to the interaction between the dye and the 

receptor and therefore the system is in principle suitable to carry out indicator 

displacement assays. In order to determine the stoichiometry of the methyl red-receptor 

complex in CH3CN/CH2Cl2 75:25, the Job’s plot of the systems was determined using 

UV/Vis spectroscopy (Figure 2.30). This showed a 2:1 stoichiometry between the dye 

and receptor. 

 

 

Figure 2.30. Job’s plot determined by visible spectroscopy of the interaction between the 

receptor 10 with methyl red in CD3CN/CD2Cl2 75:25. Y was calculated as Y = A494-(Amethyl red, 

494) × (Xmethyl red). The total concentration CT = [10] + [methyl red] was kept constant at 50 µM. 

 

Once the stoichiometry had been determined, the binding constant of the dye to 

receptor 10 was determined by both UV/Vis and 1H NMR spectroscopic titrations in 
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CH3CN/CH2Cl2 75:25 and in CD3CN/CD2Cl2 75:25 respectively (Figure 2.31). The 

titration curve obtained was best fitted to a 2:1 system, and the global association 

constant of log β2 = 7.7 was obtained. 

 

Figure 2.31. A) Partial 1H NMR spectra (500 MHz, CD3CN/CD2Cl2 75:25%) for the titration of 

receptor 10 with tetrabutylammonium methyl red; B) 1H NMR titration curve for the titration of 

receptor 10 with tetrabutylammonium methyl red in CD3CN/CD2Cl2 75:25%. 

 

Having determined the binding of methyl red to receptor 10, qualitative 

displacement assays with a range of anions were carried out. The metallo-receptor and 

the dye were premixed (in CH3CN:CH2Cl2, 75:25) in a 1:2 receptor-to-dye ratio. To this 

mixture, 30 equivalents of different anions were added and the UV-vis spectra were 

recorded. As can be seen in Figure 2.32, the only two anions that displace the dye from 

the receptor under this experimental conditions are CH3COO– and H2PO4
– (and to a 

lesser extent [P(=O)(OH)(OPh)O]−). 
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Figure 2.32. UV/Vis spectra of receptor 10 + methyl red assembly (in CH3CN/CH2Cl2) in the 

presence of various anions (30 equivalents). The spectrum of the free dye (with λmax = 405 nm) 

and receptor 10 + methyl red in the absence of extra anions is also shown (λmax = 493 nm). 

[Dye] = 20 µM, [receptor 10] = 10 µM and [Anion] = 0.3 mM in every case. 

 

The dye displacement by CH3COO– and H2PO4
– could also be detected by naked-

eye inspection of the different solutions (see Figure 2.33). As described above, 

dissolving methyl red in a CH3CN/CH2Cl2 mixture yields a yellow solution (first vial in 

Figure 2.33); upon binding to receptor 10, the dye changes its color to orange (second 

vial in Figure 2.33). Addition of either CH3COO– or H2PO4
– to the receptor-dye mixture 

regenerates the yellow color associated to the free dye. None of the other anions (except 

[P(=O)(OH)(OPh)O]− to a certain extent) change the color of the solution at this 

concentration indicating that this receptor-dye system can act as a colorimetric chemical 

sensor for dihydrogenophosphate and acetate.  

 

 

Figure 2.33. Photograph showing the response of receptor 10 - methyl red to a range of 

different anions in CH3CN/CH2Cl2. [Dye] = 20 µM, [receptor 10] = 10 µM and [Anion] = 0.3 

mM in every case. 
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To exclude the possibility that the observed color changes of the dye upon 

addition of anions was due to change in the pH, methyl red in the absence of receptor 

was mixed with 30 equivalents of each of the anions (Figure 2.34).  

The UV/Vis spectra of these samples and visual inspection of the dye+anion 

mixtures showed that there are no important changes in the optical properties of methyl 

red when mixed with any of these anions. This confirms that the color change of the dye 

in the presence of receptor 10 and upon addition of H2PO4
– is indeed due to a 

displacement. 

 

 

Figure 2.34. Photograph showing the response of methyl red to a range of different anions in 

CH3CN/CH2Cl2. [Dye] = 19 µM and [Anion] = 0.3 mM in every case, and the corresponding 

Uv/Visible spectra. 

 

2.4 Concluding remarks 
 

A series of new di-platinum(II) complexes containing thiolato-urea ligands have 

been prepared and structurally characterised. The structures of the complexes have 

confirmed the proposed formulation and have shown that the substituents on the thiolato 
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bridges can be positioned on the same side or on opposite sides of the complex. Two 

routes were explored for the preparation of the complexes and in both cases the dimeric 

platinum cations were obtained. However, the route in which the corresponding lead 

thiolato-urea was reacted directly with [PtCl2(dppp)] yielded the cationic core of the 

receptor but rather than the expected chloride anion, the receptor forms C=O···Pb dative 

bonds with the bridging [Pb2Cl6]2- moiety to yield an unexpected 1D coordination 

polymer in the solid state. Anions binding studies were performed and they showed that 

the new di-platinum complexes can interact with anions in DMSO with binding 

constants between 80 and 5000 M-1. Although the selectivity of the systems is not very 

high, the receptors bind inorganic phosphate and acetate more tightly. A chemosensor 

based in these receptors was developed using the indicator displacement approach. 

Methyl red was used as a dye and the assay demonstrated that the ensemble with 

receptor 10 can be used for the colorimetric detection of dihydrogen phosphate and 

acetate. 
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1 TECHNIQUES AND MATERIALS 
 

Solvents 

 

Unless otherwise specified, commercial solvents were used as received. Dry 

solvents were obtained from a PuresolvTM purification system, where solvents pass 

through active columns (alumina, molecular sieves, copper) under nitrogen pressure to 

remove water and oxygen. This system was used for CH2Cl2, THF, DMF, diethyl ether, 

hexane and toluene. DMSO-d6 used in the anion binding experiments was dried by 

contact with 4Å molecular sieves. 

 

Commercial compounds  

 

All commercial compounds were used as received unless otherwise stated. 

 

Molecular sieves activation 

 

Molecular sieves 4 Å were activated prior to use by heating in a microwave oven 

and allowing reaching room temperature under vacuum. Then the vacuum was broken 

with argon and repeat cycles of heating at 600 ºC under vacuum and argon were 

performed. 

 

Temperature control 

 

For high temperatures, IKA hot plates were used, with aluminium blocks or 

silicone oil baths. In all cases, an external measurement of the bath temperature was 

used. Low temperatures were achieved by use of a Thermo-Haake EK-90 immersion 

refrigerator in 2-propanol or acetone baths. For short times at 0ºC, water-ice baths were 

used. 
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Stirring and shaking 

 

For all reactions in homogenous phase, Teflon-covered magnetic stirrers were 

used. For resins, a mechanical shaker was used, avoiding the introduction of magnetic 

stirrers in the reaction flask. 

 

Freeze drying 

 

Freeze drying was performed in a Virtis 2KBTXL-25 freeze dryer, that have a 

condenser capacity of 2 L, in 24 hours. 

 

Column Chromatography 

 

Flash column chromatography (with positive air pressure) has been employed as 

purification technique using silica gel 60A (35 – 70 µm grain size) or neutral alumina 

(0.063 – 0.2 mm grain size) as stationary phase. 

 

Thin Layer Chromatography (TLC) 

 

TLC was performed on 0.2 mm depth silica layer on aluminium plates (Merck 

DC-Alufolien Kiesegel 60 F254) or 0.2 mm depth alumina layer 60A F254 on polyester. 

For the detection of adsorbed products an UV lamp (λ = 254 nm) was used. For 

compounds that were not active under UV light, the followings reactive solutions were 

employed: 

 

p-anisaldehyde solution: 4-methoxybenzaldehyde (9.2 mL), sulphuric acid (98%, 12.5 

mL) and glacial acetic acid (3.8 mL) dissolved in 338 mL of 95% ethanol. 

Phosphomolybdic acid: 5 – 10 % p/v of phosphomolybdic acid in ethanol. 

Ninhydrin: 0.2 % ninhydrin solution in acetone. 

Potassium permanganate: 3 g of potassium permangante, 20 g of potassium carbonate 

and 5 mL of aqueous solution of sodium hydroxyde (5%) in 300 mL water. 

In some cases iodine adsorbed in SiO2 was used as detection technique.  

 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 3. Experimental section for Chapter 2 

 125 

Inert Atmosphere 

 

All reactions were conducted under a dry argon atmosphere using Schlenk 

techniques, unless otherwise noted. For work under anhydrous conditions, the reaction 

vessel was previously flame-dried using a hot air gun (300 - 600 ºC) under vacuum. The 

flask content was maintained under argon, and adjustable septa and direct connections 

to the vacuum line or to argon filled balloons were employed. All the reactants were 

added using Hamilton syringes, stainless steel cannulas or polypropylene syringes and 

needles. Filtration under inert atmosphere were performed by transferring the solution 

to a different flask through a cannula fitted with fibreglass or paper microfilter 

 

2 INSTRUMENTATION 
 

Nuclear Magnetic Resonance (NMR) 

 

NMR spectra were recorded on a Bruker Avance 400 Ultrashield NMR 

spectrometer or in a Bruker Avance 500 Ultrashield NMR spectrometer at room 

temperature unless otherwise stated. The frequency and the solvent employed in each 

case are indicated between brackets. For 1H NMR all chemical shifts are reported in 

ppm relative to the proton resonance resulting from incomplete deuteration of the 

corresponding NMR solvent: DMSO-d6 (2.50 ppm), CD3OD (3.31 ppm), CDCl3 (7.27 

ppm) and CD2Cl2 (5.32 ppm). For 31P NMR spectra all chemical shifts are reported in 

ppm relative to external 85% H3PO4. In the case of 13C NMR spectra all chemical shifts 

are reported in ppm relative to the carbon resonance of the corresponding deuterated 

NMR solvent: DMSO-d6 (39.5 ppm), CD3OD (49.15 ppm), CD2Cl2 (54 ppm) and 

CDCl3 (77.23 ppm). Finally, for 19F NMR spectra all chemical shifts are reported in 

ppm relative to external CCl3F. Signal multiplicity in 13C NMR spectroscopy has been 

determined by DEPT technique (Distortion Enhancement by Polarization Transfer). For 

the titration experiments 1H NMR spectra were recorded on a Bruker Avance 500 

Ultrashield NMR spectrometer. 1H and 13C experiments of polymers were performed 

with a Bruker Avance spectrometer operating at a frequency of 500.13 MHz using a 

Bruker 4 mm 1H/13C/2H gradient HR-MAS probe. 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part I. Metallo-receptors for anion recognition 

 126 

The following abbreviations are used: 

 
nJ: coupling constant in Hz, n = number of bonds connecting the atoms 

s: singlet 

d: doublet 

t: triplet 

q: quadruplet 

m: multiplet or complex system 

br: broad signal 

CH3: primary carbon 

CH2: secondary carbon 

CH: tertiary carbon 

C: quaternary carbon 

Also combinations of these abbreviations are used, for instances dd means double 

doublet, etc. 

 

Infrared spectroscopy (IR) 

 

IR spectra were recorded on a Bruker Tensor 27 FTIR (Fourier Transform 

InfraRed) spectrometer fitted with an ATR (Attenuated Total Reflectance) cell.  

 

UV-visible spectroscopy 

 

UV-visible spectra were recorded on a UV-visible spectrophotometer Shimadzu 

UV-1700 Pharma Spec using quartz cells (SUPRASIL®, with 10 mm of path length and 

3.5 mL of capacity) fitted with PTFE stoppers. 

 

Mass Spectrometry (MS) 

 

Both low and high resolution mass spectrometry analyses were performed in a 

Waters Micromass LCT-Premier spectrometer operated in ESI (ElectroSpray 

Ionization) mode, unless otherwise specified. In some cases MS analyses were done in a 

BRUKER Autoflex Matrix Assisted Laser Desorption Ionization (MALDI) time-of-
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flight mass spectrometer. FAB (Fast Atom Bombardment) mass spectrometry was 

performed in a AutoSpec spectrometer operated in a positive mode. 

 

Elemental analysis (EA) 

 

Elemental analyses were performed in one of the following places: Unidad de 

Análisis Elemental at Universidad de Santiago de Compostela; Servei de Recursos 

Cientifics i Tecnics (SRCiT) of the Universitat Rovira i Virgili (LECO CHNS 932 

micro-analyser); Servei de Microanàlisi de l’Institut d’Investigacions Químiques i 

Ambientals de Barcelona (IIQAB) or at Centro de Microanálisis Elemental, 

Departamento de Química Farmacéutica, Facultad de Farmacia de la Universidad 

Complutense de Madrid (LECO CHNS 932 micro-analyser).  

 

Melting points (m.p.) 

 

Uncorrected melting points have been determined in an open capillary tube in a 

Büchi B-540 melting point instrument, which covers a range of temperatures from room 

temperature up to 400 ºC and allows for three sample simultaneous determination.  

 

X–Ray Diffraction (XRD) 

 

Single crystal X-ray diffraction measurements were made on a Bruker-Nonius 

diffractometer equipped with an APPEX 2 4K CCD area detector, a FR591 rotating 

anode with MoKα radiation, Montel mirrors as monochromator and a Kryoflex low 

temperature device (T = -173 °C). Full-sphere data collection was used with ω and ϕ 

scans. Programs used: Data collection Apex2 V. 1.0-22 (Bruker-Nonius 2004), data 

reduction Saint + Version 6.22 (Bruker-Nonius 2001) and absorption correction 

SADABS V. 2.10 (2003). For structure solution and refinement SHELXTL Version 

6.10 (Sheldrick, 2000) was used. 

X-ray powder diffraction analyses were done in a D8 Advance Series 

2Theta/Theta powder diffraction system using CuKα-radiation in transmission geometry. 

The system is equipped with a VÅNTEC-1 single photon counting PSD, a germanium 

monochromator and a ninety positions auto-changer sample stage. Data collection was 
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done using DIFFRAC program plus XRD Commander V.2.4.1 and evaluation was done 

with EVA V.12.0 and TOPAS V.6.  
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3 PREPARATIONS 

3.1 Preparation of metallo-receptors 

3.1.1 Preparation of platinum precursors 

 

3.1.1.1 Synthesis of dichloro(1,5-cyclooctadiene)platinium(II) [PtCl2(COD)] (1) 1* 

 

This compound was prepared following a previously reported procedure.1 

Potassium tetrachloroplatinate (46.64 % Pt, 2.5 g, 6.02 mmol) was dissolved in distilled 

water (38.0 mL) to give a red solution. To this solution 63.0 mL of glacial acetic acid 

(99.5 %, d = 1.05 g/mL) were added, followed by 1,5-cyclooctadiene (COD) 99% (1.63 

g, 15.06 mmol) and the resulting solution was heated to reflux for 1 hour. The solution 

turned pale yellow and a white precipitate appeared. The reaction mixture was cooled to 

room temperature and then was left in the fridge for 2 hours. The white solid was 

collected by filtration, washed with 100 mL ethanol and 100 mL diethyl ether to render 

the product (1.78 g, 4.77 mmol, 79% yield) as an off-white crystalline powder. All the 

spectroscopic data matched those reported in the literature.2  

 
1H NMR (400 MHz, CDCl3) δ  5.47 - 5.76 (m with 195Pt satellites 2JH-Pt= 67 Hz, 4H, 

=CH), 2.13 - 2.44 (m, 4H), 2.63 - 2.81 (br m, 4H) ppm. 
13C NMR (100.6 MHz, CDCl3) δ 100.1 (CH), 30.9 (CH2) ppm. 

Elemental Analysis calculated for C8H12Cl2Pt: C, 25.68; H, 3.23. Found: C, 25.48; H, 

3.17. 

 

3.1.1.2 Synthesis of dichloro(1,3-bis(diphenylphosphino)propane)platinum-(II) 

[PtCl2(dppp)] (2) 3 

 

This compound was prepared by small modifications of a previously reported 

experimental procedure. A solution of 1,3-bis(diphenylaminopropane (97%) (0.68 g, 

1.60 mmol) in 75.0 mL of dry CH2Cl2 was slowly added via cannula to a solution of 
                                                
* Previous references for the preparation of [PtCl2(COD)] can be found in Chatt, J.; Vallarino, L.M.; 

Venanzi, L.M., J. Chem. Soc. 1957, 2496, or in Clark, H.C.; Manzer, L.E., J. Organomet. Chem. 1973, 

411, but we found the present procedure more convenient. 
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[PtCl2(COD)] (0.60 g, 1.60 mmol) in 75.0 mL of dry CH2Cl2 under N2. The resulting 

mixture was stirred overnight at room temperature. The solvent was eliminated under 

reduced pressure and the white solid material obtained was washed with dry hexane (6 

× 25 mL) to eliminate all traces of 1,5-cyclooctadiene. The white solid was dried under 

vacuum to yield the product (1.05 g, 1.54 mmol, 96% yield).  

 
1H NMR (400 MHz, CD2Cl2) δ  7.67-7.83 (m, 8H), 7.38-7.54 (m, 12H), 2.38-2.65 (m, 

4H, PCH2CH2CH2P), 1.87-2.12 (m, 2H, PCH2CH2) ppm. 
31P - {1H} NMR (162 MHz, CD2Cl2) δ -2.3 (s, 1JPt-P = 3407 Hz) ppm. 

Elemental analysis calculated for C27H26Cl2P2Pt: C, 47.80; H, 3.86. Found: C, 48.38; 

H, 3.96. 

 

3.1.1.3 Synthesis of trifluoromethanesulfonate(1,3-bis(diphenylphosphino)-

propane) platinum(II) [Pt(OTf)2(dppp)] (3) 4,5  

 

This compound was prepared following a previously reported procedure.5 To a 

solution of [PtCl2(dppp)] (0.71 g, 1.04 mmol) in 60.0 mL of dry and degassed CH2Cl2 

was added silver trifluoromethane sulfonate (99%) (2.18 g, 8.39 mmol). The resulting 

mixture was stirred at room temperature for 72 - 96 hours with exclusion of light. The 

progress of the reaction was followed by 31P NMR spectroscopy and, once the singlet at 

-2.1 ppm, which correspond to [PtCl2(dppp)], has disappeared, the white solid in 

suspension was separated by filtration and was washed with CH2Cl2. The solution 

together with the washings was transferred to a second Schlenk flask and was 

concentrated to about 10 mL under reduced pressure. Dry diethyl ether (20.0 mL) was 

added to precipitate the halogen-exchanged metal complex and the flask was cooled in 

the fridge for 1 h. The white solid was separated by filtration, washed with dry hexane 

(2 × 5 mL) and dried under vacuum to yield the desired product (0.62 g, 0.68 mmol, 

65% yield). The product was recrystallized by dissolving it in CH2Cl2 (0.135 g of crude 

product in 10 mL of solvent) followed by filtration via cannula and reduction of the 

volume under vacuum until a slight turbidity appeared. Addition of dry diethyl ether (20 

mL) and cooling overnight at 4ºC, followed by filtration, washing with dry hexane and 

drying under vacuum afforded the product as a white solid. All the spectroscopic data 

matched those reported in the literature.5 
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1H NMR (400 MHz, CD2Cl2) δ  7.43-7.68 (m, 20H, 4 × C6H5), 2.72 (m, 4H, PCH2), 

2.27 (m, 2H, PCH2CH2) ppm. 
31P - {1H} NMR (162 MHz, CD2Cl2) δ -7.02 (s, 1JPt-P= 3414 Hz) ppm.  
19F NMR (376.5 MHz, CD2Cl2) δ -78.82 (s) ppm. 

Elemental analysis calculated for C29H26F6O6P2S2Pt: C, 38.46; H, 2.89; S, 7.08. Found: 

C, 38.41; H, 3.70; S, 7.17.  

 

3.1.2 Preparation of thiol ligands 

3.1.2.1 Synthesis of Pb[EtNHC(=O)NH(CH2)2S]2 (6a)6 and of PhNHC(=O)-

NH(CH2)2SH (7b)7 

 

These compounds were prepared by Jorge A. Tovilla as part of his Ph.D. Thesis, 

and were kindly provided by him. For experimental details of these preparations see 

reference 6 and 7.  

 

3.1.2.2 Synthesis of EtNHC(=O)NH(CH2)2SH (7a) 6  

 

This compound was prepared following a previously reported 

procedure.6 Compound 6a (0.40 g, 0.8 mmol) was suspended 

in methanol (16 mL) and 8 mL of a 0.24 M solution of HCl in methanol (2.40 mmol) 

were added dropwise to the reaction flask. The reaction mixture changed from yellow to 

white within a few minutes. After 90 min the suspended solid (PbCl2) was filtered off 

and rinsed with CHCl3 (2 × 20 mL). The washings were combined with the filtrate and 

were extracted with water (3 × 15 mL) to eliminate the excess of acid. The organic layer 

was dried with anhydrous MgSO4, filtered and the solvent was evaporated under 

vacuum to render the desired thiol (0.057 g, 0.38 mmol, 24% yield) as a white solid. All 

the spectroscopic data matched those reported in the literature.6 

 
1H NMR (400 MHz, CDCl3) δ 5.03 (1 H, br, NHCH2CH2), 4.63 (br, 2H, NHCH2CH3), 

3.38 (m, 2H, -NHCH2CH2S), 3.28 - 3.12 (m, 2H, CH3CH2-), 2.67 (dt, 3JH-H = 6.3 Hz, 

3JH-H = 8.4 Hz, 2H, -CH2SH), 1.36 (t, 3JH-H = 8.4 Hz, 1H, -SH), 1.14 (t, 3JH-H = 7.2 Hz, 

3H, CH3) ppm.  

O

N
H

SH
N
H
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13C NMR (100.6 MHz, CDCl3) δ 158.27 (-NHC(=O)NH-), 43.51 (NH2CH2CH2), 35.57 

(CH2CH3), 25.76 (-CH2SH), 15.65 (CH3) ppm. 

Elemental analysis calculated for C5H12N2OS: C, 40.51; H, 8.16; N, 18.90; S, 21.63. 

Found: C, 41.10; H, 8.81; N, 18.56; S, 21.35.  

m.p.: 109.9 ºC – 110.3ºC 

 

Synthesis of  [PhHC(=O)NH(CH2)2S-]2 (5b) 7  

 

This compound was prepared following a 

previously reported procedure.7 

Cystamine hydrochloride 98% (2.30 g, 

10 mmol) and K2CO3 (99%) (6.22 g, 45 mmol) were suspended in dry acetonitrile (60.0 

mL) under a dinitrogen atmosphere. To the mixture, phenyl isocyanate 98% (2.2 mL, 20 

mmol) was added with a syringe. The reaction mixture was refluxed overnight and then 

allowed to cool down to room temperature. A white solid precipitated which was 

separated by filtration and washed with water (2 × 50 mL) and diethyl ether (2 × 50 mL) 

and dried under vacuum to afford the final product as a white powder (1.99 g, 5.1 

mmol, 51% yield). All the spectroscopic data matched those reported in the literature.7 

 
1H NMR (400 MHz, DMSO-d6) δ  8.58 (s, 2H, NH-Ar), 7.39 (d, 3JH-H = 7.8 Hz, 4H, 

phenyl-H2 and -H6), 7.20 (m, 4H, phenyl-H3 and -H5), 6.88 (t, 3JH-H = 7.3 Hz, 2H, 

phenyl-H4), 6.36 (t, 3JH-H = Hz, 2H, NHCH2-), 3.41 (m, 4H, -NHCH2-), 2.84 (t, 3JH-H = 

Hz, 4H, -CH2S-) ppm. 
13C NMR (100.6 MHz, DMSO-d6) δ 155.1 (-NHC(=O)NH-), 140.3 (phenyl -C1), 128.6 

(phenyl-C3 and -C5), 121.1 (phenyl-C4), 117.7 (phenyl-C2 and -C6), 38.2 (NH2CH2) 

38.0 (-CH2S-) ppm. 

Elemental analysis calculated for C18H22N4O2S2: C, 55.36; H, 5.68; N, 14.35; S, 16.42. 

Found: C, 55.04; H, 5.70; N, 14.24; S, 16.44.  

 

3.1.2.3 Synthesis of Pb[PhNHC(=O)NH(CH2)2S]2 (6b) 7  

 

This compound was prepared following a previously reported procedure.7 

Compound 5b (1.00 g, 2.56 mmol) and triphenylphosphine (99%) (1.34 g, 5.12 mmol) 
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were weighted in a round-bottom flask, evacuated and flushed with dinitrogen. 37% 

HCl (2 drops) was added and the mixture was suspended in 42 mL of a degassed 

mixture of 1,4-dioxane and H2O (50:5). The mixture was stirred overnight at reflux 

under dinitrogen, to reduce the disulfide bond to the corresponding thiol. After allowing 

the reaction mixture to cool down to about 40ºC, Pb(AcO)2·3H2O (99%) (0.97 g, 2.56 

mmol) was added as a solid along with acetone (2 mL). A yellow precipitate was 

immediately formed and the reaction mixture was stirred at 40ºC for 2 hours. The 

precipitate was filtered, washed with water (50 mL), acetone (50 mL) and diethyl ether 

(2 × 30 mL) to yield the desired product (0.82 g, 1.37 mmol, 53% yield) as a yellow 

solid. All the spectroscopic data matched those reported in the literature.7 

 
1H NMR (400 MHz, DMSO-d6) δ  8.54 (s, 2H, NH-Ar), 7.37 (d, 3JH-H = 7.5 Hz, 4H, 

phenyl-H2 and -H6), 7.20 (m, 4H, phenyl-H3 and -H5), 6.86 (t, 3JH-H = 7.2 Hz, 2H, 

phenyl-H4), 6.24 (t, 3J H-H = 5.6 Hz, 2H, NHCH2), 3.56 (t, 3JH-H = 7.0 Hz, 4H, -CH2S), 

3.26 (m, 4H, -NHCH2) ppm. 
13C NMR (100.6 MHz, DMSO-d6) δ  155.05 (-NHC(=O)NH-), 140.51 (phenyl -C1), 

128.58 (phenyl-C3 and -C5), 120.9 (phenyl-C4), 117.58 (phenyl-C2 and -C6), 44.88 

(NH2CH2), 27.81 (-CH2S-) ppm. 

 

3.1.2.4 Synthesis of  [PyrCH2NHC(=O)NH(CH2)2S-]2 (5d) 

 

To a solution of 

carbonyldiimidazole 

(90%) (0.15 g, 0.85 

mmol) and 1H-imidazole 99% (0.056 g, 0.85 mmol) in 30 mL of dry THF, 1-

pyrenemethylamine hydrochloride 95% (0.2 g, 0.71 mmol) was added. The mixture was 

stirred for 24 hours at room temperature under nitrogen, with exclusion of light. Then, 

the solid in suspension (unreacted 1-pyrenemethylamine hydrochloride) was separated 

by filtration via cannula, washed several times with dry THF and the washings were 

mixed with the filtrate. This THF solution was transferred via cannula to a three-necked 

round bottom flask fitted with an inlet for inert gas/vacuum and a condenser. This flask 

contained cystamine hydrochloride 98% (0.082 g, 0.35 mmol) and K2CO3 (99%) (0.39 

g, 2.84 mmol). The mixture was refluxed overnight and then the off-white solid in 
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suspension was separated by filtration, washed with distilled water (3 × 5 mL) and with 

acetone (3 × 5 mL) and dried under vacuum to yield the desired product (0.14 g, 0.21 

mmol, 59% yield) as a white solid. 

 
1H NMR (400 MHZ, DMSO-d6) δ  8.37 – 7.92 (9H, Ar), 6.72 (t, 3JH-H = 5.7 Hz, 2H, 

NHCH2-), 6.28 (t, 3JH-H = 5.8 Hz, 2H, NHCH2-), 4.89 (d, 3JH-H = 5.7 Hz, 4H, Pyr-CH2), 

3.38 (m, 4H, NHCH2-), 2.81 (t, 3JH-H = 6.7 Hz, 4H, -CH2S-) ppm. 
13C NMR (100.6 MHz, DMSO-d6) δ  157.83 (-NHC(=O)NH-), 134.04 (C), 130.73(C), 

130.24 (C), 129.87 (C), 127.86 (C), 127.37 (CH), 127.30 (CH), 126.80 (CH), 126.15 

(CH), 126.11 (CH), 125.08 (CH), 125.00 (CH), 124.64 (CH), 123.96 (C), 123.88 (C), 

123.09 (CH), 41.1 (CH2), 38.58 (CH2), 38.38 (-CH2S-) ppm. 

IR (ATR, cm-1) 3309, 3039, 2961, 2928, 2824, 1615, 1561, 1510, 1478, 1256, 1184, 

1060, 1012, 840, 796, 642, 619. 

MS (ESI+) (relative intensity) 689.2 ([M+Na]+, 100), 705.2 (14, [M+K]+).  

HRMS (TOF MS ES+) m/z calculated for C40H34N4O2S2Na+ (M+Na+) 689.2015, found 

689.2013. 

 

3.1.2.5 Synthesis of PyrCH2NHC(=O)NH(CH2)2SH (7d) 

 

Compound 5d (0.17 g, 0.25 mmol) and 

triphenylphosphine 99% (0.13 g, 0.5 mmol) were 

weighted in a round-bottom flask, evacuated and 

flushed with dinitrogen. 37% HCl (2 drops) was added and the mixture was suspended 

in 4.2 mL of a degassed mixture of 1,4-dioxane and H2O (50:5). The reaction mixture 

was stirred overnight at reflux under dinitrogen, to reduce the disulfide bond to the 

corresponding thiol. After allowing the reaction mixture to cool down to about 40ºC, 

Pb(AcO)2·3H2O (99%) (0.095 g, 0.25 mmol) was added along with acetone (0.2 mL). A 

yellow precipitate was immediately formed and the reaction mixture was stirred at 43ºC 

for 2 hours. The precipitate was filtered, washed with water (3 × 2 mL), acetone (3 × 2  

mL) and diethyl ether (3 × 3 mL) to give a light-yellow solid (0.11 g). This solid was 

suspended in methanol (2 mL) and 1.2 mL of a 0.24 M solution of HCl in methanol 

(0.27 mmol) were added dropwise to the reaction flask. The reaction mixture changed 

from yellow to white within a few minutes. After 90 min the suspended solid (PbCl2) 
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was filtered off and rinsed with CHCl3 (2  × 10 mL). The washings were combined with 

the filtrate and the solvent was eliminated under reduced pressure. The resulting white 

solid was washed with water by decantation (3  × 10 mL) to eliminate the excess of acid 

and dried under vacuum to yield the product (0.012 g, 0.036 mmol, 16 % yield). 

 
1H NMR (400 MHz, DMSO-d6) δ 8.44 – 8.00 (9H, Ar), 6.66 (t, 3JH-H = 5.8 Hz, 1H, 

NHCH2-), 6.20 (t, 3JH-H = 5.8 Hz, 1H, NHCH2-), 4.96 (d, 3JH-H = 5.8 Hz, 2H, PyrCH2), 

3.21 (m, 2H, -NHCH2-), 2.6 (m, -CH2SH overlapped with DMSO signal), 2.26 (t, 3JH-H 

= 8.1 Hz, 1H, HSCH2-) ppm. 
13C NMR (100.6 MHz, DMSO-d6) δ 157.75 (-NHC(=O)NH-), 134.25 (C), 130.78 (C), 

130.30 (C), 129.92 (C), 127.93 (C), 127.43 (CH), 127.38 (CH), 126.87 (CH), 126.28 

(CH), 126.19 (CH), 125.14 (CH), 125.07 (CH), 124.71 (CH), 123.03 (C), 123.94 (C), 

123.23 (CH), 42.91 (CH2), 41.12 (CH2), 24.59 (CH2SH) ppm.  

IR (ATR, cm-1) 3308, 3038, 2925, 1618, 1566, 1478, 1251, 1183, 1063, 839, 679. 

MS (ESI+) m/z (relative intensity) 357.1 ([M+Na]+, 100). 

HRMS (TOF MS ES+) calculated for C20H18N2OSNa+ (M+Na+) 357.1032, found 

357.1046. 

 

3.1.2.6 Synthesis of bis(3-aminopropyl)disulfide (4b) 8  

 

This compound was prepared following a previously reported procedure.8 3-

chloropropylamine hydrochloride (98%) (3.0 g, 23.07 mmol) was dissolved in methanol 

(12 mL) and a solution of anhydrous Na2S2O3 (>98%) (3.65 g, 23.07 mmol) in 12 mL 

of distilled water was added. The clear mixture was refluxed for 24 hours and then a 

solution of iodine (resublimed, 99.8%) (2,93 g, 11.54 mmol) in methanol (60 mL) was 

added dropwise. Methanol was removed under reduced pressure and the aqueous 

solution was made basic with 4M NaOH (8 mL) and was extracted for 16 hours with 

CHCl3 in a continuous mode, using a liquid-liquid extractor by downward 

displacement. The organic layer was dried with anhydrous Na2SO4, filtered and 

evaporated under vacuum to removed solvent to render the desired product (1.43 g, 7.93 

mmol, 69% yield) as a yellow liquid. The product was used without any further 

purification. All the spectroscopic data matched those reported in the literature.8 
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1H NMR (400 MHz, CDCl3) δ 2.74 (t, 3JH-H = 6.9 Hz, 4H, CH2), 2.69 (t, 3JH-H = 7.2 Hz, 

4H, CH2), 1.77 (m, 4H, 2 × CH2-CH2-CH2), 1.38 (s, NH2) ppm.  

 

3.1.2.7 Synthesis of [PhNHC(=O)NH(CH2)3S-]2 (5c) 

 

Compound 4b (1.06 g, 5.88 mmol) 

was dissolved in dry acetonitrile (55 

mL) under a dinitrogen atmosphere 

and phenyl isocyanate 98% (1.40 g, 11.76 mmol) was added with a syringe. The 

reaction mixture was refluxed gently overnight. After allowing the mixture to cool 

down to room temperature the solid in suspension was filtered, washed with distilled 

water (2  × 50 mL), methanol (30 mL) and diethyl ether (2  × 50 mL) and allowed to dry 

in the air to afford the final product 5c (1.96 g, 4.68 mmol, 80% yield) as a white 

powder. 

 
1H NMR (400 MHz, DMSO-d6) δ  8.37 (s, 2H, NH-Ar), 7.37 (d, 3JH-H = 7.8 Hz, 4H, 

phenyl-H2 and -H6), 7.20 (m, 4H, phenyl-H3 and -H5), 6.88 (t, 3JH-H = 7.3 Hz, 2H, 

phenyl-H4), 6.21 (t, 3JH-H = 5.4 Hz, 2H, NHCH2-), 3.17 (m, 4H, -NHCH2-), 2.74 (t, 3JH-

H = 7.0 Hz, 4H, -CH2S-,), 1.80 (m, 4H, -NHCH2CH2-) ppm. 
13C NMR (100.6 MHz, DMSO-d6) δ 155.2 (-NHC(=O)NH-), 140.4 (phenyl -C1), 128.6 

(phenyl-C3 and -C5), 121.0 (phenyl-C4), 117.7 (phenyl-C2 and -C6), 37.8 (NH2CH2), 

35.3 (-CH2S-), 29.4 (NH2CH2CH2CH2S) ppm. 

IR (ATR, cm-1) 3327 (NH), 2900, 2866 (CH), 1631, 1593(C=O), 1565, 1496 (arom), 

694 (CS). 

MS (ESI+) m/z (relative intensity) 419.2 ([M+H]+, 5%), 441.1 (100, [M+Na]+), 457.1 

(15, [M+K]+). 

HRMS (TOF MS ES+) m/z calculated for C20H26N4O2S2Na+ (M+Na+) 441.1389, found 

441.1408. 

Elemental analysis calculated for C20H26N4O2S2: C, 57.39; H, 6.26; N, 13.39; S, 15.32. 

Found: C, 57.35; H, 6.36; N, 13.35; S, 15.08.  

m.p.: 165.8ºC -166.4 ºC.  
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3.1.2.8 Synthesis of Pb[PhNHC(=O)NH(CH2)3S]2 (6c) 

 

Compound 5c (1.00 g, 2.39 mmol) and triphenylphosphine (99%) (1.25 g, 4.78 

mmol) were weighted in a round-bottom flask, evacuated and flushed with dinitrogen. 

37% HCl (2 drops) was added and the mixture was suspended in 40 mL of a degassed 

mixture of 1,4-dioxane and H2O (50:5). The mixture was stirred overnight at reflux 

under dinitrogen, to reduce the disulfide bond to the corresponding thiol. After allowing 

the reaction mixture to cool down to about 40ºC, Pb(AcO)2·3H2O (99%) (0.91 g, 2.39 

mmol) was added along with acetone (2 mL). A yellow precipitate was immediately 

formed and the reaction mixture was stirred at 45ºC for 2 hours. The precipitate was 

filtered, washed with water (3  × 30 mL), acetone (2  × 50 mL) and diethyl ether (3  × 

30 mL) to afford the desired product (0.91 g, 1.45 mmol, 61 % yield) as a yellow solid. 

 
1H NMR (400 MHz, DMSO-d6) δ  8.38 (s, 2H, NH-Ar), 7.37 (d, 3JH-H = 7.7 Hz, 4H, 

phenyl-H2 and -H6), 7.19 (m, 4H, phenyl-H3 and -H5), 6.86 (t, 3JH-H = 7.4 Hz, 2H, 

phenyl-H4), 6.12 (t, 3JH-H = 5.5 Hz, 2H, NHCH2), 3.49 (t, 3JH-H = 6.9 Hz, 4H, -CH2S), 

3.19 (m, 4H, -NHCH2), 1.72 (m, 4H, -NHCH2CH2-) ppm. 
13C NMR (100.6 MHz, DMSO-d6) δ 155.2 (-NHC(=O)NH-), 140.5 (phenyl-C1), 128.6 

(phenyl-C3 and -C5), 120.9 (phenyl-C4), 117.6 (phenyl-C2 and -C6), 38.3 (NH2CH2-), 

36.4 (-CH2S), 24.9 (NH2CH2CH2CH2S) ppm.  

IR (ATR, cm-1) 3314, 3309 (NH), 3054, 3036, 2952, 2933, 2868 (CH), 1631, 1595 

(C=O), 1564, 1496 (arom), 691 (CS). 

MS (FAB+) m/z (relative intensity) 417.0 (45%, [(Pb(C6H5NHC(=O)NH(CH2)S)]+). 

Elemental analysis: calculated for C20H26N4O2S2Pb: C, 38.39; H, 4.19; N, 8.95; S, 

10.25. Found: C, 38.0; H, 4.17; N, 8.81; S, 10.04.  

m.p.: 197.7 ºC - 199.4ºC decomposition. 

 

3.1.2.9 Synthesis of PhNHC(=O)NH(CH2)3SH (7c) 

 

Compound 6c (0.30 g, 0.48 mmol) was suspended in 

methanol (10 mL) and 5 mL of a 0.24 M solution of HCl 

in methanol (1.20 mmol) were added dropwise to the 

reaction flask. The reaction mixture changed from yellow to white within a few 

O

N
H

SHN
H
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minutes. After 90 min the suspended solid (PbCl2) was filtered off and rinsed with 

CHCl3 (2  × 10 mL). The extracts were combined with the filtrate and evaporated under 

reduced pressure to dryness. The resulting solid was suspended in 10 mL water, 

transferred to a fritted funnel, washed with water (3  × 10 mL) to eliminate the excess of 

acid, and dried under vacuum, to render the desired product (0.15 g, 0.71 mmol, 74% 

yield) as a white solid. 

  
1H NMR (400 MHz, DMSO-d6) δ  8.40 (s, 1H, NH-Ar), 7.38 (d, 3JH-H =7.8 Hz, 2H, 

phenyl-H2 and -H6), 7.21 (m, 2H, phenyl-H3 and -H5), 6.88 (t, 3JH-H = 7.2 Hz, 1H, 

phenyl-H4), 6.17 (br s, 1H, NHCH2-), 3.18 (m, 2H, -NHCH2-), about 2.5 (-CH2SH, 

overlapped with residual DMSO signal), 2.36 (t, 3JH-H = 7.9 Hz, 1H, HSCH2-), 1.70 (m, 

2H, NHCH2CH2-) ppm. 
13C NMR (100.6 MHz, DMSO-d6): δ 155.3 (-NHC(=O)NH-), 140.5 (phenyl-C1), 128.6 

(phenyl-C3 and -C5), 120.95 (phenyl-C4), 117.6 (phenyl-C2 and -C6), 37.5 (NH2CH2-), 

33.9 (-CH2SH), 21.3 (NH2CH2CH2-) ppm. 

IR (ATR, cm-1) 3377, 3310 (NH), 3107, 3034, 2963, 2934, 2870 (CH), 2561 (SH), 

1649, 1596 (C=O), 1552, 1498 (arom), 691 (CS). 

MS (ESI+) m/z (relative intensity) 233.0 (100%, [M+Na]+), 211.1 (3, [M+H]+, M = 

PhNHC(=O)NH(CH2)3S).  

HRMS (TOF MS ES+): m/z calculated for C10H14N2OSNa+ (M+Na+) 233.0719, found 

233.0725. 

Elemental analysis: calculated for C10H14N2OS: C, 57.11; H, 6.71; N, 13.32; S, 15.25. 

Found: C, 57.08; H, 7.48; N, 13.30; S, 16.87.  

m.p.: 130.4ºC – 131.9ºC with decomposition. 

 

3.1.3 Synthesis of di-platinum complexes 

3.1.3.1 Synthesis of [(dppp)Pt{µ-S(CH2)2NHC(=O)NHEt}]2(OTf)2 (8) 

 

To a solution of 3 (0.200 g, 0.221 mmol) in 30 mL dry CH2Cl2 was added 7a 

(0.033 g, 0.221 mmol) as a solid. The reaction mixture was stirred overnight at reflux. 

The solution was then filtered and transferred via cannula to a second Schlenk flask 

containing 0.159 g of a piperazinomethyl polystyrene resin (Novabiochem®, f = 1.39 

mmol/g), that had been previously swollen in 2 mL dry CH2Cl2 for 40 minutes. The 
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mixture was stirred for 2 hours and the solution was then filtered via cannula. The resin 

was washed with 2 × 2 mL dry CH2Cl2 and the washings were combined with the 

filtrate. The solution was concentrated to about 3 mL and 25 mL dry diethyl ether were 

added to precipitate the desired product. The solvent was removed by filtration and the 

solid was washed with hexane (3 × 5 mL) and dried under vacuum to render 6 (0.133 g, 

0.074 mmol, 67% yield) as a white powder. 

 
1H NMR (500 MHz, DMSO-d6) δ 7.30-7.70 (40H, several signals, ArH), 5.82 (t, 3JH-H 

= 5.0 Hz, 2H, NHCH2CH3), 5.37 (t, 3JH-H = 5.0 Hz, 2H, NHCH2CH2S), 3.10 (br s, 8H, 

PCH2), 3.03 (m, 4H, CH3CH2-), 2.11 (br s, 4H, -CH2S-), 1.99 (br s, 4H, NHCH2), 1.85 

(br m, 4H, PCH2CH2-), 1.01 (td, 3JH-H = 7.1 Hz, 3JH-H = 1.5 Hz 6H, CH3CH2NH-) ppm. 

13C NMR (100.6 MHz, DMSO-d6): δ  157.3 (-NHC(=O)NH-), 133.3 (Co), 132.0 (Cp), 

128.9 (Cm), 126.7 (Cipso), 126.02, 40.8 (NH2CH2-), 34.1 (CH3CH2-), 33.1 (-CH2S), 22.1 

(CH2P), 17.5 (PCH2CH2-), 15.6 (CH3) ppm. 
31P -{1H} NMR (162 MHz, DMSO-d6) δ 3.01 (s, 1J Pt-P= 2749 Hz) ppm.  
19F NMR (376.5 MHz, DMSO-d6) δ -77.84 (s) ppm.  

IR (ATR, cm-1) 3369 (NH), 3056, 2971, 2922 (CH), 2863, 1660, 1550, 1485 (arom), 

1436, 1245, 1147, 1101, 1028, 692 (CS); 

MS (ESI+): m/z (relative intensity) 1657.4 (100%, [M-OSO2CF3]+). 

Elemental analysis: calculated for C66H74F6N4O8P4Pt2S4: C, 43.85; H, 4.13; N, 3.10; S, 

7.10. Found: C, 43.91; H, 4.20; N, 3.12; S, 6.30.  

m.p.: 205.9ºC – 209.1ºC decomposition. 

 

3.1.3.2 Synthesis of [(dppp)Pt{µ-S(CH2)2NHC(=O)NHC6H5}]2(OTf)2 (9) 

 

Method A 

 

A solution of 3 (0.070 g, 0.077 mmol) in 15 mL dry CH2Cl2 was added via 

cannula to a freshly prepared mixture of 7b (0.016 g, 0.080 mmol) and sodium tert-

butoxide 97% (0.008 g, 0.080 mmol) in 5 mL dry CH2Cl2. The reaction mixture was 

stirred overnight at room temperature. After this period the solution was concentrated 

under reduced pressure down to a half its volume and the product was precipitated by 

addition of 20 mL of dry diethyl ether. The solvent was removed by filtration and the 
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solid residue was washed with hexane and dried under reduced pressure to render the 

desired product (0.020 g, 0.011 mmol, 27% yield) as a white solid.  

 
1H NMR (DMSO-d6) δ 8.38 (s, 2H, PhNH) 7.30-7.70 (several signals, 44H, ArH), 7.19 

(m, 4H, phenyl-H3 and -H5), 6.88 (t, 3JH-H = 7.3 Hz, 2H, phenyl-H4), 5.69 (t, 3JH-H = 

5.9 Hz, 2H, NHCH2-), 3.13 (s, br, 8H, PCH2-), 2.28 (br, s, 2H, -SCH2), 1.75-2.03 (br, 

m, 8H, PCH2CH2-and -CH2NH) ppm. 
31P - {1H} NMR (DMSO-d6) δ 3.14 (s, 1J Pt-P= 2738 Hz) ppm. 

IR (ΑΤR, cm-1) 3338 (N-H), 3056, 2916 (C-H), 1664, 1596 (C=O), 1545, 1499 (arom), 

1247, 1154, 1027 (OSO2CF3), 692 (C-S). 

MS ESI+ m/z (relative intensity) 1753.2 (33) [M-OSO2CF3]+, 802.1 (100) [M-

2(OSO2CF3)]2+, M=[(dppp)Pt{µ-S(CH2)2NHC(=O)NHC6H5}]2(OSO2CF3)2 

 

Method B  

 

To a solution of 3 (0.143 g, 0.157 mmol) in CH2Cl2 (21 mL) was added 7b (0.030 

g, 0.157 mmol) as a solid. The reaction mixture was stirred overnight at reflux. The 

solution was then filtered and transferred via cannula to a second Schlenk flask 

containing 0.113 g of a piperazinomethyl polystyrene resin (Novabiochem®, f=1.39 

mmol/g), that had been previously swollen in 2 mL dry CH2Cl2 for 40 minutes. The 

mixture was stirred for 2 hours and the solution was then filtered via cannula. The resin 

was washed with dry CH2Cl2 (2  × 2 mL) and the washings were combined with the 

filtrate. The solution was concentrated to about 3 mL and 20 mL dry diethyl ether were 

added to precipitate a white solid. The mixture was filtered and the solid was washed 

with hexane (3  × 5 mL) and dried under vacuum to yield the desired product (0.094 g, 

0.049 mmol, 63% yield) as a white powder. 

 
1H NMR (400 MHz, DMSO-d6) δ about 8.39 (s, 2H, PhNH), 7.30-7.70 (44H, several 

signals, ArH), 7.19 (m, 4H, phenyl-H3 and -H5), 6.88 (t, 3JH-H = 7.4 Hz, 2H, phenyl-

H4), 5.71 (t, 3JH-H = 5.7 Hz, 2H, NHCH2), 3.12 (br s, 8H, PCH2-), 2.28 (br s, 2H, -

SCH2), 1.73-2.04 (br m, 8H, PCH2CH2-and -CH2NH), ppm. 
13C NMR (100.6 MHz, DMSO-d6): δ 154.6 (-NHC(=O)NH-) 140.1 (phenyl-C1), 133.3 

(Co), 132.0 (Cp), 129.0 (Cm), 128.6 (phenyl-C3 and -C5), 126.6 (Cipso), 126.0, 121.3 
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(phenyl-C4), 117.7 (phenyl-C2 and -C6), 40.4 (NHCH2-), 32.7 (-CH2SH), 22.2 (CH2P), 

17.6 (PCH2CH2-) ppm. 
31P - {1H} NMR (162 mHz, DMSO-d6) δ 3.12 (s, 1JPt-P= 2737 Hz) ppm. 
19F NMR (376.5 MHz, DMSO-d6) δ -77.82 (s) ppm. 

IR (ATR, cm-1) 3372 (NH), 3321, 3135, 3056, 2956, 2918 (CH), 2866, 1696, 1596 

(C=O), 1541, 1497 (arom), 1435, 1154, 1031, 689 (CS); 

MS (ESI+) m/z (relative intensity) 1753.2 (100%, [M-OSO2CF3]+), M=[(dppp)Pt{µ-

S(CH2)2NHC(=O)NHC6H5}]2(OSO2CF3)2. 

Elemental analysis calculated for C74H74F6N4O8P4Pt2S4: C, 46.69; H, 3.92; N, 2.94; S, 

6.74. Found: C, 47.32; H, 3.44; N, 2.95; S, 6.09.  

 

3.1.3.3 Synthesis of [(dppp)Pt{µ-S(CH2)3NHC(=O)NHPh}]2(OTf)2 (10) 

 

Method A 

 

A solution of 3 (0.150 g, 0.17 mmol) in 16 mL dry CH2Cl2 was added via cannula 

to a freshly prepared mixture of 7c (0.036 g, 0.17 mmol) and sodium tert-butoxide 

(0.017 g, 0.017 mmol) in 10 mL dry CH2Cl2. The reaction mixture was stirred overnight 

at room temperature. After this period the solution was concentrated under reduced 

pressure down to a third of its volume and the product was precipitated by addition of 

40 mL of hexane. The solvent was removed by filtration and the solid residue was 

washed with hexane and dried under reduced pressure to yield the desired product 

(0.028 g, 0.014 mmol, 16% yield) as a white solid.  

 
1H NMR (400 MHz, DMSO-d6) δ 8.45 (s, 2H, PhNH), 7.30-7.70 (44H, several signals, 

ArH), 7.27 (m, 4H, phenyl-H3 and -H5), 6.93 (t, 3JH-H = 7.3 Hz, 2H, phenyl-H4), 5.73 

(t, 3JH-H = 5.7 Hz, 2H, NHCH2-), 3.08 (br s, 8H, PCH2), 2.59-2.70 (br m, 4H, -CH2NH), 

2.25 (br s, 4H, -CH2S), 1.64-1.92 (br m, 4H, PCH2CH2-), 0.29 (br m, 4H, NHCH2CH2-) 

ppm. 
13C NMR (100.6 MHz, DMSO-d6) δ 155.09 (-NHC(=O)NH-), 140.37 (phenyl-C1), 

133.25 (Co-Ar phosphine), 131.95 (Cp-Ar phosphine), 128.83 (phenyl-C3 and -C5), 

128.74 (Cm-Ar phosphine), 127.86 (Cipso-Ar phosphine), 126.21, 121.22 (phenyl-C4), 
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117.71 (phenyl-C2 and -C6), 38.3 (NHCH2-), 32.44 (-CH2-), 31.79 (-CH2SH), 22.2 and 

22.6 (CH2P), 17.46 (PCH2CH2-) ppm. 
31P -{1H} NMR (162 MHz, DMSO-d6) δ 3.01 (s, 1J Pt-P= 2733 Hz) ppm. 
19F NMR (376.5 MHz, DMSO-d6) δ -77.83 (s) ppm. 

IR (ATR, cm-1) 3327 (N-H), 3054, 2914 (C-H), 1690, 1596 (C=O), 1545, 1498 (arom), 

1247, 1152, 1028 (OSO2CF3), 691 (C-S). 

MS (ESI+) m/z (relative intensity) 1781.2 (97 %, [M-OSO2CF3]+), 816.2 (53 %, [M-

2(OSO2CF3)]2+). 

 

Method B 

 

To a solution of 3 (0.200 g, 0.221 mmol) in 30 mL dry CH2Cl2, 7c (0.047 g, 0.221 

mmol) was added as a solid. The reaction mixture was stirred overnight at reflux. The 

solution was then filtered and transferred via cannula to a second Schlenk flask 

containing 0.159 g of a piperazinomethyl polystyrene resin (Novabiochem®, f=1.39 

mmol/g), that had been previously swelled in 2 mL dry CH2Cl2 for 40 minutes. The 

mixture was stirred for 2 hours and the solution was then filtered via cannula. The resin 

was washed with 2 × 2 mL dry CH2Cl2 and the washings were combined with the 

filtrate. The solution was concentrated to about 3 mL and 20 mL dry diethyl ether were 

added to precipitate a white solid. The mixture was filtered and the solid was washed 

with hexane (3 × 5 mL) and dried under vacuum to yield the desired product (0.093 g, 

0.048 mmol, 43% yield) as a white powder  

 
1H NMR (500 MHz, DMSO-d6) δ 8.45 (s, 2H, Ph-NH) 7.30-7.70 (44H, several signals, 

ArH), 7.27 (m, 4H, phenyl-H3 and -H5), 6.93 (t, 3JH-H = 7.3 Hz, 2H, phenyl-H4), 5.73 

(t, 3JH-H = 5.7 Hz, 2H, NHCH2-), 3.09 (br s, 8H, PCH2), 2.64 (br m, 4H, -CH2NH-), 2.26 

(br s, 4H, -CH2S), 1.68 - 1.90 (br m, 4H, PCH2CH2-), 0.19 – 0.37 (br m, 4H, 

NHCH2CH2-) ppm. 
13C NMR (100.6 MHz, DMSO-d6) δ 155.1 (-NHC(=O)NH-), 140.3 (phenyl-C1), 133.3 

(Co-Ar phosphine), 131.9 (Cp-Ar phosphine), 128.8 (phenyl-C3 and -C5), 128.8 (Cm-Ar 

phosphine) (no se si está bien el orden), 127.0 (Cipso-Ar phosphine), 126.2, 121.2 

(phenyl-C4), 117.7 (phenyl-C2 and -C6), 38.3 (NHCH2-), 32.49 (-CH2-), 31.76 (-

CH2S), 22.6 (CH2P), 17.5 (PCH2CH2-) ppm. 
31P -{1H} NMR (162 MHz, DMSO-d6) δ 3.02 (s, 1J Pt-P= 2732 Hz) ppm. 
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19F NMR (376.5 MHz, DMSO-d6) δ -77.83 (s) ppm. 

IR (ATR, cm-1) 3352 (NH), 3056, 2961 (CH), 1691, 1596 (C=O), 1542, 1498 (arom), 

1436, 1255, 1153, 1027, 691 (CS).  

MS (ESI+) m/z (relative intensity) 1782.4 (63.6%, [M-OSO2CF3]+), 816.2 (100%, [M-

2(OSO2CF3)]2+). 

Elemental analysis calculated for C76H78F6N4O8P4Pt2S4: C, 47.25; H, 4.07; N, 2.90; S, 

6.64. Found: C, 46.96; H, 4.12; N, 2.76; S, 5.75.  

m.p.: 236.8ºC – 239.3ºC decomposition. 

 

3.1.3.4 Synthesis of {[(dppp)Pt{µ-S(CH2)2NHC(=O)NHEt}][Pb2Cl6]}n (11) 

 

Compounds 2 (0.140 g, 0.210 mmol) and 6a (0.053 g, 0.105 mmol) were added as 

solids to a Schlenk flask and flushed with dinitrogen. Dry CH2Cl2 (25 mL) was added 

and the reaction mixture was stirred overnight at 40ºC. The mixture was filtered to 

separate a white precipitate. Upon addition of hexane to the resulting filtrate a white 

solid precipitated which was separated by filtration, washed with CH2Cl2 and dried 

under reduced pressure to yield 0.16 g. 

  
1H NMR (400 MHz, DMSO-d6): δ 7.30-7.70 (40H, several signals, ArH), 6.07 (t, 3JH-H 

= 5.6 Hz, 1H, NHCH2CH3), 5.49 (t, 3JH-H = 5.9 Hz, 1H, NHCH2CH2S), 3.31 (br s, 8H, 

PCH2-, overlapped with the HOD peak), 2.91-3.08 (m, 4H, -CH2CH3), 2.24 (br s, 4H, -

SCH2), 1.72-1.94 (br m, 8H, -CH2NH and PCH2CH2-), 0.99 (t, 3JH-H = 7.2 Hz, 6H, CH3) 

ppm. 
13C NMR (100.6 MHz, DMSO-d6) δ  157.3 (-NHC(=O)NH-),  133.5 (phenyl-C2 and -

C6), 131.6 (phenyl-C4), 128.8 (phenyl-C3 and -C5), 127.05, 126.40, 39.51 (m, DMSO), 

34.0 (NHCH2CH3), 33.5 (-CH2S), 21.91 (CH2P), 17.7 (CH2CH2P), 15.6 (-CH3) ppm. 
31P -{1H} NMR (162 MHz, DMSO-d6) δ 2.92 (s, 1JPt-P= 2776 Hz) ppm. 

IR (ATR, cm-1) 3326 (NH), 3051, 2964, 2864 (CH), 1669, 1644 (C=O), 1550, 1481 

(arom), 695 (CS). 

MS ESI+ m/z (rel. intensity): 754.2 (100) [M-2Cl]2+, 1544 (30) [M-Cl]+, 

M=[(dppp)Pt{µ-S(CH2)2NHC(=O)NHC2H5}]2(Cl)2. 

Crystals suitable for X-ray analysis were grown from a CH2Cl2/hexane solution at 4ºC. 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part I. Metallo-receptors for anion recognition 

 144 

3.1.3.5 Synthesis of [(dppp)Pt{µ-S(CH2)2NHC(=O)NHPh}]2(Cl)2 (12) 

 

Compound 2 (0.20 g, 0.29 mmol) and 6b (0.088 g, 0.147 mmol) were added as 

solids to a schlenk flask and flushed with dinitrogen. Dry CH2Cl2 (45 mL) was added 

and the reaction mixture was stirred overnight at 40ºC. To the CH2Cl2 solution, hexane 

was added and a white precipitate appeared. The solid was separated by filtration and 

was recrystallized from a mixture of CH2Cl2: hexane. Yield: 0.06 g, 24.5 %. 

  
1H NMR (500 MHz, DMSO-d6) δ 8.95 (s, 2H, PhNH), 7.30-7.70 (several signals, 44H, 

ArH), 7.18 (t, 4H, phenyl-H3 and -H5), 6.87 (t, 3J H-H = 7.3 Hz, 2H, phenyl-H4), 5.93 (t, 
3J H-H = 5.5 Hz, 2H, NHCH2-), 3.31 (s, superposed to the water peak, CH2P), 2.32 (br, s, 

4H, SCH2), 1.69-1.97 (br, m, 8H, -CH2NH and PCH2CH2-) ppm. 
13C NMR (125.8 MHz, DMSO-d6) δ  154.66 (-NHC(=O)NH-), 140.42 (phenyl-C1), 

133.55 (Co), 131.63 (Cp), 128.76 (Cm), 128.59 (phenyl-C3 and -C5), 120.92 (phenyl-

C4), (Cipso), 117.53 (phenyl-C2 and -C6), 33.26 (-CH2SH) ppm. 
31P -{1H} NMR (162 MHz, DMSO-d6) δ 2.90 (s, 1J Pt-P= 2761 Hz) ppm. 

MS ESI+ m/z (relative intensity) 802.2 (100, [M-2Cl]2+), 1640.4 (50, [M-Cl]+), 

M=[(dppp)Pt{µ-S(CH2)2NHC(=O)NHC6H5}]2(Cl)2.  

IR (ATR, cm-1) 3257 (N-H), 3052, 2906 (C-H), 1691, 1596 (C=O), 1547, 1493 (arom), 

694 (C-S). 

 

3.1.3.6 Synthesis of [(dppp)Pt{µ-S(CH2)3NHC(=O)NHPh}]2(Cl)2 (13) 

 

Complex 2 (0.20 g, 0.295 mmol) and 6c (0.092 g, 0.147 mmol) were added to a 

Schlenk flask and the system was flushed with dinitrogen. Dry tetrahydrofuran (78 mL) 

was then added and the reaction mixture was stirred overnight at reflux. At the end of 

this period the white solid that was in suspension was separated from the reaction 

mixture by filtration, and was dried under reduced pressure. Yield: 0.067 g, 27%. 

 
1H NMR (400 MHz, DMSO-d6) δ 8.93 (s, 2H, Ph-NH), 7.34-7.70 (several signals, 44H, 

ArH), 7.23 (t, 4H, phenyl-H3 and -H5), 6.91 (t, 3JH-H = 7.3 Hz, 2H, phenyl-H4), 6.60 (t, 
3JH-H = 5.4 Hz, 2H, NHCH2-), 3.14 (s, br, 8H, PCH2), 2.53-2.64 (br, m, 8H, -CH2S- and 
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-CH2NH-), 1.63 -1.87 (br, m, PCH2CH2-and , overlapped to residual THF signal), 0.02-

0.17 (br, m, 4H, -CH2-) ppm. 
31P -{1H} NMR (162 MHz, DMSO-d6) δ 3.73 (s, 1J Pt-P= 2739 Hz) ppm. 

IR (ATR, cm-1): 3304, 3261 (N-H), 3048, 2963, 2911, 2863 (C-H), 1687, 1596 (C=O), 

1546, 1494 (arom), 692 (C-S). 

MS (ESI+) m/z (relative intensity): 816.2 (100, [M-2Cl]2+), 1668 (39, [M-Cl]+), 

M=[(dppp)Pt{µ-S(CH2)3NHC(=O)NHC6H5}]2(Cl)2.  

 

3.1.4 Synthesis of tetrabutylammonium methylred 

 

This compound was prepared following a previously 

reported procedure.9 2-(4’dimethylaminophenylazo)-benzoic acid 

(methyl red) (0.2 g, 0.74 mmol) was dissolved in a mixture of 5 

mL of distilled water and 10 mL methanol. To the solution 0.49 

mL (0.74 mmol) of tetrabutylammonium hydroxide solution (40% wt in water, d = 1.53 

g/mL) was added and the mixture was stirred during two hours. The solvent was 

removed under reduced pressure and the solid that was obtained was freeze-dried to 

render the desired product as an orange solid (0.35 g, 0.69 mmol, 92% yield). 

 
1H NMR (400 MHz, CDCl3) δ 7.87 (d, J = 8.9 Hz, 2H), 7.59 (d, J = 7.1 Hz, 1H), 7.49 

(d, J = 7.9 Hz, 1H), 7.22 (t, J = 7.2 Hz, 1H), 7.15 (t, J = 7.2 Hz, 1H), 6.68 (d, J = 9.0 Hz, 

2H), 3.16 – 3.07 (m, 8H, CH2), 3.04 (s, 6H, CH3), 1.42 (dt, J = 15.7, 7.9 Hz, 8H, CH2), 

1.32 – 1.16 (m, 8H, CH2CH3), 0.87 (t, 3J H-H = 7.3 Hz, 12H, CH3) ppm. 
13C NMR (101 MHz, CDCl3) δ 173.26, 152.06, 148.96, 144.66, 144.46, 128.97, 128.18, 

128.01, 125.39, 125.27, 115.35, 115.17, 111.79, 111.57, 111.40, 111.17, 58.54, 40.52, 

24.08, 19.77, 13.96, 13.75. 

 

 

 

N

N
N

C
O

O-

N(Bu)4+
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3.1.5 Synthesis of tetrabutylammonium phenylphosphoester† 

 

Phenylphosphoric acid (99%) (0.5 g, 2.84 mmol) was dissolved 

in 15 mL of methanol. To the solution 1.86 mL of 

tetrabutylammonium hydroxide solution (40% wt in water) was 

added and the mixture was stirred during 1 hour. The solvent 

was removed under reduced pressure and the solid that was obtained was freeze-dried to 

render the desired product as a light-pink solid (0.99 g, 2.38 mmol, 84%). 

 
1H NMR (500 MHz, DMSO-d6) δ  7.14 (m, 4H), 6.84 (m, 1H), 3.26 – 3.10 (m, 8H, 

CH2), 1.64 – 1.49 (m, 8H, CH2), 1.41 – 1.20 (m, 8H, CH2CH3), 0.93 (t, 3JH-H = 7.4 Hz, 

12H, CH3) ppm. 
13C NMR (125.8 MHz, DMSO-d6) δ  128.24, 120.07, 119.66, 119.62, 57.48, 23.05, 

19.16, 13.46 ppm. 
31P -{1H} NMR (202.5 MHz, DMSO-d6) δ -1.07 (s) ppm. 

                                                
† Tetrabutylammonium phenylphosphoester used in the anions titrations was prepared using an analogous 

procedure to that one employed to synthesise tetrabutylammonium methyl red (but using 

phenylphosphoric acid as starting material). 

O
P
O

HO O N(Bu)4
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4 Anion binding studies 
 

4.1 Variable temperature 31P {H}  NMR spectra of receptor 9  

 

A sample of complex 9 (10 mg) was dissolved in CD3OD (0.6 mL), the 

temperature was decreased from 298K to 188K at 10K intervals, and the 31P{1H} NMR 

spectrum was recorded at each temperature. The experiment was carried out on a 

Bruker Avance 500 Ultrashield NMR spectrometer, using methanol in deuterated 

methanol to calibrate the temperature. 

 

4.2 Determination of the stoichiometry of the receptor-anion 

complexes: Job’s Plots  
 

Equimolar solutions (1.0 mM - 2.7 mM) of the host and the guest (as 

tetrabutylammonium salt) in DMSO-d6 were prepared and mixed in various amounts, 

achieving always a final volume of 0.5 mL, in an NMR tube. In this manner a series of 

solutions covering the whole range of molar fractions for host or guest keeping the total 

concentration constant was prepared. 1H NMR spectra of the mixtures were recorded 

and the changes in chemical shifts of NH protons were analyzed representing the Y 

function against the mole fraction of the host. Y function is the concentration of the 

host-guest complex (H-G) that in turns can be calculated as [H-G] = Δδ × X, where Δδ 

= (δH-δmixture).10 The Job’s Plots obtained for receptor 8, 9, and 10 and four anions (Cl-, 

H2PO4-, CH3COO- and HSO4
-) are shown in Appendix III. 

 

4.3 Determination of the association constant for the metallo-

receptors: 1H NMR Titration Experiments 
 

Anion titrations were carried out in the following way: a solution of the host was 

prepared dissolving the corresponding di-platinum complex in dry, degassed DMSO-d6 

to obtain a concentration between 0.8-1.0 mM. The stock solution of the guest (i.e. the 

corresponding anion) was prepared by dissolving a tetrabutylammonium salt of the 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part I. Metallo-receptors for anion recognition 

 148 

anion in an adequate amount of the host stock solution to obtain a concentration of 

about 14 mM. An initial aliquot (0.5 mL) of the host stock solution was placed into an 

NMR tube and its 1H NMR spectrum was recorded. Additions of increasing volumes of 

the guest stock solution were carried out with a micro syringe, to reach, at the end, 

about 10 to 15 equivalents. The 1H NMR spectrum was measured after each addition 

and the changes in the chemical shifts of the urea and aromatic or methylene protons 

recorded. To confirm that throughout the experiment the metalla-host did not 

decompose, the 31P NMR spectrum of the corresponding solution was measured at the 

beginning and at the end of the titration. The titration data obtained using 1H NMR 

spectroscopy were analyzed by fitting to a 1:1 binding isotherm using a nonlinear fitting 

program (SPECFIT/32). From the analysis the association constants were calculated.  

 

4.4 1H NMR Titration Experiments of receptor 8 with methyl red 
 

Receptor 10 was titrated with tetrabutylammonium methyl red in a similar manner 

than with other anions but using a CD3CN/CD2Cl2 75:25 mixture as the solvent. 

 

4.5 Indicator displacement assays 
 

Displacement assays were carried out with receptor [(dppp)Pt{µ-

S(CH2)3NHC(=O)NHC6H5}]2(OTf)2 (10). An indicator- receptor solution was prepared 

by dissolving appropriate amounts of tetrabutylammonium methyl red and receptor 10 

in CH3CN/CH2Cl2 75:25, the solution being 40 µM in the indicator and 20 µM in 

receptor. Solutions of the different anions tested (CH3COO-, H2PO4
−, Br−, Cl−, HSO4

−, 

NO3
−, I−, [P(=O)(OH)(OPh)O]−, PF6

− and CF3SO3
−) were prepared by dissolving the 

appropriated amount of the tetrabutylammonium salt of the anion in CH3CN/CH2Cl2 

75:25 to have a final concentration of 7 mM. 1 mL of the indicator-receptor solution 

was then placed in a 3 mL screw-capped vial, followed by an aliquot of the anion 

solution to achieve a final anion concentration of 0.3 mM, and the mixture was diluted 

to 2 mL with the solvents’ mixture. The UV-vis spectrum of the mixture was recorded 

in the range of 300-650 nm, at room temperature. 
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5 X-ray Structure Determination 
 

Crystals of 8, 9, 10 and 11 were obtained by slow evaporation at room 

temperature from solutions of the corresponding compound in: methanol (8), 

dichloromethane/acetonitrile (9), toluene (10) and dichloromethane/hexane (11). 

Measured crystals were prepared under inert conditions immersed in perfluoropolyether 

as protecting oil for manipulation. Data Collection: Measurements were made on a 

Bruker-Nonius diffractometer equipped with an APPEX 2 4K CCD area detector, a 

FR591 rotating anode with MoKα radiation, Montel mirrors as monochromator and a 

Kryoflex low temperature device (T = -173 °C). Full-sphere data collection was used 

with ω and ϕ scans. Programs used: Data collection Apex2 V. 1.0-22 (Bruker-Nonius 

2004), data reduction Saint + Version 6.22 (Bruker-Nonius 2001) and absorption 

correction SADABS V. 2.10 (2003). Structure Solution and Refinement: SHELXTL 

Version 6.10 (Sheldrick, 2000) was used.11  

 

Tables containing bond length and bond angles for structures 8-11 can be found in the 

attached CD-ROM. 

 

5.1 X-ray diffraction for [(dppp)Pt{µ-S(CH2)2NHC(=O)-

NHEt}]2(OTf)2 
 

Crystal data and structure refinement for compound 8 

 
Empirical formula C67.50H84F6N4O11P4Pt2S4  

Solvent detected 1½ H2O & 1½ MeOH  

Formula weight 1883.69  

Temperature 100(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/c  

Unit cell dimensions a = 13.9595(10) Å Α= 90° 

 b = 21.1557(15) Å β= 91.221(2)° 

 c = 25.8230(18) Å γ = 90° 
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Volume 7624.4(9) Å
3
  

Z 4  

Density (calculated) 1.641 Mg/m
3
  

Absorption coefficient 3.932 mm
-1

  

F(000) 3756  

Crystal size 0.20 × 0.20 × 0.04 mm
3
  

Theta range for data collection 2.53 to 39.53°.  

Index ranges -24<=h<=23, -27<=k<=37, 

-46<=l<=21 

 

Reflections collected 120688  

Independent reflections 43832 [R(int) = 0.0311]  

Completeness to theta = 39.53° 95.5 %  

Absorption correction SADABS (Bruker-Nonius)  

Max. and min. transmission 0.8586 and 0.5069  

Refinement method Full-matrix least-squares on F
2
  

Data / restraints / parameters 43832 / 1 / 908  

Goodness-of-fit on F2 1.080  

Final R indices [I>2sigma(I)] R1 = 0.0398, wR2 = 0.0916  

R indices (all data) R1 = 0.0552, wR2 = 0.1021  

Largest diff. peak and hole 3.937 and -4.294 e.Å
-3

  

 

5.2 X-ray diffraction for [(dppp)Pt{µ-S(CH2)2NHC(=O)-

NHPh}]2(OTf)2  
 

Crystal data and structure refinement for compound 9 

 
Empirical formula  C74H74F6N4O8P4Pt2S4  

Solvent detected    

Formula weight  1903.67  

Temperature  100(2) K  

Wavelength  0.71073 Å  

Crystal system  Triclinic  

Space group  P-1  

Unit cell dimensions a = 12.3835(10) Å Α= 66.789(3)º 

 b = 12.9382(11) Å β= 87.151(4)º 

 c = 13.7580(11) Å γ = 70.619(4)º 

Volume 1902.7(3) Å
3
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Z 1  

Density (calculated) 1.661 Mg/m
3
  

Absorption coefficient 3.937 mm
-1

  

F(000) 944  

Crystal size 0.20 × 0.20 × 0.20 mm3  

Theta range for data collection 2.88 to 39.18º.  

Index ranges -21<=h<=17, -22<=k<=20,  

-24<=l<=24 

 

Reflections collected 43039  

Independent reflections 18175 [R(int) = 0.0524]  

Completeness to theta = 39.18º 81.2 %   

Absorption correction SADABS (Bruker-Nonius)   

Max. and min. transmission 0.5065 and 0.5065  

Refinement method Full-matrix least-squares on F
2
  

Data / restraints / parameters 18175 / 6 / 445  

Goodness-of-fit on F
2
 1.162  

Final R indices [I>2sigma(I)] R1 = 0.0838, wR2 = 0.2478  

R indices (all data) R1 = 0.1061, wR2 = 0.2775  

Largest diff. peak and hole 11.483 and -10.372 e.Å
-3

  

 

5.3 X-ray diffraction for [(dppp)Pt{µ-S(CH2)3NHC(=O)-

NHPh}]2(OTf)2  
 

Crystal data and structure refinement for compound 10 

 
Empirical formula  C83H86F6N4O8P4Pt2S4  

Solvent detected  ½ toluene  

Formula weight  2023.86  

Temperature  100(2) K  

Wavelength  0.71073 Å  

Crystal system  Triclinic  

Space group  P-1  

Unit cell dimensions a = 12.5627(12) Å α= 64.734(5)° 

 b = 13.2661(13) Å β= 79.444(5)° 

 c = 14.3997(16) Å γ = 71.700(5)° 

Volume 2057.1(4) Å
3
  

Z 1  
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Density (calculated) 1.634 Mg/m
3
  

Absorption coefficient 3.647 mm
-1

  

F(000) 1010  

Crystal size 0.40 × 0.20 ×0.10 mm
3
  

Theta range for data collection 2.78 to 36.46°.  

Index ranges -20<=h<=20, -21<=k<=22, 

-23<=l<=17 

 

Reflections collected 41557  

Independent reflections 16989 [R(int) = 0.0766]  

Completeness to theta = 36.46° 84.4 %   

Absorption correction SADABS(Bruker)  

Max. and min. transmission 0.7118 and 0.3233  

Refinement method Full-matrix least-squares on F
2
  

Data / restraints / parameters 16989 / 29 / 533  

Goodness-of-fit on F
2
 1.018  

Final R indices [I>2sigma(I)] R1 = 0.0854, wR2 = 0.1943  

R indices (all data) R1 = 0.1153, wR2 = 0.2187  

Largest diff. peak and hole 8.591 and -8.022 e.Å-3  

 

5.4 X-ray diffraction for {[(dppp)Pt{µ-S(CH2)2NHC(=O)-

NHEt}][Pb2Cl6]}n 

 

Crystal data and structure refinement for compound 11 

 
Empirical formula  C68H82Cl14N4O2P4Pb2Pt2S2  

Formula weight  2476.24  

Temperature  100(2) K  

Wavelength  0.71073 Å  

Crystal system  Monoclinic  

Space group  P2(1)/c  

Unit cell dimensions a = 12.9783(11) Å α = 90º 

 b = 18.2889(14) Å β = 98.512(2)º 

 c = 35.672(3) Å γ = 90º 

Volume 8373.8(12) Å3  

Z 4  

Density (calculated) 1.964 Mg/m
3
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Absorption coefficient 7.957 mm
-1

  

F(000) 4736  

Crystal size 0.30 × 0.20 × 0.10 mm
3
  

Theta range for data collection 2.60 to 39.60º.  

Index ranges -22<=h<=23, -32<=k<=32, -63<=l<=52  

Reflections collected 168281  

Independent reflections 42493 [R(int) = 0.0482]  

Completeness to theta = 39.60º 83.9 %   

Absorption correction SADABS (Bruker-Nonius)   

Max. and min. transmission 0.5034 and 0.1988  

Refinement method Full-matrix least-squares on F
2
  

Data / restraints / parameters 42493 / 0 / 885  

Goodness-of-fit on F
2
 1.118  

Final R indices [I>2sigma(I)] R1 = 0.0488, wR2 = 0.0943  

R indices (all data) R1 = 0.0696, wR2 = 0.0998  

Largest diff. peak and hole 4.462 and -5.001 e.Å
-3
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4.1 Introduction to nanoparticles 
 

Nanoparticles1,2 are entities with diameters ranging from 1 to 100 nm made of 

inorganic or organic materials. For comparison, the size range of nanoparticles and 

some relevant biological entities is shown in Figure 4.1.3 Often the term nanocrystals is 

used to refer to well-defined crystalline materials, whereas nanoparticles is a more 

general term used for particles with variable crystallinity.  

(100 x)
Erythrocyte

(10 x)
Bacterium

(8 x)
Nucleus of 
Mammalian 
Cell

Polio virus
Immonuglobin

Nanoparticles

Atom

C60

100 nm Nanoscopic Dimension
1.0 nm

 

Figure 4.1. Comparison of the sizes of atoms, nanoparticles, and biological entities. Figure 

taken from reference 3.  

 

In the field of metal nanoparticles, the term colloid is also frequently used. 

Initially the term colloid was used to describe a noncrystalline state that slowly 

sediments. The term implied the suspension of a phase (solid or liquid) into a second 

phase and was used for suspensions that did not settle spontaneously. The colloidal 

particles should have sizes between 1 nm and 1 µm. The term may refer to polymers 

suspensions in solutions, emulsions or dispersions of inorganic particles. The properties 

of inorganic colloids (including metal nanoparticles) have been studied for a long time. 

 

Nanocrystals display many properties that are both quantitatively and qualitatively 

different from their respective bulk materials and from the discrete atomic or molecular 

species from which they are derived. Novel properties arise from the large fraction of 

atoms that reside on the surface of the particles and from the finite number of atoms in 

each crystalline core. As a result of these size transitions, new properties, which are 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles  

 162 

neither present in the bulk solid nor possessed by the molecules or atoms forming the 

solid, are observed. One of the best known examples is the fluorescence emission from 

semiconductors nanocrystals (QDs, quantum dots), which is dependent on the particle 

size and covers the entire visible spectrum (Figure 4.2).4  

 

 
Figure 4.2. Fluorescent cadmium telluride particles. The colour depends on the size of 

the particles, from green (φ = 2 nm) to red (φ = 5 nm). Picture taken from reference 4.  

 

4.1.1 Synthesis of nanoparticles 

 

There are two main methods to prepare nanoparticles5 (schematized in Figure 4.3, 

for the case of metal nanoparticles): 

a) Physical methods, also known as the top-down approach, that consists in the 

mechanic subdivision of metallic aggregates. 

b) Chemical methods, the nucleation and growth of metallic atoms, in a bottom-up 

approach. 

 

Physical methods such as evaporation, ball milling6 and electrodeposition allow 

the preparation of nanomaterials with high purity and can be applied to the production 

of these materials in large-scale.7 However, they yield dispersions where the particles’ 

size distribution is very broad and are not very reproducible.  

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 4. Introduction to functional magnetic nanoparticles 

 163 

Physical methods

Precursor 
molecule

Metal atoms

Aggregation

Bulk metal

Chemical methods

Nanoparticles

 

Figure 4.3. The two main methods for the preparation of nanoparticles. Figure taken from 

reference 5. 

 

Chemical methods have been widely employed in the preparation of nanoparticles 

due to their straightforward nature and for the possibility to obtain large amounts of the 

final product. Particles can be obtained having sizes in the range between a few 

nanometers and micrometers, by controlling particle size during synthesis. This control 

is achieved in general terms using a competition between nucleation and growth. In 

order to obtain monodisperse nanoparticles - that is with standard deviation in the size 

(σ) ≤ 5% - a short burst of nucleation should be followed by slow controlled growth of 

the nanoparticles.7,8 Two general methods can be applied in the preparation of 

nanoparticles. The first one consists in the rapid injection of reagents, often 

organometallic compounds, into a hot surfactant solution, causing the simultaneous 

formation of many nuclei (Figure 4.4). Alternatively, reducing agents are added to metal 

salt solutions at high temperature. The second procedure consists in the mixing of the 

reagent at low temperature, followed by slowly heating of the resulting solution to 

generate the nuclei. Subsequently particle growth occurs by addition of reactive species.  
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Figure 4.4. Generalized synthesis of monodisperse nanoparticles by the injection of reagentes 

into hot surfactant solution followed by aging and size-selective process. Figure taken from 

reference 8. 

 

Particle size can also increase by aging at high temperature by Ostwalt ripening7, 

in which smaller particles dissolve and deposit on the bigger particles. The growth of 

the nanoparticles can then be stopped by rapidly cooling the reaction mixture. The 

nanoparticles obtained by these two procedures usually have size distributions with σ in 

the order of 10%. To achieve a particle size distribution of σ ≤  5% size-selection 

procedures have to be applied. The most frequently applied method for size-selection 

involves the addition of a solvent in which the system is poorly soluble to precipitate 

the larger particles. When this solvent is added to the mixture of the nanoparticles, the 

biggest particles flocculate first because of their greatest van der Waals attraction. The 

precipitate can be separated by centrifugation, redissolved in an adequate solvent and 

the process repeated to yield particles with narrower particle size distribution. Adjusting 

the reaction parameters, such as temperature, concentration of reagent and surfactant or 

reaction time, the particle size of nanoparticles can be controlled. In general, an increase 

in the reaction time results in larger particles sizes because more monomeric species are 

generated. In the same direction, an increase in the reaction temperature can also result 

in larger particle sizes because the rate of the reaction is increased. 

 

4.1.2 Stabilization of nanoparticles 

 

One of the main characteristics of colloidal particles is their small size. 

Unfortunately, this feature also results in the instability of the nanoparticles with respect 

to agglomeration to the bulk. In most cases, this agglomeration leads to the loss of the 
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properties associated with the colloidal state of the particles. In catalysis, for instances, 

the coagulation of the colloid used as catalyst leads to a significant decrease in the 

activity. Thus, the stabilization of the nanoparticles to ensure that they exist in a finely 

dispersed state is an aspect of key importance during the synthesis of nanoparticles. At 

short interparticle distance, the van der Waals forces will attract two particles to each 

other. These forces vary inversely with the sixth power of the interparticle distance. In 

the absence of repulsive forces that counteract the van der Waals forces, the colloidal 

particles will aggregate. In consequence, a stabilizing agent able to induce a repulsive 

force opposed to the van der Waals forces is required to provide stable nanoparticles in 

solution. Nanoparticles stabilization is usually discussed in terms of two general 

categories: a) charge stabilization and b) steric stabilization. Other authors further 

develop these ideas and propose the existence of four kind of stabilization procedures: 

a) electrostatic stabilization by the surface adsorbed ions; b) steric stabilization by the 

presence of bulky groups; c) the electrosteric stabilization, that is, a combination of the 

two previous kinds of stabilization modes; an finally d) the stabilization with a ligand.5 

 

Electrostatic stabilization: Ionic species as halides, carboxylates or 

polyoxoanions, dissolved generally in aqueous solution, can generate the electrostatic 

stabilization.  

δ+
δ+

δ+δ+

δ+

δ+Metal δ+
δ+

δ+δ+

δ+

δ+Metal

 

Figure 4.5. Schematic representation of electrostatic stabilization of metal colloid particles. 

Figure taken from reference 5. 

 

The adsorption of these ions and the corresponding counterions on the metallic 

surface will generate an electrical double-layer around the particles (Figure 4.5) The 

formation of the electrical double-layer results in a Coulombic repulsion between the 

particles, if the electric potential associated with the particles double-layer is high 
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enough, then the electrostatic repulsion will prevent particles aggregation. Colloids 

stabilized in this manner are very sensitive to any phenomenon able to disrupt the 

double layer as, for instances, ionic strength or thermal motion. As a result the control 

of these parameters is essential to guarantee an effective electrostatic stabilization.  

 

Steric stabilization: Another mechanism to avoid nanoparticles aggregation is to 

use macromolecules such as polymers and oligomers. The adsorption of these 

molecules at the surface of the particles provides a protective layer. Due to the presence 

of this layer, in the interparticle space the adsorbed molecules will be restricted in 

motion, resulting in a decrease in entropy and thus an increase in free energy.  

 
Region of local high concentration and 
of configurational constraint

 

Figure 4.6. Schematic representation of steric stabilization of metal colloid particles. Figure 

taken from reference 5.  

 

A second effect related to the stabilization with macromolecules is a local increase 

in concentration of adsorbed molecules as the two protective layers interpenetrate 

(Figure 4.6). This results in an osmotic repulsion, as the solvent will reestablish the 

equilibrium by diluting the macromolecules and thus separating the particles. Steric 

stabilization can be used both in organic and aqueous media and is influenced by the 

nature and the length of the macromolecules, which determines the thickness of the 

protective layers and can thus modify the stability of the colloidal nanoparticles. 

 

Electrosteric stabilization: Steric and electrostatic stabilization can be combined 

to maintain metallic nanoparticles stable in solution. This kind of stabilization is 

generally achieved using ionic surfactants. These compounds possess a polar ionic 
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headgroup able to generate an electric double layer and a lypophilic chain (as a tail) able 

to provide steric repulsion.  

 

Stabilization by a ligand or solvent: molecules that traditionally are used as 

ligands in metal complexes, have been used to stabilize transition metal colloids. This 

stabilization occurs by the coordination of metallic nanoparticles with ligands such as 

phosphines, thiols, amines or carbon monoxide. For example, platinum and palladium 

particles have been stabilized by mean of triphenylphosphine and carbonyl ligands.9 

Stabilization solely by solvent molecules (for example THF or thioethers) has also been 

reported.10 However it has not been entirely established if in these cases there is a 

complete lack of other stabilizing agents such as anions or cations involved in the 

process.5 

 

4.2 Magnetic nanoparticles 
 

One interesting type of nanoparticles are magnetic nanoparticles,1,11,12 which are 

very promising for applications in catalysis, biolabeling, bioseparation, medical 

diagnosis and therapy.13 Magnetic nanoparticles are also present in nature, as some 

migratory fish and some microbes have magnetic nanoparticles in their bodies that are 

used as a natural biomagnetic compass.14  

 

4.2.1 Types of magnetic nanoparticles 

 

A variety of magnetic materials have been synthesized as superparamagnetic 

nanoparticles with narrow size distribution using the bottom-up approach.8 These 

include pure metals such as iron and cobalt, metal alloys as CoPt3 and FePt, metal 

oxides such as Fe3O4 or γ-Fe2O3, and spinel type oxides MgFe2O4 and CoFe2O4, known 

as ferrites.  

 

Metal magnetic nanoparticles: In the periodic table there are three ferromagnetic 

metals: Fe, Co and Ni.1 All of them have been prepared as monodisperse 

superparamagnetic nanoparticles, through the reduction or decomposition of precursors 

(usually organometallic compounds) in aqueous or organic medium. The reaction 
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parameters relevant to the control of particle size and shape are time, temperature, 

concentration of precursor and nature of the surfactant serving as capping agent or steric 

stabilizer. The surfactant plays a key role in the nucleation process as well as in the 

growth and stabilization of the nanoparticles.  

Numerous physical and chemical methods have been employed to produce metal 

nanoparticles, including sputtering, metal evaporation, grinding, electrodeposition, 

solution phase metal salt reduction and decomposition of neutral organometallic 

precursors. Strong magnetic interactions in Ni, Fe, and Co particles systems make it 

difficult to form stable colloids. Uncontrolled agglomeration of magnetic particles often 

makes impossible to employ separation procedures which could narrow the distribution 

and prevent the ready formation of the smooth, thin films required in some applications 

as, for instance, magnetic recording. The air sensitivity of the magnetic transition metal 

nanocrystals has also complicated their handling and has prompted the use of the metal 

oxide nanoparticles in many applications despite the weaker magnetic properties.  

 

Metal alloys magnetic nanoparticles: Alloys such as FePt and CoPt have also 

been under intensive study in recent years, partly because of their 

magnetoanisotropy.15,16 The structure, chemical composition, size and shape of these 

alloys nanoparticles can be controlled by adjusting the synthethic parameters such as 

type of solvent, reaction temperature and molar ratio of precursor to surfactant. The first 

synthesis of monodisperse FePt nanoparticles was reported by Sun et al.15 These 

nanoparticles were prepared via simultaneous reduction of platinum acetylacetonate 

(Pt(acac)2) and thermal decomposition of [Fe(CO)5] in a mixture of oleic acid and 

oleylamine. It was possible to adjust the composition of the FePt alloy by varying the 

molar ratio between the two precursors. 

 

Metal oxide magnetic nanoparticles: Nanoparticles of metal oxides such as iron 

oxides are particularly useful in various biological applications,12,13,17,18 such as MRI 

imaging and magnetocytolysis. Iron oxides possess many different compositions and 

multiple crystal structures. The most frequently encountered iron oxides are FeO, Fe3O4 

and γ-Fe2O3, which present remarkably different magnetic properties. FeO is 

paramagnetic at room temperature and antiferromagnetic with a Néel temperature (TN) 

of 183 K. Maghemite (γ-Fe2O3) is ferromagnetic and has a defect spinel structure. 

Finally, magnetite (Fe3O4) is ferromagnetic, has an inverse spinel structure and its 
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conductivity results from the electron exchange between Fe2+ and Fe3+. Iron oxide 

nanoparticles are prepared mostly by chemical methods starting from different iron 

precursors. 

 

Ferrite magnetic nanoparticles: The partial substitution of iron with other 

transition metal (e.g. M = Cu, Ni, Co, Mn, etc) in the crystal lattice of magnetite (Fe3O4) 

result in ferrite nanoparticles (MIIFe2O4). These materials may display enhanced 

properties, such as higher magnetic permeability or electrical resistivity than those of 

magnetite. Ferrite nanoparticles of various compositions could be prepared through 

many different routes and include precipitation in microemulsions, co-precipitation in 

aqueous solutions, hydrothermal methods, microwave heating and mechanical milling.19 

 

4.2.2 Chemical methods for the preparation of magnetic nanoparticles 

 

During the last decades much research has been done to develop synthetic routes 

for magnetic nanoparticles. The challenge is always related to the development of 

efficient syntheses that provide shape controlled, highly stable and monodisperse 

magnetic nanoparticles. Among the most popular methods are: co-precipitation, thermal 

decomposition and/or reduction, micelle synthesis, hydrothermal synthesis,11 

sonochemical methods20 and laser pyrolysis.21  

In the present work two types of magnetic nanoparticles (cobalt nanoparticles and 

magnetite nanoparticles) were prepared so the synthetic methods reported for the 

preparation of these nanoparticles will be discussed with more detail in the next 

paragraphs. 

 

4.2.2.1 Preparation and functionalization of cobalt nanoparticles 

 

Cobalt, at the nanometer scale, displays a wide variety of size-dependent effects. 

Those that refer to its magnetic behavior make cobalt nanoparticles particularly suitable 

for technical applications, such as magnetic storage, medical imaging and drug delivery. 

The specifics of the magnetic properties of nanoparticles are primarily due to their 

finite-size and surface effects (related to the defined crystal structure and the presence 

of faults on it). Cobalt nanoparticles can be synthesized through different procedure, 
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such as evaporation of the metal atoms, chemical reduction of the metal in cobalt 

containing species and electrochemical generation. In particular thermal decomposition 

of metal carbonyls has been largely used for many years to produce cobalt magnetic 

particles. 

 

Cobalt can crystallize in hexagonal close packed (hcp), face-centered (fcc) or ε-

phase.22 The hcp structure is the most stable phase for bulk cobalt at room temperature, 

while the ε-phase is the most often crystal structure in nanoparticles obtained by wet 

chemistry.22-24 These structures are all close in energy, suggesting that surfactant 

adhesion or small variation in temperature may be effective to control the crystal phase, 

shape and size, and thus ultimately determine the physical and chemical properties.25  

Several methods have been reported for the preparation of cobalt nanoparticles. Sun and 

coworkers23 reported the preparation of ε-phase Co nanoparticles by reduction of cobalt 

chloride with superhydride (LiBEt3H), in octyl ether at 200 ºC and with oleic acid and 

trialkylphosphine as the capping agents. When the temperature was raised to 300ºC, hcp 

Co nanoparticles were obtained.  

 

Monodisperse magnetic nanoparticles can also be synthesized through the thermal 

decomposition of organometallic compounds in high-boiling organic solvents 

containing stabilizing surfactants.26,27 These methods allow the preparation of 

nanoparticles with an excellent control over size and shape. Puntes et al. reported the 

use of cobalt octacarbonyl [Co2(CO)8] in the presence of a mixture of surfactants as a 

way to obtain ε-phase Co nanoparticles (Scheme 4.1). The surfactant was a mixture of 

oleic acid, lauric acid and trioctyl phosphine (TOP), and Co nanoparticles uniform in 

size  were obtained.24,25 

surfactants
 o-C6H4Cl2, 180˚C, 1 h

[Co2(CO)8] Co NPs

 

Scheme 4.1. Preparation of cobalt colloidal nanoparticles by thermal decomposition of 

[Co2(CO)8].  

 

They also reported the use of a mixture of trioctylphosphine, oleic acid and a linear 

amine (octadecylamine, hexadecylamine, dodecylamine), to stabilize nanodisks and 
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nanoparticles.25 The presence of the amine allowed the preparation of disk-shaped hcp 

Co nanocrystals. The phosphine oxide and the oleic acid were used to improve the size 

dispersion, the shape control and the nanocrystals stability. The mixture of surfactants 

was dissolved in o-dichlorobenzene and was heated at 180 ºC. A solution of the 

carbonyl precursor was added to this mixture by rapid injection, and after a few minutes 

the temperature was lowered. When only oleic acid was used as surfactant, spherically 

shaped ε-Co nanocrystals were obtained, with a relatively broad size distribution (10-

20% in diameter). By addition of trioctylphosphine oxide (TOPO), disk shaped 

nanocrystals can be obtained if the reaction is rapidly quenched (about 10 minutes); 

however, is the reaction is allowed to continue at the growth temperature, the disks are 

rapidly redissolved and a very narrow size distribution of spherically shaped 

nanocrystals are formed (3 – 5% variation of diameter). In the presence of linear amine 

surfactants the yield of disks is higher and the disks persist much longer after the 

injection. However, if the system remains hot for long enough the thermodynamically 

stable ε-Co spheres are eventually obtained. 

Pericàs and co-workers lately performed some mechanistic studies on the 

preparation of cobalt nanoparticles by the Puntes-Alivisatos procedure. The reaction 

was followed in situ by ATR-FTIR, and the effect of the additives (oleic acid and 

TOPO) on the rate and kinetics of the thermal decomposition of [Co2(CO)8] was 

analyzed. They identified several of the intermediates connecting [Co2(CO)8] with Co 

nanoparticles and proposed a tentative mechanism for the formation of the colloidal 

nanoparticles. They showed that the surfactants not only affect the nanoparticles growth 

and stability as previously believed but also modulate the decarbonylation rate of the 

starting material and the way by which this decarbonylation ocurrs.28 

Cobalt nanoparticles have also been synthesized using inverse micelles. They 

were obtained by mixing two micellar solutions, one containing cobalt bis(2-

ethylhexyl)-sulfosuccinate and the other containing sodium tetrahydroboride. After 

mixing, the micellar solution changes from pink to black, indicating the formation of 

the colloidal particles. The particles (5.8 nm) are highly dispersed and no aggregation 

occurs.29  

Chaudret and co-workers reported the synthesis of cobalt nanoparticles by 

decomposition of olefinic cobalt complexes. They showed that varying the synthesis 

parameters it is possible to selectively prepare spherical nanoparticles of uniform size, 

nanorods (the aspect ratio of which is controlled by the alkyl chain length of the ligand), 
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or even long nanowires. The decompostition of [Co(η3-C8H13)(η4-C8H12)] was carried 

out in anisole under a pressure of H2. In the presence of hexadecylamine (1:1 Co/amine 

ratio), small, agglomerated nanoparticles were obtained. When oleylamine was used, 

the particles were obtained with a large size distribution. However, when oleic acid was 

used, monodisperse particles of 5 nm were produced. When both oleic acid and 

oleylamine were used as ligands, both 3 nm nanoparticles or regular nanorods (9 x 40 

nm) were obtained, depending of the reaction time.30 

 

Functional cobalt nanoparticles have also been prepared, for applications in 

catalysis and as platform for magnetic separation in organic synthesis. Stark reported 

the preparation of carbon-coated nanomagnets based on cobalt nanoparticles and the 

covalent functionalization of the carbon surface with chloro, nitro and amino groups 

(Scheme 4.2).31 They assumed that the carbon coating of the magnetic beads was 

chemically related to the structure of graphite layers or carbon nanotubes and similar 

functionalization chemistry was applied. In particular they employed diazotization 

reactions to functionalize the carbon coated cobalt nanoparticles. Chloro groups were 

introduced to the surface of the cobalt nanobeads by reaction with diazonium salt 

formed in situ from chloroaniline. The nitro group was introduced by derivatization 

with 4-nitrobenzenediazonium tetrafluroborate salts, and was then reduced to amino 

groups, rendering the magnetic nanoparticles adequate for standard peptide coupling. 

 

+ NH2Cl HCl, NaNO2, H2O

rt, 15 min

Cl

+ N2
+BF4

-O2N 1% SDS, H2O

rt, 10 min

NO2

NO2 NH2
S8, NaHCO3, DMF

130 ºC, 5h

= carbon-coated cobalt nanoparticles
 

Scheme 4.2. Carbon-coated cobalt nanoparticles functionalized with different aryl groups. SDS 

= sodium dodecyl sulfate. 
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The functionalization of cobalt nanoparticles with long chain carboxylic acid has 

also been reported by Pericàs and co-workers. 32 They used long chain carboxylic acids 

functionalized at the ω-position with chiral β-amino alcohols to stabilize cobalt 

nanoparticles obtained by decomposition of [Co2(CO)8] by a slightly modified Puntes-

Alivisatos method (Scheme 4.3). These chirally modified nanoparticles were used as 

magnetically decantable ligands in the Ru-catalyzed asymmetric transfer hydrogenation 

of ketones.  

 

[Co2(CO)8], oleic acid / TOPO

 o-C6H4Cl2, 180 ˚C, 1 h
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Scheme 4.3. Synthesis of functional cobalt nanoparticles 

 

4.2.2.2 Preparation and functionalization of iron oxide nanoparticles 

 

In the last decades, nanosized magnetic particles of iron oxides have attracted the 

attention of researchers in many different areas and a broad range of applications have 

appeared in magnetic fluids, data storage, catalysis and biological and biomedical areas. 

Small iron oxide particles have been applied in in vitro diagnostics for nearly 40 years 

and other bioapplications of magnetic nanoparticles include magnetic bioseparation and 

detection of biological entities (cells, viruses, proteins, nucleic acids), clinic diagnosis 

(MRI, magnetic resonance imaging), therapy (MFH, magnetic fluid hyperthermia) and 

targeted drug delivery.12,13,17,18  

Among the most commonly investigated iron oxides are: Fe3O4 (magnetite, 

ferrimagnetic, superparamagnetic when the size is less than 15 nm), α-Fe2O3 (hematite, 

weakly ferromagnetic or antiferromagnetic), γ-Fe2O3 (maghemite, ferrimagnetic), FeO 

(wüstite, antiferromagnetic), ε-Fe2O3 and β-Fe2O3. Of these oxides, magnetite and 

maghemite are the most studied, especially for biological and biomedical application, 

since their biocompatibilities have already been proved.  

Magnetite is a common magnetic iron oxide with a cubic inverse spinel structure 

in which oxo groups form a face-centered cubic (fcc) closed packing and the iron 

cations are occupying the tetrahedral and octahedral sites. Maghemite has also a spinel 
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structure, with iron ions occupying octahedral and tetrahedral sites, but differs from 

magnetite by the presence of cationic vacancies within the octahedral holes. The 

structures of magnetite and maghemite can be described as: 33 

 

Fe3O4: [Fe3+]Td[Fe3+Fe2+]OhO4

γ-Fe2O3: [Fe3+]Td[Fe3+
5/3V1/3]OhO4

where V stands for cationic vacancy  
 

Magnetic iron oxide nanoparticles have a large surface to volume ration and 

therefore possess high surface energies. Consequently they tend to aggregate so as to 

minimize the surface energies. What is more, naked iron oxide nanoparticles have high 

chemical activity and in some cases can be oxidized in air (specially magnetite), 

generally resulting in loss of magnetisms and dispersibility. That is way proper surface 

coating is required to ensure the stability of these nanoparticles. Moreover, in most 

cases coating shells not only stabilize the nanoparticles but can also be used as a 

platform for further functionalization, a step required for many of the practical 

applications of magnetic nanoparticles. Coating strategies include the use of both 

organic molecules and inorganic materials. 

 

4.2.2.2.1 Synthesis of magnetic iron oxide nanoparticles 

 

In the preparation of iron oxide nanoparticles many different methods have been 

reported, allowing the synthesis of the different types of oxides, controlling the size and 

shape of the nanoparticles and the nature of the molecules that are present in the surface 

of the particles. 

  

Co-precipitation method: The most common and simple method for preparing 

magnetite is the co-precipitation method.12,17,34 Basically, magnetite is prepared by 

adding a base to a 1:2 molar ratio mixture of Fe2+ and Fe3+ in aqueous solution under 

inert atmosphere at room temperature or at elevate temperature. The precipitated 

magnetite is black in color. The reactions that take place are schematized in Figure 4.7.  
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Fe3+ H2O Deprotonation Fe(OH)x
3-x+

Fe2+ H2O Deprotonation Fe(OH)y
2-y+

Fe(OH)x3-x

Fe(OH)y
2-y

+
Oxidation

Dehydration
pH 9.0, 60 ºC

Fe3O4

Magnetite

 

Figure 4.7. Reaction steps in magnetite particle formation from an aqueous mixture of ferrous 

and ferric chloride by addition of base. 

 

The overall reaction (1) may be written as follows: 

 

Fe2+ 8 OH-+ 2 Fe3+ + Fe3O4 4 H2O+ (1)  
 

According to the thermodynamics of the reaction, complete precipitation of Fe3O4 

should happen at pH between 8 and 14, with a 1:2 ration of Fe2+ to Fe3+ in a non-

oxidizing oxygen-free environment.33 The size, shape and composition of the obtained 

nanoparticles depend on the type of salts used (chloride, nitrates), the Fe2+/ Fe3+ ratio, 

the pH and ionic strength of the media or the reaction temperature. However, once all 

these parameters are fixed, the quality of the nanoparticles that are obtained is fully 

reproducible. 

One of the first examples of preparing magnetite nanoparticles was reported by 

Massart in 1981.35 The author reported a method for peptizing magnetite both in 

alkaline and acidic media and showed that the stability of the aqueous magnetic sols 

depends on the nature of the counterions. In a typical preparation an aqueous mixture of 

1 M ferric chloride and 2 M ferrous chloride is added to ammonia solution. A gelatinous 

precipitate was isolated from the solution by centrifugation or magnetic decantation 

without washing with water. The precipitate was then treated in two different ways: an 

alkaline ferrofluid could be made by peptizing the precipitate with aqueous 1M 

tetramethylammoinum hydroxide, while to obtain and acidic sol, the precipitate is 

stirred with aqueous 2 M perchloric acid and then isolated by centrifugation. From the 

X-ray diffraction pattern an average size of 12 nm was determined.  
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Magnetite is sensitive towards oxidation and can be transformed in the presence 

of oxygen, according to reaction 2: 

 

0.5 O2+ 6 Fe(OH)3 (2)2  Fe3O4  9 H2O+  
 

Other electron transfer processes are possible, depending of the pH, to transform 

magnetite into maghemite (3): 

 

2 H++ γ-Fe2O3  H2O+ (3)Fe3O4 Fe2+ +  
 

Under acidic and anaerobic conditions, surface Fe2+ ions are desorbed as 

hexaaqua complexes in solutions, whereas in basic media the oxidation of magnetite 

involves redox processes at the surface of the oxide.12 In order to prevent the oxidation 

in air as well as the agglomeration, Fe3O4 nanoparticles that are obtained according to 

reaction 1 are usually coated with inorganic or organic molecules during the 

precipitation process. To control the reaction kinetics, which is related to the oxidation 

speed of iron species, this reaction is carried out in oxygen-free conditions, by bubbling 

an inert gas (as nitrogen). Bubbling the gas not only protects from oxidation but also 

reduces the particle size of the obtained nanoparticles, when compared with methods 

without the removal of oxygen.36 

 

The advantages of this method to obtain iron oxide nanoparticles lie in its 

simplicity, the use of readily available metal precursors, the fact that the reaction takes 

place in aqueous solution and the high overall yield. The main drawback is the poor 

control of particle size distribution, because only kinetics factors are controlling the 

growth of the crystals. In this process, two stages are involved, first a short nucleation 

takes place when the concentration of the species reaches critical supersaturation and 

then there is a slow growth of the nuclei by diffusion of the solutes to the surface of the 

crystal. In order to produce monodisperse nanoparticles, these two steps should be 

separated, that is, nucleation should be avoided during the period of growth.12 Crystal 

growth is controlled by mass transport and by the surface equilibrium of addition and 

removal of individual monomers (atoms, ions or molecules). The removal of monomers 

(dissolution) increases with decreasing particle size so, in an ensemble of particles with 
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different sizes, the larger ones will grow at the cost of the smaller ones. This mechanism 

is called Ostwald ripening7 and is believed to be the prevailing mechanism for crystal 

growth.  

 

Thermal decomposition methods: These methods allow the preparation of 

magnetite and maghemite nanoparticles with a high degree of monodispersity and good 

control of the size. They consist in the decomposition of iron organic precursors 

dissolved in high boiling point solvents and in the presence of surfactants. Among the 

precursors used, the most common are iron cupferronates ([Fe(Cup)3], Cup = N-

nitrosophenylhydroxylamine), iron pentacarbonyl ([Fe(CO)5]) and iron acetylacetonate 

([Fe(acac)3]). For example, the thermal decomposition of [Fe(CO)5] in the presence of 

oleic acid followed by aging at 300 ºC and oxidation with trimethylamine oxide 

afforded monodisperse maghemite nanoparticles with a high degree of crystallinity.37 A 

very convenient procedure to obtain Fe3O4 nanoparticles has been reported by Sun et al. 
27,38 It consists in the high-temperature reaction of [Fe(acac)3] with 1,2-hexadecanediol 

in the presence of oleic acid and oleylamine (Scheme 4.4). The particle diameter can be 

tuned from 4 to 20 nm and the resulting hydrophobic particles can be transformed into 

hydrophilic ones by adding a bipolar surfactant.  

 

[Fe(acac)3] Fe3O4
oleic acid, oleylamine

1,2-hexadecanediol, 
phenyl ether, 300 ºC  

Scheme 4.4. Preparation of magnetite nanoparticles by thermal decomposition of iron(III) 

acetylacetonate. 

 

Hydrothermal synthesis: A broad range of nanostructured materials can be formed 

using synthetic methods under hydrothermal conditions.11 The grains formed in this 

process could have a better crystallinity than those from other processes, so 

hydrothermal synthesis is prone to provide highly crystalline nanoparticles.34 In this 

type of process, high pressures and temperatures are used to treat aqueous solutions of 

the iron salts in the presence of surfactant, to render the iron oxide nanoparticles. The 

reactions are performed in an autoclave achieving pressures higher than 2000 psi and 

temperatures above 200 ºC. In a recent work, Fe3O4 nanoparticles, with diameters of 
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∼27 nm, were prepared by a hydrothermal route. Fe(NO3)3⋅9H2O, hydrazine hydrate and 

the surfactant sodium bis(2-ethylhexyl)sulfosuccinate (AOT) were mixed in de-ionized 

water and heated at 160 ºC in a stainless steel autoclave. The obtained nanoparticles 

were shown to have superparamagnetic behavior at room temperature.39 

 

Reactions in constrained environments: Some of the techniques developed to 

render nanoparticles with uniform dimensions involve the use of synthetic and 

biological nanoreactors to limit the size of the obtained particles. These constrained 

environments include reverse micelles in non-polar solvents, cyclodextrins,40 

dendrimers,41 and apoferritin protein cages.42 Water-in-oil (W/O) emulsions can be 

formed by mixing an aqueous solution with an organic solvent in the present of a 

surfactant. Surfactant molecules may form nanodroplets of different sizes, micelles (1 – 

10 nm) or w/o emulsions (10 – 100 nm).17 When two W/O microemulsion containing 

the desired reactants are mixed, the droplets will continuously collide, coalesce and 

break again and finally a reaction (or precipitation) will take place in the micelle. In this 

idea, the microemulsion can be considered as a nanoreactor for the formation of the 

nanoparticles. By the addition of a solvent, such as acetone or ethanol, the precipitate 

can be separated and it can be recovered by filtration or centrifugation. Gupta and Wells 

reported the preparation of superparamagnetic iron oxide nanoparticles in narrow size 

range, using W/O microemulsions. A deoxygenated aqueous solution of Fe3+ and Fe2+ 

salts was dissolved in the aqueous core of the reverse micelles formed by AOT in n-

hexane. The nanoparticles were precipitated by adding a deoxygenate solution of 

sodium hydroxide. The reaction was carried out under inert atmosphere and at low 

temperature (4 ºC), with vigorous stirring. The solvent was evaporated and the 

nanoparticles were recovered by adding acetone/methanol mixture to separate the 

nanoparticles (10 - 15 nm) from the surfactant.43 Lee described an inexpensive large-

scale synthesis of uniform and highly crystalline magnetite nanoparticles using the 

reverse micelle technology at high temperature. Sodium dodecylbenzenesulfonate was 

used as surfactant to obtain a xylene/water emulsion. FeCl2·4H2O and Fe(NO3)3·9H2O 

were dissolved in the emulsion. The emulsion was then heated to 90 ºC and hydrazine 

solution in water was added under argon to produce the precipitation of the 

nanoparticles. The average diameter could be tunned between 3 to 9 nm by changing the 

relative amount of surfactant, solvent, and the ration between polar solvent and 

surfactant.44 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 4. Introduction to functional magnetic nanoparticles 

 179 

The main advantage of these technologies is the possibility of tuning the 

characteristic of the resulting nanoparticles varying the nature and amount of surfactant, 

the organic phase or the reaction conditions. 

  

Sol-gel reactions: the sol-gel process is another suitable wet route to the 

production of nanostructured metal oxides. The process is based in the hydroxylation 

and condensation of molecular precursors in solution, resulting in a sol of nanometric 

particles, followed by the inorganic polymerization leading to a three-dimensional metal 

oxide network denominated wet gel. As these reactions take place at room temperature, 

heat treatment is required to obtain the final crystalline state. For example, nanometric 

particles (< 30 nm) of γ-Fe2O3 in a silica matrix have been prepared by heating at 400 

ºC the gel formed in the hydrolysis of an ethanol solution of Fe(NO3)3·9H2O and 

tetraethylorthosilicate.45 

 

Polyol method: this method, which can also be considered as a sol-gel method, is 

a convenient chemical approach for the synthesis of nano- and microparticles with well-

defined shape and controlled size.12 In this approach, a polyol (for example 

polyethyleneglycol) acts as a solvent able to dissolve inorganic compounds (due to their 

high dielectric constant) and also serves as a reducing agent as well as stabilizer to 

control particle growth and prevent inter-particle aggregation. What is more, due to 

their high boiling point (in the order of 200 ºC - 300 ºC) they offer a wide temperature 

range to perform the reaction. This approach presents several advantages, when 

compared with the aqueous methods.12 First, the surface of the nanoparticles is coated 

with hydrophilic polyol ligands, therefore the nanoparticles can be easily dispersed in 

aqueous media and other polar solvents. In addition, the relatively higher reaction 

temperature of these systems favors particles with higher crystallinity and higher 

magnetization. Finally, the particles that are obtained show a much narrower size 

distribution than those produced by traditional methods. Cai and co-workers46 reported 

the preparation of magnetite nanoparticles by reaction of [Fe(acac)3] with different 

polyols (ethylene glycol, diethylene glycol, triethylene glycol and tetraethylene glycol) 

at elevated temperature. When tetrathylene glycol was used, non-aggregated 

nanoparticles of uniform size (7 nm) and shape were obtained.  
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Aerosol/vapor methods: Methods involving aerosol technologies, such as spray 

and laser pyrolysis, are attractive strategies for the preparation of iron oxide 

nanoparticles because they are continuous processes that allow for high rate of 

production. In spray pyrolysis, a solution of an iron(III) salt and a reducing agent in an 

organic solvent is sprayed into a series of reactors where the solvent is evaporated and 

the solute condenses. The size of the resulting particles depends of the initial size of the 

droplets that are sprayed. This technique has been applied to the preparation of 

maghemite nanoparticles, using alcoholic solutions of iron salts. The resulting particles 

had sizes ranging from 5 to 60 nm.47 Laser pyrolysis can be used to reduce the reaction 

volume. Laser heats a gaseous mixture of iron precursors and a flowing mixture of gas 

producing small, narrow size and non-aggregated nanoparticles. Pure γ-Fe2O3 

nanoparticles (5 nm) were obtained by a laser induced pyrolysis of a 30% solution of 

iron pentacarboynyl in isopropanol.48 

 

4.2.2.2.2 Stabilization and surface modification of magnetic nanoparticles 

 

As mentioned above, pristine iron oxide magnetic nanoparticles will aggregate 

rapidly into large clusters and as such they will lose their unique properties associated 

with the presence of single domains. Aggregation will also result in the loss of active 

reaction sites in catalytic applications, thus enhancing deactivation. Core-shell 

structures have usually been employed to protect these materials and ensure the stability 

of its nanoscale properties. The synthesis of core-shell particles is a strategy of broad 

interest because it allows the integration of multiple functionalities onto a single 

nanoparticle system. 

 

4.2.2.2.2.1 Stabilization by inorganic coatings 

 

Iron oxide nanoparticles can be coated with silica, precious metals or carbon. 

These types of coating not only serve to stabilize the nanoparticles buy also help in 

binding different ligands to the nanoparticle surface. 

Silica coated colloidal particles are a class of materials widely used in many fields 

of colloids and material sciences. Coating with silica makes possible to disperse 

colloids in a wide range of solvents, allows for controlled placement of various dyes 
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and offers possibilities for the shape control of the particles. Inert silica coating on the 

surface of magnetic nanoparticles prevents their aggregation in liquid, improves their 

chemical stability and even provides better protection against toxicity in the case of 

biomedical applications. The presence of silanol groups on the silica surface also 

provides an easy way to derivatize the surface with a variety of functional groups, 

through the chemistry of siloxane-based monolayers.49 In general, coating of magnetic 

nanoparticles with silica can be accomplished through sol-gel processing, reverse 

microemulsion synthesis and aerosol pyrolisis. The most common method to achieve 

the silica coating in based on the Stöber process, in which silica is formed in situ 

through the hydrolysis and condensation of a sol-gel precursor, such as tetraethyl 

orthosilicate (TEOS). 50 51 Lu and co-workers used water-based dispersions of iron 

oxide nanoparticles stabilized by surfactants to directly coat them with silica using 

TEOS in the presence of ammonia. Depending on the amount of TEOS, they could 

control the thickness of the silica shell and avoid homogeneous nucleation of silica. 

Following this procedure they also accomplished the preparation of fluorescent 

magnetic core/shell nanoparticles, by incorporating organic dyes into the silica shells.52  

Coating magnetic nanoparticles with gold is another method to improve their 

stability in aqueous environments and to implement the modification of the surface 

based on a range of well-established gold-thiolate monolayer chemistry. Some protocols 

exist in the literature to obtain magnetic nanoparticels coated with gold. Wang et al.53 

reported the synthesis of Fe3O4@Au core-shell nanoparticles through a sequential 

growth mechanism. Fe3O4 nanoparticles (5 - 7 nm) were prepared first by 

decomposition of Fe(acac)3 in phenyl ether, in the presence of oleic acid, oleylamine 

and hexadecanediol. A mixture of gold acetate with surfactants was then added to the 

Fe3O4 suspension and heated to 180 – 190 ºC to achieve the gold coating. 

Although polymers or silica coating of nanoparticles are more commonly used, 

carbon-protected magnetic nanoparticles are receiving more attention, because carbon-

based materials have many advantages over the other two coating materials, such as 

much higher chemical and thermal stability as well as biocompatibility. The carbon 

shell not only protects the iron oxide from being rapidly degraded by the environment 

but also prevent the nanoparticle agglomeration caused by van der Waals attraction. The 

preparation of Fe3O4/C nanocomposite by a hydrothermal reaction has been recently 

reported. The reaction consisted in heating an aqueous solution of glucose in the 

presence of oleic acid stabilized iron oxide nanoparticles at 170 ºC for 3 hours.54  
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Although carbon-coated nanoparticles have many advantages, they are often 

obtained as agglomerated clusters, owing to the lack of effective synthetic methods and 

to a low degree of understanding of the formation mechanisms.  

 

4.2.2.2.2.2 Stabilization by organic coatings 

 

Coating the surface of nanoparticles with amphiphilic capping molecules such as 

long-chain fatty acids,55 diols or alkyl amines is the common way to prevent 

aggregation of individual particles and also to regulate the size and size distribution of 

magnetic nanoparticles. The surfactant used as stabilizing agent plays a vital role in the 

nucleation and growth of the nanoparticles in solution. That means that according to the 

nature of the coating agent, the size, shape, magnetic and chemical properties of the 

nanoparticles can be controlled, by the dynamic adsorption-desorption properties of the 

surfactant molecules. Furthermore, the stabilizing agent also provides a way to tailor the 

dispersibility into oil/hydrocarbon or aqueous media. 

 

Carboxylates: Ligands containing carboxylic groups, especially fatty acids, are 

often used for modifying the surface of iron oxide nanoparticles. Oleic acid 

(CH3(CH2)7CH=CH(CH2)7COOH), which possess a double bond at the 9,10-position is 

a widely used compound for passivating iron oxides because of its ability to produce 

highly uniform and nearly monodisperse nanocrystals.55,56 The surface of magnetite 

nanoparticles can be stabilized in an aqueous dispersion by adsorption of citric acid. 

This acid may be adsorbed on the surface of the magnetite nanoparticles by 

coordinating via one or two of the carboxylate functionalities, depending upon steric 

necessity and the curvature of the surface. In this manner, one carboxylic acid group 

remains exposed to the solvent, which should be responsible for making the surface 

negatively charged and hydrophilic.12 

 

Phosphonates: Alkanephosphonic acid surfactants can also be used as stabilizing 

and functionalizing agents of iron oxide nanoparticles. Phosphonate groups can be 

introduced by P-OH, P-OR or P-O- containing precursors, creating M-O-P bonds, as it 

is evidenced by IR spectroscopy. Yee et al. proposed two possible bonding schemes for 

the phosphonate ions on Fe3+, that is, one O or two O atoms of the phosphonate groups 
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binding on the surface (Figure 4.8).57 IR spectroscopy and zeta potential measurements 

have suggested that the phosphate ions form bidentate complexes with adjacent site on 

the iron oxide surface. 
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Figure 4.8. The three possible binding schemes of phosphonate ions to surface Fe3+ ions. 

 

The possibility of a tridentate anchoring has also been proposed. In a recent NMR 

investigation of the binding of phosphonic acid derivatives onto SnO2 nanoparticles the 

authors found evidence of bi- and tridentate attachment of the ligands.58 This 

multidentate attachment is a stabilizing factor for the modified nanoparticles. Magnetite 

nanoparticles (6 – 8 nm) prepared by the co-precipitation method have been coated with 

dodecyl phosphonate, hexadecylphosphonate and hexadecylphosphate.55  

 

Polymer stabilizers: Polymer coatings can be formed to change the surface 

properties of superparamagnetic nanoparticles. Several approaches have been developed 

to coat iron oxide nanoparticles with polymers, including is situ coatings and post-

synthesis coatings. The most common coatings are dextran, carboxymethylated dextran, 

starch, arabinogalactam, polyethylene glycol (PEG), polyvinyl alcohol (PVA), chitosan 

and alginate. 

Co-precipitation of Fe2+ and Fe3+ with polymers in an aqueous environment is a 

promising route to the synthesis of nanoparticles coated by water-soluble polymers. 

This method has been used to prepare superparamagnetic iron oxide nanoparticles 

coated with dextran (a biocompatible polysaccharide polymer composed exclusively of 

α-D-glucopyranosyl units) or its derivatives.59. Polymer-coated magnetic nanoparticles 

have also been synthesized using microemulsion polymerization.43 

Coating with PEG (a hydrophilic water-soluble, biocompatible polymer) increases 

the biocompatibility of the iron oxide nanoparticles and their blood circulation times.60 

PEG-coated iron hydroxide nanoparticles could be synthesized by hydrolysis of 

FeCl3·6H2O in water and the subsequent treatment with polyethylene glycol – 

poly(aspartic acid) block co-polymer.61 The PEG-coated nanoparticles revealed 
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excellent solubility and stability in aqueous solution. Coating the nanoparticles with 

PVA (is a hydrophilic, biocompatible polymer) prevents their agglomeration, giving 

rise to monodisperse particles. The modification of the surface of nanoparticles with 

PVA by precipitation of iron salts in polymer aqueous solutions to form stable 

dispersions has been reported by Lee.62 

 

Silanes: They are the most often used modifiers for metal oxides surfaces. This 

includes alkoxysilanes (≡SiOR, R = alkyl), hydrogenosilane (≡SiH), or chlorosilane 

(≡Si-Cl). There is a broad variety of commercially available silanes, and others can be 

readily synthesized or modified. They can bear numerous functionalities, for example 

amino, cyano, carboxylic acids, azide, that can help to tune the properties and 

functionalities of the nanoparticles and silanes are easily grafted on the nanoparticles 

surfaces. Alkoxy and chlorosilanes react with OH groups on the metal oxide surface 

through a condensation reaction (Scheme 4.5) leading to the formation of Si-O bonds.34 
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Scheme 4.5. Chemical reactions of silane-coupling agents onto magnetic nanoparticles. Figure 

taken from reference 12. 

 

The silane is deposited on the metal oxide core from acidic solutions The 

silanization reaction occurs in two steps: first the alkyltrimetoxysilane is dissolved in 

aqueous solution, made acidic by the presence of phosphorous acid or glacial acetic 

acid, and condenses to form silane polymers; these polymers then associate with the 

metal oxide by forming a covalent bond with surface OH groups through dehydratation 
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or adsorption of the silane polymers to the metal oxide. As a result of this process the 

formed organosiloxane layer is often ill-defined.  

The surface chemistry involving reactions with alkyltrialkoxysilanes compounds 

is a very good way for grafting functional molecules (biomolecules, proteins, catalyst, 

receptors) onto the nanoparticles. Examples of the chemistry of silane in the iron oxide 

surface can be seen in Figure 4.9.12 
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Figure 4.9. Examples of the chemistry of silanes on the iron oxide particle surface. Figure taken 

from reference 12. 

 

4.2.3 Strategies for the functionalization of iron oxide nanoparticles 

 

Coating the nanoparticles with an organic layer not only helps to stabilize them 

against aggregation, it also provides a convenient way of placing valuable functional 

groups on the surface of the nanoparticles, allowing the preparation of materials for 

different applications. 

Two strategies can be considered for the introduction of functional groups onto 

the surface of magnetic nanoparticles (Figure 4.10).63 The first method (STRATEGY 1) 

consists on introducing the whole functional ligand in a single step. This requires 

bifunctional organic compounds, where one functionality (X) is used to attach to the 

nanoparticle surface (-COO-, O-Si, R-PO3H, -S2-) and a second group (Z), by which the 
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nanoparticle is functionalized. In the second method (STRATEGY 2), again a 

bifunctional compound is used, that is reacted first by a X functional group that binds to 

the surface, while the Y group acts as a coupling site that can be converted in a second 

step to the final functionality Z. The first method is preferred whenever possible 

because there is one step less. The main reason not to use the first method is the 

incompatibility of the functional group Z with the preparation process, for example if 

the group Z can also react with the particle surface. Another reason for the stepwise 

method could be the possibility of steric hindrance. 
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Figure 4.10. Two strategies to functionalize nanoparticles. 

 

Long alkyl chains that bears ionisable groups in one termini, like carboxylic acids 

(R-COOH) or phosphonic acids (R-PO3H) 64,65 55 can easily bind to the surface of the 

nanoparticles by electrostatic interaction and they may contain in the ω-termini the 

desired functional group already in place, or an intermediate functionality that could be 

further modified. The use of carboxylic acids or phosphonates has the advantage of 

providing a protective coating that prevents aggregation of the nanoparticles and render 

them soluble in apolar solvents. However, the binding of the ligands is noncovalent, so 

they may potentially be desorbed from the surface of the nanoparticle by an increase of 

the temperature or by exchange with another carboxylic acid compound.66 Phosphonic 

acids, however, show a strong affinity for the iron oxide nanoparticles, and the binding 
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to the surface could potentially be done through the formation of three Fe-O-P bonds 

(see above). This three-point binding is more stable than the two point binding 

carboxylic acid provides. Thus, phosphonic acid bind nanoparticles have shown 

stability for several weeks at neutral pH.55,65 

Silane derivatives can also be used and they provide an stable covalent coating 

that render the nanoparticles highly stable and water dispersible, and also provide a 

protective layer against mild acidic and alkaline environments.34  

In the present work, these three types of stabilizing – coating systems will be used, in 

order to graft functional groups on the surface of the nanoparticles. 

 

4.2.3.1 Functionalization of nanoparticles using click chemistry 

 

A very convenient way for the functionalization of magnetic nanoparticles by the 

approach represented by strategy 2 (Figure 4.10) is the use of click chemistry and in 

particular the CuAAC reaction, that requires the preparation of nanoparticles 

functionalized with azide or terminal alkyne groups. 

 

4.2.3.1.1 Click chemistry 

 

Finn and Sharpless first introduced the concept of “click chemistry” in organic 

chemistry in 2001, as a new concept for drug discovery.67 They defined it as “a set of 

powerful, highly reliable and selective reactions for the rapid synthesis of useful new 

compounds and combinatorial libraries through heteroatom (C-X-C) links”. The authors 

also indicated a set of stringent criteria that this type of reactivity must fulfil and that 

included, for instances, that the reaction must be modular, and give very high yield (as it 

is thermodynamically driven to products). The reaction has to be applicable to a broad 

scope of substrates and has to be stereospecific, although not necessary enantioselective. 

The reaction must generate inoffensive by-products that can be removed by non-

chromatographic methods and work under simple reaction conditions with no solvent 

(or use a benign one, such as water). Finally, the purification must be done through non-

chromatographic methods, such as crystallization or filtration. These requirements, 

actually, can be summarized in having a high thermodynamic driving force, usually 

greater than 20 kcal/mol. Carbon-heteroatom bond forming reactions are the most 
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common example for reactions meeting these requirements. Among the reactions that 

can be considered under this category are: cycloadditions of unsaturated species (1,3-

cycloadditions, Diels-Alder), ring-opening of strained heterocycles electrophiles 

(epoxides, aziridine, aziridium ions) and carbonyl chemistry of the no-aldol type such as 

formation of ureas, thioureas, aromatic heterocycles or oxime ethers. 

One of the reactions that fulfils the requirements for being considered as “click 

chemistry” is Huisgen cycloaddition of azides and alkynes.68 This reaction is relatively 

simple to perform, proceeds with high efficiency and with lack of side reactions. These 

facts, together with the relative inertness of the resulting triazole moiety makes this 

reaction a powerful tool to link different building blocks (Scheme 4.6). 
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Scheme 4.6. Huisgen azide-alkyne cycloaddition: products of thermal reaction. 

 

When this reaction is performed in the non-catalysed version, it requires elevated 

temperatures and usually a mixture of the 1,4 and 1,5 regioisomers is obtained (Scheme 

4.6), a fact that has triggered the development of catalytic systems to carry out this 

reaction regioselectively and under mild conditions. Thus, in 2002, the CuI catalyzed 

version of this reaction was reported, affording excellent yields, wide scope of subtracts 

and a complete regioselectivity (Scheme 4.7).69  
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OPh

PhCuSO4·5H2O (1 mol %)
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2:1 H2O/tBuOH, rt, 8 h
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Scheme 4.7. CuI-catalyzed azide-alkyne cycloaddition. 

 

This copper(I)-catalysed alkyne azide 1,3-dipolar cycloaddition (CuAAC), to give 

1,2,3, triazoles, has become one of the most common example of click chemistry.69  
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A number of different copper(I) sources can be directly used, but the authors 

found quite convenient the use of the in situ prepared catalyst, by reduction of CuII salts 

that are cheaper and often purer that CuI salts. One of the most popular protocols is the 

one showed in Scheme 4.7, in which CuSO4·5H2O is reduced with sodium ascorbate, in 

a water/tbutyl alcohol mixture. 

When copper salts such as CuCl, CuI, CuOTf·C6H6, and [Cu(NCCH3)4][PF6] are 

used, the reaction usually requires acetonitrile as cosolvent and the presence of a 

nitrogen base such as 2,6-lutidine, triethylamine, diisopropylethylamine or DBU.69 In 

addition of assisting the formation of the alkynylcopper complex, the amine is thought 

to act as a ligand, stabilizing the CuI to minimize catalyst deactivation trough oxidation 

or dismutation. 

Some nitrogen based copper(I) chelate complexes have also been reported in an 

attempt to improve the efficiency and scope of the catalyst. Excellent results have been 

reported for the use of tristriazoles, which are believed to completely wrap the CuI 

centre protecting it from decomposition, but not so tightly as to inhibit the reaction. A 

tristriazole ligand (Scheme 4.8) has been developed in our group. Its CuCl complex 

shows excellent activity for the reaction on water or in neat conditions.70 

 

Ph + N3
Ph

L·CuCl (1 mol%)
H2O, 4 h

Ph

N N
N

Ph

OH

N N
N

N N
N

N
N N

Bn Bn

Bn

L=

 

Scheme 4.8. Azide-alkyne cycloaddition catalyzed by a CuI-tristriazole complex 

 

Sharpless and Fokin69 proposed the catalytic cycle where copper(I) reacts with a 

terminal alkyne to afford the copper(I) acetylide I. The concerted [2+3] cycloaddition 

takes place via the B-direct pathway or stepwise via B-1, B-2, and B-3. Finally the 

triazole is released from copper upon protonation of the terminal carbon and the catalyst 

regenerates (Figure 4.11).  
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Figure 4.11. Catalytic cycle proposed by Sharpless for 1,3-Huisgen bipolar cycloaddition.69 

 

Catalysts for the regioselective formation of the 1,5-substituted triazoles have also 

been developed. For example [Ru(Cp*)(PPh3)2Cl], has been reported to catalyze the 

reaction in aprotic solvents, affording the 1,5-substituted triazoles, although the 

regioselectivity was not as good as with CuI systems (Scheme 4.9).71 

 

Ph + N3
Ph

[Cp*RuCl(PPh3)2] (1 mol%)
benzene, 80 ºC, 2 h

N N
N

Ph

Ph

80% yield  

Scheme 4.9. RuII catalyzed azide an alkyne reaction. 

 

4.2.3.1.2 CuAAC in the functionalization of nanoparticles 

 

CuAAC has received broad attention in recent times due to it particular 

characteristics: the reaction proceeds with high yields, without the formation of by 

products, exhibits functional groups orthogonality and allows for the selection of the 

most convenient reaction conditions depending of the type of reactant. Thus, different 

CuI catalysts, aqueous or no aqueous media, thermal heating or microwave heating can 

be selected at convenience. The reaction has found an enormous application in the last 

years in different fields and has been employed in the preparation of a variety of 
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materials including the functionalization of polymers72, dendrimers73, silica surfaces and 

gold monolayers,74 gold nanoparticles75 (Scheme 4.10) and nanorods76. 

 

Br(CH2)11SH
CH2Cl2

S(CH2)11Br NaN3

CH2Cl2/DMSO
S(CH2)11N3

O

R S N N
N

O
R

10

= Au nanoparticles stabilized with decanethiol

dioxane or
hexane: dioxane

 

Scheme 4.10. Functionalization of gold nanoparticle by click reaction. 

 

Maghemite nanoparticles have been functionalized with a diverse array of 

structures including small molecules and polymers, through CuSO4/sodium ascorbate 

catalysed cycloaddition (Scheme 4.11).65 The authors reported the preparation of Fe2O3 

nanoparticles functionalized with ligands containing both terminal alkynes and azides. 

They prepared a series of versatile ligands whose structure contained: 1) a robust anchor 

group that can bind generally to a variety of metal oxide surfaces; 2) different spacers 

and 3) a terminal groups that allowed a general method for covalently attaching a 

functional perimeter to the spacers through “click chemistry”. They chose organo-

phosphates and carboxylates, as they bind strongly to the surface of metal oxides.  
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= Fe2O3 nanoparticles  

Scheme 4.11. Functionalization of the surface of iron oxide nanoparticles using click chemistry. 

 

The same catalyst system have been used in the functionalization of magnetite 

(Fe3O4) nanoparticles with proline (Scheme 4.12),64 or carbohydrates (Scheme 4.13).77 
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Scheme 4.12. Functionalization of magnetic nanoparticles with a proline derivative using 

CuAAC. 
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Scheme 4.13. Functionalization of magnetic nanoparticles with a carbohydrates using CuAAC. 

TEA = triethylamine. 

 

Copper(I) catalysed click reaction has been used to functionalize graphene coated 

cobalt nanobeads with TEMPO (TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxyl). The 

catalyst (Figure 4.12) was used in the chemoselective oxidation of benzylic and 

aliphatic alcohols, using hypochlorite as the oxidant, achieving high conversions (up to 

98%). No overoxidation to the corresponding carboxylic acid was observed and the 

catalyst could be recycled by magnetic separation six times without loss of activity. 

= graphene- coated 
Co nanoparticles

N N
N

O

N
O  

Figure 4.12. TEMPO-functionalized magnetic nanoparticles. 
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4.2.4 Applications of magnetic nanoparticles 

 

As mentioned before, magnetic metal oxide nanoparticles12 have recently attracted 

a great deal of attention in view of their potential wide range of applications including 

their use in catalysis,78-81 cellular delivery systems,82 MRI contrast agents82 and ion 

recognition and sensing.83,11 To be able to apply nanoparticles in these fields, the control 

of the shape, size, chemical coating and stability of the nanoparticles are key features. 

For these applications they offer the advantage that they can be controlled and moved as 

required by the application of an external magnetic field.84 In particular, in the present 

work the focus will be set in the development of functional nanoparticles for 

applications in ion extraction and in catalysis. 

 

4.2.4.1 Extraction with nanoparticles 

 

In biotechnology and biomedicine, magnetic separation can be used as a quick 

and simple method for the efficient and reliable separation of specific proteins or other 

biomolecules.3 For example, dopamine was anchored on magnetic nanoparticles via 

interactions between the bidentate functional group and the iron oxide surface. 

Nitrilotriacetic acid was then connected via a linker to the dopamine moiety. Upon 

chelation of Ni2+ ions, dopamine magnetic particles separated histidine-tagged proteins 

from a cell lysate with high efficiency (Figure 4.13).85 
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= Co/Fe2O3 nanoparticles
 

Figure 4.13. Magnetic nanoparticles functionalized with nitrilotriacetic complex for the 

separation of proteins. 
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Another application of nanoparticles is the sensing and/or extraction of charged 

species, cations and anions, from solutions.86 They are particularly appealing because 

they can have applications in different areas of industry, medicine and environmental 

control. Metal oxides can bind metal ions in solution, by adsorption and ion exchange 

mechanisms. Magnetic nanoparticles appropriately functionalized with ligands that have 

the ability to selectively coordinate to metal cations could represent a most convenient 

alternative for metal recovery processes and decontamination of wastewaters or natural 

sources waters. In this approach, the ligands decorating the nanoparticle surface would 

bind the cations and the nanoparticles could be then removed from the solution by the 

application of an external magnetic field. This procedure can be visualized (Figure 4.14) 

as a way of transferring a magnetic behaviour to a non-magnetic ion, via complexation 

with an adequate binding motif.  

 

O

O

OO

O

Functionalized 
magnetic nanoparticle

Mn+

non-magnetic cation

O

O

OO

O

Complexation-induced 
magnetic-like behaviour

Mn+

 

Figure 4.14 

 

This subject will be developed in more detail in Chapter 5. 

 

4.2.4.2 Functional nanoparticles in catalysis 

 

Colloidal metallic nanoparticles have widely been used for catalytic 

transformation5,87 and represent something like the frontier between homogeneous and 

heterogenous catalysis – these systems are often referred as “quasi-homogeneous” or 

“semi-heterogenous” systems.88 Applications in catalysis are clear as these systems 
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offer high surface areas and a high concentration of low-coordinated sites and surface 

vacancies, which are required for high catalytic performance. In particular, in the case 

of the application of nanoparticles in catalysis, the very high specific surface of these 

materials, with some tenths of their constituent atoms in the outer shell, should lead to 

catalytic activities very similar to those of homogeneous, molecular systems. 

Homogeneous catalysts have the advantage that they are well defined on a 

molecular level and readily soluble in the reaction medium. Such single-site catalysts 

are highly accessible to the substrate and often show high catalytic activity and 

selectivity, even under mild conditions. However, removing them from the reaction 

mixture to avoid contamination of the product requires expensive and tedious 

purification steps. Furthermore, the catalyst is usually a high-priced metal complex or 

ligand. Thus, even though they have many advantages, homogeneous catalysts are used 

in less than 20% of industrially relevant processes. Recycling of homogeneous catalyst 

is thus an important issue for the sustainable and large-scale productions of fine 

chemicals. Nanoparticles have recently emerged as efficient alternatives for the 

immobilization of homogeneous catalysts and as catalysts themselves. Although 

nanoparticles can easily be dispersed in a liquid medium to form stable suspensions, 

having diameters of less than 100 nm they are difficult to separate by filtration 

techniques. In such cases, expensive ultracentrifugation is often the only way to 

separate the product and catalyst. This drawback can be overcome by using magnetic 

nanoparticles, which can be easily removed from the reaction mixture by magnetic 

separation. Such small and magnetically separable catalysts could combine the 

advantages of high dispersion and reactivity with easy separation. In terms of recycling 

expensive catalysts or ligands immobilization of these active species on magnetic 

nanoparticles leads to the easy separation of catalysts in a quasi-homogeneous 

system.80,89  

Nanoparticles have been used as catalyst in different types of organic reaction, for 

example for the formation of carbon-carbon, carbon-nitrogen, carbon-oxygen bonds, as 

well as oxidation and reduction processes. In this context, palladium and platinum 

nanoparticles have been used as catalyst for olefin hydrogenation, carbon-carbon 

coupling reactions and other transformations. Magnetic nanoparticles functionalized 

with different types of catalysts have been employed in a wide variety of reaction 

including C-C bond formation,81,90 hydrogenation, hydroformylation,78 oxidation and 

epoxidation, and acid-base reactions.80  
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Organocatalysts91 (organic compounds of low molecular weight and simple 

structure capable of promoting reactions in a metal-free mode) have also been grafted 

onto magnetic nanoparticles. For example Scheme 4.14 shows the functionalization of 

ferrite nanoparticles with glutathione, through the thiol group. The system was 

employed in the Paal-Knorr reaction, displaying a high activity for a wide variety of 

alkyl, aryl, and heterocyclic amines. The functionalized amines were selectively 

converted into the corresponding pyrroles while preserving their functional groups 

(ester, ketones, alcohol, C=C bonds).92 

 

R NH2 +
OMeO OMe

H2O, MW, 140 ºC
N R

= Fe3O4 nanoparticlesS NH

O
NH

O

OH

O

H2N

O

OH

R = C6H5, CH2C6H5, 
CH2C5H4N, C(O)C6H5, 

NHC(O)C6H5, (CH2)3NH2

72-92% yield

catalyst=

catalyst

 

Scheme 4.14. Paal -Knorr reactions catalyzed by functional magnetic nanoparticles. 

 

Another example is shown in Scheme 4.15 where the use of crown ethers 

immobilized onto magnetite is schematized.  
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Scheme 4.15. Crown ether supported on magnetic nanoparticles for halogen exchange and 

substitution reactions. 
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Crown ethers are versatile phase transfer catalyst (PTC) in a series of organic 

reactions, but they are expensive and difficult to reuse. These functional nanoparticles 

were evaluated in the halogen exchange of 1-bromooctane with KI under solid-liquid 

PTC conditions. The catalytic activity of the nanoparticles was almost identical to that 

of the free crown ether and depended strongly on the macrocycle size. The catalyst 

could be reused eight times without any loss in activity.93 

 

4.3 Aims and objectives 
 

In the present work we aim to further develop the use of functional magnetic 

nanoparticles for applications in extraction of cations and catalysis. To that aim we will: 

 

1) Prepare different types of magnetic nanoparticles (cobalt nanoparticles or 

Fe3O4 nanoparticles) and decorate their surfaces with metal binding units using different 

strategies for the anchoring of the functional monomers. Different types of functional 

groups will be employed as linking points: carboxylic acids, phosphonic acid and silane 

derivatives. CuAAC will be the preferred route for the modification of the surface of the 

nanoparticles as it represents a versatile synthetic strategy that allows the 

functionalization of both types of materials, in a similar, easy and reliable manner. 

(Chapter 5) 

2) Evaluate the extracting materials mentioned above in the extraction of di-

valent cations from aqueous and organic solvent solutions. (Chapter 5) 

3) Prepare magnetic nanoparticles functionalize with organocatalyst 

molecules using different strategies for placing the catalyst in the surface of the 

nanoparticles. (Chapter 6) 

4) Evaluate these hybrid materials as catalyst in the corresponding 

reactions. (Chapter 6) 
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CHAPTER 5 

MAGNETIC NANOPARTICLES FOR METAL IONS 
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5.1 Magnetic nanoparticles for metal extraction: Introduction and 

objectives 

 
The removal of metal ions from aqueous and organic solutions is a subject of 

great interest due to the high environmental impact associated with the presence of toxic 

heavy metal (Cd2+, Hg2+ and Pb2+) in land water and wastewaters, the recovery of 

highly valuable metals used in industry and jewellery (like Pt, Pd or Au) and even the 

removal of metal from the body after exposure and contamination.  

Some of these extraction and recovery techniques employ absorption materials 

that consist of a solid support functionalized with ligands which contain donor atoms 

with high affinity for the target metal ion. The material can more or less selectively bind 

the metal and then it can be easily separated from the solution by decantation or 

filtration.  

One approach for the recovery of these cations is represented by the use of 

magnetic extracting materials that could be separated from the solution or matrix by the 

application of an external magnetic field in the manner shown in Figure 5.1.  

 

 

Figure 5.1. Magnetic decantation of Fe3O4 NPs by the applications of an external magnetic 

field. 

 

A number of remediation techniques made use of the sorptive and extracting 

properties of metal and metal oxide nanomaterials to remove or stabilise inorganic, 

organic and radioactive contaminants.1 Metal oxides have the ability to bind metal ions 

in solution, by adsorption and ion exchange mechanisms. In this contest, Fe3O4 and γ-
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Fe2O3 nanoparticles have been used for the adsorption on Co2+ from aqueous solutions.2 

Unmodified maghemite nanoparticles (10 nm) have been shown to capture CrVI from 

wastewaters,3 while oleic acid capped nanoparticles were reported for capturing AsIII 

and AsV both exploiting the high reactivity between iron oxides and metal species.4  

As described in Chapter 4 functional magnetic nanoparticles (MNPs) with ligands 

that have the ability to coordinate to metal cations could be used to remove them from 

solutions, and the nanoparticles could be applied in metal recovery and in 

decontamination processes. In this approach, the ligands decorating the nanoparticle 

surface would bind the cations and the nanoparticles could be then removed from the 

solution by the application of an external magnetic field.  

Recently, some examples of this approach have appeared in the literature. Self-

assemble monolayers of 11-undecanoic acid, bearing carboxyl terminal groups, 

covalently bound through siloxane groups to commercial superparamagnetic γ-Fe2O3 

particles have been reported (Figure 5.2) and the ability of these functionalized particles 

to adsorb Cd2+ in the ppm range was determined using in situ anodic stripping 

voltammetry.5 

 

O
SiOSi
OO O

COO- COO-

γ−Fe2O3  

Figure 5.2 

In another example chitosan (a natural polysaccharide that is capable of adsorbing 

a number of metal ions because its amino groups can serve as chelating sites) was 

covalently bound to the surface of Fe3O4 nanoparticles (13.5 nm) via carbodiimide 

activation. This material was shown to be quite efficient for the removal of CuII ions at 

pH>2.6 Nonylthiourea-coated Fe3O4 nanoparticles (10 nm) have been use for the 

adsorption and separation of platinum group metals form aqueous solutions,7 and 

diethylenetriamine coated nanoparticles (63 nm) have also been employed in the 

selective extraction of palladium.8 The possibility of using magnetic nanoparticles to 

sequestrate radionucleids has also been analysed, employing biphosphonate-modified 

magnetite nanoparticles (Figure 5.3) to remove uranyl ions from water and blood.9 A 
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dopamine subunit was used as binding groups to functionalize the surface of the 

nanoparticles.  

 

O

O

N
H

H
N

O

O

P

P

O ONa

ONa
O

ONa
ONa

= Fe3O4 nanoparticles
 

Figure 5.3. Biphosphonate-modified magnetite nanoparticles to remove uranyl ions from blood. 

 

Magnetic nanoparticles encapsulated by a thiol containing polymer have been 

used as an adsorbent for Pb2+, Ag+ and Hg2+ (Figure 5.4).10  

 

O O

S

HCl etching
polymerization

= Fe3O4 magnetic nanoparticles

MNP
monomer coated MNP core-shell NP

 

Figure 5.4. Magnetic nanoparticles modified with a thiol containing polymer. 

 

Also, thiol functionalized superparamagnetic nanoparticles (5.8 nm) have been 

reported for the removal of heavy metal from aqueous solutions (Figure 5.5, a),11 and a 

fluorescent receptor for Pb2+ has been reported using a diaza-s-indacene ligand bound to 

magnetic nickel nanoparticles (30-40 nm) (Figure 5.5, b).12 In a recent report, an 

ethylenediamine tetraacetic acid-like ligand has been placed onto the surface of carbon 

coated nanomagnets and used in the removal of cadmium, lead and copper from 

contaminated water (Figure 5.5, c).13 
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Figure 5.5. Examples of functional magnetic nanoparticles for the extraction of heavy metals. 

 

Polymeric materials can also be used for the separation of metals from solutions. 

Setting apart the classical ion exchange resins, a more specific interaction with the metal 

ion can be achieved through the functionalization of polymers with ligands containing 

donor atoms with affinity for the target metal. The solid material is placed in contact 

with the metal-containing solution, either in batch mode or in continuous flow in a 

tubular device, as is the case in chromatographic separations. For example aminobenzo-

18-crown-6 and aminomethyl-18-crown-6 ethers bonded to Merrifield resin have been 

used for the separation of alkaline and alkaline-earth isotopes (Li+, Mg2+)14 and aza-

crown ethers immobilized onto a copolymer of ethylene glycol methacrylate and 

glycidyl methacrylate were used in the extraction of metal ions (Ag+, Pb2+, Cd2+) from 

aqueous solutions.15 

In the present work we wished to comparatively assess the merits of these two 

possible types of heterogeneous support material; i.e, magnetic nanoparticles and 

insoluble polymers as platforms, for the grafting of receptors onto their surfaces and the 

use of the resulting materials for the removal of ions from low-concentration solutions. 

To this end it was necessary to employ a versatile synthetic strategy that allowed the 

functionalization of both types of materials with various types of receptors or binding 
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units, in a similar, easy and reliable manner. Copper(I)-catalysed alkyne azide 1,3-

dipolar cycloaddition (CuAAC), the most common example of click chemistry (Chapter 

4),16 was selected as a convenient methodology for anchoring the desired functional 

groups onto the surface of the solid supports. 

As part of the ongoing work in our group on the preparation of magnetic 

nanoparticles17-19 and in particular the preparation of functional magnetic cobalt 

nanoparticles for application as support media for catalyst19 we decided to explore the 

possibility to use this kind of nanoparticles as an appropriate platform for the grafting of 

cation receptors. We also wanted to explore the preparation and functionalization of a 

different type of magnetic nanoparticles (namely Fe3O4 nanoparticles) for the 

development of cation extraction materials. As described in Chapter 4 the two main 

methods for the preparation of Fe3O4 nanoparticles are the coprecipitation of iron 

chlorides in basic medium and the thermal decomposition of the acetylacetonate iron 

complex, and both methodologies will be followed in this work. Also in Chapter 4, we 

exposed that different types of organic molecules can be employed to stabilize and 

functionalize magnetic nanoparticles, having different functional groups as linking 

points to the surface of the nanoparticle: carboxylic acids, phosphonic acids and silane 

derivatives. In the next paragraphs we will describe the use of these three strategies in 

the preparation of the magnetic extracting materials. 

 

In the present work crown ethers and aza-crown ethers were chosen as the binding 

motifs for their ready availability and for the high selectivity depicted in front of various 

types of metal ions and different strategies would be used for the anchoring of the 

functional monomers. 

In particular we chose crown ether type macrocycles 14-17 shown in Figure 5.6. 

These structures are well known for their ability to act as ligands for a wide range of 

metal ions and neutral or cationic organic species.20 Crown ethers can bind strongly 

alkaline metal cations, but are also known to bind other types of cations. So, as a model 

system we chose to test their ability to extract Pb2+ from aqueous and organic solutions. 

Compound 14-17 all contain a metal binding site and additional groups (NH2, OH, 

NH) that allows for further functionalization in order to provide points for attachment of 

these molecules to the solid support. 
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Figure 5.6 

 

We first chose 4-aminobenzo-15-crown-5 (14) because it was commercially 

available and could be easily derivatized through the amino group via nucleophilic 

substitution reactions to attach an adequate spacer and/or a linking point to the solid 

support. It has been reported that 15-crown-5 can form complexes with Pb2+ with an 

association constant (log K) of 1.85 in water21 and 3.36 in methanol, while a log K= 

2.04 have been reported for benzo-15-crown-5 and Pb2+ in 70% wt methanol-water 

solution.22 4-aminobenzo-18-crown-6 (15) and 2-hydroxymethyl-18-crown-6 (16) were 

also chosen because they have a large macrocycle ring size and could better 

accommodate Pb2+, providing a larger association constant. For example the association 

constant of the unsubstituted 18-crown-6 with Pb2+ is log K = 4.27 in water21 and log K 

= 6.99 in methanol. Finally we also considered the possibility of using 1-aza-18-crown-

6 (17). Due to the presence of a nitrogen atom in the macrocycle ring it will bind to Pb2+ 

with an even larger association constant, log K = 8.4 in a methanol/water mixture.23 

Moreover, the cavity size of the 18-crowns is between 2.6 and 3.2 Å,24 so they are 

adequate to accommodate the lead ion that have an ionic size of 2.38 Å.25  

 

In the literature there are some reports of preparation and application of crown 

ether functionalized nanoparticles. For example, gold nanoparticles functionalized with 

crown ethers have been employed in the recognition of sodium and potassium ions in 

water,26 and also in the recognition of Pb2+ in 90% v/v methanol-water solutions,27 

while Fe3O4 nanoparticles supported benzocrown ethers have been employed as 

catalysts for solid-liquid phase transfer reactions.28 

The same binding moieties were also attached to a polystyrene (PS) resin 

(Merrifield type), and the resulting functional polymers used for the selective removal 
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of divalent cations from organic solutions. For the extraction of metal cations from 

aqueous solutions, water dispersible polystyrene-polyethyleneglycol resin (PS-PEG) 

was also functionalized in a similar manner. 

Briefly, we aim to prepare different types of heterogenous materials for the 

selective extraction of metal cations. In all cases one can describe these materials in 

terms of five features (Figure 5.7): 1) the nature of the solid support, 2) the type of 

linking unit 3) the length of the spacer, 4) the optional linking group that provides 

diversity to the synthesis, and finally 5) the cation binding unit. 

 

 

Figure 5.7 

 

Therefore, the specific objectives of this part of the project were: 

 

1) To prepare a series of long chain carboxylic acid containing cation binding units, 

an use them to stabilize and functionalize magnetic cobalt nanoparticles. 

2) To prepare magnetic Fe3O4 nanoparticles both by coprecipitation and thermal 

decomposition methods. 

3) To synthesise phosphonic acid derivatives and silane derivatives for the 

modification of the surface of the Fe3O4 nanoparticles, in order to place in the 

surface of the nanoparticles cation binding moeties of the crown ether type. 

4) To functionalise PS and PS-PEG type resins with the same cation binding units 

as before. 

5) To use these heterogeneous materials (MNPs and resins) as metal scavengers in 

solution. 
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5.2 Results and discussion 
 

5.2.1 Synthesis of extracting materials 

5.2.1.1 Cobalt nanoparticles as platform 

 

Given the previous experience of our laboratory in the preparation and 

functionalization of magnetic cobalt nanoparticles18,19 we first attempted the preparation 

of an extracting material based on this kind of nanoparticles. For this purpose we 

needed to prepare a bi-functional molecule that contained a carboxylic acid at one end 

and a metal binding unit at the other end. Compounds 22 and 23 were prepared by 

nucleophilic substitution of methyl-11-bromoundecanoate with commercially available 

aminobenzo crown ethers derivatives 14 and 15 respectively, in the presence of 

potassium carbonate, followed by saponification with KOH (Scheme 5.1): 
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Scheme 5.1. 

The reaction of 14 with methyl-11-bromoundecanoate under de conditions shown 

in Scheme 5.1 led to a mixture of monosubstituted (18) and disubstituted (19) products, 

which could be easily separated by column chromatography. For the preparation of 

aminobenzo 18-crown-6 ether derivative 20, the reaction was performed under the same 

conditions as those used to obtain 18. However we wanted to explore the possibility of 
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using microwave irradiation to speed up the reaction. Using equimolar amounts of base 

and methyl-11-bromoundecanoate with respect to the amine and heating at 130 ºC in a 

microwave tube for 60 minutes, just 25% of the monosubstituted product 20 and 15% of 

the disubstitute product 21 was obtained. Increasing the amount of ester (1.2 

equivalents) did not give higher yields (29% of 20). However when the amount of 

starting ester (2.2 equivalents) and the amount of base (2 equivalents) were increased, 

56% of 20 and 23% of 21 were obtained, after 2 hours of reactions. Hydrolysis of the 

methyl ester was carried out for both monosubstituted products 18 and 20 in the 

presence of an excess of potassium hydroxide in a methanol-water mixture at room 

temperature (Scheme 5.1). The free acids (22 and 23) were isolated after acid treatment 

in nearly quantitative yield and they were characterized by 1H and 13C, NMR 

spectroscopy, IR spectroscopy and HRMS.  

The carboxylic acids 22 and 23 were then grafted onto the cobalt nanoparticles 

(24 and 25 respectively) prepared by thermal decomposition of [Co2(CO)8] using a 

slightly modified version of the Puntes and Alivisatos procedure (Scheme 5.2),29 where 

mixtures of oleic acid and the ligands 22 or 23 where used as capping agents.* 

As mentioned above, the substitution reaction of methyl-11-bromoundecanoate to 

form 18 or 20 also results in the formation of the di-sustituted amine products, which 

led to diminished yields of the monosubstituted desired product. To avoid this problem, 

we turned our attention to the CuAAC reaction as a convenient route to combine the 

carboxylic acid moiety with the ion-complexing one. This synthetic pathway required 

the preparation of, for example, an azide derivative of undecanoic acid and a terminal 

alkyne derivative of the crown ethers. To that aim, alkynes 26a and 26b were prepared 

by reaction of propargyl bromide with 16 and 17 respectively in the presence of sodium 

hydride (Scheme 5.3), and they were fully characterized. 1H and 13C NMR spectroscopy 

and mass spectrometry were consistent with the expected product. In particular, in the 
1H NMR spectra, the incorporation of the alkyne group is evidenced by the appearance 

of a triplet (at 2.42 ppm for 26a and at 2.18 ppm for 26b) and a doublet (at 4.19 ppm for 

26a and 3.52 ppm for 26b) that correspond to the CH and CH2 groups of the propargyl 

chain, respectively. 
                                                
* The preparation of crown ether derivative 22 as well as the grafting of this compound 

onto ε-cobalt nanoparticles to obtain functional nanoparticles 24 was previously 

reported by Ana Lagunas Targarona in her Ph.D. Thesis.30  
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Scheme 5.2. Preparation of functional cobalt nanoparticles. 
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Scheme 5.3 

 

11-Azidoundecanoic acid (28) was prepared from methyl-11-bromoundecanoate 

by substitution with NaN3 in DMF, followed by saponification with KOH/MeOH. Acids 

29a and 29b were obtained by the well established cycloaddition protocol for CuAAC, 
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using CuSO4/sodium ascorbate in a 1:1 mixture of water and tert-butyl alcohol under 

microwave irradiation (Scheme 5.4), with yields of 73% and 72%, respectively. 

N3

O

ROBr

O

O
NaN3, DMF, 60 ˚C

KOH, MeOH, rt

N3

O

ROCuSO4/Sodium ascorbate 
H2O-tBuOH, MW, 150 W 
125 ˚C

R N N
N

O

OH

8
29a-b

26a-b
R

R = Me, 27

R = H, 28

 

Scheme 5.4. Synthetic procedure for the preparation of bifunctional carboxylic acids, via 

CuAAC reaction. 

 

The products were fully characterized by 1H NMR, 13C NMR and IR spectroscopy 

and mass spectrometry, being the results consistent with the proposed formulation. In 

particular, the formation of the cycloaddition product was evidenced in both cases by 

the appearance of a singlet (integrating to one H) at 7.55 ppm (for the case of 29a) and 

7.75 ppm (for 29b) that corresponds to the CH proton of the 1,2,3-triazole group. 

 

With compounds 29a and 29b in hand, functionalised nanoparticles 30a and 30b 

were then prepared by a similar procedure as the one followed to prepare 25 (Scheme 

5.2).  

The four types of MNPs (Figure 5.8) were characterized by IR spectroscopy, 

transmission electron microscopy, thermogravimetric analysis and elemental analysis.  
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Figure 5.8. Functional cobalt nanoparticles with crown ether on their surfaces. 

 

In all cases, spherically shaped 9-21 nm particles were evidenced by transmission 

electron microscopy (TEM) images, as depicted in Figure 5.9 (see also Table 5.1). 

Elemental analysis of the four materials confirmed the presence of nitrogen containing 

species on the surface of the nanoparticles. The determined nitrogen content (%N) 

allowed the calculation of the degree of ligand incorporation onto the nanoparticles. It 

could be established in this manner that the functionalization was 0.149 mmol/g for 24, 

0.079 mmol/g for 25, 0.091 mmol/g for 30a and 0.113 mmol/g in the case of 30b. 
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Figure 5.9. TEM images and size distribution of cobalt nanoparticles a) 25, b) 30a and c) 30b.  

 

5.2.1.2 Iron oxide nanoparticles as platform 

 

The preparation of the cobalt nanoparticles described above was somehow 

cumbersome. High temperatures are required to induce the decomposition of 

[Co2(CO)8] and the yield of the nanoparticles is normally low. For example, in a 

standard preparation (that of nanoparticles 30a) starting from 0.5 mmol of [Co2(CO)8] 

and 0.5 mmol of functional carboxylic acid, just 35 mg of functional nanoparticles with 

f = 0.091 mmol/g were obtained. Moreover, cobalt nanoparticles are known to be rather 
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unstable to oxidation. To avoid these difficulties the use of readily available iron oxide 

nanoparticles as an alternative support was pursued. To modify the surface of the iron 

oxide nanoparticles, a ligand exchange reaction can be used starting from oleic acid 

stabilized nanoparticles. We investigated the use of two different types of functional 

agents: alkoxysilanes and phosphonic acid derivatives for such an exchange.  

 

5.2.1.2.1 Fe3O4 nanoparticles coated with alkoxysilanes: preparation and 

characterization 

 

Alkyltrialkoxysilanes of general formula X-(CH2)n-Si(OR)3, are bifunctional 

species much employed in the synthesis of hybrid materials. In these molecules -(CH2)n- 

is a flexible spacer of variable length and the -Si(OR)3 moieties are the anchor groups 

that are attached to the surface of the nanoparticles.31,32 The nature of the headgroup X 

can be used to tune the surface functionality and the properties of the resulting 

nanoparticles. In particular azide functionalized nanoparticles are a very convenient 

material because they were suitable for further derivatization through the introduction of 

different binding motifs by CuAAC reaction, and we employed this approach to prepare 

MNPs with crown ether derivatives in their surfaces. 

 

In the first step, oleic acid stabilised nanoparticles 31a were produced by 

coprecipitation of aqueous solutions of FeII and FeIII chlorides with ammonium 

hydroxide, in the presence of the surfactant at 80 ºC, following a previously reported 

procedure,33 but using oleic acid instead of n-alkanoic acids (Scheme 5.5).  

 

FeCl3 + FeCl2
30% aq. NH3, H2O, oleic acid

shaker, 80 ºC, 30 min
Fe3O4

31a

[Fe(acac)3] Fe3O4oleic acid, oleylamine

Co-precipitation method

Thermal decomposition method
1,2-hexadecanediol, benzyl ether
 200 ºC, 2h - 300 ºC, 1h  

Scheme 5.5. Methods applied in the preparation of oleic acid stabilized magnetite nanoparticles. 
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In this manner, fairly dispersed nanoparticles of 8.9 ± 2.1 nm mean diameter 

(Figure 5.10, a) were obtained and further characterized by IR spectroscopy, 

thermogravimetric analysis (TGA) and X-ray podwer diffraction.  

 

 

Figure 5.10. TEM images and size distribution of magnetite nanoparticles stabilized with oleic 

acid prepared by a) the coprecipitation method and b) the thermal decomposition method. 

 

The presence of oleic acid on the nanoparticle surface was confirmed by IR 

spectroscopy (Figure 5.11). The IR spectrum showed strong CH2 bands at 2923 (νa) and 

2852 cm-1 (νs) that are characteristic for the CH2 chains present in the oleic acid.34 The 

presence of oleic acid was further confirmed by an alkene stretching at 3005 cm-1 (νa 

CH=), a CH3 stretching at 2956 cm-1 (νa CH3), and a carboxylate stretching at 1409 cm-1 

(νs COO- and δ CH2-COO-).31 This last band is indicative that the oleic acid is 

chemisorbed onto the nanoparticle surface via its carboxylate group through a bidentate 

bonding mode.35,36 
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Figure 5.11. FTIR spectrum of oleic acid stabilized nanoparticles prepared by the 

coprecipitation method (31a) and the thermal decomposition method (31b). 

 

X-ray powder diffraction pattern (Figure 5.12) reveals the nanocrystal nature of 

the sample. The peaks in the X-ray diffraction pattern matched well with the standard of 

magnetite crystals structure data (PDF number 85-1436). 

 

 

Figure 5.12. XRD diffraction pattern of oleic acid stabilized nanoparticles of magnetite 31a. 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 5. Magnetic nanoparticles for metal ions extraction 

 223 

TGA data (Figure 5.13) shows that the mass loss occurs in two distinct steps 

between room temperature and 600 ºC. This type of behaviour have already been 

described for nanoparticles stabilized with fatty acid.33,36,37  

 

 

Figure 5.13. TGA curve for the oleic acid stabilized nanoparticles 31a. 

 

It has been interpreted by considering a “quasi-two-layer” absorption of the 

surfactant on the nanoparticles. That is, in addition to the first, strongly bound layer, 

there are weakly bound surfactant molecules in a second layer further from the 

magnetite core. In this “second layer” the molecules are bound by a combination of 

interchain van der Waals interactions and hydrogen bonding between the headgroups. 

However the possibility that this two-step mass loss may reflect the presence of some 

weaker bound molecules in the primary surfactant layer can not be excluded, as has 

been proposed by some authors.36  

Alternatively, oleic acid / oleylamine stabilized iron oxide nanoparticles could be 

prepared by the method of Sun.38 As described in Chapter 4, this method consist in the 

thermal decomposition of [Fe(acac)3] in the presence of oleic acid, oleylamine and 1,2-

hexadecanediol (Scheme 5.5). In this case spherically shaped nanoparticles 31b with a 

mean diameter of 6.18 nm were obtained (Figure 5.10, b) and were characterized by 

FTIR (Figure 5.11) and TGA. 
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The next step was the preparation of different ω-azidoalkyltrialkoxysilane that 

would be placed in the surface of the magnetite nanoparticles (Scheme 5.6).  
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Scheme 5.6. Preparation of ω-azidoalkyltrialkoxysilanes. 

 

Compound 3-azidopropyltrimethoxysilane (32i) was prepared from commercially 

available 3-iodopropyltrimethoxysilane following a previously described procedure, 

with small modifications.39 Compound 3-iodopropyltrimethoxysilane was reacted with 

sodium azide in a acetonitrile/DMF mixture and 32i was obtained in an 85% yield. To 

explore whether a variation on the length of the spacer between the core of the 

nanoparticle and the metal binding unit would have an impact on the extraction capacity 

of these materials, two ω-azidoalkyltrialkoxysilanes 32ii and 32iii with longer alkyl 

chain (5 and 11 carbons, respectively) were prepared by a two-steps procedure reported 

by Pichon el al.40 Briefly, the 1-bromo-ω-alkenes were submitted to hydrosilylation 

with triethoxysilane using Karstedt platinum catalyst at room temperature. The ω-

bromoalkyltrialkoxysilanes was then reacted with sodium azide in acetonitrile reflux to 

render the azido products in 44% (for 32ii) and 50% (for 32iii) overall yield. The three 

products were characterized by 1H, 13C NMR and IR spectroscopy, being the obtained 

values in accordance to those previously published.40,41 With the ω-

azidoalkyltrialkoxysilane in hand the next step was the functionalization of the oleic 

acid stabilized nanoparticles following a ligand exchange process already described,31 

that is shown in Scheme 5.7.  
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Scheme 5.7. Preparation of iron oxide nanoparticles functionalized with crown ethers. 

 

The nanoparticles 31a were dispersed in dry toluene and to the dispersion, the 

corresponding ω-azidoalkyltrialkoxysilane 32i-32iii was added together with a small 

amount of acetic acid and water to catalyse the hydrolysis of the silane. The mixture 

was stirred at room temperature for 3 to 5 days. Alternatively, heating at 100 ºC for 24 

hours afforded similar results. In all cases spherically shaped 7 – 10 nm nanoparticles 

were obtained as was evidenced by TEM images (see Figure 5.14, a, and Table 5.1).  

The incorporation of the ω-azidoalkyltrialkoxysilane was evidenced for all the 

nanoparticles by the appearance of a band at around 2097 cm-1 that corresponds to the 

N3 asymmetric stretching (Figure 5.15). Another difference between oleic acid and 

silane nanoparticles is the appearance of bands between 1020 -1050 cm-1, originated 

from Si-O-Si vibrations.31 The exchange of oleic acid is also shown by de 

disappearance of the alkene stretching at 3005 cm-1.31  

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles  

 226 

 

  

  

Figure 5.14. TEM images and size distribution of a) iron oxide nanoparticles modified with ω-

azidopropyltrimethoxysilane (35i), b) and c) silane coated iron oxide nanoparticles modified 

with crown ethers 36ai and 36bi.  
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Figure 5.15. FTIR of oleic coated iron oxide nanoparticles 31a, functional nanoparticles 35iii 

and functional nanoparticles 36biii. 

 

Elemental analysis of the azide nanoparticles confirmed the presence of nitrogen 

containing compounds, and the determined nitrogen content allowed the calculation of 

the degree of ligand incorporation onto the nanoparticles. It could be established in this 

manner that the functionalization of the nanoparticles was 0.480 mmol/g for 35i, 0.297 

mmol/g for 35ii, and 0.233 mmol/g for 35iii.  

The azide-nanoparticles were reacted with alkynes 26a and 26b in DMF, using 

CuI as catalyst in the presence of N,N-diisopropylethylamine (DIPEA). The reaction 

was monitored by infrared spectroscopy of the nanoparticles, and once the azide band 

(around 2097 cm-1) has disappeared, the particles were precipitated by addition of 

methanol. Following this procedure six new types of silane coated iron oxide 

nanoparticles (36ai-iii and 36bi-iii) were prepared, incorporating two different 

macrocycles on their surfaces and also different length spacer (3, 5 or 11 carbon atoms) 

between the 1,2,3-triazole and the surface of the nanoparticle. Additionally, functional 

nanoparticles 37 obtained by CuAAC reaction of phenylacetylene with azide 

nanoparticles 35i were prepared by the procedure showed in Scheme 5.8. These 

nanoparticles would serve to evaluate the effect of the presence of the triazole ring in 

the extraction of metal ions. In this case the tris(triazolyl)methanol copper(I) catalyst, 
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[CuCl(TTz)]42, was used as catalyst to promote the CuAAC reaction. Again, IR 

spectroscopy was used to follow the progress of the reaction, and once the IR band 

associated with the azide groups has disappeared, the particles were separated by 

magnetic decantation, washed, dried and fully characterized. Elemental analysis showed 

a 1.35% of N indicating a functionalization of 0.32 mmol/g. 

Fe3O4
Si N

O
O
O

37CuCl(TTz),
1:1 H2O/CH3CN, rt, 5d

N N R1
Fe3O4

Si N3
O

O
O
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OH

N N
N

N N
N

N
N N

Bn Bn

Bn
CuCl

CuCl(TTz) =

 

Scheme 5.8. Preparation of magnetic nanoparticles 37 via CuAAC catalyzed by [CuCl(TTz)]. 

 

The main features in the characterization of the nanoparticles can be seen in Table 5.1 

 

Table 5.1. Degree of functionalization (f) and average diameter of cobalt and iron-oxide 

functionalized nanoparticles. 

 Extractant f (mmol lig/g) Average diameter (nm)a 

Functional ε-Cobalt nanoparticles 24 0.149 21.0 

 25 0.079 12.6 

 30a 0.091 18.0 

 30b 0.113 9.0 

35i 0.480 7.7 Functional Fe3O4 nanoparticles 

35ii 0.297 8.2 

 35iii 0.233 10.2 

 36ai 0.307 10.2  

 36aii 0.248 9.9 

 36aiii 0.188 10.2 

 36bi 0.378 9.2 

 36bii 0.234 9.2 
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Table 5.1. (continuation) Degree of functionalization (f) and average diameter of cobalt and 

iron-oxide functionalized nanoparticles. 

 Extractant f (mmol lig/g) Average diameter (nm)a 

Functional Fe3O4 nanoparticles 36biii 0.212 10.8 

 37 0.320 9.9 

44 2.36 6.4 

45 2.28 5.6  

46a 1.00 6.4 

 46b 1.27 5.6 

(a) Determined from TEM images. 

 

FTIR shows the disappearance of the azide band at 2097 cm-1 and the presence of 

the macrocycles was shown by the appearance of a band at about 1105 cm-1, as can be 

seen in Figure 5.15, for the case of 36biii.  

TGA curves also provide evidence of the two reactions performed in the surface 

of the nanoparticles, the ligand exchange reaction and the CuAAC reaction. For 

example when the TGA curves of nanoparticles 31a and 35iii are compared (Figure 

5.16), it can be seen that after the ligand exchange reaction the TGA curves shows a 

smaller weight loss. After the CuAAC reaction the weight loss increases, indicating a 

larger amount of organic matter in the surface of the nanoparticles (35iii versus 36aiii 

Figure 5.16) reflecting the presence of the macrocyclic ring.  

 

Figure 5.16. TGA curves showing the weight loss for oleic acid stabilized nanoparticles (31a), 

functional nanoparticles after grafting with ω-azidoalkyltrialkoxysilane (35iii) and functional 

nanoparticles after CuAAC reactions (36aiii). 
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The XRD pattern of the azide-modified nanoparticles and of the functional 

nanoparticles after the grafting of the crown ethers revealed that the reactions to obtain 

these nanoparticles did not results in the phase change of Fe3O4 (see for example in 

Figure 5.17 the case of the preparation of functional nanoparticles 36aii). 

 

 

Figure 5.17. XRD pattern of magnetite nanoparticles (31a), azide-functionalized nanoparticles 

35ii and crown ether functionalized nanoparticles 36aii. 

 

TEM images (Figure 5.14, b and c) show that in most cases the nanoparticles 

appear as small aggregates, although discrete particles are also visible, and there is not 

much change in the aspect or size of the nanoparticles after the reactions. The mean 

diameter of the nanoparticles was determined to be around 9 to 11 nm (Table 5.1). 

Elemental analysis was again used to calculate the yield of the CuAAC reaction and the 

degree of functionalization of the nanoparticles. In all cases, functionalization yields 

higher than 80% were obtained, and all the nanoparticles have extractant loadings 

between 0.2 and 0.4 mmol/g (Table 5.1). 

 

5.2.1.2.2 Fe3O4 nanoparticles functionalized by binding with phosphonates 

 

For the preparation of the nanoparticles functionalized by binding with 

phosphonates, it was again necessary to prepare a bifunctional molecule of general 
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formula X-(CH2)n-P=O(OH)2, that could be grafted onto the surface of the nanoparticle 

by the interaction of the phosphonic acid group and that also contained the headgroup 

X, to allow further modification of the structure. With this idea in mind, we prepared 

11-bromoundecylphosphonic acid (43) by the five-step procedure shown in Scheme 5.9, 

starting from 11-bromoundecanol. The alcohol was first protected as the tert-

butyldimethylsilyl ether (39), followed by the reaction with triethyl phosphite to obtain 

phosphonate 40. Deprotection with tetrabutylammonium fluoride followed by 

bromination with CBr4 allowed the preparation of the bromo derivative 42. In the last 

step, hydrolysis of diethylphosphonate 42 rendered the desired phophonic acid 

derivative 43 as a white solid. 

HO Br O
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Si
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CH2Cl2, rt, 18 h

O
P

Si EtO OEt

O

P
OEt

EtO OEt

150 ˚C, 4 h
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EtO OEt

O
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Br
P

EtO OEt

O

CBr4/PPh3

CH2Cl2, rt, overnight

 Me3SiBr, rt, 24 h
Br

P
HO OH

O

43

38 39

40 41

42  

Scheme 5.9. Preparation of 11-bromoundecylphosphonate. 

 

Compound 43 was then grafted onto the surface of oleic acid / oleylamine 

stabilized iron oxide nanoparticles 31b by reaction in chloroform (Scheme 5.10) to 

obtain functional nanoparticles 44. 
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Scheme 5.10. Preparation of functional iron oxide nanoparticles coated with phosphonic acid 

derivatives. 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles  

 232 

The incorporation of the 11-bromoundecylphosphonate was evidenced in the IR 

spectrum of 44 (Figure 5.18) by the appearance of strong bands in the region between 

1260 and 850 cm-1 that have been assigned to P-O and P-O-Fe stretchings.43  

 

 

Figure 5.18. FTIR of oleic acid stabilized nanoparticles 31b, ω-bromoalkylphosphonyl 

functionalized nanoparticles 44, ω-azidoalkylphosphonyl functionalized nanoparticles 45, 18-

crown-6 functionalized nanoparticles 46a and 18-crown-6 derivative 26a. 

 

Elemental analysis of the nanoparticles confirmed the presence of phosphorous 

containing species on their surface (7.32% of P), and allowed the calculation of the 

degree of ligand incorporation onto the nanoparticles (the functionalization was 2.36 

mmol/g). In this manner we obtained spherically shaped, well dispersed, 6.4 nm 

nanoparticles (Figure 5.19). 

The obtained ω-bromoalkylphosphonyl functionalized nanoparticles 44 were 

transformed into the ω-azidoalkylphosphonyl functionalized nanoparticles 45 by 

reaction with sodium azide in DMF at 65 ºC (Scheme 5.10), a transformation evidenced 

by the appearance of the strong N3 band in the IR spectrum (Figure 5.18) at 2097 cm-1. 
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Figure 5.19. TEM image and size distribution of a) functional MNPs 44 and of b) MNPs 45. 

 

 

Figure 5.20. TEM images and size distribution of functional nanoparticles a) 46a and b) 46b. 
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Elemental analysis revealed the presence of nitrogen in the surface of the 

nanoparticles and allowed the calculation of the degree of functionalization that was 

found to be 2.2 mmol/g. The ω-azidoalkylphosphonyl functionalized nanoparticles were 

reacted with alkynes 26a and 26b in a similar fashion as the silane coated nanoparticles 

(Scheme 5.10). Following this procedure two new types of phosphonic acid coated iron 

oxide nanoparticles (46a and 46b) were prepared. The incorporation of the macrocycles 

was evidence by the disappearance of the N3 band in the FTIR spectrum and the 

appearance of bands at around 1100 cm-1 and 1353 cm-1 (Figure 5.18). Elemental 

analysis was again used to calculate the yield of the CuAAC reaction and the degree of 

functionalization of the nanoparticles. In all cases, functionalization yields higher than 

78 % were obtained, and the nanoparticles have extractant loadings of 1.0 mmol/g for 

46a and 1.27 mmol/g for 46b (Table 5.1). 

 

TEM images (Figure 5.20) show that the macrocycle-functionalized nanoparticles 

were quite dispersed and had a narrow size distribution, with average diameters of about 

6.0 nm. Moreover there was not much change in size of the nanoparticles after the 

reactions and they maintained their original spherical shape. 

 

5.2.1.3 Polystyrene and polystyrene-polyethylene glycol resins as platform 

 

The preparation of the functionalized insoluble polymers is shown in Scheme 

5.11. Azidomethyl-polystyrene and azido-polystyrene-polyethylene glycol were 

prepared by reaction of the corresponding halogenated commercial resins with sodium 

azide following previously reported procedures.44  
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Scheme 5.11. Preparation of crown ether functionalized polymers. 

The alkynes 26a and 26b, previously used to functionalize the surface of the 

nanoparticles, were reacted with the azide polymers using CuI/DIPEA as catalyst and a 

1:1 DMF:THF mixture as solvent. The completeness of the reaction was determined by 

IR, in a similar fashion as with the iron oxide nanoparticles. The obtained polymers 

(49a-b and 50a-b) were characterized by IR spectroscopy, elemental analysis and high-

resolution magic angle spinning (HR-MAS) 1H and 13C NMR spectroscopy. FTIR 

spectroscopy shows in all cases the disappearance of the azide band at 2095 cm-1. In the 

polystyrene resins the presence of the macrocycles was shown by the appearance of a 

band at around 1110 cm-1, as can be seen in Figure 5.21, where the IR spectra of 
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azidomethylpolystyrene 47 and functionalized polystyrene 49a are showed. For 

comparison the IR spectrum of the 18-crown-6-derivative 26a is also shown. 

 

Figure 5.21. FTIR of azidomethyl polystyrene 47, functionalized polystyrene 49a, and 18-

crown-6 derivative 26a. 

 

In the case of the PS-PEG resins there is not a significant difference between the 

IR spectra of the azido resin 48 and the functionalized resins 50a and 50b, except for 

the disappearance of the band at 2095 cm-1 (Figure 5.22).  

 

Figure 5.22. FTIR of PS-PEG resins 48, and 50a, and of 18-crown-6 derivative 26a. 
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The 1H NMR spectrum of the functionalized PS polymers evidence the presence 

of the macrocycles by the appearance of a singlet at δ = 3.65 ppm that accounts for the 

protons of the -(CH2-O-CH2) - units in the crown ethers (Figure 5.23). The presence of 

the macrocycles can also be confirmed by the appearance of additional signals in the 

region between 64-80 ppm of the HR-MAS 13C NMR spectrum on the functional resins 

and the formation of the triazole ring is evidenced by the appearance of a peak at 123 

ppm, that corresponds to the CH group of this heterocyclic ring (Figure 5.24). 

 

 

Figure 5.23. 1H NMR spectra of azidomethylpolystyrene 47 and of PS resins 49a and 49b in 

CD2Cl2. 

 

Elemental analysis of nitrogen was used to calculate the yield of the CuAAC 

reaction and the degree of functionalization of the polymers. In all cases, more than 94 

% yield was obtained, and the extractant loadings were 0.2 mmol/g for the PS-PEG 

polymers and 0.58 mmol/g for the PS resins. 

For comparison functional PS-PEG resin 51 was also prepared by CuAAC 

reaction with phenylacetylene. This polymer would serve to evaluate the effect of the 

presence of the triazole ring in the extraction of metal ions. 
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Figure 5.24. Comparison of 13C NMR spectrum of functional polymer 49a and 49b and 

azidomethylpolystyrene 47 in CD2Cl2. 

 

5.2.2 Metal extraction experiments 

5.2.2.1 Extraction with magnetic nanoparticles 

 

Once the different types of extracting materials were prepared and fully 

characterized it was of interest to evaluate and compare their ability to extract metal 

ions from aqueous and organic solutions.  

The metal extracting capability of the nanoparticles 24, 30a, 30b, 36ai-iii, and 

36bi-iii was investigated by placing the extracting material in contact with either 

aqueous or acetonitrile solution of Pb(ClO4)2 of known concentration ([Pb]initial). The 

samples were shacked in a closed flask for the corresponding time, and then the 

nanoparticles were separated with the help of an external magnet (Figure 5.25). 

magnet

= functionalized NP
= Pb2+

Shake, r.t
magnetic separation 

of NP

measure final [Pb]measure initial [Pb]
 

Figure 5.25. Scheme of extraction experiments. 
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The resulting solution was analysed to determine the final concentration of 

Pb2+([Pb]final). Both the initial and final concentration of Pb2+ was determined by flame 

atomic absorption spectroscopy. The amount of lead that was extracted from the 

solution by the nanoparticles was calculated according to equation 1 and the results are 

shown in Table 5.2. 

 

% Pb extracted = 100 x ([Pb]initial - [Pb]final)/ [Pb]initial (1) 
 

Table 5.2. Extraction of Pb2+ from CH3CN solutions using functionalized Co and Fe3O4 

nanoparticles. 

 
Entry Extractant Contact time /h % Pb extracted  

1 24 2 16 

2 24 21 38.8 

3 30a 21 78.5 

Functional ε-Cobalt nanoparticles 

4 30b 21 68.4 

5 36ai 21 47 Functional Fe3O4 nanoparticles 

6 36bi* 21 10 

*Nanoparticles of 8.1 nm and f = 0.604 mmol/g 

 

Table 5.2 shows the results for the removal of Pb2+ from acetonitrile solutions, 

using functionalized cobalt and iron oxide nanoparticles. Using extractant 24 that 

contains a benzo-15-crown-5 moiety in its surface, and with 2 hours of contact time, 

16% of Pb2+ could be removed from the solution (entry 1). The contact time was then 

increased to 21 hours, and nearly 40% of Pb2+ was removed (entry 2). Extractant 30a, 

that contains a large macrocycle (18-crown-6) in its surface, was then tested. It was able 

to remove up to 79% of the cation from the solution (entry 3). A significant amount of 

Pb2+ was also removed form the solution using extractant 30b.  

Iron oxide nanoparticles were also employed in the removal of Pb2+ from 

acetonitrile solutions. Also in this case, the nanoparticles are able to bind and remove 

Pb2+ from the solution (entries 5 and 6, Table 5.2). However the extracted percentages 

are much smaller than in the case of cobalt nanoparticles. In particular, for the case of 
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36bi, just 10% of the Pb2+ was removed because the nanoparticles were dissolved in the 

solution, and could not be separated by the external magnetic field. 

Although the results of removal of metal cations from acetonitrile solutions were 

promising, we were interested in testing our nanoparticles in the removal of cations 

from aqueous media. Table 5.3 shows the results of the extracting experiments using 

functional iron oxide nanoparticles 36ai-iii and 36bi-iii, in the removal of Pb from 

aqueous solutions. 

 

Table 5.3. Extraction of Pb2+ form aqueous solutions using functionalized Fe3O4 nanoparticles. 

Entry Extractant Contact time /h Extractant to Pb2+ ratio % Pb2+ extracted  

1 36ai 41 1:1 59.1 

2 36bi 41 1:1 20.7 

3 36aii 41 1:1 45.3 

4 36bii 41 1:1 30.1 

5 36aii 41 2:1 66.5  

6 36aii 41 1:1 61.0 

7 36aiii 41 1:1 53.0 

8 36biii 41 1:1 62.4 

9 36ai 16 1:1 22.1 

10 36ai 41 1:1 29.3 

11 36ai 41 2:1 37.8 

12 36ai 41 4:1 61.2 

13 36ai 41 10:1 90.6 

14 35i 41 1.5:1 1.77 

15 37 41 2:1 14.0 

 

Some comments can be made on the results shown in Table 5.3. First, using an 

equimolar amount of extracting groups, between 20% to 60% of the Pb can be removed 

from the solution. It seems that the nanoparticles containing the 18-crown-6 moiety 

allow higher extraction percentages (entries 1 vs. 2 or 3 vs. 4) than the ones with 

monoaza-18-crown-6. The increase of the chain length does not seem to have much 

effect in the case of the nanoparticles containing 18-crown-6 (entries 1, 3 and 7) but in 
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the case of the monoaza-18-crown-6 an increase in the extracting ability can be 

observed on increasing the chain length (entries 2, 4 and 8).  

A set of experiments was performed using increasing amounts of extractant 36ai, 

and they show that the amount of lead removed from the solution increases with the 

increase of extracting material (entries 10 to 13). When a 10:1 extractant to metal ratio 

was used, nearly a 91% of lead was removed from the solution. 

The effect of the pH of the solution was also analysed. With this aim, solutions of 

Pb(ClO4)2 in dilute HNO3 were prepared, having pH values of 1, 3 and 5 and the 

extraction experiments were performed with nanoparticles 36ai. However, when these 

solutions were treated with the functional nanoparticles, they were dissolved in the 

acidic medium.  

Finally, in order to prove that the extraction capability of these materials was due 

to the presence of the binding unit, and not to unspecific interaction with the core of the 

nanoparticles, an extraction experiment was done, using azide nanoparticles 35i. Under 

these conditions, less than a 2% of Pb2+ was removed from the solution (entry 14). To 

evaluate the effect of the presence of the triazole group, nanoparticles functionalized 

with phenylacetylene, 37, were used in an extraction experiment (entry 15). Using these 

nanoparticles, 14% of the Pb2+ is extracted, so it seems that the triazole is contributing 

to a certain extent to the removal of cations. 

Nanoparticles 46a and 46b, where the functional unit is bonded to the magnetic 

core through a phosphonate unit were also used in the extraction experiments. The 

extraction experiments in aqueous medium were performed in a similar manner as with 

functional iron oxide nanoparticles 36, and the results are shown in Table 5.4. 

 

Table 5.4. Extraction of Pb2+ from aqueous solutions using functional iron oxide nanoparticles 

stabilized by phosphonic acid derivatives. 

Entry Extractant f (mmol/g) Extractant to Pb2+ ratio Contact time /h % Pb extracted  

1 46a 1.00 1:1 21 48.8 

2 46b 1.27 1.1 21 38.0 

3 46a 1.16 2.8:1 21 92.0 

4 46a 1.00 2.6:1 41 85.6 
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The results show that again, 18-crown-6 functionalized nanoparticles seem to be 

more effective than monoaza-18-crown-6 in removing lead from the solutions achieving 

nearly a 50% of removal with 46a. When a 2.8:1 ratio of extractant was used, 92% of 

the metal was removed from the solution. 

 

5.2.2.2 Extraction with functional polymers 

 

To compare the two possible separation procedures of the extracting material, that 

is decantation by gravity and magnetic decantation, the same binding motifs (18-crown-

6 derivative and monoaza-18-crown-6 derivative) were attached to Merrifield resin 

(extractans 49a and 49b, respectively), and the resulting functional polymers were also 

used for the selective removal of lead from organic solvents. THF was first chosen as 

solvent, because it was adequate for the swelling of the resin. Results of the extraction 

experiments are shown in Table 5.5. 

 

Table 5.5. Extraction of Pb2+ from THF solutions, using functional polystyrene resins 

 

 

High extraction percentages, of around 90% were achieved, but this is somehow 

expected because the extraction was performed from an organic, non-competitive 

medium. To show that there was no unspecific binding to the resin, the extraction 

experiment was also carried out using polymer 47, and in this case there is no 

significant decrease in the amount of Pb in the solution (entry 3).  

Experiments were performed with 24 hours contact time, to compare with the 

experiments using nanoparticles, however shorter contact times (between 6 to 8 hours) 

could be used, as can be seen in Figure 5.26 

 

Entry Extractant f (mmol lig/g) 
Contact time 

/h 

% Pb 

extracted  

1 49a 0.550 24 91 

2 49b 0.589 24 86 

3 47 0.730 24 -5 
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Figure 5.26. % Pb extracted from THF solutions, as a function of time, using 49b in an 1:1 

extractant to metal ratio. 

 

Polystyrene resins were also tested in water but the extraction in these conditions 

was quite low, due to the poor swelling of the polymer (Table 5.6, entry 1). Polystyrene-

polyethyleneglycol (PS-PEG) resins are adequate for working in aqueous solutions, 

because they can be swelled in water. Similar extraction experiments were performed 

with extracting materials 50a and 50b and the results can be found in Table 5.6. 

 

Table 5.6. Results of the extraction of Pb2+ using functionalized polymers in water at different 

pH. 

Entry Extractant f (mmol lig/g resin) Solvent Contact time/h % Pb extracted  

1 49b 0.589 H2O 41 14 

2 50b 0.218 H2O 24 43 

3 50b 0.218 H2O pH1 24 0 

4 50b 0.218 H2O pH3 24 0 

5 50b 0.218 H2O 16 37 

6 50b 0.218 H2O 41 43 

7 50b 0.218 H2O 24a 60 

8 50a 0.252 H2O 24 14 

9 50a 0.252 H2O pH1 24 45 

10 50a 0.252 H2O pH1 24b 59 
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Table 5.6. (continuation) Results of the extraction of Pb2+ using functionalized polymers in 

water at different pH. 

Entry Extractant f (mmol lig/g resin) Solvent Contact time/h % Pb extracted  

11 50a 0.252 H2O pH1 24c 72 

12 50a 0.252 H2O pH3 24 6 

13 50a 0.252 H2O pH1 41 31 

14 50a 0.252 H2O pH1 72 30 

15 48 0.25 H2O 24 -5 

16 51 0.24 H2O 24 -6 

(a) the extractant to Pb ratio was 2:1. (b) the extractant to Pb ratio was 2.6:1. (c) the extractant to Pb 

ratio was 4.5:1. 

 

Extraction experiments were performed in water at different acidic pH values. 

Using resin 50b a 43% of extraction was achieved in water, while in acidic media (pH 1 

and pH 3) the extraction capacity was highly reduced due to the protonation of the 

tertiary amine in the monoaza-18-crown-6 moiety. Resin 50a works poorly at high pH 

(14% in water) but its extraction ability was improved at lower pH, achieving a 45% of 

Pb extracted at pH 1. To study the behaviour of the polymers at even higher pH values, 

the preparation of Pb solutions at pH 9 was attempted, but precipitation (probably of 

lead hydroxide) was observed. Control experiments were performed using azido resin 

(entry 15) and a phenyltriazole functionalized resin (entry 16). No decrease in the 

amount of Pb was observed in any of the cases. The result in entry 16 indicates that in 

this case, the presence of the triazole group is not contributing to the binding of cations, 

in contrast with what we found for the case of magnetite nanoparticles (see above Table 

5.3). Entries 13 and 14 indicate that longer contact times do not considerably improve 

the extracted amount. 

 

5.3 Concluding remarks 
 

In this Chapter we have described the preparation and surface functionalization of 

magnetic nanoparticles of cobalt and magnetite. The cobalt nanoparticles were prepared 

by thermal decomposition of [Co2(CO)8] in the presence of TOPO, surfactants (oleic 

acid) and a carboxylic acid bearing in the ω-position the functionalities we wanted to 

place in the surface of the nanoparticle. In this manner, new functional cobalt 
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nanoparticles were prepared, decorated with crown ether functionalities. The 

nanoparticles have diameters in the order of 20 nm and functionalizations of about 0.1 

mmol/g. Fe3O4 nanoparticles were prepared the by the coprecipitation and the thermal 

decomposition methods and were functionalized with different ω-azidoalkoxysilane and 

with ω-azidoalkylphosphonic acid derivatives, via a ligand exchange reaction. The 

nanoparticles bearing the ω-azidoalkoxysilane functionality were further modified with 

crown ethers by CuAAC reaction and in this manner six new magnetite nanoparticles 

modified with crown ether derivatives were obtained. The nanoparticles (of about 9-11 

nm), have ligand loadings of about 0.3 mmol/g. The ω-azidoalkylphosphonyl containing 

nanoparticles were also modified with crown ethers via CuAAC reaction, and the 

resulting nanoparticles (of about 6 nm) have ligand loadings of about 1 mmol/g. In a 

similar manner, PS and PS-PEG resins were functionalized with crown ether, using the 

CuAAC reaction. The cobalt nanoparticles were employed in the removal of Pb2+ from 

acetonitrile solutions, achieving a 78% of extraction when nanoparticles functionalized 

with 18-crown-6 derivative was used. The magnetite nanoparticles were employed in 

the removal of Pb2+ from aqueous solutions. Using equimolar amounts of cations and 

extracting material 60% of Pb2+ was removed from the solution. When the lead 

extraction experiments were performed in THF solutions using functionalized PS resins 

high extraction percentages, of around 90% were achieved. When the functionalized 

PS-PEG resins were used in water solutions, the extractions percentages were 

comparable to those achieved with the magnetic nanoparticles. 

 

5.4 References 
 

1. (a) Cundy, A. B.; Hopkinson, L.; L.D.Whitby, R., Sci. Total Environ. 2008, 400, 

42; (b) Zhang, W.-x., J. Nanopart. Res. 2003, 5, 323. 

2. Uheida, A.; Salazar-Alvarez, G.; Björkman, E.; Yu, Z.; Muhammed, M., J. 

Colloid Interface Sci. 2006, 298, 501. 

3. Hu, J.; Chen, G. H.; Lo, I. M. C., Water Res. 2005, 39, 4528. 

4. Yavuz, C. T.; Mayo, J. T.; Yu, W. W.; Prakash, A.; Falkner, J. C.; Yean, S.; 

Cong, L. L.; Shipley, H. J.; Kan, A.; Tomson, M.; Natelson, D.; Colvin, V. L., Science 

2006, 314, 964. 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles  

 246 

5. Hai, B.; Wu, J.; Chen, X. F.; Protasiewicz, J. D.; Scherson, D. A., Langmuir 

2005, 21, 3104. 

6. Chang, Y.-C.; Chen, D.-H., J. Colloid Interface Sci. 2005, 2005, 446. 

7. Uheida, A.; Iglesias, M.; Fontàs, C.; Zhang, Y.; Muhammed, M., Sep. Sci. 

Technol. 2006, 41, 909. 

8. Vatta, L. L.; Kramer, J.; Koch, K. R., Sep. Sci. Technol. 2007, 42, 1985. 

9. Wang, L.; Yang, Z.; Gao, J.; Xu, K.; Zhang, H. G.; Zhang, X.; Xu, B., J. Am. 

Chem. Soc. 2006, 128, 13358. 

10. Shin, S.; Jang, J., Chem. Commun. 2007, 4230. 

11. Yantasee, W.; Warner, C. L.; Sangvanich, T.; Addleman, R. S.; Carter, T. G.; 

Wiacek, R. J.; Fryxell, G. E.; Timchalk, C.; Warner, M. G., Environ. Sci. Technol. 

2007, 41, 5114. 

12. Lee, H. Y.; Bae, D. R.; Park, J. C.; Song, H.; Han, W. S.; Jung, J. H., Angew. 

Chem. Int. Ed. 2009, 48, 1239. 

13. Koehler, F. M.; Rossier, M.; Walle, M.; Athanassiou, E. K.; Limbach, L. K.; 

Grass, R. N.; Günther, D.; Stark, W. J., Chem. Commun. 2009, 4862. 

14. (a) Kim, D. W.; Kang, B. M., J. Radioanal. Nucl. Chem. 2001, 249, 577; (b) 

Kim, D. W.; Kim, H. J.; Jeon, J. S.; Choi, K. Y.; Jeon, Y. S., J. Radioanal. Nucl. Chem. 

2000, 245, 570. 

15. Water, L. G. A. v. d.; Driessen, W. L.; Reedijk, J.; Sherrington, D. C., Eur. J. 

Inorg. Chem. 2002, 22. 

16. Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B., Angew. Chem. 

Int. Ed. 2002, 41, 2596. 

17. (a) Lagunas, A.; Mairata i Payeras, A.; Jimeno, C.; Pericàs, M. A., Chem. 

Commun. 2006, 1307; (b) Lagunas, A.; Mairata i Payeras, A.; Jimeno, C.; Puntes, V. F.; 

Pericàs, M. A., Chem. Mater. 2008, 20, 92. 

18. Lagunas, A.; Jimeno, C.; Font, D.; Solà, L.; Pericàs, M. A., Langmuir 2006, 22, 

3823. 

19. Michalek, F.; Lagunas, A.; Jimeno, C.; Pericàs, M. A., J. Mater. Chem. 2008, 

18, 4692. 

20. (a) Gokel, G. W.; Leevy, W. M.; Weber, M. E., Chem. Rev. 2004, 104, 2723; (b) 

Steed, J. W., Coord. Chem. Rev. 2001, 215, 171  

21. Izatt, R. M.; Terry, R. E.; Haymore, B. L.; Hansen, L. D.; Dalley, N. K.; 

Avondet, A. G.; Christensen, J. J., J. Am. Chem. Soc. 1976, 98, 7620. 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 5. Magnetic nanoparticles for metal ions extraction 

 247 

22. Izatt, R. M.; Terry, R. E.; Nelson, D. P.; Chan, Y.; Eatough, D. J.; Bradshaw, J. 

S.; Hansen, L. D.; Christensen, J. J., J. Am. Chem. Soc. 1976, 98, 7626. 

23. Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, R. L., Chem. Rev. 1995, 95, 

2529. 

24. Pedersen, C. J., J. Am. Chem. Soc. 1970, 92, 386. 

25. Shamsipur, M.; Pouretedal, H. R., J. Solution Chem. 1999, 28, 1187. 

26. (a) Lin, S.-Y.; Chen, C.-h.; Lin, M.-C.; Hsu, H.-F., Anal. Chem. 2005, 77, 4821; 

(b) Lin, S.-Y.; Liu, S.-W.; Lin, C.-M.; Chen, C.-h., Anal. Chem. 2002, 74, 330. 

27. Lin, S.-Y.; Wu, S.-H.; Chen, C.-h., Angew. Chem. Int. Ed. 2006, 45, 4948. 

28. Kawamura, M.; Sato, K., Chem. Commun. 2007, 3404. 

29. (a) Puntes, V. F.; Krishnan, K. M.; Alivisatos, A. P., Science 2001, 291, 2115; 

(b) Puntes, V. F.; Zanchet, D.; Erdonmez, C. K.; Alivisatos, A. P., J. Am. Chem. Soc. 

2002, 124, 12874. 

30. Lagunas Targarona, A., Metal nanoparticles: New preparation methods and 

application of functional derivatives (PhD Thesis), Universitat de Barcelona, Barcelona, 

2007. 

31. Palma, R. D.; Peeters, S.; Bael, M. J. V.; Rul, H. V. d.; Bonroy, K.; Laureyn, W.; 

Mullens, J.; Borghs, G.; Maes, G., Chem. Mater. 2007, 19, 1821. 

32. Bruce, I. J.; Sen, T., Langmuir 2005, 21, 7029. 

33. Shen, L.; Laibinis, P. E.; Hatton, T. A., Langmuir 1999, 15, 447. 

34. Lee, S. Y.; Harris, M. T., J. Colloid Interface Sci. 2006, 293, 401. 

35. Wu, N. Q.; Fu, L.; Su, M.; Aslam, M.; Wong, K. C.; Dravid, V. P., Nano Lett. 

2004, 4, 383. 

36. Zhang, L.; He, R.; Gu, H.-C., Appl. Surf. Sci. 2006, 253, 2611. 

37. Massart, R.; Dubois, E.; Cabuil, V.; Hasmonay, E., J. Magn. Magn. Mater. 

1995, 149, 1. 

38. Sun, S.; Zeng, H.; Robinson, D. B.; Raoux, S.; Rice, P. M.; Wang, S. X.; Li, G., 

J. Am. Chem. Soc. 2004, 126, 273. 

39. Bradley, C. A.; Yuhas, B. D.; McMurdo, M. J.; Tilley, T. D., Chem. Mater. 

2009, 21, 174. 

40. Pichon, B. P.; Man, M. W. C.; Bied, C.; Moreau, J. J. E., J. Organomet. Chem. 

2006, 691, 1126. 

41. Paoprasert, P.; Spalenka, J. W.; Peterson, D. L.; Ruther, R. E.; Hamers, R. J.; 

Evans, P. G.; Gopalan, P., J. Mater. Chem. 2010, 20, 2651. 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles  

 248 

42. Ozcubukcu, S.; Ozkal, E.; Jimeno, C.; Pericas, M. A., Org. Lett. 2009, 11, 4680. 

43. White, M. A.; Johnson, J. A.; Koberstein, J. T.; Turro, N. J., J. Am. Chem. Soc. 

2006, 128, 11356. 

44. (a) Font, D.; Jimeno, C.; Pericàs, M. A., Org. Lett. 2006, 8, 4653; (b) Font, D.; 

Sayalero, S.; Bastero, A.; Jimeno, C.; Pericàs, M. A., Org. Lett. 2008, 10, 337. 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6 

FUNCTIONAL MAGNETIC NANOPARTICLES 

FOR ENANTIOSELECTIVE CATALYSIS 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 6. Functional magnetic nanoparticles for enantioselective catalysis 

251 

CONTENTS 

6.1  Introduction: Immobilization of chiral catalysts 253 

6.1.1  Functionalization of magnetic nanoparticles for enantioselective catalysis 257 

6.2  Catalyst supported onto nanoparticles via host-guest complexation with 

cyclodextrin 262 

6.2.1  β-cyclodextrin 262 

6.2.1.1  Applications of cyclodextrins in catalysis 264 

6.3  Objectives and aims 269 

6.4  Results and discussion 269 

6.4.1  Iron oxide nanoparticles for immobilization of catalyst via host-guest 

interactions 269 

6.4.1.1  Preparation of alkyne-modified cyclodextrins 270 

6.4.1.2  Preparation of guest molecules: adamantyl functionalized derivatives of 

L-hydroxyproline 273 

6.4.1.3  Preparation of host-guest complexes with β-cyclodextrin 282 

6.4.1.4  Immobilization of proline catalyst onto nanoparticles via host-guest 

interactions 286 

6.4.2  Magnetic nanoparticles functionalized with hydroxyproline 292 

6.4.2.1  Aldol reaction catalysed by magnetite nanoparticles functionalized with 

hydroxyproline 296 

6.4.2.2  Self-aldol reaction of propionaldehyde catalysed by proline 

functionalized nanoparticles 299 

6.4.2.3  Mannich reaction using proline derivatives 300 

6.4.3  Magnetic nanoparticles functionalized with (S)-α,α-diphenylprolinol 

trimethylsilyl ether for Michael addition reactions 302 

6.4.3.1  Preparation of magnetic nanoparticles functionalized with (S)-α,α-

diphenylprolinol trimethylsilyl ether 304 

6.4.3.2  Michael reaction catalysed by magnetite nanoparticles functionalized 

with diphenylprolinol 306 

6.5  Concluding remarks 311 

6.6  References 312 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 6. Functional magnetic nanoparticles for enantioselective catalysis 

253 

 

6.1 Introduction: Immobilization of chiral catalysts 
 

Asymmetric catalysis is one of the most important subjects in chemistry and a 

powerful tool in the preparation of enantiomerically pure chiral compounds. The use of 

homogeneous catalysts has important advantages, such as high turnover numbers and 

the possibility to control the selectivity either by modification of experimental 

parameters or through structural fine-tuning. However, the application of these 

methodologies in chemical industry is still rather limited due to the high cost of chiral 

ligands and of the noble metals that are employed in these reactions. Additionally, some 

times the resulting products are contaminated with high levels of the metal derived form 

catalyst decomplexation, a serious drawback in pharmaceutical and food industries, due 

to the toxicity of the metal. A desirable characteristic in asymmetric catalysis would be 

the possibility to easily separate the catalyst from the reaction medium, recover it and 

reuse it in a new reaction. This can be attained by the immobilization of the 

homogeneous catalyst onto a non-soluble support, a convenient way of achieving the 

recovery and recycling of the catalyst.1 A wide variety of support types have been used 

to immobilize asymmetric catalysts: soluble2 and insoluble polymers,3 silica,4 

dendrimers,5 cyclodextrin, nucleic acids, and magnetic nanoparticles.6-8  

 

For the immobilization of catalysts, four different strategies have been described9 

(Figure 6.1): 

 

Covalent 
tethering

Adsorption Electrostatic 
interactions

Encapsulation
 

Figure 6.1. Different types of catalysts immobilization. 

 

Adsorption: Catalysts immobilized by this method can sometimes rely only on 

van der Waals interaction between the catalyst and the support. As this is only a weak 

interaction, the catalyst may leach into the solution as it reaches equilibrium between 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles 

254 

the surface adsorbed species and the solution species. The stability of the supported 

catalyst can be improved when the formation of hydrogen bonds between the catalyst 

and the support can be established. An example of this approach is the immobilization 

of the chiral rhodium phosphine catalyst shown in Figure 6.2. The ligand has been 

modified to incorporate a sulfonic acid group that can form hydrogen bonds with the 

silanol groups present in the silica surface.10 One drawback of these strategies based in 

the presence of non-covalent interactions is the fact that the strength of these 

interactions is sensitive to the polarity of the medium.  

 

S OO
O-

PPh2PPh2
Rh+

O O O
HH H

SiO2  

Figure 6.2. Immobilization of a catalyst onto a silica surface via adsoption interactions. 

 

Encapsulation: This is the only immobilization process that does not require any 

interaction between the catalyst and the support being the only method that attempts to 

mimic the homogeneously catalysed process. The other methods lead to changes in the 

catalyst. Covalent tethering relies on modification of the catalyst and this may change 

the electronic character of the molecule. Adsorption and ion exchange methods result in 

the catalyst being in close proximity to the support, which may affect its electronic 

properties or its configuration. As the catalyst must be larger than the pores of the 

support material in order to avoid the loss of the catalyst into the solution, techniques 

such as impregnation cannot be used. The supported catalyst can then be prepared either 

by i) assembling the catalyst within the pores of the support or ii) assembling the 

support around the catalyst. The choice of one pathway or another depends on the 

chemistry of the support and the catalyst complex. If the catalyst is to be built inside the 

support, then the latter has to be stable under the reaction conditions used to prepare the 

catalyst. Fortunately this is usually the case, as support materials tend to be quite inert 
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under most reaction conditions. In the other scenario, if the support is assembled around 

the catalyst, then is the catalyst the one that has to be stable under the synthesis 

conditions of the support. In general, if the catalyst can be easily made in a small 

number of steps, then the first strategy is preferred. If the catalyst is difficult to make 

but is stable under the conditions required for the formation of the support, the second 

strategy is preferred. 

 

Covalent tethering: Immobilization of catalyst using covalent tethering techniques 

is one on the most extended methods to design stable heterogeneous asymmetric 

catalyst. Different strategies have been developed depending on the reaction being 

catalysed. It has been employed in the immobilization of catalyst onto polymer 

(polystyrene, polyethylene glycol), silica, mesoporous silica MCM-41, nanoparticles, 

among others. Usually nucleophilic substitution reactions are employed, although 

cycloaddition reactions (for example CuAAC) have also been widely employed.11,12 

 

Electrostatic interactions: Many porous solids, including zeolites, ordered 

mesoporous silicates and layered materials (clays, hydrotalcites) can act as ion 

exchangers. As such, they can be used to immobilize metals or cationic complexes 

through electrostatic interactions.  

 

During the last years Pericàs and coworkers have been developing an extensive 

work in the area of immobilization of asymmetric catalyst. They have modified both 

ligands for organometallic catalysis and organocatalyst, in appropriate ways to achieve 

the covalent binding of the catalysts onto polymers. Some examples of this are depicted 

in Figure 6.3. Catalysts XCV and XCVI are supported versions of (R)-2-piperazino-

1,1,2-triphenyl ethanol and has been designed for minimal perturbation of the catalytic 

center by the polymer matrix. The first has been tested in the enantioselective ethylation 

of arylaldehydes, with high yields and enantioselectivities,13 while the second has been 

assayed in the addition reaction of ethylzinc to a family of aldehydes with high catalytic 

activities (60% - >99% conversion) and enantionselectivities (90% - 96% ee) compared 

to its homogenous analogues.14 Another example of supported organometallic catalysis 

is CIII. This is a diphenylphosphinooxazoline derivative supported via click chemistry 

onto a slightly cross-linked azidomethylpolystyrene. It has been used as ligand for the 

palladium catalyzed asymmetric allylic amination reaction.15 
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Figure 6.3 

 

Catalysts XCVII to CII are example of organocatalysts supported onto different 

polymeric systems, and have given excellent result in different reactions.16 Catalyst 

XCVII, for instances, is an example of 4-hydroxyproline anchored to polystyrene 

through click chemistry. This resin has been applied as catalyst in the direct aldol 

reaction of aldehydes and ketones in water, in the Mannich reaction and for the 

enantioselective α-aminoxylation of aldehydes and ketones.11,17,18 Polymers CI and CII 

has been reported as catalysts for Michael addition of carbonylic compounds to 
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nitroolefins, depicting slightly different selectivities.19,20 Catalyst CI is an example of a 

chiral pyrrolidine grafted onto a Merrifield resin again through a click 1,3-

cycloaddition, and work best in the Michael addition of ketones to nitroolefines in 

water.  

Apart from polystyrene and polystyrene-polyethylene glycol, they have also 

explored the possibility to support such catalyst onto magnetic nanoparticles. As 

described in Chapter 4, nanoparticles, and in particular magnetic metal oxide 

nanoparticles21 have recently attracted a great deal of attention as support for catalysts.22  

A wide variety of procedures have been developed for the preparation, 

stabilization and functionalization of magnetic nanoparticles for many different 

applications, and these procedures can also be used to support catalytic ligands. The 

intrinsic properties of iron oxide magnetic nanoparticles, such as high surface area, and 

superparamagnetic behaviour (which allows nanoparticles motion to be controlled by 

application of an external magnetic field), make them particularly suitable for catalytic 

applications. In particular, the magnetic behaviour is translated into an easy separation 

and recovery from the reaction medium by magnetic decantation. This represents a 

valuable advantage of these systems over homogeneous catalysts because it opens the 

door to the recovery and recycling of the catalysts.8 In the group, cobalt nanoparticles 

have been stabilized with long chain carboxylic acids functionalized at the ω-position 

with chiral amino alcohol fragments. The nanoparticles CIV have then been used as 

magnetically decantable ligands in the ruthenium-catalyzed asymmetric transfer 

hydrogenation of ketones.7 Here we wanted to further explore the possibility of 

supporting organocatalyst for asymmetric reactions onto magnetic nanoparticles, using 

different binding modes, namely, non-covalent bonding via host-guest complex 

formation or covalently attaching organocatalysts onto the surface of the nanoparticles. 

 

6.1.1 Functionalization of magnetic nanoparticles for enantioselective catalysis 

 

Nanoparticles have been used as catalyst in different types of organic reaction, for 

example for the formation of carbon-carbon, carbon-nitrogen, carbon-oxygen bonds, as 

well as oxidation and reduction processes. However in most cases they correspond to 

non-asymmetric types of reaction. In the development of nanoparticles as 

enantioselective catalysts, two approaches can be followed, depending on the role 
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exerted by the metal constituent of the nanoparticle and on the role of the chiral ligand 

present in the surface of the particle (Figure 6.4).  

 

L* L*
A + B C*

L* L*

A + B C*

X Y
*

M

X
Y

*

M
X

Y

*

M

NP NP

 

Figure 6.4. Modes of functionalization of nanoparticles. 

 

In this context, nanoparticles can act as: 1) catalytic material (Figure 6.4, left) and 

2) structuring elements (Figure 6.4, right).23 

 

1) Nanoparticles as catalytic material: In this systems, the metal of which the 

nanoparticles is made, is also responsible for the catalytic activity and the ligand is 

coordinatively bonded to the metal surface through some of the chelating atoms present 

in its structures. The catalytic process takes place on the surface of the nanoparticle, and 

the enantiocontrol depends on how the ligands/capping agent are able to transmit their 

influence to substrate molecules coordinated to the particle in their vicinity. This type of 

functional nanoparticles operate in an analogous manner to asymmetric heterogeneous 

catalysts, with the exception that they can form stable suspensions. For example 

Fujihara and co-workers have reported the use of palladium nanoparticles in the 

asymmetric Suzuki-Miyaura coupling reaction (Scheme 6.1).24 The nanoparticles were 

stabilized with several phosphine ligands, and they found that (S)-BINAP (BINAP = 

(1,1’-binaphthalene-2,2’-diyl)bis(diphenylphosphine)) was the ligand of choice for this 

enantioselective reaction, obtaining the coupling product with ee up to 70%. 
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Scheme 6.1. Asymmetric Suzuki-Miyaura coupling catalyzed by chiral Pd nanoparticles. 

 

2) Nanoparticles as structuring elements: in this approach the nanoparticles act 

as the structuring element for an assembly of ligands. These ligands are bonded to the 

particle surface through a functional group different from the chelating functional 

groups defining the catalytic centre. In these cases the metal responsible for the catalytic 

activity is a different one from the one constituting the core of the nanoparticle. Among 

the advantages that this approach may have are: an increased catalytic activity due to 

the accumulation of active centres on the nanoparticles surface; the possibility of 

enhanced enantiocontrol due to the close similarity with purely homogeneous processes; 

the ease of separation and recycling through the application of a magnetic field, in the 

cases where the nanoparticles have a magnetic core. 

Functional magnetic nanoparticles for applications in enantioselective catalysis 

are also attracting increasing interest. Most applications in this area are related to the 

use of readily available iron oxide nanoparticles (magnetite, maghemite), but other 

magnetic nanomaterials, such as ε-cobalt, have also been used. 

Lin et al. reported one interesting example of the use of functional magnetic 

nanoparticles for asymmetric catalysis, in 2005.25 They successfully modified the 

surface of magnetite (Fe3O4) nanoparticles with a phosphonic acid substituted BINAP-

ruthenium complex, and used the resulting material as catalyst in the hydrogenation of 

aromatic ketones (Scheme 6.2). A broad family of ketones substrates were 

hydrogenated in the presence of this catalyst and the corresponding secondary alcohols 

were obtained with enantionselectivities comparable to those achieved with the 

homogeneous Noyori’s catalyst [Ru(BINAP)(DPEN)Cl2] (DPEN = (R,R)-1,2-

diphenylethylenediamine). The nanoparticles could be recovered from the reaction 
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mixture by magnetic decantation and could be reused over several consecutive runs (up 

to 14 time, in the case of nanoparticles of 6.6 nm mean diameter) with no significant 

decrease in catalytic activity or in enantioselectivity. 
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Scheme 6.2. Asymmetric reduction of ketones catalyzed by magnetic nanoparticles 

immobilized Ru-catalyst. 

 

Organocatalyst have also been supported onto magnetic nanoparticles. Luo and 

co-workers reported the use of chiral primary amine supported onto magnetic 

nanoparticles as catalyst in the asymmetric aldol reaction (Scheme 6.3). The catalyst 

was recycled for 11 times with consistent activity and enantioselectivity.6 
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Scheme 6.3. Chiral amines supported on magnetic nanoparticles for asymmetric, amino-

catalyzed aldol reactions. 

 

Recently Gleeson and co-workers reported the first chiral 4-N,N’-

dimethylaminopyridine (DMAP) derivative supported on MNPs (Scheme 6.4). The 

hybrid material was prepared by anchoring N-methyldopamine hydrochloride onto 

magnetite nanoparticles, followed by SNAr reaction with a chiral chloropyridine in 

toluene. The nanoparticles were tested as catalyst in the acylative kinetic resolution of 

monoprotected cis-diols. The catalyst enables the resolution of sec-alcohols with 99% 

ee (for the resolved alcohols) at 72% conversion. They could be recycles up to 20 times 

with consistent activity and enantioselectivity.26  
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Scheme 6.4. Asymmetric acylation reaction catalyzed by chiral DMAP derivatives supported 

on magnetic nanoparticles. 

 

CuAAC reaction has also been used for the immobilization on nanoparticles of 

enantioselective catalysts. For example Reiser and co-workers reported the preparation 

of azide-functionalized magnetic silica nanoparticles for the immobilization of 

azabis(oxazoline)copper(II) complexes.12 These heterogenized catalysts showed high 

yields and selectivities in the asymmetric benzoylation of 1,2-diols (Scheme 6.5). 
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Scheme 6.5. Asymmetric benzoylation with azabis(oxazoline)copper(II) catalysts supported on 

magnetic nanoparticles by CuAAC. DIPEA = N,N-diisopropylethylamine. 

 

Wang et al. reported on the development of a submicrometric material (200 nm) 

where a (S)-diaryprolinol trimethylsilyl ether was supported onto Fe3O4-SiO2 (Figure 

6.5) and studied its catalytic behaviour.27  
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Figure 6.5. (S)-diaryprolinol trimethylsilyl ether supported onto Fe3O4-SiO2 

 

6.2 Catalyst supported onto nanoparticles via host-guest 

complexation with cyclodextrin 

6.2.1 β-cyclodextrin 

 

Cyclodextrins are naturally occurring cyclic host that possess molecular 

recognition capabilities, and were known before crown ethers, the first artificial host 

molecules. 

They are oligosaccharides composed of six or more D-glucopyranose units linked 

by α-1,4-glycosidic bonds in a cyclic array and are obtained from starch by the action of 

enzymes. The term cyclodextrin comprises a family of three well-known major products 

and several rare minor cyclic oligosaccharides. The three most common cyclodextrins 

contain six, seven or eight glucose residues and are named α-cyclodextrin (α-CD), β-

cyclodextrin (β-CD) and γ-cyclodextrin (γ-CD) respectively (Figure 6.6).  
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Figure 6.6. Chemical structure of the three more common cyclodextrins. 
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Due to the specific coupling of the glucose monomers the cyclodextrins present a 

rigid conical molecular structure with a hollow interior of a specific volume. Several 

characteristics of cyclodextrins are summarized in Table 6.1.  

 

Table 6.1. Characteristic of the most common cyclodextrins.28 

 α-CD β-CD γ-CD 

Glucose residues 6 7 8 

Molecular weight 973 1135 1297 

Cavity diameter (Å) 4.7 – 5.3 6.0 – 6.6 7.5 – 8.3 

Cavity height (Å) 7.9 7.9 7.9 

Cavity volume (mL/mol) 174 262 472 

Solubility in water (g/100 

mL) at rt. 
14.5 1.85 23.2 

pK (by potentiometry) at 25ºC 12.332 12.202 12.081 

 

As a consequence of the 4C1 conformation of the glucopyranose units, all 

secondary hydroxyls are placed on one of the two edges of the ring (secondary face) 

whereas all the primary ones are placed on the other edge (primary face) (Figure 6.7).  
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Figure 6.7. 3D view of a cyclodextrin showing the orientation of the primary and secondary 

faces and the position of the hydrophobic and hydrophilic sites of the molecule. 

 

The cavity is lined by the hydrogen atoms and by the glycosidic oxygen bridges, 

respectively. The non-bonding electron pairs of these oxygen atoms are directed 

towards the inside of the cavity producing a high electron density there and lending to it 

some Lewis base characteristics.28 The internal cavity is highly hydrophobic and can 
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accommodate a wide range of guest molecules, including some polar compounds as 

alcohols, acids or amines and apolar molecules such as aliphatic and aromatic 

hydrocarbons. Inorganic ions and gas molecules can also be included. In an aqueous 

solution, the apolar cyclodextrin cavity is occupied by water molecules which are 

energetically unfavourable, and therefore can be substituted by appropriate “guest 

molecules” less polar than water. The cyclodextrin acts as a “host molecule” and the 

driving forces for the inclusion complexation are attributed to several factors as, for 

instance, van der Waals forces, hydrophobic interactions, electronic effects and steric 

factors.29 Most frequently, the host:guest ratio is 1:1 although 2:1, 1:2 and 2:2 or even 

more complicated associations may exist. The most important factor in the guest 

selectivity of the cyclodextrin is that the size of the cyclodextrin cavity matches that of 

the guest molecule. 

The formation of inclusion complexes of cyclodextrin has found important 

applications both in industry and research. In industrial applications the formation of the 

host-guest complexes are used to change the solubility of a compound, to attain its 

stabilization against light, heat or oxidation, to mask unwanted physiological effects, to 

reduce its volatility, among others effects. They have been widely employed in, for 

instances, food, cosmetics and pharmaceutical industries.30 Cyclodextrins have also 

been used in various areas of research, mostly in supramolecular chemistry, in the 

preparation of rotaxanes and catenanes,31 in molecular printboards, but also in catalysis. 

 

6.2.1.1 Applications of cyclodextrins in catalysis 

 

When dissolved in an aqueous phase, cyclodextrins provide a hydrophobic 

micromedium. This characteristic is analogous to the reaction pockets of enzymes. 

Enzymes provide size-selective hydrophobic cavities and catalyse the reactions of 

bound substrates. This idea has inspired the study of artificial enzymes based on 

cyclodextrins.32 In a classical example of this, cyclodextrin cavity acts as a hydrophobic 

binding site and hydroxyl groups behave as catalytic residues. The hydroxyl groups 

present in the two rims of cyclodextrins can also be modified to attach other catalytic 

and functional groups. One example of this is the cyclodextrin modified with two 

imidazole groups, which hydrolyzes a phosphodiester through the cooperative 
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interaction of two imidazolyl group. This system can be regarded as a model of 

ribonuclease A.33 

A more sophisticated example is shown in Scheme 6.6 where a ruthenium-arene 

complex of β-cyclodextrin-modified amino alcohol is use to catalyse the asymmetric 

hydrogenation reaction of prochiral ketones in water.34 

 

 

Scheme 6.6. Asymmetric reduction of ketones in water catalyzed by ruthenium complex of β-

cyclodextrin-modified amino alcohol. 

 

Cyclodextrin have also been used to immobilize proline derivatives and the 

resulting complex has been used as catalyst in the direct asymmetric aldol reaction. In 

the example shown in Scheme 6.7 the inclusion of proline was achieved by reaction of 

(4S)-phenoxyproline with β-cyclodextrin. The catalyst was then employed in the 

reaction between acetone and five substituted benzaldehydes. Good yields and good ee 

values were obtained and the catalyst was easily recovered by filtration and recycled up 

to 4 times without loss of yield or enantioselectivity.35 
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Scheme 6.7. Aldol reaction of acetone and arylaldehydes catalyzed by β-cyclodextrin 

immobilized (4S)-phenoxy-(S)-proline. 
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More recently a similar approach was followed using an inclusion complex of an 

adamantane proline derivative and β-cyclodextrin (Scheme 6.8). The host-guest 

complex was used to catalyse the aldol reaction between several aromatic aldehydes and 

cyclohexanone in water. The corresponding hydroxy ketones were obtained with high 

diastereo- and enantioselectivities and the catalyst was recycled up to 4 times without 

experience any decrease in the acidity and selectivity.36  

 

Scheme 6.8. Aldol reaction of cyclohexanone and aromatic aldehydes in water catalyzed by β-

cyclodextrin immobilized adamantane-proline derivative. 

 

Having in mind the already described method of using β-cyclodextrin as a binding 

unit for the immobilization of adequately derivatized catalyst for reactions that could 

take place in presence of water, and the advantages that the use of magnetic 

nanoparticles represented in the separation and recycling of immobilized catalyst, we 

envisaged the possibility of combining the two approaches. That is, to prepare magnetic 

nanoparticles that had the surface decorated with the cyclodextrin, and to use the 

formation of host-guest complexes as a way to immobilize a catalyst onto the 

nanoparticles, as schematically shown in Figure 6.8. In the literature there are some 

reports of the use of nanoparticles functionalized with cyclodextrins for adsorption of 

contaminants37 or drug delivery.38,39 
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Figure 6.8. Schematic representation of the use of CD-functionalized magnetic nanoparticles to 

immobilize catalysts. 

 

With respect to the use of β-cyclodextrin-modified nanoparticles as carriers of 

catalysts we found one example in the literature. It consists in the preparation of 6-thio-

β-cyclodextrin functionalized gold nanoparticles that are used to form inclusion 

complexes with triethylenetetramine-adamantane copper coordination compound 

(Figure 6.9).  
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Figure 6.9. β-cyclodextrin functionalized gold nanoparticles as carriers for a CuII complex. 

 

The system showed hydrolase activity, catalyzing the cleavage of 4,4’-

dinitrodiphenyl carbonate.40  
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In the literature there are several examples of nanoparticles functionalized with or 

stabilized by CDs. Kaifer and co-workers reported the preparation of CD-modified gold 

nanospheres (2-7 nm in diameter), by reduction of AuCl4
- with NaBH4 in DMSO 

solution containing perthiolated CDs. The resulting nanoparticles were soluble in 

aqueous media and were able to form host-guest complexes with guest molecules 

(ferrocenemethanol, 1-adamantanol) in the solution.41 More recently hydroxypropyl-α-

cyclodextrin has been used as reductant and capping agent for the preparation of 

palladium nanoparticles and their catalytical activity tested in Suzuki, Heck and 

Sonogashira reactions in water.42 Another example is the use of mono-6-thio-β-

cyclodextrin/ferrocene capped gold nanoparticles as an amperometric biosensor for 

glucose.43 Magnetic FecorePtshell nanoparticles (2.5 nm of diameter) have also been 

modified with γ-CD, that render them water-soluble. The as-modified nanoparticles 

were employed as an efficient catalyst for the aqueous hydrogenation reaction of allyl 

alcohol.44 Magnetite nanoparticles have been functionalized with cyclodextrin or 

cyclodextrin derivatives. For example Banerjee and Chen reported the grafting of 2-

hydroxypropyl-β-cyclodextrin onto gum arabic modified magnetite nanoparticles, and 

the use of the nanomaterial as carrier of ketoprofen (a non-steroidal anti-inflammatory 

drug), as a preliminary step towards using these types of materials as drug delivery 

systems.38 Also with the idea of using it as carrier of drugs and biomolecules, He and 

co-workers have reported the layer-by-layer preparation of a superparamagnetic 

nanocomposite, that consist in Fe3O4/amino-silane core-shell nanoparticles 

functionalized with β-cyclodextrin as schematized in Scheme 6.9.45  

 

 

Scheme 6.9. Preparation of Fe3O4/amino-silane core-shell nanoparticles functionalized with β-

cyclodextrin. 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 6. Functional magnetic nanoparticles for enantioselective catalysis 

269 

6.3 Objectives and aims 
 

In the present Chapter we intend to: 

 

1) Employ the previously described azide-functionalized magnetite 

nanoparticles, as starting material to prepare a new type of β-cyclodextrin 

functionalized nanoparticles via “click reaction”. 

2) Prepare L-proline derivatives that contain functional group that can form 

host-guest inclusion complexes with cyclodextrin and attempt the preparation of the 

host-guest inclusion complexes between the cyclodextrin-modified nanoparticles and 

the functionalized proline.  

3) Test the as-prepared materials as catalyst in the asymmetric version of 

the aldol reaction in water, in particular exploring the possibility to recover and recycle 

the nanoparticles, using their magnetic properties. 

4) Use the azide-magnetite nanoparticles to directly support L-proline-

derived enantioselective organocatalyst (O-propargyl hydroxyproline and (S)-α,α-

diarylprolinol silyl ether) via CuAAC, using the resulting materials as recyclable 

catalyst in asymmetric aldol, Mannich and Michael reactions. 

 

6.4 Results and discussion 

6.4.1 Iron oxide nanoparticles for immobilization of catalyst via host-guest 

interactions 

 

We have shown in Chapter 5 the preparation of azide functionalized silane-coated 

iron oxide nanoparticles and the use of CuAAC reaction as an easy way to modify the 

surface of the nanoparticles with different organic molecules. Having in hand the azide 

functionalized iron oxide nanoparticles we decided to use then as solid support to 

prepare the β-cyclodextrin-modified nanoparticles that we wanted to obtain. The work 

described in this section was performed in collaboration with Dr. Augustin de la Croix, 

a postdoctoral researcher in Dr. Javier de Mendoza’s group at Institut Català 

d’Investigació Química (ICIQ). 
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6.4.1.1 Preparation of alkyne-modified cyclodextrins 

 

The first step was to appropriately derivatize β-cyclodextrin to be able to bind it to 

the surface of the magnetic nanoparticles. We intended to use CuAAC to attach the 

cyclodextrin to the surface of azide-modified magnetite nanoparticles. This required the 

preparation of an alkyne derivative of β-cyclodextrin. The idea was to modify just one 

of the seven hydroxyl groups in the primary face of the cyclodextrin. A convenient way 

to do so was to achieve the monotosylation of the dextrin to obtain 6A-O-p-

Toluenesulfonyl-β-cyclodextrin (53) by reaction with 1-(p-toluenesulfonyl)-imidazole 

(52), followed by the substitution of the tosyl group with propargylamine (Scheme 

6.10). These reactions were done according to an already reported procedure and 

allowed the preparation of 6A-N-prop-2-yn-1-amine -β-cyclodextrin (54) with a 28% 

yield for the first step and quantitative yield for the second step.46 

 

OTs
H2O, 2h, rt

29 %

4 eq

NH

NH2

55°C, 29 h,

excess

quant.β-CD

S
NN

O

O

52

53 54  

Scheme 6.10. Two steps preparation of 6A-N-prop-2-yn-1-amine -β-cyclodextrin 54. 

 

For the reaction of the azide-nanoparticles 35i with the alkyne 54 we first tried 

conditions similar to those employed for the functionalization of the nanoparticles with 

crown ether, described in Chapter 5, that is, a catalytic amount of CuI together with 

DIPEA and DMF as solvent. In this case, higher temperatures (60ºC - 70ºC) were 

required achieve the reaction of the N3 groups, and even in this case the reaction took 

several days (usually about 7 days) to get to completion, sometimes requiring further 

additions of catalyst and/or alkyne. We decided then to use the CuSO4: sodium 

ascorbate protocol to achieve the cycloaddition, using a 1:1 t-butyl alcohol-water 

mixture as solvent (Scheme 6.11). In this case shorter reaction times (72 hours) were 

required heating at 70 ºC, in a silicone oil bath. Alternatively, the reaction could be 

performed under microwave irradiation (at 80 ºC and 150 W), achieving 

functionalization in even shorter time (between 60 – 120 minutes) (Scheme 6.11). 
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Scheme 6.11. Anchoring of β-CD onto the surface of azide modified magnetite nanoparticles. 

 

In all cases the reaction was monitored by infrared spectroscopy of the nanoparticles, 

and once the azide band (around 2097 cm-1) had disappeared, the particles were 

separated by magnetic decantation. FTIR was also used to detect the presence of the β-

cyclodextrin  (900 - 1200 cm-1) as can be seen in Figure 6.10. 

 

 

Figure 6.10. Comparison of the IR spectra of MNP 35i and, functional nanoparticles 55. 

 

 TGA of the β-CD functionalized nanoparticles also shows a large weight loss 

between 200 ºC and 400 ºC, larger than the one recorded in the case of the N3-

nanoparticles, due to the presence of a higher amount of organic material in the surface 

of the nanoparticles modified with β-CD.  
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Figure 6.11. TGA curves showing the weight loss of nanoparticles 35i in comparison with 

nanoparticles 55. 

 

TEM images (Figure 6.12) show that in both cases the nanoparticles appear as 

small aggregates, although discrete particles are also visible, and there is not much 

change in the aspect or size of the nanoparticles after the reactions. The size, shape and 

aggregation of the nanoparticles are essentially the same for both methods of heating. 

The mean diameter of the nanoparticles was determined to be the order of 10 to 12 nm. 

  

Figure 6.12. TEM images for a) 35i and of β-CD functionalized magnetite nanoparticles 55 

prepared by b) heating on a silicon bath and c) heating by microwave irradiation. 
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Elemental analysis was again used to calculate the degree of functionalization of 

the nanoparticles. In all cases, the nanoparticles have loadings of about 0.13 mmol/g. 

 

6.4.1.2 Preparation of guest molecules: adamantyl functionalized derivatives of L-

hydroxyproline 

 

The next step was to prepare the guest molecule that was to be placed in the 

surface of the nanoparticles, via host-guest supramolecular interaction. We choose L-

proline as the catalyst that was to be supported onto the nanoparticles, because it has 

been widely used as organocatalyst in the asymmetric versions of aldol and Mannich 

reactions. The enantioselective aldol reaction catalyzed by small organic molecules is 

an important C-C bond formation for which excellent enantioselectivities have been 

achieved. This reaction allows the creation of a β-hydroxy-carbonyl structural unit that 

is found in many natural products and drugs. List, Lerner and Barbas discovered the 

proline- mediated aldol reaction47 in 2000 and since then proline have been shown 

capable of catalyzing the direct aldol reaction in polar organic solvents such as DMSO 

and DMF.47,48 Aldol reaction has also been performed in water, a possibility that is 

particularly appealing from the environmental point of view. Several derivatives of L-

proline in both homogeneous49-51 and supported versions11,16,52 have been developed. 

Early examples of proline derivatives were reported by Barbas (CV)51  and Hayashi 

(CVI)50 that have been shown to be efficient chiral catalysts for the aldol reaction with 

high enantiocontrol in the presence of an excess of water. Although L-proline and L-

hydroxyproline per se cannot promote the aldol reaction of cyclohexanone and 

benzaldehyde, L-proline derivatives containing hydrophobic substituents are quite 

effective in catalyzing the reaction in an enantioselective manner.53 

 

N
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Figure 6.13. Catalyst for asymmetric aldol reaction derived from L-proline. 
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As the binding group to the dextrin we choose the adamantyl group, which is 

known to form strong host-guest complexes by inclusion in the dextrin cavity. The idea 

was then to prepare L-hydroxyproline derivatives with an adamantyl residue in the 

molecule, using the alcohol functional group as attachment point (Figure 6.14). 

 

 

Figure 6.14. Schematic representation of  L-hydroxyproline derivatives with an adamantyl 

residue. 

 

With this aim, four different molecules were prepared, using slightly different 

approaches (Figure 6.15). 
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Figure 6.15. L-hydroxyproline derivatives modified with adamantane residues. 

 

The first approach was to prepare compound 56 by nucleophilic substitution of 

deprotonated Boc-protected hydroxyproline methyl esther onto tosylated 1-

adamantaneethanol 61 (Scheme 6.12). 
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Scheme 6.12. Synthesis of catalyst 56. 

 

This type of reaction has been previously used to modify L-hydroxyproline (for 

example in the reaction schematize in Figure 6.16) without epimerization at C4 or C2.11  
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Figure 6.16. Preparation of di-tert-butyl-4-(prop-2-ynyloxy)-pyrrolidine-1,2-dicarboxylate by 

reaction of tert-butyl (2S,4R)-N-Boc-4-hydroxy prolinate. 

 

However in the case of the reaction with 61, the unexpected formation of two, 

very similar products occurred, that turned out to be diasteromers. The two products 

were separated by column chromatography, and were fully characterized in terms of 

spectroscopic properties (1H-NMR, 13C-NMR, IR). HR-MS shows that both products 

have indeed the same exact mass, and elemental analysis is also in accordance with the 

proposed structure. For one of the isomers single crystals adequate for X-ray diffraction 

analysis were obtained, and the structure shows that it corresponds to the trans isomer 

(Figure 6.17), the one that was expected to be the single product of the substitution 

reaction. The compound crystallized in the chiral space group P21212. The asymmetric 
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unit contains one molecule of the compound with the adamantane rest disordered in two 

orientations (ratio 72:28). The absolute configuration was not determined properly and 

it has to be pointed out that due to crystal stability issues the structure determination 

was performed at room temperature. 

 

 

Figure 6.17. Ortep-Plot (thermal ellipsoids shown at 30 % probability level) of compound anti-

63 showing the trans disposition of the substituent of the pyrrolidine ring. 

 

This is the product that was eventually deprotected and further used in the 

enantionselective catalysis experiments. For the deprotection, a two-step procedure was 

used, consisting of the saponification of the methyl ester with LiOH in a methanol-

water mixture, followed by the hydrolysis of the carbamate with trifluoroacetic acid 

(TFA) in dichloromethane. It was not possible to obtain single crystals for the other 

product and therefore has not yet been possible to establish the structure of this 

compound. Presumably this diasteromer resulted from the epymerization of C-2 of the 

pyrrolidine ring in the basic medium. Looking for alternatives in the preparation of 

derivatives of hydroyproline containing an adamantane group, compound 57, 58 and 59 

(Figure 6.15) were prepared.  

Compound 57 was prepared by a three-step synthetic procedure, as depicted in 

Scheme 6.13. The first step correspond to the synthesis of the p-toluenesulfonyl 

derivative of tert-butyl (2S,4R)-N-Boc-4-hydroxy prolinate using p-toluenesulfonyl 

chloride in piridine.54 The tosyl group was then substituted with 1-adamantanthiol, in 

DMF, using NaH as base to deprotonate the thiol. The reaction occurred with inversion 

of the configuration in C4 of the pyrrolidine ring, and the cis derivative was obtained. 
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Scheme 6.13. Synthesis of catalyst 57. 

 

In this case, if an excess of NaH was used (1.5 eq - 2 eq), isomerization occurred, 

resulting in the formation of two diasteromers that were separated by semipreparative 

HPLC chromatography using a SunfireTM Prep C18 OBDTM 5 µm 19 × 100 mm column 

and 80:20 methanol – water mixture as eluant. 

It was possible, however, to optimize the reaction conditions to avoid the 

formation of undesired secondary products. When equimolar amounts of thiol and NaH 

were used, and the two of them were in slight excess with respect of the tosylate 64, a 

single product was obtained with a 78% yield. As before, the product was deprotected 

in a two-step procedure, first by saponification of the methyl ester with LiOH, followed 

by hydrolysis of the carbamate with TFA. Crystals of compound 57 were obtained and 

submitted to X-ray crystal determination. Although the collected data was of low 

quality and not suitable for publication, a structure model was obtained and it confirmed 

the relative stereochemistry of the chiral centres (Figure 6.18).  

 

 

Figure 6.18. X-ray crystal structure of 57 showing the cis disposition of the substituents in the 

pyrrolidine ring. 
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Another alternative for the preparation of L-hydroxyproline derivatives containing 

the adamantane group is compound 58 (Scheme 6.14). In this case a longer synthetic 

pathway was followed.  

 

OH
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O
n-BuLi (1 eq), THF

H

O

H

O
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O
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N
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O

O
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+

N
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O
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O

O

1) OH-
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O

Br

66 67

68

68 62 69

58

60

NH
O

O

OH
O

 

Scheme 6.14. Synthesis of catalyst 58. 

 

Finally, a completely different approach was followed to prepare L-proline 

derivative 59, taking advantage of the use of the CuI catalysed 1,3-cycloaddition of 

alkynes and azides, as a way to combine the two portions of the molecule. To that aim 

we submitted the azide derivative of L-hydroxyproline (70) and alkyne 66 to the “click 

reaction” catalyzed by CuI obtained by the in situ reduction of CuSO4 with sodium 

ascorbate (Scheme 6.15). The reaction was done in a 1:1 mixture of water and tert-butyl 

alcohol and using microwave irradiation to heat the reaction. The cycloaddition product 

was obtained in higher than 70% yield in about 20 minutes. The product was 

deprotected using TFA to render 59 in 88 % yield for the second step.  
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Scheme 6.15. Synthesis of catalyst 59 by CuAAC reaction. 

 

6.4.1.2.1 Adamantyl-proline derivatives as catalysts in the asymmetric aldol 

reaction in water 

 

Once we had the proline derivatives in hand, we wanted first to evaluate the 

behaviour of these compounds, as organocatalysts in the asymmetric version of the 

aldol reaction, to see if they retained their catalytic activity and to compare with the 

already established versions of modified prolines. We took as a model the reaction of 

benzaldehyde and cyclohexanone in water (Scheme 6.16), using 10 mol% of the 

catalyst (Table 6.2). 

 

OO OOH

water, rt

10 mol% catalystH

OOH

anti syn72a

+

 

Scheme 6.16. Asymmetric aldol reaction catalyzed by L-proline derivatives 56-59. 

 

In all the cases, in 24 hours, moderate yields of the aldol product are obtained 

with good to excellent enantioselectivities (Table 6.2). The worst results in terms of 

yield, anti:syn ratio and enantiomeric excess (ee) are obtained with catalyst 57, with just 

85% ee. The best results both in terms of diastero and enantionselectivity were obtained 

with catalyst 59 (>99% ee). Catalyst 56 provides the best results in terms of yield, but 

the ee is slightly lower than for catalyst 58 or 59. 
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Table 6.2. Asymmetric aldol reaction of benzaldehyde and cyclohexanone “in water” using 

proline derivatives 56-59 as catalysts.a 

Entry Catalyst Time (h) Yield (%)b anti:syn ratio c ee of anti (%) d 

1 57 24 26 6:1 85 

2 57 48 35 6:1 81 

3 56 24 63 15:1 92 

4 58 24 46 14:1 95 

5 59 24 41 18:1 >99 

(a) Reaction conditions: aldehyde (0.4 mmol), ketone (2.0 mmol), water (8 mmol) and catalyst (0.04 

mmol), stirring at room temperature. (b) Isolated yield of combined diastereoisomers. (c) 

Determined by 1H NMR. (d) Determined by chiral HPLC. 

 

6.4.1.2.2 Effect of the amount of water 

 

With catalyst 57, the effect of the amount of water on the outcome of the reaction was 

studied (Table 6.3). In the absence of water (entry 1), the reaction was promoted with a 

comparable yield, but low diastereoselectivity and particularly lower enantioselectivity 

were obtained indicating that water is indispensable for achieving good diastereo and 

enantioselectivities, a result that have been also found with other L-proline derivatives 

containing hydrophobic substituents in the C-4 position.53 The presence of a large 

excess of water (entry 3) that not change much the outcome of the reaction in terms of 

yield and diastereoselectivity, although a small decrease in the enantiomeric excess was 

observed, a result that is in accordance to previous reports.53 

 

Table 6.3. Evaluation of the water amount in the aldol reaction of benzaldehyde and 

cyclohexanone catalysed by adamatyl-proline catalyst 57.a 

Entry Eq. water Yield (%)b Anti:syn ratio c ee of anti (%)d 

1 0 37 2:1 37 

2 20 26 6:1 85 

3 300 26 5:1 82 

(a) Reaction conditions: aldehyde (0.4 mmol), ketone (2.0 mmol), water (indicated amount) and 

catalyst (0.04 mmol), stirring at room temperature for 24h. (b) Isolated yield of combined 

diastereoisomers. (c) Determined by 1H NMR. (d) Determined by chiral HPLC. 
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6.4.1.2.3 Substrates scope 

 

Next, a small set of aldehydes and ketones was examined under the same 

conditions (10 mol% catalyst, 20 eq water and rt) to check the scope of these catalysts 

(Table 6.4). As in the case of other similar catalyst, when aromatic aldehydes 

substituted with electron-withdrawing groups (CF3; NO2) were used, higher yield and 

diastereoselectivities were obtained and in one case (catalyst 57) higher 

enantioselectivities were also achieved (entries 1 vs 2). The presence of electron 

donating groups (MeO) caused a decrease in the activity and in the anti selectivity, 

while the enantioselecitiy was slightly diminished (entries 5 and 10).50 With respects to 

ketones, the use of 4-oxotetrahydropyran also afforded good results, when compared to 

cyclohexanone, with just a small diminishment in the ee (entry 11). In the case of more 

difficult ketone (cyclopentanone) the yield of the reaction was similar, although the 

diastereo- and enantioselectivities were significantly eroded (entry 12). 

 

Table 6.4. Asymmetric aldol reaction in water of different aldehydes and ketones catalyzed by 

L-proline catalysts 56-59.a 

RCHO

R'
R'' 10 mol% catalyst

water, rt, 24h R'
R''

O

R

OH

R'
R''

O

R

OHO

 
Entry Catalyst Product Yield (%)b anti:syn ratio c ee of anti (%)d 

1 57 

OOH

72a  

26 5.5:1 85 

2 57 

OOH

F3C 72b  

77 10:1 93 

3 56 

OOH

72a  

63 15:1 92 

4 56 

OOH

F3C 72b  

93 22:1 92 

5 56 

OOH

MeO 72c  

18 9:1 89 
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Table 6.4. (continuation) 

Entry Catalyst Product Yield (%)b Anti:syn ratio c ee of anti (%)d 

6 59 

OOH

72a  

41 18:1 >99 

7 59 

OOH

F3C 72b  

81 30:1 97 

8 59 

OOH

O2N 72d  

65 25:1 94 

9 59 

OOH

Cl
72e  

58 13:1 94 

10 59 

OOH

MeO 72c  

30 10:1 90 

11 59 
O

OOH

72f  

56 32:1 95 

12 59 
OOH

72g  

43 4:1 81 

(a) Reaction conditions: aldehyde (0.4 mmol), ketone (2.0 mmol), water (8 mmol) and catalyst (0.04 

mmol), stirring at room temperature, 24h. (b) Isolated yield of combined diastereoisomers. (c) 

Determined by 1H NMR. (d) Determined by chiral HPLC. 

 

6.4.1.3 Preparation of host-guest complexes with β-cyclodextrin 

 

We selected two of the previously described proline derivatives (catalyst 57 and 

59) to use them in the next set of experiments, that is, the preparation of the host-guest 

complexes with the nanoparticles modified with β-CD. We chose these two mostly 

based in the ease of obtaining them in few step, avoiding the formation of secondary 

products.  
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Scheme 6.17. Preparation of inclusion complexes of β-CD with L-proline derivatives. 

 

First we prepared the host – guest complexes with β-CD according to the 

conditions shown in Scheme 6.17. To a solution of the β-CD in water was added a 

solution of the proline derivatives 57 or 59 dissolved in a small amount of methanol, in 

order to achieve finally a 95:5 water-methanol mixture. The reaction mixture was stirred 

at room temperature and then the solvent was removed under vacuum to rendered the 

host-guest complex 73 or 74 in nearly 90% yield in both cases.  

The resulting white solid was analysed by 1H NMR, 13C NMR, IR spectroscopy 

and mass spectrometry. Both 1H NMR spectroscopy and MS provided evidence of the 

formation of the host-guest complexes. In the case of complex 73 TOF-MS (positive 

mode) shows a peak at 1438.3 a.m.u. that was assigned to the cation [M-Na]+ where M 

again correspond to the mass of the inclusion complex between β-CD and guest 57 

(C57H93N4O37S). TOF-MS spectrum (negative mode) of complex 74 shows a peak at 

m/z = 1507.3 a.m.u that corresponds to the anion [M-H]- where M is the mass of the 

inclusion complex between β-CD and guest 59 (C62H100N4O38).  

The formation of the inclusion complex causes changes in the chemical shift of 

protons from both the cyclodextrin and the adamantane portion of the guest, (i.e. the one 

that enters in the cavity), when compared with the free host and guest (Figure 6.19, for 

the case of complex catalyst 74). A significant upfield shift of the triplet of the H at C3 

(green dots in Figure 6.19) of the oligosaccharide is observed, and also important 

downfield shift of the protons of the CH groups in the adamatane residue are seen (red 

dots in Figure 6.19).  

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles 

284 

 

Figure 6.19. 1H NMR spectra of complexe 74 in D2O. Comparison with the spectra of the β-

cyclodextrin and proline derivatives 59. 

 

6.4.1.3.1 Asymmetric catalysis using L-hydroxyproline derivatives complexes 

with β-cyclodextrin 

 

Both β-CD complexes 73 and 74 were tested as catalysts in the asymmetric aldol 

reaction of benzaldehyde with cyclohexanone in water in conditions analogous to the 

previous experiments (10 mol% of catalyst, 60 eq. of water and rt). After 24 hours, 

good yields were obtained for the two catalysts (Table 6.5), although in both cases 

yields were slightly lower than in the case of the uncomplexed catalysts. In the case of 

p-trifluoromethylbenzaldehyde the yield goes from 77% to 61%, for catalyst 57 

compared to catalyst 73 (entry 1 versus entry 5) and from 81% to 70% in case of 

catalyst 59 when compared to catalyst 74 (entry 3 versus entry 7). In the case of 

benzaldehyde the yield goes from 26% to 13% for catalyst 57 compared to catalyst 73 

(entry 2 versus entry 9) while with catalyst 74 an increase in yield was obtained (entry 4 

versus entry 10). When catalyst 74 is allowed to react for 48 hours nearly complete 

conversion is achieved (entry 8). The results are very good both in terms of enantio- and 

diastereoselectivity. For catalyst 73 an increase in the diastereoselectivity is observed 

with respect to the uncomplexed catalyst and also the enantioselectivity is improved for 
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the two aldehydes. In the case of catalyst 74 the results are very similar to the ones 

obtained for the uncomplexes proline 59, both for benzaldehyde and p-

trifluoromethylbenzaldehyde. 

 

Table 6.5. Asymmetric aldol reaction in water of different aldehydes catalyzed by β-CD 

complexes 73 and 74.a Data corresponding to catalyst 57 and 59 is included for comparison 

reasons. 

OO OOH

water, rt
H 10 mol% catalyst

R R

72a,b

+

 
Entry Catalyst R Time (h) Yield (%)b anti:syn ratio c ee  of anti (%)d 

1 57 CF3 24 77 10:1 93 

2 57 H 24 26 5.5:1 85 

3 59 CF3 24 81 30:1 97 

4 59 H 24 41 18:1 >99 

5 73 CF3 24 61 12:1 96 

6 73 CF3 48 75 10:1 96 

7 74 CF3 24 70 32:1 96 

8 74 CF3 48 98 33:1 99 

9 73 H 24 13 4.5:1 94 

10  74 H 24 54 14:1 99 

(a) Reaction conditions with catalyst 73 and 74: aldehyde (0.3 mmol), ketone (1.5 mmol), water (18 

mmol) and catalyst (0.032 mmol), stirring at room temperature. (b) Isolated yield of combined 

diastereoisomers. (c) Determined by 1H NMR. (d) Determined by chiral HPLC. 

 

Next we evaluated the effect of the solvent in the aldol reaction of p-

trifluoromethylbenzaldehyde and cyclohexanone catalyzed by L-proline derivatives 

complexed with β-CD (Table 6.6). As in the case of the adamantly-proline derivative 

57, the presence of a large amount of water do not change much the outcome of the 

reaction in terms of diastereoselectivity, although a small decrease in the enantiomeric 

excess was observed. 
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Table 6.6. Effect of the solvent in the asymmetric aldol reaction of p-

trifluoromethylbenzaldehyde and cyclohexanone catalyzed by β-CD complexes 73 and 74.a 

OO OOH

water, rt, 24h
H 10 mol% catalyst

F3C F3C
72b  

Entry Catalyst Eq H2O Eq DMF Yield (%)b anti:syn ratio c ee of anti (%)d 

1 73 60 0 61 12:1 96 

2 73 200 0 49 10:1 90 

3 73 150 12 26 11:1 95 

4 73 100 24 42 10:1 92 

5 74 60 0 70 32:1 96 

6 74 200 0 80 23:1 90 

(a) Reaction conditions: aldehyde (0.3 mmol), ketone (1.5 mmol), solvent (indicated amount) and 

catalyst (0.032 mmol), stirring at room temperature. (b) Isolated yield of combined 

diastereoisomers. (c) Determined by 1H NMR. (d) Determined by chiral HPLC. 

 

6.4.1.4 Immobilization of proline catalyst onto nanoparticles via host-guest 

interactions 

 

The same two proline-derivatives 57 and 59 were selected to attempt the 

immobilization onto the surface of the cyclodextrin-modified magnetite nanoparticles. 

Similar conditions as those used for the formation of the host-guest complex with “free” 

β-cyclodextrin were employed, that is 95:5 water-methanol mixture as solvent (Scheme 

6.18), with stirring at room temperature, but with higher contact times (24-48 hours). 
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Scheme 6.18. Preparation of funcional nanoparticles 75 and 76. 
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In all cases, an excess of proline catalyst of 2:1 with respect to the cyclodextrin 

was used, to ensure that all the cyclodextrin cavities are occupied. The nanoparticles 

were then separated by magnetic decantation and the supernatant was removed. The 

nanoparticles were then thoroughly washed to remove the excess of proline catalyst, and 

dried under vacuum. Evidence for the presence of the proline catalyst in the surface of 

the nanoparticles were obtained by IR spectroscopy by the appearance of an additional 

band at 2989 cm-1 (see for example the IR spectra of nanoparticles 76 in Figure 6.20) 

that is also present in the spectrum of proline derivative 59.  

 

Figure 6.20. Comparison of the IR spectra of proline derivative 59, MNPs 55 and MNPs 76. 

 

Evidence of the presence of the proline derivative can also be found in the 

thermogravimetric analysis (Figure 6.21), where a larger weight loss can be seen in the 

case of nanoparticles 76 with respect to β-CD nanoparticles 55. 
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Figure 6.21. TGA curves showing the weight loss of nanoparticles 76 in comparison with 

nanoparticles 55. 

 

TEM images were also obtained for these nanoparticles and they showed that the 

size of the nanoparticles was maintained (9 nm for nanoparticles 75 and 9.7 nm for 76) 

but some agglometarion was observed, particularly in the case of 75.  

 

  

Figure 6.22. TEM images for a) functional nanoparticles 75 and b) functional nanoparticles 76. 

 

6.4.1.4.1 Aldol reaction of aromatic aldehydes with cyclohexanone using 

functional nanoparticle 75 and 76 

 

Functional nanoparticles 75 and 76 were suspended in water (60 equivalents) and 

they were tested as catalysts in the asymmetric aldol reaction of p-

trifluoromethylbenzaldehyde with cyclohexanone in water (Table 6.7). Using 
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nanoparticles 75 and after 24 hours the aldol product was obtained with moderate yield 

(32%) (entry 1) and even after 72 hours, complete conversion was not achieved (entry 

2) which represents a decrease in the activity of the catalyst. However, in terms of 

diastereo and enantioselectivity the results are comparable with the ones obtained with 

free catalysts 57. For catalyst 76 (entry 3) the reaction of p-trifluoromethylbenzaldehyde 

was achieved with a 54% yield but both diastereo and enantioselectivities are eroded, 

when compared with the free catalyst 59. 

 
OO OOH

water, rt
H

OOH

anti syn

catalyst

R R R

72a,b

+

 

Scheme 6.19. Asymmetric aldol reaction in water catalysed by nanoparticle 75 and 76. 

 

Table 6.7. Asymmetric aldol reaction in water of different aldehydes catalyzed by functional 

nanoparticles 75 and 76.a 

Entry R Catalyst Time (h) Yield (%)b anti:syn ratio c ee of anti (%)d 

1 CF3 75 24 32 9:1 92 

2 CF3 75 72 49 9:1 91 

3e CF3 76 72 54 8:1 83 

4 H 76 72 52 4:1 78 

(a) Reaction conditions: aldehyde (0.2 mmol), ketone (1.0 mmol), water (12 mmol) and catalyst (8-10 

mol%), stirring at room temperature. (b) Isolated yield of combined diastereoisomers. (c) Determined by 
1H NMR. (d) Determined by chiral HPLC. (e) In this case 0.06 mmol of aldehyde, 0.3 mmol of 

cyclohexanone and 3.6 mmol of water were used. 

 

Next we wanted to evaluate the effect that increasing the amount of water (allowing a 

better stirring of the reaction mixture) has in the outcome of the reaction. As can be seen 

in (Table 6.8) as the amount of water increased, the yield of the reaction decreased, 

maintaining the level of enantioselectivity. 
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Table 6.8. Effect of the amount of water in the asymmetric aldol reaction in water of p-

trifluoromethylbenzaldehyde with cyclohexanone catalyzed by functional nanoparticles 75.a 

OO OOH

water, rt
H

OOH

anti syn

8 mol% catalyst

F3C F3C F3C
72b

+

 
Entry Eq. Water Yield (%)b Anti:syn ratio c ee of anti (%)d 

1 60 32 9:1 92 

2 100 12  8:1 92 

3 400 Traces 6:1 90 

(a) Reaction conditions: aldehyde (0.2 mmol), ketone (1.0 mmol), water (indicated amount) and catalyst 

(8 mol%), stirring at room temperature, 24h. (b) Isolated yield of combined diastereoisomers. (c) 

Determined by 1H NMR. (d) Determined by chiral HPLC. 
 

Table 6.9. Effect of the solvent in the asymmetric aldol reaction of p-

trifluoromethylbenzaldehyde with cyclohexanone catalyzed by functional nanoparticles 75.a 

OO OOH

solvent, rt, 24h
H

OOH

anti syn

8 mol% catalyst

F3C F3C F3C
72b

+

 
Entry Catalyst Eq H2O Eq DMF Yield (%)b anti:syn ratio c ee of anti (%)d 

1 75 60 0 32 9:1 92 

2 75 400 0 Traces 6:1 90 

3 75 300 23 21  6:1 91 

4 75 200 46 13  2.6:1 76 

(a) Reaction conditions: aldehyde (0.2 mmol), ketone (1.0 mmol), solvent (indicated amount) and catalyst 

(8 mol%), stirring at room temperature. (b) Isolated yield of combined diastereoisomers. (c) Determined 

by 1H NMR. (d) Determined by chiral HPLC. 
 

As it can be seen, the simultaneous use of DMF as a solvent for the reaction 

provokes a deterioration of the catalytic properties of 75. Thus, decreased yields, 

diastereoselectivities and enantioselectivities are recorded (entries 3-4, Table 6.9). 
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Recycling of proline derivatives complexed onto nanoparticles via host-guest 

interactions 

 

One of the main advantages associated to supporting a catalyst onto magnetic 

nanoparticles is the possibility of recovery by simple magnetic decantation and reuse. 

Through the assembling process, the magnetic properties of the support nanoparticles 

are transmitted to the chiral catalyst supported onto them, so that the it can be separated 

from the reaction media and subsequently recovered and reused by simple application 

of an external magnetic field. After performing the aldol reaction of p-

trifluoromethylbenzaldehyde with cyclohexanone in the presence of catalyst 75, the 

resin was dried under a N2 flow and reused in the following run and the results are 

shown in Table 6.10. After three runs the ee was maintained but there was a significant 

degradation of the yield and the diasteromeric ratio was also reduced. 

 

Table 6.10. Recycling experiments of catalyst 75 in the aldol reaction of p-

trifluoromethylbenzaldehyde with cyclohexanone.a  

Cycle Time (h) Yield (%)b anti:syn ratioc Ee of anti (%)d 

1 24 32  9:1 92 

2 24 17  9:1 93 

3 24 Traces 6:1 91 

4 24 Traces 6:1 92 

(a) Reaction conditions: aldehyde (0.2 mmol), ketone (1.0 mmol), water (12 mmol) and catalyst (8-10 

mol%), stirring at room temperature for 24h. (b) Isolated yield of combined diastereoisomers. (c) 

Determined by 1H NMR. (d) Determined by chiral HPLC. 
 

The recycling of catalyst 76 was also possible (Table 6.11). After performing the aldol 

reaction of p-trifluoromethylbenzaldehyde with cyclohexanone in the presence of 

catalyst 76, the resin was dried under a N2 flow and reused in the following run. After 

two run the ee and the diasteromeric ratio were maintained but there was a small 

diminishment in the yield. 
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Table 6.11. Recycling experiments of catalyst 76 in the aldol reaction of p-

trifluoromethylbenzaldehyde with cyclohexanone.a 

Cycle Time (h) Yield (%)b Anti:syn ratio c ee of anti (%)d 

1 72 54  8:1 83 

2 72 50  7:1 85 

(a) Reaction conditions: aldehyde (0.2 mmol), ketone (1.0 mmol), water (12 mmol) and catalyst (8 

mol%), stirring at room temperature for 24h. (b) Isolated yield of combined diastereoisomers. (c) 

Determined by 1H NMR. (d) Determined by chiral HPLC. 
 

6.4.2 Magnetic nanoparticles functionalized with hydroxyproline 

 

In view of the results obtained with the proline-functionalized nanoparticles via 

supramolecular interaction we considered of interest to be able to compare this data 

with the one obtained for proline covalently attached to the nanoparticles. In the 

literature there is already one report of magnetite nanoparticles functionalized with 

proline using “click chemistry”. However these nanoparticles were not employed in 

asymmetric catalysis. The aminoacid present in the surface of the nanoparticles was 

used as ligand in the copper(I) iodide catalyzed Ullmann-type coupling of 

aryl/heteroaryl bromides and various nitrogen heterocycles (Scheme 6.20). They 

obtained the corresponding N-aryl products in good to excellent yields and the 

nanoparticles were magnetically separated and reused without loss of activity.55 

 

O CuI 10 mol%

Br
NH

O

OH
O

Fe3O4 P N
O

O
O

N N
NHN N

NO

98% yield

20 mol%

 

Scheme 6.20. Ullman-type coupling of imidazole and 4’-bromoacetophenone catalyzed by 

magnetite nanoparticles functionalized with proline. 

 

Moreover, the nanoparticles were functionalized using 3-azidopropylphosphonic 

acid, while we wanted to test the 3-azidopropylsilane functionalized nanoparticles that 

represent a quite different anchoring system, in terms of the nature and strength of 
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bonding interaction. The use of microwave irradiation was investigated as heating 

method for this modification of the magnetite nanoparticles. We used 6 nm diameter 

functional nanoparticles 35i as solid support (obtained by thermal decomposition of 

iron(III) acetylacetonate in presence of oleic acid, followed by the ligand exchange 

reaction with 3-azidopropyltrietoxysilane) and O-propargyl hydroxyproline 80, that has 

previously used in our groups in the functionalization of azidomethylpolystyrene and 

azidopolystyrene-polyethylene glycol resins.11,16  

O-propargyl hydroxyproline 80 was prepared as shown in Scheme 6.21. After 

protecting Boc-hydroxyproline 78 as tert-butyl ester, the propargyl group was 

introduced using standard methods, as previously reported.11 The functionalized 

nanoparticles were then obtained by reaction of 35i with O-propargyl hydroxyproline 80 

using a 1:1 DMF:THF mixture as solvent and CuI as catalyst in presence of DIPEA at 

80 ºC and 150 W in a microwave tube, with stirring (Scheme 6.21). 

 

1:1 DMF/THF
150 W, 80 ºC, 90 min

CuI/DIPEA

N
Boc

O

O

O N

O

O
O

Fe3O4 Si N3
O
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O

Fe3O4 Si N
O

O
O N N

N
Boc

O

O

O

N
O

O
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O
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N
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N
H
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N

O

O
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2) 5% Et3N
Fe3O4 Si N

O
O
O N N
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O

OH
O

Fe3O4 Si N
O

O
O N N

Boc

77 79 80

80 81

81 82

35-i
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Scheme 6.21. Preparation of MNPs 82. 

 

The evolution of the reaction was followed by infrared spectroscopy, and the 

disappearance of the signal of the azido group (about 2098 cm-1) was considered the end 

of the reaction. The incorporation of the Boc-protected proline species is evidenced by 

the appearance of band at 1737 due to the carboxylate groups (Figure 6.23). In this 

manner the functionalization of approximately 200 mg of nanoparticles could be 
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achieved in 60 minutes. TEM images (Figure 6.24) show that the nanoparticles are well-

dispersed, spherical entities of 5.4 ± 1.5 nm mean diameter, so there is not much change 

on the size and shape of the nanoparticles after this first reaction. 

 

Figure 6.23. FTIR of azide functionalized nanoparticles 35i, of the nanoparticles after the 

incorporation of the Boc-protected proline derivative (81) and the functional nanoparticles after 

the deprotection of the proline derivative (82). 

 

Elemental analysis was used to calculate the yield of the CuAAC reaction and the 

degree of functionalization of the nanoparticles. In all cases, functionalization yields 

higher than 84% were obtained, and the nanoparticles have catalysts loadings of f = 0.35 

mmol/g. 
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Figure 6.24 TEM images of and size distribution of a) functional nanoparticles 81 and b) 

functional nanoparticles 82. 

 

The deprotection of the tert-butyl ester and the carbamate was carried out using 

TFA in CH2Cl2 at room temperature. The deprotection was followed by IR and when 

the signals of the tert-butyl group completely disappeared, the nanoparticles were 

magnetically settled, washed first with a solution of triethylamine in methanol (5% v/v) 

and finally washed with methanol. Elemental analysis allowed us to calculate the yield 

of the reaction and the degree of functionalization of the nanoparticles. In all cases, 

functionalization yields higher than 80% were obtained, and the nanoparticles had 

catalysts loadings of f = 0.36 mmol/g. 

 

The comparison of the TGA curves for the nanoparticles containing both 

protected and unprotected catalyst shows the changes in the organic matter content in 

the surface of the nanoparticles (Figure 6.25). 
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Figure 6.25. TGA curves showing the weight loss for functional nanoparticles 81 (containing 

Boc-protected proline derivative) and functional nanoparticles 82. 

 

The loss of weight was larger for the nanoparticles containing the Boc-protected 

proline, in comparison with the nanoparticles after the deprotection step. The acidic 

treatment did not significantly change the aspect of the nanoparticles (the particles 

retain their spherical shape and have a mean diameter of 6.1±1.3 nm) but some 

aggregation was observed (Figure 6.24). 

 

6.4.2.1 Aldol reaction catalysed by magnetite nanoparticles functionalized with 

hydroxyproline 

 

The magnetite nanoparticles 82 were next tested as asymmetric catalyst in the direct 

aldol reaction of cyclohexanone and p-trifluoromethylbenzaldehyde. First the optimal 

solvent for the reaction was determined (Table 6.12). We used water as solvent as this 

medium has given good results in the aldol reaction catalysed by different proline 

derivatives (both in this work and in previously reported examples) and by polystyrene 

supported proline. We set the reaction in similar conditions to those used for L-

hydroxyproline derivatives, but using a slightly larger amount of water (60 equivalents), 

to favour the dispersion of the nanoparticles. In these conditions, after 72 hours just a 

small amount of reaction occurred (23% of isolated yield). The diastereoselectivity was 
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moderate and the enantiomeric excess was poor (37%). We also tested DMSO and 

toluene, commonly used solvents in aldol reactions. In these conditions the level of 

reaction was similar (around 20% yield after 72 hours) but the enantioselectivity was 

completely lost and the diastereoselectivity was slightly reverted (the syn product was 

the major one). In a mixture of water and DMF the enantionselectivity was slightly 

recovered, seeming to indicate that water was essential for this reaction. 

 

Table 6.12. Aldol reaction of p-trifluoromethylbenzaldehyde with cyclohexanone catalyzed by 

MNPs 82.a 

OO OOH

solvent, rt, 72 h
H

OOH

anti syn
F3C F3C F3C

72b

MNP 82
+

 
Entry Solvent catalyst (mol%) Yield (%)b anti:syn ratioc ee of anti (%)d 

1 Water 7 23 3:1 37 

2 DMSO 5 19 1:2 0 

3 Toluene 10 21 1:2 0 

4 Water:DMF 1:20 6 Traces 1:1 45 

(a) Reaction conditions: aldehyde (0.3 mmol), ketone (1.5 mmol), solvent (60 eq.) and catalyst, stirring at 

room temperature for 72 h. (b) Yield of combined diastereoisomers. (c) Determined by 1H NMR. (d) 

Determined by chiral HPLC. 

 

We then checked the influence of the amount of water, so two more experiments 

were set. In neat conditions (entry 1, Table 6.13) the results were even poorer, with just 

a 6% of ee, which is in accordance with a previous report that showed that water is 

esencial in this reaction.53 When a larger amount of water was used the progress of the 

reaction was even worst, and just traces of the products were observed. 
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Table 6.13. Effect of the amount of water in the asymmetric aldol reaction of p-

trifluoromethylbenzaldehyde with cyclohexanone catalyzed by functional nanoparticles 82.a 

OO OOH

water, rt, 72 h

H

OOH

anti syn
F3C F3C F3C

72b

MNP 82
+

 
Entry Eq. water catalyst (mol%) Yield (%)b anti:syn ratio c ee of anti (%)d 

1 0 9 12 1:2 6 

2 60 7 23  3:1 37 

3 1000 6 Traces n/d n/d 

(a) Reaction conditions: aldehyde (0.16 mmol), ketone (0.8 mmol), water (indicated amount) and catalyst, 

stirring at room temperature for 72 h. (b) Yield of combined diastereoisomers. (c) Determined by 1H 

NMR. (d) Determined by chiral HPLC. 

 

We then wanted to see if the use of additives (TFA and DiMePEG, two 

commonly used additives in asymmetric aldol reactions) improved the results of the 

reaction (Table 6.14). The presence of the polymer seems to improve the 

enantioselectivity of the catalyst, but it erodes the activity and the diastereoselectivity of 

the catalyst. The presence of the acid resulted in an increase of the activity of the 

catalyst but the enantioselectivity is completely lost.  

 

Table 6.14. Effect of additives in the aldol reaction of p-trifluoromethylbenzaldehyde with 

cyclohexanone in water.a 

OO OOH

water, additive, rt, 72 h
H

OOH

anti syn
F3C F3C F3C

72b

MNP 82

 

Entry 
Additive 

(10 mol%) 
catalyst (mol%) Yield (%)b anti:syn ratio c ee of anti (%)d 

1 - 7 23 3:1 37 

2 DiMePEG 7 5 1:1 44 

3 TFA 7 30 1:1 0 

(a) Reaction conditions: aldehyde (0.16 mmol), ketone (0.8 mmol), water (60 eq.), additive (10 mol%) 

catalyst, stirring at room temperature for 72 h. (b) Yield of combined diastereoisomers. (c) Determined by 
1H NMR. (d) Determined by chiral HPLC. 
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6.4.2.2 Self-aldol reaction of propionaldehyde catalysed by proline functionalized 

nanoparticles 

 

In view of the results obtained in the aldol reaction of arylaldehydes and 

cyclohexanone, and considering that that could be also related to the fact that 

immiscible liquids were present in the reaction mixture, making difficult the contact of 

the reagent with the catalytic centres, we decided to test the nanoparticles 82 in the 

reaction of a water-soluble aldehyde. We studied the self-condensation of 

propionaldehyde,56 in water (Scheme 6.22): 

 

O
 Catalyst2
water, rt

OH

O

OH

O

83anti syn  

Scheme 6.22. Self-aldol reaction of propionaldehyde. 

 

After 24 hours, no evidence that the reaction was taking place was observed by 

NMR and just secondary products are seen.  

Interestingly when we set the reaction in the absence of water (Scheme 6.23) the 

catalyst was more active and a good enantiomeric excess was obtained (83%) for the 

anti isomer (entry 2, Table 6.15), after reduction of the obtained aldehyde 83 to the diol 

84. It was even possible to recycle the catalyst (entry 3, Table 6.15), although with a 

diminishment of the enantioselectivity. 

 

O

OH

OH
rt, 48h

 Catalyst 82, 3 mol%  NaBH4/EtOH:DCM
OH

O

OH

O

OH

OH2
1h, 0ºC

83 84
anti syn anti syn  

Scheme 6.23. Self-aldol reaction of propionaldehyde catalysed by MNPs 82. 
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Table 6.15. Self aldol reaction of propionaldehyde catalyzed by MNP 82.a 

Entry Solvent Eq solvent Yield (%)b anti:syn ratio c ee of anti (%)d 

1 Water 20 Traces n/d n/d 

2 Neat 0 38 1:1 83 

3e Neat 0 10 1:1 74 

(a) Reaction conditions: aldehyde (1.37 mmol) and catalyst (3 mol%), stirring at room 

temperature for 48 h. (b) Yield of combined diastereoisomers. (c) Determined by 1H NMR. (d) 

Determined by chiral HPLC. (e) 1 mol% catalyst was used, with respect to propionaldehyde, in 

order to have more liquid in the mixture making it more easy to stir. 

 

6.4.2.3 Mannich reaction using proline derivatives 

 

Having in hands a quite varied set of L-proline derivatives and supported versions 

of hydroxyproline we though it would be interest to explore their ability to catalyse the 

Mannich reaction of aldehydes and ketones, with preformed imine.  

In the Mannich reaction (Scheme 6.24) the key element is an iminium 

intermediate which is susceptible to nucleophilic attack by a variety of nucleophiles 

such as enolised ketones, resulting in carbon-carbon bond formation adjacent to the 

nitrogen atom.57 

OH N O

N
 

Scheme 6.24 

The resulting products (called Mannich bases) are 1,3-amino ketones and 

represent versatile synthetic intermediates, particularly in the synthesis of alkaloids.  

Enantioselective organocatalytic Mannich reactions57 are widely studied reactions 

that represent a very straightforward route towards the diastereomerically and 

enantiomerically enriched 3-aminocarbonyl compounds that in turn can be used as 

precursors for many bioactive molecules.58 When glyoxylate imines are used as 

electrophiles in the reaction, the process can be considered as a very convenient 

approach to enantiopure α-amino acids with an additional stereocenter at the β position. 

In the literature there are several examples of Mannich reaction catalysed both by 

homogenous catalysts (L-proline and other chiral amines) and polymer supported 
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versions of the catalysts. In particular our group has reported the use of Merrifield type 

resin functionalized with hydroxyproline as catalyst in the Mannich reaction of 

aldehydes and ketones with the N-(p-methoxyphenyl) (N-PMP) ethyl glyoxylate imine 

(Scheme 6.25) with excellent results both in terms of enantio- and diastereoselectivity.18 

 

O
NPMP

HC O

O
DMF, rt, 2h

NPMP
O

O

ONH

O

OH
O

N
N N

79% yield
>97:3 syn/anti
>99 ee

 

Scheme 6.25. Mannich reaction catalyzed by Merrifield type resin functionalized with L-

hydroxyproline. 

 

6.4.2.3.1 Mannich reaction using adamantyl-proline derivatives: evaluation of the 

effect of the solvent 

 
First we studied the behaviour of one of our proline derivative 59 in the reaction 

of cyclohexanone with (N-PMP) ethyl glyoxylate imine (Scheme 6.26), in different 

solvents (Table 6.16). The best results in terms of enantiomeric excess and 

diastereoselectivity are obtained for the reaction in DMF, although in this solvent the 

reaction seems to be slower than in the case of DMSO and dichloromethane. 

O

N
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O
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Scheme 6.26. Mannich reaction catalyzed L-proline derivative 59. 
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Table 6.16. Evaluation of the effect of the solvent in the Mannich reaction catalyzed by L-

proline derivative 59.a 

Entry Solvent Yield (%)b anti:syn ratio c ee of anti (%)d 

1 DMSO 63 1:3 81 

2 DMF 49 1:9 83 

3 CH2Cl2 63  1:6 46 

(a) Reaction conditions: imine (0.255 mmol), ketone (5.1 mmol), catalyst (0.026 mmol), solvent (2 mL), 

rt, 24 h. (b) Isolated yield of combined diastereoisomer. (c) Determined by 1H NMR. (d) Determined by 

chiral HPLC. 

 

6.4.2.3.2 Mannich reaction using nanoparticles-supported proline 

 

We then tested our proline funcionalized nanoparticles that, in terms of the 

catalytic group showed some structural similarities with the polystyrene supported 

proline previously reported,18 which has given such good results in the Mannich 

reaction. We chose the same reaction conditions as before (catalyst 10 mol%, DMF, rt), 

and under the same reaction conditions (Scheme 6.27). To our disappointment, after 5 

days, no reaction was observed, under these conditions.  

 

O

N
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O

O

O
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DMF, rt, 5 d

O

O

O

O

85 86

MNP 82 (10 mol%)

 

Scheme 6.27. Mannich reaction catalyzed by MNP 82. 

 

6.4.3 Magnetic nanoparticles functionalized with (S)-α,α-diphenylprolinol 

trimethylsilyl ether for Michael addition reactions 

 

The asymmetric Michael addition reaction of nitroolefins with aldehydes59 is an 

important synthetic method for the preparation of versatile γ-nitrocarbonyl compounds, 

which are useful building blocks since the nitro group can be readily converted into 
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other functional groups like amines or nitrile oxides.60,61 Some successful 

enantioselective versions of the Michael addition reaction have been reported based on 

organocatalytic approaches. Among them, those mediated by enantiopure pyrrolidines 

bearing a bulky C-2 substituent have found wide application62 and, in particular, (S)-

α,α-diarylprolinol silyl ether (Jørgensen-Hayashi catalyst) 60,63 (Figure 6.26) exhibit 

optimal performance for a variety of donors and acceptors. 

N
H N

Pri N
H

N

NN Ph

N
H

Ph
Ph

OTMS
N
H

H
N S

O

O
CF3

N
H

N

Jørgensen-Hayashi
catalyst

CVII CVIII CIX

CX CXI
 

Figure 6.26. Selected examples of catalysts for Michael addition based on pyrrolidines bearing 

bulky C-2 substituents. 

 

Supported versions of catalysts for Michael addition have also been reported64 and 

Pericàs and coworkers have recently decribed a PS-supported (S)-α,α-diarylprolinol 

silyl ether catalysts that displays catalytic activity and enantioselectivity comparable to 

the best homogenous catalysts for the Michael addition of aldehydes to nitroolefins (see 

before, catalyst CII in Figure 6. 3).20 

Magnetic nanoparticles have also been used as support of Michael catalysts, and 

very recently, Wang et al. reported on the development of a submicrometric material 

(ca. 200 nm diameter) where a (S)-diarylprolinol trimethylsilyl ether was supported onto 

Fe3O4@SiO2 (Figure 6.5) and studied its catalytic behaviour.27 However, the use of 

small size, superparamagnetic Fe3O4 nanoparticles as a substrate in organocatalytic 

applications remains unexplored. 

We decided to explore the possibility of supporting a C-4 substituted (S)-α,α-

diarylprolinol silyl ether onto well-defined magnetic nanoparticles through a 1,2,3-

triazole linker. According to previous experience with the same catalyst on a PS resin,20 

we expected that anchoring through C-4 position of the pyrrolidine ring will ensure a 

greater conformational flexibility in the catalytically active moiety and, thus, with 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles 

304 

minimal perturbation of the active site. 

As before, we used the CuAAC reaction to support (S)-α,α-diphenylprolinol 

trimethylsilyl ether  onto azide functionalized magnetic nanoparticles of Fe3O4
 35i, and 

the use of the resulting functional nanoparticles for the asymmetric Michael addition64-66 

of propanal to nitroolefins. 

 

6.4.3.1 Preparation of magnetic nanoparticles functionalized with (S)-α,α-

diphenylprolinol trimethylsilyl ether 

 

Magnetic nanoparticles functionalized with (S)-α,α-diphenylprolinol trimethylsilyl 

ether were prepared from oleic stabilized nanoparticles 31b, by a two step procedure 

depicted in Scheme 6.28.  

Fe3O4

31b

CH3COOH, toluene
105 ºC, 24h Fe3O4 Si N3

O
O
O

35i
(MeO)3Si N3

32i

CuI, DIPEA
DMF/THF, 40 ˚C, 10 h

N
H

O

Ph
OTMS

Ph

N
H

O

Fe3O4 Si N
O

O
O

N
N

Ph
Ph

OTMS

89

90

 

Scheme 6.28. Synthesis of (S)-α,α-diphenylprolinol trimethylsilyl ether supported onto MNPs. 

 

Very interestingly, grafting of a 3-azidopropyl moiety onto MNPs 31b with 3-

azidopropyltrimethoxysilane 32i took place uneventfully and did not lead to any 

significant increase in the size of the individual particles (5.7±1.1 nm, according to 

TEM), nor to agglomeration of the MNPs. The loading of azido group in 35i was 

determined by elemental analysis of nitrogen as 1.9 mmol/g. The alkyne counterpart - 

(S)-α,α-diphenylprolinol trimethylsilyl ether 89 - was prepared following a previously 

reported procedure20, shown in Scheme 6.29. 
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Ph
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COOMe

N
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O
COOMe

BrNaH

THF
- 20 ºC to rt

87

PhMgCl

 THF, 0 ºC N
Boc

O
Ph

OH

Ph

8862

88 89  

Scheme 6.29. Preparation of alkyne 89. 

 

The integration of the catalytically active species 89 onto the MNPs was carried 

out using a CuAAC reaction catalyzed by CuI and DIPEA in a mixture of THF and 

DMF at 50 ºC for 10 hours. The TEM micrographs of the resulting material show that 

also in this step the size of the MNPs remains unchanged (4.8±0.8 nm) and that 

agglomeration processes are avoided (Figure 6.27). 

 

  

Figure 6.27. TEM micrograph and size distribution of functional nanopartice 90. 

 

As before, the progress of the CuAAC reaction leading to 90 could be easily 

monitored by IR spectroscopy, through the disappearance of the azide band at 2097 cm-

1 and the appearance of new bands at 754, 838, 1070 and 1249 cm-1, corresponding to 

the diphenylprolinol trimethylsilyl ether (Figure 6.28).20  
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Figure 6.28. IR spectrum of MNPs 31b, azide functionalized MNPs 35i and MNPs after 

funcionalization with diphenylprolinol, 90. 

 

The diphenylprolinol loading on the ready-to-act, functional MNPs 90 was 

determined by nitrogen elemental analysis as 0.92 mmol/g.  

 

6.4.3.2 Michael reaction catalysed by magnetite nanoparticles functionalized with 

diphenylprolinol 

6.4.3.2.1 Optimization of experimental conditions 

 

With MNPs 90 in hand, its catalytic activity was tested on the asymmetric 

Michael addition of aldehydes to nitroolefins. Since diarylprolinol ethers are highly 

selective for short chain, linear aldehydes as Michael donors,65 propanal was mostly 

used as the donor in our reactivity study. The reaction of propanal with trans-β-

nitrostyrene was used for the optimization of experimental conditions (Table 6.17). 
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Table 6.17. Screening of reaction conditions for the Michael addition of propanal to trans-β-

nitrostyrene.a 

H

O
Ph NO2

solvent, rt, t
H

O Ph
NO2+

MNPs 90

91a  

Entry Catalyst (mol%) Solvent t (h) Yield (%)b syn/antic ee of syn (%)d 

1 5 CH2Cl2 24 <15 - - 

2 10 CH2Cl2 22 89 89:11 97 

3 10 Toluene 48 83 87:12 96 

4 10 H2O - 0 - - 

(a) Trans-β-nitrostyrene (0.2 mmol), propanal (0.3 mmol), catalyst 90 (0.02 mmol), solvent (0.5 mL), rt. 

(b) Isolated yield after column chromatography. (c) Determined by 1H NMR. (d) Determined by chiral 

HPLC analysis. 

 

The use of 10 mol% of 90 in CH2Cl2 showed to be the most effective condition to 

carry out the reaction (entry 2). Although the reaction in toluene led to the product with 

high yield and enantioselectivity (entry 3), it took place at a considerably lower rate, 

requiring up to two days reaction time for the achievement of high conversion. Attempts 

to further reduce catalyst loading (entry 1) led to unpractical low conversions, while the 

use of water as a solvent (entry 4) did not lead to any conversion likely, because of the 

poor dispersibility of 90 in this media. 

 

6.4.3.2.2 Scope of substrates 

 

Next, a series of nitroolefins bearing β-aryl or heteroaryl substituent were 

submitted to the addition of propanal catalyzed by 90 under the optimized reaction 

conditions. The results of this study have been summarized in Table 6.18. In general, 

the corresponding syn-adducts were obtained as major stereoisomer in good yields and 

enantioselectivities. With the only exception of 2-(p-tolyl)nitroethylene as an acceptor 

(entry 2) enantioselectivities above 90% are recorded. These results compare well with 

those obtained with the Jorgensen-Hayashi catalyst supported on Merrifield type 

resins,20 being clearly superior to those recorded with a diarylprolinol silyl ether 

supported onto submicrometric Fe3O4@SiO2 particles.27  
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Table 6.18. Michael addition of propanal to nitroolefins catalyzed by 90.a 

H

O
Ar NO2

MNPs 90 (10 mol%)
CH2Cl2, rt, t H

O Ar
NO2+

91a-g  
Entry Product t (h) Yieldb (%) syn/antic ee (%)d 

1 H

O
NO2

91a  

22 89 89:11 

 

97 

 

2 
H

O
NO2

91b  

48 80 80:20 75 

3 
H

O
NO2

OMe

91c  

24 80 74:26 91 

4 H

O
NO2

OMe

91d  

30 75 85:15 94 

5 
H

O
NO2

Br

91e  

48 85 80:20 94 

(a) Nitroolefin (0.2 mmol), propanal (0.3 mmol), 90 (0.02 mmol), CH2Cl2 (0.5 mL), rt. (b) Isolated yield 

after column chromatography. (c) Determined by 1H NMR. (d) Determined by chiral HPLC analysis. 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 6. Functional magnetic nanoparticles for enantioselective catalysis 

309 

 Table 6.18. (continuation) 

Entry Product t (h) Yieldb (%) syn/antic ee (%)d 

5 
H

O
NO2

Br

91e  

48 85 80:20 94 

6 H

O
NO2

O

O

91f  

48 70 75:25 90 

7 H

O
NO2

O

91g  

48 74 84:16 91 

(a) Nitroolefin (0.2 mmol), propanal (0.3 mmol), 90 (0.02 mmol), CH2Cl2 (0.5 mL), rt. (b) Isolated yield 

after column chromatography. (c) Determined by 1H NMR. (d) Determined by chiral HPLC analysis. 

 

6.4.3.2.3 Michael addition of acetaldehyde to nitrostyrene 

 

The asymmetric Michael addition of acetaldehyde to nitrostyrenes represents a 

more stringent test for organocatalysts. This particular aldehyde exhibits a dual 

character as a pronucleophile and as an electrophile that makes difficult the control of 

its reactivity. According to this, most catalysts acting by formation of reactive enamine 

intermediates become de-activated through the formation of unreactive, acetal-type 

species.  Only a few examples of this reaction, catalyzed by either a polymer-supported 

(S)-α,α-diphenylprolinol trimethylsilyl ether20 or by the Jorgensen-Hayashi 

homogeneous catalyst,67 have been reported in the literature with results far from 

optimal. In view of the behaviour exhibited by the functional magnetic nanoparticles 90, 

we wanted to test them as catalysts for the Michael addition of acetaldehyde to trans-β-

nitrostyrene. Very gratifyingly, the reaction led to the formation of the corresponding 

Michael product in good yield (58 %). However, this product was obtained in racemic 

form (Scheme 6.30). This result seems to obey to a lack of clear conformational 
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preferences in the putative acetaldehyde enamine intermediate, since it could be 

established that MNPs 31b, lacking the functional diarylprolinol unit, fails to catalyse 

the considered Michael reaction. 

 

H

O
Ph NO2 H

O Ph
NO2+

MNPs 90 (10 mol%)

92
CH2Cl2, rt, 48 h

 

Scheme 6.30. Michael addition of acetaldehyde to trans-β-nitrostyrene catalyzed by 90. 

 

6.4.3.2.4 Recycling of catalyst 90 

 
We have studied the possibility of reuse of 90 in the reaction between propanal and 

trans-β-nitrostyrene using magnetic decantation as the strategy for catalyst separation. 

The magnetic decantation of the catalyst could be easily performed thanks to the high 

magnetisation of the Fe3O4 nanoparticles. Not less important, the magnetic 

nanoparticles could be readily redispersed in dichloromethane after each separation. We 

have collected in Table 6.19 the results obtained in four consecutive cycles using the 

same sample of 90. We were pleased to find that the catalyst can be used in four 

consecutive cycles without significant deterioration of its stereochemical performance. 

 

Table 6.19. Recycling experiments of catalyst 90 in the Michael addition of propanal to trans-

β-nitrostyrene. 

Run t (h) Yield (%)a syn/antib ee (%)c 

1 22 89 89:11 97 

2 48 83 76:24 90 

3 48 81 78:22 94 

4 48 57 72:28 92 

(a) Isolated yield after column chromatography. (b) Determined by 1H NMR. (c) Determined by 

chiral HPLC analysis. 

 

Although after the first run an increase of reaction time was necessary for the 

completion of the reaction, yields remained essentially constant in the next three 48 h 

runs. After the third run, we could observe a significant decrease in catalytic activity, 
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although enantioselectivity was maintained. According to precedents with polymer-

supported Jorgensen-Hayashi catalysts, the main reason for deactivation of the α,α -

diarylprolinol silyl ether lies on hydrolysis of the labile silyl ether group.68 We think 

that this phenomenon together with some ligand leaching, indicated by elemental 

analysis (f = 0.74 mmol/g, after 4 runs), are responsible for the partial deactivation of 90 

since, by TEM, we did not observe any agglomeration of 90 after four runs. 

 

6.5 Concluding remarks 

In this chapter we have shown the use of magnetic iron oxide nanoparticles to 

support L-proline derivatives bearing adamantyl residues, via non-covalent interactions. 

We have prepared magnetite nanoparticles functionalized with β-cyclodextrin using the 

CuAAC reaction for the construction of 1,2,3-triazole linkers. We have shown that it is 

possible to place the L-proline derivatives on the surface of the nanoparticles, by 

formation of an inclusion complex with β-cyclodextrin. The resulting nanoparticles 

were used as catalyst in the asymmetric version of the aldol reaction of aromatic 

aldehydes with ketones in water. The aldol products were obtained with good 

enantioselectivities (83 – 93 % ee) although the yields of the reactions were low. The 

catalysts were recovered by magnetic decantation of the nanoparticles and were reused 

up to three times. Propargyloxy substitute L-hydroxiproline was also supported onto 

azide functionalized magnetite nanoparticles and the resulting material was used in the 

asymmetric version of the aldol reaction of aromatic aldehydes with ketones in water. In 

this case the aldol products were obtained although with low yield and poor 

enantioselectivities. Finally we have achieved the support of C-4 propargyloxy 

substituted (S)-α,α-diphenylprolinol trimethylsilyl ether onto azide functionalized Fe3O4 

nanoparticles, again using the CuAAC reaction for the construction of 1,2,3-triazole 

linkers to the surface of the nanoparticle. The functional, magnetic nanoparticles 

prepared in this manner, spherical in size and depicting a narrow size distribution 

(4.8±0.8 nm), have been successfully used to promote the highly enantioselective 

Michael addition reaction of propanal to β-arylsubstituted nitroolefins. The 

nanoparticles showed good stability in front of agglomeration in dichloromethane, and 

could be easily separated from the reaction media by magnetic decantation and easily 

redispersed for reuse. In this manner, the MNPs could be used in 4 consecutive runs 

without any reactivation of the catalyst.  
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1 TECHNIQUES AND MATERIALS 
 

Besides the Techniques and Materials described in Chapter 3 (Experimental 

section for Chapter 2) the following information applies for this chapter. 

 

Solvents 

 

In addition to the dry solvents obtained from a PuresolvTM purification system 

(see Chapter 3) dry o-dichlorobenzene, methanol, n-pentane and xylene were used in 

some experiments. Water has been removed from these solvents by treatment with 

pellets of 4 Å molecular sieves (previously activated by microwave irradiation) under 

argon atmosphere. When degassed solvents were required, an argon stream was passed 

through the solvent. Ultra pure water was obtained from an SG Water Ultra clear basic 

system, that provides water with a conductivity at 25ºC of 0.055 µS. 

 

Particle size determination 

 

Particle size was determined by measuring particle diameters from TEM imagen. 

The histogram was obtained by listing (n = 50 to 200) particle maximum diameter from 

TEM images. 

 

2 INSTRUMENTATION 
 

In addition to the Instrumentation described in Chapter 3 the following 

information applies for this chapter. 

 

Infrared spectroscopy (IR) 

 

IR spectra were recorded on a Bruker Tensor 27 FTIR (Fourier Transform 

InfraRed) spectrometer fitted with an ATR cell. IR spectra of nanoparticles were 

recorded on a Bruker Tensor 27 FTIR spectrophotometer or in a Thermo Nicolet 5700 

FTIR spectrometer, using KBr pellets. Potassium bromide used in the preparation of the 

pellets was kept in an oven at 50 ºC. 
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Flame atomic absorption spectroscopy (FAAS) 

 

Flame atomic absorption measurements were performed in a Hitachi Polarized 

Zeeman Atomic Absorption Spectrometer. 

All the glassware used in the metal extraction experiments was previously treated 

overnight with 20% v/v HNO3 and rinsed with ultrapure water. The solutions for the 

metal extraction experiments were prepared using ultra pure water. 

 

Polarimetry [α]D 

 

Specific rotation was determined by using a Jasco P-1030 polarimeter equipped 

with a sodium lamp and a photomultiplier tube detector with a 589 nm filter, either in a 

10 mm or a 100 mm path length polarimetry cell. The measurement accuracy is of ± 

0.002 º. All measurements were performed at room temperature. Concentration in g/100 

mL and solvent used are indicated in brackets. When a 10 mm pathlength cell was used, 

the concentration of the solution was in the order of 1g/100 mL, while when a 100 mm 

cell was used, the concentration was in the order of 0.1 g/100 mL 

 

Phosphorous determination 

 

Phosphorous content determinations were performed by Inductively Coupled 

Plasma Atomic Emmision Spectroscopy (ICP-AES) at the Service Central d’Analyse of 

the Centre National de la Recherche Scientifique (France). 

 

Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis were performed in a Mettler Toledo TGA/SDTA 

851e thermo balance, equipped with a 34 positions sample robot, working in a range of 

temperatures from room temperature to 1000 ºC, with a precision of ± 0.25 %. TGA 

results in the product description were recorded under nitrogen stream (80 mL/min) and 

with a heating rate of 10 ºC/min. Alumina crucibles of 100 µL of capacity were used. 
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Microwave promoted reactions 

 

Reactions heated under microwave irradiation were performed in a CEM Discover 

microwave synthesis apparatus. It accommodates vessels ranging form 5 mL to 125 mL 

for reactions performed under atmospheric conditions and 10 mL vessels with septa for 

reactions performed at elevated temperatures and pressures. The microwave power can 

be selected between 0 and 300 watts. The reaction temperature is controlled by a non-

contact, infrared sensor, which measures the temperature on the bottom of the vessel. 

Temperature is programmable from 25 ºC to 250 ºC. Pressure is controlled by an 

Intellivent TM pressure control system and is programmed from 0 to 300 psi. In the 

experiements, 10 mL vessels with septa were used and the reaction conditions 

(microwave power, temperature and reaction time) are described in each case. 

 

Centrifugation 

 

Centrifugation of the colloidal samples was performed in an Eppendorf 5702 

centrifuge, equipped with a rotor with 16 tubes of 10 mL of capacity and with a 

maximum speed of 4400 rpm.  

 

Transmission electron microscopy (TEM) 

 

Transmission electron microscopy TEM images were obtained with a JEOL JEM-

1011 transmission electron microscope at 100 kV. For these studies, one drop of a 

diluted suspension of the particles in an appropriate solvent (usually hexane, 

dichloromethane or methanol) was placed on a carbon coated copper grid (200 mesh). 

 

High Performance Liquid Chromatography (HPLC) 

 

HPLC analyses were performed in an Agilent Technologies HP-1100 or HP-1200 

apparatus, equipped with UV detector or diode array detectors and MS detector 

respectively. Chiralcel OD-H 5 µm (0.46 cm × 25 cm), Chiralpak AD-H 5 µm (0.46 cm 

× 25 cm), Chiralpak AS-H 5 µm (0.46 cm × 25 cm), Chiralpak IC 5 µm (0.46 cm × 25 

cm), Chiralpak IA 5 µm (0.46 cm × 25 cm), Chiralpak IB 5 µm (0.46 cm × 25 cm) 

chiral columns fitted with guard columns were used to separate enantiomers. For the 
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determination of the experimental conditions for the analysis, pure racemic samples 

were prepared and used as standards. Flow rate, mobile phase composition and 

wavelength of detection are indicated in each case. 

 

3 EXPERIMENTAL SECTION FOR CHAPTER 5 
 

3.1 Preparation and functionalization of cobalt nanoparticles for 

extraction of metals 

3.1.1 Synthesis of methyl 11’’-(4’-aminobenzo-15-crown-5)undecanoate (18) * 

 
4’-aminobenzo-15-crown-5 97 % (0.21 g, 0.71 mmol) 

and potassium carbonate (0.0952 g, 0.7 mmol) were 

placed into a 10 ml round-bottomed flask under argon 

atmosphere and dissolved in 2 mL of anhydrous dimethylformamide. The mixture was 

stirred at room temperature for 4.5 hours. After this time, methyl 11-bromoundecanoate 

(95 %) (0.21 mL, 0.83 mmol) was injected, and the reaction mixture was heated at 80 

ºC for 3 days. Then, after cooling to room temperature, the reaction was quenched with 

water, the crude was extracted with two portions of 20 mL of dichloromethane, and the 

resulting organic layer was then washed with 20 mL of water. The organic phase was 

dried with anhydrous magnesium sulphate, filtered, and the solvent removed in vacuo. 

The crude was purified by flash chromatography on silica gel (hexane:ethyl acetate 

20:80 for the disubstituted amine, and ethyl acetate for monosubstituted product). In this 

manner, 0.1837 g of monosubstituted product 18 (54% yield) were obtained as a brown-

pink solid and 0.0513 g of the disubstituted product 19 (11% yield) were obtained as an 

oil.  

 

Monosustituted product (18): 
1H NMR (400 MHz, CDCl3) δ 6.78 (d, 3JH-H = 8.5 Hz, 1H), 6.20 (d, 4JH-H = 2.6 Hz, 

1H), 6.13 (dd, 3JH-H = 8.5 Hz, 4JH-H = 2.6 Hz, 1H), 4.16-4.04 (m, 4H), 3.96-3.84 (m, 

4H), 3.75 (m, 8H), 3.66 (s, 3H), 3.04 (t, 3JH-H = 7.2 Hz, 2H), 2.30 (t, 3JH-H = 7.5 Hz, 

2H), 1.76-1.48 (m, 4H), 1.42-1.20 (m, 12H).  

                                                
* Compounds 18, 19, 22, and nanoparticles 24 were prepared by Dr. Anna Laguna Targarona during her 

Ph.D. and are reported in her Ph.D Thesis.1  
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13C NMR (100 MHz, CDCl3) δ 174.3, 150.7, 144.4, 141.1, 117.8, 104.6, 100.6, 71.0, 

70.92, 70.85, 70.79, 70.76, 70.5, 70.0, 69.7, 68.8, 51.4, 44.8, 34.1, 29.7, 29.5, 29.4, 

29.3, 29.2, 29.1, 27.2, 24.9. 

IR (powder, cm-1) 2923, 2851, 1737, 1614, 1515, 1455, 1355, 1227, 1137, 1058, 981, 

937.  

HRMS (TOF MS ES+) m/z calculated for C26H44NO7
+ (M+H+) 482.3112, found 

482.3110. 

mp. 66-68 ºC. 

 

Disustituted product (19): 
1H NMR (400 MHz, CDCl3) δ 6.80 (d, 3JH-H = 8.8 Hz, 1H), 6.27 (d, 4JH-H = 2.6 Hz, 

1H), 6.17 (dd, 3JH-H = 8.8 Hz, 4JH-H = 2.6 Hz, 1H), 4.16-4.10 (m, 2H), 4.10-4.05 (m, 

2H), 3.95-3.90 (m, 2H), 3.90-3.85 (m, 2H), 3.78-3.73 (m, 8H), 3.66 (s, 6H), 3.15 (t, 3JH-

H = 7.6, 4H), 2.30 (t, 3JH-H = 7.6, 4H), 1.66-1.57 (m, 4H), 1.56-1.47 (m, 4H), 1.36-1.20 

(m, 24H) ppm. 
13C NMR (100 MHz, CDCl3) δ 174.3 (C), 150.5 (C), 144.7 (C), 140.2 (C), 117.7 (CH), 

105.3 (CH), 101.1 (CH), 71.0 (CH2), 70.95 (CH2), 70.89 (CH2), 70.7 (CH2), 70.1 (CH2), 

69.8 (CH2), 69.1 (CH2), 51.7 (CH2), 51.4 (CH3), 34.1 (CH2), 29.6 (CH2), 29.5 (CH2), 

29.4 (CH2), 29.2 (CH2), 29.1 (CH2), 27.3 (CH2), 27.2 (CH2), 24.9 (CH2) ppm. 

IR (film, cm-1) 2923, 2851, 1738, 1612, 1573, 1515, 1448, 1356, 1240, 1135, 1062, 

632. 

HRMS (TOF MS ES+) m/z calculated for C38H65NO9
+ (M+H+) 680.4732, found 

680.4744. 

 

3.1.2 Hydrolysis of methyl ester 18: preparation of 11’’-(4’-aminobenzo-15-

crown-5)undecanoic acid (22) 

 

Methyl ester was placed in round-bottomed flask and 

dissolved in methanol. To this solution a potassium 

hydroxide solution in water (2-2.5 equivalents per methyl 

ester group) was added dropwise. The mixture was stirred at room temperature for 24 

hours. After this time, methanol was removed at reduced pressure and the residual water 

solution, neutralized with aqueous 1 M hydrochloric acid (monitoring was done using 

common pH indicator paper). The neutralized suspension was extracted with 

N
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dichloromethane first, and then washed with water. The organic phase was dried over 

anhydrous magnesium or sodium sulphate, filtered, and the solvent removed in vacuo. 

No further purification procedures were required. The free acid was isolated in nearly 

quantitative yield, as a translucent oil.  
 

1H NMR (400 MHz, CD3OD) δ 7.91 (d, 3JH-H = 8.5 Hz, 1H), 7.42 (d, 4JH-H = 2.3 Hz, 

1H), 7.25 (dd, 3JH-H = 8.8 Hz, 4JH-H = 2.6 Hz, 1H), 5.24 - 516 (m, 2H), 5.14 - 5.05 (m, 

2H), 4.93 - 4.87 (m, 2H), 4.87 - 4.81 (m, 2H), 4.80 - 4.70 (m, 8H), 4.05 (t, 3JH-H = 7.2 

Hz, 2H), 3.17 (t, 3JH-H = 7.6 Hz, 2H), 2.69 - 2.50 (m, 2H), 2.49 - 2.23 (m, 14H) ppm. 
13C NMR (100 MHz, CDCl3) δ  150.1 (C), 144.2 (C), 140.6 (C), 117.0 (CH), 104.6 

(CH), 100.4 (CH), 70.4 (CH2), 70.3 (CH2), 70.1 (CH2), 69.5 (CH2), 69.2 (CH2), 68.2 

(CH2), 44.7 (CH2), 35.1 (CH2), 29.4 (CH2), 29.3 (CH2), 29.23 (CH2), 29.19 (CH2), 27.0 

(CH2), 25.2 (CH2) ppm.  

IR (film, cm-1) 3380, 2925, 2853, 1706, 1614, 1513, 1455, 1358, 1294, 1223, 1059, 

980, 906, 725. 

HRMS (TOF MS ES+) m/z calculated for C25H41NO7Na (M+Na+) 490.2775, found 

490.2790. 

 

3.1.3 Synthesis of methyl 11’’-(4’-aminobenzo-18-crown-6)-undecanoate (20) 

 
4’-aminobenzo-18-crown-6 (97 %) (0.2826 g, 0.84 

mmol) and potassium carbonate (0.2315 g, 1.67 

mmol) were placed in a microwave tube and 

dissolved in 6 mL of anhydrous 

dimethylformamide. The mixture was stirred at room temperature for 5 hours with 

exclusion of light. After this time, 0.47 mL (1.84 mmol) of methyl 11-

bromoundecanoate (95 %) were added and the solution was heated under microwave 

irradiation at 300 W and 130 ºC for three hours. Then, after cooling to room 

temperature, DMF was evaporated under vacuum and 42 mL of water were added. The 

crude was extracted with three portions of 30 mL of dichloromethane, and the resulting 

organic layer was then washed with 50 mL of water. The organic phase was dried with 

anhydrous magnesium sulphate, filtered, and the solvent removed in vacuo. The crude 

was purified by column chromatography on alumina eluting with hexane:ethyl acetate 

mixtures. In this manner, 0.13 g of the disubstituted product (21) (0.18 mmol, 23% 
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yield) were obtained as an reddish oil. 0.248 g of monosubstituted product (20) (0.47 

mmol, 56% yield) were obtained as a light brown solid. 

 

Monosubstituted product (20): 
1H NMR (400 MHz, CDCl3) δ 6.80 (d, 3JH-H = 8.5 Hz, 1H), 6.23 (d, 4JH-H = 2.5 Hz, 

1H), 6.14 (dd, 3JH-H = 8.5 Hz, 4JH-H = 2.5 Hz 1H), 4.14 (m, 2H), 4.09 (m, 2H), 3.94 (m, 

2H), 3.88 (m, 2H), 3.81 – 3.63 (m, 14H), 3.04 (t, 3JH-H = 7.1 Hz, 2H), 2.31 (t, 3JH-H = 7.5 

Hz, 2H), 1.68-1.55 (m, 6H), 1.43-1.23 (m, 12H) ppm. 
13C NMR (100 MHz, CDCl3) δ 174.5 (C), 150.8 (C), 144.6 (C), 141.2 (C), 118.2 (CH), 

104.9 (CH), 101.1 (CH), 71.18 (CH2), 71.1 (CH2), 71.0 (CH2), 71.0 (CH2), 70.9 (CH2), 

70.3 (CH2), 70.0 (CH2), 69.2 (CH2), 51.7 (CH3), 45.0 (CH2), 34.3 (CH2), 29.9 (CH2), 

29.7 (CH2), 29.6 (CH2), 29.6 (CH2), 29.4 (CH2), 29.3 (CH2), 27.4 (CH2), 25.5 (CH2) 

ppm.  

IR (ATR, cm-1): 3384, 2922, 2851, 1736, 1614, 1593, 1518, 1449, 1414, 1352, 1326, 

1296, 1275, 1237, 1194, 1164, 1128, 1051, 975, 885, 835.  

MS ESI+ m/z (relative intensity) 548.3 ([M+Na]+, 100%), 564.3 (12, [M+K]+).  

HRMS (TOF MS ES+) m/z calculated for C28H48NO8
+ (M+H+) 526.3374, found 

526.3393. 

Elemental analysis calculated for C28H47NO8: C, 63.97; H, 9.01; N, 2.66. Found: C, 

63.95; H, 8.68; N, 2.70. 

mp. 58.0 - 60.7 ºC. 

 

Disubstituted product (21): 
1H NMR (400 MHz, CDCl3) δ 6.82 (d, 3JH-H = 8.8 Hz, 1H), 6.29 (d, 4JH-H = 2.8Hz, 1H), 

6.18 (dd, 3JH-H = 8.8 Hz, 4JH-H = 2.8 Hz, 1H), 4.16 (m, 2H), 4.09 (m, 2H), 3.95 (m, 2H), 

3.88 (m, 2H), 3.81 - 3.71 (m, 8H), 3.70 (s, 4H), 3.68 (s, 6H), 3.16 (m, 4H), 2.30 (t, 3JH-H 

= 7.5 Hz, 4H), 1.72 - 1.48 (m, 8H), 1.37 - 1.19 (m, 24H) ppm.  

DEPTQ (100 MHz, CDCl3) δ 174.51 (C), 150.64 (C), 145.0 (C), 140.3 (C), 118.4 

(CH), 105.5 (CH), 101.7 (CH), 71.3 (CH2), 71.14 (CH2), 71.07 (CH2), 71.02 (CH2), 

70.98 (CH2), 70.93 (CH2), 70.38 (CH2), 70.22 (CH2), 69.58 (CH2), 51.90 (CH2), 51.66 

(CH3), 34.32 (CH2), 29.82 (CH2), 29.76 (CH2), 29.71 (CH2), 29.61 (CH2), 29.45 (CH2), 

29.36 (CH2), 27.6 (CH2), 27.5 (CH2), 25.16 (CH2) ppm. 

IR (ATR, cm-1) 2923, 2852, 1736, 1614, 1577, 1515, 1458, 1436, 1254, 1170, 1129, 

1061, 630. 
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MS ESI+ m/z (relative intensity) 746.5 ([M+Na]+, 100%), 762.5 (45, [M+K]+). 

HRMS (TOF MS ES+) m/z calculated for C40H70NO10
+ (M+H+) 724.4994, found 

724.4990. 

Elemental analysis calculated for C40H69NO10: C, 66.36; H, 9.61; N, 1.93. Found: C, 

66.43; H, 9.52; N, 2.06. 

 

3.1.4 Hydrolysis of methyl ester 20: preparation of 11’’-(4’-aminobenzo-18-

crown-6)undecanoic acid (23) 

 
 
Methyl ester 20 (0.188 g, 0.36 mmol) was placed in 

round-bottomed flask and dissolved in methanol. To 

this solution, a solution of potassium hydroxide 85% 

(0.071g, 1.07 mmol) in water was added dropwise. The mixture was stirred at room 

temperature for 24 hours. After this time, methanol was removed at low pressure and 

the residual water solution, neutralised with aqueous 1 M hydrochloric acid (monitoring 

was done using common pH indicator paper). The neutralised suspension was extracted 

with dichloromethane first, and then washed with water. The organic phase was dried 

over anhydrous magnesium or sodium sulphate, filtered, and the solvent removed in 

vacuo to render the product (0.119 g, 0.23 mmol, 61% yield) as a clear oil. 
 

1H NMR (400 MHz, CDCl3) δ 6.79 (d, 3JH-H = 8.5 Hz, 1H), 6.24 (d, 4JH-H = 2.5 Hz, 

1H), 6.15 (dd, 3JH-H = 8.5 Hz, 4JH-H = 2.6 Hz, 1H), 4.14 (m, 2H), 4.09 (m, 2H), 3.94 (m, 

2H), 3.87 (m, 2H), 3.81-3.71 (m, 10H), 3.69 (s, 5H) 3.05 (t, 4JH-H = 7.1 Hz, 2H), 2.33 (t, 
3JH-H = 7.5 Hz, 2H), 1.72-1.52 (m, 5H), 1.45-1.30 (m, 16H) ppm.  
13C NMR DEPTQ 135 (100 MHz, CDCl3) δ 178.3 (C), 150.7 (C), 144.5 (C), 141.2 

(C), 117.9 (CH), 105.1 (CH), 101.2 (CH), 71.13 (CH2), 71.03 (CH2) 70.96 (CH2) 70.92 

(CH2), 70.89 (CH2), 70.85 (CH2), 70.26 (CH2), 70.0 (CH2), 69.1 (CH2), 45.0 (CH2), 

34.06 (CH2), 29.74 (CH2), 29.56 (CH2), 29.49 (CH2), 29.44 (CH2), 29.34 (CH2), 29.21 

(CH2), 27.3 (CH2), 24.9 (CH2) ppm.  

IR (ATR, cm-1) 3388, 2921, 2851, 1731, 1614, 1517, 1458, 1406, 1353, 1237, 1209, 

1124, 956, 944.  

MS ESI+ m/z (realtive intensity) 534.3 ([M+Na]+, 100%), 550.3 (5.5, [M+K]+).  

N
H O

OH
O
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HRMS (TOF MS ES+) m/z calculated for C27H45NO8Na+ (M+Na+) 534.3037, found 

534.3030. 

 

3.1.5 Preparation of 2-((prop-2-ynyloxy)methyl)-1,4,7,10,13,16-hexaoxacyclo-

octadecane (26a) 

 

Sodium hydride (60% dispersion in mineral oil) (0.048 g, 1.19 

mmol) was placed in a 25 mL Schlenk flask and washed under 

argon atmosphere with 3 portions of 2 mL of anhydrous hexane. 

Then 2.5 mL of anhydrous THF were added and the mixture 

was cooled to 0ºC in an ice bath. When this temperature was reached a solution of 2-

(hydroxymethyl)-18-crown-6 (≥ 90%) (0.259 g, 0.791 mmol) in anhydrous THF (3 mL) 

was added via cannula. The reaction mixture was stirred at 0 ºC for 2 h. After this time 

propargyl bromide 80% in toluene (0.128 mL, 1.19 mmol) was added with a syringe. 

The reaction mixture was slowly warmed-up to room temperature and stirred overnight 

at room temperature. Subsequently, the reaction was carefully quenched with water (14 

mL), and the mixture was extracted with 3 × 14 mL of CH2Cl2. The combined organic 

extracts were washed with 3 × 20 mL water, dried over anhydrous magnesium sulphate 

and filtered. The solvent was removed under reduced pressure. The yellow residue was 

purified by flash column chromatography on alumina (eluting with hexane: ethyl acetate 

20:80 and hexane: ethyl acetate 5:95) to yield the product (0.228 g, 0.69 mmol, 87% 

yield) as a colourless oil. 

 
1H NMR (400MHz, CDCl3) δ 4.19 (d, 4JH-H=2.36 Hz, 2H, CH2CCH), 3.83 (m, 2H, O-

CH2), 3.78 (m, 1H, -OCH2CHO), 3.58-3.75 (m, 22H, methylenic H from crown ether), 

2.42 (t, 4JH-H = 2.36 Hz, 1H, -CCH-) ppm. 
13C NMR (100.6 MHz, CDCl3) δ 79.94 (CCH), 78.44 (OCHCH2), 74.67 (CHC), 

71.77(CH2O), 71.14, 71.11, 71.05, 70.96, 70.9, 70.2, 70.1, 70.08, 58.8 (OCH2CCH) 

ppm. 

IR (ATR,  cm-1) 3245, 2867, 2113, 1719, 1451,1350, 1250, 1098, 946, 847. 

MS ESI+ m/z (relative intensity) 355.2 ([M+Na]+, 100%), 371.1 (19, [M+K]+). 

HRMS (TOF MS ES+) m/z calculated for C16H28O7Na+ (M+Na) 355.1727, found 

355.1729 
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3.1.6 Preparation of 16-(prop-2-ynyl)-1,4,7,10,13-pentaoxa-16-azacyclo-

octadecane (26b) 

 

1-Aza-18-crown-6 (95%) (0.212 g, 0.765 mmol) was dissolved in 14 

mL of a 1:1 mixture of anhydrous THF and anhydrous toluene, in a 

Schlenk flask. Triethylamine 99.5% (0.391 g, 0.540 mL, 3.83 mmol) 

was added and the mixture was heated (60 ºC) for about 15 minutes. 

Propargyl bromide solution (80% in toluene) (0.247 mL, 2.296 mmol) was added and 

the mixture was heated overnight at 70ºC, with stirring. After cooling to room 

temperature, the white precipitate that was present was separated by filtration, washed 

with 2 × 4 mL of anhydrous THF and the filtrate, together with the washings, were 

evaporated to dryness. The residue suspended in 40 mL water and extracted two times 

with CH2Cl2 (40 mL each). The organic fraction was again washed with 20 mL water, 

dried with anhydrous MgSO4 and evaporated to dryness to render the product (0.218 g, 

0.72 mmol, 94% yield) as a yellow oil, that was used without any further purification. 

 
1H NMR (400 MHz, CDCl3) δ 3.62-3.74 (m, 20H, various methylenic H from the 

crown ether), 3.52 (d, 4JH-H=2.3 Hz, 2H, CH2CCH), 2.84 (t, 3JH-H= 5.6 Hz, 4H, -NCH2-

CH2), 2.18 (t, 4JH-H= 2.3 Hz, 1H, -CCH) ppm. 
13C NMR (100.6 MHz, CDCl3) δ 79.44 (-CCH), 72.93 (-CCH), 70.97 (CH2), 70.95 

(CH2), 70.55 (CH2), 69.73 (CH2), 53.4 (-NCH2-CH2), 43.9 (CH2CCH) ppm. 

IR (ATR, cm-1) 3242, 2961, 2921, 2854, 2107, 1608, 1450, 1352, 1260, 1095, 1018, 

947, 863, 797, 661. 

HRMS (TOF MS ES+) m/z calculated for C15H28NO5
+ (M+H+) 302.1962, found 

302.1958 

MS ESI+ m/z (relative intensity) 302.2 ([M+H]+, 9%) 324.2 (100, [M+Na]+), 340.1 (5, 

[M+K]+). 

Elemental analysis calculated for C15H27NO5: C, 59.78; H, 9.03; N, 4.65. Found: C, 

60.88; H, 9.42; N, 4.07. 

 

3.1.7 Preparation of methyl 11-azidoundecanoate (27)  

 

Sodium azide (99.5 %) (44.5 mg, 0.7 mmol) was 

placed in a 25 ml round-bottomed flask connected to a Dimroth condenser, and 
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dissolved under argon atmosphere in 10 mL of anhydrous DMF. To this solution, 0.17 

mL (0.67 mmol) of methyl 11-bromoundecanoate (95 %) were added, and the mixture 

was heated at 60 ºC for 3 days. After cooling to room temperature, the reaction mixture 

was poured over 100 mL of water and extracted with 3 portions of 100 mL of diethyl 

ether. The combined organic extracts were washed with 2 portions of 50 mL of cool 

water first, and then with 40 mL of brine. The organic layer was dried over anhydrous 

magnesium sulphate, filtered, and purified by flash chromatography on silica gel 

(hexane:diethyl ether 90:10). Evaporation of the solvent rendered the methyl ester 

product 27 (0.146 g, 0.60 mmol, 89 % yield) as a translucent oil. 1H NMR matched the 

reported data.2 

 
1H NMR (400 MHz, CDCl3) δ 3.67 (s, 3H, CH3), 3.25 (t, 3JH-H = 7.0 Hz, 2H), 2.30 (t, 
3JH-H = 7.6 Hz, 2H), 1.68-1.54 (m, 4H), 1.40-1.22 (m, 12H) ppm. 

 

3.1.8 Procedure for the methyl ester hydrolysis: Preparation of 11-

azidoundecanoic acid (28) 

 

The methyl ester 27 (2.47 g, 10.23 mmol) was 

dissolved in methanol (20 mL) and a solution of KOH (5.41 g, 82 mmol) in 50 mL of 

methanol, was added. The solution turned immediately yellow. The reaction mixture 

was stirred overnight at room temperature. After this time, methanol was removed 

under reduced pressure and the colourless residue was dissolved in water (100 mL). 

After washing with ethyl acetate, the aqueous phase was acidified with 1N HCl (140 

mL) and extracted with ethyl acetate (3 × 150 mL). The combined organic layers were 

dried over magnesium sulphate, filtered and evaporated to render 28 (2.23 g, 9.81 

mmol, 96%) as a light yellow oil. All the spectroscopic data matched with those 

reported in the literature.3  

 
1H NMR (400 MHz, CDCl3) δ 3.25 (t, 3JH-H = 7.0 Hz, 2H,), 2.34 (t, 3JH-H = 7.5 Hz, 2H), 

1.7-1.5 (m, 4H), 1.42-1.20 (m, 12H) ppm.  
13C NMR (100 MHz, CDCl3) δ 180.6 (C), 51.6 (CH2), 34.3 (CH2), 29.6 (CH2) (CH2), 

29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 29.0 (CH2), 26.9 (CH2), 24.8 (CH2) 

ppm. 

OHN3

O
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IR (ATR, cm-1) 2952, 2841, 2675, 2091 (s, N3), 1705 (s, C=O), 1458, 1411, 1348, 1283 

(m), 1253 (m), 1104, 1054, 932, 722, 665, 625. 
 

3.1.9 Preparation of 11-(4-((1,4,7,10,13,16-hexaoxacyclooctadecan-2-ylmethoxy)-

methyl)-1H-1,2,3-triazol-1-yl)undecanoic acid (29a) 

 

 

Compound 26a (100 mg, 0.30 mmol), together with 

the azide derivative 28 (68 mg, 0.30 mmol, L-

ascorbic acid sodium salt (99%) (30 mg, 0.150 

mmol), and copper (II) sulphate pentahydrate (3.8 

mg, 0.015 mmol) were placed in a microwave tube, and dissolved in 2 mL of a 1:1 

mixture of water/ tert-butyl alcohol. The mixture was stirred under microwave 

irradiation at 125 ºC and 150 W for 20 min. Then 6 mL of water were added, and the 

mixture was extracted with 3 × 10 mL of ethyl acetate. The combined organic extracts 

were washed with 15 mL water, dried over anhydrous magnesium sulphate, filtered and 

evaporated to dryness to yield 29a (0.122 g, 0.22 mmol, 73%) as yellow oil. 

 
1H NMR (400 MHz, CDCl3) δ 7.55 (s, 1H, C=CH-N), 4.66 (m, 2H, N-N-CH2), 4.34 (t, 

J= 7.1 Hz, 2H, CH2N), 3.80 (m, 2H, OCH2-CH), 3.59-3.78 (m, 23H), 2.34 (t, 3JH-H = 7.4 

Hz, 2H, CH2COOH), 1.90 (m, 2H, CH2CH2N), 1.63 (m, 2H, CH2CH2COOH), 1.30 (m, 

12H) ppm. 
13C NMR (100 MHz, CDCl3) δ 177.6 (-COOH), 145.5 (CH2-C=CH), 122.5 (C=CH), 

78.6 (OCHCH2), 71.8 (O-CH-CH2), 71.1, 71.05, 71.0, 70.95, 70.9, 70.9, 70.2, 70.1, 

65.2 (CH2-C=CH), 50.6 (N-CH2), 34.1 (CH2COOH), 30.4, 29.3, 29.2, 29.1, 29.0, 26.6, 

24.9 ppm. 

IR (ATR, cm-1) 3133, 2922, 2855, 1724 (C=O), 1463, 1351, 1295.6, 1249, 1222, 1107, 

1049, 990, 946, 630. 

MS ESI+ m/z (relative intensity) 582.3 ([M+Na]+, 100), 598.3 (12, [M+K]+). 

HRMS (TOF MS ES+) m/z calculated for C27H49N3O9Na+ (M+Na+) 582.3361, found 

582.3328. 
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3.1.10 Preparation of 11-(4-((1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-

yl)methyl)-1H-1,2,3-triazol-1-yl)undecanoic acid (29b) 

 
 

Compound 26b (100 mg, 0.332 mmol), azide derivative 

28 (75.4 mg, 0.332 mmol), L-ascorbic acid sodium salt 

(99%) (33.2 mg, 0.166 mmol), and copper (II) sulphate 

pentahydrate (4.2 mg, 0.017 mmol) of were placed in a microwave tube, and dissolved 

in 2 mL of a 1:1 mixture of water/ tert-butyl alcohol. The mixture was heated under 

microwave irradiation, at 125ºC and 150 W for 60 minutes. Then 4 mL of water were 

added, pH was checked using pH indicator paper and the mixture was acidified if 

needed. The mixture was extracted once with ethyl acetate (5 mL). The aqueous layer 

was then neutralized and extracted with 3 × 10 mL of CH2Cl2. The combined CH2Cl2 

extracts were dried over anhydrous magnesium sulphate, filtered and evaporated to 

dryness to yield the title product (129 mg, 0.24 mmol, 72% yield) as a pale yellow oil. 

 
1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1H, C=CH-N), 4.36 (t, 3JH-H = 6.9 Hz, 2H, N-N-

CH2), 4.03 (s, 2H, HC=CCH2), 3.48-3.83 (m, 22H), 2.94 (br s, 4H, OCH2CH2N), 2.35 

(brs, 2H, CH2COOH), 1.91 (br m, 2H, CH2CH2N-N), 1.63 (br, 2H, CH2CH2COOH), 

1.30 (m, 12H) ppm. 
13C NMR (100 MHz, CDCl3) δ 124.0 (C=CH), 70.8, 70.7, 70.6, 68.5, 53.2, 50.3 (N-

CH2), 30.1, 28.9, 28.8, 28.7, 28.6, 28.4, 26.1 ppm. 
1H NMR (500 MHz, toluene-d8, 378K) δ 7.30 (s, 1H, C=CH-N), 3.94 (t, 3JH-H = 7.1 Hz 

2H, NN-CH2), 3.92 (s, 2H, C=CCH2), 3.58 (t, 3JH-H = 5.6 Hz, 4H, OCH2CH2-N crown), 

3.45-3.56 (m, 16H), 2.84 (t, 3JH-H = 5.0 Hz, 4H, OCH2CH2N crown), 2.16 (t, 3JH-H = 7.2 

Hz, 2H, CH2COOH), 1.66 (m, 2H, CH2CH2N-N), 1.57 (m, 2H, CH2CH2COOH), 1.32 – 

1.10 (m, 12H) ppm. 
13C NMR (500 MHz, toluene-d8, 378K) δ 172.98, 145.4, 122.6 (C=CH), 70.7, 71.5, 

71.2, 70.7, 55.25, 51.49, 50.03, 34.0, 30.47, 29.34, 29.32, 29.3, 29.0, 26.8, 25.5 ppm. 

IR (ATR, cm-1) 3132, 2922, 2854, 1717 (C=O), 1541, 1457, 1351, 1295.1, 1248, 1216, 

1111, 1048, 989, 946, 835, 721. 

MS ESI+ m/z (relative intensity) 529.4 ([M+H]+, 17%), 551.4 (100, [M+Na]+). 

HRMS (TOF MS ES+) m/z calculated for C26H49N4O7
+ (M+H+) 529.3596, found 

529.3613 
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3.1.11 Cobalt nanoparticles functionalised with crown ether 22: preparation of 

functional nanoparticles 24 

Co

N
H

O

O 8

O
O

O

O
O

   
Crown ether derivative 22 (0.1388 g, 0.30 mmol) and TOPO (≥ 97 %) (21.6 mg, 0.05 

mmol) of were placed in a 25 ml two-necked round-bottomed flask connected to a 

Dimroth condenser, under argon atmosphere, and were dissolved in 2.5 mL of 

anhydrous o-dichlorobenzene. To this solution, 42.5 µL (0.1 mmol) of oleic acid (≥ 98 

%) were injected and the resulting mixture was heated at 160 ºC under mechanical 

stirring. When the bath reached 160 ºC, a solution containing 0.1080 g (0.28 mmol) of 

octacarbonyl cobalt ([Co2(CO)8]) (≥ 90 %) in 2 mL of anhydrous o-dichlorobenzene 

was rapidly injected via cannula. The reaction mixture was stirred at 160 ºC for 1 h. 

After cooling to room temperature, 8 mL of anhydrous methanol were added. The 

resulting suspension was kept in the freezer until the precipitation of the nanoparticles. 

After magnetic decantation, the precipitate was washed several times with anhydrous 

dichloromethane. Solvents were removed in vacuo, and the residual solid was dried 

with a nitrogen stream. In this manner, 23.5 mg of ε-Co nanoparticles were obtained. 

 

Particle size (n = 30, nm): 21 (s = 3). 

Elemental analysis found: C, 5.65; H, 0.94; N, 0.21. 

IR (KBr, cm-1) 3443, 2962, 2924, 2851, 1739, 1632, 1537, 1505, 1460, 1401, 1217, 

1102, 803, 455. 
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3.1.12 Cobalt nanoparticles functionalised with crown ether 23: preparation of 

functional nanoparticles 25 

 

Co

N
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O

O 8
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Crown ether derivative 23 (66 mg, 0.129 mmol), 10.3 mg (0.026 mmol) of TOPO (≥ 97 

%) and 21.0 µL (0.65 mmol) of oleic acid (≥ 98 %) were placed in a 25 mL two-necked 

round-bottomed flask connected to a Dimroth condenser, under argon atmosphere, and 

were dissolved in 1 mL of anhydrous o-dichlorobenzene. The resulting mixture was 

heated at 160 ºC under mechanical stirring. When the bath reached 160 ºC, a solution 

containing 0.051 g (0.129 mmol) of [Co2(CO)8] (≥ 90 %) in 2.5 mL of anhydrous o-

dichlorobenzene was rapidly injected with a syringe. The reaction mixture was stirred at 

160 ºC for 1 h. After cooling to room temperature, 8 mL of anhydrous and degassed 

methanol were added. The resulting suspension was kept in the freezer until the 

precipitation of the nanoparticles. After magnetic decantation, the precipitate was 

washed several times with anhydrous and degassed dichloromethane. Solvents were 

removed in vacuo, and the residual solid was dried with a nitrogen stream. In this 

manner, 10.1 mg of Co nanoparticles were obtained. According to the %N determined 

by elemental analysis a functionalization of the nanoparticles of f = 0.079 mmol/g was 

determined. 

 

Particle size (n = 59, nm): 12.6 (s = 2.2). 

Elemental analysis found: C, 8.08; H, 1.44; N, 0.11. 

IR (KBr, cm-1) 3432, 2962, 2921, 2851, 1740, 1629, 1463, 1401, 1112, 464.  

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 0.40 mg sample, % weight loss): 3.5434 

(left limit: 216.44 ºC, right limit 312.52 ºC), 5.6942 (left limit: 318.96 ºC, right limit 

473.80 ºC), 5.5348 (left limit: 807.96 ºC, right limit 973.75 ºC). 
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3.1.13 Cobalt nanoparticles functionalized with crown ether derivative 29a: 

preparation of functional nanoparticles 30a 

 

Co

O

OO

O

OO

ONN
N

O

O

8   
Crown ether derivative 29a (0.29 g, 0.529 mmol) and 0.0422 g (0.0363 mmol) of TOPO 

(>97%) were weighed in a 50 mL two-necked round-bottomed flask and dissolved 

under an argon atmosphere in 6 mL of anhydrous and degassed o-dichlorobenzene. To 

this suspension, 85.5 µL of oleic acid 98% (0.0762 g, 0.2644 mmol) were injected and 

the mixture was heated in a silicone oil bath at 160ºC, with mechanical stirring using a 

shaker. When the bath had reached the desired temperature, a solution of 0.201 g (0.529 

mmol) of [Co2(CO)8] (≥ 90 %) in 5 mL of anhydrous, degassed, o-dichlorobenzene was 

rapidly transferred into the reaction media by injection. The reaction mixture was 

mechanically stirred at 160 ºC for 1 hour. After cooling to room temperature, 24 mL of 

anhydrous and degassed methanol were added. The resulting suspension was stored in 

the freezer under argon until the precipitation of the particles (3 hours). The particles 

were separated by magnetic decantation and washed once with anhydrous, degassed 

methanol (20 mL) and with anhydrous, degassed dichloromethane (40 mL) The solvents 

were removed in vacuo and the residual solid was dried under a nitrogen stream. In this 

manner, 35.3 mg of cobalt nanoparticles were obtained. According to the %N 

determined by elemental analysis a functionalization of nanoparticles of f = 0.091 

mmol/g was achieved. 

 

Particle size (n = 50, nm): 18.0 (s = 3.3). 

Elemental analysis found: C, 5.81; H, 0.84; N, 0.38. 

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 3.2010 mg sample, % weight loss): 

2.3078 (onset: 112.44 ºC), 11.1714 (onset: 278.47 ºC), 4.9538 (onset: 341.91 ºC). 

IR (KBr, cm-1) 3443, 2958, 2922, 2853, 1620, 1460, 1413, 1225, 1101, 801, 524, 457. 
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3.1.14 Cobalt nanoparticles functionalized with crown ether derivative 29b: 

preparation of functional nanoparticles 30b 
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Azacrown ether derivative 29b (0.117 g, 0.221 mmol) and 17.6 mg (0.0442 mmol) of 

TOPO (>97%) were weighed in a 25 mL two-necked round-bottomed flask and 

dissolved under an argon atmosphere in 2.4 mL of anhydrous and degassed o-

dichlorobenzene. To this suspension, 36 µL of oleic acid (0.0318 g, 0.1103 mmol) were 

injected and the mixture was heated in a silicone oil bath at 160ºC, with mechanical 

stirring using a shaker. When the bath had reached the desired temperature, a solution of 

0.084 g (0.2211 mmol) of [Co2(CO)8] (≥ 90 %) in 3 mL of anhydrous, degassed, o-

dichlorobenzene was rapidly transferred into the reaction media by injection. The 

reaction mixture was mechanically stirred at 160 ºC for 1 hour. After cooling to room 

temperature, 9 mL of anhydrous and degassed methanol were added. The resulting 

suspension was stored in the freezer under argon until the precipitation of the particles 

(1.5 hours). The particles were separated by magnetic decantation and washed once 

with anhydrous, degassed methanol (20 mL) and with anhydrous, degassed 

dichloromethane (60 mL). The solvents were removed in vacuo and the residual solid 

was dried under a nitrogen stream. In this manner, 12.3 mg of cobalt nanoparticles were 

obtained. According to the %N determined by elemental analysis a functionalization of 

the nanoparticles of f = 0.113 mmol/g was obtained. 

 

Particle size (n = 20, nm): 9.04 (s = 2.81).   

Elemental analysis found: C, 9.42; H, 1.63; N, 0.63. 

TGA (30 – 900 ºC, 10 ºC/min, under N2; for a 3.5660 mg sample, % weight loss): 

4.9790 (onset: 137.34 ºC), 17.8415 (onset: 281.50ºC), 8.0653 (left limit: 345.11 ºC, 

right limit: 646.38 ºC). 

IR (KBr, cm-1) 3449, 2920, 2851, 1466, 1404, 1110, 833. 
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3.2 Preparation and functionalization of magnetite nanoparticles 
 

3.2.1 Typical procedure for the preparation of magnetite nanoparticles coated 

with oleic acid (31a): Co-precipitation method4 

 

 
These nanoparticles were prepared by slight modifications of a previously reported 

procedure.4 Iron(II) chloride tetrahydrate (99%) (3.01 g, 15 mmol) and iron(III) chloride 

hexahydrate (97%) (8.36 g, 30.0 mmol) were dissolved in degassed ultra pure water 

(140 mL) in a 500 mL round-bottomed flask and heated to 80 ºC, shaking vigorously 

with a shaker. Oleic acid (98%) (2.1 mmol, 0.60 g, 0.68 mL) dissolved in degassed 

acetone (15 mL) was added to the reaction mixture, followed by 30% aqueous NH3 

solution (18.2 mL). After addition, further amounts of oleic acid were added (5 × 1.0 

mL) over a 5 to 10 minutes period. The black reaction mixture was hold for 30 minutes 

at 80 ºC and then slowly cooled to room temperature. A 1:1 v/v mixture of methanol 

and acetone (100 mL) was then added to support the precipitation. After allowing the 

nanoparticles to settle overnight with the help of a magnet, the supernatant was 

separated using a cannula and the particles were washed with a 1:1 v/v mixture of 

methanol and acetone (5 × 100 mL). The nanoparticles were dried, first with an argon 

stream and then under vacuum. In this manner, 3.8 g of nanoparticles were isolated as a 

dark brown solid. 

 

Particle size (n = 72, nm): 8.40 (s = 2.56) 

IR (KBr, cm-1) 3453, 3005, 2956, 2923, 2852, 1632, 1426, 1409, 1261, 1229, 1100, 

1056, 802, 580. 

Elemental analysis found: C, 7.65; H, 1.50. 

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 3.822 mg sample, % weight loss): 

6.8947 (onset: 306.64 ºC), 6.7115 (onset: 663.09 ºC). 

 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Chapter 7. Experimental section for Chapters 5 and 6 

339 

3.2.2 Typical procedure for the preparation of magnetite nanoparticles coated 

with oleic acid (31b): thermal decomposition method5 

 

 
These nanoparticles were prepared by slight modifications of a previously reported 

procedure.5 Iron(III) acetylacetonate 98% (0.706 g, 1.96 mmol), oleic acid (1.9 mL, 

5.99 mmol) oleylamine (1.60 g, 1.93 mL, 5.99 mmol) and 1,2-hexadecanediol 90% 

(2.58 g, 8.98 mmol) were mixed in 20 mL of benzyl ether 99% under nitrogen. The 

mixture was heated at 200ºC for 2 hours and then at 300ºC for one more hour. The 

mixture was then allowed to cool down to room temperature and 40 mL of ethanol were 

added. Centrifugation allowed the separation of a dark-brown solid that was dissolved 

in hexane (5 mL) and reprecipitated by addition of 40 mL of ethanol. The nanoparticles 

were obtained as a black solid (80 mg). 

 

Particle size: (n = 131, nm): 6.18 (s = 1.98)  

IR (KBr pellet, νmax/ cm-1) 3440, 2955, 2920, 2850, 1630, 1594, 1524, 1401, 585. 

TGA (30 – 900ºC, 10 ºC/min, under N2; for a 3.3470 mg sample, % weight loss) 

17.2343 (onset: 293.49 ºC), 8.5721 (onset: 634.07 ºC). 

 

3.2.3 Preparation of 3-azidopropyltrimethoxy silane (32i) 

 

This compound was prepared by slight modifications of a previously 

reported procedure6. Sodium azide 95.5% (4.13 g, 60.7 mmol) was 

suspended in a mixture of anhydrous acetonitrile (80 mL, molecular sieves 4Å) and 2 

mL DMF, under argon in a Schlenk flask. 3-iodopropyltrimethoxysilane 95% (5 mL, 

24.3 mmol) was added with a syringe under stirring. The resulting white suspension 

was then stirred overnight at reflux. The reaction mixture was allowed to cool down to 

room temperature, the solvent was evaporated under reduced presure, dry pentane (45 

mL) was added and the reaction mixture was stirred for 15 minutes. The pentane layer 

Si N3
O

O O
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was transferred to another Schlenk flask using a cannula fitted with filter paper, a 

second addition of dry pentane was done and the process was repeated. The solvent was 

evaporated under reduced pressure to yield 32i as clear yellow liquid (4.24 g, 20.7 

mmol, 85% yield). All the spectroscopic data matched with those reported in the 

literature.6  

 
1H NMR (400 MHz, CDCl3) δ  3.58 (s, 9H CH3), 3.27 (t, 3JH-H = 6.9 Hz, 2H), 1.77 – 

1.67 (m, 2H), 0.75 – 0.66 (m, 2H) ppm. 
13C NMR (100 MHz, CDCl3) δ 53.9 (CH2), 50.7 (CH3), 22.7 (CH2), 6.5 (CH2) ppm. 

IR (ATR, cm-1) 2942, 2841, 2094 (N3), 1457, 1413, 1344, 1275, 1241, 1189, 1079, 883, 

816, 628. 

 

3.2.4 Preparation of 5-bromopentyltriethoxysilane (33)7  

 

This compound was prepared following a previously reported 

procedure.7 5-bromo-1-pentene 95% (0.4 mL, 3.19 mmol) was 

placed in a Schlenk flask under an argon atmosphere and was 

dissolved in 0.5 mL of anhydrous xylene. Triethoxysilane 95% (0.92 mL, 4.78 mmol) 

and Karstedt catalyst solution in xylene (2% in platinum) (1.82 mL, 0.16 mmol) were 

mixed together in another Schlenk flask and the mixture was added to the 5-bromo-1-

pentene solution via cannula. The reaction mixture was stirred overnight at 80ºC. After 

cooling to room temperature the solution was filtered through Celite to separate the 

metal residues. The solvent was removed under vacuum and the crude product was used 

in the next step without any further purification. All the spectroscopic data matched 

with those reported in the literature.7 

 
1H NMR (400 MHz, CDCl3) δ 3.82 (q, 3JH-H = 7.0 Hz, 6H, OCH2), 3.41 (t, 3JH-H = 6.9 

Hz, 2H, CH2Br), 1.93 – 1.81 (m, 2H, CH2CH2Br), 1.52 – 1.38 (m, 4H, -CH2CH2-), 1.23 

(t, 3JH-H = 7.0 Hz, 9H, CH3), 0.68 – 0.61 (m, 2H, -SiCH2-) ppm.  
13C NMR (100.6 MHz, CDCl3) δ 58.6, (OCH2CH3), 34.1 (CH2Br), 32.7, 31.8, 22.3 (3 

CH2), 18.5 (CH3), 10.54 (SiCH2) ppm.  

IR (ATR, cm-1) 2976, 2929, 2891, 1166, 1102, 1078, 957. 

 

Si Br
O

O O
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3.2.5 Preparation of 5-azidopentyltriethoxysilane (32ii)7  

 

This compound was prepared following a previously reported 

procedure.7 5-bromopentyltriethoxysilane 33 (0.52 g) was 

transferred to a 25 mL Schlenk flask and 7 mL of dry 

acetonitrile were added. Sodium azide 95.5% (0.27 g, 4.16 mmol) was added to the 

reaction medium as a solid. The reaction mixture was stirred at 90ºC for 48 hours. The 

solvent was evaporated, 20 mL dry pentane was added and the suspension was filtered. 

The solvent of the resulting filtrate was removed in vacuo and the title product (0.39 g, 

1.42 mmol, 44% yield for the two combined steps) was obtained as a yellow oil and 

used without any further purification. All the spectroscopic data matched with those 

reported in the literature.7 

 
1H NMR (400 MHz, CDCl3) δ 3.82 (q, 3JH-H= 7.0 Hz, 6H, -CH2-O-), 3.26 (t, 3JH-H= 7.0 

Hz, 2H, CH2N3), 1.61 (m, 2H, CH2CH2N3), 1.43 (m, 4H, - CH2CH2-), 1.24 (t, 3JH-H= 7.0 

Hz, 9H, CH3), 0.65 (m, 2H, SiCH2) ppm.  
13C NMR (100.6 MHz, CDCl3) δ 58.61 (CH2CH3) 51.67 (CH2N3), 30.36 (3 CH2), 

28.76, 22.71, 18.56 (CH3), 10.61 (SiCH2) ppm. 

IR (ATR, cm-1) 2972, 2927, 2885, 2099 (N3), 1444, 1391, 1260, 1167, 1102,  1080, 

958, 797. 

MS (ESI+) m/z (relative intensity) 298.1 ([M+Na]+, 13.5%)  

 

3.2.6 Preparation of 11-bromoundecyltriethoxysilane (34) 7  

 

This compound was prepared following a 

previously reported procedure.7 11-bromo-1-

undecene 95% (0.376 mL, 1.64 mmol) was placed 

in a 10 mL schlenk flask under an argon atmosphere and was dissolved in 0.5 mL of dry 

xylene. Triethoxysilane 95% (0.497 mL, 2.57 mmol) and Karstedt catalyst solution in 

xylene (2% in platinum) (0.982 mL, 0.086 mmol) were mixed together in another 

schlenk flask and the mixture was added to the 11-bromo-1-undecene solution via 

cannula. The reaction mixture was stirred overnight at 80ºC. The reaction mixture was 

then cooled to room temperature, and on standing a dark solid precipitated. The solid 

was separated by filtration through a glass microfiber filter, and the solvent was 

Si N3
O

O O

Si Br
O

O O
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removed under reduced pressure. The brown residue (0.405 g) was used without any 

further purification in the next step. All the spectroscopic data matched with those 

reported in the literature.7 

 
1H NMR (400 MHz, CDCl3) δ 3.90 (q, 3JH-H= Hz, 7.0 Hz, -CH2O-), 3.44 (t, 3JH-H= 6.9 

Hz, 2H, CH2Br), 1.90 (m, 2H, CH2CH2N3), 1.49–1.16 (m, 24 H), 0.69 (2H, m, SiCH2,).  

 

3.2.7 Preparation of 11-azidoundecyltriethoxysilane (32iii)7  

 

This compound was prepared following a 

previously reported procedure.7 The reaction 

mixture from the preparation of 11-

bromoundecyltriethoxysilane (34) was transferred to a 25 mL Schlenk and 7 mL of dry 

acetonitrile were added. The NaN3 95.5% (0.166 g, 2.55 mmol) was added to the 

reaction medium as a solid. The reaction mixture was stirred at 90ºC for 48 hours. The 

solvent was removed under reduced pressure, 20 mL dry pentane was added and the 

mixture was stirred for about 30 minutes. The white solid in suspension was separated 

by filtration via cannula and washed twice with 5 mL dry pentane. The filtrate together 

with the washings was evaporated to eliminate the solvent yielding the title product 

(0.31 g, 0.86 mmol, 50% yield for the two combined steps) as clear yellowish oil. All 

the spectroscopic data matched with those reported in the literature.7 

 
1H NMR (400 MHz, CDCl3) δ 3.82 (q, 3JH-H= 7.0 Hz, 6H, -CH2O-), 3.26 (t, 3JH-H= 7.0 

Hz, 2H, CH2N3), 1.60 (m, 2H, CH2CH2-N3), 1.27 (m, 16H), 1.23 (t, 3JH-H= 7.0 Hz 9H, 

CH3), 0.65 (2H, m, -SiCH2-,) ppm.  
13C NMR-DEPTQ135 (100.6 MHz, CDCl3) δ 58.50 (CH2CH3), 51.72 (CH2N3), 33.40, 

29.93, 29.76, 29.70, 29.45, 29.37, 29.06, 26.94, 22.97 (9 CH2), 18.53 (CH3), 10.61 

(SiCH2) ppm. 

IR (ATR, cm-1) 2971, 2925, 2855, 2095 (N3), 1259, 1166,1104, 1080, 957. 

MS (ESI+) m/z (relative intensity) 382.1 ([M+Na]+, 100 %)  

 

 

Si N3
O

O O
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3.2.8 Typical procedure for the preparation of azido-magnetite nanoparticles 

(35i)8  

 
These nanoparticles were 

prepared by slight 

modifications of a 

previously reported 

procedure.8 Nanoparticles 31a (0.96 g) were dispersed by sonication (20 minutes) in 

about 480 mL of degassed toluene and then 3-azidopropyltrimethoxysilane 32i (1.92 g, 

9.33 mmol) was added, followed by glacial acetic acid 99.5%, d= 1.05 g/mL (0.192 mL, 

3.36 mmol) and ultrapure water (0.269 mL, 14.93 mmol). The reaction mixture was 

stirred at room temperature for 3.5 days. The black particles were allowed to settle 

overnight with the help of an external magnet. The supernatant was separated using a 

cannula, and the nanoparticles were washed with toluene (3 × 42 mL) and methanol (3 

× 26 mL) and dried under vacuum. In this manner, 0.78 g of nanoparticles were 

recovered as a brown powder. According to the %N determined by elemental analysis 

the functionalization of the nanoparticles was f = 0.35 mmol N3/g.  

 

Particle size: (n = 41, nm): 8.83 (s = 3.01)  

Elemental analysis found: C, 3.61; H, 0.80; N, 1.48.  

TGA (30 - 1000 ºC, 10 ºC/min, under N2; for a 3.6930 mg sample, % weight loss) 

9.7853 (onset: 244.01 ºC), 4.5769 (onset: 633.10 ºC). 

IR (KBr, cm-1) 3442, 2955, 2924, 2852, 2098 (N3), 1637, 1420, 1239, 1182, 1103, 

1022, 585. 

 

3.2.9 Magnetite nanoparticles functionalized with 5-azidopentyltriethoxysilane 

(35ii)  

 
These nanoparticles were 

prepared by slight 

modifications of a 

previously reported 

procedure.8 Nanoparticles 

31a (0.20 g) were dispersed in 90 mL dry and degassed toluene (molecular sieves 4 Å). 

Fe3O4 Si N3
O
O
O

Fe3O4 Si N3
O
O
O 3
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5-azidopentyltriethoxysilane 32ii (0.35 g, 1.288 mmol) was added to the suspension of 

nanoparticles, then glacial acetic acid d = 1.05 g/mL (0.026 mL, 0.0275 g, 0.458 mmol) 

and finally water (0.056 mL, 3.1 mmol). The reaction was heated to 100 ºC for 24 

hours. After cooling to room temperature, the brown particles were allowed to settle 

over the weekend. Then, the supernatant was separated via cannula and the 

nanoparticles were washed three times with 2 mL toluene and three times with 3 mL of 

methanol (HPLC grade) and dried with an argon stream. In this manner, 0.133 g of 

nanoparticles were isolated. According to the %N determined by elemental analysis the 

functionalization of the nanoparticles was f = 0.297 mmol N3/g. 

 

Particle size: (n = 100, nm): 8.17 (s = 4.14)  

Elemental analysis found C, 6.12; H, 1.15; N, 1.25. 

TGA (30 - 1000 ºC, 10 ºC/min, under N2; for a 3.0130 mg sample, % weight loss) 

9.6690 (onset: 182.59 ºC), 9.1219 (onset: 608.68 ºC). 

IR (KBr, cm-1) 3443, 2960, 2926, 2852, 2096 (N3), 1631, 1433, 1261, 1051, 632, 585. 

 

3.2.10 Magnetite nanoparticles functionalized with 11-azidoundecyltriethoxysilane 

(35iii)  

  

These nanoparticles were 

prepared by slight 

modifications of a 

previously reported 

procedure.8 Nanoparticles 

31a (0.15 g) were dispersed in 50 mL dry and degassed toluene (molecular sieves 4 Å). 

Silane 32iii (0.272 g, 0.76 mmol) was added to the suspension of nanoparticles, then 

glacial acetic acid 99.5% d = 1.05 g/mL (0.0165 mL, 0.0173 g, 0.2881 mmol,) and 

finally water (0.042 mL, 2.3 mmol). The reaction mixture was heated to 100 ºC for 24 

hours, stirred with a shaker. After cooling to room temperature, the red-brown particles 

were allowed to settle over the weekend. Then, the supernatant was separated via 

cannula and the nanoparticles were washed three times with 3 mL toluene (SPS) and 

three times with 3 mL of methanol (HPLC grade) and dried with an argon stream. 0.110 

g of nanoparticles were isolated. According to the %N determined by elemental analysis 

a functionalization of the nanoparticles of f = 0.233 mmol N3/g was achieved. 

Fe3O4 Si N3
O
O
O 9
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Particle size: (n = 144, nm): 10.15 (s = 3.01)  

Elemental analysis found: C, 6.72; H, 1.32; N, 0.98. 

TGA (30-1000 ºC, 10 ºC/min, under N2; for a 5.3060 mg sample, % weight loss) 

10.0213(left limit: 124.28 ºC; right limit: 522.10 ºC), 5.4580 (left limit: 522.82 ºC; right 

limit: 737.35), 4.3083 (left limit: 737.35 ºC; right limit: 900.16 ºC). 

IR (KBr, cm-1) 3445, 2925, 2853, 2094 (N3), 1634, 1429, 1258, 1053, 630, 588. 

 

3.2.11 CuAAC reaction of crown ether derivative 26a with magnetite 

nanoparticles 35i: preparation of functional nanoparticles 36ai  

 

O
O Si
O

NN
N

O

OO

O

OO

O

Fe3O4

  
Magnetite nanoparticles 35i (90 mg, f = 0.480 mmol of ligand/g) were dispersed in 5 

mL of anhydrous DMF in a Schlenk flask under argon, using ultrasonication for 15 min 

to ensure dispersion. The alkyne 26a (43 mg, 0.13 mmol), dissolved in 1 mL anhydrous 

DMF was then added to the reaction media, followed by N,N-diisopropylethylamine 

(DIPEA) 99.5% (0.136 mL, 0.78 mmol), and finally CuI (3.3 mg, 0.017 mmol) as a 

solid. The reaction mixture was stirred at 40 ºC under argon and the reaction progress 

was followed by IR spectroscopy. Once the IR bands associated to N3 had disappeared 

(between 2 -10 days) the reaction was cooled to room temperature, methanol was added 

(c.a. 50 mL), and the mixture was left overnight in the freezer. The precipitating 

particles were separated by magnetic decantation. The supernatant was discarded and 

the particles were washed with methanol (3 × 10 mL) using centrifugation to separate 

the solvent. The solid material was dried with an argon stream and then in vacuo. When 

IR spectroscopy showed the disappearance of the azido signal, complete reaction was 

assumed. In this manner 68.1 mg of functional magnetite nanoparticles were obtained as 

a brown solid. According to the %N determined by elemental analysis the 

functionalization of the nanoparticles was f = 0.343 mmol/g.  

 

Particle size: (n = 71, nm): 10.88 (s = 3.97) 
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Elemental analysis calculated for fmax = 0.414 mmol/g: N, 1.74. Found: C, 8.88; N, 

1.47; H, 1.44. 

TGA (30 - 900 ºC, 10 ºC/min, under N2; for a 4.3700 mg sample, % weight loss) 5.3717 

(left limit: 88.62 ºC, right limit: 281.55 ºC), 11.3099 (left limit: 281.55 ºC, right limit: 

530.17 ºC), 4.6001 (left limit: 534.50 ºC, right limit: 727.17 ºC), 4.3711 (left limit: 

727.55 ºC, right limit: 884.25 ºC). 

IR (KBr, cm-1) 3405, 2919, 1726, 1629, 1454, 1350, 1248, 1103, 835, 584. 

 

3.2.12 CuAAC reaction of aza-crown ether derivative 26b with magnetite 

nanoparticles functionalized with 3-azidopropyltriethoxysilane: 

preparation of functional nanoparticles 36bi 

O
O Si
O NN

N

O

N O

O

O O

Fe3O4
  

Magnetite nanoparticles 35i (40 mg, f = 1.77 mmol of N3/g) were dispersed in 4 mL of 

anhydrous DMF in a Schlenk flask under argon, using ultrasonication for 15 min to 

ensure dispersion. The alkyne 26b (0.0427 g, 0.142 mmol) dissolved in 0.5 mL 

anhydrous DMF was then added to the reaction media, followed by DIPEA 99.5% 

(0.125 mL, 0.0926 g, 0.716 mmol), and finally copper(I) iodide (7.6 mg, 0.0398 mmol) 

as a solid. The reaction mixture was magnetically stirred at 40 ºC, under argon. After 4 

days, the reaction was cooled to room temperature, the solvent was removed in vacuo, 

MeOH was added (2 mL), and the mixture was left for a few hours in the freezer. The 

precipitating particles were collected using an external magnet. The supernatant 

(orange-brown solution) was separated by centrifugation and the particles were dried 

under an argon stream. When IR spectroscopy showed the disappearance of the azido 

signal, complete reaction was assumed. In this manner 18.4 mg of functional magnetite 

nanoparticles were obtained. According to the %N determined by elemental analysis the 

functionalization of the nanoparticles was f = 0.604 mmol/g. 

 

Particle size: (n = 79, nm): 8.11 (s = 1.56) 
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Elemental analysis calculated for fmax = 1.15 mmol/g: N, 6.44. Found: C, 17.53; H, 

2.69; N, 3.38. 

TGA (30 - 900 ºC, 10 ºC/min, under N2; for a 3.167 mg sample, % weight loss) 20.4693 

(left limit: 168.67 ºC, right limit: 451.44 ºC), 26.8379 (left limit: 451.44  ºC, right limit: 

852.86 ºC). 

IR (KBr, cm-1) 3453, 2917, 1631, 1453, 1352, 1248, 1106, 951, 834. 

 

3.2.13 CuAAC reaction of crown ether derivative 26a with magnetite 

nanoparticles functionalized with 5-azidopentyltriethoxysilane: preparation 

of functional nanoparticles 36aii 

 

O
O Si
O

NN
N

3

O

OO

O

OO

O

Fe3O4

  
Magnetite nanoparticles 35ii (60 mg, f = 0.297 mmol of ligand/g nanoparticle) were 

dispersed in 4 mL of anhydrous DMF in a schlenk flask under argon, using 

ultrasonication for 15 min to achieve dispersion. The alkyne 26a (17 mg, 0.0511 mmol), 

dissolved in 2 mL anhydrous DMF was then added to the reaction media, followed by 

DIPEA 99.5 % (0.056 mL, 41.0 mg, 0.320 mmol), and finally copper(I) iodide (1.9 mg, 

0.0099 mmol) as a solid. The reaction mixture was magnetically stirred at 40 ºC under 

argon. After 6 days, the reaction was cooled to room temperature, methanol was added 

(50 mL), and the mixture was left overnight in the freezer. The precipitating particles 

were separated by magnetic decantation. The supernatant (clear, slightly orange 

solution) was discarded and the particles were washed with methanol (2 × 5 mL), 

distilled water (2 × 2 mL) and methanol again (2 × 5 mL) using centrifugation for 

particle settling. The particles were dried under an argon stream. When IR spectroscopy 

showed the disappearance of the azido signal, complete reaction was assumed. In this 

manner 45.5 mg of functional magnetite nanoparticles were obtained. According to the 

%N determined by elemental analysis a functionalization of the nanoparticles of f = 

0.248 mmol/g was determined. 
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Particle size: (n = 84, nm): 9.88 (s = 3.2) 

Elemental analysis calculated for fmax = 0.270 mmol/g: N, 1.13. Found: C, 7.59; H, 

1.48, N, 1.04. 

TGA (30 - 1000 ºC, 10 ºC/min, under N2; for a 3.8660 mg sample, % weight loss) 

13.6315 (onset: 250.81 ºC), 4.7465 (left limit: 514.28 ºC, right limit: 728.77 ºC), 3.7260 

(left limit: 728.06ºC, right limit: 896.59 ºC). 

IR (KBr, cm-1) 3444, 2923, 1632, 1451, 1352, 1256, 1106, 632, 581. 

 

3.2.14 CuAAC reaction of aza-crown ether 26b with magnetite nanoparticles 

functionalized with 5-azidopentyltriethoxysilane: preparation of functional 

nanoparticles 36bii 

 

O
O Si
O NN

N

O

N O

O

O O

Fe3O4

3   
Magnetite nanoparticles 35ii (47.9 mg, f = 0.297 mmol of ligand/g nanoparticle) were 

dispersed in 3 mL of anhydrous DMF in a schlenk flask under argon, using 

ultrasonication for 15 minutes. The alkyne 26b (10.3 mg, 0.0341 mmol), dissolved in 2 

mL anhydrous DMF (SPS) was then added to the reaction media, followed by DIPEA 

99.5% (0.0445 mL, 33.0 mg, 0.2553 mmol), and finally copper(I) iodide (1.1 mg, 

0.0057 mmol) as a solid. The reaction mixture was magnetically stirred at 40 ºC under 

argon. After 7 days, the reaction mixture was cooled to room temperature, methanol 

was added (50 mL), and the mixture was left overnight in the freezer. The precipitating 

particles were separated by magnetic decantation. The supernatant (clear, slightly 

yellow solution) was discarded and the particles were washed with methanol (2 × 5 

mL), distilled water (2 × 2 mL) and methanol again (2 × 5 mL) and dried with an argon 

stream. When IR spectroscopy showed the disappearance of the azido signal, complete 

reaction was assumed. In this manner 26.7 mg of functional magnetite nanoparticles 

were obtained. According to the %N determined by elemental analysis the 

functionalization of the nanoparticles was f = 0.234 mmol/g. 
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Particle size (n = 192, nm): 9.23 (s = 2.82) 

Elemental analysis calculated for fmax = 0.273 mmol/g: N, 1.53. Found C, 7.90; H, 

1.44; N, 1.31. 

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 3.9970 mg sample, % weight loss) 

13.7333 (left limit: 147.00 ºC, right limit: 513.07 ºC), 8.0758 (left limit: 512.34 ºC, right 

limit: 832.66 ºC). 

IR (KBr, cm-1) 3422, 2923, 2850, 1633, 1455, 1353, 1251, 1106, 952, 633, 588. 

 

3.2.15 CuAAC reaction of crown ether 26a with magnetite nanoparticles 

functionalized with 11-azidoundecyltriethoxysilane: preparation of 

functional nanoparticles 36aiii 

 

O
O Si
O

NN
N
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O
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O
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O

Fe3O4

  
 

Magnetite nanoparticles 35iii (60 mg, f = 0.233 mmol of ligand/g nanoparticle) were 

dispersed in 4 mL of anhydrous DMF in a Schlenk flask under argon, using 

ultrasonication for 10 min to ensure dispersion. The alkyne 26a (19.6 mg, 0.058 mmol), 

dissolved in 1.5 mL anhydrous DMF was then added to the reaction media, followed by 

DIPEA 99.5% (0.0636 mL, 0.0472 g, 0.365 mmol), and finally CuI (1.6 mg, 0.008 

mmol) as a solid. The reaction mixture was magnetically stirred at 40 ºC under argon. 

After 10 days, the reaction mixture was cooled to room temperature, the solvent was 

evaporated in the vacuum line to about one half of it volume, methanol was added (c.a. 

30 mL), and the mixture was left for 2 hours in the freezer. The precipitating particles 

were separated by magnetic decantation. The supernatant (clear, slightly yellow 

solution) was discarded and the particles were washed with methanol (3 × 10 mL), 

distilled water (2 × 5 mL) and methanol again (2 × 5 mL) and dried with an argon 

stream. When IR spectroscopy showed the disappearance of the azido signal, complete 

reaction was assumed. 45.5 mg of magnetite nanoparticles were obtained. According to 
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the %N determined by elemental analysis the functionalization of the nanoparticles was 

f = 0.188 mmol/g. 

 

Particle size: (n = 81, nm): 10.19 (s = 3.23) 

Elemental analysis calculated for fmax = 0.218 mmol/g: N, 0.92. Found: C, 8.45; H, 

1.52; N, 0.79. 

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 4.1060 mg sample, % weight loss) 

8.2165 (left limit: 122.02 ºC, right limit: 332.93 ºC), 5.1135 (left limit: 339.25 ºC, right 

limit: 538.31 ºC), 9.1556 (left limit: 538.31  ºC, right limit: 873.95 ºC). 

IR (KBr, cm-1) 3441, 2923, 2853, 1636, 1458, 1352, 1252, 1105, 632, 585. 

 

3.2.16 CuAAC reaction of aza crown ether derivative 26b with magnetite 

nanoparticles functionalized with 11-azidoundecyltriethoxysilane: 

preparation of functional nanoparticles 36biii 

 

O
O Si
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N
9

O

N

O O

O

OFe3O4

  
Magnetite nanoparticles 35iii (37.7 mg, f = 0.233 mmol of ligand/g nanoparticle) were 

dispersed in 3 mL of anhydrous DMF in a Schlenk flask under argon, using 

ultrasonication for 15 min to ensure dispersion. The alkyne 26b (12.6 mg, 0.041 mmol), 

dissolved in 1.5 mL anhydrous DMF was then added to the reaction media, followed by 

DIPEA 99.5% (0.0276 mL, 20.5 mg, 0.1586 mmol), and finally CuI (0.7 mg, 0.0035 

mmol) as a solid. The reaction mixture was stirred using a magnetical stirring bar at 40 

ºC under argon. After 5 days, the reaction mixture was cooled to room temperature, the 

solvent was evaporated in the vacuum line to about one half of it volume, methanol was 

added (c.a. 40 mL), and the mixture was left for 2 hours in the freezer. The precipitating 

particles were collected using an external magnet. The supernatant (clear, slightly 

yellow solution) was discarded and the particles were washed with methanol (3 × 10 

mL), distilled water (2 × 5 mL) and methanol again (2 × 10 mL) and dried under an 

argon stream. IR showed no azide band, so complete reaction was assumed. 30.9 mg of 
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magnetite nanoparticles were obtained. According to the %N determined by elemental 

analysis the functionalization of the nanoparticles was f = 0.212 mmol/g (yield 98%). 

 

Particle size: (n = 101, nm): 10.80 (s = 2.71) 

Elemental analysis calculated for fmax = 0.216 mmol/g: N, 1.21. Found: C, 8.47; H, 

1.56; N, 1.19. 

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 3.7770 mg sample, % weight loss) 

7.8333 (left limit: 137.22 ºC, right limit: 333.88 ºC), 5.5089 (left limit: 333.88 ºC, right 

limit: 513.79 ºC), 4.2949 (left limit: 512.35 ºC, right limit: 728.41 ºC), 4.2519 (left 

limit: 729.13  ºC, right limit: 802.71 ºC). 

IR (KBr, cm-1) 3443, 2922, 2852, 1650, 1458, 1355, 1256, 1106, 953, 632, 587. 

 

3.2.17 CuAAC reaction of phenylacetylene with magnetite nanoparticles: 

preparation of functional nanoparticles 37 

 
Magnetite 

nanoparticles 

35i (0.3 g, f = 

0.35 mmol of 

ligand/g) were 

dispersed in 1 

mL of a 1:1 

H2O:CH3CN mixture, using ultrasonication for 5 minutes to ensure dispersion. 

Phenylacetylene 98% (24 µL, 0.216 mmol) was added to the mixture with a syringe, 

followed by tris(1-benzyl-1H-1,2,3-triazol-4-yl)methanol·CuCl catalyst† (2.6 mg, 4.3 

µmol) as a solid. The reaction mixture was shaken at room temperature for 5 days, 

checking periodically the progress of the reaction by IR spectroscopy. The precipitating 

particles were separated by magnetic decantation. The supernatant was discarded and 

the particles were washed with acetonitrile (3 × 5 mL) and methanol (3 × 5 mL). The 

nanoparticles were dried under an argon stream. In this manner 0.29 g of nanoparticles 

                                                
† The tris(1-benzyl-1H-1,2,3-triazol-4-yl)methanol·CuCl catalyst was prepared according to Org. Lett, 

2009, 11, 4690, and was used in this case to investigate its applicability in the case of having 

nanoparticles as substrates.  

Fe3O4 Si N
O
O
O N N
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were obtained. According to the %N determined by elemental analysis a 

functionalization of the nanoparticles of f = 0.32 mmol ligand/g was achieved (95% 

yield). 

 

Particle size: (n = 107, nm): 9.86 (s = 2.82) 

Elemental analysis calculated for fmax = 0.338 mmol/g: N, 1.42. Found: C, 6.25; H, 

0.87; N, 1.35. 

TGA (30 - 900 ºC, 10 ºC/min, under N2; for a 2.8420 mg sample, % weight loss) 

12.2540 (left limit: 37.92 ºC; right limit 514.87 ºC), 6.5469 (left limit: 514.87 ºC; right 

limit 835.03 ºC). 

IR (KBr, cm-1) 3427, 2924, 2851, 1633, 1432, 1227, 1100, 1049 (sh), 582. 

 

3.2.18  Synthesis of (11-bromoundecyloxy) (tert-butyl)dimethylsilane (39)9 

 

These nanoparticles were prepared by slight 

modifications of a previously reported procedure.9 

A solution of 11-bromoundecan-1-ol (> 99%) (2.13 

g, 8.50 mmol), t-butyldimethylsilyl chloride (1.41 g, 9.4 mmol) and imidazole 99.5% 

(1.27 g, 18.7 mmol) in dichloromethane (50 mL) was stirred at room temperature for 18 

hours under nitrogen. Dichloromethane (50 mL) and NH4Cl solution (50 mL) were 

added. The aqueous layer was extracted with dichloromethane (3 × 20 mL). The 

combined organic extracts were dried over anhydrous Na2SO4 and the solvent was 

removed under reduced pressure. The residual oil was purified by column 

chromatography on silica gel using hexane/ethyl acetate (97:3) as eluant to give the title 

product (2.73 g, 7.47 mmol, 88% yield) as yellow oil. All the spectroscopic data 

matched with those reported in the literature.9 

 

1H NMR (400 MHz, CDCl3) δ 3.63 (t, 3JH-H = 6.6 Hz, 2H, OCH2), 3.43 (t, 3JH-H = 6.1 

Hz, 2H, CH2Br), 1.86 (m, 2H), 1.54 (m, 2H), 1.45 (m, 2H), 1.29 (m, 12H), 0.91 (s, 9H, 

(CH3)3C), 0.06 (s, 6H, CH3Si) ppm. 

13C NMR (CDCl3) δ 63.4 (OCH2), 33.9, 33.0, 32.9, 29.7, 29.6, 29.5, 28.9, 28.3, 26.1, 

25.9, 18.5, -5.15 (CH3Si) ppm.  

O
Br

Si
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3.2.19 Synthesis of diethyl 11-(tert-butyldimethylsilyloxy)undecylphosphonate (40) 

 

These nanoparticles were prepared by slight 

modifications of a previously reported 

procedure.10 Compound 39 (2.735 g, 7.48 mmol) and triethyl phosphite 98% (2.6 mL, 

14.96 mmol) were heated at reflux at 150ºC for 4 hours. Then the excess of triethyl 

phosphite was removed at reduced pressure to render the title product (3.00 g, 0.71 

mmol, 94% yield) as an oil. 

 

1H NMR (400 MHz, CDCl3) δ 4.07 (m, 4H, OCH2CH3), 3.58 (t, 3JH-H = 6.6 Hz, 2H, 

CH2OSi), 1.65 - 1.59 (m, 4H), 1.49 (m, 2H), 1.40 - 1.18 (m, 20H), 0.88 (s, 9H, 

(CH3)3C), -0.03 (s, 6H, CH3Si) ppm. 

13C NMR (MHz, CDCl3) δ 63.2 (CH2OSi), 61.3 (d, 2JC-P = 6.4 Hz, CH2CH3), 32.9, 

30.6, 30.5, 29.6, 29.5, 29.46, 29.41, 29.35, 29.33, 29.1, 26.4, 26.0, 25.8, 25.0, 22.47 (d, 

JC-P = 5.2 Hz), 18.3, 16.55 (d, 3JC-P = 6.0 Hz), -5.3 (CH3Si) ppm.  

31P NMR (162 MHz, CDCl3) δ 35.7 (s) ppm. 

 

3.2.20 Synthesis of diethyl 11-(hydroxy)undecylphosphonate (41)10 

 

These nanoparticles were prepared by slight 

modifications of a previously reported procedure.10 

A sample of 40 (2.97 g, 7.03 mmol) dissolved in 25 mL of tetrahydrofurane was treated 

with tetrabutylammonium fluoride (10.54 mmol, 10.54 mL of 1 M solution) for 18 

hours. After this time, 25 mL of water were added. The product was extracted with 

dichloromethane (3 × 20 mL). The combined organic phases were dried over anhydrous 

Na2SO4 and the solvent was removed under reduced pressure. The title product was 

obtained as an oil in quantitative yield. All the spectroscopic data matched with those 

reported in the literature.10  

 

O
P

Si EtO OEt

O

HO
P

EtO OEt

O
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1H NMR (MHz, CDCl3) δ 4.06 (m, 4H, OCH2CH3), 3.63 (t, 3JH-H = 6.7 Hz, 2H), 2.5 (br 

s, 1H, OH), 1.79-1.51 (m, 6H), 1.40-1.23 (m, 20H) ppm. 

31P NMR (162 MHz, CDCl3) δ 35.8 (s) ppm. 

 

3.2.21 Synthesis of diethyl 11-bromoundecylphosphonate (42) 

 

To a solution of 41 (1.58 g, 5.10 mmol) and CBr4 

(2.04 g, 6.00 mmol) in dichloromethane (25 mL) at 

0ºC, PPh3 was added (1.64 g, 6.25 mmol). The reaction was stirred overnight and then, 

5 mL of ethanol were added. After 2 hours, the addition of 20 mL of diethyl ether at low 

temperature produces the precipitation of a white solid. The solid was discarded and the 

organic solution was concentrated at reduced pressure. The crude product was purified 

by column chromatography on silica gel eluting with hexane – ethyl acetate mixtures 

(20% in ethyl acetate to 50% in ethyl acetate) to render the desired product (1.51 g, 4.07 

mmol, 80% yield) as a white solid. 

 

1H NMR (400 MHz, CDCl3) δ 4.20 - 3.98 (m, 4H, OCH2CH3), 3.41 – 3.35 (m, 2H), 

1.88 – 1.77 (m, 2H), 1.77 – 1.64 (m, 2H), 1.63 – 1.49 (m, 2H), 1.48 – 1.16 (m, 20H) 

ppm. 

13C NMR (100.6 MHz, CDCl3) δ 60.9 (d, 2JC-P = 6.5 Hz, OCH2CH3), 33.1 (CH2Br), 

32.1, 29.9, 29.7, 28.7, 28.65, 28.56, 28.3, 27.9 27.4, 25.6, 24.2, 21.7 (d, J = 5.9 Hz), 

15.8 (d, 3JC-P = 5.9 Hz, OCH2CH3) ppm. 

31P NMR (162 MHz, CDCl3) δ 35.7 ppm. 

 

3.2.22 Synthesis of 11-bromoundecylphosphonic acid (43)  

 

Compound 42 (1.06 g, 2.87 mmol) was stirred in 15 

mL of Me3SiBr (115 mmol) at room temperature for 

24 hours. The volatiles were then removed and the residue was dissolved in a mixture 

11 mL of tetrahydrofurane and 4 mL of H2O, stirred for 1 hour and finally concentrated 

Br
P

EtO OEt

O

Br
P

HO OH

O
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in vacuo. The product (0.599 g, 1.90 mmol, 66% yield) was obtained as a white solid 

after addition of 15 mL of CHCl3. 

1H NMR (400 MHz, CD3OD) δ 3.45 (t, 3JH-H = 6.74 Hz, 2H, CH2Br), 1.91 – 1.76 (m, 

2H), 1.74 – 1.53 (m, 4H), 1.50 – 1.36 (m, 4H), 1.36 – 1.25 (m, 10H). 

13C NMR (100.6 MHz, CD3OD) δ 34.6 (CH2Br), 34.1, 31.9, 31.8, 30.68, 30.65, 30.57, 

30.4, 29.9, 29.3, 29.0, 27.5, 24.0 (d, J = 4.9 Hz) ppm. 

31P NMR (162 MHz, CD3OD) δ 37.4 ppm. 

IR (cm-1) 2917, 2850, 1467, 1224, 1077, 1001, 958. 

Elemental analysis calculated for C11H24BrO3P: C, 41.92; H, 7.68; Br, 25.35. Found: 

C, 42.09; H, 7.91; Br, 24.14. 

 

3.2.23 Magnetite nanoparticles stabilized by 11-bromoundecylphosphonic acid 

(44) 

 

Compound 43 

(0.235 g, 0.75 

mmol) and 0.111 

g of magnetite 

nanoparticles 31b 

were shacken in 

15 mL of CHCl3 at room temperature for 24 hours. Then the nanoparticles were 

collected using an external magnet and the organic solution was removed. The 

nanoparticles were washed 3 times with ethanol sonicating each time to ensure total 

abstraction of ligands in excess. The product was obtained as a brown solid (0.400 g). 

According to the %P determined by ICP, a functionalization of the nanoparticles of f = 

2.36 mmol/g was determined. 

 

Particle size: (n = 74, nm): 6.37 (s = 0.97) 

IR (KBr, cm-1) 2917, 2850, 1466, 1082, 940, 559. 

Elemental Analysis found C, 31.97; H, 5.66; N, 0.10; P, 7.315. 

Br

P
OO

O

Fe3O4
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TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 3.8650 mg sample, % weight loss) 

8.3733 (left limit: 136.72 ºC, right limit: 338.87 ºC), 40.4565 (left limit: 338.87 ºC, right 

limit: 655.40 ºC). 

 

3.2.24 Magnetite nanoparticles stabilized by 11-azidoundecylphosphonic acid (45) 

 

To a dispersion of 44 

(0.13 g, 0.31 mmol, f 

= 2.36 mmol/g) in 4 

mL of DMF, NaN3 

95.5% (0.15 g, 2.3 

mmol) was added and the mixture was heated at 65ºC for 12 hours. The mixture was 

allowed to reach room temperature, the nanoparticles were separated and washed with 

water (3×5 mL) and methanol (3×5 mL). The product was obtained as a brown solid 

(0.122 g). According to the %N determined by elemental analysis a functionalization of 

the nanoparticles of f = 2.25 mmol/g was determined. According to the %P determined 

by ICP a functionalization of the nanoparticles of f = 2.28 mmol/g was determined 

(yield 87%). 

 

Particle size: (n = 71, nm): 5.56 (s = 1.04) 

IR (KBr, cm-1) 2917, 2851, 2097, 1079, 560. 

Elemental analysis calculated for fmax = 2.59 mmol/g: N, 10.88. Found C, 33.15; H, 

5.82; N, 9.11; P, 7.07. 

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 3.9590 mg sample, % weight loss) 

31.90 (left limit: 330.0 ºC, right limit: 550.0 ºC) 

 

 

 

 

 

 

 

 

N3
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3.2.25 CuAAC reaction between functional magnetite nanoparticles 45 and alkyne 

26a: Synthesis of hybrid nanoparticles 46a 

 

O

OO

O

OO

O

O

O
P
O

NN

N
9

Fe3O4

   
Magnetite nanoparticles 45 (70 mg, f = 2.25 mmol/g) were dispersed in 5 mL dry DMF 

in a Schlenk flask under an argon atmosphere. The alkyne 26a (100 mg, 0.302 mmol), 

dissolved in 1 mL dry DMF was added to the suspension of the nanoparticles, followed 

by DIPEA 99.5% (0.474 mL, 352.0 mg, 2.72 mmol), and finally copper(I) iodide (11.5 

mg, 0.0605 mmol) as a solid. The reaction mixture was magnetically stirred at 40 ºC 

under argon. The progress of the reaction was monitored by IR spectroscopy, following 

the decrease of intensity of the azide band. If required, additional amounts of CuI and 

alkyne were added. Once the azide band has dissapeared (between 4 to 7 days), the 

reaction mixture was cooled to room temperature, and the DMF was evaporated in the 

vaccum line to about one half of its volumen. Then, 40 mL of methanol (HPLC grade) 

were added and the particles left to precipitate overnight in the freezer, with the aid of 

an external magnet. The supernatant was separated via cannula, the particles were 

washed twice with 5 mL methanol (HPLC grade) and two times with distilled water (5 

mL each) using centrifugation to separate the particles. The particles were again washed 

with methanol (2 × 5 mL) and were dried with an argon stream. 66.6 mg of magnetite 

nanoparticles were isolated. According to the %N determined by elemental analysis the 

functionalization of the nanoparticles was f = 1.00 mmol/g (78% yield). 

 

Particle size (n = 208, nm): 6.37 (s = 1.08)  

IR (KBr, cm-1) 3445, 2920, 2851, 1638, 1467, 1352, 1291, 1249, 1106, 1038, 956, 836, 

791, 719. 

Elemental analysis calculated for fmax = 1.28 mmol/g: N, 5.38. Found: C, 36.65; H, 

5.78; N, 4.24. 

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 4.3430 mg sample, % weight loss): 

33.2554 (onset: 297.51 ºC), 11.3833 (onset: 444.77 ºC), 19.1470 (onset: 614.93 ºC) 
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3.2.26 CuAAC reaction between functional magnetite nanoparticles 45 and alkyne 

26b: Synthesis of hybrid nanoparticles 46b 
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N
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Magnetite nanoparticles 45 (55.5 mg, f = 2.16 mmol/g) were dispersed in 5 mL dry 

DMF in a Schlenk flask under an argon atmosphere. The alkyne 26b (72.3 mg, 0.24 

mmol), dissolved in 1 mL dry DMF was added to the suspension of the nanoparticles, 

followed by DIPEA 99.5% (0.27 mL, 201.4 mg, 1.53 mmol), and finally copper(I) 

iodide (1.8 mg, 0.0096 mmol) as a solid. The reaction mixture was magnetically stirred 

at 40 ºC under argon for 4 days. The progress of the reaction was followed by IR 

spectroscopy, taking a small sample of the reaction mixture. From this sample, the 

nanoparticles were precipitated with methanol, centrifuged, washed once with methanol 

(about 2 mL) and analysed by IR spectroscopy. If there was still some unreacted azide, 

CuI (0.01 mmol) and alkyne (0.0355 mmol) were added and the reaction was continued. 

The reaction mixture was cooled to room temperature, 35 mL methanol (HPLC grade) 

were added and the mixture was centrifuged (15 minute, 4400 rpm) and the supernatant 

was separated using a pipette. The particles were washed four times with 5 mL 

methanol, using centrifugation and were dried under an argon stream. In this manner 

25.1 mg of NP were isolated as a brown solid. According to the %N determined by 

elemental analysis the functionalization of the nanoparticles was f = 1.27 mmol/g 

 

Particle size (n = 111, nm): 5.58 (s = 1.07)  

Elemental analysis calculated for fmax = 1.31 mmol/g: N, 7.34. Found: C, 43.55; H, 

7.19; N, 7.13. 

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 3.5520 mg sample, % weight loss): 

35.4799 (left limit: 125.85 ºC, right limit: 418.29 ºC), 20.8361 (onset: 460.99ºC), 

15.1357 (onset: 884.46 ºC). 

IR (KBr, cm-1) 3424, 3125, 2921, 2851, 1641, 1467, 1354, 1249, 1219, 1109, 1050, 

952, 836, 787, 717. 
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3.3 Preparation of functionalized polymers for metal extraction 

3.3.1 Preparation of (azidomethyl)polystyrene (47)  

 
N3

PS
This product was prepared according to a previously reported procedure.11 

 

3.3.2 Preparation of azido-polystyrene-polythyleneglycol (48) 

 
N3

PS-PEG

This product was prepared according to a previously reported procedure.12 

 

3.3.3 CuAAC reaction between (azidomethyl)polystyrene (47) and alkyne 26a: 

preparation of polystyrene resin 49a 

 

Alkyne 26b (0.14 g, 0.421 mmol), DIPEA 99.5% 

(0.384 mL, 2.202 mmol) and copper(I) iodide 

(0.0043 g, 0.02 mmol) were added to a 

suspension of 0.22 g (azidomethyl)polystyrene (f = 0.77 mmol/g) in DMF:THF 1:1 (2 

mL) at 40 ºC for 5 days. The reaction mixture was monitored and once the IR-signal of 

the azido group had completely disappeared, the resin was collected by filtration and 

sequentially washed with water (60 mL), THF (60 mL), MeOH (120 mL) and THF (60 

mL). The solid was dried in vacuo for 24 hours at 40 ºC to obtain 0.185 g of resin. 

According to the %N determined by elemental analysis a functionalization of f = 0.597 

mmol/g of resin was achieved (97% yield). 

 
1H NMR-HRMAS (500 MHz, CD2Cl2) δ 7.46 (H, triazole), 7.11 (s, br, polymer 

backbone), 6.64 (s, br, polymer backbone), 5.37, 4.63 (s br, 2H,) 3.74 (m, 2H, CH2 -

CH2-N3), 3.65 (s, -(O-CH2-CH2-O)-), 1.86 (s, polymer backbone), 1.52 (s, polymer 

backbone) ppm. 
13C NMR- HRMAS (126 MHz, CD2Cl2) δ 145.73, 128.58, 128.2, 126.26, 123.1 (CH 

triazole), 111.30, 78.67, 71.09, 70.97, 70.06, 68.31, 65.28, 40.92 ppm. 

N
N N

O

PS O
O

O

OO
O
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IR (ATR, cm-1) 3059, 3025, 2919, 2850, 1945, 1719, 1601, 1493, 1451, 1350, 1115, 

1068, 903, 754, 693. 

Elemental analysis calculated for fmax = 0. 613 mmol/g: N, 2.57. Found C, 79.96; H, 

7.65; N, 2.51. 

 

3.3.4 CuAAC reaction between (azidomethyl)polystyrene (47) and alkyne 26b: 

preparation of polystyrene resin 49b 

 

Alkyne 26b (0.163 g, 0.54 mmol), DIPEA 99.5% 

(0.618 mL, 3.55 mmol) and copper(I) iodide (0.0064 g, 

0.0328 mmol) were added to a suspension of 0.374 g 

(azidomethyl)polystyrene (f = 0.73 mmol/g) in 

DMF:THF 1:1 (3 mL) at 40 ºC for 72 hours. The reaction mixture was monitored and 

once the IR-signal of the azido group had completely disappeared, the resin was 

collected by filtration and sequentially washed with water (120 mL), THF (60 mL), 

MeOH (60 mL) and THF (60 mL). The solid was dried in vacuo for 24 hours at 40 ºC to 

obtain 0.28 g of resin. According to the %N determined by elemental analysis a 

functionalization of f = 0.596 mmol/g of resin was achieved (99.6% yield). 

 
1H NMR - HRMAS ( 500 MHz, CD2Cl2) δ 7.55 (H-triazole), 7.13 (s, br), 6.66 (s, br), 

5.44, 3.86 (s 2H,), 3.74 (m 2H,) 3.65 (s, 20H, -( -CH2-O-CH2)5-), 2.79, 1.87 (s, resin 

backbone), 1.49 (s, resin backbone) ppm. 
13C NMR - HRMAS (126 MHz, CD2Cl2) δ 146.0, 128.58, 128.2, 126.3, 111.30, 71.2, 

71.0, 70.7, 70.09, 68.31, 50.6, 46.6, 44.7, 40.99, 30.3, 26.1 ppm. 

IR (ATR, cm-1) 3059, 3025, 2920, 2852, 1945, 1719, 1601, 1492, 1452, 1351, 1118, 

1065, 1029, 907, 843, 757, 698, 537. 

Elemental analysis calculated for fmax = 0.598 mmol/g: N, 3.35. Found: C, 82.36; H, 

7.89; N, 3.34. 

 

 

 

 

N
N N

PS

O
O

O
O

N

O
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3.3.5 CuAAC reaction between Azido-polystyrene-polythyleneglycol (48) and 

alkyne 26a: preparation of polystyrene-polyethyleneglycol resin 50a 

 

Alkyne 26a (0.037 g, 0.113 mmol) dissolved in 

1:1 DMF:THF (3 mL), DIPEA 99.5% (0.17 mL, 

0.975 mmol) and copper(I) iodide (0.0015 g, 

0.0075 mmol) were added to a suspension of 0.3 g of azidopolystyrene –

polyethyleneglycol (f = 0.25 mmol/g) in DMF:THF 1:1 (3 mL) at 40 ºC and the mixture 

was shaken for 24 hours. The reaction mixture was monitored and once the IR signal of 

the azido group had completely disappeared, the resin was collected by filtration and 

sequentially washed with water (180 mL), MeOH (160 mL) and THF (160 mL). The 

solid was dried in vacuo for 24 hours at 40 ºC to afford 0.203 g of resin. According to 

the %N determined by elemental analysis a functionalization of f = 0.252 mmol/g of 

resin was achieved (100% yield). 
 

1H NMR - HRMAS (500 MHz, CD2Cl2) δ 7.79 (s, 1H, triazole), 7.04 (s, br, polymer 

backbone), 6.57 (s, br, polymer backbone), 4.60 (s, 2H), 4.52 (s, 2H), 3.86, 3.72, 3.59, 

3.45, 2.09, 1.73 (s, br, polymer backbone) ppm. 
13C NMR - HRMAS (126 MHz, CD2Cl2) δ 145.3 128.5, 110.2, 85.3, 71.9, 70.8, 70.5, 

69.7, 50.5, 40.9 ppm. 

IR (ATR, cm-1) 2865, 1638, 1602, 1492, 1453, 1348, 1296, 1249, 1093, 946, 845, 761, 

701. 

Elemental analysis calculated for fmax = 0.231 mmol/g: N, 0.97. Found: C, 62.61; H, 

8.74; N, 1.06. 

 

3.3.6 CuAAC reaction between Azido-polystyrene-polythyleneglycol (48) and 

alkyne 26b: preparation of polystyrene-polyethyleneglycol resin 50b 

 

Alkyne 26b (0.034 g, 0.113 mmol) dissolved in 1:1 

DMF:THF (3 mL), DIPEA 99.5% (0.17 mL, 0.975 

mmol) and copper(I) iodide (0.0018 g, 0.009 mmol) 

were added to a suspension of (azidomethyl)polystyrene –polyethyleneglycol (0.3 g, f = 

0.25mmol/g) and DMF:THF 1:1 (3 mL) at 40 ºC and the mixture was shaken for 24 

hours. The progress of the reaction was monitored and once the IR-signal of the azido 

N
N N
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group had completely disappeared, the resin was collected by filtration and sequentially 

washed with water (80 mL), DMF (80 mL), THF (80 mL), THF:MeOH 1:1 (80 mL), 

MeOH (80 mL) and THF (80 mL). The solid was dried in vacuo for 24 hours at 40 ºC to 

obtain 0.210 g of resin. According to the %N determined by elemental analysis a 

functionalization of f = 0.218 mmol/g of resin was achieved (94% yield). 
 

1H NMR - HRMAS (500 MHz, CD2Cl2) δ 7.76 (s, 1H, triazole), 7.07 (s, br, polymer 

backbone), 6.55 (s, br, polymer backbone), 4.55 (s, 2H), 3.32-4.09 (resin backbone + 

macrocycle), 2.77 (s, 4H), 1.77 (s, polymer backbone), 1.30 ppm. 
13C NMR - HRMAS (126 MHz, CD2Cl2) δ 145.3 128.5, 111.2, 85.3, 71.9, 70.8, 70.5, 

69.7, 50.5, 40.9 ppm. 

IR (ATR, cm-1) 3026, 2864, 1638, 1602, 1492, 1453, 1343, 1280, 1242, 1099, 947, 842, 

761, 701. 

Elemental analysis calculated for fmax = 0.232 mmol/g: N, 1.30. Found C, 63.18; H, 

8.49; N, 1.22. 

 

3.3.7 CuAAC reaction between Azido-polystyrene-polythyleneglycol (49) and 

phenyl acetylene: preparation of polystyrene-polyethyleneglycol resin 51 

 

Ethynylbenzene 98% (0.011 mL, 0.010 g, 0.10 mmol), DIPEA 

99.5% (0.113 mL, 0.650 mmol) and copper(I) iodide (0.0012 g, 

0.006 mmol) were added to a suspension of 0.2 g of 

azidopolystyrene –polyethyleneglycol (f = 0.25 mmol/g) in 

DMF:THF 1:1 (5 mL) at 40 ºC and the mixture was shaken for 24 hours. The progress 

of the reaction was monitored and once the IR signal of the azido group had completely 

disappeared, the resin was collected by filtration and sequentially washed with water 

(55 mL), DMF (50 mL), THF (50 mL), THF:methanol 1:1 (50 mL), MeOH (50 mL) 

and THF (50 mL). The solid was dried in vacuo for 24 hours at 35 ºC to afford 0.157 g 

of resin. According to the %N determined by elemental analysis a functionalization of f 

= 0.24 mmol/g of resin was achieved (98% yield). 
 

IR (ATR, cm-1) 3026, 2865, 1602, 1492, 1453, 1345, 1281, 1244, 1096, 947, 842, 762, 

700, 538. 

N
N N

PS-PEG
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Elemental analysis calculated for fmax = 0.244 mmol/g: N, 1.02. Found C, 63.87; H, 

8.22; N, 1.01. 

 

3.4 Metal extraction experiments using functionalized magnetic 

nanoparticles and resins 
 

3.4.1 General procedure for the Pb2+ extraction from acetonitrile solutions with 

nanoparticles 

 
An exactly measured aliquot (5 mL) of a solution of Pb(ClO4)2 (of around 83 ppm) was 

added to a closed vial containing an equimolar amount of functional magnetic 

nanoparticles. The samples were sonicated for at least 15 min to achieve the dispersion 

of the nanoparticles and the vials were shaken on a horizontal shaker for specified 

periods of time. The nanoparticles were then magnetically decanted with the help of an 

external magnet. The supernatant was transferred via cannula to a Schlenk flask, the 

solvent was evaporated under vaccum and the residue was dissolved in an exactly 

measured volume of 1% v/v HNO3. The concentration of lead in the supernatant was 

determined by FAAS.  

 

3.4.2 General procedure for the Pb2+ extraction from aqueous solutions with 

nanoparticles 

 

An aliquot (5 mL) of a solution of Pb(ClO4)2 (of around 83 ppm) was added to a closed 

vial containing the required amount of magnetite nanoparticles. The samples were 

sonicated for at least 15 min to achieve the dispersion of the nanoparticles and the vials 

were shaken on a horizontal shaker for specified periods of time. The nanoparticles 

were then magnetically decanted with the help of an external magnet. The supernatant 

was separated with a syringe, filtrated through a Nylon filter (0.45 µm) and acidified 

with concentrated HNO3 (65%, purissim.p.a. grade) to achieve a final acid 

concentration of 1% v/v. The concentration of lead in the supernatant was determined 

by FAAS. 
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3.4.3 General procedure for the Pb2+ extraction from aqueous solutions with PS 

resins 

 

An aliquot (5 mL) of a solution of Pb(ClO4)2 was added to a closed vial containing the 

required amount of polymer. The samples were orbitally shaken on a horizontal shaker 

for specified periods of time. The samples were allowed to decant and a 2 mL aliquot of 

the supernatant was transferred to another vial, evaporated to dryness in an argon stream 

and the residue was dissolved in 5 mL aqueous 1% v/v HNO3. The concentration of 

lead in the supernatant was determined by FAAS. 
 

3.4.4 General procedure for the Pb2+ extraction from aqueous solutions with PS 

and PS-PEG resins 

 
An aliquot (5 mL) of a solution of Pb(ClO4)2 (of around 83 ppm) was added to a closed 

vial containing the required amount of polymer. The samples were shaken on a 

horizontal shaker for specified periods of time. The samples were allowed to decantate 

and the supernatant was separated with a syringe, filtered through a Nylon filter  (0.45 

µm) and acidified with concentrated HNO3 (65%, purissim. p.a. grade) to achieve a 

final acid concentration of 1% v/v.  
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4 EXPERIMENTAL SECTION FOR CHAPTER 6 
 

4.1 Preparation of L-hydroxyproline derivatives containing an 

adamantyl residue 
 

4.1.1 Synthesis of 2-(1-adamantyl)ethyl p-toluenesulfonate (61)  

 

This compound was prepared following a previously reported 

procedure.13,14 To a stirred suspension of p-toluenesulfonyl 

chloride (3.51 g, 18.45 mmol) in pyridine (11.5 mL) cooled at 0 

ºC was added 1-adamantaneethanol 98% (3.26 g, 18.48 mmol) in small portions. The 

reaction mixture was stirred overnight at 4 ºC (in the fridge under stirring) then diluted 

with water (150 mL) and extracted with dichloromethane (3 × 100 mL). The combined 

organic layers were washed with 6M HCl (3 × 200 mL) and dried over anhydrous 

MgSO4 and evaporated to yield the title product as a colourless oil (6.0 g, 17.94 mmol, 

99% yield). All the spectroscopic date matched with those reported in the literature.14,15 

 
1H NMR (400 MHz, CDCl3) δ 7.78 (d, 2JH-H = 8.1 Hz, 2H, Ar), 7.34 (d, 2JH-H= 8.1 Hz, 

2H, Ar) 4.01 (t, 3JH-H= 7.3 Hz, 2H, CH2OTs), 2.44 (s, 3H, CH3), 1.9 (m, 3H, 3 ×  CH 

adamantyl) 1.70-1.55 (m, 6H, 3 × CH2 adamantyl) 1.49 (m, 8H, 3 × CH2 adamantyl + 

OCH2CH2) ppm. 
13C NMR (101 MHz, CDCl3) δ  144.81, 133.51, 130.00, 128.09, 67.55, 42.68, 42.54, 

37.05, 31.97, 28.65, 21.86 ppm. 

IR (ATR, cm-1) 2898, 2846, 1598, 1451, 1359, 1188, 1172, 1097, 952, 933, 811. 

Elemental analysis calculated for C19H26O3S: C, 68.23; H, 7.84; S, 9.59. Found: C, 

68.17; H, 7.69; S, 9.39. 

 

 

 

 

 

O
S
O
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4.1.2 Synthesis of (2S,4R)-1-tert-butyl 2-methyl 4-(2-(adamantan-1-

yl)ethoxy)pyrrolidine-1,2-dicarboxylate (63) 

 

Sodium hydride (0.060 g, 2.49 mmol) was placed in a 100 mL 

Schlenk flask and was suspended in 11 mL of anhydrous 

DMF, under an argon atmosphere. A solution of N-Boc-trans-

4-hydroxy-L-proline methyl ester (0.61 g, 2.49 mmol) in 

DMF (15 mL) was added via cannula to the suspension of sodium hydride at -20 ºC 

under argon. The mixture was stirred for 20 minutes and a solution of 61 (0.915 g, 2.74 

mmol) in DMF (11 mL) was added via cannula to the mixture. Stirring was continued at 

-20 ºC for one hour, then the temperature was raised to 0 ºC for two hours and finally 

the mixture was allowed to warm to room temperature. Stirring was continued at that 

temperature for 48 hours. Methanol (15 mL) was added and then brine (100 mL) and 

the reaction mixture was extracted with hexane (3 × 50 mL). The organic layers were 

dried with anhydrous MgSO4 and the solvent was removed under reduced pressure. The 

crude product was purified by flash column chromatography over silica gel, using 

hexane-ethyl acetate mixtures as eluant. Sequential column chromatography allowed the 

separation of two diasteromers: syn-63 and anti-63. Crystals of anti-63 suitable for X-

ray analysis were grown from a toluene solution at room temperature. 

 

First product: (2R,4R)-1-tert-butyl 2-methyl 4-(2-(adamantan-1-yl)ethoxy)-

pyrrolidine-1,2-dicarboxylate (syn-63) 

 

Colourless oil. Yield: 0.155 g 
1H NMR (400 MHz, CDCl3) δ 4.45 – 4.24 (m, 1H), 3.97 (m, 1H), 

3.70 (s, 3H, CH3), 3.68-3.54 (m, 1H), 3.47 – 3.34 (m, 3H), 2.37 – 

2.15 (m, 2H), 1.92 (s, 3H), 1.65 (dd, J = 31.8, 11.7 Hz, 8H), 1.44 

(d, J = 21.1 Hz, 15H), 1.34 – 1.22 (m, 2H) ppm. 
13C NMR (101 MHz, CDCl3, rotamers are detected in the spectra) δ  173.13, 172.76 

(COOMe), 154.10 (N-C=O), 80.19 (C(CH3)3), 76.42 (CH), 65.23, 65.10 (OCH2-CH2), 

57.96, 57.51 (CH), 52.39, 52.18 (OCH3), 52.28, 51.51 (CH2), 43.89 (CH2), 42.91 

(adamantyl CH2), 37.30 (adamantyl CH2), 36.41, 35.25 (CH2), 31.86 (C), 28.86 

(adamantyl CH), 28.65, 28.53 (C(CH3)3) ppm. 

IR (ATR, cm-1) 2898, 2846, 1756, 1700, 1477, 1450, 1394, 1364, 1256, 1158, 1096. 
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MS (TOF MS ES+) m/z (relative intensity) 430.2 ([M+Na]+, 100%) 

HRMS (TOF MS ES+) m/z calculated for C23H37NO5Na+ (M+Na+) 430.2564, found 

430.2568. 

Elemental analysis calculated for C23H37NO5: C, 67.78; H, 9.15; N, 3.44. Found C, 

67.91; H, 8.93; N, 3.46.  

[α]D
28 = 33.8 (c 1.10, CHCl3). 

 

Second product: (2S,4R)-1-tert-butyl 2-methyl 4-(2-(adamantan-1-

yl)ethoxy)pyrrolidine-1,2-dicarboxylate (anti-63) 

 

White solid. Yield: 0.298 g 
1H NMR (400 MHz, CDCl3) δ  4.35 (m, 1H), 4.02 (m, 1H), 

3.73 (m, 3H, CH3), 3.64 – 3.38 (m, 4H), 2.38 – 2.21 (m, 1H), 

2.10 – 1.99 (m, 1H), 1.93 (s, 3H), 1.75 – 1.57 (m, 7H), 1.50 (s, 

6H), 1.47 – 1.38 (m, 9H), 1.35 (t, 3JH-H = 7.3 Hz, 2H) ppm. 
13C NMR (101 MHz, CDCl3, rotamers are detected in the spectra) δ  173.94, 173.70 

(COOMe), 154.65, 153.99 (N-C=O), 80.32 (C(CH3)3), 76.63 (CH), 65.37 (OCH2), 

58.27, 57.82 (CH), 52.41, 52.19 (OCH3), 52.01, 51.50 (CH2), 43.92, 43.83 (CH2CH2), 

42.94 (adamantyl CH2), 37.30 (adamantyl CH2), 36.99 (CH2), 31.95 (C), 28.86 

(adamantyl CH), 28.62, 28.47 (C(CH3)3) ppm. 

IR (ATR, cm-1) 2978, 2901, 2845, 1737, 1703, 1436, 1396, 1361, 1343, 1291, 1269, 

1234, 1155, 1117, 1096, 1027. 

MS (TOF MS ES+) m/z (relative intensity) 430.2 ([M+Na]+, 100%) 

HRMS (TOF MS ES+) m/z calculated for C23H37NO5Na+ (M+Na+) 430.2564, found 

430.2578. 

Elemental analysis calculated for C23H37NO5: C, 67.78; H, 9.15; N, 3.44. Found: C, 

67.77; H, 9.05; N, 3.46. 

[α]D
28 = -26.1 (c 1.00, CHCl3). 
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4.1.3 Deprotection of proline derivative syn-63: (2R,4R)-4-(2-(adamantan-1-

yl)ethoxy)pyrrolidine-2-carboxylic acid (syn-56) 

 

Compound syn-63 (0.110 g, 0.269 mmol) was dissolved in 

methanol (2 mL). Lithium hydroxide 98% (0.064 g, 2.69 mmol) 

in distilled water (2 mL) was next added. The reaction mixture 

was stirred overnight at room temperature. After removal of methanol at reduced 

pressure, the aqueous solution was washed with ether (2 × 10 mL), acidified with 5% 

HCl and extracted with ethyl acetate (3 × 15 mL). The combined organic layers were 

dried over anhydrous Na2SO4, filtered and evaporated under reduced pressure to afford 

the N-Boc carboxylic acid product. To a solution of the crude product in CH2Cl2 (0.5 

mL), in an ice bath, was added trifluoroacetic acid 98%, d = 1,48 g/mL (0.53 mL, 6.72 

mmol) and the mixture was stirred for 3 hours, at 0 ºC during the first hour and then at 

room temperature. The mixture was then concentrated under reduced pressure, and the 

residue was dissolved in MeOH, acidified with 1M HCl and loaded to an cation 

exchange resin (Dowex 50WX8 100-200 mesh, H+ form, swollen with 0.1M HCl). The 

resin was washed with water (to neutral pH and absence of Cl-) and eluted with 15% v/v 

aqueous ammonium hydroxide. The eluted fractions were evaporated to dryness under 

reduced pressure to afford the title product as off-white solid (0.050 g, 63% yield). 

 
1H NMR (400 MHz, CD3OD) δ 4.14 (m, 1H), 3.99 (m, 1H), 3.57 – 3.40 (m, 3H), 3.23 

(m, 1H), 2.40 (m, 2H), 2.14 (m, 1H), 1.92 (s, 3H), 1.70 (m, 6H), 1.54 (m, 6H), 1.33 (t, 
3JH-H = 7.4 Hz, 2H) ppm. 
13C NMR (101 MHz, CDCl3) δ 174.04 (COOH), 77.37 (CH), 65.34 (CH2), 59.39 (CH), 

50.38 (CH2), 43.94 (CH2), 42.92 (CH2), 37.28 (CH2), 34.85 (CH2), 31.81 (C), 28.83 

(CH) ppm.  

IR (ATR, cm-1) 3080 (br), 2897, 2845, 1602, 1448, 1372, 1342, 1317, 1087, 1041. 

HRMS (TOF MS ES+) m/z calculated for C17H28NO3
+ (M+H+) 294.2064, found 

294.2076. 
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4.1.4 Deprotection of anti-63: synthesis of (2S,4R)-4-(2-adamantan-1-

yl)ethoxy)pyrrolidine-2-carboxylic acid (anti-56) 

 

To a solution of compound anti-63 (0.254 g, 0.623 mmol) in 

methanol (3 mL) was added a solution of lithium hydroxide 

98% (0.149 g, 6.23 mmol) in 3 mL distilled water. The 

reaction mixture was stirred overnight at room temperature. The organic solvent was 

removed under reduced pressure, the aqueous solution was washed twice with ether (10 

mL each), acidified with 5% HCl and extracted with ethyl acetate (3 × 15 mL). The 

combined organic layers were dried over anhydrous Na2SO4, filtered and the solvent 

was removed under reduce pressure to afford the crude N-Boc carboxylic acid product. 

The crude product was dissolved in CH2Cl2 (1.2 mL) and to this solution trifluoroacetic 

acid 98%, d = 1.48 g/mL (1.23 mL, 15.58 mmol) was added at 0 ºC. The mixture was 

stirred at 0 ºC for 1 hour and then at room temperature for 2 more hours. The solvent 

was eliminated under reduced pressure and the residue was dissolved in methanol with a 

few drops of 1M HCl and loaded to a Dowex cation exchange resin (50WX8 100-200 

mesh, H+ form, activated with 0.1 M HCl). The resin was washed with water to neutral 

pH and absence of Cl- and eluted with 15% v/v aqueous ammonium hydroxide. The 

fractions were evaporated to dryness under vacuum to afford the title product (0.341 g, 

55% yield) as a light yellow solid. 

 
1H NMR (400 MHz, CD3OD) δ 4.22 (m, 1H), 4.09 (m, 1H), 3.64 – 3.45 (m, 2H), 3.35 

(s, 6H), 2.54 (m, 1H), 2.02 (m, 1H), 1.94 (m, 3H), 1.72 (m, 6H), 1.57 (m, 6H), 1.38 (t, 
3JH-H = 7.3 Hz, 2H) ppm. 
13C NMR (101 MHz, CDCl3) δ 173.74 (COOH), 77.76 (CH), 65.41 (CH2), 60.66 (CH), 

50.54 (CH2), 43.73 (CH2), 42.92 (CH2), 37.29 (CH2), 35.36 (CH2), 31.88 (C), 28.84 

(CH) ppm. 

IR (ATR, cm-1) 3415 (br), 2896, 2845, 1617, 1448, 1396, 1343, 1315, 1087. 

HRMS (TOF MS ES+): m/z calculated for C17H28NO3
+ (M+H+) 294.2064, found 

294.2072. 

Elemental analysis calculated for C17H28ClNO3: C, 61.90; H, 8.56; N, 4.25. Found: C, 

62.97; H, 8.78; N, 4.79. 

[α]D
25 = -15.67 (c 1.07, CHCl3). 

m.p.: decomposes. 

NH
O

CO2H
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4.1.5 Synthesis of (2S,4R)-1-tert-butyl 2-methyl 4-(tosyloxy)pyrrolidine-1,2-

dicarboxylate (64)16 

 

To a solution of p-toluenesulfonyl chloride 99% (0.69 g, 3.56 

mmol) in pyridine (4.2 mL) at 0 ºC was added N-Boc-trans-4-

hydroxy-L-proline 97% (0.6 g, 2.37 mmol) and the mixture 

was stirred at 0 ºC for 48 hours. The temperature was raised 

to room temperature, and stirring was continued overnight. 

The mixture was poured into 1 M HCl (34 mL), and the solution was extracted with 

ethyl acetate (3 × 42 mL). The organic layers were washed with 1 M HCl (2 × 22 mL), 

saturated NaHCO3 (2 × 22 mL) and brine (2 × 22 mL), and then dried over anhydrous 

MgSO4 and concentrated under reduced pressure. The crude product was purified by 

flash column chromatography over silica gel, using hexane-ethyl acetate mixtures as 

eluant. The desired product (0.76 g, 1.90 mmol, 80 % yield) was obtained as a clear oil. 

All the spectroscopic data matched with those reported in the literature.16  
 

1H NMR (400 MHz, CDCl3) δ  7.79 (d, 3JH-H = 8.0 Hz, 2H), 7.36 (d, 3JH-H = 7.9 Hz, 

2H), 5.04 (m, 1H), 4.45 – 4.31 (m, 1H), 3.72 (s, 3H, OCH3), 3.62 (m, 2H), 2.60 – 2.36 

(m, 1H), 2.46 (s, 3H, CH3-Ar), 2.23 – 2.06 (m, 1H), 1.41 (m, 9H) ppm. 
13C NMR (101 MHz, CDCl3, rotamers are detected in the spectra) δ  172.97, 172.79 

(COOH), 154.00, 153.36 (N-C=O), 145.49 (C-Ar), 133.79 (C-Ar), 133.59 (CH-Ar), 

130.29 (CH-Ar), 80.95 (C(CH3)3), 79.22, 78.58 (CH), 57.61, 57.27 (CH), 53.63, 52.62 

(OCH3), 52.43, 52.04 (CH2), 37.43, 36.24 (CH2), 28.47, 28.38 (C(CH3)3), 21.88 (tosyl 

CH3) ppm.  

IR (ATR, cm-1) 2976, 1748, 1698, 1597, 1397, 1364, 1291, 1256, 1174, 1158, 900. 

Elemental analysis calculated for C18H25NO7S: C, 54.12; H, 6.31; N, 3.51; S, 8.03. 

Found: C, 53.93; H, 6.35; N, 3.51; S, 7.92.  

[α]D
28.2 = -34.93 (c = 0.123, CHCl3) 
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4.1.6 Synthesis of (2S,4S)-1-tert-butyl-2-methyl-4-(adamantan-1-ylthio)-

pyrrolidine-1,2-dicarboxylate (65) 

 

Sodium hydride (0.050 g, 2.065 mmol) was placed in a 50 mL 

Schlenk flask and was suspended in 11 mL of anhydrous DMF, 

under an argon atmosphere. A solution of 1-adamantanethiol 

95% (0.366 g, 2.065 mmol) in DMF (11 mL) was added via 

cannula to the suspension of sodium hydride at -20 ºC under 

argon. The mixture was stirred for 20 minutes and a solution of 64 (0.750 g, 1.878 

mmol) in DMF (11 mL) was added via cannula to the mixture. Stirring was continued at 

-20 ºC for one hour and then the temperature was raised to 0 ºC. Stirring was continued 

at that temperature for 68 hours. Methanol (20 mL) was added and then brine (60 mL) 

and the reaction mixture was extracted with hexane (3 × 70 mL). The organic layers 

were washed once with water, dried with andydrous MgSO4 and the solvent was 

removed under reduced pressure. The crude product was purified by flash column 

chromatography over silica gel, using hexane-ethyl acetate mixtures (9:1 first to 

separate the unreacted thiol and then 8:2) as eluant. The desired product (0.604 g, 1.53 

mmol, 81% yield) was obtained as a colourless oil. 

 
1H NMR (400 MHz, CDCl3) δ 4.24 (m, 1H), 4.07- 3.79 (m, 1H), 3.72 (s, 3H, OCH3), 

3.37 – 3.24 (m, 1H), 3.20 (m, 1H), 2.68 – 2.52 (m, 1H), 2.04 (s, 3H, 3 × CH adamantyl), 

1.86 (s, 7H, 3 ×  CH2 adamantyl), 1.69 (s, 6H, 3 ×  CH2 adamantyl), 1.43 (m, 9H, 3 × 

CH3-Boc) ppm. 
13C NMR (101 MHz, CDCl3, rotamers are detected in the spectra) δ  173.16, 172.89 

(COOH), 153.35 (N-C=O), 80.51 (C), 58.87 (CH), 54.38 (CH2), 52.43, 52.26 (CH3), 

45.62 (C), 44.26 (CH2), 39.21 (CH2), 36.36 (CH2), 35.82 (CH), 29.91 (CH), 28.61, 

28.47 (CH3) ppm. 

IR (ATR, cm-1) 2976, 2904, 2849, 1750, 1700, 1477, 1450, 1392, 1366, 1254, 1177, 

1116, 1043.  

HRMS (TOF MS ES+) m/z calculated for C21H33NO4NaS+ (M+Na+) 418.2023, found 

418.2031. 

Elemental analysis calculated for C21H33NO4S: C, 63.76; H, 8.41; N, 3.54; S, 8.11. 

Found: C, 63.71; H, 8.21; N, 3.63; S, 8.15.  

[α]D
27 = -59.6 (c 1.21, CHCl3 ). 

N

S

CO2Me

OO
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4.1.7 Synthesis of (2S,4S)-4-(adamantan-1-ylthio)pyrrolidine-2-carboxylic acid 

(57) 

 

To a solution of 65 (0.209 g, 0.53 mmol) in methanol (3 

mL) was added a solution of lithium hydroxide 98% 

(0.126 g, 5.3 mmol) in distilled water (3 mL). The 

reaction mixture was stirred overnight at room temperature. The organic solvent was 

removed under reduced pressure, the aqueous solution was washed twice with ether, 

acidified with 5% HCl and extracted with ethyl acetate. The combined organic layers 

were dried over Na2SO4, filtered and the solvent was removed under reduce pressure to 

afford the crude N-Boc carboxylic acid product. The crude product was dissolved in 

CH2Cl2 (1 mL) and to this solution trifluoroacetic acid 98%, d = 1.48 g/mL (1.04 mL, 

13.18 mmol) was added at 0 ºC. The mixture was stirred at 0 ºC for 1 hour and then at 

room temperature for 2 hours more. The solvent was evaporated under reduced pressure 

and the residue was dissolved in methanol with a few drops of 1M HCl, and loaded to a 

Dowex cation exchange resin (50WX8 100-200 mesh, 5g, H+ form, swollen with 0.1 M 

HCl). The resin was washed with water to neutral pH and absence of Cl- and eluted with 

15% v/v aqueous ammonium hydroxide. The fractions were evaporated to dryness 

under vacuum to afford the title product (0.138 g, 0.49 mmol, 93% yield) as a white 

solid. 

 
1H NMR (400 MHz, CD3OD) δ 4.00 (m, 1H, CHCOOH), 3.59 (m, 2H), 3.07 (m, 1H), 

2.82 – 2.64 (m, 1H), 2.05 (m, 3H, 3 × CH adamantyl), 1.90 (m, 7H, 3 × CH2 adamantyl 

+ 1H), 1.75 (m, 6H, 3 × CH2 adamantyl) ppm. 
1H NMR (400 MHz, D2O) δ 4.19 (t, J = 8.6 Hz, 1H), 3.86 – 3.67 (m, 2H), 3.27 (m, 1H), 

2.90 – 2.78 (m, 1H), 2.09 (s, 3H), 2.00 (m, 1H), 1.97 – 1.85 (m, 6H), 1.74 (m, 6H) ppm. 
13C NMR (101 MHz, CD3OD) δ 173.30 (COOH), 62.49 (CH), 53.83 (CH2), 46.82 (C), 

45.19 (CH2), 39.43 (CH2), 37.46 (CH), 37.30 (CH2), 31.35 (CH) ppm.  

IR (ATR, cm-1) 3392 (br), 3052 (br), 2901, 2847, 1611, 1447, 1381, 1341, 1321, 1698, 

1100, 1042, 837. 

HRMS (TOF MS ES+) m/z calculated for C15H24NO2S+ (M+H+) 282.1522, found 

282.1522. 

Elemental analysis calculated for C15H23NO2S·1/2 HCl: C, 60.12; H, 7.90; N, 4.67; S, 

10.70. Found: C, 60.91; H, 7.86; N, 4.88; S, 10.70. 

N
H

S

CO2H
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 [α]D
25 = -31.09 (c 1.07, CH3OH). 

m.p.: decomposes 

 

4.1.8 Synthesis of 3-(1-Adamantylethoxy) prop-1-yne (66) 

 

To a solution of 1-adamantaneethanol 98% (2.5 g, 13.86 mmol) in 

THF at 0 ºC was added in small portions over 15 minutes NaH (60 

% in mineral oil, 15.25 mmol, 0.584 mg) followed by propargyl bromide (80 % in 

toluene, 16.64 mmol, 1.8 mL). A brown precipitate appeared after the addition, and the 

resulting mixture was stirred at room temperature overnight. The reaction was quenched 

by addition of water (5 mL), extracted with dichloromethane (2 ×  20 mL), filtered 

through a piece of cotton wool and evaporated. The crude mixture was purified by 

column chromatography over silica gel using 9:1 hexane-ethyl acetate as eluant to 

render the product as a white powder (2.1 g, 9.62 mmol, 70 % yield). 

 
1H NMR (400 MHz, CDCl3) δ 4.10 (d, 4JH-H = 2.4 Hz, 2H, OCH2CCH), 3.56 (t, 3JH-H = 

7.4 Hz, 2H, OCH2CH2), 2.40 (t, 4JH-H = 2.4 Hz, 1H, CH), 1.92 (s, 3H, 3 ×  CH 

adamantyl), 1.71 (m, 6H, 3 × CH2 adamantyl), 1.52 (m, 6H, 3 × CH2 adamantyl), 1.39 

(t, 3JH-H = 7.4 Hz, 2H, OCH2CH2) ppm. 
13C NMR (100 MHz, CDCl3) δ  74.26, 66.42, 58.18, 43.58, 42.90 (CH2), 37.31 (CH2), 

31.99, 28.88 (CH) ppm.  

IR (ATR, cm-1) 3306 (ν CC-H), 2897 (ν C-H), 2845 (ν C-H), 1728, 1447, 1353, 1095 

(νas C-O-C). 

Elemental analysis calculated for C15H22O: C, 82.52; H, 10.16. Found: C, 82.43; H, 

9.91. 

 

4.1.9 Synthesis of 3-(1-Adamantylethoxy) but-2-yn-1-ol (67) 

 

To a solution of 66 (2.0 g, 9.16 mmol) dissolved in THF (18 

mL) at -25 ºC was added dropwise n-butyllithium (2.5 N in 

hexane, 3.9 mL, 9.61 mmol). After the first drops the solution 

becomes dark. The solution was stirred at -25 ºC for 15 minutes then paraformaldehyde 

(570 mg, 19.87 mmol) was added in one portion. The solution was then allowed to 

O

OH
O
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reach room temperature and was stirred overnight. The reaction was quenched with a 

saturated solution of NH4Cl (25 mL) and extracted with ethyl acetate (3 × 50 mL). The 

combined organic layers were washed with HCl 2% (3 × 50 mL), with saturated 

aqueous solution of NaHCO3 (2 × 50 mL and with brine (2 × 50 mL). They were dried 

over MgSO4 and concentrated in vacuo. The crude product was purified by silica gel 

column chromatography using hexane-ether 1:1 as eluant to obtain the title product as a 

pale yellow oil (0.967 g, 3.98 mmol, 43 % yield). 

 
1H NMR (400 MHz, CDCl3) δ  4.32 (m, 2H, CH2OH), 4.15 (t, 5JH-H = 1.9 Hz, 2H, 

OCH2CCCH2OH), 3.54 (t, 3JH-H= 7.3 Hz, 2H, OCH2CH2), 1.93 (m, 3H, CH adamantyl), 

1.68 (m, 7H, CH2 adamantyl + OH), 1.51 (m, 6H, CH2 adamantyl), 1.40 (m, 2H, 

OCH2CH2) ppm. 

MS (ESI+): m/z (relative intensity) 271.1 ([M+Na]+, 100 %).  

 

4.1.10 Synthesis of 3-(1-Adamantylethoxy) 1-bromobut-2-yne (68) 

 

To a 250 mL round bottom flask containing triphenylphosphine 

(1.12 g, 4.28 mmol) and CH2Cl2 (75 mL) at 0 ºC was added 

dropwise bromine (0.220 mL, 4.28 mmol). After 20 minutes 

2,6-lutidine (0.5 mL, 4.28 mmol) was added and the reaction stirred for 30 minutes 

more. At the end of this time 3-(1-adamantylethoxy) but-2-yn-1-ol (0.967 g, 3.89 mmol) 

was added at 0 ºC and the reaction mixture was stirred for 30 minutes. The mixture was 

evaporated then poured into ether (70 mL), sonicated and the resulting precipitate 

(triphenylphosphine oxide) was removed by filtration. The solvent was removed in 

vacuo and the crude product was purified by silica gel chromatography using hexane-

ethyl acetate mixtures to afford the product (1.0 g, 3.21 mmol, 83 % yield) as a pale 

yellow oil. 

 
1H NMR (400 MHz, CDCl3) δ  4.40 (d, 2JH-H = 45 Hz, 2H, CH2Br), 4.14 and 3.93 (t, 
5JH-H = 1.9 Hz, 1H+1H, OCH2CCCH2Br), 3.52 (t, 3JH-H = 7.5 Hz, 2H, AdCH2CH2O), 

1.92 (m, 3H, CH adamantyl), 1.64 (m, 6H, adamantyl), 1.50 (m, 6H, adamantyl), 1.37 

(m, 2H, AdCH2) ppm.  

MS (ESI+): m/z  (relative intensity) 333.1-335.1  ([M+Na]+, 100 % with isotopic pattern 

1/1).  

Br
O
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4.1.11 Synthesis of N-Boc-trans-4-(methoxybut-2’-yn-4’(1-Adamantylethoxy))-L-

proline methyl ester (69) 

 

To a solution of N-Boc-trans-4-hydroxy-L-proline 

methyl ester (315 mg, 1.29 mmol,) in DMF (13 

mL) was added sodium hydride (60 % in mineral 

oil, 51 mg, 1.29 mmol) at -20 ºC under nitrogen. The mixture was stirred for 25 minutes 

at -20 ºC and the alkyne 68 (400 mg, 1.29 mmol) in DMF (2 mL) was added and stirred 

for 1 hour at -20 ºC. The mixture was then allowed to reach room temperature and 

stirred for 60 hours. Methanol was then added (2 mL), the reaction mixture was 

extracted with dichloromethane (3 ×  15 mL), and washed with brine (10 mL). The 

combined organic extracts were dried over anhydrous MgSO4, filtered over a piece of 

cotton wool and concentrated in vacuo. Purification by silica gel column 

chromatography (100 % hexane, Hexane/AcOEt 5 %, 10 %, 30% and finally 50 % for 

the product) affords the title product (140 mg, 0.29 mmol, 24 % yield). 

 
1H NMR (400 MHz, CDCl3) δ 4.35 (m, 2H), 4.19 (m, 2H), 4.14 (t, 2H, 5J=1,9 Hz), 3.72 

(s, 3H, CO2CH3), 3.61 (m, 2H), 3.54 (t, 2H, 3J=7,15 Hz), 2.37+2.07 (m, 2H), 1.93 (m, 

3H, CH Ad), 1.66 (m, 9H), 1.51 (m, 7H, Ad), 1.40 (m, 13H, Ad+Boc) ppm. 

 

4.1.12 Deprotection of proline derivative 69: synthesis of (2S,4R)-4-((4-(2-

(adamantan-1-yl)ethoxy)but-2-yn-1-yl)oxy)pyrrolidine-2-carboxylic acid 

(58) 

 

Deprotection of compound 69 was achieved 

following the same procedure as the one applied 

for compound 67. 
1H NMR (400 MHz, CD3OD) δ  4.49 (m, br, 1H), 4.29 (t, 5JH-H = 1.6 Hz, 2H, 

CH2CCCH2), 4.17 (t, 5JH-H = 1.6 Hz, 2H, CH2CCCH2), 4.11 (dd, J = 10.1, 7.9 Hz, 1H), 

3.57 (t, 3JH-H = 7.2 Hz, 2H, OCH2CH2), 3.43 (m, br, 2H), 2.59 (dd, J = 14.1, 7.8 Hz, 

1H), 2.08 (ddd, J = 14.3, 10.2, 4.3 Hz, 1H), 1.93 (s, 3H, 3 × CH adamantyl), 1.71 (m, 

6H, 3 × CH2 adamantyl), 1.56 (d, 6H, 3 × CH2 adamantyl), 1.36 (t, 3JH-H = 7.2 Hz, 3H, 

OCH2CH2) ppm. 

N
O

O
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13C NMR (101 MHz, CD3OD) δ 78.61 (CH), 67.26 (OCH2), 61.48, 58.97 

(CH2CCCH2), 57.41 (CH2CCCH2), 52.00 (CH2), 44.73 (CH2), 43.98 (CH2 Ad), 38.36, 

38.33 (CH2 Ad), 36.40 (CH2), 33.02, 30.31(CH Ad) ppm.  

IR (ATR, cm-1) 3139, 3048, 2898 (ν CH), 2846 (ν CH), 1620 (νas COO-), 1446 (δ 

CH2), 1406, 1071, 1009, 976. 

 

4.1.13 Synthesis of tert-butyl-(2S,4R)-N-Boc-4-azidoprolinate (70) 

 

N COOtBu

N3

Boc This product was prepared according to a previously reported procedure.17 

 

4.1.14 Synthesis of (2S,4R)-di-tert-butyl 4-(4-((2-(adamantan-1-yl)ethoxy)methyl)-

1H-1,2,3-triazol-1-yl)pyrrolidine-1,2-dicarboxylate (71) 

 

Compound 66 (0.31 g, 1.421 mmol) and tert-butyl-

(2S,4R)-N-Boc-4-azidoprolinate 70 (0.37 g, 1.185 

mmol) were dissolved in 5 mL of a 1:1 mixture of 

tert-butyl alcohol 99.5% and water. To this end tert-

butyl-(2S,4R)-N-Boc-4-azidoprolinate was directly weighted in a microwave tube and 

then 3-(1-adamantylethoxy) prop-1-yne was added to the tube dissolved in 2.5 mL of 

tert-butyl alcohol 99.5%, followed by 2.5 mL of H2O. Then L-sodium ascorbate 99% 

(0.047 g, 0.237 mmol) followed by copper(II) sulfate pentahydrate (5.91 mg, 0.024 

mmol) were added and the mixture was heated under microwave irradiation (150 W and 

100 ºC, 2 minutes ramp and 20 minutes hold). The reaction mixture was transferred to a 

separatory funnel, water was added and the mixture was extracted with ethyl acetate (3 

× 35 mL), the combined organic layers were washed once with water (10 mL), dried 

over anhydrous Na2SO4 and the solvent was removed under reduced pressure. The 

crude mixture was purified by silica gel flash column chromatography using hexane - 

ethyl acetate mixtures (first 9:1 to elute the excess of alkyne, and then 5:5 to elute the 

main product). The product (0.50 g, 0.94 mmol, 79% yield) was obtained as a clear oil. 

 
1H NMR (400 MHz, CDCl3) δ 7.53 (s, 1H, CH triazole), 5.33 – 5.13 (m, 1H), 4.60 (s, 

2H, CCH2O), 4.42 (m, 1H), 4.05 (m, 1H), 3.82 (m, 1H), 3.58 (t, 3JH-H = 7.5 Hz, 2H, 

O N O

O

N

O

O
NN
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CH2CH2O), 2.96 – 2.68 (m, 1H), 2.50 (m, 1H), 1.93 (m, 3H, 3 × CH adamantyl), 1.66 

(m, 8H), 1.54 – 1.44 (m, 24H), 1.44 – 1.36 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ  171.52 (COO-tBu), 153.71 (COO-Boc), 146.27 (C), 

121.12 (CH triazole), 82.12 (C), 81.03 (C), 67.14 (OCH2), 64.55 (OCH2), 58.76 (CH), 

58.42, 57.77 (CH), 51.86 (CH2), 43.75 (CH2), 42.89 (CH2), 37.30 (CH2), 36.89 (CH2), 

31.93, 28.85 (CH), 28.49 (CH3), 28.23 (CH3), 28.17 (CH3). 

IR (ATR, cm-1) 3139, 2976, 2899, 2846, 1738, 1700, 1476, 1451, 1392, 1366, 1252, 

1221, 1148, 1124. 

MS (TOF MS ES+) m/z (relative intensity) 553.3 ([M+Na]+, 100%). 

HRMS (TOF MS ES+) m/z calculated for C29H46N4O5Na+ (M+Na+) 553.3360, found 

553.3344. 

Elemental Analysis calculated for C29H46N4O5: C, 65.63; H, 8.74; N, 10.56. Found: C, 

64.97; H, 8.72; N, 10.29.  

[α]D
27: -10.21 (c 1.18, CHCl3 ). 

 

4.1.15 Deprotection of proline derivative 72: synthesis of (2S,4R)-4-(4-((2-

(adamantan-1-yl)ethoxy)methyl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-

carboxylic acid (59) 

 

To a solution of 71 (0.460 g, 0.867 mmol) in CH2Cl2 

(2 mL) cooled to 0ºC in an ice bath, was added 

trifluoroacetic acid 98%, d = 1.48 g/mL (1.91 mL, 24.3 mmol) and the mixture was 

stirred for 4 hours (at 0 ºC during the first hour and then at room temperature). The 

mixture was then concentrated under reduced pressure, and the residue was dissolved in 

methanol and a few drops of 1M HCl and loaded to a Dowex 50WX8 100 - 200 mesh 

cation exchange resin (5 g, H+ form, swollen with 0.1M HCl). The resin was washed 

with water (to neutral pH and absence of Cl-) and eluted with 15% v/v aqueous 

ammonium hydroxide. The eluted fractions were evaporated to dryness under reduced 

pressure to afford the product as white solid (0.29 g, 0.77 mmol, 89% yield). 

 
1H NMR (400 MHz, CD3OD) δ 8.07 (s, 1H, CH-triazole), 5.50 – 5.41 (m, 1H), 4.57 (s, 

2H, OCH2), 4.36 (m, 1H), 3.90 (m, 2H), 3.59 (t, 3JH-H = 7.3 Hz, 2H, OCH2CH2), 2.78 

O NH
N

O

OH
NN
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(m, 1H), 2.73 – 2.54 (m, 1H), 1.92 (m, 3H, CH adamantyl), 1.70 (m, 6H, CH2 

adamantyl), 1.54 (m, 6H, CH2 adamantyl), 1.38 (t, 3JH-H = 7.3 Hz, 2H, OCH2CH2) ppm. 
13C NMR (101 MHz, CD3OD) δ  172.86 (COOH), 146.84 (C), 125.17 (CH triazole), 

67.85 (CH2, OCH2CH2), 64.71 (CH2, OCH2CC), 62.46 (CH), 61.14 (CH), 51.71 (CH2), 

44.85 (CH2, OCH2CH2), 43.96 (CH2, adamantyl), 38.31 (CH2, adamantyl), 37.80 (CH2), 

32.97 (C, adamantyl), 30.30 (CH, adamantyl) ppm. 

IR (ATR, cm-1) 2897, 2845, 1610, 1445, 1151, 1096, 1048. 

MS (TOF MS ES-) m/z (relative intensity) 373.1 ([M-H]-, 100%). 

HRMS (TOF MS ES+) m/z calculated for C20H31N4O3
+ (M+H+) 375.2391, found 

375.2387. 

Elemental analysis calculated for C20H31ClN4O3: C, 58.46; H, 7.60; N, 13.63. Found: 

C, 59.92; H, 7.66; N, 13.15.  

[α]D
28 = -9.45 (c 0.54, CH3OH ) 

m.p.: decomposes at 203.2 ºC – 208.9 ºC 

 

Inclusion complex of β-cyclodextrin and compound 57: Synthesis of 73 

 

β-cyclodextrin (0.206 g, 0.178 mmol) was placed in a 500 mL 

round-bottomed flask and was dissolved in water (230 mL) to 

give a colourless solution. To this solution, 57 (0.050 g, 0.178 mmol) dissolved in 

methanol (12 mL) was added and the mixture was stirred at room temperature for two 

days. After this time, the solvents were evaporated under reduced pressure and the solid 

residue was dried in vacuo for 5 hours to render the title product (0.219 g, 87% yield) as 

a white solid. 

 
1H NMR (400 MHz, D2O) δ  5.11 (d, 3JH1-H2 = 3.4 Hz, 7H, H1 β-CD), 4.17 (m, 1H), 

3.92 (m, 28H, H3 β-CD + H5 β-CD + H6 β-CD), 3.71 (dd, 3JH2-H3 = 9.8, 3JH1-H2 = 3.4 

Hz, 7H, H2 β-CD), 3.63 (t, 3JH-H = 9.3 Hz, 7H, H4 β-CD), 3.56 (m, 2H), 3.32 – 3.20 (m, 

1H), 2.80 (m, 1H), 2.29 (m, 3H, CH adamantyl), 2.08 – 1.75 (m, 13H, 6 × CH2 

adamantyl + CH proline) ppm. 
13C NMR (101 MHz, D2O) δ 176.09 (COOH), 104.92 (CH, C1 β-CD), 84.14 (CH, C4 

β-CD), 75.86 (CH, C3 β-CD), 74.58 (CH, C2 + C5 β-CD), 63.21 (CH), 62.64 (CH2, C6 

β-CD), 56.83 (CH2), 48.76 (C), 46.67 (CH2), 40.18 (CH), 38.45 (CH2), 38.30 (CH2), 

31.71 (CH) ppm.  

NH
S CO2H
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IR (ATR, cm-1) 3279, 2910, 2851, 1624, 1449, 1367, 1329, 1299, 1245, 1152, 1101, 

1079, 1022, 998, 936. 

MS (TOF MS ES+): m/z (relative intensity) 1438.3 ([M+Na]+, 12 %), 1157.2 (37 %) 

[(β-CD)+Na]+, 304.1 (100%) [C15H23NO2S+Na]+. 

 

Inclusion complex of β-cyclodextrin and compound 59: Synthesis of 74 

 

 

β-cyclodextrin (0.085 g, 0.073 mmol) was placed in a 

250 mL round-bottomed flask and was dissolved in 

water (94 mL) to give a colourless solution. To this 

solution, 59 (0.0275 g, 0.073 mmol) dissolved in 

methanol (7.1 mL) was added and the mixture was stirred at room temperature for two 

hours. After this time, the solvents were eliminated using a rotary evaporator and the 

solid residue was dried in vacuo for 5 hours to render the product (0.097 g, 88% yield) 

as a white solid. 

 
1H NMR (400 MHz, D2O) δ 8.17 (s, 1H, H triazole), 5.65 – 5.48 (m, 1H), 5.10 (d, 3JH1-

H2 = 3.6 Hz, 7H), 4.68 (s, 2H), 4.56 (t, J = 8.8 Hz, 1H), 4.03 (m, 2H), 3.96 – 3.76 (m, 

30H), 3.75 – 3.53 (m, 17H), 3.00 – 2.62 (m, 2H), 2.15 (s, 3H), 1.79 (m, 6H), 1.64 (s, 

6H), 1.47 (t, J = 7.4 Hz, 2H) ppm.  

IR (ATR, cm-1) 3259, 2898, 2844, 1628, 1407, 1367, 1329, 1244, 1203, 1152, 1079, 

1024, 998, 940, 846. 

MS (TOF MS ES-): m/z (relative intensity) 1507.3 ([M-H]-, 52%), 1133.1 (20%) [(β-

CD)-H]-, 373.1 (100%) [C20H29N4O3]-. 

 

4.2 Preparation of magnetite nanoparticles funtionalized with 

cyclodextrin 

4.2.1 Synthesis of 1-(p-toluenesulfonyl)imidazole (52)18  

 

This compound was prepared following a previoulsy reported 

procedure.18 A 250 mL, three-necked, round-bottomed flask 

equipped with a thermometer, argon inlet adapter, pressure-equalizing addition funnel, 

O

NHN

O

OH
N

N

S
N

N
O

O
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and a magnetic stir bar was charged with a solution of imidazole 99% (15 g, 218.7 

mmol) in dry dichloromethane (57 mL) and then cooled to 0°C. A solution of p-

toluenesulfonyl chloride (18.45 g, 96.77 mmol) in 57 mL of dichloromethane was 

added dropwise over 1.5 hours. The resulting mixture was allowed to warm to room 

temperature and then stirred vigorously for 2 hours. The reaction mixture was filtered 

through a chromatographic column of silica gel (100 g), which was washed with 1000 

mL of 1:1 ethyl acetate-hexane mixture. The filtrate was concentrated under reduced 

pressure, leaving a residue to which was added 11.5 mL of ethyl acetate and then 115 

mL of hexane. Filtration of the resulting suspension gives the title product (18.55 g, 

83.5 mmol, 86 % yield) of as a white solid. All the spectroscopic data matched with 

those reported in the literature.18  
 

1H NMR (400 MHz, CDCl3) δ 8.02 (s, 1H), 7.83 (d, 3JH-H= 8.3 Hz, 2H,), 7.35 (d, 3JH-H= 

8.3 Hz, 2H,), 7.30 (s, 1H), 7.08 (s, 1H), 2.43 (s, 3H, CH3) ppm. 

 

4.2.2 Synthesis of 6A-O-p-Toluenesulfonyl-β-cyclodextrin (53)18  

 

This compound was prepared following a previoulsy reported 

procedure.18 In a 1 L, three-necked, round-bottomed flask 

equipped with a thermometer, a pressure-equalized dropping 

funnel, and a large magnetic stir bar, β -cyclodextrin hydrate 

(11.23 g, 9.89 mmol) was dissolved in 250 mL of distilled water by heating to 50°C 

with vigorous stirring. Vigourous stirring was continued as the solution was allowed to 

cool to room temperature, and to the resulting milky suspension was added finely 

powdered 52 (8.79 g, 39.57 mmol), in one portion. After 2 hours, a solution of sodium 

hydroxide (5.05 g, 0.126 mol) in 14 mL of water was added dropwise over 20 minutes. 

Stirring was then stopped for 10 minutes, and unreacted 52 was separated by filtration 

through sintered glass. The reaction was quenched by the addition of ammonium 

chloride (13.53 g, 0.253 mol) with swirling to dissolve all the solids. The resulting 

mixture was concentrated (to about half of its original volume) by passing a stream of 

air over its surface overnight. The product begins to precipitate almost immediately as 

the mixture becomes more concentrated. The resulting suspension was filtered through 

a large sintered-glass funnel and the collected solid was washed with ice water (2 × 25 

mL) and acetone (40 mL) and then dried to constant weight over calcium chloride in a 

OTs

OH 14

HO
6
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vacuum desiccator to yield the title compound (3.61 g, 2.80 mmol, 28.3 % yield) as a 

white solid. All the spectroscopic data matched with those reported in the literature.18  

 
1H NMR (400 MHz, DMSO-d6) δ 7.73 (d, 3JH-H = 8.1 Hz, 2H), 7.42 (d, 3JH-H = 8.1 Hz, 

2H), 5.62-5.83 (m, 14H), 4.83 (br s, 4H), 4.76 (br s, 2H), 4.51 (br s, 3H), 4.44-4.57 (m, 

2H), 4.30-4.38 (m, 2H), 4.15-4.20 (m, 1H), 3.20-3.65 (overlap with HDO, m, 40H), 

2.49 (s, 3H, CH3) ppm. 

 

4.2.3 6A-N-prop-2-yn-1-amine -β-cyclodextrin (54)19  

  

This compound was prepared following a previoulsy reported 

procedure.19 Under nitrogen atmosphere, 6A-O-p-

toluenesulfonyl-β-cyclodextrin 53 (2.33 g, 1.80 mmol) was 

dissolved in propargylamine (10 mL) at 55 ºC. After 28 hours of 

reaction, reaction was allowed to reach room temperature and cold acetone (0 ºC) was 

added dropwise to the reaction mixture. The precipitate was filtered and washed with 

cold acetone (4 ×  15 mL). This powder was dissolved in water (3 mL) and a small 

amount of solid Na2CO3 was added in order to reach basic pH. The aqueous layer was 

washed with dichloromethane (3 ×  20 mL). Acetone (20 mL) was then added to the 

aqueous phase and the precipitate was filtered off to yield the title product as a white 

solid (2.2 g, 1.80 mmol, 100% yield). 13C NMR matched with reported spectrum.19  

 
1H NMR (400 MHz, D2O) δ  5.08 (m, 7H, H1 β-CD), 3.89 (m, 25H), 3.68 (m, 13H), 

3.43 (d+m, 4JH-H = 2.0 Hz, 3H), 3.1 (m, 1H), 2.91 (m, 1H,), 2.22 (t, 4JH-H = 2.0 Hz, 1H, 

CH2CCH) ppm. 
13C NMR (400 MHz, D2O) δ: 101.8 (CH), 101.2 (OCHO), 83.2 (CH), 81.1 (CH), 80.1 

(CH), 80.6(CH), 73.1 (CH), 73.0 (CH), 72.90 (CH), 72.85 (CH), 72.1 (CH), 71.9 (CH), 

70.3 (CH), 60.2 (CH2OH), 48.4 (CH2NH), 37.1 (NHCH2CCH) ppm. 

IR (ATR, cm-1) 3282, 2925, 1703, 1638, 1413, 1364, 1332, 1153, 1079, 1023, 944, 861. 

MS (ESI+) m/z (relative intensity) 1172.4  ([M+H]+, 25 %) 

Elemental analysis calculated for C45H77NO36: C, 44.74; H, 6.42; N, 1.16. Found C, 

44.04; H, 6.42; N, 1.44. 

 

NH

OH 14

HO
6

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles 

382 

4.2.4 CuAAC reaction of alkyne 44 with magnetite nanoparticles 35i: 

preparation of functional nanoparticles 55 

 

Fe3O4
O
O Si
O

NN

N
NH

   
Functional nanoparticles 35i (0.1 g, f= 0.283 mmol/g) were dispersed in 8 mL of a 1:1 

mixture of ultrapure water and tert – butyl alcohol in a 100 mL round bottomed flask 

using ultrasonication for 20 minutes. To the mixture alkyne 54 (0.066 g, 0.057 mmol) 

was added, followed by the L-sodium ascorbate 99% (7.85 mg, 0.040 mmol) and the 

copper(II) sulfate pentahydrate (0.919 mg, 3.68 µmol) as a solid. The reaction mixture 

was stirred at 70 ºC for 72 hours. Then the reaction was stopped and water was added to 

the reaction mixture. The particles were magnetically separated and washed as follows: 

ultra pure water (5 mL), 20% v/v NH4OH in water (2 mL), water (5 mL) and methanol 

(25 mL). The particles were dried in vacuo at 40 ºC. The nanoparticles (60 mg) were 

recovered as a brown solid. According to the %N determined by elemental analysis the 

functionalization of the nanoparticles was f = 0.123 mmol/g (58% yield). 

 

Particle size: (n = 121, nm): 10.28 (s= 2.90) 

Elemental analysis calculated for fmax = 0.213 mmol/g: N, 1.19. Found: C, 4.35; H, 

0.93; N, 0.69.  

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 2.7370 mg sample, % weight loss): 

13.3668 (left limit: 99.28 ºC, right limit: 488.27 ºC), 3.9734 (left limit: 488.27  ºC, right 

limit: 847.22 ºC). 

IR (KBr, cm-1) 3385, 2956, 2922, 2852, 1637, 1399, 1151, 1079, 1029, 581 

 

Alternatively, the nanoparticles 55 could be functionalised by reaction under microwave 

irradiation. A typical procedure follows: 
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Nanoparticles 35i (0.05 g, f = 0.35 mmol/g) were dispersed in 1 mL of a 1:1 mixture of 

ultrapure water and tert – butyl alcohol in a microwave tube using ultrasonication for 20 

minutes. To the mixture alkyne 54 (0.031 g, 0.026 mmol) was added, followed by 0.1 

mL of 35 mM aqueous solution of L-sodium ascorbate 99% (3.5 µmol) and 0.1 mL of a 

3.5 mM aqueous solution of copper(II) sulfate pentahydrate (0.35 µmol). The mixture 

was heated under microwave irradiation (150 W, 80 ºC, 2 minutes ramp, 60 minutes 

hold). Then, the reaction was stopped and water was added to the reaction mixture. The 

particles were magnetically separated and washed as follows: ultra pure water (10 mL) 

and methanol (30 mL). The particles were dried in vacuo at 40 ºC. The nanoparticles 

(43 mg) were recovered as a brown solid. According to the %N determined by 

elemental analysis the functionalization of the nanoparticles was f = 0.128 mmol/g. 

 

Particle size: (n = 178, nm): 9.81 (s = 2.64) 

Elemental analysis calculated for fmax = 0.248 mmol/g: N, 1.39. Found: C, 5.98; H, 

1.03; N, 0.72.  

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 2.6300 mg sample, % weight loss): 

15.6800 (onset: 200.67 ºC), 9.3582 (onset: 668.50 ºC). 

IR (KBr, cm-1) 3395, 2927, 1636, 1154, 1079, 1030, 581 

 

4.2.5 Preparation of functional magnetite nanoparticles 75 

 

NH
S CO2H

Fe3O4
O
O Si
O

NN

N
NH

3

   
Nanoparticles 55 (f = 0.14 mmol/g, 1.27 g, 0.141 mmol) were suspended in ultrapure 
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water (278 mL) to give a brown suspension and the mixture was sonicated for 10 

minutes, to ensure the dispersion of the nanoparticles. Proline derivative 57 (0.079 g, 

0.282 mmol) was dissolved in methanol (14 mL) and was added to the nanoparticles 

dispersion. The mixture was stirred at room temperature for 48 hours. After this period 

the nanoparticles were submitted to magnetic decantation, the supernatant was separated 

and the particles washed with methanol (4 × 20 mL) to eliminate the excess of proline 

derivative 57. Next, the functional nanoparticles were dried under vacuum, first in the 

vaccum line and then overnight at 40ºC in a vaccum dessicator. In this manner, 1.18 g 

of nanoparticles were recovered. According to the %N determined by elemental 

analysis the functionalization of the nanoparticles was f = 0.083 mmol/g. According to 

the %S determined by elemental analysis the functionalization of the nanoparticles was 

f = 0.040 mmol/g. 

 

Particle size: (n = 32, nm): 9.08 (s = 2.23) 

Elemental analysis calculated for fmax = 0.135 mmol/g: N, 0.95. Found: C, 6.34; H, 

1.10; N, 0.58; S, 0.12.  

TGA: (30 – 1000 ºC, 10 ºC/min, under N2; for a 4.0470 mg sample, % weight loss): 

14.3850 (left limit: 111.05 ºC, right limit: 477.63), 6.6399 (left limit: 476.66 ºC, right 

limit: 795.08), 7.2616 (left limit: 795.08 ºC, right limit: 923.61). 

IR (KBr, cm-1) 3425, 2956, 2923, 2853, 1734, 1636, 1457, 1080, 1032, 582. 

 

4.2.6 Preparation of functional nanoparticles 76 

 

 
Nanoparticles 55 (f = 0.13 mmol/g, 1.02 g, 0.146 mmol) were suspended in ultrapure 

water (100 mL) to give a brown suspension. The suspension was sonicated for 10 

minutes, to ensure the dispersion of the nanoparticles. Proline derivative 59 (0.104 g, 

0.277 mmol) was dissolved in 160 mL water with sonication and heating and was added 

to the nanoparticles dispersion. The mixture was stirred at room temperature for 48 

hours. After this period the nanoparticles were magnetically separated and washed with 

Fe3O4
O
O Si
O

NN

N
NH

3

O

NHN

O

OH
N

N
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water (5 × 30 mL) to eliminate the excess of proline derivative 59. The solid material 

was dried under vacuum, first in the vacuum line and then overnight at 40ºC in a 

vacuum dessicator. 0.941 g of nanoparticles were recovered as a brown solid. 

According to the %N determined by elemental analysis the functionalization of the 

nanoparticles was f = 0.094 mmol/g.  

 

Particle size: (n = 101, nm): 9.72 (s = 2.80) 

Elemental analysis calculated for fmax = 0.125 mmol/g: N, 1.39. Found: C, 6.52; H, 

1.09, N, 1.05.  

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 4.7600 mg sample, % weight loss): 

8.0172 (left limit: 129.34ºC, right limit: 318.32 ºC), 9.5587 (left limit: 320.27 ºC, right 

limit: 555.09 ºC), 7.2616 (left limit: 555.09 ºC, right limit: 719.23 ºC), 7.0041 (left 

limit: 719.23 ºC, right limit: 879.13 ºC). 

IR (KBr, cm-1) 3417, 2956, 2923, 2898, 2841, 1635, 1154, 1080, 1029, 584. 

 

4.3 X-ray Crystal Structure Determinations 

 

4.3.1.1 X ray diffraction for (2S,4R)-1-tert-butyl 2-methyl 4-(2-(adamantan-1-

yl)ethoxy)pyrrolidine-1,2-dicarboxylate (anti-63) 

 
Crystals of anti-63 were obtained by slow diffusion of toluene. The measured crystals 

were prepared under inert conditions immersed in perfluoropolyether as protecting oil 

for manipulation. 

Data collection: Crystal structure determinations were carried out using a Bruker-

Nonius diffractometer equipped with an APPEX 2 4K CCD area detector, a FR591 

rotating anode with MoKα radiation, Montel mirrors as monochromator and a Kryoflex 

low temperature device (T = -173 °C). Full-sphere data collection was used with ω and 

ϕ scans. Programs used: Data collection APEX-2‡, data reduction Bruker Saint§ V/.60A 

and absorption correction SADABS**. 

                                                
‡ Data collection with APEX II versions v1.0-22, v2009.1-0 and v2009.1-02. Bruker 

(2007). Bruker AXS Inc., Madison, Wisconsin, USA. 
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Structure Solution and Refinement: Crystal structure solution was achieved using 

direct methods as implemented in SHELXTL†† and visualized using the program XP. 

Missing atoms were subsequently located from difference Fourier synthesis and added 

to the atom list. Least-squares refinement on F2 using all measured intensities was 

carried out using the program SHELXTL. All non hydrogen atoms were refined 

including anisotropic displacement parameters. 

 

Tables containing bond length and bond angles for structures anti-63 can be found in 

the attached CD-ROM. 

 

Crystal data and structure refinement for compound anti-63 
Empirical formula  C23H37NO5  

Formula weight  407.54  

Temperature  296(2) K  

Wavelength  0.71073 Å  

Crystal system  Orthorhombic  

Space group  P21212  

Unit cell dimensions a =  15.1466(13) Å α=  90.00 º 

 b =  19.3859(17) Å β = 90.00 º 

 c =  7.8800(7) Å γ =  90.00 º 

Volume 2313.8(4) Å3  

Z 4  

Density (calculated) 1.170  Mg/m3  

Absorption coefficient 0.081  mm
-1

  

F(000)  888  

Crystal size  0.20 × 0.20 × 0.20 mm3  

Theta range for data collection 2.49 to 29.17 º.  

Index ranges -20 <=h<=20 ,-26 <=k<=26 ,-10 <=l<=10  

Reflections collected 6228  

Independent reflections  4890 [R(int) = 0.0497 ]  

                                                
§ Data reduction with Bruker SAINT versions V.2.10(2003), V/.60A and V7.60A. 

Bruker (2007). Bruker AXS Inc., Madison, Wisconsin, USA. 
** SADABS: V.2.10(2003); V2008 and V2008/1  Bruker (2001). Bruker AXS Inc., 
Madison, Wisconsin, USA. Blessing, Acta Cryst. (1995) A51 33-38. 
†† Sheldrick, G.M. Acta Cryst. 2008 A64, 112-122. SHELXTL versions V6.12 and 6.14. 
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Completeness to theta =29.17 º  0.994 %  

Absorption correction  Empirical  

Max. and min. transmission  0.9839 and  0.9839  

Refinement method  Full-matrix least-squares on F2  

Data / restraints / parameters  6228 / 396 / 348  

Goodness-of-fit on F2  1.026  

Final R indices [I>2sigma(I)]  R1 = 0.0636 , wR2 = 0.1836  

R indices (all data)  R1 = 0.0765 , wR2 = 0.1975  

Absolute Structure Flack parameter  x =-0.2  

Largest diff. peak and hole  0.287 and -0.205  eÅ-3  

 

 

4.4 Functionalization of nanoparticles with proline derivatives for 

organocatalytic applications 
 

4.4.1 Synthesis of di-tert-butyl-4-(prop-2-ynyloxy)-pyrrolidine-1,2-dicarboxylate 

(80)  

 

This product was prepared according to a previously reported 

procedure.11 All the spectroscopic data matched with those reported 

in the literature.11  

 

 

4.4.2 CuAAC reaction between proline derivative 80 and magnetite nanoparticles 

35i: Preparation of functional nanoparticles 8120 

 

N

O

O
O

Fe3O4 Si N
O
O
O N N

Boc
  

Compound 80 (0.051g, 0.157 mmol) and functional magnetite nanoparticles 35i (0.160 

g, f = 0.483 mmol/g) were weighted in a microwave tube. The nanoparticles were 

dispersed in 2.8 mL of a 1:1 mixture of DMF and THF, DIPEA 99.5% (0.254 mL, 

N COOtBu

O

Boc
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1.456 mmol) was added followed by copper(I) iodide (2.1 mg, 0.011 mmol). The 

mixture was heated under microwave irradiation (150 W, 80 ºC, 5 min ramp, 60 min 

hold). MeOH (20 mL) was added and the precipitating particles were separated by 

magnetic decantation. The supernatant was discarded and the nanoparticles were 

washed with methanol. The solid material was dried with an argon stream and then in 

vacuo. When IR spectroscopy showed the disappearance of the azido signal, complete 

reaction was assumed. In this manner, 0.144 g of nanoparticles were obtained as a 

brown solid. According to the %N determined by elemental analysis the 

functionalization of the nanoparticles was f = 0.352 mmol/g.  

 

Particle size: (n = 110, nm): 5.38 (s = 1.54) 

Elemental analysis calculated for fmax = 0.417 mmol/g: N, 2.39. found: C, 14.51; H, 

2.23; N, 1.97. 

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 2.8660 mg sample, % weight loss): 

10.9344 (left limit: 85.79 ºC, right limit: 279.58 ºC), 10.2213 (left limit: 278.84 ºC, right 

limit: 509.22 ºC), 6.7345 (left limit: 507.78 ºC, right limit: 834.31 ºC). 

IR (KBr, cm-1) 3424, 2922, 2851, 1737, 1649, 1388, 1366, 1254, 1221, 1151, 591 

 

4.4.3 Deprotection of functional nanoparticles 81: preparation of functional 

nanoparticles 82 

 

NH

O

OH
O

Fe3O4 Si N
O
O
O N N    

Functional nanoparticles 81 (0.130 g, 0.091 mmol, f = 0.352 mmol/g) were dispersed in 

1.6 mL CH2Cl2 and trifluoroacetic acid 98%, d = 1.48 g/ mL (1.2 mL, 15 mmol) was 

added and the mixture was stirred overnight at room temperature. The deprotection was 

followed by IR spectroscopy by checking the disappearance of the carbonyl band at 

1737 cm-1. When this band had completely disappeared, the solvent was evaporated 

under reduced pressure, the nanoparticles were washed two times with CH2Cl2, then 

two times with 5% Et3N in methanol, and finally with pure methanol. The resulting 
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brown solid material was dried in vacuo and 0.1 g of nanoparticles were obtained. 

According to the %N determined by elemental analysis the functionalization of the 

nanoparticles was f = 0.36 mmol/g. 

 

Particle size: (n = 51, nm): 6.05 (s = 1.27) 

Elemental analysis calculated for fmax = 0.372 mmol/g: N, 2.09. Found: C, 9.36; H, 

1.79; N, 2.01.  

TGA (30 – 1000 ºC, 10 ºC/min, under N2; for a 2.0960 mg sample, % weight loss): 

17.3742 (left limit: 106.72 ºC, right limit: 522.48), 7.2046 (left limit: 521.78 ºC, right 

limit: 847.00 ºC), 1.0493 (left limit: 847.73 ºC, right limit: 999.33 ºC). 

IR (KBr, cm-1) 3397, 2923, 2853, 1617, 1199, 1152, 585 

 

4.5 Aldol reaction using proline derivatives 
 

4.5.1 General procedure for the aldol reaction using proline derivatives 56-59 
 

Aldehyde (0.4 mmol), ketone (2.0 mmol) were suspended in water and to this mixture 

the catalyst (0.04 mmol) was added as a solid. The reaction was stirred for the indicated 

time at room temperature. At the end of this time water (5 mL) was added and the 

aqueous layer was extracted with ethyl acetate (3 × 5 mL). The combined organic layers 

were dried with MgSO4, filtered and concentrated under reduced pressure. 1H-NMR of 

the crude product showed the formation of the anti aldol product and allowed the 

determination of the diasteromeric ratio. The crude product was purified by silica gel 

column chromatography using hexane-ethyl acetate mixtures as eluant to render the 

corresponding aldol product. Enantiomeric excesses were determined by HPLC using 

chiral columns.  

 

4.5.2 General procedure for the aldol reaction of aldehydes with cyclohexanone 

using proline derivatives complexed with β-cyclodextrin (73-74) 

 

The catalyst (0.032 mmol) was added to a suspension of the aldehyde (0.3 mmol) and 

cyclohexanone (155 µL, 1.5 mmol) in water. The reaction mixture was stirred for 24-48 

hours at room temperature. Once the reaction was stopped, water was added and the 

UNIVERSITAT ROVIRA I VIRGILI 
ASYMMETRIC CATALYSIS AND MOLECULAR RECOGNITION USING DIFFERENT PLATFORMS: HOMOGENEOUS SYSTEMS, 
FUNCTIONALIZED POLYMERS AND MAGNETIC NANOPARTICLES 
Carolina Mendoza Muniz 
DL:T. 1348-2011  



Part II. Functional magnetic nanoparticles 

390 

aqueous layer was extracted with ethyl acetate (3 × 5 mL).  The organic layer was dried 

with MgSO4, filtered and concentrated in vacuo. 1H-NMR of the crude product showed 

the formation of the anti aldol product and allowed the determination of the 

diasteromeric ratio. The crude product was purified by silica gel column 

chromatography using 9:1 hexane-ethyl acetate as eluant. Enantiomeric excesses were 

determined by HPLC using chiral columns. 

 

4.5.3 General procedure for the aldol reaction of aromatic aldehydes with 

cyclohexanone using proline derivatives complexed with functional 

magnetite nanoparticles 75 and 76.  

 

The nanoparticles supported catalyst (8-10 mol%) was suspended in water. Then to the 

suspension were added the aldehyde (0.2 mmol) and cyclohexanone (104 µ L, 1.0 

mmol). The reaction mixture was stirred at room temperature for the required time. 

Water was added (7 mL), the aqueous layer was separated by magnetic decantation of 

the nanoparticles, and 2 mL MeOH were added to wash the nanoparticles. The aqueous 

layer together with the MeOH washings were extracted with ethyl acetate (3 × 5 mL). 

The organic layer was dried with anhydrous MgSO4, filtrated and concentrated under 

reduced pressure. 1H-NMR of the reaction crude showed the formation of the anti aldol 

product. The crude product was purified by silica gel column chromatography using 9:1 

hexane-ethyl acetate as eluant to render the aldol product. Enantiomeric excesses were 

determined by HPLC using chiral columns. 

 

4.5.3.1 Evaluation of the effect of the solvent in the aldol reaction of p-trifluoro-

methylbenzaldehyde and cyclohexanone catalyzed by proline derivatives 

complexed with functional magnetite nanoparticles 75 

 

The functional magnetic nanoparticles 75 (8%) were suspended in the mixture of 

solvents. Then, to the suspension were added p-trifluoromethylbenzaldehyde (26.7 µL, 

0.2 mmol) and cyclohexanone (104 µL, 1.0 mmol). The reaction mixture was stirred at 

room temperature for 24 hours. Water was added (7 mL), the aqueous layer was 

separated by magnetic decantation of the nanoparticles, and 2 mL MeOH were added to 

wash the nanoparticles. The aqueous layer together with the MeOH washings were 
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extracted with ethyl acetate (3 × 5 mL). The organic layer was dried with anhydrous 

MgSO4, filtrated and concentrated under reduced pressure. 1H-NMR of the crude 

product showed the formation of the anti aldol product. The crude product was not 

purified. Enantiomeric excess was determined by HPLC with a Chiralcel OD-H column 

(95:5 hexane/2-propanol), 1 mL/min, λ  = 213 nm; major enantiomer (anti) tR = 12.70 

min, minor enantiomer (anti) tR = 16.33 min. 

 

4.5.3.2 Recycling of proline derivatives complexed with β-cyclodextrin-

nanoparticles 

 

After performing the aldol reaction of aldehyde with cyclohexanone in the presence of 

catalyst 76 or 77, following the procedure describe in 4.5.3, the nanoparticles were dried 

under a N2 stream and reused in the next run. 

 

4.5.4 Aldol reaction using nanoparticles-supported proline 

4.5.4.1 General procedure for the aldol reaction of p-trifluoromethyl-

benzaldehyde with cyclohexanone catalysed by functional nanoparticles 82 

 

The magnetic functional nanoparticles 82 (5-10 mol%) was suspended in the solvent 

(60 eq) with sonication (10 minutes). Then, to the suspension were added 4-

trifluomethylbenzaldehyde (40.1 µ L, 0.3 mmol) and cyclohexanone (155 µ L, 1.5 

mmol). The reaction mixture was shaken for 72 hours at room temperature. Water was 

then added (7 mL), the aqueous layer was separated by magnetic decantation of the 

nanoparticles, and 2 mL MeOH were added to wash the nanoparticles. The aqueous 

layer together with the methanolic washings were extracted with ethyl acetate (3 × 5 

mL). The organic layer was washed twice with NaHCO3 saturated solution (6 mL each), 

dried with anhydrous MgSO4, filtrated and concentrated under reduced pressure. 15.5 

mg of crude product were obtained. 1H-NMR of the crude product showed the 

formation of the anti aldol product. Enantiomeric excesses were determined by HPLC 

using chiral columns. 
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4.5.4.2 General procedure for aldol reaction of p-trifluoromethylbenzaldehyde 

and cyclohexanone in water catalysed by functional magnetic 

nanoparticles 82 

 

The functional nanoparticles 82 (7 mol%) and the additive (if used) were suspended in 

the indicated amount of water. The mixture was sonicated for 10 min. Then to the 

suspension were added 4-trifluomethylbenzaldehyde (21.4 µ L, 0.160 mmol) and 

cyclohexanone (83 µL, 0.8 mmol). The reaction mixture was shaken for 72 hours at 

room temperature. Water was then added (7 mL), the catalytic nanoparticles were 

separated by magnetic decantation and washed (with 2 mL of methanol), and the 

aqueous layer, together with the methanol washings, was extracted with ethyl acetate (3 

× 5 mL). The organic layer was dried with anhydrous MgSO4, filtered and concentrated 

under reduced pressure. 1H-NMR of the crude product showed the formation of the anti 

aldol product. Enantiomeric excesses were determined by HPLC using chiral columns. 

 

4.5.5 Conditions for HPLC analysis for the determination of the enantiomeric 

excess of aldol products 

 

All the aldol products are known compounds and have been described in the literature: 

 

4.5.5.1 (2S, 1’R)-2-(Hydroxyphenylmethyl)cyclohexan-1-one (72a) 

 
OOH

 
Enantiomeric excess was determined by HPLC with a Chiralcel OD-H column (99:1 

hexane : 2-propanol), 1 mL/min, λ = 213 nm; major enantiomer tR = 18.74 min, minor 

enantiomer tR = 27.37 min.11  

Alternatively the enantiomeric excess could also be determined by HPLC with the 

following conditions: Chiralpak IB column (95:5 hexane : 2-propanol), 1 mL/min, λ  = 

213 nm; major enantiomer tR = 10.68 min, minor enantiomer tR = 12.42 min. 

All the spectroscopic data matched with literature.21,22  
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4.5.5.2 (2S,1’R)-2-(Hydroxy(4-trifluoromethylphenyl)methyl) cyclohexan-1-one 

(72b) 
OOH

F3C  
Enantiomeric excess was determined by HPLC with a Chiralcel OD-H column (95:5 

hexane : 2-propanol), 1 mL/min, λ = 213 nm; major enantiomer tR = 12.70 min, minor 

enantiomer tR = 16.33 min.11  

Alternatively the enantiomeric excess could also be determined by HPLC with the 

following conditions: Chiralpak IC column (90:10 hexane : 2-propanol), 1 mL/min, λ = 

213 nm; major enantiomer tR = 10.87 min, minor enantiomer tR = 12.53 min. 

All the spectroscopic data matched with literature.23 

 

4.5.5.3 (2S,1’R)-2-(Hydroxy(4-methoxyphenyl)methyl)cyclohexan-1-one (72c) 

 
OOH

MeO  
Enantiomeric excess was determined by HPLC with a Chiralpak AD-H column (95:5 

hexane : 2-propanol), 1 mL/min, λ = 213 nm; major enantiomer tR = 38.38 min, minor 

enantiomer tR = 34.81 min.24  

All the spectroscopic data matched with literature.25  

 

4.5.5.4 (2S,1’R)-2-(Hydroxy(4-nitrophenyl)methyl) cyclohexan-1-one (72d) 

 
OOH

O2N  
Enantiomeric excess was determined by HPLC with a Chiralpak AD-H column (80:20 

hexane : 2-propanol), 1 mL/min, λ = 254 nm; major enantiomer tR = 16.43 min, minor 

enantiomer tR = 12.90 min.11  

All the spectroscopic data matched with literature.24,26 
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4.5.5.5 (2S,1’R)-2-(Hydroxy(4-chlorophenyl)methyl) cyclohexan-1-one (72e) 

 
OOH

Cl  
Enantiomeric excess was determined by HPLC with a Chiralcel OD-H column (95:5 

hexane : 2-propanol), 1 mL/min, λ = 213 nm; major enantiomer tR = 13.41 min, minor 

enantiomer tR = 20.63 min.24 

All the spectroscopic data matched with literature.26 

 

4.5.5.6 (2S,1’R)-3-(Hydroxyphenylmethyl)-tetrahydropyran-4-one (72f) 

O

OOH

 
Enantiomeric excess was determined by HPLC with a Chiralpak IC column (96:4 

hexane : 2-propanol), 1 mL/min, λ = 220 nm; major enantiomer tR = 51.19 min, minor 

enantiomer tR = 62.95 min. 

All the spectroscopic data matched with literature.27 

 

4.5.5.7 (2S,1’R)-2-(Hydroxyphenylmethyl) cyclopentan-1-one (72g) 

 
OOH

 
Enantiomeric excess was determined by HPLC with a Chiralcel OD-H column (90:10 

hexane : 2-propanol), 1 mL/min, λ = 213 nm; major enantiomer tR = 11.54 min, minor 

enantiomer tR = 13.62 min.11 

All the spectroscopic data matched with literature.22,28 
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4.5.6 Self-Aldol reaction of propanal catalyzed by functional magnetic 

nanoparticles 82 

 

4.5.6.1 Procedure for the Self-Aldol reaction of propanal catalyzed by functional 

magnetic nanoparticles 82 in water. 

 

Freshly distilled propionaldehyde (0.055 mL, 0.756 mmol) was added to functional 

magnetic nanoparticles 82 (f = 0.41 mmol/g, 105 mg, 5 mol%) suspended in 0.272 mL 

water in a small screw capped vial. The mixture was stirred at room temperature for 24 

hours. At the end of this period 1H NMR of the reaction mixture do not show evidence 

of the formation of the desired product and just secondary products are observed  

 

4.5.6.2 Procedure for the self-aldol reaction of propanal catalyzed by functional 

magnetic nanoparticles 82. 

 

Freshly distilled propionaldehyde (0.1 mL, 1.37 mmol) was added to nanoparticles-

supported proline (f = 0.41 mmol/g, 107 mg, 3 mol%) in a vial. The mixture was shaken 

at room temperature for 48 hours. Then the nanoparticles were separated by magnetic 

decantation and washed with CH2Cl2. The solution containing the crude product was 

treated with a cooled suspension of NaHB4 (80 mg, 1.2 mmol) in ethanol (3.5 mL) at 0 

ºC. After 1 hour the reaction mixture was diluted with water (10 mL) and extracted with 

CH2Cl2 (2 × 10 mL). After drying with Na2SO4, solvents were removed in vacuo. 1H 

NMR of the crude product showed a diasteromeric ratio of diols 84 of 1:1 anti:syn. 

After purification by flash chromatography on silica gel, 31.1 mg of the diol were 

isolated as a mixture of diasteromers (38% yield). The spectroscopic data matched with 

those reported in the literature.29 The diol was derivatized as monobenzoyl ester by the 

following procedure: 

 

(2S,3R)-2-methylpentane-1,3-diol (84) (0.0156 g, 0.132 mmol) was dissolved in 2 mL 

CH2Cl2, and was treated with triethylamine (0.037 mL, 0.264 mmol) and benzoyl 

chloride (0.012 mL, 0.132 mmol) at 0ºC in an ice bath. The mixture was stirred at room 

temperature for 1.5 hours and then the reaction mixture was treated with saturated 

NH4Cl solution (10 mL). The aqueous mixture was extracted with CH2Cl2 (3 × 10 mL) 
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and the organic layer were dried with anhydrous MgSO4. The solvent was removed in 

vacuo and the crude mixture was purified by silica gel flash column chromatography 

using hexane-ethyl acetate mixtures as eluant. In this manner, 9.2 mg of the 

monobenzoyl ester were obtained. The product was analysed by chiral HPLC with a 

Chiralpak IA column (99:1 hexane/2-propanol), 1 mL/min, λ  = 230 nm; major 

enantiomer (anti) tR = 19.57 min, minor enantiomer (anti) tR = 20.71 min; major 

enantiomer (syn) tR = 13.88 min, minor enantiomer (syn) tR = 15.31 min.  

 

4.6 Mannich reaction using proline derivatives  

 

4.6.1 Preparation of ethyl 2-((4-methoxyphenyl)imino)acetate (85) 
 
This product was prepared according to a previously reported 

procedure.30 All the spectroscopic data matched with those 

reported in the literature.30 

 

4.6.2 Mannich reaction using proline derivatives containing adamantyl moieties 

derivatives: evaluation of the effect of the solvent 

 
Compound 85 (52.8 mg, 0.255 mmol), and catalyst 59 (9.55 mg, 0.026 mmol) were 

placed in a small vial. The solvent (2 mL, synthesis grade) was added followed by 

cyclohexanone (529 µL, 5.10 mmol) and the mixture was shaken at room temperature 

for 24h. After this time the mixture was quenched with saturated aqueous ammonium 

chloride (5 mL) and was extracted with ethyl acetate (2 × 12.5 mL). The combined 

organic extracts were dried over MgSO4. Solvent removal afforded the crude product as 

a yellow oil. 1H-NMR of the crude product showed the formation of the syn Mannich 

and allowed the determination of the syn-anti ratio. Purification by silica gel flash 

column chromatography eluting with hexane:ethylacetate 90:10 afforded the Mannich 

products. Enantiomeric excess was determined by HPLC with a Chiralpak AS-H 

column (90:10 hexane : 2-propanol), 0.5 mL/min, λ = 254 nm; major enantiomer (syn) 

tR = 37.49 min, minor enantiomer (syn) tR = 49.63 min. 

 

N CHO

O
O
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4.6.3 Mannich reaction using functional magnetic nanoparticles 82 

 

Compound 85 (26 mg, 0.125 mmol), and functional magnetic nanoparticles 82 (31 mg, 

0.01 mmol, f = 0.32 mmol/g) were placed in a small vial. The DMF (1 mL, synthesis 

grade) was added followed by cyclohexanone (0.259 mL, 2.5 mmol) and the mixture 

was shaken at room temperature for 5 days. After this time the nanoparticles were 

magnetically decanted, the supernatant was separated, the nanoparticles were washed 

with DMF (3 mL). The supernatant together with the washings were diluted with water 

(30 mL) and the mixture was extracted with hexane (2 × 15 mL). The combined organic 

extracts were washed with water (20 mL), dried over MgSO4. Solvent removal afforded 

the crude product. 1H-NMR of the crude product showed just a tiny amount of the 

Mannich product that was not further analysed. 

 

4.6.4 Conditions for HPLC analysis for the determination of the enantiomeric 

excess of Mannich products 

 

4.6.4.1 Ethyl (2S, 1’S)-2-(p-methoxyphenylamino)-2-(2’-oxocyclohex-1’-yl)acetate 

(86) 

O

O

O
HN

O

 
Mannich product 86 is a known compound and has been described in the literature. 

Enantiomeric excess was determined by HPLC with a Chiralpak AS-H column (90:10 

hexane : 2-propanol), 0.5 mL/min, λ = 254 nm; major enantiomer tR = 37.51 min, minor 

enantiomer tR = 50.04 min.31  

All the spectroscopic data matched with literature.32  
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4.7 Michael reaction using functional magnetic nanoparticles 
 

4.7.1 (2S,4R)-2-(diphenyl(trimethylsilyloxy)methyl)-4-(prop-2-

ynyloxy)pyrrolidine (89) 

 

This product was prepared according to a previously reported 

procedure.33 All the spectroscopic data matched with those 

reported in the literature.33 
 

1H NMR (400 MHz, CDCl3) δ 7.47 - 7.18 (m, 10H), 4.32 (t, JH-H
 = 7.94 Hz, 1H), 4.05 

(dd, J = 2.35, 1.23 Hz, 2H), 3.95 to 3.91 (m, 1H), 2.95 (dd, J = 11.82, 2.42 Hz, 1H), 2.79 

(dd, J = 11.82, 4.85 Hz, 1H), 2.36 (t, J = 2.39 Hz, 1H), 1.74 (br, 1H, NH), 1.70 - 1.67 

(m, 2H), -0.11 (9H, s) ppm.  
13C-NMR (101 MHz, CDCl3) δ 146.8 (C, Ar), 145.5 (C, Ar), 127.0 - 128.6 (CH, Ar), 

83.0 (C), 80.2 (C), 79.4 (CH), 74.1 (CH), 63.7 (CH), 56.2 (CH2), 52.8 (CH2), 34.2 

(CH2), 2.3 (CH3) ppm. 

 

4.7.2 Preparation of (S)-α,α-diphenylprolinol trimethylsilyl ether supported onto 

magnetic nanoparticles (90) 

 

N
H

O

Fe3O4 Si N
O
O
O

N
N

Ph
Ph

OTMS   
Functional magnetic nanoparticles 35i (fmax = 1.9 mmol/g, 0.17 mmol)‡‡, (S)-α,α-

diphenylprolinol trimethylsilyl ether 89 (115 mg, 0.24 mmol), CuI (6.61 mg, 0.034 

mmol), DIPEA (386 uL, 2.21 mmol) and a mixture of dry THF/DMF (1:1), under 

argon, was warmed at 50 ºC during 10 hours. The nanoparticles were magnetically 
                                                
‡‡ Magnetic nanoparticles 35i were prepared in a similar manner as before, but using oleic stabilized 

nanoparticles 31b prepared by a slightly modified version of the thermal decomposition method. The 

modification was the use of 1,2-dodecanediol instead of 1,2-hexadecanediol. 1,2-dodecanediol performs 

the same function as 1,2-hexadecanediol, but is much cheaper. 

N
H

O
Ph

OTMS

Ph
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decanted, the supernatant was discarded and the nanoparticle were washed several times 

with MeOH, acetone and dried under vacuum. In this manner, g of nanoparticles were 

obtained as a brown solid. According to the %N determined by elemental analysis the 

functionalization of the nanoparticles was f = 0.92 mmol/g. 

 

Particle size: (n = 98, nm): 4.81 (s = 0.89) 

Elemental analysis calculated for fmax = 1.1 mmol/g: N, 6.19. found: C, 27.94; H, 3.44; 

N, 5.16. 

IR (KBr, cm-1) 3447, 3085, 3057, 3021, 2924, 2895, 2863, 1701, 1636, 1445, 1249, 

1070, 838, 754, 702, 622. 

 

4.7.3 Screening of reaction conditions for the Michael addition of propanal to 

trans-β-nitrostyrene  

 

Trans-β-nitrostyrene (0.2 mmol), catalyst 90 (10 mol%, 0.02 mmol), propanal (0.3 

mmol) and solvent (0.5 mL) were mixed and stirred at room temperature and monitored 

by TLC until completion. The catalyst 90 was magnetically settle and the organic 

mixture was separated, concentrated and purified by column chromatography (silica gel, 

hexane/EtOAc) to afford the Michael adduct. The enantiomeric excess was determined 

by HPLC on a chiral stationary phase (Chiralpak IC column and IC guard column) and 

the diastereoisomeric ratio by 1H NMR. 

 

4.7.4 General procedure for the Michael reaction of aldehydes with nitroolefins 

 

The corresponding nitroolefin (30 mg, 0.2 mmol), catalyst 90 (10 mol%), aldehyde (22 

µL, 0.3 mmol) and CH2Cl2 (1 mL) were mixed and stirred at room temperature and 

monitored by TLC until completion. The catalyst 90 was separated using an external 

magnetic field. The organic mixture was concentrated and was purified by column 

chromatography (silica gel, hexane/EtOAc) to afford the Michael adduct. The 

enantiomeric excess was determined by HPLC on a chiral stationary phase (Chiralpak 

IC column and IC guard column) and the diastereoisomeric ratio by 1H NMR. 
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4.7.5 Recycling of Catalyst 90 

 

Trans-β-nitrostyrene (0.2 mmol), catalyst 90 (10 mol%), propionaldehyde (0.3 mmol) 

and CH2Cl2 (1 mL) were mixed and stirred at room temperature and monitored by TLC 

until completion. The catalyst 90 was separated using an external magnetic field, was 

washed several times with MeOH, acetone and was dried under vacuum, then another 

portion of reactants was added. 

 

4.7.6 Conditions for HPLC analysis for the determination of the enantiomeric 

excess of Michael products  

 

All the products are known and all the spectroscopic data matched those reported in the 

literature. 

  

4.7.6.1  (2R, 3S)-2-Methyl-4-nitro-3-phenylbutanal (91a)34  

 

H

O
NO2

  
Title compound was prepared from trans-β-nitrostyrene and propionaldehyde according 

to General Procedure. The enantiomeric excess was determined by HPLC with a 

Chiralpak IC column (95:5 hexane/EtOH), 0.8 mL·min-1, λ = 214 nm; minor enantiomer 

tR = 27.0 min (syn), major enantiomer tR = 32.4 min (syn). 

 

4.7.6.2  (2R,3S)-2-Methyl-3-(4-methylphenyl)-4-nitrobutanal (91b)35  

 

H

O
NO2

  
Title compound was prepared from trans-4-methyl-β-nitrostyrene and propionaldehyde 

according to General Procedure. The enantiomeric excess was determined by HPLC 

with a Chiralpak IC column (95:5 hexane/EtOH), 0.8 mL·min-1, λ = 214 nm; minor 

enantiomer tR = 22.0 min (syn), major enantiomer tR = 26.1 min (syn). 
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4.7.6.3  (2R, 3S)-2-Methyl-4-nitro-3-(4-methoxyphenyl)-butanal (91c)36  

 

H

O
NO2

OMe

  
Title compound was prepared from trans-4-methoxy-β-nitrostyrene and 

propionaldehyde according to General Procedure. The enantiomeric excess was 

determined by HPLC with a Chiralpak IC column (95:5 hexane/EtOH), 0.8 mL·min-1, λ 

= 214 nm; major enantiomer tR = 45.1 min (syn), minor enantiomer tR = 38.9 min (syn). 

 

4.7.6.4 (2R, 3S)-2-Methyl-4-nitro-3-(2-methoxyphenyl)-butanal (91d)36  

 

H

O
NO2

OMe

 
Title compound was prepared from trans-2-methoxy-β-nitrostyrene and 

propionaldehyde according to General Procedure. The enantiomeric excess was 

determined by HPLC with a Chiralpak IC column (95:5 hexane/EtOH), 0.8 mL·min-1, λ 

= 214 nm; major enantiomer tR = 23.4 min (syn), minor enantiomer tR = 21.1 min (syn). 

 

4.7.6.5 (2R, 3S)-(4-Bromophenyl)-2-methyl-4-nitrobutyraldehyde (91e)34  

 

H

O
NO2

Br

 
Title compound was prepared from trans-4-bromo-β-nitrostyrene and propionaldehyde 

according to General Procedure. The enantiomeric excess was determined by HPLC 

with a Chiralpak IC column (95:5 hexane/EtOH), 0.8 mL·min-1, λ = 214 nm; major 

enantiomer tR = 26.9 min (syn), minor enantiomer tR = 24.3 min (syn). 
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4.7.6.6  (2R, 3S)-3-(benzo[d][1,3]dioxol-4-yl)-2-methyl-4-nitrobutanal (91f)  
 

H

O
NO2

O

O

 
Title compound was prepared from 5-[(E)-2-nitroethenyl]-1,3-benzodioxole and 

propionaldehyde according to General Procedure. The enantiomeric excess was 

determined by HPLC with a Chiralpak IC column (95:5 hexane/EtOH), 0.8 mL·min-1, λ 

= 214 nm; minor enantiomer tR = 36.84 min (minor, syn), major enantiomer tR = 41.9 

min (syn). 

 

4.7.6.7 (2R, 3S)-3-Furyl-2-methyl-4-nitrobutyraldehyde (91g)34 

 

H

O
NO2

O

  
Title compound was prepared from 2-(2-nitrovinyl)-furan and propionaldehyde 

according to General Procedure. The enantiomeric excess was determined by HPLC 

with a Chiralpak IC column (95:5 hexane/EtOH), 0.8 mL·min-1, λ = 214 nm; minor 

enantiomer tR = 29.5 min (syn), major enantiomer tR = 41.21 min (syn). 
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Concluding remarks of the Thesis 

 

According to the objectives presented, the concluding remarks of the Thesis are: 

 

Part I 

 

A series of new di-platinum(II) complexes containing thiolato-urea ligands has been 

synthesised and structurally characterized, exploring different routes for the preparation 

of the complexes. The X-ray crystal structures of a selection of these complexes have 

confirmed the proposed formulation and have shown that the substituents on the thiolato 

bridges can be positioned on the same side or on opposite sides of the complex. Anions 

binding studies were performed and they showed that the new di-platinum complexes 

can interact with anions in DMSO with binding constants ranging between 80 and 5000 

M-1. Although the selectivity of the systems is not very high, the receptors bind 

inorganic phosphate and acetate more tightly (the association constant for H2PO4
- is 20 

times larger than that for I- in the case of receptor 10). The receptors are stable in 

solution, and no change in the 31P NMR spectra was observed during the titration 

experiments. This is a clear advantage with respect to the previously reported analogous 

palladium complexes which were shown to decompose in solution over extended 

periods of time. A chemosensor based in these receptors was developed using the 

indicator displacement approach. Methyl red was used as a dye and the assay 

demonstrated that receptor 10 can be used for the colorimetric detection of dihydrogen 

phosphate and acetate. 

 

Part II 

 

In Chapter 5 the preparation and surface functionalization of magnetic nanoparticles of 

cobalt and of magnetite was described. The surface of the nanoparticles was decorated 

with different crown ether functionalities. The magnetic nanoparticles were employed in 

the removal of Pb2+ from organic and aqueous solutions. The possibility to magnetically 

settle the nanoparticles allowed the easy removal of the heavy metal cations from the 

solution. However, working in aqueous solutions, the use of functionalized PS-PEG 

resins allowed the achievement of comparable levels of removal of Pb2+. When lead 
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extraction experiments were performed in THF solutions using functionalized PS resins 

high extraction percentages, of around 90% were achieved.  

 

In Chapter 6 the functionalization of Fe3O4 magnetic nanoparticles with a catalyst 

through the formation of an inclusion complex with β-cyclodextrin was achieved. The 

nanoparticles were functionalized with β-cyclodextrin by de CuAAC reaction, then they 

were loaded with organocatalysts (L-hydroxyproline derivatives bearing an adamantyl 

residue), and the resulting material was used in the asymmetric version of the aldol 

reaction, achieving good enantionselectivities for the anti aldol product. The catalyst 

was recovered by magnetic decantation and reused in consecutive runs, evidencing the 

formation of the host-guest complex. Organocatalyst were also placed in the surface of 

magnetite nanoparticles via CuAAC reaction. In particular, C-4 propargyloxy 

substituted (S)-α,α-diphenylprolinol trimethylsilyl ether was supported onto azide 

functionalized Fe3O4 nanoparticles, again using the CuAAC reaction for the 

construction of 1,2,3-triazole linker to the surface of the nanoparticle. The functional, 

magnetic nanoparticles prepared in this manner, have been successfully used to promote 

the highly enantioselective Michael addition reaction of propanal to β-arylsubstituted 

nitroolefins. The nanoparticles showed good stability in front of agglomeration in 

dichloromethane, and could be easily separated from the reaction media by magnetic 

decantation and easily redispersed for reuse. In this manner, the magnetic nanoparticles 

could be used in 4 consecutive runs without any reactivation of the catalyst. 
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Figure II.1. 1H-NMR spectrum of receptor 8 in DMSO-d6. 

 

 

 
Figure II.2. 13C-NMR spectrum of receptor 8 in DMSO-d6. 
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Figure II.3. COSY spectrum of receptor 8 in DMSO-d6. 

 

 

 
Figure II.4. 1H-13C HSQC spectrum of receptor 8 in DMSO-d6. 
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Figure II.5. 1H-NMR spectrum of receptor 9 in DMSO-d6. 

 

 

 
Figure II.6. 13C-NMR spectrum of receptor 9 in DMSO-d6. 
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Figure II.7. COSY spectrum of receptor 9 in DMSO-d6. 

 

 

 
Figure II.8. 1H-13C HSQC spectrum of receptor 9 in DMSO-d6. 
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Figure II.9. 1H-NMR spectrum of receptor 10 in DMSO-d6. 

 

 

 
Figure II.10. 13C-NMR spectrum of receptor 10 in DMSO-d6. 
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Figure II.11. COSY spectrum of receptor 10 in DMSO-d6. 

 

 

 
Figure II.12. 1H-13C HSQC spectrum of receptor 10 in DMSO-d6. 
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JOB’S PLOTS AND TITRATION CURVES 
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A.1 Job’s Plot of metallo-receptors 8-10 
 

 

 

 
 

 

 

Figura A.1.1. Job plot determined by 1H NMR spectroscopy of the interaction between receptor 

8 with different anions in DMSO-d6. The host-guest complex concentration was calculated as 

[H-G]=Δδ × (mole fraction of receptor 8). The total concentration ([H]+[G]) was kept constant 

at 1.60 mM in the case of Cl- and H2PO4
-, at 2.65 mM in the case of CH3COO- and at 1.47 mM 

in the case of HSO4
-. 
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Figura A.1.2. Job plot determined by 1H NMR spectroscopy of the interaction between receptor 

9 with different anions in DMSO-d6. The host-guest complex concentration was calculated as 

[H-G]=Δδ × (mole fraction of receptor 9). The total concentration ([H]+[G]) was kept constant 

at 1.05 mM in the case of Cl- and H2PO4-, at 2.52 mM in the case of CH3COO- and at 1.74 mM 

in the case of HSO4
-. 
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Figura A.1.3. Job plot determined by 1H NMR spectroscopy of the interaction between receptor 

10 with different anions in DMSO-d6. The host-guest complex concentration was calculated as 

[H-G]=Δδ × (mole fraction of receptor 10). The total concentration ([H]+[G]) was kept constant 

at 1.59 mM in the case of Cl- and HSO4
-, 1.00 mM in the case of H2PO4

- and at 0.93 mM in the 

case of CH3COO-. 
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B.1 Titration curves of metallo-receptors 8 – 10 with anions 
 

B.1.1 1H-NMR titration curves for receptor 8 with Cl-, Br-, I-, HSO4
-, NO3

-, PF6
-, 

H2PO4
-, [P(=O)(OH)(OPh)O]- and CH3COO- in DMSO-d6. Anions were added as their 

tetrabutylammonium salts. 
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B.1.2 1H-NMR titration curves for receptor 9 with Cl-, Br-, I-, HSO4
-, NO3

-, PF6
-, 

H2PO4
-, [P(=O)(OH)(OPh)O]- and CH3COO- in DMSO-d6. Anions were added as their 

tetrabutylammonium salts 
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B.1.3 1H-NMR titration curves for receptor 10 with Cl-, Br-, I-, HSO4
-, NO3

-, PF6
-, 

H2PO4
-, [P(=O)(OH)(OPh)O]- and CH3COO- in DMSO-d6. Anions were added as their 

tetrabutylammonium salts. 
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