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Coordination Chemistry is a branch of chemistry that deals with metal complexes 

surrounded by ligands that are attached to the metal by dative bonds, also known as 

coordinate bonds, in which both electrons in the bond are supplied by the same atom on 

the ligand. The Nobel Prize winner Alfred Werner (1866-1919) established this field by 

developing in 1913 the coordination theory of metal-ammine complexes, such as 

[Co(NH3)6Cl3].1 Coordination compounds can be found in Nature, examples are 

haemoglobin,2 chlorophyll,3 Vitamin B-124 and hemocyanin.5 They are also of great 

importance in many subdisciplines of chemistry, including inorganic and bioinorganic6 

chemistry and polymer7 and materials science.8,9 

Recently, it was shown that the coordination of ligands to appropriate metals allows the 

construction of coordination compounds that are relevant in supramolecular chemistry. 

Metal-directed self-assembly with metals such as Pd(II) and Pt(II), that prefer a square 

planar coordination geometry, has been showing remarkable potential to construct 

supramolecular architectures such as helices,10 tubes,11 locks12 and cages.13 Some of these 

complexes have also been shown to assemble by means of metal-metal interactions14 and, 

more remarkably, the luminescent properties of certain complexes can also be used for 

sensing. For instance, Pt(II) and Pd(II) complexes display strong phosphorescence which is 

strongly reduced in the presence of oxygen.15  

This thesis is divided into three main chapters dealing with the different properties of Pd(II) 

and Pt(II) metal complexes. Chapter I was mainly developed at Technische Universität 

Kaiserslautern with a short partnership with the Kekulé-Institut für Organische Chemie und 

Biochemie at the Universität Bonn and addressed the construction of coordination 

macrocycles and cages from suitable Pd(II) sources and cyclopeptide-derived ligands.  

In Chapter II, the aggregation abilities and photophysical properties of Pt(II) complexes 

bearing tridentate-azolate-based ligands and cyclopeptides with peripheral pyridyl 

moieties were investigated. This project was the result of a short-term secondment 

developed at the Institut de Science et d'Ingénierie Supramoléculaires in Strasbourg. 

Chapter III was the result of a project executed at Micronit Micro Technologies B.V. in 

Enschede, in which a microfluidic device with oxygen sensing abilities was produced from 

nanoparticles containing Pt(II)-porphyrins. 





The project here described was developed as the main topic for this PhD thesis sponsored by the Marie Curie Innovative 

Training Network ResMoSys. In this chapter, the work developed at the Chemistry Department of the Technische 

Universität Kaiserslautern (Germany) from October 2015 to April 2019 is described. A short-term partnership was 

established with the group of Prof. Arne Lützen from the Kekulé-Institut für Organische Chemie und Biochemie, 

Rheinische Friedrich-Wilhelms-Universität Bonn. The results obtained were published: Mesquita, L. M., Anhäuser, J., 

Bellaire, D., Becker, S., Lützen, A., Kubik, S. Palladium(II)-Mediated Assembly of a M2L2 Macrocycle and M3L6 Cage from a 

Cyclopeptide-Derived Ligand. Org. Lett. 2019, 21, 6442-6446. doi:10.1021/acs.orglett.9b02338. 
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1.1. INTRODUCTION 

For a long time, chemists strived to attain control over the formation and breaking of the 

covalent bond to construct new molecules of increasing complexity.16 However, with the 

rising interest in creating more diverse and unique chemical architectures, a new paradigm 

emerged. Referred to as "the chemistry beyond the molecule”,16 it took advantage of non-

covalent intermolecular interactions to construct complex and functional systems, thus 

giving rise to the field of Supramolecular Chemistry. Examples of weak and reversible 

interactions include hydrogen bonds, van-der-Waals forces, π-π stacking interactions and 

other types of interactions. 

Even though the use of such interactions to consciously design molecular assemblies is only 

performed since ca. 50 years, several systems can be found in Nature, in which these 

intermolecular forces play an important role. For example, the DNA double helix is 

stabilized by complementary hydrogen bonds and π-π stacking interactions between the 

nucleobases. Also, stabilizing non-covalent forces such as hydrogen bonds and ionic 

interactions are responsible for the folding of proteins and enzymes into unique three-

dimensional structures. It was based on these natural supramolecular mechanisms that the 

concept of self-assembly17–19 for the fabrication of artificial systems was developed.  

Molecular self-assembly consists of the spontaneous arrangement of suitable building 

blocks into discrete and often symmetric supramolecular systems.20 The resulting self-

assembled product is stabilized through non-covalent or coordinative interactions, which 

should be reversible21 to allow for self-assembly to proceed under thermodynamic control 

and for any error that may have occurred during the assembly to be corrected immediately 

(“self-correction”). 

Mismatched bonds or less stable products will thus dissociate in favour of more stable 

ones. During self-assembly processes, several reversible reactions may occur 

simultaneously until an equilibrium is reached and a thermodynamic product is formed 

ideally in nearly quantitative yield. Changes of the reaction parameters can shift the 

balance from one product to another that represents the more stable one under the 
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altered conditions. The used starting compounds are often structurally simple whilst the 

resulting product has a much more complex architecture. 

Self-assembly can be divided into two main types according to the interactions involved 

between the constituents. The first one is based on H-bonding motifs22,23 and the second 

one on metal-ligand interactions.24,25 The latter was introduced during the 1980s and since 

then, metal directed self-assembly has been prominent in the creation of supramolecular 

compounds in which metal atoms and ligands are the primary building blocks and 

coordinate bonds are the ‘glue’ that holds these constituents together.19,26 

1.1.1 Metal Directed Self-Assembly 

The use of metal ligand interactions is quite appealing for self-assembly since these 

interactions are stronger than non-covalent interactions and still kinetically labile, allowing 

for thermodynamic control of the self-assembling process to favour discrete, well-ordered 

macromolecules over random species. The synthetic efforts to obtain metal directed self-

assembled structures are usually low, since the synthesis of the coordination compounds 

often involves simple building blocks and one-pot procedures to obtain stable albeit 

dynamic products in high yields. 

A fascinating range of structures can be constructed by metal-directed self-assembly that 

is much more difficult or even impossible to access by covalent chemistry. Some examples 

include polygons, cages, catenates, knots, rotaxanes, dendrimers and helicates.16,27,28 

Metal atoms function not only as building blocks and orientating centres for the formation 

of these structures, but also possess properties that are incorporated in the final structure 

such as electrochemical, photophysical, spectroscopic, magnetic and reactivity 

properties.16,27,28 This has resulted in functional metallosupramolecular structures for a 

large variety of applications including molecular machines.29–31 

Product formation is determined by the preferred coordination geometry of the metal ion, 

the structural parameters of the ligand and the metal/ligand ratio.32 Transition-metal-

based systems are particularly interesting for metal directed self-assembly, since they 

afford predictable structures by adapting the denticities of the ligands to the coordination 
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numbers of the metals.26,27 The most stable species eventually dominates the 

thermodynamic equilibrium.33 

Amidst the transition metals, palladium(II) centres are particularly attractive components 

for the synthesis of supramolecular coordination compounds due to their propensity to 

orient four monodentate ligands at 90˚ angle in a square planar geometry, their high Lewis 

acidity, the efficiency which they interact with N or O donor ligands, the intermediate 

kinetic lability of their complexes, and their diamagnetism that allows the use of NMR 

spectroscopy for the structural characterization.34,35 

Considering the predisposition of Pd(II) to interact with N donors, a considerable portion 

of the discrete organic frameworks so far developed had nitrogen-containing heteroaryls, 

such as pyridines, as organic building blocks.33,36–38 On its own, pyridine is not a very good 

ligand since it only has a single donor atom. However, pyridine moieties can be 

incorporated into larger molecules, thus creating ligands that are capable of bridging two 

or more metal atoms to form complex metallostructures.  

The outcome of metal-pyridine based self-assembly depends on a variety of factors, the 

most important of which are the structural parameters of the ligand, the preferred 

coordination geometry of the acceptor subunit, and external parameters such as 

temperature, solvent, and the presence of a template.39,40 The correct coordination angle 

between the ligands (L-M-L) at the metal centre is paramount for the correct construction 

of the metal assemblies. 

1.1.2 Pd(II)-Mediated Assembly of Hollow Supramolecular 

Structures from Pyridine-Derived Ligands 

Supramolecular structures can have highly diverse structures and, among them, 

supramolecular coordination macrocycles and cages are of great interest due to their 

potential ability to serve as synthetic receptors.37,41–43 Such receptors are typically 

composed of several metal centres joined by organic ligands that create a cavity into which 

a suitable substrate can be included. 
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Many of such hollow coordination compounds are positively charged as they are formed 

from neutral ligands and positively charged metal ions and can contain anions 

encapsulated inside the void.44 Their functions can comprise the stabilization of neutral45,46 

or reactive guests47,48 or the activation of unreactive molecules.49 Furthermore, they can 

act as catalysts or sensors,50–53 can allow gas sequestration,54 the separation of species 

from mixtures45,55 or drug delivery.56 

Although a handful of these complexes were the result of serendipity, most structures have 

been obtained by carefully planning and understanding the influence of the individual 

components on the outcome of the self-assembling process. In addition to the above 

mentioned parameters, factors like the flexibility of the ligand and the counterions of the 

metal also have a major impact on the structure and properties of the product.57  

Metallamacrocycles and cages can be created in a highly diverse range of shapes from 

symmetric building blocks that often resemble geometric figures or Platonic and 

Archimedean solids41,51 (tetrahedron, octahedron, cube, etc) but also other structures such 

as rings, trigonal bipyramids, trigonal prisms, bowls, etc. 

An expert in the construction of such structures is Makoto Fujita, who focuses in his work 

on the metal-directed self-assembly between appropriately protected square-planar metal 

ligands and suitable organic building blocks (Figure 1, left) for the construction of 

structurally complex coordination compounds.37,51 By protecting the metal ion, the number 

of coordination sites can be reduced, allowing for further control over the number and 

relative orientation of the organic ligands.58–63 

One of the synthetic strategies used by Fujita for the design of metallostructures is the 

directional-bonding approach, in which structurally rigid complementary precursor units 

with predefined bite angles are used in an appropriate stoichiometric ratio to access a wide 

variety of supramolecular assemblies in high yields.64 The symmetry and number of binding 

sites within the donor ligands and the metal acceptors guide the shape of the target 

assembly. Following this design strategy, the precursor units normally correspond to the 

vertices and/or edges of the final supramolecular structures. 
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The first example of a self-assembled complex obtained by using this strategy was the 

tetranuclear square S1, depicted in Figure 1.65 S1 contained four cis-protected Pd(II) 

centres and four 4,4’-bipyridine ligands. The quantitative self-assembly of this complex was 

observed from the mixture of an equimolar amount of [Pd(en)(NO3)2] 

(en=ethylenediamine) and 4,4’-bipyridine in an aqueous solution at room temperature. 

The final structure was confirmed by NMR spectroscopy, electrospray ionization mass (ESI-

MS) spectrometry, and X-ray crystallography. S1 possessed a hydrophobic cavity able to 

recognize neutral aromatic compounds66 with the highest association constant observed 

for N-(2-naphthyl)acetamide (1800 M-1). 

 

Henceforth, several metal-directed self-assembly reactions were performed by Fujita´s 

group using the directional-bonding approach. The equilibrium dynamics of such reactions 

and resulting metallostructures depended on the reaction conditions and the nature of the 

precursor units.37,50,51,67–69 

The self-assembly of the Pt(II) analog67 of S1 was slow due to the inertness of the Pt(II)–

pyridine bond. Initially, a complex product mixture was formed, affording the 

thermodynamically most stable Pt(II) square only after heating to 100°C for several weeks. 

Figure 1 Left: Schematic representation of the metal-directed self-assembly between a cis-protected 
metal complex and an organic building block towards the formation of a metallamacrocycle. 
Charges and counterions are omitted for clarity. Right: Chemical structure of a square framework 
obtained by reacting an equimolar amount of [Pd(en)(NO3)2] and 4,4’-bipyridine. 

4 

4 

metal weakly coordinated ligand organic building block protecting group 
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The Pd(II) and Pt(II) squares accordingly exhibited significant differences in their behaviour. 

While the addition of [Pd(en)(NO3)2] to S1 shifted the equilibrium and gave rise to a mixture 

of products, the Pt(II) square remained intact after the addition of [Pt(en)(NO3)2]. 

The structure of S1 was expanded by incorporating suitable spacers into the bipyridine 

framework.68 However, with the use of longer linear linking components, the reaction 

resulted in an equilibrium between molecular squares and triangles (Figure 2). The product 

ratio was dependent of the concentration of the reaction mixture. 

At higher concentrations, the ratio shifted towards the formation of the molecular square. 

This effect indicated that the equilibrium was the result of the balance between enthalpy 

and entropy, with the less strained molecular square being more stable in terms of 

enthalpy while entropy favoured the structure consisting of fewer components. 

 

 

An analogous behaviour was observed when the ethylenediamine protecting group on 

Pd(II) was replaced with a more sterically demanding 2,2’-bipyridine group (Figure 3).68 

Again, the ratio square:triangle was concentration-dependent and high concentrations 

favoured the square formation, probably due to steric repulsion between 2,2’-bipyridine 

and 4,4’-bipyridine subunits. 

 

Figure 2 Equilibrium between the square and the triangle frameworks resulting from the metal-
directed self-assembly between an equimolar amount of [Pd(en)(NO3)2] and bipyridine-derived 
building blocks with incorporated phenylene, ethenylene, or ethynylene spacers. 
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The substitution of 4,4’-bipyridine for more flexible bidentate ligands afforded the 

macrocyclic dinuclear complexes M1 to M8 in the reaction with [Pd(en)(NO3)2] instead of 

the previously observed larger macrocycles (Figure 4).37,50,51 The structures of the 

macrocycles M1, M2 (ClO4 salt), M3 and M5 were determined by X-ray crystallography, 

whilst the others were deduced from NMR spectroscopy and fast atom bombardment 

mass (FABMS) spectrometry.  

 

Figure 3 Equilibrium between the square and the triangle frameworks resulting from the metal-
directed self-assembly between an equimolar amount of [Pd(2,2’-bipyr)(NO3)2] and 4,4’-bipyridine. 

Figure 4 Examples of self-assembled macrocycles resulting from the reaction between an equimolar 
amount of [Pd(en)(NO3)2] and different flexible bidentate ligands. 
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Interestingly, M7 and M8 existed in aqueous solution in equilibrium with linear oligomers 

but dilution of the solution or change of the solvent to methanol shifted the equilibrium 

ratio towards macrocycle formation.50  

The strategy shown in Figure 1 was then extended to the formation of cage-type 

architectures by reacting tris-(4-pyridylmethyl)benzene (L1) with [Pd(en)(NO3)2] in a 2:3 

ratio.70 Initially a mixture of oligomeric products was obtained. The presence of suitable 

neutral or anionic guests such as carboxylates induced, however, the assembly of the 

complex C1 (Figure 5).  

C1 exhibited a trigonal prismatic D3h symmetric structure, which was deduced mainly from 

NMR spectroscopic and ESI-MS spectrometric measurements. NMR titration experiments 

showed that C1 formed 1:1 host-guest complexes with various guests. 1-

Adamantanecarboxylic acid and 2-phenylpropionic acid were the templates that produced 

the cage with the highest yields (> 90%). The manner in which the framework of C1 

assembled is an example for a thermodynamically templated receptor synthesis. Earlier 

examples of similar templated cage syntheses can be found in the literature.71,72  

A second approach used for the design of 3D molecular architectures was also pioneered 

by Fujita and co-workers. In molecular panelling, flat, panel-like organic ligands having 

more than two linking sites are joined using cis-protected square planar Pt(II) or Pd(II) metal 

centers as corner units. The suitable positioning of the donor binding sites in the panel is 

vital and guides the final geometry of the resulting architectures. In this method, the 

organic molecular components were designed to represent basic geometric shapes such 

as triangles, squares, or rectangles. These molecular panels then react with the metal 

Figure 5 Trigonal prismatic coordination cage C1 obtained by reaction of 2 eq of tris-(4- 
pyridylmethyl)benzene (L1) with 3 eq of [Pd(en)(NO3)2]. ©The Royal Society of Chemistry 1998. 
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centres to create polyhedral self-assembled structures in which the ligands resided on the 

faces while the metals resided on the vertices or edges. 

A variety of nanosized discrete metal-assembled frameworks with structures that can be 

classified as cages, bowls, tubes, tetrahedra, or octahedra containing pyridine-based 

molecular panels and cis-protected Pd(II) were constructed by Fujita et al. using this 

approach.73 These structures not only recognized and encapsulated more than one 

substrate, but also often exhibited interesting functions. They were able, for example, to 

mediate regio- or stereoselective reactions, stabilize reactive molecules and intermediates, 

act as storage devices, and interact with biologically relevant compounds.74–78 Cages C2,  

C3, and C4 are good examples of three-dimensional assemblies obtained by molecular 

panelling. 

The highly symmetric nano-sized M6L4 adamantoid cage C2 was constructed by mixing the 

coplanar 2,4,6-tri-4-pyridyl-1,3,5-triazine (L2) and [Pd(en)(NO3)2] in a 2:3 ratio (Figure 6, 

top).79 When a 2:4 ratio was used for the self-assembly, only C2 was formed and the excess 

of [Pd(en)(NO3)2] remained unused, attesting for the substantial thermodynamic stability 

of the cage.  

 

 

Figure 6 Top: M6L4 adamantanoid cage C2 obtained by reaction of 2eq of 2,4,6-tri-4-pyridyl-1,3,5-
triazine (L2) with 3eq of [Pd(en)(NO3)2]; bottom: X-ray crystal structure of C2 with 4 adamantane 
carboxylates in the cavity. Hydrogen atoms omitted for clarity. Colour code: blue – C2 moiety 
(carbon and nitrogen), Yellow – palladium, light pink – adamantane moiety (carbon), red – oxygen; 
©The Royal Society of Chemistry 2001 
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C2 possessed an extraordinarily large cavity with a diameter of ca. 11 Å in which four 1-

adamantane carboxylate ions were encapsulated. The crystal structure of this complex 

indicated that the hydrophobic adamantyl groups were located inside the cage’s cavity, 

while the hydrophilic carboxylate groups were located outside (Figure 6, bottom). NMR 

spectroscopic studies showed that the 1:4 host–guest aggregate also existed in solution. 

Larger derivatives of C2 were obtained by using the phenylene- and biphenylene-bridged 

tridentate ligands L3 and L4 (Figure 7).79 Cages C3, C4, and C2 were categorized as ultrafine 

particles since their size reached the nanometre scale (2-5nm) as demonstrated by the 

volume-weighted distribution analysis of the particle sizes by laser light scattering. 

 

Another strategy to obtain large hollow complexes of well-defined shapes and sizes is 

based on combining metal ions with rigid bent organic ligands. For instance, tetravalent 

Pd(II) acceptors and C- or banana-shaped pyridine-based bis-monodentate ligands have 

been used for the coordination-driven self-assembly of three dimensional MnL2n assemblies 

(M=metal, L=ligand) with n ranging from two up to twenty-four. 

In general, the nuclearity of the resulting structures depends on the angle at which the 

ligand orients the donor atoms. It can be predicted by assuming the smallest assembly in 

which all binding sites are occupied without leading to steric strain (Figure 8).80–82  

Figure 7 M6L4 adamantanoid cages C3 and C4 obtained by reaction of 2eq of the pyridine-based 
tridentate ligands L3 and L4 with 3eq of Pd(NO3)2(en). © 1995 Nature Publishing Group 
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Ligands that adopt conformations in which the bonding vectors of the two pyridyl donors 

are collinear (0°) or directed towards a common point in space (<0°) lead to M2L4 

assemblies, while structures of higher nuclearity are obtained from ligands in which the 

bonding vectors are oriented at an angle >0°. In this case, the size of the metal-complex 

depends on the angle between the two lone pairs of the donor atoms. For angles smaller 

than 90°, complexes with three to five metal centres are obtained and for angles larger 

than 90°, the complexes contain twelve or twenty-four metal ions. Ligands with a 90° bend 

angle afford M6L12 complexes (Figure 8). 

In 1998, the first M2L4 cage (C5) derived from Pd(II) directed self-assembly and pyridine 

containing ligands was synthesized by Steel and co-workers (Figure 9).83 C5 was prepared 

by mixing 1,4-bis(3-pyridyloxy)-benzene (L5) and PdI2(Py)2 in acetonitrile together with 

silver triflate in order to precipitate the halide anions. The cage was shown to encapsulate 

one PF6
- anion when NH4PF6 was present during the reaction. 

Lützen et al. reported the formation of the homochiral metallosupramolecular dinuclear 

M2L4 cage C6 by reacting tetravalent [Pd(CH3CN)4](BF4)2 with an enantiomerically pure 

planar chiral ligand based on a [2.2]paracyclophane skeleton ((Rp)-L6) in deuterated 

acetonitrile (Figure 9).84 When a racemic mixture of L6 was exposed to the same reaction 

conditions the self-assembly reaction occurred without a significant degree of 

diastereoselectivity, giving rise to a mixture of all possible diastereomeric complexes 

M12L24, M24L48 

M6L12 
M3L6, M4L8, M5L10 M2L4 M2L4 

Figure 8 Relation between the nuclearity of the MnL2n assemblies (M=Pd(II), L=pyridine containing 
bis-monodentate ligand, n=nuclearity) and the angles between the two donor electron lone pairs 
of the ligand. © 2018 Elsevier B.V  
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[Pd2{(Rp)-L2}4](BF4)4 (and its enantiomer), [Pd2{(Rp)-L6}3{(Sp)-L6}1](BF4)4 (and its 

enantiomer), cis-[Pd2{(Rp)-L6}2{(Sp)-L6}2](BF4)4 and trans-[Pd2{(Rp)-L6}2{(Sp)-L6}2](BF4)4. 

 

An unexpected result was obtained by the same group with the dissymmetric bis(3-pyridyl) 

ligand L7 based on a BINOL scaffold.85 Since L7 had a converging donor vector angle (-60˚)81
 

one would expect that self-assembly would give rise to a M2L4 type cage. The reaction 

between L7 and [Pd(CH3CN)4](BF4)2, however, afforded the M4L8 complex C7 (Figure 10) in 

which the four metal ions were arranged in a distorted tetrahedral fashion. The four ligands 

of the edges adopted a C-shaped conformation, whereas the other four adopted a twist-

folded W-shaped arrangement.  

This coordination mode resulted in a structure containing three cavities: two at the outer 

periphery that hosted two tetrafluoroborate anions, and another central cavity featuring a 

confined, chiral, and hydrophilic environment that hosted several acetonitrile molecules. 

This unprecedented structural motif was the result of an efficient template effect of the 

two tetrafluoroborate counterions encapsulated in the peripheral cavities.  

Figure 9 Examples of Pd2L4 cages. C5: X-ray crystal structure of Pd2L54.(PF6)4.2MeCN. Hydrogen 
atoms, counter ions and solvent molecules are omitted for clarity. Colour code: grey – carbon, red 
– oxygen, blue – nitrogen, orange – palladium. © 2018 Elsevier B.V; C6: X-ray crystal structure of 
homochiral Pd2L64.(BF4)4. Counter ions omitted for clarity. Colour code: grey – carbon, white – 
hydrogen, blue – nitrogen, petrol – palladium; © The Royal Society of Chemistry 2019 
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This example demonstrated that despite a careful ligand design one cannot always predict 

the most thermodynamically stable assembly due to the different contributions that have 

to be considered. Nevertheless, the proper understanding of the assembly principles 

during complex formation allows for the manipulation of the reaction conditions in order 

to favour the formation of one structure with respect to another, as exemplified by Fujita 

and co-workers86 (Figure 11).  

They reported the self-assembly of a ligand with a fixed angle of approximately 60° (L8) 

with Pd(NO3)2, yielding either tubular trigonal M3L6 (C8a) or tetragonal prismatic M4L8 (C8b) 

coordination cages (Figure 11). The exclusive formation of one geometry or the other was 

determined by the choice of solvent. In DMSO-d6, the tetragonal C8b was favoured, 

whereas in CD3CN, the trigonal prismatic C8a was formed. This was an unexpected result 

since both cages possessed comparable strain energies, even though the formation of C8a 

should be entropically favoured. Crystal structures offered insight into the reasons for this 

behaviour. In C8a, the cavity was small and filled by one water and two acetonitrile 

molecules. In the case of C8b, however, the cavity contained two nitrate anions and two 

DMSO molecules, which compensated for the entropic disadvantage of the formation of 

the larger cage. Interestingly, when acetonitrile was added to the solution of C8b, the 

complete conversion to C8a occurred. The equilibrium was again shifted by removal of the 

acetonitrile. 

Figure 10 X-ray crystal structure of Pd4L78 (C7) including encapsulated CH3CN molecules and BF4
- 

anions. Hydrogen atoms and further non-encapsulated tetrafluoroborate ions and solvent 
molecules are omitted for clarity. Colour code: grey – carbon, red – oxygen, green – fluorine, red-
brown – boron, purple – nitrogen, blue – palladium. © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim 
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In another example by Fujita, structural control of the metal-assembly was dependent on 

the bend angle of the ligand (Figure 12).87 The thiophene-based ligand L9 alone afforded a 

rhombicuboctahedron M24L48 and the furan-derived ligand L10 a cuboctahedron M12L24 in 

the presence of Pd(NO3)2. These results were in perfect agreement with the expected ones 

considering the bend angles of the ligands. Interestingly, the reaction of tetravalent Pd(II) 

with mixtures of these two ligands in various ratios afforded exclusively either M12L24 (C10) 

or M24L48 (C9) structures, but never a mixture of the two.  

Cages C9 and C10 contained statistical mixtures of the two ligands, in which their average 

bend angle was determined by the ligand ratio and varied from 127° to 149° (see table in 

Figure 12). Starting from a ratio of L9:L10 of 9:1 and then varying it sequentially to 1:9, C9 

was formed exclusively until a ratio was 2:8 reached, whereupon a threshold was passed 

and C10 was exclusively observed (see red square in table from Figure 12). The slight 

Figure 11 Solvent controlled assembly of Pd3L86 and Pd4L88 coordination cages. X-ray crystal 
structures of tubular trigonal prismatic cage C8a and tubular tetragonal prismatic cage C8b. 
Hydrogen atoms, counter anions and solvent molecules omitted for clarity. Colour code: grey – 
carbon, blue – nitrogen, purple – palladium. ©The Royal Society of Chemistry 2014 
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difference in bend angles between the 3:7 and the 2:8 ratios represented the ‘‘critical 

structural switch’’, determining the structure of the resulting assembly.  

1.1.3 Pd(II)-Directed Self-Assembly of Pyridine-Containing 

Cyclopeptides 

In Nature, metal ions are cofactors for a large number of proteins and often play important 

catalytic, structural, regulatory, and/or enzymatic roles in biological systems. So it comes 

as no surprise that chemists have been synthesizing peptide mimics with incorporated 

natural or non-natural metal binding sites that can imitate natural metallopeptides.88 The 

coordination of metal ions can induce conformational changes in the peptide, can 

dramatically change its properties,89 or promote self-assembly through metal–ligand 

interactions, creating nanostructures that are structurally and functionally quite distinct 

from the original peptide.90 Substantial advances have been achieved using peptides for 

the construction of nanostructures, including the fabrication of nanofiber materials for cell 

culture and tissue engineering,91 the assembly of peptide nanotubes92 and helical ribbons 

among others. 

While the self-assembly of cyclopeptides mediated by hydrogen bond formation has been 

extensively investigated,93–100 the metal-directed self-assembly of cyclopeptides is less 

common. 

Figure 12 Self-organization of mixtures of the ligands L9 and L10 exclusively into either C9 or C10 
with a critical structural switch occurring at an average bend angle between 131˚ and 134˚ (red 
square in the table). ©The Royal Society of Chemistry 2013 
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Cyclopeptides represent, however, attractive building blocks in this context because of 

their structural versatility, chirality and the possibility to control their preferred 

conformation by the structures of their subunits.101–104 Thus, cyclic peptides have the 

potential to give rise to coordination compounds that combine synthetic supramolecular 

aspects with natural product chemistry.  

Among the examples of cyclopeptide-derived coordination compounds,92,102–107 those 

obtained by Pd(II) mediated self-assembly of pyridine containing cyclopeptides are 

especially scarce.92,104 One example was described by Panciera et al., comprising the 

formation of “pom-pom” like molecular structures from the α,γ-cyclic hexapeptide CHP1 

with nicotinic acid residues in the periphery (Figure 13).92  

The coordination of these moieties to Pd(II) centres was confirmed by 1H-NMR 

spectroscopy but, unfortunately, the obtained spectrum was more complex than expected. 

The broadening of the signals, in particular, indicated the formation of polymeric 

structures. 

Further investigations allowed to conclude that upon complexation, CHP1 formed dimers 

that self-organized in a hierarchical process (Figure 13, bottom) to form spherical structures 

covered by needle-shaped crystals, giving the appearance of “molecular pom-poms”.  

CHP1 

Figure 13 Top: Chemical structure of cyclohexapeptide CHP1. Bottom: Proposed model for the 
formation of the molecular pom-poms formed by self-assembly. © 2013, Wiley-VCH Verlag GmbH 
& Co. KGaA 



23 
 

Scanning electron microscopy (SEM) showed that these spheres consisted of two main 

parts, a dense and compact central core and a cortex where the nanocrystals grew. Due to 

their porous composition, these materials were able to encapsulate and subsequently 

liberate small molecules. 

In another example, Jolliffe obtained an infinite coordination polymer by coordinating the 

tripodal pyridyl containing Lissoclinum-type cyclic hexapeptide CHP2 (Figure 14) to [1,3-

bis(diphenylphosphino)propane]palladium(II) triflate (Pd(dppp)OTf2).104 Two nitrogen 

donor atoms from different cyclopeptides were coordinated to dppp-protected Pd(II), 

forming a linear polymer that extended along the crystallographic α-axis, with each metal 

centre possessing square planar geometry. 

 It was observed that π ··· π interactions existed between the coordinated pyridyl 

substituents and the neighbouring aromatic residues of the dppp ligand. In addition, 

intramolecular hydrogen bonds stabilized the planar geometry adopted by the CHP2 ring. 

The positively charged coordination polymer was bound to chloride counterions through 

electrostatic interactions near the metal centre (Figure 14, green) and to triflate anions 

through hydrogen bonds in the cyclopeptide ring. One pyridyl group per cyclopeptide 

Figure 14 Left: Chemical structure of hexacyclopeptide CHP2. Right: Part of the infinite 1D 
coordination polymer in the crystal structure of {[Pd(dppp)CHP2]·OTf·Cl·3MeOH·3Et2O}n. Dashed lines 
represent hydrogen bonds, and double-headed arrows represent π–π interactions. Regions of 
disorder removed for clarity. Colour code: white – hydrogen, grey – carbon, blue – nitrogen, Yellow – 
sulphur, violet – palladium, red – oxygen, orange – phosphorus, green – chlorine; © 2012 Taylor & 
Francis 

CHP2 
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remained coordinatively unsaturated, resulting in the loss of the C3 symmetry present in 

the original ring. 

When CHP2 was reacted with silver nitrate instead of Pd(dppp)OTf2, the L2M3 type 

metallocage C11 was obtained (Figure 15). Crystallization was not possible, but the 

modelled structure indicated that the cage possessed a C3 symmetric structure with a slight 

helical twist, due to the chiral nature of the cyclohexapeptide. Prior to the work performed 

in this thesis, C11 was the only cyclopeptide derived coordination cage described. 

 

 

Kubik et al. have shown that the tetracyclopeptide CP1 (Figure 16) with two diverging 

pyridyl units forms coordination polymers with CdCl2 and HgCl2.102 The X-ray crystal 

structure analysis of the metal-free ligand CP1 showed that the peptide adopted a V-

shaped conformation with the two pyridyl units pointing to the same side of the 

cyclopeptide ring. The angle between the mean planes of the two phenyl units amounted 

to 52.32° and the pyridyl units were rotated by 38.07° with respect to the neighbouring 

benzene ring.  

C11 

Figure 15 Molecular structure of C11 capsule [(L2Ag3)3+] modelled with SPARTAN 10 (AM1). Colour 
code: white – hydrogen, grey – carbon, blue – nitrogen, Yellow – sulphur, purple– palladium, red – 
oxygen; © 2012 Taylor & Francis 



25 
 

The coordination of CP1 to cadmium(II) or mercury(II) ions resulted in the formation of 

homochiral coordination polymers (Figure 17) in which the metal centres adopted a slightly 

distorted tetrahedral geometry and were bound to two pyridyl moieties of two different 

cyclopeptide rings and two chloride ions. In both structures, CP1 adopted a V-shaped 

conformation similar to the one of the free form but with angles between the mean planes 

of the phenyl units of almost 90°. Also, the torsion angle of the pyridine rings was slightly 

smaller. These structural changes indicated that CP1 was able to adapt its conformation 

according to the requirements of metal coordination. 

52.32˚ 

38.07˚ 

Figure 16 Left: Chemical structure of the cyclic tetrapeptide CP1. Right: X-ray crystal structure of 
CP1·2H2O·EtOH. Hydrogen atoms and solvent molecules omitted for clarity. Colour code: grey – 
carbon, blue – nitrogen, red – oxygen; 

Figure 17 Crystal structure of the 1D coordination polymers [CP1·HgCl2]n (top) and [CP1·CdCl2]n 
(bottom). Hydrogen atoms omitted for clarity. Colour code: grey – carbon, blue – nitrogen, red – 
oxygen, orange – mercury, purple – cadmium, green – chlorine.   
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1.2 AIM OF THE PROJECT 

This project focuses on the synthesis of discrete coordination complexes derived from 

pyridyl containing cyclopeptides by Pd(II)-mediated self-assembly and the study of the 

receptor properties of these complexes.  

Given the known ability of CP1 to coordinate to metal ions, this cyclopeptide was chosen 

as one of the building blocks for the targeted metal assemblies. This cyclopeptide has the 

advantage that it allows using the strategy described by Fujita to create discrete 

coordination complexes with suitable palladium(II) precursors.37,51  

One goal of the work was therefore to investigate the coordination between CP1 and 

[Pd(en)(NO3)2] (Figure 18). Even though the final structure of this reaction cannot be 

predicted with certainty, considering that CP1 is more flexible than most of the ligands used 

by Fujita, one would expect a macrocyclic complex with the composition CP12Pd2 to be the 

thermodynamically most stable product. 

To evaluate whether such cyclopeptides also allow accessing three dimensional structures 

by the same route, the complexation between [Pd(en)(NO3)2] and the corresponding 

cyclohexapeptide CP2 was targeted (Figure 19). Preliminary calculations provided 

information that CP2 might be suitable for this purpose. These calculations were based on 

the crystal structure of the parent cyclohexapeptide CP3 composed of (L)-proline and 3-

aminobenzoic acid subunits.108 CP3 adopted a conformation in which all the proline amides 

Figure 18 Schematic representation of possible products resulting from the metal-directed self-
assembly of a cis-protected Pd(II) complex and CP1. 
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had trans conformation and the aromatic rings were tilted in the same direction. The 

structure did not exhibit an ideal C3 symmetry, however, since the NH and CO groups of 

the amide bonds were not all arranged in the same way (black arrows in the crystal 

structure of CP3 in Figure 19). Since CP3 adopted an average C3 symmetric conformation in 

solution, only symmetric structures were considered in the calculations performed on CP2. 

The thus resulting structure had a deeper cavity than CP3, exhibiting a cone-shaped 

conformation with all the pyridyl units pointing to the same side of the cyclic peptide. A 

83.02° mean angle between the phenyl units with a 52.52° torsion of the pyridyl rings with 

respect to the neighbouring aromatic subunits was observed. From the calculated 

structure, it could thus be expected that CP2 could form a cage when interacting with 

[Pd(en)(NO3)2] with the composition CP22Pd3. A flatter cyclopeptide conformation could 

alternatively afford the larger CP24Pd6 complex. 

 

 

 

 

 

 

CP3 

83.02˚ 
52.52˚ 

CP2 

Figure 19 Top: Schematic representation of metal-directed self-assembly between a cis-protected 
Pd(II) complex and CP2 giving rise to coordination cages. Bottom: Chemical structure of CP3 (left), 
x-ray crystal structure of CP3·3CH3OH (middle) and modelled structure of CP2 (right) calculated by 
using Avogadro with the MMFF force field and without considering solvent molecules. Hydrogen 
atoms and solvent molecules omitted for clarity. Colour code: grey – carbon, blue – nitrogen, red – 
oxygen; 
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The use of tetravalent Pd(II) and CP1 to obtain cage like structures was also planned (Figure 

20). Considering the 52.32° bend angle of CP1, the cages CP16Pd3, CP18Pd4 and CP110Pd5 

are all possible outcomes of the corresponding coordination-driven self-assembly.81 

Binding studies were also planned to assess whether the obtained cyclopeptide-derived 

metallostructures could serve as receptors. 

 

1.3 RESULTS AND DISCUSSION 

1.3.1 Synthesis of the Cyclopeptides and Metal Precursors 

The synthesis of cyclopeptide CP1 was performed as previously described.102 It began with 

the esterification of 3-amino-5-bromobenzoic acid (1, Figure 21) in n-butanol. The butyl 

ester was chosen to avoid the transesterification under the basic conditions of the Suzuki 

coupling at a later stage of the synthesis that is performed in n-butanol. The esterified 

compound 2 was then reacted with Boc-L-proline (3) in dichloromethane with 

chlorotripyrrolidinophosphonium hexafluorophosphate (PyCloP) as the coupling agent 

under basic conditions to afford the dipeptide 4 (Figure 21). 

 

Figure 20 Schematic representation of metal-directed self-assembly between tetravalent Pd(II) 
centres and CP1 towards the formation of coordination cages. 
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The introduction of a pyridyl subunit into dipeptide 4 was achieved through a Suzuki 

coupling by reaction with 4-pyridinyl boronic acid in n-butanol, yielding dipeptide 5. This 

dipeptide was then saponified to afford dipeptide 6 (Figure 22). 

 

This peptide was converted into the benzyl ester 7 by reaction with benzyl alcohol and 2-

(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) and 

deprotected at the N-terminus under acidic conditions to afford dipeptide 8 (Figure 23). 

 

Equimolar amounts of the dipeptides 6 and 8 were reacted in the presence of PyCloP as 

the coupling agent, yielding the tetrapeptide 9. This compound was then deprotected first 

at the C-terminus and then at the N-terminus to yield the fully deprotected tetrapeptide 

10. Cyclization was carried out under high dilution conditions to afford the 

cyclotetrapeptide CP1 with a yield of 20% (Figure 24). 

Figure 21 Synthetic scheme for the synthesis of dipeptide 4 from the commercially available starting 
materials 3-amino-5-bromobenzoic acid (1) and Boc-L-proline (3).  

Figure 22 Synthetic scheme for the synthesis of dipeptide 6 from dipeptide 4. 

  

Figure 23 Synthetic scheme for the synthesis of dipeptide 8 from dipeptide 6. 
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The corresponding cyclohexapeptide CP2 was prepared by also using a previously 

established synthetic route.109 Specifically, tetrapeptide 9 was deprotected at the N-

terminus (11) and coupled with dipeptide 6 to afford hexapeptide 12, which was then 

cleaved at both ends to yield the fully deprotected hexapeptide 13 (Figure 25).  

 

 

 

 

 

 

 

 

 

Figure 24 Synthetic scheme for the synthesis of cyclopeptide CP1 from dipeptides 6 and 8. 
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The cyclization in the original synthesis of CP2 was achieved by the drop-wise addition of a 

solution of 13 and N,N-diisopropylethylamine (DIPEA) in DMF to a solution of TBTU and 

DIPEA in DMF over the course of 4h at 80°C, followed by 2h of stirring at 80°C. 

Unfortunately, this method only afforded CP2 in a yield of 3%. Based on previous work,110 

the reaction conditions were therefore altered and the addition of hexapeptide 13 was 

performed at 25°C. This change in the synthetic procedure resulted in a marked 

improvement of the amount of isolated product, which was eventually obtained in a yield 

of 43% (Figure 26). 

Figure 25 Synthetic scheme for the synthesis of deprotected hexapeptide 13 from the linear 
tetrapeptide 9. 
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The metal complexes [Pd(NO3)2(en)] (15), [Pt(NO3)2(en)] (17) and [Pd(NO3)2(2,2’-

bipyr)] (19) that were used for the reaction with the cyclopeptides were prepared by 

following literature procedures,111–113 which involved exchanging the chloride ions from 

the commercially available chloro complexes [PdCl2(en)], [PtCl2(en)] and (2,2′-

bipyridine)dichloropalladium(II) for nitrate anions by treatment with silver(I) nitrate (Figure 

27). 

 

 

 

 

 

 

 

 

Figure 27 Synthetic schemes for the synthesis of the metal complexes [Pd(NO3)2(en)] (15), 
[Pt(NO3)2(en)] (17), and [Pd(NO3)2(2,2’-bipyr)] (19) from the the commercially available 
chloro complexes [PdCl2(en)], [PtCl2(en)], and (2,2′-bipyridine)dichloropalladium(II), respectively. 

Figure 26 Synthetic scheme for the synthesis of cyclohexapeptide CP2 from the deprotected 
hexapeptide 13. 
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1.3.2 Formation of Hollow Coordination Complexes through Metal-

Directed Self-Assembly 

To get acquainted with the procedures described by Fujita for the preparation of 

palladium(II) complexes, the molecular box 21 was synthesized by reacting [Pd(NO3)2(en)] 

(15) with 4,4’-bipyridine (20) according to the described procedure (Figure 28).68  

This reaction failed with commercially available [Pd(NO3)2(en)], which is why the required 

Pd(II) complex was synthesized. Its reaction with 20 afforded the expected product 21 with 

a yield of 74%. The compound was structurally characterized by 1H NMR spectroscopy and 

elemental analysis, the results of which compared favourably with the reported ones. 

In the 1H NMR spectrum, each set of chemical equivalent protons afforded one signal, 

illustrating the symmetrical structure of 21. The deshielding of the pyridyl protons with 

respect to the chemical shifts of the protons in the free ligand confirmed the successful 

metal coordination (Figure 29). 

Based on these results, the synthesis of analogous metal complexes from the CP1 and CP2 

was pursued. 

Figure 28 Synthetic scheme for the synthesis of the Fujita square (21) from Pd(NO3)2(en)] (15) and 
4,4’-bipyridine (20). 
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Two routes were investigated for the coordination of CP1 to [Pd(NO3)2(en)] (15) (Figure 30). 

In the first one, CP1 was reacted with 15 in the required 1:1 ratio. The second approach 

consisted in adding further bis(monodentate) ligands that could serve to enlarge 

potentially resulting rings. In this case, a 1:2:1 ratio between CP1, 15 and the additional 

ligands was chosen. The use of a spacer molecule could be advantageous for 

metallamacrocycle formation in case the cyclopeptide does not adopt the correct 

conformation for complexation to occur. 4,4’-Bipyridine (20) was chosen as the spacer 

molecule since it was frequently used by Fujita for the synthesis of coordination 

compounds.114 

Figure 29 1H NMR spectra in DMSO-d6 of [Pd(NO3)2(en)] 15 (red spectrum), 4,4’-bipyridine 20 (green 
spectrum) and molecular box 21 (blue spectrum). 
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Potential products resulting from both approaches are shown in Figure 30, although the 

formation of alternative structures cannot be ruled out. 

Other metal precursors than [Pd(en)(NO3)2] (15) were also used for the reactions, 

specifically [Pd(NO3)2(2,2’-bipyr)] (19) and [Pt(en)(NO3)2] (17) since Pt(II) and Pd(II) 

complexes are usually isostructural. The inertness of Pt(II) complexes was expected to allow 

the isolation of the final products, which could present an advantage for subsequent 

studies. (Figure 30). 

A set of experiments was performed to identify suitable reaction conditions for 

metallamacrocycle formation (Figure 31). Each metal precursor ([Pd(en)(NO3)2] (15), 

[Pd(NO3)2(2,2’-bipyr)] (19) and [Pt(en)(NO3)2] (17)) was reacted with CP1 in a 1:1 ratio at 

25°C or 60°C. Reactions between CP1, the metal precursors and 4,4’-bipyridine (20) in a 

1:2:1 ratio were also performed at 25°C or 60°C. All reactions were performed in different 

deuterated solvents in NMR tubes to allow following product formation by 1H-NMR 

spectroscopy. 1H-NMR measurements of each sample were made at different reaction 

times (1h, 5h, 12h, 24h, 48h, 72h, 5d, and 7d). 

CP1 was insoluble in most solvents (except for DMF-d7), but the formation of discrete 

complexes was expected to lead to soluble products. Therefore, the experiments in which 

the cyclopeptide did not dissolve were not investigated further because they likely did not 

afford a discrete product. This was observed with the samples containing 4,4’-bipyridine 

Figure 30 Schematic representation of the pursued strategies to obtain metallamacrocycles from 
CP1 by the Fujita approach. 
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(20) and/or [Pd(NO3)2(2,2’-bipyr)] (19). 1H-NMR measurements of these samples confirmed 

that the cyclopeptide was never in solution in these reactions. 

Complex 1H-NMR spectra indicated that the reaction conditions were unsuitable to afford 

a discrete and presumably symmetric product. Complex spectra resulted in all reactions 

performed at 60°C, from which could be concluded that 25°C was a more suitable 

temperature for the formation of the desired products. 

The complexation between [Pt(en)(NO3)2] and CP1 was slow and never went to completion. 

A minimum of two days was needed for the cyclopeptide to be completely in solution in 

these experiments and the 1H NMR spectra were always complex, preventing peak 

assignment.  

D2O

CD3OD

CD3CN

CD2Cl2

(CD3)2CO

DMF-d7

D2O/CD3OD

D2O/CD3CN

deuterated 
solvet

[Pd(NO3)2(en)] (15)

with 
spacer

25°C

60°C

without 
spacer

25°C

60°C

[Pt(NO3)2(en)] (17)

with 
spacer

25°C

60°C

without 
spacer

25°C

60°C

[Pd(NO3)2(2,2'-bipyr)] (19)

with 
spacer

25°C

60°C

without 
spacer

25°C

60°C

Figure 31 Diagram of the different reaction conditions used to assess the coordination of CP1 with 
([Pd(en)(NO3)2] (15), [Pt(en)(NO3)2] (17) and [Pd(NO3)2(2,2’-bipyr)] (19). 
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Among the samples containing only CP1 and [Pd(en)(NO3)2] at 25°C, the ones in DMF-d7, 

D2O/CD3OD, and D2O/CD3CN yielded simple 1H-NMR spectra, suggesting the formation of 

a single species. The presence of a metal complex of CP1 in these samples was confirmed 

by ESI-MS spectrometry.  

The sample in D2O/CD3OD afforded a clear 1H-NMR spectrum after 5h of reaction time and 

no changes in the spectrum occurred during the 7 days of the experiment, suggesting that 

the thermodynamic equilibrium was rapidly reached under these conditions. The reaction 

mixture in DMF-d7 needed 72h to afford the final product and the one in D2O/CD3CN 

needed 12h. In this case, the formation of a precipitate was observed after 48h that, 

according to the 1H-NMR measurements, seemed to represent a degradation product. 

These results indicated that D2O/CD3OD was the best solvent mixture for complex 

formation. 

These experiments demonstrated that Fujita’s approach gave rise to the formation of Pd(II) 

complexes of CP1. The most promising results were obtained when the cyclotetrapeptide 

was treated with [Pd(en)(NO3)2] in D2O/CD3OD at 25°C. These reaction conditions were 

subsequently further optimized. 

The optimized procedure involved adding 1.1 equivalents of [Pd(en)(NO3)2] in D2O/CD3OD, 

1:1 (v/v) to solid CP1 to achieve a final concentration of the presumed 2:2 complex of 1 

mM and treating the suspension in an ultrasound bath at 25 °C until it was a clear solution. 

The formed product was structurally characterized directly from the reaction mixture by 

means of NMR spectroscopy and ESI-TOF MS spectrometry. 

Information about the success of metal coordination was derived by ESI-TOF MS 

spectrometry. In the ESI-TOF mass spectrum, a peak was observed at m/z = 815.13, which 

corresponds to the ion {[CP12·(Pd(en))2] (NO3)2}2+ (Figure 138, page 203). The isotope 

pattern of this peak confirmed that it belonged to a doubly charged ion. Thus, the expected 

smallest possible dimetallic complex was the major product of the reaction. Other 

prominent peaks appeared at m/z ratios of 376.05, 587.21, and 669.17 that were assigned 

to [CP1·Pd(en)]2+, protonated CP1 and [CP12·Pd(en)]2+, respectively. The fragments 

containing only one metal centre could have been formed during ionization or the dilution 

of the sample prior to measuring the mass spectrum. 
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The 1H NMR spectrum of the obtained solution is depicted in Figure 32. The spectrum is 

similar to that of the free cyclopeptide which is, however, not soluble in the respective 

solvent mixture. Each set of chemically equivalent protons appears in this spectrum as one 

signal, indicating the formation of a symmetrical product. 

 

 

 

 

Metal coordination is usually inferred from the deshielding of the pyridyl protons upon 

complex formation, but a reliable comparison of the 1H NMR spectra of CP1 prior and after 

complex formation could not be made because of the insolubility of the cyclopeptide in the 

solvent mixture.  

Successful complex formation could, however, be inferred from the presence of a 

crosspeak in the NOESY NMR spectrum between the proton signals of the CH2 groups in 

the ethylenediamine ligand (“en”) and the signals of the protons in 2-position of the ring 

nitrogen atoms (Figure 33). This crosspeak indicated that the ethylenediamine ligands and 

the pyridyl residues of CP1 were in close proximity, confirming that Pd(II) was indeed 

coordinated as anticipated. 
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Figure 32 1H NMR spectrum in D2O/CD3OD, 1:1 (v/v) of the product resulting from the reaction 
between CP1 and [Pd(en)(NO3)2].  
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Information about the structural integrity of the reaction product and its size was derived 

from DOSY NMR experiments. The cyclopeptide and ethylenediamine signals appeared as 

a single trace in the DOSY NMR spectrum, showing that the components of the complex 

diffuse at the same rate and that they therefore belong to the same compound (Figure 34). 

Also, the presence of only one trace of signals in the spectrum indicated that the complex 

was the only species in the equilibrium. The value derived from this spectrum for the 

diffusion coefficient (D = 1.103 × 10–10 m2s–1) allowed estimating a hydrodynamic diameter 

of the product of 22.9 Å according to the Stokes-Einstein equation. 

2 
en 

Figure 33 NOESY NMR spectrum in D2O/CD3OD, 1:1 (v/v) of the product formed between CP1 and 
[Pd(en)(NO3)2]. Crosspeaks between the signal of the ethylamine ligand “en” and of the one of the 
protons in 2- position of the pyridyl groups are highlighted with blue arrows. 
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In combination, the experimental results suggest that reaction between CP1 and 

[Pd(en)(NO3)2] afforded the metallamacrocycle CP12Pd2 depicted in Figure 35.  

 

 

 

 

 

 

 

Figure 35 Structure of the metallamacrocycle CP12Pd2. 

Figure 34 DOSY NMR spectrum in D2O/CD3OD (1:1 v/v) of the product obtained in the reaction 
between CP1 and [Pd(en)(NO3)2]. 

1.103 x 10-10 m2s-1 
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Attempts to crystallize CP12Pd2 were unsuccessful, only yielding crystals of free CP1, so that 

information about the structure of CP12Pd2 was obtained from semi-empirical calculations, 

which were based on the crystal structure of CP1 (Figure 36). 

The calculated structure showed that CP12Pd2 is on average D2 symmetric, consistent with 

its simple 1H NMR spectrum. The angle between the aromatic subunits (83.83°) of the 

cyclopeptide in CP12Pd2 is larger than the 52.32° observed in the crystal structure of CP1, 

indicating that CP1 was not optimally preorganized for palladium coordination. The strain 

in CP12Pd2 is likely small, however, since related cyclopeptides have been shown to adopt 

Figure 36 a) Calculated structure of CP12Pd2. The geometry optimization was performed at the semi-
empirical PM6 level as implemented in Spartan 18, Wavefunction Inc. Hydrogen atoms are omitted 
for clarity. b) Estimated molecular dimensions of the calculated structure. From the marked 
distances of hydrogen atoms, an average diameter of 25.4 Å can be estimated when considering 
the van-der-Waals radii of hydrogen atoms (1.1 Å). c) Crystal structure of CP1∙2H2O∙CH3CN. Solvent 
molecules and hydrogen atoms are omitted for clarity. 

a) 

b) c) 

52.32˚ 

38.07˚ 
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conformations with varying arrangements of the aromatic subunits.115 The peptide NH 

groups of the cyclotetrapeptide rings are facing toward the interior of the 

metallamacrocycle cavity, which suggests that CP12Pd2 may be suitable for anion binding. 

An average diameter of 25.4 Å was calculated from this structure when considering the 

van-der-Waals radii of the hydrogen atoms (Figure 36c). This value was in reasonable 

agreement with the hydrodynamic radius estimated from DOSY NMR spectroscopy, 

considering the oblong shape of the complex and the fact that its structure was calculated 

in the gas phase. This result thus confirmed the assigned complex composition since larger 

complexes would have larger radii. 

Based on these analytical results it can be concluded that the treatment of CP1 with 

[Pd(en)(NO3)2] yielded the metallamacrocycle CP12Pd2. It was subsequently tested if a 

coordination cage would also be accessible in a similar way by using the larger 

cyclohexapeptide CP2. 

A similar approach to the one used for the synthesis of CP12Pd2 was employed to convert 

CP2 into a metal complex. Experiments were executed to assess complex formation by 

again pursuing two routes (Figure 43). In the first one, CP2 was reacted with the metal 

precursor to create a 2:3 complex and in the second one the formation of a 2:6:3 complex 

between CP2, the metal precursor and 4,4´-bipyridine (20) as spacer was investigated.  

Reaction conditions analogous to the ones used for CP1 were evaluated (different 

deuterated solvents, temperatures, with/without spacer) and the same metal precursors 

([Pd(en)(NO3)2] (15), [Pd(NO3)2(2,2’-bipyr)] (19) and [Pt(en)(NO3)2] (17)) and spacer (4,4’-

bipyridine (20)) were used. Again, the evolution of the reactions was followed by 1H NMR 

spectroscopy after 1h, 5h, 12h, 24h, 72h, 5d, and 7d. 
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Like CP1, CP2 was insoluble in most of the solvents studied except for DMF-d7, but metal 

interaction also promoted the dissolution. The results of the experiments were similar to 

the ones obtained for CP1, with the most promising ones resulting from the samples in 

which CP2 reacted with [Pd(en)(NO3)2] at 25°C to create a 2:3 complex. 

Information about the self-assembly was again derived from 1H NMR spectroscopy and ESI-

TOF MS spectrometry. Complex formation was mainly studied in D2O/CD3CN since 

reactions took considerably longer when they were performed in DMF-d7 or D2O/CD3OD. 

The most favourable conditions for cage formation were achieved by adding 1.5 

equivalents of [Pd(en)(NO3)2] in D2O/CD3CN, 1:1 (v/v) to solid CP2 at 25 °C. The solution 

was stirred until it was clear to achieve a final concentration of a potential 2:3 complex of 

1 mM. This complex was characterized in the same solution in which it was prepared. 

Peaks at m/z = 376.9 and 464.3 were observed in the ESI-TOF mass spectrum (Figure 143, 

page 206), corresponding to the ions {[CP22·(Pd(en))3]}6+ and {[CP22·(Pd(en))3] (NO3)}5+, 

respectively, thus confirming the presence of expected 3:2 complex in solution. 

The 1H NMR spectrum of the product is depicted in Figure 38. The high symmetry of the 

product was again evidenced by the simplicity of the 1H NMR spectrum. 

Figure 37 Schematic representation of the potential structures resulting from CP2 in the presence of 
square planar metal complexes and bis(monodentate) ligands. 
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Again, a comparison of the 1H NMR spectra of CP2 prior and after complex formation could 

not be made but the presence of a crosspeak between the proton signals of the 

ethylenediamine (“en”) and the ones in the 2-positions of the pyridyl groups in the NOESY 

NMR spectrum suggested complex formation also in this case (Figure 39). 
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Figure 38 1H NMR spectrum in D2O/CD3CN,1:1 (v/v) of the cage product resulting from the treatment 
of CP2 with [Pd(en)(NO3)2]. The peaks highlighted with a red rectangle in the spectrum were due to 
an impurity from CD3CN that was present in all available batches of this solvent during the course 
of this work. 
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Confirmation that complex formation indeed occurred and that only one species was 

present in solution was obtained from the DOSY NMR spectrum. Only a single trace 

appeared for the cyclopeptide and ethylenediamine signals, which means that both 

components diffused at the same rate and therefore belonged to the same compound 

(Figure 40). A hydrodynamic diameter of 23.4 Å for the complex was estimated from the 

obtained diffusion coefficient (D = 2.300 × 10–10 m2s–1). 

2 
en 

   

Figure 39 NOESY NMR spectrum in D2O/CD3OD, 1:1 (v/v) of the product formed between CP2 and 
[Pd(en)(NO3)2]. The crosspeak between the signal of the ethylamine ligand “en” and of the one of 
the protons in 2-position of the pyridyl groups is highlighted with a blue arrow. 

 

en 
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The aforementioned experimental results indicated that the cage CP22Pd3 depicted in 

Figure 41 was most likely the final product of the reaction between CP2 and [Pd(en)(NO3)2]. 

 

 

 

 

 

 

 

 

 

2.300 x 10-10 

Figure 40 DOSY NMR spectrum in D2O/CD3OD (1:1 v/v) of the product obtained in the reaction 
between CP2 and [Pd(en)(NO3)2]. 

 

Figure 41 Structure of the metallacage CP22Pd3. 
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Crystallization attempts of both CP22Pd3 and CP2 were unsuccessful. So, information about 

the cage’s structure was derived from semi-empirical calculations (Figure 42) based on the 

previously modelled structure of CP2. The calculated structure of CP22Pd3 had D3 

symmetry, consistent with the simple 1H NMR spectrum. The mean angles of the aromatic 

subunits in the cage amounted to only 57.90˚ as opposed to the 83.02˚ found in the 

calculated structure of the free cyclopeptide CP2 (Figure 42c). The pyridine subunits are 

also less tilted in the complex. From this structure, an average diameter of 25.1 Å was 

estimated which was in accordance with the experimental result obtained from the DOSY 

NMR experiment (23.4 Å), confirming the complex composition. Contrarily to the 

cyclotetrapeptide in CP12Pd2, the oxygen atoms of the cyclohexapeptide rings were 

oriented towards the cavity of the cage in the calculated structure, suggesting that CP22Pd3 

could potentially interact with cationic guests. 

Figure 42 a) Calculated structure of CP22Pd3. The geometry optimization was performed at the semi-
empirical PM6 level as implemented in Spartan 18, Wavefunction Inc. Hydrogen atoms are omitted 
for clarity. b) Estimated molecular dimensions of the calculated structure. From the marked 
distances of hydrogen atoms, an average diameter of 25.1 Å was estimated when considering the 
van-der-Waals radii of hydrogen atoms (1.1 Å). c) Calculated structure of CP2. 

a) 

b) c) 

83.02˚ 
52.52˚ 

33.22˚ 

5
7
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CP12Pd2 and CP22Pd3 were similar in size even though a larger cyclopeptide was used in the 

latter case. To access a larger metallosupramolecular structure, the use of tetravalent Pd(II) 

ions was subsequently tested. To this end, CP1 was reacted with [Pd(CH3CN)4](BF4)2 in a 2:1 

ratio. 

As stated previously, the composition of such coordination complexes is dependent on the 

ligand’s bend angle and can be predicted by assuming that the smallest assembly 

respecting the maximum occupancy rule is the most likely product. For bend angles lower 

than 90˚, complexes with three to five metal centres should be favoured. 

Considering that the angle between the aromatic subunits of CP1 is 52.32˚ (< 90˚), one 

would therefore expect CP16Pd3 as the smallest structure possible in which six CP1 ligands 

coordinate three Pd(II) centres (Figure 43). CP18Pd4 or CP110Pd5 could also be possible or 

even larger complexes respecting a CP12nPdn ratio since the angle between the aromatic 

subunits in CP1 is rather variable.84,85,116,117  

 

The reaction between CP1 and the palladium(II) salt was performed for 4 h at 60 °C in 

DMSO-d6. Other solvents and temperatures were also tested, but the cyclopeptide never 

dissolved under these conditions. The complex was prepared on the NMR scale and 

characterized in solution without isolation. 

Prominent peaks were visible at m/z ratios of 996.78, 1003.03, 1358.04 and 1366.40 in the 

ESI mass spectrum (Figure 44) of the reaction mixture that indicate the formation of a 

Figure 43 Schematic representation of the approach to obtain a cage by reacting CP1 with 
[Pd(CH3CN)4](BF4)2 in a 2:1 ratio. 
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product with the composition CP16Pd3. Trace amounts of the CP14Pd2 complex could also 

be detected (m/z 864.90). 

 

The 1H NMR spectrum of the solution was clearly different from the spectrum of free CP1 

in the same solvent, suggesting that metal coordination had taken place (Figure 45). Upfield 

shifts of the signals in the aromatic region of the spectrum were, for example, clear 

indication that the pyridyl units of CP1 engaged in interactions with the metal. The 

complexity of the resulting spectrum suggested the presence of a mixture of species, with 

a prominent product exhibiting a set of characteristic peaks. 

 

   m/z calcd. m/z exp. 

[CP1+H]+ C34H30N6O4 + H+ 587.24 587.24 

[CP14Pd2+Cl]3+ {[Pd2(C34H30N6O4)4]Cl}3+ 864.90 864.90 

[CP16Pd3+BF4+NO3]4+ {[Pd3(C34H30N6O4)6](BF4)(NO3)}4+ 996.78 996.78 

[CP16Pd3+2BF4]4+ {[Pd3(C34H30N6O4)6](BF4)2}4+ 1003.03 1003.03 

[CP16Pd3+2BF4+NO3]3+ {[Pd3(C34H30N6O4)6](BF4)2(NO3)}3+ 1358.04 1358.04 

[CP16Pd3+3BF4]3+ {[Pd3(C34H30N6O4)6](BF4)3}3+ 1366.38 1366.38 

Figure 44 ESI-TOF MS spectrum (positive mode) of the reaction mixture containing CP1 and 
[Pd(CH3CN)4](BF4)2 in a 2:1 ratio.  
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Satisfactory 13C NMR and 2D NMR spectra could not be obtained from the reaction 

solution, preventing the peak assignment, but DOSY NMR spectroscopy confirmed that the 

major peaks in the spectrum indeed belonged to a single species with a diffusion coefficient 

D of 0.733 × 10–10 m2s–1, corresponding to a hydrodynamic diameter of 27.2 Å (Figure 46). 

The results obtained were strong evidence that the expected cage CP16Pd3 was the main 

product obtained. 
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Figure 45 Top: 1H NMR spectrum of the reaction solution of CP1 and [Pd(CH3CN)4](BF4)2 in a 2:1 ratio 
in DMSO-d6. Bottom: 1H NMR spectrum of a solution of CP1 in DMSO-d6. The NH signal in the 
spectrum of CP1 at 9.55 ppm was not visible in the spectrum of the cage because of H/D exchange. 
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Unfortunately, crystallization attempts failed, but structural information about CP16Pd3 

was obtained by semi-empirical calculations based on the crystal structure of CP1 (Figure 

47). The calculated structure showed that the complex displays a D3 symmetric structure 

in which each Pd(II) centre connects four equivalent subunits of CP1. Even though all six 

CP1 molecules are thus equivalent, the symmetry within each ring is lost, explaining the 

complex signal pattern observed in the 1H NMR spectrum. The average diameter of CP16Pd3 

was estimated to amount to 28.8 Å, which was in good agreement with the one obtained 

from the DOSY NMR experiments, confirming the expected composition of the cage. The 

angles between the aromatic subunits of the cyclopeptide also required some adjustment 

for palladium coordination to occur but, as expected for this structure, their values were 

smaller than 90˚. 

Figure 46 DOSY NMR spectrum of the reaction mixture containing CP1 and [Pd(CH3CN)4](BF4)2 in a 
2:1 ratio in DMSO-d6.. 

0.733 x 10-10 m2s-1 
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The results thus indicated that the treatment of CP1 with [Pd(CH3CN)4](BF4)2 generated a 

coordination cage with the composition CP16Pd3, potentially with the smaller complex 

CP14Pd2 as a side product. 

 

 

a) 

Figure 47  a) Calculated structure of CP16Pd3. The geometry optimization was performed at the 
semi-empirical PM6 level as implemented in Spartan 18, Wavefunction Inc. Hydrogen atoms are 
omitted for clarity. b) Estimated molecular dimensions of the calculated structure. From the marked 
distances of hydrogen atoms, an average diameter of 28.8 Å was estimated when considering the 
van-der-Waals radii of hydrogen atoms (1.1 Å). c) Crystal structure of CP1∙2H2O∙CH3CN. Solvent 
molecules and hydrogen atoms are omitted for clarity. 

b) c) 

52.32˚ 

38.07˚ 

69.34˚ 
69.59˚ 
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1.3.3 Binding Studies with Cyclopeptide Derived Metal Assemblies  

Investigations were subsequently performed to evaluate whether the cavities of the 

prepared coordination compounds would be available for guest binding. The focus was in 

this context to use dicarboxylates as guest molecules since they had previously been shown 

to interact with some of Fujita's coordination compounds.118 

CP12Pd2 was selected as host since the macrocyclic structure of this metal compound 

suggested that it could be especially suitable for anion binding. The structure of the 

terephthalate complex of CP12Pd2 was calculated to gain insight into possible binding 

modes and the size fit of this guest in the cavity of the metallamacrocycle (Figure 48). 

Figure 48 a) Calculated structure of the terephthalate complex of CP12Pd2. The geometry 
optimization was performed at the semi-empirical PM6 level as implemented in Spartan 18, 
Wavefunction Inc. Hydrogen atoms are omitted for clarity. b) Estimated molecular dimensions of 
the calculated structure (left) and CP12Pd2 (right). From the marked distances of hydrogen atoms, 
an average diameter of 23.8 Å was estimated for the complex when considering the van-der-Waals 
radii of hydrogen atoms (1.1 Å). 

a) 

b) 

Ɵar=52.21˚ Ɵar=83.83˚ 
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According to the modelled structure (Figure 48), CP12Pd2 should be able to incorporate 

terephthalate into its cavity, which could afford a complex in which the negatively charged 

carboxylate groups from the guest interact with the amide NH groups of the cyclopeptide 

rings.  

An average diameter of 23.8 Å was estimated for this complex, which was smaller than the 

diameter of the free metallamacrocycle (25.4 Å). Also, the angle between the aromatic 

subunits of CP1 was smaller in the calculated structure of the complex (52.21°) than for 

CP12Pd2 (83.83°). The distances between hydrogen atoms of the two ethylenediamine 

ligands (21.6 vs 25.1) and of the proline groups of the two CP1 subunits (21.4 vs 19.8) also 

differed in the structures obtained for the complex and the free metallamacrocycle.  

Since the calculations suggested that anion recognition was indeed possible, qualitative 

binding studies were performed by comparing the 1H NMR spectra of various sodium 

dicarboxylates in D2O/CD3OD, 1:1 (v/v) in the absence and the presence of 1 equivalent of 

CP12Pd2 (Figure 49). The dicarboxylates were obtained by reacting the corresponding 

carboxylic acids (terephthalic acid, isophthalic acid, diphenic acid, 2,6-naphthalene 

dicarboxylic acid, adipic acid, and glutaric acid) with an equimolar amount of Na2CO3. 

The pronounced upfield shifts of the signals of the chosen guests in the 1H-NMR spectra 

induced by the presence of CP12Pd2 indicated that an interaction took place (Figure 49). 

The direction of the shifts suggested the incorporation of the dicarboxylates into the 

CP12Pd2 cavity where they experienced the shielding of the surrounding aromatic rings.  

Since only a single set of averaged signals was observed for host and guest, complex 

formation was fast on the NMR time-scale. Based on this qualitative evidence for complex 

formation, quantitative binding studies were subsequently performed. These experiments 

required the use of buffers in order to maintain a constant basic pH throughout the NMR 

titration and promote deprotonation of the dicarboxylic acids. Carbonate/bicarbonate and 

borate buffers were considered to ensure a pH of ca. 9. 
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b) 

a) 

b) 
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terephthalate isophthalate 
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a) 
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c) 

Figure 49  1H NMR spectra of CP12Pd2 (0.5 mM) (a), of a dicarboxylic acid (0.5 mM) (c), and of 
equimolar mixtures of CP12Pd2 and a dicarboxylic acid (each 0.5 mM) (b) in a solution of Na2CO3 
(0.5 mM) in CD3OD/D2O, 1:1 (v/v). 
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To assess whether CP12Pd2 was stable under these conditions, the 1H-NMR spectrum of a 

CP12Pd2 solution (0.5 mM) in CD3OD/D2O, 1:1 (v/v) was compared with the spectra of the 

solutions of the metallamacrocycle (0.5 mM) in buffered media (pD = 9.8). 

Figure 50 shows that the buffers had a detrimental effect on the structural integrity of 

CP12Pd2. When using borate buffer (blue spectrum), the signals in the 1H-NMR spectrum of 

the metallamacrocycle split and over time became less defined. These spectral changes 

were accompanied by precipitate formation, indicating that this buffer caused 

decomposition of the metallamacrocycle. 

The proton NMR spectrum of the carbonate/bicarbonate buffered solution of CP12Pd2 

(green in Figure 50) contained additional signals that were not present in the spectrum of 

the metallamacrocycle (red) in the absence of buffer, also suggesting a potential 

interaction of the buffer components and CP12Pd2. 

Figure 50  1H NMR spectra of CP12Pd2 (0.5 mM) (red), of CP12Pd2 (0.5 mM) in carbonate/bicarbonate 
buffer solution (CNa = 0.01 M) (green) and of CP12Pd2 (0.5 mM) in borate buffer solution (CNa = 0.01 
M) (blue) in CD3OD/D2O, 1:1 (v/v). 
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Since no changes were observed in this spectrum over time and no precipitate appeared, 

experiments were performed to test if the stability of the dicarboxylate complexes of 

CP12Pd2 could be quantified in this buffer. 

To that end, NMR samples in D2O/CD3OD (1:1, v/v) were prepared by adding increasing 

amounts of a terephthalate solution corresponding to 0.5, 1, 1.5 and 2 equivalents to a 

CP12Pd2 solution (0.5 mM) in a carbonate/bicarbonate buffered medium (CNa = 0.01 M) 

(Figure 51). 

The 1H NMR spectra of these samples exhibited additional signals and the broadening of 

most signals with increasing amount of terephthalate (Figure 51), indicating that partial 

decomposition of CP12Pd2 could not be ruled out and that the buffer components 

potentially interfered in the binding equilibrium. 

Figure 51  1H NMR spectra of the carbonate/bicarbonate buffered solution (CNa = 0.01 M) of CP12Pd2 
(0.5 mM) in D2O/CD3OD (1:1, v/v) at 22°C with increasing amounts of terephthalate. 

2 eq 
Terephthalate 

0.5 eq 
Terephthalate 

CP12Pd2 

1.5 eq 
Terephthalate 

1 eq 
Terephthalate 

Terephthalate 
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In light of these results, the use of buffer in the binding studies should be avoided and the 

attention was therefore directed toward the use of disulfonates as guests, which are fully 

deprotonated at neutral pH, eliminating the need to use buffers. 

As a potential guest, sodium 1,3-benzenedisufonate (BDS) was originally chosen. Equimolar 

amounts of BDS and CP12Pd2 were equilibrated in D2O/CD3OD, 1:1 (v/v) and the product 

formed was characterized directly from the reaction mixture by means of NMR 

spectroscopy and ESI-TOF MS spectrometry. The ESI-TOF mass spectrum (Figure 52) 

exhibited a single peak at m/z = 871.20, corresponding to the doubly positively charged 

complex of CP12Pd2 with one BDS molecule.  

 

   m/z calcd. m/z exp. 

[CP12Pd2+BDS]2+ C72H76N16O8Pd2
4+ + C6H4O6S2

2– 871.2 871.1 

Figure 52  ESI-TOF MS spectrum (positive mode) of an equimolar mixture of CP12Pd2 and BDS.  
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The 1H NMR spectra of CP12Pd2,  BDS and of an equimolar mixture of both compounds in 

D2O/CD3OD, 1:1 (v/v) are shown in Figure 53.  

 

The presence of CP12Pd2 again caused a pronounced upfield shift of the guest signals, 

which suggested complex formation. Similar to the experiments with dicarboxylates, 

complex formation was fast on the NMR time-scale since only a single set of averaged 

signals was observed for CP12Pd2 and BDS. 

In this case, complex formation was also investigated by DOSY NMR spectroscopy (Figure 

54). In the DOSY NMR spectrum of a 1:1 mixture of CP12Pd2 and BDS, the signals of both 

components appeared as a single trace, showing that host and guest diffuse at the same 

rate and that they therefore interact. 
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Figure 53  1H NMR spectra of BDS (0.5 mM) (a), of an equimolar mixture of CP12Pd2 and BDS (each 
0.5 mM) (b) and of CP12Pd2 (0.5 mM) (c) in CD3OD/D2O, 1:1 (v/v). 
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A hydrodynamic diameter of 14.6 Å was determined for the respective complex from the 

diffusion coefficient (D=1.722 × 10–10 m2s–1). Assuming that the structure of the BDS 

complex is similar to the one modelled for terephthalate (see b in Figure 55), the 

experimental diameter was substantially smaller than the calculated one. The reason for 

this discrepancy is the fast rate of complex formation. If the solution contains a mixture of 

the complex and the free binding partners, the observed signals represent an average of 

the signals of three interconverting species: the complex, the host and the guest. Since BDS 

is much smaller than the other components, it diffuses faster, thus apparently increasing 

the diffusion coefficient and reducing the size of CP12Pd2. 

Since a crystal structure could not be obtained, structural information about CP12Pd2·BDS 

was acquired from force field calculations (Figure 55). The calculated structure was, as 

expected, rather similar to the one of the terephthalate complex in its symmetry (both D2 

symmetric), molecular dimensions (see b in Figure 55), and average diameter (22.4 Å for 

CP12Pd2·BDS and 23.8 Å for the dicarboxylate complex). 

1.722 x 10-10 m2s-1 

Figure 54  DOSY NMR spectrum in D2O/CD3OD (1:1 v/v) of an equimolar mixture of CP12Pd2 and BDS 
(each 0.5 mM). 
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NMR titrations were performed to obtain information about the stability of the BDS 

complex by observing the effects of the gradual addition of CP12Pd2 to a solution of BDS in 

D2O/CD3OD (1:1 v/v) (Figure 56) on the 1H NMR spectrum. 

Since binding of BDS was fast on the NMR time-scale, the binding isotherms were 

constructed from the gradual shifts of the guest signals observed when increasing the 

amount of CP12Pd2. 

Figure 55 a) Calculated structure of CP12Pd2.BDS. The geometry optimization was performed with 
Universal Force Field (UFF) Algorithm as implemented in Avogadro. Hydrogen atoms are omitted 
for clarity. b) Estimated molecular dimensions of the calculated structure (left) and the 
terephthalate complex of CP12Pd2 (right). From the marked distances of hydrogen atoms, an 
average diameter of 22.4 Å can be estimated for the BDS complex when considering the van-der-
Waals radii of hydrogen atoms (1.1 Å). 

a) 

b) 

Ɵar=52.21˚ Ɵar=53.14˚ 
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The isotherms obtained from the shifts were globally fitted to different binding models 

using HypNMR2008 (Figure 123, page 157), but only the 1:1 model afforded a good fit 

between the experimental and the calculated results, confirming the results of ESI-TOF MS 

spectrometry. Accordingly, the log Ka of the complex amounted to 4.8 ± 0.2, which showed 

that the complex had a considerable stability in the aqueous solvent mixture.  

Taken together, the analytical results thus demonstrate that the metallamacrocycle 

CP12Pd2 formed a stable host-guest complex in which one molecule of BDS was included in 

the host cavity. 

In addition, it was investigated whether the larger sodium 2,6-naphthalenedisulfonate 

(NDS) would also be a suitable guest. Initially, the effects of increasing amounts of NDS on 

the 1H NMR spectrum of CP12Pd2 were again evaluated (Figure 57).  

CP12Pd2 

BDS 

0.2eq CP12Pd2 

0.4eq CP12Pd2 

0.6eq CP12Pd2 

0.8eq CP12Pd2 

1eq CP12Pd2 

1.2eq CP12Pd2 

1.4eq CP12Pd2 

1.6eq CP12Pd2 

1.8eq CP12Pd2 

2eq CP12Pd2 

Figure 56 1H NMR spectra of the NMR titration of sodium 1,3-benzenedisulfonate BDS (0.5mM) in 
D2O/CD3OD (1:1, v/v) at 22°C with increasing amounts of CP12Pd2. The signals of the guest are 
marked with coloured dots. 
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In this case, complex formation proceeded differently than that of BDS. A new set of signals 

in the 1H NMR spectra appeared in the presence of NDS that progressively became more 

pronounced as the amount of the disulfonate increased. The signals of CP12Pd2 

concomitantly became less intensive until they disappeared at an NDS/CP12Pd2 ratio of 2:1 

(red boxes in Figure 57). Further addition of NDS caused the appearance of the signals of 

the free guest (blue boxes). These results indicated that NDS binding was slow on the NMR 

time-scale and likely involved the complexation of two NDS molecules.  

The signals in the NMR spectrum of the complex could mostly be assigned by using 2D NMR 

techniques, demonstrating that some of the guest signals experienced pronounced upfield 

shifts upon complex formation of almost 4 ppm (Figure 58). Splitting of the signals of the 

equivalent protons of CP12Pd2 and NDS was indicative that these protons had different 

environments in the complex and that the complex accordingly had a lower symmetry than 

CP12Pd2 alone. 

CP12Pd2 

NDS 

5eq NDS 

4eq NDS 

3eq NDS 

2.5eq NDS 

2eq NDS 

1.5eq NDS 

1eq NDS 

0.5eq NDS 

C

V 

C

V 

C

V 

Figure 57 1H NMR spectra of the NMR titration of CP12Pd2 (1.0 mM) in CD3OD/D2O, 1:1 (v/v) with 
increasing amounts of 2,6-napthalenedisulfonate NDS (22 °C). The spectrum of NDS is shown on the 
top. The signals of disappearing CP12Pd2 and those of appearing free NDS are marked with red and 
blue boxes, respectively. 
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Unfortunately, NOESY NMR spectra showed no intermolecular crosspeaks between signals 

of CP12Pd2 and NDS, which would have provided information about the structure of the 

complex in solution (Figure 146 page 208). 

 

DOSY NMR spectroscopy demonstrated that the signals deriving from CP12Pd2 and those 

of NDS were part of a single species with a diffusion coefficient D = 1.261 × 10–10 m2s–1 and 

a corresponding hydrodynamic diameter of 20.0 Å (Figure 59). 

In the ESI-TOF mass spectrum of the CP12Pd2/NDS solution, no signal was observed that 

could be attributed to the complex, likely because the binding of the two molecules of NDS 

to CP12Pd2 afforded a neutral compound. 
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Figure 58  1H NMR spectra of a mixture of CP12Pd2 (1mM) and NDS (2 mM) (top) and 1H NMR spectra 
of CP12Pd2 (1mM) (bottom) in CD3OD/D2O, 1:1 (v/v). 
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Fortunately, a crystal structure of the corresponding complex was obtained from a mixture 

of CP12Pd2 (1mM) and NDS (2 mM) in CD3OD/D2O, 1:1 (v/v) by slow diffusion with CD3CN. 

This structure confirmed the expected composition, with two molecules of NDS included 

in the cavity of CP12Pd2 (Figure 60).  

The metallamacrocycle alone had a structure similar to the calculated one, but the included 

guest molecules reduced the symmetry of the structure to C2, providing an explanation for 

the signal splitting observed in the 1H NMR spectrum.  Specifically, the pyridyl units facing 

the edges of the included guests had a different environment than those aligned along the 

faces.  

The two NDS molecules were arranged in a parallel fashion, with some of their protons 

residing within the clefts produced by the aromatic units along the cyclopeptide rings, 

explaining the considerable shielding in the NMR.  

Figure 59 DOSY NMR spectra of a mixture of CP12Pd2 (1mM) and NDS (2 mM) in CD3OD/D2O, 1:1 (v/v). 

1.261 x 10-10 m2s-1 
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Figure 60 a) Crystal structure of CP12Pd2∙2NDS. Hydrogen atoms are omitted for clarity. b) Estimated 
molecular dimensions of CP12Pd2∙2NDS from the crystal structure (left) and of the calculated 
structure of CP12Pd2 (right). From the marked distances of hydrogen atoms, an average diameter 
of 24.1 Å was estimated when considering the van-der-Waals radii of hydrogen atoms (1.1 Å).  

a) 

b) 

Ɵar=59.15˚ Ɵar=83.83˚ 
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A slight contraction of CP12Pd2 (diameter of 25.4 Å) was observed with respect to the 

calculated structure of the metallamacrocycle upon NDS binding, leading to an average 

diameter of 24.1 Å (Figure 60), consistent with the increase of the diffusion coefficient upon 

complex formation. The difference was less pronounced than expected from the 

hydrodynamic diameter resulting from the DOSY NMR experiment, but it suggested a 

structural change of CP12Pd2 induced by guest binding. 

The close proximity of the anionic sulfonate groups of the guests is noteworthy, but their 

Coulomb repulsion was likely compensated by the sum of the interactions stabilizing the 

complex (π-π stacking and [C-H···π] interactions), including the attractive electrostatic 

interactions with the metal centres. The strong mutual stabilization of the eight 

components in CP12Pd2·2NDS likely explains why both NDS molecules were strongly bound 

without any evidence for an intermediate 1:1 complex. 

Unfortunately, the complexity of the binding equilibrium, involving two stability constants, 

prevented the quantitative assessment of complex stability from NMR titrations. 

Nonetheless, since the equilibrium was slow on the NMR time-scale and the complex was 

fully formed once the required two equivalents of the guest were present in solution, a 

high stability of CP12Pd2·2NDS is very likely. 

These binding studies thus confirmed that CP12Pd2 provided a suitable environment for 

hosting anionic guests, leading to stable host-guest complexes. With confirmation of 

disulfonate incorporation, qualitative binding studies using BDS and NDS and the cage 

CP22Pd3 obtained from the larger cyclohexapeptide were performed. NMR samples in 

CD3CN/D2O, 1:1 (v/v) were prepared by adding increasing amounts of the guest solutions 

to a CP22Pd3 solution (0.5 mM). Unfortunately, precipitate formation was observed even 

with only 0.1 equivalents of the guests present in solution and host-guest complex 

formation could not be evaluated due to the complex 1H NMR spectra obtained from these 

samples. The precipitates formed were redissolved in DMSO-d6 but no information could 

be obtained from the 1H NMR and ESI MS spectra of the samples. Since reaction between 

CP1 and tetravalent Pd (II) did not provide CP16Pd3 as a single product and purification or 

NMR peak assignment were not successful, no binding studies were performed with this 

cage.  
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1.4. CONCLUDING REMARKS 

During the experimental work of this chapter, two cyclopeptides (CP1 and CP2) were 

synthesized accordingly to previous established synthetic procedures. In the case of CP2, 

the synthesis was improved in the last step, affording the product in a yield of 43% instead 

of 3%. 

Both cyclopeptides afforded discrete hollow coordination complexes when reacting with 

the Pd(II) ligands [Pd(NO3)2(en)] and [Pd(CH3CN)4](BF4)2, demonstrating that appropriately 

designed cyclopeptides could serve as ligands for the generation of chiral coordination 

compounds, the structure and composition of which depends on the nature of the metal 

nodes. Such metal complexes featured functional groups along their surfaces that could 

induce interesting receptor properties. Indeed, the metallamacrocycle CP12Pd2, resulting 

from the reaction between CP1 and [Pd(NO3)2(en)], possessed a pronounced affinity for 

anionic substrates in aqueous solvents. 

While the binding of sodium 1,3-benzenedisufonate (BDS) led to the formation of a 1:1 

complex in D2O/CD3OD, 1:1 (v/v) that had a stability log Ka of 4.8, the complexation of the 

larger sodium 2,6-naphthalenedisulfonate (NDS) was rather unusual. In this case, the 

equilibrium was slow on the NMR time-scale and yielded an overall neutral complex with 

two guest molecules residing in the host cavity.  

This work thus demonstrated for the first time that cyclopeptides represent suitable 

scaffolds for accessing coordination cages and the interesting receptor properties of some 

of these compounds.



This project was developed during a secondment within the Marie Curie Innovative Training Network ResMoSys. In this 

chapter, the work developed at the Supramolecular Science and Engineering Institute – ISIS (Strasbourg, France) from 

November 2016 to December 2016 is described. The synthesis and characterization of the compounds required for this 

project were executed prior and after the stay at the Chemistry Department of the TU Kaiserslautern. 
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2.1. INTRODUCTION 

The development of new light-emitting materials made possible innovations with a wide 

range of high-tech applications. For this reason, research on luminescent materials is 

performed world wide119,120 specifically on materials containing transition-metal 

complexes (TMCs) due to their particularly promising photophysical properties. Such 

materials have been applied in several fields such as photocatalysis,121 artificial 

photosynthesis,122 dye-sensitized solar cells,123 optoelectronics,124,125 

electrochemieluminescence (ECL),126 non-linear optical materials,127 sensing,128 and 

bioimaging.129 

Among the different TMCs, significant attention is being devoted to luminescent 

platinum(II) complexes due to their attractive chemical and photophysical properties such 

as high stability, emission in the visible region, high photoluminescence quantum yields, 

long excited-state lifetimes, and high tendency to self-assemble in supramolecular 

structures that possess enhanced luminescence intensity and tuneable properties. 

2.1.1 Photophysics of Pt(II)-complexes  

Pt(II)-complexes have a square-planar geometry with a coordination number of four.130 

This geometry enables stacking of the complexes, driven by dipole-dipole and quadrupole 

(π-π) interactions in combination with solvophobic effects and dispersion interactions 

(London forces). The formation of the corresponding aggregates produces a dramatic 

change of the photophysical properties (Figure 61).131 

Typically, luminescent platinum(II) compounds in a molecularly dissolved state (monomeric 

form) possess the lowest-unoccupied molecular orbital (LUMO) with ligand π* character 

whereas the highest-occupied molecular orbital (HOMO) is predominantly of ligand dπ 

character. In this case, excited states resulting from metal-perturbed ligand centred (MP-

LC) and metal-to-ligand charge transfer (MLCT) transitions are responsible for the 

emission.132,133 
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On the basis of the ligand field theory, Pt(II) centres with a square-planar arrangement of 

the coordinating ligands possess occupied dz2 orbitals normal to the plane of the molecule 

which do not (or only weakly) interact with the coordination sphere of the ligand. They are 

thus prone to interact with surrounding species such as solvent molecules or dz2 orbitals 

from other metal complexes.131 Orbital mixing of two platinum(II) centres stacking on top 

of each other (close proximity of 3.5 Å = van der Waals radius) leads to the destabilization 

of one filled dz2 orbital (Figure 61). 

 

 

MO of monomer MO of monomer MO of dimer 
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LUMO 
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Figure 61 Simplified molecular orbital diagram of a monomeric square-planar Pt(II)-complex 
featuring ligands with a π-system. Upon dimer formation/aggregation of Pt(II)-complexes, their 
𝑑𝑧2  orbitals interact with each other, resulting in novel transitions (MMLCT) that require less energy 
than the excitition of the monomeric species (MP-LC, MLCT). 
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As a consequence, a metal-metal-to-ligand charge transfer (MMLCT) transition becomes 

possible that requires less energy than the excitation of the monomeric form. The 

absorption leading to this new charge transfer state and its luminescence is significantly 

shifted to larger wavelengths with respect to the monomeric parent Pt(II) complex and 

features stronger emission intensity with extraordinary long excited-state lifetimes at room 

temperature. Moreover, considering that the energy of the HOMO-LUMO gap depends on 

the Pt-Pt distance, these spectral changes can be used as a readout of the aggregation. 

Accordingly, different modes of aggregation result in different energy gaps and thus in 

different emission wavelengths. 

2.1.2 N-Metallacycles  

Bi-, ter- and tetradentate chelating ligands with a π-conjugated system are frequently 

utilized for the construction of luminescent Pt(II)-complexes.134 In comparison to bidentate 

ligands, terdentate ligands generally afford Pt(II)-complexes of high thermodynamic and 

kinetic stability. Tetradentate ligands provide even more rigid supramolecular building 

blocks than the terdentate analogues. In this Chapter, the focus will be on the 

spectroscopic and luminescent properties of Pt(II)-complexes derived from terdentate 

ligands, specifically of those derived from bis(tetrazolate)-pyridine. 

Neutral luminescent Pt(II)-complexes based on terdentate dianionic bis(tetrazolate)-

pyridine ligands have been intensely studied because their large planar aromatic surfaces 

allow the formation of non-covalent adducts (dimers, aggregates, etc) where the emerging 

metal-metal interactions of the Pt(II) centres strongly augment the emission properties of 

the complexes.14,135–139 

These complexes contain a terdentate ligand with a central pyridine unit bearing 1H-1,2,4 

triazolyl groups in positions 2 and 6, a Pt(II) metal centre and an ancillary ligand. The 

triazolyl flanking groups can be substituted in 5-position with different groups. The 

deprotonation upon N-metallacyclation is often facilitated by the addition of a base. 

By altering the ancillary ligand one can tune the self-assembly properties, while preserving 

the chromophoric system that is defined by the terdentate dianionic ligand. Thus, the 

ancillary ligand enables the control of the self-assembly process by adjusting its solubility 
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and bulkiness and by introducing further supramolecular motifs. It is therefore easily 

possible to tune these complexes for different applications by just exchanging the ligand. 

Pyridine based compounds are quite effective as ancillary ligands since they afford 

thermodynamically stable and planar complexes. These complexes exhibit room 

temperature emission in organic solvents such as tetrahydrofuran (THF) or 

dichloromethane (DCM), featuring an emission band (3LC based) around 460 nm (blue). 

Upon aggregation, the luminescence is strongly enhanced with a bathochromically shifted 

emission peak (3MMLCT based).120 

The ability of neutral platinum(II) complexes with a tridentate bis(triazolate)pyridine ligand 

to self-assemble, creating luminescent nanostructures in cellular compartments, was 

demonstrated by De Cola and co-workers (Figure 62).140 Both complexes shown in Figure 

62 display a strong yellow luminescence in their aggregated form, arising from 3MMLCT 

emission.  

 

According to cell internalization and localization experiments, the tridentate ligand 

coordinated to the platinum dictated the target areas of the cells where the assemblies 

occur. Aggregates containing PtC2 were mainly observed in the cytoplasmic region of the 

cells (Figure 62b), while the PtC1-containing complexes were only partially distributed in 

this region, but bright aggregates were observed inside the nucleus (Figure 62c). These 

aggregates appeared to remain intact inside the cell. 

Figure 62 a) Molecular structures of neutral Pt(II) complexes with a tridentate bis(triazolate)pyridine 
ligand; b) Luminescence confocal microscopy images showing the distribution of complex PtC2 
inside HeLa cells; c) Luminescence confocal microscopy images showing the distribution of complex 
PtC1 inside HeLa cells; © 2014 Royal Chemical Society 

a) b) c) 

PtC1: 

PtC2: 
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In a different study by the same group, micrometre-long and highly crystalline fibres were 

construct by the solvent-assisted self-assembly of the blue-emitting neutral Pt(II)-complex 

PtC3 based on a terdentate dianionic bis(triazolate)pyridine ligand decorated with bulky 

electron-withdrawing trifluoromethyl groups (Figure 63). The aggregates showed highly 

efficient (quantum yield up to 74%) polarized yellow-orange light emission, as a 

consequence of their high degree of supramolecular order imparted by weak non-covalent 

intermolecular (metal-metal and π–π) interactions.14 

The mechanochromic responsiveness of the Pt(II)-complex PtC4 with the same 

trifluoromethyl terdentate ligand and a different ancillary pyridine ligand was also 

investigated by De Cola and co-workers (Figure 64). Changes in the luminescence were 

observed in hydrostatic pressure experiments (24.2 kbar)  using a diamond anvil cell. An 

AFM tip served as writing pencil on a blue emissive fibre to induce emission colour changes. 

Upon scratching with the tip, the emission colour changed to yellow and the thus written 

message could be erased by a photoconversion reaction induced with a 405 nm 

excitation.141 

a) 

B 

Figure 63 a) Molecular structures of neutral Pt(II) complexes with a tridentate bis(triazolate)pyridine 
ligand; b) Luminescent fibers formed from a self-assembled neutral Pt(II)-complex. © 2014 Royal 
Chemical Society 

b) 

PtC3 
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A ratiometric chemosensor for potassium was obtained by using a bipyridine-containing 

cis-substituted crown ether as ancillary ligand (Figure 65).  In its unfolded state, PtC5 

displayed a blue emission, but when the Pt(II) centres approached each other, a 

bathochromic shift of the emission occurred and the complexes became strongly orange 

emissive (folded state). Potassium binding to the folded state caused unfolding and was 

thus accompanied with pronounced changes in the emission properties of the complex 

from orange to blue. The process was reversed by the addition of 18-crown-6.142 

 

 

Figure 64 a) Chemical structure of the neutral tridentate Pt(II) complex and cartoon showing the 
principle of its mechanochromism, where a long crystalline domain with largely spaced adjacent 
Pt(II) complexes is transformed into smaller aggregates with poor crystallinity and shorter Pt···Pt 
distance; b) Nanolithography on ultralong ribbons. Confocal spectral images of ribbons engraved 
with a seven-letter long word (“Mechano”) by means of AFM nanolithography conducted at 10 μm 
s −1 maximum scan rate, with constant force = 24 μN. Excitation wavelength, emission spectral 
window, and objective used are 488 nm, 490–700 nm, 63× NA 1.3, respectively. © 2016 WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

a) 

b) 

PtC4 
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2.2. AIM OF THE PROJECT 

In this project, cyclopeptides bearing pyridyl pendant arms should be used as scaffolds to 

arrange two or three square planar platinum(II) complexes in space and the 

stacking/aggregation properties of these compounds and the concomitant changes of the 

luminescence properties investigated. 

As cyclopeptides, CP1 and CP2 with two or three peripheral pyridyl units should be use, 

which were also employed for the construction of coordination cycles and cages (Chapter 

1). These peptides should be coordinated to appropriate platinum(II) precursors to afford 

the products shown in Figure 66. After the preparation of the products, their aggregation 

properties and photophysical behaviour should be characterized.  

 

 

Figure 65 Reversible emission-color switch of Pt–dye pendant crown ether upon addition of 
potassium salts and by extraction of the metal ion with unsubstitued 18-crown-6. © 2016 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim. 

PtC5 
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  Figure 66 General structures of the diplatinum(II) and triplatinum(II) complexes that should be 
prepared from CP1 and CP2. 
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2.3. RESULTS AND DISCUSSION 

2.3.1 Synthesis of the Azole-based Ligands and Pt(II) Precursors 

The synthesis of the different tridentate azole-based ligands used was performed according 

to described procedures.142 It started with the aminoamidine formation by reacting 

pyridine-2,6-dicarbonitrile (22) with hydrazine monohydrate (23) in ethanol to obtain the 

pyridine-2,6-bis(carboximidhydrazide) 24 (Figure 67). 

 

 

 

The final tridentate ligands 27a,b,c were obtained in a two-step reaction, starting with the 

acylation of the NH2 groups of 24 by the appropriate carboxylic acids 25a,b,c at 80˚C to 

obtain the intermediates 26a,b,c, followed by 1,2,4-triazole formation in the presence of 

ethylene glycol (Figure 68). 

 

 

Figure 68 Synthetic scheme for the synthesis of the three tridentate 1,2,4-triazole-based ligands 
27a,b,c. 

Figure 67 Synthetic scheme for the synthesis of pyridine-2,6-bis(carboximidhydrazide) 24 from 
pyridine-2,6-dicarbonitrile 22. 
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Specifically, the ligand 27a was synthesized by dissolving compound 24 (Figure 68) in 

trifluoroacetic acid 25a. Purification was achieved by adding an excess of water to the 

reaction mixture to obtain 27a as the precipitate. 

Since it was expected that the CF3 groups in 27a reduce the solubility of the ligands in the 

polar solvents required to dissolve the cyclopeptides,143 the ligands 27b and 27c with polar 

substituents were also prepared. These ligands were synthesized by reacting compound 24 

(Figure 68) with glycolic acid 25b or 2-(2-(2-methoxyethoxy)ethoxy)acetic acid 25c, 

respectively. 

The purification of these compounds was more demanding than that of 27a. The addition 

of water to the reaction mixture of 27b only precipitated some impurities and no 

precipitate was formed from the solution of 27c. Since the purification of the products 

could not be achieved by simple precipitation, they were purified chromatographically. 

Thus, 27b was obtained by preparative reversed-phase (RP8) column chromatography with 

minor impurities that were removed by precipitation with chloroform. Ligand 27c could not 

be purified by using this chromatographic method, but purification was accomplished by 

preparative high performance liquid chromatography (HPLC) on a reversed-phase. 

The Pt(II) precursor [Pt(DMSO)2Cl2] (29) that was used for the coordination between the 

cyclopeptides and the tridentate azole-based ligands was prepared by exchanging two 

chloride ions of the commercially available potassium tetrachloroplatinate(II) K2PtCl4 (28) 

for DMSO (Figure 69) as described in the literature.142 

 

 

 

The complex 30 was prepared by treating 27a and 29 in DMF at 75˚C (Figure 70).144 

Unfortunately, attempts to obtain the analogous complexes from 27b and 27c did not 

afford the desired products. No evidence of the successful formation of the Pt(II) 

Figure 69 Synthetic scheme for the synthesis of the Pt(II) precursor, [Pt(DMSO)2Cl2] (29), from the 
the commercially available potassium tetrachloroplatinate(II) K2PtCl4 (28). 
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complexes of 27b and 27c was found in the ESI-TOF mass spectra of the respective reaction 

mixtures even after 7d and the use of an excess of [Pt(DMSO)2Cl2] (29). 

 

2.3.2 Coordination Studies between Pt(II) Complex 30 and the 

Cyclopeptides 

The preparation of the target complexes PtCF3-CP1 and PtCF3-CP2 (Figure 71) was initially 

attempted by adding 3.3 equivalents of 30 to cyclotetrapeptide CP1 in acetonitrile or 5.0 

equivalents of 30  to cyclohexapeptide CP2 (Figure 72).  

Figure 70 Synthetic scheme describing the preparation of the Pt (II) complex 30.  

Figure 71 Structures of the target complexes PtCF3-CP1 and PtCF3-CP2 from the reactions between 
the cyclopeptides CP1 or CP2 and Pt(II) complex 30. 
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The suspensions were left stirring at room temperature until the solvent was completely 

evaporated. Acetonitrile was then added, the suspensions were centrifuged, and the 

supernatant discarded. This process was repeated four times with acetonitrile, two times 

with methanol and one time with dichloromethane (Figure 72). The resulting precipitates 

were analysed by NMR spectroscopy and ESI-MS spectrometry. 

 

Unfortunately, the expected coordination complexes were not obtained under these 

conditions. The ESI-MS spectra of the precipitates contained peaks corresponding to 

compound 30, free 27a and free cyclopeptides but no peaks that indicated complexation. 

The 1H NMR spectra exhibited complex sets of signals inconsistent with the symmetric 

structures of the expected products. 

To exclude that this result was due to the solvent, analogous experiments were performed 

also in DMF (Figure 73). The solutions were left stirring for 48h, followed by the addition of 

water to precipitate potential products. The precipitates were centrifuged and subjected 

to several washing cycles with different solvents (Figure 73).   

Figure 72 Schematic representation of the initial attempt to obtain metal complexes from 
cyclopeptides CP1 and CP2 and the Pt(II) complex 30. 
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The thus obtained solids had an extreme low solubility, especially in deuterated solvents. 

Accordingly, NMR spectroscopic characterization was not possible. However, information 

about complex formation could be derived from ESI-TOF MS spectrometry and from the 

luminescent properties of the precipitates. 

As shown in Figure 74, the ESI-TOF MS spectrum of the precipitates resulting from the 

reaction between CP1 and 30 contained a single peak at m/z = 1129.24, which 

corresponded to the mass of protonated CP1 with only one pyridine ring coordinated to a 

platinum(II) centre. The reaction conditions were altered to test whether complete 

conversion could be achieved by prolonging the reaction time or performing the reaction 

at higher temperatures. In all cases, only the monometallic complex was obtained. 

Considering that 30 was present in excess in all experiments, the failure to obtain the 

dimetallic complex was attributed to steric effects that prevent both pyridine units of CP1 

to coordinate to a platinum complex.  

Figure 73 Schematic representation of the subsequent attempts to obtain metal complexes from the 
cyclopeptides CP1 and CP2 and the Pt(II) complex 30. 
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The use of the larger cyclopeptide CP2 was therefore expected to facilitate product 

formation. Indeed, the ESI-TOF MS spectrum of the reaction mixture containing CP2 and 

30 in DMF contained peaks corresponding to complexes of CP2 with different levels of 

complexation.  The peaks at m/z = 880.37, 1422.35 and 1965.36 were assigned to 

protonated forms of free CP2 and CP2 containing one and two tridentate ligands (Figure 75  

ESI-TOF MS spectrum of the reaction between CP2 and 30). More importantly, the peak at 

m/z = 2506.35 was assigned to the protonated target complex [CP2·303], indicating that 

the cyclohexapeptide CP2 allowed accessing a trimetallic platinum(II) complex. 

Since NMR characterization was not possible, elemental analysis was used to assess 

whether a pure compound was isolated and the different peaks in the mass spectrum were 

due to fragmentation or whether the isolated material was indeed a mixture of products. 

Unfortunately, the products resulting from the reaction even after further varying the time 

and conditions were never pure according to ESI-TOF MS spectrometry and elemental 

analysis. Since purification was not possible due to the extremely low solubility of the Pt(II) 

complexes, only the luminescence of the mixture could be qualitatively investigated. 

   m/z calcd. m/z exp. 

[CP1·30]+H+ C45H33F6N13O4Pt + H+ 1129.24 1129.24 

Figure 74  ESI-TOF MS spectrum of the reaction between CP1 and 30.  
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When a suspension of 30 in DMF was exposed to UV light (λexc=366nm), orange emission 

was observed, typical for intermolecular Pt···Pt interactions due to aggregate formation 

(Figure 76a).142 The solids obtained from the reaction between CP1 and 30 (Figure 73) were 

also suspended in DMF and in this case blue emission was observed after UV exposure 

(Figure 76b), characteristic for ligand-centred (LC) transitions. If stacked aggregates would 

be present in this solution, the emerging intermolecular metal···metal interactions of the 

Pt(II) centres should change the emission to yellow.145  

The DMF suspension of the solids obtained from the reaction between CP2 and 30, 

however, displayed bright yellow emission after UV exposure (Figure 76c), indicating that 

   m/z calcd. m/z exp. 

[CP2+H]+ C51H45N9O6 + H+ 880.36 880.37 

[CP2·30]+H+ C62H48F6N16O6Pt + H+ 1422.36 1422.35 

[CP2·302]+H+ C73H51F12N23O6Pt2 + H+ 1965.52 1965.36 

[CP2·303]+H+ C84H54F18N30O6Pt3 + H+ 2506.36 2505.35 

Figure 75  ESI-TOF MS spectrum of the reaction between CP2 and 30 
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intramolecular142 or intermolecular145 Pt···Pt interactions arising from aggregation occur in 

this system. 

 

Although these results demonstrated that CP1 and CP2 coordinate to platinum(II) centres, 

the derived complexes could not be isolated in pure form. Both cyclopeptides influence the 

luminescence properties of complex 30 but no clear evidence for an aggregation was 

obtained. 

2.3.3 Coordination Studies Between Pt(II) Complexes of Ligand 27b 

and the Cyclopeptides  

To address the solubility issues observed for the Pt(II) complexes containing the ligand 27a, 

the preparation of analogous cyclopeptide complexes containing the more polar ligand 27b 

was attempted. Since the synthesis of the corresponding precursor corresponding to the 

Pt(II) complex 30 was unsuccessful, a one-pot synthesis using a non-nucleophilic base 

a) 

b) 

c) 

Figure 76 Luminescent properties of DMF suspensions of compound 30 (a), of the precipitate 
resulting from the reaction between CP1 and 30 (b) and of the precipitate resulting from the reaction 
between CP2 and 30 (c) when excited at 366nm. 
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(DIPEA), [Pt(DMSO)2Cl2] (29), 27b and the cyclopeptides was used to obtain the target 

compounds.145 

In the case of CP1, equimolar amounts of 27b and [Pt(DMSO)2Cl2] (29) were heated in DMF 

at 80°C prior to the addition of 0.3 equivalents of CP1 (Figure 77). 

 

For CP2, the procedure was the same, but the ratio of the compounds was accordingly 

adapted (Figure 78). After 24h, a sample of both reaction mixtures was collected and 

analysed by ESI-TOF and MALDI-TOF mass spectrometry. No peaks were present in the 

spectra of both reactions that could be assigned to the expected products. The mixtures 

were therefore allowed to react for six more days and samples were collected and analysed 

by mass spectrometry every 24h. In none of the obtained mass spectra, peaks of the target 

compounds were observed, even after the addition of further equivalents of 27b, 

[Pt(DMSO)2Cl2] and DIPEA. 

 

Figure 77 One-pot procedure for the attempted synthesis of the cyclopeptide-containing dimetallic 
platinum(II) complex PtCH2OH-CP1. 



 
88 
 

 

 

 

 

 

 

 

 

 

 

 

 

To assess whether the reaction conditions are suitable for the attempted synthesis, a 

coordination reaction containing 27b, [Pt(DMSO)2Cl2], DIPEA and pyridine was performed 

under the same conditions (Figure 79). Again, a sample was collected and analysed by mass 

spectrometry. No peaks corresponding to the expected product 31 were observed even 

after prolonged reaction times. From these results it could be concluded that Pt(II) 

complexation involving 27b was probably not possible. An explanation for the failed 

coordination could be the basic conditions necessary for this reaction, under which also 

the OH groups could be partially deprotonated, creating a coordination site that competes 

with the deprotonated triazole rings for the metal centres. 

 

 

Figure 78 One-pot procedure for the attempted synthesis of the cyclopeptide-containing trimetallic 
platinum(II) complex PtCH2OH-CP2. 
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2.3.4 Coordination Studies Between Pt(II) Complexes of Ligand 27c 

and the Cyclopeptides 

The tridentate ligand 27c was synthesized to circumvent the potential deprotonation issues 

associated with 27b. To test if complexation would be possible with this ligand, the one-

pot synthesis of the pyridine complex 32 was initially tested (Figure 80). An equimolar 

amount of 27c and [Pt(DMSO)2Cl2] were dissolved in DMF, treated with DIPEA and 

subsequently with pyridine. 

 

 

 

 

The ESI-TOF MS spectrum (Figure 81) of the reaction mixture in this case contained a 

prominent peak at m/z 750.62, corresponding to the protonated complex 32. Thus, Pt(II) 

coordination was successful in this case. 

Figure 80 One-pot synthetic procedure for the formation of the pyridine-derived neutral platinum(II) 
complex 32. 

Figure 79 One-pot procedure for the attempted synthesis of the pyridine containing platinum(II) 
complex 31. 
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Since complex formation seems to be possible in this case, the same conditions were used 

to react 27c, [Pt(DMSO)2Cl2] and CP1 (Figure 82). 

 

   m/z calcd. m/z exp. 

[32+H]+ C26H34N8O6Pt + H+ 750.23 750.62 

Figure 81 ESI-TOF MS spectrum of the reaction mixture resulting from treating 27c, [Pt(DMSO)2Cl2] 
and pyridine. 

Figure 82 Attempted one-pot synthesis of the cyclopeptide-containing dimetallic platinum(II) 
complex PtDeg-CP1. 
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In an analogous fashion, CP2 was reacted with 27b, [Pt(DMSO)2Cl2] and DIPEA in DMF 

(Figure 83). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples from both reactions were analysed by mass spectrometry after 24h. Neither the 

ESI-TOF nor the MALDI-TOF mass spectra contained peaks corresponding to the target 

compounds PtDeg-CP1 or PtDeg-CP2. The samples were allowed to react for six more days, 

during which more equivalents of 27c, [Pt(DMSO)2Cl2] and DIPEA were added. 

No significant changes were visible in the mass spectra, so the reactions were stopped, the 

solvents evaporated and the residues dried under vacuum. The high luminescence 

observed for the aqueous solutions of the crude products when exposed to UV light (λexc = 

Figure 83 Attempted one-pot synthesis of the cyclopeptide-containing trimetallic platinum(II) 
complex PtDeg-CP2. 
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366 nm) (Figure 84) was indirect evidence that Pt(II) complexation occurred since, on their 

own, 27c, [Pt(DMSO)2Cl2], CP1 or CP2 had no luminescent properties. 

 

The fact that the emission was orange for the sample containing CP1 (Figure 84a) was 

promising, since it suggested that with this ligand, contrarily to what was observed for 27a, 

both pyridine residues might engage in Pt(II) coordination or that aggregation occurred. 

The crude products containing 27c were highly soluble in a wide range of solvents, 

including in water. Therefore, a separation was attempted by using reversed-phase 

chromatography on a RP8 column. 

The RP-TLC (Reverse Phase Thin Layer Chromatography) plates from the crude samples 

with CP1 and CP2 exhibited different spots of which only one was orange emissive when 

excited at 366nm. The fractions containing this product after separation on a column were 

combined and isolated. Subsequently, the 1H NMR spectra of the obtained substances 

were recorded in D2O and compared with the spectrum of the free ligand 27c (Figure 85).  

 

  

Figure 84 Luminescent properties of the aqueous solutions of the crude products resulting from the 
reactions between 27c, [Pt(DMSO)2Cl2] and a) CP1, b) CP2, under UV light (λexc = 366 nm). 
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The target complexes of CP1 and CP2 are symmetric structures and therefore simple 1H 

NMR spectra were expected. However, the spectra of the purified samples were both 

complex (Figure 85). The integration of the peaks moreover did not afford results that were 

consistent with the expected number of protons in the products, suggesting that the 

products were still not pure. Thus, purification was attempted by preparative HPLC. 

As can be observed in Figure 86, the HPLC chromatograms of the samples contained several 

peaks confirming that the products indeed had a more complex composition than expected 

from the RP8 column. Fractions corresponding to each signal were collected, evaporated 

and dried under vacuum. 

Figure 85 1H NMR spectra of 27c (blue) and of the Pt(II) complexes purified by RP8 column 
chromatography of CP1 (green) or CP2 (red). 
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Figure 86 HPLC chromatograms of the Pt(II) complexes purified by RP8 column chromatography 
containing CP1 (top) or CP2 (bottom). Luminescent properties of the products obtained from the 
marked fractions under UV light (λexc = 366 nm). 
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Due to the small scale in which these reactions were performed, NMR spectroscopy and 

elemental analysis could not be used to characterize the products. However, when the 

different dried products were exposed to UV light (λexc = 366 nm), only two exhibited 

luminescence (Figure 86). From the sample containing CP1, solely the product from the 

fraction corresponding to the peak at the retention time 52.4 min was orange emissive, 

and from the sample with CP2 the product at the signal with a retention time of 37.8 min 

was yellow emissive. This was strong evidence that these peaks corresponded to Pt(II) 

complexes. 

ESI-TOF MS spectra of the products did not contain peaks corresponding to the expected 

products. However, trace amounts of these compounds were observed by MALDI-TOF MS. 

The MALDI-TOF MS spectrum (Figure 87) from the HPLC product obtained from CP1 

contained peaks at m/z = 1257.43 and 1927.64, which corresponded to the masses of the 

singly protonated complexes of CP1 with one pyridine coordinated to Pt(II) and 27c and the 

expected dimetallic complex PtDeg-CP1, respectively. 

 

 

 

 

 

 

 

 

 

 

   m/z calcd. m/z exp. 

[Pt(27c-2H)CP1+H]+ C55H49N13O10Pt + H+ 1257.42 1257.43 

[Pt2(27c-2H)2CP1+H]+ C76H88N20O16Pt2 + H+ 1927.61 1927.64 

Figure 87 MALDI-TOF MS spectrum of the product isolated by HPLC that gave a peak in the 
chromatogram at retention time 52.4 min. 
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The spectrum of the sample with CP2 (Figure 88) contained peaks at m/z = 902.36, 1572.47 

and 2242.55 that were assigned to the Na+ adducts of CP2 and the mono- and dimetallic 

Pt(II) complexes of CP2, respectively. The peak at m/z = 2912.77 corresponded to the Na+ 

adduct of the trimetallic target complex PtDeg-CP2. 

 

 

 

 

 

 

 

 

 

 

Even though MALDI-TOF MS confirmed the presence of the target complexes PtDeg-CP1 

and PtDeg-CP2 in the products obtained by HPLC, the intensity of the peaks corresponding 

to these species was quite low and both spectra contained many other signals, which could 

be due to fragmentation during ionization or an indication that the products were impure. 

To address this issue, the reactions would have to be repeated at a larger scale to allow 

characterization of the products by means of NMR spectroscopy and elemental analysis. If 

it would turn out that the products after HPLC were indeed impure, then the next step for 

   m/z calcd. m/z exp. 

[CP2+Na]+ C51H45N9O6 + Na+ 902.34 902.36 

[Pt(27c-2H)CP2+Na]+ C72H74N16O12Pt + Na+ 1572.52 1572.47 

[Pt2(27c-2H)2CP2+Na]+ C93H103N23O18Pt2 + Na+ 2242.70 2242.55 

[Pt3(27c-2H)3CP2+Na]+ C114H132N30O24Pt3 + Na+ 2912.89 2912.77 

Figure 88 MALDI-TOF MS spectrum of the product isolated by HPLC that gave a peak in the 
chromatogram at 37.8 min. 
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purification could be to use size exclusion column chromatography to separate the target 

complexes from the ones in which Pt(II) complexation was incomplete. 

The scale-up of the reactions and the further characterization of the Pt(II) complexes were 

not performed during these studies. Thus, the results only provided qualitative evidence 

that the formation of the neutral Pt(II) coordination compounds PtDeg-CP1 and PtDeg-CP2 

is indeed possible by using ligand 27c and the developed one-pot synthesis. 

2.4. CONCLUDING REMARKS 

During the project described in this chapter, the new ligands 27b and 27c were successfully 

synthesized and characterized, and the known Pt(II) complex 30 prepared.  

Even though qualitative evidence was obtained that the complexes PtCF3-CP2, PtDeg-CP1 

and PtDeg-CP2 could be prepared, their purification and full characterization could not be 

achieved. Thus, the characterization of the photophysical properties or aggregation 

behaviour of cyclopeptide-containing Pt(II) complexes could not be performed. 

The work can be regarded as a proof-of-concept that emissive neutral Pt(II) complexes 

bearing tridentate ligands are accessible from cyclopeptides containing pyridyl units. 

Further investigations must show whether these luminescent cyclopeptides potentially 

have sensing abilities. 

 





This project was performed during the industrial secondment as part of the Marie Curie Innovative Training Network 

ResMoSys. In this chapter, the work developed at Micronit Micro Technologies B.V (Enschede, The Netherlands) in the 

months from January 2018 to April 2018 is described. The synthesis and characterization of the compounds required for 

this project were executed prior to the stay at the Chemistry Department of the TU Kaiserslautern. Biological assays were 

performed at the University of Twente (BIOS Laboratories). The results obtained were presented by Sandro Meucci, R&D 

scientist at Micronit, in a talk entitled “Tailoring the extracellular environment of in vitro systems” for the conference 

Advances in Cell & Tissue Culture (ACTC 2018). 
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3.1. INTRODUCTION 

The difficulties associated with drug research and development coupled with rising costs 

constitute substantial challenges to the pharmaceutical industry.146 Poor predictive power 

of existing preclinical models is the primary reason for drug failures in clinical trials, creating 

a critical need for new testing approaches to improve the effectiveness of preclinical 

predictions of drug efficacy and safety in humans.147,148  

Microengineered cell culture may present a solution to this need. Cutting edge microfluidic 

fabrication have led to the development of chip technologies that replicate the complex 

structure, microenvironment, and physiological functionality of living human organs.149–151 

These organ-on-a-chip devices present new opportunities of applications ranging from 

preclinical drug discovery, such as target identification and validation, to target-based 

screening and phenotypic screening. 

3.1.1 Organ-on-a-chip Devices 

Key functions of human organs can be mimicked by engineered microsystems consisting of 

transparent 3D polymeric microchannels lined by living human cells. These artificial models 

are fabricated in such a way that they can replicate three important aspects of intact 

organs: the 3D microarchitecture defined by the spatial distribution of multiple tissue 

types, the functional tissue–tissue interfaces, and the complex organ-specific mechanical 

and biochemical microenvironments.149,151–155 

These organ-on-a-chip systems provide specialized in vitro models for complex biological 

processes, allowing their simulation, mechanistic investigation, and pharmacological 

modulation. Over the last years, organ-on-a-chip devices have been used in the 

development of models that can mimic the structural and functional complexity of human 

organs such as the liver, heart, lung, intestine, kidney and the brain.149,156–158 

Other than improving research and development efficiency, organ-on-a-chip devices could 

be useful to support and accelerate efforts in development treatments for rare diseases, 

or in stratified medicine and nanomedicine. In addition, they could be viable alternatives 
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to animal models since they enable direct real-time visualization and quantitative high-

resolution analysis of diverse biological processes without requiring large amounts of costly 

reagents or scale-up.159 Thus, they may play a pivotal role in streamlining clinical trial 

processes.160 

Microfluidic platforms are also powerful tools for studying organic reactions,161 enzyme 

kinetics,162,163 and cells164,165 at the micro- or nanoscale. However, due to their reduced 

dimensions, finding new methods to accurately determine analytes is challenging in this 

context. The use of luminescent chemical sensors integrated into organ-on-a-chip devices 

has proven to be an effective technique for obtaining online and real-time analytical data 

at such a small scale.166  

Amongst the different chemical sensors used, luminescent oxygen sensors167 are 

particularly promising due to their high sensitivity, ability for contactless readout, ease of 

miniaturization, ease of integration, low cost, and the fact that they do not deplete oxygen 

during the measurements like other types of chemical sensors. Sin et al.168 were one of the 

firsts to integrate luminescent oxygen sensors into microfluidic devices.  

They developed a silicon based three-chamber “lung-liver-other-on-a-chip” cell culture 

system (Figure 89, left) for mammalian cells that could replace whole animals in the 

toxicological and pharmacological testing of chemicals. A resin-adsorbed Ru(II) complex 

was applied at the bottom layer of the chip and coated with poly(dimethylsiloxane) (PDMS) 

to create an oxygen sensor patch that would monitor whether the oxygen supply for the 

cells is adequate (Figure 89, right).168  

This type of microfluidic sensor chemistry was also used in differential oxygenators for cell 

culture169,170 to determine the oxygen consumption rates of single cells,171 and in the 

monitoring of oxygen during microbial fermentations.172,173 
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Platinum(II) benzo-174 and naphthoporhyrins174–176 are among the most popular 

luminophores for the production of oxygen indicators in organ-on-a-chip devices due to 

their photostability, strong phosphorescence at room temperature, moderate to high 

molar absorption coefficients, large Stokes’ shifts and long phosphorescence lifetimes 

(microsecond to millisecond). Also, these complexes belong to a class of π-extended 

porphyrins that are characterized by an extended aromatic fragment fused on the 

porphyrin core, which is responsible for a bathochromic shift of the absorption and 

emission bands towards the red part of the electromagnetic spectrum. 

These red-excitable and NIR emitting indicators are strongly preferred to indicators that 

absorb light in the UV–vis region for the development of optical oxygen sensors since the 

latter present some drawbacks like 1) a high level of background noise upon excitation in 

the UV–vis due to the presence of many natural compounds (such as nucleotides FAD and 

NAD) present in biological samples that are also fluorescent, 2) low performance in 

measurements in scattering media such as marine sediments or tissues and 3) unsuitability 

to be used in implantable sensors since blood efficiently absorbs in the visible region. Since 

organ-on-a-chip devices mimic biological samples like blood, cells or tissues, the use of the 

red-excitable Pt(II) porphyrins is highly advantageous for optical oxygen sensing in these 

media.177 

 

 

 

Figure 89 Left: Photograph of a silicon-based “lung-liver-other-on-a-chip system”. Right: Schematic of 
the investigated oxygen sensor chip house. © 2004 American Chemical Society and American Institute 
of Chemical Engineers 
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An example of the application of red-excitable Pt(II) porphyrins as oxygen indicators in 

organ-on-a-chip devices was reported by Vollmer et al.169 Pt(II) octaethylporphine ketone 

PtOEPK pads deposited on a microfluidic device acted as luminescent oxygen sensors, 

allowing the precise real-time detection of gaseous and/or dissolved oxygen (Figure 90). 

The optical sensors were evaluated by using both gaseous and aqueous samples and they 

exhibited a good linearity, optical stability, resolution, sensitivity and accuracy, with their 

performance being comparable to known sensors of similar nature.178–180 

The simple, rapid and inexpensive fabrication protocol combined with a flexible platform 

for the detection of both gaseous or dissolved oxygen and the biocompatibility of the PDMS 

material181 made this microfluidic device ideally suited to be used in different biological 

applications, ranging from tissue engineering and cell culturing in a microfluidic 

environment to real-time blood gas detection in a clinical environment or even 

extracorporeal oxygenation in a surgical setting.  

  

 

 

 

Figure 90 a) Lithography mask of the capillary structure, showing the location of O2 sensors. b) 
Microfluidic device cross section, showing the position of the PtOEPK dye sensor pads etched in the 
glass substrate. c) Chemical structure of the Pt(II) octaethylporphine ketone PtOEPK. d) Image 
showing the location of the sensor pads in an actual device as well as the inlet locations for fluid 
and gas flow (arrows). e) Cross section view showing the vertical alignment of fluidic and gas 
channels. The channels are separated by a 20 mm membrane created by spin coating. © The Royal 
Society of Chemistry 2005 

a) b) 

c) 

d) 
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Thomas et al.182 developed a microfluidic system that provided on-chip oxygen control 

while simultaneously mitigating pervaporation and so avoiding substantial changes in the 

osmotic pressure of the solution present within the fluidic chambers of the device (Figure 

91, left). In order to understand how the changes in oxygen level propagated throughout 

the entire microfluidic system, oxygen sensing films obtained by mixing Pt(II) 

mesotetrakis(pentafluorophenyl) porphine PtTFPP (Figure 91, right) with PDMS were 

integrated into the floor of the microfluidic device, allowing real time, in situ monitoring of 

the oxygen partial pressure. 

While other techniques addressed oxygen regulation and pervaporation control 

separately, this was the first microfluidic approach with the ability to simultaneously 

regulate the oxygen level and reduce solution evaporation using water-filled control lines.  

 

 

 

Figure 91 Left: Schematic of the microfluidic device setup for on-chip oxygen regulation. Water was 
pumped through the gas exchanger where the partial pressure of oxygen (pO2) in the liquid was 
reduced via equilibration with the controlled gas composition. This solution then entered the 
microfluidic control lines flanking the fluid chamber of the device. PtTFPP sensor film integrated into 
the floor of the device (red) measured changes of pO2 as the dissolved oxygen in the control lines 
diffused through the PDMS and into the adjacent fluid chamber. © 2011 American Chemical Society. 
Right: Chemical structure of Pt(II) mesotetrakis(pentafluorophenyl) porphine PtTFPP. 
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A multi-gradient integration in a single microfluidic device for tissue-mimicked cell research 

was described by Wang et al.183 In this study, an oxygen gradient was generated in a 

chamber by exchange between the aerial oxygen and the oxygen-free gas-permeable 

PDMS channel and a chemical concentration gradient was formed using a special channel-

branched device between adjacent chambers. The on-chip integration of oxygen and 

chemical concentration gradients allowed for the evaluation of the antitumor effects of 

both hypoxia-specific and normoxia-dependent drugs on different types of tumour cells 

using the microfluidic set-up. 

The device (Figure 92, left) encompassed a disk-shaped top layer, which included a 

microchannel network, eight microchambers, two inlets and eight outlets, a glass slide 

bottom layer, and an oxygen sensor film consisting of Pt(II) octaethylporphyrin PtOEP in 

the middle (Figure 92, right). It allowed for the real-time visualization of the hypoxia 

dynamics and proved to allow establishing an oxygen gradient within the chamber. 

 

 

Bolivar et al.184 used microfluidic flowcells featuring integrated optical oxygen sensing 

layers containing platinum(II) meso-tetra(4-fluorophenyl) tetrabenzoporphyrin PtTPTBPF 

(Figure 93) to determine the enzymatic activity of glucose oxidase. The enzyme was 

Figure 92 Left: Microfluidic device. Two dye solutions (red and blue) were loaded into the device 
from the two inlets at 2 mL/min. The gradual change of colours within the terminal chambers 
confirmed the chemical concentration gradient between these chambers. © The Royal Society of 
Chemistry 2012. Right: Chemical structure of Pt(II) octaethylporphyrin PtOEP. 
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immobilized on chemically modified glass surfaces and luminescence lifetime 

measurements were used for the accurate on-line monitoring of the oxygen consumption 

of the enzyme. The results obtained through this method were in good agreement with 

reported ones, providing a proof-of-concept that these devices could be tailor-made by 

surface modifications for enzymatic studies. Pre-fabricated sensor layers containing such 

complexes were also used in microfluidic devices for regulating oxygen levels182,185 and for 

cell culture.186 

 

In the examples discussed above, the oxygen indicators were incorporated into a host 

polymer, for example PDMS, to create the sensor layers or pads. Various oxygen-

permeable polymeric matrices such as polystyrene,187,188 sol-gels,189,190 polyvinylchloride191  

and poly(1-trimethylsilyl-1-propyne)192 can be used to immobilize Pt(II) porphyrins and 

create chemical sensors. Among the different host materials available, oxygen sensitive 

nanoparticles (ONPs) have been very successfully used because they enable micro- and 

 

Figure 93 Top: Schematic set-up for the on-line detection of oxygen consumption. Optical fibres 
connected the spots of interest to the read-out device through the top of the holder and the signals 
were monitored in real-time. Bottom: Chemical structure of the Pt(II) meso-tetra(4-
fluorophenyl)tetrabenzoporphyrin PtTPTBPF. 
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nanostructured systems such as cells, tissue, or nanoscale devices to be studied. Due to 

their small size, there is also virtually no diffusion barrier for oxygen. Thus, the response is 

fast. 

The most direct approach to obtain nanosensors for oxygen is to entrap the indicator inside 

an appropriate nanoparticle. Precipitation is a simple method to convert conventional bulk 

polymers into nanosized particles193 since it only requires the oxygen indicators and 

polymers to be dissolved in a solvent, usually a water-miscible one, followed by 

precipitation of the nanoparticles by the slow addition of water. Borisov et al.194 

incorporated Pt(II) and Pd(II) benzoporphyrins into polysulfone nanobeads in this way, for 

example. 

Oxygen nanosensors can also be fabricated from commercially available polymer 

nanoparticles that are swollen in an organic solvent containing the oxygen indicator. The 

indicator is thus taken up by the nanoparticles to give oxygen-sensitive nanobeads. In this 

way, PtTFPP (Figure 91, right) was encapsulated in carboxylated microbeads of polystyrene 

by Schmälzlin et al.195,196 and used to determine dissolved oxygen in plant cells. The 

hydrophobic and inert nature of polystyrene prevented dye leakage, and the beads were 

well compatible with living cells. 

Commercially available poly(styrene-co-vinylpyrrolidone) nanoparticles are excellent 

matrices for the simple preparation of optical nanosensors since they are uncharged, do 

not aggregate at high ionic strength, are stable even in complex media, and are available 

with a suitable size. The incorporation of the indicator is easy and can either occur within 

the hydrophobic polystyrene core or along the hydrophilic shell consisting of 

poly(vinylpyrrolidone).197 Hydrophobic oxygen indicators prefer the hydrophobic 

polystyrene core, while hydrophilic probes prefer the shell. In this thesis, the focus will be 

on a specific type of such core-shell nanoparticles termed OXNANO. 

3.1.2 OXNANO Nanoparticles 

OXNANO is the commercial name given by Pyroscience (Aachen, Germany) to 

nanoparticles that have a core-shell structure in which nonpolar polystyrene blocks with 
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immobilized PtTPTBPF (Figure 93, bottom) form the core and hydrophilic 

poly(vinylpyrrolidone) blocks form the interfacial region. These nanoparticles are 

synthesized by adding a solution of the Pt(II) porphyrin in THF to a stirred solution of 

poly(styrene-block-vinylpyrrolidone) nanobeads in water/THF. Undissolved material is 

removed by centrifugation and the dried OXNANO nanoparticles are obtained by freeze-

drying the mixture. 

The OXNANO nanoparticles are excitable with orange-red light (λ=610-630 nm) and show 

an oxygen-dependent luminescence in the near infrared (λ=760-790 nm), allowing them to 

act as optical oxygen sensors. A quenching effect on the indicator’s luminescence is 

observed by collision between oxygen molecules and the immobilized PtTPTBPF. In simpler 

terms, a higher amount of oxygen results in a lower emission signal.  

Since these nanoparticles are dispersible in aqueous solutions or culture media, they are 

well suited for dissolved oxygen measurements in liquid samples within closed transparent 

systems (plastic or glass) and possess advantages over the more conventional dissolved 

oxygen measurement via fixed sensor spots.198–200 A simple batch calibration of the 

OXNANO dispersion allows read-out at various locations along the sample container or in 

different samples containing the same dispersion. For these reasons, OXNANO 

nanoparticles have been used for measurements of oxygen levels in setups such as 

bioreactors, ecosystems, or cultures and of cells growth experiments, microbes, fungi, 

plankton, aquatic animals, and plants. 

The applicability of the nanoparticles for online dissolved oxygen tension (DOT) monitoring 

systems in shaken cultivation flasks was demonstrated by Flitsch et al.201 In this experiment 

a solution of OXNANO nanoparticles was added to the cultivation broth. DOT 

measurements from the suspended nanoparticles were compared with the DOT 

measurements from fixed sensor spots in the same flask (Figure 94), revealing erroneous 

measurements for the sensor spots but not for the nanoparticles. Thus, these oxygen-

sensitive nanoparticles represent a robust, reliable and easy to use DOT measurement 

system. 
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Due to their ultra-fast response time, OXNANO nanoparticles allow real-time oxygen 

monitoring and high-throughput screening. Since they are also suited for contactless 

measurements of fast processes in small sample volumes and within complex geometries, 

the OXNANO nanoparticles can be quite useful in the fields of microfluidics and lab-on-a-

chip devices. 

Micronit Microtechnologies (Enschede, Netherlands) is a major actor in the design, 

development, and manufacturing of these microfluidics devices. Their portfolio of products 

includes flow cells, lab-on-a-chip, and organ-on-a-chip devices where they can perform 

reactions, mixing, analysis of cellular processes, and cell culture experiments on a single 

chip at the microliter scale. 

Recent efforts were directed by Micronit to integrate an oxygen sensor in an organ-on-a-

chip and monitor the oxygen pressure (or concentration) in-situ. To that end, sensor spots 

based on the oxygen sensitive nanoparticles OXNANO were fabricated and incorporated 

into microfluidic chip devices and their oxygen sensing abilities were evaluated by 

comparison with chips produced with the commercially available sensor foil OXFOIL 

(Pyroscience).202 

The OXNANO sensor spots were created by directly depositing on the surface of the bottom 

layer of a three-layer microfluidic chip drops of a dispersion of the nanoparticles in water 

Figure 94 Setup for simultaneous DOT measurements via oxygen-sensitive nanoparticles and an 
oxygen-sensitive sensor spot. © 2016 Flitsch et al. 
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(Figure 95a). The solvent was removed by using a hot plate at 70°C and PDMS was blade-

coated over the nanoparticles, immobilizing them on the glass surface.  

The geometry of the sensor spots was controlled by using a Kapton tape stencil and curing 

of the PDMS was made by placing the sensor layer in an oven at 70°C overnight. OXFOIL is 

a polyethylenterephtalat (PET) foil with a layer of oxygen sensitive dye embedded in its 

matrix, covered by a black optical isolation, reducing the interference from ambient light. 

This sensor foil was glued to the bottom glass of the three-layer chip (Figure 95b) by using 

Elastosil®E43 (Wacker, Germany), a one-component silicone rubber and cured by 

atmospheric moisture. Three sensor spots were cut using a scalpel and glued on the 

bottom of the microfluidic chip.202 

 

 

Figure 95 a) Photograph of the bottom layer of a standard three-layer microfluidic chip from 
Micronit with three OXNANO sensor spots. b) Photograph of the bottom layer of a standard three-
layer microfluidic chip from Micronit with three OXFOIL sensor spots. c) Standard three-layer 
microfluidic chip from Micronit. d) Schematic representation of the microfluidic device. e) Schematic 
representation of the contactless fibre-optics sensing system. 

FireStingO2 
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The three stacked layers of the organ-on-a-chip (Figure 95c) created two channels in which 

different fluids could flow. A permeable membrane in the middle layer allowed for gas 

exchange between the channels. Experiments to evaluate the responsiveness of both the 

OXNANO and the OXFOIL chips to alterations of the concentration of oxygen were 

performed by flowing oxygen-saturated water through the lower channel of the chips and 

gaseous nitrogen through the upper channel (Figure 95d). Contactless sensing was 

achieved through the glass bottom layer of the chip (Figure 95e) by exciting the sensors 

with the help of fibre optics (λ=620 nm), collecting the emitted light (λ=760 nm), and 

processing the results with an oxygen meter (FireStingO2). The reduction of the excited 

state lifetime of the sensors in the presence of oxygen was used to quantify the oxygen 

amount in the sample. The measuring principle was based on frequency resolved 

measurements (Figure 96a), where an intensity sinusoidally modulated red excitation light 

resulted in a phase-shifted sinusoidally modulated emission in the NIR. The FireStingO2 

measured this phase shift (termed “dphi” in the software) and converted it internally into 

oxygen units using the Stern-Vollmer equation (Figure 96b,c).202 
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Figure 96 a) Frequency-resolved lifetime measurements. b) Stern – Volmer equation. I and I0 
represent the luminescence intensities in the presence and absence of quencher; τ and τ0 are the 
lifetimes of the luminophore in the presence and absence of the quencher, Ksν is the Stern–Volmer 
quenching constant and pO2 is the oxygen’s partial pressure. c) Relation between lifetime (τ) and 
phase shift (dphi). 
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The measurements performed with the OXNANO chips showed a good correlation 

between the measured and actual oxygen content inside the three-layer microfluidic chip, 

also following the same trend as obtained for the OXFOIL chips. The results thus indicated 

that the nanoparticles were applicable for use in the microfluidic device. However, because 

the OXNANO nanoparticles were not soluble in water and the sensor spots were created 

from a suspension, all the sensors showed inhomogeneous distribution of the 

nanoparticles inside the sensor spots (Figure 97), resulting in a variation of the signal 

intensities from one sensor to the other and even between sensor spots in the same chip, 

which reduced the reproducibility of the results.202 

3.2. AIM OF THE PROJECT 

The project developed in this chapter had three main goals. The first one was to improve 

the OXNANO-containing chip devices previously developed at Micronit by obtaining 

homogeneous sensor spots, which should lead to an increase of the reproducibility of the 

oxygen measurements. The second was to synthesize and characterize PtTPTBPF (Figure 

93) and investigate if this compound is suitable for oxygen sensing after incorporation into 

a microfluidic device. The final aim was to compare the oxygen sensing abilities of the 

different chips obtained and identify the best sensor for biological assays. 

Figure 97 Photograph of a microscopic image (4x) of a sensor spot produced from a 1 mg/mL 
dispersion of OXNANO in water. 
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3.3. RESULTS AND DISCUSSION 

3.3.1 Synthesis of the Pt(II) Tetrabenzoporphyrin PtTPTBPF 

The synthesis of the fluorinated tetrabenzoporphyrin Pt(II) complex PtTPTBPF was 

performed according to a literature procedure.203 Initially, an exchange reaction between 

zinc acetate (33) and 4-fluorophenylacetic acid (34) in methanol afforded the Zn(II) salt 35 

(Figure 98).  

 

Subsequently, this salt was used as a template to obtain, in a single step, the Zn(II) complex 

of the fluorinated tetrabenzoporphyrin 37 from 4-fluorophenylacetic acid (34) and 

phthalimide (36) (Figure 99). Compounds 34, 35, and 36 were mixed and ground in a 

mortar, transferred to a round bottom flask and melted at 360˚C, forming a dark green slur 

that was allowed to react for 2 hours. After work-up, 37 was obtained as dark green crystals 

in a yield of 7%. 

 

 

Figure 98 Synthetic scheme of the synthesis of the Zn(II) complex 35 from the commercially available 
starting materials zinc acetate (33) and 4-fluorophenylacetic acid (34).  

 

Figure 99 Synthetic scheme for the synthesis of the Zn(II) fluorinated tetrabenzoporphyrin 37 from 
4-fluorophenylacetic acid (34), phthalimide (36), and the Zn(II) salt 35. 



115 
 

The Zn(II) complex 37 was then dissolved in THF and converted into the free fluorinated 

tetrabenzoporphyrin 38 by adding methanesulfonic acid. The product 39 was obtained as 

a dark green powder (Figure 100).  

 

 

 

 

 

 

Platinum(II) coordination was achieved by adding a hot solution of PtCl2 in benzonitrile 

(PhCN) to a solution of 38 in diphenylether (DPE), affording the corresponding Pt(II) 

complex  PtTPTBPF as a sticky green precipitate (Figure 101) via the intermediate complex 

[Pt(PhCN)2Cl2]. 

 

 

 

 

 

 

 

 

Figure 100 Synthetic scheme for the synthesis of the free fluorinated tetrabenzoporphyrin 38 from 
the Zn(II) complex 37. 

Figure 101 Synthesis of the Pt(II) complex PtTPTBPF from the fluorinated tetrabenzoporphyrin 38. 
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3.3.2 Development of Chips Containing OXNANO as Oxygen Sensor 

Spots 

A standard three-layer microfluidic chip from Micronit (Figure 102d) was used to assemble 

the oxygen sensor containing OXNANO nanoparticles. This chip comprised three stacked 

layers, creating two channels in which different solutions can flow. A permeable membrane 

in the middle layer allowed for gas exchange between the channels. A perfluorinated 

elastomer was used as a gasket, ensuring the sealing of the two channels. Oxygen sensor 

spots were created in the bottom layer of the chip.  

The proper position of the sensor spots was ensured by covering the bottom layer with a 

kapton tape containing three spherical cut-outs into which aliquots of the sensor solution 

were added (Figure 102a). The spots were immobilized to the glass surface by blade coating 

the layer with poly(dimethylsiloxane)169,170 (PDMS), the kapton was removed (Figure 102b), 

and the gasket was dispensed on the glass (Figure 102c). 

 

 

 

a) b) 

c) 

d) 

Figure 102 Preparation of oxygen sensor chips. The sensor solution was applied on a simple glass 
bottom layer with Kapton tape stencil glued on it (a). After PDMS coating, the Kapton was removed 
(b) and the gasket was added (c). A standard three-layer microfluidic chip setup was used for the 
final assembly (d). 

Perfluorinated gasket 

Perfluorinated 

gasket 
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As mentioned previously, related oxygen sensor chips containing OXNANO nanoparticles 

were developed at Micronit. The drawbacks of these chips were inhomogeneities in the 

sensor spots (Figure 103a), which prevented quantitative measurements. The reason for 

these inhomogeneities was likely the fact that the spots were created by using an aqueous 

suspension of the nanoparticles. Accordingly, some spots contained more nanoparticles 

than others. 

To address this issue, the use of a homogeneous nanoparticle solution in an organic solvent 

was considered for the preparation of the spots. In this way, the concentration of the 

nanoparticles in the spots could be precisely controlled. Due to the good solubility of 

OXNANO nanoparticles in dichloromethane, this solvent was used to prepare the 

respective solution. 

Different conditions were tested to create uniform sensor spots, at the same time ensuring 

a sufficiently high signal intensity in the presence of oxygen and a marked drop in intensity 

when oxygen was replaced by a nitrogen rich medium. 

The best sensor spots were obtained when 2 μL aliquots of a 10 mg/mL solution of OXNANO 

in dichloromethane were added five times per spot (total of 10 μL) directly on the glass 

bottom layer. Each aliquot was added once the solvent of the previous addition had 

evaporated. Addition of aliquots with larger volumes than 2 μL resulted on an overflow of 

the sensor solution whilst lower volumes did not completely fill the circles in the kapton. 

When more than five additions were applied per spot or a higher concentration of sensor 

solution was used, agglomerates of nanoparticles were formed after solvent evaporation. 

Less than five additions per spot or the use of a sensor solution with a lower concentration 

resulted in sensor spots that did not produce a high enough signal intensity when subjected 

to oxygen. 

Thus prepared OXNANO sensor spots (Figure 103a) featured a homogeneous and smooth 

surface with evenly distributed nanoparticles, which was a substantial improvement with 

respect to the spots obtained by using aqueous nanoparticle suspensions (Figure 103b). 

Also, they produced high signal intensities when in oxygen rich environments, while 

subjecting them to a nitrogen-rich environment caused a significant drop of emission 
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intensity. Various OXNANO chips were made by using this procedure, and all of them had 

comparable characteristics (Figure 103c). 

 

3.3.3 Development of Chips Containing PtTPTBPF as Oxygen Sensor 

Spots 

Chips containing free PtTPTBPF instead of the PtTPTBPF-containing nanoparticles were also 

prepared (Figure 104).  In this case, 5 μL of a solution of the Pt(II) complex in 

dichloromethane was applied to each spot three times (total of 15 μL). Each 5 μL aliquot 

was added once the previous one was dried. The spots were then coated with PDMS and 

cured overnight at 70°C. Different concentrations, amounts and number of additions of the 

sensor solution were tested but only the described procedure afforded a sufficiently high 

signal intensity in the presence of oxygen. These chips turned out to be not suitable for the 

measurements since the spots had no smooth surface and the PtTPTBPF complex was not 

evenly distributed (Figure 104c). In addition, the thus produced sensor spots exhibited no 

change in emission intensity when the oxygen in the medium was replaced by nitrogen. 

a) b) 

 

c) 

Figure 103 OXNANO Sensor. a) Photograph of a microscopic image (4x) of a sensor spot produced 
from a 10 mg/mL sensor solution of OXNANO in dichloromethane. b) Photograph of a microscopic 
image (4x) of a sensor spot produced from a 1 mg/mL dispersion of OXNANO in water. c)  
Photograph of the bottom layer of the three-layer microfluidic chip produced by using the 
nanoparticle solution in dichloromethane, showing the three OXNANO sensor spots. 
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Since the sensing abilities of PtTPTBPF improve when incorporating this compound in a 

polymeric matrix, chips were also prepared by mixing the Pt(II) complex with 

polystyrene,177 PDMS204,205 and Elastosil®E43.206 

For the preparation of the PDMS containing chips, a solution of PDMS and PtTPTBPF in 

dichloromethane was used. This solution was applied to each spot twice in aliquots of 3 μL. 

The second addition was made once the first solution was fully dried. Afterwards, the spots 

were cured overnight at 70°C. The perfluorinated gasket was dispensed on the glass after 

confirmation that the chip was sensitive to the oxygen content of the medium (Figure 105). 

Different conditions were tested but at higher concentrations of the Pt(II) complex the 

solution became difficult to apply, while the signal intensity was not sufficient when the 

concentration was too low. Also, when larger volumes of the solutions were applied to the 

sensor spots, the spots became too thick and easily detached from the bottom layer. 

 

 

Figure 104 Preparation of PtTPTBPF sensor chips. a) The sensor solution was applied to a glass 
bottom layer with Kapton tape stencil glued to it, coated with PDMS fallowed by removal of the 
Kapton. b) Photograph of a glass bottom layer with three PtTPTBPF spots. c) Photograph of a 
microscopic image(4x) of a PtTPTBPF spot. 
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As shown in Figure 105c, the sensor spots became considerably brittle after curing and 

broke easily when the Kapton was removed. This made it difficult to obtain bottom layers 

with suitable sensor spots (Figure 105b). Also, holes were present in the spots due to the 

formation of bubbles during the curing that could affect the flow of the solution in the 

lower channel and potentially produce false intensity readings. Bubble formation could not 

be avoided by using different curing temperatures or times. 

Chips containing the one-component acetoxy-cure silicone rubber Elastosil®E43 were 

prepared in a similar manner by using a solution of E43 and PtTPTBPF in dichloromethane 

for creating the sensor spots. The susceptibility to the oxygen content of the medium was 

confirmed before dispensing the perfluorinated gasket (Figure 106). Again, different 

conditions were tested for the manufacturing of these chips to identify which conditions 

produced spots that were thin enough and at the same time gave a sufficiently intensive 

signal. 

Figure 105 Preparation of PDMS sensor Chips. a) The sensor solution was applied to a glass bottom 
layer with a Kapton tape stencil glued to it, cured at 70°C, followed by removal of the Kapton and 
the addition of the gasket. b) Photograph of a bottom layer of the three-layer microfluidic chip with 
three PtTPTBPF/PDMS sensor spots. c) Photograph of a microscopic image (4x) of a PtTPTBPF/PDMS 
sensor spot. 
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The thus obtained sensor spots also featured holes due to bubble formation during curing 

(Figure 107a). Smooth surface spots were obtained by drying the spots in the fridge (Figure 

107b), but the low temperatures decreased the adhesion of the spots to the bottom layer. 

As a consequence, the spots detached from the glass when they came in contact with the 

test solutions, rendering these conditions unsuitable for chip formation.  

 

a) b) 

Figure 107 Elastosil®E43 sensor Spots. a) Photograph of a microscopic view (4x) from a sensor spot 
dried at room temperature. b) Photograph of a microscopic view (4x) from a sensor spot dried at 
4°C.  

Figure 106 Preparation of Elastosil®E43 sensor Chips. a) The sensor solution was applied on a simple 
glass bottom layer with Kapton tape stencil glued on it, cured at 25°C the Kapton was removed and 
the gasket added. b) Photograph of a bottom layer of the three-layer microfluidic chip with three 
PtTPTBPF/E43 sensor spots. c) Photograph of a microscopic view (4x) from a PtTPTBPF/E43 sensor 
spot. 
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Polystyrene-containing chips were prepared by using a solution of polystyrene and 

PtTPTBPF in chloroform. This solution was applied to each spot twice and the spots were 

allowed to dry at room temperature (Figure 108). The resulting thin green polystyrene 

spots stuck to the Kapton and therefore detached from the bottom layer upon removal of 

the kapton. No conditions could be identified that allowed creating spots that adhered to 

the glass. 

 

This issue was addressed by using Norland Optical Adhesive 61 (NOA 61), a clear, 

colourless, liquid photopolymer that cured when exposed to ultraviolet light to improve 

the adhesion of the polystyrene film on the glass layer.  Accordingly, a solution of NOA 61 

was first applied to the glass, followed by two additions of the polystyrene/PtTPTBPF 

solution in chloroform. The solvent was allowed to evaporate at room temperature and 

the spots were exposed for 90 s to UV light (λ = 254 nm) (Figure 109).  

Unfortunately, bubble formation occurred in some cases during the exposure to UV light 

(Figure 109c), independently of the exposure time, the amount of glue used, or the amount 

of polystyrene in the second solution. Nevertheless, the sensor spots remained glued to 

the bottom layers after removal of the Kapton and were responsive when the oxygen 

content of the medium changed, so the gasket could be dispensed. 

 

Figure 108 First attempt to prepare polystyrene-containing sensor spots. a) The sensor solution was 
applied to a glass bottom layer with Kapton tape stencil glued to it, dried at 25°C, followed by 
removal of the Kapton. b) Photograph of a microscopic image (4x) of a PtTPTBPF/polystyrene spot 
stuck to the Kapton. 
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At this point, three types of chips containing PtTPTBPF incorporated in a polymeric matrix 

in addition to a chip containing Pt(II) complex immobilized within OXNANO nanoparticles 

were available. Of each type, six chips had been prepared. All of these chips produced high 

signal intensities, displayed a considerable drop in the detected emission signal when the 

sensor was submitted to a nitrogen rich medium, and featured thin and homogeneous 

sensor spots. 

3.3.4 Validation of the Microfluidic Devices 

Oxygen sensing studies were performed with the different chips to evaluate their 

responsiveness to the presence of oxygen in the medium, to ensure the replicability of 

results obtained for different chips, and to determine which type of chip would be best for 

cell studies. Experiments were executed using the setup depicted in Figure 110. Contactless 

sensing was achieved by using a fibre optics system to excite (λ = 620 nm) the Pt(II) complex 

in the spots and collect the emitted light (λ = 760 nm) through the glass top layer. The 

Figure 109 Second attempt of the preparation of polystyrene chips. a) NOA61 was first applied to a 
glass bottom layer with Kapton tape stencil glued to it followed by the addition of the sensor 
solution. The spots were dried at 25°C, submitted to UV light (λ = 254 nm), the Kapton was removed, 
and the gasket added. b) Photograph of a bottom layer of the three-layer microfluidic chip with 
three PtTPTBPF/polystyrene sensor spots. c) Photograph of a microscopic image (4x) of a 
PtTPTBPF/polystyrene sensor spot. 
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phase-shift of the excitation and emission wavelengths was measured by the oxygen meter 

and converted by using the Stern-Vollmer relationship. 

 

The results obtained directly from the oxygen meter were depicted as hypothetical oxygen 

measurements (raw value) versus time (t/s) graphs (Figure 111 top). In order to obtain 

reliable quantitative readings, a calibration of the chips was required, after which the thus 

obtained results were depicted as oxygen partial pressure (pO2/hPa) versus time (t/s) 

graphs (Figure 111 bottom). 

Each chip was calibrated by performing a two-point calibration for both O2 saturated 

(dphi100) and anoxic (dphi0) conditions. In this context, care was taken that the calibration 

was comparable for sensor spots in the same chip and for chips of the same type. If a chip 

exhibited substantial variations in the phase shift values of the sensor spots, or if the 

average dphi value was considerably different from the values of other chips of the same 

type, the readings obtained with this chip were considered unreliable. 

Figure 110 Experimental setup for the Microfluidic device. Pumps (A) ensure proper liquid flow rates 
from the syringes through the chip (B) until the falcon tubes (C). Connected to the FireStingO2 oxygen 
meter (D) there are fibre optics (black cables) for contactless sensing and a temperature sensor (white 
cable). 

(A) 

(B) 

(C) 

(D) 
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The calibration was made by using a three-layer microfluidic chip setup with a glass cover 

slip instead of a porous membrane as a middle layer to ensure that no oxygen transfer 

between the two channels occurred. Air saturated water was pumped through the lower 

channel to determine the dphi100 values of each sensor spot while pure gaseous nitrogen 

was used for the dphi0 values. The average phase shift values for each chip type are 

depicted in Table 1. Considering that increasing oxygen levels correspond to decreasing 

dphi values and that, according to the results of previous experiments, anoxic conditions 

give a dphi0 of around 53 whereby ambient conditions give a dphi100 of about 20, the 

obtained values were well in accordance with the expected ones. 

Figure 111 Example of the graphs obtained from the oxygen meter readings before (top) and after 
(bottom) calibration.  
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Table 1 Average Phase Shift Values for Oxygen Saturated (dphi100) and Anoxic (dphi0) Conditions of 
the Different Sensor Chip Types. 

 OXNANO chip PDMS chip E43 chip Polystyrene chip 

dphi100 24.3 ± 0.2 23.5 ± 0.2 23.2 ± 0.2 22.4 ± 0.3 

dphi0 52.3 ± 0.2 53.3 ± 0.2 53.6 ± 0.2 53.4 ± 0.2 

Valid chips 6/6 4/6 4/6 5/6 

 

Some of the chips with PtTPTBPF incorporated into a polymeric matrix had to be discarded 

because their sensor spots afforded phase shift values widely different from the expected 

ones. The respective chips mainly featured sensor spots with a large number of visible holes 

due to bubble formation during the preparation. 

The validation of the calibration of the remaining chips was then performed by flowing a 

mix of air-saturated water (100% O2 saturation) and de-oxygenated water (0% O2 

saturation) through the lower channel of the three-layer microfluidic chip to afford five 

oxygen content standards (0%, 25%, 50%, 75% and 100% O2 saturation) according to the 

flow rate of the two solutions. The response of the sensor spots in the chips to the 

increasing amount of oxygen was recorded and the oxygen content of the solution was 

only increased once a constant value of the signal was achieved (Figure 112a, blue and 

green graphs). The obtained pO2 values were averaged for the three sensor spots in each 

chip and the results plotted against the O2 content of the solution (Figure 112b). 

This step was important to confirm that the dphi values found for each sensor spot of a 

certain chip during the calibration were the correct ones, thus allowing for reliable oxygen 

content measurements by the oxygen meter. If the relationship between the obtained pO2 

values for a certain sensor spot and the O2 content in solution was not linear (Figure 112a, 

red spectrum), a new calibration of the chip was performed followed by a new validation. 

If a linear relationship could not be achieved, the chip in question was discarded. All the 

chips considered valid in Table 1 were confirmed to be properly calibrated according to the 

validation. 
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Figure 112 Validation of Calibration. a) Evolution of the pO2 values of an OXNANO-containing chip 
with sensor spots that allowed proper calibration (blue and green graphs) and with spots that 
afforded unsuitable readings (red graph) when using different oxygen standards. 0% air saturation 
(from 0-5 min): flow of de-oxygenated water; air saturations of 25% (5-10 min), 50% (10-15 min), 
75% (15-20 min): mixture of flows of de-oxygenated water and air saturated water; 100% (20-25 
min) air saturation: flow of air saturated water. b) Plot of the averaged pO2 values obtained for the 
three spots of the four chip types against O2 content of the solution. 

a) 

b) 

y = 1,5853x + 16,398 

R² = 0,989 

 

y = 1,6162x + 24,142 
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y = 1,7625x + 39,427 
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y = 1,7831x + 27,572 

R² = 0,994 
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As can be observed in Figure 112b, all chip types were responsive to the increase of oxygen 

in a linear manner, indicating that the chips could be used as functional oxygen sensors. 

The positive pO2 values at 0% O2 saturation likely indicates that the 0% oxygen standard 

was not completely de-oxygenated or/and some re-oxygenation occurred while the water 

flowed through the chip. Although all chip types thus allowed for O2 quantification, the 

time required to reach a constant signal in the pO2 measurements was considerably 

different between the different types of chips.  

When the O2 saturated water flowing through the lower channel of the chips was replaced 

by de-oxygenated water, the OXNANO-containing sensor spots responded to the drop of 

O2 within 2 minutes whilst the PDMS and the polystyrene-containing chips required fifteen 

minutes to reach a steady state and the E43-containing chips even twenty-five minutes 

(Figure 113). 

 

 
Figure 113 Time-dependent changes of the pO2 values of the four different chip types after reducing 
the O2 content of the water from 100% to 0% O2. 
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Based on the obtained results, the OXNANO-containing chips were considered the most 

suitable oxygen sensors, not only because of their fast and linear response to changes in 

the O2 content of the water, but also because of their facile preparation. Therefore, the 

chips containing PtTPTBPF incorporated in a polymeric matrix were not considered further 

and the following experiments focused on the OXNANO-containing chips. 

3.3.5 Oxygen Sensing Studies Using Microfluidic Chip Devices 

Containing OXNANO 

Experiments to assess the efficiency of the OXNANO-containing chips as oxygen sensors 

were carried out in the same microfluidic device as before, but by now using a three-layer 

setup with a porous membrane in the middle layer that allowed for gas exchange between 

the two channels (Figure 114). Considering the direction of the flow inside the chip, the pO2 

values measured for each sensor spot now varied. The readings from the first spot (inlet) 

provided information about the oxygen content of the initial solution, the ones from the 

second spot, at the membrane level, reflected the effect of the medium in the upper 

channel on the O2 content of the solution in the lower channel, and the results obtained 

for the third spot (outlet) showed the final outcome of this effect (Figure 114). 

 

SYRINGE
PUMPS 

inlet 
membrane 

outlet 

FALCON 
TUBES 

Figure 114 Representation of the flow direction in the microfluidic device from the syringe pumps to 
the inlet, the spots, the outlets, and further to the falcon tubes. 
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Two methods were used to evaluate the O2/N2 exchange through the porous membrane 

in the middle layer. The first one involved passing O2 saturated water through the lower 

channel of the chip and gaseous nitrogen through the upper one. The passage of oxygen 

across the membrane into the upper channel was expected to cause a decrease of the pO2 

values at the second sensor spot and an even more pronounced effect at the third one. 

As depicted in Figure 115, these results were indeed observed, with a constant pO2 value 

at the inlet, a significant drop at the second sensor spot, and an even larger drop of the 

pO2 value at the third spot.  

In the second type of experiment, the oxygenation of de-oxygenated water was studied by 

passing de-oxygenated water through the lower channel and atmospheric air through the 

top channel. In this case, an increase of pO2 values at the middle and outlet spots was 

expected. 

Figure 115 pO2 values at the three sensor spots when air saturated water was flowing at 200 μL/min 
through the lower channel and gaseous nitrogen through the upper one. 

Flow of N2 
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Unexpectedly, even though the measured pO2 values at the outlet were indeed around 20 

hPa higher than the ones at the inlet, the pO2 values at the second sensor spot were not 

that different from the ones at the inlet (Figure 116). 

To try understand this phenomenon, the experiment was performed at different flow rates. 

The charts in Figure 117 summarize the pO2 values measured at the three sensor spots for 

different flow rates once the respective signals were stable (steady-state). 

An overall decrease of the pO2 values with increasing flow rate was observed. The 

difference between the readings at the inlet and the membrane furthermore increased 

with the decrease of the flow rate. Also, for lower flow rates, the difference of the pO2 

values between the three sensor spots was much more noticeable, with the pO2 values at 

the outlet and the membrane being a lot higher than the ones at the inlet (Figure 117).  

 

 

Figure 116 pO2 values at the three sensor spots when de-oxygenated water was flowing at a rate of 
200 μL/min through the lower channel while the upper channel was exposed to air. 
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This result was consistent with the idea that when the flow rate was increased, the de-

oxygenated water was exposed to atmospheric air for a shorter period of time, leaving less 

time for the oxygen to diffuse into the solution so that the pO2 value at the inlet is low. 

However, a too high flow rate also diminishes the time available for the oxygen to exchange 

at the membrane, leading to small pO2 values at the two other spots. The larger pO2 values 

obtained at these spots for lower flow rates reflect the more efficient O2 exchange at the 

membrane. 

These O2/N2 exchange experiments were conducted with the six available OXNANO chips, 

and all of them afforded similar results. The good reproducibility and sensitivity of these 

chips therefore allowed evaluating their performance in biological assays. 

 

Figure 117 pO2 values from the three sensor spots when de-oxygenate water flowed at different 
rates through the lower channel.  
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3.3.6 Measurement of the Oxygen Consumption of Cells by Using 

Microfluidic Chip Devices Containing OXNANO 

Due to their promising oxygen sensing abilities, the OXNANO-containing chips were used 

in biological assays to detect the oxygen consumption of cells in their biological 

environment. Before the cell experiments, the chips were calibrated at 37 °C in an 

incubator. A polystyrene cover slip was used in this case instead of a porous membrane to 

prevent the oxygen transfer through the middle layer. Validation of the calibration was also 

made at 37 °C in an incubator. 

The oxygen consumption experiments were conducted by using the setup depicted in 

Figure 118 and by using a three-layer chip in which HUVEC cells were seeded in the 

membrane of the middle layer facing the lower channel. The cell medium was passed 

through the lower channel and PBS through the upper channel. The experiments were 

performed by using membranes seeded with 100’000 and 200’000 cells/cm2. 

Unfortunately, no reliable results were obtained from the experiments with 100’000 

cells/cm2, which is why only the results obtained for the other cell concentration will be 

discussed below. 

a) 

b) 

Figure 118 Experimental setup for the microfluidic device for the cell experiments. The device was 
assembled in an incubator thermostatted to 37 °C. Pumps ensured a constant flow rate from the 
syringes to the chip in the holder (a) until the falcon tubes (b). A FireStingO2 device connected to 
the chip via fibre optics (black cables) allowed the contactless O2 sensing. A temperature sensor 
(white cable) was used to monitor the temperature. 
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During the experiment, the flow of both PBS and cell medium were kept at a rate of 

13 μL/min until the measured pO2 values reached constant values. Once this steady state 

was reached, the flow was stopped. While the flow was on, there was constant 

replacement of the medium in the chip but once the flow stopped, the medium was not 

renewed anymore and so the cells were expected to drain the oxygen from the medium 

present in the lower channel. Accordingly, the pO2 values measured at the centre sensor 

spot should drop.  

Figure 119 shows that, as expected, the oxygen partial pressure decreased substantially 

after the flow was stopped. Moreover, turning on the flow caused the pO2 values to 

increase again, demonstrating that the cells remained viable and the results reproducible 

throughout the experiment. 

 

To confirm that the observed decrease of the pO2 values was indeed due to oxygen 

consumption by the cells, the same experiment was performed with no cells present in the 

Figure 119 pO2 values measured at the centre sensor spot of the microfluidic chip device. When cell 
medium flowed at 13 μL/min the pO2 values were constant. After stopping the flow, the values 
dropped due to the consumption of O2 by the HUVEC cells. Restarting the flow caused the pO2 level 
to increase to its original value. 
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membrane. In this case, no significant changes of the determined pO2 value were observed, 

indicating that stopping and restarting the flow had no effect on the readout and that the 

60 hPa drop of the pO2 value when cells were present was indeed caused by their oxygen 

consumption (Figure 120). 

 

Figure 120 Top: pO2 values at the centre sensor spot of the microfluidic chip device when air 
saturated water flowed at 13 μL/min in both channels. After stopping the flow, the pO2 values at 
the membrane were stable. Bottom: pO2 values at the centre sensor spot at different flow rates. The 
pO2 values were obtained by averaging the values when the signal was stable (in steady state). 
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3.4. CONCLUDING REMARKS 

The tetrabenzoporphyrin-derived Pt(II) complex PtTPTBPF was successfully synthesized 

and characterized. Microfluidic devices were prepared containing PtTPTBPF incorporated 

in different matrices and their oxygen sensing capabilities evaluated. 

The obtained chips were substantially better than the ones previously developed at 

Micronit because of the homogeneous distribution of the Pt(II) complex within the sensor 

spots. Of the polymetric matrices tested, OXNANO nanoparticles proved to be the best. 

The respective chips were easy to fabricate, had thin sensor spots, and exhibited high 

oxygen sensitivity. The reproducibility of the measurements was satisfactory and different 

chips afforded comparable results.  

These chips could be used in a biological assay to measure the oxygen consumption of 

HUVEC cells. A sensitive and fast response to the drop of the oxygen level in the cell 

medium was observed when the cells were present, confirming that the developed 

microfluidic chips can be viewed as a new “biosensor-on-a-chip” device.  
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4. Conclusion and Outlook
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In one project of this thesis, cyclopeptide derived hollow coordination compounds were 

obtained through Pd(II)-directed self-assembly. Specifically, the treatment of the pyridine 

containing cyclopeptides CP1 and CP2 with [Pd(en)(NO3)2] afforded the metallamacrocycle 

CP12Pd2 and the cage CP22Pd3. These products were characterized by means of NMR 

spectroscopy and mass spectrometry. The reaction between CP1 and [Pd(CH3CN)4](BF4)2] 

afforded, according to ESI-MS and NMR measurements, a complex with the composition 

CP16Pd3 and the smaller cage CP14Pd2. The calculated structures of the three coordination 

complexes are shown in Figure 121.  

Binding studies indicated that CP12Pd2 incorporated different dicarboxylates, sodium 1,3-

benzenedisulfonate (BDS), and sodium 2,6-naphthalenedisulfonate (NDS) into its cavity. In 

the case of BDS a 1:1 complex was formed that had a log Ka of 4.8 ± 0.2 in D2O/CD3OD, 1:1 

(v/v). In the case of NDS, binding was slow on the NMR time-scale and involved the binding 

of two guest molecules as confirmed by a crystal structure of the complex. 

Based on these first examples of Pd(II)-containing cyclopeptide-derived coordination 

compounds, future work should focus on the design of molecular architectures that can, 

for example, be used as receptors for biorelevant guests. 

In the second project, efforts were made at creating luminescent cyclopeptide-derived 

Pt(II) complexes by coordinating CP1 or CP2 to suitable Pt(II)-containing precursors. The 

coordination of both peptides to a known Pt(II) complex afforded insoluble products that 

could not be characterized further. To circumvent these solubility issues, the synthesis of 

the analogous cyclopeptide complexes containing more polar ligands was attempted. 

Figure 121 a) Calculated structure of CP12Pd2 (a), CP22Pd3 (b), and CP16Pd3 (c). All calculations were 
performed at the semi-empirical PM6 level as implemented in Spartan 18, Wavefunction Inc. 
Hydrogen atoms are omitted for clarity. 

   
a) b) c) 
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Although mass spectrometry provided evidence for the formation of the target complexes 

PtDeg-CP1 and PtDeg-CP2 (Figure 122) in the crude reaction mixtures, the products could 

not be isolated in pure form. The impure samples of PtDeg-CP1 and PtDeg-CP2 both 

exhibited orange emission. 

 

Further work is necessary to improve the preparation of such complexes. Only then can 

the characterization of their photophysical properties and self-assembling behavior be 

addressed. 

In the third project of this thesis, microfluidic devices containing the Pt(II) complex 

PtTPTBPF incorporated in different polymeric matrices were prepared and their oxygen 

sensing abilities characterized. It was shown that chips containing the Pt(II) complex 

incorporated into OXNANO nanoparticles were highly sensitive to oxygen, easy to 

fabricate, and allowed reliable oxygen quantification. Chips made by using other polymeric 

matrices such as PDMS, Elastosil®E43 or polystyrene were less suitable for the 

measurements.  The OXNANO-containing chips furthermore allowed measuring the oxygen 

consumption of HUVEC cells in a biological assay even in repeated measurements. Future 

studies should now involve using these chips for monitoring in real time small scale 

biological processes. 

a) b) 

Figure 122 Structures of the target complexes PtDeg-CP1 (a) and PtDeg-CP2 (b).  
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5. Experimental Procedures
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5.1. Metal Directed Self–Assembly of Cyclopeptide–

Containing Macrocycles and Cages  

5.1.1 Synthetic Procedures 

General details. All chemicals used in the synthesis, purification, and product analyses 

were commercially available and used without further purification except for 6N HCl in 1,4-

dioxane. To afford this solution, HCl was bubbled through dry 1,4-dioxane under stirring 

and cooling with an ice bath. The concentration of the solution was then checked by 

titration with 1M aqueous NaOH and phenolphthalein as an indicator. Reaction control was 

conducted by using thin layer chromatography: Kieselgel 60 F254/Kieselgel 60G Merck TLC 

plates. Analyses were carried out as follows: NMR: Bruker AVANCE III 400, Bruker AVANCE 

600, peak assignments were confirmed by using H,H-COSY, H,H-NOESY, HMQC and HMBC 

spectra; spectra were referenced to the residual solvent signals (acetonitrile-d3: δH = 1.94 

ppm, δC = 118.26 ppm, chloroform-d1: δH = 7.26 ppm, δC = 77.16 ppm, DMSO-d6: δH = 2.50 

ppm, δC = 39.5 ppm, DMF-d7: δH = 8.03 ppm, δC = 163.15 ppm, Methanol-d4: δH = 3.31 ppm, 

δC = 49.00 ppm)207; MALDI-TOF-MS: BrukerUltraflex TOF/TOF; ESI-MS:  AmaZonETD, Bruker 

Daltonics and Orbitrap XL, Thermo Fisher Scientific; elemental analysis: Elementar vario 

Micro Tube. The following abbreviations are used: ABA, 3-aminobenzoic acid; BDS, 1,3- 

benzenedisulfonate; NDS, 2,6-naphthalenedisulfonate; Pro, L-proline; Py, pyridyl; Bu, n-

butyl; Bn, benzyl; Ph, phenyl. 

DOSY NMR Spectroscopy. The DOSY NMR measurements were performed by using a Bruker 

Avance III HD 400 spectrometer with a superconducting magnet (Bruker Ascend 400) and 

a magnetic field strength of 9.4 T, corresponding to a proton Larmor frequency of 400.25 

MHz. The spectrometer was equipped with a probe head with cryogenically cooled 

electronics (CryoProbe Prodigy, Bruker Biospin, Germany). The temperature control was 

calibrated with a platinum resistance thermometer (Pt-100, uncertainty estimated to be 

±0.15 K) which itself was previously calibrated using a certified standard. Measurements 

were conducted at a constant temperature of 298 K. The used pulse sequence consisted 
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of a stimulated echo with bipolar gradients and one spoil gradient as implemented in the 

spectrometer’s software (Bruker TopSpin 3.2, pulse sequence: stebpgp1s). The diffusion 

measurements were calibrated by using water. The parameters of the measurements 

(gradient pulse length δ, number of scans, diffusion transients) were varied in order to fit 

the respective sample and to produce similar signal-to-noise ratios. The diffusion time big 

delta (Δ) was kept at 50.0 ms. The DOSY NMR spectra were processed with DOSY Toolbox, 

University of Manchester.208 The diffusion coefficients were calculated by using the Stokes-

Einstein equation D = k T / 6 π η rH, where k is the Boltzmann constant, T the temperature 

(298 K), η the viscosity of the solvent, D the diffusion coefficient, and rH the hydrodynamic 

radius, assuming a hard spherical shape and infinite dilution. The hydrodynamic diameter 

dH is thus 2 rH. The viscosity η of CD3OD/D2O, 1:1 (v/v) was estimated to amount to 0.00173 

N s m–2 by using a procedure described in the literature.209,210 For DMSO-d6, a viscosity of 

0.00219 N s m–2 was used.211 Note that the structures measured may deviate considerably 

from the spherical shape that was assumed in the estimation of the hydrodynamic 

diameter.212 

General Procedure for the cleavage of Boc groups . A solution of the carbamate in 

1,4-dioxane (20 mL/mmol) was cooled with an ice bath and a 6 N solution of HCl in 1,4-

dioxane (40 mL/mmol) was added dropwise. The reaction mixture was stirred for 2 h at 

25 °C, followed by evaporation of the solvent in vacuum. The sticky resin was triturated 

with diethyl ether (40 mL/mmol), the resulting suspension was stirred for additional 2.5 h, 

and the product was filtered off and dried in vacuum. 

General Procedure for the cleavage of butyl esters.  The ester was dissolved in 1,4-

dioxane (20 mL/mmol). Water (20 mL/mmol) and a 1 M solution of sodium hydroxide in 

water (5 mL/mmol) were added and the reaction mixture was stirred for 2.5 h at 25 °C. 

After evaporation of the 1,4-dioxane, the pH value of the aqueous layer was adjusted with 

saturated aqueous potassium bisulfate to pH 6.4 and the resulting solution was extracted 

three times with chloroform. The combined organic layers were washed with water and 

dried over MgSO4. After evaporation of the solvent, the residue was dried in vacuum. 

General procedure for the hydrogenation of benzyl esters. To a solution of the ester 

in 1,4-dioxane/water, 9:1 (v/v) (60 mL/mmol), 10% Pd/C (15 mass%, suspended in 2 mL of 
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water) was added. The reaction mixture was hydrogenated at atmospheric pressure for 6 

d at 25 °C. Subsequently, the catalyst was filtered off through a layer of Celite and washed 

with 1,4-dioxane/water, 9:1 (v/v). The solvent was evaporated and the sticky residue was 

treated with ethyl acetate. After evaporation of the solvent, the product was dried in 

vacuum. 

Synthesis of the cyclopeptides. The synthetic procedures described were based on 

previous work executed in the Kubik group.102,109 Alterations were made in the cyclization 

reaction conditions and the work-up of the cyclized products to obtain higher yields. All 

intermediate products were characterized by NMR spectroscopy and/or MALDI-TOF-MS by 

comparison with the published results. The final products were fully characterized to 

confirm structure and purity. 

 

 

 

 

Butyl-3-amino-5-bromobenzoate (2). Concentrated H2SO4 (6 mL) was added dropwise 

to a suspension of 3-amino-5-bromobenzoic acid (10 g, 46.3 mmol) in n-butanol (60 mL) at 

room temperature. The mixture was stirred for 3 days and then filtered. A saturated 

solution of sodium bicarbonate was added to the filtrate until the pH of the solution 

reached 8.  Afterward, the resulting solution was extracted three times with CH2Cl2. The 

combined organic layers were dried over MgSO4, filtered, the solvent was evaporated and 

the resulting product was dried under vacuum. Yield: 9.35 g (34,4 mmol, 74%). 1H NMR 

(400 MHz, CDCl3): δ=7.51 (t, 1H, 4J=1.6 Hz, H6), 7.26-7.25 (m, 1H, H2), 6.98 (t, 1H, 4J=2.0 

Hz, H4), 4.28 (t, 2H, 3J=6.6 Hz, BuH(8)), 3.87 (bs, 2H, NH2), 1.76-1.69 (m, 2H, BuH(9)), 1.50-

1.41 (m, 2H, BuH(10)), 0.97 (t, 3H, 3J=7.4 Hz, BuCH3) ppm. 13C NMR (101 MHz, CDCl3): δ= 

165.73 (C7), 147.90 (C3), 133.12 (C1), 122.99 (C5), 122.35(C6), 121.69(C4), 114.70 (C2), 

65.30 (C8), 30.84 (C9), 19.37 (C10), 13.89 (C11) ppm. 
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Boc-Pro-(5-Br-ABA)-OBu (4). Boc-L-Proline (6.81 g, 31.7 mmol) and butyl-3-amino-5-

bromobenzoate (7.18 g, 26.4 mmol) were dissolved in CH2Cl2 (507 mL). DIPEA (12.62 g, 

97.7 mmol) and PyCloP (11.4 g, 26.4 mmol) were added at room temperature and the 

reaction mixture was stirred for 24 hours. Afterwards, the solvent was evaporated, and the 

residue was purified by column chromatography on silica gel (eluent: EtOAc/n-hexane, 1:1 

(v/v)) to afford a sticky resin. The resin was triturated with n-hexane and the solid thus 

formed was filtered off and dried in vacuum. Yield: 11.2 g (24.3 mmol, 92%). 1H NMR (400 

MHz, CDCl3): δ=9.82 (bs, 1H, NH), 8.16 (s, 2H, (ABAH(2)+ABAH(6)), 7.85 (s, 1H, ABAH(4)), 

4.49-4.44 (m, 1H,ProH(α)), 4.31 (t, 2H, 3J=6.2 Hz, BuH(8)), 3.43-3.35 (m, 2H, ProH(δ)), 2.56-

2.46 (m, 1H, ProH(β)), 1.98-1.88 (m, 2H, ProH(β)+ProH(γ)), 1.77-1.70 (m, 1H, ProH(γ)), 1.62-

1.59 (m, 2H, BuH(9)), 1.50 (s, 9H, BocCH3), 1.48-1.43 (m, 2H, BuH(10)),  0.97 (t, 3H, 3J=7.6 

Hz, BuCH3) ppm. MS (MALDI-TOF): m/z (%)=369.0 [M-Boc+H]+, 491.1 [M+Na]+, 507.1 

[M+K]+. 

 

 

 

 

 

Boc-Pro-(5-(Pyr-4-yl)-ABA)-OBu (5). A flask containing Boc-Pro-(5-Br-ABA)-OBu (11.2 

g, 24.05 mmol), Pd2(dba)3 (0.22 g, 0.239 mmol), X-Phos (0.45 g, 0.943 mmol), pyridin-4-

ylboronic acid (4.64 g, 37,75 mmol), and K3PO4 (10.22 g, 48.00 mmol) was evacuated and 

back-filled with nitrogen gas three times. Degassed n-butanol was added, and the reaction 

mixture was stirred for 24 hours at 80 °C. The suspension was filtered, and the filter cake 

was washed with CH2Cl2. The filtrate was evaporated, and the remaining residue was 

 δ 

 γ 

 β 

 α 

 δ 

 γ 

 β 

 α 
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purified chromatographically on silica gel (eluent: EtOAc). The sticky resin collected after 

evaporation of the product fractions was triturated with diethyl ether/n-hexane, 1:1 (v/v). 

Afterwards, the solvent was evaporated, and product was dried under vacuum. Yield: 7.91 

g (16.92 mmol, 70%). 1H NMR (400 MHz, CDCl3): δ=9.94 (bs, 1H, NH), 8.69-8.68 (m, 2H, 

(PyH(3’)), 8.25 (s, 1H, ABAH(2)), 8.02 (s, 1H, ABAH(6)), 7.97 (s, 1H, ABAH(4)), 7.54-7.53 (m, 

2H, PyH(2’)), 4.57-4.53 (m, 1H,ProH(α)), 4.35 (t, 2H, 3J=6.7 Hz, BuH(8)), 3.52-3.42 (m, 2H, 

ProH(δ)), 2.55-2.48 (m, 1H, ProH(β)), 2.09-1.96 (m, 2H, ProH(β)+ProH(γ)), 1.80-1.74 (m, 3H, 

ProH(γ)+BuH(9)), 1.54 (s, 9H, BocCH3), 1.52-1.44 (m, 2H, BuH(10)),  1.00 (t, 3H, 3J=7.6 Hz, 

BuCH3) ppm. 13C NMR (101 MHz, CDCl3): δ= 176.82 (HNC=O), 165.94 (C7), 157.73 (BocC=O), 

150.44 (PyC(3’)), 147.21 (PyC(1’)), 139.63 (C3), 139.10 (C5), 135.38 (C1), 132.09 (C4/6), 

121.78 (PyC(2’)), 120.78 (C2), 81.29 (BocOC(CH3)3), 77.36 (Cα), 65.38 (C8), 47.47 (Cδ), 

31.73 (C9), 30.86 (Cβ), 28.56 (Boc(CH3)3), 19.39 (Cδ), 14.27 (C10), 13.93 (C11) ppm.  MS 

(MALDI-TOF): m/z (%)=368.1 [M-Boc+H]+, 468.2 [M+H]+, 490.2 [M+Na]+. 

 

 

 

 

 

 

 

Boc-Pro-(5-Pyr-4-yl)-ABA)-OBn (7). Boc-Pro-(5-Pyr-4-yl)-ABA)-OBu was saponified at 

the carboxylic acid group according to the general procedure. To a suspension of the thus 

obtained acid (3.3 g, 8 mmol) in CH2Cl2 (165 mL), benzyl alcohol (2.75 mL, 26.4 mmol), 

DIPEA (4.65g, 36 mmol), and TBTU (3.85 g, 12 mmol) were added, and the reaction mixture 

was stirred for 2 days at room temperature. Afterwards, the solvent was evaporated, the 

residue dissolved in EtOAc (200 mL), and the solution was washed with 5% aqueous Na2CO3 

and water. The organic layer was dried over MgSO4 and concentrated under reduced 

pressure. The purification of the residue by column chromatography (eluent: EtOAc) 

afforded the product as a sticky resin that was subsequently triturated with diethyl 

ether/hexane, 1:1 (v/v). After evaporation of the solvent and drying of the residue in 

 δ 

 γ 

 β 

 α 
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vacuum, a colourless powdery solid was obtained. Yield: 3.01 g (6.00 mmol, 75%). 1H NMR 

(400 MHz, CDCl3): δ=10.11 (s, 1H, NH), 8.69-8.68 (m, 2H, PyH(3’)), 8.31 (s, 1H, ABAH(2)), 

8.11 (s, 1H, ABAH(6)), 7.95 (s, 1H, ABAH(4)), 7.86-7.85 (m, 2H, PyH(2’)), 7.45-7.35 (m, 5H, 

BnH(Ph)), 5.39-5.30 (m, 2H, BnCH2), 4.56-4.52 (m, 1H, ProH(α)), 3.54-3.38 (m, 2H, ProH(δ)), 

2.46-2.41 (m, 1H, ProH(β)), 2.04-1.95 (m, 3H, ProH(β)+ProH(γ)), 1.48 (s, 9H, BocCH3) ppm. 

MS (MALDI-TOF): m/z (%)=502.3 [M+H]+, 524.3 [M+Na]+, 540.3 [M+K]+. 

 

 

 

 

 

 

Boc-[Pro-(5-Pyr-4-yl)-ABA)]2-OBn (9). Boc-Pro-(5-Pyr-4-yl)-ABA)-OBu was 

deprotected at the carboxylic acid group according to the general procedure. An equivalent 

amount of Boc-Pro-(5-Pyr-4-yl)-ABA)-OBn was deprotected at the amino group according 

to the general procedure. Boc-Pro-(5-Pyr-4-yl)-ABA)-OH (1,65 g, 4 mmol) and H-Pro-(5-Pyr-

4-yl)-ABA)-OBn · 2HCl (1,92 g, 4 mmol) were suspended in CH2Cl2 (200 mL). DIPEA (2,32 g, 

18 mmol) and PyCloP (2,24 g, 0,52 mmol) were added at room temperature and the 

reaction mixture was stirred for 24 hours. Afterwards, the solvent was evaporated, the 

residue was purified by column chromatography (eluent: CH2Cl2/MeOH 10:1 (v/v)) and the 

solvent was evaporated. Next, the residue was triturated with n-hexane, the solvent was 

evaporated, and the product was dried in vacuum. Yield: 2.73 g (3.40 mmol, 85%). MS 

(MALDI-TOF): m/z (%)=695.4 [M-Boc+H]+, 795.4 [M+H]+, 817.4 [M+Na]+. 
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cyclo[Pro-(5-Pyr-4-yl)-ABA)]2 (CP1). Boc-[Pro-(5-Pyr-4-yl)-ABA)]2-OBn was first 

hydrogenated and then deprotected at the amino group according to the general 

procedures. The fully deprotected tetrapeptide H-[Pro-(5-Pyr-4-yl)-ABA)]2-OH (0.71 g, 1.00 

mmol) was dissolved in DMF (280 mL) and DIPEA (2.23 mL, 13.00 mmol). This solution was 

added to a solution of TBTU (1,6 g, 5 mmol) and DIPEA (1,54 mL, 9 mmol) in DMF (120 mL) 

over the course of 4 hours at 80 ˚C. If necessary, the pH of the mixture was adjusted to 9 

by adding more DIPEA. After the addition was complete, the reaction was left stirring for 

2h at 80 ˚C. The solvent was then evaporated, and the residue purified by flash 

chromatography (eluent: CH2Cl2/MeOH 10:1, 5:1, 1:1 (v/v)). The residue collected after 

evaporation of the product fractions was triturated with hot EtOH (5 mL). The crude 

product was filtered off and washed with EtOH and diethyl ether. Pure product was 

obtained as a white solid by crystallization from DMF at room temperature and dried in 

vacuum at 80 °C. Yield: 0.12 g (0.20 mmol, 20%). 1H NMR (400 MHz, DMSO-d6): δ 9.55 (s, 

2H, NH), 8.65-8.64 (m, 4H, PyH(3')),  8.12 (s, 2H, ABAH(2)), 7.64-7.62 (m, 4H, PyH(2')), 7.49 

(t, 2H, 4J=1.4Hz, ABAH(6)), 7.15 (s, 2H, ABAH(4)), 4.05 (dd, 2H, 3Jax,eq = 2.5 Hz, 3Jax,ax = 8.4 

Hz, ProH(α)), 3.66-3.63 (m, 4H, ProH(δ)), 2.25-2.17 (m, 2H, ProH(β)), 2.01-1.92 (m, 6H, 

ProH(β)+H(γ)) ppm. 13C NMR (101 MHz, DMSO-d6) δ 171.9 (ProCO), 168.8 (ABACO), 150.4 

(PyC(3')), 146.0 (PyC(1’)), 139.3 (ABAC(1/3)), 139.0 (ABAC(1/3)), 138.1 (ABAC(5)), 121.1 

(PyC(2')), 119.2 (ABAC(6)), 117.7 (ABAC(2)), 117.4 (ABAC(4)), 62.0 (ProC(α)), 46.9 (ProC(δ)), 

31.2 (ProC(β)), 22.8 (ProC(γ)) ppm. MS (MALDI-TOF): m/z (%)=587.4 [M+H]+, 609.4 

[M+Na]+, 625.4 [M+K]+. ELEMENTAL ANALYSIS: CHN calculated for C34H30N6O4·H2O: C, 

67.54; H, 5.33; N, 13.90; found: C, 67.49; H, 5.29; N, 13.93. 
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Boc-[Pro-(5-Pyr-4-yl)-ABA)]3-OBn (12). Boc-Pro-(5-Pyr-4-yl)-ABA)-OBu was 

deprotected at the carboxylic acid group according to the general procedure. An equivalent 

amount of Boc-[Pro-(5-Pyr-4-yl)-ABA)]2-OBn was deprotected at the amino group 

according to the general procedure. To a mixture of Boc-Pro-(5-Pyr-4-yl)-ABA)-OH (1.24 g, 

3.30 mmol), H-[Pro-(5-Pyr-4-yl)-ABA)]2-OBn · 3HCl (2.64 g, 3.30 mmol) and TBTU in DMF 

(70 mL), DIPEA (1.32 g, 10.20 mmol) was added dropwise under stirring. The reaction was 

stirred for 2 days at room temperature. Afterwards, it was poured into water (400 mL) 

under stirring. The pH of the suspension was adjusted to 4 with 1N HCl and the mixture 

was stirred for 10 minutes. The precipitate was filtered off, washed with water and dried 

under vacuum. The crude product was purified by column chromatography (eluent: 

CH2Cl2/MeOH 8:1 (v/v)) to afford the product as a powder. Yield: 1.88 g (1.70 mmol, 52%). 

MS (MALDI-TOF): m/z (%)=989.1 [M-Boc+H]+, 1089.2 [M+H]+, 1127.4 [M+K]+.˚ 
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cyclo[Pro-(5-Pyr-4-yl)-ABA)]3 (CP2). Boc-[Pro-(5-Pyr-4-yl)-ABA)]3-OBn was first 

hydrogenated and then deprotected at the amino group according to the general 

procedures. The fully deprotected hexapeptide H-[Pro-(5-Pyr-4-yl)-ABA)]3-OH (0.44 g, 0.42 

mmol) was dissolved in DMF (20 mL) and DIPEA (0.70 mL, 3.80 mmol). This solution was 

added to a solution of TBTU (0.70 g, 2.10 mmol) and DIPEA (1 mL, 5.5 mmol) in DMF (120 

mL) over the course of 4 hours at room temperature. If necessary, the pH was adjusted to 

9 by adding more DIPEA. After the addition was complete, the reaction was left stirring for 

6h at 80 °C. The solvent was then evaporated, and the residue purified by flash 

chromatography (eluent: CH2Cl2/MeOH 10:1, 5:1, 1:1 (v/v) and 100% MeOH). All fractions 

containing the product were combined and evaporated. Acetone was added and a white 

precipitate was formed. The suspension was centrifuged, and the solvent separated from 

the solid. The solvent was evaporated, and methanol was added. Again, a white precipitate 

was formed that was centrifuged. Several cycles of washing, precipitating and centrifuging 

with acetone or methanol were made until the final compound was pure. Yield: 0.16 g (0.18 

mmol, 43%). 1H NMR (400 MHz, DMSO-d6): δ 10.52 (s, 3H, NH), 8.69 (d, 6H, 2J=5.9 Hz, 

PyH(3')),  8.48 (s, 3H, ABAH(2)), 7.72 (d, 6H, 2J=5.9 Hz, PyH(2')), 7.62 (s, 3H, ABAH(4)), 7.56 

(s, 3H, ABAH(6)), 4.72 (dd, 3H, 3Jax,eq = 4.1 Hz, 3Jax,ax = 8.3 Hz, ProH(α)), 3.50 (t, 6H, 4J=6.7 

Hz, ProH(δ)), 2.36-2.31 (m, 3H, ProH(β)), 2.10-2.03 (m, 3H, ProH(β)), 2.01-1.87 (m, 6H, 

ProH(γ)) ppm. 13C NMR (101 MHz, DMSO-d6) δ 170.5 (ProCO), 168.4 (ABACO), 150.4 
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(PyC(3')), 146.3 (PyC(1’)), 139.9 (ABAC(1/3)), 139.3 (ABAC(1/3)), 137.8 (ABAC(5)), 121.3 

(PyC(2')), 119.0 (ABAC(2/6)), 118.9 (ABAC(2/6)), 118.0 (ABAC(4)), 60.1 (ProC(α)), 49.4 

(ProC(δ)), 29.6 (ProC(β)), 24.6 (ProC(γ)) ppm. MS (MALDI-TOF): m/z (%) = 880.3 [M+H]+, 

901.3 [M+Na]+, 919.4 [M+K]+. ELEMENTAL ANALYSIS: CHN calculated for 

C51H45N9O6·0.5H2O: C, 68.91; H, 5.22; N, 14.18; found: C, 68.88; H, 5.25; N, 14.15. 

5.1.2 Synthesis of the coordination complexes.  

 

 

 

 

[Pd(NO3)2(en)] (15).215 [PdCl2(en)] (0.2 g, 0.84 mmol) was suspended in water (280 mL) 

at room temperature. AgNO3 (0.28 g, 1.68 mmol) was added and the mixture was left 

stirring for 2 hours. The white solid (AgCl) was then filtered off and the filtrate evaporated 

in vacuum to yield a pale-yellow solid. Yield: 0.16 g (0.56 mmol, 67%). ELEMENTAL 

ANALYSIS: CHN calculated for C2H8N4O6Pd: C, 8.27; H, 2.78; N, 19.30. Found: C, 8.25; H, 

2.80; N, 19.66. 

 

 

 

[Pt(NO3)2(en)] (17).213 [PtCl2(en)] (50 mg, 0.15 mmol) was suspended in water (9 mL) at 

room temperature under stirring. AgNO3 (51 mg, 0.30 mmol) was added and the mixture 

was left stirring overnight at room temperature in the dark. The white solid (AgCl) was then 

filtered off and the filtrate evaporated in vacuum to yield a pale-yellow solid. Yield: 28 mg 

(0.075 mmol, 50%). ELEMENTAL ANALYSIS: CHN calculated for H8C2N4O6Pt·2H2O: C, 5.79; 

H, 2.91; N, 13.49. Found: C, 5.75; H, 2.97; N, 13.32. 
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[Pd(NO3)2(2,2’-Bipyr)] (19).214 (2,2′-Bipyridine)dichloropalladium(II) (70 mg, 0.21 mmol) 

was suspended in water (140 mL). AgNO3 (0.071 g, 0.42 mmol) was added and the mixture 

was left stirring for 24 h at 55 °C in the dark. The white solid (AgCl) was then filtered off 

and the filtrate slowly evaporated at 50 °C to yield a pale-yellow solid. Yield: 50 mg (0.13 

mmol, 62%). ELEMENTAL ANALYSIS: CHN calculated for C10H8N4O6Pd·H2O: C, 29.68; H, 2.49; 

N, 13.85. Found: C, 29.80; H, 2.52; N, 13.88. 

 

 

 

 

 

 

 

Fujita’s square  (21).68 A solution of 4,4’-bipyridine (15.6 mg, 0.1 mmol) in ethanol (800 

μL) was added to a solution of [Pd(NO3)2(en)] (29.0 mg, 0.1 mmol) in water/ethanol (800 

μL (1:1 (v/v))). The reaction was left stirring for 30 minutes at room temperature. 

Afterwards, ethanol (800 μL) was added, and a yellow powder precipitated. The powder 

was filtered off and characterized. Yield: 33 mg (0.0185 mmol, 74%). 1H NMR (400 MHz, 

DMSO-d6): δ=8.95-9.08 (d, 16H, (PyH(2)+PyH(2’)), 8.05-8.22 (d, 16H, (PyH(3)+PyH(3’)), 

5.50-5.74 (s, 16H, NH2), 2.62-2.74 (s, 16H, CH2) ppm. ELEMENTAL ANALYSIS: CHN calculated 

for C48H64N24O24Pd4·9H2O: C, 29.58; H, 4.24; N, 17.25. Found: C, 29.69; H, 4.05; N, 17.26. 

Synthesis of CP12Pd2. Pd(en)(NO3)2 (3.2 mg, 0.011 mmol) was dissolved in CD3OD/D2O, 

1:1 (v/v) (5 mL) and this solution was added to solid CP1 (5.9 mg, 0.01 mmol) to achieve a 

final concentration calculated on the basis of the resulting 2:2 complex of 1 mM. The 

suspension was allowed to react at room temperature in an ultrasound bath until it became 



 
154 
 

clear (typically between 15 and 60 min). For the ESI-TOF mass spectrum, the sample was 

diluted with H2O prior to the measurement. The 1H NMR spectrum indicated that this 

procedure led to the exclusive (>90%) formation of the respective metallamacrocycle. 1H 

NMR (400 MHz, CD3OD/D2O 1:1 (v/v)) δ 8.78 (d, 8H, H(3')),  8.26 (s, 4H, H(2)), 7.83 (d, 8H, 

H(2')), 7.56 (s, 4H, H(6)), 7.22 (s, 4H, H(4)), 4.10-4.07 (m, 4H, H(α)), 3.86-3.73 (m, 8H, H(δ)), 

2.90 (s, 8H, Pd(en)), 2.37-2.32 (m, 4H, H(β)), 2.16-2.06 (m, 12H, H(β)+H(γ)) ppm. 13C 

NMR (101 MHz, CD3OD/D2O 1:1 (v/v)) δ 174.2 (ProCO), 172.0 (ABACO), 152.6 (PyC(3')), 

151.5 (PyC(1’)), 139.8 (ABAC(1/3)), 139.3 (ABAC(1/3)), 138.5 (ABAC(5)), 125.4 (PyC(2')), 

121.5 (ABAC(6)), 119.8 (ABAC(2)), 117.4 (ABAC(4)), 64.3 (ProC(α)), 49.6 (CH2CH2(en)), 47.8 

(ProC(δ)), 32.3 (ProC(β)), 24.0 (ProC(γ)) ppm. MS (ESI-TOF) m/z (%) = 376.1 [CP1Pd]2+, 587.2 

[CP1+H]+, 669.2 [CP12Pd]2+, 815. 1 (100) [CP12Pd2+2 NO3]2+. 

Synthesis of CP16Pd3. Pd(CH3CN)4(BF4)2 (1.2 mg, 0.0027 mmol) was dissolved in DMSO-

d6 (200 μL) and this solution was added to a solution of CP1 (3.0 mg, 0.0051 mmol) in 

DMSO-d6 (500 μL) to achieve a final concentration of CP16Pd3 of 1.2 mM. The solution was 

stirred for 4h at 60 °C. 1H NMR (400 MHz, DMSO-d6) δ= 9.82, 9.72, 9.40, 9.29, 9.09, 8.09, 

7.97, 7.71, 7.53, 7.35, 7.29, 7.18, 6.36, 4.06, 3.96, 3.83, 3.62, 3.52, 2.16, 2.03, 1.88, 1.74 

ppm.  MS (ESI-Orbitrap) m/z (%) = 587.23 [CP1+H]+, 864.57 [CP14Pd2+Cl]3+, 996.77 

[CP16Pd3.(BF4).NO3]4+, 1003.03 [CP16Pd3.(BF4)2]4+, 1358.04 [CP16Pd3.(BF4)2.NO3]3+, 1366.38 

[CP16Pd3.(BF4)3]3+. 

Only the chemical shifts of the largest peaks in the 1H NMR spectrum are listed that belong 

to CP16Pd3 according to the DOSY NMR spectrum. Because of the complexity of the 

resulting 1H NMR spectrum, the exact amount of CP16Pd3 in solution could not be 

quantified. A satisfactory 13C NMR spectrum could not be obtained, even after extended 

measuring times, likely because of the complexity of the underlying equilibrium as also 

reflected in the 1H NMR spectrum.   The MS spectrum contains three additional signals of 

substantial intensity at m/z 693.28, 963.91, and 971.91. The one at 693.28 corresponds to 

a singly charged ion that does not contain palladium and presumably represents an 

unspecific adduct of the ligand. The other two signals denote triply charged ions containing 

palladium whose composition could, however, not be assigned to molecular formulae with 

matching isotope patterns. 
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Synthesis of CP22Pd3. Pd(en)(NO3)2 (4.4 mg, 0.015 mmol) was dissolved in 2.5 mL of D2O, 

and this solution was added to a suspension of CP2 (8.8 mg, 0.01 mmol) in 2.5 mL of CD3CN 

to achieve a final concentration calculated on the basis of the expected 2:3 complex of 1 

mM (final volume of 5 mL in CD3CN/ D2O 1:1 (v/v)). The suspension was allowed to react 

under stirring at room temperature until it became clear (typically instantaneously to 30 

min). For the ESI-TOF mass spectrum, the sample was diluted with H2O prior to the 

measurement. The 1H NMR spectrum indicated that this procedure led to the exclusive 

(>90%) formation of the respective complex. 1H NMR (400 MHz, CD3CN/D2O 1:1 (v/v)) δ 

8.55 (d, 12H, H(3')),  8.31 (s, 6H, H(4)), 8.24 (s, 6H, H(2)), 7.73 (d, 12H, H(2')), 7.56 (s, 6H, 

H(6)), 4.50 (t, 6H, H(α)), 4.07-4.03 (m, 6H, H(δ)), 3.49 (t, 6H, H(δ)), 2.79 (s, 12H, Pd(en)), 

2.44-2.40 (m, 6H, H(β)), 2.01-1.99 (m, 12H, H(β)+H(γ)), 1.87-1.83 (m, 6H, H(γ)) ppm. 13C 

NMR (101 MHz, CD3CN/D2O 1:1 (v/v)) δ 172.4 (ProCO), 170.2 (ABACO), 151.4 (PyC(3')), 

149.7 (PyC(1’)), 138.5 (ABAC(1/3)), 136.9 (ABAC(1/3)), 135.8 (ABAC(5)), 123.6 (PyC(2')), 

121.9 (ABAC(6)), 120.9 (ABAC(2)), 119.5 (ABAC(4)), 62.6 (ProC(α)), 50.8 (ProC(δ)), 46.4 

(CH2CH2(en)), 29.5 (ProC(β)), 25.3 (ProC(γ)) ppm. MS (ESI-TOF) m/z (%) = 376.9 [CP22Pd3]6+, 

464.3 [CP22Pd3 + 1 NO3]5+, 522.6 [CP2Pd]2+. 

5.1.3 Binding Studies with CP12Pd2 

Dicarboxylate Binding. A 1 mM solution of CP12Pd2 was prepared by adding a solution of 

Pd(en)(NO3)2 (1.6 mg, 5.5 mmol) in CD3OD/D2O, 1:1 (v/v) (2.5 mL) to solid CP1 (2.9 mg, 5.0 

mmol) (host solution). The solvent for the guest solutions was prepared by dissolving 

Na2CO3 (1.1 mg, 10.4 mmol) in CD3OD/D2O, 1:1 (v/v) (10.4 mL). The guest solutions were 

prepared by dissolving a dicarboxylic acid (1 mmol) in this solvent (1 mL) to obtain a 1 mM 

guest concentration. The following dicarboxylic acids were used: 2,6-

naphthalenedicarboxylic acid (a), isophthalic acid (b), terephthalic acid (c), diphenic acid 

(d), adipic acid (e), glutaric acid (f). The solutions for the 1H NMR spectroscopic 

measurements were prepared from these stock solutions. Solutions of the binding partners 

alone were prepared by mixing the respective stock solution (250 μL) with CD3OD/D2O, 1:1 

(v/v) (250 μL). For the mixtures, the host solution (250 μL) was added to a guest solution 

(250 μL). The concentrations of the binding partners thus amounted to 0.5 mM in the final 



 
156 
 

solutions. The NMR tubes were placed in an ultrasound bath for 15 min at room 

temperature, followed by measurement of the 1H NMR spectra. 

Carbonate/bicarbonate buffer solution (pH 9.2). 0.02 M solutions of Na2CO3 (solution A) and 

NaHCO3 (solution B) were prepared in D2O. 2 mL of solution A and 8 mL of solution B were 

mixed. The pH 9.2 was confirmed with a pH meter. 

Borate buffer solution (pH 9.2). A 0.025 M solution of Na2B4O7·10H2O (solution A) and a 0.1 

M solution of NaOH (solution B) were prepared in D2O. 5 mL of solution A and 0.36 mL of 

solution B were mixed and diluted to 10 mL with D2O. The pH 9.2 was confirmed with a pH 

meter. 

Addition of terephthalate to buffered solution of CP12Pd2. A 2.5 mM solution of CP12Pd2 was 

prepared by adding a solution of Pd(en)(NO3)2 (0.8 mg, 2.7 mmol) in CD3OD/D2O, 1:1 (v/v) 

(0.5 mL) to CP1 (1.5 mg, 2.5 mmol) (solution A). Solution B was prepared by dissolving 

terephthalic acid (0.42 mg, 0.0025 mmol) in 1 mL of carbonate/bicarbonate buffer solution 

(pH 9.2) to obtain a concentration of 2.5 mM. A series of NMR tubes were set up, each 

containing solution A (100 μL) and different volumes of solution B (0, 50, 100 and 200 μL). 

All samples were made up to 500 μL by adding 200 μL of CD3OD and the required volume 

of carbonate/bicarbonate buffer solution to afford a 0.5 mM concentration of CP12Pd2 in 

each tube. The tubes were placed in an ultrasound bath for 15 min at room temperature, 

followed by measuring the 1H NMR spectra. 

NMR titration of 1,3-benzenedisulfonate (BDS). A 2.5 mM solution of CP12Pd2 was prepared 

by adding a solution of Pd(en)(NO3)2 (2.8 mg, 9.8 mmol) in CD3OD/D2O, 1:1 (v/v) (1.8 mL) 

to CP1 (5.3 mg, 9.0 mmol) (solution A). Solution B was prepared by dissolving sodium 1,3-

benzenedisulfonate (80%) (4.4 mg, 12.5 mmol) in CD3OD/D2O, 1:1 (v/v) (5.0 mL) to obtain 

a concentration of 2.5 mM. A series of NMR tubes were set up, each containing solution B 

(100 μL) and different volumes of solution A (0–200 μL in 20 μL steps). All samples were 

made up to 500 μL by adding the required volume of CD3OD/D2O, 1:1 (v/v) to afford a 0.5 

mM concentration of 1,3-benzenedisulfonate in each tube. The tubes were placed in an 

ultrasound bath for 15 min at room temperature, followed by measuring the 1H NMR 

spectra. The chemical shifts of the guest protons were plotted against the host/guest ratio 

and the stability constant Ka of the complex was determined by non-linear regression, using 
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a fitting procedure for 1:1 complex equilibria implemented in HypNMR (Hyperquad 

Limited). 

Figure 123 Binding isotherms obtained in the NMR titration of BDS with CP12Pd2 by following the 
shifts of the signals of BDS. The fitting of the isotherms was performed by using HypNMR2008. 
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NMR titration with 2,6-naphthalenedisulfonate (NDS). A 2 mM solution CP12Pd2 was 

prepared by adding a solution of Pd(en)(NO3)2 (3.8 mg, 13.2 mmol) in CD3OD/D2O, 1:1 (v/v) 

(3.0 mL) to CP1 (7.0 mg, 12.0 mmol) (solution A). Solution B was prepared by dissolving 

sodium 2,6-napthalenedisulfonate (97%) (8.6 mg, 25.0 mmol) in CD3OD/D2O, 1:1 (v/v) (2.0 

mL) to obtain a concentration of 12.5 mM. A series of NMR tubes were set up, each 

containing solution A (250 μL) and different volumes of solution B (0–200 μL in 20 μL steps). 

All samples were made up to 500 μL by adding the required volume of CD3OD/D2O, 1:1 

(v/v) to afford a concentration of 1.0 mM of CP12Pd2 in each tube. The tubes were placed 

in an ultrasound bath for 15 min at room temperature, followed by measuring the 1H NMR 

spectra. 

Crystallization of CP12Pd2·2NDS. A 2 mM solution CP12Pd2 was prepared by adding a 

solution of Pd(en)(NO3)2 (1.3 mg, 4.4 mmol) in CD3OD/D2O, 1:1 (v/v) (1.0 mL) to CP1 (2.3 

mg, 4.0 mmol) (solution A). Solution B was prepared by dissolving sodium 2,6-

napthalenedisulfonate (97%) (8.6 mg, 25.0 mmol) in CD3OD/D2O, 1:1 (v/v) (2.0 mL) to 

obtain a concentration of 12.5 mM. A glass vial was set up containing solution A (1.0 mL) 

and solution B (320 μL). The sample was made up to 2 mL by adding the required volume 

of CD3OD/D2O, 1:1 (v/v) to afford a 1.0 mM concentration of CP12Pd2 and 2.0 mM 

concentration of NDS in the vial. The vial was placed in an ultrasound bath for 15 min at 

room temperature. Afterward, this vial was placed in a closed flask containing CD3CN and 

placed in the fridge. Crystals were obtained after 2 weeks by slow diffusion of CD3CN into 

the complex solution. 

5.1.4 Binding Studies with CP22Pd3 

Qualitative binding studies with 1,3-benzenedisulfonate (BDS). A 2.5 mM solution of CP22Pd3 

was prepared by adding a solution of Pd(en)(NO3)2 (2.2 mg, 0.0075 mmol) in 0.5 mL of D2O 

to a suspension of CP2 (4.4 mg, 0.005 mmol) in 0.5 mL of CD3CN (final volume of 1.0 mL in 

CD3CN/ D2O 1:1 (v/v)). The suspension was allowed to react under stirring at room 

temperature until it became clear (typically instantaneously to 30 min, Solution A). Solution 

B was prepared by dissolving BDS (80%) (0.9 mg, 0.0025 mmol) in CD3CN/D2O, 1:1 (v/v) (1.0 

mL) to obtain a concentration of 2.5 mM. A series of NMR tubes were set up, each 
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containing solution A (100 μL) and different volumes of solution B (0–400 μL in 100 μL 

steps). All samples were made up to 500 μL by adding the required volume of CD3CN/D2O, 

1:1 (v/v) to afford a 0.5 mM concentration of CP22Pd3 in each tube. Precipitation occurred 

in all samples almost instantaneously after the addition of solution B. The tubes were 

placed under sonication, but the precipitated never dissolved. Another series of NMR tubes 

was set up containing solution A (100 μL) and the required volume of CD3CN/D2O, 1:1 (v/v) 

to ultimately afford a 0.5 mM concentration of CP22Pd3 in each tube (final volume of 500 

μL). The samples were stirred at room temperature and different volumes of solution B (0–

100 μL in 10 μL steps) were added. Precipitation was observed already at 0.1 equivalents 

of BDS (10 μL). The procedure was repeated, but this time solution B was added to the 

samples under stirring at 50°C and again precipitation occurred. Due to the complex 

resulting 1H NMR spectra it was not possible to evaluate complex formation. 

Qualitative binding studies with 2,6-naphthalenedisulfonate (NDS). A 2.5 mM solution of 

CP22Pd3 was prepared by adding a solution of Pd(en)(NO3)2 (2.2 mg, 0.0075 mmol) in 0.5 

mL of D2O to a suspension of CP2 (4.4 mg, 0.005 mmol) in 0.5 mL of CD3CN (final volume 

of 1.0 mL in CD3CN/ D2O 1:1 (v/v)). The suspension was allowed to react under stirring at 

room temperature until it became clear (typically instantaneously to 30 min, Solution A). 

Solution B was prepared by dissolving NDS (97%) (0.9 mg, 0.0025 mmol) in CD3CN/D2O, 1:1 

(v/v) (1.0 mL) to obtain a concentration of 2.5 mM. A series of NMR tubes were set up, 

each containing solution A (100 μL) and different volumes of solution B (0–400 μL in 100 

μL steps). All samples were made up to 500 μL by adding the required volume of 

CD3CN/D2O, 1:1 (v/v) to afford a 0.5 mM concentration of CP22Pd3 in each tube. 

Precipitation occurred in all samples almost instantaneously after the addition of solution 

B. The tubes were sonicated, but the precipitate did not dissolve. Another series of NMR 

tubes was set up containing solution A (100 μL) and the required volume of CD3CN/D2O, 

1:1 (v/v) to ultimately afford a 0.5 mM concentration of CP22Pd3 in each tube (final volume 

of 500 μL). The samples were stirred at room temperature and different volumes of 

solution B (0–100 μL in 10 μL steps) were added. Precipitation was observed already at 0.1 

equivalents of BDS (10 μL). The procedure was repeated, but this time solution B was added 

to the samples under stirring at 50°C and again precipitation occurred. Due to the complex 

resulting 1H NMR spectra it was not possible to evaluate complex formation. 
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5.2. Synthesis and Characterization of Luminescent Neutral 

Pt(II) Complexes Tethered to Cyclopeptides. 

5.2.1 Synthetic Procedures 

General details. All chemicals used in synthesis, purification, and product analyses were 

commercially available and used without further purification. 2,6-Bis(3-(trifluoromethyl)-

1H-1,2,4-triazol-5-yl)pyridine (27a) was provided by the De Cola group. Product formation 

was checked by using thin layer chromatography: Kieselgel 60 F254/Kieselgel 60G Merck 

TLC plates. Analyses were carried out as follows: NMR: Bruker AVANCE III 400, Bruker 

AVANCE 600 digital NMR, peak assignments were confirmed by using H,H-COSY, H,H-

NOESY, HMQC and HMBC spectra, spectra were referenced to the residual solvent signals 

(DMSO-d6: δH = 2.50ppm, δC = 39.5ppm); MALDI-TOF-MS: BrukerUltraflex TOF/TOF; ESI-

MS:  AmaZonETD, Bruker Daltonics; elemental analysis: Elementar vario Micro Tube. The 

following abbreviations are used: Py, pyridyl; tz, triazole; Deg, 2-(2-

methoxyethoxy)ethoxy)methyl. The synthetic procedures were performed according to 

the ones described in the literature.142,215,216 

 

 

 

 

Pyridine-2,6-bis(carboximidhydrazide) (24).215 Pyridine-2,6-dicarbonitrile (2 g, 15.6 mmol) 

was dissolved in EtOH (100 mL) and treated with hydrazine monohydrate (15.1 mL, 310 

mmol), which led to immediate precipitate formation. The reaction mixture was stirred 

overnight at room temperature. Subsequently, the precipitate was filtered off and washed 

with cold EtOH to obtain a pale yellow solid. Yield: 1.51 g (7.8 mmol, 50%).1H NMR (400 

MHz, DMSO-d6): δ 7.81 (d, 2H, 2J=7.6 Hz, PyH), 7.65 (t, 1H, 4J=7.3 Hz, PyH), 6.04 (s, 4H, NH), 
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5.23 (s, 4H, NH2) ppm. 13C NMR (101 MHz, DMSO-d6) δ 150.3 (2C, C=NH), 143.6 (2C, PyCN), 

136.0 (1C, PyCH)), 117.9 (2C, PyCH) ppm. MS (ESI-TOF) m/z (%) = 194.31 (100%) [M+H]+. 

 

 

 

 

 

(Pyridine-2,6-diylbis(1H-1,2,4-triazole-5,3-diyl))dimethanol (27b). Pyridine-2,6-

bis(carboximidhydrazide) (0.1 g, 0.52 mmol) was dissolved in glycolic acid (2 mL). This 

mixture was heated to 80 °C for 24 h and afterwards concentrated in vacuum. Ethylene 

glycol (2 mL) was added, and the mixture heated to 140 °C for 2 h. After cooling down to 

room temperature, water was added to precipitate side products. The solution was 

evaporated, and acetone was added. Again, a precipitate formed, which was filtered off. 

The filtrate was again evaporated. The residue was purified by RP8 column 

chromatography (eluent: H2O/MeOH 5:1, 3:1, 1:1 (v/v)). All fractions containing the 

product were combined and chloroform was added to precipitate the last impurities. The 

solid was filtrated off and the solution evaporated to obtain a white powder. Yield: 0.05 g 

(0.18 mmol, 35%).1H NMR (400 MHz, DMSO-d6): δ 14.21 (bs, 2H, NH), 8.17-8.08 (m, 3H, 

PyH), 5.36 (s, 2H, OH), 4.55 (s, 4H, CH2) ppm. 13C NMR (101 MHz, DMSO-d6) δ 175.9 (2C, 

tzC-Py), 158.7 (2C, PyCN), 130.6 (1C, PyCH)), 113.1 (2C, PyCH), 54.8 (2C, CH2) ppm. MS (ESI-

TOF) m/z (%) = 274.21 [M+H]+. ELEMENTAL ANALYSIS: CHN calculated for 

C11H11N7O2·0.5CHCl3: C, 41.49; H, 3.48; N, 29.45. Found: C, 41.63; H, 3.94; N, 29.79. 
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2,6-Bis(3-((2-(2-methoxyethoxy)ethoxy)methyl)-1H-1,2,4-triazol-5-yl)pyridine (27c). 

Pyridine-2,6-bis(carboximidhydrazide) (0.3 g, 1.6 mmol) was dissolved in 2-(2-(2-

methoxyethoxy)ethoxy)acetic acid (4 mL). This mixture was heated to 80 °C for 24 h and 

afterwards concentrated in vacuum. Ethylene glycol (2 mL) was added, and the mixture 

heated to 140 °C for 2h. After cooling down to room temperature, acetone was added to 

precipitate impurities. The precipitate was filtered off and the solution evaporated. The 

residue was purified by HPLC (eluent: gradient of H2O/MeOH mixture from 80:20 (% v/v) 

to 20:80 (% v/v) during 80 min). All fractions containing the product were combined and 

evaporated to obtain a yellow oil. Yield: 0.46 g (0.97 mmol, 63%).1H NMR (400 MHz, D2O): 

δ 7.60 (t, 1H, 4J=7.8 Hz, PyH(1)),  7.42 (d, 2H, 2J=7.8 Hz, PyH(2)), 4.52 (s, 4H, TegH(6)), 3.73-

3.69 (m, 8H, TegH(7+8 or 9+10)), 3.67-3.64 (m, 4H, TegH(7 or 8 or 9 or 10)), 3.58-3.57 (m, 

4H, TegH(7 or 8 or 9 or 10)), 3.33 (s, 6H, TegH(11)) ppm. 13C NMR (101 MHz, D2O) δ 157.5 

(2C, tzC5), 156.0 (2C, tzC4), 144.9 (2C, PyC3)), 138.8 (1C, PyC1), 121.2 (2C, PyC2), 70.9, 

69.8, 69.5, 69.4 (8C, TegC7, 8, 9, 10), 64.2 (2C, TegC6), 57.9 (2C, TegC11) ppm. MS (MALDI-

TOF): m/z (%) = 478.21 [M+H]+, 500.32 [M+Na]+, 516.23 [M+K]+. ELEMENTAL ANALYSIS: 

CHN calculated for C21H31N7O6·2H2O: C, 49.11; H, 6.87; N, 19.09. Found: C, 49.05; H, 6.83; 

N, 19.96. 
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[Pt(DMSO)2Cl2] (29).216 K2PtCl4 (1.0 g, 2.4 mmol) was dissolved in water (8 mL) and DMSO 

(4 mL) and the resulting mixture was stirred at room temperature for 2h. The yellow 

precipitate was filtered off, washed with water, EtOH and diethyl ether and dried. Yield: 

1.01 g (2.4 mmol, quantitative). ELEMENTAL ANALYSIS: CHN calculated for C4H12Cl2O2PtS2: 

C, 11.38; H, 2.86; S, 15.19. Found: C, 11.23; H, 2.98; S, 15.45. 

 

 

 

 

 

Pt(2,6-bis(3-(trifluoromethyl)- 1,2,4-triazol-5-yl)pyridine)(DMSO) (30).142 [PtDMSO2Cl2] 

(0.42 g, 0.99 mmol) and 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine (27a) 

(0.21 g, 0.99 mmol) were dissolved in DMF and the mixture was heated to 75 °C in a round 

bottom flask equipped with a reflux condenser overnight. The reaction mixture was 

allowed to cool to room temperature and the solvent removed in vacuum. DCM was added, 

the resulting suspension was sonicated and afterwards centrifuged. The supernatant was 

removed and the residue suspended in DCM. After centrifugation of the suspension, the 

solid was suspended in MeOH, sonicated and the solution was centrifuged again to obtain 

the pure product as a red solid. Yield: 0.39 g (0.63 mmol, 64 %). 1H NMR (400 MHz, MeOD) 

δ 8.26 (s, 1H), 7.89 (d, J=7.9 Hz, 2H), 2.71 (s, 6H). 19F NMR (377 MHz, MeOD) δ -65.66 (s). 

MS (ESI-TOF)  m/z (%): 643.01 [M+Na]+. 
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5.2.2 Synthesis of the coordination compounds 

 

 

 

 

 

 

 

 

 

 

 

PtCF3-CP1. Method 1: Compound 30 (10.5 mg, 0.017 mmol) was dissolved in MeCN (5 mL) 

and this solution was added to solid CP1 (3.0 mg, 0.005 mmol). The suspension was left 

stirring at room temperature until all the solvent had evaporated (typically overnight). 1 

mL of acetonitrile was then added, the suspension was centrifuged, and the supernatant 

discarded. This process was repeated four times with acetonitrile (1 mL each), twice with 

methanol (1 mL each) and once with dichloromethane (1 mL). The resulting precipitate was 

analysed by NMR spectroscopy and ESI-MS spectrometry. 1H NMR (400 MHz, DMF-d7): 

complex spectrum, no peak assignment possible. MS (ESI-TOF) m/z (%) = 350.2 [27a+H]+, 

587.3 [CP1+H]+, 643.3 [30+Na]+. Method 2: Compound 30 (10.5 mg, 0.017 mmol) was 

dissolved in DMF (5 mL) and this solution was added to solid CP1 (3.0 mg, 0.005 mmol). 

The solution was left stirring for 2 days at room temperature. Water was added to the 

reaction mixture until a precipitate was formed. The suspension was centrifuged and the 

supernatant discarded. Acetonitrile (1 mL) was then added to the precipitate, the 

suspension was again centrifuged and the supernatant discarded. This process was 
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repeated four times with acetonitrile (1 mL each), twice with methanol (1 mL each) and 

once with dichloromethane (1 mL). The resulting precipitate was analysed by NMR 

spectroscopy and ESI-MS spectrometry. NMR analysis: not possible since the precipitate 

was not soluble in deuterated solvents. MS (HR-ESI) m/z (%) = 1129.2 [Pt(27a-2H)CP1+H]+. 

 

 

 

 

 

 

 

 

 

 

 

PtCF3-CP2. Method 1: Compound 30 (15.5 mg, 0.025 mmol) was dissolved in MeCN (8 mL) 

and this solution was added to solid CP2 (4.4 mg, 0.005 mmol). The suspension was left 

stirring at room temperature until all the solvent had evaporated (typically overnight). 1 

mL of acetonitrile was then added, the suspension was centrifuged and the supernatant 

discarded. This process was repeated four times with acetonitrile (1 mL each), twice with 

methanol (1 mL each) and once with dichloromethane (1 mL). The resulting precipitate was 

analysed by NMR spectroscopy and ESI-MS spectrometry. 1H NMR (400 MHz, DMF-d7): 

complex spectrum, no peak assignment possible. MS (ESI-TOF) m/z (%) = 350.1 [27a+H]+, 

879.9 [CP2+H]+, 643.1 [30+Na]+. Method 2: Compound 30 (15.5 mg, 0.025 mmol) was 

dissolved in DMF (8 mL) and this solution was added to solid CP2 (4.4 mg, 0.005 mmol). 

The solution was left stirring for 2 days at room temperature. Water was added to the 

reaction mixture until a precipitate was formed. The suspension was centrifuged and the 
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supernatant discarded. Acetonitrile (1 mL) was then added to the precipitate, the 

suspension was again centrifuged and the supernatant discarded. This process was 

repeated four times with acetonitrile (1 mL each), twice with methanol (1 mL each) and 

once with dichloromethane (1 mL). The resulting precipitate was analysed by NMR 

spectroscopy and ESI-MS spectrometry. NMR analysis: not possible since precipitate was 

not soluble in deuterated solvents. MS (ESI-TOF) m/z (%) = 880.4 [CP2+H]+, 1422.4 [Pt(27a-

2H)CP2+H]+, 1965.4 [Pt(27a-2H)2CP2+H]+, 2506.4 [PtCF3-CP2+H]+.  

 

 

 

 

 

 

 

 

 

 

 

 

PtCH2OH-CP1. [Pt(DMSO)2Cl2] (6.4 mg, 0.017 mmol) and 27b (4.6 mg, 0.017 mmol) were 

dissolved in DMF (8 mL).  Subsequently, DIPEA (6.4 μL, 0.037 mmol) was added and the 

reaction mixture heated to 80 °C. Afterwards, CP1 (3.0 mg, 0.005 mmol) was added and 

the reaction mixture held at 80 °C for 24 h. The formation of the product was not observed. 
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PtCH2OH-CP2. [Pt(DMSO)2Cl2] (9.7 mg, 0.025 mmol) and 27b (6.8 mg, 0.025 mmol) were 

dissolved in DMF (10 mL).  Subsequently, DIPEA (9.6 μL, 0.055 mmol) was added and the 

reaction mixture heated to 80 °C. Afterwards, CP2 (4.4 mg, 0.005 mmol) was added and 

the reaction mixture was held at 80 °C for 24 h. The formation of the product was not 

observed. 

 

 

 

 

 

Compound 31. [Pt(DMSO)2Cl2] (8.2 mg, 0.021 mmol) and 27b (5.69 mg, 0.021 mmol) were 

dissolved in DMF (5 mL).  Subsequently, DIPEA (4.7 μL, 0.027 mmol) was added and the 

reaction mixture heated to 80 °C. Afterwards, pyridine (1.0 mg, 0.013 mmol) was added 

and the reaction mixture was held at 80 °C for 24 h. The formation of the product was not 

observed. 
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Compound 32. [Pt(DMSO)2Cl2] (8.2 mg, 0.021 mmol) and 27c (10.05 mg, 0.021 mmol) were 

dissolved in DMF (10 mL).  Subsequently, DIPEA (4.7 μL, 0.027 mmol) was added and the 

reaction mixture heated to 80 °C. Afterwards, pyridine (1.0 mg, 0.013 mmol) was added 

and the reaction mixture was held at 80 °C for 24 h. A sample was collected from the 

reaction mixture and analysed by ESI-TOF MS spectrometry. MS (ESI-TOF) m/z (%) = 750.6 

[32+H]+. No further work-up was performed. 

 

 

 

 

 

 

 

 

 

 

 

PtDeg-CP1. [Pt(DMSO)2Cl2] (6.4 mg, 0.017 mmol) and 27c (7.9 mg, 0.017 mmol) were 

dissolved in DMF (8 mL).  Subsequently, DIPEA (6.4 μL, 0.037 mmol) was added and the 

reaction mixture heated to 80 °C. Afterwards, CP1 (3.0 mg, 0.005 mmol) was added and 

the reaction mixture was held at 80 °C for 24 h. The reaction mixture was allowed to cool 
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to room temperature. Various purification techniques were investigated but a pure 

product could not be isolated. An emissive product (0.8 mg) was isolated by HPLC and 

analysed by mass spectrometry. MS (MALDI-TOF) m/z (%) = 1257.4 [Pt(27c-2H)CP1+H]+, 

1927.6 [Pt2(27c-2H)2CP1+H]+ = [PtDeg-CP1+H]+. 

 

 

PtDeg-CP2. [Pt(DMSO)2Cl2] (9.7 mg, 0.025 mmol) and 27c (11.9 mg, 0.025 mmol) were 

dissolved in DMF (10 mL).  Subsequently, DIPEA (9.6 μL, 0.055 mmol) was added and the 

reaction mixture heated to 80 °C. Afterwards, CP2 (4.4 mg, 0.005 mmol) was added and 

the reaction mixture was held at 80 °C for 2 4h. The reaction mixture was allowed to cool 

to room temperature. Various purification techniques were investigated, but a pure 

product could not be isolated. An emissive product (1.1 mg) was isolated by HPLC and 

analysed by mass spectrometry. MS (MALDI-TOF) m/z (%) = 902.4 [CP2+Na]+, 1572.5 

[Pt(27c-2H)CP2+Na]+, 2242.6 [Pt2(27c-2H)2CP2+Na]+, 2912.8 [Pt3(27c-2H)3CP2+Na]+ = 

[PtTeg-CP2+Na]+.  
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5.3. Luminescent Pt(II) Porphyrin Complexes as Oxygen 

Sensors for Microfluidic Devices 

5.3.1 Synthetic Procedures 

General details. All chemicals used in synthesis, purification, and product analyses were 

commercially available and used without further purification. Reaction control was 

conducted by using thin layer chromatography. MALDI-TOF-MS spectra were acquired by 

using a Bruker Ultraflex TOF/TOF spectrometer and UV- Vis spectra were recorded on a 

Varian CARY 100 spectrometer. The synthesis was performed according to the literature 

procedure.217 

 

 

 

 

Zinc(II)fluorphenylacetate (35). Zinc acetate (3.0 g, 0.016 mol) and fluorphenylacetic acid 

(7.6 g, 0.049 mol) were dissolved in MeOH (500mL). The mixture was stirred overnight at 

room temperature. The precipitate was filtered off and washed several times with MeOH, 

affording a white powder. Yield: 3.2 g (0.0086 mol, 53%). ELEMENTAL ANALYSIS: CHN 

calculated for C16H12F2O4Zn: C, 51.71; H, 3.25. Found: C, 51.68; H, 3.20. 
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Zinc(II)meso-tetra(4-fluorophenyl)tetrabenzoporphyrin  (37). Phthalimide (5.0 g, 

0.034 nmol), fluorphenylacetic acid (6.8 g, 0.044 mol) and zinc(II) fluorphenylacetate 35 

(3.2 g, 0.008 mol) were ground in a mortar and transferred into a 25mL round-bottom flask. 

The mixture was melted and stirred for 2h at 360 °C until the colour turned dark green. The 

melt was cooled, dissolved in acetone, and precipitated with water. The product was 

dissolved in toluene and purified on an Al2O3 column. The column was eluted with 

toluene:hexane, 2:1 (v/v) to remove the yellow fraction and with toluene to remove the 

red fractions. Finally, 1.5 vol% THF in DCM was used to elute the product that was obtained 

as a dark-green powder after evaporation of the solvent. Yield: 0.6 g (0.6 mmol, 7.4%). MS 

(MALDI-TOF): m/z (%) = [M+] calc. 948.185, found 948.421. UV-Vis (CH2Cl2): 423, 453, 602, 

650 nm. 

 

 

 

 

 

 

Meso-tetra(4-fluorophenyl)tetrabenzoporphyrin  (38). Zn(II) complex 37 (0.59 g, 0.6 

mmol) was dissolved in THF (11 mL). Methanesulfonic acid (2mL) was added and the 

solution was stirred for 20 min. The product was precipitated by adding water. It was 

filtered off, washed and dried, yielding a dark-green powder. Yield: 0.44 g (0.5 mmol, 80%). 
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MS (MALDI-TOF): m/z (%) = [M+] calc. 886.272, found 886.456. UV-Vis (CH2Cl2): 462, 497, 

589, 636, 695 nm. 

 

 

 

 

 

 

Platinum(II)meso-tetra(4-fluorophenyl)tetrabenzoporphyrin (PtTPTBPF). PtCl2 

(0.26 g, 0.001 mol) was dissolved in benzonitrile (2 mL). The hot solution was added into a 

50 mL flask containing compound 38 (0.44 g, 0.5 mmol) in diphenyl ether (23 mL). The 

solution was stirred at 190 °C for 3h. The progress of the reaction was monitored by UV–

Vis spectroscopy. Heating was continued until the absorption of the ligand had disappeared 

completely. The solution was cooled, diluted with hexane (40 mL) and subjected to a 

column packed with Al2O3 in hexane. The column was washed with hexane and 

hexane:toluene, 1:1 (v/v) to remove the diphenyl ether and benzonitrile. The complex was 

eluted with dichloromethane and the solvent removed under reduced pressure to yield a 

dark-green powder. Yield: 0.10 g (0.09 mmol, 18%). MS (MALDI-TOF): m/z (%) = [M+] calc. 

1080.02, found 1080.516. UV-Vis (CH2Cl2): 465, 496, 589, 645, 700 nm. 



173 
 

5.3.2 Oxygen detection studies 

5.3.2.1 Oxygen Meter 

Oxygen measurements were performed on a FireStingO2 meter (PyroScience, Germany, 

see Figure 124). This device was PC-controlled (USB) and contained four channels to which 

optical fibres were connected to allow contactless sensing. The phase-shift between the 

excitation and emission wavelengths was measured in the oxygen meter and converted 

internally by using the Stern-Vollmer equation. The excitation wavelength was 620 nm 

(orange-red), whereas emission was measured at 760 nm (NIR). A precision temperature 

sensor connected to the temperature port and integrated sensors for atmospheric 

pressure (mbar) and relative humidity (%RH) allowed automatic real-time compensation of 

the oxygen measurements.  

The measurements were acquired by using the Pyro Oxygen Logger software from 

Pyroscience. After starting the program, the window in Figure 125 appeared. The four 

panels Channel 1-4 corresponded to the channels 1-4 of the FireStingO2. In the panel 

Overview, the measurements from the 4 channels and the temperature sensor were seen 

simultaneously. Before starting the measurements, the experimental conditions were 

chosen in the option “Settings” by activating the channel, setting the units to hPa (mbar), 

which was the fundamental oxygen unit measured by the FirestingO2, changing the sensor 

(1) 

(2) 

(3) 

(4) 

(T) 
(C) 

Figure 124 FireStingO2 meter. Channels (1) to (4) connect to fibre optics, port (T) connects to the 
temperature sensor and port (C) connects via USB to a computer. 

http://www.pyro-science.com/overview.html
http://www.pyro-science.com/overview.html
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code to PD7-540-250, and selecting water (DO), external temperature sensor and internal 

pressure sensor. These settings were copied to all channels. 

The sensor readings of each channel were displayed in its corresponding panel in a numeric 

display (A) and a chart recorder (B). The Signal Intensity (C) of the oxygen sensor was shown 

as a horizontal indicator bar just underneath the numeric display (A). A reasonable oxygen 

sensor showed signal intensities between 50 and 500. If the signal intensity droped below 

50, this indicator bar turned gradually from grey to red, indicating that the sensor was 

about to get degraded soon. The actual Compensation Temperature was shown in the 

temperature display (D) in degree Celsius (°C). Quantitative measurements could only be 

obtained when the sensor was calibrated. The calibration procedure is explained in page 

180. The button Save Setup was used to save the current settings and calibration data of 

all channels. They could be reloaded anytime by pressing the button Load Setup. This 

allowed switching between different laboratory setups with a single FireStingO2 and using 

several oxygen sensors repeatedly.  

To start measuring, the button “start” (E) and the option continuous of Measurement were 

selected and data saving was activated by clicking on the red “start” button (F) of Log to 

File. The saved data files were simple text-files with the file extension ".txt" that could be 

easily imported into common spreadsheet programs. 
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(A) 
(C) 

(B) 

(D) 

(E) 

(F) 

Figure 125 Pyro Oxygen Logger Software. On the top, the main window with numeric (A) and chart 
(B) oxygen measurements is shown. The settings window, where the experiment conditions are 
chosen, is shown below. 
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5.3.2.2 Microfluidic device 

 

The microfluidic device was manufactured by Micronit Microtechnologies (Enschede, The 

Netherlands). It consisted of a microfluidic chip and a Fluidic Connect Pro (FCP) chip holder. 

Each chip contained three 15x45 mm layers, a 0.7 mm thick glass bottom layer where the 

sensor spots were applied, a 0.4mm thick middle layer (made either from glass or 

polystyrene), containing a porous polyethylene terephthalate (PET) membrane 

(hydrophilic, 0.45 μm pore size, 12 μm thickness, 1.6x106 pore density, and 1 cm2 surface 

area) or a polyvinylidene fluoride (PVDF) membrane (hydrophobic, Millipore Durapore 

PVDF type GVHP, 125 µm thickness, 0.22 µm pore size), and a 1.1 mm thick glass top layer 

(Figure 126 A). The three layers were assembled together within the FCP (Figure 126 B), 

which had previously been connected to the two tubings of the inlet (inner diameter of 

254 µm) and the two other tubings of the outlet (inner diameter of 500 µm). The tubings 

(D) (E) 

Figure 126 Setup of the microfluidic chip and the Fluidic Connect Pro (FCP) chip holder. The three-
layer chip (A) is stacked and placed in the FCP (B), which is closed in order to compress the chip 
layers together, creating a tight environment (C). The optical fibres are placed into the insert ((D) 
and (E)) for sensing. 
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were held in the FCP by rubber ferrules, ensuring proper sealing between the chip and the 

tubes (Figure 127). 

 

Different gasket designs (350 μm thick) on the top and bottom layers (Figure 126 A) allowed 

for the creation of bottom and top chambers. The flow in the two chambers depends on 

the configuration of the layers: the top layer contained two inlets and two outlets to let 

liquid flow through the top and bottom chambers, while the middle layer contained only 

one inlet and one outlet to let the liquid go to the lower chamber of the chip. The volume 

of the bottom chamber was 100μL and that of the top chamber was 150μL. 

The inlet tubings were connected to liquid-filled syringes via Luer-lock connectors, which 

were attached to syringe pumps. The pumps applied pressure on the plunger, thus 

generating a liquid flow from the syringe to the tubing and subsequently to the chip. The 

applied pressure was controlled to set the desired flow rate (Figure 128). 

A modified insert for the FCP (Figure 126 D and E) was designed to keep the optical fibres 

aligned and at a constant distance from the top glass of the chip. The design was drawn 

using SolidWorks and SolidCAM (Dassault Systèmes, France). Inserts were fabricated by 

micro-milling a polycarbonate substrate. 

Figure 127 Section of the FCP and schematic overview of the flow generated within the assembled 
chip. Tubings are hold by ferrules (in the red rectangles) (A) that ensure a tight seal between the FCP 
and the chip when the clamp is closed (B). The direction of the flow is from the inlet tubings into the 
chip (blue arrows) and then to the outlets (red arrows) (C). 
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In the final design, three sensor spots could monitored from the top layer by optical fibres 

located at a distance of approximately 2.2 mm from the sensors (1.1 mm glass thickness 

from the top layer, 0.4 mm thickness from the middle layer and 2x 350 μm from the gaskets 

in the top and bottom layers). Two 1.1 mm thick rubber bands were added in the bottom 

of the insert to compress the chip when the FCP was closed.  

 

5.3.2.3 Preparation of Oxygen Sensors 

The geometry of the sensors was controlled by placing Kapton tape stencil on gasket free 

bottom layers. The Kapton was initially cut according to the dimensions of the bottom layer 

(15x45 mm). Three spherical holes, each with a diameter of 2 mm were added that served 

to create the sensor spots (Figure 129). 

Figure 128 Experimental setup for the microfluidic device. Pumps ensure a proper liquid flow rate from 
the syringes through the chip to the falcon tubes. Connected to the FireStingO2 device there are fibre 
optics (black cables) for contactless sensing and a temperature sensor (white cable). 
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The layers containing the Kapton tape were then submitted to an oxygen plasma activation 

treatment (5min) at 50% power with an Atto plasma laboratory unit (Diener electronic 

GmbH + Co. KG, Ebhausen, Germany), after which aliquots of the sensor solution were 

added to the holes in sufficient amount to ultimately create a signal intensity higher than 

50. In some cases, blade-coating of the sensor spots with a curing agent was required to 

immobilize them on the glass surface. PDMS (Sylgard 184, Dow Corning, USA, with a 10:1 

(w/w) base/curing agent ratio) was chosen for its high oxygen permeability and easy 

handling. Prior to use, the PDMS was degassed for 30 min by using a desiccator and a 

vacuum pump. After application, curing was performed by placing the sensor layers in the 

oven at 70 °C overnight. The Kapton was removed and the perfluorinated gasket was 

dispensed on the glass and cured on a hot plate for 10 min at 150 °C. At least five chips per 

oxygen sensor solution were made. 

 

5.3.2.4 Preparation of Oxygen Standards 

De-oxygenated water was obtained by bubbling nitrogen through a centrifuge tube filled 

with MilliQ water for at least 30 min. Air saturated water was obtained by using an 

aquarium pump to bubble air through a half-filled centrifuge tube with MilliQ water. Pure 

gaseous nitrogen was also used directly from the bottle. 

(B) 

(A) 

(C) 

11.5mm    8mm 

Figure 129 Preparation of the oxygen sensors. The sensor solution was applied to the glass bottom 
layer containing an attached Kapton tape stencil (schematic (A)). After sensor preparation, the Kapton 
was removed (B) and the gasket was added (C). 
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5.3.2.5 Signal Intensity and N2 Sensitivity 

Prior to the application of the gasket on the bottom layers, the sensing ability of the spots 

was tested to ensure that the chips were indeed functional. To this end, the optical fibre 

was applied to the spot through the bottom of the layer to confirm the signal intensity was 

between 50 and 500. Afterwards, gaseous nitrogen was pumped through a tube directly 

on the spot. If the measured pO2 value decreased substantially after initiating the nitrogen 

flow, the sensor was considered to be functional. 

5.3.2.6 Oxygen Sensors Calibration 

The sensors were calibrated by using microfluidic chips with non-porous glass or 

polystyrene middle layers, depending on the setup of the following experiments. 

The two-point calibration involved flowing air-saturated water at a rate of 200 μL/min 

through the lower channel (between the bottom and the middle layers) for the 21% O2 

point and pumping gaseous nitrogen through a PEEK tube in the same channel for the 0% 

O2 point.  

The sensor calibration was accomplished by selecting the Calibrate button in the main 

window of the Pyro Oxygen Logger software (Figure 130 A). In the new window (Figure 130 

B) 2-Point in Water or Humid Air was selected. In the panel Adjust Calibration Conditions, 

External Temperature Sensor was selected (100% Humidity and 0% Calibration). At this 

point, the oxygen sensor readings from the air-saturated water appeared on the graph in 

the panel. Once the values remained constant and reached the expected range of the 

connected sensor type, the button Set Air turned white. Clicking on it saved the actual 

oxygen reading for the calibration. After clicking the finish button, this process was 

repeated for all other channels. Afterwards, the air-saturated water was changed to 

gaseous nitrogen and the calibrations was repeated as described before for all channels. 

This time, however, the set 0% button was selected. After these measurements, the 

calibration conditions were saved in the main window (Save Setup) so that they can always 

be uploaded when the sensor was used. 
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In the calibration window under the buttons Set Air and Set 0%, the phase shifts (dphi) 

were shown. These values helped to assess if the calibration was valid or not since, as a 

rule of thumb, anoxic conditions gave a value of around 53, whereby ambient gave a value 

of ca. 20. 

 

 

 

(A) 

(B) 

Figure 130 Window display from Pyro Oxygen Logger for the Oxygen sensors calibration. In the 
main window (A) clicking on Calibrate opened the Calibration window (B) where different conditions 
could be chosen. When readings reached a steady state, the corresponding buttons turned white 
so that the calibration value could be set. 
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5.3.2.7 Validation of the Calibration 

The calibration of the sensors (Figure 131) was validated by flowing a mix of air-saturated 

water and de-oxygenated water through the lower channel (between the bottom and 

middle layers) of a chip device with a non-porous glass or polystyrene middle layer. The 

liquids were mixed by connecting the chip to a T-connector attached to two different 

syringe pumps. All connections comprised PEEK tubings (length: approximately 8 cm, ID: 

0.02”). Five oxygen contents were realized by the flow rates of the two solutions according 

to Table 2. The total flow rate was kept at 200 µL/min. 

 

Table 2 Composition of the different Oxygen Standards for Calibration Validation 

 

Standard 

(% of air saturation) 

Flow rate 

air-saturated water 

(µL/min) 

Flow rate 

de-oxygenated water 

(µL/min) 

0 0 200 

25 50 150 

50 100 100 

75 150 50 

100 200 0 

Figure 131 Evolution of the pO2 of a microfluidic chip when using different oxygen standards. The 
pO2 values were averages of the values obtained for the three channels. 0% air saturation (from 0-
5min): flow of de-oxygenated water; air saturations of 25% (5-10min), 50% (10-15min), 75% (15-
20min): mixture of flows of de-oxygenated water and air saturated water; 100% (20-25min) air 
saturation: flow of air saturated water. 
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5.3.2.8 N2/O2 exchange through the Hydrophobic Membrane 

De-oxygenation of water. De-oxygenation of O2 saturated water was studied using chips 

with a glass middle layer containing a PVDF membrane. The hydrophobicity of PVDF 

allowed flowing air-saturated water at a rate of 200 μL/min in the lower channel (between 

the bottom and middle layer), whereas gaseous nitrogen was pumped through the upper 

channel (between the middle layer and top layer). The flow of nitrogen was only started 

when the pO2 values were constant and similar between the three different channels (inlet, 

membrane and outlet). Only PEEK tubings were used to reduce the oxygen transfer from 

ambient air through the walls of the tubes. Oxygen detection was carried out with the 

FireStingO2 device and data recording was performed by using the Pyro Oxygen Logger 

program. 

 

Oxygenation of Water. Oxygenation of de-oxygenated water was studied by chips with 

a glass middle layer containing a PVDF membrane. The hydrophobicity of PVDF allowed 

flowing water at a rate of 200 μL/min in the lower channel (between the bottom and 

middle layer), whereas atmospheric air was pumped through the upper channel (between 

the middle layer and top layer). Two different syringe pumps were connected to the lower 

channel through a T-connector. One of the syringes contained air-saturated water and the 

other de-oxygenated water. The chip was left under a flow of air-saturated water until the 

pO2 values were constant and similar between the three channels (inlet, membrane and 

outlet). At this point, a flow of de-oxygenated water was started and the one for the air-

saturated water stopped. Oxygen detection was carried out with the FireStingO2 device 

and data recording was performed by using the Pyro Oxygen Logger program. Only PEEK 

tubings were used to reduce the oxygen transfer from the ambient air through the walls of 

the tubes. The effect of the flow rate on the oxygenation of the water was also studied, by 

performing the same experiment at flow rates of 50 μL/min, 100 μL/min and 150 μL/min.  
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5.3.3 Oxygen Consumption Studies 

5.3.3.1 Cell Experiments 

Biological experiments were performed at the University of Twente (BIOS Laboratories). 

Human Umbilical Vein Endothelial Cells (HUVECs) (ATCC, Virginia, USA) were incubated at 

37°C and 5% CO2 in Endothelial Cell Growth Medium (ECGM) (Cell Applications Inc., San 

Diego, USA) and passaged twice a week at 80% confluency. All material used in these 

experiments (chips, FCP, pumps, tubings, ferrules) was previously sterilized with 70 vol% 

ethanol. Before use, EtOH was flushed out from the tubings with PBS. Ferrules and 

connectors were also washed once with PBS.  

Thawing HUVECs. Huvecs were stored in a liquid nitrogen tank at the BIOS lab. A frozen 

vial (106 cells) was taken from the tank and the lid was opened to remove the liquid 

nitrogen residues. ECGM (1 mL, from 9 mL previously prepared in a 10 mL tube) was added 

to the vial and resuspended until the ice was completely melted. The procedure was 

repeated a few times by using 1 mL of medium, placing it into the vial, resuspending it, 

taking 1 mL from the vial, putting it into the 10 mL tube, taking again 1 mL and placing it 

into the vial etc. Finally, everything was added to the 10 mL tube affording 10 mL of the 

cell suspension. This suspension was centrifuged, the supernatant discarded, and the pellet 

was resuspended in medium (1 mL). This suspension was added to a collagen-coated T75 

flask (Sigma-Aldrich, St. Louis, USA) previously filled with ECGM (11 mL) and incubated at 

37 °C and 5% CO2 for at least 2 h. Afterwards, the medium was refreshed to remove the 

DMSO used in the freezing medium. The cells were then passaged on the next day. 

Passaging Cells. ECGM and a solution of trypsin in ethylenediaminetetraacetic acid (0.5%, 

Trypsin-EDTA, Gibco®, ThermoFischer Scientific, Grand Island, New York (USA)) were pre-

heated in a water bath. The medium present on the T75 flask incubated with the cells was 

discarded and the flask washed with a phosphate-buffered saline solution (PBS (10x), pH 

7.4, Gibco®, ThermoFischer Scientific, Grand Island, New York (USA)) (10 mL). The trypsin 

solution (2 mL) was added to the flask and incubated for 5 min. After the flask was checked 

under the microscope to confirm if the cells had detached, RPMI-1640 inactivating medium 

(Roswell Park Memorial Institute (RPMI) 1640 Medium, ThermoFischer Scientific, Grand 
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Island, New York (USA)) (8 mL) was added. This suspension was transferred to a 10 mL tube. 

A sample (100 μL) was taken to a vial and mixed with a trypan blue solution (0.4%, Trypan 

Blue Solution, Gibco®, ThermoFischer Scientific, Grand Island, New York (USA)) (100 μL). 

This mixture was used for the cell counter. The suspension in the 10 mL tube was 

centrifuged, the supernatant discarded, and the pellet resuspended in warm medium. The 

amount of medium was resuspended depending on the targeted number of flasks. For 

three flasks, for example, 3 mL were resuspended of which 1 mL was placed in each flask 

(the flasks already contained ECGM (11 mL) by the time of the addition). 

Cell Seeding of the Middle Layers.  The middle layers in the chips used for the cell 

experiments were made of polystyrene and contained a porous PET membrane. The PET 

membrane was cell-seeded with HUVECs on the bottom side, causings the cells in the 

experiments to face the lower channel (between the bottom layer and middle layer) of the 

chip. Before cell seeding, the bottom part of the membranes was coated with fibronectin 

(Sigma-Aldrich, St. Louis, USA) to produce a thin coating for cell attachment. The 

fibronectin solution (150 μL, 40 µg/mL in PBS) was pipetted onto the membranes, which 

were left inside the flow hood for 2 h. The remaining fibronectin solution was then 

discarded, and the membranes washed once with PBS (150 μL). The coated middle layers 

were either immediately used or stored at 4 °C for later use in a parafilm-sealed Petri dish.  

Middle layers containing a cell seeding density of 200’000 and 100’000 cells/cm2 were 

produced. To this end, the cells were treated as described in 5.2.7.2 but after cell counting, 

the pellet was resuspended in an amount of medium that would allow taking an aliquot of 

150 µL containing the desired cell concentration. This aliquot was then added to the 

previously fibronectin-coated membranes. The middle layers were then incubated 

overnight at 37 °C and 5% CO2. 

Setup of the Microfluidic Device. Two sterile 50 mL Luer syringes (Sigma-Aldrich, St. 

Louis, USA) were used, one filled with PBS and the other with pre-heated cell medium 

(37 °C). All efforts were made to ensure that no air bubbles were present in the syringes. 

Two Tefzel tubings with an inner diameter of 254 µm were used to connect each syringe 

via a Luer-lock connector to the inlets chip holder. Two Tefzel tubings with an inner 

diameter of 500 µm were used to connect the outlets' hole of the FCP to waste bins. To 

make sure that the inlet tubings were completely filled with liquid before closing the FCP 
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and starting the experiment, the syringe plunger was pressed until a continuous liquid flow 

could be observed at the end side of each inlet tubing. The outlet tubings were previously 

filled with PBS. When all tubings, connectors, and ferrules were in place, the chip device 

was assembled by placing all three layers in a PBS-filled Petri dish and stacking them on top 

of each other with the help of sterile surgical tweezers. All bubbles on the chip layers were 

previously removed with the aid of a pipette. The assembled chip was then placed in the 

dedicated space of the FCP chip holder by using surgical tweezers. The FCP was quickly 

closed and the whole set-up was transported to the incubator (37 °C), where the pumps, 

fibre optics and temperature sensor (connected to the FireStingO2 device) had already 

been placed. The fully assembled system is shown in Figure 132. 

 

Oxygen Consumption. The consumption of oxygen from the cell medium by HUVECS was 

studied by using the setup shown in Figure 132. Cell medium was pumped through the 

lower channel of the chip since the cells were on the bottom part of the membrane. PBS 

was pumped through the upper channel. The flow rate of the pumps was set at 13 μL/min. 

Oxygen detection was carried out with the FireStingO2 device and data recording was 

performed by using the Pyro Oxygen Logger program. Continuous flow occurred until 

(C) 

(A) 

(D) (B) (E) 

(F) 

Figure 132 Experimental setup for the microfluidic device for the cell experiments. The whole system 
was assembled in an incubator at 37 °C. Pumps ensured the proper liquid flow rate from the syringes 
to the chip in the FCP (C) and further to the falcon tubes (D). PBS (syringe (A)) was pumped through 
the upper channel of the chip while cell medium (syringe (B)) was pumped through the lower 
channel. Connected to the FireStingO2 device there were fibre optics (black cables (E)) for 
contactless sensing and a temperature sensor (white cable (F)). 
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oxygen sensor readings reached a steady-state (approximately 1 h). At that point, the flow 

was stopped for 2 h. Afterwards, the flow was reinstated for another hour and again 

stopped for 2 h. 

5.3.3.2 Flow effect on the sensor 

A set-up similar to the one on Figure 132, where both syringes contained air-saturated 

water was used to study the effect of the flow rate on the sensor. The setup was assembled 

in a laboratory oven at 37 °C. In a first experiment, air-saturated water was pumped at 13 

μL/min through both channels until the oxygen sensor readings presented a steady-state. 

At this moment, the flow was stopped. In the second experiment, a gradient of flows (50, 

40, 30, 20, 10, 5 μL/min) was tested by using the same set-up before the flow was stopped. 

These experiments were carried out with chips containing polystyrene as middle layers 

with a porous PET membrane. 
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Additional Spectra 

CP12Pd2 

 

 

 

 

Figure 133  1H NMR spectrum of CP12Pd2 (1mM) in CD3OD/D2O, 1:1 (v/v). 

Figure 134  13C NMR spectrum of CP12Pd2 (1mM) in CD3OD/D2O, 1:1 (v/v). 
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Figure 136 ROESY NMR spectrum of CP12Pd2 (1mM) in CD3OD/D2O, 1:1 (v/v). 
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Figure 135 COSY NMR spectrum of CP12Pd2 (1mM) in CD3OD/D2O, 1:1 (v/v). 
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   m/z calcd. m/z exp. 

[CP1+Pd(en)]2+ 2 C34H30N6O4 + C2H8N2Pd2+ 376.1 376.1 

[CP1+H]+ C34H30N6O4 + H+ 587.2 587.2 

[CP12+Pd(en)]2+ 2 C34H30N6O4 + C2H8N2Pd2+ 669.2 669.2 

[CP12Pd2+2 NO3]2+ C72H76N16O8Pd2
4+ + 2 NO3

- 815.2 815.1 

6 

4 

en 

Figure 137 NOESY NMR spectrum of CP12Pd2 (1mM) in CD3OD/D2O, 1:1 (v/v). 

Figure 138  ESI-TOF MS spectrum (positive mode) of the metallamacrocycle CP12Pd2. The peaks 
inside the red square are due to fragmentation of the ions with m/z=815.1. 
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CP22Pd3 

 

 

 

 

 

 

 

Figure 139 1H NMR spectrum of CP22Pd3 (1mM) in CD3CN/D2O, 1:1 (v/v). 

Figure 140 13C NMR spectrum of CP22Pd3 (1mM) in CD3CN/D2O, 1:1 (v/v). 
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Figure 142 NOESY NMR spectrum of CP22Pd3 (1mM) in CD3CN/D2O, 1:1 (v/v).  
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Figure 141 COSY NMR spectrum of CP22Pd3 (1mM) in CD3CN/D2O, 1:1 (v/v). 
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CP16Pd3 

 

   m/z calcd. m/z exp. 

[CP22Pd3]6+ C108H114N24O12Pd3
6+ 376.4 376.9 

[CP22Pd3 + NO3]5+ C108H114N24O12Pd3
6+ + NO3

- 464.1 464.3 

[CP2+Pd(en)]2+ C51H45N9O6 + C2H8N2Pd2+ 522.6 522.6 

 Figure 143 ESI-TOF MS spectrum (positive mode) of the cage CP22Pd2. 

Figure 144 1H NMR spectrum of CP16Pd3 (1mM) in DMSO-d6. 



207 
 

CP12Pd2·2NDS 

 

 

 

 

 

 

 

 

 

 

 

PC12Pd2·2NDS 
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Figure 145 COSY NMR spectrum of a mixture of CP12Pd2 (1mM) and NDS (2 mM) in CD3OD/D2O, 1:1 
(v/v). Grey lines mark crosspeaks between signals of the metallamacrocycle and the green lines the 
crosspeaks between the anion signals. 
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Figure 146 NOESY NMR spectrum of a mixture of CP12Pd2 (1mM) and NDS (2 mM) in CD3OD/D2O, 
1:1 (v/v). Grey lines mark crosspeaks between signals of the metallamacrocycle and the green lines 
the crosspeaks between the anion signals. 
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Mean planes (angles and torsions) 

 

 

 

 

 

 

Figure 147 Crystal structure of CP1. The mean planes created by the phenyl rings are shown in red 
and those created by the pyridine ring in blue. The angle between the mean planes of the phenyl 
rings is 52.32˚ and the torsion of the pyridyl subunit in relation to the phenyl ring 38.07˚. 
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Figure 148 Calculated structure of CP2. The mean planes created by the phenyl rings are shown in 
red and those created by the pyridine ring in blue. The angle between the mean planes of the phenyl 
rings is 83.02˚ and the torsion of the pyridyl subunit in relation to the phenyl ring 52.52˚. 
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Figure 149 Calculated structure of CP12Pd2. The mean planes created by the phenyl rings are shown 
in red and those created by the pyridine ring in blue. The angle between the mean planes of the 
phenyl rings is 83.83˚ and the torsion of the pyridyl subunit in relation to the phenyl ring 41.93˚. 
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Figure 150 Calculated structure of CP22Pd3. The mean planes created by the phenyl rings are shown 
in red and those created by the pyridine ring in blue. The angle between the mean planes of the 
phenyl rings is 57.90˚ and the torsion of the pyridyl subunit in relation to the phenyl ring 33.22˚. 
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Figure 151 Calculated structure of CP16Pd3. The mean planes created by the phenyl rings are shown 
in red and those created by the pyridine ring in blue. The angle between the mean planes of the 
phenyl rings is 69.59˚ and the torsion of the pyridyl subunit in relation to the phenyl ring 69.34˚. 
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Figure 152 Calculated structure of CP12Pd2 + terephthalate. The mean planes created by the phenyl 
rings are shown in red and those created by the pyridine ring in blue. The angle between the mean 
planes of the phenyl rings is 52.21˚ and the torsion of the pyridyl subunit in relation to the phenyl 
ring 51.05˚. 
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Figure 153 Calculated structure of CP12Pd2·BDS. The mean planes created by the phenyl rings are 
shown in red and those created by the pyridine ring in blue. The angle between the mean planes of 
the phenyl rings is 53.14˚ and the torsion of the pyridyl subunit in relation to the phenyl ring 36.87˚. 
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Figure 154 Calculated structure of CP12Pd2·2NDS. The mean planes created by the phenyl rings are 
shown in red and those created by the pyridine ring in blue. The angle between the mean planes of 
the phenyl rings is 59.12˚ and the torsion of the pyridyl subunit in relation to the phenyl ring 45.37˚. 

 



217 
   

 

Appendix II: Publication and SI



218 
   



219 
   
 

 



 
220 
 

 



221 
 

 



 
222 
 

  



223 
 

 



 
224 
 

 



225 
 

 



 
226 
 

 



227 
 

  



 
228 
 

 



229 
 

  



 
230 
 

 



231 
 

  



 
232 
 

 



233 
 

  



 
234 
 

  



235 
 

  



 
236 
 

 



237 
 

  



 
238 
 

  



239 
 

 



 
240 
 

  



241 
 

 



 
242 
 

  



243 
 

 



 
244 
 

  



245 
 

  



 
246 
 

  



247 
 

 



 
248 
 

  



249 
 

  



 
250 
 

  



251 
 

  



 
252 
 

 



253 
 

  



 
254 
 

 



255 
 

 



 
256 
 

 



257 
 

  



 
258 
 

  



259 
 

 



 
260 
 

 



261 
 

 



 
262 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



263 
 

CURRICULUM VITAE 

Lígia Margarida Marques Mesquita 

AREAS OF WORK 
 

Nanoparticle Chemistry, Peptide Synthesis, Organic Synthesis, Supramolecular 

Chemistry, Coordination Chemistry, Analytical Chemistry, Host Guest Chemistry, 

Pharmaceutical Chemistry, Pharmacokinetics, Cell biology, Heterogeneous Catalysis. 

 

SCIENTIFIC PATH 
 

Oct 2020 – Present Research Scientist 
 

Topas Therapeutics Field of work: Development of nanoparticles that generate 

tolerance against bloodborne antigens to address autoimmune 

diseases, allergies and anti-drug antibodies. 

 

Oct 2015 – Apr 2019 PhD in Chemistry  
 

TU Kaiserslautern  Main Project: Metal Directed Self–Assembly of Cyclopeptide–

Containing Macrocycles and Cages 
 

ISIS Strasbourg Secondment Project: Synthesis and Characterization of 

Luminescent Neutral Pt(II) Complexes Tethered to Cyclopeptides 
 

Micronit Industrial Secondment Project: Luminescent Pt(II) Porphyrin 

Complexes as Oxygen Sensors for Microfluidic Devices 

 

Aug 2013 – Sep 2015 Research Assistant 
 

ITQB-UNL Field of work: Development of dinuclear Cu(II) and Zn(II) 

complexes as potential inhibitors of oncogenic protein-protein 

interactions 

 

Oct 2010 – Feb 2013 MSc in Industrial Pharmaceutical Chemistry  
 

University of Coimbra 

(FFUC) 

Thesis project: New Sustainable Processes Catalysed by Acids 

with Interest in Pharmaceutical Industry 

 

Sep 2007 – Jul 2010 BSc in Biochemistry 
 

University of Coimbra 

(FCTUC) 

Thesis project: Effect of Silibinin in the cellular death of Acute 

Lymphoblastic Leukaemia’s cells 



 
264 
 

 

 


