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Riassunto 

Le strutture molecolari artificiali capaci di formare nanopori stabili all’interno di una 

membrane biologica sono sempre più di ampio interesse, grazie alla possibilità di essere 

impiegate in campo biomedico e biotecnologico, soprattutto come sensori. Per poter 

formare nanopori questi sistemi devono soddisfare dei requisiti minimi in termini di 

forma, dimensioni e solubilità. Essi devono essere in grado di inserirsi facilmente in 

membrana tramite interazioni idrofobiche e al contempo formare condotti polari che 

consentano il passaggio degli ioni; quindi una struttura che presenti tali caratteristiche 

dovrà essere anfifilica, avere una forma allungata, essere abbastanza rigida e, 

soprattutto, essere sufficientemente lunga da attraversare completamente la membrana. 

Lo scopo di questo lavoro di tesi è quello di realizzare sistemi che soddisfino queste 

esigenze sfruttando il metal-mediated self-assembly di piridilporfirine su centri 

metallici. In particolare, per ottenere strutture sufficientemente lunghe da attraversare 

completamente il doppio strato fosfolipidico, si è focalizzata l’attenzione sulla 

realizzazione di piridilporfirine equipaggiate con gruppi accettori e donatori di legami 

ad idrogeno e con un catena anfifilica che ne aumenti la compatibilità con la membrana. 

Utilizzando complessi di metalli di transizione con una geometria adeguata questi 

“pannelli molecolari” dovrebbero assemblarsi a dare metallacicli di forma 

approssimativamente cubica in grado di dimerizzare in membrana, grazie alla 

formazione di legami ad idrogeno, formando così strutture tubulari cave 

sufficientemente lunghe da attraversare completamente la membrana. 

Nella prima parte della Tesi è stata messa a punto ed ottimizzata una strategia sintetica 

per ottenere una libreria di derivati anfifilici di trans-A2B2 e trans-A2BC 

dipiridilporfirine direttamente a partire dal 5-(4-piridil)dipirrometano. La maggior parte 

delle porfirine sintetizzate in questo modo sono composti nuovi (Fig.1). 
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Figura 1. Libreria di trans-dipiridilporfirine sintetizzata. 

 

I membri della libreria sono stati quindi funzionalizzati attraverso reazioni di coupling 

metallo-catalizzate per ottenere sia derivati anfifilici che dimerici, dimostrando così il 

loro potenziale e la loro versatilità verso l’utilizzo per diverse applicazioni. Le reazioni 

di funzionalizzazione sono state condotte sulle porfirine free-base ed è stato dunque 

necessario ottimizzare accuratamente le condizioni delle reazioni metallo-catalizzate in 

modo tale da evitare che il catalizzatore, o l’eventuale co-catalizzatore, si potesse 

inserire nel macrociclo porfirinico. Le funzionalità che sono state inserite nelle 

dipiridilporfirine sono molecole con gruppi donatori/accettori di legame idrogeno tra di 

loro complementari , in particolare, derivati dell’uracile e della diacilamminopiridina, e 

residui anfifilici come catene polieteree (Fig.2). 
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Figura 2. Struttura delle porfirine funzionalizzate con gruppi accettori e donatori di legame ad idrogeno. 

 

Partendo dalla libreria di porfirine sono anche stati sintetizzati dei dimeri di 

dipiridilporfirine (Fig.3). 

 

 

Figura 3. Struttura dei dimeri porfirinici sintetizzati. 
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Le dipiridilporfirine target sono state principalmente utilizzate in reazioni di auto-

assemblaggio sfruttando i gruppi piridinici presenti, in particolare attraverso il metodo 

coordination-driven self-assembly con complessi metallici cis-coordinanti come 

Re(CO)5Br e trans,cis,cis-[RuCl2(CO)2(DMSO-O)2], ottenendo la formazione di 

quadrati molecolari insieme con altre specie metallacicliche. Al meglio delle nostre 

conoscenze, il complesso di Ru(II) è stato utilizzato per la prima volta per l’auto-

assemblaggio con trans-dipiridilporfirine. Le porfirine, i dimeri e gli addotti 

supramolecolari ottenuti sono stati caratterizzati principalmente tramite spettroscopia 

NMR, in particolare attraverso 
1
H, 

13
C, 

1
H-

1
H COSY, 

1
H-

13
C HSQC, 

1
H-DOSY. 

Quest’ultima tecnica, essendo divenuta sempre più importante in chimica 

supramolecolare sia per la caratterizzazione sia per provare la purezza dei composti, è 

stata utilizzata a fondo per confermare le dimensioni in soluzione delle molecole 

sintetizzate e per avere una prova della purezza dei campioni. Quest’ultimo aspetto è 

stato uno dei più difficili da affrontare perché non era certo evidente analizzando i soli 

spettri 
1
H-NMR acquisiti per la possibile presenza di isomeri e confomeri. In assenza di 

dati spettroscopici a raggi X e di spettrometria di massa, la tecnica PFG-NMR è stata 

uno strumento potente, utile e diretto per razionalizzare l’elevata complessità del pattern 

dei segnali osservato in questi spettri e per confermare le più elevate dimensioni 

raggiunte da queste molecole relativamente alle porfirine di partenza. 

Conferma dell’avvenuta formazione dei legami metallo-piridina con la giusta 

configurazione è venuta anche dai dati spettroscopici IR, UV-Vis e di emissione di 

fluorescenza, acquisiti per le porfirine così come per i metallacicli supramolecolari. 

Anche se non è stato possibile in alcuni casi assegnare in maniera non ambigua la 

nuclearità di queste supramolecole, poiché la geometria molecolare sia di specie a 

nuclearità [3+3] che [4+4] può essere approssimata dalla medesima sfera, le 

supramolecole sintetizzate sono specie cicliche e simmetriche e preservano la simmetria 

molecolare delle specie di partenza. In Figura 4 è riportato a scopo esemplificativo il 

modello molecolare di uno dei metallacicli preparati. 
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Figura 4. Modelli molecolari del metallaciclo [ReBr(CO)3(DiTegPhDPyP)]4 (Sq-1).  

 

Le porfirine più rappresentative e gli addotti metallaciclici sono stati testati per la loro 

capacità di formare canali ionici transmembrana utilizzando liposomi come modelli 

delle membrane biologiche. Gli studi preliminari sull’attività di trasporto di ioni H
+
 

sono riportati nella Tesi.  
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Abstract 

Artificial molecular structures forming stable pores in biological membranes may have 

important applications in the biomedical field and in the field of biotechnology, in 

particular as sensors. These structures have to meet specific characteristics of size, 

shape and solubility. In particular, they have to enter the membrane engaging 

hydrophobic interactions with the phospholipid bilayer and, at the same time, forming a 

polar conduit for the transport of the ions across the membrane. A molecular structure 

which meets these features is an amphipathic, rigid and tube-shaped one and, mostly 

important, long enough to span the entire membrane. 

The final goal of this thesis work is the design and preparation of structures that would 

reflect these characteristics obtained by the metal-mediated self-assembly of 

pyridylporphyrins. In particular to obtain structures long enough to span the membrane 

the focus was on the design of pyridylporphyrins equipped with complementary 

hydrogen bonding donor/acceptor moieties and of a polar subunit to increase membrane 

compatibility. Using transition metal complexes with an adequate geometry these 

“molecular panels” should self-assemble in metallasquares which, upon hydrogen-

bonding driven dimerization in membrane, should form tubular empty structures long 

enough to span the phospholipid bilayer forming large pores. 

In the first part of the Thesis work, a versatile and straightforward synthetic strategy for 

the preparation of a library of amphiphilic trans-A2B2 and trans-A2BC 

dipyridylporphyrins directly from 5-(4-pyridyl)dipyrromethane has been developed and 

optimized. The major part of the porphyrins synthesized in this way are new compounds 

(Fig.1).  
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Figure 1. trans-dipyridylporphyrin library synthesized. 

 

The library members have been functionalized through different metal catalysed 

coupling reactions, showing their great potential and versatility towards the different 

employment which could be addressed, to obtain amphiphilic and dimeric derivatives, 

in some cases with very good and satisfying yields. The derivatization reactions have 

been performed on the free base porphyrins and, therefore, it has been necessary to 

carefully optimize the conditions of the metal catalysed reactions in order to avoid the 

insertion of the catalyst, or of the co-catalyst, in the porphyrin macrocycle. The 

functionalities that have been inserted into the dipyridylporphyrins scaffold are 

hydrogen-bonding complementary donor/acceptor moieties, like uracil and 

diacylaminopyridine, and an amphiphilic polyether chains (Fig.2).  
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Figure 2. Structure of the porphyrin functionalized with hydrogen bonding D/A groups. 

 

Starting from the porphyrin library and exploiting metal catalysed coupling reaction 

also three dipyridylporphyrins dimers have been prepared (Fig.3). 

 

 

Figura 3. Structure of the porphyrin dimers synthesized. 
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The target amphiphilic dipyridylporphyrins have been principally utilized in self-

assembly reactions exploiting the pyridyl groups present, in particular through the 

coordination-driven self-assembly approach, with cis-coordinating metal complexes like 

Re(CO)5Br and trans,cis,cis-[RuCl2(CO)2(DMSO-O)2], leading to the formation of 

molecular squares together with other kind of metallacyclic species. At the best of our 

knowledge, this is the first time that the Ru(II) complex have been employed for the 

self-assembly with trans-dipyridylporphyrins. The porphyrins, the dimers and 

supramolecules synthesized have been mainly characterized by mean of NMR 

spectroscopy, in particular through 
1
H, 

13
C, 

1
H-

1
H COSY, 

1
H-

13
C HSQC, 

1
H-DOSY. 

The latter technique, being more and more important and utilized in supramolecular 

chemistry either in the characterization either in the sample purity proof of the 

compounds, has been in fact thoroughly utilized both to confirm the dimensions in 

solution of all the molecules synthesized and to give an evidence of their purity. This 

last feature has been one of the more challenging to face because the sample purity was 

not so evident just analysing the 
1
H-NMR spectra due to the possible presence of 

isomers and conformers. In absence of X-ray spectroscopic and MS spectrometric data, 

PFG-NMR has been a powerful, helpful and straightforward way to rationalize the high 

complexity of the resonating signals pattern in these spectra and to confirm the higher 

molecular dimensions reached as relative to the parent porphyrins.  

Confirmation of the pyridyl-metal bond formation with the right configuration has come 

also from IR, UV-Vis and fluorescence emission spectra acquired both for the 

porphyrins and for the supramolecular metallacycles. 

Putting together all the data and although in some cases we were not able to 

unambiguously define the nuclearity of the metallacycle, the supramolecules 

synthesised have all cyclic and symmetric structure and retain the symmetry of their 

parent porphyrins. Figure 4 shows as an example the model of one of the metallacycles 

prepared. 
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Figure 4: Structure of the metallacycle [ReBr(CO)3(DiTegPhDPyP)]4 (Sq-1). 

 

The most representative porphyrins, together with the supramolecular metallacycles 

have been then tested as transmembrane ion channels utilizing liposomes as model of 

biological membranes. Preliminary studies on the H
+
 transport assays have been 

reported. 
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1 Introduction 

 

1.1 Supramolecular chemistry 

“Molecular chemistry, the chemistry of the covalent bond, is concerned with 

the rules that govern the structures, properties and transformation of molecular species. 

Supramolecular chemistry may be defined as chemistry beyond the molecule, bearing 

on the organized entities of higher complexity that result from the association of two 

or more chemical species held together by intermolecular forces. Its development 

requires the use of all resources of molecular chemistry combined with the designed 

manipulation of non-covalent interactions so as to form supramolecular entities, 

supramolecules possessing features as well defined as those of molecules 

themselves”.
1
 Molecular interactions constitute the highly specific recognition 

processes that occur in biology. The design of artificial systems able to display 

processes of highest efficiency and selectivity requires the correct manipulation of the 

energetic and the stereochemical features of the non-covalent intermolecular forces, 

within a defined molecular architecture. However chemistry is not limited to systems 

mimicking those found in biology, but it is free to create unknown species and new 

processes. Thus, supramolecular chemistry has been rapidly expanding at the frontiers 

of chemical sciences with physical and biological phenomena.
2
 

Its roots also extend into organic chemistry and the synthetic procedures for molecular 

construction, into coordination chemistry and metal ion-ligand complexes, into 

physical chemistry and the experimental and theoretical studies of interactions, into 

biochemistry, materials science and the mechanical properties of solids. Synthetic 

approaches to supramolecular chemistry can be categorized based on the nature of the 

molecular building blocks, i.e., whether they are organic or inorganic in nature, or 

whether they are small molecules or macromolecules. Small-molecule organic 

building blocks include molecular liquid crystals, hydrogen bonding molecules, 

catenanes, and rotaxanes.
3
 These have been used to create supramolecular ensembles 

ranging from nanostructured catalytic reactors to electrochemically switched 

molecular shuttles. Macromolecular organic building blocks include phase-separated 

block copolymers and, more recently, dendrimers. These have been used to generate 

sophisticated ordered composites and to allow nanopatterning on surfaces. Self-

assembling coordination compounds featuring ligand-functionalized porphyrins and 
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related components have been a mainstay of inorganic supramolecular chemistry.
2
 

Ever since its discovery, the concept of supramolecular chemistry has attracted lots of 

attention from chemists, biologists and material scientists, where they utilize the non-

covalent interactions including hydrogen-bonding interaction, π−π stacking 

interaction, electrostatic interaction, van der Waals force, and hydrophobic/hydrophilic 

attraction, to exploit the systems from easy to complicated.
4-8

 During the past decades, 

considerable efforts have been paid to develop numerous supramolecular systems and 

to investigate their applications in catalysis, functional materials, electronic devices, 

sensors, nanomedicine, and so on.
9-12

 At last, supramolecular chemistry provides a 

possibility of manipulating molecules or supramolecular building blocks at a 

molecular level, allowing the “bottom-up” method to control the sizes and 

morphologies of the resulting supramolecular materials. Especially, the fabrication of 

supramolecular materials with uniform size within nanometer range has become a hot 

research topic, because nanomedicine presents promising potentials for revolutionizing 

traditional biomedical techniques. Building supramolecular systems will provide a 

variety of novel diagnostic and therapeutic platforms toward applications in 

nanomedicine.
13

 Because of the above-mentioned advantages along with good 

biocompatibility or low toxicity of certain molecules and materials used, 

supramolecular systems have been widely utilized in the biological field.
14,15

 For these 

reasons supramolecular chemistry provides limitless possibilities for researchers 

seeking to design novel molecular materials exhibiting unusual properties and whose 

are investigating the structures and functions of biomolecules.  

By carefully design the molecules it is thus possible to drive their self-assembly, 

through the non-covalent (or weak) interactions abovementioned, to form 

supramolecules that have different physicochemical properties than those of the 

precursor building-blocks. Typical systems are designed such that the self-assembly 

process is kinetically reversible; the individual building blocks gradually funnel 

toward an ensemble that represents the thermodynamic minimum of the system via 

numerous association and dissociation steps. By tuning various reaction parameters, 

the reaction equilibrium can be shifted toward the desired product. As such, self-

assembly has a distinct advantage over traditional, stepwise synthetic approaches when 

accessing large molecules.
16
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1.2 Coordination-driven self-assembly 

 Supramolecular chemistry can be classified on the basis of the interactions 

utilized in the assembly process into three main branches: 

 those that utilize hydrogen-bonding motifs in the supramolecular 

architectures; 

 processes that primarily employ other non-covalent interactions (ion-

ion, ion-dipole, π−π stacking, cation-π, van der Waals and 

hydrophobic); 

 those that utilize strong and directional metal-ligand bonds. 

The third approach, also called “coordination-driven self-assembly”, affords a greater 

control than the other two over the rational design of two- and three-dimensional 

architectures. In fact differently from the first two approaches, in which the increasing 

complexity of the supramolecules formed could be a challenging task to face because 

of the inability to completely control the directionality of the weak forces, 

coordination-driven self-assembly exploit the predictable nature of the metal-ligand 

coordination sphere and ligand lability to encode directionality. Thus this third 

strategy represents an alternative route to better execute the “bottom-up” synthetic 

strategy for designing molecules of desired dimensions.
16

 As in nature, inherent 

preferences for particular geometries and binding motifs are “encoded” in certain 

molecules depending on the metals and functional groups present; these moieties help 

to control the way in which the building blocks assemble into well-defined, discrete 

supramolecules.
17,18

 Since the early pioneering work by Lehn
2
 and Sauvage

19
 many 

research groups have independently developed novel coordination-based paradigms 

for the self-assembly of discrete metallacycles and metallacages with well-defined 

shapes and size. Consequently a wide array of 2D systems (rhomboids, squares, 

rectangles, triangles, etc.) and 3D systems (trigonal pyramids, trigonal prisms, cubes, 

cuboctahedra, double squares, adamantanoids, dodecahedra and a variety of other 

cages) has been reported during the last decade.
20

 As a first simple example of the kind 

of molecule that can be obtained through the coordination-driven self-assembly is 

reported, in the next figure, the molecular square synthesized by Fujita and co-

workers: treating Cd(NO3)2 with 4,4’-bipy in a 1:2 ratio in aqueous ethanol led to the 

deposition of colourless crystals characterized as [Cd(4,4’-bipy)2(NO3)2] (Fig.1).
21
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Figure 1. Structure of [Cd(4,4’-bipy)2(NO3)2], a square lattice with channels capable of accommodating 

guests such as o-dibromobenzene (ref. 21).  

 

1.2.1 Design principles 

 The assembly of supramolecular ensembles depends on the information 

encoded within the complementary building blocks that form the rigid framework of 

the architectures. The highly directional and predictable nature of the metal-ligand 

coordination sphere is a critical feature of coordination-driven self-assembly. The 

energies of metal-ligand bonds (15-50 kcal/mol), which are intermediate between the 

energies of organic covalent bonds (ca. 60-120 kcal/mol) and the weak interactions 

(ca. 0.5-10 kcal/mol) that nature employs so elegantly to self-assemble biomolecules, 

help in modulating the coordination kinetics of the self-assembly process by 

introducing rigidity and reversibility. The kinetic reversibility between complementary 

building blocks, reaction intermediates, and self-assembled architectures provides a 

way for the system to self-correct (an “incorrectly” formed bond can dissociate and re-

associate “correctly”), leading to a product that is thermodynamically more stable than 

the starting components and any kinetically formed intermediates (Fig.2).  

 

 

 

Figure 2. Example of the self-assembly of a square. Since it may proceed through incorrectly oriented 

intermediate species, as these fragments associate and dissociate in solution, they will eventually funnel 

to the thermodynamically favoured square, automatically healing any defects (ref. 22). 
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If kinetic products are inert or sluggish to self-correct, the reaction time may become 

unfeasible and the product mixture may be plagued by impurities. One particular issue 

can be insoluble kinetic products. If an incomplete or incorrectly oriented fragment 

precipitates out of solution, there is no way for ligand dissociations and substitutions 

to occur to remedy the defects. As such, synthetic conditions must be determined such 

that all kinetic intermediates are free to transform further.
22

 

Transition metals, with their preferred coordination geometries, have served as 

acceptor units that can logically self-assemble with various rigid or flexible donors 

into predictable cyclic architectures. Although macrocyclization is a kinetically non-

favourite process, thermodynamic conditions facilitate the formation of macrocycles at 

the expenses of increased angle strain. This is due, among other factors, to the entropy 

that favours closed structures with a minimum number of components rather than 

polymeric structures involving a far larger number of components. 

In the last decade synthetic strategies involving the use of transition metals and 

coordinating chemistry in the formation of supramolecular adducts, through self-

assembly, have been of great interest and are emerged as a concrete alternative to the 

self-assembly approach based on hydrogen bonds. In principle this synthetic approach, 

in addition to the numerous advantages over the classic covalent one, is characterised 

by: 

 a topologic (or geometric) advantage in that the coordination compounds allow 

the access to bond angles difficult to obtain in the classical organic chemistry, 

in particular 90° angles; 

 depending on the nature of the metal and its coordinative sphere it is possible 

to choose not only the geometry of the complex (e.g. linear, planar square, 

tetrahedral, octahedral...) but also the number and geometry of the labile sites 

in the construction of the supramolecules;  

 in the context of non-covalent interactions, the coordination bonds are the most 

strong. The bond strength may vary in a range between 15 and 50 kcal/mol (i.e. 

intermediate between the strong covalent bonds of classical macrocycles and 

the weak interactions typical of biological systems). Supramolecular adducts 

obtained in this way will then be, in general, sufficiently stable to be isolated 

and treated as any discrete molecule;  

 depending on the nature of the metal and its oxidation state, it is possible to 
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choose between inert and labile bonds (e.g. Pd(II) labile vs Pt(II) inert) or move 

from one situation to another varying the oxidation state of the metal (e.g. 

Co(II) labile versus Co(III) inert);  

 the metal centre confers to the supramolecular system redox and/or 

photochemical properties; 

 the coordination compound can introduce elements of chirality: the ancillary 

ligands not involved in the construction of the supramolecule may possess 

chiral centres. 

The coordination-driven self-assembly method, that sometimes is also generally called 

“metal-mediated self-assembly”, can be further divided in four conceptually different 

kind of approaches: the directional-bonding approach,
23

 the symmetry interaction 

approach,
24

 molecular paneling
25

 and the weak-link approach.
26

 The metal-ligand bond 

serves as the cornerstone in all of these design principles. Mechanistically all these 

approaches rely on thermodynamic control, the global minimum of the reaction 

coordinate is the desired product. Moreover the weak link approach utilizes both 

thermodynamic and kinetic control to access a variety of large, open and flexible 2D 

and 3D structures. 

 

1.2.2 Directional-bonding approach 

 This rational design strategy relays on a combinatorial molecular library 

consisting of complementary building blocks that allows one to think 

retrosynthetically on the best way to achieve the geometry of a particular discrete 

assembly. The directional-bonding approach is a general, high-yielding synthetic 

strategy that gives access to a wide variety of 2D and 3D supramolecular ensembles.
27

 

There are two basic structural requirements for the construction of supramolecular 

architectures by this approach. First, the complementary precursor units must be 

structurally rigid with predefined bite angles; second, the appropriate stoichiometric 

ratio of the precursors must be used. The donor building blocks are generally organic 

ligands having two or more binding sites possessing angular orientations ranging from 

0° to 180°. 

The acceptors are metal-containing subunits that are central in this approach because 

they possess available coordination sites, which are at a fixed angle relative to one 

another for binding incoming ligands. 
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Beginning with 2D architectures, this emerging methodology was used to construct 

macrocycles in the shape of selected polygons by rationally designing organic ligands 

and metal-containing precursors to occupy the edges and vertices of the target 

structure (Fig.3).
16

  

 

 

Figure 3. Combination of different donor and acceptor subunits to reach 2D polyhedral structures 

(ref. 16). 

 

As such, this design approach is sometimes referred to as “edge-directed self-

assembly”, in contrast to “face-directed self-assembly”, which uses molecular 

precursors as panels to occupy the faces of a given 3D shape.
22

 

Typically, the metals are introduced into these structures with directing or blocking 

ligands that only make coordination sites available to incoming ligands with the 

appropriate angle to form the desired shape.
28

 The symmetry and number of binding 

sites within each precursor unit guide the shape of the target assembly. While the 

design of monocyclic ensembles requires subunits having symmetry axes no higher 

than a 2-fold axis, polycyclic entities require one of the subunits to possess a 

symmetry axis higher than 2-fold. The shape of the target is predetermined by careful 

selection of the metal starting material, coordinatively inert directing ligands, and rigid 

bridging ligands. For example, a dinuclear macrocycle can be assembled utilising a 

metal complex with a 60° angle between the labile sites and a rigid ligand with a 120° 

kink. This same metal complex can be used to construct a molecular triangle by using 

a linear ligand system. Finally, there are two complementary ways to construct a 

molecular square: by using a metal starting material with a 90° angle between the 

coordination sites and a rigid linear ligand, or by utilizing a metal complex with a 180° 
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geometry and a ligand system with a 90° turn. The angles between the donor groups in 

the organic ligands are essential to the closure of the appropriate geometric shape and 

hence, as defined by Stang and co-workers, the ligands must be “rigid, highly 

directional multibranched monodentate ligands, which bind to partially coordinatively 

unsaturated transition-metal complexes via dative bond interactions”.
20

 Two-

component supramolecular coordination complexes (SCCs) are often referred to as an 

[m + n] self-assembly, wherein m and n denote the total number of acceptor and donor 

units in a single discrete ensemble.  

When a molecular component possesses a symmetry axis that is higher than 2-fold, 

more complex geometries can be achieved. There are a few ways to encode this higher 

symmetry. Thus three-dimensional polyhedral architectures can be designed using a 

combination of angular and linear subunits that have more than two binding sites. The 

combination of tritopic building blocks with simpler ditopic precursors affords 3D 

metallacages (Fig.4). 

 

 

Figure 4. Three-dimensional architectures formed with ditopic and tritopic subunits (ref. 16). 

 

There are a few notable points illustrated by this expansion from 2D to 3D systems. 

The first is that the ditopic subunits may be chemically identical in both cases. The 

same molecules developed to make 2D assemblies are readily adapted to 3D 

ensembles when paired with a different donor or acceptor. A second point to note is 

that the specific identity of the acceptor and donor is not important. If the precursor is 

designed such that metal−ligand bond formation can occur, the identity of the organic 

fragment and metal-containing fragment can be exchanged, provided that the 

necessary angles are preserved. That is, for a given [m + n] two-components assembly, 
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suitable precursors can often be synthesized such that an [n + m] assembly will 

generate a geometrically similar ensemble. A hexagon can thus be assembled from the 

[6+6] combination of a linear ditopic organic donor and a dinuclear metal acceptor 

with 120° between metal sites or from the combination of a linear metal acceptor with 

a ditopic, 120° ligand. This versatility allows for a variety of unique chemical 

compositions for a single structure type. However, synthetic feasibility often guides 

the identity of one component over another. 

In contrast there are some inherent limitations to this approach. First, the ligand 

systems used are rigid linking groups, which preclude the formation of flexible 

supramolecular arrays; this rigidity limits the formation of molecular switches or other 

applications which require conformational changes in the complex other than rotation. 

Second, the metal centers in the final structures are coordinatively inert, which 

severely limits applications such as size- and shape-selective metal-based catalysis and 

use of the metal fragments to form more complex structures through further 

coordination chemistry. Indeed, any catalysis or formation of extended arrays from 

preformed and discrete supramolecules is ligand based, thus it is encumbered by the 

limits of organic manipulation on this scale. Finally, the physical properties of both the 

ligand and metal building blocks are often greatly perturbed as a result of the direct 

coordination, and often conjugation, between the transition metals and the heteroatom 

containing ligands employed in this synthetic strategy.  

 

1.2.3 Symmetry interaction approach 

 This design strategy has been developed as a rational synthetic approach for 

the synthesis of high-symmetry coordination clusters using metal-ligand bonds. It is 

based on the geometric relationship between the chelating ligands and the metals used. 

The strong binding affinity and coordination mode of chelating ligands, along with the 

inherent symmetry of the coordination sites available on the naked metal center, act as 

the driving force for the assembly process. In general, multibranched chelating ligands 

with rigid backbones are used in conjunction with transition metals or main group 

metals. The orientation of the multiple binding sites that are rigidly fixed is critical to 

the selection of a particular molecular geometry and helps to avoid the formation of 

oligomers and polymers. The chelation effect of the ligands used in this approach 

provides stronger overall binding constants to the metal centers than monodentate 

ligands, but the metal/ligand combinations must be chosen carefully in order to 
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maintain coordinative lability. This approach, like the directional-bonding approach, 

targets the thermodynamic products of the reaction which makes thermal annealing of 

defect structures an important feature of the synthetic strategy. Raymond and co-

workers have defined the requisites of this design principle in terms of the geometric 

relationship between the ligand and the metal component using symmetry 

considerations.
24

 A coordinate vector represents the interaction between a ligand and 

the metal. The coordination vectors, that were critical to define the angularity and 

directionality of molecular building blocks, remain an important parameter when 

designing ligands for symmetry-interaction self-assembly (Fig.5).  

 

 

Figure 5. Schematic drawing of coordinate vector and chelate plane for the symmetry  

interaction method (ref. 16). 

 

For monodentate ligands the coordination vector is simply the vector collinear with the 

metal−ligand bond. For chelating ligands, it bisects the chelating atoms and is oriented 

toward the metal. When multiple chelating ligands are bound to a single metal center, 

the coordinate vectors define the chelate plane, which is the plane containing all of 

these vectors. A final parameter required for rational design using the symmetry-

interaction approach is the approach angle. This angle is found between the principle 

rotation axis of the metal center and the line defined by the two coordinating atoms of 

the chelating ligand (Fig.6). 
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Figure 6. The symmetry-interaction approach defines a coordination vector collinear to the metal−

ligand bond of a monodentate ligand and bisecting the metal−ligand bonds of a chelate ligand. A 

collection of coplanar coordination vectors defines the chelate plane of a metal node. The angle between 

the highest order symmetry axis and the line defined by the chelate atoms is known as the approach 

angle (ref. 22). 

 

Thus, depending on the orientation of the chelate planes, the construction of high-

symmetrical coordination clusters can be realized. For example, a M4L6 tetrahedron 

foresees that the four metal atoms occupy the vertices and the six ligands are disposed 

on the edges of the tetrahedron. This requires that the C2 axes of the tetrahedron lie 

within the chelate plane at each of the metal centers. A tetrahedron can also be 

generated by the combination of four metal atoms with four ligands (M4L4). In this 

case, the four ligands occupy each of the four faces of the tetrahedron with four metal 

atoms at the vertices. Symmetry considerations thus require that both the ligands and 

metals possess C3 symmetry (Fig.7). 
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Figure 7. Design strategy for (a) M4L6 and (b) M4L4 tetrahedra by the symmetry interaction approach 

(ref. 16). 

 

The symmetry-interaction synthetic strategy has granted researchers access to a variety 

of elegant shapes and architectures (for example, helicates, tetrahedra, and adamantoid 

structures) through the predictable coordination chemistry of multibranched chelating 

ligands with transition and main group metal centers. The added complexity that is 

inherent in this approach has, until recently, defined the synthesis of novel complexes 

as mostly resulting from trial and error.
28

 While several different research groups have 

made significant strides towards developing a rational synthetic scheme, the subtle 

interactions driving the formation of these architectures is not fully understood.
29-31

 

The compounds formed through this approach are, by definition, supramolecular 

clusters, the structure of which are usually relatively compact. While some host-guest 

interactions have been demonstrated by these complexes, the relatively small 

dimensions of the interior cavities typically prohibits the encapsulation of large guest 

molecules. 

 

1.2.4 Paneling approach 

 This design strategy sometimes called “face-directed self-assembly”, pioneered 

by Fujita and co-workers, has led to the formation of various functional and 

aesthetically elegant 3D architectures that resemble platonic solids, including 
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equilateral triangles, squares, and pentagons. It is a subset of directional-bonding that 

deconstructs 3D architectures to their faces rather than edges. Thus, 3D molecular 

architectures can, in principle, be designed by reducing these polyhedra to molecular 

components.
21

 For example, a tetrahedron can be designed by stitching together four 

triangular panels, while an octahedron can be prepared by bringing together eight of 

such triangular panels (Fig.8). 

 

 

Figure 8. Assembling a tetrahedron and an octahedron using triangular panels (ref. 16). 

 

It is not always necessary to occupy all the faces of a given polyhedron with panels. For 

example, rather than constructing all eight faces of an octahedron, trigonal panels can be 

joined by 90° metal centers to cover alternating faces. Since the alternating faces 

destroy the C4 rotational axis of symmetry, the 

resulting structure is a truncated tetrahedron with 

Td symmetry. The organic ligands that comprise 

the faces of these cages oftentimes do not occupy 

the full space implied by their representation as 

panels. While this gives rise to opening in the 

cages, such constructs are often well-suited for 

host/guest chemistry, even in the case of a 

truncated tetrahedron with alternating trigonal 

faces (Fig.9). 

Similarly, the paneling of squares results in the 

formation of cubes and prisms. In this paradigm, 

flat, panel-like organic ligands having more than two linking sites are panelled 

together using appropriate structural corner units. The corner units employed are 

usually cis-protected square-planar Pt(II) or Pd(II) metal centers. In contrast to the 

Figure 9. Polytopic organic linkers 
can be represented as panels for 

the construction of 3D SCCs, such as 

truncated tetrahedral (ref. 22). 
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naked metal centers used in the symmetry interaction approach, cis-protection makes 

the coordination geometry around the metal center convergent. This enables the 

efficient generation of discrete supramolecular arrays without the formation of 

oligomeric products. Tetratopic square panels having D4h symmetry can lead to 

different topologies depending upon the positions of the donor sites on the panel. 

While panels having linking sites on the edges of the square form M6L3 trigonal 

prisms,
32

 donor sites on the four corners give access to M12L6 hexagonal prisms 

(Fig.10).
33

 

 

 

Figure 10. Assembling: (a) M6L3 trigonal prism and (b) M12L6 hexagonal prism (ref. 16). 

 

One of the most interesting advantages of this strategy is that the ensembles formed 

through this approach have large accessible interior cavities, which have been 

exploited for reversible guest inclusion, molecular recognition, and cavity-driven 

catalysis. The drawback is that to achieve some of the designed architectures guest 

molecules need to be used as a template during the formation of the prisms.  

Aside from the Platonic and Archimedean solids, a number of prisms have also been 

formed that contain panels or faces in their design. As shown in Figure 10, a trigonal 

prism can be constructed either by combining three square panels with six ditopic 

donors or by using two triangular panels with ditopic nodes spanned by linear ligands 

acting as pillars. The former design requires a two-component self-assembly and 

delivers an open-faced prism. The latter requires a third building block for a 

multicomponent self-assembly (Fig.11). 
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Figure 11. The panel approach to forming SCCs provides a logical route to two types of trigonal 

prisms, one using a two-component assembly with a square or rectangular panel (left), the other a three-

component assembly using a triangular panel and linear pillars (right) (ref. 22). 

 

It is important to note that the steric bulk surrounding the metal nodes can play a role 

in determining overall structure. 

Multicomponent self-assembly is a relatively new technique for the formation of 

SCCs, and as demonstrated by Fujita
34

 and Mukherjee,
35

 such structures can require a 

fourth species to act as a template for prism formation. Multicomponent self-assembly 

is especially appealing since structures of higher complexity, if controllable, are 

promising for a variety of applications.
36

 

 

An interesting feature of the versatility of the coordination-driven self-assembly is that 

a species, that is a supramolecule with a defined shape and geometry, can be often 

formed in more than one way. For example, some species, such as supramolecular 

cubes, have been constructed using both the “edge-directed” and the “face-directed” 

self-assembly. An edge-directed cube assembles from eight tritopic building blocks 

with 90° angles between sites and twelve linear ditopic units. Alternatively, a face-

directed cube may be constructed from six tetratopic panels held together by twelve 

90° ditopic units, as shown in Figure 12. 

 

 

Figure 12. A supramolecular cube can be obtained from a linear ditopic and 90° tritopic building blocks 

using an edge-directed method (left) or from six tetratopic panels joined by twelve 90° ditopic 

building blocks using a face or panel-based approach (right) (ref. 22). 
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1.2.5 Weak-link approach 

 The design principles discussed so far are focused on obtaining singular, 

thermodynamic products by the careful selection of building blocks. The weak-link 

approach, as developed by Mirkin and co-workers, utilizes hemilabile ligands such 

that the initial SCCs formed can undergo post-self-assembly modifications to access 

new structures.
37

 The hemilabile flexible ligands coordinate in a bidentate chelating 

mode to the metal center with one of the metal-ligand bonds weaker than the other. 

The formation of the kinetically controlled product is driven by the chelating effect of 

the bidentate ligands and by the π-π interaction between the two central bridging units 

(Scheme 1). The weak ligands of this condensed intermediate structure can be 

selectively displaced upon treatment with small molecules or ions that have stronger 

affinity for the metal center, thereby generating the thermodynamically controlled 

product. One important feature of this approach is the conformational flexibility of the 

ligand. The coordinative lability of the metal centers imparts flexibility to the 

supramolecular arrays, making this design strategy different from the other approaches 

in which the final products are rigid. As the chelating coordination mode is broken, the 

macrocycle expands and the metal centers incorporate new ancillary ligands en route 

to the formation of a new thermodynamic product. Upon expansion, the resulting 

macrocycle is typically conformationally flexible, owing to the once-chelating ligand 

sites, which are necessarily non-rigid. The conversion from a condensed to expanded 

structure has been shown to trigger catalytic activity and useful applications in 

sensing. It is important to note that the initial condensed structure is not always the 

thermodynamically favoured product in the primary self-assembly reaction. By careful 

selection of reaction conditions, the kinetic condensed structure can be isolated 

preferentially. Treatment of this SCC with an additional ligand alters the system such 

that the expanded structure is now the favoured product (Fig.13).
22
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Figure 13. The weak-link approach generates condensed structures as kinetic products. These [2+2] 

macrocycles can convert to [1+1] monomeric species under thermodynamic control or be expanded to 

open structures upon treatment with strong ligands (ref. 22). 

 

The demonstration of post-self-assembly modifications of the ligand sphere of a metal 

node has been applied to SCCs formed using directional bonding in the conversion of 

2D and 3D constructs to entirely new topologies. At elevated temperatures, the 

condensed structure can be driven to the thermodynamic monomer species; however, 

in practice this requires temperatures of over 100 °C 

and the stability of the kinetic product is thus high 

enough to circumvent the unwanted thermodynamic 

sink.
36

 Since the ligands that initiate the expansion 

from the condensed structure to the open structure can 

be multitopic, it is possible to use condensed 

structures as precursors to larger constructs and 

potentially networks (Fig.14). The flexibility of the 

architectures also makes the ensembles potential 

candidates for applications that require 

conformational changes, such as in molecular sensing, 

catalysis and host-guest chemistry. The fact that the 

metal centers are free for further coordination without 

the supramolecular assembly being destroyed makes 

this approach amenable for the construction of more 

complex topologies. 

 

 

 

Figure 14. The weak-link 

approach can be used to extend 

2D structures into 3D cylinders 

consisting of two macrocycles 

linked by ditopic ligands. In 

theory, the remaining 

monodentate ligands could be 

replaced by additional bridging 

ligands to give extended 

frameworks (ref. 22). 
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1.3 Examples of two-dimensional ensembles 

 Since the synthesis of metal-cornered molecular squares by Fujita et al.
38

 and 

Stang and Cao
39

 in the early 1990s, a wide variety of metalla-macrocycles consisting 

of varied 2D geometries and sizes ranging from simple dinuclear rhomboids to endo- 

and exo-functionalized polynuclear hexagons have been prepared through the 

synthetic approaches described above.  

The two most widely utilized classes of ligands for SCCs are N-donors and O-donors 

type, with pyridyl- and carboxylate-based ligands that practically dominate in their 

respective groups. For the purposes of this thesis work and for the fact that N-

containing ligands dominate SCCs synthesis, while the carboxylate ligands are more 

commonly employed to construct molecular-organic frameworks (MOFs), we will 

focus our attention on the former type of ligands, particularly on pyridyl-based one. 

The substitutional lability of pyridyl ligands is perfect for SCCs in which kinetic 

intermediates can be rectified under the mild conditions of self-assembly. Both classes 

of ligands, however, are dominated by rigid phenyl- or ethynyl-containing molecules. 

This rigidity is fundamental to directional bonding. 

 

1.3.1 Molecular triangles 

 A large number of molecular triangles designed by coordination-driven self-

assembly have appeared in the literature in the past few decades.
40

  

In principle, molecular triangles can be designed in three general ways (Fig.15). 

 

 

Figure 15. General design strategy for the synthesis of M3L3 molecular triangles (ref. 16). 
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A strain-free molecular triangle can be obtained by the combination of 180° linear 

metal-containing acceptors with 60° angular donor moieties (Fig.15a). Though the 

complementary method should also lead to a triangle (Fig.15b), the lack of appropriate 

metallacorner acceptor units with 60° bite angles makes this assembly impractical. 

However, the combination of distorted metallacorner units with flexible linear donor 

units can also give rise to molecular triangles (Fig.15c). 

There exist a large number of strain-free molecular triangles wherein the 60° donor 

units occupy the vertices and linear metal-containing acceptors form the edges. 

Interesting examples of such kind of metallatriangles, reported by several research 

groups, have been synthesized utilizing pyrazole (1), triazole (2) or 4,7-phenanthroline 

(3) as 60° donors and copper, silver or palladium as 180° acceptors (Fig.16).
41-48

 

A novel approach for the formation of cationic 

metallatriangles of this type was demonstrated by 

Lippert's group where the vertices of the triangle are 

metal-containing 60° ligands.
49

 The reaction 

between [Pd(en)(H2O)2]
2+

 (4) (en = 

ethylenediamine) and 2,20-bipyrazine (5) leads to 

the formation of a cis-blocked mononuclear 

complex [Pd(en)(2,2-bpz)]
2+

 (6) (bpz = bipyrazine) 

with two available N-donor sites with coordinate 

vectors oriented at 60°. The subsequent combination 

of 6 with trans-[Pt(NH3)2]
2+

 in a 1:1 ratio forms the 

cationic metallatriangle 7 (Fig.17).
50,51

 

Another strategy to achieve this class of 

metallatriangles involves the use of 

predesigned terpyridine-based angular 

linkers that possess a 60° angle between the 

two terpyridine binding sites (Fig.18).
52

 

 

 

 

 

Figure 16. Examples of molecular 
triangles formed with Cu(I), 

Ag(I), and Pd(II). 

1 2 

3 

Figure 17. Assembly of 

metallatriangle 7. 

4 
5 

6 

7 
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Figure 18. Bis-terpyridinyl angular donors forming a metallatriangle with Fe(II). 

 

As previously discussed the design of a metallatriangle containing a 60° coordinating 

metal fragment is not possible because of the lack of such a metal, however it is 

possible to exploit two 180° coordinating metals centers connected via a 60° orienting 

ditopic organic ligand. An elegant example, reported by Stang et al.,
53

 is reported in the 

next figure (Fig.19).  

The exclusive formations of the 

supramolecular triangles were confirmed 

by multinuclear NMR, elemental 

analysis, and ESI-MS, and in the case of 

11 (Fig.18), by X-ray crystallography, 

which revealed a large, accessible 

cavity. 

A final alternative to design 

metallatriangles is the combination of 

distorted metallacorner units possessing 

coordination angles ranging from 80° to 

90° with flexible linear donor able to 

bend from 180° to 120°.  

 

8 

9 

Figure 19. Combination of the 

diplatinum(II) acceptors with bis-

pyridyl donors affords the triangles. 

10 

11: 

12: 

13: 
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The self-assembly of 90° metal corners with linear linkers should, ideally, affords 

molecular squares, however the distortions from linearity of the linkers should permit 

the formation of triangles. An increase in the length of the linkers, for example, is 

usually accompanied by a lower molecular rigidity, thus leaving the coordination sphere 

of the metal center quite unaltered around the 90° angles. In this way the strain of the 

metallacycle is relieved by the ligand bending. Indeed the self-assembly of this kind of 

triangular structures is sometimes characterised by a non-negligible formation of 

molecular squares because of the instauration of dynamic equilibria; this aspect will be 

treated later in this chapter (Sec. 1.3.3). 

Nevertheless these equilibrium issues, there are few examples in which charged 

molecular triangles have been selectively obtained through coordination-driven self-

assembly of cis-protected metal fragments with linear ligands. Puddephat et al. have 

reported the synthesis of cationic molecular triangles (16) by a combination of cis-

blocked square-planar platinum(II) units with linear unsymmetrical bis-(pyridyl) ligands 

possessing bridging amides (Fig.20).
54,55

 

 

  

Figure 20. Assembly of the charged metallatriangle obtained with a cis-blocked Pt(II) complex and a 

flexible linker, i.e. N-(4-pyridinyl)isonicotinamide. 

 

X-ray structural studies of 16 showed that the three platinum metals occupy the vertices 

of an approximately equilateral triangle. The unsymmetrical ligand 15 bridges the metal 

centers and is bowed slightly outward. 

14 

15 

16 
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Stang and co-workers have established the formation of an unusual molecular triangle 

(17) upon treatment of cis-[Pt(PMe3)(OTf)2] (OTf = trifluoromethanesulfonate) with 

pyrazine (Fig.21).
56

 

 

Figure 21. Assembly of the charged metallatriangle obtained with a Pt(II) complex and pyrazine. 

 

The last metallatriangles examples is particular because it has been obtained thorough a 

smart multicomponent approach, conceptually different from the previous ones.
57

 The 

metallacycles have been assembled in a stepwise fashion. A kinetically locked copper(I) 

complex (19) has been constructed as a hinge to which free phenanthroline units 19 

have been subsequently attached through Sonogashira coupling, resulting in 20. 

Treatment of this precursor with linear ligand 21, containing two free phenanthroline 

units, in the presence of Cu(I) and Ag(I) ions resulted in the formation of trinuclear 

metallacycles 22 and 23 (Fig.22). 

 

 

Figure 22. Stepwise assembly of metallatriangles 44 and 45 possessing two different metal centers as 

corners. 

 

17 

 

18 

+ 

19 

20 

20 

21 

22 

23 



 Chapter 1 - Introduction 

 

33 
 

1.3.2 Molecular squares 

 Interest in square metallacycles has been fuelled by their ease of preparation, 

conformational stability, and the distinctive properties they exhibit, in fact they are the 

most extensively studied among the metal-mediated self-assembled polygons.
58

 

According to the directional-bonding approach, molecular square can be formed by the 

combination of a 90° corner unit with a linear bridging ligand. Thus, there are two 

complementary ways to design a M4L4 molecular square: a) by the combination of a 90° 

metal-containing acceptor having two accessible cis-coordination sites with linear donor 

units and b) utilizing a 180° linear metal-containing acceptor with a 90° turned ligand 

(Fig.23).  

 

 

Figure 23. General design strategy for the synthesis of M4L4 molecular squares (ref. 16). 

 

The first example of a molecular square obtained through coordination driven self-

assembly has been reported in 1990 by Fujita et al.
38

 The square (25) has been obtained 

assembling a cis-protected Pd(II) complex with a 4,4’-bipyridine linear linker in mild 

conditions (Fig.24). 
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Figure 24. Self-assembly of the molecular square reported by Fujita. 

 

Interestingly, the Pt(II) analogue of 25 can be obtained only after heating the reaction 

mixture at 100 °C for four weeks. This is due to the kinetic inertness of the Pt-N bond 

compared to the Pd-N bond. As a consequence, Pt(II)-containing molecular squares are 

more stable than their palladium analogues. This exemplifies that kinetically stable 

macrocycles can be obtained under thermodynamic control.
16

 The counterpart of 

Fujita’s square, that has been reported by Stang et al.,
23

 in which the Pd(II) is blocked 

by ancillary diphenylphosphinopropane (dppp) has been obtained, instead of water, in 

dichloromethane. The choice of the phosphine complexes gave the advantage of an easy 

monitoring of the assembly, by mean of NMR, but it has the issue that it makes the 

ensembles hydrophobic. In 2000 Würthner and 

co-workers have constructed an interesting 

molecular square obtained via self-assembly 

between ditopic perylene bisimide ligands and 

Pt(II) or Pd(II) corner units.
59

 Treatment of 

ditopic perylene ligand 26 with 

[M(dppp)(OTf)2] (M = Pd (27), Pt (28)) in 

CH2Cl2 leads to the exclusive formation of 

molecular squares 29 and 30 (Fig.25). 

Conceptually different but also relevant are 

several platinum-based, large metalla-

supramolecular squares obtained by self-

assembly linear metal-containing acceptors on 

the edges with donor ligands having a 90° 

turn.
60,61

 Among them, molecular square 33 

Figure 25. Assembly of squares 29 

and 30 from ditopic perylene 

bisimide donors and Pd(II)/Pt(II) 

acceptors. 

24 

25 

26 

27 

28 

29: M = Pd 

30: M = Pt 
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was made by the self-assembly of linear diplatinum ditopic acceptor 31 with 

alkynylpyridine-containing donor ligand 32 in CD2Cl2 at room temperature (Fig.26). 

 

 

Figure 26. Self-assembly of the large supramolecular square 33. 

 

Finally a series of [2+2] self-assembled molecular squares were recently reported 

utilizing a 90° platinum(II)-based carbazole ligand as the acceptor in conjunction with 

various flexible ditopic ligands as donors as depicted in the next figure (Fig.27).
62

 

 

 

Figure 27. Schematic representation of the [2+2] self-assembled molecular squares utilizing a 90° 

platinum(II)-based carbazole ligand as acceptor. 

 

31 
32 

33 
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38-40 

34 
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The versatility of this self-assembly strategy allows for the synthesis of a series of 

molecular squares that contain crown ethers or calixarenes as angular units
63

 or squares 

which contain porphyrins as linear linking components.
64

 Porphyrins are attractive 

ligands because, over their physicochemical properties, they can be easily 

functionalized to act either as linear 180° or as 90° turn donors. Particularly relevant in 

this sense are dipyridylporphyrins. A trans-dipyridylporphyrin represents a linear 

ditopic donor and a cis-dipyridylporphyrin is a 90° donor. Both Stang
65

 and Lehn
66

 have 

reported supramolecular squares in which both cis- and trans-dipyridylporphyrins have 

been used. Three different types of squares can be formed from these porphyrins, 

depending on the type of metal node used. As depicted in Figure 28, a cis-

dipyridylporphyrin can act as a 90° corner unit with a linear metal acceptor, or the metal 

acceptor can act as the corner unit with a linear trans-dipyridylporphyrin to give two 

types of related [4+4] assemblies. Alternatively, the square can be obtained by using 

both metal and ligand as 90° units, resulting in a [2+2] assembly (Fig.28). 

 

 

Figure 28. Three different supramolecular squares formed by the possible combinations assembling 

dipyridylporphyrins with different metal centers. 

 

1.3.3 Triangle-square equilibrium 

 As previously discussed, the ability of the system to self-correct upon rapid 

exchange between its kinetically labile components is the main feature of the 

coordination-driven self-assembly. The cornerstone of this synthetic approach is the 

thermodynamic control, thus the obtainment of the most stabile products. However, 

thermodynamic control only affords the formation of a single product when there is a 

sufficient energetic advantage of one species over the other possible species. There are 
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several supramolecular systems where two or more macrocyclic species exist in 

dynamic equilibrium in solution, due to the lack of a clear thermodynamic preference 

for one species over the other. Systems that majorly suffer this phenomenon are 

supramolecular triangles and squares. These equilibria can be rationalized from a 

thermodynamic point of view. While a molecular square is enthalpically favoured due 

to a smaller conformational strain as compared to triangles, entropy favours the 

formation of triangles since they are assembled from a smaller number of components. 

These equilibria, obviously governed by an equilibrium constant, can be depicted as 

follows (Fig.29). 

 

 

Figure 29. Equilibrium between a self-assembled molecular triangle and a square (ref. 16). 

 

Thus, according to Le Chatelier’s principle, an increase in the concentration of the 

components in the mixture shifts the equilibrium from triangles to squares, while an 

increase in temperature drives the equilibrium toward the triangles, since the 

transformation from squares to triangles is expected to be an endothermic process.
16

 

Over the concentration and temperature dependence other factors play a key role in 

determining the position of this equilibrium.  

First of all the nature of the linear ligands. An increase in the flexibility of the ligands 

favours the formation of triangles by delocalizing strain through small deformations in 

the backbone. Sufficiently rigid linkers shift the equilibrium significantly in the 

direction of the molecular square since the enthalpic gain compensates for the entropic 

penalty of square formation. It was Fujita that first demonstrated that molecular 

triangles are favoured over squares when extended and constitutionally flexible ligands 

were employed.
67

 Schalley et al. studied the triangle-square equilibrium of cis-capped 

Pd(II)- and Pt(II)-based assemblies.
68

 The complexes under study were characterized by 

a combination of multinuclear NMR, ESI-FT-ICR-MS, and X-ray crystallography. 

Temperature, concentration, and solvent type significantly influenced the equilibrium. 

At higher temperature, the equilibration of the squares and triangles is significantly 

faster as determined from variable-temperature NMR spectroscopy. Due to the greater 

kinetic stability, the ligand exchange process in the Pt(II) complexes is slow compared 
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to the Pd(II) complexes. Consequently, the triangle-square equilibration is significantly 

faster for Pd(II) complexes than their Pt(II) analogues. It was observed that the 

square/triangle ratio is influenced by the change in building blocks concentration. 

Increasing amounts of nonpolar solvents promotes the exchange processes, resulting in 

an increased preference for triangle formation.  

Also the nature of the ancillary ligands on the metal fragments influences the 

equilibrium. It has been shown that even the rigid linker 4,4’-bipyridine can lead to a 

mixture of the two macrocycles 2,2’-bipyridine replaces the ethylenediamine capping 

ligand.
67

 The effect on the equilibrium of the ancillary ligands on the metal fragments 

was suggested to be due to the steric repulsion between the 2,2’-bipyridine and 4,4’-

bipyridine moieties present in the macrocycles, pushing the equilibrium to some extent 

toward the formation of molecular triangle.  

The nature of the linear linkers also has a profound impact on triangle-square equilibria. 

In their study of the self-assembly of 90° cis-protected [Pd(dppp)(OTf)2] (27) with 

phenoxyl-substituted diazadibenzoperylene linear linker, 41, Würthner and co-workers 

have observed a complex dynamic equilibria between molecular triangle 42 and square 

43 (Fig.30).
59

 

 

 

Figure 30. Dynamic equilibria between molecular triangle 69 and square 70 

 

Since linear linker 41 has a highly twisted and nonflexible aromatic backbone, the steric 

requirement of the phenoxo groups on 43 drives the equilibrium toward the triangle, as 

more space is available. The additional space makes the triangle energetically 

favourable, despite the distorted geometry at the metal centers. However, the use of a 

perylene bisimide ligand that is significantly longer and thus can reduce the steric 

27 

41 

42 43 
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crowding of the phenoxo substituents results in the exclusive formation of the molecular 

square.
69,70

 Unfortunately, selective isolation of both species involved in a square-

triangle equilibrium is not always possible. 

 

1.3.4 Higher order polygons 

 Using the directional bonding approach, hexagonal assemblies can be realized in 

two complementary ways (a) by the combination of six 120° units with six 

complementary linear units or (b) by the combination of three 120° units with three 

complementary 120° units. Similarly, discrete pentagonal ensembles can be assembled 

by the incorporation of five 108° building units with five complementary linear units. In 

the next figure is illustrated the assembly of a molecular hexagon via the combination of 

nitrogen-containing corner units having 120° bond angles with complementary linear 

organometallic linking units (Fig.31).
71

  

 

 

Figure 31. Hexagonal ensembles via nitrogen-containing 120° corner with linear dimetallic linkers  

(ref. 16). 

 

In a complementary approach, the 120° diplatinum(II) acceptor forms the corner unit 

with 4,4’-bipyridine as the linear linker to also afford a [6+6] molecular hexagon. A 

[3+3] molecular hexagon was assembled from a 1:1 reaction of 44 (Fig.31) with 

complementary 120° diplatinum(II) acceptor (Fig.32).
72

 

 

 

Figure 32. Hexagon assembled from 1:1 combination of 120° building-blocks (ref. 22). 

44 45 

46 47 
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Anions can direct the course of an assembly process via noncovalent interactions due to 

their wide range of coordination geometries, pH sensitivity, and high free energy of 

solvation. Dunbar et al. extensively investigated the role of anions in anion-templated 

self-assembly reactions between first-row transition metal ions and a divergent 

bipyridine ligand.
73,74

 They demonstrated that the larger is the anion and the bigger is 

the polygon structure reached. Thus, big anions like SbF6
-
 favour molecular pentagon 

formation, while smaller ones like ClO4
-
 and BF4

-
 favour the molecular square (Fig 33). 

Thus, by proper choice of counterions, the assembly process can be tuned to the desired 

macrocyclic assembly. 

 

 

Figure 33. Anion-templated formation of molecular squares and pentagon described by Dunbar and co. 

(ref. 74)  

 

Basing on a different approach developed by Lehn and co-workers, naked metal ions 

were utilized as the effectors to trigger the spontaneous ordering of individual 

components into higher order stereospecific circular helicates (Fig.34).
75

 

 

 

Figure 34. Pentagonal helicate ensemble reported by Lehn and co. (ref. 75). 

 

These circular helicates can have helical (interwoven) and parallel (grid-type) 

arrangements of the ligands, depending on the transoid or cisoid orientations of the 

coordinating sites in the ligand. This is in contrast to the assemblies generated through 

49 
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the directional paradigm, where all the ligands and the metal centers lie on the same 

plane. 

Coronado et al. have reported the synthesis of a metalla-supramolecular hexagon from 

the self-assembly of a mixture of Cu(II) ions and a rigid heteroditopic ligand containing 

phenanthroline and terpyridine binding units. In the 

hexameric cation formed the copper is bound to two 

ligands through the phenanthroline and terpyridine 

binding sites and a weakly coordinated PF6
-
 anion 

(Fig.35).
76

 

Newkome and co-workers assembled both 

homonuclear and heteronuclear hexametallic 

macrocycles using a bis-terpyridyl monomer 

possessing a 120° angle with respect to the two 

ligating moieties.
77-79

 The same group also reported 

a novel family of metallacyclic pentagons constructed by the facile self-assembly of a 

bis-(terpyridine)carbazole (50) utilizing terpyridine-metal coordination as the driving 

force for the assembly process. Treating the bis-terpyridine with Fe(II), Ru(II) or Zn(II) 

led the formation of the molecular pentagon 51 (Fig.36).
80

 

 

 

Figure 36. One of the metallacyclic pentagons reported by Newkome et al. (ref. 16). 

 

1.3.5 Functional systems properties 

 The rational design and synthesis of functionalized supramolecular architectures 

through coordination-driven self-assembly has generated a great deal of interest in 

recent times. Several of these functional assemblies can be employed as precursors of 

Figure 35. Molecular structure of the 

Coronado’s hexamer (ref. 16). 

50 
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electronic, catalytic, and photophysical materials and used for molecular recognition 

and encapsulation. Assemblies containing transition metals are generally more sensitive 

and responsive to electro- and photochemical stimuli as compared to metal-free organic 

structures. The rigid architecture of the supramolecular ensembles offers well-defined 

scaffolds for the incorporation of functional moieties where the stoichiometry and 

position of the individual functional groups can be precisely controlled. Moreover, upon 

formation, these functional moieties can interact further to give rise to a higher level of 

functionality. The directional-bonding approach, due to its highly modular nature, 

allows the incorporation of various functionalities into the edge and corner of a building 

block. Likewise, tethering of functional moieties through a covalent attachment to the 

building blocks allows the positioning of the functionality into the cavity or on the 

periphery of a resulting assembly (Fig.37).
81-84

 

 

 

Figure 37. Incorporation of functional moieties into supramolecular assemblies (ref. 16). 

 

1.3.6 Application of 2D systems 

 Metalla-supramolecular architectures have found applications in various fields 

such as molecular recognition, photo- and electrochemical sensing, cavity controlled 

catalysis, and molecular biology.  

In this paragraph will be given a brief illustration on the potentials of the 2D systems 

obtained via coordination-driven self-assembly. 

 

1.3.6.1 Molecular recognition 

 The design of discrete molecular entities that can selectively recognize 

molecules and signal the presence of a specific analyte is one of the main achievements 

of supramolecular chemistry. The use of supramolecular assemblies as hosts for 

molecular recognition is governed by various noncovalent interactions. The necessary 
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components to detect analytes and generate analytically useful and observable signals 

can be incorporated into the ensembles, and the stoichiometry and position of the 

individual functional groups can be precisely controlled. Molecular squares, with their 

tunable and easily accessible cavities, can lead to the selective inclusion of a wide range 

of organic molecules. Stang et al. successfully encapsulated dihydroxynaphthalenes in a 

related molecular square [[Pd(dppp)(4,4’-bipyridine)]4]
8+

 (52) in CD3OD (Fig.38).
85

 

Later, they were able to introduce Lewis base recognition sites into the squares by 

encapsulating AgOTf molecules through interactions with the ethynyl bonds.
86

 This 

host-guest precursor, 53, that contains silver atoms coordinated via the “π-tweezer 

effect” between each respective set of acetylene moieties, serves as the receptor for 

bidentate coordinating Lewis bases such as pyridine, pyrazine, phenazine, or 4,4’-

dipyridyl ketone (Fig.38). 

 

 

Figure 38. Molecular squares 52 and 53, with recognized guests, synthesized by Stang et al. 

 

1.3.6.2 Sensing 

 The essential components of a fluorescent chemosensor are a molecular 

recognition unit for selective interaction with an analyte and a signalling unit, generally 

a chromophore or a fluorophore. These are designed in such a way that the binding unit 

and the signaller one are structurally integrated so as to maximize the communication 

between them. Since luminescence is very sensitive to subtle changes in geometry upon 

binding of a guest, fluorescent chemosensors are attractive for sensing of various 

analytes. Recently, electron-rich and photoluminescent heterometallic self-assembled 

molecular squares were shown to exhibit high quenching selectivity and sensitivities 

toward multicarboxylate anions and nitroaromatics, particularly picric acid.
87,88

 Chiral 

52 53 
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luminescence molecular squares obtained by Lin and co-workers have been shown to 

exhibit interesting enantioselective fluorescence quenching behaviour by chiral amino 

alcohols in THF (Fig.39).
89

 

Enantioselective molecular sensing of chiral 

mandelic acid was investigated by using 

specifically designed tweezer complexes.
90

 The 

enantiomerically pure monomeric four-coordinate 

Cu(I) metallacycle (S)-60 upon chelation of 2,2’-

bipyridine to the Cu(I) center breaks the weak Cu-S 

links and opens up the condensed structure into the 

27-membered macrocycle (S)-61 which can 

recognize mandelic acid. Thus, the binding of the 

(R)- or (S)-mandelic acid was pseudoallosterically 

regulated by binding of the ancillary ligand 

bipyridine, resulting in an increased cavity size. 

The condensed structure (S)-60 shows no binding 

of the guest molecules due to the inaccessibility of the binding pocket, as determined 

from fluorescence intensities (Fig.40). 

 

 

Figure 40. Representation of the chemosensor 60 binding mandelic acid. 

 

1.3.6.3 Cavity controlled catalysis 

 One of the major applications of supramolecular chemistry is the design and 

understanding of catalysts and catalytic processes, providing a unique opportunity for 

the study of non-covalent interactions that govern the binding of the reactants. The 

cavity of an assembly can also stabilize reactive species or lead to enhanced reactivity 

and selectivity by isolating encapsulated guests from the bulk environment and can 

Figure 39. Assembly and molecular 

structure of the Lin’s chiral square. 

54: R = Et 

55: R = H 

56: R = CH2Ph 

 

57: R = Et 

58: R = H 

59: R = CH2Ph 

 

(S)-60 (S)-61 

(S)-61 
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catalyse reactions effectively due to guest discrimination.
91

 Supramolecular catalysts 

can also be useful to activate otherwise unreactive substrates. An elegant example of 

asymmetric catalysis has been reported by Lin et al.
92

 They investigated 

enantioselective catalysis using chiral metalla-supramolecular cyclophane 62 derived 

from the enantiopure BINOL ligand and cis-[Pt(PEt3)2Cl2] (Fig.41). 

 

 

Figure 41. Catalytic system developed by Lin and co. 

 

The cyclophane 62 together with Ti(O
i
Pr)4 has been found to be very efficient in the 

conversion of 1-naphtalenaldehyde to the corresponding alkylated secondary alcohol, in 

fact it gave 95% conversion and 94% enantiomeric excess. 

 

1.3.6.4 Biological applications 

 Recently, 2D metalla-supramolecular assemblies have been investigated as 

potential candidates for selective antitumor therapies. Sleiman et al. have shown that of 

Fujita’s platinum-based metalla-supramolecular square, i.e. [[Pt(en)(4,4’-

bipyridine)]4]
8+

 could efficiently bind to G-quadruplex DNA and effectively inhibit 

telomerase activity (Fig.42).
93

  

 

 

Figure 42. Representation of [[Pt(en)(4,4’-bipyridine)]4]
8+ and its binding to G-quadruplexes (ref. 93). 

 

(S)-62 

62 
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An appealing examples for the research purposes of our group has been reported by 

Fyles and Tong.
94

 They reported on the synthesis of a Pd(II)- and bipyridine-based 

molecular square (64) able to form ionic channels in phospholipid bilayers (Fig.43).  

 

 

Figure 43. Fyles’ Pd(II)-bipy molecular square structure and a representation of the ionic channel formed 

(ref. 16). 

 

It seemed that the membrane-bound lipophilic metalla-supramolecular square led to the 

formation of long-lived and highly conducting ion channels due to extended aggregation 

of the complexes and lipids surrounding a toroidal pore in the membrane. 

 

1.4 Metal-mediated self-assembly of porphyrin metallacycles 

 Within the large number of organic ligands utilized for the construction of 

supramolecular coordination complexes, pyridylporphyrins (PyP) occupy a special role 

because of several appealing features. Moreover, after years of porphyrin chemistry a 

series of well described protocols for the synthesis and functionalization of the 

macrocycle are now available. Conjugation of these chromophoric ligands with several 

metal ions (Pd(II), Pt(II), Ru(II), Rh(II), Re(I)) has led to a variety of coordination 

adducts with interesting potential applications in the fields of optoelectronic, catalysis, 

molecular recognition, etc.
95,96

 The peripheral pyridyl N atom(s) of PyP can be either in 

the 4’ or 3’ position. With 4’-PyP, the exocyclic coordination bonds are established in 

the plane of the porphyrin along the meso bond axes; on the other hand, since the meso 

63 
64 



 Chapter 1 - Introduction 

 

47 
 

pyridyl rings are tilted, with 3’-PyPs the coordination bonds are directed out of the 

plane of the porphyrin (Fig.44). 

 

         

Figure 44. Structure of 4’-PyP (left) and 3’-PyP (right) and direction of coordination bonds. 

 

Among the countless metal-porphyrin assemblies reported through the years, 

dipyridylporphyrin-based metallacycles play one of the most important role.
97

 

In order to obtain [4+4] and [2+2] 

discrete metallacycles starting from di-

(4-pyridyl)porphyrins, the trans-5,15-di-

(4-pyridyl)- or the cis-5,10-di-(4-

pyridyl)-isomers may be used. The trans 

isomer is a linear ditopic ligand while in 

the cis isomer represents a ditopic turn, 

possessing an the angle between the two 

pyridyl groups of about 90°. Therefore, 

combinations of these ligands with metal 

fragments having two labile coordination 

positions with coordination geometries of 

either 90° or 180° should led to the 

formation of [4+4] or [2+2] 

metallacycles (Scheme 1). 

 

 

 

 

 

Scheme 1. Design of porphyrin 
metallacycles. Combination of a trans-di-

4-pyridylporphyrin with a cis-metal 

fragment yields a [4+4] square, while 

combination of a cis-di-4-pyridylporphyrin 

with a cis- or trans-metal fragment yields 

[2+2] or [4+4] metallacycles, respectively. 
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As metal fragments the most commonly used to ensure a 90° geometry are cis-

[PtCl2(NCPh)2], [Pd(dppp)(OTf)2], [Pt(dppp)(OTf)2] (NCPh = benzonitrile), [fac-

Re(CO)5X] (X = Br or Cl) and trans,cis,cis-[RuCl2(X)(Y)(dmso-O)2] (X = Y = dmso-S 

or X = Y = CO); while metal complexes like trans-[PdCl2(NCPh)2], 1,4-bis-trans-

[Pt(PEt3)2(OTf)]benzene are used to achieve linear complexation geometries. Clearly, 

depending on the metal ion used and on the ancillary ligands it is possible to access both 

neutral and positively charged structures. The porphyrin unit may be present as free 

base or may be metallated. In the systems described in the literature the metal ion 

present in the macrocycle core is usually Zn(II), which may be inserted either before or 

after the formation of the metallacycle.  

The yields for the formation of these metallacycles, once solvent and temperature are 

optimized, are usually high and the reaction normally produces preferentially the 

metallacycle with respect to linear oligomers. How discussed in Section 1.2 about the 

features of the coordination-driven self-assembly, the kinetic reversibility in the reaction 

conditions utilized plays a main role for the establishment of a rapid equilibrium that 

ensures thermodynamic control of the system and thus the obtainment of the most 

stabile product(s). For the above systems the number of metal–ligand bonds is 

maximized and the strain is minimized by the formation of metallacycles with respect to 

open structures. Concerning the effect of the nature of the metal fragment over the 

thermodynamic and kinetics of the self-assembling process the following aspects may 

be considered. Combination between various 90° acceptor Pd(II) fragments and a 

variety of pyridyl polytopic ligands has proved to be a very efficient method to afford 

discrete 2D and 3D structures, thanks to the (fast) reversibility of the pyridyl–palladium 

bond, which allows self-corrections. Indeed a drawback relies on the reversible nature 

of the pyridyl–palladium bond, this aspect sometimes allows an equilibrium between 

cyclic species with different stoichiometries. On the other hand, it is common 

knowledge that, at room temperature, the pyridyl bonds formed with Pt(II), Re(I) and 

Ru(II) are much more inert than those made with Pd(II). As a consequence, with equal 

acceptor sites on the metal fragment, the assembling reaction with the appropriate 

pyridyl ligands may or may not reach the equilibrium conditions and usually requires 

longer reaction times. Typically, the formation of a cyclic species in which the only 

difference is the increased inertness of the metal ion (i.e. Pd(II) versus Pt(II)), may 

require drastically different reaction conditions in order to obtain preferentially the 

thermodynamically favoured cyclic species. Moreover, if a mixture of cyclic species 
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(i.e., a triangle and a square) of comparable stability is formed (see also Sec. 1.3.3), it is 

unlikely that they are in an equilibrium at room temperature. Despite the plethora of 

metal-directed assembled cyclic species described in the literature, quantitative data on 

the thermodynamic and kinetic parameters of the reaction processes are in general 

scarce. Other features can be derived from the examples reported in the literature. For 

the Re(I) cases, it is normally assumed that conditions of reversible assembly can be 

achieved with an appropriate choice of the solvent and a relatively high reaction 

temperature,
96

 whereas at room temperature only kinetic products are formed. 
98

 For the 

Ru(II) complexes, the corresponding porphyrin metallacycles are obtained in lower 

yields, after chromatographic separation from other ruthenium-bound porphyrin 

undesired products. Variations in either the concentration or the temperature do not 

appear to affect significantly the nature and the ratio of the reaction products, even 

though a limited experimental study has been performed in this direction. The only 

relevant observed effect is an increased reaction rate with increasing of the temperature. 

Also, if the reacting porphyrin is used in excess, a ‘‘corner’’ bis-porphyrin species is 

predominantly formed at the expenses of the metallacycle, that is also present in minor 

amount but not in equilibrium with the ‘‘corner’’.
99

 

Further elaboration of the basic structures shown in Scheme 1 may be achieved by 

exploiting different types of interactions, which may include axial ligation of proper 

multitopic ligands to metal ions inserted in the porphyrin ring, stacking interactions 

between the porphyrins and secondary interactions between substituents on the 

porphyrins (Scheme 2).  

 

 

Scheme 2. Second level of self-organization of porphyrin metallacycles. 

 



Chapter 1 - Introduction  

 

50 
 

These secondary interactions give access to more sophisticated self-assembled 

structures such as boxes, sandwich dimers or aggregates, linear dimeric or polymeric 

structures. 

In the next paragraphs will be presented the most relevant examples of metallacycles 

based on dipyridylporphyrins with Pd(II), Pt(II), Ru(II) and Re(I) together with some 

applications of these systems. Particular attention will be given to the assemblies 

obtained with Re(I) corners; a more complete discussion on those based on Ru(II) will 

be given instead in Section 3.6.2.  

 

1.4.1 Palladium(II)-porphyrins metallacycles 

 Through the years, combination between various 90° acceptor Pd(II) fragments 

and a variety of pyridyl polytopic ligands has proved to be a very efficient method to 

afford discrete 2D and 3D structures.  

Drain and Lehn in 1994 were the first to describe the coordinative assembly of 

porphyrin molecular squares.
66

 The formation of the tetranuclear cyclic assemble is 

reached by simple mixing of 5,10-di-(4-pyridyl)-15,20-diphenylporphyrin (cis-

DPyDPP), or its Zn complex, acting as 90° donor with one equivalent of trans-

[Pd(NCPh)2Cl2] linear acceptor (Scheme 3). 

 

 

Scheme 3. General self-assembly scheme of [4+4] Pd(II)-porphyrin metallacycles reported by Drain and 

Lehn. 

 

The estimated size of the square, defined by the Zn-Zn distance is roughly 20 Å x 20 Å. 

The cyclic product formation was confirmed by NMR spectroscopy and mass 
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spectrometry. UV-vis titration of a cis-DPyDPP solution with trans-[Pd(NCPh)2Cl2] 

showed clear isosbestic points and that the tetrameric cycle formation occurs rapidly as 

well. The porphyrin Soret band (see sec. 1.5.3) is red-shifted by 6-8 nm and broadened 

upon square formation; moreover, the fluorescence quantum yield for tetrameric cycle 

decreases by more than two fold, most likely because of heavy atom (Pd) acceleration 

of singlet-to-triplet excited state intersystem crossing (heavy atom effect). 

Stang and co-workers showed that squares with an overall +8 charge can be assembled 

utilizing dppp ancillary ligands to enforce a cis geometry at sites initially occupied by 

trifluoromethane sulfonate ligands.
64

 In these examples, where the Pd fragments act as 

corners, the macrocycles were synthesized in dichloromethane at room temperature in 

excellent yields and were isolated as air stable (though hygroscopic) microcrystalline 

solids (Fig.45). 

 

 

Figure 45. Charged square obtained by Stang and co. utilizing diphosphine ancillary ligands. M = Pd(II), 

M’ = Zn(II). 

 

These assemblies feature the metal fragments at the corners and the porphyrin units at 

the edges of the cycles. As a consequence, they possess a degree of conformational 

freedom connected with the freedom of rotation of the porphyrin units along the 

pyridyl–metal axes. Moreover, they are charged and they contain hindered ancillary 

ligands on the palladium centers that project out of the plane, thus preventing 

intermolecular stacking. The NMR spectra revealed very interesting features. 
1
H and 

13
C NMR spectra showed one set of signals for the pyridine rings and two set of signals 

for the porphyrin moiety with the second set being considerably high-field shifted. The 
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31
P NMR spectrum however showed a single signal supporting the formation of a single 

highly symmetrical species. Compared to the initial reagent, the 
31

P signal was about 10 

ppm upfield shifted, which indicates the coordination of the pyridyl N atom to the 

Pd(II). The 
19

F NMR spectrum presents a narrow singlet deriving from the 

uncoordinated triflate anion. Replacement of the dppp achiral ancillary ligand with 

either R(+)- or S()-BINAP (2,2’-bis(diphenylphosphino)-1,1’-binapthyl) chiral 

counterparts, led to the formation of the corresponding chiral porphyrin tetranuclear 

metallacycles. Evidence for chirality comes from the CD spectra in which a strong 

induced CD band can be observed in the absorption Soret region of the porphyrin units. 

The group of Stang has employed with success [Pd(dppp)(OTf)2] in combination with 

the angular donor fragment cis-DPyDPP, or its zincated derivative, to produce the 

dinuclear tetra-cationic Pd(II)-porphyrin metallacycles 65 and 66 (Fig.46).
65

 

 

 

Figure 46. [2+2] Pd(II)-porphyrin assemblies reported by Stang. 

 

All the common solution characterization techniques (NMR, UV–Vis, Fluorescence 

emission) are in good agreement with the presence of highly symmetrical, fully bound 

assemblies. Due to the lack of conformational freedom of the porphyrin units in 65 and 

66, the corresponding NMR spectra present narrower signals. For these examples also, 

the use of chiral R(+)- or S()-BINAP chelating ancillary ligands on the palladium 

center, results in the formation of chiral [2+2] porphyrin metallacycles, namely 67 and 

68 (Fig.46), each one bearing two [Pd(BINAP)]
2+

 corners of the same absolute chirality, 

but opposed between each other. In a subsequent work, the same authors, reported the 

X-ray structure of the tetra-cationic [2+2] Pd(II) porphyrin metallacycle 65.
100

 

65 M = Pd(II), M’ = 2H 

66 M= Pd(II), M’ = Zn(II) 

67 R(+)-BINAP M’ = 2H 

68 S(-)-BINAP M’ = Zn(II) 
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Interestingly, in the solid state, 65 adopts a butterfly geometry, with dihedral angles 

between the two porphyrin rings of 133°. Such orientation is very likely due to stacking 

interactions between one phenyl ring of the dppp ancillary ligand and the pyridyl rings 

of the porphyrins. The diagonal Pd - Pd distance is 14.1 Å and the average distance 

between the two porphyrin rings is 4.8 Å. 

 

1.4.2 Platinum(II)-porphyrins metallacycles 

 In general, the use of platinum(II) square planar metal complexes, in place of the 

Pd(II) analogues, produces decisively more robust porphyrin metallacycles, as a 

consequence of the increased inertness of the metal. The increased stability of the 

assembled species over a wider range of concentrations, allows for a better solution 

characterization, that can be usefully extended to the more fragile Pd(II) analogues.
97

 In 

parallel to their investigations on Pd(II) porphyrin metallacycles, both the groups of 

Drain and Lehn have reported a large amount of work on platinum-based derivatives. 

The use of cis-[PtCl2(NCPh)2] metal complex in combination with either trans-DPyDPP 

or cis-DPyDPP (and their zincated derivatives), has produced neutral [4+4] or [2+2] 

Pt(II)–porphyrin metallacycles, respectively, in moderate isolated yields (Fig.47).
66,101

 

 

 

Figure 47. [4+4] and [2+2] Pt(II)-porphyrins reported by Lehn and Drain.  

 

69  M’ = 2H, R = H 
70  M’ = Zn, R = H 

71  M’ = 2H, R = t-Bu 

72  M’ = 2H, R = dodecyl 

73  M’ = 2H 

74  M’ = Zn 
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After characterization of the metallacycles through different spectroscopic techniques, 

also 
195

Pt NMR, MALDI-MS spectrometry and vapour phase osmometry, the authors 

gave some conclusions about the conformation adopted by the porphyrins and other 

features of the metallacycles. in solution, the arrangement adopted by the four 

porphyrins, relative to the plane defined by the four metal ions, tends to be 

perpendicular to this plane, but with a loss of symmetry in that each of the four 

porphyrin has one side bent towards the inner part and the other side towards the outer 

part of the metallacycle. In the experimental section there is a hint on the fact that 72 

forms as a mixture of conformers with very close but distinct Rf. However, no further 

information is offered. Stang and co-workers after synthesized and studied platinum(II) 

homologous metallacycles of the one represented in Figure 44, derived conclusions that 

did not perfectly agreed with Drain and Lehn’s. Stang and co. concluded that that the 

relative arrangement adopted by the four porphyrins in the [4+4] metallacycles, is 

roughly coplanar with the plane 

defined by the four metal 

centers. The rotation of the 

porphyrin rings around the 

metal–nitrogen bond is slow at 

ambient temperature on the 

NMR time scale, with splitting 

and broadening of the lines of 

the spectra. This pattern, 

however, is influenced by the 

polarity of the solvent and the 

temperature. The same group 

also reported on a slightly more 

sophisticated example of octa-

cationic Pt(II)-porphyrin 

tetramer formed by (zinc)-cis-

DPyDPP as angular donor units 

and 1,4-bis-trans-

[Pt(PEt3)2(OTf)]benzene as linear dimetallic acceptor units. This type of design may be 

a viable way to enlarge the dimension of the resulting porphyrin metallacycle (Scheme 

4).
65

 

Scheme 4. Octa-cationic Pt(II)-porphyrin tetramers 

described by Stang and co. 

75  M’ = 2H 

76  M’ = Zn 
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1.4.2 Ruthenium(II)-porphyrins metallacycles 

 How anticipated at the beginning of this section, in this paragraph will be given 

only an overview of the most relevant Ru(II)-porphyrin metallacycles. More details 

about features and issues of this type of supramolecular systems will be discussed in 

Section 3.6.2. 

To date a series of [2+2] Ru(II)-porphyrin metallacycles has been described in 

literature. The assemblies shown in the next scheme have been obtained by treatment of 

the octahedral Ru(II) complexes trans,cis,cis-[RuCl2(X)(Y)(DMSO-O)2] (X = Y = CO, 

or X = Y = dmso-S) with equimolar amounts of cis-DPyDPP, in chloroform at room 

temperature for 48 hours (Scheme 5).
102

 

 

 

Scheme 5. Formation of neutral [2+2] Ru(II)–porphyrin metallacycles. On the right a schematic depiction 

of metallacycle 77a as flat panel with two embedded zinc(II) connectors. 

 

Compared to the previously discussed Pd(II)/Pt(II) metallacycles, adducts 77 and 78 are 

kinetic products and form in lower isolated yields (ca. 45%, after column purification). 

Despite the similar reactivity of the two ruthenium starting complexes, and the 

geometrical constrains provided by the high convergence of the acceptor and donor 

sites, and by the rigid planar porphyrins, the different hindrance of their ancillary 

ligands (two CO or two DMSO-S), allows for the concomitant formation of other 

77  X = Y = CO 

78  X = Y = dmso-S 

79  X = Y = CO 

80  X = Y = dmso-S 

77a  X = Y = CO, M’ = M’’ = Zn 

77b  X = Y = CO, M’ = 2H, M’’ = Zn 

78a  X = Y = dmso-S, M’ = M’’ = Zn 

78b  X = Y = dmso-S, M’ = 2H, M’’ = Zn 
 

77a 
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metallacyclic species, either than the [2+2] square, in the case of the less hindered 

RuCl2(CO)2 fragment. Solution data (i.e., concentration and temperature dependence) 

also suggest that the assembling process is not occurring under reversible conditions 

and, once isolated via chromatography, the metallacycle products are kinetically stable. 

Moreover, for both the Ru-fragments the reaction conditions employed are very mild, 

and, also, by increasing the stoichiometry of the porphyrin unit, a new class of metal–

complex ligands (namely 79 and 80, Scheme 5) becomes accessible.
99

 Metallacycles 77-

80 have the great advantage of being symmetrical, rigid, kinetically inert, and 

thermodynamically stable, allowing for a thorough characterization and for a 

subsequent tailoring in order to construct higher order porphyrin assemblies. Thanks to 

the inertness of the Ru–N bonds, these metallacycles can be further metallated by 

insertion of Zn(II) inside the porphyrin cores (Scheme 5) without scrambling.
99,102

 

X-ray structure shows that 77a is perfectly flat, with an almost coplanar arrangement of 

the porphyrin units (maximum deviations from the best fit planes of ˗0.15 and +0.10 Å), 

and with a Ru - Ru distance of about 14.01 Å. One molecule of EtOH (deriving from 

the crystallization process) occupies each apical position of the central zinc ions.
103

  

The [2+2] Ru(II)–zinc(II)–porphyrin metallacycle 77a can be conveniently described as 

a flat panel with two embedded metal connectors (the two zinc atoms). Iengo and co-

workers utilized this module to efficiently and quantitatively produce a wide variety of 

multiporphyrin 3D discrete structures, consisting of two up to four porphyrin 

metallacycles connected face-to-face through different type of appropriate polytopic 

nitrogen ligands, axially bound to the zinc centers (Fig.48-49).
102,104-107
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Figure 48. Schematic depiction of the multiporphyrin boxes obtained by axial ligation of either trans-di-

(4-pyridyl)porphyrins (left) or trans-di-(4-pyridyl)perylenes (right) to metallacycle 77a. 

 

 

Figure 49. Schematic depiction of the multiporphyrin cages obtained by axial ligation of different 

polytopic nitrogen ligands to metallacycle 77a. 

 

This type of hierarchical assembling is made possible by virtue of the thermodynamic 

and kinetic stability of the Ru–pyridyl bonds, which allows for the further ligation of 

other N ligands (to the zinc centers), while metallacycle 77a remains intact. Quantitative 

formation of these assemblies occurs by simple mixing in chloroform of the 

81  R = R’ = Ph 

82  R = -CH3, R’ = H 83  R = H, R’ = pyrrolidino 

84  R = R’ = 4-t-Bu-phenoxy 

85 

86 87 
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components in the right stoichiometry at room temperature, with an all-or-nothing 

process. Stated another way, the equilibrium is totally shifted to the formation of the 

supramolecular adduct suggesting a considerable cooperativity between the addition of 

the first and the following axial bridging ligands. The solid-state X-ray structure of 81 

(Fig.47) was also obtained revealing a distance between the two facing metallacycles of 

ca. 19.5 Å, and the two perpendicular trans-DPyDPP bridging ligands in a mutual 

cofacial disposition at a distance of ca. 11.4 Å.
102,104

 

An interesting class of ruthenium-pyridyl assemblies comes from metal complexes with 

single labile site and a capping arene ligand.
108

 Cyclopentadienyl or arene ligands have 

been used to control the accessibility of coordination sites at the octahedral centre. The 

use of these η
5
 or η

6
 ligands has its advantages:  

 the aromatic ligand occupies three of the six coordination sites at the metal 

centre, thus limiting the number of available coordination sites and therefore 

allowing better control for the synthesis of two or three-dimensional assemblies;  

 the strongly bonded aromatic ligand may be functionalised in order to enhance 

the solubility or add new properties to the molecular assembly. 

Adducts between Ru-arene “brigdes” and porphyrins are well-known.
109,110

 Compounds 

with either 5,15-di-(4-pyridyl)-10,20-diphenylporphyrin, 5,10,15-tri-(4-pyridyl)-20-

phenylporphyrin or 5,10,15,20-tetra(4-pyridyl)porphyrin were synthesized and fully 

characterised (Fig.50).  

 

 

Figure 50. Box-like structures obtained through Ru-arene “bridges” with pyridylporphyrins. 

 

The first four examples shown in the figure above have been also tested in vitro as 

anticancer species on human ovarian cancer cells showing a good cytotoxicity. 
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1.4.3 Rhenium(I)-porphyrins metallacycles 

 The tricarbonylrhenium (I) chloride or bromide fragments [fac-Re(CO)3X] 

(X=Cl or Br) have been used to organise and link pyridine functionalised porphyrins 

into molecular squares, rectangles, planar dimers and complex structures.
111

 The idea 

followed from successful syntheses of molecular squares featuring smaller ligand edges 

such as 4,4’-bipyridine and pyrazine (Sec. 1.3.2).  

The interest in the use of [fac-Re(CO)3X] fragments is based on three main features: 

 the majority of imine and azine complexes of Re(CO)3Cl are 

photoluminescent.
112,113

 They typically display long excited-state lifetimes, with 

emission coming from radiative decay of nominally triplet metal-to-ligand 

charge transfer states. This emission was viewed as a potential signal 

transduction scheme in host-guest type chemical sensing application.
98

 However 

for ligand-centered emission, such as porphyrin fluorescence, the presence of 

rhenium centers is a detriment. The proximal metals, in fact, enhance spin-orbit 

coupling within the photo-excited ligand (the “heavy atom” effect);  

 Access to neutral compounds is readily available. The single positive charge on 

rhenium is balanced by a coordinated halide and if neutral ligands edges are 

used for square construction the resulting system is neutral, contrarily to their 

analogous assemblies based on Pt(II) or Pd(II) coordination typically are octa-

cationic. This eliminates the possibility of channel blocking by counter ions in 

the solid state. Charge neutrality also confers insolubility in water, resulting in a 

potentially useful property if the squares are used as thin-film molecular 

aggregate materials; 

 rhenium-N bonds are inert at room temperature. At elevated temperatures, 

however, they are labile enough to allow for conversion of kinetic structures 

(such as open oligomers) to thermodynamic structures during the assembly 

process. 

In weakly coordinating solvents such as a mixture of toluene and tetrahydrofuran, the 

1:1 combination of [fac-Re(CO)5X] and a rigid or semi-rigid dipyridyl ligand generally 

produces molecular squares in high yields (Scheme 6).
114
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Scheme 6. Reaction between [Re(CO)5X] a rigid linear ditopic ligand. It is also shown how solvent 

molecules participate first exchanging two labile CO ligands. 

 

The strong trans labilizing effect of CO allows two cis carbonyl ligands to be replaced 

with solvent molecules while maintaining a fac geometry of the residual ones. 

Therefore, the metal complex acts as a 90° acceptor fragment leading to the formation 

of [4+4] square metallacycles (although triangular assemblies are known).
40,115

 On the 

other hand, the use of cis-di-(4-pyridyl)porphyrins led to the formation of [2+2] dimeric 

structures.
116

 With difunctional ligands the number of Re-N bonds is maximised by 

forming cyclic as opposed to open structures. Since the Re-N bonds are stronger than 

the Re-solvent bonds, cycle formation is enthalpically favoured and strain is minimised 

by forming structures having square geometries. This geometrical preference together 

with a generally lower solubility of the cyclic structure with respect to linear analogues 

usually ensures a high yield in the desired square metallacycle. The lability of the Re-N 

bond at elevated temperatures in weakly coordinating solvent is very important, as we 

well know (Sec. 1.2.1), to affords thermodynamic products through the self-correction 

of wrong structures. Rotational freedom of the porphyrin edges around the metal–

pyridyl bond may lead to a population of conformers (see also above), which is further 

complicated by the presumably statistical distribution of the syn/anti isomers derived by 

the orientation of the halide ligand on each rhenium corner that can be up or down with 

respect to the square framework (Fig.51). 

 

 

Figure 51. Four isomers can be formed for molecules having the formula  

[Re(CO)3(X)(μ-ligand)]4. 
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The characterization of [4+4] Re(I)–porphyrin metallacycles has proved to be quite 

challenging because of their low solubility, the high tendency to form aggregates in 

solution and the insufficient volatility, which strongly hampers the use of mass 

spectrometry experiments. Nevertheless, and despite the so far absence of X-ray crystal 

structures, the proposed metallacyclic structure is based on several evidences. Infrared 

spectroscopy in the CO stretching region is distinctive for the fac-tricarbonyl Re(I) 

fragment and the bathochromic shift in the Soret region of the UV–Vis spectrum is 

indicative of coordination of the pyridyl nitrogen to the Re(I) complex. Moreover, the 

number and the pattern of the resonances in the proton NMR spectrum are consistent 

with the formation of highly symmetric cyclic structures,
117

 although, due to the lack of 

proton signals on the metal fragment, the nuclearity of the metallacycle ([4+4] vs [3+3] 

or else) cannot be determined with this technique. Support to the formation of [4+4] 

species came from one FAB mass spectrum,
114

 vapour-phase osmometry,
118

 gel 

permeation chromatography experiments
119

 and pulsed-field-gradient NMR (PFG-

NMR).
120

 

Hupp and co-workers were the first to report rhenium-porphyrin square, that is 

compound 88, both as free-base or zincated derivative (Fig.52).
96

  

 

 

Figure 52. First rhenium-porphyrin square reported in literature. 

 

Starting from it a series of this type of metallacycles appeared in the literature and 

several derivatives, mainly substituted on the porphyrins meso positions, are known to 

date, thus making possible to collect a good number of experimental data on this 

88 
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peculiar supramolecular systems. The [4+4] metallacycles have a roughly squared shape 

with edge length from Re(I) to Re(I) estimated to be of about 20 Å. Due to the 

rotational freedom around the Re(I)–N bond the porphyrin rings may assume two 

limiting conformations, one in which they are all coplanar to the plane defined by the 

four rhenium centers, thus defining a flat structure, and the other in which the porphyrin 

rings face each other defining a cubical box, with any of the other intermediate 

conformations which may coexist in a complex equilibrium mixture. The position of 

this equilibrium and the rate of interconversion between the different conformers are 

influenced by the substitution pattern of the porphyrins (as already discussed for the 

Pd(II)/Pt(II) analogues).
97

 Computational studies on a Re(I) metallacycle, made by non-

substituted trans-di-(4-pyridyl)-porphyrins, suggest that, in the lowest energy 

conformation, the four porphyrin rings assume a tilted disposition, thus reducing the 

inner volume of the molecular box.
121

 On the other hand, Re(I)–metallacycles with 

zincated porphyrins are able to incorporate inside the cavity different N-donor ligands 

that bind axially to the Zn(II) ion
122

 and in the cubical box conformation the 

metallacycle has a perfect shape complementarity with H2–TPyP (Fig.53). 

 

 

Figure 53. Left: space-filling drawing of the [4+4] Re(I)–porphyrin metallacycle in the cubical-box 

conformation (top view, the porphyrin shown is the zincated 5,15-di-(4-pyridyl)-10,20-

diphenylporphyrin). Right: space-filling drawing of the 1:1 complex of the [4+4] Re(I)–porphyrin 

metallacycle with H2–TPyP bound inside the cavity (ref. 97). 

 

The formation of this strong inclusion complex is thus also an indirect evidence of the 

structure of the [4+4] Re(I)–porphyrin metallacycles. 

The strong preference for cis substitution of pentacarbonyl halo-rhenium(I) synthons 

has been exploited to prepare dimers and hetero dimers, that is [2+2] metallacycles, of 

functionalized cis-dipyridylporphyrins (Scheme 7).
116,123
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Scheme 7. Several examples of [2+2] Re(I)-cis-dipyridylporphyrins metallacycles. 

 

In contrast to the square planar compounds, the octahedral coordination of rhenium 

yields distinct syn and anti isomers with respect to halide ligand configuration (Fig.54). 

 

 

Figure 54. Syn/anti isomers for a given Re-cis-dipyridylporphyrin adduct.  

 

The isomers display identical 
1
H NMR spectra, absorption spectra and fluorescence 

spectra, the only distinction is that they are separable via chromatography on alumina 

thus the isomers are not in equilibrium. A potentially attractive extension (not yet 

reported) would be incorporation of tetrapyridylporphyrin repeat units as suggested in 

structure 93 (Fig.55).
111

 

 

 

Figure 55. Hypothetical porphyrins repeating unit that could be obtained with Re(I) corners. 

 

89a  R = OCH3, M1 = M2 = 2H 90a  R = COOCH3, M1 = M2 = 2H 

89b  R = OCH3, M1 = M2 = Zn 90b  R = COOCH3, M1 = M2 = Zn 

89c  R = OCH3, M1 = 2H, M2 = Zn 90c  R = COOCH3, M1 = An, M2 = Zn 

 

91  M = 2H 

92  M = Zn 

 

93 
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In the presence of 4,4’-bipyridine, the zinc metallated dimers 89b and 92 form ligand-

pillared cofacial pairs of dimers, 94 and 95.
123

 These assemblies are highly reminiscent 

of the ruthenium-linked tetraporphyrinic assemblies of Iengo and co-workers (Scheme 

8).  

 

 

Scheme 8. Ligand-pillared dimers from [2+2] Re(I)-cis-dipyridylporphyrins. 

 

These assemblies, like the ruthenium ones, are formed in an “all or nothing” fashion, as 

evidenced by the lack of intermediate species in titrations of the dimers with the pillars. 

In other words, the assembly process is a cooperative one: the binding constant for the 

second pillar is significantly larger than the first one. The cooperative behaviour is a 

consequence of the pre-organization achieved by the receptors once the first pillar is in 

place. 

 

1.4.4 Applications and functions  

 

1.4.4.1 Sensing and catalysis 

The example discussed above shows that Re(I)–porphyrin metallacycles in the 

cubic conformation define a large cavity with inner walls that can be chemically 

addressed by axial coordination to the Zn(II) ions in the porphyrin rings. The 

observation that the bound substrate may interfere with the fluorescence emission of the 

metallacycles has led to the development of a metallacycle that acts as a fluorescent 

chemosensor for sodium and potassium ions (96) upon binding of a pyridyl 

functionalized crown ether inside its cavity.
124

 The same metallacycle has been used to 

develop an epoxidation catalysts via axial ligation with two Zn(II) ions, of the Mn(III)–

porphyrin MnP1 (97) (Fig.56).
125

  

94 

95 

89b 

92 
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Figure 56. Left: picture of the complex with a pyridyl crown ether derivative, which acts as a fluorescent 

chemosensor for Na(I) ion (96). Right: complex with MnP1 investigated as a catalyst for alkene 

epoxidation reactions (97). 

 

In the case of 96 the mechanism of the chemosensing is based on the raise of the 

fluorescence emission since the axial ligation of the pyridyl group to the zinc, as we 

now well know, results in the quenching of the fluorescent porphyrin emission. 

Addition of Na(I) ions, as NaSCN salt, yields a recovery of the fluorescence emission of 

the metallacycle allowing sensing of the metal cation. As regards the catalytic activity 

of 97, Mn–porphyrins are known to catalyse the epoxidation of simple olefins and have 

been proposed as models for the catalytic center of cytochrome P450. However, the 

naked manganese porphyrin degrades fairly rapidly under catalytic reaction conditions 

mainly because of formation of oxo-bridged (Mn–O–Mn) dimers. Encapsulation of 

MnP1 in the metallacycle prevents the dimerization leaving at the same time enough 

space to permit many olefinic substrates to reach the catalytically active manganese 

center. 

 

1.4.4.2 Energy transfer devices 

 Excitation of the metallated porphyrins in planar heterodimer 89c was observed 

to sensitize emission from the free-base porphyrins (Fig.57).
116

 

 

96 97 
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Figure 57. Light excitation of the metallated moiety of the heterodimer 89c causes emission upon energy 

transfer between the porphyrins. 

 

Energy transfer (EnT) rates of about 1×10 s
–1

 were inferred from quantum yields. A 

factor contributing to efficient transfer may be the porphyrin–porphyrin coplanarity 

enforced by rhenium coordination. It was argued on energetic grounds that EnT was not 

mediated by the Re(I) centers. Thus this system could be efficiently employed in 

photochemistry or in the fabrication of photodevices and materials. 

 

1.4.4.3 Synthetic membranes, films and polymeric materials 

 Molecular square 88 described in Section 1.4.3 has been proved to 

spontaneously form thin films. The films consist simply of molecular aggregates where 

advantage is taken of the insolubility of the squares in water, in particular, to retain the 

molecules as functional films. Careful evaporative casting from solvents such as 

chloroform was found to yield essentially pinhole-free films.
126

 Modification of the 

thin-film materials by Zn(II) ligation of various imines and other nitrogen donors has 

been demonstrated. Interestingly, binding proved to be much more persistent in the film 

environment than in solution.
122

 

More robust films have been obtained by using the phosphonate functionalized [4+4] 

Re(I)–porphyrin metallacycle 98 shown in the next figure by mean of a layer-by-layer 

assembly scheme mediated by Zr(IV) ions (Scheme 9).
127

 

 

89c 
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Scheme 9. Zincated octa-phosphonated metallacycle 98 (top) and schematic depiction of the fabrication 

of zirconium mediated layer by layer assembled membranes (bottom).  

 

In this method the film growth can be initiated either by direct attachment of the octa-

phosphonated metallacycle to a metal-oxide surface or by first derivatizing the 

supporting surface with a zirconium binding ligand. Alternate addition of metallacycle 

and Zr(IV) salts allows the grow of layers of Re(I)–porphyrin metallacycles held 

together by layers of Zr(IV) ions interacting with the porphyrin phosphonate groups in a 

sandwich like arrangement. In this way the membrane thickness can be precisely 

controlled. 

A limitation of the layer-by-layer assembly method is that the resulting films must be 

supported by a rigid platform. An alternative approach that enables free-standing films 

(membranes) to be fabricated is polymerization at liquid/liquid interfaces. Porphyrin 

squares featuring reactive phenolic substituents (99) were dissolved in buffered water 

and allowed to react with small bis-(acid chloride) cross-linkers present in a water-

immiscible chloroform phase. Condensation yields ester linkages and a thin porous 

polymeric film (Scheme 10).
118

 

 

98 
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Scheme 10. Preparation of [4+4] Re(I)–porphyrin metallacycle 99 and depiction of the membrane 

fabrication by interfacial polymerization. 

 

With this method defect free membranes were prepared and respect to the molecular-

aggregate type materials, the polymeric membranes are swellable, resistant to 

dissolution in polar organic solvents, and useable without supports. 

 

1.4.4.4 Transport across phospholipid membranes 

 Since the first example reported by Fyles and Tong (sec. 1.3.6.4)
94

 of a synthetic 

ion channel generated through the coordination-driven self-assembly, a growing interest 

has been found in synthetic systems able to transport ions and molecules across 

phospholipid membranes. Despite this aspect the application of the concept of metal 

mediated self-assembly to the design of synthetic ionophores is still in its infancy.
128

 

This is somehow surprising since metal mediated self-assembled tubular structures with 

ample internal diameter and length compatible with that of a phospholipid bilayer and 

which appear well suited to open large pore in the membrane have been described.
129

 

Surely, there are several problems to be tackled when transferring a supramolecular 

coordination complex from an organic non-competitive solvent to the phospholipid 

membrane, the most important certainly being the stability of the metal–ligand bond in 

the presence of several potentially competitive donor groups such as water, anion from 

the buffer, phosphate groups, etc. The majority of the works regards the employment of 

Pd(II) as the metal fragment for the obtainment of SCC-based ionic channels and 

98 
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ionophores in phospholipid membranes. Other than Fyles and Tong’s one, two 

examples of active ionic channels have been reported by the Webb’s group who 

investigated the formation of triangular adducts starting from a porphyrin with 3-pyridyl 

substituents at the 5- and 15-positions and a trans-Pd(II) complex in phospholipid 

membranes (Fig.58a).
130

 The same group succeeded in demonstrating Pd(II)-mediated 

channel formation using pyridyl functionalized cholate derivatives of the type shown in 

figure 58b.
131

 

 

 

Figure 58. a) Di-3-pyridylporphyrin designed to form triangular adducts with [trans-PdCl2(NCPh)2] in 

membrane. b) Pyridyl cholate derivatives designed to form dimeric amphiphilic structures, which self-

assemble in phospholipid bilayers. 

 

Over the interesting ionophoric activity of this systems, several drawbacks limit their 

applications as thermodynamically and kinetically stable ionic channels. The direct 

formation of metallacycles in a membrane environment by in situ mixing of Pd(II) 

complexes and pyridyl ligands is not easily achievable due to the relatively low stability 

of the metal–nitrogen bond, and to the different water/membrane partitioning of the 

components, which alter their relative ratio in the lipid bilayer, thus making the control 

of the stoichiometry in the complex formation process problematic. 

An alternative approach is the use of preformed and more stable metal organic 

architectures such as those formed using Re(I) as metal corner. The kinetic and 

thermodynamic inertness of the Re(I)–N bond should indeed ensures that the preformed 

metallacycles preserve their structures intact also in the phospholipid membrane, thus 

avoiding ligand exchange or scrambling. As regards the latter approach, up to day the 

only example in which the application of the directional-bonding approach has brought 

to the development of a stable and organized structure active in a biological membrane 
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has been reported in 2012 by Boccalon, Iengo and Tecilla.
132

 They prepared the [4+4] 

metallacycle 100 employing Re(I) as metal corner and the zincated 5,15-di-(4-pyridyl)-

10,20-di-(4-carboxymethylphenyl)porphyrin as linear ligand. Alkaline hydrolysis of the 

methyl esters led to the tetraporphyrin metallacycle 101 that roughly define an empty 

cube about 2 nm large, able to span ca. half of the thickness of the phospholipid bilayer. 

In this conformation four carboxylic groups should be pointing upward and four 

downward, therefore assisting an hydrogen-bonding driven dimerization of the 

metallacycle once it is inserted in the lipophilic membrane and the consequent 

formation of a robust transmembrane nanopore (Scheme 11). 

 

 

Scheme 11. Schematic depiction of the Re(I)-porphyrin metallacycle 100 and formation of a 

transmembrane nanopore upon dimerization of 101. 

 

The ability of the metallacycle to form a transmembrane pore was assessed using a pH 

sensitive fluorescent dye and the results showed a high ionophoric activity strictly 

correlated with the preorganization of the metallacycle and with the presence of the 

peripheral carboxylic acid groups. This supports the proposed model in which the pore 

is formed via H-bonding dimerization. In this model, each metallacycle has four 

carboxylic groups pointing inside the membrane involved in the hydrogen bonding 

network that ensures its dimerization, while the other four point outside toward the 

(inner or outer) bulk water and are most likely deprotonated, thus efficiently directing 

101 

100 
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the correct orientation of the metallacycle in the membrane. Interestingly, the activity of 

the pore can be modulated by addition of poly(amidoamine) (PAMAM) like 

dendrimers. This effect is strongly correlated to the size of the PAMAM dendrimer and 

to the number of ionisable amino groups. 

 

1.5 Porphyrins 

 Porphyrins are an important class of organic molecules largely found in 

biological compounds. The word porphyrin is derived from the Greek porphura 

meaning purple, and all porphyrins are intensely coloured. They are a large class of red 

or purple or green fluorescent crystalline pigment, of natural or synthetic origin, having 

in common a substituted aromatic macrocycle ring consisting of four pyrrole molecules, 

linked together with four methine bridging units.
133,134

 Porphyrins can be considered as 

ideal components for the construction of artificial systems because of several appealing 

features: rigid, planar geometries, high stability, inherent symmetry, intense electronic 

absorption bands in the visible region; relatively long fluorescence decay time; facile 

tunability of their optical and redox properties by metallation/functionalization; 

availability of a variety of synthetic strategies for supramolecular organization. They 

also have been proven to be efficient sensitizers and catalysts in a number of chemical 

and photochemical processes, especially in photodynamic therapy (PDT).
135,136

 The 

general structure of a porphyrin is reported in Figure 59: 5,10,15,20-positions are named 

meso-positions (red), the other positions that can be substituted are defined β- pyrrolic 

positions (green) (Fig.59). 

 

 

Figure 59. General porphyrin structure with nomenclature and atom numbering designation. 

 

Porphyrin macrocycle is an aromatic heterocyclic system containing 22 π-electrons, but 

only 18 of them are delocalized according to the Hückel’s rule of aromaticity (4n+2 
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delocalized π -electrons, where n = 4). Double bonds 7-8 (Δ
7
) and 17-18 (Δ

17
) could be 

easily reduced because they are not involved in aromatic conjunction and thus 

producing the so-called chlorin compounds. The diversity of their functions is due in 

part to the variety of metals that bind into the “pocket”, i.e. through the N-coordinating 

pyrroles, of the porphyrin ring system. The size of the macrocycle is perfectly suited to 

bind almost all metal ions and indeed a large number of 

metals (e.g., Fe, Zn, Cu, Ni, Hg, Co, etc.) can be 

inserted in the center of the macrocycle forming 

metallaporphyrins (Fig.60). 

Porphyrin nitrogens can undergo single or double 

protonation or deprotonation in reasonably mild 

conditions. When deprotonated, over the possibility to 

bind metal ions, they become an ideal guest to host also 

a non-metallic element of the groups XIII-XV (e.g. 

silicon, phosphorous, etc.). 

 

1.5.1 Porphyrin aromaticity 

 Aromaticity is probably the most important reason for which porphyrins have 

been utilised by nature in a wide range of processes; the possibility to delocalise 

electrons over such a large and rigid system ensures to porphyrins a good thermal 

stability and the ability to be oxidised or reduced with little destabilisation of the overall 

system. 

For the free-base porphyrins (i.e. with 2 saturated nitrogen atoms and without any 

nucleus or ions bonded in the core), the thermodynamically more stable situations are 

the two degenerate trans tautomers as demonstrated with NMR, crystallographic and 

theoretical studies.
137,138

 The switch between the tautomers appears to be a stepwise 

mechanism, which pass from the less stable cis intermediate (Fig.61). 

 

 

Figure 61. Porphyrin tautomers. 

Figure 60. Generic 

metallaporphyrin. M = Fe, Zn, 

Cu, Ni, Hg, Co, Mg, etc. 
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The 18 π aromatic electrons delocalisation in porphyrins, shown in the next figure, 

explains how the peripheral bonds can undergo substitution reactions giving chlorins or 

bacteriochlorins, compounds possessing respectively 20 or 18 π electrons (Fig.62). 

 

 

Figure 62. π electrons delocalisation in symmetrical substituted porphyrin rings. 

 

1.5.2 Reactivity 

 The porphyrin reactivity has been studied since 1962, when Woodward 

suggested a general and simple idea about it. He predicted a marked electrophilic 

behaviour for meso carbons, because the porphyrin is actually formed by two pyrrolic 

rings and two pyrrolenic rings, where the latter act as electro-withdrawing groups on the 

meso carbons, leaving them electron deficient.
139

 Nowadays we know that meso 

positions are the favourite sites for aromatic electrophilic substitutions, nucleophilic and 

electrophilic additions, radical reactions and oxidations or reductions as well. Even 

though they are the most reactive positions, they are also the most sterically hindered, 

especially if adjacent β-pyrrolic carbons bear a substituent. The activation of these sites 

where electrophilic substitution can take place depends in which extent a porphyrin is 

electron-rich or electron-poor. The influence on it could be the choice of coordination 

metal in the macrocycle center. Indeed, the introduction of the proper divalent metal can 

change the reactivity of porphyrin from β-positions to meso positions, and vice versa. If 

metal ions with electronic configurations d
0
 or d

10
 are present (e.g. Mg(II) or Zn(II)) 

they act as a soft acid, raising the electronic density on the peripheral atoms of the ring 

and making the meso carbons more reactive for substitutions. Conversely, if d
1
-d

5
 ions 

are coordinated, which are usually in a high oxidation state (e.g. Sn(VI) or Fe(III)), the 

peripheral carbons become electron poorer, because the electronic density is pulled 

towards empty d orbitals of the metal atom and, as a consequence, β-pyrrolic positions 

become more reactive.
133
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1.5.3 UV-Vis spectra of porphyrins 

 Due to their large aromatic system, porphyrins have a very peculiar UV-vis 

absorption spectrum. The most intense band is between 400 and 450 nm, depending on 

substituents, and it is called B or “Soret” band. It is very strong because it is due to an 

allowed transition to the second singlet excited state, SoS2. At lower frequency (500-

650 nm) much less intense bands, called Q bands, are observed (Fig.63). 

 

 

Figure 63. Left: UV-Vis spectrum of porphyrin in CHCl3 evidencing the Soret band. Right: Enlargement 

of region between 480-720 nm highlighting the four Q-bands. 

 

The latter absorption bands are not so strong because they are relative to S0S1 

transitions, which are “semi-allowed” by the selection rules. These bands are further 

subdivided in two signals due to vibronic transitions. Q bands are classified according 

to increasing λ values as IV, III, II and I and they are diagnostic to identify the 

symmetry and the metallation status of the porphyrin. If a metal atom is present in the 

porphyrin core the molecule, as well as a consequence of the protonation, symmetry 

change from C2h to D4h (if symmetrically substituted) and hence a simpler absorption 

spectrum is observed, because of the degeneration of the four bands to two due to a 

more symmetrical electronic configuration. The relative intensity of Q bands is also due 

to the kind and the position of substituents on the macrocycle ring. Basing on this latter 

consideration, porphyrins could be classified as etio, rhodo, oxo-rhodo e phyllo. 
140

 

When the relative intensities of Q bands are such that IV > III > II > I, the spectrum is 

said etio-type and porphyrins called etioporphyrins. This kind of spectrum is found in 

all porphyrins in which six or more of the β-positions are substituted with groups 

without p-electrons, e.g. alkyl groups. Substituents with π-electrons, such as carbonyl or 

vinyl groups, attached directly to the β-positions gave a change in the relative intensities 

of the Q bands, such that III > IV > II > I. This is called rhodo-type spectrum 

Soret band 
Q bands 
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(rhodoporphyrin) because these groups have a “reddening” effect on the spectrum by 

shifting it to longer wavelengths. Moreover, when these groups are on opposite pyrrole 

units, the reddening is intensified to give an oxo-rhodo-type spectrum in which III > II > 

IV > I. On the other hand, when meso-positions are occupied, the phyllo-type spectrum 

is obtained, in which the intensity of Q bands is IV > II > III > I.
133

 

The fluorescence spectrum of poprhyrins is typically a two bands spectrum, due to 

virbonic transitions, between 600 and 800 nm (Fig.64). 

 

 

Figure 64. Fluorescence emission spectrum of porphyrins. 

 

1.6 Natural and synthetic ionophores, ionic channels and nanopores in 

lipid bilayers 

 During last years the interest in artificial ionophores, i.e. synthetic systems able 

to modify the permeability of biological membranes, has considerably grown, especially 

because the control of ions or molecules flux through the phospholipid bilayer may 

open the way to very interesting applications in biomedical and biotechnological 

fields.
141,142

 

 

1.6.1 Natural nanopores 

 Ion transport in nature can occur via ion channels and pumps, which promote, 

respectively, the passive (driven by the concentration gradient) and the active (against 

concentration gradient) flux of ions across the membrane.
143-145

 Natural ion channels 

and pumps are large protein assemblies consisting of a central channel portion that 

spans the membrane, and additional regions on one or both sides of the membrane that 

control access to the channel region. The ion conducting portion of natural ion channels 
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is typically a bundle of four to seven protein helices surrounded by an outer layer of 

protein helices which are in contact with the membrane lipids.
146

  

Hydrated ions approach the mouth of the channel and reach a region named “selectivity 

filter” where the ion is partly dehydrated and the water of ionic solvation is replaced by 

polar interactions with functional groups belonging to the protein. So, ion transport is a 

typical supramolecular function, which requires specific intermolecular interactions 

between the transporters and transported ions in order to compensate for the loss of 

hydration energy during the translocation process across the phospholipid bilayer. The 

size of the filter, the topology of the binding site, and the type of interactions, hard 

carbonyl oxygen bases for recognition of cations, and H-bonding groups for anions, 

determine the ion selectivity of the channel. 

Beside large protein ion channels, in nature there is a wealth of smaller molecules able 

to alter membrane permeability and promote ion transport, by forming pores or acting 

as carriers. Ion carriers behave as “ferry-boats”: they complex ions on one side of the 

membrane, then “carry” them across the phospholipid bilayer and release them on the 

other side. On the contrary, pore forming molecules do not move in the membrane: they 

form holes in the membrane and allow the ions to get across them.  

Although a very high diversity is observed both at the structural level and in the 

mechanism of action, a common topological feature is frequently conserved in pore-

forming molecules: many of them have elongated and amphiphilic structure with 

several polar groups (alcohols, amines, etc.) and are able to insert in the membrane 

forming a self-assembled cylindrical structure with an inner polar conduit which favours 

the transmembrane transit of the ions (barrel stave model, see next section). 

Among the countless natural ionophoric species, α-Haemolysin is probably the most 

interesting and the most studied nanopore (Fig.65). 

 

 

Figure 65. Left: depiction of the bacterial exotoxin α-Haemolysin. Right: schematic depiction of 

stochastic sensing. 
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α-Haemolysin is a monomeric, water-soluble protein, which forms heptameric pores in 

lipid bilayers. The pore is a mushroom-shaped structure in which the lower half of the 

stem, a β-sheet based 1.5 nm long tube with a 2.0 nm lower opening, forms a trans-

membrane channel, whereas the cap protrudes out of the membrane forming a 3 nm 

wide vestibule. Molecules of up to ~2000 Da can move through the 10 nm long water 

filled channel which is centred on the molecular 7-fold axis. 

Seminal works from the group of H. Bayley has demonstrated that it is possible to 

identify and to quantify a substrate from the electrophysiological analysis of the 

conductivity of a single not-specific ion channel, such as the one formed by 

staphylococcus α-Haemolysin.
147

 This technique is called stochastic sensing (Figure 1), 

and it allows detecting single molecule complexation event. Depending on the 

frequency of the event and on the registered electrophysiological characteristics (e.g. 

current width, dwell time, etc.) it is possible to define the nature and the concentration 

of the substrate. The technique of the stochastic sensing is so powerful and versatile that 

even the sequencing of short DNA strands crossing the pore was achieved.
148

 

 

1.6.2 Synthetic ionophores and ionic channels 

 The term “synthetic ion channels and pores” is applied for compounds that have 

abiotic scaffolds, that is scaffolds that are not found in biological ion channels and 

pores, able to modify the ionic permeability of a biological membrane.  

The study of the chemistry of biological membranes and, in particular, of the natural 

systems which regulate their permeability has led to the design and synthesis of 

artificial systems that mimic the ionophoric activity of natural ones. The aim is to utilize 

less complex model systems to study the parameters that control the permeation 

processes and, simultaneously, synthesize new compounds showing ionophoric and 

biological activity.  

The minimal structural requirements for artificial ion channels are a membrane 

spanning structure, a lipophilic substructure engaging hydrophobic contacts with the 

phospholipid bilayer and a hydrophilic substructure providing a polar corridor, thus able 

to stabilise the desolvated ion during the transport across the membrane. A molecular 

shape that roughly fulfils these requirements is a facial amphipathic tubular structure, 

i.e. molecules able to insert into the phospholipid bilayer without perturbing its lamellar 

structure and with hydrophobic subunits enclosing a polar conduct. Depending on the 
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shape and the size of these molecules, different channel architectures can be obtained as 

shown in Figure 66. 

 

 

Figure 66. Possible mechanisms of transmembrane channels formation. 

 

Considering that a phospholipid membrane has an overall thickness of about 40 Å, with 

a hydrophobic core of about 30-35 Å, a macromolecule of a similar size may span 

completely the membrane forming a unimolecular channel. 

Channels may also derive from the cylindrical self-assembly of linear, ‘stave-like’ 

monomers into barrel-stave motif. In this supramolecular architecture, facial 

amphipathic rod-like molecules orient their hydrophobic face towards the phospholipid 

hydrocarbon chain, while the polar flank is aligned towards the channel inner walls. The 

shielding of the polar residues from the contact with the phospholipid hydrocarbon 

chains is the driving force for the formation of such barrel-stave aggregates. Shorter 

monomers, which are not able to completely span the membrane, may form shorter 

barrels whose reciprocal alignment can originate a trans-membrane channel. This kind 

of architecture is named barrel-rosette and, depending on the size of the assembling 

monomers, it may give different architectures showing two or more barrels stacked one 

over the other. A similar motif, but formed by the stacking of macrocyclic monomers, is 

the barrel-hoop channel. Careful design of the macrocycle allows orienting the polar 

groups inside and the non-polar groups outside the macrocycle. A tubular aggregate is 

thus formed, presenting a lipophilic surface and a core made of polar residues. Finally, 

there is another possible behaviour: molecules can form slightly ordered assemblies, 

vaguely similar to a poorly organized barrel-rosette, that partially disrupt the continuity 

of the double layer; these shapes are often called carpet because the molecule interacts 

with the membrane surface partially covering it and does not insert in the membrane 

like in the other motifs.
149,150

 These artificial ionic channels must be kinetically and 
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thermodynamically stable in the phospholipid environment. In the practice these latter 

requirements become a huge problem since the control of the size and of the shape of 

the nanopore is very difficult to achieve once they are inserted in the membrane. For 

this reason in the literature there are many works reporting nanopores in the solid-state, 

but only a few of which report such structures within the lipid bilayer. However all of 

them exploits self-assembly in different ways. 

 

1.6.2.1 H-bonding peptide-based nanopores 

 One of the earliest works was published by Ghadiri and co-workers.
151

 It is 

based on cyclic peptides with alternate D and L amino acids. Thanks to this sequence 

the number of hydrogen bonds is maximized because of the amidic groups position; 

therefore a hydrogen bonding driven self-assembly between the macrocycles occurs 

within the phospholipid bilayer (Fig.67). 

 

 

Figure 67. Nanopores realised by Ghadiri’s group. 

 

The obtained nanopore has a variable diameter depending on the size of the macrocycle 

(7 Å in the example in Fig.66). It also has a very good ionic conductivity and it is able 

to transport large anions such as glutathione. Moreover, these systems have good 

antibacterial properties, probably due to membrane depolarization.
152

 

Another very interesting example regarding self-assembled peptide nanopores was 

reported by Matile’s group.
153

 These rigid rod β-barrels are synthetic barrel-stave 

supramolecules assembled from pre-organised p-octaphenyl “staves” functionalized 

with short peptides (Fig.68).  
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Figure 68. Matile's group nanotubes. On the left is depicted the structure of the monomer. In the centre is 

depicted the final tube-shaped nanopore, where the arrows are β-sheets. On the right, a view along the 

vertical axis to show the orientation of the amino acid lateral chains. 

 

The p-octaphenyl scaffold was chosen for several reasons: it is rigid, it is long enough 

to span the entire lipid bilayer, its blue emission is useful for structural studies, its non-

planarity correctly directs the cylindrical barrel self-assembling and the 2,5’ substitution 

positions are properly separated (5 Å) to ensure an optimal interdigitation between the 

peptide chains. The self-assembly is, therefore, driven by the formation of many 

hydrogen bonds between the short peptide chains, which set themselves in antiparallel 

β-sheets ensuring a strong stabilisation of the tubular structure. Moreover, because of 

steric reasons, the lateral chains of the amino acids in even positions are on the inner 

surface and those in odd positions are on the outer surface. Usually the outer ones are 

lipophilic, mainly Leu, whereas the inner ones are various (Lys, Arg, Asp, Hys, etc) 

depending on the function the nanopore want to be used for. Therefore the resulting 

nanotube has a very easily modifiable internal surface, it is very stable and it also has a 

variable diameter, spanning from a few Å to 2.5 nm, depending on the peptide chain 

length. 

Thanks to all these interesting features, many possible functions were explored, for 

example inorganic ions or organic molecules transport, sensing of a wide range of 

substrates (amino acids, nucleotides, ATP, glutamic acid, DNA, polymers) or even the 

study of enzyme activity. Moreover the β-barrel pores were used in complex sensing 

schemes based on either electrophysiological and fluorescent probes methods, which 

exploit the conductivity variations due to the total or partial blockage of the channel by 

the substrate.  

Recently the use of adapters was investigated too. Thanks to covalent bonding of 

several different molecules to the amino acids side chains, the inner chemical space of 
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the pore was modified, overcoming the limitations imposed by the use of natural amino 

acids and to target a much wider range of substrates. 

 

1.6.2.2 Non-peptide self-assembled nanopores 

 In order to realize self-assembled nanopores, other kinds of weak interactions, 

different than hydrogen bonding, have been exploited. 

Gong and co-workers reported the formation of a self-assembled nanotube starting from 

macrocycles obtained by condensation of di-alkoxy-substituted aromatic diamines with 

di-alkoxy-substituted isophtaloylchlorides (Fig.69).
154

 

 

 

Figure 69. Left: generic formula of the macrocycle; only d and e derivatives showed ionophoric activity. 

Right: depiction of the nanopore self-assembled by π-π stacking. 

 

The pore was formed by π-π stacking of the macrocycles, which align themselves 

through the phospholipid bilayer. The inner diameter of the pore is about 8 Å and it is 

strongly amphipathic thanks to the six inner amidic carbonyls and the outer lipophilic 

chains. The channel conductivity was measured on liposomes with 
23

Na-NMR 

technique and a very good ionophoric activity (about the half of that of gramicidin D) 

was registered. 

Recently a similar example was reported by Zhao and co-workers, who obtained a 

triangular-shaped nanopore via self-assembly of macrocycles (Fig.70).
155
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Figure 70. On the left a depiction of the nanopore obtained by self-assembly of the macrocycle showed 

on the right. 

The macrocycles are covalent cyclic trimers of cholic acid functionalized with a 

terephthalic pendant. The pore self-assembles in membrane because of the strong 

amphiphilic characteristics of the macrocycles (6 inner hydroxyl groups and only 

hydrophobic outer portions) and it is stabilized by hydrogen bonds formed by the 

dicarboxylic acids. The pore diameter is about 1 nm and it showed a good ionophoric 

activity and also to be capable of transporting large neutral molecules such as glucose. 

 

1.6.2.3 Nanopores from porphyrin-based rings 

 The group of Kobuke has developed a synthetic nanopore composed of a 

covalent/coordinative adduct of porphyrins having six carboxylic acid groups directed 

up and down.
156

 The height of the system is estimated in 21 Å from molecular models, 

corresponding to almost half the thickness of the lipid bilayer. Therefore, if two 

macrorings interact within the lipid bilayer by three cooperative hydrogen bonds 

between the carboxylic acid residues, a transmembrane nanopore will be formed with 

expected active barrel hoop architecture. The remaining three carboxylic acids at both 

ends of the nanopore will act as terminal ionic groups exposed to the aqueous phase 

(Fig.71).  
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Figure 71. Synthetic transmembrane nanopore designed by Kobuke and obtained by the alignment of two 

monomers. 

 

This pore showed high ion transport activity, permeability of big cations like 

tetrabutylammonium and reversibility. Moreover, blocking and deblocking of ion 

channel current using a 26.7 Å radius PAMAM G4 dendrimer was demonstrated. The 

same system bearing esters instead of carboxylic groups does not show ionophoric 

activity, indicating that the carboxylic acid groups are essential to form the 

transmembrane nanopore. Kobuke’s nanopore is a very interesting system, but a 

covalent approach for this type of macromolecules is synthetically quite demanding and 

further developments are therefore limited. In this context, the approach based on the 

self-assembly of small and synthetically more accessible building blocks is an attractive 

alternative to achieve the goal of synthetic ionic channel formation. 
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2 Aim 

 

Our research interests are focused on meso substituted trans-dipyridylporphyrins 

as new building blocks for the metal-mediated self-assembly of supramolecular 

structures. In particular, in the directional-bonding approach these dipyridylporphyrins 

behave as linear building blocks that, reacting with cis-coordinating metal centres, can 

build-up [4+4] molecular squares and other kinds of metallacycles (Fig.1).
1
  

 

 

Figure 1. Generic formation scheme of molecular squares through the directional-bonding approach. 

  

In previous works published by our group it has been shown the feasibility to prepare 

molecular squares using trans-A2B2 dipyridylporphyrins and how these supramolecules 

can find application in the formation of transmembrane nanopores. In fact, thanks to the 

hydrogen bond driven dimerization between molecular squares formed by 

dipyridylporphyrins bearing carboxylic acid residues in the remaining meso positions, it 

was possible to drive the formation of ion conducting nanopores in phospholipid 

bilayers (Fig.2).
2,3

 

 



Chapter 2 - Aim  

 

94 
 

  

Figure 2. Schematic representation of the porphyrin metallacycle preparation and of a transmembrane 

nanopore upon hydrogen-bonding driven dimerization. 

 

Despite the expertise acquired by our group in the synthesis of these kind of 

supramolecules, their purification and fully characterization remains a challenging task 

mainly due to their poor solubility in common organic solvents and water. Starting from 

these statements, the research presented in this thesis work will be focused on the 

synthesis of [4+4] molecular squares based on trans-A2B2 and trans-A2BC 

dipyridylporphyrins functionalized by amphiphilic and/or by donor/acceptor hydrogen-

bonding groups. The former groups are needed to confer to the squares more solubility 

in common organic solvents, while the latter are needed to drive the formation of 

nanopores in phospholipid bilayers. Particular attention will be turned, for the first time 

to our knowledge, to the employment of the trans-A2BC derivatives in the synthesis of 

[4+4] molecular squares with the aim to better control the dimerization process (Fig.3).  
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Figure 3. Transmembrane nanopores target design. 

 

For these purposes, starting from 5-(4-pyridyl)dipyrromethane, a small library of 

amphiphilic trans-A2B2 and trans-A2BC dipyridylporphyrins bearing halogen atoms or 

ethynyl groups for further functionalization will be synthesized. Some of these 

porphyrins will then equipped with residues bearing complementary hydrogen bond 

donor/acceptor groups and in two cases they will be utilized to prepare trans-

dipyridylporphyrin dimers. Figure 4 shows the two trans-A2BC dipyridylporphyrins 

bearing the hydrogen bonding D/A subunit that has been synthesized. 

 

 

Figure 4. Structure of the dipyridylporphyrins bearing hydrogen bonding D/A groups. 
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The cis-coordinating metal centres that will be employed as corners in the preparation 

of the metallacycles are octahedral complexes of Re(I) and Ru(II), in particular 

Re(CO)5Br and trans,cis,cis-[RuCl2(CO)2(DMSO-O)2]. The Re(I) complex is widely 

utilized in the synthesis of molecular squares principally for its tendency to give 

thermodynamic products and several examples of metallacycles obtained with trans-

dipyridylporphyrins, other than the abovementioned, have been reported by Hupp et 

alia.
4-6

 On the contrary, the use of the Ru(II) complex for the preparation of [4+4] 

metallacycles is not described in literature and, just few examples of [2+2] molecular 

squares obtained with cis-dipyridylporphyrins are known.
7
 Respects to its Re(I) 

homologous this metal complex reacts to give kinetics products, so the main challenge 

is to drive the formation of cyclic species over polymeric and oligomeric open-chained 

ones.  

The nanopore previously investigated by our group and described above (Fig.2), was 

based on the hydrogen bonding driven self-assembly of two porphyrin metallacycles 

(sec. 1.4.4.4). The ionophoric activity observed was interesting but somehow lower than 

expected for a pore with such a large inner cavity. This was justified with a low 

solubility of the metallacycle and the consequent unfavourable partition between the 

aqueous phase and the phospholipid bilayer and with the fact that the metallacycles may 

assume several conformations in which the porphyrin walls are tilted thus reducing the 

inner empty volume and making the dimerization by hydrogen bonding less efficient. 

This latter problem may be solved using rigid ligands long enough to entirely span the 

phospholipid membrane such as the covalently linked porphyrin dimers 

abovementioned (Fig.5).  
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Figure 4. Depiction of the porphyrin dimer inside the membrane with the various rigid linear linkers 

employed. 

 

The porphyrin dimers will then be used as molecular panels for the construction of 

metallacycles through self-assembly with metal ions such as Pd(II), Ru(II) and Re(I). 

Utilizing cis-coordinating metal complexes the self-assembly will involve four 

porphyrin dimers and eight metal ions and will produce parallelepiped-shaped hollow 

structures with two hydrophilic ends long enough to entirely span the membrane 

(Fig.6).  

 

Figure 5. Schematic representation of the covalently linked parallelepiped-shaped nanopore. 
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Clearly, the assembly of such a complex architecture will require careful optimization 

of the reaction conditions and a preliminary study of the self-assembling process in 

organic solvent with model compounds.  

The most promising metallacycles, as well as the most relevant dipyridylporphyrins, 

will be then investigated as ionic channels, studying their ionophoric activity utilizing 

liposomes as a model of biological membranes.  
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3 Results and Discussion 

 

Porphyrins are one of the most important class of compounds in chemistry, they 

are ubiquitous in nature playing a special role in sustaining biological reactions. 

Porphyrins act as catalysts, energy store and conversion devices, small molecules 

binders and carriers with many biological representatives like hemes, chlorophylls, 

myoglobins, hemoglobins, cytochromes, catalases, peroxidases and many others. 

Thanks to these features porphyrins soon gained the definition of “pigments of life”.
1
 

The strong aromatic character and the possibility to functionalize these macrocycles in 

different positions allowed chemists to reach fascinating architectures with peculiar 

properties. As regards to our purposes they found wide application in supramolecular 

chemistry in the synthesis of nanopores, ion channels and sensors.  

 

3.1 Choice of dipyridylporphyrins functionalizing groups 

The first step towards the target molecular squares, endowed with the 

abovementioned features, relies in the choice of the suitable functional groups with 

which functionalize the porphyrins meso positions not occupied by pyridines.  

 

3.1.1 Choice of the amphiphilic moiety  

Polyethylene glycol (PEG) is widely used as a covalent modifier of biological 

macromolecules and particulates as well as a carrier for low molecular weight drugs.
2
 It 

is a linear polymer based on the -CH2CH2O- repeat unit and is prepared by ring-opening 

polymerization of ethylene oxide.
3
 PEG shows a series of interesting properties: very 

low toxicity,
4
 excellent solubility in aqueous solutions,

5
 extremely low immunogenicity 

and antigenicity,
6
 excellent pharmacokinetic and biodistribution behaviour.

7
 

Monomethyl ether of PEG (mPEG) is also utilized in conjunctions to biologically 

relevant materials. It is particularly useful when multiple chains of the polymer have to 

be linked to the chosen substrate, thus it is usually the starting material for covalent 

modification of proteins, biomaterials and particulates. Moreover the polyether 

backbone of PEG is inert in biological environments as well as in most chemical 

reaction conditions. Abdel-Rahman and Al-Abd recently reported on the synthesis of 

branched oligoethylene glycol dendrimers based on tetrabromohydroquinone (Fig.1) 

and their cytotoxic activity against MCF-7 breast cancer.
8
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Figure 1. Oligoethylene glycol dendrimers synthesized by Abdel-Rahman and Al-Abd. 

 

Dendrimer D2, which is the best balanced of the three as concern hydrophilic character 

and number of terminal branches, gave the best result with an IC50 of 1.07 µg/mL. 

Another relevant work by Mounetou and co-workers have shown how PEGylation can 

improve biodistribution and selectivity profiles of melanoma-targeted conjugates.
9
 This 

study reported the synthesis of radiolabelled (
125

I) conjugates to the ICF01012 

melanoma-carrier (1a-c Fig.2) and the determination of their in vivo distribution profile.  

 

Figure 2. Chemical structure of ICF01012 melanoma tracer and its radiolabelled conjugates. 

 

When administered to melanoma-bearing mice, the PEGylated conjugates 1b-c 

exhibited an increased tumour uptake with a prolonged residence time. PEGylation also 

resulted in enhanced tumour selectivity compared with the non-PEGylated parent so it 

represents a successful approach to modulate pharmacokinetics. PEG chains have found 

extensive employment also in the functionalization of porphyrins, in particular when 

these macrocycles were designed to be applied as drugs or cell penetrating agents for 

biomedical purposes. An interesting example of these systems has been reported by 

Brunner and co-workers.
10

 Photodynamic therapy (PDT)
11,12

 after intravesical 

administration of a photosensitizer with subsequent in situ activation by using visible 

laser light is a recent therapeutic approach for bladder cancer. The role of the 
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photosensitizer is to convert, upon reaching the excited state through absorption of light 

at a suitable wavelength, ground-state triplet oxygen into cytotoxic singlet oxygen, 

which ultimately leads to cell death. The idea developed by Brunner et alia is to 

combine the cytotoxic activity (with low selectivity) of cisplatin and the phototoxicity 

of hematoporphyrin (one of the few approved photosensitizers for clinical use) 

derivatives in the same molecule. To reach their target molecules they functionalized 

hematoporphyrin at the two secondary alcohol positions by etherification with oligo- 

and polyethylene glycol units, while two carboxylic groups of propionate side chains 

were employed to bind platinum fragments (Fig.3).  

 

 

Figure 3. Hematoporphyrin-platinum conjugates synthesized by Brunner and co-workers. 

 

With porphyrin-platinum conjugates they attempted a selective enrichment of platinum 

compounds in tumours. In fact they demonstrated that the phototoxic ligand enhanced 

the cellular uptake and increased the antitumor activity of platinum compounds by an 

additional light-induced toxicity. The final choice of our amphiphilic residue has been 

inspired by recent works published by H. L. Anderson.
13-15

 In these studies porphyrins 

have been functionalized with triethyleneglycol monomethylether (TEG) moieties, as 

well as charged residues and tested as photosensitizers in photodynamic therapy (PDT). 
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TEG in this case has been utilized as benzyl ether to directly synthesize the porphyrins 

which have been further dimerized, via butadiyne linking, and functionalized with the 

suitable water soluble residues. Among the several dimers tested for 2-photon PDT, 

one, named Oxdime (Fig.4), proved the be the most effective in terms of efficient 

cellular uptake and phototoxicity.  

 

 

Figure 4. Amphiphilic porphyrin dimer synthesized by Anderson et al. 

  

Concluding this brief prologue about PEGs utilization we can assert that, owing to their 

marked amphiphilic character, oligo and polyethylene glycol side-chains are well 

known to confer to different kind of molecules a good cell permeability
16

 finding 

application in many anticancer therapies and other related studies,
17,18

 as well as in 

materials and biological sciences for applications as sensors and switches.
19-22

  

In light of what abovementioned we decided to utilize the same amphiphilic residue as 

Anderson’s, that is triethyleneglycol monomethylether (TEG), to functionalize the 

dipyridylporphyrins with the aim to improve the solubility and membrane compatibility 

of the porphyrins and of the resulting metallacycles (Fig.5). 

 

 

Figure 5. Structure of TEG. Our functionalization choice to confer amphiphilic  

character to the dipyridylporphyrins. 

 

3.1.2 Choice of the hydrogen bonding moieties  

 Hydrogen bonds (H-bonds) are like human beings in the sense that they exhibit 

grouplike behaviour. As an individual they are feeble, easy to break and sometimes hard 

to detect. However, when acting together they become much stronger and lean on each 

other. This phenomenon, called cooperativity, is based on the fact that “1+1 is more 
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than 2”. Following this principle, chemists have developed a wide variety of chemically 

stable structures that are based on the reversible formation of multiple hydrogen 

bonds.
23

 Nowadays, it is generally accepted that H-bonding can be described neither by 

electrostatic theory nor by weak covalent bonding alone, rather by a complex 

superimposition of five individual contributions which are of similar magnitude:
24,25

 

1) Electrostatic or Coulomb energy (ΔECOU); 

2) Exchange repulsion (ΔEEX); 

3) Polarization energy (ΔEPOL); 

4) Charge-transfer energy or covalent bonding (ΔECHT); 

5) Dispersion forces (ΔEDIS). 

Most theories of H-bonds claim an angle dependence of the energy associated to these 

bonds, with a maximum value for a linear bond.
26

 Kollman and Allen proposed that the 

ideal geometry involves a compromise between the optimal angle for ΔECOU and ΔECHT, 

since the others contributions are practically angle insensitive.
27

 The preference for 

linear H-bonds was demonstrated for small-ring lactams and monocarboxylic acids.
28

 

The situation becomes more complicated when the acceptor has more than one lone pair 

or when the donor has more than one hydrogen atom capable of forming H-bonds, 

leading to the formation of three-centers (bifurcated) or four-centers (trifurcated) H-

bonds.
29

  

The energy of an H-bond in the gas phase is typically in the range of 2-20 kcal mol
-1

, 

which is much weaker than covalent bonds but significantly larger than dipolar or 

London dispersion force energies (< 2 kcal mol
-1

). If either the donor or acceptor is 

charged the electrostatic attraction will be amplified and, as a consequence, H-bonds 

become much stronger (10-45 kcal mol
-1

).
30,31

 The thermodynamic stability of H-

bonded complexes in solution is very dependent on the solvent nature. The stabilities 

are usually higher in apolar solvents without H-bonding properties, such as alkanes, and 

lower for solvents that can act as H-bond donor/acceptor. 

H-bonds have an enormous impact on our daily life: without them wooden structures 

would collapse, cement would crumble, oceans would vaporize and all living things 

would disintegrate into random dispersions of inert matter. Most natural building 

blocks, such as carbohydrates, amino acids and nucleic acids offer a wide source of H-

bond donors and acceptors. This most likely arises because life has evolved in an 

aqueous environment where interactions with water were significantly important. 
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Therefore, the existence of H-bonds has long been regarded to play a crucial role in 

many biologically relevant processes such as DNA base pairs recognition, ligand-

binding to the receptors site, enzyme catalysis and α-helix or β-sheet formation.
23

 

However, new discoveries made in DNA base pairing and receptor-ligand binding 

studies convincingly demonstrated that the contribution of H-bonds to the overall 

binding energies has long been overestimated at the expense of hydrophobic 

interactions.
32,33

 H-bonds are in fact very important for the specificity of the structure 

but don’t contribute too much to the overall thermodynamic stability. The relative 

weakness of the H-bond is essential to those processes that involve the transfer of 

biological information because, in this way, it can be switched on and off by energies 

that are within the range of thermal fluctuations at ambient temperatures.
34

 In any case 

H-bonds are considered important contributors to the selectivity in binding processes, 

acting cooperatively with other interactions, to provide them the necessary amount of 

energy.  

In a pioneering study by Rich and co-workers the experimental binding data available 

for triply H-bonded dimeric complexes in chloroform were compared.
35

 As a 

consequence of the very different stabilities found for these assemblies, it was 

concluded that the number of H-bonds involved is not the only important parameter to 

reach a good thermodynamic stability of the complexes.
36,37

 Jorgensen and co-workers 

showed that these differences in stability can be largely attributed to attractive and 

repulsive secondary interactions. Stabilization arises from electrostatic attraction 

between positively and negatively polarized atoms in adjacent H-bonds, whereas 

destabilization is the result of electrostatic repulsion between two atoms of the same 

polarity. Monte Carlo and molecular dynamics simulations showed that the 1-

methylcytosine/9-methylguanine (C-G) dimer (AAD-DDA) is 
 
lower in energy than the 

1-methyluracil/2,6-diaminopyridine (Ur-DAP) dimer (ADA-DAD) (Fig.6). 
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Figure 6. Attractive and repulsive secondary interactions responsible of 

the higher stability of C-G dimer versus Ur-DAP one. 

 

Formation of the C-G dimer involves two attractive and two repulsive secondary 

interactions whereas in the Ur-DAP dimer all the secondary interactions are 

repulsive.
38,39

 Following the guidelines of this model, the highest association constant is 

predicted for an AAA-DDD complex with exclusively attractive secondary interactions. 

Afterwards Sartorius and Schneider, based on a comparison of experimental binding 

data for several synthetic H-bonded complexes, derived an empirical rule to predict the 

binding strength of a given complex. They postulated that the free energy for 

dimerization consists only of two increments: a contribution of 1.88 kcal mol
-1

 for each 

H-bond and ± 0.7 kcal mol
-1

 for each attractive or repulsive secondary interaction.
40

 

A large variety of organic functionalities exist that can dimerize through the formation 

of a single H-bond (1-H). However, the relatively low stability of assemblies based on a 

single H-bond severely limits their utility in the noncovalent synthesis of defined 

assemblies. Two different strategies have been applied to increase the stability of H-

bonded assemblies in which cooperativity between individual binding sites plays a key 

role. In the first one, individual 1-H bond recognition motifs are covalently linked to 

give multidentate modules that can associate through the formation of multiple H-

bonds.
41

 The second strategy involves the covalent synthesis of modules of rigid linear 

arrays of multiple H-bonding sites. 

Several polar functionalities have a strong tendency to dimerize through the formation 

of a double H-bond (2-H). Many solid-state assemblies have been reported for 

homodimers based on carboxylic acids, cis- and trans- amides and ureas or 

heterodimers based on carboxylic acids and amides, 2-amido or aminopyridines. The 

relatively low enthalpic gain for the common AD-DA complexes (two repulsive 

secondary interactions) is not sufficient to fully compensate for the simultaneous loss in 

entropy. This means that these complexes are usually stable only at relatively high 
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concentrations (> 10
-2

 M). Higher stability can be found for AA-DD complexes (two 

attractive secondary interactions); moreover their stability can be increased by an 

additional secondary interaction, which results in the formation of bifurcated H-bonds 

(DDD-AA) as illustrated in Figure 7. 

 

 

Figure 7. Example of a DDD-AA dimer stabilized by a bifurcated H-bond. 

 

Similar to that discussed for 1-H bonded modules, the thermodynamic stability of 

noncovalent assemblies based on 2-H modules can be significantly improved by 

connecting covalently multiple modules.  

Triple H-bonded (3-H) assembly motifs exhibit, in general, a significantly higher 

stability than the corresponding 2-H ones. This feature raises their potential as a 

structural module for noncovalent synthesis.
42

 Numerous structural variations of readily 

available heteroaromatics, such as pyridine and triazine, have been studied in great 

detail. Since homodimerization is intrinsically not possible for 3-H motifs, these 

complexes have often been designed as receptors.
43,44

 The additional H-bond 

contributes favourably to the overall negative enthalpy of association. However, as 

Jorgensen demonstrated, this stabilizing effect may be partly counterbalanced by 

repulsive secondary interactions that depend on the arrangement of the donor/acceptor 

sited in the H-bond arrays. The stability constants, found by Zimmerman and co-

workers, for a series of dimeric complexes with ADA-DAD, DAA-AAD and AAA-

DDD arrays (0, 2 and 4 favourable interactions) are in the order of 10
2
, 10

3
-10

4
 and > 

10
5
 M

-1
, respectively, which are in full agreement with Jorgensen’s model.

45,46
 

Several examples of quadruple H-bonded (4-H) dimers are reported in the literature.
47-49

 

Apart from the expected increase in stability, the even number of H-bond donors and 

acceptors allows self-complementary to be introduced in these motifs. Self-

complementary provides an attractive property for applications in polymeric materials 

or molecular capsules. However, the fact that the most of the molecules employed to 

build 4-H modules exist in three different tautomeric forms significantly complicates 
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the assembly process. Unfortunately this feature renders these systems scarcely 

interesting in noncovalent synthesis.  

To design and prepare miniaturised functional devices it is necessary to exploit 

materials characterized by a controlled morphology at the nanoscopic level. Among 

different H-bonding complexes the uracil – diacetylamino pyridine complex (Ur-DAP) 

has been for long time considered one of the most versatile motif for engineering a wide 

variety of supramolecular architectures, both in solution and at interfaces. It is 

characterized by an alternate disposition of the H-bonding donor and acceptor sites 

providing high complementarity to the molecular recognition units (Fig.8).  

 

 

Figure 8. Ur-DAP complex structure with highlighted donor (blue) and acceptor (red)  

H-bonding sites. Association constant values refers to the various substituents. 

 

The complex association constant values (KASS = 800-2000 M
-1

)
38,40,44

 are relatively 

weak thus ensuring a high degree of reversibility and dynamicity to the self-assembly 

process, requirements needed to achieve self-healing and long-range molecular order.
50

 

The Ur-DAP complex is nowadays very well-known thanks to the pioneering studies of 

Lehn and co-workers who synthesized the first “main chain” supramolecular polymers, 

in particular exploiting the self-assembly of L- and D-tartrate derivatives bearing Ur and 

DAP termini.
51-53

 Furthermore, dimerization studies have been reported to investigate 

self-recognition abilities of the two units in solution. Differently from the alkylated Ur 

derivative that is able to self-dimerize, the self-association of the DAP derivatives is 

severely limited because of conformation constraints of the amidic functional 

group.
34,54,55

 Recently Bonifazi and Marangoni reported, in an elegant work, the design 

and synthesis of a novel library of shape persistent molecular modules based on Ur and 

DAP.
56

 Studying the self-assembly and self-organization of the synthesized modules, 

both on surface and in/from solution, the authors demonstrated that these modules were 

able to transfer their geometrical information to the final supramolecular architectures 

upon formation of the Ur-DAP complex (Fig.9). 
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Figure 9. Molecular structures of supramolecular assemblies and their geometry at microscopic  

scale synthesized by Bonifazi and Marangoni. 

 

In 2001 Drain and co-workers showed how porphyrins and metallaporphyrins are 

particularly attractive molecular species to be incorporated into supramolecular 

assemblies with special built-in properties or functions.
57

 In this study they synthesized 

through Adler’s condensation two sets of meso substituted porphyrins bearing 2,6-

diacetylaminopyridine and 1-butyluracil moieties respectively. With these 

complementary building blocks they built various types of multi-porphyrin 

supramolecules with different spatial relationship in predefined geometries. The 

existence of these hydrogen bonded supramolecules was confirmed by the authors both 

in the solid-state and in solution. Examples of the porphyrins presented in Drain’s work 

are reported in Figure10. 
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Figure 10. Representation of Drain’s most relevant porphyrins bearing complementary H-bond motives. 

  

An X-Ray study of porphyrin IV revealed some unexpected features (Fig.11). 

 

 

Figure 11. Left: molecular structure with atom names of IV. Right: Edge-on view of the porphyrin core. 

 

The C-5, C-10 and C-20 meso substituents are completely ordered but the C-15 tert-

butylphenyl residue exists in two discrete orientations. How it is shown in the edge-on 

view, the macrocycle presents a distorted conformation in which two pyrrole rings are 

above and two pyrrole rings are below the mean plane. As observed for other saddle 

shaped porphyrins, the dihedral angles between the meso-substituents and the porphyrin 

plane are unusually acute. For the C-10 substituent this is mostly like related to its 

participation in hydrogen bonds.
58,59

 When crystallized from ethyl acetate/hexane 

porphyrin IV incorporates in the lattice 2.5 molecules of adventitious water per 

porphyrin, contrarily none of the solvent molecules were found in the crystals. The 

unexpected water mediates a more extensive supramolecular array via multiple 

hydrogen bonds (O5 and O6 in Fig.12). 
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Figure 12. Hydrogen-bonded supramolecular assembly of IV mediated by water  

(H-bond showed as dotted lines). 

 

All five possible hydrogen-bond donors and acceptor of the C-5 meso substituent and 

only three of the C-10 substituent participate in the network formation. The structure 

reveals that there are no substantial π-π interactions in this arrangement in the solid state 

and therefore the distortion observed is caused only by hydrogen bonds. In the same 

paper, Drain et al, demonstrated by mean of different spectroscopic techniques and 

osmometry the formation of a tetrameric square from two equivalents of both IV and X 

(Fig.13). 

 

 

Figure 13. Tetrameric square formed in solution between IV and X.  
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The complementary interactions between uracil and diacetylaminopyridyl moieties was 

calculated to be  ̴ 45 kJ mol
-1

, value that is much stronger than the single self-

complementary interaction. 

In light of the interesting features arisen from the examples offered by the 

abovementioned Bonifazi’s and Drain’s works, we decided that for our purposes the 

most suitable complementary H-bond donor/acceptor moieties are the 1-hexyluracil and 

the 2,6-diacetylmino pyridine.  

 

In conclusion our target dipyridylporphyrins will incorporate a TEG chain and 1-

hexyluracil and 2,6-diacetylmino pyridine subunits. The former group is chosen to 

confer both amphiphilic character and membranes compatibility, the latter to ensure a 

good recognition unit to drive the porphyrin based squares towards the formation of 

transmembrane nanopores. In particular, the two final trans-A2BC dipyridylporphyrins 

target will be functionalized with a TEG chain in one meso position and a 1-hexyluracil 

or 2,6-diacetylminopyridine in the meso position, opposite to the previous one (Fig.14).   

 

 

Figure 14. Structure of the target trans-A2BC dipyridylporphyrins.  

 

3.2 Porphyrin synthesis 

The first part of this work consisted in the synthesis of the porphyrins. They are 

the fundamental building blocks for the elaboration of the supramolecular structures that 

are the final goal of the thesis. 

In the literature many methods for the porphyrin synthesis are reported, but nowadays 

two are the most utilised.  

One of the earliest derives from the Rothemund reaction
60

 between pyrrole and an 

aldehyde in the presence of pyridine. Optimization of the experimental conditions and 
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changing to acid catalysis led to the Adler-Longo method,
61

 which is today a widely 

used protocol for porphyrin synthesis. This method is a statistical reaction between 

pyrrole and aldehydes in propionic acid under reflux (Scheme 1). 

 

 

Scheme 1. Adler-Longo’s synthesis of porphyrins. 

 

If two or more different aldehydes are used a mixture of all the possible isomeric 

porphyrins is obtained. On the other hand if only one aldehyde is used a symmetrically 

substituted meso-porphyrin is obtained usually with yields ranging from 10 to 20%. For 

this reason this reaction is often used when the contemporaneous preparation of 

different isomeric meso-substituted porphyrins is desired, although the isolation of the 

isomers from the complex reaction mixture is often a challenging task.  

A modification of the Adler-Longo reaction which employs milder conditions was 

proposed by Lindsey and co-workers.
62,63

 In this method, the pyrrole and the aldehyde 

are reacted under acid catalysis at room temperature and under nitrogen atmosphere 

giving a porphyrinogen, which is successively irreversibly oxidized to the porphyrin by 

a reaction with a quinone derivative (Scheme 2). 
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Scheme 2. Lindsey’s synthesis of porphyrins. 

 

Successively Lindsey succeeded to merge his synthetic approach with an older one thus 

bringing forth a very valuable and versatile new method. In the 20’s Fischer
64,65

 was the 

first to develop a procedure for the synthesis of porphyrins starting form 1,9-dimethyl-

dipyrromethene and 1,9-dibromo-dipyrromethene, but under very harsh conditions. This 

procedure was then upgraded and refined by MacDonald in 1960.
66

 The so-called “2+2” 

MacDonald’s condensation employs milder conditions thus allowing the use of 

dipyrromethanes, which are compounds that are generally more easily available than 

dipyrromethenes. Thanks to Lindsey and co-workers these methods were cleverly 

merged. The first aldehyde is reacted directly with an excess of pyrrole in absence of 

solvents giving the relative dipyrromethane
67

, which is then reacted with a second 

aldehyde under acid catalysis. The subsequent oxidation of the porphyrinogen affords 

regiospecifically the meso substituted trans-porphyrins (Scheme 3). 

 

 

Scheme 3. Lindsey’s synthesis of porphyrins via dipyrromethane. 

 

For our purpose the latter method is definitely the most suitable since we want to obtain 

A2BC trans meso-substituted porphyrins bearing two pyridyl moieties, in order to have 

a rigid linear ditopic ligand for the coordination with transition metal centres. The other 

two meso positions will be dissymmetrically functionalized. 

 

3.3 Design and synthesis of trans-dipyridylporphyrins library 

 Despite the plethora of works about porphyrins synthesis very few examples 

regarding the direct regioselective synthesis of trans-A2BC derivatives are reported. We 
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therefore needed to design a suitable synthetic strategy to easily obtain the desired target 

molecules. 

 

3.3.1 Desymmetrizing approach 

Apart of the Adler’s approach, that is poorly useful for our purposes, one of the 

best and quick way to obtain regioselectively A2BC substituted porphyrins is to first 

synthesize A2B2 derivatives with the Lindsey’s method and then desymmetrize them by 

inserting the chosen functional groups on the preformed macrocycle.  

Our starting idea was to first synthesize 5,15-dipyridylporphyrin and then, upon 

substitution of one hydrogen atom with bromine in the two free meso positions, to 

functionalize them (Scheme 4). 

 

 

Scheme 4. Retrosynthetic scheme designed to obtain trans-A2BC dipyridylporphyrins. 

 

The key step to obtain A2BC derivatives is the monodesilylation of the porphyrin III 

showed in Scheme 4. This deprotection step will proceed in a statistical way, since the 

protecting groups on the alkynes are of the same nature, so a considerable amount of the 

fully desilylated porphyrin has to be expected.  

In any case also a symmetric A2B2 porphyrin bearing two pyridyl and two hydrogen 

bonding residues may have some interest in particular for the possibility to create 

ordered arrays on surface and, therefore, the by-product of the deprotection step will be 

used for the preparation of symmetric derivatives. According to the retrosynthetic 

pathway showed above, the first step is the synthesis of dipyrromethane (DPM) or 



 Chapter 3 - Results & Discussion 

 

115 
 

alternatively 5-(4-pyridyl)dipyrromethane (DPM-Py). As a first approach we 

synthesized DPM following a procedure described in the literature (Scheme 5).
68

 

 

 

Scheme 5. Synthesis of DPM. 

 

The pyrrole, acting also as the solvent for the reaction, was utilized in large excess in an 

acid catalysed condensation with paraformaldehyde. The reaction conditions have been 

optimized changing the amount and type of acid catalyst, the amount of 

paraformaldehyde and the reaction time (Table 1). The initial trials, that were conducted 

utilizing a Brønsted acid (TFA), were not successful affording only low yields of DPM 

along with large amounts of insoluble, dark polypyrroles by-products (the so called 

“dark pyrroles”).  

 

Table 1. Optimized reaction conditions for the synthesis of DPM. TFA = trifluoroacetic acid. 

Amount of 

paraformaldehyde 

Type of 

acid  

Amount of 

acid 

Time Yield 

0.1 eq. TFA 0.01 eq. 2.5 h 8% 

0.01 eq. TFA 0.001 eq 3.5 h 17% 

0.01 eq. MgBr2 0.001 eq 3.5 h 75% 

 

A net increase in the yield of DPM was obtained when a Lewis acid was used as 

catalyst. In particular we found that MgBr2, instead of the more expensive InCl3, was 

very effective because it simultaneously lowers the formation of polymeric by-products 

and enhances the reactivity of paraformaldehyde. DPM was then used in the synthesis 

of 5,15-dipyridylporphyrin (DPyP), under optimized conditions derived from those 

reported in literature for similar trans disubstituted porphyrins.
69-71

 The reaction starts 

with an acid catalysed condensation between DPM and 4-pyridylcarboxyaldehyde in 

anhydrous DCM, followed by oxidation with 2,3-dichloro-4,5-dicyano-p-benzoquinone 

(DDQ) (Scheme 6). 
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Scheme 6. Synthesis of DPyP starting from DPM. 

  

The reaction resulted quite challenging, over the intrinsic difficulties usually 

encountered in macrocyclization reactions, probably because of the low reactivity of 

both DPM and pyridylcarboxyaldehyde. In fact, even if different reaction conditions 

were tested, DPyP has been synthesized only in very low yields (Table 2). 

 

Table 2. Reaction conditions for the synthesis of DPyP starting from DPM. 

Concentration 

of DPM 

Amount  

of TFA 

Amount  

of DDQ 

Temp. 

Cyclization 

Temp. 

Oxidation 

Total 

Time 

Yield 

8.7 mM 2 eq. 1.5 eq. RT RT 5 h 1% 

11 mM 2 eq. 1.5 eq. RT RT 6 h 2.5% 

4.5 mM 43 eq. 2 eq. RT RT 3 h 0.5% 

4.1 mM 43 eq. 4 eq. 0° C RT 16 h 0.2% 

8.0 mM 43 eq. 2 eq. From -18° C 

to 0° C  

RT 24 h 0% 

 

We therefore decided to switch to DPM-Py as the starting material for the synthesis of 

DPyP, which was prepared following a procedure described in literature.
72

 The reaction 

occurs between 4-pyridylcarboxyaldehyde and pyrrole, without the need of any acid 

catalyst, at 85 °C for 15 hours (Scheme 7).    

 

 

Scheme 7. Synthesis of DPM-Py. 

 

Because of the formation of a considerable amount of polymeric, isomeric (N-confused) 

and acidolysis by-products the purification of the reaction raw was quite a challenging 

task. However, after a column chromatography on alumina gel and precipitation from 

ethyl acetate/petroleum ether, DPM-Py was obtained with the satisfying yield of 66%. 
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DPM-Py was then utilized, together with trimethylorthoformate (TMOF), for the 

synthesis of DPyP optimizing the reaction conditions found in literature (Scheme 8).
73

 

 

 

Scheme 8. Synthesis of DPyP starting from DPM-Py. 

 

Several trials has been conducted before to find the best reaction conditions by changing 

the type and the amount of the acid catalyst, the type and the amount of the oxidating 

agent as well as reaction time and temperature. The best results have been obtained 

utilizing trifluoroacetic acid (TFA) in large excess, conducting the cyclization at 0 °C 

for 4 hours and then oxidizing with DDQ (4 eq.) at RT for 16 hours (Table 3).  

 

Concentration 

of DPM-Py 

Acid 

Type/Amount  

Oxydant 

Type/Amount 

Temp. 

Cyclization 

Temp. 

Oxidation 

Total 

Time 

Yield 

3.6 mM TCA / 24 eq. O2 / exc. RT RT 20 h 7% 

3.8 mM TFA / 43 eq. DDQ / 4 eq. RT RT 5 h 7% 

3.4 mM TFA / 43 eq. DDQ / 4 eq. 0° C RT 20 h 11% 

Table 3. Reaction conditions for the synthesis of DPyP starting from DPM. 

 

After column chromatography purification on silica gel DPyP was obtained with 11% 

yield. Even if this value is comparable to those reported both for porphyrin and other 

macrocycles, these results prompted to change strategy. Indeed, since DPyP is the first 

intermediate towards the desired target A2BC porphyrins, it has to be prepared in large 

quantity and the low yield of the reaction resulted thus unattractive.  

 

3.3.2 Statistical approach 

 From a close examination of the literature regarding porphyrin synthesis it 

appeared that they are easily synthesized in high yield when the condensation is 

conducted with aromatic aldehydes. We, therefore, changed the structure of the target 

dipyridylporphyrins as follows (Fig.15). 
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Figure 15. Structure of the new designed target dipyridylporphyrins. 

 

Inspired by Lindsey’s work on the synthesis of trans-substituted porphyrins bearing 

iodo and ethynyl groups we decided to follow the same strategy,
74

 which is based on a 

statistical reaction between dipyrromethane and aldehydes. In fact, starting from DPM-

Py and two different benzaldehydes in the ratio of 1:0.5:0.5, respectively, the 

condensation reaction gives directly all the possible trans-dipyridylporphyrins as 

showed below (Scheme 9). 

 

 

Scheme 9. Reaction scheme for a generic condensation of DPM-Py with two different benzaldehydes. 

The products are the three possible trans-dipyridylporphyrins. Py = pyridine; Ph = phenyl. 

 

This statistic approach presents many attractive features:  

1) direct access to both A2B2 and A2BC porphyrins; 

2) avoid the formation of separation of the cis-isomers which are instead formed in 

the classical Alder’s approach; 

3) products distribution is statistically in favour of the A2BC porphyrins; 
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4) possibility to extend the library to a wide number of derivatives. 

The only drawback of this approach relies sometimes in the purification of the 

products from the reaction mixture, especially when the substituents present a high 

polarity.  

The first attempts to obtain dipyridylporphyrins in this way started with the 

optimization of the reaction conditions to synthesize the known 5,15-bis-(4-

pyridyl)-10,20-bis-(4-bromophenyl)porphyrin (DiBrPhDPyP). The condensation 

reaction has been performed with the commercially available 4-bromobenzaldehyde, 

in anhydrous DCM and in the dark, in presence of a large excess of TFA at 0 °C for 

2 hours. Oxidation with DDQ, at RT for 2 hours, followed by purification on silica 

gel and crystallization from chloroform and methanol afforded DiBrPhDPyP with 

15.9% yield (Scheme 10). 

 

Scheme 10. Synthesis of DiBrPhDPyP.  

 

The following step was the synthesis of the benzaldehyde bearing the amphiphilic TEG 

chain. In particular 4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]benzaldehyde 

(TegPhCHO) was prepared in good yield via a standard Mitsunobu reaction starting 

from commercially available reactants (Scheme 11). 

 

 

Scheme 11. Synthesis of TegPhCHO through Mitsunobu reaction. 

 

In the Mitsunobu reaction a mixture of a diazocarboxylate, like diisopropyl 

diazocarboxylate (DIAD), and triphenylphosphine is used to activate an alcohol as 
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electrophile which is then reacted with a suitable nucleophile.
75,76

 The reaction 

mechanism is quite complex as shown in Scheme 12. 

 

 

Scheme 12. Proposed mechanism of the Mitsunobu reaction with our specific reagents. 

 

Initially the triphenylphosphine attacks the labile DIAD N=N π bond (step 1) forming 

an anion stabilized by resonance due to the presence of the adjacent carbonyl group 

(intermediate a). This anion is basic enough to deprotonate the alcohol, which in our 

case is the hydroxyl group of the triethyleneglycolmonomethylether, forming the 

corresponding alcoholate and intermediate b. Thanks to the great affinity between P and 

O, the attack of the alcoholate to the positive phosphorous atom is strongly favoured 

affording the activated alcohol and anion c. Now the DIAD anion can easily extract the 

acidic proton of the 4-hydroxybenzaldehyde, thus forming the more nucleophilic 

phenoxide (intermediate d), which in turns attacks in a SN2 reaction the activated 

alcochol leading to the desired TegPhCHO.  

The latter aldehyde has then been employed to synthesize a trans-A2B2 

dipyridylporphyrin, in order to verify its reactivity towards the formation of porphyrins. 

The new 5,15-bis-(4-pyridyl)-10,20-bis-(4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy] 

phenyl)porphyrin (DiTegPhDPyP) was obtained in good yield according to the 

conditions previously optimized for DiBrPhDPyP (Scheme 13). 
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Scheme 13. Synthesis of DiTegPhDPyP. 

 

DiTegPhDPyP has been fully characterized by means of 1D and 2D 
1
H-NMR, 1D and 

2D 
13

C-NMR, 
1
H-DOSY, ESI-MS, UV-Vis, Fluorescence emission and X-Ray. 

 

 

 

 

 

Figure 16. 1H-NMR (500 MHz, CDCl3) of DiTegPhDPyP with labels. 

 

 

Figure 17. Single crystal X-Ray structure and crystal packing of DiTegPhDPyP. Left image shows the 

disorder observed in the pendant chains of the porphyrin located on a center of symmetry. 
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The aldehydes previously employed have shown comparable reactivity, in the 

conditions utilized, towards the synthesis of trans-dipyridylporphyrins and this allowed 

their simultaneous use for the mixed condensation with DPM-Py, according to our 

designed strategy.  

Thus the condensation reaction has been conducted mixing together DPM-Py, 4-

bromobenzaldehyde and TegPhCHO in the molar ratio 1:0.5:0.5 respectively, in 

anhydrous DCM and in the dark, in presence of a large excess of TFA at 0 °C for 1.5 

hours. Oxidation with DDQ, at RT for 2 hours, followed by purification on silica gel 

afforded the three trans-dipyridylporphyrins showed in Scheme 14 with the reported 

yields. 

 

Scheme 14. Synthesis of the three trans-dipyridylporphyrins: 

DiBrPhDPyP, BrPhTegPhDPyP and DiTegPhDPyP. 

 

The purification of the reaction mixture was rather difficult and after a first separation a 

second column chromatography purification of the fractions containing each porphyrin 

followed by crystallization from chloroform and methanol was required to obtain the 

pure porphyrins. It is worth to note that while the yield of DiTegPhDPyP is practically 

unchanged compared to its previous synthesis, the one of DiBrPhDPyP is less than the 

half; moreover the total yield of porphyrins has been notably increased from 16-20% to 

more than 40%.  

Another mixed condensation has been conducted in the same conditions as before but 

replacing the bromo-substituted benzaldehyde with the commercially available 4-

iodobenzaldehyde (Scheme 15). 
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Scheme 15. Synthesis of the three trans-dipyridylporphyrins: 

DiIPhDPyP, IPhTegPhDPyP and DiTegPhDPyP. 

 

Here again, to obtain pure final products, more than one column chromatography and 

subsequent crystallization of each porphyrin from chloroform and methanol was 

necessary. 

The third mixed condensation has been done utilizing the commercially available 4-[2-

(trimethylsilyl)ethynyl]benzaldehyde (ETMSPhCHO) together with DPM-Py and 

TegPhCHO, in the same optimized reaction conditions (Scheme 16). 

 

 

Scheme 16. Synthesis of the three trans-dipyridylporphyrins: 

DiEPhDPyP, EPhTegPhDPyP and DiTegPhDPyP. 

 

Unfortunately we encountered some issues during the work-up of the reaction raw. In 

fact, the trimethylsilyl protecting group of the alkyne moiety was partially removed by 

the bicarbonate used to neutralize the excess of TFA leading to a complex mixture of 

protected and unprotected porphyrins, thus hampering the separation step. For this 

reason we decided to undergo the deprotection of the alkyne by reaction with 

tetrabutylammonium fluoride (TBAF) directly on the crude. Once again, to obtain the 



Chapter 3 - Results & Discussion  

 

124 
 

final products, more than one column chromatography and crystallization of each 

porphyrin from chloroform and methanol was necessary. 

The small library of the seven trans-dipyridylporphyrins synthesized, bearing 

amphiphilic residues and moieties suitable for further functionalization, is summarized 

in Figure 16.  

 

 

Figure 18. Structure of the seven trans-dipyridylporphyrins synthesized. 

 

The dipyridylporphyrins synthesized have been fully characterized by means of 1D and 

2D 
1
H-NMR, 

13
C-NMR, ESI-MS, UV-Vis and Fluorescence emission. As the most 

representative among the members of the library the 
1
H-NMR spectrum of 

EPhTegPhDPyP is shown below (Fig.19).  
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Figure 19. 1H-NMR (500 MHz, CDCl3) of EPhTegPhDPyP with labels. 

 

3.4 trans-Dipyridylporphyrins library functionalization 

Once the trans-dipyridylporphyrin library has been prepared, the next step was 

the functionalization of several of the library members with the hydrogen bonding 

donor/acceptor moieties. Since the reacting groups present on our dipyridylporphyrins 

are halogen atoms or terminal alkynes, a suitable way to afford derivatives with the 

desired functionalities such as 1-hexyluracil and 2,6-diacetylaminopyridyne is the 

Sonogashira reaction. In particular, with free-base porphyrins the copper free version of 

the Sonogashira reaction was used, while the classic one was preferred for the 

preparation of simpler molecules like for example the porphyrin dimer linkers (see 

below). When compatible with the thermal stability of the molecules the Sonogashira 

reaction has been conducted under microwaves conditions.  

 

3.4.1 The Sonogashira reaction 

 Over the past 15 years, there has been a growing interest in the Sonogashira 

coupling reaction
77

 which is one of the most powerful methods for the formation of 

Csp2–Csp bonds. The Pd catalysed Csp2–Csp coupling reaction between aryl halides and 

terminal alkynes (Scheme 17) has become the 

most important method for preparing aryl  

alkynes and conjugated alkenynes, which are 

often intermediates or precursors in the synthesis of natural products, pharmaceuticals 

of biological active compounds, non-linear optical and molecular electronics materials, 

dendrimeric and polymeric materials, macrocycles with acetylene links and 
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polyalkynylated molecules.
78

 Along with the several advantages the standard Pd 

catalysed and Cu co-catalysed Sonogashira reactions have also some major drawbacks 

including the use of highly expensive Pd catalysts (sometimes required in high 

loadings), difficulties in recovering these catalysts, high reaction temperatures, air 

sensitivity of transition-metal complexes and the use of large amounts of ligands and 

amines. Another drawback of the Sonogashira reaction is the formation of homocoupled 

products upon exposure of the alkynes to oxidizing agents, Cu salts or air (see Section 

3.5.1). Moreover, despite a large number of studies, the exact mechanism of the 

homogeneous Pd catalysed and Cu co-catalysed Sonogashira reaction is not yet well 

understood and it has remained a topic of debate. 

 

3.4.1.1 Copper co-catalysed mechanism 

The general Sonogashira protocol for the reaction of terminal alkynes with aryl 

or alkenyl halides or triflates involves a Pd(0)/Cu(I) catalytic system and at least a 

stoichiometric amount of base.
79

 The presence of a Cu(I) salt is generally believed to 

facilitate the transfer of the alkynyl group to the Pd catalyst by the in situ generation of 

a Cu-acetylide species and the subsequent transmetallation of this group to Pd.  

The generally accepted Pd-catalysed cycle is based on four steps: (A) oxidative addition 

(where Pd is oxidized from Pd(0) to Pd(II)) (cis–trans); (B) transmetallation (Pd 

remains as Pd(II)); (C) trans–cis isomerization (Pd remains as Pd(II)); and (D) reductive 

elimination, where Pd is reduced from Pd(II) to Pd(0) (Fig.20). 

 

 

Figure 20. Catalytic cycle for the Cu co-catalysed Sonogashira reaction (ref. 78). 

 

Mechanistic studies of the oxidative addition step predict the formation of cis-

Pd(II)L2RX complexes, which have rarely been isolated.
80

 Therefore, the isomerization 
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of cis-Pd(II)L2RX to trans-Pd(II)L2RX complex is commonly proposed. Computational 

studies concluded that the ligand assisted mechanism is energetically the most favoured 

(up right in Fig.20).
81

 The next step is proposed to connect the Pd-catalysed cycle with 

the cycle of the Cu co-catalyst. Analysis of the catalytic cycle reveals that the terminal 

alkyne is not the direct nucleophile in the Pd-catalysed cycle. It is proposed that Cu-

acetylide is the nucleophile for the Pd catalysed cycle, and is also the catalytic species 

for the Cu-catalysed cycle.
82

 Thus, a transmetallation from the Cu-acetylide formed in 

the Cu-cycle would generate a Pd-complex species, which gives the final coupled 

alkyne after trans–cis isomerization and reductive elimination, with regeneration of the 

catalyst. The reductive elimination step is usually irreversible. 

 

3.4.1.2 Copper-free mechanism 

Several studies have been carried out in an attempt to propose a reasonable 

mechanism for the Cu-free Sonogashira reaction by chemical kinetics experiments and 

DFT calculations. More recent studies also revealed that the Pd-catalysed Cu-free 

Sonogashira reaction mechanism goes via two most common routes: a) carbopalladation 

and b) deprotonation (Fig.21).
83-87

 

 

 

Figure 21. Catalytic cycles proposed for the Cu-free Sonogashira reaction involving two common routes 

designated as carbopalladation and deprotonation (ref. 78). 

 

Both mechanisms share the initial oxidative addition of the organohalide R
1
-X to the 

Pd(0)L2 complex giving intermediate 1 where the metal has been oxidized from Pd(0) to 

Pd(II). Subsequently a ligand is replaced by the alkyne leading to the formation of 

complex 2, with Pd remaining as Pd(II). Theoretical calculations demonstrated that the 

proposed carbopalladation mechanism has a very high energy barrier,
84

 which indicates 

that this mechanism does not occur under the reaction conditions. In the deprotonation 
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mechanism,
88

 the calculated Gibbs energy barriers indicate that both cationic and 

anionic mechanisms are feasible (Fig. 22).
84

 

 

 

Figure 22. Cationic and anionic pathways for the deprotonation mechanism (ref. 78). 

 

The cationic mechanism involves the L/X ligand substitution in complex 2 giving rise to 

the cationic Pd complex cis-[Pd(R
1
)(alkyne)(L)2]

+
, which undergoes deprotonation of 

the alkyne by an external base and subsequent reductive elimination of Pd(II) to Pd(0) 

with formation of the coupling product. In contrast, in the anionic mechanism the 

deprotonation of the alkyne occurs first resulting in the anionic complex cis-[Pd(R
1
)-

(acetylide)(X)(L)]
-
, in which the L/X ligand substitution takes place followed by the 

reductive elimination step which regenerates Pd(0) and forms the coupling product. 

Additionally, the electronic nature of the substituents directly linked to the terminal 

alkynes favours the cationic or the anionic mechanism. When the alkynes are connected 

to electron withdrawing groups the latter mechanism is favoured, while the alkynes 

bearing electron donating groups favour the former one.
88

 

 

3.4.2 Functionalization of trans-dipyridylporphyrins  

In the preceding paragraph the versatility and the power of the Sonogashira 

reaction together with its drawbacks has been highlighted. One aspect that has not been 

mentioned is that the reactivity of the different substrates is not the same, in the sense 

that the successful outcome of the reaction strongly depends on both the nature/location 

of the atoms to be substituted and the nature of the activated terminal alkyne.
89

 Since 

the reaction catalysed pathway is complex it is difficult to anticipate the outcome of the 

reaction and only the experimental evidence can lead to the optimal choice of the 

substrates and of the reaction conditions.  

Cationic Pathway 
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In order to optimize the reaction conditions of the copper-free Sonogashira’s reaction, a 

first attempt has been conducted on the DiBrPhDPyP. The functionalization with 

trimethylsilylacetylene (TMSA) afforded the disubstituted derivative DiETMSPhDPyP 

that has been further desilylated to obtain DiEPhDPyP (Scheme 18).  

 

 

Scheme 18. Synthesis of DiEPhDPyP from DiBrPhDPyP. i) Ar, Et3N/toluene 3:2 v/v, PdCl2(PPh3)2, 

PPh3, TMSA, reflux, 23 h; ii) DCM, TBAF, RT, 4h. 

 

A crucial point in the Sonogashira reaction is the complete removal of any trace of 

oxygen possibly present, in order to minimize the lowering of the yield due to the 

Glaser-Hay side-reaction which leads to alkyne homocoupling (see Section 3.5.1). In 

fact, even if the solvents have been degassed for long time and the reaction system has 

been kept under Ar atmosphere, traces of oxygen can be present as well. For this 

purpose several cycles of freeze/pump/thaw have been performed after any addition of 

the reactants. A trick, usually employed to minimize the formation of homocoupling 

(alkyne-alkyne) by-products, has been the addition to the reaction mixture of the alkyne 

as the last component favouring the oxidative addition of the Pd catalyst prior to the 

addition of the terminal alkyne.  

The subsequent Sonogashira’s reactions have been performed to obtain both the trans-

A2B2 and trans-A2BC derivatives bearing the 1-hexyluracil moieties, namely 5,15-bis-

(4-pyridyl)-10,20-bis-(4-[(6-ethynyl-1-hexyl)uracil]phenyl)porphyrin (DiUrEPhDPyP) 

and 5,15-bis-(4-pyridyl)-10-(4-[(6-ethynyl-1-hexyl)uracil]phenyl)-20-(4-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]phenyl)porphyrin (UrEPhTegPhDPyP). Thanks to the 

collaboration with Prof. Bonifazi’s group, that furnished us the 1-hexyl-6-iodouracil 

necessary for the coupling, the reaction conditions have been optimized as shown in the 

following reaction schemes (Scheme 19 and 20). 
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Scheme 19. Synthesis of DiUrEPhDPyP through the Sonogashira copper-free reaction between 

DiEPhDPyP and 1-hexyl-6-iodouracil. 

 

 

Scheme 20. Synthesis of UrEPhTegPhDPyP through the Sonogashira copper-free reaction between 

EPhTegPhDPyP and 1-hexyl-6-iodouracil. 

 

As regards to the synthesis of DiUrEPhDPyP and, in general, about the utilization of 

the hexyluracil derivative, the main drawback relies in its poor thermal stability of the 

latter, in fact it is unstable above 40 °C, that prevents the use of high reaction 

temperatures. This lead to a poor reactivity and indeed the low yield in the 

DiUrEPhDPyP synthesis (5%), is mainly due to the formation of the monosubstituted 

by-product. In contrast, the trans-A2BC derivative has been obtained in good yield 

possibly because the reaction has been performed at slightly higher temperature and for 

a longer time. 

The trans-A2B2 and trans-A2BC derivatives bearing the 2,6-diacetylaminopyridine 

(DAP) functionalization, namely 5,15-bis-(4-pyridyl)-10-20-bis-(4-[(2,6-diacetylamino-

4-ethynyl)pyridyl]phenyl)porphyrin (DiDapEPhDPyP) and 5,15-bis-(4-pyridyl)-10-(4-

[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]phenyl)-20-(4-[(2,6-diacetylamino-4-

ethynyl)pyridyl]phenyl)porphyrin (DapEPhTegPhDPyP) were prepared by reaction of 

the proper porphyrins with 2,6-diacetylamino-4-ethynylpyridine, also in this case 

provided by the Prof. Bonifazi’s group. The reaction conditions have been optimized as 

shown in the following reaction schemes (Schemes 21-22). 
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Scheme 21. Synthesis of DiDapEPhDPyP through the Sonogashira copper-free reaction between 

DiIPhDPyP and 2,6-diacetylamino-4-ethynylpyridine. 

 

. 

Scheme 22. Synthesis of DapEPhTegPhDPyP through the Sonogashira copper-free reaction between 

IPhTegPhDPyP and 2,6-diacetylamino-4-ethynylpyridine. 

 

This time the reaction has been conducted utilizing the microwaves as the heating 

source, thanks to the greater thermal stability of the DAP molecule. As it can be seen 

from the above reported reaction schemes the microwave irradiation led to the 

formation of the desired products, in moderate and very good yields, in very short 

reaction times. Again in the case of DiDapEPhDPyP formation the yield has been 

substantially lowered by the formation of a considerable amount of the monosubstituted 

by-product.  

With the aim to improve the yields in the preparation of DiUrEPhDPyP we made an 

attempt to synthesize the porphyrins through direct condensation of the hexyluracil 

functionalized aldehyde UrEPhCHO with DPM-Py. The aldehyde was prepared by a 

classic Sonogashira coupling, between 4-ethynylbenzaldehyde and 1-hexyl-6-

iodouracil, affording UrEPhCHO with a total yield starting from 4-[2-

(trimethylsilyl)ethynyl]benzaldehyde of 50.7% (Scheme 23). 
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Scheme 23. Reaction sequence for the synthesis of UrEPhCHO. 

 

The aldehyde was then condensed with DPM-Py and TegPhCHO (Scheme 24). 

 

 

Scheme 24. Synthesis of the three trans-dipyridylporphyrins: DiTegPhDPyP, UrEPhTegPhDPyP and 

DiUrEPhDPyP. Reported yields are with respect to the condensation reaction. 

 

Also in this case repeated column chromatography purification followed by 

crystallization from chloroform and methanol were necessary to obtain the pure 

porphyrins.  

Finally a new trans-A2B2 and a new trans-A2BC dipyridylporphyrin functionalized with 

carboxylic acids as examples of simple H-bonding donor/acceptor motives were 

prepared. Respect to the porphyrin previously synthesized (Sec 1.4.4.4) we wanted to 

introduce a longer molecule in order to form metallacycles with an almost matching size 

with the thickness of a phospholipid membrane. To this end it is possible to utilize 

either the ethynyl bearing porphyrins (DiEPhDPyP, EPhTegPhDPyP) or the iodo 

bearing ones (DiIPhDPyP, IPhTegPhDPyP) in a Sonogashira coupling with 4-

iodomethylbenzoate or 4-ethynylmethylbenzoate (EPhCOOMe). Both the 

abovementioned benzoates are commercially available but, since the latter is more 

expensive than the former, EPhCOOMe has been easily synthesized through a classic 
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Sonogashira reaction starting from the cheaper 4-iodomethylbenzoate and TMSA, 

followed by desilylation with TBAF (Scheme 25). 

 

 

Scheme 25. Reaction sequence for the synthesis of EPhCOOMe. 

 

The trans-A2B2 derivative, that is 5,15-bis-(4-pyridyl)-10-20-bis(4-[(1-carboxymethyl-

4-ethynyl)phenyl]phenyl)porphyrin (DiECOOMePhDPyP), has been obtained through 

a Sonogashira copper-free reaction mediated by microwaves, starting from DiIPhDPyP 

and EPhCOOMe, affording in 1 hour the desired dipyridylporphyrin in very good yield 

(Scheme 26). The only by-product formed in the reaction this time was the 

homocoupled 1,4-butadiyne derivative. 

 

 

Scheme 26. Synthesis of DiECOOMePhDPyP through the Sonogashira copper-free reaction between 

DiIPhDPyP and EPhCOOMe. 

 

On the other hand, the trans-A2BC derivative, that is 5,15-bis-(4-pyridyl)-10-(4-[2-[2-

(2-methoxyethoxy)ethoxy]ethoxy]phenyl)-20-(4-[(1-carboxymethyl-4-

ethynyl)phenyl]phenyl)porphyrin (ECOOMePhTegPhDPyP) was prepared in good 

yield by means of the copper-free Sonogashira reaction, starting from either 

EPhTegPhDPyP and IPhTegPhDPyP under microwave irradiation and classic thermal 

heating, respectively (Scheme 27). 
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Scheme 27. Synthesis of ECOOMePhTegPhDPyP through the Sonogashira copper-free reaction 

between: a) EPhTegPhDPyP and 4-iodomethylbenzoate, microwave irradiation; b) IPhTegPhDPyP and 

EPhCOOMe, classic thermal heating. 

 

3.5 Synthesis of trans-dipyridylporphyrins dimers 

As described above the idea to synthesize covalent porphyrin dimers comes 

from the necessity to have long and rigid molecular panels as building blocks for the 

coordination-driven self-assembly of nanopores. For the preparation of the porphyrin 

dimers we exploited the reactivity of terminal alkynes and iodio-arenes in different 

ways. 

 

3.5.1 Dipyridylporphyrin Dimer-1: Glaser-Hay coupling 

 The Glaser reaction is an oxidative coupling discovered in the 19th century by 

Carl Glaser,
90

 which occurs between two terminal alkynes in presence of a Cu(I) salt, an 

adequate ligand and oxygen. During the years the reaction has been further developed 

and many variations have been proposed. One of the most important is surely the Hay 

coupling, discovered in 1962,
91,92

 where the ancillary ligand N,N,N’,N’-

tetramethylethylendiamine (TMEDA) is employed (Scheme 28). 

 

 

Scheme 28. First example of Glaser-Hay coupling. 
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Many possible catalytic mechanisms for this reaction have been proposed. One of the 

most recent, deriving from DFT studies, is shown in Scheme 29.
93

 

 

 

Scheme 29. Catalytic mechanisms and intermediates suggested from a DFT computational  

study of the Glaser-Hay coupling. 

 

The mechanism involves a Cu(I)/Cu(III)/Cu(II)/Cu(I) catalytic cycle and the key step is 

the dioxygen activation occurring by its complexation to a along with the alkyne group, 

giving Cu(III) complex b. Two of them successively form a dimeric intermediate (c), 

which gives the alkyne coupling product and the Cu(II) species, which can then react 

again in an analogous way, thus completing the cycle. The viability of this mechanism 

is supported by the isolation and characterisation of Cu(III) complexes similar to c 

formed under the conditions of the Glaser coupling. The activation energies found for 

this mechanism are moderate, thus allowing for the reaction to occur at room 

temperature. 

Because of this complex and not well-understood catalytic cycle, all the reaction 

conditions, even the stirring rate, have to be optimized for each different reaction.
94

 

Since very few examples of this reaction with pyridylporphyrins, in particular as free-

base derivatives, are present in literature, we firstly made a run on a very small scale to 

verify the feasibility of the reaction. The result was quite satisfying, so we performed a 

scaled-up reaction (Scheme 30). 
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Scheme 30. Synthesis of Dimer-1 via Glaser-Hay coupling. 

 

The coupling between 2 equivalents of EPhTegPhDPyP occurred over-night at room 

temperature, in the presence of CuCl, TMEDA and oxygen obtaining Dimer-1 in very 

good yield. The “fresh” oxygen needed to the reaction was supplied placing a small 

balloon inflated with air in the silicon cap of the flask. In this way a positive pressure of 

air was applied to the reaction vessel avoiding the evaporation of the solvent. Moreover, 

an anhydrous solvent as well as a dehydrating agent were required. Indeed, in presence 

of water the copper salt would dissolve in the aqueous phase thus slowing down, if not 

even preventing, the reaction. Therefore, 4 Å molecular sieves, added to the reaction 

mixture, have been used to remove the water eventually present. The only drawback 

about molecular sieves has been that at the end of the reaction they were intensely 

porphyrin-like coloured. Despite repeated washings with different organic solvents, the 

molecular sieves retained a light purple colour, suggesting that their use could have 

slightly reduced the yield. 

 

3.5.2 Dipyridylporphyrin Dimer-2 and Dimer-3: Sonogashira coupling 

 Dimer-2 was prepared via the copper-free coupling starting from 

IPhTegPhDPyP and EPhTegPhDPyP, according to the optimized conditions 

previously employed under microwave irradiation (Scheme 31). 

 

 

Scheme 31. Synthesis of Dimer-2 via Sonogashira copper-free reaction. 

 

The reaction occurred in the presence of a Pd(0) complex and a large excess of TEA in 

a mixture of THF and DMF. The crude mixture was purified passing through a Celite® 

pad to remove the catalyst, but during the filtration a not negligible amount of product 
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remained adsorbed in the pad, which was then extracted with a mixture of chloroform 

and methanol 9:1. Extraction with water and purification by CC followed by 

crystallization from chloroform and n-hexane, afforded pure Dimer-2 unluckily with a 

low yield. Unfortunately, some technical problems with the microwave reactor led to a 

loss of a not quantifiable amount of one of the reactants. Moreover, fractions of the 

column chromatography which eluted out after Dimer-2 (needing much more polar 

eluent to run) have been collected as well and their 
1
H-NMR spectra showed that a 

portion of one of the porphyrin remained bound to the Pd complex, thus further 

lowering the yield. 

The third dimer has been prepared in similar way of the previous one, exploiting first 

the standard Sonogashira coupling for the synthesis of the linker and successively the 

copper-free one for the synthesis of Dimer-3, both reactions have been performed under 

microwaves irradiation. The first step consisted in reacting, following a procedure 

optimized by Prof. Bonifazi’s group, the commercially available 1,4-diiodobenzene 

with TMSA to obtain the 1,4-[2-(trimethylsilyl)ethynyl]benzene (DiETMSPh). The 

latter has been deprotected giving the 1,4-diethynylbenzene (DiEPh) (Scheme 32). 

 

 

Scheme 32. Synthesis of the linker DiEPh. 

 

The reaction gave a lower yield compared to our reference probably because of seal 

issues of the microwave reactor vessel cap, which let some air go inside. As a 

consequence, a not negligible amount of side products were formed. In particular alkyne 

homo-coupling led to loss of one of reactants resulting in a large amount of 

monosubstituted by-products. The work-up gave us some problem too. Usually, after a 

filtration on Celite® to eliminate the Pd complex, the product should be obtained simply 

by recrystallization from ethanol. In practice, once the mixture has been passed through 

the Celite® pad, the precipitation with cold ethanol did not occur at all probably 

because of the presence of the abovementioned impurities. Therefore, we performed a 
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FCC on silica gel followed by a recrystallization with EtOH by dissolving the product 

in the warm solvent and then letting it crystallize in the freezer for 48 hours.  

In our hands also the silyl group deprotection resulted cumbersome. After some 

attempts with KOH in CHCl3 and MeOH we turned to the use of TBAF but also in this 

case the yield was very low. However, for question of time, the reasons for a such low 

yield have not been investigated and it has been proceeded with the synthesis of the 

dimer.  

Once the rigid linker has been obtained, the Sonogashira copper-free coupling between 

it and 2 equivalents of IPhTegPhDPyP gave Dimer-3 in a good yield (Scheme 33). 

 

Scheme 33. Synthesis of Dimer-3 via Sonogashira copper-free reaction. 

 

3.5.3 Dipyridylporphyrin Dimers characterization 

The 
1
H-NMR spectra of the obtained dimers are very similar to their parent 

porphyrin precursor EPhTegPhDPyP, in fact the number and the pattern of the signals 

perfectly reflect the symmetry of the starting porphyrin as it can be seen in the figure 

below (Fig.23).  

 

Figure 23 Stacked 1H-NMR (500 MHz, CDCl3) spectra of EPhTegPhDPyP and Dimers. 
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Starting from the upfield region the signal of the core NH protons of all the three dimers 

spectra is almost unchanged, compared to those of the monomer, as well as for the 

signals in the midfield region. As expected the TEG side chains protons are not affected 

at all by the presence of the different linkers. In the downfield region few small 

differences can be noted, a part for the chemical shifts of the signals of both H-2,6 and 

H-3,5 pyridyl that remained more or less the same. Even if these differences are of 

small entity, they are sufficient to discriminate among the three dimers synthesized, as it 

is evident in the enlargement of the aromatic signals region of the spectra reported in the 

figure below (Fig.24).  

 

Figure 24. 1H-NMR downfield region expansion of the dimers and porphyrin precursor spectra. β-

pyrrolic protons signals are red squared, phenyl ring protons signals are blue squared. In the green circle 

the signal of the central phenyl ring of Dimer-3 has been highlighted, which is the centre of symmetry of 

the molecule. 

 

The first evident difference is in the signals of β-pyrrolic protons (red squared in the 

figure), which chemical shift remains more or less the same but the pattern changes on 

going from the porphyrin precursor to Dimer-3. The main difference can be appreciated 

by analysing the signals of the phenyl ring protons bearing the ethynyl substituent (blue 

squared in the figure). Their chemical shifts are, in fact, those that majorly reflect the 

change in the chemical environment due to the presence of the different linkers. 

Moreover in the spectrum of Dimer-3 it is clear the presence, highlighted in green in 

Figure 24, of a singlet due to the protons belonging to the central phenyl ring (the centre 

of symmetry of the molecule). 
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In the 
13

C-NMR spectra, instead, the only appreciable differences are observed in the 

number and position of the ethynyl carbon signals together with the presence of the two 

peaks (around 135 ppm) of the extra phenyl carbons in Dimer-3. In particular the 

number of ethynyl carbon signals observed is decreased from two to one, reflecting the 

change in the overall symmetry of the molecules. In the next figure the stacked 
13

C-

NMR spectra of the dimers and their parent porphyrin precursor have been reported, the 

ethynyl carbons have been highlighted with green circles (Fig.25). 

 

 

Figure 25. Stacked 13C-NMR (125 MHz, CDCl3) spectra of EPhTegPhDPyP and Dimers. In green 

circles the signals of the ethynyl carbons resonances have been highlighted, in red circles those of the 

phenyl carbons resonances of the linker in Dimer-3. 

 

Several attempts to obtain sufficient quality single crystals for X-Ray structure 

determination failed, thus in order to evaluate the dimers dimensions 
1
H-DOSY 

NMR
95,96

 experiments have been performed. With this technique, also known as “NMR 

chromatography”, it is possible to evaluate the volume in solution of a molecular 

species through the experimental measure of its diffusion coefficient D. Even if the 

diffusion coefficient is not directly correlated to the molecular weight, a part in the case 

of strictly spherical species, it correlates with the hydrodynamic radii of the molecules 

under investigation thus affording an evaluation of their size in solution.
97,98

 In our case 

DOSY spectra have been performed to obtain the dimers dimensions in comparison 

with the structurally related smaller porphyrin DiTegPhDPyP. In the experiment, 
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another important information that can be obtained is the confirmation that the 

resonances observed belong or not to a single species. Indeed, DOSY provides a mean 

for virtual separation of compounds by providing a 2D map in which one of the 

dimensions is the chemical shift and the other is D. Stated in another way all the 

resonances that possess the same D diffuse in solution with the same rate and therefore 

belong to the same diffusing molecule or to molecules with the same size and shape.  

In the next figures the 
1
H-DOSY spectra (sequence: bipolar pulse pair stimulated echo with 

convection compensation (Dbppste_cc)) obtained at 298 K for the dimers and 

DiTegPhDPyP are reported (Fig.26- 29).  

 

 

Figure 26. 1H-DOSY (500 MHz, CDCl3, 298 K) of DiTegPhDPyP. 
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Figure 27. 1H-DOSY (500 MHz, CDCl3, 298 K) of Dimer-1. 

 

 

Figure 28. 1H-DOSY (500 MHz, CDCl3, 298 K) of Dimer-2. 
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Figure 29. 1H-DOSY (500 MHz, CDCl3, 298 K) of Dimer-3. 

 

Diffusion coefficients have been calculated according to the following equation (Eq.1) 

 

ln(I/I0) = -γ
2
G

2
δ

2
(Δ-δ/3)D = -bD           (1) 

 

Where I and I0 are the resonating peak intensities at the end and at the beginning of the 

pulse sequence respectively, γ is the gyromagnetic ratio, G is the pulsed field gradient 

strength, Δ is the time separation between the pulsed-gradients, δ is the duration of the 

pulse and D is the diffusion coefficient. The product γ
2
G

2
δ

2
(Δ-δ/3), that is constant 

during the experiment, has been termed as b value. Thus, a plot of ln(I/I0) versus b 

values for an isotropic solution should give a straight line, the slope of which is equal to 

–D (Fig.30). 
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Figure 30. Left: plot of normalized I/I0 vs b of the methoxyl protons signal. Right: plot of normalized 

ln(I/I0) vs b of the methoxyl protons signal. The circles are the experimental data,  

the straight lines are the fit. 

 

In the table below the calculated diffusion coefficients are listed, together with standard 

deviations, in the experimental conditions utilised (Table 4). 

 

Table 4. Experimental conditions and diffusion coefficients (D) calculated according to Eq.1 for Dimers 

and DiTegPhDPyP. 

 Solvent T Diff. Delay (ms) D (cm
2·s-1

) Std. Dev. 

DiTegPhDPyP CDCl3 298 K 100 6.345x10
-06

 1.02554 x10
-08

 

Dimer-1 CDCl3 298 K 100 3.8119x10
-06

 5.59395 x10
-09

 

Dimer-2 CDCl3 298 K 100 4.10338x10
-06

 6.06837 x10
-09

 

Dimer-3 CDCl3 298 K 100 4.29883 x10
-06

 6.3584x10
-09

 

 

Assuming that all the molecules investigated can be approximated to a rigid sphere in 

solution the Stokes-Einstein
99

 equation has been applied to calculate their hydrodynamic 

radii and, therefore, their diameter in solution (Eq.2). 

 

Rh = kBT/6πηD                               (2) 

 

Rh is the hydrodynamic radius, kB is the Boltzmann constant, T the absolute 

temperature, η is the dynamic viscosity of the solvent and D is the diffusion coefficient. 

Utilizing the η value for chloroform, reported in the Dortmund Data Bank (DDB), of 

0.542 mPa·s, the following values of the diameters (Table 5) have been obtained. 
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Table 5. Diameters calculated for the Dimers and DiTegPhDPyP. 

 Diameter (nm) 

DiTegPhDPyP 1.27 

Dimer-1 2.11 

Dimer-2 1.96 

Dimer-3 1.87 

 

The diameters of the three dimers are in the same range (1.9-2.1 nm) and, as expected, 

they are sensibly larger than that the monomeric porphyrin. Surprisingly Dimer-3, that 

is the biggest of the three dimers, gives the smallest diameter probably reflecting the 

partial inappropriateness of initial spherical geometry. It is worth to note that these 

values have not to be intended as absolute, they give a comparison between the size of 

the dimers relative to their building unit measured in the same experimental conditions. 

Overall these data confirm that the volume occupied by these dimers in solution is about 

the double than that of the porphyrin monomer DiTegPhDPyP. Moreover, confirmation 

of the molecular weights has come from MS analysis. 

The UV-Vis absorption spectra of the dimers show the same profile of a porphyrin 

monomer. The Soret band of the dimers is slightly red-shifted (3-4 nm) and the molar 

absorptivity is lower, i.e. EPhTegPhDPyP and DiTegPhDPyP (Fig.31).  

 

 

Figure 31. UV-Vis absorption spectra of the dimers and the parent porphyrins.  

The inset is an enlargement of the Q-bands region. All the spectra have been recorded in DCM. 

λmax (nm): DiTegPhDPyP 420, EPhTegPhDPyP 419, Dimer-1 423, Dimer-2 423, Dimer-3 421. 
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The fluorescence emission spectra of the dimers and the parent porphyrins are very 

similar, but also in this case some little differences can be appreciated with the dimers 

showing a slightly blue shifted more intense emissions (Fig.32). 

 

 

Figure 32. Fluorescence emission spectra of the dimers and the parent porphyrins.  

All the spectra have been recorded in DCM. λexc = 420 nm; λem (nm): DiTegPhDPyP 655, 719; 

EPhTegPhDPyP 652, 718; Dimer-1 655, 718; Dimer-2 654, 718; Dimer-3 655, 719. 

 

3.6 Self-assembly of molecular squares and metallacycles through the 

directional-bonding approach 

 The self-assembly of supramolecular ensembles based on organic polytopic 

ligands and metal centers has attracted more and more attention in the last years. 

Following the “bottom-up” approach it is possible to build supramolecular entities 

simply synthesising relatively easy to make building blocks able to then self-organize. 

In particular the metal-mediated directional-bonding approach
100

 has been one of the 

most applied strategy to reach complex structures with functional properties. The 

geometrical information as well as all the other features brought by the building blocks 

can be easily transferred to the final supramolecular adducts and thus the final shape 

and/or geometry can be largely predicted. As discussed in the introduction part of this 

thesis (see Section 1.3.2.), the stoichiometric combination of rigid or semi-rigid linear 

difunctional ligands with suitable cis-coordinating metal complexes has shown to afford 

macrocyclic tetrametallic assemblies, i.e. molecular squares, often reported with a 

remarkable high yield.
101
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3.6.1 Self-assembly of trans-dipyridylporphyrins with rhenium (I) 

 Nowadays just few examples of tetraporphyrin metallacycles having Re(CO)3X 

(X = Cl
-
 or Br

-
) corners differing in the nature of the trans-dipyridylporphyrin edge 

have been described.
102-105

 The strong trans-labelling effect of the carbonyl groups in 

the Re(I) complex activates two and only two cis-coordinating positions on the metal 

fragment with the non-labile halide locking the axial position. Moreover it seems that 

the presence of a weakly coordinating solvent, like THF, is needed in order to reach the 

thermodynamically favoured product, that is the [4+4] molecular square. In fact in the 

proposed mechanism of metallacycle formation the solvent exchanges, under reflux, 

with the carbonyl ligands before the pyridyl (or other) groups entry. Therefore, the 

reaction is usually performed in refluxing toluene/THF mixtures for a time long enough 

to reach the equilibrium, typically up to two days. 

Thus following the conditions reported by Hupp a first attempt to prepare molecular 

squares has been done with the symmetric A2B2 DiTegPhDPyP. The porphyrin has 

been reacted with fac-[Re(CO)5Br] in 1:1 ratio, in dry toluene/THF 4:1 v/v, refluxing 

for 24 hours under Ar atmosphere. After repeated column chromatography on silica gel, 

[ReBr(CO3)DiTegPhDPyP]4 (Sq-1) has been obtained with 32.8% yield. (Scheme 34). 

 

 

Scheme 34. Self-assembly of Sq-1. 

 

The Re(CO)5Br metal complex has been provided by the Prof. Iengo’s group. The 

reaction has been monitored by TLC and it has been stopped when disappearance of the 

starting porphyrin was detected and no more changes in the products distribution were 
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observed. The TLC analysis of such a crude mixture is generally easy, the spots 

corresponding to the metallacyclic species usually have a greater value of the Rf than 

that of the reactants and of the oligomeric/polymeric non-cyclic species. As compared 

to other porphyrin-based molecular squares described in the literature, Sq-1 has been 

obtained with lower yield probably because of the concomitant formation of a large 

amount of polymeric open-chain side products that, precipitating from the reaction 

mixture, subtracted starting materials from equilibrium. 

In principle the molecular shape and geometry of the supramolecular adduct can be 

largely predicted by carefully analysing the coordination geometry of the metal centre 

and the bridging angles of the ligands used. However, many unpredictable structures, 

very similar (i.e. metallacyclic) to the wanted one, can be formed because molecular 

components are much more flexible than expected and transition metals often allow 

deviations from their ideal coordination angles.
106,107

 Accordingly, it is usually a 

challenging task to characterize and exactly determine the structure of the 

supramolecules formed. Moreover there is an intrinsic difficulty in growing high-quality 

single crystals for characterization by X-Ray crystallography, due to the presence of 

large empty cavities that afford non-interpenetrating assemblies, conferring an intrinsic 

disordered content.
108

 In addition, rotational freedom of the porphyrin edges around the 

pyridyl-metal bond may lead to a population of conformers, which is further 

complicated by the presumably statistical distribution of the syn/anti isomers derived by 

the orientation of the halide ligand on each rhenium corner that can be up or down with 

respect to the square framework.
103

 It follows that there are not many structural data in 

the literature and the determination of the size and nuclearity ([4+4], [3+3], and so on) 

of such metallacycles is based on one gel permeation chromatography,
109

 on the 

determination of the diffusion coefficients by pulsed-field-gradient NMR (PFG-

NMR),
108

 one FAB mass spectrum
102

 and on a combination of IR, NMR, UV-Vis 

(absorption and emission) spectroscopies with guest inclusion studies.
104,105

 It is worth 

to note that all these characterizations confirmed the formation of a [4+4] Re(I)-

porphyrin square but did not exclude the concomitant presence of other cyclic species.  

Characterization of Sq-1 has been done by means of 
1
H and 

13
C,1D and 2D-NMR, 

PFG-NMR, together with UV-Vis, IR and fluorescence emission spectroscopy. 

In the next figure the stacked 
1
H-NMR spectra of Sq-1 and DiTegPhDPyP have been 

reported (Fig.33). 
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Figure 33. Stacked 1H-NMR spectra (500 MHz, CDCl3) of Sq-1 (red) and DiTegPhDPyP (black). 

 

The number and the pattern of the resonances clearly indicates that the molecular 

symmetry of the starting porphyrin has been retained thus confirming the formation of a 

highly symmetric cyclic molecule; moreover the chemical shifts are in good agreement 

with those reported for other related metallacycles. Other features consistent with the 

formation of the cyclic adduct came from the analysis of the downfield region 

expansion of the spectra reported in Figure 34.  

 

 

Figure 34. Downfield region expansion of the stacked 1H-NMR spectra of Sq-1 (red)  

and DiTegPhDPyP (black). For full peak labels see Section 3.3.2. 

 

From these spectra it is clear that all the pyridyl groups present are bound to the Re(I), 

the signal corresponding to the pyridyl H-2,6 is significantly downfield shifted, as 

compared to the porphyrin precursor, due to the coordination with the metal centre (Δδ 

= 0.50 ppm). The same shift, but less pronounced, is observed for the signal of the 

pyridyl H-3,5 (Δδ = 0.26 ppm). On the contrary, the remaining signals are slightly 
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upfield shifted, probably because of a shield effect caused by the rotation along the 

pyridyl-metal axis, in fact also the TEG chain protons and the core NH signals are 

affected by this shielding (Fig.33). In the 
13

C-NMR spectrum of Sq-1 the main feature 

consistent with the formation of the symmetric cyclic square is the presence of two 

signals (δ = 195.5, 192.7), in ca. 2:1 ratio, corresponding to the three carbonyl groups 

bound to the metal centre in a facial geometry. Also in this case can the pyridyl C-2,6 

and C-3,5 signals are downfield shifted by 4.8 and 2.3 ppm, respectively (Fig.35). 

 

 

Figure 35. Stacked 13C-NMR spectra (125 MHz, CDCl3) of Sq-1 (red) and DiTegPhDPyP (black). 

 

The size of the metallacycle has been estimated by mean of VT 
1
H DOSY. Unluckily, 

because these species are soluble only in chloroform, dichloromethane and slightly in 

tetrahydrofuran the direct comparison of the self-diffusion coefficients (D) with the data 

obtained in DMSO for similar known structures present in the literature has not been 

possible. In any case, the size of the metallacycles has been determined in comparison 

to the one of its porphyrin basic unit.  

Pulsed-field-gradient NMR experiments (Dbppste_cc sequence) have been performed 

on both the porphyrin (blue) and the metallacycle (red), the plot obtained at 298 K are 

reported below (Fig.36). 
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Figure 36. Left: plot of normalized I/I0 vs b of the methoxyl protons signal (298 K). Right: plot of 

normalized ln(I/I0) vs b of the methoxyl protons signal (298 K). The circles are the experimental data, the 

straight lines are the fit. 

 

Data analysis revealed that the two species diffuse with a net different rate, how it can 

be appreciated from the superimposed 2D maps of the 
1
H-DOSY spectra of both species 

shown below (Fig.37). 

 

 

Figure 37. Stacked 1H-DOSY NMR (500 MHz, CDCl3, 298K, 100 ms diffusion delay) with self-

diffusion coefficients of DiTegPhDPyP (blue, up) and Sq-1 (red, down). 

 

The superimposition of the two maps is valid since the same solvent, temperature and 

diffusion delay time have been used in both experiments. It is evident that the two 

molecules diffuse as a single species and the diffusion coefficient of the porphyrin (D = 

6.35×10
-6

 ± 1.03×10
-8

 cm
2
·s

-1
) is more than the double than that of the metallacycle (D = 

2.97×10
-6

 ± 1.09×10
-8

 cm
2
·s

-1
); stated in another way, the observed species move as 
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single molecules and the porphyrin diffuse with a rate that is practically the double of 

that of the metallacycle.  

The diffusion coefficients have been calculated according to Eq.1. Moreover if we apply 

the Stokes-Einstein equation, assuming the molecules as encapsulated in a sphere 

(assumption validated by Hupp
102

 for molecules with size and shape very similar with 

those investigated by us), we found a hydrodynamic diameter of 1.3 nm for the 

porphyrin and 2.7 nm for the metallacycle. Again, it is worth to note also in this case 

that these values are not to be intended as absolute, instead they give a rationale 

between the size of the metallacycle relative to its basic unit, the diffusion coefficients 

measured and the behaviour observed. Even if we cannot say anything else about the 

real volume or shape of these species, these data are consistent with the formation of a 

[4+4] molecular square (or at least a [3+3] triangle, because the symmetry of this 

geometry also fits with a spherical approximation) rather than a polymeric or a 

concatenated structure. With the aim to validate the data above presented we performed 

VT 
1
H-DOSY NMR experiments on the metallacycle (Fig.38). In fact, from Eq.2 results 

that Rh has to remain unchanged (within the experimental errors) varying the 

temperature because η is T dependent.  

 

 

Figure 38. Left: Plot of normalized (I/I0) vs b of the methoxyl protons signal. Right: Plot of normalized 

ln(I/I0) vs b of the methoxyl protons signal. The experiments have been performed at different 

temperatures as indicated in the legend (K). The circles are the experimental data, the straight lines  

are the fit. 

 

In Figure 38 the plot of normalized (I/I0) and normalized ln(I/I0) vs b for the most 

intense peak are shown, that is the methoxyl protons of the TEG chains, at different 

temperatures. It is worth to note the dependence of the diffusion rate with the dynamic 

viscosity of the solvent at each temperature: the higher is the η the lower is the diffusion 
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rate or, equally, the minor is the slope of the straight line (D). The calculated diameters, 

D and errors are listed in Table 5. 

 

Table 5. Diffusion coefficients with standard errors and diameters calculated at each temperature for Sq-1 

in CDCl3. 

T D (cm
2·s-1

) Std. Dev. Diameter (nm) 

273K 2.09x10-06 3.15x10-09 2.74 

283K 2.56x10-06 3.81x10-09 2.59 

298K 2.97x10-06 1.09x10-09 2.71 

313K 3.75x10-06 5.58x10-09 2.63 

323K 4.30x10-06 6.38x10-09 2.56 

 

From data shown in the table above the average diameter calculated for the metallacycle 

is 2.65±0.03 nm. In the next figure a 3D representation of Sq-1 is reported (Fig.39). 

 

  

Figure 39. Ball and stick (left) and space-filling (right) representations of Sq-1. Hydrogen atoms have 

been removed for clarity. Elaboration made with Avogadro. Colour code: C = grey, O = red, N = dark 

blue, Re = blue, Br = dark red. 

 

Interestingly, the 
1
H-NMR of the square, shown in Figure 33, is slightly more complex 

than expected for a high symmetric structure: several “extra” peaks are observed and 

this scenario does not change appreciably upon temperature variation. There are two 

possible interpretation: 1) there is a preference for a lower symmetry conformation of 

the square in which the porphyrinic walls are tilted and many rotational freedom degree 
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are hampered because of the steric hindrance of the polyether chains; 2) there is a 

contamination by related compounds (monomers, corners, other than square 

metallacycles, oligomers, etc). PFG-NMR spectroscopy can be helpful to find a 

solution.  

 

 

Figure 40. Plot of ln(I/I0) vs b for the major resonance (triangles, red) and for the minor resonance 

(circles, blue) with expressed trend line equations. Larger errors for minor resonance are due to the lower 

intensity of the peak. 

 

In Figure 40 the intensity signals decays ln(I/I0) versus b (298K, CDCl3, 100 ms) for the 

methoxyl protons signal (the most intense, belonging to the main species) and for an 

“extra” resonance near the H-2,6 pyridyl peak, belonging to either lower symmetry or 

contaminant species, have been reported. Diffusion coefficients obtained from the slope 

of the lines match each other indicating that the two resonances belong to protons of the 

same compound. So the reason for the complexity of the 
1
H-NMR spectrum is most 

likely due to the presence of low-symmetry conformers, probably due to hampered or 

slow rotations on NMR time scale, rather than sample contamination. 

Regrettably, it was not possible to support this NMR analysis with X-Ray structural 

data and/or mass spectrometry analysis. Indeed despite several attempts we were not 

able to obtain single crystals suitable for X-Ray analysis. On the other hand we tested 

several mass spectrometry techniques (MALDI, ESI, FAB) without results. The 

difficulty in obtaining such data for similar metallacycles is well documented in the 

literature and therefore is not really surprising.
102,108
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In the next figure the IR spectra recorded for the porphyrin and the square in KI pellet 

have been reported, which show for the metallacycle the clear presence in the carbonyl 

stretching region of three bands at ν = 2024, 1921 and 1887 cm
-1

 (Fig.41). This band 

pattern is characteristic of the three CO groups bound to Re(I) in a facial geometry. 

 

Figure 41. IR spectra in KI pellet of DiTegPhDPyP (blue) and Sq-1 (red). In the green circle the 

stretching bands of the CO groups bound to Re(I) in a facial geometry have been highlighted. 

 

Coordination of the pyridyl nitrogen to the Re(I) complex is also supported by the 

bathochromic shift of 7 nm (λmax DiTegPhDPyP = 419 nm; λmax Sq-1 = 426 nm) of the 

Soret band in the UV-Vis absorption spectrum in agreement with the removal of 

electron density from the porphyrin macrocycle upon rhenium-pyridine bond formation 

(Fig.42). 

 

Figure 42. UV-Vis spectra of DiTegPhDPyP (blue) and Sq-1 (red) in CH2Cl2 at ca. 2×10-6 M 

concentration (calculated with respect to the porphyrin). The inset shows an enlargement  

of the Q bands region. 

35

40

45

50

55

60

65

70

75

40090014001900240029003400

%T

cm-1

DiTegPhDPyP

Sq-1

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

350 400 450 500 550 600 650 700

A

λ (nm)

DiTegPhDPyP

Sq-1

0

0.05

0.1

490 540 590 640

fac-Re(CO)3 



Chapter 3 - Results & Discussion  

 

156 
 

Finally another evidence for the formation of the Re(I)-pyridine bonds comes from the 

comparison of the fluorescence emission spectra of the two species. How it can be seen 

in Figure 43, fluorescence emission of Sq-1 is quenched as compared to the parent 

porphyrin. This quenching is mainly due to the so called “heavy atom effect”, that in the 

Re(I)-Py complex promotes the intersystem crossing and decreases the fluorescence 

emission intensity. 

 

 

Figure 43. Fluorescence emission of DiTegPhDPyP (blue) and Sq-1 (red) in CH2Cl2 at ca. 2×10-6 M 

concentration (calculated with respect to the porphyrin) exciting at 426 nm. 

 

With the aim to further confirm the square-like geometry of the metallacycle, through 

inclusion experiments of a suitable guest like H2-TPyP (see Section 1.4.3), several 

attempts of insertion of Zn(II) in the porphyrin cores of the metallacycle have been 

made. Unfortunately all these attempts failed. In fact starting from both Sq-1 and 

DiTegPhDPyP it was not possible to obtain the metallated metallacycle. In the former 

case, after reaction with Zn(OAc)2·2H2O, the degradation of Sq-1 with formation of the 

metallated parent porphyrin (Zn-DiTegPhDPyP); in the latter case, after insertion of 

Zn(II) in the core of the porphyrin followed by reaction with Re(CO)5Br the formation 

of several distinct products was observed on TLC (Scheme 35). However, it has been 

not possible to isolate in pure form these products because of their similar Rf values on 

silica gel and no further investigations have been done.  
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Scheme 35. Attempts to obtain Zn-Sq-1 with reaction conditions.  

 

These issues clearly showed that, in the particular case of DiTegPhDPyP, Zn(II) acted 

as a strong competitor for the pyridyl ligands. 

A second attempt of formation of Re(I) molecular squares was made starting from the 

trans-A2BC derivative bearing the diacetylaminopyridine functionalization, that is 

DapEPhTegPhDPyP. The reaction conditions used were the same as in the previous 

case but for the solvent ratio which was set to dry THF/toluene 4:1 v/v. The reaction 

was followed on TLC and the formation of several different spots, two of them having 

Rf values greater than the parent porphyrin, was observed. After repeated column 

chromatography on silica gel that resulted also very challenging because of the poor 

solubility of the adducts in the eluting systems utilized, the NMR analysis of the 

collected fractions revealed that the metallacycle has not been obtained (Scheme 36). 

 

 

Scheme 36. Attempt of self-assembly between DapEPhTegPhDPyP and Re(CO)5Br. 
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In fact the only recovered products have been the unreacted porphyrin and a species that 

at a first glance may correspond to the corner of the square, that is 

ReBr(CO)3(DapEPhTegPhDPyP)2 with two uncoordinated pyridyl moieties. The 

stacked 
1
H-NMR spectra of the porphyrin and the putative corner are shown below 

(Fig.44).  

 

Figure 44. Stacked 1H-NMR spectra (500 MHz, CDCl3) of DapEPhTegPhDPyP (black) and the species 

recovered after column chromatography (red).  

 

However, a more accurate analysis of the TLC, which shows two spots with very 

similar Rf , and of the NMR spectra suggests that the isolated fraction is composed by 

two different species. Indeed, there are two signals around 3.0 ppm belonging to the 

pyrrolic NH and, moreover, the pyridyl protons signals are split differently from what 

expected. The H-2,6 pyridyl signals are split in two sets, one significantly downfield 

shifted due to the coordination to the Re(I) and the other one with the same chemical 

shift of the parent porphyrin; the H-3,5 pyridyl signals are also split in two peaks: one is 

downfield shifted and one with the same chemical shift of the parent porphyrin. 
1
H-

DOSY spectra were not sufficiently resolved and it was not possible to have a first 

estimation of the hydrodynamic radii of these species, thus the presence of a completely 

cyclic species was not confirmed. In any case we decided to not further explore this 

reaction. 

Better results were obtained in the self-assembly of Re(I) with 

ECOOMePhTegPhDPyP in the same reaction conditions as before (Scheme 37). 

H-2,6 Py 

H-3,5 Py 

NH Pyrr 
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Scheme 37. Self-assembly between ECOOMePhTegPhDPyP and Re(CO)5Br to obtain Sq-2. 

 

The reaction has been monitored by TLC and it has been stopped once no more starting 

porphyrin was present and no more changes in the products distribution was observed. 

The product was obtained in 39.4% yield after four column chromatographies on silica 

gel, eluting with different solvents, since the 
1
H-NMR spectra of the collected fractions 

with the highest Rf seemed to be once again a mixture of two species. However, 

differently from the previous case, no signals due to non-cyclic species were present. 

Characterization of Sq-2 has been done by mean of 
1
H and 

13
C, 1D and 2D-NMR, PFG-

NMR, together with UV-Vis, IR and fluorescence emission spectroscopy. 

In the next figure the stacked 
1
H-NMR spectra of Sq-2 and its parent porphyrin 

ECOOMePhTegPhDPyP have been reported (Fig.45). 
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Figure 45. Stacked 1H-NMR spectra (500 MHz, CDCl3) of ECOOMePhTegPhDPyP (black)  

and Sq-2 (red). 

 

Clearly the pattern of the resonances is more complex than expected for a molecule of 

such symmetry, in fact the peaks appear doubled and broadened. These features could 

be consistent with a coexistence of at least two different metallacyclic species having a 

similar Rf value, as stated before, or two isomers of the same molecule. Taking into 

account that rotational freedom of the porphyrin edges around the pyridyl-metal bond 

may results severely hampered leading to a population of conformers, further 

complicated by the presumably statistical distribution of the syn/anti isomers derived by 

the orientation of the halide ligand on each rhenium corner, together with the non-

symmetric nature of the parent porphyrin itself, it is reasonable to assign the complex 

pattern of the NMR proton signals to the presence of different isomers. Moreover, the 

complexity of the proton spectrum and the broadening of the peaks may be also due to 

the non-symmetry of the porphyrin building unit together with aggregation phenomena 

due to the concentration. 

From the enlargement of both the downfield and the upfield region of these spectra, 

showed in the figure below, it is evident that all the species are cyclic (Fig.46).  

 

 

OCH3 CH3COO 
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Figure 46. Downfield and upfield region expansion of the stacked 1H-NMR spectra of Sq-2 (red)  

and ECOOMePhTegPhDPyP (black). 

 

The pyridyl proton signals are indeed all downfield shifted and none of them has the 

same chemical shift as in the parent porphyrin, moreover also the NH pyrrolic protons 

signals are shifted (upfield) with respect to the porphyrin. In the 
13

C-NMR spectrum of 

Sq-2 the main feature consistent with the formation of one or more metallacyclic 

species is the presence of two signals (δ = 195.5, 192.6), in ca. 2:1 ratio, corresponding 

to the three facial carbonyl groups bound to the metal centre (Fig.47). 

 

 

Figure 47. Stacked 13C-NMR spectra (125 MHz, CDCl3) of Sq-1 (red) and DiTegPhDPyP (black). 

 

The determination of the relative size of the two species has been done once again 

comparing the diffusion coefficients of the macrocycle and its porphyrin basic unit.  

Pulsed-field-gradient NMR experiments (Dbppste_cc sequence) have been performed 

on the porphyrin (blue) and the metallacycle (red) and the plot obtained at 298 K are 

reported below (Fig.48). 
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Figure 48. Left: plot of normalized I/I0 vs b of the methoxyl protons signal (298 K). Right: plot of 

normalized ln(I/I0) vs b of the methoxyl protons signal (298 K). The circles are the experimental data, the 

straight lines are the fit. 

 

Data analysis revealed that the two species diffuse with a net different rate, how it can 

be also seen from the superimposed 2D maps of 
1
H-DOSY spectra shown below 

(Fig.49). 

 

 

Figure 49. Stacked 1H-DOSY NMR (500 MHz, CDCl3, 298K, 100 ms diffusion delay) with self-

diffusion coefficients of ECOOMePhTegPhDPyP (dark purple, up) and Sq-2 (red/orange, down). 

 

The metallacycles diffuse as single units and the diffusion coefficient of the porphyrin 

(D = 5.14×10
-6

 ± 8.37×10
-9

 cm
2
·s

-1
) is about the double than that of the metallacycle (D 

= 3.32×10
-6

 ± 4.95×10
-9

 cm
2
·s

-1
); stated in another way, the observed metallacyclic 

species move as molecules occupying the same volume in solution and diffuse with a 
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rate that is almost the half than that of the parent porphyrin. Moreover applying again 

the Stokes-Einstein equation we found a hydrodynamic diameter of 1.6 nm for the 

porphyrin and 2.4 nm for the metallacycle. It is worth to note also in this case that these 

values are qualitative and they give a comparison between the size of the metallacycle 

relative to its basic unit. Even if once again we cannot say anything else about the real 

volume or shape of these species, these data are consistent with the formation of a 

molecular square (or at least a triangle, because the symmetry of this geometry also fits 

with a spherical approximation) rather than a polymeric or a concatenated structure. In 

the next figure a 3D representation of Sq-2 is reported (Fig.50). 

 

  

Figure 50. Ball and stick (left) and space-filling (right) representations of Sq-2. Hydrogen atoms have 

been removed for clarity. Elaboration made with Avogadro. Colour code: C = grey, O = red, N = dark 

blue, Re = blue, Br = dark red. 

 

 

With the aim to validate the data above presented we performed VT 
1
H-DOSY NMR 

experiments on the metallacycle (Fig.51). 
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Figure 51. Left: Plot of normalized (I/I0) vs b. Right: Plot of normalized ln(I/I0) vs b. The plots have been 

made on the most intense peak (methoxyl) of Sq-2 at different temperature (K). The circles are the 

experimental data, the straight lines are the fit. 

 

In Figure 51 the plot of normalized (I/I0) and normalized ln(I/I0) vs b for the most 

intense peak, that is the methoxyl protons of the TEG chains, are shown. A list of 

calculated diameters, D and errors are reported in Table 6. 

 

Table 6. Diffusion coefficients with standard errors and diameters calculated at each temperature for Sq-2 

in CDCl3. 

T D (cm
2·s-1

) Std. Dev. Diameter (nm) 

228K 1.08x10-06 1.61x10-09 2.40 

298K 3.32x10-06 4.95x10-09 2.42 

313K 4.18x10-06 6.17x10-09 2.37 

 

From the data shown in the table above the average diameter calculated for the 

metallacycle is 2.40±0.02 nm.  

In the figure shown below (Fig.52) the intensity signals decays, ln(I/I0) versus b (298K, 

CDCl3, 100 ms), for the methoxyl protons signal and for an “extra” resonance in the 

beta pyrrolic proton region at ca. 8.81 ppm, have been reported; the same analysis has 

been conducted on the two resonances belonging to the NH pyrrolic protons of the 

porphyrins core.  
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Figure 52. Plot of ln(I/I0) vs b for the major resonance (triangles, red) and for the minor resonance 

(circles, blue) with expressed trend line equations. Larger errors for minor resonance are due to the lower 

intensity of the peak. Left: Comparison between the methoxyl protons peak (major) and a beta pyrrolic 

proton ( ca. 8.81 ppm) (minor). Right: comparison between the major and the minor resonances of the NH 

pyrrolic protons.  

 

Diffusion coefficients obtained from the slope of the lines from all the signals under 

investigation match each other indicating that the different resonances belong to protons 

of the same compound or at least to protons of different molecules with very close 

volumes in solution. Thus, although not unambiguously, the presence of a mixture of 

isomers can be postulated. 

Another spectroscopic evidence of the formation of metallacyclic species with a 

preserved coordination sphere around the metal centre arose from the comparison of the 

infrared spectra, recorded as above for both the porphyrin and the metallacycle in KI 

pellet (Fig.53). 

 

Figure 53. IR spectra in KI pellet of ECOOMePhTegPhDPyP (blue) and Sq-2 (red). In the green circle 

the stretching bands of the CO groups bound to Re(I) in a facial geometry have been highlighted. 
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Again, the strong bands at ν = 2024, 1919 and 1884 cm
-1

 in the metallacycle spectrum 

are distinctive for the presence of three CO groups bound to Re(I) in a facial geometry. 

Coordination of the pyridyl nitrogen to the Re(I) complex is also supported by the 

bathochromic shift of 6 nm (λmax ECOOMePhTegPhDPyP = 420 nm; λmax Sq-2 = 426 

nm) of the Soret band in the UV-Vis (Fig.54) and by the quenching of its fluorescence 

emission with respect to the parent porphyrin (Fig.55). 

 

 

Figure 54. UV-Vis spectra of ECOOMePhTegPhDPyP (blue) and Sq-2 (red) in CH2Cl2 at ca. 2×10-6 M 

concentration (calculated with respect to the porphyrin). The inset shows an enlargement  

of the Q bands region. 

 

 

Figure 55. Fluorescence emission of ECOOMePhTegPhDPyP (blue) and Sq-2 (red) in CH2Cl2 at ca. 

2×10-6 M concentration (calculated with respect to the porphyrin) exciting at 420 nm. 
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The last self-assembly with Re(I) has been conducted utilizing DiECOOMePhDPyP to 

synthesize Sq-3 (Scheme 38). 

 

Scheme 38. Self-assembly between DiECOOMePhDPyP and Re(CO)5Br to obtain Sq-3. 

 

The reaction has been monitored by TLC and it has been stopped once no more starting 

porphyrin was present and no more changes in the products distribution was observed. 

In this case, because the 
1
H-NMR spectrum of the raw product showed the presence of 

few impurities, the product was purified only by precipitation (also because attempts to 

submit the product to silica gel and size exclusion chromatography resulted in partial 

decomposition). Thus, after dissolution of the solid crude mixture in chloroform and 

slow precipitation with methanol Sq-3 has been obtained in the satisfying yield of 

67.0%.  

Characterization of Sq-3 has been done by mean of 
1
H, 1D and 2D-NMR, PFG-NMR, 

together with UV-Vis, IR and fluorescence emission spectroscopy. 

In the next figure the stacked 
1
H-NMR spectra of Sq-3 and its parent porphyrin 

DiECOOMePhDPyP have been reported (Fig.56). 
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Figure 56. Stacked 1H-NMR spectra (500 MHz, CDCl3) of DiECOOMePhDPyP (black)  

and Sq-3 (red). 

 

Also in this case, the pattern of the resonances appears more complex than expected for 

a highly symmetrical species. The signals are broadened and the presence of several 

“extra” signals can be also noted. In any case, the downfield shift of the signals of all 

the pyridyl protons, the absence of signals of protons belonging to uncoordinated 

pyridines, and the Rf value higher than the parent porphyrin support the formation of a 

cyclic species. These features are more clearly illustrated in the enlargement of the 

downfield region of the stacked spectra shown below (Fig.57). 

 

Figure 57. Downfield region expansion of the stacked 1H-NMR spectra of Sq-3 (red)  

and DiECOOMePhDPyP (black). 
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How already observed by Hupp
108

 the spectra of this kind of metallacycles often 

improve and simplify upon raising the temperature or utilizing a less viscous solvent as 

THF. We therefore acquired a 
1
H-NMR spectrum in THF-d8 of the solid obtained 

(Fig.58). 

 

 

Figure 58. Stacked 1H-NMR spectra (500 MHz) of Sq-3 in THF-d8 (black) and in CDCl3 (red). 

 

In THF-d8 the pattern and the number of the resonances are indeed more consistent with 

the formation of a highly symmetrical cyclic species, suggesting that the complication 

in the more viscous CDCl3 could be attributed to the slowed or even hampered rotation, 

on the NMR time scale, of the porphyrin edges around the pyridyl-metal bonds. In the 

next figure we have reported the sections of the two spectra containing the signals of 

interest and their labels (Fig.59). 
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Figure 59. Sections of the stacked 1H-NMR spectra (500 MHz) of Sq-3 in THF-d8 (black) and CDCl3 

(red) with peak labels. For the remaining peak labels see Section 3.3.2.  

 

Unluckily, several attempts of acquisition of the 
13

C-NMR spectrum both in CDCl3 and 

THF-d8 failed despite the high number of transients accumulated.  

The determination of the relative size of the two species has been done once again 

comparing the diffusion coefficients of the macrocycle and its porphyrin basic unit.  

Pulsed-field-gradient NMR experiments (Dbppste_cc sequence) have been performed 

on both the porphyrin (blue) and the metallacycle (red), and the plot obtained in CDCl3 

at 298 K are reported below (Fig.60). 

 

 

Figure 60. Left: plot of normalized I/I0 vs b of the methoxyl protons signal (298 K). Right: plot of 

normalized ln(I/I0) vs b of the carbomethoxyl protons signal (298 K). The circles are the experimental 

data, the straight lines are the fit. 
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Data analysis revealed that the two species diffuse with a net different rate, how it can 

be seen from the superimposed 2D maps of the 
1
H-DOSY spectra shown below 

(Fig.61). 

 

 

Figure 61. Stacked 1H-DOSY NMR (500 MHz, CDCl3, 298K, 100 ms diffusion delay) with self-

diffusion coefficients of DiECOOMePhDPyP (grey, up) and Sq-3 (red/orange, down). 

 

Thus once again the metallacycle diffuse as a single molecule and the diffusion 

coefficient of the porphyrin (D = 6.38×10
-6

 ± 1.04×10
-8

 cm
2
·s

-1
) is about the double than 

that of the metallacycle one (D = 3.28×10
-6

 ± 5.52×10
-9

 cm
2
·s

-1
); stated in another way, 

the porphyrin diffuse with a rate that is almost the double of that of the metallacycle. 

Moreover if we apply the Stokes-Einstein equation, assuming the molecules as 

encapsulated in a sphere, we found a hydrodynamic diameter of 1.3 nm for the 

porphyrin and 2.5 nm for the metallacycle. It is worth to note also in this case that these 

values are not to be intended as absolute. Even if once again we cannot say anything 

else about the real volume or shape of these species, these data are consistent with the 

formation of a molecular square (or at least a triangle) rather than a polymeric or a 

concatenated structure. Since Sq-3 has shown a good solubility in THF a 
1
H-DOSY has 

been acquired in this solvent too (Fig.62). 
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Figure 62. 1H-DOSY NMR (500 MHz, THF-d8, 298K, 100 ms diffusion delay) of Sq-3. 

 

The value of the diffusion coefficient calculated in this solvent (D = 3.48x10
-6

 ± 

5.69x10
-9

 cm
2
·s

-1
) is very close to the one calculated in chloroform and the value of the 

hydrodynamic diameter, calculated through the Stokes-Einstein equation, is 2.7 nm. 

With the aim to validate the data above presented we performed VT 
1
H-DOSY NMR 

experiments on the metallacycle in THF-d8 (Fig.63). 

 

 

Figure 63. Left: Plot of normalized (I/I0) vs b. Right: Plot of normalized ln(I/I0) vs b. The plots have been 

made on the most intense peak (carbomethoxyl) of Sq-3 in THF-d8 at different temperature (K). The 

circles are the experimental data, the straight lines are the fit. 

 

In Figure 61 the plot of normalized (I/I0) and normalized ln(I/I0) vs b values for the 

most intense peak, that is the carbomethoxyl protons signal, are shown. A list of 

calculated diameters, D and errors are reported in the next table (Table 7). 
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Table 7. Diffusion coefficients with standard errors and diameters calculated at each temperature  

for Sq-3 in THF-d8. 

T D (cm
2·s-1

) Std. Dev. Diameter (nm) 

298K 3.48x10-06 5.16x10-09 2.67 

308K 4.13x10-06 6.15x10-09 2.58 

313K 4.18x10-06 6.15x10-09 2.72 

323K 4.96x10-06 7.37x10-09 2.59 

 

From data shown in Table 7 the average diameter calculated for the metallacycle is 

2.64±0.03 nm. In the next figure a 3D representation of Sq-3 is reported (Fig.64). 

 

  

Figure 64. Ball and stick (left) and space-filling (right) representations of Sq-3. Elaboration made with 

Avogadro. Colour code: H = grey, C = dark grey, O = red, N = dark blue, Re = blue, Br = dark red. 

 

 

Also for Sq-3 a further spectroscopic evidence of the formation of metallacyclic species 

with the right metal centre configuration arose from the comparison of the infrared 

spectra, recorded as usual for both the porphyrin and the metallacycle in KI pellet which 

shows the distinctive carbonyl bands of the Re(I) complex (Fig.65). 
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Figure 65. IR spectra in KI pellet of DiECOOMePhDPyP (blue) and Sq-3 (red). In the green circle have 

been highlighted the stretching bands of the CO groups bound to Re(I) in a facial geometry. 

 

As seen above also in this case the coordination of the pyridyl nitrogen to the Re(I) 

complex results in a bathochromic shift of 6 nm (λmax DiECOOMePhDPyP = 420 nm; 

λmax Sq-3 = 426 nm) of the Soret band in the UV-Vis absorption spectrum (Fig.66) and 

in partial quenching of the fluorescence emission of the metallacycle (Fig.67) with 

respect to the parent porphyrin. 

 

 

Figure 66. UV-Vis spectra of DiECOOMePhDPyP (blue) and Sq-3 (red) in CH2Cl2 at ca. 2×10-6 M 

concentration (calculated with respect to the porphyrin). The inset shows an enlargement  

of the Q bands region. 
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Figure 67. Fluorescence emission of DiECOOMePhDPyP (blue) and Sq-3 (red) in CH2Cl2 at ca. 2×10-6 

M concentration (calculated with respect to the porphyrin) exciting at 420 nm. 

 

3.6.2 Self-assembly of trans-dipyridylporphyrins with ruthenium (II) 

 Moved by the abovementioned failure of the self-assembly between 

DapEPhTegPhDPyP and Re(CO)5Br, we decided to try with a different transition 

metal and in particular with an octahedral Ru(II) fragment, that is trans,cis,cis-

[RuCl2(CO)2(DMSO-O)2]. 

The product of formula RuCl2(CO)2(DMSO)2 was first obtained by Evans et alia
110

 in 

1973, upon carbonylation of cis-RuCl2(DMSO)4 and reported without details on its 

geometry and on the binding mode of the dimethylsulfoxide ligands. In 1995 Alessio 

and co-workers
111

 reported the synthesis and characterization of a series of new 

chlorocarbonylruthenium(II) complexes with DMSO, obtained upon carbonylation of 

RuCl2(DMSO)4. Among them there was the trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] of 

our interest. In this work the reactivity of these compounds toward pyridine has been 

also investigated showing that in no case substitution of CO ligands took place. The 

authors thus synthesized trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] reacting trans-

RuCl2(DMSO)4 with CO, in methanol at room temperature and ambient pressure, as 

indicated in following scheme (Scheme 39). 

 

 

Scheme 39. Synthesis of trans,cis,cis-[RuCl2(CO)2(DMSO-O)2]. 
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They also observed an isomerization of the complex for longer reaction times or simply 

leaving it in chloroform or methanol solution for at least two days under diffused light 

(Scheme 40). 

 

 

Scheme 40. Isomerization of RuCl2(CO)2(DMSO-O)2. 

 

The authors showed also that both complexes upon reaction with pyridine, in different 

conditions, afforded the same disubstituted trans,cis,cis-[RuCl2(CO)2(py)2] product 

(Scheme 41). 

 

 

Scheme 41. Synthesis of trans,cis,cis-[RuCl2(CO)2(py)2]. 

 

This brilliant pioneering work thus showed how these octahedral Ru(II) complexes are 

suitable precursors for 90° angular acceptor building blocks, as they easily replace two 

DMSO ligands with N-donor ones. To date there are only few examples reported in the 

literature concerning the employment of cis-dipyridyldiphenylporphyrins (cis-DPyDPP) 

to build [2+2] neutral molecular squares.  

In 2002 Iengo, Alessio
112

 and co-workers reported the synthesis and characterization of 

the three [2+2] molecular squares shown below (Scheme 42).  
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Scheme 42. Self-assembly of cis-DPyDPP with several Ru(II) complexes reported by Iengo et al. 

 

As regards the synthesis of the square of our interest, that is b in Scheme 42, the 

abovementioned authors observed, upon mixing equimolar amount of cis-DPyDPP and 

trans,cis,cis-[RuCl2(CO)2(DMSO-O)2], the formation of three distinct products, 

together with oligomeric open-chained by-products, both in the TLC and in the 
1
H-

NMR spectrum of the crude mixture. The one possessing the largest Rf  (that was also 

the most abundant) has been firstly isolated and characterized as the square 

[RuCl2(CO)2(cis-DPyDPP)2]2. In a succeeding work of the same authors
113

 the nature of 

the other products obtained in the reaction has been clarified. The second product, 

possessing Rf very similar to the previous one, has been isolated in pure form by the 

authors and analysed by 
1
H-NMR, FAB MS, UV-Vis and fluorescence emission. 

1
H-

NMR spectrum revealed a pattern of resonances very similar to the [2+2] square, with 

sharp and well resolved signals thus confirming  its cyclic nature. The only difference 

relied in an upfield shift of all the resonances as 

compared to the square ones. According to FAB MS 

analysis the compound has been identified as the 

trinuclear species trans,cis,cis-[RuCl2(CO)2(cis-

DPyDPP)2]3. A computer model, generated with 

Hyperchem, showed as a minimum energy structure a 

3D bowl-shaped architecture with a C3v symmetry, 

with pairs of cis-DPyDPP forming a ca. 90° dihedral 

angle to one another (Fig.68). This model well agrees with the 
1
H-NMR data, since the 

porphyrins are mutually arranged so that they partially lie in the shielding cone one of 

each other, thus explaining the upfield shift of the signals. The third product, with a Rf 

similar to the other two species, even if it has not been isolated in pure form has been 

identified as a metallacyclic species too, probably with a nuclearity higher than the two 

Figure 68. Computer generated 

model structure of the trinuclear 

metallacycle. 
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previous ones. The authors concluded their discussion on these newly synthesized 

metallacycle stating: “It must be stressed that no equilibration between these three 

products was observed; once isolated and redissolved they do not undergo any 

interconversion process and are indefinitely stable at ambient temperature. Therefore, 

the stoichiometric reaction between trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] and cis-

DPyDPP represents an example of a combinatorial library. Most probably the 

metallacycles are kinetic products of the reaction. The fact that more than one cyclic 

geometry becomes accessible in this case is probably due to the presence of small 

ancillary ligands in the ruthenium fragments (X = Y = CO) which allow for the rotation 

of the cis-coordinated 4’-cisDPyP units around the Cmeso-Cring bonds”. 

How said above there are no examples reported in literature about the synthesis of [4+4] 

molecular squares having trans,cis-[RuCl2(CO)2]-corners and linear ditopic ligands as 

dipyridylporphyrin, thus our first attempt has been done utilizing the DiBrPhDPyP 

porphyrin as a pilot reaction (Scheme 43). 

 

 

Scheme 43. Self-assembly between DiBrPhDPyP and trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] 

to obtain Sq-4. 

 

The Ru(II) complex has been provided by the Prof. Iengo’s group. The self-assembly 

has been firstly followed by 
1
H-NMR. The porphyrin has been dissolved in a NMR tube 

in 600 µL CDCl3, previously neutralized on basic Al2O3, and a first spectrum has been 

acquired. Then the Ru(II) complex has been dissolved in 100 µL CDCl3 (neutralized) 

and added in the tube. The porphyrin and the metal complex were in 1:1 molar ratio at a 

concentration of 10.4 mM each. A first spectrum of the mix has been acquired soon 
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after the addition. Then, after a hour and half time-laps, the subsequent spectra were 

acquired every 15 minutes (Fig.69). 

 

Figure 69. Stacked 1H-NMR spectra (500 MHz, CDCl3) of the self-assembly between DiBrPhDPyP and 

trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] acquired at different times after mixing. 

 

How it can be seen from the stacked spectra the pyridyl proton signals are downfield 

shifted, moving from ca. 9.05 ppm to ca. 9.60 ppm for the pyridyl H-2,6 and from ca. 

8.15 to ca. 8.40 ppm for the pyridyl H-3,5, indicating the coordination to the metal 

centre. The β pyrrolic proton signals, that in the parent porphyrin were two doublets, are 

collapsed into one broadened signal and the phenyl proton signals are instead slightly 

upfield shifted. The NH signals underwent an apparent broadening. Since the signals 

due to uncoordinated pyridines were still present, the NMR tube containing the reaction 

mixture has been left at room temperature for six days before purification. 

The TLC analysis of the reaction mixture revealed a complex mixture of products that, 

even after repeated column chromatographies on silica gel did not afford a single pure 

compound. Therefore, with the aim to improve the quantity of the [4+4] species 

synthesized, directing its formation preferentially over species with different nuclearity 

and oligomeric open-chain ones, the self-assembly was performed at a significantly 

lower concentration (0.4 mM) for three days at room temperature. Also in this case it 
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has not been possible to isolate the square in pure form, but as a mixture of two 

compounds having a very similar Rf (higher than the parent porphyrin). 

The next figure shows the 
1
H-NMR spectra of DiBrPhDPyP and of the fraction with 

the highest Rf isolated by column chromatography (Fig.70). 

 

 

Figure 70. Stacked 1H-NMR spectra (500 MHz, CDCl3) of DiBrPhDPyP (black) and the isolated 

fraction after the self-assembly with Ru(II) at 0.4 mM (red); proton signals of the same compound are 

indicated with an asterisk. 

 

The spectrum shows the presence of two signals around 3.0 ppm that clearly indicates 

the presence of two species in ca. 1:1 ratio. It is worth to note that the symmetry of the 

starting porphyrin has been completely retained in both the compounds, and this, 

together with the simultaneous absence of resonances due to protons belonging to 

uncoordinated pyridines indicates that the species are both cyclic and highly symmetric. 

Also in this case the downfield shift of the signals of the coordinated pyridyl protons 

and the upfield shift of the rest of the signals have been observed. Taking into account 

that, contrary to the above described metallacycles bearing Re(CO)3Br corners, both the 

porphyrin and the Ru(II) complex are symmetrically substituted it is unlikely that the 

species responsible of the signals observed are conformers; most probably the two 

species are metallacycles with similar nuclearity, i.e. [3+3] and [4+4]. As in the case of 

the [2+2] molecular squares synthesized by Iengo and co-workers previously discussed, 

no equilibration between these two products has been observed; once isolated and 

redissolved they do not undergo any interconversion process and are indefinitely stable 

at ambient temperature. The small quantity isolated of these compounds hampered a 

13
C-NMR analysis. 
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PFG-NMR has been helpful also in this case to light-up the nature of the molecules 

synthesized. The determination of the size, of one species relative to the other, has been 

done once again comparing the diffusion coefficients of the metallacycles and their 

porphyrin basic unit.  

1
H-DOSY NMR experiments (Dbppste_cc sequence) have been performed on the 

porphyrin (blue) and on the fraction containing the metallacycles (red and green), the 

plot obtained at 298 K are reported below (Fig.71). 

 

 

Figure 71. Left: plot of normalized I/I0 vs b of the H-β Pyrr signals (298 K). Right: plot of normalized 

ln(I/I0) vs b of the H-β Pyrr signals signal (298 K). The circles are the experimental data, the straight lines 

are the fit. 

 

Data analysis revealed that the diffusion rate in solution of the two metallacyclic species 

is similar, but not the same, and significantly lower than the parent porphyrin one. The 

plot showed in the figure above are relative to the intensity decays of the H-β pyrrolic 

proton signals. For the metallacyclic species two H-β resonances, the most intense at ca. 

8.85 ppm and the less intense at ca. 8.70 ppm, have been analysed. In the next figure the 

2D map of 
1
H-DOSY of the fraction containing the metallacycles is shown (Fig.72). 
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Figure 72. 
1
H-DOSY NMR (500 MHz, CDCl3, 298K, 100 ms diffusion delay) with self-diffusion 

coefficients of the fraction containing the metallacycles. 

 

Diffusion coefficients, calculated according to Eq.1, show once again that the porphyrin 

one (D = 5.14×10
-6

 ± 8.37×10
-9

 cm
2
·s

-1
) is about the double than that of the two 

metallacycles which in turn are very close to each other, D1 = 3.94×10
-6

 ± 6.28×10
-9

 

cm
2
·s

-1
 for the most intense β pyrrolic signal and D2 = 4.58×10

-6
 ± 7.98×10

-9
 cm

2
·s

-1
 for 

the less intense β pyrrolic signal, but neatly different.  

Applying then the Stokes-Einstein equation, the porphyrin diameter is 1.0 nm, the 

diameter of the metallacycle responsible of the most intense set of signals is 2.0 nm 

while that of the other one is 1.8 nm. Thus the relative dimensions of the species are 

consistent with the two metallacycles being, probably, the square [4+4] and the triangle 

[3+3] (Fig.73).  
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Figure 73. Ball and stick representation of the molecular triangle (left) and the molecular square (right) 

obtained by self-assembling DiBrPhDPyP and trans,cis,cis-[RuCl2(CO)2(DMSO-O)2]. Hydrogen atoms 

have been removed for clarity. Elaboration made with Avogadro. Colour code: H = grey, C = dark grey, 

O = red, N = dark blue, Ru = blue, Br = dark red, Cl = green. 

 

In the figure below the intensity signals decay, ln(I/I0) versus b (298K, CDCl3, 100 ms), 

for the most and less intense H-β pyrrolic proton signals of the two cycles showing 

graphically their diffusion coefficient differences has been reported (Fig.74). 

 

 

Figure 74. Plot of ln(I/I0) vs b for the major H-β Pyrr resonance (triangles, red) and for the minor H-β 

Pyrr resonance (circles, blue) with expressed trend line equations. 

 

Even if once again we cannot say anything else about the real volume or shape of these 

species, the acquired data are consistent with the formation of a molecular square [4+4] 
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and a triangle [3+3]. For simplicity, in the rest of the discussion about these two 

metallacyclic species, they will be named as “Sq-4”. 

Another spectroscopic evidence of the formation of metallacyclic species with the right 

metal centre configuration arose from the comparison of the infrared spectra, recorded 

as usual for both the porphyrin and Sq-4 in KI pellet (Fig.75). 

 

Figure 75. IR spectra in KI pellet of DiBrPhDPyP (blue) and Sq-4 (red). In the green circle have been 

highlighted the stretching bands of the CO groups bound to Ru(II) in cis geometry. 

 

The two stretching bands highlighted with the green circle in the figure above at ν = 

2066 and 1999 cm
-1

, present in the metallacycle spectrum are distinctive for two CO 

groups bound to Ru(II) in cis geometry. 

Coordination of the pyridyl nitrogen to the Ru(II) complex is also supported by UV-Vis 

absorption spectra. Indeed the usual bathochromic shift of 5.0 nm (λmax DiBrPhDPyP = 

417 nm; λmax Sq-4 = 422 nm) of the Soret band is observed also in this case (Fig.76) 

together with the quenching of the fluorescence emission (Fig. 77). 
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Figure 76. UV-Vis spectra of DiBrPhDPyP (blue) and Sq-4 (red) in CH2Cl2 at ca. 2×10-6 M 

concentration (calculated with respect to the porphyrin). The inset shows an enlargement  

of the Q bands region. 

 

 

Figure 77. Fluorescence emission of DiBrPhDPyP (blue) and Sq-4 (red) in CH2Cl2 at ca. 2×10-6 M 

concentration (calculated with respect to the porphyrin) exciting at 420 nm. 

 

The next self-assembly with the Ru(II) complex has been conducted utilizing the trans-

A2BC porphyrin DapEPhTegPhDPyP, in chloroform at room temperature for three 

days (Scheme 44). 
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Scheme 44. Self-assembly between DapEPhTegPhDPyP and trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] 

to obtain Sq-5. 

 

Also in this case it was not possible to isolate the square in pure form. Indeed, despite 

repeated column chromatographies eluting with different solvents and solvent mixtures, 

a mixture of two compounds having a very similar Rf (higher than the parent porphyrin) 

was obtained. 

The next figure reports the 
1
H-NMR spectra of DapEPhTegPhDPyP and of the 

fraction isolated with the highest Rf (Fig.78). 

  

Figure 78. Stacked 1H-NMR spectra (500 MHz, CDCl3) of DapEPhTegPhDPyP (black) and the isolated 

fraction after the self-assembly with Ru(II) (red). On the right the enlargement of the NH core proton 

signals. 
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The two signals around 2.90 ppm clearly indicates the presence of two species. The 

simultaneous absence of resonances due to protons belonging to uncoordinated 

pyridines and the relatively high symmetry of the spectrum are again indicative that the 

species are both cyclic and symmetric, differently from what happened in the attempt of 

self-assembly of the same porphyrin with the Re(I) complex. Also in this case has been 

observed the downfield shift of the signals of the coordinated pyridyl protons and the 

upfield shift of the rest of the signals have been observed. The complexity of the proton 

spectrum and the broadening of the peaks may be due, also in this case, to the non-

symmetry of the porphyrin building unit together with aggregation phenomena due to 

the concentration. 

Despite several attempts, it has been not possible to obtain informations about the 

configuration of the metal fragment by means of 
13

C-NMR. 

The determination of the relative size of the two species has been done once again 

comparing the diffusion coefficients of the macrocycle and its parent porphyrin.  

Pulsed-field-gradient NMR experiments (Dbppste_cc sequence) have been performed 

on both the porphyrin (blue) and the metallacycle (red), the plot obtained at 298 K are 

reported below (Fig.79). 

 

 

Figure 79. Left: plot of normalized I/I0 vs b of the methoxyl protons signal (298 K). Right: plot of 

normalized ln(I/I0) vs b of the methoxyl protons signal (298 K). The circles are the experimental data, the 

straight lines are the fit. 

 

Data analysis revealed that the porphyrin and the metallacycle diffuse with a net 

different rate, how it can be also seen in the 2D maps of 
1
H-DOSY spectra of both 

species shown below (Fig.80). 
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Figure 80. 1H-DOSY NMR (500 MHz, CDCl3, 298K) with self-diffusion coefficients of 

DapEPhTegPhDPyP (left, 100 ms diffusion delay) and Sq-5 (right, 200 ms diffusion delay). 

 

The metallacycles observed diffuse as a single unit and the diffusion of the porphyrin 

(D = 5.83x10
-6

 ± 9.50x10
-9

 cm
2
·s

-1
) is about the double than that of the metallacyclic 

species (D = 3.18x10
-6

 ± 4.71x10
-9

 cm
2
·s

-1
). Thus the observed species move as 

molecules occupying the same volume in solution and the porphyrin diffuse with a rate 

that is almost the double of that of the metallacycles. Moreover if we apply again the 

Stokes-Einstein equation we found a hydrodynamic diameter of 1.4 nm for the 

porphyrin and 2.5 nm for the metallacycle. Even if once again we cannot say anything 

else about the real volume or shape of these species, these data are consistent with the 

formation of molecular squares [4+4] (or at least a triangle [3+3]) rather than a 

polymeric or a concatenated structure. Once again we performed VT 
1
H-DOSY NMR 

experiments on the metallacycle (Fig.81). 

 

 

Figure 81. Left: Plot of normalized (I/I0) vs b. Right: Plot of normalized ln(I/I0) vs b. The plots have been 

made on the most intense peak (methoxyl) of Sq-5 at different temperature (K). The circles are the 

experimental data, the straight lines are the fit. 
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In Figure 81 the plot of normalized (I/I0) and normalized ln(I/I0) vs b for the most 

intense peak, that is the methoxyl protons of the TEG chains, are shown. Calculated 

diameters, D and errors are listed in table 8. 

 

Table 8. Diffusion coefficients with standard errors and diameters calculated at each temperature for Sq-5 

in CDCl3. 

T D (cm
2·s-1

) Std. Dev. Diameter (nm) 

228K 9.04x10-07 1.35x10-09 2.87 

263K 1.88x10-06 2.78x10-09 3.08 

298K 3.18x10-06 4.71x10-09 2.53 

303K 3.17x10-06 4.75x10-09 2.71 

313K 3.66x10-06 5.41x10-09 2.70 

323K 4.56x10-06 5.73x10-09 2.41 

 

From Table 8 the average calculated diameter for Sq-5 is 2.71±0.10 nm.  

In the next figure a 3D representation of Sq-5 has been reported (Fig.82). 

 

  

Figure 82. Ball and stick (left) and space-filling (right) representations of Sq-5.  

Elaboration made with Avogadro. Colour code: H = grey, C = dark grey, O = red, N = dark blue, Ru = 

blue, Br = dark red, Cl = green. 

 

In the figure shown below (Fig.83) the intensity signals decays, ln(I/I0) versus b (298K, 

CDCl3, 200 ms) of the metallacycle, for the methoxyl protons signal (the most intense, 

belonging to the main species) and for an “extra” resonance in the acetyl proton region 

at ca. 2.05 ppm, have been reported. 
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Figure 83. Plot of ln(I/I0) vs b for the major methoxyl protons resonance (triangles, red) and for the minor 

acetyl protons resonance at ca. 2.05 ppm (circles, blue) with expressed trend line equations. 

 

Diffusion coefficients obtained from the slope of the lines relative to the two systems 

under investigation match each other indicating that the different resonances belong to 

protons of the same compound or at least to protons of different molecules occupying 

the same volume in solution. Thus as in the case of the previous metallacycle Sq-2 

obtained with a trans-A2BC dipyridylporphyrin, we could be probably in the presence 

of a mixture of isomers depending in this case on the different orientation of the 

porphyrin respect to the plane defined by the metal atoms. 

Also in this case the IR spectra (KI pellet) of the metallacycles display the carbonyl 

bands at ν = 2065 and 2001 cm
-1

 which are the signature of the two CO groups bound to 

Ru(II) in cis geometry (Fig.84). 
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Figure 84. IR spectra in KI pellet of DapEPhTegPhDPyP (blue) and Sq-5 (red). In the green circle the 

stretching bands of the CO groups bound to Ru(II) in cis geometry have been highlighted. 

 

Finally, coordination of the pyridyl nitrogen to the Ru(II) complex is supported by UV-

Vis absorption and by emission spectra which show a 5.0 nm bathochromic shift (λmax 

DapEPhTegPhDPyP = 420 nm; λmax Sq-5 = 425 nm) of the Soret band and quenched 

fluorescence emission, respectively (Fig.85-86).  

 

 

Figure 85. UV-Vis spectra of DapEPhTegPhDPyP (blue) and Sq-5 (red) in CH2Cl2 at ca. 2×10-6 M 

concentration (calculated with respect to the porphyrin). The inset shows an enlargement  

of the Q bands region. 
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Figure 86. Fluorescence emission of DapEPhTegPhDPyP (blue) and Sq-5 (red) in CH2Cl2 at ca. 2×10-6 

M concentration (calculated with respect to the porphyrin) exciting at 420 nm. 

 

The last self-assembly with the Ru(II) complex has been conducted utilizing the 

porphyrin bearing the complementary H-bonding D/A groups with the DAP moiety, 

that is the trans-A2BC UrEPhTegPhDPyP, in chloroform at room temperature for 

three days (Scheme 45). 

 

Scheme 45. Self-assembly between UrEPhTegPhDPyP and trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] 

to obtain Sq-6. 

 

The self-assembly reaction has been conducted in the same conditions as in the previous 

case, but the outcome was quite different. Indeed, this time, all the products formed 
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have Rf values lower than that of the parent porphyrin suggesting that the species 

formed is not a [4+4] metallacycle. Also in this case repeated column chromatographies 

with different solvents and solvent mixtures have been necessary to obtain the adduct in 

an acceptable pure form, even if we cannot exclude the possibility that the fraction 

isolated contains a mixture of two compounds with similar Rf. This possibility may be 

consistent with the broadened shape of the peaks in the 
1
H-NMR spectrum of the 

isolated fraction shown in the next figure (Fig.87). 

 

 

Figure 87. Stacked 1H-NMR spectra (500 MHz, CDCl3) of UrEPhTegPhDPyP (black) and the isolated 

fraction after the self-assembly with Ru(II) (red). On the right the enlargement of the NH core proton 

signals. 

 

The substantially broadening of the signals and the presence of several “extra” peaks 

suggest the possibility that the sample may contain more than a single species. 

However, once again the absence of resonances of protons belonging to uncoordinated 

pyridines is indicative that the species formed are cyclic. Also in this case has been 

observed the downfield shift of the signals of the coordinated pyridyl protons and the 

upfield shift of the rest of the signals. Over the possible existence of different 

conformers, the complexity of the proton spectrum and the broadening of the peaks may 

be due, also in this case, to the non-symmetry of the porphyrin building unit together 

with aggregation phenomena due to the concentration or H-bonding. For simplicity in 

the proceeding of the discussion we will indicate this isolated fraction as Sq-6. 
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Unfortunately, in this case too, it has not been possible to obtain informations about the 

configuration of the metal fragment by means of 
13

C-NMR, the resonance in the 

carbonyl region was not intense enough to be distinguished from the noise. 

Pulsed-field-gradient NMR experiments (Dbppste_cc sequence) have been performed 

on both the porphyrin (blue) and the metallacycle (red), the plots obtained at 298 K in 

CDCl3 are reported below (Fig.88). 

 

 

Figure 88. Left: plot of normalized I/I0 vs b of the methoxyl protons signal (298 K). Right: plot of 

normalized ln(I/I0) vs b of the methoxyl protons signal (298 K). The circles are the experimental data, the 

straight lines are the fit. 

 

Data analysis revealed that the porphyrin and the metallacycle diffuse with a net 

different rate, how it can be also seen from the 2D maps of 
1
H-DOSY spectra of both 

species shown below (Fig.89). 

 

 

 

 

 

 

 

 

 

Figure 89. 1H-DOSY NMR (500 MHz, solvent and T are indicated) with self-diffusion coefficients of 

UrEPhTegPhDPyP (left, 100 ms diffusion delay) and Sq-6 (right, 300 ms diffusion delay). 

 

To find the right conditions for the acquisition of the metallacycle 
1
H-DOSY several 

attempts were necessary changing the diffusion delay, the temperature and the solvent 

blend before to find the best combination. In fact, to reach the resolution quality showed 
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in the figure it has been necessary to raise the temperature to 30 °C (303 K) and to add 

5% volume of CD3OD.  

Diffusion coefficients have been calculated according to Eq.1, for CDCl3/CD3OD 

blends the corresponding η was calculated according to Refutas equation for the 

viscosity blending number (VBN) and related equations.
114

  

The diffusion coefficient of the porphyrin (D = 5.08×10
-6

 ± 8.29×10
-9

 cm
2
·s

-1
) is in line 

with those obtained for the other porphyrins investigated. On the contrary the 

metallacycle apparently diffuses as a single molecule, but with a diffusion coefficient 

(D = 1.25×10
-6

 ± 1.85×10
-9

 cm
2
·s

-1
) that is about four times smaller than that of the 

parent porphyrin.  

Applying the Stokes-Einstein equation, with the usual assumption of the spherical shape 

of the molecules, we found a hydrodynamic diameter of 1.6 nm for the porphyrin and 

6.7 nm for the metallacycle. These data are consistent with the formation of a 

metallacyclic species with a nuclearity higher than the [4+4] previously observed. At 

the beginning it has been thought that the high diameter value found for this 

metallacycle derived from the presence of H-bonded aggregates. However, the apparent 

diameter does not change changing solvent composition and temperature thus 

suggesting that this type of aggregates, if present, are not relevant or, conversely, are too 

strong to be disaggregated in these conditions. Experimental conditions to acquire 

DOSY and the hydrodynamic diameters found are reported in the next table (Table 9). 

 

Table 9. Diffusion coefficients with standard errors and diameters calculated at each temperature and 

solvent mixture for Sq-6. 

Solvent Blend T D (cm
2·s-1

) Std. Dev. Diameter (nm) 

CDCl3  298K 1.13x10-07 1.67x10-09 7.13 

CDCl3/CD3OD 85:15 298K 1.18x10-06 1.77x10-09 6.99 

CDCl3/CD3OD 9:1 298K 1.38x10-06 2.07x10-09 6.04 

CDCl3/CD3OD 95:5 283K 1.04x10-06 1.64x10-09 6.27 

CDCl3/CD3OD 95:5 298K 1.25x10-06 1.85x10-09 6.68 

CDCl3/CD3OD 95:5 303K 1.25x10-06 1.86x10-09 6.86 

CDCl3/CD3OD 95:5 308K 1.37x10-06 2.03x10-09 6.68 

 

The average calculated diameter for Sq-6 of 6.77±0.15 nm could be consistent, if not 

with an aggregated species, with a metallacycle having a nuclearity of [5+5] or even of 
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[6+6]. In the next figures 3D representations of the expected square-like shape and the 

other possible geometries for Sq-6 are reported (Fig.90-92). 

 

  

Figure 90. Ball and stick (left) and space-filling (right) representations of the expected square-like 

geometry for Sq-6. Hydrogens have been omitted for clarity. Elaboration made with Avogadro. Colour 

code: H = grey, C = dark grey, O = red, N = dark blue, Ru = blue, Br = dark red, Cl = green. 

 

  

Figure 91. Ball and stick (left) and space-filling (right) representations of the possible pentagon-like 

geometry for Sq-6. Hydrogens have been omitted for clarity. Elaboration made with Avogadro. Colour 

code: H = grey, C = dark grey, O = red, N = dark blue, Ru = blue, Br = dark red, Cl = green. 

 



 Chapter 3 - Results & Discussion 

 

197 
 

  

Figure 92. Ball and stick (left) and space-filling (right) representations of the possible hexagon-like 

geometry for Sq-6. Hydrogens have been omitted for clarity. Elaboration made with Avogadro. Colour 

code: H = grey, C = dark grey, O = red, N = dark blue, Ru = blue, Br = dark red, Cl = green. 

 

In the next figure (Fig.93) the intensity signal decays, ln(I/I0) versus b (303K, 

CDCl3/CD3OD 95:5 v/v, 300 ms) of the metallacycle, for the methoxyl protons signal 

(the most intense, belonging to the main species) and for an “extra” resonance in the H-

2,6 pyridyl protons region at ca. 9.48 ppm, are shown. 

 

 

Figure 93. Plot of ln(I/I0) vs b for the major methoxyl protons resonance (triangles, red) and for the minor 

H-2,6 pyridyl protons resonance at ca. 9.48 ppm (circles, blue) with expressed trend line equations. 

 

The diffusion coefficients obtained from the slope of the lines of both systems under 

investigation match each other indicating that the different resonances belong to protons 
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of the same compound or at least to protons of different molecules with the same 

hydrodynamic volume. Thus as in the case of metallacycle Sq-5 obtained with a trans-

A2BC dipyridylporphyrin a mixture of metallacycles, differing in the relative orientation 

of the porphyrin with respect to the plane defined by the metal center, may be present. 

Also in this case the IR spectra of the metallacycle shows the typical carbonyl stretching 

(ν = 2064 and 1999 cm
-1

) thus confirming the presence and the geometry of the Ru(II) 

metal complex (Fig.94). 

 

Figure 94. IR spectra in KI pellet of UrEPhTegPhDPyP (blue) and Sq-6 (red). In the green circle the 

stretching bands of the CO groups bound to Ru(II) in cis geometry have been highlighted. 

 

Finally, the bathochromic shift of 5.0 nm (λmax UrEPhTegPhDPyP = 420 nm; λmax Sq-6 

= 425 nm) of the Soret band in the UV-Vis spectrum (Fig.95) and the quenched 

fluorescence emission (Fig.96) confirm the formation of the Ru(II)-py bond in the 

metallacycles. 
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Figure 95. UV-Vis spectra of UrEPhTegPhDPyP (blue) and Sq-6 (red) in CH2Cl2 at ca. 2×10-6 M 

concentration (calculated with respect to the porphyrin). The inset shows an enlargement  

of the Q bands region. 

 

 

Figure 96. Fluorescence emission of UrEPhTegPhDPyP (blue) and Sq-6 (red) in CH2Cl2 at ca. 2×10-6 

M concentration (calculated with respect to the porphyrin) exciting at 420 nm. 

 

3.7 Self-assembly of prisms through the paneling approach 

 As a consequence of the work made on the synthesis of self-assembled [4+4] 

molecular squares and the other metallacycles based on our dipyridylporphyrins, it was 

been decided to utilize the dipyridylporphyrin dimers synthesized to explore the 

possibility to obtain molecular prisms. The idea was to conduct the self-assembly 

between the dimers and several cis-coordinating metal complexes, in a 1:2 ratio 

respectively, in order to obtain [4+8] supramolecular adducts with an ideal geometry of 

a parallelepiped. In this way it is ideally possible to obtain preformed nanopores, that is 
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rigid structures with well-defined shape and cavity to apply as transmembrane 

nanopores.  

 

3.7.1 Self-assembly of dipyridylporphyrin dimers with Pd(II) 

 A first attempt to synthesize molecular prisms has been done utilizing Dimer-1. 

Because of its poor solubility in common organic solvents, it has 

been decided to use the [Pd(dppp)(OTf)2] complex (Fig.97) which 

should improve the solubility of the supramolecular adduct thanks 

to the out-of-plane phenyl ligands and to its cationic nature (+2 

charge). Moreover, the ancillary ligand dppp contains two 

phosphorous atoms, thus allowing the investigation of the reaction 

via 
31

P-NMR. The Pd(II) metal complex has been provided by the 

Prof. Iengo’s group. 

The reaction has been performed directly in the NMR tube 

dissolving Dimer-1 in CDCl3 and then adding the Pd complex in a 1:2 ratio, 

respectively. 
1
H-NMR spectra have been thus acquired at different temperatures and 

afterwards, adding small quantities of acetone-d6, also
 31

P-NMR spectra were recorded. 

In all cases it has been observed a very complex spectrum, suggesting the presence of 

several species, probably in dynamic equilibrium between each other. However, 

because the 
1
H spectrum registered at 55 °C showed that one of the signals 

corresponding to the inner NH protons (ca. ˗3.2 ppm, therefore upfield shifted with 

respect to Dimer-1) was notably increased at this temperature, it has been decided to 

reflux the mixture in CHCl3, to check if heating would have led to the formation of a 

cleaner product. After three hours a TLC analysis revealed that nothing changed, thus 

we tried to precipitate a possible product by carefully adding n-hexane over the 

chloroform solution of the mixture, thus leaving it to diffuse very slowly, in a 

crystallization tube. After weeks a precipitate was formed but NMR analysis showed 

again a complex mixture of products.  

It has been then tried again to perform the reaction under reflux in chloroform, paying 

particular attention to use a very precise stoichiometric amount of reagents. The mixture 

was stirred for six hours and, since nothing precipitated, the volume of the solvent was 

reduced to one half, Et2O was added to promote precipitation of a solid that has been 

subsequently filtered. The 
1
H-NMR spectra so acquired were very similar to the 

previous ones; therefore, it has been decided to try to push the reaction towards the 

Figure 97. [1,3-Bis 

(diphenylphosphino) 

propane] palladium 

(II) bistriflate. 
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thermodynamic product, which would hopefully be the prism we would like to obtain. 

In order to achieve this goal, 1,2-dichloroethane has been utilized as solvent, which 

ensures about 20°C higher boiling temperature with respect to chloroform. The reaction 

has been thus stirred under reflux for 48 hours. Again, the 
1
H-NMR spectra of the crude 

reaction mixture were very complex. 

 

3.7.2 Self-assembly of dipyridylporphyrin dimers with Re(I) 

 In order to avoid the problems related to the lability of the Pd-pyridine bond, it 

has been tried to obtain the desired prism using Re(CO)5Br, in the same way utilized for 

the previously discussed metallacycles (see Section 3.6.1).  

The first attempt to synthesize a self-assembled prism has been done utilizing Dimer-1 

and Re(CO)5Br in the same conditions as before mentioned, that is in a mixture of dry 

THF and toluene under reflux. After 24 hours the TLC analysis revealed that no more 

starting reagents were present and, since no more changes in the product distribution 

was observed, the reaction has been stopped at that time. The product, possessing an Rf 

value slightly higher than the one of the starting dimer, obtained after precipitation in 

chloroform and methanol was a dark solid that, despite the trials, resulted poorly soluble 

in the major part of organic solvents with the exception of pyridine and 

dimethylsulfoxide. The 
1
H-NMR spectra, acquired in pyridine-d5 at different 

temperatures, have been very challenging to interpret. Thanks to a 
1
H-DOSY 

experiment we have been able just to assert that only one species was present. However, 

because of the presence of resonances that can be attributed to protons belonging to 

uncoordinated pyridines, the product has been proposed to be more likely an open-

chained oligomer or at least a species in which some 

pyridyl moieties are not coordinated thus giving rise to 

a non-closed structure. Probably this happens because 

of the low solubility of intermediates and products, 

that as a consequence of their precipitation from the 

reaction mixture, hampers the instauration of a fast 

equilibrium that should have led to the 

thermodynamically favoured closed product. These 

results were not really unexpected, because they were 

anticipated in a work recently reported by Hupp (Fig.98).
115

 In fact they tried to obtain 

rhenium “double squares” starting from porphyrin dimers, in which the porphyrins were 

Figure 98. Schematic 

representation of the self-

assembly between 8 Re(I) 

complexes (blue circles) and 4 

porphyrin dimers reported by 

Hupp and co. (ref. 111). 
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covalently linked only by a short butadiynyl bond, but observing only slow conversion 

to “wrong” kinetic products. Computational and experimental studies revealed some 

issues regarding torsional angles along the metal-porphyrin-metal axis which make 

difficult the self-assembly of rhenium parallelepiped. Despite these aspects have been 

kept in consideration before deciding to try the assembly, our attempts to overcome 

these issues utilizing a longer and more rigidly linked porphyrin dimer, as Dimer-1, 

failed as well. 

 

3.7.3 Self-assembly of dipyridylporphyrin dimers with Ru(II) 

 The last attempt to obtain a stable octametallated double square with porphyrin 

dimers has been done utilizing the longest and most soluble dimer we synthesized, that 

is Dimer-3, and trans,cis,cis-[RuCl2(CO)2(DMSO-O)2]. Once again the same self-

assembly conditions as in the case of porphyrins (see Section 3.6.2) have been utilized. 

Thus the reaction has been conducted in chloroform at room temperature for three days. 

After 76 hours the TLC analysis revealed that no more starting reagents were present 

and, since no more changes in the product distribution was observed, the reaction was 

stopped. The product, possessing an Rf value slightly higher than the starting dimer, 

obtained after purification by column chromatography on silica gel, resulted more 

soluble than its homologous with Re(I). Unfortunately also in this case the 
1
H-NMR 

spectra acquired in different conditions have been very challenging to interpret because 

of broad and overlapped signals. Also in this case, the presence of resonances that could 

be assigned to protons belonging to uncoordinated pyridines, suggests that the self-

assembly of the [4+8] prism based on dipyridylporphyrin dimers failed. In light of these 

negative result it has been decided not to further investigate this system. 

 

3.8 Ionophoric activity studies  

 The synthesized metallacycles, dimers and the most representative 

dipyridylporphyrins have been tested for their ability to act as ion channels using 

liposome as model a biological membrane.  
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3.8.1 Liposomes preparation 

 The first step to obtain artificial liposomes consists in the formation of a dried 

lipid film (cake) which is prepared by careful evaporation under an argon flux of a 

chloroform solution of the phospholipids. This process is conducted in a round bottom 

flask quickly rotating it in order to ensure the less degree of aggregation of the lipids 

and the formation of a thin and expanded 

film. The cake is then dried under 

vacuum for three hours to remove all 

chloroform traces that could interfere 

with the liposomes formation. The cake is 

then swelled with the appropriate aqueous 

solution by rotating the flask in a 

thermostatic bath, usually at 40 °C, for 30 

minutes. This operation leads to the 

formation of a dispersion of multi-

lamellar vesicles (MLVs) which present 

an “onion-like” structure (Fig.99).
116

 

Unilamellar vesicles are obtained by 

subjecting the dispersion first to five freeze-thaw cycles and then to extrusion through 

polycarbonate membranes with controlled diameter pore. In the freeze-thaw process the 

lipid dispersion is frozen in liquid nitrogen (˗196°C) and immediately dipped in a 

thermostatic bath at 40°C to break the MLVs and facilitate the rearrangement in 

unilamellar vesicles. Large unilamellar vesicles (LUVs) are then obtained through 

several methods, in our case by extrusion of the lipid dispersion through a 

polycarbonate membrane, inserted in an appropriate equipment, under a nitrogen 

pressure (15 bar). In our experiments 100 nm diameter pore membranes have been 

utilized and the extrusion process has been repeated ten times to produce a 

homogeneous population of liposomes characterized by a medium diameter of 100 ± 33 

nm.
117,118

 The final liposomes obtained are thus spherical lipid bilayers that enclose a 

water (or the aqueous solution utilized for the swelling) pool that is separated from the 

bulk water (Fig.100). 

 

Figure 99. Liposomes preparation 

methods. In the centre of the figure are 

represented the MLVs obtained after 

the swelling of the cake (ref. 112). 
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Figure 100. Representation of a liposome and its section. 

 

3.8.2 Proton permeation assay 

 Proton permeation through the phospholipid double layer has been investigated 

using the hydrophilic pyrene derivative, 8-hydroxypyrene-1,3,6-trisulfonic acid 

trisodium salt (HPTS, pyranine), sensitive to pH changes (Fig.101).
119

 

 

 

Figure 101. HPTS structure. 

 

The fluorescence intensity (λem = 510 nm) of pyranine is strongly dependent upon the 

ionization degree of the 8-hydroxyl group (pKa = 7.2) and hence upon the pH of the 

medium. Moreover, the emission maximum for HPTS is about 510 nm in both the 

forms, but the excitation wavelength of the acidic form (403 nm) is significantly 

different from that of the conjugate base form (460 nm) thus the acid/base ratio is 

directly reflected in the emission intensity modulation produced by alternating 

excitation at the two wavelengths (Scheme 46). 

 

 

Scheme 46. Acid and basic forms of HPTS with their excitation wavelengths. Emission wavelength of 

both forms is 510 nm. 
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Stated in another way, the modulated emission signal reports the effective pH within the 

vesicle. The use of the ratio of emission intensities, rather than absolute emission 

intensity at a single wavelength, reduces batch-to-batch variability simply due to 

different scattering from different population distributions of the vesicles.
120

  

The data set consists in the emission intensities, recorded at 510 nm, modulated by 

alternating excitation at 403 nm and 460 nm on a 0.5+0.5 seconds cycle. The 

concentration of the conjugate base form of HPTS is related to the emission intensity at 

510 nm during the period when the dye is excited at 460 nm (E460) while the 

concentration of the protonated form is related to the emission intensity at 510 nm 

during the period when the dye is excited at 403 nm (E403). Fluorescence time course 

were normalized using the following equation, where the subscript 0, ∞ and t denote the 

emission ratio before the base pulse, after detergent lysis, and at an intermediate time, 

respectively (Eq.3). 

 

𝐹𝐼 =

(
𝐸403
𝐸460

)
𝑡
− (

𝐸403
𝐸460

)
0

(
𝐸403
𝐸460

)
∞
− (

𝐸403
𝐸460

)
0

× 100 (3) 

 

The correlation between fluorescence intensity and pH is linear from pH 7 to 8 thus 

allowing an easy correlation between emission intensity and pH in this pH-range.
121

 

Because of its polyanionic character, pyranine is very soluble in water solution, does not 

significantly bind to phospholipid vesicles and is unable to pass through the 

phospholipid bilayer. As a result, it is possible to prepare vesicles, using the method 

described above in presence of pyranine (typically 0.1 mM, 100 mM NaCl, buffer 

solution pH 7.0), and, after removal of the external probe (not enclosed in the vesicles) 

by gel filtration, pyranine remains entrapped within the internal aqueous compartment 

of liposomes.  

Ionophoric activity of a given molecule can be assayed evaluating its ability to promote 

the discharge of a pH gradient across the lipid bilayer. In a typical experiment a pH 

difference of 0.6 units (from 7.0 to 7.6) between the inner water pool and the bulk water 

is established by a rapid injection of a NaOH aqueous solution to the liposome 

suspension (pH shock) (Fig.102). 
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Figure 102. Addition of a NaOH solution to the bulk water raising the pH. 

 

Under such conditions the ionophoric activity is reflected by an increase in fluorescence 

intensity with time, due to the deprotonation of the hydroxyl group, because of 

basification of the inner water pool which may derive from H
+
 efflux or OH

–
 influx. In 

this type of experiment these two processes are kinetically equivalent and therefore it is 

not possible to distinguish between them.  

In absence of ionophores a small increase of fluorescence is observed, due to the 

unassisted slow permeation of protons through the double layer; the addition of 

ionophore speeds up the process in function of its concentration and intrinsic activity. 

At the end of the experiment, as a further control, the vesicles are lysed using Triton
®
 

X-100 to cause the leakage of pyranine and measure the maximum value of 

fluorescence intensity that can be reached (Fig.103). 

 

 

Figure 103. Kinetic trace of proton permeation in absence of ionophore. 

 

3.8.3 General procedure 

 A mixture of 150 μL of EYPC (egg yolk phosphatidylcholine) chloroform 

solution (100 mg/mL, 20 μmol) and 40 μL of EYPG (egg yolk phosphatidylglycerol) 

chloroform solution (20 mg/mL, 1 μmol) has been first evaporated with Ar-flux to form 
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a thin film and then dried under high vacuum for three hours. The lipid cake has been 

then hydrated in 1.5 mL of 0.1 mM HPTS solution (buffer HEPES [4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid] 25 mM, 100 mM NaCl, pH 7) for 30 

minutes at 40 °C. The lipid suspension has been submitted to five freeze-thaw cycles  

(-196 °C/40 °C) using liquid nitrogen and a thermostatic bath, and then extruded under 

nitrogen pressure (15 bar) at room temperature (10 extrusions through a 100 nm 

polycarbonate membrane). 

The LUVs suspension has been subsequently separated from extravesicular dye by size 

exclusion chromatography (SEC) (stationary phase: pre-packed column Sephadex™ G-

25, mobile phase: HEPES buffer) and diluted with HEPES buffer to give a stock 

solution with a lipid concentration of 5 mM (assuming 100% of lipids were 

incorporated into liposomes). An appropriate aliquot (depending on the LUVs batch 

prepared) of the lipid suspension has been placed in a fluorimetric cell, diluted to 3040 

μL with the same buffer solution used for the liposome preparation and kept under 

gently stirring. The total lipid concentration in the fluorimetric cell was 0.17 mM. An 

aliquot of solution of the ionophore (5-20 μL of the appropriate mother solution in order 

to obtain the desired molcompound/mollipid ratio) has been then added to the lipid 

suspension and the cell was incubated at 25 °C for 10 minutes. 

After incubation the time course of the fluorescence emission was recorded for 50 s 

(λex1 = 460 nm, λex2 = 403 nm, λem= 510 nm) and then 50 μL of 0.5 M NaOH have been 

rapidly added through an injector port and the fluorescence emission has been recorded 

for 300 s. Maximal changes in dye emission were obtained by final lysis of the 

liposomes with detergent (40 μL of 5% aqueous Triton
®
 X-100) recording fluorescence 

emission for further 50 s. 

 

3.8.4 Solvent control 

 Since most of the porphyrins are little soluble in DMSO or methanol, solvents 

that have been proved to do not affect membranes permeability the mother solutions of 

the ionophores were prepared in a CHCl3/MeOH 1:3 v/v mixture. We therefore first 

checked the effect of this solvent mixture on the liposome membrane permeability. To 

this purpose 5-20 μL of this solvent mixture, which are the typical quantities used to 

obtain a molcompound/mollipid ratio ranging from 0.5% to 2.0%, have been added in the 

fluorimetric cell containing the 3040 μL lipid solution. The next figure reports the 
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kinetic traces obtained in the presence of only liposomes solution (blank) and with 

increasing amount of added CHCl3/MeOH mixture (Solv) (Fig.104). 

 

 

Figure 104. Kinetic traces of the H+ transport in the presence of CHCl3/MeOH 1:3 v/v. 

 

How it can be noted from the kinetic traces in the figure above, the solvent mixture 

showed only moderate interference in the membranes permeability only when the 

volume added is higher than 10 μL. 

 

3.8.5 Porphyrins 

 The first porphyrin tested for the ionophoric activity has been DiTegPhDPyP 

(0.52 mM in CHCl3/MeOH 1:3 v/v). In the next figure have been reported the kinetic 

profiles of the porphyrin utilized at 0.5%, 1%, 1.5% and 2% concentration 

(molcompound/mollipid ratio) (Fig.105). 
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Figure 105. Kinetic traces of the H+ transport of DiTegPhDPyP at different concentrations. 

 

Even if the porphyrin has shown an activity dependence on its concentration, this is 

only moderate and observed when the porphyrin has been utilized at 2%, a 

concentration than is normally considered high for this type of assays. This result has 

been somewhat expected since the porphyrin is not able to span itself the liposomes 

membrane and, probably, the activity observed is due to the polyether chains that create 

some defects in the phospholipid bilayer which increase membrane permeability. 

The next porphyrins tested have been the trans-A2BC DapEPhTegPhDPyP (0.52 mM 

in CHCl3/MeOH 1:3 v/v) and UrEPhTegPhDPyP (0.52 mM in CHCl3/MeOH 1:3 v/v). 

The porphyrins have been tested each one at 1% concentration and in combination 

1%+1% (Fig.106). 

 

 

Figure 106. Kinetic traces of the H+ transport of UrEPhTegPhDPyP (UrTeg in the graphic) and 

DapEPhTegPhDPyP (DapTeg in the graphic) at 1% and in combination 1%+1%. 
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Also in this case, even if these porphyrins are potentially able to span the membrane 

upon the formation of a dimeric H-bonded species, a very low ionophoric activity has 

been observed. 

Subsequently their trans-A2B2 derivatives, DiUrEPhDPyP and DiDapEPhDPyP, have 

been tested (0.52 mM in CHCl3/MeOH 1:3 v/v) at 1% and 2% concentration (Fig.107-

108). 

 

 

Figure 107. Kinetic traces of the H+ transport of DiUrEPhDPyP (DiUr in the graphic) at different 

concentrations. 

 

 

Figure 108. Kinetic traces of the H+ transport of DiDapEPhDPyP (DiDap in the graphic) at different 

concentrations. 

 

Once again only a moderate activity have been observed at the highest concentration 

tested.  
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The four porphyrins bearing the D/A hydrogen bonding groups have been also tested in 

combination, mixing the complementary H-bonding A2B2+ A2B2 in 1:1 ratio (1%+1%) 

and the A2B2+A2BC in 1:2 ratio (0.5%+1%) (Fig.109). 

 

 

Figure 109. Kinetic traces of the H+ transport of the mixture of complementary dipyridylporphyrins. 

 

From the figure above it can be noted that the different combination of the porphyrins 

bearing complementary H-bonding moieties give rise to kinetic profiles that are 

different with each other. However, these differences are small and the observed 

activities are low in absolute terms making difficult a rationalization of the observed 

behaviour. We tried also to raise the concentration of the combined species and to add 

the combination between A2B2 and A2BC porphyrins bearing the same functionalizing 

moiety, but the scenario did not change too much (Fig. 110). 
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Figure 110. Kinetic traces of the H+ transport of the newly mixture of dipyridylporphyrins. 

 

3.8.6 Molecular squares and metallacycles 

 The last molecules tested in the proton transport across liposome membranes 

have been the self-assembled molecular squares and metallacycles synthesized. The 

molecular squares have a size of about 2 nm and therefore, as their parent porphyrins, 

are not long enough to completely span the membrane by themselves. However, since 

they present a preformed cavity and in presence of hydrogen bonding groups two of 

these boxes may align in the membrane, thus forming a channel active in the ion 

transport.. 

The first of the series has been Sq-1 (0.52 mM in CHCl3/MeOH 1:3 v/v). In the next 

figure have been reported the kinetic profiles of the square at 0.5%, 1%, 1.5% and 2% 

concentration (molcompound/mollipid ratio) (Fig.111). 

 

 

 

Figure 111. Kinetic traces of the H+ transport of Sq-1 at different concentrations. 
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Just like in the case of its parent porphyrin, the system under investigation is too short to 

completely span the lipid bilayer and more or less the same dependence of the activity 

on the concentration has been observed once again. Since there is not a substantially 

difference in the behaviour of the metallacycles as compared to DiTegPhDPyP, it can 

be concluded that the activity observed could derive also in this case from the defects 

created in the membranes by the pendant polyether chains. 

The subsequent metallacycles investigated in their H
+
 transport activity have been Sq-5 

and Sq-6 (0.52 mM in DMSO), that is the ones bearing hydrogen bonding functional 

groups. First they have been tested singularly at 1% and 2% concentration (Fig. 112-

113). 

 

 

Figure 112. Kinetic traces of the H+ transport of Sq-5 at different concentrations. 

 

  

Figure 113. Kinetic traces of the H+ transport of Sq-6 at different concentrations. 
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constant association for the H-bonds between the uracil moieties present in Sq-6 is 

known to be low. We then tested the metallacycles in combination between them, at 

0.5% + 0.5% and 1% + 1% concentrations, in order to favour the metallacycles 

dimerization in the membrane through complementary H-bonds. A further combination 

between the metallacycles and the A2B2 dipyridylporphyrins bearing their 

complementary H-bonds has been tested. Thus Sq-5 has been combined with 

DiUrEPhDPyP, while Sq-6 has been combined with DiDapEPhDpyP, at 

concentrations of 1% + 1% in both cases. The kinetic profiles of the H
+
 transport have 

been reported in the figure below (Fig.114-115). 

 

 

Figure 114. Kinetic traces of the H+ transport of Sq-5 + Sq-6 at different concentrations. 

 

 

Figure 115. Kinetic traces of the H+ transport of Sq-5 + DiUrEPhDPyP and Sq-6 + DiDapEPhDPyP 

 at different concentrations. 
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These negative results have been particularly surprising because we expected that these 

species with a pre-organized cavity and potentially able to dimerize through 

complementary H-bonds, would have shown at least a minimum of ionophoric activity 

inserting in the phospholipid bilayers and behaving as ionic channels. The activity 

observed is even less than that of their parent porphyrins and this issue deserve to be 

thoroughly investigated by carefully design the experiments. Because of a lack of time 

these experiments have been further delayed in the period after this thesis work.  
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4 Conclusions 

 During my Ph.D. Thesis work it has been developed a versatile and 

straightforward synthetic strategy to easily synthesize a library of amphiphilic trans-

A2B2 and trans-A2BC dipyridylporphyrins directly from 5-(4-pyridyl)dipyrromethane, 

most of them are new compounds. The library members have been functionalized 

through different metal-catalysed coupling reactions to reach amphiphilic and dimeric 

derivatives, in some cases with very good and satisfying yields. Since the derivatization 

reactions have been performed on the free-base porphyrins it has been necessary to 

carefully optimize the conditions of the metal-catalysed reactions in order to avoid the 

insertion of the catalyst, or of the co-catalyst, in the porphyrin macrocycle. The 

functionalities that have been chosen to be inserted into the dipyridylporphyrins scaffold 

are hydrogen-bonding complementary donor/acceptor moieties, like uracil and 

diacylaminopyridine, and an amphiphilic polyether chain. The target amphiphilic 

dipyridylporphyrins have been thus utilized in self-assembly reactions exploiting the 

pyridyl groups present, through the metal-mediated self-assembly approach, with cis-

coordinating metal complexes, like Re(CO)5Br and trans,cis,cis-[RuCl2(CO)2(DMSO-

O)2]. In this way, several molecular squares together with other kind of metallacyclic 

species have been prepared. At the best of our knowledge, this is the first time that the 

Ru(II) complex have been employed, for the self-assembly with trans-

dipyridylporphyrins. The porphyrins, the dimers and the supramolecules formed have 

been mainly characterized by means of NMR spectroscopy, in particular through 
1
H, 

13
C, 

1
H-

1
H COSY, 

1
H-

13
C HSQC, 

1
H-DOSY. The latter technique, being more and 

more important and utilized in supramolecular chemistry either in the characterization 

either in the sample purity proof of the compounds, has been in fact thoroughly utilized 

both to confirm the dimensions in solution of all the molecules synthesized and to give 

an evidence of their purity. This last feature has been one of the more challenging 

because the sample purity was not so evident just analysing the 
1
H-NMR spectra 

acquired due to the possible presence of isomers and conformers. In absence of X-ray 

structures and MS spectrometric data PFG-NMR has been a powerful, helpful and 

straightforward way to rationalize the high complexity of the resonating signals pattern 

in these spectra and to confirm the higher molecular dimensions reached as relative to 

the parent porphyrins.  
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Confirmation of the pyridyl-metal bond formation with the right configuration has come 

also from IR, UV-Vis and fluorescence emission spectra acquired both for the 

porphyrins and for the supramolecular metallacycles. 

Thus have been synthesized new [4+4] molecular squares, or in some cases 

metallacyclic species possessing different nuclearity, having trans-A2B2 and trans-

A2BC dipyridylporphyrins, as linear ligand, and Re(I) and Ru(II) as metal corners. Even 

if it has not been possible in all the cases to unambiguously assign a nuclearity since 

molecular geometry with nuclearity [3+3] and [4+4] fit with the same spherical 

approximation, it has been possible to conclude that the supramolecules formed have all 

cyclic and symmetric structures, preserving the symmetry of their parent porphyrins. 

Moreover, the supramolecules isolated have been demonstrated to not be open-chained 

or polymeric or concatenated structures.  

The most representative porphyrins, together with the supramolecular metallacycles 

have been tested as transmembrane ion channels utilizing liposomes as model of 

biological membranes. Preliminary studies on the H
+
 transport assays have not shown 

any interesting activity of this compounds, even if the functionalities present should 

have allowed the insertion in the liposomes membranes and the formation of hydrogen-

bonded species able to completely span the phospholipid bilayers. This disappointingly 

result is probably related to a wrong geometry of insertion of the metallacycle in the 

membrane and further modification of the porphyrin core as well as a deeper 

investigation of the prepared compounds are under way to overcome the problems 

observed. Moreover, we have started an investigation on the self-assembly on surface of 

the different porphyrins. Indeed, the porphyrins bearing hydrogen bonding groups 

presents two different points of possible interaction, which are the pyridines, via metal 

ion coordination, and the hydrogen bonding moieties. We think that these molecules 

capable of multi-points interaction may led to interesting organized 2D-structures.  
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5 Experimental Section 
 
5.1 Materials and general methods  

 All commercially available reagents were purchased from Aldrich, Fluka and 

Strem Chemicals and used without purification unless otherwise mentioned.  Solvents 

were purchased from Aldrich, VWR, Fluka and Riedel, and deuterated solvents from 

Cambridge Isotope Laboratories and Aldrich. Analytical thin layer chromatography 

(TLC) was carried out on Merck aluminium backed silica gel plates (thickness 0.25 

mm) or on Fluka PET backed aluminum oxide plates (thickness 0.2 mm) and 

visualized when required using UV light (254 nm or 366 nm) and I2 or KMnO4. Flash 

column chromatography (FCC) was carried out on Merck silica gel 60 (230-400 Mesh) 

or on Merck aluminium oxide 90 standardized. Where mixtures of solvents were used, 

the ratios reported are by volume. [ReBr(CO)5], [Pd(dppp)(OTf)2], 

[Cl2Re(CO)2(DMSO)2], were furnished by Prof. Elisabetta Iengo. 1-Hexyl-6-

iodouracil and 2,6-diacetylamino-4-ethynylpyridine were furnished by Prof. Davide 

Bonifazi. 

  

5.1.1 Nuclear Magnetic Resonance  

 NMR spectra were recorded on a Varian 500 MHz spectrometer (operating at 

500 MHz for proton and at 125 MHz for carbon), Jeol GX-400 MHz spectrometer 

(operating at 400 MHz for proton and at 100 MHz for carbon) or a Jeol GX-270 MHz 

spectrometer (operating at 270 MHz for proton and at 67.5 MHz for carbon). Chemical 

shifts are reported as parts per million (ppm) relative to the solvent residual signal as 

internal reference [CDCl3: δ(
1
H) = 7.27, δ(

13
C) = 77.36; CD3OD: δ(

1
H) = 3.31, δ(

13
C) 

= 49.00; CD2Cl2: δ(
1
H) = 5.32, δ(

13
C) = 54.00; CD3COCD3: δ(

1
H) = 2.05, δ(

13
C) = 

29.48; pyridine-d
5
 (C5D5N): δ(

1
H) = 8.74, δ(

13
C) = 150.30; CD3CN: δ(

1
H) = 1.94, 

δ(
13

C) = 1.39].  

Coupling constants (J) are quoted in Hertz (Hz). The s, d, t, q, quint, sex, sept, m, ov 

and br signal notations indicate respectively: singlet, doublet, triplet, quartet, quintet, 

sextet, septet, multiplet, overlapped and broad. 
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5.1.2 Mass spectrometry  

 Electrospray Ionization (ESI) measurements were performed on a Perkin 

Elmer APII at 5600 eV by Dr. Fabio Hollan. Only molecular ions and major peaks are 

reported. 

 

5.1.3 Spectroscopy  

 IR spectra were recorded on a Perkin Elmer System 2000 NIR 

spectrophotometer with the KBr or KI pellet technique and only major peaks are 

reported. UV-Vis spectra were recorded on a Perkin Elmer Lambda 35 

spectrophotometer. Fluorescence emission spectra were recorded on a Varian Cary 

Eclypse spectrofluorometer. 

 

5.1.4 Acronyms 

AcOEt = ethyl acetate; DCM = dichloromethane; PE = petroleum ether; Py = pyridine; 

TBAF = tetra-n-butylammonium fluoride; THF = tetrahydrofurane; n-Hx = n-hexane; 

DMF = dimethylformamide; TEA = triethylamine; TFA = trifluoroacetic acid; DDQ = 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone; DIAD = diisopropylazodicarboxylate; 

dppp = 1,3-bis-(diphenylphosphino)propane; TMEDA = tetramethylethylendiamine; 

TMSA = trimetylsilylacetylene; dba = tris-dibenzylideneacetone; tol = tolyl; MS = 

molecular sieves; μWave = microwave; TLC = thin layer chromatography; FCC = 

flash column chromatography; CC = column chromatography; EYPC = egg yolk 

phosphatidylcholine; EYPG = egg yolk phosphatidylglycerol; HPTS = 8-

hydroxypyrene-1,3,6-trisulfonic acid trisodium salt; HEPES = 4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid; LUVs = large unilamellar vesicles. 
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5.2 Experimental procedures 

 

5.2.1 Aldehydes, benzoates, dipyrromethanes and porphyrins 

 

Dipyrromethane (DPM)
1
 

 

 

A mixture of paraformaldehyde (0.432 g, MW = 30.0, 14.4 mmol) and pyrrole (100 mL, 

MW = 67.09, d = 0.967 g/mL, 1.44 mol) was degassed with a stream of argon for 10 

min at room temperature. The mixture was stirred at 55 °C until a clear solution was 

obtained. Then MgBr2 (265 mg, MW = 184.3, 1.44 mmol) was added and the mixture 

was kept under stirring for 2.5 h. The heat source was removed, and NaOH (1.73 g, 

MW = 39.997, 43.2 mmol) was added. The mixture was stirred for 1 h and then filtered. 

The filtrate was concentrated, and the pyrrole was recovered. Purification by CC on 

aluminium oxide (CHCl3/MeOH 99:1 v/v) afforded 1.57 g of a white solid. Yield 

76.4%. 

Rf 0.64 (Al2O3, CHCl3/MeOH 98:2 v/v). 

1
H-NMR (270 MHz, CDCl3): δ = 7.60 (br, 2H, NH), 6.76 (m, 2H, H-1,9), 6.47 (dd, J = 

5.5, 5.0 Hz, 2H, H-2,8), 6.32 (m, 2H, H-3,7), 4.05 (s, 2H, H-5). 

13
C-NMR (67.5 MHz, CDCl3): δ = 129.3 (C-4,6), 117.6 (C-1,9), 108.2 (C-2,8), 106.6 

(C-3,7), 25.9 (C-5). 

ESI-MS (m/z): For C9H10N2 calculated 146.084; found 145.0 [M+H]
+
. 

 

5-(4-Pyridyl)dipyrromethane (DPM-Py)
2
 

 

4-pyridinecarboxaldehyde (1.90 mL, MW = 107.11, d = 1.137 g/mL, 20.2 mmol) was 

added to pyrrole (20 mL, MW = 67.09, d = 0.967 g/mL, 0.29 mmol). The mixture was 

stirred for 15 hours at 85°C under Ar. The filtrate was concentrated under vacuum and 
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the pyrrole was recovered. The residue was purified by a CC on aluminium oxide 

(CHCl3/MeOH from 100:0 to 98:2 v/v). Precipitation from DCM/AcOEt afforded 2.98 

g of a brown solid. Yield: 66.0%.  

Rf 0.25 (Al2O3, CHCl3).  

1
H-NMR (500 MHz, CDCl3): δ = 8.55 (d, J = 6 Hz, 2H, H-2,6 Py), 7.97 (br, 2H, NH), 

7.14 (d, J = 6 Hz, 2H, H-3,5 Py), 6.74 (dd, J = 2.5, 1.5 Hz, 2H, H-1,9), 6.18 (dd, J = 3.0, 

3.0 Hz, 2H, H-2,8), 5.90 (m, 2H, H-3,7), 5.57 (s, 1H, H-5).  

13
C-NMR (67.5 MHz, CD3OD): δ = 156.7 (C-4 Py), 150.7 (C-2,6 Py), 133.4 (C-4,6), 

126.5 (C-3,5 Py), 119.5 (C-1,9), 109.3 (C-3,7), 109.0 (C-2,8), 45.6 (C-5).  

ESI-MS (m/z): For C14H13N3 calculated 223.11; found 224.5 [M+H]
+
.  

 

5,15-Bis-(4-pyridyl)porphyrin (DPyP)
3,4

  

 

A)  

DPM (500 mg, MW = 146.19, 3.42 mmol) was dissolved in anhydrous DCM (300 mL) 

and 4-pyridinecarboxyaldehyde (366 mg, MW = 107.11, d = 1.137 g/mL, 3.42 mmol) 

was added. The solution was degassed with Ar flux for 15 min. Then TFA (780 mg, 

MW = 114.02, d = 1.480 g/mL, 6.84 mmol) was added dropwise and the reaction 

mixture was stirred at room temperature for 4h. The solution turned its color from 

colorless to dark yellow and then to dark red. DDQ (1.16 g, MW = 227.0, 5.13 mmol) 

was then added, leaving the air oxygen enter in the reaction flask and the mixture stirred 

for 1 hour. Et3N (692 mg, MW = 101.19, d = 0.730 g/mL, 6.84 mmol) was added. After 

30 min the reaction mixture was filtered and the solved removed under vacuum.  

Purification by CC (silica gel, CHCl3/MeOH from 95:5 to 9:1 v/v) afforded 39.0 mg of 

a pale purple solid. Yield 2.5%. 

 

B)  

DPM-Py (226.5 mg, MW = 223.27, 1.0 mmol) was dissolved in anhydrous DCM (290 

mL) under Ar atmosphere, the solution was cooled to 0 °C with an ice bath and 

trimethylorthoformate (8.06 g, MW = 106.12, d = 0.970 g/mL, 76.0 mmol) was added. 
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Then TFA (4.90 g, MW = 114.02, d = 1.480 g/mL, 43.0 mmol) was added dropwise to 

the reaction mixture and left under stirring for 4 hours. The mixture temperature was 

allowed to raise to room temperature and DDQ (908 mg, MW = 227.0, 4.0 mmol) was 

then added, leaving the air oxygen enter in the reaction flask and the mixture stirred 

overnight. The reaction mixture was directly washed with saturated NaHCO3 (aq) and 

water, the organic phase was dried over anhydrous Na2SO4 and the solvent removed 

under vacuum. Purification by CC (silica gel, CHCl3/MeOH from 100:0 to 95:5 v/v) 

afforded 52.8 mg of a pale purple solid. Yield 22.0%.  

Rf 0.50 (SiO2, CHCl3/MeOH 95:5 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 10.41 (s, 2H, H-10,20), 9.48 (d, J = 5.0 Hz, 4H, H-2,6 

Py), 9.11 (d, J = 5.5 Hz, 4H, H-β Pyrr), 9.08 (d, J = 4.5 Hz, 4H, H-3,5 Py),  8.25 (d, J = 

5.5 Hz, 4H, H-β Pyrr), -3.18 (br, 2H, NH). 

ESI-MS (m/z): For C30H20N6 calculated 464.175; found 465.2 [M+H]
+
, 487.2 [M+Na]

+
. 

 

4-[2-[2-(2-Methoxyethoxy)ethoxy]ethoxy]benzaldehyde (TegPhCHO) 

 

PPh3 (5.5 g, MW = 262.29, 21.0 mmol) was dissolved in 70 mL of anhydrous THF 

under Ar atmosphere and the solution was cooled with an ice bath to 0 °C. DIAD (2.0 

mL, MW = 202.21 d = 1.420 g/mL, 14.0 mmol) was then added dropwise. The solution 

became pale yellow and a fine white precipitate was formed (complex a in the Scheme 

12, Ch.3). Successively a solution of triethylenglycolmonomethylether (THF solution, 

2.20 mL, MW = 164.2, d = 1.048 g/mL, 14.0 mmol) and of p-hydroxybenzaldehyde 

(1.71 g, MW = 122.12, 14.0 mmol) in anhydrous THF was added dropwise to the 

previously formed mixture PPh3/DIAD. The reaction mixture was stirred under inert 

atmosphere for 4 hours at room temperature. The solvent was removed under vacuum 

and the mixture was purified by FCC (AcOEt/n-Hx from 2:3 to 1:1 v/v) giving 2.24 g of 

a pale yellow oil. Yield 60.0%.  

Rf 0.26 (SiO2, AcOEt/n-Hx 3:2 v/v).  

1
H-NMR (500 MHz, CD3OD): δ = 9.82 (s, 1H, CHO), 7.83 (d, J = 9.0 Hz, 2H, α-

PheTeg), 7.07 (d, J = 8.5 Hz 2H, β-PheTeg), 4.20 (m, 2H, PhOCH2CH2O), 3.84 (m, 2H, 

OCH2CH2O), 3.68 (m, 2H, OCH2CH2O), 3.61-3.59 (os, 4H, OCH2CH2O), 3.50 (m, 2H, 

OCH2CH2OCH3), 3.32 (s, 3H, OCH3). 
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13
C-NMR (125 MHz, CD3OD): δ = 191.3 (CHO), 164.1 (C-1 Ph), 131.7 (C-2,6 Ph), 

130.0 (C-3,5 Ph), 114.7 (C-4 Ph), 71.5 (C-2 Teg), 70.4 (C-3 Teg), 70.2 (C-4 Teg), 70.0 

(C-5 Teg), 69.2 (C-6 Teg), 67.7 (C-7 Teg), 57.7 (C-1 Teg).  

ESI-MS (m/z): For C14H20O5 calculated 268.131; found 269.5 [M+H]
+
, 291.5 [M+Na]

+
.  

 

5,15-Bis-(4-pyridyl)-10,20-bis-(4-bromophenyl)porphyrin (DiBrPhDPyP) 

 

DPM-Py (206 mg, MW = 223.27, 0.92 mmol) was dissolved in anhydrous DCM (120 

mL) under Ar atmosphere, then p-bromobenzaldehyde (171 mg, MW = 185.02, 0.92 

mmol) was added. The solution was cooled, with an ice bath to 0 °C, and covered as a 

whole with aluminium foils to avoid the light to penetrate the reaction mixture. Then 

TFA (2.94 mL, MW = 114.02, d = 1.535 g/mL, 39.6 mmol) was added dropwise and the 

solution was kept under stirring for 2 hours. DDQ (420 mg, MW = 227.0, 1.84 mmol) 

was then added, the reaction mixture was allowed to reach r.t. and kept under stirring 

for 2 hours. At this point no more inert atmosphere is needed. The reaction mixture was 

directly washed with saturated NaHCO3 (aq) and water, the organic phase was dried over 

anhydrous Na2SO4 and the solvent removed under vacuum. Purification by CC (silica 

gel, CHCl3) and crystallization from CHCl3/MeOH afforded 56.5 mg of a dark purple 

solid. Yield 15.9%.  

Rf 0.64 (SiO2, CHCl3/MeOH 95:5 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.06 (d, J = 4.5 Hz, 4H, H-2,6 Py), 8.89 (d, J = 4.5 

Hz, 4H, H-β Pyrr), 8.84 (d, J = 4.5 Hz, 4H, H-β Pyrr), 8.16 (dd, J = 5.5 Hz, 4H, H-3,5 

Py), 8.07 (d, J = 8.5 Hz, 4H, H-2,6 PhBr), 7.91 (d, J = 8.5 Hz, 4H, H-3,5 PhBr), -2.87 

(br, 2H, NH). 
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13
C-NMR (125 MHz, CDCl3): Selected signals δ = 150.0 (C-1 Ph), 148.4 (C-2,6 Py), 

140.5 (C-4 Ph), 135.8 (C-2,6 Ph), 130.1 (C-3,5 Ph), 129.3 (C-3,5 Py), 122.8 (C-4 Py), 

119.4, 117.4. 

1
H DOSY-NMR (500 MHz, CDCl3): D = 8.04x10

-6
 (± 1.31x10

-8
) cm

2
 s

-1 
(298 K).  

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 417 (100), 514 (5.2), 

547 (2.1), 591 (1.6), 652 (2.8). 

Fluorescence Emission (λem (nm)) λex 420 nm: 657, 718. 

IR (cm
-1

): 3459, 2926, 2852, 1631, 1577, 1473, 1400, 1386, 1350, 1072, 1010, 969, 

806, 799, 716. 

ESI-MS (m/z): For C42H26Br2N6 calculated 772.06; found 775.2 [M+H]
+
. 

 

5,15-Bis-(4-pyridyl)-10,20-bis-(4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]phenyl) 

porphyrin (DiTegPhDPyP) 

 

TegPhCHO (329 mg, MW = 268.306, 1.22 mmol) was dissolved in anhydrous DCM 

(150 mL) and the solution was cooled, with an ice bath, to 0 °C. TFA (6.0 mL, MW = 

114.02, d = 1.535 g/mL, 81.0 mmol) was then added dropwise. Finally DPM-Py (273 

mg, MW = 223.27, 1.22 mmol) was added and the reaction mixture was stirred under 

Ar, in the dark, for 1 hour. DDQ (1.18 g, MW = 227.0, 5.2 mmol) was then added, the 

reaction mixture was allowed to reach room temperature and kept under stirring for 2 

hours. At this point no more inert atmosphere is needed. The reaction mixture was 

directly washed with saturated NaHCO3 (aq) and water, the organic phase was dried over 

anhydrous Na2SO4 and the solvent removed under vacuum. Purification by CC (silica 

gel, CHCl3/MeOH 99:1 v/v) and crystallization from CHCl3/MeOH afforded 111 mg of 

a dark purple solid. Yield 19.7%.  

Rf 0.46 (SiO2, CHCl3/MeOH 95:5 v/v).  
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1
H-NMR (500 MHz, CDCl3): δ = 9.04 (dd, J = 6.0, 1.5 Hz, 4H, H-2,6 Py), 8.92 (d, J = 

4.5 Hz, 4H, H-β Pyrr), 8.80 (d, J = 5.0 Hz, 4H, H-β Pyrr), 8.17 (dd, J = 6.0, 2.0 Hz, 4H, 

H-3,5 Py), 8.1 (d, J = 8.5 Hz, 4H, H-2,6 PhTeg), 7.32 (d, J = 8.5 Hz, 4H, H-3,5 PhTeg), 

4.44 (m, 4H, PhOCH2CH2O), 4.07 (m, 4H, OCH2CH2O), 3.89 (m, 4H, OCH2CH2O), 

3.80 (m, 4H, OCH2CH2O), 3.75 (m, 4H, OCH2CH2O), 3.62 (m, 4H, OCH2CH2OCH3), 

3.42 (s, 6H, OCH3), -2.83 (br, 2H, NH). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 159.0 (C-1 PhTeg), 150.4 (C-2,6 

PhTeg), 148.4 (C-2,6 Py), 135.7, 134.3 (C-4 PhTeg), 129.5 (C-3,5 Py), 126.6 (C-4 Py), 

122.4, 120.8, 120.3, 117.0, 113.1 (C-3,5 PhTeg), 111.7, 72.1 (C-2 Teg), 71.1 (C-3 Teg), 

70.9 (C-4 Teg), 70.8 (C-5 Teg), 70.0 (C-6 Teg), 67.9 (C-7 Teg), 59.2 (C-1 Teg). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 6.35x10

-6
 (± 1.03x10

-8
) cm

2
 s

-1 
(298 K).  

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 419 (100), 516 (5.2), 

550 (3.0), 592 (1.9), 651 (2.7). 

Fluorescence Emission (λem (nm)) λex 426 nm: 655, 719. 

IR (cm
-1

): 3078, 2922, 2860, 1637, 1593, 1449, 1404, 1384, 1351, 1286, 1246, 1175, 

1108, 967, 788, 737. 

ESI-MS (m/z): For C56H56N6O8 calculated 940.416; found 941.6 [M+H]
+
, 963.5 

[M+Na]
+
. 

 

Zn-5,15-Bis-(4-pyridyl)-10,20-bis-(4-[2-[2-(2methoxyethoxy)ethoxy]ethoxy]phenyl) 

porphyrinato (Zn-DiTegPhDPyP) 

 

DiTegPhDPyP (65 mg, MW = 941.08, 0.070 mmol) was dissolved in chloroform (13 

mL). Then a methanol solution (1.7 mL) of Zn(Oac)2·2H2O (53.8 mg, MW = 219.51, 

0.245 mmol) was added and the mixture was kept aunder stirring in the dark, at room 

temperature, for 20 hours. The solvent was then removed under reduced pressure and 
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the crude solid was purified by column chromatography (silica gel, CHCl3/EtOH from 

100:0 to 95:5 v/v) affording 52.1 mg of a dark purple/green solid. Yield 74.3%. 

Rf 0.35 (SiO2, CHCl3/EtOH 95:5 v/v). 

1
H-NMR (500 MHz, C5D5N): δ = 9.30 (d, J = 5.0 Hz, 4H, H-β Pyrr), 9.18 (dd, J = 6.0, 

2.5 Hz, 4H, H-2,6 Py), 9.14 (d, J = 4.5 Hz, 4H, H-β Pyrr), 8.34-8.31 (ov, 8H, H-3,5 Py 

H-2,6 PhTeg), 7.47 (d, J = 9.0 Hz, H-3,6 PhTeg), 4.47 (m, 4H, PhOCH2CH2O), 4.07 

(m, 4H, OCH2CH2O), 3.87 (m, 4H, OCH2CH2O), 3.80 (m, 4H, OCH2CH2O), 3.74 (m, 

4H, OCH2CH2O), 3.60 (m, 4H, OCH2CH2OCH3), 3.32 (s, 6H, OCH3). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 158.8 (C-1 PhTeg), 152.0, 150.9 (C-

2,6 PhTeg), 148.6 (C-2,6 Py), 144.4, 135.7 (C-4 PhTeg), 132.7, 130.7, 129.1 (C-3,5 Py), 

121.5, 116.5, 112.9 (C-3,5 PhTeg), 72.3 (C-2 Teg), 71.3 (C-3 Teg), 71.1 (C-4 Teg), 

71.0 (C-5 Teg), 70.3 (C-6 Teg), 68.0 (C-7 Teg), 59.4 (C-1 Teg). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 422 (100), 551 (4.3), 

603 (1.2). 

ESI-MS (m/z): For C56H54N6O8Zn calculated 1002.329; found 1003.4 [M+H]
+
, 1025.3 

[M+Na]
+
. 

 

5,15-Bis-(4-pyridyl)-10,20-bis-[4-(2-ethynyltrimethylsilyl)phenyl]porphyrin 

(DiETMSPhDPyP) 

 

DiBrPhDPyP (63 mg, MW = 774.5, 0.08 mmol) was dissolved, under Ar, in a two 

necks round bottom flask in 10 mL of toluene/Et3N (2:3 v/v). Three cycles 

freeze/pump/thaw were performed to remove all the oxygen present. 

Bis(triphenylphosphine)palladium(II) dichloride (28 mg, MW = 701.9, 0.04 mmol) and 

triphenylphosphine (21.5 mg, MW = 262.29, 0.008 mmol) were added to the solution 

and the three cycles freeze/thaw/pump were repeated. Finally trimethylsilylacetylene 
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(1.0 mL, MW = 98.22, d = 0.690 g/mL, 7.0 mmol) was added, the reaction mixture was 

heated to reflux and stirred for 23 hours. The solvent was removed under vacuum and 

the crude mixture was filtered through a Celite
®
 521 pad, washing with CHCl3. 

Purification by CC (silica gel, petroleum ether/CHCl3 from 1:1 to 0:100 v/v) and 

crystallization from CHCl3/MeOH afforded 30.0 mg of a bright purple solid. Yield 

50.0%. 

Rf 0.57 (SiO2 CHCl3/MeOH 97:3 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.06 (dd, J = 5.5, 1.0 Hz, 4H, H-2,6 Py), 8.88 (d, J = 

4.5 Hz, 4H, H-β Pyrr), 8.83 (d, J = 5.0 Hz, 4H, H-β Pyrr), 8.16 (os, 8H, H-3,5 Py H-2,6 

Ph), 7.89 (d, J = 3.0 Hz, 4H, H-3,5 Ph), 0.39 (s, 9H, CH3), -2.86 (br, 2H, NH). 

ESI-MS (m/z): For C52H44N6Si2 calculated 808.3; found 809.4 [M+H]
+
. 

 

5,15-Bis-(4-pyridyl)-10,20-bis-(4-ethynylphenyl)porphyrin (DiEPhDPyP) 

 

DiETMSPhDPyP (26 mg, MW = 809.12, 0.032 mmol) was dissolved in anhydrous 

DCM (5 mL) under Ar. Tetrabutylammonium bromide 1.0 M in THF solution (100 μL, 

MW = 261.47, d = 0.903 g/mL, 0.1 mmol) was then added and the solution was stirred, 

at room temperature, for 4 hours. Purification by CC (silica gel, CHCl3/EtOH from 

100:0 to 95:5 v/v) afforded 20.1 mg of a bright purple solid. Yield 94.5%. 

Rf 0.47 (SiO2 CHCl3/MeOH 97:3 v/v).  

1
H-NMR (500 MHz, CDCl3): δ = 9.05 (d, J = 5.5 Hz, 4H, H-2,6 Py), 8.89 (d, J = 4.7 

Hz, 4H, β-pyrr), 8.83 (d, J = 4.6 Hz, 4H, β-pyrr), 8.18 (os, 8H, H-3,5 Py  H-2,6 Ph), 

7.91 (d, J = 8.0 Hz, 4H, H-3,5 Ph), 3.34 (s, 2H, CCH), -2.86 (br, 2H, NH). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 150.2 (C-1 Ph), 148.5 (C-2,6 Py), 

142.3 (C-4 Ph), 134.57 (C-2,6 Ph), 130.8 (C-3,5 Ph), 129.5 (C-3,5 Py), 122.2 (C-4 Py), 

120.1, 117.5, 83.6 (C-1 Ethy), 78.7 (C-2 Ethy). 
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UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 418 (100), 514 (4.8), 

549 (2.0), 589 (1.6), 645 (1.0). 

Fluorescence Emission (λem (nm)) λex 420 nm: 650, 716. 

IR (cm
-1

): 2924, 2854, 1641, 1592, 968, 800, 728. 

ESI-MS (m/z): For C46H28N6 calculated 664.2; found 665.2 [M+H]
+
. 

 

4-Ethynylbenzaldehyde (EPhCHO) 

 

4-[(trimethylsilyl)ethynyl]benzaldehyde (500 mg, MW = 202.32, 2.5 mmol) and K2CO3 

(34.5 mg. MW = 138.1, 0.25 mmol) were dissolved in anhydrous methanol (29 mL). 

The mixture was stirred at room temperature for 1.5 hours. The solvent was then 

removed under reduced pressure, the residue was dissolved in CHCl3 and washed with 

NaHCO3 (aq) and water. The organic phase was dried over anhydrous Na2SO4 and the 

solvent removed under vacuum affording 250 mg of a yellow solid. Yield 80.0%. 

Rf 0.70 (SiO2, PE/AcOEt 3:2 v/v).  

1
H-NMR (500 MHz, CDCl3): δ = 10.03 (s, 1H, CHO), 7.86 (d, J = 8.5 Hz, 2H, H-3,5), 

7.65 (d, J = 8.5 Hz, 2H, H-2,6), 3.31 (s, 1H, CCH). 

13
C-NMR (125 MHz, CDCl3): δ = 191.3 (CHO), 135.9 (C-4), 132.7 (C-3,5), 129.5 (C-

2,6), 128.3 (C-1), 82.6 (PhCCH), 81.0 (PhCCH). 

ESI-MS (m/z): For C9H6O calculated 130.042; found 131.0 [M+H]
+
. 

 

4-[(6-ethynyl-1-hexyl)uracil]benzaldehyde (UrEPhCHO) 

 

1-Hexyl-6-iodouracil (531.5 mg, MW = 322.14, 1.65 mmol) was dissolved in a Schlenk 

tube with 5 mL of anhydrous THF/Et3N (3:2 v/v). The solution was degassed for 20 

minutes with repeated Ar/vacuum cycles. CuI (9.1 mg, MW = 190.0, 0.048 mmol) and 
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Pd(PPh3)4 (28 mg, MW = 1155.56, 0.024 mmol) were added to the solution that was 

then degassed a second time for other 20 minutes (Ar/vacuum cycles). Finally 

EPhCHO (260 mg, MW = 130.1, 1.54 mmol) was added and the reaction mixture was 

stirred at room temperature, under Ar atmosphere, for 4 hours and then at 45 °C for 

other 2 hours. The solvent was removed under reduced pressure, the residue was then 

dissolved in ethyl acetate and filtered through a Celite
®

 521 pad. Purification by FCC 

(silica gel, PE/AcOEt from 3:2 to 3:7 v/v) afforded 620.5 mg of a pale white solid. 

Yield 63.5%. 

Rf 0.22 (SiO2, PE/AcOEt 3:2 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 10.08 (s, 1H, CHO), 8.81 (br, 1H, NH), 7.96 (d, J = 

8.5 Hz, 2H, H-3,5), 7.71 (d, J = 8.5 Hz, 2H, H-2,6), 6.06 (d, J = 2.0 Hz, 1H, H-5 Ur), 

4.06 (m, 2H, NCH2CH2CH2CH2CH2CH3), 1.80 (m, 2H, NCH2CH2CH2CH2CH2CH3), 

1.44-1.31 (os, 6H, NCH2CH2CH2CH2CH2CH3), 0.88 (t, J = 7.0 Hz, 3H, CH3). 

13
C-NMR (125 MHz, CDCl3): δ = 191.3 (CHO), 162.4 (C-2 Ur), 150.8 (C-4 Ur), 138.3 

(C-6 Ur), 137.4 (C-1 Ph), 132.9 (C-2,6 Ph), 130.1 (C-3,5 Ph), 126.5 (C-4 Ph), 107.9 (C-

5 Ur), 98.8 (Ph-CC-Ur), 83.4 (Ph-CC-Ur), 47.1 (NCH2CH2CH2CH2CH2CH3), 31.8 

(NCH2CH2CH2CH2CH2CH3), 29.2 (NCH2CH2CH2CH2CH2CH3), 26.7 

(NCH2CH2CH2CH2CH2CH3), 22.9 (NCH2CH2CH2CH2CH2CH3), 14.3 (CH3).    

ESI-MS (m/z): For C19H20N2O3 calculated 324.147; found 322.8 [M-H]
+
, 325.0 

[M+H]
+
, 347.0 [M+Na]

+
.  
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- 5,15-Bis-(4-pyridyl)-10,20-bis-(4-bromophenyl)porphyrin (DiBrPhDPyP) (a) 

- 5,15-Bis-(4-pyridyl)-10-(4-bromophenyl)-20-(4-[2-[2-(2-methoxyethoxy)ethoxy] 

ethoxy]phenyl)porphyrin (BrPhTegPhDPyP) (b) 

- 5,15-Bis-(4-pyridyl)-10,20-bis-(4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]phenyl) 

porphyrin (DiTegPhDPyP) (c) 

 

TegPhCHO (356 mg, MW = 268.306, 1.33 mmol) was dissolved in anhydrous DCM 

(150 mL) and the solution was cooled, with an ice bath, to 0 °C. TFA (1.13 mL, MW = 

114.02, d = 1.535 g/mL, 1.52 mmol) was then added dropwise. 4-Bromobenzaldehyde 

(246 mg, MW = 185.02, 1.33 mmol), TFA (5 mL, MW = 114.02, d = 1.535 g/mL, 81.0 

mmol) and anhydrous DCM (150 mL) were further added. Finally DPM-Py (594 mg, 

MW = 223.27, 2.66 mmol) was added to the reaction mixture which was stirred under 

Ar, in the dark, for 1.5 hours. DDQ (1.21 g, MW = 227.0, 5.32 mmol) was then added, 

the reaction mixture was allowed to reach room temperature and kept under stirring for 

2 hours. At this point no more inert atmosphere is needed. The reaction mixture was 

directly washed with saturated NaHCO3 (aq) and water, the organic phase was dried over 

anhydrous Na2SO4 and the solvent removed under vacuum. Purification by CC (silica 

gel, CHCl3/EtOH from 100:0 to 9:1 v/v) followed by another one on each fraction 

(silica gel, CHCl3/EtOH from 100:0 to 98:2 v/v) allowed the separation of the three 

porphyrins. Crystallization of each porphyrin from CHCl3/MeOH afforded 63 mg of a 

dark purple solid (DiBrPhDPyP), yield 6.0%; 261.8 mg of a purple solid 

(BrPhTegPhDPyP), yield 22.5% and 190 mg of a dark purple solid (DiTegPhDPyP), 

yield 15.2%. Total porphyrins yield 43.7%.  

Rf (b) 0.70 (SiO2, CHCl3/MeOH 96:4 v/v). 
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1
H-NMR (500 MHz, CDCl3): δ = 9.05 (d, J = 6.0 Hz, 4H, H-2,6 Py), 8.95 (d, J = 4.5 

Hz, 2H, H-β Pyrr), 8.88 (d, J = 4.5 Hz, 2H, H-β Pyrr), 8.83 (m, 4H, H-β Pyrr), 8.17 (dd, 

J = 6.0, 1.5 Hz, 4H, H-3,5 Py), 8.11 (d, J = 8.5 Hz, 4H, H-2,6 PhTeg), 8.08 (d, J = 8.0 

Hz, 4H, H-2,6 PhBr), 7.91 (d, J = 8.5 Hz, 4H, H-3,5 PhBr), 7.33 (d, J = 8.5 Hz, 4H, H-

3,5 PhTeg), 4.44 (m, 2H, PhOCH2CH2O), 4.07 (m, 2H, OCH2CH2O), 3.90 (m, 2H, 

OCH2CH2O), 3.81 (m, 2H, OCH2CH2O), 3.76 (m, 2H, OCH2CH2O), 3.64 (m, 2H, 

OCH2CH2OCH3), 3.44 (s, 3H, OCH3), -2.84 (br, 2H, NH). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 158.9 (C-1 PhTeg), 150.2 (C-2,6 

PhTeg), 148.3 (C-2,6 Py), 140.7 (C-1 PhBr), 135.8 (C-2,6 PhBr), 135.6 (C-3,5 PhBr), 

134.1 (C-4 PhTeg), 130.0, 129.4 (C-3,5 Py), 122.7, 121.2, 119.0, 117.1, 113.0 (C-3,5 

PhTeg), 72.0 (C-2 Teg), 71.0 (C-3 Teg), 70.8 (C-4 Teg), 70.7 (C-5 Teg), 70.0 (C-6 

Teg), 67.8 (C-7 Teg), 59.1 (C-1 Teg). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 419 (100), 515 (4.8), 

549 (2.1), 591 (1.5), 651 (2.0). 

Fluorescence Emission (λem (nm)) λex 420 nm: 656, 718. 

ESI-MS (m/z): For C49H41BrN6O4 calculated 856.237; found 859.2 [M+H]
+
, 881.2 

[M+Na]
+
. 

 

- 5,15-Bis-(4-pyridyl)-10,20-bis-(4-ethynylphenyl)porphyrin (DiEPhDPyP) (a) 

- 5,15-Bis-(4-pyridyl)-10-(4-ethynylphenyl)-20-(4-[2-[2-(2-methoxyethoxy)ethoxy] 

ethoxy]phenyl)porphyrin (EphTegPhDPyP) (b) 

- 5,15-Bis-(4-pyridyl)-10,20-bis-(4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]phenyl) 

porphyrin (DiTegPhDPyP) (c) 
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The reaction was conducted under Ar atmosphere and in the dark. DPM-Py (580 mg, 

MW = 223.27, 2.60 mmol) and 4-[2-(trimethylsilyl)ethynyl]benzaldehyde (263 mg, 

MW = 202.32, 1.30 mmol) were dissolved in anhydrous DCM (270 mL). A solution of 

TegPhCHO (349 mg, MW = 268.306, 1.30 mmol) in 30 mL of anhydrous DCM was 

added and the mixture was cooled to 0°C with an ice bath. Then TFA (5.99 mL, MW 

= 114.02, d = 1.535 g/mL, 80.6 mmol) was added dropwise and the reaction kept 

under stirring for 1.5 hours.Then the temperature was allowed to reach room 

temperature and with no more inert atmosphere, DDQ (885 mg, MW = 227.0, 3.90 

mmol) was added and the reaction was stirred for further 2 hours. The crude mixture 

was directly washed three times with a saturated solution of NaHCO3 and once with 

water. The organic phase was dried over Na2SO4, filtered, and the solvent was 

removed under vacuum. The crude mixture was re-dissolved in 250 mL of DCM and 

TBAF (1.0 M in THF) (26 mL, MW = 261.47, d = 0.903 g/mL, 26.0 mmol) was 

added. After stirring for 2.5 hours at room temperature, the reaction mixture was 

washed twice with water and the organic phase was dried over Na2SO4 and filtered. 

The solvent was removed under vacuum and the mixture was purified by CC on silica 

gel (CHCl3/EtOH from 100:0 to 97:3 v/v). The fractions containing the three 

porphyrins were further purified by another CC on silica gel (CHCl3/EtOH from 100:0 

to 98:2). Crystallization of each porphyrin from CHCl3/MeOH afforded 60.5 mg of a 

bright purple solid (DiEPhDPyP), yield: 7.0%; 125.3 mg of a bright purple solid 

(EphTegPhDPyP), yield 12.0%; 36.5 mg of a dark purple solid (DiTegPhDPyP), 

yield 3.0%. Total porphyrins yield 22.0%. 

Rf (b) 0.53 ( SiO2, CHCl3/MeOH 97:3 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.04 (d, J = 5.6 Hz, 4H, H-2,6 Py), 8.94 (d, J = 4.7 

Hz, 2H, H-β Pyrr), 8.88 (d, J = 4.7 Hz, 2H, H-β Pyrr), 8.82 (m, 4H, H-β Pyrr), 8.17 

(os, 6H, H-3,5 Py H-2,6 PhEthy), 8.10 (d, J = 8.5 Hz, 2H, H-2,6 PhTeg), 7.91 (d, J = 

8.0 Hz, 2H, H-3,5 PhEthy), 7.32 (d, J = 8.5 Hz, 2H, H-3,5 PhTeg), 4.44 (m, 2H, 

PhOCH2CH2O), 4.07 (m, 2H, OCH2CH2O), 3.89 (m, 2H, OCH2CH2O), 3.80 (m, 2H, 

OCH2CH2O), 3.75 (m, 2H, OCH2CH2O), 3.62 (m, 2H, OCH2CH2O), 3.43 (s, 3H, 

OCH3), 3.33 (s, 1H, CCH), -2.84 (br, 2H, NH). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 159.0 (C-4 PhTeg), 150.3 (C-1 

Ph), 148.5 (C-2,6 Py), 142.4 (C-1 PhEthy), 135.7 (C-2,6 PhEthy), 134.6 (C-3,5 

PhEthy), 134.2 (C-4 PhEthy), 130.8, 129.5 (C-3,5 Py), 122.1, 121.3, 119.7, 117.3, 
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113.2 (C-4 PhTeg), 83.6 (C-1 Ethy), 78.7 (C-2 Ethy), 72.1 (C-2 Teg), 71.1 (C-3 Teg), 

70.9 (C-4 Teg), 70.8 (C-5 Teg), 70.0 (C-6 Teg), 67.9 (C-1 Teg), 59.2 (C-7 Teg). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 419 (100), 515 (4.7), 

549 (2.3), 590 (1.6), 649 (1.5). 

Fluorescence Emission (λem (nm)) λex 420 nm: 652, 718. 

IR (cm
-1

): 2923, 2853, 1637, 1384, 1281, 1248, 1109, 801.  

ESI-MS (m/z): For C51H42N6O4 calculated 802.32; found 803.3 [M+H]
+
, 825.3 

[M+Na]
+
, 841.1 [M+K]

+
. 

 

- 5,15-Bis-(4-pyridyl)-10,20-bis-(4-iodophenyl)porphyrin (DiIPhDPyP) (a) 

- 5,15-Bis-(4-pyridyl)-10-(4-iodophenyl)-20-(4-[2-[2-(2-methoxyethoxy)ethoxy] 

ethoxy]phenyl)porphyrin (IphTegPhDPyP) (b) 

- 5,15-Bis-(4-pyridyl)-10,20-bis-(4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]phenyl) 

porphyrin (DiTegPhDPyP) (c) 

 

The reaction was conducted under Ar atmosphere and in the dark. DPM-Py (594 mg, 

MW = 223.27, 2.66 mmol) and 4-iodobenzaldehyde (309 mg, MW = 232.02, 1.33 

mmol) were dissolved in anhydrous DCM (270 mL). A solution of TegPhCHO (381 

mg, MW = 268.306, 1.33 mmol) in 30 mL of anhydrous DCM was added and the 

mixture was cooled to 0 °C with an ice bath. Then TFA (6.12 mL, MW = 114.02, d = 

1.535 g/mL, 82.5 mmol) was added dropwise and the reaction kept under stirring for 

1.5 hours. Then the temperature was allowed to reach room temperature and with no 

more inert atmosphere, DDQ (1.21 g, MW = 227.0, 5.32 mmol) was added and the 

reaction was stirred for further 2 hours. The crude mixture was directly washed three 

times with a saturated solution of NaHCO3 and once with water. The organic phase 
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was dried over Na2SO4 and the solvent was removed under reduced pressure. The 

residue was purified by CC on silica gel (CHCl3/EtOH from 100:0 to 97:3 v/v). The 

fractions containing the three porphyrins were further purified by another CC on silica 

gel (CHCl3/EtOH from 100:0 to 98:2). Crystallization of each porphyrin from 

CHCl3/MeOH afforded 103.2 mg of a dark purple solid (DiIPhDPyP), yield: 8.9%; 

158.4 mg of a bright purple solid (IphTegPhDPyP), yield 13.2%; 41.5 mg of a dark 

purple solid (DiTegPhDPyP), yield 3.3%. Total porphyrins yield 27.6%. 

Rf (a) 0.67 (SiO2, CHCl3/MeOH 97:3 v/v). 

Rf (b) 0.49 (SiO2, CHCl3/MeOH 97:3 v/v). 

a) 

1
H-NMR (500 MHz, CDCl3): δ = 9.07 (dd, J = 5.5, 1.5 Hz, 4H, H-2,6 Py), 8.90 (d, J 

= 4.5 Hz, 4H, H-β Pyrr), 8.84 (d, J = 5.0 Hz, 4H, H-β Pyrr), 8.17 (dd, J = 6.0, 2.0 Hz, 

4H, H-3,5 Py), 8.13 (d, J = 8.0 Hz, 4H, H-2,6 PhI), 7.95 (d, J = 8.0 Hz, 4H, H-3,5 

PhI), -2.89 (br, 2H, NH). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ= 150.0 (C-1 Ph), 148.3 (C-2,6 Py), 

141.1 (C-4 Ph), 136.1 (C-2,5 Ph), 136.0 (C-3,5 Ph), 129.3 (C-3,5 Py), 119.5, 117.3, 

94.5. 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 418 (100), 514 (4.3), 

548 (1.5), 590 (1.1), 650 (1.0).  

Fluorescence Emission (λem (nm)) λex 420 nm: 656, 716. 

IR (cm
-1

): 2921, 1637, 1591, 14783, 1384, 967, 796, 783, 725. 

ESI-MS (m/z): For C42H26I2N6 calculated 868.03; found 869.0 [M+H]
+
. 

b) 

1
H-NMR (500 MHz, CDCl3): δ = 9.06 (d, J = 5.5 Hz, 4H, H-2,6 Py), 8.95 (d, J = 5.0 

Hz, 2H, H-β Pyrr), 8.89 (d, J = 4.5 Hz, 2H, H-β Pyrr), 8.82 (m, 4H, H-β Pyrr), 8.18 (d, J 

= 5.5 Hz, 4H, H-3,5 Py), 8.12 (os, 4H, H-2,6 PhTeg H-2,6 PhI), 7.95 (d, J = 8.0 Hz, 4H, 

H-3,5 PhI), 7.33 (d, J = 9.0 Hz, 4H, H-3,5 PhTeg), 4.45 (m, 2H, PhOCH2CH2O), 4.08 

(m, 2H, OCH2CH2O), 3.90 (m, 2H, OCH2CH2O), 3.81 (m, 2H, OCH2CH2O), 3.76 (m, 

2H, OCH2CH2O), 3.64 (m, 2H, OCH2CH2OCH3), 3.44 (s, 3H, OCH3), -2.85 (br, 2H, 

NH). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 158.9 (C-1 PhTeg), 150.2 (C-2,6 

PhTeg C-1 PhI), 148.3 (C-2,6 Py), 141.3 (C-4 PhI), 136.1 (C-2,6 PhI), 136.0 (C-3,5 

PhI), 135.6, 134.1 (C-4 PhTeg), 129.4 (C-3,5 Py), 121.2, 119.1, 117.1, 113.0 (C-3,5 
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PhTeg), 94.4, 72.0 (C-2 Teg), 71.0 (C-3 Teg), 70.8 (C-4 Teg), 70.7 (C-5 Teg), 70.0 (C-6 

Teg), 67.8 (C-7 Teg), 59.1 (C-1 Teg). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 419 (100), 515 (4.8), 

550 (2.2), 591 (1.5), 651 (1.8). 

Fluorescence Emission (λem (nm)) λex 420 nm: 655, 717. 

IR (cm
-1

): 2922, 2853, 1636, 1593, 1472, 1384, 1283, 1248, 1105, 968, 799, 732. 

ESI-MS (m/z): For C49H41IN6O4 calculated 904.2; found 905.2 [M+H]
+
, 927.1 

[M+Na]
+
. 

 

- 5,15-Bis-(4-pyridyl)-10,20-bis-(4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]phenyl) 

porphyrin (DiTegPhDPyP) (a) 

- 5,15-Bis-(4-pyridyl)-10-(4-[(6-ethynyl-1-hexyl)uracil]phenyl)-20-(4-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]phenyl)porphyrin (UrEPhTegPhDPyP) (b) 

- 5,15-Bis-(4-pyridyl)-10,20-bis-(4-[(6-ethynyl-1-hexyl)uracil]phenyl)porphyrin 

(DiUrEPhDPyP) (c) 

 

The reaction was conducted under Ar atmosphere and in the dark. DPM-Py (297 mg, 

MW = 223.27, 1.33 mmol) and UrEPhCHO (215.7 mg, MW = 324.37, 0.66 mmol) 

were dissolved in anhydrous DCM (135 mL). A solution of TegPhCHO (190.5 mg, 

MW = 268.306, 0.66 mmol) in 15 mL of anhydrous DCM was added and the mixture 

was cooled to 0 °C with an ice bath. Then TFA (6.12 mL, MW = 114.02, d = 1.535 

g/mL, 82.5 mmol) was added dropwise and the reaction kept under stirring for 50 

minutes. Then the temperature was allowed to reach room temperature and with no 

more inert atmosphere, DDQ (605 mg, MW = 227.0, 2.66 mmol) was added and the 

reaction was stirred for further 2 hours. The crude mixture was directly washed three 
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times with a saturated solution of NaHCO3 (aq) and once with water. The organic phase 

was anhydrified over Na2SO4 and the solvent was removed under reduced pressure. 

The residue was purified by CC on silica gel (CHCl3/EtOH from 100:0 to 98:2 v/v). 

The fractions containing the three porphyrins were further purified by another CC on 

silica gel (CHCl3/EtOH from 100:0 to 98:2). Crystallization of each porphyrin from 

CHCl3/MeOH afforded 18.3 mg of a dark purple solid (DiTegPhDPyP), yield: 2.8%; 

82 mg of a bright purple solid (UrEPhTegPhDPyP), yield 12.4%; 62.5 mg of a purple 

solid (DiUrEPhDPyP), yield 8.9%. Total porphyrins yield 24.1%. 

Rf (b) 0.48 (SiO2, CHCl3/MeOH 95:5 v/v). 

Rf (c) 0.28 (SiO2, CHCl3/MeOH 95:5 v/v). 

b) 

1
H-NMR (500 MHz, CDCl3): δ = 9.06 (d, J = 5.5 Hz, 4H, H-2,6 Py); 8.96 (d, J = 5.0 

Hz, 2H, H-β Pyrr), 8.85 (m, 6H, H-β Pyrr), 8.3 (d, J = 8.0 Hz, 2H, H-2,6 PhEthy), 8.18 

(d, J = 6.0 Hz, 4H, H-3,5 Py), 8.11 (d, J = 8.5 Hz, 2H, H-2,6 PhTeg), 8.09 (br, 1H, NH 

Ur), 7.97 (d, J = 8.5 Hz, 2H, H-3,5 PhEthy), 7.34 (d, J = 8.5 Hz, 2H, H-3,5 PhTeg), 6.17 

(d, J = 2.5 Hz, 1H, H-5 Ur), 4.46 (m, 2H, PhOCH2CH2O), 4.22 (m, 2H, NCH2), 4.08 

(m, 2H, OCH2CH2O), 3.90 (m, 2H, OCH2CH2O), 3.81 (m, 2H, OCH2CH2O), 3.76 (m, 

2H, OCH2CH2O), 3.64 (m, 2H, OCH2CH2OCH3), 3.44 (s, 3H, OCH3), 1.94 (m, 2H, 

NCH2CH2CH2CH2CH2CH3), 1.54-1.35 (os, 6H, NCH2CH2CH2CH2CH2CH3), 0.95 (t, J 

= 7.0 Hz, 3H, CH3), -2.83 (br, 2H, NH Pyrr). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 162.4 (C-2 Ur), 159.3 (C-1 PhTeg), 

150.8 (C-4 Ur), 150.5 (C-1 PhEthy), 150.1, 148.7 (C-2,6 Py), 144.7 (C-4 PhEthy), 139.0 

(C-6 Ur), 135.9 (C-2,6 PhEthy), 135.2 (C-2,6 PhTeg), 134.5 (C-4 Py), 134.3 (C-4 

PhTeg), 133.4, 130.9 (C-3,5 PhEthy), 129.7 (C-3,5 Py), 129.1, 127.8, 121.8, 120.2, 

119.0, 117.6, 114.6, 113.4 (C-3,5 PhTeg), 107.3, 107.2, 100.6 (Ph-CC-Ur), 81.7(Ph-

CC-Ur), 72.3 (C-2 Teg), 71.3 (C-3 Teg), 71.1 (C-4 Teg), 71.0 (C-5 Teg), 70.2 (C-6 

Teg), 68.1 (C-7 Teg), 59.5 (C-1 Teg), 47.2 (NCH2CH2CH2CH2CH2CH3), 31.9 

(NCH2CH2CH2CH2CH2CH3), 29.3 (NCH2CH2CH2CH2CH2CH3), 26.8 

(NCH2CH2CH2CH2CH2CH3), 23.0 (NCH2CH2CH2CH2CH2CH3), 14.4 (CH3).     

1
H DOSY-NMR (500 MHz, CDCl3): D = 5.08x10

-6 
(± 8.29 x10

-9
) cm

2
 s

-1 
(298 K).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 421 (100), 516 (6.5), 

549 (3.9), 594 (2.5), 653 (5.0). 

Fluorescence Emission (λem (nm)) λex 420 nm: 656, 719. 
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IR (cm
-1

): 3446, 3099, 3046, 2922, 2856, 2359, 2342, 2210, 1965, 1593, 1507, 1456, 

1404, 1284, 1248, 1177, 1106, 969, 802. 

ESI-MS (m/z): For C61H46N8O6 calculated 996.432; found 997.4 [M+H]
+
, 1019.4 

[M+Na]
+
. 

c) 

1
H-NMR (500 MHz, CDCl3): δ = 9.06 (d, J = 5.0 Hz, 4H, H-2,6 Py); 8.86 (dd, J = 4.5 

Hz, 8H, H- β Pyrr), 8.29 (d, J = 8.0 Hz, 4H, H-2,6 PhEthy), 8.16 (d, J = 5.5 Hz, 4H, H-

3,5 Py), 8.08 (br, 2H, NH Ur), 7.96 (d, J = 8.5 Hz, 4H, H-3,5 PhEthy), 6.17 (d, J = 1.5 

Hz, 2H, H-5 Ur), 4.21 (m, 4H, NCH2), 1.94 (m, 4H, NCH2CH2CH2CH2CH2CH3), 

1.56-1.42 (os, 12H, NCH2CH2CH2CH2CH2CH3), 0.94 (t, J = 7.0 Hz, 3H, CH3), -2.81 

(br, 2H, NH Pyrr). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 151.0 (C-2 Ur), 150.5 (C-1 

PhEthy), 149.9 (C-4 Ur), 144.4 (C-4 PhEthy), 139.0 (C-6 Ur), 135.1 (C-2,6 PhEthy), 

134.5 (C-4 Py), 133.0, 132.2, 130.9 (C-3,5 PhEthy), 129.7 (C-3,5 Py), 127.8, 123.5, 

123.1, 120.5, 119.8, 117.8, 116.5, 107.4, 107.3, 100.3 (Ph-CC-Ur), 81.8(Ph-CC-Ur), 

47.2 (NCH2CH2CH2CH2CH2CH3), 31.9 (NCH2CH2CH2CH2CH2CH3), 29.2 

(NCH2CH2CH2CH2CH2CH3), 26.8 (NCH2CH2CH2CH2CH2CH3), 22.9 

(NCH2CH2CH2CH2CH2CH3), 14.3 (CH3). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 421 (100), 515 (5.4), 

551 (2.6), 591 (1.6), 652 (2.0). 

Fluorescence Emission (λem (nm)) λex 420 nm: 655, 718. 

ESI-MS (m/z): For C66H56N10O4 calculated 1053.215; found 1053.3 [M-H]
-
, 1055.3 

[M+H]
+
. 
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5,15-Bis-(4-pyridyl)-10,20-bis-(4-[(6-ethynyl-1-hexyl)uracil]phenyl)porphyrin 

(DiUrEPhDPyP)  

 

Slightly modifying a procedure described in the literature,
5
 DiEPhDPyP (20 mg, MW 

= 664.7, 0.03 mmol) was added, in a Schlenk tube, in anhydrous toluene (31 mL). 

Previously degassed over MS Et3N (6 mL) was then added to the mixture that 

afterwards was frozen with liquid nitrogen bath. 1-Hexyl-6-iodouracil (24.2 mg, MW 

= 322.14, 0.075 mmol) was added and the frozen solution was left to reach, very 

slowly under Ar atmosphere, RT. After the dissolution of the uracil several cycles 

freeze/thaw/pump were performed until no more gas (seen as a white foam on the top 

of the frozen mixture) was present. Then Pd2(dba)3 (8.24 mg, MW = 915.72, 0.009 

mmol) and P(o-tol)3 (21.9 mg, MW = 304.37, 0.072 mmol) were added keeping inert 

atmosphere as much as possible and the cycles freeze/thaw/pump were repeated in the 

same way. The reaction mixture was then stirred at 35 °C for 16 hours. The crude 

mixture was filtered through a Celite
®
 521 pad and the solvent removed under reduced 

pressure. Purification by CC (silica gel, CHCl3/EtOH from 100:0 to 98:2) and 

crystallization from CHCl3/n-Hx gave 1.6 mg of a purple solid. Yield 5.1%. 
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5,15-Bis-(4-pyridyl)-10-(4-[(6-ethynyl-1-hexyl)uracil]phenyl)-20-(4-[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]phenyl)porphyrin (UrEPhTegPhDPyP)  

 

1-Hexyl-6-iodouracil (30.6 mg, MW = 322.14, 0.095 mmol) was dissolved in 7.5 mL of 

anhydrous THF/toluene (2.75:1 v/v) in a two necks round bottom flask. One cycle 

freeze/pump/thaw (freezing with liquid nitrogen bath) was performed to degas the 

solution. Then Pd2(dba)3 (5.2 mg, MW = 915.72, 0.0057 mmol) and P(o-tol)3 (14.4 mg, 

MW = 304.37, 0.047 mmol) were added and another cycle freeze/pump/thaw was 

performed. Simultaneously EphTegPhDPyP (30.8 mg, MW = 802.9, 0.038 mmol) and 

previously degassed Et3N (1.5 mL) were mixed together in a Schlenk tube and further 

degassed with Ar flux. At this point the solution of 1-hexyl-6-iodouracil was quickly 

transferred into the Schlenk tube and further four cycles freeze/thaw/pump were 

performed to totally remove all the oxygen eventually present. The mixture was stirred 

at 39 °C for 85 hours. The solvent was removed under reduced pressure and the crude 

mixture was filtered through a Celite
®
 521 pad, washed with CHCl3 and extracted with 

distilled water. The organic phase was anhydrified with Na2SO4 and the solvent was 

removed under vacuum. Purification by CC (CHCl3/EtOH from 100:0 to 95:5 v/v) 

afforded 14.4 mg of a bright purple solid. Yield 40.5%.  
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5,15-Bis-(4-pyridyl)-10-20-bis-(4-[(2,6-diacetylamino-4-ethynyl)pyridyl]phenyl) 

porphyrin (DiDapEPhDPyP) 

 

In a microwave reactor vessel was added DiIPhDPyP (50 mg, MW = 868.5, 0.058 

mmol) in a degassed (Ar flux) solution of anhydrous DMF (2 mL) and Et3N (3 mL). 

Then Pd(PPh3)4 (11.5 mg, MW = 1154.56, 0.01 mmol) was added and the solution 

degassed a second time. Finally 2,6-diacetylamino-4-ethynylpyridine (27.7 mg, MW = 

217.22, 0.128 mmol) was added and the reaction mixture was heated under microwave 

irradiation at 120 °C (ramping time = 10 min, P = 200 W) for 1 hour under high stirring. 

The crude mixture was filtered through a Celite
®
 521 pad, washed with CHCl3 and 

extracted with distilled water and filtered a second time. The organic phase was 

anhydrified with Na2SO4 and the solvent was removed under reduced pressure. 

Purification by CC (CHCl3/EtOH from 95:5 to 4:1 v/v) afforded 8.1 mg of a purple 

solid. Yield 13.8%.   

Rf 0.42 (SiO2, CHCl3/MeOH 9:1 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.04 (dd, J = 6.0, 1.5 Hz, 4H, H-2,6 Py), 8.91 (d, J = 

5.0 Hz, 4H, H- β Pyrr), 8.84 (d, J = 4.5 Hz, 4H, H- β Pyrr), 8.22 (d, J = 8.0 Hz, 4H, H-

2,6 PhEthy), 8.18 (dd, J = 6.0, 2.5 Hz, 8H, H-3,5 Py – H3,5 Dap), 7.97 (d, J = 8.0 Hz, 

4H, H-3,5 PhEthy), 7.66 (br, 4H, NHCOCH3), 2.26 (s, 12H, COCH3), -2.85 (br, 2H, 

NH). 

ESI-MS (m/z): For C64H46N12O4 calculated 1046.376; found 1045.3 [M-H]
-
, 1047.8 

[M+H]
+
, 1069.4 [M+Na]

+
. 
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5,15-Bis-(4-pyridyl)-10-(4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]phenyl)-20-(4-

[(2,6-diacetylamino-4-ethynyl)pyridyl]phenyl)porphyrin (DapEPhTegPhDPyP) 

 

In a microwave reactor vessel was added IPhTegPhDPyP (74 mg, MW = 904.79, 0.082 

mmol) in a degassed (Ar flux) solution of anhydrous DMF (2 mL) and Et3N (2 mL). 

Then Pd(PPh3)4 (4.7 mg, MW = 1154.56, 0.0041 mmol) was added and the solution 

degassed a second time. Finally 2,6-diacetylamino-4-ethynylpyridine (19.6 mg, MW = 

217.22, 0.090 mmol) was added and the reaction mixture was heated under microwave 

irradiation at 120 °C (ramping time = 10 min, P = 200 W) for 1 hour under high stirring. 

The crude mixture was filtered through a Celite
®
 521 pad, washed with CHCl3 and 

extracted with distilled water and filtered a second time. The organic phase was 

anhydrified with Na2SO4 and the solvent was removed under vacuum. Purification by 

CC (CHCl3/EtOH from 99:1 to 95:5 v/v) afforded 72.4 mg of a bright purple solid. 

Yield 89.0%.   

Rf 0.18 (SiO2, CHCl3/MeOH 96:4 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.05 (dd, J = 5.5, 1.5 Hz, 4H, H-2,6 Py), 8.88 (m, 8H, 

H-β Pyrr), 8.22 (d, J = 8.0 Hz, 2H, H-2,6 PhEthy), 8.18 (dd, J = 6.0, 2.5 Hz, 6H, H-3,5 

Py – H3,5 Dap), 8.11 (d, J = 8.5 Hz, 2H, H-2,6 PhTeg), 7.97 (d, J = 8.0 Hz, 2H, H-3,5 

PhEthy), 7.66 (br, 2H, NHCOCH3), 7.32 (d, J = 8.5 Hz, 2H, H-3,5 PhTeg), 4.45 (m, 2H, 

PhOCH2CH2O), 4.08 (m, 2H, OCH2CH2O), 3.90 (m, 2H, OCH2CH2O), 3.81 (m, 2H, 

OCH2CH2O), 3.75 (m, 2H, OCH2CH2O), 3.63 (m, 2H, OCH2CH2OCH3), 3.43 (s, 3H, 

OCH3), 2.27 (s, 6H, 2xCOCH3), -2.83 (br, 2H, NH). 

13
C-NMR (125 MHz, CD3Cl3): Selected signals δ = 168.8 (NHCOCH3), 159.2 (C-1 

PhTeg), 150.6 (C-2,6 Dap), 149.9 (C-2,6 Py), 148.8 (C-2,5 PhTeg), 136.3 (C-2,6 

PhEthy), 134.9 (C-3,5 PhEthy), 130.8, 129.8 (C-3,5 Py), 121.5, 120.0, 117.5, 113.4 (C-

3,5 PhTeg), 111.9 (C-3,5 Dap), 93.9 (C-1 Ethynyl), 89.0 (C-2 Ethynyl), 72.4 (C-2 Teg), 
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71.3 (C-3 Teg), 71.1 (C-4 Teg), 71.0 (C-5 Teg), 70.3 (C-6 Teg), 68.1 (C-7 Teg), 59.4 

(C-1 Teg), 25.2 (NHCOCH3).    

1
H DOSY-NMR (500 MHz, CDCl3): D = 5.83x10

-6
 (± 9.50x10

-9
) cm

2
 s

-1 
(298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 420 (100), 516 (4.7), 

551 (2.4), 592 (1.7), 649 (1.4). 

Fluorescence Emission (λem (nm)) λex 420nm: 653, 718. 

IR (cm
-1

): 3430, 2919, 2868, 2209, 1682, 1586, 1568, 1505,  1471,  1395, 1275, 1240, 

1176, 1104, 968, 851, 798, 718, 658, 636, 539. 

ESI-MS (m/z): For C60H51N9O6 calculated 993.396; found 992.2 [M-H]
-
, 995.4 

[M+H]
+
, 1016.4 [M+Na]

+
. 

 

4-(2-Ethynyltrimethylsilyl)methylbenzaoate (ETMSPhCOOMe) 

 

In a three necks round bottom flask 4-iodomethylbenzoate (1.004 g, MW = 262.04, 3.83 

mmol) was dissolved in anhydrous THF (10 mL), previously degassed with Ar flux. 

Then Pd(PPh3)4 (220 mg, MW = 1154.56, 0.19 mmol) and anhydrous DMF (2 mL) 

were added and the mixture further degassed for 15 minutes. Afterwards Et3N (8 mL) 

and CuI (58.3 mg, MW = 190.45, 0.31 mmol) were added and the whole was further 

degassed for 10 minutes. Finally, always keeping inert atmosphere in the reaction 

system, trymethylsilylacetilene (1.1 mL, MW = 98.22, d = 0.695 g/mL, 7.66 mmol) was 

added and the temperature raised to 95° C with an oil bath. The reaction was kept under 

stirring, in inert atmosphere, for 16 hours. The crude mixture was diluted with 

chloroform, washed three times with water and the organic layer filtered through a 

Celite
®
 521 pad. Purification by FCC (PE/AcOEt from 100:0 to 95:5 v/v) afforded 

853.3 mg of an orange crystalline solid. Yield 95.8%.   

Rf 0.77 (SiO2, PE/AcOEt 5:1 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 7.97 (dd, J = 8.0, 1.5 Hz, 2H, H-2,6 Ph), 7.52 (dd, J = 

8.5, 2.0 Hz, 2H, H-3,5 Ph), 3.92 (s, 3H, COOCH3), 0.27 (s, 9H, Si(CH3)3).  

13
C-NMR (125 MHz, CD3Cl3): δ = 166.6 (COOCH3), 132.0 (C-3,5 Ph), 129.8 (C-1 Ph), 

129.5 (C-2,6 Ph), 127.9 (C-4 Ph), 104.2 (PhCCSi(CH3)3), 97.8 (PhCCSi(CH3)3), 52.3 

(COOCH3), 0.0 (Si(CH3)3). 
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ESI-MS (m/z): For C13H16O2Si calculated 232.092; found 233.0 [M+H]
+
, 255.0 

[M+Na]
+
. 

 

4-Ethynylmethylbenzaoate (EPhCOOMe) 

 

ETMSPhCOOMe (206 mg, MW = 232.35, 0.89 mmol) was dissolved in THF (2 mL). 

Then tetrabuthylammoniumfluoride hydrate (465 mg, MW = 261.46, 1.78 mmol) was 

added and the mixture kept under stirring, at room temperature, for 4 hours. Purification 

by a short FCC (PE/AcOEt from 99:1 to 95:5 v/v) afforded 81.5 mg of a white 

crystalline solid. Yield 57.3%. 

Rf 0.68 (SiO2, PE/AcOEt 5:1 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 8.00 (d, J = 8.5 Hz, 2H, H-2,6 Ph), 7.56 (d, J = 8.5 

Hz, 2H, H-3,5 Ph), 3.93 (s, 3H, COOCH3), 3.24 (s, 1H, CCH). 

13
C-NMR (125 MHz, CD3Cl3): δ = 166.5 (COOCH3), 132.2 (C-3,5 Ph), 130.2 (C-1 Ph), 

129.5 (C-2,6 Ph), 126.8 (C-4 Ph), 104.2 (PhCCH), 97.8 (PhCCH), 52.3 (COOCH3). 

ESI-MS (m/z): For C10H8O2 calculated 160.052; found 161.0 [M+H]
+
, 183.0 [M+Na]

+
. 

 

5,15-Bis-(4-pyridyl)-10-20-Bis(4-[(1-carboxymethyl-4-ethynyl)phenyl]phenyl) 

porphyrin (DiECOOMePhDPyP) 

 

In a microwave reactor vessel was added DiIPhDPyP (66.5 mg, MW = 868.5, 0.076 

mmol) in degassed (Ar flux) anhydrous DMF (2.5 mL). After degassing for 15 minutes 

were added, in sequence, Pd(PPh3)4 (4.39 mg, MW = 1154.56, 0.0038 mmol) and Et3N 
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(3 mL). The mixture was further degassed for 15 minutes. Finally ECOOMePh (48.7 

mg, MW = 160.2, 0.304 mmol) was added and the reaction mixture was heated under 

microwave irradiation at 120 °C (ramping time = 20 min, P = 200 W) for 1 hour under 

high stirring. The crude mixture was filtered through a Celite
®
 521 pad, washed with 

CHCl3, extracted with distilled water and filtered a second time. The organic phase was 

anhydrified with Na2SO4 and the solvent was removed under vacuum. Purification by 

CC (CHCl3) afforded 63.6 mg of a dark purple solid. Yield 89.7%. 

Rf 0.37 (SiO2, CHCl3/MeOH 96:4 v/v) 

1
H-NMR (500 MHz, CDCl3): δ = 9.07 (dd, J = 5.5, 1.5 Hz, 4H, H-2,6 Py), 8.93 (d, J = 

4.5 Hz, 4H, H-β Pyrr), 8.85 (d, J = 5.0 Hz, 4H, H-β Pyrr), 8.24 (d, J = 8.0 Hz, 4H, H-2,6 

PhEthy), 8.18 (dd, J = 5.5, 1.5 Hz, 4H, H-3,5 Py), 8.13 (d, J = 8.0 Hz, 4H, H-2,6 

PhCOOMe), 7.98 (d, J = 8.0 Hz, 4H, H-3,5 PhEthy), 7.76 (d, J = 8.0 Hz, 4H, H-3,5 

PhCOOMe), 3.99 (s, 6H, COOCH3), -2.83 (br, 2H, NH). 

13
C-NMR (125 MHz, CD3Cl3): Selected signals δ = 166.9 (COOCH3), 148.7 (C-2,6 

Py), 142.5 (C-1 PhEthy), 135.0 (C-2,6 PhEthy), 132.5, 132.4, 132.0 (C-3,5 PhCOOMe), 

130.6 (C-3,5 PhEthy), 130.1 (C-1 PhCOOMe), 130.0 (C-2,6 PhCOOMe), 129.7 (C-3,5 

Py), 128.9, 128.8, 128.2 (C-4 PhCOOMe), 123.0, 120.4, 117.7, 110.4, 92.4 (PhCCH), 

90.4 (PhCCH), 52.7 (COOCH3). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 6.38x10

-6
 (± 1.04x10

-8
) cm

2
 s

-1 
(298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 421 (100), 515 (5.0), 

550 (2.6), 591 (1.6), 650 (1.6). 

Fluorescence Emission (λem (nm)) λex 420nm: 654, 718. 

IR (cm
-1

): 3447, 2949, 2851, 2215, 1723, 1592, 1561, 1510, 1473, 1436, 1405, 1275, 

1174, 1106, 1018, 969, 882, 852, 801, 768, 730, 694, 658. 

ESI-MS (m/z): For C62H40N6O4 calculated 932.311; found 933.3 [M+H]
+
, 955.3 

[M+Na]
+
. 
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5,15-Bis-(4-pyridyl)-10-(4-[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]phenyl)-20-(4-[(1-

carboxymethyl-4-ethynyl)phenyl]phenyl)porphyrin (ECOOMePhTegPhDPyP) 

 

A) In a microwave reactor vessel was added 4-iodomethylbenzoate (7.6 mg, MW = 

262.04, 0.029 mmol) in degassed (Ar flux) anhydrous DMF (1 mL). After degassing for 

10 minutes were added, in sequence, Et3N (2 mL) and Pd(PPh3)4 (1.67 mg, MW = 

1154.56, 0.00145 mmol). The mixture was further degassed for 15 minutes. Finally 

EphTegPhDPyP (25.9 mg, MW = 802.92, 0.032 mmol) was added and the reaction 

mixture was heated under microwave irradiation at 120 °C (ramping time = 20 min, P = 

200 W) for 15 minutes under high stirring. The crude mixture was filtered through a 

Celite
®

 521 pad, washing with CHCl3, extracted with distilled water and filtered a 

second time. The organic phase was anhydrified with Na2SO4 and the solvent was 

removed under vacuum. Purification by CC (CHCl3/MeOH from 100:0 to 99.5:0.5 v/v) 

afforded 20.1 mg of a purple solid. Yield 72.4%.  

B) In a three necks round bottom flask IphTegPhDPyP (40.5 mg, MW = 904.79, 0.045 

mmol) was dissolved with anhydrous THF (7 mL) previously degassed with Ar flux. 

The solution was further degassed for 15 minutes, then anhydrous DMF (3 mL) and 

Pd(PPh3)4 (2.6 mg, MW = 1154.56, 0.00225 mmol) were added and the mixture was left 

under Ar flux for further 15 minutes. Et3N (10 mL) was then added and the whole was 

left to degas for 10 minutes. Finally ECOOMePh (14.4 mg, MW = 160.17, 0.09 mmol) 

was added and the temperature was raised to 95° C. The reaction mixture was so stirred, 

in inert atmosphere, for 16.5 hours. The crude mixture was filtered through a Celite
®

 

521 pad, washed with CHCl3, extracted with distilled water and filtered a second time. 

The organic phase was anhydrified with Na2SO4 and the solvent was removed under 

vacuum. Purification by CC (CHCl3/MeOH from 100:0 to 99.5:0.5 v/v) afforded 23.1 

mg of a purple solid. Yield 55.5%. 
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Rf 0.32 (SiO2, CHCl3/MeOH 97:3 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.06 (d, J = 5.5 Hz, 4H, H-2,6 Py), 8.96 (d, J = 4.5 

Hz, 2H, H-β Pyrr), 8.92 (d, J = 4.5 Hz, 2H, H-β Pyrr), 8.84 (m, 4H, H-β Pyrr), 8.23 (d, J 

= 8.0 Hz, 2H, H-2,6 PhEthy), 8.18 (d, J = 6.0 Hz, 4H, H-3,5 Py), 8.12 (ov, 4H, H-2,6 

PhTeg H-2,6 PhCOOMe), 7.97 (d, J = 8.0 Hz, 2H, H-3,5 PhEthy), 7.75 (d, J = 8.0 Hz, 

2H, H-3,5 PhCOOMe), 7.33 (d, J = 8.5 Hz, 2H, H-3,5 PhTeg), 4.44 (m, 2H, 

PhOCH2CH2O), 4.08 (m, 2H, OCH2CH2O), 3.99 (s, 3H, COOCH3), 3.90 (m, 2H, 

OCH2CH2O), 3.81 (m, 2H, OCH2CH2O), 3.76 (m, 2H, OCH2CH2O), 3.64 (m, 2H, 

OCH2CH2OCH3), 3.44 (s, 3H, OCH3), -2.81 (br, 2H, NH). 

13
C-NMR (125 MHz, CD3Cl3): Selected signals δ = 166.9 (COOCH3), 159.2 (C-1 

PhTeg), 150.5 (C-2,6 PhTeg), 148.7 (C-2,6 Py), 142.6 (C-1 PhEthy), 135.9 (C-2,6 

PhEthy), 134.9 (C-3,5 PhEthy), 134.4 (C-4 PhTeg), 131.9 (C-3,5 PhCOOMe), 130.5, 

130.1 (C-1 PhCOOMe), 130.0 (C-2,6 PhCOOMe), 129.7 (C-3,5 Py), 128.2 (C-4 

PhCOOMe), 122.9, 121.5, 119.9, 117.5, 113.4 (C-3,5 PhTeg), 92.5 (PhCCH), 90.3 

(PhCCH), 72.3 (C-2 Teg), 71.3 (C-3 Teg), 71.1 (C-4 Teg), 71.0 (C-5 Teg), 70.2 (C-6 

Teg), 68.1 (C-7 Teg), 59.4 (C-1 Teg), 52.6 (COOCH3). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 5.14x10

-6
 (± 8.37x10

-9
) cm

2
 s

-1 
(298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 420 (100), 516 (5.0), 

550 (2.8), 593 (1.7), 652 (3.3). 

Fluorescence Emission (λem (nm)) λex 420nm: 656, 720. 

IR (cm
-1

): 3437, 3321, 2919, 2850, 1722, 1593, 1561, 1507, 1474, 1472, 1435, 1404, 

1383, 1351, 1307, 1276, 1248, 1176, 1039, 1009, 969, 943, 882, 854, 802, , 768, 730, 

658, 560. 

ESI-MS (m/z): For C59H48N6O6 calculated 936.364; found 937.4 [M+H]
+
, 959.3 

[M+Na]
+
. 
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5.2.2 Porphyrin dimers and linker 

 

Dimer-1 

 

CuCl (5.3 mg, MW = 98.99, 0.0054 mmol) was inserted in a round bottom flask and 

TMEDA (24.0 μL, MW = 116.24, d = 0.78, 0.162 mmol) was added under stirring. 

Then 1.0 mL of anhydrous DCM and activated molecular sieves (4Å, ~380 mg) were 

added in sequence. Lastly a solution of EPhTegPhDPyP (87 mg, MW = 802.9, 0.108 

mmol) in 3.5 mL of anhydrous DCM was added and the reaction was stirred for 16 

hours, at room temperature, under air pressure. The reaction was quenched with 3 mL of 

H2O, then the organic layer was washed three times with water, anhydrified over 

Na2SO4 and filtered. The solvent was removed under reduced pressure and the crude 

was purified by CC (silica gel, CHCl3/EtOH from 99:1 to 95:5 v/v) giving 66 mg of a 

purple solid. Yield 76.0%. 

Rf 0.30 (SiO2, CHCl3/MeOH 98:2 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.07 (d, J = 5.4 Hz, 8H, H-2,6 Py), 8.95 (d, J = 5.1 

Hz, 4H, H-β Pyrr), 8.93 (d, J = 4.8 Hz, 4H, H-β Pyrr), 8.86 (d, J = 4.5 Hz, 4H, H-β 

Pyrr), 8.82 (d, J = 4.4 Hz, 4H, H-β Pyrr), 8.25 (d, J = 8.1 Hz, 4H, H-2,6 PhEthy), 8.18 

(d, J = 5.6 Hz, 8H, H-3,5 Py), 8.11 (d, J = 8.4 Hz, 4H, H-2,6 PhTeg), 8.04 (d, J = 8.1 

Hz, 4H, H-3,5 PhEthy), 7.33 (d, J = 8.6 Hz, 4H, H-3,5 PhTeg), 4.46 (m, 4H, 

PhOCH2CH2O), 4.07 (m, 4H, OCH2CH2O), 3.90 (m, 4H, OCH2CH2O), 3.81 (m, 4H, 

OCH2CH2O), 3.76 (m, 4H, OCH2CH2O), 3.63 (m, 4H, OCH2CH2O), 3.43 (s, 6H, 

OCH3), -2.82 (br., 4H, NH). 

13
C-NMR (125 MHz, CDCl3): δ = 159.3 (C-1 PhTeg), 150.5 (C-1 PhEthy), 148.7 (C-

2,6 Py), 143.3 (C-4 PhTeg), 135.9 (C-2,6 PhTeg), 135.0 (C-2,6 PhEthy), 134.4 (C-4 

PhEthy), 131.4 (C-3,5 PhEthy), 129.7 (C-3,5 Py), 125.7, 121.9, 121.6, 119.7, 117.6, 

113.4 (C-3,5 PhTeg), 82.4 (PhCC-CCPh), 75.7 (PhCC-CCPh), 72.4 (C-2 Teg), 71.3 (C-
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3 Teg), 71.1 (C-4 Teg), 71.0 (C-5 Teg), 70.3 (C-6 Teg),  68.1 (C-7 Teg), 59.5 (C-1 

Teg). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 3.81x10

-6
 (± 5.59x10

-9
) cm

2
 s

-1 
(298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 423 (100), 516 (5.7), 

551 (3.5), 591 (2.1), 649 (1.8). 

Fluorescence Emission (λem (nm)) λex 420nm: 655, 718. 

IR (cm
-1

): 2921, 2853, 2361, 1717, 1636, 1592, 1384, 1284, 1247, 1108, 799. 

ESI-MS (m/z): For C102H82N12O8 calculated: 1602.6; found: 1603.6 [M+H]
+
, 1626.5 

[M+Na]
+
.  

 

Dimer-2 

 

Anhydrous THF, anhydrous DMF and TEA were degassed for 1 hour with Ar flux. A 

solution of EPhTegPhDPyP (21 mg, MW = 802.9, 0.026 mmol) in 1 mL of anhydrous 

THF was prepared and kept under Ar atmosphere. IPhTegPhDPyP (21.7 mg, MW = 

904.79, 0.024 mmol) was placed in the microwave reactor vessel and set under inert 

atmosphere. Then DMF (1.2 mL) and TEA (0.8 mL) were added and the mixture was 

degassed for 15 minutes with Ar flux. Lastly, keeping the vessel under inert atmosphere 

as much as possible, Pd(PPh3)4 (1.4 mg, MW = 1154.56, 0.0012 mmol) was added and 

the mixture was degassed for further 15 minutes. Keeping the vessel under Ar, the 

solution of EPhTegPhDPyP was added and the microwave reactor program was 

immediately started. The reaction was stirred for 1 hour at 120°C under microwave 

irradiation (ramping time = 10 min, P = 300 W). The crude mixture was passed through 

a very short Celite
®

 521 pad washing with CHCl3:MeOH 9:1. The organic solvent was 

then extracted twice with distilled water to eliminate DMF, dried with Na2SO4 and 

finally the solvent was removed under reduced pressure. Purification of the crude by CC 

(CHCl3/EtOH from 98:2 to 97:3 v/v) afforded 9.1 mg of a purple solid. Yield 24.0%. 
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Rf = 0.43 (SiO2, CHCl3/MeOH 95:5 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.08 (d, J = 5.5 Hz, 8H, H-2,6 Py), 9.00 (d, J = 4.5 

Hz, 4H, H-β Pyrr), 8.97 (d, J = 4.5 Hz, 4H, H-β Pyrr), 8.89 (d, J = 5.0 Hz, 4H, H-β 

Pyrr), 8.84 (d, J = 5.0 Hz, 4H, H-β Pyrr), 8.31 (d, J = 8.0 Hz, 4H, H-2,6 PhEthy), 8.21 

(dd, J = 6.0, 3.0 Hz, 8H, H-2,6 Py), 8.14 - 8.11 (ov, 8H, H-2,6 PhTeg H-3,5 PhEthy), 

7.35 (d, J = 8.5 Hz, 4H, H-3,5 PhTeg), 4.46 (m, 4H, PhOCH2CH2O), 4.09 (m, 4H, 

OCH2CH2O), 3.91 (m, 4H, OCH2CH2O), 3.82 (m, 4H, OCH2CH2O), 3.77 (m, 4H, 

OCH2CH2O), 3.65 (m, 4H, OCH2CH2O), 3.44 (s, 6H, OCH3), -2.80 (br, 4H, NH). 

13
C-NMR (125 MHz, CDCl3): δ = 159.3 (C-1 PhTeg), 150.6 (C-1 PhEthy), 148.7 (C-

2,6 Py), 142.4 (C-4 PhTeg), 135.9 (C-2,6 PhTeg), 135.0 (C-2,6 PhEthy), 134.4 (C-4 

PhEthy), 130.6 (C-3,5 PhEthy), 130.1, 129.8 (C-3,5 Py), 123.4, 121.5, 120.1, 117.5, 

113.4 (C-3,5 PhTeg), 91.0 (PhCCPh), 72.4 (C-2 Teg), 71.3 (C-3 Teg), 71.2 (C-4 Teg), 

71.0 (C-5 Teg), 70.3 (C-6 Teg), 68.1 (C-7 Teg), 59.5 (C-1 Teg). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 4.10x10

-6
 (± 6.07x10

-9
) cm

2
 s

-1 
(298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 423 (100), 516 (5.2), 

551 (2.5), 591 (1.2), 649 (0.9). 

Fluorescence Emission (λem (nm)) λex 420nm: 654, 718. 

IR (cm
-1

): 2919, 1853, 2361, 1719, 1637, 1592, 1473, 1384, 1282, 1247, 1106, 1072, 

968, 800, 732. 

ESI-MS (m/z): For C100H82N12O8 calculated: 1578.638; found: 1577.5 [M-H]
-
. 

 

1,4-Bis-[2(trimethylsilyl)ethynyl]benzene (DiETMSPh) 

 

1,4-Diiodobenzene (500 mg, MW = 329.9, 1.52 mmol) was placed in a microwave 

reactor vessel and anhydrous degassed DMF (1.5 mL) and degassed TEA (1 mL) were 

added under Ar atmosphere. The mixture was degassed for 15 minutes. Then firstly 

Pd(PPh3)4 (70 mg, MW = 1154.56, 0.061
 
mmol) and secondly CuI (23 mg, MW = 

190.0, 0.122 mmol) were added under Ar atmosphere. Each addiction was followed by 

15 minutes degassing. Further TEA was added (1 mL) and lastly TMSA (448 mg, MW 

= 98.2, 4.56 mmol) was added. After further 5 minutes degassing, the reaction was 

stirred for 10 minutes at 110°C under microwave irradiation (ramping time = 10 min, P 

= 300 W). The crude mixture was passed through a very short Celite
®
 521 pad washing 
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with Et2O and successively purified by FCC (n-Hx) followed by precipitation from 

EtOH. The mixture was dissolved in hot EtOH and kept in freezer for 48 hours. The 

precipitate was filtered and washed with cold EtOH giving 132 mg of a pale yellow 

solid. Yield 32.0%. 

Rf  0.33 (SiO2, n-Hex). 

1
H-NMR (500 MHz, CDCl3): δ= 7.38 (s, 4H, Ph), 0.24 (s, 18H, TMS). 

13
C-NMR (125 MHz, CDCl3): δ= 132.1 (C-2,3,5,6 Ph), 123.5 (C-1,4 Ph), 104.9 

(PhCCH), 96.6 (PhCCH), 0.3 (CH3)3Si. 

ESI-MS (m/z): For C16H22Si2 calculated: 270.126; found: 271.0 [M+H]
+
. 

 

1,4-DiEthynylbenzene (DiEPh) 

 

A solution of DiETMSPh (191 mg, MW = 270.5, 0.709 mmol) in 4 mL of MeOH was 

stirred for 15 minutes under Ar atmosphere, and then TBAF (7 mL, 1.0 M in THF, 7.10 

mmol) was added. The mixture was stirred under inert atmosphere for 1 hour. The 

solvent was removed under reduced pressure and the product was purified by FCC on 

aluminium oxide (n-ex:AcOEt from 100:0 to 99:1 v/v) giving 13 mg of a pale white 

solid. Yield 14.0%. 

Rf = 0.59 (SiO2, n-Hx/AcOEt 97:3 v/v) 

1
H-NMR (270 MHz, CD3OD): δ=  7.43 (s, 4H, Ph), 3.63 (s, 2H, Ehtnyl). 

 

Dimer-3 

 

Anhydrous THF, anhydrous DMF and TEA were degassed for 1 hour with Ar flux. 
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A solution of DiEPh (2.1 mg, MW = 126.1, 0.016
 
mmol) in 1 mL of anhydrous THF 

was prepared and kept under Ar atmosphere. IPhTegPhDPyP (31.4 mg, MW = 904.79, 

0.035
 
mmol) was placed in a microwave reactor vessel and set under inert atmosphere. 

Then DMF (1 mL) and TEA (3 mL) were added and the mixture was degassed for 15 

minutes with Ar flux. Lastly, keeping the vessel under inert atmosphere as much as 

possible, Pd(PPh3)4 (4 mg, MW = 1154.56, 0.0035
 
mmol) was added and the mixture 

was degassed for further 15 minutes. Keeping the vessel under Ar, the solution of 

DiEPh was added and right after the microwave reactor program was immediately 

started. The reaction was stirred for 1 hour at 120°C under microwave irradiation 

(ramping time = 10 min, P = 300 W). The crude mixture was passed through a very 

short Celite
®

 521 pad washing with CHCl3. The organic solvent was extracted three 

times with distilled water to eliminate DMF. The organic phase was dried with Na2SO4, 

filtered and the solvent was removed under reduced pressure. The residue was purified 

by two CC (CHCl3/EtOH from 100:0 to 97:3 v/v) to give 16 mg of dark purple solid. 

Yield 62.3%.  

Rf = 0.36 (CHCl3/MeOH 97:3 v/v). 

1
H-NMR (500 MHz, CDCl3): δ= 9.07 (d, J = 4.0 Hz, 8H, H-2,6 Py), 8.96 - 8.94 (ov, 

8H, H-β Pyrr), 8.86 (d, J = 4.5 Hz, 4H, H-β Pyrr), 8.83 (d, J = 5.0 Hz, 4H, H-β Pyrr), 

8.25 (d, J = 7.5 Hz, 4H, H-2,6 PhEhty), 8.19 (d, J = 5.0 Hz, 8H, H-3,5 Py), 8.12 (d, J = 

8.5 Hz, 4H, H-2,6 PhTeg), 8.00 (d, J = 7.5 Hz, 4H, H-3,5 PhEthy), 7.77 (s, 4H, H-

DiEPh), 7.34 (d, J = 8.5 Hz, 4H, H-3,5 PhTeg), 4.46 (m, 4H, PhOCH2CH2O), 4.09 (m, 

4H, OCH2CH2O), 3.90 (m, 4H, OCH2CH2O), 3.81 (m, 4H, OCH2CH2O), 3.76 (m, 4H, 

OCH2CH2O), 3.64 (m, 4H, , OCH2CH2O), 3.44 (s, 6H, OCH3), -2.81 (br, 4H, NH). 

13
C-NMR (125 MHz, CDCl3): δ = 159.3 (C-1 PhTeg), 150.6 (C-1 PhEthy), 148.7 (C-

2,6 Py), 142.4 (C-4 PhTeg), 135.9 (C-2,6 PhTeg), 135.0 (C-2,6 PhEthy), 134.5 (C-4 

PhEthy), 132.7 (C-1,4 DiEPh), 132.2 (C-2,3,5,6 DiEPh), 130.5 (C-3,5 PhEthy), 129.8 

(C-3,5 Py), 121.5, 120.1, 117.5, 113.4 (C-3,5 PhTeg), 110.4 (C-1 Ethynyl), 91.6 (C-2 

Ethynyl), 72.4 (C-2 Teg), 71.3 (C-3 Teg), 71.1 (C-4 Teg), 71.0 (C-5 Teg), 70.3 (C-6 

Teg), 69.1 (C-7 Teg), 59.5 (C-1 Teg). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 4.30x10

-6
 (± 6.36x10

-9
) cm

2
 s

-1 
(298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 421 (100), 516 (5.2), 

551 (3.0), 591 (1.7), 650 (1.8). 

Fluorescence Emission (λem (nm)) λex 420nm: 655, 719. 

IR (cm
-1

): 2923, 2853, 1639, 1593, 1247, 1108, 800, 732. 
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ESI-MS (m/z): For C108H86N12O8 calculated: 1678.669; found: 1679.7 [M+H]
+
. 

 

5.2.3 Molecular squares and metallacycles 

[ReBr(CO)3(DiTegPhDPyP)]4 (Sq-1)  

 

Slightly modifying a procedure described in the literature,
6
 DiTegPhDPyP (50 mg, 

MW = 941,08, 0.053 mmol) and Re(CO)5Br (21.6 mg, MW = 406.13, 0.053 mmol) 

were dissolved in 45 mL of anhydrous toluene-THF (4:1 v/v) under Ar atmosphere. The 

reaction mixture was heated to reflux and kept under stirring. After 24 hours, when the 

starting porphyrin was disappeared and no more changes were observed on TLC, the 

heating was stopped and the solvent removed under vacuum. Purification by CC (silica 

gel, CHCl3/MeOH from 99:1 to 98:2 v/v) afforded 19.7 mg of a light purple solid. Yield 

32.8%.  

Rf 0.8 (SiO2, CHCl3/MeOH 95:5 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.50 (d, J = 6.5 Hz 16H, H-2,6 Py), 8.89 (d, J = 5.0 

Hz, 16H, H-β Pyrr), 8.83 (d, J = 4.5 Hz, 16H, H-β Pyrr), 8.34 (d, J = 6.5 Hz, 16H, H-3,5 

Py), 7.97 (d, J = 8.5 Hz, 16H, H-2,6 PhTeg), 7.15 (d, J = 9 Hz, 16H, H-3,5 PhTeg), 4.23 

(m, 8H, PhOCH2CH2O), 3.85 (m, 8H, OCH2CH2O), 3.66 (m, 8H, OCH2CH2O), 3.54 

(m, 8H, OCH2CH2O), 3.46 (m, 8H, OCH2CH2O), 3.35 (m, 8H, OCH2CH2OCH3), 3.22 

(s, 24H, OCH3), -2.88 (br, 8H, NH). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 195.5 (CO), 192.7 (CO), 159.2 (C-1 

PhTeg), 153.6 (C-2,6 PhTeg), 153.2 (C-2,6 Py), 152.5 (C-4 Py), 135.8, 133.9 (C-4 

PhTeg), 131.8 (C-3,5 Py), 130.3, 130.0, 129.3, 125.8, 122.0, 115.3, 113.4 (C-3,5 
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PhTeg), 72.1 (C-2 Teg), 71.1 (C-3 Teg), 70.9 (C-4 Teg), 70.7 (C-5 Teg), 70.0 (C-6 

Teg), 67.9 (C-7 Teg), 59.2 (C-1 Teg). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 2.97x10

-6
 (± 1.09x10

-8
) cm

2
 s

-1
 (298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 426 (100), 519 (5.4), 

556 (4.0), 598 (2.0), 653 (3.0). 

Fluorescence Emission (λem (nm)) λex 426 nm: 661, 725. 

IR (cm
-1

): 3468, 2920, 2852, 2346, 2024, 1921, 1887, 1726, 1610, 1506, 1472, 1418, 

1372, 1351, 1289, 1248, 1177, 1111, 968, 845, 802, 733. 

 

[ReBr(CO)3(ECOOMePhTegPhDPyP)]4 (Sq-2) 

 

ECOOMePhTegPhDPyP (20.0 mg, MW = 937.05, 0.0213 mmol) and Re(CO)5Br (8.7 

mg, MW = 406.13, 0.0213 mmol) were dissolved in a 4:1 v/v mixture of dry 

THF/toluene (15 mL) previously degassed for 30 minutes with Ar flux. The reaction 

mixture was heated to reflux and kept under stirring. After 24 hours, when the starting 

porphyrin was disappeared and no more changes were observed on TLC, the heating 

was stopped and the solvent removed under vacuum. Despite four CC purifications 

(silica gel, CHCl3; silica gel, CHCl3/EtOH 99.5:0.5 v/v; silica gel, CHCl3/toluene/EtOH 

4:1:0.1; silica gel, CHCl3) the square was not isolated in pure form but as a mixture of 

two species with very very similar Rf : 10.7 mg of a purple solid. Yield 39.4%.  

Rf 0.36 (SiO2, CHCl3/MeOH 98:2 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.70-9.56 (ov, 16H, H-2,6 Py), 8.99-8.93 (ov, 32H, 

H-β Pyrr), 8.38-8.34 (ov, 16H, H-3,5 Py), 8.11-7.99 (ov, 32H, H-2,6 PhEthy, H-2,6 
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PhCOOMe, H-2,6 PhTeg, H-3,5 PhEthy), 7.44-7.41 (ov, 8H, H-3,5 PhCOOMe), 7.24-

7.22 (ov, 8H, H-3,5 PhTeg), 4.39-4.30 (ov, 8H, PhOCH2CH2O), 4.00-3.49 (ov, 36H, 

OCH2CH2O, COOCH3), 3.35-3.31 (ov, 12H, OCH3), -2.82 (br, NH), -2.84 (br, NH 

Pyrr). 

13
C-NMR (125 MHz, CDCl3): Selected signals δ = 195.5 (CO), 192.6 (CO), 166.9 

(COOCH3), 159.4 (C-1 PhTeg), 153.4 (C-2,6 PhTeg), 153.2 (C-2,6 Py), 142.1 (C-1 

PhEthy), 135.9 (C-2,6 PhEthy), 134.6 (C-3,5 PhEthy), 133.8, 131.8 (C-3,5 PhCOOMe), 

130.4 (C-1 PhCOOMe), 130.0 (C-2,6 PhCOOMe), 129.8 (C-3,5 Py), 128.0, 123.1, 

122.6, 120.5, 115.8, 115.6, 113.5 (C-3,5 PhTeg), 92.4 (C-1 Ethynyl), 90.2 (C-2 

Ethynyl), 72.2 (C-2 Teg), 71.1 (C-3 Teg), 71.0 (C-4 Teg), 70.9 (C-5 Teg), 70.1 (C-6 

Teg), 68.1 (C-7 Teg), 59.3 (C-1 Teg), 30.0(COOCH3). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 3.32x10

-6
 (± 4.95x10

-9
) cm

2
 s

-1
 (298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 426 (100), 519 (4.9), 

555 (3.1), 593 (1.7), 650 (1.6). 

Fluorescence Emission (λem (nm)) λex 420 nm: 658, 722. 

IR (cm
-1

): 3437, 3317, 2921, 2853, 2024, 1919, 1884, 1716, 1607, 1559, 1506, 1472, 

1434, 1417, 1402, 1350, 1307, 1274, 1247, 1175, 1105, 1064, 1017, 999, 981, 967, 884, 

853, 797, 768, 727, 695, 682, 630, 563, 521. 

 

[ReBr(CO)3(DiECOOMePhDPyP)]4 (Sq-3) 

 

DiECOOMePhDPyP (19.6 mg, MW = 933.02, 0.021 mmol) and Re(CO)5Br (8.5 mg, 

MW = 406.13, 0.021 mmol) were dissolved in a 2:1 v/v mixture of dry THF/toluene 
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(12.0 mL) previously degassed for 30 minutes with Ar flux. The reaction mixture was 

heated to reflux and kept under stirring. After 43 hours, when the starting porphyrin was 

disappeared and no more changes were observed on TLC, the heating was stopped and 

the solvent removed under vacuum. The solid residue was then dissolved in the 

minimum amount of CHCl3 necessary to reach an almost complete dissolution and 

methanol was gently added over it, leaving the slow diffusion of the solvents happened. 

After two days of diffusion the precipitated was filtered washing with MeOH, EtOH, n-

Hx and Et2O affording 18.1 mg of a purple solid. Yield 67.0%.  

Rf 0.54 (SiO2, CHCl3/MeOH 99.5:0.5 v/v). 

1
H-NMR (500 MHz, THF-d8): δ = 9.89 (d, J = 4.5 Hz, 16H, H-2,6 Py), 9.23 (d, J = 3.0 

Hz, 16H, H-β Pyrr), 8.78 (d, J = 2.5 Hz, 16H, H-β Pyrr), 8.63 (d, J = 6.5 Hz, 16H, H-2,6 

Py), 8.33 (d, J = 6.0 Hz, 16H, H-2,6 PhEthy), 8.23 (d, J = 7.0 Hz, 16H, H-2,6 

PhCOOMe), 8.14 (d, J = 8.0 Hz, 16H, H-3,5 PhEthy), 7.67 (d, J = 8.0 Hz, 16H, H-3,5 

PhCOOMe), 4.05 (br, 24H, CH3COO), -2.71 (br, 8H, NH Pyrr). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 3.28x10

-6
 (± 5.52x10

-9
) cm

2
 s

-1
 (298 K); (500 

MHz, THF-d8): D = 3.48x10
-6

 (± 5.69x10
-9

) cm
2
 s

-1
 (298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 426 (100), 519 (5.3), 

554 (3.1), 593 (1.8), 653 (1.8). 

Fluorescence Emission (λem (nm)) λex 420 nm: 661, 720. 

IR (cm
-1

): 3426, 3314, 2947, 2213, 2024, 1918, 1886, 1765, 1719, 1606, 1559, 1510, 

1495, 1474, 1435, 1419, 1405, 1274, 1175, 1106, 1018, 968, 884, 855, 799, 768, 728, 

695, 649. 

 

trans,cis,cis-[RuCl2(CO)2DiBrPhDPyP]4 (Sq-4) 
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DiBrPhDPyP (15.5 mg, MW = 774.5, 0.020 mmol) was dissolved in CHCl3 (50 mL), 

the solvent was previously neutralized through a basic Al2O3 pad and then anhydrified 

over CaCl2. Then trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] (6.9 mg, MW = 384.25, 0.018 

mmol) was added to the solution. The reaction mixture was stirred at room temperature. 

After 76 hours, when starting porphyrin disappeared and no more changes were 

observed on TLC the solvent was removed under vacuum. Despite four CC 

purifications (silica gel, CHCl3/n-Hx 9:1 v/v; silica gel, CHCl3/toluene 85:15 v/v; silica 

gel, CHCl3/toluene 1:1; silica gel, toluene/CHCl3 1:1) the square was not isolated in 

pure form but as a mixture of two species at different nuclearity, probably the square 

and the triangle (4+4 (a) and 3+3 (b)), possessing a very similar Rf : 1.2 mg of a purple 

solid.  

Rf 0.21 (SiO2, CHCl3/toluene 9:1 v/v). 

1
H-NMR (500 MHz, CDCl3):  

a) δ = 9.60 (dd, J = 6.5, 1.5 Hz, 16H, H-2,6 Py), 8.85 (br, 32H, H-β Pyrr), 8.42 (dd, J = 

6.5, 1.5 Hz, 16H, H-3,5 Py), 7.95 (dd, J = 8.5, 2.0 Hz, 16H, H-2,6 Ph), 7.77 (dd, J = 8.0, 

1.5 Hz, 16H, H-3,5 Ph), -2.92 (br, 8H, NH). 

b) δ = 9.48 (dd, J = 7.0, 1.5 Hz, 16H, H-2,6 Py), 8.71 (d, J = 5.0 Hz, 16H, H-β Pyrr), 

8.65 (d, J = 5.0 Hz, 16H, H-β Pyrr), 8.27 (dd, J = 6.5, 1.5 Hz, 16H, H-3,5 Py), 7.73 (dd, 

J = 8.0, 1.5 Hz, 16H, H-2,6 Ph), 7.51 (dd, J = 8.0, 1.5 Hz, 16H, H-3,5 Ph), -3.00 (br, 

8H, NH Pyrr). 

1
H DOSY-NMR (500 MHz, CDCl3):  

a) D = 3.94x10
-6

 (± 6.28x10
-9

) cm
2
 s

-1
 (298 K). 

b) D = 5.14x10
-6

 (± 8.37x10
-9

) cm
2
 s

-1
 (298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 422 (100), 516 (5.7), 

551 (2.8), 593 (1.6), 655 (2.9). 

Fluorescence Emission (λem (nm)) λex 420 nm: 661, 721. 

IR (cm
-1

): 3436, 2925, 2853, 2066, 1999, 1631, 1401, 1385, 1070, 1013, 968, 797. 
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trans,cis,cis-[RuCl2(CO)2DapEPhTegPhDPyP]4 (Sq-5) 

 

DapEPhTegPhDPyP (23.5 mg, MW = 994.1, 0.024 mmol) was dissolved in CHCl3 

(2.0 mL), the solvent was previously neutralized through a basic Al2O3 pad and then 

anhydrified over CaCl2. Then trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] (9.2 mg, MW = 

384.25, 0.024 mmol) was added to the solution. The reaction mixture was stirred at 

room temperature. After 76 hours, when the starting porphyrin was disappeared and no 

more changes were observed on TLC the solvent was removed under vacuum. After two 

CC purifications (silica gel, CHCl3/EtOH from 99.8:0.2 to 98:2 v/v; silica gel, 

CHCl3/EtOH 97:3 v/v) the square was not isolated in pure form but as a mixture of two 

presumably isomeric species possessing a very similar Rf : 6.6 mg of a bright purple 

solid. Yield 22.5%.  

Rf 0.30 (SiO2, CHCl3/MeOH 9:1 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.61-9.48 (ov, 16H, H-2,6 Py), 8.87 (m, 32H, H-β 

Pyrr), 8.41 (d, J = 5.0 Hz, 16H, H-3,5 Py), 8.00-7.55 (ov, 40H, H-2,6 PhEthy, H-3,5 

Dap, H-2,6 PhTeg, H-3,5 PhEthy, NHCOCH3), 7.20-7.14 (ov, 8H, H-3,5 PhTeg), 4.30-

4.20 (ov, 8H, PhOCH2CH2O), 3.93 (m, 8H, PhOCH2CH2O), 3.75-3.47 (ov, 16H, 

OCH2CH2O), 3.31-3.27 (ov, 12H, OCH3), 2.04-1.94 (ov, 24H, NHCOCH3), -2.89- -2.91 

(ov, 8H, NH Pyrr). 

1
H DOSY-NMR (500 MHz, CDCl3): D = 3.18x10

-6
 (± 4.71x10

-9
) cm

2
 s

-1
 (298 K). 

UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 425 (100), 519 (5.9), 

555 (3.6), 594 (2.1), 653 (2.6). 

Fluorescence Emission (λem (nm)) λex 420 nm: 661, 723. 
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IR (cm
-1

): 3430, 2958, 2922, 2851, 2213, 2065, 2001, 1687, 1610, 1555, 1504, 1467, 

1413, 1261, 1176, 1100, 1023, 967, 854, 801, 726, 634, 563, 509. 

 

trans,cis,cis-[RuCl2(CO)2UrEPhTegPhDPyP]4 (Sq-6) 

 

UrEPhTegPhDPyP (49 mg, MW = 997.15, 0.049 mmol) was dissolved in CHCl3 (4 

mL), the solvent was previously neutralized through a basic Al2O3 pad and then 

anhydrified over CaCl2. Then trans,cis,cis-[RuCl2(CO)2(DMSO-O)2] (18.8 mg, MW = 

384.25, 0.049 mmol) was added to the solution. The reaction mixture was stirred at 

room temperature. After 76 hours, when the starting porphyrin was disappeared and no 

more changes were observed on TLC the solvent was removed under vacuum. After two 

CC purifications (silica gel, CHCl3/EtOH from 97:3 to 9:1 v/v; silica gel, CHCl3/EtOH 

from 98:2 to 96:4 v/v) the square was not isolated in pure form but as a mixture of two 

species possessing a very similar Rf : 32.8 mg of a purple solid.  

Rf 0.57 (SiO2, CHCl3/MeOH 9:1 v/v). 

1
H-NMR (500 MHz, CDCl3): δ = 9.60-9.52 (ov, 16H, H-2,6 Py), 8.94-8.80 (ov, 32H, 

H-β Pyrr), 8.44 (br, 16H, H-3,5 Py), 8.31-7.64 (ov, 28H, H-2,6 PhEthy, H-2,6 PhTeg, 

H-3,5 PhEthy, NH Ur), 7.18 (br, 8H, H-3,5 PhTeg), 5.99-5.82 (ov, 4H, H-5 Ur), 4.35-

3.36 (ov, 56H, PhOCH2CH2O, NCH2, OCH2CH2O), 3.28-3.26 (ov, 12H, OCH3), 1.70-

0.66 (ov, 44H, NCH2CH2CH2CH2CH2CH3), , -2.86 (br, 8H, NH Pyrr). 

1
H DOSY-NMR (500 MHz, CDCl3/CD3OD 95:5 v/v): D = 1.25x10

-6
 (± 1.85x10

-9
) cm

2
 

s
-1

 (303 K). 
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UV-Vis spectrum (λmax (nm), relative intensity (%)) in CH2Cl2: 425 (100), 519 (6.4), 

554 (3.8), 594 (2.1), 654 (3.0). 

Fluorescence Emission (λem (nm)) λex 420 nm: 661, 719. 

IR (cm
-1

): 3436, 2922, 2852, 2209, 2064, 1999, 1686, 1610, 1504, 1456, 1385, 1247, 

1175, 1103, 1065, 969, 800. 

 

5.2.4 Ionophoric activity 

 L-α-phosphatidyl-DL-glycerol sodium salt (EYPG, 20 mg/mL chloroform 

solution) was purchased from Avanti Polar Lipids, egg yolk phosphatidylcholine 

(EYPC, 100 mg/mL chloroform solution), HPTS and HEPES were from Sigma; Triton
®

 

X-100 was from Fluka; all salts were of the best grade available from Aldrich and were 

used without further purification. 

Size exclusion chromatography (SEC) was performed using Sephadex
TM

 G-75 or pre-

packed columns Sephadex
TM

 G-25 M (PD-10) from Amersham Biosciences. 

Liposome were prepared by extrusion using a 10 mL Lipex
TM

 Thermobarrel 

EXTRUDER (Northern Lipids Inc.) connected to a thermostatic bath (25°C). The 100 

nm polycarbonate membranes are Nucleapore track-Etch Membranes from Whatman. 

Fluorescence spectra were recorded on Varian Cary Eclipse fluorimeter. All 

fluorimetric experiments were conducted at 25°C. 

The ionophores concentration is given in percent with respect to the total concentration 

of lipid. 

Mother solutions of ionophores were prepared in DMSO or in CHCl3/methanol. Control 

experiments showed that the amount of DMSO/methanol (maximum amount 1.00% in 

volume) or CHCl3/methanol (maximum amount 1.00% in volume) added to the 

vesicular suspension in the different experiments did not affect membrane permeability. 

 

5.2.4.1 Proton permeation assay 

 A mixture of 150 μL of EYPC  chloroform solution (100 mg/mL, 20 μmol) and 

40 μL of EYPG  chloroform solution (20 mg/mL, 1 μmol) has been first evaporated 

with Ar-flux to form a thin film and then dried under high vacuum for three hours. The 

lipid cake has been then hydrated in 1.5 mL of 0.1 mM HPTS solution (buffer HEPES  

25 mM, 100 mM NaCl, pH 7) for 30 minutes at 40 °C. The lipid suspension has been 

submitted to five freeze-thaw cycles (-196 °C/40 °C) using liquid nitrogen and a 
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thermostatic bath, and then extruded under nitrogen pressure (15 bar) at room 

temperature (10 extrusions through a 100 nm polycarbonate membrane). 

The LUVs suspension has been subsequently separated from extravesicular dye by size 

exclusion chromatography (SEC) (stationary phase: pre-packed column Sephadex™ G-

25, mobile phase: HEPES buffer) and diluted with HEPES buffer to give a stock 

solution with a lipid concentration of 5 mM (assuming 100% of lipids were 

incorporated into liposomes). An appropriate aliquot (depending on the LUVs batch 

prepared) of the lipid suspension has been placed in a fluorimetric cell, diluted to 3040 

μL with the same buffer solution used for the liposome preparation and kept under 

gently stirring. The total lipid concentration in the fluorimetric cell was 0.17 mM. An 

aliquot of solution of the ionophore (5-20 μL of the appropriate mother solution in order 

to obtain the desired molcompound/mollipid ratio) has been then added to the lipid 

suspension and the cell was incubated at 25 °C for 10 min. 

After incubation the time course of the fluorescence emission was recorded for 50 s 

(λex1 = 460 nm, λex2 = 403 nm, λem= 510 nm) and then 50 μL of 0.5 M NaOH have been 

rapidly added through an injector port and the fluorescence emission has been recorded 

for 300 s. Maximal changes in dye emission were obtained by final lysis of the 

liposomes with detergent (40 μL of 5% aqueous Triton
®
 X-100) recording fluorescence 

emission for further 50 s. 

The data set consists in the emission intensities, recorded at 510 nm, modulated by 

alternating excitation at 403 nm and 460 nm on a 0.5+0.5 seconds cycle. The 

concentration of the conjugate base form of HPTS is related to the emission intensity at 

510 nm during the period when the dye is excited at 460 nm (E460) while the 

concentration of the protonated form is related to the emission intensity at 510 nm 

during the period when the dye is excited at 403 nm (E403). Fluorescence time course 

were normalized using the following equation, where the subscript 0, ∞ and t denote the 

emission ratio before the base pulse, after detergent lysis, and at an intermediate time, 

respectively (Eq.3). 

𝐹𝐼 =

(
𝐸403
𝐸460

)
𝑡
− (

𝐸403
𝐸460

)
0

(
𝐸403
𝐸460

)
∞
− (

𝐸403
𝐸460

)
0

× 100 (3) 
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6 Parallel Works and Collaborations 

 

 Simultaneously with the main research activity, we have also conducted studies 

on the ionophoric activity of a diphoshine-Pd(II) complex and of two guanine-based 

amphiphiles. The interest in the Pd(II) complexes as ion carriers emerged from previous 

work made in our research group by Dr. Boccalon, while the study of the ionophoric 

properties of guanidine derivatives is in the frame of a collaboration with Prof. Daniela 

Montesarchio of the University of Napoli “Federico II”. 

 

 The abovementioned work made by Dr. Boccalon focused on the ionophoric 

activity of a [4 + 4] metallacycle obtained by the metal-mediated self-assembly of trans-

di(4-pyridyl)porphyrins and Re(I) complexes.
1
 During attempts to form the same 

metallacycle using a Pd(II) complex she observed some ionophoric activity that was 

ascribable to the metal complex itself and not to the metallacycle. Therefore it has been 

decided to undertake a systematic investigation of the ionophoric activity of a series of 

Pd(II) complexes. First results showed that the neutral square planar Pd(II) complex, 

namely [Pd(dppp)(OTf)2] (Fig.1), bearing as ligands one chelating diphosphine and two 

trifluoromethanesulphonate ions, efficiently transported chloride across phospholipid 

membranes. 

 

 

Figure 1. Structure of [1,3-bis-(diphenylphosphino)propane]palladium (II) bis-triflate investigated. 

 

The ionophoric behaviour of the complex has been studied utilizing liposomes made of 

a 95:5 phosphatidylcholine (PC) and phosphatidylglycerol (PG) blend prepared in 

HEPES buffer (pH 7.0) containing 100 mM NaCl and loaded with HPTS (8-

hydroxypyrene-1,3,6-trisulfonic acid) fluorescent dye. The complex has shown an 

efficient transport activity promoting the pH-gradient collapse in less than 120 s at 0.1% 

concentration. Moreover, the complex has shown an interesting selectivity in the 
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transport of halides respect to oxygenated anions, in particular it is really effective in the 

transport of the biologically relevant Cl
-
 ion. The synthesis of the [Pd(dppp)(OTf)2], the 

ionophoric activity and ions selectivity studies are reported in the article attached to this 

chapter. 

 

 Prof. Montesarchio and co-workers recently reported a general and versatile 

synthetic strategy to obtain a library of amphiphilic, sugar-modified analogues of 

guanosine, generated by very simple and high yielding manipulations starting from a 

common precursor, which had been fully protected on the nucleobase.
2
 Some of the 

members of this library have shown an interesting ions transport activity through 

phospholipid bilayers Encouraged by these results they decided to expand the repertoire 

of amphiphilic guanosine derivatives to obtain optimized compounds with improved 

ionophore and/or anti-proliferative activity. Starting from the commercially available 

guanine they have synthesized two new compounds, namely Gua1 and Gua2, in which 

a triethyleneglycol chain and a trehalose residue, respectively, have been inserted into 

the guanine scaffold (Fig.2). 

 

 

Figure 2. Structure of the amphiphilic guanine derivative Gua1 and Gua2.  

 

Our group has studied the ionophoric activity of these compounds. In ion transport 

experiments through phospholipid bilayers, carried out to evaluate their ability to 

mediate H
+
 transport, Gua2 showed high activity. When this compound has been 

investigated for ion-selective transport activities, no major differences have been 

observed in the behaviour with cations while, in the case of anions, selective transport 

was observed in the series I
-
 > Br

-
 > Cl

-
 > F

-
. 
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Synthesis, ionophoric activity and anti-proliferative in vitro assays are reported in the 

article attached to this chapter. 
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Anion transport across phospholipid membranes
mediated by a diphosphine–Pd(II) complex†

Domenico Milano, Barnaba Benedetti, Mariangela Boccalon, Andrea Brugnara,
Elisabetta Iengo* and Paolo Tecilla*

The [Pd(dppp)(OTf)2] complex acts as an efficient transporter of

halide anions, in particular the biologically relevant chloride anion,

across a phospholipid bilayer.

In recent years, there has been growing interest in the potential
biological activity of synthetic ionophores1 and, in particular, in
transmembrane anion transporters.2 This interest is in large part
motivated by the awareness that defects in anion-transport proteins
can lead to a number of diseases known as ‘‘channelopathies’’,3 the
best known being cystic fibrosis (CF), a severe illness caused by
impairment of chloride transport through the CFTR anion channel
in epithelial cell membranes. It has been proposed that synthetic
ionophores may facilitate chloride transport in ill cells and seminal
work on artificial peptide based chloride channels,4,5 on steroid
based chloride transporters,6,7 and on isophthalamide derivatives8

has shown promising results in in vitro biological tests. Moreover,
prodiginines,9 a family of naturally occurring low molecular weight
chloride transporters, and some synthetic structurally related10 or
unrelated11 transmembrane anion carriers are under investigation
because of their promising anticancer activity. Supramolecular
chemists have developed a large number of systems able to promote
transmembrane anion transport12 and among them, low molecular
weight molecules are very appealing targets since their physico-
chemical properties can be more easily implemented and opti-
mized13 in order to obtain a real usable drug.14 This has led to the
investigation of several organic ligands, ranging from steroid based
cholapods12c to simple acylthioureas,15 which bind chloride, mainly
through hydrogen-bond interactions, forming complexes that effi-
ciently transport the anion across the phospholipid membrane.
Surprisingly and despite their well-documented use as recognition
elements for anions,16 studies on metal complexes as anion carriers
through lipid bilayers are virtually absent in the literature.

Following our interest in synthetic ionophores17 we recently
reported the ionophoric activity of a 4 + 4 metallacycle obtained
by the metal-mediated self-assembly of trans-di(4-pyridyl)-
porphyrins and Re(I) complexes.18 A parallel investigation of
porphyrin metallacycles connected by Pd(II) fragments clearly
indicated that this metal ion is not inert enough to form or
maintain such metallacycles in a phospholipid membrane
environment, as also observed by Fyles19 and by Webb.20

Nevertheless, and in analogy with Fyles,19 we measured some
ionophoric activity which was reasonably due to the Pd(II)
fragment itself. Indeed, at least one report in the literature
showed that Pd(II) and Pt(II) complexes are able to transport
amino acids across a bulk chloroform membrane.21 However,
the ability of Pd(II) complexes to transport anions across lipid
membranes has apparently not been investigated. This is yet
more surprising as, in analogy with the well-known Pt(II)
complexes, the biological and in particular the anticancer
activity of Pd(II) complexes is intensely investigated.22 We
therefore decided to undertake a systematic investigation of
the ionophoric activity of a series of Pd(II) complexes, and we
report here our first results showing that a neutral square
planar Pd(II) complex, bearing as ligands one chelating dipho-
sphine and two trifluoromethanesulphonate ions, efficiently
transports chloride across phospholipid membranes.

Complex 1 has been widely employed as a metal precursor for
the construction of metal-mediated 2D and 3D supramolecular
architectures,23 and was here efficiently prepared by a modified
literature procedure (Scheme 1 and ESI†).24 The choice of the dppp
ancillary ligand was crucial owing to its lipophilic nature and, more

Scheme 1 (i) MeOH, dppp, 3 h, 90%; (ii) CH2Cl2, AgOTf, reflux, 24 h, 75%.
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importantly, to its inertness towards ligand exchange even in the
presence of water. These characteristics ensure the partition of 1 in
the phospholipid membrane.‡ On the other hand, the two OTf�

ligands are labile and can, therefore, be exchanged with other
anions thus ensuring the anion transport across the membrane.§

The ionophoric behaviour of complex 1 was studied using
liposomes made of a 95 : 5 phosphatidylcholine (PC) and phos-
phatidylglycerol (PG) blend prepared in HEPES buffer (pH 7.0)
containing 100 mM NaCl and loaded with the pH sensitive
HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid) fluorescent dye.
After addition of the ionophore, a pH gradient of 0.6 pH units is
applied by external addition of NaOH and the fluorescence
emission of HPTS is recorded. The collapse of the transmem-
brane pH-gradient implies basification of the liposome inner
water pool which is signalled by an increase of the HPTS
fluorescence emission. Therefore, the rate of the pH gradient
collapse gives direct information on the transportation of OH�

(influx) or H+ (efflux) and indirect information on the correlated
symport/antiport of counterions. Fig. 1a shows the typical
kinetic profiles obtained upon addition of NaOH at 100 s and
lysis of the liposomes by addition of Triton X-100 at 700 s.
Complex 1 is considerably effective in promoting the pH-
gradient collapse which is complete after less than 120 s at a
0.1% concentration of ionophore. As controls the more hydro-
philic PdCl2 and the dppp ligand alone were tested, each at a
concentration 10 times higher, and were found to be almost
inactive, thus underlining the importance of a lipophilic por-
tion in the metal complex in order to achieve activity. Interest-
ingly, complex 2 shows a very similar activity to 1 suggesting
that the Cl� and the OTf� ligands in the two metal complexes
are both exchanged under the experimental conditions, leading
to a similar ionophoric Pd(II) species. However, to avoid the
presence of an additional exogenous chloride ion, complex 1
was selected as a candidate for further investigation. Fitting of
the kinetic traces affords the first-order rate constants (kt, s�1)
for the transport process, those of 1 are reported as a function

of the complex concentration in Fig. 1b. The profile shows an
upward curvature, and interpolation of the experimental points
with the equation proposed by Regen25 gives n = 1.7 (Fig. 1b and
ESI†). This suggests that, at high concentration of 1, dimeric
Pd-complexes, probably formed by m-OH� bridges,26 participate
in the transport process.¶

Selectivity in ion transport was investigated using the HPTS
assay and using the protocol described above and in the
presence of only the cation or the anion under investigation
added as the MCl or NaX salt, respectively. The results show
similar transport rates in the presence of the first group alkali
metals (Fig. 2a), as well as halide anions (Fig. 2b). In contrast,
oxygenated anions such as NO3

� and ClO4
� inhibit the trans-

port process (Fig. 2b). The observation that the transport rate is
independent of the nature of the cation and dependent on the
nature of the anion suggests that the inner vesicular pH change
signalled by HPTS correlates with the OH�/X� antiport (or with
the kinetically equivalent H+/X� symport).

Anion selectivity was further investigated with an experi-
ment in which liposomes with entrapped HPTS and prepared in
HEPES buffer (25 mM, pH 7) were exposed to an anion gradient
by external addition of the anion (NaX). If the anion is trans-
ported from outside to inside the liposome, a compensative
OH� antiport (or the H+ symport) should be observed leading to
acidification of the liposome inner water pool and consequent
decrease of the HPTS emission. The results shown in Fig. 3a
confirm the selectivity sequence observed with the pH-jump
experiment with halides activating a transport process much
more efficiently than nitrate or perchlorate. In this case the
difference in activity between halides and oxygenated anions is
lower, probably because of the high anion gradient applied
(33 mM outside, 0 mM inside) that enhances the transport
process. However, the trend is similar, thus confirming the
anion transporting ability of the Pd(II) complex. Finally, anion
transport was confirmed with the chloride sensitive lucigenin
dye trapped inside liposomes, prepared in HEPES (25 mM, pH
7) containing 100 mM NaNO3, and by applying a NaCl pulse
from outside (Fig. 3b). The decrease in the lucigenin fluores-
cence emission confirms that 1 transports chloride across the

Fig. 1 (a) Normalized fluorescence change in HPTS emission as a function of
time after addition of the base (50 mL of 0.5 M NaOH) to 95 : 5 PC/PG LUVs
(100 nm diameter) loaded with HPTS (0.1 mM HPTS, 0.17 mM total lipid
concentration, 25 mM HEPES, 100 mM NaCl, pH 7.0), in the presence of Pd(II)
complexes 1 and 2, PdCl2 and dppp. The concentrations of ionophores, given
in percent with respect to the total concentration of lipids, are indicated in the
figure. (b) Dependence of the observed rate constant for the transport process
(kt, s�1) vs. concentration of 1. The red line corresponds to the fitting of the data
with Regen’s equation reported in the graph (see ESI†).

Fig. 2 (a) Cation selectivity of 1 (0.05%) by using the HPTS assay (MCl
(100 mM), pH 7.0, base pulse by addition of MOH (50 mL, 0.5 M)). (b) Anion
selectivity of 1 (0.05%) by using the HPTS assay (NaX (100 mm), pH 7.0,
base pulse by addition of NaOH (50 mL, 0.5 M)). Other conditions as
specified in Fig. 1.
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bilayer although, probably for an unfavourable NO3
�/Cl� antiport,

the efficiency observed with this assay is somewhat lower.
The selectivity in anion transport correlates well with the

anion binding ability of the Pd(II) complex as disclosed by
UV-Vis titrations (Fig. 4). Indeed, addition of halides to a
solution of 1 in DMSO/HEPES 1 : 1 generates a new band
centred respectively at 270 (Cl�), 283 (Br�) and 303 (I�) nm
with a shoulder at longer wavelengths. In contrast, addition of
NO3

� and ClO4
� does not induce any change in the spectra of 1

suggesting that these anions are not or only weakly coordinated
to the metal complex. Interestingly, analysis of the titration
curves shows the stepwise formation of a [Pd(dppp)X2] complex
with log K1 in the range 3.7–5.1 for the insertion of the first
halide and log K2 in the range 1.9–3.5 for the second one, with
I� being the most tightly bound anion (see ESI†). The values
obtained for Cl� are in good agreement with those reported for
[Pd(en)(H2O)2]2+ (en = ethylenediamine).26

Taking together all the experimental evidence and in analogy
with the mechanism proposed by Feringa for the transport of
amino acids across a bulk membrane,21 we propose that the
[Pd(dppp)]2+ fragment, as a monomer or at higher concentration
as a m-OH� dimer, acts as a carrier residing in the membrane and

shuttling the ions across the phospholipid bilayer, by exchanging
halides with OH�. The feasibility of this mechanism is also
supported by the observation that 1 is able to transport chloride
across a bulk chloroform membrane in a classical U-tube experi-
ment (see ESI†).

In conclusion we have demonstrated for the first time that a
simple Pd(II) complex is able to efficiently transport halides, in
particular the biologically relevant chloride ion, across a phospho-
lipid bilayer thus representing a prototype of a new class of low
molecular weight ‘drug-like’ anion transporters. The transport effi-
ciency is high although not yet at the level of the best hydrogen-
bonding anion carriers. Studies are in progress to better understand
the mechanism of transport in order to implement the Pd(II)
complex characteristics and ultimately improve its performance.

This work was supported by Fondazione Beneficentia Stif-
tung, MIUR-PRIN 2010JMAZML and 2010N3T9M4 projects.

Notes and references
‡ Preliminary experiments using 4,40-di-tert-butyl-2,20-dipyridyl as an
ancillary ligand showed a very complex behaviour probably due to the
partial detachment of the ligand from the metal ion. On the other hand
the hydrophilic PdCl2 does not show any ionophoric activity.
§ 19F-NMR shows that OTf� is fully dissociated from 1. Moreover,
UV-Vis studies in 1 : 1 DMSO/H2O suggest the formation of a
[Pd(dppp)(H2O)2]2+ complex which dissociates to [Pd(dppp)(H2O)OH]+

with pKa = 6.1. See ESI.†
¶ Experiments on calcein release excluded that the observed transport
processes are related to dye leakage induced by 1, see ESI.†
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and R. Quesada, Chem. Commun., 2012, 48, 1556.

11 (a) N. Busschaert, M. Wenzel, M. E. Light, P. Iglesias-Hernández,
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R. Pérez-Tomás, I. Marques, P. J. Costa, V. Félix and P. A. Gale, Chem.
Sci., 2013, 4, 103; (d) I. Izzo, S. Licen, N. Maulucci, G. Autore,
S. Marzocco, P. Tecilla and F. De Riccardis, Chem. Commun., 2008, 2986.

12 Recent reviews: (a) S. Licen, F. De Riccardis, I. Izzo and P. Tecilla,
Curr. Drug Discovery Technol., 2008, 5, 86; (b) G. W. Gokel and
N. Barkey, New J. Chem., 2009, 33, 947; (c) P. R. Brotherhood and
A. P. Davis, Chem. Soc. Rev., 2010, 39, 3633; (d) J. T. Davis, O. Okunola
and R. Quesada, Chem. Soc. Rev., 2010, 39, 3843; (e) P. A. Gale, Acc. Chem.

Fig. 3 (a) Normalized fluorescence change in HPTS emission as a function of
time in the presence of 1 (0.1%) after the external addition of anions. Condi-
tions: 25 mM HEPES, pH 7.0, anion pulse by addition of 50 mL of 2 M NaX. The
final external concentration of anion is 33 mM. (b) Normalized fluorescence
change in lucigenin emission in the presence of different concentrations of
complex 1 after the addition of NaCl (50 mL of 2 M solution, final external
concentration 33 mM) to PC LUVs loaded with lucigenin (1 mM lucigenin,
0.1 mM total lipid concentration, 25 mM HEPES, 100 mM NaNO3, pH 7.0).
The mother solution of 1 was prepared in methanol.

Fig. 4 UV-Vis spectra of 1 (60 mM) in 1 : 1 DMSO/HEPES buffer (25 mM,
pH 7.0) alone and in the presence of different anions (25 mM). The
spectrum of NaNO3 is corrected for the absorbance of NO3

�.

ChemComm Communication



9160 | Chem. Commun., 2014, 50, 9157--9160 This journal is©The Royal Society of Chemistry 2014

Res., 2011, 44, 216; ( f ) S. Matile, A. Vargas Jentzsch, J. Montenegro and
A. Fin, Chem. Soc. Rev., 2011, 40, 2453.

13 N. Busschaert and P. A. Gale, Angew. Chem., Int. Ed., 2013, 52, 1374.
14 (a) N. Busschaert, S. J. Bradberry, M. Wenzel, C. J. E. Haynes,

J. R. Hiscock, I. L. Kirby, L. E. Karagiannidis, S. J. Moore,
N. J. Wells, J. Herniman, G. J. Langley, P. N. Horton, M. E. Light,
I. Marques, P. J. Costa, V. Félix, J. G. Frey and P. A. Gale, Chem. Sci.,
2013, 4, 3036; (b) V. Saggiomo, S. Otto, I. Marques, V. Félix,
T. Torroba and R. Quesada, Chem. Commun., 2012, 48, 5274.

15 C. J. E. Haynes, N. Busschaert, I. L. Kirby, J. Herniman, M. E. Light,
N. J. Wells, I. Marques, V. Félix and P. A. Gale, Org. Biomol. Chem.,
2014, 12, 62.

16 L. Fabbrizzi and A. Poggi, Chem. Soc. Rev., 2013, 42, 1681.
17 (a) F. De Riccardis, I. Izzo, D. Montesarchio and P. Tecilla, Acc.

Chem. Res., 2013, 46, 2781; (b) D. Montesarchio, C. Coppola,
M. Boccalon and P. Tecilla, Carbohydr. Res., 2012, 356, 62.

18 (a) M. Boccalon, E. Iengo and P. Tecilla, J. Am. Chem. Soc., 2012,
134, 20310; (b) M. Boccalon, E. Iengo and P. Tecilla, Org. Biomol.
Chem., 2013, 11, 4056.

19 T. M. Fyles and C. C. Tong, New J. Chem., 2007, 31, 655.
20 U. Devi, J. R. D. Brown, A. Almond and S. J. Webb, Langmuir, 2011,

27, 1448.
21 B. J. V. Verkuijl, A. J. Minnaard, J. G. de Vries and B. L. Feringa,

J. Org. Chem., 2009, 74, 6526.
22 A. R. Kapdi and I. J. S. Fairlamb, Chem. Soc. Rev., 2014, 43, 4751.
23 R. Chakrabarty, P. S. Mukherjee and P. J. Stang, Chem. Rev., 2011,

111, 6810.
24 P. J. Stang, D. H. Cao, S. Saiyo and A. M. Arif, J. Am. Chem. Soc., 1995,

117, 6273.
25 M. Merritt, M. Lanier, G. Deng and S. T. Regen, J. Am. Chem. Soc.,

1998, 120, 8494.
26 H. Hohmann and R. Van Eldik, Inorg. Chim. Acta, 1990, 174, 87.

Communication ChemComm



Bioorganic & Medicinal Chemistry 23 (2015) 1149–1156
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier .com/locate /bmc
Guanine-based amphiphiles: synthesis, ion transport properties
and biological activity
http://dx.doi.org/10.1016/j.bmc.2014.12.055
0968-0896/� 2014 Elsevier Ltd. All rights reserved.

Abbreviations: AcOEt, ethyl acetate; Boc, tert-butoxycarbonyl; Boc2O, Boc
anhydride; DCC, dicyclohexylcarbodiimide; DIAD, diisopropylazodicarboxylate;
DMAP, 4-(N,N-dimethylamino)pyridine; DMF, N,N-dimethylformamide; PPh3, tri-
phenylphosphine; tBu, tert-butyl; TEA, triethylamine; TFA, trifluoroacetic acid; THF,
tetrahydrofuran.
⇑ Corresponding author. Fax: +39 081 674393.

E-mail address: daniela.montesarchio@unina.it (D. Montesarchio).
Domenica Musumeci a, Carlo Irace b, Rita Santamaria b, Domenico Milano c, Paolo Tecilla c,
Daniela Montesarchio a,⇑
a Department of Chemical Sciences, University Federico II of Napoli, Via Cintia, 4, I-80126 Napoli, Italy
b Department of Pharmacy, University Federico II of Napoli, Via D. Montesano, 49, I-80131 Napoli, Italy
c Department of Chemical and Pharmaceutical Sciences, University of Trieste, Via L. Giorgieri, I-34127 Trieste, Italy
a r t i c l e i n f o

Article history:
Received 23 October 2014
Revised 18 December 2014
Accepted 22 December 2014
Available online 14 January 2015

Keywords:
Guanine derivatives
Amphiphiles
Synthetic ionophores
In vitro bioactivity tests
a b s t r a c t

Novel amphiphilic guanine derivatives, here named Gua1 and Gua2, have been prepared through few,
simple and efficient synthetic steps. In ion transport experiments through phospholipid bilayers, carried
out to evaluate their ability to mediate H+ transport, Gua2 showed high activity. When this compound
was investigated for ion-selective transport activities, no major differences were observed in the
behaviour with cations while, in the case of anions, selective activity was observed in the series I� >
Br� > Cl� > F�. The bioactivity of these guanine analogues has been evaluated on a panel of
human tumour and non-tumour cell lines in preliminary in vitro cytotoxicity assays, showing a relevant
antiproliferative profile for Gua2.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Among the canonical nucleobases, guanine plays a special role,
having an extraordinary ability to produce multiple hydrogen
bonds and thus generate not only Watson–Crick interactions but
also a variety of non-Watson–Crick specific recognition schemes.1

Thus, either in the form of single base or nucleoside, or incorpo-
rated in guanine-rich oligonucleotides, guanine derivatives may
result into higher order self-assembling arrangements, such as
the G-quadruplex structures, which are complex three-dimen-
sional architectures consisting of stacked G-tetrads stabilized by
Na+ or K+ cations.2–4

As a general remark, the biological activity of guanines and
guanosines is not only related to their incorporation into specific
DNA and/or RNA sequences, but can be found also in single
nucleosides/nucleotides and/or nucleoside analogues. The strin-
gent need for effective antiviral drugs has been the main trigger
for the research in the field of nucleoside analogues in the last
three decades. These efforts have produced a plethora of new,
diverse compounds, many of which endowed with relevant bioac-
tivity.5,6 Well known examples of antiviral modified guanosines
are acyclovir,7 ganciclovir8 and entecavir,9 which are currently
adopted in clinic against HSV, CMV and HBV, respectively. In more
recent years, the interest for nucleoside analogues has been rekin-
dled also in the frame of a general revisitation of their potential as
anticancer and antibacterial agents.10–14

We recently described some amphiphilic guanosine analogues
as model compounds of a still very poorly investigated class of
guanosine derivatives.15 Our basic idea was to contribute to ‘bridg-
ing the gap’—in terms of knowledge and applications—between
naturally occurring hydrophilic guanosine-based compounds
(nucleotides and their congeners), on one side, and artificial
lipophilic derivatives, on the other, emerged as promising nano-
technological tools. In order to produce a small library of different
amphiphilic derivatives, we elaborated a simple, general synthetic
procedure to introduce various lipophilic and hydrophilic
appendages at the ribose moiety, so to ensure the highest
molecular diversity within very straightforward synthetic
schemes. Studies on the ability of the synthesized compounds to
transport ions through phospholipids bilayers showed interesting
results in the case of compounds G5, G6 and G7 (Fig. 1), which well
correlated with their cytotoxicity on several human tumour cell
lines.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2014.12.055&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2014.12.055
mailto:daniela.montesarchio@unina.it
http://dx.doi.org/10.1016/j.bmc.2014.12.055
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc
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Figure 1. Chemical structures of the amphiphilic derivatives of guanosine previously studied in our group.15
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These encouraging results prompted us to further expand the
repertoire of amphiphilic guanosine derivatives to obtain
optimized compounds with improved ionophore and/or antiprolif-
erative activity. In this work, we report the synthesis and charac-
terization of two novel guanine analogues, which, compared with
the previously described derivatives, have simplified structures,
lacking the ribose moiety and exhibiting a single structural motif
directly attached to the nucleobase. Their ion transport ability
through phospholipid membranes, as well as preliminary in vitro
data on their antiproliferative activity on tumour and non tumour
cell lines are also presented.

2. Results and discussion

2.1. Chemistry

Intrigued by optimization processes in drug discovery aimed at
screening extremely simplified structures, we have synthesized
two novel derivatives, Gua1 and Gua2, depicted in Figure 2, as
model compounds of a novel family of amphiphiles. These
analogues share a common design, based on the derivatization of
the N9 position of the guanine moiety with a single hydrophilic
structural motif, resulting into differently decorated ribose-free
species.

The structural requirements explored in the design of Gua1 and
Gua2 satisfy a general principle of atom economy and have been
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Figure 2. Chemical structures of the amphiphilic guanine derivatives studied in
this work.
inspired by a recent work, in which high ion transport activity
through lipid membranes has been found in a very simple
construct, consisting of a benzothiazole–aniline core functional-
ized with a single tetraethylene glycol chain.16 Assuming that this
heteroaromatic compound can be effectively replaced by a guanine
residue, the insertion of hydrophilic groups at its N9 position
should then add the overall polarity necessary to obtain an amphi-
philic derivative, with sufficient water solubility and able to inter-
act with lipid bilayers.

In Gua1 and Gua2 a triethylene glycol chain and a trehalose res-
idue, respectively, have been inserted into the guanine scaffold;
these polar appendages have been selected on the basis of our pre-
vious data on amphiphilic guanosine derivatives, showing G5 and
G6 (Fig. 1), incorporating these structural motifs, as the most active
compounds.15

The target derivatives Gua1 and Gua2 have been obtained
through a straightforward, flexible and efficient procedure, using
a partially protected guanine building block as a common interme-
diate (2, Scheme 1). This was prepared from guanine in two simple
steps, involving first the reaction with an excess of Boc anhydride
in the presence of cat. DMAP, which gave the fully protected nucle-
obase 1.17 Then the treatment with a satd NaHCO3 solution, essen-
tially following a published procedure,18 allowed to selectively
remove the Boc group at the N9 position. The resulting guanine
derivative 2 was thus exploited in the coupling with either mono-
methoxytriethylene glycol, exposing a free primary alcohol group,
or a fully Boc-protected trehalose monosuccinic acid derivative,
synthesized as previously described15 and exposing a COOH group
(4, Scheme 1). In the first case the coupling was realized via a Mits-
unobu reaction, in the latter via a standard DCC activation of the
carboxylic function.

Monomethoxytriethylene glycol, used for the synthesis of Gua1,
is commercially available and has been coupled as such with
protected guanine 2 using triphenylphosphine and DIAD as con-
densing agents in anhydrous THF. Target derivative 3 has been thus
obtained in 90% yields after purification.

For the synthesis of Gua2, guanine derivative 2 has been cou-
pled with the disaccharide building block 4 in the presence of
DCC/DMAP in anhydrous CH2Cl2, giving 5 in 95% yields after col-
umn chromatography. Following a previously described procedure,
the used disaccharide 4 has been obtained in few, simple reactions
starting from a,a0-D-trehalose. This is a symmetrical disaccharide
widely represented in nature, having a peculiar ability to stabilize
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phospholipid membranes.19 In addition it offers many favourable
features in terms of synthetic manipulations, since it is a non-
reducing sugar, does not undergo mutarotation, and its O-glyco-
sidic bond is pretty stable compared to other disaccharides.20,21

The latter issue is of the utmost relevance considering that pre-
formed disaccharides are privileged scaffolds for the synthesis of
glyco-peptides, glyco-oligonucleotides or other hybrid compounds,
but typically the acidic treatments required for the oligomer
deprotection steps prevent their use and thus suitable glycomi-
metics have to be designed. Typically, these saccharide-based
building blocks are obtained through several synthetic steps and
are protected on the OH groups with base-labile acetyl groups.22–24

In this strategy, the use of trehalose derivative 4, fully protected
with acid-labile Boc groups, has allowed a unique protection
scheme for adduct 5 so that target compound Gua2 can be
obtained in a pure form through a single deprotection step.

Clean removal of both Boc and tBu groups has been achieved
treating the protected adducts 3 and 5 with 10% TFA in anhydrous
CH2Cl2, which gave the corresponding fully deprotected com-
pounds in almost quantitative yields. Final compounds Gua1 and
Gua2, as well as all the synthesized intermediates, have been fully
characterized by 1H and 13C NMR and MS analysis.

2.2. Ion transport studies through lipid membranes

The ionophoric activity of compounds Gua1 and Gua2 has been
investigated in large unilamellar vesicles (100 nm diameter, pre-
pared by extrusion) with a 95:5 egg phosphatidylcholine (EYPC)
and egg phosphatidylglycerol (EYPG) lipid composition.

The ability of the ionophore to mediate a pH gradient collapse
across the membrane has been measured using the pH-sensitive
fluorescent dye HPTS (HPTS = 8-hydroxypyrene-1,3,6-trisulfonic
acid, pKa = 7.2). In this assay the dye is entrapped inside the
phospholipid vesicles prepared in HEPES buffer (pH 7.0) containing
100 mM NaCl and, after addition of the ionophore, a pH gradient of
0.6 pH units is applied by external addition of NaOH. The collapse
of this transmembrane pH-gradient implies basification of the lipo-
some inner water pool, which is signalled by an increase of the
HPTS fluorescence emission. Therefore, the rate of the pH gradient
collapse gives direct information on the transportation of OH�

(influx) or H+ (efflux) and indirect information on the correlated
symport/antiport of counterions required to counterbalance the
transmembrane ions movement. Figure 3a shows the typical
kinetic profiles obtained upon addition of NaOH at 200 s and lyses
of the liposomes by addition of Triton X-100 at 1400 s.

Of the two guanine derivatives here investigated, only Gua2
shows interesting ionophoric activity while Gua1 is substantially
inactive. Remarkably, Gua2 is about two times more active than
G5, that was the most efficient ionophore within the previous series
investigated (Ref. 15, Fig. 1). This result suggests that the guanine
nucleus and the trehalose subunit are essential, while the ribose
moiety is not required, or even detrimental, for ionophoric activity.
Control experiments, carried out separately on guanine and treha-
lose as isolated compounds, showed no activity (see Supplementary
content, Fig. S1). Similar results were obtained also analysing the
lipophilic derivative 6-tert-butyldiphenylsilyl-trehalose,15 which
is a monoprotected derivative of trehalose having similar polarity
as Gua2, obtained as precursor of 6-monosuccinylated derivative
4. Even if this compound proved to be slightly more active than tre-
halose alone—see Figure S1, panel c—its effects are largely marginal
in comparison with Gua2. Taken together, all these results converge
in concluding that it’s the proper combination of structural motifs
in Gua2—the nucleobase and the disaccharide—responsible for
the observed ion transport across membranes.

On the other hand, in the case of Gua1 the hydrophilic portion is
probably too small and the compound is not able to permeabilize
the phospholipid bilayer. A strong correlation between the size of
the hydrophilic portion and the ionophoric activity has been
indeed observed in the previous investigated series of guanosine
derivatives as well as in somehow structurally related CyPLOS
derivatives.25–27

The activity of Gua2 depends on its concentration as shown in
Figure 3b, which reports the observed pseudo-first-rate constants
obtained by fitting the kinetic profiles recorded in the conditions
of Figure 3a and in the presence of increasing concentrations of
ionophore. The dependence of the rate constant from the
concentration of Gua2 is linear, suggesting that the active species
responsible for the transport process is monomeric. Interestingly,
kinetic experiments performed in the conditions of Figure 3a but
in the presence of K+ instead of Na+ indicate that the ionophoric
activity of the two guanine derivatives is not influenced by the



Figure 4. (a) Cation selectivity of Gua2 (2%) determined by the HPTS assay (MCl
(100 mM), pH 7.0, base pulse by addition of MOH (50 lL, 0.5 M)). (b) Anion
selectivity of Gua2 (2%) determined by the HPTS assay (NaX (100 mM), pH 7.0, base
pulse by addition of NaOH (50 lL, 0.5 M)). The kinetics were corrected for
spontaneous permeation of the different anions. Other conditions as specified in
Figure 3.
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cation present in solution (see also below) suggesting that, as
already observed with the guanosine derivatives of Figure 1, the
potassium cation is not able to promote the assembly of guanine
aggregates in membranes. This result confirms that simple guanine
derivatives are not suitable to form G-quartet structures in
phospholipid membranes under the studied concentration condi-
tions, as conversely already observed with more complex guano-
sine-based systems.28,29 To further exclude possible aggregation
events occurring in solution when investigating Gua1 and Gua2
A B

C D

Figure 5. Cell survival index values, evaluated by MTT assay and total cell count, in Ha
incubated for 48 h with a range of concentrations (1?100 lM) of Gua1 and Gua2 (c
cytotoxicity. Data are expressed as percentage of untreated control cells and are reporte
alone, or in the membrane when mixed with the examined phos-
pholipids, DLS measurements have been carried out (see Supple-
mentary content). In the case of the isolated ionophores,
analyzed at lM concentrations, no aggregate could be observed,
demonstrating that both Gua1 and Gua2 do not tend to form
supramolecular structures detectable under the used experimental
set-up. Then, when mixed with the 95:5 EYPC/EYPG phospholipid
at 2% mol/mol ratio, the size and morphology of the resulting
aggregates were in no case sensibly altered.

Selectivity in ion transport for Gua2 has been investigated with
the HPTS assay using the protocol described above and in the pres-
ence of HEPES buffer containing the cation or the anion under
investigation added as MCl or NaX salt, respectively.30 The
obtained results show similar transport rates in the presence of
the first group alkali metals (Fig. 4a) and a strong dependence on
the nature of the halide present, with transport rates increasing
from fluoride to iodide (Fig. 4b). Independence of the transport
process from the nature of the cation and dependence from the
nature of the anion is an evidence that the basification of the inner
vesicular water pool signaled by HPTS correlates with OH�/X� anti-
port (or to the kinetically equivalent H+/X� symport). Accordingly,
the kinetic traces of Figure 4a report on the transport of chloride
which is present as the common counterion of all the cations used
in this set of experiments. On the other hand, the selectivity
sequence observed in the transport of halides follows the lyotropic
series, with the less hydrated ions transported faster than the more
hydrated ones. Therefore, the transport process appears governed
by the translocation of the anion and rate-limited by the cost of
its dehydration.
CaT (panel A), MCF-7 (panel B), DU145 (panel C) and SH-SY5Y (panel D) cell lines
olor bars) and with cisplatin (cDDP, solid line), here used as positive control for
d as mean of four independent experiments ± SEM.



Table 1
IC50

a values (lM) for Gua1 and Gua2 in the indicated cell lines following 48 h of
incubation. Positive control for cytotoxicity was performed using cisplatin (cDDP)

Cell lines cDDP Gua1 Gua2 G5b

HaCaT 7 ± 2.5 >102 1 ± 0.8 n.d.
MCF7 25 ± 4 >102 5 ± 2 17 ± 5b

DU145 20 ± 5 >102 25 ± 3 n.d.
SH-SY5Y 2 ± 0.9 >102 80 ± 5 n.d.

a IC50 values are reported as mean ± SEM (n = 24) of 3 independent experiments.
b Data from Ref. 15; n.d. = not determined.
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The inactivity of Gua1 and the activity and ion selectivity of
Gua2 compare well with the ionophoric behavior observed with
the guanosine derivatives G1–G7 and we therefore propose the
same mechanism of action for these structurally related com-
pounds. In this model, Gua2 inserts in the membrane with the
guanine moiety anchored on the surface and the trehalose subunit
dipped in the phospholipid bilayer. The effect of the polar sugar is a
destabilization of the membrane with the formation of disordered
patches, characterised by an increased permeability which allows
the transit of the ions in a process mainly governed by the cost
of the anion dehydration. Interestingly, removal of the ribose moi-
ety between the nucleobase and the trehalose results in an
increase of activity, probably related to a better insertion mode
of the ionophore in the membrane due to steric factors or to a more
favourable hydrophilic/hydrophobic balance.

2.3. In vitro bioscreenings for cytotoxic activity

Although several amphiphiles based on canonical nucleobases
are described in the literature, very few examples are known for
guanine derivatives and their potential in biomedical applications
is almost completely unexplored. In this frame, our group recently
showed that guanosine-based systems are endowed with biologi-
cal/biomedical potential, displaying an interesting antiproliferative
activity towards certain types of human cancer cells not directly
related to their DNA and RNA-targeting properties.15 These find-
ings prompted us to test Gua1 and Gua2 for cytotoxic activity on
a selected panel of human cell lines. Bioscreenings are useful
in vitro assays to validate a particular bioactivity and the herein
reported experimental procedure allows the estimation of the
cytotoxicity by a ‘cell survival index’ determined by monitoring
the cellular metabolic activity and the live/dead cells ratio. The
results are reported both in concentration–effect curves (Fig. 5)
and in terms of IC50 values (Table 1). Data concerning cisplatin
(cDDP)—a positive control for cytotoxic activity—are included for
comparison.

The most important outcome emerging from these assays is
that Gua2 exhibits a considerable bioactivity pattern characterized
by a non-selective cytotoxicity against human cancer and non-
cancer cell lines of different histological origins. The corresponding
IC50 values, ranging in the low micromolar range, are comparable
to those found for cisplatin and are consistent with a moderate-
to-strong cytotoxic effect. Indeed, in HaCaT and MCF-7 the Gua2
effects on cell growth are even more pronounced than those of cis-
platin. Conversely, in all cases Gua1 shows IC50 values >102 lM,
without causing any apparent effect on cell viability and/or
proliferation.

3. Conclusions

In this work we have described the synthesis and characteriza-
tion of two new guanine analogues, respectively, conjugated with
an oligoethylene glycol chain and a trehalose residue, proposed
as model compounds of a new family of easily synthetically
accessible amphiphiles. An efficient and versatile synthetic scheme
has been adopted for their preparation, involving a partially
protected guanine derivative as a common intermediate, able to
react at the sole N9 position either with alcohols, via a Mitsunobu
procedure, or with carboxylic acids, via standard DCC activation.
After coupling, in both cases the target compounds have been
obtained through a single acidic deprotection step. This synthetic
strategy has been particularly efficient in the case of the disaccha-
ride-conjugated derivative Gua2, realized using the valuable fully
Boc-protected trehalose building block 4, of interest in a variety
of glyco-conjugations.

Gua1 and Gua2, analyzed in their ability to transport ions
through lipid bilayers, showed a very different behaviour. High
activity has been observed only in the latter compound, having also
a marked specificity in the transport of anions, thus indicating that
the polar appendage attached to the nucleobase is the most
relevant structural motif for this property. In comparison with
the previously investigated guanosine derivatives,15 Gua2 is about
two times more efficient than the corresponding trehalose-
containing derivative G5. Therefore, the proposed structural sim-
plification approach turned out to be successful in producing
enhanced ionophoric activity.

The bioactivity of these new compounds has been investigated
on a panel of human cancer and healthy cells. Preliminary data
showed that Gua1 has a negligible antiproliferative profile, while
remarkable in vitro activity—higher than that of cisplatin, here
used as a reference compound—has been found in Gua2 when
tested against human MCF-7 and HaCaT cell lines.

Thus, in line with previous studies, carried out by us15 and
others,31 remarkably the anionophoric activity of the tested com-
pounds has been found to well correlate with their in vitro
bioactivity.

If in general no straightforward cause–effect relationship can be
invoked to exist between ion transport properties and cytotoxicity
of small molecules, these results suggest that anion transport might
play a significant role in the mechanism of action of these
compounds in cell. In fact, it is known that the anion transport
can influence the sophisticated mechanisms of regulation of intra-
cellular pH by determining changes that can trigger apoptosis.32

Thus, the search for structural motifs ensuring improved anion
transport abilities could be extremely helpful in the rational design
of novel optimized drugs with a more favourable pharmacological
profile.

Starting from the promising data on Gua2, our future studies in
this field will be addressed to investigate a larger set of guanine
analogues, aiming at obtaining more specific bioactive compounds.

4. Experimental section

4.1. General methods

All the reagents were of the highest commercially available
quality and were used as received. TLC analyses were carried out
on silica gel plates from Merck (60, F254). Reaction products on
TLC plates were visualized by UV light and then by treatment with
a 10% Ce(SO4)2/H2SO4 aqueous solution. For column chromatogra-
phy, silica gel from Merck (Kieselgel 40, 0.063–0.200 mm) was
used. NMR spectra were recorded on Varian Gemini 200 and Varian
Inova 500 spectrometers, as specified. All the chemical shifts are
expressed in ppm with respect to the residual solvent signal. Peak
assignments have been carried out on the basis of standard H–H
COSY and HSQC experiments. For the ESI MS analyses, a Waters
Micromass ZQ instrument—equipped with an Electrospray
source—was used in the positive mode. MALDI TOF mass spectro-
metric analyses were performed on a PerSeptive Biosystems Voy-
ager-De Pro MALDI mass spectrometer in the Linear mode.
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4.1.1. Synthesis of fully protected triethylene glycol derivative 3
Partially protected guanine derivative 2 (40 mg, 0.098 mmol),

synthesized from guanine in two steps,17,18 and monomethoxytri-
ethylene glycol (33 lL, 34 mg, 0.21 mmol) were dissolved under
stirring in anhydrous THF (3.0 mL) and the resulting mixture was
then treated with PPh3 (54 mg, 0.21 mmol) and DIAD (41 lL,
42 mg, 0.21 mmol) at rt. After 12 h, TLC monitoring showed the
complete disappearance of the guanine-containing starting mate-
rial and the formation of a unique new compound. The reaction
mixture was then taken to dryness under reduced pressure and
the residue, redissolved in AcOEt, was then applied to a silica gel
column, eluted with n-hexane/AcOEt (1:9, v/v). Collection of the
appropriate fractions gave pure target compound 3 (49 mg,
0.088 mmol), obtained in 90% yield.

Compound 3: oil. Rf = 0.5 in AcOEt. 1H NMR (200 MHz, CDCl3) d at:
8.07 (s, 1H, H-8); 4.38 (apparent t, J = 4.8 and 5.0 Hz, 2H, CH2OCH3);
3.78 (apparent t, J = 4.8 and 5.0 Hz, 2H, CH2CH2N); 3.45–3.38 (over-
lapped signals, 8H, 2� CH2OCH2); 3.36 (s, 3H, OCH3); 1.70 (s, 9H,
tBu); 1.39 (s, 18H, 2� Boc). 13C NMR (50 MHz, CDCl3) d at: 161.2
(C6); 152.8 (C2); 151.7 (C4); 150.8 (CO Boc); 141.2 (C8); 121.6
(C5); 84.4 (quaternary C of tBu); 82.9 (quaternary C of Boc); 71.6,
71.3, 70.1, 68.5 and 68.3 (5� CH2O); 59.1 (OCH3); 46.6 (CH2N);
28.3 (CH3 groups of tBu); 27.9 (CH3 groups of Boc). ESI-MS (positive
ions): for C26H43N5O8, calcd 553.31; found m/z: 554.61 [M+H+, 25%];
576.72 [M+Na+, 100%]; 592.79 [M+K+, 30%]. HRMS (MALDI-TOF):
calcd for C26H43N5O8Na = 576.3009; found m/z: 576.3021 [M+Na+].

4.1.2. Synthesis of Gua1
Fully protected derivative 3 (25 mg, 0.045 mmol) was left in

contact with a 10% TFA solution in anhydrous CH2Cl2 (1.0 mL) at
rt under stirring. After 2 h, TLC monitoring showed the complete
disappearance of the starting material and formation of a unique
new compound. The reaction mixture was then diluted with
CH2Cl2, taken to dryness under reduced pressure and the residue
coevaporated several times with 2-propanol, affording pure Gua1
(13 mg, 0.045 mmol) in almost quantitative yields.

Gua1: oil. Rf = 0.2 in AcOEt. 1H NMR (200 MHz, CD3OD) d at:
9.00 (s, 1H, H-8); 4.41 (t, J = 4.8 and 4.8 Hz, 2H, CH2OCH3); 3.86
(apparent t, J = 4.8 and 5.0 Hz, 2H, CH2CH2N); 3.64–3.48 (over-
lapped signals, 8H, 2� CH2OCH2); 3.34 (s, 3H, OCH3). 13C NMR
(50 MHz, CD3OD) d at: 157.2 (C6); 155.4 (C2); 151.7 (C4); 139.1
(C8); 115.3 (C5); 71.5, 71.2, 70.0, 68.4 and 68.2 (5� CH2O); 59.1
(OCH3); 46.5 (CH2N). ESI-MS (positive ions): for C12H19N5O4, calcd
297.14; found m/z: 298.54 [M+H+, 21%]; 320.64 [M+Na+, 100%];
336.71 [M+K+, 36%]. HRMS (MALDI-TOF): calcd for C12H19N5O4

Na = 320.1335; found m/z: 320.1361 [M+Na+].

4.1.3. Synthesis of fully protected trehalose derivative 5
Partially protected guanine derivative 2 (8.0 mg, 0.020 mmol)

and Boc-protected trehalose 6-monosuccinic acid 4 (24 mg,
0.021 mmol), synthesized as previously described15 were dissolved
under stirring in anhydrous CH2Cl2 (1.0 mL) in the presence of DCC
(6.0 mg, 0.03 mmol) and DMAP (0.2 mg, 0.002 mmol). After 30 min
at rt TLC monitoring showed the complete disappearance of the
starting materials and the formation of a unique new compound.
The reaction mixture was then taken to dryness under reduced
pressure and the residue, redissolved in AcOEt, was then applied
to a silica gel column, eluted with n-hexane/AcOEt (3:2, v/v). Col-
lection of the appropriate fractions gave pure target compound 5
(29 mg, 0.019 mmol), obtained in 95% yield.

Compound 5: amorphous solid. Rf = 0.7 in n-hexane/AcOEt (1:1,
v/v). 1H NMR (500 MHz, CDCl3) d at: 8.57 (s, 1H, H-8); 5.25 (appar-
ent t, J = 3.5 and 3.5 Hz, overlapped signals, 2H, H-10 and H-100);
5.21 (overlapped signals, 2H, H-30 and H-300); 5.01–4.94 (over-
lapped signals, 2H, H-40 and H-400); 4.90–4.85 (overlapped signals,
2H, H-20 and H-200); 4.43–4.40 (m, 1H, Ha-60); 4.39–4.36 (m, 1H,
Ha-600); 4.32–4.23 (overlapped signals, 2H, H-50 and H-500); 4.08–
4.07 (m, 1H, Hb-60); 4.01–3.98 (m, 1H, Hb-600); 3.68 (m, 2H, CH2 suc-
cinic residue); 2.87 (t, J = 6.0 and 6.0 Hz, 2H, CH2 succinic residue);
1.72 (s, 9H, tBu); 1.49, 1.48, 1.47, 1.46, 1.45, 1.44 and 1.43 (s’s, 9H
each, 7� Boc); 1.31 and 1.29 (s’s, 9H each, 2� Boc). 13C NMR
(125 MHz, CDCl3) d at: 171.6 and 169.5 (CO of the succinic ester
and amide); 161.3 (C6); 153.2 (C2); 152.0 and 151.1 (CO of the
Boc groups); 150.7 (C4); 138.8 (C8); 121.8 (C5); 94.5 (C-10, C-100);
84.7 (quaternary C of tBu), 83.2, 83.0, 82.8, 82.5, 82.2 (quaternary
C of the Boc groups); 73.0 (C-30, C-300); 72.1 (C-20, C-200); 70.4 (C-
40, C-400); 68.1 (C-50, C-50); 63.3 (C-60); 61.6 (C-600); 55.7 (CH2 succi-
nic residue); 28.2 (CH3 groups of tBu), 27.8, 27.7, 25.4 and 24.7
(CH3 groups of Boc). ESI-MS (positive ions): for C70H109N5O32, calcd
1531.71; found m/z: 1532.11 [M+H+, 27%]; 1554.21 [M+Na+, 100%];
1571.10 [M+K+, 46%]. HRMS (MALDI-TOF): calcd for C70H109N5O32-

Na = 1554.6953; found m/z: 1554.6979 [M+Na+].

4.1.4. Synthesis of Gua2
Fully protected derivative 5 (25 mg, 0.016 mmol) was left in

contact with a 10% TFA solution in anhydrous CH2Cl2 (1.0 mL) at
rt under stirring. After 2 h, TLC monitoring showed the complete
disappearance of the starting material and the formation of a
unique new compound. The reaction mixture was then diluted
with CH2Cl2, taken to dryness under reduced pressure and the res-
idue coevaporated several times with 2-propanol, affording pure
Gua2 (10 mg, 0.016 mmol) in almost quantitative yields.

Gua2: amorphous solid. Rf = 0.5 in AcOEt/CH3OH (5:1, v/v). 1H
NMR (400 MHz, CD3OD), broad, not well resolved signals with d
at: 8.68 (s, 1H, H-8); 5.31 (overlapped signals, 2H, H-10 and H-
100); 5.26 (overlapped signals, 2H, H-30 and H-300); 5.09–4.98 (over-
lapped signals, 2H, H-40 and H-400); 4.93–4.87 (overlapped signals,
2H, H-20 and H-200); 4.47–4.44 (m, 1H, Ha-60); 4.40–4.38 (m, 1H,
Ha-600); 4.35–4.25 (overlapped signals, 2H, H-50 and H-500);
4.12–4.10 (m, 1H, Hb-60); 4.08–4.02 (m, 1H, Hb-600); 3.72 (m, 2H,
CH2 succinic residue); 2.92 (m, 2H, CH2 succinic residue).
13C NMR (100 MHz, CD3OD) d at: 174.9 and 168.8 (CO of the succinic
ester and amide); 162.0 (C6); 154.4 (C2); 151.6 (C4); 140.6 (C8);
120.2 (C5); 95.7 (C-10, C-100); 75.6 (C-30, C-300); 73.6 (C-20, C-200);
72.4 (C-40, C-400); 71.7 (C-50, C-50); 65.3 (C-60); 63.1 (C-600); 56.9
(CH2 succinic residue). ESI-MS (positive ions): for C21H29N5O14,
calcd 575.17; found m/z: 576.85 [M+H+, 100%]; 598.75 [M+Na+,
55%]; 614.70 [M+K+, 30%]. HRMS (MALDI-TOF): calcd for C21H29

N5O14Na = 598.1609; found m/z: 598.1640 [M+Na+].

4.2. Ionophoric activity

L-a-Phosphatidyl-DL-glycerol sodium salt (EYPG, 20 mg/mL
chloroform solution) was purchased from Avanti Polar Lipids; egg
yolk phosphatidylcholine (EYPC, 100 mg/mL chloroform solution)
and 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS)
were from Sigma; Triton� X-100 and HEPES buffer were from
Fluka; all salts were of the best grade available from Aldrich and
were used without further purification.

Liposomes were prepared by extrusion using a 10 mL Lipex™
Thermobarrel EXTRUDER (Northern Lipids Inc.) connected to a ther-
mostatic bath (25 �C if not otherwise indicated). The 100 nm poly-
carbonate membranes were Nucleopore Track-Etch Membranes
from Whatman. Fluorescence spectra were recorded on a Varian
Cary Eclipse fluorescence spectrophotometer. All fluorimetric mea-
surements were performed at 25 �C. The ionophores concentration
is given in percent with respect to the total concentration of lipids.
Mother solutions of ionophores were prepared in methanol. Con-
trol experiments showed that the amount of methanol added to
the vesicular suspension in the different experiments (maximum
amount 2.0% in volume) did not affect the permeability of the
membrane.
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4.2.1. HPTS assay
A mixture of 150 lL of EYPC chloroform solution (100 mg/mL,

20 lmol) and 40 lL of EYPG chloroform solution (20 mg/mL,
1 lmol) was first evaporated under Ar-flux to form a thin film
and then dried under high vacuum for 3 h. The lipid cake was
hydrated in 1.5 mL of 0.1 mM HPTS solution (HEPES 25 mM,
100 mM NaCl, pH 7) for 30 min at 40 �C. The lipid suspension
was submitted to 5 freeze–thaw cycles (�196 �C/40 �C) using
liquid nitrogen and a thermostatic bath, and then extruded under
nitrogen pressure (15 bar) at room temperature (10 extrusions
through a 0.1 lm polycarbonate membrane).

The LUV suspension was separated from extravesicular dye by
size exclusion chromatography (SEC) (stationary phase: pre-
packed column Sephadex™ G-25, mobile phase: HEPES buffer)
and diluted with HEPES buffer to give a stock solution with a lipid
concentration of 5 mM (assuming 100% of lipids were incorporated
into liposomes). 104 lL of the lipid suspension were placed in a
fluorimetric cell, diluted to 3040 lL with the same buffer solution
used for the liposome preparation and kept under gently stirring.
The total lipid concentration in the fluorimetric cell was
0.17 mM. An aliquot of solution of the ionophore in MeOH (10–
50 lL of the appropriate mother solution in order to obtain the
desired molcompound/mollipid ratio) was then added to the lipid sus-
pension and the cell was incubated at 25 �C for 10 min.

After incubation the time course of the fluorescence emission
was recorded for 200 s (kex1 = 460 nm, kex2 = 403 nm, kem = 510 nm)
and then 50 lL of 0.5 M NaOH were rapidly added through an
injector port and the fluorescence emission was recorded for
1200 s. Maximal changes in dye emission were obtained by final
lysis of the liposomes with a detergent (40 lL of 5% aqueous
Triton� X-100). The data set consists of emission intensities at
510 nm modulated by alternating excitation at 403 nm and
460 nm on a 0.5 + 0.5 s cycle. The concentration of the conjugate
base form of HPTS is related to the emission intensity at 510 nm
during the period in which the dye is excited at 460 nm (E460)
while the concentration of the protonated form is related to the
emission intensity at 510 nm during the period in which the dye
is excited at 403 nm (E403). Fluorescence time courses were nor-
malized using the following equation, where the subscripts 0, 1
and t denote the emission ratio before the base pulse, after deter-
gent lysis, and at an intermediate time, respectively.

FI ¼
E403
E460

� �
t
� E403

E460

� �
0

E403
E460

� �
1
� E403

E460

� �
0

� 100
4.2.2. Determination of cation and anion selectivity with the
HPTS assay

The vesicle suspension (104 lL stock solution, prepared as
described above) was placed in a fluorimetric cell and diluted to
3040 lL with the appropriate buffer solution (25 mM HEPES pH
7, 100 mM MCl with M = Li+, Na+, K+, Rb+, Cs+, or 100 mM NaX with
X = F�, Cl�, Br�, I�). The total lipid concentration in the fluorimetric
cell was 0.17 mM. An aliquot of MeOH solution of the ionophore
(10–50 lL of the appropriate mother solution in order to obtain
the desired molcompound/mollipid ratio) was then added to the lipid
suspension and the cell was incubated at 25 �C for 30 min. HPTS
emission was monitored at 510 nm and excitation wavelengths
of 403 and 460 nm were used concurrently. After incubation, the
time course of fluorescence was recorded for 200 s and then
50 lL of 0.5 M MOH (with M = Li+, Na+, K+, Rb+, Cs+ depending on
the cation present in the extravesicular buffer solution) were rap-
idly added through an injector port and the fluorescence emission
was recorded for 1200 s. Maximal changes in dye emission were
obtained by final lysis of the liposomes with a detergent (40 lL
of 5% aqueous solution Triton� X-100). The extent of transport
was calculated and normalized as previously described.

4.3. Cell cultures and in vitro bioscreenings

Human MCF-7 breast adenocarcinoma cells, human neuroblas-
toma SH-SY5Y cell line, human prostate cancer DU145 cell line and
human HaCaT keratinocytes were all purchased from ATCC (Amer-
ican Type Culture Collection, Manassas, Virginia, USA). MCF-7 and
SH-SY5Y cells were grown in RPMI 1640 medium (Invitrogen, Pais-
ley, UK), whereas DU145 and HaCaT cells were grown in DMEM
(Invitrogen, Paisley, UK). Media were supplemented with 10% fetal
bovine serum (FBS, Cambrex, Verviers, Belgium), L-glutamine
(2 mM, Sigma, Milan, Italy), penicillin (100 units/ml, Sigma) and
streptomycin (100 lg/ml, Sigma), according to ATCC recommenda-
tions. The cells were cultured in a humidified air 95% carbon
dioxide (CO2) 5% atmosphere at 37 �C.

The bioactivity of the guanine derivatives Gua1 and Gua2 was
investigated through the estimation of a ‘cell survival index’, aris-
ing from the combination of cell viability evaluation with cell
counting. Cells were inoculated in a 96-microwell culture plates
at density of 104 cells/well and allowed to grow for 24 h. The med-
ium was then replaced with fresh medium and cells were treated
for further 48 h with a range of concentrations (1?100 lM) of
Gua1 and Gua2. Cell viability was evaluated with the MTT assay
procedure based on the redox ability of living mitochondria, which
measures the level of mitochondrial dehydrogenase activity using
the yellow 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT, Sigma) as substrate.33 Cell number was deter-
mined by TC10 automated cell counter (Bio-Rad, Milan, Italy),
providing an accurate and reproducible total count of cells and a
live/dead ratio in one step.34 The calculation of the concentration
required to inhibit the net increase in the cell number and viability
by 50% (IC50) is based on plots of data carried out in triplicates and
repeated three times. IC50 values were obtained by means of a dose
response curve by nonlinear regression using a curve fitting pro-
gram, GraphPad Prism 5.0, and are expressed as mean ± SEM.

4.4. Statistical analysis

All data were presented as mean ± SEM. The statistical analysis
was performed using Graph-Pad Prism (Graph-Pad software Inc.,
San Diego, CA) and ANOVA test for multiple comparisons was
performed followed by Bonferroni’s test.
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