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The regulation of transmembrane ion transport is a fundamental aspect of bioinspired 

chemistry which may find relevant applications in different fields ranging from pharmaceutics to sensing. 

In this contest the ability to form stable and well organized structures able to produce large and well 

defined pore in the membrane appears really promising. Several examples of such systems are present in 

the literature, usually formed in self-assembling processes mediated by hydrogen bonding, charge 

repulsion, and ion pairing. Coordination chemistry, however, has appeared only occasionally in design 

strategies for synthetic ion channels and pores. Recently Kobuke reported synthetic nanopores based on 

covalent adduct of porphyrins having six carboxylic acid groups directed up and down; the formation of 

hydrogen bonds between two monomers promotes their stacking and the formation of a nanopore able 

to span the lipid bilayer. The covalent approach for this type of macromolecules is synthetically laborious 

and the developments are therefore limited. In this context, the self-assembly approach, in which the 

macromolecules are generated by self-assembly of small and more synthetically accessible building 

blocks, is an attractive way to achieve the aim. In this field trans-porphyrin provides a linear substitution 

pattern that can be used for the construction of porphyrin-based architectures with a well-defined 

structure by metal mediated self-assembly.  

We have started a research project aimed to design synthetic metal-organic nanopores derived from the 

self-assembling of porphyrin ligands with proper metal fragments. In our first approach we have used 

trans-dipyridylporphyrins (linear difunctional ligands) which, upon binding with metal fragments such as 

Re(I) or Pd(II) (cis-coordinant metal fragments) may form supramolecular boxes (4+4 type). Subsequently, 

the porphyrins have been functionalized with groups able to give hydrogen bonds after appropriate 

modification, such as esters.  

A second part of the work was focused on the study of the ionophoric activity of the prepared 

compounds. Activity studies have been conducted on porphyrins and molecular squares using liposomes 

as models of biological membranes. Porphyrins and molecular squares without groups able to give 

hydrogen bonding do not show ionophoric activity. This behavior was expected because the dimension of 

these systems does not allow to span completely the lipid bilayer and there are not weak interactions that 

promote the self-assembly of the monomers. On the contrary, excellent ionophoric activity was observed 

with the molecular square bearing carboxylic acid. Thus, presence of hydrogen bonding groups that 

enable the formation of tubular, probably dimeric, structure are essential for forming the transmembrane 

nanopore. Ionophoric activity can be inhibited by using polyamino-dendrimers and this ability is function 

of their dimension. 

 

Parallel to the development of supramolecular porphyrins based nanopores, in the course of my PhD 

period, I studied also the ionophoric activity of cyclic phosphate-linked oligosaccharide analogues  
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(CyPLOS) and guanosine-based amphiphiles in collaboration with prof.ssa Daniela Montesarchio, 

Department of Organic Chemistry and Biochemistry, University “Federico II” of Napoli. 
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La regolazione del trasporto ionico attraverso le membrane biologiche è un aspetto 

fondamentale della chimica biomimetica che può trovare applicazioni importanti in diversi campi che 

vanno dalla chimica farmaceutica al sensing. In questo contesto la capacità di formare strutture stabili e 

ben organizzate in grado di generare pori di grandi dimensioni e ben definiti in membrana, sembra un 

approccio davvero promettente. Diversi esempi di tali sistemi sono presenti in letteratura, generalmente 

per la loro formazione vengono sfruttati processi di auto assemblaggio mediato da legami a idrogeno, 

interazioni ioniche e interazioni idrofobiche. La chimica di coordinazione, tuttavia, compare solo 

occasionalmente nelle strategie di progettazione per canali ionici e pori sintetici. Recentemente Kobuke 

ha riportato un poro sintetico basato su un addotto covalente di porfirine avente sei acidi carbossilici in 

alto e in basso rispetto al piano porfirinico. Un sistema di questo tipo è troppo corto per attraversare 

completamente la membrana, ma la formazione di legami ad idrogeno tra due monomeri permette 

l’allineamento e la formazione di strutture tubulari trans-membrana. L’approccio covalente per questo 

tipo di macromolecole è tuttavia molto impegnativo dal punto di vista sintetico e questo ne limita i 

possibili sviluppi. Un approccio alternativo è costituito dall’auto assemblaggio di strutture più piccole, 

facilmente accessibili e funzionalizzabili. In questo ambito, le trans-dipiridilporfirine costituiscono un 

modello di legante difunzionale lineare per la costruzione di supramolecole a base porfirinica a struttura 

ben definita sfruttando la chimica di coordinazione di specie metalliche (metal mediate self-assembly). 

Questo progetto si pone come obiettivo la progettazione e la sintesi di nanopori metallo-organici derivati 

per auto assemblaggio di leganti porfirinici e frammenti metallici. In un primo approccio abbiamo 

utilizzato trans-dipiridiporfirine (leganti difunzionali lineari) le quali, per interazione con opportuni 

frammenti metallici, come complessi di Re(I) o Pd(II) (centri metallici cis-coordinanti) portano alla 

formazione di quadrati supramolecolari di tipo 4+4. In un secondo momento le porfirine sono state 

funzionalizzate in modo da portare dei gruppi in grado di generare legami ad idrogeno dopo opportune 

modificazioni, come ad esempio gli esteri. 

Una seconda parte del lavoro è stata dedicata agli studi di attività ionoforica dei composti che sono stati 

preparati. Questi studi sono stati condotti su porfirine e quadrati molecolari utilizzando liposomi come 

modelli di membrana biologica. Porfirine e quadrati molecolari senza gruppi in grado di dare legami ad 

idrogeno, non presentano attività ionoforica rilevante. Questo comportamento era previsto in quanto 

queste strutture non hanno le dimensioni per poter attraversare completamente la membrana, inoltre 

non possiedono gruppi in grado di favorire la formazione di strutture tubulari sufficientemente grandi per 

auto assemblaggio. 

Un’attività ionoforica eccellente invece, è osservata quando i quadrati molecolari sono funzionalizzati con 

acidi carbossilici. Quindi la presenza di gruppi che, attraverso la formazione di legami ad idrogeno, 

permettono l’autoassemblaggio di strutture tubolari, probabilmente dimeriche, è indispensabile per la 

formazione di pori trans-membrana. Inoltre, l’attività ionoforica di questi pori può essere inibita  



Riassunto 

 

4 

 

utilizzando dei dendrimeri poliamminici (PAMAM) e l’entità dell’inibizione è legata alla dimensione degli 

stessi.  

Parallelamente al lavoro sui nanopori porfirinici, durante la mia tesi ho anche studiato l’attività ionoforica 

di analoghi oligosaccarici di tipo CyPLOS e composti anfifilici a base di guanosine sintetizzati presso il 

gruppo della prof.ssa Daniela Montesarchio, Dipartimento di Chimica Organica e Biochimica 

dell’Università “Federico II” di Napoli. 
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Introduction 

1.1 Biological membrane 

All cells (Figure 1) are surrounded by a closed membrane that defines the cell relative to its 

environment. On the inside of the membrane are all the essential elements and features required for life. 

The membranes prevent the content of the cell from being lost and they also prevent intrusion of 

inappropriate chemical species. A typical example is the asymmetry of a cell: the concentration of sodium 

cation is 150 mM outside and 10 mM inside the cell, in contrast, potassium cation is 5 mM outside and 

150 mM inside1. This clearly demonstrates that a membrane is able to maintain specific ion 

concentrations inside cell, to sustain a concentration gradient, and to prevent lysis due to the osmotic 

pressure. The ion concentration gradients are created and maintained by the concerted action of 

transport proteins that are buried in the relatively impermeable bilayer membranes. 

 

Figure 1. Illustration of a cell membrane portion. 

However, a regulated traffic of chemical species across the membrane is required to sustain the cellular 

metabolism and, therefore, systems able to transport such species are present in the membrane. 

Membrane composition is largely various depending on the organism type and, inside one organism, 

on the cell type. In any case, cell membranes are made by three classes of amphipathic lipids: 

phospholipids, glycolipids and steroids. The relative composition of each class is related to the type of cell, 

but in the majority of cases phospholipids are the most abundant. 

A phospholipids structure can be described as a polar “head” carrying two hydrophobic “tails”. This 

particular shape permits to phospholipids to aggregate in water forming a double layer with the 

hydrophobic tails facing each other and the hydrophilic heads exposed to the aqueous solution, as shown 

in Figure 1. 
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Among phospholipids, phosphoglycerides are the major components of biological membranes. Their 

structure is based on sn-glycerol-3-phosphate, esterified to two fatty acids, saturated or unsaturated. The 

simplest glycerophospholipids are phosphatidic acids which are not substituted at the phosphoryl group, 

but they are slightly represented in membranes. Their derivatives esterified at the phosphate group by 

polar alcohols such as choline, serine, glycerol and inositol are more frequently found in membranes. 

Some examples of these structures are illustrated in Figure 2. 

 

Figure 2. Examples of phospholipids and sphingolipids present in membranes. 

Other lipid components of membranes are sphingolipids, which are derivatives of the amino alcohol 

sphingosine esterified to a fatty acid. Among them, sphingomyelins which bear also a phosphocoline or 

phosphoetanolamine moiety are considered a subgroup of phospholipids. Sphingolipids without a 

phosphoryl group are called sphingoglycolipids (or simply glycolipids), such as cerebrosides and 

gangliosides. The formers have a head group consisting in a single sugar residue, the latters have a more 

complex head group formed by an oligosaccharide2 (Figure 2).  

Among steroids, cholesterol (Figure 3) is a very important component of animal plasma membranes; 

its polar hydroxyl group gives it a weak amphiphilic character, whereas its fused ring system provides a 

greater rigidity than other membrane lipids. Therefore, it contributes to membrane fluidity properties.  

 

Figure 3. Structure and space-filling model of cholesterol. 

HO

H

H H
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The phospholipid double layer is a dynamic system since the long hydrocarbon chains have a large 

number of free rotational degrees. Below a characteristic transition temperature (Tc) the hydrocarbon 

chains are packed with all single bonds in a s-trans conformation (“gel” phase), whereas above Tc some 

bonds assume a s-cis conformation leading to an enhancement of the disorder of the double layer (“fluid” 

phase) (Figure 4). The membrane phase influences all the lipid kinetic processes and also permeability, 

which results higher in the fluid state. Cholesterol, depending on its concentration, decreases membrane 

fluidity due to the interference of its rigid ring system with the motion of the hydrocarbon chains; in 

addition it broadens the temperature range of the order-disorder transition because it is able to insert 

between the hydrocarbon chains and to influence the chain package. 

 

Figure 4. Three-dimensional models of membrane in fluid and gel phase, respectively. 

Beside lipids the biological membrane contains other species and in particular proteins. The 

fluid mosaic model of Singer and Nicolson suggests that membranes are dynamic structures in which the 

phospholipid bilayer is a fluid matrix, which behaves as a two-dimensional solvent for proteins. Proteins 

can be associated with the surface of the bilayer or embedded in it, the formers are called peripheral 

proteins (or extrinsic proteins) and the latters integral proteins (or intrinsic proteins). Integral proteins 

have a hydrophobic domain which interacts with phospholipids chains anchoring the protein within the 

double layer and two hydrophilic domains which interact with intra- and extracellular medium; these 

proteins are frequently involved in the transport of specific substances or in the transmission of chemical 

signals.2 

 

 

 

 

Fluid phase Gel phaseFluid phase Gel phase
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1.2 Alteration of membrane permeability 

Biological membranes are semi-permeable as a result of the barrier properties of the lipid bilayer: 

they allow relatively free diffusion of small uncharged molecules and gases but they are highly 

impermeable to large polar molecules and ions (Figure 5, left). The retention inside the cell of polar 

macromolecules such as proteins or DNA is fundamental for a cell but it is equally important to have 

access to polar solutes present in the environment, such as sugars, amino acids and ions.3 Therefore cell 

wealth requires a fine control of the passage of substances through the double layer. There are several 

types of transport mechanisms: three of these, passive diffusion, facilitated and active transport, usually 

involve small molecules or ions (Figure 5, right). On the other side mechanisms called endo- and 

exocytosis are responsible of the transport of macromolecules, i.e. lipoproteins. 

 

Figure 5. Membrane permeability and possible transport mechanisms. 

A difference in the concentrations of a substance between the two sides of a membrane generates a 

gradient and consequently the molecules involved tend to move from the high concentration to the low 

concentration region to equilibrate the concentration gradients. Passive diffusion and facilitated transport 

involve the passage of molecules in order to discharge the gradient, the former is a non-mediated 

transport, and the latter is mediated by specific molecules present in the bilayer. On the other hand, also 

a transport against gradient is possible and it is mediated by molecules, usually complex protein systems, 

which can couple such endergonic process to a sufficiently exergonic one to make it favourable. 

Facilitated transport can be mediated by proteins or other molecules which can open pores 

(channels) through the double layer, or by specific transporters, called carriers, which can host the guest-

molecule and transfer it from one side of the membrane to the other (Figure 6). 
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Figure 6. Ion transport modes in facilitated transport. 

In the latter case the transport rate is usually limited by diffusion of the host-guest complex within 

the double layer. In the case of channels the transport process is usually faster and the current hypothesis 

on the mechanism is that molecules or ions align themselves along the inside pore of the channel and 

then, in a “billiard ball” process, the molecule which enters at one side pushes the others and so the last 

one is forced to exit from the other side.1 

In endo- and exocytosis the cell engulfs some of its extra- or intracellular fluid, including 

macromolecules dissolved or suspended in it; in the first case a portion of the plasma membrane is 

invaginated and pinched off forming a membrane-bounded vesicle, in the second case the formed 

membrane-bound vesicles move to the cell surface where they fuse with the plasma membrane. 

1.2.1 Natural systems 

Ion transport in Nature occurs 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.4 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 high resolution X-ray structures of bacterial potassium5 and 

chloride6 channels recently reported have significantly contributed to the understanding of the molecular 

mechanism of ion transport.7 The ion conducting portion of natural ion channels 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.3 
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 hydrogen-bonding groups for anions, 

determine the ion selectivity of the channel. 
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Beside large proteic 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, “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. These 

low molecular weight ionophores are produced by a variety of organisms essentially for their antibiotic 

properties. Most of them are peptides, like the well known channel forming gramicidin A,8 the large 

family of linear amphipathic peptides,9 or cyclic peptides that act as carriers, exemplified by 

valynomicin.10 However, many other structural motifs are present: polyketide macrolides, like 

amphotericin B,11 polyketide polyethers, like monensin,12 polyamines, like squalamine13 and polyesters, 

like polyhydroxybutyrate–polyphosphate complexes.14 Very high diversity is observed both at the level of 

their structure and mechanism of action. However 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 favour the transmembrane transit of the ions (barrel stave 

model). In analogy with the more structurally defined protein channels, the polar groups solvate the 

dehydrated ion during the transport process. 

The acetylcholine receptor is one of the most studied ion channel proteins. This protein forms ligand-

gated channels that are selective for cations with a diameter smaller than about 7 Å. In the proposed 

model the channel is composed of five homologous α-helices which contain several conserved serine 

residues lining the pore. The hydroxyl group of this residue might serve to solvate the cations during the 

permeation across the channel. In addition, the model suggests the presence of several negatively 

charged residues near the entrance of the channel which may serve to increase the local concentration of 

cations, thereby increasing their conductance relative to anions.15 

A breakthrough description of the structure of the bacterial potassium channel KcsA has been 

recently obtained using X-ray diffraction thanks to the work of the Nobel Prize Laureate R. MacKinnon.16 

In the KcsA K+ channel structure four subunits surround a central ion pathway that crosses the membrane 

(Figure 7a). Two of the four subunits are shown in Figure 7b together with electron density from K+ ions 

and water along the pore. Near the centre of the membrane the ion pathway is very wide, forming a 

cavity about 10 Å in diameter with a hydrated K+ ion at its center. Each subunit directs the C-terminal end 

of a “pore helix” (shown in red) toward the ion. The C-terminal end of an α-helix is associated with a 

negative “end charge” as a result of carbonyl oxygen atoms that do not participate in secondary-structure 

hydrogen bonding, so the pore helices are directed as if to stabilize the K+ ion in the cavity. In this way the 

K+ channel lowers the membrane dielectric barrier by hydrating a K+ ion deep inside the membrane, and 

by stabilizing it with charges at the ends of the α-helices. The K+/Na+ selectivity of the KcsA K+ channel 
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A peptide-based ionophore with a simpler structure is Gramicidin A, a pentadecapeptide isolated 

from Bacillus brevis consisting of an alternating sequence of D- and L- amino acids. The conducting pore, 

which is cation selective, is formed by a highly unusual “head-to-head” β-helical dimer structure that 

places all the amino acid side chains on the outside of the helix. The ions pass through the center of the 

helix and are solvated by the peptide amide carbonyls1 (Figure 9).  

 

Figure 9. Three-dimensional model of gramicidin A. 

In Nature exist also ion transporters which don’t have a peptide structure. Two examples of this class 

of compounds are amphotericin B (AmB), a polyene macrolide, and squalamine, an aminosterol recently 

isolated from tissues of the dogfish shark Squalus acanthias.19,20 Both compounds are able to transport 

cations (Na+, K+) across the bilayer and have antifungal and antimicrobial properties (Figure 10).  

 

Figure 10. Amphotericin B and squalamine structures. 

Although squalamine is totally chemically different from amphotericin B, they have some common 

structural elements: a rigid hydrophobic unit (polyenic in AmB, steroidal in squalamine); a hydrophilic 

chain (polyhydroxyl in AmB, polyaminic in squalamine) and two polar heads groups (carboxylate and 

ammonium in AmB, sulphate and ammonium in squalamine). AmB molecules are believed to aggregate in 

membrane creating a water-filled tube in which the hydroxyl portion of each molecule lines the inside of 

the pore, forming a hydrophilic channel, while the hydrophobic polyene section interacts with the lipid 

bilayer insulating the inner hydrophilic pore, in a barrel-stave motif. The macrocycle is not long enough to 

span the whole membrane, so it is supposed that two aggregates associate in an end-to-end fashion to 

form a channel that spans completely the double layer, as shown in the three-dimensional model in 

Figure 11.21,22 
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recorded (amplitude of the current, residence time, etc.) it is possible to determine the nature and the 

concentration of the substrate. One of the most interesting aspect of this approach is that a highly 

specific interaction with the substrate is not necessary; the substrate must be recognized but the complex 

formed must not be too stable. Moreover, it is possible to act on the pore to change its ability to interact 

with the substrates. This has been done by mutagenic modification of some amino acids present in the 

inner wall of the pore. In this way, for example, pores able to recognize transition metals were obtained 

by introducing lysines,27 phosphate groups have been recognized by introducing arginines,28 while organic 

molecules such as the TNT were recognized by introducing amino acids with aromatic residues (Phe, Tyr 

or Trp).29 

For a supramolecular chemist the realization of model of a bacterial toxin is a quite interesting 

challenge which may open the way to new and more targeted applications. A mimesis of a system of this 

type limited to the trans-membrane portion requires a tubular structure long enough to span the 

phospholipid bilayer and with an internal cavity with a diameter of about 1.5 nm. Moreover, this system 

must be kinetically and thermodynamically stable to form stable pores in membrane. In practice the 

problem is however quite complex and, while there are numerous examples of synthetic nanotubes 

formed in the solid state, it is not easy to control the size and the stability and form a self-assembly 

nanopores in membrane.30 Until now in the literature there are only three examples of this type 

(explained below). 

1.2.2 Synthetic ion transporters 

The emerging field of synthetic ion channels and pores builds on the ability to make molecules, that 

is, synthetic organic chemistry, to probe pertinent themes in biomembrane research, that is, 

biochemistry, biophysics, molecular biology, and so on. The term “synthetic ion channels and pores” is 

applied for compounds that have abiotic scaffolds (i.e., scaffold that are not found in biological ion 

channels and pores) and are able to modify the permeability of a biological membrane. 

The first synthetic ion channel, a cyclodestrin derivative, has been reported in 1982 by the group of 

Tabushi.31 This occurred at a time when the rational design of peptide foldamers with ion channel activity 

and the barrel-stave model for ion channels formed by macrolide antibiotics like amphotericin B already 

attracted scientific attention. Since then, synthetic ion channels and pores have grown into an active field 

of research. 

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, on one side, using less complex model systems, the study 
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of the parameters that control the permeation processes and, on the other side, the synthesis of new 

compounds having ionophoric and biological activity. 

As described above ion channels insert into the membrane and form an ion-conductance pathway. 

Thus, the minimal structural requirements for artificial ion channels are a membrane spanning structure, 

a lipophilic substructure which engages hydrophobic contacts with the phospholipid bilayer and a 

hydrophilic substructure which provides a polar corridor, stabilizing the desolvated ion during the crossing 

of the channel. 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 shape and the size 

of these molecules, different channel architectures can be obtained as shown in Figure 13.32,33 

 

Figure 13. Possible mechanism of channel 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 and form 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 transmembrane 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 to orient the polar groups inside and the nonpolar 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 
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Recent studies on gram-positive bacteria led to the discovery and structure elucidation of a new class of 

cationic glycopeptide antibiotics named mannopeptimycins.40 Following the disclosure of the 

mannopeptimycin structures, Ghadiri noted that they possess a cyclic peptide architecture, backbone 

conformation, and potentially membrane-active antibacterial mode of action that are strikingly similar to 

that of the cyclic D,L-α-peptides; therefore he expanded the class of cyclic D,L-α-peptides to include 

glycosylated analogous and explored the utility of these derivatives as antimicrobial agents.41 As the first 

approach the choice the membrane-active amphiphilic cyclic D,L-α-glycopeptide [WLWKSKSK] in which 

the symmetrical disposition of hydrophilic amino acids seemed appropriate for probing rationally the 

effects of the position and type of O-glycolyl serine residue substitution on antibacterial activity and 

target membrane selectivity. Ghadiri showed that specific glycosylation of membrane-active self-

assembling cyclic D,L-α-peptides can significantly reduce mammalian cell toxicity while maintaining 

potent bactericidal activities against multidrug-resistant Gram-positive species. The cyclic D,L-α-

glycopeptides reported are considerably simpler in amino acid side chain complexity than 

mannopeptimycins and can be readily subjected to combinatorial synthesis and structure–activity 

optimizations. They also suggested the potential utility of self assembling cyclic D,L-α-glycopeptides in the 

design of other bioactive agents targeted to cells that express appropriate carbohydrate binding 

receptors. 

1.2.2.2 Oligophenyl “rigid rod” channel assemblies 

A unique example of conjugation between naturally occurring motif and invention is the class of 

tubular channels reported by the group of S. Matile.42,43 These rigid rod β-barrels are synthetic barrel-

stave supramolecules assembled from pre-organized p-octiphenyl “staves” functionalized with short 

peptides (Figure 15).44,45,46,47  

 

 

Figure 15. Examples of self-assembly of p-octiphenyls into rigid-rod β-barrel pores. 
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The length of these rigid rod staves (34 Å) is adjusted to roughly match the hydrophobic core of bilayer 

membranes composed of conventional egg yolk phosphatidylcholine. p-Oligophenyl are privileged rigid-

rod staves because their blue emission is useful for structural studies in bilayer membranes and their non-

planarity directs cylindrical barrel assembling.  

Once in the membrane, the peptides interdigitate (in an antiparallel β-sheet fashion) with other 

peptides residues belonging to contiguous rods (Figure 15). The stability of these barrel-staves 

supramolecules depends on many parameters such as peptide length and peptide sequence.45 Limited 

internal space drives the first amino acid side chain towards the outer surface of the channel and the β-

sheet structure places the followings in an alternate arrangement so that in a pentapeptide the second 

and the fourth amino acid side chains point inside the channel, while the others point outside; so, both 

inner and outer surface of rigid rod β-barrels can be functionalized in a flexible, precise and 

straightforward manner.48 Positioning of hydrophilic amino acid residues at the outer and hydrophobic 

amino acid residues at the inner barrel surface gives water-soluble barrels that can host like biological β-

barrels of the lipocalin family hydrophobically matching guests such as carotenoids.49 Reversal of 

cylindrical amphiphilicity, that is, external hydrophobicity and internal hydrophilicity, gives barrels that 

can form multifunctional pores in bilayer membranes. 

 

Barrel A B C D E F Staves Hoops d (Å) 

1a G L - - - - 2 8 2 

2a G L K L - - 4 6 8 

3a G L K L - - 4 6 8 

4a G L K L - - 6 8 25 

5a G L H L - - 4 8 8 

6a G L H L H L 4 8 15 

7a G L D L D L 4 8 15 

8a G L R L H L 4 8 15 

9a G L R W H V 4 8 15 
 

Figure 16. Synthetic multifunctional pores formed by rigid rod β-barrels. In blue hydrophilic residues, in gold 

hydrophobic residues and in black rigid rod scaffolds and β-sheet (backbone) and dotted lines hydrogen bonds. Peptide 

sequences ABCDEF are specified separately using single letter abbreviations (G = Gla = -OCH2O-). Barrel stoichiometry, 

i.e., number (n) of “staves” per barrel, and inner diameter d.  

In most of the cases, the external amino acids are hydrophobic (mainly leucine) to facilitate the 

incorporation of the barrel in the membrane, while variation of internal amino acids (histidine, lysine, 

aspartic acid, arginine, etc.) allows the tuning of the chemical properties of the internal surface of the 

channel. Matile has explored the combination of molecular translocation and molecular recognition in 

many variations of host (1a-9a), guest (focused on organic anions) and method of detection.42 
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Figure 17. Molecular recognition by synthetic multifunctional pores, depicted as simplistic universal concept. 

Efficient pore blockage activity was identified for pyrophosphate guests like PP, TPP, ADP and UDP as well 

as triphosphates like PPP and ATP. The distinguishing characteristic of molecular recognition by synthetic 

multifunctional pores is the inhibition of molecular translocation across the same synthetic 

multifunctional pores (Figure 17). This interconnection opens attractive methodological and conceptual 

perspectives for supramolecular host–guest chemistry. For instance, adaptation of conventional dye 

leakage assays to pore blockage makes supramolecular host–guest chemistry visible to the “naked eye”.50 

Moreover, the coupling of these properties with enzymatic transformation of substrates allowed the 

realization of sensors for different chemical species.51,52 

Synthetic catalytic pores (SCPs) represent another application of molecular recognition by synthetic 

multifunctional pores.53 Combination of molecular translocation, recognition and transformation within 

synthetic multifunctional pores yields the scientifically challenging situation in which a substrate can enter 

a membrane, span pore on one side and appear as product on the other side of a lipid bilayer membrane.  

This combination of molecular recognition, translocation, and transformation was explored with histidine-

arginine (HR) barrel 8a (Figure 16) as a synthetic catalytic pore and pyrenetrisulfonate ester as a model 

substrate (Figure 18, right).  
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Figure 18. Remote control of molecular transformation within synthetic catalytic pores by supportive membrane 

potentials accelerates substrate binding and product release (left), interference by membrane potentials decelerates 

substrate binding (middle). To the right synthetic catalytic pore 8a hydrolyzes an ester during its translocation across 

the membrane. 

Negative polarization of vesicles loaded with substrate increased the catalytic activity of pore 8a, and 

enhanced the product release. This finding was interpreted as proof-of-principle for remote control of 

catalysis within pores by electrostatic steering (Figure 18, left). Namely, the membrane potential possibly 

guided the intravesicular anionic substrate into the catalytic pore 8a and the anionic product HPTS out 

into the extravesicular media. Work on substrate diversity (RNA, amides, carbamates), active-site 

modifications, and the introduction of cofactors were also reported.42 

1.2.2.3 Nanopore from rigid porphyrin-based macrorings 

Recently the group of Kobuke has developed a synthetic nanopore composed of a covalent adduct of 

porphyrins having six carboxylic acid groups directed up and down.54 The height of the system is 

estimated as 21 Å from the molecular model, corresponding to almost half the thickness of the lipid 

membranes bilayer (Figure 19). Therefore, if two macrorings interact within the lipid bilayer three 

cooperative hydrogen bonds, a transmembrane nanopore will be formed with the expected active barrel 

hoop architecture. The remaining three carboxylic acids at both ends of the nanopore will be appropriate 

as terminal ionic groups exposed to the aqueous layer. 



 

Figure 19. Synthetic transmembrane nanopore designed by Kobuke and obtained from 
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Figure 20. Example of an artificial ionophore generated by metal mediated self-assembly. The molecular square has 

been anchored to lipophilic chains in order to become hydrophobic. 

It was observed that the precursor palladium-amphiphile alone (2b) also formed large and stable ion 

channels of unknown suprastructure. These observations may indicate that the square ordered structure 

1b is not resistant in contact with the membrane most probably due to the inherent lability of palladium 

fragment. 

The preparation of the palladium-gated ion channel shown in Figure 21 is the first approach toward 

smart channels with functional metal-organic scaffold.56 Facially amphiphilic cholates such as the 

compound shown in Figure 21 have been reported to self-assemble into bundles that span one leaflet of a 

lipid bilayer membrane and have a hydrophilic interior which promotes ion transport.1,30,32,33,57 In this 

example coordination chemistry is used to bring the cholate bundles in the two leaflets together. 
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Figure 21. Schematic representation showing the gating of ion channels formed by amphiphilic cholates; either 

opened (green) by the addition of PdCl2 or closed (red) by the addition of hexathia-18-crown-6 (18S6). 

Namely, the pyridine ring attached to cholate is thought to end up in the middle of the bilayer membrane. 

The addition of Pd2+ ions results in their coordination to the pyridine rings of both leaflets of the bilayer 

and the production of an active channel, whereas removal of the Pd2+ ions with hexathial[18]crown-6 

(18S6) closes the metallochannel. The validity of this approach to palladium-gated channels was 

confirmed with an elegant series of ion-transport experiments in vescicles with an internal fluorescent 

probe. Such a characterization of readily accessible fluorogenic vescicle is a fully appropriate and 

sometimes preferable method to study multifunctional transport system. The complementary single-

channel currents have been recorded previously for bundles of monomeric, dimeric, and tetrameric 

cholate analogues.32,56 The use of metal-organic scaffolds for reversible ligand gating is particularly 

important because the design of ligand-gated synthetic ion channels and pores is traditionally one of the 

most challenging topics in the field.32,58,59 

These two recent publications have shown that metal mediated self-assembling may be exploited for 

the construction of structurally simple but active ionophores. These species, however, form little 

structured pores in membrane, and until now, examples of stable nanotubes obtained by this approach 

which shows membrane activity do not exist. 
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1.3 Metal mediated self-assembly 

Fascination with supramolecular chemistry over the past few decades has led to the synthesis of an 

ever-increasing number of elegant and complex functional structures with sizes that approach nanoscopic 

dimension. Today, supramolecular chemistry has grown into a mature field of modern science and it is of 

continuing interest for synthetic chemists, partly because of the fascinating physical and chemical 

proprieties and of the complex and varied aesthetically pleasing structures that supramolecules possess. 

In the early 1960s the discovery of “crown ethers”, “cryptands” and “spherands” by Pedersen,60 Lehn61 

and Cram62 respectively, led to the realization that small, complementary molecules can recognize each 

other through non covalent interactions such as hydrogen bonding, charge-charge, donor-acceptor, π-π, 

and van der Waals, etc. Such “programmed” molecules can thus be self-assembled by utilizing these 

interactions to form large supramolecules that have different physicochemical properties than those of 

the precursor building blocks. As such, self-assembly has a distinct advantage over traditional, stepwise 

synthetic approaches when accessing large molecules. It is well-known that nature has the ability to 

assemble relatively simple molecular precursors into extremely complex biomolecules, which are vital for 

life processes. Clearly, ‘‘life’’ cannot be imagined without the utilisation of self-assembly, as a multitude of 

biological processes is based thereupon: protein folding, nucleic acid assembly and tertiary structure, 

phospholipid membranes, ribosomes, and microtubules, etc., are selective, representative examples of 

self-assembly in nature that are of critical importance for living organisms. It is the inspiration from such 

biological processes that has been motivating chemists to fabricate supramolecular assemblies and to 

implement unique functions as a consequence of intercomponent interactions. Therefore, artificial 

architectures receive considerable attention due to their various potential applications, such as in gas 

storage,63 catalysis,64 molecular electronics,65 drug delivery,66 etc. Nature’s building blocks possess 

specific functionalities in configurations that allow them to interact with one another in a programmed 

manner. Nature makes use of a variety of weak, non-covalent interactions such as hydrogen bonding, 

charge-charge, donor-acceptor, π-π, van der Waals, hydrophilic and hydrophobic, etc., interactions to 

achieve these highly complex and often asymmetrical architectures. The aforementioned structures 

provide inspiration for chemists seeking to exploit the “weak interactions” described above to make 

scaffolds that can mimic the complexity of natural systems. The breadth of supramolecular chemistry has 

progressively increased with the synthesis of numerous unique supramolecules each year. On the basis of 

the interactions used in the assembly process, supramolecular chemistry can be broadly classified into 

three main branches: (i) those that utilize H-bonding motifs in the supramolecular architectures; (ii) 

processes that primarily use other non-covalent interactions such as ion-ion, ion-dipole, π-π stacking, 

cation-π, van der Waals, and hydrophobic interactions; and (iii) those that employ strong and directional 

metal-ligand bonds for the assembly process.67 However, as the scale and degree of complexity of desired 
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molecules increase, the assembly of small molecular units into large, discrete supramolecules becomes an 

increasingly daunting task. This is due in large part to the inability to completely control the directionality 

of the weak forces employed in the first two classifications above. Coordination-driven self-assembly, 

which defines the third approach, affords a greater control over the rational design of two- (2D) and 

three-dimensional (3D) architectures by capitalizing on 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, ranging from a few cubic angstroms to over a 

cubic nanometer. For instance, a wide array of 2D systems (rhomboids, squares, rectangles, and triangles, 

etc.) and 3D systems (trigonal pyramids, trigonal prisms, cubes, cuboctahedra, double squares, 

adamantanoids, dodecahedra, and a variety of other cages) have been reported.68 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. 

Since the early pioneering work by Lehn and Sauvage, on the feasibility and usefulness of 

coordination-driven self assembly in the formation of helicates, grids, ladders, racks, knots, rings, 

catenanes, rotaxanes, and related species,69 several groups—those of Stang,68,70,71 Raymond,72 Fujita,73 

and others74—have independently developed and exploited novel coordination-based paradigms for the 

self-assembly of discrete metallacycles and metallacages with well-defined shapes and sizes. 

1.3.1 Design principles 

The assembly of supramolecular ensembles depends on the information coded 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 reassociate 

“correctly”), leading to a product that is thermodynamically more stable than the starting components 

and any kinetically formed intermediates. 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 unfavourable 
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process, thermodynamic conditions facilitate the formation of macrocycles at the expense of increased 

angle strain. This is due, among other factors, to the fact that entropy favours closed structures with a 

minimum number of components rather than polymeric structures, which involve a far larger number of 

components.  

In the last decade, the synthetic strategies that involves the use of transition metal and coordinating 

chemistry in the formation of supramolecular adducts through self-assembly have become increasingly 

important and have 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 characterized by: 

a. 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; 

b. 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; 

c. 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; 

d. in addition, depending on the nature of the metal and its oxidation state, it is possible to 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 vs Co (III) inert); 

e. the metal center confer to the supramolecular system redox and/or   photochemical properties; 

f.  the coordination compound can introduce elements of chirality in the supramolecule: for  

example, the metal center itself may be chiral, or the ancillary ligands not involved in the 

construction of the supramolecola may possess chiral centers. 

1.3.2 Directional bonding approach 

The directional bonding approach is a general, high-yielding synthetic strategy that gives access to a 

wide variety of 2D and 3D supramolecular ensembles. Since the seminal studies on the rational synthesis 

of molecular squares in the early 1990s by Fujita’s75,76 and Stang's77 groups a plethora of metalla-

macrocycles and metallacages have been assembled using this design strategy. 

This rational design strategy allows for a combinatorial molecular library consisting of complementary 

building blocks that allows one to design retrosynthetically the way to best achieve the geometry of a 
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particular discrete assembly. 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; and 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° (Figure 22). The acceptors are metal-

containing subunits that are essential in this design approach because they possess available coordination 

sites, which are at a fixed angle relative to one another for binding incoming ligands. The symmetry and 

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

 

Figure 22. Combination of various building units for accessing convex polygons and canonical polyhedra. 

For example Puddephat et al. have reported a synthesis of cationic molecular triangles by combination of 

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

possessing bridging amides.78,79 The self-assembly of [Pt(Bu2bpy)(OTf)2] (Bu2bpy=4,40-ditert-butyl-2,20-

bipyridine, OTf=triflate) with N-(4-pyridinyl)isonicotinamide led to the formation of molecular triangle as 

shown in Scheme 1. 

 

Scheme 1. 
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X-ray structural studies of the macrocyclic compound showed that the three platinum metals occupy the 

vertices of an approximately equilateral triangle.  

Other examples were reported by Stang and co-workers; they have extensively used diphosphine cis-

blocked Pd(II) and Pt(II) complexes as 90° metallo-corner units to synthesize a large library of molecular 

squares of varied size and functionality.68,70 One example is reported in Scheme 2: the phosphine-based 

square can be assembled from a 1:1 stoichiometric mixture of 90° cis-blocked [Pd(dppp)(OTf)2] and 4,4’-

bipyridine (linear difunctional ligand) in CH2Cl2.77 

 

Scheme 2.  

Three-dimensional polyhedral architectures can be designed using a combination of angular and linear 

subunits that have more than two binding sites (Figure 23). 

 

Figure 23. Three-dimensional architectures formed by the combination of ditopic and tritopic subunits by the 

directional bonding approach. 

For example, Thomas et al.80 have reported an edge-directed M8L12 (M= metal, L= ligand) supramolecular 

cube from 8 tritopic 90° corner units and 12 linear linkers following the directional bonding approach. 

Treatment of [([9]aneS3)Ru(DMSO)Cl2] with 4,4’-bipyridine in a 8:12 molar ratio in the presence of silver 

triflate in nitromethane resulted in the cationic supramolecular cube in over a period of 4 weeks (Scheme 

3). NMR and ESI-MS confirmed the structure of the cage compound.  
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Scheme 3. 

1.3.3 Porphyrins as building blocks in the construction of supramolecular assemblies 

Among many interesting light-induced functions, those inspired by natural photosynthesis have 

attracted special attention. As a result of extensive spectroscopic studies and detailed structural 

determinations, the photoinduced charge separation taking place in the reaction centers and the antenna 

effect carried out by the light-harvesting units are now understood in great detail.81 Artificial systems 

mimicking the natural photoinduced processes are the subject of continuing research activity. In many of 

these artificial systems, porphyrins (and/or metallo-porphyrins) play a major role as active 

chromophores.82  

In fact, besides their chemical resemblance to the chlorophylls of the natural systems, 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. The general structure of a porphyrin is reported in Figure 24: 5,10,15,20-

positions are named meso-positions (red), the other positions that can be substituted are defined β-

pyrrolic positions (green). 

 

Figure 24. General structure of a porphyrin and its nomenclature. 
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Topologically controlled multiporphyrin arrays can be assembled by judicious design of the geometry of 

the building blocks. Particularly interesting porphyrin arrays are those based on pyridylporphyrins (PyPs), 

i.e. porphyrins carrying a number (n = 1–4) of pyridyl substituents at the meso positions (with the 

remaining 4-n positions occupied by aryl groups). With these chromophores, the coordinating ability of 

the peripheral pyridyl groups can be used for assembling purposes. In fact, a great variety of metal-

bridged arrays have been obtained by coordination of pyridylporphyrins to appropriate metal complex 

fragments.83 

The peripheral N atom(s) of PyPs can be either in the 4’ or 3’ position (Figure 25). With 4’-PyPs, the 

exocyclic coordination bonds are established in the plane of the porphyrin, along the meso bond axes; 

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

the plane of the chromophore. The electronic properties and solubility of PyPs can be tuned by 

functionalization of the phenyl rings or the β-pyrrolic positions. Meso-pyridyl/phenyl porphyrins (PyPs) or 

strictly related tetrapyrrolic chromophores can provide geometrically well-defined connections to as 

many as four metal centers by coordination of the pyridyl groups. To date, the most frequently used 

precursors for the efficient metal-mediated assembly of multiporphyrin adducts are complexes of Pd(II) or 

Pt(II), Re(I), and Ru(II). 

4’-PyPs 

 
 

3’-PyPs 

 
 

Figure 25. Structure of 4’-PyPs (left) and 3’-PyPs (right) and the direction of possible coordination bonds. 

Metal centers such as Mg(II), Al(III), Ru(II) or Zn(II), may be located in the core of the porphyrin thus 

obtaining metallo-porphyrins. Metallo-porphyrins are an almost unique class of metal compounds that 

can behave both as Lewis donors and acceptors for the formation of new coordination bonds. In fact, 

provided that the inner metal is not coordinatively saturated and that the tetrapyrrole ring bears 

exocyclic coordinating groups, the metallo-porphyrins can behave as ligands through the periphery and as 

Lewis acids through the metal core. The metal has normally one or two axial coordination sites available, 

while the binding sites at the porphyrin periphery range most commonly between one and four. The 

assembling process, i.e., the formation of axial and/or peripheral coordination bonds, can occur with the 
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metallo-porphyrins themselves (self-coordination), with metallo-porphyrins of a different nature, or with 

other donor and/or acceptor components. Depending upon the design of the building blocks, their ratio, 

and the concentration range employed, the process may lead preferentially to either discrete or 

polymeric assemblies or a mixture of both.84
  

The common class of metallo-porphyrins is represented by Zn(II)-porphyrins. Zn(II) can be simply 

introduced into the core of the porphyrins and has then the possibility to bind another nitrogen ligand in 

the axial position (for example Zn(II)-porphyrin–N-(pyridyl) interaction is intrinsically weak, association 

constant ca. 103 M−1) so connected chromophores are generated (side-to-face assemblies). In Figure 26 

some possibility of multiporphyrin assemblies obtained mixing 4’-PyPs and Zn-porphyrins are shown. 

 

 

Figure 26. Schematic examples of discrete side-to-face multiporphyrin assemblies that can be obtained with 4’-PyPs 
and metallo-porphyrins. X = 4’-Py, M = Zn(II). 

Regarding the spectroscopic proprieties, the absorption spectrum of the free-base porphyrins (Fb) 

involves, besides the intense Soret band (at about 420 nm), a typical Q-band system made of four distinct 

vibronic bands (500-650 nm, Figure 27). The metallo-porphyrins, on the other hand, exhibit a 

characteristic two-band pattern in the Q-band region. 

 
Figure 27. Absorption and emission (dotted lines) spectra of prototype free base (Fb) and zinc- (Zn) porphyrin. 

Soret band 

Q-bands 
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1.3.4.3 Functional porphyrin molecular squares: application

Sensor 
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Catalysis 

One of the 

principle, cavities could be used to bind reactants selectively, control reaction stereochemistry, or protect 

highly reactive catalytic sites from interaction with species other than intended substrates. Merlau et al. 

have reported on the use of square show

epoxydation catalysts.

Manganese porphyrins have been extensively examined as epoxydation

high functional and structural similarity to the iron heme moiety comprising the catalytic 

cytochrome P450. Unfortunately, the naked manganese porphyrin degrades quickly under catalytic 

reaction conditions due to 

ligand oxidation.

Protective encapsulation of dipyridyl and tetrapyridyl forms of the catalyst within the square was found to 

stabilize the catalyst, extending their lifetimes for 

evidently by inhibiting oxobridged dimer formation. 

substrate size selectivity by preventing access to the active site by large substrate molecules. M
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Aim 

The analysis of the literature described in the previous chapter clearly shows how the molecular 

structures capable of forming stable pores in biological membranes have important applications in the 

biomedical field and in the field of biotechnology, in particular as sensors. The ability to control the nature 

of the internal walls of the pore allows to control the selectivity of the process and in the field of sensors 

this translates into the possibility of recognizing substrates of various types and processes, for example 

enzymatic reactions, in which these substrates are involved. Also in the introduction part have been 

reported some examples from the literature of the metal mediated self-assembly approach for the 

construction of supramolecular structures. 

The project of this PhD thesis has as its primary objective the preparation of porphyrin based 

synthetic nanotubes able to alter the permeability of biological membranes and their use as sensors for 

biologically relevant molecules. The most innovative aspect of the project is the use of the self-assembly 

approach mediated by the formation of coordination bonds with metal complexes as a methodology for 

the formation of synthetic nanotubes. This method is extremely versatile and flexible, but to date has not 

yet been applied in this particular field.  

Porphyrins have the advantage of being rigid and functionalizable in a relatively simple manner. Selecting 

metal centers with the desired geometry will therefore be designed and synthesized via metal-mediate 

self-assembly molecular systems (nanotubes) having the following characteristics: 

a) a tubular shape with sufficient length to span completely the phospholipid bilayer of a biological 

membrane or able to self-assemble to achieve this length; 

b) presence of a rigid internal cavity with a diameter around the nanometer; 

c) high kinetic and thermodynamic stability; 

d) lipophilicity to guarantee an efficient allocation in the membrane; 

e) possibility to chemically modify the inner wall of the nanotube in order to modulate the pore 

conductibility (on / off) and selectivity. 

In our first approach we have used trans-dipyridylporphyrins (linear difunctional ligands) which, 

upon binding with cis-coordinating metal fragment, may form supramolecular boxes (Figure 1). At first we 

have studied the simpler system (without functionalization), then the porphyrins have been designed to 

contain groups able to give hydrogen bonds after appropriate modification, such as esters, to lead to the 

alignment of the boxes in the membrane and, eventually, to the formation of the metal-organic nanopore 

in a similar way to that reported by Kobuke (Paragraph 1.2.2.3) 
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Figure 1. Schematic representation of the self-assembling process leading to the formation of the metal-organic 
nanopore. 

In these systems the size of the internal cavity is significantly large, approximately 20 Å while the height of 

the prism depends on the molecular substituents present in the other meso-position (5 and 15 in Figure 

1). It will be possible to vary both the nature of the porphyrins, operating on the substituents in the 

positions not occupied by the two pyridine rings, or the nature of the metal fragments (nature, oxidation 

state and geometry of the metal, charge of the fragment, nature of the ligands which do not participate 

to the construction of the macrocycle) and in this way it will be possible to modulate the chemical-

physical characteristics of the nanotube, such as solubility and lipophilicity. 

Moreover, it is possible to insert in the porphyrins core a metal center (e.g. Zn(II), Al (III), Mg(II); see 

paragraph 1.3.3). Thus functionalizing the walls of the nanotube (Figure 2). These additional metal centers 

may allow to have interactions with substrate such as for example biomolecules, allowing selective 

sensing. 

 
Figure 2. Functionalization of the wall of the nanotube with metal centers (green ball). Schematic representation. 
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At first time, we have investigated Re (I) and Pd (II) as metal fragments, both precursors of 90° 

connectors, whose reactivity towards pyridylporphyrins is well documented in the literature (Paragraph 

1.3.4). 

The membrane activity of these systems has been studied using fluorescent probes and liposomes as 

membrane models. Finally, the possible formation of host-guest complex has been studied through 

different techniques. 
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Conclusion and perspectives 

The research work carried out for this thesis has been focused on the design and synthesis of 

porphyrin based nanopores exploiting for the first time the metal mediated self-assembling approach.  

The reaction conditions for the synthesis of trans-dipyridyl porphyrins from 5-(4’-pyridyl)-

dipyrromethane have been optimized. Two trans porphyrins have been obtained: one bearing phenyl 

groups in the unsubstituted meso positions (53% yield) and one bearing phenyl groups para-substituted 

with a methyl ester (43%). The yields are excellent compared to those reported in literature (less than 5% 

with statistic mixture and about 6-11% with Lindsey’s approach).  

From these porphyrins, using Re(CO)3Br as metal fragment, two neutral molecular 4+4 squares were 

obtained. Re gives neutral adducts with high stability but these molecular squares are less soluble than 

the parent porphyrins. This behaviour leads to difficulties in purification and characterization of 

compounds. The systems were characterized by NMR (
1
H, HH-cosy and HC-cosy, at different 

temperatures and solvents), UV-vis and IR spectroscopies but the poor solubility and the neutral nature of 

the adducts did not permit to obtain a mass spectrum or good crystals for X-ray diffraction 

characterization. All experiments conducted by NMR, UV-vis, IR spectroscopies and by fluorimetric 

tritation are in agreement with data reported in the literature for similar compounds, and they are 

compatible with the formation of a tetrametallic square. On the other hand, the use of a Pd(II) complex as 

metal corner allows to obtain charged and more soluble molecular squares. However, the thermodynamic 

stability of these adducts is lower and the systems are not suitable for the ionophoric activity studies. 

Studies on the ionophoric activity using liposomes as models of biological membranes have been 

conducted and have showed that these compounds have poor proton transport activity. In fact, the 

experiments conducted on porphyrins and on Re-molecular squares, shows that porphyrins and 

molecular squares, which are not able to give hydrogen bond network or other secondary interactions, 

have not proton transport activity probably because they are not long enough to span completely the 

lipid bilayer. Introduction of a group able to give hydrogen bonding between molecular square promotes 

the formation of the nanopore and the ionophoric activity increases. Moreover, Zn-metallated squares 

are more activity probably because, on one hand, Zn gives rigidity to the system thus promoting and 

assisting the self assembly of the monomers, and, on the other hand, Zn probably increases the 

lipophilicity of the squares favouring their insertion into the lipid bilayer. 

The formation of a channel structure is also supported by the blockage experiments. Indeed, 

polyamino-dendrimers can block the channel and this ability is function of their dimension. The 

mechanism of blockage involves Zn/N or -COO
-
/

+
H3N- interaction. 
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To improve the solubility of the system, and therefore to make easier the characterization and 

purification of the squares, we tried to introduce alkyl chains in β-pyrrolic position. We have studied a 

synthetic approach to synthetized pyrrole 3,4-alkylsubstituted, and we have synthesized the alkyl 

substituted pyrroles and the relative dipyrromethanes. The synthetic effort has not been rewarded; in 

fact, despite several attempts, we have not obtained any porphyrin, probably due to high steric hindrance 

on the dipyrromethane derivatives. We, therefore, prepared porphyrins bearing O-alkyl chains in the 

phenyl substituents. However, the molecular squares prepared from these porphyrins are almost 

insoluble in most organic solvent (CHCl3, DCM, CH3CN, toluene, acetone, MeOH, EtOH) and very poorly 

soluble in DMSO and THF. Apparently and contrary as expected, the solubility decreases with the length 

of the alkyl chain suggesting that this behaviour may be due to the formation of aggregates promoted by 

van der Waals and π stacking interactions. 

 

Regarding the future perspectives, the mechanism of action of these channel forming systems and its 

inhibition will be investigated better. In particular, inhibition promoted by substrates able to coordinate 

to the Zn metal in the square cavity and its applications in the field of sensing will be explored. Finally we 

will design and synthetized squares more soluble and more rigid to improve the preorganization of the 

system. 
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Results and discussion 

Porphyrins hold a special place in modern chemistry. Porphyrins and porphyrin-like compounds are 

ubiquitous in Nature, functioning as catalysts, light connectors, energy movers, and small-molecule 

binders and transporters. While these molecules sometimes exist as isolated entities, often they appear 

as well defined assemblies. 

Porphyrin molecular squares are good examples of the application of the principles of coordination-

based directed assembly; and, as reported previously (paragraph 1.3), this approach often offers 

advantages over classical covalent bonding-based carbon chemistry. One of this is the ease to access ~90° 

angles. Supramolecular square can be obtained by direct assembly approach in two ways as shown in 

Figure 1: combining a linear difunctional ligand and a cis-coordinating metal center (e.g. cis-square planar 

or octahedral transition metal; Figure 1a) or mixing a ligand having two binding sites possessing angular 

orientation of 90° and a trans-coordinating metal center (e.g. trans-square planar; Figure 1b). 

 
Figure 1. Directed assembly approach for the formation of molecular squares. 

Therefore, to obtain 4+4 porphyrin squares, the ligands must be di-functional and can correspond either 

to corner units (Figure 1) or edges. The interest on pyridylporphyrins has already been explained in 

paragraph 1.3.3. The introduction of pyridyl moiety in meso position allows to control the geometry of the 

binding as shown in Figure 2. In particular, 5,10-dipyridylporphyrin (i.e. cis-DPyP) represents a difunctional 

ligand that has the binding sites at 90° to each other (the corner of molecular square), on the contrary, 

5,15-dipyridylporphyrin (i.e. trans-DPyP) represents the edge of the molecular square. 
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Figure 2. General structure of a porphyrin. The meso positions are indicated. To the right are reported the structures 

of trans-dipyridylporphyrin (linear difunctional ligand) and cis-dipyridylporphiryn (90° difunctional ligand). 

In our work, we decided to investigate, for the first time to our knowledge, the possibility to employ 

4+4 porphyrin molecular squares to form artificial nanopores. The porphyrin molecular squares prepared 

in the present study are formed by porphyrins as linear difunctional ligands and cis-coordinanting metal 

centres (Figure 1a) and, in particular, meso-substituted trans dipyridylporphyrins (i.e. the pyridyl groups 

are in the 5,15-positions) and square planar metal complexes of Pd(II) or an octahedral metal complex of 

Re(I). 

3.1 Synthesis of meso-substituted trans-A2B2-porphyrins 

Meso-substituted trans-A2B2 porphyrins possessing two pyridyl units are linear difunctional ligands 

that have often been used as building blocks in the construction of supramolecular assemblies because of 

their ability to bind metal complexes with well defined geometry. 

In spite of the progress in the synthesis of porphyrins, compounds bearing one, two or three pyridyl 

units are still synthesized almost exclusively via the mixed aldehyde condensation under Adler’s 

conditions
1,2,3

 followed by tedious chromatographycal separation of the six regioisomers (Figure 3). The 

yield of the dipyridyl isomers, trans in particular, is very low (for example a mixture of methyl-4-formyl 

benzoate and 4-pyridylcarboxyaldehyde gives 2.2% of trans A2B2 porphyrin separated by four 

chromatography columns).
4
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Figure 3. Statistic mixture obtained from Adler’s condensation of two aldehyde and pyrrole. 

An alternative method for the direct synthesis of meso-substituted trans-A2B2 porphyrins is the reaction 

of dipyrromethane and aldehyde (Lindsey’s approach, Scheme 1);
5
 this approach is possible because of 

the inherent symmetry of the target porphyrin. 

N
H

A-CHO+
1)TFA

A

NH HN
2) condensation
3) oxydation HN

NNH

N

A

B

A

B

trans-A2B2

dipyrromethane

B-CHO

 
Scheme 1. Lindsey’s approach: 1) condensation of an aldehyde and pyrrole, 2) addition of the second aldehyde, 3) 

aromatization of the system. 

For our convenience, at first we synthetized dipyrromethane substituted in 5-position by 4’-pyridine 1. 

(Scheme 2). The reaction occurs simply combining 4-pyridinecarboxyaldehyde (20.2 mmol) and pyrrole 

(0.29 mol) that acts also as solvent, under reflux for 15 hours. A chromatography separation using 

aluminium oxide is necessary to eliminate the by-products derived from polymerization of pyrrole. Finally, 

recrystallization from ethyl acetate and petroleum ether affords the product 1 in 65% yield (Scheme 2). 

N

H O
N

HNNH

N
H

65%1
 

Scheme 2. Synthesis of 5-(4-Pyridyl)dipyrromethane (1). 
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Even if there are many publications on meso-substituited porphyrin’s synthesis, the optimal 

conditions to obtain the desired product strongly change and depend on the type of aldehyde and of 

dipyrromethane employed. Preliminary experiments were carried out to set up the optimal experimental 

conditions (Table 1). 

Entry Amount of TFA Temperature Time Solvent Yield 

a 0.22 eq rt overnight DCM 0% 

b 0.22 eq. rt overnight MeOH 0% 

c 1 eq. rt overnight DCM 0% 

d 1 eq. rt overnight MeOH 0% 

e 1 eq. reflux overnight MeOH 0% 

f 5 eq rt overnight MeOH 0% 

g 10 eq. 0°C 3 hours DCM 12% 

h 10 eq 0°C 20 minutes DCM 23% 

i 43 eq 0°C 20 minutes DCM 39.2% 

Table 1. In this table the different reaction conditions tested, and resulting product yields, for the synthesis of 5,15-

bis[4-carboxymethylphenyl]-10,20-bis[pyridyl]-porphyrin 5 are reported. 

After many attempts the conditions have been optimized (Table 1, entry i). In these conditions we could 

isolate two trans-dipyridyl porphyrins in very good yields (Scheme 3): the first one bears a phenyl group in 

the remaining meso positions (compound 2), and the second one bears a 4-carboxymethylphenyl in the 

remaining meso positions (compound 5). 
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N
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H
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Scheme 3. Synthesis of trans-dipyridyl porphyrins 2 and 5 from dipyrromethane 1. 



3. Results and discussion 

 

50 

 

An exemplificative synthetic procedure is here reported: 5-(4-Pyridyl)dipyrromethane 1 (2.24 mmol) and 

freshly distilled benzaldehyde (2.24 mmol) were dissolved in 350 mL of DCM anhydrous under Ar. TFA 

(96.3 mmol) was added drop-wise at 0°C. The reaction mixture was stirred at 0°C for 20 minutes and then 

DDQ (4.48 mmol) was added. The mixture was stirred at room temperature for 1 hour. After washing with 

saturated NaHCO3 and water, purification by column chromatography and recrystallization from CHCl3 

and hexane 5,15-bis[phenyl]-10,20-bis[pyridyl]-porphyrin 2 was obtained in 53% yield. In the same way, 

from 5-(4-Pyridyl)dipyrromethane 1 (2.24 mmol) and methyl 4-formylbenzoate (2.24 mmol) 5,15-bis[4-

carboxymethylphenyl]-10,20-bis[pyridyl]-porphyrin 5 was obtained in 39.2% yield.  

Compound 2 and 5 were fully characterized by 
1
H-NMR, 

13
C-NMR, ESI-MS, UV-vis and IR 

spettroscopies. 

In Figure 4 the structure of 5,15-bis[4-carboxymethylphenyl]-10,20-bis[pyridyl]-porphyrin 5 (4’-trans 

DPyDPhCOOMeP) and its 
1
H-NMR is reported. In the up field region there is the typical signal of NH 

pyrrolic groups of porphyrin (-2.87 ppm), at 4.11 ppm the signal of the methyl ester group and then, in 

the down field region there is the typical pattern of trans-dipyridylporphyrins. Hα-Py (the proton in 3,5-

position of the pyridyl ring) are the most down field shifted signals: a doublet at about 9.0 ppm that 

couples with the doublet of Hβ-Py (the proton in 2,6-position of the pyridyl ring) at 8.15 ppm. The signal 

of the Hβ protons (pyrrolic framework) is at 8.8 ppm. Finally, from 8.30 to 8.50 ppm there is the typical 

pattern of AB system derived from the para-substituted aromatic ring with the typical “roof effect”. 

 
 

Figure 4. Structure of trans DPyDPhCOOMeP 5 and its 
1
H-NMR (500 MHz, CDCl3). 

As compared to the data found in the literature,
6
 condensation of the pyridylcarboxaldehyde with the 

dipyrromethane derivatives in CH2Cl2 in the presence of trifluoroacetic acid, the synthetic conditions here 

reported improve the reaction yield significantly (39.2% as compared to 6–11% yield).  
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3.2 Synthesis of molecular squares based on porphyrin 

The stoichiometric combination of rigid or semirigid difunctional ligands with appropriate cis-

coordinating metal centres has shown to produce macrocyclic tetrametallic assemblies (“molecular 

squares”, see the introduction part, paragraph 1.3) with a remarkable high yield (Figure 1b).
7
 

3.2.1 Assembly of porphyrin squares with rhenium (I) as connecting fragment 

The formation of squares featuring fac-Re(CO)3X (X=Cl or Br) corners has been described by Slone 

and Hupp.
8
 The strong labilizing effect of CO serves to activate two (and only two) carbonyls for 

substitution presumably first by solvent molecules (tetrahydrofuran) and then by pyridyl ligands (Figure 

5). The reaction can take up to 2 days to complete under refluxing conditions. 

Re
OC

OC CO

CO

X

CO

Re
OC

OC N

N

X

CO

2 Py

 

Figure 5. General reaction between fac-Re(CO)5X and two pyridyl fragments that leads to fac-Re(CO)3X(py)2 corner. 

We followed the conditions reported by Hupp to prepare molecular squares using Re(CO)5Br and 

trans dipyridylporphyrins 2 e 5 just described. In this way we obtained [Re(CO)3(DPyDPhP)Br]4 (3) and 

[Re(CO)3(Zn·DPyDPhP)Br]4 (4) (Scheme 4). 

� [Re(CO)3(DPyDPhP)Br]4 (3) and [Re(CO)3(Zn·DPyDPhP)Br]4 (4) 
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Scheme 4. Synthesis of [Re(CO)3(DPyDPhP)Br]4 (3). 

Compound 3 was obtained as a maroon microcrystalline powder in high yield by combining the 

respective porphyrin 2 (0.162 mmol) and Re(CO)5Br (0.162 mmol) dissolved in freshly distilled 4:1 

Hα-Py 

Hβ-Py 

Hβ 

Ph 
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tetrahydrofuran-toluene as solvent (80 mL) and heating to reflux for 48 hours under Ar (Scheme 4). The 

product was precipitated from the reaction mixture using hexane and after purification with repeated 

washing cycles with diethyl ether was fully characterized by 
1
H-NMR, IR and UV-vis absorption 

spettroscopies. The compound results soluble in CHCl3, DMSO, and THF. 

In Figure 6 the downfield 
1
H-NMR (500 MHz, CDCl3) spectra of porphyrin 2 (Figure 6a) and its 

molecular square 3 (Figure 6b) are shown. The signals of the Hα-Py are significantly downfield shifted 

compared to those of the parent porphyrin (Δδ = +0.48 ppm) due to the coordination of the pyridyl 

groups to the metal center. The 
1
H-NMR also indicates that complete coordination of the available pyridyl 

fragment has occurred. The signals of Hβ-Py are also downfield shifted but the effect is less dramatic (Δδ 

= +0.15 ppm) due to the bigger distance of the protons from the coordination site. The assignment were 

made by 2D HH-Cosy experiments. It is not possible to derive the stoichiometry between the metal 

fragment and the porphyrin in 4 by 
1
H-NMR because the ancillar ligands of the metal don’t have protons. 

However the number of the signals is in agreement with the formation of an highly symmetrical species. 

 
Figure 6. 

1
H-NMR spectra (downfield region, 500 MHz) in CDCl3 of 4’-trans DPyDPhP 2 (a), molecular square 

[Re(CO)3(DPyDPhP)Br]4 (3) (b) and molecular square [Re(CO)3(Zn·DPyDPhP)Br]4 (4) (c).  

The carbonyl stretching region of the infrared spectrum of 3 (Figure 7) shows the distinctive stretching 

bands for the fac-tricarbonyl rhenium (I) fragment. As shown in Figure 7, there are three signals at 2027, 

1922 and 1892 cm
-1

. 
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Figure 7. IR spectra in KI of 4’-trans DPyDPhP and [Re(CO)3(DPyDPhP)Br]4. 

In the introduction part, the UV-vis proprieties of the porphyrins were discussed (paragraph 1.3.3). The 

porphyrin molecular squares have a similar behaviour: they are chromophoric compounds, especially in 

the porphyrin Soret region (400-420 nm) and at higher wavelengths the Q-bands are present. Square 

formation induces a bathochromic shift of 4.8 nm (λmax 4’-trans DPyDPhP= 418 nm, λmax square= 422.8 

nm) in the Soret region (Figure 8), consistent with net removal of electron density from the porphyrin 

system upon rhenium-pyridine bond formation. 

 

Figure 8. UV-Vis spectra of DPyDPhP and [Re(CO)3(DPyDPhP)Br]4 in CHCl3. 

Tetrazinc (II) square 4 was obtained in high yield by first dissolving the free base molecular square 3 

(1.9x10
-5

 mol) in a minimum volume of CHCl3, adding a satured solution of zinc acetate dihydrate (8.7x10
-5

 

mol) in methanol and stirring overnight in the dark; following the usual experimental conditions reported 

in the literature (Scheme 5).
9
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Scheme 5. Synthesis of [Re(CO)3(Zn·DPyDPhP)Br]4 (4). 

The product was isolated by evaporation of the solvent and washed with methanol to eliminate the 

excess of the Zn(OAc)2. The compound results only slightly soluble in CHCl3, DMSO, and THF. The 
1
H-NMR 

spectrum of 4 is shown in Figure 6b. Comparing the spectrum of [Re(CO)3(DPyDPhP)Br]4 (3) and the 

spectrum of [Re(CO)3(Zn·DPyDPhP)Br]4 (4) in the upfield region the signal of NH pyrrolic (-2.89 ppm) 

disappears. The metallation of the system can be monitored by UV-vis experiments. In fact, as shown in 

Figure 9, the four Q-bands collapse into two. 

 

Figure 9. UV-Vis spectra (Q bands region) of [Re(CO)3(DPyDPhP)Br]4 (3) (blue) and [Re(CO)3(Zn·DPyDPhP)Br]4 (4) 

(green) in CHCl3. 

Once the Zn(II) is inserted inside the porphyrin core, it can accommodate an axial ligand. Our 

molecular square is composed of four Zn-porphyrins rings as edges, therefore each edge can bind a 

nitrogen ligand. The dimension, pre-organization, and multiple site availability of 4 suggest the possibility 

of strong host-guest complex formation with 5,10,15,20-tetrapyridylporphyrin (H2-TPyP) (Figure 10).  
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Figure 10. Host-guest complex of a Zn molecular square 4 and 5,10,15,20-tetrapyridylporphyrin (H2-TPyP). 

The host-guest study has been conducted by fluorimetric tritation, in a similar way reported by Hupp.
8
 

The result of fluorescence titration of a micromolar solution of [Re(CO)3(Zn·DPyDPhP)Br]4 (4) with 

increasing amounts of 5,10,15,20-tetrapyridylporphyrin (H2-TPyP) is shown below. In Figure 11 and 12 the 

fluorimetric spectra recorded between 550 and 750 nm (excitation wavelength of 425 nm) at different 

molar ratio H2-TPyP:square are reported: before the equivalent point (1:1 molar ratio, Figure 11) and after 

addition of H2-TPyP in excess (Figure 12). The two graphs referring to the same experiment and are shown 

separately for clarity. 

 

Figure 11. Fluorimetric tritation of [Re(CO)3(Zn·DPyDPhP)Br]4 (4) (1μM) with H2-TPyP in CHCl3 from 1:0 to 1:1 molar 

ratio (H2-TPyP:square). 
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Figure 12. Fluorimetric tritation of [Re(CO)3(Zn·DPyDPhP)Br]4 (4) (1μM) with H2-TPyP in CHCl3 from 1:1 to 1:2.75 molar 

ratio. 

In Figure 13 the profiles of the fluorimetric intensities at 616 nm (host emission), 661 nm (host-guest 

emission) and 718 nm (guest emission) are reported. 

 

Figure 13. Fluorescence emission curves corresponding to host emission (616 nm blue), host-guest mixed emission 

(661 nm pink) and guest emission (718 nm green), excitation at 425 nm. 

Addition of H2-TPyP results in a decrease of fluorescence emission intensity of [Re(CO)3(Zn·DPyDPhP)Br]4 

(4). The quenching of this emission (661 nm) is virtually complete for 1:1 host-guest ratio. This result is in 

agreement with the formation of the host-guest complex shown in Figure 10. Above the 1:1 ratio a 

pronounced growth in the emission corresponding to free H2-TPyP is observed. 

The experiment was also followed directly in NMR tube: 
1
H-NMR spectrum of compound 4 

(concentration 2.4 mM) was recorded and then 1 equivalent of H2-TPyP was added. The solution became 

turbid due to the formation of a certain amount of precipitate. The NMR spectrum of the mixture is 

however more complex than expected.  
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The host-guest complex shown in Figure 10 should be a rigid box because of the four binding sites blocked 

by one molecules (H2-TPyP), and the species should be highly symmetric. Therefore, the 
1
H-NMR 

spectrum should be relatively simple. Moreover, H2-TPyP should be shielded by four porphyrin rings and 

this magnetic environment should produce a strong upfield shift of its proton signals.  

The 
1
H-spectrum of the mixture shows more signals the expected and the attribution is difficult 

suggesting at this concentration, more species are formed. In particular, in the upfield region (Figure 14) 

there is a signal at -4.87 ppm that could be attributed to the NH pyrrolic protons of H2-TPyP complexed, 

but there is another signal at -2.90 ppm, which might be attributable to free H2-TPyP.  

 

Figure 14. 
1
H-NMR spectra (upfield region) in CDCl3 of [Re(CO)3(Zn DPyDPhP)Br]4 after addition of 1 eq of H2-TPyP. 

� [Re(CO)3(DPyDPhCOOMeP)Br]4 (6) and [Re(CO)3(Zn·DPyDPhCOOMeP)Br]4 (8) 

Molecular square 4 shown above was used as a model. In fact, it was the simplest molecular square 

synthetized in this PhD thesis because it is not substituted nor in the aromatic framework neither in the β-

pyrrolic position. 
For our purpose (see Chapter 2) we need a porphyrin bearing a functional group able to generate 

hydrogen bond network in order to favour the formation of a tubular frame. Molecular square with this 

functional group could generate the metal-organic nanopores in a similar way proposed by Kobuke 

(Paragraph 1.2.2.3), i.e. by alignment of the monomers and formation of a barrel-hoop structure. For this 

scope, the position of the functional groups responsible for the hydrogen bond network is very important. 

Therefore, we designed another trans-dipyridylporphyrin that has in 5,15-meso positions two aromatic 

groups (to give rigidity) substituted in para by two methyl ester groups (Figure 15, the corresponding 

synthesis is reported in Paragraph 2.1).  

NH of H2-TPyP 

complexed 

NH of ? 



 

We chose to first prepare the

forming carboxylic acids moieties which may lead to the stacking of the molecular squares through 

hydrogen bond formation

We chose to first prepare the

forming carboxylic acids moieties which may lead to the stacking of the molecular squares through 

hydrogen bond formation (Scheme 6

Figure 15. Design of the porphyrin.

We chose to first prepare the molecular square from this porphyrin

forming carboxylic acids moieties which may lead to the stacking of the molecular squares through 

(Scheme 6).  
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Scheme 7. Synthesis of [Re(CO)3(DPyDPhCOOMeP)Br]4 (6). 

[Re(CO)3(DPyDPhCOOMeP)Br]4 (6) was obtained as a maroon microcrystalline powder from 5,15-

bis(4-carboxymethylphenyl)-10,20-bis(pyridyl)-porphyrin (5) (0.300 mmol) and Re(CO)3Br (0.300 mmol) 

dissolved in freshly distilled 4:1 tetrahydrofuran-toluene as solvent (100 mL) and heated to reflux for 48 

hours under Ar. The product was precipitated from the reaction mixture using hexane and after repeated 

washing cycles with diethyl ether, it was purified by size exclusion chromatography (SEC) (stationary 

phase: Sephadex
TM

 LH-20, mobile phase: freshly distilled THF). Finally, it was fully characterized by 
1
H-

NMR, HH-Cosy, IR and UV-vis absorption spettroscopies. The compound results less soluble than the 

previous squares 3 and 4, and it is only slightly soluble in CHCl3, DMSO, and THF. 

 

Figure 16. 
1
H-NMR spectra (downfield region) in CDCl3 of 4’-trans DPyDPhCOOMeP (5) (a) and the molecular square 6 

(b). 
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In Figure 16 the downfield region of 
1
H-NMR spectra of bis(4-carboxymethylphenyl)-10,20-bis(pyridyl)-

porphyrin (5) and its molecular square [Re(CO)3(DPyDPhCOOMeP)Br]4 (6) are shown. The signals of the 

Hα-Py are significantly downfield shifted compared to those of the parent porphyrin due to the 

coordination of the pyridyl group the metal center. The isolated product contains a small amount 

(indicated with “*” in Figure 16, ca. 5%) of a second species, most likely fac-Re(CO)3Br(DPyDPhCOOMe)2, 

i.e. an angle (Figure 17). In fact, the 
1
H-NMR of this second species shows, regarding the Hα-Py, a 

downfield shifted signal (Py coordinated to the metal centre) and a signal in the same region of the parent 

porphyrin (Py not coordinated). 
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Figure 17. fac-Re(CO)3Br(DPyDPhCOOMe)2. 

The methyl ester signal, in the 
1
H-NMR spectrum, it is upfield shifted (Δδ=-0.18 ppm) and splitted into two 

singlets, very close to each other, in 1:2 ratio. In the upfield region, the NH pyrrolic signals are not 

significantly shifted with respect to those of the parent porphyrin. However, they can be identified at 

least two signals in 1:2 ratio. 

The figures shown before illustrate the spectra complexity that accompanies the formation of the 

molecular square. The spectrum of 6 displays a number of resonance that are suggestive either of severe 

contamination with species different than the square, but TLC analysis demonstrate the presence of only 

one species, or the existence of multiple conformers. Consistent with the conformer interpretation, the 

degree of complexity in the spectrum of the square is both solvent and temperature dependent. 

It should be noted that the literature regarding the characterization of 4+4 porphyrin based molecular 

square with Re(CO)3X as corner, is poor and unclear. In fact the only NMR spectrum of this type has been 

reported by Hupp in 2002.
10
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Figure 18. 
1
H-NMR spectra (DMSO-d6) of porphyrin and molecular square reported by Hupp. 

Hupp suggests that the 
1
H-NMR of the molecular square (Figure 18) is more complex than what expected 

for a highly symmetrical box-like structure (numerous poorly resolved “extra” splitting of peaks are 

observed) because of a structural preference for a low symmetry square conformation that features tilted 

porphyrinic walls.
13 

Hupp observed also spectral changes depending on which solvent was used and on 

the temperature. He suggests that in a lower viscosity solvent (i.e. THF-d8), rapid interconversion between 

equivalent tilted conformers could occur, resulting in a simpler averaged spectrum, however he also 

pointed out that an alternative interpretation would be that the sample is severely contaminated with 

related compounds (monomers, corners, non square oligomers, etc.) featuring similar, but slightly shifted, 

proton resonances. However, as shown in Figure 18, no shift of Hα-Py signal is observed and the 

attributions are unclear. In general, it must be noted that the NMR literature data of these type of 4+4 

metallo-porphyrin adducts are scarse, not very helpful, and often confusing. 

We tried to understand the complexity of molecular square 6 using different NMR experiments that 

are reported below. 

fac-Re(CO)5Cl 

Molecular square 
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The 
1
H-NMR spectra were recorded at different temperatures (Figure 19); we observed that, with the 

increase of the temperature, the signals become slightly sharper; on the contrary at lower temperature 

the spectrum becomes broader. 

  

Figure 19. 
1
H-NMR spectra (downfield region) in CDCl3 of compound 6 recorded at different temperatures. 

In order to give the correct assignments, we recorded the HH-Cosy at 55°C in CDCl3. The 2D-

spectrum is reported in Figure 20. The signal splitted at about 9.6 ppm couples with the one at 8.3 ppm, 

corresponding to the coupling between Hα-Py and Hβ-Py. The signal at 8.33 ppm couples with the one at 

8.15 ppm, corresponding to the coupling of the phenyl protons 2,6-Ph and 3,5-Ph (upfield shifted 

compared to those of parent porphyrin, Δδ~-0.4 ppm). Finally, the multiplet at 8.85 ppm corresponds to 

the βH protons of the pyrrolic rings. 

 

Figure 20. HH-Cosy (500 MHz, CDCl3) of molecular square 6 recorded at 55°C. 

Below the spectra of the square 6 in CDCl3 and in dmso-d6 (Figure 21) are shown. 

8.38.58.78.99.19.39.59.7
f1 (ppm)

8.38.58.78.99.19.39.59.7
f1 (ppm)

8.38.58.78.99.19.39.59.7
f1 (ppm)

8.38.58.78.99.19.39.59.7
f1 (ppm)

8.38.58.78.99.19.39.59.7
f1 (ppm)

25°C 

-20°C 

0°C 

-50°C 

-40°C 

25°C 

35°C 

45°C 

55°C 

Hα-Py 

Hβ 
2,6-Ph 

and Hβ-Py 
3,5-Ph 



3. Results and discussion 

 

63 

 

 

Figure 21. 
1
H-NMR (downfield region) of molecular square 6 in CDCl3 recorded at 55°C (a) and in dmso-d6 (b) recorded 

at 25°C. 

The spectrum of the same sample recorded in two different solvents shows strong differences. In 

dmso-d6, it is resolved already at 25°C; the peaks corresponding to the Hβ protons are well separated into 

two multiplets, while the resonances of Hα-Py and Hβ-Py shows as two doublets; only one resonance is 

observed for the methyl ester and the NH-pyrrolic protons, respectively. Moreover, increasing the 

temperature, the peaks become sharper, as in the case of CDCl3 (Figure 22).  

 

Figure 22. 
1
H-NMR spectra (downfield region) in DMSO-d6 of molecular square 6 at different temperatures. 
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In the UV-Vis spectrum (Figure 23), the formation of the macrocycle induces a batochromic shift of 5.6 nm 

in the Soret region (λmax 4’-trans DPyDPhCOOMeP = 417.4 nm, λmax square = 423 nm) due to the 

coordination to the metal fragment. As already described for 4, this is an indication of the electronic 

density shift from the π-system of the porphyrin to the metal due to the pyridine-Re bond formation. 

 

Figure 23. UV-Vis spectra of DPyDPhCOOMeP and [Re(CO)3(DPyDPhCOOMeP)Br]4 in CHCl3. 

Infrared spectroscopy (Figure 24) in the carbonyl stretching region is distinctive for fac-tricarbonyl 

rhenium (I) units. As shown in Figure 24, there are three signals at 2028, 1927 and 1894 cm
-1

. 

 

Figure 24. IR spectra in KI of 4’-trans DPyDPhCOOMeP and [Re(CO)3(DPyDPhCOOMeP)Br]4. 

All attempts made to introduce a Zn(II) center inside the porphyrin core of 6 failed probably because 

of the low solubility of the system. So, to prepare [Re(CO)3(Zn·DPyDPhCOOMeP)Br]4 (8), Zn(II) was first 

introduced in the porphyrin 5, followed by the formation of the square (Scheme 8). 
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Scheme 8. Synthesis of [Re(CO)3(Zn·DPyDPhCOOMeP)Br]4 (8). 

[5,15-bis(4-carboxymethylphenyl)-10,20-bis(pyridyl)porphinato]zinc(II) (7) was prepared combining 

free base porphyrin 5 (0.136 mmol) dissolved in a minimum volume of CHCl3 and a satured solution of 

zinc acetate dihydrate (0.442 mmol) in methanol and stirring the reaction mixture overnight in the dark at 

room temperature. The solution was vacuum dried and washed with methanol affording 7 in 93% yield. 

Once obtained the desired Zn porphyrin, the molecular square 8 was synthesized in quantitative yield 

following the procedure reported by Hupp.  

Compound 8 was obtained as a maroon microcrystalline powder in high yield by combining [5,15-

bis(4-carboxymethylphenyl)-10,20-bis(pyridyl)porphinato]zinc(II) (7) (0.129 mmol) with 53 mg (0.13 

mmol) of Re(CO)5Br dissolved in 100 mL of freshly distilled 4:1 tetrahydrofuran/toluene mixture as solvent 

and heated to reflux for 48 h under Ar. Following cooling, 100 mL of hexanes was added to precipitate the 

product. The product was centrifuged and then re-precipitated using chloroform and diethyl ether; it was 

then purified by size exclusion chromatography (SEC). The product was characterized by 
1
H-NMR at 

different temperatures, HH-Cosy, IR and UV-vis absorption spettroscopies.  

The 
1
H-NMR (CDCl3/CD3OD, Figure 25) indicates complete coordination of the pyridyl groups as confirmed 

by the significant downfield shifts of the Hα-Py signals. The numbers of the resonances confirm the 

presence of a single symmetrical compound. At higher temperatures, the signals become sharper and 

more resolved, as shown before, but in this case no splitting was observed.  



3. Results and discussion 

 

66 

 

 

Figure 25. 
1
H-NMR spectrum (downfield region) of molecular square 8 in CDCl3/CD3OD at 55°C. 

Also in this case the correct assignment was done with a 2D HH-Cosy experiment (Figure 26). The signal at 

about 9.37 ppm couples with the one at 8.22 ppm, corresponding to the Hα-Py and Hβ-Py, respectively. 

The signal at 8.02 ppm couples with the one at 8.10 ppm, corresponding to the coupling of the phenyl 

protons 2,6-Ph and 3,5-Ph. Finally, the signals at 8.71 and 8.76 ppm, coupling to each other, correspond 

to the βH protons of the pyrrolic rings. 

 

Figure 26. 2D-spectrum HH-Cosy (500 MHz, CDCl3+CD3OD) of Zn molecular square 8 recorded at 55°C. 

Infrared spectroscopy in the carbonyl stretching region is distinctive for fac-tricarbonyl rhenium (I) units 

showing three signals at 2029, 1923 and 1892 cm
-1

. Square formation induces a bathochromic shift of 6.8 

nm in the Soret region (λmax 4’-trans Zn DPyDPhCOOMeP = 424 nm, λmax square = 430.8 nm) consistent 

with a net removal of electron density from the porphyrin π-system upon rhenium-pyridine bond 

formation. 

As previously shown for the molecular square 4, once Zn(II) is inserted inside a porphyrin core, it can 

accommodate an axial ligand and the structure suggests the possibility to form a strong host-guest 

complex (as depicted in Figure 10) with 5,10,15,20-tetrapyridylporphyrin (H2-TPyP). A fluorescence 

tritation of a micromolar solution of [Re(CO)3(Zn·DPyDPhCOOMeP)Br]4 (8) with H2-TPyP was performed 
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and the results are shown in Figure 27. On the left the fluorimetric spectra recorded from 500 to 800 nm 

(excitation wavelength 425 nm) at different molar ratio H2-TPy:square are reported. On the right the 

profiles of the fluorimetric intensities at 647 nm (host-guest emission) and 718 nm (guest emission) are 

reported. 

Addition of H2-TPyP results in a loss of fluorescence intensity of [Re(CO)3(Zn·DPyDPhCOOMeP)Br]4 (8). The 

fluorescence intensity quenching (at 647 nm) is virtually complete at 1:1 host-guest ratio, as one would 

expect for efficient binding of H2-TPyP in the square cavity. Above the 1:1 ratio a pronounced increase of 

the free H2-TPyP fluorescence (718 nm) is observed. 

 
 

Figure 27. On the left: fluorimetric tritation of [Re(CO)3(Zn DPyDPhCOOMeP)Br]4 (8) with H2-TPyP in CHCl3 solution 

(1μM). On the right: fluorescence emission curves corresponding to the emission at 647 nm (pink) and at 718 nm 

(green), λexc=425 nm. 

Different kind of mass techniques were used in order to obtain the molar mass of these molecular 

squares (3, 4, 6, 8). First MALDI was utilized in collaboration of Mass Spectrometry Center (Dr. Pascal 

Gerbaux) of the University of Mons-Hainaut (Belgium). In a second attempt the FAB technique was 

employed in collaboration with the group of Prof. Anna Bernardi (Università degli Studi di Milano, Italy) 

utilizing different matrixes. Finally, supported by the group of Prof. Titus A. Jenny (University of Fribourg, 

Switzerland), both MALDI experiments utilizing DCTB matrix and solvent free conditions (optimized in this 

group) and ESI experiments in DMF/THF and HCOOH were performed. But all attempts failed. 

We also tried to get single crystals suitable for characterization with X-Ray diffraction using the 

beamline of the Elettra Synchrotron (Trieste, Italy). Attempts have been made using crystallization tubes, 

according to two methods (Figure 28): slow addition of non-solvent to a solution of the sample in order to 

obtain two distinct phases that slowly diffusing should promote the precipitation (Figure 28, left); 

immersion of a tube containing a molecular square solution into a larger tube containing a non solvent 

that evaporates causing the slow precipitation (Figure 28, right).  
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Figure 28. Picture of the two methods of crystallization used. 

Several pairs of solvents (CHCl3/Et2O, CHCl3/hexane, CHCl3/MeOH) have been used but the solid obtained 

was powdery and showing no diffraction. X-ray structures of analogous Re-porphyrins squares are not 

present in the literature, although other molecular structures of 2+2 porphyrin squares (cis-coordinating 

metal and cis-porphyrin), molecular angles, smaller supramolecular structures or complexed with 

fullerene supramolecular structure are reported.
11

 

Co-crystallizations with suitable guests (such as H2-TPyP or C60) were also attempted with no success.  

Another technique that could be used to determine the dimension of a system is DOSY (diffusion 

ordered spectroscopy). This method was used to compare the diffusion coefficients of the molecular 

square measured with that of smaller system such the corresponding corner and free porphyrin. 

However, this technique suffers of two main problems. First it is not easy to correlate diffusion 

coefficients to the nuclearity of nonspherical species, and second the formation of aggregates of 

monomeric units (free base porphyrins) cannot be excluded, leading sometimes to unreliable results. The 

diffusion coefficients of tetrametallic square 6, porphyrin 5 and the corresponding corner fac-

Re(CO)3Br(DPyDPhCOOMe)2.were correlated in order to have information about the different dimensions. 

The results obtained were not helpful for three reasons: the poor solubility of the molecular square, the 

impossibility to find a solvent in which all compounds are soluble, and, finally, the impossibility to exclude 

that these systems self-assemble by weak interactions producing supramolecular structures with non-

predictable dimensions. 

3.2.2 Assembly of porphyrin squares with palladium (II) as corner  

In order to improve the solubility of the systems we have changed the nature of the metal corner. 

We decided to use [Pd(dppp)][OTf]2 (Figure 29); this metal is a cis coordinanting metal, and it allows to 

obtain charged systems, consequently soluble in more polar solvents. Furthermore, the ancillary ligand 

contains two P atoms, thus permitting to investigate the reaction via 
31

P-NMR. 
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Figure 29. Structure of the precursor dppp (1,3-bis(diphenylphosphino)propane) and its metal fragment 

[Pd(dppp)][OTf]2. 

The metal complex was synthetized by Alessio’s group (University of Trieste, Italy).
12

 The reaction 

(Scheme 9) was performed directly in NMR tube dissolving 3.2 mg of DPyDPhP 2 (5.14x10
-3

 mmol) in 

about 1 mL of CDCl3, and adding in portions 1 eq of [Pd(dppp)][OTf]2. After every addition the 
1
H and 

31
P-

NMR was measured. We observed the formation of a precipitate, probably due to the concentration 

and/or unsolubility products.  
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Scheme 9. 

The solvent was then removed and the residue was washed repeatedly with diethyl ether, obtaining 6.2 

mg of purple solid that was characterized by 
1
H (Figure 30 and 31) and 

31
P-NMR (Figure 32). 

 

Figure 30. 
1
H-NMR spectra (downfield region, 500 MHz) in CDCl3 of DPyDPhP 2 (pink) and of the compound obtained 

mixing 1 eq of DPyDPhP 2 and 1 eq of [Pd(dppp)][OTf]2 (blue). 

7.37.57.77.98.18.38.58.78.99.19.39.59.7
f1 (ppm)

Hα-Py 
Hβ-Py 

Hβ 

Ph 

Hα-Py 

Hβ 
Ph 

Hβ-Py 
Ph 

Hα-Py 
Hβ-Py 

Ph of dppp 



3. Results and discussion 

 

70 

 

Figure 30 compares the 
1
H-NMR spectra of DPyDPhP 2 and of the molecular square obtained mixing 1 

equivalent of porphyrin 2 and 1 equivalent of [Pd(dppp)][OTf]2. The signals of the Hα-Py and of Hβ-Py are 

significantly downfield shifted, and the Hβ-pyrrolic signals are not visible even recording the spectrum at 

60°C. 

In Figure 31 and in Figure 32 the 
1
H-NMR and 

31
P-NMR spectra, respectively, of the metal precursor dppp 

(a), of [Pd(dppp)][OTf]2 (b) and of the compound obtained mixing [Pd(dppp)][OTf]2 and DPyDPhP 2 in 1:1 

ratio (c) are shown. The 
31

P-NMR spectrum (Figure 32, c) shows an upfield shift of 10 ppm compared with 

the metal fragment not coordinated in agreement with the data reported in literature.
13

 Moreover, there 

is only one signal indicating the presence of one highly symmetrical species. 

 
Figure 31. 

1
H-NMR spectra (downfield region, 500 MHz) 

in CDCl3 of dppp (a), [Pd(dppp)][OTf]2 (b) and 

[Pd(dppp)(DPyDPhP)]4[OTf]8 (c). 

 
Figure 32. 

31
P-NMR spectra (downfield region, 500 

MHz) in CDCl3 of dppp (a), [Pd(dppp)][OTf]2 (b) and 

[Pd(dppp)(DPyDPhP)]4[OTf]8 (c). 

 

3.2.3 General conclusion  

In the previous paragraphs two types of porphyrin molecular squares and metallo-porphyrin 

molecular squares are described. The first is based on Re as metal corner. Re gives neutral adducts with 

high stability but makes the molecular square less soluble than the native porphyrins. This behaviour 

leads to difficulties in purification and characterization of compounds.  

All experiments conducted by NMR, UV-vis, IR spettroscopies and by fluorimetric tritation are in 

agreement with data reported in the literature for similar compound, and they are compatible with the 

formation of a tetrametallic square. However, we were unable to collect X-ray structures or mass 

spectrum to have the direct evidence of the molecular square formation.  

Pd(II) allows us to obtain charged molecular squares, which are more soluble. However, the nature 

of this metal fragment doesn’t permit to obtain a stable structure because of its lability and this makes 

the system not suitable for our purposes. 
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3.3 Porphyrins bearing alkyl chains 

The molecular squares based on Re as metal centre show poor solubility in the common organic 

solvent and this behaviour leads to compounds difficult to purify and characterize, moreover this 

behaviour is unfit to our purposes. The charged molecular square based on Pd(II) as metal corner is more 

soluble but the N-Pd(II) bond is too labile and the supramolecular structure is too unstable. For our 

studies in membrane is very important to have a stable structure. For this reason we have to modify our 

model introducing some structural motif in order to improve solubility. We decided to introduce alkyl 

chains on the porphyrins and the possibilities are two (Figure 33): 

a) alky chains in meso position A (the other two trans positions are occupy by pyridyl group to bind 

the metal fragment); 

b) alkyl chains in β-pyrrole positions R1 and R2. 

 

Figure 33. Picture of the molecular square. 



3. Results and discussion 

 

72 

 

3.3.1 Alkyl β-substituted porphyrins 

 

Figure 34. Design of β-alkyl porphyrin. 

To properly design the porphyrin, we must take into account several factor: it is necessary to have 

two pyridyl groups in trans-meso positions (to maintain the structure of the difunctional linear ligand), in 

the other two meso position it is necessary to have two aromatic frameworks to give rigidity to the 

system and in para positions to the aromatic ring a group able to generate, after appropriate 

modifications, hydrogen bonds. So, we decided to maintain 4-carboxymethylphenyl group in meso 

positions and to introduce alkyl chains in β-pyrrole positions, as shown in Figure 34. 

3,4-dialkylsubstituted pyrrole is not a commercial product. Therefore, it was developed the strategy 

of synthesis reported in Scheme 10, in which the base catalysed reaction of nitro-olefins with α- 

isocyanoacetates lead to pyrroles.
14

 In the case of aliphatic nitro alkenes, it is more convenient to 

generate them in situ from the usually more accessible β-nitroacetoxy precursor c because of the 

difficulty in handling and storing of nitro alkenes, and their sensitivity towards bases. Under basic 

conditions, β-elimination of the acetate of c would generate the requisite nitrolefin in situ; furthermore, 

the concentration of the latter could be maintained sufficiently low to minimise base induced 

polymerisation. β-nitroacetoxy derivatives are easily obtained by base catalysed addition of a primary 

nitroalkane a to an aldehyde b (Henry reaction) followed by acetylation. 
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Scheme 10. 

Central of this method is the strong ability of a nitro group to activate an olefin towards Michael additions 

as well as its propensity to act as leaving group in situations where E1CB type eliminations are favourable. 
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These considerations become clear on inspection of the reaction manifold in Scheme 11, where the 

nucleophile in Michael addition is an activated isocyano derivative A.  
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Scheme 11. 

The first step leads to an adduct C which can cyclise to D through internal attack of the nitronate on the 

isocyano group. The cyclic intermediate E resulting from proton exchange can now eliminate a nitronate 

ion through a vinylogous E1CB mechanism to give pyrrole G, after aromatisation through a [1,5] 

sigmatropic shift of hydrogen. The pyrroles produced by this approach are unsubstituted in the 5-position 

and the 2-position can be protected by an easily removable group such as an ester. The substituents in 

the 3- and 4- position originate from the nitrolefin component and can be readily varied in view of the 

exceptionally rich chemistry of the nitro group. 

The pyrrole can react with 4-pyridinecarboxyaldehyde in acid conditions giving the desired 

dipyrromethane alkyl substituted H. Hydrolysis and decarboxylation of 2-positions lead to 

dipyrromethane I that can react with an aldehyde to give the desired porphyrin L (Scheme 12). 
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Scheme 12. 

At first we decided to synthetized 2-ethoxycarbonyl-3-methyl-4-ethylpyrrole, in order to have two 

different alkyl groups in β-pyrrolic positions distinguishable in NMR spectra. 
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1-nitropropano (0.101 mol), acetaldehyde (0.124 mol) and DMAP (4.1 mmol ) were stirred at 0° for 

30 minutes and then the mixture was put in fridge (at 4°C) for 48 hours, then DCM (60 mL) and acetic 

anhydride (0.190 mol) were then added, and after 6 hours at room temperature, MeOH (15 mL) was 

added dropwise and a NaHCO3 solution was then added. Extraction with DCM gives the product 17 with 

91.5% yield (Scheme 13). 

Following the strategy described before, a solution of ethyl isocyanoacetate 13 (18.6 mmol), 3-

nitropentan-2-acetate 17 (22.0 mmol) in THF (15mL) was reacted with DBU (40 mmol ) and isopropanol at 

0°C. After four hours of stirring, the mixture was filtered to remove the nitrite salt and the solvent 

evaporated. It was added acetic acid (1.5 mL) and warm water (20 mL), and then the product was 

extracted with DCM obtaining the pyrrole 18 with 84.4% yield (Scheme 13). 
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Scheme 13. 

A solution of pyrrole 18 (5.52 mmol) in anhydrous toluene was heated to reflux under Ar, and then was 

added a catalytic quantity of p-TSA followed by 4-pyridinecarboxaldehyde (2.8 mmol). After 48 hours 

under reflux, the crude was purified by column chromatography recovering the unreacted pyrrole and the 

desired dipyrromethane 20 with 39.8% yield (Scheme 14). 

N
H

O

O

2 + 1

N

O H

N

HNNH

O
O

O
O 39.8%

p-TSA

toluene, ref lux

18 20
 

Scheme 14. 

The dipyrromethane 20 was then hydrolyzed and decarboxylated (with NaOH 4N, at reflux for two hours) 

affording dipyrromethane 23 with 1,9-positions free with 53.4% yield (Scheme 15). 
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Scheme 15. 

1,9-free dipyrromethane 23 was then reacted with 4-formylbenzoate to give the desired porphyrin. At 

first we used the reaction conditions optimized before (Paragraph 2.1), but we were not able to obtain 

the desired product (Entry a in Table 2). Therefore, we modified parameters such as the amount of acid, 

the temperature, time of reaction, and also the solvent as reported in Table 2, but all attempts failed. 

Thinking that the free dipyrromethane 23 is too unstable, we tried to generate it in situ from 20 and then 

we added the aldehyde (Entry f) but also in this case we did not obtain the porphyrin.  

Table 2 

 
Amount of acid Temp. Time Solvent Yield 

a TFA 43 eq. 0°C 20 min DCM 0% 

b TFA 43 eq. reflux overnight DCM 0% 

c TFA 43 eq. rt overnight MeOH 0% 

d TFA 1 eq. rt overnight MeOH 0% 

e TFA 43 eq. reflux overnight MeOH 0% 

f TFA excess* rt 2 hours MeOH/DCM 1:1 0% 

g BF3 Et2O cat. rt overnight DCM 0% 

*added to dipyrromethane 20 in solvent free condition at 0°C to generate in situ dipyrromethane 23. 

Thus we tried another synthetic strategy and synthetized a pyrrole substituted in 2-position by 

benzyl esters by trans esterification of pyrrole 18. The reaction was conduced by adding Na in freshly 

distilled BnOH under Ar, and stirring for 5 hours at 100° under reduced pressure and gave the pyrrole 19 

with 65% yield (Scheme 16). Then, was prepared the dipyrromethane 21 using methyl 4-formylbenzoate 

as aldehyde in the same way seen before. 
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Scheme 16. 

The benzyl ester protection was chosen because of the deprotection conditions are milder and in this way 

we can isolate the dicarboxylic dipyrromethane 22 by hydrogenation with H2 and Pd/C 10% in THF. It was 

obtained with quantitative yield (Scheme 17).  
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Scheme 17. 

We then tried to synthetized the porphyrin by generating in situ the free dipyrromethane 23 by 

adding TFA at 0°C under Ar and the reaction vessel was intermittently evacuated to remove the carbon 

dioxide generated. After 1 hour at 0°C under Ar, 4-pyridylcarboxaldehyde (1 eq) was introduced and after 

20 minutes, DDQ was added. The reaction mixture, after 1 hour at room temperature, was washed with 

NaHCO3 sat, and water but the porphyrin was not obtained (Scheme 18). 
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Scheme 18. 

The formation of the porphyrin ring is a cyclization and for this type of reaction one of the most 

important things, in addition of the concentration, is the steric hindrance on the reactive partners. Indeed 
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the final macrocycle is flat and the reactants have to assume a planar conformation. Therefore, we 

thought to decrease the steric hindrance in the dipyrromethane preparing the derivative substituted in 

2,3,7,8-positions by methyl groups 16. The reaction was the same seen before (Scheme 19). From the 

starting material 1-nitroethane and acetaldehyde was synthetized the β-acetoxy-nitro derivatives 12 with 

52% yield. Then, in basic condition was generated in situ the nitroolefine that reacts with isocyanoacetate 

13 giving the pyrrole 14 with 71% yield. Reaction of pyrrole 14 and 4-pyridyncarboxaldheyde in 2:1 molar 

ratio gives dipyrromethane 15 with 81.6% yield, which by addition of NaOH 4N in ethylene glycol 

hydrolyzes and decarboxylates giving the dipyrromethane 16 with 88.4% yield. 
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Scheme 19. 

The synthesis of the porphyrin was attempted in two ways: the first (entry a in Table 3) with BF3 Et2O 

as acid in catalytic quantity as reported by Banfi’s group
15

 and, the second, by following the reaction 

conditions optimized before (Paragraph 2.1), entry b in Table 3, but all attempts failed. 

Table 3 

 Amount of acid Temp. Time Solvent Yield 

a BF3 Et2O cat rt overnight DCM 0% 

b TFA 43 eq 0°C 20 min DCM 0% 

Our inability to obtain the porphyrin substituted on the pyrrole rings is probably due to the too high 

steric hindrance around the reaction partners which makes the macrocyclization reaction quite difficult. 

Indeed a search in the literature showed the porphyrins substituted on the four meso positions and at the 

time on the pyrrolic rings are virtually absent. Only product with at least two meso positions not-

substituted are reported (Table 4). 
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Table 4 

Ref. R1 R2 R3 R4 yield 

16 CH3 CH2CH3 H CH2CH3 18.5% 

16 CH3 (CH2)3CH3 H C5H4N 41.5% 

17 CH3 n-C6H13 H C5H4N 12% 

18 C12H25 C12H25 H H 15% 

19 CH3 (CH2)3CH3 H Ar 21.3% 

20 CH3 CH2CH3 H C5H4N 67% 

 

 

3.3.2 Porphyrins bearing alkyl chains in meso positions 

In the light of the results previously obtained it was decided to attach the alkyl chains on the phenyl 

rings in meso positions maintaining at the same time a functional group which may be transformed in 

hydrogen bond donor/acceptor to improve the solubility. Based on the commercial products available, 

the synthetic strategy chosen was to functionalize aromatic aldehyde with a nitrile in the para position 

(which generate carboxylic acid by hydrolysis), and to attach while in the meta positions alkyl ether 

groups. At first we decided to introduce the propoxy chain. The synthetic strategy is reported in Scheme 

20 and gives aldehyde 30 with an overall yield of 29% from starting compound. 
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Scheme 20. 

From 4-bromo-3,5-dihydroxy benzoic acid (2.27 mmol) was obtained the methyl ester 25 in 96% 

yield by reaction with H2SO4 in methanol under reflux. The 3,5-dihydroxy benzoate derivate 25 (0.834 
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mmol) was then etherificated with 1-bromopropane (2.5 mmol), anhydrous K2CO3 (2.17 mmol) and 

tetrabutylammonium bromide (0.17 mmol) under reflux for 18 hours giving the derivate 26 with 95% 

yield.
21

 Nucleophilic substitution of the bromoderivate 26 (12.4 mmol) with CuCN (89.0 mmol) gives 

cyano derivate 27. The drastic conditions (reflux at 150-160°C, addition of HCl conc.) promote the partial 

hydrolysis of the methyl ester, therefore the next step, hydrolysis of the ester, was conduced directly on 

the crude of the reaction giving the desiderate carboxylic acid 28 in 70% yield calculated from ester 26.  

To a solution of carboxylic acid 28 (8.67 mmol) in DCM (60 mL) at 0°C was added 4-methylmorpholine 

(17.3 mmol) and isobutyl chloroformate (8.67 mmol). After 20 minutes, hydroxylamine hydrochloride 

(9.54 mmol) was added to the reaction mixture, the solution was stirred for an hour at 0°C and for 18 

hours at room temperature. After washing with water, citric acid 5% and brine, and purification by 

column chromatography was obtained the Weinreb amide 29 with 57% yield. Reduction with LiAlH4 in 

anhydrous THF at 0°C under Ar, gave the desired aldehyde 30 with 79.4% yield. 
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Scheme 21. 

Porphyrin 31 was obtained using reaction conditions optimized before (Paragraph 2.1). 4-cyano-3,5-

bis(propoxy)benzaldehyde (30) (0.95 mmol) and 5-(4-Pyridyl)dipyrromethane (1) (0.95 mmol) were 

dissolved in 200 mL of DCM anhydrous under Ar, cooled at 0°C with ice bath and TFA (40.8 mmol) was 

added drop-wise to the reaction mixture. After 20 minutes at 0°C, DDQ (1.9 mmol) was added. The 

mixture was stirred for 1 hour at room temperature. After washing with saturated NaHCO3 and water, the 

crude was purified by column chromatography and recrystallization given the desired porphyrin 31 in 61% 

yield (Scheme 21). Compound 31 was completely characterized by 
1
H-NMR, 

13
C-NMR, IR, ESI-MS and UV-

vis spettroscopies. In Figure 35 the 
1
H-NMR spectrum of the porphyrin is shown and in Figure 36 the 

13
C-

NMR spectrum is shown. 

Hα-Py 

Hβ-Py 

Hβ 

Ar 



3. Results and discussion 

 

80 

 

 

Figure 35. 
1
H-NMR spectrum (500 MHz) in CDCl3 of porphyrin 31. 

 
Figure 36. 

13
C-NMR spectrum (500 MHz) in CDCl3 of porphyrin 31. 

We then followed the procedure reported by Hupp to prepare the molecular square from 5,15-bis[4-

cyano-3,5-dipropoxy phenyl]-10,20-bis[pyridyl]-porphyrin (31) and Re(CO)3Br (Scheme 22). 
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Scheme 22. 

5,15-Bis[4-cyano-3,5-dipropoxy phenyl]-10,20-bis[pyridyl]-porphyrin (31) (0.289 mmol) and 

Re(CO)5Br (0.289 mmol) were dissolved in 220 mL of freshly distilled 4:1 tetrahydrofuran:toluene and 

heated to reflux for 48 h under Ar. Following cooling, precipitation with addition of hexanes, the product 

was centrifuged and then re-precipitated using chloroform and ethyl ether; then it was purified by size 

exclusion chromatography (SEC) to give 345 mg of purple solid. This compound has shown poor solubility 

in THF, CHCl3 and DMSO, it is insoluble in DCM, MeOH, acetone, CH3CN and hexane. It was characterized 

by 
1
H-NMR, HH-Cosy, HC-Cosy, IR and UV-vis absorption spettroscopies. 

A batochromic shift of 3.0 nm in the Soret region of UV-vis spectrum compared to the parent porphyrin 

was observed; again it’s an indication of the electronic density shift from the porphyrin π-system to the 

metal due to the pyridine-Re bond formation. 

Hα-Py 
Hβ-Py 

Hβ 

Ar 



3. Results and discussion 

 

82 

 

 

Figure 37. IR spectra in KI of trans DPyDArOPrP and compound 32. 

Infrared spectroscopy in the carbonyl stretching region is distinctive for fac-tricarbonyl rhenium (I) units. 

As shown in Figure 37, there are three signals at 2029, 1930 and 1916 cm
-1

. Although the two bands at 

lower wavenumbers are poorly resolved. 

In Figure 38 the 
1
H-NMR spectra recorded at different temperature, in dmso-d6 are shown. Increasing the 

temperature, the signals become sharper and more resolved, but the number of the signals and their 

integrals suggest that only one pyridyl group coordinates to the Re-complex. 

 

Figure 38. 
1
H-NMR spectra (downfield region) in DMSO-d6 of compound 32 at different temperatures.  

In order to understand better the assignments, a HH-Cosy experiment was recorded (Figure 39). 
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Figure 39. HH-Cosy spectrum (downfield region) in DMSO-d6 of compound 32 recorded at 65°C.  

In Figure 39 the HH-Cosy spectra recorded in dmso-d6 at 65°C is shown. We can attribute four signals to 

the pyridyl group: the signal at 9.35 ppm integrates 2H and couples with the one at 8.46 which integrates 

2H corresponding to Hα and Hβ of the pyridine coordinated to the metal; the signal at 9.06 ppm couples 

with the one at 8.22 ppm, both integrating for 2H respectively, thus corresponding to Hα and Hβ of the 

unbond pyridyl group. In-between these signals (9.2-8.8 ppm), four partially overlapping doublets are 

found that correspond to the four non-equivalent βH.  

At the same time we decided to prepare the porphyrin bearing two hexyloxy groups in the meso 

position of the aromatic framework (Scheme 23). The synthesis of the aldehyde is very similar to the 

above mentioned and is described below. 
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Scheme 23. 

Methyl-4-bromo-3,5-dihydroxy benzoate (25) (8.096 mmol) was dissolved in acetone (50 mL) and 1-

bromohexane (24.3 mmol) and tetrabutylammonium bromide (1.62 mmol) were added. After addition of 

pounded K2CO3 anhydrous (21.04 mmol) the reaction mixture was refluxed for 18 hours giving methyl-4-

bromo-3,5-diexyloxy benzoate (33) with 90% yield. Nucleophilic substitution of the bromoderivate 33 

(4.81 mmol) in DMF with CuCN (9.63 mmol) under reflux at 150-160°C gives the cyano derivate 34 which 

was directly hydrolyzed giving the desiderate carboxylic acid 35 with 81% yield calculated from bromo 

ester 33. To a solution of carboxylic acid 35 (3.60 mmol) dissolved in DCM (50 mL) at 0°C was added 4-

methylmorpholine (7.21 mmol) and isobutyl chloroformate (3.60 mmol). After 20 minutes, hydroxylamine 

hydrochloride (3.96 mmol) was added to reaction mixture, the solution was stirred for an hour at 0°C and 

for 18 hours at room temperature. After washing with water, citric acid 5% and brine and purification by 

column chromatography the Weinreb amide 36 was obtained with 67.3% yield. Reduction with LiAlH4 in 

anhydrous THF at 0°C under Ar, gave the desired aldehyde 37 with 74.9% yield. 

We followed the procedure reported by Hupp to prepare the molecular square from 5,15-bis[4-

cyano-3,5- diexyloxy phenyl]-10,20-bis[pyridyl]-porphyrin (38) and Re(CO)3Br (Scheme 24). 
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Scheme 24. 

5,15-bis[4-cyano-3,5-diexyloxyphenyl]-10,20-bis[pyridyl]-porphyrin (38) (0.187 mmol) and Re(CO)5Br 

(0.187 mmol) were dissolved in 200 mL of freshly distilled 4:1 tetrahydrofuran:toluene as solvent and 

heated to reflux for 48 h under Ar. Following cooling, 200 mL of hexanes was added to encourage product 

precipitation. The product was centrifuged and then re-precipitated using chloroform and ethyl ether; 

then it was purified by size exclusion chromatography (SEC) (stationary phase: Sephadex
TM

 LH-20, mobile 

phase: freshly distilled THF) to give 670 mg of purple solid. TLC analysis demonstrated that there is no 

residual unreacted porphyrin and there is one compound with RF: 0.88 (SiO2, CH3Cl/EtOH, 98:2). The solid 

was not soluble in the common organic solvents,therefore it was characterized only by IR (Figure 40) and 

UV-vis absorption spettroscopies.  

The usual batochromic shift of 5.0 nm in the Soret region due to the coordination to well as the distinctive 

carbonyl stretching for fac-tricarbonyl rhenium (I) units (Figure 40) were observed.  
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Figure 40. IR spectra in KI of trans DPyDArOEsP and [Re(CO)3(DPyDArOEsP)Br]4. 

 

3.3.3 General conclusion  

To improve the solubility of the systems at first we introduced alkyl chains in the β-pyrrolic positions. 

A synthetic approach to synthetized 3,4-alkylsubstituted pyrrole was investigated that afforded pyrroles 

14, 18 and 19 and the relative dipyrromethanes 15, 21, and 20. The synthetic effort has not been 

rewarding; in fact, despite several attempts, no product of condensation (i.e. porphyrin) was observed, 

probably due to the steric clash between the peripheral chains in β-pyrrolic positions and the aryl groups 

in the meso ones. 

Alkyl chains were introducted in the meso aromatic substituents of the porphyrin to improve the 

solubility of the final molecular square adduct. Nevertheless, the only products isolated were either not 

soluble enough to allow a full characterization or corresponded to a metal porphyrin corner fragment.  

3.4 Ionophoric activity 

3.4.1 Methods 

3.4.1.1 Liposomes preparation 

The procedure consists first in the formation of a dried lipid film (cake) which is prepared by 

evaporation under an argon flux of a lipid solution in chloroform, in our case usually a mixture of egg yolk 

phosphatidylcholine (EYPC) and egg yolk phosphatidylglycerole (EYPG) in 95:5 (mol/mol) ratio. The cake is 

then swelled with the appropriate solution (depending onto the experiment) by rotating the flask in a 

thermostatic bath (40°C if not otherwise indicated) for 30 minutes. This operation leads to the formation 

of a dispersion of multi-lamellar vesicles (MLVs) which present an “onion-like” structure. Unilamellar 
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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 (40°C if not 

otherwise indicated) to break the MLVs and facilitate the rearrangement in unilamellar vesicles. Large 

unilamellar vesicles (LUVs) are eventually obtained by extrusion of the lipid dispersion through a 

polycarbonate membrane, inserted in an appropriate equipment, under a nitrogen pressure (15 bar) 

(Figure 41).
22

 We normally used 100 nm diameter pore membranes and the extrusion process was 

repeated ten times to produce a homogeneous population of liposomes characterized by a medium 

diameter of 100±33 nm.
23,24

 

There are two general procedures to incorporate ionophores into the vesicles: in the first one an 

aliquot of solution of ionophore in a water miscible solvent is simply added to liposomes after their 

preparation (single side addition); in the second one the ionophore dissolved in a low boiling solvent is 

added before the formation of the lipid cake during vesicles preparation (double side addition). 

 

Figure 41. Methods of liposomes preparation. 

3.4.1.2 Calcein-release assay 

The behaviour of amphipathic species in liposomes or in cellular membranes strongly depends on 

the concentration of the compound examined. For example Triton
®
 X-100 (Figure 42), typically used as 

detergent and able to lyse liposomes, in specific conditions can form channels and, on the other hand, a 

number of ion channels, carriers and pore forming molecules can behave in a detergent-like manner at 

high concentrations and lyse membranes.
25
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Figure 42. Structure of Triton® X-100. 

Membrane leakage assays allow to distinguish ion transport through channels from non-selective 

leakage through oversized pores.
26

 Typically, these assays are based on the release of a fluorescent dye, 

such as calcein, trapped in the inner water pool of liposomes.
27,28

 Calcein (Figure 43) is a large dye which 

can’t cross the double layer due to its polyanionic character; the dye is trapped inside the liposomes at a 

high concentration and in this conditions its fluorescent emission is strongly quenched due to a 

concentration dependent self-quenching process. If calcein is released in the bulk water through large 

pores or because of membrane lysis, the dye is diluted in the bulk water and the fluorescence emission is 

restored. 
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Figure 43. Calcein structure. 

The experiment is conducted measuring the fluorescence emission of calcein entrapped in the inner 

water pool of liposomes after the addition of increasing amounts of ionophore solution. In the case of ion 

transport through channels, little change in fluorescence is observed, whereas the formation of large 

pores or destruction of liposomes results in dye release and consequent increase of its fluorescence 

emission. The final fluorescence value is obtained after complete liposomes lysis by Triton
®
 X-100 

addition. 

3.4.1.3 Proton permeation assay 

Proton permeation through the phospholipid double layer was investigated using the hydrophilic 

pyrene analogue 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS, pyranine) sensitive to pH 

changes (Figure 44).
29

 

S
O

O

O

S
O O

O

HO

S
OO

O

Na

Na
Na

 

Figure 44. Pyranine structure. 
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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). 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 final value of fluorescence (Figure 45).  

 
Figure 45. Kinetic trace of proton permeation in absence of ionophore. 

The fitting of the kinetic traces of ionophoric activity, which normally follow a first-order kinetic 

process, gives the apparent first order rate constants (kobs, s
-1

) for the transport process. These kinetic 

profiles, when associated to self-assembling phenomena of monomeric species leading to the formation 

of active supramolecular aggregates, are usually interpreted by Equation 2 proposed by Regen
32,33

 and 

derived from the well known Hill equation.
34
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Equation 2 

where: kobs is the observed kinetic rate constant, k is the intrinsic rate constant characterizing the ion 

permeation process and K the dissociation constant of the aggregate-monomer equilibrium involving n 

monomers.  

Simple modifications of the standard HPTS assay allow to gain information about cation or anion 

selectivity in the transport process. Cation and anion selectivity can be tested in two ways: a) preparing 

liposomes directly using a MCl (with M
+
 = Li

+
, Na

+
, K

+
, Rb

+
, Cs
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) or NaX (with X

–
 = F

–
, Cl

–
, Br

–
, I

–
, NO3

–
, SO4

2–
, 

ClO4
–
, Ac

–
, Glu) buffer solution and using the same solution in the fluorimetric cell for dilution; in this case 

0

20

40

60

80

100

0 200 400 600 800 1000 1200 1400

N
o

rm
a

li
ze

d
 F

I

time (s)

pH-shock 

Triton® X-100 



3. Results and discussion 

 

91 

 

only the cation or anion under investigation is present inside and outside the liposomes; b) preparing 

liposomes in NaCl buffer solution and using in the fluorimetric cell a MCl or NaX solution for dilution; in 

this case at the beginning of the experiment the liposomes are always filled with NaCl and the cation or 

anion under investigation is present only outside the liposome (Matile’s protocol
35

). In both cases the 

cation selectivity experiments require also the use of the appropriate base MOH for pH-shock. The 

addition of OH
–
 at the beginning of the experiment generates a pH gradient that can be discharged by 

transmembrane ion translocations in two possible ways: an antiport of ions carrying the same charge or a 

symport of opposite charged ions. 

In case a) the overall possible processes are four: H
+
/M

+
 or OH

–
/Cl

–
 antiport and H

+
/Cl

–
 or M

+
/OH

–
 

symport (in cation selectivity experiments); H
+
/Na

+
 or OH

–
/X

–
 antiport and H

+
/X

–
 or Na

+
/OH

–
 symport (in 

anion selectivity experiments) (Figure 46). 

 

Figure 46. Possible ion traslocation processes in HPTS ion selectivity assays. 
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Figure 47. Possible ion traslocation processes in HPTS ion selectivity assays (Matile’s protocol). 

The ion exchanges which do not involve H
+
 or OH

–
 (detected by pyranine) cannot be directly 

observed, but they can contribute to the ions exchange mechanism leading to a more complicated 

interpretation; nevertheless this protocol substantially reports on M
+
 or X

–
 selectivity (processes involving 

Cl
–
 and Na

+
 in case b) are negligible due to their lower concentration respect to the other anion/cation 
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present). This has been clearly demonstrated by Matile who compared the selectivity sequences obtained 

with the HPTS assay with those obtained from electrochemical transport experiments on BLM (black lipid 

membrane), a method widely used to study natural transport systems.
35 

3.4.2 Experimental results and discussion 

The ionophoric activities of all compounds previously shown were investigated using the HPTS assay 

which respond directly to the transport of H
+
 (or OH

–
) ions and indirectly gives information on cation and 

anion transport and selectivity. 

3.4.2.1 Porphyrins 

The ionophoric activities of the porphyrins synthetized have been studied. These compounds are not 

long enough to span completely the lipid bilayer, so we do not expect significant ionophoric activity. 

Results are shown and described below. 

� 5,15-Bis[4-carboxymethylphenyl]-10,20-bis[pyridyl]-porphyrin (2) 

The first porphyrin investigated was the DPyDPhP 2. In Figure 48 the kinetics traces of the porphyrin 

at 1%, 2% and 3% concentration (ionophore/mol lipid) are shown. The porphyrin does not show 

significant ionophoric activity as expected. 
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Figure 48. Structure of compound 2 proton and its transport activity at different concentrations. 

� [5,15-Bis(4-carboxymethylphenyl)-10,20-bis(pyridyl)porphinato]zinc(II) (7) 

Zn·DPyDPhCOOMeP 7 is not long enough to span completely the lipid bilayer too. Unlike the 

previous case, in meso positions there are two phenyl groups para substituted by methyl esters, 

furthermore the porphyrins ring is zincated. Neither the size nor the structure, allow the porphyrins to 

self-assembly in supramolecular structures able to form tubular framework. For these reasons 

Zn·DPyDPhCOOMeP 7 does not show particular ionophoric activity, as shown in Figure 49. 
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Figure 49. Structure of compound 7 and its proton transport activity at different concentrations. 

� 5,15-Bis[4-cyano-3,5-dipropoxy phenyl]-10,20-bis[pyridyl]-porphyrin (31) 

This porphyrin has two phenyl rings substituted in para positions by nitril groups and in meta 

positions by OPr groups. In Figure 50 the kinetic profiles at different concentration are shown and, 

compared to the other porphyrins, it shows some more activity probably because the alkyl chains 

improve the insertion into the bilayer. However this activity does not depend from the concentration. 
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Figure 50. Structure of compound 31 and its proton transport activity at different concentrations. 

� [5,15-Bis(4-carboxyphenyl)-10,20-bis(pyridyl)porphinato]zinc(II) (9) 

One important question in our project was if the presence of hydrogen bonding groups was able to 

promote the formation of supramolecular assemblies able to modify the permeability of the membrane. 

For this purpose we hydrolyzed the methyl ester of the porphyrin 7 (Scheme 25) obtaining the 

corresponding carboxylic acids. The porphyrin (0.126 mmol) was dissolved in a mixture of THF/MeOH 2:1 

(50 mL) and then was added 6 mL of KOH 40%. The reaction mixture was then warmed at 40°C for an 

hour under stirring. The product was extracted using CHCl3 after acidification to pH 3 by addition of HCl 

conc. (yield 55%). 
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Scheme 25. Hydrolysis of Zn porphyrin. 

In Figure 51 the kinetic traces of porphyrin 9 at different concentrations are shown and clearly the 

ionophoric activity is very modest, even lower than the parent porphyrin 7. Therefore, with the simple 

structures the presence of hydrogen bonding groups is not enough to trigger ionophoric activity. 
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Figure 51. Structure of compound 9 and its proton transport activity at different concentrations. 

 

3.4.2.2 Molecular squares 

The molecular squares have a size of about 2 nm and therefore, as related porphyrins, are not 

sufficiently long to span the membrane. However, they are preorganized “emptily” boxes and in the 

presence of hydrogen bonding groups two of these boxes may align with membrane forming an active 

channel which spans the entire phospholipid bilayer. Therefore the comparison of the activity of the 

system with and without hydrogen bonding groups is very important. 
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� [Re(CO)3(DPyDPh)Br]4 (3) and [Re(CO)3(Zn DPyDPh)Br]4 (4) 
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Figure 52. Structure of free base square 3 and Zn square 4 and their proton transport activities at 1% concentrations. 

The simplest molecular square is that obtained from 5,15-bis[phenyl]-10,20-bis[pyridyl]-porphyrin 

(DPyDPhP 2) (3) and the analogous zincated 4. In Figure 52 the structures and the kinetic traces relative to 

the molecular square 3 and Zn molecular square 4 at a concentration of 1% are shown. Clearly, both 

squares show very little activity with the Zn analogous being the slightly more active. Probably Zn induces 

a greater rigidity in the system and this causes a better insertion into the bilayer. However this effect is 

really small and both squares do not show activity significantly different from the isolated porphyrins. 

� [Re(CO)3(DPyDPhCOOMe)Br]4 (6) and [Re(CO)3(Zn DPyDPhCOOMe)Br]4 (8) 
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Figure 53. Structure of free base square 6 and Zn square 8 and their proton transport activities at 1% concentrations. 
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A similar low activity is also observed with molecular squares 6 and Zn square 8, bearing the 

carboxylate ester moieties (Figure 53). Again, there is almost no effect of the preorganizzation of the 

system respect to the parent porphyrins.  

Therefore, these two examples show that the molecular squares are not able to aggregate into 

supramolecular structures with ionophoric activity. The low activity was somehow expected because the 

systems investigated do not have hydrogen bonding groups. The crucial experiment is therefore the study 

of the square with the carboxylic acid residues which can obtained by basic hydrolysis from square 8. 

� [Re(CO)3(Zn DPyDPhCOOH)Br]4 (11) 
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Scheme 26. Hydrolysis of Zn molecular square 8. 

Zn molecular square 8 (1.9*10
-5

 mol) was dissolved in a mixture of THF/MeOH (2:1, 30 mL) and 

hydrolyzed by adding 6 mL of NaOH 8M. When the reaction was completed, HCl conc. was added up to 

obtain pH 3, and the product was extracted with chloroform obtaining the desired square with 46% yield 

(Scheme 26).  

In Figure 54 the kinetic traces of the square at different concentrations, from 0.15 % to 1.5 %, are 

shown. As can be seen from the graph, this molecular square is very active also at low concentrations. 

Figure 54 (right) reports the dependence of the observed first-order rate constant (kobs, s
-1

) in function of 

the concentration of ionophore 11. As can be seen from the graph, the activity of 11 increases linearly 

with its concentration. 
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Figure 54. Proton transport activity of compound 11. 

It is evident that carboxylic groups are essential for the activity; they enable hydrogen bonding thus 

triggering the formation of supramolecular structures long enough to span the lipid bilayer as shown in 

Figure 55 and as reported by Kobuke. Moreover, the linear dependence of activity from the concentration 

of molecular square suggests that the equilibrium of the formation of this supramolecular structure, 

probably dimeric, is strongly shifted toward the self-assembled dimeric form. 

 

Figure 55. Suggested formation of dimeric supramolecular structure. 

The selectivity in cation and anion transport was investigated using the HPTS assay and varying the 

nature of the cation (Li
+
, Na

+
, K

+, 
Rb

+
; Cl

–
 counterion) or the anion (Cl

–
, Br

–
, I

–
, NO3

–
,ClO4

–
; Na

+
 counterion) 

present in solution. Figure 56 shows the results obtained with cations and anions.  

  

Figure 56. Anion (on the left) and cation (on the right) selectivity. 
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From the inspection of Figure 56 it is evident that the activity of compound 11 little depends on the 

nature of the cation or anion present in solution as expected for a large pore and in the absence of 

recognition elements. However the pore formed is not completely unselective as it is not able to promote 

the permeation of large anionic molecules such as calcein. 

� [Re(CO)3(DPyDPhCOOH)Br]4 (10) 
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Scheme 27. Hydrolysis of molecular square 6. 

The free base molecular square 10 was obtained by hydrolysis of the parent Zn compound 6 (Scheme 

27). Molecular square 6 (1.6*10
-5

 mol) was dissolved in a mixture of THF/MeOH (2:1, 60 mL) and 

hydrolyzed by adding 3 mL of KOH 40%. When the reaction was completed, HCl conc. was added up to 

obtain pH 3, and the product was extracted with chloroform getting the desired square with 47% yield.  

In Figure 57 the kinetic traces of the square at different concentrations, from 0.5 % to 2 %, are shown. As 

can be seen from the graph, this molecular square is ionophorically active, but less than the analogous 

zincated.  

The effect of Zn on the ionophoric activity, which has been observed also with porphyrin, may be due 

to a better organization of the system due to the rigidity of the metallated porphyrin or to some effect on 

the solubility of the square which may vary the partition of the system in the membrane. This point is not 

fully understood and more work is required to find the source of the Zn effect. 
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Figure 57. Proton transport activity of compound 10. 

� Molecular square based on Pd(II) 

Recently, a simple ion channel has been developed by Webb (see also Paragraph 1.2.2.4 of the 

introduction),
36

 which can be assembled or disassembled via addition or removal of a Pd (II) fragment. 

Inspired by this work, we thought to generate directly in cuvette a supramolecular nanopore combining 

Zn·DPyDPhCOOH (9) and a Pd(II) complex in 1:1 molar ratio (Figure 58). We used [Pd(4,4’-di(tBu)-2,2’-

bipy)](OTf)2 (furnished by Alessio’s group) because it is a cis-coordinanting metal fragment and because it 

is soluble in polar solvents (such as dmso, methanol) which are compatible with the experiment in 

membrane. 

 
Figure 58. Experiment conducted by addition to the liposomic dispersion, a metal fragment of Pd(II) and 

Zn·DPyDPhCOOH 9 in 1:1 molar ration, to generate in situ a supramolecular nanopore. 

In Figure 59 the kinetic traces at different concentrations of compound 9 (and the same concentration of 

Pd(II)), from 0.15 % to 2 % are shown. As can be seen from the graph, a high ionophoric activity is 

observed, also at low concentrations.  
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Figure 59. Proton transport activity of [Pd(4,4’-di(tBu)-2,2’-bipy)](OTf)2 and Zn·DPyDPhCOOH (9) in 1:1 molar ratio at 

different concentration. 

However, control experiments show that the Pd(II) complex alone has a comparable ionophoric activity 

(Figure 60) and therefore it is not possible to discriminate between the activity of the complex and that of 

the square, if formed. On the other hand, experiments made using the porphyrin 9 and Pd(II) source 

(PdCl2, K2(PdCl4) and Pd(NO3)2) do not show any ionophoric activity suggesting that in this condition the 

molecular square is not formed. 

 
Figure 60. Proton transport activity of [Pd(4,4’-di(tBu)-2,2’-bipy)](OTf)2, Zn·DPyDPhCOOH 9 and the two elements in 

1:1 molar ratio at 1% of concentration. 

Although not pertinent to the scope of this thesis the ionophoric activity of the Pd(II) complex is 

interesting and deserves to be investigated further. 
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3.4.2.3 Channel blockage 

The dimensions, preorganization, and multiple binding site availability (Zn has another site of 

coordination in axial position) of 11 suggest the possibility of strong host-guest complex interaction inside 

the cavity that can block the ionophoric activity (Figure 61).  

 

Figure 61. Schematization of channel blockage experiment. 

At first we thought to block the channel using a solution of TPyP in DMSO. The experiment consists of 

adding to the lipid dispersion 0.5 μL of 0.052 mM solution of square 11 in MeOH (concentration of 0.5%) 

and a variable quantity of TPyP (0.104 mM in DMSO); waiting for 30 min at 25°C and proceeding as 

previous described.  

 

Figure 62. Channel blocker experiments using different ratio of TPyP. 

The kinetics traces are shown in Figure 62. As shown in the graph, TPyP porphyrin does not block the 

channels but the observed activity is higher respect to the molecular square in the absence of TPyP. This 

effect is probably due to the insolubility of this porphyrin in water. TPyP is lipophilic, so, when added to 

the liposomial dispersion it immediately inserts into the lipid bilayer and adding its contribution to the 

modification of the permeability to that of the channel. The same experiment was conducted using 

porphyrin 31 (DPyDArOPrP) obtaining the same results. 
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Clearly, channel blockage experiments need a hydrophilic molecule, bearing the appropriate functional 

groups and dimensions. We decided to use the polyamino-dendrimers shown in Figure 63 which were 

prepared by Dr. Francesco Giacalone (group of prof. Maurizio Prato, Università degli Studi di Trieste). 

 

Figure 63. Structure of dendrimers utilizing for the blocker channel experiments. 

These molecules bear amino groups which are able to interact with Zn atoms or with terminal carboxylate 

groups, are soluble in water and in polar solvents, and their dimensions are tunable between one 

generation and the followings.  

At first we verified that the dendrimers have not ionophoric activity themselves, and we carried out 

the standard experiment using only the dendrimers (Figure 64). 

 

Figure 64. Ionophoric activity control of 2G dendrimer. 

Then we conducted the blockage experiment previously described using 1G, 2G and 3G at different values 

of square/dendrimer molar ratio. 
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Figure 65. Channel blockage experiments using different ratio of 1G (left) and of 2G (right). 

In Figure 65 the kinetic traces of the channel blockage experiments using 1G (on the left) and 2G (on 

the right) in square/dendrimer molar ratio of 1:1 and 1:2 are shown. As can be seen from these graphs, 

1G slightly reduces the activity but does not block the channel. While a more significant effect is observed 

using 2G. This dendrimer reduces sensibly the conducibility of the channel with an the effect which is 

concentration dependent. A total blockage is observed with dendrimer 3G in ratio 1:1 respect to the 

molecular square (Figure 66). In fact the kinetic trace of this experiment (pink in Figure 66) is perfectly 

comparable to that of the control. Also in this case the blockage efficiency is concentration dependant 

and a non-total blockage is observed with a 1:1 ratio square/3G dendrimer. 

 

Figure 66. Channel blocker experiments using different ratio of 3G. 

Interestedly the 3G dendrimer is able to block the channel also if added after the pH-shock when the 

transport of ions is already initiated. This is shown by an experiment in which the square is added to the 

liposome suspension and after incubation the usual kinetic experiment is started. After 50 s from the pH-

shock the 3G dendrimer (1:1 ratio) is added (Figure 67). 
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Figure 67. Schematization of channel blocker experiment during the kinetic. 

In Figure 68 the trace derivate from this experiment (in pale blue) are shown: immediately after pH-shock, 

the fluorescence increase and after addition of 3G, the increase stops indicating efficient channel 

blockage. 

 

Figure 68. Channel blockage experiments adding 3G during the kinetic. 

 

3.4.3 General conclusions 

In conclusion of the experiments conducted on porphyrins and on molecular squares, it is clear that 

porphyrins and molecular squares, which are not able to give hydrogen bond network or other secondary 

interaction, have not proton transport activity probably because they are not long enough to span 

completely the lipid bilayer.  

Introduction of a group able to give hydrogen bonding between molecular square promotes the 

formation of the nanopore, and Zn-compounds are more active probably because Zn gives a rigidity of the 

system that promotes and assists the self assembly of the monomers, on the other hand, Zn probably 

increase the lipophilicity of the square and improve the insertion into the lipid bilayer. 

Polyamino-dendrimers can block the channel and this ability is function of their dimension.  
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Experimental part 

5.1 Materials and general methods 

General. All commercially available reagents were purchased from Aldrich, Fluka and Strem 

Chemicals and used without purification unless otherwise mentioned. Solvents were purchased from 

Aldrich, WVR, Fluka and Riedel, and deuterated solvents from Cambridge Isotope Laboratories and 

Aldrich. Reactions were monitored by TLC on Merck silica gel plates (0.25 mm) or on Fluka aluminium 

oxide plates and visualized by UV light, I2, or by KMnO4-H2SO4. Chromatography was performed on Merck 

silica gel 60F-254 (230÷400 Mesh) or Merck aluminium oxide 90 standardized and the solvents employed 

were of analytical grade. Gel permeation chromatography was carried out using Sephadex
TM

 LH-20 

(Amersham Biosciences). [ReBr(CO)5] was obtained by oxidative addition of Br2 to Re2(CO)10.
1
 

[Pd(dppp)][OTf]2 and [Pd(4,4’-di(tBu)-2,2’-bipy)][OTf]2 were furnished by Alessio’s group.
2
 

Nuclear Magnetic Resonance (NMR). The 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 the proton and at 67.8 MHz for carbon). 
31

P NMR spectra were 

recorded at 202.32 MHz on a Varian 500 spectrometer and automatically referenced to H3PO4.  

Chemical shifts (δ) are reported in ppm using the solvent residual signal as an internal reference (CDCl3: 

δH 7.26, δC 77.16; CD3OD: δH 3.31, δC 49.00; DMSO-d6 δH 2.50, δC 39.52, (CD3)2CO: δH 2.05, δC 29.84) 

and the multiplicity of each signal is designated by the following abbreviations: s, singlet; d, doublet; t, 

triplet; q, quartet; m, multiplet; br, broad; dd, doublet of doublets. Coupling constants (J) are quoted in 

Hz. For compounds, the intensities, the assignments and the molteplicities are not indicated because the 

signals are broad, or overlaps, or contain minor signals due to impurities. 

Mass spectroscopy measurements (MS). Electrospray Ionization (ESI) measurements were 

performed on a Perkin Elmer APII at 5600 eV by Dr. Fabio Hollan. 

Melting points (m.p.) were measured with a Büchi SHP-20 apparatus and are not corrected.  

Infrared spectra (IR) were recorded on a Perkin-Elmer FT-IR/Raman 2000 instrument in the 

transmission mode; samples were prepared as KI pellets (by mixing samples with spectroscopic grade KI) 

and analyzed in the 400-4000 cm
-1

 range. The intensity of each signal is designated by the following 

abbreviations: s, strong; m, medium; w, weak; sh, sharp, br, broad. 

UV-Visible Spectroscopy (UV-Vis). Spectra were recorded on a UV-Vis Unicam heλios β and 

Shimadzu UV-1800 spectrophotometers. 
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5.2 Experimental procedures 

3-nitrobutan-2-acetate (12) 
OAc

NO212
 

To a stirred solution of nitroethane (5.00 g, MW =75.07, 66.6 mmol) and acetaldehyde (3.0 mL, MW 

= 44.05, d = 1.045 g/mL, 71 mmol) in tetrahydrofuran (35 mL) DBU was added dropwise (0.66 mL, MW = 

152.24, d = 1.018 g/mL, 4.4 mmol) while cooling in an ice bath. The resulting mixture was stirred at room 

temperature for 16 hours. The mixture was then diluted with water (20 mL) and diethyl ether (40 mL). 

The organic layer was washed with a satured aqueous solution of sodium hydrogencarbonate (30 mL). 

The aqueous layers were back-extracted with diethyl ether (2 x 25 mL); the diethyl ether solutions were 

combined, dried over anhydrous Na2SO4, filtrated and concentrated in vacuo to afford an oil. The crude 

nitroalchol was taken up in DCM (60 mL), followed by addition of DMAP (32 mg, MW = 122.17, 0.26 

mmol) and acetic anhydride (10.0 mL, MW = 102.09, d= 1.08 g/mL, 0.106 mol). The mixture was stirred 

for four hours at room temperature. MeOH was added (15 mL) and the mixture was stirred for an 

additional hour. A saturated aqueous solution of sodium hydrogencarbonate (60 mL) was added and the 

aqueous layer was extracted with DCM (3 x 40 mL); the combined organic layers were washed with water 

(2 x 50 mL), dried on Na2SO4 anhydrous, filtrated and concentrated in vacuo. Purification by short column 

chromatography (silica gel, DCM) gave 5.618 g of a yellow oil. Yield 52%. 

1
H-NMR (500 MHz, CDCl3): 1.17 (m, 3H, CH3CHOAc), 1.43 (m, 3H, CH3CHNO2), 1.90 (m, 3H, CH3COO), 4.55 

(m, 1H, CH3CHNO2), 5.20 (m, 1H, CH3CHOAc). 
13

C-NMR (67.8 MHz, CDCl3): 12.93 (CH3CHNO2), 15.10-15.31-

15.57 (CH3CHOAc), 20.30 (CH3COO), 69.62-70.36 (CH3CHOAc), 84.24-85.33 (CH3CHNO2), 169.46-169.65 

(COOCH3). ESI-MS (m/z): 184 [M+Na
+
]. 

3-nitropentan-2-acetate (17) 

NO2

OAc

17  

A mixture of 1-nitropropane (9.00 g, MW = 89.09, 0.101 mol), acetaldehyde (6.98 mL, MW = 44.05, d 

= 0.788 g/mL, 0.124 mol) and DMAP (0.50 g, MW = 122.17, 4.1 mmol) was stirred for 30 minutes at 0°C 

and then refrigerated at 4°C for 48 hours; DCM (60 mL) and acetic anhydride (18.0 mL, MW = 102.09, d = 

1.08 g/mL, 0.190 mol) were added. The resulting mixture was stirred for 6 hours at room temperature. 

MeOH (15 mL) was added slowly, and the mixture was poured in a beaker containing a solution of 30 g of 

NaHCO3 in 150 mL of water. The aqueous layer was extracted with DCM (4 x 150 mL); the combined 
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organic layers were filtrated through a short silica gel column and evaporated to dryness in vacuo to give 

16.196 g of a yellow oil. Yield 91.5%. 

1
H-NMR (500 MHz, CDCl3): 0.97 (m, 3H, CH3CH2CHNO2), 1.26 (m, 3H, CH3CHOAc), 1.7-1.8 (m, 2H, 

CH3CH2CHNO2), 1.90-2.00 (m, 3H, CH3COO), 4.4-4.5 (m, 1H, CH3CH2CHNO2), 5.20-5.3 (m, 1H, CH3CHOAc). 

13
C-NMR (67.8 MHz, CDCl3): 9.88-10.28 (CH3CH2CHNO2), 15.37-15.91 (CH3CHOAc), 20.80-20.87 

(CH3CH2CHNO2), 23.24 (CH3COO), 69.35-69.97 (CH3CHOAc), 91.59-92.48 (CH3CH2CHNO2), 169.82-169.60 

(CH3COO). ESI-MS (m/z): 198.0 [M+Na
+
].  

Ethyl isocyanoacetate
3
 (13) 

CN
O

O

13

 

Cyanoacetic acid (3.41 g, MW = 85.06, 40.1 mmol) was dissolved in 200 mL of DCM. 12 mL of EtOH, 

65 μL of concentrated H2SO4 and few milligrams of anhydrous CaCl2 were then added. The mixture was 

heated at reflux for 16 hours. After cooling, the mixture was poured into 10% aqueous solution of NaHCO3 

(100 mL). The aqueous layer was extracted with DCM (3 x 100 mL) and the combined organic layers were 

dried on anhydrous Na2SO4, filtrated and concentrated in vacuo to give 3.702 g of a colourless oil. Yield 

82%. 

1
H-NMR (400 MHz, CDCl3) 1.20 (t, J=7.1 Hz, 3H, CH3CH2), 3.41 (s, 2H, CH2CN), 4.14 (q, J=7.1 Hz, 2H, 

CH3CH2). 
13

C-NMR (100 MHz, CDCl3): 13.90 (CH3CH2), 24.76 (CH2CN), 62.84 (CH3CH2), 113.55 (CN), 160.30 

(CO). ESI-MS (m/z): 114.2 [M+H
+
].  

Methyl-4-bromo-3,5-dihydroxy benzoate (25) 

HO

Br

OH

O O

25
 

4-bromo-3,5-dihydroxy benzoic acid (530 mg, MW = 233.02, 2.27 mmol) was dissolved in 30 mL of 

methanol, H2SO4 (0.50 mL, MW = 98.078, d = 1.835, 9.35 mmol) was added and the mixture was heated at 

reflux for 18 hours. The solvent was removed in vacuo and the residue was re-dissolved in 50 mL of water 

and 30 mL of AcOEt. The aqueous layer was extracted with AcOEt (3 x 30 mL) and the combined organic 

layers were washed with water (2 x 50 mL), dried on anhydrous Na2SO4, filtrated and the solvent was 

removed under reduced pressure affording 541 mg of a colourless oil. Yield 96%. 



5. Experimental part 

 

112 

 

1
H-NMR (500 MHz, CD3OD): 3.85 (s, 3H, COOCH3), 7.04 (s, 2H, Ar), 9.8 (br, 1H, COOH). 

13
C-NMR (100 MHz, 

CD3OD): 51.33 (COOCH3), 103.75 (C4-Ar), 107.27 (C2-Ar), 129.69 (C1-Ar), 155.32 (C3-Ar), 166.74 

(COOCH3). IR (KI disks): �� = 1704 (s,��C=O), 860 (m,��Ar). 

Methyl-4-bromo-3,5-dipropoxy benzoate (26) 

O

Br

O

O O

26
 

Methyl-4-bromo-3,5-dihydroxy benzoate (206 mg, MW = 247.04, 0.834 mmol) was dissolved in 5 mL 

of acetone along with 1-bromopropane (0.23 mL, MW = 123.00, d = 1.354, 2.5 mmol) and 

tetrabutylammonium bromide (54 mg, MW = 322.38, 0.17 mmol). After addition of anhydrous K2CO3 (300 

mg, MW = 138.21, 2.17 mmol) the reaction mixture was refluxed for 18 hours. Ccetone was then removed 

and the residue taken up in as much diethyl ether and water as needed to obtain two homogeneous 

phases. The aqueous phase was extracted with diethyl ether. The combined organic phases were dried 

over anhydrous Na2SO4, filtered, and the ether evaporated affording 262 mg of brown oil. Yield 95%. 

1
H-NMR (500 MHz, CDCl3): 1.04 (t, J=7.4 Hz, 6H, OCH2CH2CH3), 1.82 (sextet, J= 7.0 Hz, 4H, OCH2CH2CH3), 

3.87 (s, 3H, COOCH3), 4.05 (t, J= 6.4 Hz, 4H, OCH2CH2CH3) 7.12 (s, 2H, Ar). 
13

C-NMR (100 MHz, CDCl3): 

10.61 (OCH2CH2CH3), 22.55 (OCH2CH2CH3), 52.39 (COOCH3), 70.99 (OCH2CH2CH3), 106.34 (C2-Ar), 107.73 

(C4-Ar), 129.89 (C1-Ar), 156.58 (C3-Ar), 166.60 (COOCH3). 

Methyl-4-bromo-3,5-diexyloxy benzoate (33) 

O

Br

O

O O

33  

Methyl-4-bromo-3,5-dihydroxy benzoate (2.00 g, MW = 247.04, 8.096 mmol) was dissolved in 50 mL 

of acetone along with 1-bromohexane (3.41 mL, MW = 165.08, d = 1.175, 24.3 mmol) and 

tetrabutylammonium bromide (522 mg, MW = 322.38, 1.62 mmol). After addition of pounded K2CO3 

anhydrous (2.91 g, MW = 138.21, 21.04 mmol) the reaction mixture was refluxed for 18 hours. Acetone 

was then removed and the residue taken up in as much diethyl ether and water as was need to obtain 

two homogeneous phases. The aqueous phase was extracted with diethyl ether. The combined organic 

phases were washed with water and brine, dried over anhydrous sodium sulphate, filtered. Ether 

evaporation afforded 3.026 g of a yellow oil. Yield 90%. 
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1
H-NMR (500 MHz, CDCl3): 0.94 (t, J=6.7 Hz, 6H, O(CH2)5CH3), 1.32 (m, 8H, OCH2CH2CH2(CH2)2CH3), 1.48 

(m, 4H, OCH2CH2CH2(CH2)2CH3), 1.81 (m, 4H, OCH2CH2CH2(CH2)2CH3), 3.88 (s, 3H, COOCH3), 4.02 (t, J= 6.9 

Hz, 4H, OCH2(CH2)4CH3) 7.17 (s, 2H, Ar). 
13

C-NMR (100 MHz, CDCl3): 13.95 (O(CH2)5CH3), 22.45 

(O(CH2)4CH2CH3), 22.62 (O(CH2)3CH2CH2CH3), 28.99 (O(CH2)2CH2(CH2)2CH3), 31.46 (OCH2CH2(CH2)3CH3) 

52.19 (COOCH3), 69.42 (OCH2(CH2)4CH3), 106.22 (C2-Ar), 107.73 (C4-Ar), 129.79 (C1-Ar), 156.53 (C2-Ar), 

166.40 (COOCH3). 

4-cyano-3,5-dipropoxy benzoic acid (28) 

O

CN

O

O OH

28

 

To a solution CuCN (8.00 g, MW = 89.56, 89.0 mmol) in 200 mL of DMF compound 26 (4.124 g, MW = 

331.20, 12.4 mmol) was added and the resultant reaction mixture was heated to reflux (150-160°C) for 48 

hours. Subsequently, the reaction mixture was cooled to room temperature and a solution of FeCl3 (29 g 

in 80 mL of water and 20 mL of HCl conc.) was added. The mixture was heated at 70-80°C for 2 hours and 

then extracted with CHCl3. The combined extracts were washed with saturated NaCl solution, dried over 

anhydrous Na2SO4 and the solvent removal in vacuo afforded 231 mg of a brown oil. The product was 

taken up in a mixture of THF/MeOH 1:1 (120 mL), then 1.2 g of LiOH*H2O were added and the reaction 

mixture was stirred for 18 hours. The mixture was concentrated and taken up with water and acidified 

with HCl 6N to pH = 2. The product was extract with AcOEt (3 x 30 mL), washed with water (2 x 20 mL) and 

brine (1 x 20 mL), dried over anhydrous sodium sulphate, filtered, and the solvent evaporated afforded 

2.282 g of a white solid. RF : 0.20 (DCM/MeOH, 95:5). Yield 70% calculated from compound 26. 

1
H-NMR (400 MHz, CDCl3): 1.05 (t, J=7.4Hz, 6H, O CH2CH2CH3), 1.91 (sextet, 4H, OCH2CH2CH3), 4.10 (t, J= 

6.5 Hz, 4H, OCH2CH2CH3) 7.24 (s, 2H, Ar), 11.18 (br, 1H, COOH). 
13

C-NMR (100 MHz, CDCl3): 10.40 (O 

CH2CH2CH3), 22.27 (OCH2CH2CH3), 71.60 (OCH2CH2CH3), 96.65 (C4-Ar), 105.48 (C2-Ar), 112.96 (CN), 134.43 

(C1-Ar), 162.07 (C3-Ar), 170.70 (COOH). IR (KI pellets): �� = 3200 (s,��COOH), 2963-2890 (m,��CH), 2228.9 

(s,��CN), 1724 (s,��C=O), 763 (s,��Ar). 

4-cyano-3,5-diexyloxy benzoic acid (35) 

O

CN

O

O OH

35
 

To a solution of CuCN (862 mg, MW = 89.56, 9.63 mmol) in 200 mL of DMF the compound 33 (2.00 g, 

MW=415.36, 4.81 mmol) was added and the resulting reaction mixture was heated to reflux (150-160°C) 
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for 48 hours. Subsequently, the reaction mixture was cooled to room temperature and a solution of FeCl3 

(1.95 g in 13 mL of water and 3.5 mL of HCl conc.) was added. The mixture was heated at 70-80°C for 2 

hours and then extracted with CHCl3. The combined extracts were washed with saturated NaCl solution, 

dried over anhydrous Na2SO4 and the solvent removed in vacuo. The product was taken up in a mixture of 

THF/MeOH 1:1 (80 mL), then 1.00 g of LiOH*H2O were added and the reaction mixture was stirred for 18 

hours. The mixture was concentrated and taken up with water and acidified with HCl 6N to pH = 2. The 

product was extracted with AcOEt (3 x 30 mL), washed with water (2 x 20 mL) and brine (1 x 20 mL), dried 

over anhydrous sodium sulphate, filtered, and the solvent evaporated affording 1.36 g of a white solid. 

Yield 81% calculated from compound 33. 

1
H-NMR (400 MHz, CDCl3): 0.94 (t, J=6.7 Hz, 6H, O(CH2)5CH3), 1.33 (m, 8H, OCH2CH2CH2(CH2)2CH3), 1.46 

(m, 4H, OCH2CH2CH2(CH2)2CH3), 1.83 (sextet, J=7.0 Hz, 4H, OCH2CH2CH2(CH2)2CH3), 4.01 (t, J= 6.5 Hz, 4H, 

OCH2(CH2)4CH3) 7.23 (s, 2H, Ar), 10.5 (br, 1H, COOH) 
13

C-NMR (67.8 MHz, CDCl3): 13.84 (O(CH2)5CH3), 

22.40 (O(CH2)4CH2CH3), 25.35 (O(CH2)3CH2CH2CH3), 28.6 (O(CH2)2CH2(CH2)2CH3), 31.29 

(OCH2CH2(CH2)3CH3), 69.47 (OCH2(CH2)4CH3), 96.10 (C4-Ar), 105.22 (C2-Ar), 112.86 (CN), 134.72 (C1-Ar), 

162.13 (C3-Ar), 169.81 (COOH). 

4-cyano-N-methoxy-N-methyl-3,5-dipropoxybenzamide (29) 

O

CN

O

O N
O

29  

Compound 28 (2.282 g, MW = 263.29, 8.67 mmol) was dissolved in 60 mL of DCM and cooled to 0°C, 

4-methylmorpholine (1.90 mL, MW = 101.15, d = 0.92, 17.3 mmol) and isobutyl chloroformate (1.12 mL, 

MW = 136.58, d = 1.053, 8.67 mmol) were added. The resulting mixture was stirred for 20 minutes at 0°C, 

then hydroxylamine hydrochloride (930 mg, MW = 97.55, 9.54 mmol) was added. The reaction mixture 

was stirred for 1 hour at 0°C, and for 18 hours at room temperature. The mixture was diluted with water 

and the organic phase was washed with water, citric acid 5% and brine, dried over anhydrous Na2SO4, 

filtrated and the solvent was removed under reduced pressure. Purification by column chromatography 

(silica gel, CHCl3/MeOH from 100/0 to 90/10) gave 1.330 g of a yellow oil. RF : 0.28 (SiO2, AcOEt/EP, 6:4). 

Yield 57%. 

1
H-NMR (500 MHz, CDCl3): 1.05 (t, J=6.4 Hz, 6H, O CH2CH2CH3), 1.91 (sextet, J= 7.0 Hz, 4H, OCH2CH2CH3), 

3.32 (s, 3H, NCH3), 3.53 (s, 3H, OCH3), 4.01 (t, J= 7.4 Hz, 4H, OCH2CH2CH3), 6.75 (s, 2H, Ar). 
13

C-NMR (67.8 

MHz, CDCl3): 10.14 (O CH2CH2CH3), 22.04 (OCH2CH2CH3), 33.23 (NCH3), 61.32 (OCH3), 70.73 (OCH2CH2CH3), 
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93.34 (C4-Ar), 103.76 (C2-Ar), 113.31 (CN), 140.15 (C1-Ar), 161.77 (C3-Ar), 168.38 (CO). IR (KI pellets): �� = 

2227.94 (s, ��CN), 1644.62 (s,��C=O), 914 (m,��Ar). 

4-cyano-N-methoxy-N-methyl-3,5-bis(hexyloxy)benzamide (36) 

O

CN

O

O N
O

36  

Compound 35 (1.252 g, MW = 347.45, 3.60 mmol) was dissolved in 50 mL of DCM and cooled to 0°C, 

4-methylmorpholine (0.79 mL, MW = 101.15, d = 0.92, 7.21 mmol) and isobutyl chloroformate (0.47 mL, 

MW = 136.58, d = 1.053, 3.60 mmol) were added. The resulting mixture was stirred for 20 minutes at 0°C, 

hydroxylamine hydrochloride (386 mg, MW = 97.55, 3.96 mmol) was added. The reaction mixture was 

stirred for 1 hour at 0°C, and for 18 hours at room temperature. The mixture was diluted with water and 

the organic phase was washed with water, citric acid 5% and brine, dried over anhydrous Na2SO4, filtrated 

and the solvent was removed under reduced pressure. Purification by column chromatography (silica gel, 

DCM/MeOH from 100/0 to 70/30) gave 942 mg of a yellow oil. RF : 0.34 (SiO2, AcOEt/EP, 6:4). Yield 67.3%. 

1
H-NMR (400 MHz, CDCl3): 0.86 (t, J=7.0 Hz, 6H, O(CH2)5CH3), 1.30 (m, 8H, OCH2CH2CH2(CH2)2CH3), 1.46 

(m, 4H, OCH2CH2CH2(CH2)2CH3), 1.80 (sextet, J=7.1 Hz, 4H, OCH2CH2CH2(CH2)2CH3), 3.32 (s, 3H, NCH3), 3.66 

(s, 3H, OCH3), 4.03 (t, J= 6.5 Hz, 4H, OCH2(CH2)4CH3), 6.74 (s, 2H, Ar) 
13

C-NMR (67.8 MHz, CDCl3): 14.07 

(O(CH2)5CH3), 22.59 (O(CH2)4CH2CH3), 22.55 (O(CH2)3CH2CH2CH3), 28.01 (O(CH2)2CH2(CH2)2CH3), 28.86 

(OCH2CH2(CH2)3CH3), 31.49 (NCH3), 61.32 (OCH3), 69.51 (OCH2(CH2)4CH3), 93.49 (C4-Ar), 103.84 (C2-Ar), 

113.36 (CN), 140.12 (C1-Ar), 161.80 (C3-Ar), 168.40 (CO). 

4-cyano-3,5-dipropoxy benzaldehye (30) 

O

CN

O

O H

30  

A mixture of Weinreb amide 27 (511 mg, MW = 306.36, 1.67 mmol) in 40 mL of THF anhydrous was 

stirred and cooled to 0°C under Ar. Then 3.3 mL of a 2M LiAlH4 solution in THF anhydrous (6.67 mmol) was 

added drop-wise. The mixture was stirred at room temperature for 4 hours, then, after cooling to 0°C, a 

saturated solution of NH4Cl and water was slowly added. The product was extracted with AcOEt (3 x 100 

mL), washed with water (2 x 100 mL) and brine (1 x 100 mL), dried over anhydrous Na2SO4, filtrated and 

the solvent was removed under reduced pressure to give 328 mg of a yellow solid. RF: 0.62 (SiO2, 

AcOEt/EP, 6:4). Yield 79.4%. 
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1
H-NMR (400 MHz, CDCl3): 1.06 (t, J=7.4 Hz, 6H, O CH2CH2CH3), 1.85 (sextet, J=7.3 Hz, 4H, OCH2CH2CH3), 

4.08 (t, J= 6.5 Hz, 4H, OCH2CH2CH3), 6.99 (s, 2H, Ar), 9.93 (bs, 1H, CHO). 
13

C-NMR (100 MHz, CDCl3): 10.18 

(O CH2CH2CH3), 22.06 (OCH2CH2CH3), 71.03 (OCH2CH2CH3), 96.87 (C4-Ar), 104.64 (C2-Ar), 112.98 (CN), 

140.63 (C1-Ar), 162.70 (C3-Ar), 191.08 (CHO).  

4-cyano-3,5-bis(hexyloxy)benzaldehyde (37) 

O

CN

O

O H

37  

A mixture of Weinreb amide 33 (942 mg, MW = 390.52, 2.41 mmol) in 60 mL of THF anhydrous was 

stirred and cooled to 0°C under Ar. 4.82 mL of a 2M LiAlH4 solution in THF anhydrous (9.65 mmol) was 

then added drop-wise. The mixture was stirred at room temperature for 4 hours, and after cooling to 0°C, 

60 mL of a saturated solution of NH4Cl, and water was slowly added. The product was extracted with 

AcOEt (3 x 150 mL), washed with water (2 x 150 mL) and brine (1 x 150 mL), dried over anhydrous Na2SO4 

filtrated and the solvent was removed under reduced pressure giving 596 mg of a yellow solid. RF : 0.68 

(SiO2, AcOEt/EP, 6:4). Yield 74.9%. 

1
H-NMR (400 MHz, CDCl3): 0.87 (t, J=6.5 Hz, 6H, O(CH2)5CH3), 1.30 (m, 8H, OCH2CH2CH2(CH2)2CH3), 1.44 

(m, 4H, OCH2CH2CH2(CH2)2CH3), 1.83 (sextet, J=7.1 Hz, 4H, OCH2CH2CH2(CH2)2CH3), 4.09 (t, J= 6.5 Hz, 4H, 

OCH2(CH2)4CH3), 6.97 (s, 2H, Ar), 9.92 (bs, 1H, COOH). 
13

C-NMR (67.8 MHz, CDCl3): 14.07 (O(CH2)5CH3), 

22.60 (O(CH2)4CH2CH3), 25.54 (O(CH2)3CH2CH2CH3), 28.93 (O(CH2)2CH2(CH2)2CH3), 31.48 

(OCH2CH2(CH2)3CH3), 69.77 (OCH2(CH2)4CH3), 93.09 (C4-Ar), 104.68 (C2-Ar), 113.15 (CN), 140.64 (C1-Ar), 

162.66 (C3-Ar), 191.02 (CHO).  

5.2.1 Synthesis of 3,4-substituted pyrroles 

2-ethoxycarbonyl-3,4-dimethylpyrrole
4
 (14) 

N
H

O

O

14

 

To a solution of ethyl isocyanoacetate (2.00 mL, d = 1.035 g/mL, MW = 113.11, 18.3 mmol) and 3-

nitrobutane-2-acetate (3.54 g, MW = 161.16, 22.0 mmol) in tetrahydrofuran (15.0 mL) and isopropanol 

(5.0 mL) DBU (6.0 mL, d= 1.018, MW=152.24, 40.1 mmol) was added slowly while cooling with an ice 

bath. The reaction mixture was stirred at room temperature for four hours. The resulting mixture was 

filtrated to remove the nitrite salt and the solvent was removed on a rotary evaporator. The residue was 
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poured into 250 mL beaker and diluted with acetic acid (1.0 mL) and warm water (20 mL). Additional 

water was then added till the solution remained cloudy, even after through stirring. The aqueous layer 

was extracted with DCM (3 x 200 mL) and the combined organic layers were dried on anhydrous Na2SO4, 

filtrated and concentrated in vacuo. Purification by column chromatography (silica gel, DCM/AcOEt from 

100/0 to 95/5) gave 2.16 g of a yellow solid. RF : 0.72 (SiO2, DCM/AcOEt, 6:4). Yield 71%. 

1
H-NMR (400 MHz, CDCl3): 1.34 (t, J= 7.1 Hz, 3H, COOCH2CH3), 2.00 (s, 3H, 4-CH3), 2.26 (s, 3H, 3-CH3), 4.30 

(q, J= 7.1 Hz, 2H, COOCH2CH3), 6.65 (s, 1H, 5-H), 8.75 (br, 1H, NH). 
13

C-NMR (67.8 MHz, CDCl3): 10.00 (4-

CH3), 10.33 (3-CH3), 14.60 (COOCH2CH3), 59.88 (COOCH2CH3), 119.30 (2-C), 120.16 (4-C), 120.64 (5-C), 

126.64 (3-C), 161.84 (COOCH2CH3). ESI-MS (m/z): 168.0 [M-H
+
], 190.0 [M+Na

+
], 206.0 [M+K

+
]. m.p. 67-

70°C. 

2-ethoxycarbonyl -3-methyl-4-ethylpyrrole
4 

(18) 

N
H

O

O

18  

To a stirred solution of ethyl isocyanoacetate (2.00 mL, d = 1.035 g/mL, MW = 113.11, 18.6 mmol), 3-

nitropentan-2-acetate (3.85 g, MW = 175.18, 22.0 mmol) in tetrahydrofuran (15 mL) and isopropanol (5.0 

mL) DBU (6.0 mL, d= 1.018 g/mL, MW=152.24, 40 mmol) was added in portions while cooling with an ice 

bath. The reaction mixture was stirred at room temperature for four hours. The resulting mixture was 

filtrated to remove the nitrite salt, and the solvent was removed on a rotary evaporator. The residue was 

poured into 250 mL beaker and diluted with acetic acid (1.5 mL) and warm water (20 mL). Additional 

water was then added till the solution remained cloudy, even after thorough stirring. The aqueous layer 

was extracted with DCM (3 x 100 mL) and the combined organic layers were dried on Na2SO4, filtered and 

concentrated in vacuo. Purification by column chromatography (silica gel, DCM/AcOEt from 100/0 to 

90/10) afforded 2.844 g of a yellow oil. RF : 0.74 (SiO2, DCM/AcOEt, 6:4). Yield 84.4%.  

1
H-NMR (500 MHz, CDCl3): 1.17 (t, J=7.56 Hz, 3H, CH3CH2), 1.36 (t, J=7.14 Hz, 3H, COOCH2CH3), 2.30 (s, 3H, 

CH3), 2.44 (q, J=7.56 Hz, 2H, CH3CH2 ), 4.32 (q, J=7.14 Hz, 2H, COOCH2CH3), 6.67 (d, J= 2.94 Hz, 1H, 5-CH), 

9.13 (br, 1H, NH). 
13

C-NMR (67.8 MHz, CDCl3): 9.60(CH3), 13.79 (COOCH2CH3), 13.91 (CH3CH2), 17.69 

(CH3CH2), 118.88 (2-C), 119.46 (5-C), 125.32 (3-C), 126.72 (4-C), 170.89 (CO). ESI-MS (m/z): 182.1 [M+H
+
]; 

204.1 [M+Na
+
]. m.p. 76-79°C. 



5. Experimental part 

 

118 

 

2-benzyloxycarbonyl-3-methyl-4-ethylpyrrole
5
 (19) 

N
H

O

O

19  

Sodium (40 mg, 1.7 mmol) was added to freshly distilled benzyl alcohol (10.0 mL, MW = 108.14, d = 

1.045 g/mL, 96.6 mmol) under Ar and the solution was stirred for some minutes. After this, 2-

ethoxycarbonyl -3-methyl-4-ethylpyrrole 18 (1.039 g, MW = 181.23, 5.73 mmol) in benzyl alcohol (about 

20 mL) was added. The mixture was heated at 100°C under reduced pressure for five hours after which 

the alcohol was removed under reduced pressure. The residue was dissolved in DCM (50 mL) and MeOH 

(20 mL), water (25 mL), and aqueous solution of NaHCO3 (25 mL) were then added. The organic layer was 

washed with water (2 x 70 mL), dried on anhydrous Na2SO4, filtrated and concentrated. Purification by 

column chromatography (silica gel, AcOEt/EP 1:9) afforded 903 mg of product. RF : 0.32 (SiO2, AcOEt/EP, 

9:1). Yield 65%. 

1
H-NMR (500 MHz, CDCl3): 1.17 (t, J=7.5 Hz, 3H, CH3CH2), 2.30 (s, 3H, CH3), 2.45 (q, J=7.5 Hz, 2H, CH3CH2 ), 

5.33 (s, 2H, CH2Ph), 6.65 (d, J= 2.8 Hz, 1H, 5-CH), 7.36-7.40 (m, 5H, Ar-H), 9.16 (br, 1H, NH). 
13

C-NMR (67.8 

MHz, CDCl3): 10.08 (CH3), 14.25 (CH3CH2), 17.91 (CH3CH2), 65.38 (CH2Ph), 118.79 (2-C), 119.79 (5-C), 

126.26 (3-C), 126.86 (4-C), 127.35-127.93-128.45 (Ar), 136.47 (C1-Ar), 161.77 (CO). ESI-MS (m/z): 266.1 

[M+Na
+
]. 

5.2.2 Synthesis of dipyrromethane 

5-(4-Pyridyl)dipyrromethane
6
 (1) 

N

HNNH

1  

A mixture of 4-pyridinecarboxaldehyde (1.90 mL, d = 1.137 g/mL, MW = 107.11, 20.2 mmol) and 

pyrrole (20.00 mL, d = 0.967 g/mL, MW = 67.09, 0.29 mol) was stirred for 15 hours at 85°C under Ar. The 

reaction mixture was then evaporated to dryness and chromatographed on alumina with DCM/AcOEt 

from 100/0 to 80/20 affording brown solid. Recrystallization (AcOEt/EP) afforded 2.228 g of pale yellow 

crystals. RF : 0.20 (Al2O3, DCM/AcOEt, 9:1). Yield 65%. 

1
H-NMR (500 MHz, δ-CDCl3): 5.47 (s, 1H, 5-H), 5.91 (m, 2H, 3,7-H), 6.18 (dd, J= 5.7, 2.8 Hz, 2H, 2,8-H), 6.75 

(m, 2H, 1,9-H), 7.14 (d, J= 5.8 Hz, 2H, H2,6-Py ), 8.1 (br, 2H, NH), 8.54 (d, J= 5.9 Hz, 2H, H3,5-Py). 
13

C-NMR 
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(101 MHz, δ-CDCl3): 43.5 (5-C), 107.8 (3,7-C), 108.8 (2,8-C), 118 (1,9-C), 123.7 (C2,6-Py), 130.6 (4,6-C), 

150.1 (C1-Py), 151 (C3,5-Py). ESI-MS (m/z): 224.1 [M+H
+
]. m.p. 142-146°C. 

1,9-ethoxycarbonyl-5-(4-pyridin)-2,3,7,8-tetramethyl dipyrromethane (15) 

N

HNNH

O
O

O
O

15  

A solution of 2-ethoxycarbonyl-3,4-dimethylpyrrole (1.00 g, MW = 167.21, 5.98 mmol) in 20 mL of 

toluene anhydrous was heated at reflux under Ar. A catalytic amount of p-TSA (about 50 mg) was added 

followed by 4-pyridinecarboxaldehyde (0.28 mL, d = 1.137, MW = 107.11, 2.99 mmol). The reaction 

mixture was refluxed for 48 hours and then cooled to room temperature, washed with a saturated 

aqueous solution of NaHCO3 (3 x 10 mL), with water (1 x 10 mL), dried over anhydrous Na2SO4, filtrated 

and concentrated. Purification by column chromatography (silica gel, DCM/AcOEt from 100/0 to 20/80) 

afforded 530 mg of product. RF : 0.15 (SiO2, DCM/AcOEt, 6:4). Yield 81.6%. 

1
H-NMR (500 MHz, CDCl3): 1.24 (t, J= 7.1 Hz, 6H, COOCH2CH3), 1.82 (s, 6H, 3,7-CH3), 2.26 (s, 6H, 2,8-CH3), 

4.10 (q, J= 7.1 Hz, 4H, COOCH2CH3), 5.53 (s, 1H, 5-H), 7.02 (d, J=5.7 Hz, 2H, H2,6-Py), 8.46 (d, J=5.7 Hz, 2H, 

H3,5-Py), 9.28 (br, 2H, NH). 
13

C-NMR (125 MHz, CDCl3): 8.81 (3,7-CH3), 10.49 (2,8-CH3), 14.19 

(COOCH2CH3), 39.82 (5-C), 59.86 (COOCH2CH3), 118.37 (1,9-C), 118.64 (3,7-C), 121.83 (C2,6-Py), 127.53 

(2,8-C), 130.36 (4,6-C), 149.11 (C1-Py), 150.23 (C3,5-Py), 162.11 (COOCH2CH3). ESI-MS (m/z): 424.3 [M-

H
+
], 446.2 [M+Na

+
], 462.1 [M+K

+
]. 

1,9-diethoxycarbonyl-5-(4-pyridin)-2,8-dimethyl-3,7-diethyl dipyrromethane (20) 

N

HNNH

O
O

O
O

20  

A solution of 2-ethoxycarbonyl-3-methyl-4-ethylpyrrole (1.00 g, MW = 181.23, 5.52 mmol) in 20 mL 

of toluene anhydrous was heated at reflux under Ar. A catalytic amount of p-TSA (about 50 mg) was 

added followed by 4-pyridinecarboxaldehyde (0.26 mL, d = 1.137, MW = 107.11, 2.8 mmol). The reaction 

mixture was refluxed for 48 hours and then cooled to room temperature, washed with a saturated 

aqueous solution of NaHCO3 (3 x 10 mL), with water (1 x 10 mL), dried over anhydrous Na2SO4, filtrated 

and concentrated. Purification by column chromatography (silica gel, DCM/AcOEt from 100/0 to 20/80) 

afforded 329 mg of product. RF : 0.32 (SiO2, DCM/AcOEt, 6:4). Yield 39.8%. 
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1
H-NMR (500 MHz, CDCl3): 0.91 (t, J=7.5 Hz, 6H, 3,7-CH2CH3), 1.31 (t, J= 7.1 Hz, 6H, COOCH2CH3), 2.28 (s, 

6H, 2,8-CH3), 2.31 (q, J=7.5 Hz, 4H, 3,7-CH2CH3), 4.24 (q, J= 7.1 Hz, 4H, COOCH2CH3), 5.54 (s, 1H, 5-H), 7.02 

(d, J=5.2 Hz, 2H, H2,6-Py), 8.46 (br, 2H, NH), 8.55 (d, J=5.2 Hz, 2H, H3,5-Py). 
13

C-NMR (125 MHz, CDCl3): 

10.47 (2,8-CH3), 14.47 (COOCH2CH3), 14.95 (3,7-CH2CH3), 17.29 (3,7-CH2CH3), 39.59 (5-C), 60.01 

(COOCH2CH3), 118.86 (1,9-C), 123.28 (C2,6-Py), 124.94 (3,7-C), 127.11 (2,8-C), 129.44 (4,6-C), 149.02 (C1-

Py), 150.40 (C3,5-Py), 161.70 (COOCH2CH3). ESI-MS (m/z): 452.4 [M-H
+
], 474.4 [M+Na

+
], 490.3 [M+K

+
]. 

1,9-dibenzyloxycarbonyl-5-(4-carbomethoxyphenyl)-2,8-dimethyl-3,7-diethyl dipyrromethane (21) 

HNNH

O
O

O
O

O O

21

 

A solution of 2-benzyloxycarbonyl-3-methyl-4-ethylpyrrole (533 mg, MW = 243.30, 2.19 mmol) and 

methyl 4-formylbenzoate (181 mg, MW = 164.16, 1.10 mmol) in anhydrous DCM (20 mL) was stirred 

under Ar; p-TSA (208 mg, MW = 190.11, 1.10 mmol) and anhydrous CaCl2 were then added to it. The 

mixture was stirred under Ar for 18 hours. The reaction mixture was filtrated, washed with a saturated 

aqueous solution of NaHCO3 (3 x 10 mL), with water (1 x 10 mL), dried on anhydrous Na2SO4, filtrated and 

concentrated. Purification by column chromatography (silica gel, EP/AcOEt 80/20) afforded a white solid. 

Recrystallization (AcOEt/EP) afforded 397 mg of a white solid. RF : 0.10 (SiO2, EP/AcOEt, 9:1). Yield 57%.  

1
H-NMR (500 MHz, CDCl3): 0.93 (t, J=6.7 Hz, 6H, 3,7-CH2CH3), 2.25 (s, 6H, 2,8-CH3), 2.36 (q, J=6.7 Hz, 4H, 

3,7-CH2CH3), 3.91 (s, 3H, COOCH3), 5.18 (AB system, d+d, J=12.5 Hz, 4H, CH2Ph), 5.62 (s, 1H, 5-H), 7.10 (d, 

J= 7.7 Hz, 2H, 5-Ar(2,6H)), 7.26-7.35 (10H, m, 1,9-Ar), 7.95 (d, J=7.7 Hz, 2H, 5-Ar(3,5H)) 9.08 (br, 2H, NH). 

13
C-NMR (125 MHz, CDCl3): 10.47 (2,8-CH3), 13.95 (3,7-CH2CH3), 15.16 (3,7-CH2CH3), 39.11 (5-C), 51.89 

(COOCH3), 65.65 (1,9-CH2Ph), 118.48 (1,9-C), 125.18 (3,7-C), 125-135 (C-Ar), 145.91 (C1-Ar), 161.91 

(COOBn), 171.12 (COOCH3). ESI-MS (m/z): 655.3 [M+Na
+
], 671.2 [M+K

+
]. 

5-(4-carbomethoxyphenyl)-2,8-dimethyl-3,7-diethyl-1,9-dicarboxydipyrromethane (22) 

HNNH

O
OH

O
HO

O O

22  

Hydrogenation of 21 (156 mg, MW = 632.74 g/mol, 0.247 mmol) with 16 mg of 10% Pd/C in freshly 

distilled tetrahydrofuran occurred at balloon pressure of H2 with vigorous stirring overnight. Pd/C was 
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removed by filtration through Celite. The Celite was washed with MeOH. The eluant was condensed to 

yield 110 mg of a white solid. Yield 98%. 

1
H-NMR (500 MHz, CDCl3): 0.96 (t, J=7.3 Hz, 6H, 3,7-CH2CH3), 2.27 (s, 6H, 2,8-CH3), 2.41 (q, J=7.3 Hz, 4H, 

3,7-CH2CH3), 3.89 (s, 3H, COOCH3), 5.62 (s, 1H, 5-H), 7.04 (d, J= 7.9 Hz, 2H, H2,6-Ar), 7.84 (d, J=7.9 Hz, 2H, 

H3,5-Ar) 9.84 (bs, 2H, NH). 
13

C-NMR (125 MHz, CDCl3): 10.56 (2,8-CH3), 15.31 (3,7-CH2CH3), 17.33 (3,7-

CH2CH3), 39.31 (5-C), 52.06 (COOCH3), 117.75 (1,9-C), 125.38 (3,7-C), 127.95 (2,8-C), 129.13 (C4-Ar), 

129.13 (C2,6-Ar), 129.81 (C3,5-Ar), 133.05 (4,6-C), 145.16 (C1-Ar), 166.28 (COOCH3), 166.65 (COOH). ESI-

MS (m/z): 451.1 [M-H
+
]. 

5-(4-pyridin)-2,3,7,8-tetramethyl dipyrromethane (16) 

N

HNNH

16  

A mixture of dipyrromethane 15 (328 mg, MW = 423.50, 0.774 mmol) in ethylene glycol (40 mL) and 

NaOH 4N (20 mL) was heated at reflux for 24 hours under Ar. The flask was then allowed to cool with 

vigorous stirring to room temperature. The mixture was diluted with water (150 mL) and extracted with 

toluene (4 x 70 mL), washed with water (2 x 70 mL), dried over anhydrous Na2SO4, filtrated and 

concentrated affording 191 mg of a brown solid. Yield 88.4%. 

1
H-NMR (400 MHz, CDCl3): 1.82 (s, 6H, 3,7-CH3), 2.03 (s, 6H, 2,8-CH3), 5.47 (s, 1H, 5-H), 6.42 (s, 2H, 1,9-H), 

7.02 (d, J=5.6 Hz, 2H, H2,6-Py), 7.81 (br, 2H, NH), 8.35 (d, J=5.6 Hz, 2H, H3,5-Py). 
13

C-NMR (100 MHz, 

CDCl3): 9.11 (3,7-CH3), 10.50 (2,8-CH3), 40.50 (5-C), 114.27 (1,9-C), 115.07 (C2,6-Py), 119.02 (3,7-C), 123.70 

(2,8-C), 125.95 (4,6-C), 149.87 (C1-Py), 151.55 (C3,5-Py). ESI-MS (m/z): 280.3 [M-H
+
], 302.3 [M+Na

+
], 318.0 

[M+K
+
]. 

5-(4-pyridin)-2,8-dimethyl-3,7-diethyl dipyrromethane (23) 

N

HNNH

23  

A mixture of dipyrromethane 20 (193 mg, MW = 451.56, 0.427 mmol) in ethylene glycol (20 mL) and 

NaOH 4N (10 mL) was heated at reflux for 2 hours under Ar. The flask was then allowed to cool with 

vigorous stirring to room temperature. The mixture was diluted with water (50 mL) and extracted with 

toluene (4 x 25 mL), the combined organic layers were washed with water (2 x 25 mL), dried over 

anhydrous Na2SO4, filtrated and concentrated affording 70 mg of a brown solid. Yield 53.4%. 
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1
H-NMR (400 MHz, CDCl3): 0.92 (t, J=7.5 Hz, 6H, 3,7-CH2CH3), 2.03 (s, 6H, 2,8-CH3), 2.30 (q, J=7.5 Hz, 4H, 

3,7-CH2CH3), 5.49 (s, 1H, 5-H), 6.39 (s, 2H, 1,9-H), 7.04 (d, J=5.4 Hz, 2H, H2,6-Py), 7.54 (br, 2H, NH), 8.40 (d, 

J=5.4 Hz, 2H, H3,5-Py). 
13

C-NMR (100 MHz, CDCl3): 10.42 (2,8-CH3), 15.25 (3,7-CH2CH3), 17.60 (3,7-

CH2CH3), 40.01 (5-C), 114.56 (1,9-C), 118.48 (C2,6-Py), 121.68 (3,7-C), 123.70 (2,8-C), 125.71 (4,6-C), 

149.88 (C1-Py), 152.18 (C3,5-Py). ESI-MS (m/z): 308.3 [M-H
+
], 320.3 [M+Na

+
], 346.3 [M+K

+
]. 

5.2.3 Synthesis of porphyrins 

5,15-Bis[phenyl]-10,20-bis[pyridyl]-porphyrin (2) 

H
N

N

N
H

N

N

N 2
 

5-(4-Pyridyl)dipyrrylmethane (0.500 g, MW = 223.27, 2.24 mmol) and freshly distilled benzaldehyde 

(238 mg, MW = 106.12, 2.24 mmol) were dissolved in 350 mL of anhydrous DCM under Ar. The mixture 

was cooled at 0°C with an ice bath and TFA (7.15 mL, MW = 114.02, d = 1.535 g/mL, 96.3 mmol) was 

added drop-wise. The reaction mixture was stirred at 0°C for 20 minutes and DDQ (1.015 g, MW = 227.00, 

4.48 mmol) was then added. The mixture was stirred at room temperature for 1 hour. The organic phase 

was washed with saturated NaHCO3 and water, dried over anhydrous Na2SO4 and the solvent removed. 

Purification by column chromatography (silica, CHCl3/EtOH from 100/0 to 98/2) afforded a purple solid. 

Recrystallization (CHCl3/Hexane) afforded 370 mg of product. Yield 53%. 

1
H-NMR (500 MHz, δ-CDCl3): -2.84 (s, 2H, NH), 7.76-783 (m, 6H, H3,4,5-Ph), 8.17 (d, J= 5.6 Hz, 4H, H3,5-

Py), 8.21 (d, J=6.7 Hz, 4H, H2,6-Ph), 8.81 (d, J= 4.5 Hz, 4H, βH), 8.91 (d, J= 4.5 Hz, 4H, βH), 9.04 (d, J= 5.5 

Hz, 4H, H2,6-Py). UV-Vis spectrum (lmax (nm), relative intensity (%)) in CH2Cl2: 418 (100), 513.2 (6.6), 548.2 

(2.9), 587.8 (2.3), 647.2 (1.8). ESI-MS (m/z): 617.4 [M+H
+
], 639.4 [M+Na

+
]. IR (KI pellets): �� = 1597, 1475, 

1407 (m, ��C-C, Ar), 728, 735 (m, ��C-H Ar). Pf > 300°C. 

5,15-Bis[4-carboxymethylphenyl]-10,20-bis[pyridyl]-porphyrin (5) 

H
N

N

N
H

N

N

N

O

O

O

O5
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5-(4-Pyridyl)dipyrrylmethane (0.500 g, MW = 223.27, 2.24 mmol) and methyl 4-formylbenzoate 

(0.365g, MW = 164.16, 2.24 mmol) were dissolved in 350 mL of anhydrous DCM under Ar. The mixture 

was cooled at 0°C with an ice bath and TFA (7.15 mL, MW = 114.02, d = 1.535 g/mL, 96.3 mmol) was 

added drop-wise. The reaction mixture was stirred at 0°C for 20 minutes and DDQ (1.015g, MW = 227.00, 

4.48 mmol) was then added. The mixture was stirred at room temperature for 1 hour. The organic phase 

was washed with saturated NaHCO3 and water, dried over anhydrous Na2SO4 and the solvent removed. 

Purification by column chromatography (silica, CHCl3/EtOH from 100/0 to 98/2) afforded a purple solid. 

Recrystallization (CHCl3/Hexane) afforded 322 mg of purple product. RF : 0.10 (SiO2, CHCl3/EtOH, 98:2). 

Yield 39.2%. 

1
H-NMR (500 MHz, δ-CDCl3): -2.87 (s, 2H, NH), 4.12 (s, 6H, CH3), 8.15 (d, J= 5.6 Hz, 4H, H3,5-Py ), 8.30 (d, 

J=8.0 Hz, 4H, H3,5-Ph), 8.47 (d, J= 8.0 Hz, 4H, H2,6-Ph), 8.83 (m, 8H, βH), 9.05 (d, J= 5.5 Hz, 4H, H2,6-Py). 

13
C-NMR (126 MHz, δ-CDCl3): 52.47 (CH3), 117.46 and 119.71 (Cmeso), 128.03 (C2,6-Ph), 129.31 (C3,5-Py), 

129.91 (C1-Ph), 134.48 (C3,5-Py), 146.33 (C4-Ph), 149.95 (C4-Py), 167.14 (COO). UV-Vis spectrum (lmax 

(nm), relative intensity (%)) in CH2Cl2: 417 (100), 513 (5.6), 547.8 (2.2), 587.8 (1.7), 649.2 (1.1). ESI-MS 

(m/z): 733.3 [M+H
+
]. IR (KI pellets): �� = 2924-2852 (m, ��C-H), 1727 (s,��C=O), 1565 (s, ��C-C, C-N), 1287 (s, ��C-O-C), 

802, 729, 762 (s, ��C-H Ar). Pf > 300°C. 

5,15-Bis[4-cyano-3,5-dipropoxy phenyl]-10,20-bis[pyridyl]-porphyrin (31) 

NH

NNH

N

N

N

O

O

NC

O

O

CN

31

 

5-(4-Pyridyl)dipyrrylmethane (0.213 g, MW = 223.27, 0.95 mmol) and 4-cyano-3,5-

bis(propoxy)benzaldehyde (0.236 g, MW = 247.29, 0.95 mmol) were dissolved in 200 mL of anhydrous 

DCM under Ar. The mixture was cooled at 0°C with an ice bath and TFA (3.0 mL, MW = 114.02, d =1.535 

g/mL, 40.8 mmol) was added drop-wise. The reaction mixture was stirred at 0°C for 20 minutes and DDQ 

(433 mg, MW = 227.00, 1.9 mmol) was then added. The mixture was stirred at room temperature for 1 

hour. The organic phase was washed with saturated NaHCO3 and water, dried over anhydrous Na2SO4 and 

the solvent removed. Purification by column chromatography (silica, CHCl3/EtOH from 100/0 to 98/2) 
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afforded a purple solid. Recrystallization (CHCl3/Hexane) afforded 260 mg purple product. RF : 0.26 (SiO2, 

CHCl3/EtOH, 98:2). Yield 61%. 

1
H-NMR (500 MHz, δ-CDCl3): -2.87 (s, 2H, NH); 1.10 (t, J=7.4Hz, 12H, O CH2CH2CH3), 1.98 (sextet, J= 6.9 Hz, 

8H, OCH2CH2CH3), 4.15 (t, J= 6.4 Hz, 8H, OCH2CH2CH3), 7.44 (s, 4H, Ar), 8.20 (d, J= 5.5 Hz, 4H, H3,5-Py ); 

8.90 (d, J=4.4 Hz, 4H, βH), 9.00 (d, J=4.4 Hz, 4H, βH), 9.10 (d, J= 5.4 Hz, 4H, H2,6-Py). 
13

C-NMR (125 MHz, 

δ-CDCl3): 10.48 (OCH2CH2CH3), 22.32 (OCH2CH2CH3), 71.05 (OCH2CH2CH3), 91.95 (C4-Ar), 111.71 (C2-Ar), 

113.98 (CN), 117.74 and 119.41 (Cmeso), 129.27 (C3,5-Py), 148.17 (C1-Ar), 148.48 (C3,5-Py), 149.76 (C1-

Py), 160.25 (C3-Ar). UV-Vis spectrum (lmax (nm), relative intensity (%)) in CH2Cl2: 419.5 (100), 507 (6.8), 

544.5 (3.1), 587.5 (3.1), 649.0 (2.1). ESI-MS (m/z): 900.1 [M+H
+
]. IR (KI pellets): �� = 2990-2855 (m, ��C-H), 

2249 (s,��CN), 1615 (s, ��N-H), 1565 (s, ��C-C Ar), 1475 (s, ��CN), 1237 (s, ��C-O-C), 805, 783 (s, ��C-H Ar). Pf > 300°C 

5,15-Bis[4-cyano-3,5-diexyloxy phenyl]-10,20-bis[pyridyl]-porphyrin (38) 

NH

NNH

N

N

N

O

O

NC

O

O

CN

38

 

5-(4-Pyridyl)dipyrrylmethane (0.401 g, MW = 223.27, 1.80 mmol) and 4-cyano-3,5-

bis(hexyloxy)benzaldehyde (0.596 g, MW = 331.45, 1.80 mmol) were dissolved in 400 mL of DCM 

anhydrous under Ar. The mixture was cooled at 0°C with an ice bath and TFA (5.75 mL, MW = 114.02, d = 

1.535 g/mL, 77.4 mmol) was added drop-wise. The reaction mixture was stirred at 0°C for 20 minutes and 

DDQ (817 mg, MW= 227.00, 3.59 mmol) was then added. The mixture was stirred at room temperature 

for 1 hour. The organic phase was washed with saturated NaHCO3 and water, dried over anhydrous 

Na2SO4 and the solvent removed. Purification by column chromatography (silica, CHCl3/EtOH from 100/0 

to 98/2) afforded purple product. Recrystallization (CHCl3/Hexane) afforded 604 mg of a purple solid. 

Yield 63%. 

1
H-NMR (500 MHz, δ-CDCl3): -2.93 (s, 2H, NH), 0.87 (m, 12H, O(CH2)5CH3), 1.32 (m, 16H, 

OCH2CH2CH2(CH2)2CH3), 1.50 (m, 8H, OCH2CH2CH2(CH2)2CH3), 1.90 (m, 8H, OCH2CH2CH2(CH2)2CH3), 4.15 (t, 

J= 6.4 Hz, 8H, OCH2(CH2)4CH3), 7.51 (s, 4H, Ar) 8.14 (d, J= 5.5 Hz, 4H, H3,5-Py ), 8.80 (d, J= 4.4 Hz, 4H, βH), 

8.93 (d, J= 4.4 Hz, 4H, βH), 9.07 (d, J= 5.5 Hz, 4H, H2,6-Py). 
13

C-NMR (125 MHz, δ-CDCl3): 14.11 

(O(CH2)5CH3), 22.60 (O(CH2)4CH2CH3), 25.60 (O(CH2)3CH2CH2CH3), 28.99 (O(CH2)2CH2(CH2)2CH3), 31.53 
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(OCH2CH2(CH2)3CH3), 69.70 (OCH2(CH2)4CH3), 91.95 (C4-Ar), 111.87 (C2-Ar), 113.70 (CN), 117.54 and 

119.31 (Cmeso), 128.97 (C3,5-Py), 148.37 (C1-Ar); 148.69 (C3,5-Py); 150.23 (C1-Py); 160.40 (C3-Ar). 

UV-Vis spectrum (lmax (nm), relative intensity (%)) in CH2Cl2: 419.0 (100), 513 (5.3), 545.0 (1.9), 582.5 (2.2), 

642.5 (1.9). ESI-MS (m/z): 1068.4 [M+H
+
]. IR (KI pellets): �� = 2959-2955-2872 (m, ��C-H), 2229 (s,��CN), 1623 

(s, ��N-H), 1602 (s, ��C-C Ar), 1429 (s, ��CN), 1130 (s, ��C-O-C), 806, 783 (s, ��C-H Ar). Pf > 300°C 

[5,15-Bis(4-carboxymethylphenyl)-10,20-bis(pyridyl)porphinato]zinc(II) (7) 

N

N

N

N

N

N

O

O

O

O

Zn

7

 

5,15-Bis[4-carboxymethylphenyl]-10,20-bis[pyridyl]-porphyrin (100 mg, MW = 732.78, 0.136 mmol) 

was dissolved in chloroform (20 mL) and a solution of zinc acetate dihydrate (97 mg, MW = 219.51, 0.442 

mmol) in methanol (less than 3 mL) was added. The mixture was stirred in the dark overnight. The solvent 

was removed under reduced pressure and the resulting purple solid was washed with methanol and 

filtrated to give 103 mg of product. Yield 93%. RF = 0.52 (SiO2, CHCl3/EtOH 95:5) 

1
H NMR (500 MHz, δ-DMSO-d6): 4.05 (s, 6H, CH3), 8.24 (m, 4H, H3,5-Py), 8.3-8.4 (m, 8H, Ar), 8.82 (m, 8H, 

βH), 9.05 (m, 4H, H2,6-Py). UV-Vis spectrum (lmax (nm), relative intensity(%)) in CHCl3: 424.0 (100), 547.6 

(7.8), 592.0 (4.15). ESI-MS (m/z): 795.3 [M+H
+
]. IR (KI pellets): �� = 2944-2855 (m, ��C-H), 1723.5 (s,��C=O), 

1593 (s, ��C-C, C-N), 1288 (s, ��C-O-C), 808, 730 (s, ��C-H Ar). Pf > 300°C. 

[5,15-Bis(4-carboxyphenyl)-10,20-bis(pyridyl)porphinato]zinc(II) (9) 

N

N

N

N

N
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[5,15-Bis(4-carboxymethylphenyl)-10,20-bis(pyridyl)porphinato]zinc(II) (100 mg, MW = 796.18, 0.126 

mmol) was dissolved in a 2:1 THF/methanol mixture (50 mL). A 40% KOH solution (w/v) (6 mL) was added 

and the mixture warmed at 40°C for an hour under magnetic stirring. At reaction completion, the mixture 

was acidified to pH 3 with conc. HCl and extracted with chloroform (25 mL x 3) after addition of water (40 

mL). The combined organic fractions were washed with water (20 mL x 3), dried over anhydrous Na2SO4, 
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and filtered. The solvent was removed in vacuo yielding the product as purple solid (53 mg). RF = 0.47 

(SiO2, CHCl3/EtOH 95:5). Yield 55%. 

1
H-NMR (500 MHz, δ-CD3OD): 8.20 (d, J= 7.8 Hz, 4H, H3,5-Ph), 8.31 (d, J=5.5 Hz, 4H, H2,6-Py), 8.37 (d, J= 

7.9 Hz, 4H, H2,6-Ph ), 8.85 (d, J= 4.6 Hz, 4H, βH), 8.93 (two partially overlapping doublets, 8H, H3,5-Py+ 

βH), 12.3 (bs, COOH). ESI-MS (m/z): 765.2 [M-H
+
]. Pf > 300°C 

5.2.4 Synthesis of molecular squares 

[Re(CO)3Br(DPyDPhP)]4 (3) 
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5,15-Bis(phenyl)-10,20-bis(pyridyl)porphyrin (100 mg, MW = 616.71, 0.162 mmol) and Re(CO)5Br (66 

mg, MW = 406.163, 0.162 mmol) were dissolved in 80 mL of freshly distilled 4:1 tetrahydrofuran:toluene 

as solvent and heated at reflux for 48 h under Ar. After cooling, 50 mL of hexane was added to promote 

product precipitation. The purple product was centrifuged and then re-precipitated using chloroform and 

ethyl ether to give 136 mg of solid. RF : 0.83 (SiO2, CH3Cl/EtOH, 98:2). Yield 87%. 

1
H-NMR (500 MHz, δ-CDCl3): -2.89 (s, NH) 7.61 (m, Ph), 8.05 (m, Ph), 8.32 (d, J= 5.6 Hz, H2,6-Py ); 8.80-

8.85 (d+d, J=4.6 Hz, βH), 9.52 (d, J= 6.1 Hz, 16H, H3,5-Py). UV-Vis spectrum (lmax (nm), relative 

intensity(%)) in CH2Cl2: 422.0 (100), 515.4 (6.1), 553.2 (3.7), 590.6 (2.1), 650 (2.1). IR (KI pellets): ν� = 2027-

1922-1892 (m, ν�CO fac) 1597-1475-1407 (m, ν�C-C, Ar), 728-735 (m, ν�C-H Ar). 
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[Re(CO)3Br(DPyDPhCOOMeP)]4 (6) 
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5,15-Bis[4-carboxymethylphenyl]-10,20-bis[pyridyl]-porphyrin (220 mg, MW = 732.78, 0.300 mmol) 

and Re(CO)5Br (122 mg, MW = 406.163, 0.300 mmol) of were dissolved in 250 mL of freshly distilled 4:1 

tetrahydrofuran:toluene as solvent and heated to reflux for 48 h under Ar. After cooling, 100 mL of 

hexane was added to promote product precipitation. The purple product was centrifuged and then re-

precipitated using chloroform and ethyl ether; then it was purified by size exclusion chromatography 

(SEC) (stationary phase: Sephadex
TM

 LH-20, mobile phase: freshly distilled THF) to give 146 mg of solid. RF : 

0.85 (SiO2, CH3Cl/EtOH, 98:2).Yield 45%.  

1
H-NMR (500 MHz, δ-DMSO-d6): -3.02 (s, 8H, NH), 3.85 (s, 24H, CH3), 7.96 (d, J= 7.6 Hz, 16H, H2,6-Ph ), 

8.02 (d, J=7.5 Hz, 16H, H3,5-Ph), 8.57 (d, J= 4.3 Hz, 16H, H2,6-Py ), 8.65 (d, J=4.4 Hz, 16H, βH), 9.05 (d, 

J=4.4 Hz, 16H, βH), 9.45 (d, J= 5.0 Hz, 16H, H3,5-Py). UV-Vis spectrum (lmax (nm), relative intensity(%)) in 

CH2Cl2: 423.8 (100), 516.2 (6.8), 552.4 (3.8), 591.4(2.5), 649.4 (1.8). IR (KI pellets): �� = 2956-2955 (m, ��C-H), 

2029-1922-1892 (s,	ν�C=O fac ), 1726 (s,ν�C=O), 1610 (s, ��C-C, C-N), 1282 (s, ν�C-O-C), 800 (s, ν�C-H Ar). Pf>300°C. 
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[Re(CO)3Br(Zn·DPyDPh)]4 (4) 
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[Re(CO)3Br(DPyDPhP)]4 3 (72 mg, MW = 3867.41, 1.9x10
-5

 mol) was dissolved in chloroform (70 mL) 

and a solution of zinc acetate dihydrate (19 mg, MW = 219.5, 8.7x10
-5

 mol) in methanol (less than 2 mL) 

was added. The mixture was stirred in the dark overnight The solvent was removed under reduced 

pressure and the purple solid was washed with methanol and filtrated to give 56 mg of purple product. RF 

: 0.72 (SiO2, CH3Cl/EtOH, 98:2). Yield 72%.  

1
H-NMR (500 MHz, δ-CDCl3): 7.61 (m, 24H, H3,4,5-Ph), 8.08 (m, 16H, H2,6-Ph ), 8.34 (m, 16H, H2,6-Py), 

8.92 (m, 16H, βH), 8.96 (m, 16H, βH), 9.49 (m, 16H, H3,5-Py). UV-Vis spectrum (lmax (nm), relative 

intensity(%)) in CH2Cl2: 427.8 (100), 557.6 (3.1), 607.8 (1.0). IR (KI pellets): ν� = 2027.5-1922-1890 (s,	ν�C=O 

fac) , 1611 (s, ν�C-C, C-N), 796.5 (s, ν�C-H Ar).  
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[Re(CO)3Br(Zn·DPyDPhCOOMe)]4 (8) 
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[5,15-Bis(4-carboxymethylphenyl)-10,20-bis(pyridyl)porphinato]zinc(II) 103 mg (MW = 796.18, 0.129 

mmol) and 53 mg (MW = 406.163, 0.13 mmol) of Re(CO)5Br were dissolved in 100 mL of freshly distilled 

4:1 tetrahydrofuran:toluene as solvent and heated at reflux for 48 h under Ar. After cooling, 100 mL of 

hexane was added to promote product precipitation. The product was centrifuged and then re-

precipitated using chloroform and ethyl ether; then it was purified by size exclusion chromatography 

(SEC) (stationary phase: Sephadex
TM

 LH-20, mobile phase: freshly distilled THF) to give 140 mg of purple 

solid. RF: 0.80 (SiO2, CH3Cl/EtOH, 98:2). Quantitative yield. 

1
H-NMR (500 MHz, δ-CDCl3+CD3OD): 3.7 (s, 24H, CH3), 8.02 (d, J= 7.7 Hz, 16H, H2,6-Ph ), 8.10 (d, J=7.7 Hz, 

16H, H3,5-Ph), 8.22 (d, J= 5.5 Hz, 16H, H2,6-Py ), 8.71 (d, J= 4.4 Hz, 16H, βH), 8.76 (d, J= 4.4 Hz, 16H, βH), 

9.37 (d, J= 5.5 Hz, 16H, H3,5-Py). UV-Vis spectrum (lmax (nm), relative intensity(%)) in CH2Cl2: 430.8 (100), 

553.23 (2.5), 604.8 (1.8). IR (KI pellets): �� = 2954 (m, ν�C-H), 2029-1923-1892 (s,	ν�C=O fac ), 1726 (s,ν�C=O), 1610 

(s, ν�C-C, C-N), 1283 (s, ν�C-O-C), 801 (s, ν�C-H Ar). 
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[Re(CO)3Br(Zn·DPyDArOPr)]4 (32) 
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5,15-Bis[4-cyano-3,5-dipropoxy phenyl]-10,20-bis[pyridyl]-porphyrin (260 mg, MW = 899.05, 0.289 

mmol) and Re(CO)5Br (117 mg, MW = 406.163, 0.289 mmol) were dissolved in 220 mL of freshly distilled 

4:1 tetrahydrofuran:toluene as solvent and heated at reflux for 48 h under Ar. After cooling, 200 mL of 

hexane was added to promote product precipitation. The product was centrifuged and then re-

precipitated using chloroform and ethyl ether; purification by size exclusion chromatography (SEC) 

(stationary phase: Sephadex
TM

 LH-20, mobile phase: freshly distilled THF ) to gave 345 mg of purple solid. 

RF : 0.86 (SiO2, CH3Cl/EtOH, 98:2). Quantitative yield. 

1
H-NMR (500 MHz, δ-dmso-d6): -2.94 (s, 8H, NH), 1.02 (m, OCH2CH2CH3), 1.83 (m, OCH2CH2CH3), 4.22 (m, 

OCH2CH2CH3), 7.67 (m, 16H, Ar), 8.22 (m, 8H, H3,5-Py ), 8.46 (m, 8H, H3,5-Py ), 8.88 (m, 8H, βH), 8.93 (m, 

8H, βH), 9.06-9.10 (m, 24H, βH+H2,6-Py), 9.35 (m, 8H, H2,6-Py). UV-Vis spectrum (lmax (nm), relative 

intensity(%)) in CH2Cl2: 422.5 (100), 514.5 (7.4), 550.0 (3.7), 586.5 (3.7), 643.5 (1.8). IR (KI pellets): �� = 

2990-2855 (m, ��C-H), 2029-1930-1916 (s,	ν�C=O fac ), 2249 (s,ν�CN), 1615 (s, ν�N-H), 1565 (s, ν�C-C Ar), 1475 (s, ν�CN), 

1237 (s, ν�C-O-C), 805, 783 (s, ν�C-H Ar). 
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[Re(CO)3Br(Zn·DPyDArOEs)]4 (39) 
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5,15-Bis[4-cyano-3,5-diexyloxy phenyl]-10,20-bis[pyridyl]-porphyrin 200 mg (MW = 1067.37, 0.187 

mmol) and 76 mg (MW = 406.163, 0.187 mmol) of Re(CO)5Br were dissolved in 200 mL of freshly distilled 

4:1 tetrahydrofuran:toluene as solvent and heated at reflux for 48 h under Ar. After cooling, 200 mL of 

hexane was added to promote product precipitation. The product was centrifuged and then re-

precipitated using chloroform and ethyl ether; then purification by size exclusion chromatography (SEC) 

(stationary phase: Sephadex
TM

 LH-20, mobile phase: freshly distilled THF ) gave 670 mg of purple solid. RF: 

0.88 (SiO2, CH3Cl/EtOH, 98:2). Yield: 75%. 

UV-Vis spectrum (lmax (nm), relative intensity(%)) in CH2Cl2: 424 (100), 511 (5.3), 552.5 (4.7), 591.0 (2.0), 

646.0 (1.0). IR (KI pellets): ν� = 2959-2955-2872 (m, ν�C-H), 2029-1929-1908 (s,	ν�C=O fac ), 2229 (s,ν�CN), 1623 (s, 

ν�N-H), 1602 (s, ν�C-C Ar), 1429 (s, ν�CN), 1130 (s, ν�C-O-C), 806, 783 (s, ν�C-H Ar). 
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[Re(CO)3Br(DPyDPhCOOH)]4 (10) 
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Compound 6 (70 mg, MW = 4331.70, 1.6x10
-5

 mol) was dissolved in a 2:1 THF/methanol mixture (60 

mL). A 40% KOH solution (w/v) (3 mL) was added and the mixture stirred at room temperature overnight. 

At reaction completion, the mixture was acidified to pH 3 with conc. HCl and extracted with chloroform 

(25 mL x 3) after addition of water (40 mL). The combined organic fractions were washed with water (20 

mL x 3), dried over anhydrous Na2SO4, and filtered. The solvent was removed in vacuo yielding the 

product as purple solid (32 mg). RF: 0.12 (SiO2, CH2Cl2/MeOH, 9:1).Yield 47%. 

1
H-NMR (400 MHz, δ-CD3OD): 8.01 (m, H2,6-Ph), 8.17 (m, H3,5-Ph), 8.26 (m, H2,6-Py), 8.75 (m, βH), 8.83 

(m, βH), 9.55 (m, H3,5-Py), 10.8 (bs, COOH). 
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[Re(CO)3Br(Zn·DPyDPhCOOH)]4 (11) 
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Compound 8 (87 mg, MW = 4585.28, 1.9x10
-5

 mol) was dissolved in a 2:1 THF/methanol mixture (30 

mL). An aqueous solution of NaOH 8M (6 mL) was added and the mixture stirred at room temperature 

overnight. At reaction completion, the mixture was acidified to pH 3 with conc. HCl and extracted with 

chloroform (25 mL x 3) after addition of water (40 mL). The combined organic fractions were washed with 

water (20 mL x 3), dried over anhydrous Na2SO4, and filtered. The solvent was removed in vacuo yielding 

the product as purple solid (39 mg). RF : 0.10 (SiO2, CH2Cl2/MeOH, 9:1). Yield 46%. 

1
H-NMR (400 MHz, δ-CD3OD): 8.01 (m, H2,6-Ph), 8.18 (m, H3,5-Ph), 8.28 (m, H2,6-Py), 8.79 (m, βH), 8.86 

(m, βH), 9.60 (m, H3,5-Py), 10.9 (bs, COOH). 

 

5.3 Ionophoric activity 

5.3.1 General procedures 

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), calcein and 8-

hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) were from Sigma; Triton
®
 X-100 and HEPES (4-

(2-hydroxyethyl)1-piperizine ethanesulfonic acid) were from Fluka; all salts were of the best grade 

available from Aldrich and were used without further purification. 
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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 

Nucleopore 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 methanol. Control experiments showed that 

the amount of dmso/methanol added to the vesicular suspension in the different experiments (maximum 

amount 1.00% in volume) did not affect membrane permeability. 

5.3.2 Proton permeation assay 

HPTS assay 

The LUV suspension was prepared as previously described except for the addition of the ionophore, 

using a mixture of 150 μL of EYPC chloroform solution (100 mg/mL, 20 μmol) and 40 μL of EYPG 

chloroform solution (20 mg/mL, 1.0 μmol). The lipid cake was hydrated in 1.5 mL of 0.1 mM HPTS solution 

(HEPES 25 mM, 100 mM NaCl, pH 7). The LUV suspension was separated from extravesicular dye by size 

exclusion chromatography (SEC) (stationary phase: pre-packed column SephadexTM G-25, mobile phase: 

HEPES buffer) and diluted with the same HEPES buffer to give a stock solution with a lipid concentration 

of 5 mM (assuming 100% of lipid was incorporated into liposomes). 104 μL of lipid suspension was placed 

in a fluorimetric cell, diluted to 3040 μL with the same buffer solution used for the liposome preparation 

and kept under gentle stirring. The total lipid concentration in the fluorimetric cell was 0.17 mM. An 

aliquot of the solution of the ionophore (10-30 μL of the appropriate mother solution in order to obtain 

the desired molcompound/ mollipide ratio) was then added to the lipid suspension and the cell was incubated 

at 25°C for 30 minutes. After incubation the time course of fluorescence was recorded for 200 s 

(λex1=460nm, λex2= 403nm, λem= 510 nm) and then 50 μL 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 detergent (40 μL of 5% aqueous Triton
®
 X-100). The 

data consists of emission intensity 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 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 dye is excited at 

403 nm (E403). We defined a normalized extent of transport (N) defined below, where the subscript 0, ∞ 
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