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General introduction 

 

Supramolecular chemistry 

 

Supramolecular chemistry can be defined as “the chemistry beyond the molecule”. [1] This 

discipline focuses on “The study of organized entities of higher complexity that result from the 

association of two or more species held together by intermolecular forces”. There are four 

main types of established non-covalent bonds, namely the hydrogen bond,[2] ionic 

interactions,[3] van der Waals interactions[4] and hydrophobic bonds.[5]  

Nature offers amazing example of how non-covalent and highly specific molecular interactions 

are involved in the successful execution of vital processes, i.e. the crucial rule of the hydrogen 

bonding between adjacent complementary residuals in the association of the two 

polynucleotidic strands of DNA. Taking inspiration from Nature, supramolecular chemistry 

includes not only molecular recognition processes and catalysis,[6] but is actively exploring 

systems undergoing self-organization[7] and continuous change in constitution by 

reorganization and exchange in building blocks[8] (Constitutional Dynamic Chemistry); also 

includes the development of functional devices such as molecular machines[9] and the 

development of nanoscience and nanotechnology.[10] 
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Molecular recognition 

 

Nature is the major source of inspiration for supramolecular chemists. Enzyme‐substrate 

complex for example is a preliminary step in enzymatic catalysis and highly specific non-

covalent molecular interactions are formed.[11] When the enzyme binds the substrate it exploits 

only weak interactions so that complexation is reversible and the product can be easily 

removed.  

Moving from biological to artificial systems, since the pioneering work of Lehn,[12] Cram[13] 

and Pedersen[14] (Nobel Prize for Chemistry in 1987) on complexation of charged and neutral 

molecules, supramolecular chemists have devoted considerable effort to develop a great 

number of synthetic molecules that share with molecular enzymes the ability to recognize 

specific substrates by means of the same interactions involved in biochemical recognition (an 

example in Figure 1).[15]  

 

 

 

 

 

Figure 1. A designed non-peptidic receptor that mimics the phosphocholine (PC) binding site of the mcPC603 

antibody. This receptor binds dioctanoyl-L-α-phosphatidylcholine (DOPC) by making use of the same key 

interactions found in the crystal structure of the Fab domain of the McPC603 antibody complexed with PC.  [15c] 
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In supramolecular chemistry we deal with systems in which a molecule (receptor) endowed 

with a suitable recognition site (called host) is able to form a complex (supermolecule) with a 

substrate (called guest) (Figure 2). 

 

 

 

Figure 2. Schematic representation for the covalent and supramolecular chemistry. 

 

The receptor‐substrate interaction can be considered a recognition event that necessitate sterical 

and geometrical requirements between the two partners. To obtain this specificity in the 

recognition of a substrate a high degree of synthetic design is required for the receptor. 

One of the fundamental issues in supramolecular chemistry has always been the quantitative 

analysis of the intermolecular interactions of interest. The substrate (guest) is gradually added 

to the host while monitoring a physical property such as specific chemical resonance in the 

case of NMR spectroscopy or absorption band (UV) that is sensitive to the supramolecular 

interaction of interest. The resulting information is then compared and fitted to binding model 

to obtain information about the association constant Ka, (in a simple 1:1 equilibria Ka = 

[HG]/[H][G]) energetics ( ΔG, ΔH and ΔS) and stoichiometry (1:1, 1:2 etc.).  The more the 

binding constant is high the more the specificity in the recognition has been obtained. 

Moreover, through the analysis and interpretation of non-covalent bonding patterns in organic 

solids we can obtain, whenever possible, the evidence of the supramolecular interactions 

involved in the binding event. Indeed, crystals might be regarded as the top examples of 

supramolecular assemblies or supermolecules. Dunitz (widely known chemical 

crystallographer) referred to organic crystals as “supermolecule(s) par excellence”.[16] 
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Therefore, solid-state crystal structure analysis is an integral part and an added value in 

supramolecular chemistry.  

 

 Metal-salophen complexes 

 

Metal‐salophen complexes are an old[17] and popular class of compounds in supramolecular 

chemistry. They can be obtained from the condensation reaction of a salicylaldehyde and a o-

phenylenediamine in the presence of a metal salt (Scheme 1).[18]  

 

 

 

 

 

 

 

 

 

 

Scheme 1. General scheme for the synthesis of a metal‐salophen complex. 

 

The geometry of these complexes is largely defined by the metal center as highlighted in Figure 

3 which shows the molecular structure of several metal–salophen complexes. As examples, in 

the case of nickel(II),[19] copper(II)[20] and platinum(II),[21] the coordination geometry around 

the metal cation is square planar.  
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Figure 3. X-ray structures of a series of analogous metal salophens.[19, 20, 21] 

 

In contrast (see Figure 4), in case of zinc(II) salophen complexes[22] and more significantly in 

uranyl-salophen complexes,[23] the phenyl rings of the ligand are clearly not coplanar.  

 

 

 

Figure 4. X-ray structures of Zn/uranyl- salophens.[22,23] 

 

Zinc and uranyl-salophens are Lewis acids able to coordinate Lewis bases by accommodating 

them in the apical positions or in the equatorial ones.  

In the Zn-salophen complexes, the Zn atom is in a five coordinate square pyramidal geometry 

in which the ligand occupies the basal plane and the guest occupies the apical position. [18]  

Differently, uranyl-salophen complexes display a well defined preference for a pentagonal 

bipyramidal coordination geometry. In this arrangement, the donor atoms of the ligand occupy 
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four of the five equatorial coordination sites of the metal, while the two oxygen atoms of the 

uranyl ion occupy the apical positions. The fifth equatorial coordination site generally 

accommodates a solvent molecules with a donor group such as methanol or water, in absence 

of other guests.[18] From the structural point of view, these uranyl-complexes display a 

characteristic “bird-like” shape as in Figure 4, in which the ligand structure is particularly 

distorted from the classical planar conformation when any metal is coordinated.  

Uranyl-salophen compounds are efficient receptors for anions and suitable supramolecular 

systems to be studied both in solution and in the solid state for many supramolecular 

applications spreading from recognition to catalysis.[24] They can be used as good receptors 

because we can take advantage from the predictable directionality of coordinative interaction 

and from their well-defined structural preorganization. The introduction of additional groups, 

able to interact in a favourable manner with the guest, provides a second binding site that can 

help not only the affinity but also the selectivity of the process giving an additional 

supramolecular effect. In Figure 5 are showed a series of uranyl-salophen complexes. In such 

compounds, by keeping the same uranyl-sal(oph)en skeleton and introducing different 

additional groups, we can obtain efficient receptors for different guests. Compound A is a good 

receptor for phosphate anion through H-bond interaction.[25] Compound B was able to interact 

selectively with fluoride anion because of the short size of the macrocycle structure.[26] 

Compound C displays appended aromatic arms with a suitable spacer to interact selectively 

with contact ion pair in lipophilic solvents through cation-π interactions and Lewis acid-base 

interactions.[27] Since the lengths and electronic features of the pendant aromatic arms attached 

on the salophen skeleton are quite easy to tune, the introduction of pendant electron-deficient 

arene units allowed us to catch elusive anion-π interaction through the derivative similar to 

compound D.[28] Therefore, the supramolecular attitude of such derivatives is straightforward. 
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A                                        B                                C                                    D 

 

Figure 5. Series of uranyl-salophen complexes.[25, 26, 27, 28] 

 

As receptors, Zn(II)‐salophen complexes are able to bind tertiary amines.[29] and alkaloids.[30] 

The steric hindrance of the guests effects the binding. Only when the steric hindrance around 

the N atom is minimal, they estimated a binding constant higher than 106 M‐1 in chloroform 

solution.[29] Zinc-salophens have also a high affinity for oxygenated anions such as phosphates 

and acetates. Hence, Dalla Cort and co‐workers designed a receptors for inorganic phosphates 

and nucleotide anions. Better results were obtained with nucleotides showing the following 

binding order: ADP3- > ATP4- >AMP2-. The naphthalene moiety on the receptor structure 

serves as a second binding site through π‐π stacking interaction. [31a] Very interesting results 

were obtained by Dalla Cort and co‐workers by a water soluble zinc-salophen complex E 

(Figure 6) that was able to bind carboxylate anions in water with a binding constant greater 

than 106 M-1. In such work, an unexpected enantioselectivity was found towards α‐aminoacids 

in the case of phenylalanine.[31b]  

Moreover, metal–salphen complexes can be very good G-quadruplex DNA binders and are 

used for biomedical applications.[32] In particoular compound F in Figure 7, presents biological 

properties and its biological activity has been analyzed. In vitro studies show that there is a 

strong interaction with free plasmid DNA and cellular uptake and cytotoxicity studies show 

that they enter the cells but are not cytotoxic.[33] 
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Figure 6. Structure of compound E.[31b] 

 

 

 

Figure 7. Structure of compound F.[33] 
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Chapter 1. Halides recognition 

 

1.1 Anion-π interactions 

 

Anions play a crucial rule in biological and chemical systems. A large number of enzymes and 

enzymatic cofactors are negatively charged [1] and diseases such as cystic fibrosis are caused 

by a malfunction of anion channels.[2] This shows the high relevance in designing anion 

receptors to understand the biological processes and to design systems for environmental 

monitoring.[3]  

Common anion receptors are based on electrostatics attractions, hydrogen bond or hydrophobic 

effects.[4]  The design of anion receptors is particularly challenging:  

 Anions are larger than isoelectronic cations (Table 1.1) [5] and therefore have a lower charge 

to radius ratio. Thus, electrostatic binding interactions are less effective than the smaller 

cation. 

Cation r[Å] Anion r[Å] 

Na+ 1.16 F- 1.19 

K+ 1.52 Cl- 1.67 

Rb+ 1.66 Br- 1.82 

Cs+ 1.81 I- 2.06 

 

Table 1.1. A comparison of the radii r of isoelectronic cations and anions in octahedral environments. 

 

 Anions may be sensitive to pH 

 Anionic species have a wide range of geometries (Figure 1.1) and therefore a higher degree 

of design may be required to make receptors complementary to their anionic guest. 
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Figure 1.1. The structural variety of anions. 

 

 Solvent effects also play a crucial role in controlling anion binding strength and 

selectivity. A potential anion receptor must therefore effectively compete with the 

solvent environment in which the anion recognition event takes place. 

 

In recent year, a new type of non-covalent interaction is attracting considerable attention in the 

field of anion recognition, namely the anion-π interaction.[6] Such interaction appears to be an 

appealing non-covalent tool with interesting applications for the design of highly selective 

anion receptors,[7] channels,[8] in catalysis[9] and its relevance in biological systems is 

increasingly considered.[10] 

The cation-π interaction, a peculiar type of van der Waals interactions dominated by 

electrostatic and polarization effects, is a peculiar supramolecular bond extensively studied by 

the chemistry community and the importance of which in biology, chemistry and materials 

science is fully demonstrated.[11]  
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Anion-π interaction, i.e. the interaction of an anion with the positive electrostatic potential on 

the ring edge of an electron-deficient aromatic group, can be considered as the related inverse 

of cation-π interaction. 

Electrostatic forces and ion-induced polarization effects are the main contributors to the 

bonding energy of the anion–π contact. The electrostatic term is associated with the quadrupole 

moment, i.e. Qzz, of the aromatic host (Figure 1.2). The Qzz value for benzene is −8.45 B (B = 

Buckingham); therefore, benzene is able to interact with a positively charged entity, such as a 

cation (cation–π interaction). When the hydrogen atoms of benzene are replaced by electron-

withdrawing fluorine atoms, the Qzz value of the resulting hexafluorobenzene molecule 

amounts to +9.50 B; hence, hexafluorobenzene can favorably interact with anions. 

 

 

 

 

Figure 1.2. Schematic representation of the quadrupole moments of benzene (C6H6; Qzz = −8.45 B) and 

hexafluorobenzene (C6F6; Qzz =+9.50 B) [12] and (b) the ion-induced dipole (the molecular polarizabilities parallel 

to the main symmetry axis are α∥ = 41.5 and 37.7 a.u. (a.u. stands for atomic units), for benzene and 

hexafluorobenzene, respectively).[13] 
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Pentafluorophenyl derivatives are suitable receptors to investigate anion-π interactions due to 

the opposite charge distribution compared to corresponding phenyl derivatives; moreover, an 

advantage of these fluorinated compounds is that they are readily accessible from cheap 

precursor commercially available. Through these derivatives, anion-π interaction has been 

underscored in many crystal structures, in the gas phase and in solution.[14]   
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1.2 Catching Elusive Halide-π Interactions in Solution and in 

the Solid State using Differently Substituted Uranyl-Salophen 

Receptors. 

 

In the field of halide recognition, among the receptors that have been recently used there are 

the strongly Lewis acidic uranyl-salophen complexes. These receptors have the fifth equatorial 

binding site available for coordination with halides after the coordination of the UO2
2+ ion to 

the salophen ligand.[15] In absence of a guest they form stable complexes with solvent 

molecules endowed with donor groups  (Figure 1.3a) or form dimeric supramolecular 

assemblies [16] both in solution and in the solid state in which two receptor units assemble into 

dimers, as in Figure 1.3b).  

 

a)                           b)  

 

Figure 1.3. X-ray crystal structures of a) DMSO@uranyl-salophen complex. b) Dimeric structure of the 

perfluorophenyl substituted uranyl-salophen complex 1d (Scheme 1.1).[16]  

 

In solution, coordinative interactions of a Lewis-acidic receptor and an anion are very efficients 

because of their covalent but dynamic nature.[17] In presence of tetrabutylammonium halide 

salts (TBAX, X = F-, Cl-, Br-, I-), coordination of halides with the hard uranyl center supplies 

a major driving force for complexation.  
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The “free” complexes present a dark orange coloration indicative of a metal-to-ligand charge-

transfer LMCT excitations between uranyl and the double Schiff bases ligand environment.[18] 

Upon addition of a halide in organic solvents, the anion binds the hard Lewis acidic uranyl 

center giving rise to a strong absorption change in the UV/Vis spectrum since the binding 

process effects exactly where the absorption of chromophore occurs. Therefore, for the precise 

estimate of the binding constants values (Ka, M-1) towards halides, we relied on UV/Vis 

titration. An example of a typical UV/Vis spectral change and the relative fit plot of such 

receptors upon addition of tetrabutylammonium halide salts, is reported in Figure 1.4. All the 

titration curve of such compounds showed excellent fits for the theoretical binding isotherm 

following a 1:1 binding model. The strong 1:1 complexes are motivated also by the present of 

the two isosbestic points that indicate two state systems during the titration experiments.[19] 

 

 

 

Figure 1.4. UV-vis spectral changes of a 4.96×10-5 M solution of 1a (Scheme 1.1) CHCl3, 25°C upon addition of 

TBACl. The inset shows the spectral changes at 355 nm; points are experimental and the full line is the fitted 

curve relative to the formation of a 1:1 complex. 
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1.2.1 ortho-mono-substituted aromatic uranyl-salophen 

complexes and binding studies in chloroform 

 

We are aware of the directionality of the coordinative interaction and of the well-defined 

structural preorganization of these immobilized Lewis acids. The presence of additional groups 

such as electron-deficient aromatic pendants on the main skeleton of the salophen structure, 

beside the metal center, could increase the affinity and the selectivity of the recognition of 

halides through an additional supramolecular interaction, i.e., halide-π interaction. In the 

perfluoro derivative showed below, the distance between the electron-deficient 

perfluorophenyl pendant arm and the metal binding site is short enough to favor the interaction 

with the anion coordinated to the uranyl center. Fluorine is the most electronegative element, 

and it is known that, when present as a substituent in hexafluorobenzene, it induces a large 

positive quadrupole moment (Qzz(C6F6)=+9.50 B).[12] For this reason, electron-deficient 

fluorinated arenes are known to act as π-acceptors.[20] 

 

 

To elucidate the contribution of this quite elusive interaction, a series of uranyl-salophen 

complexes with one properly substituted aromatic pendant arm, Scheme 1.1, have been 

synthesized.  
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Scheme 1.1. Chemical formulae of uranyl-salophen receptors 1a-d. 

 

Herein, we report a systematic study of the binding of halides (TBAX, X = F-, Cl-, Br- I-) to the 

series of uranyl-salophen receptors 1a-d with subtle electronic variations on the receptor 

structure. These compounds are used as model systems to obtain quantitative data on the 

strength of halide-π interaction both in solution and in the solid state and to understand the 

effect of the aromatic substituents on the halide binding. The data here reported represent the 

first example of the occurrence of anion-π interactions in systems in which the main driving 

force for recognition is controlled by Lewis acid-base interactions instead of hydrogen bonding.  

As Showed in Scheme 1.2, we synthesized the properly functionalized salicylaldehyde 

derivatives by a palladium-catalyzed cross-coupling reaction[21] (Suzuki coupling) of 

penta/(3,5-di)fluorophenyl boronic acid and 2-bromoanisole or 3,5-dimethoxyphenylboronic 

acid and 1-benzyloxy-2-iodobenzene, followed by the deprotection of the phenolic groups and 

ortho-formylation. The obtained aldehyde derivatives were then reacted with the monoimine 

prepared from o-phenylenediamine and salicylaldehyde in the presence of uranyl acetate. For 

the uranyl-salophen complex 1a, the ortho-formylation of 1,1’-biphenyl-2-ol leads to the 

corresponding salicylaldehyde, which was reacted with the monoimine.[22]  
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Scheme 1.2. Synthesis of the ortho-substituted aromatic aldehydes D, G and J. Yields: A 100%; B 89%; C 70%; 

D 72%; E 47%; F 57%; G 48%; H 37%; I 87%; J 50 %. 
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Scheme 1.3. Synthesis of the ortho-mono-substituted aromatic uranyl-salophen complexes. Yields: 1a 40%; 1b 

20%; 1c 48%; 1d 52%. 

 

Binding constants for the 1:1 complexes of TBAX (X = F-, Cl-, Br-, I-) with the uranyl–salophen 

complexes 1a-d were obtained in CHCl3 at 25°C, from UV/Vis titrations. Binding constants 

Ka [M
-1] are listed in Table 1.2. To evaluate the binding constant with iodine we had to 

undertake 1H-NMR titrations. 
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Table 1.2. Association constant values, Ka (M
-1), for the complexation of TBAX (X = F-, Cl-, 

Br-, I-) with receptors 1a-d obtained by UV-vis titrations in CHCl3 at 298 K. (Concentration of 

the hosts of 10-5 M and successive addition of TBAX) 

   

 

a Obtained by H NMR titrations in CDCl3. 

 

Inspection of the results shows that the binding order of the complexes with the TBA salts, 

namely, F-> Cl-> Br-> I-, is in good agreement with the hard Lewis acidic character of the 

uranyl center. The strong affinity of the TBA fluoride salt is dominated by the interaction of 

the hard fluoride anion with the metal center. Such binding is so high for all the receptors 

(Ka>106) that it prevents the observation of any difference, if present, caused by the nature of 

the substituents on the aromatic appended arm. Instead, lower binding affinities in the case of 

chloride allow for interesting considerations: the highest stabilization of the host@chloride 

complex was found with receptor 1d, decorated with a perfluorophenyl unit. The measured 

binding affinities towards chloride shown by the other receptors either displaying two methoxy 

groups, 1b, or no substituents, 1a, or two fluorine atoms, 1c, are definitely lower. They behave 

quite similarly, although 1a is slightly more efficient for chloride binding than 1b. 1c is the 

second best receptor in the series with slightly further stabilization with respect to 1a because 

of the two strong electronegative fluorine atoms.  

The choice to synthesize the receptor 1c with substitution of hydrogen atoms (with respect of 

1a) by fluorine in 3’, 5’ positions on the biphenyl units, was inspired by the work of Giese and 

X- 1a 1b 1c 1d 

F- >106 >106 >106 >106 

Cl- 24000 ± 200 11000 ± 1200 51000 ± 3400 140000 ± 10000 

Br- 650 ± 65 100 ± 5 466 ± 9 2090 ± 15 

I- <20a <20a <20a <20a 
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coworkers,[23] in which it is reported that, upon subsequent substitution of fluorine with 

hydrogen atoms, the more electron rich units do not allow anion-π contacts and the interaction 

becomes repulsive in the solid state. From our investigation seems that, also in this case, with 

receptors 1c bearing a difluorophenyl moiety, no substantial anion-π interaction takes place 

and almost no significant increase of binding affinities with respect to receptor 1a, taken as 

reference. Thus, the straightforward further stabilization through anion–π interactions takes 

place only with receptor 1d, which displays a π-acceptor character that enhances halide binding 

in solution.[24]  

The same behavior is observed with bromide, whereas the association with iodine is too weak 

to be measured.  

We can claim from our results that the directionality of the complexation, in which the halide 

is hosted in the fifth equatorial site of the uranyl, provides a suitable geometrical orientation to 

establish intramolecular contacts with the π-cloud of the pendant arm.  

The potential electronic effect of the substituents on the Lewis acidity of the uranyl center can 

be easily ruled out because a direct interaction between the sidearm and the uranyl center is 

prevented by the marked curvature imposed to the coordinated salophen ligand by the large 

atomic radius of uranium. This is clearly highlighted by the solid state crystal structures and 

also easily reproduced by molecular mechanics calculations.[25]  

Slight variations in the resonances of the TBA salt during titrations seem to indicate that the 

uranyl complexes do not behave as ditopic receptor as in Figure 1.6. Of course in chloroform 

the resultant complex is tightly ion-paired,[26] but the aromatic pendant arm affects exclusively 

the anion in the contact ion pair, Figure 1.5. 

 

 

 



Chapter 1 

 

24 
 

 

 

Figure 1.5. Schematic representation of the tightly ion-paired complexes in chloroform solution. 

 

 

(i) 

(ii) 

(iii) 

(iv) 

(v) 
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Figure 1.6. Portions of the 1H NMR (0-4 and 6-10 ppm) spectra (400 MHz, 25°C in CDCl3): (i) 1d, C = 7.97x      

10-3M; (ii) after addition of 0.5 mol equiv. of TBACl; (iii) after addition of 1.2 mol equiv. of TBACl, (iv) after 

addition of 3.0 mol equiv. of TBACl, (v) after addition of 8.0 mol equiv. of TBACl. The system is under slow 

exchange condition.[27] 

 

The choice of 1a bearing a simple unsubstituted phenyl as control receptor is motivated by the 

negligible interaction between halides and benzene even if is intuitively expected to be 

repulsive: its unfavorable quadrupole moment (Qzz = -8.45 B) and favorable polarizability 

cancels each other ( α∥ = 41.5 a.u.; the molecular polarizabilities parallel to the main symmetry 

axis are α∥ = 41.5 and 37.7 a.u. (a.u. stands for atomic units), for benzene and 

hexafluorobenzene, respectively). Indeed, the interaction energy of the benzene–chloride pair 

is negligible.[28] The same phenomenon is observed for the interaction of hexafluorobenzene 

(Qzz = +9.50 B and α∥ = 37.7 a.u.) with sodium.[28] 

To quantify the contribution in solution of the anion–π interaction for these systems, we 

calculated ΔΔG values, where ΔΔG=ΔGX-@Host – ΔGX-@1a,[29] with respect to the control 

receptor 1a, in which the appended phenyl ring does not have any substituent. The free energies 

relative to anion binding are obviously the sum of two different types of intermolecular 

interactions: Lewis acid–base interaction with the metal center and anion–π interaction with 

the pendant aromatic wall that are treated as addictive. We estimated for receptor 1d an 

(i) 

(ii) 

(iii) 

(iv) 

(v) 
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attractive free energy of -1.0 kcal mol-1 for chloride binding and -0.7 kcal  mol-1 for bromide, 

whereas for receptor 1b, a repulsive free energy of 0.5 kcal mol-1 for chloride and 1.1 kcal   

mol-1 for bromide was calculated. Finally, we estimated for receptor 1c an attractive free energy 

of -0.4 kcal mol-1 for chloride binding and a negligible repulsive 0.2 kcal mol-1 for bromide. 

All the values are reported in Table 1.3. The observed trend is in agreement with the existence 

of a weak non-covalent stabilizing interaction for the perfluorinated derivative, whose 

magnitude is in accordance with the values reported by Ballester and co-workers[30] for a series 

of “two-wall” calix[4]pyrrole receptors bearing two sixmembered electronically different 

aromatic rings. 

 

Table 1.3. Differences of Free Binding Energies ( ΔΔG, kcal mol-1 ) for the complexation of 

TBAX (Cl- and Br-) with receptors 1b-d with respect to receptor 1a, taken as reference, i.e.  

ΔΔG = ΔGX-@1b – ΔGX-@1a etc, in chloroform solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

X- 1b 1c 1d 

    

Cl- 0.5 -0.4 -1.0 

Br- 1.1 0.2 -0.7 
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1.2.2 ortho-di-substituted aromatic uranyl-salophen 

complexes and binding studies in chloroform and acetonitrile. 

 

As for receptors 1a-d, we synthesized and investigated the association constant (Ka, M
-1) values 

for the 1:1 complexes of TBAX (X- = F-, Cl-, Br-, I-) with the symmetrical disubstituted uranyl-

salophen complexes 2a-d in CHCl3 solution at 25°C, from UV/Vis titration. The synthesis of 

such compounds was quite simple: 2 equiv. of the properly functionalized salicylaldehyde 

derivatives were reacted with the o-phenylenediamine in the presence of uranyl acetate to give 

the disubstituted compound 2a-d without any chromatographic treatment. See Scheme 1.4. 
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Scheme 1.4. Synthesis of the ortho-di-substituted aromatic uranyl-salophen complexes and the X-ray crystal 

structures of the free complexes that highlight the spatial conformation of such receptors.   
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The thermodynamic data for TBAX (Cl- and Br-) are summarized in Table 1.4. 

 

Table 1.4. Association constant values, Ka (M
-1), for the complexation of TBAX (Cl- and Br-) 

with receptors 2a-d obtained by UV-vis titrations in CHCl3 at 298 K. (Concentration of the 

hosts of 10-5 M and successive addition of TBAX) 

 

 

 

 

 

 

 

 

 

 

a No change in absorption during titration experiments.  

 

In such a lipophilic solvent, the tetrabutylammonium salts are highly ion-paired and the 

resultant complexes are formed by trimolecular neutral ion-paired complexes upon titration 

with the receptors; as shown in the schematic representation (a) and (b), Figure 1.7.  

In the “two wall” uranyl-salophen receptors 2a-d, the increased steric bulkiness, with respect 

to the mono substituted receptors 1a-d, effects the binding of TBAX salts, especially in the 

presence of bulky substituents, as in the case of the four methoxy groups 2b (see Scheme 1.4). 

In accordance with this, we can appreciate the steric hindrance during the binding process that 

leads to a marked decrease of the binding affinities because of the rule played by the big 

coutercation (TBA+). 

 

 

X- 2a 2b 2c 2d 

     

Cl- 2200 ± 100 160 ± 2 15600 ± 1300 56000 ± 1600 

Br- 48 ± 1 a 540± 10 1400 ± 50 
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a) 

 

b) 

 

 

Figure 1.7. Schematic representation of trimolecular neutral ion-paired complexes of side-armed receptors 1a-d 

(a) and 2a-d (b). 

 

In particular, in chloroform solution, the large affinity of the investigated TBAF due to the 

strong interaction with the hard fluoride with the uranyl center, didn’t allow us to observe any 

difference, if present, toward all the different substituted receptors, due to strong binding (Ka 

> 106 M-1). However, for the worst binder 2b bearing four methoxy groups, it was possible to 

estimate the association constant toward fluoride (Ka = 93500 ± 6700 M-1).  The slight affinity 

showed by all receptors toward iodide (TBAI) did not permit to measure any binding constant. 

The binding affinities in the case of chloride and bromide lead to interesting considerations. 

We observed a clear enhancement of the halide binding with the highest stabilization, in the 

case of receptor 2d bearing two perfluorophenyl units. So, we can claim that the intramolecular 

contact with the π-cloud of the pendant arms in solution is taking place. This unambiguous 

proof of the occurrence of anion-π interactions in solution is one of rare evidences reported in 

the literature[31]. Definitely lower binding was observed for receptors 2a-c, bearing aromatic 

pendant units substituted with dimethoxy, difluoro or without substituents, toward TBACl and 

TBABr, with a marked steric effect for receptor 2b. With bromide, no change in absorption 
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spectra was observed during titration experiments and this can be ascribed to the bulkiness of 

TBA+ as well as to the bulkiness of the four methoxy groups that prevent the anion approaching 

the metal center.  

Differently from 1c with one difluorophenyl ring, receptor 2c with two difluorophenyl moiety 

seems to bind chloride and bromide better than the reference 2a (reference for the disubstituted 

compounds) (see Table 1.2 and 1.4). Probably the “two wall” uranyl-salophen 2c assumes in 

solution a spatial conformation that enhance the stability of the resultant complex through 

anion-π interaction differently with respect of 1c. 

Due to the role acted by TBA+ in chloroform, we changed the solvent and measured the binding 

constants (Ka, M
-1) in acetonitrile, CH3CN. In such a polar solvent, the free and complexed 

salts are in their ionic form[32] and an equation (eq.1) representative of the binding, can be 

formulated in dipolar aprotic solvents (s = CH3CN) for the interaction of all receptors studied 

and the halide anions (X- = F-, Cl-, Br-, I-). 

 

 

Receptor(s) + X
-

(s) ⇄ [Receptor@X]
-

(s)                                    (eq.1) 

 

 

The thermodynamic data for receptors 1a-d and 2a-d towards TBAX (Cl- and Br-) in CH3CN 

solution are summarized in Table 1.5 and 1.6. 
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Table 1.5. Association constant values, Ka (M
-1), for the complexation of TBAX (Cl- and Br-) 

with receptors 1a-d obtained by UV-vis titrations in CH3CN at 298 K. (Concentration of the 

hosts of 10-5 M and successive addition of TBAX) 

 

 

 

 

 

 

 

 

 

Table 1.6. Association constant values, Ka (M-1), for the complexation of TBAX (Cl- and Br-) 

with receptors 2a-d obtained by UV-vis titrations in CH3CN at 298 K. (Concentration of the 

hosts of 10-5 M and successive addition of TBAX) 

 

 

 

 

 

 

 

 

 

a Compound  2b is not soluble in CH3CN.  

 

X- 1a 1b 1c 1d 

     

Cl- 30700 ± 1200 11400 ± 1100 67500 ± 7700 >106 

Br- 220 ± 6 83 ± 1 310 ± 40 1700 ± 200 

     

X- 2a 2b 2c 2d 

     

Cl- 8800 ± 1100 a 120000 ± 20000 >106 

Br- 43 ± 1 a 540± 60 5900 ± 400 
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Again, we noticed the large affinity of TBAF with the uranyl center for all receptors. It didn’t 

allow us to observe any differences in binding constants, if present (Ka > 106 M-1). 

The different substituted receptors toward TBAI behave quite similarly to what observed in 

chloroform solution, i.e. we couldn’t observe any binding because of the soft Lewis base 

character of I-. Except for the best binder and π-acceptor 2d, bearing a pentafluorophenyl 

moiety, it was possible to measure the association constant toward Iodide (Ka = 42 ± 2 M-1).  

For receptor 2b, since it was not soluble in acetonitrile solution, no binding constants were 

measured. Again, we had a clear enhancement of the halide binding with the highest 

stabilization for the host@chloride/bromide complexes in case of 1d and for 

host@chloride/bromide/iodide complexes 2d bearing one or two perfluorophenyl units. 

Actually, we couldn’t estimate the binding constants of receptors 1d and 2d toward chloride 

too, because it is so high to be measured (Ka > 106 M-1). Lower binding was found for receptors 

1a-c and 2a-c.  

Surprisingly, despite the possibility of acetonitrile molecules to be hosted in the fifth vacant 

equatorial binding site of the uranyl[33] being in this way a competitor for the guest, we 

measured an enhancement of the halides binding for almost all receptors, especially for 1d and 

2b able to establish anion-π contacts with the halides. This quite strange behavior can be 

explained by thermodynamic considerations and by the schematic representation in Figure 1.8.  
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Figure 1.8. Schematic representation of the steps associated with the binding of halides by our receptors in 

acetonitrile solution. 

 

The energy paid to replace the acetonitrile molecules with the anions during the binding process 

is overcompensated by the desolvation effects that entail a gain in entropy and enhances the 

halide binding despite the presence of the coordinating solvent. Going deeper, during the 

binding process, the constrained acetonitrile molecules solvating the receptor and anion will be 

released in the bulk solution with a gain in entropy. The overall more negative ∆G can result if 

the entropically favorable desolvation of the binding partners overcompensates the desolvation 

enthalpy leading to an overall entropically driven host-guest complex formation.  

Nevertheless, by changing the solvent from a lipophilic to a polar one, the binding affinity trend 

is almost the same. This can be explained considering that the nature of solvent doesn’t affect 

the anion-π interaction per se. 

We calculated the free energies of binding for the complexes with TBAX (X- = Cl-, Br-) 

considering them as the sum of two different and independent types of supramolecular 

interactions, i.e. Lewis acid-base interaction and anion-π interaction. 

To estimate the contribution of a single anion-π interaction from the set of ΔG values calculated 

in chloroform and acetonitrile, we needed to compare these with the free energies of suitable 

control receptors, i.e. 1a for the monosubstituted ones and 2a for the two side arms receptors, 

bearing simple aromatic rings. The control receptors can help us to understand the electronic 

effects of the substituents on the binding. 



Chapter 1 

 

35 
 

Thus, to quantify the contribution in solution of the anion-π interaction in our systems, we 

calculated the ΔΔG values (ΔΔG = ΔGX
-
@Host – ΔGX

-
@1a; ΔΔG = [ΔGX

-
@Host – ΔGX

-
@2a]/2) with 

respect to the two control receptors (Table 1.7, 1.8 and 1.9).  

 

Table 1.7. Differences of Free Binding Energies (ΔΔG/2, kcal mol-1 ) for the complexation of 

TBAX (Cl- and Br-) with receptors 2b-d with respect to receptor 2a, taken as reference, i.e.  

ΔΔG/2 = [(ΔGX@2b - ΔGX@2a)/2] etc, in chloroform solution. 

 

 

 

 

 

 

 

 

Table 1.8. Differences of Free Binding Energies (ΔΔG, kcal mol-1) for the complexation of 

TBAX (Cl- and Br-) with receptors 1b-d with respect to receptor 1a, taken as reference, i.e.  

ΔΔG = ΔGX@1b - ΔGX@1a etc, in acetonitrile. 

 

 

 

 

 

 

 

 

X- 2b 2c 2d 

    

Cl- 0.8 -0.6 -1.0 

Br-  -0.7 -1.0 

    

X- 1b 1c 1d 

    

Cl- 0.6 -0.5  

Br- 0.6 -0.2 -1.2 
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Table 1.9. Differences of Free Binding Energies (ΔΔG/2, kcal mol-1) for the complexation of 

TBAX (Cl- and Br-) with receptors 2b-d with respect to receptor 2a, taken as reference, i.e.  

ΔΔG/2 = [(ΔGX@2b - ΔGX@2a)/2] etc, in acetonitrile. 

 

 

 

 

 

 

 

 

 

 

 

We estimated in chloroform solution, energy values from attractive free energies of -1.0 kcal 

mol-1 for receptor 2d@Cl-/Br-, to a repulsive free energy of 0.8 kcal mol-1 for the worst binder 

2b. Estimates of energy values for receptor 1b-d with respect to 1a are reported in Table 1.3. 

In acetonitrile solution we calculated energy values from an attractive free energy of -1.5 kcal 

mol-1 for the best binder 2d, to a repulsive free energy of 0.6 kcal mol-1 for 1b.  

In view of the above, we have shown that these systems can be used to quantify anion-π 

interactions in solution similarly to what done by Ballester and co-workers[29]where the main 

driving force for complexation is hydrogen bonding (their ΔΔG energies are in accordance with 

our work).  

 

 

 

X- 2b 2c 2d 

    

Cl-  -0.8  

Br-  -0.8 -1.5 
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1.2.3 Electrostatic potential (ESP)  

 

To have a full picture of this elusive interactions in solution by means of these anion receptors 

we calculated the ESP (electrostatic potential) values at the ring centroid of the respective 

aromatic rings. ESP values correlate very well with the ΔG (ΔG = -RTln (Ka)) values both in 

chloroform and acetonitrile. Correlation lines, ΔG vs ESP (CH3CN) and ΔG vs ESP (CHCl3) 

calculated at 2 Å from the ring centroid are reported in the Figures 1.91)-4) below.  

We claim that in general, halide-π contacts are dominated by electrostatic effects.  

The slope of the correlation lines for bromide and chloride are similar [34]  

The dot 2b in the plot number 4 (see the arrow in violet) is way off to the side of the general 

trend-line of the points; in particular, it is quite a little bit higher than the trend indicated by the 

rest of the plotted data points. A likely explanation is that the steric bulk, of the four methoxy 

groups in the symmetric receptor 2b, effects the binding of TBAX salts. This steric effect is 

strongly stability decreasing. 

 

 

ΔG Cl/Br@Host  (kcal mol-1)= - RTln (Ka) 

 

 

ESP (kcal mol-1) = -19.97(1a); -20.23(1b); -8.94(1c); 6.13(1d); -21.18(2a); -21.44(2b); -8.84 

(2c); 7.81(2d)  
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1) 

ΔG (CH3CN) vs ESP (at 2Å)  

 

   

 

 

2) 

ΔG (CH3CN) vs ESP (at 2Å) 
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3) 

ΔG (CHCl3) vs ESP (at 2Å)  

 

 

 4) 

ΔG (CHCl3) vs ESP (at 2Å)  

 

 

 Figures 1.91)-4). Plot of the experimental ΔG values derived from the binding of chloride (blue), bromide (red) vs 

the ESP values calculated at the centroid of the aromatic walls. 
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1.2.4 Solid state 

 

Crystals of the complexes [TBA][Cl-@1d] and [TBA][Br-@1d] were obtained by slow 

evaporation of CHCl3 and CHCl3:CCl4, 50:50 solutions, respectively. The crystal structures are 

isomorphous and crystallize in the monoclinic space group P21/c, Figure 1.10.  

 

 

 

 

 

 

Figure 1.10. X-Ray crystal structures of [TBA][Cl-@1d] (a) and (b) [TBA][Br-@1d] in (top) ball and stick and 

CPK (bottom) presentations. 
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The biphenyl unit formed by the salicylaldehyde and the pendant perfluoro arene ring displays 

a very similar twist angle, 63.3(8)° and 64.8(8)°, in the chloride complex and the bromide one, 

respectively. The wide twist angles we found can be ascribed to the presence in the equatorial 

coordination plane of the bound anion, close to the pentafluoro phenyl ring, with which it 

establishes stabilizing anion-π interactions. The Cring∙∙∙X (X = Cl- and Br-) distances range 

between 3.82 – 3.94 Å in [TBA][Cl-@1d] and 3.77 – 3.94 Å in [TBA][Br-@1d]. However, 

remarkably, the π(centroid)∙∙∙X, [X = Cl- and Br-] has the shortest distances of 3.63 and 3.60 

Å, respectively, indicating clear η6 anion-π interactions.[35] The normal U-Cl bond distances in 

similar uranyl salophen complexes varies between 2.713 – 2.760 Å, the same distance in 

[TBA][Cl-@1d] 2.843(2) Å is markedly longer (0.083 - 0.130 Å) and statistically significantly 

different. Thus the distance becomes longer to have the further stabilization with the 

perfluorophenyl unit. For the bigger Br- the distance in already good enough to interact with 

the centroid. On the other hand, there are no observed short contacts between the aromatic ring 

and TBA cations, like cation-π interactions. The X-ray structures provide additional proof that 

the perfluoro group, though having five highly electron-withdrawing fluorine substituents, does 

not influence the Lewis acidity of the uranyl center. The C-O and O-U bond distances are equal 

in [TBA][Cl-@1d] and [TBA][Br-@1d], and are close for example to the unsubstituted uranyl 

salophen@tetraethylammonium chloride (TEACl) complex,[36] in Figure 1.11: 

 

 

Figure 1.11. Comparison of C-O and O-U bond distances in [TBA][Cl-@1d] (left), and in UO2-

Salophen@TEACl (CCDC code LADCUO).[36b)] The TBA cations are omitted for clarity. 
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In addition due to the η6 (η = apticity) anion-π interactions, the perfluorobenzene group is 

“leaning” towards the uranyl bound halide, manifesting reduced biphenylic C20-C19-C21 

bond angle. In [TBA][Cl-@1d] and [TBA][Br-@1d] the angle is 117.1° and 115.1°, markedly 

smaller than the typical 120° trigonal planar systems. 

In addition, we obtained X-ray crystal structures of the symmetrical disubstituted uranyl-

salophen complexes 2a-d with TBAX, X = F-, Cl-, Br- I-. These structures provide an unbiased 

view for the existence of anion-π interactions also in these systems and support the data and 

considerations obtained in solution state.  

X-ray crystal structure, apticity, crystallization conditions, twist angles, space groups and 

solvents, are reported in the Figure 1.12-20 below.  

In particular, crystal structures in which our uranyl-salophen receptors are coordinated with 

TBAI in the solid state, as far as we know, are never been obtained before and are important 

structures because they prove the existence of a the further stabilization (iodide-π interactions) 

besides the main, but anyway weak in case of iodide, driving force for complexation (Lewis 

acid-base interactions) that stabilize the iodide. In fact, ion-induced polarization effects in the 

case of iodide are very important because I- possess a high polarizability and the binding of 

iodide is enhanced because of iodide-π interaction despite the low Lewis-base character of such 

anion.  
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[2c@F-] 

 

 

 

 

 

Figure 1.12. Symmetric salophen difluoro in (a) Ball&Stick and (b) model CPK. The dotted lines show anion-π 

interactions and twisting angles. The cation tetrabutylammonium (TBA) and the solvent Acetone-CH2Cl2 was 

omitted for clarity. 

Monoclinic, P21/c space group. 

 

[2c@Cl-] 

 

 

 

 

Figure 1.13. Symmetric salophen difluoro in (a) Ball&Stick and (b) model CPK. The dotted lines show anion-π 

interactions and twisting angles. The cation dimetylammonium (DMA) and the solvent CH2Cl2 was omitted for 

clarity. 

Triclinic, P¯1 space group. 
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[2c@Br-] 

 

 

 

 

 

Figure 1.14. Symmetric salophen difluoro in (a) Ball&Stick and (b) model CPK. The dotted lines show anion-π 

interactions and twisting angles. The cation tetrabutylammonium (TBA) and the solvent CH2Cl2 were omitted 

for clarity. 

Monoclinic, P21/c space group. Crystal structure is isomorphous with the next structure [2c@I-] 

 

[2c@I-] 

 

 

 

 

Figure 1.15. Symmetric salophen difluoro in (a) Ball&Stick and (b) model CPK. The dotted lines show anion-π 

interactions and twisting angles. The cation tetrabutylammonium (TBA) and the solvent CHCl3:CCl4 were omitted 

for clarity. Monoclinic, P21/c space group. 
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[2d@F-] 

 

 

 

 

 

Figure 1.16. Symmetric salophen perfluoro in (a) Ball&Stick and (b) model CPK. The dotted lines show anion-π 

interactions and twisting angles. The cation tetrabutylammonium (TBA) and the solvent CHCl3:CCl4 were omitted 

for clarity. 

Triclinic, P¯1 space group. 

 

[2d@Cl-] 

 

 

 

 

Figure 1.17. Symmetric salophen perfluoro in (a) Ball&Stick and (b) model CPK. The dotted lines show anion-π 

interactions and twisting angles. The cation diethylammonium (DEA) and the solvent CH2Cl2 were omitted for 

clarity. 

Monoclinic, P21/n space group. 
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[2d@Br-] 

 

 

 

 

Figure 1.18. Symmetric salophen perfluoro in (a) Ball&Stick and (b) model CPK. The dotted lines show anion-π 

interactions and twisting angles. The cation tetrabutylammonium (TBA) and the solvent CH2Cl2:CCl4 was omitted 

for clarity. 

Triclinic, P¯1 space group. 

 

[2d@I-] 

 

 

 

Figure 1.19. Symmetric salophen perfluoro in (a) Ball&Stick and (b) model CPK. The dotted lines show anion-π 

interactions and twisting angles. The cation tetrabutylammonium (TBA) and the solvent CH2Cl2/hexane were 

omitted for clarity. 

Triclinic, P¯1 space group. 
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 [2d@Br-] 

 

 

 

 

 

Figure 1.20. Symmetric salophen perfluoro in (a) Ball&Stick and (b) model CPK. The dotted lines show anion-π 

interactions and twisting angles. The cation Benzyltriethylammonium (BzTEA) and the solvent CH2Cl2:CCl4 was 

omitted for clarity. 

Monoclinic, P21/n space group. 
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1.3 Substituent Effects in Chloride-π Interactions. 

 

 

 

 

 

 

 

Scheme 1.5.  Chemical formulae of uranyl-salophen receptors 1a-d and 2a-d studied in the previous investigation. 

 

Encouraged by the results obtained with receptors 1a-d and 2a-d, (Scheme 1.4, see chapter 

1.2) in this study, we explored the influence of substituents upon chloride-π interaction by 

measuring the binding affinity of tetrabutylammonium (TBA) chloride to nonsymmetric 

uranyl-salophen receptors decorated with X-substituted aromatic pendants (X = N(CH3)2, 

OCH3, Br, NO2) as in Scheme 1.5.  

 

 

 

Scheme 1.6. Synthesized  monosubstituted uranyl-salophen receptors 1e-h.The yields are referred to the final step 

(see Scheme 1.7) 
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Different para substituents are used to modify the charge distribution of the aromatic ring.  

We decided not to use the symmetric disubstituted uranyl-salophen type receptors 2 to avoid 

any steric effect around the metal center. As solvent, instead of chloroform,[37]  we chose a polar 

aprotic solvent (acetonitrile [38]),  where the free and complexed salts are in their ionic form 

and neutral ternary ion-paired complexes are not present in solution.[32]  Thus, the big 

tetrabutylammonium cation (TBA+) is solvated by the acetonitrile molecules and does not 

influence the binding. The halide used as tetrabutylammonium salt was chloride for the reason 

that the high affinity of fluoride and the relative low affinity of bromide and iodide with the 

uranyl center, couldn’t allow us to appreciate any difference in binding constants and thus we 

couldn’t perform a meaningful Hammett-type analysis. The receptor used as model system was 

the monosubstituted receptor 1a bearing a simple aromatic ring. 

Receptors 1e-h were synthesized according to the general Scheme 1.6 that involves a Suzuki 

cross-coupling reaction between aryl-boronic acids differently substituted in para position (X 

= N(CH3)2, OCH3, Br, NO2) and 2-iodophenol in presence of a catalytic amount of 

Pd(II)acetate and of a base in a mixture of DMF and water as solvent.[39]  

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.7. General scheme for the synthesis of  monosubstituted uranyl-salophens 1e-h used in this study. For 

the yields of the single steps see Scheme 1.6 and 1.8. 
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Through this procedure, the use of phosphines is avoided and the reaction is conducted under 

mild conditions. From the resultant ortho-substituted phenol we obtained the corresponding 

ortho-salcylaldehyde by selective ortho-formylation.[40] The obtained salycilaldehyde 

derivatives were then reacted with the monoimine prepared from o-phenylenediamine and 

salycilaldehyde in the presence of uranyl acetate in methanol to obtain the receptors 1e-h after 

chromatographic treatment of the raw material. 

The synthetic route followed for every compound to obtain aldehydes L, N, P and R is reported 

in Scheme 1.8a-d. 

 

 

 

Scheme 1.8a-d. Scheme for the synthesis of  phenols K, M, O and Q and aldehydes L, N, P and R. 

 

The yield of the phenol O is definitely lower. Indeed, both the starting aryl-boronic acid 

(R1B(OH)2, R1 = Br-Aryl) and the product P ( Scheme 1.7c.) are, consecutively, aryl-halides. 

Therefore, quite a number of side Suzuki cross-coupling reactions occur that lead prevalently 

to the formation of the biphenyl and terphenyl derivatives as proved by GC-MS analysis. These 
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compounds together with the molecular ion peaks and their relative intensities are reported 

below: 

 

                        

 

 

This data justify, together with the isolation of a consistent amount of the unreacted 2-

iodophenol, the lower yield of compound O. 

Binding constant for 1:1 complexes of (TBA)Cl with uranyl-salophen receptors 1e-h were 

obtained in CH3CN at 25°C from UV-vis titrations. Binding constants Ka [M
-1] are listed in 

Table 1.10. 
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Table 1.10. Association constant values, Ka [M-1], for the complexation of TBACl with 

receptors 1a and 1e-h obtained by UV-vis titrations in CH3CN at 298 K. Free energy values 

ΔΔG [kcal mol-1] calculated for the chloride-π interaction. ΔΔG = ΔGCl-@1e-h - ΔGCl-@1a. 

(Concentration of the hosts of 10-5 M and successive addition of TBACl) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Receptor Ka [M-1] ΔΔG, 

[kcal 

mol-1]  

 

1a (H) 30700 (1200)  

 

0 

1e N(CH3)2  

 

13600 (200)  

 

0.5 

1f (OCH3) 21000 (700)  

 

0.2 

1g (Br) 46600 (3200)  

 

-0.2 

1h (NO2) 79200 (9900)  

 

-0.6 
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We can notice that the association constant values for Cl-@1 complexes increase with the 

electron-withdrawing character of the X substituent. The evidence the halide hosted in the fifth 

equatorial site of the uranyl center establishes intramolecular contact with the π-cloud 

perturbed by the X-substituent is straightforward.  

A good linear correlation with Hammett’s σp [41] (R2 = 0.98, ρ = 0.49) is reported in Figure 

1.21: it shows how resonance effects act on the interaction of Cl- with receptors 1 and that in 

general, chloride-π contact is dominated by electrostatic effects and all depend on the 

interaction involving the anion and the electrostatic potential of the aromatic ring (see chapter 

1.2.3). 

To provide a direct measurement of the relative interaction energy of chloride, we calculated 

the chloride-π free energy values ΔΔG between different aromatic π systems and with respect 

to the control receptor 1a (ΔΔG = ΔGCl-@1e-h - ΔGCl-@1a). The maximum contribution of the 

chloride-π interactions to the overall free energy of binding in the receptor series 1e-h can be 

estimated as 1.0 kcal mol-1 (ΔΔG = ΔGCl-@1e - ΔGCl-@1h) between 1e and 1h. To better quantify 

the free energy values for chloride-π interaction in solution we used the model system 1a and 

the ΔΔG values are reported in Table 1.10. The electron-withdrawing nitro and bromo 

substituents are stability enhancing with respect of the control receptor 1a and the nitro 

compound 1h is the best receptor in the lot. Indeed, we estimated attractive free energies of       

-0.6 kcal mol-1 for 1h and -0.2 kcal mol-1 for 1g. On the other hand, the electron-donating 

methoxy and dimethylamino groups are stability decreasing and the dimethylamino compound 

is the worst receptor. We noticed that ΔΔG of the worst and the best receptor 1e and 1h (0.5 

and -0.6 kcal mol-1 respectively) and ΔΔG of 1f and 1g (0.2 and -0.2 kcal mol-1 respectively) 

are diametrically opposed, symmetrically with respect of 1a that is the midpoint in the plot.  
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Figure 1.21. Experimental chloride-π interaction binding constant values plotted against σp (R2 = 0.98, ρ = 0.49). 

 

This measure reflects the behavior of the substituents that are all electron-withdrawing via 

induction (-I) and, except for the nitro group (a powerful, in any case, electron-withdrawing 

group), gradually electron-releasing through resonance effects.  

In conclusion, we have shown that these systems can be used to quantify chloride-π interaction 

in solution similarly to what done by Ballester and co-workers [42] with the series of meso-

tetraaryl calix[4]pyrrole where the main driving force for complexation is hydrogen bonding. 
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1.4 Experimental section 

 

TBAX (X = F, Cl, Br and I) reagents were purchased from Sigma-Aldrich. All the solvents 

used for reactions, titrations and crystallizations were reagent grade and used as received. NMR 

Spectra, UV-vis titrations were performed using CHCl3 and CDCl3 by eluting through an 

aluminum oxide activated basic (56 Å) column. Flash column chromatography was performed 

with Silica gel 40 – 63 μm. NMR spectra were recorded on a Bruker AC300P spectrometer. 

GC–MS analyses were performed on a HP5890 GC (OV 1 capillary column, 12 m × 0.2 mm) 

coupled with a HP5970 MSD. HRMS Spectra were recorded by a MICROMASS Q-Tof 

micromass spectrometer or a LABSCIEX API4000 Q-TRAP spectrometer in enhanced 

resolution mode. UV–vis measurements were performed on a Perkin Elmer Lambda 18 

spectrophotometer. Association constants obtained by UV-vis titrations were calculated using 

ReactLabTM EQUILIBRIA. The association constants (Ka) for the binding processes were 

determined by averaging the values from at least two titrations using a simple 1:1 binding 

model. Single crystal X-ray data are reported in literature [43]. 

Salophen-UO2 complex 1a and 2a [22] and mono-imine K[22] were available from previous 

investigations. 1-(benzyloxy)-2-iodobenzene (A) [44], 2',3',4',5',6'-pentafluoro-[1,1'-biphenyl]-

2-ol (I), [45] 2',3',4',5',6'-pentafluoro-2-hydroxy-[1,1'-biphenyl]-3-carbaldehyde [45] (J) were 

prepared according to previously reported procedures. 

 

2-(benzyloxy)-3',5'-dimethoxy-1,1'-biphenyl (B). (89% yield)  To a solution of 1-

(benzyloxy)-2-iodobenzene, A, (1.49 g, 4.81 mmol) dissolved in 48 mL of dried 

dimethylformamide, was added 3,5-dimethoxyphenylboronic acid (0.86 g, 4.75 mmol), 

tris(dibenzylideneacetone)dipalladium (0.22 g, 0.240 mmol), cesium fluoride (1.43 g, 9.43 

mmol), silver oxide (1.32 g, 5.71 mmol), tri-tert-butylphosphine (0.13 mL, 0.56 mmol). The 

solution was stirred overnight at 100 °C under Ar atmosphere. The mixture was diluted with 

ethyl acetate and washed with water to remove DMF and metal impurities; washed with brine, 

dried over NaSO4 and concentrated to obtain a clear oil. The residue was purified by silica 

column chromatography, using hexane/dichloromethane (8/2) as eluent, to yield B as clear 

oil(1.36 g). 1H NMR δH (300 MHz, CDCl3), 7.37-7.28 (7 H, m, CH), 7.05-7.02 (2 H, m, CH), 

6.76 (2 H, d, J = 2.1 Hz, CH), 6.46 (1 H, t, J = 2.1 Hz, CH), 5.09 (2 H, s, CH2), 3.77 (6 H, s, 

OCH3). 
13C NMR δc (75 MHz, CDCl3), 160.2, 155.6, 140.4, 137.1, 130.9, 130.83, 130.82, 
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130.78, 130.1, 121.3, 113.4, 107.7, 99.6, 70.5, 55.3. TOF MS ES+ m/z: calc for C21H20O3Na 

343.1310 found 343.1319. 

3',5'-dimethoxy-[1,1'-biphenyl]-2-ol (C). (70% yield) 9 mL of ethanol were degassed by 

bubbling Ar for 30 min. A large excess of gaseous hydrogen was bubbled into the solution 

containing Pd/C 10% (0.05 g) and B (0.51 g, 1.57 mmol).The solution was stirred overnight at 

70°C under hydrogen atmosphere. The warm reaction mixture was filtered through Celite, and 

the solution was evaporated under reduced pressure to obtain C as a clear oil[46] (0.25 g, 70%). 

1H NMR δH (300 MHz, CDCl3), 7.26-7.24 (2 H, m, CH), 7.00-6.98 (2 H, m, CH), 6.59 (2 H, 

d, J = 2,1 Hz, CH), 6.50 (1 H, t, J = 2,1 Hz, CH), 5.42 (1 H , br s, OH), 3.82 (6 H, s, CH3). 
13C 

NMR δc (75 MHz in CDCl3), 161.5, 152.3, 139.0, 129.7, 129.2, 128.0, 120.6, 115.6, 106.8, 

99.9, 55.4. TOF MS ES+ m/z: calc for C14H14O3Na 253.0841 found 253.0838. 

2-hydroxy-3',5'-dimethoxy-[1,1'-biphenyl]-3-carbaldehyde (D). (72 % yield) Compound C 

(0.25 g, 1.10 mmol), triethylamine (0.92 mL, 6.61 mmol) and magnesium chloride MgCl2 (0.63 

g, 6.62 mmol) were added to 25 mL of freshly distilled dry THF. After 20 min solid 

paraformaldehyde (0.49 g, 16.5 mmol) was added. The reaction was stirred overnight at 77°C 

under Ar atmosphere. The reaction mixture was diluted with ethyl acetate and washed with 

HCl 1M solution, water, and with brine, dried over NaSO4. The crude product was purified by 

silica column chromatography, using hexane/dichloromethane (6/4) as eluent to yield D as a 

clear oil (0.20 g, 72 %). 1H NMR δH (300 MHz, CDCl3), 11.52 (1 H, s, OH), 9.96 (1 H, s, 

CHO), 7.64 (1 H, dd, J1=7,5 Hz, J2=1,5 Hz, CH), 7.57 (1 H, dd, J1=7,5 Hz, J2=1,5 Hz, CH), 

7.10 (1 H, t, J = 7,5 Hz, CH), 6.73 (2 H, d; J = 2,4 Hz, CH), 6.5 (1 H, t, J = 2,1 Hz, CH), 3.83 

(6 H, s, OCH3). 
13C NMR δc (75 MHz, CDCl3), 196.8, 160.5, 158.8, 138.2, 137.6, 133.3, 130.3, 

120.8, 119.8, 107.5, 99.8, 55.4. TOF MS ES+ m/z: calc for C15H15O4 258.0981 found 258.0970. 

Uranyl-salophen complex 1b. (20% yield) Monoimine K (0.074 g, 0.348 mmol) was added 

to a solution of D (0.090 g, 0.348 mmol) in methanol, 2 mL. After 10 min, uranyl acetate 

dihydrate UO2(OAc)2
.2H2O (0.177 g, 0.418 mmol) was added at room temperature and the 

solution was stirred overnight. The crude was purified over silica column chromatography 

using cyclohexane/ethyl acetate (7/3) as eluent, to yield 1b (0.05 g, yield 20%). 1H NMR δH 

(300 MHz, acetone-d6), 9.72 (1 H, s, CHNR), 9.64 (1 H, s, CHNR), 7.82-7.73 (5 H, m, CH), 

7.60-7.56 (3 H, m, CH), 7.07 (2 H, d, J=2.1 Hz, CH), 6.92 (1 H, d, J = 8.4 Hz, CH), 6.83 (1 H, 

t, J = 7.8 Hz, CH), 6.71 (1 H, t, J = 7.8 Hz, CH), 6.56 (1 H, t, J=2.1 Hz, CH), 3.78 (6 H, s, 

OCH3). 
13C NMR δc (75 MHz, acetone-d6), 170.5, 166.9, 166.3, 160.5, 147.1, 141.7, 136.5, 
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136.0, 135.8, 135.7, 132.3, 128.9, 128.8, 125.2, 124.3, 120.0, 117.1, 116.9, 107.8, 98.7, 54.7. 

TOF MS ES+ m/z: calc for C28H23N2O6U 721.2058 found 721.2060. 

3',5'-difluoro-2-methoxy-1,1'-biphenyl (E). (47% yield) This compound was prepared 

following the same procedure previously described for B. 1-bromo-2-methoxybenzene (1 mL, 

8.04 mmol), (3,5-difluorophenyl)boronic acid (1.27 g, 8.04 mmol), 

tris(dibenzylideneacetone)dipalladium (0.37 g, 0.40 mmol), cesium fluoride (2.44 g, 16.08 

mmol), silver oxide (2.23 g, 9.65 mmol) and tri-tert-butylphosphine (0.23 mL, 0.96 mmol) 

were put in 50 mL of dried dimethylformamide DMF. The residue was purified by column 

chromatography on silica gel, using hexane:CH2Cl2 95:5 as eluent, to yield E as a grey oil (0.83 

g). 1H NMR (300 MHz in CDCl3, 25°C), δ (ppm) 3.84 (s, 3H, OCH3); 6.77 (tt, 1H, CH, J1 = 

9.0 Hz, J2 = 2.4 Hz); 7.09-6.98 (m, 4H, CH,); 7.37-7.26 (m, 2H, CH). 13C NMR (75 MHz in 

CDCl3, 25°C), δ (ppm) 55.5, 102.2 (t, JCF = 25.0 Hz), 111.3, 112.4 (d, JCF = 8.0 Hz), 120.9, 

128.3 (t, JCF = 2.5 Hz), 129.7, 130.5, 141.7 (t, JCF = 10.0), 156.2, 162.6 (dd, J1CF = 244.1, J2CF 

=13.1 Hz). 

3',5'-difluoro-[1,1'-biphenyl]-2-ol (F). (57% yield) Compound F was prepared following a 

literature procedure[45].To a solution of E (0.83 g, 3.75 mmol) in 15 mL CH2Cl2 was added 

dropwise a solution of BBr3 (10 mL, 10 mmol, in CH2Cl2 ) at -80°C. The resultant solution was 

allowed to stir 3h at room temperature. Afterwards, the resultant brown solution was poured 

into ice water, extracted with CH2Cl2, washed with brine, dried over Na2SO4 and concentrated 

to obtain a grey oil (0.44 g). 1H NMR (300 MHz in CDCl3, 25°C), δ (ppm) 5.08 (s, 1H, OH); 

6.83 (tt, 1H, CH, J1 = 8.7 Hz, J2 = 2.1 Hz); 7.09-6.94 (m, 4H, CH); 7.31-7.23 (m, 2H, CH). 13C 

NMR (75 MHz in CDCl3, 25°C), δ (ppm) 102.9 (t, JCF = 25.1 Hz), 112.1 (d, JCF = 25 Hz), 

116.3, 121.2, 126.1 (t, JCF = 2.3 Hz), 129.9, 130.2, 140.7 (t, JCF = 9.7 Hz), 152.2, 163.2 (dd, JCF 

= 247.4, JCF =13.0 Hz). TOF MS ES- m/z: calc for C12H7OF2 205.0465 found 205.0473. 

3',5'-difluoro-2-hydroxy-[1,1'-biphenyl]-3-carbaldehyde (G). (48% yield)  Compound F 

(0.44 g, 2.13 mmol), freshly distilled triethylamine (0.59 mL, 4.27 mmol) and magnesium 

chloride MgCl2 (0.41 g, 4.30 mmol) were added to 10 mL of freshly distilled dry THF. After 

20 min solid paraformaldehyde (0.32 g, 10.70 mmol) was added. The reaction was stirred 

overnight at 77°C under Ar atmosphere. The bright yellow reaction mixture was diluted with 

ethyl acetate and washed with HCl 1M solution, water, and with brine; dried over Na2SO4. The 

crude product was purified by silica column chromatography, using hexane:dichloromethane 

(6:4) as eluent to yield G (0.24 g). 1H NMR (300 MHz in CDCl3, 25°C), δ (ppm) 6.82 (tt, 1H, 
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CH, J1 = 8.7 Hz, J2 = 2.1 Hz); 7.18-7.11 (m, 3H, CH); 7.63-7.60 (m, 2H, CH); 9.97 (s, 1H, 

CHO); 11.63 (s, 1H, OH). 13C NMR (75 MHz in CDCl3, 25°C), δ (ppm) 102.8 (t, JCF = 25.1 

Hz), 112.2 (d, JCF = 25.5 Hz), 120.0, 121.0, 126.1 (t, JCF = 2.3 Hz), 134.1, 137.4, 140.7 (t, JCF 

= 9.7 Hz), 158.7, 163.2 (dd, JCF = 245.0, J2CF =13.0 Hz), 196.8. TOF MS ES+ m/z: calc for 

C13H8F2NaO2 257.0385 found 257.0390. 

Uranyl-salophen 1c. (48% yield) Salicylaldehyde G (0.21 mmol, 1 equiv), monoimine K (0.21 

mmol, 1 equiv.) and UO2(OAc)2
.2H2O (0.25 mmol, 1.2 equiv.) were solubilized in methanol 

(2.5 mL). The red solid obtained at the end of the reaction was purified by silica column 

chromatography using dichloromethane:acetone (9:1) as eluent, to yield 1c (0.07 g). 1H NMR 

(300 MHz in CDCl3, 25°C), δ (ppm) 6.70 (t, 1H, CH, J = 7.2 Hz), 6.95-6.75 (m, 2H, CH), 7.06 

(tt, 1H, CH, J1 = 9 Hz, J2 = 2.1 Hz), 7.61-7.59 (m, 5H, CH), 7.91-7.81 (m, 5H, CH), 9.66 (s, 

1H, CHNR), 9.73 (s, 1H, CHNR). 13C NMR (75 MHz in CDCl3, 25°C), δ (ppm) 102.5 (t, JCF 

= 25.7 Hz), 112.6 (d, JCF = 7.8 Hz), 117.1, 117.2, 120.0,120.1, 121.0, 124.4, 125.5, 128.9, 

129.0, 129.8, 135.7, 136.0, 136.4, 137.0, 143.1 (t, JCF = 9.9 Hz), 146.9, 147.1, 162.1 (dd, JCF = 

245.0, J2CF =13.0 Hz), 166.4, 166.8, 167.5. TOF MS ES+ m/z: calc for C26H16F2N2O4U 

696.1586 found 696.1616. 

Uranyl-salophen 2c. (97% yield) Salicylaldehyde G (0.42 mmol, 2 equiv.), o-

phenylenediamine (0.21 mmol, 1 equiv.) and UO2(OAc)2
.2H2O (0.25 mmol, 1.2 equiv.) were 

solubilized in methanol (2.5 mL) at room temperature and the solution was stirred overnight. 

The red solid obtained at the end of the reaction was filtered off, washed with methanol and 

left sever hours under high vacuum (0.164 g). 1H NMR (300 MHz in acetone-d6, 25°C) δ (ppm) 

6.90 (t, 2H, CH, J = 7.8 Hz), 7.06 (t, 2H, CH, J = 9.3 Hz), 7.64-7.54 (m, 6H, CH), 7.80 (dd, 

2H, CH, J1 = 7.5 Hz, J2 = 1.8 Hz), 7.90-7.94 (m, 6H, CH), 9.77 (s, 2H, CHNR). 13C NMR (75 

MHz in CDCl3, 25°C), δ (ppm) 102.1 (t, JCF = 25.4 Hz), 112.6 (d, JCF = 16.9 Hz), 112.8, 118.1, 

119.7, 124.8, 129.2, 130.5, 136.2, 136.6, 146.5, 162.7 (dd, JCF = 245.7, J2CF =13.5 Hz), 165.8, 

166.82. TOF MS ES+ m/z: calc for C32H18F4N2NaO4U 831.1603 found 831.1581. 

2,3,4,5,6-pentafluoro-2'-methoxy-1,1'-biphenyl (H). (37% yield) This compound was 

prepared following the same procedure previously described for B. 1-bromo-2-

methoxybenzene (0.3 mL, 2.36 mmol), perfluorophenyl)boronic acid (0.5 g, 2.36 mmol), 

tris(dibenzylideneacetone)dipalladium (0.11 g, 0.118 mmol), cesium fluoride (0.70 g, 4.48 

mmol), silver oxide (0.60 g, 2.70 mmol) and tri-tert-butylphosphine (0.07 mL, 0.269 mmol) 

were put in 20 mL of dried dimethylformamide DMF. The residue was purified by column 
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chromatography on silica gel, using hexane as eluent, to yield H as clear a oil (0.24 g, yield 

37%). 1H NMR δH (300 MHz, CDCl3), 7.45-7.42 (1 H, m, CH), 7.24-7.21 (1 H, m, CH), 7.08-

7.01 (2 H, m, CH), 3.81 (3 H, s, OCH3). 
13C NMR δc (75 MHz, CDCl3), 157.0, 146.4, 139.3, 

136.3, 131.6, 131.0, 120.5, 115.4, 113.0, 111.2, 55.6.  

Uranyl-salophen complex 1d. (yield 52%) This compound was prepared applying a procedure 

similar to that already described for 1b. Compound J (0.29 g, 0.694 mmol), monoimine K (0.15 

g, 0.694 mmol) and UO2(OAc)2
.2H2O (0.353 g, 0.833 mmol) were solubilized in methanol (10 

mL). The red solid obtained at the end of the reaction was purified by silica column 

chromatography using dichloromethane /acetone (9/1) as eluent, to yield 1d (0.27 g, 52% 

yield). 1H NMR δH (300 MHz, DMSO-d6), 9.68 (1 H, s, CHNR), 9.61 (1 H, s, CHNR), 7.95 

(1 H, dd, J1 = 7.8 Hz, J2 = 1.8 Hz, CH), 7.83-7.73 (3 H, m, CH), 7.65-7.51 (4 H, m, CH), 6.99 

(1 H, d, J = 8.1 Hz, CH), 6.83 (1 H, t, J = 7.8 Hz, CH), 6.71 (1 H, t, J = 8.1 Hz, CH). 13C NMR 

δc (75 MHz, acetone-d6), 170.3, 166.5, 147.02, 147.00, 137.9, 137.6, 136.0, 135.7, 129.1, 

128.8, 125.0, 124.4, 120.9, 120.1, 120.0, 117.1, 116.5. 19F NMR δf (282 MHz, CDCl3; KF in 

CDCl3), -135.0 (1 F, dd, J1 = 22.6 Hz, J2 = 5.6 Hz, CF), -146.3 (1 F, dd, J1 = 25.4 Hz, J2 = 8.5 

Hz, CF), -158.8 (1 F, t, J = 22.6 Hz, CF), -163.7 (1 F, td, J1 = 22.6 Hz, J2 = 8.5 Hz, CF), -167.9 

(1 F, td, J1 = 22.6 Hz, J2 = 8.6 Hz, CF). TOF MS ES+ m/z: calc for C26H13N2O4F5NaU 773.1201 

found 773.1164. 

General synthesis of uranyl-salophen complexes 2d and 2b. The proper salicylaldehyde 

(0.62 mmol, 2 equiv.), o-phenylenediamine (0.31 mmol, 1 equiv.) and UO2(OAc)2
.2H2O (0.37 

mmol, 1.2 equiv.) were solubilized in methanol (2.5 mL) at room temperature and the solution 

was stirred overnight. The red solid obtained at the end of the reaction was filtered off, washed 

with methanol and left sever hours under hight vacuum. 

Uranyl-salophen 2d. (90% yield) 1H NMR (300 MHz, acetone-d6, 25°C), δ (ppm) 6.89 (t, 2H, 

CH, J = 9.0 Hz), 7.63-7.60 (m, 2H, CH), 7.71 (d, 2H, CH, J = 6.0 Hz), 7.93-7.90 (m, 2H, CH), 

8.01 (dd, 2H, J1 = 6, J2 =1.8 Hz), 9.76 (s, 2H, CHNR).13C NMR (100 MHz, acetone-d6, 25°C), 

δ (ppm) 111.7, 116.0, 116.1, 118.6, 119.7, 122.0, 130.9, 138.2, 138.3, 139.5, 139.6, 140.2, 

140.3, 140.9, 142.9, 145.7, 147.7, 148.6, 168.4, 169.3. TOF MS ES+ m/z: calc for 

C32H12F10N2O4U 916.1145 found 916.1188. 

Uranyl-salophen 2b. (55% yield) 1H NMR (300 MHz, acetone-d6, 25°C), δ (ppm) 3.83 (s, 

12H, OCH3), 6.52 (t, 2H, CH, J = 2.4 Hz), 6.81 (t, 2H, CH, J = 7.5 Hz), 7.01 (d, 4H, CH, J = 

2.4 Hz), 7.62-7.58 (m, 2H, CH), 7.72 (dd, 2H, J1 = 7.5, J2 =1.8 Hz), 7.91-7.81 (m, 4H, CH), 
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9.72 (s, 2H, CHNR).13C NMR (100 MHz, acetone-d6, 25°C), δ (ppm) 55.5, 99.1, 108.3, 117.9, 

119.7, 124.5, 129.4, 132.6, 135.3, 136.1, 141.4, 146.6, 160.4, 165.7, 167.3. TOF MS ES+ m/z: 

calc for C36H30N2O4U 856.2510 found 856.2510. 

4'-(dimethylamino)-[1,1'-biphenyl]-2-ol (K). (73% yield) 4-(dimethylamino)phenyl)boronic 

acid (300 mg, 1.8 mmol), 2-iodophenol (360 mg, 1.6 mmol), potassium carbonate (678 mg, 4.9 

mmol), palladium diacetate (14.7 mg, 0.065 mmol) were put in a mixture of 5 mL of DMF and 

5 mL of water. The solution was stirred overnight at room temperature. The mixture was diluted 

with ethyl acetate and washed with water to remove DMF and metal impurities; washed with 

brine, dried over Na2SO4 and concentrated. The residue was purified by column 

chromatography on silica gel, using petroleum ether:CHCl3 8:2 as eluent, to yield K (73%). 

1H-NMR (300 MHz in CDCl3), δ (ppm): 7.39-7.36 (m, 2H, ArH), 7.26-7.21 (m, 2H, ArH), 

7.01-6.99 (m, 2H, ArH), 6.87 (m, 2H, ArH), 5.46 (b, 1H, OH), 3.03 (s, 6H, N(CH3)2). 
13C-

NMR (300 MHz in CDCl3), δ (ppm): 152.7, 150.1, 130.2, 129.8, 128.4, 128.3, 124.4, 120.7, 

115.5, 113.1, 40.5. MS (m/z): [M + H+] 214.1 

4'-(dimethylamino)-2-hydroxy-[1,1'-biphenyl]-3-carbaldehyde (L). (37% yield) 

Compound K (200 mg, 0.94 mmol), freshly distilled triethylamine (0.5 mL, 4.3 mmol) and 

magnesium chloride MgCl2 (365 mg, 3.7 mmol) were added to 5 mL of freshly distilled dry 

THF. After 20 min solid paraformaldehyde (564 mg, 18.7 mmol) was added. The reaction was 

stirred overnight at 77°C under Ar atmosphere. The bright yellow reaction mixture was diluted 

with ethyl acetate and washed with water (pH = 7-8), and with brine; dried over Na2SO4. The 

crude product was purified by silica column chromatography, using petroleum ether:CHCl3 

(7:3) as eluent to yield L (37%). 1H-NMR (300 MHz in CDCl3), δ (ppm): 11.51 (s, 1H, OH), 

9.94 (s, 1H, CHO), 7.60 (dd, 1H, ArH, Jorto=7.5, Jmeta=1.5), 7.52-7.47 (m, 3H, ArH), 7.07 (t, 

1H, ArH, J=7.5), 6.80 (m, 2H, ArH), 3.00 (s, 6H, N(CH3)2). 
13C-NMR (300 MHz in CDCl3), δ 

(ppm):  196.8, 159.1, 150.0, 137.1, 129.9, 124.4, 121.1, 119.8, 112.1, 40.4. MS (m/z): [M + 

H+] 242.1 

Uranyl-salophen 1e. (28% yield) Salicylaldehyde L (0.3 mmol, 1 equiv), monoimine K (0.3 

mmol, 1 equiv.) and UO2(OAc)2
.2H2O (0.396 mmol, 1.2 equiv.) were solubilized in methanol 

(2.5 mL). The red solid obtained at the end of the reaction was purified by silica column 

chromatography using dichloromethane as eluent, to yield 1e (28%). 1H-NMR (300 MHz in 

DMSO-d6), δ (ppm): 9.68 (s, 1H, CH=N), 9.60 (s, 1H, CH=N), 7.91-6.89 (m, 2H, ArH), 7.80-

7.67 (m, 8H, ArH), 7.00-6.68 (m, 3H, ArH), 6.76-6.68 (m, 2H, ArH), 3.01 (s, 6H, N(CH3)2). 
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13C-NMR (300 MHz in Acetone-d6), δ (ppm):  170.6, 167.8, 167.0, 166.3, 149.7, 147.2, 147.0, 

136.0, 135.9, 135.8, 134.6, 132.7, 130.4, 128.82, 128.80, 127.7, 125.0, 124.4, 120.9, 120.0, 

119.9, 117.3, 116.9, 112.1, 39.9. MS (m/z): [M + H+] 704.2. 

4'-methoxy-[1,1'-biphenyl]-2-ol (M). (94% yield) (4-methoxyphenyl)boronic acid (500 mg, 

3.3 mmol), 2-iodophenol (658 mg, 3.0 mmol), potassium carbonate (1.24 g, 9.0 mmol), 

palladium diacetate (29 mg, 0.1 mmol) were put in a mixture of 9 mL of DMF and 9 mL of 

water. This compound was prepared following the same procedure previously described for K. 

The residue was purified by column chromatography on silica gel, using petroleum 

hexane:CH2Cl2 8:2 as eluent, to yield M (94%). 1H-NMR (300 MHz in CDCl3), δ (ppm): 7.41-

7.39 (m, 2H, ArH), 7.24-7.21 (m, 2H, ArH), 7.00-6.96 (m, 4H, ArH), 5.22 (s, 1H, OH), 3.87 

(s, 3H, OCH3). 
13C-NMR (300 MHz in CDCl3), δ: 159.3, 152.5, 130.3, 130.2, 129.2, 128.8, 

127.8, 120.8, 115.6, 114.7, 55.4. MS (m/z): [M+H+] 201.1 

2-hydroxy-4'-methoxy-[1,1'-biphenyl]-3-carbaldehyde (N). (36% yield) Compound M (490 

mg, 2.5 mmol), freshly distilled triethylamine (1.4 mL, 10 mmol) and magnesium chloride 

MgCl2 (931 mg, 9.8 mmol) were added to 12 mL of freshly distilled dry THF. After 20 min 

solid paraformaldehyde (1.48 g, 49.0 mmol) was added. The reaction was stirred overnight at 

77°C under Ar atmosphere. The bright yellow reaction mixture was diluted with ethyl acetate 

and washed with HCl 1M solution, water, and with brine; dried over Na2SO4. The crude 

product was purified by silica column chromatography, using hexane:CH2Cl2 (7:3) as eluent to 

yield N (36%). 1H-NMR (300 MHz in CDCl3), δ (ppm): 11.53 (s, 1H, OH), 9.95 (s, 1H, CHO), 

7.61-7.52 (m, 4H, ArH) 7,09 (t, 1H, J = 7.5 Hz, ArH), 7.11-6.97 (m, 2H, ArH), 3.86 (s, 3H, 

OCH3). 
13C-NMR (300 MHz in CDCl3), δ (ppm): 196.9, 159.2, 158.9, 137.5, 132.7, 130.4, 

130.1, 128.6, 120.8, 119.9, 113.8, 55.3. MS (m/z): [M - H+] 227.2 

Uranyl-salophen 1f. (17% yield) Salicylaldehyde N (0.5 mmol, 1 equiv), monoimine K (0.5 

mmol, 1 equiv.) and UO2(OAc)2
.2H2O (0.6 mmol, 1.2 equiv.) were solubilized in methanol 

(2.5 mL). The red solid obtained at the end of the reaction was purified by silica column 

chromatography using dichloromethane as eluent, to yield 1f (17%). 1H-NMR (300 MHz in 

Acetone-d6), δ (ppm): 9.68 (s, 1H, CH=N), 9.61 (s, 1H, CH=N), 7.85-7.68 (m, 6H, ArH), 7.66 

(d, 1H, ArH, J=7.5 Hz), 7.58-7.55 (m, 3H, ArH), 7.09-6.98 (m, 2H, ArH), 6.91 (d, 1H, ArH, 

J=7.5 Hz), 6.81(t, 1H, ArH, J= 7.5 Hz), 6.70 (t, 1H, ArH, J=7.5 Hz), 3.91 (s, 3H, OCH3).
13C-

NMR (300 MHz in DMSO-d6), δ (ppm): 170.1, 167.5, 167.0, 158.6, 147.2, 147.1, 136.4, 136.3, 
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136.2, 135.6, 131.6, 131.3, 129.1,125.3, 125.2, 124.6, 121.0, 120.7, 120.6, 117.4, 117.1, 113.8, 

55.5. ESI-MS (m/z): [M + Na+] calculated for C27H20N2NaO5U 717.1778, found 713.1763. 

4'-bromo-[1,1'-biphenyl]-2-ol (O). (12% yield) (4-bromophenyl)boronic acid (720 mg, 3.6 

mmol), 2-iodophenol (704 mg, 3.2 mmol), potassium carbonate (1.35 g, 10 mmol), palladium 

diacetate (29.4 mg, 0.13 mmol) were put in a mixture of 10 mL of DMF and 10 mL of water. 

This compound was prepared following the same procedure previously described for K. The 

residue was purified by column chromatography on silica gel, using petroleum ether:CHCl3 

8:2 as eluent, to yield O (12%). 1H-NMR (300 MHz in CDCl3), δ (ppm): 7.62-7.29 (m, 4H, 

ArH), 7.26-7.21 (m, 2H, ArH), 7.02-6.94 (m, 2H, ArH), 5.03 (b, 1H, OH). 13C-NMR (300 MHz 

in CDCl3), δ (ppm): 152.3, 151.2, 136.2, 132.1, 130.8, 130.2, 129.4, 127.0, 121.9, 121.0, 116.0. 

MS (m/z): [M - H+] 247.0. 

4'-bromo-2-hydroxy-[1,1'-biphenyl]-3-carbaldehyde (P). (32% yield) Compound O (90 

mg, 0.3 mmol), freshly distilled triethylamine (0.17 mL, 1.2 mmol) and magnesium chloride 

MgCl2 (952 mg, 10 mmol) were added to 5 mL of freshly distilled dry THF. After 20 min solid 

paraformaldehyde (180 mg, 6.0 mmol) was added. This compound was prepared following the 

same procedure previously described for N. The crude product was purified by silica column 

chromatography, using hexane:CH2Cl2 (7:3) as eluent to yield P (32%). 1H-NMR (300 MHz 

in CDCl3), δ (ppm): 11.55 (s, 1H, OH), 9.93 (s, 1H, CHO), 7.58-7.54 (m, 4H, ArH) 7,47 (d, 

2H, ArH, J = 7.5 Hz), 7.09 (t, 1H, ArH, J = 7.5 Hz). 13C-NMR (300 MHz in CDCl3), δ (ppm): 

196.7, 137.4, 135.1, 137.5, 133.5, 131.8, 129.1, 121.8, 120.8, 119.9. MS (m/z): [M - H+] 275.0 

Uranyl-salophen 1g. (30% yield) Salicylaldehyde P (0.01 mmol, 1 equiv), monoimine K (0.01 

mmol, 1 equiv.) and UO2(OAc)2
.2H2O (0.012 mmol, 1.2 equiv.) were solubilized in methanol 

(1 mL). The red solid obtained at the end of the reaction was purified by silica column 

chromatography using dichloromethane as eluent, to yield 1g (30%). 1H-NMR (300 MHz in 

DMSO-d6), δ (ppm): 9.68 (s, 1H, CH=N), 9.61 (s, 1H, CH=N), 7.96 (d, 2H, ArH), 7.80-7.72 

(m, 7H, ArH), 7.61-7.51 (m, 2H, ArH), 6.98 (d, 1H, ArH, J= 7.5 Hz), 6.80 (t, 1H, ArH, J=7.5 

Hz), 6.70 (t, 1H, ArH, J=7.5 Hz). 13C-NMR (300 MHz in DMSO-d6), δ (ppm): 169.9, 167.4, 

167.1, 147.0, 138.5, 136.5, 136.4, 136.3, 132.3, 131.2, 130.5, 129.2, 125.3, 124.6, 120.9, 120.7, 

120.2, 117.4, 117.2. ESI-MS (m/z): [M+Na+] calculated for C26H17BrN2NaO4U 761.0777, 

found 761.1124. 

4'-nitro-[1,1'-biphenyl]-2-ol (Q). (83% yield) (4-nitrophenyl)boronic acid (500 mg, 3.0 

mmol), 2-iodophenol (600 mg, 2.7 mmol), potassium carbonate (1.13 g, 8.2 mmol), palladium 
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diacetate (25 mg, 0.1 mmol) were put in a mixture of 8 mL of DMF and 8 mL of water. This 

compound was prepared following the same procedure previously described for K. The residue 

was dissolved in boiling ethanol and filtered with celite to yield Q (83%). 1H-NMR (300 MHz 

in CDCl3), δ (ppm): 8.32-8.29 (m, 2H, ArH, AAˈ), 7.74-7.71 (m, 2H, ArH, XXˈ), 7.33-7.28 

(m, 2H, ArH), 7.05 (t, 1H, ArH, J= 7.5 Hz), 6.95 (dd, 1H, ArH, Jorto=8, Jmeta=1), 5.19 (b, 1H, 

OH). 13C-NMR (300 MHz in CDCl3), δ (ppm): 152.4, 146.9, 144.6, 130.5, 130.3, 130.1, 126.2, 

123.8, 121.5, 116.5. MS (m/z): [M – H+] 214.0. 

2-hydroxy-4'-nitro-[1,1'-biphenyl]-3-carbaldehyde (R). (40% yield) Compound Q (552 mg, 

2.57 mmol), freshly distilled triethylamine (1.5 mL, 10.7 mmol) and magnesium chloride 

MgCl2 (976 mg, 10.3 mmol) were added to 12 mL of freshly distilled dry THF. After 20 min 

solid paraformaldehyde (1.55 g, 51 mmol) was added. This compound was prepared following 

the same procedure previously described for N. The crude product was purified by silica 

column chromatography, using hexane:CH2Cl2 (7:3) as eluent to yield R (40%). 1H-NMR (300 

MHz in CDCl3), δ: 11.67 (s, 1H, OH), 9.99 (s, 1H, CHO), 8.38-8.29 (m, 2H, ArH), 7.80-7.77 

(m, 2H, ArH,), 7.67-7.65 (m, 2H, ArH), 7.17 (t, 1H, ArH, J=7.5 Hz). 13C-NMR (300 MHz in 

CDCl3), δ: 196.8, 158.8, 143.0, 137.5, 134.6, 130.1, 128.3, 128.0, 124.4, 123.5, 121.0, 120.2. 

MS (m/z): [M – H+] 241.9. 

Uranyl-salophen 1h. (27% yield) Salicylaldehyde R (0.6 mmol, 1 equiv), monoimine K (0.6 

mmol, 1 equiv.) and UO2(OAc)2
.2H2O (0.7 mmol, 1.2 equiv.) were solubilized in methanol 

(2.5 mL). The red solid obtained at the end of the reaction was purified by silica column 

chromatography using chloroform as eluent, to yield 1h (27%). 1H-NMR (300 MHz in 

Acetone-d6), δ (ppm): 9.71 (s, 1H, CH=N), 9.64 (s, 1H, CH=N), 8.41-8.38 (m, 2H, ArH, AAˈ), 

8.27-8.24 (m, 2H, ArH, XXˈ), 8.00-7.77 (m, 5H, ArH), 7.59-756 (m, 3H, ArH), 6.95-6.89 (m, 

2H, ArH), 6.71 (t, 1H, ArH, J=7.2). 13C-NMR (300 MHz in DMSO-d6), δ (ppm): 167.5, 167.4, 

167.2, 147.0, 146.4, 137.8, 136.8, 136.5, 136.4, 131.2, 129.5, 129.4, 129.2, 125.6, 124.6, 123.5, 

120.9, 120.8, 117.6, 117.3. MS-ESI (m/z): [M+K+] calculated for C26H17N3O6KU 744.1262, 

found 744.1225. 
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Chapter 2. Mechanochemical Synthesis of Salophen 

Ligands and the corresponding Zn, Ni, and Pd 

Complexes 

 

The use of grinding to promote reactions between solid reactants or between solids and liquids 

(kneading) is becoming increasingly an appealing topic for the chemical community.[1]  This 

new approach, for getting a variety of molecular or supramolecular compounds using reactions 

activated mechanically, is called mechanochemistry. 

The classical equipment used for solid state mechanosynthesis are either the well-known 

mortar and pestle or mixer mills. The last ones allow us to perform reactions in a shorter amount 

of time and with high energy input, see Figure 2.1. 

 

 

 

Figure 2.1. The mixer mill MM 200 is a laboratory "all-rounder". It has been developed specially for dry grinding 

of small amounts of sample. It can mix and homogenize a wide range of materials in only a few seconds.  

 

The most important advantages are the relative large quantity of starting materials used 

(quantity of millimols), optimum conversions, time saved, environmental issues and the 

elimination of volatile products. 
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Some experimental proofs suggest that it is advantageous for some reactions to add a few drops 

of solvent to the solid mixture leading to liquid-assisted grinding (LAG). In any case, it is a 

limited amount of solvent (a few drops of solvent) with respect to the classical reactions 

performed in solution. 

The mechanosynthesized powder product can be characterized by NMR techniques or through 

X-Ray diffraction analysis.[2]  In some cases, a subsequent simple purification step can be 

necessary to remove the unreacted compounds. 

This kind of protocol can become a valid opportunity for ligand preparation as well as for the 

corresponding metal-complexes.[3] In the context of our research we decided to apply 

mechanochemistry protocol to the synthesis of salophens [(N,N-phenylene-bis(salicylimine)] 

type ligands and metal-salophen complexes[4] through a one-pot approach under ball milling 

condition. The synthesis, when carried out in the presence of metal salts, leads directly to the 

isolation of the corresponding metal complexes. Herein, we report the one-pot 

mechanochemical synthesis of a series of salophen ligands 1-3 and of the corresponding metal 

complexes 1M-3M (M = Zn+2, Ni+2, Pd+2), as a convenient, quick, solvent free alternative to 

the “classical” procedure. See Figure 2.2. 
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Figure 2.2. Chemical structures of the salophen ligands and of the corresponding metal complexes.  

 

For the synthesis of ligands, 1-3, we started from o-phenylendiamine, salicyladehyde, o-

vanillin and 5,5’-dinitrosalicylaldehyde, respectively. The solid mixture was ground to obtain 

the corresponding ligands. To get metal-salophen complexes, 1M-3M we added to the previous 

mixture zinc(II) or nickel(II) acetate, Zn(OAc)2, Ni(OAc)2, or palladium(II)-2,4-

pentanedionate, C10H16O4Pd.  

We report here the procedures and characterizations of the isolated products. 

 After milling a washing step for the mechano-synthesized compound was required. The as-

synthesized products were washed with 3 mL of MeOH and 1 mL of EtOH to remove 

completely the unreacted compounds. 

 

The salophen ligand 1 (yield 70%) was prepared by kneading 1 mmol of o-phenylenediamine 

and 2 mmol of salicylaldehyde. A yellow powder was obtained. 1H-NMR confirmed the 

formation of the pure product. Crystal structure of the salophen ligand 1 was retrieved from the 
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Cambridge Structural Database (CSD), CSD refcode: EKEYEA.[5] The PXRD pattern of the 

isolated product matches the simulated powder pattern of EKEYEA as shown in Figure 2.3.  

 

 

 

Figure 2.3. From top to bottom: PXRD patterns of 1Ni, 2, and 1 (calculated powder patterns 

in red, experimental powder patterns in black). 

 

Definitive evidences about the formation of such compound in the solid state was obtained by 

solid state NMR (SSNMR) spectroscopy. Indeed, the 13C cross-polarisation (CP-MAS) 

spectrum reported in Figure 2.4 shows sharp signals, as expected  for the high grade of 

crystallinity and purity of the compound 1. 
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Figure 2.4. SSNMR spectra recorded at 11.7 T and room temperature of mechansynthesized metal-salophens 

(From top to bottom: 1Zn, 1Ni, 1Pd and compound 1). 

 

Compound 2 (yield 60%) was synthesized by LAG (four drops of MeOH were added) from 1 

mmol of o-phenylenediamine and 2 mmol of o-vanillin. The obtained powder product was 

orange. Solution state 1H-NMR and SSNMR showed that 2 was formed mechanochemically. 

The measured X-ray powder diffraction pattern of 2 (Figure 2.3) matches the one simulated 

from the single-crystal structure, CSD entry MEPWUA.[6]  

Attempts to mechanosynthesize by LAG or dry grinding the symmetric salophen ligand 3 from 

1 mmol of o-phenylenediamine and 2 mmol of 2-hydroxy-5-nitrobenzaldehyde were 

unsuccessful and led to an unintelligible mixture of compounds. 

For the metal-salophen complexes, we noticed that the success of such solid-state synthesis is 

strictly dependent upon the choice of the counteranion of the transition metal salts. The salts 

that gave the best results were Zn(OAc)2, Ni(OAc)2 and Pd(II) (2,4-pentanedionate). Chloride 

salts of Zn(II), Ni(II), Pd(II) led to a physical mixture of the reactants. This could be ascribed 

to the lower basicity of the counter anion. Indeed, together with the two molecules of water 
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originate in the condensation reaction, for the coordination of the metal, two protons H+ (of the 

OH functions) of the salophen ligand must be released.[7] This represents the driving force for 

the metal coordination in the solid state synthesis. 

Compound 1Zn was prepared (yield 62%) by kneading from 1 mmol of o-phenylenediamine, 

2 mmol of salicylaldehyde and 1.2 mmol of Zn(OAc)2. 
1H-NMR revealed a spectrum consistent 

with the expected compound. No comparison of the powder pattern of 1Zn was possible given 

that its single-crystal structure is not reported in the CSD. Any attempt to get crystals suitable 

for X-ray analysis was so far unsuccessful. The SSNMR spectra provided in Figure 2.4 shown 

the absence of peaks of the salophen ligand 1. The resonance lines of 1Zn are broader than 

those of the respective ligand, as expected for a compound characterized by lower crystallinity.  

Compound 1Ni was synthesized by kneading from 1 mmol of o-phenylenediamine, 2 mmol of 

salicylaldehyde and 1.2 mmol of Ni(OAc)2 (yield 68%). The recovered product showed a red 

clay-like coloration. 1H-NMR confirmed the purity of the compound. Experimental powder 

pattern of this one-pot reaction matches the one calculated from single-crystal data (CSD 

refcode: ZZZTZI02,[8] see Figure 2.3). SSNMR in Figure 2.4 corroborates this aspect, 

considering that peaks of 1 are no more observed.  

Compound 1Pd was prepared by kneading from 1 mmol of o-phenylenediamine, 2 mmol of 

salicylaldehyde and 1.2 mmol of Pd(II) 2,4-pentanedionate. From SSNMR data in Figure 2.4, 

it was observed that the reaction is not complete and both peaks of the ligand 1 and the starting 

product are still detected. Interestingly, peaks and chemical shift values of the resonance lines 

observed in the SSNMR spectrum of 1Pd are similar to those of 1Ni (with small shifts, Figure 

2.4). This suggests that the 1Pd phase recovered after the grinding process is relative to the 

orthorhombic anhydrous Pd-salophen whose structure is reported in the CSD as PYSALP. 

PYSALP31 (1Pd) and ZZZTZI02 (1Ni) are found to be isostructural on the basis of their cell 

parameters. Purification of 1Pd was not possible by using the washing procedure reported so 

far for 1Ni and 1Zn. However, 1Pd can be obtained (in the form of DMSO solvate) in a pure 

form by recrystallization from DMSO saturated solutions. 1H-NMR spectra of the pure 

crystallized compound in DMSO-d6 was performed. Orange crystals of the DMSO solvate 

suitable for X-ray structure determination were obtained.  

Compound 2Zn was synthesized by dry grinding from 1 mmol of o-phenylenediamine, 2 mmol 

of o-vanillin and 1.2 mmol of Zn(OAc)2 (yield 64%). 1H-NMR revealed a spectrum consistent 

with the expected compound. SSNMR spectrum of 2Zn shows the disappearing of peaks 
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relative to the ligand 2 as in Figure 2.5. No single crystals suitable for SCXRD have been 

obtained.  

 

 

Figure 2.5. SSNMR spectra recorded at 11.7 T and room temperature of mechansynthesized salophen and metal-

salophens (From top to bottom: 2Zn, 2Ni, and compound 2). 

 

Compound 2Ni was synthesized by dry grinding from 1 mmol of o-phenylenediamine, 2 mmol 

of o-vanillin and 1.2 mmol of Ni(OAc)2 (yield 65%). 1H-NMR confirmed the formation of the 

pure product. Analysis by PXRD showed that compound 2Ni is crystalline. Single-crystals of 

the DMSO solvate suitable for structure determination by SCXRD have been obtained in 

DMSO after four days. SSNMR spectra of 2Ni and of the corresponding ligand are provided 

in Figure 2.5.  

Compound 2Pd was synthesized by LAG from 1 mmol of o-phenylenediamine, 2 mmol of o-

vanillin and 1.2 mmol of Palladium(II) 2,4-pentanedionate. Analogously to what observed for 

compound 1Pd, synthesis of 2Pd is not complete. The solid phase obtained is relative to the 

2Pd tetra-hydrate compound, the structure of which is reported in the CSD with the refcode 

AVAVUP.[9] Pure crystalline 2Pd (DMSO solvate) was obtained by recrystallization in 

DMSO. Crystal structure of 2Pd is provided in the structural section. Solution state proton and 

carbon NMR spectra of 2Pd crystallized confirmed the formation of the pure product.  

Compound 3Zn was synthesized by liquid assisted grinding (four drops of MeOH were added) 

from 1 mmol of o-phenylenediamine, 2 mmol of 2-hydroxy-5-nitrobenzaldehyde and 1.2 mmol 
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of Zn(OAc)2 (yield 85%). 3Zn was characterized by 1H-NMR. The as-synthesized product 

showed only low crystallinity when studied by PXRD. However, yellow needle-like single 

crystals, suitable for SCXRD, were obtained by slow evaporation from a saturated solution in 

DMSO. Their analysis led to the crystal structure of a DMSO solvate of the compound. 

SSNMR spectra of 3Zn is shown in Figure 2.6. 

 

 

 

Figure 2.6. SSNMR spectra recorded at 11.7 T and room temperature of compound 3Zn. 

 

All as-synthesized powder products were crystallized from DMSO saturated solutions by slow 

evaporation technique. Crystal structures corroborates other identification techniques. All solid 

obtained are DMSO solvates.   
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Figure 2.7. Asymmetric unit of 1Pd, 2Ni, 2Pd and 3Zn (from top to bottom) obtained as DMSO solvates and 

adducts (shown in capped sticks representation). 
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Figure 2.8. Isostructurality between 2Ni.(DMSO), top, and 2Pd.(DMSO), bottom. 

 

Solid 1Pd.2(DMSO). Orange plates were obtained from a saturated DMSO solution after 4 

days. A DMSO solvate is obtained crystallizing in the P21/n space group with a 1:2 

stoichiometry. The overall packing assumes a herringbone aspect.  

Solid 2Ni.(DMSO). Dark red plates were obtained in DMSO after 4 days. Crystals belong to 

the monoclinic P21/c space group. Molecule has a planar conformation. Molecules of salophen 

complex are assembled in centrosymmetric dimers, which are staked in parallel displaced 

fashion over a half of the molecule. This way, the remaining half molecule is available for 
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edge-to-face interactions with a second centrosymmetric dimer. The resulting packing 

assumes, then, a herringbone-like structure (Figure 2.8).  

Solid 2Pd.(DMSO). Red blocks were obtained in DMSO after 4 days. Crystals belong to the 

monoclinic P21/c space group. Molecule has a planar conformation. Structure of 2Pd.(DMSO) 

is isostructural (Figure 2.8) to the one of 2Ni.(DMSO) as seen by comparison of cell parameters 

and by their comparison of their powder X-ray patterns.  

Solid 3Zn@DMSO.(DMSO). Yellow plates were obtained in DMSO after 4 days. Crystals 

belong to the monoclinic P21/c space group. One molecule of 3Zn is present in the asymmetric 

unit along with 2 molecules of DMSO. Interestingly one molecules is localized in a void area 

in the solid and interacts with 3Zn by non-covalent interactions. The second molecule of 

DMSO is, instead, coordinated by the O-atom to the Zinc of the salophen. Therefore the metal 

center in Zn-salophen complexes acts as a receptor. In the CSD various examples of water, 

pyridine, acetate and DMF adducts of Zn-salophens are reported.[10] Compound 3Zn has 

biological properties and its biological activity has been analyzed in a previous investigation.[11] 

In vitro studies show that there is a strong interaction with free plasmid DNA and cellular 

uptake and cytotoxicity studies show that they enter the cells but are not cytotoxic. 

To conclude, libraries of compounds with different steric and electronic variations (salophen 

ligands and metal-salophen complexes) were mechanosynthesized in a quick and quantitative 

way, by (liquid-assisted) grinding. We demonstrated that, when o-phenylenediamine, 

benzaldehyde or its derivatives, and a divalent Zn/Ni/Pd salt are milled together, the one-pot 

mechanochemical synthesis of metal-salophen complexes is achieved. Compounds were fully 

characterized by NMR spectroscopy and characterized by powder X-ray diffraction (PXRD) 

analysis and single-crystals X-ray diffraction analysis whenever possible. Formation of metal-

salophen complexes during the ball milling process has been convincingly proved with 

different techniques (PXRD and SSNMR). The success of the solid state synthesis of the metal 

salophens is strictly dependent upon the choice of the counter-anion of the transition metal 

salts. We achieved good yields by using Zn(OAc)2, Ni(OAc)2 and Pd(II) 2,4-pentanedionate. 

Instead, salts like ZnCl2, NiCl2, PdCl2 showed to be less reactive and led to a mixture of 

compounds. Pt-salophen complexes were not obtained despite many attempts with different 

reaction conditions and Pt salts. 
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2.1 Experimental section 

 

All reactants were purchased from Sigma–Aldrich and used as received. Solvents used for the 

washing step and crystallization (EtOH, MeOH, DMSO) are commercially available and were 

used without further purification. 

All compounds were synthesized by mechanosynthesis. Dry- and liquid-assisted grinding 

(LAG, in methanol) were performed by means of a Retsch MM 400 Mixer Mill in 2 mL 

Eppendorf tubes (8–10 stainless-steel grinding balls of 1 mm diameter for each sample). The 

operating frequency was set at 30 Hz and reactants were milled for 60 minutes. After milling a 

washing step for the compounds was required. The as-synthesized products were washed with 

3 mL of MeOH and 1 mL of EtOH. 

X-ray powder patterns were collected in the 2θ range 5-40° using a Panalytical X’Pert PRO 

diffractometer (Bragg-Brentano geometry, Cu Kα radiation, X’Celerator linear detector, step 

size 0.017°; 45 mA, 30 kV). The program Mercury was used for calculation of X-ray powder 

patterns from single-crystal data. 

Single-crystal X-ray diffraction (SCXRD) data were collected at 100 K for 1Pd.2(DMSO),  

2Ni.DMSO and 2Pd.DMSO, and at 295 K for 3Zn@DMSO.(DMSO) on an Oxford 

Diffraction Gemini Ultra R system (4-circle kappa platform, Ruby CCD detector) using Mo 

Kα (λ = 0.71073 Å) radiation for 1Pd.2(DMSO), 2Ni.DMSO and 2Pd.DMSO and Cu Kα (λ = 

1.54184 Å) for 3Zn@DMSO.(DMSO). The structures were solved by SHELXT[12] and then 

refined by full-matrix least square refinement of |F|2 using SHELXL-2016.[13] Non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms were located from difference Fourier map. 

Hydrogen atoms were refined in the riding mode with isotropic temperature factors fixed at 

1.2Ueq of the parent atoms (1.5Ueq for methyl group). 

Liquid NMR spectra were collected at 25°C on a JEOL ECA spectrometer operating at 9.4 T 

(400 MHz) using DMSO-d6 as solvent. The 1H chemical shift scale was calibrated using the 

residual signal of DMSO (2.50 ppm). Compound 1 (yield = 70%) 1H NMR δH (400 MHz, 

DMSO-d6), 12.93 (2 H, s, OH), 8.91 (2H, s, CH), 7.64 (2 H, d, CH, J = 8Hz), 7.45-7.36 (6 H, 

m, CH), 6.96-6.92 (4 H, m, CH). 13C NMR δC (100 MHz, DMSO-d6), 164.1, 160.4, 142.3, 

133.5, 132.5, 127.8, 119.8, 119.5, 119.1, 116.7. Compound 2. (yield = 60%) 1H NMR δH (400 

MHz, DMSO-d6), 12.99 (2 H, s, OH), 8.89 (2H, s, CH), 7.45-7.36 (4 H, m, CH), 7.22 (2 H, d, 
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CH, J = 8 Hz), 7.10 (2 H, d, CH, J = 8 Hz), 6.88 (2 H, t, CH, J = 8 Hz), 3.78 (6 H, s, OCH3). 

13C NMR δC (100 MHz, DMSO-d6), 164.9, 151.1, 148.4, 142.6, 128.3, 124.3, 120.3, 119.9, 

119.1, 116.0, 56.2). Compound 1Zn (yield = 62%). 1H NMR δH (400 MHz, DMSO-d6), 8.99 

(2H, s, CH), 7.88-7.86 (2 H, m, CH), 7.40-7.35 (4 H, m, CH), 7.21 (2 H, t, CH, J = 8 Hz), 6.68 

(2 H, d, CH, J = 8 Hz), 6.48 (2 H, t, CH, J = 8 Hz). 13C NMR δC (100 MHz, DMSO-d6) 172.3, 

162.9, 139.4, 136.2, 134.3, 127.3, 123.1, 119.4, 116.5, 112.9). Compound 1Ni (yield of 68%) 

1H NMR δH (400 MHz, DMSO-d6), 8.86 (2H, s, CH), 8.13-8.11 (2 H, m, CH), 7.57 (2 H, d, 

CH, J = 8Hz), 7.32-7.27 (4 H, m, CH), 6.85 (2 H, d, CH, J = 8Hz), 6.64 (2 H, t, CH, J = 8 Hz). 

13C NMR δC (100 MHz, DMSO-d6) 165.8, 157.1, 142.9, 135.7, 134.8, 128.2, 120.8, 120.7, 

116.7, 115.8). Compound 1Pd  1H NMR δH (400 MHz, DMSO-d6), 9.17 (2H, s, CH), 8.34-

8.30 (2 H, m, CH), 7.71 (2 H, d, CH, J = 8Hz), 7.43-7.42 (4 H, m, CH), 6.99 (2 H, d, CH, J = 

8Hz), 6.69 (2 H, t, CH, J = 8 Hz). 13C NMR δC (100 MHz, DMSO-d6) 166.6, 155.5, 143.7, 

136.8, 136.7, 128.7, 121.4, 121.2, 117.7, 115.8). Compound 2Zn (yield = 64%) 1H NMR δH 

(400 MHz, DMSO-d6), 8.98 (2H, s, CH), 7.87-7.85 (2 H, m, CH), 7.35-7.33 (2 H, m, CH), 

6.99 (2 H, d, CH, J = 8 Hz), 6.83 (2 H, d, CH, J = 8 Hz), 6.40 (2 H, t, CH, J = 8 Hz), 3.73(6 H, 

s, OCH3). 
13C NMR δC (100 MHz, DMSO-d6) 164.2, 163.3, 153.0, 139.9, 127.9, 127.6, 119.2, 

116.9, 114.3, 112.3, 55.7). Compound 2Ni (yield = 65%) 1H NMR δH (400 MHz, DMSO-d6), 

8.87 (2H, s, CH), 8.12-8.10 (2 H, m, CH), 7.30-7.29 (2 H, m, CH), 7.17 (2 H, d, CH, J = 8Hz), 

6.85 (2 H, d, CH, J = 8Hz), 6.54 (2 H, t, CH, J = 8 Hz), 3.72 (6H, s, OCH3). 
13C NMR δC (100 

MHz, DMSO-d6) 157.6, 156.9, 151.2, 142.8, 128.0, 125.9, 120.7, 116.7, 115.5, 115.1, 56.2). 

Compound 2Pd. 1H NMR δH (400 MHz, DMSO-d6), 9.14 (2H, s, CH), 8.33-8.32 (2 H, m, 

CH), 7.41-7.39 (2 H, m, CH), 7.29 (2 H, d, CH, J = 8Hz), 6.98 (2 H, d, CH, J = 8Hz), 6.60 (2 

H, t, CH, J = 8 Hz), 3.78 (6H, s, OCH3). 
13C NMR δC (100 MHz, DMSO-d6) 157.8, 154.9, 

150.9, 143.1, 128.0, 127.1, 120.5, 117.2, 114.9, 114.4, 55.3). Compound 3Zn. (yield = 85%) 

1H NMR δH (400 MHz, DMSO-d6), 9.18 (2H, s, CH), 8.57 (2 H, d, CH, J = 3Hz), 8.05 (2 H, 

dd, CH, J1 = 8Hz, J2 = 3Hz), 7.94 (2 H, m, CH), 7.45 (2 H, m, CH), 6.74 (2 H, d, CH, J = 8 

Hz). 13C NMR δC (100 MHz, DMSO-d6) 177.2, 163.2, 139.5, 134.9, 134.6, 129.1, 129.0, 

124.3, 119.1, 117.8. 

13C SSNMR spectra were collected at room temperature on a Bruker Avance 500 spectrometer 

operating at 11.7 T (125 MHz for 13C) using a 4mm CP-MAS probe and a spinning frequency 

of 10 kHz. All the spectra were recorded using 512 averaged transients, a recycle delay of 5 s 

nad contact time of 2 ms. The chemical shift scale was referenced externally to solid 

adamantane (38.48 ppm and 29.45 ppm)[14] with respect to TMS. 
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Chapter 3.  A New Water Soluble Zn-salophen 

Derivative  

 

Non-covalent and highly specific molecular interactions are involved in the successful 

execution of vital processes, i.e. the crucial role of the hydrogen bonding between adjacent 

complementary residuals in the association of the two polynucleotidic strands of DNA 

through Watson–Crick interactions.  

 

 

 

Figure 3.1. Schematic representations of the assembly of the double helix of DNA thanks to the rule exerted by 

hydrogen bonding. ( A = adenine, T = tymine, C =  Cytosine, G = guanine). 

 

Non-Watson–Crick interactions between bases and non-canonical nucleic acids structures 

have also importance in biology and the study of these structures is considerably increasing. 

For example, many researchers are studying hydrogen-bonded helices based on the assembly 

of tetrameric units, i.e guanine (G)-quartets. A G-quartet is formed by four G bases arranged 

in a square planar cyclic hydrogen-bonding pattern, where each guanine is both the donor and 
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acceptor of two hydrogen bonds, providing a central site where the oxygen lone pair of the 

carbonyl groups can coordinate with metal cations (Figure 3.2A). Several G-quartets can 

stack upon each other by means of π–π interactions, to form a 3D structure, called a G-

quadruplex (Figure 3.2B).  

 

 

 

Figure 3.2. Schematic representations of (A) a G-quartet arrangement, (B) a G-quadruplex nucleic acids 

structure. 

 

Quadruplex DNA presents a target of considerable current interest in DNA-directed drug 

design. [1] The initial interest in quadruplexes emerged from their taking part in telomeres and 

in the regulation of telomerase activity. Indeed, telomerase is expressed in over 90% of tumor 

cell lines and thus, telomerase inhibition represents a potentially highly selective target for 

anticancer drug design.[2] There are quite a number of G-quadruplex-interactive compounds 

including anthraquinones,[3] cationic porphyrins,[4] perylenes,[5] ethidium derivatives,[6] 

quinolones,[7] piperazines,[8] pentacyclicacridinium salts,[9] and fluoroquinophenoxazines,[10] 

which inhibit telomerase. For example, telomestatin, Figure 3.3, is a natural product isolated 

from Streptomyces anulatus 3533-SV4; it is a very potent telomerase inhibitor.[11] Therefore, 

the common structural feature of G-quadruplex ligands is an extended planar chromophore 

that can stack on, or intercalate, the G-tetrads.  
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Figure 3.3. Structures of telomestatin. 

 

Recently, non macrocyclic planar metal complexes have also been extensively studied as 

potential quadruplex stabilizers.[1]  Metal salophen compounds bearing amine-based side arms 

(protonated under physiological conditions), are very good candidate for these type of studies 

(Figure 3.4).[1] Their strong absorption band in the region of about 280‐500 nm (depending on 

the substitution on the salophen ligand and the metal center) render them excellent candidates 

as chemosensors. The basic pendant arms in Figure 3.4 allow favorable electrostatic 

interactions with the loops and grooves of the phosphate backbone of quadruplex DNA. [12] 

 

 

Figure 3.4. Metal salphen complexes with cyclic amine side arms. 
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Also very similar series of Pt(II) complexes of salophen and salen were prepared also.[13]  

Since our group has experience in preparing water soluble Zn-salophen complexes[14] and 

considering the biological rule of zinc that is essential to life, we decided to synthesized a 

new water soluble Zn-salophen complex as G-quadruplex binder (Figure 3.5) bearing ethyl-

piperidine substituents (positively charged at physiological pH) to enhance quadruplex DNA 

binding properties. We decided to add a third substituent (a carboxyl group that are 

negatively charged at physiological pH) on the ligand skeleton to increase the water solubility 

of the salophen complex.  

 

 

 

Figure 3.5. New water soluble Zn-salophen complex 2. 

 

This complex was synthesized as shown in Scheme 3.1 and characterized by spectroscopic 

and NMR techniques. The synthesis of the alkyl-derivatized salophen complex 2 (Figure 3.5) 

was accomplished in a two-step approach involving a nucleophilic substitution reaction 

between 2,4-dihydroxybenzaldehyde and 2-piperidinoethyl hydrochloride in the presence of a 

base to form the salicylaldehyde derivative 1, followed by a condensation reaction with 3,4-

diaminobenzoic and complexation with Zn2+. To avoid the formation of the zwitterionic 

monoamine 4, Scheme 3.2, that prevents the formation of the pure product 2, we added a 

slight excess of a base (Et3N). In this way we obtained the complete deprotonation of 3,4-

diaminobenzoic acid 3 without the accumulation of the intermediate 4 during the reaction. 
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Scheme 3.1. Synthesis of Zn-salophen complex 2. 

 

 

 

 

Scheme 3.2. Zwitterionic monoimine. 
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Absorption spectra at different concentrations of compound 2 were performed in water and 

DMSO to observe the occurrence of aggregation in solution, if any. Indeed, because of the 

five‐coordinate square pyramidal geometry of the zinc atom, Zn(II)‐salophen complexes tend 

to dimerize in non‐coordinating solvents[15] (chloroform, dichloromethane, toluene, etc.) in 

the absence of a donor guest or by hydrophobic effects in case of water solution. In some 

cases, for this reason, these compounds self-assemble into nanofiber.[16] The dimerization 

occurs through the axial coordination of the phenolic oxygen of one molecule with the zinc 

atom of an adjacent molecule and gives rise to a Zn‐O‐Zn‐O square/ rectangular form (Figure 

3.6).[17]  

 

 

Figure 3.6. Formation of the Zn(II)‐salophen dimer mediated by Zn∙∙∙O interactions. 

 

The absorbance vs. concentration plots for compound 2 (in H2O left and DMSO right) show 

adherence to the Lambert–Beer law in the range of the concentration studied (see Figure 3.7). 

This suggests that no aggregation phenomena occurred at these concentrations in both 

solvents. In coordinating solvents such as DMSO, compound 2 is monomeric because of the 

axial coordination of the solvent to the Zn metal center.[18] 
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Figure 3.7. Absorbance vs. concentration plots for compound 2 (in H2O left and DMSO right). 

 

The aqueous diluted solution of 2 is likely characterized by the presence of defined dimer 

aggregates already at very low concentrations whereas larger oligomeric aggregates are 

conceivably formed at higher concentrations (>4x10-5 M). The experimental evidence of that 

was the ESI+-TOF spectrum in Figure 3.8 that showed that a dimeric form is already present 

at the very low concentrations used in these experiments (<10-6M). 

 

 

 

Figure 3.8. Left. Part of ESI+-TOF spectrum in figure that showed the dimeric form already present at a 

concentration <10-6M. Right. Representation of the dimer. 
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Optical absorption spectra at the same concentration of 4x10-5 M of 2 in water and DMSO in 

Figure 3.9 also indicate the existence of aggregate species in water (formation of dimers), as 

they are characterized by structureless features, with large bandwidths blue-shifted, compared 

to monomer one in a coordinating solvent as DMSO. [19] 

 

 

Figure 3.9. Absorption bands blue-shifted (water solution), violet line, compared to monomer one in a 

coordinating solvent as DMSO, orange line. 

 

Compound 2 is slightly water soluble with maximum concentration at ambient temperature of 

3x10-4 M (saturated solution). Comparing the water solubility of the same zinc-salophen 

without the carboxylic group (5)[1] with respect of 2 (see Figure 3.10); 5 is not soluble in 

water already at a concentration <<10-4 M. We detected the maximum concentration of 2 by 

equation (1). 
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Where: 

Astand: absorbance of the standard solution of 2. 

Ax: : absorbance of the saturated solution of 2. 

𝜀: molar extinction coefficient of 2. 

l: the path lengths. 

cstand e cx: concentration of the two solutions (standard and unknown concentration of 2). 

The molar extinction coefficient ε was obtained from the Lambert-Beer’s law. 

𝑙𝑥 = 0.1 𝑐𝑚, 𝑙𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 = 1 𝑐𝑚. From the equation (1) the concentration of the saturated 

solution in water was 3·𝟏𝟎−𝟒𝐌. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Compound 2 and 5[1], 10-4 M in water. 
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3.1 NMR Studies 

 

Compound 2 was fully characterized by NMR techniques (COSY experiments are not 

reported herein). 

The 1H NMR studies indicate the existence of dimers of 2 in dilute solutions in water. Indeed, 

the observed broadening and shift of signals (see Figure 3.11 and Table 3.1), on switching 

from coordinating (DMSO-d6) to heavy water (D2O), are in accord with definite aggregate 

species.[19] The NMR spectra in Figure 3.11 were recorded at a concentration of 10-4 M.  
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Figure 3.11. 1H-NMR spectra of compound  2 in D2O e DMSO-d6 (10-4 M) and relative shifts. 

 

 

                                 H1                    H2                    H3                    H4                     H5                    H6                    H7  

δppm DMSO-d6   7,95                7,95    8,37        9,03 9,03 7,4                  6,27 

δppm D2O   7,54            7,3    7,79       8,28 8,35                6,95       6,11 

ΔδDMSOd6-D2O    0,41    0,65    0,58                0,75                  0,68                0,45                 0,16 

 

                                   H8                    H9                   H10                    H11                   H12                   H13                           H14  

δppm DMSO-d6        7,51                6,27 6,27        6,27 4,23 2,93  4,23 

δppm D2O                 7,17                6,24 6,01        6,11  4,1 3,41  4,05 

ΔδDMSOd6-D2O                  0,34                0,03                0,26                 0,16                  0,13               -0,48  0,18 

 

Table 3.1. δppm and Δδ values of compounds  2 from DMSO-d6 to heavy water. 
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The 2D‐NOESY spectrum in DMSO-d6 in Figure 3.12, showed intense cross peaks between 

spatially-close protons as expected from the predicted structure (NOESY spectra in water are 

not reported herein).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. 2D NOESY spectrum of 2 in DMSO-d6 solution.  
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3.2 Diffusion-Ordered Spectroscopy (DOSY) in water 

 

DOSY has been used as an independent method to estimate the degree of aggregation and the 

molecular mass of 2, through the measurement of the diffusion coefficient, D [m2 s-1]. This 

technique plays an important role in the identification of supramolecular species in solution owing 

to the straightforward two-dimensional (2D) representation of the components of the system. 

Equilibria between the aggregates are usually established in solution and, if the interconversion 

rate of the compounds is faster than  NMR time-scale, a single set of resonances is observed in the 

DOSY spectrum as in our case. This implies that the average diffusion value obtained from 

diffusion NMR experiments contains information about the level of aggregation [9a] (see Figure 

3.13). 

In this experimental condition, the Stokes–Einstein equation is not possible to apply.[20] The 

molecular mass in solution of the complexes, m, was simply estimated using Graham’s law of 

diffusion: D = K(T/m)1/2, where the constant K depends on geometric factors. By assuming a 

constant temperature and K the same for both species in solution, the relative diffusion rate of two 

general species A and B is given by: DA/DB = (mB/mA)1/2. This allows the calculation of an 

unknown molecular mass, mx ,by the following eqn:  

mx = mA(DA/DB)2.  

Therefore, the diffusion rate values obtained by DOSY can be used to estimate the molecular mass 

of a species by comparison with the actual D value of a known internal reference (e.g., the solvent: 

HDO signal at 25 ◦C, D = 19.02 x10-10  m2 s-1, mHDO = 19,02 Da.[21] 

We estimated, by using the eqn below, that the molecular mass of the complexes was between 

monomer and dimer (see Table 3.2) and it is consistent with the formation of a stabile dimer in 

water solution. 

mcomplex = mHDO(DHDO/Dcomplex)2 

 

 

 

 



Chapter 3 

 

95 
 

Concentration (M)             D complex  

(∙10-10 m2 s-1)                 

D solvent 

 (∙10-10 m2 s-1)                     

 

 Molecular weight 

of the compound 

(Da)  

 

Calculated 

mass (Da)  

 

3.5·10-4M 2.5 19.02 678 1099 

 

Table 3.2. Estimated molecular mass of the complexes by the eqn : mcomplex = mHDO(DHDO/Dcomplex)2.  

 

 

 

 

 

Figure 3.13. Selected area of the DOSY spectrum of 2 in D2O solution .  
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3.3 UV-vis titrations 

 

Definitive evidences of the existence of definite aggregate species in water were found by 

UV-vis studies.  

The binding constant between the water soluble Zn-salophen complex 6 in Figure 3.14 

measured in a previous investigation showed very high affinity toward the acetate anion with 

Ka>106 M-1.[14]  

 

 

6 

Figure 3.14. Structure of compound 6. 

 

Association constant values, Ka (M
-1), for the complexation of tetrabutylammonium acetate 

TBAOAc  with receptor 2 were obtained by UV-vis titrations in DMSO with a Ka = 11638 ± 

1 M-1 and in water with Ka = 29 ± 3 M-1 at 298 K.  

The low binding constant found in water is a further confirmation of the presence of defined 

dimer aggregates. Indeed, 2 retains its dimeric structure also in presence of a very good guest 

for Zn-salophen compounds as acetate anion.[14] 
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3.4 Experimental section 

 

TBAOAc reagents were purchased from Sigma-Aldrich. All the solvents used for reactions 

and titrations were reagent grade and used as received. Flash column chromatography was 

performed with Silica gel 40 – 63 μm. NMR spectra were recorded on a Bruker AC300P 

spectrometer. HRMS Spectra were recorded by a MICROMASS Q-Tof micromass 

spectrometer. UV–vis measurements were performed on a Perkin Elmer Lambda 18 

spectrophotometer.  Association constants obtained by UV-vis titrations were calculated 

using ReactLabTM EQUILIBRIA. The association constants (Ka) for the binding processes 

were determined by averaging the values from at least two titrations using a simple 1:1 

binding model. Compound 5 were available from previous investigations.[1] Coumpound 1 

were prepared according to previously reported procedures.[13] 

 

Zinc-salophen 2. (97% yield). Salicylaldehyde 1 (0.40 mmol, 100 mg), 3,4-diaminobenzoic 

(0.68 mmol, 13 mg), ZnCl2 (0.68 mmol, 93 mg) and 1.55 mL of Et3N were solubilized in 

ethanol (8 mL) and stirred overnight. The yellow solid obtained after removing the solvent 

was washed with ethanol, CH2Cl2 and diethyl ether to yield 2 (132 mg, 0.19 mmol). 1H-NMR 

(300 MHz in DMSO-d6), δ: 9.03 (s, 2H, HC=N), 8.37 (s, 1H, ArH), 7.94 (s, 2H, ArH), 7.50 

(d, 1H, ArH), 7.40 (d, 1H, ArH), 6.29-6.25 (m, 4H, ArH), 4.23 (b, 4H, CH2O), 2.93 (b, 4H, 

CH2N), 2.70 (b, 8H, piperidina), 1.65 (b, 8H, piperidina), 1.51 (b, 4H, piperidina). 1H-NMR 

(300 MHz in D2O), δ: 8.35 (s, 1H, HC=N), 8.27 (s, 1H, HC=N), 7.79 (s, 1H, ArH), 7.54 (b, 

1H, ArH), 7.29 (b, 1H, ArH), 7.18 (b, 1H, ArH), 7.17 (b, 1H, ArH), 6.24 (b, 1H, ArH), 6.11 

(b, 2H, ArH), 6.00 (b, 1H, ArH), 4.09 (b, 2H, CH2O), 4.04 (b, 2H, CH2O), 3.41 (b, 4H, 

CH2N), 3.26 (b, 8H, piperidina), 1.84 (b, 8H, piperidina), 1.64 (b, 4H, piperidina).  

ESI-MS (m/z): calculated 676.22 found 677.23 [M+H]+. 
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DOSY (400 MHz in D2O) of 2, C = 3.5∙10-4 M 
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