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I. INTRODUCTION 
 

 Metal complexes today find a wide range of applications in various fields, such as 

organic synthesis (catalysts or transfer agents of organic groups), optoelectronics, magnetic 

materials, medicine, pharmaceuticals, etc. The specific activity of various chemical compounds 

is determined by the metal properties and/or of the ligands, as well as the nature and strength 

of the metal-ligand interactions.1 As a result, in recent years there has been a particular interest 

in obtaining new ligands and, implicitly, new metal complexes, which ensure both the stability 

and the chemical reactivity necessary for the successful use of the latter in the mentioned fields. 

 Current studies are focused not only on increasing the efficiency of the complexes in 

terms of the specific activity, but also on reducing the costs, the sources of pollution and the 

toxicity of the obtained species, by using modern methods of synthesis and by replacing highly 

toxic metals with others that are friendly to the environment and the human body. 

 Transition metals in particular have proven to be active agents in catalytic processes 

(e.g. Pd, Pt, Ir, Ru),2 but also in biological processes (Pt, Au, Ag)3 or in optoelectronics (Au, 

Ag).4,5 Main group metals (Sn, Sb, Bi) have been shown to be useful in obtaining nanomaterials 

and also in catalysis or in pharmaceutics and biology.6–8 For a suitable design of such metal 

complexes, for a better control of their structure and properties when used for precise purposes, 

it is important to choose ligands capable to accommodate to the coordination sphere of the 

metal and having appropriate hard/soft properties. 

 The aim of this work was to obtain metal complexes with ligands with chalcogen or 

nitrogen donor atoms. Considering the antibacterial or the antitumor properties of silver and its 

compounds, as well as the soft character of this metal, a series of ligands with soft donor atoms, 

respective sulphur or selenium (L1-L4), as well as silver(I) complexes (1-18) with S→Ag or 

Se→Ag interactions were prepared. Two ligands (L7-L8) with nitrogen donor atoms were also 

synthetised, as well as their complexes (19-20) with N→Ag interactions. The structural 

investigation of the new complexes occupies an important place in the studies carried out, 

considering the relationship structure – chemical reactivity – specific properties. Some of the 

obtained silver complexes (8, 11, 15 and 16), were tested as antitumor agents, while for 

complexes 2, 5 and the ligands L1, L2 the luminescent properties were evaluated.  

Ligands with oxygen atom donors, respectively carboxylic acids, phenols and 

tetraphenyldioxoimidodiphosphinic acid, were used to obtain some organoantimony(III) 

complexes, stabilized by the organic group 2-(Me2NCH2)C6H4. Such aryl groups with pendant 
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arms capable of intramolecular N→Sb coordination led to the stabilization of the respective 

species by hypercoordination.9 The preparation of such complexes had in mind the evaluation 

of the chemical reactivity of the cyclic trimers [2-(Me2NCH2)C6H4SbO]3, as well as the 

structural particularities determined by the used ligands (25-33). Considering the hard 

character of group 15 metals, the behaviour of antimony was followed in the presence of soft 

donors also, respectively tetraphenyldithio- or tetraphenylmonothioimidodiphosphinic ligands 

(34-36).  

In order to extend the studies on the reactivity of some organometallic compounds of 

group 15 elements, recourse was made to the synthesis of some dinuclear Bi(III) compounds 

(21-24), stabilized by intramolecular N→Bi coordination, and containing Bi–E–Bi (E = O, S, 

Se, Te) fragments. 
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II.2. Original contributions 

II.2.1. Ligands with chalcogen donor atoms and their silver complexes   

II.2.1.1. Complexes of type [Ag(X){E(CH2C6H4Br-2)2}] (X = OSO2CF3, ONO2, OClO3;  

  E = S, Se) 
 

New silver complexes with ligands of type (2-BrC6H4CH2)2E [E = S (L1), Se(L2)] were 

synthetised, in absence of light, according to the reactions depicted in Scheme 1. After 

reactions between ligands and various silver salts, such as silver nitrate, silver triflate and silver 

perchlorate, new complexes were obtained. The ligand L165 was already reported in the 

literature and during these studies the same method as that described previously was used. The 

Se analogue is not known, and it was obtained in the reaction between 2-bromobenzyl bromide 

and Na2Se freshly prepared.66 

 

Scheme 1  

 

 The complexes were investigated by NMR spectroscopy, IR spectroscopy, mass 

spectrometry, and for some of them the molecular structure was determined by single crystal 

X-ray diffraction. The 1H NMR spectra for the ligand (2-BrC6H4CH2)2S (L1) and complexes 1 

and 2 are presented in Figure 1. 

 

Figure 1. 1H NMR spectra (CDCl3, 400.13 MHz) for complexes 1, 2 and the ligand (2-BrC6H4CH2)2S 

(L1). 
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 In the ESI+ mass spectra of complexes 1-12 the molecular ions were not identified. The 

base peak identified to all complexes correspond to the [AgL]+ cation. The ESI+ mass spectra 

of complexes 1-12 were recorded in methanol, with exception of the complexes 3 and 6, for 

which were recorded in a mixture of dimethyl sulfoxide and methanol. 

 Although the ligand (2-BrC6H4CH2)2S (L1) was previously reported in literature,65 the 

molecular structure was not determined. In our case we managed to isolate single crystals for 

both ligands and they were investigated by X-ray diffraction (Figure 2). Single crystals were 

obtained from hexane for the ligand (2-BrC6H4CH2)2Se (L2). 

 

  

    (a)     (b) 

Figure 2. Thermal ellipsoids representation at 50% probability of the molecular structures of (2-

BrC6H4CH2)2S (L1) (a) and (2-BrC6H4CH2)2Se (L2) (b). Hydrogen atoms were omitted for clarity.  

  

The ligand L1 crystalized in the orthorhombic system, space group P 21 21 2, and the 

ligand L2 crystalized in the triclinic system P-1. In case of the diorganoselenide L2 were 

observed hydrogen⸳⸳⸳selenium intermolecular interactions (Figure 3), which led to the 

formation of polymeric chains through Se1···H3 contacts (3.065(2) Å) and Se1···H11 

(3.039(2) Å). These interactions are close to the sum of the van der Waals radii (3.20 Å) of the 

two elements.67 

 

 

Figure 3. Association by H···Se interactions in the ligand (2-BrC6H4CH2)2Se (L2) [symmetry 

operation: x, 1+y, z (′); -x, 2-y, 1-z (′′)]. Hydrogen atoms which are not involved in interactions were 

omitted for clarity. 
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 The molecular structures of complexes 2 and 5 were also determined by single crystal 

X-ray diffraction. In each compound was observed that the ligand is bonded to the silver atom 

through chalcogen-silver interactions (S→Ag 2.4732(4) Å and Se→Ag 2.5480(3) Å). 

 The OSO2CF3 ligand behaves as a triconnective bidentate moiety in complex 2, and as 

a biconnective monodentate moiety in complex 5, thus resulting in dimeric associations 

(Figure 4).  

  

   (a)      (b) 

Figure 4. Thermal ellipsoids representation at 50% probability for the dimers 

[Ag(OSO2CF3){S(CH2C6H4Br-2)2}] (2) (a) [symmetry operation: 1-x, 1-y, 1-z (′)] and 

[Ag(OSO2CF3){Se(CH2C6H4Br-2)2}] (5) (b) [symmetry operation : 1-x, 1-y, 1-z (′)].  

  

The optical properties for both ligands and their silver triflate complexes were measured 

in 10-6 M CH2Cl2 solutions. The recorded spectra showed that both the ligands and their 

complexes present luminescence (Figure 5).  

 

Figure 5. Luminescence spectra for ligands (2-BrC6H4CH2)2E (E = S (L1), Se (L2)) and complexes 2 

and 5. 

 

The excitation bands with maximum intensity were observed at ν (nm) 280 (5), 280 (2), 

325 (L2), 388 (L1), and the emission bands with maximum intensity were observed at ν (nm) 

330 (5), 330 (2), 254 (L2), 295 (L1) value. 
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The molar conductivity (Table 1) for the silver complexes and both ligands were 

determined in freshly prepared methanol solutions with a concentration of 10-3 M. In the case 

of complexes 1-6, it was observed that they are completely dissociated in solution (ɅM in the 

range 111.8-155.2)68,69 and their behaviour corresponds to 1 : 1 electrolytes, which contain the 

[AgL]+ cation and an Xˉ anion.  

 
Table 1. The molar conductivity of the ligands L1, L2 and the complexes 1-6  

(10-3 M solutions in MeOH, 20 ºC). 

 

 Complexes ɅM (Ω
-1∙cm2∙mol-1) 

L1 (2-BrC6H4CH2)2S 1.83 

L2 (2-BrC6H4CH2)2Se 14.14 

1 [Ag(ONO2){S(CH2C6H4Br-2)2}] 111.8 

2 [Ag(OSO2CF3){S(CH2C6H4Br-2)2}] 135.4 

3 [Ag(OClO3){S(CH2C6H4Br-2)2}] 155.2 

4 [Ag(ONO2){Se(CH2C6H4Br-2)2}] 105.8 

5 [Ag(OSO2CF3){Se(CH2C6H4Br-2)2}] 120.4 

6 [Ag(OClO3){Se(CH2C6H4Br-2)2}] 144.9 

 

II.2.1.2. Complexes of type [Ag(X){E(CH2C6H4CH3-2)2}] (X = OSO2CF3, ONO2, OClO3;  

  E = S, Se) 
 

 As a continuation of the previous studies, we investigated the changes in the electronic 

environment provided by the use of the organic group 2-CH3C6H4CH2. The ligands (2-

CH3C6H4CH2)2E (E = S (L3), Se (L4)) were reported previously,70,71 but they were prepared 

during these studies by another procedure, namely the same one used to obtain the ligands 

substituted with bromine at the aromatic nucleus. The ligand L3 was previously characterized 

only in solution. During the studies carried out in this work, by recrystallization from pentane, 

suitable single crystals for determination of the molecular structure by X-ray diffraction could 

be obtained (Figure 6). The coordination geometry around the sulphur atom is Ψ-tetrahedral. 

  

 

Figure 6. Thermal ellipsoids representation at 30% probability of the molecular structure of (2-

CH3C6H4CH2)2S (L3). Hydrogen atoms were omitted for clarity. 



7 
 

 Using the same Ag salts as for the ligands substituted with bromine at the aromatic core, 

other six complexes were obtained (Scheme 2). The complexes were structurally investigated, 

both in solution and in solid state.  

 

Scheme 2 

 

 The 77Se{1H} NMR spectra show characteristic singlet resonance signals for the Se 

atom in each complex (Figure 7). The value of the chemical shift for the ligand is δ = 262.9 

ppm, and the values for complexes 10 (δ 226.6 ppm) and 11 (δ 225.2 ppm) are quite close each 

other.  

 

 

Figure 7. 77Se{1H} NMR spectra (CDCl3, 76.33 MHz) for complexes 10, 11 and the ligand (2-

CH3C6H4CH2)2Se (L4).  

 

  

Complexes 1-12 were also characterized by infrared spectroscopy. In the IR spectrum 

of complex 7 (Figure 8 (a)) intense bands were observed around 1454, 1281 and 1022 cm-1. 

These values suggest that the NO3ˉ ligand is coordinated in a bidentate fashion to silver. 
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 The triflato ligand behaves as a monodentate ligand in all complexes. In the IR spectrum 

of compound 8 (Figure 8 (b)) intense bands were observed at 1211, 1172, 1150 and 1016 cm-

1, which suggest that the triflato ligand is coordinated in a monodentate fashion to the Ag atom. 

 

 

    (a)     (b) 

Figure 8. ATR spectra of the complexes [Ag(ONO2){S(CH2C6H4CH3-2)2}] (7) (a) and 

[Ag(OSO2CF3){S(CH2C6H4CH3-2)2}] (8) (b). 

 

 In the molecular structures of the complexes 7 and 10 (Figure 9) can be observed strong 

interactions between the chalcogen and the Ag atom (Ag1–S1 2.4709(4) Å and Ag1–Se1 

2.5462(3) Å). The coordination geometry around the silvers atoms is a distorted trigonal 

pyramid, where the metal atom is positioned on the top of the pyramid at 0.43 Å above the 

S1O1O3 plane in 7 and at 0.26 Å above the plane Se1O1O3 in 10. 

 Both complexes 7 and 10, are crystalized in the monoclinic P 21/c space group. The 

nitrato ligand is coordinated in a bidentate fashion to Ag in both compounds. In complex 7 the 

secondary interaction Ag···O (2.8184(4) Å) is stronger than in complexes 10 (3.0969(1) Å).  

 

(a)     (b) 

 

Figure 9. Thermal ellipsoids representation at 50% probability of the molecular structures of 

[Ag(ONO2){S(CH2C6H4CH3-2)2}] (7) (a) and [Ag(ONO2){Se(CH2C6H4CH3-2)2}] (10) (b). Hydrogens 

atoms were omitted for clarity. 
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II.2.1.3. Complexes of type [Ag(X){E(CH2C6H4Y-2)2}2] (X = OSO2CF3, ONO2, OClO3;  

E = S, Se; Y = Br, CH3) 

 

After changing the molar ratio ligand : metal 1 : 1 with a molar ratio 2 : 1, six new 

complexes were obtained, namely [Ag(ONO2){S(CH2C6H4Br-2)2}2] (13), 

[Ag(ONO2){Se(CH2C6H4Br-2)2}2] (14), [Ag(ONO2){Se(CH2C6H4CH3-2)2}2] (15), 

[Ag(OSO2CF3){Se(CH2C6H4CH3-2)2}2] (16), [Ag(OClO3){S(CH2C6H4CH3-2)2}2] (17) and 

[Ag(OClO3){Se(CH2C6H4CH3-2)2}2] (18), where two ligands are coordinated to each silver 

atom. In Scheme 3 are represented the syntheses of the silver complexes with a 2 : 1 L : Ag 

molar ratio. 

 

 

Scheme 3 

 

Single crystals of compound 14 (monoclinic system, space group P 21/n) were obtained 

by slow solvent evaporation from a solution in MeOH. The formation of dimeric associations 

based on bridging nitrato ligands was observed by single crystal X-ray diffraction (Figure 10). 

The two diorganoselenolato ligands are coordinated to the Ag atom by selenium. The nitrato 

ligand acts as a bimetallic bioconvective moiety in a κ2O1O2-μ-O1(Ag, Ag) fashion. The 

coordination geometry around both silver atoms is distorted (τ5 = 0.25), intermediate between 

a square pyramid (τ5 = 0) and a trigonal bipyramid (τ5 = 1).73 The two oxygen atoms and the 

two silver atoms form a planar Ag2O2 cycle. The interatomic distances between the oxygen 

atoms and silver have close values (Ag1–O1 2.351(3) Å, Ag1–O1′ 2.482(3) Å).  
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Figure 10. Thermal ellipsoids representation at 30% probability of a dimer in the compound crystal 

[Ag(ONO2){Se(CH2C6H4Br-2)2}2] (14). [symmetry operations: 1-x, 1-y, 1-z (′)]. Hydrogen atoms 

were omitted for clarity. 

 

In the molecular structures of the complexes 15 and 16 is observed that two ligands are 

bonded to the same silver atom through the sulphur and the selenium donor atoms, respectively. 

In both structures can be observed that in the crystals are established Ag1···O2 [3.746(2) Å 

(15), (3.155(5) Å (16)] secondary interactions with values within the range between the sum 

of the covalent radii and the sum of the van der Waals radii for the two elements (Σrcov(Ag,O) 

2.11 Å, ΣrvdW(Ag,O) 4.09 Å).67 Considering that the OSO2CF3 ligand acts bidentate, the silver 

atoms become tetracoordinated and the geometry is intermediate between see-saw (τ4 = 0.43), 

and tetrahedral (τ4 = 1.00),74 the calculated τ4 value being 0.75 for the complex 15 and 0.65 for 

the complex 16. It was observed that both complex 15 and complex 16 form dimeric 

associations (Figure 11).  

  

   (a)      (b) 

Figure 11. Thermal ellipsoids representation at 30% probability of the dimeric structures in 

[Ag(OSO2CF3){S(CH2C6H4CH3-2)2}2] (15) (a) [symmetry operation: 1-x, 1-y, 1-z (′)] and 

[Ag(OSO2CF3){Se(CH2C6H4CH3-2)2}2] (16) (b) [symmetry operation: 2-x, 1-y, 1-z (′)].  

Hydrogen atoms were omitted for clarity. 
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The unit cell in complexes 17 contains two independent molecules, between which 

Ag‧‧‧Cg and O‧‧‧H interactions are established (Ag1‧‧‧Cg(C33-C38) 2.958(4) Å and O4‧‧‧H35 

2.538(6) Å). Each independent molecule contains two ligands and a perchlorate group (Figure 

12). The coordination geometry around the Ag1 atom is a distorted trigonal pyramid with Ag1 

placed inside the pyramid at 0.64 Å above the O1S1S2 plane and Cg placed at the top of the 

pyramid, while the Ag2 atom is positioned at the top of the pyramid having the base S3S4O5.  

 

Figure 12. Thermal ellipsoids representation at 30% probability of the two independent molecules 

(17a and 17b) in [Ag(OClO3){S(CH2C6H4CH3-2)2}2] (17). Hydrogen atoms not involved in 

interactions were omitted for clarity.  

 

II.2.1.4. Antiproliferative activity assay 

 The complexes 8, 11, 15 and 16 were tested for their antiproliferative activity against 

B16.F10 murine melanoma cells, using a colorimetric assay ELISA-BrdU. In Figure 13 it is 

represented the effect of the silver complexes on the proliferation of the cancer cells, taking 

into account the influence of the concentration of the compounds used. 

The complexes 8, 11, 15 and 16 present toxicity towards the B16.F10 cells. The IC50 

values for these complexes indicate a very good activity in comparison with the standard 

Dacarbazine,75 as can be seen from the data in Table 2. 

 

 Table 2. Antiproliferative effect of compounds 8, 11, 15 and 16 towards B16.F10 murine 

melanoma cells. 

 

 

 

  

 Practically the tested complexes have a similar antiproliferative activity, comparable to 

that of silver triflate (IC50 = 29.34),53 but the ligands showed no antiproliferative activity. 

 

Compounds 8 11 15 16 Dacarbazina75 

IC50 (μM) 28.72 36.97 25.35 32.41 149.7 
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Figure 13. Concentration-dependent antiproliferative effect of complexes 

[Ag(OSO2CF3){S(CH2C6H4CH3-2)2}] (8), [Ag(OSO2CF3){Se(CH2C6H4CH3-2)2}] (11), 

[Ag(OSO2CF3){S(CH2C6H4CH3-2)2}2] (15) and [Ag(OSO2CF3){Se(CH2C6H4CH3-2)2}2] (16) in 

comparison with untreated control B16.F10 murine melanoma cells. 

 

II.2.2. Ligands with nitrogen donor atoms and their silver complexes  

 Another type of ligands synthetized during these studies were those with nitrogen donor 

atoms. The ligands L5-L8 were obtained starting from 2-bromobenzyl bromide. In Scheme 4 

are represent the reactions used for the preparation of ligands L5-L8. 

 

Scheme 4 
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In Figure 14 are presented the 1H NMR spectra for compounds L5 and L6, as well as 

the spectrum of the mixture L5+L6.  

 

Figure 14. 1H NMR spectra (CDCl3, 600.13 MHz) of the mixture L5+L6 and of the ligands L5 and 

L6.  

 

 The molecular structure of the ligand L5 (Figure 15) was determined by single crystal 

X-ray diffraction.  

 

Figure 15. Thermal ellipsoids representation at 30% probability of the molecular structure of 

CH3C(O)C6H4N(CH2C6H4Br-2)2 (L5). Hydrogen atoms were omitted for clarity. 

 

 After reacting 2-bromobenzyl bromide and 2-(2-aminoethyl) pyridine, similarly with 

the situation observed for L5 and L6, a mixture which contains L7 and L8 was obtained, 

although an excess of 2-bromobenzyl bromide was used (molar ratio 3 : 1). The compounds 

were separated by column chromatography, by using silica gel as filler and a Et2O/MeCN (1 : 

1, v/v) mixture as eluent for the separation of L7, and methanol for the separation of L8. Both 

compounds were obtained as oils. 
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The ligand L7 was reacted with silver salts (molar ratio 1 : 1) in order to obtain 

complexes 19-20 (Scheme 5).  

 

Scheme 5 

 

 The 13C{1H} NMR spectra of the complexes 20 is represented in Figure 16.  

 

Figure 16. 13C{1H} NMR spectrum (methanol-d4, 150.92 MHz) of the complexes 

[Ag(OSO2CF3){PyCH2CH2N(CH2C6H4Br-2)2}] (20). 

 

The molecular structure of the complex 19 revealed that the ligand L7 behaves in a 

bidentate fashion, bridging two neighbouring silver atoms. The dimers thus formed are 

associated in a three-dimensional network (Figure 17).  

 

 

Figure 17. 3D supramolecular structure in the compound [Ag(ONO2){PyCH2CH2N(CH2C6H4Br-

2)2}]2 (19) [symmetry operation: 1-x, 1-y, 1-z ('); x, -1+y, z (''); 2-x, 1-y, 1-z (''')]. Hydrogen atoms 

which not involved in intermolecular interactions were omitted for clarity.  
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II.3. Conclusions 

 Eight ligands were synthetized, four with chalcogen donor atoms and four with nitrogen 

donor atoms, as followings: (2-BrC6H4CH2)2E [E = S (L1), Se (L2)], (2-CH3C6H4CH2)2E [E = 

S (L3), Se (L4)], CH3C(O)C6H4N(CH2C6H4Br-2)2 (L5), CH3C(O)C6H4N(H)(CH2C6H4Br-2) 

(L6), PyCH2CH2N(CH2C6H4Br-2)2 (L7), PyCH2CH2N(H)(CH2C6H4Br-2) (L8). Five of them 

are new compounds (L2, L5, L6, L7, L8), first time reported in this thesis. 

 For the ligands (2-BrC6H4CH2)2E [E = S (L1), Se(L2)], (2-CH3C6H4CH2)2E [E = S 

(L3), Se (L4)], CH3C(O)C6H4N(CH2C6H4Br-2)2 (L5) the molecular and crystal structures were 

determined by single crystal X-ray diffraction. The ligands L1, L2 and L3 show the same 

coordination geometry around the chalcogen atoms, which is Ψ-tetrahedral. In the ligands L2 

and L5 there are intermolecular interactions which led to the formation of a polymeric chain in 

the first, and a 3D supramolecular network in the second.  

 The reactions between the ligands L1, L2, L3, L4 and silver salts (AgNO3, AgOTf, 

AgClO4) led to the formation of eighteen new complexes. Complexes 1-12 were obtained using 

a 1 : 1 molar ratio, and complexes 13-18 were obtained using a 2 : 1 molar ratio. In all 

complexes the ligands coordinate to the metal through the chalcogen atom. 

Complexes [Ag(OSO2CF3){S(CH2C6H4Br-2)2}] (2), [Ag(OSO2CF3){Se(CH2C6H4Br-

2)2}] (5), [Ag(ONO2){S(CH2C6H4CH3-2)2}] (7), [Ag(ONO2){Se(CH2C6H4CH3-2)2}] (10), 

[Ag(ONO2){Se(CH2C6H4Br-2)2}2] (14), [Ag(OSO2CF3){S(CH2C6H4CH3-2)2}2] (15), 

[Ag(OSO2CF3){Se(CH2C6H4CH3-2)2}2] (16) and [Ag(OClO3){S(CH2C6H4CH3-2)2}2] (17) 

were characterized in solid state by single crystal X-ray diffraction, and the complexation 

through strong chalcogen-silver interactions was highlighted. 

 In the crystals of the complexes [Ag(OSO2CF3){S(CH2C6H4Br-2)2}] (2), 

[Ag(OSO2CF3){Se(CH2C6H4Br-2)2}] (5) [Ag(ONO2){Se(CH2C6H4Br-2)2}2] (14), 

[Ag(OSO2CF3){S(CH2C6H4CH3-2)2}2] (15) and [Ag(OSO2CF3){Se(CH2C6H4CH3-2)2}2] (16) 

the molecules form dimeric associations by means of oxygen atoms from the triflate or nitrate 

groups, which are involved in bridging two neighbouring Ag atoms. Complexes 

[Ag(ONO2){S(CH2C6H4CH3-2)2}] (7) and [Ag(ONO2){Se(CH2C6H4CH3-2)2}] (10) form one-

dimensional coordination polymers by means of nitrato ligands.  

In solution, complexes 1-18 are totally dissociated, thus corresponding to 1 : 1 

electrolytes which contain the cation [AgL]+ or [AgL2]
+, and the anion Xˉ. 
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Ligands (2-BrC6H4CH2)2E (E = S (L1), Se (L2)), as well as the complexes 2 and 5 have 

luminescente properties. 

Complexes [Ag(OSO2CF3){S(CH2C6H4CH3-2)2}] (8), 

[Ag(OSO2CF3){Se(CH2C6H4CH3-2)2}] (11), [Ag(OSO2CF3){S(CH2C6H4CH3-2)2}2] (15) and 

[Ag(OSO2CF3){Se(CH2C6H4CH3-2)2}2] (16) were tested for their antitumoral potential and 

they showed a better antiproliferative activity against the B16.F10 murine melanoma cells than 

the standard used (dacarbazine). In contrast, ligands L1-L4 did not show cytotoxicity up to 300 

μM concentration. 

The reactions between the ligand PyCH2CH2N(CH2C6H4Br-2)2 (L7) and silver salts 

(AgNO3, AgOTf) in a 1 : 1 molar ratio led to the formation of two new complexes, namely 

[Ag(ONO2){PyCH2CH2N(CH2C6H4Br-2)2}] (19) and 

[Ag(OSO2CF3){PyCH2CH2N(CH2C6H4Br-2)2}] (20). Their characterization was performed in 

solution by 1H, 13C, 19F NMR spectroscopy and by APCI+ mass spectrometry. For the complex 

19, the solid state structure was determined by single crystal X-ray diffraction, emphasizing 

the formation of dimeric associations through bridging organic ligands. 
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III. COMPOUNDS OF GROUP 15 ELEMENTS (Sb, Bi) 

III.1. Literature data 

III.2. Original contributions 

III.2.1. Bi(III) complexes 

The synthesis of dinuclear diorganobismuth(III) compounds, with C,N,C-Bi fragments 

and a butterfly type skeleton, is shown in Scheme 6. Compounds 21-24 were obtained in the 

reaction between diorganobismuth(III) bromide and the appropriate sodium chalcogenide or 

NaOH. Sodium selenide and sodium telluride was freshly preparate in the rection between 

selenium or tellurium powder and sodium borohydride, according to the method described in 

the literature.66 

The dinuclear compound 24 was obtained in mixture with another compound, which, 

according to the 125Te NMR spectrum, was assigned to a species containing a R2Te=O 

fragment.  

 

Scheme 6 

 

In Figure 18 are represented the 1H NMR spectra of the dinuclear compound and the 

diorganobismuth(III) bromide. The 1H NMR spectra suggest that in solution the nitrogen atom 

is coordinated to bismuth, and thus the H7 protons in the methylene group become non-

equivalent and appear in the form of an AB system. In comparison with the starting material, 

the resonances of compounds 21-24 are shifted.  
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Figure 18. 1H NMR spectra (CDCl3, 400.13 MHz) of the compound 

[CH3OCH2CH2N(CH2C6H4)2Bi]2O (21), [CH3OCH2CH2N(CH2C6H4)2Bi]2S (22), 

[CH3OCH2CH2N(CH2C6H4)2Bi]2Se (23), [CH3OCH2CH2N(CH2C6H4)2Bi]2Te (24) and 

[CH3OCH2CH2N(CH2C6H4)2]BiBr.  

 

In case of compound 23, during the growth of single crystals was observed the 

formation of a dinuclear species with the fragment BiOSe(O)OBi. The oxidation of the Se atom 

can be easily observed in the 77Se{1H} NMR spectrum. The resonance determined by the 

selenium(II) atom, unoxidized and attached to Bi, appears at the value δ = -223.5 ppm, while 

the signal determined by selenium(IV) was observed at the value δ = 1331.4 ppm. The 

molecular structure was determined by single crystal X-ray diffraction, and it confirms the 

oxidation of the selenium(II) to Se(IV) (Figure 19). 

 

Figure 19. Thermal ellipsoids representation at 30% probability of the molecular structure of 

compound [CH3OCH2CH2N(CH2C6H4)2BiO]2SeO (23a) Hydrogen atoms were omitted for clarity.  
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In the crystal of compound 23a C–H···π intermolecular interactions were observed, 

with values in the range 2.894(1)-2.966(1) Å, as well as O···H intermolecular contacts, which 

contribute to the formation of a supramolecular structure (Figure 20). 

 

Figure 20. 2D supramolecular association in the crystal of compound 

[CH3OCH2CH2N(CH2C6H4)2BiO]2SeO (23a) [symmetry operations: -1/2+x, 3/2-y, 1/2+z ('); 3/2-x, 

1/2+y, 3/2-z ('')]. Hydrogen atoms not involved in interactions were omitted for clarity.  

 

III.2.2. Sb(III) complexes 

III.2.2.1. Reactions of [2-(Me2NCH2)C6H4SbO]3 with carboxylic acids 

 The reactivity of the organoantimony(III) oxide [2-(Me2NCH2)C6H4SbO]3 was 

investigated towards acetic acid, monochloroacetic acid, dichloroacetic acid and trifluoroacetic 

acid, using 1 : 3 and a 1 : 6 molar ratio. The reactions were performed at room temperature, in 

dichloromethane, and led to the formation of six organoantimony(III) compounds, namely the 

compounds 25-30 (Scheme 7). Compounds 25, 27 and 29 initially were obtained by reacting 

[2-(Me2NCH2)C6H4SbO]3 and the appropriate acid in a 1 :3 molar ratio. The formation of 

compounds 25 and 27 was confirmed not only by NMR spectroscopy, but also by single X-ray 

diffraction.  

The reactivity of the cyclic oxide [2-(Me2NCH2)C6H4SbO]3 towards the trichloroacetic 

acid was different when compared with all the other investigated acids. With trichloroacetic 

acid, two compounds were isolated, namely compounds 26 and 30. 
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Using different molar ratios, 1 : 3 and 1 : 6, two different compounds were isolated, 

which gave different resonances in the 1H and 13C{1H} NMR spectra, and which had different 

melting points.  

 

Scheme 7 

 

 In the aliphatic region of the 1H NMR spectrum (Figure 21), the protons from the two 

methyl groups give a singlet resonance [δ 2.47 (25), 2.35 (26), 2.60 ppm (27)], which suggests 

that the two methyl groups in the pendant arm are equivalent. In compound 25 the protons from 

the methylene groups appear as a singlet (δ 3.92 ppm), instead in compounds 26 and 27 the 

protons from the methylene groups appear as an AB system, thus suggesting that in solution 

the nitrogen atom in the pendant arm coordinate to antimony, and the two protons from the 

methylene groups become non-equivalent in this way. 

  

Figure 21. 1H NMR spectra (CDCl3) of compounds [2-(Me2NCH2)C6H4SbOC(O)CH3]2O (25), [2-

(Me2NCH2)C6H4SbOC(O)CCl3]2O (26) and [2-(Me2NCH2)C6H4SbOC(O)CF3]2O (27).  
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 In the APCI+ mass spectra of compounds 25 and 27 (Figure 22) the peaks which 

correspond to the molecular ion were not observed, but peaks corresponding to the cation was 

observed [M-CH3C(O)O]+ (m/z 587.00944, the theoretical value being 587.00965) and [M-

CF3C(O)O]+ (m/z 640.98057, the theoretical value being 640.98139). The base peak for both 

compounds corresponds to the fragment [RSb(O)CH3]
+, having the experimental m/z value 

256.00808 for the compound 25 and 256.00789 for the compound 27, and the theoretical value 

being 256.00807. Another fragment identified for the compound 25 was [RSbOC(O)CH3]
+ 

(experimental m/z 314.01354, and theoretical m/z value 314.01355), while for the compound 

27 [RSbOC(O)CF3]
+, with an experimental m/z value 367.98494 and a theoretically m/z value 

367.98528. 

 

   (a)      (b) 

Figure 22. Mass spectra for the compound [2-(Me2NCH2)C6H4SbOC(O)CH3]2O (25) (a) and [2-

(Me2NCH2)C6H4SbOC(O)CF3]2O (27) (b) experimental (up) and calculated (down). 

 

 The molecular structures (Figure 23) of compounds 25, 26 and 27 were determined by 

single crystal X-ray diffraction. In the three compounds it is observed that the acetate, 

trichloroacetate and trifluoroacetate fragments, respectively, coordinate anizobidentate to the 

two antimony atoms. 

The coordination geometry around the antimony atoms in all three molecular structures 

is ψ-octahedral if both O–Sb interactions with the anionic ligands and the lone pair of electrons 

at antimony are considered. Both antimony atoms in compounds 25, 26 and 27 are chiral 

centers. The compounds show also planar chirality, which results from the non-planarity of the 

pentaatomic heterocycles formed by the intramolecular coordination of nitrogen to antimony. 

In this way the crystals of the three compounds contain a racemic mixture of isomers. 

 In the crystal of the compound 25, intermolecular C–H···π interactions and O···H 

contacts led to the formation of a 1D chain. 
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    (a)     (b) 

 

(c) 

Figure 23. Thermal ellipsoids representations at 30% probability of the molecular of the compounds 

[2-(Me2NCH2)C6H4SbOC(O)CH3]2O (25) (a), [2-(Me2NCH2)C6H4SbOC(O)CCl3]2O (26) (b) and [2-

(Me2NCH2)C6H4SbOC(O)CF3]2O (27) (c). Hydrogen atoms were omitted for clarity. 

  

In the aliphatic region of the 13C{1H} NMR spectra of compounds 28, 29 and 30 signals 

characteristic to the carbon atoms from the acetate, CH2Cl, and CHCl2 groups, respectively, are 

observed, as well as signals characteristic to the carbon atoms in the fragment 2-(N,N-

dimethylaminomethyl). In the aromatic region seven resonances were observed, corresponding 

to the aromatic carbons from the 2-(N,N-dimethylaminomethyl)phenyl moiety and one 

resonance corresponding to the carbon in the carboxyl group (Figure 24). 

. 



23 
 

 

Figure 24. 13C{1H} NMR spectra (CDCl3) of the compound 2-(Me2NCH2)C6H4Sb[OC(O)CH2Cl]2 

(28), 2-(Me2NCH2)C6H4Sb[OC(O)CHCl2]2 (29) and 2-(Me2NCH2)C6H4Sb[OC(O)CCl3]2 (30).  

 

 The APCI+ mass spectra for compounds 28 and 29 were determined in methanol. The 

molecular ion was not observed for these compounds, and the base peak for compound 28 

corresponds to the cation [RSbCl]+ at the m/z value 289.9694, while for compound 29 the base 

peak corresponds to the fragment [RSbCl+H]+ at the m/z value 291.96884. 

 Single crystals were obtained only for compound 28. The molecular structure for 28 

was determined by single crystal X-ray diffraction, and it is represented in Figure 25. It was 

observed that the 2-(Me2NCH2)C6H4 group behaves as a C,N-chelating ligand towards 

antimony, while the monochloroacetato ligands act as bidentate moieties [Sb–O 

2.985(6)/2.987(6) Å, ΣrvdW(Sb,O) = 3.60 Å67], thus resulting in a distorted octahedral geometry 

around the metal. 

 

 

Figure 25. Thermal ellipsoids representation at 30% probability of the molecular structure of the 

compound 2-(Me2NCH2)C6H4Sb[OC(O)CH2Cl]2 (28). Hydrogen atoms were omitted for clarity. 
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Due to the N→Sb intramolecular coordination, compound 28, as well as compounds 

25-27, present planar chirality. The antimony atom becomes chiral due to the disposal of the 

donor atoms around the metal. As a result, the crystal of compound 28 contains a racemic 

mixture of isomers, namely ASb,pSN (Figure 25) and CSb,pRN, where A and C refer to the 

chirality of antimony, and pR and pS to the planar chirality. 

In the crystal O···H intermolecular interactions were observed: O2···H9B 2.490(6) Å 

and O4···H11B 2,462(4) Å (Figure 26) are observed, which led to the formation of a 2D 

supramolecular structure. 

 

 

Figure 26. 2D network in the compound 2-(Me2NCH2)C6H4Sb(OC(O)CH2Cl)2 (28) [symmetry 

operation: 1+x, y, z ('); 1-x, -y, -z (''); -1+x, y, z (''')]. Hydrogen atoms not involved in interactions 

were omitted for clarity.  

 

 

III.2.2.2. Reactions of [2-(Me2NCH2)C6H4SbO]3 with trifluoromethanesulfonic acid and 

whit pentafluorophenol 

The cyclic trimer [2-(Me2NCH2)C6H4SbO]3 was reacted with pentafluorophenol, using 

either a 1 : 3 or a 1 : 6 molar ratio, and compounds 31 and 32 were isolated (Scheme 8).  

The reactivity of the trimer [2-(Me2NCH2)C6H4SbO]3 towards 

trifluoromethanesulfonic acid was similar to that observed for acetic acid. Although a 1 : 6 

molar ratio, or even a higher excess of acid was used, the resulting compound was complex 33.  
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Scheme 8 

 

The 1H NMR spectra for compounds 31 and 32 are depicted in Figure 27. 

 

Figure 27. 1H NMR spectra (CDCl3) of compounds [2-(Me2NCH2)C6H4SbOC6F5]2O (31) and  

2-(Me2NCH2)C6H4Sb(OC6F5)2 (32). 

 

For the compounds 31 and 32 the 19F{1H} NMR spectra were recovered. For both 

compounds three sets of signals were observed.  
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For compound 32 the molecular structure (Figure 28) was determined by single crystal 

X-ray diffraction and the coordination of the nitrogen atom to antimony was observed. The 

coordination geometry around the antimony atom is trigonal ψ-bipyramidal, with an oxygen 

atom of a pentafluorophenoxo fragment and the nitrogen atom from the pendant arm in apices.  

In the crystal were observed intermolecular interactions, namely Sb···F [Sb1···F2 

3.841(5) Å, Sb1···F3 3.701(6) Å and Sb1···F7 3.846(7) Å, cf. ΣrvdW(Sb, F) = 3.93 Å67], F···H 

[F6···H9C 2.547(6)  Å, F8···H9A 2.528(6) Å, cf.  ΣrvdW(F, H) = 2.66 Å67] and π···π [3.686(5) 

Å, established between C10-C15 pentafluorophenoxo groups, which led to a 3D 

supramolecular network. 

 

Figure 28. Thermal ellipsoids representation at 30% probability of the molecular structures of the 

compound 2-(Me2NCH2)C6H4Sb(OC6F5)2 (32). Hydrogen atoms were omitted for clarity. 

 

III.2.2.3. Reactions of [2-(Me2NCH2)C6H4SbO]3 with 

tetraphenyldichalcogenoimidodiphosphinic acids  

 

Reactions were performed between the cyclic compound [2-(Me2NCH2)C6H4SbO]3 and 

tetraphenyldichalcogenoimidodiphosphinic acids, namely [(Ph2PO)2N]H, (Ph2PO)(Ph2PS)NH 

and (Ph2PS)2NH, which led to the formation of compounds 34, 35 and 36. The reactions were 

performed in dichloromethane, at room temperature, using a 1 : 3 molar ratio (Scheme 9).  

 

Scheme 9 
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The formation of compounds 34, 35 and 36 was monitored by NMR (1H, 13C{1H}, 

31P{1H}) spectroscopy. The 1H and 31P{1H} NMR spectra were recorded both at room 

temperature and at variable temperature (Figure 29 and Figure 30). 

 

Figure 29. 31P{1H} NMR spectra (CDCl3, 161.97 MHz) of  

[2-(Me2NCH2)C6H4Sb{OPPh2NP(O)Ph2}]2O (34), [2-(Me2NCH2)C6H4Sb{OPPh2NP(S)Ph2}]2O (35) 

and [2-(Me2NCH2)C6H4Sb{SPPh2NP(S)Ph2}]2O (36). 

 

 

Figure 30. 31P{1H} NMR spectra (CDCl3, 161.97 MHz) of the compound [2-

(Me2NCH2)C6H4Sb{SPPh2NP(S)Ph2}]2O (36) at variable temperature.  

 

 The NMR spectra suggest the existence of a mixture of species in solution, determined 

rather by a fluxional behaviour than by decomposition.  

 Single crystals of the compound 35 were obtained from a mixture of solvents, 

dichloromethane/hexane (1 : 4, v/v). The molecular structure (Figure 31) showed that the 

nitrogen atoms from the pendant arms coordinate intramolecularly to the two antimony atoms.  
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Figure 31. Thermal ellipsoids representation at 30% probability of the molecular structure of [2-

(Me2NCH2)C6H4SbOPPh2NP(S)Ph2]2O (35). Hydrogen atoms were omitted for clarity. 

 

 It was also observed that the dichalcogenoimidodiphosphinato ligand 

[(OPPh2)(SPPh2)N]ˉ, is coordinated in a bidentate, O,S-chelating fashion to the two antimony 

atoms. The coordination number at antimony is 5, and the compound 35 can be described as a 

hypervalent 12–Sb–5 species. The coordination geometry around both antimony atoms can be 

described as a square pyramid (τ5, Sb1 = 0.12, τ5, Sb2 = 0.13),73,74 with the ipso carbon atoms in 

apical positions. Both antimony atoms are chiral centers, with four different substituents around 

each of them, namely one nitrogen atom from the pendant arm, two oxygen atoms and one 

sulphur atom. The 2-(Me2NCH2)C6H4Sb fragments show planar chirality and, as a result, the 

crystal of this compound contains CSb1RN1CSb2RN2 and ASb1SN1ASb2SN2 isomers. 

 The molecular structure of compound 36 (Figure 32) was determined also by single 

crystal X-ray diffraction. The crystal of compound 36 contains a racemic mixture of 

ASb1RN1ASb2SN2 and CSb1RN1CSb2RN2 isomers. 

 

 

Figure 32. Thermal ellipsoids representation at 30% probability of the molecular structure of [2-

(Me2NCH2)C6H4SbSPPh2NP(S)Ph2]2O (36). Hydrogen atoms were omitted for clarity. 
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III.3. Conclusions  

 Four dinuclear diorganobismuth(III) compounds which contain a C,N,C-Bi fragment, 

with a butterfly-like skeleton, namely CH3OCH2CH2N(CH2C6H4)2Bi]2O (21), 

[CH3OCH2CH2N(CH2C6H4)2Bi]2S (22), [CH3OCH2CH2N(CH2C6H4)2Bi]2Se (23) and 

[CH3OCH2CH2N(CH2C6H4)2Bi]2Te (24) were synthetised. In all these compounds it was 

observed that in solution the nitrogen atom coordinates to the bismuth atom. 

 The dinuclear compound [CH3OCH2CH2N(CH2C6H4)2Bi]2Te (24) was obtained in 

mixture with a species containing the fragment R2Te=O, and it was observed that in time the 

two compounds are not stable and they underwent a decomposition process.  

 The compound [CH3OCH2CH2N(CH2C6H4)2Bi]2Se (23) was oxidized in time as well, 

and the compound [CH3OCH2CH2N(CH2C6H4)2BiO]2SeO (23a) was formed. The molecular 

structure determined by single crystal X-ray diffraction confirmed the above formula of 23a. 

The compound is a 12–Bi–5 hypervalent species. In the crystal was observed the formation of 

a 2D supramolecular network by O···H intermolecular interactions. 

The base peaks in the APCI+ mass spectra of compounds 22 and 23 correspond to the 

fragment [CH3OCH2CH2N(CH2C6H4)2Bi]+. 

The reaction between the trimeric cycle [2-(Me2NCH2)C6H4SbO]3 with different 

carboxylic acids, namely acetic acid, monochloroacetic acid, dichloroacetic acid, 

trichloroacetic acid and trifluoroacetic acid, in a 1 : 3 or a 1 : 6 molar ratio, led to the formation 

of six new compounds: [2-(Me2NCH2)C6H4SbOC(O)CH3]2O (25), [2-

(Me2NCH2)C6H4SbOC(O)CCl3]2O (26), [2-(Me2NCH2)C6H4SbOC(O)CF3]2O (27), 2-

(Me2NCH2)C6H4Sb[OC(O)CH2Cl]2 (28), 2-(Me2NCH2)C6H4Sb[OC(O)CHCl2]2 (29), 2-

(Me2NCH2)C6H4Sb[OC(O)CCl3]2 (30).  

The molecular structures of compounds 25-28 were determined by single crystal X-ray 

diffraction. In all these structures was observed the intramolecular coordination of the nitrogen 

atom in the pendant arm to antimony. In the crystals of these compounds were observed 

intermolecular interactions of type C–H···π, O···H and/or Cl···H, that led to the formation of 

supramolecular structures. 

The reactions of the cyclic trimer [2-(Me2NCH2)C6H4SbO]3 with pentafluorophenol 

and, respectively, with trifluoromethanesulfonic acid, using a 1 : 3 or a 1 : 6 molar ratio, led to 

the formation of three new compounds: [2-(Me2NCH2)C6H4SbOC6F5]2O (31), 2-

(Me2NCH2)C6H4Sb(OC6F5)2 (32) and [2-(Me2NCH2)C6H4SbO2S(O)CF3]2O (33). For the 

compound 2-(Me2NCH2)C6H4Sb(OC6F5)2 (32) the molecular structure was determined by 
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single crystal X-ray diffraction and it was observed that the two pentafluorophenoxi groups are 

not equivalent, and the Sb···F and F···H interactions led to the formation of a 3D 

supramolecular network. 

The reactions between the cyclic compound [2-(Me2NCH2)C6H4SbO]3 and 

tetraphenyldichalcogenoimidodiphosphinic acids [(Ph2PO)2N]H, (Ph2PO)(Ph2PS)NH and 

(Ph2PS)2NH, using a 1 : 3 molar ration, led to the formation of compounds [2-

(Me2NCH2)C6H4Sb{OPPh2NP(O)Ph2}]2O (34), [2-(Me2NCH2)C6H4Sb{OPPh2NP(S)Ph2}]2O 

(35) and [2-(Me2NCH2)C6H4Sb{SPPh2NP(S)Ph2}]2O (36).  

For compounds [2-(Me2NCH2)C6H4Sb{OPPh2NP(S)Ph2}]2O (35) and [2-

(Me2NCH2)C6H4Sb{SPPh2NP(S)Ph2}]2O (36) the molecular structure was determined by 

single crystal X-ray diffraction. Both compound [2-(Me2NCH2)C6H4Sb{OPPh2NP(S)Ph2}]2O 

(35) and [2-(Me2NCH2)C6H4Sb{SPPh2NP(S)Ph2}]2O (36) are 12–Sb–5 hypervalent species.  

For compounds 34-36 are necessary supplementary investigations to elucidate their 

behaviour in solution. 
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