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Abstract 

This paper deals with the synthesis, characterization, and studies of biological properties of a 

series of 5 coordination compounds based on binuclear core [MoV2O2S2]2+ with 

thiosemicarbazones ligands bearing different substituents on the R1 position of the ligand. The 

complexes are first studied using MALDI-TOF mass spectrometry and NMR spectroscopy to 

determine their structures in solution in relation to single-crystal X-Ray diffraction data. In a 

second part, the antifungal and antioxidative activities are explored and the high potential of 

these coordination compounds compared to the uncoordinated ligands is demonstrated for these 

properties. Finally, DFT calculation provides important support to the solution studies by 

identifying the most stable isomers in each [Mo2O2S2]2+/Ligand system, while the 

determination of HUMO and LUMO levels is performed to explain the antioxidative properties 

of these systems.    

 

Keywords: Molybdenum, cluster, thiosemicarbazone, coordination complex, antioxidant, 

antifungal 
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Graphical abstract 

 

 

Synopsis:  

Screening tests of molybdenum complexes reveal high antioxidant capacities and selective 
activity against fungi of the species Cryptococcus neoformans. 

 

Highlights: 

•  [Mo2O2S2]2+-based thiosemicarbazone complexes exhibit selective fungicidal activity 
against the fungus Cryptococcus neoformans 
 

• The strong antioxidative properties of thiosemicarbazone ligands and [Mo2O2S2]2+-
based thiosemicarbazone complexes are superior to TROLOX. 
 

• DFT calculation brings strong support for understanding the behaviour of our 
complexes in solution and to evidence the antioxidative properties of their ligands.   
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1. Introduction   

Molybdenum (Mo) is present as trace element everywhere in nature, both in soils and in living 

organisms. Present in more than 50 enzymes, this element plays a crucial role in many 

biological processes, such as nitrogen assimilation by plants.[1]–[3] The molybdoenzymes 

typically involve Mo atoms as Mo(+VI) cations and the coordination sphere around Mo 

generally includes O, N and S atoms, but Mo(+VI) can be reduced into Mo(+V) and/or Mo(+IV) 

during biological processes. This chemical richness and its implication in biology have 

prompted many authors to develop biomimetic Mo-based coordination complexes. In 

particular, many coordination complexes based on clusters [MoV2O2E2]2+ (E = S or O) have 

been developed as biomimetic models for enzymes since the 1960s.[4]–[6] Surprisingly, the 

biological properties of such complexes have only recently been studied, including by the group 

of Suman and some of us. [7]–[11] 

On the other hand, thiosemicarbazone ligands constitute a fascinating class of polydentate 

organic ligands of general formula R1R2C=N-NH-CS-NR3R4 (see scheme 1) for which chemists 

can easily play on the nature of substituents R1, R2, R3 and R4. This offers a huge panel of 

ligands capable of giving thousands of coordination complexes with transition metals.[12]–[15] 

 

 

Scheme 1. General representation of thiosemicarbazone ligand in its two forms (Thione A and Thiol 
B). The free ligands are usually in the A form, while the coordinated ligands are usually found in the 

deprotonated state of the B form.  
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These coordination complexes have received considerable attention in many fields, such as 

biology and medicine, and the high potential of these ligands and complexes with transition 

metals as antitumor, antiviral, antimalarial, antibacterial, antifungal or antioxidant agents has 

been demonstrated.[16]–[25] Interestingly, despite the very large number of transition metal 

thiosemicarbazone complexes reported in the literature, molybdenum complexes are much rarer 

and often reported with MoVI-dioxo moieties such as MoO2(L)–type complexes (where L is a 

tridentate thiosemicarbazone ligand), exhibiting antioxidant,[26] antitumoral[27] and 

antibacterial[28] properties. Mo(+V) complexes are very scarce,[29]–[32] which recently prompted 

us to develop a new family of [MoV2O2S2]2+-based thiosemicarbazones complexes with a wide 

panel of thiosemicarbazone ligands bearing various R1, R2, R3 and R4 substituents.[33] 

Interestingly, 14 new complexes combining [MoV2O2S2]2+ and these ligands have thus been 

obtained and characterized in the solid state and in solution revealing unusual coordination 

modes of thiosemicarbazone ligands. As a general feature, the monoprotonated ligands acted 

as bidentate N,S ligands with the cluster [MoV2O2S2]2+ to give essentially neutral complexes of 

stoichiometry cluster:ligand = 1:2. Some examples of structures obtained in our previous work 

are depicted in Figure 1. Studies of this new class of [MoV2O2S2]2+-thiosemicarbazone 

complexes showed that the R1 group never participates in the coordination with Mo, even when 

it contains an aldehyde or a ketone with a phenol or a pyridine group, which contrasts with 

classical 3d transition metal complexes. Furthermore, we have shown that the nature of R2 also 

plays an important role. Indeed, when R2 = H, the formation of two isomers in solution in cis 

and trans configurations is systematically observed (see Figure 1), while the imino group 

remains uncoordinated, which is also unusual. Conversely, when R2 = Me, we identified up to 

8 isomers in the mixture, probably with different coordination modes. Finally, we chose to keep 

R3 = H and to vary R4 with various substituents. This position does not play a crucial role in the 
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formation of complexes excepted for one ligand when R4 is an aromatic amide (Figure 1d) 

which gave an original tetrameric complex together with other complexes in solution.  

 
Figure 1. Molecular structures of previous complexes a) [Mo2O2S2(HLl)2] (cis isomer), b) 

[Mo2O2S2(Lg)2] (trans isomer), c) [Mo2O2S2(Lm)2] (trans isomer) and d) [Mo2O2S2(Lf)(DMSO)]2 

(dimer), where HLl is defined for R1 = H, R2 = C10H7O, R3 = H, R4 = H, Lg with R1 = H, R2 = C9H6N, 

R3 = H, R4 = H, Lm with R1 = H, R2 = C4H3S, R3 = H, R4 = H, and Lf with R1 = CH3, R2 = C5H4N, R3 = 

H, R4 = C8H8NO, from Fuior et al.[33] 
 

Very recently, the potential in biology for these 14 new complexes were screened by Fuior et 

al. as antibacterial, antimicrobial, antifungal, antioxidant and antitumoral compounds.[34] It was 

evidenced that the Mo2O2S2-based thiosemicarbazone complexes are of interest for biology and 

that the activity strongly depends on the nature of the R1 group. When R1 is a pyridine ring, a 

good activity as antifungal and antimicrobial is measured, while when R1 is a phenol the 

antitumoral properties are enhanced. It is worth noting that for antifungal activity a good 

activity against Cryptococcus neoformans is measured for all complexes, while the activity 
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against Candida albicans appears good only for complexes bearing pyridine derivatives. 

Besides, the formation of mixtures of isomers constitutes a severe drawback for the 

interpretation of results in biology and ligands alone were only partially measured, which does 

not permit to establish if the main contribution of the properties come from the ligand or from 

the molybdenum cluster. Finally, all complexes exhibit antioxidant properties better than 

TROLOX, the reference compound commonly used in the literature, but the properties of 

ligands alone were not measured, and the origin of the process was not established.  

The present study aims to address the issues evidenced by Fuior et al with this new class of 

Mo2O2S2-based thiosemicarbazone complexes[33][34]: 

• Controlling the formation of mixtures of isomers by introducing steric constraints. 

• Changing the nature of R1 group by a non-coordinative group to evaluate the impact on 

antifungal activity. 

• Understanding the origin of the antioxidative properties, ligand, or molybdic cluster. 

To address these issues, we synthesized 5 new ligands and the corresponding [MoV2O2S2]2+ 

complexes. To limit the formation of isomers, the substituents R4 = Me or H, R3 = H, and R2 = 

H were fixed, whereas we varied the nature of aldehyde in R1. Intuitively, if we want to favour 

the formation of a single isomer, we can for example introduce steric constraints between 

ligands. Besides, since R1 has been shown not to be involved coordinating Mo centres, we don’t 

necessarily need a coordinating group present in R1. Consequently, we introduced in R1 position 

dimethylbenzene group for ligands HL1 and HL2, 3- or 5-methoxy-salicyladehyde for H2L3 and 

H2L4, and the bulky substituent diphenylamine-benzaldehyde for ligand HL5 (see Scheme 2). 

Each of them thus displays bulkier R1 group than those used in our previous works in the hope 

of preventing isomers formation upon complexation with [MoV2O2S2]2+. Furthermore, the 

ligands HL1 and HL2 possess a non-coordinative group as R1, which will permit to complete 

our previous studies, notably against fungi. 
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Scheme 2. Drawing of the ligands used in this study. 

 
In this paper, a special attention is paid to combining NMR experimental and DFT studies to 

assess the effect of the variation of R1 on the number of species formed in solution, so to better 

understand the preferential formation of cis or trans isomers. The biological activity as 

antibacterial, antifungal and antioxidant is evaluated both for ligands and complexes, notably 

to evidence some selective properties of such class of complexes. DFT calculations were 

performed on the ligands and cis and trans isomers of the complexes with the aim to determine 

the electronic levels and the nature of the frontier orbitals in the ligands and the complexes and 

to better understand the antioxidant activities of the complexes and to determine the origin of 

such a behaviour. 

 

1- Experimental section 
1.1   Materials and methods 
Fourier Transform Infrared (FT-IR) spectra were recorded on a 6700 FT-IR Nicolet 

spectrophotometer, using diamond ATR technique. The spectra were recorded on solid 

compounds and ATR correction was applied. Elemental analyses were performed by Biocis 

laboratory, University Paris-Saclay (www.biocis.universite-paris-saclay.fr), Châtenay-

Malabry, France. EDX measurements were performed on a JEOL JSM 5800LV apparatus.  
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Electrospray Ionization Mass Spectrometry (ESI-MS) spectra were collected for ligands by 

using a Q-TOF instrument supplied by WATERS. Samples were solubilized in water at a 

concentration of 10-4 M and were introduced into the spectrometer via an ACQUITY UPLC 

WATERS system whilst a Leucine Enkephalin solution was co-injected via a micro pump as 

internal standard. 

 

MALDI-TOF mass Spectrometry.  A MALDI-TOF/TOF UltrafleXtreme mass spectrometer 

(Bruker Daltonics, Bremen) was used for all experiments. Acquisitions were performed in 

reflector or linear positive ion mode. The laser intensity was set just above the ion generation 

threshold to obtain peaks with the highest possible signal-to-noise (S/N) ratio without 

significant peak broadening. The mass spectrometer was externally calibrated using PEG1500 

and PEG4500. All data were processed using the program FlexAnalysis (Bruker Daltonics, 

Bremen). The matrix 1,8,9-anthracenetriol (Dithranol), was purchased from Sigma Aldrich at 

the highest grade available, and used without further purification. Samples were prepared at a 

concentration of 60 µM in tetrahydrofuran. The matrix solution was prepared at a concentration 

of 6 mM in THF with or without addition of a sodium salt. The samples were prepared by 

mixing the sample solution with matrix solution at a volume ratio of 1:9. After drying, the 

residues were analyzed by MALDI-TOF technique. 

 

Nuclear magnetic resonance (NMR) 1H and 13C NMR spectra were measured at 298 K on 

Bruker Avance 300 MHz spectrometer with 5 mm BBI probe head at 9.4 T. All samples were 

solubilised in DMSO-d6 deuterated solvent. The 1H spectra were recorded as standard 

procedure using one pulse sequence at 30° flip angle with 2.8 µs duration pulse time, 2 s recycle 

delay, 1.6 s for acquisition time, and 8 number of scans. The 13C spectra were obtained with 

either standard power-gated decoupling or Dept145 pulse sequences, using typically 4.5 s 

recycle delay, 1.3 s acquisition time, and ca. 8000 number of scans. Chemical shifts are reported 
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relative to 1% Me4Si in CDCl3 (1H and 13C) according to conventional standard. Simulation of 

NMR spectra were performed by using DMFIT software (free access through the link 

https ://cemhti.cnrs-orleans.fr/dmfit/).  

 

XRD analysis. Yellow-orange crystals of compound [Mo2O2S2(HL3)2] were obtained by 

recrystallization from DMSO solutions. The diffraction data were collected on a Bruker Apex 

Duo diffractometer with MoKα radiation (λ = 0.71073 Å) by doing φ and ω scans of narrow 

(0.5°) frames at 200 K. Crystals were glued in paratone oil to prevent any loss of crystallization 

water. An empirical absorption correction was applied using the SADABS program.[35] 

Structures were solved by direct methods and refined by full-matrix least-squares treatment 

against |F|2 in anisotropic approximation with SHELX 2014/7 set[36] using ShelXle program.[37] 

Further details about the crystal structure determinations may be obtained free of charge from 

the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif on 

quoting the depository number CCDC-2191589. 

Computational details. The molecular geometry of all the complexes were fully optimized using 

a Density Functional Theory (DFT) method implemented in the Amsterdam Density Functional 

package (AMS 2021.101, SCM, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The 

Netherlands, http://www.scm.com)[38] using the Slater TZP basis set from AMS library. We used 

the Becke and Perdew exchange-correlation functional (BP86),[39][40] together with the dispersion 

correction D3 from Grimme.[41] Relativistic corrections are included by the scalar Zero Order 

Regular Approximation (ZORA).[42] Water solvation effects were considered employing the 

continuous Conductor like Screening Model (COSMO)[43] using the Klamt atomic radii. 

Analytical vibrational frequencies were computed for the stationary points to check their nature 

as minima in the energy surface. NMR chemical shifts were computed, using same functional 

and basis set as for geometry optimizations, and some values with TZ2P basis set. 
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A dataset collection of the computational results is available in the ioChem-BD repository and 

can be accessed via the following link: https://doi.org/10.19061/iochem-bd-1-264. 

During the reviewing process this link is not accessible : for reviewers please follow the link 
https://iochem-bd.iciq.es/browse/review-collection/100/53726/5230d6e20532ea3588a2cc23. 

 

1.2 Protocols of biological tests 

1.2.1 Antibacterial and antifungal activity tests 

Antibacterial and antifungal activity of the synthesized compounds are assessed using the 

microdilution broth test, which allows determination of minimum inhibitory concentration 

(MIC), minimum bactericide concentration (MBC) and the minimum fungicidal concentration 

(MFC). (Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeasts; 

Approved Standard—Third Edition, 2002; Clinical and Laboratory Standards Institute 

document M27-A3; Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria that 

Grow Aerobically, Approved Standard, 9th ed, 2012, Clinical and Laboratory Standards 

Institute). For MIC assays a stock solution (10 mg/mL) of each test compound was prepared in 

dimethyl sulfoxide (DMSO). This stock solution was then diluted in Muller Hinton Broth 

(MHB) for bacteria and liquid RPMI (Roswell Park Memorial Institute) 1640 medium with 

both L-glutamine and 0.165 M MOPS buffer and without sodium bicarbonate was provided 

(ready for use) for fungi. The next dilutions were made using 2% of peptonate bullion. Plates 

were covered and incubated on the shaker at 37°C for 24 h (bacteria), 48 h (Candida spp.), and 

72 h (Cryptococcus spp.). MICs were assessed visually after the corresponding incubation 

period and were taken as the lowest sample concentration at which there was no (or virtually) 

growth. For the minimum bactericidal concentrations (MBC) determination, 10 μl aliquots from 

each well that showed no growth of microorganism were plated on Mueller-Hinton Agar or 

Sabouraud Dextrose Agar and incubated at 37°C for 24 h (bacteria), 48 h (Candida spp.), and 

72 h (Cryptococcus spp.). The lowest concentration that yielded no growth after subculturing 
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was taken as the MBC or MFC. Furacillinum was used as the standard antibacterial drug and 

nystatine was used as the standard antifungal drug. All the experiments were carried out in 

triplicates.  

1.2.2 In vitro antioxidant tests 

To determine antioxidant capacity, spectrophotometric method was used, where to 

solutions of specifically coloured free radicals (ABTS radical cation) is added to the 

experimental substance in different concentrations followed by absorbance measurements.  

The chemicals and reagents used were of analytical grade and obtained from Sigma 

Aldrich: ABTS (2,2'-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), Trolox (6-hydroxy-

2,5,7,8-tetramethychroman-2-carboxylic acid), potassium persulfate (K2S2O8). DMSO, 

methanol, acetate buffered saline solution (pH 6.5) were purchased from local suppliers. 

Deionized water was obtained by Adrona Crystal E HPLC water treatment system. 

The antioxidant activity by the ABTS•+ was assessed according to the method described by Re 

et al. with modifications.[44] The ABTS•+ radical was formed through the reaction of ABTS 

solution 7 mM with potassium persulfate solution 140 mM, incubated at 25 °C in the dark for 

12–16 h. Once formed, the ABTS•+ solution was diluted with acetate buffered saline solution 

(0,02 M, pH 6.5) to give an absorbance of 0.7 ± 0,01 at 734 nm. Dilutions of Trolox, DOXO 

(Doxorubicin) and experimental compounds were prepared in DMSO at concentrations ranging 

from 0.1 to 100 μM. After that, 20 μL of each experimental compound dilution were transferred 

in a 96 wells microtiter plate and 180 μL of working solution of ABTS•+ were dispensed with 

dispense module of hybrid reader (BioTek). The mixture was stirred for 15 s. The change in 

absorbance at 734 nm was measured exactly after 30 min of incubation at 25 °C. Blank samples 

were run with solvent only, without ABTS•+. The decrease in absorbance is expressed as % 

inhibition, which is calculated from the following formula:  
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((Abscontrol–Abssample)/Abscontrol)×100  

1.3  Chemicals and syntheses 

The sulphurated precursor K1.5(NMe4)0.5[I2Mo10O10S10(OH)10(H2O)5].20H2O, denoted 

hereafter Mo10, was prepared as described in the literature[45] and characterized by routine 

methods (FT-IR and TGA). Starting chemicals were purchased form Aldrich, Alfa Aesar or 

Acros companies and used without further purification. 

1.3.1 Syntheses of ligands 

Thiosemicarbazone ligands HL1-2,5 and H2L3-4 were prepared according to literature protocols 

and characterized by FT-IR, ESI-MS, and 1H and 13C NMR spectroscopy. Ligands are 

synthesized by condensing aromatic aldehydes with thiosemicarbazides in a molar ratio of 1:1 

in methanol or ethanol. The reactant mixture is refluxed for 4 h in the presence of a few drops 

of acetic acid as a catalyst. The final reaction products are solid. They are isolated by filtration 

and washed with ethanol or methanol and dried under vacuum.[46] The synthesized ligands were 

all insoluble in water. However, they have shown higher solubility in polar solvents, such as 

dimethylformamide (DMF), dimethylsulfoxide (DMSO), and acetonitrile (MeCN). 

4-Methyl-3-thiosemicarbazone of 3,5-dimethylbenzaldehyde (HL1). White powder 

(yield = 74 %). FT-IR/cm-1, (Diamond ATR): 3294 (m, sh.); 3115 (w); 2980 (w); 1591 (s); 

1544 (m, sh.); 1515 (w, sh.); 1424 (s); 1371 (s); 1292 (m); 1242 (w); 1162 (s); 1087 (m); 1036 

(m); 957 (m); 941 (vs); 900 (s); 845 (m); 802 (s); 706 (s); 685 (m); 656 (s); 617 (vs); 505 (vs); 

448 (s). 1H NMR: δ ppm (300 MHz/DMSO-d6): 11.43 (s, 1H); 8.45 (m, 1H); 7.98 (s, 1H); 7.39 

(s, 2H); 7.03 (s, 1H); 3.02 (d, 3H); 2.28 (s, 6H). 13C NMR: δ ppm (300 MHz/DMSO-d6): 177.6; 

142.06; 137.72; 134.06; 131.26; 124.90; 30.81; 20.76.  

Thiosemicarbazone of 3,5-dimethylbenzaldehyde (HL2). White powder (yield = 79 

%). FT-IR/cm-1, (Diamond ATR): 3392 (w); 3248 (m); 3155 (m); 3025 (s); 2913 (s); 1617 (s); 
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1599 (w); 1530 (vw); 1458 (s); 1385 (vs); 1364 (s); 1301 (m); 1216 (s, br.); 1175 (s); 1162 (s); 

1096 (m); 1059 (s); 996 (vs); 946 (w); 849 (w); 834 (w); 713 (s); 688 (w); 621 (m); 563 (m, 

br.); 538 (s); 469 (s); 426 (s).1H NMR: δ ppm (300 MHz/DMSO-d6): 11.30 (s, 1H); 8.20 (s, 

1H); 7.96 (s, 2H); 7.39 (s, 2H); 7.00 (s, 1H); 2.26 (s, 6H). 13C RMN: δ ppm (300 MHz/DMSO-

d6): 177.78; 142.50; 137.70; 133.98; 131.32; 125.03; 20.72. 

4-Methyl-3-thiosemicarbazone of 2-hydroxy-3-methoxybenzandehyde (H2L3). 

White powder (yield = 96 %). FT-IR/cm-1, (Diamond ATR): 3338 (s); 3305 (w, sh.); 1551 (w, 

sh.); 1527 (w, sh.); 1479 (w); 1447 (w); 1387 (vs); 1360 (s); 1331 (s); 1268 (w, br.); 1216 (w); 

1186 (s); 1166 (s); 1108 (s); 1066 (w); 931 (m); 882 (vs); 831 (vs); 807 (m); 785 (m); 755 (s); 

736 (m); 660 (s); 642 (s); 610 (s); 570 (s); 536 (m); 523 (m); 479 (vs); 403 (m). 1H RMN: δ 

ppm (300 MHz/DMSO-d6): 11.44 (s, 1H); 9.19 (s, 1H); 8.40 (q, 1H); 8.38 (s, 1H); 7.55 (d, 1H); 

6.95 (d, 1H); 6.78 (t, 1H); 3.80 (s, 3H); 3.00 (d, 3H). 13C RMN: δ ppm (300 MHz/DMSO-d6): 

177.49; 147.89; 145.83; 138.76; 120.87; 118.88; 117.99; 112.65; 55.86; 30.80. 

4-Methyl-3-thiosemicarbazone of 2-hydroxy-5-methoxybenzandehyde (H2L4). 

White powder (yield = 76 %). FT-IR/cm-1, (Diamond ATR): 3377 (vw, sh.); 3247 (vw, br.); 

3012 (m); 2934 (m.); 2832 (s); 1621 (s); 1610 (s); 1578 (s); 1552 (vw, br.); 1518 (w); 1496 (m, 

br.); 1385 (s); 1369 (s); 1330 (vw, br.); 1262 (vw); 1239 (m); 1189 (m); 1167 (m); 1116 (s); 

1089 (m); 1024 (w); 956 (s); 942 (s); 849 (s); 832 (m); 780 (m); 726 (s); 670 (s); 634 (vs); 609 

(s); 571 (s); 526 (s); 498 (s); 469 (s). 1H RMN: δ ppm (300 MHz/DMSO-d6): 11.42 (s, 1H); 

9.47 (s, 1H); 8.44 (q, 1H); 8.33 (s, 1H); 7.48 (d, 1H); 6.82 (d, 1H); 6.79 (s, 1H); 3.72 (s, 3H); 

3.01 (d, 3H). 13C RMN: δ ppm (300 MHz/DMSO-d6): 177.27; 152.20; 150.46; 138.51; 120.77; 

117.49; 116.72; 109.97; 55.59; 30.75. 

4-Methyl-3-thiosemicarbazone of 4-(N,N-diphenylamino)benzaldehyde (HL5). 

Yellow powder (yield = 89 %). FT-IR/cm-1, (Diamond ATR): 3370 (s); 3145 (m); 2995 (s); 

1586 (vw); 1548 (w); 1505 (m); 1486 (vw); 1448 (vs); 1419 (s); 1382 (s); 1337 (s); 1320 (m); 
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1292 (m); 1265 (vw); 1165 (m); 1147 (s); 1079 (s); 1036 (s); 995 (vs); 932 (s); 904 (vs); 830 

(s); 782 (s); 764 (m); 755 (m); 726 (s); 709 (s); 700 (s); 692 (m); 632 (s); 621 (s); 615 (s); 606 

(s); 579 (s, br.); 537 (s); 527 (m); 511 (s); 492 (s); 446 (s); 524 (s); 407 (m). 1H NMR: δ ppm 

(300 MHz/DMSO-d6): 11.40 (s, 1H); 9.39 (m, 1H); 7.96 (s, 1H); 7.65 (d, 2H); 7.33 (t, 4H); 

7.11 (d, 2H); 7.06 (d, 4H); 6.91 (d, 2H); 2.99 (d, 3H). 13C NMR: δ ppm (300 MHz/DMSO-d6): 

177.36; 148.60; 146.54; 141.38; 129.67; 128.36; 127.65; 124.74; 123.85; 121.49; 30.75. 

 

1.3.2 Syntheses of [MoV2O2S2]2+ complexes 

The solid thiosemicarbazone ligand HL1-2,5 or H2L3-4 (0.833 mmol) is dissolved in 40 

mL of EtOH at 55-60 °C. Freshly prepared 25 mL of aqueous solution of K2-

x(NMe4)x[I2Mo10O10S10(OH)10(H2O)5]·20H2O precursor (250 mg, 0.0833 mmol; 0.417 mmol 

[Mo2O2S2(H2O)6]2+ is transferred to the hot thiosemicarbazone solution by dropwise addition. 

The mixture is stirred continuously and heated to 65 °C for one hour, which leads to the 

formation of yellow powders. For each synthesis , the yellow product is filtered, washed with 

water, ethanol, and diethyl ether, and then dried under vacuum. 

[Mo2O2S2(L1)2]. Yellow powder (yield = 90 %). FT-IR/cm-1, (Diamond ATR): 3368 

(m); 3336 (m); 2933 (s); 2912 (s); 1579 (vw, sh.); 1447 (s); 1428 (s); 1353 (m); 1296 (vs); 1169 

(s); 1072 (m); 1014 (s); 965 (vw, sh.); 951 (m); 901 (vs); 846 (s); 824 (s); 727 (m); 689 (m); 

660 (s); 578 (s); 474 (s). 1H RMN: δ ppm (300 MHz/DMSO-d6): 9.52 (m, 1H); 9.18 (s, 1H); 

7.72 (s, 2H); 7.16 (s, 1H); 3.02 (d, 3H); 2.37 (s, 6H). Elemental analysis for 

[Mo2O2S2(C11H14N3S)2] Calc. (found): C 36.26 (36.24); H 3.87 (3.65); N 11.53 (11.46); S 17.60 

(17.46). EDX: found (expected): Mo/S = 0.51 (0.50). MALDI-TOF: m/z Calc. (found) 729.6 

(729.9) for molecular ion [M+H]+ and m/z 751.6 (751.9) for [M+Na]+. 
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[Mo2O2S2(L2)2]. Yellow powder (yield = 96 %). FT-IR/cm-1, (Diamond ATR): 3499 

(m); 3438 (m); 3375 (w); 3325 (m); 1592 (vw, sh.); 1505 (w); 1380 (vs); 1350 (w); 1289 (s); 

1163 (s); 1051 (s); 955 (vw, sh.); 848 (s); 813 (vs); 797 (vs); 731 (s); 693 (s); 685 (s); 561 (vs); 

550 (vs); 538 (vs); 481 (s); 458 (s). 1H RMN: δ ppm (300 MHz/DMSO-d6): 9.21 (d, 1H); 9.16 

(s, 2H); 7.73 (s, 1H); 7.16 (s, 1H); 2.36 (s, 6H). Elemental analysis for [Mo2O2S2(C10H12N3S)2] 

Calc. (found): C 34.29 (34.12); H 3.45 (3.30); N 12.00 (11.81); S 18.31 (18.37). EDX expected 

(found): Mo/S = 0.48 (0.50). MALDI-TOF: m/z Calc. (found) 701.6 (701.9) for [M+H]+ and 

m/z 723.6 (723.9) for [M+Na]+. 

 

[Mo2O2S2(HL3)2]. Yellow powder (yield = 63 %). FT-IR/cm-1, (Diamond ATR): 3339 

(s); 3306 (w); 1595 (m, br.); 1554 (w, br.); 1527 (w, br.); 1478 (w); 1448 (w); 1387 (vs); 1360 

(s); 1331 (s); 1259 (w, br.); 1216 (w); 1186 (s); 1166 (s); 1108 (s); 1067 (w); 957 (m); 931 (m); 

882 (vs); 830 (vs); 807 (s); 784 (s); 755 (vs); 736 (m); 642 (s); 610 (s); 571 (m); 537 (s); 523 

(s); 479 (s). 1H RMN: δ ppm (300 MHz/DMSO-d6): 9.62-9.34 (m, 3H); 7.77 (d, 1H); 7.10 (d, 

1H); 6.91 (t, 1H); 3.88 (s, 3H); 3.00 (d, 3H). Elemental analysis for 

[Mo2O2S2(C10H12N3SO2)2](Mo12O12S12(OH)12(H2O)6)0.035(CH3OH)0.5(H2O)0.5 Calc. (found): C 

28.60 (28.73); H 3.26 (3.01); N 9.76 (9.96); S 16.46 (16.26). EDX found (expected): Mo/S = 

0.53 (0.50). MALDI-TOF: m/z Calc. (found) 765.6 (765.8) for [M+H]+ and m/z 787.6 (787.8) 

for [M+Na]+.  

 

[Mo2O2S2(HL4)2]. Yellow powder (yield = 76 %). FT-IR/cm-1, (Diamond ATR): 3464 

(vs); 3247 (vs); 1603 (vw, sh.); 1571 (s); 1493 (w); 1467 (vs); 1451 (vs); 1402 (s); 1333 (m); 

1268 (vw); 1220 (vs); 1185 (s); 1164 (s); 1083 (s); 1040 (m); 1021 (s); 963 (m); 950 (m); 865 

(vs); 838 (vs); 817 (m); 780 (s); 766 (s); 736 (m); 687 (s); 653 (vs); 596 (vs); 570 (vs); 532 (vs); 

477 (s); 394 (s); 342 (s). 1H RMN: δ ppm (300 MHz/DMSO-d6):  9.81 (s, 1H); 9.56 (q, 1H); 
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9.49 (s, 1H); 7.71 (d, 1H); 7.00-6.89 (m, 2H); 3.79 (s, 3H); 3.01 (d, 3H). Elemental analysis for 

[Mo2O2S2(C10H12N3SO2)2](Mo12O12S12(OH)12(H2O)6)0.019(CH3OH)0.8(H2O)2.5 Calc. (found): C 

28.30 (28.58); H 3.71 (3.77); N 9.92 (9.62); S 15.22 (12.51). EDX found (expected): Mo/S = 

0.52 (0.50). MALDI-TOF: m/z Calc. (found) 765.6 (765.8) for [M+H]+ and m/z 787.6 (787.8) 

for [M+Na]+. 

 

[Mo2O2S2(L5)2]. Yellow powder (yield = 92 %). FT-IR/cm-1, (Diamond ATR): 3296 

(s); 3027 (vs); 1589 (vw, sh.); 1508 (s); 1488 (w); 1363 (vs); 1320 (s); 1282 (m); 1269 (m); 

1174 (vs); 1079 (s); 1029 (vs); 960 (w); 945 (s); 839 (s); 808 (s); 751 (m); 729 (vs); 714 (vs); 

698 (m); 669 (m); 637 (s); 617 (s); 598 (s); 547 (s); 533 (s). 1H RMN: δ ppm (300 MHz/DMSO-

d6):  9.47 (m, 1H); 9.13 (s, 1H); 7.97 (d, 2H); 7.38 (t, 4H); 7.14 (d, 4H); 7.10 (d, 2H); 7.02 (d, 

4H); 2.99 (d, 3H). Elemental analysis for [Mo2O2S2(C21H19N4S)2] Calc. (found): C 50.10 

(49.97); H 3.80 (3.88); N 11.13 (11.07); S 12.74 (12.81). EDX found (expected): Mo/S = 0.46 

(0.50). MALDI-TOF: m/z Calc. (found) 1007.9 (1007.9) for [M+H]+ and  m/z 1029.9 (1029.9) 

for [M+Na]+. 

2. Results 

2.1. Synthesis  

The cyclic compound K2-x(NMe4)x[I2Mo10O10S10(OH)10(H2O)5] (denoted Mo10) is used as 

precursor to obtain the [MoV2O2S2]2+ cluster. This family of molybdenum cycles are highly 

labile.[47] Therefore, the Mo10 solution must be prepared quickly and immediately mixed with 

ligands because Mo10 precursor can quickly reorganize to give the neutral insoluble compound 

[Mo12O12S12(OH)12(H2O)6].[48] This Mo10 cycle possesses 10 hydroxo bridges, which can 

deprotonate thiosemicarbazone ligands in the water/ethanol reaction medium. Quantitatively, 

10 OH- bridges can react with 10 molecules of thiosemicarbazone ligands. During the 
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hydrolysis of the cycle, 5 fragments of [Mo2O2S2]2+ are obtained which react with the 

monodeprotonated ligands. As can be seen in Scheme 1, thiosemicarbazone ligands can exist 

in two forms. It is well known that uncoordinated ligands adopt the thione form (form A in 

Scheme 1). However, deprotonation generally takes place on the azomethine nitrogen atom, 

and the coordination of the ligand then takes place in the deprotonated thiolate form B. In this 

study, we obtained 5 compounds in powder form, which were characterized by FT-IR (see 

Supporting Information), Elemental Analysis and EDX. These analyses agree with the 

formation of complexes between the [Mo2O2S2]2+ cluster and the monodeprotonated 

thiosemicarbazone ligands and in particular the formation of neutral complexes of the 

[Mo2O2S2(HnL)2] type (see experimental part). Mass spectrometry by the MALDI-TOF method 

is thus carried out to confirm the stoichiometry in these complexes. 

 

2.2 MALDI-TOF 

MALDI-TOF mass spectrometry has proven to be very effective in characterizing such neutral 

complexes. Figure 2 shows an example of a spectrum obtained for the compound 

[Mo2O2S2(L5)2], while the other spectra are given in Supporting Information and the data are 

gathered in Table 1. The complexes obtained are neutral. In all cases, only a few degradation 

products are observed, and the main peaks correspond to monocationic adducts formed between 

the expected neutral complexes and an H+ proton or a Na+ cation. The simulated isotopic 

distribution perfectly matches the 1:2 stoichiometry of [Mo2O2S2(L)2] complexes, in agreement 

with previous studies by Fuior et al.[33] 
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Figure 2. MALDI-TOF mass spectrum of the compound [Mo2O2S2(C21H19N4S)2]. The simulated spectrum 

is obtained with IsoPro3 freeware.  

Table 1. ESI-MS data obtained for the ligands and MALDI-TOF results of the complexes  

[Mo2O2S2(HnL1-5)2] 

Product Exp. 
m/z 

Assignment Calc. 
m/z 

HL1 222.1 [C11H15N3S]+H+ 222.3 

HL2 208.0 [C10H13N3S]+H+ 208.3 

H2L3 240.0 [C10H13N3SO2]+H+ 240.3 

H2L4 240.0 [C10H13N3SO2]+H+ 240.3 

HL5 361.1 [C21H20N4S]+H+ 361.4 

[Mo2O2S2(L1)2] 729.9 

751.9 

[Mo2O2S2(C11H14N3S)2+H]+ 

[Mo2O2S2(C11H14N3S)2+Na]+ 

729.6 

751.6 

[Mo2O2S2(L2)2] 701.9 

723.9 

[Mo2O2S2(C10H12N3S)2+H]+ 

[Mo2O2S2(C10H12N3S)2+Na]+ 

701.6 

723.6 

[Mo2O2S2(HL3)2] 765.8 

787.8 

[Mo2O2S2(C10H12N3SO2)2+H]+ 

[Mo2O2S2(C10H12N3SO2)2+Na]+ 

765.6 

787.6 

[Mo2O2S2(HL4)2] 765.8 

787.8 

[Mo2O2S2(C10H12N3SO2)2 +H]+ 

[Mo2O2S2(C10H12N3SO2)2+Na]+ 

765.6 

787.6 

[Mo2O2S2(L5)2] 1007.9 

1029.9 

[Mo2O2S2(C21H19N4S)2+H]+ 

[Mo2O2S2(C21H19N4S)2+Na]+ 

1007.9 

1029.9 
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2.3 X-Ray Crystal Structure  

The [Mo2O2S2(HL3)2] complex solvated with two DMSO molecules crystallizes in a 

triclinic P1" space group. The detailed crystallographic data are given in Table 2 and selected 

distances are listed in Table 3. The molecular structure of the complex is depicted in the Figure 

3. The two monodeprotonated bidentate thiosemicarbazone ligands are coordinated in trans 

configuration to [MoV2O2S2]2+ cluster, through S-thiolate and azomethinic N atoms. This type 

of coordination leads to a 4-atom ring with Mo(V) metal ions, where the Mo-S and Mo-N 

distances were found to be 2.441 and 2.136 Å, respectively. The phenolic and imino groups are 

not involved in coordination conversely to what usually happens in 3d complexes. Both Mo(V) 

atoms in [MoV2O2S2]2+ cluster are pentacoordinated with a distorted square pyramidal 

geometry. The Mo-Mo (2.831 Å), Mo-S (2.302–2.341 Å) and Mo=O (1.675–1.678 Å) bond 

distances are consistent with the usual ranges observed in the [MoV2O2S2]2+ cluster.[47][49][50]. 

The deprotonation of the ligand is confirmed by C-S and C=N bond distances. Thus, the 

increase in the distance of the C-S bond (1.745 Å) in the complex compared to the C=S in the 

free ligand (1.695 Å) is accompanied by a shortening of the C-N bond (1.338 Å) between the 

azomethinic C and the hydrazinic N atoms in the complex compared to C=N double bond in 

the uncoordinated ligand (1.363 Å)[51]. The crystal packing of the complex is stabilized by 

intermolecular bonding between DMSO molecules and molecular units (Figure S6, ESI). The 

oxygen atom of one DMSO molecule is connecting two molecular units by hydrogen bonds 

with phenol and amino groups: H12A(OH)…O1D(DMSO)…H1A(NHMe) (2.028 and 1.971 Å, 

respectively). These dimeric assemblies end with hydrogen bonding between oxygen atom of 

second DMSO molecule and phenol and amino groups of one molecular unit, 

H12B(OH)…O1C(DMSO)…H1B(NHMe) (2.663 and 1.977 Å respectively).   
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Figure 3. X-Ray molecular structure of [Mo2O2S2(HL3)2] complex. Colour code: Mo (blue), C 

(grey), O (red), N (green), and S (yellow). 
 

Table 2. Crystallographic data for [Mo2O2S2(HL3)2]·2DMSO complex 

Complex [Mo2O2S2(HL3)2]·2DMSO 

Formula C24H36Mo2N6O8S6 

M (g mol-1) 920.83 

Crystal system Triclinic 

Space group P1" 

T (K) 220 

Crystal  Yellow Parallelepiped  

a (Å) 9.8232(3) 

b (Å) 12.7500(4) 

c (Å) 14.6369(5) 

α (°) 93.020(2) 

β (°) 101.021(2) 

γ (°) 94.990(2) 

V (Å3) 1788.07(10) 

Z 2 

Dcalc (g cm-3) 1.710 

Crystal size (mm) 0.28 × 0.18 × 0.10 mm 

F(000) 932 
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μ(Mo-Kα)/Å 0.71073  

Reflections collected 70946 

Independent reflections (I > 2σ(I)) 8345 

Parameters 425 

Δ(ρ) (e Å−3) 1.22 and -0.80 

Goodness of fit 1.05 

R1
a 0.0307 (0.0443)b 

wR2
a 0.0692 (0.0771)b 

a R = å||Fo| − |Fc||/å|Fo|, wR2 = [åw(Fo2 − Fc2)2/åw(Fo2)2]1/2; [Fo > 4σ(Fo)]. b Based on all data. 

 
Table 3. Selected bond lengths around Mo atoms (Å) in [Mo2O2S2(HL3)2]·2DMSO crystal structure 

and in molecular structures optimized by DFT calculation 

Complexes Mo-
Mo Mo=O Mo-N Mo-S 

(bridges) 
Mo-S 

(Ligand) C-S (N)N=C(S) 

Experimental XRD structure 

Trans-[Mo2O2S2(HL3)2] 2.831 1.678 
1.675 

2.135 
2.137 

2.302 
2.341 
2.303 
2.334 

2.460 
2.441 

1.745 
1.745 

1.330 
1.338 

Optimized structures by DFT 

cis-[Mo2O2S2(L1)2] 
 

2.852 1.713 
1.714 

2.162 
2.167 

2.351 
2.354 
2.332 
2.344 

2.492 
2.491 

1.752 
1.756 

1.349 
1.345 

trans-[Mo2O2S2(L1)2] 
 

2.852 1.715 
1.715 

2.150 
2.150 

2.322 
2.365 
2.364 
2.322 

2.486 
2.486 

1.752 
1.752 
 

1.345 
1.345 

cis-[Mo2O2S2(L2)2] 
 

2.873 1.713 
1.714 

2.154 
2.159 

2.331 
2.324 
2.343 
2.348 

2.501 
2.503 

1.744 
1.746 

1.343 
1.341 

trans-[Mo2O2S2(L2)2] 
 

2.849 1.714 
1.714 

2.157 
2.158 
 

2.364 
2.320 
2.364 
2.321 

2.487 
2.484 

1.751 
1.751 

1.338 
1.338 
 

cis-[Mo2O2S2(HL3)2] 
 

2.867 1.713 
1.714 
 

2.161 
2.163 

2.353 
2.323 
2.339 
2.345 

2.501 
2.515 
 

1.749 
1.744 

1.347 
1.351 

trans-[Mo2O2S2(HL3)2] 
 

2.837 1.718 
1.720 

2.185 
2.161 

2.369 
2.322 
2.325 
2.358 

2.462 
2.494 

1.752 
1.767 

1.348 
1.339 

cis-[Mo2O2S2(HL4)2] 
 

2.866 1.713 
1.714 

2.160 
2.159 

2.335 
2.328 
2.347 
2.351 

2.505 
2.507 

1.748 
1.747 

1.349 
1.349 

trans-[Mo2O2S2(HL4)2] 
 

2.839 1.718 
1.719 

2.161 
2.167 

2.357 
2.323 
2.370 

2.494 
2.486 

1.755 
1.752 

1.346 
1.348 
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2.323 
cis-[Mo2O2S2(L5)2] 
 

2.868 1.714 
1.715 

2.159 
2.161 

2.334 
2.342 
2.350 
2.352 

2.501 
2.504 
 

1.748 
1.751 
 

1.349 
1.345 

trans-[Mo2O2S2(L5)2] 2.852 1.716 
1.715 

2.179 
2.161 

2.324 
2.370 
2.322 
2.372 

2.465 
2.488 
 

1.755 
1.767 

1.345 
1.338 

 

2.4. NMR Studies 

1H NMR spectra of free ligands and complexes were recorded in DMSO. The example of 

[Mo2O2S2(HL3)2] complex is given in Figure 4, while the spectra of all other ligands and 

complexes are given in the Supporting Information (Figure S12-S15). The chemical shifts of 

the ligands and complexes are reported in Table S1 in the Supporting Information. As a general 

feature, the 1H NMR spectra of the complexes clearly confirm the deprotonation of the N 

azomethine NH group of the ligands and the coordination of the ligands to the Mo(V) cluster 

[MoV2O2S2]2+. It is worth mentioning that the latter is diamagnetic due to the Mo-Mo bond that 

realizes the pairing of the two lone electrons in each metal centre. The analysis of the 1H NMR 

spectra also confirms that the OH functions in the two ligands H2L3 and H2L4 remain protonated 

and are not coordinated to Mo, in agreement with Fuior et al.[33] In this previous study, it was 

shown that depending on the different substituents in position R3 and R4, up to 8 isomers can 

be obtained in solution. We hypothesized that using R3 = H and R4 = H or alkyl should limit 

the number of isomers to at least 2. Moreover, in the present study, the series of 5 ligands aimed 

to put larger substituents in R1 or R2 to promote the formation of a single isomer due to a steric 

hindrance between the ligands. The analysis of the 1H NMR spectra of the 5 complexes of this 

study confirms the first hypothesis but it does not allow to form only one species in solution. 

All spectra can be mainly decomposed into two subspectra displaying the same multiplicities 

in DMSO. These two sets of NMR signals are assigned to two distinct complexes which are 

probably the cis and trans isomers of the complexes.  
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Figure 4. 1H-NMR (DMSO-d6, 300 MHz) spectra of ligand H2L3 (black), complex [Mo2O2S2(HL3)2] (blue), 

and the simulated subspectra contained in the experimental spectrum of [Mo2O2S2(HL3)2]. 

 

The proportions of the various isomers are indicated on the 1H NMR spectra and at this 

stage it is difficult to discriminate between the cis and trans isomers in solution. For example, 

in the case of the [Mo2O2S2(HL3)2] complex, the species distribution for H2L3 was 63:32:5 for 

isomer2:isomer1:free ligand. It was not possible to determine which spectrum corresponds to 

the cis isomer and which spectrum corresponds to the trans isomer. These proportions of 

isomers (and free ligand is so) are found equal to 64:36:0 for [Mo2O2S2(L1)2] (Figure S12, ESI), 

63:37:0 for [Mo2O2S2(L2)2] (Figure S13, ESI), 76:18:6 for [Mo2O2S2(HL4)2] (Figure S14, ESI), 

and 41:59:0 for [Mo2O2S2(L5)2] (Figure S15, ESI). DFT calculations were then undertaken on 

all possible cis/trans species, and their conformers aimed at understanding these results.  
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2.5. DFT Studies 

In the absence of additional structural data and aiming to shed light into the preferential 

formation of cis or trans isomers, the molecular geometries of all ligands, complexes and a 

model system were fully optimized by means of a DFT method (see above). We considered a 

model complex, which consist of the simplest thiosemicarbozane-Mo2O2S2 complex, to assess 

the energy difference between the cis and trans conformations in the absence of ligands effects 

(see Figure S16, SI). This preference turned to be quite low (0.65 kcal·mol-1 ) favouring the 

trans isomer (Table 4).  

The series of complexes can be classified in three groups depending on the ligand structure. In 

the first group we can align ligand HL1 and HL2 as well as their respective metal complexes. 

Both HL1 and HL2 have similar structures, differing one of the other on the CH3 on the N1 

position. None of these structures can form intramolecular hydrogen bonds. Second group is 

formed by H2L3 and H2L4 ligands and their metal complexes. Both ligands can form 0, 1 or 2 

intramolecular OH-N hydrogen bonds. For this reason, we considered three different 

conformers for each [Mo2O2S2(HL3)2] cis and trans complexes: conformer 1 (Conf. 1) present 

zero hydrogen bonds, conformer 2 (Conf. 2) one, and conformer 3 (Conf. 3) two (see Figure 

S17, SI). The last group includes HL5 and its metal complexes. In this case, there is no 

possibility of intramolecular hydrogen bonds, but some p stacking interactions between 

aromatic rings are possible at the same time.  

The cis complexes formed with ligands HL1 and HL2 are flexible enough to give or not 

give p-p stacking between aromatic groups in the substituents R1 (see Figure 5). 

Consequently, for the [Mo2O2S2(L1)2] complex, we also considered two different conformers, 

one with the rings in parallel position and the other with a CH3 group pointing towards the 

centre of the opposite ring. Results of this calculations show no major differences (0.2 kcal·mol-



26 
 

1). The same difference in energy is found in HL2 cis complex. Regarding the cis / trans 

preference of [Mo2O2S2(L1)2] and [Mo2O2S2(L2)2], the data in Table 4 indicates that both 

species are in equilibrium, with a small preference for the cis isomer in both cases. 

 
Figure 5. DFT optimized molecular structures of complexes in cis and trans configurations. 

Color code: Mo (blue), C (grey), O (red), N (green), and S (yellow). 

The X-Ray characterized complex [Mo2O2S2(HL3)2] shows the trans disposition, and 

regarding intramolecular presents conformation Conf.2 as described above, so one OH-N 

hydrogen bond (see Figure 3 and Figure S17, SI). We considered the three different conformers. 

The optimized geometries for the complexes in their two most stable isomeric forms are 

depicted in Figure 5, while selected distances are given in Table 3 in comparison with 

experimental values. What it can be deduced from Table 3, is that the bond distances 

obtained by DFT fully agree with the experimental data obtained for compound 

[Mo2O2S2(HL3)2], and also with the previous complexes reported by Fuior et al.[33] In 

particular, the Mo-Mo distances are fully compatible with a Mo-Mo bond expected for 
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the [MoVO2S2]2+ cluster. This good agreement validates the molecular structures 

obtained by DFT geometrical optimization. p-p interactions are also found in the cis-

[Mo2O2S2(HL3)2] and cis-[Mo2O2S2(HL4)2] complexes in addition to the strong 

intramolecular H-bonds (dOH-N=1.6-1.7 Å) between the non-coordinated phenol groups 

and iminic N atoms of the ligands. As expected, in all cases the most stable conformers 

of the cis and trans complexes are the ones that have two intramolecular hydrogen bonds 

labelled Conf.3. The preference for the trans is small (4 kcal.mol-1) and agreement with 

the X-Ray structure. The difference between Conf.2 and Conf.3 is also small and could 

be easily overcome by packing effects. Considering the small energies in play, a solvent 

like DMSO might interrupt the stabilizing intermolecular interactions and make the cis 

and trans complexes equally stable. For [Mo2O2S2(HL4)2] we report Conf. 3 for the cis and 

Conf.1 for the trans, to show how important are the presence of intermolecular interactions in 

the stability of those complexes.  

For complex cis-[Mo2O2S2(L5)2], which includes the bulkiest ligand, the three phenyl 

groups of the one ligand stand parallel to those of the second ligand with C-C distances 

in the 3.5-3.7 Å range, a distance compatible with p-p stacking interactions between 

both ligands in this conformation. This stabilizing intramolecular interaction could not 

exist in the trans isomer. Therefore, this would explain why cis-[Mo2O2S2(L5)2] is 

thermodynamically more stable than trans-[Mo2O2S2(L5)2].  

For all cases bonding energies show that cis / trans isomers seem to be in an equilibrium 

with their corresponding conformers. Intuitively, introducing bulky substituents at the 

R1 position in the ligand should increase the steric constraints between the ligands once 

complexed into the cis isomer and thus favour the formation of the trans isomer. In fact, 

as shown in Figure 5, the two ligands are not that close and stabilizing intramolecular 
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interactions such as p-p stacking interaction between the two ligands are only found in 

the cis isomers, counteracting possible steric repulsions.  

Table 4. Total Bonding Energies in kcal·mol-1, HOMO, LUMO and HOMO-LUMO gap energies in eV for 

ligands (as protonated ligand) and complexes in cis and trans configurations. 

Molecule 

Total 

Bonding 

Energy 
(kcal·mol-1) 

ΔEcis-trans= 

Etrans- Ecis 

(kcal·mol-1) 

HOMO (eV) LUMO (eV) 

HOMO-

LUMO gap 

(eV) 

Model cis -4589.87 
-0.65 

-5.703 -3.141 2.562 

Model trans -4590.52 -5.773 -3.224 2.549 

HL1 -4159.18  -5.40 -2.67 2.73 

cis-[Mo2O2S2(L1)2] -9244.78 
+0.83 

-5.47 -3.07 2.40 

trans-[Mo2O2S2(L1)2] -9243.95 -5.50 -3.15 2.35 

HL2 -3789.30  -5.45 -2.71 2.74 

cis-[Mo2O2S2(L2)2] -8502.55 
+0.55 

-5.55 -3.11 2.44 

trans-[Mo2O2S2(L2)2] -8502.00 -5.59 -3.27 2.32 

HL3 -4076.03  -5.28 -2.58 2.70 

Conf. 1  
cis-[Mo2O2S2(L3)2] 

-9064.45 

-8.02 

-5.47 -3.20 2.27 

Conf. 1  
trans-[Mo2O2S2(L3)2] 

-9072.47 -5.35 -3.17 2.16 

Conf. 2  
cis-[Mo2O2S2(L3)2] 

-9071.20 

-8.41 

-5.53 -3.15 2.38 

Conf. 2 

trans-[Mo2O2S2(L3)2] 
-9079.61 -5.32 -3.18 2.14 

Conf. 3  
cis-[Mo2O2S2(L3)2] 

-9079.79 

-3.98 

-5.52 -3.17 2.35 

Conf. 3 
trans-[Mo2O2S2(L3)2] 

-9083.77 -5.29 -3.20 2.09 

HL4 -4075.29  -5.11 -2.70 2.41 

(Conf.3) 
cis-[Mo2O2S2(L4)2]  

-9087.44 
+11.49 

-5.12 -3.13 1.99 

(Conf.1) 
trans-[Mo2O2S2(L4)2] 

-9075.95 -5.14 -3.17 1.97 
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HL5 -6793.26  -4.79 -2.64 2.15 

cis-[Mo2O2S2(L5)2] -14519.90 
+11.74 

-4.81 -3.05 1.76 

trans-[Mo2O2S2(L5)2] -14508.16 -4.83 -3.17 1.66 

Trolox -5021.40  -4.86 -1.52 3.33 

Rutin -10494.76  -5.59 -3.07 2.52 

 

DFT calculations of 1H-NMR were carried out for HL1 and HL3 ligand and its cis and trans 

isomers. Chemical shifts for the different hydrogen’s signals are collected in Table 5 in 

comparison with isomers 1 and 2 experimentally observed (see Figure 4, Figure S12 and Table 

S2, SI). Unfortunately, no major differences between the cis and trans isomers could be 

observed and DFT calculation cannot help to assign isomers on the NMR spectra. On the other 

hand, important differences were found between the signals of different conformers. The 

existence of OH-N hydrogen bonds implies a huge displacement of the OH  H(12) signal, from 

6-7 ppm for the cases without, to 12-14 ppm for hydrogen bonded protons. Therefore, in 

addition to the cis/trans isomerism the computed NMR data suggest that several conformers 

could be present in solution. The presence or absence of hydrogen bonds in positions N1 and 

N3 largely affects the N-H signals. This could explain why there is a 2ppm mismatch between 

DFT results and experimental chemical shifts for those exchangeable protons. DMSO solvent 

molecules interact both with the ligands and the metal complexes, as it is depicted in the crystal 

structure of trans-[Mo2O2S2(L3)2] complex indeed (see Figure S6). The solvent may form 

different hydrogen bonds with the N3 proton of the free ligands, and also with N1 proton in both 

the ligand and the complexes. Overall, for the C-H protons, the computed chemical shifts 

reproduce rather well the experimental values.  
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Table 5. Experimental and calculated chemicals shifts (in ppm) for HL1 and H2L3 ligands and their metal complexes. Note that for some complexes both 

ligands are not identical. In this case, two/three sets of chemical shifts are obtained. 

   H(1) H(3) H(5) H(7) H(8) H(9) H(10) H(11) H(12) H(14) H(15) 

 

DFT 

HL1 8.6 9.5 8.2 7.7/8.4 - 7.8 2.7/2.8 3.7 - - - 
Cis- 

[Mo2O2S2(L1)2] 
8.5/8.7 - 9.6/9.8 7.8/8.2/8.4 - 7.7/8.0 2.7/3.0 3.5 - - - 

trans-
[Mo2O2S2(L1)2] 

8.8/8.9  9.4/9.5 8.1/8.7 - 8.0 2.9 3.5 - - - 

NMR 

HL1 8.45 11.43 7.98 7.39 - 7.03 2.28 3.02 - - - 

Isomer 1 9.41 9.35 7.73 - - 7.12 2.34 3.04 - - - 

Isomer 2 9.52 9.19 7.71 - - 7.17 2.38 3.02 - - - 

 

DFT 

HL3 6.5 9.3 8.5 7.4 7.4 7.4 - - 14.1 4.2 3.2 
Conf 1  

cis- 
[Mo2O2S2(L3)2] 

8.2 - 9.8 8.3 7.4 7.6 - - 6.6 4.4 3.3 

Conf 1 
trans-

[Mo2O2S2(L3)2] 
7.3 - 9.8 8.0 7.5 7.5 - - 6.9 4.2 3.5 

Conf 2  
cis- 

[Mo2O2S2(L3)2] 
7.6 - 9.6 7.5 7.2 7.7 - - 13.0/6.3 4.3 3.1 

Conf 2 
trans-

[Mo2O2S2(L3)2] 
6.8 - 9.5 7.8 7.5 7.5 - - 13.3/7.0 4.2 3.6 

Conf 3  
cis- 

[Mo2O2S2(L3)2] 
7.6 - 9.4 7.6 7.2 7.6 - - 12.8 4.2 3.2 

Conf 3 
trans-

[Mo2O2S2(L3)2] 
6.8 - 9.3 7.6 7.5 7.5 - - 13.4 4.2 3.5 

NMR 

HL3 8.40 11.44 8.38 7.55 6.78 6.95 - - 9.19 3.80 3.00 

Isomer 1 9.44 - 9.33 7.71 6.88 7.07 - - 9.62 3.89 3.01 

Isomer 2 9.58 - 9.58 7.77 6.91 7.11 - - 9.58 3.89 3.01 
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The HOMO and LUMO orbitals of ligands and complexes are depicted in Figure 6 and Table 

S3 (Supporting Information). For complexes formed with ligands HL1 and HL2, the HOMO 

and LUMO orbitals are delocalized on the entire molecules, but the contribution of the ligands 

appears stronger for HOMO, while it is the reverse for the LUMO, which shows a stronger 

contribution on the cluster [Mo2VO2S2]2+. In the case of the ligands H2L3, H2L4 and HL5, the 

difference between the ligand and the cluster is emphasized since the contribution of the cluster 

to the HOMO orbital becomes negligible while its contribution to the LUMO orbital becomes 

major. It means that the reduction of such complexes and thus the addition of electrons within 

the LUMO will mainly occur on the cluster while the oxidation, a loss of electron from HOMO, 

will mainly takes place on the ligands. Furthermore, values of Table 4 also evidence that the 

levels of HOMO and LUMO of the ligands can be tuned trough the nature of substituents and 

that the coordination to the cluster [Mo2VO2S2]2+ induces a stabilization of the HOMO in 

comparison with the uncoordinated ligands.  

 

Figure 6. Representation of the HOMO (left) and LUMO (right) frontiers orbitals for cis and trans 

isomers of complexes [Mo2O2S2(L1)2], [Mo2O2S2(HL3)2] and [Mo2O2S2(L5)2]. 
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2.6. Biological activity 

2.6.1 Antibacterial activity 

The antimicrobial activity of the 5 synthesized complexes and the ligands was tested against 

representative gram-positive (G+) microorganisms (Staphylococcus aureus ATCC 25923 and 

Bacillus cereus ATCC 11778) and gram-negative (G-) microorganisms (Acinetobacter 

baumannii BAA-747 and Escherichia coli ATCC 259). The results of the research 

demonstrated that they have no activity against the studied microorganisms. 

 

2.6.2 Antifungal activity  

The antifungal activity of [Mo2VO2S2]2+ complexes with thiosemicarbazone ligands and with 

“classical” ligands L-histidine, L-cysteine, nitrilotriacetate, and EDTA against Cryptococcus 

neoformans and Candida albicans was recently reported by Fuior et al.[11][34] With classical 

ligands, no activity was measured against Candida albicans.[11] On the contrary, when 

thiosemicarbazone complexes are tested, the activity of complexes against Candida albicans 

with ligands possessing a pyridine ring as R1 group show interesting values of MIC in the range 

3.9-7.8 µg/mL, while the ligand bearing quinoline, phenol, thiophen and furan derivatives are 

not or poorly active[34]. The complexes with classical ligands remain not or poorly active against 

Cryptococcus neoformans, while the thiosemicarbazone complexes tested by Fuior et al. appear 

highly efficient on Cryptococcus neoformans (MIC in the range 0.49-31.25 µg/mL), whatever 

the nature of the thiosemicarbazone ligand[34]. These results suggest that the ligand should play 

a crucial role for the antifungal activity of the Mo2O2S2-based complexes. 

To bring more element for understanding this behaviour, we investigated the 5 ligands alone 

and the corresponding complexes formed with [Mo2VO2S2]2+. The results are gathered in Table 
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6 in comparison with some selected previous results of Fuior et al.[11][34] (for clarity, ligands 

from previous study are drawn in Scheme 3).  

Table 6. Results of antifungal activity against Cryptococcus neoformans. NA: No Activity; MIC: 
minimum inhibitory concentration; MFC: minimum fungicidal concentration; MFC/MIC: < 2 is 

fungicidal, >2 is fungistatic and ≥32 is resistant; FA: fungicidal activity. 

Product 
Cryptococcus neoformans CECT 1043 

MIC, mg/mL MFC, mg/mL MFC/MIC FA 

HL1 NA NA - - 

[Mo2O2S2(L1)2] 0.008 0.008 1 fungicidal 

HL2 NA NA - - 

[Mo2O2S2(L2)2] 0.004 0.004 1 fungicidal 

H2L3 NA NA - - 

[Mo2O2S2(HL3)2] 0.016 0.016 1 Fungicidal 

H2L4 NA NA - - 

[Mo2O2S2(HL4)2] 0.016 0.016 1 fungicidal 

HL5 NA NA - - 

[Mo2O2S2(L5)2] NA NA - - 

[Mo2O2S2(LHis)2][11] 0.500 0.500 1 fungicidal 

K2[Mo2O2S2(LCys)2][11] NA NA - - 

K2[Mo2O2S2(HNTA)2][11] 0.250 0.250 1 fungicidal 

K2[Mo2O2S2(EDTA)][11] 0.016 0.016 1 fungicidal 

[Mo2O2S2(La)2][34] 0.002 - - - 

[Mo2O2S2(Lb)2][34] 0.002 - - - 

[Mo2O2S2(HLi)2][34] 0.004 - - - 

[Mo2O2S2(H2Lj)2][34] 0.0005 - - - 

[Mo2O2S2(H2Lk)2][34] 0.004 - - - 

[Mo2O2S2(Lm)2][34]  0.002 - - - 

[Mo2O2S2(Ln)2][34] 0.031 - - - 

Nystatin 0.032 0.032 1 fungicidal 
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Scheme 3. Structures of the ligands used in a previous study[34]. 
 

Interestingly, the non-coordinated thiosemicarbazone ligands HL1-HL5 are all inactive against 

both Cryptococcus neoformans and Candida albicans. Similarly, the complexes 

[Mo2O2S2(L1)2], [Mo2O2S2(L2)2], [Mo2O2S2(HL3)2], [Mo2O2S2(HL4)2] and [Mo2O2S2(L5)2] are 

also inactive on Candida albicans. 

 

Figure 7. Antifungal activity of complexes [Mo2O2S2(HnL1-4)2], n = 0 – 1 against Cryptococcus 

neoformans.  
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Conversely, the activity of complexes [Mo2O2S2(L1)2], [Mo2O2S2(L2)2], [Mo2O2S2(HL3)2], and 

[Mo2O2S2(HL4)2] on Cryptococcus neoformans is higher than the reference compound Nystatin 

(see Figure 7 and Table 5) and of the same order than the Mo2O2S2-based thiosemicarbazone 

complexes previously reported[34]. However, the last complex [Mo2O2S2(L5)2] appears inactive. 

These results demonstrate i) that the activity of the Mo2O2S2-based thiosemicarbazone 

complexes are probably due to the coordinated ligands, ii) that the association of certain 

thiosemicarbazone ligands with the [Mo2O2S2]2+ cluster leads to synergistic systems that are 

highly active against Cryptococcus neoformans and iii) that the activity of the complexes can 

be partially tuned through the choice of the group R1 on the ligand but the activity is not lost 

when R1 is a non-coordinative group. Moreover, when comparing the complexes 

[Mo2O2S2(L1)2] and [Mo2O2S2(L2)2], it is found that the complex with -NH2 is more active than 

its counterpart with NH-CH3. In the case of complexes [Mo2O2S2(HL3)2] and [Mo2O2S2(HL4)2], 

it was found that the position of the -OCH3 group does not influence the antifungal activity. 

Finally, these studies performed against Candida albicans and Cryptococcus 

neoformans evidence a selective fungicidal activity of the Mo2O2S2-based thiosemicarbazone 

complexes of this study against fungi of the species Cryptococcus neoformans. 

 

2.6.3 Antioxidative properties 

Free radicals are involved in many major physiological processes in living organisms, causing 

aging of living beings and development of various diseases. Therefore, antioxidants have the 

potential to protect cells, tissues and prevent aging of the body. According to previous studies, 

the molybdenum fragment [Mo2O2S2]2+ is known as an active redox centre, and Mo(V) atoms 

can be oxidized to Mo(VI).[5][52][53] Besides, previous studied by Fuior et al. reported interesting 

antioxidative properties of [MoV2O2S2]2+-based complexes, especially L-histidine and L-

cysteine ligands, while complexes with ligands such as EDTA or HNTA and [MoV2O4]2+-based 
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complexes were inactive,[11] thus suggesting that this process could be localized on the 

[MoV2O2S2]2+ cluster. To our knowledge there is no data reported so far in the literature about 

other Mo(V) complexes. However, Eglence-Bakir et al. reported some series of complexes of 

general formula [MoVIO2(L)(solvent)] where L is a tridentate thiosemicarbazone (ONN or 

ONS) ligand.[26][54]–[56] They evidenced not only antioxidative properties of ligands alone but 

also antioxidative capacities for the corresponding complexes with [MoVIO2]2+ moiety. For 

these complexes, the activity is necessarily localized on the ligand and the antioxidative 

capacity of ligands and complexes are usually comparable to the reference compound 

TROLOX. But the activity clearly depends on the method used (ABTS or DPPH), the nature 

of the ligands and substituents in the ligands, the coordination mode of the ligands, the solvent, 

and the presence or not of protons in the ligands and/or complexes. In some series, the 

complexes have a lower IC50 than ligands,[55][56] while the opposite is true in other series.[26][54] 

In this study, we measured the antioxidant activity by the ABTS method for ligands and 

complexes in comparison with the reference compounds TROLOX and RUTIN. The results are 

gathered in Figure 8 and in Table 7. 

The five thiosemicarbazone ligands in this study show comparable or superior 

antioxidant capacity to TROLOX. In particular, the two ligands H2L3 and H2L4 bearing phenolic 

groups were found to be the best candidates among the five ligands. Comparison between HL1 

and HL2, which differ only by one methyl group on the terminal amine function, shows slightly 

higher activity for HL2 with the terminal -NH2 group compared to HL1 with the terminal -

NHMe group. This may suggest that protons have a beneficial effect, as observed in the tests 

with DPPH radicals, but not with ABTS to our knowledge.[56] 

Interestingly, the complexes formed with the [MoV2O2S2]2+ cluster appear to be much 

more active against ABTS with an IC50 in the range 2.05-3.48 µM, which translates to a TEAC 

(Trolox Equivalent Antioxidant Capacity, TEAC > 1 means “more active than Trolox”) in the 
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range 7.56-12.83. These results are similar to the data obtained with L-cysteine ligand, i.e., IC50 

= 28.9 µM, and its corresponding complex [MoV2O2S2(LCys)2]2- with IC50 = 1.9 µM (TEAC = 

13.84)[11] and are also in agreement with previous study of Fuior et al. in which the activity of 

ligand was only partially reported[34]. 

In contrast to the studies of Eglence-Bakir et al. on Mo(+VI)-thiosemicarbazone 

complexes, both the ligands and the [MoV2O2S2]2+ cluster can be active in our complexes due 

to the lower oxidation state of the metal centre. Nevertheless, DFT calculation evidences that i) 

the HOMO orbitals are mainly centred on the ligands in the complexes, and ii) the HOMO-

LUMO gap systematically decreases from ligands to the complexes (see Table 4). Therefore, 

the redox process is most likely centred on the thiosemicarbazone ligands and coordination with 

[MoV2O2S2]2+ results in a perturbation of the energy levels that exalt the activity of the ligands. 

It must be also the case of the previously reported complex [MoV2O2S2(LCys)2]2- in which the 

L-cysteine ligand is also probably the centre of the antioxidative activity of the complex.[11] 

Table 7. Antioxidant activities for ligands and Mo2O2S2 complexes against ABTS 

Compounds IC50 (μM) TEACa 

HL1 27.88±0.35 0.94 

HL2 21.62±0.39 1.22 

H2L3 7.74±0.05 3.40 

H2L4 9.81±0.03 2.68 

HL5 21.17±0.42 1.24 

L-histidine[11] >100 - 

L-cysteine[11] 28.9±1.0 0.91 

[Mo2O2S2(L1)2] 2.74±0.04 9.60 

[Mo2O2S2(L2)2] 2.05±0.36  12.83 
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[Mo2O2S2(L3)2] 2.14±0.05 12.29 

[Mo2O2S2(L4)2] 3.00±0.89   8.77 

[Mo2O2S2(L5)2] 3.48±0.66  7.56 

[Mo2O2S2(Lhis)2][11] 7.00±0.40 3.76 

K2Mo2O2S2(Lcys)2][11] 1.9±0.2 13.84 

Trolox 26.30±0.70 1 

Rutin 20.70±0.12 1.27 

a. TEAC = ratio of the activity Trolox on the activity of a compound X; TEAC = 1 means similar activity; TEAC 

> 1 means “more active than Trolox”; TEAC < 1 means “less active than Trolox”.  

 

Figure 8. Antioxidant activities (ABTS) for complexes [Mo2O2S2(HnL1-5)2], n = 0–1 and ligands in 

comparison with TROLOX and RUTIN references.  

 

3. Conclusions 

In this study, we synthesized five new complexes associating novel thiosemicarbazone ligands 

to the cluster [Mo2O2S2]2+. The complexes were characterized in the solid state and in solution 

by various analytical techniques including X-ray diffraction, MALDI-TOF mass spectrometry, 

and NMR spectroscopy. The results showed the formation of mixture of isomers in solution, 

consisting mainly of trans and cis configurations in complexes of 1:2 (metal cluster:ligand) 
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stoichiometry. DFT calculations revealed that, in most of the cases, the cis configuration is 

favoured due to the stabilizing effect of p-p stacking of the aromatic moieties present in the 

ligands. Therefore, to address the issue of mixture of isomers, other synthetic strategies must 

be developed, such as the use of bis-thiosemicarbazone ligands. This work is currently in 

progress. 

 The antibacterial, the antifungal and the antioxidative activities of ligands and 

complexes were studied. We did not evidence any activity against bacteria. In contrast, selective 

fungicidal activity against fungus Cryptococcus neoformans CECT 1043 was observed for all 

complexes, while the ligands alone were inactive. Finally, the antioxidative capacity of ligands 

and complexes was evaluated on ABTS radicals. High activity was measured for the ligands 

alone and this activity was even stronger when these ligands are complexed with the cluster 

[Mo2O2S2]2+. DFT calculations confirmed that the redox process is most likely takes place on 

the ligands, and that complex formation significantly reduces the HOMO-LUMO gap, further 

facilitating electron transfer. 
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Supporting Information 

The Supporting Information contains, FT-IR spectra (Figure S1); experimental and simulated 

MALDI-TOF spectra of complexes not shown in the main text (Figures S2-S5); a view of 

interaction between complex and DMSO within the structure of complex [Mo2O2S2(HL3)2] 

(Figure S6); a summary of NMR data for ligands and complexes (Tables S1-S2); 13C NMR 

spectra of ligands (Figures S7-S11); deconvoluted 1H NMR spectra of complexes not shown in 

the main text (Figures S12-S15); pictures of structures optimized by DFT and HOMO and 

LUMO orbitals for ligands and complexes (Figures S16-S17, Table S2).  
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