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ABSTRACT 

 

 Five molybdenum(II) complexes, [MoBr(η3-C3H5)(CO)2{1,4-(4-X)phenyl-2,3-

naphthalenediazabutadiene}], X = H (C1), Me (C2), OMe (C3), Cl (C4) and COOH (C5), 

were synthesized and characterized by FTIR and 1H NMR spectroscopy. Their redox 

properties were studied by cyclic voltammetry and strong oxidation waves and less 

intense reduction waves were observed in the cyclic voltammograms. The difference 

between the oxidation and reduction potentials (ΔE = Ep
ox - Ep

red > 0.059) indicated 

irreversible processes, namely Mo(II) to Mo(III) oxidations and reductions occurring at 

the ligand. The cytotoxic activity of C1 – C5 was studied in vitro against several cancer 

cell lines (HeLa, MCF-7, MDA-MB-231, SW480 and Caco-2), using a colorimetric assay, 

MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide). All the 

complexes display a powerful cytotoxic activity in vitro against HeLa (with IC50 values 

ranging from 3.2 to 27.1 µM) and a smaller antitumoral effect against MDA-MB-231 

and Caco-2 cells (IC50 > 100 µM). C3 is the most cytotoxic complex, with lowest IC50, 

while C5 has the highest IC50 value, in all cell lines tested. The interaction of these 

molybdenum(II) complexes with CT DNA was studied, using absorption titration 

spectroscopy, in order to elucidate their mechanism of action. The absorption spectra 

of C1 – C5 showed a decrease in the intensity of the absorbance (hypochromism), 

accompanied by a small red-shift (batochromism) with increasing CT DNA 

concentration, which indicates an interaction of the complexes with CT DNA. The 

intrinsic binding constant values (Kb) show that C3 and C5 bind strongly to the CT DNA 

(Kb = 4.47 х 104 M-1 and 6.53 х 104 M-1, respectively) and C2 has the weakest 

interaction with CT DNA (Kb = 2.11 х 104 M-1). These results support the capability of 

these molybdenum(II) complexes for potential application in chemotherapy. 
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RESUMO 

 

 De acordo com a Organização Mundial de Saúde (OMS), milhões de pessoas 

vivem com o diagnóstico de cancro e esta é uma das doenças que causa mais mortes, a 

nível mundial (cerca de 8 milhões de mortes por ano). Se esta tendência não for 

invertida, estima-se que em 2030, 12 milhões de pessoas morram devido ao cancro. A 

investigação nesta área tão importante é, inquestionavelmente, necessária. Foram 

identificados mais de 200 tipos diferentes de cancro, todos caracterizados pelo 

crescimento e proliferação descontrolados de células anormais. Atualmente, a 

quimioterapia, radioterapia e cirurgia são os principais tipos de tratamento do cancro, 

sendo a quimioterapia a opção mais comum e com mais resultados favoráveis. Os 

fármacos usados na quimioterapia possuem, cada vez mais, alvos biológicos 

específicos, como proteínas e enzimas ou o DNA de células cancerígenas, tentando não 

afetar as células normais e saudáveis. 

 Na segunda metade do século XX, houve um grande avanço na história da 

quimioterapia com a descoberta da cisplatina que, ainda hoje em dia, juntamente com 

os seus análogos são os fármacos mais utilizados no tratamento de tumores sólidos, 

devido à sua elevada eficácia. No entanto, estes compostos de platina apresentam 

diversas limitações, nomeadamente resistência das células tumorais aos compostos e 

elevada toxicidade destes. Contudo, a descoberta da cisplatina levou à investigação da 

atividade anti-tumoral de outros compostos com centros metálicos, como o 

molibdénio, ruténio, ouro, ferro, entre outros. Foram feitos vários estudos citotóxicos 

com compostos contendo molibdénio, tendo sido comprovadas as suas propriedades 

anti-tumorais. No entanto, o seu mecanismo de ação encontra-se ainda por esclarecer. 

  

 Este trabalho teve como objetivo o estudo das propriedades anti-tumorais de 

cinco complexos organometálicos de molibdénio(II), [Mo(η3-C3H5)Br(CO)2{1,4-X-fenil-

2,3-naftalenodiazobutadieno}], com X = H (C1), Me (C2), OMe (C3), Cl (C4) e COOH (C5) 

(Figura 1). Estes complexos foram sintetizados por reação do precursor de 

molibdénio(II) [Mo(η3-C3H5)Br(CO)2(MeCN)] (P0) com diferentes ligandos bidentados 

azotados da família das α-diiminas (L1 – L5) e foram caracterizados por FTIR e 1H NMR. 
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Figura 1 – Estrutura dos complexos organometálicos [Mo(η3-C3H5)Br(CO)2{1,4-X-fenil-2,3-

naftalenodiazobutadieno}] com X = H (C1), Me (C2), OMe (C3), Cl (C4) e COOH (C5). 

 

 Realizaram-se ensaios de voltametria cíclica para estudar as propriedades de 

oxidação/redução dos complexos C1 – C5. Nos voltamogramas cíclicos obtidos para 

cada complexo, foram observadas ondas de oxidação de maior intensidade e uma 

onda de redução de menor intensidade. As oxidações estão associadas ao processo de 

oxidação de Mo(II) a Mo(III) e as reduções ocorrem no ligando, de acordo com a 

composição das HOMOs e LUMOs dos complexos calculadas por DFT (do inglês, 

Density Functional Teory). Os complexos apresentam em geral um comportamento de 

oxidação irreversível, comprovado pela diferença (ΔE) de potencial de oxidação (Ep
ox) e 

potencial de redução (Ep
red), ΔE = Ep

ox - Ep
red > 0.059.    

 Realizaram-se estudos de citotoxicidade destes compostos em diversas linhas 

celulares tumorais humanas: HeLa (células endoteliais do cancro do colo do útero), 

MCF-7 e MDA (células epiteliais do cancro da mama), SW480 e Caco-2 (células 

epiteliais do cancro do cólon) utilizando o ensaio de viabilidade celular MTT (brometo 

de 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazólio). Os resultados de IC50 obtidos 

(concentração necessária para inibir metade do crescimento celular) mostram que 

estes complexos têm uma elevada atividade citotóxica in vitro nas linhas tumorais 

estudadas, com valores de IC50 a variar entre 3,2 e 27,1 µM em células HeLa. Nas 

células SW480 obtiveram-se valores de IC50 entre 0,6 e 50 µM e para as células MCF-7, 

IC50 a variar entre 25 e 98,4 µM. Observou-se uma possível resistência das linhas 

celulares MDA-MB-231 e Caco-2 células aos compostos, traduzido por um menor 

efeito anti-tumoral, e refletido em valores de IC50 maiores que 100 µM. O complexo C3 

é o mais citotóxico, uma vez que apresenta o menor valor de IC50, dos cinco 

compostos, em todas as linhas celulares estudadas. Por outro lado, o complexo C5 é o 

que tem o maior valor de IC50 em todas as linhas celulares testadas, sendo o que tem 

um efeito anti-tumoral mais baixo. 



ix 
 

 Uma vez que a maioria dos complexos organometálicos têm como alvo o DNA 

das células tumorais, foram feitos ensaios de titulação de calf thymus DNA (CT DNA) 

usando espectrofotometria de UV-Vis para detetar a interação destes complexos de 

molibdénio(II) com o DNA, de modo a tentar elucidar o seu mecanismo de ação. Os 

espectros obtidos para cada complexo mostraram uma diminuição da intensidade da 

absorvência dos complexos (hipocromismo), acompanhada de um desvio para o 

vermelho (batocromismo), medidos a um determinado comprimento de onda, após a 

adição (e consequente aumento de concentração) de CT DNA. Isto indica uma 

interação dos compostos de molibdénio(II) com o CT DNA. Foram calculados os valores 

da constante de ligação intrínseca (Kb) entre o CT DNA de cada complexo, obtendo-se 

maiores valores de Kb para os complexos C3 e C5 (Kb = 4.47 х 104 M-1 e 6.53 х 104 M-1, 

respetivamente) e o menor valor para o complexo C2 (Kb = 2.11 х 104 M-1). Assim 

sendo, os complexos C3 e C5 interagem mais fortemente com o DNA e o complexo C2 

apresenta a interação mais fraca com esta molécula biológica. 

 Os resultados obtidos neste trabalho permitiram a identificação de complexos 

organometálicos de molibdénio(II) como potenciais agentes anti-tumorais, a partir dos 

estudos de atividade citotóxica em diferentes linhas celulares, e o esclarecimento de 

um dos possíveis mecanismos da sua ação em células cancerígenas, através da 

interação destes com o DNA, levando à inibição do crescimento das células tumorais e, 

consequente morte celular. Muitos mais estudos teriam de ser realizados para 

compreender melhor a interação destes compostos, não só com o DNA, mas com os 

outros constituintes celulares (enzimas, proteínas, membranas, etc), de modo a poder 

investigar a potencialidade destes compostos C1 a C5 em quimioterapia. Este fato 

pode trazer novas perspetivas a esta área de investigação, de modo a ultrapassar as 

limitações existentes nos fármacos atualmente usados na quimioterapia. Com efeito, 

estes compostos organometálicos de Mo(II) apresentam propriedades químicas 

diferentes das dos complexos em fases mais avançadas de desenvolvimento ou mesmo 

em utilização clínica. A utilização destes ligandos bidentados azotados da família das α-

diiminas e a possibilidade de combinar outros novos ligandos ao molibdénio 

constituem uma mais valia no tratamento no cancro. 

 

Palavras-chave: molibdénio, cancro, atividade citotóxica, interação com o DNA, quimioterapia 
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6,9,11-trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-tetracene-5,12-

dione] 

DNA – Desoxyribonucleotic Acid 

DRC – Dose-response Curve 

E – Potential 

ΔE – difference between the oxidation potential (Ep
ox) and reduction potential (Ep

red) 

Ehtidium Bromide – 3,8-diamino-5-ethyl-6-phenylphenanthridinium bromide 

FBS – Fetal Bovine Serum 

FDA – Food and Drug Administration 

ν – Frequency 

FTIR – Fourier Transform Infrared Spectroscopy 
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1H NMR – Proton Nuclear Magnetic Ressonance 

HeLa – Human cervical adenocarcinoma cell line 

HOMO – Highest Occupied Molecular Orbital  

IC50 – Half maximal inhibitory concentration  

IR - Infrared 

Kb – Intrinsic binding constant  

L1 – 1,4-phenyl-2,3-naphthalenediazabutadiene 

L2 – 1,4-(4-methyl)phenyl-2,3-naphthalenediazabutadiene 

L3 – 1,4-(4-methoxy)phenyl-2,3-naphthalenediazabutadiene 

L4 – 1,4-(4-chloro)phenyl-2,3-naphthalenediazabutadiene 

L5 – 1,4-(4-carboxylato)phenyl-2,3-naphthalenediazabutadiene 

LUMO – Lowest Unoccupied Molecular Orbital  

MCF-7 – Human breast adenocarcinoma cell line 

MDA-MB-231 – Human breast adenocarcinoma cell line 

MDR – Multidrug Resistance 

Mo – Molybdenum 

MOPP – Mustargen, Oncovin, Procarbazine and Prednisone 

MTT – (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide) 

nm – Nanometers 

P0 – [MoBr(η3-C3H5)(CO)2(MeCN2)] 

PBS – Phosphate Buffered Saline  

POMP – Purinethol, Oncovin, Methotrexate and Prednisone 

ppm – Parts-per-million 

Pt – Platinum 

RNA – Ribonucleic Acid 

ROS – Reactive Oxygen Species 

RPMI 1640 – Roswell Park Memorial Institute culture medium  

SCE – Saturated Calomel Electrode  

SD – Standard Deviation 

SW480 – Human colorectal adenocarcinoma cell line 

UV-Vis – Ultraviolet–visible  

WHO – World Health Organization 
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1) INTRODUCTION 

 

 

1.1) Cancer: disease and research 

 

According to the site of World Health Organization (WHO), cancer is one of the 

world’s leading causes of death. Each year globally, around 13 million people find out 

that they have cancer, and 8 million people die from the disease [1]. Projections reveal 

that cancer will increase to 22 million new cases each year by 2030, if this tendency is 

not reversed [1, 2]. 

More than 200 types of cancer have been identified [3], all characterized by the 

uncontrolled growth and proliferation of abnormal cells [3, 4]. According to Hanahan 

and Weinberg, there are six hallmarks of cancer, that is, six essential alterations in the 

normal cell physiology that collectively dictate malignant growth, and they are: self-

sufficiency in growth signals, insensitivity to antigrowth signals, evasion of 

programmed cell death (apoptosis), unlimited replicative potential, sustained 

angiogenesis and tissue invasion and metastasis [5]. One decade later, these authors 

added two new emerging hallmarks; namely reprogramming of energy metabolism 

and evading immune destruction, and described two enabling characteristics crucial to 

the acquisition of the hallmarks: inflammation [6, 7] and genome instability [8]. These 

acquired features of cancer are the main targets for therapy. Nowadays, 

chemotherapy, radiation therapy and surgery are the main types of treatment against 

cancer [3, 9], chemotherapy being the most common and effective treatment for 

several kinds of neoplasias [10]. Although there is an expanding knowledge and 

remarkable progress in this research area and its therapeutics, it is not yet enough to 

find an efficiently and effectively cure for all cancer types. 
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1.2) Chemotherapy 

 

1.2.1) Chemotherapy: state of the art 

 

Chemotherapy kills or stops the proliferation or growth of rapidly dividing 

cancer cells by targeting specific parts of the cell cycle. However, normal healthy cells, 

such as fast growing cells like bone marrow cells, digestive tract cells and hair follicles 

cells, share some of these pathways and are also damaged or killed by this treatment, 

causing severe side effects [11]. The most important challenge in cancer chemotherapy 

is the discovery and development of new compounds that selectively kill tumor cells 

without affecting normal cells. 

 

The history of a systematic therapy of cancer using drugs started only in the 

middle of the 1960’s. Before the 1940-1950 decade, cancer therapy was essentially 

done by surgery. Radiation therapy became a valuable tool for the control of local 

tumors after 1960 but, like surgery, could not eradicate metastatic cancers [3, 12]. The 

beginning of modern era chemotherapy can be traced to the discovery of nitrogen 

mustard (mechlorethamine), with therapeutic use in 1942, by Louis Goodman and 

Alfred Gilman [12, 13]. This toxin, similar to sulfur mustards and, initially developed for 

chemical warfare, was used to treat a patient with non-Hodgkin’s lymphoma [14, 15]. 

Goodman and Gilman observed tumor regression on the patients and, even though the 

remission lasted only a few weeks, the principle of the systemic administration of 

drugs to induce tumor regression was established [12]. A few years later, the same 

investigators studied the molecular action of the nitrogen mustard, describing it as an 

alkylating agent [16] (Chapter 1.2.2). Other improved alkylating agents (such as 

cyclophosphamide) became standard components used to treat patients with 

lymphoma, leukaemia and some solid tumors, although Goodman and his 

collaborators noted that the tumors quickly became resistant to these drugs [12]. 

A second approach to drug therapy of cancer began with Sydney Farber and his 

studies on the effects of folic acid and folate analogues (aminopterin and 

amethopterin, commonly known as methotrexate) on children with acute 
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lymphoblastic leukaemia (ALL), in 1948. Remissions were observed and it was 

determined that antifolates could suppress proliferation of malignant cells [17]. It was 

also shown that methotrexate had an antitumor activity in epithelial cancers and it 

could cure a rare cancer that originates in placenta’s cells (choriocarcinoma). This was 

the first solid tumor to be cured by drug therapy in humans [12].  

In 1950, George Hitchings and Gertrude Elion studied purine analogues such as 

6-mercaptopurine and their inhibition of the growth of tumor cells [18]. James 

Holland, Emil Freireich, and Emil Frei showed, in 1965, that the combination of 

methotrexate (antifolate), vincristine (plant alkaloid), 6-mercaptopurine (purine 

analogue) and prednisone (glucocorticoid immunosuppressive drug), known as the 

POMP regimen, could induce long-term remissions in children with ALL [19]. This 

finding marked the beginning of modern chemotherapy by using combination 

chemotherapy against different types of cancers. Furthermore, in 1960, Frank Schabel 

and Howard Skipper created in vivo assays for quantifying drug cytotoxicity, and 

showed that cytotoxicity was a direct function of drug dose and demonstrated the 

efficiency of combination therapies in preventing drug resistance [12]. Their work led 

to the current practice of using high dose chemotherapy, along with bone marrow 

transplants, to treat patients with lymphoma and leukaemia [12]. 

In 1965, there was a major breakthrough in the history of chemotherapy with 

the discovery of the antitumor properties of cis-diamminedichloroplatinum(II), known 

as cisplatin (Pt(NH3)2Cl2) (Figure 1), by Barnett Rosenberg and collaborators [12, 20]. 

Nowadays, cisplatin (and its derivative carboplatin), are the most used compounds for 

the treatment of several human solid carcinomas, namely testicular and ovarian 

carcinomas [21, 22]. The clinical use of cisplatin (approved by the FDA in 1978) for the 

treatment of testicular and ovarian cancer, caused unwanted side effects, such as 

resistance and kidney toxicity to the treated patients [21]. This led to the research of 

cisplatin based compounds, such as carboplatin (1980) and other analogues (Figure 1) 

[23]. There are still significant negative side effects from the use of these drugs, 

therefore an emergent research on novel compounds with cytotoxic activity and low 

toxicity is necessary.  
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Figure 1 – Structure of the platinum(II) compounds cisplatin and its analogues (adapted from 

[23]). 

 

In the late 1960s, Vincent DeVita and George Canellos used a new combination 

chemotherapy known as the MOPP regimen (including nitrogen mustard, vincristine, 

procarbazine and prednisone) and proved that it could help patients with Hodgkin’s 

and non-Hodgkin’s lymphoma [14]. In 1975, Gianni Bonadonna and collaborators used 

CMF, a combination of cyclophosphamide (nitrogen mustard based alkylating agent), 

methotrexate (antifolate drug) and fluorouracil (pyrimidine analog), which shown to 

be effective as adjuvant treatment for patients with breast cancer after a mastectomy 

procedure [24, 25]. In the early 1980s, the screening approaches did not provide 

groundbreaking discoveries, so a screen based method was adopted, testing drugs 

against a panel of 60 human cancer cell lines, covering a broad range of tumor types 

[26]. Unfortunately, none of the results was successful enough to continue to clinical 

trials. However the screening methodology itself was improved and a rapid 

colorimetric assay for cell viability was developed (the MTT assay, described in Chapter 

2.4.3) [12, 27]. In the 1990 decade, there were innovative molecular and genetic 

approaches to understanding cell biology that exposed new signaling networks, which 

control and regulate cellular activities such as proliferation, survival and apoptosis. It 

was also found that many of these pathways where completely altered in cancer cells. 

As result, researchers outlined drugs to repair or counteract these specific molecular 

defects in malignant cells, thus beginning the era of targeted therapy. These new 

targets included growth factors, signaling molecules, cell-cycle proteins, modulators of 

apoptosis and molecules that promoted angiogenesis [5, 12]. 
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1.2.2) Classes of drugs used in chemotherapy 

 

In chemotherapy, the era of targeted therapy marked the specificity of drugs to 

targets that exist on cancer cells. These antitumor compounds can be classified in four 

major categories, according to their mechanism of action [3, 11, 21, 28] (Figure 2): 

 

 Alkylating Agents – form covalent bonds with DNA and prevent DNA 

replication. These compounds possess an alkyl radical with active end groups, 

which can bind to different molecules (like DNA). Some agents, such as nitrogen 

mustard and cyclophosphamide are also active against resting (G0) cells and are 

used in non-Hodgkin’s lymphoma. Cisplatin and carboplatin are also included in 

this class of drugs and are used in the treatment of ovarian, testicular, lung, 

bladder and colon cancer. 

 Antimetabolites – interfere with protein synthesis by competing for and 

blocking specific receptors, such as the folic acid analog – methotrexate – used 

in acute lymphocytic leukemia (ALL). They also include compounds such as the 

purine antagonist 6-mercaptopurine used against acute myelogenous leukemia 

(AML) and the pyrimidine antagonist 5-fluorouracil in colorectal and gastric 

cancers, which interfere with the biosynthesis of purines or pyrimidines, 

affecting the DNA biosynthesis. 

 Plant Alkaloids – these compounds are obtained from plants or microorganisms 

and they affect the cell cycle and cellular division. For example vincristine 

inhibits mitosis at metaphase by binding to tubulin (and it is used to treat 

lymphoma and leukemia) and taxanes which blocks the polymerization of 

tubulins into microtubules (used in ovarian and breast carcinoma and lung 

cancer). 

 Antitumor Antibiotics – binds to the DNA molecule and/or block the 

topoisomerase II action, inhibiting DNA and RNA synthesis, like doxorubicin 

used in Hodgkin’s disease; bleomycin causes fragmentation of DNA chains and 

its applied in cervical cancer; dactinomycin intercalates in DNA, interferes with 

RNA polymerase and inhibits transcription and its used in nephroblastoma. 
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Figure 2 – Summary of the mechanisms and sites of action of some chemotherapeutic agents. 

PALA=N-phosphonoacetyl-L-aspartate; TMP=thymidine monophosphate (adapted from [28]). 

 

These are just a few examples of cytotoxic compounds used in chemotherapy. 

However, the characteristics of promising anticancer drugs not only have to be 

determined by their mechanism of action, but they should also include solubility in 

aqueous medium, metabolic stability, long half-life in humans and a slow rate of 

metabolism by enzymes, showing a favorable dose dependent response (Chapter 

1.2.4), with limited or no side effects [29]. 

 

 

1.2.3) Chemotherapy and DNA-binding drugs 

 

Most of the drugs used in chemotherapy have DNA as target [21, 30]. These 

compounds can interact directly with the DNA molecule or inhibit the DNA synthesis 

and replication machinery. 

As mentioned before, cis-diamminedichloroplatinum(II), known as cisplatin 

(Pt(NH3)2Cl2), is considered an alkylating agent (although it has no alkyl groups) since it 

forms covalent bonds with DNA [28]. Most cisplatin enters the cells through active 
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transport, but some molecules are passively diffused through the cell membrane. Once 

inside the nucleus, cisplatin undergoes a hydrolysis reaction, by which each chloride 

ligand is replaced by a molecule of water (Figure 3). The water molecule itself is easily 

displaced, allowing the platinum fragment to bind to nitrogen atoms in guanine bases, 

forming an adduct with two consecutive guanine bases within a strand of DNA. This 

cisplatin-DNA complex bends the DNA molecule and blocks the correct DNA replication 

and transcription, inducing cell death [21, 30 – 35]. Most cisplatin-DNA complexes bind 

adjacent guanines or less commonly adenine and guanine (intrastrand). Cisplatin can 

also form very rare interstrand adducts with bases from two DNA strands. Although 

these interstrand adducts are improbable, they are thought to be highly cytotoxic [30, 

33].  

 

Figure 3 – Structure of cisplatin and water substituted cisplatin molecule (left) and diagrams of 

intrastrand and interstrand cisplatin-DNA adducts (right) (adapted from [33]). 

 

 

A classical DNA intercalator is the anthracycline antibiotic [(7S,9S)-7-

[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl]oxy-6,9,11-trihydroxy-9-(2-

hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-tetracene-5,12-dione], known as 

doxorubicin (trade name Adriamycin, Figure 4) [35]. The planar aromatic portion of 

doxorubicin intercalates between two base pairs of the DNA molecule (usually 

nitrogen atoms of guanine and cytosine), while the daunosamine sugar fits in the 

minor groove and interacts with nearby base pairs (Figure 4) [35 – 39]. These 

doxorubicin-DNA interstrand adducts [40, 41], and possible inhibition of the enzyme 

topoisomerase II (which unwinds DNA for transcription), stop the process of DNA 

replication, resulting in a cell death response [42]. 
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Figure 4 – Structure of the anthracycline doxorubicin (left) and diagram of two doxorubicin 

molecules intercalating with DNA (right) (adapted from [36]). 

 

  

Although it is not used in chemotherapy, 3,8-diamino-5-ethyl-6-

phenylphenanthridinium bromide, ethidium bromide, is another well-known DNA 

intercalator. This dye is usually used in nucleic acid staining as a fluorescent tag for 

DNA and RNA detection in gels [43, 44]. The hydrophobic ring structure of ethidium 

bromide binds to the double-stranded DNA by inserting itself between the base pairs 

and forming van der Waals interactions with the hydrophobic interior of the DNA. This 

intercalation causes elongation of the DNA double helix and distortion of the base 

pairs, changing their properties and interfering with DNA replication and transcription, 

making ethidium bromide a potent mutagen (Figure 5) [35, 45 – 48].  

 

 

Figure 5 – Scheme of the intercalation of ethidium bromide in the DNA and consequent 

elongation of the double helix and distortion of the base pairs (adapted from [45]). 
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The intense fluorescence of ethidium bromide after binding with DNA is 

probably due to the hydrophobic environment of the base pairs of DNA which forces 

the ethidium cation to lose its associated water molecules. Since water is an efficient 

fluorescent quencher (decreasing the fluorescence of a given molecule), this 

dehydrogenation allows the ethidium-DNA complex to fluoresce more intensively [49]. 

 

 

1.2.4) Limits of chemotherapy 

 

Since Gilman and Goodman introduced nitrogen mustard into clinical treatment 

of lymphoma, tumor resistance associated with chemotherapy was observed [12]. 

After an initial regression of the disease, a second lower dose of drug was given (due to 

its toxicity), with less therapeutic effect. When the third dose was administered, the 

tumor no longer responded positively to the chemotherapeutic agent [50, 51]. Some 

authors proposed that resistance mechanisms are reflected in dose-response 

relationships with log % cell survival versus drug dose plots (Figure 6) [52, 53]: 

 

 

Figure 6 – Dose-response curves and proposed resistance mechanisms (adapted from [52]). 
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According to dose-response curves (DRC) in Figure 6, resistance may be 

classified as: active if there is a “shoulder” on the DRC, due to a resistance factor, 

analogous to competitive drug inhibition; non-saturable passive if it is a decreased DRC 

slope, possibly owing to alteration of the drug transport or activating system, 

corresponding to a decreased affinity of a drug for its receptor; and saturable passive if 

the DRC has a terminal plateau, due to the lack of factor required for drug efficacy or 

cell killing, analogous to the effect of non-competitive drug inhibition [52, 53].  

Drug resistance is a major obstacle limiting the efficacy of chemotherapy. 

Although some tumors may be intrinsically resistant to chemotherapy before the 

treatment, others, initially sensitive to chemotherapy, can acquire resistance during 

treatment, becoming insensitive to similar drugs (multidrug resistance – MDR) [54 – 

56]. These resistance factors can be divided in two main groups. The first group 

includes pharmacological and physiological factors and the second group includes cell 

specific factors [51, 56 – 65]: 

 

 First group:  

 reduced intracellular drug concentration; 

 inadequate route of delivery, distribution and drug access to the tumor; 

 incorrect drug metabolism; 

 reduced drug uptake and enhanced drug efflux. 

 

 Second group  

 cytochrome P450 enzymes are often overexpressed in several solid tumors, 

which can contribute to drug elimination;  

 altered topoisomerase I and II activity prevents the binding of intercalators 

to the topoisomerase-DNA complex, allowing the broken DNA strands to be 

repaired in the tumor cells;  

 the activation of the DNA repair systems originating resistance to many 

anticancer drugs, such as platinum compounds and alkylating agents;  

 regulation of cell death by evasion of apoptosis, necrosis or evasion of 

senescence; 
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 glutathione transferases (GST) are enzymes involved in detoxification and 

can catalyze and inactivate several anticancer drugs; 

 overexpression of membrane proteins such as solute carriers, channels and 

ATP-binding cassette (ABC) transporters that can excrete drugs from the cell. 

 

All these factors play an important role in drug resistance [51, 55, 59, 61] and 

although they are mentioned individually in most cases, several factors act 

simultaneously, resulting in multidrug resistance [55, 61, 65]. To investigate successful 

chemotherapeutic drugs, it is essential to override these resistance factors in cancer 

cells and reduce the side effects that damage normal healthy cells. 

 

 

 

1.3) Antitumor metal compounds 

 

Medicinal applications of metal complexes as therapeutic drugs have more 

than 5000 year history, with ancient Chinese using gold compounds [22, 66, 67]. 

The discovery of antitumor activity of cisplatin (platin, group 10, period 6 in the 

periodic table) against human carcinomas gave a strong hint that metal compounds 

may be active as cytostatic drugs, and that other metal compounds might also be used 

as antitumor agents [22]. This led to a renewed interest in investigating the cytotoxic 

properties of other metals compounds, namely those closer to the platinum in the 

periodic table (Figure 7). 

 

The major classes of metal-based anticancer drugs include platinum(II), 

ruthenium(II) and ruthenium(III), gold(I) and gold(III), iron(II) [68] and also 

molybdenum(II) compounds [69]. 
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Figure 7 – Periodic table (adapted from [70]). 

 

Metal complexes with ruthenium, which interact with the DNA, present less 

antitumoral activity when compared with cisplatin, but they are best tolerated in vivo 

[71]. Gold compounds have a great affinity to thiol groups of proteins and enzymes in 

mitochondria, thioredoxin reductase being their primary target [72 – 74]. Simple 

ferricenium salts were the first published iron complexes to show cytotoxic activity, 

through the iron unique redox properties, leading to the formation of reactive oxygen 

species (ROS) that can oxidize proteins and DNA [75, 76]. In 1979, Köpf and Köpf-Maier 

reported the antitumor activity of an extensive range of metallocene complexes, 

including molybdenum [77]. In 2005, Portuguese investigators studied several 

molybdenum(II) compounds in different cancer cell lines in vitro, concluding that the 

complexes are cytotoxic [78], although the mechanism of action of these complexes is 

still not fully understood. In 2010, Bandarra and Lopes studied the cytotoxic activity of 

Mo(II) complexes with 1,10-phenanthroline and 2,2’-bipyridyl, in several cancer lines in 

vitro, obtaining high antitumoral values. These authors, also determined that these 

Mo(II) complexes can possibly bind to the DNA molecule [69]. 
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1.3.1) Advantages and classes of antitumor metal compounds 

 

Some of the advantages of metal based compounds are the increased 

possibility of binding with several ligands, creating better complexes to target specific 

molecules or macrostructures (like DNA or enzymes) [79]. Metal ions exhibit a wide 

range of coordination numbers and geometries, and the binding of different ligands 

with their own properties and possible cytotoxic activity, may improve their 

properties, providing specificity to the target molecules. Besides, the redox potencial 

of the metal ions can influence the redox state of the cell and change the cells viability 

through the formation of radical species, activation of apoptosis pathways dependent 

from oxygen, or increase the toxicity of the drug [80, 81]. 

The increasing number of metal complexes that have a cytotoxic activity against 

cancer cells contributed to a general comprehension that the biological activity and 

mechanism of action of metal compounds could be adjusted by an appropriate choice 

of the metal, its oxidation state and of the ligands [82, 83]. Therefore a classification of 

anticancer metal drugs based on their possible mode of action has been suggested 

[81]. This classification consists on the metal compound itself, rather than their 

presumed targets (DNA, proteins, enzymes, cellular transduction pathways, etc) [83, 

84], since there is great uncertainty in this area.  

 

The five suggested classes are: 

 

 the metal with a functional role – the activity comes from a direct binding of 

the metal to the biological target; 

 the metal with a structural role – the shape of the compound affects the 

binding to the biological target through non-covalent interactions; 

 the metal as a carrier for active ligands that are delivered in vivo and/or the 

metal might also protect the ligands before they reach their biological target; 

 the metal compound behaves as a catalyst in vivo, through the production of 

reactive oxygen species (ROS) that cause damages to the cells; 

 the metal compound is photoactive and behaves as a photo-sensitizer. 
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Frequently functional complexes must be activated by reactions of 

reduction/oxidation or aquation. Consequently, it is important that the active metal 

species has at least one labile ligand that can be substituted, providing a coordination 

position available for binding to the target (example: binding of cisplatin to DNA – 

Chapter 1.2.3). Unfortunately, functional compounds have disadvantages since they 

can react with several biomolecules, rather than with specific cancer targets [81]. 

In functional compounds, the coordination of the metal to the biological 

target(s) is the main interaction responsible for the antitumor activity; nevertheless 

non-covalent interactions may be very important. In structural compounds, the metal 

does not bind directly to the biological target [81]. For instance, metallo-intercalators 

are expected to interact non-covalently with DNA in a way more similar to the 

intercalation of doxorubicin than the covalent DNA adducts formed by cisplatin 

(Chapter 1.2.3). These compounds are usually organometallic and more stable and less 

toxic than functional compound. For example, ferrocifen proved to be more cytotoxic 

against breast cancer cells than the commonly used chemotherapeutic drug tamoxifen 

[85, 86]. 

In the third class of this classification, the metal is not expected to have an 

activity itself. The metal acts as a carrier for active ligands and also protects the ligands 

before they reach their biological target. For example, in complexes of Co(III) with 

nitrogen mustards, the Co(III) in hypoxic tumor environment is reduced to Co(II), which 

is more labile and detaches itself from the active ligand, delivering it to its biological 

target, the DNA [81]. 

The metal compounds can behave as catalysts in vivo, through the production 

of reactive oxygen species (ROS) that cause cell damage. For example, Ru(II)  

organometallic complexes act as catalysts for the oxidation of glutathione (GSH) to 

glutathione disulfide (GSSG). Since GSH is the primary cellular antioxidant, its depletion 

leads to an increase of ROS levels [87]. 

The last group of this classification includes photoactive metal compounds 

which behave as photo-sensitizers. These complexes can be used in photodynamic 

therapy, where nontoxic photo-sensitizer compounds are exposed selectively to 

specific wavelengths, usually through lasers, upon which the complexes become toxic 

to targeted specific tumor cells. For example, Ru(II) complexes with polypyridine 
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ligands when excited by light can form non-covalent adducts with DNA by groove-

binding and/or intercalation [30, 81, 87]. 

The classification of anticancer metal complexes based on the metals action on 

their possible mode of action might help in the design of novel compounds and/or lead 

to the biological studies of metal compounds previously neglected. 

 

 

1.3.2) Molybdenum: the metal and its biology 

 

The transition element molybdenum (Mo) is essential for several biological 

systems since it is required by enzymes that catalyze key reactions in the global 

carbon, sulfur and nitrogen metabolism [88, 89]. Mo is abundant in oceans in the 

molybdate anion form (MoO4
2-) and also in soils, where this oxoanion is the only form 

of Mo is available for plants and microorganisms. In biochemistry, molybdenum 

belongs to the group of trace elements, which is needed in very minute quantities for 

the proper development of an organism [88, 90]. However, if an organism takes up 

high amounts of Mo, toxicity symptoms are observed; nevertheless if Mo is unavailable 

for uptake, the organism dies [91, 92]. 

The molybdenum as metal itself is biologically inactive. When complexed with a 

pterin, it originates a Moco cofactor (Figure 8), which is important on the activity of 

many molybdenum enzymes. 

 

 

Figure 8 – Molybdenum cofactor, Moco (adapted from [90]). 
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In humans, molybdenum enzymes include [88 – 90, 92, 93]:  

 

 aldehyde oxidase – enzyme located in the cytosolic compartment of tissues 

that oxidizes a variety of aldehydes into carboxylic acids. It can also catalyze the 

oxidation of cytochrome P450 and monoamine oxidase intermediate products; 

 sulfite oxidase – mitochondrial enzyme which catalyzes the final step  in the 

degradation of sulfur-containing amino acids (like methionine and cysteine) by 

oxidizing sulfite to sulfate and is involved in detoxifying excess sulfite; 

 xanthine oxidase – is involved in purine catabolism to form uric acid, by 

catalyzing the oxidation of hypoxanthine to xanthine and xanthine to uric acid. 

 

At low molybdenum levels, xanthine oxidase activity was found to be 

proportional to the molybdenum concentration; while at higher concentrations, the 

metal may have an inhibitory effect on the enzymatic activity [93]. The biochemical 

importance of molybdenum is due to its ability to easily provide electron-transfer 

pathways and to form bonds with nitrogen, oxygen and sulfur donors. Although Mo 

can form complexes with numerous physiologically important compounds, this trace 

element is absorbed, transported and excreted in a simple molybdate form (MoO4
2-) 

which is structurally similar to phosphate and sulfate, having a low toxicity in humans 

[78]. In a molybdenum solution (pH > 6.0), the tetrahedral MoO4
2- ion is the most 

abundant species, while with the pH decrease (5.0 – 6.0) it polymerizes and 

heptamolybdate ion Mo7O24
6- is formed; at even lower pH values (3.0 – 5.0), 

octamolybdate ion Mo8O26
4- is produced [93]. These molybdates are chemically similar 

and the fact that they exist in equilibrium in aqueous medium, indicates that their 

physiological effects are also alike.  
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1.4) Aim of this work 

 

Previous research showed that several molybdenum(II) complexes present a  

remarkable cytotoxic activity [69, 78, 94]. On the other hand, the antitumoral effect of 

the Copper(II) complexes with α-diimine ligands 1,4-(4-X)phenyl-2,3-

naphthalenediazabutadiene was studied in mice with carcinoma [95]. However, the 

combination of molybdenum(II) and these organic ligands referred above has not yet 

been studied, and the mechanisms of action of most organometallic complexes of 

molybdenum are far from being understood, although there is evidence that they 

interact with the DNA [69]. 

Starting from these promising results, the present work had the main objective 

of evaluating the cytotoxic activity of five molybdenum(II) complexes, [MoBr(η3-

C3H5)(CO)2{1,4-(4-X)phenyl-2,3-naphthalenediazabutadiene}] with X = H (C1), Me 

(C2), OMe (C3), Cl (C4) and COOH (C5), in several cancer cell lines and of studying 

their possible mechanism of action. 

A colorimetric assay, MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) was used to study the cytotoxic activity of C1 – C5 in vitro against several 

cancer cell lines. The interaction with CT DNA was studied, using absorption titration 

spectroscopy, in order to elucidate the mechanism of action of these molybdenum(II) 

complexes.  Understanding the mechanism of action of the complexes C1 – C5 can be a 

valuable tool in cancer chemotherapy research, so that the current limitations in 

cancer treatment may be overcome. 
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2) EXPERIMENTAL PROCEDURE 

 

 

2.1) Materials and instrumentation 

 

 Commercially available reagents were purchased from standard chemical 

suppliers and used without further purification. Hexacarbonylmolybdenum(0) was 

purchased from Fluka and acenaphthoquinone from Alfa Aesar. Ethidium bromide 

(3,8-diamino-5-ethyl-6-phenylphenanthridinium bromide), doxorubicin {(7S,9S)-7-

[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl]oxy-6,9,11-trihydroxy-9-(2-

hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-tetracene-5,12-dione} and allyl bromide 

were purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO), sodium molybdate 

dihydrate (Na2MoO4.2H2O) and ammonium heptamolybdate [(NH4)6Mo7O24·4H2O] 

were purchased from Merck. RPMI 1640 (Roswell Park Memorial Institute, without L-

glutamine) and DMEM (Dulbecco’s Modified Eagle’s Medium with 4.5 g/L Glucose, 

without L-glutamine) cell culture media, fetal bovine serum (FBS), trypsin, L-glutamine 

and pen-strep were purchased from Lonza. Phosphate buffered saline (PBS 10x, 1.7 

mM KH2PO4, 5 mM Na2HPO4, 150 mM NaCl, pH 7.4) was purchased from AccuGENE™. 

MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide) and calf thymus 

DNA (CT DNA, 0 – 200 µM bp-1) were purchased from Sigma. 

Solvents were dried under nitrogen using common procedures. 

Dichloromethane was distilled over CaH2 and n-hexane over Na/benzophenone. The 

syntheses of the complexes were carried out under nitrogen atmosphere using Schlenk 

tube techniques.  

All cell cultures were maintained in a cell culture incubator kept at 37 ᵒC, in a 

highly humidified atmosphere of 95% room air / 5% CO2 (Shellab CO2 Series Sheldon 

Mfg. Inc.). All cell related procedures were carried out in a cell culture cabinet (ESCO 

Class II Biohazard Safety Cabinet) under sterile conditions, as well as all the materials 

used in cell culture. The absorbance was measured at 570 nM using a 96-well 

absorbance reader (Tecan Sunrise Absorbance Reader). Infrared spectra were 

measured on a Nicolet 6700 spectrometer. Samples were run as KBr pellets.            
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NMR spectra were recorded on a Bruker Avance-400 spectrometer in CDCl3 or DMF. 

UV–Vis spectra were recorded on a Shimadzu UV-2450 equipped with a Peltier cell for 

temperature control. All electrochemical measurements were performed using a CHI 

Electrochemical Analyser-620A Model controlled by a computer at room temperature 

in a one-compartment Teflon cell. 

 

 

2.2) Synthesis and Characterization of Molybdenum(II) Complexes 

 

To study the cytotoxic effect of a family of molybdenum(II) compounds, the 

complexes (C1 – C5), their precursor (P0) and the ligands (L1 – L5) were synthesized.  

 

The compounds studied were the following: 

 P0   [MoBr(η3-C3H5)(CO)2(MeCN2)] 

 L1   1,4-phenyl-2,3-naphthalenediazabutadiene 

 L2   1,4-(4-methyl)phenyl-2,3-naphthalenediazabutadiene 

 L3   1,4-(4-methoxy)phenyl-2,3-naphthalenediazabutadiene 

 L4   1,4-(4-chloro)phenyl-2,3-naphthalenediazabutadiene 

 L5   1,4-(4-carboxylato)phenyl-2,3-naphthalenediazabutadiene 

 C1   [MoBr(η3-C3H5)(CO)2{1,4-phenyl-2,3-naphthalenediazabutadiene}] 

 C2 [MoBr(η3-C3H5)(CO)2{1,4-(4-methyl)phenyl-2,3-naphthalenediazabutadiene}] 

 C3 [MoBr(η3-C3H5)(CO)2{1,4-(4-methoxy)phenyl-2,3-naphthalenediazabutadiene}] 

 C4  [MoBr(η3-C3H5)(CO)2{1,4-(4-chloro)phenyl-2,3-naphthalenediazabutadiene}] 

 C5 [MoBr(η3-C3H5)(CO)2{1,4-(4-carboxylato)phenyl-2,3-naphthalenediazabutadiene}] 

 

All the synthesis experiments were carried out using standard Schlenk 

techniques in an inert atmosphere, using a vacuum and a nitrogen line, to prevent the 

oxidation of the molybdenum(II) compounds.  All the synthesized compounds were 

characterized by FTIR and 1H NMR spectroscopy. The 1H NMR spectra obtained are 

defined as s = singlet, d = doublet, t = triplet and m = multiplet and the hydrogen 

numeration was given according to Figure 9. 
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Figure 9 – Numbered hydrogens for the 1H NMR spectra for the ligand L1 (left) and for the 

remaining ligands (L2 – L5) (right). For the complexes C1 – C5, the same numeration was 

maintained as its respective ligand. 

 

 

 

2.2.1) Synthesis of the molybdenum(II) precursor (P0) and organic ligands (L1 – L5) 

 

[MoBr(η3-C3H5)(CO)2(MeCN2)] (P0) 

Allyl bromide, 1.7 mL, 20 mmol) was added to a solution of 

hexacarbonylmolybdenum(0) ([Mo(CO)6], 2.47 g, 7 mmol)  in acetonitrile (MeCN) [96]. 

The mixture was refluxed for 12 hours. The red solution was filtered and reduced 

under vacuum. The solid fraction (yellow color) was filtered, washed and dried. 

Yield (η):  69.4% (2.310 g) 

IR (KBr pellets, cm-1): 3050, 2985, 2921 (νC–H), 2321, 2287 (νC≡N), 1942, 1849 (νC≡O) 

 

1,4-phenyl-2,3-naphthalenediazabutadiene (L1) 

Acetic acid (5.3 mL) was added to a solution of acenaphthoquinone (0.6 g, 3.3 

mmol) in acetonitrile (30 mL). After stirring for 30 minutes, aniline (C6H5NH2, 0.437 mL, 

7.1 mmol) dissolved in acetonitrile was added and the mixture was refluxed for 4.5 

hours. The solution was filtered and reduced under vacuum. The solid fraction 

(orange/yellow color) was filtered, washed and dried. 

Yield (η): 85.6% (0.932 g) 

Selected IR (KBr pellets, cm-1): 3050, 2889, 2851 (νC–H), 1652 (νC=N), 1399 (νC–N) 

1H NMR (400 MHz, CDCl3, room temperature, ppm): δ 8.11 (d, H6/H6’, 2H); 7.94 (d, 

H8/H8’, 2H); 7.75 (t, H7/H7’, 2H); 7.39 (m, H2/H2’/H4/H4’, 4H); 7.23 (m, H3/H3’, 2H); 

7.02 (d, H1/H1’, 2H); 6.90 (d, H5/H5’, 2H). 
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1,4-(4-methyl)phenyl-2,3-naphthalenediazabutadiene (L2) 

Acetic acid (5.3 mL) was added to a solution of acenaphthoquinone (0.6 g, 3.3 

mmol) in acetonitrile (30 mL). After stirring for 30 minutes, p-toluidine (C6H5NH2Me, 

0.76 g, 7.1 mmol) dissolved in acetonitrile was added and the mixture was refluxed for 

4.5 hours. The solution was filtered and reduced under vacuum. The solid fraction 

(orange color) was filtered, washed and dried. 

Yield (η): 74.6% (0.882 g) 

Selected IR (KBr pellets, cm-1): 3177, 3055, 3022 (νC–H), 1653 (νC=N), 1399 (νC–N) 

1H NMR (400 MHz, CDCl3, room temperature, ppm): δ 8.11 (d, H5, 1H); 7.94 (d, H5’, 

1H); 7.81 (d, H7, 1H); 7.74 (t, H7’, 1H); 7.39 (t, H6, 1H); 7.31 (t, H6’, 1H); 7.21 (d, 

H4/H4’, 2H); 7.05 (d, H1, 1H); 6.95 (t, H2/H2’/H3/H3’, 4H); 6.86 (d, H1’, 1H); 2.38 (s, 

Me, 6H). 

 

1,4-(4-methoxy)phenyl-2,3-naphthalenediazabutadiene (L3) 

Acetic acid (5.3 mL) was added to a solution of acenaphthoquinone (0.6 g, 3.3 

mmol) in acetonitrile (30 mL). After stirring for 30 minutes, p-anisidine (C6H5NH2OMe, 

0.875 g, 7.1 mmol) dissolved in acetonitrile was added and the mixture was refluxed 

for 4.5 hours. The solution was filtered and reduced under vacuum. The solid fraction 

(yellow color) was filtered, washed and dried. 

Yield (η): 67.6% (0.723 g) 

Selected IR (KBr pellets, cm-1): 3071, 2997, 2934 (νC–H), 1617 (νC=N), 1436 (νC–N) 

1H NMR (400 MHz, CDCl3, room temperature, ppm): δ 7.82 (d, H5/H5’/H7/H7’, 4H); 

7.31 (t, H6/H6’, 2H); 7.20 (d, H1/H1’/H4/H4’, 4H); 6.90 (m, H2/H2’/H3/H3’, 4H); 3.83 (s, 

OMe, 6H). 

 

1,4-(4-chloro)phenyl-2,3-naphthalenediazabutadiene (L4) 

Acetic acid (5.3 mL) was added to a solution of acenaphthoquinone (0.6 g, 3.3 

mmol) in acetonitrile (30 mL). After stirring for 30 minutes, 4-chloroaniline (C6H5NH2Cl, 

0.924 g, 7.1 mmol) in acetonitrile (10 mL) was added to the previous solution and the 

mixture was refluxed for 4.5 hours. The solution was filtered and reduced under 

vacuum. The solid fraction (orange/yellow color) was filtered, washed and dried. 

Yield (η): 87.4% (1.15 g) 
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Selected IR (KBr pellets, cm-1): 2982, 2925, 2852 (νC–H), 1731 (νC=N), 1479 (νC–N) 

1H NMR (400 MHz, CDCl3, room temperature, ppm): δ 7.96 (d, H7/H7’, 2H); 7.65 (m, 

H6/H6’/H5/H5’, 4H); 7.24 (m, H2/H2’/H4/H4’, 4H); 7.09 (d, H1/H1’, 2H); 6.99 (d, 

H3/H3’, 2H). 

 

1,4-(4-carboxylato)phenyl-2,3-naphthalenediazabutadiene (L5) 

Acetic acid (5.3 mL) was added to a solution of acenaphthoquinone (0.62 g, 3.3 

mmol) in acetonitrile (30 mL). After stirring for 30 minutes, 4-aminobenzoic acid 

(C6H5NH2COOH, 0.91 g, 7.1 mmol) in acetonitrile (10 mL) was added to the previous 

solution and the mixture was refluxed for 4.5 h. The solution was filtered and reduced 

under vacuum. The solid fraction (orange color) was filtered, washed and dried. 

Yield (η): 61.2% (0.748 g) 

Selected IR (KBr pellets, cm-1): 3256 (νO–H), 2951, 2902, 2853 (νC–H), 1638 (νC=N), 1420 

(νC–N) 

1H NMR (400 MHz, CDCl3, room temperature, ppm): δ 8.18 (m, H7/H7’/H5/H5’, 4H); 

7.99 (d, H3/H3’, 2H); 7.78 (t, H2/H2’, 2H); 7.40 (t, H6/H6’, 2H); 7.11 (d, H1/H1’, 2H); 

6.87 (d, H4/H4’, 2H). 

 

 

2.2.2) Synthesis of the molybdenum(II) complexes (C1 – C5) 

 

[MoBr(η3-C3H5)(CO)2{1,4-phenyl-2,3-naphthalenediazabutadiene}] (C1) 

1,4-phenyl-2,3-naphthalenediazabutadiene (L1) (0.5 mmol, 0.233 g) was added 

to a yellow solution of [MoBr(η3-C3H5)(CO)2(MeCN2)] (P0) (0.5 mmol, 0.178 g) in 

ethanol (20 mL), and the mixture was stirred for 48 hours. The solution was filtered, 

reduced under vacuum and a dark green solid precipitated with n-hexane (20 mL, at    

4 ᵒC). 

Yield (η): 68.1% (0.227 g) 

Selected IR (KBr pellets, cm-1): 2943, 2910, 2817 (νC–H), 1945, 1875 (νC≡O), 1646 (νC=N), 

1399 (νC–N) 

1H NMR (400 MHz, CDCl3, room temperature, ppm): δ 8.16 (d, H6/H6’, 2H); 8.11 (d, 

H8/H8’, 2H); 7.99 (d, H7/H7’, 2H); 7.78 (t, H4/H4’, 2H); 7.66 (d, H1/H1’, 2H); 7.54 (d, 
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H2/H2’, 2H); 7.45 (t, H3/H3’, 2H); 6.99 (d, H5/H5’, 2H); 4.26 (m, Hmeso); 3.41 (m, Hsyn); 

1.62 (d, Hanti); 1.22 (d, Hanti). 

 

[MoBr(η3-C3H5)(CO)2{1,4-(4-methyl)phenyl-2,3-naphthalenediazabutadiene}] (C2) 

1,4-(4-methyl)phenyl-2,3-naphthalenediazabutadiene (L2) (0.5 mmol, 0.252 g) 

was added to a yellow solution of [MoBr(η3-C3H5)(CO)2(MeCN2)] (P0) (0.5 mmol, 0.178 

g) in ethanol (20 mL), and the mixture was stirred for 48 hours. The solution was 

filtered, reduced under vacuum and a dark green solid precipitated with n-hexane (20 

mL, at 4 ᵒC). The dark green precipitate was recrystallized by dissolving in 

dichloromethane (CH2Cl2) and adding n-hexane. Green crystals formed after a few 

days, suitable for single crystal X-ray diffraction. 

Yield (η): 94.9% (0.331 g) 

IR (KBr pellets, cm-1): 3032, 2923, 2841 (νC–H), 1933, 1870 (νC≡O), 1639 (νC=N), 1415 (νC–N) 

1H NMR (400 MHz, CDCl3, room temperature, ppm): δ 7.84 (d, H5/H5’, 2H); 7.49 (d, 

H7/H7’, 2H); 7.42 (d, H6/H6’, 2H); 7.33 (m, H1/H1’/H2/H2’/H3/H3’/H4/H4’/, 8H); 4.21 

(m, Hmeso); 3.39 (m, Hsyn); 2.42 (s, Me, 6H); 1.21 (m, Hanti), 0.82 (m, Hanti) 

 

[MoBr(η3-C3H5)(CO)2{1,4-(4- methoxy)phenyl-2,3-naphthalenediazabutadiene}] (C3) 

1,4-(4- methoxy)phenyl-2,3-naphthalenediazabutadiene (L3) (0.5 mmol, 0.273 

g) was added to a yellow solution of [MoBr(η3-C3H5)(CO)2(MeCN2)] (P0) (0.5 mmol, 

0.180 g) in ethanol (20 mL), and the mixture was stirred for 48 hours. The solution was 

filtered, reduced under vacuum and a dark green solid precipitated with n-hexane (20 

mL, at 4 ᵒC). 

Yield (η): 71.9% (0.251 g) 

Selected IR (KBr pellets, cm-1): 2984, 2960, 2879 (νC–H), 1953, 1860 (νC≡O), 1639 (νC=N), 

1415 (νC–N) 

1H NMR (400 MHz, CDCl3, room temperature, ppm): δ 8.16 (d, H5, 1H); 8.09 (d, H5’, 

1H); 7.99 (d, H7’, 1H); 7.85 (d, H7/H3, 2H); 7.76 (t, H6’, 1H); 7.55 (d, H3’, 1H); 7.47 (t, 

H6, 1H); 7.34 (t, H2/H2’, 2H); 7.13 (d, H4/H1’, 2H); 7.05 (d, H4/H1, 2H); 4.41 (m, Hmeso); 

4.23 (m, Hmeso); 3.89 (s, OMe, 6H); 3.65 (m, Hsyn); 3.42 (m, Hsyn); 1.58 (d, Hanti); 1.17 (m, 

Hanti). 

 



27 
 

[MoBr(η3-C3H5)(CO)2{1,4-(4-chloro)phenyl-2,3-naphthalenediazabutadiene}] (C4) 

1,4-(4-chloro)phenyl-2,3-naphthalenediazabutadiene (L4) (1 mmol, 0.401 g) 

was added to a yellow solution of [MoBr(η3-C3H5)(CO)2(MeCN2)] (P0) (1 mmol, 0.355 g) 

in ethanol (20 mL), and the mixture was refluxed for 48 hours. The solution was 

filtered, reduced under vacuum and a green yellowish solid precipitated with n-hexane 

(20 mL, at 4 ᵒC) [97]. 

Yield (η): 76.1% (0.821 g) 

Selected IR (KBr pellets, cm-1): 3024, 2916, 2850 (νC–H), 1964, 1883 (νC≡O),1639 (νC=N), 

1495 (νC–N) 

1H NMR (400 MHz, CDCl3, room temperature, ppm): δ 8.18 (d, H7/H7’, 2H); 8.12 (d, 

H2/H2’, 2H); 8.02 (d, H3/H3’, 2H); 7.78 (t, H6, 1H); 7.64 (m, H4/H4’/H1/H1’, 4H); 7.50 

(t, H6’, 1H); 7.03 (d, H5/H5’, 2H); 4.34 (m, Hmeso); 3.41 (m, Hsyn); 1.62 (d, Hanti); 1.61 (d, 

Hanti); 1.63 (d, Hanti). 

 

[MoBr(η3-C3H5)(CO)2{1,4-(4-carboxylato)phenyl-2,3-naphthalenediazabutadiene}] 

(C5) 

1,4-(4-carboxylato)phenyl-2,3-naphthalenediazabutadiene (L5) (0.5 mol, 0.269 

g) was added to a yellow solution of [MoBr(η3-C3H5)(CO)2(MeCN2)] (P0) (0.5 mol, 0.180 

g) in ethanol (20 mL), and the mixture was refluxed for 48 hours. The solution was 

filtered, reduced under vacuum and a dark greenish blue solid precipitated with n-

hexane (20 mL, at 4 ᵒC). The green/blue precipitate was recrystallized by dissolving in 

dichloromethane (CH2Cl2) and adding n-hexane. Green/blue crystals formed after a 

few days, suitable for single crystal X-ray diffraction. 

Yield (η): 64.2% (0.226 g) 

Selected IR (KBr pellets, cm-1): 3126 (νO–H), 2995, 2925, 2852 (νC–H), 1940, 1869 (νC≡O), 

1693 (νC=O), 1598 (νC=N), 1420 (νC–N) 

1H NMR (400 MHz, DMF, room temperature, ppm): δ 8.39 (d, H2/H2’, 2H); 8.35 (d, 

H3/H3’, 2H); 8.31 (d, H5/H5’, 2H); 7.96 (d, H7/H7’, 2H); 7.70 (t, H6/H6’/H4/H4’, 4H); 

6.91 (d, H1/H1’, 2H); 4.06 (m, Hmeso); 2.98 (m, Hsyn); 1.40 (d, Hanti). 
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2.3) Electrochemical Studies 

 

Cyclic voltammetry (CV) is a fundamental electrochemical technique to study 

the redox behavior of an electroactive species. It consists of cycling the potential of a 

working electrode in an electrolyte solution (containing electroactive species) and 

measuring the resulting current intensity (i, or peak current, j). The potential (E) of the 

working electrode is controlled versus a reference electrode (commonly saturated 

calomel electrode, SCE) and the measurements are made between two chosen 

potential values (for example: 0 – 1.2 V) at a constant sweep rate (mV/s). The resulting 

cyclic voltammogram displays the measured current during a potential scan and is 

represented in a current peak (j) versus potential (E) plot [98]. 

Metal complexes and some organic compounds may undergo electron transfer 

reactions without making or breaking covalent bonds. Most electrochemical reactions 

involve one electron transfer step leading to reactive species, which react at the 

(working) electrode. CV is capable of generating a new oxidation state during the 

forward scan and following its changes on the reverse scan. The important 

electrochemical parameters that can be measured from cyclic voltammograms are the 

oxidation and reduction potentials (Ep
ox and Ep

red), usually associated with the cathodic 

and anodic current respectively, and current intensity. 

 

All electrochemical measurements were performed using a CHI Electrochemical 

Analyser-620A Model controlled by a computer at room temperature in an one-

compartment electrochemical Teflon cell. A polycrystalline platinum (Pt) working 

electrode (area 1.28 cm2), a platinum foil counter electrode (area 2.0 cm2) and a 

saturated calomel electrode (SCE) as reference electrode were used. Before each 

experiment, a mirror-finishing platinum surface was generated by hand-polishing the 

electrode in an aqueous suspension of successively finer grades of alumina (down to 

0.05 µm). All the solutions were deoxygenated directly in the electrochemical cell with 

nitrogen gas (N2). 

The electrochemical studies were performed at different sweep rates (20, 50, 

100, 200, 1000, 2000 mV/s) in the potential range of 0 – 1.2 V, starting with fastest 

velocities to slower ones, to prevent solution decay. 
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To minimize solution resistance and promote the flow of electrons, the 

electrolyte solution used was 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) in dichloromethane (CH2Cl2). 1 mM solutions of the molybdenum complexes 

(C1 – C5), ligands (L1, L2, L4 and L5) and precursor (P0) were prepared in TBAPF6/ 

CH2Cl2 electrolyte. 

 

 

2.4) Cell Culture and Cytotoxic Assays in vitro 

 

Several human cell lines were used to study the cytotoxic activity of the 

molybdenum(II) complexes synthesized (C1 – C5), as well as their mechanism of action. 

The human cell lines used were: HeLa (cervical adenocarcinoma), SW480 and Caco-2 

(colorectal adenocarcinoma), MCF-7 and MDA-MB-231 (breast adenocarcinoma). HeLa 

and Caco-2 cell lines were maintained in RPMI 1640 culture medium (Roswell Park 

Memorial Institute, without L-Glutamine), while SW480, MCF-7 and MDA cells were 

grown  in DMEM culture medium (Dulbecco’s Modified Eagle’s Medium with 4.5 g/L 

Glucose without L-Glutamine). Both media were supplemented with 10% of fetal 

bovine serum (FBS), 1% of penicillin and streptomycin (200 U/mL PEN-STREP) and 1% 

of L-glutamine (2 mM). These media contain a pH indicator (phenol red) that changes 

the color to yellow or fuchsia as the pH becomes acidic or alkaline, respectively. When 

the medium becomes yellow, it indicates that the cells consumed most of the existing 

nutrients and the medium is not oxygenated enough, so an exchange of the culture 

medium is necessary to prevent cell death. The FBS enhances cell attachment and 

provides additional nutrients and growth factors that promote an healthy cell growth 

and it also contains trypsin inhibitors. 

All cell cultures were maintained in a cell culture incubator kept at 37 ᵒC, in a 

highly humidified atmosphere of 95% room air / 5% CO2. All cell related procedures 

were carried out in a cell culture cabinet under sterile conditions, as well as all the 

materials used in cell culture. 
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2.4.1) Cryopreservation and resuscitation of frozen cells 

Cells can be preserved for later use by freezing stocks in liquid nitrogen – 

cryopreservation. Cells are harvested, centrifuged at 900 g for 10 minutes and the 

pellet is resuspended in a solution of 90% FBS / 10% DMSO and placed on cryogenic 

vials. DMSO is a cryoprotective agent used to lower the freezing point of the aliquots 

and prevent formation of ice crystals inside the cells on the frozen state that might 

lead to cell inviability. Additionally, the vials are kept in a cryo freezing container (“Mr 

Frosty”, filled with isopropanol) which allows the cells to cool down slowly from room 

temperature to -80 ᵒC at a rate of 1 ᵒC per minute. After that, the cryogenic vials are 

placed in a liquid nitrogen storage tank where they can remain for long periods. 

When preserved frozen cells are required, they can be revived by removing the 

cryogenic vial from liquid nitrogen storage and warming it at 37 ᵒC for 1 – 2 minutes or 

until the ice crystals melt. The cell suspension is then transferred to a culture flask 

containing fresh growth medium pre-warmed and incubated at 37 ᵒC, 5% CO2 / 95% 

air, humidified cell culture incubator. 

 

2.4.2) Cell Subcultures and Quantification 

The adherent cells grow in a continuous layer that eventually occupies the 

whole surface of the culture flask (confluent state). Once this happens, the cells stop 

dividing, stop growing (senesce) and die. To prevent this occurrence, it is necessary to 

subculture the cells. In this process, the cells are harvested, diluted in fresh growth 

medium and replaced in a new culture flask to promote their growth and viability.  

While the cells grow into the gaps of the flask and reach confluency (80% - 

90%), they need to be subcultured with trypsin, a proteolytic enzyme that is used to 

detach the cells from each other and the flask (trypsinization). For this, the consumed 

medium is removed from the flask, the cells are washed with phosphate buffered 

saline (PBS 1x, pH 7.4), trypsin is added and the flask is incubated at 37 ᵒC for 5 

minutes. After trypsinization, PBS is added to the suspended cells and a fraction of this 

solution is placed in a new flask with fresh supplemented medium. 

In order to obtain reproducible experimental results and optimum cell growth it 

is important to have an appropriate seeding density. The most common method for 

quantification of cells involves the use of a haemocytometer, a thickened glass slide 
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with a grid that contains 9 large squares and inside has 16 small squares visible on an 

optical microscope. Each large square measures 1 mm x 1 mm and is 0.1 mm deep and, 

with a coverslip in place, has a volume of 0.1 mm3 (10-4 cm3). It is possible to calculate 

the total number of cells in the solution per cubic centimeter (or mL) by counting the 

cells in each large square multiplied by a conversion factor corresponding to the 

volume of the large square (104). 

 

2.4.3) Cytotoxic activity assay in vitro using a colorimetric method 

To determine the cell viability after exposure to the molybdenum(II) complexes, 

a colorimetric assay is used: MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium 

bromide). MTT is a yellow molecule that can be reduced by mitochondrial reductase to 

purple formazan crystals in viable cells [27]. After quantification, 5 x 105 cells were 

seeded in a 96-well flat-bottomed microplate and incubated for approximately 48 h at 

37 ᵒC in a humidified 5% CO2 / 95% air atmosphere. Afterwards, the consumed 

medium was removed and the cells were treated with 8 concentrations of the 

compounds (1, 5, 10, 25, 50, 75, 100 and 200 µM) dissolved in 0.5% DMSO and 

supplemented medium, and incubated for 48 h. There were also control wells 

containing only 0.5% DMSO dissolved in supplemented medium (Figure 10). 

 

 

Figure 10 –  Representative scheme with the distribution of the 8 concentrations of compound 

dissolved in 0.5% DMSO (1, 5, 10, 25, 50, 75, 100 and 200 µM) and control wells containing 

only 0.5% DMSO dissolved in supplemented medium, on a 96-well microplate. 
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After the 48 h incubation time, the medium was removed and 100 µL of MTT 

solution (0.5 mg/mL MTT dissolved in medium) was added into each well and 

incubated for 2 h. Afterwards the medium was removed, and 100 µL of DMSO were 

added to dissolve the formazan crystals (which are not soluble in an aqueous media). 

The absorbance was measured at 570 nM using a 96-well absorbance reader. 

There is a direct correlation between the absorbance and cell viability. It has 

been assumed that the absorbance of the control wells (containing 0.5% DMSO 

dissolved in medium) corresponds to 100% cell viability, which means that all cells in 

those wells are metabolically active. The cell viability for each compound 

concentration was calculated based on the ratio of the absorbance for each 

concentration and the absorbance for the DMSO control wells. 

The IC50 values (half maximal inhibitory concentration) were determined by 

non-linear regression fittings (dose-response curves). In this work, the IC50 value refers 

to compound concentration that causes 50% of cell viability. Each experiment had ten 

replicates for each compound concentration and the results represent an average of 

three independent experiments. 

 

To determine the influence of the precursor (P0) and ligands (L1 – L5) on the 

complexes activity, cytotoxic assays in vitro were performed in HeLa using the later 

MTT assay protocol. 

 

The effect of some molybdates, such as sodium molybdate dihydrate 

(Na2MoO4.2H2O) and ammonium heptamolybdate [(NH4)6Mo7O24·4H2O], as well as 

classical DNA intercalators, such as doxorubicin [(7S,9S)-7-[(2R,4S,5S,6S)-4-amino-5-

hydroxy-6-methyloxan-2-yl]oxy-6,9,11-trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8,10-

dihydro-7H-tetracene-5,12-dione] and ethidium bromide (3,8-diamino-5-ethyl-6-

phenylphenanthridinium bromide), was also studied in HeLa cells. 

 

To study the variation of IC50 values of molybdenum(II) complexes (C1 – C5) 

along the course of time, the MTT assay protocol was followed and the HeLa cells were 

exposed to the compounds for several periods of time: 1, 4, 8, 12, 24, 48 and 72 hours. 
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2.5) DNA Binding Studies 

 

The mechanism of action of most antitumor compounds involves the DNA as 

their primary intracellular target, since interaction with DNA is one of the possible 

mechanisms which metal compounds can inhibit cell proliferation [30]. Electronic 

absorption titration spectroscopy is one of the most useful and widely used techniques 

to study the binding mode of the complexes with DNA. 

 The mode of interaction between the complex and the DNA can be evaluated 

by the changes on the absorption spectrum. If the complex intercalates with DNA, a 

red-shift (bathochromism) of the absorption maximum in the studied region can be 

observed along with a decrease in the intensity of the complex absorbance 

(hypochromism).  The hypochromism indicates that the DNA-binding mode of the 

compound may be due to electrostatic effects or intercalation with the DNA, while the 

bathochromism is indicative of the stabilization of the DNA duplex [99]. The 

compound-DNA interaction strength can be estimated by the intrinsic binding 

constant, Kb (binding constant per DNA base pair) [100]. 

 

To study the possible interaction between the molybdenum(II) complexes and 

DNA, a DNA binding assay in vitro was performed using electronic absorption titration 

spectroscopy. Calf thymus DNA (CT DNA) was dissolved in buffer Tris NaCl (5 mM Tris, 

50 mM NaCl, pH 7.2) and stirred for at least 2 days. Before each experiment, the UV 

absorbance of the DNA solution was measured and the ratio at 260 and 280 nm, Abs260 

/ Abs280, was between 1.8 – 1.9, indicating that the DNA was sufficiently free of protein 

contamination [69]. Different concentrations of CT DNA (0 – 200 µM) were added to a 

constant concentration of 20 µM buffered solutions of the metal complex (5 mM Tris, 

50 mM NaCl, pH 7.2). The same amount of CT DNA was added to the reference cell 

(control with no complex) in order to correct the contribution of the increasing DNA 

concentration. Absorption spectra of the complexes were generated after 10 min 

incubation with each CT DNA concentration at 37 ᵒC. The ratio absorbance observed / 

[complex] (20 µM) gives the apparent absorption coefficient εa. 
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To determine the extinction coefficient for each free compound (εf), the 

absorbance of different concentrations (0, 10, 20, 30, 40, 50 and 60 µM) were 

measured at the peaks of the spectra for each molybdenum complex, using the 

Lambert-Beer Law. 

The intrinsic binding constant (Kb) was determined according to the following 

equation [100]: 

 

     

 ε   ε  
  

     

 ε   ε  
 

 

   ε   ε  
  

 

[DNA] is the DNA concentration in base pairs, the apparent absorption 

coefficients εa correspond to absorbance observed / [complex], εf the extinction 

coefficient for the free complex and εb the extinction coefficient for the complex in the 

fully bound form with DNA and the intrinsic binding constant Kb is given by the ratio 

slope / intercept in the plot [DNA] / (εa - εf) versus [DNA]. 
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3) RESULTS AND DISCUSSION 

 

 

3.1) Synthesis and Characterization of Molybdenum(II) Complexes 

 

The bidentate nitrogen ligands (L1 – L5) were synthesized by the reaction of 

acenaphthoquinone with the appropriate aniline (C6H5NH2X, with X = H, Me, OMe, Cl, 

COOH) in acetonitrile (MeCN) (Scheme 1). 

 

 

Scheme 1 – Synthesis of the ligands 1,4-(4-X)phenyl-2,3-naphthalenediazabutadiene (L1 – L5). 

 

 

 

The molybdenum(II) precursor [MoBr(η3-C3H5)(CO)2(MeCN2)] (P0) was 

synthesized by the reaction of hexacarbonylmolybdenum(0) ([Mo(CO)6]) in acetonitrile 

(MeCN) with allyl bromide (Scheme 2). 

 

  

Scheme 2 – Synthesis of the precursor [MoBr(η3-C3H5)(CO)2(MeCN2)] (P0).  
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The complexes (C1 – C5) were synthesized by substitution of acetonitrile 

ligands (MeCN) from the precursor (P0) and subsequent coordination of the bidentate 

nitrogen ligand (α-diimines, L1 – L5) to the molybdenum center [97] (Scheme 3). 

 

 

Scheme 3 – Synthesis of the molybdenum(II) complexes [MoBr(η3-C3H5)(CO)2{1,4-(4-X)phenyl-

2,3-naphthalenediazabutadiene}] (C1 – C5). 

 

 

All the synthesized compounds were characterized by FTIR and 1H NMR 

spectroscopy. 

The FTIR spectrum of the precursor [MoBr(η3-C3H5)(CO)2(MeCN2)] (P0) shows 

νC–H bands of the allyl group (η3-C3H5) at 3050, 2985 and 2921 cm-1, the νC≡N bands 

assigned to the acetonitrile ligands (MeCN) at 2321 and 2287 cm-1 and the νC≡O 

stretching modes of the carbonyl group at 1942 and 1849 cm-1. 

The infrared spectra of the ligands 1,4-(4-X)phenyl-2,3-

naphthalenediazabutadiene  (L1 – L5) show typical bands of the C–H, C=N and C–N 

bonds between 3050 to 2850 cm-1 (νC–H), ≈ 1650 cm-1 (νC=N) and ≈ 1400 cm-1 (νC–N). No 

νC=O band corresponding to the C=O bond in acenaphthoquinone was observed, 

indicating that this group was substituted by the amino group of the aniline. 

                                                             
 All the available ligand L3 was used in the formation of the complex C3. 
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In the molybdenum(II) complexes [MoBr(η3-C3H5)(CO)2{1,4-(4-X)phenyl-2,3-

naphthalenediazabutadiene}] (C1 – C5), the FTIR spectra show νC–H bands 

corresponding to all aromatic C–H bonds at ≈ 3030 to 2800 cm-1 and the νC≡O band 

assigned to the carbonyl groups at ≈ 1960 to 1860 cm-1. These bands were slightly 

deviated when compared to those of the P0 spectrum owing to the coordination of the 

bidentate nitrogen ligands. The absence of the νC≡N bands assigned to acetonitrile 

ligands (MeCN) of P0 in the complexes spectra, as well as the νC=N and νC–N vibrational 

modes at ≈ 1645 cm-1 and 1400 cm-1 (slightly shifted to lower cm-1 relative to the free 

ligands), indicate that the acetonitrile ligands from the precursor where replaced by 

the bidentate nitrogen ligands in the synthesis. 

  

1H NMR spectra were run and the obtained results support the proposed 

structures for the synthesized compounds. 

 

The crystal structure of the complexes [MoBr(η3-C3H5)(CO)2{1,4-(4-

methyl)phenyl-2,3-naphthalenediazabutadiene}] (C2) and [MoBr(η3-C3H5)(CO)2{1,4-(4-

carboxylato)phenyl-2,3-naphthalenediazabutadiene}] (C5) was determined by single-

crystal X-ray diffraction in University of Aveiro (Figure 11) and selected bond distances 

(Å) and angles (⁰) are resumed in Table 1. 

 

 

Figure 11 – Molecular structure of the molybdenum(II) complexes C2 (left) and C5 (right) 

obtained by single-crystal X-ray diffraction. Ball and stick representation (using Mercury 3.0 

CDCC®). 
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Table 1 – Selected bond distances (Å) and angles (⁰) from the molybdenum(II) coordination 

sphere in C2 and C5. 

Bond Distance (Å) Bond Angle (⁰) 

  C2 C5   C2 C5 

Mo–C(3) 2.358 2.200 C(1)–Mo–C(2) 80.88 83.84 

Mo–C(4) 2.219 2.137 N(6)–Mo–N(26) 73.05 72.42 

Mo–C(5) 2.326 2.296 C(1)–Mo–N(6) 116.53 168.29 

Mo–C(1)  1.966 1.978 C(2)–Mo–N(6) 100.46 100.67 

Mo–C(2) 1.965 1.996 C(1)–Mo–N(26) 93.76 97.29 

Mo–N(6) 2.284 2.262 C(2)–Mo–N(26) 85.97 86.22 

Mo–N(26) 2.211 2.220 N(6)–Mo–Br 82.71 82.66 

Mo–O(21) 3.074 3.062 N(26)–Mo–Br 81.11 82.49 

Mo–O(11) 3.120 3.123 C(1)–Mo–Br 92.74 90.57 

Mo–Br 2.670 2.613 C(2)–Mo–Br 165.19 166.68 

 

 

 These values fall in the range usually observed for similar complexes [97]. There 

are two stable isomers, axial and equatorial (Scheme 4), associated to this family of 

complexes [MoBr(η3-C3H5)(CO)2(L-L)]. The ligand L-L occupies different positions in 

each complex. 

 

 

Scheme 4 – Possible isomers for the complexes [MoBr(η3-C3H5)(CO)2(L-L)], equatorial and axial. 

 

 

 The preference between these two isomers is not clear, and they often 

interconvert in solution [97], but position of the allyl group (η3-C3H5) is more stable 

when its opening lies over the carbonyl ligands (as in Scheme 4). Usually bulky ligands 

(such as L1 – L5 synthesized for the complexes C1 – C5) tend to favor the formation of 

axial isomers [97]. 
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3.2) Electrochemical Studies 

 

To determine the redox potential of the molybdenum(II) complexes [MoBr(η3-

C3H5)(CO)2{1,4-(4-X)phenyl-2,3-naphthalenediazabutadiene}] (C1 – C5, Figure 12), 

cyclic voltammetry experiments were performed.  

 

 

Figure 12 – Schematic structure of the molybdenum(II) complexes studied (C1 – C5). 

 

 

Solutions of the molybdenum complexes (C1 – C5), ligands (L1, L2, L4 and L5) 

and precursor (P0) were prepared in supporting electrolyte (TBAPF6/CH2Cl2). 

 

The results obtained at different sweep rates for the complexes studied (C1 – 

C5) are shown in Figure 13. At faster sweep rates (200, 1000 and 2000 mV/s), the 

waves current is enhanced and they occur at higher potential values, as expected, but 

the response is not well defined (end of the oxidation process) in the potential range 

under study. At slower sweep rates (20, 50 and 100 mV/s) the oxidation/reduction 

waves are well defined, which in these conditions allow the full redox reaction to take 

place, leading to more defined waves, even though the potential peaks shift still 

occurred. 

 

Typical voltammograms of the complexes (C1 – C5), their precursor (P0) and 

the ligands (L1, L2, L4 and L5), are represented in Figure 14 for the sweep rate of 50 

mV/s. 
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Figure 13 – Cyclic voltammograms of the Pt electrode in presence of 1 mM solutions of the 

organometalic complexes (C1 – C5) in 0.1 M TBAPF6/CH2Cl2 in the potential range of 0 – 1.2 V, 

at sweep rates of 20, 50, 100, 200, 1000 and 2000 mV/s. 
 

 

 

 

 

C1 C2 

C3 C4 

C5 
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Figure 14 – Cyclic voltammograms of the Pt electrode in presence of 1 mM solutions of the 

organometalic complexes (C1 – C5), their respective ligands (L1, L2, L4 and L5) and 

molybdenum(II) precursor (P0) in 0.1 M TBAPF6/CH2Cl2 in the potential range of 0 – 1.2 V, at 50 

mV/s. The electrolyte response is also depicted. 
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As shown in Figure 14, the TBAPF6/CH2Cl2 electrolyte does not interfere with 

the obtained results, since it has a very low current response (near zero). The 

molybdenum(II) precursor (P0) has three oxidation waves and no observable reduction 

wave in the cyclic voltammetric time scale, indicating that the oxidations of the 

molybdenum(II) are irreversible in solution. The organic ligands (L1, L2, L4 and L5) 

exhibit one irreversible oxidation. 

The voltammograms of the complexes (Figure 14) show that the complexes C1, 

C2 and C5 have one oxidation wave, while complexes C3 and C4 have two intense 

oxidations wave. Complexes C1, C2 and C4 show one small reduction peak, while 

complex C3 has two reduction peaks. There are no visible reduction waves in the 

voltammogram of complex C5. The wave shape of the voltammograms is alike for all 

the complexes, except for complex C5 (which has a very low current response). 

 

The voltammograms of the complexes C1 – C5, for the sweep rate of 50 mV/s, 

are all collected in a single figure (Figure 15) in order to compare them more easily. 

The electrode potential values (E, V) measured from the cyclic voltammograms 

are presented in Table 2. 

 

 

Figure 15 – Cyclic voltammograms of the Pt electrode in presence of 1 mM solutions of the 

organometalic complexes (C1 – C5) in 0.1 M TBAPF6/CH2Cl2, with the potential range of 0 – 1.2 

V, at 50 mV/s. 
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Table 2 – Oxidation (Ep
ox) and reduction (Ep

red) potentials (V vs SCE) and ΔE (Ep
ox - Ep

red) for all 

compounds, at the sweep rate of 50 mV/s. * 

Compounds Ep
ox (V) Ep

red (V) ΔE (V) 

P0 

0.580 - 0.580 

0.840 - 0.840 

0.973 - 0.973 

L1 1.110 - 1.110 

L2 0.920 - 0.920 

L3 n.t. n.t. - 

L4 1.120 - 1.120 

L5 - - - 

C1 0.901 0.711 0.190 

C2 0.781 0.504 0.277 

C3 
0.670 0.534 0.136 

0.830 0.690 0.140 

C4 
0.827 0.692 0.135 

1.030 - 1.030 

C5 0.783 - - 
 

*on a platinum electrode in 0.1 M TBAPF6/CH2Cl2 electrolyte 

 

Regarding the values of for the potencial (V vs SCE) (Table 2) and the cyclic 

voltammograms for the molybdenum(II) complexes (C1 – C5, Figure 14 and Figure 15), 

one or two intense oxidation peaks and one lower reduction peak are observed. 

C3 has the lowest oxidation potential (Ep
ox = 0.670 V), which means that this 

complex is more likely to lose one (or more) electron(s) and become oxidized, than the 

other complexes. C1 has the highest first oxidation potential (Ep
ox = 0.901 V) and is the 

most difficult to oxidize. This complex (C1) has the highest reduction potential (Ep
red = 

0.711 V), and is easily reduced. C5 shows no visible reduction wave, indicating that its 

oxidation is completely irreversible. Although all five complexes present a tendency to 

an irreversible oxidation behavior (ΔE > 0.059 V) [98], some complexes, like C1 – C3 are 

slightly more reversible (with higher ΔE values) than C4. 

 

 Tridimensional representation of the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) of the complexes C1 – C5, 

calculated by density functional theory (DFT) are shown in Figure 16 and Figure 17, 

respectively. The schematic structures of complexes C1 – C5 are shown in Figure 18. 
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Figure 16 – Tridimensional representation of the HOMO of the complexes C1 – C5 (using 

Molekel®). 
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Figure 17 – Tridimensional representation of the LUMO of the complexes C1 – C5 (using 

Molekel®). 
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Figure 18 – Schematic structure of the complexes C1 – C5. 

 

 

As shown in Figure 16, the oxidation takes place at the Mo(II) center in all 

complexes and can thus be assigned  to a Mo(II) to Mo(III) oxidation, since the HOMO 

is mainly located in metal center. The second oxidation, when observed (C3 and C4), 

can probably be an oxidation from Mo(III) to Mo(IV). The complexes C3 and C4 have 

electronegative atoms in the ligand (O and Cl, respectively), but they are also π donors, 

and it is possible that donation of π electrons from these substituents stabilize the 

Mo(II) oxidized species. This allows a more stable positive complex and a second 

oxidation can occur at higher potential values. 

The reduction occurs at the ligand, since the LUMO (lowest unoccupied 

molecular orbital) of all these complexes is almost completely located in the α-diimine 

(Figure 17).  
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3.3) Cytotoxic Assays in vitro 

 

To evaluate the antitumoral activity of the molybdenum(II) complexes 

synthesized (C1 – C5, Figure 19), cytotoxic assays in vitro were performed in various 

human cell lines: HeLa (cervical adenocarcinoma), MCF-7 and MDA-MB-231 (breast 

adenocarcinoma), SW480 and Caco-2 (colorectal adenocarcinoma). 

 

 

 

Figure 19 – Schematic structure of the molybdenum(II) complexes studied (C1 – C5). 

 

 

To determine the IC50 value (compound concentration that causes 50% of cell 

viability) of each complex, the cell lines were incubated with several compound 

concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM) for 48 h and afterwards the MTT 

assay was performed. This well known colorimetric assay reflects the number of viable 

cells and is also used to measure cytotoxicity (loss of viable cells) [27] through the 

absorbance of purple formazan (reduced form of the yellow MTT).  

The relation between cell viability and complex concentration and the dose-

response curves obtained by nonlinear regression analysis, in HeLa, are shown in 

Figure 20 and Figure 21. The given results represent an average of three independent 

experiments and each experiment includes ten replicates for each compound 

concentration. 
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Figure 20 – In vitro cytotoxic assays for the complexes C1 – C3 in HeLa after 48 h incubation. 

Histogram representing the relation between cell viability and the complex concentrations (1, 

5, 10, 25, 50, 75, 100 and 200 µM) and dose-response curves obtained by nonlinear regression 

analysis for each complex. 
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Figure 21 – In vitro cytotoxic assays for the complexes C4 and C5 in HeLa after 48 h incubation. 

Histogram representing the relation between cell viability and the complex concentrations (1, 

5, 10, 25, 50, 75, 100 and 200 µM) and dose-response curves obtained by nonlinear regression 

analysis for each complex. 

 

 

 The IC50 values for the complexes C1 – C5 in HeLa cells were calculated through 

the non linear fitting represented by the dose-response curves. For the other cell lines 

(MCF-7, MDA-MB-231, SW480 and Caco-2) the same protocol and data analysis for 

HeLa was followed (histograms and dose-response curves in Annex – Figure 37 to 

Figure 42). 

 

The IC50 values for the complexes C1 – C5 in all the cell lines studied are shown 

in Table 3.  
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Table 3 – IC50 values (mean ± standard deviation) for the complexes C1 – C5 tested in HeLa, 

MCF-7, MDA-MB-231, SW480 and Caco-2 cell lines. 

IC50 (µM) 48 h 

Complex HeLa MCF-7 MDA-MB-231  SW480 Caco-2 

C1 5.5 ± 1.18 > 75 > 100 12.7 ± 1.11 > 100 

C2 21.5 ± 4.16 29.0 ± 16.36 > 100 10.1 ± 1.09 > 200 

C3 3.2 ± 1.39 ≈ 25 > 200 0.6 ± 0.11 > 200 

C4 17.3 ± 3.49 42.2 ± 19.75 > 100 9.8 ± 4.02 > 100 

C5 27.1 ± 3.52 98.4 ± 12.38 > 200 ≈ 50 > 200 

 

 

 The results presented in the Table 3 show that the molybdenum(II) complexes 

C1 – C5 display a powerful cytotoxic activity in vitro in HeLa, MCF-7 and SW480 cell 

lines (IC50 < 100 µM), while MDA-MB-231 and Caco-2 cells seem to be more resistant 

to the complexes action (IC50 > 100 and 200 µM). All the cells lines studied are derived 

from adenocarcinomas (epithelial type): HeLa (cervical adenocarcinoma), MCF-7 and 

MDA-MB-231 (breast carcinoma) and SW480 and Caco-2 (colorectal adenocarcinoma). 

From previous work with Caco-2 cell subcultures [101], in general, these cells have a 

slow growth rate and are more resistant to contaminations and antibiotics than the 

other cell lines handled. It is expected that Caco-2 cells should be more resistant to 

xenobiotics, resulting in higher IC50 values. MDA-MB-231 cell resistance may be related 

to cell specificity and/or growth rate. This cell line has a fast growth rate (much higher 

than HeLa cells) which could possibly explain why the complexes action is ineffective. 

In the cell lines where the IC50 values are below 100 µM, the complexes 

exhibited a strong cytotoxic effect in SW480 and HeLa cells, but are less toxic towards 

MCF-7. This behavior of the MCF-7 cells has also been observed in previous works 

[102, 103]. C3 has the lowest IC50 value of the five complexes analyzed, being the most 

effective cytotoxic compound (with an IC50 of 3.2 µM in HeLa and 0.6 µM in SW480), 

whereas C5 has the highest IC50 value compared to the other molybdenum(II) 

complexes (C1 – C4), which makes it the less toxic complex against the cell lines 

studied. Some complexes (C1 and C3) have low IC50 values against HeLa (< 6 µM). 

These values are comparable to the classical chemotherapy drug cisplatin which has an 

IC50 < 10 µM in a wide range of cancer cell lines [104]. 
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To determine the influence of the molybdenum(II) precursor (P0) and organic 

ligands (L1, L2, L4 and L5) (Figure 22) on the complexes activity, cytotoxic assays in 

vitro were performed in HeLa. 

 

 

 

Figure 22 – Schematic structure of the molydenum precursor (P0) and organic ligands (L1, L2, 

L4 and L5) tested in HeLa. 

 

 

The relation between the cell viability and precursor (P0) concentration (1 – 

200 µM) in HeLa is depicted in Figure 23. Histogram and dose-response curves 

obtained by nonlinear regression analysis for the ligands (L1, L2, L4 and L5) are shown 

in Figure 24. The results represent an average of three independent experiments and 

each experiment includes ten replicates for each compound concentration. 

 

 

Figure 23 – In vitro cytotoxic assay for the precursor (P0) in HeLa after 48 h incubation. 

Histogram representing the relation between percentage of cell viability and the precursor 

concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM). 
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Figure 24 – In vitro cytotoxic assays for the ligands (L1, L2, L4 and L5) in HeLa after 48 h 

incubation. Histogram representing the relation between cell viability and the complex 

concentrations (µM) and dose-response curves obtained by nonlinear regression analysis for 

each ligand. 
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The IC50 values for the ligands and the precursor in HeLa are summarized in 

Table 4.  

 

Table 4 – IC50 values (mean ± standard deviation) in HeLa for the ligands (L1 – L5) and the 

molybdenum(II) precursor (P0). 

IC50 (µM) 48h 

Compound IC50 (µM) 

L1 29.4 ± 1.22 

L2 17.1 ± 2.92 

L3 n.t. 

L4 16.9 ± 1.49 

L5 20.3 ± 3.755 

P0 > 200 

 

 

 The results presented in the Table 4 show that all tested ligands (L1, L2, L4 and 

L5) have IC50 values ranging from 17 to 30 µM (higher IC50 values than their respective 

complex in the same conditions), which indicates a lower cytotoxic activity than the 

molybdenum(II) complexes. The effect on the cell viability of the precursor P0 was also 

tested to determine the contribution of the molybdenum(II) component in the 

cytotoxic activity of the complex. The IC50 value for P0 was over 200 µM. Since both 

precursor and ligands have elevated IC50 values when compared to their respective 

complexes, it appears to be the combination of the precursor + ligand that creates a 

complex with a more powerful cytotoxicity than its components separately.  

  

The use of molybdenum complexes in chemotherapy is related to its expected 

low toxicity towards human cells. Molybdenum salts are very similar to phosphate 

salts existent in body fluids and cellular environment. Molybdenum is an important 

cofactor in several human enzymes such as aldehyde oxidase, sulfite oxidase and 

xanthine oxidase [89]. Therefore two molybdates (compound containing a 

molybdenum oxoanion in its highest oxidation state, VI) were tested in HeLa cells: 

sodium molybdate dihydrate (Na2MoO4.2H2O) and ammonium heptamolybdate 

[(NH4)6Mo7O24·4H2O]. The histograms obtained containing cell viability vs molybdate 

concentrations are in Figure 25 and Figure 26. 
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Figure 25 – In vitro cytotoxic assay for sodium molybdate dihydrate (Na2MoO4.2H2O) in HeLa 

after 48 h incubation. Histogram representing the relation between percentage of cell viability 

and the salt concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM). 

 

 

 

Figure 26 – In vitro cytotoxic assay for ammonium heptamolybdate [(NH4)6Mo7O24·4H2O] in 

HeLa after 48 h incubation. Histogram representing the relation between percentage of cell 

viability and the salt concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM). 

 

 

 The histograms shown in the previous figures show that both Na2MoO4.2H2O 

and (NH4)6Mo7O24·4H2O have an IC50 value > 200 µM, indicating that these 

molybdenum oxoanions do not affect cellular growth. 

 

 

 



55 
 

 The cytotoxic effect in vitro of classical DNA intercalators – doxorubicin and 

ethidium bromide – has also been tested in HeLa using the MTT assay. Doxorubicin is a 

drug used in chemotherapy that by intercalates with the DNA molecule and inhibits 

the DNA replication process. Ethidium bromide is a potent mutagen that intercalates 

with double stranded DNA, therefore is commonly used as a fluorescent dye to detect 

DNA under ultraviolet light [35]. 

The histograms with cell viability vs compound concentrations (1, 5, 10, 25, 50, 

75, 100 and 200 µM) and also the dose-response curves obtained by nonlinear 

regression analysis in HeLa are shown in Figure 27. These results represent an average 

of two independent experiments and each experiment includes ten replicates for each 

compound concentration.  

 

 

Figure 27 – In vitro cytotoxic assays for doxorubicin and ethidium bromide in HeLa cells after 

48 h incubation. Histogram representing the relation between cell viability and the compound 

concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM) and dose-response curves obtained by 

nonlinear regression analysis. 
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The IC50 values for doxorubicin and ethidium bromide in HeLa are shown in 

Table 5. 

 

Table 5 – IC50 values (mean ± standard deviation) in HeLa for the DNA intercalators: 

doxorubicin and ethidium bromide. 

IC50 (µM) 48h 

Compound IC50 (µM) 

Doxorubicin 1.4 ± 0.49 

Ethidium Bromide 10.5 ± 1.12 

 

 

 The results show that doxorubicin has a powerful cytotoxic activity against HeLa 

cells, with a very low IC50 value of 1.4 ± 0.49 µM (comparable to results found in the 

literature [105]). Ethidium bromide also presents a strong cytotoxic effect in HeLa (IC50 

= 10.5 ± 1.12 µM) [106], but due to its toxicity and mutagenic characteristics, there are 

not many studies investigating the potential role of ethidium bromide as a 

chemotherapeutic agent. These IC50 results (1.4 ± 0.49 µM and 10.5 ± 1.12 µM) are 

comparable to the ones obtained for the molybdenum complexes (C1 – C5) in HeLa 

cells (IC50 values ranging from 3.2 ± 1.39 to 27.1 ± 3.52 µM). 

 

 

Effect of the complexes incubation time on cell viability 

 

To investigate the effect of the molybdenum(II) complexes C1 – C5 in HeLa cells 

in more detail, the relation between incubation time and cell viability was also studied. 

The MTT protocol was performed allowing the cell lines to be exposed to the same 

compound concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM) with different 

incubation times: 1, 4, 8, 24, 48 and 72 hours. The obtained results are represented in 

Figure 28.  

The IC50 values for each hour were determined through nonlinear regression 

analysis and are shown in Table 6 (dose-response curves not shown). 
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Figure 28 – In vitro cytotoxic assays for the complexes C1 – C5 in HeLa. Histogram representing 

the relation between IC50 and different incubation times (1, 4, 8, 24, 48 and 72 hours). 
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Table 6 – IC50 values (mean ± standard deviation) for the complexes C1 – C5 against HeLa with 

different incubation times (1, 4, 8, 24, 48 and 72 hours). 

IC50 (µM) 

Complex 1 h 4 h 8 h 24 h 48 h 72 h 

C1 98.1 ± 7.80 59.2 ± 2.66 5.1 ± 0.89 2.4 ± 1.39 2.6 ± 0.79 31.4 ± 12.64 

C2 > 200 > 100 > 100 6.7 ± 1.73 11.8 ± 2.41 20.9 ± 6.39 

C3 > 200 > 75 7.4 ± 1.27 5.1 ± 0.27 5.4 ± 1.42 5.1 ± 1.39 

C4 76.8 ± 7.11 81.8 ± 26.13 75.8 ± 19.17 20.2 ± 4.31 15.2 ± 3.18 29.9 ± 4.63 

C5 > 200 > 200 > 100 28.6 ± 4.15 24.5 ± 1.15 46.4 ± 3.94 

 

 

As shown in Figure 28 and Table 6, the molybdenum(II) complexes inhibit cell 

proliferation in a time-dependent way. The IC50 values of the complexes C1 – C5 

decrease until 48 h incubation time (and increase after). All the complexes reach their 

maximum cytotoxicity at 48 h (although there are no significant differences between 

24 h and 48 h values). In the first hours of incubation (1 h and 4 h) there are no 

considerable changes in the IC50 values, which suggest that the complexes take time to 

penetrate the cell membrane and reach their biological target. At 8 h of incubation, C1 

and C3 complexes (with the lowest IC50 in HeLa) already have IC50 values similar to the 

maximum cytotoxicity (24 h / 48 h), while the other complexes (C2, C4 and C5) still 

have IC50 values near 100 µM. After 72 h of incubation, most of the complexes have 

less cytotoxic activity (higher IC50 values) than the optimum values appointed 24 h 

before. These results may be explained by the decomposition of the complexes in the 

aqueous medium, preventing their mechanism of action and consequently the 

antitumoral effect. 
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3.4) DNA Binding Studies 

 

To study the possible interaction between the molybdenum complexes studied 

(C1 – C5) and DNA, a DNA binding assay in vitro was performed using electronic 

absorption titration spectroscopy. 

The absorbance of the CT DNA solution was measured in the beginning of each 

experiment and the ratio Abs260 / Abs280 was between 1.8 – 1.9, indicating that the 

DNA was sufficiently free of protein contamination [69]. The addition of CT DNA (0 – 

200 µM) to the 20 µM metal complex solution led to spectral changes (Figure 29 to 

Figure 33). 

 

 

 

Figure 29 – UV-Vis absorption spectra of C1 (20 µM) in Tris buffer in the presence of increasing 

amounts of CT DNA (0 – 150 µM). The inset plot represents [DNA] / (εa - εf) (M
2 cm) vs [DNA] 

(µM) for the titration. The arrow indicates the absorbance changes monitored at 305 nm upon 

increasing DNA concentration. 
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Figure 30 – UV-Vis absorption spectra of C2 (20 µM) in Tris buffer in the presence of increasing 

amounts of CT DNA (0 – 150 µM). The inset plot represents [DNA] / (εa - εf) (M
2 cm) vs [DNA] 

(µM) for the titration. The arrow indicates the absorbance changes monitored at 318 nm upon 

increasing DNA concentration. 

 

 

 

Figure 31 – UV-Vis absorption spectra of C3 (20 µM) in Tris buffer in the presence of increasing 

amounts of CT DNA (0 – 200 µM). The inset plot represents [DNA] / (εa - εf) (M
2 cm) vs [DNA] 

(µM) for the titration. The arrow indicates the absorbance changes monitored at 304 nm upon 

increasing DNA concentration. 
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Figure 32 – UV-Vis absorption spectra of C4 (20 µM) in Tris buffer in the presence of increasing 

amounts of CT DNA (0 – 200 µM). The inset plot represents [DNA] / (εa - εf) (M
2 cm) vs [DNA] 

(µM) for the titration. The arrow indicates the absorbance changes monitored at 303 nm upon 

increasing DNA concentration. 

 

 

 

Figure 33 – UV-Vis absorption spectra of C5 (20 µM) in Tris buffer in the presence of increasing 

amounts of CT DNA (0 – 200 µM). The inset plot represents [DNA] / (εa - εf) (M
2 cm) vs [DNA] 

(µM) for the titration. The arrow indicates the absorbance changes monitored at 316 nm upon 

increasing DNA concentration. 
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 Regarding the absorption spectra of the molybdenum(II) complexes C1 – C5 

(Figure 29 to Figure 33), a decrease in the intensity of the complexes absorbance 

(hypochromism) is observed, accompanied by a small red-shift (batochromism) of the 

monitored bands upon increasing CT DNA concentration. This indicates a possible 

intercalation of the complexes with the DNA [99]. The inset plot of each previous 

figure represents [DNA] / (εa - εf) (M2 cm) vs [DNA] (µM) for the respective titration, 

and by the ratio slope / intercept, it is possible to calculate the intrinsic binding 

constant (Kb). The obtained values of Kb are summarized in Table 7. 

 

Table 7 – Values of intrinsic binding constant (Kb) calculated for the complexes C1 – C5. 

Complex Kb (M
-1) 

C1 3.77 х 104 

C2 2.11 х 104 

C3 4.47 х 104 

C4 4.01 х 104 

C5 6.53 х 104 

 

 

 The Kb values are very similar for all the complexes with the same order of 

magnitude (104), which could indicate a possible interaction of the compounds with 

DNA. C5 and C3 have higher intrinsic binding constant values (Kb = 6.53 х 104 M-1 and 

4.47 х 104 M-1) comparing to the other complexes, indicating that these complexes 

bind more strongly to the DNA. C2 has the lowest Kb value (Kb = 2.11 х 104 M-1), which 

could indicate that this complex has a weaker interaction with DNA. These 

molybdenum(II) complexes have ligands (nitrogen bidentate α-diimines) with extended 

π systems which can intercalate with DNA [97, 99]. 

 The tendency of these Kb values is related to the IC50 values studied (Chapter 

3.3) for most of the complexes. C3 has the highest cytotoxic against HeLa (with the the 

lowest IC50 value of the five complexes: 3.2 ± 1.39 µM) and C2 and C5 have higher IC50 

values (21.5 ± 4.16 µM and 27.1 ± 3.52 µM, respectively), indicating a lower cytotoxic 

effect in HeLa cells. These tendency could indicate that the antitumoral effect of these 

molybdenum(II) is due to their interaction with DNA (except for complex C5). On one 

hand, C5 has the highest Kb value (indicating a strong binding of this complex to the 
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DNA) but, on the other hand, C5 also has the highest IC50 value comparing with the 

other complexes (C1 – C4), which indicates lower cytotoxicity against cancer cell lines. 

This suggests that complex C5 maybe does not reach in its totality to the nucleus 

(possibly due to its low solubility in aqueous medium) and does not have the chance to 

bind to DNA. 

It is also important to mention that these organometallic complexes can also 

have a mechanism of action (and consequent antitumoral effect) that is not fully due 

to interaction with the DNA. 

  

 

 The classical DNA intercalators, doxorubicin and ethidium bromide [35], where 

also studied and DNA binding assays in vitro were performed for electronic absorption 

titration spectroscopy under the same conditions described for the complexes C1 – C5. 

The obtained spectra are represented in Figure 34 and Figure 35 and the Kb values 

calculated for these classical DNA intercalators are in Table 8. 

 

 

Figure 34 – UV-Vis absorption spectra of Doxorubicin (20 µM) in Tris buffer in the presence of 

increasing amounts of CT DNA (0 – 200 µM). The arrow indicates the absorbance changes 

monitored at 495 nm upon increasing DNA concentration. The inset plot represents [DNA] / (εa 

- εf) (M
2 cm) vs [DNA] (µM) for the titration. 
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Figure 35 – UV-Vis absorption spectra of Ethidium Bromide (20 µM) in Tris buffer in the 

presence of increasing amounts of CT DNA (0 – 200 µM). The arrow indicates the absorbance 

changes monitored at 479 nm upon increasing DNA concentration. The inset plot represents 

[DNA] / (εa - εf) (M
2 cm) vs [DNA] (µM) for the titration. 

 

 

Table 8 – Values of intrinsic binding constant (Kb) calculated for the intercalators: doxorubicin 

and ethidium bromide. 

Compound Kb (M
-1) 

Doxorubicin 1.52 х 105 

Ethidium Bromide 1.02 х 106 

 

  

 In the absorption spectra for doxorubicin and ethidium bromide, a decrease in 

the intensity of the compound absorbance (hypochromism) and an evident red-shift 

(batochromism) of the monitored bands are observed upon increasing CT DNA 

concentration. This indicates DNA binding by intercalation and is confirmed by the Kb 

values obtained [99]. 

 The Kb values of the complexes (C1 – C5) are similar to those obtained for the 

classical intercalators studied, although more studies are necessary to understand the 

exact interaction between these metal complexes and DNA. 
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In order to complement the obtained DNA binding results, and in addition to 

previous studies, cyclic voltammetry of the complexes C1 – C5 with increasing 

concentrations of CT DNA were attempted. However, these molybdenum complexes 

would not dissolve in the buffer solution necessary for the experiment and these 

studies could not be continued. DNA thermal denaturation studies were also 

attempted, for the calculation of melting temperatures (Tm) of the DNA and DNA + 

molybdenum(II) complex, using absorption UV-VIS spectroscopy. However, none of the 

UV-Vis spectrophotometers available reached temperatures high enough to denature 

the CT DNA and the melting transition curves could not be observed. As a result, 

neither of these studies was completed. 
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4) CONCLUSIONS AND PERSPECTIVES 

 

 The increasing number of metal complexes that have a cytotoxic activity against 

cancer cells contributed to a general comprehension that the mechanism of action of 

these organometallic compounds could be adjusted by an appropriate choice of the 

metal, its oxidation state and of the ligands [82, 83], providing almost unlimited 

combinations. 

Five molybdenum(II) complexes, [MoBr(η3-C3H5)(CO)2{1,4-(4-X)phenyl-2,3-

naphthalenediazabutadiene}] (X = H (C1), Me (C2), OMe (C3), Cl (C4) and COOH (C5), 

Figure 36) were studied with the aim of elucidating their cytotoxic activity in several 

tumoral cell lines, possible mechanism of action and their potential for use in 

chemotherapy. 

 

Figure 36 – Schematic structure of the molydenum complexes studied (C1 – C5) and their 

precursor (P0).  

 

The cyclic voltammetry experiments showed that complexes C1 – C5 have 

intense oxidation waves and a lower reduction wave and the difference between the 

oxidation and reduction potentials (ΔE = Ep
ox - Ep

red > 0.059) indicates that these 

complexes have an irreversible oxidation behavior. Oxidations are associated with the 

Mo(II) to Mo(III) conversion while reductions occur at the α-diimine ligand.  

The IC50 values (compound concentration that causes 50% of cell viability) 

obtained from the cytotoxic activity studies in vitro, at 48 h are summarized in Table 9. 
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Table 9 – IC50 values (mean ± SD) for all the compounds tested in HeLa cells in this work. 

IC50 (µM) 48h 

Compound HeLa 

C1 5.5 ± 1.18 

C2 21.5 ± 4.16 

C3 3.2 ± 1.39 

C4 17.3 ± 3.49 

C5 27.1 ± 3.52 

L1 29.4 ± 1.22 

L2 17.1 ± 2.92 

L3 n.t. 

L4 16.9 ± 1.49 

L5 20.3 ± 3.755 

P0 > 200 

Na2MoO4.2H2O 
[(NH4)6Mo7O24·4H2O] 

> 200 
> 200 

Doxorubicin 1.4 ± 0.49 

Ethidium Bromide 10.5 ± 1.12 

 

Complexes C1 – C5 have a powerful cytotoxic activity in these conditions 

against several cell lines (HeLa, SW480 and MCF-7) and a smaller antitumoral effect in 

other cells (MDA-MB-231 and Caco-2). C3 is the most cytotoxic complex, with lowest 

IC50, while C5 has the highest IC50 value of all cell lines tested. The cytotoxicity of these 

organometallic complexes is mainly due to the α-diimine ligands (L1 – L5), since the 

precursor (P0) does not kill cancer cells (IC50 > 200 µM, in Hela cells). Although both 

precursor and ligands have elevated IC50 values when compared to their respective 

complexes, the ligands exhibit some activity. Therefore, it seems that the combination 

of the precursor + ligand creates a complex with a more powerful cytotoxicity than its 

components separately. C1 and C3 have low IC50 values against HeLa (IC50 < 6 µM), 

which are comparable to the classical chemotherapy drug, cisplatin (IC50 < 10 µM in a 

wide range of cancer cell lines) [104]. Therefore, these two complexes can possibly be 

good candidates to chemotherapeutical drugs, since molybdenum is less toxic metal in 

vivo than, for example, platinum. These IC50 values are also comparable to the ones 

obtained for the DNA intercalators, doxorubicin (IC50 = 1.4 ± 0.49 µM) and ethidium 

bromide (IC50 = 10.5 ± 1.12 µM) obtained in HeLa cells, which may indicate that the 

molybdenum(II) organometallic complexes may intercalate with the DNA. 



69 
 

Absorption titration spectroscopy studies addressed the DNA-complexes 

interaction and the results showed that complexes C1 – C5 interact with CT DNA, 

possibly through intercalation, with intrinsic binding constant (Kb) values ranging from 

2.11 х 104 M-1  to 6.53 х 104 M-1. These Kb values are not too much lower than to the 

ones obtained for the classical intercalators, doxorubicin (Kb = 1.52 х 105 M-1) and 

ethidium bromide (Kb = 1.02 х 106 M-1) (Table 10). 

 

Table 10 – Values of intrinsic binding constant (Kb) for all the compounds tested in this work. 

Complex Kb (M
-1) 

C1 3.77 х 104 

C2 2.11 х 104 

C3 4.47 х 104 

C4 4.01 х 104 

C5 6.53 х 104 

Doxorubicin 1.52 х 105 

Ethidium Bromide 1.02 х 106 

 

If the complexes C1 – C5 interact with CT DNA in vitro, it is possible that this 

process may also occur in vivo, however more studies are necessary to understand the 

exact interaction between these metal complexes and DNA and to elucidate the 

remaining mechanisms involved in the activity of these molybdenum(II) complexes.  

 

Cellular molybdenum uptake assays and fluorescence microscopy (with binding 

of an adequate chromophore) could indicate the localization of the organometallic 

complexes inside the cell, elucidating their biological targets. Techniques, such as 

circular dichroism and atomic force microscopy (AFM) can be used to observe 

structural changes in the DNA, in the presence of the complexes and complement the 

absorption titration spectroscopy studies. Interaction of the organometallic complexes 

with molybdenum cofactor dependant enzymes, such as aldehyde oxidase, sulfite 

oxidase and xanthine oxidase, could also evidence the possible interaction of these 

molybdenum complexes with other biological targets, revealing other mechanisms of 

action not involving DNA intercalation. In long-term investigations, the effect of these 

molybdenum complexes should be studied in vivo, as chemotherapeutical agents. 
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7) ANNEX 

 

 

 

Figure 37 – In vitro cytotoxic assays for the complexes C1 – C3 in MCF-7 after 48 h incubation. 

Histograms representing the relation between cell viability and the complex concentrations (1, 

5, 10, 25, 50, 75, 100 and 200 µM) and dose-response curves obtained by nonlinear regression 

analysis for each complex. 
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Figure 38 – In vitro cytotoxic assays for the complexes C4 and C5 in MCF-7 after 48 h 

incubation. Histograms representing the relation between cell viability and the complex 

concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM) and dose-response curves obtained by 

nonlinear regression analysis for each complex. 
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Figure 39 – In vitro cytotoxic assays for the complexes C1 – C5 in MDA-MB-231 after 48 h 

incubation. Histograms representing the relation between cell viability and the complex 

concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM) for each complex. 
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Figure 40 – In vitro cytotoxic assays for the complexes C1 – C3 in SW480 cells after 48 h 

incubation. Histograms representing the relation between cell viability and the complex 

concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM) and dose-response curves obtained by 

nonlinear regression analysis for each complex. 
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Figure 41 – In vitro cytotoxic assays for the complexes C4 and C5 in SW480 cells after 48 h 

incubation. Histograms representing the relation between cell viability and the complex 

concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM) and dose-response curves obtained by 

nonlinear regression analysis for each complex. 
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Figure 42 – In vitro cytotoxic assays for the complexes C1 – C5 in Caco-2 cells after 48 h 

incubation. Histograms representing the relation between cell viability and the complex 

concentrations (1, 5, 10, 25, 50, 75, 100 and 200 µM) for each complex. 

 

 


