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PREFACE 
Transition metal complexes are a fascinating and essential class of compounds in chemistry. 

They consist of transition metals, which are elements found in the middle of the periodic 

table, surrounded by ligands, which are molecules or ions that bind the metal center. 

Transition metals exhibit different oxidation states and can interact with a large number or 

type of molecules. Due to the diversity of chemical bonding possible between the metal 

centre and the different ligands, the advances in these areas have presented unique 

opportunities and challenges in transition-metal chemistry. In fact, the behaviour of the 

metal−ligand bond represents a very tuneable aspect for achieving target properties like the 

interplay between spin, oxidation state, coordination environment and metal-electron 

configuration. In this way this class of compounds exhibits a wide range of properties which 

plays crucial roles in various chemical, industrial, and biological processes.1 

For this reason, the transition metal complexes are attractive targets for the design of a wide 

range of functional materials with applications in catalysis, supramolecular assemblies, 

molecular devices and medicinal chemistry. In fact, they have shown important catalytic 

activities or bioactivities among which anti-inflammatory, antibiotics, anticonvulsant, 

analgesic, antimicrobial, antiparasitic, antitubercular, anti-HIV, antioxidant and anticancer.2–7 

According to this, the scope of this doctoral thesis is based on the synthesis of novel 

coordination compounds containing particular metal and ligands able to provide an intrinsic 

anti-tumor or catalytic activity. The two research lines are herein described in two different 

parts: 

 Biologically active compounds: related to Ru(II) and Os(II) metal centers 

coordinated with curcumin and bisdemethoxycurcumin derivatives as ligands.  

The curcuminoids (curcumin and bisdemethoxycurcumin) are well-known for their 

biological potentials which also include the anticancer activity but, unfortunately, their 

low water solubility and low bioavailability decrease the overall activity. The aim of 

this part was focused on the strategical modification of the curcuminoids structure 

(which includes the aryl side chain bioconjugation; reduction of the conjugation’s 

degree and heterocyclization of di-keto functionality) suitable for the improvement of 

this aspects. Additionally, Ru(II) and Os(II) possess their own anticancer activity. 

Based on this statements, the scope of this part was to synthesize new complexes 

and to see the correlation between their chemical structure and the related 

cytotoxicity. 
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 Catalytically active compounds: referred to Ru(II), Rh(III) and Ir(III) metal centres 

coordinated with pyrazolone-containing hydrazone ligands. 

The pyrazolone-containing hydrazone compounds are a class of Schiff base 

molecules acting as polydentate ligands for different metal centres. More precisely, 

the hydrazine moiety present into the structure, confers a κ-N,O coordinating sphere 

or, with a pyridine-hydrazine moiety, also a κ-N,N binding mode can be afforded 

through the nitrogen atom present into the pyridine ring. In both of the coordination 

typology, the presence of nitrogen atoms makes them suitable as a Lewis base 

catalytic site. 

Moreover, the Platinum group metals (Lewis acid site) is famous for its huge catalytic 

applications but no examples of catalysis with Ru(II), Rh(III) and Ir(III) bearing 

pyrazolone-containing hydrazone are reported in literature. Thus, the novel 

complexes have been evaluated for their ability to act as bifunctional catalyst toward 

tandem reactions. 
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Chapter 1: Introduction to biological compounds 

1.1 METALS IN MEDICINAL CHEMISTRY 
Inorganic compounds have had an enormous impact on medicine,8-9 in particular in the 

treatment of cancer. Probably one of the earliest investigations on the anticancer effect of 

inorganic metal salts and complexes was reported by Collier and Krauss in 1931. In their 

work, they implanted Ehrlich’s mouse carcinoma into white mice and analysed the effect of 

single-dose subcutaneous administrations of various transition metal compounds on tumour 

growth (i.e. Cu, Pb, Cr, Mn, Fe, Ni, Co, Ru, Rh and Os). Most of the compounds were 

inactive, but significant tumour-inhibiting properties were observed for some Pb compounds, 

K2Mn(SO4)2 and Cs2[Ru(IV)Cl6] hydrate. They concluded that the biological effect of a metal 

on the mouse carcinoma was not solely caused by the metal center, but also by the type of 

ligands and their spatial arrangement.10 

The first and most important example in this field is represented by the cisplatin (cis-

dichlorodiammineplatinum II) which was synthesized for the first time by Michel Peyrone in 

1845 and for this it was initially known as Peyrone's chloride.11 Its structure was elucidated in 

the early 1960s by a team of scientists led by Barnett Rosenberg at Michigan State 

University and this event has been the major contribution for the establishment of a firm 

basis of the antiproliferative activity possessed by the coordination chemistry.12 The 

discovery of cisplatin's activity was somewhat serendipitous and arose from their research on 

the effects of electric fields on bacterial cell division.13 In their experiments, they observed 

that electric fields could inhibit cell division in Escherichia coli (E. coli) bacteria in the 

presence of, what they later realised to be, the Peyrone's chloride. To investigate this 

phenomenon, they used platinum electrodes in their setup and noticed that the inhibition of 

cell division was particularly pronounced when platinum electrodes were used. This led them 

to investigate whether platinum ions were responsible for the observed effects and, as a 

consequence of their studies, they recognized the potential significance of this discovery for 

cancer treatment due to the confirmation of its ability to interfere with cell division. 

Subsequent research and clinical trials confirmed its effectiveness in treating various types of 

cancer, and thanks to this, cisplatin became one of the first platinum-based chemotherapy 

drugs used to combat cancer. 

From its discovery, cisplatin was approved as chemotherapeutic agent only in 1979 and 

nowadays is used in 50–70% of all cancer patients, usually in combination with other drugs, 

with particularly good activity against testicular, ovarian, oropharyngeal, bronchogenic, 

cervical and bladder carcinomas, lymphoma, osteosarcoma, melanoma and neuroblastoma. 

Even though its mechanism of action is still unknow, many studies state that when it reaches 
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the tumour, cisplatin is taken up into the cells by three possible mechanisms: passive 

diffusion, copper transporter proteins (e.g. CTR1) and/or organic cation transporters. Once 

inside the cell, the lower chloride concentration (4–20 mM) results in drug aquation with the 

loss of one or both the chloride ligands. When aquated, cisplatin can go on to bind to the 

DNA (acting as main target) at the N7 position of guanine, and to a lesser extent adenine, 

through the formation of a covalent coordinate bond. After a series of adducts formation, 

which unwind the helix (between 30 and 60◦ towards the major groove) of the DNA structure, 

the distortion generated prevents replication and transcription, which ultimately leads to 

cellular apoptosis.14 In addition, cisplatin is also known to bind to RNA and interfere with 

cellular RNA processing, which may assist in the action of the drug.15 

Nevertheless, cisplatin it is not without problems, notably it has no selectivity between 

healthy and tumours cells and exhibits a high general toxicity leading to undesirable side-

effects such as nephrotoxicity (reduced kidney function and damage), neurotoxicity (nervous 

system damage), ototoxicity (hearing loss) and myelosuppression (reduction in bone marrow 

activity). These severe side effects of cisplatin mean that the dose delivered to patients can 

be sub-lethal to tumours, particularly ovarian cancers, which means they are then able to 

develop resistance to further drug treatment. In addition, cisplatin is inactive against many 

cancer cell lines and metastasis (secondary) cancers.4 That is why, the challenge of 

inorganic chemists to develop platinum based anticancer drugs, that are superior to cisplatin, 

has been met with considerable enthusiasm over the last 30 or so years and literally 

thousands of compounds have been prepared based on well-conceived ideas to improve the 

efficacy of the final drug. From these endeavours only two further compounds have entered 

in the world-wide clinical use, these being carboplatin and oxaliplatin (Figure 1) gaining 

international marketing approval, although three others (nedaplatin, lobaplatin and 

heptaplatin) are used in the clinic in a limited number of countries and around 10 other 

platinum drugs are currently undergoing clinical trials.16 However, still they cannot compete 

with the efficiency of cisplatin.17 Since 1999 no new small molecule platinum- based drug has 

entered clinical trials which is representative of a shift in focus away from that metal. 

 

 

Figure 1 - Platinum(II) complexes approved worldwide for clinical use in cancer treatment 

In state of this, the quest for alternative drugs to the cisplatin and its derivatives is highly 

needed and the key for this scope is supposed to be the presence of a metal centre and the 

intervening years to the Rosenberg’s discovery have witnessed a continued expansion of the 
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periodic table of medicinal elements, with the work mainly devoted to Ru and other metals 

such as Os, Ir, Re, As and Au.18 

It is known, in fact, that inorganic elements (metals) play crucial roles in biological and 

biomedical processes and it is evident that many organic compounds used in medicine do 

not have a purely organic mode of action: some are activated or bio-transformed by metal 

ions including metalloenzymes, others have a direct or indirect effect on metal ion 

metabolism.19 

The metals in question are not only the 24 or so essential elements, but also for nonessential 

and even radioactive elements that offers the potential for the design of novel therapeutic 

and diagnostic agents.  

 

1.1.1 Organometallic Compounds 
When the complexes contain an organic ligand and a metal-carbon bond is present, they 

form a new class of materials named organometallic compounds. These compounds are 

characterized by the direct coordination of the metal atom to one or more carbon atoms. The 

nature of metal-carbon bond significantly influences the reactivity and properties of these 

compounds (e.g. solubility, stability, optical activities etc.). In summary, the M-C bond in 

organometallic compounds is central to their identity and it governs the electronic, structural, 

and spectroscopic properties of the referred compound and plays a critical role in their 

applications, including catalysis, materials science, and organic synthesis. Once again, 

understanding the nature of the M-C bond is essential for designing and manipulating 

organometallic complexes for specific purposes. In accordance, in recent years there have 

been major advances in the design of organometallic compounds for catalysis and therapy: 

these small molecules can show high specificity for their substrates followed by 

stereospecific conversions into products or, at the same time, structurally imposed 

organometallic complexes offer promise as therapeutic agents. Design concepts for such 

organometallic drugs, however, are still in their infancy; mainly because an understanding of 

structure–activity relationships (SARs) has not yet reached a level that allows extrapolation 

to provide general rules. The best candidates usually give high yields, high turn-over 

numbers (TON) and turn-over frequencies (TOF) and, in the case of enantioselective 

catalysis, high enantiomeric excesses (ee). In the case of anticancer drugs, for example, an 

initial measure of efficacy is often the in vitro activity towards cancer cells in culture, with 

potency described by the IC50-value.20 

Recent reviews and books attest the rapid development of bioorganometallic chemistry (term 

that was introduced for the first time in 1985 by Gèrard Jaouen) in general based on their 

potential application as anticancer chemotherapeutics.21-22 Furthermore, in a Tutorial Review 

from Hartingeer and Dyson23  many medicinal applications of organometallic therapeutics for 
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cancer, HIV, malaria and other diseases are reported. Many of these putative drugs are 

centred on classical organometallic motifs (e.g. metallocenes, metal–arene complexes, metal 

carbonyl and carbene complexes) where the nature of the metal centre plays a pivotal role. 

In fact, the essential role of transition metal ions in biological systems is well known 24–26 and 

the development of metal complexes as pharmaceuticals is due to a prior belief that metal 

ions are not transported across cell membranes but are incorporated at the formation stage 

of cells.27 

To summarize, although treatment with platinum drugs is accompanied by serious side 

effects, these complexes are considered as ‘‘blockbusters’’ in the pharmaceutical industry 

and in recent years, various approaches were undertaken, e.g. ligand modification, 

development of polynuclear systems and the use of alternative metals to Pt, to extend the list 

of treatable tumours.28 Several classes of organometallic species have also proven to exhibit 

promising anticancer activity, and selected examples will be showed in the following 

chapters. 

 

1.1.2 Metallocenes 
A metallocene is a type of chemical compound consisting of a transition metal atom 

sandwiched between two aromatic rings (e.g. cyclopentadienyl anions). These chemicals, 

due to their unique stability, were the first class of organometallic compounds to be 

systematically investigated as putative anticancer agents. It is thought, indeed, that the 

extended π-system plays an important role in the mode of action of these complexes 

(through electron-transfer or oxidation processes that may happen) beyond their ability to 

stabilize the metal centre.29-30 Toward the 1970s Köpf and Köpf-Maier investigated the in vitro 

antitumour activity of several early transition metal cyclopentadienyl complexes and from 

these studies Titanocene dichloride, Ti(ⴄ-C5H5)2Cl2, exhibiting a cis-chloride motif (similar to 

cisplatin), showed the best activity.31 It entered in clinical trials in 1993 prior to attempts to 

improve its efficacy through rational modifications to the structure, thus, there is considerable 

potential to develop superior compounds. In fact their ansa-titanocenes and, more 

importantly, benzyl-substituted titanocenes (developed to avoid stereocenters) have been 

evaluated against a renal cell cancer line (LLC-PK) showing moderate activities. 

Furthermore, important results have been obtained for oxalato titanocene derivatives for 

which the in vitro screening is very promising, by leading to higher stability, reduced side-

effects and extending the range of treatable tumours.32-33 

Similarly, iron complexes (Iron(II) sulfates or carboxylates) were the earliest metal 

compounds to be studied in medicinal chemistry26 and their organometallic Ferrocenes 

compounds (with their so-called sandwich structure elucidated for the first time by Wilkinson 

and Fischer in the early 1950s resulted in a Nobel prize) represent the quintessential 
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organometallic molecule used as precursor for many compounds having biological activity. 

Many simple Ferrocene and Ferrocinium compounds have been shown to be cytotoxic. 

However, the most important class of ferrocene anticancer drugs to emerge are based on a 

series of elegantly designed estrogen targeting motifs, which instead of being non-tumour 

specific are selectively active against hormone dependent tumours such as breast cancer. 

These molecules, developed by Gèrard Jaouen and co-workers, named Ferrocifens, present 

structural modifications lead to more lipophilic compounds (which therefore cross cell 

membranes more easily) and with a stronger cytotoxic effect. The superior antiproliferative 

effect of the Ferrocifens is believed to be the result of a combination of more than one event, 

first involving binding of the Ferrocifen to the estrogen receptor (ERα) with additional 

cytotoxicity induced by the ferrocene moiety itself.34 In contrast to the Ferrocifens, the 

ruthenium analogues behaved as antiestrogens with activity against the hormone-dependent 

human breast adenocarcinoma MCF7 cells which may be attributed to their differences in 

biological action.35  

 

1.1.3 Half-Sandwich compounds 
Half-sandwich compounds are organometallic compounds in which a metal atom is 

coordinated to one or more arenes and with other type of ligands that complete the 

coordination sphere. These compounds are known for their distinctive structures and diverse 

reactivity given by the even more pronounced tunability of the coordinated ligands. In fact, 

this type of organometallics, have shown promise in various medicinal applications since 

they can be engineered to interact with biological systems and exhibit diverse properties 

(including both biological and catalytic ones).36 This fact is supported by the thousands of 

thousands of works present in the scientific literature based on this type of compounds that 

show among the most outstanding antitumor activity. Furthermore, this research group 

deeply investigated this Ruthenium-Arene complexes and exploited their biological properties 

obtaining very interesting and promising results.37–44 

The following chapters and, the whole topic of this doctoral thesis, will turn into the support 

and confirmation of this statement. 

1.2 RUTHENIUM AS ANTICANCER AGENT 
Organometallic arene ruthenium complexes have attracted the attention of various scientists, 

chemists and biologists, owing to their intriguing chemical properties described in the 

previous chapters. Progress in the chemistry of arene ruthenium complexes stemmed from 

the discovery of the dinuclear chloride-bridged arene ruthenium complexes [(ⴄ6-arene)Ru(µ-
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Cl)Cl]2 occurred in 1967 by Winkhaus and Singer.45 The facile cleavage of the chloride 

bridges present in these complexes46-47 have proved indispensable precursors in 

organometallic chemistry of Ruthenium and in particular for the synthesis of a range of piano-

stool complexes allowing the introduction of a wide range of ⴄ6-arene ligands (benzene = 

C6H6; toluene = C6H5Me; p-cymene = p- iPrC6H4Me; hexamethylbenzene = C6Me6, etc.) 

(Scheme 1). 

 

Scheme 1 - Route for synthesis of different half sandwich piano-stool complexes 

As shown in Figure 2, in the half-sandwich Ruthenium-arene complexes the metal centre is 

in a pseudo-octahedral coordination environment in which three coordination sites are 

occupied by an aromatic ring bound in a ⴄ6-manner while various ligands can occupy the 

three other positions. Because of their structural similarity with piano-stools, these types of 

complexes are also known as half-sandwich piano-stool complexes. Metal–hydrocarbon 

bonds in arene ruthenium complexes are highly stable under acidic, basic as well as 

reducing or oxidizing conditions, whereas the other ligands can be easily substituted. 

According to this, over the last decades, there has been an increase in research activity 

because of the tremendous demand for high-performance catalysts and non-toxic 

metallodrugs for practical applications.48 

 



  

 

9 

 

 

Figure 2 - Piano-stool model for half-sandwich-ruthenium complexes 

Applications of arene ruthenium complexes in biology are widely explored because of the 

lower toxicity, high selectivity and amphiphilic properties provided by hydrophobic arene 

ligands and hydrophilic metal centres. That is why, arene-ruthenium complexes are the most 

studied organometallic compounds for possible anticancer activity. The results suggest that 

ruthenium is one of the most attractive metals in this regard, owing to its accessible redox-

states, low toxicity and, more importantly, to the ability to mimic iron binding in biological 

systems.47 In fact, as cancer cells over-express transferrin receptors to satisfy their increased 

demand for iron, ruthenium-based drugs (containing the iron homologue ruthenium) may be 

delivered more efficiently to cancer cells.49 50 In fact, the only non-platinum transition metal 

compounds currently in clinical trials are two coordination compounds based on ruthenium 

metal centre. 

 

1.2.1 Ru(III) as anticancer agent 
The first report treating the anticancer properties of Ruthenium was in 1976 when Ru(III) 

compounds as fac-Ru(NH3)3Cl3 and cis-[RuCl2(NH3)4] were found to induce filamentous 

growth of E. coli at a concentration comparable to that one required for cisplatin to produce 

similar effects,51-52 showing anticancer activity as has been reported by Clark in 1980. 

However, they were too insoluble for pharmacological uses. Since this discovery, there have 

been several other reports of Ruthenium complexes which exhibit anticancer activity where, 

most of which, contain Ru in +3 oxidation state and remarkably, in 1986, Keppler et al. 

reported for the first time innovative water-soluble anionic Ru(III) complexes [i.e., imidazolium 

trans-bis-imidazoletetrachlororuthenate(III), (ImH)[trans-RuCl4(Im)2] (Im = imidazole)], 

including one which was later labelled as KP418 (Figure 3), having antitumor activity against 

P388 leukemia and B16 melanoma in BDF1 mice.53 Notably, also manifested a high efficacy 

against an autochthonous model of colorectal cancer. The KP418 was the immediate 

precursor of the less toxic indazole (Ind) analogue, [(Hind)[trans-RuCl4(Ind)2]], known as 

KP1019 (Figure 3), which was later replaced by the more soluble sodium salt Na[trans-

RuCl4(Ind)2] (KP1339, Figure 3), obtained starting from KP1019 in a two-step metathesis 
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reaction via the tetramethylammonium salt. These exciting results reported by Keppler on the 

Ru(III)-azole complexes triggered the development in the early 1990s of another class of 

structurally related Ru(III)-dmso compounds like X[trans-RuCl4(dmso-S)2] (X+ = (dmso)2H+, 

Na+, NH4
+) prepared for the first time by Mestroni and Alessio.54 

These compounds and, more importantly, the Na[trans-RuCl4(dmso-S)2] turned out to be an 

excellent precursor for compounds of the general formula Na[trans-RuCl4(dmso-S)(L)] 

(where L = NH3, azole or pyridine), which showed a greater stability in aqueous solution. 

 

Figure 3 - Ruthenium(III) derivatives with anticancer activity 

Tests performed by Sava et al. on solid metastasizing tumours in mice shown evidenced that 

these compounds induced a remarkable reduction of lung metastasis formation. Surprisingly, 

the antimetastatic effect was more pronounced with low doses given daily than with large 

doses given with drug-free intervals. Then, the water-soluble imidazole complex Na[trans-

RuCl4(dmso-S)(Im)] (NAMI, Figure 3) was selected for further investigations. NAMI was later 

replaced by the corresponding imidazolium salt, (ImH)[trans-RuCl4(dmso-S)(Im)], called 

NAMI-A (Figure 3), that showed improved preparation, a greater stability in the solid state, 

and a better analytical profile, while maintaining a good solubility in water. Interestingly, both 

the KP-type and the NAMI-A-type compounds did not go through the usual pre-screening of 

in vitro cytotoxicity against cancer cell lines, but were instead investigated immediately on 

animal models55-56 and currently the KP1019 it is in Phase I of the Clinical Trials.57 

There are two significant differences between the two Ruthenium complexes, KP1019 and 

NAMI-A, and the platinum- based anticancer drugs: the octahedral geometry of the 

ruthenium complexes vs. square-planar geometry of the platinum(II) drugs, and, more 

importantly, the facility of electron transfer for Ru(II)/Ru(III) couples, while the reduction of 

Pt(IV) to Pt(II) results in both a change of the coordination number and of the interatomic 

bond distances. Due to these chemical differences, the mode of antitumor action of 

ruthenium-based drugs is supposed to differ distinctly from that of platinum compounds. 

Furthermore, the observed lower toxicity of Ruthenium-based as opposed to platinum-based 

drugs makes them very attractive for clinical developments. The lower toxicity of 

Ruthenium(III) complexes might be due, at least in part, to their capacity to act as prodrugs, 

as generally believed being, transformed in vivo or in situ into their active species that is the 
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Ruthenium(II), promoted by a so-called “activation-by-reduction mechanism”. In fact, there is 

a lower oxygen content and more acidic pH in tumours than in normal tissue and so the 

production of Ru(II) relative to Ru(III) should be favoured.51 

 

1.2.2 Ru(II) as anticancer agent 
Because Ru(II) may be an active form of Ruthenium, there is now an increased effort into 

research on the anticancer activity of Ru(II) complexes. Early work on Ruthenium(II) 

complexes like cis-[RuCl2(DMSO)4] and trans-[RuCl2(DMSO)4] showed that Ru(II) complexes 

are potentially interesting in the design of new drugs,50,58 which soon moved to half-sandwich 

Ruthenium(II) complexes (Figure 4). All complexes of this type contain an η6-arene 

occupying three coordination sites, a chelating ligand occupying two positions and a mono-

dentate ligand occupying the final site. Depending on the nature of the chelated ligand, these 

complexes are either neutral or positively charged and the possibility to modify all the 

different moieties, bound to the metal centre, give the access into a vast library of potential 

anticancer complexes. 

 

Figure 4 - Coordination environment of half-sandwich arene Ruthenium(II) complexes 

The mechanism of cytotoxic action of Ru(II) arenes is thought to involve hydrolysis of the 

Ru−X bond generating an active Ru−OH2 species (aquation phenomenon). This species will 

exist over a range of pH values, but above the pH = pKa value (the pH at which 50% of the 

species exists as Ru−OH2 and Ru−OH through deprotonation of the H2O ligand) the hydroxo 

Ru−OH species will predominate, giving a less reactive species (Scheme 2). Hydroxide is a 

less labile ligand than water and hence will not be as easily displaced by biomolecule targets. 

Thus ideally pKa values of ca. pH >7 for aqua adducts should ensure that the active species 

predominates at physiological pH (7.2−7.4).59 

 

 

Scheme 2 - Hydrolysis of half-sandwich arene Ruthenium(II) complexes 



  

 

12 

 

The primary cellular target for Ru(II) arenes, as for many metal-based drugs, is thought to be 

DNA and, for this reason, factors affecting DNA binding such as rate and extent of binding 

and non-covalent interactions such as hydrogen bonding and DNA intercalation become 

important.60-61 

Among these Ruthenium(II)-arene compounds two sub-families have been studied in detail 

(Figure 5): 

 RAPTA family ([Ru(ⴄ6-arene)(PTA)X2]; PTA = 1,3,5-triaza-7-

phosphaadamantane); 

 READ family ([Ru(ⴄ6-arene)(en)Cl]+; en = ethylenediamine). 

 

 

Figure 5 - Generic structures of RAPTA and RAED anticancer agents 

The READ family is the first examples of anticancer Ru(II)-arene. It contains chelating σ-

donor nitrogen atoms as ligands i.e. [(p-cymene)Ru(en)Cl]+, [(p-cymene)Ru(en)I]+, [(η6-

biphenyl)Ru(en)Cl]+ and [(η6-biphenyl)Ru(en-Et)Cl]+, all possessing activity against the A2780 

cancer cells with IC50 values of between 6–9 µM, comparable to the clinically-used 

anticancer drug carboplatin (6 µM).  

Furthermore complexes containing more hydrophobic arenes such as [(η6-

tetrahydronaphthalene)Ru(en)Cl]+ were even more active, with IC50 values equipotent with 

cisplatin (0.6 µM).62 In addition, Ruthenium complexes containing mono-dentate ligands such 

as [(p-cymene)Ru(CH3CN)2Cl]+ and [(p-cymene)Ru(isonicotinamde)2Cl]+ were inactive 

towards the same cancer cell line (IC50 values >150 µM) indicating that a bidentate chelating 

ligand is required for cancer cell cytotoxicity together with a more hydrophobic arene ligand 

and a single ligand exchange centre (e.g. halide). 

In contrast, the RAPTA family, is characterized by the presence of an amphiphilic phosphine 

ligand (PTA) which acts as monodentate neutral ligand that is placed in the coordination site 

usually occupied by the relatively labile chlorido ligand. PTA is a sterically undemanding 

ligand relative to other phosphines (with a cone angle of 103°) and may confer a degree of 

water solubility to the RAPTA complexes depending on the nature of the other co-ligands. 

This family exhibits a lot of biological properties including the antiviral, antibiotic, 

antimicrobial63 and, only later reported, in vitro anticancer activity reducing the growth of 

primary tumours in preclinical models for ovarian and colorectal carcinomas.64 Particularly, 



  

 

13 

 

the RAPTA-C (Figure 6, compound 1) recently showed to also exert a strong anti-angiogenic 

effect having similarities shared with NAMI-A with a limited direct cytotoxic effects on cancer 

cells in vitro while exhibits important anti-metastatic behaviour in vivo.65 According to this 

promising result, detailed investigation of RAPTA compounds, as well as model Me-PTA 

analogues (Figure 6, compounds 2 and 4), has been undertaken, paying particular attention 

to their aqueous chemistry and in vitro cytotoxicity on tumour cells.66 

 

 

 

Figure 6 - Structural variations of the ligands in the RAPTA-like compounds 

 

 

According to the reported studies, the antitumoral activity is due to the pH-dependence DNA 

damage of such family of compounds: the PTA ligand can be protonated at low pH, and the 

protonated form was considered to be the active agent such that at the pH typical of hypoxic 

tumour cells, DNA was damaged due to the activity of the protonated aquo compound (see 

Scheme 3), whereas at the pH characteristic of healthy cells, little or no damage was 

detected.66 

However, despite showing in general less toxicity than platinum derivatives, ruthenium 

complexes, like cisplatin and other platinum-based drugs, are not highly selective and are 

specific to only certain types of cancers. As a consequence, there is still the need to develop 

even more effective chemotherapeutic agents. 
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Scheme 3 - Protonation of the RAPTA-C, postulated as being responsible for pH dependant damage to DNA 

1.3 OSMIUM AS ANTICANCER AGENT 
As result from the previous chapters, is possible to state that elements like Iron and 

Ruthenium (both belonging to the 8-group of the periodic table) had a huge impact in the 

metal-based anticancer drug development and, nowadays, is possible to extent this aspect 

also to the Osmium metal centre because of the close proximity in the periodic table. Studies 

on bioactive Osmium complexes are still scarce, however, Osmium offers several features 

distinct from Ruthenium, including the preference for higher oxidation states, slower ligand 

exchange kinetics, stronger p-back-donation from lower oxidation states and markedly 

stronger spin-orbit coupling. Therefore, osmium complexes are considered interesting 

alternatives to Ruthenium-based anticancer agents because of their relative inertness and 

sufficient stability under physiological conditions. Furthermore, depending on the choice of 

ligand, osmium compounds exhibit diverse modes of action, including redox activation, DNA 

targeting or inhibition of protein kinases.67-68 Although the aqueous chemistry of osmium 

metallodrugs is not completely understood, some trends on physicochemical properties have 

emerged in comparison to isostructural Ruthenium analogues. A typical feature of Os 

compounds is the increased inertness towards ligand substitution compared to Ru and 

therefore it results in reduced or even suppressed hydrolysis of metal–halido bonds. 

Moreover, upon hydrolysis, the formed Os–aqua species tend to be more acidic than the 

analogous Ru–aqua species, consequently, if hydrolysis occurs, the Os(II) complexes may 

be found as unreactive hydroxido species under physiological conditions, while hypoxic and 

slightly acidic tumour tissues may favor the aqua complexes if the pKa of the aqua ligand is 

adjusted accordingly by selection of the ancillary ligands. According to the HSAB principle, 

Osmium is slightly softer than Ruthenium, which is expected to result in slightly different 

coordination preferences to biomolecules.69 
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Structural analogues of well-established Ruthenium compounds based on Osmium have 

been prepared and evaluated for their cytotoxicity, in fact, NAMI-A-analogous of Os(II) and 

Os(III) complexes have been prepared (Figure 7). They showed to be highly resistant toward 

hydrolysis, even in chloride-free solution, and also appear to have different biological 

properties. The diverse Os(II)-NAMI-A complexes 2 and 3, in Figure 7, were inactive, while, 

on the contrary, the Os(III) analogue of NAMI-A, 1 (with more than one dimethyl sulfoxide 

ligand) displayed significant antiproliferative activity compared with the parent and related 

compounds.70 

        

Figure 7 - Osmium analogues of the Ruthenium-based clinically tested drug candidates NAMI-A 

According to the literature, the pharmacological effect of NAMI-A is attributed to the diverse 

Ruthenium-hydrolysed species, generated under physiological buffer conditions, that are 

readily taken up by cells. Therefore, the higher in vitro cytotoxicity of inert Osmium analogues 

was somewhat surprising. This suggests that hydrolysis is not an essential prerequisite for 

biological activity of this class of compounds.71 Therefore, Osmium complexes could be used 

as model compounds for studying the biodistribution of un-hydrolysed NAMI-A and other 

anticancer-active ruthenium complexes. In a similar way, the Osmium-like KP1019 

derivative, 4, is stable in aqueous solution and demonstrated the same order of cytotoxicity in 

human cancer cells.72 

As for Ruthenium, also the studies on Osmium derivatives moved toward their arene-

complexes. Sadler and co-workers reported a library of Os(II) complexes of the general 

formula [Os(ⴄ6-arene)(XY)Z]+ (XY = azopyridine derivatives, Z = Cl or I, arene = p-cymene or 

biphenyl) with important anticancer activity against human ovarian, breast, prostate, lung, 

colon and bladder cancer cell lines and, some of them, demonstrated at least tenfold higher 

anticancer potency compared with cisplatin against all tested cancer cell lines.73 However, 

despite the higher stability of dinuclear Osmium complexes in aqueous solutions, their 

derivatives having an -O,O instead of an -N,N chelating ligand were about three times less 

active in vitro than their Ruthenium congeners.74 

Recent studies on based on arene-Osmium derivatives containing PTA (RAPTA-like 

compounds) show that these analogues are selective toward tumorigenic cells.75 
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It should be noted that the analysis of different classes of Ruthenium and/or Osmium 

complexes does not result in a uniform picture. In some cases, the variation of the metal from 

Ruthenium to Osmium resulted in significantly enhanced cytotoxicity, as in case of NAMI-A 

analogues, whereas in other cases, the Ruthenium complexes were markedly more active, 

or the biological properties were independent of the nature of the metal center. Thus, further 

studies are required to gain comprehensive knowledge of biological processes interfered by 

Osmium complexes in the body. The interest in biologically active Osmium complexes has 

been continuously growing and it is believed that several novel Osmium complexes with 

exciting biological properties will be developed in the future. 

1.4 CURCUMIN AND CURCUMINOIDS 
Turmeric (also named Curcuma longa) is a spice and an important ingredient in curry and 

gives to the powder its characteristic yellow color. It is a member of the ginger family 

(Zingiberaceae) and it grows in the tropics and subtropics of Asia, especially in India, China, 

Indonesia, Jamaica, Peru, and Pakistan. Turmeric is assigned as rhizomatous and is a 

monocotyledonous perennial herbaceous plant. It has an intense yellow-colored fleshy root 

tuber that is very similar, in appearance, to the branched finger-shaped ginger root.(Figure 

8).76 

 

Figure 8 - Origin of the Turmeric powder 

Turmeric has a wide chemical composition and curcumin (1,7-bis(4-hydroxy-3-

methoxyphenyl)-1,6-heptadiene-3,5-dione), also called diferuloylmethane (Curcumin I, 

Figure 9), is the principal component (~70% of the total composition), together with other 

minor chemicals, known as “curcuminoids” (discovered by Srinivasan in 1952), which are 

represented by demethoxycurcumin (Curcumin II, ~17%), bisdemethoxycurcumin (Curcumin 

III, ~3%) and the most recently identified cyclocurcumin (found by Kiuchi et al. in 1993) which 

is present in traces (all represented in Figure 9). Among all the curcuminoids, the curcumin 

is the most studied since it represents the major component. These pigments are isolated 

from the rhizome through solvent extraction and subsequent crystallization.  
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Figure 9 - Curcuminoids present in the Turmeric 

The main and most important curcuminoids have three chemical entities in their structure 

(Figure 11, Chapter 1.4.3):  

 The two aromatic ring systems containing p-hydroxy or o-methoxy groups (the only 

characteristic which differentiate all the curcuminoids between them); 

  The seven carbon-linker which connects the two aromatic rings by a consisting of an 

α,β-unsaturated system; 

 The β-diketone moiety (responsible for the yellow colour) able to exhibit a keto-enol 

tautomerism, which can exist in different types of conformers depending on the 

environment (solvents or pH) (Scheme 4). 

 
 

Scheme 4 - Keto-enol tautomerism in curcumin 

The combination of all these structures leads to a planar, intramolecularly hydrogen-bonded 

structure in both solution and powder form. In the crystal state it exists in a cis-enol 

configuration, where it is stabilized by resonance assisted hydrogen bonding and the 

structure consists of three substituted planar groups interconnected through two double 

bonds. All the curcuminoids are hydrophobic molecules and soluble in most of the non-polar 

solvents and in moderately polar solvents. Curcumin is non-toxic even at high dosages, to 

date no toxicity has been found in any animal and human studies and has been classified as 

‘generally recognized as safe’ (GRAS) by the National Cancer Institute.77 
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1.4.1 Biological properties and anticancer activity 
Old scriptures described turmeric as an essential plant. It is defined as ‘Indian saffron’ and 

has been used for more than 4000 years for various purposes such as paint, cosmetic, 

condiment for food preparation and it is also famous for its use as ancient Indian medicine 

(Ayurveda) as documented by several Indian doctors. Indeed, the use of turmeric in medicine 

has spread to many countries over time.78 However, the first scientific article on the treatment 

of biliary disorders with turmeric was published in 1937.79 Just very few articles (around 73) 

has been published up to 1990 and only during the past 20 years the number of publications 

on this topic drastically increased.80 

Curcumin was first isolated from turmeric in 1815, by Vogel and Pelletierand,81 and identified 

as diferuloylmethane (curcumin) in 1910. Its biological properties were immediately 

underlined such as the management of oxidative (it is ten times more antioxidant than 

vitamin E) and inflammatory conditions, metabolic syndrome, arthritis, anxiety, and 

hyperlipidemia. It has also immunomodulatory and antiangiogenic effects. Curcumin can 

suppress symptoms related to diabetes, multiple sclerosis, Alzheimer; it can prevent the 

heavy metal absorption and hypertension together with many other properties like 

antibacterial, antiviral, wound healing, anti-cardiovascular, anti-AIDS, anti-gastrointestinal, 

anti-ischemia, neuroprotective and antidepressant activity. In addition, curcumin showed to 

target multiple signalling molecules and also demonstrated activity at the cellular level, which 

has helped to support its multiple health benefit.82 

In recent years, curcumin's cancer-suppressant characteristic has attracted much attention in 

cancer research. Curcumin has been used to treat various inflammatory diseases for 

decades, and its uses in the treatment of leukemia and lymphoma, gastrointestinal, 

genitourinary, breast, ovarian, squamous (flat) carcinomas of the head and neck, lung 

cancer, melanoma and neurological cancers have been documented in the past years. It is 

thought that the main mechanisms of action by which curcumin exhibits its unique anticancer 

activity include inducing apoptosis and inhibiting proliferation and invasion of tumors by 

suppressing a variety of cellular signalling pathways. Furthermore, several studies reported 

curcumin’s antitumor activity is capable to target multiple cancer cell lines.83–85 

Additionally, the good optical and electrical properties of such curcuminoids, due to highly π-

electron delocalized system and symmetric structure, make them suitable for applications in 

photodynamic therapy, biological imaging, three-dimensional optical data storage, optical 

power limiting and so on. Moreover, the coordination of curcumin into metal complexes 

exhibits higher quantum yield and larger two-photon absorption (TPA) cross-section in the 

near infrared (NIR) region compared with the free ligand 86 enhancing its potential application 

as a biological fluorescent probe.87 
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Although this traditional herbal medicine is considered healthy, the way in which the active 

principle mediate cancer is still unknown.88 Anyway, the biological effects are for sure closely 

related to the peculiar molecular structure. It is indeed demonstrated that curcumin exhibits 

so great antioxidant and anticancer effects because of its free radical-scavenging properties. 

Moreover, curcumin's phenolic and enolic functional classes have great antioxidant activity 

as well. Additionally, other studies have reported that aromatic rings moieties exhibit 

cytostatic activity.89 

Most of the research present in literature are focused on curcumin, mainly because it 

represents the most abundant component inside the turmeric, and just very few studies have 

been focused on the other curcuminoids (demethoxycurcumin and bisdemethoxycurcumin). 

These latter demonstrated that the curcuminoids exhibit variable anti-inflammatory and anti-

proliferative activities,90 and that, especially the bisdemethoxycurcumin is more stable than 

curcumin.91-92 In addition, the degradation of bisdemethoxycurcumin proceeds considerably 

slower than that of curcumin and demethoxycurcumin. One possible reason for this could be 

attributable to the absence of the two methoxy groups. 

 

1.4.2 Drawbacks of curcumin 
Interestingly, curcumin by itself does not lead in in vivo to the associated health benefits due 

to many disadvantages given by its structure. In spite of all the above mentioned 

advantages, curcumin’s applications are limited due to its low water solubility, which results 

in poor oral bioavailability, and also low chemical stability, in fact, curcumin will ultimately 

degrade upon release into physiologic media.93 Generally, the oral bioavailability of curcumin 

is low due to a relatively low intestinal (small intestines) absorption and rapid metabolism in 

the liver, followed by elimination through the gall bladder.80 Curcumin is, therefore, very 

poorly absorbed and mainly removed by fecal excretion with minimal elimination in the urine. 

Another obstacle is the low cellular uptake of curcumin (i.e. low permeability). Due to its 

hydrophobicity, the curcumin molecule tends to penetrate into the cell membrane and bind to 

the fatty acyl chains of lipidic membrane through hydrogen binding and hydrophobic 

interactions, resulting in low availability of curcumin inside the cytoplasm.84 

The stability of curcumin in aqueous media plays a crucial role in this aspect and has been 

investigated by Bernabe-Pineda et al. (in 2004) resulting in a pH-dependent way. They 

showed that the stability of curcumin was improved at high pH values (>11.7) considering the 

three acidity constants: pKA1 = 8.38 ± 0.04; pKA2 = 9.88 ± 0.02 and pKA3 = 10.51 ± 0.01. 

Furthermore, Wang et al. examined the degradation kinetics of curcumin under various pH 

conditions and the stability of curcumin in physiological matrices. They observed that, when 

curcumin was incubated in 0.1 M phosphate buffer and serum-free medium at pH 7.2 at 37 

°C, about 90% decomposed within 30 min. They also tested curcumin stability from pH=3 to 
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10 and showed that the decomposition of curcumin was pH dependent and occurred faster at 

neutral to basic conditions.94 On the other hand, the greatest issue regard the poor 

bioavailability, which appears to be primarily due to poor absorption, rapid metabolism, and 

rapid elimination of the molecule. 

There are several components that can increase bioavailability for example the assumption 

together with piperine (that is the major active component of black pepper) and, mainly, when 

combined in a complex with metal centres, demonstrated to increase bioavailability by 

2000%.95,82 All these aspects will be explored in depth in subsequent chapters. 

Anyway, preclinical trials have stated that curcumin concentrations in plasma and target 

tissues are low because of their high metabolism rates.96 By now it appears that curcumin 

has a hydrophobic nature and in the organism it is converted into a more water-soluble form 

via conjugation reaction. Concentration of curcumin in peripheral veins seems to be small 

due to its biotransformation, reduction and conjugation with glucuronic acid and sulfate 

(showed in Figure 10) which have been shown to be biologically inactive. The presence of 

these curcumin conjugates in blood and curcumin in secretions explains the low circulating 

levels of free curcumin.97 These drawbacks represent the main obstacle to fully use all the 

useful properties of this substance, that is why the research, in the last two decades, is 

moving to try to improve the aspect of bioavailability at a biological level. 

 

 

Figure 10 - Bioconjugate products of curcumin 

 

1.4.3 Curcumin analogues 
To overcome the obstacles reported in the previous chapter and to improve the overall 

anticancer activity of curcumin, the research is developing several strategies, and one 

approach is to use different delivery systems to improve curcumin’s physiochemical 

properties and, as a consequence, the anticancer activity. For example, the glucuronidation 

of curcumin, and hence its phase II metabolism (explained in the following subchapter 

1.4.3.1), is inhibited in the presence of piperine and this may increase the bioavailability, 

however, increasing curcumin bioavailability by inhibiting phase II metabolism should be 

carefully scrutinized, since many xenobiotics are detoxified through this pathway. 
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It is widely known that the enhanced permeability and retention effect may improve the 

accumulation of chemotherapeutic agents at tumor sites. In state of this, liposomes, carbon 

nanotubes, dendrimers, and micelles have been used as carriers for SN38, doxorubicin, 

paclitaxel, and cisplatin to improve not only the solubility, but also the drug concentrations in 

tumors and reduce adverse effects. Although various types of drug delivery systems have 

been used to enhance the cellular uptake and efficacy of curcumin (i.e. liposomes, 

nanoparticles, cyclodextrines etc.),84,98-99 most of these formulations have remained at the 

proof of concept level and have not been evaluated in clinical trials. 

Another approach to deal with the curcumin’s drawbacks is its structural modification. To 

strategically modify the curcumin structure means to change the chemical and physical 

properties which may increase bioavailability, or enhance stability, and a lot of reported 

studies confirm also the enhanced selective toxicity towards specific cancer cells.84 As has 

been already reported previously, the curcumin has different functional groups in its structure 

which can be modified to achieve potential benefits (Figure 11). 

 

 

Figure 11 - Main pharmacophores and potential substitution positions of curcumin’s structure 

A structure-activity relationship study (SAR study) of curcumin derivatives underlined that the 

presence of a coplanar hydrogen donor group and a β-diketone moiety is essential for the 

antiandrogenic activity for the treatment of prostate cancer.100 Furthermore, as a result of 

introducing a methyl group at C4 or both C2 and C6 positions (see Figure 11), there is a 

steric hindrance effect toward metabolizing enzymes that significantly increases the activity 

in inhibiting endothelial cell proliferation and invasion both in vitro and in vivo.100 Moreover, 

the conjugation reactions, which may occur on the hydroxyl groups attached to the phenyl 

rings of curcumin, through glycosylation has proven to improve the water solubility and 

stability, leading to a better therapeutic response.100 In contrast, a correlation between the 
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hydrophobic property of the benzyl rings and androgen receptor affinity has been found. In 

detail, the benzyl rings are also crucial for inhibiting tumor growth, and adding hydrophobic 

substituents on them, has been linked to the increased antitumor activity of curcumin 

derivatives.101 Some of the modified curcuminoids exhibit enhanced anticancer and anti-

inflammatory activities compared to curcumin due to the low level of hydrogenation, such as 

those derivatives produced from the human metabolism: a comparative revealed stronger 

antioxidant activity for several hydrogenated curcumin derivatives with respect to the original 

curcumin compound.101 

This research work deals with this curcuminoids’ structural modifications and as follow are 

reported the main ones that have been considered. 

1.4.3.1 Tetrahydrocurcumin: an important metabolite 

The metabolism of curcumin in humans produces several less studied products using the 

main pathways of degradation: reduction and O-conjugation (phase-I and phase-II 

respectively).102-103 Particularly, the higher level of conjugation is one of the reasons 

responsible for the low bioavailability of curcumin. The reduction products are generated in 

the phase-I of the metabolism where it is involved the hydrogenation of double bonds by 

which curcumin is converted into tetrahydrocurcumin (THC), hexahydrocurcumin (HHC) and 

octahydrocurcumin (OHC), by the enzyme reductase (Scheme 5).104 The THC represents a 

major metabolite and was first detected in 1978 by Holder et al.105 and after that it has been 

reported to show a wide range of therapeutic properties associated to the parent curcumin 

molecule such as anti-oxidant, radical-scavenging, anti-metastatic and anti-carcinogenic 

activities, but unlike curcumin, THC has greater bioavailability.106-107 There are several 

reports in which THC showed better pharmacological activities than curcumin like better 

hepatoprotective effects and antioxidant activities in case of liver injury.108 Having additional 

hydrogens, THC is more hydrophilic than curcumin109 and pharmacokinetic assessments 

reveal that it is more stable in phosphate buffers at neutral pH and plasma.110 In fact, the 

lacks α,β-dienes prevent the formation of Michael adducts with intracellular proteins. 
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Scheme 5 – Metabolic reduction of curcumin and bisdemethoxycurcumin 

However, numerous in vitro and animal studies have shown that curcumin is more active 

than THC.107 Anyway, since the curcumin itself has poor chemical stability, low absorption, 

and also results in various modification once in the human body, it can be hypothesized that 

curcumin's degradation products and its metabolites may be responsible for its immense 

therapeutic effects since it has been observed that the parent compound does not distribute 

to any specific organs in appreciable levels.93 

 

1.4.3.2 Curcumin conjugates 

Curcuminoids have different functional groups that can be modified to reach superior or 

different properties. As occurs for the THC derivative, another alteration of the curcumin 

structure act to improve its bioavailability is, in fact, the conjugation at the aromatic level. 

Particularly, the two phenolic groups can act as potential sites for chemical variations and 

covalent linkage with biomolecules, as occurs for some of their metabolites (transformed into 

curcumin glucuronide and curcumin sulfate based on enzymatic hydrolysis studies, Figure 

10 of chapter 1.4.2). The enhanced metabolic stability is due to this fact: masking of phenolic 

hydroxyl groups and delay in their glucuronide formation during metabolism. Many other 

curcuminoid conjugates have been synthesized with, for example, fatty acids, folic acid, 

dipeptides, and hyaluronic acid. Curcumin bioconjugates have shown to enhance cellular 

uptake of curcumin and possess enhanced antibacterial activity against Gram-positive and 

Gram-negative bacteria.111 In detail, a curcumin bioconjugate with palmitoyl chloride did also 

show to facilitate neuroprotection, preventing oligomeric Aβ40 insult in Alzheimer’s 

disease.112 In this and many other reports, it has been observed that the bioavailability 
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improves upon conjugation. The coordination of biomolecules such as peptides, vitamins, 

sugar, etc. on the drug molecule is known to enhance the internalization of the conjugates 

selectively into the cancer cells as compared to the normal cells. In addition, attaching sugar 

molecules to curcumin brings the advantage of increased solubility in the aqueous medium, 

thus resulting in amplified drug activity.113 Has been reported that the cellular uptake 

mechanism of glucose conjugates (Figure 12) is related to the ready translocation of the 

adduct through glucose transporters.114 Studies on this area are still very few and many other 

progresses should be done in this new promising field. 

 

 

Figure 12 - Curcumin glycosides 

The conjugation may occur either in only one or in both phenolic groups generating the 

monoester and diester derivatives respectively. Monoesters showed better activity than their 

corresponding diesters since monoesters have both the advantages as a ligand helping in 

cellular uptake and a free phenolic for binding at active site. The diesters analogues of 

curcumin, at the same time, showed better anticancer activity than the monoester 

analogues.115 

 

1.4.3.3 Curcumin containing heterocycles 

Curcumin can exist in a tautomeric mixture of keto and enol forms in solutions, and the enol 

form was found to be responsible for the rapid degradation of the curcumin (Scheme 4 of the 

chapter 1.4). In detail, the presence of the methylene group and β-diketone moiety 

contributes to the instability of curcumin under physiological conditions and that is why the 

deletion of the β -diketone group may contribute to the enhancement of stability of 

curcuminoids. The reason depends on the facility with which the α,β-unsaturated ketone, as 

a Michael acceptor, can form adducts with the –SH groups and generate reactive oxygen 

species.115 Structural modifications of curcumin focused on the replacement of the β -

diketone group, were proven to be a meaningful approach to discover analogues with 

enhanced properties and overcame limit like solubility, stability or bioavailability.116 117 118 119 

A few of the structurally modified curcumin analogous have displayed good anti-head and 

neck cancer activity.120 Moreover, Chakraborti et al.,98 found that the stability of curcumin was 
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improved when the central diketone moiety of the curcumin was replaced by isoxazole and 

pyrazole groups (Figure 13). 

 

Figure 13 - General structure of isoxazole (X= O) and pyrazole (X=N) containing curcuminoid compounds 

 

In fact, the heterocyclic modification at the keto-enol moiety of curcumin has been proven to 

be an important pharmacophore playing a pivotal role in various biological activities including 

antioxidant, anti-Alzheimer’s and anticancer.121–123 Most importantly, the pyrazole analogues 

of curcumin (one example showed in Figure 14) demonstrated an increase of the antioxidant 

power, COX-2 inhibitory activity, antitumor and antimalarial activity as compared to curcumin 

and, more in detail, showed a broad spectrum cytotoxic activity against KB, A549, CAKI-1, 

MCF-7, 1A9, HCT-8, SK-MEl-2, U-87-MG, HOS, PC-3, LNCaP, MDA-MB-231, KB-VIN, 

HepG2, and LNCaP (clone FGC) cell lines. In general, among these heterocycle compounds, 

pyrazole analogue of curcumin, exhibited the highest activity. 

 

Figure 14 - CNB001 molecule: an example of pyrazole-containing curcuminoids compound active to cross 
blood brain barrier 

1.5 ORGANOMETALLIC COMPLEXES OF CURCUMIN 
One drawback of the structural modification is that it is difficult to achieve a balance between 

efficacy and solubility, and in most cases, one has been sacrificed in favour of the other. 

Most of the structural modifications that improve curcumin efficacy make the molecule more 

hydrophobic and reduce its solubility. Therefore, more work must be done in this regard to 

overcome this problem. In recent years, several research groups have focused to explore the 

applications of curcumin with the aim of improve bioavailability. Nanoparticles, liposomes, 
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micelles, soy protein isolate, oil body encapsulation and phospholipid complex are being 

used to enhance the dispersibility and bioactivity of curcumin for clinical trials.124 A highly 

promising and innovative approach to deal with the bioavailability issue and to achieve even 

more diverse potential health benefits is the use of metal curcumin complexes. 

As reported in the previous chapters, the metal centre has a fundamental role in terms of 

improving biological properties, solubility, and stability of the drug, therefore, the coordination 

of the curcuminoids to a d-block metal centre may deal with the bioavailability issue. There 

are many studies that report numerous complexes of curcuminoid ligands, with various main 

groups (d-transition and f-elements),  

having selective anticancer activity (including the photo-cytotoxicity), anti-Alzheimer’s activity 

and antioxidative/neuroprotective effects.125 

Curcumin and the curcuminoids are rare examples of naturally occurring β-diketone ligands. 

As such, they should be ideally suited to act as chelating ligands toward a variety of metals 

and to form stable complexes, which may result in synergistic activity between the metal 

center and the ligand system. 

The class of organoruthenium(II) half-sandwich compounds has attracted significant attention 

in the development of anticancer agents as well as for compounds with other biological 

activities.126 That is why, organoruthenium complexes incorporating bioactive ligands such as 

curcuminoids, could be a key features for the development of new anticancer drugs. 

 

1.5.1 Ruthenium-Arene Complexes of curcumin 
The chemistry and potential antitumor activity of Ru(II)−(arene) compounds containing 

curcumin as a ligand, was only partially explored at the end of last decade.101,127–129 That is 

why, more than 10 years ago, my research group decided to investigate this type of 

coordination compounds. 

The first compound of this class that has been synthesized is related to the [(p-

cymene)Ru(curc)Cl] (curc = curcumin) (Scheme 6) obtained by the interaction of commercial 

curcumin and the dimer [(p-cymene)RuCl2]2 in stoichiometric ratio 2:1. The reaction was 

conducted in a methanolic solution in the presence of NaOMe used as deprotonating agent 

for the enolic form of the curcumin.130 
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Scheme 6 - Synthesis of [(p-cymene)Ru(curc)Cl] 

The X-ray diffraction of a single crystal confirms that the metal is bound with the curcumin 

through the two oxygen donors from the chelating β-diketone moiety. Furthermore, the 

complex possess the hypothesized piano-stool arrangement containing the p-cymene moiety 

on the axial level and the remaining three positions occupied by the monodentate chloride 

anion and the curcumin acting as bidentate mono-ionic ligand. 

The cytotoxicity of [(p-cymene)Ru(curc)Cl]131 have been evaluated and it showed good 

anticancer activity against the breast adenocarcinoma (MCF7), ovarian carcinoma (A2780), 

and colon adenocarcinoma (HCT116) cell lines, moreover, the complex is less sensitive to 

human glioblastoma (U-87) and lung carcinoma (A549), indicating in a sort of way, a 

selectivity toward the cancerous cell lines. The data were compared with those elicited by 

cisplatin which resulted a more potent drug. The results, even if not satisfactory, are 

promising for making suitable chemical modifications to achieve higher biological activity and 

lower toxicity. 

Additionally, [(p-cymene)Ru(curc)Cl] has been tested for its anti-aggregating properties 

toward amyloid 1-40 and 1-42 peptides present in Alzheimer’s disease. The modified 

curcumin was shown to reversibly bind both peptides with moderate affinity and to interfere 

with the stacking mechanisms of aggregation, therefore it proved that the chemical 

modification of curcumin enhanced its efficacy, much likely due to a higher hindering effect 

on amyloid aggregation mechanism.132 

A following study is focused on the modification of the arene moiety (Figure 15) with arene 

being not only p-cymene, but also benzene and hexamethylbenzene.133 
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Figure 15 - Ru-curcumin organometallic compounds bearing different arene structures 

According to the previous studies which report the ability of curcumin to inhibit both isolated 

and cellular proteasomes, thus contributing to the activation of apoptosis in cancer cells,134 

the ability, for the new complexes, to modulate the proteasome functionality by comparing 

their efficacies with that of free curcumin has been evaluated. The result states that the 

nature of the arene influences the interactions and among the derivatives assayed, 

compound containing the hexamethylbenzene as aromatic group, was able to diminish 

proteasome activity to a greater extent than free curcumin. Moreover, pro-apoptotic events 

were observed in HCT116 cells at 4 and 24 h. A further demonstration of the fundamental 

role imposed by the curcumin as ligand is given by the scientific evidence that a similar 

concentration of corresponding [(arene)RuCl2]2 dimer did not yield any inhibition of 

proteasome activity, indicating that curcumin is the molecule responsible for the activity 

toward the proteasome. The DNA is a potential target for arene–Ru(II) anticancer complexes 

and this type of compounds showed very high affinity of binding through the Ru-N7 (guanine) 

coordination.130 The compound [(hmb)Ru(curc)Cl] was found to be the most effective in 

inducing DNA fragmentation coherently with its best anti-proteasome activity. This could 

depend either on the ability of the different complexes to bind in diverse way the DNA or on 

the lipophilicity of the system. In fact, the same compound which showed the best activity in 

vitro has lower efficacy on cellular proteasomes relative to the isolated enzymes and this, 

according to the studies, could be attributable to the longer retention time into the cellular 

membrane given by the higher affinity of Ru(II)-curcumin complexes for hydrophobic solution 

and environment with respect to the curcumin. 

Since the hydrophobic contribution has shown to have a major impact on the anticancer 

activity, a following study was based on the investigation of in vitro antitumor activity of 

related complexes where the curcumin-like ligands are less polar than the parent compound 

(Scheme 7).135 
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Scheme 7 - Synthesis of more hydrophobic Ru-curcumin complexes 

In fact, in the curcumin analogues there is a replacement of the -OH groups with an -OCH3 

moiety, and the obtained species are HCurcI and HCurcuII (Scheme 7). The new Ru 

complexes represented in Scheme 7 have an increased antitumor activity, compared to 

curcumin and its related complexes, toward the same cancerous cell lines (breast MCF7; 

ovarian A2780; glioblastoma U-87; lung carcinoma A549, and colon-rectal HCT116). In 

addition, HCurcII is less cytotoxic than curcumin but its related complex [(p-

cymene)Ru(CurcII)Cl] is twice as active as HCurcII in 3 cell lines. The results obtained from 

the new arene-Ru curcuminoid species suggest that their increased cytotoxicity on tumor 

cells is correlated with the increase of curcuminoid lipophilicity. However, the absence of the 

hydroxyl groups in the curcumin analogues cause a decrease in the antioxidant features 

which would be non-existent in the related Ru complexes. 

According to the great impact had for Ruthenium-Arene-PTA (RAPTA) derivatives in the 

anticancer treatment, the following research moved to the displacement of chloride anion 

with the PTA, acting as a neutral hydrophilic phosphine ligand.136 This was important also to 

clarify if Ru-Cl bond hydrolysis is fundamental for the complex activity as the Cl− hydrolysis 

in cisplatin. 

 

Scheme 8 - Synthesis of RAPTA-like derivatives of curcumin 

The crucial step for the synthesis of these new RAPTA-like derivatives of curcuminoids is the 

third one showed in Scheme 8 that is characterized by a metathesis reaction where the Cl, 

present as ancillary ligand in the complexes, is removed using a silver salt and replaced by 



  

 

30 

 

the PTA leaving the final ionic Ru(II) complex derivatives. This ligand-exchange resulted in a 

superior cytotoxicity and selectivity index (they are considerably less cytotoxic to 

nontumorous human embryonic kidney cells, HEK293) in comparison to clinically used 

cisplatin and this warranted the further development of these complexes. Precisely, these 

complexes are around 1−2 orders of magnitude more cytotoxic than previous [Ru(p-

cymene)(curc)Cl] and inhibit the growth of the ovarian cancer cell lines (A2780 and 

A2780cisR) at lower micromolar concentrations with respect to the RAPTA-C, known in the 

literature, for which it is essentially inactive. 

Moreover, the same RAPTA-type of complexes bearing the bisdemethoxycurcumin (bdcurc) 

analogue has been synthesized and the cytotoxicity evaluated did not show strong 

differences in the biological activity. The further increase in polarity possessed by the 

dicationic species of Ru(II) complexes (Figure 16), obtained with the methylated form of PTA 

(PTA-Me+ having either BF4
- or I- as counterion) did not show any enhancement in the 

antitumoral activity.137 

 

 

Figure 16 - Ruthenium(II)–arene-curcuminoid dicationic complexes containing PTA-Me as ancillary ligand 

PTA-Me complexes display just a modest cytotoxicity and essentially no selectivity, probably 

due to their higher charge which reduces cellular uptake relative to the monocationic 

compounds. 

Similarly, the same derivatives without the arene structure (Scheme 9) showed again just a 

moderate pharmacological activity which is likely connected to the relatively high stability of 

the complexes.138 This underlines the importance of the aromatic feature. 
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Scheme 9 – (1,4,7-trithiacyclononane)-Ruthenium(II) complexes of curcumin and bisdemethoxycurcumin 

Additionally, ionic Ru(II) complexes bearing arene rings functionalized with amino or hydroxyl 

groups and curcuminoids (both curcumin and bisdemethoxycurcumin) as chelating ligands 

(Scheme 10) demonstrated to possess less stability, selectivity and cytotoxicity.138 Notably, 

the non-functionalized analogues are considerably more cytotoxic than those with 

functionalized arene rings indicating that simple (more hydrophobic) arenes are 

advantageous, with the hydrophobic region potentially facilitating transport across cell 

membranes. 

 

Scheme 10 - Functionalized ⴄ6-Arene Rings on Ruthenium(II) Curcuminoid Complexes 

The structure-activity relationship studies (SARs) moved then into the investigation of the 

metal centre varying among Os, Rh and Ir. All of the three metal centres were well known for 

their anticancer activity, in detail, Rh(I) and Ir(I) compounds with a square-planar geometry 

similar to that of cisplatin139-140 and tetranuclear benzoquinonato arene-Osmium complex 

which was found more active than its Ruthenium analogue toward A2780 and A2780cisR cell 

lines.141 

The presented Ir(III) and Rh(III) complexes contain a pentamethylcyclopentadienyl moiety as 

arene part (Scheme 11) and are 20–60 times less active than their corresponding 

Ruthenium(II) analogues in the ovarian cancer cell lines and, in contrast to the Ru(II), the 

Ir(III) and Rh(III) complexes containing chloride or PTA co-ligands exhibit similar biological 
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activities. Since it has been shown that all these compounds are able to release their 

curcuminoid ligands, under physiological- like conditions, it would suggest that the 

differences in activity between the pentamethylcyclopentadienyl M(III) (M = Rh/Ir) and arene 

Ruthenium(II) compounds originate from the different metal fragments, which are known to 

have different binding preferences for certain biological targets.142 

 

Scheme 11 - Half-sandwich cyclopentadienyl rhodium(III) and iridium(III) complexes of curcuminoids 

Concerning the Osmium complexes, the cited p-cymene-Osmium compounds containing 

curcumin-based ligands (Scheme 12) have been reported for the first-time and studied for 

their antineoplastic activity.143 Contrary to what has been said so far, the absence of 

peripheral methoxy groups in bisdemethoxycurcumin strongly influences the biological 

activity for these Os(II) complexes being more active with respect to the curcumin analogues. 

 

Scheme 12 - Half-sandwich Os(II) complexes of curcuminoids 

Similarly to Ru(II) analogues the PTA derivatives are more cytotoxic and selective compared 

to the neutral chlorido compounds, being the Os(II)-PTA with bisdemethoxycurcumin 

compound only slightly less cytotoxic than its ruthenium analogue. 
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Chapter 2: Ru(II) and Os(II)-(p-cymene) complexes bearing 
curcuminoids’ bioconjugates 

2.1 Aim of the work 
In accordance with what has been said in the introductory chapters, the present work is 

aimed at an in-depth study of the new class of Ru(II) and Os(II)-(p-cymene) complexes 

containing curcuminoid-conjugate derivatives. In this research work is reported the synthesis 

and characterization of new ester-conjugate of curcumin and bisdemethoxycurcumin with the 

objective to investigate the biological impact of their Ru(II) and Os(II) related compounds. 

The modified ligands are obtained by nucleophilic substitution reactions between the 

phenolic groups, present in the curcuminoid structure, and different acyl chlorides having a 

cyclic, aliphatic, branched, aromatic or heteroaromatic moiety. Thus, the synthesis of the 

novel curcuminoid ligands is achieved through esterification with cyclopentane-carbonyl 

chloride, heptanoyl chloride, 2-naphthoyl chloride, 3,3-dimethylbuthyryl chloride and 2-furoyl 

chloride. The metal complexes have been synthesized using triethylamine as deprotonating 

agent for the curcuminoids which act as negatively charged bidentate ligands for Ru(II) and 

Os(II) metal centres obtaining novel half-sandwich M(II)-p-cymene complexes with potential 

anticancer activity thanks to their enhanced bioavailability. Moreover, the cytotoxicity against 

ovarian carcinoma both cis-platin active and resistant cell lines (AC2780 and AC2780cisR) 

have been evaluated as well as binding studies toward biological molecules like BSA and 

DNA. 
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2.1.1 Materials and methods 
The dimer [(p-cymene)RuCl2]2 was purchased from Aldrich, the [(p-cymene)OsCl2]2 was 

synthesized using literature methods.144 Curcumin and bisdemethoxycurcumin were 

purchased from TCI Europe and were used as received. All other materials were obtained 

from commercial sources and were used as received. IR spectra were recorded from 4000 to 

200 cm−1 on a PerkinElmer Spectrum 100 FT-IR instrument. 1H, 13C-NMR, 31P-NMR, {1H–
1H}-COSY NMR, {1H–13C}-HSQC and {1H–13C}- HMBC spectra were recorded on a 500 

Bruker Ascend (500.1 MHz for 1H, 100 MHz for 13C and 202,4 MHz for 31P). Referencing is 

relative to TMS (1H) and 85% H3PO4 (31P). Positive and negative ion electrospray ionization 

mass spectra (ESI-MS) were obtained on a Series 1100 MSI detector HP spectrometer using 

methanol as the mobile phase. Solutions (3 mg mL−1) analysis were prepared using reagent-

grade methanol. Masses and intensities were compared to those calculated using IsoPro 

Isotopic Abundance Simulator, version 2.1.28. Melting points were recorded on an STMP3 

Stuart scientific instrument and a capillary apparatus. Samples for microanalysis were dried 

in vacuo to constant weight (20 °C, ca. 0.1 Torr) and analysed on a Fisons Instruments 1108 

CHNS-O elemental analyzer. Uv-stability studies have been conducted with a Varian Caryl 

spectrometer. Electrical conductivity measurements (ΛM, reported as Ω−1 cm2 mol−1) of 

acetone solutions of the complexes were recorded using a Crison CDTM 522 conductimeter 

at room temperature. Binding studies were performed an IAsys + optical biosensor (Affinity 

Sensors – Cambridge, UK), equipped with carboxylate cuvettes (Neosensors – Crew, UK). 

Fluorometric assays were performed of a Shimadzu RF-5301PC fluorometer or on a 

SpectraMax Gemini XPS fluorescence plate reader (Molecular Device, Milan – Italy). HMGR 

activity assays were performed on an AKTA basic HPLC system. 

 

2.1.2 Cytotoxicity studies 
The human ovarian carcinoma cell line and its cisplatin resistant form, A2780 and A2780cis 

were purchased from the European Collection of Cell Cultures (ECACC, United Kingdom). 

The human embryonic kidney 293T cell line (HEK293T) was kindly provided by the biological 

screening facility (EPFL, Switzerland). Fetal bovine serum (FBS) was obtained from (Sigma, 

Switzerland). RPMI 1640 GlutaMAX and DMEM GlutaMAX media were purchased from Life 

Technologies. The cells were cultured in RPMI 1640 GlutaMAX supplemented for the ovarian 

cancer cell lines A2780 and A2780cis and in DMEM GlutaMAX supplemented for HEK293T 

with 10% heat-inactivated FBS at 37 °C and CO2 (5%). To uphold cisplatin resistance, the 

A2780cis cell line was routinely treated with cisplatin at a final concentration of 2 μM in the 

media. MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra- zolium bromide) assay was 

used to evaluate the cytotoxicity of the compounds. Stock solutions were prepared in DMSO 
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and sequentially diluted in cell culture grade water to obtain a con- centration range of 0–1 

mM. 10 μL aliquots of these prepared compound solutions were added in triplicates to a 96-

well plate to which 90 μL of the cell suspension (approximately 1.4 ×104 cells per well) were 

added (final volume 100 µL/concentrations range 0–100 μM). Cisplatin and RAPTA-C were 

used as positive (0–100 μM) and negative (0–100 μM) controls, respectively, and the plates 

were incubated for 72 h. 10 μL of an MTT solution prepared at a concentration of 5 mg mL−1 

in Dulbecco’s phosphate buffered saline (DPBS) was added to the cells, and the plates were 

incubated for additional 4 h. The culture media was carefully aspirated to preserve the purple 

formazan crystals that were dissolved in DMSO (100 μL per well). The absorbance of the 

resulting solutions, which is directly proportional to the number of surviving cells, was 

measured at 590 nm using SpectroMax M5e microplate reader and the data was analysed 

with GraphPad Prism software (version 9.3.1). The reported IC50 values are based on the 

means of three or two independent experiments, each com- prising three tests per 

concentration level. 

 

2.1.3 BSA binding 
The interaction between serum albumin and the compounds of interest was explored both 

fluorometrically, via quenching of BSA tryptophan fluorescence, and according to a biosensor 

binding assay. First, fluorescence spectra of 10 μM BSA were recorded from 300 nm to 450 

nm upon excitation of tryptophan at 295 nm.145 Titrations were performed by individual 

additions of 5 in the range 1–10 μM at 37 °C. Next, the binding kinetics of complexes 1, 2, 4 

and 5 to BSA were further evaluated on an IAsys plus biosensor. BSA sensing surface was 

prepared pared as previously reported,130 each complex being independently added at 

different concentrations in the range 0–2 μM and replicated at different pH values (6.8 and 

7.4) at 37 °C. Raw data were globally fitted to both mono- and bi-exponential models, and 

the validity of each model to fit time courses was assessed by a standard F-test procedure. 

 

2.1.4 Fluorescence anisotropy measurements 
The kinetics of transport across cell membranes were explored by monitoring the change in 

membrane fluidity of Caco-2 cells during the internalization phase of the complexes of 

interest. Anisotropy measurements were carried out using membrane- anchoring TMA-DPH 

fluorescent probe (λexc = 340 nm; λem = 460 nm) at 37 °C on a RF-5301PC Shimadzu 

spectrofluorometer under continuous stirring. In detail, 1.5 × 105 per mL Caco-2 cells were 

pre-incubated with 1 μM TMA-DPH, and individually added with 10 μM of 1–5 and kept at 37 

°C. Fluorescence anisotropy (r) was calculated at 10 min intervals for 200 min using the 

following model: 
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𝑟 =
2P

3 − 𝑃
 

 

Fluorescence polarization (P) was derived using the equation: 

 

𝑃 =
𝐼| − 𝐼ୄ

𝐼| + 𝐼ୄ
 

with I| and I⊥ being the fluorescence intensities parallel (0°) and perpendicular (90°) to the 

excitation beam, respectively. The kinetic rate constants characterizing the main steps of the 

internalization event (namely, kin and kout) were derived according to a general mono-

exponential model: 

 

𝑟 = 𝑎൫1 − 𝑒௧൯ + 𝑐 

 

𝑟௨௧ = 𝑏൫𝑒బೠ௧൯ + 𝑑 

 

where rin and rout are the fluorescence anisotropy intervals corresponding to drug entry and 

exit phases from the membrane, respectively. 

 

2.1.5 DNA binding 
The interaction between dsDNA and the compounds of interest (namely 1, 2, 4 and 5) was 

explored both according to a biosensor binding assay and spectrofluorometrically, by 

exploiting the ability of the compounds of interest to compete with specific DNA binders. The 

dsDNA sensing surface was obtained via streptavidin cross-linking as previously 

described.130 Briefly, streptavidin protein anchor was covalently blocked via NHS-EDC 

chemistry. Next, a 5′-biotinylated dsDNA probe (sequence: 3′-

CCACCCACTACCCTGGTTGGATGC- TAATGT-5) was coupled to surface-blocked the 

streptavidin. The compounds of interest were independently added to the DNA coated 

surface at different concentrations, each time following binding kinetics up to equilibrium.130 

Raw data were globally fitted to both mono- and bi-exponential models, and the validity of 

each model to fit time courses was assessed by a standard F-test procedure. Next, the 

binding sites on DNA for our complexes were mapped according to specific displacement 

assays. DNA molecules were independently labelled with DAPI (a minor groove binder) or 

methyl green (a major groove binder), eventually challenging individual DNA complexes with 

increasing concentration of the molecule of interest. Specifically, DAPI displacement was 

monitored from the decrease in the intensity of the emission spectra with increasing 
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concentrations of the candidate competitors. Reaction mixture contained different 

concentrations of these molecules (0–100 μM), DNA (20 μM), and DAPI (15 μM) in 

phosphate buffer (10 mM, pH 7.4). Likewise, methyl green displacement assay was 

performed by monitoring the absorbance at 630 nm.130 

 

2.1.6 DNA docking analysis 
The predictive models of all the above-mentioned ligand-DNA complexes were computed by 

independently docking the crystallographic structure of the ligands onto 3′- 

CCACCCACTACCCTGGTTGGATGCTAATGT-5′ dsDNA oligo- nucleotide (target oligomer 

was prepared and energy minimized using Avogadro).130 Rigid geometric docking and 

energy refinement was performed using PatchDock130 and FireDock130. As previously 

reported,146 1, 2, 4 or 5, and DNA being uploaded as ligand and receptor, respectively. The 

images of the best scoring models were rendered with PyMOL (The PyMOL Molecular 

Graphics System, Version 2.2.3 Schrödinger, LLC). 

 

2.1.7 HAS docking analysis 
The molecular models of the complexes between HSA and 1, 2, 4 and 5 were obtained by 

flexible ligand–receptor docking using Autodock 4.2.147 Ruthenium and osmium atom para- 

meters used manually set as “atom par Ru 2.96 0.056 12.000- 0.00110 0.0 0.0 0 -1 -1 1 # 

Non H-bonding”, and “atom_par Os 3.12 0.120 12.000 -0.00110 0.0 0.0 0 -1 -1 1 # Non H-

bonding”, respectively. The 3D structures of the metal complexes were docked onto the 

crystallographic structure of human serum albumin (PDB entry: 1AO6148 over a grid box (90 × 

90 × 50 Å) embracing the whole protein. Default settings were used throughout. The resulting 

best scoring models were analyzed using Maestro (Schrödinger Release 2021-2: Maestro, 

Schrödinger, LLC, New York, NY, USA, 2021) and PyMOL (The PyMOL Molecular Graphics 

System, Version 2.4 Schrödinger, LLC). 

 

2.1.8 General procedure for synthesis of ligands 
HL1 ((1E,3Z,6E)-3-hydroxy-5-oxohepta-1,3,6-triene-1,7-diyl)bis(2-methoxy-4,1-

phenylene) dipalmitate. Triethylamine (TEA 1.02 mL, 2.43 mmol) was mixed to a solution of 

curcumin (900 mg, 2.4 mmol) in acetone (27 mL) and then, after 15 minutes, palmitoyl 

chloride (2.22 mL, 7.33 mmol) was slowly added at 0 °C under N2 atmosphere. The reaction 

mixture was stirred at room temperature. Thin layer chromatography (7:3 hexane/ethyl 

acetate) displayed the disappearance of curcumin and the formation of a faster running 

yellow spot after 1 hours. At this point the yellow precipitate was extracted from an aqueous 
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solution with CHCl3 (18 mL x 3 times). At the end, the solution was treated with Na2SO4 and 

the solvent was evaporated under reduced pressure. The final HL1 (Figure 17) ligand has 

been obtained through crystallization in ethanol, precipitating as yellow powder (yield 66%). 

The ligand is soluble in DMSO, chlorinated solvents, slightly soluble in alcohols and CH3CN 

and insoluble in H2O, acetone, and n-hexane. 

 

 

Figure 17 - Structure of ligand HL1 

Anal. Calcd. for C53H80O8: C, 75.32; H, 9.54. Found: C, 75.13; H, 9.62. m.p.: 90-92 °C. IR 

(cm-1): 2917 vs, 2850 vs ν(aliphatic C-H); 1764 s ν(-OC=O); 1703 m and 1624 m ν(C=O), 

1598 m, 1513 s, 1470 s ν(C=C).1H-NMR (DMSO-d6, 293 K): δ 0.84 (t, 6H, C(26-26’)H), 1.25 

(mbr, 44H, aliphatic chain), 1.38 (m, 4H, C(14-14’)H), 1.65 (m, 4H, C(13-13’)H), 2.56 (m, 4H, 

C(12-12’)H), 3.84 (s, 6H, OCH3), 6.21 (s, 2H, C(1)H), 6.98 (d, 2H, C(3-3’)H, 3J = 16 Hz), 7.14 

(d, 4H, C(9-9’)H, 3J = 8.0 Hz), 7.33 (d, 4H, C(10-10’)H, 3J = 8.0 Hz), 7.51 (s, 2H, C(6-6’)H), 

7.65 (d 2H, C(4-4’)H, 3J = 16 Hz,). 1H-NMR (CDCl3, 293 K): δ 0.90 (t, 6H, C(26-26’)H), 1.28 

(mbr, 44H, aliphatic chain), 1.45 (m, 4H, C(14-14’)H), 1.65 (m, 4H, C(13-13’)H), 2.61 (t, 4H, 

C(12-12’)H), 3.90 (s, 6H, OCH3), 5.88 (s, 2H, C(1)H), 6.59 (d, 2H, C(3-3’)H, 3J = 16 Hz), 7.08 

(d, 4H, C(9-9’)H, 3J = 8.0 Hz), 7.14 (s, 2H, C(6-6’)H), 7.19 (d, 4H, C(10-10’)H, 3J = 8.0 Hz), 

7.65 (d 2H, C(4-4’)H, 3J = 16 Hz,). 13C{1H}-NMR (CDCl3): δ 14.1 [C(26-26’)], 22.7 [C(13-13’)], 

25.0 [C(14-14’)], 29.1, 29.3, 29.4, 29.5, .29.6, 29.7, 29.7 [from C(15) to C(25)], 33.2 (*), 34.1 

[C(12-12’)], 55.9 [-OCH3], 101.7 [C(1)] 111.5 [C(6-6’)], 121.1 [C(10-10’)], 123.3 [C(9-9’)], 

124.2 [C(3-3’)], 133.9 [C(5-5’)], 140.0 [C(4-4’)], 141.5 [C(8-8’)], 151.5 [C(7-7’)], 171.6 [C(11-

11’)], 183.1 [C(2-2’)=O]. ESI-MS (+) CH3CN (m/z [relative intensity, %]): 846 [H2L1]+. 
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HL2 ((1E,3Z,6E)-3-hydroxy-5-oxohepta-1,3,6-triene-1,7diyl) bis(4,1-phenylene) 

dipalmitate. The ligand HL2 was synthesized as reported for HL1 starting from 

desmethoxycurcumin. HL2 was obtained as yellow powder, yield 74% (Figure 18). It is 

completely soluble in chlorinated solvents and DMF; slightly soluble in acetone, ethers and n-

hexane and insoluble in H2O, alcohols, DMSO and CH3CN. 

 

 

Figure 18 - Structure of ligand HL2 

Anal. Calcd. For C51H76O6: C, 78.02; H, 9.76. Found: C, 77.74; H, 9.79. m.p. 138-139°C. IR 

(cm-1): 2916 vs, 2849 vs ν(aliphatic C-H); 1747 s ν(-OC=O), 1701 m and 1647 m ν(C=O), 

1598 m, 1508 m, 1463 m ν(C=C).1H-NMR (CDCl3, 293 K): δ 0.91 (t, 6H, C(26-26’)H), 1.29 

(mbr, 44H, aliphatic chain), 1.44 (m, 4H, C(14-14’)H), 1.78 (m, 4H, C(13-13’)H), 2.59 (t, 4H, 

(C(12-12’)H), 5.86 (s, 2H, C(1)H), 6.61 (d, 2H, C(3-3’)H, 3J = 15.90 Hz), 7.2 (d, 4H, C(9-9’)H 

and C(7-7’)H, 3J = 8.5 Hz), 7.60 (d, 4H, C(10-10’)H and C(6-6’)H, 3J = 8.5 Hz), 7.67 (d, 2H, 

C(4-4’)H, 3J = 15.90 Hz). 13C{1H}-NMR (CDCl3): δ 14.1 [C(26-26’)], 22.7 [C(13-13’)], 24.8 

[C(14-14’)], 29.1, 29.3, 29.4, 29.5, 29.6, 29.6, 29.7, 29.7 [from C(15) to C(25)], 31.9 (*), 34.4 

[C(12-12’)], 101.8 [C(1)], 122.2 [C(9-9) and C(7-7’)], 124.1 [C(3-3’)], 129.2 [C(10-10’) and 

C(6-6’), 132.6 [C(5-5’)], 139.6 [C(4-4’)], 152.1 [C(8-8’)], 172.0 [C(11-11’)], 183.2 [C(2-2’)=O]. 

HL3 ((1E,6E)- 3,5-dioxohepta-1,6-diene-1,7-diyl) bis (2-methoxy-4,1-phenylene) 

dicyclopentanecarboxylate. Triethylamine (TEA 0.34 mL, 2.43 mmol) was mixed to a 

solution of curcumin (300 mg, 0.81 mmol) in acetone (9 mL) and then, after 15 minutes, 

cyclopentane-carbonyl chloride (0.29 mL, 2.43 mmol) was slowly added at 0 °C under N2 

atmosphere. The reaction mixture was stirred at room temperature. Thin layer 

chromatography (7:3 hexane/ethyl acetate) displayed the disappearance of curcumin and the 

formation of a faster running yellow spot after 3 hours. At this point the yellow precipitate was 
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filtered with acetone and then purified by chromatographic column (7:3 hexane/ ethyl 

acetate). At the end, the solvent was evaporated under reduced pressure. The final HL3 

(Figure 19) ligand has been obtained through crystallization in diethyl ether, precipitating as 

yellow powder (yield 66%). The ligand is soluble in DMSO, chlorinated solvents, slightly 

soluble in alcohols and CH3CN and insoluble in H2O, acetone, and n-hexane. 

 

 

Figure 19 - Structure of ligand HL3 

Anal. Calcd for C33H36O8: C, 70.70; H, 6.47. Found: C, 70.02; H, 6.53. m.p.: 149–150°C. IR 

(cm−1): 2969 wbr, 2871 wbr ν(aliphatic C–H); 1753 m, 1746m ν(–OC=O), 1622 w ν(C=O); 

1598 w, 1586 w, 1556 w,1506 m, 1455 w, 1408 w ν(C=C); 1371 w, 1296 m, 1247 m, 1156 w, 

1116 s, 1027 m, 982 m, 964 m, 890 w, 866 w, 844 m, 774 w, 732 w, 611 w. 1H-NMR (CDCl3, 

293 K): δ 1.68 m, 181 m [8H, C(14-14')H and C(15-15')H], 2.05 [m, 8H, C(13-13')H and C(16-

16')H], 3.06 [quint., 2H, C(12-12')H], 3.89 [s, 6H,-OCH3], 5.88 [s, 1H, C(1)H], 6.59 [d, 2H, 

C(3–3′)H, 3J = 16 Hz], 7.07 [d, 2H, C(9-9')H, 3J = 8 Hz], 7.14 [s, 2H, C(6-6')H], 7.18 [d, 2H, 

C(10-10')H, 3J = 8 Hz], 7.65 [d, 2H, C(4–4′)H, 3J = 16 Hz]. 13C{1H}-NMR (CDCl3): δ 25.9 

[C(14-14') and C(15-15')], 30.1 [C(13-13') and C(16-16')], 43.7 [C(12–12′)], 56.0 [-

OCH3],101.6 [C(1)], 111.6 [C(6–6′)], 121.1 [C(10–10′)], 123.3 [C(9–9′)], 124.2 [C(3–3′)], 133.8 

[C(5–5′)], 140.0 [C(4–4′)], 141.8 [C(8–8′)], 151.6 [C(7–7′)], 174.6 [C(11–11′)], 183.1 [C(2–

2′)=O]. ESI-MS(-) CH3OH (m/z [relative intensity, %]): 559 [100] [L3]-. 

HL4 ((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(4,1-phenylene) dicyclopentane-

carboxylate. Triethylamine (TEA 0.41 mL, 2.92 mmol) was mixed to a solution of 

bisdemethoxycurcumin (300 mg, 0.97 mmol) in acetone (9 mL) and then, after 15 minutes, 

cyclopentane carbonyl chloride (0.35 mL, 2.92 mmol) was slowly added at 0 °C under N2 

atmosphere. The reaction mixture was stirred at room temperature. Thin layer 

chromatography (7:3 hexane/ethyl acetate) displayed the disappearance of 

bisdemethoxycurcumin and the formation of a faster running yellow spot after 4 hours. At this 

point the yellow precipitate was filtered with acetone and then crystallized by 

dichloromethane/ ethanol giving HL4 (Figure 20) as yellow powder (yield 76%). The ligand is 

soluble in DMSO and chlorinated solvents, slightly soluble in alcohols and CH3CN and 

insoluble in H2O, acetone, and n-hexane 
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Figure 20 - Structure of ligand HL4 

Anal. Calcd for C31H32O6: C, 74.38; H, 6.44. Found: C, 74.44; H, 6.41. m.p.: 218-220°C. IR 

(cm−1): 2950 m, 2870 m ν(aliphatic C–H); 1743 s ν(–OC=O), 1632 m ν(C=O); 1567 m, 1505 

m, 1447 m ν(C=C);1415 m, 1363 m, 1305 m, 1209 s, 1164 s, 1127 s, 1013 m, 967 s, 882 s, 

860 s, 726 m, 696 m, 608 m. 1H-NMR (CDCl3, 293 K): δ 1.69 m, 1.81 m [8H, C(14-14')H and 

C(15-15')H], 1.99 m, 2.05 [8H, C(13-13')H and C(16-16')H], 3.02 [quint, 2H, C(12-12')H], 5.87 

[s, 1H, C(1)H], 6.60 [d, 2H, C(3–3′)H, 3J = 16 Hz], 7.15 [d, 4H, C(9–9′)H and C(7–7′)H, 3J = 9 

Hz], 7.59 [d, 4H, C(10–10′)H and C(6–6′)H, 3J = 9 Hz], 7.67 [d, 2H, C(4–4′)H, 3J = 16 Hz], 
13C{1H}-NMR (CDCl3): δ 25.9 [C(14-14') and C(15-15')], 30.1 [C(13-13') and C(16-16')], 43.9 

[C(12–12′)], 101.9 [C(1)], 122.2 [C(9–9') and C(7–7′)], 124.1 [C(3–3′)], 129.2 [C(10–10′) and 

C(6–6′)], 132.5 [C(5–5′)], 139.6 [C(4–4′)], 152.3 [C(8–8′)], 175.0 [C(11–11′)], 183.2 [C(2–

2′)=O]. ESI-MS(-) CH3OH (m/z [relative intensity, %]): 499 [100] [L4]-. 

HL5 ((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-methoxy-4,1-phenylene) 

diheptanoate. Triethylamine (TEA 0.34 mL, 2.43 mmol) was mixed to a solution of curcumin 

(300 mg, 0.81 mmol) in acetone (9 mL) and then, after 15 minutes, heptanoyl chloride (0.38 

mL, 2,43 mmol) was slowly added at 0°C under N2 atmosphere. The reaction mixture was 

stirred at room temperature. Thin layer chromatography (7:3 hexane/ethylacetate) displayed 

the disappearance of curcumin and the formation of a faster running yellow spot after 4 

hours. Evaporation of the solvent under reduced pressure provided a yellow solid which was 

then crystallized by dichloromethane/ethanol giving HL5 (Figure 21) as yellow powder (yield 

74%). The ligand is soluble in DMSO, acetone and chlorinated solvents, slightly soluble in 

alcohols and CH3CN and insoluble in H2O and n-hexane. 

 

Figure 21 - Structure of ligand HL5 
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Anal. Calcd for C35H44O8: C, 70.92; H, 7.48. Found: C, 70.76; H, 7.56. m.p.: 105-106°C. IR 

(cm−1 ): 2932 m, 2874 w, 2856 w ν(aliphatic C–H); 1766 m ν(–OC=O), 1627m ν(C=O); 1595 

m, 1583 m, 1556 m, 1511 s, 1464 m, 1450 m,1410 m ν(C=C); 1380 m, 1300 s, 1255 s, 1233 

m, 1204 m, 1162 m, 1132 s, 1118 vs, 1108 vs, 1026 s, 975 s, 940 s, 915 m, 855 s, 824 m, 

794 m, 776 m, 723 m, 605 m. 1H-NMR (CDCl3, 293 K): δ 0.94 [t, 6H, C(17-17')H], 1.37 [m, 

8H, C(16-16')H and C(15,15')H], 1.46 [m, 4H, C(14-14')H], 1.79 [m, 4H, C(13–13′)H], 2.61 [t, 

4H, C(12-12')H], 3.90 [s, 6H,-OCH3], 5.88 [s, 1H, C(1)H], 6.59 [d, 2H, C(3–3′)H, 3J = 16 Hz], 

7.07 [d, 2H, C(9–9′)H, 3J = 8.0 Hz], 7.14 [s, 2H, C(6–6′)H], 7.18 [d, 2H, C(10–10′)H, 3J = 8.0 

Hz], 7.64 [d 2H, C(4–4′)H, 3J = 16 Hz]. 13C{1H}-NMR (CDCl3): δ 14.0 [C(17-17′)], 22.5 [C(15–

15′)], 25.0 [C(13–13′)], 28.7 [C(14-14')], 31.5 [C(16–16′)], 34.1 [C(12–12′)], 55.9 [-OCH3], 

101.7 [C(1)], 111.5 [C(6–6′)], 121.1 [C(10–10′)], 123.3 [(C(9–9′)], 124.2 [C(3–3′)], 133.9 [C(5–

5′)], 140.0 [C(4–4′)], 141.5 [C(8–8′)], 151.5 [C(7–7′)], 171.6 [C(11–11′)], 183.1 [C(2–2′)=O]. 

ESI-MS(-) CH3OH (m/z [relative intensity, %]): 591 [100] [L5]-. 

HL6 ((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(4,1-phenylene) diheptanoate. 

Triethylamine (TEA 0.41 mL, 2.92 mmol) was mixed to a solution of bisdemethoxycurcumin 

(300 mg, 0.97 mmol) in acetone (9 mL) and then, after 15 minutes, heptanoyl chloride (0.45 

mL, 2.92 mmol) was slowly added at 0 °C under N2 atmosphere. The reaction mixture was 

stirred at room temperature. Thin layer chromatography (7:3 hexane/ethyl acetate) displayed 

the disappearance of bisdemethoxycurcumin and the formation of a faster running yellow 

spot after 4 hours. Evaporation of the solvent under reduced pressure provided a yellow solid 

which was then crystallized by dichloromethane/ethanol giving HL6 (Figure 22) as yellow 

powder (yield 49%). The ligand is soluble in DMSO, acetone and chlorinated solvents, 

slightly soluble in alcohols and CH3CN and insoluble in H2O and n-hexane. 

 

Figure 22 - Structure of ligand HL6 

Anal. Calcd for C33H40O6: C, 74.41; H, 7.57. Found: C, 74.41; H, 7.59. m.p.: 171-172°C.IR 

(cm−1): 2957 w, 2927 s, 2853 w ν(aliphatic C–H); 1756 s ν(–OC=O), 1627 m ν(C=O); 1586 

m, 1556 m, 1506 m, 1465 m, 1414 m ν(C=C); 1379 m, 1344 w, 1320 w, 1283 w, 1213 s, 

1165 s, 1133 s, 1105 s, 1036 m, 1014 m, 977 s, 955 s, 922 s, 865 m, 842 vs, 796 m, 779 m, 

723 s. 1H-NMR (CDCl3, 293 K): δ 0.94 [t, 6H, C(17-17')H], 1.37 [m, 8H, C(16-16')H and 

C(15,15')H], 1.45 [m, 4H, C(14-14')H], 1.78 [m, 4H, C(13–13′)H], 2.59 [t, 4H, C(12-12')H], 
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5.86 [s, 1H, C(1)H], 6.60 [d, 2H, C(3–3′)H, 3J = 16 Hz], 7.15 [d, 4H, C(9–9′)H and C(7–7′)H, 
3J = 9 Hz], 7.59 [d, 4H, C(10–10′)H and C(6–6′)H, 3J = 9 Hz], 7.67 [d, 2H, C(4–4′)H, 3J = 16 

Hz]. ESI-MS(-) CH3OH (m/z [relative intensity, %]): 531 [100] [L6]-. 

HL7 ((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-methoxy-4,1-phenylene) bis(2-

naphthoate). Triethylamine (TEA 0.34 mL, 2.43 mmol) was mixed to a solution of curcumin 

(300 mg, 0.81 mmol) in acetone (9 mL) and then, after 15 minutes, 2-naphthoyl chloride (463 

mg, 2,43 mmol) was slowly added at 0 °C under N2 atmosphere. The reaction mixture was 

stirred at room temperature. Thin layer chromatography (7:3 hexane/ethyl acetate) displayed 

the disappearance of curcumin and the formation of a faster running yellow spot after 5 

hours. At this point the yellow precipitate was filtered with acetone, crystallized by 

dichloromethane/methanol (in order to favor the precipitation of the product but not that one 

of the acyl chloride) and then filtered with ethanol giving HL7 (Figure 23) as yellow powder 

(yield 60%). The ligand is soluble in DMSO and chlorinated solvents, slightly soluble in 

alcohols and CH3CN and insoluble in H2O, acetone and n-hexane. 

 

Figure 23 - Structure of ligand HL7 

Anal. Calcd for C43H32O8: C, 76.32; H, 4.77. Found: C, 75.67; H, 4.77. m.p.: 210-211°C. IR 

(cm−1): 3059 w, 3011 wbr ν(aromatic C–H); 1727 s ν(–OC=O), 1629 m ν(C=O); 1588 m, 

1512 m, 1471 m, 1412 m ν(C=C); 1356 w, 1320 w, 1302 m, 1283 s, 1253 s, 1228 m, 1212 s, 

1194 s, 1126 s, 1061 s, 1032 s, 968 m, 951 m, 908 m, 860 m, 838 m, 821 m, 800 m, 770 s, 

759 s, 726 m, 633 w, 600 m. 1H-NMR (CDCl3, 293 K): 3.92 [s, 6H,-OCH3], 5.94 [s, 1H, 

C(1)H], 6.65 [d, 2H, C(3–3′)H, 3J = 16 Hz], 7.26 [m, 6H, C(9-9')H, C(6-6')H, C(10-10')H)], 7.61 

[t, 2H, C(17–17′)H], 7.67 [t, 2H, C(16–16′)H], 7.71 [d, 2H, C(4-4′)H 3J = 16 Hz], 7.96 [d, 2H, 

C(15–15′)H, 3J = 8 Hz], 7.99 [d, 2H, C(18-18')H, 3J = 8 Hz], 8.04 [d, 2H, C(20-20′)H, 3J = 8 

Hz], 8.24 [d, 2H, C(21-21′)H, 3J = 8 Hz], 8.84 [s, 2H, C(13–13′)H]. 13C{1H}-NMR (CDCl3): δ 

56.0 [-OCH3], 101.8 [C(1)], 111.7 [C(6–6′)], 121.2 [C(10–10′)], 123.5 [(C(9–9′)], 124.4 [C(3–

3′)], 125.6 [C(20–20′)], 126.4 [C(5–5')], 126.6 [C(17-17′)], 127.9 [C(15-15′)], 128.4 [C(18–

18′)], 128.7 [C(16-16')]. 129.5 [C(21-21')], 132.2 [C(13-13′)], 132.5 [C(12–12′)], 134.1 [C(14-

14′)], 135.9 [C(19–19′)], 140.1 [C(4–4′)], 141.8 [C(8–8′)], 151.8 [C(7–7′)], 164.7 [C(11–11′)], 

183.2 [C(2–2′)=O]. ESI-MS(-) CH3OH (m/z [relative intensity, %]): 675 [100] [L7]-. 
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HL8 ((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(4,1-phenylene) bis(2-naphthoate). 

Triethylamine (TEA 0.41 mL, 2.92 mmol) was mixed to a solution of bisdemethoxycurcumin 

(300 mg, 0.97 mmol) in acetone (9 mL) and then, after 15 minutes, 2-naphthoyl chloride (557 

mg, 2.92 mmol) was slowly added at 0 °C under N2 atmosphere. The reaction mixture was 

stirred at room temperature. Thin layer chromatography (7:3 hexane/ethyl acetate) displayed 

the disappearance of bisdemethoxycurcumin and the formation of a faster running yellow 

spot after 3 hours. At this point the yellow precipitate was filtered with acetone and then 

washed with ethanol under magnetic stirring for 1 hour. Filtration with hot ethanol gave HL8 

(Figure 24) as yellow powder (yield 81%). The ligand is soluble in DMSO and insoluble in 

acetone, alcohols, CH3CN, H2O, n-hexane and chlorinated solvents. 

 

Figure 24 - Structure of ligand HL8 

Anal. Calcd for C41H28O6: C, 79.86; H, 4.58. Found: C, 79.87; H, 4.56. m.p.: 220-225°C. IR 

(cm−1): 3056 w ν(aromatic C–H); 1736 s ν(–OC=O); 1640 m, 1613 m ν(C=O); 1595 m, 1572 

m, 1505 s, 1461 m, 1415 m ν(C=C);1389 w, 1353 m, 1278 s, 1216 s, 1187 s, 1165 s, 1125 s, 

1102 s, 1060 s, 1016 m, 972 s, 952 s, 926 m, 893 m, 867 m, 852 m, 811 m, 772 s, 757 s, 

726 m, 642 m. 1H-NMR (DMSO-d6, 293 K): δ 6.90 [s, 1H, C(1)H], 7.31 [d, 2H, C(3-3')H, 3J = 

8 Hz], 7.45 [d, 2H, C(4-4')H,  3J = 8 Hz], 7.63-7.76 [m], 7.81 [d, 4H, C(9-9')H and C(7-7')H, 3J 

= 9 Hz], 8.07 [d, 4H, (C(10-10')H and C(6-6')H, 3J = 9 Hz], 8.11-8.21 [m], 8.85-8.90 [m, 4H]. 

ESI-MS(-) CH3OH (m/z [relative intensity, %]): 615 [100] [L8]-. 

HL9 ((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-methoxy-4,1-phenylene) bis(3,3-

dimethylbutanoate). Triethylamine (TEA 0.34 mL, 2.43 mmol) was mixed to a solution of 

curcumin (300 mg, 0.81 mmol) in CH3CN (9 mL) and then, after 15 minutes, 3,3-

dimethylbutyryl chloride (0.34 mL, 2,43 mmol) was slowly added at 0 °C under N2 

atmosphere. The reaction mixture was stirred at room temperature. Thin layer 

chromatography (7:3 hexane/ethyl acetate) displayed the disappearance of curcumin and the 

formation of a faster running yellow spot after 3 hours. Evaporation of the solvent under 

reduced pressure provided a yellow solid which was then crystallized by 

dichloromethane/ethanol giving HL9 (Figure 25) as yellow powder (yield 89%). The ligand is 

soluble in DMSO, CH3CN and chlorinated solvents, slightly soluble in alcohols and insoluble 

in H2O, acetone and n-hexane. 
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Figure 25 - Structure of ligand HL9 

Anal. Calcd for C33H40O8: C, 70.19; H, 7.14. Found: C, 68.15; H, 7.28. m.p.: 132-135°C. IR 

(cm−1): 2964 w, 2871 w ν(aliphatic C–H); 1748 m ν(–OC=O), 1626 m ν(C=O); 1598 m, 1586 

m, 1506 s, 1464 m, 1418 m ν(C=C); 1368 m, 1317 m, 1300 m, 1255 s, 1220 m, 1191 s, 1165 

m, 1138 m, 1111 vs, 1033 s, 969 s, 947 m, 926 m, 896 m, 854 m, 842 s, 768 m, 730 m, 627 

m, 606 m. 1H-NMR (CDCl3, 293 K): δ 1.18 [s, 18H, C(14-14')H, C(15-15')H and C(16-16')H], 

2.50 [s, 4H, C(12-12')H], 3.90 [s, 6H,-OCH3], 5.89 [s, 1H, C(1)H], 6.59 [d, 2H, C(3-3')H, 3J = 

16 Hz], 7.07 [d, 2H, C(9-9')H, 3J = 8.5 Hz], 7.15 [s, 2H, C(6-6')H], 7.18 [d, 2H, C(10–10′)H, 3J 

= 8.5 Hz], 7.64 [d, 2H, C(4–4′)H, 3J = 16 Hz]. ESI-MS(-) CH3OH (m/z [relative intensity, %]): 

563 [100] [L9]-. 

HL10 ((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(4,1-phenylene) bis(3,3-

dimethylbutanoate). Triethylamine (TEA 0.41 mL, 2.92 mmol) was mixed to a solution of 

bisdemethoxycurcumin (300 mg, 0.97 mmol) in acetone (9 mL) and then, after 15 minutes, 

3,3-dimethylbutyryl chloride (0.41 mL, 2.92 mmol) was slowly added at 0 °C under N2 

atmosphere. The reaction mixture was stirred at room temperature. Thin layer 

chromatography (7:3 hexane/ethyl acetate) displayed the disappearance of 

bisdemethoxycurcumin and the formation of a faster running yellow spot after 3 hours. The 

yellow precipitate was filtered with acetone and then crystallized by dichloromethane/ethanol 

giving HL10 (Figure 26) as crystals (yield 50%). The ligand is soluble in DMSO and 

chlorinated solvents, slightly soluble in alcohols and CH3CN and insoluble in H2O, acetone 

and n-hexane. 

 

Figure 26 - Structure of ligand HL10 

Anal. Calcd for C31H36O6: C, 73.79; H, 7.19. Found: C, 74.19; H, 7.21. m.p.: 202-204 °C. IR 

(cm−1): 2959 w, 2904 w, 2868 w ν(aliphatic C–H); 1754 s ν(–OC=O), 1626 m ν(C=O); 1595 

m, 1580 m, 1535 m, 1506 s, 1469 m, 1415 m ν(C=C); 1365 m, 1350 m, 1314 m, 1207 s, 
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1188 s, 1164 s, 1140 m, 1106 s, 1014 m, 975 s, 956 s, 927 s, 898 s, 838 s, 800 m, 785 m, 

727 m, 615 m. 1H-NMR (CDCl3, 293 K): δ 1.17 [s, 18H, C(14-14')H C(15-15')H and C(16-

16')H], 2.48 [s, 4H, C(12-12')H], 5.87 [s, 1H, C(1)H], 6.61 [d, 2H, C(3-3')H, 3J = 16 Hz], 7.15 

[d, 4H, C(9-9')H and C(7–7′)H, 3J = 9 Hz], 7.59 [d, 4H, C(10–10′)H and C(6–6′)H, 3J = 9 Hz], 

7.67 [d 2H, C(4–4′)H, 3J = 16 Hz]. ESI-MS(-) CH3OH (m/z [relative intensity, %]): 504 [100] 

[L10]-. 

HL11 ((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-methoxy-4,1-phenylene) bis(furan-

2-carboxylate). Triethylamine (TEA 0.23 mL, 1.62 mmol) was mixed to a solution of 

curcumin (300 mg, 0.81 mmol) in acetone (9 mL) and then, after 15 minutes, 2-furoyl chloride 

(0.24 mL, 2,43 mmol) was slowly added at 0 °C under N2 atmosphere. The reaction mixture 

was stirred at room temperature. Thin layer chromatography (7:3 hexane/ethyl acetate) 

displayed the disappearance of curcumin and the formation of a faster running yellow spot 

after 3 hours. The yellow precipitate was filtered with acetone and then crystallized by 

dichloromethane/ethanol giving HL11 (Figure 27) as yellow powder (yield 28%). The ligand is 

soluble in DMSO, CH3CN and chlorinated solvents, slightly soluble in alcohols and insoluble 

in H2O, acetone and n-hexane. 

 

Figure 27 - Structure of ligand HL11 

Anal. Calcd for C31H24O10: C, 66.90; H, 4.35. Found: C, 64.75; H, 4.17; m.p.: 216-218°C. IR 

(cm−1): 3154 w, 3134 w, 3116 w 2996 w, 2975 w, 2945 w, 2841 w ν(aromatic C–H); 1739 s 

ν(–OC=O), 1627 m, 1601 m ν(C=O); 1567 m, 1550 m, 1511 m, 1466 s, 1446 m, 1410 m 

ν(C=C); 1393 m, 1294 s, 1269 m, 1251 m, 1230 m, 1207 m, 1160 s, 1120 s, 1079 s, 1032 s, 

1016 s, 968 s, 929 s, 882 m, 851 s, 838 s, 780 s, 748 s, 726 m, 705 m, 654 m, 602 s. 1H-

NMR (CDCl3, 293 K): δ 3.90 [s, 6H,-OCH3], 5.90 [s, 1H, C(1)H], 6.62 [d, 2H, C(3-3')H, 3J = 16 

Hz], 6.63 [m, 2H, C(14-14′)H], 7.19 d, 7.21 s, 7.22 d [6H, C(10-10')H, C(6-6')H and C(9-9')H], 

7.44 [d, 2H, C(13-13')H], 7.67 [d 2H, C(4–4′)H, 3J = 16 Hz ], 7.71 [d, 2H, C(15-15')H]. ESI-

MS(-) CH3OH (m/z [relative intensity, %]): 555 [100] [L11]-. 

HL12 ((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(4,1-phenylene) bis(furan-2-

carboxylate). Triethylamine (TEA 0.27 mL, 1.95 mmol) was mixed to a solution of 

bisdemethoxycurcumin (300 mg, 0.97 mmol) in acetone (9 mL) and then, after 15 minutes, 2-

furoyl chloride (0.29 mL, 2.92 mmol) was slowly added at 0 °C under N2 atmosphere. The 

reaction mixture was stirred at room temperature. Thin layer chromatography (7:3 
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hexane/ethyl acetate) displayed the disappearance of bisdemethoxycurcumin and the 

formation of a faster running yellow spot after 3 hours. The yellow precipitate was filtered 

with acetone and then crystallized by dichloromethane/ethanol giving HL12 (Figure 28) as 

yellow powder (yield 45%). The ligand is soluble in DMSO and chlorinated solvents, slightly 

soluble in alcohols and CH3CN and insoluble in H2O, acetone and n-hexane. 

 

Figure 28 - Structure of ligand HL12 

Anal. Calcd for C29H20O8: C,70.16; H, 4.06. Found: C,69.99; H, 4.1; m.p.: 210-212°C. IR 

(cm−1): 3140 w, 3113 w ν(aromatic C–H); 1747 m, 1732 s ν(–OC=O), 1628 m, 1601 m 

ν(C=O); 1586 m, 1565 m, 1506 s, 1465 s, 1418 m ν(C=C); 1393 s, 1321 m, 1296 s, 1234 m, 

1213 s, 1172 s, 1133 s, 1070 vs, 1013 s, 964 s, 932 s, 884 s, 847 s, 793 s, 781 s, 747 s, 727 

s, 693 m, 651 m. 1H-NMR (CDCl3, 293 K): δ 5.88 [s, 1H, C(1)H], 6.64 [d, 2H, C(3-3')H, 3J = 

16 Hz], 6.64 [m, 2H, C(14-14′)H], 7.30 [d, 4H, C(9-9')H and C(7-7')H, 3J = 9 Hz], 7.43 [d, 2H, 

C(13-13')H], 7.65 [d, 4H, C(6-6')H and C(10-10')H, 3J = 9 Hz], 7.70 [d 2H, C(4–4′)H, 3J = 16 

Hz], 7.72 [d, 2H, C(15-15')H]. ESI-MS(-) CH3OH (m/z [relative intensity, %]): 495 [100] [L12]-. 

 

2.1.9 General procedure for synthesis of complexes 
[Ru(p-cymene)(L1)Cl] (1). HL1 (423 mg, 0.5 mmol) and triethylamine (50 mg, 0.5 mmol) 

were dissolved in CH2Cl2 (10 mL). After 1 h stirring at room temperature, [(p-cymene)RuCl2]2 

(153 mg, 0.25 mmol) was added. The resulting red-orange solution was stirred at reflux for 

24 h, after which the solvent volume was reduced, under vacuum, at about 3 ml and then 9 

ml of n-hexane has been added. The precipitate formed was filtered off and washed with cold 

EtOH obtaining a red precipitate (260 mg, 0.23 mmol, yield 52%) which was identified as the 

pure compound 1 (Figure 29). It is completely soluble in DMSO, DMF, acetone and 

chlorinated solvents; slightly soluble in CH3CN, ethyl acetate, ethers, alcohols, n-hexane and 

insoluble in H2O. 
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Figure 29 - Structure of compound 1 

Anal. Calcd. for C63H93ClO8Ru: C, 67.87; H, 8.41. Found: C, 67.36; H, 8.53. mp: 141-143 °C. 

IR (cm-1): 2916 vs, 2850 vs ν(aliphatic C-H); 1761 s ν(-OC=O, of L1), 1630 m ν(C=O), 1599 

w, 1525 vs, 1505 vs ν(C=C); 395 m, 269 s ν(Ru-Cl). 1H-NMR (CDCl3, 293 K): δ 0.91 (t, 6H, 

C(26-26’)H), 1.29 (mbr, 44H, aliphatic chain of L1), 1.41 (d, 6H, -CH(CH3)2 of p-cymene, 4J = 

7 Hz), 1.45 (m, 4H, C(14-14’)H), 1.79 (m, 4H, C(13-13’)H), 2.37 (s, 3H, -CH3 of p-cymene), 

2.60 (t, 4H, C(12-12’)H), 3.00 (m, 1H, CH(CH3)2 of p-cymene), 3.88 (s, 6H, -OCH3 of L1), 

5.52 (s, 1H, C(1)H of L1), 5.33 d, 5.60 d (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-

cymene, 3J = 6 Hz), 6.53 (d, 2H, C(3-3’)H of curc, 3Jtrans = 16Hz), 7.03 (d, 2 H, C(9-9’)H of L1, 
3Jtrans= 8 Hz), 7.11 (d, 2H, C(10-10’)H of L1, 3J = 8 Hz), 7.10 (sbr, 2H, C(6-6’)H of L1), 7.58 (d, 

2H, C(4-4′)H of L1, 3Jtrans = 16 Hz). 13C{1H}-NMR (CDCl3, 293 K): δ 14.1 [C(26-26’)], 18.1 (-

CH3 of p-cymene), 22.4, 22.7 (-CH(CH3)2 of p-cymene), 25.0 [C(13-13’)], 29.1 [C(14-14’)], 

29.3, 29.4, 29.5, 29.6, 29.7, 29.7 [from C(15) to C(25) of L1], 30.9 (CH(CH3)2 of p-cymene), 

31.9, 34.1 [C(12-12’)], 55.9 (-OCH3 of L1), 79.2 [C(a-a’)], 83.0 [C(b-b’)], 97.7 [Ci’], 99.7 [Ci], 

102.3 [C(1)], 111.0 [C(6-6’)], 120.9 [C(10-10’)], 123.1 [C(9-9’)], 127.8 [C(3-3’)], 134.7 [C(5-

5’)], 138.1 [C(4-4’)], 140.8 [C(8-8’)], 151.3 [C(7-7’)], 171.8 [C(11-11’)], 178.3 [C(2-2’)=O]. ESI-

MS (+) CH3CN (m/z [relative intensity, %]): 1079 [100] [Ru(p-cymene)(L1)]+. 

[Ru(p-cymene)(L2)Cl] (2). HL2 (392 mg, 0.5 mmol) was dissolved in CH2Cl2 (10 mL) and 

complex 2 was synthesized with a procedure similar to that of compound 1. The pale-orange 

powder (355 mg, 0.37 mmol, yield 67%) (Figure 30) is completely soluble in DMSO, DMF, 

CH3CN; slightly soluble in ethyl acetate, Et2O, alcohols, acetone, chlorinated solvents and 

insoluble in H2O, n-hexane, and petroleum ether. 
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Figure 30 - Structure of compound 2 

Anal. Calcd. for C61H89ClO6Ru: C, 69.45; H, 8.50. Found: C, 69.08; H, 8.58. mp: 120-123 °C. 

IR (cm-1): 2916 vs, 2850 vs ν(aliphatic C-H); 1756 s ν(-OC=O, of L2), 1631 m ν(C=O), 1541 s, 

1520 vs, 1503 s ν(C=C); 270 s ν(Ru-Cl). 1H-NMR (CDCl3, 293 K): δ 0.91 (t, 6H, C(26-26’)H), 

1.29 (mbr, 44H, aliphatic chain of L2), 1.42 (d, 10H, CH(CH3)2 of p-cymene, 4J = 7 Hz, and 

C(14-14’)H), 1.78 (m, 4H, C(13-13’)H), 2.37 (s, 3H, CH3 of p-cymene), 2.58 (t, 4H, C(12-

12’)H), 3.01 (m, 1H, CH(CH3)2 of p-cymene), 5.49 (s, 1H, C(1)H of curcumin), 5.33 d, 5.60 d 

(4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 6.54 (d, 2H, C(3, 3’)H of 

L2, 3Jtrans = 16Hz), 7.11 (d, 4 H, C(9-9’)H and C(7, 7’)H of L2, 3Jtrans = 9 Hz), 7.54 (d, 4 H, 

C(10-10’)H and C(6-6’)H of L2, 3Jtrans = 9 Hz), 7.60 (d, 2H, C(4-4′)H of L2, 3Jtrans = 16 Hz). 
13C{1H}-NMR (CDCl3, 293 K): δ 14.1 [C(26-26’)], 18.0 [-CH3 of p-cymene], 22.4, 22.7 [-

CH(CH3)2 of p-cymene], 24.9 [C(13-13’)], 29.1 [C(14-14’)], 29.3, 29.4, 29.5, 29.6, 29.7, 29.8 

[from C(15) to C(25)], 30.9 [CH(CH3)2 of p-cymene], 31.9, 34.4 [C(12-12’)], 79.2 [C(a-a’)], 

83.0 [C(b-b’)], 97.6 [Ci’], 99.7 [Ci], 102.5 [C(1)], 122.0 [C(9-9’) and C(7-7’)], 127.7 [C(3-3’)], 

128.8 [C(10-10’) and C(6-6’)], 133.5 [C(5-5’)], 137.8 [C(4-4’)], 151.5 [C(8-8’)], 172.1 [C(11-

11’)], 178.4 [C(2-2’)=O]. ESI-MS (+) CH3CN (m/z [relative intensity, %]): 1019 [5] [Ru(p-

cymene)(L2)]+. 

[Os(p-cymene)(L1)Cl] (3). HL1 (423 mg, 0.5 mmol) and triethylamine (50 mg, 0.5 mmol) 

were dissolved in CH2Cl2 (10 mL). After 1 h stirring at room temperature, [(p-cymene)OsCl2]2 

(150 mg, 0.25 mmol) was added. The resulting red solution was stirred at reflux for 24 h, 

after which the solvent volume was reduced, under vacuum, at about 3 ml and then 9 ml of 

n-hexane has been added. The precipitate formed was filtered off and washed with cold 

EtOH obtaining a red precipitate (339 mg, 0.28 mmol, yield 56%) which was identified as the 

pure compound 3 (Figure 31). It is completely soluble in DMSO, DMF, CH3CN, acetone, 

chlorinated solvents, ethyl acetate, Et2O and n-hexane (at 50°C); slightly soluble in alcohols 

and insoluble in H2O. 
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Figure 31 - Structure of compound 3 

Anal. Calcd. for C63H93ClO8Os: C, 62.84; H, 7.79. Found: C, 62.57; H, 7.80. mp: 102-104 °C.  

IR (cm-1): 2917 vs, 2849 s ν(aliphatic C-H); 1763 s ν(-OC=O, of L1), 1630 m ν(C=O), 1599 w, 

1523 vs, 1505 vs ν(C=C); 273 s ν(Os-Cl). 1H-NMR (CDCl3, 293 K): δ 0.90 (t, 6H, C(26-

26’)H), 1.29 (mbr, 44H, aliphatic chain of L1), 1.37 (d, 6H, -CH(CH3)2 of p-cymene, 4J = 7 Hz), 

1.43 (m, 4H, C(14-14’)H),  1.78 (m, 4H, C(13-13’)H), 2.38 (s, 3H, -CH3 of p-cymene), 2.60 (t, 

4H, C(12-12’)H), 2.83 (m, 1H, CH(CH3)2 of p-cymene), 3.88 (s, 6H, -OCH3 of L1), 5.70 (s, 1H, 

C(1)H of L1), 5.83 d, 6.06 d (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 

Hz), 6.51 (d, 2H, C(3-3’)H of L1, 3Jtrans = 16Hz), 7.04 (d, 2 H, C(9-9’)H of L1, 3Jtrans = 8 Hz), 

7.12 (d, 2H, C(10-10’)H, 3Jtrans = 8 Hz), 7.11 (sbr, 2H, C(6- 6’)H of L1), 7.57 (d, 2H, C(4-4′)H of 

L1, 3Jtrans = 16 Hz). 13C{1H} NMR (CDCl3, 293 K): δ 14.1 [C(26-26’)], 18.3 [-CH3 of p-cymene], 

22.7, 22.8 [-CH(CH3)2 of p-cymene], 25.0 [C(13-13’)], 29.1 [C(14-14’)], 29.3, 29.4, 29.5, 29.6, 

29.7, 29.8 [from C(15) to C(25) of L1], 31.5 [CH(CH3)2 of p-cymene], 31.9, 34.1 [C(12-12’)], 

55.9 [-OCH3 of L1], 69.5 [C(a-a’)], 74.6 [C(b-b’)], 89.2 [Ci’], 89.8 [Ci], 103.7 [C1], 111.1 [C(6-

6’)], 120.9 [C(10-10’)], 123.2 [C(9-9’)], 127.6 [C(3-3’)], 134.7 [C(5-5’)], 138.3 [C(4-4’)], 140.9 

[C(8-8’)], 151.4 [C(7-7’)], 171.7 [C(11-11’)], 177.2 [C(2-2’)=O]. ESI-MS (+) CH3CN (m/z 

[relative intensity, %]): 1170 [100] [Os(p-cymene)(L1)]+. 

[Os(p-cymene)(L2)Cl] (4). HL2 (392 mg, 0.5 mmol) was dissolved in CH2Cl2 (10 mL) and 

complex 4 was synthesized with a procedure similar to that of compound 3. The red powder 

(314 mg, 0.27 mmol, yield 55%) (Figure 32) is completely soluble in DMSO, DMF, CH3CN, 

acetone, chlorinated solvents, ethyl acetate, Et2O and n-hexane; slightly soluble in alcohols 

and petroleum ether and it is insoluble in H2O. 
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Figure 32 - Structure of compound 4 

Anal. Calcd. for C61H89ClO6Os: C, 64.04; H, 7.84. Found: C, 64.95; H, 7.84. mp:110-112 °C. 

IR (cm-1): 2916 vs, 2849 s ν(aliphatic C-H); 1755 , ν(-OC=O, of L1), 1631 m ν(C=O), 1599 w, 

1584 w, 1540 s, 1519 vs ν(C=C); 271 s ν(Os-Cl). 1H-NMR (CDCl3, 293 K): δ 0.91 (t, 6H, 

C(26-26’)H), 1.29 (mbr, 44H, aliphatic chain of L2), 1.39 (d, 6H, CH(CH3)2 of p-cymene, 4J = 

7 Hz), 1.44 (m, 4H, C(14-14’)H), 1.78 (m, 4H, C(13-13’)H), 2.37 (s, 3H, CH3 of p-cymene), 

2.58 (t, 4H, C(12-12’)H), 2.84 (m, 1H, CH(CH3)2 of p-cymene), 5.67 (s, 1H, C(1)H of 

curcumin), 5.82 d, 6.06 d (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 

6.52 (d, 2H, C(3-3’)H of L2, 3Jtrans = 16Hz), 7.11 (d, 4 H, C(9-9’)H and C(7-7’)H of L2, 3Jtrans = 9 

Hz), 7.54 (d, 4 H, C(10-10’)H and C(6-6’)H of L2, 3Jtrans = 9 Hz), 7.59 (d, 2H, C(4-4′)H of L2, 
3Jtrans = 16 Hz). 13C{1H}-NMR (CDCl3, 293 K): δ 14.1 [C(26-26’)], 18.2 [-CH3 of p-cymene], 

22.7, 22.8 [-CH(CH3)2 of p-cymene], 24.9 [C(13-13’)], 29.1 [C(14-14’)], 29.3, 29.4, 29.5, 29.6, 

29.7, 29.8, 29.9 [from C(15) to C(25)], 31.5 [CH(CH3)2 of p-cymene], 31.9, 34.4 [C(12-12’)], 

69.5 [C(a-a’)], 74.6 [C(b-b’)], 89.0 [Ci’], 89.7 [Ci], 103.9 [C(1)], 122.0 [C(9-9’) and C(7-7’)], 

127.4 [C(3-3’)], 128.8 [C(10-10’) and C(6-6’)], 133.4 [C(5-5’)], 137.9 [C(4-4’)], 151.6 [C(8-8’)], 

172.0 [C(11-11’)], 177.3 [C(2-2’)=O]. ESI-MS (+) CH3CN (m/z [relative intensity, %]): 1110 

[100] [Os(p-cymene)(L2)]+. 

[Ru(p-cymene)(L1)(PTA)][SO3CF3] (5). Compound 1 (111 mg, 0.1 mmol) was dissolved in 

CH2Cl2 (10 mL) then the AgSO3CF3 (26 mg, 0.1 mmol) has been added and the final solution 

was stirred for 1h and filtered to remove the AgCl. PTA (PTA = 1,3,5-triaza-7-

phosphaadamantane; 157 mg, 0.1 mmol) was finally added to the filtrate, which was stirred 

for 24 h at room temperature. Then, the solvent was removed and the crude product 

recrystallized from a 3/1 mixture of dichloromethane and n-hexane. The red-orange 

precipitate (73 mg, 0.052 mmol, yield 52%) was identified as the pure compound 5 (Figure 

33). It is completely soluble in DMSO, DMF, acetone, chlorinated solvents, and ethyl acetate; 
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slightly soluble in CH3CN, Et2O and alcohols and insoluble in H2O, n-hexane, and petroleum 

ether. 
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Figure 33 - Structure of compound 5 

Anal. Calcd. for C70H105F3N3O11PRuS: C, 60.67; H, 7.64; N, 3.03; Found: C, 59.07; H, 6.70; 

N, 3.16. mp: 90-92 °C. IR (cm-1): 2922 s, 2853 s ν(aliphatic C-H); 1760 m ν(-OC=O, of L1), 

1625 m ν(C=O), 1599 m, 1505 vs ν(C=C); 637 s ν(Ru-P). 1H-NMR (DMSO-d6, 293 K): δ 0.86 

(t, 6H, C(26-26’)H), 1.25-1.30 (mbr, 50H, aliphatic chain of L1 and CH(CH3)2 of p-cymene), 

1.38 (m, 4H, C(14-14’)H), 1.64 (m, 4H, C(13-13’)H), 2.04 (s, 3H, CH3 of p-cymene), 2.57 (t, 

4H, C(12-12’)H), 2.67 (m, 1H, CH(CH3)2 of p-cymene), 3.85 (s, 6H, -OCH3 of L1), 4.14 (s, 6H, 

(P-CH2-N) of PTA), 4.46 (m, 6H, (N-CH2-N) of PTA), 5.94 (s, 1H, C(1)H of L1), 6.10 d, 6.16 d 

(4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 6.93 (d, 2H, C(9-9’)H of 

L1, 3J = 16 Hz), 7.15 (d, 2H, C(3, 3’)H of L1, 3Jtrans = 8 Hz), 7.24 (d, 2H, C(4-4’)H of L1, 3Jtrans = 

8 Hz), 7.43 [m, 4H, C(10-10’)H and C(6-6’)H of L1]. 13C{1H}-NMR (DMSO-d6, 293 K): δ 14.4 

[C(26-26’)], 16.9 [-CH3 of p-cymene], 21.0, 22.2 [-CH(CH3)2 of p-cymene], 24.9 [C(13-13’)], 

28.7 [C(14-14’)], 29.1, 29.2, 29.3, 29.4, 29.5, 29.6 [from C(15) to C(25) of L1], 30.5 [-

CH(CH3)2 of p-cymene], 31.8, 33.7 [C(12-12’)], 50.0, 51.1 [(P-CH2-N) of PTA, J= 13 Hz ], 

56.5 [-OCH3 of L1], 72.2, 72.3 [(N-CH2-N) of PTA, J= 7 Hz], 88.5 [C(b-b’)], 90.3 [C(a-a’)], 96.6 

[Ci’], 104.2 [Ci], 105.4 [C(1)], 111.8 [C(6-6’)], 122.1 [C(4-4’)], 123.8 [C(3-3’)], 127.4 [C(9-9’)], 

134.4 [C(5-5’)], 139.2 [C(10-10’)], 141.3 [C(8-8’)], 151.8 [C(7-7’)], 171.5 [C(11-11’)], 180.5 

[C(2-2’)=O].31P-NMR (DMSO-d6, 298 K): δ −27.09. ESI-MS (+) CH3CN (m/z [relative 

intensity, %]): 1237 [100] [Ru(p-cymene)(L1)(PTA)]+. 

Ru(p-cymene)(L2)(PTA)][SO3CF3] (6). Compound 2 (105 mg, 0.1 mmol) was dissolved in 

CH2Cl2 (10 mL). Complex 6 was synthesized with a procedure similar to that of compound 5. 

The dark-red precipitate (74 mg, 0.056 mmol, yield 56 %) (Figure 34) is completely soluble 

in DMSO, DMF, acetone, chlorinated solvents, and ethyl acetate; slightly soluble in CH3CN, 

Et2O and alcohols and insoluble in H2O, n-hexane and petroleum ether. 
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Figure 34 - Structure of compound 6 

Anal. Calcd. for C68H101F3N3O9PRuS: C, 61.61; H, 7.68; N, 3.17. Found: C, 57.22; H, 7.10; N, 

3.03. mp: 93-95°C. IR (cm-1): 2922 vs, 2852 s ν(aliphatic C-H); 1716 s ν(-OC=O, of L2), 1623 

m ν(C=O), 1601 w, 1583 w, 1506 vs ν(C=C); 637 s ν(Ru-P). 1H-NMR (DMSO-d6, 293 K): δ 

0.86 (t, 6H, C(26-26’)H), 1.25-1.30 (mbr, 50H, aliphatic chain of L2 and CH(CH3)2 of p-

cymene), 1.36 (m, 4H, C(14-14’)H), 1.65 (m, 4H, C(13-13’)H), 2.03 (s, 3H, CH3 of p-cymene), 

2.59 (t, 4H, C(12-12’)H), 2.66 (m, 1H, CH(CH3)2 of p-cymene), 4.14 (s, 6H, (P-CH2-N) of 

PTA), 4.46 (m, 6H, (N-CH2-N) of PTA), 5.93 (s, 1H, C(1)H of L2), 6.10 d, 6.16 d (4H, AA′BB′ 

system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 6.88 (d, 2H, C(3-3’)H of L2, 3Jtrans = 

16Hz), 7.20 (d, 4 H, C(9-9’)H and C(7-7’)H of L2, 3Jtrans = 8 Hz), 7.45 (d, 2H, C(4-4′)H of L2, 
3Jtrans = 16 Hz), 7.74 (d, 4 H, C(10-10’)H and C(6-6’)H of L2, 3Jtrans = 8 Hz). 13C{1H}-NMR 

(DMSO-d6, 293 K): δ 14.4 [C(26-26’)], 16.77 [-CH3 of p-cymene], 22.19, 22.55, [-CH(CH3)2 of 

p-cymene], 24.75 [C(13-13’)], 28.84 [C(14-14’)], 29.12, 29.17, 29.3, 29.4, 29.5, 29.5 [from 

C(15) to C(25) of L2], 30.5 [CH(CH3)2 of p-cymene], 31.8 (*), 34.0 [C(12-12’)], 50.9, 51.0 [(P-

CH2-N) of PTA, J= 13 Hz ], 72.1, 72.2 [(N-CH2-N) of PTA, J= 7 Hz], 88.5 [C(b-b’)], 90.3 [C(a-

a’)], 96.5 [Ci’], 104.1 [Ci], 105.3 [C(1)], 123.0 [C(9-9’) and C(7-7’)], 127.1 [C(3-3’)], 129.8 

[C(10-10’) and C(6-6’)], 133.0 [C(5-5’)], 138.9 [C(4-4’)], 152.2 [C(8-8’)], 172.1 [C(11-11’)], 

180.4 [C(2-2’)=O]. 31P-NMR (DMSO-d6, 298 K): δ −26.93. ESI-MS (+) CH3CN (m/z [relative 

intensity, %]): 1177 [100] [Ru(p-cymene)(L2)(PTA)]+. 

[Os(p-cymene)(L1)(PTA)][SO3CF3] (7). Compound 3 (120 mg, 0.1 mmol) was dissolved in 

CH2Cl2 (8 mL) then the AgSO3CF3 (26 mg, 0.1 mmol) has been added and the final solution 

was stirred for 1h and filtered to remove the AgCl. PTA (PTA = 1,3,5-triaza-7-

phosphaadamantane; 157 mg, 0.1 mmol) was finally added and the final reaction mixture 

was stirred for 24 h at room temperature. Then, the solvent was reduced at about 3 ml and 

the crude product recrystallized from a 3/1 mixture of dichloromethane and n-hexane. The 

dark-red precipitate (57 mg, 0.039 mmol, yield 39%) was identified as the pure compound 7 



  

 

54 

 

(Figure 35). It is completely soluble in DMSO, DMF, CH3CN, acetone, chlorinated solvents, 

alcohols, ethyl acetate and Et2O and it is insoluble in n-hexane, petroleum ether and H2O. 
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Figure 35 - Structure of compound 7 

Anal. Calcd. for C70H105F3N3O11POsS: C, 57.01; H, 7.18; N, 2.85. Found: C, 56.91; H, 7.13; 

N, 2.77. mp: 90-92 °C.IR (cm-1): 2922 s, 2853 s ν(aliphatic C-H); 1760 m ν(-OC=O, of L1), 

1624 m ν(C=O), 1598 w, 1587 w, 1505 vs ν(C=C); 637 s ν(Ru-P). 1H-NMR (DMSO-d6, 293 

K): δ 0.86 (t, 6H, C(26-26’)H), 1.25-1.38 (mbr, 54H, aliphatic chain of L1, CH(CH3)2 of p-

cymene and C(14-14’)H), 1.64 (m, 4H, C(13-13’)H), 2.17 (s, 3H, CH3 of p-cymene), 2.57 (t, 

4H, C(12-12’)H), 2.67 (m, 1H, CH(CH3)2 of p-cymene), 3.85 (s, 6H, -OCH3 of L1), 4.10 (s, 6H, 

(P-CH2-N) of PTA), 4.44 (m, 6H, (N-CH2-N) of PTA), 6.06 (s, 1H, C(1)H of L1), 6.18 d, 6.26 d 

(4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 6.90 (d, 2H, C(9-9’)H of 

L1, 3J = 16 Hz), 7.15 (d, 2H, C(3-3’)H of L1, 3Jtrans = 8 Hz), 7.27 (d, 2H, C(4-4’)H of curc, 3Jtrans 

= 8 Hz), 7.46 [sbr, 2H, C(6-6’)H], 7.48 [d, 2H, C(10-10’)H of L1, 3J = 16 Hz]. 13C{1H} NMR 

(DMSO-d6, 293 K): δ 14.4 [C(26-26’)], 16.9 [-CH3 of p-cymene], 22.5, 22.6, [-CH(CH3)2 of p-

cymene], 24.9 [C(13-13’)], 28.7 [C(14-14’)], 29.1, 29.2, 29.3, 29.4, 29.5, 29.5 [from C(15) to 

C(25) of L1], 30.6 [CH(CH3)2 of p-cymene], 31.8, 33.7 [C(12-12’)], 50.1, 50.3 [(P-CH2-N) of 

PTA, J= 18 Hz ], 56.5 [-OCH3 of L1], 72.2, 72.3 [(N-CH2-N) of PTA, J= 7 Hz], 81.4 [C(b-b’)], 

82.6 [C(a-a’)], 88.2 [Ci’], 94.5 [Ci], 106.6 [C(1)], 111.7 [C(6-6’)], 122.1 [C(4-4’)], 123.9 [C(3-

3’)], 127.0 [C(9-9’)], 134.4 [C(5-5’)], 139.2 [C(10-10’)], 141.4 [C(8-8’)], 151.9 [C(7-7’)], 171.4 

[C(11-11’)], 178.7 [C(2-2’)=O].31P-NMR (DMSO-d6, 298 K): δ −65.06. ESI-MS (+) CH3CN 

(m/z [relative intensity, %]): 1326 [100] [Os(p-cymene)(L1)(PTA)]+. 

[Os(p-cymene)(L2)(PTA)][SO3CF3] (8). Compound 4 (114 mg, 0.1 mmol) was dissolved in 

CH2Cl2 (8 mL). Complex 8 was synthesized with a procedure similar to that of compound 7. 

The dark-red precipitate (57 mg, 0.040 mmol, yield 40%) has been precipitated from the 

solution by cooling and it was identified as the pure compound 8 (Figure 36). It is completely 
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soluble in DMSO, DMF, CH3CN, acetone, chlorinated solvents, alcohols, ethyl acetate and 

Et2O and it is insoluble in n-hexane, petroleum ether and H2O. 
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Figure 36 - Structure of compound 8 

Anal. Calcd. for C68H101F3N3O9POsS: C, 57.73; H, 7.20; N, 2.97. Found: C, 57.82; H, 7.18; N, 

2.84. mp: 95-97 °C. IR (cm-1): 2922 s, 2852 s ν(aliphatic C-H); 1756 m ν(-OC=O, of L1), 1622 

m ν(C=O), 1601 w, 1582 w,1505 vs, 1506 vs ν(C=C); 637 s ν(Ru-P).1H-NMR (DMSO-d6, 293 

K): δ 0.86 (t, 6H, C(26-26’)H), 1.25 (mbr, 44 H, aliphatic chain of L2), 1.32 (d, 6H, CH(CH3)2 

of p-cymene, 4J = 7 Hz), 1.35 (m, 4H, C(14-14’)H), 1.65 (m, 4H, C(13-13’)H), 2.16 (s, 3H, 

CH3 of p-cymene), 2.59 (t, 4H, C(12-12’)H), 2.67 (m, 1H, CH(CH3)2 of p-cymene), 4.09 (s, 

6H, (P-CH2-N) of PTA), 4.43 (m, 6H, (N-CH2-N) of PTA), 6.05 (s, 1H, C(1)H of L2), 6.17 d, 

6.26 d (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 6.84 (d, 2H, C(3-

3’)H of L2, 3Jtrans = 16Hz), 7.21 (d, 4 H, C(9-9’)H and C(7-7’)H of L2, 3Jtrans = 9 Hz), 7.50 (d, 

2H, C(4-4′)H of L2, 3Jtrans = 16 Hz), 7.76 (d, 4 H, C(10-10’)H and C(6, 6’)H of L2, 3Jtrans = 9 

Hz). 13C{1H}-NMR (DMSO-d6, 293 K): δ 14.4 [C(26-26’)], 16.8 [-CH3 of p-cymene], 22.5, 22.6 

[-CH(CH3)2 of p-cymene], 24.7 [C(13-13’)], 28.8 [C(14-14’)], 29.1, 29.2, 29.3, 29.4, 29.4, 29.5 

[from C(15) to C(25) of L2], 30.5 [CH(CH3)2 of p-cymene], 31.8, 34.0 [C(12-12’)], 50.1, 50.3 

[(P-CH2-N) of PTA, J= 18 Hz ], 72.17, 72.23 [(N-CH2-N) of PTA, J= 8 Hz], 81.6 [C(b-b’)], 82.7 

[C(a-a’)], 88.0 [Ci’], 94.3 [Ci], 106.5 [C(1)], 123.1 [C(9-9’) and C(7-7’)], 126.7 [C(3-3’)], 129.8 

[C(10-10’) and C(6-6’)], 133.1 [C(5-5’)], 138.9 [C(4-4’)], 152.2 [C(8-8’)], 172.0 [C(11-11’)], 

178.6 [C(2-2’)=O]. 31P-NMR (DMSO-d6, 298 K): δ −64.99. ESI-MS (+) CH3CN (m/z [relative 

intensity, %]): 1266.6[100] [Os(p-cymene)(L2)(PTA)]+. 

[Ru(p-cymene)(L3)(Cl)] (9). In a round bottom flask, HL3 (112 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were dissolved in CH3CN (5 mL) under magnetic stirring 

and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at room 

temperature. The resulting red solution was stirred at reflux for 16 hours. At the end the 
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solvent was dried under reduced pressure and the obtained oil was precipitated with solvents 

(CH2Cl2/hexane). Then the precipitate was filtered with hexane and washed with cold 2-

propanol giving the final complex 9 (Figure 37) as a red powder (yield 47%). The complex is 

soluble in DMSO, CH3CN and chlorinated solvents; slightly soluble in alcohols and insoluble 

in H2O. 

 

Figure 37 - Structure of compound 9  

Anal. Calcd for C43H49ClO8Ru: C, 62.20; H, 5.95. Found: C, 61.09; H, 5.85. m.p.: 165–166 

°C. IR (cm−1): 2957 w, 2871 w, 2626 wbr ν(aliphatic C–H); 1755 m ν(–OC=O), 1628 m 

ν(C=O); 1598 m, 1589 m, 1523 m, 1506 s, 1467 m, 1449 m, 1410 m ν(C=C), 1371 m, 1269 

m, 1258 m, 1153 m, 1120 s, 1069 m, 1033 m, 965 m, 860 m, 845 m, 803 m, 770 m, 735 m, 

687 m, 666 m, 609 m.1H-NMR (CDCl3, 293 K): δ 1.41 [d, 6H, –CH(CH3)2 of p-cymene, 4J = 7 

Hz], 1.68 m, 181 m [8H, C(14-14')H and C(15-15')H], 2.04 [m, 8H, C(13-13')H and C(16-

16')H], 2.37 [s, 3H, –CH3 of p-cymene], 3.00 [sept, 1H, -CH(CH3)2 of p-cymene], 3.05 [m, 2H, 

C(12–12′)H], 3.88 [s, 6H, –OCH3], 5.33 d, 5.60 d [4H, AA′BB′ system, CH3- C6H4-CH(CH3)2 of 

p-cymene, 3J = 6 Hz], 5.52 [s, 1H, C(1)H], 6.53 [d, 2H, C(3–3′)H of curc, 3Jtrans = 16 Hz], 7.03 

[d, 2 H, C(9–9′)H, 3Jtrans = 8 Hz], 7.10 [s, 2H, C(6–6′)H], 7.11 [d, 2H, C(10–10′)H, 3J = 8 Hz], 

7.57 [d, 2H, C(4–4′)H, 3Jtrans = 16 Hz]. 13C{1H}-NMR (CDCl3, 293 K): δ 18.1 [–CH3 of p-

cymene], 22.4 (–CH(CH3)2 of p-cymene), 25.9 [C(13–13′)], 30.1 [C(14–14′)], 30.9 [-CH(CH3)2 

of p-cymene], 43.7 [C(12–12′)], 56.0 [–OCH3] 79.2 [C(a–a′) of p-cymene], 83.0 [C(b–b′) of p-

cymene], 97.7 [Ci′ of p-cymene], 99.7 [Ci of p-cymene], 102.2 [C(1)], 111.1 [C(6–6′)], 120.9 

[C(10–10′)], 123.1 [C(9–9′)], 127.8 [C(3–3′)], 134.7 [C(5–5′)], 138.2 [C(4–4′)], 141.1 [C(8–8′)], 

151.4 [C(7–7′)], 174.7 [C(11–11′)], 178.4 [C(2–2′)=O]. ESI-MS(+) CH3CN (m/z [relative 

intensity, %]): 795 [100] [Ru(p-cymene)(L3)]+. 

[Ru(p-cymene)(L4)(Cl)] (10). In a round bottom flask, HL4 (100 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were dissolved in CH3CN (5 mL) under magnetic stirring 
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and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at room 

temperature. The resulting red solution was stirred at reflux for 16 hours. At the end the 

solvent was dried under reduced pressure and the obtained oil was precipitated with solvents 

(CH2Cl2/hexane). Then the precipitate was filtered with hexane and washed with cold 2-

propanol giving the final complex 10 (Figure 38) as a red powder (yield 50%). It is soluble in 

DMSO, CH3CN and chlorinated solvents; slightly soluble in alcohols and insoluble in H2O. 

 

Figure 38 - Structure of compound 10 

Anal. Calcd for C41H45ClO6Ru: C, 63.93; H, 5.89. Found: C, 63.03; H, 5.28. m.p.: 202–205°C. 

IR (cm-1): 2957 w, 2868 w ν(aliphatic C–H); 1748 s ν(–OC=O), 1630 m ν(C=O); 1598 m, 

1517 s, 1506 s, 1455 m, 1405 m ν(C=C); 1365 m, 1308 m, 1284 m, 1212 m, 1163 s, 1123 s, 

1033 m, 1015 m, 991 m, 969 s, 884 m, 862 m, 803 m, 738 m, 684 m, 645 m. 1H-NMR 

(CDCl3, 293 K): δ 1.42 [d, 6H, –CH(CH3)2 of p-cymene, 4J = 7 Hz], 1.69 m, 1.81m [8H, C(14-

14')H and C(15-15')H], 1.99 m, 2.05m [8H, C(13-13')H and C(16-16')H], 2.37 [s, 3H, –CH3 of 

cymene], 3.02 quint, 3.02 sept [5H, C(12-12')H of ligand and -CH(CH3)2 of p-cymene], 5.33 d, 

5.60 d [4H, AA′BB′ system, CH3- C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz], 5.49 [s, 1H, C(1)H], 

6.54 [d, 2H, C(3–3′)H, 3J = 16 Hz], 7.11 [d, 4H, C(9–9′)H and C(7-7')H, 3J = 8.5 Hz], 7.53 [d, 

4H, C(6–6′)H and C(10-10')H, 3J = 8.5 Hz], 7.60 [d, 2H, C(4–4′)H, 3J= 16 Hz]. ESI-MS(+) 

CH3CN (m/z [relative intensity, %]): 735 [100] [Ru(p-cymene)(L4)]+. 

[Ru(p-cymene)(L5)(Cl)] (11). In a round bottom flask, HL5 (118 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were dissolved in CH3CN (5 mL) under magnetic stirring 

and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at room 

temperature. The resulting red solution was stirred at reflux for 16 hours. At the end, the 

solvent was dried under reduced pressure and the obtained oil was precipitated with solvents 

(CH2Cl2/hexane). Then the precipitate was filtered with hexane and washed with cold 2-
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propanol giving the final complex 11 (Figure 39) as a red powder (yield 52%). It is soluble in 

DMSO, CH3CN and chlorinated solvents; slightly soluble in alcohols and insoluble in H2O. 

 

Figure 39 - Structure of compound 11 

Anal. Calcd for C45H57ClO8Ru: C, 62.67; H, 6.66. Found: C, 62.31; H, 6.60. m.p.: 152-154 °C. 

IR (cm−1): 3050 wbr, 2999 wbr, 2956 w, 2930 m, 2857 w ν(aliphatic C–H); 1758 s ν(–OC=O), 

1630 m ν(C=O); 1598 w, 1589 w, 1523 vs, 1508 vs, 1466 m, 1460 m, 1450 m, 1412 s 

ν(C=C); 1375 m, 1342 m, 1294 m, 1257 s, 1232 m, 1190 m, 1179 m, 1136 s, 1120 vs, 1103 

s, 1060 m, 1037 m, 1025 s, 984 s, 965 s, 954 m, 939 m, 916 m, 885 m, 863 m, 839 m, 826 

m, 803 nm, 770 m, 728 m, 683 m, 660 m, 605 m. 1H-NMR (CDCl3, 293 K): δ 0.94 [t, 6H, 

C(17-17')H], 1.37 [m, 8H, C(16-16')H and C(15,15')H], 1.41 [d, 6H, –CH(CH3)2 of p-cymene, 
4J = 7 Hz],1.46 [m, 4H, C(14-14')H], 1.79 [quint., 4H, C(13–13′)H], 2.37 [s, 3H, –CH3 of p-

cymene], 2.61 [t, 4H, C(12-12')H], 3.00 [sept, 1H, -CH(CH3)2 of p-cymene], 3.88 [s, 6H, -

OCH3], 5.33 d, 5.60 d [4H, AA′BB′ system, CH3- C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz], 

5.53 [s, 1H, C(1)H], 6.53 [d, 2H, C(3–3′)H, 3J = 16 Hz], 7.04 [d, 2H, C(9–9′)H, 3J = 8.0 Hz], 

7.10 [s, 2H, C(6–6′)H], 7.11 [d, 2H, C(10–10′)H, 3J = 8.0 Hz], 7.57 [d 2H, C(4–4′)H, 3J = 16 

Hz]. 13C{1H}-NMR (CDCl3): δ 14.0 [C(17-17′)], 18.1 [–CH3 of p-cymene], 22.4 [-CH(CH3)2 of p-

cymene], 22.5 [C(15-15')], 25.0 [C(13–13′)], 28.7 [C(14–14′)], 30.9 [CH(CH3)2 of p-cymene], 

31.5 [C(16–16′)], 34.1 [C(12–12′)], 55.9 [-OCH3], 79.2 [C(a–a′) of p-cymene], 83.0 [C(b–b′) of 

p-cymene], 97.7 [Ci′ of p-cymene], 99.7 [Ci of p-cymene], 102.3 [C(1)], 111.1 [C(6–6′)], 120.8 

[C(10–10′)], 123.1 [(C(9–9′)], 127.8 [C(3–3′)], 134.8 [C(5–5′)], 138.1 [C(4–4′)], 140.8 [C(8–8′)], 

151.4 [C(7–7′)], 171.7 [C(11–11′)], 178.4 [C(2–2′)=O]. ESI-MS(+) CH3CN (m/z [relative 

intensity, %]): 827 [100] [Ru(p-cymene)(L5)]+. 

[Ru(p-cymene)(L6)(Cl)] (12). In a round bottom flask, HL6 (106 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were dissolved in CH3CN (5 mL) under magnetic stirring 

and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at room 
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temperature. The resulting red solution was stirred at reflux for 16 hours. At the end, the 

solvent was dried under reduced pressure and the obtained oil was precipitated with solvents 

(CH2Cl2/hexane). Then the precipitate was filtered with hexane and washed with cold 2-

propanol giving the final complex 12 (Figure 40) as a red powder (yield 57%). It is soluble in 

DMSO, CH3CN and chlorinated solvents; slightly soluble in alcohols and insoluble in H2O. 

 

Figure 40 - Structure of compound 12 

Anal. Calcd for C43H53ClO6Ru: C, 64.37; H, 6.66. Found: C, 65.00; H, 6.83. m.p.: 152-154 °C. 

IR (cm−1): 3064 w, 3033 w, 2926 w, 2871 w, 2857 w ν(aliphatic C–H); 1759 m ν(–OC=O), 

1635 m ν(C=O); 1600 w, 1582 w, 1532 s, 1505 s, 1467 m, 1427 m, 1409 m ν(C=C); 1387 m, 

1375 m, 1341 w, 1322 w, 1290 w, 1265 w, 1210 m, 1164 s, 1142 s, 1129 s, 1101 vs, 1014 

m, 975 m, 944 m, 919 m, 907 m, 866 m, 834 m, 820 m, 806 m, 727 m, 690 w. 1H-NMR 

(CDCl3, 293 K): δ 0.94 [t, 6H, C(17-17')H], 1.37 [m, 8H, C(16-16')H and C(15,15')H], 1.42 [d, 

6H, –CH(CH3)2 of p-cymene, 4J = 7Hz], 1.45 [m, 4H, C(14–14′)H], 1.78 [quint., 4H, C(13-

13')H], 2.36 [s, 3H, -CH3 of p-cymene], 2.59 [t, 4H, C(12–12′)H], 3.01 [sept, 1H, –CH(CH3)2 of 

p-cymene], 5.33 d, 5.60 d [4H, AA′BB′ system, CH3- C6H4-CH(CH3)2 of p-cymene, 3J = 6Hz], 

5.49 [s, 1H, C(1)H], 6.54 [d, 2H, C(3-3')H, 3J = 16 Hz], 7.11 [d, 4H, C(9–9′)H and C(7–7′)H, 3J 

= 9 Hz], 7.53 [d, 4H, C(10–10′)H and C(6–6′)H, 3J = 9 Hz], 7.60 [d, 2H, C(4–4′)H, 3J = 16 Hz]. 
13C{1H}-NMR (CDCl3, 293 K): δ 14.0 [C(17-17')], 18.0 [–CH3 of p-cymene], 22.4 [–CH(CH3)2 

of p-cymene], 22.5 [C(15-15')], 24.9 [C(13–13′)], 28.8 [C(14–14′)], 30.9 [-CH(CH3)2 of p-

cymene], 31.4 [C(16–16′)], 34.4 [s, C(12–12′)], 79.2 [C(a–a′) of p-cymene], 83.0 [C(b–b′) of p-

cymene], 97.6 [Ci′ of p-cymene], 99.7 [Ci of p-cymene], 102.5 [C(1)], 122.0 [C(9–9') and C(7–

7′)], 127.7 [C(3–3′)], 128.8 [C(10–10′) and C(6–6′)], 137.7 [C(4–4′)], 151.5 [C(5-5′)], 172.1 

[C(8–8′)], 178.4 [C(11–11′)], 183.2 [C(2–2′)=O]. ESI-MS(+) CH3CN (m/z [relative intensity, 

%]): 767 [100] [Ru(p-cymene)(L6)]+. 
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[Ru(p-cymene)(L7)(Cl)] (13). In a round bottom flask, HL7 (135 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were dissolved in CH3CN (5 mL) under magnetic stirring 

and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at room 

temperature. The resulting red solution was stirred at reflux for 16 hours The precipitate was 

filtered off giving the final complex 13 (Figure 41) as a red powder (yield 74%). The complex 

is soluble in DMSO and chlorinated solvents, slightly soluble in CH3CN and alcohols and 

insoluble in H2O. 

 

Figure 41 - Structure of compound 13 

Anal. Calcd for C53H45ClO8Ru: C, 67.26; H, 4.79. Found: C, 66.19; H, 4.81. m.p.: 254-257°C. 

IR (cm−1): 3073 w, 3056 w, 2956 w, 2867 w, 2844 w, 2354 w, 2327 w, 2317 w ν(aromatic C–

H); 1728 s ν(–OC=O), 1625 w ν(C=O); 1599 w, 1584 w, 1528 m, 1512 m, 1505 vs, 1471 m, 

1455 m, 1408 s ν(C=C), 1386 w, 1372 w, 1354 w, 1284 m, 1261 s, 1223 m, 1188 s, 1171 m, 

1154 s, 1123 s, 1074 m, 1066 m, 1057 m, 1028 m, 983 m, 976 m, 952 m, 919 w, 910 w, 892 

w, 881 w, 862 m, 841 m, 827 m, 807 w, 775 s, 761 s, 731 m, 715 w, 677 w, 667 w , 635 w. 
1H-NMR (CDCl3, 293 K): δ 1.44 [d, 6H, –CH(CH3)2 of p-cymene, 4J = 7 Hz], 2.40 [s, 3H, –CH3 

of p-cymene], 3.03 [sept, 1H, -CH(CH3)2 of p-cymene], 3.90 [s, 6H, –OCH3], 5.36 d, 5.63 d 

[4H, AA′BB′ system, CH3- C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz], 5.58 [s, 1H, C(1)H], 6.60 

[d, 2H, C(3–3′)H, 3J = 16 Hz], 7.20 [d, 2 H, C(9–9′)H, 3J = 8 Hz], 7.21 [s, 2H, C(6–6′)H], 7.24 

[d, 2H, C(10–10′)H, 3J = 8 Hz], 7.61 [t, 2H, C(17–17′)H], 7.66 [t, 2H, C(16–16′)H], 7.64 [d, 2H, 

C(4-4′)H, 3J = 16 Hz], 7.95 [d, 2H, C(15–15′)H, 3J = 8 Hz], 7.98 [d, 2H, C(18-18')H, 3J = 8 Hz], 

8.03 [d, 2H, C(20-20′)H, 3J = 8 Hz] 8.24 [d, 2H, C(21-21′)H, 3J = 8Hz], 8.84 [s, 2H, C(13–

13′)H]. 13C{1H}-NMR (CDCl3, 293 K): δ 18.1 [–CH3 of p-cymene], 22.5 [–CH(CH3)2 of p-

cymene], 30.9 [-CH(CH3)2 of p-cymene], 56.0 [–OCH3], 79.2 [C(a–a′) of p-cymene], 83.0 

[C(b–b′) of p-cymene], 97.7 [Ci′ of p-cymene], 99.8 [Ci of p-cymene], 102.4 [C(1)], 111.2 

[C(9–9′)], 121.0 [C(6-6′)], 123.3 [ C(10-10′)], 125.6 [C(21-21')], 126.5 C(5–5′)], 126.8 [C(17-
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17')]., 127.8 [C(15–15′)], 128.0 [C(3-3′)], 128.4 [C18-18')], 128.6 [C(16-16')], 129.5 [C(20-

20')], 132.1 [C(13-13')], 132.5 [C(12-12')], 135.0 [C(14-14')], 135.9 [C(19-19')], 138.2 [C(4-4')], 

141.1 [C(8–8′)], 151.6 [C(7–7′)], 164.8 [C(11–11′)], 178.4 [C(2–2′)=O]. ESI-MS(+) CH3CN 

(m/z [relative intensity, %]): 911 [100] [Ru(p-cymene)(L7)]+. 

[Ru(p-cymene)(L8)(Cl)] (14). In a round bottom flask, HL8 (123 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were added in CH3CN (5 mL) and the under magnetic 

stirring and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at 

room temperature. The resulting red solution was stirred at reflux for 16 hours The precipitate 

was filtered off giving the final complex 14 (Figure 42) as a red powder (yield 64%). The 

complex is soluble in DMSO and chlorinated solvents, slightly soluble in CH3CN and alcohols 

and insoluble in H2O. 

 

Figure 42 - Structure of compound 14 

Anal. Calcd for C51H41ClO6Ru: C, 69.11; H, 4.66. Found: C, 70.91; H, 4.98. m.p.: 193-197°C. 

IR (cm−1): 3058 w, 3035 w, 3008 w, 2969 w, 2928 w, 2875 w ν(aromatic C–H); 1732 s ν(–

OC=O), 1669 w ν(C=O); 1621 w, 1598 w, 1574 w, 1520 m, 1506 m, 1471 w, 1428 w, 1416 w 

ν(C=C); 1385 w, 1368 w, 1354 w, 1316 w, 1280 m, 1213 m, 1189 s, 1166 s, 1126 m, 1103 

m, 1062 s, 1016 w, 997 w, 973 w, 951 m, 912 w, 893 w, 866 m, 849 m, 824 m, 794 w, 773 s, 

759 s, 681 w, 638 w. 1H-NMR (DMSO-d6, 293 K): δ 1.37 [d, 6H, –CH(CH3)2 of p-cymene, 4J = 

7Hz], 3.93 [sept, 1H, -CH(CH3)2 of p-cymene], 2.33 [s, 3H, –CH3 of p-cymene], 5.50 d, 5.78 d 

[4H, AA′BB′ system, CH3- C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz], 5.62 [s, 1H, C(1)H], 6.81 

[d, 2H, C(3–3′)H, 3J = 16 Hz], 7.44 [d, 4 H, C(9–9′)H and C(7-7')H, 3J = 9 Hz], 7.60 [d, 2H, 

C(4-4′)H, 3J = 16 Hz], 7.81 [d, 4H, C(10-10')H and C(6–6′)H, 3J = 9Hz], 7.71 m, 8.11 m, 8.89 

m [26H, C(13-13′)H, C(15-15')H, C(16-16')H, C(17-17')H, C(18-18')H, C(20-20')H and C(21-

21')H]. ESI-MS(+) CH3CN (m/z [relative intensity, %]): 851 [100] [Ru(p-cymene)(L8)]+. 
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[Ru(p-cymene)(L9)(Cl)] (15). In a round bottom flask, HL9 (113 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were dissolved in CH3CN (5 mL) under magnetic stirring 

and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at room 

temperature. The resulting red solution was stirred at reflux for 16 hours. At the end, the 

solvent was dried under reduced pressure and the obtained oil was precipitated with solvents 

(CH2Cl2/hexane). Then the precipitate was filtered with hexane and washed with cold 2-

propanol giving the final complex 15 (Figure 43) as a red powder (yield 41%). It is soluble in 

DMSO, CH3CN and chlorinated solvents; slightly soluble in alcohols and insoluble in H2O. 

 

Figure 43 - Structure of compound 15 

Anal. Calcd for C43H53ClO8Ru: C, 61.90; H, 6.40. Found: C, 61.07; H, 6.35. m.p.: 161-163°C. 

IR (cm−1): 2955 w, 2909 w, 2868 w ν(aliphatic C–H); 1756 m ν(–OC=O), 1630 m ν(C=O); 

1599m, 1586 w, 1525 s, 1505 s, 1469 m, 1417 m ν(C=C), 1366 m, 1350 w, 1317 m, 1296 m, 

1258 s, 1220 m, 1185 m, 1154 m, 1107 s, 1029 m, 986 m, 966 m, 947 m, 926 m, 896 w, 865 

m, 841 m, 803 m, 726 w, 684 w, 627 w, 606 w. 1H-NMR (CDCl3, 293 K): δ 1.17 [s, 18H, 

C(14-14')H, C(15-15')H and C(16-16')H], 1.41 [d, 6H, –CH(CH3)2 of p-cymene, 4J = 7 Hz], 

2.37 [s, 3H, –CH3 of p-cymene], 2.49 [s, 4H, C(12-12')H], 3.00 [sept, 1H, -CH(CH3)2 of p-

cymene], 3.88 [s, 6H, -OCH3], 5.33 d, 5.60 d [4H, AA′BB′ system, CH3- C6H4-CH(CH3)2 of p-

cymene, 3J = 6Hz], 5.53 [s, 1H, C(1)H], 6.53 [d, 2H, C(3–3′)H, 3J = 16 Hz], 7.03 [d, 2H, C(9–

9′)H, 3J = 8.0 Hz], 7.11 [s, 2H, C(6–6′)H], 7.12 [d, 2H, C(10–10′)H, 3J = 8.0 Hz], 7.58 [d 2H, 

C(4–4′)H, 3J = 16 Hz]. 13C{1H}-NMR (CDCl3): δ 18.1 [–CH3 of p-cymene], 22.4 [–CH(CH3)2 of 

p-cymene], 29.6 [C(14–14′), C(15-15') and C(16-16')], 30.9 [-CH(CH3)2 of p-cymene], 31.0 

[C(13–13′)], 47.6 [C(12–12′)], 55.8 [-OCH3], 79.2 [C(a–a′) of p-cymene], 83.0 [C(b–b′) of p-

cymene], 97.6 [Ci′ of p-cymene], 99.8 [Ci of p-cymene], 102.2 [C(1)], 111.1 [C(6–6′)], 120.8 

[C(10–10′)], 123.6 [C(9–9′)], 127.8 [C(3–3′)], 134.8 [C(5–5′)], 138.1 [C(4–4′)], 140.8 [C(8–8′)], 
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151.4 [C(7–7′)], 170.0 [C(11–11′)], 178.4 [C(2–2′)=O]. ESI-MS(+) CH3CN (m/z [relative 

intensity, %]): 799 [100] [Ru(p-cymene)(L9)]+. 

[Ru(p-cymene)(L10)(Cl)] (16). In a round bottom flask, HL10 (101 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were dissolved in CH3CN (5 mL) under magnetic stirring 

and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at room 

temperature. The resulting red solution was stirred at reflux for 16 hours. At the end, the 

solvent was dried under reduced pressure and the obtained oil was precipitated with solvents 

(CH2Cl2/hexane). Then the precipitate  was filtered with hexane and washed with cold 2-

propanol giving the final complex 16 (Figure 44) as a red powder (yield 59%). It is soluble in 

DMSO, CH3CN and chlorinated solvents; slightly soluble in alcohols and insoluble in H2O. 

 

Figure 44 - Structure of compound 16 

Anal. Calcd for C41H49ClO6Ru: C, 63.59; H, 6.38. Found: C, 63.72; H, 6.50. m.p.: 225-228°C. 

IR (cm−1): 2961 w, 2930 w, 2871 w ν(aliphatic C–H); 1751 m ν(–OC=O), 1635 m ν(C=O); 

1598 w, 1586 w, 1533 s, 1506 m, 1472 m, 1408 m ν(C=C); 1368 m, 1321 m, 1281 w, 1210 

m, 1186 s, 1163 s, 1110 s, 1033 m, 1013 m, 976 m, 926 m, 896 m, 875 m, 842 m, 806 w, 

723 w, 714 w, 620 m. 1H-NMR (CDCl3, 293 K): δ 1.16 [s, 18H, C(14-14')H, C(15-15')H and 

C(16-16')H], 1.42 [d, 6H, –CH(CH3)2 of p-cymene, 4J = 7 Hz], 2.36 [s, 3H, –CH3 of p-

cymene], 2.47 [s, 4H, C(12-12')H], 3.01 [sept, 1H, -CH(CH3)2 of p-cymene], 5.33 d, 5.60 d 

[4H, AA′BB′ system, CH3- C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz], 5.50 [s, 1H, C(1)H], 6.54 

[d, 2H, C(3–3′)H, 3J = 16 Hz], 7.11 [d, 4H, C(9–9′)H and C(7–7′)H, 3J = 8.5 Hz], 7.53 [d, 4H, 

C(10–10′)H and C(6–6′)H, 3J = 8.5 Hz], 7.60 [d, 2H, C(4–4′)H, 3J = 16 Hz]. 13C{1H}-NMR 

(CDCl3): δ 18.0 [–CH3 of p-cymene], 22.4 [–CH(CH3)2 of p-cymene], 29.7 [C(14–14′), C(15-

15') and C(16-16')], 30.9 [-CH(CH3)2 of p-cymene], 31.2 [C(13–13′)], 47.9 [C(12–12′)], 79.2 

[C(a–a′) of p-cymene], 83.0 [C(b–b′) of p-cymene], 97.6 [Ci′ of p-cymene], 99.7 [Ci of p-

cymene], 102.4 [C(1)], 122.0 [C(9–9') and C(7–7′)], 127.7 [C(3–3′)], 128.8 [C(10–10′) and 
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C(6–6′)], 133.5 [C(5-5′)], 137.7 [C(4–4′)], 151.4 [C(8–8′)], 170.5 [C(11–11′)], 178.4 [C(2–

2′)=O]. ESI-MS(+) CH3CN (m/z [relative intensity, %]): 739 [100] [Ru(p-cymene)(L10)]+. 

[Ru(p-cymene)(L11)(Cl)] (17). In a round bottom flask, HL11 (111 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were dissolved in CH3CN (5 mL) under magnetic stirring 

and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at room 

temperature. The resulting red solution was stirred at reflux for 16 hours. At the end, the 

solvent was dried under reduced pressure and the obtained oil was precipitated with solvents 

(CH2Cl2/hexane). Then the precipitate was filtered with hexane and washed with cold 2-

propanol giving the final complex 17 (Figure 45) as a red powder (yield 71%). It is soluble in 

DMSO, CH3CN and chlorinated solvents; slightly soluble in alcohols and insoluble in H2O. 

 

Figure 45 - Structure of compound 17 

Anal. Calcd for C41H37ClO10Ru: C, 59.60; H, 4.51. Found: C, 59.38; H, 4.69. m.p.: 215-218°C. 

IR (cm−1): 3145 wbr, 3119 wbr, 2963 w, 2937 w, 2872 w, 2840 w ν(aromantic C–H); 1738 s 

ν(–OC=O), 1628 w ν(C=O); 1598 w, 1570 w, 1535 m, 1512 vs, 1470 s, 1451 m, 1404 s 

ν(C=C); 1393 s, 1295 s, 1257 s, 1231 m, 1203 m, 1172 s, 1160 s, 1122 s, 1083 s, 1028 m, 

1013 s, 994 m, 971 m, 928 m, 884 m, 847 m, 802 m, 766 s, 751 s, 734 m, 685 w, 611 m. 1H-

NMR (CDCl3, 293 K): δ 1.42 [d, 6H, –CH(CH3)2 of p-cymene, 4J = 7 Hz], 2.38 [s, 3H, –CH3 of 

p-cymene], 3.01 [sept, 1H, -CH(CH3)2 of p-cymene], 3.89 [s, 6H, -OCH3], 5.34 d, 5.61 d [4H, 

AA′BB′ system, CH3- C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz], 5.54 [s, 1H, C(1)H], 6.57 [d, 

2H, C(3–3′)H, 3J = 16 Hz], 6.63 [d, 2H, C(14-14′)H, 3J = 8.0 Hz], 7.15, 7.16, 7.18 [m, 6H, 

C(10–10′)H, C(6-6’)H, C(9-9’)H], 7.43 [d, 2H, C(13–13′)H, 3J = 8.0 Hz], 7.61 [d 2H, C(4–4′)H, 
3J = 16 Hz], 7.71 [s, 2H, C(15-15’)H]. 13C{1H}-NMR (CDCl3): δ 18.1 [–CH3 of p-cymene], 22.4 

[–CH(CH3)2 of p-cymene], 30.9 [-CH(CH3)2 of p-cymene], 56.0 [-OCH3], 79.2 [C(a–a′) of p-

cymene], 83.0 [C(b–b′) of p-cymene], 97.7 [Ci′ of p-cymene], 99.8 [Ci of p-cymene], 102.4 

[C(1)], 111.2 [C(9–9′)], 112.2[C(14–14′)], 119.6 [C(13–13′)], 120.9 [C(10–10′)], 123.2 [C(6–
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6′)], 128.1 [C(3–3′)], 135.2 [C(5–5′)], 138.0 [C(4–4′)], 140.0 [C(8-8′)], 143.8 [C(12–12′)], 147.1 

[C(15–15′)], 151.5 [C(7–7′)], 156.2 [C(11-11′)], 178.4 [C(2–2′)=O]. ESI-MS(+) CH3CN (m/z 

[relative intensity, %]): 791 [100] [Ru(p-cymene)(L11)]+. 

[Ru(p-cymene)(L12)(Cl)] (18). In a round bottom flask, HL12 (99 mg, 0.2 mmol) and 

triethylamine (TEA 28 μL, 0.2 mmol) were dissolved in CH3CN (5 mL) under magnetic stirring 

and heating. After 30 minutes, [(p-cymene)RuCl2]2 (61 mg, 0.1 mmol) was added at room 

temperature. The resulting red solution was stirred at reflux for 16 hours The precipitate was 

filtered giving the final complex 18 (Figure 46) as a red powder (yield 74%). The complex is 

soluble in DMSO and chlorinated solvents, slightly soluble in CH3CN and alcohols and 

insoluble in H2O. 

 

Figure 46 - Structure of compound 18 

Anal. Calcd for C39H33ClO8Ru: C, 61.14; H, 4.34. Found: C, 61.34; H, 4.41. m.p.: 267-269°C. 

IR (cm−1): 3141 w, 3128 w, 3112 w, 3037 w, 2923 w, 2866 w ν(aromatic C–H); 1732 m ν(–

OC=O), 1627 m ν(C=O); 1599 w, 1568 w, 1541 m, 1509 s, 1467 s, 1401 s ν(C=C); 1330 w, 

1319 w, 1295 s, 1231 m, 1204 s, 1172 s, 1159 s, 1090 s, 1010 m, 998 m, 990 m, 977 m, 969 

m, 948 m, 928 m, 883 m, 869 m, 853 m, 825 m, 805 m, 796 ,m, 768m, 751 m, 734 m, 685 m, 

610 m. 1H-NMR (CDCl3, 293 K): δ 1.43 [d, 6H, –CH(CH3)2 of p-cymene, 4J = 7 Hz], 2.38 [s, 

3H, –CH3 of p-cymene], 3.02 [sept, 1H, -CH(CH3)2 of p-cymene], 5.34 d, 5.61 d [4H, AA′BB′ 

system, CH3- C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz], 5.51 [s, 1H, C(1)H], 6.58 [d, 2H, C(3–

3′)H, 3J = 16 Hz], 6.63 [m, 2H, C(14-14′)H], 7.26 [d, 4H, C(9–9′)H and C(7–7′)H, 3J = 9 Hz], 

7.42 [d, 2H, C(13–13′)H], 7.59 [d, 4H, (d, 4H, C(10–10′)H and C(6–6′)H, 3J = 9 Hz], 7.63 [d, 

2H, C(4-4')H, 3J = 16 Hz], 7.72 [s, 2H, C(15-15')H]. 13C{1H}-NMR (CDCl3): δ 18.0 [–CH3 of p-

cymene], 22.4 [–CH(CH3)2 of p-cymene], 30.9 [-CH(CH3)2 of p-cymene], 79.2 [C(a–a′) of p-

cymene], 83.1 [C(b–b′) of p-cymene], 97.6 [Ci′ of p-cymene], 99.7 [Ci of p-cymene], 102.6 

[C(1)], 112.3 [C(14–14′)], 119.7 [C(13–13′)], 122.0 [C(9–9') and C(7–7′)], 127.9 [C(3–3′)], 
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128.9 [C(10–10′) and C(6–6′)], 133,8 [C(5-5′)], 137.7 [C(4–4′)], 143.9 [C(12-12')], 147.3 

[C(15–15′)], 150.9 [C(8-8′)], 156.2 [C(11-11′)], 178.4 [C(2–2′)=O]. ESI-MS(+) CH3CN (m/z 

[relative intensity, %]): 731 [100] [Ru(p-cymene)(L12)]+. 
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2.2 RESULTS AND DISCUSSION 
2.2.1 Synthesis and characterization of ligands 
The bioconjugate curcumin ligands, HL1-HL12, were synthesized as reported in Scheme 13 

at room temperature and under inert atmosphere (N2 flux), starting from the commercially 

available curcumin (for HL1, HL3, HL5, HL7, HL9 and HL11 ligands) and 

bisdemethoxycurcumin (for HL2, HL4, HL6, HL8, HL10 and HL12 ligands). In brief, curcumin or 

bisdemethoxycurcumin were dissolved in the reaction solvent which, in most of the case, 

was acetone. However, the use of acetone as solvent in the reaction between curcumin and 

3,3-dimethylbutyryl chloride did not give the desired product HL9 and, as a consequence, this 

reaction was carried out by using another polar aprotic solvent such as CH3CN. The following 

step was characterized by the addition of triethylamine (TEA), in order to provide a basic 

environment required for the deprotonation of the two phenolic -OH groups in the aromatic 

moieties. The change in color from yellow to red confirms this process. The presence of a 

Lewis base instead of a Brønsted one was necessary to avoid secondary and unwanted 

reactions which did not allow the reaction to proceed. The esterification reaction has been 

carried out in the presence of relative acyl chloride which has been added dropwise at 0 °C 

to counteract the exothermic reaction due to its very high reactivity. The solution immediately 

turned yellow and the formation of a precipitate has been observed after few minutes. Both 

the base (TEA) and the acyl chloride have been used in excess with respect to the 

curcuminoids (3:1) and not in stoichiometric quantity (2:1) in order to favor the formation of 

the diesterified product. Anyway, in the case of the synthesis of HL11 and HL12 ligands the 

stoichiometric quantity of triethylamine was necessary, since by using an excess of it did not 

allow to obtain the desired product leading secondary reactions take place like the formation 

of amide between the amine and the heteroaromatic acyl chloride (2-furoyl chloride). At the 

end, in order to purify the desired product from the reactants, the crystallization has proved to 

be an excellent alternative to this procedure avoiding the common use of chromatographic 

separation as it avoids the loss of the product in the column and allows less waste of solvent. 

 

Scheme 13 - Synthetic procedure for the ligands HL1-HL12 
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The so obtained compounds HL1-HL12 are air-stable and soluble in most of the organic 

solvents, but not in water. The elemental analyses and ESI-MS spectrometry have confirmed 

the expected structures of the ligands, showing a very good purity of the products, which is 

also confirmed by the narrow melting points. The molecular structures of these ligands have 

been confirmed by the presence of the molecular peaks at m/z [M-1], attributable to the 

deprotonated [Ln]- (n = 1-12) species. 

The IR spectra of the ligands have been carried out on solid samples and from which it was 

possible to infer some confirmation of the occurred esterification. First of all, from the 

disappearance of the broad absorption above 3000 cm-1 attributable to the stretching of the 

O-H bonds, originally present in the starting curcuminoids and, additionally, a new strong 

absorption is observed at around 1740 cm-1, attributable to the stretching of the added -

OC=O group (an example in Figure 47). Moreover, the spectra have shown all the expected 

absorption bands: weak or medium absorptions in the range 2970-2870 cm-1 due to the C-H 

bonds followed by that relative to the stretching of the –C=O at around 1622 cm-1 and, at the 

end, a medium absorption in the range 1598 and 1408 cm-1 resulting from the C=C double 

bonds. 

 

Figure 47 - Comparison between the IR spectra of HL3 ligand (grey line) and the curcumin parent compound 
(red line) 

All the 1H-NMR spectra have been recorded in CDCl3 solution except for the compounds 1 

and 2 for which DMSO-d6 has been used. They have shown a single set of resonances for 

the two acyl substituents, indicating both the chemical and magnetic equivalence of the 

diesterified products. This confirmed that the symmetry of the starting molecules is 

maintained in the final products. The same analogues of the esterified products of curcumin 

and bisdemethoxycurcumin between them, show a similarity in the NMR spectra and this 

reflects the structural similarity of the couple ligands. The difference lies in the presence of 

the methoxy group for curcumin derivatives that generates a singlet at about 3.8 ppm and, 

three more other signals, attributable to the protons of the tri-substituted aromatic rings. On 

the other hand, the absence of the methoxy group in the bisdemethoxycurcumin derivatives, 

generates a di-substituted aromatic ring in para position, resulting in the presence of two 
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doublets in the aromatic region of the spectrum. In both cases, the keto-enol tautomerism is 

confirmed by the presence of a singlet at about 5.8 ppm attributable to 1-CH, that integrates 

just a single proton. In addition to the signals occurring at higher frequencies, due to the 

conjugated system of the curcuminoid structure, the aliphatic protons belonging to the acyl 

moiety of the diesterified products HL1, HL2, HL3, HL4, HL5, HL6, HL9, HL10, are detectable as 

multiplets in the region of upfield (1H-NMR examples of compounds HL4 and HL5 in Figure 

48a and 48b respectively). 

 

 

Figure 48a -1H-NMR spectrum of ligand HL4 recorded in CDCl3 

 

Figure 48b –1H-NMR spectrum of ligand HL5 recorded in CDCl3 
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Among these aliphatic signals, the more deshielded protons are those bound to 12/12’-CH 

since they are closer to the ester group. In the case of HL7, HL8, HL11 and HL12, the aromatic 

region of the spectrum, where the curcumin signals fall, is more complex due to the presence 

of additional aromatic protons due to the acyl substituent (1H-NMR example of compound 

HL11 showed in Figure 49). 1H-NMR spectra were assigned based on the 13C-NMR, and 

one-bond and long-range couplings from {1H –1H}-COSY, {1H –13C}-HSQC, and {1H –13C}-

HMBC experiments. 

 

 

Figure 49 -1H-NMR spectrum of ligand HL11 recorded in CDCl3 

2.2.2 Synthesis and characterization of the complexes 
All the complexes have been synthesized in good yields. The compounds 9-18 were 

obtained by dissolving the respective, previously reported, curcuminoid ligands in a CH3CN 

solution under magnetic stirring and heating to favour the solubilization of the starting 

material. For complexes 1-4 the use of an even more apolar solvent, like CH2Cl2, was 

necessary since the very high hydrophobicity of palmitoyl residue. Then, the triethylamine 

has been added in stoichiometric quantity to the solution to provide a basic environment 

required for the deprotonation of the enolic form belonging to the curcuminoid structure. In 

this way the coordination of the ligands to the metal centre is further facilitated. No change in 

color were observed in this case. After 30 minutes, the dimer [(p-cymene)MCl2]2 (where M = 

Ru except for complexes 3 and 4 for which M = Os) has been added and the resulting 

solutions have been stirred at reflux for 16 or 24 hours (Scheme 14). The time required for 

complexes 1-4 was a bit longer. The resulting clear solutions have been dried at reduced 

pressure and the complexes have been precipitated with solvents (using a mixture of CH2Cl2 
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/ Hexane) and washed with 2-propanol (or EtOH for compounds 1-4) in order to remove the 

residue of triethylammonium chloride salt formed during the reaction. These final steps were 

not necessary for compounds 13 and 14, for which, after 16 hours under reflux the formation 

of a red precipitate was observed, thus the corresponding products were isolated by filtration. 

 

 

 

Scheme 14 - Synthetic procedure for compounds 1-4 and 9-18 

 

The so obtained compounds 1-4 and 9-18 are air-stable and soluble in most of the organic 

solvents, but not in water. The elemental analyses and ESI-MS spectrometry have confirmed 

the expected structures, showing a very good purity of the products, which is also confirmed 

by the narrow melting points. The molecular structures have been confirmed by the presence 

of the molecular peaks at m/z [M-35], attributable to the hydrolysis of M-Cl bond. 

The IR spectra have been carried out on solid samples. They have shown all the expected 

absorption bands and in particular the typical ν(C=O) vibrations relative to the complexes are 

shifted at lower wavenumbers compared to the corresponding free ligands due to 

coordination through both the carbonyl arms toward the metal. The occurred coordination 

could be inferred also to the sharper peaks’ structure (Figure 50). Furthermore, in the far-IR 

region, strong absorptions at around 270 cm−1 may be assigned to ν(M–Cl). 
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Figure 50 - Comparison between the IR spectra of HL7 ligand (grey line) and the relative complex 13 (red line) 

All the 1H-NMR spectra of the complexes have been recorded in CDCl3 solution except for 

compounds 13 and 14 for which has been used DMSO-d6. The same analogues of curcumin 

and bisdemethoxycurcumin, between them, show a similarity of the NMR spectra. The only 

difference lies in the presence of the methoxy group (for curcumin derivatives) that generates 

a singlet at about 3.8 ppm and the signals coming from the different substituted aromatic 

rings (an example of complexes bearing the same curcumin and bisdemethoxycurcumin 

derivative in Figure 51).  

 

 

Figure 51 - Comparison between the 1H-NMR spectra recorded in CDCl3 of compound 15 (blue line) and 16 

(red line) 

 

In the spectra all the set of signals related to the ligands’ protons far from the coordination 

environment, are just a little bit shifted compared to the signals of the free ligands. Thus, the 

most shifted and representative signals of the occurred complexation are: that one of the 
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proton in alpha position (1-CH), found at weaker fields as consequence of the coordination to 

the metal centre through the carbonyl groups; and the 3-CH and 3’-CH protons, being in the 

immediate proximity of the coordination sphere. 

The 1-CH proton signal is always found at around 5.5 ppm and appears between the two 

doublets arising from the aromatic protons of the p-cymene system (Ha-a’ and Hb-b’). 

Furthermore, additional signals coming from the arene system appear in the aliphatic region 

of the spectrum and result in a singlet (due to the isolated -CH3) and a septet plus a doublet 

due to the -CH(CH3)2 group (a representative example in Figure 52). 

 

 

Figure 52 - Comparison between the 1H-NMR spectra recorded in CDCl3 of compound 18 (blu line) and its 
relative ligand HL12 (grey line) 

 

The 1H- and 13C-NMR spectra were assigned based on the one-bond and long-range 

couplings, from {1H–1H}-COSY, {1H–13C}-HSQC, and {1H–13C}-HMBC experiments 

(examples of bidimensional analysis of compound 1 are showed in Figures 53a, 53b and 

53c). 
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Figure 53a - { 1H-13C}-HSQC NMR of 1 in CDCl3 

 

 

 

 

Figure 53b –{ 1H-13C}-HMBC NMR of 1 in CDCl3  
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Figure 53c – { 1H-1H}-COSY NMR of 1 in CDCl3 

Similarly, to the compounds 1 and 2, which are ruthenium complexes of HL1 and HL2 ligands 

respectively, also osmium derivatives 3 and 4 of the same ligands have been synthesized. 

They present the same 1H-NMR patterns except for the signals coming from the arene part 

(p-cymene moiety) which are more deshielded for the osmium analogues. A less pronounced 

shifting, can be also seen for the proton of the ligand 1-CH in alpha position and for the 

septet of the -CH(CH3)2 group. Any particular difference was found for the doublet of -

CH(CH3)2 and for the singlet of -CH3 (Figure 54). 

 

Figure 54 - Comparison between the 1H-NMR spectra recorded in CDCl3 of compounds containing the 

Ruthenium, 2 (blue line) and Osmium, 4 (red line) analogues of HL2 ligand 
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Additionally, the RAPTA-like compounds 5-8 have been synthesized in good yields starting 

from 1-4 (Scheme 15). The parent complexes 1-4 have been initially solubilized in CH2Cl2 

and the hydrolysis of M-Cl ligand was promoted by the addition of the silver salt AgSO3CF3 

that gave the precipitation of AgCl, leaving in solution the [(p-cymene)M(Ln) - SO3CF3] 

species (where n= 1-2 and M = Ru or Os). The reaction was stirred at room temperature for 

1 hour and then the solution was filtered to remove the AgCl salt. PTA (1,3,5-triaza-7-

phosphaadamantane) was finally added to the filtrate and then the solution was stirred for 

other 24 h at room temperature to obtain the ionic derivatives 5-8 having the triflate species 

(SO3CF3
-) as counterion in the outer-sphere of coordination. The products have been 

precipitated from a 3/1 mixture of dichloromethane and n-hexane. 

 

 

Scheme 15 - Synthetic procedure for compounds 5-8 

 

Again, the obtained compounds are air-stable and soluble in most organic solvents, but not 

in water. 

The elemental analyses and ESI-MS spectrometry have confirmed the expected structures, 

showing a very good purity of the products, which is also confirmed by the narrow melting 

points. The molecular structures of these complexes have been underlined by the presence, 

in the mass spectrum, of the molecular peaks attributable to the remotion of the SO3CF3
- 

counterion from the complexes. Furthermore, the conductance values in acetone confirm the 

existence of 1:1 electrolyte species for 5–8 and are consistent with the conductance values 

of their neutral derivatives 1-4. It has been observed that he bisdemethoxycurcumin-like 

derivatives 6 and 8 have a lower dissociation than their curcumin-like analogues 5 and 7. 

The substitution of chloride by PTA and the formation of the ionic compounds were 

confirmed by the absence of the ν(M–Cl) absorption band in the IR spectra. Moreover, a 



  

 

77 

 

characteristic absorption pattern in the region 1000–1200 cm−1, indicative of a non-

coordinated SO3CF3
− anion, is observed. The 31P-NMR resonances in DMSO-d6 attributable 

to the PTA ligand are observed at lower field compared to that of uncoordinated PTA, thus 

confirming the binding to the metal center. 

Moreover, the 1H-NMR spectra show the additional peaks due to the presence of PTA ligand 

which generates a singlet around 4.10 ppm (NCH2P) and a multiplet at about 4.46 (NCH2N) 

(Figure 55). 

 

 

 

Figure 55 -1H-NMRspectrum of 8 recorded in DMSO 
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2.2.3 Stability studies 
To investigate the stability of 5–8 a series of 31P-NMR spectra were recorded in DMSO-d6 

solution over time. The δ values of the characteristic peaks for phosphorous in all the spectra 

remained unchanged over 3 days, indicating that the complexes are stable in DMSO. The 
1H-NMR spectra of the same complexes confirm their stability although a slight release of 

curcumin ligand is observed after 6 days for complexes 5 and 6, underling the greater 

inertness and stability of the osmium complexes 7 and 8 compared to ruthenium (see 

Figures 56a, 56b and 56c). 

 

 

Figure 56a -1H-NMR in DMSO-d6 of 5 at t=0 (a) and t=6 days (b) and of 6 at t=0 (c) and t=6 days (d) 

 

Figure 56b – 1H-NMR of 7 in DMSO-d6 at t=0 (a) and t=6 days (b) and the 31P-NMR recorded after 6 days (c) 
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Figure 56c – 1H-NMR of 8 in DMSO-d6 after 6 days (a) and the 31P-NMR recorded after 6 days (b) 

Furthermore, the stability of the neutral derivative 1 in DMSO solution was confirmed using 

UV-vis spectroscopy. The spectrum remained unchanged for a period of 72 h, displaying an 

absorption band at about 400 nm (Figure 57a). In order to investigate the stability profile 

under physiologically relevant conditions, phosphate- buffered solutions (PBS, pH = 7.4) of 1, 

3 and 5 were monitored over time using UV-Visible spectroscopy. The complexes were 

initially dissolved in DMSO (0.7 mg L−1, 0.16 mg L−1 and 97.5 mg L−1 respectively) and then 

diluted to 5% DMSO with PBS. The absorbance spectra were collected after 0, 4, 18, 24, 48 

and 72 h (Figure 57b, 57c and 57d). 

 

 

Figure 57 - UV-visible spectra of 1 in DMSO solution (a) and of 1 (b), 3 (c) and 5 (d) in 5% DMSO-PBS 

solution at room temperature within 72 hours 

This time, the absorption energy of the complexes in 5% DMSO-PBS decreases over time, 

which may be attributed to precipitation, observable by clouding of the solution, probably due 

to the very long lipophilic chain of the palmitoyl residue. For 1 and 3 the exchange of the 
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chloride ligand with a solvent molecule occurs immediately and λmax remains unchanged 

within 72 h. In contrast, complex 5 containing PTA shows a slight decrease in the wavelength 

of the maximum absorption energy which might be caused by the replacement of SO3CF3
- 

counterion with an anion present in the buffer solution. In fact, the intermolecular contacts 

between the anionic species with the complexes may affect the electronic structure and the 

structural arrangement, as previously reported by others.149 All the complexes showed 

transitions in the range 350–400 nm assignable to MLCT (metal–ligand charge transfer) from 

the filled 4d orbitals of Ru(II) to the empty π* ligand orbitals (4d6 Ru → π*). For complex 5 

the substitution of the counterion hypothesized above is consistent with the stability studies 

in solution carried out using 31P-NMR spectroscopy in which the phosphorus signal remains 

unchanged over 72 hours. The osmium complex 4 showed greater stability than the 

analogous ruthenium derivative 1. 

 

2.2.4 Cytotoxicity studies 
The cytotoxicity of the compounds 1-8 was determined on the human ovarian carcinoma cell 

line (A2780) and its cisplatin resistant form (A780cis) as well as non-tumorigenic human 

embryonic kidney (HEK293T) cells over an incubation period of 72 h using the MTT assay. 

The resulting IC50 values of the compounds are presented in Table 1 together with the values 

for cisplatin and Rapta-C used as positive and negative controls, respectively. Complexes 2 

and 4 display the highest cytotoxicity to the 

A2780 cells, with IC50 values of 0.5 ± 0.2 and 0.4 ± 0.1 μM, respectively, combined with 

excellent selectivity profiles, with a selectivity index > 100 (IC50 >50 μM in the HEK293T cell 

line). Compared to cisplatin, used as a positive control, 2 and 4 are more cytotoxic to the 

A2780 cells and are more selective, but do not effectively overcome acquired resistance due 

to cisplatin. Complexes 1 and 3 are the least cytotoxic to the A2780 cells with IC50 values of 

43 ± 5 μM and 49 ± 6 μM, respectively. Previous studies on ruthenium complexes with 

curcumin and bisdemethoxycurcumin ligands indicated that the ionic PTA derivatives tend to 

be more effective. Here, however, the neutral Ru and Os complexes are superior to the ionic 

PTA derivatives. 

The higher cytotoxicity observed for 2 and 4 compared to previously reported compounds 

may be attributed to the presence of long aliphatic chains in the ligands that presumably 

favour uptake. Overall, the best results are observed for bisdemethoxycurcumin derivatives, 

regardless of their neutral or charged nature. SAR data revealed that bisdemethoxycurcumin 

complexes are generally more active and selective than the analogous curcumin-containing 

complexes. 
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Compound A2780 A2780cis HEK293T 
HL1 4.2 ± 4.9 6.8 ± 3.0 >50 

HL2 n.a * n.a * n.a * 

1 43 ± 5.0 >50 >50 

2 0.5 ± 0.2 6.3 ± 7.7 >50 

3 49 ± 6.0 >50 >50 

4 0.4 ± 0.1 >50 >50 

5 6.1 ± 1.7 11.2 ± 0.6 24 ± 80 

6 11.8 ± 2.6 14.4 ± 5.7 21 ± 19 

7 10.3 ± 2.9 14.9 ± 2.6 21 ± 10 

8 3.7 ± 2.2 2.3 ± 0.4 3.7 ± 0.8 

Cisplatin 1.1 ± 0.5 7.7 ± 0.9 3.4 ± 1.7 

Rapta-C >100 >100 >100 

*Values not reproducible due to low solubility 

 

Table 1 -IC50 values of p-curcH and p-bdcurcH, 1–8, cisplatin and RAPTA-C on the human ovarian carcinoma 

(A2780), its cisplatin resistant form (A2780cis), and human embryonic kidney (HEK293T) cell lines. IC50 values 
(μM) are given as the mean obtained from triplicate values for poorly soluble compounds or 3 independent 

experiments ± standard deviation 

 

 

2.2.5 Binding with BSA 
The interaction between serum proteins and drugs is of fundamental pharmacological 

importance since human serum albumin (HSA) is a major plasma protein with an established 

role in drug transport. The binding drug-serum albumin is known to occur mainly through the 

formation of non-covalent interactions at specific binding sites. Previous crystallographic 

studies reported that a wide variety of drugs and small molecule toxins targeted the deep 

cleft between domains I and III of HSA. A similar binding mode was predicted in the case of 

complexes 1, 2, 4 and 5. In particular, the structural analysis with Maestro R.2021-2 showed 

that the complexes were stabilized by hydrophobic interactions with residues Pro-113, Leu- 

115, Val-116, Pro-147, Tyr-148, Tyr-150, Ala-191, and by short-range polar interactions with 

residues Arg-114, Arg-117, Lys- 190, Lys-432, Lys-436 (Figure 58). 
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Figure 58 - Comparison of the computed binding modes of complexes 1, 2, 4 and 5 to 
crystallographic structure of HSA. Trp residue responsible for the intrinsic fluorescence of HSA is 

rendered as red stick 

Given the high structural homology, bovine serum albumin (BSA) was used instead of HSA, 

in experimental binding studies of selected complexes (1, 2, 4 and 5) using a fluorometric 

quenching assay.26 Upon excitation of tryptophan residue at 295 nm, fluorescence emission 

spectra were recorded in the range 340–600 nm after addition of the complexes. All 

compounds quenched the intrinsic fluorescence of BSA, although to different extents, based 

on different affinities for BSA and the distance between the fluorophore and the binding site. 

The biosensor analyses reported a reversible interaction, characterized by a moderate 

affinity in the micromolar range, with low values of both association and dissociation kinetic 

constants. These values indicate the slow formation of kinetically stable interactions between 

BSA and metal complexes 1, 2, 4 and 5, consistent with the results obtained with the docking 

analyses. Notably, our results showed pH-dependent affinities (Table 2), that decreases with 

pH. 
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Compound pH kass (M-1s-1) kdiss (s-1) KD (mM) 

1 
7.4 4350 ± 760 0.007 ± 0.002 1.6 ± 0.7 
6.8 3125 ± 342 0.025 ± 0.009 7.9 ± 1.4 

2 
7.4 2654 ± 784 0.007 ± 0.004 2.6 ± 0.9 
6.8 2765 ± 433 0.054 ± 0.013 19.5 ± 4.4 

4 
7.4 3534 ± 218 0.010 ± 0.001 2.8 ± 1.2 
6.8 3876 ± 782 0.081 ± 0.034 20.9 ± 5.5 

5 
7.4 2350 ± 540 0.008 ± 0.003 3.4 ± 1.3 
6.8 3210 ± 667 0.036 ± 0.05 11.2 ± 1.6 

 
Table 2 - Comparison of kinetic and equilibrium parameters of complexes 1, 2, 4 and 5 binding to BSA under 

different pH conditions. 

This behaviour is in line with the formation of stable protein-complexes that favour the 

transport in the blood (at pH = 7.3–7.5) and the promotion of the drug release at tumour 

sites, which are characterized by lower values of pH (6.0–7.0). This decrease in binding 

affinity at a lower pH value, is probably the cause of the ability of albumins to undergo a 

reversible conformational transition with changes in pH. Specifically, a significant loss of 

alpha helices, and the consequent increase in protein volume, causes a relaxation of the 3D 

BSA structure, which supports the release of the metal-complexes given a less favourable 

accommodation in the pocket. 

 

2.2.6 Cell membrane permeability 
The ability of the complexes to cross cell membrane was evaluated by monitoring the 

changes in cell membrane fluidity using trimethylammonium diphenylhexatriene (TMA-DPH) 

as a fluorescent probe. Most evidently, different behaviour was observed between the less 

polar (1, 2, 4) and ionic (5) complexes, which is in line with their observed cytotoxicity. 

Specifically, complexes 2 and 4 could easily cross cell membrane by passive transfer 

according to a three-stage drug internalization process (stage 1: membrane entry; stage 2: 

per- maintenance in membrane; stage 3: release from membrane) in approx. 150 min. The 

nature of the metal centre induces significant quantitative differences only in the kinetics of 

membrane entry (see Figures 59a and 59b) with the membrane entry of the Ru complex (2) 

being faster than the Os counterpart (4).  
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Figure 59a - Comparative changes in emission anisotropy with time observed upon cell membrane 
passage of 1 (Panel A), 2 (Panel B), 3 (Panel C) and 4 (Panel D) 

 

Figure 59b – Detailed kinetic analyses of individual membrane entry/release stages of complex 1 
(Panel A), complex 2 (Panel B) and complex 4 (Panel C) 

On the other hand, complex 1 could still penetrate the cell membrane although with lower 

efficacy than 2 and 4, and it was retained longer in the membrane, presumably due to its 

higher hydrophobicity, before being released. Conversely, in a comparable time frame (180 

min) no significant changes in membrane fluidity were observed upon incubation of TMA-

DPH labelled cells with complex 5, the polar/ionic nature of the complex hindering its 

passage across cell membranes. 

 

2.2.7 Binding with the DNA 
The interactions of a representative selection of the complexes, i.e. 1, 2, 4 and 5, with DNA 

were determined using a biosensor-based approach, with a dsDNA probe acting as the 

“molecular bait” for the molecules of interest. All complexes reversibly bind DNA without any 

apparent difference observed between the two curcuminoid ligands (HL1 and HL2). In 
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contrast, the nature of the metal centre significantly affected the recognition event and in turn 

its affinity for DNA. The ruthenium derivatives (1, 2 and 5) have a higher rate of adduct 

formation (higher values of kass) and higher stability for the binding with DNA (lower 

dissociation rates, kdiss, and lower KD values) compared to the osmium derivative (4), which 

is consistent with the cytotoxicity studies conducted (Table 3). 

 

Table 3 - Kinetic and equilibrium parameters for the interaction between complexes 1, 2, 4 and 5 and 
surface blocked DNA 

Although the nature of ligands does not affect the interaction with the DNA, it has shown, 

through competitive binding experiments, to provide evidence for a different binding mode to 

the biological target. These experimental results were also rationalized by molecular docking 

models, which showed a peculiar “hug-anchoring” mode for 1 and 5, in which the complexes 

wrap the ds-DNA helix and shield two contiguous major and minor grooves. The complexes 

containing the HL2 ligands, i.e. 2 and 4, showed selectivity toward the major groove of DNA 

(Figure 60) as the absence of the methoxy group results in less steric hindrance. 

 

Figure 60 - Comparative visualization of the best scoring complexes formed upon docking 1, 2, 4 
and 5 onto dsDNA. Metal complexes and DNA are rendered as green sticks and grey solid surface, 

respectively. 

  

Compound kass (M-1s-1) kdiss (s-1) KD (µM) 

1 550000±37000 0.0076±0.0045 0.0138±0.00825 

2 400000±90000 0.0088±0.016 0.022±0.0091 

4 110000±20000 0.0103±0.027 0.1024±0.0211 

5 416000±120000 0.013±0.009 0.0308±0.0241 



  

 

86 

 

Chapter 3: Ru(II)-Arene complexes of curcuminoids’ 
metabolites 

3.1 Aim of the work 
Coherently to the previous research work, this section is based on the synthesis and 

biological evaluation of novel half-sandwich Ruthenium(II) complexes bearing human 

metabolites of the curcuminoids. The reduced form of curcumin and bisdemethoxycurcumin 

(HL13 and HL14 respectively), in fact, possess a very interesting biological properties and, 

most importantly, enhanced solubility and stability under physiological conditions. The new 

Ru(II)-arene complexes [arene = p-cymene (cym), hexamethylbenzene (hmb) and benzene 

(benz)] containing HL13 and HL14 were completely characterized by NMR spectroscopy and 

ESI mass spectrometry, and the crystal structures of three complexes were determined by X-

ray diffraction analysis. Compared to curcuminoids, these metabolites lose their conjugated 

double bonds system responsible for their planarity, showing unique closed conformation 

crystal structure. Both closed and open conformations have been theoretically analysed and 

rationalized using density functional theory (DFT). Furthermore, the cytotoxicity of the 

complexes was evaluated in vitro against human ovarian carcinoma cells (A2780 and 

A2780cisR), human breast adenocarcinoma cells (MCF-7 and MCF-7CR), as well as against 

non-tumorous Human Embryonic Kidney cells (HEK293), and nontumorigenic human breast 

(MCF-10A) cells and compared to the free ligand, cisplatin, and RAPTA-C. 
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3.1.1 Materials and methods 

The dimer [(p-cymene)RuCl2]2 was purchased from Aldrich while curcumin and 

bisdemethoxycurcumin were purchased from TCI Europe and were used as received. The 

samples for microanalyses were dried in vacuo to constant weight (35 °C, ca. 0.1 Torr). 

Elemental analyses (C, H, N) were performed in-house with a Fisons Instruments 1108 

CHNS-O Elemental Analyser. IR spectra were recorded on a Perkin-Elmer Frontier FT-IR 

instrument. 1H and 13C NMR spectra were recorded on a 500 Bruker Ascend (500 MHz for 
1H, 125 MHz for 13C) instrument operating at room temperature relative to TMS. Positive ion 

electrospray mass spectra were obtained on a Series 1100 MSI detector HP spectrometer, 

using acetonitrile as solvent for all complexes 1-5. Solutions (3 mg/mL) for electrospray 

ionization mass spectrometry (ESI-MS) were prepared using reagent-grade methanol. 

Masses and intensities were compared to those calculated using IsoPro Isotopic Abundance 

Simulator, version 2.1.28. Melting points were recorded on a STMP3 Stuart scientific 

instrument and on a capillary apparatus. Samples for microanalysis were dried in vacuo to 

constant weight (20°C, ca. 0.1 Torr) and analyzed on a Fisons Instruments 1108 CHNS-O 

elemental analyzer. Uv-stability studies have been conducted with a Varian Caryl 

spectrometer. 

 

3.1.2 Cytotoxicity studies 

The human ovarian cancer cell line A2780 and its cisplatin resistant form A2780cisR were 

purchased from the European Collection of Cell Cultures (ECACC, United Kingdom). The 

Human Embryonic Kidney 293T cell line, HEK293T, was kindly provided by the BSF facility 

in EPFL. The media DMEM GlutaMAX and RPMI 1640 GlutaMAX were purchased from Life 

Technologies. The fetal bovine serum (FBS) was obtained from Sigma. A2780 and A2780cis 

cells were cultured in RPMI 1640 GlutaMAX, and HEK293T cells in DMEM GlutaMAX media 

containing 10% heat inactivated FBS at 37 °C and 5% CO2. To maintain resistance, the 

A2780cis cell line was routinely treated with cisplatin (2 μM) in the media. MCF-7 cells were 

grown in MEM supplemented with 10% FBS, 1% sodium pyruvate, antibiotic, and 

antimycotic; MCF-10A cells were cultured in a DMEM/F12 Ham’s mixture supplemented with 

5% equine serum, 20 ng/mL EGF, 10 μg/ mL insulin, 0.5 mg/mL hydrocortisone, antibiotics, 

and antimycotics. MCF-7CR cells were grown in minimum essential medium (MEM), 10% 

FBS supplemented with cisplatin 0.1 mg/mL, sodium pyruvate, antibiotics, and antimycotics. 

All these chemicals were cell culture grade and were obtained from Merck-Sigma. The 

cytotoxicity was determined using the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl2H-

tetrazolium bromide) assay. The compounds were dissolved in DMSO and the resulting 
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stock solutions were sequentially diluted in cell culture grade water to obtain a concentration 

range of 0–1 mM. 10 μL aliquots of these solutions were added in triplicates to a flat-

bottomed 96-well plate. Subsequently, the cells were seeded in these plates as a suspension 

in the appropriate medium for each cell line (90 μL aliquots and approximately 1.4 × 104 

cells/well), and the plates were incubated for 72 h. Cisplatin and RAPTA-C were used as 

positive and negative controls (0–100 μM), respectively. 10 μL of an MTT solution (5 mg/mL 

in Dulbecco’s phosphate buffered saline) were added in each well, and the plates were 

incubated for 4 h at 37 °C. The medium was then carefully aspirated to conserve the purple 

formazan crystals, that were subsequently dissolved in 100 μL of DMSO/well. The 

absorbance of the resulting solutions, directly proportional to the number of surviving cells, 

was quantified at 590 nm using a SpectroMax M5e multimode microplate reader (using 

SoftMax Pro software, version 6.2.2). The data was analyzed with GraphPad Prism software 

(version 9.3.1). The percentage of surviving cells was calculated from the absorbance of 

wells corresponding to the untreated control cells (100%), and cell treated with 10 µM of 

gambogic acid (0%). The reported IC50 values are based on the means from three 

independent experiments, each comprising three tests per concentration level. 

 

3.1.3 Computational details 

The electronic structure and geometries of the HL13 and HL14 proligands and their 

corresponding anions were calculated using density functional theory at the B3LYP level with 

the 6-311G* basis set. Similarly, ruthenium complexes 19-24 (closed and open 

conformations) and the related complexes 19’-2a’ were also calculated using DFT at the 

B3LYP level. The Ru ion was described with the LANL2DZ basis set, while the 6-31G* basis 

set was used for the other atoms. Molecular geometries of 20-22 were optimized starting 

from the crystallographic coordinates. Frequency calculations were carried out at the same 

level of theory to identify all of the stationary points as minima (zero imaginary frequencies). 

DFT calculations were performed using the Gaussian 09 suite of programs. The computed IR 

spectra were scaled by a factor of 0.96. 

 

3.1.4 X-ray crystallography 

Suitable crystals of were selected and mounted on an XtaLAB Synergy R, a DW system, and 

a HyPix-Arc 150 diffractometer, where intensities were collected at 140 K using Cu Kα 

radiation. The datasets were reduced and corrected for absorption using CrysAlisPro.150 The 

structure was solved with the ShelXT151 solution program using dual methods and by using 
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Olex2 1.5 as the graphical interface.152 All non-hydrogen atoms were refined anisotropically 

using full-matrix least-squares based on |F|2. Hydrogen atoms were placed at calculated 

positions using the 'riding' model. The CCDC numbers 2266740, 2266741 and 2266742 

contain the crystallographic data for compounds 20-22, respectively. These data can be 

obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif.  

 

3.1.5 DNA binding 

The kinetics of binding of HL13 and HL14 and complexes 19-24 to DNA was initially evaluated 

using a biosensor-based assay. Upon equilibration of the carboxylate surface of the sensor 

with PBS buffer (10 mM Na2HPO4, 2.7 mM KCl, 138 mM NaCl, pH = 7.4), a 5′-biotinylated 

dsDNA oligomer (3′-CCACCCACTACCCTGGTTGGATGCTAATGT-5′) was blocked via 

streptavidin crosslinking as previously reported.146 Next, each molecule was independently 

added to the DNA-coated surface at different concentrations in the range of 0.6−6 μM, each 

time following binding kinetics up to equilibrium. Dissociation and regeneration steps were 

performed with fresh PBS buffer. The biosensor chamber was thermostatted at 37 °C 

throughout. 

The mapping of the binding sites on DNA was performed according to independent 

competitive binding assays in solution 42 using DAPI (a minor groove binder) and Methyl 

Green (a major groove binder). Briefly, the DAPI displacement assay was performed by 

monitoring the changes in the emission spectra (400−650 nm) of solutions containing 

different concentrations of the compounds of interest in the range of 0−200 μM, DNA (20 

μM), and DAPI (15 μM) in phosphate buffer (10 mM, pH 7.4) at room temperature after 

excitation at 338 nm on a Gemini XPS fluorescence microplate reader. Analogously, the 

changes in the absorbance at 630 nm of the preformed DNA−Methyl Green complex 

(obtained after 24 h of incubation at 37 °C in 50 mM Tris-HCl buffer, pH 7.5, containing 7.5 

mM MgSO4) were monitored after additional 24 h upon addition of different the molecules of 

interest with a Bio-Tek Visible plate reader. 

 
3.1.6 DNA docking analysis 

The binding modes for all the complexes of interest to DNA were obtained by independently 

docking the crystallographic structure of each molecule onto the 3D modelled 3’-

CCACCCACTACCCTGGTTGGATGCTAATGT-5’ dsDNA oligonucleotide (Avogadro153 

according to flexible ligand-receptor docking using Autodock 4 with a grid box placed all 

around the target DNA molecule. Ruthenium atom parameters used were “atom par Ru 2.96 
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0.056 12.000 -0.00110 0.0 0.0 0 -1 -1 1 # Non H-bonding”.154 All other settings were kept to 

default values. The best scoring complexes and images were rendered with PyMOL (The 

PyMOL Molecular Graphics System, Version 2.4.2 Schrödinger, LLC). 

 

3.1.7 Immunometric quantification of p62/SQSTM1 

The intracellular levels of p62/SQSTM1 were quantitated by western blotting upon treatment 

of MCF7 cells with 5 μM of complex 1 and parent curcuminoid ligand. The proper amount of 

cell lysates (15 μg of total proteins) was separated by electrophoresis on 12% SDS-PAGE 

and electroblotted onto PVDF membranes Millipore (Milan, Italy). After incubation with 

primary antibodies, the immunoblot detections were carried out with the Enhanced 

ChemiLuminescence Western Blotting analysis system (Amersham-Pharmacia-Biotech). The 

gels were always loaded with molecular weight protein markers in the range of 6.5−205 kDa, 

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a control for equal 

protein loading. Western blot results were analyzed using ImageJ software.155 

 

3.1.8 General procedure for synthesis of ligands 

HL13 (1,7-bis(4-hydroxy-3-methoxyphenyl)heptane-3,5-dione). Curcumin (500 mg, 1.4 

mmol) and Pd/BaSO4 (50 mg) were dissolved in CH3OH (25 mL). After 10 h agitation under a 

H2 atmosphere (2 atm) the reaction mixture was filtered and the remaining oil purified using 

column chromatography (cyclohexane: ethylacetate, 60:40) to obtain the ligand HL13 (Figure 

61), as white powder, yield 78%. It is completely soluble in CH3OH, CH3CN, DMSO and 

CH3Cl and insoluble in H2O and hexane. Anal. Calcd. for C21H24O6: C, 67.73; H, 6.50. Found: 

C, 67.94; H, 6.78. m.p. 87-90 °C. IR (cm-1): 3407 mbr ν(-OH); 3064 w, 3023 w, 3004 w, 2961 

w, 2933 m, 2844 w ν(aliphatic C-H); 1702 w, 1601 mbr ν(-C=O); 1450 m, 1429 m. 1H-NMR 

(CDCl3, 293 K): δ 2.55 (t, 4H, C(3-3’)H), 2.85 (t, 4H, C(4-4’)H), 3.86 (s, 6H, -OCH3), 5.43 (s, 

1H, C(1)H), 5.51 (sbr, 2H, O-H ), 6.69 (m, 4H, C(6-6’)H and C(10-10’)H), 6.85 (d, 2H, C(9-

9’)H). 13C{1H}-NMR (CDCl3, 293 K): δ 31.3 [C(4-4’)], 40.4 [C(3-3’)], 55.9 [-OCH3], 99.8 [C(1)], 

111.0 [C(6-6’)], 114.4 [C(9-9’)], 120.8 [C(10-10’)], 132.6 [C(5-5’)], 144.0 [C(7-7’)], 146.4 [C(8-

8’)], 193.2 [C(2-2’)]. ESI-MS (-) CH3CN (m/z [relative intensity, %]): 371 [100] [(L13)]-. 

 

Figure 61 - Structure of ligand HL13 
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HL14 (1,7-bis(4-hydroxyphenyl)heptane-3,5-dione). The ligand HL14 was synthesized as 

reported for HL13 starting from bisdemethoxycurcumin (500 mg, 1.6 mmol). The ligand 

(Figure 62) was obtained as white powder, yield 60%. It is completely soluble in CH3OH, 

CH3CN, DMSO and CH3Cl and insoluble in H2O and hexane. Anal. Calcd. For C19H20O4: C, 

73.06; H, 6.45. Found: C, 72.52; H, 6.53. m.p. 105-107 °C. IR (cm-1): 3270 mbr ν(-OH); 3024 

w, 2963 sh, 2930 w, 2859 w ν(aliphatic C-H); 1072 w; 1629 sh, 1614 m, 1602 m ν(-C=O); 

1514 vs, 1462 m.1H-NMR (CD3CN, 293 K): δ 2.56 (t, 4H, C(3-3’)H), 2.81 (t, 4H, C(4-4’)H), 

5.60 (s, 1H, C(1)H), 6.73 (m, 4H, C(7-7’)H), 7.05 (m, 4H, C(6-6’)H).13C{1H}-NMR (CD3CN, 

293 K): δ 30.3 [C(4-4’)], 39.7 [C(3-3’)], 99.5 [C(1)], 115.1 [C(7-7’)], 129.3 [C(6-6’)], 155.2 

[C(8-8’)] 193.7 [C(5-5’)], 204.3 [C(2-2’)]. ESI-MS (-) CH3CN (m/z [relative intensity, %]): 311 

[100] [(L14)]-. 

 

Figure 62 - Structure of ligand HL14 

3.1.9 General procedure for synthesis of complexes 

[Ru(p-cymene)(L13)Cl] (19). HL13 (74 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were 

dissolved in CH3OH (5 mL). After 1 h stirring at room temperature, [Ru(p-cymene)Cl2]2 (61 

mg, 0.1 mmol) was added. The resulting solution was stirred at room temperature for 6 h, 

after which the solvent was removed under vacuum. The KCl salt was precipitated in a 

CH2Cl2 solution and 19 crystallized by adding n-hexane. The yellow precipitate (Figure 63, 

yield 93%) was filtered and characterized. It is completely soluble in CH3OH, CH3CN, DMSO 

and CH3Cl, it is partly soluble in H2O and insoluble in hexane. 

 

Figure 63 - Structure of compound 19 
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Anal. Calcd. for C31H37ClO6Ru: C, 57.98; H, 5.81. Found: C, 56.63; H, 5.67. mp: 135-138 °C. 

IR (cm-1): IR (cm-1): 3401 mbr ν(-OH); 3068 w, 2967 w, 2919 w, 2850 w ν(aliphatic C-H); 

1557 m ν(-C=O); 1514 m; 287 ν(Ru-Cl). 1H-NMR (CDCl3, 293 K): δ 1.31 (d, 6H, -CH(CH3)2 of 

p-cymene, 3J = 7 Hz), 2.22 (s, 3H, -CH3 of p-cymene), 2.51 (t, 4H, C3-3’H)), 2.84 (m, 5H, 

C(4-4’)H and CH(CH3)2 of p-cymene), 3.90 (s, 6H, -OCH3), 5.15 (s, 1H, C(1)H),5.13 d, 5.38 d 

(4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 5.51 (sbr, 2H, -OH), 6.69 

(d, 2H, C(10-10’)H, 3Jtrans  = 8 Hz), 6.74 (s, 2H, (C-6-6’)H), 6.85 (d, 2H, C(9-9’)H, 3Jtrans  = 8 

Hz).13C{1H}-NMR (CDCl3, 293 K): δ 17.8 [-CH3 of p-cymene], 22.3 [-CH(CH3)2 of p-cymene], 

30.7 [CH(CH3)2 of p-cymene], 32.5 [C(4-4’)], 42.4 [C(3-3’)], 56.0 [-OCH3], 70.8 [C(b-b’)], 82.8 

[C(a-a’)], 97.3 [Ci’], 98.0 [C(1)], 99.4 [Ci], 111.2 [C(6-6’)], 114.1 [C(9-9’)], 120.8 [C(10-10’)], 

133.5 [C(5-5’)], 143.8 [C(8-8’)], 146.4 [C(7-7’)], 188.5 [C(2-2’)=O]. ESI-MS (+) CH3CN (m/z 

[relative intensity, %]): 607 [100] [Ru(p-cymene)(L13)]+. 

[Ru(hmb)(L13)Cl] (20). HL13 (74 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were dissolved 

in CH3OH (5 mL). After 1 h stirring at room temperature, [Ru(hmb)Cl2]2 (67 mg, 0.1 mmol) 

was added. The resulting solution was stirred at room temperature for 6 h, after which the 

solvent was removed under vacuum. The KCl salt was precipitated in a CH2Cl2 solution and 

20 crystallized by adding n-hexane. The yellow precipitate (Figure 64, yield 60%) was 

filtered and characterized. It is completely soluble in in CH3OH, CH3CN, DMSO and CH3Cl, it 

is partly soluble in H2O and insoluble in hexane. 

 

Figure 64 - Structure of compound 20 

Anal. Calcd. for C33H41ClO6Ru: C, 59.14; H, 6.17. Found: C, 59.04; H,.6.29. mp: 217-219 °C. 

IR (cm-1): 3278 mbr ν(-OH); 3004 w, 2960 w, 2931 w, 2856 w ν(aliphatic C-H); 1599 w; 1569 

vs ν(-C=O); 1513 sbr; 295 ν(Ru-Cl). 1H-NMR (CDCl3, 293 K): δ 2.06 (s, 18H, -(CH3)6 of hmb), 

2.50 (m, 4H, C(3-3’)H)), 2.79 m, 2.98 m, (4H, C(4-4’)H), 3.90 (s, 6H, -OCH3), 5.10 (s, 1H, 

C(1)H), 5.49 (sbr, 2H, O-H), 6.70 (d, 2H, C(10-10’)H, 3Jtrans  = 8 Hz), 6.74 (s, 2H, (C-6-6’)H), 

6.84 (d, 2H, C(9-9’)H, 3Jtrans  = 8 Hz).13C{1H}-NMR (CDCl3, 293 K): δ 15.0 [-(CH3)6 of hmb], 

32.5 [C(4-4’)], 42.6 [C(3-3’)], 56.1 [-OCH3], 89.9 [C6 of hmb], 97.6 [C(1)], 111.1 [C(6-6’)], 
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114.1 [C(9-9’)], 120.8 [C(10-10’), 133.5 [C(5-5’)], 143.8 [C(8-8’)], 146.4 [C(7-7’)], 188.1 [C(2-

2’)=O]. ESI-MS (+) CH3CN (m/z [relative intensity, %]): 635 [100] [Ru(hmb)(L13)]+. 

[Ru(benz)(L13)Cl] (21). HL13 (74 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were dissolved 

in CH3OH (5 mL). After 1 h stirring at room temperature, [Ru(benz)Cl2]2 (50 mg, 0.1 mmol) 

was added. The resulting solution was stirred at room temperature for 6 h, after which the 

solvent was removed under vacuum. The KCl salt was precipitated in a CH2Cl2 solution and 

21 crystallized by adding n-hexane. The red precipitate (Figure 65, yield 34%) was filtered 

and characterized. It is completely soluble in in CH3OH, CH3CN, DMSO and CH3Cl, it is 

partly soluble in H2O and insoluble in hexane. 

 

Figure 65 - Structure of compound 21 

Anal. Calcd. for C27H29ClO6Ru: C, 55.34; H, 4.99. Found: C, 55.34; H, 4.99. mp: 101-104 °C. 

IR (cm-1): 3414 mbr ν(-OH); 3071 w, 2963 w, 2934 w, 2845 ν(aliphatic C-H); 1614 sh, 1601 

w; 1563 m, 1558 m ν(-C=O); 1514 sbr, 1506 s; 266 ν(Ru-Cl). 1H-NMR (CDCl3, 293 K): 2.53 

(t, 4H, C(3-3’)H)), 2.85 (m, 4H, C(4-4’)H), 3.90 (s, 6H, -OCH3), 5.17 (s, 1H, C(1)H), 5.32 (sbr, 

2H, O-H), 5.50 (s, 6H, C6H6 of benz), 6.69 (d, 2H, C(10-10’)H, 3Jtrans  = 8 Hz), 6.75 (s, 2H, (C-

6-6’)H), 6.85 (d, 2H, C(9-9’)H, 3Jtrans  = 8 Hz).13C{1H}-NMR (CDCl3, 293 K): δ 32.7 [C(4-4’)], 

42.4 [C(3-3’)], 56.1 [-OCH3], 82.3 [C6H6 of benz], 98.2 [C(1)], 111.3 [C(6-6’)], 114.0 [C(9-9’)], 

120.9 [C(10-10’), 133.4 [C(5-5’)], 143.9 [C(8-8’)], 146.3 [C(7-7’)], 188.8 [C(2-2’)=O]. ESI-MS 

(+) CH3CN (m/z [relative intensity, %]): 551 [100] [Ru(benz)(L13)]+. 

[Ru(p-cymene)(L14)Cl] (22). HL14  (62 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were 

dissolved in CH3OH (5 mL). After 1 h stirring at room temperature, [Ru(p-cymene)Cl2]2 (61 

mg, 0.1 mmol) was added. The resulting solution was stirred at room temperature for 6 h, 

after which the solvent was removed under vacuum. The KCl salt was precipitated in a 

CH2Cl2 solution and 22 crystallized by adding n-hexane. The yellow precipitate (Figure 66, 

yield 70%) was filtered and characterized. It is completely soluble in in CH3OH, CH3CN, 

DMSO and CH3Cl, it is partly soluble in H2O and insoluble in hexane. 
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Figure 66 - Structure of compound 22 

Anal. Calcd. for C29H33ClO4Ru: C,59.84; H, 5.71. Found: C, 60.06; H, 5.59. mp: 195-197 °C. 

IR (cm-1): 3406 mbr ν(-OH); 3069 w, 2963 m, 2923 m, 2875 w, 2856 w ν(aliphatic C-H); 1613 

m ν(-C=O); 1592 m, 1564 vs; 294 ν(Ru-Cl). 1H-NMR (CD3CN, 293 K): δ 1.26 (d, 6H, 

CH(CH3)2 of p-cymene, 3J = 7 Hz), 2.10 (s, 3H, -CH3 of p-cymene), 2.41 (m, 4H, C(3-3’)H), 

2.70 (m, 1H, CH(CH3)2 of p-cymene), 2.81 (m, 4H, C(4-4’)H), 5.10 d, 5.34 d (4H, AA′BB′ 

system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 5.17 (s, 1H, C(1)H), 6.77 (d, 4H, C(7, 

7’)H, 3Jtrans = 8 Hz), 6.89 (sbr, 2H, O-H ), 7.07 (d, 4H, C(6-6’)H, 3Jtrans = 8 Hz). 13C{1H}-NMR 

(CD3CN, 293 K): δ 16.9 [-CH3 of p-cymene], 21.4 [-CH(CH3)2 of p-cymene], 30.4 [CH(CH3)2 

of p-cymene], 31.5 [C(4-4’)], 42.0 [C(3-3’)], 78.9 [C(b-b’)], 82.5 [C(a-a’)], 96.7 [Ci’], 97.6 

[C(1)], 99.2 [Ci], 115.0 [C(7-7’)], 129.4 [C(6-6’)], 132.7 [C(5-5’)], 155.1 [C(8-8’)], 188.2 [C(2-

2’)=O]. ESI-MS (+) CH3CN (m/z [relative intensity, %]): 547 [100] [Ru(p-cymene)(L14)]+. 

[Ru(hmb)(L14)Cl] (23). HL14  (62 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were dissolved 

in CH3OH (5 mL). After 1 h stirring at room temperature, [Ru(hmb)Cl2]2 (67 mg, 0.1 mmol) 

was added. The resulting solution was stirred at room temperature for 6 h, after which the 

solvent was removed under vacuum. The KCl salt was precipitated in a CH2Cl2 solution and 

23 crystallized by adding n-hexane. The orange precipitate (Figure 67, yield 33%) was 

filtered and characterized. It is completely soluble in in CH3OH, CH3CN, DMSO and CH3Cl, it 

is partly soluble in H2O and insoluble in hexane. 
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Figure 67 - Structure of compound 23 

Anal. Calcd. for C31H37ClO4Ru: C, 61.02; H, 6.11. Found: C, 60.74; H, 6.20. mp: 230-232 °C. 

IR (cm-1): 3296 mbr ν(-OH); 3012 w, 2955 w, 2923 w, 2857 w ν(aliphatic C-H); 1614 m ν(-

C=O); 1574 sbr; 228 ν(Ru-Cl). 1H-NMR (CD3CN, 293 K): δ 1.98 (s, 18H, -(CH3)6 of hmb), 

2.36 m, 2.44 m, 2.56 m (4H, C(3-3’)H)), 2.82 (4H, C(4-4’)H), 5.14 (s, 1H, C(1)H), 6.75 (d, 4H, 

C(7-7’)H, 3Jtrans  = 8 Hz), 7.03 (m, 4H, (C-6-6’)H). 13C{1H}-NMR (CD3CN, 293 K): δ 14.3 [-

(CH3)6 of hmb], 31.6 [C(4-4’)], 42.2 [C(3-3’)], 89.9 [C6 of hmb], 97.3 [C(1)], 115.0 [C(7-7’)], 

129.3 [C(6-6’)], 132.6 [C(5-5’)], 155.2 [C(8-8’)], 188.0 [C(2-2’)=O]. ESI-MS (+) CH3CN (m/z 

[relative intensity, %]): 575 [100] [Ru(hmb)(L14)]+. 

[Ru(benz)(L14)Cl] (24). HL14 (62 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were dissolved 

in CH3OH (5 mL). After 1 h stirring at room temperature, [Ru(benz)Cl2]2 (50 mg, 0.1 mmol) 

was added. The resulting solution was stirred at room temperature for 4 h, after which 24 

formed and was filtered and dried. The orange precipitate (Figure 68, yield 95%) was 

characterized. It is completely soluble in in CH3OH, CH3CN, DMSO and CH3Cl, it is partly 

soluble in H2O and insoluble in hexane. 

 

Figure 68 - Structure of compound 24 
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Anal. Calcd. for C25H25ClO4Ru: C, 57.09; H, 4.79. Found: C, 54.48; H, 4.74. mp: 206-207 °C. 

IR (cm-1): 3338 mbr, 3176 mbr ν(-OH); 3072 m, 3052 w, 3038 w, 3014 w, 2966 w, 2932 w, 

2910 w, 2852 w ν(aliphatic C-H); ν(-C=O); ν(Ru-Cl). 1H-NMR (DMSO-d6, 293 K): δ 2.33 (m, 

4H, C(3-3’)H)), 2.68 (4H, C(4-4’)H), 5.14 (s, 1H, C(1)H), 5.59 (s, 6H, C6H6 of benz), 6.68 (d, 

4H, C(7-7’)H, 3Jtrans  = 8 Hz), 7.00 (d, 4H, (C-6-6’)H). 13C{1H}-NMR (DMSO-d6, 293 K): δ 32.0 

[C(4-4’)], 42.3 [C(3-3’)], 82.2 [C6H6 of benz], 100.7 [C(1)], 115.4 [C(7-7’)], 129.6 [C(6-6’)], 

131.8 [C(5-5’)], 155.9 [C(8-8’)], 188.2 [C(2-2’)=O]. ESI-MS (+) CH3CN (m/z [relative intensity, 

%]): 491 [100] [Ru(benz)(L14)]+. 

3.2 RESULTS AND DISCUSSION 
3.2.1 Synthesis and characterization of ligands 

The tetrahydrocurcumin (HL13) and tetrahydrobisdemethoxycurcumin (HL14), were 

synthesized as reported in Scheme 16, starting from the commercially available curcumin 

and bisdemethoxycurcumin. The curcuminoid starting materials were dissolved in methanol 

and then, the mild reducing catalyst Pd/BaSO4 was added to the chilled solution. The 

reaction mixture was stirred at room temperature for 10 hours under H2 pressure (2 atm). 

Work up of the reaction mixture and purification by chromatography column gave HL13 and 

HL14 as white powders (77% and 60 % yield, respectively). In fact, the disappearance of the 

initial and characteristic yellow colour is the consequence of the loss of conjugation typical of 

the α,β-unsaturated system. 

 

 

Scheme 16 - Synthetic procedure for the ligands HL13 and HL14 

The elemental analyses and ESI-MS spectrometry have confirmed the expected structures of 

the ligands HL13 and HL14. The IR spectra of the two ligands possess aliphatic C-H 

absorption in the region of 3066-2841 cm-1 (as elucidated in Figure 69) and no longer show 

the typical ν (C=C) vibration at around 1590-1530 cm-1, characteristic of the α-β unsaturated 

chain. 
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Figure 69 - Comparison between the IR spectra of HL13 ligand (red line) and the curcumin parent compound 

(grey line) 

In the 1H-NMR spectrum is evident the loss of conjugation in the 7-carbon-linker by the 

disappearance of the signals belonging to the (3-3’)-CH and (4-4’)-CH protons from the 

olefinic region and the appearance in the aliphatic region of two triplets which integrate 4 

protons each (Figure 70a). 

 

 

Figure 70a -1H-NMR spectrum of the ligand HL13 recorded in CDCl3 

 

Moreover, the 13C-NMR spectrum underlines the presence of two more aliphatic carbon 
atoms (Figure 70b). 
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Figure 70b – 13C-NMR spectrum of ligand HL13 

 

3.2.2 Synthesis and characterization of the complexes 
The complexes 19-24 were prepared from the reaction of the appropriate dimer, 

[Ru(arene)Cl2]2, [arene = p-cymene (cym), hexamethylbenzene (hmb) or benzene(benz)] 

with HL13 or HL14 and potassium hydroxide in methanol (Scheme 17). 

 

Scheme 17 - Synthetic procedure for the compounds 19-24 

Initially, the opportune ligand has been dissolved in the reaction medium together with the 

KOH, used as base, and stirred at room temperature for about 1 hour. Then, the metallic 

acceptor was added to the solution. After 4 hours the reaction was dried at reduced pressure 

and the salt KCl precipitated in CH2Cl2. The compounds 19-24 were isolated through 

precipitation using a mixture of solvents composed by CH2Cl2 and n – Hexane.  

All the obtained complexes show a very high purity as confirmed by the narrow melting 

points and the elemental analyses. They are air-stable and soluble in acetone, acetonitrile, 

DMSO, chlorinated, alcoholic solvents and are slightly soluble in water. Electrospray 

ionization (ESI) mass spectra of 19–24 in positive ion mode, recorded in CH3CN, show the 
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expected isotopic patterns and display peaks that correspond to [Ru(arene)(L13/L14)]+ arising 

from the dissociation of the chloride ligand. Their IR spectra contain the typical ν(C=O) 

vibrations of the β-diketo moiety at lower wavenumbers than in the corresponding free 

ligands due to coordination through the carbonyl O-atoms to the metal. In the far-IR region 

can be assigned the ν(Ru–Cl) stretch absorptions in the range of 230-295 cm−1. 

Through the 1H-NMR spectroscopy is possible to demonstrate the occurred complexation 

thanks to the shifting of signals related to the protons closer to the coordination environment. 

As an example, the 1H-NMR spectrum of compound 21 in Figure 71, shows a shift at higher 

fields for both the 1-CH signal, coming from the proton in alpha position, and the two protons 

belonging to the (3-3’)-CH2. Similarly, proton 6-CH of the aromatic moiety of the curcuminoid 

ligands is also affected by the coordination being more deshielded. 

 

 

Figure 71 - Comparison between the 1H-NMR spectra recorded in CDCl3 of compound 21 (blu line) and its 

relative ligand HL13 (grey line) 

 

Furthermore, the signal of the aliphatic protons, as for instance the (4-4’)-CH2 protons of 

compound 20, are split into different pattern and this phenomena is more or less enhanced 

according to the bulk of the aromatic group, in fact, the most sterically hindered 

hexamethylbenzene ring gives the higher separation contribution for those protons (Figure 

72) considering all the different [Ru(arene)(L13)(Cl)] analogues.  

This, evaluating a sort of coupling through space established inside the structure of the 

complex which differentiate those protons despite the molecular symmetry, as it is shown in 

the {1H−13C}-HSQC spectrum in Figure 73. 
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Figure 72 -1H-NMR spectrum of compound 20 recorded in CDCl3 

 

 

 

 

Figure 73 -{ 1H-13C}-HSQC NMR of 20 recorded in CDCl3 
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3.2.3 Stability studies 
The stability of the complexes has been investigate through a series of 1H-NMR spectra 

(conducted for 19 and 22) that were recorded in DMSO-d6 solution over time. The δ values of 

the characteristic peaks in all the spectra remained unchanged over 5 days, indicating that 

the complexes are stable (an example of compound 22 in Figure 74a). However, additional 

peaks appear in the spectrum which could be referred to secondary species (either aquo or 

DMSO species) formed by the hydrolysis of Ru-Cl bond. In fact, 1H-NMR spectrum of 

compound 22 recorded in CD3CN does not show during time any additional peaks and result 

perfectly unchanged (Figure 74b). 

 

 

Figure 74a -1H-NMR stability studies of 22 after 24h (a), 48h (b) and 5 days (c) in DMSO-d6 solution 
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Figure 74b –1H-NMR stability studies of 22 at t=0 (a), after 48h (b) and 5 days (c) in CD3CN solution 

Additionally, the stability profile of complexes 19-24 and ligands HL13 and HL14 has been 

evaluated under physiologically relevant conditions in a phosphate-buffered solution (PBS, 

pH = 7.4). The solutions, with a concentration of about 10-6 M, were monitored over time 

using UV-Visible spectroscopy. The compounds were initially solubilized in DMSO and then 

diluted to 10% DMSO with PBS. The absorbance spectra were collected after 24, 48 and 72 

h. At the end of our studies, we observed that the hydrogenated ligands HL13 and HL14 show 

greater stability than their parents unmodified curcuminoids, as expected from the literature. 
156 157 In fact, the absorbance profile of curcumin and bisdemethoxycurcumin (Figure 75a) 

gradually decrease during time indicating the instability of their structure under physiological 

conditions. On the other hand, the reduced ligands HL13 and HL14 maintain for longer time 

the absorbance profile being the HL13 perfectly unchanged within 72 hours and the HL14 

stable for at least 48 hours (Figure 75a). Accordingly, all the novel organometallic compound 

show good stability on the same physiological solution even if the relative complexes 19-21 

that contain the L13 moiety result generally more stable than their analogue with L14, 22-24, 

for which appear an overall trend of reduced absorption energy in the time (Figure 75b). 

Among all, compound 1 is the most stable for which, no changes in the absorption band have 

been observed. However, different behaviour in the absorption spectra has been observed 

according to the different aromatic substituent. In detail the worst stability profile has been 

found for complexes bearing a benzene as aromatic group. Except for compound 19, all the 

complexes, show an hypochromism in the maximum absorption intensity at about 270 nm, 

accompanied by a 3-5 nm red shift in 72 h likely due to aquation phenomena derived from 

the replacement of chloride ligand with a solvent molecule. This behavior is not only typical 
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but also it represents a crucial step in the activation of ruthenium-arene anticancer 

compounds. 158 

 

 

Figure 75a - Comparison of UV-visible spectra of ligands HL13 (b) and HL14 (d) and their parent curcuminoid 
Curcumin (a) and bisdemethoxycurcumin (c) collected within 72 hours in 10% DMSO-PBS solution 

 

 

Figure 76b - UV-visible spectra of compounds 19 (a), 20 (b), 21 (c), 22 (d), 23 (e ) and 24 (f) collected within 
72 hours in 10% DMSO-PBS solution 
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3.2.4 Cytotoxicity studies 
To assess the cytotoxicity of the compounds, the MTT assay was performed using human 

ovarian carcinoma cell line (A2780) and its cisplatin resistant form (A2780cisR), human 

breast adenocarcinoma cells (MCF-7) and its cisplatin resistant counterpart (MCF-7CR), as 

well as against non-tumorous human embryonic kidney cells (HEK293) and human breast 

(MCF-10A) cells over an incubation period of 72 h. The resulting IC50 values are presented 

Table 4. 

Compound A2780 A2780cisR HEK293T MCF-7 MCF7CR MCF10A 

HL13 57 ± 30 56 ± 25 82 ± 27 >100 >100 44 ± 13 

HL14 56 ± 10 51 ± 10 >100 50 ± 9.2 >100 47 ± 16 

19 47 ± 8 64 ± 18 72 ± 16 8.0 ± 3.9 19 ± 2 6.2 ± 1.7 

20 26 ± 3 32 ± 3 32 ± 10 8.5 ± 1.6 19 ± 7 7.5 ± 1.6 

21 74 ± 14 72 ± 13 >100 >100 >100 >100 

22 77 ± 19 >100 >100 57 ± 2 29 ± 9 33,6 ± 7 

23 72 ± 17 86 ± 17 70 ± 29 20 ± 7 37 ± 6 17 ± 7 

24 64 ± 8 72 ± 8 88 ± 3 >100 >100 98 ± 9 

cisplatin 1.1 ± 0.6 9.0 ± 3.5 3.0 ± 1.1 4.2 ± 2.3 49 ± 7 12 ± 4 

RAPTA-C >100 >100 >100 >100 >100 >100 

Table 4 - IC50 values in µM of HL13, HL14, complexes 19-24, cisplatin and RAPTA-C on cisplatin sensitive and 
resistant human ovarian carcinoma (A2780 and A2780cisR), human embryonic kidney (HEK293T), cisplatin 

sensitive and resistant breast adenocarcinoma (MCF-7 and MCF-7CR), and epithelial normal breast cells (MCF-
10A). Values are given as the mean obtained from 3 independent experiments ± standard deviation 

The modified curcumin ligands, HL13 and HL14, display a similar and moderate toxicity on the 

ovarian cancer cell lines A2780 and A2780cis with IC50 values around 50 µM. The 

bisdemethoxycurcumin derivative HL14 has one of the best selectivity profiles as it appears to 

be inactive on the human embryonic cell line HEK293T (IC50 > 100 µM) while having one of 

the lowest IC50 values of 56 ± 10 µM on the A2780 cells. Among the studied complexes, 20 is 

the most potent on all tested cell lines, followed by 19 which has a notable selectivity on the 

HEK293T cell line with an IC50 of 72 ± 16 µM compared to 47 ± 8 µM on the A2780 cell line. 

Despite having a lower cytotoxicity on the ovarian cancer cell line, complexes 21 and 22 are 

inactive on the HEK293T cells (IC50 > 100 µM), conferring them with a higher selectivity than 

23 and 26. Conversely, with the exception of the benzene derivatives 21 and 24, 

complexation of HL13 and HL14 to the Ru(II)-arene unit dramatically increases the cytotoxicity 

toward MCF-7 breast cancer cells, with 19 and 20 in particular displaying in the low 

micromolar range (8.0 ± 3.9 and 8.5 ± 1.6, respectively). Generally, the acquired resistance 
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to cisplatin partially reduced the cytotoxicity of the treatments, this evidence supporting the 

hypothesis that both cisplatin-like and non-cisplatin-like mechanisms of action may be at 

play. Nevertheless, the complexes showed no selectivity for cancer cells. 

3.2.5 Binding with the DNA 
DNA is a primary target for metal-based anticancer agents, the formation of drug-DNA 

adducts being an established apoptosis-triggering event. The DNA binding ability of HL13 and 

HL14 and Ru complexes thereof was kinetically characterized using a standard biosensor-

based approach, and the binding modes were further explored both spectrophoto-

fluorometrically and by molecular docking. Generally, the molecules showed low-to-moderate 

affinity for DNA, with equilibrium dissociation constants in the sub millimolar-to-micromolar 

range (Table 5). 

 

Compound kass (M-1 s-1) kdiss (s-1) KD (µM) 

HL13 1250.20 ± 22.40 0.02 ± 0.005 15.99 ± 4.01 

HL14 970.20 ± 16.00 0.07 ± 0.006 72.15 ± 6.29 

19 2500.00 ± 55.90 0.04 ± 0.007 16.00 ± 2.82 

20 620.20 ± 15.7 0.03 ± 0.01 48.37 ± 16.17 

21 2250.70 ± 30.3 0.02 ± 0.01 8.88 ± 4.44 

22 2920.90 ± 46.70 0.05 ± 0.009 17.11 ± 3.09 

23 1090.70 ± 22.60 0.07 ± 0.005 64.17 ± 4.77 

24 520.20 ± 15.30 0.08 ± 0.01 153.78 ± 19.74 

Table 5 - Kinetic and equilibrium parameters of HL13 and HL14 and arene-Ru complexes thereof 
binding to DNA 

The global analysis of the binding kinetics revealed that HL13 has higher affinity for DNA 

compared to HL14 both due to faster association phase (higher value of kass) and higher 

stability of the ligand-DNA complex (lower value of kdiss). With the only exception of 

complexes 19, 22 and mostly 21, the modification of the curcuminoid ligands negatively 

affected their binding affinity for DNA, as evident from the increase in the values of the 

equilibrium dissociation constant, KD. 

Additionally, competitive assays with two established site-specific DNA binders (namely 

DAPI and Methyl Green) and docking analyses confirmed the ability of all curcuminoids and 

derivatives thereof to selectively form a complex with DNA at the minor groove (Figure 76). 
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Figure 77 - Visualization of best scoring complexes formed upon docking of the HL13 series (panel A) 
and HL14 (panel B) on dsDNA (represented as transparent grey surface); nucleotides involved in the 

formation of H-bonds are visualized as solid purple sticks 

3.2.6 Quantification of p62 levels 

We also evaluated the effects of the most cytotoxic complex 19 against the MCF-7 cell line, 

on the expression levels of p62/SQSTM1, a multidomain protein hub which is involved in 

several pathways, among these, apoptosis and autophagy, the major cellular proteolytic 

systems. In particular, p62 can be degraded in autophagolysosomes, and its expression 

levels correlate inversely with the autophagic activity. As reported in Figure 77, we observed 

a significant decrease of p62/SQSTM1 levels in MCF7 cancer cells upon treatment with 

complex 19 and (to a lower, still significant extent) its parent HL13, suggesting the activation 

of the autophagic flux.  
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Figure 78 - Autoradiographs and densitometric analyses of p62/SQSTM1 levels in MCF7 cells after 
treatment with 5 μM of complex 19 for 24 h (*p < 0.01 compared with the control; #p < 0.01 compared 

with HL13) 

 

3.2.7 X-ray crystallography 
 

Complexes 20-22 have been crystallized and structurally characterized by X-ray studies. 

Their structures show the expected piano stool geometry around the Ru(II) center (Figure 

78). 

 

 

 

 

Figure 79 - Molecular structure of 20 (a), of 21 where CH2Cl2 solvate is not shown (b) and of 22 (c) 
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The Ru-Cl bond lengths are within the typical 2.40-2.43 Å range, and the Ru-arene centroid 

distances are close to 1.65 Å as usual in neutral complexes. The HL13 and HL14 ligands 

coordinate the ruthenium centre in a similar fashion, with Ru-O distances between 2.06 and 

2.09 Å. Selected structural parameters are collected in Table 6. 

These values are similar to those found for related Ru complexes with curcumin and 

bisdemethoxycurcumin ligands in which this distance is close to 2.06 Å. The curcuminoid 

metallacycle is delocalized and the C-O distances in 20-22 are around 1.27-1.28 Å, which 

are longer than those calculated for the localized C=O bonds in the HL13 and HL14 precursors 

(1.24 Å, see Scheme 18). 

From an inspection of the structures, the anomalous conformation of the HL14 ligand in 22 

attracts attention (see Figures 78c). Whereas the C(O)-CH2-CH2-Cipso torsion angles are 

close to 60º in 22 (closed conformation), the same angles for 20 and 21 are close to 168 and 

177º, respectively (open conformation). 

 

Compounds 20 21 22 

Bond distances (Å), 

angles and torsion 

angles(°) 

X-ray DFT X-ray DFT X-ray DFT 

Ru-Cl 2.4308(5) 2.451 2.4254(7) 2.431 2.4033(7) 2.439 

Ru-O 
2.069(1) 

2.080(1) 

2.094 

2.096 

2.065(2) 

2.068(2) 
2.076 

2.076(2) 

2.087(2) 

2.086 

2.089 

Ru-centroid 1.646 1.739 1.644 1.745 1.646 1.738 

C−⃛O 
1.276(3) 

1.283(3) 
1.277 

1.275(3) 

1.277(3) 
1.278 

1.271(3) 

1.276(3) 

1.273 

1.274 

O-Ru-O 89.24(6) 88.4 89.14(7) 89.0 87.86(8) 88.8 

Cl-Ru-O 
85.02(5) 

85.45(5) 

85.8 

86.0 
84.21(6) 

85.2 

85.3 

83.74(6) 

84.39(6) 

85.5 

86.2 

C(O)-CH2-CH2-Cipso 
168.2 

168.7 

178.3 

178.7 

176.0 

177.2 

177.3 

179.9 

56.7 

63.0 

63.1 

64.1 

Table 6 - Comparison of selected experimental and calculated structural parameters for complexes 20-22 

For this reason, the 3D crystal packing of 20-22 was analysed. In the crystal of 20, two types 

of hydrogen bonds are observed. One is formed between the coordinated chloro ligand and 

the O-H bond of the curcuminoid ligand. The Ru-Cl…H-O distance of 2.298 Å falls into the 

region of intermediate hydrogen bonds (Figure 79a). The second are hydrogen bonds 

formed as a result of a double interaction between the -OH and -OMe substituents of L13 

(Figure 79b), with a Me-O…H-O distance of 2.307 Å. In addition to this hydrogen bonding 
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network, there are additional short contacts of the chloro ligand with two methyl groups of 

two adjacent molecules (Figure 79c), one from the -OMe group of L13 and the other from a 

Me group of hexamethylbenzene (hmb). 

 

 

Scheme 18 - Optimized structures of proligands HL13, HL14 and their anions and selected bond distances 

 

 

Figure 80 - Crystal packing of complex 20 showing Ru-Cl…H-O hydrogen bonds (a); Me-O…H-O hydrogen 
bonds (b); hydrogen bonds and short contacts with the chloro ligand (c) 
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The crystal packing of 21 is built up by a hydrogen bonding network created by interactions 

between the -OH substituents of L13 of two adjacent molecules (H-O…H-O distance of 2.043 

Å, Figure 80a) and some other weak short contacts between the Ru-Cl moiety and adjacent 

C-H bonds (see unit cell in Figure 80b). 

 

Figure 81 - Crystal packing of complex 21 showing O…H-O hydrogen bonds (a) and short contacts within the 
unit cell (b) 

The asymmetric unit of 22 contains two molecules with a π-π stacking interaction between 

the p-cymene ligands characterized by a centroid-centroid distance of 3.945 Å (Figure 81a). 

The presence of two -OH functionalities in the L14 ligand allows the formation of two possible 

intermolecular Ru-Cl…H-O hydrogen bonds. However, both -OH groups are involved in 

hydrogen bonding with the same chloro ligand. Figure 81b shows the orientation of the 

Ru-Cl…H-O hydrogen bonds and additional short contacts of the chloro ligand with C-H 

bonds of the p-cymene ligand. All these intermolecular interactions are viable only if a closed 

conformation is attained in the crystal. 

 

Figure 82 - Crystal packing of complex 22 showing π-π stacking in the asymmetric unit (a) and short contacts 
within the unit cell (b) 
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3.2.8 Theoretical studies 
The proligands HL13 and HL14, their anions and ruthenium complexes 19-24 were analyzed 

using density functional theory (DFT) to obtain information about their frontier molecular 

orbitals (MOs) of the precursors and ligands and about the electronic structure of the 

complexes. Geometry optimizations were performed with the actual compounds, without 

symmetry restrictions, and starting from the experimental X-ray coordinates for complexes 

20-22. Significant differences in the structural parameters of the proligands with respect to 

the previously reported curcumin and bisdemethoxycurcumin proligands are not observed, 

except for the presence of the C-C double bond. Analysis of the frontier MOs obtained for the 

HL13 and HL14 anions reveals that HOMO-9 and HOMO-10 are the in-phase and out-of-phase 

combinations, respectively, of the σ lone pairs of oxygen atoms (Table 7). 

HL13 HL14 

  
HOMO-1 

  

HOMO-2 

  
HOMO-9 

  
HOMO-10 

Table 7 - Selected MOs of anions of HL13 and HL14 

These orbitals are primarily responsible for σ-coordination of the ligands to the ruthenium 

centre, although there are also minor contributions from HOMO-1 and HOMO-2. The 

topology of these MOs is essentially identical to that calculated for the anions of curcumin 

and bisdemethoxycurcumin (not shown). Even their energies are quite similar and, 
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consequently, no major differences between unsaturated and saturated curcuminoid ligands 

are expected when bonded to the Ru centre. 

The optimized structures of the complexes are shown in Figure 82. As previously reported in 

DFT studies of related Ru systems, the selected combination of method and basis sets 

provides a satisfactory structural description of these complexes. A comparison of the 

structural parameters of 20-22 with those determined by X-ray diffraction is good (see Table 

6). The exception is the bond distance from the Ru ion to the arene centroid, which is always 

slightly overestimated, as noted previously in similar Ru-arene complexes. The calculated IR 

spectra of 19-24 confirm the IR assignments. For instance, the symmetrical ν(C-O) stretching 

calculated at around 1570 cm-1 and the ν(Ru-Cl) stretching calculated at around 266 cm-1. 

 

 

Figure 83 - Optimized structures of 19-24 

 

As evident from Figure 82, the optimized structure of 22 with a closed conformation is 

different from the other structures and was obtained by an optimization starting from the 

crystallographic coordinates. To identify whether the open conformation of 22 is more stable, 

both the closed and open conformations of complexes 19-24 were calculated in gas phase 

without intermolecular interactions. The resulting optimized structures of the conformers are 

displayed in Figure 83. The open conformation is always the most stable with relative ΔG 

energy differences within the range of 1.3-11.9 kcal/mol (Table 8). The energy differences 

are higher for L13 than for L14 ligand and the lowest difference is found for the less sterically 

demanding benzene ligand. In any case, the closed conformation of L14 found in the crystal 

structure of 22 is due to the presence of intermolecular interactions in the solid state. The 

hydrogen bonds and π-π stacking interactions counterbalance the energy difference 

between both conformations. 
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Figure 84 - Optimized structures of conformers of complexes 19-24 

 19 20 21 22 23 24 
 closed open closed open closed open closed open closed open closed open 

ΔE 9.2 0 6.5 0 0.3 0 0.4 0 2.0 0 1.1 0 
ΔG 11.3 0 8.4 0 3.2 0 3.7 0 4.1 0 1.9 0 

Table 8 - Relative energies (kcal/mol) of the open and closed conformations for 19-24 

With the aim of comparing the behaviour of L13 and L14 as ligands in 19-24 with their 

curcumin and bisdemethoxycurcumin analogues, complexes 19a-24a were additionally 

calculated, at the same theoretical level. In these complexes, the L13 and L14 ligands were 

replaced by curcumin and bisdemethoxycurcumin, respectively (herein not showed). The 

presence of the C-C double bond in curcumin and bisdemethoxycurcumin ligands of 

complexes 19a-24a excludes the possibility of ligand conformations. To compare the 

bonding capabilities of these ligands, the Mayer indexes of the Ru-O bonds were calculated 

for all derivatives 19-24a. No significant differences were found between the two types of 

ligands with respect to the coordination to ruthenium. Only minor differences were 

encountered in the C-O bonds, where lower Mayer indexes were calculated for curcumin and 

bisdemethoxycurcumin than for L13 and L14, in agreement with the slightly longer C-O 

distances (around 1.284 Å) in 19a-24a with respect to those of 19-24.  
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Chapter 4: Ru(II) and Os(II)- (p-cymene) complexes bearing 
pyrazole-analogues of curcumin 

 

4.1 Aim of the work 
In the introductory chapters has been reported that the structural modification of curcumin on 

the level of β -diketone group may improve both stability and biological activity of the final 

compound. According to this, the current section is based on the synthesis and biological 

evaluation of novel half-sandwich Ruthenium(II) complexes containing derivatives of the 

curcuminoids bearing a pyrazole group. The new Ru(II) and Os(II)-p-cymene complexes 

were completely characterized by NMR spectroscopy and ESI mass spectrometry, and the 

crystal structures of the Ru complexes containing both curcumin and bisdemethoxycurcumin 

pyrazole analogues were determined by X-ray diffraction analysis. Compared to the other 

derivatives, these curcuminoids have a completely different functional group where the 

nitrogen atoms replace the oxygen ones. This fact reflects the different coordination 

environment found for the related complexes having a -N,N chelation instead of the typical -

O,O. The new complexes result soluble in water medium and highly stable under 

physiological condition.  

 

4.1.1 Materials and methods 

The dimer [(p-cymene)RuCl2]2 was purchased from Aldrich, the [(p-cymene)OsCl2]2 was 

synthesized using literature methods.144 Curcumin and bisdemethoxycurcumin were 

purchased from TCI Europe and were used as received. All reactions for the syntheses of 

proligands and the corresponding complexes were carried out in the air. The samples for 

microanalyses were dried in vacuo to constant weight (35 °C, ca. 0.1 Torr). Elemental 

analyses (C, H, N) were performed in-house with a Fisons Instruments 1108 CHNS-O 

Elemental Analyser. IR spectra were recorded on a Perkin-Elmer Frontier FT-IR instrument. 
1H and 13C NMR spectra were recorded on a 500 Bruker Ascend (500 MHz for 1H, 125 MHz 

for 13C) instrument operating at room temperature relative to TMS. Positive ion electrospray 

mass spectra were obtained on a Series 1100 MSI detector HP spectrometer, using 

acetonitrile as solvent for all complexes 1-5. Solutions (3 mg/mL) for electrospray ionization 

mass spectrometry (ESI-MS) were prepared using reagent-grade methanol. Masses and 

intensities were compared to those calculated using IsoPro Isotopic Abundance Simulator, 

version 2.1.28. Melting points were recorded on a STMP3 Stuart scientific instrument and on 

a capillary apparatus. Samples for microanalysis were dried in vacuo to constant weight 
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(20°C, ca. 0.1 Torr) and analysed on a Fisons Instruments 1108 CHNS-O elemental 

analyser. UV-stability studies have been conducted with a Varian Caryl spectrometer. 

 

4.1.2 General procedure for synthesis of ligands 

HL15 (4,4'-((1E,1'E)-(1-(pyridin-2-yl)-1H-pyrazole-3,5-diyl) bis(ethene-2,1-diyl)) bis(2-

methoxyphenol)). Compound HL15 has been synthesized according to the literature 

procedures.159,121 Curcumin (442 mg, 1.2 mmol) and 2-hydrazinopyridine (218 mg, 2 mmol) 

have been dissolved in n-butanol (10 mL) together with a solution of glacial acetic acid (9 

mL). The reaction has been stirred at reflux for 8 hours then the solvent has been removed 

and the product isolated through a chromatographic separation in CH2Cl2 obtaining HL15 

(Figure 84), as orange powder, yield 55%. It is completely soluble in CH3OH, CH3CN, DMSO 

and CH3Cl and insoluble in H2O. m.p. 91-93 °C. IR (cm-1): 3386 mbr ν(C=N-H); 3059 w, 3009 

w, 2960 w, 2935 w, 2837 w ν( C-H); 1588 s, 1575 m, 1537 m, 1510 vs, 1469 s, 1444 s, 1428 

s, 1366 m ν(C=C, C-N). 1H-NMR (DMSO-d6, 293 K): δ 3.83 (s, 3H, -OCH3), 3.86 (s, 3H, -

OCH3), 6.80 (t, 2H, C(9-9)H), 7.00 (d, 2H, C(10-10’)H), 7.06 (d, 1H, C(3)H), 6.11 (d, 1H, 

C(6’)H), 7.17 (s, 1H, C(1)H), 7.19 (d, 1H, C(4’)H), 7.23 (s, 1H, C(4)H), 7.25 (s, 1H, C(6)H), 

7.41 (t, 1H, C(13)H), 7.79 (d, 1H, C(3’)H), 7.87 (d, 1H, C(15)H), 8.03 (t, 1H, C(14)H), 8.58 (d, 

1H, C(12)H), 9.22 sbr, 9.29 sbr (2H, O-H). 13C{1H}-NMR (DMSO-d6, 293 K): δ 56.1 [-OCH3], 

102.5 [C(1)], 110.3 [C(6)], 111.0 [C(6’)], 115.1 [C(3’)], 116.1, 116.3 [C(9-9’)], 116.9 [C(15)], 

117.5 [C(3)], 120.6, 120.9 [C(10-10’)], 122.3 [C(13)], 128.7, 128.7 [C(5-5’)], 132.3 [C(4)], 

132.8 [C(4’)], 139.7 [C(14)], 144,1 [C(2’)], 147.5, 147.8 [C(8-8’)], 148.3, 148.4 [C(7-7’) and 

C(12)], 152.2 [C(2)] and 153.4 [C(11)]. 

 

Figure 85 - Structure of ligand HL15 

HL16 (4,4'-((1E,1'E)-(1-(pyridin-2-yl)-1H-pyrazole-3,5-diyl)bis(ethene-2,1-diyl))diphenol). 

For this synthesis the bisdemethoxycurcumin (369 mg, 1.2 mmol) has been used as starting 

material following the same procedure for compound HL15. The reaction has been stirred at 

reflux for 8 hours then the solvent has been removed and the product isolated through a 

chromatographic separation using 100 mL of a solution of hexane: ethyl acetate, 70 : 30 and 

100 mL of the same eluents in 60 : 40 ratio. The so obtained HL16 (Figure 85), is an orange 

powder (67 % of yield). It is completely soluble in CH3OH, CH3CN, DMSO, CHCl3 partly 
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soluble in CH2Cl2 and insoluble in H2O. m.p. 137-138 °C. IR (cm-1): 3202 sbr ν(C=N-H); 1640 

s, 1604 w, 1590 w, 1547 m, 1524 m, 1505 s, 1472 m, 1441 s, 1388 s, 1379 s ν(C=C, C-N). 

 

Figure 86 - Structure of ligand HL16 

4.1.3 General procedure for synthesis of complexes 

[Ru(p-cymene)(L15)Cl]Cl (25). HL15 (88 mg, 0.2 mmol) and the dimer [Ru(p-cymene)Cl2]2 (61 

mg, 0.1 mmol) were dissolved in CH3CN (5 mL). After 24 h stirring at room temperature the 

solvent has been partly removed at reduced pressure and the compound 25 (Figure 86) 

precipitated from the solution using Et2O. The orange precipitate (86 mg, yield 58%) was 

characterized. It is completely soluble in all the polar solvents like alcohols, CH3CN, DMSO 

and H2O and insoluble in CH3Cl, hexane and acetone. 

 

Figure 87 - Structure of compound 25 

Anal. Calcd. for C36H37Cl2N3O4Ru: C, 57.83; H, 4.99; N 5.62. Found: C, 55.75; H, 4.99; N, 

5.37. m.p. 157-159 °C. IR (cm-1): 3059 mbr, 3007 mbr, 2960 mbr, 2931 mbr, 2843 w ν(C=N-

H and C-H); 1590 s, 1535 m, 1515 s, 1470 vs, 1455 sh, 1412 w, 1384 s, 1312 w, 1300 w 

1278 vs ν(C=C, C-N). 1H-NMR (DMSO-d6, 293 K): δ 0.97 (dd, 6H, CH(CH3)2 of p-cymene), 

2.30 (s, 3H, CH3 of p-cymene), 2.52 (m, 1H, CH(CH3)2 of p-cymene), 3.87 s, 3.93 s (6H, -

OCH3), 6.08 d, 6.10 d, 6.23 d, 6.31 d (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 
3J = 6 Hz), 6.89 d, 6.97 d (2H, C(9-9’)H), 7.04 d (1H, C(3’)H), 7.17 (d, C(10)H), 7.26 (d, 1H, 

C(10’)H), 7.30 (s, 1H, C(6’)H), 7.37 (d, 1H, C(4)H), 7.40 (s, 1H, C(6)H), 7.47 (d, 1H, C(3)H), 

7.61 (s, 1H, C(1)H), 7.63 (t, 1H, C(13)H), 7.69 (d, 1H, C(4’)H), 8.00 (d, 1H, C(15)H), 8.28 (t, 

1H, C(14)H), 9.38 (d, 1H, C(12)H), 9.64 s, 9.70 s (2H, -OH). 13C{1H}-NMR (DMSO-d6, 293 K): 
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δ 19.2 [-CH3 of p-cymene], 22.0, 22.4 [-CH(CH3)2 of p-cymene], 30.9 [-CH(CH3)2 of p-

cymene], 56.2, 56.4 [-OCH3 of L15], 81.6, 83.3 [C(a-a’)], 85.9, 87.5 [C(b-b’)], 103. 7 [Ci’], 

106.4 [Ci], 107.6 [C(1)], 110.8 [C(3)], 111.7, 111.8 [C(6-6’)], 114.0 [C(3’)], 114.1 [C(15)], 

116.2 [C(9)], 116.5 [C(9’)], 122.1 [C(10’)], 122.8 [C(10)], 123.8 [C(13)], 127.2, 127.3 [C(5-5’)], 

139.4 [C(4)], 139.7 [C(4’)], 142.8 [C(14)], 147.2 [C(2’)], 148.5, 149.3 [C(7-7’)], 148.6 [C(11)], 

155.7 [C(12)], 157.4 [C2]. ESI-MS (+) CH3CN (m/z [relative intensity, %]): 712 [100] [Ru(p-

cymene)(L15)Cl]+. 

[Os(p-cymene)(L15)Cl]Cl (26). HL15 (88 mg, 0.2 mmol) and the dimer [Os(p-cymene)Cl2]2 (60 

mg, 0.1 mmol) were dissolved in CH3CN (5 mL). After 4 h stirring at room temperature the 

solvent has been partly removed at reduced pressure and the compound 26 (Figure 87) 

precipitated from the solution using Et2O and subsequently washed with CH3Cl. The dark 

yellow precipitate (76 mg, yield 45%) was characterized. It is completely soluble in all the 

polar solvents like alcohols, CH3CN, DMSO and H2O and insoluble in CH3Cl, hexane and 

acetone. 

 

Figure 88 - Structure of compound 26 

Anal. Calcd. for C36H37Cl2N3O4Os: C, 51.67; H, 4.46; N 5.02. Found: C, 50.26; H, 4.45; N, 

4.73. m.p. 125-127 °C. IR (cm-1): 3059 wbr, 2964 w, 2934 w, 2879 wbr, 2829 wbr ν(C=N-H 

and C-H); 1623 sh, 1589 s, 1575 sh, 1540 m, 1513 vs, 1471 vs, 1455 m, 1444 mbr, 1434 w, 

1427 w, 1393 m, 1385 sh, 1370 m, 1277 vs ν(C=C, C-N). 1H-NMR (DMSO-d6, 293 K): δ 0.91 

(dd, 6H, CH(CH3)2 of p-cymene), 2.36 (s, 3H, CH3 of p-cymene), 2.42 (m, 1H, CH(CH3)2 of p-

cymene), 3.87 s, 3.93 s (6H, -OCH3), 6.27 d, 6.31 d, 6.48 d, 6.50 d (4H, AA′BB′ system, CH3-

C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 6.88-6.96 (m, 3H, C(9’)H, C(10’)H, C(3’)H), 7.18-

7.27 (m, 4H, C(9)H, C(10)H, C(3)H, C(6)H), 7.38-7.41 (m, 2H, C(4)H, C(6’)H), 7.54 (s, 1H, 

C(1)H), 7.57 (t, 1H, C(13)H), 7.66 (d, 1H, C(4’)H), 8.14 (d, 1H, C(15)H), 8.29 (t, 1H, C(14)H), 

9.31 (d, 1H, C(12)H), 9.63 s, 9.68 s (2H, O-H). 13C{1H}-NMR (DMSO-d6, 293 K): δ 19.0 [-CH3 

of p-cymene], 22.3, 22.8 [-CH(CH3)2 of p-cymene], 31.2 [-CH(CH3)2 of p-cymene], 56.2, 56.4 

[-OCH3 of L15], 70.9, 73.5 [C(a-a’)], 77.8, 79.2 [C(b-b’)], 94.6 [Ci], 100.3 [Ci’], 107.2 [C(3)], 

110.4 [C(1)], 111.8, 111.9 [C(6-6’)], 113.6 [C(3’)], 114.1, 116.1, 122.2, 23.0 [C(9-9’) and 

C(10-10’)], 116.5 [C(11)], 124.3 [C(13)], 127.2 [C(3’)], 140.0 [C(4-4’)], 143.1 [C(14)], 146.9 
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[C(2)], 148.9 [C(8-8’)], 149.3 [C(7-7’)], 155.8 [C(12)], 156.2 [C(2’)]. ESI-MS (+) CH3CN (m/z 

[relative intensity, %]): 802 [100] [Os(p-cymene)(L15)Cl]+. 

[Ru(p-cymene)(L16)Cl]Cl (27). HL16 (76 mg, 0.2 mmol) and the dimer [Ru(p-cymene)Cl2]2 (61 

mg, 0.1 mmol) were dissolved in CH3CN (5 mL). After 4 h stirring at room temperature the 

compound 27 (Figure 88) precipitated from the solution was filtered. The orange precipitate 

(118 mg, yield 86%) was characterized. It is completely soluble in all the polar solvents like 

alcohols, DMSO, partly soluble in H2O and insoluble in CH3Cl, CH3CN, hexane and acetone. 

 

Figure 89 - Structure of compound 27 

Anal. Calcd. for C34H33Cl2N3O2Ru: C, 59.39; H, 4.84; N, 6.11. Found: C, 58.14; H, 4.75; N, 

5.98. m.p. 235-237 °C. IR (cm-1): 3121 wbr, 3088 wbr, 3064 wbr, 3018 w, 2985 w, 2962 w, 

2924 w, 2877 w, 2803 w, 2726 w, 2671 w, 2589 w, 2504 w, 2444 w ν(C=N-H and C-H); 1625 

w, 1604 s, 1585 m, 1574 m, 1551 m, 1512 s, 1479 vs, 1447 m, 1397 m, 1387 sh, 1378 sh, 

1355 m, 1324 m, 1313 sh, 1291 w, 1272 s, 1241 sh, 1226 vs, 1171 s ν(C=C, C-N); 291 m 

ν(Ru-Cl). 1H-NMR (DMSO-d6, 293 K): δ 0.96 (d, 6H, CH(CH3)2 of p-cymene), 2.29 (s, 3H, 

CH3 of p-cymene), 6.06 d, 6.10 d, 6.20 d, 6.29 d (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of 

p-cymene, 3J = 6 Hz), 6.92 (dd, 4H, C(6-6’)H and C(10-10’)H), 7.02 d (d, 1H, C(3)H), 7.62-

7.64 (m, 6H, C(7-7’)H, C(9-9’)H, C(3)H, C(4)H and C(13)H), 7.68 (d, 1H, C(4)H), 7.99 (d, 1H, 

C(15)H), 8.27 (t, 1H, C(14)H), 9.35 (d, 1H, C(12)H), 10.05 (sbr, 2H, -OH). 13C{1H}-NMR 

(DMSO-d6, 293 K): δ 19.1 [-CH3 of p-cymene], 22.0, 22.4 [-CH(CH3)2 of p-cymene], 30.9 [-

CH(CH3)2 of p-cymene], 81.5, 83.3 [C(b-b’)], 86.0, 87.5 [C(a-a’)], 103.7 [Ci], 106.5 [Ci’], 

107.5, 123.8, 130.1 [C(13), C(4), C(3), C(7-7’) and C(9-9’)], 110.5 [C(5’)], 113.7 [C(3)], 114.1 

[C(15)], 116.3, 116.5 [C(6-6’) and C(10-10’)], 139.3 [C(4’)], 142.8 [C(14)], 147.1 [C(2’)], 148.6 

[C(11)], 155.7 [C(12)], 157.4 [C(2)] 159.7 [C(8-8’)]. ESI-MS (+) CH3CN (m/z [relative intensity, 

%]): 652 [100] [Ru(p-cymene)(L16)]-. 

[Os(p-cymene)(L16)Cl]Cl (28). HL16 (76 mg, 0.2 mmol) and the dimer [Os(p-cymene)Cl2]2 (60 

mg, 0.1 mmol) were dissolved in CH3CN (5 mL). After 4 h stirring at room temperature the 

compound 28 (Figure 89) precipitated from the solution was filtered. The dark yellow 

precipitate (95 mg, yield 61%) was characterized. It is completely soluble in all the polar 

solvents like alcohols, DMSO, partly soluble in H2O and insoluble in CH3Cl, CH3CN, hexane 

and acetone. 
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Figure 90 - Structure of compound 28 

Anal. Calcd. for C34H33Cl2N3O2Os: C, 52.57; H, 4.28; N, 5.41. Found: C, 52.96; H, 4.29; N, 

5.22. m.p. 198-200 °C. IR (cm-1): 3038 mbr, 3009 mbr, 2965 w, 2926 w, 2868 w, 2798 w, 

2727 w, 2678 w, 2586 w, 2448 w ν(C=N-H and C-H); 1631 w, 1603 vs, 1583 m, 1572 w, 

1542 m, 1512 s, 1476 vs, 1445 s, 1397 m, 1372 m, 1321 w, 1274 vs ν(C=C, C-N); 226 vs 

ν(Os-Cl). 1H-NMR (DMSO-d6, 293 K): δ 0.91 (d, 6H, CH(CH3)2 of p-cymene), 2.36 (s, 3H, 

CH3 of p-cymene), 2.41 (m, 1H, CH(CH3)2 of p-cymene), 6.27 d, 6.32 d, 6.45 d, 6.49 d (4H, 

AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 6.92 (dd, 4H, C(6-6’)H and 

C(10-10’)H)7.45 (dd, 2H, C(3)H, C(4)H), 7.56 (t, 1H, C(13)H), 7.62-7.67 (m, 6H, C(7-7’)H, 

C(9-9’)H, C(4’)H and C(3’)H), 8.13 (d, 1H, C(15)H), 8.27 (t, 1H, C(14)H), 9.30 (d, 1H, 

C(12)H), 10.09 (sbr, 2H, O-H). 13C{1H}-NMR (DMSO-d6, 293 K): δ 19.0 [-CH3 of p-cymene], 

22.3, 22.8 [-CH(CH3)2 of p-cymene], 31.2 [-CH(CH3)2 of p-cymene], 70.8, 73.4 [C(a-a’)], 77.9, 

79.2 [C(b-b’)], 94.6 [Ci], 100.4 [Ci’], 107.1, 130.2, 139.7 [C(4’), C(3’), C(7-7’) and C(9-9’)], 

110.0, 128.6 [C(3) and C(4)], 113.8 [C(15)], 116.3, 116.5 [C(6-6’) and C(10-10’)], 124.3 

[C(13)], 130.1, 130.2 [C(5) and C(5’)], 143.1 [C(14)], 146.9 [C(2)], 148.6 [C(11)], 155.7 

[C(12)], 157.43 [C(2)], 1148.9 [C(11)], 155.8, 156.2 [C(12) and C(8-8’)], 159.8 [C(2’)]. ESI-MS 

(+) CH3CN (m/z [relative intensity, %]): 742 [100] [Os(p-cymene)(L16)Cl]+. 

4.2 RESULTS AND DISCUSSION 
4.2.1 Synthesis and characterization of ligands 

The curcumin containing pyrazole (HL15) and bisdemethoxycurcumin containing pyrazole 

(HL16) ligands, were synthesized as reported in Scheme 19 starting from the commercially 

available curcumin and bisdemethoxycurcumin. The relative curcuminoid was dissolved in n-

butanol together with an excess of 2-hydrazinopyridine in the presence of glacial acetic acid 

to favor the condensation step. The relative products have been separated from the reaction 

mixture through chromatographic purification. 
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Scheme 19 - Synthetic procedure for the ligands HL15 and HL16 

The elemental analyses and ESI-MS spectrometry have confirmed the expected structures of 

the ligands HL15 and HL16. Additionally, the IR spectra shows the disappearance of the 

typical absorption band at 1627 cm-1 (for curcumin) and 1640 cm-1 (for 

bisdemethoxycurcumin) characteristic of C=O double bond (Figure 90). 

 

 

Figure 91 - Comparison between the IR spectra of HL15 ligand (red line) and the curcumin parent compound 

(grey line) 

4.2.2 Synthesis and characterization of the complexes 

The compounds 25-28 were obtained by dissolving the respective, previously reported, 

curcuminoid ligands in a CH3CN solution under magnetic stirring and letting them to react 

with the metallic dimer [(p-cymene)MCl2]2 (where M = Ru or Os) at room temperature for 4 

hours (Scheme 20). For these syntheses the use of a deprotonating base was not necessary 

since the absence of the keto-enolic form of curcuminoids. The complexes containing the 

bisdemethoxycurcumin derivatives 27 and 28 directly precipitated from the solution differently 

from their curcuminoid analogues which remain in solution. 

Due to the fact that the curcuminoids used are neutral bidentate ligands, the final complexes 

25-28 have an ionic configuration with a chloride specie acting as counterion in the outer 

coordination sphere. Furthermore, the ionic dissociation and, therefore, the presence of 1:1 
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electrolyte ratio in water solution has been confirmed for compound 25 through conductivity 

analysis. 

 

Scheme 20 - Synthetic procedure for compounds 25-28 

All the obtained complexes show a very high purity as confirmed by the narrow melting 

points and the elemental analyses. They are air-stable and soluble in all the polar solvents, 

including water. The electrospray ionization (ESI) mass spectra of 25–28 in positive ion 

mode, recorded in CH3CN, show the expected isotopic patterns and display peaks that 

correspond to [M(p-cymene)(L15/L16)Cl]+ arising from the dissociation of the chloride present 

in the outer coordination sphere. 

All the 1H-NMR spectra have been recorded in DMSO-d6 and the assignations of each peak 

have been done according to the bidimensional analysis. The occurred coordination can be 

justified by the presence in the spectra of both curcuminoid ligand and p-cymene signals. 

The same analogues of curcumin and bisdemethoxycurcumin between them, show the same 

similarity of the NMR spectra as always.  

An interesting difference, with respect to the previous compounds synthesized, comes from 

the presence of multiple set of signals arising from the loss of symmetry inside the 

curcuminoid structure (an example in Figure 91). 

In fact, the presence of the pyridine as substituent in the pyrazole ring generates a steric 

hindrance which affects the electronic environment of just one of the two portions of the 

curcuminoid’s structure and, as a consequence, the protons in the molecule do not show 

magnetic equivalence anymore, as appears evident for phenolic and methoxy protons where 

there are two separated set of signals instead of one each: there are two singlets for the two 

O-H groups at about 9.7 and 9.6 ppm and two singlets for the two -OCH3 groups around 3.9 

and 3.8 ppm. In Figure 92 is showed the complexity of the 1H-NMR spectrum of the ligand 

HL15 (down) and how the coordination with a metal centre further split the protons’ signals 

(up). 
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Figure 92 -1H-NMR of 25 recorded in DMSO-d6 

 

 

Figure 93 - Comparison between the 1H-NMR spectra recorded in DMSO-d6 of compound 25 (red line) and 

HL15 (blue line) 

In particular, is possible to observe how deep is the shift of those signals which are very 

close to the coordination sphere, such as 12-CH, 14-CH, 15-CH, 3-CH and 3’-CH. Moreover, 

even the protons which are more far from the coordination with the metal centre, still suffer a 

shifting of ppm as occurs for -OH and -OCH3 protons. 

A comparison between the 1H-NMR spectra of Ru and Os with the bisdemethoxycurcumin 

analogue (27 and 28 respectively), shows almost the same pattern but with different 

chemical shift due to the different electronic impact given by the two metal centres (Figure 

93). 
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Figure 94 - Comparison between the 1H-NMR spectra recorded in DMSO-d6 of Ru analogue 27 (blue line) and 
Os analogue 28 (red line) 

 

Additionally, the {1H-15N}-HMBC can be used to monitor the change in the nitrogen chemical 

shifts before and after the coordination (Figure 94). 

 

 

 

Figure 95 - Comparison between the {1H-15N}-HMBC spectra recorded in DMSO-d6 of 25 and HL15 

 

Additionally, the final confirmation of the complexes’ structure came from the preliminary 

crystallographic studies made for compounds 25 and 26 (Figure 95). 
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Figure 96 - Molecular structures of 25 (left), and 26 (right) 

 

4.2.3 Stability studies 

To investigate the stability of the complexes, the absorbance profile of 25 was evaluated 

under physiologically relevant conditions using a phosphate-buffered solution (PBS, pH = 

7.4). The solution was monitored over time using UV-Visible spectroscopy. The complex was 

initially solubilized in DMSO and then diluted to 5% DMSO with PBS. It was found that the 

complex 25 possesses an unchanged absorbance profile within 72 hours (Figure 96) 

underling the greatest stability found with respect all the previous curcuminoids tested. 

 

 

 

Figure 97 - UV-visible stability studies of 25 under physiological condition 

Furthermore, a series of UV-visible spectra have been recorded also in the F-12 Nutrient 

Mixture (Ham's) Formulation, which is the solution where the cells grow. In the experiment 

we compared the absorbance profile within 24 hours of the ligand HL16 and their related 

complexes of Ruthenium and Osmium analogues, 27 and 28 (Figure 97). 
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Figure 98 - UV-visible stability studies in cellular growth medium of HL16, 27 and 28 

 

From the graphs showed in figure appears evident the improving in stability for ligand HL16 

after the coordination and this phenomenon is much more accentuated for ruthenium 

analogue 27 being the change in the absorbance profile of osmium derivative 28 sharper. 
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Chapter 5: Conclusion and future perspectives 
 

The overall aim of this doctoral thesis was focused on the synthesis of novel organometallic 

compounds having biological and antitumoral activity. For this purpose, were selected: 

 the metals belonging to the group XVIII of the periodic table (Ru and Os), according 

to their well-known anticancer activity; 

 modified curcuminoids (curcumin and bisdemethoxycurcumin) as ligands with 

enhanced bioavailability. 

Firstly, as reported in Chapter 2, we synthesized new Ruthenium(II)-p-cymene compounds 

(1-18) containing modified curcuminoid ligands as diesterified products obtained by replacing 

the aromatic OH- groups present in the curcumin and bisdemethoxycurcumin, with different 

substituents having a cyclic, aliphatic, branched, aromatic or heteroaromatic moiety. We 

temporarily focused our studies on the Ruthenium(II)-p-cymene derivatives 1 and 2 with the 

palmitoyl residue having a very long hydrophobic chain. The same Osmium(II) analogues 3 

and 4 have been synthesized and also their ionic RAPTA-like derivatives 5-8 were obtained 

through metathesis reactions. The cytotoxicity studies for compounds 1-8 were reported in a 

work published in 2022 by this research group.160 The compounds possess potent antitumor 

activity towards the ovarian cancer cell line (A2780) and its cisplatin-resistant form 

(A2780cis) and also an excellent selectivity not being cytotoxic for non-cancerous human 

embryonic kidney cells (HEK293T). Furthermore, the cytotoxicity values of these compounds 

were compared with those of Ru(II) and Os(II) analogues with the previously reported 

unmodified curcuminoid ligands, resulting with a better activity. This study highlights 

interesting structure-activity relationships (SARs) showing that bisdemethoxycurcumin 

complexes are generally more active and selective than complexes containing curcumin, 

likely due to a more efficient internalization process, rather than to the direct binding to DNA. 

The healing power of turmeric has always been attributed to the main component, namely 

curcumin and perhaps the role of bisdemethoxycurcumin, the secondary component of 

turmeric, has so far been underestimated. A conclusion of this first part of the work could be 

the need for a better investigation on the role of compounds containing the 

bisdemethoxycurcumin derivative and, more importantly, toward this type of diesterified 

curcuminoid-like analogues. Additionally, biological tests for the remaining compounds 9-18 

are still ongoing and once the cytotoxicity values have been obtained it will be possible to 

shed more light on which is the best contributions for the antitumoral activity of this class of 

compounds. 

In the second part of this work, described in Chapter 3, are reported the first examples of 

Ruthenium(II)-arene complexes containing two curcuminoid metabolites, (i.e. 

tetrahydrocurcumin and tetrahydrobisdemethoxycurcumin) (19-24). The complexes were fully 
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characterized in solution and in the solid-state. The X-ray structures obtained confirm that the 

HL13 and HL14 ligands coordinate the ruthenium centre without significant differences 

between them and with respect to those found for related Ru complexes with unmodified 

curcumin and bisdemethoxycurcumin. However, an unprecedent closed conformation of the 

L14 ligand was found in 22, where both -OH groups are involved in intermolecular hydrogen 

bonding with the same chloro ligand. Both closed and open conformations were analysed in 

gas phase by DFT studies which showed that the open conformation is the most stable. 

Hence, the closed conformation of L14 found in the crystal of 22 may be attributed to the 

presence of intermolecular interactions in the solid state. Despite of being associated with a 

concerted mechanism of cytotoxicity involving apoptosis and autophagy (as demonstrated by 

the ability of the complexes of interest to target DNA and to lower the levels of p62/SQSTM1, 

respectively), all compounds displayed only a modest anticancer property in vitro against 

ovarian and breast cancer cells. This research work is currently under revision in the 

Inorganic Chemistry jurnal. 

In the last Chapter of this experimental part (Chapter 4) is developed a new series of Ru(II) 

and Os(II)- p-cymene derivatives with both curcumin and bisdemethoxycurcumin containing-

pyrazole analogues. The complexes 25-28, differently from the previous ones, show a -N,N 

coordination environment and appear in an ionic form since the absence of a negatively 

charged chelating ligand, as has been confirmed by crystallographic studies. The 

compounds possess a loss of symmetry in the curcuminoids’ structure and, according to this, 

the protons suffer a different chemical surrounding. The new complexes are water soluble 

and, especially the Ruthenium complexes are very stable under physiological relevant 

conditions. The cytotoxicity evaluation for these compounds is still ongoing and are related to 

in vitro studies against human breast adenocarcinoma cells (MCF-7 and MCF-7CR) and 

nontumorigenic human breast (MCF-10A) cells, compared to the free ligands and cisplatin. 

To conclude, at the end of our studies, we can state that the Ruthenium derivatives have 

always shown better cytotoxicity than the Osmium analogues and we confirmed that the 

hydrophobic contribution has a huge impact on the anticancer efficiency being the more polar 

complexes less active due to a less pronounced internalization process. Once again, the 

bisdemethoxycurcumin derivatives are generally more active than the curcumin ones. In fact, 

up to now, the best cytotoxicity was found for the neutral Ruthenium complex containing the 

bisdemethoxycurcumin bioconjugate with palmitoyl residues, but many concerns are related 

to the stability in physiological medium. On the other hand, the complexes containing the 

curcuminoids’ metabolites improved the stability aspect but decreased the anticancer power. 

However, interesting evaluation were done in terms of understanding the role of the planarity 

in the unmodified parent curcuminoids, given by the presence of sp2 hybridized carbon 

atoms. Moreover, the absence of the diketo group further increased the stability in water 



  

 

128 

 

medium of such complexes. In fact, the water-soluble curcuminoid-containing pyrazole 

complexes of ruthenium, is, among all studied ones, the most stable complex under 

physiological conditions. 
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Chapter 6: Introduction to catalytic compounds 

 

6.1 METALS COMPLEXES IN CATALYSIS 

The term “catalysis” was coined for the first time by Berzelius more than 150 years ago since 

he noticed changes in substances when they were in contact with small amounts of certain 

species called “ferments”. Years later, in 1895, Ostwald (who won the first Nobel Prize for 

catalysis in 1909) gave the definition of this phenomenon that we use until today: “A catalyst 

is a substance that changes the rate of a chemical reaction without itself appearing into the 

products”. In the very begin these substances were mainly related to oxides, acids or 

peroxides until the Thenard’s discovery of the role that metals, such as manganese, silver, 

platinum and gold, had in the evolution of molecular oxygen in alkaline solutions. The role of 

metals in chemical reactions was reinforced by Humphry Davy who was working on a safety 

lamp for coal miners: he discovered that the introduction of a red-hot platinum wire into a 

mixture of air and coal gas caused the wire to become hotter and to glow. This phenomenon 

was used to develop the first technological application of heterogeneous catalysis.161 

Therefore, the impact of metals in catalysis is known since long times ago as well as the 

influence that their electronic configuration has on the reaction, for instance depending on 

the state in which the metal is present, if in gas phase, metallic form or crystal lattice 

structures.162-163 Although the organocatalysis has resulted in large numbers of scientific 

documents having been contributed from both academic and industrial researchers over the 

last 10 years, the organic synthesis has historically been dominated by transition metal 

catalysis and additionally, the presence of transition metal complexes in organocatalyst-

promoted transformations confirmed the ability of the metal centres in tuning the reactivity of 

the reaction. Efforts in this direction have led to the discovery of unprecedented reactivities, 

which are not accessible through the use of either of these two catalytic systems 

separately.164 The reason of why the transition metals are considered the essential ingredient 

of the catalyst system can be summarized under four main headings which affect the 

catalytical processes: bonding ability; catholic choice of ligands (ligand effect); variability of 

the oxidation state and variability of the coordination number. 

The transition metals considered are those elements having partially filled d shells able to 

accommodate external electrons from the formation of hybrid molecular orbitals in bonding 

with other atoms or molecules defined as ligands. The availability of these valence orbitals 

put the metals on the position to be able to form both sigma, σ, and pi, π, bonds which is one 

of the key factors in imparting catalytic properties to the transition metals and their 

complexes. In fact, different ligands affect the electronic configuration of the d-orbitals of the 
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metals in different ways. Additionally, a ligand can influence the behaviour of a catalyst by 

modifying the steric environment at the active site.165 Therefore, the proper choice of tailor-

made and fine-tuned ligands may change considerably the behaviour of the catalytic system. 

 

6.1.1 Homogeneous vs heterogeneous catalysis 

Homogeneous catalysis, by definition, refers to a catalytic system in which the substrates of 

the reaction and the catalyst components are brought together in the same phase, most 

often the liquid one. Since the World War II, the use of homogeneous catalysis has grown 

dramatically, and a pioneering process was the oxo reaction developed by Otto Roelen in 

Germany in the late 1930s where olefins were reacted under high pressure with carbon 

monoxide and hydrogen to yield lower aldehydes, ketones, and higher alcohols. During the 

years many other important chemical reactions (including the production of nylon and other 

polymeric intermediates) were developed in homogeneous conditions.161 Nowadays many 

fundamental processes such as hydroformylation, carbonylation, oxidation, hydrogenation, 

metathesis, and hydrocyanation are homogeneously catalysed. Although the heterogeneous 

catalysis was the first historically applied method in a commercial scale, today, the role of the 

homogeneous catalysis has an important impact especially from an environmental point of 

view being considered a more sustainable process. It is more than coincidental that the 

majority of the contributions of the journal Green Chemistry deals with homogeneous 

catalysis ensuring high atom economies or E factors (mass of waste over the mass of final 

product). Furthermore, homogeneous conditions allow high diffusivity of the reactants and 

high heat-transfer, it has a well-defined active site and can be easily modified (by tuning the 

electronic and steric properties on the metal by varying donor atoms or by tuning the 

donating abilities of the ligands) gaining high reaction selectivity. Additionally, homogeneous 

catalysis does not suffer from the severe drawbacks of heterogeneous catalysis, such as 

high temperatures, pressure gap or the lack of deeper mechanistic understanding of the 

multiphase processes on surfaces. However, the challenge of homogeneous catalysis is 

based on solving the problem of separating the reactants, the catalyst, and the reaction 

products (which are all in the same phase).166 

6.2 KNOEVENAGEL CONDENSATION REACTION 

The olefin reaction is a quest that has required a lot of research throughout the last 125 

years of history of chemistry. The formation of new C-C bonds is the key to produce a wide 

variety of advanced products, with great impact in every aspect of the human life, and the 

Knoevenagel condensation reaction is one of the most important methodologies for this 
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purpose.167 This reaction represents a variant of the aldol condensation where there is a 

nucleophilic addition, of a compound with an active hydrogen atom, to a carbonyl group 

followed by a dehydration reaction and it represents the most common synthetic procedure 

to generate an electron deficient olefins. 

Emil Knoevenagel is generally regarded as a pioneer in the field of the carbon–carbon bond 

formation with his discovery in 1894 of the reaction between formaldehyde and diethyl 

malonate. He demonstrated that a bis-adduct product was formed in the presence of 

diethylamine as a catalyst (Figure 98a). 

 

 

Figure 99 - Original Knoevenagel condensation reaction: formaldehyde and diethyl malonate under alkaline 

conditions yielding the bis adduct (a); benzaldehyde with diethyl malonate producing the bis adduct at 298 K, and 
the unsaturated mono-compound at 373 K (b) 

Two years later, in 1896, Knoevenagel verified that with the addition of piperidine as a 

catalyst, a similar carbon–carbon bond formation reaction was possible using aromatic 

aldehyde compounds (Figure 98b). In fact, has been observed that the presence of basic 

sites within the catalytic structure can promote and accelerate the Knoevenagel 

condensation reactions and it is vital for reaction proceeding and, as a consequence, all the 

Knoevenagel reactions are performed with nitrogen-based catalysts which are able to 

deprotonate the alpha-carbon of one of the two starting material. All the four nitrogen-

containing groups (specifically tertiary amines, secondary amines, primary amines, and 

ammonia) show different catalytical routes in the formation of the carbon–carbon bond. 

Although using different amines results overall in high conversions, these various amines 

react through diverse reaction mechanisms. A distinction can be explained by examining the 

intermediates in the various reaction-mechanisms of aromatic aldehydes: the tertiary amines 

do not generate intermediates but only deprotonates the reactants, and therefore, according 

to the scientists, it cannot be qualified as a Knoevenagel condensation but instead it is 

considered a “base-catalyzed aldol condensation”, likewise Hann and Lapworth indicated. 

Just as Emil Knoevenagel already mentioned, the use of secondary amines yields catalytic 

intermediates like aminals for aldehydes or enamines for ketones. The primary amines 

produce Schiff-base intermediates.168 
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Scheme 21 - Proposed mechanism of the reaction between benzaldehyde and β-keto compound forming the 

α,β-unsaturated diketo product catalyzed by the secondary amine (piperidine) 

In Scheme 21 is showed a proposed mechanism of Knoevenagel condensation using 

secondary amine: first, in step (i), benzaldehyde undergoes a double nucleophilic attack 

initiated by piperidine and expelling water; in step (ii), one of the attached piperidines 

deprotonates the methylene compound producing a carbanion, which subsequently initiates 

a nucleophilic attack expelling the first piperidine in step (iii); step (iv) is an intramolecular 

proton shift, leading to step (v) where the removal of the second piperidine gives the final 

product. 

The presented “classic” Knoevenagel reaction was followed by the Doebner-Verley 

modification, which focuses on the reaction with malonic acid and the same reaction was 

later extended with other modification including the introduction of different aromatic 

benzaldehyde compounds in a “Knoevenagel-like-way” providing many precursors and 

intermediate compounds for the pharmaceutical industry in a biobased manner. In fact, the 

products generated during this reaction are useful as important intermediates for cosmetics, 

perfumes and pharmaceuticals.169,170 Furthermore, many of Knoevenagel adducts have 

significant biological properties such as antiviral, antitubercular, anti-Parkinson’s, anti-

diabetic, anti-oxidant, and anti-cancer activity. 168, 171–173 Therefore, the Knoevenagel reaction 

has a great impact in every aspect of the human life and, for this reason, the introduction of 

new methods, inexpensive reagents and environmentally friendly conditions has attracted the 

attention of many research groups which are dealing with the development of a Green 

Chemistry’s approach for this field. Traditionally, the reaction was carried out in organic 
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solvents like DMF and DMSO (which are toxic, teratogenic and suspected carcinogens) and 

catalysed by weak bases, such as secondary or primary amines, pyridine or by suitable 

combinations of amines and carboxylic or Lewis acids under homogeneous conditions, giving 

considerable amounts of waste. Especially, the use of organic solvents is an important issue 

in Green Chemistry, since they are one of the major sources for volatile organic compound 

(VOC) emissions from the chemical industry and for this reason, the use of second 

generation green solvents such as water, ionic liquids, and supercritical fluids hold 

considerable additional promise for industrial sectors. The use of water as a solvent in 

organic synthesis is often surprisingly effective even for reactions which are traditionally 

carried out under anhydrous conditions. The Knoevenagel condensation, often carried out 

with water removal, could be surprisingly favoured in aqueous medium, even though the 

reaction involves a dehydration step. In fact, it is known that the Knoevenagel reaction is 

solvent dependent and that usually dipolar aprotic solvents since the 1,2-elimination step is 

inhibited by protic solvents.174 Moreover, has been confirmed through 1H-NMR studies in D2O 

that there is an exchange between the deuterium and one methylene hydrogen (present in a 

malonitrile molecule) due to dissociation phenomena. According to this, it is possible to think 

of a mechanism involving the ionization of the reaction’s nucleophile occurring in water.175 

Over the years, many inorganic materials like complexes, clays,176 zeolites177 and metal 

oxides178 have been used as catalysts for this reaction and in literature there are also many 

examples of Knoevenagel condensation reactions conducted in aqueous medium179–181 and 

in most of the case, the reactions are performed in organic medium with high temperatures 

or quite long reaction times.182–185 

According to all of this, the innovations in catalysis (i.e. the design and development of new 

superior catalysts) are constantly required in the manufacturing of chemicals. 

6.3 SCHIFF-BASE METAL COMPLEXES  

The imines (-C=N-) have been characterized for the first time in 1864 by Hugo Schiff and, in 

his honour, these groups of compounds, are known also as Schiff bases. These compounds 

are easily formed via the condensation of a primary amine and a carbonyl molecule. 

Interesting properties of this class of compounds arise when they possess more than one 

imine group such as hydroxyl groups (–OH), amines (–NH2) or thiols (-SH) that may act as 

donor ligands in metal complexes having bi, tri, tetra or even higher coordination states being 

typically categorized as bidentate, tridentate, tetradentate, pentadentate, and hexadentate, 

as indicated in Figure 99. 
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Figure 100 - Examples of polydentate Schiff base ligands 

In fact, the majority of Schiff bases are attractive ligands since they construct complexation 

efficiently, with most transition metals owing to the possible tunability of the stereo-electronic 

structures of the final complexes varying their geometries and oxidization states.186 These 

type of ligands are widely studied due to their σ donor ability towards metal cation and π 

acceptor properties. One of the most studied Schiff base ligands is a Salen ligand system, 

first reported in 1933 by Pfeiffer et al.,187 obtained from the reaction between the 

salicylaldehyde and diamine derivatives. The Salen Schiff base compounds formed have a 

tridentate nature with 2 nitrogen and one hydroxyl groups as donor atoms. They have unique 

properties and versatile applications across various fields, including industry and biology but, 

most importantly, they possess exceptional catalytic activity for a wide range of 

compounds.188 Additionally, derivatives of salicylaldehyde and phenylenediamine (salophen 

type), derivatives of carbonyl compounds with hydrazine/hydrazide (hydrazone type) and 

derivatives of carbonyl compound with thiosemicarbazide or semicarbazide (semicarbazone 

type) are other important examples of Schiff base organic ligands utilized in the formation of 

Schiff base metal complexes.188 

More in detail, the complexes containing Schiff base ligands have been used as catalysts in 

various homogenous and heterogeneous reactions including polymerization, aldol 

condensation, Heck reaction, Henry reaction, Diels Alder reaction, Hydroformylation, 

Hydrosilylation, Allylic alkylation, cycloporpanation, epoxidation, oxidation and reduction 

reactions.189 In fact the dimers [Cp*MCl2]2 (M = Ir, Ru, Rh) are often utilized as precursors to 

prepare a variety of novel half-sandwich complexes containing Schiff bases because of their 

several advantages, such as the easy preparation of starting metal precursors, high yields of 
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the target products, and the easy alteration of the properties of such half-sandwich 

complexes.190 

The importance of these catalysts is growing, due to its high efficiency, good selectivity, mild 

reaction condition, reusability, and easy work-up conditions. The activity of such catalyst can 

be enhanced by changing the metal centre, ligand types, and ligand coordination sites. 

Scientific studies have noticeably confirmed that transition metal Schiff base complexes are 

flexible and competent catalyst for commercially important reactions and can catalyse a 

variety of reactions under mild experimental conditions, that is why, more research and 

development in the field of Schiff base metal complexes toward more eco-friendly practices 

would be extremely beneficial to industry and academia. 

 

6.3.1 Hydrazone ligands 

Hydrazone is a class of organic compounds belonging to Schiff base family, having the basic 

structure R1R2C=N-NH2. The most general and oldest method for the synthesis of 

hydrazones is the reaction of an hydrazine with a carbonyl compounds.191 The multitude of 

active sites is responsible for the wide physical and chemical properties of this class of 

compounds192 and justify the versatile use in various fields ranging from catalytic activity193 

and medicinal chemistry194 to supramolecular chemistry195. 

They are distinguished from other members of this class (imines, oximes, etc.) by the 

presence of the two interlinked nitrogen atoms that have different nature: one has an amine-

like configuration while the other one has an imine structure with a C=N double bond (Figure 

100). 

 

Figure 101 - Structure and functional diversity of hydrazone functional group 

 

Both nitrogen atoms of the hydrazone group are nucleophilic, although the amino-type 

nitrogen is more reactive and additionally the acidic N-H proton can form intramolecular H-
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bonding, being capable of anion sensing and even coordination with metals. The carbon 

atom of hydrazone group has both electrophilic and nucleophilic character and 

configurational isomerism of the C=N group is easily present in fact, in solution can exist in 

either the E or Z forms.195 

Moreover, if another functional group is present, such as an heterocyclic pyrazolone ring, 

many tautomeric forms may be present in both solid and solution due to the additional acyl 

group (Figure 101).196 

 

 
 

Figure 102 - Tautomeric forms of pyrazolone-containing hydrazone derivatives 

Especially, a recent study made by this research group, confirmed the presence of a pyridine 

moiety in the hydrazine structure, even in the solid state, confers an unexpected zwitterionic 

form to the final ligand, as confirmed by its crystal structure (Figure 102).40 

 
 

Figure 103 - Zwitterionic form found for the pyridine derivatives of pyrazolone-containing hydrazone 

The presence of more donor atoms, together with the different ligand structures reflect 

different coordination environments found in the complexes which vary from metal to metal.40 

The tunability of these more sophisticated Schiff base ligands makes them a more important 

precursor able to achieve better and more efficient performances. 
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6.4 Ru(II), Rh(III) AND Ir(III) COMPLEXES 
Half-sandwich complexes of platinum group metals (especially Ruthenium, Rhodium and 

Iridium) have an important position in organometallic chemistry due to their ability to form 

stable complexes with a variety of ligands.197 Starting from the dimeric chloro bridged 

complexes of such metals like [{(arene)M(µ-Cl)Cl}2] (where M= Ru and Arene= p-cymene; 

hexamethylbenzene; benzene) and [{Cp*M(µ-Cl)Cl}2] (where Cp* = 1,2,3,4,5‐ 

pentamethyl‐cyclopentadienyl and M= Rh or Ir) many complexes have been synthesized and 

studied for their catalytic activity in water oxidation198, hydrogen activation199, transfer 

hydrogenation200 and aerobic alcohol oxidation201. In addition, their complexes are also found 

to be biologically active against cancer and bacteria.202 More importantly, the reactivity of p-

cymene-Ruthenium and Cp*-Rhodium/Iridium complexes bearing hydrazone derivatives 

have been quite often evaluated.203  

Among all the transition metals, the attention has been mainly focused on ruthenium 

complexes since they were always used for variety of purposes including hydrogenation, 

oxidation, polymerization and carbon–carbon bond formation and most importantly, 

hydrogen-transfer.204 Furthermore, its half-sandwich transition-metal complexes have been 

largely explored in organometallic and catalysis chemistry because of their good stability, 

diverse reactivity, and catalytic efficiency and recent reports show that the presence of Schiff 

base as ligands, for Ru(II) complexes, has effectiveness in many catalytic processes since it 

has been observed that the -NH moiety plays an important role in involving atom-transfer 

intermediate species.205-206 Similarly, many Rh(I) and Rh(III) catalysts have showed 

promising results in favor of catalysing hydrogen transfer for hydrogenation and 

hydroformylation reactions.189 Moreover, Ir(III) complexes showed important hydrogenation 

activity of carbonyl substrates.207 Additionally, metal atoms like Rh(III) and Ir(III) are known 

for their oxidant ability208-209 and their half-sandwich derivatives with Cp* rings have also 

shown great stability and remarkable catalytic activities for oxidation reactions. Other benefits 

are also present from the strong π‐donor character of the Cp* unite which can stabilize the 

high oxidation states required by the reaction.210 In addition, half‐sandwich (Cp*)-Ir and 

(Cp*)-Rh metalacycles containing N, N'‐Schiff base ligands are able to form unlocalized large 

organic π‐conjugated bond and provide an electron rich environment, which can stabilize the 

necessary high‐valent intermediates.211-212  

As appear evident, the effect of ligand on the structure and reactivity of transition metal 

complexes plays an important role in catalysis. Furthermore, in the pyrazolone-containing 

hydrazone ligands the presence of one additional acyl group (C=O) confers to the final 

compounds more flexibility and versatility. Accordingly, such hydrazones act as good 

polydentate chelating agents that can form a variety of complexes. Unfortunately, only limited 
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reports are available for catalytic activity of hydrazone-Schiff base complexes and, as far as 

we know, no studies have been performed for their pyrazolone-containing Schiff base 

derivatives. Hence, synthesis of new with hydrazone Schiff base ligands and their related 

transition metal complexes is of great importance. 
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Chapter 7: Ru(II)-p-cymene complexes containing pyrazolone-
based hydrazones ligands as suitable catalysts for tandem 

deacetalization–Knoevenagel condensation reactions 
 

7.1 Aim of the work 
In this chapter, the syntheses of new Ruthenium(II)-p-cymene derivatives containing several 

different pyrazolone-based hydrazones ligands are reported. All the compounds have been 

completely characterized and the crystallographic studies confirmed the pseudo-octahedral 

coordination geometry possessed by the complexes and, most importantly, how the 

presence of either a neutral or zwitterionic ligand affects their coordination environment. In 

fact the polydentate pyrazolone-based hydrazones ligands may have either κ-N,O or -N,N 

binding mode. The complexes have been evaluated form a catalytic point of view toward a 

one-pot tandem reaction having two steps: a deacetalization reaction followed by the 

Knoevenagel condensation. The formation of a carbon–carbon bond is the key to produce a 

wide variety of advanced products, with great impact in every aspect of the human life and, 

as has been underlined introductory chapters, the Knoevenagel condensation reaction is one 

of the most important methodologies for this purpose. Moreover, to have a process which 

allows to obtain, through a tandem reaction, such adducts starting from different precursors 

represents a fundamental achievement for the organic chemistry synthesis. For this purpose, 

the novel organometallic compounds may act as bifunctional catalyst having the synergistic 

effect of both the pyrazolone-based hydrazones ligands (acting as a Lewis base) and the 

metal centre (behaving as Lewis acid). 

 

7.1.1 Materials and methods 

The dimer [(p-cymene)RuCl2]2, 1-Fenil-3-metil-5-pirazolone and the hydrazines were 

purchased from Aldrich. All other materials were obtained from commercial sources and 

were used as received. IR spectra were recorded from 4000 to 200 cm-1 on a Perkin-Elmer 

Spectrum 100 FT-IR instrument. 1H, 13C-NMR, {1H-1H}-COSY NMR, {1H-13C}-HSQC and {1H-
13C}-HMBC spectra were recorded with a 500 Bruker Ascend (500.1 MHz for 1H, 100 MHz for 
13C). Referencing is relative to TMS (1H). Positive and negative ion electrospray ionisation 

mass spectra (ESI-MS) were obtained on a Series 1100 MSI detector HP spectrometer using 

methanol as the mobile phase. Solutions (3 mg/mL) analysis were prepared using reagent-

grade methanol. Masses and intensities were compared to those calculated using IsoPro 

Isotopic Abundance Simulator, version 2.1.28. Melting points were recorded on an STMP3 
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Stuart scientific instrument and a capillary apparatus. Samples for microanalysis were dried 

in vacuo to constant weight (20 °C, ca. 0.1 Torr) and analysed on a Fisons Instruments 1108 

CHNS-O elemental analyzer.  

 

7.1.2 Catalytic procedure for one-pot tandem 

deacetalization−Knoevenagel condensaƟon reacƟons 

1.0 mmol of benzaldehyde dimethyl acetal (152 μL), 2.0 mmol of malononitrile (132 mg) and 

1 mol% of Ru-catalyst (6.9 mg of 29, 6.9 mg of 30, 7.4 mg of 31, 7.2 mg of 32, 5.7 mg of 33 

and 6.4 mg of 34) were placed in a 2 mL glass vessel. The glass vial was capped and heated 

at 75 oC for the required time. Afterwards the mixture was extracted with chloroform and the 

extracts were dried over anhydrous sodium sulphate. The crude product was obtained after 

evaporation of the solvent and the final product yield was determine by 1H NMR in CDCl3. 

This yield was calculated according to the previously reported method.213 

 

7.1.3 General procedure for synthesis of ligands 

HL17 [(E)-3-methyl-4-(1-(2-(4-nitrophenyl)hydrazineylidene)-2-phenylethyl)-1-phenyl-1H-

pyrazol-5-ol]. The proligand HL17 was synthesized from (5-hydroxy-3-methyl- 1-phenyl-1H-

pyrazol-4-yl)2phenylethanone (292 mg, 1 mmol) and 4-nitrophenylhydrazine (155 mg, 1.01 

mmol) following the general procedure (80 °C, reaction time 4 h).40 The product precipitated 

out of the hot solution as the reaction proceeded. After cooling, the product was filtered and 

dried to give a brown solid (332 mg, yield 78%) was identified as the pure compound HL17 

(Figure 103). It is completely soluble in DMSO, DMF, acetone, CH3CN, chlorinated solvents, 

and alcohols and insoluble in H2O, n-hexane, and petroleum ether. 

 
Figure 104 - Structure of ligand HL17 

Anal. Calcd. for C24H21N5O3: C, 67.44; H, 4.95; N, 16.38; Found: C, 67.14; H, 4.94; N, 16.23. 

mp: 219-220°C. IR (cm-1): 3183 w ν(N-H); 3062w, 2986w, 2924w ν(unsaturated C-H); 

1615m, 1592s, 1529m, 1504m, 1490s ν(C=O, C=C, C=N); 1451w, 1440w, 1425w, 1400w, 
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1376m, 1325s, 1309s, 1274s, 1216m, 1176m, 1125w, 1107m; 691m, 652w, 632w, 617w, 

555w, 509w, 494w, 475w, 436w, 417w, 396w, 379w, 356w, 338w, 315w, 288w, 245w, 228w, 

212w, 203w. 1H-NMR (CDCl3, 293 K): δ 2.43 (s, 3H, C(3’)H), 4.14 (s, 2H, C(11)H), 6.52 (s, 

1H, N-H), 6.65 (d, 2H, C(17-17’)H), 7.17 (d, 2H, C(13-13’)H), 7.23-7.30 (m, 4H), 7.46 (t, 2H, 

C(8-8’)H), 8.00 (d, 2H, C(7-7’)H), 8.07 (d, 2H, C(18-18’)H), 12.42 (br, 1H, O-H).13C{1H}-NMR 

(CDCl3, 293 K): δ 16.7 [C(3’)], 33.7 [C(11)], 100.8 [C(17-17’)], 111.9 [C(4)], 119.5 [C(7-7’)], 

125.1 [C(9)], 125.9 [C(18-18’)], 127.6 [C(15)], 127.9 [C(13-13’)], 128.9 [C(8-8’)], 129.3 [C(14-

14’)], 134.2 [C(12)], 141.8 [C(6)], 147.0 [C(10)], 151.4 [C(19)], 165.3 [C(3)], 167.0 [C(5)]. ESI-

MS(-) CH3OH (m/z [relative intensity, %]): 426 [100] [L17]-. 

HL18 [(E)-3-methyl-4-(1-(2-(3-nitrophenyl)hydrazineylidene)-2-phenylethyl)-1-phenyl-1H-

pyrazol-5-ol]. The proligand HL18 was synthesized from (5-hydroxy-3-methyl- 1-phenyl-1H-

pyrazol-4-yl)2phenylethanone (292 mg, 1 mmol) and 3-nitrophenylhydrazine (125 mg, 1.01 

mmol) following the procedure of previous compound. The light yellow solid (218 mg, yield 

51%) was identified as the pure compound HL18 (Figure 104). It is completely soluble in 

DMSO, DMF, acetone, chlorinated solvents; slightly soluble in CH3CN and alcohols and 

insoluble in H2O, n-hexane, and petroleum ether. 

 
Figure 105 - Structure of ligand HL18 

Anal. Calcd. for C24H21N5O3: C, 67.44; H, 4.95; N, 16.38; Found: C, 67.17; H, 4.87; N, 16.31. 

mp: 221-222 °C. IR (cm-1): 3193 w ν(N-H); 3128w, 3093w, 3061w, 3061w, 3032w 

ν(unsaturated C-H); 1615s, 1594m, 1577m, 1525vs, 1488s ν(C=O, C=C, C=N); 1472m, 

1455w, 1424w, 1380m, 1349s, 1319w, 1275w, 1248w, 1220w, 1174w, 1144w, 1089w, 

1047w; 694m, 681w, 673w, 657w, 645w, 629w, 601w, 552w, 531w, 503w, 468w, 417w, 

376w, 354w, 281w, 271w, 246w, 227w, 208w. 1H-NMR (CDCl3, 293 K): δ 2.45 (s, 3H, 

C(3’)H), 4.21 (s, 2H, C(11)H), 6.12 (s, 1H, N-H), 6.98 (dd, 1H, C(17’)H), 7.17 (d, 2H, C(13-

13’)H), 7.20-7.26 (m, 4H), 7.30 (d, 2H, C(14-14’)H), 7.34 (t, 1H, C(18’)H), 7.45 (t, 2H, C(8-

8’)H), 7.48 (t, 1H, C(19)H), 7.76 (dd, 1H, C(17)H), 8.02 (d, 2H, C(7-7’)H), 12.48 (br, 1H, O-

H).13C{1H}-NMR (CDCl3, 293 K): δ 16.8 [C(3’)], 33.7 [C(11)], 100.7 [C(4)], 107.9 [C(19)], 

116.4 [C(17)], 118.5 [C(17’)], 119.4 [C(7-7’)], 124.9 [C(9)], 127.5 [C(5)], 128.0 [C(13-13’)], 

128.8 [C(8-8’)], 129.3 [C(14-14’)], 130.3 [C(18’)], 134.4 [C(12)], 138.7 [C(6)], 146.7 [C(3)], 
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147.3 [C(16)], 149.1 [C(18)], 165.7 [C(5)], 167.3 [C(10)]. ESI-MS(-) CH3OH (m/z [relative 

intensity, %]): 426 [100] [L18]-. 

HL19 [(E)-4-(1-(2-(2,4-dinitrophenyl)hydrazineylidene)-2-phenylethyl)-3-methyl-1-phenyl-

1H-pyrazol-5-ol]. The proligand HL19 was synthesized from (5-hydroxy-3-methyl- 1-phenyl-

1H-pyrazol-4-yl)2phenylethanone (292 mg, 1.1 mmol) and 2,4-dinitrophenylhydrazine (236 

mg, 1.01 mmol) following the procedure of previous compound. The light yellow solid (425 

mg, yield 89%) was identified as the pure compound HL19 (Figure 105). It is completely 

soluble in DMSO, DMF, acetone, chlorinated solvents, CH3CN and alcohols and insoluble in 

H2O, n-hexane, and petroleum ether.  

 
Figure 106 - Structure of ligand HL19 

Anal. Calcd. for C24H20N6O5: C, 61.01; H, 4.27; N, 17.79; Found: C, 61.08; H, 4.33; N, 17.63. 

mp: 203-204 °C. IR (cm-1): 3277 w ν(N-H); 3113w, 3055w, 3027w, 2990w, 2955w 

ν(unsaturated C-H); 1611vs, 1592vs, 1525m, 1495m, 1456w, 1420w, 1403w ν(C=O, C=C, 

C=N); 1366 s, 1337vs, 1313s, 1269m, 1235w, 1208w, 1177w, 1142w, 1119w, 1063w; 691m, 

649w, 634w, 595w, 565w, 508w, 484m, 435w, 416w, 398w, 355w, 331w, 301w, 280w, 253w, 

221m, 204w. 1H-NMR (CDCl3, 293 K): δ 2.50 (s, 3H, C(3’)H), 4.21 (s, 2H, C(11)H), 7.18 (d, 

1H, C(17’)H), 7.23 (d, 2H, C(13-13’)H), 7.27-7.34 (m, 4H, C(13-13’)H, C(14-14’)H and 

C(15)H), 7.48 (t, 2H, C(8-8’)H), 7.98 (d, 2H, C(7-7’)H), 7.45 (t, 2H, C(8-8’)H), 8.22 (t, 1H, 

C(18’)H), 9.08 (s, 1H, C(18)H), 10.18 (sbr, 1H, N-H), 12.46 (br, 1H, O-H).13C{1H}-NMR 

(CDCl3, 293 K): δ 16.3 [C(3’)], 34.4 [C(11)], 100.9 [C(4)], 114.3 [C(17’)], 120.0 [C(7-7’)], 123.4 

[C(18)], 125.8 [C(9)], 127.9 [C(15)], 128.0 [C(13-13’)], 129.0 [C(8-8’)], 129.6 [C(14-14’)], 

130.3 [C(18’)], 132.8 [C(6)], 138.1, 138.7 [C(17) and C(19)], 145.5 [C(5)], 146.8 [C(3)], 161.0 

[C(16)], 162.5 [C(10)]. ESI-MS(-) CH3OH (m/z [relative intensity, %]): 471 [100] [L19]-. 

HL20 [(E)-3-methyl-1-phenyl-4-(2-phenyl-1-(2-(4-(trifluoromethyl)-phenyl)-hydrazine-

ylidene)-ethyl)-1H-pyrazol-5-ol]. The proligand HL20 was synthesized from (5-hydroxy-3-

methyl- 1-phenyl-1H-pyrazol-4-yl)2phenylethanone (292 mg, 1 mmol) and 4-

trifluoromethylphenylhydrazine (178 mg, 1.01 mmol) following the procedure of previous 

compound. The white solid (265 mg, yield 59%) was identified as the pure compound HL20 

(Figure 106). It is completely soluble in DMSO, DMF, acetone, chlorinated solvents, CH3CN 

and alcohols and insoluble in H2O, n-hexane, and petroleum ether.  
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Figure 107 - Structure of ligand HL20 

Anal. Calcd. for C25H21F3N4O: C, 66.66; H, 4.70; N, 12.65; Found: C, 66.20; H, 4.60; N, 

12.70. mp: 195-196 °C. IR (cm-1): 3214w ν(N−H), 3063w, 3130wbr, 2700wbr ν(unsaturated 

C−H), 1619vs, 1590vs, 1534s, 1495s, 1488vs ν(C=O, C=C, C=N), 1327vs, 1317vs, 1112vs, 

1064s; 693vs, 652m, 637w, 662s, 616s, 599m, 582w, 536w, 518w, 508w, 499s, 479w, 432w, 

405w, 392w, 362w, 349w, 330w, 304w, 293w, 265w, 248w, 225w. 1H-NMR (CDCl3, 293 K): δ 

2.41 (s, 3H, C(3’)H), 4.15 (s, 2H, C(11)H), 6.44 (s, 1H, N-H), 6.68 (d, 2H, C(17-17’)H), 7.16 

(d, 2H, C(13-13’)H), 7.23 (t, 1H, C(9)H), 7.25-7.30 (m, 3H), 7.42 (d, 2H, C(18-18’)H), 7.45 (t, 

2H, C(8-8’)H), 7.99 (d, 2H, C(7-7’)H), 12.40 (br, 1H, O-H).13C{1H}-NMR (CDCl3, 293 K): δ 

16.7 [C(3’)], 33.5 [C(11)], 100.1 [C(4)], 112.7 [C(17-17’)], 119.6 [C(7-7’)], 123.2 [C(20)], 123.6 

[C(19)], 125.0 [C(9)], 126.7 [C(18-18’)], 127.4 [C(15)], 127.9 [C(13-13’)], 128.9 [C(8-8’)], 

129.2 [C(4-4’)], 134.4 [C(12)], 138.5 [C(6)], 147.2 [C(16)], 148.9 [C(3)], 165.5 [C(10)], 167.9 

[C(5)]. ESI-MS (-) CH3OH (m/z [relative intensity, %]): 449 [100] [L20]-. 

HL21 [(E)-3-methyl-1-phenyl-4-(1-(2-(pyridin-2-yl)hydrazineylidene)ethyl)-1H-pyrazol-5-

ol]. The proligand HL21 was synthesized from (5-hydroxy-3-methyl- 1-phenyl-1H-pyrazol-4-

yl)ethanone (216 mg, 1 mmol) and 2-hydrazinopyridine (110 mg, 1.01 mmol) following the 

procedure of previous compound. The light yellow solid (178 mg, yield 58%) was identified 

as the pure compound HL21 (Figure 107). It is completely soluble in DMSO, DMF, acetone, 

chlorinated solvents, CH3CN; slightly soluble in alcohols and insoluble in H2O, n-hexane, and 

petroleum ether. 

 

Figure 108 - Structure of ligand HL21 

Anal. Calcd. for C17H17N5O: C, 66.43; H, 5.58; N, 22.79; Found: C, 66.25; H, 5.40; N, 22.60. 

mp: 213-214°C. IR (cm-1): 3152w ν(N-H); 3075w, 2921w ν(unsaturated C-H); 1615m, 1628m, 

1591s, 1537m, 1503w, 1487m, 1462m, 1443m ν(C=O, C=C, C=N); 1409w, 1373s, 1356s, 
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1309s, 1285m, 1253m, 1207m, 1172w, 1162w, 1151w, 1103w, 1051w, 1043m, 1024m, 

994m; 687s, 651m, 630w, 602m, 548m, 511s, 469w, 407w, 392m, 377w, 357m, 284w, 254w, 

247m, 229m, 212w, 202m. 1H-NMR (DMSO-d6, 293 K): δ 2.37 (s, 3H, C(11)H), 2.48 (s, 3H, 

C(3’)H), 6.78 (d, 1H, C(13)H), 6.89 (t, 1H, C(15)H), 7.12 (t, 1H, C(9)H), 7.39 (t, 2H, C(8-8’)H), 

7.67 (t, 1H, C(14)H), 8.01 (d, 2H, C(7-7’)H), 8.18 (d, 1H, C(16)H), 9.34 (br, 1H, O-H).13C{1H}-

NMR (DMSO-d6, 293 K): δ 14.9 [C(11)], 17.3 [C(3’)], 97.5 [C(4)], 108.4 [C(13)], 116.8 [C(15)], 

118.4 [C(7-7’)], 124.1 [C(9)], 129.1 [C(8-8’)], 138.6 [C(14)], 139.7 [C(6)], 147.7 [C(10)], 148.3 

[C(16)], 157.5 [C(12)], 165.4 [C(5)]. ESI-MS(-) CH3OH (m/z [relative intensity, %]): 306 [100] 

[L21]-. 

HL22 [(E)-5-methyl-2-phenyl-4-(1-(2-(pyridin-2-yl)hydrazineylidene)heptyl)-2,4-dihydro-

3H-pyrazol-3-one]. The proligand HL22 was synthesized from (5-hydroxy-3-methyl- 1-

phenyl-1H-pyrazol-4-yl)hexanone (286 mg, 1 mmol) and 2-hydrazinopyridine (110 mg, 1.01 

mmol). The methanolic solution has been stirred at reflux for 6 hours after that the reaction 

mixture has been dried at reduced pressure and purified through liquid chromatography with 

hexane:ethylacetate 70:30. The light yellow solid (256 mg, yield 68%) was identified as the 

pure compound HL22 (Figure 108). It is completely soluble in DMSO, DMF, acetone, 

chlorinated solvents and CH3CN; slightly soluble in alcohols and insoluble in H2O, n-hexane 

and petroleum ether. 

 
Figure 109 - Structure of ligand HL22 

Anal. Calcd. for C22H27N5O: C, 70.00; H, 7.21; N, 18.55; Found: C, 69.87; H, 7.20; N, 18.32. 

mp: 131-132 °C. IR (cm-1): 3174w ν(N-H); 3060w, 2955w, 2922w, 2852w ν(unsaturated and 

aliphatic C-H); 1738w, 1626s, 1593vs, 1580s, 1537s, 1499s, 1485m, 1462m, 1435s, 1402w, 

1374vs ν(C=O, C=C, C=N); 1315m, 1290w, 1235w, 1207w, 1155w, 1096w, 1068w, 1047w, 

1027m, 1007m, 997m; 690s, 651m, 626m, 599m, 550m, 520w, 509m, 471w, 459w, 409w, 

395w, 383w, 356w, 301w, 253w, 225w. 1H-NMR (CDCl3, 293 K): δ 0.89 (m, 3H, H16), 1.30 

(m, 4H, H15-14), 1.46 (m, 2H, H13), 1.67 (m, 2H, H12), 2.45 (s, 3H, H3’), 2.85 (t, 2H, H11), 

6.75 (d, 1H, H18), 6.93 (t, 1H, H20), 7.17 (t, 1H, H9), 7.41 (t, 2H, H8-8’), 7.63 (t, 1H, H19), 

8.01 (d, 2H, H7-7’), 8.24 (d, 1H, H21), 12.54 (br, 1H, N-H).13C{1H}-NMR (CDCl3, 293 K): δ 
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13.9 [C(16)], 16.8 [C(3’)], 22.4 [C(15)], 28.1 [C(11)], 29.0 [C(12)], 29.5 [C(13)], 31.3 [C(14)], 

98.7 [C(10)], 107.0 [C(18)], 117.3 [C(20)], 119.4 [C(7-7’)], 124.6 [C(9)], 128.7 [C(8-8’)], 138.9 

[C(6)], 139.1 [C(19)], 146.9 [C(3)], 147.7 [C(21)], 158.2 [C(17)], 165.6 [C(5)], 171.0 [C(4)]. 

ESI-MS (-) CH3OH(m/z [relative intensity, %]): 376 [100] [L22]-. 

 

7.1.4 General procedure for synthesis of complexes 

[Ru(p-cymene)(L17)Cl] (29). HL17 (85 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were 

dissolved in CH3OH (5 mL). After 1 h stirring at room temperature the dimer [Ru(p-

cymene)(Cl)2]2 (61 mg, 0.1 mmol) was added, and the solution was stirred for 5 h at room 

temperature. The red precipitate has been filtered off and dried. The product (62 mg, yield 

44%) was identified as the pure compound 29 (Figure 109). It is completely soluble in 

DMSO, acetone, chlorinated solvent, acetonitrile, and toluene; insoluble in H2O and n-

hexane. 

 
 

Figure 110 - Structure of compound 29 

Anal. Calcd. for C34H34ClN5ORu: C, 58.57; H, 4.92; N, 10.05; Found: C, 58.62; H, 4.88; N, 

10.12. mp: 208-211 °C. IR (cm-1): 3222m ν(N-H); 3107w, 3038w, 3064w, 3028w 

ν(unsaturated C-H); 1589s, 1567s, 1531m, 1518w, 1484vs, 1455 m, 1445m ν(C=O, C=C, 

C=N); 1414w, 1400w, 1376m, 1351w, 1318m, 1304vs, 1275s, 1224w, 1180m, 1107s, 

1051w, 1030m, 1004m; 426w ν(Ru-O), 236m ν(Ru-Cl). 1H-NMR (CDCl3, 248 K): δ 1.12d, 

1.15d (6H, -CH(CH)3), 2.07 (s, 3H, -CH3 of p-cymene), 2.33 (s, 3H, C(3’)H), 2.70 (m, 1H, 

CH(CH3)2 of p-cymene), 4.02 (dd, 2H, C(11)H), 4.87 d, 5.14 d, 5.51 d, 5.64 d (4H, AA′BB′ 

system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 6.77dd, 7.04dd (2H, C(17-17’)H), 7.06 

(d, 2H, C(13-13’)H), 7.16-7.28 (m, 4H, C(14-14’)H, C(9)H and C(15)H), 7.44 (t, 2H, C(8-8’)H), 

8.00 (d, 2H, C(7-7’)H), 8.25 dd, 8.41 dd (2H, C(18-18’)H), 8.27 (s, 1H, N-H).13C{1H}-NMR 

(CDCl3, 293 K): δ 17.1 [C(3’)], 18.1 [-CH3 of p-cymene], 21.2, 22.7 [-CH(CH3)2 of p-cymene], 

30.7 [CH(CH3)2 of p-cymene], 35.2 [C(11)], 78.6, 81.1, 81.7, 83.8 [Ca,Ca’,Cb,Cb’ of p-

cymene], 95.2, 100.9 [Ci and Ci’], 103.6 [C(4)], 120.2 [C(7-7’)], 125.1 [C(14-14’)], 126.5, 
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126.8 [C(18-18’) and C(17-17’)], 125.5 [C(9)], 127.8 [C(13-13’)], 128.6 [C(8-8’)], 135.3 

[C(12)], 138.9 [C(6’)], 140.5 [C(16)], 147.5 [C(10)]. ESI-MS(+) CH3OH (m/z [relative intensity, 

%]): 661 [85] [Ru(p-cymene)(L17)]+. 

[Ru(p-cymene)(L18)Cl] (30). HL18 (85 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were 

dissolved in CH3OH (5 mL). After 1 h stirring at room temperature the dimer [Ru(p-

cymene)(Cl)2]2 (62 mg, 0.1 mmol) was added and the solution was stirred for 5 h at room 

temperature. The red precipitate has been filtered off and dried. The red product (90 mg, 

yield 81%) was identified as the pure compound 30 (Figure 110). It is completely soluble in 

DMSO, acetone, chlorinated solvent, and acetonitrile; slightly soluble in toluene; insoluble in 

H2O and n-hexane. 

 
 

Figure 111 - Structure of compound 30 

Anal. Calcd. for C34H34ClN5ORu: C, 58.57; H, 4.92; N, 10.05; Found: C, 55.23; H, 4.75; N, 

10.22. mp: 110-111 °C. IR (cm-1): 3239w ν(N-H); 3061w, 2961w, 2925w, 2870w 

ν(unsaturated C-H); 1591m, 1569s, 1524vs, 1496m, 1479s, 1445m, ν(C=O, C=C, C=N); 

1374m, 1347s, 1252w, 1076w, 1054w, 1028w, 1009w, 510w ν(Ru-O), 270w ν(Ru-Cl). 1H-

NMR (CDCl3, 293 K): δ 1.09 d, 1.17 d (6H, -CH(CH)3), 2.04 (s, 3H, -CH3 of p-cymene), 2.35 

(s, 3H, C(3’)H), 2.66 (m, 1H, CH(CH3)2 of p-cymene), 4.01-4.22 (m, 2H, C(11)H), 4.63, 5.11, 

5.50 (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene), 7.08 (d, 2H, C(13-13’)H), 7.06 

(d, 2H, C(13-13’)H), 7.15 (t, 1H, C(18’)H), 7.19-7.26 (m, 4H, C(14-14’)H, C(15)H and C(9)H), 

7.43 (t, 2H, C(8-8’)H), 7.50 (m, 1H, C(19)H), 7.69 (sbr, 1H,C(17)H), 7.81 (d, 2H, C(17’)H), 

8.00 (m, 2H, C(7-7’)H).13C{1H}-NMR (CDCl3, 293 K): δ 17.0 [C(3)], 21.2, 22.9 [-CH(CH3)2 of 

p-cymene], 30.7 [-CH3 of p-cymene], 35.4 [C(11)], 80.3, 80.6, 81.3, 83.3 [Ca, Ca’, Cb, Cb’ of 

p-cymene], 96.1, 96.8 [Ci and Ci’], 101.1 [C(4)], 114.9 [C(17’)], 116.2 [C(17)], 119.4 [C(7-7’)], 

126.6 [C(18’)], 127.3 [C(15)], 127.9 [C(13-13’)], 128.6 [C(8-8’)], 128.9, 129.4 [C(14-14’)], 

130.1 [C(9)], 130.5 [C(19)], 135.6 [C(12)], 138.9 [C(6)], 147.5 [C(3)], 149.5 [C(18)], 162.0 

[C(5)], 165.6 [C(10)]. ESI-MS(+) CH3OH (m/z [relative intensity, %]): 661 [100] [Ru(p-

cymene)(L18)]+. 

[Ru(p-cymene)(L19)Cl] (31). HL19 (94 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were 

dissolved in CH3OH (5 mL). After 1 h stirring at room temperature the dimer [Ru(p-
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cymene)(Cl)2]2 (62 mg, 0.1 mmol) was added, and the solution was stirred for 5 h at room 

temperature. The red precipitate has been filtered off and dried. The product (83 mg, yield 

56%) was identified as the pure compound 31 (Figure 111). It is completely soluble in 

DMSO, acetone, chlorinated solvent, acetonitrile, and toluene; insoluble in H2O and n-

hexane. 

 
 

Figure 112 - Structure of compound 31 

Anal. Calcd. for C34H33ClN6O5Ru: C, 55.02; H, 4.48; N, 11.32; Found: C, 55.56; H, 4.61; N, 

11.04. mp: 143-144 °C. IR (cm-1): 3068w ν(N-H); 2959w, 2923w, 2868w ν(unsaturated C-H); 

1615m, 1588m, 1568s, 1520m, 1483s, 1455m, 1423m ν(C=O, C=C, C=N); 1377m, 1331vs, 

1308m, 1269m, 1227m, 1135m, 113m, 1061m, 1027m, 1007m; 466w ν(Ru-O), 269w ν(Ru-

Cl). 1H-NMR (CDCl3, 293 K): δ 1.26 d, 1.28 d (6H, -CH(CH)3), 2.03 (s, 3H, -CH3 of p-

cymene), 2.33 (s, 3H, C(3’)H), 2.81 (m, 1H, CH(CH3)2 of p-cymene), 3.68d, 4.25d (2H, 

C(11)H), 4.18, 5.17, 5.31, 5.41 (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 

Hz), 7.01 (d, 2H, C(7-7’)H), 7.21 (t, 1H, C(9)H), 7.25-7.27 (m, 3H, C(8-8’)H and C(15)H), 7.45 

(t, 2H, C(14-14’)H), 7.94 (d, 2H, C(13-13’)H), 8.09 (d, 1H, C(18)H), 8.30 (d, 1H, C(17’)H), 

9.13 (d, 1H, C(18)H), 10.40 (s, 1H, N-H).13C{1H}-NMR (CDCl3, 293 K): δ 17.4 [C(3’)], 18.8 [-

CH3 of p-cymene], 21.3, 23.3 [-CH(CH3)2 of p-cymene], 30.9 [CH(CH3)2 of p-cymene], 36.0 

[C(11)], 79.8, 82.3, 82.8, 86.3 [Ca, Ca’, Cb, Cb’ of p-cymene], 98.4, 101.5 [Ci and Ci’], 102.3 

[C(4)], 118.0 [C(18’)], 120.7 [C(13-13’)], 123.3 [C(18)], 125.5 [C(9)], 127.5 [C(15)], 128.7 

[C(14-14’)], 129.5 [C(8-8’)], 130.2 [C(17’)], 134.8 [C(12)], 137.9, 138.7 [C(17) and C(19)], 

145.7 [C(16)], 147.9 [C(3)], 162.0 [C(6)], 171.9 [C(10)]. ESI-MS(+) CH3OH (m/z [relative 

intensity, %]): 707 [100] [Ru(p-cymene)(L19)]+. 

[Ru(p-cymene)(L20)Cl] (32). HL20 (90 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were 

dissolved in CH3OH (5 mL). After 1 h stirring at room temperature the dimer [Ru(p-

cymene)(Cl)2]2 (62 mg, 0.1 mmol) was added, and the solution was stirred for 5 h at room 

temperature. The red precipitate has been filtered off and dried. The product (50 mg, yield 

70%) was identified as the pure compound 32 (Figure 112). It is completely soluble in 

DMSO, acetone, chlorinated solvent, acetonitrile, and toluene; insoluble in H2O and n-

hexane. 
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Figure 113 - Structure of compound 32 

Anal. Calcd. for C35H34ClF3N4ORu: C, 58.37; H, 4.76; N, 7.78; Found: C, 58.30; H, 4.84; N, 

7.74. mp: 222-224 °C. IR (cm-1): 3264wbr ν(N-H); 3070w, 3025w, 2969w, 2926w, 2876w 

ν(unsaturated C-H); 1613m, 1592m, 1573vs, 1524m, 1495s, 1470s, 1445m ν(C=O, C=C, 

C=N); 1374m, 1315vs, 1265m, 1184m, 1154m, 1099vs, 1063s, 1029m, 1008m; 511w ν(Ru-

O), 262w ν(Ru-Cl). 1H-NMR (CDCl3, 293 K): δ 1.11 d, 1.16 d (6H, -CH(CH)3), 2.06 (s, 3H, -

CH3 of p-cymene), 2.32 (s, 3H, C(3’)H), 2.68 (m, 1H, CH(CH3)2 of p-cymene), 3.97 d, 4.24 d 

(2H, C(11)H), 4.73, 5.11, 5.44, 5.53 (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene), 

7.01 (sbr, 1H, N-H), 7.08 (d, 2H, C(14-14’)H), 7.15-7.26 (m, 4H, C(13-13’)H, C(15)H and 

C(9)H), 7.42 (t, 2H, C(8-8’)H), 7.64 (sbr, 4H, C(18-18’)H and C(17-17’)H), 8.04 (d, 2H, C(7-

7’)H).13C{1H}-NMR (CDCl3, 293 K): δ 17.1 [C(3’)], 18.5 [-CH3 of p-cymene], 21.0, 22.8 [-

CH(CH3)2 of p-cymene], 30.6 [-CH(CH3)2 of p-cymene], 35.2 [C(11)], 80.8, 83.1 [C(a-a’) and 

C(b-b’)], 100.8 [C(4)], 120.0 [C(7-7’)], 124.8 [C(9)], 126.6 [C(15)], 127.5 [C(17-17’) and C(18-

18’)], 127.8 [C(14-14’)], 128.6 [C(18-18’)], 128.9 [C(13-13’)], 135.6 [C(12)], 139.1 [C(6)], 

147.3 [C(3)], 149.2 [C(16)], 161.7 [C(19)]. ESI-MS (+) CH3CN (m/z [relative intensity, %]): 

685 [100] [Ru(p-cymene)(L20)]+. 

[Ru(p-cymene)(L21)Cl] (33). HL21 (61 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were 

dissolved in CH3OH (5 mL). After 1 h stirring at room temperature the dimer [Ru(p-

cymene)(Cl)2]2 (62 mg, 0.1 mmol) was added, and the solution was stirred for 5 h at room 

temperature. The dark-yellow precipitate has been filtered off and dried. The product (55 mg, 

yield 95%) was identified as the pure compound 33 (Figure 113). It is completely soluble in 

DMSO, acetone, chlorinated solvent, and acetonitrile; slightly soluble in toluene; insoluble in 

H2O and n-hexane. 
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Figure 114 - Structure of compound 33 

Anal. Calcd. for C27H30ClN5ORu: C, 56.20; H, 5.24; N, 12.14; Found: C, 56.49; H, 5.19; N, 

11.93. mp: 130-140 °C. IR (cm-1): 3318w ν(N-H); 3062w, 2961w, 2926w, 2827w 

ν(unsaturated C-H); 1741w, 1597w, 1488vs, 1455w, 1417s, 1380m, 1360m ν(C=O, C=C, 

C=N); 1282w, 1151w, 1079w, 1023w; 433w ν(Ru-N), 320w ν(Ru-Cl). 1H-NMR (DMSO-d6, 

293 K): δ 1.05 d, 1.11 d (6H, -CH(CH)3), 2.23 (s, 3H, -CH3 of p-cymene), 2.27 (s, 3H, C(3’)H), 

2.88 (s, 2H, C(11)H), 5.65 , 5.81, 6.13 (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 
3J = 6 Hz), 6.71 (d, 1H, C(13)H), 6.79 (t, 1H, C(15)H), 7.12 (t, 1H, C(9)H), 7.38 (t, 2H, C(8-

8’)H), 7.62 (t, 1H, C(14)H), 7.98 (d, 2H, C(7-7’)H), 8.52 (d, 1H, C(16)H), . 13C{1H}-NMR 

(DMSO-d6, 293 K): δ 14.4 [C(3’)], 18.9 [-CH3 of p-cymene], 22.1, 22.3 [-CH(CH3)2 of p-

cymene], 28.5 [C(11)], 82.0, 83.9, 84.7, 87.0 [of p-cymene], 100.8 [C(4)], 102.2 [Ci], 107.4 

[Ci’], 107.1 [C(13)], 115.5 [C(15)], 119.6 [C(7-7’)], 121.7 [C(6)], 124.2 [C(9)], 126.6 [C(5)], 

129.0 [C(8-8’)], 139.5 [C(14)], 146.5 [C(3)], 152.1 [C(16)], 156.8 [C(12)], 157.9 [C(10)]. ESI-

MS(+) CH3OH (m/z [relative intensity, %]): 542 [100] [Ru(p-cymene)(L21)]+. 

[Ru(p-cymene)(L22)Cl] (34). HL22 (75 mg, 0.2 mmol) and KOH (11 mg, 0.2 mmol) were 

dissolved in CH3OH (5 mL). After 1 h stirring at room temperature the dimer [Ru(p-

cymene)(Cl)2]2 (62 mg, 0.1 mmol) was added and the solution was stirred for 5 h at room 

temperature after that, the reaction mixture has been dried at reduced pressure and the 

product crystalized from a solution of CH2Cl2/Hexane. The dark-brown precipitate has been 

filtered off and dried. The product (37 mg, yield 57%) was identified as the pure compound 

34 (Figure 114). It is completely soluble in DMSO, acetone and chlorinated solvent; slightly 

soluble in toluene and acetonitrile; insoluble in H2O and n-hexane. 
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Figure 115 - Structure of compound 34 

Anal. Calcd. for C32H40ClN5ORu: C, 59.38; H, 6.23; N, 10.82; Found: C, 59.01; H, 6.13; N, 

10.56. mp: 132-134 °C. IR (cm-1): 3058w ν(N-H); 2957w, 2924w, 2855w ν(aliphatic and 

unsaturated C-H); 1594w, 1575w, 1487s, 1455m, 1417m ν(C=O, C=C, C=N); 1376m, 

1332w, 1283w, 1243w, 1150w, 1112w, 1075m, 1023w, 1003m; 540w ν(Ru-N), 280w ν(Ru-

Cl). 1H-NMR (CDCl3, 293 K): δ 0.95 (t, 3H, C(16)H), 1.18 d, 1.26 d (6H, -CH(CH)3), 1.40 (m, 

4H, C(15)H and C(14)H), 1.53 (m, 2H, C(13)H), 1.67 (m, 2H, C(12)H), 2.34 (s, 3H, C(3’)H), 

2.36 (s, 3H, -CH3 of p-cymene), 2.68 (m, 1H, CH(CH3)2 of p-cymene) , 3.29 (m, 2H, C(11)H), 

5.26, 5.41, 5.61 (4H, AA′BB′ system, CH3-C6H4-CH(CH3)2 of p-cymene, 3J = 6 Hz), 6.59 (t, 

1H, C(20)H), 6.69 (d, 1H, C(18)H), 7.14 (t, 1H, C(9)H), 7.40 (t, 3H, C(8-8’)H and C(19)H), 

8.03 (d, 2H, C(7-7’)H), 8.15 (d, 1H, C(21)H), 15.31 (s, 1H, N-H). 13C{1H}-NMR (CDCl3, 293 

K): δ 14.0 [C(16)], 14.1 [C(3’)], 18.1 [-CH3 of p-cymene], 22.0, 22.5 [-CH(CH3)2 of p-cymene], 

22.7 [C(15)], 29.7 [C(13)], 31.0 [-CH(CH3)2 of p-cymene], 31.6 [C(12)], 31.8 [C(4)], 40.9 

[C(11)], 82.0, 83.9, 84.7, 87.0 [of p-cymene], 102.0 [Ci’], 103.9 [Ci], 107.7 [C(18)], 114.7 

[C(20)], 120.5 [C(7-7’)], 124.3 [C(9)], 126.3 [C(3)], 128.6 [C(8-8’)], 129.1 [C(4)], 138.2 [C(19)], 

145.7 [C(10)], 150.0 [C(21)], 156.3 [C(17)], 165.2 [C(5)]. ESI-MS(+) CH3CN (m/z [relative 

intensity, %]): 612 [95] [Ru(p-cymene)(L22)]+. 

 

7.2 RESULTS AND DISCUSSION  
7.2.1 Synthesis and characterization of ligands 
The reaction to obtain the ligands HL17-HL22 occurs in several steps. First, the 

acylpyrazolone precursors have been synthesised starting from the Edavarone molecule, 1- 

phenyl-3-methylpyrazol-5-one (A, Scheme 22)214 which, through an acylation in C-4 position 

(in dioxane under basic conditions provided by calcium hydroxide) made by using an acyl 

chloride, have favoured the formation of the intermediates B (Scheme 22), which has been 

precipitated in high yield from the solution using HCl 2N. Subsequently, the pyrazolone-

based hydrazone ligands C (in Scheme 22) have been obtained via a condensation reaction, 

by using an slight excess of hydrazine, catalysed by traces of glacial acetic acid in 
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methanolic solution. The ligands HL17-HL21 precipitated from the solution and the respective 

powders have been collected through filtration and dried. Differently, the ligand HL22 remains 

in solution and was purified through liquid chromatography using as mobile phase a solution 

of hexane:ethylacetate 70:30. 

 
 

Scheme 22 - Synthetic procedure for the ligands HL17-HL22 

The ligands HL17-HL22 were therefore obtained in high yields. They are air-stable and 

soluble in most of the organic solvents. Furthermore, the 1H NMR, 13C NMR and Mass 

spectrometry confirmed the structures and purity expected. In fact, X-ray studies confirmed 

that the ligands have two different structural typologies according to the hydrazine moiety (R2 

residue), more precisely: the pyridine-containing ligands HL21 and HL22 have been found in a 

zwitterionic form (ligand typology B, Figure 115), differently, the other ligands have been 

found in the expected imine/Schiff’s base configuration (ligan typology A, Figure 115). 

 
 

Figure 116 - Different ligand typologies A and B 
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7.2.2 Synthesis and characterization of the complexes 
Complexes 29-34 were prepared from the reaction of the ligands HL17-HL22, in the 

presence of KOH as a deprotonating agent, with the Ruthenium dimer, [Ru(p-cymene)Cl2]2 in 

methanol solution for 5 hours (Scheme 23). 

 

 

Scheme 23 - Synthesis of compounds 29-34 

The novel ruthenium arene complexes, as confirmed by the X-ray studies, demonstrated the 

presence of two different ligand structures by reflecting different coordination environment 

around the metal centre. For compounds 29-32 the expected -N,O chelation occurs with the 

formation of six-membered ring, as it is possible to see in Figure 116 from the final crystal 

structures of compounds 31 and 32. On the other hand, the pyridine-containing ligands (in 

complexes 33 and 34) prefer to coordinate through the N donor atom of the pyridine ring 

(labelled as Np in Figure 116) instead of the oxygen present in the pyrazolone ring (O1), 

affording a five-membered ring with the metal centre (again in Figure 116). 

The complexes are air-stable and soluble in alcohols, acetone, acetonitrile, chlorinated 

solvents, DMF and DMSO. The IR spectra of all complexes show the typical ν(C=O) band at 

lower wavenumbers than the corresponding band in the free ligands as a consequence of 

coordination through the carbonyl arms to the metal. On the other hand, the complexes 33 

and 34 show strong changes in the region of C=C/C=N stretching which confirm the 

coordination through N- donor atoms. In the far-IR region, strong absorptions at about 270 

cm-1 have been assigned to ν(Ru–Cl) stretches. The electrospray ionisation (ESI) mass 

spectra in positive ion mode, recorded in CH3CN, show the typical isotopic patterns expected 

for Ru and display peaks that correspond to the species [Ru(p-cymene)Ln]+ (where n = 17-

22) arising from the dissociation of the chloride anion. 
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Figure 117 - Crystal structures of Ru compounds 31 and 32 (with a κ-N,O coordination environment, typology 
A) and 33 (with a κ-N,N coordination environment, typology B) 

All the 1H-NMR spectra have been recorded in CDCl3 solution except for the compound 33 

for which DMSO-d6
 has been used. In the spectra all the set of signals related to the ligands’ 

protons, which are far from the coordination environment, are just a little bit shifted compared 

to the signals of the free ligands. In the case of compound 29, at 298 K a broad set of 

resonances is observed, and by cooling a splitting into more sets has been detected, 

probably due to the presence of different interconvertible species in solution. At 248 K the 

exchange peaks between protons of the conformers are clearly distinguishable (Figure 117). 

 

 

Figure 118 -1H-NMR spectra in CDCl3 of compound 29 recorded at 298 K (a), 273 K (b) and 248 K (c) 

An interesting feature of the 1H-NMR spectra is related to the p-cymene system, where a 

doublet for each of the four p-cymene ring protons is observed. One of the four proton 
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resonances is strongly shifted to higher fields, below 4.9 ppm, whereas the other three 

doublets are in the expected range of 5.10−5.60 ppm. The lowest ppm value has been found 

for the dinitro-substituted complex 31 for which the Hb’ signal falls at 4.10 (Figure 118). On 

the other hand, in the 1H-NMR spectra of compounds κ-N,N coordinated, 33 and 34, the 

signals related to the p-cymene system are found at lower fields. 

Additionally, the occurred metalation of the ligands can be seen by the split into two doublets 

of the 11-CH2 protons belonging to the benzyl group for compounds 29-32 which, after the 

coordination, become diasterotopic as it is showed always in Figure 118. 

 

 

 

Figure 119 - Comparison between the 1H-NMR spectra in CDCl3 of complex 31 (blue line) and the parent 

ligand HL19 (grey line) 

 

 

However, the most shifted and representative signals of the occurred complexation are the 

disappearance of the hydroxyl proton (for the N,O- coordinating ligands) and the strong shift 

at about 15 ppm relative to the endocycle N-H bond in the N,N- coordination environment 

(Figure 119). 
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Figure 120 -1H-NMR spectrum in CDCl3 of compound 34 

 

7.2.3 Catalytic studies 
The synthesized complexes have been evaluated from a catalytic point of view in order to 

develop a one-pot tandem reaction where the first step is a deacetalization followed by the 

Knoevenagel condensation (Scheme 24). 

 

 

 

Scheme 24 - Tandem deacetalization-Knoevenagel condensation reaction catalyzed by Ru-compounds 

Benzaldehyde dimethyl acetal and malononitrile have been selected as test compounds. The 

acetal (A, in Scheme 24) was used as staring material which, in the presence of the Ru-

catalysts, produces in situ the aldehyde (B) needed for the Knoevenagel condensation, 

occurring in the presence of one malonitrile molecule, to obtain the benzylidene malononitrile 

(C) as reaction product. 

Upon performing these tandem reactions in solvent-free conditions at 75 oC for 4h in the 

presence of complexes 29-34, used as homogeneous catalysts, we found that compound 33 

led to a higher product yield (92%) as compared to the others (entry 5, Table 9). With 29, 30, 

31, 32, and 34, yields of 77 %, 64%, 68%, 70 % and 65% were obtained, respectively 

(entries 1-4 and 6, Table 9). Hence, the catalytic efficacy toward the tandem 
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deacetalization−Knoevenagel condensation reactions follows the order 33 > 29 > 32 > 31 > 

34 > 30. A blank test (without using any catalyst) was also performed, and no final product 

was produced under the optimised reaction conditions, and only a slight amount of the 

intermediate benzaldehyde was obtained (entry 7, Table 9). A relatively low yield of 

benzylidene malononitrile (9%) was detected utilising just the [Ru(p-cymene)(Cl)2]2 precursor 

dimer (entry 8, Table 9). 

Entry Catalyst Unreacted A (%)a Yield of B (%)a Yield of C (%)a 

1 29 16 7 77 

2 30 28 9 64 

3 31 24 9 68 

4 32 19 11 70 

5 33 5 3 92 

6 34 29 7 65 

7 Blank 92 8 0 

8 [Ru(p-cymene)(Cl)2]2 10 81 9 

 aCalculated by 1H NMR analysis. A = benzaldehyde dimethyl acetal (reactant); B = benzaldehyde (intermediate product); C = benzylidene 
malononitrile (final product). 

Table 9 - Catalytic results of the one-pot deacetalization−Knoevenagel condensation reactions 
between benzaldehyde dimethyl acetal and malononitrile with Ru-catalysts (1%mol) at 75°C for 4h in 

solvent-free conditions 

According to this, we have selected catalyst 33 to optimise the reaction conditions by 

changing the temperature (25-100°C), catalyst amount (0.5-3 mol %), solvents and reaction 

time (up to 5 h) and the achieved results are shown in Table 10. 

To optimize the reaction temperature, we have performed the tandem reaction in four 

different temperatures. At room temperature (25˚C) no benzylidene malononitrile was formed 

and only a low quantity of intermediate benzaldehyde was obtained (entry 9, Table 10). 

However, increasing the reaction temperature to 50˚C and 75˚C significantly increases the 

formation of benzylidene malononitrile up to 54% and 92%, respectively (entries 10, Table 

10 and 5, Table 9). A further raise in the reaction temperature (100 ˚C) leads to a slight 

decrease of the final product yield (entry 11, Table 10). In order to obtain a suitable catalyst 

load, we varied it from 0.5 mol% to 3 mol% (with respect to the amount of benzaldehyde 

dimethyl acetal) employing the aforementioned experimental conditions. By using the lowest 

amount of catalyst 33 (0.5 mol%) the final product yield was reduced substantially to 66% 

(entry 12, Table 10), although by increasing the amount to 1 mol% caused a marked yield 

enhancement to 92% (entry 5, Table 9). However, a further rise in the catalyst amount (3 

mol%) did not improve the yield (entry 13, Table 10), demonstrating that 1 mol% of catalyst 



  

 

157 

 

load of 33 is suitable for this reaction. The solvent can play a major role in catalytic reactions, 

but avoiding the use of any added solvent (solvent-free conditions) is significantly important 

in the context of green chemistry.215 The solvent-free reactions have advantages, such as 

absence of waste solvents, easy work up and possible shorter reaction time. Accordingly, we 

have performed the tandem reactions in solvent-free conditions as well as using various 

solvents (DMF, CH3CN, MeOH and THF). The reactions under solvent-free conditions 

produce the highest yield of 92% (entry 5, Table 9). By using DMF, CH3CN or MeOH, only 

46%, 18% or 24% yield of benzylidene malononitrile is obtained, respectively (entries 14-16, 

Table 10). 

Different Temperaturesb 

Entry T (˚C) Unreacted A (%)a Yield of B (%)a Yield of C (%)a 

9 25 85 15 0 

10 50 44 2 54 

11 100 7 2 91 

Different Catalyst amountsc 

Entry %mol of catalyst Unreacted A (%)a Yield of B (%)a Yield of C (%)a 

12 0.5 27 8 66 

13 3 6 4 91 

Different Solventsd 

Entry Solvent Unreacted A (%)a Yield of B (%)a Yield of C (%)a 

14 DMF 47 8 46 

15 CH3CN 76 7 18 

16 MeOH 68 9 24 

17 THF 13 3 85 

Time dependencee 

Entry Time Unreacted A (%)a Yield of B (%)a Yield of C (%)a 

18 1 15 4 82 

19 2 11 2 87 

20 3 7 2 91 

21 4 5 3 92 

22 5 4 2 94 
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Different Substrates 

Entry Substrate Unreacted A (%)a Yield of B (%)a Yield of C (%)a 

23f 

 

0 2 98 

24g 

 

0 0 >99 

25h 

 

2 2 96 

26i 
 

48 0 52 

Reaction conditions: b1 %mol of 33 after 4h in solvent-free conditions; c after 4h in solvent-free conditions at 75°C; d1 %mol of 33 after 4h 
at 75°C; e1 %mol of 33 in solvent-free conditions at 75°C; f4-Methoxybenzaldehyde dimethyl acetal as substrate; g4-Bromobenzaldehyde 
dimethyl acetal as substrate; h4-Chlorobenzaldehyde dimethyl acetal as substrate; i3-Bromobenzaldehyde diethyl acetal as substrate. 

Table 10 - Optimization reactions of the one-pot deacetalization−Knoevenagel performed with 
catalyst 33 

 

However, the use of THF leads to the 2nd highest yield of benzylidene malononitrile (85%, 

entry 17, Table 10). Thus, solvent-free conditions turn out to be the best choice for these 

tandem reactions. To determine a suitable reaction time, the reaction was scrutinised until 5 

h at regular intervals. The yield vs. time plot for the Ru-catalyst 33 is presented in Figure 120 

(up). Upon increasing the reaction time from 0.5h to 5h the yield of benzylidene malononitrile 

(C) increased continuously and the amount of benzaldehyde dimethyl acetal (A) decreased 

constantly. However, after ca. 3-4 h reaction time, only a low yield variation occurred. 

Moreover, the yield of the intermediate benzaldehyde (B) increases with time until 0.5h 

reaching a maximum after which it started to decrease.  

Furthermore, the activity of the catalyst 33 have been also tested in the reactions of a variety 

of substituted benzaldehyde dimethyl and diethyl acetals. The para-substituted methoxy 

(−OMe) and bromo (−Br) dimethyl acetals give the highest yields of 98-99%, whereas the 4-

chlorobenzaldehyde dimethyl acetal produced a slightly lower yield of 96%. However, for 3-

bromo benzaldehyde diethyl acetal, just 52% of the final product yield was achieved under 

the optimised reaction conditions (Figure 120, down). 

 

O

O
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Figure 121 -(up) Yield vs. time plot for the one-pot tandem deacetalization-Knoevenagel condensation 
reactions catalysed by compound 33 [black line: yield of benzylidene malononitrile (C); blue line: yield of 

intermediate benzaldehyde (B); red line: yield of unreacted benzaldehyde dimethyl acetal (A)]. (down) Yield for 
one-pot tandem deacetalization-Knoevenagel condensation reactions for different substituted acetals catalysed 

by compound 33 
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Chapter 8: Tandem oxidation-Knoevenagel condensation 
reactions promoted by novel organometallic Ir(III) and Rh(III) 

complexes containing Shiff base ligands 
 

8.1 Aim of the work 
According to what reported up to now, there is a great demand for developing even greener, 

more efficient and more sustainable multifunctional catalytic systems able to promote the 

formation of new carbon–carbon bonds. Moreover, the oxidation of alcohols to carbonyl 

compounds also represent a relevant reaction in synthetic organic chemistry and in the 

chemical industry.216-217 Various catalytic methods have been developed for such a process 

using green oxidants, such as O2 or peroxides [H2O2 or tert-butylhydroperoxide (t-TBHP)], to 

overcome the formation of harmful waste.218 Furthermore, the use of solvent-free conditions 

together with green oxidants and efficient catalysts could represent an ecofriendly way to 

carry out this type of reactions. 

Thus, in this section is reported the syntheses of new Rhodium(III) and Iridium(III) half 

sandwich complexes bearing a pentamethylcyclopentadienyl ring (Cp*) and pyrazolone-

based hydrazones as bidentate κ-N,N chelating ligands. The great stability from thermal 

stress and oxidating environments of such complexes gave the possibility to test them as 

catalyst for tandem reaction which includes Knoevenagel condensation together with an 

oxidation step. 

 

8.1.1 Materials and methods 
All the materials referred to the synthesis of the ligands, proligands and metal chlorides were 

obtained from commercial sources and were used as received. IR spectra were recorded 

from 4000 to 400 cm−1 on a PerkinElmer Spectrum 100 FT-IR instrument. 1H and 13C-NMR, 

{1H–1H}-COSY NMR, {1H–13C}-HSQC and {1H–13C}- HMBC spectra were recorded on a 500 

Bruker Ascend (500.1 MHz for 1H, 100 MHz for 13C). Referencing is relative to TMS (1H). 

Positive and negative ion electrospray ionization mass spectra (ESI-MS) were obtained on a 

Series 1100 MSI detector HP spectrometer using methanol as the mobile phase. Solutions (3 

mg mL−1 ) analysis were prepared using reagent-grade methanol. Masses and intensities 

were compared to those calculated using IsoPro Isotopic Abundance Simulator, version 

2.1.28. Melting points were recorded on an STMP3 Stuart scientific instrument and a 

capillary apparatus. Samples for microanalysis were dried in vacuo to constant weight (20 

°C, ca. 0.1 Torr) and analysed on a Fisons Instruments 1108 CHNS-O elemetal analyzer. 
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8.1.2 Catalytic procedure for the oxidation reactions 
1.25 mmol of both primary alcohol (benzyl alcohol, 130 μL) and secondary alcohol (1-

phenylethanol, 151 μL), together with TBHP (2.5 mmol, 241 μL) and 1 mol% of catalyst (3.7 

mg of 35, 3.7 mg of 36, 4.0 mg of 37, 3.3 mg of 38, 3.2 mg of 39, 3.1 mg of 40) were placed 

in a 2 mL glass vessel. The reaction has been heated at 100°C for 4h in the case of 

secondary alcohol and 24h for the primary one. Afterwards the mixtures were extracted with 

chloroform and dried over anhydrous sodium sulphate. The crude products were obtained 

after evaporation of the solvent and the yields determined by 1H NMR in CDCl3. The yields 

were calculated by the use of mesitylene as internal standard. 

 

8.1.3 Catalytic procedure for the Knoevenagel condensation 

reactions 
1.25 mmol of benzaldehyde (146 μL), 2.5 mmol of malonitrile (165 mg) and 1 mol% of 

catalyst (3.7 mg of 35, 3.7 mg of 36, 4.0 mg of 37, 3.3 mg of 38, 3.2 mg of 39, 3.1 mg of 40) 

were placed in a 2 mL glass vessel. In the cases where the reactions were performed in 

water, 1 mL of solvent has been added. 

The reaction has been heated at 80°C for 5h in solventless condition. Afterwards the 

mixtures were directly analysed by 1H NMR spectroscopy. On the other hand, the reactions 

performed in water were heated for 7 minutes and, after that, extracted with chloroform and 

dried over anhydrous sodium sulphate. The crude products were obtained after evaporation 

of the solvent and the yields determined by in CDCl3. The yields were calculated by the use 

of mesitylene as internal standard. 

 

8.1.4 Catalytic procedure for tandem 
Oxidation−Knoevenagel condensation reactions 
1.25 mmol of benzyl alcohol (130 μL), 2.5 mmol of TBHP (241 μL) and 1 mol% of 35 (3.7 mg) 

were placed in a 2 ml glass vessel. The glass vial was capped and heated at 100 oC for 24 

hours. Afterwards 2.5 mmol of malonitrile (165 mg) was added to the mixture and let to react 

for one more hour. After that the mixture was extracted with chloroform and dried over 

anhydrous sodium sulphate. The crude product was obtained after evaporation of the solvent 

and the final product yield was determine by 1H NMR in CDCl3. This yield was calculated 

according to the previously reported method.213 
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8.1.5 General procedure for synthesis of the dimers 
[Ir(Cp*)Cl2]Cl2. The reactant IrCl3(H2O)n was added in the methanolic solution with an excess 

of 1,2,3,4,5-pentamethylcyclopentadiene. After 5 hours of magnetic stirring at reflux the 

reaction mixture has been cooled down and filtered. The yellow precipitate formed was 

filtered off and washed with Et2O. 

[Rh(Cp*)Cl2]Cl2. The dimer has been synthesized with a microwave assisted method. The 

reactants RhCl3(H2O)n (500 mg, 1.92 mmol ) and 1,2,3,4,5-pentamethylcyclopentadiene 

(0.45 mL, 2.85 mmol) have been added in the methanolic solution (10 mL) and stirred for 3 

minutes at 140 °C. The red precipitate formed (60% of yield) was filtered off and washed with 

cold CH3OH. 

 

8.1.6 General procedure for synthesis of ligands 
According to the previous procedures,40,219 the ligands HL23 and HL24 (Figure 121) have 

been synthesized starting from a mixture of the appropriate acylpyrazolone proligand (1.0 

eq.) and 2-hydrazinopyridine (1.1 eq.) in methanol (10 mL), containing 5 drops of glacial 

acetic acid, was heated at reflux for 5 hours and the reaction was monitored by TLC (CH3Cl/ 

MeOH 96:4 v/v). A precipitate slowly formed from the hot solution, and after completion, the 

reaction mixture was placed at 4 °C overnight. The obtained precipitate was filtered, 

redissolved in ethanol (10 mL) and recrystallized from slow evaporation of the solution, to 

give all the light yellow solids which were collected by filtration and dried. 

 

 
 

Figure 122 - Structure of ligands HL23 and HL24 

 

The synthesis of HL21 ligand is reported in the previous section. 
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8.1.7 General procedure for synthesis of complexes 
[Ir(Cp*)(L23)Cl] (35). The ligand HL23 (77 mg, 0.2 mmol) and the KOH (11 mg, 0.2 mmol) 

were dissolved in CH3OH (15 mL). After one hour the [Ir(Cp*)Cl2]2 dimer (80 mg, 01 mmol) 

has been added to the reaction mixture. After 5 hours the solution has been dried and the 

product has been crystalized by CH2Cl2/Hexane solvent mixture. The compound 35 (Figure 

122) has been collected as a yellow powder, yield 73%. It is completely soluble in CH3CN, 

DMSO, EtOH and CH3Cl, partly soluble in acetone and CH3OH and insoluble in H2O, Et2O 

and Hexane. 

 
 

Figure 123 - Structure of compound 35 

Anal. Calcd. for C33H35ClIrN5O: C, 53.18, H, 4.73, N, 9.40. Found: C, 54.72; H, 5.14 ,N, 8.95. 

m.p. 183-185 °C. IR (cm-1): 3420 wbr ν(N-H); 3062w, 3030w, 2957w, 2920w, 2858w 

ν(unsaturated C-H); 1617m, 1596m (C=O), 1491vs, 1458m, 1451m, 1420m, 1413mbr 

ν(C=C, C=N); 1379m, 1364sh, 1303w, 1285w, 1255sh, 1186w, 1154w, 1125w, 1083s, 

1027s. 1H-NMR (CDCl3, 293 K): δ 1.51 (s, 15H, -(CH3)x5 of Cp*), 2.07 (s, 3H, C(3’)H), 4.72 

(dd, 2H, C(11)H), 6.59 (t, 1H, C(18)H), 6.84 (d, 1H, C(20)H), 7.13 (t, 1H, C(15)H), 7.15-7.18 

(m, 3H, C(7-7’)H and C(9)H), 7.26 (t, 2H, C(8-8’)H), 7.39 (t, 2H, C(14-14’)H), 7.46 (t, 1H, 

C(19)H), 7.89 (d, 1H, C(17)H), 8.07 (d, 2H, C(13-13’)H), 15.68 (N-H). 13C{1H}-NMR (CDCl3, 

293 K): δ 8.9 [-(CH3)x5 of Cp*], 16.7 [C(3’)], 46.1 [C(11)], 87.6 [-iC5 of Cp*], 100.0 [C(4)], 

107.1 [C(20)], 114.6 [C(18)], 119.3 [C(5)], 120.0 [C(13-13’)], 123.9 [C(15)], 126.1 [C(9)], 

128.1 [C(7-7’)], 128.5 [C(8-8’) and C(14-14’)], 138.1 [C(19)], 139.4 [C(12)], 140.0 [C(6)], 

146.3 [C(17)], 157.4 [C(6)], 162.4 [C(10)]. ESI-MS (+) CH3CN (m/z [relative intensity, %]): 

710 [100] [Ir(Cp*)(L23)]+. 

[Ir(Cp*)(L24)Cl] (36). The ligand HL24 (74 mg, 0.2 mmol) and the KOH (11 mg, 0.2 mmol) 

were dissolved in CH3OH (5 mL). After one hour the [Ir(Cp*)Cl2]2 dimer (80 mg, 01 mmol) has 

been added to the reaction mixture. After 5 hours the suspension formed was filtered off and 

the product 36 (Figure 123) has been dried obtaining a yellow powder, yield 70%. It is 

completely soluble in DMSO and CH3Cl, partly soluble in acetone, CH3CN and CH3OH and 

insoluble in H2O, Et2O, EtOH and Hexane. 
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Figure 124 - Structure of compound 36 

Anal. Calcd. for C32H33ClIrN5O: C, 52.56, H, 4.55, N, 9.58. Found: C, 50.35; H, 4.44 ,N, 

9.13. m.p. 326-328 °C. IR (cm-1): 3064w, 3048w, 3030w, 3010w, 2987w, 2964w, 2917w 

ν(unsaturated C-H); 1614mbr, 1596m ν(-C=O); 1505 m, 1495m, 1478vs, 1417 mbr, 1384sh, 

1371m, 1359m (C=C, C=N); 1310w, 1285m, 1274sh, 1238w, 1180w, 1156m, 1130m, 1080s, 

1073s, 1026s, 1012m. 1H-NMR (CDCl3, 293 K): δ 1.25 (s, 18H, C(3’)H and -(CH3)x5 of Cp*), 

6.71 (t, 1H, C(17)H), 6.94 (d, 1H, C(19)H), 7.16 (t, 1H, C(14)H), 7.41-7.53 (m, 8H, C(7-7’)H, 

C(3-13’)H, C(8-8’)H, C(18)H and C(9)H), 7.96 (d, 1H, C(16)H), 8.10 (d, 2H, C(12-12’)H), 

15.08 (N-H). 13C{1H}-NMR (CDCl3, 293 K): δ 8.4 [-(CH3)x5 of Cp*], 16.7 [C(3’)], 87.6 [-iC5 of 

Cp*], 102.7 [C(4)], 118.2 [C(19)], 115.7 [C(17)], 120.1 [C(12-12’)], 124.0 [C(14)], 128.5 [C(9)], 

128.1 [C(7-7’)], 128.5 [C(8-8’) and C(7-7’)], 129.9 [C(9)], 133.7 [C(13-13’)], 138.0 [C(18)], 

138.9 [C(11)], 146.3 [C(16)], 148.5 [C(10)], 158.0 [C(15)], 162.2 [C(6)], 163.0 [C(5)]. ESI-MS 

(+) CH3CN (m/z [relative intensity, %]): 696 [100] [Ir(Cp*)(L24)]+. 

[Ir(Cp*)(L21)Cl] (37). The ligand HL21 (61 mg, 0.2 mmol) and the KOH (11 mg, 0.2 mmol) 

were dissolved in CH3OH (5 mL). After one hour the [Ir(Cp*)Cl2]2 dimer (80 mg, 01 mmol) has 

been added to the reaction mixture. After 5 hours the solution has been dried and the product 

has been crystalized by CH2Cl2/Hexane solvent mixture. The compound 37 (Figure 124) has 

been collected as a yellow powder, yield 56%. It is completely soluble in CH3CN, DMSO and 

CH3Cl, partly soluble in CH3OH and insoluble in H2O and Hexane. 

 
Figure 125 - Structure of compound 37 

Anal. Calcd. for C27H31ClIrN5O: C, 48.46, H, 4.67, N,10.46. Found: C, 50.42; H, 5.05 ,N, 

11.02. m.p. 178-180 °C. IR (cm-1): 2959w, 2920w, 2870w, 2853w ν(unsaturated C-H); 1616m, 

1594 mbr ν(-C=O); 1536w, 1494vs, 1488vs, 1453m, 1418 sbr, 1378 mbr, 1359m ν(C=C, 

C=N); 1325w, 1308w, 1281w, 1150w, 1079s, 1055w, 1024s. 1H-NMR (CDCl3, 293 K): δ 1.63 
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(s, 15H, -(CH3)x5 of Cp*), 2.44 (s, 3H, C(3’0)H), 2.93 (s, 3H, C(11)H), 6.61 (t, 1H, C(14)H), 

6.79 (d, 1H, C(16)H), 7.18 (t, 1H, C(9)H), 7.42 (m, 2H, C(8-8’)H), 7.46 (t, 1H, C(15)H), 7.86 

(d, 1H, C(13)H), 8.01 (d, 2H, C(7-7’)H), 15.58 (N-H). 13C{1H}-NMR (CDCl3, 293 K): δ 9.0 [-

(CH3)x5 of Cp*], 22.6 [C(3’)], 28.2 [C(11)], 87.4 [-iC5 of Cp*)], 100.6 [C(4)], 107.1 [C(16)], 

115.1 [C(14)], 120.7 [C(7-7’)], 124.7 [C(9)], 128.6 [C(8-8’)], 138.2 [C(15)], 139 [C(6)], 146.6 

[C(13)], 147.15 [C(3)], 157.3 [C(12)], 159.4 [C(10)], 161.2 [C(5)]. ESI-MS (+) CH3CN (m/z 

[relative intensity, %]): 634 [50] [Ir(Cp*)(L21)]+. 

[Rh(Cp*)(L23)Cl] (38). The ligand HL23 (77 mg, 0.2 mmol) and the KOH (11 mg, 0.2 mmol) 

were dissolved in CH3OH (5 mL). After one hour the [Rh(Cp*)Cl2]2 dimer (62 mg, 01 mmol) 

has been added to the reaction mixture. After 5 hours the solution has been dried and the 

product has been crystalized by CH2Cl2/Hexane solvent mixture. The compound 38 (Figure 

125) has been collected as a red powder, yield 62%. It is completely soluble in DMSO, 

CH3OH, CH3CN and CH3Cl, partly soluble in acetone and insoluble in H2O and Hexane. 

 
Figure 126 - Structure of compound 38 

Anal. Calcd. for C33H35ClRhN5O: C, 60.42, H, 5.38, N, 10.68. Found: C, 57.67, H, 5.27,N, 

9.33. m.p. 198-200 °C. IR (cm-1): 3061w, 3028w, 2985w, 2958w, 2919w, 2871w, 2855w 

ν(unsaturated C-H); 1614m, 1599m ν(-C=O); 1532w, 1494sh, 1486vs, 1453m, 1416s, 

1376m, 1359m ν(C=C, C=N); 1308w, 1284m, 1268sh, 1223w, 1186w, 1154w, 1140w, 1122w 

1080s, 1021s 1007s. 1H-NMR (CDCl3, 293 K): δ 1.53 (s, 15H, -(CH3)x5 of Cp*), 2.08 (s, 3H, 

C(3’)H), 4.67 (dd, 2H, C(11)H), 6.70 (t, 1H, C(18)H), 6.78 (d, 1H, C(20)H), 7.13-7.19(m, 2H, 

C(9)H) and C(15)H), 7.22 (d, 2H, C(8-8’)H), 7.26 (d, 2H, C(7-7’)H), 7.39 (t, 2H, C(14-14’)H), 

7.48 (t, 1H, C(19)H), 7.90 (d, 1H, C(17)H), 8.06 (d, 2H, C(13-13’)H), 15.18 (-NH). 13C{1H}-

NMR (CDCl3, 293 K): δ 9.1 [-(CH3)x5 of Cp*], 16.4 [C(3’)], 45.4 [C(11)], 95.6 [-iC5 of Cp*], 

100.6 [C(4)], 107.5 [C(20)], 115.3 [C(18)], 120.1 [C(13-13’)], 124.1 [C(9)], 126.2 [C(15)], 

128.1, 128.5, 128.6 [C(8-8’), C(14-14’) and C(7-7’)], 138.5, 138.9, 139.6 [C(12), C(6) and 

C(19)], 146.1 [C(5)], 147.2 [C(17)], 156.3 [C(16)], 162.5 [C(10)]. ESI-MS (+) CH3CN (m/z 

[relative intensity, %]): 620 [100] [Rh(Cp*)(L23)]+. 

[Rh(Cp*)(L24)Cl] (39). The ligand HL24 (74 mg, 0.2 mmol) and the KOH (11 mg, 0.2 mmol) 

were dissolved in CH3OH (5 mL). After one hour the [Rh(Cp*)Cl2]2 dimer (62 mg, 01 mmol) 

has been added to the reaction mixture. After 5 hours the suspension formed was filtered off 
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and the product 39 (Figure 126) has been dried obtaining a red powder, yield 72%. It is 

completely soluble in DMSO and CH3Cl, partly soluble in acetone, CH3CN, CH3OH and 

insoluble in H2O and Hexane. 

 
Figure 127 - Structure of compound 39 

Anal. Calcd. for C32H33ClRhN5O: C, 59.87, H, 5.18, N, 10.91. Found: C, 59.74; H, 5.15,N, 

10.80. m.p. 320-322 °C. IR (cm-1): 3064w, 3029w, 2986w, 2959w, 2915w, 2848w 

ν(unsaturated C-H); 1607sh, 1596m ν(-C=O); 1505m, 1495m, 1475vs, 1462sh, 1456m, 

1435m, 1417mbr, 1385w, 1368w, 1356m, 1344sh ν(C=C, C=N); 1328w, 1310w, 1283m, 

1268sh, 1237w, 1180w 1156m, 1128m, 1109wbr, 1080sh, 1072sbr, 1021s, 1010s. 1H-NMR 

(CDCl3, 293 K): δ 1.27 (s, 15H, -(CH3)x5 of Cp*), 1.30 (s, 3H, C(3’)H), 6.78 (t, 1H, C(17)H), 

6.85 (d, 1H, C(19)H), 7.15 (t, 1H, C(14)H), 7.40-7.51 (m, 8H, C(13-13’)H, C(7-7’)H, C(8-8’)H, 

C(9)H and C(18)H), 7.98 (d, 1H, C(16)H), 8.10 (d, 2H, C(12-12’)H), 14.75 (N-H). 13C{1H}-

NMR (CDCl3, 293 K): δ 8.6 [-(CH3)x5 of Cp*], 14.9 [C(3’)], 95.5 [-iC5 of Cp*], 102.9 [C(4)], 

108.7 [C(19)], 116.2 [C(17)], 120.1 [C(12-12’)], 124.0 [C(14)], 127.9, 128.6, 128.8, 130.1, 

133.2, 138.3 [C(13-13’), C(7-7’), C(8-8’), C(9) and C(18)], 138.6 [C(11)], 147.4 [C(16)], 148.1 

[C(10)], 157.0 [C(15)], 162.4 [C(6)], 163.1 [C(5)]. ESI-MS (+) CH3CN (m/z [relative intensity, 

%]): 607 [100] [Rh(Cp*)(L24)]+. 

[Rh(Cp*)(L21)Cl] (40). The ligand HL21 (61 mg, 0.2 mmol) and the KOH (11 mg, 0.2 mmol) 

were dissolved in CH3OH (5 mL). After one hour the [Rh(Cp*)Cl2]2 dimer (62 mg, 01 mmol) 

has been added to the reaction mixture. After 5 hours the solution has been dried and the 

product has been crystalized by CH2Cl2/Hexane solvent mixture. The compound 40 (Figure 

127) has been collected as a red powder, yield 38%. It is completely soluble in CH3CN, 

CH3OH, DMSO and CH3Cl and insoluble in H2O and Hexane. 
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Figure 128 - Structure of compound 40 

Anal. Calcd. for C27H31ClRhN5O: C, 55.92, H, 5.39, N, 12.08. Found: C, 55.21; H, 5.62,N, 

11.36. m.p. 198-199 °C. IR (cm-1): 3062w, 2960w, 2924w, 2910w, 2871w, 2859w 

ν(unsaturated C-H); 1613sh, 1598m ν(-C=O); 1573w, 1536m, 1509sh, 1486vs, 1455m, 

1420s, 1375m, 1357m ν(C=C, C=N); 1305w, 1283m, 1152w, 1118w, 1079s, 1055w, 1019s. 
1H-NMR (CDCl3, 293 K): δ 1.65 (s, 15H, -(CH3)x5 of Cp*), 2.42 (s, 3H, C(3’)H), 2.82 (s, 3H, 

C(11)H), 6.68-6.73 (m, 2H, C(14)H and C(16)H), 7.17 (t, 1H, C(9)H), 7.41 (d, 2H, C(8-8’)H), 

7.46 (t, 1H, C(15)H), 7.87 (d, 1H, C(13)H), 8.01 (d, 2H, C(7-7’)H), 15.34 (N-H). 13C{1H}-NMR 

(CDCl3, 293 K): δ 9.1 [-(CH3)x5 of Cp], 15.5 [C(3’)], 27.7 [C(11)], 95.4 [-iC5 of Cp*], 101.3 

[C(4)], 107.4 [C(14)], 115.5 [C(16)], 119.1 [C(6)], 120.6 [C(7-7’)], 124.4 [C(9)], 128.6 [C(8-8’)], 

138.4 [C(15)], 146.8 [C(3)], 147.5 [C(13)], 156.7 [C(12)], 159.5 [C(10)], 161.5 [C(5)]. ESI-MS 

(+) CH3CN (m/z [relative intensity, %]): 544 [100] [Rh(Cp*)(L21)]+. 

8.2 RESULTS AND DISCUSSION 
8.2.1 Synthesis and characterization of the complexes 

Coherently to the previous chapter, the hydrazone containing-pyridine ligands used are 

present in a zwitterionic form and act as Schiff base ligands for the Ir(III) and Rh(III) metal 

center in the synthesis of the related complexes in the presence of KOH as a deprotonating 

agent in methanol solution stirred at room temperature for 5 hours (Scheme 25). The more 

active anionic ligands’ species (obtained by deprotonation) interact with Cp*-M(III) acceptor 

affording novel half-sandwich complexes 35-40. 

 

Scheme 25 - Synthetic procedure for compounds 35-40 
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Similarly for Ruthenium(II) complexes, also the Ir(III) and Rh(III) coordination occurs through 

an -N1,N3 binding, thus, once again, the chelating zwitterionic ligands form a five-membered 

ring with the metal centres through the coordination of the nitrogen atom present in the 

pyridine ring (labelled as N1 in Figure 128) instead of the oxygen of pyrazolone (O1). The X-

ray studies showed below confirm this statement. 

 

 

Figure 129 - Crystal structures of compounds 36 and 39, of Ir(III) and Rh(III) respectively, with HL24 ligand  

The complexes are air-stable and generally soluble in chlorinated solvents and DMSO. The 

IR spectra of the complexes show the typical ν(C=O) band at lower wavenumbers than the 

corresponding band in the free ligands as a consequence of coordination through the 

carbonyl arms to the metal. Strong changes are also observed in the region of C=C/C=N 

stretching which confirm the coordination through N- donor atoms. The electrospray 

ionization (ESI) mass spectra in positive ion mode, recorded in CH3CN, show the typical 

isotopic patterns expected for both Ir and Rh and display peaks that correspond to the 

species [M(Cp*)Ln]+ (where n= 23, 24 and 21 and M= Ir or Rh) arising from the dissociation of 

the chloride. 1H and 13C chemical shifts were assigned based on the one-bond and long-

range 1H−13C couplings, seen in the {1H−1H}-COSY, {1H−13C}/{1H−15N}-HSQC, and 

{1H−13C}/{1H−15N}-HMBC. 

All the 1H-NMR spectra have been recorded in CDCl3 solution. In the spectra all the set of 

signals related to the ligands’ protons, which are far from the coordination environment, are 

just a little bit shifted compared to the signals of the free ligands. Additionally, same ligands 

coordinated to the different metal centres present the same 1H-NMR patterns except for the 

signals coming from the protons which are closer to the coordination site. An example of this 

is showed in Figure 129 where in the 1H-NMR appears evident the different electronic 

environment felt by 11-CH2 protons and the 18-CH and 20-CH signals (belonging to the 
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pyridine ring) according to the different metal centre in compounds 35 and 38 (which are Ir 

and Rh complexes bearing HL23 ligand). 

 

 

Figure 130 - Comparison between 1H-NMR spectra recorded in CDCl3 of compounds containing the Iridium, 
35 (red line), and Rhodium, 38 (blue line), analogues of HL23 ligand 

Also in this case is present a strong shift at about 15 ppm of the relative endocyclic N-H bond 

in the -N,N coordination environment (not showed in the zoomed Figure 129 but elucidated 

in Figure 130). 

 

 

Figure 131 -1H-NMR spectrum of compound 37 recorded in CDCl3  
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8.2.2 Catalytic studies 
The complexes have been tested as homogeneous catalysts for tandem oxidation-

Knoevenagel condensation reaction, under mild conditions, where each step has been 

studied and optimized separately. 

8.2.2.1 Oxidation of alcohols 

First, the oxidation reaction toward both primary and secondary alcohols has been 

investigated (Scheme 26) and benzyl alcohol and 1-phenylethanol (1.25 mmol) have been 

selected as test compounds for this purpose. The reactants were placed in a capped glass 

vessel together with the catalysts 35-40 (1 mol%) without the addition of any solvent and the 

reaction has been investigated for the required reaction time (4 hours for the secondary 

alcohol and 24 hours for primary one) at 100°C and in the presence of the tert-butyl 

hydroperoxide (TBHP, 2.5 mmol). The product was extracted using a CH3Cl/H2O solution 

and analysed by 1H-NMR spectroscopy. The results are elucidated in Table 11. 

 

 

Scheme 26 - Oxidation reaction catalysed by Ir(III) and Rh(III) complexes 35-40 

The best results have been obtained for the oxidation of secondary alcohols with the Iridium 

compounds 35 and 36 which give 96% and 97% of conversion (entries 1 and 4 in Table 11). 

The other complexes 37, 38, 39 and 40 led to 86%, 46%, 25% and 28% of yields 

respectively. Nonetheless, although low, the yields given by the Rhodium compounds, 38-40, 

for the oxidation of benzyl alcohol are greater than those of 1-phenylethanol showing an 

apparent of selectivity for the oxidation of primary alcohols. 

Entry Catalyst Substrate  time Yielda 

1 

35 

 

4 96 

2 
 

24 49 

3 
 

24 60 



  

 

171 

 

4 

36 
 

4 97 

5 
 

24 45 

6 

37  

4 86 

7 
 

24 46 

8 

38  

4 46 

9 
 

24 36 

10 

39  

4 25 

11 
 

24 39 

12 

40   

4 28 

13 
 

24 47 

14 Blank 

 

4 46 

15 [Ir(Cp*)Cl2]2 

 

4 77 

aCalculated by 1H NMR analysis 
 

Table 11 - Reaction yields according to the different catalyst (1mol%) performed with 1.25 mmol of substrate 
and 2.5 mmol of TBHP at 100°C 

 

Hence, the catalytic efficacy toward the oxidation of secondary alcohol follows the order 36 ⋍ 

35 > 37 > 38 > 40 > 39. However, the presence of an electron withdrawing group in the 

aromatic moiety, like for p-nitrobenzylalcohol, slightly increases the reaction yield for primary 
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alcohols (entry 3, Table 11) probably due to the enhancement for the nucleophilic attack. As 

showed in Figure 131 (right side) the oxidation of the primary alcohol, by the Iridium 

compound 35, has higher reaction times and gives less yields even within 24 hours (mainly 

due to side products of overoxidation that are formed during the reaction that have been 

monitored through GC-MS analysis) compared to that of the secondary alcohol that affords 

almost 100% of conversion in 4 hours (Figure 131, left side). 

 

 

Figure 132 -(left side) Kinetic studies of complex 35 toward the oxidation reaction of 1-phenylethanol 

monitored by 1H-NMR in CDCl3 after 1 (a),2 (b),3 (c) and 4 hours (d). (right side) Comparison of the oxidant 
activity of 35 toward 1° and 2° alcohols 

 

Thus, we have selected catalyst 36 to optimize the reaction conditions by changing the 

temperature (50-120°C), catalyst amount (0.5-3 mol %) and the nature and amount of the co-

catalyst, the results are collected in Table 12. At the end of these studies, we can conclude 

that our catalyst maintain its activity even at lower concentrations (0.5 mol%) and, on the 

contrary, higher catalytic amount (3 mol%) deactivates the reaction proceeding (entries 16 

and 17). Additionally, either a decrease or an increase of the temperature brings a reduction 

of the final yield (entries 21 and 22). Furthermore, the nature and the amount of oxidant 

agent strongly affects the reaction proceeding: both the use of H2O2 and the decreasing in 

the TBHP percentage drastically decreases the reaction yield (entries 18 and 20). On the 

contrary, by increasing the amount of THBP the yield reaches almost 100% of conversion. 

The oxidation can conceivably occur upon hydrogen abstraction by t-BuOO⋅ and t-BuO⋅ 

radicals, formed by oxidation or reduction of t-BuOOH by the M(III) metal centre. 

Furthermore, the ligand appears to play a significant role in the catalytic oxidation of the 

alcohol, possibly by assisting proton transfer steps, by improving the catalytic activity of its 

complexes relative to the starting M(III) dimeric salt (entry 15, Table 11). 
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Entry Oxidant agent T (°C) t (h) Catalyst (mol%) 
 

Yield 
 

 

Catalyst amount  

16 TBHP (5mmol) 100 4 0.5 91  
17 TBHP (5mmol) 100 4 3 87  

Oxidant agent  

18 TBHP (2mmol) 100 4 1 37  
19 TBHP (10mmol) 100 4 1 >99  
20 H2O2 (5mmol) 100 4 1 9  

Temperature  

21 TBHP (5mmol) 50 4 1 33  
22 TBHP (5mmol) 120 4 1 49  

Table 12 - Optimization for the oxidation of secondary alcohol conducted by 36 in 4 hours 

 

8.2.2.2 Knoevenagel condensation reaction of carbonyl compounds 

For the second part of our studies, the focus has been maintained just on the iridium 

complexes since they result more active with respect to their rhodium derivatives for the 

oxidation reactions and, according to this, more capable for the planned tandem reaction. 

Thus, the catalytic behaviour of the synthesized compounds was tested for the Knoevenagel 

condensation reaction of various aldehydes with a malononitrile molecule in order to give the 

unsaturated product (Scheme 27). 

 

 

Scheme 27 - Knoevenagel condensation reaction catalysed by Ir(III) catalysts 35-37 

In a typical reaction, a mixture of benzaldehyde (1.25 mmol), malononitrile (2.5 mmol) and 

the catalyst (1 mol%) was placed in a capped glass vessel in solventless condition. The 

mixture was left under magnetic stirring at 80 °C for 5 hours and the final yields, showed in 

Table 13, were calculated by 1H-NMR. The catalytic activity follows the order 37 > 36 > 35. In 

Figure 132 is showed the progressive increase in the product concentration followed by 1H-

NMR analysis. 
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Figure 133 - Kinetic studies of complex 37 toward the Knoevenagel condensation reaction of benzaldehyde 

monitored by 1H-NMR in CDCl3 after 1 (a),2 (b),3 (c) and 4 hours (d). The yields are calculated by the addition of 
mesitylene as internal standard (0.3 mmol) 

 

From the results is evident that the catalyst plays a pivotal role and, more importantly, the 

ligand strongly affects the reaction since the yield drastically decreases using the metallic 

dimer (entry 27, Table 13). Performing the condensation reaction in the presence of 3 mol% 

of catalyst 35, a conversion of >99% of benzaldehyde into 2-benzylidenemalononitrile was 

achieved under the above mentioned conditions (entry 31, Table 13), on the contrary, 

smaller amount of catalyst (0.5 mol%) gives to lower yields (entry 30, Table 13). However, 

rising the temperature from 80 to 100°C, slightly increases the final yield but linearly 

decreases at room temperature (entries 29 and 28, respectively). We have also studied the 

catalytic activities of different substituted aromatic aldehydes with malononitrile in the 

presence of catalyst 37 (entries 37-41). The highest yields were obtained for 4-

bromobenzaldehyde (>99) and 4-chlorobenzaldehyde (99%), while aldehyde such as 4-

methoxybenzaldehyde, produced lower yield (79%). Moreover, the reaction does not 

proceed if, instead of an aldehyde, we use a ketone, such as the acetophenone, as starting 

material (entry 36). To decide the most appropriate solvent, some experiments were carried 

out with catalyst 35 in different medium like CH3CN, THF, and H2O (entries 32-35) and 

surprisingly, the reaction performed in water gave the best results with a yield higher than 

99% confirming that the contribution given by the polarity of the solvent for this reaction is not 

fundamental and the key could be the proton-transfer step which is allowed by protic species. 
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Entry Substrate Solvent Temp (°C) Time (h) Catalyst Yield 

23 
 

solventless 80 5 35 80 

24 
 

solventless 80 5 36 82 

25 
 

solventless 80 5 37 89 

26 
 

solventless 80 5 Blank 39 

27 
 

solventless 80 5 [Ir(Cp*)Cl2]2 18 

Different temperature 

28 
 

solventless r.t. 5 35 49 

29 
 

solventless 100 5 35 95 

Catalyst amounta 

30 
 

solventless 80 5 0.5%mol 70 

31 
 

solventless 80 5 3%mol >99 

Different solvents 

32 
 

MeCN 80 3 35 26 

33 
 

THF 80 3 35 70 

34 
 

solventless 80 3 35 74 

35 
 

H2O 80 3 35 >99 

Different Substrates 

36 
 

solventless 80 5 35 0 

37 
 

solventless 80 5 37 92 

38 
 

solventless 80 5 37 79 

O



  

 

176 

 

39 
 

solventless 80 5 37 92 

40 
 

solventless 80 5 37 >99 

41 
 

solventless 80 5 37 99 

aReaction performed using catalyst 35 

 
Table 13 - Reaction yields for the Knoevenagel condensation catalyzed by 35-37 

 

This encouraged further studies towards the catalysis of the Knoevenagel condensation 

reaction and the results showed that the reaction conducted in water is much faster reaching 

very high yields in just few minutes. In Figure 133a is possible to see the kinetic studies 

performed for both Ir and Rh catalysts and to appreciate the comparison of the activities in 

both water and solventless conditions. 

 

 

 

Figure 134 - Comparison of the catalytic activity of Rh and Ir compounds (39 and 37 respectively) for 
Knoevenagel condensation reaction in water and solventless condition (a) and for both Rh and Ir type of catalyst 

(39 and 35 respectively) in water (b) 

 

 

The reactions were performed in the same conditions but adding 1mL of water and generally 

the Rhodium compounds showed better activity with respect to the Iridium ones (Table 14 

and Figure 133b) with almost a 100% of conversion as calculated using 1H-NMR 

spectroscopy using an internal standard (Figure 134). 
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Figure 135 -1H-NMR spectrum in CDCl3 of Knoevenagel condensation reaction catalyzed by 38.The product 
yield is calculated by the addition of mesitylene as internal standard (0.3mmol). 

 

Entry Substrate Solvent Temp (°C) Time (min) Catalyst Yielda 

42 

 

H2O 80 7 35  
(1mol%) 

73 

43 

 

H2O 80 7 36 
(1%mol) 

75 

44 

 

H2O 80 7 37 
(1%mol) 

75 

45 

 

H2O 80 7  38 
(1%mol) 

>99 

46 

 

H2O 80 7  39 
(1%mol) 

73 

47 

 

H2O 80 7  40 
(1%mol) 

83 

48 

 

H2O 80 7 Blank 56 

Different substrates 
49 

 

H2O 80 7 39 
(1%mol) 

>99 

50 

 

H2O 80 7 39 
(1%mol) 

77 
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51 

 

H2O 80 7  39 
(1%mol) 

>99 

52 

 

H2O 80 7 39 
(1%mol) 

>99 

53 

 

H2O 80 7  39 
(1%mol) 

89 

Temperature 
54 

 

H2O r.t. 7 39 
(1%mol) 

43 

Catalyst amount 
55 

 

H2O 80 7 39 
(0.5%mol) 

86 

56 

 

H2O 80 7  39 
(2%mol) 

90 

Different solvents 
57 

 

MeCN 80 7  39 
(1%mol) 

10 

58 

 

THF 80 7  39 
(1%mol) 

14 

aThe yields were calculated using 1H-NMR by the addition of mesitylene as internal standard (0.3 mmol) 
Table 14 - Reaction yields for the Knoevenagel condensation reaction catalyzed by 35-39 in H2O 

 

The catalytic power of Rhodium catalysts follows the order 38 > 40 > 39. The reaction has 

been optimized for catalyst 39 for which we observed that by increasing (2 mol%) or 

decreasing (0.5 mol%) the catalytic amount, under the above mentioned conditions, the 

reaction yields worsens slightly (Table 14, entries 55 and 56). However, performing the 

reaction at room temperature generates a decrease in the final yield (entry 54). We have also 

studied the catalytic activities of different substituted aromatic aldehydes with malononitrile in 

the presence of catalyst 39 (entries 49-53) obtaining very good yields for every substrate 

where, in most of the case the conversion was almost 100%. 

Additionally, reaction in polar solvents like MeCN and THF, have been performed in the 

same reaction times (7 minutes) and the yield reported in entries 57 and 58 confirm the 

fundamental role possessed by the water in such reaction. 
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8.2.2.3 Tandem peroxidative oxidation– Knoevenagel condensation reaction 

Moreover, we have also performed a tandem peroxidative oxidation–Knoevenagel 

condensation reactions (Scheme 28) using compound 35 as catalyst for which, the oxidation 

of primary alcohols was the most efficient. 

 

 

Scheme 28 - Tandem oxidation-knoevenagel condensation reaction performed with compound 35 

The tandem reaction has been conducted under the optimum reaction conditions mentioned 

above. 

Firstly, in the reaction vessel has been put the catalyst, the benzyl alcohol and the TBHP 

then, after 8 hours, even the malonitrile has been added. By adopting this method, a 

maximum conversion of 57% from benzyl alcohol to 2-benzylidenemalononitrile was 

achieved upon using 1mol% of catalyst 35 after 24 hours. In this tandem reaction the yield of 

the intermediate benzaldehyde (B) slowly increases during time according to the decrease of 

the starting material (benzyl alcohol, A), while the final product smoothly increases (C). The 

kinetic studies, showed in Figure 135, performed within 24 hours may confirm this trend. 

 

 

 

Figure 136 - Kinetic studies upon oxidation-Knoevenagel condensation reaction performed with catalyst 35 
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Chapter 9: Conclusion and future perspectives 
 

To conclude, in this part of the research work is report the synthesis of novel Ruthenium(II)-

p-cymene, Rh(III)-Cp* and Ir(III)-Cp* derivatives containing several different pyrazolone-

based hydrazones ligands. The complete characterization of the ligands allowed us to 

classify them, according to the nature of hydrazine moiety, in two distinct categories: N,O- 

and N,N- coordinating agent. Their related Ru(II) complexes (29-34) reflect the different 

coordination environment imposed by the ligands and the structures have been confirmed by 

crystallographic studies. On the other hand, only the N-N- coordinating ligand (typology B) 

were able to coordinate the Rh(III) and Ir(III) metal centres. 

The synthesised complexes have two potential catalytic sites: the metal centre (acting as a 

Lewis acid) and the nitrogen atoms present in the ligand structure (acting as Lewis bases). 

This makes them potential bifunctional catalysts suitable for tandem reactions. 

Recently, various MOFs/CPs have been explored for the tandem 

deacetalization−Knoevenagel condensation reactions, but the use of Ru(III)-based catalysts 

has not yet been reported. Thus, in the work explained in Chapter 7 we have prepared 

suitable Ru catalysts (29-34) containing Lewis acidic (Ru centre) and basic functional groups 

(hydrazone groups) and tested their catalytic activity towards tandem reactions of various 

acetals with malononitrile under mild conditions. The synthesised compounds act as good 

homogeneous catalysts, in solvent-free conditions, towards such reactions. Catalyst 33 leads 

to the highest product yield (94% at 75 oC after 5 h of reaction time) and the catalytic efficacy 

of the complexes follows the order 33 > 29 > 32 > 31 > 33 > 30. The highest catalytic activity 

of 33 can possibly result from its less bulky structure (higher accessibility of active sites) in 

comparison with the others. 

The use of homogenous catalysts for the tandem deacetalization-Knoevenagel 

condensation reactions is still rare and, moreover, to our knowledge, no Ru catalysts have 

yet been reported. Hence, we have performed a comparison of the catalytic activity of our 

homogeneous Ru-catalyst 33 with other reported heterogenous catalysts. For example, the 

1D [Zn(L1)(H2O)4]n.nH2O (L1 = 1,1′-(ethane-1,2-diyl)bis(6-oxo-1,6-dihydropyridine-3-

carboxylic acid) coordination polymer displayed an overall product yield of 91% after 4 h 

reaction time at 80 oC for the deacetalization-Knoevenagel condensation reactions.220 The 

Cd(II) framework  [Cd3(SIPA)2(ABPY)3(DMF)2]n.(BPDB).(DMF)2 (SIPA: 5-sulfoisopthalate; 

ABPY: 4,4′-azopyridine; BPDB: 1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene) led to an overall 

yield of 95% after 5 h reaction time at 80 oC.221 Thus, our catalyst 33 leads to a similar final 

product yield at a lower reaction temperature (94% after 5 h at 75 oC). Moreover, the use of 

the 3D Sm(III) MOF [(CH3)2NH2]2[Sm6(OH)8(BDC-NH2)6(H2O)6]·x(solvent) (BDC-NH2: 2-

amino terephthalate) and a Cu(II) MOF (Cu-HNUST-8) led to an yield of 76% and 99% at 50 
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oC after 24 h and 48 h of reaction time, respectively, which are much longer times than 

ours.222-223 In terms of catalyst load, 3 mol% of Al-MOF [MIL-101(Al)-NH2] leads to a yield of 

94% after 3 h of reaction time at 90 oC, which concern higher reaction temperature and 

catalyst amount compared to ours.224 Based on the above comparisons, the catalyst 33 

displays a comparable or higher catalytic activity for the tandem deacetalization-

Knoevenagel condensation reactions with respect to other reported catalysts. 

On the other hand, the great stability for thermal stress and oxidating environments of 

Rh(III) and Ir(III) gave the possibility to test them as catalyst for tandem reaction which 

includes Knoevenagel condensation and where the first step is an oxidation of alcohols. 

Therefore, the catalytic activity, in homogeneous conditions, of compounds 35-40 was tested 

for a solvent-free peroxidative oxidation of alcohols and the Knoevenagel condensation 

reaction, as elucidated in Chapter 9. The tested complexes result more active toward the 

oxidation of secondary alcohols with respect to the primary ones, maybe due to the radical 

pathway followed by the reaction. Concerning the Knoevenagel condensation reaction, we 

achieved very good yields in relatively few reactions time and we also evaluated the 

importance of the ligand in this step, probably being involved is some atom-transfer process. 

Moreover, the study proves that peroxidative oxidation-Knoevenagel condensation cascade 

reactions can be performed using 35 as the catalyst showing a moderate activity. 

The rhodium complexes 38-40 result very active toward the Knoevenagel condensation 

reaction performed in homogeneous condition and in water medium. Using those catalyst is 

possible to achieve very high yields of conversion (>99%, 73% and 83% for 38, 39 and 40 

respectively) in surprisingly low reaction times (7 minutes). In state of this, Rhodium(III) 

complexes bearing Schiff base ligands could be considered as interesting candidates for the 

developing of a green approach for the Knoevenagel condensation reaction and, according 

to this, it would be interesting further study this new compounds in order to improve the 

efficiency of the catalytic process. 

The catalytic process for the Knoevenagel condensation reaction is assumed to follow a 

similar mechanism to that reported earlier,225–227 where both the carbonyl group of the 

aldehyde and a cyano group of malononitrile interact with the Lewis acidic metal centre, with 

a resulting increase of the electrophilicity of the C=O group and of the acidity of the 

methylene moiety, respectively. The basic sites (hydrazine-N or pyridyl-N) abstract a proton 

from the methylene group, generating a nucleophilic species which attacks the carbonyl to 

form a C–C bond and further dehydration leads to 2-benzylidenemalononitrile. Nonetheless, 

the first part of catalytic process, where the role of the central metal is involved, is still 

unknown and an example of the hypothesized pathway is illustrated in Scheme 29. 

However, to shed more light on the matter, further future studies are focused on DFT 
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calculations which may confirm the previous hypothesis, together with the role of the metallic 

coordination (N,N- or N,O- type) and the steric hindrance of the substituents. 

 

 

 
 

Scheme 29 - Hypothesized tandem deacetalization-Knoevenagel condensation reaction catalysed by Ru-
catalysts (typology B) 
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