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Resumo 

 
Devido ao sucesso da cisplatina no tratamento de diferentes tipos de tumores, o 

desenvolvimento de complexos baseados em metais de transição como fármacos ganhou 

um impulso relevante. Os fenómenos de toxicidade e de resistência a fármacos de 

cisplatina limitam seu uso clínico, portanto a atenção tem sido focada em outros metais de 

transição. Especialmente fármacos à base de cobre têm sido investigadas na suposição 

de que um metal endógeno deverá ser menos tóxico em relação a outros fármacos 

metálicos e os investigadores têm dado grande atenção ao estudo do mecanismo de 

adsorção, distribuição, metabolismo e excreção de compostos à base de cobre.  

Os ligandos polidentados doadores de nitrogénio derivados de poli(pirazol -1-

il)metanos que possuem grupos funcionais orgânicos no carbono de ligação atraíram 

recentemente atenção considerável e a sua química de coordenação em relação ao grupo 

principal e de metais de transição tem sido extensivamente estudada. Neste trabalho 

foram sintetizados dois ligandos heteroescorpionatos carboxilados, [HC(CO 2H)(pz
Me2

)2] e 

[HC(CO2H)(pz)2] e estudada a sua química de coordenação relativamente a aceitadores de 

cobre(II), a partir de cloreto de cobre ou perclorato, e aceitadores de cobre(I) na presença 

de coligandos de fosfano (trifenilfosfina e PTA). Os ligandos bis(pirazolil)acetatos também 

foram funcionalizados com o potente antagonista do recetor de NMDA (6,6 -difenil-1,4-

dioxan-2-il)metanamina, que mostrou uma atividade citotóxica significativa nas linhagens 

celulares de cancro da mama humano MCF7, expressando intensamente recetores de 

NMDA. Alguns complexos de cobre, bem como os correspondentes pro-ligandos não 

coordenados, foram avaliados quanto à sua atividade citotóxica relativamente a um painel 

de várias linhas celulares de tumores humanos.  

Palavras-chave: Complexos de cobre (I/II), fármacos anticancerígenos, complexos 

baseados em metais de transição, ligandos heteroescorpionados, ligandos bioconjugados. 
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Abstract 

 
Due to the success of cisplatin in the treatment of different type of tumors, the development 

of transition metal-based complexes as drugs have gained a relevant boost. Toxicity and drug 

resistance phenomena of cisplatin limit its clinical use, so the attention has been focused on other 

transition metals. Especially copper-based drugs have been investigated on the assumption that an 

endogenous metal should be less toxic with respect to other metallodrugs and researchers have 

putted great attention in the study of mechanism of adsorption, distribution, metabolism and 

excretion of copper-based compounds. 

Polydentate nitrogen-containing donor ligands derived from poly(pyrazol-1-yl)methanes 

bearing organic functional groups on the bridging carbon have recently attracted considerable 

attention and their coordination chemistry towards main group and transition metals have been 

extensively studied. I have synthesized two carboxylated heteroscorpionate ligands, 

[HC(CO2H)(pz
Me2

)2] and [HC(CO2H)(pz)2] and I have studied their coordination chemistry towards 

copper(II) acceptors starting from copper chloride or perchlorate and copper(I) acceptors in the 

presence of phosphane coligands (triphenylphosphine and PTA). The bis(pyrazolyl)acetates 

ligands have also been functionalized with the potent NMDA receptor antagonist (6,6-diphenyl-1,4-

dioxan-2-yl)methanamine, which showed a significant cytotoxic activity on MCF7 human breast 

cancer cell lines, highly expressing NMDA receptors. Some copper complexes as well as the 

corresponding uncoordinated ligands were evaluated for their cytotoxic activity towards a panel of 

several human tumour cell lines. 

Key words: Copper(I/II) complexes, anticancer drugs, transition metal-based complexes, 

heteroscorpionate ligands, bioconjugated ligands.  
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I. Introduction 

 

The begin of anticancer therapy 

In medicinal chemistry organic compounds and natural products were almost the 

entirety of the drug used. During the past three decades metal complexes have gained a 

growing interest as pharmaceuticals for the use as diagnostic agents or as 

chemotherapeutic drugs
1-7

. The widespread success of cisplatin (cis-

diamminedichloroplatinum(II), Fig. 1.1) in the clinical treatment of various types of 

neoplasias has placed coordination chemistry of metal -based drugs in the frontline in the 

fight against cancer in the 20
th

 century
1, 8-10

. 

 

   

Fig. 1.1. Structure of cis-diamminedichloroplatinum(II) and cisplatin bottle. 

 

The anticancer property of cis-diamminedichloroplatinum(II) was discovered accidentally 

in 1965 by the American chemist Barnett Rosenberg
11

 during an experiment on the 

influence of electric fields in cellular growth. However, the first who synthesize cisplatin 

was the Italian chemist Michele Peyrone in 1845
12

, with the historical name of “Peyrone's 

chloride”; the Nobel Prize Alfred Werner first elucidated the structure only in  1893. 

The goodness of cisplatin is the high efficacy in treating a wide range of cancers, 

especially testicular cancer, for which the overall cure rate exceeds 90%
2
. 
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Fig. 1.2. From left to right: Barnett Rosenberg (1926-2009), Michele Peyrone (1813-1883), Alfred 

Werner (1866-1916). 

 

Unfortunately the cure with cisplatin is limited by the drawbacks, such as the dose 

limiting effects
13

, nephrotoxicity, emetogenesis and neurotoxicity
2
 and by inherited or 

acquired resistance phenomena, only partially overcame by the development of new 

platinum drugs, such as carboplatin and oxaliplatin (Fig. 1.3.)
14-17

. 

 

 

Fig. 1.3. Structure of carboplatin and oxaliplatin.  

 

The side effects have encouraged an extensive research in this field, and rapidly 

chemists developed alternative antitumor-active inorganic complexes, based on different 

metals, with improved pharmacological properties and pointed to different targets
18

. 

 

Essential elements 

One of the research strategies is focused on the use of biologically active complexes 

formed by essential ions, based on the assumption that endogenous metals may be less 

toxic for normal cells with respect to cancer cells . All the biological systems tend to 

concentrate some elements and to reject others, like a natural selection. 
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Table 1.1. Percentage (by weight) of composition of selected elements in human body.  

 

The base elements are four and represent more than the 99% of the number of the 

atoms: hydrogen, oxygen, carbon and nitrogen. Other seven represent the 0.9% of the 

number of the atoms and are considered essentials: sodium, potassium, calcium, 

magnesium, phosphorus, sulphur and chlorine. In addition, some elements are  essential 

only for some species, like manganese, iron, cobalt, nickel, copper and zinc (Table 1.1.). 

 

 

Fig. 1.4. Dose-response curve for essential elements in human body.  

 

These element are considered essentials because with a deficit in concentration take 

place a disease, a surplus cause toxicity, and because to each element is associated a 

specific function. This is well represented with the dose-response curve (Fig. 1.4.). 

The design of copper complexes could be an interesting strategy
19

; the interest in this 

field has rapidly grown in the last years, as illustrated by the increasing number of 

publications reported since 2000 (Fig. 1.5.). 
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Fig. 1.5. Number of articles in Web of Science on the topic “copper and anticancer” from 2000 to 

2012. 

 

Copper-based complexes showed encouraging perspectives in this field
20-24

, even if 

copper could show toxicity due to its redox activity and its affinity for binding sites that 

should be occupied by other metals. The basis for the progress of copper complexes is  the 

different response between tumour and normal cells to copper and the change in 

metabolism of cancer cells.  

Copper is a micronutrient essential for most of the aerobic organisms, employed as a 

structural and catalytic cofactor, and consequently it is involved in many biological 

pathways
14, 15, 25

. Take it into account it’s reasonable that researchers have put lot of 

attention on the mechanisms of ADME (absorption
16-18

, distribution
20-22

, metabolism, and 

excretion) of copper
23, 24, 26

, as well as on its role in the development of cancer and other 

diseases
27-29

. Interesting examples are Menkes syndrome and Wilson disease
23

, which are 

of genetic origin, in which altered levels of copper (overload or deficiency respectively
30

) 

are associated with diseases such as rheumatoid arthritis, gastrointestinal ulcers, epilepsy, 

diabetes and cancer. 

 

Copper chemistry 

Copper forms a rich variety of coordination complexes with oxidation states Cu(II) and 

Cu(I), and very few examples of Cu(III) compounds are reported
31

. Coordination chemistry 

of copper is dominated by Cu(II) derivatives with little, but important examples of Cu(I) 

compounds. Since copper(I/II) complexes are redox active, frequently labile, and atypical 

in their preference for distorted coordination geometries, they are much less structurally 

predictable than other first row transition metal complexes. Copper(I) strongly prefers 

ligands having soft donor atoms such as P, C, thioether S and aromatic amines. Although 

two-coordinated linear and three-coordinated trigonal arrangements are known, Cu(I) 

complexes are mostly four-coordinated species adopting a tetrahedral geometry. In Cu(II) 
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complexes the coordination number (C.N.) varies from four to six, including four-coordinate 

square planar, five-coordinate trigonal bipyramidal and six-coordinate octahedral 

geometries (Fig. 1.6.). 

 

 

 

 

Fig. 1.6. Coordination geometry: square planar (C.N. 4), trigonal bipyramidal (C.N. 5), octahedral 

(C.N. 6). 

 

The variety of accessible arrays allows for a great assortment in the choice of the 

ligands (from mono- to hexa-dentate chelates), and of the donor atoms (N, O, S and 

halides)
32

. The redox potential of the physiologically accessible Cu(I)/Cu(II) couple varies 

dramatically depending upon the ligand environment due to the donor set, geometry, 

substituents, electronic and steric effects, and chelation
33

. For example, in the one electron 

oxidation of Cu(I) complexes toward dioxygen, a wide range of reduction potentials (fr om -

1.5 to + 1.3 vs standard hydrogen electrode)
33

 is known for copper complexes. In addition, 

such an electron transfer always involves important modifications of the stereochemistry of 

the pertinent oxidized/reduced complexes. This feature, together with the possibility to 

release coordinating groups ongoing, for example, from octahedral Cu(II) to tetrahedral 

Cu(I) species, are chemical factors that illustrate the complexity of the Cu(I)/Cu(II) system 

in physiological media
34

. 

 

Copper complexes as anticancer agents 

In review papers about copper complexes as antitumor agents, l igands are generally 

classified discriminating by the donor atom(s) involved in the bond with the metal in 

organometallic compounds. Following this rule most of the ligands are classified as S-

donor, O-donor, N-donor, P-donor, C-donor, N,O-donor, N-N diimiide, C-donor N-

heterocyclic, but also as Shiff bases, polydentate and macrocyclic ones.  

Starting from the tris(pyrazolyl)borates, a very useful class of monoanionic, nitrogen-

based, auxiliary ligands, some ligands take the name of “heteroscorpionate” because of 

the shape that they take in the coordination to the metal centre, like the scorpion when 

attack his prey with the two chelae in the horizontal plane and the tale on the top. They 

SQUARE 

PLANAR 

TRIGONAL BIPYRAMIDAL OCTAHEDRAL 
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readily coordinate usually as face-capping tridentate ligands to a wide variety of metal ions 

affording stable metal complexes
35

. 

N-donor systems, pyrazoles 

Polydentate nitrogen-containing donor ligands derived from poly(pyrazol-1-yl) methanes 

with [RR’C(Az)2] (Az = azolyl groups; R = H or Az) as general structure and bearing 

organic functional groups (R’) on the central carbon have attracted considerable attention 

and their coordination chemistry towards main group and transition metals have been 

extensively studied
36-38

. These intriguing heteroscorpionate ligands
35, 39

 present different 

types of functional groups, which successfully broaden the scope of their applications.  

Nitroimidazole and glucosamine conjugated heteroscorpionate ligands, namely 2,2-

bis(3,5-dimethyl-1H-pyrazol-1-yl)-N-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethyl) acetamide 

(HL
MN

, Fig. 1.7.) and 1,3,4,6-tetra-O-acetyl-2-{[bis(3,5-dimethyl-1H-pyrazol-1-yl)acetyl] 

amino}-2-deoxy--D-glucopyranose (HL
DAC

, Fig. 1.7.), were synthesized by direct coupling 

of preformed side chain acid and amine components. In the related copper(II) complexes 

{[(L
MN

)2Cu]Cl2}, and {[(L
DAC

)2Cu]Cl2}, the local structure [Cu(L)2]
2+ 

was described by four 

Cu-N and two Cu-O interactions to form a pseudo-octahedron core (Fig. 1.7.). X-Ray 

Absorption Spectroscopy (XAS) has been used to probe the local structure of the copper 

complexes
40

. 

 

 

Fig. 1.7. Structure of: a) 2,2-bis(3,5-dimethyl-1H-pyrazol-1-yl)-N-(2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethyl)acetamide ligand (HL
MN

); b) 1,3,4,6-tetra-O-acetyl-2-{[bis(3,5-dimethyl-1H-pyrazol-1-

yl)acetyl]amino}-2-deoxy--D-glucopyranose ligand (HL
DAC

); c) the copper(II) cores [(L
MN

)2Cu]
2+

 and 
[(L

DAC
)2Cu]

2+
. 

 

[(L
MN

)2Cu]
2+

 and [(L
DAC

)2Cu]
2+

 as well as the corresponding uncoordinated ligands were 

evaluated for their cytotoxic activity towards a panel of six tumour cell lines (A431, HCT -

15, A549, Capan-1, MCF-7 and A375). Uncoordinated ligands proved to be ineffective 

against all cell lines, whereas copper complexes displayed a similar growth inhibitory 

potency in the micromolar range (7-14 µM), slightly lower than that shown by cisplatin. 

Interestingly, in HCT-15 colon adenocarcinoma cells, the cytotoxicity of copper(II) 

complexes exceeded that of the reference drug by a factor of about 3. Moreover, both 

copper(II) complexes overcame acquired resistance to cisplatin . 
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P-donor phosphine ligands 

The distinctive characteristic of the complexes bearing phosphine ligands is the + 1 

oxidation state of the metal, which is mostly comprised in a four -coordinated tetrahedral 

environment. Copper coordination sphere is either partially or totally filled by phosphine 

ligands that efficiently bind the electron-rich d
10

 metal ion. Although Cu(I) is the chemical 

form generally accepted by the bioinorganic community to describe the active 

internalization of physiological copper in mammalian cells through copper transporter (Ctr) 

proteins, still very few studies report on the action of Cu(I) complexes as antitumor agents. 

This is likely related to the intrinsic difficulty to stabilize copper(I) species, especially in 

aqueous media. Only the formation of quite robust metal-ligand interactions, as those 

displayed in the case of copper-phosphine (and copper-NHC) species, prevents hydrolysis 

and the activation of the redox machinery
40

.  

Two different coordination spheres have been particularly investigated in the field of 

copper-phosphine compounds, with the corresponding tetrahedral complexes showing both 

easy synthesis and appealing biological properties: the homoleptic, mono -cationic 

[Cu(P)4]
+
  arrangement and the mixed-ligand, neutral [Cu(N-N)(P)(X)] assembly, where P 

represents a monodentate phosphine, N-N an aromatic diimine and X a halide
41

. 

The work by Berners-Price on 1:2 hydrophilic adducts of copper(I) halides with 1,2-

bis(di-2-pyridylphosphino)ethane (P-P)
42

 joined the extensive studies performed in the 

eighties
43, 44

 on group 11 metals including lipophilic bis-aryldiphosphines. The lack of 

selectivity toward tumorigenic and non-tumorigenic cells, and the robustness toward 

dissociation of these copper adducts made them more promising candidates in the 

radiopharmaceutical field
45

. 

The above conclusion was in agreement with experimental evidences illustrated by 

other authors on a similar bis-chelated ‘P-P’ complex including hydrophilic, alkyl 

bis[bis(hydroxymethyl)phosphine]ethane (bhpe)
46

. The negligible cytotoxic activity shown 

by [Cu(bhpe)2]
+
 was attributed to its robust inertness toward dissociation, whereas 

complexes of similar ‘CuP4’ stoichiometry, but containing mono-dentate phosphines, 

exhibited moderate to high antiproliferative activity. In these species, the original [Cu(P) 4]
+
 

complexes underwent dissociation to coordinative unsaturated [Cu(P) 3]
+
 and [Cu(P)2]

+
 

adducts at micromolar concentration
46

. The more favoured was the displacement of P from 

the [Cu(P)4]
+
 parent complex, the more favoured was in turn the ability of the metal ion to 

interact with a pharmacological target, thereby promoting the antiproliferative  effect. 

Several [Cu(P)4]
+
-type complexes including hydrophilic phosphines such as tris -

(hydroxymethyl)phosphine (thp)
47

, tris-(hydroxypropyl)phosphine (thpp)
48

, and 1,3,5-triaza-

7-phosphaadamantane  (PTA)
49

 were prepared (Fig. 1.8.). 
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Fig. 1.8. Structure of water soluble monodentate phosphines thp, thpp, and PTA. 

 

The most promising complex of the series, [Cu(thp)4]
+
, (Fig. 1.9.) was tested in vitro 

against a wide panel of human tumour cell lines showing remarkable cytotoxic activity
47

, 

roughly one order of magnitude higher than that shown by the cisplatin reference drug. I n 

particular, on a panel of selected human colon carcinoma cell lines corresponding to 

different stages of disease progression (LoVo, DLD-1, SW480, HCT-15 and Caco-2 cells) 

[Cu(thp)4]
+
 killed these tumour cells more efficiently than cisplatin and oxaliplat in and it 

overcame platinum drug resistance
50

. [Cu(thp)4]
+
 preferentially reduced cancer cell viability 

whereas non-tumour cells were poorly affected. Colon cancer cells died via a programmed 

cell death whose transduction pathways were characterized by the absence of hallmarks of 

apoptosis. 

Looking for coordinative unsaturated assemblies, the same authors described the linear, 

di-substituted [Cu(PCN)2]
+
 (Fig. 1.9.) (PCN = tris-(cyanoethyl)phosphine). Although 

appealing from the coordination point-of-view, the cytotoxic activity shown by PCN was 

moderate because of the peculiar intramolecular ‘umbrella -shaped’ coordination of the two 

PCN ligands causing low availability of the metal to interact with biological substrates
51

. 

 

 

Fig. 1.9. Structure of [Cu(thp)4]
+
 (a) and [Cu(PCN)2]

+
 (b). 

 

Mononuclear and dinuclear copper(I) chloride complexes [CuCl(PPh3)3]
.
(CH3CN) and 

[Cu2(µ-Cl)2(PPh3)3] comprising triphenylphosphine (PPh3) have been tested against LMS 

and MCF-7 cells showing remarkable cytotoxic activity IC 50  values (half maximal inhibitory 

concentration, represent the concentration of a dug necessary to inhibit the 50% of the 

target) in the 5-6 µM range)
52

. 

thp thpp PTA 
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Two distorted tetrahedral complexes [Cu(Fchy)(PPh3)2] including ferrocene containing 

bidentate hydrazone ligands were synthetized from the bivalent  copper precursor 

[CuCl2(PPh3)2]. These compounds showed moderate in vitro cytotoxicity against HeLa and 

A431 tumour cells and little damage to NIH 3T3 non-tumour cells
53, 54

. 

 

Mechanistic approaches and proposed biological 

targets: state of the art 

Copper species possess a broader spectrum of activity and a lower toxicity than 

platinum drugs, and are suggested to be able to overcome inherited and/or acquired 

resistance to cisplatin. These features are consistent with the hypothesis that copper 

complexes possess mechanism(s) of action different from platinum drugs that covalently 

bind to DNA. Moreover, DNA damaging agents, the drugs that promote DNA dysfunction, 

can induce as drawback gene mutations and chromosomal modification. Hence 

development of antitumor drugs that act through different pathway than DNA is preferred.  

Anyway, little information is available on the molecular basis for the mode of action of 

copper complexes. At present, most investigations still focus on the ability of these 

complexes, or fragments thereof, to interact with DNA. However, other cellular constituents 

such as topoisomerases or the proteasome multi-protein complex are emerging as new 

putative targets
41

. 

The last studies are confirming that copper-based complexes could be a solution to 

overcome the problem of toxicity and acquired resistance to platinum drugs, especially for 

Cu(I) complexes, the chemical form nowadays accepted for internalization of physiological 

copper in mammalian cells. 

 

Copper complexes as DNA targeting drugs 

Since 1969 copper has been found to possess high DNA binding affinity
55

. Analogously 

to what has been widely illustrated for cisplatin
56

, a crystal structure describing the 

formation of an adduct between CuCl2 and DNA was published in 1991
57

. The binding was 

dependent on copper complex size, electron affinity and geometry of the formed adduct 

inducing an irreversible modification of the DNA conformational structure.  

According to these observations, a high number of copper complexes have been and 

are still being tested as DNA-targeting metal-based drugs. For some classes of copper 

derivatives, the ability to bind DNA has been well established and documented. Copper 

derivatives have been found capable of non-covalently interact with DNA double helix, 

rather than forming coordinated covalent adducts with DNA. The non-covalent DNA 

interactions included intercalative, electrostatic and groove binding  (Fig. 1.10.) of metal 

complexes, along major or minor DNA groove. 
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Fig. 1.10. Schematic representation of intercalative (left) and groove (right) binding.  

 

In most cases, the metal acted as an inorganic modifier of the organic backbone of the 

bio-active molecule and ligands granted DNA affinity and specificity. In this frame, a 

particular attention has been focused on copper(II) complexes including N-donor ligands, 

due to their high DNA interaction ability and in vitro antitumor efficiency. Copper 

derivatives containing 1,10-phen (phen = phenanthroline) and related di-imine chelates had 

been described as potent cytotoxic agents, eliciting IC 50 values in the sub-micromolar 

range
41

. 

Overall, it has been demonstrated that physico-chemical features, such as the planarity, 

hydrophobicity and size of the di-imine, the nature of the coligand as well as the 

coordination geometry of the metal complex, all played important roles in determining the 

binding/intercalating mode of copper complexes to DNA.  

Despite many copper complexes have been found able to trigger apoptotic cell death 

because of DNA damage, very few papers report elucidations on signal transduction 

molecular determinants activated in copper-complexes treated cells. In some cases, 

copper complexes determined an upregulation of proapoptotic proteins or a downregulation 

of antiapoptotic proteins, which were consistent with the induction of apoptosis
41

.  

In addition, the involvement of caspase activation in copper complex mediated cell 

death has not been fully elucidated. Only few copper derivatives have been reported to 

induce apoptosis in cancer cells through the involvement of caspase-3
58, 59

 and/or 

caspase-9 activation
60

. 

 

INTERCALATIVE BINDING   GROOVE BINGING 
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Copper complexes as Topoisomerase I,II inhibitors 

Recent research into the ability of copper complexes to inhibit topoisomerases has 

served not only to reinforce the significant potential of this class of metal complexes in 

cancer research but also to expand the array of possible biochemical targets for these 

molecules. Topoisomerases are essential nuclear enzymes that regulate the overwinding 

or underwinding of DNA and so they play essential functions in DNA replication and 

transcription. Topoisomerases create transient nicks (Topo I) or breaks (Topo II) (Fig. 

1.11.) in the double-stranded DNA polymer, allowing DNA to be converted between 

topological isomers
61

. 

Nuclear Topo I and Topo II have been identified as clinically important targets for 

cancer chemotherapy, and their inhibitors are central components in many therapeutic 

regimens. These topo-targeting agents are broadly classified in two groups, viz. topo 

poisons and catalytic inhibitors. Topo poisons are able to stabilize the reversible covalent  

topo-DNA complex termed the cleavage complex, whereas catalytic inhibitors, most of 

which target Topo II, act on the other steps in the catalytic cycle without trapping the 

covalent complex. 

 

 

Fig. 1.11. Schematic representation of Topoisomerase I and II mode of action. 

 

Currently there is still an increasing interest focusing on the development of new kinds 

of drugs targeting human topoisomerases and the development of metal complexes as 
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Topo I,II inhibitors fits just in this therapeutic niche. However, unlike that involving DNA, 

interaction of copper complexes with topoisomerases is a relatively new field of research. 

The first observations regarded oxime copper complexes as Topo II poisons
62

. 

Once more, among copper complexes containing the pharmacophoric planar 

heterocyclic phen, a series of mixed copper (II) -phen complexes with glycine and 

methylated glycine has been developed with the aim to investigate the effect of the position 

and number of methyl substituent(s) in the auxiliary ligand on the biological activity, 

including the inhibition of Topo I. It has been found that the replacement of metal 

coordinated glycine with methylated glycine affected the DNA binding properties of the 

ternary complexes whereas there was no significant difference in the antiproliferative 

activity promoted against HK1 cancer cells as well as in the degree of Topo I inhibition. 

The Topo I inhibitory property was very similar to that induced by some anticancer organic 

compounds targeting topoisomerases
41

. 

 

Copper Complexes as Proteasome Inhibitors 

The proteasome is a large multiprotein complex located in both the nucleus and the 

cytoplasm that selectively modulates and degrades intracellular proteins. The proteasome 

is part of a major mechanism by which cells regulate the concentration and the stability of 

particular proteins (e.g. cyclins, bcl-2 family members, and p53) and decompose unfolded 

proteins. The ubiquitin proteasome-dependent degradation system is essential for many 

cellular functions, including processes of primary importance for carcinogenesis such as 

proliferation, apoptosis, angiogenesis and metastasis formation
63

. 

It has been shown that cancer cells are more sensitive to proteasome inhibition than 

normal cells. Thus, targeting the ubiquitin-proteasome pathway has emerged as a 

favourable anticancer strategy
64, 65

 and currently the development of proteasome inhibitors 

as novel anti-cancer agents is under intensive investigation.  
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Fig. 1.12. Schematic diagrams of cellular pathways involved in proteasome inhibition induced by 

copper compounds. a) Apoptosis triggered by DTC copper(II) complexes; b) paraptosis caused by 
phosphine copper(I) and thioxotriazole copper(II) complexes.  
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The first case of copper complexes inhibiting proteasome function has been reported by 

Dou and co-workers
66

. In 2004 they described some ‘copper mixtures’, derived from 

mixtures of copper(II) salts (CuCl2 or CuBr2) and bidentate ligands (the family of 8-

hydroxyquinolone including clioquinol, phen, and the family of dithiocarbamates (DTCs)) as 

potent inhibitors of the chymotrypsin-like proteasome activity
65

. Owing to proteasome 

inhibitory activity, these “copper mixtures” could selectivity induce apoptotic cell death in 

cancer cells (Fig. 1.12.) but not in non-transformed cells and were effective in in vivo 

tumour models
67

. These studies established that elevated proteasome activity and high 

concentration of copper are unique features in human tumour cells that can be used as 

targets by “copper mixtures” that act as potent tumour cell killers
68-73

. 

Proteasome has been identified as the main molecular target for a series of copper(I) 

complexes with hydrophilic phosphine ligands
48

. The monocationic copper(I) complex 

[Cu(thp)4][PF6], highly soluble and stable in water solution, gained special attention 

because of its strong antiproliferative effects selectively directed toward human cancer 

cells
47

. [Cu(thp)4][PF6] was found to inhibit both in vitro and in human colon cancer cells, 

causing intracellular accumulation of polyubiquitinated proteins and the functional 

suppression of the ubiquitin–proteasome pathway thus triggering endoplasmic reticulum 

(ER) stress. The latter one was paralleled by a strong increase in the levels of 

phosphorilated ER sensors, proving the concomitant induction of unfolded protein 

response (UPR). The irreversible ER stress was accompanied with a massive 

cytoplasmatic vacuolization and a programmed cell death (PCD) termed paraptosis
50

. 

Paraptosis, a PCD morphologically and biochemical ly different from apoptosis, has been 

observed in cancer cells treated with other class of copper complexes
74

. In particular, the 

thioxotriazole copper(II) complex [Cu(4-amino-3-(pyridin-2-yl)-1H-1,2,4-triazole-5(4H)-

thione)Cl2], induced paraptotic like cell death in a wide panel of human cancer cell lines 

(Fig. 1.12.). 

Interestingly, all these studies suggested that copper ion played a fundamental role in 

the mixture for conferring the proteasome inhibitory activity but limited information was 

available about the composition of the coordination species generated. Copper -mediated 

proteasome-inhibitory activity could be enhanced by the choice of  appropriate bidentate 

ligands but blocked by stronger copper polydentate chelators such as EDTA. This feature 

denoted that substitution-inert copper complexes, in which copper was totally sequestered 

by the ligand framework, could not act as proteasome inhibitors because the metal was 

likely incapable to interact with cell substrates at molecular level
20

. 

Furthermore, Xiao and co-workers recently investigated the effect of the oxidation status 

of copper Cu(I) and Cu(II) on inhibition of proteasome activity
75

. Mixing neocuproine, a 

copper-binding compound, with Cu(I) or Cu(II), both copper mixtures could inhibit 

proteasome chymotrypsin-like activity and induce apoptosis in tumour cells even if Cu(I) 

mixture was more potent. Actually, purified 20S proteasome protein was able to directly 

reduce Cu(II) to Cu(I), suggesting that Cu(I) is the oxidation state of copper that directly 
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reacts with proteasome. However, little is known about the mode of interaction/inhibition of 

these copper derivatives with the catalytic subunits of 26S proteasome. 

 

In vivo antitumor studies 

Although many different in vitro assays, both cell-based and molecular-target driven, 

have been used to identify lead compounds, the most common step following in vitro 

assays is efficacy assessments in animal tumour models. Actually, there are series of 

reports in literature describing in vitro cytotoxic activity investigations as no predictive 

assays of in vivo antitumor efficacy. Animal models have several advantages over in vitro 

cell cultures as tumours develop vasculature and interact with the stroma; therefore, they 

allow evaluation of toxicity and provide pharmacokinetic data of the agent. The typical 

development plan for a cancer agent also requires studies on preclinical models in which 

critically important measures of antitumor effectiveness (i.e. the increase in the life time 

and/or tumour growth delay in tumour bearing mice) can be monitored according to the 

standard protocol of the experimental evaluation of antitumor drugs (National Cancer 

Institute or NCI, USA). 

Despite huge interest in the development of copper based compounds that are poorly 

toxic and highly active as antitumor drugs, nowadays there is still a paucity o f studies 

investigating the in vivo antitumor activity of copper(I,II) complexes. Actually, although 

several classes of copper(I,II) complexes have been proposed as very promising cytotoxic 

agents, for very few of them a remarkable in vivo activity has been demonstrated so far 

(Table 1.2.). 

 

Compound  Tumor 

type  

 

Leukemia  

P380 

 

HL60 

human 

xenografts 
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HCT-15 

colorectal 

xenografts 

 

MNU 

induced 

rat 

mammary 

carcinoma 

 

MNU 

induced 

rat  breast 

cancer 

 

Erlich 

ascites 

carcinoma 

  

Erlich 

ascites 

carcinoma 
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Erlich 

ascites 

carcinoma 

 

Erlich 

ascites 

carcinoma 

 
Table. 1.2. Copper complexes recently tested in in vivo experiments

41
. 

 

Heteroscorpionate ligands: poly(pyrazolyl)acetate 

and their applications 

Bis(pyrazol-1-yl)carboxylic acids belong to a versatile class of N,N,O-donor ligands, 

which are useful in the field of enzyme modelling.  They are particularly interesting, due to 

the k
3
-N,N,O coordination behaviour, in the field of model complexes, regarding zinc and 

iron enzymes with a 2-histidine-1-carboxylate metal bonding topic
76-79

. 

Burzlaff et al. have identified the heteroscorpionate ligand bis(3,5-dimethylpyrazol-1-

yl)acetic acid as suitable as model for the active sites of the facial 2 -histidine-1-carboxylate 

triad in iron and zinc containing enzymes
41

. 

Otero and coworkers first synthesized in 1999 a bis(pyrazol-1-yl)acetate ligand; they 

studied the coordination ability of bis(3,5-dimethylpyrazol-1-yl)acetate ligands towards 

group IV and group V metals. The synthesis of the ligand was performed starting from 3,5-

dimethylpyrazole to achieve (3,5-dimethylpyrazol-1-yl)methane by reaction with CH2Cl2. 

The deprotonation with Bu
n
Li at the bridging CH2 in presence of CO2 gives the lithium 

bis(3,5-dimethylpyrazol-1-yl)acetate salt. 

In addition to this multistep synthesis Burzlaff et al. have designed a synthesis starting 

from commercially available dibromo- or dichloro-acetic acid and 2 equivalents of 3,5-

dimethylpyrazole, with an excess of potassium hydroxide and potassium carbonate, using 

tetra-n-butylammonium bromide as phase-transfer catalyst. After acidification and 
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extraction with diethyl ether the synthesis affords bis(3,5-dimethylpyrazol-1-yl)acetic acid 

with reasonable yield. This procedure works as well using pyrazole. 

Due to their characteristics and the catalytic activity shown in different reactions (like 

olefin polymerization, olefin oxidation, hydrogen/deuterium exchange and metathesis 

reaction), several studies have been carried out on transition metal complexes with 

bis(pyrazol-1-yl)acetate ligands. 

In the polymerization of olefins group IV metal complexes are useful catalyst precursor s, 

and one of the strategies in the design of new catalysts was the development of non-

cyclopentadienyl ligands, with oxygen and nitrogen donor atoms. The studies result in the 

synthesis of the heteroscorpionate titanium complexes [TiCl3(κ
3
-bis(3,5-dimethylpyrazol-1-

yl)acetate)] and [TiCl2(κ
3
-bis(3,5-dimethylpyrazol-1-yl)acetate){O(CH2)4Cl}] (Fig. 1.13.), 

which catalysed the polymerization of ethylene in presence of a co-catalyst like 

methylaluminoxane. The activity of these catalysts is comparable to that of the titanocene 

complex [TiCp2Cl2] and the monocyclopentadienyl species [TiCpCl2(L)] or [TiCp*Cl2(L)]  

(Cp = cyclopentadienyl; Cp* = 1,2,3,4,5-pentamethylcyclopentadiene)
80-82

. 

 

Fig. 1.13. Structure of: a) [TiCl3(κ
3
-bis(3,5-dimethylpyrazol-1-yl)acetate)]; b) [TiCl2(κ

3
- bis(3,5-

dimethylpyrazol-1-yl)acetate){O(CH2)4Cl}]. 
 

Recently Burzlaff and coworkers have reported the activity in the ring-closuring 

metathesis of ruthenium carbine complexes bearing neutral carboxylate-based 

heteroscorpionate ligands. For example the activity of the ruthenium complexes {RuCl[κ
3
-

bis(pyrazol-1-yl)acetate](CHPh)(PCy3)} and {RuCl[κ
3
-bis(3,5-dimethyl pyrazol-1-

yl)acetate](CHPh)(PCy3)} (Fig. 1.14.a) has been tested in the ring closing metathesis of 

diethyl diallylmalonate
83

. The results are adequate in presence of CuCl as phosphine 

scavenger, but the activity is lower than Grubbs’ catalysts under milder conditions
84

. 

The first ruthenium carbonyl porphyrin catalyst for alkene epoxidation was  first reported 

in 1985
85

; after that several ruthenium complexes with bis(pyrazol -1-yl) carboxylate ligands 

have been tested as catalysts in the epoxidation cyclohexene. Particularly ruthenium 

carbonyl complexes [RuCl(bis(pyrazol-1-yl)acetate)(CO)2] and [RuCl(2,2-bis(3,5-

dimethylpyrazol-1-yl)propionate)(CO)2] (Fig. 1.14.b)  have been tested in presence of 

different oxidizing agents, l ike hydrogen peroxide, and two nucleophilic oxidizing agents, 

2,6-dichloropyridine N-oxide and iodosylbenzene. However only with the last one catalytic 

activity took place, even if both complexes mentioned are highly selective for the formation 

of cyclohexene oxide
86

. 
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Fig. 1.14. Structure of: a) {RuCl[κ
3
-bis(pyrazol-1-yl)acetate](CHPh)(PCy3)} and {RuCl[κ

3
-bis(3,5-

dimethylpyrazol-1-yl)acetate](CHPh)(PCy3)}; b) of [RuCl(bis(pyrazol-1-yl) acetate)(CO)2] and 

[RuCl(2,2-bis(3,5-dimethylpyrazol-1-yl)propionate)(CO)2]. 

 

C-H activation/functionalization has been widely studied, especially the Shilov system 

regarding alkanes, which remains one of the most important catalytic processes for 

hydrocarbons. An alternative may be the tripodal heterosorpionate ligands with group IX 

metals. Rhodium and iridium complexes Na
+
{Rh[bis(3,5-dimethylpyrazol-1-yl)acetate]Cl3}

−
 

and Na
+
{Ir[bis(3,5-dimethylpyrazol-1-yl)acetate]Cl3}

−
 are catalyst precursors for C-H 

activation of arenes. The catalyst activation occurs after abstraction of halides with silver 

salts
87

. The catalytic test was executed with three deuterated solvents, methanol -d, 

trifluoroacetic acid-d and ethanol-d as deuterium sources, exchanging H/D with benzene. 

Only trifluoroacetic acid-d shows evidence of H/D exchange with benzene, with 4% of 

catalyst and 3 equivalents of silver trifluoroacetate at 100°C. Other chloride abstractors 

were examined and silver triflate is the most effective, while silver tetrafluoroborate is 

inactive. 

 

NMDA receptors 

NMDA receptors are cation channels with high calcium permeability involved in many 

aspects of the biology of higher organisms. The opening of the NMDA receptor associated 

cation channel is controlled by various ligands interacting with different binding sites at the 

receptor such as the ones for glutamate, glycine, polyamines, Zn
2+

, Mg
2+

, H
+
, as well as 

phencyclidine (PCP, Fig. 1.15.).  

This last binding site is located within the cation channel and compounds interacting 

with the PCP site behave as non-competitive NMDA receptor antagonists by inhibiting the 

Ca
2+

-ions influx through the cation channel blockade
88

. 

Recent findings suggest a complex relationship between NMDA and σ functions. Sigma 

receptors were initially classified as opioid receptor subtypes
89

, and subsequently it was 

postulated that they were identical to the PCP binding site at the NMDA receptor channel
90

. 

b) 
R = H 
R = Me 

R = H, R’ = Cy 
R = Me, R’ = Cy 

a) 
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Further studies demonstrated that they were distinct from both opioid receptors and 

PCP/NMDA receptor complexes. 

 

Fig. 1.15. Structure of Phencyclidine (PCP). 

 

At present, σ receptors are considered to be a unique receptor family comprising at 

least two pharmacologically distinct subtypes, namely σ 1 and σ2 receptors
91, 92

, which are 

widely distributed in the central nervous system CNS as well as in some peripheral tissues 

such as the gastrointestinal tract, kidney, liver, lung, heart, and adrenal medulla
93

. In 

addition, both σ receptor subtypes are overexpressed in many human and rodent tumour 

cell lines
94

. Because of their widespread expression in many human tissues and their 

involvement in several pathophysiological processes, σ receptors have proved to be highly 

attractive pharmacological targets for the potential treatment of various pathologies, 

including neuropathic pain, depression, cocaine abuse, epilepsy, psychosis, as well as 

Alzheimer’s and Parkinson’s diseases
95

. Moreover, σ1 antagonists and σ2 agonists may be 

useful as anticancer agents and radio-labelled ligands as selective tumour imaging 

agents
96

. 

On this topic 1,4-dioxane nucleus (Fig.1.16.a), differently and properly substituted in 2 

and 5 or 6 positions, has already proved to be a suitable scaffold for building ligands 

selectively targeting different receptors
97

. 

 

       

Fig. 1.16. Structure of: a) 1,4- dioxane scaffold; b) (±)-(6,6-Diphenyl-1,4-dioxan-2-yl)methanamine. 

 

On the basis of these considerations the bis(pyrazolyl)acetate ligands have been 

functionalized through amidic bond with (±)-(6,6-Diphenyl-1,4-dioxan-2-yl)methanamine 

(Fig. 1.16.b) to give bioconjugated ligands to be coordinated to copper.  
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II. Experimental section 

 

Methods and materials  

All reagents were purchased from Aldrich and used without further purification. All solvents 

were dried, degassed and distilled prior to use. Elemental analyses (C,H,N,S) were 

performed in-house with a Fisons Instruments 1108 CHNS-O Elemental Analyser. Melting 

points were taken on an SMP3 Stuart Scientific Instrument. IR spectra were recorded from 

4000 to 100 cm
-1

 with a Perkin-Elmer SPECTRUM ONE System FT-IR instrument. IR 

annotations used: br = broad, m = medium, s = strong, sh = shoulder, w = weak. 
1
H and 

31
P NMR spectra were recorded on an Oxford-400 Varian spectrometer (400.4 MHz for 

1
H 

and 162.1 MHz for 
31

P). Chemical shifts, in ppm, for 
1
H NMR spectra are relative to internal 

Me4Si. 
31

P NMR chemical shifts were referenced to a 85% H3PO4 standard. The 
31

P NMR 

spectroscopic data were accumulated with 
1
H decoupling. NMR annotations used: AB q = 

AB quartet, br = broad, s br = broad singlet, d = doublet, dd = doublet of doublets, m = 

multiplet,   s = singlet, v br = very broad. Electrospray ionization mass spectra (ESIMS) 

were obtained in positive- (ESI(+)MS) or negative-ion (ESI(-)MS) mode on a Series 1100 

MSD detector HP spectrometer, using a methanol or acetonitrile mobile phase. The 

compounds were added to reagent grade methanol to give solutions of approximate 

concentration 0.1 mM. These solutions were injected (1 L) into the spectrometer via a 

HPLC HP 1090 Series II fitted with an autosampler. The pump delivered the solutions to 

the mass spectrometer source at a flow rate of 300 L min
-1

, and nitrogen was employed 

both as a drying and nebulising gas. Capillary voltages were typically  4000 V and 3500 V 

for the positive- and negative-ion mode, respectively. Confirmation of all major species in 

this ESI-MS study was aided by comparison of the observed and predicted isotope 

distribution patterns, the latter calculated using the IsoPro 3.0 computer program.   
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Synthesis of the ligands 

Synthesis of [HC(CO2H)(pz)2] (LH, 1) 

Dichloroacetic acid (4.191 g, 32.500 mmol) was dissolved in THF (100 mL), then KOH 

(7.294 g, 130.000 mmol) and K2CO3 (17.967 g, 130.000 mmol) were added and stirred for 

5’. Pyrazole (pz, 4.424 g, 65.000 mmol) and tetra-n-butylammonium bromide (TBAB, 0.638 

g, 1.980 mmol), serving as phase-transfer catalyst, were later added. The reaction mixture 

was heated under reflux for 12 h. The solvent was evaporated at reduced pressure, the 

residue dissolved in water (100 mL) and acidified to pH 7 with concentrated HCl. The 

solution was extracted with diethyl ether (2 x 100 mL). The water phase was further 

acidified with HCl concentrated to pH 1.5 and stirred for 2 h. A white precipitate was 

formed that was filtered off, washed by diethyl ether, and dried under reduced pressure to 

give ligand LH (1) in 48% yield. Mp. 158-162°C. 
1
H NMR (acetone, 293K): δ 6.33 (t, 2H, 4-

CH), 7.44 (s, 1H, CHCOO), 7.54 (d, 2H, 5-CH), 7.97 (d, 2H, 3-CH). IR (cm
-1

): 3177w, 

3149w, 3131w, 3108w, 2977w (CH); 2454br (OH); 1721s (C=O); 1518m (C=N); 1446w, 

1435w, 1403m, 1391s, 1352m, 1318w, 1291s, 1258s, 1222s, 1187w, 1170s, 1092s, 1059s, 

1049s, 986m, 966m, 918m, 887w, 862m, 850m, 820s, 752s, 715s, 660s. ESIMS (major 

positive-ions, CH3OH), m/z (%): 231 (100) [LH + K]
+
. ESIMS (major negative-ions, CH3OH), 

m/z (%): 191 (100) [L]
-
. Calcd. for C8H8N4O2: C, 50.00; H, 4.20; N, 29.15%. Found: C, 

50.11; H, 4.29; N, 27.67%. 

 

Synthesis of [HC(CO2H)(pz
Me2

)2] (L
2
H, 2) 

Dichloroacetic acid (4.191 g, 32.500 mmol) was dissolved in te trahydrofuran (THF) (100 

mL), then KOH (7.294 g, 130.000 mmol) and K2CO3 (17.967 g, 130.000 mmol) were added 

and the solution was stirred for 5’. 3,5-dimethylpyrazole (pz
Me2

) (6.248 g, 65.000 mmol) 

and TBAB (0.638 g, 1.980 mmol), serving as phase-transfer catalyst, were later added. 

The reaction mixture was heated under reflux for 12 h. The solvent was evaporated at 

reduced pressure, the residue dissolved in water (100 mL) and acidified to pH 7 with 

concentrated HCl. The solution was extracted with diethyl ether (2 x 100 mL). The water 

phase was further acidified with HCl concentrated to pH 1.5 and stirred for 2 h. A white 

foam was formed. The residue was separated by filtration, washed by diethyl ether and 

dried under reduced pressure to give ligand L
2
H (2) in 41% yield. Mp. 176-179°C. 

1
H NMR 

(CDCl3, 293K): δ 2.20 (s, 6H, CH3), 2.24 (s, 6H, CH3), 5.90 (s, 2H, 4-CH), 6.91 (s, 1H, 

CHCOO), 8.50 (br, 1H, COOH). IR (cm
-1

): 3130w, 3093w, 2965w, 2927w (CH); 2460br 

(OH); 1740s (C=O); 1560s (C=N); 1489w, 1441m, 1415s, 1378m, 1343s, 1311m, 1252s, 

1219s, 1160m, 1149m, 1113w, 1048m, 1038m, 1003w, 974s, 889m, 829s, 814s, 783s, 

764m, 723s, 703s, 665w. ESIMS (major positive-ions, CH3OH), m/z (%): 287 (100) [L
2
H + 

K]
+
, 249 (10) [L

2
H + H]

+
. ESIMS (major negative-ions, CH3OH), m/z (%): 247 (100) [L

2
]
-
. 

Calcd. for C12H16N4O2: C, 58.05; H, 6.50; N, 22.57%. Found: C, 58.02; H, 6.55; N, 22.00%. 
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Synthesis of (±)-(6,6-Diphenyl-1,4-dioxan-2-yl)methanamine (NMDA, 3) 

The syntheses of NMDA and the related bioconjugated ligands L
NMDA

 and L
2NMDA

 were 

performed in collaboration with Dr. Fabio Del Bello of the School of Pharmacy of the 

University of Camerino. 

(a) 2,2-Diphenyloxirane. 

Sodium hydride (60% dispersion in mineral oil , 2.195 g, 54.880 mmol) was added to a 

solution of benzophenone (5.000 g, 27.440 mmol) and trimethylsulfonium iodide (11 .199 g, 

54.880 mmol) in dimethylsulfoxide (DMSO, 30 mL) at room temperature and the reaction 

mixture was stirred overnight at room temperature. The mixture was poured into water and 

extracted with diethyl ether (Et2O). The organic layer was concentrated under reduced 

pressure to give the title compound as a white solid in 89% yield. Mp. 53-55°C. 
1
H NMR 

(CDCl3): δ 3.28 (s, 2H, CH2O), 7.26-7.51 (m, 10H, ArH). 

(b) 2-(Allyloxy)-1,1-diphenylethanol. 

2,2-Diphenyloxirane (a, 6.300 g, 32.104 mmol) was added dropwise to a stirred solution of 

freshly cut sodium (0.220 g, 9.569 mmol) in allyl alcohol (22 mL) at room temperature. 

After 1 h at room temperature, the reaction mixture was refluxed for 20 h. Most of the 

unreacted allyl alcohol was then separated by distillation at atmospheric pressure. After 

cooling to room temperature, 6N H2SO4 (0.6 mL) was added to the residual solution to 

neutralize the sodium alloxide, and solvent removal was continued to afford a residual oil, 

which was purified by column chromatography, eluting with cyclohexane/ethyl acetate 

(10:0.05) to give a solid in 85% yield. Mp. 29-31°C. 
1
H NMR (CDCl3): δ 3.54 (s br, 1H, OH), 

4.02 (s, 2H, CH2O), 4.15 (d, 2H, OCH2), 5.28 (m, 2H, C=CH2), 5.94 (m, 1H, CH=C), 7.21-

7.53 (m, 10H, ArH). 

(c) 2-(Oxiran-2-ylmethoxy)-1,1-diphenylethanol. 

m-Chloroperbenzoic acid (50%) (11.600 g, 33.610 mmol) was added to a solution of b 

(3.000 g, 11.796 mmol) in CH2Cl2 (120 mL). After 20 h at room temperature under stirring 

the reaction mixture was washed with 10% Na2SO3, 5% Na2CO3, and H2O. Removal of 

dried solvents afforded a solid in 90% yield. Mp. 83-84°C. 
1
H NMR (CDCl3): δ 1.60 (s br, 

1H, OH), 2.55 and 2.80 (two dd, 2H, CH2O oxiran), 3.16 (m, 1H, CHO oxiran), 3.52 and 

3.90 (two dd, 2H, OCH2), 4.10 (dd, 2H, CH2O), 7.18-7.52 (m, 10H, ArH). 

(d) (6,6-Diphenyl-1,4-dioxan-2-yl)methanol. 

A solution of c (29.400 g, 108.760 mmol) and (1S)-(+)-10-camphorsulfonic acid (3.300 g, 

14.206 mmol) in CH2Cl2 (500 mL) was refluxed for 8 h. The reaction mixture was then 

washed with NaHCO3 saturated solution and dried over Na2SO4. Removal of the solvent 

gave a residue, which was purified by column chromatography eluting with 

cyclohexane/ethyl acetate (9:1) to afford a solid in 60% yield. Mp. 114-115°C. 
1
H NMR 
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(CDCl3): δ 1.84 (s br, 1H, OH), 3.53-3.83 (m, 5H, dioxan and CH2), 3.64 and 4.61 (two d, 

2H, dioxan), 7.20-7.58 (m, 10H, ArH). 

(e) (6,6-Diphenyl-1,4-dioxan-2-yl)methyl 4-Methylbenzenesulfonate. 

Tosyl chloride (0.400 g, 2.098 mmol) was added to  a stirred solution of d (0.400 g, 1.480 

mmol) in pyridine (5 mL) at 0°C for 30 min. After 3 h at 0°C, the mixture was left for 20 h at  

4°C in the freezer. Then it was poured into ice and concentrated HCl  (5 mL) and extracted 

with CHCl3. The organic layers were washed with 2N HCl (15 mL), NaHCO3 saturated 

solution (15 mL), and H2O (15 mL) and then dried over Na2SO4. The evaporation of the 

solvent afforded e as a solid in 69% yield. Mp. 130-131°C. 
1
H NMR (CDCl3): δ 2.41 (s, 3H, 

CH3), 3.41 (m, 2H, CH2O), 3.70 (m, 2H, dioxan), 4.01 (m, 2H, dioxan), 4.48 (d, 1H, dioxan), 

7.08−7.78 (m, 14H, ArH). 

(f) 6-(Azidomethyl)-2,2-diphenyl-1,4-dioxane. 

NaN3 (0.300 g, 4.615 mmol) was added to a solution of e (0.960 g, 2.261 mmol) in 

dimethylformamide (DMF, 5 mL). The mixture was stirred at 100°C for 3 h and then poured 

into H2O and extracted with Et2O. The organic layer was washed with brine, dried over 

Na2SO4 and concentrated in vacuo to give 0.85 g of azide f, which was employed in the 

next step without further purification. 

(NMDA, 3) (±)-(6,6-Diphenyl-1,4-dioxan-2-yl)methanamine.  

A solution of f (0.250 g, 0.846 mmol) in Et2O (10 mL) was added dropwise, at 0°C, to a 

suspension of LiAlH4 (0.360 g, 9.486 mmol) in Et2O (10 mL). The mixture was stirred at 

room temperature for 4 h. The reaction was quenched with saturated Na 2SO4 solution and 

filtered. After evaporation of the filtrate, the residue was purified by column 

chromatography eluting with CHCl3/MeOH (95:5) to obtain an oil in 79% yield. 
1
H NMR 

(CDCl3): δ 1.96 (s br, 2H, NH2), 2.78 (m, 2H, CH2N), 3.40-3.80 (m, 4H, dioxan), 4.60 (d, 

1H, dioxan), 7.18-7.57 (m, 10H, ArH). The free base was transformed into the oxalate salt 

that was crystallized from ethanol (EtOH). Mp. 211-212°C. Calcd. for C17H19NO2·H2C2O4: 

C, 63.50; H, 5.89; N, 3.90%. Found: C, 63.42; H, 5.89; N, 3.90%.  

 

Synthesis of L
NMDA

 (4) 

Carbonyldiimidazole (CDI, 0.302 g, 1.860 mmol) was added to a solution of LH ( 1) (0.357 

g, 1.860 mmol) in THF. The reaction mixture was stirred at reflux for 2 h. Th en it was 

cooled to 0°C, NMDA was added (0.501 g, 1.860 mmol) and the solution was stirred at 

room temperature for 3 h. Then it was dried under reduced pressure, and the oil formed 

dissolved in CHCl3 and washed with NaHCO3 saturated solution and HCl 2N. The CHCl3 

phase was dried with Na2SO4, filtered and dried under reduced pressure to give a solid, 

which was purified by column chromatography, eluting first with cyclohexane, and then with 

cyclohexane/ethyl acetate (5:5), obtained in 47% yield . Mp. 172-173°C. 
1
H NMR (CDCl3, 

293K): δ 3.37-3.76 (m, 6H, dioxan and CH2N), 4.58 (d, 1H, dioxan), 6.35 (m, 2H, 4-CH), 
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7.10 (s, 1H, CH), 7.18−7.39 (m, 14H, ArH, 3-CH and 5-CH), 7.83 (s br, 1H, NH). IR (cm
-1

): 

3287br (NH); 3121w, 3103w, 3052w, 3026w, 2978w, 2935w, 2915w, 2860w (CH); 1682s 

(C=O); 1560m (C=N); 1516w, 1495m, 1451m, 1432m, 1388m, 1350w, 1312m, 1293m, 

1271m, 1244m, 1211w, 1188w, 1163w, 1122s, 1088s, 1065s, 1050s, 1026m, 1000m, 991s, 

958m, 916s, 886w, 858m, 844m, 809s, 766s, 750s, 729s, 705s, 694s, 661m. ESIMS (major 

positive-ions, CH3CN), m/z (%): 444 (100) [L
NMDA

 + H]
+
. ESIMS (major negative-ions, 

CH3CN), m/z (%): 442 (100) [L
NMDA

 - H]
-
. Calcd. for C22H25N5O3: C, 67.70; H, 5.68; N, 

15.79%. Found: C, 67.08; H, 5.76; N, 14.50%. 

 

Synthesis of L
2NMDA

 (5) 

Carbonyldiimidazole (CDI, 0.180 g, 1.110 mmol) was added to a solution of L
2
H (2) (0.275 

g, 1.110 mmol) in THF. The reaction mixture was stirred for 2 h. Then it was cooled to 0°C, 

NMDA was added (0.299 g, 1.110 mmol) and the solution was stirred at room temperature 

(r.t.) for 3 h. Then it was dried under reduced pressure, and the oil formed dissolved in 

CHCl3 and washed by NaHCO3 saturated solution and HCl 2N. The CHCl3 phase was dried 

with Na2SO4, filtered and dried under reduced pressure to give a solid, which was purified 

by column chromatography, eluting first with cyclohexane/ethyl acetate (EtOAc) (7:3), and 

then with cyclohexane/EtOAc (5:5), obtained in 54% yield. Mp. 171-172°C.
 1

H NMR (CDCl3, 

293K): δ 2.10 (s, 3H, CH3), 2.13 (s, 3H, CH3), 2.38 (s, 3H, CH3), 2.39 (s, 3H, CH3), 3.30-

3.79 (m, 6H, dioxan and CH2N), 4.61 (d, 1H, dioxan), 5.84 (s, 1H, 4-CH), 5.85 (s, 1H, 4-

CH), 6.77 (s, 1H, CH), 7.18−7.39 (m, 10H, ArH), 8.10 (s br, 1H, NH). IR (cm
-1

): 3423w 

(NH); 3090w, 3062w, 2985w, 2961w, 2926w, 2907w, 2869w (CH); 1702s (C=O); 15 68m 

(C=N); 1520s, 1465m, 1446s, 1415m, 1372m, 1364m, 1335w, 1316m, 1295m, 1260m, 

1240m, 1221w, 1128m, 1102s, 1064s, 1028m, 998m, 985m, 940m, 919m, 874m, 835m, 

814m, 799m, 773s, 757s, 739s, 722m, 707s, 698s, 663m. ESIMS (major positive -ions, 

CH3OH), m/z (%): 1022 (100) [2L
2NMDA

 + Na]
+
; 522 (20) [L

2NMDA
 + Na]

+
. ESIMS (major 

negative-ions, CH3OH), m/z (%): 498 (100) [L
2NMDA

 - H]
-
. Calcd. for C29H33N5O3: C, 69.72; 

H, 6.66; N, 14.02%. Found: C, 69.93; H, 6.85; N, 13.01%. 

 

Synthesis of the complexes 

Synthesis of [(L
OMe

)CuCl2] (6) 

To a methanol suspension (50 mL) of LH (1, 0.192 g, 1.000 mmol) CuCl2·2H2O was added 

(0.170 g, 1.000 mmol). The reaction mixture was stirred at room temperature for 3 h to 

obtain a green precipitate, which was filtered off and dried at reduced pressure to give a 

light green complex [(L
OMe

)CuCl2] (6) in 81% yield. Mp. 214-216°C. IR (cm
-1

): 3139w, 

3118w, 2990w, 2959w (CH); 1747s (C=O); 1518w (C=N); 1454m, 1431m, 1402s, 1355w, 

1285s, 1255m, 1229s, 1198m, 1177m, 1148w, 1105w, 1093m, 1072s, 1059s, 1003w, 

989m, 973s, 924w, 911w, 854w, 805m, 767s, 664m. ESIMS (major positive -ions, CH3OH), 
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m/z (%): 304 (100) [(L
OMe

)CuCl]
+
; 255 (30) [(L)Cu]

+
. ESIMS (major negative-ions, CH3OH), 

m/z (%): 170 (100) [CuCl3]
-
. Calcd. for C9H10Cl2CuN4O2: C, 31.73; H, 2.96; N, 16.45%. 

Found: C, 31.28; H, 2.93; N, 16.08%. 

This synthesis has been also performed starting from a 1:2 stoichiometric ratio between 

metal and ligand, and the same product resulted from this synthesis.  

 

Synthesis of [(L
2OMe

)CuCl2] (7) 

To a methanol solution (50 mL) of L
2
H (2, 0.248 g, 1.000 mmol) CuCl2·2H2O was added 

(0.170 g, 1.000 mmol). The reaction mixture was stirred at room temperature for 3 h, 

filtered, and dried at reduced pressure to give the green complex [(L
2OMe

)CuCl2] (7) in 90% 

yield. Mp. 212-217°C. IR (cm
-1

): 3136w, 3101w, 2953w, 2919w (CH); 1757s (C=O); 1638m; 

1559s (C=N); 1469s, 1420s, 1385s, 1318s, 1297s, 1234s, 1272s, 1163m, 1135w, 1119m, 

1059m, 1038s, 990s, 916w, 896s, 868s, 833m, 804s, 780s, 711s, 662m. ESIMS (major 

positive-ions, CH3OH), m/z (%): 622 (100) [(L
2OMe

)2CuCl]
+
; 572 (55) [(L

2
)(L

2OMe
)Cu]

+
; 360 

(50) [(L
2OMe

)CuCl]
+
. ESIMS (major negative-ions, CH3OH), m/z (%): 170 (100) [CuCl3]

-
. 

Calcd. for C13H18Cl2CuN4O2: C, 39.35; H, 4.57; N, 14.12%. Found: C, 41.29; H, 5.06; N, 

14.03%.  

By dissolving the crude complex 7 in methanol solution and by slow evaporation of the 

solution, single blue crystals suitable for X-ray diffraction analysis were obtained. The 

crystal were characterized by IR analyses (cm
-1

): 3364br; 3100w, 2925w (CH); 1630s 

(C=O); 1560s (C=N); 1464m, 1420m, 1390m, 1378m, 1361s, 1341m, 1316s, 1244m, 

1130w, 1053w, 991w, 937w, 913w, 886w, 834w, 810m, 792m, 773w, 756s, 708s. The X -

ray diffraction study revealed that the structure of the crystals corresponds to the [(L
2
)2Cu]. 

This synthesis has been also performed starting from a 1:2 stoichiometric ratio between 

metal and ligand, and the same product resulted from this synthesis.  

 

Synthesis of [(L
NMDA

)CuCl2] (8) 

To a methanol suspension (25 mL) of L
NMDA

 (4, 0.015 g, 0.338 mmol) CuCl2∙2H2O was 

added (0.006 g, 0.338 mmol). The reaction mixture was stirred at room temperature for 12 

h to obtain a light blue precipitate, which was filtered off and dried at reduced pressure to 

give the cyan complex [(L
NMDA

)CuCl2] (8) in 61% yield. Mp. 232-235°C. IR (cm
-1

): 3274w 

(NH); 3112w, 3053w, 2979w, 2957w, 2916w, 2859w (CH); 1678s (C=O); 1567m (C=N); 

1509w, 1492w, 1452m, 1427w, 1401m, 1366w, 1325w, 1307w, 1283m, 1239m, 1202w, 

1127m, 1093m, 1065s, 1051m, 1026w, 1001w, 985m, 936m, 915w, 899w, 889w,  865w, 

845m, 830m, 747s, 726m, 706s, 694m, 662m. ESIMS (major positive-ions, CH3OH/DMSO 

(10:1)), m/z (%): 984 (50) [(L
NMDA

)2CuCl]
+
. ESIMS (major negative-ions, CH3OH), m/z (%): 

170 (100) [CuCl3]
-
, 478 (70) [L

NMDA
 + Cl]

-
. Calcd. for C25H25Cl2CuN5O3: C, 51.95; H, 4.36; 

N, 12.12%. Found: C, 52.00; H, 4.40; N, 12.45%. 
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Synthesis of [(L
2NMDA

)CuCl2]
.
H2O (9)  

To a methanol solution (25 mL) of L
2NMDA

 (5, 0.015 g, 0.300 mmol) CuCl2∙2H2O (0.005 g, 

0.300 mmol) was added. The reaction mixture was stirred at room temper ature for 12 h to 

obtain a light blue solution, which was evaporated at reduced pressure to give the brown 

complex [(L
2NMDA

)CuCl2]
.
H2O (9) in 65% yield. Mp. 194°C dec. IR (cm

-1
): 3432br (OH); 

3198br, 3058w, 3024w, 2968br, 2904br (CH); 1667s (C=O); 1562s (C=N); 1490w, 1460m, 

1448m, 1418m, 1395m, 1351w, 1311m, 1247m, 1226m, 1126m, 1106m, 1062m, 1050m, 

1026m, 989m, 935w, 900m, 874m, 859w, 796w, 767m, 753m, 729m, 700s, 665m. ESIMS 

(major positive-ions, CH3OH), m/z (%): 531 (100) [(L
2NMDA

)2Cu]
++

. ESIMS (major negative-

ions, CH3OH), m/z (%): 170 (100) [CuCl3]
-
, 247 (25) [L

2
]
-
. Calcd. for C29H35Cl2CuN5O4: C, 

53.42; H, 5.41; N, 10.74%. Found: C, 52.72; H, 5.20; N, 10.77%.  

 

Synthesis of [(LH)Cu(PPh3)2]PF6 (10) 

To an acetonitrile suspension (50 mL) of triphenylphosphine (PPh3, 0.524 g, 2.000 mmol), 

Cu(MeCN)4PF6 was added (0.373 g, 1.000 mmol). The reaction mixture was stirred at room 

temperature for 3 h, then LH (1) was added (0.192 g, 1.000 mmol) and the suspension 

stirred overnight. The reaction mixture was filtered,  and dried at reduced pressure; the 

solid was washed by Et2O to remove the excess of PPh3 and dried at reduced pressure to 

give the white complex [(LH)Cu(PPh3)2]PF6 (14) in 40% yield. Mp. 92°C dec. 
1
H NMR 

(DMSO, 293K): δ 6.36 (s, 2H, 4-CH), 7.26-7.61 (m, 33H, C5H6, CHCOO and 5-CH), 8.02 (s, 

2H, 3-CH). 
31

P{
1
H} NMR (DMSO, 293K): δ -143.10 (septet, J(F-P) = 711 Hz, PF6), -3.09 (s 

br), 26.64 (s). IR (cm
-1

): 3138w, 3056w 3004w, 2987w (CH); 1751m (C=O); 1586w (C=N); 

1522w, 1481m, 1435m, 1403m, 1298m, 1224w, 1207w, 1184w, 1159w, 1095m, 1058w, 

1027w, 999w, 986w, 918w, 833s, 741s, 692s. ESIMS (major positive-ions, CH3OH), m/z 

(%): 587 (100) [Cu(PPh3)2]
+
; 517 (60) [(LH)CuPPh3]

+
. ESIMS (major negative-ions, 

CH3OH), m/z (%): 145 (100) [PF6]
-
. Calcd. for C44H38CuF6N4O2P3: C, 57.12; H, 4.14; N, 

6.06%. Found: C, 57.95; H, 4.26; N, 4.95%. 

 

Synthesis of [(L
2
H)Cu(PPh3)2]PF6 (11) 

To an acetonitrile suspension (50 mL) of PPh3 (0.524 g, 2.000 mmol), Cu(MeCN)4PF6 was 

added (0.373 g, 1.000 mmol). The reaction mixture was stirred at  room temperature for 3 

h, then L
2
H (2) was added (0.248 g, 1.000 mmol) and the suspension stirred overnight. The 

reaction mixture was filtered and dried at reduced pressure; the solid was washed by Et 2O 

to remove the excess of PPh3 and dried at reduced pressure to give complex 

[(L
2
H)Cu(PPh3)2]PF6 (15) in 62% yield. Mp. 50°C dec. 

1
H NMR (CDCl3, 293K): δ 2.01 (s, 

6H, CH3), 2.47 (s, 6H, CH3), 6.01 (s, 2H, 4-CH), 6.81 (br, 1H, CHCOO), 7.26-7.41 (m, 30H, 

C5H6). 
31

P{
1
H} NMR (CDCl3, 293K): -143.31 (septet, J(F-P) = 713 Hz, PF6), -2.85 (sbr), 

8.03 (sbr), 34.26 (s). 
31

P{
1
H} NMR (CDCl3, 243K): δ -144.48 (septet, J(F-P) = 713 Hz, PF6), 
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-4.60 (s), 6.63 (s), 34.82 (s). IR (cm
-1

): 3144br, 3056w, 3001w, 2990w, 2932br (CH); 

1752m (C=O); 1563m (C=N); 1481m, 1436s, 1393w, 1315m, 1223w, 1160w, 1095m, 

1028w, 999w, 833s, 743s, 723s, 693s. ESIMS (major positive-ions, CH3OH), m/z (%): 573 

(100) [(L
2
H)CuPPh3]

+
. ESIMS (major negative-ions, CH3OH), m/z (%): 145 (100) [PF6]

-
. 

Calcd. for C48H46CuF6N4O2P3: C, 58.75; H, 4.72; N, 5.71%. Found: C, 55.05; H, 5.04; N, 

5.64%. 

 

Synthesis of [(LH)Cu(PTA)2]PF6 (12) 

To an acetonitrile suspension (50 mL) of PTA (0.236 g, 1.500 mmol), Cu(MeCN)4PF6 was 

added (0.280 g, 0.750 mmol). The reaction mixture was stirred at room temperature for 3 

h, then a methanol suspension of LH (1) was added (0.144 g, 0.750 mmol) and the 

suspension was stirred overnight. The reaction mixture was filtered and dried at reduced 

pressure to give complex [(LH)Cu(PTA)2]PF6·MeCN (12) in 63% yield. Mp. 50°C dec. 
1
H 

NMR (DMSO, 293K): δ 4.10 (br, 12H, CH2P), 4.52 (m, J(H-H) = 12.4 Hz, 12H, NCH2N), 

6.40 (s, 2H, CH), 7.29 (s, 1H, CHN), 7.66 (s, 2H, CH), 8.03 (s, 2H, CH). 
31

P{
1
H} NMR (D2O, 

293K): δ -143.95 (septet, J(F-P) = 708 Hz, PF6), -85.54 (br).
 31

P{
1
H} NMR (CD3CN, 293K): 

δ -143.47 (septet, J(F-P) = 707 Hz, PF6), -87.21 (br). 
31

P{
1
H} NMR (CD3CN, 238K): δ -

144.62 (septet, J(F-P) = 708 Hz, PF6), -85.50 (br). IR (cm
-1

): 3130br, 2943br (CH); 1646s 

(C=O); 1515w (C=N); 1450w, 1405m, 1358w, 1292s, 1242m, 1119w, 1100m, 1060w, 

1016s, 972s, 950s, 830s, 747s, 657m. ESIMS (major positive-ions, CH3CN), m/z (%): 412 

(100) [(LH)CuPTA]
+
. ESIMS (major negative-ions, CH3CN), m/z (%):145 (100) [PF6]

-
; 191 

(10) [L]
-
. Calcd. for C20H32CuF6N10O2P3: C, 33.60; H, 4.51; N, 19.59%. Found: C, 36.02; H, 

5.11; N, 18.71%. 

 

Synthesis of [(L
2
H)Cu(PTA)2]PF6 (13) 

To an acetonitrile suspension (50 mL) of PTA (0.236 g, 1.500 mmol), Cu(MeCN) 4PF6 was 

added (0.280 g, 0.750 mmol). The reaction mixture was stirred at room temperature for 3 

h, then a methanol suspension of L
2
H (2) was added (0.186 g, 0.750 mmol) and the 

suspension stirred overnight. The reaction mixture was filtered and dried at reduced 

pressure to give complex [(L
2
H)Cu(PTA)2]PF6 (13) in 50% yield. Mp. 55°C dec. 

1
H NMR 

(DMSO, 293K): δ 2.17 (s, 9H, CH3), 2.34 (s, 9H, CH3), 4.15 (s br, 12H, CH2P), 4.48-4.67 

(AB q, J(H-H) = 12.4 Hz, 12H, NCH2N), 6.03 (s, 2H, 4-CH), 6.42 (br, 1H, CHCOO). 
31

P{
1
H} 

NMR (D2O, 293K): δ -144.03 (septet, J(F-P) = 709 Hz, PF6), -85.87 (br).
 31

P{
1
H} NMR 

(CD3CN, 293K): δ -144.53 (septet, J(F-P) = 706 Hz, PF6), -90.70 (br). 
31

P{
1
H} NMR 

(CD3CN, 238K): δ -144.68 (septet, J(F-P) = 706 Hz, PF6), -89.93 (br). IR (cm
-1

): 2923br 

(CH); 1639s (C=O); 1560m (C=N); 1484w, 1420m, 1358w, 1292s, 1242m, 1119w, 1100m, 

1060w, 1016s, 972s, 950s, 830s, 747s. ESIMS (major positive-ions, CH3CN), m/z (%): 468 

(100) [(L
2
H)CuPTA]

+
. ESIMS (major negative-ions, CH3CN), m/z (%): 145 (100) [PF6]

-
. 
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Calcd. for C24H40CuF6N10O2P3: C, 37.38; H, 5.23; N, 18.16%. Found: C, 34.32; H, 4.88; N, 

15.71%. 

 

Synthesis of [(L
NMDA

)Cu(PTA)2]PF6 (14) 

To an acetonitrile suspension (50 mL) of PTA (0.094 g, 0.600 mmol) Cu(MeCN) 4PF6 was 

added (0.112 g, 0.300 mmol). The reaction mixture was stirred at room temperature for 3 

h, then a methanol suspension of L
NMDA

 (4) was added (0.133 g, 0.300 mmol) and the 

suspension stirred overnight. The reaction mixture was filtered, and dried at reduced 

pressure to give complex [(L
NMDA

)Cu(PTA)2]PF6 (14) in 62% yield. Mp. 110°C dec. 
1
H NMR 

(CDCl3, 293K): δ 3.32-3.67 (m, 6H, dioxan and CH2N), 4.04 (s br, 12H, CH2P), 4.38-4.81 

(m, 13H, dioxan and NCH2N), 6.43 (m, 2H, 4-CH), 7.18-8.04 (m, 14H, ArH, 3-CH and 5-

CH), 8.53 (s br, 1H, NH). 
31

P NMR (CD3CN, 293K): δ -143.52 (septet, J(F-P) = 706 Hz, 

PF6), -91.63 (br). IR (cm
-1

): 2925br (CH); 1738sh, 1696br (C=O); 1520br (C=N); 1449w, 

1403w, 1366w, 1292m, 1242m, 1127w, 1100m, 1061w, 1044w, 1015s, 970s, 948s, 917w, 

893w, 831s, 757s, 742s, 729m, 700s, 664m. ESIMS (major positive-ions, CH3CN), m/z (%): 

506 (100) [(L
2NMDA

)Cu]
+
, 663 (70) [(L

2NMDA
)CuPTA]

+
. ESIMS (major negative-ions, CH3CN), 

m/z (%): 145 (100) [PF6]
-
. Calcd. for C37H49CuF6N11O3P3: C, 45.99; H, 5.11; N, 15.94%. 

Found: C, 44.57; H, 5.06; N, 15.10%. 

 

Synthesis of [(L
2NMDA

)Cu(PTA)2]PF6 (15) 

To an acetonitrile suspension (50 mL) of PTA (0.094 g, 0.600 mmol) Cu(MeCN) 4PF6 was 

added (0.112 g, 0.300 mmol). The reaction mixture was stirred at room temperature for 3 

h, then a methanol suspension of L
2NMDA

 (5) was added (0.150 g, 0.300 mmol) and the 

suspension stirred overnight. The reaction mixture was filtered, and dried at reduc ed 

pressure to give complex [(L
2NMDA

)Cu(PTA)2]PF6 (15) in 59% yield. Mp. 120°C dec. 
1
H NMR 

(CDCl3, 293K): δ 2.06-2.17 (m, 12H, CH3) 3.24-3.63 (m, 6H, dioxan and CH2N), 4.02 (s br, 

12H, CH2P), 4.20-4.62 (m, 13H, dioxan and NCH2N), 6.19 (s, 1H, 4-CH), 6.21 (s, 1H, 4-

CH), 6.98 (s, 1H, CH), 7.22−7.46 (m, 10H, ArH), 9.01 (s br, 1H, NH). 
31

P NMR (CD3CN, 

293K): δ -143.52 (septet, J(F-P) = 706 Hz, PF6), -89.53 (v br). IR (cm
-1

): 2921br (CH); 

1699br (C=0); 1563w (C=N); 1519br, 1449m, 1416m, 1315w, 1293m, 1242s, 1127w, 

1102m, 1062w, 1045w, 1014s, 959s, 947s, 893w, 873w, 830s, 800s, 741s, 731s, 700s, 

664m. ESIMS (major positive-ions, CH3CN), m/z (%): 719 (100) [(L
2NMDA

)CuPTA]
+
. ESIMS 

(major negative-ions, CH3CN), m/z (%): 145 (100) [PF6]
-
. Calcd. for C41H57CuF6N11O3P3: C, 

48.16; H, 5.62; N, 15.07%. Found: C, 46.47; H, 5.56; N, 14.32%.  
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Synthesis of [(LH)Cu(L)ClO4] (16) 

To a methanol suspension (25 mL) of LH (1) (0.384 g, 2.000 mmol) a water solution (25 

mL) of Cu(ClO4)2·6H2O was added (0.371g, 1.000 mmol). The suspension was stirred at 

room temperature for 3 h. The precipitate was filtered off and dried at reduced  pressure to 

give the blue complex [(LH)Cu(L)ClO4] (16) in 69% yield Mp. 223-224°C. By dissolving the 

crude complex 16 in DMSO solution and by slow evaporation of the solution, single blue 

crystals suitable for X-ray diffraction analysis (Table 3.1. and Table 3.2.) were obtained. 

The X-ray diffraction study revealed that the structure of the crystals corresponds to the 

[(L)2Cu] (Fig. 3.7.). The same crystals were obtained by dissolving the crude complex 16 in 

DMSO/CH3OH (2:1) solution and by slow evaporation of the solution. IR (cm-1): 3592br; 

3491br; 3114br, 3147w, 3114w, 3013w (CH); 1722br, 1621sh, (C=O); 1510w (C=N); 

1454w, 1407s, 1372w, 1286s, 1259m, 1235br, 1190m, 1107s, 1064s, 1031s, 994s, 929s, 

859s, 847m, 770s, 715s, 670s. ESIMS (major positive-ions, H2O), m/z (%): 446 (100) 

[(LH)(L)Cu]
+
. ESIMS (major negative-ions, H2O), m/z (%): 99 (100) [ClO4]

-
, 191 (95) [L]

-
. 

Calcd. for C16H15ClCuN8O8: C, 35.17; H, 2.77; N, 20.51%. Found: C, 34.70; H, 3.01; N, 

19.82%.  



38 

III. Results and discussion 

The topic of my work was the design and the synthesis of bis(pyrazolyl)acetates ligands 

and of bioconjugated ones, to be used in the synthesis of Cu(I) and Cu(II) complexes. All 

the ligands and the complexes were characterized using IR spectroscopy, NMR 

spectroscopy (
1
H, 

31
P), electrospray ionization mass (ESIMS) and elemental analysis. The 

evaluation of the biological activity as anticancer  agents of the products as well as of the 

free ligands is in progress. My work follows the topics of the research group, which is 

focused on: (a) development of new boron- and carbon-centred scorpionate ligands with 

mixed C-, N-, O- and S-donor set; (b) evaluation of their coordination capabilities with main 

group and late transition metal ions; (c) applications in bioinorganic and medici nal 

chemistry (d) development of copper radiopharmaceuticals.  

In the last years, the research group efforts involve the synthesis of group 11 metal 

complexes and the evaluation of their biological activity as potential anticancer 

compounds. Some water soluble Cu(I) complexes have been successfully tested as new 

metal-based anti-cancer agents able to circumvent the cisplatin resistance. At present, the 

research group is interested in the design, synthesis, study of the structural properties of 

innovative water soluble copper(I/II) complexes, their biological evaluation as anticancer 

agents and in particular in the synthesis of new heteroscorpionate ligands bearing 

pyrazole, triazole, 2-mercaptopyridine or 2-mercaptoimidazole rings, and the development 

of bioconjugated ligands. In particular I have synthesised the ligands [HC(CO2H)(pz
Me2

)2] 

and [HC(CO2H)(pz)2] that have also been functionalized by the research group of the 

School of Pharmacy of the University of Camerino with the potent NMDA receptor 

antagonist (6,6-diphenyl-1,4-dioxan-2-yl)methanamine, which showed a significant 

cytotoxic activity on MCF7 human breast cancer cell lines, highly expressing NMDA 

receptors.  
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Synthesis and characterization of the ligands 

Starting from dichloroacetic acid and pyrazole (pz) for LH (1), 3,5-dimethylpyrazole 

(pz
Me2

) for L
2
H (2), with an excess of potassium carbonate and potassium hydroxide in THF  

solvent, with a small quantity of tetra-n-butylammonium bromide as phase-transfer catalyst, 

I have synthesized, in a reasonable yield bis(pyrazol-1-yl)acetic acid [HC(CO2H)(pz)2] (1) 

and bis(3,5-dimethylpyrazol-1-yl)acetic acid [HC(CO2H)(pz
Me2

)2] (2), following the one-step 

synthesis design by Burzlaff et al. (Fig. 3.1.). The elemental analysis confirmed the 

stoichiometries of the two ligands and showed a good purity of the products, confirmed 

also by the narrow melting points. LH is soluble in acetone, methanol, THF and DMSO and 

insoluble in water, acetonitrile, chloroform, n-hexane and diethyl ether, while L
2
H is soluble 

in water, methanol, ethanol, DMSO ethyl acetate and THF and insoluble in acetone, 

acetonitrile, chloroform, n-hexane and diethyl ether. 

 

Fig. 3.1. Reaction scheme of the synthesis of 1 and 2. 

 

The infrared spectra carried out on solid samples of 1 and 2 showed all the expected 

bands for the ligands: weak absorptions in the range 2927-3177 cm
-1

 due to the pyrazole 

rings, broad peaks at 2454 and 2429 cm
-1

 for 1 and 2 respectively, attributable to the 

stretching of the OH of the carboxylic groups. The asymmetric stretchings of C=O of 1 and 

2 are detected respectively at 1720 and 1740 cm
-1

 as strong peaks.  

The 
1
H NMR spectra of 1 and 2, recorded in acetone and CDCl3 solution, respectively, 

showed a single set of resonances for pyrazole rings, indicating that the pyrazoles are 

equivalent. The signals at δ 7.41 and 6.91 ppm, for 1 and 2 respectively, are attributable to 

the bridging carbons and are diagnostic for the effective substitution of the chlorides on the 

acetic acid with the pyrazoles. In the spectrum of 2 the chemical shifts of the methyls 

appear at δ 2.20 and 2.24 ppm, and the protons in the four position of the pyrazole rings 

are present at δ 5.90 ppm. In the spectrum of 1 the pyrazoles’ hydrogens 3-CH, 4-CH, 5-

CH are detectable at δ 7.97, 6.33, 7.54 ppm, respectively. 

The ESIMS study was conducted by dissolving the ligands 1 and 2 in MeOH and 

recording the spectra in positive- and negative-ion mode. The molecular structures of the 1 

and 2 are confirmed by the presence in the negative-ions spectra of the molecular peak at 

m/z 191 and 247 respectively attributable to the [L]
-
 and [L

2
]
-
 species. 
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The synthesis of NMDA (3) was performed in 7 steps (Fig. 3.2.), in collaboration with Dr. 

Fabio Del Bello of the School of Pharmacy of the University of Camerino. 

 

Fig. 3.2. Reaction scheme of the synthesis of 3: (a) NaH, (CH3)3SI, DMSO (b) Na, CH2=CHCH2OH; 
(c) m-CPBA, CH2Cl2; (d) (1S)-(+)-CSA, CH2Cl2; (e) p-TsCl, pyridine; (f) NaN3, DMF; (g) LiAlH4, Et2O. 

 

The successive syntheses of L
NMDA

 (4) and L
2NMDA

 (5) were performed in collaboration 

with Dr. Fabio Del Bello of the School of Pharmacy of the University of Camerino. To a 

solution of LH (1) and L
2
H (2) respectively, CDI was added to promote amide bond 

formation between ligands and NMDA (3), later added at 0°C. After separation and 

purification by column chromatography L
NMDA

 and L
2NMDA

 were formed in a reasonable yield 

and purity (Mp. 172-173°C (4), 171-172°C (5)) (Fig. 3.3.). The ligand 4 is soluble in 

acetonitrile, chloroform and DMSO, while 5 is soluble in methanol, acetonitrile, chloroform 

and DMSO. 

 

Fig. 3.3. Reaction scheme of the synthesis of 4 and 5. 

 

The infrared spectra carried out on solid samples of L
NMDA

 (4) and L
2NMDA

 (5) showed all 

the expected bands for the ligands: in particular, weak absorptions due to the CH 

stretchings have been observed in the range 2860-3157 cm
-1

, while peaks attributable to 

the amide stretchings are present at 3287 cm
-1

 and 3423 cm
-1

, respectively for L
NMDA

 and 

L
2NMDA

. The asymmetric stretchings of the C=O groups are detected as strong peaks at 

1681 and 1702 cm
-1

, respectively, in the typical range for the amide groups. 



41 

The 
1
H NMR spectra of L

NMDA
 (4) and L

2NMDA
 (5), recorded in CDCl3 solution, showed all 

the expected signals for the bioconjugated ligands. Interestengly, a double set of 

resonances appears for the pyrazole rings, indicating that the pyrazoles are not 

equivalents. 

The ESIMS study was conducted by dissolving the ligands 4 and 5 in acetonitrile and 

methanol, respectively, and recording the spectra in positive- and negative-ion mode. The 

molecular structures of the 4 and 5 are confirmed by the presence in the negative-ions 

spectra of the molecular peak at m/z 442 and 498, attributable to the [L
NMDA

 - H]
-
 and 

[L
2NMDA

 - H]
-
 species, respectively. The positive-ions spectrum of 4 also shows the 

molecular peak [L
NMDA

 + H]
+
 at m/z 444, while in the spectrum of 5 are observable the 

peaks at m/z 1022 and 522, relative to the species [(L
2NMDA

)2 + Na]
+
 and [L

2NMDA
 + Na]

+
, 

respectively. 

To confirm the stoichiometry the elemental analysis gives a positive matching between 

the calculated and the measured values for C, H and N.  

 

Synthesis and characterization of the complexes 

The copper complexes [(L
OMe

)CuCl2] (6, light green) and [(L
2OMe

)CuCl2] (7, green) have 

been prepared from the reaction of CuCl2·2H2O with LH (1) and L
2
H (2) respectively, in 

methanol solution at room temperature (Fig. 3.4.). The compounds are soluble in water and 

DMSO, and 7 is also soluble in methanol.  

 

 

 

Fig. 3.4. Reaction scheme of the syntheses of 6 and 7. 

 

Interestingly, based on the spectroscopic analysis (vide Experimental Section) we 

observed the metal-catalysed esterification of the carboxylic group with methanol used as 

solvent in the synthesis. The exact mechanism of such a process has not been yet clarified 

but it is in accordance with a similar behaviour observed for the same ligands in the 

presence of Re(V) acceptors
98

. 
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The infrared spectra carried out on the solid samples for 6 and 7 showed the absence of 

the OH stretchings of the carboxylic groups (present at 2450 and 2460 cm
-1

 in the free 

ligands, respectively), and the appearance of strong absorptions of C=O at 1748 and 1757 

cm
-1

, respectively, in a range typical for non-coordinating esters groups. In fact, I had 

synthesized the ester of the ligand L
2
H and in the infrared spectra the stretching of the 

C=O group is observable as a strong peak at 1760 cm
-1

. The weak absorption in the range 

2919-3139 cm
-1

 is due to the pyrazole rings. 

The ESIMS study was conducted by dissolving the compound 6 and 7 in acetonitrile and 

methanol respectively and recording the spectra in positive- and negative-ion mode. The 

formation of the complexes 6 and 7 are confirmed by the presence in the positive-ions 

spectra of the peaks at m/z 304 and 360 respectively attributable to the [(L
OMe

)CuCl]
+
 and 

[(L
2OMe

)CuCl]
+
 species. For 7 in positive-ion collection is also possible to individuate the 

major peak at m/z 622 for [(L
2OMe

)2CuCl]
+
 species, and at m/z 572 the fragment 

[(L
2
)(L

2OMe
)Cu]

+
. The elemental analyses confirm the stoichiometry and the purity of the 

products. Both the syntheses have been performed also in presence of an excess of ligand 

(up to 1:2 metal:ligand ratio) obtaining products with the same stoichiometry, to confirm 

that the initial stoichiometric ratio does not influence the final product. 

By dissolving the crude complex [(L
2OMe

)CuCl2] (7) in methanol solution and by slow 

evaporation of the solution, single blue crystals suitable for X -ray diffraction analysis were 

obtained and the analysis gives the molecular structure (Fig. 3.5.) in which the metal 

centre is hexacoordinated by two anionic ligands in the typical “scorpionate” fashion.  The 

X-ray diffraction analysis was performed by Prof. Luciano Marchiò of the Department of 

Chemistry of the University of Parma. 

 

Fig. 3.5. Crystal structure of [(L
2
)2Cu]. 

 

Studying more in detail the reactivity of 7, I observed that if the drying process is 

continued after the formation of the green solid product, an orange powder appears in a 

small percentage with respect to the total residue (< 5%). It’s possible to separate this new 

product by dissolving the mixture in methanol; obtaining a green solution (because 

compound 7 is soluble in methanol) and filtering off the orange product, which resulted to 
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be diamagnetic by recording 
1
H and 

13
C NMR spectra. Further investigations on the 

behaviour of the compound in solution and in the solid state , and on the possibility to 

obtain it performing the reaction in different solvents are in progress.  

The copper complexes [(L
NMDA

)CuCl2] (8) and [(L
2NMDA

)CuCl2]∙H2O (9), cyan and brown 

solids, have been prepared from the reaction of CuCl2·2H2O with L
NMDA

 (4) and L
2NMDA

 (5) 

respectively, in methanol solution for 8 and in methanol suspension for 9, at room 

temperature (Fig. 3.6.). The compounds are soluble in DMSO, and 9 is also soluble in 

methanol, ethanol and chloroform. 

 

 

Fig. 3.6. Reaction scheme of the syntheses of 8 and 9. 

 

The infrared spectra carried out on solid samples 8 and 9 showed all the expected 

bands for the complexes reported: NH stretching is detected without a significant variation 

with a weak absorption peak at 3274 cm
-1

 for 8 and very broad absorption peak at 3432 

cm
-1

 for 9 indicating the presence of a molecule of water; weak absorption are observed in 

the range 2859-3198 cm
-1

 due to the pyrazoles rings. The strong absorption at 1667 and 

1678 cm
-1

 for 9 and 8 respectively, without a significant variation with respect to the 

absorptions detectable in the free ligands, indicate that the carbonyl groups are not 

involved in the coordination of the metal. The copper centre results in a tetracoordinated 

environment with the ligand chelating in a bidentate fashion, and the other two positions 

occupied by the chlorides.  

The ESIMS study was conducted by dissolving compounds 8 and 9 in methanol/DMSO 

and methanol respectively, and recording the spectra in positive- and negative-ion mode. 

In the positive ion spectrum of 9 it’s possible to detect a major peak, at m/z 531, 

attributable to the [(L
2NMDA

)2Cu]
++

 species, confirming the complex formation, while in the 

spectrum of 8 a peak at m/z 984 is attributable to the [(L
NMDA

)2CuCl]
+
 species. The 

negative-ion mode spectra of 8 and 9 showed two peaks at m/z 478 and 247, attributable 

to the species [L
NMDA

 + Cl]
-
 and [L

2
]
-
, respectively, confirming the presence of the ligands in 
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the complexes. The elemental analyses confirm the stoichiometry of the complexes and the 

presence of a molecule of water for compound 9. 

The blue copper complex [(LH)Cu(L)ClO4] (16) has been prepared from the reaction of 

CuClO4·6H2O with LH (1) in a water/methanol suspension at room temperature. The 

compound is water soluble. 

By dissolving the crude complex 16 in DMSO solution and by slow evaporation of the 

solution, single blue crystals suitable for X-ray diffraction analysis were obtained and the 

analysis results in the molecular structure (Fig. 3.7.) in which the metal centre is 

hexacoordinated by two anionic ligands in the typical “scorpionate” fashion . The X-ray 

diffraction analysis was performed by Prof. Luciano Marchiò of the Department of 

Chemistry of the University of Parma. 

 

 

Fig. 3.7. Crystal structure of [(L)2Cu]. 

 

The crystallographic data have been summarized in the following tables (Table 3.1. and 

Table 3.2.). 

Identification code shelx 

Empirical formula C16H14CuN8O4 

Formula weight 445.89 

Temperature 296K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P 21/n 

Unit cell dimensions 
a = 9.5260(10) Å; α= 90°. 

b = 15.731(2) Å; β= 104.566(3)°. 
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c = 12.396(2) Å; γ= 90°. 

Volume 1797.9 Å3  

Z 4 

Density (calculated) 1.647 Mg/m3 

Absorption coefficient 1.259 mm-1 

F(000) 908 

Crystal size 0.22 x 0.20 x 0.15 mm3 

Theta range for data collection 2.135 to 27.218°. 

Index ranges 
-12<=h<=12, -20<=k<=20, -
15<=l<=15 

Reflections collected 22775 

Independent reflections 4012 [R(int) = 0.0568] 

Completeness to theta = 25.242° 100.0 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.746 and 0.639 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4012 / 0 / 265 

Goodness-of-fit on F2 1.007 

Final R indices [I>2sigma(I)] R1 = 0.0378, wR2 = 0.0927 

R indices (all data) R1 = 0.0696, wR2 = 0.1113 

Extinction coefficient n/a 

Largest diff. peak and hole 0.262 and -0.539 e.Å-3  

 

Table 3.1. Crystal data and structure refinement for [(L)2Cu]. 

 

atom x y z U(eq) 

Cu(1) 5000 0 5000 30(1) 

Cu(2) 0 0 10000 37(1) 

N(14) -495(2) 1814(1) 9829(2) 31(1) 

N(11) 4075(2) 669(1) 7055(2) 35(1) 

O(16) -114(2) 395(1) 8482(2) 47(1) 

O(23) 2826(2) -1325(1) 6867(2) 52(1) 

N(12) 2209(2) 504(1) 5372(2) 31(1) 

N(24) -813(2) 1096(1) 10315(2) 36(1) 

C(23) 3349(3) -787(2) 6381(2) 34(1) 

N(25) 2358(3) 865(2) 10353(2) 47(1) 
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C(34) -1084(3) 2494(2) 10205(2) 39(1) 

C(32) 917(3) 888(2) 5002(2) 37(1) 

N(15) 2015(2) 1656(1) 9924(2) 36(1) 

N(22) 2919(2) 441(1) 4555(2) 37(1) 

N(21) 5257(3) 746(2) 6635(2) 45(1) 

C(13) 2857(3) 151(2) 6470(2) 33(1) 

C(24) -1850(3) 2204(2) 10922(3) 45(1) 

C(16) 596(3) 1804(2) 9190(2) 32(1) 

C(14) -1645(3) 1334(2) 10969(2) 42(1) 

C(12) 2038(3) 781(2) 3662(2) 46(1) 

C(26) 288(3) 1127(2) 8254(2) 36(1) 

C(35) 3058(3) 2225(2) 10373(3) 51(1) 

O(26) 481(3) 1345(1) 7361(2) 62(1) 

C(25) 4123(4) 1794(2) 11112(3) 57(1) 

C(15) 3639(3) 966(2) 11061(3) 55(1) 

C(22) 770(3) 1075(2) 3902(2) 48(1) 

C(31) 4255(4) 1098(2) 8018(3) 53(1) 

C(11) 6163(4) 1233(2) 7374(3) 60(1) 

C(21) 5589(4) 1463(2) 8247(3) 67(1) 

O(13) 4270(2) -922(1) 5813(2) 44(1) 

Table 3.2. Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å

2
x 10

3
) 

for [(L)2Cu]. U(eq) is defined as one third of the trace of the orthogonalized U
i j
 tensor. 

 

The copper(I) complexes [(LH)Cu(PPh3)2]PF6 (10) and [(L
2
H)Cu(PPh3)2]PF6 (11) have 

been prepared from the reaction of triphenylphosphine and Cu(MeCN)4PF6, in the 

presence of the ligands 1 and 2, respectively (Fig. 3.8.). The mixture was filtered and dried 

at reduced pressure, and the residues washed by diethyl ether to obtain the complexes as 

white solids. The compounds are soluble in methanol,  chloroform and DMSO, and complex 

11 is also soluble in acetone. The acetonitrile solution stabilizes the copper in the oxidation 

state +1 and with this solvent the esterification was not observed.  The infrared spectra 

carried out on the solid samples of 10 and 11 showed all the expected bands for the 

heteroscorpionate ligands and triphenilphoshine coligands: the strong absorptions due to 

the C=O stretchings are detectable at 1752 and 1751 cm
-1

, respectively, with no significant 

variations with respect to the same absorptions detectable in the spectra of the free 

ligands; the weak absorptions in the range 2932-3144 cm
-1

 are due to the CH stretchings. 
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Fig. 3.8. Reaction scheme of the syntheses of complexes 10 and 11. 

 

The 
1
H NMR spectra of 10 and 11, recorded in DMSO and CDCl3 solution, respectively, 

showed a single set of resonances for the pz rings, indicating that the pyrazoles are 

equivalent. The triphenilphoshine coligands showed a charac teristic series of resonances 

in the aromatic region at δ 7.21-7.61 ppm, with an integration of the peaks, with respect to 

the ligand resonances, that confirms the 1:2 stoichiometric ratio between the ligand and 

the PPh3. 

The r.t. 
31

P{
1
H} NMR spectrum of [(LH)Cu(PPh3)2]PF6 (10) in DMSO solution, gave a 

singlet centred at δ -3.10 ppm, along with the characteristic septet centred at about δ-

143.10 ppm due to the PF6 counteranion. The 
31

P{
1
H} NMR spectrum of 

[(L
2
H)Cu(PPh3)2]PF6 (11), recorded at room temperature in CDCl3 solution, gave a singlet 

centred at δ -2.85 ppm, along with a minor peak at δ 8.03 ppm; the characteristic septet 

due to the PF6 counteranion is detectable at δ-143.31 ppm. On lowering the temperature to 

243K, the 
31

P{
1
H} NMR spectrum of 11 showed two singlets centred at δ-4,60 and 6.63 

ppm.δ 

The ESIMS study was conducted by dissolving compounds 10 and 11 in methanol and 

recording the spectra in positive- and negative-ion mode. The formation of the complexes 

10 and 11 is confirmed by the presence in the positive-ions spectra of the peaks at m/z 517 

and 573, respectively attributable to the [(LH)CuPPh3]
+
 and [(L

2
H)CuPPh3]

+
 species. In the 

positive-ion spectrum of 10 it’s also possible to individuate the major peak at m/z 587 

attributable to the [Cu(PPh3)2]
+
 species. In the negative ion spectra the [PF6]

-
 ion is 

observed as the major peak for both the complexes at m/z 145. The elemental analyses 

confirm the stoichiometry of the products in the solid state.  

The water soluble phosphine PTA was used in the reaction with Cu(MeCN)4PF6 and the 

ligands 1 and 2 to synthesize the Cu(I) complexes [(LH)Cu(PTA)2]PF6 (12) and 

[(L
2
H)Cu(PTA)2]PF6 (13) (Fig. 3.9.). The white compounds as expected are water soluble, 

and also soluble in MeCN and DMSO. 
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Fig. 3.9. Reaction scheme of the syntheses of 12 and 13. 

 

The infrared spectra carried out on the solid samples of 12 and 13 showed all the 

expected bands for the heteroscorpionate ligands and the PTA coligands: the absorptions 

due to the C=O stretchings are detectable at 1646 and 1639 cm
-1

, respectively, slightly 

shifted at lower frequency, due to a possible interaction between the carbonyl of the 

ligands and the nitrogen atoms of the PTA; the weak absorptions in the range 2923-3130 

cm
-1

 are due to the CH stretchings. 

The 
1
H NMR spectra of 12 and 13, recorded in DMSO solution, showed a single set of 

resonances for the pz rings, indicating that the pyrazoles are equivalent. The PTA 

coligands showed a characteristic series of resonances in the region at  δ 4.10-4.67 ppm, 

with an integration of the peaks, with respect to the ligand resonances, that confirms the 

1:2 stoichiometric ratio between the ligand and the PTA. The methylene protons of the PTA 

upper rim fall at δ 4.10 and 4.15 ppm (broad singlets) in the spec tra of 12 and 13, 

respectively. The magnetically unequivalent methylene protons of the PTA lower rim 

appear as a doublet of doublets (AB quartet) in the range 4.48-4.67 ppm in 12 complex, 

and they appear as a multiplet around δ 4.52 ppm for 13.  

The 
31

P{
1
H} NMR spectrum of [(LH)Cu(PTA)2]PF6 (12), recorded at room temperature in 

D2O solution, gave a broad singlet centred at δ -85.54 ppm, along with the characteristic 

septet centred at about δ-143.95 ppm due to the PF6 counteranion, with the J(H-H) = 12.4 

Hz, in accordance with the literature for analogues phosphine complexes 
48

. The signal at δ 

-85.54 ppm is downfield shifted with respect to the signal exhibited by the uncoordinated 

PTA ligand (δ -97.70 ppm in D2O solution) confirming the formation and the stoichiometry 

of the complex. The r.t. 
31

P{
1
H} NMR spectrum of 12, recorded in CD3CN solution, gave a 

broad singlet centred at δ -87.21 ppm, along with the characteristic septet due to the PF 6 

counteranion at δ-143.47 ppm. On lowering the temperature to 243K, the 
31

P{
1
H} NMR 

spectrum of 12 showed a similar broad singlet centred at δ-87,21. The 
31

P{
1
H} NMR 
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spectrum of [(L
2
H)Cu(PTA)2]PF6 (13), recorded at room temperature in D2O solution, gave 

a singlet centred at δ -85.87 ppm, downfield shifted compared to the signal of the PTA in 

the D2O spectrum, along with the characteristic septet centred at about δ-144.03 ppm due 

to the PF6 counteranion. The r.t. 
31

P{
1
H} NMR spectrum of 13, recorded at room 

temperature in CD3CN solution, gave a singlet centred at δ -90.70 ppm, along with the 

characteristic septet due to the PF6 counteranion at δ-144.53 ppm. On lowering the 

temperature to 243K, the 
31

P{
1
H} NMR spectrum of 13 showed the singlet centred at δ-

89,93, without a significant shifting in the frequency, in agreement with the coordination of 

two phosphines around the metal.  

The ESIMS study was conducted by dissolving compounds 12 and 13 in acetonitrile and 

recording the spectra in positive- and negative-ion mode. The formation of the complexes 

12 and 13 is confirmed by the presence in the positive-ions spectra of the peaks at m/z 412 

and 468 respectively, as major peaks, attributable to the [(LH)CuPTA]
+
 and [(L

2
H)CuPTA]

+
 

species. In the negative ion spectra the [PF6]
-
 ion is observed as the major peak for both 

the complexes at m/z 145. The elemental analyses confirm the stoichiometry and the purity 

of the products. 

In analogy with the reactions for the formation of the complexes 12 and 13 two 

synthesis were performed with the functionalized ligands L
NMDA

 (4) and L
2NMDA

 (5) obtaining 

the complexes [(L
NMDA

)Cu(PTA)2]PF6 (14) and [(L
2NMDA

)Cu(PTA)2]PF6 (15). The coligand 

PTA was used in the reaction with Cu(MeCN)4PF6 and the ligands 4 and 5 (Fig. 3.10.). The 

white compounds are soluble in MeCN and DMSO. 

The infrared spectra carried out on the solid samples of 14 and 15 showed all the 

expected bands for the bioconjugated ligands and PTA coligands: the absorptions due to 

the C=O stretchings are detectable at 1696 and 1698 cm
-1

, respectively, with no significant 

variations with respect to the same absorptions detectable in the spectra of the free 

ligands; the broad absorption at about 2925 cm
-1

 are due to the CH stretchings. 

 

Fig. 3.10. Reaction scheme of the syntheses of 14 and 15. 
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The 
1
H NMR spectra of 14 and 15, recorded in DMSO solution, showed all the signals 

attributable to the ligands 4 and 5 and the PTA coligands with similar patterns and small 

shifts observed upon complex formation.  

The 
31

P{
1
H} NMR spectra of 14 and 15, recorded at room temperature in CD3CN 

solution, gave broad singlets centred at δ -91.63 and -89.53 ppm, respectively, along with 

the characteristic septet centred at about δ-143.52 ppm due to the PF6 counteranion, in 

agreement with the coordination of two phosphines around the metal  

The ESIMS study was conducted by dissolving compounds 14 and 15 in acetonitrile and 

recording the spectra in positive- and negative-ion mode. The formation of the complexes 

14 and 15 is confirmed by the presence in the positive-ion spectra of the peaks at m/z 663 

and 719, attributable to the [(L
NMDA

)CuPTA]
+
 and [(L

2NMDA
)CuPTA]

+ 
species, respectively. In 

the negative ion spectra the [PF6]
-
 ion is observed as the major peak for both the 

complexes at m/z 145. The elemental analyses confirm the stoichiometry and the purity of 

the products.  
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IV Appendix 

IR spectrum of LH (1) 

 

1
H NMR spectrum of LH (1) in acetone. 
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ESIMS (major negative-ions, CH3OH) spectrum of LH (1). 

 

ESIMS (major postive-ions, CH3OH) spectrum of LH (1). 
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IR spectrum of L
2
H (2). 

 

1
H NMR spectrum of L

2
H (2) in CDCl3. 
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ESIMS (major negative-ions, CH3OH) spectrum of L
2
H (2). 

 

ESIMS (major positive-ions, CH3OH) spectrum of L
2
H (2). 
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IR spectrum of L
NMDA

 (4)
. 

 

1
H NMR spectrum of L

NMDA
 (4) in CDCl3
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ESIMS (major negative-ions, CH3CN) spectrum of L
NMDA

 (4). 

 

ESIMS (major positive-ions, CH3CN) spectrum of L
NMDA

 (4) 
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IR spectrum of L
2NMDA

 (5)

 

1
H NMR spectrum of L

2NMDA
 (5) in CDCl3. 
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ESIMS (major negative-ions, CH3OH) spectrum of L
2NMDA

 (5). 

 

ESIMS (major positive-ions, CH3OH) spectrum of L
2NMDA

 (5). 
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IR spectrum of [(L
OMe

)CuCl2] (6). 

 

IR spectrum of [(L
2OMe

)CuCl2] (7).
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IR spectrum of [(L
NMDA

CuCl2] (8). 

 

IR spectrum of [(L
2NMDA

CuCl2]∙H2O (9). 
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IR spectrum of [(LH)Cu(PPh3)2]PF6 (10). 

1
H NMR spectrum of [(LH)Cu(PPh3)2]PF6 (10) in DMSO. 
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31
P NMR spectrum of [(LH)Cu(PPh3)2]PF6 (10) in DMSO at 293K. 

 

ESIMS (major negative-ions, CH3OH) spectrum of [(LH)Cu(PPh3)2]PF6 (10). 
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ESIMS (major positive-ions, CH3OH) spectrum of [(LH)Cu(PPh3)2]PF6 (10). 

 

IR spectrum of [(L
2
H)Cu(PPh3)2]PF6 (11). 
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1
H NMR spectrum of [(L

2
H)Cu(PPh3)2]PF6 (11) in CDCl3. 

 

31
P NMR spectrum of [(L

2
H)Cu(PPh3)2]PF6 (11) in CDCl3 at 293K. 
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31
P NMR spectrum of [(L

2
H)Cu(PPh3)2]PF6 (11) in CDCl3 at 243K. 

 

ESIMS (major positive-ions, CH3OH) spectrum of [(LH)Cu(PPh3)2]PF6 (11). 
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IR spectrum of [(LH)Cu(PTA)2]PF6 (12). 

 

1
H NMR spectrum of [(LH)Cu(PTA)2]PF6 (12) in DMSO. 
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31
P NMR spectrum of [(LH)Cu(PTA)2]PF6 (12) in D2O at 293K. 

 

ESIMS (major negative-ions, CH3CN) spectrum of [(LH)Cu(PTA)2]PF6 (12). 
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ESIMS (major positive-ions, CH3CN) spectrum of [(LH)Cu(PTA)2]PF6 (12). 

 

IR spectrum of [(L
2
H)Cu(PTA)2]PF6 (13). 
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1
H NMR spectrum of [(L

2
H)Cu(PTA)2]PF6 (13) in DMSO. 

 

31
P NMR spectrum of [(L

2
H)Cu(PTA)2]PF6 (13) in D2O at 293K. 
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ESIMS (major negative-ions, CH3CN) spectrum of [(L
2
H)Cu(PTA)2]PF6 (13). 

 

ESIMS (major positive-ions, CH3CN) spectrum of [(L
2
H)Cu(PTA)2]PF6 (13). 
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IR spectrum of [(L
NMDA

)Cu(PTA)2]PF6 (14). 

 

1
H NMR spectrum of [(L

NMDA
)Cu(PTA)2]PF6 (14) in DMSO. 
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31
P NMR spectrum of [(L

NMDA
)Cu(PTA)2]PF6 (14) in CD3CN at 293K. 

 

ESIMS (major negative-ions, CH3OH) spectrum of [(L
NMDA

)Cu(PTA)2]PF6 (14). 
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ESIMS (major positive-ions, CH3OH) spectrum of [(L
NMDA

)Cu(PTA)2]PF6 (14). 

 

IR spectrum of [(L
2NMDA

)Cu(PTA)2]PF6 (15). 
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1
H NMR spectrum of [(L

2NMDA
)Cu(PTA)2]PF6 (15) in DMSO. 

 

31
P NMR spectrum of [(L

2NMDA
)Cu(PTA)2]PF6 (15) in CD3CN at 293K. 
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ESIMS (major negative-ions, CH3OH) spectrum of [(L
2NMDA

)Cu(PTA)2]PF6 (15). 

 

ESIMS (major positive-ions, CH3OH) spectrum of [(L
2NMDA

)Cu(PTA)2]PF6 (15). 
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