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ABSTRACT 
 

The tridentate hydrazone ligands, (E)-N'-(2-hydroxybenzylidene)benzohydrazide 

(H2phen) and (E)-N'-(2-hydroxybenzylidene)nicotinohydrazide (H2Nic), were 

synthesised and complexed to Ln(III) acetates. The centrosymmetric, acetato-bridged 

dinuclear coordination compounds with the formulae, 

[La2(Hphen)2(OAc)4(H2O)2]·DMF·H2O (1), [Ln2(HNic)2(OAc)4(H2O)2]·DMF·H2O 

(Ln = La (2) and Nd (3)) and [Ln2(HNic)2(OAc)4(H2O)2]·DMF (Ln = Er (4) and Yb 

(5)) were isolated and characterised by elemental analyses, IR spectroscopy, UV-Vis 

spectroscopy, X-ray diffraction studies and SHAPE 2.1. The nine-coordinate 

complexes 1–3 crystallise in the triclinic space group P-1, with the metal centres 

having the distorted spherical capped square antiprism geometry (C4v), while the 

eight-coordinate Er(III) and Yb(III) complexes (monoclinic system, space group 

P21/c) display the geometry of distorted triangular dodecahedron (D2d). Geometry 

optimisation of the monoanionic forms of the hydrazone ligands (Hphen– and HNic–) 

were performed using Density Functional Theory (DFT) with Becke’s three parameter 

hybrid method and correlation functional of Lee, Yang and Parr (B3LYP) with aug-

cc-pVTZ basis set. Natural population analysis (NPA) and molecular electrostatic 

potential (MEP) maps indicated that the most preferred sites for electrophilic attack in 

the anionic ligands are the phenolate and carbonyl oxygens, and the azomethine 

nitrogens. The evaluation of the cytotoxic activity of the compounds on breast cancer 

(MCF-7), the endometrial carcinoma (HEC-1A) and the human monocytic (THP-1) 

cell lines using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide 

(MTT) assay revealed that the hydrazone ligands and complexes 1–4 are partially 

cytotoxic against MCF-7 cells, while the Schiff bases and complexes 3–5 significantly 

inhibit cell growth in HEC-1A cells. 

 

The complexation reactions of Ce(III), Nd(III), Gd(III) and Er(III) with  the chelating/ 

bridging monoanionic ligand N-(2,6-dimethylphenyl)oxamate (Hpma–) in basic 

media were performed in view of the potential applications of oxamate derivatives as 

cytotoxic agents. The coordination compounds were characterised by different 



Abstract                                                                                                      T. Madanhire 
 

 

Nelson Mandela University                                           xxvi 

 

physico-chemical techniques: elemental analysis, conductivity measurements, IR, 1H 

NMR and UV-Vis-NIR spectroscopy. The anionic Hpma– was obtained through 

conversion of the proligand ethyl (2,6-dimethylphenylcarbamoyl)formate (Hdmp). 

The reactions afforded lanthanide(III)–oxamate coordination polymers of formulae: 

{[Ln(Hpma)3(MeOH)(H2O)]∙2MeOH}n (Ln = Ce (1) and Nd (2)), 

{[Gd2(Hpma)6(MeOH)4]∙6MeOH}n (3), {[Er2(Hpma)6(MeOH)(H2O)3]∙2MeOH}n (4) 

and [Ln2Na2(Hpma)8(EtOH)(H2O)6]n (Ln = Nd (5) and Gd (6)). The polymeric 

complexes feature Ln-Hpma moieties bridged by μ2-η1:η1:η1 Hpma–, giving one-

dimensional zig-zag chains of the –Ln–O–C–O–Ln– type. Atomic charge analysis and 

the MEP map of the Hpma– moiety done using the DFT/B3LYP method were found 

to be consistent with the chelating and bridging modes of the anionic ligand through 

all the oxygen atoms. The evaluation of the cytotoxic activities of the metal salts, the 

proligand and the novel lanthanide complexes on MCF-7, HEC-1A and THP-1 cell 

lines revealed that only the rare-earth metal salts [Ce(NO3)3∙6H2O] and 

[Nd(NO3)3∙6H2O] showed modest cytotoxicity against MCF-7 and HEC-1A cells, 

respectively. 

 

Seven novel mixed-ligand complexes, [Ln(Hpma)2(phen)2(OAc)]·2H2O (Ln = La (1), 

Ce (2) and Nd (3)), [Er(Hpma)2(phen)(OAc)(H2O)]·EtOH·H2O (4), 

[Yb(Hpma)3(phen)]·2EtOH (5) and [Ln(Hpma)3(phen)(H2O)]·4H2O (Ln = Nd (6) and 

Gd (7)) (Hpma = N-(2,6-dimethylphenyl)oxamate; phen = 1,10-phenanthroline) were 

prepared in the presence of NaOH. Complexes 1–3 are isostructural and each metal 

ion is ten-coordinate adopting a distorted sphenocorona geometry, with continuous 

shape measures of 2.702, 2.677 and 2.592, respectively. In contrast, the nona-

coordinate complexes 4, 6 and 7 display spherical capped square antiprism molecular 

geometry, while the Yb(III) complex is bonded to three bidentate Hpma– ligands and 

one phen, forming a square antiprism structure (coordination number = 8). Besides the 

strong Ln(III)-ligand bonds as the main driving force for coordination, the relatively 

weak hydrogen bonds (O-H∙∙∙O and N-H∙∙∙O), C-H∙∙∙O contacts, C-H∙∙∙π, N-H∙∙∙π and 

offset π-π interactions between the aromatic rings  play a key role in crystal packing. 

The UV-Vis-NIR absorption spectra of the metal complexes are associated with the 

π→π* transitions of phen and the Laporte-forbidden f-f transitions of the Nd(III), 
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Er(III) and Gd(III) ions from the 4I9/2, 4I15/2 and 8S7/2 ground states, respectively, to the 

various excited J-levels. Cytotoxicity studies revealed antiproliferative activity in 

MCF-7 cells (p<0.05) after treatment with phen and coordination compounds 1–7. 

Statistically significant cytotoxic effects were also exerted by [Nd(NO3)3∙6H2O], 

phen, 3, 6 and 7 in HEC-1A cells (p<0.05). No cytotoxic effects were observed in 

THP-1 cells (p>0.05) for all the compounds, except for the positive control curcumin; 

indicating that the target compounds do not exert adverse effects on the immune 

system monocytes. 

 

The reactions of [Ln(NO3)3∙6H2O] (Ln = Pr and Sm), [SmCl3∙6H2O] and 

[Nd(OAc)3∙xH2O]  with benzilic acid (H2ben) and 1,10-phenanthroline (phen) as an 

auxiliary ligand in basic media yielded isostructural nine-coordinate complexes 

(monoclinic system, space group P21/n) of the type 

[Ln(Hben)3(phen)2(H2O)]∙DMF∙H2O (where Ln = Pr(III), Nd(III) and Sm(III)). In the 

structures, the monodeprotonated Hben– ligand connects the metal centres 

monodentately through the deprotonated carboxylate oxygen, and bidentately via the 

hydroxy oxygen and the carboxylate group oxygen. Additional stability of the crystal 

structures is provided by intra- and intermolecular O-H∙∙∙O interactions, C-H∙∙∙O 

contacts, parallel-displaced aromatic π∙∙∙π and C-H∙∙∙π interactions. The electronic 

absorption spectra of the complexes show π→π* transitions of the bidentate aromatic 

phen, as well as 4f-4f transitions. Anticancer screen indicated that phen, and the 

Pr(III) and Nd(III) complexes reduced MCF-7 cell proliferation significantly 

(p<0.05). 1,10-Phenanthroline also exerted cytotoxic effects in HEC-1A cells 

(p<0.05). 

 

 

Keywords: Lanthanide(III), lanthanide complexes, hydrazone, carboxylic acid, 

oxamate, 1,10-phenanthroline, monodentate, bidentate, tridentate, 

bridging, crystal structure, geometry, shape analysis, natural charge, 

anticancer 
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CRYSTALLOGRAPHIC AND 

MOLECULAR MODELLING DATA  

 

 

Supplementary data for all the crystal structures reported herein are stored on the 

compact disc that is attached to the inside back cover of this dissertation.  

The crystallographic data include: 

 Final crystal data and details of the structure determinations 

 Final coordinates and equivalent isotropic displacement parameters of the non-

hydrogen atoms 

 Hydrogen atom positions 

 Isotropic displacement parameters 

 All bond distances and bond angles 

 Torsion angles 

 Contact distances 

 Hydrogen bonds 

 

In addition, the Gaussian 16 molecular modelling data for all geometry optimisations 

performed for the ligands have been included. For the ligands, Hphen–, HNic–, Hpma–, 

phen and Hben–, the geometry optimisation and NBO calculations’ .log and .com files 

(output and input files, respectively) are found on the disc. 
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CHAPTER 1 

Introduction 
 

1.1 Motivation of study 

Cancer is a range of diseases characterised by the uncontrolled growth and metastases 

of abnormal cells to different organs and other parts of the body [1]. The disease is 

caused by inherited genetic mutations, immune and hormonal factors, as well as 

external factors, such as an unhealthy diet, infectious organisms, exposure to toxic 

chemicals or radiation and consumption of alcohol or tobacco [1-3]. The International 

Agency for Research on Cancer (IARC) reported approximately 14.1 million new 

cancer cases in 2012 worldwide, with 5.3 million deaths related to cancer occurring in 

economically developing countries, and 2.9 million fatalities in developed countries 

[1].  

 

The most prevalent types of cancers in females are breast, cervical, uterine, lung and 

colorectal, while those of the opposite sex are prostate, lung, colorectal, liver and 

stomach cancer [1,3]. Breast cancer is the most prevalent cancer amongst women 

globally and the second most common cancer overall [3]. About 1.7 million breast 

cancer cases were reported in 2012, with 521 900 cancer-related deaths (Table 1.1 

summarises the estimated cancer cases and deaths in 2012) [1]. It is notable that 

cancer types vary by geographical area: adenocarcinoma of the endometrium (uterine 

cancer) is the fourth leading cause of death in females in developed countries, and the 

sixth most common type of cancer in women worldwide [4]. Three main methods are 

applied in the treatment of diverse classes of cancers, namely chemotherapy, surgical 

therapy and radiotherapy. At advanced stages, the disease responds poorly to 

chemotherapy, resulting in poor clinical outcomes [4].  
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Table 1.1: Estimated cancer statistics on leukemia, breast, cervical, and uterine cancer 

(2012) [1]. 
 Estimated new cases Estimated deaths 

Female Female 

Breast Cervix 
uteri 

Corpus 
uteri 

Breast Cervix 
uteri 

Corpus 
uteri 

Worldwide 1 676 600 527 600 319 600 521 900 265 700 - 

Developed countries 793 700 - 167 900 197 600 35 500 34 700 

Developing countries 882 900 444 500 151 700 324 300 230 200 - 

 
Male Male 

Leukemia Leukemia 

Worldwide 200 700 151 300 

Developed countries - 51 300 

Developing countries 120 400 100 000 

 

 

The first platinum-based anticancer drug to be used in chemotherapy, cisplatin (cis-

[PtCl2(NH3)2]), was discovered in 1969 by Rosenberg [5]. The drug proved useful in 

the treatment of different kinds of cancers including ovarian carcinoma, advanced 

cervical cancer and testicular cancer. Cisplatin, however, presents with adverse 

effects, such as renal toxicity, neurotoxicity, nausea, alopecia and vomiting [5]. These 

adverse effects emerge from lack of selectivity, as well as the undesirable reactions of 

the platinum-based drug with proteins and biological nucleophiles [5]. It is therefore 

necessary to design and synthesise more selective (towards cancer cells) metal 

complexes with different kinetic and thermodynamic properties, and with different 

metal ions for efficient tumour treatment. 

 

Hydrazones have received a lot of attention in the past few decades because of their 

potentially beneficial antitumour activities [6-11]. Two isostructural La(III) and 

Ce(III) complexes with a N,N,O-donor tridentate hydrazone ligand (E)-N'-[1-(2-

pyridinyl)ethylidene]isonicotinohydrazone (Figure 1.1) have been isolated. The 

antitumour effects in the human lung cancer cell line, A549, and the human gastric 

cancer cell lines, SGC7901 and BGC823, were investigated [12]. The 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay and Annexin 

V/propidium iodide staining were applied in determining the effect on proliferation 
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and apoptosis, respectively, on the tumour cell lines [12,13]. The 50 % inhibitory 

concentration (IC50) values of the complexes were significantly lower than that of the 

uncoordinated ligand. 

 

Antitumour activities of the Ln(III) complexes are possibly a result of the N,O-donor 

bidentate systems [12]. Western blotting was applied to explore the possible 

antitumour mechanisms of the metal complexes. The Ce(III) complex induced 

apoptosis in A549 cells by enhancing the expression of caspase 3 and B cell 

lymphoma (Bcl)-2-associated X protein (Bax), and downregulation of Bcl-2, all key 

regulators of the apoptotic pathway. This research promotes the study of lanthanide-

hydrazone complexes with great potential in biomedical applications [12]. 

 

N

N
H

N
N

OH

 
Figure 1.1: The structure of (E)-N'-[1-(2-pyridinyl)ethylidene]isonicotinohydrazone [12]. 

 

Mixed ligand complexes of metals with carboxylic acid ligands and 1,10-

phenanthroline are of interest because of their ability to prevent tumour growth [14]. 

An example of a coordination compound that has been reported to play an important 

role in the inhibition of proliferation of LA795 lung adenocarcinoma cells is depicted 

in Figure 1.2. The inhibitory effect occurred in a dose-dependent and time-dependent 

manner, associated with enhanced expression of apoptotic proteins p53 and Bax, and 

a reduction in the expression of Bcl-2 [14]. 

 

The mixed ligand ruthenium complex prepared from 1,10-phenanthroline and its 

derivative 2′-(2″-nitro-3″,4″-methylenedioxyphenyl)imidazo[4′,5′-f]phenanthroline) 

(NMIP), [Ru(phen)2(NMIP)](ClO4)2  (Figure 1.3a) was evaluated for its in vitro 

cytotoxicity on the human hepatocellular carcinoma cell line, BEL-7402 [5,15]. The 

IC50 value, indicative of effectivity of the coordination compound, was 39 ± 2 µM. 

Flow cytometry illustrated 5.87 % of apoptotic cells when BEL-7402 cells were 

exposed to 25 µM of the metal complex [15]. 
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Figure 1.2: The structure of a copper(II) complex of a carboxylic acid and 

phenanthroline [14]. 

 

Some Cu(I) complexes of 1,10-phenanthroline and its derivatives were synthesised 

and their interaction with extracted DNA investigated [5,16]. The four-coordinate 

complex, [Cu(phen)2]+, interacted and cleaved the extracted DNA. A cuprous bis-

phenanthroline complex (Figure 1.3b) showed in vitro photocytotoxicity on the A549 

and human malignant melanoma (A375) cell lines. This cuprous-phenanthroline 

complex, with a long excited state lifetime, could potentially be exploited in 

photochemotherapy (PCT) [16]. 

 

N N

N

N

NN

Cu
N

N

N

N

Ru
N

H
N

O2N

O

O

2+

+

    a                                                                                         b  

Figure 1.3: The ruthenium (a) and the copper (b) complexes, derived from 1,10-

phenanthroline [15,16]. 
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In addition to their broader structural diversity, lanthanides are useful in medicinal 

chemistry due to their accessible redox states [17]. Redox reactions and ligand-

exchange reactions can thus occur in the body, making it possible for specific 

mechanisms of action to occur [17-19]. The unique metal-ligand interactions impart 

usefulness in biology by binding to DNA, thus influencing expression levels of 

proteins [20]. Inorganic molecules may also impede protein function and alter 

membrane integrity through interaction with proteins and lipids, respectively [20]. 

 

The rare-earth compounds are a better alternative as therapeutic agents compared to 

organic molecules because of the existence of lanthanide radioisotopes with tumour-

targeting properties [21]. Rare-earth compounds can be linked to nucleic acids or 

proteins, making them more specific in inhibiting proteins and more efficient in 

imaging applications [22]. Lanthanides can adopt a wide range of coordination 

numbers and coordination geometries, allowing them to gain access to chemical 

spaces that are otherwise inaccessible to organic compounds [17]. Lanthanide 

complexes may thus provide a lead into the design of new metal-based therapeutics 

with a broader spectrum of antitumour activity and improved pharmacological 

properties, to overcome the development of resistance [12,23,24]. This work will 

focus on the study of lanthanide metal complexes with hydrazones, carboxylic acids 

and 1,10-phenanthroline as an auxiliary ligand, as well as the anticancer screen of 

these compounds [5,12,25].  

 

1.2 Lanthanides and their chemistry 

 
1.2.1 Introduction to the elements 

The lanthanides (Lns) refer to the group of fifteen metal elements in the Periodic 

Table from lanthanum (Z = 57) to lutetium (Z = 71), with electronic configurations 

from [Xe]4f0 to [Xe]4f14 [26-28]. The elements scandium and yttrium have similar 

chemical properties to the lanthanides and are usually studied together with the 4f 

elements, although they do not have 4f electrons [27]. The two types of electronic 

configurations adopted by the rare-earth elements are [Xe]4fn6s2 and [Xe]4fn–15d16s2, 
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where [Xe] denotes the electronic configuration of xenon, and n is a number from 1 to 

14. The elements La, Ce and Gd adopt the former configuration, while Pr, Nd, Pm, 

Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb and Lu belong to the latter electronic configuration 

[26,29]. 

 

1.2.2 Oxidation states 

The 4f electrons are not involved in bonding, making the elements electropositive 

with +3 as their prime oxidation state, although the +2 and +4 oxidation states do exist 

for some lanthanides [26,29,30]. For example, Sm, Eu and Yb can lose two electrons 

and therefore exhibit oxidation states of +2 due to the stability of the nearly half-filled 

4f6 shell, the half-filled 4f7 shell, and the completely filled 4f14 shell, respectively 

[26,30]. The +4 state is energetically favourable for Ce and Tb according to Hund’s 

rule, since an empty 4f orbital is obtained for Ce and a half-filled 4f7 configuration is 

achieved for Tb on the loss of four electrons [26,30]. 

 

1.2.3 Lanthanide contraction and element electronegativities 

The decrease in ionic radius as the atomic number increases, is an outcome of an 

increase in strength of attraction of 4f orbital electrons by the increasing positive 

charge of the nucleus; a phenomenon called the lanthanide contraction [26,27,31]. 

From lanthanum to lutetium, there is a decrease in the Ln(III) ionic radii as the atomic 

number increases, with larger effective ionic radii leading to higher coordination 

numbers [26,27,29]. The increase in the effective ionic radii is attributed to the 

lanthanide contraction diminishing with an increase in the coordination number. The 

correlation between the atomic numbers, electronegativities, coordination numbers 

and bond lengths of the lanthanides and oxygen- and nitrogen-donor ligands is that the 

electronegativity increases from La to Lu [26,29,31]. The Ln-O and Ln-N bond 

lengths decrease as the atomic number of 4f elements increases due to the lanthanide 

contraction. This relationship between electronegativities and the ionic radii of rare-

earth ions is depicted in Figure 1.4 [26,29]. 
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Figure 1.4: The relationship between electronegativities and ionic radii of Ln(III) 

ions (electronegativity values of Eu, Tb and Yb not indicated) [26, 29]. 

 

1.2.4 Chemical properties of the elements 

Lanthanides are hard bases due to their small size and high positive charge density 

[28]. This gives the elements the ability to form chemical bonds with hard acid group 

atoms, such as fluorine, oxygen, nitrogen and chlorine that are highly electronegative. 

There is a wide range of ligands that are applied in complexation studies, including 

Schiff bases, alcohols, carboxylic acids, nitrates, crown ethers, phosphates and amines 

[28,31-34]. Sulfur is not anticipated to complex well with the 4f elements due to its 

soft donor properties, although lanthanide complexes with sulfur-donor ligands have 

been reported [35]. These materials may possess a wide range of geometries, as well 

as unique and fascinating traits that are not present in easily accessible oxygen- and 

nitrogen-donor ligand complexes. Examples of these complexes include the distorted 

dodecahedral dithiocarbamate Et4N[Eu(S2CNEt2)4], and the trigonal prismatic 

dithiophosphate Pr[S2P(cyclohexyl)2]3 complex [35]. The chemical bonds are ionic, 

with the main contribution of the 5d and 6s orbitals of the rare-earth elements. The 

poor shielding of the 4f electrons means that their contribution to covalent interactions 
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with the coordinating ligands are non-existent [28,31-34]. Unlike many transition 

metals or some actinides, lanthanides do not form double (Ln=O) or triple (Ln≡N) 

bonds [35]. 

 

1.2.5 Coordination numbers and stereochemistry 

The coordination numbers of their complexes formed range from 3 to 12, and are 

dependent on steric effects and the size of the Ln(III) ion [28,31]. The most common 

coordination numbers of 8 or 9 are expected with smaller ligands, such as water and 

perchlorate, while bulky ligands such as bis(trimethylsilyl) amide give lower 

coordination numbers (typically less than 8) to minimise electronic repulsion. The 

coordination numbers also appear to decrease from light lanthanides to heavy 

lanthanides due to the decrease in the Ln(III) ionic size [28]. 

 

These elements are known to have diverse and fascinating coordination geometries 

that are useful in the stereochemical description of molecular structures, or the 

coordination environment around the metal ions [36,37]. Their diverse geometries is 

due to their large ionic radii, allowing them to accommodate more ligands than 

transition metals. Some of the techniques used in the elucidation of their coordination 

geometries or polyhedra are single crystal X-ray diffraction studies and continuous 

shape measurement (CShM) calculations [36,37]. Although the former has been used 

extensively in all fields of science, continuous shape measurements provide a novel 

way of predicting the geometries [36]. Continuous shape measurements of a 

molecular fragment(s) with a central atom refers to its deviation or distance to the 

ideal shape, independent of orientation and size of the vertices. The distance of the 

structure Q to the ideal (perfect) polyhedron P is indicated by Equation 1, where the 

position vector 𝑄��⃗ 𝑘 (k = 1, 2,…, N) gives the coordinates of N atoms (donor atoms and 

the central atom) of the investigated structure and 𝑃��⃗ 𝑘 (k = 1, 2,…, N) indicates the 

coordinates of the corresponding vertices in the reference (ideal) polyhedron. The 

position vector of the geometrical centre of the investigated structure is indicated by 

𝑄��⃗ 0. The shape measures 𝑆𝑄(𝑃) are in the range 0 – 100, with 0 suggesting an exact 
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match to the reference polyhedron, with increasing values indicating an increase in 

deviation or distortion from the ideal shape [36].  

 

𝑆𝑄(𝑃) = min
� �𝑄�⃗ 𝑘−𝑃�⃗ 𝑘�

2𝑁

𝑘=1

� �𝑄�⃗ 𝑘−𝑄�⃗ 0�
2𝑁

𝑘=1

× 100                     (Equation 1) 

 

Examples of coordination geometries and their respective CShMs are listed in Table 

1.2 [25,38-40]. The structures of the ligands abbreviated in Table 1.2 are indicated in 

Figure 1.5. 

 

Table 1.2: Geometry analysis of some lanthanide complexes with C.N. 8 and 9 
 [25,38-40]. 

 
Complex C.N. Geometry Symmetry CShM 
[Eu(MBTF)3(DMSO)(H2O)] 8 Trigonal-dodecahedral 

(8-TDH) 

D2d 0.828 

[Eu2(BTPE)3(DMSO)4] 8 Square antiprism  

(8-SAP) 

D4d 1.254 

[Dy2(FDA)3(DMF)2(CH3OH)]n 8 Biaugmented trigonal prism 

(BTPR-8) 

C2v 0.671 

[Gd4(L)4(μ4-OH)(μ3-OH)2(NO3)4]·(NO3)  9 Capped square antiprism  

(CSAPR-9) 

C4v ~2 

  C.N. = coordination number 
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Figure 1.5: The structures of the ligands abbreviated in Table 1.2 [25,38-40]. 
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1.3 Toxicity of lanthanide complexes 

As with most therapeutic agents, side effects and the monitoring thereof, plays an 

important role in whether the drug reaches clinical trials or not [41]. It is thus vital to 

monitor potential toxicities in promising anticancer agents, such as repeated dose 

toxicity, genotoxicity and general toxicity [41,42]. This improves the efficiency of 

drug development, and ensures safe use of medicines. In addition to protecting the 

patients, the study of toxicological effects also reduces development costs in 

conducting clinical trials [41].  

 

Once the metal compound has served its purpose, the stability of the complex plays an 

important role in the removal of chelated lanthanides from the body [27,43]. There is 

rapid renal excretion of coordinated lanthanides in urine, whereas the uncoordinated 

ionic Ln(III) form colloids in the blood, resulting in the uptake of the colloidal 

particles by phagocytes of the spleen and liver [27,43]. This leads to hepatic necrosis, 

characterised by morphological changes such as proliferation of smooth endoplasmic 

reticulum (ER), and disordering, dilation and degranulation of hepatic rough ER on 

intravenous injection [27]. Accumulation complications may include effects on 

metabolic processes such as enzymatic activities and blockage of some membrane 

receptors in neurons [27]. The biological changes observed at the cellular level are a 

result of the fact that the ionic radii of lanthanides resemble that of calcium, allowing 

competition with Ca2+ for calcium channels [27,44,45]. For example, a Gd-DTPA 

(DTPA = diethylenetriaminepentaacetic acid) chelate, which is useful as a nuclear 

magnetic resonance (NMR) contrast imaging agent, is rapidly cleared such that over 

80 % is excreted within 3 hours in the urine [45].  This chelate is therefore 50 times 

less toxic compared to GdCl3, with only 2 % excreted after 7 days, when administered 

intravenously [45].  

 

Metal toxicity is not only dependent on the stability of the complex or the chemical 

form, but also on the route of exposure such as oral ingestion or intravenous 

administration, exposure time, the administered dosage and the nature of the organism 

affected [45,46]. The lanthanides are generally non-toxic if ingested orally, as the 

rare-earths cannot cross cell membranes, but are toxic when intravenously 
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administered, where they access calcium channels [45]. Coordination, especially to 

hydrophilic ligands, can be applied to improve permeability of lanthanides into cells 

and overcome solubility challenges within the body [47]. Toxicity studies have 

revealed that non-radioactive lanthanides are less toxic compared to other chemical 

elements, with some intravenously injected and intraperitoneal injected rare-earth 

compounds having the median lethal dose (LD50) values higher than those of 

transition metals (Table 1.3) [48-50].  

 

Table 1.3: LD50 of intravenously and intraperitoneal administered lanthanides 

obtained from material safety data sheets [49,50]. 

Compound Animal Administration 
method 

LD50 (mg/kg) 

Sodium chloride Rat Oral 3000  

 Rabbit Dermal >10000  

Chromium trioxide Rat Oral 80  

Platinum(IV) chloride Rat Oral 276  

Lanthanum oxide Rat Oral >8500  

 Mouse Intraperitoneal 530  

Cerium(IV) oxide Rat Oral 5000  

 Rat Dermal 1000 – 2000  

Europium chloride Mouse Intraperitoneal 550  

 Mouse Oral 5000  

Europium nitrate Rat Intraperitoneal 320  

 Rat Oral >5000  

[Eu(PIC)3(NMK)3] Mouse Oral 1000 
 

Notes: (i) [Eu(PIC)3(NMK)3]: PIC = picric acid, NMK = n-methyl-caprolactam  [50]. 

(ii) “Toxicity Rating: Highly toxic = 1 – 50 mg/kg, Moderately toxic = 50 – 500 mg/kg, 

Slightly toxic = 500 – 5000 mg/kg, Practically non-toxic = 5000–15000 mg/kg” [46]. 
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1.4 Applications of the lanthanides 

 
1.4.1 Therapeutic applications 

Metal complexes have attracted attention due to their potential therapeutic use in 

different types of cancers [5]. The utility of lanthanide complexes in clinical radiology 

as contrast agents for cancer imaging allows for the acquisition of high resolution 

images in clinical magnetic resonance imaging (MRI) scans, making monitoring of 

organ functions possible [22,51,52]. Gadolinium complexes, such as 

[Gd(DOTA)(H2O)]– and [Gd(DTPA)(H2O)]2– (DOTA = 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetate and DTPA = 

diethylenetriaminepentaacetate), are the most useful in MRI [22,51,52]. 

 

Luminescent lanthanide compounds are an important tool in photodynamic therapy 

due to their optical emission on activation by X-rays, resulting in activation of 

sensitisers, which as a result, produces cytotoxic reactive oxygen species [22,51,52]. 

Porphyrin-conjugated terbium(III) oxide (Tb2O3) nanoparticles applied in 

photodynamic therapy have been reported [22]. 

 

The cytotoxic activity of Ln(III) coordination compounds can be ascribed to the 

ability of the complex to interact with DNA, inhibit calcium transport in the 

mitochondria (due to similar ionic radii) and hinder enzyme activities (for example 

thioredoxin reductase action). This subsequently inhibits replication and repair of 

cancer cell DNA. The photo-stability, redox stability, magnetic properties and 

luminescent properties, as well as the ability to interact with DNA, makes the 

coordination chemistry of lanthanides a key area in cancer research [22,51,52].  

 

Recently, lanthanide complexes with oxoglaucine (Scheme 1.1) were synthesised and 

their in vitro cytotoxicity evaluated against breast cancer (MCF-7), human gastric 

cancer (SGC7901), liver cancer (BEL-7404), cervical carcinoma (HeLa) and A549 

cell lines [13,22]. Anticancer activities against these five cancer cell lines were 

determined by the MTT assay [13]. It was found that the free oxoglaucine and the 
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corresponding lanthanide salts showed low or no inhibitory action on the cell lines 

tested. All three complexes were active and exhibited enhanced cytotoxicity versus 

lanthanide salts and the free ligand. The IC50 values of coordination compounds were 

determined, and it was shown that the Eu(III) and Er(III) complexes had lower IC50 

values than cisplatin on exposure to MCF-7 cells, indicating that the lanthanide 

complexes are more effective [13].  
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O

O

N
O

O

O

Ln
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CH2Cl2 for Eu(III)]
2

 

Scheme 1.1: Synthetic route for lanthanide-oxoglaucine complexes (complexes have 

different co-crystallised solvent molecules) [13]. 

 

1.4.2 Antimicrobial agents 

Globally, high mortality rates are resultant of bacterial infections, most of which are 

resistant to available antibiotics [53]. This defines the urgent need for the design of 

novel antibacterial agents with different and more efficient mechanisms of action 

towards bacteria. The biological properties of the compounds like hydrazones and 

their Ln(III) compounds have been targeted as promising antibacterial agents [54]. 

 

Lanthanide complexes with a hydrazone ligand 2-[2-hydroxy-3-methoxyphenyl]-3-

[hydroxyl-3-methoxybenzylamino]-1,2-dihydroquinazoline-4(3H)-one (Hmpbaq, 

Figure 1.6) have been synthesised and screened for their antifungal and antibacterial 

activities [55]. The antimicrobial activity tests were determined against Aspergillus 

niger, Penicillium notatum, Pseudomonas aeruginosa and Bacillus cirroflagellosus, 

using the cup-plate method [55]. It was observed that the complexes exhibited higher 

antibacterial activity compared to the ligands and metal salts. Improved antibacterial 
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activity of the metal complexes is a result of the synergistic effect that enhances the 

lipophilicity of the complex. The more lipophilic Ln(III) coordination compounds are 

better able to penetrate into and through the microorganism membranes or cell wall 

and deactivate enzymatic activity. Structural characterisation of the complexes 

revealed that the Hmpbaq coordinates in a tridentate fashion through the deprotonated 

phenolic oxygen, the amine nitrogen and the carbonyl oxygen, to produce complexes 

with the formula [Ln(mpbaq)2(H2O)2]∙(NO3) [55]. 
 

HN

N

OMe

O

N

OMe

O

OH

Ln

 

Figure 1.6: The structure of deprotonated Hmpbaq and its coordination mode to 

lanthanides [Ln = La(III), Pr(III), Nd(III), Sm(III), Eu(III), Gd(III), Tb(III), Dy(III) 

and Y(III)] [55]. 

 

 

1.4.3 Magnetic properties 

Homometallic rare-earth complexes with varying nuclearities and conformations have 

excited researchers due to their abundant structures that have applications in 

magnetism and MRI contrast agents [40,56]. Mono-, di-, tri- and polynuclear 

lanthanide complexes have sparked enormous attention in recent years because some 

have been found to display single-molecule magnetic (SMM), single-chain magnetic 

(SCM) and single-ion magnetic (SIM) behaviour [40,56]. Slow magnetisation 

relaxation of polynuclear Ln(III) complexes at low temperatures enables their 

application in making spintronic devices [40,56].  
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Some research on the magnetic tetranuclear metal complexes prepared from the 

hydrazone Schiff base ligand, 2-methoxy-6-(pyridin-2-ylhydrazonomethyl)phenol 

(LH), (Figure 1.7), have been conducted [40]. For the gadolinium complex, the 

presence of weak antiferromagnetic exchange within the Gd4 core was confirmed 

using an isotropic spin Hamiltonian. The alternating current susceptibility 

measurements performed on the dysprosium analogue, as a function of temperature 

and frequency, revealed a slow magnetic relaxation at low temperatures. The 

hydrazone ligand LH is suitable for the synthesis of polynuclear metal complexes due 

to the potential coordination sites provided through the phenolic and the methoxy 

oxygens, and the pyridyl and imine nitrogens [40]. The complexes produced have the 

formula, [Ln4(L)4(μ4-OH)(μ3-OH)2(NO3)4]·(NO3) (where Ln = Gd, Tb, Dy and Ho), in 

which the metal ions are held together by four L– ligands, one µ4-OH and two µ3-OH, 

and a single η2-nitrate ligand on each Ln(III) ion. The nitrate counterion balances the 

overall charge of the complex [40]. 
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Figure 1.7: The structure of the mono-deprotonated hydrazone ligand LH and its 

coordination modes (Ln = Gd, Tb, Dy and Ho) [40]. 

 

1.4.4 Luminescence 

Luminescent lanthanide compounds are generating increased attention because of 

their diverse applications in telecommunications, displays, lighting, lasers, pressure 

sensors, security inks and marking, and in a range of bioanalytical applications, such 

as in probing enzyme activity [28,57]. Their long luminescence lifetimes and high 

detection sensitivities enable utilisation of Ln(III) complexes in studying enzyme 

action, to gain more knowledge on enzyme activation or inhibition. This is important 

in curbing diseases [58]. 
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Most lanthanide ions are luminescent due to d-f transitions, or the weak and faint 

Laporte forbidden f-f transitions [57]. The more intense and energetic, inter-

configurational d-f transitions are common for Ce(III), Pr(III), Tb(III), Sm(II), Eu(II), 

Tm(II) and Yb(II) in the UV-Visible spectroscopic range. Since it is difficult to 

produce luminescence by direct excitation of the Ln(III) ion due to its poor light 

absorption capacity, luminescence is sensitised by energy transfer from an antenna 

chromophore that is strongly absorbing [26,59,60]. Efficient light absorption by the 

chelating ligands is achieved by light-absorbing aromatic fragments that exhibit high 

extinction coefficients for absorption in the ultraviolet range [26,60]. The sensitisation 

of Ln(III) luminescence is initiated by excitation of the ligand into the singlet excited 

state, followed by generation of a ligand-based triplet state after fast inter-system 

crossing (Figure 1.8) [26,57,61]. Distance-dependent energy transfer will then occur 

from the photosensitiser triplet state to the Ln(III) centre through a Dexter double 

electron-exchange mechanism, resulting in a luminescent f-f state [26,61,62]. 

 

 
Figure 1.8: An illustration of the antenna effect on sensitisation of Ln(III) 

luminescence [57]. 
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Polydentate ligands with anionic donor sites, such as carboxylates, strongly 

coordinate to hard Ln(III) cations to form luminescent Ln(III) complexes [28]. 

Europium(III) and terbium(III) complexes of the ligands featured in Figure 1.9 

display high quantum yields, as well as long emission lifetimes [28,63]. The ligands 

shield the metal centres from water molecules, effectively eliminating these from the 

first coordination sphere, thereby preventing the quenching effect. Nitrogen atoms of 

heterocyclic moieties, such as pyridine, provide additional binding sites, and act as 

antennae towards the rare-earth cation [28]. 
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Figure 1.9: Ligands used in the preparation of Eu(III) and Tb(III) complexes 

displaying highly luminescent properties [28]. 

 

1.4.5 Catalysis 

Lanthanides and their complexes form an important class of catalysts used in 

biological systems, refining petroleum, polymerisation, hydroboration, amidation, to 

name a few [64]. The catalytic properties that make lanthanide complexes promising 

candidates for catalysis, include their large ionic radii and little or no covalent bond 

character with the ligands. This means that the complex is not confined to a single 

geometry, facilitating intramolecular and intermolecular ligand exchange [26,65]. 
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In biological systems, lanthanide complexes with hydroxide-containing ligands have 

potential use in the catalysis of hydrolytic cleavage of RNA and DNA [26]. These 

Ln(III) complexes are able to mimic the role of natural nucleases through the 

coordination of the Ln(III) cation to the phosphate group, proceeded by nucleophilic 

attack by the Ln-bonded hydroxide group [26]. The result is cleavage of the biozide-

type phenyl phosphate esters of DNA or related oligonucleotides [26].  

 

Metal complexes with 1,10-phenanthroline or its derivatives have been exploited due 

to their catalytic and redox properties [66]. For example, nickel(II) complexes with 2-

(benzimidazol-2-yl)-1,10-phenanthroline derivatives, are used as catalysts for 

oligomerisation of ethylene [66]. Homoleptic lanthanide amido complexes, 

Ln[N(SiMe3)2]3 (Ln = La, Sm and Y) are an important class of efficient catalysts that 

mediate amidation of aldehydes with amines (Scheme 1.2) [67]. This is a vital process 

in the formation of aromatic and aliphatic amides that are useful in the synthesis of 

pharmaceuticals and natural products, and polymers. Generally, most amidation 

processes reported were catalysed by transition metal complexes, such as palladium, 

copper and nickel, with an added oxidant, whilst lanthanide-catalysed reactions 

reached high yields at room temperature in the absence of heat, light, oxidants and 

bases [67].  
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Scheme 1.2: Catalytic amidation of aldehydes with amines by lanthanide complexes 

(Yields are based on amines) [67]. 
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1.4.6 Plant growth regulators 

Low concentrations of lanthanides enhance plant growth, while exposure to high 

concentrations leads to toxicity, a process referred to as the Hormesis effect [68,69]. 

In view of this, rare-earth-based fertilisers containing the appropriate concentration of 

lanthanides are used in agriculture to promote plant growth or seed germination by 

minimising water loss (due to the high affinity of the metal for the hard O-atoms), 

increasing chlorophyll content, and improving nitrogen fixation [68,70,71]. Rare-earth 

complexes can augment respiration and photosynthesis rates through enhancement of 

hydrolytic enzymes and plant hormone activities [68,70].  

 

Carboxylic acids, such as indole-3-acetic acid, naphthyl-1-acetic acid and 

benzimidazole-2-acetic acid and their Ln(III) complexes, form an important class of 

plant growth promoters [69]. Lanthanum(III) has been coordinated to benzimidazole-

2-acetic acid (H2bza) to yield a complex that displays improved activity on the 

germination of wheat, compared to the free ligand and the metal salt (Scheme 1.3). 

This chelation resulted in a synergistic effect: the interaction of two or more 

substances to give a combined effect that is greater than the sum of their separate 

effects [69]. Studies on the biological action of the La(III) complex with the 

hydrazono-acetic acid ligand, 2-{[2-(2,4-dichloro-phenoxy)-acetyl]-

hydrazonomethyl}-phenoxy acetic acid (H2L) (Figure 1.10) on the wheat seeds, 

Triticum durum, revealed enhanced auxin activity upon coordination to lanthanum, 

that is essential for plant growth processes [72]. Lanthanum nitrate was found to 

increase the rate of germination of rice seeds [70].  

 

NaOH+
      Methanol

N

H
N

CH2 COOH

Benzimidazole-2-acetic acid (H2bza)

[La3(Hbza)2(NO3)7(H2O)4]  3H2O[La(NO3)3] 2

 

Scheme 1.3: Synthesis of the La(III) complex with H2bza [69]. 

 



Chapter 1                                                                                                    T. Madanhire 
 

 

Nelson Mandela University                                                                                   20 

 

O OH

O

N

H
N

O

O

ClCl

 

Figure 1.10: The structure of H2L [72]. 

 

1.5 Schiff bases and their metal complexes 

Schiff bases are organic compounds with the general structure R1R2C=NR3 (R3 ≠ H) 

containing an imine or azomethine (>C=N-) moiety that connects two or more 

heterocyclic or aromatic groups to form biologically active and structurally diverse 

compounds [53,73-75]. The organic compounds are synthetically attainable under 

specific conditions by the condensation of a primary amine and a ketone or an 

aldehyde. Schiff bases are useful d-block and lanthanide chelating agents due to the 

presence of oxygen, nitrogen or sulphur atoms. The various biological uses of this 

distinctive category of compounds and their metal complexes include anticancer, 

antimicrobial, antidiabetic, antimalarial, antioxidant, and anti-inflammatory activities 

[53,73-75].  

 

Unique biological properties are conferred by the electrophilic carbon and the 

nucleophilic nitrogen atom of the >C=N- functional group allowing interaction with 

nucleophiles and electrophiles, thus impeding enzyme action and DNA replication 

[76]. Consequently, the progression of targeted diseases can be halted or limited. The 

mechanism of action of the Schiff bases might also involve the azomethine N-atom 

that can potentially form hydrogen bonds with active components of the cell, for 

example, nucleic acids or proteins, thereby interfering with cellular processes [75]. 

Their metal complexes exhibit fluorescence characteristics that are useful in diuretic 

and DNA-binding research [73,74]. Apart from their therapeutic uses, Schiff bases are 

also used in industry as catalysts, pigments, dyes, corrosion inhibiting agents, as well 

as polymer stabilisers [75].  
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Praseodymium(III) and erbium(III) complexes with the neutral bidentate Schiff base 

ligand N2,N3-bis(anthracen-9-ylmethylene)pyridine-2,3-diamine (SBL), were tested as 

anticancer against MCF-7 and HeLa cell lines [77]. The neutral ligand coordinates to 

the metal ions in a bidentate fashion via two azomethine nitrogen atoms. In vitro 

cytotoxicity and induced DNA cleavage activities of Pr-SBL and Er-SBL complexes 

against MCF7 and HeLa cells were confirmed using the MTT and propidium iodide 

(PI) staining assays [77]. Another intriguing facet of research involved a distorted 

octahedron copper(II) complex with a bidentate N,O-donor ligand derived from 

sulfamethoxazole and 5-nitrosalicylaldehyde  that was screened for antifungal and 

antibacterial activity against Candida albicans, Aspergillus niger, Bacillus subtilis, 

Klebsiella aerogenes, Escherichia coli and Staphylococcus aureus [78]. Significant 

antimicrobial activities were detected. The in vitro cytotoxicity of the free ligand and 

the metal complex was investigated on human cancer cell lines: breast cancer (MDA-

MB-231) and colon cancer (HCT-116). It was discovered that the metal complex 

displayed higher activity (IC50 = 6.48 µm) compared to the platinum-based drugs 

cisplatin (IC50 = 13.98 µm) and carboplatin (IC50 = 68.26 µm) against MDA-MB-231 

cells [78]. 

 

A bioactive Schiff base N-(salicylidene)-2-hydroxyaniline is a promising antibacterial 

agent against Mycobacterium tuberculosis [79]. The La(III), Pr(III), Nd(III), Sm(III) 

and Gd(III) complexes with a tetradentate chelating agent (N,N'-bis(1-

naphthaldimine)-o-phenylenediamine) were prepared and subjected to antimicrobial 

activity tests using the agar well diffusion and the micro-broth dilution methods [80]. 

It was concluded that various pathogenic bacterial species, such as S. aureus, E. coli, 

Shigella dysenteriae and Pseudomonas aeruginosa, were susceptible to the metal 

complexes [80].  

 

The currently available vaccines or viral agents used in the treatment of viral 

infections, such as polio, smallpox and influenza, are not satisfactorily effective due to 

mutations that lead to antiviral drug-resistant strains [73]. The Schiff bases are a good 

platform for the construction of new antiviral agents, providing an effective 

therapeutic alternative for viral infections [73]. The compound, 3-[(2-hydroxy-
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benzylidine)-amino]-2-phenyl-3H-quinazolin-4-one, showed antiviral activity towards 

a number of viruses, including herpes simplex virus-1 (KOS), herpes simplex virus-

2(G) and vaccinia virus, in HEL, vero, CRFK, HeLa and MDCK cell cultures [81]. 

The Schiff base showed more potent inhibitory action than related compounds on the 

replication of the reovirus, Coxsackie virus B4, Sindbis virus and Punta Toro virus, 

with cytotoxicity indicated at 100 mg/mL using the colorimetric formazan-based MTS 

(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium) assay [81].  

 

Schiff bases and their lanthanide complexes are thus favourite candidates for gaining 

knowledge on the structure of biomolecules and cellular processes, facilitating cancer 

treatment, immobilisation of enzymes and effectively treating infectious diseases such 

as tuberculosis [73,76,79].  

 

1.6 Hydrazones and their metal complexes 

Hydrazones are Schiff bases of the type R1R2C=N–NR3R4 [82,83]. The two connected 

nitrogen atoms are of different chemical nature, and conjugation of the >C=N- bond 

occurs with the lone pair electrons of the terminal N-atom [82]. It is these structural 

fragments that are mainly responsible for the physico-chemical properties of 

hydrazones. Both the hydrazone group N-atoms are known to be nucleophilic due to 

their high electronegativity and lone electron pairs, and their reactivities are 

dependent on the chemical traits of the electrophiles. The compounds are of great 

significance in inorganic and synthetic chemistry due to their ability to react with 

nucleophilic and electrophilic compounds, producing compounds with a broad range 

of biological and pharmaceutical activities, such as antimicrobial, anticancer, 

antimalarial, as well as antioxidative, activities [6-11]. Hydrazones also find 

applications as rodenticides, insecticides, plant-growth regulators and herbicides, to 

name a few [83]. Some of the desirable characteristics of these compounds include 

increased hydrolytic stability compared to imines, ease of preparation and tendency 

toward crystallinity [82]. Due to these positive characteristics, hydrazones are ideal 

candidates as ligands for metal complexes in drug design. 
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These special class of Schiff bases are generally prepared by the reactions of carbonyl 

compounds with hydrazines in the presence of an acid, such as acetic acid (AcOH) 

(Scheme 1.4) [82]. Modifications to molecules can be attained by the introduction of 

functional groups, such as thioamide, amide and amidine groups, leading to unique 

physico-chemical properties (Figure 1.11) [82]. 

 

R1

N
R2 NH2

+

R3

O R4

R1

N
R2 N

R3

R4

EtOH / AcOH
Reflux

 
Scheme 1.4: General synthesis of hydrazones [82]. 
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Figure 1.11: Hydrazones bearing thioamide, amide and amidine moieties [82]. 

 

This class of compounds have potential use in the development of new antitubercular 

drugs that are effective against resistant strains of Mycobacterium tuberculosis, 

thereby reducing public health problems caused by tuberculosis [8-10]. The 

evaluation of the antibacterial activity of hydrazone ligands, such as (E)-N-(2,5-

dichlorophenyl)-N'-(1H-indol-3-ylmethylene)hydrazine and (E)-N'-(2-methyl-1H-

indol-3-ylmethylene)-N-phenylhydrazine (Figure 1.12), was performed against 

Mycobacterium tuberculosis H37Rv at a concentration of 6.25 µg/mL using the 

Microplate Alamar Blue Assay (MABA) [8]. It was concluded that the compounds 

were active, with IC50 values of 5.40 and 5.96 µg/mL, respectively [8].  
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Figure 1.12: The structures of: (a) (E)-N-(2,5-dichlorophenyl)-N'-(1H-indol-3-

ylmethylene)hydrazine,  (b) (E)-N'-(2-methyl-1H-indol-3-ylmethylene)-N-

phenylhydrazine [8]. 

 

The tridentate hydrazone ligand derived from 2-hydrazinopyridine and pyridine-2-

carbaldehyde (Figure 1.13) was prepared and successfully complexed to Nd(III) and 

Sm(III) [11]. X-ray diffraction studies indicated that the binuclear complexes are 

nine-coordinate, obeying a distorted tricapped trigonal prism geometry [11]. Each unit 

of the centrosymmetric dimeric structure has the Ln(III) ion bonded to the tridentate 

hydrazone (two pyridyl and one azomethine N-atoms), one bidentately coordinated 

acetate group (O,O-donor), one bidentate bridging acetate group, two water molecules 

and one uncoordinated nitrate anion to counteract the charge [11].  

 

The radical scavenging ability of the ligand (Figure 1.13) and its complexes on 2,2-

diphenyl-1-picrylhydrazyl (DPPH∙) were screened [11]. The ligand was found to 

exhibit significant antioxidant activities against the DPPH∙ radicals, with more 

efficient radical quenching upon complexation. It was reported that the the free radical 

scavenging ability of hydrazones arises from polarisation of the N-H bond, hence 

allowing abstraction and donation of the hydrogen atom to form DPPH-H [11,84]. 

Complexation to the lanthanides increases the polarisation of the N-H bond, thereby 

significantly increasing scavenging activity [11].  

 

N

N

H
N

N
 

Figure 1.13: The structure of 1-(pyridin-2-yl)-2-(pyridine-2-ylmethylene)hydrazine [11]. 
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Conjugated hydrazones possess antimalarial activity by inhibiting Plasmodium 

falciparum growth in vitro and in vivo [85,86]. An example of an antimalarial 

hydrazone that displayed antiplasmodial activity towards P. falciparum (K1) strain, 

resistant to pyrimethamine and chloroquine, is shown in Figure 1.14 [85]. The 

hydrazone mechanism of action involved interaction with free heme and inhibition of 

heme polymerisation by parasite lysate. The sulfur- and nitrogen-substituted aromatic 

rings play an important role in facilitating the iron chelator ability of hydrazones, thus 

limiting the activity of iron-containing enzymes in the parasite [85].  

 

S

N
H
N

N

OH

OH

 

Figure 1.14: The structure of a hydrazone ligand with antiplasmodial activity [85]. 

 

 

Another biological advantage that makes hydrazones a unique class of organic 

compounds is the anti-urease activity [87]. Generally, hydrazone derivatives bearing 

electron-withdrawing groups (e.g. -NO2) strongly inhibit urease action. Urease is an 

enzyme found in bacteria (such as H. pylori and P. mirabilis), plants, fungi, and man 

that converts urea to NH3 and CO2, making the environment ideal for bacterial 

development and growth. Focusing on the chemistry of hydrazones and their 

coordination compounds is therefore of tremendous importance in fighting 

gastrointestinal and urinary tract infections caused by ureolytic bacteria [87]. 

 

Hydrazones play a role as pesticides in combating pests (especially anthropods and 

nematodes) that cause huge economic losses to farmers, as well as fighting pest 

resistance [76]. The hydrazone compounds featured in Figure 1.15 exhibit anti-

pesticidal action against anthropod pests and nematodes [76]. 
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Figure 1.15: Bioactive hydrazone derivatives with potential use against pests [76]. 

 

1.7 Carboxylic acids and their metal complexes 

Aromatic carboxylic acids have a high affinity for rare-earth ions, due to the presence 

of their hard, anionic donor atoms [28,88]. The hydroxyl group can be deprotonated to 

form a carboxylate anion, producing various binding modes, or provide extra 

coordination sites in addition to the carboxyl groups, to form more complex 

structures, like polymers [89]. The carboxylates are resonance stabilised, where the 

excess charge on the carboxylate anion can be stabilised upon complexation through 

interaction with the cation [28]. Molecular stability in carboxylic acids and their 

coordination compounds can be enhanced by formation of C/O–H∙∙∙π, C/O–H∙∙∙O and 

π∙∙∙π interactions [89]. 

 

In light of the intriguing properties of carboxylic acids, lanthanide carboxylate 

compounds have generated interest in the past due to their use as luminescence and 

magnetic materials [89]. The aromatic carboxylic acid ligands, such as benzoic acid 

and its derivatives like 3,4,5-triethoxybenzoic acid, play an important role in fine-

tuning the geometric properties and functionality of lanthanide complexes [88,89]. 

The ligand, 3,4,5-triethoxybenzoic acid, was used for the preparation of a highly 

luminescent Eu(III) complex [88]. Typical Eu(III) luminescence and the antenna 

effect of the aromatic ligand were observed in the photoluminescence spectra [88].   
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The dimeric coordination compound [Eu2L2(µ-OH)2] (where L = 1,7-diaza-4,10, 

13-trioxacyclopentadecane-N,N'-diacetic acid) cleaves the RNA analogue, 

phosphodiester 2-hydroxypropyl-6-nitrophenyl phosphate [26]. A search of the 

literature indicated the catalytic activity of [EuEDDA]+ (where EDDA is 

ethylenediamine-N,N′-diacetic acid) on the efficient hydrolysis of the phosphodiester 

bond of sodium bis(4-nitrophenyl)-phosphate (BNPP), pH 8.4 [90]. The reaction rates 

are dependent on the Ln(III) ionic radius, charge on the complex, coordination 

number and the number of bound water molecules. Effective BNPP hydrolysis is 

achieved with a smaller metal ionic radius, maximum amount of bonded water 

molecules (in the inner coordination sphere) and a higher positive charge on the 

complex [90]. Lanthanide-carboxylic acid chelates are preferable in the preparation of 

these artificial nucleases and ribonucleases because of their Lewis acidity, high 

coordination numbers, increased flexibility, and most importantly, high thermal and 

kinetic stabilities of the complexes. Understanding the behaviour of lanthanide 

compounds as artificial nucleases or ribonucleases is of paramount importance in the 

development of biomedical applications, as DNA is one of the most vital targets of 

several anticancer agents [90]. 

 

In search of anticancer drugs that can counter drug resistance, toxicity and adverse 

effects, platinum(IV) complexes with the carboxylic acid ligands indole-3-acetic acid 

and indole-3-propionic acid were of significant interest [91]. Two of the ten Pt(IV)-

carboxylic acid complexes reported by Tolan et al. are shown in Figure 1.16. The 

Pt(IV)-carboxylic acid pro-drugs encouraged reactive oxygen species (ROS) 

generation in cells, promoting apoptosis of cancer cells. It was also observed that the 

Pt(IV) complexes had the ability to overcome resistance associated with the use of 

cisplatin [91]. The coordination chemistry of carboxylic acids and the 4f elements 

may therefore lead to the development of new therapeutic strategies in the treatment 

of cancer [91,92]. 
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Figure 1.16: Structures of Pt(IV) complexes of indole-3-acetic acid and indole-3-

propionic acid [91]. 

 

1.8 Phenanthrolines and their metal complexes 

The coordination chemistry of the 4f metals is dominated by O-donor ligands [48].   

Nitrogen-donors, such as 1,10-phenanthroline, however, have the ability to form 

stable Ln(III) complexes, that are further stabilised with nitrates. This bidentate 

aromatic N-donor ligand is hydrophobic, basic, planar and has a rigid structure due to 

the presence of the central ring, leading to the two N-atoms being in juxtaposition 

[48,66]. The rigidity, high dipole moment, bidenticity, as well as the π-π stacking 

interaction of the 1,10-phenanthroline rings, provide stability upon coordination 

[48,93]. The chemical properties of the auxiliary ligands like 1,10-phenanthroline in 

metal complexes thus play a vital role in the kinetic and thermodynamic properties of 

the coordination compounds [17]. 

 

These heterocyclic aromatic diazaphenanthrene analogues are found in sex hormones, 

sterols, morphine alkaloids and bile acids [94]. Phenanthrolines and their derivatives 

have attracted enormous attention in medicinal and synthetic chemistry due to their 

use in the preparation of biologically active molecules, and the ability to form strong 

complexes with metal ions [28,88,95]. These ligands can be synthesised through the 

Friedländer condensation from aminoquinolines and enolisable ketones as displayed 

in Scheme 1.5 [66].  
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Scheme 1.5: Preparation of phenanthrolines [62,66]. 

 

Phenanthroline metal complexes interacts with DNA and can thus be used as 

therapeutic agents and DNA nucleases [66]. A tris(phen)-La(III) trithiocyanate 

complex has been found to exhibit anticancer properties [96]. The compound 

comprise of the lanthanum centre bonded to three rigid planar 1,10-phenanthroline 

ligands, to give a coordination number of six [96]. A tris-(1,10-phenanthroline) 

complex with cobalt(III) was prepared and characterised [97]. Antimicrobial 

evaluation of the Co(III) complex against S. aureus, Proteus vulgaris and A. flavus 

indicated good antibacterial and antifungal activities [97]. 

 

Phenanthroline-based compounds may act in the synthesis of luminescent materials, 

stabilising agents in nanoparticle synthesis, ligands for the formation of catalytic 

complexes and separation of actinides from lanthanides [48,66,89,98]. For example, a 

phenanthroline-derived bis-triazine ligand (BTPhen) proved to be highly efficient and 

selective in the separation of the trivalent actinides Am(III) and Cm(III), from the 

trivalent lanthanides Eu(III) and Yb(III), in nitric acid solutions [98]. The ligand 

forms very stable complexes and displays high selectivity towards Eu(III) and Yb(III) 

[99]. The ligand 1,10-phenanthroline and its derivatives significantly increase the 

luminescence quantum yield of lanthanide complexes, for example in Ln(III)-

carboxylate complexes [63]. The ligand enhances luminescence by exclusion of water 

and solvent molecules from the coordination sphere that may trigger the quenching 

effect [63,100].  
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1.9 Mixed-ligand complexes of carboxylic acids and 
phenanthrolines 

Carboxylic acids, such as benzoic acid and its derivatives, have interesting chemical 

properties and therefore play a major role in pharmaceutical industries and the 

construction of polymers [101]. In addition to a carboxylic acid, 1,10-phenanthroline 

is usually used as an auxiliary or secondary ligand to enhance biological and 

luminescence properties, as well as complex stability. The aromatic ligands, such as 

1,10-phenanthroline, benzoate, salicylic acid and benzoate derivatives, have been 

applied in the sensitisation of lanthanide luminescence by the antenna effect [66,89]. 

Four mixed ligand coordination compounds of 2-bromine-5-methoxybenzoic acid and 

1,10-phenanthroline with the trivalent rare-earths Nd(III), Sm(III), Ho(III) and Er(III), 

have been constructed and screened for bacteriostatic activities against C. albicans, E. 

coli and S. aureus [101]. The dinuclear isostructural coordination compounds are nine 

coordinate, and the geometry around the metal ion is distorted mono-capped square 

antiprism [101]. The complexes comprise bidentately chelating 1,10-phenanthroline 

and bidentately coordinating carboxylic acid ligands, as well as the bridging 

carboxylic acid molecules in a tridentate fashion. All the complexes have significant 

action against the yeast, C. albicans [101].  

Researchers also reported the synthesis and characterisation of luminescent/magnetic 

trinuclear and binuclear lanthanide complexes derived from salicylic acid (H2SA) and 

1,10-phenanthroline (phen) [89]. The compounds have the formulae, 

[Ln3(HSA)5(SA)2(phen)3] (Ln = Ho and Er) and [Sm2(HSA)2(SA)2(phen)3], and 

feature salicylate in coordination modes (Figure 1.17). At excitation, the Sm(III) and 

Er(III) complexes display luminescence  in the visible and the near-infrared regions, 

respectively [89]. 
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Figure 1.17: The coordination mode of HSA– and SA2– to Ho(III), Er(III) and Sm(III) 

ions [89]. 
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1.10 Research aims and objectives 

Aim: 

The aim of this study was to develop efficient synthetic routes for the total synthesis 

of novel lanthanide complexes with hydrazones, carboxylates (or oxamates) and 1,10-

phenanthroline (as an auxiliary ligand); and to further undertake theoretical, 

spectroscopic and structural studies of these compounds. A screen for anticancer 

activity was conducted to determine potential anticancer effects of the compounds.  

The objectives of the study are as follows: 

1. Chemical synthesis of hydrazone and carboxylic acid complexes were 

performed under varying reaction conditions including varying temperatures, 

different solvents (e.g. methanol and H2O) and reactant ratios, and with or 

without the use of base catalysts, such as NaOH. Lanthanide(III) acetate, 

nitrate and chloride salts were used as starting materials.  

2. Physico-chemical techniques, such as melting points, elemental analyses, FT-

IR, NMR, UV/Vis spectroscopy and X-ray crystallography were used in 

characterisation. SHAPE 2.1 and VESTA softwares were used in determining 

the geometries around the 4f metal ions.  

3. In order to obtain information about the structure in solution (DMSO) and the 

gaseous phase of the neutral and monoanionic ligands, DFT calculations were 

performed using the Gaussian 16 program package (Rev. B01), based on the 

B3LYP model and aug-cc-pVTZ basis set. Natural population analysis (NPA) 

and visual representations from molecular electrostatic potential (MEP) maps 

were used to show the charge distributions of the molecules, thus providing 

insights into electrophilic and nucleophilic reactivity. 

4. Investigate cancer cell cytotoxicity of the target compounds on MCF-7, HEC-

1A and THP-1 cell lines using the MTT assay. The MCF-7 and HEC-1A cells 

are estrogen responsive cells, while THP-1 cells are used to represent the 

normal cell population. Selectivity towards cancer cells is an advantage as it 

appears that the compounds would selectively target cancerous cells without 

adversely affecting the functioning of the normal cells.  
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CHAPTER 2 

Materials and Methods 

2.1 Materials 

2.1.1 Chemicals 

Distilled water was used for experiments done in aqueous solutions. The solvents, 

dimethyl sulfoxide (≥99.0 %), ethanol (99.5 %), methanol (99.0 %) and 

tetrahydrofuran (≥99.5 %) were purchased from Merck; diethyl ether (99.8 %) from 

Sigma-Aldrich; and dimethylformamide (99.5 %) from Ibhayi Lab Supplies. 

Analytical grade solvents were dried over 3 Å molecular sieves before use. The bases, 

sodium hydroxide (NaOH, ≥98.0 %) and triethyl amine (≥99.0 %), were purchased 

from Merck, as was the deuterated DMSO used for 1H and 13C NMR spectroscopy. 

 

The lanthanide acetates [Ln(OAc3)3∙xH2O] (Ln = La, Ce, Nd, Er and Yb; x = 4 for Yb) 

with 99.9 % purity were sourced from Sigma-Aldrich, and used without further 

purification. The nitrates of Ce(III), Pr(III), Nd(III), Sm(III), Gd(III) and Er(III)   

(99.9 %) were obtained from Sigma-Aldrich. [SmCl3∙6H2O] was also purchased from 

Sigma-Aldrich and used as received. 

 

The organic compounds benzhydrazide (98.0 %), nicotinohydrazide (97.0 %), 

salicylaldehyde (98.0 %), 2,6-dimethylphenylaniline (99.0 %), ethyl chlorooxoacetate 

(98.0 %), 1,10-phenanthroline (≥99.0 %) and benzilic acid (≥99.0 %) were all 

purchased from Sigma-Aldrich and used as supplied.  

 

2.1.2 Laboratory consumables for anticancer tests 

Dulbecco’s Minimal Essential Medium (DMEM) growth medium, Roswell Park 

Memorial Institute (RPMI) 1640 medium and Dulbecco’s Phosphate Buffered Saline 

(DPBS) were obtained from Hyclone Ltd. (USA). Trypsin and Trypan Blue Staining 
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Solution, and the heat-inactivated foetal bovine serum (HI-FBS) were sourced from 

Gibco (USA). Thiazolyl Blue Tetrazolium Blue (MTT) was obtained from Melford 

(UK). The 25 cm2 and 75 cm2 culture flasks, and 96-well tissue culture plates were 

purchased from Nest Biotechnologies (China). Dimethyl sulfoxide was obtained from 

Sigma-Aldrich (Germany). 

 

2.1.3 Cell lines  

The breast cancer (MCF-7) and endometrial carcinoma (HEC-1A) cell lines were 

purchased from the National Institute of Biomedical Innovation (Osaka, Japan). The 

leukemic monocytic (THP-1) cell line was kindly donated by M. Fortuin-Seedat 

(Nelson Mandela University, South Africa). 

 

 

2.2 Procedures for in vitro anticancer analyses 
 

2.2.1 Cell culture and maintenance  

The MCF-7 and HEC-1A cancer cells were regularly maintained as monolayer cell 

cultures in 25 or 75 cm2 cell culture flasks, in a growth medium consisting of DMEM 

supplemented with 10 % HI-FBS. The THP-1 cells were routinely maintained in 

RPMI-1640 medium supplemented with 10 % FBS, and the cells were fed by 

replacing the growth medium every four to five days. The cell lines were maintained 

in the range 1×105 – 1×107 cells/mL, with growth in a humidified atmosphere with 5 

% CO2 and 95 % air, at 37 °C. The MCF-7 cells were sub-cultured using a 1:10 split 

ratio, while the HEC-1A and THP-1 cell lines were sub-cultured using a 1:5 split 

ratio.  

 

2.2.2 Preparation of compounds and controls  

Stock solutions of the test agents (100 mM) were prepared in DMSO (100 %), which, 

on dilution, resulted in a final well concentration of less than 0.1 % DMSO, which did 

not adversely affect cell growth. The 0.1 % DMSO was used as a vehicle control.  
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Dilutions were performed on the day of the experiment, from stock solutions with 

complete growth medium to get a final well concentration of 100 μM. The 

compounds were tested at this concentration on each cell line.  

 

Curcumin (diferuloylmethane, Figure 2.1), a biologically active component of the 

Indian Curcuma longa plant (turmeric), was used as a positive control [1,2]. The 

compound is a plant phenol, with notable pharmacological safety. It has a wide range 

of biological activities, such as anticancer, antibacterial, antidiabetic, antioxidant, 

antifungal and antiseptic activity [1-4]. The anticancer properties of the compound 

against multiple human carcinomas, including breast, ovarian, prostate, colon, 

pancreatic, and head and neck cancers, are ascribed to its ability to target multiple 

pathways that effect cellular death [1-4]. The mechanisms of action of the compound 

include its effect in biological pathways or on various growth factor receptors 

associated with cell cycle regulation, apoptosis, mutagenesis, metastasis, oncogene 

expression, angiogenesis and tumorigenesis [1,2]. For example, curcumin inhibits the 

production of nitric oxide and can scavenge DNA-damaging superoxide radicals [4]. 

In addition to its superoxide radical scavenging ability, curcumin inhibits Phase I 

enzymes (such as cytochrome p450 isoforms and p450 reductase) that generate a host 

of carcinogenic metabolites [1]. On the other hand, the compound induces Phase II 

enzymes (including glutathione S-transferase and glutathione reductase), which play a 

key role in detoxification of toxic metabolites [1].    

   

O

HO

O

O

OH

O  
Figure 2.1: The chemical structure of curcumin (keto form) [1]. 

 
2.2.3 Cell counting using Trypan Blue 

The trypan blue exclusion assay is a vital tool in determining cell viability [5,6]. This 

dye exclusion test is based on the principle that plasma membrane integrity is lost in 
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non-viable cells, allowing the dead cells to incorporate trypan blue, whilst intact 

plasma membranes of viable cells exclude the stain. Non-viable cells appear dark 

blue, while viable cells appear colourless under light microscopy [5,6]. 

 

Cell counting was done using a Neubauer counting chamber (Superior). Cells were 

diluted with Trypan blue stain (4 %) in the ratio 1:1. The total number of cells was 

calculated using the equation:    

 

Cells/mL = average cell count per square × dilution factor × 104 

  

 
2.2.4 Cell viability determination using the MTT assay 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is 

one of the frequently used colorimetric methods for assessing cell cytotoxicity, 

proliferation or viability, based on cellular metabolic activity of NAD(P)H-dependent 

oxidoreductase enzymes [7-9]. This colorimetric assay depends on the reduction of 

the pale yellow tetrazolium salt (MTT) to purple formazan crystals in metabolically 

active cells [7,8]. The MTT salt enters the mitochondria of viable cells, where 

mitochondrial succinate dehydrogenase cleaves the tetrazolium rings of MTT, thus 

converting it to purple formazan crystals. The formazan crystals are easily dissolved 

in an organic solvent, such as DMSO or isopropanol, which can then be quantified 

spectrophotometrically at 540 nm [8-10]. The intense purple colour signifies higher 

cell viability, whereas a decrease in colour denotes a reduction in cell number due to 

cytotoxicity of a certain agent. Since reduction of MTT only occurs in metabolically 

active cells, the method is used to quantify the number of viable cells versus non-

viable cells.  For this research, the effect of the free ligands, metal salts, lanthanide 

complexes and controls on cell viability was determined using the MTT assay [8,10]. 

 

After reaching 80 % confluence, the cells were harvested and seeded at a density of 

10000 cells/well in complete growth medium in 96-well tissue culture plates. 

Following an overnight incubation at 37 °C, treatment of the cells with the test 

compounds or the relevant controls was performed, at a final well concentration of 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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100 μM. One row of cells was left untreated, whilst another row received 0.1 % 

DMSO vehicle alone. The cells were incubated at 37 °C for 24 hours, followed by 

removal of the conditioned media from adherent (MCF-7 and HEC-1A) cells, after 

which MTT (0.5 mg/mL, 100 μL) was added to each well. For the suspension (THP-

1) cell line, MTT (2.5 mg/mL) was added to the cells at 20 % v/v. The plates were 

then incubated for 3 hours at 37 °C, and the purple formazan crystals formed were 

solubilised in 100 μL DMSO (100 %). Absorbance was read at 540 nm using a 

ThermoMultiSkan Go microplate reader (Thermo Scientific, U.S.A.) against a DMSO 

blank. To correct for background interference in THP-1 cell suspensions, sample 

background controls were set up using equal volumes of MTT reagent and cell culture 

media. 

 

The number of viable cells was extrapolated from a MTT standard curve (Figures 

S2.1a-c in Supplementary information) and the percentage cell viability was 

calculated as a percentage of the 0.1 % DMSO vehicle control. Each experiment was 

done in triplicate. 

 

 

2.2.5 Statistical analysis  

All data are reported as mean ± S.D. for triplicate experiments (n = 3). Non-

parametric grouping of data was analysed by ANOVA and secondary data analysis for 

significance with Student's t-test. Values of p < 0.05 were considered significant. 

 

2.3 Instrumentation 

The melting points of organic compounds and coordination compounds were 

determined out using a Stuart® Melting Point Apparatus SMP30 [Benzoic acid (m.p. 

= 122.4 oC) used as a melting point standard]. Determination of temperatures were 

done on solid samples held within capillary tubes. 
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The elemental analysis for carbon, hydrogen and nitrogen was performed using an 

Elementar Vario EL Cube Elemental Analyzer. 

 

HANNA instruments (HI) 2300 EC/TDS/NaCl Meter was used to perform 

conductivity measurements at 25 oC. 

 

The UV-Vis spectroscopy of the free ligands and metal complexes was carried out on 

a PerkinElmer Lambda 35 UV/Vis spectrophotometer (path length = 1 cm), and 

processing done using UV WinLab software (v1.0.0).  
 

Nuclear Magnetic Resonance (NMR) spectra were obtained at room temperature 

using a Bruker AvanceIII 400 NMR Spectrometer and TopSpin 3.0 software was used 

in the acquisition of data. Analysis of spectra was performed using ACD/Labs 

software (version 12.0, 1997–2008). 

 

The infrared spectra were obtained from a Bruker Tensor 27 FT-IR 

spectrophotometer, equipped with the Platinum attenuated total reflection (ATR) 

attachment. The samples were run neat on ATR and the recorded data was analysed 

using the OPUS 6.5 software. 

 

A Bruker Kappa Apex II X-ray Crystallography System was used for single-crystal 

diffractometry at 200 K, using graphite monochromated Mo Kα radiation (λ = 

0.71073 Å). APEX2 (ver. 2014.11-0) was used for data collection and SAINT 

software (ver. 8.34A) for data reduction and cell refinement [11]. The structures were 

solved by direct methods using SHELXT-2018/2 and refined by least-squares 

procedures using SHELXL-2018/3 with ShelXle as a graphical interface [12-14]. Data 

were corrected for absorption effects using the numerical method implemented in 

SADABS (ver. 2014/5) [11]. All non-hydrogen atoms were refined anisotropically. 

Carbon-bound H atoms were placed in calculated positions and were included in the 

refinement in the riding model approximation, with Uiso(H) set to 1.2Ueq(C). The 

methyl group H atoms were allowed to rotate with a fixed angle around the C—C 

bond to best fit the experimental electron density (HFIX 137 in the SHELX program 
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suite), with Uiso(H) set to 1.5Ueq(C) [13]. The H atoms of the hydroxyl groups were 

allowed to rotate with a fixed angle around the C—O bond to best fit the experimental 

electron density (HFIX 147 in the SHELX program suite), with Uiso(H) set to 

1.5Ueq(O) [13]. The nitrogen-bound H atoms were located on a difference Fourier 

map and refined freely. Molecular graphics were obtained using ORTEPIII for 

Windows v2014.1 and Mercury 3.6 softwares [15,16]. 

 

Lanthanide geometry analyses were enabled by the SHAPE 2.1 software. This 

program is based on the algorithm defined by Pinsky and Avnir (1998) for the 

calculation of continuous shape measures (CShM values) [17]. The polyhedral 

representations were created using VESTA software (version 3, 2006–2014) [18]. 

 

2.4 Molecular modelling 

2.4.1 Geometry optimisation 

In order to obtain information about the structure in solution (DMSO) and the gaseous 

phase of the neutral and monoanionic ligands, Density Functional Theory (DFT) 

calculations were performed using the Gaussian 16 program package (Rev. B01), 

based on the Becke3-Lee-Yang-Parr (B3LYP) model and aug-cc-pVTZ basis set 

[19,20]. The molecular geometry (atomic coordinates) of the ligands was taken 

directly from the X-ray crystallography experimental results. Hydrogen positions 

were determined using the Riding Model [13]. 

 

The gas phase (in vacuo) was used for calculation of chemical properties of 

molecules. To compute molecular properties in solution, the implicit solvation model 

was also used in the calculation. Solvent effects were determined through single-point 

energy calculations utilising the self-consistent reaction field (SCRF) theory with the 

conductor-like polarisable continuum model (CPCM). The SCRF-CPCM calculations 

were carried out in DMSO at 298.15 K with the solvent dielectric constant of 46.826. 

Determination of single-point energies involved integration of orbitals or 

wavefunction using an “UltraFine Grid”. 
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The optimisation algorithm included in Gaussian is the Berny algorithm – this 

constructed an approximate Hessian, utilising “very tight” convergence criteria for 

improved results. This algorithm used a maximum force of 9×10-6 and maximum 

displacement of 36×10-6, while the root mean square (RMS) force and RMS 

displacement were 6×10-6 and 24×10-6, respectively. The completion of each 

geometry optimisation was confirmed by the absence of imaginary frequency through 

frequency or vibrational analysis, as well as through inspection of the force- and 

displacement values relative to the Berny optimisation criteria. 

 

Single-point energy calculations were performed after optimisation, upon which 

natural bond orbital (NBO) analysis was performed using NBO 6.0 program [NBO 

6.0.19 (05-Aug-2018)] [21-23]. The atomic charges were determined using Natural 

Population Analysis (NPA) of the ligands in solution and gaseous phase [24]. For 

better representation, the results were illustrated in graph form. 

 

2.4.2 Molecular electrostatic potential surface 

Electron density distribution, molecular shape and size in three dimensional 

representation was illustrated using molecular electrostatic potential (MEP) surface, 

generated using MoleCoolQt64 software (2003–2012) [25]. The MEP is related to the 

electron density and is an important tool in the elucidation of nucleophilic or 

electrophilic sites, as well as understanding hydrogen bond interactions [26]. The 

colour-mapped isosurfaces were created using an isovalue of 0.05 atomic units (a.u.), 

interpolated from 200×200×200 points per Gaussian cube; that is, for total SCF 

density and electrostatic potential. The surface and molecule are drawn using 

perspective projection, at a view angle of 27o. The contour belts are projected as black 

or grey curves onto the electron density isosurface. The electrostatic potential values 

(a.u.) associated with each set of contour belts are indicated by the black lines on the 

electrostatic potential (ESP) colour scale bar (the 'Rainbow' colour pallet was used). 

The electrostatic potential increases in the order 

red<orange<yellow<green<blue/violet, with blue/violet representing regions that are 

electron-poor or electrophilic (positive ESP sites), whereas red regions represent 
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negative ESP sites that are electron-rich or nucleophilic [19,26]. The electrostatic 

potential, V(𝑟) at a point 𝑟 around a molecule is expressed as [27]:   

 

V(𝑟) = � ZA

|RA�����⃗  – 𝑟 |𝐴
 – ∫ 𝜌(r⃗ ˊ)𝑑𝑟ˊ

|r⃗ ˊ– 𝑟|
 

 

Where ZA is the charge on nucleus A, located at RA, and ρ(r) is the electronic density 

function of the molecule acquired from its computed wave function [27].  

 

 

2.4.3 Frontier molecular orbital analysis, and global and chemical reactivity 

descriptors 

The highest occupied and lowest unoccupied molecular orbitals were visualised using 

Avogadro software (version 2, 1991). The highest occupied molecular orbital 

(HOMO) depicts the ability to donate an electron, whereas the lowest unoccupied 

molecular orbital (LUMO) acts as electron acceptors [26,28]. The HOMO-LUMO 

energy gaps (ΔE) of the ligands are dependent on the HOMO and LUMO energies 

(EHOMO and ELUMO) of the molecule and were determined with the formulae [19,26]: 

 

First energy gap: ΔE = ELUMO – EHOMO  

Second energy gap: ΔE = ELUMO+1 – EHOMO-1 

Third energy gap: ΔE = ELUMO+2 – EHOMO-2 

 
 
The ionisation energies (I) and the electron affinities (A) of the organic compounds 

are related to the HOMO and LUMO energies, and are calculated based on the 

Koopman’s theorem [26]. Electron affinity is the ability of a ligand to acquire one 

electron from a donor. As proposed by Robert Mulliken, an atom (which is part of a 

compound) with high electron affinity and high ionisation energy has a high tendency 

to accept an electron than to lose an electron [26,29]. It is thus highly electronegative. 

On the contrary, low electron affinity and ionisation energy means that the atom is 
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likely to lose an electron than accept electrons, making the atom electropositive. The 

equations for ionisation energy and electron affinity are as follows [26]: 

 

I =  –EHOMO 

A =  –ELUMO 

 

Electronic structure descriptors or identifiers; hardness (η), softness (σ), 

electronegativity (χm), chemical potential (μ) and electrophilicity index (ω) for the 

ligands were derived from ionisation energy and electron affinity [26]. These 

identifiers control chemical activity and are important in drug design [26]. The global 

and chemical descriptors are defined by the following relationships [26,28]:  

 

η  =   (𝐈–𝐀)
𝟐

 

μ  =   –(I+A)
2

 

σ  =   1
𝜂
 

ω  =   𝜇
2

2𝜂
 

χm =   𝐼+𝐴
2

 

 

The chemical potential gives the dipole moment or the average molecular 

polarisability [29]. Polar molecules are known for having a non-zero dipole moment, 

while apolar ones are identified by a zero dipole moment. The chemical potential is an 

important reactivity index which allows elucidation of biological properties associated 

with the interaction with the active sites of the molecule. The hardness measures the 

resistance of a molecule to the charge transfer [28]. The harder the molecule, the less 

reactive it is (the inverse being softness) [28]. Electronegativity is a measure of how 

strong a chemical species attracts electrons, while the electrophilicity index indicates 

the stabilisation energy of a molecule saturated by electronic charge from its 

surrounding environment [26].  
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2.5 Supplementary information 

 

 
Figure S2.1a: The standard curve used in the quantification of MCF-7 cell number 

via the MTT assay. The equation obtained from a linear regression curve is indicated 

on the graph, as well as the correlation coefficient. 

 

 

 
Figure S2.1b: The HEC-1A cell number standard curve (R2 = 0.9688). 
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Figure S2.1c: The standard curve used to quantify THP-1 cell number using the MTT 

assay (R2 = 0.9704). 
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CHAPTER 3 

Lanthanide(III) acetate complexes with 
benzohydrazone and nicotinohydrazone 

ligands 
 

 

3.1 Introduction 

Some tumour cells develop multidrug resistance (MDR) to other classes of anticancer 

drugs, such as Vinca alkaloids, anthracyclins and epipodophyllotoxins [1]. This poses 

a huge clinical challenge in successfully treating cancer. Multidrug resistant cell lines 

undergo cytogenetic and biochemical changes that include alteration in expression of 

protein kinase C, reduction in expression levels of mono-oxygenases, and 

overexpression of glutathione-related enzymes and p-glycoprotein. Multidrug 

resistant-positive breast cancer (MCF-7) cells exhibit enhanced expression levels of 

the protein cross-linking enzyme, tissue transglutaminase (tTGase) [1]. Hydrazones 

and their metal complexes exert cytotoxicities towards various cancer cell lines, some 

of which display drug resistance [1]. Coordination of these ligands with metals 

contribute to synergism on the antiproliferative action of the parent organic 

compounds [1,2]. Complexation allows for the introduction of numerous biologically 

active groups into a drug, thereby improving the spectrum of activity against the 

cancer cells, or enabling modification of the pharmacokinetic profile of the drugs [3]. 

The resulting cytotoxic effect of the metal-drug is more pronounced as a result of 

metal-drug synergism compared to the free ligand and the metal salt [3]. 

 

Lanthanide coordination compounds derived from hydrazones have also been 

investigated as potential antioxidants, antibacterial (as tuberculostats), antimalarial, 

antiviral, antifungal, anticonvulsant and anti-inflammatory agents [4-9]. Additionally, 

some of the lanthanide complexes have potential use as plant growth regulators, 

rodenticides, herbicides, nematocides and insecticides [7,10]. The significance of 
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hydrazones in the biomedical field is due to their ability to have different substituents 

attached to their structure, the reversible photochemically induced (E)-(Z) 

isomerisation of the double bond of the azomethine unit, as well as the ability to 

coordinate to metal ions under different chemical environments, depending on the 

attached substituent groups. A wide range of coordination modes is also achieved 

through the multiple functional groups on the hydrazones [7,8]. 

 

The reactions of 2-acetylpyridine nicotinohydrazone (penh) with [Ln(NO3)3∙6H2O] 

(Ln = Ce or Sm) yielded ten-coordinate, distorted bicapped square antiprism 

complexes, [Ce(penh)2(H2O)4](NO3)3∙4H2O and [Sm(penh)2(NO3)2](NO3)∙C2H5OH 

(Table 3.1) [11]. The Ln(III) ions of each complex are surrounded by two neutral 

tridentate hydrazone ligands containing the N2O donor-atom set. In the Ce(III) 

complex, the coordination environment is completed by four oxygen atoms from four 

water molecules, while that of the Sm(III) compound has two bidentate nitrate anions 

[11]. These acylhydrazone-based complexes show significant antitumour activity 

against human colorectal cancer (lovo), human pancreatic cancer (PATU8988) and 

human gastric cancer (SGC7901) cell lines as determined by the MTT assay [11]. 

 

Metal complexes consisting of isonicotinoyl hydrazones were reported to show low 

resistivity to tuberculosis bacteria and high activity as antitubercular agents [7]. Hao 

et al. (2010) reported the preparation and characterisation of Pr(III) and Nd(III) 

complexes with (E)-N'-[1-(pyridin-2-yl)ethylidene]isonicotinohydrazide (HL) (Table 

3.1) [12]. The DNA-binding studies of the complexes were investigated using 

viscosity measurements, electronic absorption, fluorescence and circular dichroic 

spectroscopy. The results indicated that the two complexes bind to calf thymus DNA 

via a groove binding mode, with the Pr(III) complex exhibiting higher binding affinity 

than the Nd(III) complex [12]. Moreover, the scavenging effects of the ligand and its 

Ln(III) complexes on superoxide (O2
–∙) and hydroxyl (OH∙) radicals were determined 

in vitro by spectrophotometry. The complexes show enhanced antioxidant properties 

than the standard antioxidant, mannitol [12]. 
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Table 3.1: Examples of hydrazone metal complexes used in biological and magnetic 

studies. 

Structure and bonding mode of 
the ligand 

Formula of the complex Studies Ref 

N
H

N

NO

N
2-acetylpyridine nicotinohydrazone 

(penh) 

 

[Ce(penh)2(H2O)4](NO3)3∙4H2O 

and 

[Sm(penh)2(NO3)2](NO3)∙C2H5OH 

 

Antitumour 

 

[11] 

 

N
H

N

O

N

O

Isoniazid furalacylhydrazone (FLSY) 

 

[Ln(FLSY)(Lin)(NO3)2]NO3·H2O 

 

(Ln = La, Ce, Nd and Er; Lin = sodium 
salicylate) 

 

Antitumour, 
DNA-binding 

and 
antibacterial 

 

[13] 

N
N

NO

N
 

(E)-N'-[1-(2-pyridinyl)ethylidene]- 
isonicotinohydrazide (HL) 

 

[Nd(L)2(NO3)(CH3OH)2]·C2H5OH 

and 

[Pr(L)2(NO3)(CH3OH)2]·C2H5OH 

 

DNA binding 
and anti-
oxidant 

 

[12] 

N
H

N

N O

H
N

2-anilino-N'-[(1E)-1-pyridin-2-
ylethylidene]acetohydrazide (Apeah) 

 

[Ln(Apeah)2(NO3)(H2O)]·2NO3 

(Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy 
and Y) 

 

Antibacterial 

 

[5] 

N

O

N
H

N

HS

O

 

(E)-N'-(2-hydroxybenzylidene)-2-
mercaptonicotinohydrazide (HL) 

 

[Ln2L2(OAc)4(MeOH)2]·2MeOH 

(Ln = Sm, Gd and Dy) 

[Tm2L2(OAc)4(H2O)2]·4MeOH·2H2O 

[Yb2L2(OAc)4(MeOH)2]·[Yb2L2(OAc)4

(H2O)2]·4H2O 

 

Magnetic 

 

[14] 
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In addition to a diverse range of biological properties, Ln-hydrazone complexes are 

used as analytical reagents, and in producing dinuclear, trinuclear or polynuclear 

complexes exhibiting single-molecular magnetic (SMM) behaviour [7,14,15]. The 

magnetic properties of these lanthanide coordination compounds are important in 

cancer diagnosis [16]. The crystal structures and magnetic properties of five dinuclear 

acetato-bridged Ln(III) complexes have been reported (Table 3.1) [14]. Through 

magnetic susceptibility studies in the temperature range 1.9–300 K, it was shown that 

the Dy(III) complex exhibits SMM behaviour, with an energy barrier of 39.1 K, as a 

result of less distortion of the coordination geometry around the dysprosium ion. It 

was inferred that the coordination mode of the ligands, structural parameters and 

coordination geometry play a pivotal role in controlling the relaxation dynamics of 

SMMs [14]. 

 

Lanthanide acetate complexes of the hydrazone ligands, (E)-N'-(2-

hydroxybenzylidene)benzohydrazide (H2phen) and (E)-N'-(2-

hydroxybenzylidene)nicotinohydrazide (H2Nic) (Figure 3.1) were synthesised and 

characterised. The lanthanide acetates were chosen as they can enrich the coordination 

modes of the coordination compounds through multidentate acetate groups. Apart 

from coordinating monodentately (η1) or bidentately (η2), the acetate groups can 

bridge complexes by attaining the η1:η2:µ2 mode [14].  The antitumour activity was 

screened for the free ligands, metal salts and their Ln(III) complexes against breast 

cancer (MCF-7), the endometrial carcinoma (HEC-1A) and the human monocytic 

(THP-1) cell lines. The results obtained show that the hydrazone ligands and 

complexes 1–4 are partially cytotoxic against MCF-7 cells, while the Schiff bases and 

3–5 significantly inhibit cell growth in HEC-1A cells. The in vitro cytotoxicity also 

revealed no activity of all the compounds against THP-1 cells. This is vital in the 

development of new antitumour agents to substantially increase the success rate of 

cancer treatments. The study of three types of cancer cell lines was motivated by the 

existence of genetic and epigenetic variations amongst the various types of tumours, 

leading to different clinical outcomes. Since the cancer cell lines do not have equal 

value as tumour models, therapeutic agents are expected to possess different 

mechanisms of action and therapeutic efficacies [17,18]. 
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HN N

HO

O
.

N

HN N

HO

O
.

(a) (b)  
Figure 3.1: The structures of: (a) H2phen and (b) H2Nic. 

 

3.2 Procedure for the preparation of hydrazone ligands 

3.2.1 Synthesis of (E)-N'-(2-hydroxybenzylidene)benzohydrazide (H2phen) 

The hydrazone ligand, H2phen, was prepared using the literature method of related 

compounds (Scheme 3.1) [5,13,14]. Benzohydrazide (2.815 g, 20.676 mmol) was 

added to the salicylaldehyde (2.525 g, 20.676 mmol) in absolute methanol (20 mL). 

After refluxing for 3 hours, the resulting yellow solution was concentrated using a 

rotary evaporator. The white precipitate was filtered, dried and recystallised from 

ethanol. Yield = 75.3 %, m.p. = 168.2 oC. Anal. Calcd. for C14H12N2O2 (%): C, 69.99; 

H, 5.03; N, 11.66. Found: C, 68.99; H, 4.76; N, 11.42. UV-Vis (DMF, λmax nm (ε, 

L.mol-1cm-1)): 290 (25416), 300 (26304), 331 (21255). IR (vmax/cm-1): v(OH)phenol 

3265(m), v(N-H) 3057(w), v(C=O) 1669(s), v(C=N) 1622;1594(s), v(N-N) 1012(m). 
1H NMR (400 MHz, DMSO-d6, δ ppm): 6.87-7.00 (m, 2H), 7.31 (t, J=7.34 Hz, 1H), 

7.55 (br. s., 3 H) 7.60 (d, J=6.60 Hz, 1H), 7.94 (d, J=7.09 Hz, 2H), 8.65 (s, 1H), 11.33 

(br. s., 1H), 12.13 (br. s., 1H). 

 

3.2.2 Synthesis of (E)-N'-(2-hydroxybenzylidene)nicotinohydrazide (H2Nic) 

The organic compound, H2Nic, was synthesised as outlined in Scheme 3.1 [5,13,14]. 

Salicylaldehyde (2.485 g, 20.349 mmol) in absolute methanol (20 mL) was added to a 

methanolic solution of nicotinohydrazide (2.791 g, 20.349 mmol). The reaction 

mixture was refluxed for 3 hours. The white crystalline solid formed on cooling was 

filtered, dried and recrystallised from ethanol. H2Nic was obtained as a white solid. 
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Yield: 73.4 %, m.p. = 245.4 oC. Anal. Calcd. for C13H11N3O2 (%): C, 64.72; H, 4.60; 

N, 17.42. Found: C, 64.12; H, 4.42; N, 17.23. UV-Vis (DMF, λmax nm (ε,           

L.mol-1cm-1)): 290 (33256), 300 (31326), 331 (24750). IR (vmax/cm-1): v(C=O) 

1633(s), v(C=N) 1603(s), v(pyridyl) 1567(m), v(N-N) 1029(m). 1H NMR (400 MHz, 

DMSO- d6, δ ppm): 6.90-6.99 (m, 2H), 7.33 (t, J=7.34 Hz, 1H), 7.61 (d, J=7.58 Hz, 

1H), 7.82-7.88 (m, 2H), 8.68 (s, 1H), 8.80 (br. s., 2H), 11.10 (br. s., 1H), 12.29 (br. s., 

1H). 

 

OH

O

X

O

HN

NH2

X

HN N

HO

O

+ Methanol
Reflux (3 hrs)

H2phen: X = C
H2Nic: X = N  

Scheme 3.1: Synthesis of the hydrazone ligands, H2phen and H2Nic. 

 

3.3 Synthesis of the complexes 

3.3.1 Synthesis of [La2(Hphen)2(OAc)4(H2O)2]·DMF·H2O (1) 

La(OAc)3∙xH2O (0.223 g, 0.668 mmol) was added to a solution of H2phen (0.160 g,  

0.668 mmol) in 5 mL DMF. After refluxing the reaction mixture for 2 hours at 70 oC, 

the solution was filtered off and diethyl ether (10 mL) was allowed to diffuse slowly 

into the yellow solution at room temperature. Yellow X-ray quality crystals were 

obtained after 3 weeks. Yield = 0.178 g (22.0 % based on the La(III) salt), m.p. >300 
oC. Anal. Calcd. for C36H38La2N4O14, 2(C3H7NO), 2(H2O) (%): C, 41.67; H, 4.66; N, 

6.94. Found: C, 41.34; H, 4.84; N, 6.82. Conductivity (25 oC, 10-3 M, DMF): 4.58 

ohm-1cm2mol-1. UV-Vis (DMF, λmax nm (ε, L.mol-1cm-1)): 277 (33136), 301 (34680), 

318 (36261), 329 (34673), 398 (42203). IR (vmax/cm-1): v(O-H)water 3498-3092(b), 

v(C=O) 1659(s), v(C=N) 1610(s), vas(COO-) 1436(s), vs(COO-) 1392(s), v(N-N) 

1009(m), v(La-O) 585(m), v(La-N) 402(m).  
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3.3.2 Synthesis of complexes 2–5  

Compounds 2–5 were synthesised using the following general procedure. 

[Ln(OAc)3∙xH2O] (Ln = La, Nd, Er and Yb; for Yb, x = 4) dissolved in 5 mL DMF 

was added to a 2 mL methanolic solution of H2Nic. The resulting mixture was 

refluxed continuously for 2 hours, followed by filtration of the yellow solution to 

dispose of undissolved material. Yellow single crystals suitable for X-ray 

crystallography were grown within 1–3 weeks under vapour diffusion using diethyl 

ether (10 mL).  

 

[La2(HNic)2(OAc)4(H2O)2]·DMF·H2O (2)  

H2Nic (0.206 g, 0.854 mmol), La(OAc)3∙xH2O (0.285 g, 0.854 mmol). Yield = 0.198 

g (19.1 % based on the La(III) salt), m.p. >300 oC. Anal. Calcd. for C34H36La2N6O14, 

2(C3H7NO), 2(H2O) (%): C, 39.62; H, 4.49; N, 9.24. Found: C, 39.73; H, 4.46; N, 

9.27. Conductivity (25 oC, 10-3 M, DMF): 7.18 ohm-1cm2mol-1. UV-Vis (DMF, λmax 

nm (ε, L.mol-1cm-1)): 275 (22295), 290 (21571), 299 (24304), 317 (25152), 401 

(24931). IR (vmax/cm-1): v(O-H)water 3558-2995(b), v(C=O) 1673(s), v(C=N) 1616(s), 

v(pyridyl) 1544(m), vas(COO-) 1438(s), vs(COO-) 1395(s), v(N-N) 1012(m), v(La-O) 

574(m), v(La-N) 422(m). 

 

[Nd2(HNic)2(OAc)4(H2O)2]·DMF·H2O (3)  

H2Nic (0.215 g, 0.891 mmol), Nd(OAc)3∙xH2O (0.606 g, 1.786 mmol). Yield = 0.314 

g (28.7 % based on the Nd(III) salt), m.p. >300 oC. Anal. Calcd. for C34H36Nd2N6O14, 

2(C3H7NO), 2(H2O) (%): C, 39.27; H, 4.45; N, 9.16. Found: C, 39.73; H, 4.32; N, 

8.97. Conductivity (25 oC, 10-3 M, DMF): 6.31 ohm-1cm2mol-1. UV-Vis (DMF, λmax 

nm (ε, L.mol-1cm-1)): 320 (23523), 327 (20500), 401 (38205). IR (vmax/cm-1):        

v(O-H)water 3558-2995(b), v(C=O) 1655(s), v(C=N) 1614(s), v(pyridyl) 1544(m), 

vas(COO-) 1434(s), vs(COO-) 1393(s), v(N-N) 1013(m), v(La-O) 587(m), v(La-N) 

424(m). 

 

[Er2(HNic)2(OAc)4(H2O)2]·DMF (4) 

H2Nic (0.149 g, 0.618 mmol), Er(OAc)3∙xH2O (0.213 g, 0.618 mmol). Yield = 0.175 

g (22.9 % based on the Er(III) salt), m.p. >300 oC. Anal. Calcd. for C34H36Er2N6O14, 
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2(C3H7NO) (%): C, 38.95; H, 4.09; N, 9.09. Found: C, 38.84; H, 4.06; N, 8.97. 

Conductivity (25 oC, 10-3 M, DMF): 6.37 ohm-1cm2mol-1. UV-Vis (DMF, λmax nm (ε, 

L.mol-1cm-1)): 309 (18492), 327 (15117), 397 (31810). IR (vmax/cm-1): v(O-H)water 

3558-3095(b), v(C=O) 1621(s), v(pyridyl) 1545(m), vas(COO-) 1457(s), vs(COO-) 

1393(s), v(N-N) 1012(m), v(La-O) 569(m), v(La-N) 430(m).  

 

[Yb2(HNic)2(OAc)4(H2O)2]·DMF (5) 

H2Nic (0.0703 g, 0.292 mmol), Yb(OAc)3∙4H2O (0.246 g, 0.583 mmol). Yield = 

0.115 g (31.7 % based on the Yb(III) salt), m.p. >300 oC. Anal. Calcd. for 

C36H38Yb2N4O14, 2(C3H7NO) (%): C, 38.59; H, 4.05; N, 9.00. Found: C, 38.48; H, 

4.12; N, 9.03. Conductivity (25 oC, 10-3 M, DMF): 7.00 ohm-1cm2mol-1. UV-Vis 

(DMF, λmax nm (ε, L.mol-1cm-1)): 315 (21335), 327 (18106), 397 (24989). IR 

(vmax/cm-1): v(O-H)water 3558-3095(b), v(C=O) 1656(s), v(C=N) 1609(s), v(pyridyl) 

1544(m), vas(COO-) 1446(s), vs(COO-) 1398(s), v(N-N) 1019(m), v(La-O) 567(m), 

v(La-N) 430(m). 

 

3.4 Results and Discussion 

The yields for the metal complexes are low (19.1–31.7 %). High reaction yields can 

be attempted by changing solvents, molar ratios of reactants and reaction conditions 

(temperature and pH). Complexes 1–5 (1×10-3 M in DMF at 25 oC) gave molar 

conductivity values in the range 4.58–7.18 ohm-1cm2mol-1, suggesting the non-

electrolytic nature of the complexes [19]. All the coordination compounds are 

crystalline solids and were found to be non-hygroscopic and thus air-stable. The 

complexes are soluble in DMSO, DMF and water, and slightly soluble in methanol, 

ethanol and acetonitrile, but insoluble in dichloromethane, chloroform and diethyl 

ether. 
 

Deprotonation of the hydrazone phenol group occurred, yielding mono-anionic 

ligands, Hphen– and HNic–, which coordinated tridentately to produce metal 

complexes with a 1:1 Ln:ligand ratio (Scheme 3.2). 
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[Ln(OAc)3  xH2O] + yH2Nic

[Ln2(HNic)2(OAc)4(H2O)2] DMF H2O

Ln = La (2) or Nd (3)
(9-coordinate)

[Ln2(HNic)2(OAc)4(H2O)2] DMF

Ln = Er (4) or Yb (5)
(8-coordinate)

[La(OAc)3  xH2O] + H2phen [La2(Hphen)2(OAc)4(H2O)2] DMF H2O
(1)Et2O

.DMF

.

.

.

.y = 1 for La and Er
y = 2 for Nd and Yb

 
Scheme 3.2: Synthetic route of Ln(III) complexes derived from H2phen and H2Nic. 

 

3.4.1 FT-IR spectroscopy 

Comparison of the infrared spectra of the free hydrazone ligands and the complexes 

confirmed the formation of the metal chelates. In the IR spectrum of H2phen, a sharp 

band at approximately 1669 cm-1 is characteristic of the C=O vibration (Figure 3.2a) 

[5,13,20]. The peaks due to the v(C=N) vibration appear at 1622 and 1594 cm-1 as 

strong absorption bands, while the weak band at 3057 cm-1 is ascribed to the N-H 

stretching vibrations [5,11,20,21]. The v(N-N) appears at 1012 cm-1. Upon 

complexation to La(III), the phenolic O-H band of H2phen disappears, indicating 

deprotonation of the hydrazone ligand (Figure 3.2a). In the free ligand, this v(OH) 

occurs at 3265 cm-1, but is replaced by a broad band due to the coordinated water 

molecules (3493–3091 cm-1), which also obscures the N-H stretch [5]. The bands 

attributed to the v(C=N) and the v(C=O) are shifted to lower frequencies (1610 and 

1659 cm-1, respectively) in the spectrum of complex 1. This suggests the involvement 

of the nitrogen atom of the azomethine moiety and the carbonyl oxygen in the 

coordination of the ligand to the metal ion [5]. The new bands appearing in the 

spectrum of 1 at 1436, 1392, 585 and 402 cm-1 are assigned to contributions from the 

asymmetric v(COO-), and the symmetric  v(COO-), v(La-O) and v(La-N), respectively 

[4,13,20,22]. 
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The band observed at 1633 cm-1 in the IR spectrum of H2Nic is due to the C=O bond 

frequency, which is shifted to lower energies in 2, 3 and 5 (1673, 1655, 1656 cm-1, 

respectively), and to higher energy in 4 (1621 cm-1) (Figure 3.2b and 3.2c) 

[11,13,21,23]. The spectra of 2–5 exhibit broad bands within the range 3558–2995     

cm-1, which is assignable to v(O-H) of the coordinated water molecules. Bands in the 

far infrared region (587–422 cm-1) can be assigned to Ln-O and Ln-N vibrations in 2–

5 [20,22,24]. Further evidence of coordination of the hydrazone ligand, H2Nic, was 

provided by the appearance of acetate vibrational bands [4,13]. The peaks appearing 

at 1029 and 1567 cm-1 of the free H2Nic are assigned to contributions from the 

stretching vibrations of the N-N and pyridyl groups, respectively [4,5,20]. There is a 

considerable lowering of the v(N-N) and v(pyridyl) frequencies in the spectra of the 

complexes, with the vibrational bands found in the ranges 1019–1012 and 1545–1544 

cm-1, respectively, in 2–5. The shifts of bands to lower frequencies are due to 

decreases in the stretching force of the bonds as a result of the coordination of the 

ligand to the metal ions [21]. The key IR frequencies of the ligands and 1–5 are 

summarised in Table 3.2.  

 

 

 
Figure 3.2a: Overlay IR spectra of H2phen and complex 1. 
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Figure 3.2b: IR spectra of H2Nic and complexes 2 and 3. 

 

 

 
Figure 3.2c: IR spectra of H2Nic and complexes 4 and 5. 
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Table 3.2: Spectral IR band frequencies (cm-1) of the hydrazone ligands and 

complexes 1–5. 
Compound v(C=N) v(C=O) v(N-H) v(N-N) vpyridyl vas(COO-) vs(COO-) v(Ln-O) v(Ln-N) 

H2phen 1622, 
1594 

1669 3057 1012 - - - - - 

H2Nic 1603 1633 3266 1029 1567 - - - - 
1 1610 1659 - 1009 - 1436 1392 585 402 
2 1616 1673 - 1012 1544 1438 1395 574 422 
3 1614 1655 - 1013 1544 1434 1393 587 424 
4 - 1621 - 1012 1545 1457 1393 569 430 
5 1609 1656 - 1019 1544 1446 1398 567 430 

 

3.4.2 NMR analysis 

The 1H NMR spectra of the free hydrazone ligands in DMSO-d6 and the atom-

numbering scheme of the organic compounds are shown in Figures 3.3a and 3.3b. The 
13C NMR spectra of the hydrazones are shown in Figures 3.3c and 3.3d, with peak 

assignment details given in Table 3.3 (see the molecular structure inserts for carbon 

atom-labelling of the compounds).  
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Figure 3.3a: The proton NMR spectrum of H2phen. 
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Figure 3.3b: The proton NMR spectrum of H2Nic in DMSO-d6. 

 

 
Figure 3.3c: 13C NMR spectrum of H2phen.  

 
Figure 3.3d: 13C NMR spectrum of H2Nic. 
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Table 3.3: Signal assignment in the 13C NMR spectra of the hydrazone ligands. 
H2phen H2Nic 

Chemical shift (ppm) Assignment Chemical shift (ppm) Assignment 
116.90 C23 116.90 C113 
119.12 C21 119.12 C111 
119.86 C25 119.92 C115 
128.10 C12 and C16 124.17 C124 
129.05 C13 and C15 129.15 C116 
130.03 C26 129.81 C121 
131.91 C14 132.13 C114 
132.49 C24 135.97 C125 
133.24 C11 149.03 C11 
148.87 C4 149.12 C123 
157.93 C22 152.92 C122 
163.39 C1 157.90 C112 

  161.97 C12 
 

Complexes 1–3 yielded the 1H NMR spectra that are different to those of the free 

ligands (Figure 3.3e). The spectra of the La(III) and Nd(III) complexes exhibit more 

peaks than expected for the Schiff base ligands. The additional signals in the range     

-0.07 to 2.89 ppm (except for the DMSO-d6 signal at 2.5 ppm) can be attributed to the 

methyl group protons of the crystallographic DMF and the chelating or bridging 

acetates. The proton resonances of the diamagnetic La(III) complexes are shifted 

upfield relative to those of the free ligand which is possibly due to shielding effects 

[25]. 
NONAME04

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

0

0.005

0.010

N
or

m
al

iz
ed

 In
te

ns
ity

DMSOWater

8.
24

8.
00

7.
41

7.
10

6.
42

2.
89

2.
73

2.
09

1.
76

 

Figure 3.3e: The proton NMR spectra of 1–3. 
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In 1 and 2, the broad signal of the phenolic –OH disappeared, depicting coordination 

of the phenolic oxygen to the La(III) ions after deprotonation. In the free ligand this 

signal appears as a singlet at 12.13 ppm. Induced downfield shifts of H2Nic protons 

are observed for the Nd(III) complex. Formation of the metal-ligand bonds in 3 led to 

a decrease in electron density around the ligand protons, causing these protons to 

resonate at a lower field. The paramagnetic shifts are produced by an interaction 

between the unpaired f-electrons of the lanthanide ions with the resonating nucleus via 

delocalisation of the f-electron density towards the resonating nucleus, or 

predominantly in a through-space dipole manner [25,26]. No useful information was 

obtained for 4 and 5 due to the paramagnetic nature of Er(III) and Yb(III), although 

the paramagnetic Nd(III) ion in 3 resulted in no significant line broadening in its 1H 

NMR spectrum [26]. 

 

3.4.3 UV-Vis spectroscopy 

The UV-Vis absorption spectra of the two hydrazone ligands and complexes 1–5 were 

performed at room temperature in DMF (Figures 3.4a-b). The three absorption peaks 

at 290, 300 and 331 nm in the free ligands are ascribed to the π→π* transition of the 

aromatic rings, n→π* transition of the carbonyl (C=O) and the n→π* transition of the 

azomethine (C=N) groups, respectively [20]. All the presented complexes exhibit a 

new broad absorption peak at 397 nm which is not found in the free ligands. This new 

absorption band is attributed to the significant hyperchromic shifted n→π* transition 

of the C=N group due to the ligand to metal charge transfer [27]. An additional two 

bands are observed in 1 and 2. Further proof that coordination occurred is indicated by 

shifts in absorption bands, as well as changes in peak intensities and patterns upon 

complexation [20]. The shifts of spectral bands to lower energy are ascribed to the 

effect of the crystal field, as a result of inter-electronic repulsion between 4f electrons 

[5]. 
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Figure 3.4a: UV-Vis spectra of the free H2phen and 1 in DMF. 

 

 

 
Figure 3.4b: UV-Vis spectra of DMF solutions of H2Nic and 2–5. 

 

3.4.4 Coordination polyhedra determination 

 

The coordination geometries of the Ln(III) ions were determined through continuous 

shape measure (CShM) calculations using SHAPE 2.1 software; the results are listed 
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in Table 3.4. For the nona-coordinate complexes 1–3, the coordinated geometry is 

classified as a distorted spherical capped square antiprism (CSAPR-9, C4v) with 

CShM values of 2.55876, 2.51433 and 2.39721, respectively (Figure 3.5a) [28]. The 

obtained geometries however show a small difference in deviation parameters 

compared to the muffin (MFF-9) structure (symmetry Cs), having corresponding 

distortion parameters equal to 2.60624, 2.62707 and 2.48010 [28]. It is therefore 

possible for the coordination spheres of lanthanum and neodymium to exist as the 

intermediate between the CSAPR-9 and MFF-9 geometry [28,29]. Both 4 and 5 

display eight-coordinate triangular dodecahedron (TDD-8) geometries (D2d), with the 

Yb(III) complex (CShM = 1.58330) exhibiting a lower deviation from the ideal 

geometry than the Er(III) complex (CShM = 1.63522) (Figure 3.5b). The 

representative coordination polyhedra of 1 and 4 are shown in Figures 3.5a and 3.5b, 

respectively. 

 

Table 3.4: The molecular geometries of complexes 1–5 as predicted by CShM 

analysis [28,29]. 
Complex C.N. Shape Symmetry CShM Polyhedral 

volume (Å3) 

Average bond 

length (Å) 

1 9 CSAPR-9 C4v 2.55876 32.8844 2.5629 

2 9 CSAPR-9 C4v 2.51433 32.8359 2.5605 

3 9 CSAPR-9 C4v 2.39721 30.8384 2.5040 

4 8 TDD-8 D2d 1.63522 22.9162 2.3530 

5 8 TDD-8 D2d 1.58330 22.3926 2.3343 

        C.N. = Coordination number 

 

All the CShM values obtained lie between 0.1 and 3, which is considered significant 

but still correspond to a small distortion from an ideal geometry [30,31]. It is noticed 

that the nine-coordinate complexes gave higher deviation parameters compared to 

eight-coordinate complexes, and the deviation parameters tend to decrease across the 

period. These distortions from the reference shape are ascribed to the metal ionic 

radii, flexibility of the coordinating ligands, and the coordination numbers of the 

lanthanide ions [30,32]. The Er(III) and Yb(III) complexes gave the smallest 

deviations from the ideal shape due to their smaller size, and thus stronger ligand 

binding that results in less flexibility, as well as less steric repulsion due to lower 
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coordination numbers, as opposed to the La(III) and Nd(III) complexes that possess 

bigger metal ions, longer bonds and higher coordination numbers [32]. The polyhedral 

volume is seen to decrease with the decrease in the metal ionic size, with a significant 

difference between the nine-coordinate and eight-coordinate chelates. The size of the 

metal ion, average bond lengths, coordination numbers, polyhedral volume and CShM 

values are therefore correlated. 

 

 

 

 

 

(a) 

 

 

 

 

(b) 

 

Figure 3.5: The distorted polyhedral representations of: (a) spherical capped square 

antiprismatic (LaO8N)2; (b) triangular dodecahedron (ErO7N)2. 
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3.4.5 X-ray crystallography 

Complexes 1–5 are centrosymmetric and feature double acetate-bridged Ln(III) 

dimers with the general formulae [La2(Hphen)2(OAc)4(H2O)2]·DMF·H2O, 

[Ln2(HNic)2(OAc)4(H2O)2]·DMF·H2O (Ln = La and Nd) and 

[Ln2(HNic)2(OAc)4(H2O)2]·DMF (Ln = Er and Yb) (Figures 3.6a-e). Coordination 

compounds 1–3 crystallise in the triclinic space group P-1 (Z = 1), while 4 and 5 were 

found to crystallise in the monoclinic space group P21/c (Z = 2). Crystal data and 

structure refinement parameters are provided in Table S3.1a and S3.1b of 

supplementary information. 

  

 
Figure 3.6a: A perspective view of 1 with partial atom-numbering scheme (50 % 

probability level; hydrogen bond network is shown by green dashed lines). 

 

Crystallographic studies showed that in 1–3 the metal ion is nine-coordinate, and 

bonded to eight oxygen atoms (with two oxygen atoms originating from the 

phenoxide and carbonyl groups of the tridentate O,N,O-donor ligands H2phen and 

H2Nic, one oxygen from a water molecule, two from the η2–acetate group and three 

provided by the bridging η1:η2:µ2–acetate groups) and one hydrazone nitrogen atom 

(Figure 3.6f) [14,32]. The H-atom of the phenol group of the hydrazones was 
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deprotonated to give a more reactive mono-anionic ligand. The hydrazone ligands, the 

η1:η2:µ2–acetate groups and the water molecules, exhibited the same bonding mode in 

complexes 4 and 5. In contrast, the coordination numbers in 4 and 5 were found to be 

equal to eight. The lower coordination numbers were afforded by the replacement of 

the bidentate acetate groups in 1–3 with the acetate groups in the form η1 in 4 and 5 

(Figure 3.6f) [14,32]. 

 
Figure 3.6b: The ORTEP plot of 2, along with partial atom-numbering scheme, with 

50 % thermal ellipsoids (lattice H2O and DMF molecules are omitted for clarity). 

 
Figure 3.6c: The ORTEP drawing of 3 with partial atom-labelling (crystallographic 

H2O and DMF molecules are omitted for clarity). 
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Figure 3.6d: The molecular structure and partial atom-labelling of 4 (50 % 

probability ellipsoids). The green dashed lines indicate hydrogen bonding (weak C-

H∙∙∙O contacts not shown). 

 

 
Figure 3.6e: The molecular structure of the Yb(III) complex displaying 50 % 

probability displacement ellipsoids and partial atom-labelling. 
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η2 (bidentate) η1:η2:µ2 (chelating/bridging) η1 (monodentate) 

Figure 3.6f: The different binding modes of acetate groups (blue spheres = metal 

ions) [14,32]. 

 

Selected bond parameters of the compounds are listed in Table 3.5a. The Ln-O bond 

lengths in the hydrazone complexes are in the range 2.2037(16) to 2.7213(16) Å. The 

shortest Ln-O bonds are formed by the phenolato oxygen atoms [2.2037(16) to 

2.3970(17) Å], suggesting their stronger binding, while the longest Ln-O bonds 

(weaker binding) are contributed by the bridging acetato oxygen atoms. The Ln-

Ocarbonyl links lie in the range 2.3285(18) to 2.4982(12) Å and the Ln-N bonds vary 

from 2.4672(19) to 2.6927(17) Å. Coordination of water molecules result in average 

Ln-O bond lengths of approximately 2.4408 Å. The Ln∙∙∙Ln distances have a linear 

decrease as the atomic number increases (ranging from 4.266 to 4.000 Å); the 

bridging angles (Ln1–Obridging–Ln1A) are between 109.86(6)o and 112.75(8)o. The 

chelation of each hydrazone ligand produces one six membered (LnNCCCO) and a 

five membered (LnNNCO) chelate ring, with bite angles in the ranges 61.04(5) – 

65.86(6)o and 68.32(5) – 73.16(6)o, respectively. Ligand bite angles increase with a 

decrease in the ionic radii, with a similar decrease in the Ln-O and Ln-N bond lengths 

being observed from La(III) to Yb(III), as expected due to the lanthanide contraction. 

It is noticed that changing the phenyl group of H2phen (in 1) to a pyridyl group in 

H2Nic (in 2) has no significant effect on bonding parameters and modes, although 

most of the corresponding bond distances in 2 are slightly shorter than in 1.  
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Table 3.5a: Selected bond lengths and angles for compounds 1–5. 
1  2 (La) 3 (Nd) 4 5 

Bond lengths (Å)     

La1-O1 2.4865(16) Ln1-O5 2.5462(14) 2.4781(14) Er1-O1 2.330(2) Yb1-O1 2.3285(18) 

La1-O2 2.5441(17) Ln1-O11 2.3956(12) 2.3451(13) Er1-O17 2.339(2) Yb1-O2 2.3055(17) 

La1-O22 2.3970(17) Ln1-O12 2.4982(12) 2.4477(13) Er1-O22 2.218(2) Yb1-O22 2.2037(16) 

La1-O31 2.4886(15) Ln1-O21 2.5455(16) 2.4851(17) Er1-O31 2.231(3) Yb1-O31 2.4865(18) 
La1-O41 2.6188(18) Ln1-O22 2.5925(14) 2.5458(14) Er1-O41 2.328(2) Yb1-O33 2.3712(19) 

La1-O42 2.5404(19) Ln1-O31 2.4910(11) 2.4393(13) Er1-N19 2.479(2) Yb1-O41 2.206(2) 

La1-N3 2.6927(17) Ln1-N11 2.6878(13) 2.6275(15) Er1-O41a 2.501(2) Yb1-N3 2.4672(19) 

La1-O31a 2.7213(16) Ln1-O31a 2.7122(12) 2.6504(13) Er1-O42a 2.398(3) Yb1-O31a 2.3179(16) 

La1-O32a 2.5770(18) Ln1-O32a 2.5753(13) 2.5171(13) Er∙∙∙Er 4.022 Å Yb∙∙∙Yb 4.000 Å 

La∙∙∙La 4.266 Å Ln∙∙∙Ln 4.257 Å 4.191 Å     

         
Bond angles (°)     

O1-La1-O22 129.47(5) O11-Ln1-O12 129.70(4) 132.21(4) O17-Er1-O22 137.96(7) O1-Yb1-O22 138.86(6) 

O1-La1-N3 61.17(5) O11-Ln1-N11 68.66(4) 69.87(4) O17-Er1-N19 65.49(7) O1-Yb1-N3 65.86(6) 

O22-La1-N3 68.32(5) O12-Ln1-N11 61.04(4) 62.34(4) O22-Er1-N19 72.64(7) O22-Yb1-N3 73.16(6) 

O31-La1-O31a 70.14(5) O21-Ln1-O22 50.35(5) 51.49(5) O41-Er1-O41a 67.25(7) O31-Yb1-O33 53.21(6) 

O41-La1-O42 50.18(6) O31-Ln1-O31a 70.28(4) 69.19(4) O41a-Er1-O42a 52.77(6) O31-Yb1-O31a 67.31(6) 

O31a-La1-O32a 48.74(5) Ln1-O31-Ln1a 109.73(4) 110.81(5) Er1-O41-Er1a 112.75(8) Yb1-O31-Yb1a 112.69(7) 

La1-O31-La1a 109.86(6)        

  

 

All bond parameters are normal and fall within similar ranges to those reported by 

Zhang et al. (2014) on dinuclear lanthanide complexes of Sm, Gd, Dy, Tm and Yb 

with the hydrazone ligand (E)-N'-(2-hydroxybenzylidene)-2-

mercaptonicotinohydrazide) [14]. The Ln-O and Ln-N bond distances with this 

hydrazone were found to lie in the ranges 2.211(4) – 2.624(5) Å and 2.476(4) – 

2.622(7) Å, respectively, whereas the Ln∙∙∙Ln distances were observed between 

4.0128(12) and 4.1802(10) Å [14]. Bond distances and angles are also comparable to 

lanthanide complexes derived from related hydrazone ligands, such as N'-(pyridin-2-

ylmethylidene)benzohydrazide, 2-acetylpyridine nicotinohydrazone and (E)-N'-[1-

(pyridin-2-yl)ethylidene]isonicotinohydrazide [11,12,33].     

 

A lower coordination number was expected for the heavier lanthanides relative to 

their lighter counter-parts due to the smaller size of the Er(III) and Yb(III) ions 

compared to La(III) and Nd(III) ions. The +6 charge of the two Ln(III) ions in the 
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dinuclear complexes is therefore neutralised by two mono-deprotonated hydrazone 

molecules and four acetate groups. A comparison of the secondary coordination 

spheres of the complexes reveals crystallographic water and DMF molecules in 1–3, 

and only one DMF molecule in the outer spheres of 4 and 5. These lattice solvent 

molecules play a key role in stabilising the metal complexes through intermolecular 

hydrogen bonds [11]. 

 

Meticulous analysis of the X-ray diffraction data of the dinuclear complexes 1–5 

show the existence of hydrogen bonding interactions of the type O-H∙∙∙O and N-H∙∙∙O 

(Figures 3.6a and 3.6d; Table 3.5b). The complexes are further stabilised by networks 

of weak non-covalent C-H∙∙∙O interactions. In 1–3, the O-H groups of the coordinated 

water molecules are hydrogen bonded to the phenolate O-atoms [-H∙∙∙O; 1.965(18)–

1.984(16) Å], as well as the O-atoms of the crystallographic DMF [-H∙∙∙O; 1.887(16)–

1.894(15) Å]. The other kinds of O-H∙∙∙O hydrogen bonds are apparent between the   

–OH group of lattice water molecules, and the oxygen atoms of the chelating- and 

bridging-acetate groups as acceptors. In the La(III) and Nd(III) complexes, the N-H of 

the Schiff base ligands interacts with the O-atoms of the crystallographic water 

molecules [average -H∙∙∙O = 1.98 Å].  

 

The crystal structures of the Er(III) and Yb(III) complexes are also stabilised by 

classical hydrogen bonds (Figure 3.6d; Table 3.5b). The two types of hydrogen bonds 

existing in these complexes involve the –OH group of the coordinated water 

molecules as donors, and the oxygen atoms of the phenolate groups and the lattice 

DMF as acceptors. Hydrogen bonds of the N-H∙∙∙O type in 4 and 5 are facilitated by 

the N-H of H2Nic and the free oxygen of the monodentately coordinated acetate 

groups. Hydrogen bond geometries in 4 and 5 indicate D-H∙∙∙A angles of 159(4) and 

164(3)o, respectively.  
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Table 3.5b: Hydrogen bond geometry (Å, °) in complexes 1–5. 
Complex 1 

D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N2-H2∙∙∙O3 0.81(2) 2.01(2) 2.804(3) 169(3) 
O2-H2A∙∙∙O55 0.84(2) 1.892(19) 2.720(3) 171(3) 
O2-H2B∙∙∙O22 0.840(16) 1.965(18) 2.794(2) 169(3) 
O3-H3A∙∙∙O32 0.83(2) 1.94(2) 2.769(2) 175(2) 
O3-H3B∙∙∙O42 0.83(3) 1.88(3) 2.706(3) 176(3) 
C4-H4∙∙∙O3 0.95 2.48 3.277(3) 141 
C12-H12∙∙∙O1 0.95 2.42 2.746(3) 100 
C16-H16∙∙∙O3 0.95 2.36 3.292(3) 166 
C52-H52C∙∙∙O55 0.98 2.37 2.785(4) 104 
C54-H54∙∙∙O41 0.95 2.40 3.340(4) 168 

Complex 2 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
O5-H5A∙∙∙O11 0.834(15) 1.984(16) 2.8078(16) 169(2) 
O5-H5B∙∙∙O4 0.833(16) 1.887(16) 2.713(2) 171(2) 
O6-H6A∙∙∙O21 0.840(2) 1.860(2) 2.699(2) 177(3) 
O6-H6B∙∙∙O32 0.840(2) 1.920(2) 2.7558(19) 173.4(19) 
N12-H12∙∙∙O6 0.840(2) 1.950(2) 2.7776(19) 169(2) 

Complex 3 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
O5-H5A∙∙∙O11 0.833(14) 1.970(15) 2.7944(18) 170(2) 
O5-H5B∙∙∙O4 0.832(15) 1.894(15) 2.721(2) 173(3) 
O6-H6A∙∙∙O21 0.83(3) 1.86(3) 2.697(2) 176(2) 
O6-H6B∙∙∙O32 0.83(2) 1.94(2) 2.763(2) 173(2) 
N12-H12∙∙∙O6 0.81(2) 1.98(2) 2.777(2) 173(2) 

Complex 4 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
O1-H1A∙∙∙O51 0.83(2) 1.92(2) 2.748(4) 175(3) 
O1-H1B∙∙∙O22 0.83(3) 1.95(3) 2.770(3) 169(3) 
N18-H18∙∙∙O32 0.98(4) 1.80(4) 2.735(3) 159(4) 

Complex 5 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N2-H2∙∙∙O42 0.90(3) 1.87(3) 2.743(3) 164(3) 
O2-H2A∙∙∙O55 0.838(15) 1.925(15) 2.761(3) 175(2) 
O2-H2B∙∙∙O22 0.831(17) 1.940(18) 2.762(2) 170(2) 

D = donor, A = acceptor 

 

3.4.6 Atomic charge analysis of the ligands 

The electron distribution in the various sub-shells of the atomic orbitals of the 

hydrazone ligands was portrayed through the natural population analysis (NPA) 

method with B3LYP functional and aug-cc-pVTZ basis set (Figures 3.7a-d) [34-37]. 

The accumulation of charges on selected atoms and the accrual of electrons in the 

core, valence and Rydberg sub-shells are depicted in Table 3.6 [34]. The phenolate 

oxygen, the carbonyl oxygen and the azomethine nitrogen atoms were found to 
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accumulate the most electronegative charge of -0.79149, -0.67878 and -0.41671 in 

DMSO, respectively. A similar trend in the gas implies an order of bond lengths: Ln-

Ophenolate < Ln-Ocarbonyl < Ln-Nazomethine, as the most electronegative atoms are more 

inclined to donate electrons, based on the electrostatic characteristic of the compound 

[35]. All the hydrogen atoms are positively charged (in the range 0.10735–0.38076), 

as well as the carbon atoms (C5, C15 and C17) attached to electronegative atoms (O1, 

O2 and N3). The oxygen and nitrogen atoms withdraw electrons and hence, the 

electron population at C5, C15 and C17 is less and show a positive charge, with the 

highest positive charge accumulated on the carbon atom bonded to the phenolate 

oxygen. Natural population analysis also showed that the nitrogen and the aromatic 

carbon atoms (with the exception of C5) bear negative charges. The negative charges 

on the aromatic carbons are due to the aromatic π-electron system [38]. 

 

 

 

(a) 

 

 

 

(b) 

 
Figure 3.7a and 3.7b: Optimised molecular structures with atom-numbering scheme 

of: (a) Hphen– and (b) HNic–.  



Chapter 3                                                                                                    T. Madanhire 
 

 

Nelson Mandela University                                                                                     82 

 

 
Figure 3.7c: The NPA atomic charge distribution of Hphen– in the gas phase and 

DMSO. 

 

 

 
Figure 3.7d: The NPA plot for HNic– to indicate atomic charge distribution. 
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Table 3.6: Natural population analysis showing allotment of electrons between core, 

valence and Rydberg orbitals for selected atoms in hydrazone ligands in DMSO. 
H2phen 

Atom Charge Core Valence Rydberg Total 
O1 -0.79149 2.00000 6.76831 0.02319 8.79149 
O2 -0.67878 2.00000 6.65425 0.02454 8.67878 
N3 -0.30206 1.99999 5.26364 0.03843 7.30206 
N4 -0.41671 1.99999 5.39130 0.02542 7.41671 
C6 -0.32031 1.99999 4.29838 0.02195 6.32031 

C17 0.62867 1.99999 3.33424 0.03710 5.37133 
H16 0.14966 0.00000 0.84644 0.00389 0.85034 
H29 0.38076 0.00000 0.61524 0.00400 0.61924 

      
Core 35.99980 (99.9995 % of 36)   
Valence 89.49428 (99.4381 % of 90)   
Rydberg 0.50592 (0.4015 % of 126)   

H2Nic 
Atom Charge Core Valence Rydberg Total 

O1 -0.78912 2.00000 6.76603 0.02309 8.78912 
O2 -0.67210 2.00000 6.64768 0.02442 8.67210 
N3 -0.30186 1.99999 5.26461 0.03726 7.30186 
N4 -0.41296 1.99999 5.38761 0.02535 7.41296 
N5 -0.46203 1.99999 5.42557 0.03646 7.46203 
C8 0.62786 1.99999 3.33656 0.03559 5.37214 

C15 -0.34043 -0.34043 1.99999 4.30906 0.03138 
H7 0.15024 0.00000 0.84581 0.00395 0.84976 
H28 0.38095 0.00000 0.61501 0.00404 0.61905 

      
Core 35.99981 (99.9995 % of 36)   
Valence 89.48535 (99.4282 % of 90)   
Rydberg 0.51484 (0.4086 % of 126)   

 

 

All the hydrogen and carbon atoms (bonded to electronegative O- and N-atoms), 

namely C6, C8, C10, C20 and C22 in H2Nic were predicted through NPA to have a 

net positive charge [36,37]. The electron deficiency (positive charge) on these carbon 

atoms is a result of the withdrawal of electrons by nitrogen and oxygen atoms, and 

hence the electron population is less. It is noted that the most negative load (-0.78912) 

is located on the phenolate oxygen atom. Single-crystal X-ray diffraction studies of 

the complexes confirmed participation of the phenolate O-atoms (as acceptors) of 

both H2phen and H2Nic in hydrogen bond formation with water and crystallographic 

DMF molecules, thus further stabilising the coordination compounds (Table 3.5b) 

[36]. These phenolate oxygens give the shortest bond lengths with the metal ions due 

to the highest charge density, compared to the carbonyl oxygen and azomethine 

nitrogen atoms that also possess negative charges [39]. All the nitrogen atoms (N3, 
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N4 and N5) bear negative atomic charge, with the pyridyl nitrogen (N5) having the 

largest negative charge in comparison to the other N-atoms. The pyridyl nitrogen 

atom, however, does not coordinate due to its unfavourable configuration that does 

not promote selectivity, brought about by formation of stable 5- or 6-membered rings 

[40]. The remaining atoms C9, C11, C13, C15, C17, C19, C24 and C26 show 

negative partial charges over them. The sum of the natural charges for both hydrazone 

ligands was found to be -1.00000, thus confirming deprotonation to give phenolate 

groups.    

 

Figures 3.7e and 3.7f illustrate the molecular electrostatic potential (MEP) isosurfaces 

for the deprotonated hydrazone ligands, Hphen– and HNic–, which are useful in 

reactivity studies and in depicting molecular shape and size [41]. The MEP maps of 

both hydrazones indicate negative charge regions (red and yellow) that show 

electrophilic reactivity; these regions covered the phenolate and carbonyl oxygens, 

and the azomethine nitrogen atoms [39,42]. The phenolate oxygen atom is the most 

electronegative, and is therefore anticipated to be the most reactive part in these Schiff 

bases. The hydrazone MEP thus supports the O,N,O-donor behaviour of the Schiff 

bases, and takes into consideration the unfavourable orientation of the pyridyl N-atom 

of HNic– for coordination [40]. From the MEP maps, it is observed that the positive 

(blue) regions are distributed over the hydrogen atoms, with these expected to exhibit 

nucleophilic reactivity [42]. 

 

It is important to note that the phenolate rings of both ligands are more electron-rich 

compared to the phenyl ring of Hphen– or the pyridyl ring of HNic–. This can be 

ascribed to the negative charge on the anionic phenolate ring being delocalised 

throughout the ring through resonance to ensure stabilisation [38]. For HNic–, the 

electron density is not evenly distributed over the pyridyl ring due to the negative 

inductive effect of the electronegative sp2-hybridised nitrogen atom [38,43]. 

Furthermore, the nitrogen lone electron pair is not part of the aromatic π-system, 

resulting in less resonance stabilisation, or a π-deficient system [38,43].  
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(f) 

 

Figures 3.7e and 3.7f: Calculated MEP map of: (e) Hphen– and (f) HNic–. The MEP 

partial charges are coloured, based on the gradient indicated to the left of each ligand. 

The maps were drawn using an isovalue of 0.05. 

 

An investigation into the electrophilic and nucleophilic regions of potential anticancer 

drugs is vital in elucidating hydrogen bond interactions, nucleophilic and electrophilic 

reactions involving the anticancer agent, DNA (or enzymes) and the solvent medium 

[44].   
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3.4.7 Frontier molecular orbital analysis and global and chemical reactivity 

descriptors 

Frontier molecular orbital (FMO) analysis helps in explaining stability, energy 

transfer and chemical reactivity in the molecule [45-48]. According to the Koopmans 

theorem, the energies of the highest occupied molecular orbitals (HOMO) and lowest 

unoccupied molecular orbitals (LUMO) are directly related to the ionisation potential 

and electron affinity, respectively [45-47]. The HOMO–LUMO energy gap is 

responsible for the strength and stability of the compounds, as well as elucidating 

coordination properties. A large intermolecular charge transfer in the molecule or 

chemical reactivity is indicated by small energy gaps [45,47]. 

 

The HOMO and LUMO of HNic– is better stabilised compared to Hphen–. The 

HOMO–LUMO energy gap of Hphen– (3.347 eV) is higher than that of HNic– (3.180 

eV) (Figures 3.8a and 3.8b). The energy gaps of the HOMO-LUMO vicinal molecular 

orbitals (HOMO-1 and LUMO+1) are calculated to be 5.057 and 4.629 eV for Hphen– 

and HNic–, respectively. These results therefore depict better stabilisation of both the 

HOMO and LUMO of HNic– compared to Hphen– [46,47]. 

 

The stability, optical polarisability and reactivity of the hydrazone ligands were 

defined using chemical and global reactivity descriptors, based on the energies of the 

transition levels of the FMOs (Table 3.7). The slightly lower ionisation potential value 

of Hphen– (4.871 eV) compared to HNic– (4.898 eV) shows that Hphen– is a better 

electron donor [45,49]. To gain insight into the behaviour of the hydrazone chemical 

systems, hardness and softness calculations revealed that Hphen– has a higher 

hardness value (η = 1.674 eV) whilst HNic– possesses a larger softness value of 0.629 

eV-1. As a softer molecule, HNic– is thus expected to be more polarisable than 

Hphen– [45,46,49].  
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(a) 

 

 
 
 
(b) 

 

 

Figures 3.8a and 3.8b: The frontier molecular orbitals plot of: (a) Hphen– and (b) 

HNic– calculated at B3LYP/aug-cc-pVTZ in the solvent (DMSO), indicating HOMO-

LUMO energy gaps. The orbital surfaces were generated using an isovalue of 0.03. 

 

The chemical potentials of the Schiff bases are negative (Hphen– = -3.198 eV; HNic– 

= -3.308 eV), showing that the compounds are stable and do not decompose 

spontaneously into constituent elements [45,46,49]. When the system is saturated by 

electrons from the external environment, Hphen– has a tendency to act as a better and 

more reactive nucleophile (lower electrophilicity (ω) of 3.055 eV), while HNic– is a 

better electrophile due to its higher ω-value [45,46,50]. Through analysis of the 

electrophilicity index values, the toxicities of the compounds in biological activity can 

be predicted or estimated since toxicity is reasonably correlated with electrophilicity 
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[49-51]. A compound with a low electrophilicity index is anticipated to have less 

toxicity [49-51].   

 

Table 3.7: Global and chemical parameters of Hphen– and HNic–. 

  Hphen– HNic– 

Global and chemical 

reactivity descriptor 

Symbols Values (eV) Values (eV) 

Energy of HOMO EHOMO –4.871 –4.898 

Energy of LUMO ELUMO –1.524 –1.718 

Energy of HOMO-1 EHOMO-1 –5.822 –5.848 

Energy of LUMO+1 ELUMO+1 –0.765 –1.219 

Energy of HOMO-2 EHOMO-2 –6.154 –6.196 

Energy of LUMO+2 ELUMO+2 –0.680 –0.832 

First energy gap ΔE = LUMO – HOMO  3.347 3.180 

Second energy gap ΔE = LUMO+1 – HOMO-1 5.057 4.629 

Third energy gap ΔE = LUMO+2 – HOMO-2 5.474 5.364 

Ionisation energy (I) –EHOMO 4.871 4.898 

Electron affinity (A) –ELUMO 1.524 1.718 

Hardness (η) (I– A)
2

 
1.674 1.590 

Chemical potential (μ) – (I + A)
2

 –3.198 –3.308 

Softness (σ) 1
𝜂

 0.597 0.629 

Electrophilicity index (ω) 𝜇2

2𝜂
 

3.055 3.441 

Electronegativity (χm) 𝐼 + 𝐴
2

 3.198 3.308 

 Softness (σ) values are in eV-1.  

 

3.4.8 Anticancer screen 

The free hydrazone ligands, lanthanide acetate salts and Ln(III)-hydrazone complexes 

were screened for cytotoxicity using the MTT assay, against  MCF-7, HEC-1A and 

THP-1 cells (Figure 3.9). Cytotoxicity analysis of the compounds was accomplished 

by exposing the cells to 100 μM of the organic and coordination compounds for 24 
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hours, followed by evaluation of mitochondrial enzymatic reduction of MTT to 

formazan [52]. A compound is considered cytotoxic if a standard concentration of 100 

μM reduces the viability of cells or growth of cells to 50 % or less [52].  

 

The viability (set at 100 %) of all three cancer cell lines were not affected and were 

considered as having 100 % cell viability after exposure to 0.1 % DMSO vehicle 

control. The cells were treated with 100 μM [La(OAc3)3∙xH2O], [Nd(OAc3)3∙xH2O], 

[Er(OAc3)3∙xH2O] and [Yb(OAc3)3∙4H2O] for 24 hours. None of the tested metal salts 

exhibited statistically significant increases in cytotoxicity, with the [La(OAc3)3∙xH2O] 

treatment significantly resulting in increase in THP-1 cell proliferation (122.0±12.76 

%, p<0.05). No cytotoxic effects were observed in THP-1 cells (p>0.05) for all the 

tested compounds (free ligands, metal salts and complexes) (Figure 3.9). 

 

 

 

Figure 3.9: Cytotoxic effects of the compounds on MCF-7, HEC-1A and THP-1 cells 

using the MTT assay. Mean values of three independent experiments ± SD are shown. 
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In the MCF-7 cell line, cell viability was significantly reduced (p<0.05) after 24 hours 

of exposure to 100 μM of H2phen, H2Nic and complexes 1–4. The results also 

indicated that the cytotoxicity of 1–3 is similar to that of the positive control 

(curcumin) in MCF-7 cells (p>0.05), with approximately 50 % inhibition achieved. 

The inhibitory effects of the compounds are in the order: curcumin ≈ 1 ≈ 2 > H2Nic > 

3 > 4 ≈ H2phen. The ligand H2Nic exhibits greater toxicity compared to H2phen in 

all three cell lines. One of the factors that might be responsible for such activity is the 

presence of the pyridyl moiety in H2Nic [53,54]. Higher biological activity for H2Nic 

relative to H2phen can also be related to the higher electrophilicity of HNic– (ω = 

3.441 eV) than Hphen– (ω = 3.055 eV). Electrophilicity is an important electronic 

parameter in the stabilisation of drugs in the active sites, as well as in the reactions 

with nucleophilic sites in macromolecules (such as DNA or proteins) and eventually 

leading to cytotoxicity [55,56]. 

 

Compounds 3, 4, 5, H2phen and H2Nic exerted cytotoxic effects in HEC-1A cells 

(p<0.05), while 3–5 have similar cytotoxicity against this cancer cell line (p<0.05) 

(~50 % inhibition at 100 μM). The inhibitory effects exerted by the free hydrazone 

ligands and the coordination complexes 3 and 4 occur in both MCF-7 and HEC-1A 

cell lines, but not in THP-1 cells. This infers that hormone-responsive (estrogen-

dependent) breast and endometrial cancer cell lines could be sensitive to these 

compounds [57-59]. Further testing is thus needed to confirm the sensitivity of the 

hormone-dependent cells to the compounds. The lanthanum(III) complexes 1 and 2 

were, however, selectively toxic towards MCF-7 cells and not HEC-1A or THP-1 

cells. In the HEC-1A and THP-1 cell lines, curcumin significantly reduced cell 

viability over 24 hours (p<0.05), with cell viability reduced to 14.1±3.76 % and 

21.5±0.83 %, respectively. 

 

3.5 Conclusion 

Metal complexes of H2phen and H2Nic were successfully isolated, in which the 

monodeprotonated hydrazones acted as O,N,O–donor ligands, and three coordination 

modes η2, η1:η2:µ2 and η1 were revealed for the acetate groups. The formation of the 
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compounds was further ascertained by melting points, elemental analysis, IR, NMR 

and UV-Vis spectroscopy studies. 

 

The ligands and lattice solvents of the metal complexes contain distinct oxygen and 

nitrogen atoms that were found to play an important role in stabilisation of the crystal 

structure through hydrogen bond formation. It is therefore worthwhile investigating 

which of the atoms significantly affect the functioning of the anticancer agents. 

 

Natural population analysis was performed on ligands in DMSO and gas. This is 

important in understanding chemical reactivity, and predicting the formation of 

hydrogen bonding that plays a role in the stabilisation of the crystal structure [36]. 

Regarding the atomic charges on hydrazone ligands, the lowest charges were found on 

Ophenolate, Ocarbonyl and Nazomethine atoms. This gave rise to tridentate O,N,O-donor 

chelates, comprising of five- and six-ring stable complexes. Molecular electrostatic 

potential analysis was used in characterisation of electron-deficient and electron-rich 

regions of hydrazone systems, to decipher molecular reactivity. 

 

The results obtained show that the lanthanide metal salts are not cytotoxic in the three 

cancer cell lines studied. It is therefore concluded that complexation of the metals 

with the hydrazones can be a way of reducing cancer cell viability as shown by 

improved cytotoxicity of complex 1 compared to H2phen against MCF-7 cells. The 

biological studies clearly show that the hydrazone ligands and complexes 1–4 are 

partially cytotoxic against MCF-7 cells, while the free ligands and 3–5 inhibit cell 

growth in HEC-1A cells. The in vitro cytotoxicity also revealed no activity of all the 

compounds against THP-1 cells – no adverse effect on the monocytic cells of the 

immune system. None of the compounds tested were as effective as curcumin in 

reducing viability of the three cancer cell lines. 

 

Redesigning and developing other hydrazone-derived lanthanide complexes with 

mechanisms of action that are distinct from the known and synthesised compounds 

will lead to novel compounds with an enhanced cytotoxic profile. This can be 
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achieved through substitution of some substituents on the ligands, or by constructing 

an entirely new hydrazone compound. 

 

 

3.6 Supplementary information 

3.6.1 Crystallographic data 

 

Table S3.1a: Crystal and structure refinement data for complexes 1–3. 

 1 2 3 

Formula C36H38La2N4O14, 
2(C3H7NO), 2(H2O) 

C34H36La2N6O14, 
2(C3H7NO), 2(H2O) 

C34H36N6Nd2O14, 
2(C3H7NO), 2(H2O) 

Mr (g.mol-1) 1210.75 1212.73 1223.39 
Crystal system Triclinic Triclinic Triclinic 
Space group P-1 (No. 2) P-1 (No. 2) P-1 (No. 2) 
a, b, c [Å] 8.3667(4), 12.4857(6), 

12.5934(5) 
8.3393(5), 12.3411(6), 
12.4739(6) 

8.2828(3), 
12.3706(4), 
12.3775(4) 

α, β, γ (°) 80.688(2), 73.428(2), 
89.374(2) 

78.960(5), 74.105(2), 
89.365(2) 

79.081(2), 89.320(2), 
74.046(2) 

V (Å3) 1243.43(10) 1210.67(11) 1196.23(7) 
Z 1 1 1 

ρ (g.cm-3) 1.617 1.663 1.698 
µ (mm-1) 1.771 1.820 2.227 
F(000) 608 608 614 
Crystal size (mm) 0.07 × 0.10 × 0.29 0.13 × 0.16 × 0.38 0.11 × 0.13 × 0.32 
Temperature (K)  200 200 200 
Mo Kα radiation, λ 
(Å) 

0.71073 0.71073 0.71073 

θ (min-max) (°) 2.2, 28.3 1.7, 28.3 1.7, 28.3 
Data set -11≤h≤11; -16≤k≤16; 

 -16≤l≤16 
-11≤h≤11; -16≤k≤16; 
 -16≤l≤16 

-11≤h≤11; -16≤k≤16; 
 -16≤l≤16 

Tot., Unique data, 
Rint 

32850, 6110, 0.026 53560, 6013, 0.018 54258, 5936, 0.026 

Observed [I>2σ(I)] 
reflections 

5476 5697 5539 

Nreflections, Nparameters 6110, 331 6013, 331 5936, 331 
R[F2>2σ(F2)], 
wR(F2), S 

0.0250, 0.0548, 1.04 0.0166, 0.0415, 1.06 0.0169, 0.0413, 1.05 

Δρmin, Δρmax (e.Å-3) -0.49, 2.10 -0.32, 1.32 -0.37, 1.10 
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Table S3.1b: Crystal data and structure refinement parameters of 4 and 5. 
 4 5 

Formula C34H36Er2N6O14, 2(C3H7NO) C34H36 N6O14Yb2, 2(C3H7NO) 

Mr (g.mol-1) 1233.40 1244.96 
Crystal system Monoclinic Monoclinic 
Space group P21/c (No. 14) P21/c (No. 14) 
a, b, c [Å] 11.427(5), 19.168(8), 11.077(5) 11.3880(4), 19.2010(7), 

11.1177(4) 
α, β, γ (°) 90, 113.066(16), 90 90, 113.438(2), 90 
V (Å3) 2232.3(17) 2230.43(14) 
Z 2 2 
ρ (g.cm-3) 1.835 1.854 
µ (mm-1) 3.814 4.247 
F(000) 1220 1228 
Crystal size (mm) 0.19 × 0.25 × 0.33 0.18 × 0.44 × 0.44 
Temperature (K)  200 200 
Mo Kα radiation, λ (Å) 0.71073 0.71073 
θ (min-max) (°) 2.1, 28.4 1.9, 28.3 
Data set -14≤h≤15; -25≤k≤25; 

 -14≤l≤14 
-15≤h≤15; -25≤k≤25; 
 -14≤l≤14 

Tot., Unique data, Rint 40750, 5559, 0.035 31541, 5559, 0.020 

Observed [I>2σ(I)] 
reflections 

4688 5205 

Nreflections, Nparameters 5559, 314 5559, 302 
R[F2>2σ(F2)], wR(F2), S 0.0222, 0.0490, 1.06 0.0187, 0.0430, 1.11 
Δρmin, Δρmax (e.Å-3) -0.63, 0.79 -1.33, 1.43 
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3.6.2 Molecular modelling data 

Table S3.2a: Natural population analysis of Hphen– at the DFT/B3LYP level using 

the aug-cc-pVTZ basis set in the gas phase and DMSO. 

Atoms Natural charge 
(DMSO) 

Population Natural 
charge (gas) 

Population 

O1 -0.79149 8.79149 -0.67173 8.67173 
O2 -0.67878 8.67878 -0.61767 8.61767 
N3 -0.30206 7.30206 -0.25572 7.25572 
N4 -0.41671 7.41671 -0.41573 7.41573 
C5 0.37205 5.62795 0.39423 5.60577 
C6 -0.32031 6.32031 -0.30227 6.30227 
C8 -0.19554 6.19554 -0.20531 6.20531 

C10 -0.31690 6.31690 -0.33125 6.33125 
C12 -0.19802 6.19802 -0.20159 6.20159 
C14 -0.14536 6.14536 -0.13297 6.13297 
C15 0.04893 5.95107 0.04441 5.95559 
C17 0.62867 5.37133 0.60581 5.39419 
C18 -0.15696 6.15696 -0.12877 6.12877 
C19 -0.19570 6.19570 -0.20415 6.20415 
C21 -0.20441 6.20441 -0.21130 6.21130 
C23 -0.19746 6.19746 -0.21751 6.21751 
C25 -0.22968 6.22968 -0.23404 6.23404 
C27 -0.10773 6.10773 -0.10346 6.10346 
H7 0.19554 0.80446 0.18900 0.81100 
H9 0.20030 0.79970 0.17770 0.82230 

H11 0.20344 0.79656 0.18162 0.81838 
H13 0.19910 0.80090 0.17514 0.82486 
H16 0.14966 0.85034 0.10735 0.89265 
H20 0.21535 0.78465 0.20254 0.79746 
H22 0.21665 0.78335 0.19721 0.80279 
H24 0.21871 0.78129 0.19809 0.80191 
H26 0.21532 0.78468 0.19655 0.80345 
H28 0.21264 0.78736 0.21774 0.78226 
H29 0.38076 0.61924 0.34606 0.65394 

Total -1.00000 126.00000 -1.00000 126.00000 
 

Table S3.2b: Natural population analysis of HNic– at the DFT/B3LYP level using the 

aug-cc-pVTZ basis set in the gas phase and DMSO. 

Atoms Natural charge 
(DMSO) 

Population Natural 
charge (gas) 

Population 

O1 -0.78912 8.78912 -0.66858 8.66858 
O2 -0.67210 8.67210 -0.61141 8.61141 
N3 -0.30186 7.30186 -0.25597 7.25597 
N4 -0.41296 7.41296 -0.41435 7.41435 
N5 -0.46203 7.46203 -0.44067 7.44067 
C6 0.07621 5.92379 0.07010 5.92990 
C8 0.62786 5.37214 0.60434 5.39566 
C9 -0.25310 6.25310 -0.24109 -6.24109 

C10 0.39577 5.60423 0.41700 5.58300 
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………Table S3.2b continued 

Atoms Natural charge 
(DMSO) 

Population Natural 
charge (gas) 

Population 

C11 -0.31952 6.31952 -0.30080 6.30080 
C13 -0.19460 6.19460 -0.20452 6.20452 
C15 -0.34043 6.34043 -0.35421 6.35421 
C17 -0.10430 6.10430 -0.10688 6.10688 
C19 -0.16145 6.16145 -0.13923 6.13923 
C20 0.07546 5.92454 0.07627 5.92373 
C22 0.04905 5.95095 0.02933 5.97067 
C24 -0.23563 6.23563 -0.25145 6.25145 
C26 -0.14799 6.14799 -0.17024 6.17024 
H7 0.15024 0.84976 0.10730 0.89270 
H12 0.19558 0.80442 0.18937 0.81063 
H14 0.20067 0.79933 0.17850 0.82150 
H16 0.20306 0.79694 0.18164 0.81836 
H18 0.19011 0.80989 0.16706 0.83294 
H21 0.20370 0.79630 0.20784 0.79216 
H23 0.19623 0.80377 0.17592 0.82408 
H25 0.22736 0.77264 0.20363 0.79637 
H27 0.22283 0.77717 0.20667 0.79333 
H28 0.38095 0.61905 0.34440 0.65560 

Total -1.00000 126.00000 -1.00000 126.00000 
 

3.6.3 Anticancer activity tests 

Table S3.3: Summary of cytotoxicity of the hydrazone ligands and five metal 
complexes. 

 

Compound 

(100 µM) 

Cells 

MCF-7 HEC-1A THP-1 

Cell viability (%) 

La(OAc3)3∙xH2O 103.7±10.28 82.87±13.03 122.0±12.76 

Nd(OAc3)3∙xH2O 104.3±9.69 93.87±13.18 101.9±2.62 

Er(OAc3)3∙xH2O 93.8±1.70 95.4±18.87 105.4±18.88 

Yb(OAc3)3∙4H2O 100.5±0.65 85.8±6.85 89.9±10.16 

H2phen 72.1±10.17 76.5±4.11 100.0±4.75 

H2Nic 60.8±3.24 65.9±5.55 73.5±16.71 

Complex 1 57.5±10.44 82.3±12.96 92.3±14.38 

Complex 2 58.9±8.26 79.1±14.51 86.1±12.70 

Complex 3 63.4±6.44 54.9±12.07 85.7±12.13 

Complex 4 73.5±8.04 50.8±11.54 77.8±10.34 

Complex 5 77.5±12.90 55.7±4.95 101.8±17.06 

CURCUMIN 46.8±6.46 14.1±3.76 21.5±0.83 
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CHAPTER 4 

Synthesis, characterisation and cytotoxic 

activity of Ln(III) complexes with N-(2,6-

dimethylphenyl)oxamate in cancer cell lines 

 

4.1 Introduction 

The prevalence of cancer is rising each year, resulting in cancer becoming the leading 

cause of death worldwide [1]. Among the most commonly diagnosed types of cancers 

are breast (in women), endometrial, prostate, colorectal, and lung cancer [1-4]. The 

metallodrug cisplatin has been extensively used in cancer chemotherapy since the 

1960s, although its clinical applications are limited due to adverse effects, such as 

nausea, ototoxicity, low hydrolytic stability and resistance in some cancer cells [5,6]. 

This has encouraged researchers to investigate alternative metal complexes as 

potential anticancer agents, with improved effectiveness towards cancer. 

 

Previous studies have demonstrated that complexes of the 4f elements have a relevant 

role in chemotherapy, since the Ln(III) compounds actively inhibit tumour growth due 

to the ability of lanthanide to suppress iron uptake, alter signal transduction and 

inhibit reactive oxygen species production through binding to hydro-peroxides [7,8]. 

In addition, the lanthanides can mask free radicals by means of magnetic interactions 

[7]. Problems associated with platinum-based anticancer agents can thus potentially 

be overcome by resorting to lanthanide-based drugs. 

 

The d- and f-block metal complexes containing carboxylic acids have been widely 

studied due to their potential use as anticancer agents [9]. Oxamic acid is among the 

simplest carboxylic acid ligands examined (Figure 4.1) which has tumour growth 

inhibition properties [9-11]. Oxamate (a structural analogue of pyruvate), or its 
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derivatives, act by targeting aerobic glycolysis (an abnormal process related to tumour 

progression and metastasis) through competitive inhibition of pyruvate conversion to 

lactate by the enzyme lactate dehydrogenase A (LDHA) [9-11]. For example, oxamate 

significantly inhibits the proliferation of non-small cell lung cancer (NSCLC) cells, 

with the investigation revealing lower toxicity in normal cells [12]. 

  

NH2

O

O

OH

oxamic acid

NH OH

OO

N-(2,6-dimethylphenyl)oxamic acid  
Figure 4.1: Structures of oxamic acid and N-(2,6-dimethylphenyl)oxamic acid [9-11]. 

 

Complexation studies of oxamic acid and its derivatives with d- and f-block metals 

indicated that these ligands have interesting ligating properties, as they can chelate in 

a bidentate mode to the metal ions either via both oxygen atoms, or through one 

nitrogen atom and one oxygen atom [9,13]. For example, X-ray analysis of the Co(III) 

complex, [Co(C2O3NH2)2(OH2)2]∙2H2O revealed coordination of oxamic acid as a 

bidentate O,O-donor ligand. Other reports showed that oxamic acid can act mono-,  

bi-, tri- or tetradentately (bridging) in its mono- or dianionic form [9,13]. 

Monodentate coordination is possible for the monoanionic ligand using an O-atom of 

the carboxylic group, while tridentate binding occurs through all the oxygen atoms. 

The carboxylic and amide protons are ionisable to yield a dianionic ligand, which can 

act as a bridging ligand in dinuclear or polynuclear complexes [13]. 

 

Lanthanide complexes are vital, not only in therapy, but also in cancer diagnosis, due 

to the versatile magnetic characteristics of the metal ion 4f electronic configuration 

[14]. Lanthanide-based single-ion magnets are also of potential use in quantum 

computing devices or high-density magnetic memories [15]. An example of a 

complex showing slow magnetic relaxation behaviour is the mononuclear Dy(III)-

oxamate complex derived from N-(2,6-dimethylphenyl)oxamic acid (H2L, Figure 4.1) 
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in a controlled basic media [15]. The isolated mononuclear Dy(III) coordination 

compound, which is stabilised by metal-ligand bonds and hydrogen bonding, has the 

formula Me4N[Dy(HL)4]∙2CH3CN. The oxamate ligands assume the O,O'-chelating 

mode, forming an eight-coordinate environment with distorted D2d dodecahedron 

geometry [15]. 

 

This chapter reports the preparation of the solid-state Ce(III), Nd(III), Gd(III) and 

Er(III) complexes with N-(2,6-dimethylphenyl)oxamate (Hpma–) (Scheme 4.1), and 

their characterisation by means of micro-analyses, infrared (IR), UV-Vis-NIR and 

nuclear magnetic resonance (NMR) spectroscopy, as well as single-crystal X-ray 

crystallography. We herein present Ln(III)–oxamate coordination polymers of the 

formula: {[Ln(Hpma)3(MeOH)(H2O)]∙2MeOH}n (Ln = Ce (1) and Nd (2)), 

{[Gd2(Hpma)6(MeOH)4]∙6MeOH}n (3), {[Er2(Hpma)6(MeOH)(H2O)3]∙2MeOH}n (4) 

and [Ln2Na2(Hpma)8(EtOH)(H2O)6]n (Ln = Nd (5) and Gd (6)). Density Functional 

Theory (DFT) calculations were performed to compare theoretical calculations and 

experimental findings, and to confirm experimental results. This work also aims at 

investigating the anticancer properties of the oxamate compounds by determining 

their in vitro cytotoxicities against breast cancer (MCF-7), the endometrial carcinoma 

(HEC-1A) and the human monocytic (THP-1) cell lines using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [16,17]. 

Anticancer screen serve to identify compounds that may act as lead compounds in the 

design of novel chemotherapeutic agents.  

1 M NaOH

NH

OO

O NH

OO

O
+ CH3CH2OH

Na

(Hdmp)

[Hpma ] Na
ethyl (2,6-dimethylphenylcarbamoyl)formate

Hpma- = N-(2,6-dimethylphenyl)oxamate
 

Scheme 4.1: Hydrolysis of the proligand Hdmp to the anionic oxamate ligand 
Hpma– [18]. 

 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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4.2 Synthesis of the ligand and complexes 

4.2.1 Synthesis of ethyl (2,6-dimethylphenylcarbamoyl)formate (Hdmp) 

The proligand Hdmp was synthesised according to the literature procedure [18]. 2,6-

Dimethylphenylaniline (10.22 mL, 83 mmol) in 250 mL THF was treated with 9.3 mL 

ethyl chlorooxoacetate (9.273 mL, 83 mmol) in the presence of 12 mL triethyl amine 

(11.569 mL, 83.002 mmol). The mixture was continuously stirred for 30 minutes at 

room temperature, under a nitrogen atmosphere. The resulting solution was filtered 

and the solvent was removed under vacuum to yield an oily colourless crude product, 

which quickly solidified. The white solid was suspended into water and filtered off, 

washed with diethyl ether, and then dried under vacuum. Yield = 93.0 %, m.p. = 

177.1 oC. Anal. Calcd for C12H15NO3 (%): C, 65.14; H, 6.83; N, 6.33. Found: C, 

65.12; H, 6.78; N, 6.27. IR (cm-1): v(N-H) 3252(s), v(C-H) 3060, 2980, 2936(w), 

v(C=O) 1763, 1688(s), v(C=C) 1525(s), v(C-O-C) 1298–1176(m). 1H NMR (400 

MHz, DMSO-d6, δ ppm): 1.33 (t, J=6.97 Hz, 3H), 2.14 (s, 6H), 4.31 (q, J=7.17 Hz, 

2H), 7.11 (m, 3H), 10.29 (br. s., 1H). 13C NMR (400 MHz, DMSO-d6, δ ppm): 14.34, 

18.36, 62.73, 127.64, 128.27, 134.09, 135.59, 156.25, 161.32. 

 

4.2.2 Synthesis of complexes 1–4 

A mixture of 3 mL 1M NaOH and Hdmp (≈3 mmol) was heated until the ligand 

dissolved. An aqueous solution of 1 mmol [Ln(NO3)3∙xH2O] (Ln = Ce, Nd, Gd and 

Er) was mixed with the ligand solution. The resulting white precipitate was filtered, 

washed with distilled water and diethyl ether and dried. Dissolution in methanol, 

followed by slow diffusion into the solution resulted in X-ray quality crystals within 5 

days (Scheme 4.2). 

 

{[Ce(Hpma)3(MeOH)(H2O)]∙2MeOH}n (1) 

Hdmp (0.664 g, 3 mmol), 1 M NaOH (3 mL), [Ce(NO3)3∙6H2O] (0.434 g,  1 mmol), 

Yield = 0.536 g (64.5 % based on the Ce(III) salt); white crystals, m.p. >300.0 oC. 

Anal. Calcd. for C31H36CeN3O11, 2(CH4O) (%): C, 47.71; H, 5.34; N, 5.06. Found: C, 

47.63; H, 5.19; N, 5.26. Conductivity (10-3 M, DMF): 3.55 ohm-1cm2mol-1. IR (cm-1): 

v(O-H) 3613–3125(b), v(C-H) 3052–2931(w), v(C=O) 1635(s), v(Ln-O) 447(w). 
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+  3 NaOH   + [Ln(NO3)3  xH2O]3 Hdmp

H2O/Reflux

H2O/Reflux

H2O/Reflux

H2O/Methanol
Reflux

Recryst. using methanol

Recryst. using methanol

Recryst. using methanol

NH

OO

OHpma- =

{[Ln(Hpma)3(MeOH)(H2O)]  2MeOH}n 

Ln = Ce (1) and Nd (2)

{[Gd2(Hpma)6(MeOH)4]  6MeOH}n

{[Er2(Hpma)6(MeOH)(H2O)3]  2MeOH}n

[Ln2Na2(Hpma)8(EtOH)(H2O)6]n 

Ln = Nd (5) and Gd (6)

(3)

(4)

x = 6 for Ce, Nd and Gd

x = 5 for Er

 
Scheme 4.2: Schematic diagram for the preparation of the six metal complexes 

derived from Hdmp. 

  

{[Nd(Hpma)3(MeOH)(H2O)]∙2MeOH}n (2) 

Hdmp (0.662 g, 2.992 mmol), 1 M NaOH (3 mL), [Nd(NO3)3∙6H2O] (0.437 g,  0.997 

mmol), Yield = 0.531 g (63.7 % based on the Nd(III) salt); purple crystals, m.p. 

>300.0 oC. Anal. Calcd. for C31H35NdN3O11, 2(CH4O) (%): C, 47.53; H, 5.20; N, 

5.04. Found: C, 47.45; H, 5.18; N, 5.07. Conductivity (10-3 M, DMF): 3.58           

ohm-1cm2mol-1. IR (cm-1): v(O-H) 3613–3125(b), v(C-H) 3052–2931(w), v(C=O) 

1635(s), v(Ln-O) 450(w). 

 

{[Gd2(Hpma)6(MeOH)4]∙6MeOH}n  (3) 

Hdmp (0.663 g, 2.996 mmol), 1 M NaOH (3 mL), [Gd(NO3)3∙6H2O] (0.452 g,  1.001 

mmol), Yield = 0.497 g (55.6 % based on the Gd(III) salt); white crystals, m.p. >300.0 
oC. Anal. Calcd. for C64H76Gd2N6O22, 6(CH4O) (%): C, 47.02; H, 5.64; N, 4.70. 

Found: C, 47.12; H, 5.48; N, 4.82. Conductivity (10-3 M, DMF): 14.45                  

ohm-1cm2mol-1. IR (cm-1): v(O-H) 3613–3125(b), v(C-H) 3052–2929(w), v(C=O) 

1635(s), v(Ln-O) 447(w). 
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{[Er2(Hpma)6(MeOH)(H2O)3]∙2MeOH}n  (4) 

Hdmp (0.664 g, 3 mmol), 1 M NaOH (3 mL), [Er(NO3)3∙5H2O] (0.443 g,  0.999 

mmol), Yield = 0.578 g (70.6 % based on the Ce(III) salt); pink crystals, m.p. = 278.3 
oC. Anal. Calcd. for C61H70Er2N6O22, 2(CH4O) (%): C, 46.20; H, 4.80; N, 5.13. 

Found: C, 46.48; H, 4.74; N, 5.33. Conductivity (10-3 M, DMF): 51.90                  

ohm-1cm2mol-1. IR (cm-1): v(O-H) 3613–3125(b), v(C-H) 3052–2929(w), v(C=O) 

1637(s), v(Ln-O) 447(w). 

 

4.2.3 Synthesis of complexes 5 and 6 

A mixture of 3 mmol Hdmp dispersed in water and 3 mL 1M NaOH was heated until 

the ligand dissolved. A 1 mmol [Ln(NO3)3∙6H2O] (Ln = Nd and Gd) aqueous solution 

was added to the ligand solution and a white precipitate formed. The mixture was 

refluxed, and then methanol was added until the precipitate dissolved. The solution 

was cooled and was kept at room temperature until single crystals formed after 7 days. 

 

[Nd2Na2(Hpma)8(EtOH)(H2O)6]n  (5) 

Hdmp (0.666 g, 3.010 mmol), 1 M NaOH (3 mL), [Nd(NO3)3∙6H2O] (0.438 g,            

1 mmol), Yield = 0.489 g (48.3 % based on the Nd(III) salt); purple crystals, m.p. = 

276.8 oC. Anal. Calcd. for C82H95N8Na2Nd2O30, O (%): C, 48.50; H, 4.72; N, 5.52. 

Found: C, 48.51; H, 4.68; N, 5.79. Conductivity (10-3 M, DMF): 46.90                  

ohm-1cm2mol-1. IR (cm-1): v(O-H) 3613–3125(b), v(C-H) 3052–2929(w), v(C=O) 

1635(s), v(Ln-O) 452(w). 

 

[Gd2Na2(Hpma)8(EtOH)(H2O)6]n  (6) 

Hdmp (0.660 g, 2.978 mmol), 1 M NaOH (3 mL), [Gd(NO3)3∙6H2O] (0.453 g,            

1 mmol), Yield = 0.493 g (48.2 % based on the Ce(III) salt); white crystals, m.p. = 

277.5 oC. Anal. Calcd. for C81.69H94.23Gd2N8Na2O30, O (%): C, 48.17; H, 4.63; N, 

5.48. Found: C, 47.84; H, 4.67; N, 5.35. Conductivity (10-3 M, DMF): 53.40         

ohm-1cm2mol-1. IR (cm-1): v(O-H) 3613–3125(b), v(C-H) 3052–2929(w), v(C=O) 

1636(s), v(Ln-O) 447(w). 
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4.3 Results and discussion 

4.3.1 FT-IR spectroscopy 

The infrared spectra of the proligand Hdmp and its Ln(III) complexes (Figure 4.2) 

exhibit similar spectral features due to their related coordination environments [19]. 

The strong v(N-H) of Hdmp located at 3252 cm-1 is replaced by broad bands in 1–6 in 

the region 3613–3125 cm-1, indicating the presence of O-H stretching vibrations of the 

water or methanol molecules in the metal complexes [18,20,21]. The high frequency 

spectral region of the proligand Hdmp also exhibits typical C-H vibrations (3060, 

2980 and 2936 cm-1), while the C-H vibrations of the phenyl rings of the oxamate 

ligands in the complexes show a slight red-shift (3052–2929 cm-1) relative to Hdmp 

[18]. Two strong absorptions occurring at 1763 and 1688 cm-1 correspond to the 

characteristic C=O stretching vibrations in Hdmp [18,22]. These strong v(C=O) 

appear as single bands in all the title complexes, at approximately 1635 cm-1, hence 

confirming the role of the oxamate oxygen atoms in coordination [18,22]. A series of 

four absorption peaks in the range 1298–1176 cm-1, typical of the C-O-C bonds, are 

observed for the free ligand. The latter disappear upon coordination, thus confirming 

complete conversion of Hdmp to Hpma– [20]. After complexation, the weak Ln-O 

vibrations are assigned to the bands found at 452–447 cm-1, which show the 

involvement of the oxygen atoms in the primary coordination sphere of the 

lanthanide(III) ions [20,23].  

 

4.3.2 NMR analysis 

Nuclear magnetic resonance experiments on Hdmp and the complexes were 

performed in DMSO-d6 (Figures 4.3a and 4.3b). For complexes 3, 4 and 6, the 

paramagnetic nature of the Gd(III) and Er(III) ions gave rise to signal broadening and 

featureless 1H NMR spectra, while 1, 2 and 5 gave clearly defined spectra, though 

there appears discernible evidence of some broadening [24]. In concurrence with the 

IR spectral and X-ray crystallographic data, the 1H-NMR spectra of the coordination 

compounds 1, 2 and 5 clearly shows formation of the Hpma– anion from Hdmp, as 

indicated by the disappearance of the ethyl group signals after coordination [18]. The 
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N-H group peaks of the ligand gives a broad signal in 1 (δ = 12.29 ppm), but are not 

seen in the spectra of 2 and 5, suggesting participation of the oxamate moieties in 

ligand coordination [18]. The spectra of the complexes also exhibit Hpma– methyl 

proton signals peaking at 1.55, 1.57 and 1.51 ppm, an indication that the methyl 

groups undergo a significant shift in the chemical environment relative to Hdmp (δ = 

2.14 ppm) upon hydrolysis [25]. Downfield to the methyl proton peaks of 1, 2 and 5, 

are resonances attributable to the aromatic proton signals of the oxamate ligands 

(6.37–6.57 ppm), which are also more shielded than the proligand aromatic protons 

(7.11 ppm).  

 

 

 
Figure 4.2: Overlay IR spectra of Hdmp and 1–6. 
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Figure 4.3a: Overlay 1H NMR spectra of Hdmp, and the Ln(III) complexes 1, 2 and 

5 in DMSO-d6. 
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Figure 4.3b: 13C NMR spectrum of Hdmp. 
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4.3.3 UV-Vis-NIR spectroscopy 

The ligand Hdmp and the trivalent complexes of Ce(III) and Gd(III)complex 3 have 

no significant absorption in the ultraviolet, visible and near-infrared regions. The UV-

Vis-NIR spectra of 2, 4, 5 and 6 are displayed in Figure 4.4, and the assignment of 

absorption bands is shown in Table 4.1. Absorption peaks of the Nd(III), Er(III) and 

Gd(III) complexes arise from the Laporte-forbidden f-f transitions from the ground 

level of 4I9/2, 4I15/2 and 8S7/2, respectively, to the excited J-levels of the 4f-configuration 

[26-30]. The spectra of 2 and 5 are similar, with absorption maxima at 511, 522, 582 

and 745 nm in the visible region, corresponding to transitions from the 4I9/2 ground 

level to the excited J-levels 4G9/2, 4G7/2, 4G5/2 + 
2G7/2 and 4F7/2 + 

4S3/2, respectively [26-

28,31]. The peak observed in the NIR region at 800 nm is assigned to the f-f transition 

from the ground level to the 4f-configurations 4F5/2 + 2H9/2, while those appearing at 

869 and 876 nm are attributed to a transition from 4I9/2 to 4F3/2. The Er(III) complex 4 

shows the most intense bands positioned at 379 and 522 nm that are due to the 

transitions 4I15/2→4G11/2 and 4I15/2→2H11/2 [29,32-34]. 

 

 

 
Figure 4.4: The UV-Vis-NIR spectra of 2, 4, 5 and 6 in DMF. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

325 375 425 475 525 575 625 675 725 775 825 875

A
bs

or
ba

nc
e 

Wavelength (nm) 

Complex 2
Complex 4
Complex 5
Complex 6



Chapter 4                                                                                                    T. Madanhire 
 

 

Nelson Mandela University                                                                          112 

 

Table 4.1: Absorption bands for complexes 2 and 4–6 [26-29,31-35]. 
 

Complex 2 and 5  Complex 4 

λmax (nm) J-levels  λmax (nm) J-levels 

348, 356 4I9/2  →  
4D3/2 + 4D5/2                      

 + 
4D1/2 + 2I11/2   

 360 4I15/2 → 
2G7/2 

432        → 2P1/2  365         →  (4G9/2, 2K15/2) 

511        → 4G9/2  379         →   4G11/2 

522        → 4G7/2  409         →   2H9/2 

582        → 4G5/2 + 
2G7/2  446         →   4F5/2 

745        → 4F7/2 + 
4S3/2  452         →   4F3/2 

800        → 4F5/2 + 2H9/2  491         →   4F7/2 

869, 876        → 4F3/2  522         → 
 
2H11/2 

   544         →  
4S3/2 

Complex 6  654         →  
4F9/2 

⁓381 8S7/2 →  
6P7/2    

 

 

4.3.4 Coordination polyhedra determination 

The geometries of the NaO5, NaO6, LnO9 and LnO8 coordination polyhedra of the 

lanthanide complexes with Hpma– were evaluated by continuous shape measures 

using SHAPE 2.1 software, for quantification of the degree of distortion of the Ln(III) 

coordination geometry (Table 4.2). The polyhedral data generated using VESTA is 

presented in Figure 4.5. The shape analysis of the nine-coordinate complexes 1 and 2 

highlight the coordination geometry of the distorted spherical tricapped trigonal prism 

(TCTPR-9), with D3h symmetry [36,37]. The Nd(III) complex 2 is closer to the 

TCTPR-9 geometry than complex 1 with the larger metal Ce(III) ion. The continuous 

shape measures obtained for the spherical capped square antiprism (CSAPR-9) shape 

in 1 (CShM = 0.92568) and 2 (CShM = 0.82770), however, exhibit a small difference 

from TCTPR-9 geometry [38]. Hence, the coordination spheres of 1 and 2 can be 

considered as the intermediate between CSAPR-9 and TCTPR-9 geometries [38,39]. 

The coordination polyhedron of the octa-coordinated Er1 atom of 4 can be viewed as 
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square antiprism (SAPR-8), with a deviation parameter from ideal SAPR-8 of 0.43454 

[40].  

 

Table 4.2: Summary of SHAPE analysis for complexes 1–6. 
Complex Coordination 

number 
Shape (and 
symmetry) 

CShM Polyhedral 
volume (Å3) 

Average bond 
length (Å) 

1 9 TCTPR-9 (D3h) 0.85318 32.4845 2.5247 

2 9 TCTPR-9 (D3h) 0.77701 31.3620 2.4944 

 
3 

9 (Gd1) CSAPR-9 (C4v) 0.46072 29.0919 2.4407 

9 (Gd2) CSAPR-9 (C4v) 0.42825 29.1601 2.4417 

 
4 

8 (Er1) SAPR-8 (D4d) 0.43454 22.5763 2.3547 

9 (Er2) CSAPR-9 (C4v) 0.28116 27.2691 2.3890 

 

5 

9 (Nd1) CSAPR-9 (C4v) 0.87740 30.5853 2.4865 

9 (Nd2) CSAPR-9 (C4v) 0.94332 30.5194 2.4904 

6 (Na1) OC-6 (Oh) 1.90099 18.0288 2.4206 

5 (Na2) vOC-5 (C4v) 3.09930 10.9901 2.4329 

 

6 

9 (Gd1) CSAPR-9 (C4v) 0.68425 29.0390 2.4405 

9 (Gd2) CSAPR-9 (C4v) 0.76846 28.9252 2.4428 

6 (Na1) OC-6 (Oh) 2.08861 17.7130 2.4086 

5 (Na2) vOC-5 (C4v) 3.00016 10.8749 2.4208 

 

The least CShM parameters for the nine-coordinate Ln(III) ions of 3–6 indicate the 

distorted CSAPR-9 geometry (C4v). Despite having a similar coordination 

environment, the Gd(III) coordination polyhedra in 3 display a small difference in 

CShM values. Distortion parameters are in the order Nd(III) > Gd(III) > Er(III). The 

other closest geometries for Nd1 (complex 5) and Gd1 (complex 6) is TCTPR-9, with 

deviation values of 0.98091 and 0.86226, respectively; while that of Gd2 (complex 6) 

is muffin geometry (MFF-9) (CShM = 0.93876) [36,38,39]. In addition, the oxygen 

atoms around the hexa-coordinate Na cations in 5 and 6 form two square-based 

pyramids, adopting an octahedron (OC-6) shape (CShM values of 1.90099 and 

2.08861, respectively), whereas the geometry of the five-coordinate Na ions can be 

described as vacant octahedron (vOC-5), possessing C4v symmetry [41,42]. 
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(a) 

 
(b) 

 
(c) 

 

(d) 

 

  

(e) 

Figure 4.5: The polyhedral views showing the geometries of the coordination 

environments of: (a) Ce(III) in 1; (b and c) the eight- and nine-coordinate Er(III) ions 

in 4; (d and e) six- and five-coordinate Na(I) ions in 5. 
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For all the coordination compounds, there is no significant distortions from the ideal 

polyhedra (CShM values ≤ 3) [40,43,44]. There is a better fit to the ideal polyhedra as 

the atomic number of the 4f elements increase, as evidenced by the smaller shape 

measure values. This is due to the shorter and stronger bonds, as well as decreased 

room for angular distortions as the metal ions get smaller [43]. The volume of the 

coordination polyhedra is controlled by the size of the metal ions, as well as the 

coordination numbers. Smaller metal ions and lower coordination numbers result in 

smaller polyhedral volume. A comparison between the Ln(III) coordination 

environments of all the complexes reflect the highest polyhedral volume for the nine-

coordinate Ce(III) compound (32.4845 Å3), and the smallest polyhedron size for the 

eight-coordinate Er1 in 4 (22.5763 Å3).  

 

4.3.5 X-ray crystallography 

The reactions in aqueous mixtures between the lanthanide nitrate salts and Hdmp 

(Figure 4.6a), in the presence of NaOH, yield interesting Ln(III)–organic coordination 

polymers, formulated as; {[Ln(Hpma)3(MeOH)(H2O)]∙2MeOH}n (Ln = Ce and Nd), 

{[Gd2(Hpma)6(MeOH)4]∙6MeOH}n, {[Er2(Hpma)6(MeOH)(H2O)3]∙2MeOH}n and 

[Ln2Na2(Hpma)8(EtOH)(H2O)6]n (Ln = Nd and Gd) (Figures 4.6b-g; see Tables 4.3a 

and 4.3b for bond parameters). X-ray diffraction studies of the single crystals revealed 

that the isostructural complexes 1 and 2 crystallise in the monoclinic space groups 

I2/a, whereas 3–6 give the triclinic crystal structures, belonging to the P-1 space 

group. Complexes 5 and 6 are also structurally analogous to each other. The 

polymeric complexes feature Ln-Hpma moieties bridged by Hpma–, giving one-

dimensional (1D) zig-zag chains of the –Ln–O–C–O–Ln– type, with the Ln⋯Ln 

separation varying from 6.271 Å (complex 2) to 6.843 Å (complex 5), thus showing 

well isolated mononuclear units (Figure 4.6h) [45-47]. The chelating and bridging 

modes of Hpma– via only the oxygen atoms are indicated in Figure 4.6i [48-50].  

 

Three bidentate Hpma– ligands, one methanol and one water molecule form 

mononuclear units of 1 and 2, which are connected to each another through the fourth 

bridging oxamate ligand (Figures 4.6b and 4.6c). The Ce(III) and Nd(III) ions are 



Chapter 4                                                                                                    T. Madanhire 
 

 

Nelson Mandela University                                                                          116 

 

nine-coordinate with the oxygen atoms bonded to form a distorted spherical tricapped 

trigonal prism geometry. Furthermore, there are two non-coordinating methanol 

molecules present in the lattices. 

 

 
Figure 4.6a: ORTEP view of the proligand Hdmp showing 50 % probability 

displacement ellipsoids and atom-labelling. 

 

 

 
Figure 4.6b: The structure of the molecule present in complex 1 (30 % probability 

ellipsoids). 
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Figure 4.6c: ORTEP view of complex 2 (30 % probability ellipsoids). 

 

 

 
Figure 4.6d: Molecular structure of the dinuclear unit of 3 with displacement 

ellipsoids drawn at the 30 % probability level. 
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Figure 4.6e: ORTEP view of the dinuclear unit of 4 showing 30 % probability 

displacement ellipsoids and partial atom-labelling scheme. 

 

 
Figure 4.6f: ORTEP diagram (thermal ellipsoids at 30 % probability) with a partial 

atom-numbering scheme for the heterometallic complex found in 5. 
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Figure 4.6g: ORTEP view of the heterometallic unit of complex 6 showing 30 % 

probability displacement ellipsoids and the atom-labelling. 

 

 
Figure 4.6h: One-dimensional zig-zag network in 1 constructed by μ2-Hpma– (Key: 

Ln = green, C = gray, N = blue, O = red). 

 

Complex 3 is characterised by dinuclear units containing similar spherical capped 

square antiprism GdO9 cores, with each nona-coordinate environment constructed 

from three chelating Hpma– ligands, two methanol molecules and one oxygen atom 

from the bridging (tridentate) Hpma– (Figure 4.6d). Complex 4 gives metal centres 

comprising distinct Er(1)O8 (SAPR-8) and Er(2)O9 (CSAPR-9) cores linked by 

chelating/bridging Hpma– (Figure 4.6e). The Er1 coordination sphere is made up of 
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three bidentately coordinated Hpma– ligands and two water molecules, whilst the 

nine-coordinate Er2 ion is surrounded by three η2-bonded oxamates, one methanol, 

one water molecule and an O-atom from the tridentate Hpma–. In addition, the metal 

complexes 3 and 4 feature lattice methanol solvates (six for complex 3 and two for 

complex 4). 

 

 
 

 
η2 μ2-η1:η1:η1 μ3-η1:η2:η1 

  

 
Ln 

 
Na 

 C 

 
O 

 N 

 H 
 

μ2-η1:η1:η1 μ2-η1:η2 

 

Figure 4.6i: The coordination modes of Hpma– in the metal complexes (binding 

modes containing Na(I) ions belong to 5 and 6 only) [48-50].  

 

 

Coordination compounds 5 and 6 yielded lanthanide(III)-sodium(I) complexes, with 

Ln2Na2 (Ln = Nd and Gd) cores bridged by the μ2-η1:η1:η1, μ3-η1:η2:η1 and μ2-η1:η2 

oxamate ligands, as well as by the μ2-H2O oxygen atoms (Figures 4.6f, 4.6g and 4.6j) 

[48-50]. The asymmetric unit contains two nine-coordinate Ln(III) ions with CSAPR-

9 geometry. The Ln1 atom is surrounded by three η2 Hpma–, two O-atoms from the 

bidentately coordinated μ2-η1:η2 Hpma– and one oxygen provided by μ3-η1:η2:η1 

bonded Hpma–, whereas the O9 donor-set of Ln2 is fulfilled with six oxygen atoms 

from O,O-donor oxamate ligands (O52, O53, O61, O62, O71, O72), two oxygen 

atoms from a bridging Hpma– and a μ2-O bridging water molecule. Each Na1 is in a 
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hexa-coordinate environment, linked to four μ2-O atoms of water, and two oxygen 

atoms from the μ2-η1:η2 and the μ3-η1:η2:η1 Hpma–, while the vacant octahedron 

geometry of Na2 is constructed from five O-atoms (two H2O molecules, one μ2-Owater, 

one disordered ethanol and one bridging oxygen of Hpma–). The crystal structures of 

the heterometallic complexes feature rhomboidal Ln-O-Na-O cores, where bridging 

occurs through the O-atoms of Hpma– and water molecules, having bridging oxygen 

atoms lying almost equidistant between the metal ions [M-OHpma- and M-Owater (M = 

Nd, Gd and Na) bonds vary from 2.3776–2.469(2) and 2.5150(16)–2.566(2) Å, 

respectively] [51]. The O-M-O, Ln-Owater-Na and Ln-OHpma--Na bond angles in these 

rhomboids are in the ranges 65.83(6)–67.0397), 107.63(8)–108.04(7) and 117.15(8)–

117.17(7)o, respectively. The Ln-Owater-Na bond angles do not display any anomalies 

and compare well with the 108.66(9)o Gd–O–Gd angle in [Gd2(bfa)4L2]CH2Cl2 (bfa = 

benzoyltrifluoroacetone and HL = 2-[[(4-methylphenyl)imino]methyl]-8-

hydroxyquinoline) [52]. The Na(I) ions are connected to each other via the water 

oxygen atoms, with Na1–Owater–Na2 angles of 120.32o (complex 5)  and 121.19(8)o 

(complex 6).  

 

Figure 4.6j: A 1D network in 5 and 6 linked via μ2-Hpma–, μ3-Hpma–, as well as μ2-
H2O (Key: Ln = green, Na = purple, C = gray, N = blue, O = red). 

 

 

All metal complexes are comprised of bidentately (η2) coordinated Hpma– ligands, 

leading to five-membered chelate rings with O-Ln-O angles of 63.51(4)–69.80(6)o 
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and Ln-OHpma- distances of 2.2722(18)–2.4752(12) Å, which are comparable to those 

in the previously reported dysprosium(III) complex containing N-(2,6-

dimethylphenyl) oxamic acid [Dy-O bond lengths = 2.340(2)−2.407(2) Å; O-Dy-O 

bite angles = 67.36(8) to 68.04(7)°] (Tables 4.3a and 4.3b) [15]. The shortening of the 

C4-O2 bond [1.3138(17) Å] of Hdmp in complexes [e.g. O12-C19 = 1.2564(19) Å in 

1] suggest a double bond character in Hpma– as a result of delocalisation across the 

oxamate moiety [53]. The Ln-Owater and Ln-OMeOH distances spanning the ranges 

2.3369(19)–2.5049(13) Å and 2.391(2)–2.5404(12) Å, respectively, are similar to 

those in the triaqua[2,6-diacetylpyridine 

bis(benzoylhydrazone)]methanollanthanide(III) complexes reported by Kachi-

Terajima et al. (2018) [Ln-Owater = 2.313(2)–2.428(2) Å and Ln-OMeOH = 2.472(2)–

2.4867(18) Å, Ln = Tb and Dy] [54]. The Na-Ooxamate bond lengths of 5 and 6 

[spanning the range 2.336(3)–2.476(2) Å], compare well with the bond parameters in 

the alkaline salts of bis(oxamato)palladate(II) complexes reported by Fortea-Pérez et 

al. (2014) [Na-Ooxamate = 2.273(5)–2.909(5) Å] [55]. The decrease in the Ln-O 

distances with increasing atomic number is observed, as can be expected as a result of 

the lanthanide contraction [46,50,56]. 

 

The crystal structures of 1–6 are further stabilised by networks of medium strength 

hydrogen bonds of the N-H⋯O and O-H⋯O type, as presented in Figure 4.6k and 

Table 4.3c [36,57-59]. Only intermolecular N-H⋯O bonds [H⋯O = 2.232(17)–

2.408(17) Å] are found in the proligand, which are satisfied by the amide N-H groups 

of one molecule and the oxygens of the oxamate group from a neighbouring molecule. 

It is important to note that these hydrogen bond interactions in the metal complexes 

involve the crystallographic methanol solvents, and have DA (Donor⋯Acceptor) 

distances in the range 2.644(3)–3.182(3) Å. The N-H⋯O bonds are apparent between 

the amide N-H (donor) and the solvent molecules, and the O-atoms of Hpma– as 

acceptors. As observed in 1 and 2, the two lattice methanol solvents along with the 

coordinated water and the bonded oxygen atoms of Hpma– play a key role in 

establishing O-H⋯O interactions. In 3, the methanol molecules in the primary and 

secondary coordination spheres act as donors, assuring connectivity with the oxygen 

atoms of the oxamate ligands. As shown in Figure 4.6k, the coordinated water 
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molecules of 4 form hydrogen bonds with the lattice methanol molecules, for example 

O2-H2A⋯O5 with DA distance of 2.663(3) Å. The crystal structures of the 

heterometallic complexes 5 and 6 are also stabilised by a variety of hydrogen bonds, 

some of which involve monodentate and bridging water molecules as hydrogen 

donors and oxamate oxygens as acceptors. The crystal packing of the metal 

complexes is supplemented by weak contacts: C-HHpma–∙∙∙OHpma– (1–6), C-

HMeOH∙∙∙OHpma– (2–4), C-HHpma–∙∙∙OMeOH (3), C-HMeOH∙∙∙OMeOH (4), C-HHpma–∙∙∙OH2O 

(5), as well as C-HHpma–∙∙∙NHpma– (5 and 6) [60].  

 

 

4.3.6 Atomic charge analysis of the ligands 

The total atomic charges of the anionic oxamate were determined by the Natural 

Population Analysis (NPA) method, and are presented in graphical form shown in 

Figure 4.7b (see Figure 4.7a for atom-numbering) [61]. According to the NPA 

method, the obtained atomic charges indicate that C22, C23 and H24 have larger 

positive atomic charges compared to the other hydrogen atoms. Atoms O1, O2 and O3 

exhibit the most negative atomic charges (-0.6720, -0.76420 and -0.79536 in DMSO). 

Natural population analysis predicted the same tendencies on the net atomic charges 

of the aforementioned atoms in the gas phase, with the charges on O1, O2 and O3 

being -0.63226, -0.70104 and -0.78570, respectively. This explains the ability of the 

atoms to network with the positively-charged component, with O3 having a stronger 

coordination ability to form stronger (shorter) Ln-O bonds [62]. The calculated results 

thus concur with most of the experimental Ln-Ooxamate results obtained through X-ray 

diffraction studies. The nitrogen atom N4 displays electronegativity (-0.63544 in 

DMSO and -0.67626 in the gas phase) lower than that of the oxygens. The 

electronegative O-atoms therefore have the tendency to donate electrons, while the 

electropositive carbon and hydrogen atoms have a tendency to accept electrons 

[61,63,64]. The presence of large negative charges on the oxygen and nitrogen atoms, 

and positive charges on the hydrogen atoms suggest the possibility of intermolecular 

interactions in the crystal structure [65]. 
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Table 4.3a: Selected geometric parameters (Å, o) for Hdmp and lanthanide 

complexes 1–3. 
Hdmp {[Ln(Hpma)3(MeOH)(H2O)]∙2MeOH}n {[Gd2(Hpma)6(MeOH)4]∙

6MeOH}n 
  1 (Ln = Ce) 2 (Ln = Nd) 3 

Bond lengths (Å) 
 

      

O1-C3 1.2140(17) Ce1-O4 2.5049(13) Nd1-O4 2.4723(18) Gd1-O1 2.459(2) 

O2-C4 1.3138(17) Ce1-O5 2.5404(12) Nd1-O5 2.5091(15) Gd1-O2 2.478(2) 

O2-C5 1.4651(19) Ce1-O11 2.5296(12) Nd1-O11 2.5333(15) Gd1-O11 2.3901(19) 

O3-C4 1.1914(19) Ce1-O12 2.5190(10) Nd1-O12 2.4599(15) Gd1-O12 2.4376(19) 
N1-C3 1.3384(17) Ce1-O21 2.5457(12) Nd1-O21 2.5162(15) Gd1-O21 2.5087(19) 

N1-C11 1.4286(17) Ce1-O22 2.4752(12) Nd1-O22 2.4421(15) Gd1-O22 2.3782(18) 

C1-C12 1.502(2) Ce1-O31 2.5684(12) Nd1-O31 2.4967(15) Gd1-O31 2.4824(19) 

N1-H1 0.846(16) Ce1-O32 2.4926(12) Nd1-O32 2.4950(14) Gd1-O32 2.4010(18) 

  Ce1-O13a 2.5469(11) Nd1-O33b 2.5251(15) Gd1-O43 2.4320(19) 

  Ce⋯Ce 6.289 Nd⋯Nd 6.271 Gd⋯Gd 6.294 

Bond angles (°)      

C4-O2-C5 116.99(12) O11-Ce1-O12 63.51(4) O11-Nd1-O12 64.37(5) O11-Gd1-O12 67.24(6) 

C3-N1-C11 122.93(12) O21-Ce1-O22 65.11(4) O21-Nd1-O22 65.92(5) O21-Gd1-O22 66.10(6) 

C3-N1-H1 115.8(11) O31-Ce1-O32 63.52(4) O31-Nd1-O32 63.99(5) O31-Gd1-O32 66.13(6) 

O1-C3-N1 125.49(13)     O41-Gd2-O42 66.52(6) 

N1-C3-C4 112.58(12)     O51-Gd2-O52 66.68(6) 

O2-C4-O3 126.63(14)     O61-Gd2-O62 66.49(6) 

 
 

The accrual of charges on selected atoms and the distribution of electrons in the core, 

valence and Rydberg sub-shells of Hpma−, are shown in Table 4.4. Furthermore, 

NPA in the solvent shows that 102 electrons in the ligand have the sub-shell 

distributions as follows: 

 
Core: 27.99986 (99.9995 % of 28) 

Valence: 73.60526 (99.4666 % of 74) 

Rydberg: 0.39488 (0.3871 % of 102) 

   

Molecular electrostatic potential (MEP) mapping was applied in the interpretation and 

prediction of the reactive behaviour of Hpma– in nucleophilic and electrophilic 

reactions, as well as in depicting the shape of the oxamate ligand (Figure 4.7c) 

[61,66]. This is important in predicting chemical reactivities in hydrogen bond 

interactions and biological systems [67]. The oxygen atoms of Hpma– are associated 
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with a strong negative molecular electrostatic potential region. The concentration of 

maximum electron density on the oxygen atoms enables interaction with trivalent 

metal ions to form O,O-donor chelates, as well as the participation of the remaining 

O-atom in bridging. In addition to bonding with Ln(III) ions, the MEP region around 

the oxygen atoms suggest that these oxygen atoms can also act as hydrogen bond 

acceptors, which is consistent with X-ray analysis, which stabilises the complex. The 

nitrogen atom comparatively possesses a smaller negative MEP region.  

 

 

Table 4.3b: Selected bond lengths (Å) and angles (o) for metal complexes 4–6. 
{[Er2(Hpma)6(MeOH)(H2O)3]∙2

MeOH}n 
 [Ln2Na2(Hpma)8(EtOH)(H2O)6]n 

4  5 (Ln = Nd) 6 (Ln = Gd) 
Bond lengths (Å) Bond lengths (Å) 

 
 

Er1-O1 2.3537(17) Ln1-O11 2.496(2) 2.449(2) 
Er1-O2 2.3369(19) Ln1-O12 2.496(2) 2.4538(19) 

Er1-O11 2.3240(18) Ln1-O21 2.475(2) 2.4296(17) 
Er1-O12 2.3547(18) Ln1-O22 2.4628(19) 2.4142(17) 
Er1-O21 2.4051(15) Ln1-O31 2.5476(18) 2.5015(16) 
Er1-O22 2.2722(18) Ln1-O32 2.500(2) 2.4460(18) 

Er1-O31 2.4227(18) Ln1-O43 2.429(2) 2.3930(18) 
Er1-O32 2.3681(18) Ln1-O81b 2.477(2) 2.4365(18) 
Er2-O33 2.3333(18) Ln1-O83b 2.494(2) 2.4406(18) 

Er⋯Er 6.497 Na1-O1 2.326(2) 2.310(2) 
  Na1-O2 2.566(2) 2.544(2) 
Bond angles (°) Na1-O3 2.388(2) 2.385(2) 

O11-Er1-O12 69.75(6) Na1-O22 2.476(2) 2.460(2) 
O21-Er1-O22 69.80(6) Na1-O42 2.386(2) 2.3776(18) 
O31-Er1-O32 67.12(6) Na1-O1a 2.382(2) 2.375(2) 
O41-Er2-O42 66.97(5) Ln⋯Ln 6.843 6.768 
O51-Er2-O52 67.58(6) Na⋯Na 4.171 4.169 
O61-Er2-O62 67.72(6)   

  Bond angles (°)  
  O11-Ln1-O12 64.90(7) 65.92(6) 
  O21-Ln1-O22 66.26(7) 67.51(6) 
  O22-Ln1-O43 76.07(7) 75.19(6) 
  O31-Ln1-O32 64.05(6) 65.29(6) 
  O41-Ln2-O42 64.35(6) 65.49(6) 
  O52-Ln2-O53 65.41(6) 66.59(6) 
  O61-Ln2-O62 66.04(6) 67.26(6) 
  O71-Ln2-O72 65.56(6) 66.68(5) 

 

 



Chapter 4                                                                                                    T. Madanhire 
 

 

Nelson Mandela University                                                                          126 

 

 

 
 

Complex 1 Complex 3 

 
 

Complex 4 Complexes 5 and 6 

Figure 4.6k: Hydrogen bonding interactions in metal complexes 1 and 3–6. 
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Table 4.3c: Selected hydrogen bonding geometries (Å, °) for Hdmp and 1–4. 

Hdmp 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O3 0.846(16) 2.408(17) 2.7389(17) 104.0(13) 
N1-H1∙∙∙O1 0.846(16) 2.232(17) 3.0519(16) 163.3(16) 
C1-H1C∙∙∙O1 0.9600 2.5900 3.448(2) 149.00 
C2-H2C∙∙∙O1 0.9600 2.5000 3.083(2) 119.00 
     

Complex 1 

D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O13 0.84(2) 2.35(2) 2.7156(17) 106.7(16) 
N1-H1∙∙∙O6 0.84(2) 2.13(2) 2.9335(18) 160.6(18) 
N2-H2∙∙∙O23 0.80(2) 2.23(2) 2.6601(19) 114.4(17) 
N3-H3∙∙∙O33 0.81(2) 2.387(19) 2.7194(18) 105.5(16) 
O4-H4D∙∙∙O23 0.831(16) 1.936(16) 2.7506(17) 166(2) 
O4-H4E∙∙∙O7 0.839(16) 2.000(17) 2.825(2) 168(2) 
O5-H5∙∙∙O12 0.832(14) 1.934(18) 2.7157(16) 156.2(19) 
O6-H6∙∙∙O32 0.8400 1.8700 2.6916(16) 164.00 
O7-H7∙∙∙O6 0.8400 1.9200 2.744(2) 167.00 

Complex 2 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O13 0.82(3) 2.40(3) 2.726(3) 105(2) 
N2-H2∙∙∙O23 0.83(3) 2.22(3) 2.659(3) 114(3) 
N3-H3∙∙∙O33 0.82(3) 2.35(3) 2.719(2) 108(2) 
N3-H3∙∙∙O6 0.82(3) 2.16(3) 2.935(3) 158(3) 
O4-H4A∙∙∙O7 0.870(17) 1.984(18) 2.844(3) 170(3) 
O4-H4B∙∙∙O23 0.84(2) 1.94(2) 2.757(2) 162(3) 
O6-H6∙∙∙O12 0.8400 1.8700 2.692(2) 164.00 
O7-H7∙∙∙O6 0.8400 1.9200 2.741(3) 167.00 
     

Complex 3 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O9 0.89(3) 2.10(3) 2.845(4) 141(3) 
N1-H1∙∙∙O13 0.89(3) 2.33(4) 2.692(3) 104(3) 
O1-H1D∙∙∙O42 0.83(3) 1.90(3) 2.694(3) 159(3) 
N2-H2∙∙∙O23 0.88(2) 2.34(3) 2.725(3) 107(2) 
O2-H2D∙∙∙O6 0.81(4) 1.88(4) 2.681(3) 169(3) 
O3-H3D∙∙∙O22 0.84(3) 1.88(3) 2.685(3) 161(3) 
N4-H4∙∙∙O43 0.88(2) 2.39(3) 2.731(3) 103(2) 
N4-H4∙∙∙O70 0.88(2) 1.94(2) 2.802(3) 164(3) 
O5-H5D∙∙∙O63 0.8400 2.0000 2.796(3) 158.00 

Complex 4 

D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O13 0.89(3) 2.37(3) 2.720(3) 104(2) 
N1-H1∙∙∙O63 0.89(3) 1.99(3) 2.825(3) 155(3) 
O1-H1A∙∙∙O23 0.84(2) 1.81(2) 2.649(2) 175(4) 
O2-H2A∙∙∙O5 0.83(2) 1.83(2) 2.663(3) 175(2) 
O2-H2B∙∙∙O12 0.84(4) 2.12(4) 2.954(3) 175(4) 
O3-H3A∙∙∙O1 0.80(4) 1.96(4) 2.755(3) 172(4) 
O3-H3B∙∙∙O42 0.78(4) 2.24(4) 2.929(2) 149(5) 
O6-H6D∙∙∙O62 0.8400 2.2400 2.993(3) 149.00 
O6-H6D∙∙∙O63 0.8400 2.2600 3.012(3) 150.00 

D = donor, A = acceptor 
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Figure 4.7a: Optimised B3LYP/aug-cc-pVTZ molecular structure of Hpma– in 

DMSO.  

 
 
 

 

Figure 4.7b: The natural charge distribution of Hpma– at DFT/B3LYP/aug-cc-pVTZ 

in the gas phase and DMSO. 
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Table 4.4: Accrual of natural charges in the core, valence and Rydberg orbitals for 

selected atoms of Hpma− in DMSO. 

Atom Charge Core Valence Rydberg Total 
O1 -0.67720 2.00000 6.65040 0.02680 8.67720 
O2 -0.76420 2.00000 6.73769 0.02651 8.76420 
O3 -0.79536 2.00000 6.76949 0.02588 8.79536 
N4 -0.63544 1.99999 5.60139 0.03406 7.63544 
C23 0.67881 1.99999 3.26991 0.05129 5.32119 
C18 -0.61449 1.99999 4.60310 0.01140 6.61449 
H12 0.20813 0.00000 0.78975 0.00213 0.79187 
H24 0.42881 0.00000 0.56567 0.00553 0.57119 

 

 
Figure 4.7c: The molecular electrostatic potential map of Hpma– evaluated using the 

B3LYP/aug-cc-pVTZ method in DMSO. 

 

4.3.7 Frontier molecular orbital analysis and global and chemical reactivity 

descriptors 

Some of the most imperative parameters for biological chemistry, chemical reactivity 

and drug design, like the HOMO (highest unoccupied molecular orbital), LUMO 

(lowest unoccupied molecular orbital) and the HOMO-LUMO gaps of Hpma– were 

calculated using the basis set B3LYP/aug-cc-pVTZ and visualised from computed 

data using Avogadro software (Figure 4.8 and Table 4.5) [68]. The HOMO, HOMO-1 

(second highest) and HOMO-2 (third highest) energies in order are -6.233, -6.554 and 

-6.654 eV, whereas the LUMO, LUMO+1 (second lowest) and LUMO+2 (third 
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lowest) was calculated to be -0.784, -0.339 and -0.245 eV. The observed energy gaps 

pertaining to the energy needed to achieve the electronic transitions between the 

HOMO–LUMO, HOMO-1–LUMO+1 and HOMO-2–LUMO+2 are 5.449, 6.215 and 

6.409 eV, respectively. These energy gaps play an important role in the elucidation of 

the chemical stability of the molecule, with a highly stable molecule depicted by a 

high gap, and a low energy gap being typical of high reactivity [68,69]. The ionisation 

potential (I = –EHOMO = 6.233 eV) and electron affinity (A = –ELUMO = 0.784 eV) 

were predictable from the HOMO and LUMO energy values [68]. 

 

 
Figure 4.8: The frontier molecular orbitals plot of Hpma– showing HOMO-LUMO 

energy gaps for vicinal orbitals. An isovalue of 0.03 was used in creating orbital 

surfaces.  

 

The global reactivity descriptors, such as chemical potential (μ), hardness (η), softness 

(σ), electrophilicity index (ω) and electronegativity (χm), were determined by resorting 

to ionisation potential and electron affinity obtained from the HOMO and LUMO 

energies, with results being μ = -3.509 eV, η = 2.725 eV, σ = 0.367 eV-1, ω = 2.259 

eV and χm = 3.509 eV [68,69]. These parameters are an efficient tool in providing 

theoretical insights into the biological activity and behaviour of the whole chemical 

species when the compound enters the body as an anticancer drug [70,71]. 

Calculations for the local reactivity parameters: electrodonating (ω−) power, 
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electroaccepting (ω+) power and the net electrophilicity (Δω±), are also included 

(Table 4.5) to give information regarding the behaviour of specific sites in the 

molecule, which is crucial in reactivity elucidation and selectivity trends [72-74]. The 

electrodonating power (ω− = 4.354 eV) shows the propensity to donate charge, 

whereas the electroaccepting capacity (ω+ = 0.845 eV) indicates the tendency of a 

system to accept charge; with the ω− value of the molecule being more important than 

its electroaccepting ability [73-75]. The net electrophilicity (electron-accepting ability 

relative to its electron-donating capacity) is equal to 5.199 eV [76]. 

 

Table 4.5: Global and chemical parameters of Hpma– calculated with the B3LYP 
density functional with the aug-cc-pVTZ basis set and the SCRF-CPCM solvation 

model using DMSO as the solvent (Softness in eV−1 and other descriptors are in eV). 
 

Global and chemical reactivity 
descriptor 

Symbols Values (eV) 

Energy of HOMO EHOMO -6.233 
Energy of LUMO ELUMO -0.784 
Energy of HOMO-1 EHOMO-1 -6.554 
Energy of LUMO+1 ELUMO+1 -0.339 
Energy of HOMO-2 EHOMO-2 -6.654 
Energy of LUMO+2 ELUMO+2 -0.245 
First energy gap ΔE = LUMO – HOMO  5.449 
Second energy gap ΔE = LUMO+1 – HOMO-1 6.215 
Third energy gap ΔE = LUMO+2 – HOMO-2 6.409 
Ionisation energy (I) –EHOMO 6.233 
Electron affinity (A) –ELUMO 0.784 
Hardness (η) (I– A)

2
 

2.725 

Chemical potential (μ) – (I + A)
2  -3.509 

Softness (σ) 1
𝜂

 0.367 eV−1 

Electrophilicity index (ω) 𝜇2

2𝜂
 

2.259 

Electronegativity (χm) 𝐼 + 𝐴
2

 3.509 

Electrodonating power (ω–) (3𝐼+𝐴)2

16(𝐼−𝐴)
  4.354 

Electroaccepting power (ω+) (𝐼+3𝐴)2

16(𝐼−𝐴)
  0.845 

Net electrophilicity (Δω±) ω+ – (–ω–) = ω+ + ω– 5.199 
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4.3.8 Anticancer screen 

The MCF-7, HEC-1A and THP-1 cell viability was determined after exposure to 100 

μM of the proligand Hdmp, Ln(III) nitrate salts, Ln(III) oxamate complexes and 

curcumin, for 24 hours. As shown in Figure 4.9, the results indicate that when 

exposed to [Ce(NO3)3∙6H2O], the cell viability of the MCF-7 cells decreased 

(p<0.05). Likewise, [Nd(NO3)3∙6H2O] exerted cytotoxic effects in HEC-1A cells 

(p<0.05). The cytotoxicities of Hdmp, [Ln(NO3)3∙xH2O] (Ln = Gd and Er) and metal 

complexes 1–6 were also tested against the three cell lines for comparison, but no 

significant cytotoxicity was found (p>0.05). 

 
  

 
Figure 4.9: Cytotoxic effects of the compounds on MCF-7, HEC-1A and THP-1 cells 

using the MTT assay. Mean values of three independent experiments ± SD are shown. 

 

 

The greatest cytotoxicity was exhibited by curcumin, which decreased cell viabilities 

to 46.8±6.46, 14.1±3.76 and 21.5±0.83 % for MCF-7, HEC-1A and THP-1 cells, 

respectively. The cytotoxicity of curcumin is explicated by its ability to regulate 

multiple cell signalling pathways, such as cell proliferation, senescence, apoptosis and 

protein kinase pathway [77,78]. 
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For each assay, the viability of the THP-1 cells treated with the proligand, lanthanide 

salts and the coordination compounds were not significantly affected, suggesting no 

adverse effects on THP-1 cell line counterparts, i.e. primary monocytes or human 

peripheral blood monocytes (Figure 4.9) [79-81]. This, however, has to be validated 

by further in vitro and in vivo studies. 

 

4.4 Conclusion 

Syntheses of six novel oxamates of trivalent rare-earth metals (Ce, Nd, Gd and Er) in 

basic media have been successfully reported. The compositions and structures of these 

polymeric complexes have been characterised by elemental analyses, conductivity 

measurements, IR, UV-Vis-NIR, NMR and X-ray diffraction studies. The X-ray 

crystallography results indicate that Hpma– possesses a variety of chelating and 

bridging modes displayed by the three oxygen atoms. The units of 1–4 contain lattice 

methanol molecules, which afford with oxygen atoms needed in the formation of 

some O-H⋯O links. The oxamate ligands adopt μ2- and μ3-bridging modes, 

generating one-dimensional coordination polymers. In the heterometallic polymers 5 

and 6, interconnection of Ln(III) and Na(I) ion centres is also supplemented by the μ2-

bridging water molecules. The experimental bond parameters were in excellent 

agreement with related compounds in literature. 

 

Using B3LYP/aug-cc-pVTZ level, NPA of N-(2,6-dimethylphenyl)oxamate has been 

performed to evaluate partial atomic charges. The HOMO and LUMO energies, as 

well as the MEP surfaces, assisted in determining chemical reactivity of the title 

anionic ligand. Partial atomic charges and MEP surfaces of the oxamate are 

corroborated by crystal data. 

 

The MTT assay was employed to quantify MCF-7, HEC-1A and THP-1 cell 

populations after exposure to 100 µM of the compounds, followed by determining the 

reduction of mitochondrial MTT to formazan. Although no sign of anticancer 

activities can be observed for the title complexes, the rare-earth metal salts 

[Ce(NO3)3∙6H2O] and [Nd(NO3)3∙6H2O] showed modest cytotoxicity against MCF-7 
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and HEC-1A cells, respectively. These results indicate that these two metal salts could 

be potential starting materials in the development of anticancer agents. Further 

attempts will be concentrated on the preparation of other complexes from Hdmp or 

Hpma– derivatives. Since the oxamate complexes were found to be non-toxic towards 

cancer cells, other potential uses of the coordination compounds, such as catalysis, 

can also be investigated. 

 

4.5 Supplementary information 

4.5.1 Crystal data and refinements 

Table S4.1a: Crystal and structure refinement data for 1 and 2. 
 1 2 

Formula C31H36CeN3O11, 2(CH4O) C31H35NdN3O11, 2(CH4O) 

Mr (g.mol-1) 830.83 833.94 
Crystal system Monoclinic Monoclinic 

Space group I2/a (No. 15) I2/a (No. 15) 
a, b, c [Å] 22.8156(9), 12.5043(5), 

27.7448(11) 
22.7183(18), 12.4573(11), 
27.8520(2) 

α, β, γ (°) 90, 93.288(3), 90 90, 92.929(6), 90 
V (Å3) 7902.4(5) 7872.1(11) 
Z 8 8 
ρ (g.cm-3) 1.397 1.407 
µ (mm-1) 1.214 1.381 
F(000) 3400 3408 
Crystal size (mm) 0.09 × 0.16 × 0.37 0.18 × 0.39 × 0.69 
Temperature (K)  200 200 
Mo Kα radiation, λ (Å) 0.71073 0.71073 
θ (min-max) (°) 1.8, 28.3 2.4, 28.4 
Data set -30≤h≤26; -16≤k≤16; 

 -36≤l≤37 
-29≤h≤30; -16≤k≤16; 
 -37≤l≤37 

Tot., Unique data, Rint  90084, 9810, 0.025 55177, 9811, 0.018 

Observed [I>2σ(I)] 
reflections 

8693 8835 

Nreflections, Nparameters 9810, 486 9811, 483 
R[F2>2σ(F2)], wR(F2), S 0.0186, 0.0456, 1.06 0.0224, 0.0606, 1.14 
Δρmin, Δρmax (e.Å-3) -0.47, 0.83 -0.90, 1.36 
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Table S4.1b: Crystal and structure refinement data for 3–6. 
 3 4 
Formula C64H76Gd2N6O22, 6(CH4O) C61H70Er2N6O22, 2(CH4O) 

Mr (g.mol-1) 1788.06 1637.84 
Crystal system Triclinic Triclinic 
Space group P-1 (No. 2) P-1 (No. 2) 
a, b, c [Å] 11.7874(5), 17.7660(8), 

21.0024(10) 
14.5404(7), 14.9104(7), 
19.1140(9) 

α, β, γ (°) 73.394(2), 78.014(2), 80.235(2) 106.487(2), 95.985(2), 
116.654(2) 

V (Å3) 4094.3(3) 3419.2(3) 
Z 2 2 
ρ (g.cm-3) 1.450 1.591 
µ (mm-1) 1.685 2.519 
F(000) 1828 1652 
Crystal size (mm) 0.06 × 0.30 × 0.50 0.11 × 0.41 × 0.70 
Temperature (K)  200 200 
Mo Kα radiation, λ (Å) 0.71073 0.71073 
θ (min-max) (°) 1.2, 28.4 1.6, 28.4 
Data set -15≤h≤15; -23≤k≤23; 

 -27≤l≤28 
-19≤h≤18; -13≤k≤19; 
 -25≤l≤25 

Tot., Unique data, Rint  92833, 20449, 0.030 61425, 17016, 0.018 
Observed [I>2σ(I)] 
reflections 

16558 15123 

Nreflections, Nparameters 20449, 1023 17016, 924 
R[F2>2σ(F2)], wR(F2), S 0.0282, 0.0650, 1.08 0.0204, 0.0472, 1.15 
Δρmin, Δρmax (e.Å-3) -0.93, 2.10 -0.94, 1.58 

 5 6 

Formula C82H95.55N8Na2Nd2O30.45, O C81.69H94.23Gd2N8Na2O30, O 

Mr (g.mol-1) 2030.93 2044.64 
Crystal system Triclinic Triclinic 
Space group P-1 (No. 2) P-1 (No. 2) 
a, b, c [Å] 11.4098(6), 20.9380(11), 

21.5456(11) 
11.3308(5), 20.7995(10), 
21.5254(10) 

α, β, γ (°) 111.678(2), 93.897(3), 99.470(3) 111.771(2), 93.982(2), 
98.973(2) 

V (Å3) 4671.2(4) 4608.5(4) 
Z 2 2 
ρ (g.cm-3) 1.444 1.474 
µ (mm-1) 1.191 1.519 
F(000) 2074 2077 
Crystal size (mm) 0.11 × 0.25 × 0.32 0.26 × 0.36 × 0.64 
Temperature (K)  200 200 
Mo Kα radiation, λ (Å) 0.71073 0.71073 
θ (min-max) (°) 1.7, 28.3 1.8, 28.4 
Data set -15≤h≤15; -27≤k≤27; 

 -28≤l≤28 
-15≤h≤15; -27≤k≤27; 
 -28≤l≤28 

Tot., Unique data, Rint  168695, 23316, 0.039 328001, 22932, 0.022 
Observed [I>2σ(I)] 
reflections 

18868 20371 

Nreflections, Nparameters 23316, 1196 22932, 1172 
R[F2>2σ(F2)], wR(F2), S 0.0269, 0.0655, 1.01 0.0255, 0.0653, 1.11 
Δρmin, Δρmax (e.Å-3) -0.94, 1.03 -0.84, 3.49 
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4.5.2 Molecular modelling data 

 

 

Table S4.2: Natural population analysis of Hpma– at the DFT/B3LYP level using the 

aug-cc-pVTZ basis set in the gas phase and DMSO. 

Atoms Natural 
charge (dmso) 

Population Natural 
charge (gas) 

Population 

O1 -0.67720 8.67720 -0.63226 8.63226 
O2 -0.76420 8.76420 -0.70104 8.70104 
O3 -0.79536 8.79536 -0.78570 8.78570 
N4 -0.63544 7.63544 -0.67626 7.67626 
C5 0.22013 5.77987 0.25482 5.74518 
C6 -0.04667 6.04667 -0.05499 6.05499 
C7 -0.21885 6.21885 -0.22175 6.22175 
C9 -0.20547 6.20547 -0.22800 6.22800 
C11 -0.21779 6.21779 -0.21499 6.21499 
C13 -0.04026 6.04026 -0.04373 6.04373 
C14 -0.61191 6.61191 -0.60775 6.60775 
C18   -0.61449 6.61449 -0.61520 6.61520 
C22 0.56376 5.43624 0.56844 5.43156 
C23 0.67881 5.32119 0.67376 5.32624 
H8 0.20880 0.79120 0.18759 0.81241 
H10 0.21293 0.78707 0.19075 0.80925 
H12 0.20813 0.79187 0.18855 0.81145 
H15 0.21509 0.78491 0.19493 0.80507 
H16 0.21609 0.78391 0.21168 0.78832 
H17  0.21961 0.78039 0.22544 0.77456 
H19 0.20972 0.79028 0.18577 0.81423 
H20 0.22991 0.77009 0.25196 0.74804 
H21 0.21586 0.78414 0.21435 0.78565 
H24 0.42881 0.57119 0.43364 0.56636 
Total 
charge 

-1.00000  -1.00000  
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4.5.3 Anticancer activity tests 

 

 

Table S4.3: Summary of cytotoxicity of Hdmp, metal salts and Ln(III)-oxamate 
complexes. 

 
 

Compound 

(100 µM) 

Cells 

MCF-7 HEC-1A THP-1 

Cell viability (%) 

Ce(NO3)3∙6H2O 81.8±2.88 103.9±8.89 87.2±13.36 

Nd(NO3)3∙6H2O 88.6±6.99 82.4±4.77 93.7±23.98 

Gd(NO3)3∙6H2O 88.8±12.26 85.7±14.64 89.4±17.70 

Er(NO3)3∙5H2O 90.6±2.42 84.9±11.36 80.1±9.67 

Hdmp 88.7±13.17 88.9±11.81 102.0±23.74 

Complex 1 77.1±11.27 86.2±9.44 87.6±28.16 

Complex 2 92.6±8.91 69.3±13.93 98.56±11.37 

Complex 3 106.4±13.82 64.8±16.84 114.8±12.41 

Complex 4 87.6±6.94 84.4±10.70 103.5±12.33 

Complex 5 82.0±8.18 87.9±13.43 98.4±19.61 

Complex 6 97.5±4.59 80.6±1.40 107.8±19.45 

CURCUMIN 46.8±6.46 14.1±3.76 21.5±0.83 
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CHAPTER 5 

Lanthanide complexes with N-(2,6-

dimethylphenyl)oxamate and 1,10-

phenanthroline 

 
5.1 Introduction 

Cancer is one of the most fatal diseases worldwide, with chemotherapy being the most 

effective strategy for reducing the mortality rate [1,2]. Among the chemotherapeutic 

agents, the platinum-based drugs (cisplatin, carboplatin and oxaliplatin) and 

desferrioxamine (DFO) are widely used and play an important role because of their 

effectiveness [1,3,4]. However, the use of platinum-based chemotherapeutics is 

associated with adverse effects, such as ototoxicity, nephrotoxicity and peripheral 

neuropathy, as well as the relapsing of tumours into a platinum-resistant form [1,3]. 

The utilisation of the iron chelator, DFO, additionally has disadvantages, including 

short half-life in the plasma and poor membrane penetrability [4]. These limitations 

have provided an impetus for the exploration of the periodic table to identify 

alternative compounds to be developed as effective anticancer agents. As a result, the 

coordination compounds of lanthanides, titanium and ruthenium as potential 

anticancer agents are expanding fields of research [1,5,6]. 

 

The chemistry of 1,10-phenanthroline (phen) and carboxylic acid derivatives plays a 

crucial role in the coordination chemistry of transition metals and lanthanides [7,8]. 

Metallic coordination is regarded as an efficient strategy in the design of effective 

metal-based drugs that are used in the prevention, diagnosis and treatment of diseases 

[5,8,9]. Coordination of bioactive ligands to metals can improve the pharmacological 

properties, while inactive ligands, on the other hand, may acquire bioactivity [8,9].  
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Oxamates are of interest to bio-inorganic chemists due to their remarkable ability to 

form stable coordination compounds, their flexibility, and the availability of two or 

more coordination sites that enable them to form mono- and polynuclear complexes 

with diversified coordination modes (Figure 5.1a) [8,10-14]. The carboxylate groups 

not only play a key role in structural bonding, but are also vital in hydrogen bonding 

interactions with protic groups of proteins [10].  
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Figure 5.1a: Some of the coordination modes of monoanionic and dianionic oxamate 

ligands with transition metal ions and lanthanide ions [10-14]. 

 

Oxamate (Figure 5.1b) and its derivatives, such as N-ethyl oxamate and N-sec-butyl 

oxamate, are promising anticancer agents, as they target lactate dehydrogenase 

(LDHA), a key enzyme in the aerobic glycolytic pathway (a metabolic pathway 

involved in metastasis), by competing with LDHA’s substrate, pyruvate (Figure 5.1b) 

for the binding sites [15-17]. Antagonism of the LDHA substrate-binding sites by 

inhibitors such as oxamate leads to a reduction in enzymatic conversion of pyruvate to 

lactate, thereby promoting the participation of pyruvate in mitochondrial metabolism 
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and cytotoxicity [17]. The inhibitory effects of LDHA by oxamates, or their metal 

complexes, result in inhibition of breast, cervical, leukemia, medulloblastoma 

(malignant paediatric brain tumour), glioblastoma, non-small cell lung cancer 

(NSCLC) and liver cancer cell metabolism and proliferation [14,15,18-20]. An 

example of metal compounds that are cytotoxic towards leukemia cells are 

diamagnetic square-planar Pd(II)-oxamate complexes [14]. Moreover, oxamate has 

been found to enhance sensitivity to doxorubicin in doxorubicin-resistant 

chondrosarcoma cells, chemo-resistant human colon adenocarcinoma cells (HT29-

dx), and in human malignant mesothelioma (HMM) cells [18,21]. 

 

oxamate

NH2

O

O

O-

pyruvate
O

O

O-

 

Figure 5.1b: Structures of oxamate and pyruvate [17]. 

 

On the other hand, 1,10-phenanthroline and its derivatives form a group of potential 

iron chelators and DNA cleaving agents, which can be developed specially for cancer 

chemotherapy [4,7]. Iron is essential for cell growth processes, especially DNA 

synthesis; without it, the cell cycle cannot be completed and the cell cannot progress 

from the G1 phase (first growth phase) to the S phase (DNA synthesis) [4]. The 

anticancer properties and the chelating ability of 1,10-phenanthroline that ensures 

stability of the metal complexes accounts for its use in this research as an auxiliary 

ligand [7,8,22].   

 

The structural features and biological relevance (ability to inhibit glycolysis and other 

relevant metabolic processes) of mixed-ligand complexes, thus motivated the 

synthesis and characterisation of lanthanide complexes incorporating N-(2,6-

dimethylphenyl)oxamate (Hpma–, Scheme 5.1) and phen, with a view to assess the 

anticancer activities of the compounds on breast cancer (MCF-7), the endometrial 
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carcinoma (HEC-1A) and the human monocytic (THP-1) cell lines. The anticancer 

screen of the mixed-ligand complexes containing oxamate and phen, indicated that 

the addition of phen as an auxiliary ligand could enhance the anticancer properties of 

the complexes [4]. To disentangle various aspects related to the metal complexation 

chemistry, some theoretical aspects of the ligands were studied. This opens numerous 

routes to expand the wide range of applications for mixed-ligand complexes of 

oxamates and phenanthrolines toward medicinal chemistry. 

 

1 M NaOH

NH

OO

O NH

OO

O

+ CH3CH2OH

Na

Hdmp [Hpma ] Na  
Scheme 5.1: Conversion of the proligand Hdmp to Hpma–, which in turn coordinates 

with metal ions [14]. 

 

 

5.2 Synthesis of the complexes 

5.2.1 Synthesis of Ln(III) acetate complexes with Hdmp and phen 

 

The following general procedure was adopted in the synthesis of Ln(III) acetate 

complexes with Hdmp and phen. [Ln(OAc)3∙xH2O] (Ln = La (1), Ce (2), Nd (3), Er 

(4) or Yb (5), x = 4 for Yb) was added to a 6 mL ethanolic solution of 1,10-

phenanthroline monohydrate. A few drops of distilled water were added to completely 

dissolve the mixture, followed by reflux of the resultant solution under a dinitrogen 

atmosphere for 1 hour. An ethanolic solution of Hdmp mixed with 1 M NaOH (1:1 

molar ratio) was then added, and reflux continued for a further 2 hours at 60 oC. The 

solutions afforded single X-ray quality crystals within 7 days, upon slow vapour 

diffusion using diethyl ether at room temperature.  
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[La(Hpma)2(phen)2(OAc)]·2H2O (1) 

1,10-Phenanthroline monohydrate (0.370 g, 1.867 mmol), [La(OAc)3∙xH2O] (0.312 g,  

0.935 mmol), Hdmp (0.207 g, 0.936 mmol), 1 M NaOH (0.936 mL), Yield = 0.472 g 

(26.1 % based on the La(III) salt); white crystals, m.p. = 342.0 oC. Anal. Calcd. for 

2(C46H39LaN6O8), 3(O) (%): C, 57.17; H, 4.07; N, 8.69. Found: C, 57.21; H, 3.94; N, 

8.67. Conductivity (10-3 M, DMF): 11.88 ohm-1cm2mol-1. IR (cm-1): v(N-H) 3249(w), 

v(C=O) 1663, 1633(s), v(C=C) 1520(s), v(C-H) 851, 728(s), v(Ln-N) 418(m).  

 

[Ce(Hpma)2(phen)2(OAc)]·2H2O (2) 

1,10-Phenanthroline monohydrate (0.144 g, 0.726 mmol), [Ce(OAc)3∙xH2O] (0.152 g,  

0.363 mmol), Hdmp (0.0804 g, 0.363 mmol), 1 M NaOH (0.363 mL), Yield = 0.198 

g (28.2 % based on the Ce(III) salt); yellow crystals, m.p. = 328.5 oC. Anal. Calcd. for 

2(C46H39CeN6O8), 3(O) (%): C, 57.08; H, 4.06; N, 8.68. Found: C, 57.01; H, 4.01; N, 

8.59. Conductivity (10-3 M, DMF): 14.58 ohm-1cm2mol-1. IR (cm-1): v(N-H) 3247(w), 

v(C=O) 1662, 1633(s), v(C=C) 1520(s), v(C-H) 852, 727(s), v(Ln-N) 418(m). 

 

[Nd(Hpma)2(phen)2(OAc)]·2H2O (3) 

1,10-Phenanthroline monohydrate (0.753 g, 3.798 mmol), [Nd(OAc)3∙xH2O] (1.288 g,  

3.797 mmol), Hdmp (0.420 g, 1.898 mmol), 1 M NaOH (1.898 mL), Yield = 0.916 g 

(24.6 % based on the Nd(III) acetate salt); purple crystals, m.p. = 293.4 oC. Anal. 

Calcd. for C46H39N6NdO8, H2O, O (%): C, 56.26; H, 4.21; N, 8.56. Found: C, 56.19; 

H, 4.19; N, 8.52. Conductivity (10-3 M, DMF): 4.98 ohm-1cm2mol-1. IR (cm-1): v(N-H) 

3225(w), v(C=O) 1666, 1597(s), v(C=C) 1520(s), v(C-H) 845, 724(s), v(Ln-N) 

424(m).  

 

[Er(Hpma)2(phen)(OAc)(H2O)]·EtOH·H2O (4) 

1,10-Phenanthroline monohydrate (0.176 g, 0.888 mmol), [Er(OAc)3∙xH2O] (0.152 g,  

0.441 mmol), Hdmp (0.0980 g, 0.443 mmol), 1 M NaOH (0.443 mL), Yield = 0.121 

g (31.4 % based on the Er(III) salt); pink crystals, m.p. = 291.3 oC. Anal. Calcd. for 

C34H33ErN4O9, C2H6O, H2O (%): C, 49.53; H, 4.73; N, 6.42. Found: C, 49.46; H, 

4.64; N, 6.41. Conductivity (10-3 M, DMF): 32.60 ohm-1cm2mol-1. IR (cm-1): v(N-H) 
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3214(w), v(C=O) 1678, 1616(s), v(C=C) 1520(s), v(C-H) 842, 722(s), v(Ln-N) 

429(m). 

 

[Yb(Hpma)3(phen)]·2EtOH  (5) 

1,10-Phenanthroline monohydrate (0.108 g, 0.545 mmol), [Yb(OAc)3∙4H2O] (0.115 g,  

0.272 mmol), Hdmp (0.060 g, 0.271 mmol), 1 M NaOH (0.271 mL), Yield = 0.098 g 

(35.3 % based on the Yb(III) salt); white crystals, m.p. = 283.6 oC. Anal. Calcd. for 

C42H38N5O9Yb, 2(C2H6O) (%): C, 54.06; H, 4.93; N, 6.85. Found: C, 53.98; H, 4.90; 

N, 6.79. Conductivity (10-3 M, DMF): 17.55 ohm-1cm2mol-1. IR (cm-1): v(N-H) 

3214(w), v(C=O) 1678, 1616(s), v(C=C) 1520(s), v(C-H) 842, 722(s), v(Ln-N) 

429(m). 

  

 

5.2.2 Synthesis of Ln(III) nitrate complexes with Hdmp and 1,10-

phenanthroline 

 

The following general procedure was used in the synthesis of Ln(III) nitrate 

complexes with Hdmp and phen. A colourless homogeneous (2:1 mole ratio) mixture 

of Hdmp and 1,10-phenanthroline monohydrate in an 8 mL ethanolic solution 

(ethanol:water = 3:2 v/v) was prepared. To this, 1 M NaOH was added and the 

solution magnetically stirred for 1 hour at room temperature. [Ln(NO3)3∙6H2O] (Ln = 

Nd or Gd) was then added and the mixture refluxed for a further 1 hour. The solution 

was filtered off to remove undissolved material, and diethyl ether was allowed to 

diffuse into the solution. Single crystals suitable for X-ray crystallography were 

obtained within 5 days.  

 

[Nd(Hpma)3(phen)(H2O)]·4H2O (6) 

Hdmp (0.185 g, 0.836 mmol), 1,10-phenanthroline monohydrate (0.083 g, 0.419 

mmol), 1 M NaOH (0.836 mL), [Nd(NO3)3∙6H2O] (0.367 g,  0.837 mmol), Yield = 

0.328 g (39.9 % based on the Nd(III) nitrate salt); purple crystals, m.p. = 294.6 oC. 

Anal. Calcd. for C42H40N5NdO10, 4(O) (%): C, 51.32; H, 4.10; N, 7.12. Found: C, 

51.39; H, 4.18; N, 7.07. Conductivity (10-3 M, DMF): 7.84 ohm-1cm2mol-1. IR (cm-1): 
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v(O-H) 3559–3081(w), v(C=O) 1638(s), v(C=C) 1521(s), v(C-H) 852, 721(s), v(Ln-N) 

420(m).  

 

[Gd(Hpma)3(phen)(H2O)]·4H2O (7) 

Hdmp (0.189 g, 0.854 mmol), 1,10-phenanthroline monohydrate (0.085 g, 0.428 

mmol), 1 M NaOH (0.854 mL), [Gd(NO3)3∙6H2O] (0.385 g,  0.853 mmol), Yield = 

0.331 g (38.8 % based on the Gd(III) nitrate salt); white crystals, m.p. = 302.4 oC. 

Anal. Calcd. for C42H40GdN5O10, 2(O) (%): C, 50.44; H, 4.03; N, 7.00. Found: C, 

50.38; H, 4.12; N, 6.86. Conductivity (10-3 M, DMF): 22.57 ohm-1cm2mol-1. IR     

(cm-1): v(O-H) 3559–3081(w), v(C=O) 1638(s), v(C=C) 1521(s), v(C-H) 852, 721(s), 

v(Ln-N) 420(m).  

 

5.3 Results and discussion 

A one-pot synthesis procedure was applied in the preparation of the coordination 

compounds, which yielded air and moisture stable complexes. The use of NaOH as a 

base led to the hydrolysis of the proligand Hdmp to yield monoanionic Hpma–, 

which is more reactive with the metal acetates and nitrates (Scheme 5.2). The 

synthetic methodology reported by Fortea-Pérez et al. (2014) for the preparation of 

bis(oxamato)palladate(II) complexes using tetrabutylammonium hydroxide (n-

Bu4NOH) and potassium hydroxide (KOH) as bases instead of NaOH, affording N-

2,6-dimethylphenyloxamate dianions from Hdmp, was utilised [14]. Elemental 

analyses data confirmed bonding of the Ln(III) ions with Hpma– and phen in the 

ratios 1:2:2 (complexes 1–3), 1:2:1 (complex 4) and 1:3:1 (complexes 5–7). 

 

The molar conductivity values (4.98–32.60 ohm-1cm2mol-1) of the coordination 

compounds in DMF indicate their non-electrolyte nature [23]. The complexes are thus 

regarded to be neutral with all the anionic Hpma– and/or acetate ligands found in the 

primary coordination sphere.  
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y Ln(OAc)3  xH2O

+

1 h reflux/ 60 oC

.

EtOH/H2O Hdmp/NaOH
2 h reflux (60 oC)

[Er(Hpma)2(phen)(OAc)(H2O)]·EtOH·H2O
(4)

Hdmp/NaOH
2 h reflux (60 oC)

[Ln(Hpma)2(phen)2(OAc)]·2H2O

Ln = La (1), Ce (2) and Nd (3)

[Yb(Hpma)3(phen)]·2EtOH
(5)

Hdmp/NaOH
2 h reflux (60 oC)

N N

2 Ln(NO3)3  6H2O +phen NaOH/EtOH/H2O. [Ln(Hpma)3(phen)(H2O)]·4H2O2 Hdmp+

Ln = Nd (6) and Gd (7)
2 h reflux/ 60 oC

x = 4 for Yb
Ln = La, Ce, Er, Yb; y = 1
Ln = Nd, y = 2

2

 
Scheme 5.2: Different lanthanide complexes prepared from Hdmp and phen in the 

presence of NaOH. 

 
 

5.3.1 FT-IR spectroscopy 

The IR spectra of the free ligands and the synthesised complexes are presented in 

Figures 5.2a-5.2c. It can be noted that the IR spectra of 1–3 are almost identical, while 

those of the isostructural complexes 6 and 7 also resemble each other, indicating 

similar coordination environments around the Ln(III) ions [23]. The shifts observed in 

the spectra of Ln(III) complexes are attributed to the weakening of the N-H and C=O 

bonds upon coordination [23,24]. The strong v(N-H) of Hdmp is found in the high-

frequency region at 3252 cm-1 – this band is red-shifted to 3249–3214 cm-1 in 

complexes 1–5 [14]. In the free Hdmp, the C=O stretching vibrations occur at 1763 

and 1688 cm-1. These bands are observed at lower wavenumbers in the metal 

complexes (1678–1597 cm-1), thus confirming participation of the oxamate oxygen 

atoms in direct bonding to the metal ions [14,22]. The v(C=C) in Hdmp (1525 cm-1) 

is red-shifted in 1–7 (≈1520 cm-1).  
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Figure 5.2a: Overlay IR spectra of the free ligands and complexes 1–3.  

 

 
Figure 5.2b: Overlay infrared spectra of Hdmp, phen and complexes 4 and 5. 

 

 

The free ligand 1,10-phenanthroline monohydrate exhibits a broad vibration band 

with a maximum at 3371 cm-1, indicating the presence of a water molecule [23]. This 

band completely disappears in the spectra of complexes 1–5, but re-appears in 6 and 7 

(3559–3081 cm-1). The C-H bending vibrations are observed at 852 and 738 cm-1 in 
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phen, with the band at 852 cm-1 remaining unaffected after complexation with the 

metal ions in 2, 6 and 7; while being red-shifted (851–842 cm-1) in 1 and 3–5 [22,24]. 

The absorption peak at 738 cm-1 also experiences red-shifts upon coordination with all 

metal ions, appearing in the range 728–721 cm-1. Furthermore, the blue-shifts of the 

C=C vibration of phen (1505 cm-1 versus ≈1520 cm-1 in 1–7), and the appearance of 

the non-ligand absorption peaks in the region 429–418 cm-1 that are typical of Ln-N 

vibrations, reveal that the nitrogen atoms of phen form coordinative bonds with the 

Ln(III) ions in 1–7 [22,25].    

 

 
Figure 5.2c: Overlay IR spectra of the free Hdmp and phen, and coordination 

compounds 6 and 7. 

 

5.3.2 NMR analysis 

The 1H NMR spectra of the free ligands and complexes 1-7 in DMSO-d6 are depicted 

in Figures 5.3a and 5.3b. The 1H NMR spectra of the complexes indicate the 

disappearance of the ethyl groups of Hdmp, thus supporting formation of the Hpma– 

monoanion [14]. The participation of the oxamate moiety in coordination to the metal 

ions is shown by the absence of the signal due to the –NH group in the spectra of all 

the complexes. These observations have been confirmed by X-ray diffraction studies 
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on single crystals. The 1H NMR spectra of the complexes show distinct peaks at 7.05 

ppm (complex 1), 6.42–6.52 ppm (complex 2), 6.45–6.57 ppm (complex 3) and 6.39–

6.52 ppm (complex 6), which are characteristic of the aromatic rings of Hpma–, with 

substantial signal broadening [26,27]. Upfield signals at 1.65, 1.60, 1.57 and 1.49 ppm 

are typical of the oxamate methyl protons in 1–3 and 6, respectively. Due to the 

paramagnetic nature of the Gd(III) ion in 7, it is expectedly found that the proton 

chemical shifts are distributed through a range of -2.91 to 9.13 ppm, with the 

shielding effect occurring only on Hpma– protons [26-28]. The resonances due to 

phen protons at 9.11, 8.48, 7.99 and 7.76 ppm remain almost unaffected after 

coordination to all the different metal ions [23].    
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Figure 5.3a: 1H NMR spectra of Hdmp, phen and complexes 1–5. 
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Figure 5.3b: 1H NMR spectra of the free ligands Hdmp and phen, and metal 

complexes 6 and 7 in DMSO-d6. 

 

5.3.3 UV-Vis-NIR spectroscopy 

The absorption spectra of phen and the metal complexes in the UV-Vis-NIR range 

(310-935 nm) are shown in Figures 5.4a and 5.4b. The maximum absorption bands 

positioned at 324 nm for phen and 1–7 are associated with the π→π* transitions of 

phen [29,30].  

 

The insets show more resolved f–f transition bands of the complexes. The La(III) and 

Ce(III) complexes show no significant absorption in the investigated range. In the 

case of complex 3, the maxima around 444, 515, 525, 585, 745, 801 and 873 nm are 

assigned to electronic transitions from 4I9/2 to the excited states 2P1/2, 4G9/2, 4G7/2, 4G5/2 

+ 
2G7/2, 4F7/2 + 

4S3/2, 4F5/2 + 2H9/2 and 4F3/2, respectively [31-36]. The Nd(III) ion of 6 

also gives discrete absorption bands in the visible and near infrared regions, located at 

434, 453-485, 514, 524, 580, 684, 744 and 799. These transitions originate from the 

Hdmp 
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4I9/2 ground state to the various excited states of Nd(III): 2P1/2, 4G11/2 + 2D3/2, 4G9/2, 
4G7/2, 4G5/2 + 

2G7/2, 4F9/2, 4F7/2 + 
4S3/2 and 4F5/2 + 2H9/2, respectively [31-38]. 

 

 
Figure 5.4a: Electronic absorption spectra of the free phen ligand and 1-5 in 1 cm 

path length cells. The weak peaks due to f-f transitions are indicated in the inset.  

 

 
Figure 5.4b: The UV-Vis-NIR absorption spectra of phen, 6 and 7. The weak 

Laporte-forbidden f-f transition peaks are shown in the inset.  
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Sharp bands due to intra-configurational 4f11–4f11 electronic transitions from the 4I15/2 

ground state to the excited levels of the Er(III) ion of 4 can be discerned. The peaks 

correspond to the transitions from 4I15/2 to (4G9/2+2K15/2) (365 nm), 4G11/2 (378 nm), 
2H9/2 (409 nm), 4F7/2 (488 nm), 2H11/2 (522 nm) and 4F9/2 (655 nm) [34,39-41]. The 

broad absorption band in the spectrum of the Gd(III) complex (7) is due to the 

transition from the ground level 8S7/2 [42,43]. 

 

5.3.4 Coordination polyhedra determination 

 

Utilising the program SHAPE, the coordination geometries of 1–7 were identified, and 

the CShM values suggest moderate deviations from ideal symmetry (Table 5.1) [44-

46]. The coordination polyhedra around the ten-coordinate Ln(III) ions of the 

isostructural complexes 1–3 is sphenocorona J87 (JSPC-10), with continuous shape 

measures (CShMs) of 2.70209, 2.67702 and 2.59160, respectively, while the nine-

coordinate complexes 4, 6 and 7 exhibit the distorted spherical capped square 

antiprism (CSAPR-9) geometry. Representations of each geometry in terms of 

complexes 1, 4 and 5 are depicted in Figure 5.5. Deca-coordinate compounds thus 

show C2v symmetry and are composed of 22 edges and layers in the ratio 2:4:2:2, and 

123+24 faces (twelve triangles and two squares) [47]. The irregular coordination 

polyhedron about the eight-fold coordinate Yb(III) ion of 5 can be viewed as a 

distorted square antiprism (SAPR-8) (D4d symmetry), having a polyhedral volume of 

23.1290 Å3 and a CShM value equal to 0.89761 [48]. 

 

Table 5.1: Shape analysis of Ln(III) complexes with Hpma– and phen using SHAPE 
2.1 software. 

 

Complex Coordination 
number 

Shape Symmetry CShM Polyhedral 
volume (Å3) 

Average bond 
length (Å) 

1 10 JSPC-10 C2v 2.70209 40.4309 2.6462 
2 10 JSPC-10 C2v 2.67702 39.6386 2.6276  
3 10  JSPC-10 C2v 2.59160 38.2945 2.5960 
4 9 CSAPR-9 C4v 1.19572 28.7525 2.4353 
5 8 SAPR-8 D4d 0.89761 23.1290 2.3563 
6 9 CSAPR-9 C4v 0.42967 31.9855 2.5185 
7 9 CSAPR-9 C4v 0.38084 30.2801 2.4710 
       

Other close geometries with low CShM values 
Complex 4: Muffin (MFF-9); Cs symmetry; CShM = 1.28065 

Complex 6: MFF-9; Cs symmetry;  CShM = 0.77475 
Complex 7: MFF-9; Cs symmetry; CShM = 0.75273 
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Complex 1 Complex 4 

 
Complex 5 

Figure 5.5: Polyhedral views of 1, 4 and 5. 

 

It is observed that the CShM values are affected by the coordination number and the 

size of the metal ion (or bond lengths). Higher deviation parameters and coordination 

numbers are observed for the lighter lanthanides relative to their heavier counter-

parts. The lighter lanthanide coordination environments with their larger polyhedral 

volumes are more affected by angular distortions, resulting in higher CShM values 

compared to the heavier lanthanide complexes with relatively lower polyhedral 

volumes and shorter bond distances [45,46]. Lower coordination numbers and shorter 

bonds (stronger coordination) result in decreased flexibility of the coordinating 

ligands as well as decreased steric repulsion, thereby giving less distortions from ideal 

shape [49]. 
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5.3.5 X-ray crystallography 

Seven mixed-ligand lanthanide complexes derived from ethyl (2,6-

dimethylphenylcarbamoyl)formate and phen have been prepared. Complexes with the 

general formula [Ln(Hpma)2(phen)2(OAc)]·2H2O (Ln = La (1), Ce (2) and Nd (3)) are 

isostructural, and crystallise in the monoclinic system with space group P21/c (Figure 

5.6a). The sphenocorona coordination geometry around each deca-coordinate metal 

centre is formed by four nitrogen atoms (N31, N32, N41, N42) of two bidentate phen 

ligands and six O-atoms from two bidentate Hpma– ligands (O11, O12, O21, O22) 

and one bidentate acetate ion (O51, O52). The crystal structures of 1–4 show that the 

lanthanide ions exist in the +3 oxidation state, the charge of which is neutralised by 

two mono-anionic Hpma– ligands and one CH3COO– ion (Figure 5.6a). 

 

Single-crystal X-ray diffraction studies show that the Er(III) ion of complex 4 

(triclinic system, space group P-1) is surrounded by nine donor-atoms provided by 

one bidentate phen ligand, two bidentate chelating Hpma– molecules, one bidentate 

acetate group and one water molecule. The YbO6N2 distorted square antiprism 

coordination environment of 5 (monoclinic system, space group P21/c) exhibits a 

coordination number of eight, with the +3 charge on the metal ion being neutralised 

by three bidentately coordinated Hpma– ligands (Figure 5.6a). The inner coordination 

sphere is completed by one bidentately coordinated phen molecule. 

 

The molecular structures of the isostructural mixed-ligand complexes derived from 

Nd(III) and Gd(III) nitrates are presented in Figure 5.6b. The coordination compounds 

6 and 7 crystallise in the triclinic space group P-1, and are characterised by metal ions 

linked to one water molecule, one phen and three Hpma– ligands in similar chelating 

modes to 1–5. This gives nine-coordinate complexes with distorted CSAPR-9 

geometry. The lower coordination numbers in 6 and 7 compared to 1–3 can be 

attributed to the presence of more bulky Hpma– ligands in 6 and 7 [8]. The presence 

of three chelating Hpma– ligands enables binding of only one phenanthroline base to 

the Nd(III) ion in 6 instead of two phen ligands (as seen in 3), due to the larger bite 

angle of the Hpma– ligand compared to the acetate ligand [5]. 
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Complex 1 Complex 2 

  
Complex 3 Complex 4 

 
Complex 5 

Figure 5.6a: The crystal structures of 1–5 displaying 30 % probability displacement 
ellipsoids and partial atom-numbering schemes. Outer-sphere solvent molecules are 

omitted for clarity. 
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Complex 6 Complex 7 

Figure 5.6b: ORTEP drawings of 6 and 7 (30 % probability level). Lattice H2O 

molecules are omitted for clarity. 

 

Selected bond lengths and angles for the complexes are listed in Tables 5.2a and 5.2b. 

The average Ln-N bond lengths [2.4620(19) to 2.775(3) Å] are longer than the Ln-O 

bonds [2.2658(18) to 2.632(2) Å] due to the stronger binding ability of the oxygen 

atoms [8,22]. The lanthanide contraction manifests itself by a gradual reduction in 

metal-oxygen and metal-nitrogen bond lengths, with increasing atomic number 

[8,50,51]. 

 

N-(2,6-dimethylphenyl)oxamate (Hpma–) and phen coordinate to the metal centres, 

forming five-membered rings, in which the (O-Ln-O)Hpma– bite angles [range: 

61.65(6)o to 69.01(6)o] are larger than the (N-Ln-N)phen bite angles [range: 59.13(8)o 

to 66.21(6)o]. The average O-Ln-O and N-Ln-N bite angles decrease in the order: 5 

(Yb) > 4 (Er) > 7 (Gd) > 6 (Nd) > 3 (Nd) > 2 (Ce) > 1 (La). This trend, whereby bite 

angles increase as the metal ionic radii decrease, is common, and is attributed to Ln-

ligand bond shortening across the period [51]. The larger bite angles observed in the 

nine-coordinate Nd(III) complex (6) is an indication of less steric crowding than in the 

ten-coordinate Nd(III) complex (3), where there is increased congestion around the 

metal centre [52]. The four-membered chelate rings formed via binding of the acetate 

groups give an average bite angle of approximately 51.09o. 
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Table 5.2a: Selected bond parameters (Å, o) for lanthanide complexes 1–5. 
Compounds [Ln(Hpma)2(phen)2(OAc)]·2H2O [Er(Hpma)2(phen)(OAc)

(H2O)]·EtOH·H2O 
[Yb(Hpma)3(phen)]·2

EtOH 
Bond lengths 

(Å) 
 

1 (Ln = La) 2 (Ln = Ce) 3 (Ln = Nd) 4  5 

Ln1-O11 2.567(2) 2.557(2) 2.5222(17) Er1-O1    2.3841(13) Yb1-O11    2.3553(16) 

Ln1-O12 2.554(2) 2.539(2) 2.5038(18) Er1-O21 2.4031(13) Yb1-O12 2.2866(16) 

Ln1-O21 2.632(2) 2.612(2) 2.5864(17) Er1-O22 2.3933(14) Yb1-O21 2.3837(16) 

Ln1-O22 2.549(2) 2.523(2) 2.4998(17) Er1-O31 2.4349(13) Yb1-O22 2.2658(18) 
Ln1-O51 2.547(2) 2.524(2) 2.4934(18) Er1-O32 2.2868(13) Yb1-O31 2.3266(16) 

Ln1-O52 2.608(2) 2.594(2) 2.5691(19) Er1-O41 2.6371(16) Yb1-O32 2.2815(16) 

Ln1-N31 2.772(2) 2.747(2) 2.6573(19) Er1-O42 2.3379(16) Yb1-N41 2.489(2) 

Ln1-N32 2.716(2) 2.696(2) 2.712(2) Er1-N2 2.5396(17) Yb1-N42 2.4620(19) 

Ln1-N41 2.744(2) 2.728(3) 2.693(2) Er1-N13 2.5007(14)   

Ln1-N42 2.775(3) 2.758(3) 2.724(3)     

Bond angles (°)      

O11-Ln1-O12 63.20(7) 63.56(7) 64.38(5) O21-Er1-O22 66.75(4) O11-Yb1-O12 69.01(6) 

O21-Ln1-O22 61.65(6) 62.09(7) 62.62(5) O31-Er1-O32 68.93(4) O21-Yb1-O22 68.93(6) 

O51-Ln1-O52 50.45(7) 50.90(7) 51.30(6) O41-Er1-O42 51.69(4) O31-Yb1-O32 69.88(6) 

N31-Ln1-N32 59.74(7) 60.30(7) 61.03(6) N2-Er1-N13 65.10(5) N41-Yb1-N42 66.21(6) 

N41-Ln1-N42 59.13(8) 59.45(8) 60.25(6)     

 

Table 5.2b: Selected bond parameters (Å, o) for coordination compounds 6 and 7. 
[Nd(Hpma)3(phen)(H2O)]·4H2O [Gd(Hpma)3(phen)(H2O)]·4H2O 

6 7 
Bond lengths (Å) Bond lengths (Å) 

Nd1-O1 2.4792(18) Gd1-O5 2.4264(15) 
Nd1-O11 2.5077(18) Gd1-O11 2.4982(14) 
Nd1-O12 2.4722(18) Gd1-O12 2.3686(14) 
Nd1-O21 2.5450(18) Gd1-O21 2.4682(14) 
Nd1-O22 2.4230(18) Gd1-O22 2.4267(14) 
Nd1-O31 2.4746(18) Gd1-O31 2.4158(14) 
Nd1-O32 2.4682(19) Gd1-O32 2.4396(15) 
Nd1-N41 2.640(2) Gd1-N41 2.5823(16) 
Nd1-N42 2.6572(19) Gd1-N42 2.6133(16) 

Bond angles (°) Bond angles (°) 
O11-Nd1-O12 65.32(6) O11-Gd1-O12 67.21(5) 
O21-Nd1-O22 65.71(6) O21-Gd1-O22 66.39(5) 
O31-Nd1-O32 64.78(6) O31-Gd1-O32 65.53(5) 
N41-Nd1-N42 62.25(6) N41-Gd1-N42 63.53(5) 

 

Crystallographic analyses reveal that the bond lengths and ligand bite angles of all the 

synthesised complexes do not show any anomalies and are in agreement with those of 

related compounds derived from oxamates and phenanthrolines [13,53-55]. An 

example is the dysprosium(III) complex with N-(2,6-dimethylphenyl) oxamic acid in 

which the metal-oxygen bonds lie in the range 2.340(2) − 2.407(2) Å, while the 

oxamate bite angles vary from 67.36(8) to 68.04(7)° [13].  Furthermore, the Ln-N 
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bond lengths and (N-Ln-N)phen bite angles of the synthesised complexes are 

comparable to those in Ce(III), Pr(III) and Nd(III) nitrate complexes with 1,10-

phenanthroline [ranges: 0.2613(6) − 0.2719(3) nm and 61.0(1)o − 62.3(2)o, 

respectively] [54]. 

 

Besides the strong Ln(III)-ligand bonds as the main driving force for coordination, the 

relatively weak hydrogen bonds (O-H∙∙∙O and N-H∙∙∙O) are also a useful tool in the 

assembly of lanthanide complexes [56,57]. The crystal structures of 1–7 are stabilised 

through a variety of O-H∙∙∙O networks [O∙∙∙O = 2.711(6) to 2.923(4) Å] which occur 

between the coordinated and crystallographic H2O molecules, lattice ethanol, acetate 

oxygens and the O-atoms of Hpma– (free and coordinated), as detailed in Tables 5.2c 

and 5.2d (see Figure 5.7a for hydrogen-bonding in complex 4). All the complexes 

show N-H∙∙∙O type hydrogen bonds [N∙∙∙O = 2.682(2) – 2.995(3) Å] that are apparent 

between the N-H of Hpma– ligands and the free oxygen atoms of Hpma–. 

Additionally, the crystal packing of the metal complexes is determined by the weak 

C-H∙∙∙O contacts. 

 

The crystal packing of the coordination compounds is also ensured by non-covalent 

parallel offset π-π interactions between the aromatic rings, with centroid-centroid (Cg-

Cg) distances ranging from 3.4594(13) to 5.9882(18) Å [58,59]. A prominent example 

of such an interaction can be found in complex 1, involving the 6-membered pyridyl 

rings of phen, originating from neighbouring units [Cg-Cg distance = 3.6647(17) Å; 

slippage = 1.479 Å] (Figure 5.7b). Moreover, the metal complexes 1–3 show the 

existence of C-H∙∙∙π interactions between the partially positive methyl group 

hydrogens of Hpma–, and the electron-rich π-cloud of phen (6-membered in 1–3 and 

10-membered in 3) and the Hpma– ring centroids (range = 2.75 – 2.97 Å) [59,60]. 

The other contribution of C-H∙∙∙π links in 3 is from the acetate C-H groups and the 10-

membered rings of phen (C52-H52C∙∙∙Cg11). In the structure of 4, the -N-H groups 

and the 6-membered rings of Hpma– of adjacent units form N-H∙∙∙π interactions with 

a distance of 2.87(2) Å (symmetry operation: 1-x,1-y,2-z) [61]. In addition to 

influencing stabilisation of the complexes, the hydrogen bond interactions C-H∙∙∙O, π-

π, C-H∙∙∙π and N-H∙∙∙π are key in controlling the intercalation of different drugs into 
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DNA, as well as in protein structure and stability [61,62]. A significant number of 

these X-H∙∙∙π interactions (X = C or N) are involved in drug recognition, enzyme 

action, DNA recognition and stabilisation of secondary structure of protein [61]. 

 

Table 5.2c: Hydrogen-bonding geometry (Å, °) for 1–5. 

Complex 1 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O13 0.80(3) 2.35(3) 2.696(3) 107(3) 
N1-H1∙∙∙O23 0.80(3) 2.13(3) 2.852(3) 150(3) 
N2-H2∙∙∙O23 0.77(4) 2.43(4) 2.730(3) 105(3) 
N2-H2∙∙∙O13 0.77(4) 2.14(4) 2.862(4) 155(3) 
C42-H42∙∙∙O23 0.95 2.50 3.340(5) 148 
C323-H323∙∙∙O22 0.95 2.33 3.166(3) 146 
C325-H325∙∙∙O52 0.95 2.50 3.055(4) 117 
C415-H415∙∙∙O11 0.95 2.55 3.244(4) 130 
C415-H415∙∙∙O21 0.95 2.53 2.863(4) 101 

Complex 2 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O13 0.83(3) 2.29(3) 2.701(4) 111(3) 
N1-H1∙∙∙O23 0.83(3) 2.15(3) 2.859(4) 144(3) 
N2-H2∙∙∙O23 0.82(4) 2.45(3) 2.742(3) 102(3) 
N2-H2∙∙∙O13 0.82(4) 2.11(4) 2.872(4) 156(3) 

Complex 3 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O13 0.83(3) 2.34(3) 2.696(3) 107(2) 
N1-H1∙∙∙O23 0.83(3) 2.13(3) 2.867(3) 148(2) 
N2-H2∙∙∙O23 0.84(3) 2.42(3) 2.738(3) 104(2) 
N2-H2∙∙∙O13 0.84(3) 2.11(3) 2.870(3) 152(2) 
O6-H6A∙∙∙O13 0.83 2.16 2.759(4) 129 
O6-H6B∙∙∙O7 0.83 2.13 2.862(8) 148 

Complex 4 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
O1-H1A∙∙∙O6 0.83(2) 1.99(2) 2.823(2) 173(2) 
O1-H1A∙∙∙O41 0.83(2) 2.57(2) 2.888(2) 104.2(18) 
O1-H1B∙∙∙O33 0.835(17) 1.904(18) 2.729(2) 170(2) 
O6-H6A∙∙∙O51 0.841(19) 1.973(19) 2.809(2) 172(2) 
O6-H6B∙∙∙O41 0.836(16) 2.135(18) 2.840(2) 142(2) 
N20-H20∙∙∙O23 0.81(2) 2.41(3) 2.748(2) 106(2) 
N30-H30∙∙∙O33 0.78(2) 2.29(2) 2.682(2) 112(2) 
O51-H51∙∙∙O22 0.84 2.04 2.876(2) 171 

Complex 5 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O13 0.81(3) 2.40(4) 2.736(3) 107(3) 
N1-H1∙∙∙O23 0.81(3) 1.97(3) 2.737(3) 160(4) 
N2-H2∙∙∙O23 0.81(2) 2.34(3) 2.720(4) 110(2) 
N2-H2∙∙∙O13 0.81(2) 2.22(2) 2.995(3) 161(3) 
N3-H3∙∙∙O33 0.81(3) 2.38(3) 2.714(3) 106(2) 
O5-H5∙∙∙O6 0.8400 1.9100 2.711(6) 159.00 
O6-H6∙∙∙O13 0.8400 2.1300 2.923(4) 157.00 

D = donor, A = acceptor 
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Table 5.2d: Hydrogen-bonding geometry (Å, °) for 6 and 7. 

Complex 6 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O13 0.8800 2.2800 2.668(3) 107 
O1-H1A∙∙∙O23 0.834(18) 1.950(17) 2.761(3) 164(2) 
O1-H1B∙∙∙O3 0.84(2) 1.98(2) 2.812(3) 170(3) 
N2-H2∙∙∙O23 0.8800 2.2700 2.673(3) 108 
N3-H3∙∙∙O13 0.8800 2.0200 2.814(3) 150 
N3-H3∙∙∙O33 0.8800 2.3600 2.724(3) 105 

Complex 7 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
N1-H1∙∙∙O13 0.8800 2.2700 2.675(2) 108.00 
N2-H2∙∙∙O23 0.8800 2.2900 2.679(2) 107.00 
N3-H3∙∙∙O23 0.8800 2.0200 2.812(2) 149.00 
N3-H3∙∙∙O33 0.8800 2.3700 2.731(2) 105.00 
O5-H5A∙∙∙O13 0.829(15) 1.951(14) 2.768(2) 169(2) 
O5-H5B∙∙∙O7 0.841(19) 2.011(18) 2.816(2) 160(2) 
O6-H6A∙∙∙O33 0.84(3) 1.97(3) 2.793(2) 165(3) 
O6-H6B∙∙∙O22 0.84(2) 1.99(2) 2.830(2) 175(2) 
O7-H7A∙∙∙O6 0.84(2) 1.99(3) 2.823(3) 171(3) 
O7-H7B∙∙∙O6 0.84(2) 2.05(2) 2.872(3) 167(2) 

D = donor, A = acceptor 

 

 

 
Figure 5.7a: Hydrogen bonding in the Er(III) complex. 
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Figure 5.7b: An illustration of π-π (Symmetry: 2-x,1-y,1-z) and C-H∙∙∙π interactions 

(C-H∙∙∙π = 2.755 Å: 1-x,1/2+y,1/2-z; C-H∙∙∙π = 2.965 Å: x,y,z) in complex 1. 

 

5.3.6 Atomic charge analysis of the ligands 

The natural population analysis (NPA) of Hpma– and phen (Figure 5.8a) were 

calculated using the DFT/B3LYP method, with the basis set aug-cc-pVTZ (the NPA 

of Hpma– has been outlined in Chapter 4) [63]. From Figure 5.8b, it is clear that all 

the hydrogen atoms of the phen molecule possess positive charges. The four carbon 

atoms (C7, C13, C15 and C21) linked to the electronegative nitrogen atoms are also 

electron deficient, with the most electropositive charge accumulated on C7 [0.28824 

(DMSO) and 0.29450 (gas phase)]. The decreased population at these carbon atoms is 

a result of the electron-withdrawing properties of the nitrogen atoms [64]. The 

remaining carbon atoms exhibit negative charges. It has been found that the most 

electronegative charge of -0.47789 and -0.44400 (in DMSO) is accumulated over N1 

and N2, respectively, thus supporting formation of N,N-donor bidentate systems. The 

natural population analysis precisely describes the distribution of electrons in different 

sub-shells (core, valence and Rydberg) of the atomic orbitals (Table 5.3). 
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  Figure 5.8a: The optimised molecular structure of phen, with atom-numbering 

scheme. 

 

 
Figure 5.8b: The NPA atomic charge distribution of phen in the gas phase and 

DMSO. 
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Table 5.3: Natural population analysis showing the allocation of electrons between 

the core, valence and Rydberg orbitals for selected atoms in phen in DMSO. 
Atom Charge Core Valence Rydberg Total 

N1 -0.47783 1.99999 5.42660 0.05130 7.47789 
N2 -0.44400 1.99999 5.40857 0.03544 7.44400 
C7 0.28824 1.99999 3.68581 0.02596 5.71176 

C19 -0.23963 1.99999 4.22230 0.01735 6.23963 
H12 0.22470 0.00000 0.77321 0.00210 0.77530 
H14 0.19078 0.00000 0.80673 0.00249 0.80922 

      
Core: 27.99983 (99.9994 % of 28)   
Valence: 65.57880 (99.3618 % of 66)   
Rydberg: 0.42136 (0.4483 % of 94)   

 

 

The molecular electrostatic potential (MEP) maps at the DFT/B3LYP/aug-cc-pVTZ 

optimised geometry was calculated to reveal the reactive sites of electrophilic and 

nucleophilic attacks for Hpma– and phen (Figure 5.9a and 5.9b) [65]. The Hpma– 

MEP supports the bidentate chelation and/or bridging ability of the oxamate moiety 

due to the most negative potential observed on the three oxygen atoms. However, the 

presence of phen in the coordination sphere probably prevented complexes from 

polymerising through bridging, resulting in Hpma– only binding bidentately [8]. The 

nitrogen atoms of phen were identified as having the most negative potential, thus 

making them the most reactive part in the organic compound. The violet or blue 

regions, especially around the hydrogens, represent electron-poor or positive 

electrostatic potential sites. The former regions thus correspond to areas where the 

proton is attracted to the electronic density, whilst the latter surfaces (blue/violet) 

denote repulsion of the proton by atomic nuclei in the surface with a lower electron 

density [65]. Interestingly, the Hpma– and phen aromatic rings are electron-rich due 

to the delocalised π-system, while the Hpma– hydrogen atoms show electron 

deficiency, thus indicating the favourability of C-H∙∙∙π and N-H∙∙∙π interactions 

[66,67]. 
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(a) 

 

 
 
 
(b) 

 
Figure 5.9: Molecular electrostatic potential maps of: (a) Hpma– and (b) phen. 

 

5.3.7 Frontier molecular orbital analysis, and global and chemical reactivity 

descriptors 

The energy values of the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) for phen were computed at B3LYP/aug-cc-

pVTZ level in DMSO (Figure 5.10). Generally the energies of these frontier 

molecular orbitals (HOMO and LUMO) and their energy gaps (∆E) are a reflection of 

chemical reactivity (e.g. charge-transfer interactions) and stability of the molecule 

[68,69]. A small energy gap between the HOMO and LUMO implies high chemical 

reactivity, since the HOMO is an electron-donor, while the LUMO is an electron-

acceptor. High kinetic stability (or hardness of the crystal), on the other hand, is 
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denoted by high energy gaps [68,70]. The HOMO and LUMO energies were found to 

be -6.662 and -1.907 eV, respectively, with an energy gap (∆E = ELUMO – EHOMO) of 

4.755 eV. The π→π* transition is the most probable electronic transition for the 

ligand [71,72]. The big energy gap might imply that the structure of phen is very 

stable [70]. 

 

 
Figure 5.10: Frontier molecular orbital surfaces (HOMO-1 to LUMO+2) and energy 

levels for the orbitals of phen computed at B3LYP/aug-cc-pVTZ level. 

 

Global reactivity indices, such as chemical potential, softness, hardness and 

electrophilicity, were calculated at B3LYP/aug-cc-pVTZ level to study the electronic 

effects of the ligand (Table 5.4) [73-75]. The global hardness value, an indication of 

molecular stability, was 2.378 eV, whilst the softness value (the inverse of hardness) 

is 0.421 eV-1. Hard molecules are less polarisable compared to soft molecules, as they 

require higher excitation energies to achieve the excited states [69]. 
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Table 5.4: Calculated frontier molecular orbital parameters and global reactivity 

descriptors for phen at DFT/B3LYP/aug-cc-pVTZ level in DMSO. All parameters are 

in eV, except for softness, which is in eV−1. 

Global and chemical 
reactivity descriptor 

Symbols Values  

Energy of HOMO EHOMO -6.662 

Energy of LUMO ELUMO -1.907 

Energy of HOMO-1 EHOMO-1 -7.043 

Energy of LUMO+1 ELUMO+1 -1.862 

Energy of HOMO-2 EHOMO-2 -7.163 

Energy of LUMO+2 ELUMO+2 -0.748 

First energy gap ΔE = LUMO – HOMO  4.755 

Second energy gap ΔE = LUMO+1 – HOMO-1 5.181 

Third energy gap ΔE = LUMO+2 – HOMO-2 6.415 

Ionisation energy (I) –EHOMO 6.662 

Electron affinity (A) –ELUMO 1.907 

Hardness (η) (I– A)
2

 
2.378 

Chemical potential (μ) – (I + A)
2

 
-4.285 

Softness (σ) 1
𝜂

 0.421 

Electrophilicity index (ω) 𝜇2

2𝜂
 

3.861 

Electronegativity (χm) 𝐼 + 𝐴
2

 4.285 

 

5.3.8 Anticancer screen 

For this study, the effects of the proligand Hdmp, phen, Ln(III) salts, metal 

complexes 1–7, as well as the positive control, curcumin, were assessed for potential 

cytotoxicity against the MCF-7, HEC-1A and THP-1 cell lines (Figure 5.11; Table 

S5.3). No cytotoxic effects are observed in THP-1 cells (p>0.05) for all the target 

compounds, except for the positive control (21.5±0.83 % cell viability); an indication 

of no adverse effects exerted by the target compounds on the monocytes of the 

immune system [76,77]. This can be explained by the fact that the THP-1 human 

monocytic cell line possesses high similarities with primary monocytes and 

macrophages in biological function [76,78]. 
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Figure 5.11: Cytotoxic effects of the free ligands and complexes 1–7 on MCF-7, 

HEC-1A and THP-1 cells using the MTT assay. Mean values of three independent 

experiments ± SD are shown. 

 

Cytotoxicity studies revealed antiproliferative activity in MCF-7 cells (p<0.05) after 

treatment with phen, and coordination compounds 1–7. It is further observed that the 

cytotoxicity of 2, 5 and 7 is similar to that of the positive control (curcumin) in MCF-

7 cells (p>0.05), with ~50 % inhibition at 100 µM. Nevertheless, none of the tested 

ligands, Ln(III) acetates, Ln(III) nitrates and complexes showed greater activity than 

curcumin in the cell lines tested (46.8±6.46, 14.1±3.76 and 21.5±0.83 % cell viability 

in MCF-7, HEC-1A and THP-1 cells, respectively). Complex 2, however, shows 

selective toxicity towards MCF-7 cells, without decreasing viability in HEC-1A or 

THP-1 cells. 

 

Statistically significant cytotoxic effects were exerted by [Nd(NO3)3∙6H2O], phen, 3, 

6 and 7 in HEC-1A cells (p<0.05). The high electrophilicity index of phen can be 

related to the significant biological activity of the compound towards MCF-7 and 
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HEC-1A cells [79-81]. Electrophilicity is also an important electronic parameter in 

the stabilisation of the compounds in the active site [82]. The cytotoxicity of complex 

3 against HEC-1A cells (~50 % inhibition at 100 µM) appears similar to that of the 

Nd(III), Er(III) and Yb(III) complexes with the hydrazone H2Nic (Chapter 3). 

Cytotoxicity shown by phen, 3 and 5–7 in both MCF-7 and HEC-1A cells, but not in 

THP-1 cells suggests that hormone-responsive breast and endometrial cancer cell 

lines could be sensitive to these compounds [83-85]. This prompts the execution of 

further experiments to gain more insights into the hormone-responsive mechanisms of 

cell growth inhibition.  

 

5.4 Conclusion 

Octa-, nona- and deca-coordinate mixed-ligand complexes of the bidentate ligand 

Hpma– and phen were successfully prepared using lanthanide acetates and nitrates. In 

summary, seven novel Ln(III) complexes, [Ln(Hpma)2(phen)2(OAc)]·2H2O (Ln = La, 

Ce and Nd), [Er(Hpma)2(phen)(OAc)(H2O)]·EtOH·H2O, [Yb(Hpma)3(phen)]·2EtOH 

and [Ln(Hpma)3(phen)(H2O)]·4H2O (Ln = Nd and Gd) were synthesised. The 

crystallographic analysis revealed that 1–3 are isostructural, as well as 6 and 7. The 

ability of 1,10-phenanthroline to prevent complexes from polymerising is revealed by 

the isolation of monomeric mixed-ligand complexes 1–7, in contrast to the polymeric 

Ln(III)-Hpma coordination compounds synthesised in Chapter 4 [8]. The O,O- and 

N,N-donor properties of the two ligands in these coordination compounds was 

supported by NBO charge population analysis and electrostatic potential surfaces. The 

coordination fashion of the O,O-donor oxamate moiety is dependent on two factors: 

1) the preference of lanthanide ions for oxygen-donor groups, and 2) the protonated 

amide N-atom [13]. Bond parameters do not show any anomalies and are in 

agreement with those of related compounds. The average Ln-O and Ln-N bond 

lengths decrease as the atomic number of the rare-earth elements increase, which 

indicates the effect of lanthanide contraction. The auxiliary ligand phen was effective 

in preventing polymerisation, as monomeric complexes were obtained.  
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The solid-state structures of the coordination compounds include combinations of 

hydrogen bonds (O-H∙∙∙O and N-H∙∙∙O), C-H∙∙∙O, π∙∙∙π, C-H∙∙∙π and N-H∙∙∙π 

interactions, with the solvents of crystallisation playing a key role in hydrogen 

bonding. These interactions influence the crystal packing, and it is worthwhile to 

further study their effects on biomolecules and drug design [66].   

 

The effects of free ligands, metal acetates and nitrates, and Ln(III) complexes on the 

cell growth in MCF-7 and HEC-1A cells were evaluated by the MTT assay [86]. 1,10-

Phenanthroline and complexes 1–7 show moderate cytotoxicity against MCF-7 cells, 

while [Nd(NO3)3∙6H2O], phen, 3, 6 and 7 are cytotoxic against HEC-1A cells. None 

of the compounds were cytotoxic against the THP-1 cells. In all three cell lines, 

curcumin was the most active compound tested. These observations infer that 

different compounds show different toxic effects, whilst the selective toxicity of 

complex 2 towards MCF-7 cells suggest that the same complex displays varying 

antiproliferative effects in different cancer cells. Interestingly, a comparison of 

lanthanide complexes with Hpma– (Chapter 4) and mixed-ligand Ln(III) complexes 

of Hpma– and phen suggest significant reduction in cancer cell viability on 

introduction of phen into Ln(III)-oxamate complexes. The higher cytotoxicities of the 

mixed-ligand complexes are consistent with the DNA-binding and cleavage activity 

of phen or its metal complexes [7,87]. 
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5.5 Supplementary information 

5.5.1 Crystal data and refinements 

 

 

 

Table S5.1a: Crystal and structure refinement data for complexes 1–3. 
 1 2 3 

Formula 2(C46H39LaN6O8), 
3(O) 

2(C46H39CeN6O8), 
3(O) 

C46H39N6NdO8, 
H2O, O 

Mr (g.mol-1) 1933.48 1935.90 982.09 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/c (No. 14) P21/c (No. 14) P21/c (No. 14) 
a, b, c [Å] 12.0482(4), 

16.1025(5), 
23.1939(8) 

12.0523(5), 
16.0867(7), 
23.1852(10) 

12.0206(6), 
16.0518(8), 
23.0415(11) 

α, β, γ (°) 90, 104.666(2), 90 90, 104.689(2), 90 90, 104.519(2), 90 
V (Å3) 4353.2(3) 4348.3(3) 4303.9(4) 
Z 2 2 4 

ρ (g.cm-3) 1.475 1.479 1.516 
µ (mm-1) 1.046 1.111 1.273 
F(000) 1960 1964 1996 

Crystal size (mm) 0.09 × 0.16 × 0.33 0.04 × 0.17 × 0.23 0.16 × 0.21 × 0.29 
Temperature (K)  200 200 200 
Mo Kα radiation, λ (Å) 0.71073 0.71073 0.71073 
θ (min-max) (°) 1.8, 28.3 1.8, 28.3 1.8, 28.3 
Data set -16≤h≤16; -21≤k≤21; 

-30≤l≤30 
-16≤h≤16; -20≤k≤21; 

-30≤l≤30 
-16≤h≤16; -20≤k≤21; 

-30≤l≤30 
Tot., Unique data, Rint  63314, 10820, 0.038 61989, 10761, 0.063 99387, 10702, 0.038 

Observed [I>2σ(I)] 
reflections 

8974 7465 8664 

Nreflections, Nparameters 10820, 581 10761, 581 10702, 581 
R[F2>2σ(F2)], wR(F2), 
S 

0.0348, 0.0897, 1.12 0.0373, 0.0818, 1.01 0.0281, 0.0650, 1.05 

Δρmin, Δρmax (e.Å-3) -0.94, 1.23 -0.60, 0.80 -0.55, 0.72 
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Table S5.1b: Crystal and structure refinement data for complexes 4 and 5. 
 4 5 

Formula C34H33ErN4O9, C2H6O, H2O C42H38N5O9Yb, 2(C2H6O) 

Mr (g.mol-1) 872.99 1021.95 
Crystal system Triclinic Monoclinic 
Space group P-1 (No. 2) P21/c (No. 14) 
a, b, c [Å] 12.086(3), 13.105(3), 

13.534(3) 
9.5136(4), 21.6436(7), 

22.3636(8) 
α, β, γ (°) 92.077(9), 115.737(9), 

106.619(9) 
90, 93.966(2), 90 

V (Å3) 1818.1(8) 4593.8(3) 
Z 2 4 

ρ (g.cm-3) 1.595 1.478 
µ (mm-1) 2.373 2.100 
F(000) 882 2076 
Crystal size (mm) 0.25 × 0.46 × 0.53 0.20 × 0.25 × 0.64 
Temperature (K)  200 200 
Mo Kα radiation, λ (Å) 0.71073 0.71073 
θ (min-max) (°) 1.9, 28.3 1.8, 28.3 
Data set -16≤h≤16; -16≤k≤17; 

-18≤l≤18 
-12≤h≤12; -28≤k≤24; 

-29≤l≤29 
Tot., Unique data, Rint  55437, 8999, 0.019 75865, 11436, 0.032 

Observed [I>2σ(I)] 
reflections 

8592 9880 

Nreflections, Nparameters 8999, 501 11436, 590 
R[F2>2σ(F2)], wR(F2), S 0.0146, 0.0371, 1.09 0.0260, 0.0577, 1.08 
Δρmin, Δρmax (e.Å-3) -0.55, 0.75 -0.51, 0.86 
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Table S5.1c: Crystal and structure refinement data for complexes 6 and 7. 

 6 7 

Formula C42H40N5NdO10, 4(O) C42H40GdN5O10, 2(O) 

Mr (g.mol-1) 983.03 1000.07 
Crystal system Triclinic Triclinic 
Space group P-1 (No. 2) P-1 (No. 2) 
a, b, c [Å] 10.6660(6), 12.7949(8), 

18.1096(11) 
10.6087(7), 12.7117(8), 

18.0422(12) 
α, β, γ (°) 76.516(3), 74.850(2), 90.000(3) 76.604(3), 75.000(3), 89.978(3) 
V (Å3) 2314.9(2) 2281.6(3) 
Z 2 2 

ρ (g.cm-3) 1.410 1.456 
µ (mm-1) 1.189 1.522 
F(000) 998 1014 
Crystal size (mm) 0.06 × 0.56 × 0.57 0.08 × 0.47 × 0.56 
Temperature (K)  200 200 
Mo Kα radiation, λ (Å) 0.71073 0.71073 
θ (min-max) (°) 1.8, 28.4 2.0, 28.3 
Data set -14≤h≤14; -17≤k≤17; 

-24≤l≤24 
-14≤h≤14; -16≤k≤16; 

-24≤l≤23 
Tot., Unique data, Rint  141091, 11445, 0.025 59621, 11265, 0.029 

Observed [I>2σ(I)] 
reflections 

10774 10257 

Nreflections, Nparameters 11445, 573 11265, 589 
R[F2>2σ(F2)], wR(F2), S 0.0279, 0.0775, 1.15 0.0223, 0.0539, 1.05 
Δρmin, Δρmax (e.Å-3) -0.56, 1.47 -0.48, 0.75 
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5.5.2 Molecular modelling data 

Table S5.2: Natural population analysis of 1,10-phenanthroline at the DFT/B3LYP 

level using the aug-cc-pVTZ basis set in the gas phase and DMSO. 

Atoms Natural charge 
(DMSO) 

Population Natural 
charge (gas) 

Population 

N1 -0.47789 7.47789 -0.42835 7.42835 
N2 -0.44400 7.44400 -0.39485 7.39485 
C3 -0.18786 6.18786 -0.18786 6.18786 
C5 -0.11681 6.11681 -0.11714 6.11714 
C7 0.28824 5.71176 0.29450 5.70550 
C8 -0.13030 6.13030 -0.13127 6.13127 
C9 -0.13696 6.13696 -0.14589 6.14589 

C11 -0.24027 6.24027 -0.24099 6.24099 
C13 0.05483 5.94517 0.05762 5.94238 
C15 0.12397 5.87603 0.13149 5.86851 
C16 -0.11171 6.11171 -0.11309 6.11309 
C17 -0.13753 6.13753 -0.14635 6.14635 
C19 -0.23963 6.23963 -0.24036 6.24036 
C21 0.05834 5.94166 0.06108 5.93892 
H4 0.21571 0.78429 0.20246 0.79754 
H6 0.21086 0.78914 0.19789 0.80211 

H10 0.22012 0.77988 0.20557 0.79443 
H12 0.22470 0.77530 0.21166 0.78834 
H14 0.19078 0.80922 0.18340 0.81660 
H18 0.21986 0.78014 0.20537 0.79463 
H20 0.22468 0.77532 0.21164 0.78836 
H22 0.19087 0.80913 0.18349 0.81651 
Total 0.00000 94.00000 0.00000 94.00000 
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5.5.3 Anticancer activity tests 

Table S5.3: Summary of cytotoxicity of the ligands Hdmp, phen and their Ln(III) 
complexes. 

 
 

Compound 

(100 µM) 

Cells 

MCF-7 HEC-1A THP-1 

Cell viability (%) 

La(OAc3)3∙xH2O 103.7±10.28 82.87±13.03 122.0±12.76 

Ce(OAc3)3∙xH2O 102.0±9.69 121.1±16.28 108.2±15.38 

Nd(OAc3)3∙xH2O 104.3±9.69 93.87±13.18 101.9±2.62 

Er(OAc3)3∙xH2O 93.8±1.70 95.4±18.87 105.4±18.88 

Yb(OAc3)3∙4H2O 100.5±0.65 85.8±6.85 89.9±10.16 

Nd(NO3)3∙6H2O 88.6±6.99 82.4±4.77 93.7±23.98 

Gd(NO3)3∙6H2O 88.8±12.26 85.7±14.64 89.4±17.70 

Hdmp 88.7±13.17 88.9±11.81 102.0±23.74 

phen 74.4±6.78 66.2±2.37 77.3±13.34 

Complex 1 62.6±9.75 80.0±6.89 90.4±17.49 

Complex 2 55.3±8.50 99.2±11.05 98.9±21.42 

Complex 3 74.8±6.33 57.6±3.57 81.5±16.23 

Complex 4 73.9±6.60 103.43±3.85 86.4±11.59 

Complex 5 52.2±4.29 69.9±11.08 88.8±14.34 

Complex 6 71.7±8.05 69.5±11.16 83.6±17.68 

Complex 7 54.2±10.43 60.1±9.91 88.5±21.63 

CURCUMIN 46.8±6.46 14.1±3.76 21.5±0.83 
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CHAPTER 6 

Mixed-ligand complexes of lanthanides 
derived from an α-hydroxycarboxylic acid 

(benzilic acid) and 1,10-phenanthroline 
 

 

6.1 Introduction 

The chemistry of lanthanide(III) carboxylates receives ongoing attention in different 

fields due to their fascinating physico-chemical properties, structural diversity and 

potential uses of the compounds, and thus have been widely studied in recent years 

[1]. Although much research has focused on the potential applications of lanthanide-

carboxylic acid complexes as single-ion magnets (SIMs) and fluorescent sensors, 

carboxylic acid-derived Ln(III) complexes are of particular interest because of their 

biological activities, including anticancer and antimicrobial properties [1-6]. 

 

α-Hydroxycarboxylic acids are an important group of biogenic metal ion binders that 

are essential for biochemical processes, such as in the Krebs cycle, Cori cycle and 

photorespiration [7]. The α-hydroxycarboxylates are also able to mimic more complex 

biologically active ligands, for example sugars – a property conferred by their 

alcoholic and carboxylate functionalities [7]. A representative of aromatic 

hydroxycarboxylic acids that attracted substantial research interest over the years is 

benzilic acid (H2ben, Figure 6.1) [7-9]. Benzilic acid and some of its derivatives are 

used in the production of glycolate pharmaceuticals and hallucinogenic drugs [7]. In 

vitro antitumour activities against the human tumour cell lines, MCF-7, HeLa, human 

colon adenocarcinoma (Colo205), human hepatocellular carcinoma (HepG2) and non-

small cell lung cancer (NCI-H460), have also been observed for tri(n-butyl)tin 

carboxylate complexes derived from benzilic acid and 2-chloronicotinic acid [10]. 

The central tin atom of the tri(n-butyl)tin carboxylate complex is linked to the 

monodentated hydroxycarboxylate moiety via the deprotonated carboxylate oxygen 
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atom (Figure 6.1) [10]. 1,10-Phenanthroline complexes, on the other hand, have been 

extensively studied as bioactive and luminescent compounds [6,7,11-14]. 

Coordination compounds prepared from the heterocyclic chelating ligand, 1,10-

phenanthroline, have potential biochemical and biological applications, such as 

anticancer and antimicrobial activity [13-16]. 

 

 

HO

OHO

HO

OO

HO

OO

O

OO

Benzilic acid (H2ben)

O

OO

O

OO

HO

OO

. = metal ion  

Figure 6.1: Benzilic acid structure and some of its binding modes with metal ions   

[7-9]. 
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Apart from providing many biological, pharmaceutical and nutritional products, 

benzilic acid, as a ligand, is vital as a building block in the design and preparation of 

metal complexes or metal-organic frameworks (MOFs), due to its various 

coordination modes afforded by the O-atoms of the carboxylic and hydroxy groups 

[7,8,10]. The MOFs have interesting structural characteristics and find applications in 

host-guest chemistry, electrical conductivity and magnetism [8]. Some of the 

chelating and bridging modes of H2ben with metal ions, such as Li(I), B(III), Al(III), 

Ga(III), In(III), Tl(I), Cd(II), Cu(II), Ni(II), Zn(II) and Pb(II), are illustrated in Figure 

6.1 [7,8,17-22]. Coordinative flexibility of the α-hydroxycarboxylic acid is seen in 

reactions with Group 13 ions, with the B(III) centre being bidentately coordinated to 

doubly deprotonated benzilate ligands through the carboxylate and alcoholato oxygen 

atoms [7]. Coordination with Al(III), Ga(III) and In(III) occur bidentately through the 

carboxylate (the carboxylic acid moiety is the site of deprotonation) and the alcoholic 

oxygen atoms of the singly deprotonated benzilate ligands. In addition to binding 

through the alcoholato and one carboxylate oxygen atom, the benzilate moieties 

coordinate to the In(III) ions through both carboxylate oxygen atoms [7]. The 

investigation of the coordinative ability of benzilic acid provides potential means of 

elucidating and understanding structural and spectroscopic characteristics, as well as 

the biochemistry of the α-hydroxycarboxylic acid and its derivatives [7]. 

 

Two transition metal complexes of H2ben and 1,10-phenanthroline, 

[Cu(Hben)2(phen)]n and [Cd(Hben)2(phen)2] (Hben = monodeprotonated benzilic 

acid), have been reported by Qiu et al. (2007) [8]. Both complexes form one-

dimensional helical chains with benzilic acid – the latter having different coordination 

modes that results in different orientations of ligand strands. The copper helical 

complex comprises [phen]Cu2+ moieties bridged by benzilic acid. The distorted 

square pyramidal Cu(II) complex features benzilic acid coordinating via the 

carboxylate and hydroxylate oxygen atoms. The mononuclear cadmium complex has 

π-π stacking interactions that play a significant role in self-assembly. The octahedral 

geometry of Cd(II) is afforded by two carboxylate oxygen atoms of two monodentate 

benzilic acid ligands and four nitrogen atoms from two bidentately coordinated phen 

molecules [8]. 
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Benzilic acid was considered a good candidate in this study due to its carboxylic and 

hydroxy group oxygen atoms which can act as coordinating and/or bridging sites for 

various metal ions, including the 4f elements [7,8,18]. In this study, benzilic acid was 

chosen as the primary ligand and 1,10-phenanthroline as the co-ligand to coordinate 

with Ln(III) ions. The ability of the ligand to bind to metal ions through the 

carboxylate and alcoholic moieties in monoanionic and/or dianionic form results in 

the synthesis of more stable assemblies than the simple carboxylic acid equivalents 

[7].  

 

Since the chemical reactivity of hydroxycarboxylic acids with metals in solution, or in 

the solid state, rely on the reaction conditions and the influence of ancillary ligands, 

1,10-phenanthroline was selected as the auxiliary ligand in this study. 1,10-

Phenanthroline has a proven track record in ensuring aqueous stability and enhancing 

the biological activity of certain lanthanide carboxylate complexes [6,7]. Three 

trivalent lanthanide complexes, [Ln(Hben)3(phen)2(H2O)]∙DMF∙H2O (Ln = Pr, Nd, 

Sm; Hben = monodeprotonated H2ben) were isolated and characterised by melting 

point, microanalyses, IR, 1H NMR, UV-Vis spectroscopy and single-crystal X-ray 

diffraction studies. Anticancer activities of the title complexes were also investigated 

on breast cancer (MCF-7), the endometrial carcinoma (HEC-1A) and the human 

monocytic (THP-1) cell lines. This, in an effort to develop lanthanide-based 

chemotherapeutics which are more effective against intrinsic and acquired resistance, 

and possess less dose-limiting side effects compared to platinum-based drugs, such as 

cisplatin, oxaliplatin and carboplatin [23]. The findings of this research can enrich the 

studies of lanthanide coordination chemistry, as well as afford a research platform for 

further studies into the potential uses of these coordination compounds. 

 

6.2 Synthesis of the mixed-ligand complexes 

6.2.1 Synthesis of [Pr(Hben)3(phen)2(H2O)]∙DMF∙H2O  1 

[Pr(NO3)3∙6H2O] (0.366 g, 0.842 mmol) and 0.303 g (1.681 mmol) 1,10-

phenanthroline were dissolved in 5 mL methanol. The solution was refluxed for 1 

hour, followed by addition of a mixture of benzilic acid (0.576 g, 2.524 mmol) and 
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1M NaOH (2.520 mL) in 4 mL distilled water. Reflux was continued for 5 hours, 

during which a green precipitate appeared. The precipitate was recrystallised from 

DMF. Green single crystals were produced after 20 days of slow vapour diffusion 

using diethyl ether. Yield = 0.347 g (31.9 % based on the Pr(III) salt), m.p. = 122.1 
oC. Anal. Calcd. for C66H51N4O10Pr, C3H7NO, H2O (%): C, 64.14; H, 4.68; N, 5.42. 

Found: C, 64.29; H, 4.39; N, 5.22. Conductivity (10-3 M, DMF): 14.12                  

ohm-1cm2mol-1. IR (cm-1): v(O-H) 3390(b), v(C=N) 1641(s), v(C=C) 1583(s), v(C-H) 

752–695(s). 

 

6.2.2 Synthesis of [Nd(Hben)3(phen)2(H2O)]∙DMF∙H2O  2 

Preparation of the mixed-ligand complex of Nd(III) was carried out by mixing a hot 

aqueous solution (4 mL) of [Nd(OAc)3∙xH2O] (0.491 g, 1.447 mmol) with a hot 

solution of 1,10-phenanthroline (0.574 g, 3.185 mmol). After refluxing for 2 hours, a 

mixture of benzilic acid (0.325 g, 1.424 mmol) and 1M NaOH (1.425 mL) in 5 mL 

DMF was added, and refluxed for a further 3 hours. A purple solution was filtered and 

left to crystallise at room temperature using the slow vapour diffusion method, with 

diethyl ether as solvent. Purple X-ray quality crystals of the title compound appeared 

after 18 days. Yield = 0.489 g (26.1 % based on the Nd(III) salt), m.p. = 123.4 oC. 

Anal. Calcd. for C66H51N4O10Nd, C3H7NO, H2O (%): C, 63.97; H, 4.67; N, 5.41. 

Found: C, 63.64; H, 4.41; N, 5.27. Conductivity (10-3 M, DMF): 16.08                  

ohm-1cm2mol-1. IR (cm-1): v(O-H) 3390(b), v(C=N) 1641(s), v(C=C) 1583(s), v(C-H) 

752–695(s).  

 

6.2.3 Synthesis of [Sm(Hben)3(phen)2(H2O)]∙DMF∙H2O 3 

Method 1 

Complex 3 was prepared by adding a hot methanolic solution of 1,10-phenanthroline 

(0.189 g, 1.049 mmol) to [SmCl3∙6H2O] (0.378 g, 1.036 mmol) dissolved in methanol 

(5 mL). Benzilic acid (0.472 g, 2.068 mmol) and 1M NaOH (2.068 mL) in 5 mL 

DMF/H2O (1:1, v/v) was added, followed by reflux of the clear solution for a further 3 

hours. The solution was filtered off, and crystallisation completed by allowing diethyl 

ether to slowly diffuse into the solution at room temperature. This yielded white 
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crystals suitable for X-ray diffraction studies after 25 days. Yield = 0.375 g (27.8 % 

based on the Sm(III) chloride salt), m.p. = 124.3 oC. Anal. Calcd. for C66H51N4O10Sm, 

C3H7NO, H2O (%): C, 63.67; H, 4.65; N, 5.38. Found: C, 63.74; H, 4.51; N, 5.28. 

Conductivity (10-3 M, DMF): 14.07 ohm-1cm2mol-1. IR (cm-1): v(O-H) 3390(b), 

v(C=N) 1645(s), v(C=C) 1583(s), v(C-H) 734–690(s).  

 

Method 2 

A DMF solution (4 mL) of [Sm(NO3)3∙6H2O] (0.333 g,  0.749 mmol) and phen 

(0.136 g, 0.755 mmol) was refluxed for 3 h. Whilst being stirred under reflux, benzilic 

acid (0.343 g, 1.503 mmol) and 1M NaOH (1.503 mL) were added to the resulting 

mixture and refluxing continued for a further 2 h. Vapour diffusion of diethyl ether 

into the mother liquor afforded white single crystals of the Sm(III) complex after 2 

weeks. Yield = 0.238 g (24.4 % based on the Sm(III) nitrate salt).  

 

6.3 Results and Discussion 

The reaction of a lanthanide(III)-phen solution with benzilic acid in the ratios 1:2:3, 

1:2:1 and 1:1:2 in methanol, water and DMF solvent systems in the presence of 

NaOH, led to the isolation of complexes [Ln(Hben)3(phen)2(H2O)]∙DMF∙H2O (Ln = 

Pr (1), Nd (2) and Sm (3), respectively)  (Scheme 6.1). X-ray quality crystals of the 

complexes were grown by vapour diffusion of diethyl ether into DMF solutions of the 

impure solids [24,25]. The use of basic media promoted the detachment of the 

carboxylic proton of benzilic acid to give a hydroxycarboxylate, which then 

coordinated to the metal ions in mono- and bidentate fashions. This deprotonation 

affects the charge distribution on a vital moiety of the ligand, which leads to enhanced 

reactivity towards the metal ions [26].  
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[Pr(NO3)3  6H2O] + 2phen

[Ln(Hben)3(phen)2(H2O)] DMF H2O

[Sm(NO3)3  6H2O]+ phen[SmCl3  6H2O] + phen[Nd(OAc)3  xH2O] + 2phen

Ln = Pr, y = 3
Ln = Nd, y = 1
Ln = Sm, y = 2

yH2ben

NaOH H2O/DMF
Reflux

Reflux Reflux Reflux
Reflux

MeOH H2O DMFMeOH

 

Scheme 6.1: Schematic representation of the reactions of the different Ln(III) salts 

with a mixed-ligand system using H2ben and phen. 

 

6.3.1 FT-IR spectroscopy 

An overlay of the IR spectra of H2ben, phen and coordination compounds 1–3 are 

displayed in Figures 6.2a and 6.2b. The high degree in similarity in the IR spectra of 1 

and 2 is an indication of isostructurality, and a combination of peaks from two 

different ligands in some regions is indicative of the formation of mixed-ligand 

complexes [25]. 

 

In the IR spectrum of H2ben, the bands peaking at 2862 and 2611 cm-1 are attributed 

to the hydroxyl stretches of the carboxylic acid moiety, while the hydroxyl and 

carboxylic O-H bending modes are observed as intense bands at 1345 and 1246 cm-1, 

respectively [27]. The C=O bond gives rise to a very sharp band at 1716 cm-1, 

whereas the C-O stretching of the hydroxyl (C-O-H) and carboxyl (–COOH) groups 

are identified by the peaks at 1171 and 1053 cm-1, respectively [6,27,28]. Compared 

to the spectra of the free ligand, the strong vibrational band assigned as the v(C=O) 
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and carboxylic O-H bending in H2ben disappeared in the complexes, hence 

confirming participation of the carboxylic group in coordination [29]. The peaks at 

1588, 1477 and 1458 cm-1 in the spectrum of the free H2ben are assigned to the 

aromatic v(C=C), while the out-of-plane C-H bending vibrations of the mono-

substituted aromatic rings give an intense peak at 697 cm-1 [6,27]. For phen, the 

skeletal vibrational peak is found at 1426 cm-1, while the v(C=N), v(C=C) and out-of-

plane v(C-H) appear at 1652, 1505 and 738 cm-1, respectively [6,29-31]. In the IR 

spectra of the metal complexes, the C=N stretches are red-shifted to about 1641 cm-1 

(complexes 1 and 2) and 1645 cm-1 (complex 3) in comparison to that of the free 

phen. This is due to increased steric hindrance and weakening of the C=N bonds upon 

complexation [30,31]. The C=C vibrational peaks, on the other hand, experience blue 

shifts on coordination (v(C=C) = 1583 cm-1 for 1–3). The out-of-plane vibrational 

bending peaks of the C-H bonds in the coordination compounds are identified in the 

ranges 752–695 cm-1 for 1 and 2, and 734–690 cm-1 for 3 [6]. The presence of water 

molecules in the crystal structures of the complexes is confirmed by the appearance of 

broad peaks at 3390 cm-1 [30]. 

 

 
Figure 6.2a: An overlay infrared spectra of the ligands and metal complexes 1 and 2. 
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Figure 6.2b: An overlay of the IR spectra of H2ben, phen and 3. 

 

6.3.2 NMR analysis 

The 1H NMR spectra of the free ligands (H2ben and phen) and the three title 

complexes in DMSO-d6 are shown in Figure 6.3. In the 1H NMR spectrum of the free 

benzilic acid, the aromatic protons give a multiplet signal at 7.26–7.39 ppm, while the 

hydroxyl H-atom resonates at 6.34 ppm. The spectrum of each complex consists of 

two upfield methyl signals at 2.90 and 2.74 ppm, which correspond to the 

crystallographic solvent (DMF) peaks: the two separate signals being a result of 

restricted rotation about the (O)C-N bond [32,33]. The 1H NMR spectrum of the free 

phen depicts four signals: a doublet (2H, aromatic) positioned at 7.77 ppm, a singlet 

(2H) at 7.99 ppm, a doublet corresponding to two protons (8.48 ppm) and an -N=CH- 

proton signal appearing at δ 9.11 ppm [30]. Chelation of phen to the Ln(III) ions 

causes signal broadening, especially in 1 and 2 as expected for the paramagnetic 

Ln(III) ions [34]. Furthermore, the -N=CH- proton peaks in 1 and 2 are shifted 

downfield to 9.87 and 9.14 ppm, respectively. The deshielding effect on these protons 

is ascribed to the formation of the Ln-N bonds, which leads to a decrease in electron 

density around the -N=CH- protons – this causes the protons to resonate at lower 

fields [35,36]. Paramagnetic shifts and broadening (an indication of metal 
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coordination) is a result of electronic coupling occurring between the unpaired 

resonant nuclei and the unpaired electrons of the lanthanide ions [37,38]. 
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Figure 6.3: The 1H NMR spectra of the ligands and complexes in DMSO-d6. 

 

6.3.3 UV-Vis spectroscopy 

The absorption spectra of phen and complexes 1-3 are shown in Figure 6.4. No peaks 

were identified for H2ben. The formation of complex 1 was, however, confirmed by 

the appearance of a short wavelength band peaking at 265 nm, which is ascribed to π-

π* transitions of the bidentate aromatic phen (323 nm) [39,40]. The blue-shift of the 

π-π* transition band in 1 is due to the changes in energy levels of the ligand orbitals 

upon coordination, as a result of inter-electronic repulsions between the 4f electrons 

[41]. 

 

In addition to transitions from the coordinated ligands, the complexes exhibit a 

number of weak and narrow peaks that are characteristic of the Laporte-forbidden f-f 

transitions of the Ln(III) ions. For the Pr(III) complex, the observed absorption 

maxima correspond to f-f transitions from the 3H4 ground state to the 3P2 excited states 

(446 nm), 3P1 (471 nm), 3P0 (484 nm) and 1D2 (591 nm) [39,40]. The absorption 

Complex 3 

Complex 2 

Complex 1 

phen 

H2ben 
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spectrum of 2 shows absorption maxima at 527, 582, 747, 802 and 874 nm, which are 

assigned to transitions from the 4I9/2 ground state to the 4G7/2, 4G5/2 + 
2G7/2, 4F7/2 + 

4S3/2, 

4F5/2 + 2H9/2 and 4F3/2 excited states, respectively [42-45]. On the other hand, the 

absorbance peaks of complex 3  at 360, 376, 392, 403, 417, 465 and 480 nm are due 

to transitions from the 6H5/2 ground level to the 4D3/2, 6P7/2, 4L15/2, 6P3/2, 4P5/2 + 6P5/2, 
4I13/2 and 4I9/2 + 4M15/2 excited J-levels, respectively [40,46].  

 

 
Figure 6.4: The UV-Vis-NIR spectra of DMF solutions of phen and 1–3. The f-f 

transitions of the Ln(III) ions are indicated in the inset. 

 

6.3.4 Coordination polyhedra determination 

The coordination geometries of the nine-coordinate Ln(III) ions were calculated using 

SHAPE 2.1 software, based on crystal data (Table 6.1) [47]. The Pr(III), Nd(III) and 

Sm(III) complexes are slightly distorted towards the spherical tricapped trigonal prism 

(TCTPR-9) geometry with average bond lengths, polyhedral volumes and geometry 

deviation parameters in the order: Pr(III) > Nd(III) > Sm(III) (Figure 6.5). It is seen 

that the CShM values calculated by the SHAPE 2.1 program are less than 3, thus 

reflecting a small distortion from the perfect polyhedra [48,49]. Although the 
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geometry of the complexes was identified as TCTPR-9, the coordination 

environments of the compounds also display moderate deviation from the spherical 

capped square antiprism (CSAPR-9) and muffin (MFF-9) geometries. The differences 

in CShMs are attributed to the variation in bond distances and angular distortions that 

are determined by the Ln(III) ion size [49]. The trend reveals the highest distortion for 

the larger Pr(III) ion, and probably gives more angular distortions compared to Nd(III) 

and Sm(III) that are smaller in size, and hence possess shorter bond distances than the 

Pr(III) complex [48].  

 

Table 6.1: Shape analysis of the mixed-ligand complexes 1–3. 
 

Complex Coordination 
number 

Shape Symmetry CShM Polyhedral 
volume (Å3) 

Average bond 
length (Å) 

1 9  TCTPR-9 D3h 1.05300 33.4771  2.5618  

2 9  TCTPR-9 D3h 0.98828 32.8337 2.5440 

3 9 TCTPR-9 D3h 0.90604 32.0415  2.5219  

       
Other close geometries with low CShM values 
Complex 1: CSAPR-9 (C4v); CShM = 1.20999 

           MFF-9 (Cs); CShM = 1.28719 

Complex 2: CSAPR-9 (C4v); CShM = 1.14318 
          MFF-9 (Cs); CShM = 1.24920 

Complex 3: CSAPR-9 (C4v); CShM = 1.07030 
          MFF-9 (Cs); CShM = 1.18161 

 

 
Figure 6.5: The polyhedral representation of 1 (VESTA). 
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6.3.5 X-ray crystallography 

The crystal structures of 1–3 consist of neutral [Ln(Hben)3(phen)2(H2O)]∙DMF∙H2O 

(Ln = Pr, Nd and Sm) units in a nine coordinate environment (4N, 5O), and a DMF 

and a water lattice molecule in the outer coordination sphere (Figures 6.6a-c). The 

isostructural complexes crystallise in a monoclinic space group P21/n. The 

coordination environment around the Ln(III) ions is filled by four N-atoms from two 

bidentate phen molecules and five O-atoms provided by one bidentate 

monodeprotonated benzilic acid ligand, two monodentate mono-anionic benzilic acid 

molecules and one water molecule. 

 

 

 
Figure 6.6a: The ORTEP plot of 1 with atoms represented by their 50 % probability 

thermal ellipsoids. Lattice DMF and H2O molecules have been omitted for the sake of 

clarity.  
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Figure 6.6b: The ORTEP diagram for 2 with partial atom-numbering scheme (50 % 

probability level). Crystallographic H2O and DMF molecules are omitted for clarity. 

 

 
Figure 6.6c: The X-ray crystal structure of 3 with partial atom-labelling, drawn with 

50 % displacement ellipsoids (crystallographic H2O and DMF molecules are omitted 

for clarity). 
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Figure 6.6d: The molecular structure of H2ben illustrating partial atom-numbering 

scheme and hydrogen bonding [8]. 
 

A decrease in carboxylic C-O bond length upon coordination when the neutral ligand 

becomes negatively charged, is observed (Table 6.2a) [8]. As the carboxylic acid 

group becomes deprotonated, the C-O– attains a partial double bond feature due to 

resonance, causing shorter bonds (varying from 1.252(5) to 1.276(4) Å in 1–3) [50]. 

In contrast, the C=O (1.213(2) Å) and C-Oalcoholic (1.411(5) Å) bonds in benzilic acid 

become slightly elongated after coordination (C=O = 1.230(3)–1.257(3) Å; C-Oalcoholic 

= 1.420(4)–1.428(3) Å). The lengthening of the C=O results from the electron 

withdrawing inductive effect of complexation [36]. 

 

Bond parameters of complexes 1–3 illustrated in Table 6.2a show that Ln-N bond 

lengths lie in the range 2.6157(19) to 2.7051(19) Å, while the shorter Ln-O bonds are 

found between 2.4196(16) and 2.4958(17) Å. As expected, bond distances decrease 

with the decrease in ionic radii across the series due to the lanthanide contraction 

[51,52]. These values are very similar to those reported by Wang and co-workers 

(2016) for isostructural Ln(III) (Ln = Pr, Sm, Eu, Ho and Er) complexes with the 

mixed ligands, 2-chloroquinoline-4-carboxylic acid (2-ClQL) and phen {[Ln2(2-

ClQL)6(phen)2(H2O)2]∙2H2O} [53]. The Ln-O bond distances also compare well with 

those lanthanide(III) complexes of hydroxyquinoline carboxylate ligands [54]. 

Furthermore, the observed Ln-N bond distances with phen agree with those reported 

for tris(dimethyldithiocarbamato) (1,10-phenanthroline)lanthanide complexes in 



Chapter 6                                                                                                    T. Madanhire 
 

 

Nelson Mandela University                                                                      206 

 

which the average Pr-N and Nd-N bond lengths were found to be 2.66(4) Å and 

2.63(3) Å, respectively [55]. 

 

Table 6.2a: Selected bond lengths (Å) and angles (o) in H2ben, 1, 2 and 3. 
H2ben  1 (Pr) 2 (Nd) 3 (Sm) 

Bond lengths (Å) Bond lengths (Å)    

C1-O1 1.411(5) Ln1-O6 2.4714(14) 2.452(3) 2.4228(17) 
C14-O2 1.301(1) Ln1-O32 2.4409(16) 2.430(2) 2.4203(15) 
C14-O3 1.213(2) Ln1-O41 2.4787(17) 2.462(3) 2.4367(17) 
C1-C14 1.537(5) Ln1-O42 2.4553(16) 2.437(2) 2.4196(16) 

  Ln1-O52 2.4958(17) 2.483(2) 2.4693(17) 
  Ln1-N11 2.7051(19) 2.686(3) 2.6598(18) 
  Ln1-N12 2.6793(19) 2.659(3) 2.6323(17) 
  Ln1-N21 2.663(2) 2.644(3) 2.6157(19) 
  Ln1-N22 2.666(2) 2.644(3) 2.621(2) 
  C-Ohydroxy 1.427(3) 1.422(5) 1.426(3) 
  C=O 1.243(3) 1.248(4) 1.244(3) 
  C-Ocarboxyl 1.260(3) 1.261(5) 1.260(3) 
  (HO)C-C(O2H) 1.557(3) 1.552(5) 1.557(3) 
       
  Bond angles (°)    
  O41-Ln1-O42 60.66(5) 61.01(9) 61.49(5) 
  N11-Ln1-N12 61.57(6) 62.00(8) 62.75(6) 
  N21-Ln1-N22 61.99(6) 62.52(9) 63.23(6) 
      
  Torsion angles (°)    
  N11−C111−C121−N12 0.5(3) 0.9(5) 0.5(3) 
  N21−C211−C221−N22 -2.2(3) -2.1(6) -2.2(3) 

 

In 1–3, coordination of both the bidentate phen and benzilate ligands result in five 

membered rings, with average N-Ln-N and O-Ln-O bite angles equal to 62.34 and 

61.05o, respectively. It is noticed that the ligand bite angles increase as the atomic 

number increases, owing to a decrease in bond distances. The O-Ln-O bite angles are 

typical of 5-membered chelate rings, and the phen bite angles are normal and fall in 

the same range as those obtained for Ce(III), Pr(III) and Nd(III) nitrate complexes 

with 1,10-phenanthroline [varying from 61.0(1) to 62.3(2)o] [12]. The 5-membered 

chelate rings of the N-atoms of phen and the Ln(III) ions show nearly perfect 

coplanarity, with N11−C111−C121−N12 and N21−C211−C221−N22 torsion angles 

equal to 0.5(3)o and -2.2(3)o, respectively, for complex 1 (the same trends for the 

torsion angles are observed in 2 and 3). This small deviation from planarity is normal 
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and comparable to the torsion angles obtained for the Mn(II) complexes with phen: 

N1−C1−C9−N2 and N3−C13−C21−N4 torsion angles are -0.7(2)o and 1.3(2)o, 

respectively for [Mn(phen)2(ba)(H2O)](ClO4) (ba = benzoic acid), and the 

N1−C12−C11−N2 and N3−C24−C23−N4 and N5−C35−C36−N6 torsion angles are 

3.5(4)o, 0.1(4)o and −2.3(4)o, respectively for [Mn(phen)3](ClO4)2(H2CO3) [55,56]. 

The slight twisting of the rings may be a result of steric factors [57]. 

 

The crystal packing of the coordination compounds is ensured by intra- and 

intermolecular O-H∙∙∙O interactions involving Hben– and crystallographic water 

molecules, which have H∙∙∙A distances in the range 1.800(15) to 2.59(3) Å (Table 

6.2b). Intramolecular O-H∙∙∙O links are apparent between the hydroxyl group of the 

monodentate Hben– as donor and the free O-atom of the carboxylate group. The –OH 

(donor) of the coordinated water molecule plays an important role in the stabilisation 

of the crystal structure, by forming links with the free and bonded O-atoms of the η1 

Hben–, as well as with the O-atom of the lattice water molecule. The other kind of    

O-H∙∙∙O hydrogen bonds is formed by –OH of the crystallographic water molecule as 

a donor with the free and coordinated O-atoms of the η2 Hben–. Also involved in the 

hydrogen bonding network is the hydroxyl group of the η2 Hben–, which interacts 

with the free and coordinated O-atoms of the η1 Hben–. Additional stabilisation of the 

complexes arise from weak C-H∙∙∙O contacts in which the crystallographic DMF 

molecule participates. These interactions include C-HDMF∙∙∙OHben– and C-Hphen∙∙∙OHben– 

links. 

 

Additional structural stability of the coordination compounds is provided by offset-

stacked (parallel-displaced) aromatic π∙∙∙π interactions formed by the six- and ten-

membered rings of phen (Figure 6.6e) [58-60]. The minimum and most significant 

ring centroid distances (Cg-Cg) are equal to 3.5017(12), 3.503(2) and 3.5122(12) Å, 

with slippage values (distance between Cg(5) and the perpendicular projection of 

Cg(13) on ring 5) of 1.055, 1.066 and 1.103 Å obtained for 1, 2 and 3, respectively 

[Cg(5): C(11), C(12), C(122), C(121), C(111), C(112); Cg(13): N(11), C(111), 

C(121), C(122), C(12), C(11), C(112), C(113), C(114), C(115); symmetry code: 1-

x,1-y,1-z]. Another considerable π∙∙∙π stacking in 1–3 is found between the two six-
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membered rings [Cg(1): N11, C111-115 and Cg(5)] of the two adjacent phen ligands, 

with Cg(1)-Cg(5) lengths of 3.6059(14), 3.612(2) and 3.6235(13) Å, and the 

corresponding slippages being 1.346, 1.375 and 1.406 Å [symmetry code: 1-x,1-y,1-z]. 

 

Table 6.2b: Hydrogen bond distances (Å) and angles (o) in 1–3. 

Complex 1 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
O6-H6A∙∙∙O32 0.839(17) 2.51(2) 2.894(2) 109(2) 
O6-H6A∙∙∙O33 0.839(17) 1.804(14) 2.625(3) 165(3) 
O6-H6B∙∙∙O7 0.83(2) 1.92(2) 2.709(3) 159(2) 
O7-H7A∙∙∙O43#1 0.83(2) 1.97(2) 2.776(3) 165(2) 
O7-H7B∙∙∙O42 0.838(16) 2.129(16) 2.863(3) 146(3) 
O31-H31∙∙∙O33 0.8400 2.070 2.579(3) 119 
O41-H41∙∙∙O52 0.76(3) 2.55(3) 2.833(2) 105(3) 
O41-H41∙∙∙O53 0.76(3) 1.87(3) 2.599(2) 163(3) 
O51-H51∙∙∙O53 0.84 2.02 2.551(2) 121 

Complex 2 

D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
O6-H6A∙∙∙O32 0.84(2) 2.59(3) 2.885(3) 103(3) 
O6-H6A∙∙∙O33 0.84(2) 1.82(2) 2.623(4) 160(3) 
O6-H6B∙∙∙O7 0.84(3) 1.91(3) 2.711(4) 160(3) 
O7-H7A∙∙∙O43#1 0.83(3) 1.96(3) 2.775(4) 167(2) 
O7-H7B∙∙∙O42 0.83(3) 2.15(2) 2.853(4) 142(4) 
O31-H31∙∙∙O33 0.8400 2.0500 2.573(4) 119.00 
O41-H41∙∙∙O52 0.73(4) 2.55(4) 2.827(3) 105(4) 
O41-H41∙∙∙O53 0.73(4) 1.89(4) 2.597(4) 163(5) 
O51-H51∙∙∙O53 0.8400 2.0200 2.552(3) 121 

Complex 3 
D-H∙∙∙A D-H H∙∙∙A D∙∙∙A D-H∙∙∙A 
O6-H6A∙∙∙O32 0.833(18) 2.52(2) 2.872(2) 107(2) 
O6-H6A∙∙∙O33 0.833(18) 1.800(15) 2.613(2) 165(3) 
O6-H6B∙∙∙O7 0.83(2) 1.91(2) 2.722(3) 164(2) 
O7-H7A∙∙∙O43#1 0.84(2) 1.97(2) 2.782(3) 166(2) 
O7-H7B∙∙∙O42 0.836(17) 2.133(17) 2.850(2) 144(3) 
O31-H31∙∙∙O33 0.8400 2.070 2.576(3) 118.00 
O41-H41∙∙∙O52 0.76(3) 2.54(3) 2.807(2) 103(3) 
O41-H41∙∙∙O53 0.76(3) 1.86(3) 2.588(2) 162(3) 
O51-H51∙∙∙O53 0.8400 2.0100 2.549(2) 121.00 

D = donor, A = acceptor; symmetry code: (#1) 2-x,1-y,1-z.  

 

C-H∙∙∙π interactions ranging from 2.730–2.920 Å exist between the C-H groups of the 

aromatic moieties and the π-electrons of the aromatic Hben– and phen rings 

[symmetry code for C-H∙∙∙π linking two monomeric units: x,1+y,z; symmetry code for 

interactions within the monomeric unit: x,y,z] (Figure 6.6f) [61-63]. These C-H∙∙∙π 

interactions are considered short, since they are less than 3.050 Å [62]. Both the 
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aromatic π∙∙∙π interactions and C-H∙∙∙π interactions play an important role in crystal 

packing and influences rational drug design [8,61,62,64].  

 

 

 

 

 

 

(e) 

 

 

 

 

 

 

 

(f) 

 
Figures 6.6e and 6.6f: Perspective view of: (e) hydrogen bonding and π∙∙∙π 

interactions in 1; (f) CH∙∙∙π interactions in the Pr(III) complex. Hydrogen bonds are 

indicated by cyan dashed lines, while dashed green lines depict π∙∙∙π and CH∙∙∙π 

interactions (values are given in Å). The centroids of the aromatic rings are shown as 

blue spheres. 
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6.3.6 Atomic charge analysis of the ligands 

Natural charge distribution analysis was performed to obtain the charges on individual 

atoms to predict the reactivity of the benzilate and the phen ligands (Figures 6.7a and 

6.7b, and Table 6.3). The natural population analysis of phen was performed in 

Chapter 5. The natural atomic charge values were acquired from the Natural Bond 

Orbital (NBO) analysis [65]. The three oxygen atoms of Hben– exhibit the maximum 

electronegative charge values that lie in the range -0.74541 to -0.79912 in natural 

population analysis. It is observed that these oxygen atoms show a similar charge 

distribution. The negative charges on the oxygen atoms suggest the presence of 

hydrogen bonding interactions involving the hydroxyl and carboxylate group O-atoms 

of Hben–, which is consistent with the single-crystal XRD data [66]. The maximum 

positive atomic charge is accumulated on C6, which is the carbon atom of the –COOH 

functional group. A net positive charge is also obtained for the carbon atom bonded to 

the hydroxyl group, as well as all the hydrogen atoms. The withdrawal of electrons by 

the O-atoms results in decreased electron populations at C5 and C6, which leads to 

positive charge [65]. The negative charges on the aromatic carbon atoms and the net 

positive charges on the hydrogen atoms support the formation of C-H∙∙∙π interactions 

in the complexes.  

 

 
Figure 6.7a: Optimised geometry of the benzilate moiety calculated at the 

B3LYP/aug-cc-pVTZ level in DMSO. 
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Figure 6.7b: A comparison of the charge distribution on the atoms of Hben– as 

obtained from NPA in the gas phase and DMSO. 

 
 
Table 6.3: Natural population analysis indicating the distribution of electrons between 

the core, valence and Rydberg orbitals for selected atoms in Hben– in DMSO. 

 
Atom Charge Core Valence Rydberg Total 

O1 -0.78363 2.00000 6.76189 0.02174 8.78363 
O3 -0.77460 2.00000 6.74798 0.02663 8.77460 
O4 -0.79912 2.00000 6.77394 0.02519 8.79912 
C6 0.76496 1.99999 3.18224 0.05281 5.23504 

C12 -0.24802 1.99999 4.21887 0.02917 6.24802 
H2 0.49383 0.00000 0.49935 0.00682 0.50617 
H15 0.20237 0.00000 0.79066 0.00697 0.79763 

      
Core: 33.99982 (99.9995 % of 34)   
Valence: 85.46954 (99.3832 % of 86)   
Rydberg: 0.53064 (0.4422 % of 120)   

 
 
 
The molecular electrostatic potential (MEP) surfaces of Hben– and phen in Figures 

6.7c and 6.7d were utilised to predict the reactive sites for nucleophilic and 

electrophilic attack on these ligands [67]. The red and yellow regions occupied by the 

three oxygen atoms of Hben– and the two nitrogen atoms of phen indicate maximum 
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negative electrostatic potential values which can thus act as electron donating or 

nucleophilic sites [67]. This confirms the bidentate coordination mode of phen, and 

the mono- or bidentate binding of the carboxylate ligand to the metals through its 

oxygen atoms. Although NPA revealed an insignificant difference on the atomic 

charges of O1 and the carboxylate group oxygens (O3 and O4) of Hben–, the MEP 

maps show more negative regions on the carboxylate oxygen atoms. This could 

explain why some of the Hben– ligands prefer to take the monodentate coordination 

mode through the carboxylate oxygen, rather than the hydroxyl oxygen atoms (apart 

from steric factors). The violet or blue regions have positive electrostatic potential and 

represent electron-poor or electrophilic sites. The maximum positive region is located 

on the hydrogen atoms of both ligands and C6 of Hben–. The MEP is also useful in 

the identification of sites for intra- and intermolecular interactions [65]. The surfaces 

of the ligands studied fully support the existence of O-H∙∙∙O interactions apparent 

between the hydroxyl groups of the monodentate Hben– and the free O-atom of the 

carboxylate group, as well as the C-Hphen∙∙∙OHben– links. The MEP isosurface of phen 

has been discussed in Chapter 5. 
 
 
  
6.3.7 Frontier molecular orbital analysis, and global and chemical reactivity 

descriptors 

The highest occupied molecular orbitals (HOMO), lowest unoccupied molecular 

orbitals (LUMO) and the HOMO-LUMO energy gaps (Figure 6.8) were identified to 

indicate electron transfer in molecular systems, kinetic stability and chemical 

reactivity [65,68]. The HOMO-LUMO energy gap of Hben– is found to be 5.813 eV, 

obtained at DFT/B3LYP with aug-cc-pVTZ level, whilst the computed energy gaps 

between HOMO-1-LUMO+1 and HOMO-2-LUMO+2 for the benzilate ligand are 

5.970 and 6.411 eV, respectively. 

 

To obtain insights into the chemical reactivity of Hben–, global chemical concepts 

such as chemical potential (μ), hardness (η), softness (σ), electronegativity (χm) and 

electrophilicity index (ω), were determined (Table 6.4; see Chapter 5 for the chemical 

reactivity descriptors of phen). The chemical hardness of the ligand was formulated 
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using the HOMO and LUMO orbital energy gaps, using the equation:                            

η = (−𝐸𝐻𝑂𝑀𝑂 + 𝐸𝐿𝑈𝑀𝑂)
2

 [65,69]. A hardness value (qualitative measure of polarisability) 

of 2.907 eV was obtained for Hben– – that is the extent of the distortion of the 

electron cloud in an electric field. The hydroxycarboxylate ligand has a softness (the 

inverse of hardness) of 0.344 eV–1 at B3LYP. Soft molecules possess small energy 

gaps compared to hard molecules, which makes them more polarisable due to their 

smaller excitation energies [69].   

 

 

 

 

(c) 

 

 

 

 

(d) 

 

 

Figures 6.7c and 6.7d: Molecular electrostatic potential surfaces of: (c) Hben– and 

(d) phen in DMSO. The colour versus potential range for Hben– is from -0.254 (red) 

to 0.354 (violet). An isovalue of 0.05 was used to generate the maps. 
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Figure 6.8: Distributions of the HOMO and LUMO molecular orbitals of Hben– 

calculated at B3LYP/aug-cc-pVTZ in DMSO (isovalue = 0.03). 
 

 

Table 6.4: Global chemical reactivity indices for Hben–. Values are in eV, except for 

softness (σ) which is in eV−1. 
Global and chemical reactivity 
descriptor 

Values  

Energy of HOMO -6.350 
Energy of LUMO -0.537 
Energy of HOMO-1 -6.457 
Energy of LUMO+1 -0.487 
Energy of HOMO-2 -6.859 
Energy of LUMO+2 -0.448 
First energy gap 5.813 
Second energy gap 5.970 
Third energy gap 6.411 
Ionisation energy (I) 6.350 
Electron affinity (A) 0.537 
Hardness (η) 2.907 
Softness (σ) 0.344 
Chemical potential (μ) -3.444 
Electrophilicity index (ω) 2.040 
Electronegativity (χm) 3.444 
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6.3.8 Anticancer screen 

Figure 6.9 illustrates the cytotoxic effects of the Ln(III) salts, the free ligands (H2ben 

and phen) and the mixed-ligand Ln(III) complexes, reported in comparison to the 

DMSO vehicle control set at 100 %. No cytotoxic effects are observed in THP-1 cells 

(p>0.05) for all the tested compounds, except for the positive control, curcumin 

(21.5±0.83 %). 1,10-Phenanthroline, and the Pr(III) and Nd(III) complexes 

significantly reduced MCF-7 cell viability (74.4±6.78, 48.3±12.22 and 71.6±8.07 %, 

respectively, p<0.05). In addition to its activity on MCF-7 cells, phen exerted 

cytotoxic effects in HEC-1A cells (p<0.05). A cytotoxic effect was seen in THP-1 

cells as well, indicating no selectivity of phen to cell type [70-72]. Further studies are 

therefore necessary to confirm this. 

 

 
Figure 6.9: Cytotoxic effects of the compounds on MCF-7, HEC-1A and THP-1 cells 

using the MTT assay. Mean values of three independent experiments ± SD are shown 

(n = 3). 

 

A combination of phen with Pr(III) gives a Pr(III) complex with enhanced 

cytotoxicity in MCF-7 cells compared to free phen, due to the synergistic effect [73]. 
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The cytotoxicity of complex 1 is similar (48.3±12.22 % inhibition at 100 µM) to that 

of the positive control, curcumin (46.8±6.46 %) in MCF-7 cells (p>0.05). The Pr(III) 

coordination compound is, however, only toxic towards MCF-7 cells and not HEC-

1A or THP-1 cells. Cell viability decreases in the order: complex 3> complex 2> 

complex 1 for MCF-7 cells. The in vitro studies also revealed superior potency of 

phen over H2ben, which is consistent with a higher ω value for phen (ω = 3.861 eV) 

compared to the hydroxycarboxylic acid (ω = 2.040 eV) [74,75]. 

 

6.4 Conclusion 

In summary, three novel isostructural complexes of Pr(III), Nd(III) and Sm(III) were 

prepared from benzilic acid and 1,10-phenanthroline. The Ln(III) nitrate, acetate and 

chloride precursors were used as starting materials in the complexation reactions with 

the two ligands. The structures and properties of the coordination compounds were 

characterised by spectroscopic techniques (IR, 1H NMR and UV-Vis spectroscopy) 

and single-crystal X-ray diffraction analysis. Structural analysis shows that each nine-

coordinate metal centre is coordinated to two bidentate phen ligands, three benzilate 

ligands (two monodentate and one bidentate) and one H2O molecule. The occurrence 

of mono- and bidentate binding modes of the carboxylic acid ligand in the complexes 

could prompt future studies of the chelating effect on the repulsion of the ligands in 

the coordination sites, as well as on stability [52]. This is fundamental in ascertaining 

catalytic properties of different coordination patterns and in some specialised 

separation processes. 

 

The importance of hydrogen bonding, weak C-H∙∙∙O contacts, π∙∙∙π and C-H∙∙∙π 

interactions in crystal packing have been described. In spite of its weak nature, these 

non-covalent interactions are omnipresent and it is well established that they also 

influence the secondary, tertiary and quaternary structures of proteins, and the 

intercalation of various drugs into DNA [58,61]. In view of this, the study of these 

interactions was key in gaining an understanding on their contribution or behaviour in 

chemical and biological systems. 
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Anticancer activities of the three mixed-ligand Ln(III) complexes have been explored. 

It can be concluded that the inclusion of phen as a co-ligand contributed to the 

anticancer properties of the coordination compounds, in addition to providing crystal 

stability through facilitating the formation of π∙∙∙π and C-H∙∙∙π interactions. 

Anticancer efficacy of the hydroxycarboxylic acid, phen and metal complexes can 

however, be enhanced via the modification of the ligand systems [76,77].  
 

 

6.5 Supplementary information 

6.5.1 Crystallographic data 

Table S6.1: Crystal and structure refinement data for 1–3. 
 1 2 3 

Formula C66H51N4O10Pr, 
C3H7NO, H2O 

C66H51N4O10Nd, 
C3H7NO, H2O 

C66H51N4O10Sm, 
C3H7NO, H2O 

Mr (g.mol-1) 1292.13 1295.46 1301.58 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/n (No. 14) P21/n (No. 14) P21/n (No. 14) 
a, b, c [Å] 14.2029(5), 

13.1105(5), 
32.2052(12) 

14.1696(7), 
13.1126(6), 
32.1184(17) 

14.1439(6), 
13.1146(5), 
32.0482(12) 

α, β, γ (°) 90, 97.962(2), 90 90, 97.534(3), 90 90, 97.179(2), 90 
V (Å3) 5942.9(4) 5916.1(5) 5898.1(4) 
Z 4 4 4 
ρ (g.cm-3) 1.444 1.454 1.466 
µ (mm-1) 0.890 0.948 1.066 
F(000) 2656 2660 2668 
Crystal size (mm) 0.26 × 0.36 × 0.49 0.16 × 0.24 × 0.26 0.30 × 0.41 × 0.57 
Temperature (K)  200 200 200 
Mo Kα radiation, λ 
(Å) 

0.71073 0.71073 0.71073 

θ (min-max) (°) 1.7, 28.3 2.1, 28.4 1.7, 28.3 
Data set -18≤h≤18; -17≤k≤15; 

 -42≤l≤42 
-18≤h≤18; -17≤k≤17; 
 -42≤l≤42 

-18≤h≤18; -17≤k≤17; 
 -42≤l≤42 

Tot., Unique data, 
Rint  

113196, 14776, 0.045 56275, 14748, 0.088 86529, 14705, 0.029 

Observed [I>2σ(I)] 
reflections 

12141 9088 13198 

Nreflections, Nparameters 14776, 796 14748, 796 14705, 796 
R[F2>2σ(F2)], 
wR(F2), S 

0.0348, 0.0710, 1.06 0.0494, 0.0894, 0.98 0.0309, 0.0657, 1.16 

Δρmin, Δρmax (e.Å-3) -0.46, 0.69 -0.46, 0.69 -0.95, 0.73 
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6.5.2 Molecular modelling data 

 

Table S6.2: Natural population analysis of Hben– at the DFT/B3LYP level using the 

aug-cc-pVTZ basis set in DMSO and the gas phase. 

Atoms Natural charge 
(DMSO) 

Population Natural 
charge (gas) 

Population 

O1 -0.78363 8.78363 -0.78997 8.78997 
O3 -0.77460 8.77460 -0.74541 8.74541 
O4 -0.79912 8.79912 -0.75655 8.75655 
C5 0.13234 5.86766 0.13315 5.86685 
C6 0.76496 5.23504 0.76983 5.23017 
C7 -0.05049 6.05049 -0.03544 6.03544 
C8 -0.15829 6.15829 -0.21371 6.21371 
C10 -0.23205 6.23205 -0.21657 6.21657 
C12 -0.24802 6.24802 -0.23665 6.23665 
C14 -0.14643 6.14643 -0.24353 6.24353 
C16 -0.23585 6.23585 -0.11328 6.11328 
C18   -0.06613 6.06613 -0.03251 6.03251 
C19 -0.12719 6.12719 -0.14506 6.14506 
C21 -0.24019 6.24019 -0.23462 6.23462 
C23 -0.21786 6.21786 -0.23566 6.23566 
C25 -0.21253 6.21253 -0.21686 6.21686 
C27    -0.19655 6.19655 -0.20253 6.20253 
H2 0.49383 0.50617 0.49795 0.50205 
H9 0.21302 0.78698 0.22582 0.77418 
H11 0.20825 0.79175 0.18672 0.81328 
H13 0.20904 0.79096 0.18650 0.81350 
H15 0.20237 0.79763 0.18850 0.81150 
H17  0.21491 0.78509 0.21479 0.78521 
H20 0.20450 0.79550 0.23342 0.76658 
H22 0.21251 0.78749 0.18766 0.81234 
H24 0.21110 0.78890 0.18684 0.81316 
H26  0.21045 0.78955 0.18702 0.81298 
H28     0.21165 0.78835 0.22015 0.77985 
Total  -1.00000 120.00000 -1.00000 120.00000 
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6.5.3 Anticancer activity tests 

 

 

Table S6.3: Summary of the cytotoxicity of the metal salts, free ligands, mixed-ligand 

complexes derived from H2ben and phen, and curcumin. 

 

Compound 

(100 µM) 

Cells 

MCF-7 HEC-1A THP-1 

Cell viability (%) 

Pr(NO3)3∙6H2O 102.9±6.41 106.2±8.47 99.0±17.02 

Nd(OAc3)3∙xH2O 104.3±9.69 93.9±13.18 101.9±2.62 

SmCl3∙6H2O 103.3±12.44 88.5±9.75 92.3±25.78 

H2ben 96.8±6.71 87.3±5.30 116.3±10.78 

phen 74.4±6.78 66.2±2.37 77.3±13.34 

Complex 1 48.3±12.22 91.1±14.52 82.5±14.89 

Complex 2 71.6±8.07 103.4±12.69 103.0±5.07 

Complex 3 103.6±4.70 110.7±5.06 105.3±12.77 

CURCUMIN 46.8±6.46 14.1±3.76 21.5±0.83 
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CHAPTER 7 

Conclusions and Future prospects 

 

The complexation of different potentially multidentate chelating hydrazones and 

carboxylic acids (including an oxamate) with various lanthanides (nitrato, acetato and 

chlorido) was completed using different syntheses to gain insight into the bonding 

modes, geometrical trends adopted, as well as structural and spectral properties. 

Characterisation of the coordination compounds was achieved by different 

physicochemical methods: elemental analysis, molar conductance, IR, 1H NMR and 

UV-Vis spectroscopy, and X-ray crystallography. In Chapters 4–5, UV-Vis 

spectroscopy showed that complexes exhibit characteristic Laporte-forbidden f-f 

transitions [1]. The absorption spectra of hydrazone and phen complexes are 

characterised by transition bands from the ligands. 

 

The stereochemistry of the Ln(III)-hydrazone, Ln(III)-oxamate and Ln(III)-

carboxylate complexes in Chapters 3-6 were evaluated through a continuous shape 

measurement method, using the SHAPE 2.1 program. Useful information was 

obtained on the degree of distortion from the ideal coordinate polyhedron. These 

CShM parameters are useful in constraining and tuning the coordination geometries 

around rare-earth ions, for example, in metal-organic frameworks (MOFs) in the study 

of single-molecular-magnet (SMM) behaviour [2]. Eight-, nine- and ten-coordinate 

complexes have been reported, with the nine-coordinate spherical capped square 

antiprism (CSAPR-9) geometry being the most common. In summary, the geometries 

and deviations from reference shapes were found to depend on coordination numbers 

and Ln(III) ion size [3]. 

 

The effect that the ionic radii has on the coordination numbers of the complexes was 

elucidated, with lighter lanthanide ions such as La(III), Ce(III), Pr(III) and Nd(III) 

yielding nine and ten-coordinate complexes, while the heavier Yb(III) ions preferred a 

coordination number of eight (the heavier Er(III) ions adopt eight and nine 
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coordination). This variation is brought about by the lanthanide contraction, and can 

be useful, for example, in the separation of different 4f elements [4]. 

 

A total of twenty-one X-ray crystal structures for the coordination compounds have 

been obtained, from which the bonding parameters were determined. Crystallographic 

studies indicate the tridental binding of the hydrazone ligands, the bidental 

chelation/bridging modes of Hpma–, and the monodental or bidental coordination of 

benzilic acid with metals, with a preference for monodeprotonated Schiff base ligands 

and benzilic acid, as well as monoanionic oxamate moeities. The Ln-N and Ln-O 

bond distances and the ligand bite angles are normal and fall within the expected 

ranges. The bond lengths assume shorter values as the number of 4f electrons 

increases, which is consistent with the lanthanide contraction. The bite angle is an 

important tool in catalysis, for instance, where it is related to catalyst efficiencies in 

reactions, and is thus worth investigating [5]. It was found that ligand bite angles 

increase as the ionic radii decrease across the period. For this reason, the parameter is 

useful in the explanation of rates, selectivities and in the design of ligands for 

biological or catalytic reactions [5]. The influence of chelate ring size on bite angles 

was also examined, with larger rings yielding larger bite angles. 

 

The crystal structures of the compounds show networks supported by means of 

electrostatic interactions, and hydrogen bonds of the N-H⋯O, O-H⋯O, C-H⋯O 

and/or C-H⋯N type. Furthermore, the N-H∙∙∙π links play a key role in crystal packing 

of mixed-ligand complexes of oxamates. In addition to the role of 1,10-phenanthroline 

in stabilisation of metal complexes through π-π stacking and C-H∙∙∙π interactions, it 

was also concluded that the presence of phen prevents polymerisation of oxamate 

complexes. 

 

Interesting physical parameters for chemical reactivity and biological activities of the 

coordinating ligands, such as HOMO-LUMO energy gaps, ionisation energies, 

electron affinities, softness and hardness, were obtained through DFT computational 

studies based on the B3LYP model and aug-cc-pVTZ basis set. Natural population 

analysis (NPA) and visual representations from molecular electrostatic potential 
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(MEP) maps show the charge distributions of the molecules, thus providing insights 

into electrophilic and nucleophilic reactivity [6,7]. From NPA and MEP surfaces, it 

was apparent that the negative charges covered the oxygen and nitrogen atoms, whilst 

the positive regions were over the hydrogen atoms and carbon atoms attached to 

electronegative oxygen and nitrogen atoms. The most preferred sites for electrophilic 

attack in hydrazones, N-(2,6-dimethylphenyl)oxamate and benzilic acid were 

therefore the O-atoms, whereas the N-atoms are the most reactive site in phen. The 

electron deficient carbon and hydrogen atoms being the positive potential sites, means 

that they are possible sites for nucleophilic attack. The MEP maps also played a key 

role in elucidation of ligand shape and size, in addition to predicting ligand denticity 

[6,8]. 

 

Anticancer screen indicated that hydrazones, phen, some Ln(III)-hydrazone 

complexes, as well as some mixed-ligand complexes with phen, possessed moderate 

cytotoxic activities against MCF-7 and HEC-1A cells. Considering the synthetic 

accessibility of these complexes, the findings undoubtedly show that lanthanide-based 

complexes have potential therapeutic application. A comparison of Chapters 4 and 5 

revealed that anticancer activity can be enhanced by incorporation of phen as an 

auxiliary ligand. Based on these results, a series of new oxamate or oxamic acid 

derived hydrazone ligands could be designed and synthesised, and then complexed to 

4f metal ions, with phenanthrolines as auxiliary ligands [9]. The tuning of functional 

groups allows further investigation of the reactivity profile, coordination, spectral 

characteristics and improved anticancer properties of rare-earth complexes, since 

oxamic acid hydrazones are known to show remarkable antiproliferative activity, for 

example, towards MCF-7 and MDA-MB231 breast cancer cell lines [9]. Bioactivity 

experiments can be expanded to include antimicrobial activities [10]. It is also 

worthwhile investigating the dual purpose of the oxamic acid derived hydrazone 

complexes in the detection of tumours (through magnetic studies) and cytotoxic 

effects [11-13]. The scope of the future study may also include catalytic studies, 

potentiometric titrimetry in aqueous solutions to investigate complex stabilities as the 

pH is varied, and evaluation of the relative thermal stabilities of the synthesised 

complexes. 
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