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ABSTRACT 

New Ruthenium (II)-Chloroquine Complexes and Metal-Free 

Aminoquinolines: 

Synthesis, Antimalarial Activity and Mechanism of Biological Action 

by 

Chandima S. K. Rajapakse 

 

Advisor – Professor Roberto A. Sanchez-Delgado 

Malaria is widespread in many tropical and subtropical regions and causes between one 

and three million deaths annually. The disease is caused by a protozoan parasite of the 

genus Plasmodium that is transmitted primarily by the female Anopheles mosquito.  

Chloroquine (CQ) is the most commonly used antimalarial drug, but resistant strains of 

P. falciparum have emerged and thus improved chemotherapies are required.  

Modifications of the molecular structure of chloroquine led to other effective quinoline 

based drugs but unfortunately, resistance to these drugs is now also common in many 

parts of the world. 

The success of cisplatin and other platinum anticancer drugs has stimulated a renaissance 

of inorganic medicinal chemistry and the search for complexes of other transition metals 

with better biological properties. Among them, ruthenium complexes are attracting 

increasing attention as potential chemotherapeutic agents against a variety of diseases. 

Complexation of CQ to Ru has been previously shown by our group to enhance the 

activity against resistant strains of the malaria parasite, as for instance the complex 

[RuCl2(CQ)]2.  In the first phase of this thesis we adopted a molecular design based on 
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Ru(II) forming coordinate bonds to CQ through one of the basic nitrogen atoms.  A series 

of new organo-RuII-CQ complexes were synthesized and characterized by use of a 

combination of NMR and FTIR spectroscopy with DFT calculations.  

All the new complexes were active against CQ-resistant (Dd2, K1, and W2) and CQ 

sensitive (FcB1, PFB, F32 and 3D7) malaria parasites (Plasmodium falciparum); 

importantly, the potency of these complexes against resistant parasites is consistently 

higher than that of the standard drug chloroquine diphosphate (CQDP). In order to 

understand the origin of the improved antimalarial activity, we have measured water/n-

octanol partition coefficients, pKa values, heme binding constants, and heme aggregation 

inhibition activity of the new (π-arene)-Ru-CQ complexes. Measurements of heme 

aggregation inhibition activity of the metal complexes atq water/n-octanol interfaces 

qualitatively predict their superior antiplasmodial action against resistant parasites, in 

relation to CQ. Some interesting tendencies emerge from our data, indicating that the 

antiplasmodial activity is related to a balance of effects associated with the lipophilicity, 

basicity, and structural details of the compounds studied. 

We concluded that the increase in the lipophilicity of CQ caused by coordination to the 

Ru-containing fragments is beneficial for overcoming resistance but the reduction in 

basicity due to the blocking of one active nitrogen atom by the metal limits the 

therapeutic potential of the complexes.  

Therefore, new compounds combining the desired basicity and lipophilicity are needed. 

Based on this new model, two new metal free 4-aminoquinoline derivatives were 

synthesized and characterized by 1D/2D NMR spectroscopy, elemental analysis and mass 
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spectrometry. Both compounds are highly active in vitro against CQ-resistant strains of 

P. falciparum (K1, K14 and Dd2) as well as a CQ-sensitive strain (D6).  Both compounds 

are more basic and more lipophilic than the standard drug CQ. Our mechanistic studies 

demonstrate the validity of our hypothesis: that the structural and physicochemical 

modifications of 4-aminoquinoline imposed by the presence of the lipophilic substituent 

as a side chain lead to an enhanced activity against malaria parasites, while retaining 

heme aggregation as the main target of action.  
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Chapter 1 

An Overview: Malaria 
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1.1 What is malaria – History 
 

Malaria is the world's most important tropical parasitic disease, since it kills more 

people than any other communicable disease except for tuberculosis. According to the 

World Health Organization, 300-500 million people become infected and close to a 

million die of malaria each year, mostly children under 5 years of age. About 40% of the 

world’s population is at risk of contracting malaria, particularly in the poorest countries.1 

Malaria is an infectious disease caused by a parasite of the genus Plasmodium, 

which infects red blood cells. Plasmodium is a protozoan, a single-celled organism able 

to divide only within a host cell. Malaria is characterized by cycles of chills, fever, pain 

and sweating. It is believed that malaria has infected humans since the beginning of 

mankind. The name "mal 'aria" (meaning "bad air" in Italian) was first used in English in 

1740 by H. Walpole. The term malaria evolved into the name of the disease only during 

the 20th century and until then various names such as jungle fever, marsh fever, paludal 

fever, or swamp fever were used to name this disease.2  In 1880, C. Laveran identified the 

parasites in human blood.3  In 1889, R. Ross discovered that mosquitoes transmitted 

malaria.2 Four different parasites of the Plasmodium genus affect humans - Plasmodium 

falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale; the first 

two are the most common and P. falciparum (Figure 1) causes the most deadly form of 

the disease. The other three species of malaria are generally not life-threatening and less 

serious. Malaria is a curable disease if promptly diagnosed and adequately treated.  

 

 

http://www.medicinenet.com/script/main/art.asp?articlekey=4939
http://www.medicinenet.com/script/main/art.asp?articlekey=361
http://www.medicinenet.com/script/main/art.asp?articlekey=4256
http://www.medicinenet.com/script/main/art.asp?articlekey=4256
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Figure 1.  Plasmodium falciparum4 

 

1.2 How is malaria transmitted? 

The life cycle of the parasite involves two hosts, humans and Anopheles 

mosquitoes. The disease is transmitted to humans when an infected female Anopheles 

mosquito bites a person and injects the malaria parasites (sporozoites) into the blood 

stream (Figure 2). Only female mosquitoes (Figure 3) feed on blood, hence males do not 

transmit the disease. The females of the Anopheles mosquito enter houses between 5 p.m. 

and 9.30 p.m. and again in early hours of the morning.3 They start biting by late evening, 

reaching a peak of biting activity at midnight and early hours of morning.5 Various 

species have been found to be the vectors in different parts of the world. A. gambiae is 

the chief vector in Africa and A. freeborni in North America.5 Nearly 45 species of the 

mosquito have been found in India and A. culicifacies, A. fluviatilis, A. minimus, A. 

philippinensis, A. stephensi, A. sundaicus and A. leucosphyrus have been implicated in 

the transmission of malaria.6 
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        Figure 3. Anopheles mosquito7               
                   

Figure 2. Infected mosquito transmits the disease  

Mosquitoes have four stages in their life cycle as represented in Figure 4; egg, 

larva, pupa and adult. The female mosquito lays 30-150 eggs every 2-3 days and breeds 

in natural water collections.  She needs human blood to nourish these eggs. The average 

life span of a mosquito is 2-3 weeks and usually it takes about a week for the eggs to 

develop into adults. 

 

 

 

 

 
 
 
 
 
 
 
 
 Figure 4. The life cycle of mosquito 
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1.3 The life cycle of the parasite 
 

There are three major stages in the life cycle of the parasite: the mosquito, liver 

and blood (Figure 5). Following the bite of an infected mosquito, P. falciparum invades 

human liver cells, emerging into the blood stream after 7 to 10 days, when it enters into 

the red blood cells of the host. While in red blood cells, the parasites again develop until 

a mosquito takes a blood meal from an infected human and ingests human red blood cells 

containing the parasites. Then the parasites reach the Anopheles mosquito's stomach and 

invade the mosquito’s salivary glands. When an Anopheles mosquito bites a human, these 

sporozoites complete and repeat the complex Plasmodium life cycle.8 Most of the 

curative drugs act on the blood stage of the parasite.  

 

                                

 

 

 

 

 

 

 

 

 

 

Figure 5.  The complete life cycle of the parasite9 
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1.4 Distribution of malaria 

It is believed that malaria originated in West and Central Africa and spread all 

across the globe to become the worst killer disease (Figure 6). The parasites spread to 

other areas through human migrations. Malaria seems to have been known in China for 

almost 5,000 years (men from ancient China, who traveled to areas with malaria, were 

advised to arrange for their wives to be remarried10). Today malaria is a major problem in 

areas of Africa, China, South East Asia, Central and South America. 

 

 

 

 

                                                           
 
 
 
 
 
Figure 6. Distribution of malaria in the world11 
 
    

1.5 Signs and symptoms of malaria 

The time from the initial malaria infection until symptoms appear (incubation 

period) generally ranges from 9 to 14 days for P. falciparum. The clinical symptoms of 

malaria are exclusively caused by the erythrocytic parasite stages and in the early stages; 

the symptoms are sometimes similar to those of many other infections caused by bacteria, 

viruses, or parasites.12 
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Symptoms may include: flu-like illness with fever, chills, muscle aches, and headache. 

Some patients develop nausea, vomiting, cough, and diarrhea and there can be yellowing 

of the skin and whites of the eyes due to destruction of red blood cells and liver cells. 

Cycles of chills, fever, and sweating that repeat every one, two, or three days are typical. 

The cyclic pattern of malaria symptoms is due to the life cycle of malaria parasites as 

they develop, reproduce, and are released from the red blood cells and liver cells (cell 

debris) in the human body.13 This cycle of symptoms is also one of the major indicators 

that you are infected with malaria. Without treatment, the cycle of red blood cell 

destruction and fever will continue and may lead to death. People with severe P. 

falciparum malaria can develop bleeding problems, shock, liver or kidney failure, central 

nervous system problems, coma, and can die from the infection. 

 

 

 

 

 

 

 

 

 

 

                                   

Figure 7. Symptoms of malaria13 

 

http://www.medicinenet.com/script/main/art.asp?articlekey=20628
http://www.medicinenet.com/script/main/art.asp?articlekey=41943
http://www.medicinenet.com/script/main/art.asp?articlekey=1900
http://www.webmd.com/hw-popup/life-cycle-of-malaria
http://www.medicinenet.com/script/main/art.asp?articlekey=85053
http://www.medicinenet.com/script/main/art.asp?articlekey=10419
http://www.medicinenet.com/script/main/art.asp?articlekey=85386
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1.6 Treatments 

Antimalarial drugs are designed to prevent or cure malaria. Indians and South 

Americans have used the bark of Cinchona, a plant native to South America (Figures 8, 

9), as a treatment for malaria long before any treatments were available in Europe. In 

1639, Jesuit missionaries introduced the bark of this plant to Europe, where it became the 

main treatment for malaria fever.14 In 1820 the French chemists Pierre Joseph Pelletier 

and Joseph Bienaime Caventou identified quinine, an alkaloid, as the active ingredient of 

the bark of Cinchona.15 This is the only drug largely effective for treating the disease over 

a long period of time (Figure 10).  

 

 

 

               

Figure 8. Cinchona tree16                            Figure 9. Bark of cinchona17                    

 

 

 

(a)                                                           (b) 

Figure 10.  (a) The structure of quinine, (b) quinine tablets18 

http://en.wikipedia.org/wiki/Malaria
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Until World War I, quinine was the only drug used to treat malaria for more than three 

centuries. It is now only used for treating severe falciparum malaria because of 

undesirable side effects.19  Hence there was a continous search for new antimalarials and 

in1920, a 9 -aminoacrinidine was synthesized and it was commercialized in 1930 with the 

name of Atabrine (Figure 11). 

 

 

 

 

 

 Figure 11.  Atabrine 

During World War II many drugs were developed to protect the troops from 

malaria, such as chloroquine, primaquine, proguanil, amodiaquine and sulfadoxine 

/pyrimethamine (Figure 12). Among those, chloroquine (CQ) has been uniquely 

successful owing to low cost, mild side effects, good tolerance, which makes it adequate 

for treating  pregnant women and most importantly, highly effective in curing the disease. 

It was first used in the 1940s shortly after the Second World War.  
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Figure 12. Structures of some antimalarials 

Unfortunately, many strains of P. falciparum are now resistant to chloroquine and 

more recently, chloroquine-resistant vivax malaria has also been reported.7 In 1939, a 

Swiss chemist Paul Hermann Müller discovered  DDT (dichlorodiphenyltrichloroethane 

– Figure 13), which became a widely used insecticide used to control mosquitoes 

spreading malaria;  he was  awarded the Nobel Prize in Physiology and Medicine in 1948 

for this discovery.20 By 1957 based on the application of DDT, malaria was eliminated in 

37 countries mainly in Europe and the Americas.21  

However in 1967, some mosquitoes developed resistance to DDT and also it has been 

suggested that the use of DDT over time has devastating effects on biodiversity, hence it 

was banned in 1972.22 

http://en.wikipedia.org/wiki/Paul_Hermann_M%C3%BCller
http://en.wikipedia.org/wiki/Mosquito
http://en.wikipedia.org/wiki/Malaria
http://en.wikipedia.org/wiki/Nobel_Prize_in_Physiology_or_Medicine
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Figure 13.  The structure of DDT (dichlorodiphenyltrichloroethane) 

During the Vietnam War, there were heavy losses as a result of chloroquine-resistant 

malaria. So the development of new antimalarial drugs was encouraged by the American 

military and resulted in the development of  mefloquine and halofantrin (Figure 14).  

Mefloquine was first introduced in 1971; this drug is related structurally to quinine. 

Unfortunately, widespread resistance has now developed and this, together with 

undesirable side effects, has resulted in a decline in its use.  Halofantrin belongs to a class 

of compounds not related to quinine and it was introduced in the 1980s, but due to its 

short half-life of 1 to 2 days, it is not suitable for use as a prophylactic. Unfortunately, 

resistant forms are increasingly being reported and there is some concern about its side- 

effects. It is suggested that the use of this drug is not safe in pregnancy and is not advised 

for women who are breastfeeding.  

 

 

 

                                            

Figure 14.  Structures of two antimalarials  
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Artemisinin Artemether

Artesunate Dihydroartemisinin

A completely different group of drugs was derived from traditional Chinese 

medicine. The sweet wormwood Artemisia annua  has been used by Chinese herbalists 

for more than a thousand years in the treatment of many illnesses, such as skin diseases 

and malaria. The compound artemisinin (Figure 15) was first isolated from the plant 

Artemisia annua by Chinese military researchers in 1965 and used to treat multi-drug 

resistant P. falciparum strains. In a malaria epidemic in the early 1990's in Vietnam, 

artemisinin reduced the death rate by 97%. This drug contains two oxygen atoms linked 

together in what is known as an 'endoperoxide bridge', which reacts with iron atoms to 

form free radicals.24 Artemisinin becomes toxic to malaria parasites when it reacts with 

the high iron content of the parasites, generating free radicals, and leading to damage to 

the parasite. Later more water soluble artemisinin analogues (Figure 15) were synthesized 

to treat malaria.  

 

 

 

 

 

 

Figure 15.  Structures of artemisinin and its analogues 

http://en.wikipedia.org/wiki/Artemisia_annua
http://en.wikipedia.org/wiki/Herbalist
http://en.wikipedia.org/wiki/Artemisia_annua
http://www.medterms.com/script/main/art.asp?articlekey=3273
http://www.medterms.com/script/main/art.asp?articlekey=2913
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Artemisinin and its derivatives are fast acting, but display short plasma half-

lives.25-27 (Plasma half life is the time it takes for a drug to lose half of its pharmacologic 

activity). Because of that the use of artemisinin and its derivatives as a monotherapy (a 

therapy which is taken alone) is clearly discouraged by the World Health Organization 

(WHO) as there have been signs that malarial parasites are developing resistance to the 

drug. Therefore, artemisinin combination therapy (ACT) composed of artemisin 

derivatives such as artesunate and artemether with other drugs like lumefantrine, 

mefloquine or amodiaquine23 are recommended by WHO, which results in effective 

treatment with no resistance.28,29  

However, these physical combinations suffer from some significant drawbacks 

related to the different solubility and pharmacokinetics of the individual components. In 

addition, although the price is approximately $2.20 per adult course, these drugs are still 

beyond the reach of the world's poorest people.  

As a summary, so far chemotherapy of malaria has relied on chemically related 

drugs belonging to four classes of compounds: 4-aminoquinolines, 8-aminoquinolines,  

antifolate compounds and artemisinin and its derivatives. The most important drugs can 

be categorized into 4 groups are shown in Table 1. 

 

 

 

 

 

                                       

http://en.wikipedia.org/wiki/Monotherapy
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 Table 1. Four classes of antimalarials 

 

 

 

 

 

 

 

 

 

 

 

                                      

Even though several drugs have been used to treat malaria, chloroquine remains 

the treatment of choice for P. vivax, P. ovale, P. malariae and uncomplicated P. 

falciparum malaria in those few geographical areas where this drug can still be relied on. 

Even in areas of high level resistance such as East Africa, the drug is often the most 

widely used treatment and still produces certain level of a clinical response although with 

recrudescence in a majority of patients.  

 

 

 

 

 

The class of 
compounds Antimalarial drugs 

4- Aminoquinolines Chloroquine 
  Quinine 
  Mefloquine 
  Amodiaquine 
  Halofantrin 
8- Aminoquinolines Primaquine 
Antifolates Pyrimethamine 
  Proguanil 
  Chlorcycloguanil 
  Dapsone 
  Sulfadoxine 
Artemisinin & 
Derivatives Artemisinin 
  Artesunate 
  Artemether 
  Arteether 
  Dihydroartemisinin 
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1.7 Mechanism of drug action and resistance 

Drug resistance is one of the major factors contributing to the renaissance of 

malaria and, in order to design and develop new therapies to overcome drug resistance it 

is important to fully understand the mode of action of the existing antimalarial drugs and 

the way parasites become resistant to them. In many cases including 4-aminoquinoline 

derivatives, the mechanisms of action and parasite’s resistance are not fully understood. 

The hypotheses of the antimalarial action of quinoline drugs include, direct 

binding to the heme group of hemoglobin,30,31 unidentified vacuolar  phospholipase  

inhibition32, inhibition of protein synthesis and/or binding with DNA.33 However, it is 

now generally accepted that chloroquine and other quinolines act by interfering with the 

detoxification of ferriprotoporphyrin IX inside the acidic digestive vacuole of the 

parasite. (This will be discussed in detail in the following sections). This thesis is focused 

on CQ derivatives, and therefore, from here on, the discussion will concentrate on the 

mechanism of action of CQ and possible mechanisms of CQ resistance by the malaria 

parasites. 

1.7.1 Heme aggregation as the target of chloroquine 

Hemoglobin degradation and the food vacuole 

Malaria parasites spend part of their life cycle inside the erythrocyte of the human 

host. The parasite ingests the red blood cell cytoplasm of the host via a cytosome, 

resulting in a double membrane vesicle; the transport vesicle.  
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The transport vesicle delivers the contents to the acidic digestive vacuole (pH 4.9) where 

hemoglobin is digested by proteolytic enzymes including plasmepsin I, II, IV, 

histoaspartic protease (HAP), falcipains 2 and 3 and falcilysin.34-36  Then the  short 

peptides formed are further degraded to amino acids by aminopeptidases, probably in the 

parasite’s cytoplasm. It is believed that during the blood stage of the parasite 60% - 80% 

of the hemoglobin present in the red blood cell is digested. Moreover, it is confirmed that 

amino acids formed during the hemoglobin degradation process are used by the parasite 

as its food source.37 In addition it is believed that hemoglobin degradation is also required 

to make space available in the red blood cell for parasite growth and to maintain the 

osmotic balance inside the cell. During the hemoglobin degradation process, heme 

present in hemoglobin is released into the parasite digestive vacuole.37  Heme actually 

refers to iron protoporphyrin; Fe(II)PPIX (Figure 16) which is irreversibly and rapidly 

oxidized by molecular oxygen to H2O-Fe(III)PPIX. 

 

 

 

 

 

                                                                                 

Figure 16. Heme and oxidized heme (a) heme is present in hemoglobin (where Y 
represents the proximal histidine residue of the protein and X is O2 in oxyhemoglobin or 
vacant in deoxyhemoglobin). (b) oxidation of heme produces H2O-Fe(III)PPIX where X 
represents H2O. 
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Although the detailed mechanism of heme oxidation is not fully understood, it is 

believed that during heme oxidation superoxide (O2
-) is generated under acidic pH.  

Inside the food vacuole of the parasite, O2
- spontaneously dismutates to O2 and H2O2.  

Toxic H2O2 is eliminated from the site by breaking it down in to O2 and H2O by catalase 

activity.38 The formed H2O-Fe(III)PPIX which is in high concentration (0.4 M) inside the 

food vacuole, is also known to be toxic to the parasite. This has been invoked in lipid 

peroxidation (known to potentially dissolve in a non-polar environment such as lipid 

membranes) membrane damage of the parasite and eventually can cause death to the 

parasite. So the parasite must have some mechanism for disposing of this toxic material 

in order to survive heme toxicity. 

Hemozoin formation as a heme detoxification processs 

It is now accepted that malaria parasites overcome heme toxicity by formation of 

hemozoin or malaria pigment, an inert, highly insoluble and compact crystalline material 

which is no longer harmful to the parasite.  Not only the malaria parasites P. falciparum, 

P. vivax, P. malariae, P. ovale,39 form hemozoin  but also  the  bird-infecting protozoan 

Haemoproteus columbae40 and the  blood-feeding helminths Schistosoma manson41,42 and 

Echinostoma trivolvis43 as well as the blood-sucking triatomine insect Rhodnius 

prolixus.44 Hemozoin formation is not the only route of heme detoxification in some of 

these organisms but now it is believed that  hemozoin formation is the major pathway of 

disposal of heme in malaria parasites.  
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According to studies performed by Egan and coworkers45 H2O-Fe(III)PPIX 

and/or HO-Fe(III)PPIX spontaneously form π-π complexes in back to back (or stacked)  

interaction between two porphyrins to form dimers in aqueous medium. This involves 

noncovalent interaction of the unligated faces of two five-coordinate H2O/HO-

Fe(III)PPIX molecules, with the axial H2O/OH– ligands directed outwards (Figure 17). 

This arrangement is consistent with the crystal structures of related five-coordinate iron 

(III) porphyrins.46  

 

 

 

 

 

Figure 17. Molecular dynamics performed in water - when the dynamics were performed 
in a cube of H2O starting from the β-hematin precursor, the propionate groups quickly 
moved away from the Fe(III) centres to interact with the solvent molecules . Water 
molecules are omitted for clarity. (Ref: Egan, T.J. et al.  FEBS Letters, 2006, 580, 
5105–5110) 
 
 
 

These dimers are delivered by endocytotic transport vesicles to neutral lipid 

bodies commonly named as lipid nanospheres within the digestive vacuole where the 

hemozoin is believed to form.47 Lipid bodies are usually surrounded by a monolayer of a 

phospholipid, glycolipid or sterol and their origin appears to be the inner membrane of 

the endocytotic transport vesicles, which transport hemoglobin to the digestive vacuole.  
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It is still not clear how the hemozoin crystal formation is nucleated but it is suggested that 

probably a protein would have to act as a nucleation site for crystal growth or it may act 

as a chaperone to deliver Fe(III)PPIX to lipid bodies. The proposed mechanism of 

hemozoin formation is illustrated in (Figure 18) 

 

 

 

 

 

 

 

 
 
 
 
Figure 18. Proposed schematic representation of the processes involved in hemozoin 
formation in P. falciparum based on recent studies. Red blood cell (RBC) cytoplasm is 
ingested by the parasite (Pf) via a cytostome (C) and (a) transported to the digestive 
vacuole (DV) by double membrane bound transport vesicles (TV). Upon delivery into the 
DV (b), hemoglobin (Hb) is digested by plasmepsins, falcipains and falcilysin to short 
peptides (c). These are exported from the DV (d) and finally degraded to amino acids, 
probably by aminopeptidases. The heme (Fe(II)PPIX) released from hemoglobin (e) is 
oxidized (f), presumably by molecular dioxygen, generating Fe(III)PPIX and superoxide 
anion. In aqueous solution Fe(III)PPIX dimerizes probably to form a π–π dimer (g) which 
is delivered (h) to a lipid body (LB) dubbed a lipid nanosphere. Within the low dielectric 
medium of the lipid nanosphere Fe(III)PPIX forms a “hemozoin precursor” dimer (i) 
which converts to the hemozoin dimer (j) by displacement of the axial water ligands of 
H2O–Fe(III)PPIX together with formation of the Fe(III)–propionate bonds. In the absence 
of competing hydrogen bonding by the solvent, these dimers can start to assemble into 
hemozoin nuclei by hydrogen bonding to each other (k), finally assembling the hemozoin 
crystal (l) (Ref: Egan, T.J. Molecular & Biochemical Parasitology, 2008, 157, 127–
136) 
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Inside the lipid bodies, H2O-Fe(III)PPIX forms the initial hemozoin dimer by 

displacement of an axial water ligand and formation of the Fe(III)-propionate bond with 

the adjacent monomer (Figure 19).48 Then these dimers interact via hydrogen bonds 

between the protonated propionate groups to form hemozoin crystals. In simple words, 

hemozoin consists of centrosymmetric dimers linked by hydrogen bonds (Figure 20) and 

its crystal structure was solved by X-ray powder diffraction pattern in 2000 by Pagola 

et.al.49  

 

 

 

 

 

 
Figure 19. The basic unit of hemozoin; Fe(III)PPIX dimers, an iron-oxygen coordinate 
bond links the central iron of one Fe(III)PPIX to the oxygen of the carboxylate side-chain 
of the adjacent Fe(III)PPIX. 
 
 

 

 

 

 

 

 

Figure 20. Hemozoin is a cyclic dimer of Fe(III)protoporphyrin IX, with the 
deprotonated propionate group of each porphyrin coordinated to the Fe(III) centre of the 
other.(as red lines). The dimers interact via hydrogen bonds (dotted lines) between the 
protonated propionate groups. (Ref: en.wikipedia.org/wiki/Hemozoin)  

http://en.wikipedia.org/wiki/Iron
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Coordinate_bond
http://en.wikipedia.org/wiki/Coordinate_bond
http://en.wikipedia.org/wiki/Carboxylate
http://en.wikipedia.org/wiki/Hemozoin
http://en.wikipedia.org/wiki/Hemozoin
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The crystals of hemozoin can be seen in transmission electron micrographs and the 

crystal has been described as lath-like in shape (long narrow strip).50 According to the X-

ray powder diffraction pattern of hemozoin, the crystal belongs to a centrosymmetric 

space group (Figure 21) and are close to one micron in length and several hundred 

nanometers wide making them almost macroscopic objects (see Figure 22). 

 

   

 

                  

 

                     (a)                                                   (b)                           

Figure 21. Crystal of hemozoin.  

(a) Transmission electron micrograph of crystals of hemozoin isolated from the malaria 
parasite magnified 68,490 times, (b) a sketch of a hemozoin crystal illustrating the crystal 
faces identified by Buller et al. which can be related to the structure of the unit cell. The 
fastest growing faces are indicated by thick grey arrows. (Ref: Egan, T.J.  Molecular & 
Biochemical Parasitology, 2008, 157, 127–136) 
 
 
 
 

 

 

 

 
 
 
Figure 22. Relative size of hemozoin crystals - nanometer scale bar illustrating the 
relative size of objects ranging from 0.1nm with a water molecule (far left) to a 100 mm 
tennis ball (far right). (Pisciotta, J. M. Parasitology International, 2008, 57, 89-96) 
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Although according to early literature, people argue that the site of hemozoin 

formation is the cytoplasm of the food vacuole of the parasite, it is now confirmed that 

hemozoin formation occurs in the neutral lipid bodies; nanospheres within the digestive 

vacuole of the parasite.47 It is believed that previously published TEM images of parasite 

removed all evidence of neutral lipid nanospheres by the ethanol processing. The idea of 

lipid bodies as a site of hemozoin formation is further supported by insights from 

molecular dynamics simulations48 which suggest that the lipid environment promotes 

interaction of the propionate group with the Fe(III) center, which drives water off the 

axial position and promotes the hydrogen bonding required for hemozoin crystal 

formation. All these studies suggested that a lipid - aqueous interface inside the lipid 

bodies is the key site for the formation of hemozoin crystals.  

Apart from enzymes for digesting hemoglobin, no special catalysts are now 

thought to be required for hemozoin formation, but in early literature it was  proposed 

that hemozoin formation is catalysed by an enzyme which they dubbed “heme 

polymerase”.51 In 1995 Dorn et.al. suggested that hemozoin formation is autocatalytic52 

and Bendrat et. al.53 proposed that lipids promote β-hematin formation, the synthetic 

analog of hemozoin. In 1996 Sullivan et. al. argued that the histidine-rich protein II (HRP 

II), a protein found in the malaria parasite P. falciparum also promotes hemozoin 

formation. So at that time it was believed that hemozoin formation was dependent on 

either histidine-rich protein or lipids. However, in 2001 Papalexis et.al. showed that HRP 

II is mainly localized in the red cell cytoplasm54 and his idea was further supported by 

Akompong et.al. They suggested that 97% of HRP II is exported from the parasite to the 

red blood cell cytoplasm.  
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According to these findings, the role of HRP II55 in the process of hemozoin appears to 

be questionable because only 3% of HRP II present in the food vacuole is not enough to 

account for hemozoin formation. In 2004, Jackson et.al. demonstrated the presence of 

lipid particles closely associated with the food vacuole of the parasite by using a 

combination of fluorescence microscopy and transmission electron microscopy.56 Those 

lipids contain mono- and di- acylglycerols and were found to facilitate β-hematin 

formation. In 2005, for the first time, Coppens and Vielemeyer published an electron 

micrograph image that showed hemozoin fully encapsulated within a neutral lipid body in 

the food vacuole of the P. falciparum57 and this was also further confirmed by Pisciotta 

et.al in 2007 (Figure 23).58 

Not only in malaria parasites, but also in S. mansoni, hemozoin formation takes 

place in lipid droplets within the gut of the worm. In any case, the hemozoin is seen to be 

in direct contact with the lipid but no protein associated with lipid bodies. In contrast to 

the declining evidence for involvement of HRP II in the formation of malaria pigment, 

the evidence for the role of lipids has been growing. 

 

 

 

 

 

 

 
Figure 23. Hemozoin is present within neutral lipid nanospheres. TEM of early 
trophozoite stages highlights five to six small heme crystals surrounded by neutral lipid 
spheres inside digestive vacuoles. (Ref: Pisciotta, J. Biochem. J. 2007, 402, 197–204) 
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Relevant to these studies, in 2006 Egan et.al.  carried out biomimetic studies on β-

hematin formation and provided mechanistic details about the role of lipids in hemozoin 

formation,59 using organic solvents (octanol and pentanol) and model lipid 

monomyristoylglycerol (MMG) to mimic the lipid environment. They investigated the 

role of the lipid-water interface for the formation of hemozoin and showed that these 

interfaces brought about β-hematin formation within 5 min. Interestingly, none of the 

aqueous or organic solvents alone showed any β-hematin formation within 30 min. 

Although some argued that a protein present in small quantities could act as a nucleation 

site of hemozoin and its possible role to deliver Fe(III)PPIX to lipid bodies,  strong 

evidence to support this idea is still not available. Recently Dewal Jani et.al60 reported the 

identification and characterization of a novel Plasmodium Heme Detoxification Protein 

(HDP), a parasite enzyme that is extremely active in converting heme into hemozoin and 

that was detected in close proximity of hemozoin, within the food vacuole (Figure 24). 

According to their studies, HDP (18 nm particles) is secreted into the cytosol of 

infected erythrocytes before any hemozoin could be observed inside the parasite and the 

transport vesicles deliver both HDP and hemoglobin to the food vacuole. They have 

further proposed that HDP may be involved in the process of hemozoin formation and 

suggested that it could be a malaria drug target. 
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Figure 24. Transport vesicle (tv) delivering a heme detoxification protein (hdp) to a 
malaria food vacuole (fv) containing crystals of hemozoin (hz). Scale bar is 0.5 µm.60 

 
 

Nevertheless, a wealth of evidence has recently led to the conclusion that 

hemozoin formation occurs in close association with lipids and it takes place 

spontaneously and rapidly at water/lipid interfaces within the digestive vacuole, without 

any need for specific proteins.  

In summary, parasite factors responsible for hemozoin formation are subject of 

debate. Although some have argued that hemozoin formation is an autocatalytic process, 

others believe that lipids could be the primary mediators of hemozoin formation.  In 

addition to those two ideas, some authors suggested that histidine rich protein or HDP 

could catalyze the process. It is possible that either one of these or all may be factors that 

contribute to the formation of hemozoin inside the acidic food vacuole of the parasite. 

Nevertheless, the extensive data available in support of the direct heme aggregation at 

water-lipid interfaces without involvement of a protein seems be important for the heme 

detoxification process. 

http://en.wikipedia.org/wiki/Vesicle_%28biology%29
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1.7.2 Mechanism of action of chloroquine  
 

Since the time of its introduction in the 1940s, chloroquine (CQ) remained the 

main treatment for malaria for 5 decades until the spread of resistant organisms, 

beginning from South America and Southeast Asia.  However, CQ has saved more lives 

than any other drug in history. The mechanism of action of quinoline antimalarials such 

as CQ is not fully understood, but it is believed that hemozoin formation is the principal 

target of many quinoline based antimalarial agents. CQ in particular, is able to penetrate 

infected RBCs and accumulate within the food vacuole of the parasite through pH 

trapping due to the weak basicity of the drug. 

 pH trapping is essential for drug activity by ensuring that CQ is concentrated at 

the  acidic site, the digestive vacuole. CQ needs to cross three membranes (RBC, parasite 

cell and the food vacuole) in its unprotonated neutral form and at the low pH of the food 

vacuole it becomes doubly charged and trapped inside the vacuole, where the 

accumulated chloroquine ions then associate with Fe(III)PPIX. Complex formation 

between CQ and ferriprotoporphyrin IX (Fe(III)PPIX) was first reported in the 1960’s by 

Cohen et.al.65 They presented spectrophotometric evidence that Fe(III)PPPIX can bind to 

CQ in vitro. In 1980, Fitch and co-workers proposed that Fe(III)PPIX is the molecular 

target of 4-aminoquinolines, such as CQ and quinoline methanol antimalarials.50 

Interestingly, in 1996 D. Sullivan et.al. examined the association of  3H chloroquine with 

hemozoin in culture and in vitro and they observed CQ accumulation and its association 

with hemozoin crystals in the FV of the parasite by electron microscopic autoradiography 

(Figure 25).61 According to that picture the signal was almost exclusively over hemozoin 

crystals (hemozoin associated radioactivity). 
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Figure 25.  3H Chloroquine is located over the hemozoin pigment crystals situated 
in the digestive vacuole. (Bar = 0.5 µm.)61 

 

 

 

Hemozoin is chemically and structurally identical to its synthetic analog β-

hematin, and this substance can be readily synthesized under different conditions.62,63 

Numerous studies have shown that CQ and related antimalarial compounds inhibit β-

hematin formation under various conditions.63,64 These studies also provide considerable 

evidence that inhibition of hemozoin formation is  the mechanism of antimalarial action 

of CQ and other 4-aminoquinolines by strong π-π molecular interactions between the 

planar quinoline moiety and the porphyrin ring of monomeric heme units (Figure 26), 

which prevents the formation of malaria pigments. As a result, toxic monomeric heme 

accumulates inside the vacuole, lyses the membranes and leads to parasite death.  Some 

believe that the complex CQ-Fe(III)PPIX itself is toxic to the parasite.66 
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Figure 26.  CQ forms the stacked π-π complex with Fe(III)PPIX69 

 

Recent studies on hematin-quinoline interactions have provided insight into the 

structural requirements for these drugs to interact with Fe(III)PPIX and the structure-

function relationship of 4-aminoquinolines on the activity of inhibition of hemozoin 

formation68 (Figure 27). 

 

 

 

 

 

 

 

 

          

Figure 27.  Recently proposed structure-activity relationship of chloroquine67 
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According to these studies, the 4-aminoquinoline nucleus in CQ is required to 

bind with Fe(III)PPIX to prevent heme detoxification in the parasite; the electron 

withdrawing ability of the chloro group at the seven position of CQ seems to be required 

for the inhibition of β-hematin formation and to maintain the pKa value of the drug. The 

weak basic properties of the CQ due to the terminal amino group and the quinoline ring 

nitrogen are required for the drug accumulation in the acidic food vacuole of the parasite, 

where hemozoin formation is known to take place.67 

Unfortunately, the success of CQ as chemotherapeutic agent for the treatment of 

malaria has declined owing to emergence of resistant Plasmodium parasitic species, 

especially resistant strains of P. falciparum. 

1.7.3 The mechanism of chloroquine resistance 

Parasites can become resistant to a particular drug due to several reasons. The use 

of a single drug over a long period of time may lead to a selection, and the administration 

of drugs with low quality may also contribute to the emergence of resistance. In most 

cases drug resistance mechanisms are poorly understood. In particular, CQ resistance 

began from 2 epicentres – Colombia (South America) and Thailand (South East Asia) in 

the early part of the 1960s. Since then, resistance has been spreading worldwide and 

reached the Indian state of Assam in 1973. In general, some of the resistance mechanisms 

include mutations in target gene, increased production of target, decreased drug 

accumulation (increase drug efflux from the parasite) and drug inactivation.70 

The resistance mechanism of parasites to 4-aminoquinoline drugs is still not 

completely understood but microarray studies have suggested that genetic 

polymorphisms in some strains are linked to drug resistance.  
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The modifications observed are mutations in genes that encode transport proteins 

localized in the parasite digestive vacuole membrane. Two transporters are mainly 

involved in quinoline drug resistance such as PfCRT (Plasmodium falciparum 

chloroquine resistance transporter) and Pgh1(P-glycoprotein homologue 1). Especially 

relevant is the case of the pfcrt gene, which encodes the synthesis of the 48.6-kDa protein 

PfCRT,71,72a localized at the membrane of the food vacuole and believed to function as a 

transmembrane transporter (or channel). Fifteen amino acid mutations at positions 72, 74, 

75, 76, 97, 144, 148, 160, 194, 220, 271, 326, 333, 356, and 371 have been identified in 

pfcrt of CQR parasites from various regions72b and among these, K76T ( threonine to 

lysine substitution at residue 76) mutation is present in all CQR strains, regardless of the 

geographic origin.72c For an example, the most heavily studied mutant (CQR-associated) 

PfCRT molecule is the Dd2 isoform and this resistant strain harbors seven point 

mutations including K76T mutation relative to a common allele associated with CQ-

sensitive (CQS) parasites, the HB3 allele.72d 

As mentioned earlier, the critical mutation of PfCRT in CQR isolate involves the change 

of a charged amino acid, lysine, facing the vacuolar side of the transmembrane protein to 

uncharged threonine at the residue 76 (Figure 28).  

 

 

 

 

                                          

Figure 28.  Structure of two important amino acids in PfCRT 
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As shown in Fig 29, in the wild type or CQ sensitive (CQS) strains, (due to the 

positively charged lysine at the residue 76 of PfCRT (K76)), there is repulsion between 

the doubly protonated CQ and this protein. This prevents the interaction of CQ with the 

transporter; hence it remains inside the digestive vacuole and is responsible for the 

inhibition of hemozoin formation.  

In contrast to CQS strains, in all CQR strains, (due to the uncharged threonine instead of 

positively charged lysine at residue 76), CQ2+ can interact with PfCRT (K76T) and be 

extruded by it, thus lowering the CQ concentration inside the FV and thereby reducing its 

activity. There is experimental evidence to show that CQ binds to PfCRT (Figure 30).73  

 

 

 

 

 

 

 

 

 

 

Figure 29. A schematic diagram showing a red blood cell (RBC) parasitized by a P. 
falciparum parasite. A charged form of CQ cannot exit via the wild-type PfCRT 
transporter [PfCRT(wt)] because of the positively charged K76 residue (orange arrow). In 
the CQ-resistant mutant [PfCRT(K76T)], the neutral threonine residue permits exit of the 
drug down its electrochemical gradient (green arrow). One possibility is that the 
association of a protonated, positively charged resistance reverser (RR+), such as 
primaquine, with the mutant PfCRT could prevent exit of CQ (red arrow) (Ref: Kats, L. 
M.; Black, C. G.; Proellocks, N. L.; Coppel, R.L. Trends in Parasitology, 2006, 22, 236) 
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    Figure 30.  Localization of PfCRT in the food vacuole membrane by immuno-electron 
    microscopy. Gold-tagged antibodies that bind to anti-PfCRT antibodies (small dots) are 
    seen almost exclusively in the FV (marked as DV) membrane. 
  Abbreviations: E = erythrocyte, P = parasite, pm = plasma membrane, dvm = FV 
  membrane. (Ref:Cooper, R.A.; Ferdig, M.T.; Ursos, L.M, Molecular Pharmacology 
  2002, 61, 35-42)  

 
 

How to overcome CQ resistance? 

One way to recover the activity of CQ is by using of a protonated positively 

charged CQ-resistance reverser such as verapamil (Figure 31). It has been proposed that 

the resistance-reversing effect of verapamil is due to hydrophobic binding to the mutated 

PfCRT protein, and replacement of the positive charge at residue 76, which repels the CQ 

(4-aminoquinoline) cations. This hinders the efflux of CQ by mutual repulsion of positive 

charges and by partialy blocking the channel. So resistance-reversing agents lower the 

IC50 of CQ in CQ-resistant parasites to a value comparable to that in CQ-sensitive 

parasites. This substance is not itself active against the resistant strains of the parasite at 

the concentration at which it restores activity and it does not alter activity against CQ-

sensitive parasites.74 
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Figure 31. The strucuture of verapamil 

 

Warhurst and co-workers have shown that the ability of a compound to be 

extruded by PfCRT decreases with increasing lipophilicity.75 They have proposed that 

more hydrophobic compounds such as amodiaquine are likely to bind to the hydrophobic 

(due to uncharged threonine) mutated PfCRT channel lining and stay inside the vacuole. 

The positive charges repel further access of 4-aminoquinoline to the channel, hence 

increasing the drug accumulation inside the vacuole, thereby overcoming resistance. A 

higher antiplasmodial activity of highly lipophilic compounds may also be related to the 

fact that, since hemozoin crystals grow at water/lipid interfaces in lipid nanospheres 

within the food vacuole, increasingly lipophilic drugs would accumulate better near 

water/lipid interfaces and should consequently be more efficient at inhibiting 

aggregation. 

Although continuing efforts towards a vaccine for malaria are producing 

interesting results, such a preventive solution is not envisaged in the near future.76 

Therefore the need for chemotherapeutic approaches in the control of these pathogens is 

necessary, especially for novel agents capable overcoming resistance.  

 The main focus of this project is the synthesis of new metal-CQ derivatives 

with antimalarial activity particulary against resistant strains of P. falciparum. 
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1.8  Metal complexes as chemotherapeutic agents 
 

Biomedical inorganic chemistry (“Elemental Medicine”) is an important area of 

chemistry. It offers potentials for the design of novel therapeutic and diagnostic agents 

for the treatment and understanding of diseases. It is known that many organic 

compounds used in medicine do not have a metal-independent mode of action; some are 

activated or biotransformed by metal ions, including metallo-enzymes. Others also may 

have a direct or indirect effect on metal ion metabolism. 

Precious metals have been used for medicinal purposes for at least 3500 years. 

Records show that gold was included in a variety of medicines in Arabia and China.  

Although metals have been used for medicinal purposes since ancient times, the success 

of cisplatin in the treatment of cancer77 has stimulated the recent search for novel metal-

based chemotherapies for other diseases. Cisplatin is a truly remarkable drug. Since the 

discovery of its antitumor properties in 1965, it has been used to treat more than 70% of 

all types of cancer patients.     

As cisplatin has been such a successful drug, many researchers used this molecule 

as a starting point to design improved therapies and some new generation Pt based 

anticancer agents are shown in Figure 32.78 
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Figure 32. Selected platinum-based anticancer compounds 
(A) cisplatin. Second generation anticancer drugs (B) carboplatin, (C) nedaplatin  (D) 
oxaliplatin; and novel complexes with interesting clinical properties such as the orally 
administered (E) satraplatin and complexes designed to overcome cisplatin resistance (F) 
trans-dipyridine dichloroplatinum and (G) a platinum amino phosphine complex. 
 

The target of cisplatin and related drugs is DNA and the mechanism of action 

involves the formation of irreversible 1,2-intrastrand d(GpG) cross-linked Pt-DNA 

adducts, which cause significant distortion of the helical structure, resulting in inhibition 

of DNA replication and transcription.77,79 Due to the high toxicity, side effects and drug 

resistance of cisplatin and Pt based drugs new inorganic anticancer therapies are being 

developed. Among different metals, ruthenium displays chemical properties that make it 

an excellent candidate for rational anti-cancer drug design.80  

Ru(II) complexes show similar ligand exchange kinetics to those of Pt(II), but a 

much lower toxicity, possibly due to its ability to mimic iron in binding to plasma 

proteins, which leads to selective transport of Ru into tumor cells.81 Also, the preferred 
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octahedral coordination geometry of Ru(II) and Ru(III) allows different modes of DNA 

binding from the square-planar Pt(II) compounds. NAMI, 

 Na[trans-RuIII(Im)(Me2SO)Cl4] (Im = imidazole) (Fig. 33), is the first Ru complex to 

enter clinical trials.82,83 This relatively non-toxic compound shows marked efficacy 

against metastases. The Ru(III) center in this drug  is required to be reduced to Ru(II) for 

activity, and cellular uptake appears to be mediated by transferrin. The activity of NAMI 

does not appear to involve DNA binding.                                                           

 

        

 

 

 

                               

   Figure 33. The structures of two ruthenium complexes for chemotherapy of cancer 

 

Sadler and coworkers have evaluated the cytotoxicity of ionic, water soluble 

Ru(II) complexes containing N-donor and π-arene ligands,84 potentially useful for the 

treatment of cancer. Some of these complexes are shown in Figure 34. The arene ligand 

not only provides a lipophilic site to the complex but also stabilizes the ruthenium atom 

in the oxidation state (II). Some of these complexes display anti-tumor activity in vitro 

and in vivo with IC50 values comparable to carboplatin against ovarian cancer cells, and 

DNA seems to be the main target of action.  
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Figure 34. Structures of ruthenium complexes with anticancer properties synthesized by 
Sadler et.al.84 

 

 

 
In addition to metal based chemotherapeutic agents for cancer, there are inorganic 

chemotherapeutic agents to treat other diseases. One example is gold complexes as 

antiarthritic drugs (Figure 35).85    

 

 

 

                        

Figure 35. Gold antiarthritic drug; solganol                                               

                               

In addition, silver and its compounds have been long used as antimicrobial agents. 

A common example is the silver sulfadiazine which is used clinically as an antimicrobial 

and antifungal agent (Figure 36).85 
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Figure 36. The structure of silver sulfadiazine 

 
 

Some therapeutic or diagnostic applications of metal complexes are summarized  

in Table 2.78 
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  Table 2. Metals with biomedicinal applications.78 
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The most important issue in the treatment of diseases today is the widespread 

emergence of resistance to commonly used organic drugs. There are two major 

approaches in drug design to overcome this problem. One of the approaches would be the 

synthesis of new drugs by modifying the molecular structure of existing compounds with 

known activity in order to overcome resistance, while maintaining the same target. The 

second approach would be developing new families of drugs based on understanding of 

both pathogen biology and the chosen molecular target. One way of modifying the 

activity of organic drugs for which resistance has emerged is to incorporate a metal ion 

into the molecular structure of the organic drug. The concept of metal drug synergism86,87 

is of great use in this type of drug design. 
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Metal drug synergism 

Two beneficial effects result from the coordination of an organic drug to a metal 

ion (Figure 37). The first is the enhancement of the activity of the drug due to 

stabilization by complexation, which results in longer residence times in the organism, 

allowing the drug to reach its biological target more efficiently. The second effect is a 

decrease in the toxicity associated with metal ions, due to the fact that binding to the 

organic drug makes the metal less available for undesirable side reactions while in transit 

to the site of therapeutic action. The organic compound may serve as a carrier for the 

metal to the point of action, while the metal-containing fragment can in turn improve 

transport and delivery of the organic drug to its own target. 

 

 

 

 

Figure 37. Metal-drug synergism arises by coordination of metal to an organic drug. 

 

In 1975, it was found that substituting the aromatic groups in the antibiotic 

penicillin and cephalosporine with ferrocenyl moieties produced compounds with 

enhanced antibacterial activity compared to the starting materials, especially to the strains 

of Staphlococcus aureus resistace to penicillin-type antibiotics (Figure 38).78 
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                                (a)                                                   (b) 

Figure 38. Organomettalic complexes of known organic antiproliferation agents designed 
to overcome drug resistance; (a) ferrocenyl-penicillin derivatives, (b) ferrocenyl-
cephalosporin derivatives78 

 
 

Another example to show metal-drug synergism is ferrocifen (Figure 39); a 

treatment for breast cancer, a hormone related disease. Ferrocifen has improved 

antiestrogenic properties and increased cytotoxicity compared to the common organic 

drug tamoxifen. In ferrocifen, the phenyl group of tamoxifen is replaced by the iron- 

containing ferrocenyl moiety. 

 

 

                                  

 

 

                                   

Figure 39. The structure of ferrocifen 
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The concept of metal – drug synergism has also been used in the design and 

synthesis of antiparasitic drugs especially against resistant strains. 

Metal compounds as antiparasitic agents 

  New advances in the treatment of parasitic tropical diseases have been largely 

neglected, despite the fact that such diseases have been identified among the most 

important world health problems. The use of metal compounds as antiparasitic agents86,87 

dates back to 1906 with the observation of the activity of “ruthenium red” ( Figure 40) 

against Trypanosoma brucei, a parasite responsible for “sleeping sickness” prevalent in 

Africa.   

 

 

 

 

Figure 40.  The strucuture of ruthenium red 

 

Since then, there were several attempts to synthesize metal compounds for 

parasitic diseases. Dr. Sanchez-Delgado and his co-workers successfully applied the 

concept of metal-drug synergism by demonstrating that the activity of clotrimazole 

(CTZ) and ketoconazole (KTZ) against T. cruzi, the causative agent of Chagas’ disease 

(American trypanosomiasis), is markedly enhanced by complexation to Ru (Figure 41), 

while the toxicity of the parent drugs is lowered.88-92  
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  Figure 41. Two ruthenium complexes show improved activity over their organic drug 

 

More directly related to this thesis, the same group has shown in early studies that 

the concept of metal-drug synergism can be adapted to produce novel metal-based 

antimalarials, by attaching chloroquine to metal containing fragments.93,94 Some of the 

metals used in this study were Ru(II), Au(I) and Rh(I) (Figure 42) and in some cases a 

notable activity against resistant strains was observed. 

 

 

 

 

 

 

 

 

 

 

 
Figure 42. Examples of the syntheses and structures of metal-chloroquine complexes93,94 
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As shown by the examples presented in Table 3, the complexes [RuCl2(CQ)]2 and 

[Au(PPh3)(CQ)]PF6 are more active than chloroquine diphosphate against two 

moderately CQ-resistant strains of P. falciparum (FcB1 and FcB2). Also, in vivo tests 

using the rodent malaria parasite, P. berghei (Figure 43) showed the higher efficacy of 

[RuCl2(CQ)]2 and [Au(CQ)(PPh3)]PF6, as compared to chloroquine diphosphate.93,94 

 

Table 3. Effect of chloroquine diphosphate and two metal-cloroquine complexes on the 
in vitro growth of chloroquine-resistant strains of P. falciparum93,94  
 

     

 

 

 a IC50 =  50% inhibitory concentration of the drug  

 

 

 

 

 

 

 

Figure 43. Effect of chloroquine diphosphate and metal-chloroquine complexes on P. 
berghei parasitemia in mice treated with 1 mg of CQ equivalents per Kg of body 
weight.93,94  
 
 
 

 IC50 (nM)a  
Compound FcB1 FcB2 

 
CQDP 

 
47.0 

 
110.0 

RuCl2(CQ)2 11.0 47.0 
[Au(PPh3)(CQ)]PF6 

 
5.1 23.0 
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One limitation in the use of these complexes is their low solubility in water; more 

soluble compounds with improved antimalarial potential would be welcome and the new 

design of cationic π-arene-Ru-CQ envisaged in this thesis appears as a promising 

alternative for new treatments of malaria, especially for the resistant strains. Although the 

mechanism of antimalarial action of metal complexes remains largely unknown, the 

transport properties, stability and heme aggregation inhibition ability of our new π-arene-

Ru-CQ complexes will provide some insight to establish the mechanism of drug action 

and this will be presented in this thesis. 

Further support for the metal-based approach to anti-malarial drugs comes from 

the work of Brocard and Biot.95 In this case iron is introduced into the structure of CQ in 

the form of a ferrocenyl moiety, through a covalent C-C link of one cyclopentadienyl ring 

to the side chain of CQ. This results in a stable, non-toxic, potent anti-malarial, 

ferrochloroquine (Figure 44). The in vitro activity of this compound is similar to that of 

chloroquine diphosphate against CQ-sensitive strains of P. falciparum, but it is about 30 

times higher for resistant strains. They have clearly demonstrated that the presence of 

both CQ and Fe in the same molecule is related to the ability of the drug to overcome 

CQ-resistance96-99 but ferrocene alone shows no antimalarial activity.  This drug is now in 

phase II100 clinical trial.  

 

 

 

                                                                

Figure 44 – The structure of ferroquine  
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In a similar manner to the metallation of chloroquine, a series of iridium, 

platinum, rhodium, palladium, antimony and osmium complexes of various organic 

drugs101-103 has been prepared and evaluated for activity against L. donovani, T. cruzi, 

helminth worms and other parasites. Some of these compounds show improved activity 

against resistant strains. 

The mechanisms of biological action and of overcoming resistance have not been 

studied or understood in detail for metal-CQ complexes. However, when we consider 

quinoline based drugs for the chemotherapy of malaria, the accepted target is the heme 

detoxification process. Similar to CQ, metal-based antimalarial agents derived from CQ 

are expected to maintain heme aggregation as the main target. Their possible mechanism 

of overcoming CQ resistance will be also discussed in later chapters in this thesis. 
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Synthesis, Characterization and Antimalarial Activity 

of New (π-Arene)-Ruthenium-Chloroquine Complexes 
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1 Introduction 

 A new molecular design that should result in improved stability and antimalarial 

activity has been devised based on the knowledge gained from previous experiments1 

from our own group, together with the recently published work by other researchers in 

related subjects. Scheme 1 summarizes our molecular design, based on Ru(II) forming 

coordinate bonds to CQ through one of the basic nitrogen atoms. The possible role of 

each fragment of the arene-ruthenium-CQ complex is indicated below:  

RuII

L
L CQ

π-bonded ligand provides stability 
to Ru(II) against oxidation and 
hydrolytic decomposition, 
lipophilicity (transport-resistance),
heme binding and/or DNA intercalation

CQ provides the basicity required to
accumulate in the acidic food vacuole
and acts as a heme aggregation inhibitor,
DNA intercalator

Ancillary ligands provide
solubility, stability, lability,
electronic and steric modulation 

Sequestration of CQ (resistance)
and/or Ru(II) may provide 
selective toxicity by covalent 
binding to DNA

Scheme 1. Coordinative molecular design 

 

1. The central metal atom is Ru(II). This metal is known to be biologically active, and of 

low toxicity, particularly in the +2 oxidation state.2  Ru (II) is expected to contribute to 

the desired biological properties in the following ways: 

• Sequestering chloroquine in a form “invisible” to Plasmodium parasites, as the 

main pathway to overcome resistance. 
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• It may provide selective toxicity through DNA binding. 

2. The new complexes will contain a π-bonded ligand (Ar) and its role in the biological 

action would be: 

• Stabilizing Ru(II) against oxidation or hydrolytic decomposition.3-5 

• Providing the lipophilicity necessary (to overcome CQ resistance) for recognition 

and transport of the complexes through cell membranes.6  

• Engaging in π-π interactions with heme, thereby promoting a secondary mode of  

      aggregation inhibition, in order to enhance the standard action of chloroquine. 

3. Chloroquine will be coordinated to ruthenium. The various possible binding modes of 

CQ to the metal ion in these complexes are discussed in the results and discussion 

section. Two major roles can be ascribed to CQ in this molecular design: 

• To provide the basicity required for the complexes to accumulate in the acidic food 

vacuole of Plasmodium parasites. 

• To act as a heme aggregation inhibitor, the fundamental mechanism of anti-malarial 

action contemplated in this proposal. In line with our previous results for other 

metal-CQ complexes,7,8 a marked enhancement of the activity of coordinated 

chloroquine is expected with respect to free chloroquine, especially against resistant 

parasites.  

• The new molecular design provides improved water solubility and transport 

properties and a multifunctional mode of action, which should result in more active 

compounds.  

4.  The complexes contain ancillary ligands that complete the coordination sphere. This 

     is a key feature of our design and they will have following main functions: 
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• To provide water-solubility. 

• To provide the necessary balance of stability and lability of the active species. 

• To allow the modulation of the electron density of the complexes, of importance in 

determining the donor-acceptor behavior and therefore the biological properties. 

 

 

 



59 
 

 

2.2 Specific aims 
 

The long-term object of this project is to discover new leads toward 

ruthenium -based antimalarial agents capable of reducing or overcoming resistance. 

 

The central hypothesis of this project is that combining CQ, π-bonded ligands and 

ruthenium in a single molecule will produce modifications of the physicochemical 

properties of CQ leading to a better activity against resistant strains, through 

enhanced heme aggregation inhibition activity (HAIA)  

 

 

This hypothesis is based on the following observations: 

1. Ru complexes are a powerful alternative in anti-malarial  drug design 

The antimalarial activity of CQ is enhanced by complexation to Ru, particularly against 

CQ-resistant strains of P. falciparum.7,8 Among other metal-CQ complexes, 

[RuCl2(CQ)]2 shows improved antimalarial activity in vivo (Figure 1). 

 

 

 

  

 

Fig 1. The structure of [RuCl2(CQ)]2 
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2. Ruthenium has some properties which make its compounds suited to biological 

applications9 

Ru has similar ligand exchange kinetics to those of Pt(II) complexes. Ligand exchange 

ability is an important factor for biological activity because most drugs undergo 

interactions with macromolecules such as proteins.  

Another property of ruthenium that makes it suitable for medicinal application is that it 

has range of oxidation states, Ru(II), Ru(III) and Ru(IV), which are accessible under 

physiological conditions; among those, Ru(III) is more biologically inert than the other 

two states.  

Also the redox potential of ruthenium complexes can be easily modified by varying 

the ligands. Ruthenium has the ability to mimic iron in binding to many biomolecules 

such as serum transferrin and albumin, two important proteins that are used by mammals 

to solubilize and transport iron. This results in a low toxicity of ruthenium.  

3. Although the CQ resistance strains are widespread, CQ is still the most common 

treatment for malaria against CQ-sensitive strains. 

Work by Dr. Sanchez-Delgado et.al.7,8 and Brocard et.al.10-13 have shown the possibility 

to overcome CQ resistance by modifying the CQ skeleton by metals. 

4. Π-arene ligands enhance the stability and improve the delivery of cytotoxic Ru 

agents. 

Arene ligands stabilize Ru(II) and provide a hydrophobic face that may enhance 

recognition and transport through cell membranes. Sadler et.al14 pointed out that 

organometallic complexes of the type [arene-(en)-Ru(II)-X]+, (en = ethylenediamine) 

containing arene ligands  inhibit the growth of the human ovarian cancer cell lines. In this 
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case the arene ligand not only provides a lipophilic site to the complex but also stabilizes 

the ruthenium atom in the oxidation state (II). 

5. Our group has shown that the complex [RuCl2(CQ)]2 (Figure 1) displays 

modified physicochemical properties of CQ, which  lead to better activity 

against CQ resistant malaria through enhanced heme aggregation inhibitory 

activity (HAIA).1 

The mechanism of antimalarial action of [RuCl2(CQ)]2 ,which was previously reported to 

be active in vitro against CQ-resistant strains of  P. falciparum and in vivo against P. 

berghei7,  has been investigated by a variety of techniques.  

We have concluded that as in the case of CQ, heme aggregation is the principal 

target of the ruthenium-CQ complex. The higher heme aggregation inhibition activity of 

Ru-CQ complex as compared to that of CQDP at the interface of octanol-water, has 

provided evidence to strengthen the idea that heme aggregation takes place at water-lipid 

interfaces under physiologically relevant conditions.3 

  Since the combination of ruthenium and CQ results in a higher lipophilic 

character compared to CQ, we suggested that the enhanced antimalarial activity of 

complex both in vitro and in vivo may also be related to its greater lipophilicity, in line 

with previous reports indicating a lowered ability of the mutated transmembrane 

transporter PfCRT to promote the efflux of highly lipophilic drugs.15,16  

Also, the concentration of highly lipophilic drugs must be higher near the lipid-water 

interfaces where heme aggregation is known to take place.3 

Although the complex [RuCl2(CQ)]2 displays high antimalarial activity and has 

provided some insights into the principal  mechanism of action, there are few possibilities 
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to modify  its simple structure. Hence we conceived the new molecular design in Scheme 

1 in order to improve the physicochemical properties relevant to antimalarial potential. 

Based on these considerations, the primary focus of the first part of this thesis is the 

synthesis of new ruthenium complexes containing CQ and π-bonded arene ligands. The 

new molecules are synthesiszed with a dual purpose:  

1. Targeting anti-malarial action through heme aggregation inhibition 

together with a metal-mediated reduction of the emergence of resistance 

and  

2. Understanding the correlation between the physicochemical properties of 

the new ruthenium complexes and their antimalarial activity. 

 In line with our hypothesis, the following specific aims have been established: 

1.   Synthesis and characterization of new arene-ruthenium-CQ complexes. 

2. Evaluation of the in vitro heme aggregation inhibition activity and DNA binding 

ability of the new complexes as a measure of their antimalarial potential and as 

mechanistic probes. 

3. Studies of their physiochemical properties relevant to their antimalarial potential. 

      4.   Evaluation of their antiplasmodial activity (Dr. J. Schrevel et.al. at the National         

            Museum of Natural History, Paris) 
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2.3 Experimental Section 
 
2.3.1 Techniques reagents and solvents 
 

All manipulations were carried out under N2 using common Schlenk techniques in 

order to avoid undesirable oxidation processes during the preparation of the complexes. 

Solvents (analytical grade, Aldrich) were dried and degassed immediately prior to use by 

means of an Innovative Technology solvent purification unit; ruthenium trichloride 

hydrate (Pressure Chemicals, Inc.), chloroquine diphosphate, and other reagents (Aldrich) 

were used as received. Calf thymus DNA, hemin, buffers and solvents were purchased 

from Sigma-Aldrich. Elemental analyses were performed by Atlantic Microlab, Norcross, 

Georgia. FTIR spectra were measured on a Thermoelectron NICOLET 380 FTIR 

spectrometer. Conductivity values were obtained using 1 mM solutions of the complexes 

in water or other appropriate solvents at various time intervals using an Oaklon 

pH/Conductivity meter. NMR spectra were obtained using an AVANCE Bruker 400 

instrument. UV spectra were obtained with an Agilent 8453 diode - array 

spectrophotometer equipped with a HP 89090 Peltier temperature control accessory.    

2.3.2 Chloroquine base 

CQ was obtained by a modified version of a published procedure.17 Concentrated 

ammonia solution (20 mL) was added to chloroquine diphosphate (CQDP) (20 g, 38.9 

mmol) followed by two extractions with chloroform (200 mL). Removal of the solvent 

yielded an oil to which acetonitrile (30 mL) was added. The solution was evaporated to 

dryness to yield a white powder, which was washed with acetonitrile (5 mL) and diethyl 

ether (5 mL) and dried under vacuum. The atom numbering for chloroquine is shown in 

Figure 2.                                                
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Figure 2. The structure of chloroquine (CQ) 

 
 
 

   2.3.3 Synthesis of  starting  materials 
 
 The synthesis of the starting materials [RuII(η6-p-cymene)Cl2]2 and 

 [RuII(η6-benzene)Cl2]2 was performed by  dehydrogenation of α-phellandrene or 1,3-

cyclohexadiene by ruthenium trichloride hydrate, respectively, according to the general 

method published by Bennett (Figure 3).18  For instance, for [RuII(η6-p-cymene)Cl2]2, a 

solution of RuCl3.3H2O in ethanol was treated with α-phellandrene and heated under 

reflux for 4 h under inert atmosphere. The solution was cooled to room temperature, and 

the product was filtered off and dried in vacuo. The analogous benzene material was 

obtained by a similar procedure, using cyclohexadiene.  

 

 

 

                                             
 
 
                                     
Figure 3.  Preparation of starting materials 
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2.3.4  Synthesis of complexes  
             

2.3.4.1 [RuII(η 6- p-cymene)Cl2(CQ)] (1)  
  

[RuII(η6-p-cymene)Cl2]2 (612 mg, 1 mmol) and chloroquine base (640 mg, 2 

mmol) were stirred in acetone (30 mL) under N2 for 4 h at room temperature. The orange 

suspension was evaporated to dryness to yield an orange solid, which was dissolved in 

water. The yellow aqueous solution was filtered through Celite and evaporated to dryness 

to yield a solid that was dried under vacuum. Yield  96%.  

1H NMR (400 MHz, D2O) δ 8.25 (d, J = 6.73 Hz, 1H), 8.09 (d, J = 9.11 Hz, 1H), 7.75 (d, 

J = 2.05 Hz, 1H), 7.51 (dd, J = 2.08 Hz, J′ = 9.09 Hz, 1H), 6.72 (d, J = 6.85 Hz, 1H), 5.32 

(d, J = 6.21 Hz, 2H), 5.13 (d, J = 6.21 Hz, 2H), 4.00 (m, 1H), 3.12 (m, 6H), 2.62 (m, 1H), 

2.03 (s, 3H), 1.76 (br, 4H), 1.33 (d, J = 6.48 Hz, 3H), 1.18 (d, J = 6.93 Hz, 6H), 1.16 (t, J 

= 7.29 Hz, 6H). 13C NMR (100 MHz, D2O) δ 153.87 C(4), 144.42 C(2), 140.22 C(9), 

136.01 C(7), 126.60 C(6), 123.69 C(5), 120.59 C(8), 115.37 C(10), 98.76 C(3), 98.49 

C(F), 92.74 C(G), 76.47 C(E), 75.94 C(D), 51.45 C(4′), 49.14 C(1′), 47.48 C(5′), 32.05 

C(2′), 30.51 C(C), 21.93 C(6′), 20.42 C(3′), 18.98 C(1′′), 17.67 C(B), 8.33 C(A). Anal. 

Calcd for C28H40N3Cl3Ru.H2O: C, 52.17; H, 6.52; N, 6.52. Found: C, 52.48; H, 6.48; N, 

6.64.  

2.3.4.2   [RuII(η 6-benzene)Cl2(CQ)] (2)  
 

[RuII(η6-benzene)Cl2]2 (250 mg, 0.5 mmol) was suspended in acetonitrile (30 mL) 

under N2. The mixture was stirred at room temperature until all the solid dissolved to 

form a dark-brown solution. Chloroquine base (320 mg, 1.0 mmol) was then added and 

the resulting solution was stirred at room temperature for 20 h. A dark beige-green solid 

formed which was filtered off and dried under vacuum.  
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The product was purified by stirring the solid in 20 mL of acetone for 1 h after which it 

was filtered off and dried under reduced pressure.Yield 70%. 

1H NMR (400 MHz, MeOD) δ 8.33 (d, 1H, J = 8.80 Hz), 8.26 (d, 1H, J = 6.40 Hz), 7.71 

(d, 1H, J = 2.00 Hz), 7.43 (dd, 1H, J = 8.90 Hz, J′ = 2.00 Hz), 6.68 (d, 1H, J = 6.40 Hz), 

5.38 (s, 6H), 3.94 (m, 1H), 3.07 (m, 6H), 1.76 (m, 4H), 1.29 (d, 3H, J = 6.40 Hz), 1.18 (t, 

6H, J = 7.20 Hz). 13C NMR (100 MHz, MeOD) δ 153.30 C(4), 146.79 C(2), 143.59 C(9), 

137.36 C(7), 125.94 C(6), 124.24 C(5), 122.52 C(8), 116.55 C(10), 98.67 C(3), 77.30 

C(A), 51.61 C(4′), 48.88 C(1′), 45.88 C(5′), 32.39 C(2′), 20.81 C(3′), 18.77 C(1′′), 7.82 

C(6′). Anal. Calcd for C24H32N3Cl3Ru: C, 50.58; H, 5.66; N, 7.37.Found: C, 50.51; H, 

5.84; N, 7.55. 

2.3.4.3 [RuII(η6-p-cymene)(H2O)2(CQ)][BF4]2  (3) 

 [RuII(η6-p-cymene)Cl2]2 (400 mg, 0.653 mmol) and AgBF4 (509 mg, 2.614 mmol) 

were stirred in acetone (40 mL) for about 2 h at 55 0C under nitrogen. After cooling to 

room temperature, the solution was filtered through celite to remove the white precipitate 

of AgCl. Then chloroquine (418 mg, 1.307 mmol) was added to the filtrate. The mixture 

was stirred at 55 0C for 20 h and then cooled to room temperature. The resulting reddish 

brown colored solution was concentrated and hexane (3 mL) was added until the solution 

became turbid. Then the solution was dried under vacuum to obtain a brown solid.  

Finally the solid was washed by stirring the solid in a large volume of pentane overnight. 

Pentane was filtered off under nitrogen and the resulting brownish yellow colored solid 

was dried under vacuum.  Yield  96%. 

 1H NMR (400 MHz, MeOD) δ 8.25 (d, 1H), 8.23 (d, 1H), 7.71 (s, 1H), 7.46 (dd, J = 9.03 

Hz, J’ = 7.45 Hz, 1H), 6.71 (d, J = 6.17 Hz, 1H), 5.31 (d, J = 5.25 Hz, 2H), 5.11 (d, J = 

5.27 Hz, 2H), 3.95 (m , 1H), 3.10 (m, 4H), 3.06 (m, 2H),   
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2.68 (m, 1H), 2.09 (s, 3H), 1.74 ( m, 2H), 1.71 (m, 2H), 1.30 (d , J = 6.08 Hz, 3H), 1.19 

(d, 6H), 1.15 (t, 6H). 13C NMR (100 MHz, MeOD) δ 153.34 C(4), 146.62 C(2), 143.29 

C(9), 137.44 C(7), 126.02 C(6), 123.91 C(5), 122.31 C(8), 116.42 C(10), 98.67 C(3), 

51.55 C(4’), 48.77 C(1’), 47.19 C(5’), 32.26 C(2’), 20.66 C(3’), 18.67 C (1”), 7.81 C(6’). 

Anal. Calcd for C28H42N3ClORuB2F8  C, 45.08; H, 5.63; N, 5.63.  Found: C, 45.09; H, 

5.88; N, 5.52. 

2.3.4.4  [RuII(η 6-p-cymene)( η6-CQDP)][BF4]2  (4) 
 

[RuII(η6-p-cymene)Cl2]2 (300 mg, 0.490 mmol) was dissolved in warm deionized 

water (40 mL, 55 °C); AgBF4 (382 mg, 1.96 mmol) and chloroquine diphosphate (506 

mg, 0.98 mmol) was  added under nitrogen. The mixture was stirred for 20 h at 55°C and 

then filtered through celite to yield an orange solution. The solvent was evaporated and 

the final product was dried under vacuum for 20 h. Yield 78%. 

1H NMR (400 Mhz, D2O) δ 8.18 (d, J = 7.24 Hz, 1H), 8.13 (d, J = 9.11 Hz, 1H), 7.76 (d, 

J = 1.94 Hz, 1H), 7.54 (dd, J = 9.12 Hz, J′ = 1.97 Hz, 1H), 6.74 (d, 7.30 Hz, 1H), 5.84 (d, 

J = 6.30 Hz, 2H), 5.62 (d, J = 6.22 Hz, 2H), 4.03 (m, 1H), 3.06 (m, 6H), 2.78 (m, 1H), 

2.13 (s, 3H), 1.71 (m, 4H), 1.28 (d, J = 6.47 Hz, 3H), 1.24 (d, J = 6.94 Hz, 6H), 1.12 (td, 

J = 7.15 Hz, J′ = 1.91 Hz, 6H). 

13C NMR (100 MHz, D2O) δ 155.63 C(4), 142.26 C(2), 139.38 C(7), 138.36 C(9), 127.40 

C(6), 124.17 C(5), 119.25 C(8), 115.43 C(10), 99.73 C(F), 98.52 C(3), 96.07 C(G), 79.03 

C(E), 76.24 C(D), 51.28 C(5′), 49.51 C(1′), 47.43 C(4′), 30.72 C(C), 21.28 C(A), 31.98 

C(2′), 20.30 C(3′), 17.70 C(1′′), 17.70 C(B), 8.19 C(6′).  

Anal. Calcd forC28H46N3ClO8P2RuB2F8.2H2O C, 34.96; H, 5.20; N, 4.37. Found: C, 

35.04; H, 4.94; N, 4.37. 
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2.3.5 DFT calculations 

All calculations reported in this study were carried out by use of the Gaussian 03 

program package.19 All molecular  structures, frequencies, and normal-mode composition 

were computed using the B3LYP density functional in combination with a LANL2DZ 

effective core potential (ECPs) for ruthenium20 and moderate 6-31G(d) basis sets for all 

remaining atoms. Computed frequencies of all structures are positive, indicating that the 

structures are at real minima of their ground-state potential energy surfaces. The relative 

energies of structural isomers were estimated based on full optimizations employing both 

gas-phase model and the polarizable continuum model (PCM)21 to mimic electrostatic 

effects of aqueous solutions. Previous studies22 have demonstrated that B3LYP 

calculation is effective in reproducing experimental structures for transition metal 

complexes. 

2.3.6. Conductivity measurements 

For conductivity measurements, a 1 mM solution of each complex in de-ionized 

water was prepared. The conductivity was measured using an Oaklon pH/Conductivity 

meter.  

2.3.7 Biological activity evaluation in vitro 

 The antimalarial activity of new ruthenium-CQ complexes against CQ-sensitive and 

CQ-resistant P. falciparum was evaluated by Prof. J. Schrevel at the National Museum of 

Natural History, Paris. The following strains of P. falciparum were employed in this 

study: FcB1(Colombia), PFB (Brazil), F32 (Tanzania), W2 (Indonesia), Dd2 (SE. Asia), 

K1 (SE. Asia), and 3D7 (origin unknown). In our routine culture conditions, that is in the 
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absence of chloroquine pressure, FcB1, PFB, 3D7, and F32 were chloroquine-sensitive 

(IC50 < 100 nM), whereas W2, Dd2, and K1 were chloroquine-resistant (IC50> 100 nM).  

 Cultures were grown in complete medium consisting of RPMI 1640 (Life 

Technologies Inc.) supplemented with 11 mM glucose, 27.5 mM NaHCO3, 100 UI/mL 

penicillin, 100 µg/mL streptomycin, and 8-10% heat-inactivated human serum, following 

the procedure of Trager and Jensen.23 Parasites were grown at 37 °C in human A+ (FcB1, 

PFB, F32) or O+ (W2, Dd2, K1, 3D7) redblood cells at a 2% hematocrit and a 2-6% 

parasitemia, under a 3% CO2, 6% O2, and 91% N2 atmosphere. W2, Dd2, K1, and 3D7 

parasites were synchronized by sorbitol24 treatment. According to their respective 

solubility in H2O, 1 mM stock solutions of the Ru complexes 1- 4 were prepared in either 

H2O or 10% DMSO (Ru-complex 3). Further dilutions were in complete culture medium. 

The complexes were tested for their inhibitory effect toward the P. falciparum 

intraerythrocytic development. Increasing concentrations of the complexes and 

chloroquine (100 µL/well, top concentration 50 µM) were distributed in a 96 well 

microplate; DMSO (0.2% vol/vol, top concentration) was distributed for control.  

 Then, for the FcB1, PFB, and F32 strains, 100 µL from an asynchronous culture at a 

1.0% parasitaemia and a 4.0% hematocrit in complete medium was added per well. 

Parasites were allowed to grow at 37 °C for 24 h in a candle jar; then 0.5 µCi of 3H-

hypoxanthine was added per well, and the culture was incubated for an additional 24 h 

period. For the K1, Dd2, 3D7,and W2 strains, 100 µL from a culture containing >90% 

rings (age 0-20 h postinvasion) at a 0.5-1.0% parasitaemia and a 3.0% hematocrit in 

complete medium was added per well along with 1.0 µCi of 3H-hypoxanthine. Parasites 

were grown for 42 h at 37 °C in a candle jar. Plates were freeze-thawed and parasites 
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were harvested on filters. Dried filters were moistened in scintillation liquid mixture 

(OptiScint, Hisafe) and counted in a 1450 Microbeta counter (Wallac, PerkinElmer). 

Percentage growth inhibition was calculated from the parasite-associated radioactivity. 

100% 3H-hypoxanthine incorporation was determined from a control grown in the 

absence of Ru complexes. IC50 values were determined according to the method reported 

by Desjardins et al.25 
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2.4 Results and Discussion  

2.4.1 Synthesis of complexes 

 2.4.1.1 Introduction 

According to our molecular design, we proposed several target compounds, with 

the generic structures shown in Scheme 2: 

 

 

 

 

 

 

 

 

Scheme 2.  Proposed target compounds (a), (b), (c) and (d) 

 

 All complexes consist of an arene ligand, ruthenium in the +2 oxidation state, 

ancillary ligands and chloroquine.  p-Cymene and benzene were selected as the arene 

ligands present in the new complexes. Neutral (a), monocationic (b) and dicationic (c) 

compounds featuring N-bonded chloroquine and a tetracationic compound with π – 

bonded chloroquine diphosphate (d) were envisaged in order to evaluate the influence of 

the arene ligand, the binding mode of ruthenium to chloroquine and the overall charge in 

the chemical and biological properties of the complexes. 

 



72 
 

 

Ru
Cl

Cl
Ru

Cl
Cl

+

N

HN N
CH3
CH3

Cl

Acetone

stirred 4h, RT
Ru2+

Cl CQ
Cl

1

2.4.1.2   Synthesis of neutral compounds 

2.4.1.2.1 [RuII(η6-p-cymene)Cl2CQ]  (1) 

Upon reaction of [RuII(η6-p-cymene)Cl2]2 with chloroquine in acetone, the chloride 

bridge  splits and the complete reaction (96% yield) results in 2 equivalents of the neutral 

dichloro compound [RuII(η6-p-cymene)Cl2(CQ)]; (1) (Scheme 3). The complex was 

purified according to the methods described in the experimental section. Elemental 

analysis and NMR data discussed in detail in section 2.4.2 confirm this formulation. 

Scheme 3. Synthesis of compound 1                                                                                                                                               

 

 Conductivity measurements indicate that 1 remains neutral in chloroform solution 

(non-conducting) but it rapidly exchanges one chloride ligand with a solvent molecule in 

polar solvents to reach conductivities of 47 µScm2Mol-1 in methanol and 100.5 

µScm2Mol-1 in water; these are values typical of a 1:1 electrolyte (Scheme 4). The 

conductivity values do not vary over a period of 24 h. In aqueous solution, the only Ru-

containing species present within 1 min of dissolution is thus the monocationic derivative 

[RuII(η6-p-cymene)Cl(H2O)(CQ)]+ (1′) as the chloride salt and no NMR spectral changes 

consistent with  recoordination of  chloride are observed upon addition of up to 2 equiv of 

sodium chloride. Aqueous solutions of 1′ are stable over prolonged periods of time in the 

air, something important in relation to possible biological applications. 
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Scheme 4. Solvolysis of compound 1 in water 
  
 
2.4.1.2.2   [RuII(η6-benzene)Cl2CQ]  (2) 
                                                                                    

Upon reaction of [RuII(η6-benzene)Cl2]2 with chloroquine in acetonitrile, the 

chloride bridge splits and  this results in 2 equivalents of the neutral dichloro(benzene) 

complex [RuII(η6-benzene)Cl2(CQ)] (70 % yield) (Scheme 5). Elemental analysis and 

NMR data (see section 2.4.2) confirm this formulation. 

 Scheme 5. Synthesis of compound 2                                                                   

                                                                                                              

The conductivity of a freshly prepared 1 mM solution of [(RuII-η6-benzene)Cl2(CQ)] in 

de-ionized water was 104 µScm2Mol-1, a value typical of a 1:1 electrolyte. This suggests 

that in an aqueous medium, the complex rapidly loses one chloride, becomes aquated and 

thereby forms a mono cationic complex 2’ (Scheme 6): 
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Scheme 6. Solvolysis of compound 2 in water 

 
 
2.4.1.3 Synthesis of di - and tetra- cationic compounds 

2.4.1.3.1  [RuII(η6-p-cymene)(H2O)2(CQ)][BF4]2  (3)   
           

In order to synthesize dicationic compounds, four chlorine atoms must be 

removed from [RuII(η6-p-cymene)Cl2]2.  The starting material,  [RuII(η6-p-cymene)Cl2]2 

was treated with 4 eq of  the chloride abstracting agent AgBF4  in acetone in order to 

obtain the labile intermediate  [RuII(η6-p-cymene)(Solv)3][BF4]2 which was subsequently 

reacted with CQ to obtain the desired pure dicationic compound (Scheme 7) in 96% yield 

according to the procedure described in the experimental section. Elemental analysis and 

NMR data (section 2.4.2) confirm this formulation. This compound is stable as a solid 

and in aqueous or methanol solutions. 

Scheme 7.  Synthesis of compound 3 
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 The conductivity of a freshly prepared 1 mM solution of [RuII(η6-p-cymene) 

(H2O)2(CQ)][BF4]2 in de-ionized water was 232 µScm2Mol-1, a value within a range 

typical of three ions in  solution. 

2.4.1.3.2 [RuII(η6-p-cymene)( η6-CQDP)][BF4]2  (4) 

Another feature of interest in connection with biological properties is to compare 

complexes containing chloroquine base with those containing chloroquine diphosphate, 

which is the form in which this drug is administered. In structural terms, when the two 

nitrogen atoms are protonated, N-coordination of chloroquine to ruthenium is no longer 

possible and binding through the aromatic rings of the ligand will be favored. In order to 

obtain dicationic π-bonded “sandwich” compounds a different approach was developed. 

This involves the abstraction of the four chlorides in [RuII(η6-p-cymene)Cl2]2  by use of  4 

eq of AgBF4  in the presence of  2 eq of  chloroquinediphosphate (CQDP) in water.  

Upon chloride removal, the labile intermediate [RuII(η6-p-cymene)(H2O)3]2+ was 

quickly stabilized by replacing the coordinated water molecules by CQDP, which acts as 

a 6-electron donor, in a π – fashion (Scheme 8). The desired compound was isolated and 

purified according to the procedure described in the experimental section (78% yield). 

Elemental analysis and NMR data (section 2.4.2 below) confirm this formulation.  

 

 

 

 

 

                            

 
Scheme 8. Synthesis of compound 4 
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The conductivity of a freshly prepared 1 mM solution of [RuII (η6-p-cymene)(η6-CQDP)] 

[BF4]2 in de-ionized water was 522 µScm2Mol-1, a value that corresponds to five ions in 

solution, which supports the proposed dicationic sandwich structure 4. 

 The syntheses of new arene- ruthenium-CQ complexes achieved in the first 

phase of the project are summarized in Scheme 9. 

 

 

 

 

Scheme 9. Synthesis of compounds 1, 2, 3 and 4 
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2.4.2 Spectroscopic characterization of new compounds 
 

All complexes have been characterized by NMR spectroscopy. All resonances for 

free chloroquine, and for the new complexes were unequivocally identified by 1D (1H 

and 13C NMR), and 2D COSY (Correlated SpectroscopY- H/H correlation), HSQC 

(Heteronuclear Single Quantum Correlation - C/H correlation about 1 bond), and HMBC 

(Heteronuclear Multiple Bond Correlation - C/H correlation about 2-3 bonds) 

experiments. The integral ratios for the π-arene and chloroquine protons confirm the 

formulations proposed above (Scheme 9). 

As an example, the characterization of compound 1 by the use of 1D and 2D 

NMR is described in detail as follows. The full COSY spectrum of compound 1 is shown 

in Figure 4. 

 

 

 
 

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
                                      
Figure 4.  COSY of compound 1 in D2O 
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 1H-1H COSY is a useful method for determining which proton signals arise from 

neighboring protons (usually up to three bonds or occasionally four bonds away). 

Correlations appear when there is spin-spin coupling between two protons, but where 

there is no coupling, no correlation is expected to appear. The COSY spectrum shown 

above contains a diagonal and cross peaks. The signals of the proton spectrum appear 

along the diagonal whereas cross peaks indicate couplings between two neighboring 

proton nuclei.  

Figure 5. The aromatic region of the 1H NMR spectrum of CQ in complex 1 

 

 When we consider the prediction of proton signals in the aromatic region of CQ in 

complex 1, the signal due to H6 should be a dd (it should couple with H5 and H8), hence 

it can be easily recognized in the proton spectrum because there is only one dd in the 

aromatic region of the proton spectrum. The rest of the proton signals in the aromatic 

region can be assigned by the COSY experiment as follows. The section of COSY 

spectrum, responsible for the signals of the aromatic region of CQ in complex 1 is shown 

in Figure 6.  

 

http://chem.ch.huji.ac.il/nmr/whatisnmr/whatisnmr.html#COUPLING
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Figure 6.  The COSY of the aromatic region of CQ in complex 1 in D2O 
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 The signal for H6 appears at 7.51 and it must correlate with H5 (3 bond 

correlation) and more weakly with H8 (a long range 4 bond correlation). According to the 

COSY, H6 correlates with two protons; c and b. It is important to keep in mind that the 

larger the coupling constant, the more intense are the off-diagonal contours whereas the 

smaller the coupling constant, the weaker the off- diagonal contours. Hence the most 

intense cross peak (corresponds to the coupling of  b and H6) is assigned as H5 and the 

much weaker cross peak  with smaller coupling constant between H6 and c due to long- 

range coupling is assigned to H8. 

 Peaks a and d corresponds to H2 and H3.  Among H2 and H3 signals, H2 should 

appear more downfield, because the carbon attached to the H2 proton is connected to the 

electronegative N atom. Hence the most downfield signal a is assigned as H2 and the 

apparent cross-peak (corresponds to coupling between H2 and d) is labeled as H3. Other 

proton signals are also unequivocally assigned in complex 1 and the fully labeled proton 

NMR spectrum in D2O is represented in Figure 7. 
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 Figure 7.  1H NMR of complex 1 in D2O with signal assignment              

         

  The carbons directly attached to protons in complex 1 were predominantly 

assigned by the use of HSQC. Peaks occur where the chemical shift of a 1H and the 

chemical shift of the attached 13C atoms intersect. Since the proton signals of H(2), H(5), 

H(8), H(6), H(3), H(D), H(E), H(1’), H(5’), H(4’),  H(C),  H(B),  H(3’),  H(2’),  H(1”),  

H(A) and H(6) were identified by the use of COSY, the corresponding carbon directly 

attached to these protons were easily identified from HSQC (Figure 8) as follows: a 

corresponds to C2, b corresponds to C6, c corresponds to C5, etc. 
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Figure 8.  HSQC of complex 1 in D2O with signal assignments for carbon directly 
attached to protons (primary, secondary and tertiary carbons of the complex 1). 
 
 
 
Quaternary carbons not attached to any protons, are not assigned using HSQC.  Another 

NMR technique, HMBC was used to get the information about carbons that are near (but 

not directly bonded to) different protons (carbons which are two and three bonds away 

from the proton). The full HMBC spectrum of complex 1 is shown in Figure 9 and it is 

mainly used to identify the quaternary carbons as well as to confirm other carbon signal 

assignments. 
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Figure 9. HMBC of complex 1 in D2O 

 
 
For simplicity, a part of the HMBC spectrum, particularly the aromatic region of CQ of 

complex 1 is shown in Figure 10. 
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Figure 10. HMBC of the aromatic region of CQ of complex 1 in D2O 
 
 
 
 Carbons which are directly attached to proton/protons are identified by the use of 

HSQC as described earlier and labeled in red. The peak labeled as d correlates with H5, 

H8, H6 and H3. This indicates that d is either 2 or 3 bonds away from H5, H8, H6 and 

H3. So d should correspond to C10, because this carbon is 2 bonds away from H5 and 3 

bonds away from H8, H6 and H3. When considering the signal assignment of c, it 

correlates with three proton peaks; H5, H8 and H6. This indicates that the signal c must 

be C7, because H8 and H6 are situated two bonds away from C7 while H5 is situated 3 

bonds away from C7.  
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 In a similar way the other carbon nuclei b and a are identified as C9 and C4, 

respectively because b correlates with H2, H5 and H8 where as a does not have any 

correlation with H8, although it has cross peaks with H2 and H5.  All other quaternary 

carbons of complex 1 are successfully identified using this technique and the fully 

labeled 13C NMR spectrum of complex is shown in Figure 11.  

 

 
 
 
Figure 11.  13C NMR of complex 1 in D2O with signal assignment 

  

                                                        
 Fully labeled spectra for all other complexes are contained in the Appendix. 
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2.4.3 Bonding mode of chloroquine in Ru complexes 

Chloroquine has several potential sites that can accommodate the binding of a 

metal. The coordination mode of chloroquine is very likely to affect its physicochemical 

and biological properties and therefore it is important to establish the precise mode of 

bonding in the new Ru-CQ complexes. In particular, basicity and lipophilicity are key 

properties for the accumulation of the drug in the acidic food vacuole of malaria 

parasites; the quinoline and diethylamino nitrogen atoms are the most basic sites of this 

molecule and therefore they are the most likely sites for metal binding. Binding of Ru to 

the NH group in the side chain is unlikely due to steric hindrance at that position and 

reduced basicity of that nitrogen because of electron delocalization. 

Scheme 10 summarizes the possible coordination modes of CQ and CQDP to  

Ru(η6-arene) fragments. Examples of CQ binding to metals through the nitrogen atom of 

the quinoline ring (A)26 or the one in side chain (B)27 are known. In the case of CQDP, 

those two nitrogen atoms are protonated and therefore coordination to Ru must involve π-

bonding to either the carbocyclic (C) or the heterocyclic (D) ring of the quinoline moiety; 

to our knowledge, there are no previous examples of complexes containing π-bonded 

CQDP ligands.  
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Scheme 10 – Possible coordination modes of CQ (A and B) and CQDP (C and D) to  
Ru(η6-arene) fragments. 
 
 

In any one of the possible binding modes, coordination to the metal will have an 

important effect on the basicity and lipophilicity of CQ and it clearly represents a major 

structural modification of the organic drug. Although the mechanisms of CQ-resistance 

are not entirely clear, it is generally accepted that drugs with increased lipophilicity are 

more efficient in overcoming resistance28 and that the mutated protein responsible for 

resistance is highly structure specific.1,29 It is, therefore, important to ascertain the 

coordination mode of CQ to Ru in each new complex to understand how such structural 

variations are reflected in different biological properties.  
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2.4.3.1 NMR studies 

Since the new Ru-CQ complexes can only be isolated as amorphous powders, 

they were not amenable to X-ray diffraction studies and therefore we rely on a 

combination of NMR experiments and DFT calculations, together with FTIR data to 

determine the binding mode of CQ to Ru in our new complexes.  

It was previously suggested that the largest variations in chemical shifts (∆δ) of 

the chloroquine protons and carbons (with respect to those of free CQ) are generally 

observed for the protons/ carbons located in the vicinity of the N-atom attached to the 

metal13 and this may therefore serve as a diagnostic tool for determining binding 

preferences of bioactive ligands. Selected NMR data (1H/13C) for complexes 1, 2, 3 and 4 

are contained in Table 1.  ∆δ represents the displacement of each signal in the complex 

with respect to the corresponding one in free CQ. 
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Table 1. Selected NMR data for the complexes; 1 in CDCl3; 2, 3 and 4 MeOD. ∆δ 
represents the displacement of the signal in the complex with respect to the 
corresponding one in free CQ. Numbers in bold are the largest observed ∆δ values for 
each complex.  
 

 

 
The complexes 1, 2 and 3 contain CQ, whereas complex 4 contains CQDP. Since 

the two possible binding modes of ruthenium to CQ are the nitrogen atoms on the 

quinoline ring and on the side chain, it is important to investigate the proton and carbon 

chemical shift variation of H(2), H(8), C(2), C(8) and  H(4’), H(5’), C(4’) and C(5’) 

signals of the complexes 1-3 compared to those signals of free CQ. As suggested 

           1             2   3             4   
H/C 1H ∆δ 13C ∆δ 1H ∆δ 13C ∆δ 1H ∆δ 13C ∆δ 1H ∆δ 13C ∆δ 

  ppm ppm Ppm ppm ppm ppm ppm ppm 
6' 0.02 2.64 0.36 2.04 0.25 2.07 0.07 0.99 
1" 0.09 1.12 0.15 0.27 0.07 0.39 0.05 0.03 
2' 0.14 2.57 0.23 1.39 0.06 1.53 0.09 1.01 
3' 0.07 2.43 0.35 1.92 0.22 2.09 0.09 1.09 
4' 0.10 1.13 0.75 0.61 0.69 2.44 0.07 0.87 
5' 0.13 0.73 0.76 0.58 0.67 0.88 0.07 1.04 
1' 0.15 0.26 0.31 0.6 0.23 3.46 0.13 0.96 
3 0.20 0.85 0.32 0.17 0.15 0.18 0.14 0.90 
6 0.23 0.54 0.24 1.50 0.23 1.59 0.33 1.34 
5 0.20 1.71 0.35 1.17 0.15 0.85 0.32 1.27 
8 0.97 0.05 0.14 3.77 0.04 3.96 0.42 1.58 
2 0.48 4.26 0.13 4.28 0.01 4.45 0.15 1.07 
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previously,13 if the largest variations in chemical shifts (∆δ) of the chloroquine protons 

and carbons of the metal-CQ complex (with respect to those of free CQ) are observed for 

the protons/ carbons located in the vicinity of the quinoline N-atom, the metal is likely 

bound to the nitrogen in the quinoline ring.  If the largest variations in chemical shifts 

(∆δ) are observed for the protons and carbons at H(4’), H(5’) and C(4’), C(5’) 

respectively, compared to those of free CQ, the binding mode of ruthenium to CQ will be 

likely through the tertiary N atom at the side chain.  

In the case of complex 4, the possible binding modes of ruthenium to CQDP are 

through the carbocyclic ring or the heterocyclic ring. Therefore, it is important to 

investigate the carbon and proton chemical shift variations of metal-CQDP complex 

(with respect to those of free CQDP) located in the carbocyclic ring and heterocyclic 

ring. The signals of interest are protons and carbons at positions 2 and 3 in the 

heterocyclic ring and those at 8, 5, and 6 in the carbocyclic ring.  

The  data  in Table 4 show that for  complex 1, the largest shifts with respect to 

free CQ are observed for H(8) (∆δ 0.97) and H(2) (∆δ 0.48), located in the vicinity of the 

quinoline N atom. On the other hand, for the protons in the vicinity of the side chain N 

atom, the ∆δ values H(4’)(∆δ 0.10) and H(5’) (∆δ 0.13) are much lower. Similarly, C(2) 

experienced a larger shift (∆δ 4.26)  than C(4’) (∆δ 1.13) and C(5’) (∆δ 0.73). These data 

indicate that CQ binds to Ru in complex 1 through the N atom of the quinoline ring (A), 

and not through the N atom on the side chain (B). 

When considering the selected NMR data for complex 2, the largest shifts with 

respect to free CQ are observed for H(4’) (∆δ 0.75) and H(5’) (∆δ 0.76), located in the 

vicinity of the diethylamino group and not for H(2)(∆δ 0.13) and H(8) (∆δ 0.14) as in 
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complex 1.  In contrast, C(2) (∆δ 4.28) and C(8) (∆δ 3.77) experienced a larger shift than 

C(4’) (∆δ 0.61)and C(5’) (∆δ 0.58). This indicates that according to the 13C NMR data, 

CQ seems to bind to Ru through the unsubstituted N(1) atom on the quinoline ring but 

according to the 1H NMR data CQ could be binding to Ru through the tertiary N in the 

side chain. Similarly, the results observed for complex 3 lead to ambiguities in the 

assignment of the coordination site. 

For complex 4 the largest shifts with respect to CQDP are observed for H(8) (∆δ 

0.42), H(5) (∆δ 0.32), and H(6) (∆δ 0.33), located at the carbocyclic ring. Consistent with 

the proton data, C(8) (∆δ 01.58), C(5) (∆δ 1.27) and C(6) (∆δ 1.34) experienced a 

somewhat larger shift than the carbon atoms in the heterocyclic ring C(2) (∆δ 1.07) and 

C(3) (∆δ 0.90). This indicates that CQDP binds to Ru through the carbocyclic ring(C) 

and not through the heterocyclic ring (D). 

Although both carbon and proton spectra provided consistent results for 

complexes 1 and 4, some inconsistencies have been observed in the corresponding 

spectra for complexes 2 and 3. This may probably be arising due to the protonation of 

side chain N, in a polar solvent like MeOD, which would also cause variations in the 

chemical shifts. These observations suggest that variations in chemical shifts alone may 

lead to ambiguities. Further NMR experiments were needed in order to get a clear idea 

about the binding mode of CQ to Ru in our new complexes.            .   

 
2.4.3.2 Proton relaxation studies        
             

T1 relaxation measures the rate at which the spin system comes into thermal 

equilibrium with the other degrees of freedom and it involves interactions of the nucleus 

being observed with its immediate surroundings,30 therefore, T1 magnitudes are very 
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sensitive to electronic and structural perturbations, such as the one caused by 

coordination of an organometallic fragment to the molecule under study. A particularly 

marked variation in T1 values with respect to the free ligand (∆T1) is thus expected for 

protons located in the vicinity of the Ru-N bond. Selected proton relaxation time 

measurements (T1) for the complexes 1, 2, 3 and 4 are contained in Table 2. 

 
Table 2. Selected proton relaxation time measurements (T1) for the complexes 1 in 
CDCl3 and 2, 3 and 4 in MeOD.  ∆T1 represents the variation of the proton relaxation 
time of CQ/CQDP in the complexes with respect to the corresponding one in free 
CQ/CQDP. (Numbers in bold are the largest ∆T1 values observed for each complex)  

 

 

 

 

 

 

 

 

 

 

 

 1 2 3 4 
H ∆T1 ∆T1 ∆T1 ∆T1 
  ms ms ms ms 
6' 0.448 0.093 0.338 0.273 
1" 0.322 0.019 0.091 0.035 
2' 0.324 0.019 0.092 0.011 
3' 0.324 0.019 0.092 0.011 
4' 0.391 0.012 0.154 0.127 
5' 0.381 0.012 0.154 0.127 
3 0.668 0.012 0.137 0.001 
6 1.321 0.105 0.722 0.382 
5 0.348 0.380 0.876 0.401 
8 3.672 1.985 3.712 1.249 
2 1.586 0.478 1.352 0.492 
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These data show that the largest T1 variations with respect to free CQ for complex 

1 are observed for H(8) (∆T1, 3.672) and H(2) (∆T1, 1.586), located in the vicinity of 

N(1) (quinoline N), consistent with the results we obtained from 1H and 13C NMR. This 

supports the proposal that coordination occurs at the quinoline nitrogen site (A). More 

importantly, as pointed out above, when we studied the proton and carbon NMR 

chemical shift variations (∆δ), for complexes 2 and 3, some ambiguities were observed.  

However, the largest T1 variation with respect to free CQ was observed for proton 

H(2) (∆T1, 0.478 for complex 2 and ∆T1, 1.352 for complex 3) and H8 (∆T1, 1.985 for 

complex 2 and ∆T1, 3.712 for complex 3). These data agree in both cases with Ru being 

bound to CQ through the quinoline ring N, which is consistent with the results obtained 

from 13C NMR. 

Also, when we consider the ∆T1 data for complex 4, the largest T1 variation with 

respect to  CQDP are observed for H(8) (∆T1, 1.249),  H(2) (∆T1, 0.492.), H(5) (∆T1, 

0.402), and H(6) (∆T1, 0.382) located in the carbocyclic ring, which is consistent with the 

results we obtained from 1H and 13C NMR . Thus T1 data further supports that the 

binding mode of CQDP to Ru is through the carbocyclic ring (C).  

In conclusion, the set of NMR experiments performed shows that ∆T1 

measurements and to a lesser extent, 13C ∆δ values, provide a much better means than 1H 

∆δ values for assigning the coordination site of a ligand with multiple possible binding 

modes. T1 measurements are thus a very valuable technique for structural assignment in 

those cases where X-ray structures are not available. Based on the experimental data 

presented so far, the structures proposed for the new complexes are summarized in 

Scheme 11.  
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Scheme 11. The structures proposed for the new complexes 
 
 
2.4.3.3 Computational studies  

Further evidence in support of our structural proposals was obtained from DFT 

calculations on total energies of the different possible coordination isomers of our 

complexes, to see which structures are thermodynamically favored. The main points of 

interest are: 

(i) Whether chloroquine binds to ruthenium through the nitrogen atom of the 

quinoline (A) or of the diethylamino group in the side chain (B). 

 

 

 

 

 

(ii)      Whether π-bonding of chloroquine diphosphate to ruthenium through the  

           aromatic rings is energetically reasonable and, if so, which of the two rings 

           should be favored? 
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2.4.3.3.1 Energy Calculations                        
                                                

The structures of complexes 1-3 in both isomeric forms (A) and (B), and of 4 in 

isomeric forms (C) and (D) were fully optimized in the gas phase (optimized structures 

and total energies for all the complexes can be found in the Appendix). While gas phase 

predictions are appropriate for many purposes, they are inadequate for describing the 

characteristics of the molecules in solution. Indeed properties of molecules can differ 

considerably between the gas phase and solution phase. Moreover, since the Ru-CQ 

complexes need to be dissolved in water for biological testing, we have also carried out 

the energy calculations using water as a solvent in order to compare their stability in 

aqueous medium. The Self-Consistent Reaction Field (SCRF) method and Tomasi’s 

Polarized Continuum Model (PCM) were used to simulate the aqueous environment and 

to assess the relative energies of these structures in aqueous solution.                           
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Figure 12 shows the optimized structures for 1’ in its two isomeric forms (A) and (B) 

Figure 12. Optimized structures and the energy differences between isomeric forms of 
complex [RuII(η6-p-cymene)Cl(H2O)(CQ)]+ (1’)  both in the gas phase and in water 

 

According to the calculated energy values for the possible structures of the 

complex [RuII(η6-p-cymene)Cl(H2O)(CQ)]+, structure (A) having the quinoline nitrogen 

atom as the binding site for Ru is 18.14 kcal/mol more stable in the gas phase than  

structure (B), having the side chain nitrogen as the binding site for Ru. Structure (A) is 

also 4.34 kcal/mol more stable in water than structure (B). The reduction in energy 

difference between two complexes in water may be due to the stabilization of both 

complexes by solvation. 
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 Figure 13 shows the optimized structures for 2’ in its two isomeric forms (A) and (B) 

 
Figure 13.  Optimized structures and the energy differences between isomeric forms of 
complex [RuII(η6-benzene)Cl(H2O)(CQ)]+ (2’)  both in the gas phase and in water. 
 
 

For the benzene analog, the energy differences between the two possible 

complexes clearly show that structure (A) having the quinoline nitrogen atom as the 

binding site for Ru is energetically more stable both in the gas phase and in solution, as 

compared to structure (B) having the side chain nitrogen atom as the binding site for Ru.  
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The two possible structures for complex 3, (A and B) are shown in Figure 14. 

Figure 14.  Optimized structures and the energy differences between isomeric forms of 
complex [RuII(η6- p-cymene)(H2O)2(CQ)]+2 (3)  both in the gas phase and in water. 

 

According to the energy differences obtained from the calculations for the two 

possible structures of the dicationic complex [RuII(η6-p-cymene)(H2O)2(CQ)]+2, the 

energetically most stable structure  is again (A) having the quinoline nitrogen atom as the 

binding site to Ru, with respect to the other possibility (B). 

In conclusion, these DFT energy calculations consistently indicate that the 

preferred mode of coordination of chloroquine to ruthenium in complexes 1’, 2’ and 3 is 



99 
 

 

22.34 Kcal mol-1 (gas)

E

21.95 Kcal mol-1 (water)

More stable complex

H+

N Cl

NHH+

N

Ru

4+

H+

N Cl

NHH+

N

Ru

4+

(C)

(D)

through the quinoline nitrogen atom, both in the gas phase and in aqueous solution. This 

is in good agreement with our conclusions based on NMR data, providing a higher level 

of confidence on our structural assignments. 

[RuII (η6-p-cymene) (η6-CQDP)]+2 (4) 

 

 

 

 

 

 

 

 

 

 

 

          

 

 

 

 

Figure 15.  Optimized structures and the energy differences between isomeric forms of 
complex [RuII(η6-p-cymene) (η6-CQDP)]+2  (4)  both in the gas phase and in water. 
 
 

In the case of the ‘sandwich’ compound [RuII(η6-p-cymene)( η6-CQDP)]+2 (4), the 

most stable structure  is found when Ru binds through the carbocyclic ring (C) rather than 

the heterocyclic ring (D) of  cloroquine diphosphate. This may be due to the relative 

electron deficiency of the heterocyclic ring compared to the carbocyclic ring.  The results 

of these calculations are also in good agreement with NMR data.  
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Table 3 summarizes the relative energies (in kcal/mol) of the two possible CQ-

binding modes for each complex in the gas phase and in aqueous solution. 

 

Table 3.  calculated ∆E values for the complexes at the B3LYP level of theory. 

      
 

 

 

    

 

 
For the first three complexes, ∆E = Energy of the optimized structure having Ru to 
quinoline N as a binding mode – energy of the optimized structure with Ru-side chain N 
as a binding mode. For the last compound, [RuII(η6-p-cymene)(η6-CQDP)]+2 , ∆E = 
Energy of the complex having π-bonding of CQDP to Ru through the carbocyclic ring -  
Energy of the complex having π-bonding of CQDP to Ru through the heterocyclic ring. 
 
 
 
2.4.3.3.2 IR simulations  
 

One further piece of evidence that was obtained from DFT calculations is the 

prediction of IR spectral data for the various possible structures under consideration, 

which may be, in turn, compared with experimental spectra. 

In order to simulate the corresponding IR spectrum using Density Functional 

Theory (DFT) with the standard B3LYP/6-31G* method and basis set combinations 

frequency calculations were carried out in the gas phase for the possible isomers of each 

compounds. In each case the focus was on the FTIR spectra measured in the 1500-

1700cm-1 region, in comparison with the simulated IR spectra for the two possible 

structures of each complex.  

Complex  
∆E in gas 

phase ∆E in water 
  (kcal/mol) (kcal/mol) 

 [RuII(η6-p-cymene)Cl(H2O)(CQ)]+ -18.14 -4.34 

 [RuII(η6-benzene)Cl(H2O)(CQ)]+   -18.22 -5.66 

 [RuII(η6-p-cymene)((H2O)2(CQ)]+2  -16.44 -8.56 
 [RuII(η6-p-cymene)( η6-CQDP)]+2  -22.34 -21.95 



101 
 

 

[RuII(η6-p-cymene)Cl2(CQ)] (1) 

The FTIR spectral signature of 1 measured in the 1500-1700 cm-1 region, 

compared with computed IR spectra for both isomers 1(A) and 1(B) are shown in Figure 

16. Experimental and computed frequencies, their relative IR intensities, and vibrational 

assignments based on the normal-mode analysis of computed harmonic force field are 

listed in Table 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

 

 
 
 
Figure 16.  IR spectra for 1. Spectra (A) and (B) are DFT simulated for the two isomers 
of 1.   The bottom spectrum is an experimental measurement. 
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Table 4.  Experimental and calculated frequencies (cm-1) and relative intensities   (%) of 
IR bands for model compounds for complex 1.  

 

   Isomer 1(A) Isomer 1(B) Assignment 
1 (exptl) (calcd) (calcd)   

1542 (m) 1584 (44%) 1576 (37%) NH rock 
  1631 (1%) 1639 (18%) NH rock + C=N strech (N-ring) 
1587 (s) 1637 (100%) 1622 (100%) C=C stretch + C-H bend (N-ring) 
1614 (m) 1661 (16%) 1659 (25%) C=C stretch + CH bend (C-ring) 

 

 Computed spectra are systematically up shifted compared to experimental signals by 

about 3% (40-50 cm-1), which is generally expected for computed vibrational bands 

because they are subject to systematic errors due to basis set truncation, incomplete 

treatment of electron correlation, and a harmonic approximation. The errors are 

commonly corrected by applying empirical or semi-empirical scaling factors; 

nevertheless, even without scaling of computed frequencies, definite assignments of 

experimental bands are easily achieved in this case.  

The most intense band in the region measured at 1587 cm-1 is assigned to 

quinoline ring deformation with C=C stretch and C-H bending mostly localized on the 

heterocyclic ring and is computed at 1637 cm-1 for isomer (A) and at 1622 cm-1 for 

isomer (B). The other two bands observed in the region are assigned to an NH rock (at 

1542 cm-1) and another quinoline ring deformation involving C=C stretch and C-H 

bending, localized on the carbocyclic ring (at 1614 cm-1). These two bands are also 

successfully predicted for both isomers of 1.  

The band predicted by DFT calculations at 1631 cm-1 for isomer (A) and at 1639 

cm-1 for isomer (B), is of particular interest for our discussion of spectral assignment and 

isomer recognition. The band is assigned to an NH rock mixed with the C=C stretch of 
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the quinoline ring and is predicted to be moderately IR intense and detectable only for 

isomer (B) while down shifted by about 8 cm-1 and with virtually undetectable intensity 

for isomer (A). Thus, the IR spectra of 1 supported by computational analysis, and 

assignments of vibrational bands are suggestive again that isomer (A), in which CQ binds 

to Ru through the nitrogen atom of the quinoline moiety, is the most favorable form of 

the complex.  

[RuII(η6-benzene)Cl2(CQ)] (2)  

IR bands were analyzed in a similar way as described in the previous example in 

order to ascertain the binding mode of CQ to Ru in the complex [RuII(η6-

benzene)Cl2(CQ)] (2). The selected experimental and computed frequencies, their 

relative IR intensities, and vibrational assignments are listed in Table 5. The most intense 

band in the region measured at 1587 cm-1  is computed at 1639 cm-1 for isomer (A) and at 

1622 cm-1 for isomer (B). In addition to the band at 1587 cm-1 there are two other 

prominent bands at 1545 cm-1and 1612 cm-1 which are responsible for NH rock and  

quinoline ring deformation involving C=C stretch and C-H bending respectively. These 

two characteristics bands predicted for isomer A at 1586 cm-1 and 1662 cm-1 of 

compound 2 and those for isomer (B) at 1576 cm-1 and 1659 cm-1 respectively. A band at 

1639 cm-1 which is  assigned to an NH rock mixed with the C=C stretch of the quinoline 

ring was only detectable for isomer (B) while down shifted by about 7 cm-1 and with  

undetectable intensity for isomer (A). This may be due to the restriction of vibration of 

atoms in the quinoline ring when Ru is bound to quinoline N. This strongly suggests that 

the binding mode of CQ to Ru in complex [RuII(η6-benzene)Cl2(CQ)] (2) is through the 
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quinoline ring nitrogen and not through the side chain nitrogen, in agreement with our 

energy calculations and NMR data. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                               

 

Figure 17.  IR spectra for 2. Spectra (A) and (B) are DFT simulated for the two isomers 
of complex 2. The bottom spectrum is an experimental measurement. 

 
 
Table 5.  Experimental and calculated frequencies (cm-1) and relative intensities (%) of 
IR bands for model compounds for complex 2.  
 

  Isomer 2(A) Isomer 2(B) Assignment 
2 (exptl) (calcd) (calcd)   

1545 (m) 1586 (41%) 1576 (38%) NH rock 
  1632 (1%) 1639 (18%) NH rock + C=N strech (N-ring) 
1587 (s) 1639 (100%) 1622 (100%) C=C stretch + C-H bend (N-ring) 
1612 (m) 1662 (16%) 1659 (24%) C=C stretch + CH bend (C-ring) 
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[RuII (η6-p-cymene)(H2O)2(CQ)]+2(3) and 

 [RuII(η6-p-ymene)(CQDP)]+2 (4) 

  Similar studies were attempted for compounds 3 and 4 but these cases proved to 

be much more complex and a clear analysis could not be achieved. Full IR spectra for all 

complexes are contained in Appendix. 

It is important to note that although each of the individual techniques used in this 

study may leave some ambiguities in the assignment of a bonding mode for some of the 

complexes, perusal of the combined experimental and theoretical data at hand leads to a 

very coherent picture that allows us to confidently propose the structures depicted in 

Scheme 12 for the new Ru-CQ complexes.  

For 16 electron Ru(η6-arene)X2 fragments, CQ coordination through the quinoline 

ring nitrogen atom is preferred, whereas the highly unsaturated Ru(η6-arene) moiety, 12 

electron fragment, binds to CQ through an η6-interaction at the carbocyclic ring; this is 

the first example of η6-bonding of CQ to a transition metal, but a similar preference has 

been previously observed in RuII complexes of quinoline.31 Another point of interest is 

that our proposed assignments correspond to molecular structures in solution, which are 

the ones responsible for the biological properties studied. 

 
 

Scheme 12.  Structural assignments for 1-4. 
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IC50 (nM)
Strain (relative activity)

CQDP 1 2 3 4
FcB1 45.6 ± 4.5 (1.0) 120 ± 4.0 (0.3) 81.6 ± 1.2 (0.5) 96.5 ± 6.0 (0.4) 65 - 70 (0.6)
PFB 58.3 ± 8.5 (1.0) 109.0 ± 15.1 (0.5) 79.0 ± 4.9 (0.7) 122.6 ± 15.2 (0.5)
F32 8.2 ± 1.3 (1.0) 11.5 ± 1.8 (0.7) 13.2 ± 0.2 (0.6) 22.5 ± 0.4 (0.4)
3D7 39.5 ± 7.0 (1.0) 19.6 ± 3.4 (2.0) 17.9 ± 1.5 (2.2) 19.5 ± 2.1 (2.0) 19.3 ± 2.8 (2.0)
Dd2 1184 ± 188 (1.0) 483 ± 110 (2.5) 442 ± 30 (2.7) 234 ± 41 (5.0) 557 ± 49 (2.1)
K1 1883 ± 165 (1.0) 600 ± 87 (3.1) 508 ± 84 (3.7) 353 ± 61 (5.3) 529 ± 97 (3.6)
W2 2155 (1.0) 1667 (1.3) 1619 (1.3) 906 (2.4) 2549 (0.8)

2.4.4 Antimalarial activity evaluation in vitro 

  The antiplasmodial activity of the new Ru-CQ complexes were evaluated against 

CQ-sensitive and CQ-resistant P. falciparum, in collaboration with Prof. Joseph Schrevel 

of the National Museum of Natural History in Paris. The most relevant results are 

summarized in Table 6.32 Values in parentheses, in red, represent the relative activity 

compared to CQDP for which an activity of 1.0 was assigned.  

 

Table 6. Antimalarial Activity of New Ru-CQ Complexes against P. falciparum; 

 IC50 = 50% Inhibitory Concentration (nM). 
 Relative activity = IC50(CQDP)/IC50(complex) 
 

The activity of complexes 1, 2, 3, and 4 was evaluated in vitro against four CQ-

sensitive strains (FcB1, 3D7, PFB, and F32) and three CQ-resistant strains (W2, Dd2, and 

K1) of P. falciparum. According to the data obtained (Table 6), all of the compounds 

tested exhibit activity against malaria parasites.32  

In the case of the CQ sensitive strains FcB1, PFB, and F32, the activities 

displayed by the Ru-CQ complexes are in general somewhat lower than the one observed 

for the standard drug CQDP, except in the case of the 3D7 strain, for which the metal 

derivatives are about twice as active as CQDP.                                                                                                             
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Nevertheless, the medically relevant problem is not in parasites that can be treated 

with the standard drug chloroquine, but in the resistant ones, Dd2, K1, and W2. In this 

case we note that the potency of all Ru-CQ complexes is consistently higher than that of 

CQDP, with the single exception of 4 which is of slightly lower activity than CQDP 

against the highly resistant W2 strain. The highest activities were observed for the 

dicationic N-bonded complex 3, reaching values around 5 times better than CQDP for the 

Dd2 and K1 strains and 2.4 times better for the highly resistant W2. It is therefore clear 

that the combination of Ru(II) and chloroquine in a single molecule enhances the activity 

against CQ resistant strains as postulated in our central hypothesis. 
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2.5 Conclusion 

 We have successfully synthesized a series of complexes with the formulas 

[RuII(η6-p-cymene)Cl2(CQ)], [RuII(η6-benzene)Cl2(CQ)], 

[RuII(η6-p-cymene)(H2O)2(CQ)][BF4]2 and [RuII(η6-p-cymene)(CQDP)][BF4]2. Through 

the use of 1D/2D NMR spectroscopy and proton relaxation (T1) experiments, the binding 

mode of Ru(II) to CQ was determined for each complex. Further support for our 

structural assignments was obtained through DFT calculations on total energies and IR 

simulations. 

  All new complexes were active against CQ-resistant (Dd2, K1, and W2) and CQ- 

sensitive (FcB1, PFB, F32 and 3D7) malaria parasites (P. falciparum); importantly, the 

potency of these complexes against resistant parasites is consistently higher than that of 

the standard drug chloroquine diphosphate.   
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Chapter 3 

An Investigation of the Origin of the Enhanced Activity of 

(π-Arene)-Ruthenium-Chloroquine Complexes against 

CQ-Resistant Plasmodium falciparum 

Heme Aggregation as the Main Target of Action 
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3.1 Introduction 

 It is important to investigate the factors that determine the improved antimalarial 

activity of the new Ru-CQ complexes against CQ resistant strains, as well as the 

mechanism of action of ruthenium complexes.           

 As previously explained, CQ enters the red blood cell, resides in the parasite cell 

and enters the digestive vacuole by simple diffusion. Since CQ is a weak base, it becomes 

protonated (to CQ2+), as the digestive vacuole is known to be acidic (pH 4.8); 

chloroquine then cannot leave by diffusion through the vacuole membrane. Next CQ 

interacts with heme molecules to prevent heme aggregation, thus leading to toxic heme 

buildup.  Heme and/or the heme-chloroquine complex is highly toxic to the cell and 

disrupts membrane function, resulting in cell lysis and, ultimately in parasite cell death. 

 Based on the studies on a variety of 4-aminoquinoline analogues of CQ a possible 

structure-activity relationship for this class of compounds was proposed in the literature1 

(Chapter1, Figure 27). The 4-aminoquinoline nucleus appears to be essential for strong 

complex formation with Fe(III)PPIX, while the 7-chloro group is required for inhibition 

of β-hematin formation. The tertiary amino group in the side chain and the quinoline N, 

both of which are basic, appear to be important for drug accumulation in the acidic 

parasitic food vacuole through pH trapping. Thus, a number of physicochemical 

properties of the CQ molecule, including association with Fe(III)PPIX, strength of 

inhibition of heme aggregation, pKa, and lipophilicity, are related to its biological 

activity. 

 Although chloroquine remained the main treatment for malaria for 5 decades the 

effectiveness of chloroquine against the parasite has declined as resistant strains of the 
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parasite evolved. CQ-resistant cells extrude chloroquine at 40 times the rate of CQ-

sensitive cells.2  

 The CQ resistance mechanism is still not completely understood, but it is believed 

that this is due to critical mutations in the pfcrt gene which encodes the PfCRT 

(Plasmodium falciparum Chloroquine Resistance Transporter) transmembrane transporter 

that pumps the protonated CQ from the food vacuole. 

Our concept for overcoming resistance in malaria was to synthesize new arene-

Ru-CQ complexes (Figure 1), which represents a major modification of the structure of 

CQ, but is expected to maintain the same target as CQ - the heme aggregation process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  New arene-Ru-CQ complexes were synthesized by modifying the CQ/CQDP 
structure 
 

 The new complexes 1-4 modify the CQ/CQDP structure by incorporation of a Ru-

arene fragment in different ways as shown in Figure 1. In complexes 1-3 the Ru- 
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containing fragment is N-bonded to the quinoline moiety of CQ, whereas in complex 4 

ruthenium is π bonded to CQDP. The results obtained from the biological tests confirm 

the validity of our concept in that having Ru and CQ in the same molecule may lead to 

enhanced antimalarial activity, particularly against the resistant strains. Introducing a 

metal-containing fragment into the structure of CQ produces a dramatic modification in 

terms of the electronic structure and the physicochemical properties of the molecule and 

makes a number of alternative chemical and biochemical pathways available as part of a 

potential mechanism of antimalarial action. Metal–DNA binding, for instance, is a 

common phenomenon that could lead to new or additional pathways of antimalarial 

action. Also, the basicity of the molecule as well as its hydrophilicity/lipophilicity 

characteristics are strongly modified by a metal–ligand fragment and this may result in 

improvements in the efficacy of the metal-based drug with respect to the parental organic 

compound, as demonstrated in the case of the iron-containing ferroquine.3 Moreover, 

recognition of CQ by the parasite may be seriously impaired by the presence of the 

transition-metal containing moiety, possibly leading to a reduction of the emergence of 

resistance. 

In the following section, we describe our studies on some physicochemical 

characteristics of metal complexes and the evaluation of its heme aggregation inhibition 

activity in comparison with CQDP, in order to ascertain the principal mechanism of 

action against CQ resistant strains.  
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3.2 Experimental Section 

3.2.1 Determination of pKa  

For the determination of pKa values, a 1 mM solution of each compound in 

deionized water was titrated by following pH changes at room temperature (23.0 ± 2.00C) 

using 0.03 M NaOH (10-µL additions). Titration plots were generated and the pKa values 

were obtained from the maxima of the first derivative plots (dpH/dV) versus V, where V 

represents the volume of the titrant added. 

3.2.2 Determination of partition coefficients 

The distribution of each complex between n-octanol and water was studied by use of the 

stir-flask method.4-6 A mixture of 10 mL n-octanol and 10 mL of water (each saturated in 

the other) was stirred for 30 min at the desired temperature after the right amount of the 

sample to be analyzed (approximately 0.7 mmol) had been added. The pH was adjusted 

to the desired value by addition of a 0.1 M solution of H3PO4 (10–20 µL). Once the 

equilibrium had been reached, the organic and aqueous phases were separated and 

centrifuged. Finally, the concentration of drug in each phase was measured 

spectrophotometrically to determine values of D = [drug](in octanol)/[drug] (in water). 

Experiments were carried out in triplicate. 

3.2.3 Interaction of complexes with hematin 

The binding constants for binding of hematin with chloroquine diphosphate 

(CQDP) and all the ruthenium complexes were determined by spectrophotometric 

titration according to literature methods7,8 In short, hemin (3.5 mg) was dissolved in 

dimethyl sulfoxide (DMSO) (15 mL) to obtain a stock solution. A 4 µM working solution 
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of hemin was freshly prepared by diluting the stock solution in a buffer consisting of 40% 

v/v DMSO and 20 mM 2-(N-morpholino)ethanesulfonic acid buffer (pH 4.97). This 

mixture was titrated with a 1.0 mM solution of each drug in the same buffer at 25 0C by 

monitoring the absorbance of the Soret band (402 nm). Blank measurements were 

performed at the same wavelength by titration of 40% v/v buffer with the solution of each 

complex to correct for the absorbance of the drugs.  

The data were fitted to the equation A = (A0 + A∞K[C])/(1 + K[C]) for a 1:1 

complexation model using nonlinear least squares fitting, strictly following the procedure 

of Egan et al.7 A0 is the absorbance of hemin before addition of the drug, A∞ is the 

absorbance for the drug–hemin adducts at saturation, A is the absorbance at each point of 

the titration, and K is the conditional association constant.       

3.2.4 Heme aggregation inhibition activity (HAIA)  

3.2.4.1 HAIA in acidic buffer 

The ability of each complex to inhibit heme aggregation was quantified using a 

modification of the method reported by Parapini et al.9 In short, triplicate samples at 

different drug-to-hemin molar ratios, containing 1 mL of an 8 mM solution of hemin in 

DMSO, 1 mL of drug in deionized water (or 20% DMSO/ 80% water for less soluble 

complexes), and 2 mL of 8 M acetate buffer (pH 4.9) were prepared (solutions of each 

compound in water were of appropriate concentrations to achieve drug-to-hemin molar 

ratios in the range 0 – 2). The mixtures were incubated for 24 h at 370C to allow for 

complete reaction and then centrifuged for 20 min. The soluble fraction was separated 

from each sample and the remaining β-hematin pellet was washed with 4 mL of DMSO, 

centrifuged again, and finally the pellet of pure β-hematin was dissolved in NaOH (0.1M) 
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for spectrophotometric quantification. Control experiments using no drug or CQDP were 

carried out under analogous conditions. 

3.2.4.2 HAIA at a water/n-octanol interface 

Inhibition of heme aggregation near the interface of aqueous buffer/n-octanol 

mixtures was studied following the method previously described by us.10 To establish a 

baseline for the aggregation process, hemin was dissolved in 0.1 M NaOH solution to 

generate hematin and acetone was added until the acetone-to-water ratio was 4:6; the 

final solution contained 15 mg hematin/mL. A sample of this solution (200 µL) was 

carefully introduced close to the interface between n-octanol (2 mL) and aqueous acetate 

buffer (8 M; 5mL pH 4.9) in a cylindrical vial with an internal diameter of 2.5 cm. The 

mixture was incubated at 370C for 60 min and at the end of the incubation period it was 

stirred to ensure the transfer of all solid particles to the aqueous layer. The product (β-

hematin) was isolated by centrifugation. The pellet was collected and washed with 

DMSO (4 mL), centrifuged again for 20 min, washed with 2 mL of ethanol, and finally 

dissolved in 25 mL of 0.1 M NaOH for spectrophotometric quantification at 386 nm.  

For the aggregation inhibition activity measurements, the appropriate amount of 

each drug (23 mM in water) to yield drug-to-hemin concentration ratios in the range 1–6 

was added to the acetate buffer/n-octanol mixture; after stirring for 30 min to equilibrate 

the drug between the two phases, the hematin solution was added close to the interface 

and the procedure was followed as described above. All experiments were performed in 

triplicate. 
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3.3 Results and Discussion 

3.3.1 Interaction of complexes with hematin 

Recent studies continue to support the hypothesis that quinoline antimalarial 

drugs1 exert their antimalarial effect by binding to hematin, which leads to inhibition of 

hemozoin formation and death of the parasite by hematin poisoning. There is strong 

evidence10 that this inhibition involves direct interaction between the drug and the 

Fe(III)PPIX. In order to test our hypothesis that the most likely target of biological action 

for complexes 1-4 is the heme aggregation process, as a first step we studied the 

interaction of our new complexes with hematin by spectrophotometric titration in 

aqueous DMSO at pH 4.97, which simulates the conditions within the acidic food 

vacuole of the parasite. Fe(III)PPIX is maintained in a monomeric, unaggregated state in 

aqueous DMSO containing a minimum of 40% DMSO.12 The Soret band of hematin at 

402 nm was monitored as a function of drug concentration. Blank measurements were 

performed at the same wavelength by titrating the buffer with a solution of CQDP or with 

each drug in order to correct for any absorbance of the drug. Figure 2 shows the results of 

a titration for CQDP, while Figure 3 shows the corresponding data for complexes 1-4. 
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Figure 2. Variation in absorbance of Fe(III)PPIX at 402 nm as a function of CQDP 
concentration 
 
 
 
 As the concentration of drug is increased, the absorbance of Soret band is 

decreased, indicating that there is an interaction between the drug and the porphyrin 

unit of the hematin.             

 

                 

 

 

 

 

 

 

 

                                                                         

Figure 3. Variation in absorbance of Fe(III)PPIX at 402 nm as a function of  drug     
concentration (A) compound 1,  (B) compound 2, (C) compound 3, (D) compound 4 
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Biot et al.14 have previously described the interaction of Fe(III)PPIX with CQ; 

several possibilities were considered but a simple 1:1 association model fits their data 

adequately except at very low drug to hematin ratios. Following that procedure and fitting 

data, for a 1:1 association model (with omission of the first few data points), we obtained 

values of log K (K= binding constant), which are summarized in Table 1. 

 

Table 1.  Binding constants for the interaction of Ru-CQ complexes with hemin at pH 
4.97 from spectrophotometric titration experiments 
 

 

 

 

 

The log K value of 4.82 ± 0.02 obtained for CQDP under our experimental 

conditions (pH 4.97) is in excellent agreement with the value of 4.8 previously reported 

by Egan et al.15 at pH 5.6.  A similar association constant was reported by Biot et al.14 for 

the metal complex ferroquine (log K = 4.95 ± 0.05) at pH 7.5.  More important for our 

discussion is the fact that under our experimental conditions the values for the association 

constants of the Ru–CQ complexes are in the same order as the value for CQDP and are 

very similar to each other, indicating that the metal–CQ derivatives 1–4 interact with 

hematin in a similar way and to a comparable extent as CQDP under these conditions. 

The mode of bonding between CQ and Fe(III)PPIX is believed to be π-π complexation 

between the porphyrin of Fe(III)PPIX and the quinoline moety of CQ (Chapter1, Figure 

26). Since the binding affinity of complexes 1-4 to hemin is similar to the affinity of CQ, 

Compound Log K 
   
CQDP 4.82 ± 0.02 
[Ru (η6-p-cymene)(CQ)Cl2] – 1 4.57 ± 0.08  
[Ru (η6-benzene)(CQ)Cl2] – 2 4.67 ± 0.03 
[Ru (η6-p-cymene)(CQ)(H2O)2](BF4)2] - 3  4.52 ± 0.16 
[Ru (η6-p-cymene)(η6-CQDP)](BF4)2 - 4  4.71 ± 0.03 
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we can conclude that the mode of interaction of new Ru-CQ complexes with hemin is 

most probably through π-π intercalations.                               

 These results suggest that the binding affinity to hemin by itself is not the 

reason for the improved activity of complexes 1-4 against CQ resistant strains.  In order 

to further investigate the cause for the improved antimalarial activity of complexes 1-4, 

their heme aggregation inhibition activity was evaluated.  

3.3.2 Heme aggregation inhibition activity (HAIA) in acetate buffer 
 
 Various methods have been proposed to mimic, in vitro, the heme polymerization 

process leading to the formation of the malaria pigment and to study the inhibition 

thereof.14 Assays differ mostly in the reaction conditions, and the method used to identify 

and quantify the reaction products. Among the published procedures, we first followed 

the β-hematin inhibition activity (BHIA) assay developed by Parapini et. al.16 (with some 

modifications) in order to measure the ability of new arene-Ru-CQ complexes to inhibit 

the formation of β-hematin. 

 β-hematin is the synthetic analog of hemozoin (malaria pigment) and it is 

chemically, spectroscopically and crystallographically identical to native hemozoin.17,18 

According to powder diffraction data, the Fe(III)PPIX molecules are linked into dimers 

through reciprocal iron carboxylate bonds to one of the propionic side chains of each 

porphyrin (Figure 4), and the dimers form chains linked by hydrogen bonds in the crystal.   
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Figure 4. Basic unit of β-hematin 

 

 Both hemozoin and its synthetic analog β-hematin can be easily identified by IR 

spectrophotometry. The IR spectra contain two intense characteristic bands at 1662 cm-1 

due to the C=O stretching frequency and at 1209 cm-1 due to the C-O stretching 

frequency when the carbxylate oxygens are bound to the Fe(III) in Fe(III)PPIX (Figure 

5). These bands are absent in the spectra of hemin or hematin. 

 

 

 

 

 
                                                                                  

             

 
Figure 5.  Sharp bands at 1662 cm-1 and 1209 cm-1; characteristic bands due to β- 
hematin      
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 The ability of complexes 1-4 as well as CQDP to inhibit heme aggregation was 

quantified after 24 h incubation under strictly comparable conditions, starting from 

commercial hemin in acetate buffer (pH 5) (see the experimental section).  

First, formation of β-hematin was confirmed under our experimental conditions by 

carrying out the assay without adding any drug and measuring the IR spectrum of the 

resulting material (Figure 6). Two intense bands at 1662 cm-1 and 1208 cm-1 confirmed 

the formation of β-hematin under our experimental conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  IR spectrum of β-hematin 

 

 In order to measure the heme aggregation inhibition ability of the Ru-CQ 

complexes, the assays were repeated using appropriate concentrations of complexes 1-4 
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and of CQDP to achieve drug-to-hemin molar ratios in the range 0–2. The β-hematin 

formed in the presence of different concentrations of drug was dissolved in NaOH (0.1 

M) for spectrophotometric quantification. Here we measured the absorbance of hematin 

(386 nm), which is formed from the hydrolysis of β-hematin under basic conditions. 

The results of these experiments for CQDP and the new Ru-CQ complexes are shown 

in Figure 7.  

 

 

 

 

 

 

  
 
 
 
 
 
 
 
 
 
Figure 7.  β-hematin recovered from assay at different concentrations of CQDP and new 
compounds. 
 
 
 In general, as the hemin:drug ratio increases, β-hematin formation is decreased 

indicating that complexes 1-4 inhibit the heme aggreagation process, but complex 1 

appears as somewhat less active than CQDP in this assay while  complexes 2–4 display 

an activity very similar to that of CQDP and to each other. HAI50 values are shown in 

Table 2, where HAI50 is the drug to hemin ratio required to inhibit 50% of heme 



128 
 

 

aggregation against a control experiment in the absence of drugs. Values in parentheses 

are relative activities with respect to CQDP. According to these results, the new arene-

Ru-CQ complexes show somewhat lower or similar HAI50 values with respect to that of 

CQDP. These heme aggregation inhibition data, obtained using the standard literature 

assay in acetate buffer, do not agree with the improved antiplasmodial activity observed 

in the biological tests of complexes 1-4 (Chapter 2, Table 6), with respect to CQDP.  

 

Table 2.  HAI50 values obtained from BHIA assay in acetate buffer (pH = 4.9) of 
compounds 1-4 and CQDP. Values in parentheses are the relative 
activity with respect to  CQDP 
 

 

 

 

 

         

.3.3.3 HAIA at an acetate buffer/n-octanol interface 

 As mentioned in the introduction section, Egan and coworkers have demonstrated 

that under acidic physiologically more realistic conditions β-hematin rapidly and 

spontaneously forms at alcohol/water or lipid /water interfaces.19 According to them, the 

aggregation takes place in aqueous buffers when the entire sample of Fe(III)PPIX is 

introduced directly into an acidic aqueous environment at the beginning of the reaction. 

This might result in immediate precipitation of amorphous Fe(III)PPIX. They have 

pointed out that if this occurs, the solid can convert to β-hematin only slowly probably by 

dissolution and re-precipitation. They further argued that since Fe(III)PPIX is released in 

Compound 
HAI50 at acetate 

buffer 
   
CQDP 0.69 (1.0) 
[Ru(η6-p-cymene)(CQ)Cl2] – 1 0.96 (0.7) 
[Ru(η6-benzene)(CQ)Cl2] – 2 0.67 (1.0) 
[Ru(η6-p-cymene)(CQ)(H2O)2](BF4)2] - 3  0.65 (1.1) 
[Ru(η6-p-cymene)(µ6-CQDP)](BF4)2 - 4  0.67 (1.0) 
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a continuous process in vivo, and large quantities of amorphous Fe(III)PPIX are not 

observed in hemozoin forming organisms, use of an aqueous model to mimic heme 

aggregation  is  unrealistic.  

 They also presented molecular dynamic simulations (MD) to provide further 

insight into the mechanism of hemozoin formation and the role of lipids in the process. 

When the simulation was carried out in vacuum, two H2O-Fe(III)PPIX  intermolecularly 

interacted with each other through the propionate group of one Fe(III)PPIX linked with 

the Fe(III) center of the other (Figure 8). They also suggest that the β-hematin formation 

process is a ligand exchange process with bond formation from the propionate O to 

Fe(III) and displacement of water from the opposite face of  each porphyrin. Then the β-

hematin dimers were found to form H bonds between the protonated propionic acid 

groups to form the crystal.    

 

 

 

 

 

Figure 8. Molecular dynamics simulation of the interaction of two H2O–Fe(III)PPIX 
molecules (the protonation state expected at FV pH). In vacuum, these two molecules 
rapidly form the β-haematin precursor. Bond formation of the propionate groups with Fe 
(III) and release of H2O is all that is required to convert this precursor to the β-hematin 
dimer ( Egan,T.J.; et al, FEBS Letters, 2006, 580, 5105–5110). 
 
 

Interestingly when MD simulations were carried out in water, the propionate groups of 

the β-hematin precursor moved away from the Fe(III) centers to interact with water 
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molecules, probably because of competitive hydrogen bonding between water and the 

propionic groups (Figure 9).  

 

 

 

 

 

 

 

 

Figure 9. Molecular dynamics simulation of the interaction of two H2O–Fe(III)PPIX 
molecules (i), In vacuum two molecules rapidly form the β-hematin precursor (ii).  
When the dynamics were performed in a cube of H2O starting from the β-haematin 
precursor, the propionate groups quickly moved away from the Fe(III) centers to interact 
with the solvent molecules (iii)(Egan, T.J.; et al., FEBS Letters,2006, 580, 5105–5110). 
 

 

 From these findings they have concluded that β-hematin formation in aqueous 

media is unlikely. Their simulation further provided evidence that as a hydrophobic 

Fe(III)PPIX dimer enters a lipid layer, competitive hydrogen bonding by water molecules 

weakens. With all these evidence they have proposed that hemozoin formation takes 

place near a lipid/water interface in vivo.  

 To model such interfaces they used different alcohol/water mixtures and found 

that an octanol/water interface is a suitable model. Octanol has recently been shown to 

have lipid like qualities at the aqueous interface.19 This is because the OH groups of 

octanol hydrogen bond with water molecules, resulting in a polar region and a non polar 

region where the alkyl chains are partially aligned, resembling half of the bilayer of a 
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lipid membrane.20 They also showed experimentally that β-hematin forms quickly (30 

min) at such interfaces. It thus seemed logical that if heme aggregation takes place 

preferentially at a water/lipid interface, the inhibition of heme aggregation by a drug 

should be best measured at such an interface. On this basis, a new method was developed 

by Dr. Alberto Martinez in our research group, to evaluate the heme aggregation activity 

of new drugs, and consequently predict their antimalarial behavior.21 Using this new 

method (Figure 10) (details in experimental section), we have evaluated the activity of 

complexes 1-4. 

 

 

 

  

 

 

 

Figure 10. Experimental set-up for carrying out heme aggregation at water/octanol 
interface 
 

 HAI50 values for compounds 1-4 as well as of CQDP are contained in Table 3. 

Values in parentheses are the relative activity with respect to CQDP. These results 

predict all complexes to be significantly more potent than CQDP for inhibiting heme 

aggregation at the interface, in agreement with the higher antimalarial activities 

observed (Chapter2, Table 6).  

 Complex 1, which appeared as the least active compound in aqueous buffer, 

displays the highest activity at the interface, twice as active as CQDP. Although no 

significant differences were observed in the activity of complexes 2–4 in the 
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experiments performed in an aqueous medium, the values measured at the interface for 

the four compounds follow a clear trend: 1 > 3 > 4 > 2 > CQDP, in qualitative 

agreement with antimalarial results. 

 

Table 3.  HAI50 values obtained by carrying out heme aggregation inhibition assay at 
aqueous acetate buffer (pH = 4.9)/octanol interface of compounds 1-4 and CQDP. 
Values in parentheses are the relative activity with respect to CQDP. 
 

 

 

 

 

 

 These findings provide further evidence to support the idea of Egan19 that β-

hematin formation in aqueous media is unlikely, and that process favorably takes place 

near water/lipid interfaces. From these findings, we can conclude that measuring HAIA 

of potential drugs near water/n-octanol interfaces is a better predictor of antimalarial 

potency than the standard tests in aqueous acidic buffer. Also, our results further suggest 

that heme aggregation is one of the principal targets of our new ruthenium – CQ 

complexes. 

3.3.4 Determination of distribution coefficient (D) 

 In the absence of special transport mechanisms, the accumulation of weak bases 

like CQ can be described using its physicochemical behavior based on the partitioning 

theory.22 This involves the influence of pKa and lipophilicity of the CQ/drug.23 In order to 

investigate the reasons for the new Ru-CQ complexes 1-4 showing improved heme 

Compound 
HAI50 at 
interface 

   
CQDP 2.92 (1.0) 
[Ru(η6-p-cymene)(CQ)Cl2] – 1 1.47 (2.0) 
[Ru(η6-benzene)(CQ)Cl2] – 2 2.42 (1.2) 
[Ru(η6-p-cymene)(CQ)(H2O)2](BF4)2] - 3  1.73 (1.7) 
[Ru(η6-p-cymene)(µ6-CQDP)](BF4)2 - 4  2.15 (1.4) 
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aggregation inhibition activity at water/octanol interfaces, we have measured some of 

their physicochemical properties, namely the basicity and the hydrophilic/lipophilc 

character. 

First, to probe the influence of the lipophilicity of each complex on the heme 

aggregation and antimalarial activity of new Ru-CQ complexes, distribution coefficients 

were measured in water/n-octanol mixtures at two pH values (4.9 and 6.6) that can be 

related to vacuolar and cytosolic conditions of the parasite, respectively. Distribution 

coefficients (D) were calculated according to the following equation.  

 

                                       D = [drug](in octanol)/[drug] (in water). 

 

The corresponding D (pH) values are shown in Table 4. The greater the D, the 

higher the lipophilicity. We note that at the vacuolar pH (4.9) the Ru–CQ complexes are 

generally more lipophilic than CQDP, with the exception of complex 4, which is highly 

hydrophilic. The general lipophilicity trend extracted from the data at, pH 4.9 is 1 > 3 > 2 

> CQDP > 4. On the other hand, at pH 6.6 only complex 4 accumulates preferentially in 

the aqueous phase (D < 1), while the other Ru–CQ complexes are less lipophilic than 

CQDP; the lipophilicity trend in this case is CQDP > 3 > 1 > 2 >> 4. In summary, at 

vacuolar pH (4.9) complexes 1-3 display a higher lipophilic character than CQDP and 

therefore they should accumulate better at the water/octanol interface. Correlation 

between HAIA at water/n-octanol interface/antiplasmodial activity and the lipophilicity 

will be discussed in detail in section 3.3.6. 
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Erythrocyte membrane

Parasite membrane Food vacuole

  Table 4.  D (4.9) and D (6.6) values for CQDP and complexes 1-4 

 

 

                    

                                         

 

 3.3.5 Determination of pKa values 

Drugs targeting heme aggregation must accumulate inside the acidic food vacuole 

of the parasite. Lipophilic CQ is believed to cross membranes in its unprotonated form by 

passive diffusion and then accumulate after protonation in the food vacuole of the 

parasite due to pH trapping (Figure 11) but resistant parasites have developed a 

mechanism for extruding CQ from the food vacuole. 

 

 

 

 

 

 

 

 

 

 

Figure 11. Schematic diagram to show transport of CQ through membranes in its 
unprotonated form and accumulation inside the acidic food vacuole as a diprotonated 
form, responsible for the inhibition of heme aggregation (Johnson, D.; et.al., Molecular 
cell, 2004, 15, 867-877). 
 

Compound D (4.9) D (6.6) 
    
CQDP 0.15 ± 0.01 6.61 ± 0.64 
[Ru (µ6-p-cymene)(CQ)Cl2] – 1 0.41 ± 0.08 3.29 ± 0.34 
[Ru (µ6-benzene)(CQ)Cl2] – 2 0.19 ± 0.02 1.27 ± 0.06 
[Ru (µ6-p-cymene)(CQ)(H2O)2](BF4)2 – 3 0.31 ± 0.01 4.76 ± 0.06 
[Ru (µ6-p-cymene)(µ6-CQDP)](BF4)2  - 4 0.038 ± 0.008 0.66 ± 0.02 
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 With these considerations in mind, the basicity of each complex becomes an 

important additional feature to consider. Since any effective drug must have sufficient 

basicity to accumulate inside the acidic food vacuole of the parasite, pKa values were 

measured by pH titration following the procedure described in experimental section. 

Then the pKa values were obtained from the maxima of the first derivative plots 

(dpH/dV) versus V; (volume of the titrant added). (See Figure 12 as an example for a 

weak base such as CQ) 

 

Figure 12.  Schematic pH titration curve of diprotic acid with strong base. 
(blue – pH Vs Volume of NaOH; pink – dpH/dV Vs volume of NaOH)13 

 

 Since CQ has three nitrogen atoms, three pK values could be measured, but we 

are mainly concerned with the pKa’s of the quinoline and tertiary side chain N due to 

their higher basicity over NH. pKa1 corresponds to the basicity of the quinoline N and  

pKa2 corresponds to that of tertiary side chain N.  pKa values for complexes 1-4 and 

CQDP are contained in Table 5 and our values of pKa1 and pKa2 of 9.69 and 8.12 for 

CQDP are similar to previously reported values.14 
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 For the metal complexes, we first note that in the π-bonded Ru–CQDP complex 4 the 

basicity is only modestly reduced with respect to free CQDP (pKa1 and pKa2 of 9.31 and 

7.91). On the other hand, in complexes 1–3, the quinoline nitrogen is blocked  by 

coordination to ruthenium and therefore only pKa2 values are measured, and they indicate 

a considerably lowered basicity with respect to pKa1 of CQDP, following the trend 1 < 2 

< < 3. So, it is clear that the incorporation of the arene-Ru fragment modified the basic 

properties of CQ in an important manner, by blocking the quinoline nitrogen in 

complexes 1-3. In the absence of special transport mechanisms, complexes 1-4 as weaker 

bases would be expected to accumulate in the food vacuole less than CQ, which may be 

detrimental to the antimalarial potency, however, these effects must be considered in 

conjunction with lipophilicity characteristics.  

 

Table 5.  pKa values of complexes 1–4 
 

 

 

 

 

 

 

 Therefore, another parameter of interest for our discussion is the Vacuolar 

Accumulation Ratio (VAR), which is normally calculated from a simple model of drug 

accumulation based on the weak base characteristics of the drug and Henderson-

Hasselbach considerations. Here VARs were calculated by following the form of 

Henderson-Hasselbach equation as described by Biot et al.24 

 

Compound pKa1 pKa2 
    
CQDP 9.69 8.12 
[Ru(η6-p-cymene)(CQ)Cl2] – 1 - 7.91 
[Ru(η6-benzene)(CQ)Cl2] – 2 - 7.99 
[Ru(η6-p-cymene)(CQ)(H2O)2](BF4)2 – 3 - 8.92 
[Ru(η6-p-cymene)(µ6-CQDP)](BF4)2  - 4 9.31 7.91 
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                                            VAR = 10 [log D(6.6) - log D(4.9)]  

D (6.6) corresponds to the distribution coefficient of the drug at cytosolic pH whereas  

D(4.9) corresponds to that of at vacuolar pH. VAR aids the understanding of the extent of 

drug accumulation inside the acidic food vacuole of the parasite and corresponding 

values for complexes 1-4 and CQDP are included in Table 6. 

 

Table 6. VAR values calculated for complexes 1-4 

 

                         
  
 
 

 
 

 In general, the higher the VAR value, the greater the predicted accumulation of 

the drug within the acidic food vacuole. According to these results, VAR for complexes 

1-4 are lower than that for CQDP; this indicates that the complexes will tend to 

accumulate inside the food vacuole to a lesser extent than CQ in the absence of other 

effects. However, it is important to keep in mind that VAR values do not say anything 

about the extent of drug retention inside the food vacuole, which is governed by the 

action of the PfCRT protein. The correlation between basicity and VAR of complexes 

with antiplasmodial activity of new Ru-CQ complexes will be discussed in section 3.3.6.  

The results obtained so far agree with the idea that our new ruthenium-

chloroquine complexes share the main target of action with CQ, heme aggregation, and 

some physicochemical properties, such as lipophilicity and basicity contribute to their 

activity.  

Compound VAR 
   
CQDP 44 
[Ru(η6-p-cymene)(CQ)Cl2] – 1 8 
[Ru(η6-benzene)(CQ)Cl2] – 2 7 
[Ru(η6-p-cymene)(CQ)(H2O)2](BF4)2] - 3  15 
[Ru(η6-p-cymene)(µ6-CQDP)](BF4)2 - 4  17 
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3.3.6 Structure - activity correlations  

 Our approach for overcoming CQ resistance is to maintain the main target of CQ 

(heme aggregation) but to introduce important modifications to the structure of the drug 

by complexation to a metal containing fragment, as in complexes 1-4. It is important to 

relate the study on structural and physicochemical properties of the new metallodrugs 

with their antiplasmodial activity, particularly against CQ-resistant strains of P. 

falciparum in order to provide a possible explanation for their improved antimalarial 

activity.  

3.3.6.1 Lipophilicity and basicity versus HAIA 

 First we discuss the relationship between the drug lipophilicity, as measured by 

aqueous buffer (pH 4.9)/ n-octanol partition coefficients (D), and the HAIA measured 

both in aqueous buffer (pH 4.9) and aqueous buffer (pH 4.9)/ n-octanol interface.  

  As can be observed in Figure 13A, the lipophilicity of drugs 1-4 does not display 

any correlation with HAI50 obtained when the assays were carried out in aqueous 

medium, following standard literature procedures.9 
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Figure 13 - Correlation between partition coefficients and heme aggregation inhibition 
activity for chloroquine diphosphate and complexes 1–4 (A) in aqueous acetate buffer 
(pH 4.9) and (B) at an aqueous acetate buffer (pH 4.9)/n-octanol interface  
 
 
 
 On the other hand, the data for CQ and complexes 1-4 measured at the aqueous 

acetate buffer (pH 4.9)/n-octanol interface (Figure 13B), following the method developed 

in our laboratory, clearly show that the HAI50 values of the structurally related complexes 

1–3 decreases smoothly as the lipophilicity increases; this is reasonable, since the 

effective concentration of increasingly lipophilic compounds will be higher near the 

interface, where the aggregation process is believed to take place.  



140 
 

 

 Complex 4, on the other hand, does not fall within the correlation, most likely due 

to the fact that the structure of 4, containing a diprotonated π-bonded CQDP ligand and a 

high overall charge of +4, is very different from the structures of all the other complexes 

under study, which are monocationic or dicationic and contain neutral CQ bonded to 

ruthenium through the nitrogen atom of the quinoline ring. In the case of compound 4 

other factors besides lipophilicity must be contributing to the higher activity of the 

complex in relation to that of free CQ, but the data available do not allow a full 

interpretation of this fact. 

 Also, as demonstrated in section 2.4.9, the metal complexes display a 

considerably lower basicity than CQ owing to the fact that the most basic site, the 

quinoline nitrogen atom, is blocked by ruthenium and cannot be protonated. 

Nevertheless, their HAIA is consistently higher than that of CQDP at the interface (Table 

9); this implies that at a water/n-octanol interface at pH 4.9, lipophilicity is a dominant 

factor over basicity in determining HAIA. 

3.3.6.2 HAIA versus antiplasmodial activity against CQ-resistant strains 

 As described in the previous section, lipophilicity trends of the structurally related 

compounds correlate well with HAIA values measured at water/n-octanol interfaces.  It is 

important to establish whether the HAIA values measured using our method adequately 

model and correlate well with antimalarial potency of the Ru–CQ compounds. 

 A comparison of HAI50 values measured at the water/n-octanol interface with the 

IC50 obtained from the antimalarial activity experiments on CQ-resistant strains of P. 

falciparum is presented in Table 7. Values in parentheses in red represent the relative 

activity compared to CQDP for which an activity of 1.0 was assigned. 
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Table 7.  HAI50 values measured at the water/n-octanol interface with the IC50 obtained 
from the antimalarial activity experiments on CQ-resistant strains of P. falciparum 
 
  HAI 50 at    IC50 (nM)   
Compound  at interface Dd2 K1 W2 

CQDP 2.92 (1.0) 1184 ± 188 (1.0) 1883 ± 165 (1.0)  2155 (1.0) 
1 1.47 (2.0) 483 ± 110 (2.5) 600 ± 87 (3.1) 1667 (1.3) 
2 2.42 (1.2) 442 ± 30 (2.7) 508 ± 84 (3.7) 1619 (1.3) 
3 1.73 (1.7) 234 ± 41 (5.0)  353 ± 61 (5.3) 906 (2.4) 

 

The IC50 values measured for the activities of the structurally related complexes 

1–3 against the CQ-resistant strains Dd2, W2, and K1 (Chapter 2, Table 15) demonstrate 

that the metal complexes are consistently more active than CQ, in agreement with the 

HAIA measurements near water/n-octanol interfaces. It is interesting to consider the 

possible factors governing this good qualitative correlation.  

Careful examination of the IC50 vs. lipophilicity (at pH 4.9) data in Figure 14 

reveals that the enhanced lipophilicity of structurally related complexes are mainly 

responsible for the improved antimalarial activity against CQ-resistant parasites. 

Figure 14. Correlation between lipophilicity and antiplasmodial activity against CQ-
resistant strains of P. falciparum Dd2 (left), K1 (center), and W2 (right) for complexes 1–
3 (values for D from Table 4; values for IC50 from Chapter 2, Table 6) 
 
 

These findings are in line with recent work indicating that heme aggregation takes 

place preferentially at water/lipid interfaces25,26 and with earlier reports relating increased 
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lipophilicity of drugs with a lower tendency for them to be excreted from the food 

vacuole of resistant parasites.27-29 We can argue that if a given lipophilic drug is not 

expelled by the transmembrane transporter PfCRT, it remains inside the vacuole near 

water/lipid interfaces. Thus it should display an enhanced HAIA, which translates into a 

higher antimalarial activity against resistant strains.  

Although the antiplasmodial activities do not correlate linearly with lipophilicity 

(lipophilicity trend = 1 > 3 > 2 > CQDP), they consistently follow the order 3 > 2 > 1 > 

CQDP, going through a maximum potency corresponding to complex 3 for three 

different CQ-resistant strains of P. falciparum (Figure 14). This deviation from linearity 

means that other factors like basicity may come into play in determining antimalarial 

activity. 

 In resistant strains, most of the CQ would be effectively expelled from the food 

vacuole by PfCRT despite its higher basicity and, therefore, its effective concentration is 

lowered. The weaker bases, Ru-CQ complexes, on the other hand, are probably not 

expelled from the food vacuole due to their modified molecular structures and their 

enhanced lipophilicity. In consequence, the net effective concentrations of the 

metallodrugs would be higher than that of CQ and this explains the higher activity of all 

the complexes relative to CQ. Once the Ru–CQ combinations overcome the resistance 

mechanism, the relative basicity of the different complexes on vacuolar drug 

accumulation may become dominant. In agreement with this hypothesis, compound 3 has 

the highest basicity (basicity trend = 3 > 2 > 1 > CQDP) and highest VAR (VAR = 3 > 2 

> 1 > CQDP) values for the set of compounds 1-3, and it displays the highest 

antiplasmodial activity. Thus we can conclude that the basicity and VAR differences 
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observed for complexes 1–3 may account for the deviations from linearity observed in 

the correlation trends between lipophilicity/HAI50 at the interface and antimalarial 

activity against chloroquine resistant strains. It is important to note at this point that 

calculated values have been shown to deviate strongly from experimentally determined 

values.29 We therefore place more weight for our interpretations on the direct relations we 

find between the antimalarial potency against resistant parasites and the experimentally 

determined lipophilicity, basicity and HAI50 values measured at water/n-octanol 

interfaces. This point is discussed in more detail in Chapter 5. 

3.3.6.3 HAIA versus antiplasmodial activity against CQ-sensitive strains                                  

 A comparison of HAI50 values measured at the water/n-octanol interface with the 

IC50 obtained from the antimalarial activity experiments on CQ-sensitive strains of P. 

falciparum is presented in Table 8. Values in parentheses in red represent the relative 

activity compared to CQDP for which an activity of 1.0 was assigned. 

 
 
Table 8 - HAI50 values measured at the water/n-octanol interface with the IC50 obtained 
from the antimalarial activity experiments on CQ-sensitive strains of P. falciparum 
 
  HAI 50 at    IC50 (nM)   

Compound  at interface FcB1 PFB F32 
CQDP 2.92 (1.0) 45.6 ± 4.5 (1.0) 58.3 ± 8.5 (1.0)  8.2 ± 1.3  (1.0) 

1 1.47 (2.0) 120.0 ± 4.0 (0.3) 109.0± 15.1 (0.5) 11.5 ± 1.8 (0.7) 
2 2.42 (1.2) 81.6 ± 1.2 (0.5) 79.0 ± 4.9(0.7) 13.2 ± 0.2 (0.6) 
3 1.73 (1.7) 96.5 ± 6.0 (0.4)  122.6 ± 15.2 (0.5) 22.5 ± 0.4 (0.4) 

 
For the CQ-sensitive strains of P. falciparum FCB1, PFB, and F32, the activities 

of the Ru–CQ complexes are generally lower than those of CQ, in disagreement with the 

higher HAI50 values measured at the water/n-octanol interface. Also, a curious inverse 

correlation between the lipophilicity of the complexes and their antimalarial activity is 
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observed (Figure 15); the activity of complexes 1–3 actually decreases with increasing 

lipophilicity.  

 

Figure 15. Correlation between lipophilicity and antiplasmodial activity against CQ-
sensitive strains of P. falciparum FCB1(left), PFB (center), and F32 (right) for complexes 
1–3 (values for D from Table 4; values for IC50 from Chapter 2, Table 6) 
 

Nevertheless, the lower activity values of complexes 1-3 compared to those of 

CQDP against CQ-sensitive strains are in agreement with the lower basicity of the 

complexes, as compared with CQ, when resistance mechanisms are not operative. Due to 

lower basicity, the concentration of complexes 1-4 inside the acidic food vacuole must be 

lower than that of CQ and this translates into the lower activity of ruthenium–CQ 

complexes against CQ sensitive strains. No correlations could be established in the case 

of the 3D7 strain, or for complex 4. 
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3.4 Conclusion 

 We have measured the water/n-octanol partition coefficients, pKa values, 

heme binding constants, and heme aggregation inhibition activity in water and at water/n-

octanol interfaces of new ruthenium-(π-arene)-CQ complexes, in order to understand 

their improved biological activity.  Some interesting tendencies emerge from our data as 

follows. 

 The heme aggregation inhibition activity of complexes 1-4 is significantly higher 

than that of CQDP at the interface of n-octanol/aqueous acetate buffer mixtures at pH 4.9, 

and together with HAI50 values correlate well with the antiplasmodial activity against CQ 

resistant strains of P. falciparum. This suggests that heme aggregation is the principal 

target of the ruthenium–CQ complexes and measuring HAIA of potential drugs near 

water/n-octanol interfaces is a better predictor of antimalarial potency than the standard 

tests in aqueous acidic buffer especially against CQ-resistant strains.  

 We further conclude that the enhanced antimalarial activity of new ruthenium – 

CQ complexes against CQ -resistant strains of P. falciparum is related to a delicate 

balance of effects related to the lipophilicity, the basicity, and structural details of the 

compounds studied, where the lipophilicity and the structural features appear to play the 

most prominent roles.30  
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Chapter 4 

DNA as a Potential Target in the Antimalarial Action 
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4.1 Introduction 
 

DNA has two main functions, namely transcription and replication. Transcription 

and replication are vital to cell survival and proliferation as well as for smooth 

functioning of all body processes. DNA starts transcribing or replicating when it receives 

a signal, which is often in the form of a regulatory protein binding to a particular region 

of the DNA. If the binding specificity and strength of this regulatory protein can be 

mimicked by a small molecule, then DNA function can be artificially modulated, 

inhibited, or activated by binding this molecule instead of the protein. Thus, this synthetic 

molecule can act as a drug when inhibition of DNA function is required to cure or control 

a disease. DNA inhibition would restrict protein synthesis, or replication, and could 

induce cell death. The interaction of metal complexes with DNA has recently received 

much attention because this interaction indicates that the complex may have potential 

biological and pharmaceutical activity. The activity of the drug depends on the mode and 

affinity of the molecule for DNA. 

 

 

 

 

 

 

 

 

 

 

Figure 1.  DNA double helix 
(Ref : http://www.frontiers-in-genetics.org/en/pictures/dna_3.gif) 

http://www.frontiers-in-genetics.org/en/pictures/dna_3.gif
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Metal complexes are known to interact with DNA both covalently as well as non-

covalently.1 Covalent binding in DNA is irreversible and leads to complete inhibition of 

DNA processing and consequently, cell death.  Cisplatin (cis-diamminedichloroplatinum) 

(Figure 2A) is a well-known covalent binder used as an anticancer drug that acts by 

making an intra strand cross-link with the nitrogens on the DNA bases (Figure 2B). 

  

 

 

 

 

 

Figure 2.  (A) cisplatin, (B)  DNA adduct formation with cisplatin                                                         
(covalent binding) leaving two amino groups coordinated on the platinum atom       
                                               
 

Non-covalently bound drugs mostly fall under three classes, external binding, 

groove binding and intercalation. [Ru(bpy)3]2+ is an example of an external binder 

(Figure 3). This association is electrostatic in nature. Cations such as Mg2+ usually 

interact in this way also. 

 

 

      

Figure 3. Schematic diagram to show external binding2 (e.g.- Mg2+ and [Ru(bpy)3]2+) 
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 A second non covalent binding mode is groove binding (Figure 4). Groove 

binding drugs are usually semi-circular shaped, which complements the shape of the 

groove and facilitates binding by promoting Van der Waals interactions. Additionally, 

these drugs can form hydrogen bonds to bases. This type of binding stabilizes the DNA. 

The antibiotic netropsin as well as a ruthenium complex [Ru(TMP)3]2+ (TMP = 3,4,7,8-

tetramethyl phenanthroline) are two examples for  model groove-binders.  

Figure 4. Schematic diagram to show groove binding2 of a complex with DNA 

Intercalators contain planar heterocyclic groups which stack between adjacent 

DNA base pairs by π-π stacking interactions between the drug and DNA bases (Figure 5). 

Intercalators introduce strong structural perturbations in DNA. Ethidium bromide and 

[Ru(Phen)2PHEHAT]2+ are two common DNA intercalators.  

        

 

 

 

Figure 5. Intercalation2 of a planar ligand of the complex between stacked DNA base 

pairs 
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As mentioned earlier, platinum complexes owe their antitumor activity to strong 

covalent interactions with the nucleobases of DNA.  DNA is also likely the target of 

many octahedral ruthenium (III) and (II) compounds that exhibit antitumor properties, 

such as [arene-ruthenium(II)(en)X][PF6] complexes (Figure 6) and cis and trans 

RuCl2(dimethylsulfoxide)4 (Figure 7).3 Among these, a deeper investigation on the 

mechanism of  arene-ruthenium(II) complexes shows that the phosphate groups in the 

nucleotides are the initial binding site, leading to subsequent covalent binding of 

ruthenium to the base. In addition, the arene group of these complexes may act as an 

intercalator as well as a minor groove binder to double helical DNA.4 

                           

 

 

Figure 6.  Structures of [arene-ruthenium (II) XYZ] family of complexes4  

                       

 

 

Figure 7.  Structure of trans- [Ru(II)(dmso)4Cl2 

Also of interest in our work, it is well known that CQDP is able to bind to DNA 

through intercalation of the quinoline ring along with electrostatic interactions of the 

ionic side chain and the phosphate groups of DNA.5-7   
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DNA binding was considered the major mechanism of antimalarial action of CQ 

for many years.8 There have been some attempts to revive this hypothesis in recent 

times9,10 and acridine-based related antimalarials are thought to exert their action 

predominantly or partially via DNA interactions.11-13 In complexes 1-4, introduction of a 

ruthenium containing fragment into the structure of CQ produces a dramatic modification 

in terms of the electronic structure and the physicochemical properties of the molecule 

and makes DNA binding in principle, available as part of a potential secondary 

mechanism of antimalarial action. Metal–DNA binding is a common phenomenon and 

the modification of CQ by attachment to a metal-containing fragment could reopen the 

possibility of DNA as a major or secondary target of therapeutic action. In order to 

investigate this possibility, the DNA binding ability of the new metal derivatives 1-4 was 

investigated and compared with that of CQDP. 
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4.2 Experimental Section 
 
4.2.1 Interaction of complexes with CT DNA 

4.2.1.1 UV spectroscopic titration 

 The binding constants for complex–calf thymus DNA interactions were 

determined by absorption titration at room temperature through the stepwise addition of a 

CT DNA solution (10 µL, 1.56 mM) to a cell containing each complex (2 mL, 25 µM), 

both in 10 mM phosphate buffer containing 50 mM NaClO4 (pH 7.2).  

Absorption was recorded at 330 and 343 nm and the titration was terminated 

when the intensity at those wavelengths did not change significantly upon further 

addition of DNA. An excellent fit for two binding constants, Kb1 and Kb2, was obtained 

by using the Scatchard equation r/Cf = K(n-r) for ligand–macromolecule interactions 

with non-cooperative binding sites,14,15 where r is the number of moles of ruthenium 

complex bound to 1 mol of CT DNA (Cb/CDNA), n is the number of equivalent binding 

sites, and K is the affinity of the complex for those sites. Concentrations of free (Cf) and 

bound (Cb) complexes were calculated from Cf = C(1 -α) and Cb = C - Cf, respectively, 

where C is the total ruthenium concentration. The fraction of bound complex (α) was 

calculated from α = (Af - A)/(Af - Ab), where Af and Ab are the absorbances of free and 

fully bound complex at the selected wavelengths, and A is the absorbance at any given 

point during the titration. The plots of r/Cf versus r give the binding constants Kb as the 

slopes of the graphs. 

4.2.1.2 Thermal denaturation experiments 

Melting curves were recorded in media containing 50 mM NaClO4 and 5 mM 

Tris-HCl buffer (pH 7.29). The absorbance at 260 nm was monitored for solutions of CT 
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DNA (2.5 mM) before and after incubation with a solution of the drug under study (1 

mM in Tris-HCl buffer) for 1 h at room temperature. The temperature was increased by 

0.5 0C min-1 between 65 and 82 0C and by 3 0C min-1 between 25 and 65 0C and between 

82 and 97 0C. 

4.2.1.3 Viscosity experiments 

Viscosity experiments were carried using an Ostwald viscometer, immersed in a 

thermostated water-bath maintained at a constant temperature of 25 0C. The DNA 

concentration was kept constant in all samples (500 µM), but the complex concentration 

increased from 50 µM to 1 mM. The flow time was measured with a digital chronometer 

and each sample was measured three times and an average flow time was used. Data are 

presented as (n/n0)1/3   versus the ratio [complex]/[DNA] ,  where n is the viscosity of CT-

DNA in the presence of complex , and n0  is the viscosity  of CT-DNA alone. Viscosity 

values were calculated from the observed flow time of DNA-containing solutions, 

corrected for the flow time of buffer alone (t0) n = t-t0 

 

 

 

 

 

 

 
 
 
 
 



157 
 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

300 320 340 360 380 400

Wavelength nm

A
b

so
rb

an
ce

Wavelength / nm

A
bs

or
ba

nc
e

4.3 Results and Discussion 
 
4.3.1 Spectrophotometric titration 
 

Absorbance (UV-Visible) titration is a powerful technique to detect and quantify 

DNA-drug interactions. Absorbance values for each new compound (and CQDP as 

control) were recorded at 330 and 343 nm, with stepwise addition of CT DNA to a 

cuvette containing a solution of each drug; the titration was terminated when the intensity 

of those bands did not change significantly upon further addition of DNA. The 

absorbance bands under study are due to the π  π* transition of the aromatic rings 

of CQ. As shown in Figure 8 the intensity of the bands at 330 and 343 nm in complex 4 

decreases with increasing addition of CT DNA, clearly indicating that an interaction is 

taking place. Similar behavior was observed when a CQDP control solution or solutions 

of complexes 1-3 were titrated with CT DNA. 

 

 

 

 

 

 

 

 

Figure 8.  Spectrophotometric titration of metal-CQDP complex 4  with CT DNA in 5 
mM Tris/HCl, 50 mM NaClO4 buffer, pH = 7.39 
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There are several ways to linearize binding data, including the methods of 

Lineweaver-Burke and Eadie-Hofstee. However, a widely used method is to create a 

Scatchard plot (Figure 9).16  The Scatchard equation can be written as r/Cf = K(n-r) for 

ligand -macromolecule  interactions with non-cooperative binding sites, where r is the 

number of moles of ligand bound to 1 mol of CT DNA , n is the number of equivalent 

binding sites, and K is the affinity of the ligand for those sites. Cf is the concentration of 

free ligand. The plot of r/Cf vs. r gives the binding constants Kb as the slopes of the 

graphs.  

 

 

 

 

 

 

 

Figure 9.  Scatchard plot; two types of Scatchard plots are illustrated, the upper blue line 
represents binding to a macromolecule with noninteractive sites, the lower red dashed 
line represents binding of ligand molecules to binding sites that interact.16 

 

In many macromolecules such as DNA and proteins, the binding of the first 

ligand to the macromolecule can change the affinity for the second ligand. This can lead 

to cooperative binding,16 an important regulatory mechanism in biochemistry.  

Also there are examples of non cooperative association in which the binding of a 

ligand molecule at one site of the macromolecule is independent of the binding of the 
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second ligand molecule at another site. Whether binding is cooperative or not can be 

determined from the shape of the Scatchard curves. If the sites do show cooperative 

binding, the plot is nonlinear as shown by the red dashed line in Figure 9. This curve can 

be used to determine the number of types of binding sites. The dashed line in Figure 9 

can be resolved into two lines, indicating that two types of binding sites are present on a 

macromolecule. The binding constant Kb for each type of binding site may be estimated 

by resolving the smooth curve into straight lines as shown in Figure 9. When there is a 

non interacting binding, the plot is linear (solid blue line). 

In our case, as shown in Figure 10, two binding affinities can be calculated from 

the Scatchard plot, from the changes at 343 nm for complex 4, corresponding to two 

major binding interactions with cooperative effects.17-20 The same treatment at 330 nm 

gives two independent affinities that can be averaged with those at 343 nm to obtain two 

binding constant values (Kb1 and Kb2). A Similar treatment was carried out for data 

obtained from spectrophotometric titrations for the other arene-ruthenium (II)-CQ 

complexes 1-3 as well as for CQDP and the corresponding values for the two binding 

constants (Kb1 and Kb2) at the two wavelengths are contained in Table 1.  

 

 

 

 

   

 

Figure 10. Scatchard plot of data for complex 4 at 343 nm used to calculate Kb1 and Kb2  
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Table 1.  Binding affinities of complexes 1-4 calculated by absorbance titrations at 250C 
in 5 mM Tris/HCl, 50 mM NaClO4 buffer at 7.39 

 

 

          

 

a – Average of values calculated at 330 and 343 nm 

 

  Kb1 and Kb2 for CQDP   are 1.07 x 107 M-1 and 1.23 x 105 M-1, respectively, and 

the corresponding values obtained for metal-chloroquine complexes are within the same 

range. From these data we can conclude that the interaction of complexes 1-4 with CT 

DNA is essentially analogous to that of free CQ. It has been known for some time that 

CQ binds to DNA21-27 involving at least two kinds of interaction, one of electrostatic 

nature between the positively charged diethylammonium side chain and negatively 

charged phosphate residues in the nucleic acid,28-30 and a second one, involving 

intercalation between nucleobases.  As seen by the results in Table 1, the binding ability 

of the new ruthenium-chloroquine complexes is very similar to that of CQDP. This 

suggests that the most probable binding mode for Ru-CQ complexes is intercalation of 

the quinoline ring of CQ, coupled with electrostatic interactions of the protonated side 

chain of chloroquine with the phosphate groups of the DNA. 

 In order to obtain further evidence for this proposal, a series of other complementary 

techniques, such as thermal denaturation experiments and viscosity measurements, were 

employed. 

Compound Kb1 (x 107 M-1)a Kb2 (x 105 M-1)a 
    
CQDP 1.07 ± 0.050 1.23 ± 0.680 
[Ru (η6-p-cymene)(CQ)Cl2] – 1  0.75 ± 0.040 2.09 ± 0.890 
[Ru (η6-benzene)(CQ)Cl2] – 2 2.07 ± 0.070 3.24 ± 0.730 
[Ru (η6-p-cymene)(CQ)(H2O)2](BF4)2 – 3 0.13 ± 0.001 0.38 ± 0.470 
[Ru (η6-p-cymene)(µ6-CQDP)](BF4)2  - 4 2.10 ± 0.680 3.15 ± 0.120 
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4.3.2 Thermal denaturation experiments 

The DNA melting technique is a sensitive and easy tool to detect even slight DNA 

conformational changes. DNA melting temperature is the temperature at which a DNA 

double helix dissociates into single strands. The melting temperature (Tm) is normally 

defined as the temperature at which 50% of the DNA molecules have denatured into 

random coils. The melting temperature depends on both the length of the molecule, and 

the specific nucleotide sequence composition of that molecule. 

 

 

 

  

 

                                                       

 

Figure 11.  Thermal denaturation of DNA (Ref: www.siumed.edu/.../nucleic_acids.html) 

 

It is well known that the covalent interaction of a compound with the double helix 

destabilizes the DNA (Figure 12) and this lowers the melting temperature, relative to that 

of DNA itself. Cisplatin and other covalently bonded drugs force DNA to bend and 

unwind, weakening hydrogen bonds and the stacking interactions between bases.21 This 

DNA bending also results in an increase of phosphate repulsions, thereby destabilizing 

the DNA.  

http://en.wikipedia.org/wiki/DNA_melting
http://en.wikipedia.org/wiki/Nucleotide
http://www.siumed.edu/.../nucleic_acids.html
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cisplatin

ethidium intercalated between two pairs of
adenine-uracil base pairs

 

                                                        

 

  

                               

                      

Figure 12. Covalent binder bends the DNA double helix31 

 

Intercalation or electrostatic interactions (Figure 13), on the other hand, induce an 

increase of the Tm, because this type of binding stabilizes the DNA.32 Intercalating drugs 

increase the distance between phosphates thereby minimizing electrostatic repulsions. 

Favorable stacking interactions between bases and the intercalator stabilize the double 

helix. This results in a higher Tm value. 

 

 

 

                                               

 

Figure 13. Intercalator bound to double strand DNA33 
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In order to probe the mode of binding of ruthenium-chloroquine complexes with 

DNA, thermal denaturation experiments were carried out. Solutions of CQDP and of each 

complex (1-4) were incubated with DNA for one hour at 250C and the melting curves 

were recorded by measuring the absorbance at 260 nm as the solution was heated. The 

melting curve of free DNA is shown in Figure 14A and the corresponding melting curves 

for metal-CQ complexes are shown in Figure 15. As the temperature increases, the 

absorbance is increased smoothly and reached a maximum absorbance value where all 

DNA are melted. The melting temperature can be easily obtained from the first derivative 

of the melting curve.  

Table 2 shows the variation of the melting temperatures of DNA (∆Tm) after 

incubation with CQDP, complexes 1-4 and [RuII(η6-p-cymen)(en)Cl]PF6, a known 

covalent binder, as a reference. 

 

 

 

 

 

 

 

 

Figure 14.  Schematic diagram of (A) melting curve for free DNA, (B) first derivative of 
a melting curve. 
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Figure 15.  Melting curve of DNA modified by (A) complex 1; (B) complex 2; (C) 
complex 3; (D) complex 4. 
 
 
 

 ∆T values > 0, are indicative of intercalation of the complexes into DNA, while ∆T 

values < 0 indicate covalent binding of complexes to DNA.  

Table 2. Change in the Tm of CT-DNA, when incubated with 0.5 equivalents of each 
complex for 1h at 250C in 5mM Tris/HCl buffer, pH = 7.39. 

Complex ∆Tm (0C) / 1h incubation 
CQDP + 3.0 

1 + 4.0 
2 + 3.5 
3 + 2.9 
4 + 2.8 

[Ru(η6-p-cymene)(en)Cl](PF6)                         - 0.6 
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The results obtained from our thermal denaturation experiments led us to two 

main conclusions: 1) a covalent interaction between ruthenium and the nucleobases 

seems not to take place since the ∆T values are positive and similar to that of CQDP.  It 

is accepted that a covalent interaction would commonly destabilize the DNA and thus 

should result in negative ∆T values such as in the case of cisplatin and [RuII(η6-

arene)(en)Cl]PF6. 2) Most probably complexes 1-4 interact with DNA through 

electrostatic interactions and intercalation, as has been previously described for free 

CQDP. This indicates that the attachment of the metal-containing fragment to CQ in 

complexes 1-4 does not alter the DNA binding properties of CQ to any significant extent.  

4.3.3 Viscosity measurements 

 In order to further support our model for the interaction between the complexes 

and DNA, viscosity measurements were carried out according to the procedure 

described in the experimental section. It is well known that if a complex covalently 

binds to DNA as cisplatin does, it bends the DNA helix, and results in the decrease of 

the effective length of the helix; as a consequence there is a decrease in the viscosity of 

the solution. Intercalation (insertion of a ligand) to DNA base pairs, on the other hand, 

induces a lengthening of the DNA double helix, which produces an increase in the 

viscosity of the DNA solution. 

 Varying concentrations of complexes 1-4, as well as of CQDP, were mixed with 

CT-DNA to determine the effect of concentration on the flow-time of the DNA solution 

at 250C. The results were plotted as dictated by the theory of Cohen and Eisenberg: 

(n/n0)1/3 vs [Ru]/[DNA].34  (n is the viscosity of CT-DNA in the presence of complex, 

n0 is the viscosity of CT-DNA).  As shown in Figure 16, an increase in the viscosity of 
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the DNA solutions was observed upon incremental addition of all the ruthenium-CQ 

complexes and of CQDP, providing further evidence for an intercalation interaction  

between the new metallodrugs and DNA.  

 

 

 

 

                   

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. Viscosity curve of (A) CQDP, (B) complex 1, (C) complex 3, (D) complex 4 
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4.3.4 Structure - activity correlations   

DNA binding ability versus antiplasmodial activity 

 Our results indicate that in spite of the presence of a transition metal in the 

molecular structure, complexes 1-4 bind to DNA most likely through intercalation and 

electrostatic interactions of the coordinated CQ moiety, very similarly to the mode of 

binding of free CQ to DNA. Since all drugs bind to DNA as CQ, we can conclude that 

the increased potency does not arise from DNA structural changes.  

4.4 Conclusion 

 The attachment of the metal-containing fragment to CQ in complexes 1-4 does 

not alter the DNA binding properties of CQ to any significant extent and therefore we 

conclude that the interactions that take place between complexes and DNA do not 

represent an important component of the mechanism of antimalarial action or of the 

mechanism of overcoming CQ resistance.35  
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Chapter 05 

New Metal-Free 4-Aminoquinoline Derivatives Are 

Highly Active against Resistant Strains of Plasmodium falciparum 
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5.1 Introduction   
 
 The results obtained from the first phase of our project confirmed the validity of 

our fundamental concept in that having Ru and CQ in the same molecule may lead to 

enhanced antimalarial activity against CQ-resistant strains. Also, our work led us to a 

better understanding of the factors that may be influencing the biological potential of 

the drugs and their ability to overcome resistance.  

The new arene-Ru-CQ complexes (Chapter 2, Scheme 12) display Ru–N 

coordinate bonds; we demonstrated that this molecular design results in increase in the 

lipophilicity and a modification in the structure of CQ that produces an enhanced heme 

aggregation inhibition activity at water-lipid interfaces, which in turn translates into 

higher potency against CQ-resistant malaria parasites. However, Ru-N coordination also 

causes a reduction in the basicity of CQ, which probably restricts the ability of the drug 

to accumulate in the acidic food vacuole and consequently limits its antiplasmodial 

potential. Therefore, new compounds combining the desired basicity and lipophilicity are 

needed, in order to preferentially accumulate inside the acidic food vacuole to inhibit 

heme aggregation while at the same time overcoming CQ resistance.  

Although there are some inorganic pharmaceuticals available to treat diseases like 

diabetes1 and cancer, no metal containing antimalarials have yet reached clinical use.  

Pharmaceutical companies still largely rely on organic compounds to develop 

chemotherapeutic agents rather than metal containing compounds, perhaps more because 

of habit or prejudice than because of valid chemical or pharmacological reasons.  Dr. 

John McNeill expressed this idea when he talked about vanadium compounds to treat 
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patients with diabetes “the other challenge is convincing people that this is real and has 

potential for working in humans. Drug companies are very skeptical about metals.” 2 

Taking these issues into consideration, in the last part of this project we aimed at 

preparing new metal-free derivatives of 4-aminoquinoline in which lipophilicity is 

increased, without reducing the basicity of the molecule. 

The hypothesis for this part of the thesis is that modifying 4-aminoquinoline by 

incorporating a lipophilic organic substituent will not reduce the basicity but will 

result in structural and physicochemical modifications of the molecule that will lead 

to improved heme aggregation inhibition ability at water-lipid interfaces and by 

consequence, higher activity against CQ-resistant parasites. 

 

The hypothesis is supported by the work discussed in previous chapters, together with 

the following observations. 

1. Although resistant strains are widespread, 4-aminoquinolines are still used as a 

treatment for malaria especially against some CQ-resistant strains of P. falciparum. 

 Amodiaquine (AQ) is a 4-aminoquinoline antimalarial drug having a CQ-

related skeleton (Figure 1), with a phenol group present in the side chain of the 

structure and it has been shown to be effective in treating some CQ-resistant strains of 

P. falciparum.3 

 

 

 

Figure 1.  Structure of amodiaquine 
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 For example, the IC50 for amodiaquine is 2 nM whereas that for CQ is 15 nM 

against the CQ-resistant HB3 strain of P. falciparum in identical culture conditions.4 

This difference in activity could be due at least in part to the fact that accumulation of 

amodiaquine is 2- to 3-fold greater than that of CQ in the HB3 isolates, despite the fact 

that AQ is a weaker base than CQ.4 

2. Biot and coworkers7 have shown that incorporation of a lipophilic organoiron 

moiety to the side chain of CQ results in overcoming CQ resistance.  

  In the iron-containing drug ferroquine (FQ) (Figure 2A), the metal fragment is 

incorporated into the side chain of CQ through a C-C link without blocking the basic N 

atoms. This modification results in high activity and selectivity against CQ-resistant 

parasites (see Figure 2B) by targeting heme aggregation. The reduced resistance has 

been ascribed to the presence of the bulky lipophilic organoiron unit.5  

 Since lipophilic compounds are believed to block the PfCRT pore, they 

proposed that ferroquine may retain the antimalarial properties of CQ while 

simultaneously blocking PfCRT, like a resistance reversing agent, verapamil.  

Interestingly, ferroquine is currently in Phase II clinical trials.6  

 

 

 

 

 

                         (A)                                                                               (B) 

 Figure 2.  (A) The structure of ferroquine (FQ), (B) In vitro antimalarial activity of  
CQ and FQ against the Dd2 CQ - resistant strain of P. falciparum5
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 Biot’s group also made the Ru analogue, ruthenoquine, which displayed very 

similar antimalarial activity to ferroquine.5 On the other hand, aminoquinoline drugs 

other than CQ, such as AQ, are still used as a treatment for some of CQ resistant 

parasites, but strains resistant to AQ are also reported.7 Consequently, there is a need 

for other organic compounds based on the aminoquinoline structure, capable of 

targeting heme aggregation and overcoming CQ resistance. 

The rationale for our molecular design 

Our target compounds, generically represented in Scheme 1, represent a promising 

approach. Two particular advantages must be noted:  

(1)  Incorporation of an organic moiety to the 4-aminoquinoline structure will increase 

the lipophilicity without reducing the basicity of the molecule. This modification may 

provide the necessary lipophilicity for recognition and transport through cell membranes8 

as well as the ability of the drug to overcome PfCRT resistance, while maintaining the 

drug in the vacuole9 through pH trapping. The additional ring may engage in π-π 

interactions with heme, thereby promoting a stronger mode of aggregation inhibition. 
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Scheme 1. The rationale for our molecular design 

 

(2) Once synthesized, these new compounds could also serve as ligands for 

Ru complexes offering the possibility of improved organometallic drugs. 

The specific aims we have established for this section of our study are: 

1. Synthesis and characterization of new organic derivatives of 4- aminoquinoline 

    not susceptible to resistance by P. falciparum.  

2. Study of the physicochemical properties relevant to their antimalarial activity: 

 lipophilicity, basicity, binding properties with heme and HAIA at water/n-octanol 

 interfaces.  

3. Evaluation of their antiplasmodial activity (by Prof. J. Schrevel at the National         

    Museum of Natural History, Paris) 
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Retrosynthesis of new 4-aminoquinoline derivative (4) 

 Our first new organic 4-aminoquinoline derivative, 7-chloro-N-{(diethylamino) 

methyl)cyclohexa-1,4-dienyl}quinoline-4-amine (4) would be prepared through 

condensation of 4,7-dichloroquinoline with the desired diene 3. Diene 3 could be 

synthesized by Birch reduction of the aromatic diamine 2.  Compound 2 could be readily 

obtained by nitrile reduction of compound 1. The commercially available starting 

material, ortho-cyanobenzyl bromide, could be subjected to nucleophilic substitution 

reaction with diethylamine in order to obtain compound 1.                       

     

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.  Proposed retrosynthetic pathway of the new 4-aminoquinoline 
derivative 4 
 

 
 
Retrosynthesis of new 4-aminoquinoline derivative (5) 

 Another organic 4-aminoquinoline derivative, (7-chloroquinolin-4-yl)-(2-

diethylaminomethylbenzyl)amine (5) would be prepared through condensation of 4,7-

dichloroquinoline with the desired diamine 2 in the presence of N-methylpyrrolidone 

http://www.basf.com/diols/bcdiolsnmp.html
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(NMP), K2CO3 and triethylamine.  Compound 2 could be readily obtained by carrying 

out a nitrile reduction on compound 1 using LiAlH4. Compound 1 could be synthesized 

by a nucleophilic substitution reaction on commercially available o-cyanobenzyl bromide 

in the presence of diethylamine.  

 
 
 
 
 
. 

 

 

 

 

 

 

Scheme 3.  Proposed retrosynthetic pathway of the new 4-aminoquinoline derivative 5 
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5.2 Experimental Section 
  
5.2.1 Reagents and solvents 
 
  Solvents (analytical grade, Aldrich) were purified immediately prior to use by 

means of an Innovative Technology solvent purification unit. O-cyanobenzylbromide, 

chloroquine diphosphate and other reagents (Aldrich) were used as received. Hemin, 

buffers and solvents were purchased from Sigma-Aldrich. Elemental analyses were 

performed by Atlantic Microlab, Norcross, Georgia. NMR spectra were obtained using an 

AVANCE Bruker 400 instrument. UV spectra were obtained with an Agilent 8453 diode- 

array spectrophotometer equipped with a HP 89090 Peltier temperature control accessory.  

5.2.2 Synthesis of compounds 
 
5.2.2.1 Synthesis of (o-diethylaminomethyl)benzonitrile (1) 
 

Dropwise addition of 10g (0.05 mol) of o-cyanobenzylbromide in 30 mL of 

ethanol to about 57 mL (0.55 mol) of cold diethylamine was followed by 3 h of stirring at 

room temperature. The solution became orange and a white precipitate was observed. 

Twenty mL of 0.1 M Na2CO3 aqueous solution was added until the solution became basic 

to pH paper. At this time the white precipitate was also dissolved. Then the solution was 

concentrated and extracted into an ether layer. The organic layer was washed with water 

3 times to remove ethanol and dried over Na2SO4. The dried organic layer was distilled to 

remove ether and excess diethylamine and the remaining solution was further 

concentrated under vacuum for 5 minutes. The product was collected as reddish orange 

colored oil.  

Yield= 90%,  1H NMR (400 MHz, CDCl3) δ 7.54 (m, 2H), 7.47 (td, J = 7.52 Hz, J’ = 1.43 

Hz, 1H), 7.22 (td, J = 6.66 Hz, J’ = 0.91Hz), 3.69 (s, 2H), 2.49 (q, J = 7.12 Hz, 4H), 0.98 
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(t, J = 7.12 Hz, 6H) ,13C NMR (100 MHz, CDCl3) δ 144.70 (C), 132.71 (CH), 132.47 

(CH), 129.73 (CH), 117.87 (C), 112.38 (C), 55.69 (CH2), 47.04 (CH2), 11.76 (CH3). 

Molecular formula : C12H16N2  

ESI-MS [M+H]+ = 189.1313 (cal), 189.1388 (found) 

5.2.2.2 Synthesis of o-(diethylaminomethyl)benzylamine (2) 
 
 O-(diethylaminomethyl)benzonitrile (1) (6 g, 32 mmol) in anhydrous diethylether 

(20 mL) was added dropwise to a suspension of lithium aluminum hydride (2.43 g, 64 

mmol) in anhydrous diethyl ether (50 mL, 0 0C, N2 atmosphere) within 10 min, allowed 

to come to room temperature, stirred for 12 h, cooled (ice), treated dropwise with 20% 

NaOH (17 mL) with cooling, and extracted three times with ether (50 mL each).  

The combined organic phases were dried (Na2SO4), filtered, and evaporated in vacuo. 

The product was collected as reddish orange colored oil.  

Yield = 79 %, 1H NMR (400 MHz, CDCl3) δ 7.17 (m, 4H), 3.75 (s, 2H), 3.50 (s, 2H), 

2.43 (q, J = 7.14Hz, 4H), 1.92 (s, NH2),  0.962 ( t, J = 7.14 Hz, 6H), 13C NMR (100 MHz, 

CDCl3) 143.68 (C), 137.46 (C), 131.01 (CH), 128.91 (CH), 127.74 (CH), 126.45 (CH), 

56.77 (CH2), 46.36 (CH2), 45.05 (CH2), 11.44(CH3). 

 Molecular formula : C12H20N2 ,  ESI-MS [M+H]+ = 193.1626 (cal), 193.1715 (found) 

5.2.2.3 (2-Aminomethyl-cyclohexa-1, 4-dienylmethyl)-diethylamine (3) 

A solution of o-(diethylaminomethyl)benzylamine (2) (1.5 g, 7.8 mmol) in 

anhydrous ethanol (24 mL) was added to liquid ammonia (25 mL) at –78 0C . To this 

mixture was added portion wise Li (540 mg, 10 eq.) over two hours. After quenching 

with NH4Cl ( 1.59 g) in H2O (7 mL), the solvents were removed, the aqueous suspension 
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was extracted with CH2Cl2, and the organic extracts were dried and concentrated to give 

the product as a yellow colored oil. 

Yield = 89%, 1H NMR (400 MHz, CDCl3) δ 5.72 (m 2H), 3.30 (s, 2H), 3.00 (s, 2H), 2.43 

(q, J = 7.12 Hz, 4H), 2.75 (m, 4H), 2.02 (s, NH2), 1.01 (t, J = 7.23 Hz,6H). 

Molecular formula : C12H22N2 

ESI-MS [M+H]+ = 195.1783 (cal), 195.1854 (found).  

5.2.2.4  Synthesis of 7- chloro -N-((diethylamino)methyl)cyclohexa-1,4-

dienyl)quinoline-4-amine (4) 

 (2-aminomethyl-cyclohexa-1,4-dienylmethyl)-diethylamine (3) (951 mg, 4.9 

mmol), 4,7-dichloroquinoline (5.0 g, 25 mmol), potassium carbonate (1.0 g, 7.25 mmol), 

anhydrous triethylamine (5.0 mL, 36 mmol) and anhydrous NMP (7 mL) were placed in a 

25 mL round bottomed  flask and heated under reflux in an atmosphere of nitrogen for 15 

h. The mixture was allowed to cool to room temperature before diluting with ethyl 

acetate. The product was washed 10 times with brine. Then the product was washed with 

a large amount of water to remove NMP.  The organic layer was dried over sodium 

sulfate, filtered and the solvent was removed under reduced pressure. The product was 

purified using two columns and isolated as a white crystalline solid.  (Solvent system = 

ethylacetate: hexane: three drops of Et3N).  

Yield = 50%, 1H NMR (400 MHz,CDCl3) δ 8.45 (d, J = 2.18Hz, 1H), 7.87 (d, J = 2.18 

Hz,1H), 7.63 (d, J = 8.95 Hz, 1H), 7.25 (dd, J = 8.92 Hz, J’ = 2.12 Hz, 1H), 6.52 (s, NH), 

6.36 (d, J = 5.50 Hz, 1H), 5.65 (d, J = 1.24 Hz, 2H), 3.78 (d, J = 4.24 Hz,2H), 2.98 (s, 

2H), 2.80 (m, 4H), 2.50 (q, J = 7.11 Hz, 4H), 0.954 (t, J = 7.13 Hz, 6H). 13C NMR (100 

MHz,CDCl3) δ 152.12 (CH), 150.49 (C), 149.29 (C), 134.73 (C), 132.19 (C), 129.76 (C), 
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128.70 (CH), 124.84 (CH), 124.50 (CH), 123.91 (CH), 121.83 (CH), 117.71 (C), 99.00 

(CH), 55.08 (CH2), 46.76 (CH2), 45.50 (CH2), 32.33 (CH2), 31.66 (CH2), 11.13 (CH3).  

Anal. Calcd for C21H26N3Cl: C, 70.87; H, 7.36; N, 11.81.Found: C, 70.71; H, 7.39; N, 

11.70.  

ESI-MS [M+H]+ = 356.1815 (cal), 356.1877 (found). 

5.2.2.5 Synthesis of (7-chloroquinolin-4-yl)-(2-

diethylaminomethylbenzyl)amine (5) 

(2-aminomethyl-benzyl)-diethyl-amine (2) (0.805 mg, 4.2 mmol), 4-7-dichloroquinoline 

( 5.0 g, 25 mmol), potassium carbonate (1.0 g, 7.25 mmol), anhydrous triethylamine (5.0 

mL, 36 mmol) and anhydrous NMP (7 mL) were placed in a 25 mL round bottomed flask 

and  heated under reflux under nitrogen for 15 h. The mixture was allowed to cool to 

room temperature before diluting with ethyl acetate.  

The product was washed 10 times with brine, and then washed with a large amount of 

water to remove NMP. The organic layer was dried over Na2SO4, filtered and the solvent 

was removed under reduced pressure. The product was purified using a column and it 

was collected as a yellow crystalline product. (Solvent system ethylacetate: hexane: three 

drops of Et3N ) 

Yield = 50%, 1H NMR (400 MHz, MeOD) δ 8.20 (d, J = 5.59 Hz, 1H), 7.93 (d, J = 8.99 

Hz, 1H); 7.68 (d, 1.68 Hz, 1H), 7.29 (dd, J = 9.02, J’ = 1.87 Hz, 1H), 7.28 - 7.34 (m, 4H), 

6.44 (d, J = 5.62 Hz, 1H), 4.59 (s, 2H), 3.57 (s, 2H), 2.48 (q, J = 7.14 Hz, 4H), 0.935 (t, J 

= 7.09 Hz, 6H), 13C NMR (100 MHz, CDCl3) δ 152.24 (CH), 150.35 (C), 149.41 (C), 

137.37 (C), 132.13 (C), 130.59 (CH), 128.56 (CH), 27.84 (CH), (127.31 (CH), 124.59 
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(CH), 122.55 (CH), 118.11 (C), 99.16 (CH), 56.31 (CH2), 47.02 (CH2), 46.57 (CH2), 

10.48 (CH3). 

Anal. Calcd for C21H24N3Cl:C, 71.27; H, 6.84; N, 11.87.Found: C, 71.19; H, 6.85; N, 

11.82. 

5.2.3 Determination of pKa values 

For the determination of pKa values, a 1 mM solution of each compound in 

deionized water was prepared and the appropriate amount of 0.1M HCl (60 - 140 µL) 

was added to dissolve the compound completely. The determination of pKa values were 

carried out by the analogous procedure to that described in Chapter 3 (section 3.2.1). 

5.2.4 Determination of partition coefficients 

Experiments were carried out by analogous procedure to that described in Chapter 

3 (section 3.2.2). 

5.2.5 Interaction of compounds with hematin 

Experiments were carried out by analogous procedure to that described in Chapter 

3 (section 3.2.3).       

5.2.6 HAIA at a water/n-octanol interface 

Experiments were carried out by analogous procedure to that described in Chapter 

3 (section 3.2.4.2). 

5.2.7 Biological activity evaluation in vitro 

Experiments were carried out by analogous procedures to those described in 

Chapter 2 (section 2.3.7). 

 

 



184 
 

 

CN

Br
(CH3CH2)2NH

EtOH

CN

N LiAlH4

Ether

H2N

N

N

Cl

Cl

K2CO3

Et3N
NMP
refluxed 
15h

H2N

N

NH3/Li -78 0C

NCl

HN

N

1 2

34

5.3 Results and Discussion 

5.3.1 Synthesis and characterization of new aminoquinoline derivatives 

4 and 5 

 

 

 
                      
   
 
 
 
 
 
 
 
 
 
 
 

Scheme 4.  Preparation of compound 4 

 

The syntheses were carried out as outlined in Schemes 4 and 5 by following 

methods analogous to those used to prepare similar compounds, with some modifications. 

O-(diethylaminomethyl)benzylamine (2) was synthesized from o-cyanobenzyl bromide 

by a nucleophilic substitution reaction with diethyl amine,9 followed by lithium 

aluminum hydride reduction of  the nitrile group. Then the benzylamine 2 was subjected 

to Birch reduction10 with liquid ammonia and 10 eq of Li at –78 0C to obtain the 

corresponding diene 3. Condensation of 3 with 4,7-dichloroquinoline in N-methyl-2-

pyrrolidinone (NMP) produced the new compound (7-chloroquinolin-4-yl)-(2-
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diethylaminomethylbenzyl)amine (4) which was isolated as a white powder after  

purification through column chromatography.11 

Compounds 1-4 were characterized using 1D (1H and 13C NMR) and 2D (COSY, HSQC 

and HMBC) NMR together with mass spectrometry (see experimental section). The 

proton and carbon NMR spectra of compound 4 with the signal assignments are shown in 

Figure 3 and 4 respectively. All other spectra can be found in Appendix. 

  

                                      

                                 

Figure 3. 1H NMR of compound 4 in CDCl3 
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     Figure 4. APT (13C) of compound 4 in CDCl3       
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 The new compound 5 was synthesized as follows (Scheme 5). 

 

 

 

 

 

 

 

                  

    
 
 
Scheme 5.  Preparation of compound 5                 

                                 

Compound 1 was synthesized by a nucleophlic substitution reaction on commercially 

available o-cyanobenzyl bromide in the presence of diethylamine.9 Diamine 2 was 

prepared by carrying out the nitrile group reduction of compound 1 with LiAlH4. 

Condensation of compound 2 with 4,7-dichloroquinoline in N-methyl-2-pyrrolidinone 

(NMP) produced (7-chloroquinolin-4-yl)-(2-diethylaminomethylbenzyl)amine (5), which 

was isolated as a yellow colored crystalline material after purification through column 

chromatography.  Compounds 1, 2 and 5 were characterized using 1D (1H and 13C NMR) 

and 2D (COSY, HSQC and HMBC) NMR together with mass spectrometry. 

 The proton and carbon NMR spectra of compound 5 with the signal assignments 

are shown in Figure 5 and Figure 6. (All other spectra can be found in Appendix) 
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Figure 5. 1H NMR of compound 5 in MeOD 
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    Figure 6.  13C NMR of compound 5 in CDCl3 

 

 After we had characterized and tested the antimalarial activity of compounds 4 

and 5, the synthesis and antimalarial properties of a related derivative containing a 

terminal dimethylamino group instead of diethylamino (Figure 7) was reported.12  

 

 
 

                
 
 
Figure 7. 4-aminoquinoline derivative having dimethyl side chain 
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5.3.2 Antimalarial activity evaluation in vitro 

  The antiplasmodial activity of the new compounds 4 and 5 was evaluated against 

a CQ-sensitive strain (D6) and three CQ-resistant strains (K1, K14, and Dd2) of 

Plasmodium falciparum in collaboration with Dr. Joseph Schrevel of the National 

Museum of Natural History in Paris. The most relevant results are summarized in Table 

1. Values in parentheses in red represent the relative activity in each case compared to 

CQDP for which an activity of 1.0 was assigned.  

         
Table 1. Antimalarial activity of new compounds 4 and 5 against P. falciparum 
 

      Strain  IC50 (nM) 
           CQ        comp 4        comp 5 

D6 19.1 (1.0) 18.18 (1.05) 7.23 (2.6) 
K1 645.47 (1.0) 63.74 (10.1) 62.8 (10.3) 

K14 1108.41 (1.0) 70.35 (15.7) 62.72 (17.6) 
Dd2 454.1 (1.0) 59.02 (7.7) 30.82 (14.7) 

IC50 = 50% Inhibitory Concentration (nM) 
Relative activity = IC50(CQDP)/IC50(compound) 
 
 

 In the case of the CQ-sensitive strain D6, the activity displayed by the new 

compound 5 is more than twice that of CQDP, while compound 4 has a comparable 

activity to CQDP. More importantly, the activities of compounds 4 and 5 against CQ-

resistant parasites (Dd2, K1 and K14) are notably higher than that of CQDP. In all cases 

compound 5 is more active than compound 4; also, compound 5 is about 18 times more 

active than CQ against the very resistant strain K14 and compound 4 is about 16 times 

more active than CQ. Hence, it is clear that the new organic molecules were able to 

overcome CQ resistance as postulated in our hypothesis. The related compound recently 
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reported by Chibale et.al. (Figure 7) is also active against CQ-sensitive and CQ-resistant 

P.falciparum.12 

 Once the activity was established, it was important to investigate the factors that 

determine the improved antimalarial potency of the new compounds 4 and 5, particularly 

against CQ- resistant strains, as well as the possible mechanisms of action. 

Considering that the principal motif in the new compounds is the 7-chloro-4-

aminoquinoline structure, it is reasonable to hypothesize that heme aggregation is 

retained as the target of action, as has been established for other drugs of this family. 

Also, our work on Ru-CQ complexes described in the first part of this thesis, led us to 

conclude that their improved antimalarial activity against CQ-resistant strains is related to 

a delicate balance of lipophilicity, basicity and structural details, where the lipophilicity 

and the structural features appear to play the most prominent roles. As a first step toward 

elucidating the importance of these factors in the activity of the new metal-free drugs we 

have evaluated some physicochemical properties of compounds 4 and 5, such as heme 

binding ability, heme aggregation inhibition activity at water/n-octanol interface, pKa and 

water-octanol distribution coefficients, and related those features to their antimalarial 

activity. 

5.3.3 Interaction with heme 
 
 As described in the first phase of this project, compounds targeting heme 

aggregation display affinity toward heme.  Recent studies on 4-aminoquinoline analogues 

of CQ also suggested that the 4-aminoquinoline nucleus appears to be essential for 

complex formation with Fe(III)PPIX.13 The interaction of compounds 4 and 5 with 
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monomeric Fe(III)PPIX was studied in 40% aqueous DMSO and 20 mM 2-(N-

morpholino)ethanesulfonic acid (MES) buffer ( pH = 4.9) at 250C.  

 The absorbance of the Soret band of hematin at 402 nm was monitored as a 

function of added drug concentration (Figure 8). Then the absorbance data at this 

wavelength were fitted to a 1:1 association model after corrections for dilution. The 

calculated values of log K (K = binding constant) for compounds 4, 5 as well as of CQDP 

under these experimental conditions are summarized in Table 2. 

 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Variation in absorbance of Fe(III)PPIX at 402 nm as a function of added drug 
concentration; (left) compound 4, (right) compound 5 
 

 

Table 2.  Binding constants for the interaction of compounds 4, 5 and CQDP to 
hematin at pH 4.9 
 
 
 

 

 

Compound log K 
CQDP 4.82 ± 0.02 

Comp 4 4.83 ± 0.01 
Comp 5 4.62 ± 0.01 
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 The log K value for the association of CQ with hematin under these experimental 

conditions (pH 4.9) is 4.82 ± 0.02 and very similar values are observed for compounds 4 

and 5 with the value for compound 5 being somewhat lower but within the same range.  

These results suggest that new compounds have a binding affinity with monomeric 

hematin, similar to that of CQ; the association most probably takes place through π-π 

interactions between the porphyrin and the quinoline rings of the compounds, plus 

electrostatic interactions under acidic conditions (possibly including cation-π 

interactions).14  However, these interactions alone cannot be the reason for the improved 

antimalarial activity of compounds 4 and 5 against CQ resistant strains, since the 

differences in IC50 values are not reflected by the very similar Log K values.   

5.3.4 Heme aggregation inhibition activity (HAIA) at water/n-octanol 

interface  

 The heme aggregation inhibition activity of the new 4-aminoquinoline derivatives 

4 and 5 at water/n-octanol interfaces was investigated by following the method in chapter 

3. HAI50 values for compounds 4 and 5 as well as for CQDP are summarized in Table 3.  

HAI50 is the drug to hematin ratio required to inhibit 50% of heme aggregation against a 

control experiment in the absence of drugs and the values in parentheses are the relative 

activity of each drug compared to CQDP.  
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Table 3 - HAI50 values obtained by carrying out heme aggregation inhibition assay at 
aqueous acetate buffer (pH = 4.9)/n-octanol interface of compounds 4, 5 and CQDP. 
Values in parentheses are the relative activity with respect to CQDP 

 

 

 
 

 
 
 
 We note that both compounds 4 and 5 have lower HAI50 values than the standard 

drug CQDP; this activity trend 5 > 4 > CQDP predicts compounds 4 and 5 to be more 

potent than CQDP. In the case of the CQ-sensitive strain D6 the activity of compound 4 

is about the same as that of CQ but 5 is notably more active. More importantly, our data 

demonstrate that the new compounds are consistently more active than CQ against all the 

resistant strains, in qualitative agreement with our prediction based on HAI50 values. 

However, as shown in Figure 9, the HAIA of compound 5 is about twice that of 

compound 4 but the antimalarial activities of 4 and 5 are very similar against the K1 and 

K14 strains and only in the case of Dd2 a direct correlation (2:1) is found with the HAI50 

values. Therefore, other factors must be contributing to the antimalarial activity.  
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Figure 9.  Correlation between HAI50 and antiplasmodial activity against CQ-resistant 
strains of Plasmodium falciparum K1 (left), K14 (center), and Dd2 (right) of 
compounds 4, 5 and CQ. 
 
 

Compounds HAI50 

CQDP 2.92 ± 0.30 (1.00) 

Comp 4 1.54 ± 0.06 (1.89) 

Comp 5 0.78 ± 0.01 (3.74) 
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 In summary, these results indicate that (i) heme aggregation is an important target 

of antimalarial action for 4 and 5. (ii) HAI50 values measured at water/octanol interface 

(pH 4.9) qualitatively predict the higher antimalarial activities of 4 and 5 in relation to the 

standard drug CQDP.  

 In order to gain a deeper understanding of the origin of the antimalarial properties 

of the new compounds, the factors governing accumulation of the drugs at the site of 

action (lipophilicity and basicity) were investigated.  

5.3.5 Lipophilicity and antimalarial activity 

 As mentioned in chapter 3, measuring the distribution coefficients of new 

potential antimalarial drugs is very important, because it is now believed that heme 

aggregation preferentially takes place near water/lipid interfaces15,16 within the acidic 

food vacuole of the parasite and thus, highly lipophilic drugs are associated with higher 

accumulation at such interfaces and consequently, higher activities. Also it is known that 

increased lipophilicity leads to a better ability to overcome CQ resistance.17-19 

 The distribution coefficients for compounds 4 and 5 were determined using the 

stir-flask method 20-22 at two pH values (4.9 and 6.6) that can be related to vacuolar and 

cytosolic conditions of the parasite, respectively. The corresponding D (pH) values are 

collected in Table 4.  

 
Table 4.  Values of distribution coefficient of new compounds at vacuolar (pH 4.9) and 
cytosolic pH (pH 6.6) 
 

 
 
 

Compound D (pH 4.9) D (pH 6.6) 

CQDP 0.15 ± 0.01 6.61 ± 0.64 

4 0.18 ± 0.01 7.17 ± 0.86 

5 0.64 ± 0.09 9.21 ± 0.78 
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 The lipophilicity trend at both pH 6.6 and 4.9 is 5 > 4 > CQDP. Compound 5 has 

the highest distribution coefficient at vacuolar pH (0.64), 4 times more lipophilic than the 

standard drug CQDP, whereas compound 4 displays only a moderate increase in 

lipophilicity with respect to CQDP. These trends are in line with the observed HAI50 

values (Figure 10); as the lipophilicity of the drug increases, the heme aggregation 

inhibition activity increases. Among the two new compounds, 5 displays the highest 

heme aggregation inhibition ability (HAI50 = 0.78) and it is the most lipophilic drug (D = 

0.64). This can be related to the fact that the effective concentrations of increasingly 

lipophilic compounds are higher near the interface where heme aggregation takes place 

and this must result in an improved heme aggregation inhibition activity.  

 

 

 

.                           

         

 

 

Figure 10. Correlation between partition coefficients and heme aggregation inhibition 
activity of chloroquine diphosphate and compounds 4 and 5 at an aqueous acetate buffer 
(pH 4.9)/n-octanol interface 
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This, in turn should be reflected in higher antiplasmodial activity as the lipophilicity of 

the drug increases. Figure 11 shows the relations between D values at pH 4.9 and IC50 

values for all the malaria strains studied. 

Figure 11.  Correlation between lipophilicity and antiplasmodial activity against (A) CQ-
sensitive strain D6 and (B) CQ-resistant strains of P. falciparum K1 (left), K14 (center), 
and Dd2 (right) of compounds 4, 5 and CQ. (Values for D from Table 4; values for IC50 
from table 1) 

 

In the case of the CQ-sensitive parasites D6 a linear correlation is found, whereas 

for the CQ-resistant strains a more dramatic increase in antiplasmodial potency is 

achieved upon increasing the lipophilicity. These observations agree with our postulates: 

(i) Enhanced lipophilicity leads to higher effective drug concentrations near the lipid 

nanospheres in the food vacuole, where heme aggregation takes place. This explains why 

both compounds are more active than CQDP against CQ-sensitive and CQ-resistant 

parasites. 
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(ii) As previously proposed by Warhurst,19 the more lipophilic drugs have a greater 

ability to avoid being extruded by the PfCRT and they are therefore able to overcome 

resistance.  

5.3.6 Basicity and antiplasmodial activity  

 In addition to lipophilicity, basicity also plays an important role in the 

accumulation of quinoline-based drugs at the acidic food vacuole of the parasite. In order 

to explore the effect of basicity on the antimalarial properties of compounds 4 and 5, the 

pKa values were determined from titration plots by following pH changes upon addition 

of 0.03M NaOH to a 1 mM solution of each compound in distilled water (Figure 12). 

 

 

 

 

 

 

    

 Figure 12.  Titration curves for protonated compound (left) 4 and (right) 5 with NaOH. 

 

 Since both compounds have three nitrogen atoms, three pKa values could be 

measured. pKa1 corresponds to the quinoline N atom, while pKa2  and pKa3 correspond to 

the tertiary N of the side chain and the NH nitrogen atoms, respectively. The pKa values 

of the new compounds and CQDP are summarized in Table 5.  
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Table 5.  pKa values of compounds 4, 5 and CQDP 
 

 

 

 

 

 Both compounds 4 and 5 are more basic than CQDP, following the trend 5 > 4 > 

CQDP. These results show that the incorporation of the electron donating fragments, 

arene or 1,4-cyclohexadiene into 4-aminoquinoline in compounds 5 and 4, respectively, 

modified the basicity properties in the desired direction. Therefore the new compounds 

will tend to accumulate inside the acidic food vacuole to a greater extent than the weaker 

base CQDP. That should translate into a higher heme aggregation inhibition activity 

under acidic conditions and, in aggrement with this prediction, the HAI50 values 

measured at aqueous acetate buffer (pH 4.9)/n-octanol interface of compounds 4, 5 

together with that for CQ follow a linear correlation with the pKa1 values as shown in 

Figure 13. 

 

 

Compound pKa1 pKa2 pKa3 

CQDP 9.69 8.12 5.10 

4 10.63 9.31 5.50 

5 10.93 9.38 5.15 
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Figure 13.  Correlation between pKa1 and heme aggregation inhibition activity of 
chloroquine diphosphate and compounds 4, 5 at an aqueous acetate buffer  
(pH 4.9)/n-octanol interface. 

 

The antiplasmodial activity measured on parasites also correlates with the basicity of the 

drugs, although not in a linear fashion (Figure 14). For the CQ-sensitive D6 strain the 

effect is small for compound 4 but marked for 5. 

 On the other hand, for all the resistant strains the increase in basicity is 

accompanied by a sharp increase in antiplasmodial activity, with respect to CQDP, but 

little difference between them. 
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Figure 14.  Correlation between basicity and antiplasmodial activity against (A) CQ -
sensitive strain D6 and (B) CQ-resistant strains of P. falciparum K1 (left), K14 (center), 
and Dd2 (right) of compounds 4, 5 and CQ. (Values for pKa1 from Table 5; values for 
IC50 from table 1) 
  

These results can be interpreted in the following manner:  

(i) In the case of CQ-sensitive parasites, compounds 4 and 5 may accumulate better than 

CQ at the acidic food vacuole and therefore they are more active. This effect combined 

with the influence of lipophilicity described above, may account for the difference in the 

behavior of 4 and 5.  

(ii) For CQ-resistant parasites, compounds 4 and 5 may not only accumulate better inside 

the food vacuole, but also they may not be extruded by PfCRT due to their modified 

structure and higher lipophilicity. In this case, the effective concentration of CQ will be 

drastically diminished by resistance and therefore the activity of 4 and 5 is much higher 

than that of CQDP.  
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One additional factor that may be taken into account is the vacuolar accumulation ratio, 

(VAR) another parameter that is sometimes used to predict the exent of drug 

accumulation inside the acidic food vacuole of the parasite. In general, higher VAR 

values are associated with better accumulation within the acidic food vacuole.  The VAR 

values of compounds 4, 5 and CQDP were calculated by using the equation of 

Henderson-Hasselbach, as described by Biot et al 23 and included in Table 6. 

 

                                  VAR = 10[log D (6.6) - log D (4.9)]                

                      

Table 6. The calculated VAR of compounds 4, 5 and CQDP 

Compound VAR 

CQDP 45 

4 40 

5 14 
  

The calculated VARs for compounds 4 and 5 are lower than that of CQDP. This would 

suggest that in spite of their higher basicity and lipophilicity, these drugs would 

accumulate to a lesser extent inside the heme aggregation site (food vacuole) of the 

parasite in the absence of other effects. Concerning this apparent inconsistency, Hawley 

et.al 24  pointed out that although amodiaquine (AQ) has a higher lipophilicity than CQ at 

pH 5.0, its calculated cellular  accumulation ratio (CAR)  value is lower than that of CQ, 

but the experimentally measured parasite CAR of AQ is much higher than that of CQ 

(see Table 7). 
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Table 7. A comparison of predicted and experimentally measured CAR’s for both AQ 
and CQ in P. falciparum (HB3 strain) 
 
 

 

 

              
CAR = VAR * fractional cell volume occupied by acid vacuole 
 

They further pointed out that the experimentally derived levels of drug accumulation 

were between 2- and 300-fold greater than could be predicted by the drug’s weak base 

properties across the four isolates they have studied. It would thus seem that calculated 

VAR or CAR values may not be very good predictors of actual drug accumulation at the 

site of action of antimalarial drugs. Unfortunately we do not have the capabilities for 

measuring CAR or VAR values, in order to compare experimental data with our 

calculated values, but for our discussion we rely on the relations between the observed 

IC50 values against malaria parasites and the experimentally measured lipophilicity, 

basicity and HAI50 values.   

 

 

 

 

 

 

 

 

Compound CQ 
 

AQ 
Predicted parasite CAR 

(HB3 strain) 1720 
 

587 
Experimentally measured 

parasite CAR 1823 
 

4336 
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5.4 Conclusion 

Two new organic compounds 4 and 5 were synthesized and characterized by 

1D/2D NMR spectroscopy, elemental analysis and mass spectrometry.  

Both compounds are more active than CQ in in vitro tests against CQ-resistant 

strains of P. falciparum (K1, K14 and Dd2) as well as a CQ-sensitive strain (D6). 

As other aminoquinoline drugs and our first series of Ru-CQ complexes, the new 

4-aminoquinoline derivatives 4 and 5 share heme aggregation as the main target. In 

comparison to the standard drug CQ, the presence of the 1, 4-cyclohexadiene or benzene 

moieties in compounds 4 and 5 modifies the pharmacological behavior of the parent drug 

by enhancing the lipophilicity and basicity, which are responsible for a high 

accumulation of the drugs inside the acidic food vacuole of the parasite and for 

overcoming CQ resistance. This leads to improved antimalarial activity against CQ-

resistant strains of Plasmodium falciparum, and to a lesser extent, against CQ-sensitive 

parasites.  

In conclusion, our studies demonstrate the validity of our hypothesis: that the 

structural and physicochemical modifications of 4-aminoquinoline imposed by the 

presence of a lipophilic substituent as a side chain lead to an enhanced activity against 

malaria parasites, while retaining heme aggregation as the main target of action. 
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5.5 Further Prospects: 

Compounds 4 and 5 as potential ligands for ruthenium 

Since the new molecules 4 and 5 could also serve as ligands for metals, as an 

additional aim we attempted to coordinate them to ruthenium.                  

 Biot and his coworkers25 have shown that ferroquine (Figure 2A) is able to 

overcome CQ resistance.  In FQ, the organoiron moety is covalently linked to the side 

chain of CQ through a C-C link without blocking the basic N atoms. Moss also 

achieved variations of metalloquines by introducing organic groups in the side chain of 

the structure (Figure 15 - M = Fe, Ru) 26 but their antiplasmodial activities were lower 

than those of ferroquine although higher than the standard drug CQ. 

 

 

 

 

                     

 

Figure 15.  The structure of Moss’ metalloquines; M = Fe, Ru 

 

 

 Although the concept of covalently linking metal containing fragment to the 

side chain of CQ-like molecules is very interesting, the molecular design of ferroquine 

and related compounds suffers a notable disadvantage, which is that the coordination 

sphere of the metal is not amenable to easy modification, due to the stability of the 

“sandwich” structure. Therefore, it is difficult to produce families of compounds for 

structure-activity correlation studies or for drug improvement. Consequently, there is a 
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need for other covalently linked metal derivatives offering wider design possibilities 

for CQ-derived drugs targeting heme aggregation.  

Our target compounds, generically represented in Figure 16, represent an 

innovative and more promising approach. Two particular advantages must be noted:  

(1) The design retains the benefit of incorporating Ru to CQ through a covalent C-C link, 

which will increase the lipophilicity without reducing the basicity of CQ; and  

(2) The structure includes additional ligands at Ru (L1-L3 in Figure 16) that can be 

systematically varied, thereby opening the way to structure-activity correlation studies.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Covalent link molecular design; our target compounds 

 

Retrosynthesis of starting material and synthesis of target complexes 
 
 The first approach would be to synthesize the desired [RuCl2(η6-arene)]2 complex 

(scheme 6- structure 6) as a starting material to synthesize a variety of target molecules 7, 

8 and 9 as shown in scheme 7. The most general method for preparing ruthenium 

complexes of the [RuCl2(η6-arene)]2 type is the reaction of the corresponding 1,4-

cyclohexadiene derivatives with ruthenium(III) chloride in alcoholic media.27 The 

dimeric π-arene-Ru derivative 6, which would serve as our main starting material, might 
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be prepared through dehydrogenation of the cyclohexadiene 4 by RuCl3.3H2O in boiling 

alcoholic medium (Scheme 6). 

 

 

 

 

 

         

 

Scheme 6.  Proposed retrosynthetic pathway of the starting material 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 7.  Proposed synthesis of covalently linked arene bonded Ru-CQ complexes. 
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 This method was first published by Bennett (Chapter 2, Figure 3). Haquette and 

his coworkers also followed Bennett’s method successfully to synthesize this type of 

complexes bearing η6-arene ligands with pendant maleimide or chloroacetamide 

groups.28  

 The synthesis of the starting material 6 through dehydrogenation of the 

cyclohexadiene derivative 4 by RuCl3.H2O in boiling ethanol was attempted, but 

unfortunately no sign of a reaction was observed even after the reaction mixture was 

refluxed for 48 h (recovered starting material). As a second attempt compound 4 was 

refluxed 4 h in 2-methoxyethanol which has a higher boiling point (1250C) in the 

presence of RuCl3.H2O. According to the 1H NMR spectrum of the crude product, the 

signals for the diene protons disappeared, indicating that a dehydrogenation reaction may 

have taken place, but the spectrum revealed a complex mixture. This may be due to the 

decomposition of the product at the high temperature employed. So the reaction was 

repeated by reducing the reaction time in 2-methoxyethanol. The separation of the 

reaction mixture was attempted using column chromatography, but this method was not 

successful, due to decomposition of the product on the column.  

 Since 4 contains three basic nitrogen atoms the probability of ruthenium to 

coordinate to any or all of them must be envisaged as side reactions. In order to suppress 

this possibility the nitrogen atoms in 4 were protonated by stirring in methanol for two 

hours with 3eq of HBF4, followed by refluxing the reaction mixture in ethanol in the 

presence of RuCl3 in order to promote diene dehydrogenation. However, there was no 

reaction under these experimental conditions and the protonated compound 4 could be 

recovered at the end of the reaction.  
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 Since the dehydrogenation step was not applicable to this compound, an 

alternative approach was envisaged to synthesize target compounds 7, 8 or 9. Reducing 

agents like Zn powder have been successfully used by the group of Dr. Sanchez-Delgado 

in 1996 to reduce Ru(III) to Ru(II) in the presence of CQ when preparing [RuCl2(CQ)]2.29 

As shown in Scheme 8 two CQ molecules coordinate to two Ru(II) ions, when the 

reaction was carried out by refluxing the mixture in methanol in the presence of RuCl3 

and Zn. 

 

         

 

                                       

 

 

Scheme 8.  Preparation of [RuCl2 (CQ)]2.29 

 

Also, in the first phase of this project we synthesized an arene-Ru-CQDP complex 

(compound 10) containing a π-bonded CQDP ligand, as shown in Scheme 9.30  

      

                                    

 

 

                                 

 

 

                           

Scheme 9.  Preparation of compound 10 30 
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 Therefore, there is a possibility of synthesizing the target molecule 7 from 5 by 

using the reducing agent Zn and RuCl3.H2O, in the presence of a stabilizing ligand ‘L’ 

(e.g; L = MeOH). The synthesis of target compounds 8 and 9 from compound 7 can be 

envisaged by use of AgBF4 and stabilizing ligands. The synthetic strategy proposed for 

compounds 7, 8 and 9 from 5 is shown in Scheme 10. 

Scheme10.  Proposed synthesis of complexes 7, 8 and 9 

 

 

 As a first attempt, compound 5 was refluxed in methanol for 52 h in the presence 

of RuCl3.H2O and excess Zn.  More than one product was observed in the NMR spectra, 

including a complex possibly having ruthenium bonded to the quinoline nitrogen atom. 

Separation of the product mixture using column chromatography, extraction or 

crystallization was unsuccessful.          

 Since the basic nitrogen atoms are available for coordination to ruthenium, it is 

possible that the N-bonded products are favored over the desired π-bonded species. In 

order to avoid nitrogen coordination, protonation of the basic nitrogen atoms of 
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compound 5 using HBF4 was performed in methanol, to get compound 11 (Scheme 11). 

Then 11 was refluxed in methanol for 48h in the presence of Zn and RuCl3.H2O.  

 

 

 

Scheme 11.  Protonation of compound 5 

 

           

                          

Figure 17.  1H NMR of compound 11 in MeOD 

 

 The 1H NMR spectrum obtained for the final product with the signal assignment 

is shown in Figure 18. The final product was yellowish green in color and the proton 
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signals are somewhat broader indicating that traces of ruthenium are present as 

paramagnetic Ru(III). The conductivity of a freshly prepared 1 mM solution of this 

compound in methanol was 124.7 µScm2Mol-1, a value typical of a 1:1 electrolyte. The 

IR spectrum of compound 11 clearly showed a peak for BF4
- in the IR spectrum which 

disappeared for this unknown product.  

 

Figure 18.  1H NMR of the product obtained by the reaction of compound 11 with RuCl3 
in the presence of Zn. 

 
 

 

It was difficult to identify any protons in the NMR spectrum of the unknown 

compound in DMSO which were bonded to the quinoline nitrogen atom or the tertiary 

amine.  All the other proton signals of the compound shifted upfield compared to the 1H 
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signals of compound 11 in MeOD. All these observation suggest that, probably 

deprotonation took place due to the long reaction time in the presence of Zn metal.  

Nevetherless, the proton signals for H2, H3 and H8 of the unknown compound 

shifted downfield by 0.155, 0.128 and 0.366 ppm, respectively, compared to those of 

unprotonated compound 5, indicating that ruthenium might be binding to the quinoline 

nitrogen. The ∆δ values of other signals are less than 0.09ppm, and there were no 

considerable chemical shift changes of the 13C NMR signals of the unknown compound 

with respect to those of compound 5.  These data do not allow a correct identification of 

this complex.  

Since the time allocated for this project ended, the bench work was stopped at this 

point and the aim of preparing Ru derivatives of 4 and 5 was left for future work in our 

laboratory.  
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Appendix  
Chapter 2 

 

Optimized structure of complex 1 in gas phase (Ru binds through quinoline N) 
Energy = - 1713018.76 kcal/mol 

 

 
 
 
 
 
 
 
 
 
 
 
 
Optimized structure of complex 1 in gas phase (Ru binds through side chain N) 
Energy = - 1713015.68 kcal/mol 
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Optimized structure of complex 1’ in gas phase (Ru binds through quinoline N) 
Energy = - 1472064.89 kcal/mol 
 
 
   

 
 
 
 
 
 
 
 
 
 
Optimized dtructure of complex 1’ in gas phase (Ru binds through side chain N) 
Energy = - 1472046.75 kcal/mol 
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Optimized structure of complex 2 in gas phase (Ru binds through quinoline N) 
Energy = -1614337.21 kcal/mol 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Optimized structure of complex 2 in gas phase (Ru binds through side chain N) 
Energy = - 1614332.61 kcal/mol 
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Optimized structure of complex 2’ in gas phase (Ru binds through quinoline N) 
Energy = - 1373380.22 kcal/mol 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Optimized structure of complex 2’ in gas phase (Ru binds through side chain N) 
Energy = -1373362.01 kcal/mol 
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Optimized structure of complex 3 in gas phase (Ru binds through quinoline N) 
Energy = - 1231029.08 kcal/mol 
 

 
 
 
 
 
 
 
 
 
 
 

 

Optimized structure of complex 3 in gas phase (Ru binds through side chain N) 
Energy = - 1231012.63 kcal/mol 
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Optimized structure of complex 4 in gas phase (Ru binds through carbocyclic ring) 
Energy = - 1135327.50 kcal/mol 

 

 
 
 
 
 
 
 
 
 
 
 
 
                             
Optimized structure of complex 4 in gas phase (Ru binds through heterocyclic ring) 
Energy = - 1135305.15 kcal/mol 
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