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ABSTRACT 

 

A variety of dithiophosphonate and bis(dithiophosphonate) compounds were synthesised from the 

reaction between a dithiophosphetane disulfide dimer, [P(4-C6H4OMe)S(S)]2, commonly referred to 

as Lawesson’s Reagent (LR), and alcohols. The LR was symmetrically cleaved by nucleophilic attack 

from primary or secondary alcohols, as well as diols. The alcohols used include isosorbide, 1, 4 

cyclohexanol, 2-hexanol, isomannide, 2-butene 1, 4-diol, 2-methyl-cyclohexanol and 2-methyl- 3 

hexanol. The reaction of alcohols with LR resulted in the replacement of the P ̶ S bond by a P ̶ O bond 

due to the oxophilic nature of the phosphorous atom and consequent formation of dithiophosphonic 

acids (pKa ~ 3-4) which were then readily deprotonated by ammonia gas to form the corresponding 

ammonium dithiophosphonate and bis(dithiophosphonato) ligand salts of the form NH4[S2PR(OR’)] 

and (NH4)2[S2PR(OR’O)PS2R] respectively where (R = 4-C6H4OMe, and R’ = a spacer portion from a 

diol). The ligands were further reacted with aqueous metal nitrate salts of zinc(II), cadmium(II) and 

silver(I) precipitating copious amounts of dinuclear complexes with yields of at least 70% in most 

instances. 

The characterisation of the compounds was achieved using solubility, stability, colour, melting point 

and several techniques which included FT-IR, mass spectrometry, 1H-NMR, 13C-NMR, 2D-NMR and 

31P-NMR and SC-XRD. The 31P-NMR spectra revealed singlet peaks indicative of a single 

phosphorous centre or equivalent phosphorous centres which were typically in the range ca. 90-110 

ppm, values which are consistent with dithiophosphonate chemical shifts. Crystals of Cd(II) [3B] and 

Zn(II) [3C] complexes were successfully grown and subjected to single-crystal XRD analyses. The 

structures of the cadmium(II) and zinc(II) complexes were confirmed by SC-XRD as dinuclear 

complexes with an inversion centre within the molecular structure and comprising three ring 

structures including an eight-membered ring consisting of the metal, sulfur and phosphorus atoms, 

The dinuclear core M2S4P2 formed via bridging of the ligands with the two metal centres and with a 

distorted tetrahedral geometry around the metal atoms. The Zn(II) and Cd(II) dinuclear metal 
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complexes had formulae of [Zn2{S2PR(OCH2HC=CHCH2O)PS2R}2] and 

[Cd2{S2PR(OCH2HC=CHCH2O)PS2R}2], respectively, where (R =4-C6H4OMe).  

The synthesised dithiophosphonate ligands and complexes were subsequently investigated as 

antimicrobial agents against Methicillin resistant Staphylococcus Aureus, Staphylococcus Aureus, 

Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia Coli and Salmonella Typhimurium 

bacterial strains. In general, the metal complexes were found to be more efficacious than the 

ammonium salts against these virulent bacterial strains. Silver(I) complexes were the most effective, 

consistent with the general observation that silver is a good antibacterial agent while cadmium 

generally had poor effectiveness. The most susceptible bacteria was Klebsiella pneumoniae, while the 

most resistant bacterial strains were Salmonella Typhimurium and Escherichia Coli. Most compounds, 

especially ammonium salts, were ineffective against these two bacterial strains in particular 

Salmonella Typhimurium. In general, each of the synthesised compounds had some degree of 

antibacterial activity against at least two strains. 
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 CHAPTER 1 

 

 INTRODUCTION 

1.1 An overview of dithiophosphonate compounds 

Approximately 1 wt.% of the human body consists of the element phosphorus,1 which is essential for 

the existence of all life forms as part of the phosphate group found in genetic Ribonucleic acid (RNA) 

and Deoxyribonucleic acid (DNA) codes.2 Ironically, phosphorus is also central to the most toxic and 

infamous synthetic poisons in the form of nerve gases that have been used in previous conflicts and 

terrorist attacks.3  

The phosphor-1,1-dithiolate class of compounds contains the S2P functionality, and comprise the 

dithiophosphates, dithiophosphinates, and dithiophosphonates.4 The phosphor-1,1,-dithiolato set of 

ligands can coordinate to most main group and transition metals, resulting in various coordination 

patterns. The chemistry of dithiophosphates has flourished,5,6 unlike the closely related 

dithiophosphinates and particularly the dithiophosphonates whose development has not been as 

forthcoming. Dithiophosphonates are a class of S-donor ligands7 which have been studied since the 

beginning of the twentieth century.8 The synthesis of dithiophosphonates is relatively easy because it 

is driven by the oxophilic nature of the phosphorous resulting in the P ̶ S bond being replaced by a P ̶ 

O  bond via a nucleophilic attack a property which has proven indispensable in the synthesis of these 

ligands in this chemistry.6 The versatility of the ligands from these compounds produces a broad 

variety of coordination patterns which lead to a great diversity of molecular and supramolecular 

structures.4 There are numerous other sulphur or phosphorous containing ligands which are beyond 

the scope of this research and they include dithioarsinates, dichalcogenoimidodiphosphinates and 

dithioimidodiphosphinates.9 
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1.2 Lawesson’s Reagent 

1.2.1 The history of the synthesis of Lawesson’s Reagent 

Thiophosphorus compounds are an important class of S-donor ligands.10 Diphosphetane disulphides 

were first reported in the mid-1950s by Fay and Lankelma although the synthetic method and 

characterisation was only reported in 1962. Initially the synthesis of such dimers involved 

inconvenient and hazardous methods involving the introduction of H2S at 210ºC into PhP(S)Cl2. The 

reaction was extremely exothermic and also released copious amounts of corrosive HCl as a by-

product11 as represented by Scheme 1-1 

 

Scheme 1-1: The synthesis of a diphosphetane disulfide dimer 

An safer improved and simpler methodology was devised by Lawesson et al. in 1978 to succeed this 

inconvenient method to form a new related dimer [RP(S)S]2 (R = 4-C6H4-OMe) in which anisyl took 

the convenient dual role of being the reagent as well as the solvent as shown in Scheme 1-2. 

 

Scheme 1-2: The synthesis of Lawesson’s Reagent. 

In these reactions the diphosphetane disulfide dimer is synthesised when electron rich aromatics like 

anisole, phenetole and ferrocene are reacted with P4S10.Woollins and co-workers introduced 

ferrocene12 as a substitute for an electron rich aromatic such as anisole in performing similar 

electrophilic substitution chemistry.6 A selenium analogue now generally known as Woollins’s 

Reagent (commercially available) has gained popular use as an excellent selenation reagent 

introducing selenium into organic compounds via both electrophilic and nucleophilic pathways.12–14 
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Several other LR analogues are now available including flourous  LR reagents which are less 

odiferous than regular LR.15 Zwitterions have also been reported when aminoalcohols and ferrocenyl 

Lawesson’s Reagent (FcLR) were reacted.5,16 Figure 1-1 shows Lawesson’s Reagent and some of its 

analogues, (A-E) 

 

Figure 1-1: Lawesson’s Reagent and its analogues 

 

1.2.2 Reactions of Lawesson’s Reagent 

LR has found use as a good thionation reagent in the conversion of ketones, amides, and esters into 

their thio-analogues.6,13,17,18. It is a commonly preferred powerful thionation agent when compared to 

classical thionation agents such as P2S5 and P4S10.19 The availability, high yields and usage for soft 

thionation reactions are among the reasons that  contribute to the popularity of LR in these thionation 

reaction, in addition, LR is also commercially available.20 The main thermodynamic driving force 

behind the success of LR as a thionation reagent is the oxophilic nature of the phosphorus centre.  

Lawesson’s Reagent (LR) is also an important starting material for the synthesis of 

organodithiophosphorus compounds.21 Under suitable conditions LR can undergo a ring opening 
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reaction by nucleophilic attack.10 The use of LR as an excellent precursor to form dithiophosphonic 

acids which are then converted to ammonium salts as shown by Scheme 1-3 is now well established.22 

 

Scheme 1-3: The synthesis of dithiophosphonate salts from Lawesson’s Reagent 

Dithiophosphonic acids (DTPs) are formed in a relatively straightforward reaction between LR and 

primary and secondary alcohols, but not with tertiary alcohols, as there is a tendency of elimination 

reactions to occur. An example is tert-butanol which eliminates isobutene. However, the dimer does 

react with triphenylsilanol (a silicon analogue of a tertiary alcohol) to eventually give the DTP 

salt.16,23 Trialkylsilyl alcohols also work well with no elimination reaction.6,24 Other reactions of LR, 

with carboxylic acid chlorides, esters, acetals, epoxides, sodium alkoxide, and thiols have been 

reported.5,16 Halogen-containing alcohols also form the DTP acid as expected, but the subsequent 

reaction with ammonia to form an ammonium salt has a tendency of resulting in dehydrohalogenation 

instead of the anticipated deprotonation of the acidic S-H moiety.24 

With the development of dithiophosphonate chemistry, a great variety of dithiophosphonic acids  have 

been synthesised by reacting LR with various types of alcohols.4,25,26 Other researchers have 

synthesised dithiophosphonate derivatives using other analogues of Lawesson’s Reagent as to explore 

the properties of the resultant ligands and complexes. Pillay et al. reacted the ferrocenyl analogue of 
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LR with ethanediol, trans-1,2-cyclohexanediol, and pentaerythritol to form the respective 

dithiophosphonic acids as stable di-ammonium salts in high yield.22 The products of the reactions with 

alkanediols showed two bridging dithiophosphonic acids with the formation of a ligand with four S 

atoms for coordination.26,27 Other diols such as 2,2 dimethyl-1,3 propanediol and 2,2’ biphenol have 

also been used, and characterised by mass spectroscopy as well as 31P, 13C and 1H-NMR.25  

The use of diols in this chemistry is interesting in that it offers new perspectives in forming 

dithiophosphonates because they introduce two monoanionic dithio moieties in close proximity on the 

same molecule, as shown in Figure 1-2. They also introduce stereoisomerism into the ligands and 

complexes resulting in less predictable and interesting molecular structures when compared to other 

“flat diols” for example 1,2-dihydroxybenzene. There is also increased ligand flexibility due to 

several sp3 hybridized atoms.28 

 

Figure 1-2: An ammonium bis (dithiophosphonate) salt showing two monoanionic dithio moieties. 

Shabana reported the synthesis of bis-anisyldithiophosphonic acids from aliphatic and aromatic diols 

but without isolating the acids contrary to his expectations, but instead the products of elimination of 

hydrogen sulphide namely 2-aryl-1, 3, 2-diox- aphospholane-2-sulfides, cyclic 

trithiopyrophosphonates, and thioacetamide.29 He also reported the reaction of LR with aromatic ortho 

dihydroxy compounds in toluene at reflux temperature giving rise to 1,3,2-dioxaphos- pholane-2-

sulfide derivatives.30 Bis-dithiophosphonic acids were also successfully obtained by reacting diols 

with anisole LR.25 

Recently new synthesis methods have been reported. A one-pot synthesis of nickel(II) 

dithiophosphonate complexes by reacting LR and NiCl2 dissolved in the appropriate alcohol, instead 
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of first synthesising the dithiophosphonic acid as expected. Environmental considerations have also 

taken centre-stage with the advent of green chemistry culminating in the use of solvent-less 

techniques like mechanochemistry in the synthesis of DTP to minimise the environmental impact of 

the fossil derived solvents for example n-hexane, toluene and benzene while also improving the atom 

efficiency of the processes.31 

 

1.3 Dithiophosphonate ligands: nomenclature, bonding, resonance, structures and coordination 

Dithiophosphonates are well known bidentate ligands26 though relatively rare in literature compared 

to the other phosphor-1, 1-dithiolates, the dithiophosphates and dithiophosphinates.4,22 The systematic 

naming (nomenclature) of the class of the ligands that are the subject of this dissertation has been 

inconsistently used in literature. The compounds have been indiscriminately referred to as 

phosphonodithiolates, organodithiophosphonates or dithiophosphonates.6,13,16 This inconsistent use of 

names has often resulted in confusion.32 Systematic names are seldom used as they are cumbersome, 

instead the so-called “preferred IUPAC names” (PIN) are used. This PIN  refers to a preferred name 

among two or more IUPAC names, however, other names can still be used regardless.5 Phosphor-1, 1-

dithiolato compounds include phosphorodithioates, phosphonodithioates and phosphinodithioates 

which correspond to dithiophosphates, dithiophosphonates and dithiophosphinates, respectively, 

which are commonly used names. Figure 1-3 shows the structures of the different types of phosphor-

1, 1-dithiolate. Dithiophosphonate ligands can be thought of as “hybrids” of dithiophosphinates and 

dithiophosphates. One of the key features of the dithiophosphonates is that they are asymmetric 

thereby enabling the formation of stereoisomers, unlike dithiophosphonates and dithiophosphates.   

 

Figure 1-3: Types of phosphor-1, 1-dithiolates. 
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In the interest of clarity, the term “dithiophosphonates” will be used throughout this dissertation or 

“dithiophosphonato” when referring to the free monoanion, typically in the context of the 

deprotonated acid. 

In dithiophosphonic acids, the electrons can be situated at one of the sulphur atoms resulting in a 

monodentate binding configuration, or they can be delocalized between the S-P-S atoms, producing a 

bidentate ligand in the same structure. In literature P-S bonds of ca 2.0 Å and longer are classified as 

single bonds while bonds shorter than 1.95 Å are classified as double bonds.33 Depending on the metal 

type and the oxidation state several resonance structures shown in Figure 1-4 are possible upon 

complexation.6 Such versatility in dithiophosphonate binding modes has motivated the application of 

such ligands in supramolecular chemistry.13 In this branch of chemistry, the ligand’s ability to provide 

strongly covalent and secondary dative coordinative interactions which bridge several metal centres is 

exploited. The supramolecular structures produced rely on the coordination geometry of the metal and 

also the functional groups present.34 

 

Figure 1-4: Resonance structures of dithiophosphonato ligands. 

The S-P-S group can behave as isobidentate35 (symmetrical) or anisobidentate36 (unsymmetrical), both 

in chelating and bridging situations. The dithiophosphorus ligands display various coordination 

patterns, which include, monodentate, bidentate chelating and bridging.9 

These different coordination patterns lead to a great diversity of molecular and supramolecular 

structures.4,9 It is known that a considerable number of dithiophosphonates and their metal complexes 

have been synthesized in a straightforward manner using Lawesson’s Reagent (or any of its 

analogues) and its respective alcohols via a ring opening  nucleophilic attack as mentioned earlier.37 

The major coordination patterns include mono- to tetranuclear metal centres and from mono- to tetra-
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connectivity with some of the known and potential coordination bonding modes of dithiophosphonato 

ligands being shown in Figure 1-5 

 

Figure 1-5: Various known and potential coordination bonding modes of dithiophosphonato ligands 

towards dithiophosphonate complexes. The most common bonding modes have been highlighted. 

The dithiophosphonato ligand, [S2PR(OR’)] ¯ is of interest and can still be considered comparatively 

rare in literature compared to the dithiophosphonates and the dithiophosphinates. The synthesis of 

dithiophosphonates is relatively easy to conduct and therefore many new complexes can be 

synthesised using almost any primary and secondary alcohol or hydroxy moiety. Such new complexes 

typically have slightly different properties compared to similar complexes with the dithiophosphonato 
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ligand. The asymmetric nature of the ligand allows for the synthesis of isomers which may result in 

applications in medicine and technology where isomerism can play a role in the antibacterial efficacy 

of a compound.38  

Metal complexes with sulfur ligands are significant in the investigation of biological metal–sulfur 

interactions as models.39 As with many other thiophosphorus compounds, the DTPOAs are prone to 

form complexes with transition metals,23 though no alkali metal or group 3 metal complexes are 

known, unlike the well-developed dithiophosphates.5 Group 10 and group 12 metal cations are known 

to form stable complexes with DTPO, which is dominated by Ni(II) complexes.40 In most cases, their 

complexes form trans isomers with a crystallographic inversion centre present within the molecule 

which can be attributed to steric effects. The first cis isomer was of a Ni(II) dithiophosphonate 

complex formed from aminated LR and Ni(II). This complex was stabilized in the solid matrix by 

extensive hydrogen bonding involving the released ethylenediamine and a water molecule.5 

Eight membered group 12 complexes that adopt dimeric M2L4 structures have been reported.26 

Examples in literature show various group 12 metal dithiophosphonate complexes of 

dithiophosphonates exhibiting dimeric structural motifs in virtually all cases in which eight membered 

M2P2S4 rings occur. They have two terminal bidentate ligands each bound to one metal atom via both 

sulfur atoms, while the other two act as bridging ligands with their sulfur atoms binding to two 

different metal atoms as shown in Figure 1-6 

 

Figure 1-6: The quintessential structure of dinuclear cadmium(II) and zinc(II) dithiophosphonate 

complexes, binding in a 1:2 molar ratio. 
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However, literature is devoid of examples of confirmed molecular structures of bis-

dithiophosphonates complexes. Earlier studies conducted on bis-dithiophosphonate complexes of 

group 12 metals (cadmium and zinc) suggested an equilibrium with a rapid exchange between 

monomeric and dimeric structures.26,41,42 Figure 1-7 shows the monomeric and dimeric forms 

suggested. 

 

Figure 1-7: Monomeric and dimeric complex structures in solution. 

The complexation properties of bis(dithiophosphinates), bis(dithiophosphonates) and 

bis(dithiophosphates), especially containing functionalized bridging moieties, have been much less 

investigated.42 Physicochemical properties of bis-dithiophosphonic acids are particularly interesting 

since as bidentate chelating ligands they are able to produce much more stable complexes with metal 

ions.39 However, in general, metal complexes of dithiophosphonates are particularly vulnerable to 

hydrolysis, the ligand progressively becomes oxidized, especially during prolonged crystal growth, 

resulting in substitution of a terminal P=S bond with a P=O bond, presumably due to moisture or 

dissolved oxygen present in the solvents.5  

Group 11 dithiophosphonate complexes including gold(I) and silver(I) form dimeric, eight- membered 

rings, containing two bridging dithiophosphonato ligands like the previously mentioned group 10 

metal complexes43, as shown in Figure 1-8. 
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Figure 1-8: The structure of dinuclear silver(I) dithiophosphonate complexes. 

1.4 The application of dithiophosphonates 

Dithiophosphonates are an important group of compounds that have found applications in technology, 

agriculture and medicine44 as precursors in materials chemistry, and reagents in biological and 

medicinal chemistry.36 These commercial applications of dithiophosphonates exploit the ability of the 

ligand to form stable metal chelates.13 

 

1.4.1 Technological, industrial and agricultural applications 

Thiophosphorus species are used in a variety of applications encompassing technology, agriculture 

and industry as nematicides, vulcanization accelerators, stabilisers for polymer compositions, 

insecticides, chemical warfare agents, metal ore extraction reagents, flotation agents for mineral ores, 

antiwear agents, fireproofing agents,45,46 as antioxidants in extreme pressure engine lubricants and in 

plastics.5,13,32,33,37,39,47 While metal phosphate chemistry has flourished owing to its relative ease of 

synthesis and diverse applications which include photophysics, microelectronics, catalysis, sensors, 

ion exchanges and materials, applications of the heavier dithiophosphonate ligands are not as 

plentiful. The commercial unavailability of this ligand and sensitivity towards hydrolysis may be a 

reason for its scarcity in applications.6,13,17 

The insecticidal activity of dithiophosphonates against Plutella xylostella, a polyphagous insect, quite 

prevalent in the vegetable crops of northern India has been investigated where novel 
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dithiophosphonate (DTP) complexes exhibited substantial insecticidal activity. Some of the 

compounds were found to be more effective than endosulfan, a common but environmentally 

dangerous insecticide.47 

Kir et al. devised a method of utilising solid liquid membranes in a single stage to achieve 

simultaneous extraction, stripping, and regeneration operations. Their investigation used supported 

liquid membranes with dithiophosphonates dissolved in methanol, dichloromethane, chloroform and 

tetrachloromethane as mobile carriers in the facilitated transport of toxic heavy metals for the 

selective removal and recovery of toxic metals like mercury and nickel.45 Phosphorus-1,1-dithiolates 

have also been used to synthesise liquid transition metal complexes for use in the preparation of thin 

layers by chemical vapour deposition (CVD) of polymer-inorganic nanocomposites.23 

Some bis-dithiophosphonic acids also form cyclic disulfides,22 with potential use in thiol-disulfide 

interchange reactions which is a process of great biochemical significance.39 

Gold(I) thiolate complexes have been used in a variety of applications in modern technology such as 

photosensitizers for photographic emulsions and luminescence-based chemical sensors.7 Numerous 

gold(I) dithiophosphonate complexes have luminescence properties at 77K. It would appear that this 

luminescence is determined by the presence of intermolecular interactions in a series of 

dithiophosphates and dithiophosphonates in the form of Au…Au interactions in the dinuclear 

complex.22,52 Potential applications are also being developed for aurophilic bonds and possible 

biological functions.51 

 

1.4.2 Medical applications 

In recent years the outbreak of new and re-emerging infectious diseases has posed a significant burden 

on global economies and public health. The growth of population and urbanization along with poor 

water supply and environmental hygiene are usually cited as the possible reasons for this increase in 

outbreaks.52–54 Multidrug-resistant bacteria have become more prevalent in the past few decades 

which has been blamed on the careless use of antibacterial agents55 resulting in bacteria resistance.56 
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Transmission of infectious pathogens to the community has caused outbreaks of diseases in 

developing countries, as well as developed countries.57 

In response to the reduced number of effective antibacterial drugs, it is imperative to develop new 

drugs to combat these bacteria. Lawesson’s Reagent has been instrumental in the thionation of 

cephalosporins and penicillins to produce β-thiolactams as the bacteria has developed resistance to  β-

lactam antibiotics by producing β-lactamase enzymes.58 Although there are numerous 

dithiophosphonates, only few antibacterial activity studies related to this class of compounds are 

present in literature.37,59 Thiophosphonoformic acid (TPFA), a thio-analogue of the anti-viral agent 

phosphonoformic acid (PFA), synthesised after thionation with LR, has been found to inhibit human 

immunodeficiency virus (HIV-1) reverse transcriptase.60 

Several studies have proven that some DTPs have greater efficacy than common antibacterial agents 

like vancomycin. Investigations by  Aydemir et al. revealed that amidodithiophosphonate and 

dithiophosphonate compounds with more ionic character were more effective during an investigation 

carried out on several gram positive and negative bacteria which also included Methicillin resistant 

staphylococcus aureus (MRSA).59 The studies also showed that complexes are generally more 

effective than free dithiophosphonates. In another study, Ni(II) complexes displayed greater efficacy 

against gram negative bacteria compared to the free ligands.61 The heavy metals within the complexes 

react with the proteins by combining the thiol (SH) groups, thereby inactivating the proteins.37 A 

combination of historical antibacterial metals, for example silver, in complexes with 

dithiophosphonates is anticipated to have significant antibacterial action. 
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1.5 Hypothesis, aims and objectives of this study 

 

Hypothesis 

Dithiophosphonate complexes of silver, cadmium and zinc compounds are well known dinuclear 

complexes. Zn(II) and Cd(II) complexes form an eight membered ring of M2S4P2 with the ligand 

behaving as chelating and bridging ligands between the two metal centres. However the crystal 

structures with bis(dithiophosphonate) ligands are yet to be reported. It is anticipated that the 

synthesised complexes will also be dinuclear complexes with ligands forming chelating and bridging 

coordinations with the metal centres as reported. In this research two of the five alcohols are diols, 

namely 2-butene 1, 4 diol and 1, 4 cyclohexanediol. There will be used to synthesise 

bis(dithiophosphonate) ligands for complexation with Ag(I), Cd(II) and Zn(II) and thereafter grow 

high quality single crystals for use in SC-XRD. Some dithiophosphonate compounds have been 

shown to have antibacterial properties against some common bacterial strains, the newly synthesised 

DTPs are expected to have some degree of activity against similar bacterial strains. 

 

Aims 

 To synthesize new dithiophosphonate ligands and their silver, zinc and cadmium complexes. 

 To determine the structures of the synthesised compounds using SC-XRD. 

 To determine the antibacterial properties of the synthesised compounds. 

  

Objectives:- 

 Fully characterize the compounds isolated using multinuclear NMR spectroscopy (31P, 13C, 

1H), FT-infrared spectroscopy and mass spectrometry. 

 Draw comparison and highlight differences (if any) in structures obtained to previously 

reported data of related complexes.  
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 Compare the antibacterial efficacy of DTP ligands and complexes on various common 

bacterial strains. 

 Determine the minimum inhibitory concentrations (MICs) of selected compounds.  

Overview 

This dissertation has been divided into 6 chapters. 

Chapter 1: This chapter serves as an introductory chapter into the dithiophosphonate ligand class 

giving a brief history of Lawesson’s Reagent and its role as a crucial starting material in ligand 

synthesis and consequently complex synthesis. The chapter also details the phosphor-1, 1-dithiolato 

compounds, the main synthetic routes to dithiophosphonates, as well as dithiophosphonate complexes. 

This chapter also introduces the current and potential applications in industry, medicine and 

agriculture of this class of ligands as well as related dithiolates (dithiophosphinates and 

dithiophosphates). 

Chapter 2: This chapter comprises experimental data detailing the preparation from P4S10 and anisole 

of the primary starting material, anisole Lawesson’s Reagent. It also shows the preparation of new 

ligands and complexes. A concise summary of characterisation data is contained herein including 

NMR (31P, 13C, 1H) spectroscopic data, selected FT-IR bands, mass spectra, melting points and single 

crystal XRD. 

Chapter 3: This chapter contains the concise synthesis routes, results, characterisation and 

discussions of several new cadmium(II), silver(II) and zinc(II) complexes. Crystallographic data of 

the obtained structures of the cadmium and zinc complexes are also included in this chapter. 

Chapter 4: This chapter contains the results and discussion of the antibacterial study conducted on 

the 7 ligands and the twenty complexes synthesised against the six virulent bacterial strains used. 

Chapter 5: This chapter serves as the concluding chapter highlighting the notable and overall 

findings of this study as well as future research that can emanate from this work. 

Chapter 6: This chapter contains the citations of the information included in this work.   
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 CHAPTER 2 

EXPERIMENTAL 

2.1 General considerations 

All commercially available reagents were purchased from Sigma-Aldrich and were reagent grade and 

used without further purification. Ammonia gas was obtained from Afrox (South Africa). Diethyl 

ether, THF, benzene, and hexane were distilled under dinitrogen over a sodium wire with the 

formation of a benzophenone ketyl indicator. Dichloromethane was distilled over P4O10.  

All ligand preparations were conducted under an inert and dry N2 atmosphere using standard Schlenk 

techniques and pre-dried solvents. Complexation reactions were conducted in open air in a fume 

hood. All glassware was cleaned and dried at 140°C for at least 24 hours before use. Stirring was 

achieved using a magnetic stirrer bar and all heating was conducted by means of immersion in a 

silicone oil bath. Room temperature refers to 296-298 K. 

The organophosphorus compounds are malodorous and highly toxic. All organophosphorus 

compounds synthesised in this study evolve H2S upon exposure to the atmosphere as such caution 

must be taken when handling them. All manipulations of these compounds were performed in a well-

ventilated fume-hood with great caution being exercised to minimize exposure to fumes.13,16,24 

 

2.2 Instrumentation 

1H, 13C and 31P NMR spectra were obtained using a Bruker 400 MHz NMR spectrometer under 

ambient conditions. NMR data are expressed in parts per million (ppm). 1H spectra are referenced 

internally to residual proton impurity in the deuterated solvents. 31P NMR spectra chemical shifts 

were referenced relative to an 85% H3PO4 in D2O external standard solution. The data are reported as 

resonance position (δH), multiplicity, assignment, and relative integral intensity. Infrared spectra were 

collected on a Perkin Elmer Spectrum 100 FT-IR spectrophotometer.  Mass spectra were recorded 

with a Waters Micromass LCT Premier TOF-MS. The mode of ionization was ESI (electrospray) 
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negative and ESI positive. Samples were prepared to ~2ppm concentration in the desired solvent and 

infused into the mass spectrometer. Crystallographic data collection and refinement of compounds 

was conducted at the University of KwaZulu-Natal, Westville Campus. Crystals of 3B and 3C were 

selected, attached onto the tip of glass fibres using epoxy glue, and centred in the X-ray beam by the 

aid of a video camera. Crystal evaluation and data collection were done on a Bruker Smart APEX2 

diffractometer with Mo Kα radiation (λ = 0.71073 Å) equipped with an Oxford Cryostream low-

temperature apparatus operating at 100(1) K. The initial cell matrix was determined from three series 

of scans consisting of twelve frames collected at intervals of 0.5° in a 6° range with the exposure time 

of ten seconds per frame. Each of the three series of scans was collected at different starting angles 

and the APEXII8 program suite used to index the reflections. The data collection involved using 

omega scans of 0.5° width with an exposure time of 20 s per frame. The total number of images was 

based on results from the programme COSMO9 whereby the expected redundancy was to be 4.0 and 

completeness of 100% out to 0.75 Å. Cell parameters were retrieved using APEXII8 and refined using 

SAINT on all observed reflections. Data reduction was performed using SAINT software, and the 

scaling and absorption corrections were applied using SADABS11 multi-scan technique. The structures 

were solved by the direct method using the SHELXS12 program and refined. The visual crystal 

structures were presented using ORTEP-3,13 MERCURY,14 and DIAMOND,15 system software. Non-

hydrogen atoms were first refined isotropically and then by anisotropic refinement with full-matrix 

least squares based on F2 using SHELXL12. All hydrogens were positioned geometrically, allowed to 

ride on their parent atoms, and refined isotropically. 

 

2.3 Starting materials 

2.3.1 Preparation of 2, 4-bis (4-methoxyphenyl)-1, 3, 2, 4-dithiadiphosphetane-2, 4-disulfide 

(Lawesson’s Reagent) 

Lawesson’s Reagent was prepared according to established procedure.13 Phosphorus pentasulfide 

dimer (P4S10) (44.4 g, 0.1 mol) was placed in a 500 mL two neck round bottom flask equipped with a 

nitrogen inlet. Anisole (108 g, 1.0 mol) was added to the flask. The mixture was stirred and refluxed 
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until all solids had dissolved over a period of approximately 6 hours. The resulting clear yellow 

solution was allowed to cool down slowly to room temperature, resulting in the formation of a yellow 

crystalline material. This material was isolated by vacuum filtration and washed with 100 mL of 

toluene and washed with 4 portions of 20 mL dry diethyl ether. All reactions and manipulations were 

carried out under an inert atmosphere with a positive nitrogen gas flow using standard Schlenk 

techniques. The yellow powder was dried, closed in an airtight container and stored in a vacuum 

desiccator under nitrogen. Yield:  76.04g (94%). Melting point: 228-229ºC. NMR data could not be 

obtained as the product was not soluble in any deuterated solvents. 

 

2.4 Synthesis of dithiophosphonate ligand salts. 

2.4.1 1,4 Cyclohexanediol derived dithiophosphonate salt [1] 

Lawesson’s Reagent (LR) (4.05 g, 10 mmol)) was charged in a Schlenk 

tube. The tube was put under vacuum for 15 minutes and purged with 

gaseous nitrogen. 1, 4 cyclohexanediol (1.163 g, 10 mmol.) was dissolved 

in 3 mL of THF and added drop wise to the Schlenk tube. The mixture 

was stirred using a magnetic stirrer until no visible solids were observed 

after approximately 10 minutes. The resultant colourless liquid was placed 

into an ice-cold water-bath and bubbled with ammonia for 30 seconds via 

a pasteur pipette resulting in the formation of a white precipitate. 10 mL 

of hexane was added to further precipitate and then consolidate the salt. More ammonia was bubbled 

for 30 seconds thereafter and the mixture stirred overnight to consolidate the salt further. The hexane 

was removed in vacuo overnight and the resultant white powder was stored in a vacuum desiccator. 

Yield: 4.351 g (78 %). Melting point 209-210°C. 31P-NMR (Methanol-d4) δ (ppm): 104.93. 1H-NMR 

(Methanol-d4) δ (ppm): 1.57 (4H, m, Ha/b-5), 1.91 (4H, m, Ha/b-5), 3.83 (6H, s, H-1), 4.41 (1H, m, H-

4), 6.87 (4H, dd, J=10.9, 5.4 Hz, H-2), 8.03 (4H, dd, J=13.5, 8.18 Hz, H-3). 13C-NMR (Methanol-d4) δ 

(ppm): 162.37(C-1a), 138.24(C-3a), 132.78(C-3), 113.62(C-2), 68.90(C-4), 55.78(C-1), 26.53(C-5). 
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Selected IR data v/cm-1: 3176(N–H), 1012(P–O–C), 649(P–Sas), 544(P–Ss). ESI (-) Mass spec m/z: [M 

+ Na] ̄ = 541.97. 

Similar reaction conditions and techniques were used in the preparation of compounds 2-5. 

2.4.2 2-Hexanol derived dithiophosphonate salt [2] 

Mass of LR used: (2.384 g, 5.8 mmol). Alcohol used: 2-hexanol. 

Alcohol mass: (1.204 g, 11.8 mmol). Reaction time: 10 min. Product 

appearance: White powder. Yield:  3.399 g (90%). Melting point 154-

156°C. 31P-NMR (Methanol-d4) δ (ppm): 104.27. 1H-NMR (Methanol-

d4) δ (ppm): 0.87 (3H, t, J=6.92 Hz, H-9), 1.21 (3H, d, J=6.24 Hz, H-

4), 1.39 (6H, m, H-6/7/8), 3.83 (3H, s, H-1), 4.60 (1H, m, H-5), 6.90 (2H, dd, J= 8.78, 2.38 Hz, H-2), 

8.07 (2H, dd, J=13.36, 8.64 Hz, H-3). 13C-NMR (Methanol-d4) δ (ppm):162.38(C-1a), 137.25(C-3a), 

132.92(C-2), 113.40(C-3), 73.36(C-5), 55.78(C-1), 38.78(C-6), 28.62(C-7), 23.78(C-4), 22.16(C-8), 

14.45(C-9). Selected IR data v/cm-1: 3173(N-H), 1011(P–O-C), 649(P–Sas), 556(P–Ss). ESI (-) Mass 

spec m/z: [M]  ̄= 303.07. 

2.4.3 2-Butene 1, 4 diol derived dithiophosphonate salt [3] 

Mass of LR used: (3.863 g, 9.6 mmol).  Alcohol used: 2-butene 1, 4 diol. 

Alcohol mass: (0.841 g, 9.6 mmol). Reaction time: 10 mins. Product: 

White powder. Yield: 3.032 g (59%). Melting point 149-150°C. 31P-NMR 

(Methanol-d4) δ (ppm): 107.74. 1H-NMR (Methanol-d4) δ (ppm): 3.83 

(6H, s, H-1), 4.44 (4H, dd, J= 9.92, 4.08 Hz, H-4), 5.66 (2H, t, J=4.04 Hz, 

H-5), 6.92 (4H, dd, J= 8.36, 2.04 Hz, H-2), 8.03 (4H, dd, J= 13.3, 8.8 Hz, 

H-3). 13C-NMR (Methanol-d4) δ (ppm): 162.60(C-1a), 136.85(C-3a), 133.08(C-3), 130.23(C-5) 

113.91(C-2), 61.18(C-4), 55.92(C-1). Selected IR data v/cm-1: 3189(N–H), 1023(P–O–C), 650(P–

Sasy), 555(P-Ssym). ESI (-) Mass spec m/z: [M + Na+] ̄ = 512.93. 
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2.4.4 2-Methyl cyclohexanol derived dithiophosphonate salt [4] 

Mass of LR used: (3.87 g, 9.6 mmol). Alcohol used: 2-methyl cyclohexanol. 

Alcohol mass: (2.185 g, 19.1 mmol). Reaction time: 10 min. Product 

appearance: White powder. Yield: 4.59 g (72%). Melting point 130-132°C. 

31P-NMR (Methanol-d4) δ (ppm): 103.67. 1H-NMR (Methanol-d4) δ (ppm): 

0.93 (3H, d, J=2,40 Hz, H-10), 1.26 (3H, m, H-5/6/7/8), 1.28 (2H, m, H-

5/6/7/8), 1.43 (3H, m, H-5/6/7/8), 1.72 (1H, q, J= 2.79 Hz, H-9), 3.82 (3H, s, 

H-1), 4.13 (1H, m, H-4), 6.89 (2H, dd, J= 8.46, 1.66 Hz, H-2), 8.08 (2H, dd, 

13.36, 3.24 Hz, H-3). 13C-NMR (Methanol-d4) δ (ppm): 162.13(C-1a), 137.52(C-3a), 132.67(C-3), 

113.47(C-2), 81.36(C-4), 55.71(C-1), 39.81(C-9), 36.63(C-5), 34.68(C-8), 31.55(C-7), 22.83(C-6), 

19.89(C-10). Selected IR data v/cm-1
: 3141(N–H), 1022(P–O–C), 648(P–Sas), 545(P–Ss). ESI (-) Mass 

spec m/z: [M] ̄ = 315.07. 

2.4.5 2-Methyl -3- hexanol derived dithiophosphonate salt [5] 

Mass of LR used: (3.87 g, 9.6 mmol). Alcohol used: 2-methyl-3-hexanol. 

Alcohol mass: (2.184 g, 18.8 mmol). Reaction time: 10 min. Product 

appearance: White powder. Yield: 4.59 g (71%).Melting point 137-139°C. 

31P-NMR (Methanol-d4) δ (ppm): 103.83 ppm.). 1H-NMR (Methanol-d4) δ 

(ppm):   0.87 (10H, m, H-4/6/10), 1.42 (1H, m, H-8), 1.46 (3H, m, H-8/9), 

2.04 (1H, m, H-5), 3.82 (1H, s), 4.45 (1H, m, H-7), 6.90 (2H, dd, J= 8.72, 

2.44 Hz-H-2), 8.08 (2H, dd, J= 13.40,  8.60 Hz, H-3). 13C-NMR (Methanol-

d4) δ (ppm): 162.29(C-1a), 139.06(C-3a), 132.88 (C-2), 113.58(C-3), 81.91(C-7), 55.93(C-1), 

34.43(C-8), 32.55(C-5), 19.77(C-9), 18.82(C-4/C-6), 18.24(C-6/C-4), 14.79(C-10). Selected IR data 

v/cm-1: 3192(N–H), 1017(P–Sas), 646(s), 540(P–Ss). ESI (-) Mass spec m/z: [M] ̄ = 317.09. 
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2.5 Silver complexes (A) 

2.5.1 1,4 Cyclohexanol derived dithiophosphonate Ag(I) complex [1A] 

 Ligand 1 (0.183 g, 0.3 mmol) was dissolved in water (30 mL). A solution 

of silver nitrate (AgNO3) (0.122 g, 0.66 mmol) in water was prepared. The 

silver nitrate solution was added drop wise using a pasteur pipette to the 

solution of the ligand 1 over 5 minutes yielding a yellow precipitate which 

was dried using a benchtop vacuum overnight. Reaction time: 20 min. 

Product appearance: Yellow powder. Melting point: 145°C (Decomp). 

Yield: 0.209 g (86%).  31P-NMR (DMSO-d6) δ (ppm): 104.10. 1H-NMR 

(DMSO-d6) δ (ppm): 1.33 (4H, m, Ha/b-5), 1.86 (4H, m, Ha/b-5), 3.76 (6H, s, 

H-1), 4.73 (2H, m, H-4), 6.90 (4H, dd, J= 8.64, 2.36 Hz, H-2), 7.90 (4H, dd, 

J= 9.06, 3.38 Hz, H-3). 13 C-NMR DMSO-d6 δ (ppm): 162.90(C-1a), 133.44(C-3), 128.47(C-3a), 

114.15(C-2), 69.43(C-4), 56.31(C-1), 27.06(C-5). Selected IR data v/cm-1: 1021(P–O–C), 653(P–Sas), 

518(P–Ss). ESI (-) Mass spec m/z: [M -Ag] ̄ = 626.91. 

Similar preparation methods and techniques were used to prepare compounds 2A-5C.  
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2-Hexanol derived dithiophosphonate Ag(I) complex [2A] 

Mass of 2 (0.205 g, 0.64 mmol), mass of AgNO3 (0.108 g, 0.64 

mmol). Reaction time: 20 min. Product appearance: Yellow powder. 

Melting point: 154-156°C. Yield: 0.225 g (86%). 31P NMR (CDCl3) δ 

(ppm): 104.06. 1H-NMR (CDCl3) δ (ppm): 0.89 (6H, t, J=6.86 Hz, H-

9). 1.34 (16H, m, H-4/6/7/8),   1.73 (2H, m, H-6)), 3.84 (6H, s,  H-1),  

4.94 (2H, m, H-5),  6.93 (4H, dd, J= 8.76, 3.12 Hz, H-3), 8.01 (4H, 

dd, J= 10.48, 8.64 Hz, H-3). 13 C-NMR (CDCl3) δ (ppm): 162.95(C-

1a), 132.95(C-2), 128.56(C-3a), 113.48(C-3), 72.68(C-5), 55.52(C-

1), 37.35(C-6), 27.31(C-7), 22.63(C-4), 21.71(C-8). Selected IR data v/cm-1: 1023(P–O–C), 652(P–

Sas), 531(P–Ss). ESI (-) Mass spec m/z: [M -Ag] ̄ = 715.02. 

2.5.2 2-Butene-1, 4-diol derived dithiophosphonate Ag(I) complex [3A] 

Mass of 3 (0.268 g, 0.5 mmol), mass of AgNO3 (0.173 g, 1.0 mmol), 

Reaction time: 20 min. Product appearance: Yellow powder. Melting 

point: 113.6°C (Decomp.). Yield: 0.256 g (71%). 31P-NMR (DMSO-

d6): 106.77. 1H-NMR (DMSO-d6) δ (ppm): 3.78 (6H, s, H-1), 4.38 

(2H, d, J=4.92 Hz, H-a/b-4), 4.84 (2H, d, J=8.32 Hz, H b/a-4), 5.59 

(2H, t, J= 6 Hz, H-5);  6.99 (4H, dd, J= 8.32, 2.56 Hz, H-2 ), 

7.60(4H, dd, J=  12.44, 8.52 Hz, H-3). 13C-NMR (DMSO-d6): δ 

(ppm): 159.74(C-1a), 132.01(C-3), 131.26(C-5), 128.28(C-3a), 112.20(C-2), 58.44(C-4), 55.42(C-1). 

Selected IR data v/cm-1: 1020(P–O–C), 653(P–Sas), 531(P–Ss). ESI (-) mass spec m/z: [M-Ag] ̄ = 

598.87. 
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2.5.3 2-Methyl cyclohexanol derived dithiophosphonate Ag(I) complex [4A] 

Mass of 4 (0.672 g, 2.0 mmol). Mass of AgNO3 (0.342 g, 2.0 mmol). 

Reaction time: 20 mins. Product appearance: Yellow powder. Melting 

point: 107.6°C (Decomp.). Yield: 0.581 g (68%).  31P-NMR (CDCl3) 

δ (ppm): 103.83. 1H-NMR (CDCl3) δ (ppm): 0.87 (6H, dd, J=12.73 

Hz, H-10), 1.40 (18H, m, H-5/6/7/8), 3.87 (6H, s, H-1), 4.14 (2H, q, 

J= 7.72 Hz, H-4), 6.92 (4H, dd, J= 26.62, 6.22 Hz, H-2), 7.90 (4H, dd, 

J= 18.66, 6.52 Hz, H-3). 13C-NMR (CDCl3) δ (ppm): 161.59(C-1a), 

131.90(C-3), 129.86(C-3a), 112.86(C-2), 80.15(C-4), 54.57(C-1), 

37.67(C-9), 34.89(C-5), 32.54(C-8), 24.88(C-7), 24.23(C-6), 18.49(C-10). Selected IR data v/cm-1: 

1026(P–O–C), 655(P–Sas), 532(P–Ss). ESI (-) Mass spec m/z: [M-Ag] ̄ =737.03. 

2.5.4 2-Methyl 3-hexanol derived dithiophosphonate Ag(I) complex [5A] 

Mass of 5 (0.817 g, 2.44 mmol). Mass of AgNO3 (0.413 g, 2.44 

mmol). Reaction time: 20 min. Product appearance: Yellow 

product. Yield: 0.932 g (96%). 31P-NMR (CDCl3) δ (ppm): 

103.84. 1H-NMR (CDCl3) δ (ppm):  0.73 (18H, m, H-4/6/10), 

1.30 (8H, m, H-8/9), 1.90 (2H, m, H-5), 3.67 (6H, s, H-1), 4.31 

(2H, m, H-7), 6.75 (4H, dd, J= 8.60, 2.16 Hz, H-2),7.94 (4H, dd, 

J= 13.36, 8.60 Hz, H-3).13C-NMR (CDCl3) δ (ppm): 162.41(C-

1a), 131.72(C-2), 130.44(C-3a), 113,66(C-3), 84.04(C-7), 

55.45(C-1), 33.10(C-8), 31.49(C-5), 19.86(C-9), 18.80(C-4/C-6), 

18.01(C-4/6), 14.26(C-10). Selected IR data v/cm-1: 1024(P–O–C), 653(P–Sas), 534(P–Ss).  ESI (-) 

Mass spec m/z: [M-Ag] ̄ = 741.07 
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2.6 Cadmium complexes (B) 

2.6.1 1,4 Cyclohexanediol derived dithiophosphonate Cd(II) complex [1B] 

Mass of 1 (0.876 g, 1.58 mmol). Mass of 

Cd(NO3)2•4H2O (0.487 g, 1.58 mmol), 

Reaction time: 20 mins. Product 

appearance: White powder. Melting 

point: 146°C (Decomp.). Yield: 0.846 g 

(85%). 31P-NMR (DMSO-d6) δ (ppm): 

102.50. 1H-NMR (DMSO-d6) δ (ppm): 

1.43 (5H, m, H-5), 1.73 (8H, m, H-5), 3.78 (12H, s, H-1), 4.44 (4H, m, H-4), 6.96 (8H, dd, J= 8.60, 

2.72 Hz, H-2), 7.89 (8H, dd, J= 19.98, 6.30 Hz, H-3).13C-NMR (DMSO-d6) δ (ppm): 161.94(C-1a), 

132.47(C-3), 128.85(C-3a) 113.19(C-2), 68.47(C-4), 55.35(C-1), 26.10(C-5). Selected IR data v/cm-1: 

1021(P–O–C), 635(P–Sas), 534(P-Ss). ESI (+) Mass spec m/z: [M+ Na] + = 1285.73 

2.6.2 2-Hexanol derived dithiophosphonate Cd(II) complex [2B] 

Mass of 2 (1 g, 3.1 mmol), mass of 

Cd(NO3)2•4H2O (0.48 g, 1.56 mmol). 

Reaction time: 20 min. Product 

appearance: White powder, Melting point: 

154-156°C. Yield: 0.826 g (74%). 31P 

NMR (CDCl3) δ (ppm): 102.50. 1H-NMR 

(CDCl3) δ (ppm): 0.90 (12H, t, J=6.86 Hz, 

H-9), 1.33-1.42 (32H, m,  H-4/6/7/8), 1.74 (4H, q, J=7.28 Hz, H-6), 3.85 (12H, s, H-1), 4.97 (4H, m, 

H-5), 6.94 (8H, dd, 8.76, 3.12, H-2), 8.02 (8H,dd, J= 14.48, 8.64 Hz, H-3). 13C-NMR (CDCl3) δ 

(ppm): 162.40 (C-1a), 132.36(C-2), 129.02(C-3a), 113.64(C-3), 75.56(C-5), 55.41(C-1), 37.41(C-6), 

27.42(C-7), 22.65(C-4), 21.78(C-8), 14.04(C-9). Selected IR data v/cm-1: 1027(P–O–C), 645(P–Sas), 

529(P–Ss). ESI (+) Mass spec m/z: [M + Na] + = 1461.95. 
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2.6.3 2-Butene 1, 4-diol derived dithiophosphonate Cd(II) complex [3B] 

Mass of 3 (1.802 g, 3.42 mmol), mass of 

Cd(NO3)2•4H2O (2.136 g, 3.42 mmol), 

Reaction time: 20 min. Product appearance: 

White powder. Melting point: 104°C 

(Decomp.). Yield: 1.73 g (84%).  31P-NMR 

(DMSO-d6) δ (ppm): 105.88 ppm. 1H-NMR 

(DMSO-d6) δ (ppm): 3.79 (12H, s, H-1), 4.82 

(8H, q, J=5.02 Hz, H-4), 5.76 (4H, t, J= 2.59 Hz, H-5), 6.99 (8H, dd, 8.72, 2.76 Hz, H-2), 7.87 (8H, 

dd, J= 13.96, 8.68 Hz, H-3). 13C-NMR (DMSO-d6) δ (ppm): 161.99(C-1a), 132.48(C-3), 131.13(C-5), 

129.62(C-3a), 113.16(C-2), 58.14(C-4), 55.31(C-1). Selected IR data v/cm-1: 1003(P–O–C), 642(P–

Sas), 544(P–Ss). ESI (+) Mass spec m/z: [M + Na] + = 1228.70. 

 Colourless single crystals suitable for single crystal X-ray diffraction analysis were obtained from the 

slow diffusion of hexane into a dichloromethane solution of 3B. 

2.6.4 2-Methyl cyclohexanol derived dithiophosphonate Cd(II) complex [4B] 

Mass 4 (0.997 g, 3.0 mmol), mass of 

Cd(NO3)2•4H2O (0.461 g, 1.5 mmol), Reaction 

time: 20 min, Product appearance: White 

powder. Melting point: 193°C (decomp.). 

Yield 0.956 g (86%). 31P-NMR (CDCl3): δ 

(ppm): 102.21. 1H-NMR (CDCl3): 1.02 (12H, 

dd, J= 14.54, 2.98 Hz, H-10), 1.56 (32H, m, 

J=15.81 Hz, H-5/6/7/8), 2.29 (2H, d, J=9.73 Hz, H-9), 2.50 (2H, q, J=4.07 Hz, H-9), 3.85 (12H, s, H-

1), 4.48 (2H, q, J=6.08 Hz,H-4), 5.02 (2H, q, J=5.84 Hz,H-4), 6.94 (8H, dd, J= 5.58, 3.06 Hz, H-2), 

8.03 (8H, dd, J= 14.36, 8.18 Hz, H-3). 13C-NMR CDCl3: 162.31(C-1a), 132.18(C-3), 129.67(C-3a) 

113.67(C-2), 83.07(C-4), 55.41(C-1), 38.64(C-9), 35.68(C-5), 33.85(C-8), 25.18(C-7), 24.74(C-6), 



26 
 

19.49(C-10). Selected IR data v/cm-1: 1026(P–O–C), 647(P–Sas), 536(P–Ss). ESI (+) mass spec m/z: 

[M + Na] + =1509.99. 

2.6.5 2-Methyl 3 hexanol derived dithiophosphonate Cd(II) complex [5B] 

Mass of 5 (0.755 g, 2.25 mmol), mass 

of Cd(NO3)2•4H2O (0.3470 g, 1.125 

mmol), Reaction time: 20 mins, 

Product appearance: White powder. 

Melting point: 88-91°C. Yield: 0.5884 

g (70%). 31P-NMR (CDCl3) δ (ppm): 

100.17. 1H-NMR (CDCl3) δ (ppm):  

0.99 (36H, m, H-4/ 6/10), 1.50 (8H, 

m, H-9), 1.75 (8H, m, H-8), 2.28 (4H, q, J=6.03 Hz, H-5), 3.88 (12H, s, H-1), 4.79 (4H, q, J=6.98 Hz, 

H-7), 6.99 (8H, dd, J= 8.68, 3.00 Hz, H-2), 7.99 (8H, dd, J= 14.62, 8.62) Hz, H-3). 13 C-NMR (CDCl3) 

δ (ppm): 162.49(C-1a), 131.91(C-3), 130.11(C-3a), 113.71(C-3), 84.09(C-7/), 55.50(C-1), 33.19(C-8), 

31.58(C-5), 18.85(C-9) ,18.05(C-4/6), 17.81(C-4/6), 14.31(C-10). Selected IR data v/cm: 1027(P–O–

C), 642(P–Sas), 540(P–Ss). ESI (+) Mass spec m/z: [M + Na] + = 1517.06 
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2.7 Zinc complexes(C) 

2.7.1 1,4 Cyclohexanediol derived dithiophosphonate Zn(II) complex [1C] 

Mass of 1 (0,952 g, 1.72 mmol), mass of 

Zn(NO3)2•6H2O (0.51 g 1.72 mmol), 

Reaction time: 20 min. Product 

appearance: White powder. Melting point: 

242-245°C. Yield: 0.716 g (71%). 31P-

NMR (DMSO-d6) δ (ppm): 101.70, 

101,19, 100.73. 1H-NMR (DMSO-d6) δ 

(ppm): 1.47 (8H, m, H-5), 1.72 (8H, m, H-5), 3.76 (12H, s, H-1), 4.42 (4H, m, H-4), 6.90 (8H, dd, J= 

11.78, 3.38 Hz, H-2), 7.87 (8H, dd, J=13.24, 8.16 Hz, H-3). 13C-NMR (DMSO-d6) δ (ppm): 162.87(C-

1a), 133.28(C-3),128.52(C-3a), 114.12(C-2), 69.40(C-4), 56.28(C-1), 27.03(C-5). Selected IR data 

v/cm-1: 1016(P–O–C), 634(P–Sas), 534(P-Ss). ESI (+) Mass spec m/z: [M+ Na] + =1192.75 

2.7.2 2-Butene-1, 4-diol derived dithiophosphonate Zn(II) complex [3C] 

Mass of 3 (1.715 g, 3.3 mmol). Mass of 

Zn(NO3)2•6H2O (0.969 g, 3.3 mmol. Reaction 

time: 20 min. Product appearance: White 

powder. Melting point: 200°C (decomp.), 

yield: 1.537 g (85%). 31P-NMR (DMSO-d6) δ 

(ppm): 104.81. 1H-NMR (DMSO-d6) δ (ppm) 

3.75 (1H, s, H-1), 4.18 (8H, m, J=6.27 Hz, H-4), 5.45 (1H, t, J=3.88 Hz, H-5), 6.84 (8H, dd, J= 8.64, 

2.2 Hz, H-2), 7.86 (8H, dd, J= 12.96, 8.60 Hz, H-3).13C-NMR (DMSO-d6) δ (ppm): 159.89 (C-1a), 

132.20(C-3), 131.43(C-5), 128.28(C-3a), 112.06(C-2), 58.49(C-4), 55.02(C-1). Selected IR data v/cm-

1: 1022(P–O–C), 646(P–Sas), 522(P-Ss). ESI(+) Mass spec m/z: M+ = 1112.80.  

Colourless single crystals suitable for X-ray analysis were obtained from the slow diffusion of hexane 

into a dichloromethane solution of 3C. 
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2.7.3 2-Methyl cyclohexanol derived dithiophosphonate Zn(II) complex [4C] 

Mass of 4 (1.021 g, 3.0 mmol), mass of 

Zn(NO3)2•6H2O (0.455 g, 1.5 mmol). Reaction 

time: 20 min. Product appearance: White 

powder. Melting point (128-130°C), yield 

0.959 g (90%). 31P-NMR (DMSO-d6) δ (ppm): 

101.47. 1H-NMR (CDCl3)  1.05 (1H, dd, 

J=7.98 Hz, H-10), 1.51 (32H, m, H-5/6/7/8), 

2.36 (2H, q, J=4.62 Hz, H-9), 2.51 (2H, q, J=5.28 Hz, H-9), 3.88 (12, s, H-1), 4.47 (2H, m, H-4), 5.03 

(2H, d, J=14.77, Hz, H-4), 6.99 (8H, dd, J=  8.52, 3.42 Hz, H-2), 7.98 (8H, dd, J= 14.56, 8.76 Hz, H-

3). 13C-NMR CDCl3:162.46(C-1a), 131.76(C-3), 129.81(C-3a), 113.73(C-2), 79.14(C-4), 55.44(C-1), 

38.54(C-9), 35.76(C-5), 33.41(C-8), 25.50(C-7), 24.73(C-6), 19.36(C-10). Selected IR data v/cm-1: 

1024(P–O–C), 642(P–Sas), 537(P–Ss). HR-MS m/z: M+ = 1392.14. 

2.7.4 2-Methyl 3 hexanol derived dithiophosphonate Zn(II) complex [5C] 

Mass of 5 (0.720 g, 2.15 mmol) mass of 

Zn(NO3)2•6H2O (0.319g, 1.075 mmol). 

Reaction time: 20 mins. Product appearance: 

White powder. Melting point (112-114°C). 

Yield: 0.586 g (78%). 31PNMR (DMSO-d6): δ 

(ppm): 97.00. (1H-NMR (CDCl3) δ (ppm):  

0.98 (36H, m, H-4/6/10), 1.48 (8H, m, H-9), 

1.71 (8H, m, H-8), 2.27 (4H, m, H-5), 3.87 (12H, s, H-1), 4.78 (4H, m, J=5.11 Hz, H-7), 6.98 (8H, dd, 

J= 8.66, 3.02 Hz, H-2), 7.98 (8H, dd, J= 14.62, 8.42 Hz, H-3). 13  C NMR (CDCl3) δ (ppm): 162.42(C-

1), 131.84(C-2/), 129.78(C-3a),  113.48(C-3), 84.02(C-7), 55.43(C-1), 33.12C-8), 31.51(C-5), 

18.78(C-9), 17.98(C-4/6), 17.75(C-4/6), 14.24(C-10). Selected IR data v/cm-1: 1020(P–O–C), 656(P–

Sas), 532(P–Ss). ESI (-) m/z: [M-L + Na] ̄ = 1168.07.  
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2.8 In-vitro antimicrobial studies methodology 

In-vitro antibacterial activity of the synthesized compounds was tested against 6 bacterial strains 

namely Klebsiella pneumoniae ATCC 314588, Staphylococcus Aureus ATCC 25923, Methicillin 

resistant Staphylococcus Aureus ATCC BAA-1683, Pseudomonas aeruginosa ATCC 27853, 

Salmonella Typhimurium ATCC 14026 and Escherichia coli ATCC 25922 using ciprofloxacin as a 

standard for comparison. The diffusion method was used for initial screening for antibacterial 

susceptibility. The bacterial strains were obtained from the Department of Pharmacy at the University 

of Kwa-Zulu Natal, Westville campus.  

10 mg of each synthesised compound was dissolved in 1 mL of DMSO to make a solution of 10 000 

ppm. Broth cultures of the test organisms were then standardised using a spectrophotometer. Mueller 

Hinton agar (MHA) was prepared according to the manufacturer’s specification and melted to obtain 

a homogenous solution. 20 mL each of the MHA was dispensed into McCartney bottles and 

autoclaved at 121ºC for 15 min and allowed to cool to about 45ºC. The agar was aseptically poured 

into a sterile disposable petri dish and allowed to solidify. Thereafter, the plates were incubated for 24 

hrs to confirm their sterility. The plates were labelled accordingly and 50 µL of the test compounds 

were carefully dropped on the agar gel. The plates were then incubated at 35ºC for 24 hours after 

which the diameter of the zones of inhibition were measured using a colourless 30 cm ruler. The most 

effective compound against each bacterial strain, as shown by the largest zone of inhibition against a 

particular bacterial strain was chosen to determine the Minimum inhibitory concentration (MIC). 

Solutions of the most effective compounds against each strain were diluted using serial dilution to a 

concentration of 10 ppm. After which the same procedure as outlined above was repeated using the 

diluted compounds against each bacterial strain and the zones of inhibition noted. The lowest effective 

concentration was noted as the minimum inhibitory concentration (MIC). 

DMSO was used as a control and showed no zones of inhibition to any of the bacterial strains tested 

against. Solutions of AgNO3, Cd(NO3)2 and Zn(NO3)2 were also used and showed some levels of 
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activity. Ciprofloxacin served as the standard drug for all antimicrobial studies. All experiments were 

conducted in triplicate. 
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 CHAPTER 3 

SYNTHESIS OF NEW DITHIOPHOSPHONATE LIGANDS, SILVER(I), CADMIUM(II) 

AND ZINC(II) COMPLEXES 

 

Overview 

The literature on complexes with bis (monoanionic) dithiophosphonate ligands is still limited and the 

available reports often lack sufficient structural characterisation. Considering the potential of 

synthesizing new complexes from simple alcohols and complex diols within the dithiophosphonate 

motif, this work explores the preparation and characterization of new multinuclear metal complexes. 

This study consists of five dithiophosphonate ligands and their Ag(I), Cd(II) and Zn(II) complexes. 

The synthesized compounds were subsequently tested for antibacterial activity, the results and 

discussion are presented in Chapter 4. Metal complexation preparations were carried out in open air at 

room temperature. Complexes of Ag(I) were however, sensitive to UV/light, which necessitated 

complexation to be done in a dark fume hood to avoid decomposition. However, Ag(I) complexes 

were stable to light as powders. Generally, metal complexes were isolated in good yields, which could 

be due to the short reaction time and rapid isolation by filtration. The ionic nature of the ammonium 

salt by-products (NH4NO3) also makes isolation and purification easier as they were easily filtered off 

in the aqueous media. 

The synthesized compounds were stable enough to be stored indefinitely under nitrogen, although 

prolonged exposure to air does eventually lead to decomposition with the release of the distinct smell 

of H2S.26,22 The ammonium salts slowly hydrolyse in air and can be safely stored in a vacuum 

desiccator.62 The reaction can be scaled-up but special preparative precautions are necessary due to 

large amounts of H2S gas that are evolved during synthesis. 
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3.1.1 Characterisation of dithiophosphonate compounds 

3.1.1.1.1 Nuclear magnetic resonance (NMR) multinuclear spectroscopic analyses 

Structural elucidation of synthesized complexes was done using solution multinuclear NMR 

spectroscopy (1H, 31P and 13C) in DMSO-d6, CDCl3 and MeOD and in one instance 2D- NMR. 31P 

NMR spectra were used to indicate the synthesis of dithiophosphonates.5 Obtained 31P-NMR spectra 

showed singlets within the expected range of 90-110 ppm which agrees with reported literature.63,13  

The 1H NMR of compounds 1-5C was well resolved and integrated to the number of the 

corresponding hydrogen atoms. 1H-NMR spectra of the compounds displayed expected chemical shift 

values with the predicted splitting pattern 26 The 1H-NMR spectra of all synthesized compounds 

showed two doublet of doublets at ca. 8.00 ppm and ca. 6.90 ppm which were assigned to the ortho 

and meta protons on the anisyl moiety respectively, 59 as well as a singlet ca. 3.8 ppm due to the 

methoxy protons (relative to the P atom). 

13C-NMR spectra of the compounds showed four common resonances at approximately 162 ppm, 133 

ppm, 114 ppm and 55.6 ppm due to the para, ortho, meta and methoxy carbon atoms respectively 

(relative to the P atom). 

 

3.1.1.1.2 Fourier-Transform Infrared spectroscopic analysis 

The FT-IR spectra of the dithiophosphonate ligands showed a broad strong band in the region 3102-

3158cm-1 which was assigned to the ν(N  ̶ H) stretching vibration of the ammonium ion.17 A 

comparison of the FT-IR spectra between the synthesized ligands and their metals complexes are 

discussed in subsequent sections. Selected bands at 1020-1030 cm-1,  540-570 cm-1 and  650-680 cm-1 

were assigned to ν(P–O–C), νas(P–S) and νs(P–S) vibrations, respectively.8,45,64 
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3.1.1.1.3 Mass spectrometry 

ESI (-) was mostly used for ligands while ESI(+) was mostly used to characterise the metal 

complexes. 

 

3.1.1.1.4 Single crystal X-ray diffraction 

Fourteen new dithiophosphonate complexes were prepared. Crystals of Cd(II) and Zn(II) 

bis(dithiophosphonate) complexes (5B and 5C respectively) suitable for X-ray analysis were grown 

and their molecular structures obtained.  

 

3.1.1.2 1, 4-Cyclohexane diol derived compounds 

3.1.1.2.1 1, 4-Cyclohexane diol derived ligand 

The ligand was synthesized from the reaction between Lawesson’s Reagent with 1, 4 

cyclohexanediol. The compounds were characterized using FT-IR, 1H-NMR, 13C-NMR, 31P-NMR and 

mass spectroscopy. The proton NMR of the ligand were well resolved and integrated to the number of 

the corresponding hydrogen atoms. 

FT-IR analysis of compound 1 indicated the presence of v(P–O–C), vs(P–S) and vas(P–S) vibrations 

associated with dithiophosphonate, as well as the v(N-H) stretching associated with the ammonium 

ion.  Vibrations at 3176 cm-1, 1012 cm-1 and 649 cm-1 and 544 cm-1 were assigned to the v(N–H), v(P–

O–C), vas(P–S) and vs(P–S) respectively as shown in Figure 3-1.  

 



34 
 

 

Figure 3-1: FT-IR spectrum for compound 1 

The 31P-NMR of the ligand indicated the presence of a phosphorous centre in the expected range of 

the dithiophosphonate group. The spectrum obtained showed a singlet at 104.93 ppm as shown in 

Figure 3-2. 

 

Figure 3-2: 31P-NMR spectrum for compound 1 

 1 was also analysed with 1H-NMR and 13C-NMR. Figure 3-3 shows the 1H-NMR spectrum of 1 and 

the assignment of the peaks done using their chemical shifts and their splitting pattern. 
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Figure 3-3: 1H-NMR spectrum for compound 1 

The multiplet on 4.42 ppm was assigned to H-4 due to the downfield chemical shift value as it was 

deshielded by an oxygen atom on the POS2̄ moiety. The peaks 1.85-1.95 ppm and 1.52-1.62 ppm were 

assigned to the axial and equatorial protons on C-5. The 13C-NMR spectrum of 1 as shown in Figure 

3-4 showed seven signals. The resonance at 68.90 ppm was assigned to C-4 while 26.53ppm was 

assigned to C-5. 

 

Figure 3-4: 13C-NMR spectrum of compound 1 

 



36 
 

1 was further analysed with ESI (-) mass spectrometry, a fragment ion peak was observed as [M+ Na]  ̄

= 540.97 m/z which confirmed the molecular formula of the ligand as C20H24O4P2S4
2-. 

 

3.1.1.2.2 Silver(I), cadmium(II) and zinc(II) complexes 

Complex 1A was isolated as a yellow free flowing powder, while 1B and 1C were obtained as white 

free flowing powders. The complexes were characterized in a similar way as outlined for 1. The FT-

IR spectra of 1A, 1B and 1C showed the disappearance of the (N–H) band at 3176 cm-1 indicating 

metal complexation, other bands corresponding to v(P–O–C) and vas(P–S) and vs(P–S) vibrations were 

also observed. v(P–O–C)-1021 cm-1, vas(P–S)- 653 cm-1, vs(P–S)-518 cm-1 for 1A; v(P–O–C)- 1021 

cm-1, vas(P–S)- 635 cm-1, v(P–S)- 534 cm-1 for 1B; v(P–O–C)- 1016, vas(P–S)- 634, v(P-S)- 534 cm-1 

for 1C indicating the formation of DTP complexes. 

The complexes were analysed by 31P-NMR, 1H-NMR and 13C-NMR. Single peaks at 104.10 ppm, 

102.59 ppm and 101.70 ppm were observed for 1A, 1B and 1C respectively using 31P-NMR. 1H-NMR 

spectra of 1A, 1B and 1C showed signals with similar splitting and chemical shifts to 1. Characteristic 

signals included doublets of doublet associated with the anisyl protons at approximately 7.9 ppm and 

6.9 ppm as well as a singlet ca. 3.8 ppm. A multiplet due to the most deshielded proton H-4 was 

observed at 4.72-4.76 ppm, 4.39-4.45 ppm and 4.39-4.49 ppm for 1A, 2A and 1C respectively. The 

methylene protons (H-5) were observed as two separate multiplets in all complexes ca. 1.70-1.76 ppm 

and ca. 1.40-1.5 ppm. The 13C-NMR spectra chemical shifts of the 1, 4-cyclohexanediol derived 

compounds are shown in Table 3-1. They show similar chemical shift values for most of the carbon 

atoms. Significant  difference was observed on the ipso-carbon (C-3a), 1 had a value of 138.42 ppm 

while 1A, 1B and 1C had relatively upfield chemical shifts of 128.47 ppm, 128.85 ppm and 128.52 

ppm respectively compared to 1, consistent with the reported chemical shifts of ligands and 

complexes.41 
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Compounds 1A, 1B and 1C were also analysed using ESI (-) and ESI (+) mass spectrometry. A 

fragment ion peak for 1A was observed as [M-Ag] ̄ = 626.91, 1B as [M + Na] + = 1285.73 and 1C as 

[M+ Na] += 1192.75. The ESI (-) mass spectrum shown in Figure 3-5 shows some notable fragments 

of 1B.  

Table 3-1: 13C-NMR chemical shifts for 1, 4 cyclohexanediol derived compounds 

 Carbon atoms and their  chemical shifts (ppm) 

 C-1 C-1a C-2 C-3 C-3a C-4 C-5 

1 55.77 162.37 132.78 113.62 138.42 68.90 26.53 

1A 56.31 162.90 133.44 114.15 128.47 69.43 27.06 

1B 55.36 161.94 132.47 113.19 128.85 68.47 26.10 

1C 56.27 162.87 133.28 114.12 128.52 69.40 27.03 

 

 

Figure 3-5: ESI (-) mass spectrum showing fragments of 1B 



38 
 

The fragment ion at 947.9 shows that 1B lost a cadmium ion and the anisyl part of the ligand. The 

mass spectra also shows a fragment ion at 540.97 assigned to the ligand.  1A and 1C also follow a 

similar fragmentation pattern and are shown in the supporting information.  

 

3.1.1.3 2-hexanol derived compounds 

3.1.1.3.1 2-hexanol derived ligand (2) 

The ligand was synthesized using LR and 2-hexanol and complexed with silver and cadmium salts.  

The ligand was analysed with FT-IR spectroscopy which indicated the presence of v(P–O–C), v(P–S) 

as well as the v(N–H) bands. Figure 3-6 shows the FT-IR spectrum of compound 2. The v(N–H), 

v(P–O–C), vas(P–S) and vs(P–S) stretchings were observed at 3174 cm-1, 1011 cm-1, 649 cm-1 and 556 

cm-1 respectively as shown in the annotated spectrum 

The 31P-NMR spectrum showed a single peak at 104.27 ppm indicating the presence of the desired 

dithiophosphonate species as shown in Figure 3-7 while Figure 3-8 shows the 1H-NMR spectrum for 

compound 2. Of the remaining signals, the signal at 4.58 ppm (H-5) was assigned to the most 

deshielded proton on the methine C-5 attached to the oxygen atom. H-6, H-7 and H-8 were assigned 

based on peak integration as well as the chemical shift values which are typical of methylene protons, 

while the doublet at ca. 1.21 ppm was assigned to H-4. The triplet at 0.89 ppm was assigned to H-9 

which was the least deshielded and integrated for three protons. 
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Figure 3-6: FT-IR spectrum for compound 2 

 

 

Figure 3-7: 31P-NMR spectrum for compound 2 
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Figure 3-8: 1H-NMR spectrum for compound 2 

Eleven signals were observed with 13C-NMR and assigned using their chemical shifts. The peak at 

73.56 ppm was assigned to C-5, followed by the peak at 38.77 ppm which was assigned to C-6 while 

28.62 ppm was assigned to C-7, the peaks at 23.78 ppm, 22.16 ppm and 14.45 ppm were assigned to 

C-4, C-8 and C-9 respectively as shown by Figure 3-9. The assignments were verified using HSQC-

NMR (shown in the supporting information) which confirmed the correlations between the assigned 

carbons and protons. 

 

Figure 3-9: 13C-NMR spectrum for compound 2 
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A base peak [M] ̄ = 303.07 was observed on the ESI (-) mass spectrum corresponding to the desired 

ligand with the molecular formula C13H20O2PS2.̄  

 

3.1.1.3.2 Silver(I) and cadmium(II) complexes 

Compounds 2A and 2B were synthesized by a complexation reaction of a 2-hexanol derived ligand 

and silver(I) and cadmium(II) metal salts producing a yellow powder and a white powder 

respectively. The zinc derivative was attempted, but a powder could not be obtained as the complex 

remained as a sticky white paste which could not be characterised effectively by the methods 

employed in this work. As a result it was omitted. 

The two complexes were analysed using FT-IR spectroscopy. The v(P–O–C) band was at 1023 cm-1 

and 1027 cm-1 for 2A and 2B respectively. The vs(P–S) vibrations were at 531 cm-1 and 529 cm-1 for 

2A and 2B respectively while the vas(P–S) vibrations were at 651 cm-1
 for 2A and 645 cm-1 for 2B. A 

comparison of the FT-IR spectrum of 2 and the spectra of 2A and 2B show the notable absence of the 

v(N–H) band ca. 3173 cm-1, however, as mentioned above bands of v(P–O–C), vas(P–S) and vs(P–S) 

were observed which indicates the presence of a POS2̄  moiety. 

The 31P-NMR spectra showed singlets for 2A and 2B at 104.06 ppm and 102.50 ppm respectively. 

Comparison of the 1H-NMR spectra of 2A and 2B showed similar resonances to 2. The resonances 

indicated the formation of 2A and 2B from 2. 13C-NMR spectra of 2A and 2B compared to 2 showed 

a difference of approximately 8 ppm on the ipso- carbon (C-3a). 2 had a chemical shift of 137.2 ppm 

while the 2A and 2B had chemical shifts of 128.5 ppm and 129.0 ppm respectively as shown by 

Table 3-2. 
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Table 3-2: 13C-NMR chemical shifts for 2-hexanol derived compounds 

  Carbon atoms and their chemical shifts (ppm) 

 C-1 C-1a C-2 C-3 C-3a C-4 C-5 C-6 C-7 C-8 C-9 

2 55.7

8 

162.3

8 

132.9

2 

113.4

0 

137.2

5 

23.7

7 

73.3

6 

38.78 28.6

2 

22.1

5 

14.4

5 

2A 55.5

1 

162.9

4 

132.9

5 

113.4

8 

128.5

7 

22.6

3 

72.6

7 

37.346

8 

27.3

1 

21.7

1 

14.0

5 

2B 55.4

1 

162.4

0 

132.3

6 

113.6

4 

129.0

1 

22,6

5 

75.5

3 

37.41 27.4

2 

21.7

8 

14.0

3 

 

Fragment ion peaks were observed corresponding to [M-Ag] ̄ = 713.02 m/z for 2A and [M+ Na] + 

=1461.95 m/z for 2B by the use of ESI (-) and ESI (+) mass spectrometry respectively. The fragments 

of 2B are shown in Figure 3-10. 2A also had a similar fragmentation pattern as shown in the 

supporting information, both complexes had base peaks at 303.06 m/z for the ligand fragment. 2A 

showed the loss of a metal cation while of 2B showed the loss of a metal ion and one ligand as shown 

in Figure 3-10 
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Figure 3-10: ESI (-) mass spectrum showing fragments of 2B. 

 

3.1.1.4 2-Butene 1, 4 diol derived compounds 

3.1.1.4.1 2-Butene 1, 4 diol derived ligand (2) 

A 2-butene 1, 4 derived ligand salt was synthesised after Lawesson’s Reagent was reacted with 2- 

butene 1, 4 diol. The synthesized ligand was complexed with silver, zinc and cadmium metal salts.  

FT-IR analysis showed v(N–H), v(P–O–C), vs(P–S) and vas(P–S) bands at expected vibrations of 3189 

cm-1, 1023 cm-1, 650 cm-1 and 555 cm-1  respectively. This indicated the presence of an ammonium 

compound with a dithiophosphonate moiety. The obtained FT-IR spectrum is shown in Figure 3-11. 
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Figure 3-11: FT-IR spectrum for compound 3 

31P-NMR indicated the presence of the dithiophosphonate group shown by a singlet at 107.74 ppm in 

Figure 3-12. Analyses with 1H-NMR and 13C-NMR were conducted to predict the structure of 3. The 

1H-NMR spectrum for 3 is shown in Figure 3-13. The methine protons (H-5) from the parent alcohol 

were observed downfield at 5.66 ppm as a triplet owing to the deshielding effect of the pi bond on the 

protons. The methylene protons (H-4) were found upfield as a doublet of doublets. 

 

Figure 3-12: 31P-NMR spectrum for compound 3 



45 
 

 

Figure 3-13:1H-NMR spectrum for compound 3 

The 13C-NMR spectrum obtained for compound 3 shown in Figure 3-14 had seven resonances 

consistent with the expected resonances. The two remaining resonances were assigned using the 

differences in their chemical shifts. The resonance at 130.23 ppm was assigned to C-5 which was 

downfield due to the deshielding effect of the pi electron system in the C=C double bond. The 

remaining resonance at 61.1 ppm was assigned to the methylene carbon (C-4) 

 

Figure 3-14:13C-NMR for compound 3 

The final analysis using ESI (-) mass spectrometry showed a base peak [M+ Na] ̄ = 512.93 m/z 

thereby confirming the synthesis of the desired ligand with a molecular structure of C18H20O4P2S4
2-. 
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3.1.1.4.2 Silver(II), cadmium(II) and silver(I) complexes 

Cadmium, silver and zinc complexes were synthesized by the reaction of their respective metal 

nitrates with ligand 3. White precipitates were obtained for the cadmium and zinc complexes and a 

yellow powder was obtained for the silver complex.  

FT-IR analysis indicated the presence of the v(P–S) and v(P–O–C) bands and the absence of the v(N–

H) vibrations and the formation of the desired complex from the ligand. The FT-IR spectra of the 

compounds are shown in the supporting information showing the disappearance of the v(N–H) peak at 

3189 cm-1. 

Solution multinuclear NMR analyses were used to analyse 3A, 3B and 3C. The 31P-NMR analyses 

showed resonances due to the dithiophosphonate moiety at 106.77 ppm, 105.88 ppm and 104.81 ppm 

for 3A, 3B and 3C respectively. The 1H-NMR spectra of the complexes were similar to the ligand 

with regards to the signal splitting and chemical shifts as shown in the 1H-NMR spectra of 3A, 3B and 

3C. The chemical shifts of the compounds were similar in most of the carbon atoms with the notable 

exception of C-3a which showed a significant difference of about 8 ppm between 3 and its 

derivatives. The resonance due to the ipso carbon (3a) on 3 was downfield compared to its derivatives 

3A, 3B and 3C as shown by the peaks at 136.85 ppm, 128.28 ppm, 129.62 ppm and128.28 ppm for 3, 

3A, 3B and 3C respectively. 

Table 3-3 :13C NMR chemical shifts for 2-butene -1, 4 diol derived compounds 

 Carbon atom number and chemical shifts (ppm) 

 C-1 C-1a C-2 C-3 C-3a C-4 C-5 

3 55.92 162.60 113.91 133.08 136.85 61.17 130.08 

3A 55.42 159.74 112.20 132.01 128.28 58.43 131.26 

3B 55.13 161.99 113.15 132.48 129.62 58.14 131.14 

3C 55.02 159.89 112.06 132.20 128.28 58.48 131.43 
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Mass spectrometry analysis showed a base peak of [M-Ag] ̄ = 598.87 for 3A. ESI (+) used for 3B 

showed a peak for [M+ Na] + = 1228.70 m/z, while HR-MS showed a peak for M+ = 1112.80 m/z for 

3C. Figure 3-15 shows the ESI (-) mass spectrum of 3B and the fragments for the observed peaks. 

The spectrum shows a fragment ion peak at 891.85 m/z when 3B lost a metal ion and An–PS2̄ 

(An=Anisyl), another notable peak is the base peak at 512.94 m/z due to [L+ Na] ̄ (L=Ligand). 3A 

and 3C also showed similar fragments as shown in the supporting information. 

 

Figure 3-15 : ESI (-) mass spectrum showing fragments of 3B 

Colourless single crystals of compounds 3C and 3B suitable for SC-XRD were successfully grown in 

DCM/Hexane using the vapour diffusion technique. The crystal data and structure refinement for 

compounds 3B and 3C are shown in the supporting information. Both compounds had a distorted 

tetrahedral geometry around their metal centres. For complex 3B, the S(3)-Cd(1) and S(4)-Cd(1) bond 

lengths were 2.6053(5) Å and 2.5367(5) Å, respectively, and the S(4)-Cd(1)-S(3) bite angle was 
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79.910(14)º. For complex 5C the Zn(1)-S(4)  and Zn(1)-S(1)  bond lengths were 2.4164(9) and 

2.3378(8) Å while the S(1)-Zn(1)-S(4) bite angle was 86.85º. 3B and 3C had similar structures which 

consisted of three ring structures including an eight membered M2S4P2 ring comprising the metal, 

sulfur and phosphorus atoms which was formed via bridging coordination of the two ligands with two 

metal centres using their PS2 moiety as shown by Figure 3-16 and Figure 3-17.  The result of this 

pattern was the formation of an inversion centre within the complexes between their two metal atoms. 

The crystal structures packed in a triclinic crystal system in a P-1 space group. Each of the complexes 

showed similar groups of ligands adjacent to one another within the complex molecule i.e. the anisyl 

groups of a bridging and chelating ligand were held adjacent to one another as shown by Figure 3-16 

and Figure 3-17 which show the molecular solid state structure of compounds 3B and 3C respectively 

with atom numbering scheme. Figure 3-18 shows the packing when viewed along the a axis 

 

Figure 3-16: ORTEP diagram for compound 3B, thermal ellipsoids drawn at 50% probability 
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Figure 3-17: ORTEP diagram for compound 3C, thermal ellipsoids drawn at 50% probability 

 

 

Figure 3-18: Packing of 3C viewed along the a axis 
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3.1.1.5 2-methyl cyclohexanol derived compounds 

The ligand was synthesized by the reaction between LR and 2-methyl cyclohexanol. The 2-methyl 

cyclohexanol derived ligand was thereafter complexed with the nitrate salts of silver, cadmium and 

zinc.  

 

3.1.1.5.1 2-methyl cyclohexanol derived ligand (4) 

Analysis with FT-IR revealed the presence of v(N–H), v(P–O–C), vs(P–S) and vas(P–S)  bands at 3141 

cm-1, 1023 cm-1, 648 cm-1 and 548 cm-1 respectively. This indicated the presence of an ammonium 

dithiophosphonate compound. The FT-IR spectrum for 4 is shown in Figure 3-19. 

 

Figure 3-19: FT-IR spectrum for compound 4 

31P-NMR indicated the presence of a dithiophosphonate moiety within the expected chemical shift 

range shown by a single peak at 103.67 ppm. Figure 3-20 shows the 31P-NMR spectrum for 4. 
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Figure 3-20: 31P-NMR spectrum for compound 4 

The 1H-NMR spectrum showed a quartet at 4.14 ppm which was assigned to H-4 since it was more 

deshielded due to the oxygen higher than the upfield quartet at 2.02 ppm which was assigned to H-9. 

The multiplets at 1.25-1.73 ppm were assigned to the methylene protons H-5, H-6, H-7 and H-8. The 

doublet at 0.93 ppm was assigned to H-10 using its chemical shift, splitting pattern as well as a peak 

integral of 3 protons. Figure 3-21 shows the 1H-NMR spectrum of compound 4. Figure 3-22 shows 

the 13C-NMR spectrum of 4, the resonances were assigned using their chemical shifts as 81.36 ppm 

(C-4), 39.81 ppm (C-9), 36.63 ppm (C-5), 34.68 ppm (C-8), 31.55ppm (C-7), 22.83 ppm (C-6) and 

19.89 ppm (C-10) which was the least deshielded. 

 

Figure 3-21: 1H-NMR spectrum of compound 4 
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Figure 3-22: 13C-NMR spectrum for compound 4 

A base peak was observed with ESI (-) mass spectrometry for compound 4 as [M]  ̄ = 317 which 

confirmed the molecular formula of the ligand as C14H20O2PS2.̄ 

 

3.1.1.5.2 Silver Cadmium and Zinc complexes 

4A, 4B and 4C were synthesized from ligand 4 and their characterisation data compared to their 

parent ligand. Complexes 4B and 4C were white powders while compound 4A was a yellow powder. 

The three compounds were analysed using FT-IR spectroscopy. The v(P–O–C) vibrations were at 

1026 cm-1, 1026 cm-1and 1024 cm-1 for 4A, 4B and 4C respectively. For the vs(P–S) vibrations were at 

532 cm-1, 537 cm-1 and 537 cm-1 for the 4A, 4B and 4C respectively. The vas(P–S) vibrations were at 

655cm-1, 647 cm-1 and 642 cm-1 for 4A, 4B and 4C respectively. Comparison of the spectra of 4 and 

those of 4A, 4B and 4C shows the disappearance of the v (N-H) vibration at 3141 cm-1. This proves 

that 4 successfully complexed with metal ions to form 4A, 4B and 4C. 

31P-NMR showed single peaks at 103.83 ppm, 102.21 ppm, and 101.47 ppm were for 4A, 4B and 4C 

respectively. The 1H-NMR signals of complexes 4A, 4B and 4C were similar to the peaks that were 

observed with 4. Table 3-4 shows the 13C-NMR of 4 and its derivatives. For C-3a compound 4 was at 
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137.52 ppm compared to its derivatives 4A, 4B, and 4C which were upfield at 129.86 ppm, 129.67 

ppm and 129.81 ppm respectively. 

Table 3-4: 13C-NMR chemical shifts for 2-methyl hexanol derived compounds 

 Carbon atom number and chemical shifts (ppm) 

 C-1 C-1a C-2 C-3 C-3a C-4 C-5 C-6 C-7 C-8 C-9 C-10 

4 55.7

1 

162.1

3 

113.4

7 

132.6

7 

137.5

2 

81.3

6 

36.6

3 

22.8

3 

31.5

5 

34.6

7 

38.8

1 

19.8

9 

4

A 

54.5

7 

161.5

9 

112.8

6 

131.8

9 

129.8

6 

80.1

5 

34.8

9 

24.2

3 

24.8

7 

32.5

4 

37.6

7 

18.4

9 

4B 55.4

1 

162.3

1 

113.6

7 

132.1

8 

129.6

7 

83.0

8 

35.6

8 

24.7

4 

25.1

8 

33.8

5 

38.6

4 

19.5

0 

4

C 

55.4

4 

162.4

6 

113.7

3 

131.7

6 

129.8

1 

79.1

4 

35.7

7 

24.7

3 

25.5

0 

33.4

0 

38.5

4 

19.3

6 

 

The peaks for the complexes were determined using ESI (-) MS as [M-Ag] ̄ = 869.96 m/z for 4A, ESI 

(+) as [M+ Na] + =1506 m/z for 4B and [M] + =1392.14 for 4C. Figure 3-23 shows the fragment of 4B 

after the loss of a metal ion and An–PS2̄ (An = Anisyl) at 1059.05 m/z, as well as the ligand fragment 

at 315.05 m/z. 4A also followed a similar pattern of fragmentation. 
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Figure 3-23: ESI (-) mass spectrum showing fragments of 4B 

 

3.1.1.6 2-methyl-3-hexanol derived compounds 

A 2-methyl-3-hexanol derived dithiophosphonate salt 5 was synthesised using LR and 2-methy-3-

hexanol. The synthesized ligand was thereafter complexed with silver, cadmium and zinc salts to form 

compounds 5A, 5B and 5C respectively. This section details the characterisation data obtained. 

 

3.1.1.6.1 2-Methyl-3-hexanol derived ligand (5) 

Analysis with FT-IR indicated expected vibrations consistent with an ammonium dithiophosphonate 

salt. Vibrations at 3192 cm-1, 1017 cm-1, 662 cm-1, and 540 cm-1 were attributed to the v(N–H), v(P–

O–C), vas(P–S) and vs(P–S) vibrations respectively. Figure 3-24 shows the FT-IR spectrum with the 

vibrations annotated accordingly. 
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Figure 3-24: FT-IR spectrum for compound 5 

The 31P-NMR analysis of compound 5 revealed a singlet at 103.83 ppm as shown by Figure 3-25 

which indicated the synthesis of a compound with a dithiophosphonate moiety as it was within the 

expected dithiophosphonate range. 

 

Figure 3-25: 31P-NMR spectrum for compound 5 
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Figure 3-26 shows the 1H-NMR spectrum for compound 5 with three resonances ca. 8.10 ppm, 6.90 

ppm and 3.81 ppm due to meta, ortho and the methoxy protons respectively on the anisyl side chain 

of the ligand. The methyl protons H-4, H-6 and H-10 were the least deshielded and were determined 

by their upfield chemical shifts, as well as the integration of their signal to nine protons corresponding 

to three methyl groups. H-7 was determined by its relatively downfield chemical shift compared to H-

5 or H-8 due to a direct bond with an oxygen atom of the dithiophosphonate moiety. The signal at 

2.04 ppm was assigned to the C-5 methine proton while the multiplets at 1.33-1.58 ppm were assigned 

to the methylene protons H-8 and H-9. The 13C-NMR spectrum shown in Figure 3-27 had twelve 

resonances at expected chemical shifts. The resonances for the anisyl carbon atoms due to the para 

carbon (C-1a), ipso carbon (3a), ortho carbons (C-3), meta carbons (C-2) and methoxy carbon (C-1) 

were at chemical shifts 162.3 ppm, 139.1 ppm, 132.9 ppm, 113.6 ppm and 55.9 ppm respectively. 

81.90 ppm was assigned to C-7 directly bonded to the oxygen. Other carbon atoms were determined 

using their 13C-NMR chemical shift values and HSQC as C-8, C-5, C-4,C-6 and C-10 at 34.43 

ppm,32.54 ppm, 19.77 ppm, 18,82 ppm, 18.24 ppm and 14.79 ppm.  Figure 3-28 shows the HSQC 

spectrum of compound 5 displaying the signals of the observed carbon atoms and their correlating 

protons. 

 

Figure 3-26:1H-NMR spectrum for compound 5 
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Figure 3-27:13C-NMR spectrum for compound 5 

 

Figure 3-28: HSQC spectrum for compound 5 

Mass spectrometry analysis confirmed the structure of 5 when a base peak was observed as [M]  ̄= 

317.09 corresponding to the anticipated ligand with a molecular formula of C14H22O2PS2 ̄ as shown in 

the ESI (-) mass spectrum in the supporting information accompanying this work. 
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3.1.1.6.2 2 methyl 3 hexanol derived silver, cadmium and zinc complexes 

The synthesised silver complex (5A) was yellow while the cadmium (5B) and zinc complexes (5C) 

were white in colour. The complexes were characterised by FT-IR analysis to ascertain the presence 

of the characteristic v(P–O–C), vas(P–S) and vs(P–S) vibrations as well as confirmation of the absence 

of the v(N–H) band after complexation. 

The complexes were analysed with 31P-NMR indicating the presence of the dithiophosphonate 

moiety.  Singlets were obtained at 103.84 ppm, 100.17 ppm and 97.00 ppm for 5A, 5B and 5C which 

proved that complexes contained the dithiophosphonate group derived from their ligand precursor 5 

1H-NMR analysis of 5A, 5B and 5C showed similar signal splitting compared to the precursor with 

minor differences in chemical shifts. The complexes showed the protons associated with anisyl as 

well as the alcohol residue ca. 7.99 ppm, 6.8 ppm, 4.7 ppm, 3.8 ppm, 2.1 ppm, 1.5 ppm and 0.9 ppm. 

13C-NMR spectra of 5A, 5B and 5C also showed 12 resonances similar to 5. The most notable 

difference as with the other ligands synthesized in this work was on the ipso carbon (C-3a) which was 

at 139.06 ppm on compound 5 but was upfield at 130.44 ppm, 130.11 ppm and 129.78 ppm in 5A, 5B 

and 5C respectively as shown in Table 3-5. 
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Table 3-5: 13C-NMR chemical shifts for 2-methyl-3-hexanol derived compounds 

 Carbon atom number and chemical shifts(ppm)  

 C-1 C-1a C-2 C-3 C-3a C-4 C-5 C-6 C-7 C-8 C-9 C-10 

5 55.92 162.29 113.58 132.88 139.06 18.82/ 

18.24 

32.55 18.82/ 

18.24 

81.91 34.43 19.77 14.79 

5A 55.45 162.41 113.66 131.72 130.44 18.74/ 

18.00 

31.49 18.74/

18.00 

84.03 33.10 19.87 14.26 

5B 55.50 162.49 113.71 131.91 130.11 18.05/ 

17.81 

31.58 18.05/

17.8 

84.09 33.18 18.85 14.31 

5C 55.43 162.42 113.48 131.84 129.78 17.98/

17.74 

17.98/

17.74 

14.24     

 

Fragment ion peaks were observed using mass spectrometry, indicating the formation of the desired 

compounds. The ESI (-) mass spectrum showed fragment ion peaks [M-Ag] ̄ = 741.07 for 5A and [M-

L+ Na+] ̄ =1168.07 for 5C. The ESI (+) spectrum displayed a fragment ion [M+ Na] + = 1517.56 m/z 

for 5B as shown in the supporting information. Figure 3-29 shows the fragmentation of the 5B which 

shows the loss of a cation and a ligand. Similar fragments were observed with 5A. 
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Figure 3-29: ESI(-) mass spectrum for compound 5B 
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3.2 Conclusion 

The FT-IR analyses conducted were used to characterise the synthesized compounds to prove the 

formation of a ammonium DTP salt based on the v(N-H), v(P–O–C), vs(P–S) and vas(P-S) vibrations 

observed. It was also used to determine the formation of a complex as observed by the disappearance 

of the broad v(N-H) band ca. 3200 cm-1. 

Single peaks were observed with 31P-NMR within the expected range of 90-110 ppm, 1H-NMR 

showed signals with expected splitting and chemical shifts, and was also useful to ascertain the bulk 

purity of the synthesized compounds. 13C-NMR was used to predict the structures of the compounds, 

as the resonances were obtained at expected chemical shifts. It also showed the formation of the 

complex from the ligand as shown by the change in the chemical shift of the ipso carbon by ca. 10 

ppm upon complexation. 2D-NMR was instrumental in resolving the structure of some compounds 

with overlapping peaks by the correlation of the carbons and protons involved. 

ESI(-) MS showed the fragmentation of complexes in most cases shown by the largest fragment 

without the metal ion and ligand. Fragments corresponding to the ligands were also observed usually 

as base peaks. ESI(+) confirmed the suggested structures of the complexes either as M+ or [M+ Na]+  

peaks. 

SC-XRD enabled the confirmation of the molecular structures of 3B and 3C which were observed to 

have similar structures. Both had a distorted tetrahedral geometry around their metal centres 

consisting of three ring structures including an eight membered M2S4P2 ring comprising the metal, 

sulfur and phosphorus atoms which was formed via bridging coordination of the two ligands with two 

metal centres using their PS2 moiety with the formation of an inversion centre within the complexes 

between the two metal atoms.  

The characterisations discussed in this section confirmed the synthesis of the desired 

dithiophosphonate compounds, which were subsequently used for in-vitro antibacterial studies in 

Chapter 4.  
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 CHAPTER 4 

APPLICATION OF NEW DITHIOPHOSPHONATE COMPOUNDS IN ANTIBACTERIAL 

STUDIES 

 

4.1 Introduction 

Bacterial infectious diseases are a severe health challenge as evidenced by increased outbreaks. 

Bacterial antibiotic resistance and the emergence of new bacterial mutations are becoming 

increasingly more common.65 Bacteria are prokaryotes known to infect humans and animals a few 

minutes after they are born.66,67 There are multitudes of bacteria that are fairly innocuous but have 

been known to develop virulent tendencies and become pathogenic.57 An opportunity was created for 

the eradication of infections by these virulent bacteria with the discovery of antibiotics by Alexander 

Fleming in 1928. However, within a few years an increase in antimicrobial resistance (AMR) was 

observed resulting in reduced efficacy of formerly effective antibacterial agents.68 Currently AMR has 

resulted in the treatment of patients becoming more costly and difficult,69 or even impossible in some 

instances.70 The virulence capability of such strains is determined by a combination of distinctive 

accessory traits, called virulence factors. The antibiotic resistance patterns are also to some extent 

determined by the local environment, selective acquisition and loss of plasmids carrying resistance 

genes and various other genetic mechanisms.71 In some cases, resistance extends to the entire range of 

the available therapeutic agents posing an arduous challenge to antimicrobial therapy. This is 

particularly worrisome in light of the current dearth of new compounds active against such bacteria.59 

Poor medical and agricultural practices of the past decades are suspected to have promoted resistance 

development and spread in both human and animal pathogens culminating  in compromised 

chemotherapy.72 

Bacteria are classified as gram negative and positive differentiated by the Gram staining technique 

developed by Cristian Gram in 1884 using crystal violet as the staining technique. Gram positive 
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bacteria are more susceptible to antibiotics due to the absence of the outer membrane. Gram negative 

bacteria are less susceptible because they contain the outer membrane as shown by Figure 4-1 

 

 

Figure 4-1: Structural comparison between gram positive and negative bacteria cell walls.84 

Gram positive bacteria contain a thick peptidoglycan cell wall along with teichoic acid, allowing the 

bacteria to stain in purple during gram staining whereas gram negative bacteria contain a thin 

peptidoglycan cell wall with no teichoic acid, which causes the ell wall to stain pink during counter 

staining .These two types of bacteria also appear differently under a microscope, as well as having 

different sizes, cell wall texture , lipid and lipoprotein content gram, presence/absence of pores on the 

outer membrane, resistance to physical disruption, cell wall disruption by lysozyme, pathogenicity 

and toxins produced.73 

Staphylococcus aureus is a Gram-positive aerobic organism frequently responsible for nosocomial 

bacteraemia, biofilm linked infections, catheter related infections and the infection of many implanted 

devices leading to longer term hospitalization and naturally higher care costs.68,74  

Escherichia coli is a Gram-negative, rod-shaped bacterium and versatile predominant facultative 

anaerobe of the human colonic flora. The organism typically colonizes the infant gastrointestinal tract 

within hours of life and co-existing in good health. However, several highly adapted E. coli variants 

have evolved the ability to cause a broad spectrum of human diseases66 including bacteraemia,67 

urinary tract infections, neonatal meningitis and diarrheal diseases.4  
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Klebsiella pneumoniae is a Gram-negative, encapsulated, non-motile bacterium76,77  that resides in the 

environment, including soil and surface waters and on medical devices.78 It causes a wide range of 

infections, including pneumonia, bacteraemia, urinary tract infections and liver abscesses. K. 

pneumoniae readily colonizes human mucosal surfaces, including the gastrointestinal (GI) tract and 

oropharynx.  

Salmonella Typhimurium is a Gram-negative, flagellated, facultative anaerobic and primary enteric 

pathogen infecting both humans and animals. Infection is instigated by the ingestion of contaminated 

food or water allowing the salmonellae access to the intestinal epithelium and ultimately triggering 

gastrointestinal disease.79  

Pseudomonas aeruginosa is a ubiquitous bacterial species. It is a Gram-negative, rod-shaped 

bacterium. It is found in various environmental habitats including animal and human hosts, where 

they can act as opportunistic pathogens.80 One of the most worrisome characteristics of P. 

aeruginosa is its low antibiotic susceptibility, which is attributable to the concerted action of 

multidrug efflux pumps with chromosomally encoded antibiotic resistance genes.72  

Dithiophosphonates have received attention due to their useful applications, which now include 

potential use in medicine. Dithiophosphonate compounds have appreciable antibacterial activity 

among other biological activities.27 They are of particular interest because of the resistance of some 

bacteria to traditional antibiotics. Efforts are being made to improve and also develop better 

compounds for use in antibacterial applications to reduce unpleasant side-effects frequently associated 

with antibiotics as well as resistance.9,19  
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4.2 Results and discussion 

Of the synthesised compounds, only 1A could not be used for screening as it was sparingly soluble in 

DMSO. As shown by Table 4-1 each compound was effective against at least two bacterial strains. 

Cadmium complexes generally had poor antibacterial effectiveness against most of the strains tested 

in this study. Three of the four zinc complexes were effective against all of the tested bacteria 

although they were not the best against the bacterial strains in each case. The most effective metal 

complexes based on the largest zones of inhibition for each bacteria were silver complexes. The most 

resistant strain was Salmonella Typhimurium, most of the compounds were ineffective against this 

strain. Only a third were effective against the strain and even so with relatively small zones of 

diffusion showing that the synthesized compounds were mildly effective against it. Most of the 

compounds were effective against Klebsiella Pneumoniae but the most susceptible strain was MRSA. 

The largest zones of inhibition were recorded with MRSA, even the less effective cadmium 

complexes showed some activity against the strain. The most effective compounds against each strain, 

as shown by the largest zones of diffusion are highlighted in Table 4-1 and were used for the next 

step of testing to determine their minimum inhibitory concentrations (MICs). 
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Table 4-1: Initial screening tests for synthesized dithiophosphonate compounds at 10 000ppm 

showing the diameter of zones of inhibition (mm) 

Compound

s 

Bacterial strains 

 Ec Kp MRSA Sa Pa St 

1 7 - - - 5 - 

2 7 8 11 7 5 - 

3 5 8 - 6 6 - 

4 5 - 11 6 5 - 

5 9 9 12 6 5 7 

2A - 19 18 - 11 - 

3A 11 9 5 7 8 6 

4A 9 14 - 7 6 - 

5A - 14 10 - 6 - 

1B - 12 - 7 - - 

2B - 10 25 - - - 

3B - 10 23 9 - 8 

4B - - 22 - - - 

5B - 12 19 7 - - 

1C - 7 - 5 7 - 

3C 7 5 6 7 9 10 

4C 8 5 19 7 8 8 

5C 8 7 18 7 6 8 

Ec = Escherichia Coli; MRSA = Methicillin resistant staphylococcus aureus; Pa = Pseudomonas 

aeruginosa; St = Salmonella Typhimurium; Kb = Klebsiella Pneumoniae; Sa = Staphylococcus 

aureus. 
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3.3 Minimum inhibitory concentration (MIC) 

These tests are crucial as resistance surveillance in epidemiological studies of susceptibility and in 

comparisons of new and existing agents. In MICs dilutions of antimicrobial agents are tested for their 

ability to stop visible growth on a series of agar plates. The lowest concentration of an antimicrobial 

agent (in mg/L) which under defined in-vitro conditions prevents the appearance of visible growth of 

the microorganism within a predefined period of time is referred to as the MIC. The MIC is used as a 

guide for clinicians to the susceptibility of the organism to an antimicrobial agent, thereby assisting in 

decision making based on the treatment options available.81 Compounds 2A, 3A, 2B, 3B and 3C were 

used in the MIC tests. The minimum concentrations that inhibited bacterial growth are shown in 

Table 4-2. 

Table 4-2: Minimum inhibitory concentrations (MICs) for dithiophosphonate complexes µg/mL 

(ppm) 

Ec = Escherichia Coli; MRSA = Methicillin resistant staphylococcus aureus; Pa = Pseudomonas 

aeruginosa; St = Salmonella Typhimurium; Kb = Klebsiella Pneumoniae; Sa = Staphylococcus 

aureus. 

Comparison with the standard drug ciprofloxacin showed that most of the compounds were not as 

effective as the standard drug. The MICs of the compounds were higher than those of ciprofloxacin 

when tested against the bacterial strains. However 2B was more effective against MRSA than 

Microorganism DTP compound MIC  µg/mL (ppm) MIC  µg/mL (ppm) 

Ciprofloxacin 

Ec 3A 625 0.2 

Kp 2A 10 1.6 

MRSA 2B 20 25 

Sa 3B 1250 25 

Pa 2A 1250 0.8 

St 3C 2500 0.4 
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ciprofloxacin as shown by the lower MIC of 20 ppm compared to 25 ppm of ciprofloxacin, 2A also 

showed a relatively good MIC value of 10 ppm against Klebsiella Pneumoniae compared to the 

Ciprofloxacin value of 1.6ppm. 

The results show that ligand 2 and 3 derivatives generally had larger zones of inhibition than other 

ligands. Overall, complexes had larger zones of inhibition compared to their free ligands as shown by 

Table 4-1 which showed that they were more effective than their ligand precursors. These results 

corroborate reports using antimony  DTP complexes which showed that the complexes had greater 

potency compared to their free ligands,82 another investigation by Saadat et al. using nickel DTP 

complexes had the same findings.61 Chauhan et al. have used other dithiolates like dithiophosphates in 

antimicrobial applications against similar bacteria and managed to get encouraging results.82  It is 

reported that chelation makes the ligand act as stronger and effective bactericidal agents, thus showing 

more antibacterial activity than the ligand. In a complex there is π-electron delocalization over the 

whole chelate due to the positive charge of the metal which is not fully shared with the ligand’s donor 

atoms .This improves the lipophilic perfromance of these complexes which encourages infiltration 

through the lipid layer of the bacterial membranes and consequently improved efficacy 83 

Other factors may also be responsible for the antimicrobial activity that was observed in this study, 

including solubility, conductivity, and bond length between the metal and the ligand. The results show 

the ligands being consistently active against Escherichia coli and Pseudomonas aeruginosa but all the 

cadmium complexes were ineffective despite having the same ligands as part of its complexes. It is 

also interesting to note that most of the ligands were ineffective against the most resistant strain 

Salmonella Typhimurium but the zinc complexes from the same ligands were consistently effective. 

The results of this study revealed that the bacteria were susceptible to the new dithiophosphonates 

tested on them and showed the effectiveness of this class of compounds against common bacterial 

strains. 
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4.3 Conclusion 

This study reports on the antibacterial susceptibility tests for the 6 bacterial strains using new 

dithiophosphonate compounds and also the determination of the MIC values for selected compounds 

against the bacteria strains. The obtained result indicated that these compounds showed a range of 

antibacterial activities from zero to moderate and even significant, and it is evident that the microbial 

growth inhibition by metal complexes was in most cases higher than that of the free ligands as 

displayed by the larger zones of inhibition observed with complexes. 

The most resistant bacterial strain was Salmonella Typhimurium, most of the compounds were 

ineffective against it. Even the most effective compound (3C) had a small zone of inhibition and a 

large MIC value which shows that the synthesized compounds were not very effective against this 

bacterial strain. The most susceptible bacterial strain was MRSA as shown by the large zones of 

inhibition that were observed against it. 

As anticipated, the dithiophosphonate complexes were more effective than the free dithiophosphonate 

ligands, as shown by their larger zones of inhibition against the bacterial strains. Silver was the most 

effective metal, while cadmium was the least effective, zinc metals were generally effective against 

most of the bacterial strains even though they were not the most effective. Three of the four zinc 

complexes were effective against all the bacterial strains. In conclusion the findings of this 

investigation confirm that the ligand as well as the metal complex both play significant roles in 

effectiveness of the antibacterial properties of the compounds which can be useful in the design of 

antibiotics using this class of ligands.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

In this study, five new dithiophosphonate ligands were successfully synthesized from the reaction 

between alcohols (and diols) and Lawesson’s Reagent. The study further prepared fourteen new 

dithiophosphonate complexes.  

The compounds were characterised mainly by FT-IR, 31P-NMR, 1H-NMR, 13C-NMR, mass 

spectrometry and SC-XRD. The FT-IR spectra showed similarities between the vibrations of the 

complexes and the ligands with regards to v(P-O-C), vs(P-S) and vas(P-S) vibrations  which were used 

to confirm the POS2
̄  moiety within the compounds. The absence of the v(N-H) band in the complexes 

was used to show the successful complexation of the ligand. 31P-NMR was also used to confirm the 

synthesis of a dithiophosphonate compound as single peaks were observed within the expected 90- 

110ppm range associated with dithiophosphonate while 1H-NMR and 13C-NMR were used to 

determine the structure of the compounds. Mass spectrometry was used as the final confirmation of 

the successful synthesis of the compounds as shown by fragment ions and sometimes base peaks 

corresponding to the expected molecular mass. ESI (-) was useful for observing the fragmentation 

patterns of the complexes using prominent peaks in the spectra, generally the complex fragmented 

into a fragment ion with the loss of its metal cation as well as the whole ligand or its anisyl side chain. 

Two high quality crystals of 3B and 3C were obtained from complexes of cadmium and zinc 

respectively of a 2-butene 1, 4 diol derived ligand. SC-XRD was utilised to analyse them to obtain 

their structures. The complexes had similar structures. They were dinuclear complexes comprising 

two bidentate ligand molecules, bound to the metal centres in a chelating fashion, while also forming 

bridges between them. This formed an eight-membered ring M2S2P2 comprising the metal, sulfur and 

phosphorus atoms as a result.  

The in vitro antibacterial studies showed that Salmonella Typhimurium  was the most resistant strain 

while MRSA was the most susceptible to the new DTP compounds used in this test. All of the 
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eighteen tested compounds had some degree of antibacterial effectiveness, as each compound was 

effective against at least two bacterial strains. The complexes, particularly silver complexes were 

generally more efficacious compared to their ligands, cadmium complexes were mostly ineffective 

while most zinc complexes were effective against all 6 bacterial strains used in this study. 

 

Future work 

In this study, only compounds derived from Lawesson’s Reagent were utilised. But new compounds 

derived from phenetole and ferrocene analogues of Lawesson’s Reagent can also be synthesised for 

application in antibacterial studies against common virulent bacterial strains. 

This study was limited to the use of dithiophosphonate compounds in antibacterial applications, 

however, catalytic and optical (luminescence) applications can also be considered and attempted.  

Further work can also involve the synthesis of the above mentioned compounds (including potential 

ferrocene and phenetole analogue compounds) using microwave radiation.  

The synthesised compounds in this study and related compounds can also be investigated for use 

single-site metal precursors in the formation of metal chalcogenide, especially metal sulfide, (MSx) 

nanoparticle synthesis. Such studies could give mechanistic insight into the formation of metal sulfide 

nanoparticles which can subsequently be used in catalysis studies.   

The study using these dithiophosphonates can also be expanded to more bacterial strains that just the 

six that were used in this study. The study can also be extended using the same compounds to other 

types of microorganisms for example viruses and fungi to test for any efficacy. 

More metals as well as alcohols can be used to synthesize new compounds which can then be tested 

for their antibacterial properties as the findings show that the combination of the ligand and metal 

cation is key to its inherent antibacterial properties.  
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