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ABSTRACT

The thesis is presented in two parts in which Chapter I describes an introduction to 

the work and the remaining chapters describes the synthesis, characterisation and 

biological testing of the complexes.

Chapter I details an introduction of toothpaste and diseases associated with dental 

plaque. It describes the background of a-hydroxyketones, pyridinones and 

alkylaminotropones, as well as the synthesis and characterisation of tin(II), copper(II) 

and zinc(II) complexes of the above ligands. These metal complexes were available 

for testing and they have shown significant anti-bacterial activity.

Chapter II provides a brief introduction on a-hydroxyketone ligands and some of 

their derivatives. The first part of the chapter describes the synthesis of novel, flavour- 

containing a-hydroxyketones. The structures of four a-hydroxyketones ligands: 3- 

benzyloxy-6-carboxy-4-pyrone.DMSO (10), 3-benzyloxy-6-carboxy-4-pyrone.MeOH 

(11), 3-benzyloxy-6-carboxy-4-pyrone.THF (12) and 3-hydroxy-6- 

menthoxyacetyloxymethyl-4-pyrone (29) have been reported and have been 

determined by X-ray crystallography. The synthesis of a flavoured P-diketone, 

menthyl 3-oxo-butanoate (45) is also described. The second part of the chapter 

describes the synthesis and characterisation of copper(II) and zinc(II) metal 

complexes of 3-benzyloxy-6-carboxy-4-pyrone (9) and 3-hydroxy-6- 

menthoxyacetyloxymethyl-4-pyrone (29) ligands. The structures of Cu(3-benzyloxy- 

4-pyrone-6-carboxylate)2.H20.3DMSO (20) and Zn(3-benzyloxy-4-pyrone-6- 

carboxylate)2 .2 H2O (24) were studied by X-ray crystallography. The structure of the 

flavoured copper(II) p-diketonate, Cu(menthyl 3-hydroxy-but-2-enoate)2.MeOH (46) 

is also obtained.

Chapter III includes an introduction to the background research on pyridinones, 

alkylaminotropones and their chemical structures. The first part of the chapter details 

the synthesis and X-ray characterisation of a new flavoured benzylated acidic 

pyridinone, 1 -menthoxyethyl-2-methyl-3-benzyloxypyridin-4-onium chloride.- 

H2O.0.5toluene (77.HCI), a flavoured debenzylated acidic pyridinone, 1-



menthoxyethyl-2-methyl-3-hydroxypyridin-4-onium chloride (78.HC1), a flavoured 

benzylated basic pyridinone, l-menthoxyethyl-2-methyl-3-benzyloxypyridin-4-

one.H20 (77) and a flavoured debenzylated basic pyridinone, 1 -menthoxyethy 1-2- 

methyl-3-hydroxypyridin-4-one (78). The synthesis and characterisation of two new 

flavoured alkylaminotropones 2-menthoxyethylamino-cyclohept-2,4,6-trien-1 -

one.H20 (99) and 2-menthoxyethylamino-4-propylcyclohept-2,4,6-trien-l-one.H20 

(100) have also been reported. The first part also details the synthesis and 

characterisation of 2'-aminoethyl-(3-D-glucopyranoside as a starting material in the 

synthesis of a potential sugar pyridinone or alkylaminotropone ligands. The second 

part of the chapter describes the synthesis and characterisation of copper(II) and zinc 

(II) pyridinone complexes whereby the copper(II) complex, Cu( 1 -menthoxyethyl-2- 

methyl-3-hydroxypyridin-4-onate)2.acetone (96) has been determined by X-ray 

crystallography. The synthesis of two new copper(II) alkylaminotroponates is 

described and the structure of Cu(2-menthylaminotroponate)2 (103) is also given.

Chapter IV provides an introduction of various anti-bacterial and theraupeutic 

agents found in toothpaste. The chapter details the results of the biological tests of the 

new complexes synthesised in this project and are compared and contrasted to metal 

complexes that have been tested previously and commercial toothpastes. The results 

presented in this chapter show that majority of the new menthol containing ligands 

have superior activity to previously tested compounds, and they also show superior or 

nearly equal activity to commercial toothpastes (Integral and Signal).

Chapter V details experimental work, including characterisation and synthesis of 

ligands and metal complexes.
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CHAPTER 1 

INTRODUCTION

1.1 Introduction

1.1.1 Overview o f thesis

Metal elements that have been used as anti-bacterial agents in toothpaste include 

zinc, copper and tin. Zinc citrate trihydrate (Zn3(citrate)2.3H20, ZCT) has been used 

as an anti-bacterial agent for a number of years and has proven to be of value at 

inhibiting plaque and gingival inflammation. Recently, this active zinc compound is 

combined with an organic compound triclosan, that is also thought to contribute major 

anti-bacterial/anti-plaque effects. Stannous fluoride has been used as an ingredient in 

toothpaste and has proven to show effective anti-plaque properties. Due to the high 

activity of stannous ion it can undergo oxidation to produce stannic ions (Sn"^ ,̂ which 

are inactive to anti-bacterial uptake. Unfortunately, this has led to the limited use of 

stannous species in dental research.

Previously, metal complexes of zinc, tin and copper with a-hydroxyketones 

(maltol, pyridinones, hinokitiol, etc)̂ ’̂^̂ and sugar phosphates as ligandŝ ^̂  have been 

found to have useful anti-microbial properties. From the study it appeared that 

copper(II) a-hydroxyketone complexes were most active,  ̂ but suffered from a 

strong metallic flavour at active concentrations. The sugar phosphate complexes 

proved to be active at low concentrations.^^  ̂ Thus, this project has focused on 

synthesising novel a-hydroxyketone copper(II) and zinc(II) complexes which 

incorporate a flavourant (menthol) or sugars as substituents. The flavour moiety on 

the new metal complexes would mask the metallic taste by releasing flavour when the 

active agent is present in the mouth. On the other hand, the sugar moiety on the new 

metal complexes would act as the bait for the bacteria, thus the active agent can be 

used in low concentrations, hence decreasing the metallic taste. The synthesis and 

characterisation of flavoured a-hydroxyketone, pyridinone and alkylaminotropone 

ligands will be described along with their related copper(II) and zinc(II) metal 

complexes.



The introduction to this thesis will discuss the history of toothpaste, the oral 

environment, toothpaste technology and associated dental diseases. It will also include 

a review of the synthesis and characterisation of copper(II), zinc(II), tin(II) and 

tin(rV) complexes that have been made previously and with a particular emphasis on 

those aspects that are directly related to this project,

1.2 Background

1.2.1 A Brief History o f Toothpaste

Toothpaste is not a modem phenomenon. The development of toothpaste began as 

long ago as 300-500BC in China and India. A Chinese Emperor, Huang-Ti learnt that 

sticking gold and silver needles into different parts of the jaw and gum could cure 

pain felt in the mouth. These theories led to the development of dental cream.

In 3000-5000BC Egyptians used a mixture of powdered oxen hooves with an 

aromatic gum, burned egg-shells, pumice and water to make dental cream. In lOOOAD 

Persians made toothpaste by mixing shells of snails and oysters along with gypsum. 

Modem toothpastes were first made use of in 1800. A dentist named Peabody was the 

first to add soap to toothpaste to help clean the teeth by acting as a detergent. Chalk 

was then added as an extra ingredient in toothpaste to act as an abrasive. After World 

War II soap in toothpaste was replaced with emulsifying agents such as sodium 

laurylsulphate (SLS) and sodium ricinoleate. A few years later, a breakthrough 

transformed toothpaste into the cmcial weapon against tooth decay. Dr. William 

Engler discovered that adding fluoride to toothpaste would dramatically reduce dental 

cavities in children. This study, along with many others carried out around the world, 

led to widespread introduction of fluoride in toothpaste in the 1950s.

1.3 Dental Environment

Before we understand how toothpastes work we must understand our mouths. 

Our mouths consist of teeth, gum, tongue, salivary glands together with over 500 

types of micro organisms.



Teeth are composed of a thin layer (1-2 mm) of dental enamel, which forms the 

hard protective coating over the tooth. It is a highly mineralised crystalline structure 

containing about 95-98% inorganic matter (primarily calcium carbonate, CaCOs) and 

calcium hydroxyapatite, Ca5(P0 4 )3 0 H. The other components (2-3%) are organic, 

trace elements and water.̂ '*'̂  ̂Enamel is composed of millions of prisms and rods that 

are composed of apatite crystals varying in size and shape. An organic matrix 

surrounds the individual crystals. It is impossible for the enamel to repair itself once it 

has been damaged. The damage is caused mainly by acid, produced by bacteria, that 

dissolves the enamel, causing tooth decay and cavities.

Salivary glands are a vital component in the dental environment as they produce 

saliva which is the body’s natural protective mechanism of decay. It consists of 

salivary proteins which act as anti-bacterial agents. These proteins are adsorbed onto 

the teeth producing an adsorbed protective layer called pellicle that protects the 

enamel against acid dissolution. Other functions of saliva include:

i) Irrigation - saliva constantly irrigates teeth and gums in the mouth.

ii) Digestion - saliva has a starch-digesting enzyme, salivary amalyse, that

helps in the break down of food during digestion.

iii) Protection - saliva acts quickly to clear away food debris from the mouth

and to buffer the organic acids that are produced by the bacteria.

1.4 Concepts in Plaque formation

1.4.1 Acquired pellicle

The acquired pellicle is a biofllm free of bacteria. It consists mainly of 

glycoproteins and proteins among which are several enzymes. This film builds up 

immediately after the teeth have been cleaned, and thus protecting the dental enamel 

from being in contact with the oral environment. Unfortunately, as the pellicle is 

proteinaceous in nature it can easily be decolourised by certain staining agents such as 

tannins in tea and by inhaled tobacco smoke.̂ ^̂



Following the formation of the pellicle, micro organisms and bacteria will 

adhere to it and colonise causing the build of plaque and periodontal disease.

1.4.2 Dental plaque

Dental plaque is in an adherent, bacterial film that forms on all hard and soft 

tissues. It is the main pathological agent for periodontal diseases and dental caries.̂ ^̂  It 

consists of a complex mix of bacteria, numbering an estimated four hundred distinct 

bacterial species, saliva and food particles. Inorganic components are also found in 

plaque, mainly calcium and phosphorus which are derived from saliva.

The development of dental plaque begins with the movement of bacteria in 

saliva by kinetic forces.̂ *®̂  The bacteria approach the tooth surface and are being 

brought into contact with the organic pellicle. The pellicle is first colonised by 

"primary colonisers", gram-positive micro-organisms, mostly Streptococcus sanguis, 

Streptococcus mutans and Actinomyces viscosu. These bacteria adhere to the surface 

and interact with the components of the dental pellicle and soon colonisation follows. 

Following initial colonisation, the bacteria multiply and form micro-colonies 

increasing an anaerobic environment in the gram-positive streptococcus-rich biofilm 

allowing other types of bacteria to join the biofllm. The formation of plaque is further 

increased by the attachment and colonisation of more complex bacteria, called gram- 

negative bacteria such as Fusobacterium nucleatum, Prevotella intermedia and 

Capnocytophaga species. Further colonisation and accumulation of bacteria therefore 

leads to a complex mass of bacteria, known as dental plaque.

The common method for the physical removal of plaque involves tooth 

brushing and flossing. However, problems arise when accumulation of plaque is 

found in most inaccessible areas of the mouth. If this plaque is not removed by 

brushing and flossing it can harden into a hard unsightly deposit around the gum 

margin called calculus (or tartar). This increases the inorganic content of the plaque 

when calcium phosphate crystals grow within the plaque matrix. A build up of tartar 

is very problematic as it creates a strong bond and can only be removed by a dental 

professional. Tartar formation leaves a rough surface on the tooth making it an ideal 

substrate for further colonisation of plaque-forming bacteria. The deposits generally



build up and accumulate above (supragingival) and below (subgingival) the gum line 

leading to the development of a gum disease known as gingivitis. However the use of 

anti-bacterial agents in commercially available dental products is efficacious in 

reducing plaque growth on the teeth, thus preventing the progression of oral diseases.

1.5 Dental Caries and Periodontol Diseases

During the past thirty years much has been learned and proven that both dental 

caries and periodontal diseases are associated with dental plaque and oral 

microorganisms.^'

Dental caries is the most prevalent infectious disease that affects humans. The 

disease most commonly affects the crown (enamel, dentine) and root surfaces 

(dentine, cementum) of the teeth by demineralisation. Caries begins by surface 

demineralisation where the plaque bacteria, usually Streptococcus mutans and 

Streptococcus sohrinus convert fermentable carbohydrates, mainly sugars from food 

and drinks, into lactic acid. This acid is then released into the surroundings resulting 

in a decrease of pH of the plaque to a ’critical pH' of 5.5. This is a critical range for the 

teeth as acid attacks and de-mineralises the dental enamel. It reacts with the mineral 

hydroxyapatite releasing calcium and phosphate from the teeth leading to calcium 

deficient apatites (equation 1.1).

Caio(P0 4 )6(OH)2  + 2n H  ̂ ► nCa^  ̂+ Ca{i0-n)(HFO4)n(FO4)(6-n)(OH)(2-n) H2O (1.1)

When all the sugar has been consumed the pH of plaque rises, at which point 

the acids are washed out and neutralised by the buffer, bicarbonate, that is present in 

saliva. Saliva also helps in remineralising the tooth by adding calcium and phosphates 

in the demineralised tooth. Thus, if the remineralistion predominates over 

demineralisation, no caries will develop. However, if there are repeated and frequent 

acid attacks on the teeth there is little chance for remineralisation to prove sufficient, 

thus this leads to the weakening of the enamel surface, hence leading to the formation 

of cavities. If caries is not treated, it can lead to the destruction of the entire tooth 

causing severe and painful toothache. Studies have shown the caries can be prevented 

by regular tooth brushing and flossing. '̂̂ '  ̂However some studies have proven that it is



difficult to remove bacterial colonies from pits or fissures, instead the use of 

fluorides  ̂ and chemoprophylatic agents has been an effective method for caries 

control. Some chemoprophylatic agents include metal ions such as Zn^  ̂and Cu^ ,̂ 

anionic agents such as sodium dodecylsulphate^^and non-ionic agents such as 

triclosan̂ ^̂  ̂ and are usually delivered as mouthwashes or toothpastes. They can also 

be applied as varnishes or gels.

Fluorides can be delivered through tablets, toothpastes or mouthwashes or 

applied by dentists in the form of solutions, gels and varnishes. In some parts of the 

world domestic water is pre-treated with fluoride. The primary functions of the 

fluoride ion are:

i) It helps in the remineralisation of the tooth by binding to the 

hydroxyapatite (HAP) crystals to form fluoroapatite that is relatively 

resistant to déminéralisation.^^*^

ii) It also helps in the inhibition of the mutans Streptococci enzyme enolase, 

reducing the ability of the bacteria to generate lactic acid.

If fluoride is given excessively, teeth tend to go brown and discolour, a condition 

known as fluorosis. However research has proven that water fluoride levels below 

Ippm do not cause staining.

Periodontal gum diseases are chronic bacterial infections and usually range from 

gingivitis (simple gum inflammation which shows bleeding and redness around the 

gingival margin) and periodontitis (a serious disease that results in major damage to 

the soft tissue and bom that support the teeth leading to tooth loss). Some bacteria that 

are linked with active periodontitis include Campylobacter rectus^^^’ and 

Porphyromonas gingivalisP^^ Periodontal diseases are an advanced stage of gum 

disease caused by the inflammation and infection of the gum tissue that supports the 

teeth, including the gums (gingiva), periodontal ligaments and the tooth sockets. Most 

people suffer from mild periodontitis that is reversible and can be treated through 

regular dental check ups and good oral home care. Untreated gingivitis can advance to 

periodontitis, in which plaque grows and spreads below the gum line and deep



pockets also form (greater than 3 mm in depth) between the gum and the tooth and are 

usually infected. The pockets become accumulated by tartar and new plaque, 

enhancing gingival inflammation, puss formation and abscess development. Bacterial 

toxins and the body's enzymes that are fighting the infection eventually break down 

the ligaments that hold the tooth in the socket. If not treated the gums pull away fi-om 

the teeth and the connective tissue, bones and gum that support the teeth are 

destroyed. Overall, the ultimate outcome of uncontrolled periodontitis eventually 

causes the teeth to loosen and eventually fall out. It has been estimated that more teeth 

have been lost this way than through tooth decay.

The major factor in preventing gum disease is to control plaque by early and 

effective removal. Regular brushing, mouth washing and cleaning by dentists or 

dental hygienist play a significant role in preventing and controlling this condition as 

they are all reliable means to help prevent plaque build up of the gingival margin 

between the teeth and gums and overall improving gum health.

1.6 Formulations of commercial toothpastes

Toothpaste, or dentrifices, are improving every day. To date, there is a wide 

variety of different types of toothpastes that serve different functions and include anti- 

staining toothpastes, toothpastes for sensitive teeth, anti-cavity toothpastes and 

whitening toothpastes.

Modem toothpastes have a variety of functions, but generally the major 

function of all types of toothpastes is two-fold. They serve as a cosmetic function (by 

cleaning the teeth by removing plaque, food, stains and debris and freshen the mouth) 

and a therapeutic function (by delivering therapeutic agents to control dental diseases 

such as dental caries and periodontitis).



Other important objectives that toothpastes are designed to fulfil include:

i) Scrubbing away plaque or bacterial films from the teeth. Toothpastes 

have abrasives that help in the thorough cleansing of teeth and gums.

ii) Delivering fluoride to the teeth, as fluoride is responsible for the

dramatic reduction of cavities and dental caries.

iii) Containing a wide variety of therapeutic agents, as therapeutic agents

are responsible for chemically hindering the growth of plaque bacteria 

on the teeth and gums.

iv) Having the correct consistency (by containing thickeners, detergents

and water softeners) and flavour, thus it can be easily accepted by the 

consumer.

While the exact formula of each brand of toothpaste is proprietary, most 

toothpastes essentially contain the same basic components (Table 1.6.1).̂ ^̂ ^



Component Level
(wt/wt%)

Role

Water To 100 Dissolve and disperse the various 
therapeutic agents

Humectant
(sorbitol
H0 CH2 [CH(0 H)]4CH2 0 H and 
glycerol H0 CH2CH(0 H)CH2 0 H)

40

Lower the activity of water and help 
maintain consistency of the paste

Detergent (sodium 
dodecylsulphate and sodium 
laurylsulphate)

1
Creates foam, dissolves and disperses 
the water insoluble flavours and 
helps in clean the teeth

Flavour (peppermint or spearmint) 1 Deliver freshness to the consumer's 
mouth

Abrasive (silica, Si02/ chalk, 
CaCO]/ alumina, A1(0H)3) 15

Contribute to the body of toothpaste 
and clean the teeth

Thickener 5
Preventing toothpaste from drying 
out and create texture of the 
toothpaste

Sweetener <1 For palatability and acceptance
Opacifier(Titanium dioxide) 1 Gives the desired whiteness to the 

paste
Therapeutic agent(s) (zinc citrate 
trihydrate, triclosan, fluoride and 
pyrophosphate)

1
Help to minimise the build up of 
plaque and calculus

Table 1.6.1: Toothpaste formulations.



1.7 Copper, zinc and tin complexes of relevance to dental formulations

Metal ions are known to posses anti-plaque activity and are responsible for 

inhibiting bacterial enzymes. Zinc(II), copper(II) and tin(II) have been studied in great 

detail and have proven to be effective bactericides against oral bacteria and can bind 

strongly to plaque components.^^^^

Zinc chloride was among the first metals to be tested by Miller in 1884 as an 

anti-bacterial against oral bacteria. Today, zinc most often occurs as the citrate salt, 

zinc citrate trihydrate (Zn3(citrate)2.3H20, ZCT) which is found in many 

commercially available dentrifices and several studies have been reported on the 

effects of zinc delivered this way. The zinc citrate in dentifrice formulations has 

proven to have a moderate inhibitory effect on plaque formation,̂ "̂̂  ̂ but the effect on 

gingivitis has not yet been fully explained.

Several studies have proven that copper is effective at reducing plaque and 

gingivitis at extremely low concentrations (0.035% of copper sulphate)̂ ^̂  ̂and it has a 

much greater affinity for binding plaque than does zinc.̂ ^̂  ̂However, copper has not 

found much success in dentifrice formulations as it suffers from a local side effect of 

staining and it has a very strong metallic taste.

Short term studies of tin(II) fluoride have proven it is a more effective plaque 

agent as compared to sodium fluoride. It is believed to be that the presence of tin(II) 

ion is active rather than the fluoride. As only tin(II) is known to be active, it is 

necessary to prevent oxidation to tin(IV), which is possible by the addition of specific 

stablising agents e.g. so rb ito l.T h ere  is a large amount of sorbitol present in 

toothpastes and it is very likely that a chemical interaction occurs between the metal 

ion and the polyhydroxy compound, thus providing stability to the tin(II). The only 

adverse effect with stannous fluoride is the small amount of tooth staining and the 

tin(II) being susceptible to hydrolysis and oxidation, which causes precipitation in the 

presence of water.

Specifically, this introduction will further focus on the inorganic chemistry of 

M(II) (M = copper, zinc and tin) derivatives of orally viable a-hydroxyketones.
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pyridinones, alkylaminotropones and sugar phosphates. These complexes have proven 

to be effective anti-bacterial agents in dental formulations.^'

1.8 Cyclic hydroxy ketones and metal complexes

Cyclic compounds that have a ketone and hydroxyl group adjacent to one 

another belong to a group of compounds called cyclic a-hydroxyketones.
O

.OH

These ligands are commercially available and include maltol (I: 3-hydroxy-2- 

methyl-4-pyrone), ethyl maltol (II: 3-hydroxy-2-ethyl-4-pyrone), kojic acid (III: 3- 

hydroxy-6-hydroxymethyl-4-pyrone), tropolone (IV: 2-hydroxycyclohept-2,4,6-trien- 

1-one and hinokitiol (V: 2-hydroxy-4-isopropylcyclohept-2,4,6-trien-1 -one).

OH

R = Me (I) 
a  (II)

R = H (IV) 
*Pr(V)

Figure 1.8.1: Maltol ((I): Hma), ethyl maltol ((II): HEtma), kojic acid ((III): Hkoj), 

tropolone ((IV): Htrop) and hinokitiol ((V): Hhino).

1.8.1 Maltol and related compounds

Maltol (I) is a naturally occurring pyranone and differs from ethyl maltol (II) 

by the group attached to C .̂ Maltol and ethyl maltol are non-toxic food additives and 

are made use of in the baking industry .K ojic  acid (III) is also a natural substance 

that is produce by various fungal or bacterial strains.̂ ^̂  ̂Kojic acid shows some weak 

anti-microbial properties and is used as a food additive (anti-oxidant) in order to 

preserve freshness and to inhibit discolouration. It is also used as a skin lightening
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agent in cosmetic or dermatological preparations as it is responsible for slowing down 

or inhibiting the activity of tyrosinase,w hich is responsible for the melanization 

and browning in plants. Tropolone (IV) and hinokitiol (V) both contain seven 

membered rings and differ from each other by the group attached to C .̂ Hinokitiol 

was first discovered by the Japanese scientist Nozoe when he isolated it from the 

essential oil of the Formosan Hinoki tree.̂ ^̂  ̂Through extensive studies hinokitiol has 

proven to posses anti-microbial properties and is active in low concentrations against 

several common bacterial strains. The application of hinokitol in medicine has been 

limited to Japan where it is used as a component in hair and oral care products and 

helps in the control and prevention of the effects of gingivitis.̂ *̂'̂ ^̂  It has also been 

used as a preservative for vegetableŝ "̂̂  ̂and as a plant growth stimulator^^^  ̂because of 

its strong anti-bacterial properties.

The pyranones have in common a hydroxyl group and keto group adjacent to 

one another and can act as efficient bidentate ligands. They can easily be coordinated 

to bi- and tri-valent metals to produce a variety of bis- and tris- metal complexes 

respectively.^*’

Complexes of (I) and (II) are water soluble, thus there have been many reports 

on the use of this ligand in biological studies. A few examples include Fe(ma)3  used 

for the treatment of iron deficiency anaemia,^̂ ^̂  V0(ma)2 has been proven to be a 

potent insulin agent for the treatment of diabetes^^ ’̂ and Al(ma)] has been used in

the study of aluminium neurotoxicity in Alzheimer's disease.̂ "***̂  Orvig et al 

synthesised a variety of indium complexes which included In(ma)3  and In(koj)3 .̂ '*̂  ̂

These complexes have the advantage of having a low toxicity, are neutral and are also 

able to penetrate cell membranes easily. Thus, neutral tris-pyranone indium 

complexes have been proven to be effective for radiolabelling leucocytes with 

iiijn [59] In, Ga, a group 13 congener of In and Al, also has the potential to 

complex with maltol, ethyl maltol and kojic acid and the Ga complexes have similar 

properties to those of Al and In.̂ "**̂  The dihydrated metal complexes have also found 

utilisation as contrast agents in magnetic resonance imaging (MRI).̂ "*̂ ^

Tropolone (IV) and hinokitol (V) also fit into the category of a- 

hydroxyketones as they contain the a-hydroxy function, but they are seven membered
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ring a-hydroxyketones. Tropolone, like maltol is also able to form a number of 

complexes with metals^^ ’̂ including a variety of tin(IV),̂ '^̂ ’ and

copper(II)̂ ^ '̂̂ ^  ̂derivatives. Gallium and indium complexes have been synthesised and 

the *̂*In derivative has proven to be successful in labelling blood cells.̂ ®̂̂  Co(III) 

tropolonato complexes, [Co(trop)2L]"̂  with L = N, N’-diethylenediammine, have been 

synthesised and proven to show some potential use in the treatment of cancer.̂ ^̂ ^

L8.2 Copper, zinc and tin complexes o f maltol and related ligands

Over the past few years, copper, zinc and tin complexes of a-hydroxyketones 

have shown very interesting anti-bacterial properties. Studies have demonstrated the 

therapeutic potential of these systems. The activity of the compounds has been tested 

against bacteria and the results obtained compared with standard toothpastes.

1.8.2.1 Synthesis o f metal a-hydroxyketone complexes

The first zinc a-hydroxyketone complex, Zn(ma)2.1.5H2Û was synthesised by 

Morita et from maltol and zinc(II)chloride in the presence of IM sodium

hydroxide and later by Burgess et al. but using a different method (zinc sulphate 

heptahydrate in water and maltol in a 1:1 methanol:water m ixture).C u(trop ) 2  was 

produced by reacting tropolone and copper acetate in aqueous methanol.^^^  ̂At a later 

date, several copper(II) and zinc(II) complexes were synthesised from the metal 

acetates and the ligand (1:2) in a water/ethanol mix (Scheme 1.8.1).^ ’̂ ’̂
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2 II |T + ^(OgCCHa);
'O  R

H,0/Et0H

R = Me (I) 
Et (II)

M = Cu, Zn

H,0/Et0H(̂OgCCH,); 

M = Cu, Zn

R = H(IV)
*Pr(V)

Scheme 1.8.1: Synthesis of copper(II) and zinc(II) complexes of a-hydroxyketones
2. 53. 54]

Copper(II) kojate was first synthesised by Melink et al. from copper(II) 

sulphate and two equivalents of kojic acidJ^^̂  Subsequently, copper(II) and zinc(II) 

kojates were also synthesised using two equivalents of the ligand and the metal

acetates.[1]

In the last fifteen years, various six-coordinate tin(IV) complexes of the type

SnL2X2 (L = a-hydroxyketone, X = F, Cl, Br, I) have also been prepared from maltol

(I), ethyl maltol (II), kojic acid (HI), tropolone (IV) or hinokitiol (V) with tin

tetrahalides, '̂* ’̂ organotin halides,̂ "*̂  ̂or tin dihalides.^*’ Four coordinate tin(II)

compounds e.g Sn(trop)2  and Sn(ma)2  were successfully synthesised from either

stannocene or tin(II) butoxide (Scheme 1.8.2).̂ ^̂ ’^̂  ̂
o

(CsH5)2Sn 
or

(BuO)2Sn

(CsH,)2Sn
or

(BuO)2Sn

Sn

(IV)
Scheme 1.8.2: Synthesis of Sn(ma)2  and Sn(trop)2 .̂ ^̂ ’^̂^
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1.8.2.2 Structural characterisation o f copper(II) a-hydroxyketone complexes

Berg et al. structurally characterised Cu(trop)2 where by the copper atom is 

four-coordinate adopting a square planar geometry (Figure 1.8.2)Ĵ ^̂

C(2)'
0 (1) 'C(D

C(1)>
:u ( i)

0 (2)

Figure 1.8.2: Structure of Cu(trop)2 .̂ ^̂^

The Cu(hino)2 (modification I) also adopts a similar four coordinate square 

planar geometry with the angles for 0(2)-Cu-0(l) (83.8(1)°) and 0(2)-Cu(l)-0(l)' 

(96.1(1)°) nearly equal to 90°.̂ "̂̂  ̂The asymmetric unit in this complex consists of half 

a molecule in which the other half is generated by an inversion centre, on which the 

copper is sited.

Usually, four-coordinate copper complexes have square planar̂ ^̂ ’ or

tetrahedral environments.^^^  ̂ An X-ray structure of another di-oxygen chelating 

copper complex (copper(Il)bis 3-methylacetylacetonate) also adopts a square planar 

geometry.̂ ^̂ ^

A second structural modification of Cu(hino)2  (modification 2) was obtained 

by crystallisation in the presence of urea. Crystals of modification 2 were obtained 

from toluene and whose cell parameters {a = 16.7420(2) A; b = 15.5370(2) A; c = 

18.3010(3) Â; p= 99.4000(6)°) were different to that of modification 1 {a = 9.254(2) 

À; 6 = 9.997(2) A ; c =  11.124(3) Â; p = 113.86(2)°). The asymmetric unit consists of 

two and a half molecules whereby two molecules are in their general positions while 

the half molecule has the copper atom seated on an inversion centre. The copper atom 

is four coordinate for each molecule and in a square planar environment. Molecule B 

(containing Cu(2)) and molecule C (containing Cu(l)) are proximate to inversion 

centres, thus they dimerize with nearby lattice neighbours (Figure 1.8.3).̂ "̂*̂
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Molecule B

Molecule A

Molecule C

Figure 1.8.3: A second structural modification of Cu(hino)2 showing both monomers 
and dimersĴ "*̂

The unusual feature about this complex is that the isopropyl groups in 

molecule C are cis to each other. However, in molecule A and molecule B the bulky 

groups are in the trans position like the Cu(hino)2 structure (modification 1) and for 

other similar a-hydroxyketone complexes e.g. Zn(hino)2 .EtOĤ ^̂  ̂ and 

Zn(ma)2.1.5H20.̂ ^®̂  In dimer C the isopropyl groups are in a head to tail 

configuration where they are placed on opposite sides of the stacked seven membered 

rings thus maximising repulsions between the bulky alkyl groups within the monomer 

however minimising repulsions on the dimer (staggered conformation).
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Five- and six- coordinate Lewis base complexes with Cu(hino)2 .py and 

Cu(hino)2 .bipy have also synthesised from pyridine and 2,2’-bipyridine respectively 

(Scheme

_ |2

Ĉu excess L

_|2

Cu-

L = Pyridine. 2,2'-blpyrldlne

Scheme 1.8.3: Synthesis of copper a-hydroxyketone Lewis base complexes

The structure of Cu(hino)2 .py was determined by X-ray crystallography and 

the copper atom is five-coordinate, adopting a square pyramidal geometry with the 

pyridine molecule in the axial position (Figure 1.8.4). The [Cu-N] bond lengths for 

this Cu(hino)2 .py derivative (2.311(5) A )  are similar to than those observed in the 

Cu(acrp)2 .py complex (2.310(1)

N(1)l

0 (1)

om
cm)

Figure 1.8.4: Crystal structure of Cu(hino)2 .py. [54]

The [Cu<—0(=C)] and [Cu-O(-C)] bond lengths are identical for Cu(trop)2  and 

Cu(hino)2 (modification 1) (Cu(trop)2 : 1.915(3) A ; Cu(hino)2 : 1.900(2) A ; 1.904(3) 

A )  and are in agreement with other Cu(ll) complexes.̂ ^̂  ̂ However, the [Cu-O] bond 

lengths in Cu(hino)2  (modification 2) vary for each molecule. Molecule A has the 

shortest [Cu-O] bond lengths (1.910(2) A ; 1.901(2) A ) and are similar to the
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modification 1 and molecule B and C have longer [Cu-O] bond lengths (1.915(2)- 

1.939(2) Â) due to the effect of dimerization. For Cu(hino)2 .py the [Cu-O] bond 

lengths are longer than Cu(trop)2, Cu(hino)2  (modification 1) and Cu(hino)2  

(modification 2) due to the interaction between the copper atom and the nitrogen atom 

N(l) of the pyridine ring (Table 1.8.1).

[Cu-0(-C)l bond (Â) [Cut-0(=C)] bond (A) Ref

Cu(trop)2 1.915(3) 1.915(3) 65

Cu(hino)2  

(modification 1)
1.900(2) 1.904(3) 54

Cu(hino)2  

(modification 2)

Molecule A 1.901(2) 1.910(2)

Molecule B 1.915(2); 1.922(2) 1.921(2); 1.939(2) 54

Molecule C 1.920(2); 1.933(2) 1.919(2); 1.932(2);

Cu(hino)2 .py 1.940(3); 1.933(3) 1.945(3); 1.965(3) 54

Table 1.8.1: [Cu-O] bond distances in selected copper(II) a-hydroxyketone 

complexes.

The [C-0] bond lengths in the Cu(hino)2  (modification 1), Cu(trop)2, 

Cu(hino)2  (modification 2) and Cu(hino)2 .py complex are similar to each other 

indicating that both bonds [C-O] bonds are of a similar bond order, creating a 

symmetrical arrangement in the complex (Table 1.8.2).
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[C-Ol bond/Â [C=01 bond/ Â Ref

Cu(trop)2 1.302(5) 1.286(5) 65

Cu(hino)2  

(modification 1)
1.296(5) 1.293(5) 54

Cu(hino)2  

(modification 2)

Molecule A 1.300(3) 1.306(3)

Molecule B 1.304(3); 1.303(3) 1.292(3); 1.291(3) 54

Molecule C 1.301(3); 1.298(3) 1.287(3); 1.291(3)

Cu(hino>2 .py 1.277(6); 1.287(5) 1.287(5); 1.278(6) 54

Table 1.8.2; [C-0]/[C=0] bond distances in in selected copper(II) a-hydroxyketone 

complexes.

1.8.2.3 Structural characterisation of zinc (II) a-hydroxyketone complexes

Zn(ma)2 .1.5 H2O was fully characterised by Burgess et al. (Figure 1.8.5).

Figure 1.8.5: The crystal structure of Zn(ma)2.1.5H20. [50]
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The overall structure shows a “triple-layer”arrangement with an octahedral 

zinc sandwiched between two five-coordinate square pyramidal zincs. The structure 

can be viewed as ABA layers, where layer A consists of a five-coordinate zinc in a 

distorted square pyramidal and layer B consists of an octahedral six-coordinate zinc. 

In the octahedral site and square pyramidal sites the two zinc atoms are coordinated to 

two maltol ligands each via the carbonyl oxygen and the hydroxyl oxygen, but in the 

octahedral site the zinc atom is coordinated to two waters, whereas in the square 

pyramidal environment the zinc is coordinated to only one water, situated in the apical 

position. The water molecules take part in hydrogen bonding, which overall play an 

important part in the lattice structure.

In Zn(ma)2.I.5H20 the [Zn<—OH2] distance between the zinc ion and 

coordinated water ligand in the five-coordinated aqua ion (2.003(2) Â) is different that 

in the octahedral aqua-ion [Zn<—OH2] (2.259(2) Â). The shorter bond length is 

normal for [Zn**—OH2] bonds but the longer [Zn<—OH2] bond in the octahedral 

complex is caused by the water moving away from the central zinc ion due to steric 

factors and to allow the square pyramidal units to hydrogen bond, leading to the 

formation of a supramolecular array of Zn(ma)2.I.5H20.

This structure is unusual for two reasons. First, most pentacoordinated zinc 

show trigonal bipyramidal^^ '̂ or distorted trigonal bipyramidal geometries,^^^  ̂ and 

relatively few are square pyramidal. Secondly, square pyramidal and octahedral 

zinc coordination occurring in the same structure is uncommon.

Zn(hino)2 .EtOH and Zn(trop)2  have also been synthesised,^^^  ̂ although these 

complexes are not hydrated like Zn(ma)2.I.5H20. The zinc atom for both complexes 

has a coordination number of six in distorted octahedral environments.

For Zn(hino)2 .EtOH the structure forms a dimer and an ethanol molecule is 

weakly coordinated to the metal centre (Zn-0(5): 2.258(1) Â) (Figure 1.8.6). The 

dimer is created by two types of hinokitiol ligands. The two ligands chelate to the first 

zinc atom via the carbonyl oxygen and hydroxyl oxygen on one molecule, but one 

ligand is also bonded to the adjacent zinc of the second molecule via a bridging 

oxygen atom (0(4)).
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C(12)
.0 (6)

C(11] (m
0(4)

Zn(1)

.Od) C(2)0 (1/

Figure 1.8.6: The structure of Zn(hino)2 .EtOHj^^^

For Zn(trop)2, the tropolone ligands chelate to the metal centre and in addition 

form bridges through only one of the available oxygens to an adjacent metal, so the 

zinc atom in this complex is also six coordinate in a distorted octahedral environment 

(Figure 1.8.7). Zn(trop)2 is a polymer in the solid state, while Zn(hino)2 .EtOH can be 

considered as an ethanol capped dimeric fragment of the polymer.

Figure 1.8.7: The structure of Zn(trop)2 .̂ ^̂^

Both structures are in distorted octahedral environments, although, the 

coordination sphere for Zn(hino)2 .EtOH is more regular than that of Zn(trop)2 . This is 

because no solvent molecule in Zn(trop)2 coordinates to the metal centre, which is 

responsible for creating more regularity in the Zn(hino)2 .EtOFI complex. The bite 

angles for both complexes are not close to the ideal value of 90° (Zn(hino)2 .EtOH, 

0(l)-Zn-0(2): 78.63(5)°; 0(3)-Zn-0(4): 76.35(4)°; Zn(trop)2, 0(l)-Zn-0(2):
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74.84(7)°; 0(3)-Zn-0(4): 75.29(7)°) and the tram pair angles also differ from the 

ideal value of 180° (Zn(hino)2 .EtOH, 0(2)-Zn-0(4): 175.63(5)°; 0(4)’-Zn-0(5): 

160.74(4)°; Zn(trop)z, 0(l)-Zn-0(2)’: 146.82(7)°; 0(3)-Zn-0(4)’: 147.81(7)°). Note, 

that the trans angle for Zn(hino)2 .EtOH (160.74(4)°) is larger than the tram angle for 

Zn(trop) 2  (147.81(7)°) suggesting that the ethanol group in Zn(hino)2 .EtOH allows 

more freedom than the second bridging tropolone in Zn(trop)2 .

The [Zn-0] for Zn(ma)2.1.5H20 and Zn(hino)2 .EtOH bonds follow the 

expected pattern with a long [Zn<—0(=C)] bond and a short [Zn-O(-C)] bond. 

However in Zn(trop)2  the [Zn<—0(=C)] bond is shorter than the [Zn-O(-C)] 

presumably as a consequence of the latter's bridging role (Table 1.8.3).

[Zn-0(-C)l bond (Â) [Zn<—0(=C)1 bond (Â) Ref

Zn(ma)2.1.5H20 2.033(2); 2.076(2); 50
2.010(2) 2.075(2)

Zn(hino)2 .EtOH 2.029(1); 2.075(1) 2.074(1); 2.107(1) 53

Zn(trop)2 2.149(2); 2.150(2) 2.067(2); 2.051(2) 53

Table 1.8.3: [Zn-O] bond distances in selected zinc(II) a-hydroxyketone complexes.

The [C=0]/ [C-O] bond lengths for all three complexes follow the expected 

pattern, where there are short [C=0] bonds long [C-O] bonds (Table 1.8.4).

[C-O] bond (Â) [C=0] bond (A) Ref

Zn(ma)2.1.5H20 1.330(5);
1.342(5)

1.261(1);
1.270(6)

50

Zn(hino)2 .EtOH 1.287(2);
1.306(2)

1.277(2);
1.279(2)

53

Zn(trop)2 1.291(3);
1.299(3)

1.261(3);
1.263(3)

53

Table 1.8.4: [C-0]/[C=0] bond distances in selected zinc(II) a-hydroxyketone 

complexes.
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In conclusion, X-ray analysis proved that the copper and zinc metals are 

bonded to the a-hydroxyketones via the carbonyl oxygen and the hydroxyl oxygen 

and all incorporate two bidentate ligands. As viewed in Table 1.8.5, the coordination 

number for most of the copper complexes is four and in a square planar environments, 

whereas the zinc ones are either five- or six- coordinate with solvent or water 

molecules bonded to the metal centre. For the zinc complexes the [M-0] bond 

distances are different with two short [M-O(-C)] bonds and two long [M*<~0(=C)] 

bonds. This is also observed in the [C-O] bonds whereby there is an obvious 

difference between [C=0] and [C-O] bond lengths with the [C=0] bonds shorter than 

the [C-O] bonds. For the square planar copper complexes (Cu(hino)2  and Cu(trop)2) 

the [M-0] bond distances are almost equal indicating complete delocalisation around 

the chelate ring. However, the [M-0] bond distances vary for Cu(hino)2  

(modification 2) and Cu(hino)2 .py due to dimérisation and Lewis base coordination, 

respectively. The [C-O] and [C=0] bond lengths for the copper complexes displayed 

to be equal indicating that the [C-O] bonds are of a similar bond order.

Table 1.8.5 shows a summary of the structural data for copper(II) and zinc(II) 

a-hydroxyketone complexes found in the literature
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Table 1.8.5: Key structural data in selected copper(II) and zinc(II) a-hydroxyketone complexes.

Métal CN [M-O] bond (Â) [C-O] bond (Â) [C=0] bond (Â) Ref

Cu(trop)2 4 1.915(3) 1.302(2) 1.286(5) 65

Cu(hino)2  

(modification 1)
4 1.900(2); 1.904(3) 1.296(5) 1.293(5) 54

Cu(hino)2  

(modification 2)
4 and 5 1.901(2); 1.910(2); 

1.919(2); 1.920(2); 
1.932(2); 1.933(2); 
1.915(2); 1.921(2); 
1.922(2); 1.939(2)

1.303(3);
1.304(3);
1.300(3);
1.301(3);
1.298(3)

1.292(3);
1.291(3);
1.306(3);
1.287(3);
1.291(3)

54

Cu(hino)2 .py 5 1.940(3); 1.945(3); 
1.933(3); 1.965(3)

1.277(6);
1.287(5)

1.287(5);
1.278(6)

54

Zn(ma)2.1.5H20 5 and 6 2.033(2); 2.075(2); 
2.010(2); 2.076(2)

1.330(5);
1.342(5)

1.261(1);
1.270(6)

50

Zn(hino)2 .EtOH 6 2.029(1); 2.075(1); 
2.074(1); 2.107(1)

1.287(2);
1.306(2)

1.277(2);
1.279(2)

53

Zn(trop)2 6 2.149(2); 2.150(2); 
2.051(2); 2.067(2)

1.291(3);
1.299(3)

1.261(3);
1.263(3)
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1.8.3.4 Structural characterisation o f tin(II) and tin(IV) complexes o f a- 

hydroxyketones

Work has also focused on synthetic and structural chemistry of a wide variety 

of tin(IV) a-hydroxyketone compounds. The first tin(IV) a-hydroxyketone complexes 

were reported by Muetterties and Wright in 1964,̂ ®̂  ̂ Tanaka et al. in 1967̂ *̂  ̂ and 

Park and co-workers^^^  ̂ involving derivatives of tropolone^^^  ̂ (ClSn(trop)3 /̂ ^̂  

(OH)Sn(trop)3,[̂ ]̂ Sn(trop)2X2 "̂] (X = Cl, Br, I)).

Other related six-coordinate organotin(IV) a-hydroxyketone complexes of the 

type SnLzRz have also been determined (L = maltol, kojic acid, tropolone; R = Ph, 

Bu,

Some a-hydroxyketone tin(FV) dihalide complexes e.g. Sn(Etma)2X2, 

Sn(hino)2X2 and Sn(ma)2X2 (X = Cl, F), were tested for their anti-bacterial properties. 

It has been noted previously that only tin(II) ions are active rather than tin(IV), but 

surprisingly these tin(IV) complexes proved to be relatively active against the uptake 

of bacteria.̂ ^̂  When the compounds were tested, the insoluble tin(IV) compounds 

were dissolved in very acidic conditions in order to solubilise them, and this could 

have affected the results by making them more active, as the bacteria are sensitive to 

pH.

Tin(II) complexes e.g. Sn(trop)2  and Sn(ma)2  appeared to be relatively stable 

to air and moisture in their solid state. Mossbauer spectroscopy showed that only a 

small amount of tin oxide was produced (2%) when Sn(ma)2  was exposed to air for 

two weeks, but in solution tin(II) ion was much less stable and there was 100% Sn02 

after a week. This proved disadvantageous, as for anti-bacterial agents to work 

efficiently and effectively it is very important that the active complex itself is stable in 

toothpaste formulations for long periods of time while exposed to aqueous and 

aerobic conditions.
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1.83 Pyridinones

Pyridinones are a-hydroxyketones in which the oxygen on the pyronic ring has 

been replaced by an amine group (Figure 1.8.8).

7
Me

(VI)

OH

“Me

Et

(vn)

OH

Et
7
Et

(VIII)

OH

“Me

Figure 1.8.8: Structures of Hdmp (VI: 1,2-dimethyl-3-hydroxypyridin-4-one), 

Hdep (VII: l,2-diethyl-3-hydroxypyridin-4-one) and Hmep 

(VIII: 1 -ethyl-2-methyl-3-hydroxypyridin-4-one).

The reaction of primary amines with pyranones (e.g. maltol (I) and ethyl 

maltol (II)) to form N-substituted-pyridinones has been known for nearly 100 

years.̂ *'̂  ̂A large number of pyridinone derivatives have been synthesised in the past 

several years, despite the fact that this reaction is somewhat limited in scope and only 

reliable for small alkyl or aryl amines. Two common methods for the preparation of 

these ligands have been reported. The first method involves a simple one-step reaction 

in which the hydroxyketone is converted directly to pyridinone by reacting an excess 

of amine with commercially available ligands, maltol (I) or ethyl maltol (II) (Scheme 

1.8.4)."’

OH
+ R'NHj

R = Me (I)

H,0

reflux

E t(II) R = Me, Et
R' = Me, Et, Bn, "Bu

Scheme 1.8.4: A one step route for the synthesis of 1,2-dialkyl-3-hydroxypyridin-4- 

ones.^ ’̂
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The second method reported involved a multi-step process in which the first 

step involved the protection of the hydroxyl group on the ring. The protected a- 

hydroxyketone was reacted with an amine in the presence of a catalytic amount of 

base to produce the protected pyridinone. The final step involved deprotection by 

catalytic hydrogenolysis to yield the ligand (Scheme 1.8.5).̂ *̂ '*̂ ^

+ BnCI

R = Me (I) 
Et (II)

.OBn

R'

Pd/C &
R = Me, Et
R' = Me, Et, 'Pr, "Bu, etc

Scheme 1.8.5: A synthetic route for 1,2-dialky 1-3-hydroxypyridin-4-ones.^** '̂*^^

Pyridinones are a class of compounds that have proven to posses various 

biological and medicinal properties including anti-bacterial,anti-fungal,^^^^ anti- 

malarial,anti-inflammatory,anti-neoplastic,^^^'^^^ analgesic activity 

and they are used in the treatment for Parkinson’s disease.^

Studies have been carried out on the coordination chemistry of these chelators 

and have focused on their complexes with various metals, including iron,̂ °̂̂  ̂

aluminium, gallium^* ’̂ and indium.

Pyridinones are orally active and not decomposed along the digestive track 

due to the absence of sensitive amide bonds. Pyridinones act as a substitute for 

desferrioxamine (DFO), which is a trishydroxamic acid with a high affinity for ferric 

ion. It is used in the treatment of Fe overload-related diseases, however DFO is 

expensive and has proven to have toxic side effects.̂ *®*̂  Thus, pyridinones are an ideal 

substitute for DFO and can be used as active iron(III) chelators in the treatment of 

iron overload and acute iron p o i s o n i n g ^ o r  to treat aluminium intoxication.^’*̂ ’ 

In particular, l,2-dimethyl-3-hydroxypyridin-4-one, commercially named as 

deferiprone or ferriprox, has been clinically proven and used as an orally active iron- 

chelating drug for the treatment of iron overload in transfusion dependent
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thalassaemia p a tien tsH o w ev er, it has been proven that l,2-dialkyi-3-hydroxy-4- 

pyridin-4-ones having an alkyl group in either N-l/C-2 position are toxic due to their 

lipophillic character^* and they are not as effective as hoped for. A second major 

difficulty is the rapid conversion by glucuronidation of A-alkyl-3-hydroxypyridin-4- 

ones to nonchelating glucuronide metabolites.^^This in turn abolishes the iron- 

chelating properties of the molecule. Recently, studies have been carried out in order 

to improve the pharmacological properties of pyridinones for potential iron chelation. 

2-Methyl(ethyl)-3-hydroxypyridin-4-one derivatives with a sugar moiety have been 

designed and synthesised (e.g. l-(p-D-ribofuranosyl)-2-methyl-3-hydroxypyridin-4- 

one (IX) and l-(p-D-ribopyranosyl)-2-methyl-3-hydroxypyridin-4-one (X) (Figure 

1.8.9) in order to give less toxicity to the pyridinone. At the same time the sugar 

moiety supports penetration of the intestine and permeation of cell membranes.^*'*’

OH

HO

OH OH

OH

OH
OH OH

(IX) (X)

Figure 1.8.9: Chemical structures of l-(P-D-ribofuranosyl)-2-methyl-3-

hydroxypyridin-4-one (IX) l-(p-D-ribopyranosyl)-2-methyl-3- 

hydroxypyridin-4-one (X).

Results obtained from pharmacological studies showed that (IX) and (X) were 

more effective than DFO in removing the iron core from the ferritin protein at 

physiological (IX) has also been tested as a potential anti-tumor agent. *̂̂ '̂

The interaction of pyridinones with gallium and indium has been the subject of 

a few studies, in relation with their potential use in radiodiagnosis.^^ '̂ Orvig et

al. have also synthesised a neutral and anionic technetium complex of the type
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Tc(0)(Hdmp)2Cl. This complex has proven to have potential use in brain and heart 

imaging/

1.8.4 Coppery zinc and tin complexes o f pyridinone ligands

1.8.4.1 Synthesis o f metal pyridinone complexes

Key copper and zinc derivatives of pyridinones^*^  ̂have been synthesised by a 

similar method to that used with pyranones (c/: Section 1.8.2, Scheme 1.8.1) and is 

shown in Scheme 1.8.6.̂ *̂  The pyridinone ligands that were used included Hdmp 

((VI): l,2-dimethyl-3-hydroxypyridin-4-one), Hdep ((VII): l,2-diethyl-3-

hydroxypyridin-4-one), Hmep ((VIE): l-ethyl-2-methyl-3-hydroxypyridin-4-one), 

HmBnp ((XI):l-benzyl-2-methyl-3-hydroxypyridin-4-one), Hm"Bup ((XII): 1-butyl- 

2-methyl-3-hydroxypyridin-4-one), Hemp ((XIII): 1 -methy l-2-ethyl-3 -

hydroxypyridin-4-one), HeBnp.H20 ((XIV): 1 -benzyl-2-ethyl-3-hydroxypyridin-4- 

one) and He"Bup ((XV): l-butyl-2-ethyl-3-hydroxypyridin-4-one), in which most of 

the ligands are known while two (HmBnp (XI) and He"Bup (XV)) were synthesised 

for the first time.

R'NH,

Reflux

R = Me (I) 
Et (II)

IVKOjCCH,)^

R’ = Me Et Bn "Bu
R= Me (VI) (VIII) (XI) (XII)
R=Et (XIII) (VII) (XIV) (XV)

Scheme 1.8.6: Synthesis of copper(II) and zinc(II) pyridinone derivatives.[1 ]

El-Jammal et al. synthesised Cu( 1,2-dimethyl-3-hydroxypyridin-4-onate)2 (Cu(dmp)2) 

and Cu(l,2-diethyl-3-hydroxypyridin-4-onate)2 (Cu(dep)2) from copper chloride and 

the ligands, Hdmp (VI) and Hdep (VII), respectively.̂ "̂*̂  A zinc pyridinone complex 

has been synthesised from zinc chloride and (VI) to produce Zn( 1,2-dimethyl-3-
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hydroxypyridin-4-onate)2.7H20 (Zn(dmp)2.7H20)J^°  ̂ Tin(II) pyridinone complexes 

have been synthesised from SnCl2 and two equivalents of the appropriate pyridinone 

l igandMossbauer  spectroscopy proved that the complexes were tin(II) and 

elemental analysis further proved that the compounds were not SnL2 as expected, but 

Sn(L)Cl. The complexes seem to be relatively stable to oxidation, although their lack 

of solubility in most common organic solvents made them unsuitable reagents in 

toothpaste formulations.

1.8.4.2 Structural characterisation of copper (II) pyridinone complexes

El-Jammal et al. synthesised and characterised Cu(dmp)2 and Cu(dep)2 . The 

structures show that the copper atoms are coordinated through the hydroxypyridinone 

group, adopting a square planar geometry (Figure 1.8.10) like other related CuL2 

compounds e.g.: Cu(hino)2^̂'̂  ̂and Cu(trop)2^̂^̂ (c/: Section 1.8.2, Figure 1.8.2).

C(7)

N(1)

C(8)

,C(5)C(3)

00)i

m

Cu

C(T)

J4D
C(10| |C(8)

C(2)

C(J)I
'Ci4)

0(3)

0(4)

Cu

Figure 1.8.10: X-ray crystal structures for Cu(dmp)2 (right) and Cu(dep)2 (left).̂ '̂̂ ^
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Cu( 1 -benzyl-2-ethyl-3-hydroxypyridin-4-onate)2.2MeOH (Cu(eBnp)2.2MeOH) and 

Cu(l-"butyl-2-ethyl-3-hydroxypyridin-4-onate)2 Cu(e"Bup)2  have been characterised 

by X-ray analysis^*  ̂and like Cu(dmp)2  and Cu(dep)2  they are also four-coordinate and 

adopt a square planar geometry. The O-Cu-O bite (Cu(eBnp)2.2MeOH, 0(2)-Cu- 

0(1): 86.32(8)°; Cu(e"Bup)2 , 0(2)-Cu-0(l): 85.87(4)°) and trans

(Cu(eBnp)2.2MeOH, 0(2)-Cu-0(2)': 180.00(10)°; 0(1)-Cu(l)-0(1)': 180.00(16)°; 

Cu(e"Bup)2 , 0(2)-Cu-0(2)': 180.00(3)°; 0(1)-Cu-0(1)': 180.00(8)°) angles for both 

complexes reflect a near-perfect square planar geometry, which is common for other 

related four coordinate copper(II) complexes.^^’ The asymmetric unit for both 

complexes comprises half molecule, and the remainder is generated via the symmetry 

operation -x, -y, -z. For Cu(eBnp) 2  2MeOH there is one methanol molecule included 

in the asymmetric unit, but there is no interaction of the methanol with metal centre.

The pyridinone ligands in all the four copper complexes chelate to the metal 

centre via the two oxygens with one short [Cu-O(-C)] and one long [Cu<<—0(=C)] 

bond (Table 1.8.6). The [Cu+-0(=C)] bond in Cu(e"Bup)2  is much longer than the 

other examples shown in Table 1.8.6.

[Cu-O(-C)] bond(Â) [Cu<—0(=C)] bond (Â) Ref

Cu(dmp)2 1.913 1.928 74

Cu(dep)2 1.913 1.923 74

Cu(eBnp)2.2MeOH 1.904(2) 1.916(2) 1

Cu(e"Bup)2 1.916(1) 2.057(1) 1

Table 1.8.6: [Cu-O] bond distances in selected copper(II) pyridinone complexes.

As seen in Table 1.8.7 the the [C=0]/[C-0] bond lengths for four copper 

pyridinone complexes follow the expected pattern, with the [C=0] bond lengths 

shorter than the [C-O] bonds, contrast with copper(II) pyranones whereby these 

complexes have [C-O] bond lengths equal to each other (cf.: Section 1.8.2, Table 

1.8.2), indicating the the copper(II) pyridinones [C-O] bonds are of a different bond 

order.
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IC-O] bond (Â) [C=01 bond (A) Ref

Cu(dmp)2 1.344 1.300 74

Cu(dep)2 1.383 1.309 74

Cu(eBnp)2.2MeOH 1.319(3) 1.292(3) 1

Cu(e"Bup)2 1.328(2) 1.297(2) 1

Table 1.8.7: [C-0]/[C=0] bond distances in selected copper(II) pyridinone 

complexes.

1.8.4.3 Structural characterisation of zinc (II) pyridinone complexes

Zn(dmp)2.7H20 was characterised by Burgess et al., in which the zinc ion is 

five-coordinated in a distorted square pyramidal environment (Figure 1.8.11).̂ ^̂  ̂The 

zinc ion is coordinated to a water molecule in the apical position with a zinc-water 
oxygen distance of 2.043(3) Â. The asymmetric unit of Zn(dmp)2.7H20 has six water 

molecules that do not interact with the metal centre. 0(7)', 0(8)' and 0(9)' are 

hydrogen bonded to the ligand and effectively block the sixth coordination site at the 

zinc. The geometry of Zn(dmp)2.7H20 is similar to that of the five-coordinate zinc 

atom in Zn(ma)2.1.5H20 (c/: Section 1.8.2, Figure 1.8.5).

04111

ocr

C(11
0(11

Zn(irC(T)I '0(2I
'ena “mi

I C(11|

Figure 1.8.11: Molecular structure of Zn(l,2-dimethyl-3-hydroxypyridin-4-onate)2 
Zn(dmp)2.7H20.'*>
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For Zn(mBnp)2.3H20, the pyridinone ligands chelate to the metal centre via 

the two oxygen with the expected 2:1 ligand to metal stoichiometry. Each of the 

ligands are further involved in bridging through the hydroxyl oxygen. The zinc atom 

is five-coordinate in a trigonal bipyramidal environment and forms a dimer (Figure 

1.8.12).̂ *̂  There are six water molecules incorporated in the structure although there 

are no water molecules bonded to the metal centre or the ligand, but are hydrogen 

bonded to each other to form an extended lattice for Zn(mBnp)2.3H20 (Figure 1.8.13).

lC(12)
0 (11)

:(13}

0 (10] 0(4)'
'0 (6)

cm ^1)'
10( 1)0 (2)N(1)

0(4)0(7)
0 (14)

|C(18)Zn(ir0(4)
0 (1) ,0(17)

0(5)

0(18]
0(19)

0(26)'0 (6)
kC(20)

0 (21 )

0(25)

0 (22)

:(24)
0(23)

Figure 1.8.12: The structure of Zn( 1 -benzyl-2-methyl-3-hydroxypyridin-4- 

o n a te )2 .3 H 2 0  Zn(m Bnp)2.3H 20.^*^
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Figure 1.8.13: Extended structure of Zn(mBnp)2.3H20. [ 1 ]

The ligands in Zn(mBnp)2.3H20 also chelate in a similar fashion to that of 

Zn(trop)2 and Zn(hino)2 .EtOH complexes whereby one of the ligands is purely 

chelating while the other is both chelating and bridging. However, in Zn(hino)2 .EtOH 

the coordination number is six because there is an ethanol molecule coordinated to the 

metal centre and in Zn(trop)2 the structure exists as an extended polymer. The waters 

of hydration in Zn(mBnp)2.3H20 effectively break the extended polymer; thus it can 

be viewed as a dimeric fragment of a polymer structurally equivalent to Zn(trop)2 .

In Zn(emp)2.H20 the water molecule coordinates to the metal centre,^which 

is similar to the local coordination sphere of Zn(dmp)2.7H20 and Zn(ma)2.I.5H20, 

whereby a water molecule also coordinates to the metal centre. The coordination 

number of the zinc in Zn(emp)2 .H2 0  is five, adopting a distorted trigonal bipyramidal 

geometry. In this structure the water molecules are not directly bonded to one another
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as is the case for Zn(dmp)2.7H20, instead they hydrogen bond to carbonyl oxygen on 

another dimer (Figure 1.8,14). The result of this interaction results in a one

dimensional molecular chain. The trigonal bipyramidal geometry effectively blocks 

the sixth coordination site by the bending of layers away from each other (Figure

1.8.15)

C(14)

H10A)

H(10B)

C(22)

C(32)

Figure 1.8.14: Structure of Zn( 1 -methyl-2-ethyl-3-hydroxypyridin-4-onate)2.H20 
Zn(emp)2.H20. '̂^

H10B

Figure 1.8.15: Extended structure of Zn(emp)2.H20. [ 1 ]
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The geometry for Zn(dmp)2.7H20 is a distorted square pyramidal geometry 

just like for Zn(ma)2.1.5H20. The bite angles for these two complexes are relatively 

similar and the ligands force them to be approximately 90° (Zn(ma)2.1.5H20: 

93.64(7)°, 82.10(7)°; Zn(dmp)2.7H20: 81.59(9)°, 81.68(8)°).

However, in the case of Zn(mBnp)2.3H20 and Zn(emp)2.H20 the zinc atoms 

adopt a distorted trigonal bipyramidal geometry. The bite angles for Zn(mBnp)2.3H20 

and Zn(emp)2 .H2 0  (Zn(mBnp)2.3H20: 80.0(1)°, 82.2(1)°; Zn(emp)2 .H2 0 : 82.2(1)°, 

82.5(1)°, 82.3(1)°, 82.2(1)°) are similar to those of Zn(dmp)2.7H20 and 

Zn(ma)2.1.5H20. The trigonal bipyramidal coordination about the zinc in 

Zn(emp)2 .H2 0  is slightly more regular than in Zn(mBnp)2.3H20 due to a flexible 

disposition of the water molecule in Zn(emp)2 .H2 0  instead of the second bridging 

ligand in Zn(mBnp)2.3H20. The difference is clearly observed in the trans angles of 

the complexes (Zn(emp)2.H20, 0(2)-Zn(2)-0(4): 176.12(9)°; 0(6)-Zn(l)-0(8): 

177.0(1)°; Zn(mBnp)2.3H20, 0(3)-Zn-0(l): 165.6(1)°).

For Zn(dmp)2.7H20 and Zn(emp)2.H20 complexes, the [M-O] follow the 

expected pattern with long [Zn<—0(=C)] bonds and short [Zn-O(-C)] bonds. 

However, for Zn(mBnp)2.3H20, one ligand chelates to the metal with the expected 

short hydroxyl oxygen-metal [Zn-O(-C)] bond (2.000(3) Â) and one long carbonyl 

oxygen-metal [Zn<—O (=C)] bond (2.048(3) A), although for the bridging ligand the 

opposite is true with a long [Zn-O(-C)] bond (2.136(3) A) and short [Zn^O(=C)] 

bond (2.008(3) A) (Table 1.8.8). The zinc-water oxygen distances for Zn(emp)2 .H2 0  

(2.015(3) A; 2.009(3) A) and Zn(dmp)2.7H20 (2.043(3) A) are shorter than the zinc- 

water oxygen distance in the five coordinated Zn(ma)2.1.5H20 complex (2,003(2) A).
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[Zn-0(-C)] bond (Â) [Zn*«—0(=C)] bond
(A)

[Zn<—OH2] bond (Â) Ref

Zn(dmp)2.7H20 2.021(2); 2.034(2) 2.050(2); 2.047(2) 2.043(3) 50

Zn(mBnp)2.3H20 2.000(3); 2.136(3) 2.048(3); 2.008(3) - 1

Zn(emp)2.H20 1.990(2); 2.000(3); 
2.003(2); 2.018(2)

2.063(2); 2.067(3) 
2.046(2); 2.055(2)

2.015(3); 2.009(3) 1

Table 1.8.8: [Zn-O] bond distances in selected zinc(II) pyridinone complexes.

For Zn(mBnp)2.3H20 and Zn(dmp)2.7H20 the [C-0]/[C=0] bond lengths 

follow the expected pattern, with the [C=0] bonds being shorter than the [C-O] bonds 

(Table 1.8.9). For Zn(emp)2.H20 the [C-O] bond lengths are equal within 

experimental error, suggesting that this complex shows greater bond delocalisation as 

compared to Zn(mBnp)2.3H20 and Zn(dmp)2.7H2Ü.

[C-O] bond (Â) [C=0] bond (Â) Ref

Zn(dmp)2.7H20 1.334; 1.335 1.292; 1.293 50

Zn(mBnp)2.3H20 1.337(5); 1.338(6) 1.296(5); 1.288(6) 1

Zn(emp)2.H20 1.312(4); 1.314(4); 
1.315(4); 1.313(4)

1.305(4); 1.312(4); 
1.299(4); 1.305(4)

1

Table 1.8.9: [C-0]/[C=0] bond distances in zinc(II) pyridinone complexes.

To summarise, zinc(II) pyridinone complexes are extensively hydrogen 

bonded involving water-water or water-(ligand) interactions, whereas the copper 

pyridinone complexes do not involve any hydrogen bonding. The zinc complexes 

have also shown to have coordination numbers of five instead of four as shown by 

copper pyridinone complexes. In the zinc complexes the central metal atom adopts 

either distorted trigonal bipyramidal geometries or distorted square pyramidal 

geometries whereas the copper complexes adopt square planar geometries. The [M-O] 

distances for copper(II) and zinc(II) complexes have short [M-O(-C)] bonds and long 

[M<—0(=C)] bonds, as shown in Table 1.8.10. However, the opposite is true for the
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bridging ligand in Zn(mBnp)2.H20. The [C-O] bonds for all the copper complexes, 

Zn(dmp)2.7H2Û and Zn(mBnp)2.3H20 follow the expected pattern with the [C=0] 

bonds shorter than the [C-O] bonds. However, in Zn(emp)2.H20 both bonds appear to 

be of same length, showing a greater bond delocalisation.
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Table 1.8.10: Key structural data for selected copper(II) and zinc(II) pyridinone complexes.

Métal CN [M-O] bond (Â) [C-O]bond (Â) [C=0] bond (Â) Ref

Cu(eBnp)2.2MeOH 4 1.904(2); 1.916(2) 1.319(3) 1.292(3) 1

Cu(e"Bup)2 4 1.916(1); 2.057(1) 1.328(2) 1.297(2) 1

Zn(dmp)2.7H20 5 2.021(2); 2.050(2); 
2.034(2); 2.047(2)

1.334; 1.335 1.292; 1.293 50

Zn(mBnp)2.3H20 5 2.000(3); 2.136(3); 
2.048(3); 2.008(3)

1.377(5);
1.338(6)

1.296(5);
1.288(6)

1

Zn(emp)2.H20 5 1.990(2); 2.000(3); 
2.003(2); 2.018(2); 
2.063(2); 2.067(3); 
2.046(2); 2.055(2)

1.312(4);
1.314(4);
1.315(4);
1.313(4)

1.299(4);
1.305(4);
1.305(4);
1.312(4)

1

u>'O



1.8.5 Alkylaminotropones

An alternative kind of ligand with different donor atoms (N and O) (Figure

1.8.16) has been synthesised from tosylated hinokitiol or tosylated tropolone and an 

amine (Scheme 1.8.7).̂ ^̂

O H

^N.

R’ = Me Et "Prop Bn "Bu
R=H (XVI) (XVII) (XVni) (XIX) (XX)
R='Pr (XXI) (XXII) (XXIII) (XXIV) (XXV)

Figure 1.8.16: Structure of alkylaminotropones

Tosylated hinoktiol and tosylated tropolone were synthesised following a

literature procedure, using tropolone (IV) or hinokitiol (V) and /?-toluenesulphonyl

chloride as starting materials.̂ ^̂ ^̂  The tosylated compounds were then reacted with the

appropriate amine in either dimethylsulphoxide or dichloromethane and stirred at

room temperature overnight (Scheme 1.8.7). If the amines were commercially

available as a solution in water (e.g. MeNH] 40% or EtNH: 70 %) the solvent that

was used was dichloromethane,^if the amine was not available in solution then the

reaction was carried out in dimethylsulphoxide.^^^^  ̂
o

R = H (IV)

,OTs
Pyridine

MeCl— S+

R = H, 'Pr

R'NHz

Q

,NHR'

R' = Me, Et, "Prop, Bn, "Bu

R

Scheme 1.8.7: Synthesis of 2-alkylaminotropones.^*’
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2-alkylaminotropone derivatives have not been studied in great detail and no 

metal complexes of this ligand are known. However, there is a large amount of 

published material on related N-alkyl-2-(alkylamino)troponimine ligandŝ ^̂ '̂ 128- 131] 

and tropocoronads, H2 (TC- n, which are bidentate N, N donor ligands

(Figure 1.8.17).

R, R' = Alkyl group

Figure 1.8.17: Structure of N-alkyl-2-(alkylamino)troponimines and tropocoronands.

The N-alkyl-2-(alkylamino)troponimines are produced from the 

alkylaminotropones (Scheme 1.8.8). The alkylaminotropones are synthesised by 

starting from tosylated tropolonê ^̂ ^̂  (Scheme 1.8.7) or methylated t ropolone.^The 

alkylaminotropone is then ethylated in the presence of Et2 0 .BF4 and then finally 

treated with excess amine to produce N-alkyl-2-(alkylamino)troponimine

OH
Acetonitrile

(IV)

OMe
RNH,

-MeOH

NHR EtjOBF̂
RNH,

NHR

Scheme 1.8.8: Synthesis of N-alkyl-2-(alkylamino)troponimines starting from 

methylated tropolone.^'

N-alkyl-2-(alkylamino)troponimines are able to chelate to metals, and a 

number of adducts have been p r o d u c e d ^ i n c l u d i n g  a zinc dimeric 

complex̂ *̂ *̂  (Figure 1.8.18) and bridged aminotroponiminate complexes of 

l a n t h a n u m ^ t h a t  have been prepared by Roesky et al. The lanthanide dimeric 

complex could be formal substitutes for cyclopentadienyl and be used as potential
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catalysts for terminal olefins. Some bis(aminotropiminate)yttrium amides have 

proven to be active catalysts for hydramination/cyclisation catalysis.^’

Zn

R = 'Pr, "Bu, Ph

Figure 1.8.18: Structure of a dimeric zinc(II) complex of an aminotroponimate.^*^*^

Coordination chemistry of tropocoronands has also been explored and found 

that they are able to bind to various metals including zincj*̂ '̂  ̂cadmium,nickel^'^^^ 

and copper (Figure 1.8.19)̂ '̂ ^̂  to form four-coordinate neutral complexes, [M(TC- 

n,n’)].

kNID
Cu

Figure 1.8.19: Structures of [Cu(TC-3,3)] and [Cu(TC-4,4)]. '̂^^^
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1.8,6 Copperf Zinc and tin metal complexes o f alkylaminotropone ligands

1.8.6.1 Synthesis o f copper (II) alkylaminotroponates and attempted synthesis o f zinc 

and tin alkylaminotroponates

Only recently have copper alkylaminotroponate complexes been synthesised 

from copper acetate and two equivalents of the appropriate alkylaminotropone ligand 

(Scheme 1.8.9)J^  ̂ The alkylaminotropone ligands included Hmat ((XVI): 2- 

methylaminotropone), Heat ((XVII): 2-ethylaminotropone), H"Propat ((XVIII): 2- 

"propylaminotropone), HBnat ((XIX): 2-benzylaminotropone), "Buat ((XX): 2- 

"butylaminotropone), Hma'Propt ((XXI): 2-methylamino-4-'propyltropone),

Hea'Propt, ((XXII): 2-ethylamino-4-‘propyltropone), H"Propa'Propt ((XXIII): 2- 

”propylamino-4-‘propyltropone), HBna'Propt ((XXIV): 2-benzylamino-4-

‘propyltropone), "Bua'Propt ((XXV): 2-"butylamino-4-‘propyltropone))J*^

R’ = 
R=H 
R= ‘Pr

-CHXO,H
Cu(02CCH3)2

H,0/Et0H c c ,Cu

Me Et "Prop Bn "Bu
(XVI) (XVII) (x v n i)  (XIX) (XX)
(XXI) (XXII) (XXIII) (XXIV) (XXV)

Scheme 1.8.9: Synthesis of CuL] alkylaminotroponate complexes.[1]

Attempts were made to synthesise zinc analogues using zinc acetate, zinc 

chloride or diethyl zinc as starting materials. Unfortunately, these reactions were 

unsuccessful. Also, tin(II) complexes were tried to be synthesised via the tin(II) 

butoxide route and this was also unsuccessful.^*^
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1.8.6.2 Structural characterisation o f  copper (II) alkylaminotroponate complexes

Cu(mat)2 and Cu(eat)2 were characterised by X-ray analysis and showed that 

the Cu atom in the CuL2 complexes (L = mat, eat) is four-coordinate and adopts a 

square planar geometry (Figure 1.8.20) like most other related copper complexes e.g. 

Cu(hino)2 ,̂ '̂̂  ̂ Cu(trop)2 ,̂ ^̂  ̂ Cu(e"Bup)2 ,̂ '̂  Cu(eBnp)2 .2 MeOH,^‘̂ Cu(dmp)2 ,̂ '̂̂ ^

Cu(dep)2 .'">

0 (2)
N(1)

C(10)

Cu(1)C{2)

0 (1) N(2)'
C(11)

Figure 1.8.20: Structure of Cu(2 -methylaminotroponate)2 Cu(mat)2 .̂ '̂

To summarise, the [Cu-O(-C)] bonds are longer (Cu(mat)2 : 1.934(1) Â, 

1.941(1) Â; Cu(eat)2 : 1.931(1) Â) than to those observed in related compounds i.e. a- 

hydroxyketone and pyridinone complexes due to the presence of the amino group 

(Table 1.8.11). The [C-O] bond lengths, on the other hand (Cu(mat)2 : 1.296(2) Â, 

1.309(2) Â ; Cu(eat)2 : 1.294 (2 ) Â) are similar to those in related complexes e.g. 

Cu(trop)2^̂^̂ and Cu(hino)2 .̂ '̂̂  ̂ The [Cut-N(=C)] bonds for both complexes 

(Cu(mat)2 : 1.928(1) Â, 1.931(1) Â; Cu(eat)2 : 1.937(1) Â) are similar to other 

[Cu4—N(=C)] lengths found in the li terature^but clearly shorter than the [Cu-N] 

bond length for Cu(hino)2 .py. Table 1.8.11 summarises the structural data of copper 

complexes of a-hydroxyketones, pyridinones and alkylaminotropones. The data 

shows how the [Cu-O] bonds vary for the alkylaminotroponate complexes compared 

with a-hydroxyketone and pyridinone copper(II) complexes. Note, the metal 

coordination number for the all the copper complexes is four, which is what is 

expected.
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Table 1.8.11: [Cu-O], [Cu-N] ands [C-O] bond lengths in selected copper complexes.

Metal CN [Cu-N] bond (Â) [Cu-O] bond (Â) [C-O] bond (A) [C=0 ] bond (A) Ref

Cu(mat)2 4 1.928(1);
1.931(1)

1.934(1); 1.941(1) 1.296(2); 1.309(2) - 1

Cu(eat)2 4 1.937(1) 1.931(1) 1.294(2) - 1

Cu(trop)2 4 - 1.915(3) 1.302(5) 1.286(5) 65

Cu(hino)2  

(modification 1 )
4 - 1.900(2); 1.904(2) 1.296(5) 1.293(5) 54

Cu(hino)2 .py 5 2.311(5) 1.940(3); 1.933(3); 
1.945(3); 1.965(3)

1.277(6); 1.287(5) 1.287(5); 1.278(6) 54

Cu(eBnp)2 .2 MeOH 4 - 1.904(2); 1.916(2) 1.139(3) 1.292(3) 1

Cu(e"Bup)2

4 - 1.916(1); 2.057(1) 1.328(2) 1.297(2) 1
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1.9 Sugars phosphates and metal complexes

Glucose phosphate has also been used as a component in the synthesis of 

various sugar metal complexes which have proven to be effective anti-bacterial 

agentsJ^’ These compounds were grouped together under the bait link bactericide 
concept:

HO
HO

HO
OH

“Bait-link-bactericide”

This concept involves one part of the molecule acting as the “bait” for bacteria 
(sugar) that is connected via a link group (phosphate) and is bonded to the metal ion 

(e.g tin(II)).

The importance of metal ions in anti-bacterial formulations has long been 
known. Although it has proven to be a problem on delivering the anti-bacterial agent 

to the oral environment in its active form and this problem is especially relevant to 

stannous anti-bacterial agents, due to their high susceptibility to oxidation and 

hydrolysis. However, this problem has been overcome by using another known 
ingredient in toothpaste, sorbitol, which is responsible for the prevention of oxidation 

of tin(II) to tin(IV). This is, however, disadvantageous, in that the sorbitol combines 

with the tin(ll) ion by chelation, preventing the release of free tin(II) in the oral 

environment, thus overall reducing its efficacy as an anti-bacterial agent. So, using 

glucose as a component in the synthesis of metal complexes is ideal as it is known to 

be important in biological systems. Covalently linked glucose might be an effective 

bait to bacteria, thus if used in dentrifice formulation, it would be active in low 

concentrations, this in turn would reduce the amount of dentrifice loading in a 

toothpaste formulation and overall decreasing the metallic taste.
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1.9.1 Glucose and related compounds

A sugar is the simplest molecule that can be identified as a carbohydrate. 

Carbohydrates consist of the elements, carbon, hydrogen and oxygen with a ratio of 

hydrogen twice to that of carbon and oxygen. Carbohydrates include sugars, starches, 

cellulose and many other compounds found in living organisms. In their basic form, 

carbohydrates are simple sugars called monosaccharides whereby they are generally 

soluble in water and have a sweet taste. They can also exist as disaccharides, 

oligosaccharides and polysaccharides. Sugars contain either an aldehyde group or a 

ketone group. Monosaccharides differ from each other in structure by having a 

different number of carbons and in the orientation of the hydroxy groups. This 

structural difference makes their biochemical properties, organoleptic properties (e.g. 

taste) and physical properties different. All monosaccharides exist in ring forms in 
aqueous solution, mainly as six-membered (pyranose) rings, like glucose (XXVI) 

(Figure 1.9.1). Ribose and deoxyribose, although existing in the free state in pyranose 

forms, exist as five membered (furanose) rings ((XXVII) and (XXVIII)) when part of 

nucleoside structures.

CHgOH

)H

■0,0H

OH
H

(XXVI)

a

OH

HOÇHHOCH.

OHOH OH

(XXVII) (XXVIII)

Figure 1.9.1: Structure of a six-sided ring monosaccharide ((XXVI): glucose) and 

five-sided ring monosaccharides ((XXVII): ribose; (XXVIII):

deoxyribose).

Glucose (XXVI) exists in different forms with different spatial configurations, 

a-glucose, or p-glucose, whereby the a notation signifies the that hydroxyl group at C| 

is in the axial position (Figure 1.9.2) and if the hydroxyl group were to be in 

equatorial position the compounds would be p-glucose.
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4
HO-

I
OH

Figure 1.9.2: Atom labelling in a-D-glucose

Carbohydrates are energy sources and building blocks to living organisms and 

play an important role in many of their metabolic and biological activityJ*̂ *̂  Metal 

coordination of natural carbohydrates in aqueous solution has shown to play an 

important role in many biochemical processes, such as signal transfer, cell-cell 

recognition, or fertilizationJ^^^  ̂ In this regard, the interactions of metal ions with 

carbohydrates are significant subjects in inorganic and bioinorganic research, as is 

chemistry of sugar-metal complexes. However, information on the structural 

chemistry of metal sugar complexes is very limited and little has been explored due to 

their complicated stereochemistry and lack of a predominant metal binding site.

Sugar phosphates are known to play an important role in bioorganic chemistry 
of living organisms e.g glucose-6 -phosphate is a vital component in the glycolytic 

pa t hway^and  sugar phosphate esters are also known to play crucial roles as 

intermediate compounds in regulating biosystems. '̂' '̂^

Sugar phosphates are also found in nucleic acids e.g. ribose (XXVII) and 

deoxyribose (XXVIII) are present as phosphates in the nucleic acids RNA 

(ribonucleic acid) and DNA (deoxyribonucleic acid). Nucleic acids are polymers of 

nucleotides linked in a chain through phosphodiester bonds. Each nucleotide consists 

of a nitrogen containing base either pyrimidine (one ring e.g. cytosine and thymine) or 

purine (two rings e.g. adenine and guanine), a five carbon sugar (ribose or 

deoxyribose) and a phosphate group (Figure 1.9.3).
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NHj

O—P—O'

NHj

O—P—O'

Deoxyguanosine m onophosphate (ribo) guanosine m onophosphate

Figure 1.9.3: The structures of a deoxyribonuleotide (left) and ribonucleotide 

(right) depicting the base (blue) sugar (purple) and phosphate 

moieties.

Ribose phosphates are also found as components in several coenzymes that are 

important in metabolic processes and include NAD (nicotinamide adenine 
dinucleotide) NADP (nicotinamide adenine dinucleotide phosphate) and ATP 

(adenosine triphosphate) (Figure 1.9.4).

HO— p — o — p — o — p  1

OH OH

Figure 1.9.4: Structure of Adenosine triphosphate.

Biological studies have shown that enzymes which promote transformation of 

sugar phosphates require metal ions to carry out their functions.̂ *'̂ "̂̂ '̂ '̂  ̂ For example, 

Fructose-1,6-bisphosphatase catalyzes the hydrolysis of D-ffuctose-1,6 -bisphosphate 

to D-fructose-6 -phosphate and an inorganic phosphate in the presence of a metal ion 

such as magnesium, manganese or zinc.̂ '"̂ ^̂  Fructose-1,6-bisphosphatase is an 

essential enzyme in the gluconeogenesis pathway. Overall, this shows that metal ions 

are important in the interaction of sugar phosphates with metal ions in bioorganic 

chemistry, but very few reports have appeared concerning characterisation in solid 

state.

49



There have been several studies on copper̂ *"*̂ '*̂ '̂  and zinĉ ^̂ ’̂ ion 

nucleotide complexes. Different nucleotides have many different potential binding 

sites to metal ions including nitrogens and a carbonyl oxygen on the pyrimidines, 

nitrogens on purines, and phosphate groups attached to the pentose sugar, although 

the phosphate coordination has proven to be the most dominant. It has been shown 

that most of these reactions proceed through the formation of enzyme-metal ATP 

complexes^* thus such complexes have been attributed to the fact that they can be 

regarded as simple models for the study of mechanism of enzymatic transfer of 

phosphoryl groups. Metal nucleotide complexes have also proven to help in the 

storage and transport of ATP through membranes, because of their inactivity toward 

hydrolysis.^*In summary these complexes are studied in great detail structurally in 

order to understand the exact mechanism and the binding properties of nucleotides to 

various metal ions.

L9.2 Copper, zinc and tin glucose phosphate complexes

1.9.2.1 Synthesis o f copper, zinc and tin glucose phosphate complexes

Two copper(II) glucose phosphate compounds, [Cu4 (p-OH)a-D-Glc-lP)2- 

(L)4(H2 0 )2](N0 3 ) 3  (a-D-Glc-lP: a-D glucose-1-phosphate, L = bipy or phen) were 

synthesised by Kato et al. from Cu(N0 3 )2 .3 H2 0  with Na2 [a-D-Glc-lP] in the 

presence of 1,10-phenanthroline (phen) or 2,2’-bipyridyl (bipy).̂ *̂ *̂  The other copper 

phosphate complexes that has been synthesised is [Cu4 (a-D-Glc- 

IP)2(CH3COO)2 (bpy)4](N0 3 ) 2  and it was prepared from [Cu4(p-OH)a-D-Glc-lP)2- 

(phen)4(H2 0 )2](N0 3 ) 3  in the presence of acetic acid.̂ *̂ *̂

Copper and zinc a-glucose-6 -phosphates and copper a-glucose-1-phosphates 

have been prepared from the metal acetates or nitrates and K2-glucose-6 -phosphate 

(Scheme 1.9.1).̂ ^̂
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OK

OK

HO
HO

HO
OH

MX^, HjO/M eOH

-2KX

.OH

HO-----

OK

I T ok  o

M = Cu(ll),Zn(ll) 
X = acetate, NOj

C u (N 0 j)2 ,  HjO/M eOH

-2 K N 0 ,

HO
HO

HO
OH

.OH

HO
HO

HO

■p: :cu

Scheme 1.9.1: Synthesis of copper and zinc glucose phosphates. [2]

A range of tin(II) sugar phosphates were produce including tin(II)-a-glucose- 
1-phosphate monohydrate (Sn(aGlP).H2 0 ) tin(II)-a-D-glucose-6 -phosphate 

trihydrate, (Sn(aG6 P).3 H2 0 ) and tin(II)-p-D-giucose-6 -phosphate (Sn(pG6 P)).̂ ^̂  

Sn(aGlP).H2 0  was synthesised by the reaction of tin(II) chloride with di-sodium a- 

D-glucose-1-phosphate tetrahydrate in water (Scheme 1.9.2).

OH

HO
HO

HO

P
ONaNaO

Sn C lj

-2NaCI

OH

HO
HO

HO

Sn

Sn(aGlP).H2 0

Scheme 1.9.2: Synthesis of tin(II)-a-glucose-l-phosphate monohydrate

(Sn(aGlP).H20).'^>

Sn(aG6P).3H]0 and Sn(PG6 P) were prepared from tin(II) chloride and the 

corresponding sugar phosphate as shown in Scheme 1.9.3.
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•OM.

M ,= = Na* HOHO
HOHO S n C lj -2NaCI

OHOH OH OH

M, = K* Mj = H*SnCI.

-2KCI, HCI

Sn

HO
HO •OH

OH

Sn(pG6 P)

Scheme 1.9.3: Synthesis of tin(II)-a-D-glucose-6 -phosphate trihydrate

(Sn(aG6 P).3 H2 0 ) and tin(II)-p-D-glucose-6 -phosphate

(Sn(pG6 P))P>

1.9.2.2 Structural characterisation of copper sugar phosphates

Kato et al. synthesised and structurally characterised two copper(II) 

complexes with glucose 1- p h o s p h a t e T h e  asymmetric unit of [Cu4(p-OH)a-D- 

Glc-lP)2-(phen)4(H2 0 )2](N0 3 ) 3  consists of two separate cations A and B, in which 

copper atom is tetranuclear bridged by two phosphate groups. Each copper atom in 

this complex is five-coordinate in a square pyramidal environment and each is bonded 

to three oxygen atoms (one from a phosphate, one from a hydroxo and/or one from 

water) and one 1 , 1 0 -phenanthroline ligand which is acting as a bidentate chelator to 

the copper atom. The cations are chemically similar, with five coordinate tetranuclear 

copper(II) ions, although they differ in the orientations of the glucose (Figure 1.9.5). 

As observed in Figure 1.9.5, the hydroxymethyl group (C6H2-OH) in cation A is 

orientated towards and upwards to the hydroxo bridge whereas in cation B the 

hydroxymethyl group is orientated away from and downwards from the hydroxo 

bridge. This suggests that the glucose molecules are able to rotate easily around the a 

anomeric C-O and P-O single bonds.
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Cation A

om

0(2)

0(33)

P(3f

0(42) 0(31)
Cu(8)

Cation B

Figure 1.9.5: [Cu4()i-0 H)a-D-Glc-lP)2-(phen)4(H2 0 )2](N0 3 ) 3  showing cation A and 

cation B Carbon atoms on 1,10-phenathroline ligands are omitted for 

clarity.
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[Cu4 (a-D-Glc-lP)2(CH3COO)2(bpy)4](N0 3 )2 '̂̂ *̂  was also structurally 
characterised and is five-coordinate, but instead of a hydroxo bridge as in [Cu4 (|i- 

0 H)a-D-Glc-lP)2-(phen)4(H2 0 )2](N0 3 )3, there are two acetate ions that bridge a pair 
of copper atoms (Scheme 1.9.4).

CH3COOH

Scheme 1.9.4: The structural changes of the copper tetra nuclear core of [Cu4(p- 

0 H)a-D-Glc-lP)2-(phen)4(H2 0 )2](N0 3 ) 3  when transformed to 

[Cu4(a-D-Glc-lP)2(CH3C0 0 )2(bpy)4](N0 3 )2 . Glucose 1-phosphate 
molecules are omitted, instead are abbreviated to GIP for clarity.

1.10 Aim of project

Zinc, copper and tin complexes of a-hydroxyketone, pyridinones, 

alkylaminotropones*̂ *̂  and sugar phosphates* ’̂ have previously been tested against 

their anti-bacterial properties with metal complexes always having better activity than 

the ligands. Copper(II) and tin(IV) a-hydroxyketone complexes were most active 

(Figure 1.10.1). The data showed that the copper complex had greatest activity over 

the zinc complexes.
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Anti bacterial activity

Time to OD of 0.4 (hrs)

14i

12 -

Control I II V

Control

□  SnF2

□  SnCI2

Figure 1.10.1: Results of the single species biofilm assay on a-hydroxyketone 

complexes of tin(IV), copper(II) and zinc(II).

Anti-bacterial testing was also carried out on pyridinone and 

alkylaminotropone ligands and their complexes and as expected the copper complexes 

of these ligands showed more activity than the free ligand and zinc complexes (Figure

1. 10 .2 ).

Anti bacterial activity

Time to OD of 0.4 (hrs)

Ligand

IV  V I  X I I  V I I  X V I I X V I I I

Figure 1.10.2: Results of the single species biofilm assay on some compounds versus 

Cu(Etma)2 .
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In general, all the compounds exhibited anti-bacterial activity, but none of the 

compounds showed greater activity than Cu(Etma)2 .̂ '̂

Despite copper’s generally superior activity, the use of this element as an 

ingredient in toothpaste formulations has not received much attention due to its strong 

metallic taste. Thus, the aim of this project is to synthesise a compound that is able to 

deliver flavour and metal simultaneously so both are present while the active agent is 

in the mouth. Below are the structures of potential flavour molecules, but in this 

project the synthesis the new flavoured molecule only includes menthol. Menthol is a 

natural compound obtained from peppermint oil, or other various members of the mint 

family. It is used as an ingredient for its cooling and anti-bacterial properties. When 

applied to an injured area in gel form, menthol rapidly cools muscles and tendons. It is 

said to cause dialation of blood vessels that carry blood to the joints, this increases 

blood flow to the injured area providing more nutrients and oxygen to the injured area 

thus accelerating the healing process.

CHO

Menthol

OMe

OH

Vanillin

Figure 1.10.3: Structures of flavour molecules.

The flavour will be attached on the hydroxymethyl group of kojic acid (III), 

thus having flavour at one end of the molecule and free chelating site for metal 

complexes at the other end of the molecule (Figure 1.10.4). Alternatively, the 

introduction of menthol on pyridinones and alkylaminotropones would be simpler in 

having a site of attachment built in the molecule via the N-R group.
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OH OH

R = Et, Me

H

R = iPr. H

F = flavour molecule

Figure 1.10.4: Structure of target flavoured pyranone, pyridinone and

alkylaminotropone ligands.

The second aim of this project is to produce a consumer friendly product by 

using glucose as a reagent in the synthesis of sugar pyridinone or alkylaminotropone 

ligands (Figure 1.10.5). The copper and zinc metal complexes synthesised from these 

ligands would significantly enhance the anti-bacterial activity of the complex as the 

sugar within the complex would act as the bait for bacteria. This in turn would lead to 

the reduction of metal loadings within the dentrifice and hence reduce the metallic 

flavour.

OH

4
5

R = Et, Me 

S = sugar molecule

R

R = iPr, H

Figure 1.10.5: Structure of target sugar pyridinone and alkylaminotropone ligands.
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CHAPTER II

NOVEL, FLAVOUR CONTAINING CYCLIC tt-

HYDROXYKETONES AND THEIR DERIVATIVES 

(M = Cu, Zn)

2.1 Introduction

Several pyranones are found in nature and are acidic by virtue of carboxyiic 

or hydroxyl groups. Chelidononic acid (1: 2,6-dicarboxy-4-pyrone), meconic acid (2:

3-hydroxy-2,6-dicarboxy-4-pyrone), comenic acid (3: 3-hydroxy-6-carboxy-4-

pyrone), pyrocomenic acid (4: 3-hydroxy-4-pyrone), kojic acid (5: 3-hydroxy-6- 

hydroxymethyl-4-pyrone) and maltol (6 : 3-hydroxy-2-methyl-4-pyrone) are all 

produced from plants whereas kojic acid (5) is produced from various 

microorganisms.

HO,C CO,H

R = H (1) R = COgH (3) = H, R2 = CHjOH (5)
R = OH (2) R = H (4) Ri = Me, R2 = H (6 )

Figure 2.1.1: Structures of chelidononic acid (1), meconic acid (2), comenic 

acid (3), pyrocomenic acid (4), kojic acid (5) and maltol (6 ).

In this thesis, the work described will be focused only on kojic acid (5). 

Modem research on (5) began in 1907 when Saito isolated it as a crystalline substance 

formed by Aspergillus oryzae that is grown on steamed rice.̂ ^̂  ̂ Its chemical structure 

was first determined by McKinstry et although no full three dimensional

structure was given. Many years later, Lokaj et al obtained crystallographic data for 

(5) which proves that the structure exhibits extensive hydrogen bonding between the
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carbonyl oxygen on the pyronic ring and the hydroxyl hydrogen on the 6 - 

hydroxymethyl group (1.87(3) Â) and also between the hydroxyl hydrogen on the 

pyronic ring and the oxygen on the 6 -hydroxymethyl group (2.08(4) Â) (Figure

2 . 1 .2 ).[''']

#  2.08(4)\ 
1.87(3) /

Figure 2.1.2; Crystal structure of kojic acid (5).̂ *̂ ^̂

Other related compounds such as maltol (6 )/'^^  ̂ethyl maltol (7: 3-hydroxy-2- 

ethyl-4-pyrone) '̂^^  ̂ and meconic acid trihydrate (2)̂ '̂ ®̂  have also been found to 

exhibit hydrogen bonding.

Kojic acid (5) is a substituted y-pyrone (Figure 2.1.3) with five reaction 

centres {C^-OH, C^-OH, C^-H, C^-O-C ,̂ C‘̂ =0). The activities at the different centres 

are influenced by resonance between different forms of the molecule. Kojic acid is 

able to undergo several important reactions including oxidation and reduction, 

alkylation and acylation, substitution reactions, ring opening and finally chelation.

OH

HO
7 1

Figure 2.1.3: Kojic acid (5), including atom numbering.
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The enolic hydroxyl group at gives (5) its weakly acidic character, and is 

able to form metal salts with a number of metals including sodium,barium,^^^^^ 

c a l c i u m^ a nd  s t r o n t i u m . T h e  kojates of divalent transition metals including 

cobalt, copper, nickel, iron and manganese have also been prepared.̂ *̂ ^̂  The hydroxyl 

group at C-7 acts as a primary alcohol and its reactivity is increased by the adjacent 

oxygen atom in the pyronic ring. Some known ether and ester derivatives typical of 

hydroxy compounds have also been prepared from (5). ’̂̂ *'

(5) has been proven to be an interesting starting material for the synthesis of 

new active compounds. Over one hundred and fifty new derivatives have been 

produced from (5) of which some have proven to be biologically active. Its reactivity 

is advantageous in the development and preparation of new compounds as it is soluble 

in water and most polar organic solvents. Halogen derivatives of kojic acid e.g. 3- 

hydroxy-6-chloromethyl-4-pyrone, 3-hydroxy-6-iodomethyl-4-pyrone and 3-hydroxy- 

6 -bromomethy 1-4-pyrone  ̂̂ ^̂  ̂ and sulphur containing der ivat ives^have been 

reported to show significant anti-fungal effects. The bromo- and chloro- derivatives of 

kojic acid have also been found to have anti-neoplastic effects by significantly 

inhibiting DNA, RNA and protein synthesis .^The oxidised derivative of (5), 

commonly known as comenic acid (3), has been reported to act on organisms in the 

same way as vitamins*̂ ^̂ "̂  ̂and has both oxidising and reducing activit ies.^It  is used 

in pharmacology (as a component of drug baliz-2 ) as an anti-oxidant.^

Metal complexes of kojic acid derivatives have also been reported and shown 

to have some biological activity. Copper(II) with iodo-, bromo- and chloro kojate 

compounds have been prepared and characterised by infrared spectroscopy. These 

halogen-substituted kojate complexes have been reported to have a substantial 

increase in anti-fungal activity over the copper(II) kojate complex.̂ ^̂  ̂Hudecova et al. 

conducted studies of the complexes formed from copper, zinc, manganese, 

magnesium and nickel with 3-hydroxy-6-azidomethyl-4-pyrone. It was found out that 

these metal complexes showed some anti-microbial activity, but had lower activity as 

compared to the halogenkojate derivatives.^^This clearly proved that the substituent 

on the kojic acid ring can influence the activity of the kojic acid derivatives.
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As described previously, work on a-hydroxyketone complexes of copper, zinc 

and tin have shown remarkable anti-bacterial properties, with copper(II) a- 

hydroxyketone complexes exhibiting the greatest activity but suffering from a strong 

metallic taste. In this project, the synthetic chemistry has focused on kojic acid (5) as 

a starting material in the synthesis of new flavoured ligands. The potential 

methodologies for introducing a flavour molecule, menthol, to the a-hydroxyketone 

via linkages A and B are outlined in Scheme 2.1.1.

.OH

OH
HO.

OH

OH
OH

HO.

HO

O

Scheme 2.1.1; Potential sites and methodologies for linking flavour molecule to kojic 

acid (5). Reagents: i) Jones reagent, ii) Menthol, 20% DMA?, SOCI2 

EtgN. iii) Menthoxyacetyl chloride, base, iv) Base, menthyl halide 

(halide -  iodide- or chloride-)/ halokojic acid, base, menthol.

In this project, the metal complexes of novel, flavour containing cyclic a- 

hydroxyketones have been synthesised only include copper(ll) and zinc(ll), and not 

tin. Previous studies have shown that tin(ll) a-hydroxyketone complexes are highly 

prone to oxidation and hydrolysis thus decreasing their stabilitŷ *̂  and hence their 

activity, so tin(ll) a-hydroxyketone complexes would not be suitable agents in 

toothpaste formulations.
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2.2 Results and Discussion: Flavoured a-hydroxyketone ligands and thier 

copper(II) and zinc(II) complexes

2.2.1 Flavour attached to kojic acid via the hydroxyl group on the pyronic ring

This part of the thesis will describe the synthesis of novel flavoured a- 

hydroxyketones whereby menthol would be attached to kojic acid (5) via linkage A, 

and the CH2OH function elaborated to form the chelator to the metal (X = carboxyiic 

acid) (Figure 2.2.1).

A

.OH

X

Figure 2.2.1: Flavour molecule linkage (A) and chelator (X) on kojic acid (5).

2.2.1.1 Synthesis and characterisation of ligands

The initial aim was to form a chelator to metals via the 7-hydroxy group of 

(5). This involved the oxidation of the primary alcohol of (5) to change its 

functionality to 6 -carboxyl. Benzylated kojic acid (8 : 3-benzyloxy-6-hydroxymethyl-

4-pyrone), was synthesised following a literature procedure^and was then oxidised 

to benzylated comenic acid (9: 3-benzyloxy-6-carboxy-4-pyrone), using Jones reagent 

(CrOs, H2 SO4 and H2O) (Reaction 2.2.1).[̂ ^̂ ^
o

OBn .

J o n e s  R e ag en t
2 K jC 0

Reaction 2.2.1: Synthesis of 3-benzyloxy-6-carboxy-4-pyrone (9).

The identities of (8 ) and (9) were confirmed by *H, NMR, IR and 

elemental analysis. In the 'H NMR spectra of (9) the disappearance of the peak
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is observed confirming the replacement of the CH2 in (8 ) by a C=0 group in (9). The 

infrared spectra of (9) shows the appearance of a second C=0 band (1731 cm'^) 

typical of a carboxyiic acid, in addition to the C=0 of (1629 cm"̂ ).

To synthesise tin(II), copper(II) and zinc(II) complexes of (9), the reactions 

were carried out using two equivalents of ligand and the metal(II) compounds in 

different solvents (DMSO, THF, MeOH, aq. EtOH, etc). In some reactions crystals 

were obtained, and were analysed by X-ray crystallography. The analysis proved that 

some of crystals that were obtained in the final reaction mixture were of the starting 

material (9), but incorporating different solvents e.g 3-benzyloxy-6-carboxy-4- 

pyrone.DMSO (10), 3-benzyloxy-6-carboxy-4-pyrone.MeOH (11) and 3-benzyloxy- 

6-carboxy-4-pyrone.THF (12). It has proved difficult to produce the tin(II) 

deriviatives of (9), but the synthesis and X-ray characterisation of zinc(II) and 

copper(II) complexes of (9) was successful and their characterisation and analysis will 

be discussed later in the chapter.

From the crystallographic data all three structures ((10)-(12)) confirm the 

oxidation of (8 ) to (9) and they all exhibit hydrogen bonding. The hydrogen bonding 

in (1 0 ) and (1 1 ) have solvent molecules hydrogen bonded to the ligand but (1 2 ) does 

not.

3-benzyloxy-6-carboxy-4-pyrone.DMSO (10) crystallises in the monoclinic 

space group P2i/n with one molecule of DMSO incorporated in the asymmetric unit. 

The oxygen of the solvent, 0(6) is hydrogen bonded to the hydrogen of the carboxyiic 

group, H(2) (2.490(3) A). In addition there is another weak H(6 ) ...0(2)' interaction to 

the adjacent molecule (C(6 ) ...0 (2 )': 3.347(3) A) which creates a dimeric structure. 

The structure of (10) is further stabilised by weaker interaction of the methyl 

hydrogen, H(14B)'" on the adjacent solvent molecule with carbonyl oxygens on the 

pyronic ring of the carboxyiic acid, 0(4) (C(14)'"...0(4): 3.262(3) A) (Figure 2 .2 .2 ).
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C(14B)" HM4B)

H(14B)" c(14r-

C<14)
C(15)

Figure 2.2.2: The crystal structure of 3-benzyloxy-6-carboxy-4-pyrone 

acid.DMSO (10). Symmtery operations, 2 -x, -y, -z; 3/2 -x,

1 /2  +y, 1 / 2  -z; 1 / 2  +x, -y - 1/2 , z - 1/2 .

The asymmetric unit of 3-benzyloxy-6-carboxy-4-pyrone acid.MeOH (11) 

consists of one molecule of ligand and one molecule of methanol that is hydrogen 
bonded to the ligand (Figure 2.2.3). The difference in hydrogen bonding of (11) to 

that of (10) is that in (11) the bonding occurs between a carbon hydrogen (H(6 )) on 

the pyronic ring with the carboxyl oxygen on the carboxyl ate group (0(2)), (C(6 )' 

...0(2)": 3.385 Â) instead of the hydroxyl’s oxygen as in (10). This weak C-H ...O 

interaction in (1 1 ) does however produce a dimeric structure, similar to that found for 

(10). The hydroxyl hydrogen (H(l)) on the carboxylate group hydrogen bonds to the 

methanol’s oxygen (0(6)) 0(1) ...0(6): 2.512 Â). In other words, the ligand in (11) 

acts as the donor ligand and the solvent molecule acts as the acceptor ligand which is 

also case for (10). There is a further O ...O interaction in (11), involving the solvent 

molecule, however the solvent molecule acts as a donor ligand to the pyronic carbonyl 

0(3) ( 0 ( 6 ) '  ...0(3): 2.648 A ).
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T ' x  X  .  y  •MHur unv m .

m***

C(14)

Figure 2.2.3: The crystal structure of 3-benzyloxy-6-carboxy-4-pyrone.MeOH (11).

Symmetry operations, ': 1 -x, 1 -y, -z; ; ": -x, -y, -z; x -1, y -1, z.

The structure of 3-benzyIoxy-6-carboxy-4-pyrone.THF (12) exhibits hydrogen 

bonding but unlike (10) and (11) the solvent molecule (THF) is not involved, instead 

the two adjacent molecules are hydrogen bonded intermolecularly to produce a 

dimeric chain (Figure 2.2.4). In (12) there are two distinct hydrogen bonding 

arrangements which are different to (10) and (11). One bond occurs between the 

pyronic carbonyl (0(3)) and the hydrogen atom (H(l)) of the carboxyiic group (0(1) 

...0(3)': 2.645(1) Â) and the other bond occurs between the alkene proton (H(3)) and 

the carbonyl oxygen of the carboxyiic group (0(2)) (C(3)'...0(2): 3.055 Â) of another 

molecule creating a chain. Note that the C(6 ) in (12) does not take part in hydrogen 

bonding, unlike (1 0 ) and (1 1 ).
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Figure 2.2.4: The crystal structure of 3-benzyloxy-6-carboxy-4-pyrone.THF 

(12). Symmetry operations, 1/2 +x, -y -1/2, z; x -1/2, -y - 

1/2 , z.

The arrangement of the extended structure of (12) along the crystallographic 

fl-axis has approximately planar rows of molecules linked by hydrogen bonding to 

one another in a zig-zag manner with the solvent molecules placed above the plane of 

chains (Figure 2.2.4). Along the c-axis it is observed that the chains exsit in pairs with 

the benzyl groups and TFIF molecules in between the pair of chains. In both chains 

the benzyl groups are parallel to each other, but in one chain the benzyl group face 

upwards and in the other chain they face downwards (Figure 2.2.5).
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Figure 2.2.5: The extended structure of (12) viewed along the be plane.

There are no Interactions with pyranone rings between the two adjacent layers 

as the layers are not directly parallel to each other. However, the THF molecules that 

are between adjacent layers are in close contact with the pyranone rings with an O 

(THF)....0(4) (pyranone) (3.448 Â), but no bonding is present.

As viewed in Table 2.2.2 the [C=0]/[C-0] bonds of the carboxyiic group in 

(10)-(12) follow the expected pattern with the [C=0] bonds shorter than the [C-O] 

bonds and are comparable with a known compound in the literature, meconic acid 
(2 ) [160] \yith the [C-O] bond distances of the carboxyiic groups in (2), (10)-

(12), are the [C=0]/[C-0] bonds on the pyronic ring. These [C-O] distances are also 

comparable with other known a-hydroxyketones reported in the literature e.g kojic
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acid (5),̂ '̂ ^̂  maltol and ethyl maltol (2 ) and (6 ) exist in two

polymorphic forms (2i, 2ii, 61 and 611) and (7) exists in three (71, 711 and 7111). Table

2 .2 . 1  shows the atom numbering scheme for selected hydroxyketone complexes and 

provides a key for the [C-O] bond distances in Table 2.2.2.

o
«0 R2 

.X

R 3 - ^ 6 ^ 0  2 ^ r i  
1

Compound R" X

(2)
Y "

0

H
” T

0

3 H2O

(5) H H

7

-

(6) Me H H
-

(7)
Et H H -

(10) H Bn " T
0

DMSO

(11) H Bn " T
0 MeOH

(12) H Bn " ° r
0

THF

Table 2.2.1: Atom numbering scheme for selected hydroxyketones.

68



Pyranone fC- 0 1  bonds (Â) Carboxylate fC-Ol bonds (Â) Ref
C(3)-0 C(4)=0 C(7)-0 C(7)=0

(2 i)“ 1.335 1.245 1.309; 1.302^ 1.219; 1.235*̂ 160

(2 ii)̂ 1.347 1.241 1.292; 1.292^ 1.221; 1.240’’ 160

(5) 1.347 1.243 1.404 - 157

(61)" 1.350(3);
1.347(4)

1.254(3);
1.244(3)

- - 158

(6 ii)" 1.356(2);
1.351(2);
1.352(2)

1.248(2);
1.246(2);
1.245(2)

158

(71)" 1.356(6) 1.256(6) - - 159

(711)" 1.347(3) 1.235(2) - - 159

(7111)" 1.351(4) 1.241(3) - - 159

(1 0 ) 1.354(3) 1.235(3) 1.310(3) 1.211(3) This work

(1 1 ) 1.359(6) 1.238(5) 1.316(6) 1.204(6) This work

(1 2 ) 1.356(1) 1.255(1) 1.317(2) 1.206(2) This work

ii and iii denote the different polymorphic forms o f  (2), (6) and (7).
'’C(8)-0/C(8)=0

Table 2.2.2: Selected [C-0]/[C=0] bond distances in a-hydroxyketones.

In general, the [C(4)=0] bonds on the pyranone rings for (10)-(12) are longer 

than the [C(7)=0] on the carboxyiic groups, and both bond lengths compare 

favourably with the ones found for (2) (Table 2.2.2). The reason for the decreased 

[C(7)=0] length on the carboxyiic group is because there is a greater delocalisation 

present within the pyranone ring as compared to the carboxyiic groups, giving the 

[C(7)=0] bond on the carboxyiic group more double bond character than the 

[C(4)=0] bond on the pyranone ring. The reason for the considerably shorter [C(7)-0] 

single bonds on the carboxyiic groups for (10)-(12) as compared to the [C(3)-0] 

bonds on the pyranone ring is because the [C(7)-0] carboxylate bonds are more ionic. 

The increased ionic character is created by carboxyl’s oxygen high electronegativity 

enhancing the positive charge on the carbon, thus increasing the bond strength
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between the carbon and oxygen. Also, these bonds are also considerably shorter than 

the [C(7)-0] bond length for (5) (1.404 A), because replacing C=0 with CH2 in (5) 

does not remove the positive charge on the C-OH carbon atom.

Hydrogen bonding is also observed for polymorphs of (2) (Figure 2.2.6a and 

Figure 2.2.6b) and (5) (Figure 2.1.1) and contrasts with the hydrogen bonding in (10)-

(12). The obvious difference in bonding of (2) and (5) as compared to (10)-(12) is that 

in (2) the hydrogen bonding involves water molecules and in (5) the hydrogen 

bonding involves a 6-hydroxmethyl group instead of a carboxyiic group. The 

hydrogen bonding in (2) and (10)-(12) is complex and involves different donor and 

acceptor ligands. The type of bonding in these structures either involves a hydrogen of 

a carboxyiic 0-H group, pyronic hydroxyl group or a water molecule acting as donor 

ligands, or the carbonyl oxygens from the carboxyiic group or the pyronic ring as 

acceptor ligands. The hydroxyl oxygen on the carboxyiic group has also shown to act 

as an acceptor ligand in some complexes.

The discussion of the hydrogen bonding will be in four parts with the hydroxyl 

group on the carboxyiic group acting as a donor ligand discussed first, then the 

oxygen atom on the hydroxyl group of the carboxyiic group acting as an acceptor 

ligand, followed by a discussion on carboxyl oxygen acting as an acceptor ligand and 

finally a brief discussion on the pyronic carbonyl acting as an acceptor ligand. The 

discussion also includes hydrogen bonding occuring in (2) and (5) as a comparison to 

the bonding found for (10)-(12).
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Figure 2.2.6a: Extended structure of (21) showing extensive hydrogen bonding. 

Symmetry operations, x, 1 +y, z; x, 1 -y, z -1/2.

« 106) 0(101

HM0A.1

L

Figure 2.2.6b: Extended structure of (2ii) showing extensive hydrogen bonding.

Symmetry operations, ': x -1/2, 1/2 -y, -z; ": x -1/2, y, 1/2 - z; x, 

1/2-y, l/2+z."“ >
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The hydroxyl hydrogen of the carboxyiic group in (2), (10)-(12) acts as a 

donor ligand. Intermolecular hydrogen bonds form to a water molecule in (21), a 

pyronic oxygen within the ring in (211), solvent moleculs in (10) and (11) and pyronic 

carbonyl in (12). The shortest hydrogen bonds are observed in (21) (2.464 Â; 2.522 

A), while the bonds in (10)-(12) are longer (Table 2.2.3). The reason for the 

considerably long bond in (211) (3.162 A) is because the hydrogen bonding is occurs 

between molecules of (2) in different layers.

The hydrogen bonding in (12) can be compared with a similar type of 

intermolecular bonding present in (5) whereby the hydroxyl hydrogen atom on the 6- 

hydroxymethyl group bonds to the carbonyl oxygen on the adjacent pyronic ring of 

kojic acid (Figure 2.1.2).̂ *̂ ^̂  The hydrogen bond in (5) is longer (2.686 A) than the 

hydrogen bond in (12) (2.645(1) A). This due to the difference in electronegativities 

between the donor and acceptor atoms, with the difference being greater for (12) 
where hydrogen bonding involves a carboxyl hydrogen rather than the hydrogen of an 

OH group as is case for (5).

D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°) Ref

(21) 0(2)-H(2) ..0(10) 1.05 1.423 2.464 171 160

0(6)-H(6) ..0(9)" 1.04 1.488 2.522 171

(211) 0(2)-H(2) ...0(3)' 1.01 2.151 3.162 180 160

(5) 0(2)-H(2) ...0(3)' 0.87 1.87(3) 2.686 163 157

(10) 0(2)-H(2) ...0(6) 0.82(5) 1.68(5) 2.490(3) 169 This work

(11) 0(1)-H(1) ...0(6) 1.23 1.32 2.512 161 This work

(12) 0(1)-H(1) ...0(3)' 0.89 1.76 2.645(1) 170 This work

Table 2.2.3: Hydrogen bond distances and angles in selected complexes where the 

hydroxyl group is a donor ligand.

72



In addition, the hydroxyl oxygen on the carboxyiic group has also shown to 

act as an acceptor ligand in some complexes. This is observed for (2ii) and (10). The 

donor ligand to the hydroxyl oxygen in (2ii) is a hydrogen from a water molecule and 

for (10) the bonding involves a C-H hydrogen from the pyronic ring as a donor. 

Although carbon acting as a hydrogen donor in hydrogen bonding has been a debate 

in the past,̂ *̂®'’*̂  ̂ a study by Taylor and Kennard proved that these bonding 

interactions occur and C-H .0 hydrogen bonds are electrostatic and occur within 

certain distances (3.0-4.0 As viewed in Table 2.2.4, the distance for (10) is

greater than 3.00 Â and are longer than the bonds observed in (2ii). The reason for the 

shorter bond length in (2) as compared to (10) is the difference in electronegativites 

between the donor and acceptor atoms, with the difference being greater for (2ii) thus 

creating a stronger and shorter hydrogen bond. The hydroxyl oxygen on the 6- 

hydroxymethyl group of (5) also acts as an acceptor ligand^*and as expected the 

bond is shorter to that of (10) and longer to (2ii).

D-H ...A bond D-H (Â) H ...A (A) D...A (A) <D-H ...A (°) Ref

(211) 0(8)-H(8A) ...0(2) 1.17 1.283 2.439 170 160

(5) 0(5)-H(5) ...0(2) 0.83 2.084(3) 2.752 137 157

(10) C(6)-H(6) ...0(2)' 0.95 2.410 3.347(3) 169 This work

Table 2.2.4: Hydrogen bond distances and angles in selected complexes where the 

hydroxyl oxyen is an acceptor ligand.

The carboxyl oxygen in (2), (11) and (12) acts as an acceptor ligand in the 

hydrogen bonding. In (21) and (211) intermolecular and intramolecular hydrogen bonds 

are observed to the carboxyl oxygen. The water molecules are able to form long 

intermolecular bonds whereas the hydroxyl hydrogen on the pyronic ring forms 

stronger and shorter intramolecular bonds to the carboxyl oxygen. For (11) and (12) 

C-H ...O bonds are observed and, as expected, the bonds are longer than the water- 

carboxyl oxygen bonds in (21) and (211). A C-H ...O interaction is also observed in 

(211) (3.242 Â) whereby the C-H hydrogen bonds to the highly electronegative 

carboxyl oxygen and, as expected, forms a weaker bond, but is longer than the bond
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in (12) and shorter than the bond in (11). Table 2.2.5 shows the hydrogen bonding 

parameters of these ligands where the carbonyl oxygen is the acceptor ligand.

D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°) Ref

(2i) 0(5)-H(5) ...0(7) 1.01 1.759 2.618 141 160

0(9)-H(9A) ...0(1) 1.01 1.939 2.926 165

0(8)-H(8A) ...0(1) 1.01 2.117 2.905 133

(2ii) 0(5)-H(5) ...0(7) 1.01 1.690 2.600 148 160

0(9)-H(9A) ...0(1) 1.01 1.959 2.856 147

0(10)"-H(10A)"...0(1) 1.01 1.919 2.911 167

C(3)’-H(3)' ...0(7) 1.05 2.208 3.242 167

(11) C(6)'-H(6)' ...0(2)" 0.95 2.438 3.385 175 This work

(12) C(3)'-H(3)’ ...0(2) 0.95 2.514 3.055 158 This work

Table 2.2.5: Hydrogen bond distances and angles in selected complexes where the 

carboxyl oxyen is an acceptor ligand.

In (2), (5), (10)-(12) the carbonyl oxygen on the pyronic ring acts as an 

acceptor ligand in the hydrogen bonding. For the polymorphs of (2) the water 

molecules hydrogen bond to the carbonyl oxygen with two long distances (2i: 2.727 

Â, 2.754 Â; 2ii: 2.731 A, 2.771 A). For (5) and (12) the hydroxyl hydrogen on the 6- 

hydroxymethyl group for (5) or the 6-carboxyl group for (12) hydrogen bond to the 

carbonyl oxygen and the bond for (12) is shorter (2.645(1) A) than the bond for (5) 

(2.686 A). In (10) the hydrogen from a methyl group in the DMSO molecule weakly 

hydrogen bonds to the pyronic carbonyl (3.262(3) A) and for (11) it is the hydrogen 

from the OH group of methanol hydrogen that forms a similar bond to the pyronic 

carbonyl. Table 2.2.6 shows the hydrogen bonding parameters of these ligands where 

the carbonyl oxygen on the pyronic ring is the acceptor ligand.
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D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°) Ref

(2i) 0(9)-H(9B) ...0(4)' 1.01 1.734 2.727 167 160

0(8)-H(8B) ...0(4)' 1.01 1.749 2.754 172

(2ii) 0(9)-H(9B) ...0(4)'" 1.01 1.738 2.731 167 160

0(10)"-H(10B)" ...0(4)'" 1.01 1.766 2.771 172

(5) 0(2)-H(2) ...0(3)' 0.87 1.87(3) 2.686 163 157

(10) C(14)-H(14B) ...0(4) 0.98 2.59 3.262(3) 126 This work

(11) 0(6)'-H(6A)'....0(3) 0.84 2.314 2.648 105 This work

(12) 0(1)-H(1) ...0(3)' 0.89 1.76 2.654(1) 170 This work

Table 2.2.6: Hydrogen bond distances and angles in selected complexes where the 

carbonyl oxyen on the pyronic ring is an acceptor ligand.

In summary, all complexes ((2), (5), (10)-(12)) form extensive hydrogen 

bonding with hydrogen bond distances greater than 2.00 Â, with the C-H ...O 

interactions considerably weaker than O-H ...O. The hydroxyl group from the 

carboxyiic group takes part in hydrogen bonding either acting as a donor ligand (in 

(2), (10)-(12)), or an acceptor ligand (in (2ii) and (10)). The carbonyl oxygen on the 

pyronic ring for (2), (10)-(12) and carboxyiic group in (2), (11) and (12) both act as 

acceptor ligands. The hydrogen bond distances in ligands (2), (5), (10)-(12) are 

influenced by the electronegatives of atoms bonded to hydrogen in the donor groups, 

whereby a highly electronegative atom increases the acidity of the hydrogen that is 

involved in hydrogen bonding and this creates a stronger and shorter hydrogen bond 

to the acceptor atom.

As the synthesis of (8) was successful, an attempt was made to add menthol 

moiety as a protecting group on (5) and then further oxidise the 6-hydroxymethyl 

group on the menthylated (5) to a carboxyiic acid analogous to (9), which would then 

be a potential chelator to metals. Attempts to add menthol as a protecting group on (5) 

first involved the protection of the CH2OH function in (8) using tert-
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butyldimethylsilyl chloride to produce 3-benzyloxy-6-fer/- 

butyidimethylsilyloxylmethyl-4-pyrone (13). (13) was then debenzylated under a 

hydrogen atmosphere using Pd/C to produce 3-hydroxy-6-/err- 

butyidimethysiiyIoxyimethyl-4-pyrone (14) (Scheme 2.2.1). The identities of both 

compounds were confirmed by spectroscopic techniques and elemental analysis, 

which showed the incorporation of the TBDMS group from (8) to (13) and the loss of 

the benzyl group from (13) to (14).

“Ê . A ir*'”
tbdm so^^^ J)

O tbdms o

(13)

Scheme 2.2.1: Synthesis of 3-benzyloxy-6-/er/-butyldimethylsilyloxylmethyl-4- 

pyrone (13) and 3-hydroxy-6-/eA*r-butyldimethysilyloxylmethyl-4- 

pyrone (14)

(14) was then reacted with menthoxyacetyl chloride (Reaction 2.2.3), which 

was prepared before from menthoxyacetic acid and thionyl chloride (Reaction 2.2.2). 

In this work, menthoxyacetic acid has been used as a starting material in the synthesis 

of various flavoured a-hydroxyketones, although it was not used directly, but instead 

it was always converted to the acyl chloride. Menthoxyacetic acid (16) was prepared 

from menthol (15) and monochloroacetic acid in the presence of lithium ribbon.^^^  ̂

The NMR spectrum proved the formation acyl chloride as the CH2 group on the 

acyl group is observed as a singlet at 4.30 ppm, rather than a two doublets (4.13 ppm;

4.02 ppm) as is the case for (16).

Li ribbon
,OH

(15) (16)

Reaction 2.2.2: Synthesis of menthoxyacetic acid (16).
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The reaction of (14) with menthoxyacetyl chloride was carried out in the 

presence of a base, to attempt to produce the flavoured hydroxyketone 3- 

menthoxyacetyloxymethyl-6-rgf/-butyldimethylsilyloxymethyl-4-pyrone (17) but the 

protection step was unsuccessful (Reaction 2.2.3).

1.5 (14)+

tbdms O,

(17)

Reaction 2.2.3: Attempted synthesis of (17).

2.2.1.2 Synthesis and characterisation o f metal (II) complexes

(9) was reacted with (M= Cu, Zn) as the carboxyiic group is a potential 

chelating group for metals. The reaction involved two equivalents of ligand and either 

copper or zinc acetate (Scheme 2.2.2).

OBn

2 HO. + C u(02CCH3)

OBn

2 HO. + ZnCOjCCHj)

OBn

.2 H2O

(18)
o

OBn

.3.5H,0

Zn

(19)

Scheme 2.2.2: Reaction of (9) with metal acetates.

The precipitated products were characterised by IR spectroscopy and 

elemental analysis (Analysis: Found [calc, for (18) C26H22O12CU]: C 51.9 (52.9) %; H 

3.73 (3.73) %; found [calc, for (19) C26H250i3 5Zn]: C 50.7 (50.5)%; H 4.00 (4.04)
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%). From this data formulae have been proposed as shown above. From the analysis it 

appears that the two complexes are hydrated, with two molecules of water 

incorporated in the copper(II) complex and three and a half for the zinc. No NMR 

spectrum has been recorded for the copper(II) complex as the electronic configuration 

of Cu^  ̂is ct making it a paramagnetic compound. The NMR spectrum of (19) shows 

the presence of the Q^H (8 . 2 0  ppm) and C^// (6.80 ppm) from the ligand and the 

presence of the protecting group (7.30-7.50 ppm).

Recrystallisation of (18) from hot DMSO produced Cu(3-benzyloxy-4-pyrone- 

6 -carboxylate)2 .H2 0 .3 DMSO (20). The asymmetric unit of (20) consists of one half of 

a dimer in which each copper atom is coordinated by carboxylate groups, DMSO, one 

water molecule and a pyronic carbonyl. The carboxylate [C-O] ligands are 

monodentate with respect to copper, and the [C=0] involves itself in hydrogen 
bonding, which will be discussed later in the chapter. There are a further two 

molecules of DMSO incorporated in the structure, but these are not interacting with 

the metal centre. The remainder of the structure is generated via an inversion centre at 

the centre of the dimer (symmetry operation 1 -x, -y, 2  -z) creating a head to tail 

configuration (Figure 2.2.7).

C(1%
C(S)

cm
C|M*

om cm0(3)

0(1)
C(19) * (1> .C(32)C(1»l

00)C(29)

C(31)C(2S) C(W)
C(21( C(1«)0(10)

C(*2) O*
cps)

Figure 2.2.7: The crystal structure of Cu(3-benzyloxy-4-pyrone-6- 

carboxylate)2 .H2 0 .3 DMSO (20). Symmetry operation, 1 -x, -y, 

2  -z.
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In (20) the coordination sphere around each copper atom is composed of five 

oxygens, two of which are from the carboxylate ligands, one from the water molecule, 

one from the DMSO molecule and one from the pyronic carbonyl oxygen. This 

arrangement of ligands gives the central metal atom a square pyramidal geometry 

with the pyronic carbonyl in the axial position and the carboxylate ligands and solvent 

molecules in the equatorial positions. The angles subtended by the atoms in the 

equatorial plane at the centre are close to the ideal square planar geometry (0(6)-Cu- 

0(11): 88.50(8)°; 0(1)-Cu-0(12): 91.26(7)°; 0(6)-Cu-0(12): 89.63(7)°; 0(11)-Cu- 

0(1): 90.54(8)°). In addition, the trans pair of atom angles also are close to the ideal 

value of 180° (0(6)-Cu-0(l); 171.84(7)°; 0(12)-Cu-0(11): 178.10(7)°). Another a- 

hydroxyketone copper(ll) complex with a similar structure to (2 0 ) is the complex 

Cu(hino)2 .py, whereby the copper adopts a square pyramidal geometry and the 

pyridine occupies the axial position {cf.\ Chapter 1, Section 1.8.2, Figure 1.8.4).̂ "̂̂ ^

[Cu-O] bond in (20) Bond length (Â)

Cu-O(l) 1.964(2)

Cu-0(6) 1.976(2)

Cu-0(9)’ 2.269(2)

Cu-O(ll) 1.935(2)

Cu-0(12) 1.951(2)

Table 2.2.7: [Cu-O] bond lengths in 

carboxylate)2  H2 0 .3DMSO (20).

Cu(3-benzyloxy-4-pyrone-6-

From the figures quoted in Table 2.2.7 it is evident that that there is one bond 

longer than the others, namely to the oxygen 0(9)'. The reason for this is that the 

oxygen in question is the [C=0] bond from the pyronic carbonyl. The other [Cu-O] 

bonds, which are shorter in length, involve the carboxylate oxygen (Cu-O(l): 1.964(2) 

Â; Cu-0(6): 1.976(2) Â), water oxygen (Cu-O(ll): 1.935(2) Â) and the DMSO 

oxygen (Cu-0(12): 1.951(2) Â). The bonds to the carboxylate oxygens are identical in 

length and that from the water indicates the strongest complexation.
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The [Cu-O] carboxylate metal bonds for (20) are longer than comparable 

copper carboxylates reported in the literature (Figure 2.2.8 and Table 2.2.8) e.g 

[Cu(hip)2(H2 0 )2]2 .2 H2 0  (21: bis(|X2-hippurato-0 ,0 )-diaqua-hippurato-0 )-copper(II) 

dihydrate, hip: N-benzoglycine),^*^^  ̂ [Cu(of1o)2(H2 0 )].2 H2O (22: bis(oflo)2-aqua- 

copper(II) dihydrate, oflo: (±)-9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl-l-

piperazinyl)-7-oxo-7-H-pyrido[ 1,2,3-dej-1,4-benzoxacine-6-carboxylic acid)^*and 

Cu(Cx)2 .H2 0  (23: bis(cinoxacinate)-aqua-copper(II), Cx: 1-ethyl-l,4-dihydro-4-

oxo(l,3)-dioxolo(4,5-g)cinnoline-3-carboxylic acid).̂ **̂ ^

N(1)

ce)

Cu(1l
0(4)

c«,

(21)

Ftll)

0(11
OfH) 0(13)

0(311

0 (11)

(22)

NIC2)

(23)

Figure 2.2.8: Structures of [Cu(hip)2(H2 0 )2]2 .2 H2 0  (21),̂ *̂ ’̂ [Cu(oflo)2(H2 0 )].2 H2 0  

(2 2 )['̂ ]̂ and Cu(Cx)2 .H2 0
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(21), (22) and (23) also have the central metal atom bonded to water molecules 

and bond lengths are much longer than the [Cut—OH2] bond length in (20) (Cu-0(11); 

1.935(2) Â) (Table 2.2.8).

[Cu-0(-C)] bond (A) [Cu<«—OH2] bond (A) Ref

(20) 1.976(2); 1.964(2) 1.935(2) This work

(21) 1.930; 1.910 1.996; 1.999 185

(22) 1.911(3); 1.922(3) 2.198(7) 186

(23) 1.933(4); 1.911(4) 2.226(5) 187

Table 2.2.8: [Cu-O] bond lengths in selected copper carboxylate complexes.

The carboxylate [Cu-O(-C)] bond lengths for (21)-(23) are shorter than the 

analogous bond lengths found for (20). This is probably the result of the strong 

interaction of the copper atom with two solvent molecules which donate electrons to 

the central metal atom, hence this decreases the positive charge on the copper, thus 

creating a longer and weaker bond to the carboxylate ligands.

The [Cu><—OH2] bonds for (22) and (23) are considerably longer as compared 

to the [Cu<—OH2] in (2 0 ). In pentacoordinate complexes the fifth ligand is usually ca. 

0.4 Â longer than the basal plane distances.̂ *̂*̂  In the case of (20) the fifth ligand is 

the pyronic carbonyl, where it occupies the apical position in the CuOs square based 

pyramidal coordination sphere. Thus, this gives a longer [Cu<—0(=C)] bond length 

(Cu-0(9)': 2.269(2) A). For (22) and (23) a water molecule occupies the axial 

position, thus a longer [Cu<—OH2] bond length is observed as compared to (20). This 

characteristic is also observed for (2 1 ) whereby the bridging oxygen coordinated to 

metal centre is considerably longer (2.372 A) than the other [Cu-O] bonds, as this 

oxygen also occupies the apical position (Figure 2.2.16).̂ **̂ ^

Compared with other a-hydroxyketone complexes (e.g. Cu(trop)2 ,̂ ^̂  ̂

Cu(hino)2 ,̂ '̂̂  ̂ Cu(hino)2 .py,̂ '̂*̂  Cu(dmp)2 ^̂"̂  ̂ and Cu(e"Bup)2 ^̂ )̂ the [Cu<—0(=C)] 

bond length for (20) is observed to be considerably longer (Table 2.2.9). The reason
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for this is that in (20) the [Cu<—0(=C)] is a bridging bond, whereby in related a- 

hydroxyketone complexes the [Cu<—0(=C)] is a chelating bond. (22) and (23) also 

have a carbonyl group bonded to the metal centre and as expected the [Cu<—0(=C)] 

bonds are shorter than in (2 0 ), this is due to the fact the carbonyl group bonded to the 

copper atom also acts as a chelating ligand.

[Cu<—0 (=C)1  bond (A) Ref

(2 0 ) 2.269(2) This work

Cu(trop)2 1.915(3) 65

Cu(hino)2 1.904(3) 54

Cu(hino)2 .py 1.945(3) 54

Cu(dmp)2 1.928 73

Cu(e"Bup)2 1.916(2) 1

(2 2 ) 1.943(3); 1.956(3) 185

(23) 1.943(5) 186

Table 2.2.9: [Cu<—0(=C)] bond lengths in selected copper complexes.

The copper DMSO-oxygen distance in (20) (1.951(2) Â) is in the range 

observed for two other known copper carboxylate DMSO complexes, catena-(bis(p2- 

nitroisophthalato)-triaqua-tris (dimethylsulphoxide) di-copper(Il) dimethylsulphoxide 

solvate monohydrate (1.993 Â; 1.966 Â; 2.216 Â) and hexakis(p2-5 - 

nitroisophthalato)-nonaqua-hexakisdimethylsuphoxide)tris(methanol)-hexa-copper(II) 

methanol solvate (1.955 Â; 1.779 A).

As can be seen in Table 2.2.10, the [C-O] bonds lengths on the carboxylate 

groups for (2 0 ) compare favourably with other copper carboxylate complexes found 

in the literature (e.g. (21) and (22)). On the other hand, the [C=0] bond lengths in (20) 

are generally longer than (2 1 ) and (2 2 ) because the carbonyl oxygen of the carboxyiic 

group is involved in hydrogen bonding.
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[C-O] bond (A) [C=0 ]“ bond (A) Ref

(2 0 ) 1.275(3); 1.271(3) 1.241(3); 1.234(3) This work

(2 1 ) 1.292; 1.294 1.205; 1.239 185

(2 2 ) 1.272; 1.273 1.216; 1.225 186

* ca rb o x y lic  carbony l

Table 2.2.10: carboxylate [C-0]/[C=0] bond lengths in selected copper carboxylates.

The [C=0] bond on the pyronic ring that is bonded to the metal centre in (20) 

(C(17)-0(9): 1.242(3) Â) is shorter than similar bonds found in related a- 

hydroxyketone complexes (Table 2.2.11). The [C=0] bond in (22) which chelates to 

the metals are also longer than in (20). The reason for the short [C=0] bond in (20) is 

because of the long [Cu<—0(=C)] bond.

[C=or bond (A) Ref

(2 0 ) 1.242(3) This work

Cu(trop)2 1.286(5) 65

Cu(hino)2 1.293(5) 54

Cu(hino)2 .py 1.287(5); 1.278(6) 54

Cu(dmp)2 1.300 74

Cu(e”Bup)2 1.297(2) 1

(2 2 ) 1.281; 1.286 186

* py ron ic  ca rbony l

Table 2.2.11: pyronic [C=0] bond distances in selected copper complexes.

Recrystallisation of the zinc complex (19) from hot methanol resulted in the 

formation of Zn(3 -benzyloxy-4 -pyrone-6 -carboxylate)2 .2 H2 0  (24). The structure is 

similar to that of (2 0 ), whereby it consists of a dimer generated via the symmetry 

operation 1 -x, 1 -y, -z, but with coordinated H2O instead of DMSO, which is the case

83



for (20). The zinc(Il) ion is coordinated to five oxygen atoms, of which two oxygens 

are from the carboxylate residue, one from the carbonyl oxygen atom of the pyranone 

and two from the water molecules (Figure 2.2.9). The carboxylate [C-O] ligands are 

monodentate with respect to zinc, but the [C=0] groups are involved in hydrogen 

bonding, which will be discussed later in the chapter comparison with that of the 

copper complex (20). (24) exhibits a five-coordinated motif with the disorted square 

pyramidal geometry with two carboxylate atoms (0(1) and 0(9)) (0(l)-Zn-0(9): 

157.11(12)°) and two water molecules in the basal plane (0(11)-Zn-0(12): 

162.98(13)°) ( t  for (24) = 0.098 ( t = (P-a)/60), the formula indicates the difference 

between the two largest angles in five-coordinate structures and allows the assignment 

of a square pyramidal geometry or trigonal bipyramidal geometry within a structure. 

For a square pyramidal geometry a  = p = 180°, thus t = 0 and for a perfectly 

bipyramidal geometry a  is 1 2 0 ° and p is 180° so t =  1 ).̂ *̂*̂^

cm
*C(II)cm cazi 0<4J0*1C(17)i

Cfl4| C(21|
I) 0(6)

C(18) CM 6)
0 (12)'0 (6)

|C(4)CB4rVO(6) 0 (2)C(2S),
C(3)

C(25) 0 (1)0(1011
0 (11)’

0 (10)

Figure 2.2.9: Structure of Zn(3 -benzyloxy-4 -pyrone-6 -carboxylate)2 .2 H2 0  (24).

Symmetry operation, 1 -x, 1-y, -z.

In comparable five-coordinate zinc(II) carboxylates (e.g [Zn(l- 

hip)2(H2 0 )2]2 .3 H2 0  (25: bis(or//7o-iodohippurato)-diaqua-zinc(II)-trihydrate, hip: N- 

benzoglycine)^*^’̂ , Zn(C6Fl5-C0 NHCH2C0 0 )2 .5 H2 0  (26: Zinc N-benzoylglycinate 

pentahydrate)^* "̂  ̂ and [Zn(II)2](DAG)2 (27: bis-p2-diacetamido-glutarate)-hexa-aqua- 

zinc(II) dihydrate, DAG: diacetamidoglutarate),^’̂ ^̂ the coordination sphere at the 

metal centres is more clearly trigonal bipyramidal in nature (Figure 2.2.10).
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(27)

Figure 2.2.10; Structures of [Zn(I-hip)2(H2 0 )2]2 .3 H2 0  (25)/^ '̂  ̂ ZnCCôHs-

C0 NHCH2C0 0 )2 .5 H2 0  and [Zn(II)2](DAG)2 (27).̂ '"̂ ^
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[Zn-O] bond in (24) Bond length (A)

Zn-O(l) 2.013(2)

Zn-0(9) 2.062(2)

Zn-O(lO)' 1.995(3)

Zn-O(ll) 2.033(3)

Zn-0(12) 2.023(2)

Table 2.2.12: [Zn-0] bond lengths in Zn(3 -benzyloxy-4 -pyrone-6 -carboxylate)2 .2 H2 0  

(24).

As observed in Table 2.2.12, the zinc atom in (24) is bound to oxygen atoms 

0(1) and 0(9) of the carboxylate groups at distances of 2.013(2) Â and 2.062(2) Â 

respectively. In addition it is also bound to two waters (2.033(3) A; 2.023(2) A) and a 

carbonyl oxygen (1.995(3) A).

The [Zn-O] carboxylate bond distances in (24) are longer than (25)-(27). The 

reason for this is that the carbonyl oxygen from the pyronic ring is interacting with the 

metal centre by donating electrons. (25)-(27) also have a high level of hydration, like 

(24) the water molecules are bonded to the metal centre and thus the coordination 

number around the zinc atom is five. The observed lengths of the [Zn<—OH2] bond in 

(24) are in the range of similar bonds of hydrated zinc carboxylate complexes (Table 

2.2.13).

[Zn-0 (-C)] bond (A) [Zn<(—OH2] bond (A) Ref

(24) 2.062(2); 2.013(2) 2.033(2); 2.023(2) This work

(25) 1.955(9); 1.951(9) 2.011(1); 1.973(1) 191

(26) 1.985(4); 1.971(4) 2.172(5); 2.158(5); 2.007(4) 192

(27) 1.986(8); 1.946(5) 2.384(8); 1.939(9); 2.063(8) 193

Table 2.2.13: [Zn-O] bond lengths in hydrated zinc carboxylate complexes.
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The bridging [Zn<—0(=C)] bond in (24) is shorter than other related 

hydroxyketone complexes (Table 2.2.14).

[Zn<—0 (=C)1 bond (A) Ref

(24) 1.995(3) This work

Zn(ma)2.1.5H20 2.075(2); 2.076(2) 50

Zn(dmp)2.7H20 2.034(2); 2.047(2) 50

Zn(emp)2 .H2 0 2.063(2); 2.067(3); 
2.046(2); 2.055(2)

1

Zn(mBnp)2.3H20 2.048(3);
2.008(3)

1

Zn(trop)2 2.067(2); 2.051(2) 53

Zn(hino)2 .EtOH 2.074(1); 2.107(1) 53

Table 2.1.14; [Zn<—0(=C)] bond lengths in selected zinc complexes.

For (24), the [C=0]/[C-0] bond lengths of the carboxylate group follow the 

expected pattern with the [C=0] bond lengths being shorter than the [C-O] bond 

lengths. The [C-O] bonds in (24) are similar to related zinc carboxylate complexes 

reported in the literature (e.g. (25)-(27)) but the [C=0] bonds are longer, as the [C=0] 

groups take part in hydrogen bonding (Table 2.2.15).

[C-O] bond (A) [C=0 ]' bond (A) Ref

(24) 1.266(5); 1.257(5) 1.243(5); 1.246(4) This work

(25) 1.287; 1.268 1.194; 1.242 190

(26) 1.282(8); 1.296(8) 1.235(9); 1.221(9) 191

(27) 1.27(1); 1.29(1) 1.23(1); 1.21(1) 192

* carboxylic carbonyl

Table 2.2.15: carboxylate [C-0]/[C=0] bond lengths in selected zinc carboxylates.
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The pyronic carbonyl [C=0] bond that is bonded to the metal in (24) (C(26)- 

0 (1 0 ): 1.270(4) A), is shorter than the bonds for other a-hydroxyketone zinc(II) 

complexes (Table 2.2.16).

lC=Or bond (A) Ref

(24)

Zn(emp)2 .H2 0

Zn(mBnp)2.3H20

Zn(hino)2 .EtOH

1.270(4)

1.305(4); 1.312(4); 
1.299(4); 1.305(4)

1.296(5); 1.288(6)

1.277(2); 1.279(2)

This work 

1

1

53
■ pyronic carbonyl

Table 2.2.16: pyronic [C=0] bond distances in selected a-hydroxyketone zinc(II) 

complexes.

For both (20) and (24) the hydrogens on the water molecules generate a 

network of hydrogen bonding interactions occurring between the carbonyl oxygen on 

the carboxylate group and the water molecules bonded to the metal centre. This 

network of hydrogen bonding creates an extensive chain of dimers and provides 

additional stability to the structure.

For (20) each water molecule from one dimer is hydrogen bonded to two 

ligands on another dimer via the carbonyl oxygen of the carboxylic acid (0 (1 1 )- 

...0 (2 )": 2.631(3) A; 0 (1 1 ) ...0(7)": 2.622(3) A) (Figure 2 .2 .1 1 ).
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Figure 2.2.11: Extended structure of (20). Symmetry operations, 1 -x, -y, 2 -z; -x,

-y, 2 -z. The DMSO molecules that are not coordinated to the metal 

centre have been ommited for clarity.

The hydrogen bonding of (24) occurs in the same manner as (20), in that each 

water molecule is hydrogen bonded to the two ligands via the carboxylate carbonyl 

groups, although the presence of two water molecules in this complex makes 
hydrogen bonding more complex. Hydrogen bonding occurs between adjacent dimers 

between the water molecules (0 ( 1 1 ) and 0 ( 1 2 )) and the carbonyl oxygens (0 (2 ) and 

0(8)) (0(11) ...0(8)": 2.698(4) Â; 0(11) ...0(2)": 2.716(4) Â; 0(12)" ...0(8)'": 

2.687(4) Â; 0(12)" ...0(2)"': 2.738(4) Â) (Figure 2.2.12).

o«r „

Figure 2.2.12: Extended structure of (24) involving OH ...0=C hydrogen bonding.

Symmetry operations, ': 1 -x, 1 -y, -z; ": 1 -x, 2 -y, -z; 1 +x, y, z.
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(24) is further stabilised by hydrogen bonding occuring between the hydrogen 

(HI lA) on water molecule 0(11) and hydrogen H(12A) on water molecule 0(12) 

(Figure 2.2.13). The intermolecular hydrogen bonding does not occur between 

adjacent layers but instead between alternate layers, thus the distance is longer (Oil)- 

...0 ( 1 2 )"': 3.11 1(4) Â; 0 ( 1 2 )"' ...0 (1 1 ); 3.11 1(4) A).

ona-

onir

Figure 2.2.13: Extended structure of (24) involving OH ...OH2 hydrogen bonding.
Symmetry operations, 1 -x, 1 -y, -z; 1 -x, 2 -y, -z; 1 +x, y, z.

The intermolecular hydrogen bonds and angles for (20) and (24) are given in Table 

2.2.17.

D-H ...A bond D-H (Â) H ...A (A) D ...A (A) <D-H ...A (°)

(2 0 ) 0(11)-H(11B) ...0(2)" 0.77(4) 1.87(4) 2.631(3) 167(5)

0(11)-H(11A) ...0(7)" 0.78(4) 1.85(4) 2.622(3) 177(2)

(24) 0(11)-H(11B) ...0(2)" 0.90(4) 2.10(7) 2.716(4) 135(8)

0(11)-H(11A)...0(8)" 0.90(5) 2.27(5) 2.698(4) 107(6)

0(12)"-H(12A)" ...0(8)'" 0.90(6) 2.18(9) 2.687(4) 115(7)

0(12)"-H(12B)" ...0(2)"' 0.90(4) 1.88(4) 2.738(4) 158(5)

0(12)'"-H(12A)'"...0(11) 0.90(6) 2.42(5) 3.111(4) 134(5)

0(11)-H(11A) ...0(12)'" 0.90(5) 2.27(5) 3.111(4) 155(7)
Table 2.2.17: Hydrogen bond lengths and bond angles for (20) and (24).
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2.2.2 Flavour attached to kojic acid via the 6- hydroxymethyl group

This part of the thesis will focus on the synthesis of novel flavoured a- 

hydroxyketones whereby menthol would be attached to kojic acid (5) via linkage B, 

so that the a-hydroxyketone site is the chelator to the metal (Figure 2.2.14).

B

HO

OH

Figure 2.2.14: Flavour molecule linkage (B) and the chelator to metals via the a- 

hydroxyketone function on kojic acid (5).

2.2.2.1 Synthesis and characterisation o f ligands

The initial success in this area was fortuitous. Menthoxyacetic acid (16) was 

used as the starting material for the attempted preparation of 3 -menthoxyacetyloxy-6 - 

hydroxymethyl-4-pyrone (28) in the assumption that the pyronic OH would be more 

reactive (acidic) than the aliphatic alcohol (Scheme 2.2.3). (16) was converted to the 

acyl chloride which was directly reacted with (5) in the presence of a base (either 

pyr id ine^or  potassium carbonatê *̂ *̂ ). However, from spectroscopic data and X-ray 

analysis it was found that the base deprotonated the O’-OH on kojic acid instead of 

the C^-OH to produce menthoxyacetyl kojate (29: 3-hydroxy-6-

menthoxyacetyloxymethyl-4-pyrone).
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1.5
Cl

(28)

i e  = 5  pyridine or 5 K^CO,

OH

HO

B a s e  = 5  pyridine or 5  K jC O ,

(29)

Schem e 2.2.3: Synthesis of 3-hydroxy-6-menthoxyacetyioxymethyl-4-pyrone (29).

The ligand (29) was obtained as a white crystalline solid and the elemental 

analysis confirms the empirical formula of the ligand (Found [calc, for CigH2 6 0 6 ]: C 

63.6 (63.9)%; H 7.73 (7.69)%). From the '^C NMR the chemical shift is very 

similar to (5) (5: 146 ppm;̂ *̂ ^̂  29: 145 ppm) but the of (29) is slightly shifted as 

compared to (5) (5: 168 ppm; 29: 162 ppm). Recrystallisation from hot ethanol 

afforded colourless plate-like crystals of (29).

The X-ray analysis of (29) (Figure 2.2.15) confirmed the coupling site as Ĉ - 

OH rather then the C^-OH, leaving a free chelating hydroxy ketone for zinc and 

copper chelation. The asymmetric unit consists of a dimer, consisting of two ligands 

that are intermolecularly hydrogen bonded to each other via the carbonyl oxygen and 

the hydroxyl proton (0(7) ...0 (2 ): 2.718(5) A ; 0 ( 1) ...0 (8 ): 2.745(5) A ).
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Figure 2.2.15: Structure of 3-hydroxy-6-menthoxyacetyloxymethyl-4-pyrone (29).

The [C-0]/[C=0] bond lengths on the pyranone ring of (29) are in close range 

to other a-hydroxyketones reported in the literature (e.g. (5), (6 ) and (7)) with shorter 

[C=0] bonds than the [C-O] bonds (Table 2.2.18).

[C-O] bond (A) [C=0 ] bond (A) Ref

(5) 1.347 1.243 157

(61) 1.350(3); 1.347(4) 1.254(3); 1.244(3) 158

(611) 1.356(2); 1.351(2); 
1.352(2)

1.248(2); 1.246(2); 
1.254(2)

(71) 1.356(6) 1.256(6) 159

(711) 1.347(3) 1.235(2)

(7111) 1.351(4) 1.241(3)

(29) 1.355(5); 1.359(5) 1.246(5); 1.246(5) This work

Table 2.2.18: [C-0]/C-0] bond distances in selected a-hydroxyketones.

The C -̂O bond length in (29) (C(6)-0(4): 1.477(5) Â; C(24)-O(10): 1.450(5) 

A) are longer than observed for the same bond in (5) (1.404 A). This is the result of 

the oxygen on bonded to an ester group. The carbonyl group adjacent to and the 

oxygen on both withdraw electrons from C* thus increasing it’s positive charge,
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creating stronger and shorter bonds to the more positive C* carbon atom (C(25)-0(l 1); 

1.191(5) Â;C(25)-O(10): 1.344(5) Â; C(7)-0(5): 1.200(5) Â; C(7)-0(4): 1.352(5) Â) 

and a weaker and longer bond to the less positive carbon in (29).

Further weaker C-H ...O interactions are also present in (29) (Figure 2.2.16) 

which provide stability to the structure. One of the hydrogen bonds in (29) is similar 

to that of (10)-(12) as it involves a C-H proton on the pyronic ring. This hydrogen 

bonds with the carbonyl oxygen on the ester group of the adjacent molecule in same 

the same layer (C(l) ...0(5)': 3.212(6) Â; C(19)'...0(ll): 3.198(6) A). This hydrogen 

bonding joins two adjacent dimers together. In addition, the dimers are further 

connected by one of the hydrogens of the CH2 , which hydrogen bonds to the hydroxyl 

oxygen on the pyronic ring of the adjacent molecule in the same layer (C(6 )' ...0(1): 

3.282(6) A; C(24) ...0(7)': 3.326(6) A). This hydrogen bonding links the chains of 

dimers to produce an extensive array across one layer. Also, the dimeric structures 

extend upwards through hydrogen bonding (C(8 ) ...0(5)": 3.366(5) A). Note this 

hydrogen bonding interaction is the longest as it joins to dimers on different layers, 

and not to adjacent dimers on the same layer.
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7H(24B)

A  aw»)' ^0(7)

cKir

Figure 2.2.16: Extended structure of 3-hydroxy-6-menthoxyacetyloxymethyl-4- 

pyrone (29). Symmetry operations, x, 1 -y, z; x -1, y, z.

In (29) the O ...O hydrogen bonds that create the dimeric structure are similar 

to that of a polymorph of ethyl maltol (7iii).^’̂ ^̂ The intermolecular hydrogen bonding 

in (7iii) occurs between the hydroxyl hydrogen from one molecule to the carbonyl 

oxygen of another molecule to create a dimeric structure which is similar to that of 

(29) (Figure 2.2.17). However, this structure forms hydrogen bonded dimeric pairs 

through a crystallographic centre of symmetry, unlike that of (29).
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qe)
IC(7)

0(2) C(5)̂

0(5)

CM)
C(2)|'qi)

CO)

Figure 2.2.17; Crystal structure of one polymorph of 3-hydroxy-2-ethyl-4-pyrone

Complex hydrogen bonding is a general feature of a-hydroxyketones and 

dimers are not always observed. Bonding in maltol (6 i and 6 ii) and ethyl maltol (7i 
and 7ii) also have hydrogen bonding through the hydroxyl atom of one molecule to 

the carbonyl oxygen of the next molecule. (6 i) has a near-planar chain of molecules 

(Figure 2.2.18), while (6 ii) has mutually hydrogen bonded dimers. In (6 i) the 

molecules A and B are related to each other by a non-crystal lographic two-fold screw 
axis parallel to c. In (6 ii), the asymmetric unit has three molecules, whereby molecule 

C forms hydrogen bonded dimeric pairs mutually linked across a crystallographic 
centre of symmetry and molecules A and B are bonded together in a similar dimeric 

arrangement without a crystallographic centre of symmetry. Both polymorphs of (6 ) 

have further C-H ...O interactions giving greater stability to the chains in (6 i) and link 

the dimers in (6 ii). The two polymorphs of (7) (71 and 711) also have intermolecular 

hydrogen bonding involving the hydroxyl hydrogen atoms and the carbonyl oxygen 

atoms, (Figure 2.2.19) but both polymorphs have also been found to contain planar 

chains like (61) instead of dimers.
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(6 i)

WJA*:?

Figure 2.2.18: Extended structure of (6 i) and (6 ii). Symmetry operations for (6 i), 

1/2 -X, y, z -1/2; 1/2 -x, y, z +1/2. Symmetry operations for (6 ii),

X - 1 , y, z; 1 +x, y, z; 1 -x, 1 -y, 1-z; 2  -x, 1 -y, 1 -z. [15 8]
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(7i)

(7ii)

Figure 2.2.19: Extended structure of (7i) and (7ii). Symmetry operations for 

(7i), 5/2 -X, y -1/2 , 1/2 -z; 5/2 -x, 1/2 +y, 1/2 -z. Symmetry

operations for (7ii), 2/3 -x +y, 1/3 -x, 1/3 +z; 1/3 -y, x -y  -

l/3,z-l/3.>‘” >
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The key 0-H ...O distances of (29) (2.718(5) Â; 2.745(5) Â) and H-O .0 

angles (149(5)°; 142(6)°) are comparable with the 0-H ...O bonds and angles of (6) 

and (7) (Table 2.2.19), although the same intermolecular O-H ...O hydrogen bond in 

(12) is shorter (2.645(1) Â) than (6), (7) and (29) due to hydrogen bonding occurring 

between a carboxylic hydrogen instead of a pyronic hydroxyl hydrogen atom.

D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°) Ref

(61) 0(1A)-H(1A) ...0(2B)' 0.86 2.035 2.738(3) 146 158

0(1B)-H(1B) ...0(2A) 0.81 2.102 2.752(3) 138

(611) 0(1A)-H(1A) ...0(2B)' 0.82 1.949 2.718(1) 156 158

0(1B)'-H(1B)' ..0(2A) 0.88 1.876 2.700(1) 156

0(1C)-H(1C) ...0(2C)"’ 0.86 1.925 2.731(2) 155

(71) 0(1)-H(1) ..0(2)' 0.95 1.887 2.724(4) 146 159

(711) 0(1)-H(1) ..0(2)’ 0.862 1.869 2.676(1) 155

(7111) 0(1)-H(1) ..0(2)' 0.98 1.809 2.711(2) 152

(29) 0(1)-H(1)...0(8) 0.83(5) 2.00(5) 2.745(5) 149(5) This work

0(7)-H(7) ...0(2) 0.94(7) 1.91(7) 2.718(5) 142(6)

Table 2.2.19: Selected O-H ...O hydrogen bonds and angles in (6i), (6ii), (71), (711), 

(7111) and (29).

For (29) the C-H ...O bonding interactions fall within the range of similar 

bonds found in other a-hydroxyketones, apart from the C(8)...0(5)" bond (3.366(5) 

Â) as this is the only bond in (29) that is between adjacent dimers on different layers 

and not between dimers in the same layer (Table 2.2.20).
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D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°) Ref

(211) C(3)'-H(3)' ...0(7) 1.05 2.208 3.242 167 160

(61) C(5B)-H(5B) ...0(2A)" 0.85 2.616 3.287(4) 137 158

C(5A)-H(5A) ...0(2B) 0.96 2.410 3.193(4) 139

(611) C(5A)"-H(5A)" ...0(2B)' 0.92 2.397 3.309(2) 172 158

C(5B)’-H(5B)’ ...0(2A)" 0.94 2.434 3.341(2) 162

C(5C)-H(5C)-0(2C)"" 0.93 2.364 3.293(2) 175

(29) C(1)-H(1A) ...0(5)' 0.95 2.330 3.212(6) 154 This work

C(6)'-H(6A)' ...0(1) 0.99 2.580 3.282(6) 128

C(19)'-H(19)' ...0(11) 0.95 2.280 3.198(6) 162

C(24)-H(24B) ...0(7)' 0.99 2.550 3.326(6) 135

C(8)-H(8A) ...0(5)" 0.99 2.40 3.366(5) 163

Table 2.2.20: Selected C-H ...O hydrogen bonds and angles in (2ii), (61), (611) and 

(29).

As the synthesis of (29) was successfiil and that it was possible to attack the 

C^-OH of (5), attempts were therefore made to synthesise new flavoured a- 

hydroxyketones whereby the flavour moiety would attack the C^-OH position. The 

starting materials that were used had menthol incorporated in them and were reacted 

with (5) or (9). The first attempt involved using monomenthyl succinate (30) as a 

starting material. The synthesis (30) involved a base catalysed acylation reaction 

between menthol, succinic anhydride and N, N  - diisopropylethylamine (diPEA) 

(Scheme 2.2.4). The reaction mixture was stirred at room temperature for two days 

and was monitored by TLC analysis. The identity of (30) was confirmed by elemental 

analysis, NMR and NMR. (30) was then reacted with thionyl chloride to 

produce the acyl chloride which was then directly reacted without isolation with kojic 

acid (5), aiming to produce menthyl 6-succinoyloxymethyl-3-hydroxy-4-pyrone (31),
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but this reaction was unsuccessful and H NMR showed the presence of unreacted 

starting materials.
14

diPEA

'OH

13 (30)
(15)

(31)

Cl

Scheme 2.2.4: Attempted synthesis of (31).

Another attempt to add a flavour molecule to (5) via the C-OH was carried 

out. The reaction first involved the acylation of (9) using thionyl chloride. This acyl 

chloride was not isolated, instead it was reacted directly with menthol (15) under 

esterfication conditions to successfully produce benzylated menthyl comenate (32: 

menthyl 3-benzyloxy-4-pyrone-6-carboxylate) (Scheme 2.2.5).

HO.

O (9)

OBn

Cl

O

9OBn
0.2DMAP 121+

13T ® OCl 'OH

O
(32)(15)

Scheme 2.2.5: Synthesis of menthyl 3-benzyloxy-4-pyrone-6-carboxylate (32).

(32) was isolated as a brown solid and its identity was confirmed by 'H NMR, ’̂ C 

NMR, elemental analysis and IR spectroscopy. The NMR shows the new peaks of
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menthol resonating at chemical shifts between 0.71 to 2.00 ppm, the proton is 

shifted from 3.12 ppm in menthol to 4.80 ppm in (32) and the alkene protons on the 

pyronic ring shift from 8.40 ppm [C^H\ and 6.80 ppm [C^//] in (9) to 7.55 ppm [C^H\ 

and 7.15 ppm [C^H\ in (32).

In order to make a free chelating site for metals, several attempts were made to 

deprotect (32), using an atmosphere of hydrogen gas in the presence of a catalytic 

amount of Pd/C, with varying conditions to produce menthyl comenate (33: menthyl 

3-hydroxy-4-pyrone-6-carboxylate) (Reaction 2.2.4). The reaction conditions were 

varied and included different temperatures (25°C, 50“C), different reaction times 

(4hrs, 16hrs, 24hrs) and different solvents (THF, EtOH, MeOH and aq EtOH). After 

filtration of the catalyst and rotary evaporation, the final product was obtained as a 

brown solid each time and *H NMR proved that the synthesis of this compound was 

not successful as there was still the presence of the protecting group (5.10 ppm 

[CHjPh]; 7.20-7.30 ppm [Cô/Zj]).

OBn

(32)

OH

(33)

Reaction 2.2.4: Attempted synthesis of (33).

Similarly, attempts to synthesise (33) via MPM (p-methoxybenzyl) protected kojic 

acid (34: 3-p-methoxybenzyloxy-6-hydroxymethyl-4-pyrone), protected comenic acid 

(35: 3-p-methoxybenzyloxy-6-carboxy-4-pyrone) and protected ester (36: menthyl 3- 

p-methoxybenzyloxy-4-pyrone-6-carboxylate) failed at the deprotection stage 

(Scheme 2.2.6). The attempted deprotection of the MPM group involved catalytic 

hydrogenation using Pd/C under a hydrogen gas atmosphere or an oxidative method 

using DDQ (2,3-dichloro-5,6-dicyanobenzoquinone). Both attempts were 

unsuccessful. (34)-(36) were characterised by 'H NMR and '^C NMR. The spectral 

data for (34)-(36) were similar to that of (8), (9) and (32) respectively, but the
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difference was observed in a signal of the Me group on the MPM protecting group 

resonating at a chemical shift of approximately 3.80 ppm.

OH .OMPM
J o n e s  reagen t

HO p -an isylch loride HO.

(5) (34)

.OMPM

HO.

O
(35)

OMPM
1 5  M enthol
0 .2 0  DMAP

OMPM

Scheme 2.2.6; Attempted synthesis of (33) via an MPM protected kojic acid (34), 

comenic acid (35) and ester (36). Reagents: i) Pd/C, H], MeOH. ii) 

DDQ, H2O, CHCI3 .

Another alternative approach to add menthol (15) on C^-OH of (5) involved a 
Williamson ether synthesis (Scheme 2.2.7) to produce a flavoured unsymmetrical 

ether, 3-hydroxy-6-menthoxymethyl-4-pyrone (40). The Williamson ether synthesis 

reaction adopted used either menthyl halide (menthyl chloride or 37: menthyl iodide) 

and (8) as one pair (equation (a)) or a benzylated halo kojic acid (38; 3-benzyloxy-6- 

chloromethyl-4-pyrone or 39; 3-benzyloxy-6-iodomethyl-4-pyrone) and (15) as 

another pair (equation (b)) (Scheme 2.2.7). Both reactions were carried in the 

presence of a base.

OBn

X P d/C , H P d/C . H

X = Cl

Scheme 2.2.7; Attempted synthesis of (40).

OBn

X = Cl (38) 
(39)
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Synthesis of (37)-(39) was achieved. The synthesis of neomenthyl iodide 

(37)[196] benzylated chloro kojic acid (38)̂ *̂ ^̂  followed literature procedures 

where as benzylated iodo kojic acid (39) was made for the first time. The nature of the 

compounds was confirmed by spectroscopic techniques (IR, NMR, NMR) and 

elemental analysis. The synthesis of (37) involved a reaction between menthol and I2 

(Reaction 2.2.5).

+ I2 
OH

(37)

Reaction 2.2.5: Synthesis of menthyl iodide (37).

After purification of (37), it was obtained as a colourless oil, although, after a 

period of time (37) decomposed in the presence of light and therefore is not an ideal 

reagent to be used in the synthesis of (40).

The synthesis of (38) followed a literature procedure reaction between (8) and 

thionyl chloride (Reaction 2.2.6).̂ *̂ ^̂

0
OBn

5 SOCI2

(38)

HO ^  'O 

(8)
Reaction 2.2.6: Synthesis of 3-benzyloxy-6-chloromethy 1-4-pyrone (38).

The elemental analysis indicates the nature of (38), as do the NMR and 

NMR. The obvious difference in the spectra of (8) and (38) is the shift of the 

proton (8: 4.45 ppm; 38: 4.20 ppm) and carbon nuclei (8: 61.3 ppm; 38: 41.3 ppm). 

(39) was synthesised from refluxing (38) with KI in acetone (Reaction 2.2.7).
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Acetone
0

(38) (39)

Reaction 2.2.7: Synthesis of 3-benzyloxy-6-iodomethyl-4-pyrone (39).

(39) was obtained as a yellow precipitate on standing and characterised by elemental 

analysis, NMR and NMR. As expected the C^H proton (4.20 ppm) and the 

carbon (-3.64 ppm) were shifted as compared to the chemical shifts of the proton and 

carbons of (38) and (8).

Both the proposed syntheses for (40) as shown in Scheme 2.2.7 failed to yield 

the target ether. The use of a crown ether to alter the reaction conditions favouring the 

formation of ethers by increasing the nucleophilicity of the alkoxide ion̂ ^̂ ^̂  also 

failed.

All the menthol containing ligands described above have characterised by 

NMR. Table 2.2.21 shows the NMR spectral data of the proton in the menthol 

ligands that were synthesised and how they compare with menthol. It was not possible 

to assign protons on C -̂C  ̂due to complex coupling patterns and the overlapping of 

peaks in the NMR spectra of the ligands.
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OMPM

(15) (16) (29) (36) (37)

Com pound C^H proton 
chem ical shift 

(ppm)

Coupling constants (Hz)

Jl-2ax Jl-2eq J 1-6

(15) 3.12 10.5 4.20 10.5

(16) 3.13 9.10 3.00 9.10

(29) 3.10 11.1 5.10 11.1

(30) 4.58 12.1 4.50 12.1

(32) 4.80 10.5 4.50 10.5

(36) 4.82 10.5 4.50 10.5

(37) 4.14 12.9 5.70 12.9

Table 2.2.21: *H NMR shifts of menthol and menthol ligands.

The shift of C*//proton for all the ligands varies, as this proton is adjacent to 

different R groups and the oxygen bonded to the C*// has an effect on its chemical 

shift. The proton shifts of C’/ /  for (30), (32) and (36) are at higher chemical shifts as 

the ester groups bonded to C'//-0-(C=0)- increase the electronegativity of the oxygen 

which is adjacent to H‘. There is less electron density circulating around H nucleus, so 

the chemical shift increases and the H nucleus is deshielded.

Compounds (16), (29), (30), (32) and (36) all have the menthol configuration 

at C*. The expected pattern of the C'//signal is eight lines (ddd) due to coupling with 

Ĉ Hax, Ĉ Heq and C^H. The diaxial couplings, Ĉ Hax and Ĉ Hax are very similar, 
leading in practice to a dt pattern (Figure 2.2.20).

The coupling pattern for the iodide (37) is very similar to the above ligands 

confirming that (37) also has the menthol stereochemistry (37: menthyl iodide), and 

not that of neomenthyl iodide.
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H ax
Jl-6 îPr MeHOl -2 a x

l-2 e q

(15)

3 . 2 5 3 . 2 0 3 . 1 5 3 . 1 0 3 . 0 5 ppm

3 210 9 8 6 4 17 5 ppm

Figure 2.2.20: *H NMR spectrum of (15) showing expansion of the proton.

2.2.2.2 Synthesis and characterisation o f metal (II) complexes

Novel copper and zinc a-hydroxyketone complexes were synthesised using 

(29) and copper or zinc acetates following the same protocol as Scheme 2.2.2 

(Scheme 2.2.8).

.OH

2

(29)

H;0/Et0H

M = Cu (41) 
Zn (42)

Scheme 2.2.8: Synthesis of M(3-hydroxy-6-menthoxyacetyloxymethyl-4-pyronate)2 

M = Cu (41), Zn (42).

107



The final products were obtained as highly insoluble precipitates and 

characterised by elemental analysis and IR spectroscopy (Table 2.2.22). The 

elemental analysis suggested that the two complexes were both anhydrous. Infrared 

spectroscopy proved that the metal complexes were formed due to the disappearance 

of the u(O-H) mode and the decrease of the u(C=0) mode by ca. 34-44 cm*̂  in the 

metal complexes (41: u(C=0) 1621 cm’*; 42: i)(C=0) 1611 cm’*) as compared to the 

ligand (29) (1655 cm’*). The v(C=0) mode of the ester group in the (29) (1756 cm’*) 

is similar to the metal complexes (41: u(C=0) 1756 cm’*; 42: u(C=0) 1762 cm’*) 

suggesting that no chelation occurs at this carbonyl group. Also, there is no broad 

peak at ca. 3200 cm * observed in the spectra of either complex clarifying that (41) and 

(42) are anhydrous.

v(C=0) Ref

(29) 1655, 1623 This work

(41) 1621, 1564 This work

(42) 1611, 1592 This work

Zn(ma)2.1.5H20 1614, 1577 1

Cu(ma)2 1612, 1573 1

Zn(Etma)2.2H20 1610, 1582 1

Cu(Etma)2 1612, 1578 1

Table 2.2.22: v(C=0) (cm *) for selected a-hydroxyketone complexes.

From previous studies it has been noticed that all copper complexes are more 

active against bacteria than the zinc complexes.^*  ̂The difference appears to be related 

to coordination number, where the zinc complexes have a higher coordination number 

of either five or six, where as the copper complexes have a coordination number of 

four. Thus, in order to assess the activity of the complexes, new derivatives of (41) 

were synthesised. Toluene was added to (41) and on addition of the Lewis base, either 

bipyridine or pyridine (Scheme 2.2.9), the precipitate solubilised and on standing both 

reactions produced dark green precipitates of Cu(3-hydroxy-6-
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menthoxyacetyloxymethyl-4 -pyronate)2 .py (43) and Cu(3-hydroxy-6- 

menthoxyacetyloxymethyl-4 -pyronate)2 .bipy (44). (43) and (44) were characterised 

by elemental analysis and the results confirmed that 1 : 1  copper complexes with either 

bipyridine or pyridine coordinated to the metal complex has been formed (Analysis: 

Found [calc. C41H55O12NCU]: C 60.5 (60.3)%; H 6.80 (6.74)%; N 1.75 (1.71)%; 

found [calc. C46H58O12N2CU]: C 60.9 (61.7)%; H 6.50 (6.49)%; N 3.20 (3.13)%). The 

pyridine adduct (43) presumably contains a five-coordinate copper and the bi-pyridine 

adduct (44) contains a six-coordinate copper

(43)
xs pyridine

Cu

xs bipyridine

(41)

A
(44)

Scheme 2.2.9: Synthesis of derivatives of (41).

2.2.3 Flavoured J3-diketonate

2.2.3.1 Synthesis and characterisation o f ligand

To expand the range of available chelating ligands, a new flavoured diketone 

ligand, menthyl 3-oxo-butanoate (45) was synthesised following a literature procedure 

(Reaction 2.2.8).̂ ^̂ *̂  The synthesis of (45) involved base-catalysed acylation reaction 

between menthol (15), anhydrous sodium acetate and diketene. The compound was
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characterised by elemental analysis, *H NMR, NMR and IR spectroscopy. As 

expected, two peaks were observed in the IR spectra at 1710 cm and 1625 cm'* 

which corresponded to the n(C=0) bands. The *H NMR showed the presence of the 

menthol part of the molecule with C^H resonating at a chemical shift of 4.59 ppm, 

shifted from 3.12 ppm in menthol. In addition, the coupling pattern of the C^//in the 

*H NMR spectrum confirms the retention of the menthol configuration at (4.59 

ppm [IH, ddd, J5-6ax= J5-io= 10.5, Js-6cq = 4.6Hz, C^H\).

0.02 N a O A c
9k^10

(15) (45)

Reaction 2.2.8: Synthesis of menthyl 3-oxo-butanoate (45).

2.2.3.2 Synthesis and characterisation o f metal (II) complexes

(45) is also a potential chelator for metal complexes, just like a- 

hydroxyketones. When reacted with a metal it acts as an acetoacetate ion having the 

enol form, as shown in Figure 2.2.21.

Figure 2.2.21: Keto and enol forms (45).

(45) was reacted with copper acetate following the same reaction conditions in 

the synthesis of bis(acetylacetonato) copper(II).^*̂ ^̂  A blue precipitate was formed 

which was crystallised from hot methanol to produce Cu(menthyl 3-hydroxy-but-2- 

enoate)2 .MeOH (46) (Reaction 2.2.9).
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CuSO^.SHjO

(45)

A
Cu

(46)

H
Cu**—  O----- Me

Reaction 2.2.9: Synthesis ofCu(menthyl 3-hydroxy-but-2-enoate)2.MeOH (46).

The identity of (46) was confirmed by elemental analysis, IR and X-ray 

crystallography. The o(C=0) bands in the starting material (45: 1710 cm'*; 1625

cm'** are shifted to a lower wave number in the complex (1590 cm''; 1555 cm '), 

suggesting that the metal chelates via the two oxygen atoms.

The synthesis of a zinc(II) complex of (45) was attempted using the same 

route as for (46), but unfortunately no product was isolated.

- 1 .

X-ray analysis shows that the asymmetric unit of (46) contains two 

independant molecules that are hydrogen bonded generating a dimer (Figure 2.2.22). 
The methanol molecule is coordinated to the metal centre in each molecule to 

generate a five-coordinate species. The methanol’s hydrogen forms an intermolecular 
hydrogen bond to the hydroxyl oxygen on the next molecule (0(7) ...0(8): 2.857(4) 

Â;0(14) ...0(3): 2.745(3) A).

Figure 2.2.22: Structure of Cu(menthyl 3-hydroxy-but-2-enoate)2.MeOH (46).
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The structure of (46) can also be compared with two known five coordinate 

solvate copper(II) complex, Cu(tfpmsacac)2 .MeOH (47: bis(2, 3, 3, 4, 4- pentamethyl- 

8, 8, 8-trifluoro-4-silaoctane-5,7-dionato)copper(ll) (methanol))̂ '̂̂ ^̂  (Figure 2.2.23) 

and Cu(pta)2 .EtOH (48: bis(pivaloyltrifluoroacetonate)copper(Il).EtOH, pta: 1,1,1- 

trifluoro-5,5-dimethylhexane-2,4-dione)^^^^^ (Figure 2.2.24). For (47) and (48) the 

asymmetric units consists of one molecule, but the dimers are generated by hydrogen 

bonding via symmetry operations (47: -x, -y, 1 -z; 48: 1 -x, -y, 1 -z). The dimers of

(47) and (48) can be viewed as similar asymmteric units to (46). The hydrogen 

bonding in these two complexes ((47) and (48)) involves the carbonyl oxygen and not 

a hydroxyl oxygen, as is the case for (46). In (47) the methanol’s OH hydrogen 

intermoleculary hydrogen bonds to the carbonyl group of adjacent molecule, whereas 

for (48) it is a hydrogen from the OH group of an ethanol molecule. Table 2.2.23 

shows the hydrogen bonding parameters for (46)-(48). The hydrogen bonding in (48) 

is observed to be longer than the hydrogen bonding in (46) and (47) as the ethyl group 

of the ethanol molecule in (48) is more sterically bulky the the methyl group in 

methanol. The ethyl group also probably acts as a stronger electron donor as 

compared to the methyl group in methanol, therefore, the more electrons that are 

donated to the donor ligand, the acidity of the hydrogen decreases, hence it forms a 

weaker and longer hydrogen bond to the acceptor atom.

Figure 2.2.23: Hydrogen bonding in (47). Symmetry operation, ': -x, -y, 1 -z. [200]

112



C(14)

Figure 2.2.24: Hydrogen bonding in (48). Symmetry operation, 1 -x, -y, 1 -z .[201]

D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°)

(46) 0(7)-H(7) ...0(8) 0.88(2) 2.00(3) 2.857(4) 163(6)

0(14)-H(14) ...0(3) 0.88(3) 1.89(2) 2.745(3) 165(4)

(47) 0(5)-H(l) ...0(3)' 0.80 2.196 2.857 163

(48) 0(5)-H(l)...0(l)' 0.93 2.325 3.061 148

Table 2.2.23: Hydrogen bonding parameters for (46)-(48).

The coordination sphere around the copper metal in (46) is square pyramidal 

in both molecules. The ligand bite angles are similar to (47) and (48) (Table 2.2.24). 

In (46)-(48), the solvent molecule occupies the apical position in the square pyramidal 

coordination sphere of each metal centre and is approximately perpendicular to the 

basal plane. The chelate rings on the basal plane for all three complexes adopt the cis 
geometry.
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O-Cu-O Bond Angle (°) Ref

(46) 0(l)-Cu(l)-0(2) 93.46(10) This work
0(3)-Cu(l)-0(4) 92.94(9)
0(8)-Cu(2)-0(9) 92.97(9)

0(10)-Cu(2)-0(ll) 93.26(9)

(47) 0(l)-Cu(l)-0(2) 92.8(3) 200
0(3)-Cu(l)-0(4) 92.7(3)

(48) 0(l)-Cu(l)-0(2) 92.6(2) 201
0(3)-Cu(l)-0(4) 92.5(2)

Table 2.2.24: Bite angles in Cu(menthyi 3-hydroxy-but-2-enoate)2.MeOH (46), 

Cu(tfpmsacac)2 .MeOH (47) and Cu(pta)2 .EtOH (48).

As can be seen from Table 2.2.25 there are two short [Cu-O(-C)] bonds and 

two long [Cu<—0(=C)] bonds in the basal plane of each molecule for (46). In (47) and

(48) the ligands also chelate to the copper atom with two short [Cu-O(-C)] bonds and 

two long [Cu<—0(=C)] bonds. In (46) the hydroxyl oxygens of the ligand that are not 

involved in hydrogen bonding to the methanol molecule, result in relatively short [Cu- 

0(-C)] bonds (Cu(l)-O(l): 1.910(2) A; Cu(2)-O(10): 1.908(2) A). On the other 

hand, the hydroxyl oxygens that are involved in hydrogen bonding chelates to the 

metal centre with elongated [Cu-O(-C)] bonds (Cu(l)-0(3): 1.919(2) Â; Cu(2)-0(8): 

1.919(2) Â). In the case of (47) and (48), the bridging carbonyl forms relatively longer 

[Cu-<—0(=C)] bonds to the metal centre (47: Cu(l)-0(3): 1.936(5) Â; 48: Cu(l)-0(1): 

1.938(5) Â) as compared to the non-bridging carbonyl ligands (47: Cu(l)-0(1): 

1.915(7) Â; 48: Cu(l)-0(4): 1.926(4) A). The [Cu-O(-C)] bonds for (47) and (48) are 

in good agreement with the values found for similar bonds in (46) (47: Cu(l)-0(2): 

1.927(5) A; Cu(l)-0(4): 1.920(8) A; 48: Cu(l)-0(2): 1.913(4) A; Cu(l)-0(3): 

1.920(5) A). The inequal [M-0] bond distances for (46)-(48) suggests there is unequal 

delocalisation around the six membered chelate ring.

Comparison of [Cu-0] bond lengths for (46)-(48) with the values obtained for 

other symmetrical four coordinate P-diketone copper complexes (e.g. Cu(acac)2  (49: 

bis(acetylacetonato)copper(II)),^^“  ̂ Cu(3-Meacac)2 (50: bis(3-methylpentane-2,4-
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dionato)copper(II)))^^^  ̂ and Cu(EtOacac)2 (5 1 : bis(ethylacetoacetate)copper(II))^^®^  ̂

shows the [Cu-0] bond lengths are equal (Table 2.2.25), unlike in (46)-(48). 

However, if the R groups on the diketone ligand of a four coordinate copper complex 

are different with different electron donating and electron withdrawing properties, the 

[Cu-O] bond lengths vary and create an unsymmetrical delocalisation around the five 

membered chelate ring. An example of this type of complex is Cu(bzacac)2 (5 2 : bis(l- 

phenyl-1,3-butanedionato)copper(II))^^°^  ̂ whereby there is an obvious difference in 

the [Cu-O] bond lengths; there is a short [Cu-O(-C)] bond (1.914 Â) and a long 

[Cu^O(=C)] bond (1.931 A).

R2

Cu

X

R4

r ' Me Me Me Me
R^ Me Me OEt Ph
R^ Me Me Me Me
R'' Me Me OEt Ph
X H Me H H

(4 9 ) (5 0 ) (5 1 ) (5 2 )

[Cu-O(-C)] bond (A) [Cu<—0(=C)] bond (A) R e f

(46) 1.910(2); 1.919(2); 
1.908(2); 1.919(2)

1.923(2); 1.938(2); 
1.931(2); 1.938(2)

This work

(47) 1.927(5); 1.920(8) 1.915(7); 1.936(5) 200

(48) 1.913(4); 1.920(5) 1.938(5); 1.926(4) 201

(49) 1.912(4) 1.912(4) 202

(5 0 ) 1.908(4) 1.907(4) 73

(5 1 ) 1.89 1.92 203

(5 2 ) 1.914 1.931 204

T a b le  2 .2 .2 5 :  [Cu-O] bond lengths in selected copper diketonate complexes.
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The copper to alcohol distances in (46) are 2.261(4) Â for Cu(l)-0(7) and 

2.296(3) Â for Cu(2)-0(14), longer than in Cu(tfpmsacac)2 .MeOH (47) (2.234(6) Â) 

and Cu(pta)2 .EtOH (48) (2.224(5) Â).

The [C-O] bond lengths are equal for selected four-coordinate copper(II) 

complexes and not for (46)-(48) and (52) as chelation in these complexes is not 

symmetrical (Table 2.2.26). For (46) the [C-0]/[C=0] bonds follow the expected 

pattern, with the [C=0] bonds being shorter than the [C-O] bonds. The correlation of 

majority of the [C-0]/[C=0] bond lengths found for (47) are similar to the ones found 

for (46), apart form the long bridging [C=0] bond (1.294 Â). For (48) the [C- 

0]/C=0] bonds are nearly equal, but the bridging [C=0] bond also forms a weaker 

bond (1.279 A).

[C-O] bond (A) [C=01 bond (A) Ref

(46)
1.281(4);
1.291(4);
1.299(4);
1.291(4)

1.253(4); 
1.257(4); 

1.253(4); 1.262(4)
This work

(47) 1.285; 1.292 1.294; 1.259 200

(48) 1.241; 1.244 1.249; 1.279 201

(49) 1.260 1.260 202

(50) 1.256 1.256 73

(51) 1.32 1.28 203

(52) 1.282 1.244 204

Table 2.2.26: [C-0]/[C=0] bond lengths in selected copper diketonate complexes. 

2.3 Conclusions

The research reported in this chapter has been based on earlier work which led 

to the discovery of a-hydroxyketone copper(II) and zinc(II) having interesting anti
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bacterial properties, with Cu(Etma)2  having the most activity.^*’ The use of 

copper(II) in toothpastes is not common and there are many reasons for the limited 

use e.g metallic taste and toxicity. Zinc(II) is more widely used and is highly patented.

Therefore, this chapter introduced the synthetic chemistry of novel flavoured 

a-hydroxyketones ligands and copper(II) and zinc(II) metal complexes using menthol 

(15) and kojic acid (5) as starting materials. Several different synthetic approaches 

were carried out in order to aim to produce flavoured esters or ethers as ligands.

The synthesis of 3-benzyloxy-6-carboxy-4-pyrone (9) was achieved. (9) was 

crystallised from DMSO, MeOH and THF to produce 3-benzyloxy-6-carboxy-4- 

pyrone.DMSO (10), 3-benzyloxy-6-carboxy-4-pyrone.MeOH (11) and 3-benzyloxy- 

6-carboxy-4-pyrone.THF (12), respectively. All the compounds have been 

characterised by X-ray crystallography and the structures proved to exhibit hydrogen 

bonding involving the carboxylic group and a methylene hydrogen on the pyronic ring 

of each compound. In (10) and (11) the solvent molecule takes part in hydrogen 

bonding whereas in (12) the solvent molecule (THF) does not take part in hydrogen 

bonding; instead the two adjacent molecules are hydrogen bonded intermolecularly to 

produce a chain of dimers.

The synthesis of three esters, 3-hydroxy-6-menthoxyacetyloxymethyl-4- 

pyrone (29), menthyl 3-benzyloxy-4-pyrone-6-carboxylate (32) and menthyl 3-p- 

methoxybenzyloxy-4-pyrone-6-carboxylate (36), was achieved. The structure of (29) 

has been characterised. (29) exhibits hydrogen bonding between the adjacent carbonyl 

oxygen and hydroxyl hydrogen of the pyronic ring on one molecule to the next 

producing a dimer in the solid state. It also has weaker C-H ..O interactions that 

provide stability to the dimer. (32) and (36) were characterised by spectroscopic 

techniques and elemental analysis. From these two compounds work was carried out 

in order to synthesise menthyl 3-hydroxy-4-pyrone-6-carboxylate (33) in the hope that 

this compound would be an ideal flavoured a-hydroxyketone ligand for active metals. 

Unfortunately, the deprotection procedures were unsuccessful.
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The synthesis of a related flavoured O, O chelating ligand, a p-hydroxyketone, 

menthyl 3-oxo-butanoate (45), was achieved. This ligand was characterised by 

spectroscopic techniques and elemental analysis and confirmed the presence of 

menthol and a chelating site for metals in the structure.

Copper(II) derivatives of (9), (29) and (45) have been obtained and zinc(II) 

metal have been obtained from (9) and (29). The crystal structures of Cu(3- 

benzyloxy-4-pyrone-6-carboxylate)2-H20.3DMSO (20), Zn(3-benzyloxy-4-pyrone-6- 

carboxylate)2.2H20 (24) and Cu(menthyl 3-hydroxy-but-2-enoate)2.MeOH (46) were 

solved. (20) and (24) coordinate to the ligands in a head to tail configuration and both 

metal centres are five coordinate in square pyramidal environments. Water molecules 

which are bonded to the metals for (20) and (24) take part in extensive hydrogen 

bonding with the carbonyl oxygens on the carboxylic groups. (46) exhibits a dimeric 

structure through hydrogen bonding from a methanol molecule that is coordinated to 

each metal centre making the copper atom five coordinate. The synthesis of Cu(3- 

hydroxy-6-menthoxyacetyloxymethyl-4-pyronate)2 (41) and Zn(3-hydroxy-6- 

menthoxyacetyloxymethyl-4-pyronate)2 (42) was achieved, unfortunately due to their 

lack of solubility in most solvents proved unsuccessful in producing any suitable 

crystals for X-ray diffraction studies.

Derivatives of Cu(3-hydroxy-6-menthoxyacetyloxymethyl-4-pyronate)2 (41) 

have been synthesised in order to understand the importance of metal coordination 

number on activity. A 1:1 adduct with pyridine (43) and another with 2,2-bipyridine 

(44) have been isolated.
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CHAPTER III

NOVEL FLAVOUR CONTAINING PYRIDINONES AND 

ALKYLAMINOTROPONES AND THEIR 

DERIVATIVES (M = Cu, Zn)

3.1 Introduction

3.1.1 Pyridinone ligands

Pyridinones are different to pyranones in that the oxygen on the pyronic ring is 

substituted by an amine group. Previously several different pyridinones have been 

synthesised from commercially available ligands (e.g. (6) and (7)) and different 

amines (benzylamine, methylamine, butylamine, etc) {cf.: Chapter I, Section 1.8.3, 

Scheme 1.8.4̂ ’̂ and Scheme 1.8.5̂ *̂ '*̂ )̂. 2-Alkyl-3-hydroxypyridin-4-ones have 

received considerable attention due to the number of potential applications in 

medicinal chemistry, as they are known to be powerful bidentate chelators that are 

characterised by a high specificity for a variety of hard M(III) metal ions (e.g. Al^\ 

Fe% In̂ ,̂ Ga^^). The 3-hydroxypyridin-4-ones are able to remove toxic hard metals 

unbalanced in the body and and they are proven to provide

clinical diagnosis and chemotherapy through their complexes with radionuclides (In^ ,̂ 

Gâ "̂ ).̂ ^̂ ' There has been a considerable amount of work devoted to the study of 

the effect of altering the substituent on the nitrogen of the ring. The aim of this was to 

develop new pyridinones with different substituents with a high affinity for highly 

charged metal ions that have potential clinical use as oral drugs with desirable 

pharmacological properties. Several derivatives have been prepared, including N- 

carboxylalkyl-3-hydroxypyridin-4-ones,^^°^^ jV-(2-hydroxyethoxyl)methyl-2-alkyl-3- 

hydroxypyridin-4-ones^^^*’ and 2-alkyl-3 -hydroxypyridin-4-one
ribonucleosides.^' 19- 121]

Several pyridinones have been characterised by X-ray analysis in order to 

understand their structure and activity relationships.*̂ ®̂ ’ ®®’ The chemical

structures of representative pyridinones are shown in Figure 3.1.1 and include Hdmp
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(53: l,2-dimethyl-3-hydroxypyridin-4-one) Hmep (54: l-ethyl-2-methyl-3-

hydroxypyridin-4-one), HmBnp (55: l-benzyl-2-methyl-3-hydroxypyridin-4-one), 

Hemp (56: l-methyl-2-ethyl-3-hydroxypyridin-4-one), Hdep (57: l,2-diethyl-3- 

hydroxypyridin-4-one), HeBnp.HiO (58: l-benzyl-2-ethyl-3-hydroxypyridin-4-

one.H20), Hmribop (59: l-(P-D-ribopyranosyl)-2-methyl-3-hydroxypyridin-4-one) 

and He(OH(EtO)Me)p (60: l-(2-hydroxyethoxymethyl)-2-ethyl-3-hydroxypyridin-4- 

one).

OH

7
R'

R' =

R = Me 
R = Et

Me

(53)
(56)

Et Bn

OH

OH

HOOH
OH OH

(54) (55) 
(57) (58)

(59) (60)

Figure 3.1.1 Chemical structures of Hdmp (53), Hmep (54), HmBnp (55), Hemp (56) 

Hdep (57), HeBnp.HzO (58), Hmribop (59) and He(OH(EtO)Me)p 

(60).

The X-ray analysis of pyridinone ligands (Figure 3.1.2) confirms the 

substitution of the oxygen on the pyronic ring by an amine.^* ’̂ The

carbonyl oxygen of 1,2-dialkyl pyridinones acts as a hydrogen bond acceptor, thus 

forming centrosymmetric dimeric units through mutual 0(1)-H(1) ...0(2)' bonds.^* ’̂ 
207-209] pjguj.g 3 j 2 shows the dimeric structures of Hdmp (53),̂ **̂  Hmep (54),̂ ^̂ ^̂  

Hdep (57)̂ *̂  ̂ and HeBnp.H20 (58).̂ ^®̂  This type of dimeric structure is commonly 

found for some pyranones (e.g. (7111)̂ *̂ ^̂  and (29)) (c/: Chapter II, Section 2.2.2, 

Figure 2.2.15 and Figure 2.2.17).
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cm

0(2)- H(13)

w#'̂ ' sr̂ ™  c(8) Tm(58)

Figure 3.1.2: Dimeric structure of Hdmp ( 5 3 ) , Hmep (54),̂ °̂̂  ̂ Hdep (57)̂ *̂  ̂ and 

HeBnp.HsO (58)Ĵ °̂ 1

The X-ray structure of l-(P-D-ribopyranosyl)-2-methyl-3-hydroxypyridin-4- 

one (59) has also been reported.^The X-ray analysis confirmed that the a- 

ketohydroxyl group was unchanged and the sugar moiety was attached to the 

pyridinone via the N(l) position. The molecular structure shows the p-configuration 

of the sugar with the hydroxypyridinone in the equatorial position (Figure 3.1.3).
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OM),cm'
oti> cm Ci»)

C(1)

0(6)HO; C(10)

C(11)C(5)

CO)

Figure 3.1.3: Crystal structure of l-(p-D-ribopyranosyl)-2-methyl-3-hydroxypyridin- 

4-one (59)."^'’>

The lattice structure of (59) is different to that of other structurally characterised 

pyridinones, in that it does not form dimeric units through hydrogen bonding, instead 

it forms intermolecular hydrogen bonds crosslinking the molecules of (59) (Figure 

3.1.4). The hydroxyl proton H(l) on the pyridinone ring of molecule A forms an 

intermolecular bond with the hydroxyl oxygen 0(4) on the sugar ring of the adjacent 
molecule B. The hydrogen on 0(4) of molecule B forms a hydrogen bond with 0(6) 

on the sugar pyridinone C. Finally, the H(13) and FI(11) on the sugar ring of molecule 

C form two hydrogen bonds to the carbonyl oxygen on the pyridinone ring of 

molecule A.

Figure 3.1.4: Extended structure of (59).

122



For neutral 3-hydroxypyridin-4-ones the heterocyclic ring is mainly in the 

quinoid form a (Scheme 3.1.1) whereby the C(3)-0(l) bond is considerably longer 

than the C(4)-0(2) bond. However, the carbonyl bond length on the pyridinone ring 

for (53)-(60) is longer (between 1.26-1.28 Â) than a normal ketone bond (1.21 Â) and 

therefore an aromatic form b contributes to the structure (Scheme 3.1.1, b). This 

provides 0(2) with a formal negative charge and the N(l) with a formal positive 

charge. The relative contributions for resonance forms a and b are estimated from 

bond length comparisons. It is clear that the resonance form in b also makes it 

possible for strongly hydrogen-bonded dimeric units and a high affinity for metal 

ions.

0 (2)0 (2)

0(1)H
5

6

R
a

5,

6

R
b

R = Et, Me 
R' = Alkyl group

Scheme 3.1.1: Two resonance forms a and b of neutral pyridinones.

3.1.2 Alkylaminotropones

2-alkylaminotropones are a new kind of ligand, with a seven membered ring 

and with different donor atoms (N, O) as compared to pyridinones and pyranones. 

They have not received considerable attention as compared to the a-hydroxyketones 

and have hardly been the object of studies. Only recently, different 2- 

alkylaminotropones have been synthesised from tropolone (61: 2-hydroxycyclohept- 

2,4,6-trien-l-one) or hinokitiol (62: 2-hydroxy-4-isopropylcyclohept-2,4,6-trien-l- 

one) and different amines (cf.: Chapter I, Section 1.8.5, Scheme 1.8.7).̂ *̂  Figure 3.1.5 

shows the structures of the 2-alkylaminotropones that have been synthesised (e.g. 

Hmat (63: 2-methylaminotropone), Heat (64: 2-ethylaminotropone), H"Propat (65: 2- 

"propylaminotropone), HBnat (66: 2-benzylaminotropone), H"Buat (67: 2-

"butylaminotropone), Hma'Propt (68: 2-methylamino-4-'propyltropone), Hea'Propt, 

(69: 2-ethylamino-4-‘propyltropone), H"Propa‘Propt (70: 2-"propylamino-4-
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’propyltropone), HBna'Propt (71: 2-benzylamino-4-'propyltropone), H"Bua'Propt (72: 

2-"butylamino-4-'propyltropone))J’̂

NHR'

R = Me Et "Prop Bn "Bu

R = H (63) (64) (65) (66) (67)
R = 'Prop (68) (69) (70) (71) (72)

Figure 3.1.5: Chemical structures of alkylaminotropones.

The ligands (63)-(72) were characterised by spectroscocpic techniques and elemental 

analysis. (66) was also characterised by X-ray analysis and the structure showed a 

hydrogen bond from the carbonyl oxygen from one molecule to an amine hydrogen in 

another molecule, resulting in a dimer (Figure 3.1.6).̂ '̂
C(12>

C(11)C

Figue 3.1.6: Dimeric structure of (66).̂ *̂

Tropolone (61),̂ '̂®̂  hinokitiol (62) and 3-chIorotropone^^’̂  ̂ are also 

known to form similar dimeric structures.
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Copper(II) pyridinone, zinc(Il) pyridinone and copper(II) alkylaminotroponate 

complexes have been previously synthesised and structurally characterised (c/: 

Chapter I, Section 1.8.4 and Section 1.8.6).̂ ^̂  The new ligands and their copper and 

zinc complexes have shown anti-bacterial properties, but none of them had greater 

activity than Cu(Etma)2 {cf.\ Chapter I, Section 1.10, Figure 1.10.2). As expected, the 

copper(II) pyridinone complexes exhibited the greatest activity but suffered from a 

strong metallic taste.

In this part of the project, the synthetic chemistry has focused on the synthesis 

of two amines, 2-menthoxyethylamine (73) and 2'-aminoethyl-p-D-glucopyranoside 

(74) (Figure 3.1.7) as potential starting materials in the synthesis of novel pyridinones 

and alkylaminotropones. In (73) the menthol moiety would add flavour and in (74) the 

sugar moiety would act as the bait for bacteria in the active agents.
12

(74)

Figure 3.1.7: 2-Menthoxyethylamine (73) and 2'-aminoethyl-p-D-glucopyranoside 

(74) with atom numbering.

The potential methodologies involved introducing a flavour molecule to the a- 

hydroxyketones (6), (61) and (62) via linkages A and B are outlined in Scheme 3.1.2.
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o
OH

OH

OH

(74)
OH

A
(6)

(73)

O ^  ( 7 ^

OH ^

R = H (6 1 )  
'Prop (6 2 )

O

Scheme 3.1.2: Potential methodologies for the synthesis of novel pyridinones and 

alkylaminotropones.
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3.2 Results and Discussion: Pyridinone and alkylaminotropone ligands and thier 

copper(II) and zinc(II) complexes

3.2.1 Flavour or sugar attached to maltol via the N-R group

In this part of the chapter, the work described will focus on attaching a flavour 

or sugar molecule to maltol (6 ) via linkage A (Figure 3.2.1).
O

.OH

O

A

Figure 3.2.1: Flavour molecule linkage (A) on maltol (6 ).

3.2.1.1 Synthesis and characterisation o f pyridinone ligands

There are several methods that have been used in the synthesis of 1,2-dialkyl- 

pyridinones {cf.\ Chapter I, Section 1.8.3, Scheme 1.8.4 and Scheme 1.8.5).^ ’̂*̂ '*̂  ̂In 

this thesis the method for preparation of the flavoured l,2-dialky-3- 

hydroxypyridinone uses benzylated maltol (76: 3-benzyloxy-2-methyl-4-pyrone) and 

an excess of 2-menthoxyethylamine (73). The synthesis of (73) involves the reduction 

of 2-menthoxyacetamide (75). The method̂ ^̂ ^̂  for the preparation of (75) used 

menthoxyacetic acid (16) as the starting material. (16) was converted to the acyl 

chloride to produce menthoxyacetyl chloride which was then directly reacted with 

aqueous ammonia to produce (75) as a white solid. (75) was reduced in the presence 

of an excess of LiAllLj to produce (73) as a colourless oil (Scheme 3.2.1). (76) was 

synthesised following a literature procedure (Reaction 3.2.1).̂ ^̂ "̂  ̂ The identities of 

(73), (75) and (76) were confirmed by elemental analysis and NMR spectroscopy.
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5 S 0 C I ,

(75)

NH,

Scheme 3.2.1: Synthesis of 2-menthoxyethylamine (73).

BnCI

NaOH

3^0Bn

Reaction 3.2.1: Synthesis of 3-benzyloxy-2-methyl-4-pyrone (76).

The synthesis of the novel flavoured pyridinone (78) involved a 12 hour reflux 

between the two starting materials, (73) and (76) in a 1.5:1 ratio, dissolved in aqueous 

ethanol in the presence of a catalytic amount of NaOH (Scheme 3.2.2). In order to 

remove excess amine in the final reaction mixture, the solution was made to pH 1 by 

the addition of concentrated HCl. This precipitated a yellow solid on addition of 

diethyl ether. The yellow solid was crystallised from toluene to produce 1- 

menthoxyethyl-2-methyl-3-benzyloxypyridin-4-onium chloride.H2O.0 .5 toluene 

(77.HCI). (77.HC1) was neutralised to produce 1 -menthoxyethyl-2-methyl-3- 

benzyloxypyridin-4 -one.H2 0  (77) or deprotected under an atmosphere of hydrogen in 
the presence of Pd/C to produce l-menthoxyethyl-2-methyl-3-hydroxypyridin-4- 

onium chloride (78.HCI). Under similar deprotection conditions as in the synthesis of 

(78.HCI), (77) was deprotected to produce a neutral bidentate chelator, 1- 

menthoxyethyl-2-methyl-3-hydroxypyridin-4-one (78) (Scheme 3.2.2).
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N aO H, c a ta ly st  

NH, HCl, pH = 1

OBn

H,O.0.5toluene

OBn
2M NaOH

R

(77.HCI) (77)

R =

H,
Pd/C

2MNaOg

(78.HC1)

18

(78)

Scheme 3.2.2: Synthesis of l-menthoxyethyl-2-methyl-3-hydroxypyridin-4-one (78).

The neutral/protonated protected/deprotected pyridinones ((77.HCI), (77), 

(78.HC1) and (78)) were characterised by elemental analysis, infrared spectroscopy 

and NMR and NMR. The NMR spectra of the protonated protected pyridinone 

(77.HC1) and the protonated deprotected pyridinone (78.HCI) have similar chemical 

shifts and the protons of the protonated pyridinones resonate at higher chemical shifts 

than their neutral protected (77) and deprotected (78) analogues. The NMR of the 

neutral pyridinones are similar to the ones for (53)̂ *̂  and (54)̂ '  ̂(Table 3.2.1).
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H NMR data (ppm) NMR data (ppm) Ref
C h C" c f Cf

(53) 6.54 7.25 - - 1 1 1 . 0 136.0 - - 1

(54) 6.39 7.24 - - 1 1 1 . 0 136.0 - - 1

(77.HC1) 7.97 8.31 4.50 3.95;
3.50

115.0 143.0 67.2 40.1 This work

(77) 6.33 7.17 3.80 3.75;
3.30

109.0 137.0 6 8 . 8 38.9 This work

(78.HC1) 7.98 8 . 2 0 4.50 3.95;
3.50

117.0 142.0 68.7 40.2 This work

(78) 6.30 7.23 4.00 3.80;
3.42

1 1 0 . 0 137.0 6 6 . 1 40.0 This work

Note: the chemical shifts o f  the N-menthyl group for  (77)-(78) have been onm itedfor clarity.

Table 3.2.1: *H NMR and NMR data for selected pyridinone ligands.

The elemental analysis of (77.HC1) and (78.HCI) confirmed the presence of 

HCl incorporated in the pyridinones, and it also suggested that the the protected acidic 

pyridinone (77.HCI) was hydrated. The infrared spectra of the neutral pyridinones,

(77) and (78) are consistent with those of other related ligands reported in the 

literature and are summarized in Table 3.2.2.

i)(C=0) & v(C=C) v(C-N) Ref

(55) 1629, 1567, 1529 1239 1

(56) 1624, 1570, 1521 1223 1

(77) 1628, 1559, 1527 1 2 2 0 This work

(78) 1628, 1560, 1527 1 2 2 2 This work

Table 3.2.2: v(C=0) (cm' ) for pyridinone ligands.
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Recrystallisation from toluene (77.HCI), chloroform (77), toluene/DCM 

(78.HCI) or aqeous ethanol (78) gave crystals suitable for X-ray crystallography. The 

structures of (77.HCI), (77), (78.HCI) and (78) confirm that the oxygen in pyronic 

ring of (6 ) has substituted with an amine group. X-ray analysis of (77.HCI) and 

(78.HCI) further confirms that the pyridinones have HCl incorporated in their 

structures.

The asymmetric unit of (77.HC1) has two carbonyl-protonated pyridinonium 

cations (molecule 1 and molecule 2), each of is associated with one Cf ion, a water 

molecule and half a toluene molecule that shows some disorder (Figure 3.2.2).
C(22)

C(48)

(Molecule 2)

C{50> C J ^ )

c(«2r C(«3) (Molecule 1)

Figure 3.2.2; The structure of l-menthoxyethyl-2-methyl-3-benzyloxypyridin-4- 

onium chloride.H2O.0 .5 toluene (77.HC1). Disorder in lattice toluene 

not shown for clarity.

The hydrogen bonding in (77.HC1) involves one Cf ion hydrogen bonding to 

one water molecule. In other words, Cl(2 ) hydrogen bonds to both the hydrogens
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(H(7C) and H(7D)) of one water molecule (0(7)) (0(7)' ...Cl(2)": 3.049(4) Â; 0(7) 

...Cl(2): 3.077(4) Â). Cl(l) forms similar intermolecular bonds to that of Cl(2), 

forming hydrogen bonds to H(8 C) and H(8 D) of the second water molecule (0(8)) 

(0(8) ...(21(1): 3.046(4) Â; 0(8)' ...Cl(l)": 3.058(4) Â). This results in an infinite one 

dimensional hydrogen bonded O-H ...Cl chain. In addition, the structure is further 

expanded by the protonated carbonyl oxygen on each pyridinone molecule forming 

hydrogen bonds to the water molecules of the chloride-water chain. In molecule 1 

(containing N(l)) the hydrogen (H(l)) on the carbonyl group hydrogen bonds to the 

oxygen 0(7) (0 ( 1 ) ...0(7)': 2.557(5) A ), whereas for molecule 2  (containing N(2 )) 

the hydrogen bonding involves to 0 (8 ) (0(4) ...0 (8 )': 2.543(5) A ) . In order to 

understand the structure more clearly, the chains of each molecule are viewed in two 

seperate figures. Figure 3.2.3a and Figure 3.2.3b, for molecule 1 and molecule 2 

respectively. In both figures, the infinite chain of each molecule is viewed down the 

crystallographic cr-axis.

cw

Figure 3.2.3a: Extended structure of the layer of molecule 1 in 1 -menthoxyethy 1-2- 

methyl-3-benzyloxypyridin-4-onium chloride.H2O.0 .5 toluene (77.- 

HCI) viewed down the o-axis. Symmetry operations, ': 1/2 -x, 1/2 

+y, 1 -z; ": x, 1 +y, 1 +z.
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T

Figure 3.2.3b: Extended structure of the layer of molecule 2 in l-menthoxyethyl-2- 

methyl-3-benzyloxypyridin-4-onium chloride.HiO.O.Stoluene (77.- 

HCI) viewed down the ûf-axis. Symmetry operations, x, y -1, z; 

1/2 -X, y -1/2, 1-z.

Figure 3.2.4 shows the molecular chains of both molecules whereby the chains 

form extended parallel layers along the crystollagraphic 6 -axis. Table 3.2.3 shows the 

hydrogen bonding parameters of (77.HCi).

(77.HCI) D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°)

Molecule 1 0(1)-H(1)...0(7)’ 0.84 1.74 2.557(5) 162

0(7)’-H(7C)' ...Cl(2)" 0.91(4) 2.17(4) 3.049(4) 162(4)

0(7)-H(7D) ...Cl(2) 0.91(3) 2.18(3) 3.077(4) 170(4)

Molecule 2 0(4)-H(4) ...0(8)' 0.84 1.71 2.543(5) 173

0(8)-H(8C)...Cl(l) 0.91(4) 2.14(4) 3.046(4) 172(4)

0(8)’-H(8D)'...Cl(l)" 0.90(4) 2.21(5) 3.058(4) 156(5)

Table 3.2.3: Hydrogen bonding parameters for (77.HCI).
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/  CK2)

Figure 3.2.4: Extended structure of l-menthoxyethyl-2-methyl-3-benzyloxypyridin-4- 

onium chloride.H2O.0 .5 toluene (77.HCI) viewed down the (7-axis.

The asymmetric unit of the related neutral compound (77) contains two 

benzylated pyridinone molecules (molecule 1 containing N(l) and molecule 2 

containing N(2)) and two molecules of water (0(7) and 0(8)) (Figure 3.2.5). The 

benzyl group of molecule 1 shows some disorder, but in the diagram this feature has 

been ommited for clarity. The pyronic carbonyl on each molecule is hydrogen bonded 

to one water molecule (0(1) ...0(7): 2.647(2) Â; 0(4) ...0(8): 2.765(2) Â). The 0(7) 

hydrogen (H(70A)) forms a further hydrogen bond to the menthoxy oxygen on 

molecule 2  (0(7) ...0 (6 ): 2.878(2) A).
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H(70A)

(Molecule 2)
0 :6)

HeOB)
C(») 0 0

CP6) c(22) (Molecule 1)

icpi)

Figure 3.2.5: The structure of l-menthoxyethyl-2-methyl-3-benzyloxypyridin-4- 

one.H2 0  (77). The disorder for the benzyl group in molecule 1 has 

been ommited for clarity.

One water molecule in (77) (0(8)) hydrogen bonds to the adjacent oxygen of 

another water molecule (0(7)) (0(8) ...0(7)': 2.786(2) Â) resulting in a one 

dimensional molecular chain parallel to the crystallographic 6 -axis (Figure 3.2.6). The 

hydrogen bonding parameters are summarised in Table 3.2.4.
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f H(70A)
HfflOA)

L
H(70B)

fh(80B) mom

L

Figure 3.2.6: Extended structure of l-menthoxyethyl-2-methyl-3-benzyloxypyridin-4- 

one.HiO (77) along the 6 -axis. Symmetry operation, x, y -1, z.

(77) D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°)

Molecule 1 O(7)-H(70A) ...0(6) 0.96(3) 2.02(3) 2.878(2) 147(3)

O(7)-H(70B)...O(l) 1.07(6) 1.59(5) 2.647(2) 171(4)

Molecule 2 O(8)-H(80A) ...0(4) 1.03(4) 1.74(4) 2.765(2) 176(4)

O(8)-H(80B) ...0(7)' 1.04(4) 1.75(4) 2.786(2) 175(3)

Table 3.2.4: Hydrogen bonding parameters for (77),

The asymmetric unit of (78.HC1) (Figure 3.2.7) contains two chloride ions and 

two cationic pyridinone units. The cationic units are joined by Cl ions making 

intramolecular bonds to the protonated pyronic carbonyl (0(1) ... Cl(l): 2.890(1) Â; 

0(4) ...Cl(2): 2.916(1) Â) and similar intermolecular bonds to an adjacent molecule,
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leading to a dimer generated by the symmtery operation 1 -x, y -1/2, 1 -z (0(5) 

...Cl(l): 3.095(1) Â; 0(2) ...Cl(2); 3.084(1) Â). In addition, the bond angles for the 

hydrogen bonds are close to the expected value of 180° (O(l)-H(l) ...Cl(l): 175(2)°; 

0(4)-H(4) ...Cl(2): 170(2)°) The pyridinone rings of the dimer are planar, but the 

menthyl groups on each side of the dimer are out of the plane and in a tram 

configuration.

Figure 3.2.7: Structure of l-menthoxyethyl-3-hydroxypyridin-4-onium chloride 
(78.HCI).

The protonated carbonyl in (78.HCI) also resembles that of protonated maltol 

(6.HCI: 3-hydroxy-2-methyl-4-pyronium chloride)̂ '̂^̂  and two known protonated 

pyridinones (79.HCI; 1 -(2-methoxyethyl)-2-methyl-3-hydroxypyridin-4-onium

chloridê °̂*̂  and 57.HCI: l,2-diethyl-3-hydroxypyridin-4-onium chloridê ^̂ )̂. Note, 

that the protonation occurs on the carbonyl [C=0] group rather than the nitrogen on 

the pyridinone ring because of the contribution of resonace form b in the neutral 

pyridinones (Scheme 3.1.1). The difference in the three structures ((79.HCI), (6.HCI) 

and (57.HCI)) is that there is no intermolecular hydrogen bonding that form dimers, 

as in (78.HCI) (Figure 3.2.8). The hydrogen bonding in (6.HC1) and (79.HCI) forms 

infinite chains, with long intermolecular hydrogen bonds involving the hydroxyl from 

the pyroninc ring and the chloride ion. In (57.HC1), this is not the case, as the same 

hydroxyl hydrogen bonds to a water molecule instead of chlorine, thus preventing the 

formation of chains in (57.HC1).
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(6 .HCI)

(79.HCI)CHD
Hi2)

X(3)
C(4)

C«4) C £ )
Cp)t

C(8;

C(1)

C(8)

C#)

(57.HCI)

Figure 3.2.8: Structures of (6 .HCI) symmetry operation, x -1/2, 1/2 -y, 3/2 -z

(79.HC1) symmetry operation, x-1/2, 1/2-y, 2 and (57.HCI)J*^’

The hydrogen bonding parameters for the intramolecular O-H ...Cl bonds of 

(78.HCI) are comparable with 3-hydroxy-2-methyl-4-pyronium chloride (6 .HCI),^^‘̂  ̂

l-(2-methoxyethyl)-2-methyl-3-hydroxypyridin-4-onium chloride (79.HC1)̂ ^®*̂  and 

l,2-diethyl-3-hydroxypyridin-4-onium chloride (57.HCI)̂ ^̂  ̂ and the longer 

intermolecular O-H ...Cl bonds for (78.HCI) are comparable with (6 .HCI) and 

(79.HCI) (Table 3.2.5).
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D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A(°) Ref

(6 .HCI) 0(1)-H(1) ...C 1(1) 0.87(4) 2.03(4) 2.901(2) 178(3) 215

0(2)'-H(2)' ...Cl(l) 0.85(4) 2.23(4) 3.109(2) 156(3)

(57.HCI) 0(1)-H(1) ...Cl(l) 0.89 2.081 2.971 170 8 6

(78.HCI) 0(1)-H(1)...C1(1) 0.91(2) 1.98(2) 2.890(1) 175(2) This work

0(4)-H(4) ...Cl(2) 0.89(2) 2.03(2) 2.916(1) 170(2)

0(2)-H(2) ...Cl(2) 0.87(2) 2.27(2) 3.084(1) 175(2)

0(5)-H(5) ...Cl(l) 0.88(3) 2.26(3) 3.095(1) 108(2)

(79.HCI) 0(2)-H(2) ...Cl(l) 0.82 2.17(5) 2.995(2) 175(2) 208

0(2)’-H(2)’ ...Cl(l) 0.77 2.35(4) 3.054(2) 152(4)

Table 3.2.5: Hydrogen bonding parameters for [O-H ...Cl] bond in selected 

pyridinone.HCl ligands.

The asymmetric unit of neutral (78) contains four unique molecules that are 

mutually O-H ..O bonded into dimeric pairs (0(2) ...0(10): 2.623(4) Â; 0(11) 

...0 (1): 2.670(4) Â; 0(5) ...0(7): 2.621(4) Â; 0 (8 ) ...0(4): 2.626(4) A). Dimer 1 

(containing N(4) and N(l)) is generated by symmtery operation 1 +x, y -1, z whereas 

for dimer 2 (containing N(2) and N(3)) the symmetry operation is 1 -x, 1/2 +y, 1 -z 

(Figure 3.2.9). Note, in (78) the dimers within the structure are not symmetry related, 

as is the case for other 2-alkyl-3-hydroxypyridin-4-ones (e.g. (53),̂ *®̂  (54),̂ °̂̂  ̂ (57)̂ ^̂  ̂

and (58)P“’>) (Figure 3.1.2),
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C(72)

C(12)

CUT)

/  H(11)

(Dimer 1)

C p i)  CPT)
C P2) MQl

cpz

C(48)

/HP)

C(47)

CP2)
(Dimer 2)

Figure 3.2.9: Structure of l-menthoxyethyl-2-methyl-3-hydroxypyridin-4-one (78).

The hydrogen bonding parameters for (78) are essentially the same as other 

pyridinone ligands found in the literature (Table 3.2.6) ((e.g. (53),̂ **̂  (54),(57)^*^^ 

and (58)'“ ’').

D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°) Ref

(53) 0(1)-H(1) ...0(2)' 0.81 1.939 2.691 154 8 8

(54) 0(1)-H(11) ...0(2)' 0.93 1.804 2.647 149 209

(57) 0(l)-H(13)-0(2)' 0 . 8 8 1.873 2.634 144 8 6

(58) 0(1)-H(1)...0(2)' 0.91 1.919 2.700(4) 142 207

(78) 0(2)-H(2) ...0(10) 0.84 1.871 2.623(4) 148 This work

0(11)-H(11) ...0(1) 0.84 1.912 2.670(4) 150

0(5)-H(5) ...0(7) 0.84 1.867 2.621(4) 149

0(8)-H(8) ...0(4) 0.84 1.875 2.626(4) 148

Table 3.2.6: Hydrogen bonding parameters for selected pyridinone ligands.
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In general, the protonated pyridinones that have been synthesised and 

structurally characterised as a part of this project all have similar hydrogen bonding 

patterns, in that the carbonyl oxygen on the pyronic ring is protonated, thus the 

carbonyl oxygen acts as a donor ligand to a water’s oxygen in (77.HCI) or a chloride 

ion in (78.HC1). The opposite is true for the neutral pyridinones whereby the carbonyl 

oxygen acts as an acceptor ligand. For (77) the water’s hydrogen acts as a donor 

ligand to the carbonyl oxygen and in (78) it is the hydroxyl hydrogen from the 

adjacent pyronic ring. The bond distances vary according to difference in 

electronegativities of the atoms with the expected long O ...Cl bond distances, 

observed for (78.HC1) and (77.HC1), and short intermolecular O ....O distances which 

are observed for all ligands.

The difference between the protected pyridinones ((77) and (77.HCI)) and the 

deprotected pyridinones ((78) and (78.HCI)) is that the protected pyridinones are 

hydrated and involve water molecules in their hydrogen bonding to form infinte 

molecular chains, whereas the neutral pyridinones are anhydrous and form dimeric 

units instead of chains.

As expected, the [C-O] bonds in (78) and (77) are longer than the [C=0] 

bonds (Table 3.2.7). The heterocyclic ring of the neutral ligand (78) and (77) is 

dominated by the quinonoid form a (Scheme 3.1.1). However, as observed from the 

the [C=0] bond lengths of (78) and (82), they are considerably longer than a normal 

ketone bond ( 1 . 2 1  A). Therefore an aromatic form b (Scheme 3.1.1) contributes to the 

structure as well, giving a partial negative charge to the carbonyl oxygen and a partial 

positive charge on the pyridinone nitrogen, hence protonation occurs at the [C=0] 

group and not the nitrogen.

As seen in Table 3.2.7, it is apparent that the [C=0]/[C-0] in pyridinone 

ligands reported in the literature, (e.g.(53)̂ *̂̂  (54),̂ ®̂̂  ̂ (57),̂ ®̂  ̂ (58),̂ °̂̂  ̂ (59)^‘̂ ®̂ and 

(60)[***1) compare favourably with the analogous bonds of (77) and (78).
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[C-O] bond (Â) [C=0] bond (Â) Ref

(53) 1.360(3) 1.272(3) 8 8

(54) 1.356 1.265 209

(57) 1.354(2) 1.264(2) 8 6

(58) 1.357(4) 1.279(4) 207

(59) 1.361(6) 1.269(6) 1 2 0

(60) 1.350(3) 1.302(2) 118

(77) 1.563(5)='" 1.261(3)= This work

1.379(2)^ 1.254(2)"

(78) 1.366(4); 1.366(4)= 1.267(5); 1.259(5)= This work

1.359(4); 1.358(4)^ 1.272(5); 1.262(5)"

molecule I , molecule 2, the  [C-O] bond is considerably longer due to the disorder of the benzyl group in molecule 1

Table 3.2.7; [C-0]/[C=0] bond lengths in selected pyridinone ligands.

In structures (77.HC1) and (78.HC1) the bonds in the common part are 

comparable with each other. Upon protonation of the [C=0] bonds in the protonated 

pyridinones ((77.HC1) and (78.HC1)) there is an increase of the [C=0] bond length 

(77.HC1: 1.318(6) Â, 1.324(6) A; 78.HCI: 1.328(2) A, 1.331(2) A) which in turn 

decreases the double bond character of the the carbonyl bond. Furthermore the C(3)- 

C(4) and C(4)-C(5) bonds (See Scheme 3.2.3 for atom numbering and Table 3.2.8 for 

bond distances) in (77.HC1) and (78.HC1) are shorter than in (77) and (78). Also the 

C(2)-C(3) and C(5)-C(6) double bonds in (77.HC1) and (78.HC1) are relatively 

longer than in (77) and (78). In general, the C(3)-C(4), C(4)-C(5), C(2)-C(3) and 

C(5)-C(6) bonds in the protonated pyridinones are nearly equal within experimental 

error suggesting the main resonace form for the protonated ligands is therefore c 

(Scheme 3.2.3). Although, the structures also contribute to resonance form d, as the 

C(3)-0(l) bond distances in the protonated ligands is longer (77.HC1: 1.377(5) Â, 

1.381(6) Â; 78.HC1: 1.351(2) Â, 1.357(2) Â) than the C(4)-0(2) distance (Table 

3.2.8). The [C-C] and [C-O] bond distances compare favourably with the known
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protonated ligands ((6.HC1), (57.HC1) and (79.HCI)) and these ligands also follow 

the same bonding patterns as for (77.HCI) and (78.HC1).

0 ,2,

0(1 |H
5

6

Me

OMenthyl

a
0(2)H

0(1 )H
5

6
Me

OMenthyl

0(1)H
5

6
Me

OMenthyl

0(1 )H
5

6
Me

OMenthyl

Scheme 3.2.3: Resonance forms of neutral pyridinone (a and b) and protonated 

pyridinone (c and d).

[C-O] bond (Â) [C-Cl bond (Â) Ref
C(3)-0(l) C(4)-0(2) C(3)-C(4) C(4)-C(5) C(2)-C(3) C(5)-C(6)

(77.HCI) 1.377(5);
1.381(6)

1.318(6);
1.324(6)

1.405(6);
1.404(7)

1.392(7);
1.397(7)

1.384(7);
1.371(7)

1-374(7);
1.343(7)

This work

(78.HCI) 1-351(2);
1.357(2)

1.328(2);
1.331(2)

1.403(2);
1.402(2)

1.395(2);
1.394(2)

1.386(2);
1.383(2)

1.363(2);
1.359(2)

This work

(77) 1.379(2);
1.563(5)=

1.254(2);
1.261(3)

1.442(3);
1.439(3)

1-411(3);
1.431(3)

1.367(2);
1.358(3)

1.352(3);
1.349(3)

This work

(78) 1.366(4);
1.359(4);
1.358(4);
1.366(4)

1.267(5);
1.272(5);
1.262(5);
1.259(5)

1.433(5);
1-435(5);
1.463(5);
1.440(6)

1.426(5);
1.408(5);
1.416(5);
1.401(6)

1.366(5);
1.367(5);
1.351(5);
1.361(6)

1.344(6);
1.356(6);
1.354(6);
1.359(6)

This work

(6 .HCI) 1.346(3) 1.307(3) 1.408(3) 1.404(5) 1.368(3) 1.345(3) 215

(57.HCI) 1.346(2) 1.333(2) 1.406(2) 1.392(2) 1.388(2) 1.368(2) 8 6

(79.HCI) 1.353(3) 1.332(3) 1.400(4) 1.394(4) 1.391(4) 1.370(4) 208

"this bond is considerably longer due to the disorder o f  the benzyl group

Table 3.2.8: [C-0]/[C-C] bond distances in selected pyridinone and pyranone ligands.
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The removal of excess amine (73) in the synthesis of (77.HCI) (Scheme 3.2.2) 

by the addition of HCl resulted in the formation of a white crystalline solid from the 

work up of the aqueous layer and this was analysed by X-ray crystallography. The 

structure showed it was 2-menthoxyethylammonium chloride (73.HC1). The 

fragment forms hydrogen bonds with three neighbouring chlorine atoms (Figure 

3.2.10).

C(6) C(7)J
C(5)

C{9)C(4J
C(10)

C(12)
C(3)

C(11)|

0 (1)C(2!

C(1)|

H<2)
H(1)

01(1 )'

Figure 3.2.10; Structure of 2-menthoxyethylammonium chloride (73.HCI), Symmetry 

operations, x, I +y, z; 1 -x. 1 / 2  +y, 2  -z.

The extended structure of (73.HCI) is an infinite single chain parallel to the 

crystallographic 6 -axis with the menthyl parallel to one another. The chain is further 

extended via H(3) hydrogen bonding to a chlorine atom (Cl(l)") on an adjacent chain 

that is parallel to the first. The menthyl groups in the second chain are also parallel to 

each other, however they are trans with respect to the menthyl groups of the first 

chain (Figure 3.2.11).
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Figure 3.2.11: Structure of extended 2-menthoxyethylammonium chloride (73.HCI).

The structure of w-decylammonium chloride has been studied and is simiar to 

that of (73.HCI),̂ *̂̂  ̂ whereby it has also been shown to form three hydrogen bonds 

using the N and Cl atoms. However, the extended structure of this compound does not 

form a chain but instead it forms a honeycomb net. The three N(l) ...Cl(l) distances 

for (73.HC1) are 3.106(4) Â, 3.123(4) Â and 3.257(3) Â and for M-decylammonium 

chloride are 3.172(6) Â , 3.134(6) A  and 3.166(8) A . Thus, it can be concluded two 

hydrogen bonding interactions in (73.HCI) (3.106(4) A ; 3.123(4) A )  are relatively 

similar to that of «-decylammonuim chloride. However, there is one hydrogen 

bonding interaction in (73.HCI) (3.257(3) A ) which is considerably longer than the 

hydrogen bonds found for «-decylammonuim chloride. The geometrical hydrogen 

bonding features of (73.HC1) are summarized in Table 3.2.9.
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D-H ...A bond D-H (A) H ...A (A) D ...A (A) <D-H ...A (°)

N(l)-H(l) ...Cl(l) 1.05(5) 2.07(5) 3.106(4) 171(4)

N(l)-H(2) ...Cl(l)' 0.90(3) 2.25(3) 3.123(4) 166(3)

N(l)-H(3) ...Cl(l)" 0.89(3) 2.72(3) 3.257(3) 1 2 0 (2 )

Table 3.2.9: Hydrogen bonding parameters in 2-menthoxyethylammonium chloride 

(73.HCI).

From the successful synthesis of (78) the next target was to synthesise a sugar 

pyridinone from 2'-aminoethyl-p-D-glucopyranoside (74) (Figure 3.1.8). The purpose 

of synthesising the novel sugar pyridinone as a ligand is that the sugar would act as a 

bait to the bacteria and the carbonyl and hydroxyl groups on the pyridinone ring 

would be the chelating sites for active metals.

The synthesis of 2'-aminoethyl-P-D-glucopyranoside (74) involved a five step 

procedure following the method used by Hayes et al (Scheme 3.2.4).^^*  ̂ The first 

step involved the synthesis of 2'-bromoethyl 2,3,4,6-tetra-O-acetyl-p-D- 

glucopyranoside (81) from P-D-glucose pentaacetate (80: 1,2,3,4,6-penta-O-acetyl-p- 

D-glucopyranose) in the presence of boron trifluoride diethyl etherate. (81) was 

isolated as yellow crystals from diethyl ether. (81) was then reacted with sodium azide 

to produce 2'-azidoethyl 2,3,4,6-tetra-O-acetyl-p-D-glucopyranoside (82). (82) was 

deprotected in the presence of a catalytic amount of potassium carbonate to produce 

2'-azidoethyl-P-D-glucopyranoside (83) as an orange oil. Finally, (74) was produced 

from the catalytic reduction of (83) using Pd/C in the presence of hydrogen gas. (74) 

and (83) were analysed by IR, ^H NMR and NMR spectroscopy. In the IR spectra 

of (74) the disappearance of the azide peak in (83) (2113 cm"̂ ) is observed confirming 

the replacent of the N3 group in (83) with a NH2 group in (74). (74) was isolated as a 

colourless foam and was used directly in the attempted synthesis of the sugar 

pyridinone, l-(p-D-glucopyranosyl-2-oxyethyl)-2-methyl-3-hydroxypyridin-4-one 

(84), using (6 ) as the other reagent. Several attempts to prepare the sugar pyridinone 

were made, using different solvent mixes (aqeous ethanol and water), reaction times 

( 8  hours, 24 hours or 48 hours) and temperature (24°C, 50°C or 100°C).
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Unfortunately, in each case the NMR of the final solution indicated that a mixture of 

starting materials was presented each time.

AcO,AcO

AcO 
AcO

Br

GAc ^
GAc

(80)

HG

DOM

BFjOEtj

HG.HG.
P d/C HGHG

HGHG

GHGH

(74) (83)

AcG 7^^L-P

GAc 

(81)

AcG
K ,C O ,

M eOH
AcG 

AcG

N a N ,

GAc

(82)

GHGH

GH

HG
HG

GH

(84)

Scheme 3.2.4: Synthesis of 2'-aminoethyl-P-D-glucopyranoside (74) and potential 

synthesis of (84).

Other attempts were made to synthesise a sugar pyridinone, following a 

literature procedure using 2-methyl-3-benzyloxypyridin-4-one (85) and (80) in the 

presence of a Lewis acid, either SnCU or trimethylsilyltrifluoromethane-sulphonate 

(TMSOTf) (Scheme 3.2.5). "̂^  ̂ The pyridinone ligand (85) was synthesised starting 

from (76) by reaction with ammonia.^ '̂^  ̂ The elemental analysis of the reaction 

product indicates the formation of (85) as do the *H NMR and NMR. The 

NMR data shows a shift of C^H (85: 6.31 ppm; 76: 6.28 ppm) and C^H (85: 7.23 ppm; 

76: 7.50 ppm) protons from the starting material (76) to the product (85). In addition, 

the ‘H NMR spectrum of (85) is also comparable with the proton NMR of other 

neutral pyridinone ligands.̂ *̂  The synthesis of 1-(2,3,4,6-tetra-O-acetyl-p-D- 

glucopyranoside-2-yl)-2-methyl-3-benzyloxypyridin-4-one, (86) was attempted by
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reacting silylated (85) with (80) dissolved in DCM in the presence of a Lewis acid. 

The reaction was held at room temperature for 4 hours. The reaction mixture was then 

treated with sodium bicarbonate and the solvent removed in vacuo. The final solution 

was characterised by NMR spectroscopy, but the spectra indicated that the reaction 

was unsuccessful as there was the presence of starting materials. If this reaction had 

been successful the reaction would have been followed by two deprotection 

procedures, first by débenzylation and finally deacetylation to produce a free 

bidentate sugar pyridinone.

OBn 3 ,OBn
M e,SiC I

M e^SINHSIM e,

OBn
AcO. 

A c O / \ L - 0  

OAc

(85)
l^/TMSOTf 

\çCM
(80)

OBn

OAc.

AcO
AcO

OAc

(86)

Scheme 3.2.5: Attempted synthesis of (86), using 2-methyl-3-benzyloxypyridin-4-one

(85) as a starting material.

Another approach was carried out whereby commercially available D- 

glucosamine.HCl (87.HCI) was used as a starting material in the synthesis of an 

alternative sugar pyridinone, l-(2-deoxy-a-D-glucopyranoside-2-yl)-2-methyl-3- 

hydroxypyridin-4-one (91) (Scheme 3.2.6).

148



HO— 7 \ L o

NH,.CI

(87.HCI)

AcO,

NHAc

A cetic  acid  anhydride 
ZnCL

MeOH  
OEt

M eOH MCI

NHAc NH, OMe

HO— T ' - J ^ O  

NH; OMe

(89)

(6) OMe

(89.HC1)

Scheme 3.2.6: Attempted synthesis (91).

The first step involved the acétylation of (87.HCI) to 1,3,4,6-tetra-O-acetyl-jV- 

acetyl-P-D-glucosamine (88).̂ '̂̂  ̂This was done by reacting (87.HC1) with acetic acid 

anhydride and zinc(II) chloride. (88) was characterised by elemental analysis and 

spectroscopic techniques. Note, (87.HCI) was not reacted directly with (6) to produce 

a pyridinone due to it’s acidic character. The next aim was to substitute an acetate 

group on the C* position of (88) with a methoxy (OMe) group. This was done in order 

to produce a stable deprotected sugar amine methyl 2-amino-2-deoxy-a-D- 

glucopyranoside (89) which is a potential starting material in the synthesis of (91). An 

attempt was made by reacting (88) with methanolic Unfortunately, elemental

analysis of the final product indicated that the product was the acidic form of (89) 

(89.HCI: methyl 2-amino-2-deoxy-a-D-glucopyranoside.HCl), and this proved to be 

an inappropriate starting material in the synthesis of (91) due to is acidic nature. Also, 

this material proved to be very hygroscopic.

So, an alternative approach was carried out in order to synthesise neutral (89), 

and this involved a reaction of (88) with methanol in the presence of boron trifluoride 

diethyl etherate in order to aim to produce the protected form of (89), methyl 2- 

acetamido 2-deoxy 3,4,6-tri-O-acetyl-a-D-glucopyranoside (90). Unfortunatley, this 

reaction was not successful as the NMR spectrum proved the presence of unreacted 

starting material (88) in the final reaction mixture. Had this reaction had worked, (90)
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would have been deprotected using K2CO3 to produce (89) in its neutral form and it 

would have been a potential starting material in the synthesis of (91) by reacting it 

with (6 ).

The NMR spectra of the sugar acetates (80), (81), (82) and (88) were recorded 

in deuterated chloroform whereas the deprotected sugars (74), (83) and (89.HC1) were 

recorded in deuterated water. The 'H NMR of the acetate compounds, (81) and (82) 

are very similar to the ones obtained by Hayes et al. for 2'-bromoethyl 2,3,4,6-tetra-O- 

acetyl-a-D-mannopyranoside (92), 2'-azidoethyl 2,3,4,6-tetra-O-acetyl-a-D- 

mannopyranoside (93)̂ *̂̂  ̂(Table 3.2.10),

x= OAc OĈ HzĈ HgBr OĈ HzĈ HzNs OAc X
Y= OAc OAc OAc NHAc X= Br N3
Z= OAc OAc OAc OAc Y= OAc OAc

(80) (81) (82) (8 8 ) (92) (93)

Chemical shift (ppm)
C*// C^H C^H C^H C^H2 C^H2

(80) 5.72 5.11 5.10 5.20 3.89 4.10; 4.30 - -

(81) 4.51 4.95 5.15 5.02 4.09 4.10; 4.20 3.70 3.40

(82) 4.51 4.95 5.15 5.02 3.97 4.09; 4.19 3.55 3.20; 3.35

(8 8 ) 5.62 3.73 5.09 5.05 4.20 4.06; 4.20 - -

(92) 4.87 5.25 5.33 5.20 4.10 4.10; 4.27 3.87-3.96 3.52

(93) 4.88 5.28 5.37 5.33 4.05 4.30; 4.13 3.65-3.91 3.42-3.54

Table 3.2.10: NMR data for (80), (81), (82), (88) and related ligands.
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As observed in Table 3.2.10, the resonance of C' //in (81), (82), (92) and (93) 

are at lower chemical shifts as compared to (80) and (88) due to the absence of the 

acetate groups adjacent to the proton for (81), (82), (92) and (93). For (80) and 

(88), on the other hand, the chemical shift of the C*//proton is more down field due to 

the presence of the acetate groups adjacent to C*// instead of a CH2X group (X = Br, 

N3) which is the case for (81), (82), (92) and (93).

The *H NMR spectra of the deprotected compounds (74), (83) and (89.HCI) 

are very complex and most of the peaks are overlapping. The most obvious feature in 

the spectra is the disappearance of the acetate groups which appear as singlets in the 

protected compounds and resonate at a chemical shift of ca. 2.00 ppm. The other 

difference is the protons (e.g. C'//) in the glucose of the deprotected compounds 

resonate at lower chemical shifts due to the disappearance of the acetate groups ((74): 
4.40 ppm; 83: 4.35 ppm; (89.HCI): 4.85 ppm).

5.2.1.2 Synthesis and characterisation o f metal(II) complexes

(78) was used to prepare the copper and zinc derivatives according to the 

method used previously to make a-hydroxyketone zinc(II) and copper(II) complexes 

(c/: Chapter II, Section 2.2.1, Scheme 2.2.2 and Section 2.2.2, Scheme 2.2.8) 

(Scheme 3.2.7).

OH

+ (̂OzCCH;); H jO /E tO H
.nH,0

(78) M = Cu (9 4 )  n = 2 
Zn (9 5 )  n = 1.5

Scheme 3.2.7: Synthesis of M(l-menthoxyethyl-2-methyl-3-hydroxypyridin-4-

onate)2.nH20 (M = Cu, n =2 (9 4 ) , M = Zn, n = 1.5 (9 5 ) )
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The metal complexes were characterised by elemental analysis and infrared 

spectroscopy. The elemental analysis confirms the nature of the complexes. The 

infrared spectra are consistent with those of related metal derivatives reported in the 

literature and are summarized in Table 3.2.11. As one would expect, there is a broad 

band at 3500 cm’* and 3200 cm’* for (94) and (95) respectively, which indicates that 

both metal complexes are hydrated. Also, the u(C=0) band in the metal complexes is 

shifted to a lower wavenumber by ca. 20-30 cm * as compared to (78), thus indicating 

the formation of the metal complexes by chelation via the two oxygen atoms.

i)(C=0) & i)(C=C) Ref

(78) 1628, 1560, 1527 This work

(94) 1600, 1547, 1511, 1485 This work

(95) 1595, 1540, 1507, 1485 This work

Cu(dmp) 2 1619, 1552, 1500, 1491 1

Cu(dep)2 1599, 1552, 1514, 1493 1

Zn(mBnp)2.3H20 1598, 1542, 1506, 1483 1

Zn(e"Bup)2 1597, 1542, 1515, 1494 1

Table 3.2.11; v(C=0) (cm *) for selected copper(II) and zinc(II) pyridinone 

complexes.

(95) was also characterised by *H NMR and *̂ C NMR spectroscopy. The *H 

NMR chemical shifts of (6.41 ppm), (7.13 ppm) and the methyl protons on 

the pyronic ring (2.32 ppm) of (95) are similar to the ones for other related zinc(II) 

pyridinone complexes (e.g. Zn(dmp)2.7H20, Zn(mep)2.2CHCl3, Zn(mBnp)2.3H20 and 

Zn(m"Bup)2.H20) and zinc a-hydroxyketone complexes (e.g Zn(ma)2.1.5H20) (Table 

3.2.12).
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Chemical shift (ppm) Ref
d H d H CHs

(95) 6.41 7.13 2.32 This work

Zn(dmp)2.7H20 6.38 7.32 2.25 1

Zn(mep)2.2CHCl3 6.39 7.44 2.44 1

Zn(mBnp)2.3H2Û 6.32 7.04 2.17 1

Zn(m"Bup)2.H20 6.44 7.00 2.41 1

Zn(ma)2.1.5H20 6.54 8.12 2.34 1

Table 3.2.12: NMR data for selected zinc(II) pyridinone complexes.

The difference in the NMR spectra of (95) as compared to other zinc(II) pyridinone 

complexes is the data of the alkyl group that are attached to the nitrogen. As required, 

the number for peaks in the NMR and NMR spectra of (95) are identical to the 

number of peaks found for the free ligand, (78). The NMR spectra of both 

compounds contain twelve peaks, assigned to the menthoxyethylamine group (95, 

[C ]̂: 66.0; [C*]: 39.0; [C^: 79.1; 47.1; 30.4; 33.4; 21.3

53.4; [d^]i 24.6; 19.8, 11.7; [d^]: 22.1; 78, [d]: 66.1; [d]: 40.0

[d]: 79.3; [d^]: 47.1; [d^]: 30.4; [d^]: 33.4; [d^]: 21.2; [d^]: 52.6; [d^\. 24.6

{d^/d^\. 19.8, 11.1; 22.1).

Recrystallisation of (94) from hot acetone gave crystals of Cu(l- 

menthoxyethyl-2-methyl-3-hydroxypyridin-4-onate)2.acetone (96) which were 

suitable for X-ray crystallography (Figure 3.2.12). The asymmetric unit of (96) 

consists of two molecules of the copper complex and an acetone molecule. The two 

molecules are parallel to each other with the menthoxyethyl amino groups on each 

molecule cis to one another. The acetone molecule is not coordinated to the copper 

atom. As expected, the pyridinone ligands of each molecule chelate to the copper 

atom via the two adjacent oxygens thus the primary coordination sphere of copper is 

four coordinate in a square planar environment. In (96) there are two types of 

pyridinone ligands: One ligand (ligand A) (contaning N(l) and N(4)) chelates to one
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copper atom via the carbonyl oxygen and the deprotonated oxygen while the other 

ligand (ligand B) (containing N(2) and N(3)) chelates to Cu(l) as well acting as a 

bridge to second metal Cu(2), hence the coordination number of the secondary 

coordination sphere of copper is five in a square pyramidal environment. Weaker [Cu- 

O] interactions are formed by the bridging hydroxyl oxygen to the copper atoms 

(Cu(l)-0(7): 2.823(2) Â; Cu(2)-0(3): 2.828(3) Â) as compared to the stronger [Cu-O] 

bonds found in the primary coordination sphere (1.91-1.95 Â ).

C(18)

C(3) C(2)

C(41)C(37)

C(3A)

Figure 3.2.12: The structure of Cu( 1 -menthoxyethyl-2-methyl-3-hydroxypyridin-4- 

onate)].acetone (96).
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The bite angles o f  the ligands in (96) (0 (4 )-C u (l)-0 (3 ): 85.83(9)°; 0 (2 ) -  

C u (l)-0 (1 ): 86.09(10)°; 0 (7)-C u (2)-0(8): 85.95(10)°; O(10)-Cu(2)-O(9): 86.28(10)°) 

fall within the expected range o f  four-coordinate square planar copper pyridinone 

com plexes (e.g Cu(eBnp)2 .2 MeOH^'^ and Cu(e'^Bup)2 *̂̂ ) but are wider than for similar 

four-coordinate a-hydroxyketone com plexes (e.g. Cu(hino)2^̂'*̂ and Cu(trop)2^̂ ^̂ ) 

(Table 3.2.13). Coupled with the bite angle is the non-bonded distance between the 

two oxygen atoms o f  copper(II) pyridinone com plexes and copper(II) cyclic a -  

hydroxyketones which as can be seen in Table 3.2.11 is a relatively consistent figure 

o f  between 2.54-2.64 Â.

B ite angles (°) [ 0 - 0 ]  d istance (A) R ef

(96) 85.83(9); 86.09(10); 
85.95(10); 86.28(10)

2.642; 2.637; 2.639; 
2.630

This work

Cu(eBnp)2.2MeOH 86.32(8) a 1

Cu(e"Bup)2 85.87(4) 2.631 1

Cu(hino)2  

(modification 1)
83.8(1) 2.542 54

Cu(trop)2 83.8(1) 2.557 65

'data not quoted in ref 1

T able 3.2.13: Bite angles and [0 - 0 ]  distances in selected copper(II) complexes.

Another known copper com plex that has a similar structure to that o f  (96) is a 

modification o f  Cu(hino)2^̂'̂  ̂whereby two o f  the copper m olecules in the asymmetric 

unit dimerize through a bridging oxygen to produce five coordinate copper species 

(c /:  Chapter I, Section 1.8.2, Figure 1.8.3). In both dimeric structures ((96) and 

Cu(hino)2), the copper atom adopts a square pyramidal geometry. The four O ax-C u- 

Oeq angles in (96) are closer to the ideal value o f  90° when compared to the O ax-C u- 

Oeq in Cu(hino)2 . The 0(3)-C u(2)-0eq and 0(7)-C u(l)-0gq  angles for (96) lie within a 

narrow range o f  91.02(8)-98.10(8)° and 89.87(9)-97.35(8)° respectively. For 

Cu(hino)2  the range is much greater and the Oax-Cu-Ogq angles differ more from the 

ideal value o f  90° (Table 3.2.14). In addition, the greater distortion for Cu(hino) 2  as 

compared to (96) is clearly manifest in the trans angles in the equatorial plane o f  each
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molecule with the angles for Cu(hino) 2  differing more from the value of 180° as 

compared to (96) (Cu(hino)2 , molecule C, 0(3)-Cu(l)-0(2): 165.00(8)°; 0(1)-Cu(l)- 

0(4): 177.40(7)°; molecule B, 0(6)-Cu(2)-0(7): 166.88(7)°; 0(5)-Cu(2)-0(8): 

174.64(7)°; 96, 0(4)-Cu(l)-0(2): 171.67(11)°; 0(3)-Cu(l)-0(l): 178.06(11)°; 0(7)- 

Cu(2)-0(9): 177.62(11)°; O(10)-Cu(2)-O(8): 170.88(10)°).

Oax-Cu-Oeq angle Angle (°) Ref

(96) 0(7)-Cu(2)-0(3) 91.94(9) This work
0(8)-Cu(2)-0(3) 98.10(8)
0(9)-Cu(2)-0(3) 90.45(9)

O(10)-Cu(2)-O(3) 91.02(8)

0(l)-Cu(l)-0(7) 89.87(9)
0(2)-Cu(l)-0(7) 90.96(9)
0(3)-Cu(l)-0(7) 91.97(9)
0(4)-Cu(l)-0(7) 97.35(8)

Cu(hino)2

(modification I f 54

Molecule C 0(l)-Cu(l)-0(4)’ 93.36
0(2)-Cu(l)0(4)' 90.75
0(3)-Cu(l)-0(4)' 103.62
0(4)-Cu(l)-0(4)’ 86.97

Molecule B 0(5)-Cu(2)-0(8)’ 99.57
0(6)-Cu(2)-0(8)' 88.54
0(7)-Cu(2)-0(8)’ 103.546
0(8)-Cu(2)-0(8)’ 85.12

'Figure 1.8.3

Table 3.2.14: Oax-Cu-Ogq angles in (96) and Cu(hino)2 .

The majority of the [Cu-O] bond lengths in (96) follow the expected pattern 

with the [Cu-O(-C)] bonds (Cu(l)-0(2): 1.915(2) Â; Cu(2)-0(7): 1.927(2) Â; Cu(2)- 

0(10): 1.911(2) Â) being shorter than the [Cu<—0(=C)] bonds (Cu(l)-O(l): 1.952(2) 

Â; Cu(2)-0(8): 1.942(2) Â; Cu(2)-0(9): 1.952(2) Â). However, in ligand B (see 

Figure 3.2.13) of molecule one (containing Cu(l)), the [Cu-0(-C] bond is identical 

(Cu(l)-0(3): 1.933(2) A) to that of the [Cuf-0(=C)] (Cu(l)-0(4): 1.929(2) A) bond.
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In ligands A of (96) the [Cu-0(-C] bond lengths (Cu(l)-0(2): 1.915(2) Â; 

Cu(2)-O(10): 1.911(2) A) compare favourably with examples of monomeric 

copper(II) pyridinones (e.g Cu(e"Bup)2^̂  ̂ and Cu(eBnp)2.2MeOH^‘̂ ) and copper(II) 

cyclic a-hydroxyketone complexes (e.g. Cu(hino)2 ^̂'̂  ̂ and Cu(trop)2^̂ ^̂ ) (Table

3.2.15). In the case of ligand B the [Cu-O(-C)] bond lengths (Cu(l)-0(3): 1.933(2) A; 
Cu(2)-0(7): 1.927(2) A) are considerably longer than the above examples. The reason 

for this is that in ligand B the hydroxyl oxygen has an addtional bridging role, 

whereas in ligand A the hydroxyl oxygen is purely chelating. In the case of Cu(hino)2  

(modification 2)̂ "̂̂  ̂ the [Cu-O(-C)] of the two molecules in the bridging ligand (i.e. 

ligand B) (molecule B, Cu(2)-0(8): 1.922(2) A; molecule C, Cu(l)-0(4): 1.933(2) A) 
are also longer than the [Cu-O(-C)] bonds in the non bridging ligand (i.e. ligand A) 

(molecule B, Cu(2)-0(5): 1.915(2) A; molecule C, Cu(l)-0(2): 1.920(2) A) (Table

3.2.15).

The [Cu4—0(=C)] bond lengths in (96) of ligand A and ligand B (Ligand A, 

Cu(l)-0(1): 1.952(2) A; Cu(2)-0(9): 1.952(2) A; ligand B, Cu(l)-0(4): 1.929(2) A; 
Cu(2)-0(8): 1.942(2) A) are longer than the [Cu<—0(=C)] bond in Cu(e"Bup)2 ’̂̂  

(2.057(1) A) and shorter than in Cu(eBnp)2 .2 MeOĤ ^̂  (1.916(2) A), Cu(trop)2 ^̂^̂ 

(1.915(3) A) and Cu(hino)2 ^̂^̂ (1.904(3) A).
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[Cu-O(-C)] bond (A) [Cu<—0(=C)] bond (A) Ref

(96) 1.915(2); 1.911(2); 
1.933(2); 1.927(2)

1.952(2); 1.952(2); 
1.929(2); 1.942(2)

This work

Cu(e"Bup)2 1.916(1) 2.057(1) 1

Cu(eBnp)2 .2MeOH 1.904(2) 1.916(2) 1

Cu(hino)2  

(modification 1)
1.900(2) 1.904(3) 54

Cu(trop)2 1.915(3) 1.915(3) 65

Cu(hino)2  

(modification 2)
54

Molecule A 1.901(2) 1.910(2)

Molecule B 1.915(2); 1.922(2) 1.921(2); 1.939(2)

Molecule C 1.920(2); 1.933(2) 1.919(2); 1.932(2)

Table 3.2.15: [Cu-O] bond lengths in selected copper(II) complexes.

The [C=0]/[C-0] bond lengths in (96) generally follow the expected pattern with the 

[C-O] bonds (C(l)-0(2): 1.312(4) A; C(19)-0(3): 1.327(4) A; C(37)-0(7): 1.334(4) 

A; C(55)-O(10): 1.317(4) A) being marginally longer than the [C=0] bonds (C(2)- 

0(1): 1.285(4) A; C(20)-O(4): 1.295(4) A; C(38)-0(8): 1.292(4) A; C(56)-0(9): 

1.310(4) A). As can be seen in Table 3.2.16, the [C-O] bond lengths for (96) compare 

favourably with those of other related complexes.
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[C-O] bond (A) [C=0] bond (A) Ref

(96) 1.312(4); 1.327(4); 
1.334(4); 1.317(4)

1.285(4); 1.295(4); 
1.292(4); 1.310(4)

This work

Cu(e"Bup)2 1.328(2) 1.297(2)
1

1

54
Cu(eBnp)2 .2MeOH 1.319(3) 1.292(3)

Cu(hino)2  

(modification 1)
1.296(5) 1.293(5)

65
Cu(trop)2 1.302(5) 1.286(5)

Cu(hino)2  

(modification 2)

Molecule A 1.300(3) 1.306(3) 54

Molecule B 1.304(3); 1.303(3) 1.292(3); 1.291(3)

Molecule C 1.301(3); 1.298(3) 1.291(3); 1.287(3)

Table 3.2.16: [C-0]/C=0] bond distances in selected copper(II) complexes

Upon metal chelation the carbonyl oxygen and the deprotonated hydroxyl 

oxygen form bonds with the highly positive copper atom. In addition, the negative 

charge on the hydroxyl oxygen becomes delocalised through resonance extending 

from the hydroxyl oxygen to the carbonyl oxygen via the [C-C] bond. This results in 

the lengthening of the [C=0] bond, shortening of the [C-C] bond and shortening of 

the [C-O] bond upon chelation of (78). All of these dimensional changes are observed 

and the data is presented in Table 3.2.17.

[C=0] bond (A) [C-C] bond (A) [C-O] bond (A)

(78)

(96)

1.267(5); 1.272(5); 
1.262(5); 1.259(5)

1.285(4); 1.295(4); 
1.292(4); 1.310(4)

1.433(5);1.435(5); 
1.463(5); 1.440(6)

1.427(5); 1.436(5); 
1.449(5); 1.436(5);

1.366(4); 1.359(4); 
1.358(4); 1.366(4)

1.312(4); 1.327(4); 
1.334(4); 1.317(4)

Table 3.2.17: [C=0]/[C-C]/[C-0] bond lengths of (78) and (96).
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3.2.2 Flavour or sugar molecule attached to tropolone or hinokitiol via the N-R 

group

In this part of the chapter, the work described is focused on attaching a flavour 

or sugar molecule to tropolone (61) or hinoktiol (62) via linkage B (Figure 3.2.13).

\7
,0H

R R = H (61)
‘Pr(62)

Figure 3.2.13: Flavour molecule linkage (B) on tropolone (61) and hinokitiol (62).

3.2.2.1 Synthesis and characterisation o f alkylaminotropone ligands

Novel flavoured alkylaminotropones have been synthesised from tosylated 

hinokitiol (97: 2-p-toluenesulphonyloxy-cyclohept-2,4,6-trien-l-one) or tosylated 

tropolone (98: 2-p-toluenesulphonyloxy-4-isopropylcyclohept-2,4,6-trien-1 -one) and 

(73). Previously, alkylaminotropones were synthesised from commercially available 

amines*̂ *̂  and the reactions were carried out in dichloromethane^^or in 

(c/: Chapter I, Section 1.8.5, Scheme 1.8.7). In this project DMSO was used as the 

solvent for the reaction as (73) was not very soluble in dichloromethane.

The tosylated compounds were synthesised from (61) or (62) in the presence 

of /7-toluenesulphonyl chloride to produce (97) and (98) respectively (Scheme 

3.2.8).“ ®̂'
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_ n
Cl s  

o

-Me

,OTs
pyridine

R

R = H (61) 
'Pr (62)

R = H (97) 
' P t  (98)

Scheme 3.2.8: Synthesis of 2-p-toluenesuiphonyloxy-cyclohept-2,4,6-trien-l-one (97) 

and 2-/7-toiuenesulphonyloxy-4-isopropylcyclohept-2,4,6-trien-1 -one

(98).

It has been reported that the reaction of hinoktiol with /7-toluenesuiphonyl 

chloride results in the mixture of two compounds 98a and 98b in the ratio of 9; 1 

(Scheme 3.2.9).̂ ^̂ *̂  The compound (98) was used as a mixture and no attempt was 

made to separate them. Also, no NMR data has been presented of the isomer (98b) 

in the experimental section.

4 "
(98a) (98b)
9 1

Scheme 3.2.9: The mixture of 98a and

The tosylated compounds (97) and (98) are then stirred with (73) in the 

presence of two equivalents of triethylamine in DMSO for one week to produce two 

new flavoured alkylaminotropones, 2-menthoxyethylamino-cyclohept-2,4,6-trien-l- 

one.H20 (99) and 2-menthoxyethyiamino-4-isopropylcyclohept-2,4,6-trien-l-one.H20 
(100) (Scheme 3.2.10).

TsCI

pyridine
+

161



(97), (98) + xs 2 E t,N

.H,0

R = H (9 9 )  
Pr (1 0 0 )

Scheme 3.2.10: Synthesis of 2-menthoxyethylamino-cyclohept-2,4,6-trien-l-one.H20 

(99) and 2-menthoxyethylamino-4-isopropylcyclohept-2,4,6-trien-1 - 

one.H20 (100).

(99) and (100) were characterised by elemental analysis, infrared 

spectroscopy, NMR and NMR. The NMR spectra of the flavoured

alkylaminotropones confirmed their identity and their spectral data proved that the 

compounds had the menthol moiety incorporated into the product (Table 3.2.18).

11 10

R = NHz

(7 3 )

NH
NH

(9 9 ) (100)

Chemical shift (ppm)

d & d C* C r C C^o/cii

(73) 39.5 69.6 78.3 41.3 30.5 33.6 21.4 47.3 26.7 19.9, 15.2 22.3

(9 9 ) 66.3 40.8 80.3 43.5 31.9 34.8 2 1 . 8 48.6 26.1 21.3, 16.6 23.7

( 100) 68.5 37.8 78.6 39.5 30.5 33.5 2 2 . 6 47.2 24.7 19.9, 15.5 22.9

Table 3.2.18: Selected ‘̂ C NMR data for the menthol amino group in (73), (99) and 

( 100).
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The infrared spectra for (99) and (100) are very similar, as one would expect. 

The stretch observed at 3300 cm'* and 3295 cm"' for (99) and (100) respectively is a 

characteristic n(N-H) stretch and this confirms the replacement of the tosyl group by 

the menthol amine. The u(C=0) and n(C=C) stretches are comparable with other 

alkylaminotropones reported in the literature^(Table 3.2.19).

v(N-H) v(C=0) & v(C=C) Ref

(63) 3293 1629, 1590, 1510 1

(68) 3286 1633, 1595, 1541 1

(65) 3291 1637, 1595, 1512 1

(72) 3301 1635, 1593, 1511 1

(99) 3300 1631, 1595, 1519 This work

(100) 3295 1635, 1593, 1513 This work

Table 3.2.19: v(C=0) (cm '̂ ) for selected alkylaminotropones.

An attempt to prepare sugar aminotropones, 2-(P-D-glucopyranosyl-2- 

oxyethylamino)-cyclohept-2,4,6-trien-1 -one (101) and 2-(P-D-glucopyranosyl-2- 

oxyethylamino)-4-isopropylcyclohept-2,4,6-trien-1 -one (102) was made following the 

same procedure as in the synthesis of (99) and (100) (Scheme 3.2.11), but this 

reaction was unsuccessful as (74) was extremely soluble in water and less soluble in 

organic solvents whereas the opposite was true was (97) and (98). Thus the lack of 

solvent compatibility between the two starting materials limited the usefulness of this 

methodology.

0  HO °

OH ^

R R

OH

(74)
R = H (101) 

iPr (102)
R = H (97) 

‘Pr (98)

Scheme 3.2.11: Attempted synthesis o f  sugar alkylaminotropones (101) and (102).
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3.2.2.2 Synthesis and characterisation o f metal (11) complexes

The ligands (99) and (100) were used to prepare the Cu(II) 

alky lam inotroponate complexes, following the method used in earlier studiesJ*  ̂ An 

attempt to prepare zinc(II) derivatives from (99) and (100) was made following the 

same procedure in the synthesis of (103) and (104) (Scheme 3.2.12), but this was 

unsuccessful and the final mixture was composed of a sticky oil and solid that could 

not be separated.

'R '

\\ HP

M = Cu, Zn

R = H (9 9 )  
•Pr (1 0 0 ) HJ

R' =

R = H (103) n = 0

Zn

Scheme 3.2.12: Synthesis of Cu(2 -menthoxyethylaminotroponate)2  (103), Cu(2 
menthoxyethylamino-4 -'sopropyltroponate)2 .H2 0  (104) and 

attempted synthesis of zinc(II) alkylaminotroponate complexes.

(103) and (104) were synthesised and characterised by elemental analysis and 

infrared spectroscopy. The elemental analysis indicates the level of hydration in Cu(2- 

menthoxyethylamino-4 -isopropyltroponate)2 .H2 0  (Analysis for 104: Found [calc. 

C44H70O5N2CU]: C 68.4 (6 8 .6 )%; H 8.99 (9.10)%; N 3.39 (3.64)%). The IR spectrum 

of the copper complex (104) also clearly indicated the presence of the broad o(O-H) at 

3200 cm'*. There is no broad band present in the IR spectrum of (103) indicating that 

this compound is not hydrated. The infrared spectra of the copper complexes (103) 

and (104) are also identical to the ligands (99) and (100), although there is no broad 

i)(N-H) band present and the u(C=0) and u(C=C) bands are shifted to lower 

wavenumbers by around 15-30 cm'* (Table 3.2.20). This confirms that the ligands 

chelate to the metals via the adjacent nitrogen and oxygen atoms.
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(99)

(100)

(103)

(104)

Cu(eat)2

Cu(Bna'Propt)2

d (C = 0) & v(C=C)

1631, 1595, 1519 

1635, 1593, 1513 

1592, 1572, 1509 

1595, 1570, 1511 

1595, 1546, 1513 

1617, 1589, 1510

Ref

This work 

This work 

This work 

This work 

1 

1

Table 3.2.20: v(C=0) (cm ') of selected alkylaminotropone ligands and copper(ll) 

alkylaminotroponates.

Crystals of (103) and (104) were obtained from acetone and toluene respectively, 

although the crystals of (104) were too small to analyse by X-ray crystallography. 

(103) crystallises in the monoclinic space group P2i. The copper atom in (103) is 

four-coordinate and adopts a square planar geometry (Figure 3.2.14). There is no 
dimérisation observed in (103) as is displayed in other similar copper complexes 

analysed in this thesis. Related copper complexes e.g. Cu(trop)2 ,̂ ^̂  ̂ Cu(hino)2 ,̂ '̂*̂ 
Cu(mat)2 '̂̂  and Cu(eat)2 '̂̂  also adopt square planar geometries with a four-coordinate 

copper atom (cf.: Chapter 1, Figure 1.8.2 and Figure 1.8.20).

|C(W)

CI24)C(2S)

C(2B> |C(23)C(28),

cezi
0(4)

C(19) C (WC(21) 

1 0(3)

X u
0(1). 0(17)

10(81

0 (2)
IC(7)

|C(W)

C(10j
0(3)

0(4)

0(111

10(13)

Figure 3.2.14: Structure o f Cu(2-menthoxyethylaminotroponate)2 (103).

165



As expected, the copper atom bonds to the ligands via the carbonyl oxygen 

atom and the nitrogen atom. The menthoxyethyl amine groups adopt a trans- 

configuration as this is the least sterically crowded arrangement. This arrangement is 

observed for the two known copper(II) alkylaminotroponates Cu(mat)2  and Cu(eat)2, 

whereby the alkyl groups are also in a trans arrangement.^*^

The coordination sphere around the copper atom is in a distorted square 

planar environment. This is observed in the bite angles of (103) and the ligands dictate 

them to be less than 90° (N(l)-Cu-O(l): 82.33(18)°; 0(3)-Cu-N(2); 82.89(16)°). The 

bite angles compare favourably with other four-coordinate alkylam inotroponate 

copper(II) complexes (e.g. Cu(mat) 2  and Cu(eat)2). In these complexes the bite angles 

are observed to be less than 90°, thus also indicating that the central metal atoms are 

in a distorted square planar coordination spheres, like (103) (Table 3.2.21).

N-Cu-O angle (°) Ref

(103)

Cu(mat)2

Cu(eat)2

82.33(18); 82.89(16) 

82.04(5); 82.26(5) 

82.34(4)

This work 

1 

1

Table 3.2.21: Bite angles in selected copper(II) alkylamintroponate complexes.

The ligand (99) is able to exist in two forms whereby the hydrogen is either 

bonded to the nitrogen (A), or it could be bonded to the oxygen (B). On chelation to 

the metal it is possible for either the nitrogen or oxygen in (99) to form formally 

dative bonds to the central metal atom with their lone pairs of electrons (Figure

3.2.15).
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,0H

1
R

(B)

Cu 

R
R =

Figure 3.2.15: Different forms of chelation for (99) to copper.

Bond paramaters for selected copper complexes available in the literature 

indicate that and [Cu<—N ^ ^  bond distances range from
1.91-1.99 Â. From the figures quoted in Table 3.2.22 it is evident that the [Cu-N] 

bonds in (103) are also in this range, but from this data it is not apparent whether the 

nitrogen in (99) forms a covalent bond (ligand A) or dative bond (ligand B) (Figure

3.2.15) to the copper atom. However, the [C-N] distances (103) confirm ligand B 

chelation as the carbon-nitrogen(amide) distances (C(7)-N(l): 1.317(6) Â; C(27)- 

N(2): 1.340(7) Â) are in good agreement with K2Cu(biuret)2.4H20 (1.34 and

Cu(biuret)2 (1.321(6) Similarly, the carbon-nitrogen(amine) distances of (103)

(C(8)-N(l): 1.465(7) A ; C(28)-N(2): 1.446(6) A )  compare favourably with the 

average C-N distance for several three-dimensional ethylenediamine complexes (1.48

A ) . ™
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[Cu-01/[Cu-Nl/[C-Nl bond in (103) Bond length (Â)

Cu-O(l) 1.931(4)

Cu-0(3) 1.924(3)

Cu-N(l) 1.926(4)

Cu-N(2) 1.929(4)

N(l)-C(7) 1.317(6)

N(l)-C(8) 1.465(7)

N(2)-C(27) 1.340(7)

N(2)-C(28) 1.446(6)

Table 3.2.22: Bonding parameters in Cu(2-menthoxyethylaminotroponate)2 (103).

As viewed in Table 2.2.23, it is apparent the the [Cu-O(-C)] and [Cu<—N(=C)] 

bonds in (103) compare favourably with other known copper(II) alkylam inotroponate 

complexes. But the [Cu-O(-C)] bonds in (103) are longer than those in structures of 

Cu(trop)2  and Cu(hino)2 . The reason for the longer [Cu-O(-C)] in (103) and other 

copper(II) alkylaminotroponate complexes is because the amino group donates 

electrons to the metal centre thus decreasing it’s positive charge, hence creating a 

weaker bond to the oxygen.

[Cu-(O-C)] bond (A) [Cu>(—N(=C)] bond (A) Ref

(103) 1.924(3); 1.931(4) 1.926(4); 1.929(4) This work

Cu(mat)2 1.934(1); 1.941(1) 1.928(1); 1.931(1) 1

Cu(eat)2 1.931(1) 1.937(1) 1

Cu(trop)2 1.915(3) - 65

Cu(hino)2 1.904(3) - 54

Table 3.2.23: [Cu-O] and [Cu-N] bond lengths in selected copper(II) complexes.
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The [C-O] bond lengths in (103) are similar to those of alkylaminotroponate 

copper(II) complexes and cyclic a-hydroxyketone complexes (Table 3.2.24). The 

[C=N] bonds also agree with those of Cu(mat) 2  and Cu(eat)2 .

[C-O] bond (A) [C=N] bond (A) Ref

(103)

Cu(mat)2

Cu(eat)2

Cu(trop)2

Cu(hino)2

1.297(6); 1.304(6) 

1.296(2); 1.309(2) 

1.294(2) 

1.302(5) 

1.296(5)

1.340(7); 1.317(6) 

1.318(2); 1.320(2) 

1.325(2)

This work 

1 

1

65

54

Table 3.2.24: [C=N]/[C-0] bond distances in selected complexes.

3.3 Conclusions

In this chapter, the work described focused on synthesising novel flavoured 

pyridinones and alkylaminotropones or sugar pyridinones and alkylaminotropones.

The flavoured pyridinones and alkylaminotropones were prepared from a- 

hydroxyketones (e.g maltol (6), tropolone (61) or hinokitiol (62)) and a menthol 

amine, 2-menthoxyethylamine (73).

The synthesis of a flavoured pyridinone ligand l-menthoxyethyl-2-methyl-3- 

hydroxypyridin-4-one (78) was acheived. The synthesis of this compound involved a 

multistep procedure using maltol (6) and (73) as starting materials. The intermediates 

in the synthesis of (78) were also isolated and characterised and included 1- 

menthoxyethyl-2-methyl-3-benzyloxypyridin-4-onium chloride.H2O.0.5toluene 

(77.HC1), l-menthoxyethyl-2-methyl-3-benzyloxypyridin-4-one.H20 (77) and 1- 

menthoxyethyl-2-methyl-3-hydroxyypyridin-4-onium chloride (78.HC1). (77.HC1), 

(77), (78.HC1) and (78) were characterised by X-ray analysis and their structures 

obtained. All four structures proved that the ring oxygen in (6) was substituted by the
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flavoured amine. Hydrogen bonding occurs in the four structures whereby the 

bonding in (77.HC1) and (77) produces an extensive chain and for (78) and (78.HC1) 

the hydrogen bonding produces dimeric structures. In the protonated pyridinones 

(77.HCI) and (78.HC1) the carbonyl oxygen is protonated, thus both compounds have 

proven to exhibit different structural characteristics to that of (78) and (77). The acidic 

form of (73), 2-menthoxyethylammonium chloride (73.HC1) was also characterised 

by X-ray analysis. Hydrogen bonding occurs in (73.HC1) and involves the hydrogens 

on the nitrogen and chloride ions to produce two chains parallel to one another but 

with the menthyl groups in the parallel chains trans to each other.

The “bait-link-bactericide” concept was introduced in this chapter. This 

concept was borne from the activity of tin(II) glucose-6-phosphate which proved to be 

extremely active in low concentrations.^^  ̂ The sugar moiety in tin(II) glucose-6- 

phosphate is the bait for the bacteria, the phosphate group the linker and the metal is 

the bactericide. From this theory, work was carried out in order to synthesise two new 

sugar pyridinones 1 -(p-D-glucopyranosyl-2-oxyethyl)-2-methyl-3-hydroxypyridin-4- 

one (84) and l-(2-deoxy-a-D-glucopyranoside-2-yl)-2-methyl-3-hydroxypyridin-4- 

one (91) from 2'-aminoethyl-p-D-glucopyranoside (74) and methyl 2-amino-2-deoxy- 

a-D-glucopyranoside (89) as potential starting materials. The synthesis of (74) and the 

acidic form of (89) (methyl 2-amino-2-deoxy-a-D-glucopyranoside.HCl (89.HC1)) 

was acheived. Despite several attempts it was not possible to acheive the synthesis of 

the sugar pyridinones (84) and (91).

The next group of compounds which were evaluated were the 

alkylaminotropones. 2-menthoxyethylamino-cyclohept-2,4,6-trien-1 -one.H20 (99) 

and 2-menthoxyethylamino-4-isopropylcyclohept-2,4,6-trien-l-one.H20 (100) were 

prepared from tropolone (61) or hinokitiol (62) combined with (73). They have been 

characterised by NMR spectroscopy and elemental analysis to confirm their identities. 

Attempts were also made to synthesise sugar alkylaminotropones starting from 2- 

aminoethyl-p-D-glucopyranoside (74), although the reactions proved to be 

unsuccessful.
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The copper(II) and zinc(II) pyridinone complexes have successfully been 

prepared from (78). The crystal structure of Cu(l-menthoxyethyl-2-methyl-3- 

hydroxypyridin-4-onate)2.acetone (96) was solved and it proved to be a dimeric 

structure. (96) has two different types of pyridinone ligands chelating to the metal 

centre of each molecule, one being purely chelating and the other both chelating 

bridging. In the dimeric structure of (96) the copper atom is five-coordinate. It was 

not possible to obtain crystals for the zinc(II) pyridinone complex, although it was 

characterised by spectroscopic techniques.

The synthesese of Cu(2-menthoxyethylaminotroponate)2 (103) and Cu(2- 

menthoxyethylamino-4-isopropyltroponate)2.H20 (104) were achieved. They have 

been characterised by spectroscopic tecniques and the structure of (103) was obtained. 

Unfortunately, it was not possible to study (104) by X-ray crystallography as the 

crystals were too small for analysis. The copper atom in (103) is four-coordinate with 

the oxygen and nitrogen atoms chelating to the metal centre. Unfortunately, it was not 

possible to obtain the zinc complexes of (99) and (100).
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CHAPTER IV



CHAPTER IV

ANTI BACTERIAL TESTING

4.1 Introduction

Supragingival plaque formation and the onset of early periodontal disease can 

be controlled by the uses of anti-bacterial agents that are present in mouth rinses or 

toothpastes. Anti-bacterial agents are chemicals that can control or inhibit the rate of 

growth of micro organisms. There are several examples of chemical agents that are 

available commercially and have been used for the control and prevention of oral 

diseases, and some examples of potential anti-plaque agents are shown in Table 4.1.1. 

All theses compounds have proven to show some anti-plaque activity and some 

degree of anti-microbial activity.

Quaternary ammonium compounds (e.g. chlorohexidine, cetyl pyridium chloride (CPC)) 

Plant extracts (sanguinarine)

Phenol (triclosan)

Sugar substitutes (xylitol, mannitol)

Plaque pH regulators (urea, lysyl-arginine)

Enzymes (Mutanase/glucanase)

Metal ions (zinc, stannous, copper)

Essential oils (Amyloglucosidase/glucose oxidase)

Combinations (triclosan/zinc citrate)

Detergent (Sodium lauryl sulphate)

Antibiotics_____________________________________________________________

Table 4.1.1: Examples of agents or classes of substances that have shown anti-plaque 

activity.
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A number of studies have been carried out on potential anti-bacterial 

Chlorohexidine, metal ions and triclosan are the main anti-bacterial compounds that 

have been studied and are common in commercial productsJ '̂*^  ̂ These compounds 

have also been shown to be substantive to oral surfacesĴ "̂ ^̂  Initially, when an agent is 

present in the mouth there is a relatively high concentration which must be at or above 

the MIC (minimum inhibitory concentration) to show anti-microbial activity. The 

high level only lasts for a short period of time after application. After this time, the 

compound is either lost by swallowing or expectoration. Chlorohexidine, metal ions 

and phenolic compounds are believed to release slowly from oral surfaces, hence 

giving a level in saliva capable of inhibiting multiplication of bacteria in the plaque, 

thus overall reducing plaque accumulation. However, if the compounds are non

substantive they are able to act only for a short period despite their anti-bacterial 

properties, thus the bacterial population is able to regrow rapidly to normal levels. 

Figure 4.1.1 shows the difference between a profile of a substantive and non

substantive agent of time after application.

Coac. o f stgent in saliva

Substantive agent

Minimum inhibitory 
concentration

Non substantive agent

Time2nd dose1st dose

Figure 4.1.1: Hypothetical clearance curves for substantive and non-substantive agents 

fi'om the oral surfaces.

4.1.1 Anti-bacterial agents

A few of these biologically active agents reported in the scientific literature 

and their anti-bacterial activity properties are summarised below.
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4.1.1.1 Chlorohexidine

Chlorohexidine is a common anti-bacterial agent and has received particular 

attention by many authors because of its ability to reduce dental caries, plaque and 

gingivitis in humansJ '̂ '̂ '̂*^^

"  Y N N

Cl \  /)— N (^ ^ 2)6 —% /r \  T I i I
H H H H H

Figure 4.1.2: Structure of chlorohexidine

This compound is easily adsorbed on to oral surfaces and is retained for many 

hours. It has a number of properties where by it can interfere with the metabolism of 

bacteria.̂ '̂*̂ '̂ ^̂  ̂ However, if used for long period of times it causes staining and 

mucosal irritation. It is also known to react with surfactants in toothpaste and thus it 

looses its bioactivity. Thus, it is delivered to the mouth as an active agent in 

mouthwash.

4.1.1.2 Triclosan

Triclosan is the most widely used anti-microbial agent in oral care products. 

This compound has been found to have a broad spectrum of anti-microbial activity, 

is retained in the mouth after use and to have clinical efficacy without any proven 

side-effects.

Figure 4.1.3: Structure of Triclosan.

The mode of action of this compound on bacteria is relatively complex and is unclear 

at present. Due to its hydrophobic and lipophilic properties, it is able to adsorb on to
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the lipid portion so the bacterial cell membrane and in low concentrations interferes 

with the cell function.

Triclosan has moderate plaque inhibitory effects, but the effect is said to be 

enhanced with another complementary anti-microbial/anti-plaque agent such as zinc 

citrate.̂ "̂̂ ’ A  possible explanation is that the two agents appear to have

complementary modes of action where the zinc citrate acts on the existing plaque, and 

the triclosan helps to prevent the regrowth of plaque on clean surfaces.T riclosan  

has also been combined with a co-polymer (polyvinyl methyl ether maleic acid) 

which increases oral retention in the m o u t h . T h e  combination of these two agents 

in toothpaste as well has shown an increase in activity in the reduction of salivary 

bacteria when compared to the triclosan alone.̂ ^̂ ^̂

4.1.1.3 Metal ions (zinc, stannous, copper)

A number of metal ions such as silver, copper, zinc and tin have been studied 

for their effects on plaque and are known to bind strongly to plaque components, 

possibly through electrostatic f o r c e s . T h e  metal ions are said to replace the Ca^  ̂

ions that are present in the pellicle and bacterial surfaces.̂ ^̂ *̂  They are also known to 

interfere and inhibit a number of enzyme related processes such as carbohydrate 

metabolism (sugar transport, glycolysis, glucan form ation).R ecent studies have 

shown that zinc can also interfere with bacterial protein synthesis.^̂ ^̂  ̂ The 

disadvantage of using metal ions as anti-bacterial agents in dentifrices is staining of 

the teeth toward a brown /yellow colour and an unpleasant metallic taste. The staining 

is caused by the metal sulphides being formed form metal ions and the suphyhydryl 

groups of the salivary pellicle. Thus, the most potent metal causes the heaviest stain. 

Zinc is not known to produce stains as the zinc sulphides colour is white to light grey. 

It is the only metal that has persisted over the years in a variety of oral care products, 

and its solubility is increased by the addition of sodium lauryl sulphate to the 

toothpaste formulation.
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4.1.1.4 Fluorides

Fluorides are widely used in toothpastes as stannous fluoride, sodium 

monofluorophosphate fluoride or sodium fluoride. Sodium fluoride was the first anti

caries agent to be used in toothpastes, after the finding that fluorinated water reduces 

dental caries. The study began in 1901 when McKoy discovered that people in 

Colorado, USA drank water very rich in fluorides. These people had brown teeth, but 

were extremely resistant to tooth decay.̂ ^̂ °̂  Later, it was found that the water 

fluorides below 1 ppm prevent tooth decay and do not stain the teeth. Studies were 

also carried out on stannous fluoride, and results showed that this compound helped in 

the prevention of plaque formation and gingivitis,^^^*’ although it was the tin ions 

that were active rather than the fluoride.

Fluoride helps in prevention of tooth decay in two ways:

It helps in the reduction of lactic acid production by bacteria present in plaque. 

It helps in remineralising the tooth after the acid attack in the presence of 

calcium.

In general, when the anti-plaque agent is delivered into the mouth, a number of 

factors should be taken into account:

Solubility -  The anti-plaque agent should be soluble in the delivery vehicle, as this 

enhances the rapid release of the active compound into the oral cavity, especially if 

the application time is short. Chlorohexidine, a known anti-bacterial agent is 

solubilised by altering its formulation to the digluconate salt of chlorohexidine, and 

was selected as a soluble anti-bacterial agent in mouth rinses.*̂ ^̂ ^̂  Triclosan, a 

compound that has poor solubility is solubilised in the flavour/surfactant phase of 

dentifi-ices,^^^  ̂which also increases its release. Stabilizing the agent may reduce the 

tendency of the compound to adhere to oral surfaces. This has significance for metal 

ions where they can react with the ligandŝ ^̂ ^̂  or for sparingly soluble organic species 

where interactions with surfactant or flavour oils can occur.̂ *̂̂ "*̂  Therefore, there is an 

important balance between solubility/stability in the formulation and bioavailability.
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The solubility of an anti-microbial agent is an important factor in its activity. 

The agent must pass into or across the bacterial cytoplasmic membrane, which 

consists of a bilayer of phospholipids containing various transmembrane and 

membrane associated proteins. The lipid phase is sandwiched between hydrophilic 

heads (Figure 4.1.4).

HyufOphilic

Phospholipids

HydfOphobK

Phosphohpid
molecule

Figure 4.1.4: Diagram of a cytoplasmic membrane showing the hydrophobic and 

hydrophilic parts of the structure.

The cytoplasmic membrane provides a semipermeable barrier to the cell, 

allowing certain molecules to enter into the cell and prevent important components 

from leaking out of the cell. Thus an active agent should be water soluble enough to 

go past the hydrophilic barrier, but not too water soluble that it can not go past the 

hydrophobic barrier. The agent should have a balance of water and lipid solubility 

properties, in order to have biocidal activity.

pH and Ionic binding- The pH of the oral cavity provides a state of ionization for both 

the agents and the receptor sites. For example at low pH, the oral retention of 

chlorohexidine decreases. A reason for this is the reduced ionization of the acidic 

receptor groups (e.g. carboxylate, sulphate and phosphate).̂ ^̂ ^̂  It is important that the
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anti-plaque agents and receptor sites on the bacteria have ionic interactions in order 

for effective and enhanced anti-bacterial activity.

Stability- Breakdown or alteration of an agent can occur in storage of formulations at 

elevated temperatures or in the oral cavity. The stability of the active compound may 

be altered due to the presence of other ingredients in toothpaste, like for example, 

water, abrasive or surfactant. An example of unstable compounds in toothpaste 

formulations include chlorohexidine and cetyl pyridinium chloride, which react with 

surfactants (stearate, lauryl sulphate) to form precipitates and their efficacy is lost.̂ ^̂ ^̂  

Another possible reason for the lack of stability and modification of a chemical agent 

is caused by bacterial or salivary enzymes.

Hydroxyketones, pyridinones and alkylaminotropones and their metal 

complexes have been shown to possess anti-bacterial properties. These ligands 

are orally safe and the metals complexes that were formed were soluble in water and 

ethanol, thus they could be used as potential active agents in toothpaste. Moreover, 

the ligand/metal ion complexes were shown to be compatible with standard 

toothpaste. This has been a relatively new area of research and no explanation has yet 

been given on the mode of action of the ligand/metal complexes. A possible 

mechanism is that the a-hydroxyketones help to solubilise the metal, so that the 

complex can take the metal into the cell where internal structures are damaged.

In this project, novel flavour containing hydroxyketones, pyridinones, 

alkyaminotropones and their metal derivatives have been synthesised and have been 

tested for their anti-bacterial properties using three methods, zone of inhibition 

method, single species biofilm assay and multispecies biofilm assay. The results from 

these methods proved whether the compounds possessed anti-bacterial activity and 

the results were compared with toothpastes that are made at Unilever (Signal, Integral 

and Zinc (2%)).
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4.2 Anti-bacterial testing methods

4.2.1 Zone o f inhibition method

The zone of inhibition method, also known as the agar diffusion method, is the 

simplest method to measure anti-microbial activity of a compound. This method 

involves using a Petri plate containing a set agar medium with unstimulated saliva. 

After the media has set, four 7mm circles of agar are cut using a sterile cork borer. 

Known amounts of anti-microbial agent are placed in these circles and then the plate 

is incubated overnight at 37°C in a CO2 atmosphere. During the incubation period the 

active agent moves from the holes into the agar, and this inhibits growth of bacteria 

(Figure 4.2.1).

Z)nrl cr e«t agai in a pat-idish (ccntaint 
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a jen t are added In th aae hcle:

Test organisms show 
so Tie s e n s iiv itY  Is the 
agsnts, indicated by 
zones ofinhlbilior 
around the hole

Figure 4.2.1: Schematic diagram of the Zone of Inhibition test.

After the incubation period, there is an area of no growth of bacteria near to 

the holes, but at certain distance the growth of bacteria is observed, in other words at 

this distance the MIC is reached. Therefore the activity of the compounds is measured 

by measuring the distance from the hole to the start of the growth of the bacteria, the 

larger the distance the more active the agent.

4.2.2 Single species biofilm assay method

The single species biofilm assay is an in vitro model of plaque inhibition 

effects. The results obtained from this test reflect the anti-bacterial activity of the 

complexes and are plotted as graphs of absorbance or optical density against time
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(Figure 4.2.2). The graph shows the delay in biofilm regrowth, after treatment, to a 

certain pre-set optical density. If it takes a longer the time for the bacteria to regrow 

after treatment, the agent is deemed more effective. The bacteria used in this test were 

Staphylococcus waneri {S. warneri) and Enterobacter cloacae {E. cloacae). The tests 

are stopped when the absorbance reaches 0.5.

0 8
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/

0.0 -  ____
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Figure 4.2.2: An example of a test and the results obtained for the single species 

biofilm assay

The treatment of the assays involves first dissolving the active agent in a 

solvent. This solution is then put on to a biofilm assay containing the relevant 

microorganisms, and is left for one minute. The active agent solution was removed by 
tipping out the test plate and rinsing it three times with water before patting dry. After 

the treatment the plates were incubated at 37°C in a Dynatec plate reader. The growth 

was recorded by measuring the absorbance at 630nm every fifteen minutes for 18 

hours.

4.2.3 The multispecies biofilm assay method

The multispecies biofilm assay uses six species that are commonly found in 

the oral cavity {Streptococcus sobrinus, Streptococcus oralis, Actinomyces naeslundii, 

Fusobacterium nucleatum, Veillonella dispar and Candida albicans). This method is 

based on a previously described assay.̂ ^̂ ^̂  Mixed species biofilms are formed first on 

pellicle coated hydroxyapatite discs. After the films are formed, they are exposed to 

active agents in a solution of acetone and water mix or just acetone for one minute,
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then rinsed in saline by double dipping (3 x 2mL), to wash off any active agent. The 

discs are then transferred in to new twenty four well multi dish with each well 

containing processed saliva, modified fluid universal medium plus sucrose and 

glucose. The plates are incubated for four hours and after every four hours, the same 

process is repeated three times a day for two days. Four replicates were set up for each 

agent. After the treatment regime, the biofilm is removed from each disk and the 

surviving bacteria are enumerated by plating onto supplemented brain heart infusion.

As described previously, work on a-hydroxyketones, pyridinone and 

alkylaminotropone metal based complexes has shown very interesting anti-bacterial 

properties.^*  ̂The tests that were done involved only single species biofilm assay and 

the efficacy of the compounds was evaluated against different bacteria. The results 

were compared with the anti-plaque activity of standard paste. From the results, it was 

concluded that the ligands hardly showed any anti-bacterial activity when compared 

to the control toothpaste, and the copper complexes were more efficient than the zinc 

ones {cf.\ Chapter I, Section 1.10, Figure 1.10.1 and Figure 1.10.2). A possible 

explanation for the difference in activity of the metals is that all the copper complexes 

were four-coordinate and the zinc ones had a coordination number of five or six.

4.3 Anti-bacterial evaluation

4.3.1 Zone o f inhibition test

4.3.1.1 Cyclic a-hydroxyketone ligands and their metal(II) complexes

The compounds that were tested according to this method included 3-hydroxy 

-6-menthoxyacyetyloxymethyl-4-pyrone (29) Cu (3-hydroxy-6-

menthoxyacetyloxymethyl-4-pyronate)2 (41), Zn(3-hydroxy-6-

menthoxyacetyloxymethyl-4-pyronate)2 (42), Cu(3 -benzyloxy-4-pyrone-6-

carboxylate)2.2H20 (18), Zn(3-benzyloxy-4-pyrone-6-carboxylate)2.3.5H20 (19), 

menthyl 3-oxo-butanoate (45) and Cu(menthyl 3-hydroxy-but-2-enoate)2.MeOH (46). 

In this test, the metal complexes proved difficult to dissolve thus they were used as 

suspensions. Table 4.3.1 shows the results for some of the complexes and it was

181



interesting to see how metal complexes compared with the free ligands. Note that the 

solvents (DMSO, acetone and EtOH) used to dissolve the metal complexes showed no 

anti-bacterial activity as the zone of inhibition of the solvents alone was 0cm.

Size of Inhlbltion/mm

10
9
8
7
6
5
4
3
2
1
0

29 41 42 45 46 18 19 S o lv en t

Table 4.3.1: Results obtained of zone of inhibition tests for cyclic a-hydroxyketone 

ligands and their copper(II) and zinc(II) metal complexes. The ligands 

are shown in red and the copper and zinc complexes are shown in green 

and light blue, respectively. The solvent (DMSO/acetone/EtOH) is 
shown in grey.

The results that were obtained for these compounds were unexpected, as the 

ligands proved to show more activity than the metal complexes. The data shows that 

the two ligands (29) and (45) have a greater zone of inhibition than their metal 
complexes ((41), (42) and (46)). A possible reason for the lack of activity displayed 

by the metal complexes is the lack of solubility. A soluble compound has the metal 

ions easily available when in solution, and thus lack of solubility could decrease the 

activity of the complex and be less readily available. It was observed that the copper 

complex (41) has more activity with a greater zone of inhibition than it’s zinc 

complex (42). This was also observed for (18) and (19), whereby the (18) was more 
active than (19).

4.3.1.2 Pyridinones, alkylaminotropones and their metal(II) complexes

The zone of inhibition test was on conducted on l-menthoxyethyl-2-methyl-3- 

hydroxypyridin-4-one, (78) Cu (l-menthoxyethyl-2-methyl-3-hydroxypyridin-4- 

onate)2.2H20 (94), Zn( 1 -menthoxyethyl-2-methyl-3-hydroxypyridin-4-
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onate)2.1.5H20 (95), Cu(2-menthoxyethyIaminotroponate)2 (103) and Cu(2- 

menthoxyethylamino-4-isopropyltroponate)2.H20 (104). 10% solutions of each 

complex were made by dissolving in acetone. All metal complexes apart from the 

pyridinone metal complexes were difficult to dissolve in most organic solvent thus 

they were used as suspensions. The results obtained for these compounds are 

presented in Table 4.3.2.
Size of Inhlbltion/mm

S o iw n t

Table 4.3.2: Results obtained of zone of inhibition tests for pyridinones, 
alkylaminotropones and their copper(II) and zinc(Il) metal complexes. 

The ligands are shown in red and the copper and zinc complexes are 

shown in green and light blue, respectively. The solvent 

(DMSO/acetone/EtOH) is shown in grey.

The results obtained for (78) and its metal complexes (94) and (95) proved that 

the ligand (78) shows less activity than the metal complexes and also as expected the 

copper pyridinone complex (94) is more efficient than it’s zinc counterpart (95), with 

a greater zone of inhibition. The copper alkylamino derivatives, (103) and (104) 

proved to be active, but the results showed that they were not as active as (94); the 

reason for this is probably their extreme lack of solubility.

From this test it was concluded that solubility played an important role on the 

activity of the complex. The results for the pyridinone derivatives were as expected 

with the ligand showing less activity than the metal complexes. These compounds 

were extremely soluble in acetone, and their solubility properties enhanced their 

activity thus they showed the greatest size of inhibition.
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4.3.2 Single species biofilm assay (S. warneri)

4.3.2.1 Cyclic a-hydroxyketoneligands and their metal(II) complexes

The single species biofilm assay using S. warneri bacterium was conducted on 

the ligands 3-hydroxy-6-menthoxyacetyloxymethyl-4-pyrone (29) and menthyl 3-oxo- 

butanoate (45), and metal complexes Cu(3-benzyloxy-4-pyrone-6-carboxylatc)2.- 

2 H2O (18), Zn(3-benzyloxy-4-pyrone-6-carboxylate)2.3.5H20 (19), (3-hydroxy-6- 

menthoxyacetyloxymethyl-4-pyronate)2Cu (41), 3-hydroxy-6-

menthoxyacetyloxymethyl-4-pyronate)2Zn (42) and Cu(menthyl 3-hydroxy-2-but- 

enoate)2 .MeOH (46). Also included in the experiment were commercial toothpastes, 

including Signal and Integral. All the ligands were dissolved in an ethanol/water mix. 

The metal complexes proved to be difficult to dissolve in an ethanol/water mix, thus 

DMSO or acetone was used; unfortunately, they were still not completely soluble 

however, the test was still carried out. The compounds showed some activity against

S. warneri and the results are presented in Table 4.3.3. The graph also shows activity 

o f a-hydroxyketone copper(II) and zinc(II) complexes (e.g Cu(Etma)2  and Zn(Etma)2) 

that have previously been tested. '̂  ̂ These results are used as a comparison to the anti

bacterial properties o f  the compounds that are reported in this thesis.

Antibacterial Activity

^  ^  /  /

Table 4.3.3: Anti-bacterial activity o f  a-hydroxyketone ligands and related metal 

complexes against S. waneri biofilm. The ligands are shown in red, the 

copper and zinc complexes are shown in green and light blue, 

respectively and the commercial toothpastes are shown in dark blue.
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The results obtained showed that the ligands (29) and (45) were all more active than 

their metal complexes (41), (42) and (46). From the zone of inhibition test this was 

also observed. As mentioned before, the complexes were difficult to dissolve, so this 

could again have an effect on the activity of the complexes. (18) and (19) showed 

high activity as well with (18) being marginally more active than (19). What is 

encouraging from this assay is that the results of insoluble metal complexes are in 

agreement with Integral toothpaste (Tricolsan and ZCT)) and Zn(Etma)2 . None of the 

new a-hydroxyketone metal complexes show greater activity than Cu(Etma)2, but 

(45) has proven to show greater activity than Cu(Etma)2 . In addition, the activity of 

the new synthesised compounds have proven to be more effecitive in bacterial uptake 

than the signal toothpaste, which is promising.

4.3.2.2 Pyridinones, alkylaminotropones and their metal(II) complexes

The test was on conducted on 1 -menthoxyethy 1-2-methy 1-3 -hydroxypyridin-4- 

one (78), Cu(l-menthoxyethyl-2-methyl-3-hydroxypyridin-4-onate)2.2H20 (94), Zn- 

(l-menthoxyethyl-2-methyl-3-hydroxypyridin-4-onate)2.1.5 H2O (95), 2-

menthoxyethylamino-cyclohept-2,4,6-trien-1 -one.H20 (99), 2-menthoxyethylamino- 

4-isopropylcyclohept-2,4,6-trien-l-one.H20 (100), Cu(2-

menthoxyethylaminotroponate)2  (103) and Cu(2-menthoxyethylamino-4- 

isopropyltroponate)2  H2O (104). Also included in the experiment were commercial 

toothpastes, including Signal and Integral. All the ligands were dissolved in an 

ethanol/water mix. The metal derivatives of the pyridinone ligand ((94) and (95)) 

were dissolved in a warm ethanol and the alkylaminotroponates complexes of copper 

((103) and (104)) were dissolved in warm DMSO. The results of the anti-bacterial 

activity against S. wameri of the new compounds synthesised in this project and 

compounds that have been previously tested (e.g. Hdmp (53), Cu(dmp)2 , Zn(dmp)2)̂ ^̂  

and alkylaminotropone ligands ma'Propat (68) and the copper(II) metal complexes 

Cu(Bnat)2) are presented in Table 4.3.4.
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Antibacterial Activity
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Table 4.3.4: Anti-bacterial activity o f  pyridinone and alkylaminotropone ligands and 

related metal complexes against S. waneri biofilm. The ligands are 

shown in red, the copper and zinc complexes are shown in green and 

light blue, respectively and the commercial toothpastes are shown in 

dark blue.

The pyridinone ligand (78) and its metal derivatives showed the most 

promising results with the (94) being the most effective complex. This is also 

observed for (53) and its metal complexes where by the copper complex is the more 

efficient than the free ligand. The new compound (78) showed more activity as 

compared to (53). Ligand (99) and (100) also showed greater activity than the related 

alkylaminotropone ligand (68). Previously, it has also been shown that the 

alkylaminotropone ligands were more effective than the pyridinone ligands.^*  ̂ In this 

case, this is also true where by the alkylaminotropone ligands (99) and (100) showed 

more activity than (78). The copper derivatives o f  alkylaminotropones (103) and 

(104) proved to be less active as compare to their ligands. A possible reason for this is 

their extreme lack o f solubility. Overall, the new ligands showed greater activity than 

previous compounds (e.g. (53) and (68)). What is also encouraging is that all the new 

compounds apart from (78) showed more or nearly equal activity than the standard 

toothpaste. Integral.
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4.3.3 Single species biofilm assay (E.cloacae)

The single species biofilm assay using E.cloacae bacterium was conducted on 

3-hydroxy-6-menthoxyacetyloxymethyl-4-pyrone (29), menthyl 3-oxo-butanonate 

(45), Cu(3-benzyloxy-4-pyrone-6-carboxylate)2.2H20 (18), Zn(3-benzyloxy-4- 

pyrone-6-carboxylate)2.3.5H20 (19), l-menthoxyethyl-2-methyl-3-hydroxypyridin-4- 

one (83), Cu(l-menthoxyethyl-2-methyl-3-hydroxypyridin-4-onate)2.2H20 (94), 

Zn( 1 -menthoxyethyl-2-methyl-3-hydroxypyridin-4-onate)2.1.5 H2O (95), 2-

menthoxyethylamino-cyclohept-2,4,6-trien-l-one.H20 (99) and 2- 

menthoxyethylamino-4-isopropylcyclohept-2,4,6-trien-l-one.H20 (100) (Table 4.3.5).

Antibacterial Activity
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Table 4.3.5: Efficacy o f a-hydroxyketones, pyridinones and alkylaminotropones and 

metal complexes against E. cloacae biofilm. The ligands are shown in 

red, the copper and zinc complexes are shown in green and light blue, 

respectively and the commercial toothpastes are shown in dark blue.

The difference with this assay was they type o f  bacterium used {E. cloacae). 

The test results are encouraging with the ligands (45), (29), (99) and (100) showing 

high activity, with the (45) showing the greatest amount o f  activity as it has the 

longest time for the bacteria to regrow. The pyridinone ligand (78) is less active than 

the metal complexes ((94) and (95)) with the copper complex (94) being more active 

than the zinc complex (95), which is what is expected. As for these compounds, (99), 

(29), (45) and (94) showed superior activity over the toothpastes. Signal and Intergral.
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4.3.4 Multispecies biofilm assay

For this method, l-menthoxyethyl-2-methyl-3-hydroxypyridin-4-one (78), 

Cu( 1 -menthoxyethyl-2-methyl-3-hydroxypyridin-4-onate)2.2H20 (94), Zn( 1 -

menthoxyethyl-2-methyl-3-hydroxypyridin-4-onate)2.1.5H20 (95) were tested. These 

compounds proved to the most soluble and from other testing they proved to be 

effective anti-bacterial agents. The test involved using a multispecies biofilm assay 

where by the ability o f (78), (94) and (95) to control biofilm was demonstrated, 

through repeated exposures o f the formulation. The compounds were dissolved in an 

acetone/water mix. The results obtained for this test are shown in Table 4.3.6. Note, in 

this table the smaller the bar the more active the compound, while in previous tables 

(Table 4.3.3, Table 4.3.4 and Table 4.3.5) the opposite is true with a more active 

compound having a bigger bar.
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Table 4.3.6: Efficacy o f formulations against multispecies biofilm. The ligands are 

shown in red, the copper and zinc complexes are shown in green and 

light blue, respectively and the commercial toothpastes are shown in 

dark blue.

The data showed promising results in the effectiveness o f pyridinone and its 

metal derivatives in inhibiting growth o f  bacteria. The pyridinone ligand (78) and the 

metal derivatives ((94) and (95)) showed superior activity as compared to Signal and 

the 2% Zinc toothpaste, but similar activity as compared to Integral. This method
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proved that the pyridinone ligand showed more activity than its metal derivatives in a 

multiple application procedure. It is uncertain if this was because the metals 

complexes are sufficiently soluble to go past the hydrophilic part of the cytoplasmic 

membrane (Figure 4.1.4) as the pyridinone ligand, but the pyridinone is not extremely 

soluble, so it can easily go past the hydrophobic phospholipid layer, thus entering the 

bacterial cell damaging its interior part.

4.4 Conclusions

The results obtained from previous testing showed that the ligands (e.g. 

hydroxyketones, pyridinones and alkylaminotropones) hardly have any activity, and 

the copper based complexes were always more active than the zinc ones.̂ ^̂  However, 

in this project the opposite was observed, from results obtained from the zone of 

inhibition test and single biofilm assay. The new ligands (e.g (45), (29), (99), (100)) 

proved to show more activity than their metal complexes (e.g (46), (41), (42), (94) 

and (95)). The ligands (45), (29), (99) and (100) also showed greater or similar 

activity than Integral toothpaste when tested agains E. cloacae bacterium, with (45) 

having the greatest activity. On the other hand, metal complexes (94), (95), (18) and 

(19) showed approximately equal or less activity as compared to Integral when tested 

against E. cloacae bacterium. The possible reasons for these unusual results is the lack 

of solubility of the metal complexes, thus decreasing the possibility of the active agent 

being readily available in solution for bacterial uptake.

For the pyridinone ligand (78) and its metal complexes, (94) and (95) the 

results obtained from zone of inhibition and single biofilm assay experiments showed 

that pyridinone ligand had less activity than the metal complexes with the copper 

complex being the most active. However, in the multispecies biofilm assay the ligand 

showed superior activity as compared to the complexes, thus (78) has proven to be 

more effective in a multiple application procedure rather than a single application 

procedure.
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In conclusion it can be said that:

• The new copper and zinc metal a-hydroxyketone complexes are close 

in activity to that of Integral and show more activity than Signal. 

However, none of the new metal complexes showgreater activity than 

Cu(Etma)2 (Table 4.4.1).

Antibacterial Activity
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Table 4.4.1: Anti-bacterial activity of new copper and zinc a-hydroxyketone 

complexes in comparison to previously tested metal complexes 

(Cu(Etma)2 , Cu(ma)2 and Zn(Etma)2 )̂ ‘̂  and commercial toothpastes 
(Integral and Signal). The zinc and copper complexes are shown in 

light blue and green, respectively and the commercial toothpastes are 

shown in dark blue.

• The pyridinone copper and zinc complexes ((94) and (95)) have shown 

promising results by having superior activity over Cu(Etma)2 , two 

known examples of active pyridinone complexes (Cu(dmp)2  and 

Zn(mep)2 )̂ *̂ and commercial toothpastes (Signal and Integral) (Table 

4.4.2).
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Antibacterial Activity

94 95 Cu(Etma)2 Zn(mep)2 Cu(dmp)2 Signal Integral

Table 4.4.2: Anti-bacterial activity of new copper and zinc pyridinone complexes in 

comparison to previously tested metal complexes (Cu(Etma)2, Cu(dmp)2  

and Zn(mep)2)̂ '̂  and commercial toothpastes (Integral and Signal). The 

zinc and copper complexes are shown in light blue and green,
respectively and the commercial toothpastes are shown in dark blue.

• Copper alkylaminotroponate complexes (103) and (104) have not

shown greater activity against S. warneri bacterium than Cu(Etma)2  

but both complexes have shown greater activity than two known active 

copper alkylaminotroponate complexes (Cu(mat)2 and Cu(Bnat)2)̂ '̂  
and Signal and nearly equal activity to Integral (Table 4.4.3).
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Antibacterial activity

103 104 Cu(mat)2 Cu(Bnat)2 Cu(Etma)2 Signal Integral

Table 4.4.3; Anti-bacterial activity of new copper alkylaminotroponate complexes in 

comparison to previously tested metal complexes (Cu(ma)2  and 

Cu(Bnat)2 )̂ '̂  and commercial toothpastes (Signal and Integral). The 

copper complexes are shown in green and the commercial toothpastes 

are shown in dark blue.

• The new ligands (78), (99) and (100) have shown a greater activity 

against S. warneri bacterium as compared to previously tested 

pyridinones, alkylaminotropones and Signal toothpaste (Table 4.4.4 

and Table 4.4.5). '̂̂  The pyridinone ligand has nearly equal activity to 

Integral whereas the alkylaminotropones have shown to have superior 

activity over Integral. It is also noticed from both graphs that the 

alkylaminotropones have more efficient activity as compared to the 

pyridinone ligands.
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Antibacterial Activity

78 53 57 55 58 Signal Integral

Table 4.4.4: Anti-bacterial activity of (78) in comparison to previously tested 

pyridinone ligands (e.g. Hdmp (53), Hdep (57), HmBnp (55), HeBnp 

(58))̂ '̂  and commercial toothpastes (Signal and Integral). The ligands 

are shown in red and the commercial toothpastes are shown in dark 

blue.

Antibacterial activity

99 too  66 65 Signal Integral

Table 4.4.5: Anti-bacterial activity of (99) and (100) in comparison to previously 

tested alkylaminotropone ligands (HBnat (66), H"Propat (65))̂ *̂  and 

commercial toothpastes (Integral and Signal). The ligands are shown in 

red and the commercial toothpastes are shown in dark blue.

• The menthol contaning compounds (45), (94), (95), (99) and (100) have 

shown promising results by having superior activity to Integral and Signal. 

(78), (103) and (104) have shown nearly equal activity to Integral. Also, the
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new flavoured ligands and metal complexes have shown to be more effective 

than the previously tested menthol free ligands.

4.5 Experimental and materials

4.5.1 Zone o f inhibition test

4.5.1.1 Experimental

1. Brain heart infusion (BHI) agar was prepared by dissolving agar (47g, Oxoid, UK) 

in milli Q water (IL) and sterilised by autoclaving.

2. Unstimulated ( 1 OmL) saliva was added to molten agar ( 1L) and mixed.

3. Once the agar was at ~45°c, 20mL of agar was dispensed into the petri dish, the

plate was swirled to mix the agar and left to set.

4. Once the agar had set, 7mm circles of agar were cut using a sterile cork borer and 

removed using a sterile needle.

5. Each test solution (lOOpL) was then placed into the correctly marked well in the 

agar, in quadruplicate. (If testing toothpaste, slurries of each test paste were made 

by adding Ig water to Ig paste, then mixed thoroughly).

6. The plates were incubated overnight at 37°C in 15% CO2 .

7. After this time, the zones of inhibition were measured across 2 diameters at right

angles using a ruler, to the nearest mm.

8. An average was taken of the quadruplicates for each test product.

4.5.2 Single species biofilm assay

4.5.2.1 Experimental

1. Culture required organism {S. warneri or E. cloacae) in BHI broth (100ml, Oxoid, 

UK) for 24 hours at 37°C (20% CO2).

2. Transferred culture into centrifuge tubes and spun at 3500rpm for 7 minutes in the 

Mistral 1000 centrifuge.

3. Decanted supernatant and resuspended the pellet in phosphate buffered saline 

(PBS) (5ml).
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4. Repeated centrifugation and resuspension twice, finally resuspended in PBS 

(2ml).

5. Adjusted ODôionm to 0.2 for E.cloacae and 1.0 for S.warneri using PBS.

6. Bacterial suspension (190pL) was added to each well of a 96 well standard 

polystyrene microtitre plate (Figure 4.5.1).

Figure 4.5.1: Diagram of a 96 well microtitre plate.

7. Formulations of active agents were prepared in deep well plate (ImL per well 
allowing 4 columns to be dispensed at once).

8. For E. cloacae, the plates were left in the incubator overnight. S. warneri plates 

were used immediately.

9. Centrifuged plates at 2500rpm for 4 minutes using the Harrier plate centrifuge.

10. The supernatant was removed by shaking into a bucket of 1% Virkon and it was 

dried by slapping plate onto tissue paper.

11. Water (200pL) was used to rinse the wells (applied using multistepper pipette on 

fastest setting) and the water was shaken out as mentioned in step 10.

12. A washing process was repeated using water (200pL) and patted dry.

13. A known weight of compound was dissolved in a solvent or a solvent mix 

(acetone, dimethylsulphoxide, water and ethanol) to make a 10% solution of the 

active formulation.

14. Formulation (200pL) was added from deep well plate to 4 columns of the 

microplate and left for one minute.

15. The formulation was removed by shaking and slapping plate as mentioned before.

16. The plate was rinsed 3 times with water (200pL).

17. The process was repeated until all plate was treated.

18. Finally, the whole plate rinse with water (200pL) as before and patted dry.
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19. BHI broth (200^iL) was added in each well of the microplate, followed by mineral 

oil (80pL).

20. The plate was incubated in a Dynatec plate reader.

4.5.3 Multispecies biofilm assay

4.4.3.1 Preparations o f reagents and stock solutions 

Sorensen’s buffer (dH 7.2)

KH2PO4 (2.996g) dissolved in milli Q water (33OmL) was mixed with Na2HP0 4  

(6.347g) in milli Q water (670mL). The solution was stored at 4 °C.

Reduced Transfer Fluid (RTF) 1

K2HPO4 (6.00g) was dissolved in milli Q water (IL). The solution was stored at 4 ° C 

prior to use.

Reduced Transfer Fluid (RTF) 1

NaCl (12.00g), (NH4)2 S0 4  (12.00g), K2HPO4 (6.00g) and MgS0 4 .7 H2 0  (2.50g) were 

dissolved and mixed thoroughly in milli Q water (IL).

Hemin solution

0.1 M KOH (lOOmL) was dissolved in ethanol (5OmL) and milli Q water (5OmL). To 

this solution was added hemin chloride (0 .2 0 0 g) and all the contents were mixed 

thoroughly and the solution was stored at 4 °C.

Menadione solution

Menadione (0.025g) was dissolved in ethanol (5OmL), mixed thoroughly and the 

solution was stored at 4 °C.

Saline solution

NaCl (9.00g) was dissolved in milli Q water (IL).
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Sodium lactate solution

Sodium lactate (0.50g) was weighed out into a 7mL steriiin and milli Q water (5mL) 

was added to it. It was filtered sterilise using 0.2^m filter paper into a fresh 7mL 

steriiin.

4.5.52 Preparation o f agars and broths

FUM (modified Fluid Universal Medium) + 0.3% glucose

Solution A

Sorensen’s buffer (200mL), Tryptone (2.5g), yeast (1.25g), KNO3 (0.250g), NaCl 

(0.500g) and Hemin solution (205pL) were all added into a 250mL duran bottle. The 

solution was autoclaved for 40 minutes at 121 °C and 15 p.s.i. After the 40 minutes, it 

was allowed to cool to room temperature.

Solution B

Sorensen’s buffer (12.5mL), glucose (0.750g), cysteine.HCl (0.125g), Na2C0 3  

(0.125g) were all added into a 3OmL steriiin, shaken well to dissolve, then filtered into 

a fresh 15OmL steriiin using 0.2pL filter paper.

RTF solution

RTF 1 stock solution (18.75mL), RTF 2 stock solution (18.75mL), menadione stock 

solution were added to a 60mL steriiin, mixed thoroughly, sterilise filtered and added 

to solution B. This mixture was added to solution A and mixed.

FUM + 0.15% glucose + 0.15% sucrose

Solution A

This was remade following the same procedure as before to make FUM (modified 

Fluid Universal Medium) + 0.3% glucose.
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Solution B

Sorensen's buffer (12.5mL), glucose (0.375g), sucrose (0.375g) cysteine.HCl 

(0.125g), Na2C0 3  (0.125g) were all added into a 30mL steriiin, shaken well to 

dissolve, then filtered into a fresh 150mL steriiin using 0.2pL filter paper.

RTF solution

RTF 1 stock solution (18.75mL), RTF 2 stock solution (18.75mL), menadione stock 

solution were added to a 60mL steriiin, mixed thoroughly, sterilise filtered and added 

to solution B. This mixture was added to solution A and mixed.

4.53.3 Toothpaste solutions

4 replicates were used per test product, so for four discs calculations were done as 

follows.

Metal formulations (pyridinone, zinc pyridinone and copper pyridinone)

0.33. of (94) or (95) was each dissolved in acetone (12mL). (78) was dissolved in of 

50:50 acetone: water mix (12mL). All the compounds warmed gently and mixed 

thoroughly in order for the solid to dissolve.

Toothpaste formulations (Integral, signal and zinc (2%))

3g of each paste were dissolved in water (12mL) and mixed thoroughly.

4.5.3.4 Experimental

1. Dispensed FUM + glucose medium (9mL) into each of the 24 x 15mL centrifuge 

tubes and labelled Ss (x4). So (x4). An (x4), Fn (x4), Vd (x4), Ca (x4) (i.e. 4 

tubes per bacteria {Streptococcus sorbrinus (Ss), Streptococcus oralis (So), 

Actinonyces naeslundii (An), Fusobacterium nucleatum (Fn), Veillonella dispar 

(Vd) and Candida albicans (Ca)).

2. ImL of sodium lactate solution was added in to each of the Vd tubes.

3. Two of 15mL centrifuge tubes for each bacteria were inoculated with a loopful of 

48 hour cultures from BHIS plates. These formed the primary subcultures Ai and 

Bi.
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4. The strains were incubated in the anaerobic cabinet at 37 °C for 24 hours, except 

for Ca which was grown in the CO2 incubator.

5. The primary cultures were checked under the microscope for purity. Then lOOpL 

of Ca, An, Ss and So or 200pL of Fn and Vd were transferred into the remaining 

tubes prepared in step 1 and 2.

6. The strains were incubated anaerobically for 24 hours except for Ca, which was 

grown in the CO2 incubator. These formed secondary subcultures A2 and B2 .

7. Each hydroxyapatite pellet (HAP) discs were put in a well of 24 well multidish 

and processed saliva (SOOpL) was added.

8. This was left for four hours with gently shaking.

9. The A2 secondary subcultures were checked under the microscope for purity and 

their ODeoonm was adjusted to 0.6 by diluting with media or made more 
concentrated with B2 .

10. Processed saliva (1120pL) and FUM + glucose (480|iL) was pipetted into each 

well of a fresh 24 well multidish.

11. The HAP pellicle coated discs were removed from the saliva and put into the 

saliva/media multidish prepared in step 10.

12. 200pL innocula was added to each well and incubated 16.4 hours at 37 °C.

13. ImL of toothpaste solution was pipetted in the first row of the 24 well multidish. 4 

wells were used for each toothpaste solution. Each disk was placed in each test 

solution for 1 minute with gentle shaking.

14. The discs were rinsed by double dipper into 3 x 2mL sterile saline solution (See 

Figure 4.5.2)

000000
000000
000000

1 mL treatment solution

2 mL sabie dips
000000
000000
000000

Figure 4.5.2: Diagram of two 24 well multidish. Each test solution is placed in four 

wells, HAP discs are in the first row of the two multidish and saline is 

in the last three rows of each multidish.
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15. A new well multidish containing 1120pL saliva and 480^L FUM + 

sucrose/glucose in each well.

16. The discs were then transferred into this plate and were incubated 

anaerobically for 4 hours at 37 °C.

17. After the four hours, step 13 and 14 were repeated.

18. The discs were returned to the same plate that was made in step 15 and 

incubated for a further 4 hours at 37 °C.

19. After four hours, step 13-18 were repeated, but the plate was incubated 

overnight.

20. The following day, the discs were placed to the ImL toothpaste solution for 1 

minute and washed (step 13 and step 14), and the discs were transferred into a 

24 multidish with each well containing new 1120pL saliva and 480pL FUM + 

sucrose/glucose in each well.

21. Step 16-19 were repeated.

22. The next day, step 14 was repeated and the discs were transferred into 5OmL 

centrifuge tubes containing ImL saline.

23. Each tube was vortexed for 50 seconds in a centrifuge like manner.

24. 300pL was removed from each centrifuge tube and was diluted down to -4 

into 2.7mL aliquots of saline.

25. -3 and -4 dilutions were plated out onto BHIS agar using a spiral platter.

26. The plates were incubated anaerobically for 72 hours at 37 °C.

27. After 72 hours, the plates were counted for -3 and -4 dilutions for each 

compound (x 4) using an agar plate reader and averaged the mean of the four 

replicates and obtained a log count for each treatment.
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CHAPTER V



CHAPTER V 

EXPERIMENTAL DATA

5.1 Synthesis of novel flavour containing cyclic a-hydroxyketones and their metal 

derivatives

5.1.1 Synthesis o f ligands

Synthesis o f 3-benzyloxy-6-hydroxymethyl-4-pyrone (8 )

This compound was synthesised using a literature procedure^'w here 

anhydrous potassium carbonate (20.5g, 143mmoi) was suspended in a solution of 

kojic acid (5) (lO.Og, 70.4mmol) and benzyl chloride (18.3g, 146mmol) m N, N  - 

dimethylformamide (5OmL). The temperature of the reaction mixture was raised to 

100-120°C and maintained for three hours. The dark reaction mixture was allowed to 

cool to room temperature and poured into water (500mL). The aqueous phase was 

extracted with chloroform (3 x 3OmL), dried over anhydrous magnesium sulphate, 

filtered and evaporated using a high vacuum rotary evaporator to yield a dark brown 

solid. Crystallisation from chloroform gave colourless crystals (7.65g; 47%).

Analysis for (8 ): Found [calc, for C13H12O4]: C 66.9 (67.2)%; H 5.02 (5.12)%.

'H NMR (CDCI3): 7.50 [IH, s, Ç?H\-, 6.45 [IH, s, C^H\\ 4.45 [2H, d, J = 18.0Hz, 

C % ]; 3.01 [IH, t, J = 6.00Hz, 0H\\ 5.01 [2H, s, Cft-Ph]; 7.30- 

7.40 [5H, m,

‘̂ C NMR (CDCU): 135 [C ]̂; 142 [O’]; 175 [C\, 113 [C^]; 167 [C*]; 61.3 [C ]̂; 72.3 

[CH2-Ph]; 129-128 [C«Hs].

IR data; 3319-3109 v(O-H); 1645 v(C=0); 1605 v(C=C); 1349 v(C-OH); 1259, 1205 

v(C-0).

Melting point (°C): 128-130 (Lit: 131-133"C)."^^'
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Synthesis o f  3-benzyloxy-6-carboxy-4-pyrone (9)

3-Benzyloxy-6-hydroxymethyl-4-pyrone (8 ) (2.00g, 8.62mmol) was dissolved 

in acetone (15mL) and cooled to 0°C using an ice bath, to which was added Jones 

reagent {ca. 5mL) (a mixture of 3.29g, 32.9mmol C1O 3, lOmL of H2O and 3.29mL 

H2SO4). The resulting brown mixture was left to stir for one hour. The organic 

material was removed by filtration and the filterate was evaporated to dryness to 

obtain a pale green solid. Recrystallisation fi’om methanol afforded 3-benzyloxy-6- 

carboxy-4-pyrone (9) as a white powder (1.53g; 72%).

Analysis for (9): Found [calc, for C13H10O5]: C 63.3 (63.4) %; H 4.13 (4.07) %.

'H NMR (ds-DMSO): 8.40 [IH, s, 6.80 [IH, s, C^H\; 5.01 [2H, s, C%-Ph];

7.30-7.50 [5H, m, Ce%].

"C NMR (de-DMSO): 136 [C ]̂; 148 [C ]̂; 173 [C^]; 117 [C ]̂; 152 [Cf]; 161 [C'];

70.6 [CHi-Ph]; 127-136 [QH;].

IR data: 3085 v(O-H); 1731, 1629 v(C=0); 1604 v(C=C); 1267, 1216 v(C-O).

Melting point (°C): 195-197 (Lit: 195-197°C)."” i

Synthesis o f 3-benzyloxy-6- tert-butyldimethyl-silyloxymethyl-4-pyrone (13)

3-Benzyloxy-6-hydroxymethyl-4-pyrone (8 ) (l.OOg, 4.31 mmol) was dissolved 

'm N, N  - dimethylformamide (20mL) and was stirred with imidazole (0.73g, 

10.7mmol) and rerr-butyl-dimethylsilylchloride (0.78g, 5.18mmol) at room 

temperature for twenty four hours. Water (100 mL) was added and the mixture was 

the extracted with diethyl ether (3 x lOOmL). The organic fractions were combined, 

dried over magnesium sulphate, filtered and rotary evaporated to produce a greasy 

white solid that recrystallised from a 50:50 chloroform/hexane mix (l.OOg; 67%).

Analysis for (13): Found [calc. Ci9H2 6 0 4 Si]: C 66.2 (65.9)%; H 7.52 (7.51)%.
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'hN M R  (CDCI3): 7.30 [IH, s, C^H\-, 6.30 [IH, s, 4.25 [2H, s, C'%]; 5.00 [2H, 

s, C%-Ph]; 7.30-7.40 [5H, m, C6%]; 0.95 [9H, s, Si-C(C3%)]; 

0.00 [6H, s, Si-2(C%)].

‘^C NMR (CDCI3): 136 [C^]; 142 [C*]; 175 [C^]; 113 [C^]; 167 [Cf]; 61.5 [C']; 72.3 

[CHz-Ph]; 128-135 [C«Hs]; 25.1 [Si-CCCjH,)]; 18.6 [Si- 

C(C3H,)]; -5.10 [Si-2(CH3)].

Synthesis o f 3-hydroxy-6- tert-butyl-dimethyl-silyloxymethyl-4-pyrone (14)

3-Benzyloxy-6-rerf-butyl-dimethyl-silyloxymethyl-4-pyrone (13) (l.OOg, 

2.89mmol) was dissolved in ethanol (20mL) in the presence of 5% Pd/C (0.3Ig) and 

subjected to an atmosphere of hydrogen for twenty four hours. The reaction mixture 

was filtered and rotary evaporated to give a white powder that recrystallised from a 

50:50 chloroform/hexane mix (0.15g; 14%).

Analysis for (14): Found [calc. Ci2H2o0 4 Si]: C 55.8 (56.2)%; H 7.78 (7.81)%.

‘HNMR (CDCb): 7.50 [IH, s, C^H\\ 6.35 [IH, s, C^H\\ 4.30 [2H, s, C’Hz]', 0.95 [9H, 

s, Si-C(C3i/p)]; 0.00 [6H, s, S i-2(% )].

NMR (CDCI3): 142 [C ]̂; 144 [C ]̂; 175 [Cf]\ 113 [C ]̂; 168 [C ]̂; 61.5 [C ]̂; 72.3 

[CH2-Ph]; 25.1 [Si-C(C3H9)]; 18.6 [Si-CiCiUg)]; -5.10 [Si- 

2(CH3)].

Synthesis o f menthoxyacetic acid (16)

Following a previously reported procedure,^menthol  (15) (15.6g, 

lOOmmol) was dissolved in THF {ca. 5OmL) under nitrogen. To this solution was 

added lithium ribbon (0.80g, 115mmol) cut into small pieces and this mixture was 

refluxed under nitrogen for four hours. This solution was then filtered to remove the 

unreacted lithium and dry monochloroacetic acid (4.25g, 45.1mmol) in anhydrous

203



THF (12.5mL) was added dropwise to the filtrate. This reaction was gently refluxed 

for twenty hours. After twenty hours, water (ca. 3OmL) was added. The THF and 

menthol were fractionally distilled from the yellow suspension, which was then 

cooled in an ice bath and filtered to obtain the solid lithium salt as a white precipitate. 

This was dissolved in dilute HCl and extracted using diethyl ether. The resulting 

ethereal solution was washed with water, dried over magnesium sulphate, filtered and 

concentrated under rotary evaporation to produce a yellow oil (2.25g; 10%).

‘H NMR (CDCI3): 8.10 [H, br s, OH]; 4.13 [IH, d, Ja-b= 15.0Hz, 4.02 [IH, d,

Jb-a = 15.0Hz, CW ]; 3.13 [IH, ddd, Js^ax = J3-8 = 9.10, Jâ ieq = 

3.00Hz, C^H]; 1.10-2.30 [2H, m, C % ;  IH, m, C^H; 2H, m, C % ; 

2H, m, C % ; IH, m, C^H; IH, m, C^H]; 0.83, 0.75 [3H, d, J10-9/J11-

9 = 6.30, 8.40Hz, C 'W C "% ]: 0.85 [3H, d, J12.5 = 8.10Hz,

C'^Hs],

‘^C NMR (CDCI3): 176 [C']; 66.3 [C ]̂; 80.8 [C^]; 40.2 [CT*]; 31.9 [O’]; 34.7 [C*];

22.6 [d]; 48.3 [C*]; 26.0 [C*’]; 21.4, 16.4 [C"/C"]; 23.5 [C"].

IR data; 1720v (C=0); 1275 v(C-O); 3120 v(O-H).

Synthesis o f 3-hydroxy-6-menthoxyacetyloxymethyl-4-pyrone (29)

Menthoxyacetylchloride was produced by dissolving menthoxyacetic acid (16) 

(2.60g, 12.1 mmol) in thionyl chloride (4.32mL, 59.3mmol) and warming at 50°C for 

three hours. The excess thionyl chloride was removed by warming in a water bath 

under reduced pressure to produce a colourless oil (2.49g; 8 8  %). Kojic acid (5) 

(0.4Ig, 2.89mmol) was dissolved in dichloromethane (5mL) and cooled to 0°C using 

an ice bath to which was added pyridine (1.16ml, 14.3mmol) followed by a

dichloromethane solution of the acetyl chloride (l.OOg, 4.30mmol). This was slowly

warmed to room temperature and stirring was continued for another twenty four 

hours. After completion of the reaction the reaction mixture was quenched with water 

(2mL) and further stirred for ten minutes. The aqueous phase was extracted with 

dichloromethane (2 x lOmL). The organic fractions were combined and washed with 

10 % HCl (25mL), water (lOmL) and brine (25mL), dried over magnesium sulphate.
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filtered and rotary evaporated to produce a sticky white solid. Colourless crystals were

obtained from hot ethanol which were analysed by X-ray crystallography (1.60g;

39%).

Analysis for (29): Found [calc. C18H26O6]: C 63.6 (63.9)%; H 7.73 (7.69)%.

‘H NMR (CDCI3): 7.85 [ IH, s, C^//]; 6.02 [IH, br s, C’O//]; 6.30 [IH, s, C’//]; 4.95 

[2H, s, C % ]; 4.18 [IH, d, Ja-b= 15.0Hz, 4.02 [IH, d, Jb_a =

15.0Hz, 3.10 [IH, ddd, J io -iu x  ~ Jio-is ~ 11.1, Jio-iieq “
5.10Hz, 1.25-2.20 [2H, m, IH, m, 2H, m,

C '% ; 2H, m, C '% ; IH, m, IH, m, 0.83, 0.72 [3H, 

d, Ji7-i6^Ji8-i6 “  7.50, 6.00Hz, 0.87 [3H, d, J19.12 ~

5.10Hz, C '% ].

'^C NMR (CDCI3): 137 [d]-, 145 [C^]; 169 [C*]; 111 [C*]; 162 [C^]; 60.4 [C^]; 173 

[C*]; 64.7 [<f]; 79.5 [C'"]; 38.9 [C"[; 30.4 [C%  33.3 [C%  21.2 

[C"[; 47.0 [C%  24.6 [C‘%  19.9, 15.3 [C'7 C'*]; 22.3 [C‘\

IR data: 1756, 1655, 1623 v(C=0); 1558 v(C=C); 1230, 1170 v(C-O).

Melting point (°C): 100.

Synthesis o f monomenthyl succinate (30)

Menthol (15) (4.00g, 25.6mmol), succinic anhydride (3.00g, 30.0mmol) and 

N, N - diisopropylethylamine (diPEA) (4.50mL, 26.0mmol) were dissolved in 

anhydrous diethyl ether (lOmL) and stirred at room temperature for seven days and 

the progress of the reaction was monitored by TLC (CHCEiEtOH 90:10). The solvent 

was removed from the reaction mixture under rotary evaporation and the residue was 

dissolved in dichloromethane (30mL). The organic layer was washed with 5% citric 

acid (2 X 30mL), dried over magnesium sulphate, filtered and rotary evaporated to 

yield a white solid (6.18g; 94%).
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Analysis for (30): Found [calc, for C14H24O4]: C 65.4 (65.6)%; H 9.50 (9.38)%.

‘H NMR (CDCI3); 2.50 [4H, m, 4.58 [IH, ddd, Js.6ax= J5.10 = 12.1,

= 4.50Hz, C^H\\ 1.25-1.90 [2H, m, C % ; IH, m, C^H\ 2H, m, 

C % ; 2H, m, IH, m, C"’H; IH, m, C‘‘JÏ]; 0.81, 0.66 [3H, d, 

J12-11/J13-11 = 5.10, 7.50Hz, 0.84 [3H, d, J14.7 =

4.20Hz, C '% ].

‘^C NMR (CDCI3): 178 [C']; 29.7 [C ]̂; 29.6 [C ]̂; 172 [C^]; 72.1 [O’]; 41.8 [C*];

31.8 [C^]; 34.6 [C®]; 23.4 [C®]; 47.4 26.6 [C“\, 21.1,

16.7 [C'^/C"]; 23.8 [C"].

IR data; 1715, 1653 v(C=0); 1285 v(C-O); 3100 v(O-H).

Synthesis o f menthyl 3-benzyloxy-4-pyrone-6-carboxylate (32)

A solution of 3-benzyloxy-6-carboxy-4-pyrone (9) (l.OOg, 4.07mmol) in dry 

dichloromethane, under nitrogen was stirred at room temperature for approximately 

ten minutes. Once it had all dissolved, the solution was treated successively with 

triethylamine (0.82g, 8.10mmol) and thionyl chloride (0.82mL, 11.2mmol). After two 

hours, the solution was evaporated in vacuo to remove excess thionyl chloride and 

dichloromethane, leaving a pink powder. This was redissolved in dichloromethane 

and to it was added menthol (15) (0.95g, 6.09mmol), dimethylaminopyridine (DMAP) 

in dichloromethane (20%). This mixture was allowed to stir for twenty four hours. 

When estérification was complete, the reaction mixture was partitioned between 

diethyl ether and sodium bicarbonate (10%), then the organic phase was washed with 

brine (2 x 20mL) (50% sat.), dried over magnesium sulphate, filtered and dried under 

rotary evaporation to yield a yellow oil. A dark brown solid was produced from hot 

hexane, which was further purified by column chromatography (silica gel : hexane) to 

yield a yellow solid (1.32g; 56%).

Analysis for (32): Found [calc. C23H2 8O5]: C 70.2 (71.9)%; H 7.30 (7.29)%.
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‘h  NMR (CDCU): 7.55 [IH, s, C^H\-, 7.15 [IH, s, 4.80 [IH, ddd, Js.9ax= Jg-is =

10.5, Js-9eq = 4.50Hz, C*7/]; 1.05-2.00 [2H, m, C % ; IH, m, 

C'°7f; 2H, m, C "% ; 2H, m, C'^%; IH, m IH, m, C'"77]; 

0.78, 0.71 [3H, d, J15.14/ J 15-14 = 3.60,4.20Hz, C '% ,/C '% ]; 0.79 

[3H, d, Jn-io = 3.30Hz, C '% ]; 5.10 [2H, s, C%Ph]; 7.20-7.30 

[5H, m, CsHj].

‘^C NMR(CDCl3): 134 [d]; 141 [C^]; 173 [Cf\, 118 [C^]; 151 [C^]; 158 [ C \  76.6 

[C*]; 39.5 [(f\, 30.4 [C'"]; 33.0 [C"]; 20.9 [C%  46.0 [C"]; 25.4 

19.7, 15.3 [C'VC"]; 22.4 [C‘ ]̂; 71.0 [CHz-Ph]; 127-134 

[C«Hs].

IR data: 1745, 1631 v(C=0); 1595 v(C=C); 1278, 1215 v(C-O).

Synthesis o f 3- p-methoxyhenzyloxy-6-hydroxymethyl-4-pyrone (34)

Anhydrous potassium carbonate (9.74g, 70.6mmol) was suspended in a 

solution of kojic acid (5) (5.00g, 35.2mmol) and 4-methoxybenzyl chloride (4.75mL, 

35.0mmol) in jV - dimethylformamide (50mL). The temperature of the reaction 

mixture was raised to 100-120°C and maintained for three hours. The dark reaction 

mixture was allowed to cool to room temperature and poured into water (SOOmL). The 

aqueous was then extracted with chloroform (3 x 30mL), dried over anhydrous 

magnesium sulphate, filtered and evaporated using a high vacuum rotary evaporator 

to yield dark brown solid (4.00g; 43%). Crystals were obtained from hot chloroform.

Analysis for (34): Found [calc, for C14H14O5]: C 64.1 (64.1)%; H 5.43 (5.34)%.

'H NMR (CDCI3); 8.01 [IH, s, C^H\\ 6.20 [IH, s, C^H\\ 5.75 [IH, t, C'Hz-OH]; 4.30 

[2H, d, C % ]; 4.90 [2H, s, C%-Ph]; 7.30 [2H, d, C Æ ]; 7.00 [2H, 

d, Csffz]; 3.70 [3H, s, Ph-OC/7;].

'^C NMR (CDCI3): 142 [C ]̂; 146 [C*]; 175 [Cf\, 113 [C^]; 167 [C^]; 59.2 [C ]̂; 70.2 

[CHz-Ph]; 130-114 [C<H,]; 139 [Ph-COMe]; 53.2 [Ph-Oq.

207



Melting point (°C): 110-112.

Synthesis o f  S-p-methoxyhenzyloxy-6-carboxy-4-pyrone (35)

3 -/7-Methoxybenzyloxy-6 -hydroxymethyl-4 -pyrone (34) (1.61g, 6.15mmol) 

was dissolved in acetone (15mL) and cooled to 0°C using an ice bath to which was 

added Jones reagent (5mL) (a mixture of 3.29g, 32.9mmol CrOa, lOmL of H2O and 

3.29mL H2SO4). The resulting brown mixture was left to stir overnight and slowly 

warmed to room temperature. The dark brown mixture was then filtered and the grey 

precipitate was washed with cold methanol. The precipitate was dried under vacuo 

and recrystallisation from hot methanol afforded 3-p-methoxybenzyloxy-6-carboxy-4- 

pyrone (35) as a crystalline solid (1.52g; 85%).

Analysis for (35): Found [calc, for C14H12O6]: C 60.3 (60.9) %; H 4.45 (4.35) %.

‘H NMR (CDCI3): 8.30 [IH, s, C^H\\ 6.80 [IH, s, C^H\\ 4.90 [2H, s, C//rPh]; 6.95 

[2H, d, C6%]; 7.30 [2H, d, C Æ ]; 3.80 [3H, s, OC%].

‘’C NMR (CDCb): 141 [C^]; 148 [C^]; 173 [C^]; 113 [C*]; 152 [C ]̂; 161 [C^]; 70.3 

[CHz-Ph]; 130-117 [QH,]; 159 [Ph-COMe]; 56.0 [Ph-OCHj].

Synthesis o f menthyl 3-p-methoxybenzyloxy -4-pyrone-6-carboxylate (36)

3-p-Methoxybenzyloxy-6-carboxy-4-pyrone (35) (0.12g, 0.43mmol) was 

dissolved in anhydrous dichloromethane (15mL) and was treated successively with 

triethylamine (0.09g, 0.90mmol) and thionyl chloride (0.09mL, l.lTmmol). After two 

hours, the solution was dried in vacuo to remove excess thionyl chloride and 

dichloromethane. The dry powder was redissolved in dichloromethane (20mL) and to 

it was added menthol (15) (0.07g, 0.45mmol) and dimethylaminopyridine (DMAP) in 

dichloromethane (15mL) (20%). This mixture was allowed to stir for forty eight 

hours. When estérification was complete, the reaction mixture was partitioned 

between diethyl ether and sodium bicarbonate (10%), then the organic phase was 

washed with brine (2 x 20mL) (50% sat.), dried over magnesium sulphate, filtered
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and dried under rotary evaporation to yield a dark brown solid which was further 

purified by column chromatography (silica gel : hexane) to yield a yellow solid 

(0.05g; 28%).

Analysis for (36): Found [calc. C24H30O6]: C 68.9 (69.5)%; H 7.28 (7.25)%.

'H NMR (CDCb): 7.80 [IH, s, 7.10 [IH, s, C^Hj; 4.82 [IH, ddd, = Js-is =

10.5, Jg.9eq = 4.50Hz, C*H\\ 1.10-2.01 [2H, m, C % ; IH, m, 

2H, m, C " %  2H, m, C'^%; IH, m, C'^i/; IH, m, C'"77]; 

0.77, 0.70 [3H, d, J i s - m / J i 6- i4 = 4.20, 7.50Hz, C '^% /C % ]; 0.80 

[3H, d, J,7.,o= 4.10Hz, C '% ]; 4.90 [2H, s, C%-Ph]; 6.75 [2H, d, 

C6%]; 7.21 [2H, d, C6%]; 3.75 [3H, s, OCHi\.

'^C NMR(CDCb): 140 [C^]; 147 [C ]̂; 173 [C ]̂; 118 [C’]; 152 [C^; 162 [C ]̂; 79.5 

[C*]; 40.1 [C^; 30.1 [C‘\  33.0 [C"]; 21.0 [C%  46.2 [C"]; 25.1 

[C'^1; 20.0, 15.3 [C"/C'"]; 23.4 [C"]; 70.5 [CH2-Ph]; 130-119 

[C«H,]; 159 [Ph-COMe]; 58.3 [Ph-OCHj].

Synthesis o f menthyl iodide (37)^” '̂

Iodine (1.27g, 5.00mmol) was dissolved in petroleum-ether 60-80°C (25mL), 

and to it was added menthol (15) (0.78g, 5.00mmol). The reaction was refluxed for

one and a half hours. The progress of the reaction was monitored by TLC (petroleum-

ether 60-80°C as the eluent). After the reaction was complete, the reaction mixture 

was cooled to room temperature and petroleum-ether 60-80°C (25mL) added to it. 

The mixture was washed with 10% thiosulphate solution (2 x lOmL), water (2 x 

10ml) and brine (2 x lOmL) respectively. The organic layer was then dried over 

anhydrous magnesium sulphate, filtered and evaporated using a high vacuum rotary 

evaporator. The crude product was then purified by column chromatography (silica 

gel : pet ether) to yield a colourless oil (0.87g; 6 6 %).

‘H NMR (CDCb): 4.14 [IH, ddd, Ji-2ax= Ji-6 = 12.9, J|.2«, = 5.70Hz, C'/7j; 1.10-2.54 

[2H, m, C % ; IH, m, 2H, m, C % ; 2H, C % ; IH, m, C^B,
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IH, m, C'H\\ 0.82, 0.64 [3H, d, J8-7/J9-7 = 6.30, 7.20Hz, 

C 'ft/C ’f t] ;  0.86 [3H, d, J10.3 = 6.50Hz,

‘’C NMR (CDCb): 36.7 [C‘\, 42.0 [C ]̂; 32.0 [C^]; 34.3 [C^]; 22.0 [C^]; 49.8 [C ]̂;

27.4 [C^]; 21.6,15.0 [C*/C’]; 23.1 [ C '\

Synthesis o f 3-benzyloxy-6-chloromelhyl-4-pyrone (38) '̂™'

Thionyl chloride (2.57mL, 35.2mmol) was added to 3-benzyloxy-6- 

hydroxymethyl-4-pyrone (8 ) (4.19g, IS.Ommol) in chloroform (ca. 25mL). The 

reaction was carried out in a round bottomed flask covered with foil. A yellow 

solution was obtained after stirring for approximately forty five minutes; a yellow 

solid was produced after adding of light petroleum-ether (ca. 20mL) (b.p. 40-60°C). 

Recrystallisation from a 50:50 ethanol/diethyl ether mix gave bright yellow needle 

like crystals (3.21g; 71%).

Analysis for (38): Found [calc, for C13H11O3CI]: C 62.3 (62.3)%; H 4.42 (4.39)%.

'H NMR (CDCb): 7.50 [IH, s, C^H]; 6.35 [IH, s, C^H]; 4.20 [2H, s, C % ]; 5.10 [2H, 

s, Ci/j-Ph]; 7.20-7.35 [5H, m, CsHs],

'^C NMR (CDCb): 136 [C^]; 142 [C^]; 175 [ ( f\ ,  115 [C^]; 162 [C*]; 41.3 [C^]; 72.3 

[CH2-Ph]; 128-129 [C«Hs].

IR data; 1652 v(C=0); 1594 v(C=C); 1244,1202 v(C-O).

Melting point (°C): 116-118 (Lit: 118-120°C).“™'

Synthesis o f 3-benzyloxy-6-iodomethyl-4-pyrone (39)

Potassium iodide (1.92g, 11.6mmol) was added to 3-benzyloxy-6-

chloromethyl-4-pyrone (38) (3.00g, 12.0mmol) in acetone (ca. 25mL). This mixture 

was refluxed for one hour and then cooled to room temperature. To the cold reaction
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mixture, water (25mL) was added and extracted with diethyl ether (3 x 25mL), dried 

over magnesium sulphate, filtered and dried using high vacuum rotary evaporation. 

Recrystallisation from a 50:50 ethanol/diethyl ether mix gave light brown crystals 

(2.56g; 65%).

Analysis for (39): Found [calc, for C13H11O3I]: C 45.6 (45.7)%; H 3.52 (3.22)%.

‘H NMR (CDCb): 7.50 [IH, s, C^H\\ 6.35 [IH, s, C^H\\ 4.20 [2H, d, J = 18.0Hz, 

C % ]; 5.10 [2H, s, C%-Ph]; 7.20-7.35 [5H, m, COIsl

'^C NMR (CDCb): 136 [C^]; 142 [C ]̂; 175 [Cf]; 114 [C*]; 164 [C*]; -3.64 [C ]̂; 72.3 

[CHj-Ph]; 128-129 [C^Hs].

IR data: 1649 v(C=0); 1602 v(C=C); 1254, 1204 v(C-O).

Melting point (°C): 98-100.

Synthesis o f menthyl 3-oxo-hutanoate (45)̂ ^̂ ^̂

Diketene (4.44mL, 57.6mmol) in acetonitrile (6 mL) was added dropwise to an 

acetonitrile (25mL) solution of menthol (15) (4.50g, 28.8mmol) and sodium acetate 

(0.15g, 1.83mmol) and refluxed for two hours. The reaction mixture was cooled to 

0°C and treated with water (6 mL) and extracted with diethyl ether (2 x 20mL). The 

combined organic layer was washed with brine (3 x lOmL), dried over magnesium 

sulphate, rotary evaporated to yield an orange oil. Further purification using column 

chromatography (petroleum ether: ethyl acetate, 95:5) gave a colourless oil (6.20g; 

89%).

Analysis for (45): Found [calc, for C14H24O3]: C 69.5 (70.0)%; H 10.2 (10.0)%.

‘H NMR (CDCb): 2.10 [3H, s, C'%]; 3.28 [2H, s, C % ]; 4.59 [IH, ddd, J s .to =  Js-io 

= 10.5, = 4.62Hz, C^H]; 1.20-1.88 [2H, m, C % ; IH, m, C’H;

2H, m, C '% ; 2H, m, C % ; IH, m, C'"//; IH, m, C"i7]; 0.73, 0.61
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[3H, d , J12-11/J13-11 = 5.40, 6.30Hz, C 'W c '% ] ;  0.76 [3H, d , 3,4.7 

= 4.20Hz, C '% ].

‘̂ C NMR (CDCb): 47.3 [C']; 167 [C ]̂; 30.4 [C^]; 201 [C ]̂; 75.9 [(/]; 41.1 [Cf\, 31.8 

[C’Y, 34.6 [C*]; 22.4 [C']; 51.0 [C‘% 26.5 [C"]; 21.1, 16.5 

[C"/C"]; 23.7 [C'"].

IR data: 1625, 1710 v(C=0).

5.1.2 Synthesis o f metal(II) complexes

The method described by P. Wright was repeated for the synthesis of all metal 

complexes.^^  ̂A solution of ligand in water/ethanol mix was added to a well stirred 

solution of zinc or copper acetate in water/ethanol mix. After stirring for two hours at 

room temperature, the reaction mixture was then stirred under reflux for a further two 

hours and finally left aside at room temperature.

Synthesis o f Cu(5-henzyloxy-4-pyrone-6-carboxylate)2.2H20  (18)

3-Benzyloxy-6-carboxy-4-pyrone (9) (0.67g, 2.72mmol) was reacted with 

copper(ll) acetate (0.27g, 1.35mmol) and on cooling a light blue precipitate was 

produced (0.5 Ig; 49%). Recrystallisation of (18) from hot dimethylsulphoxide yielded 

turquoise crystals (20: Cu(3>benzyloxy-4-pyrone-6-carboxylate)2.H20.3DMSO).

Analysis for (18): Found [calc, for C26H22O12CU]: C 51.9 (52.9)%; H 3.73 (3.73)%.

Analysis for (20): Found [calc, for C32H38O14S3CU]: C 46.8 (47.6)%; H 4.67 (4.71)%.

IRdata: 3100-3150 v(O-H); 1639, 1589 v(C=0); 1601 v(C=C); 1285 v(C-O).
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Synthesis ofZn(3-benzyloxy-4-pyrone-6-carboxylate)2.3.5H20 (19)

3-Benzyloxy-6-carboxy-4-pyrone (9) (0.7Ig, 2.89mmol) was reacted with 

zinc(II) acetate (0.32g, 1.46mmol) and on cooling a white precipitate was produced of 

Zn(3-benzyloxy-4-pyrone-6-carboxylate)2.3.5H20 (19). Colourless crystals of Zn(3- 

benzyloxy-4-pyrone-6-carboxylate)2.2H20 (24) were produced from hot methanol 

(0.21g; 25%).

Analysis for (19): Found [calc, for C26H25O13 sZn]: C 50.7 (50.5)%; H 4.00 (4.04)%.

Analysis for (24): Found [calc, for C26H220i2Zn]: C 53.7 (52.8)%; H 3.98 (3.72)%.

*H NMR (dô-DMSO): 8.20 [IH, s, C^H\; 6.80 [IH, s, C^H]; 4.95 [2H, s, C/^-Ph];

7.30-7.50 [5H, m, CM].

NMR (dô-DMSO): 141 [C^]; 150 [C ]̂; 172 [C ]̂; 115 [C ]̂; 146 [C ]̂; 160 [C ]̂;

70.6 [CH2-Ph]; 125-135 [C^Hs].

IR data: 3200-3275 v(O-H); 1632, 1590 v(C=0); 1604 v(C=C); 1287, 1218 v(C-O).

Synthesis o f Cu(3-hydroxy-6-menthoxyacetyloxymethyl-4-pyronate)2 (41)

3-Hydroxy-6-menthoxyacetyloxymethyl-4-pyrone (29) (0.16g, 0.47mmol) was 

reacted with copper(II) acetate (0.05g, 0.25mmol) and on cooling a light green 

precipitate was produced (0.30g; 8 6 %).

Analysis for (41): Found [calc. C36H50O12CU]: C 58.9 (58.6)%; H 6.62 (6.78)%. 

IRdata: 1756, 1621, 1564 v(C=0); 1506 v(C=C); 1252, 1169 v(C-O).
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Synthesis o f  Zn(3-hydroxy-6-menthoxyacetyloxymethyl-4-pyronate) 2 (42)

3-Hydroxy-6-menthoxyacetyloxymethyl-4-pyrone (29) (0.16g, 0.49mmoi) was 

reacted with zinc(II) acetate (0.05g, 0.27mmol) and on cooling a cream precipitate 

was produced (0.32g; 91%).

Analysis for (42): Found [calc. CseHsoOnZn]: C 58.4 (58.4)%; H 6.81 (6.76)%.

IRdata: 1762, 1611, 1592 v(C=0); 1533 v(C=C); 1267, 1155 v(C-O).

Synthesis o f Cu(3-hydroxy-6-menthoxyacetyloxymethyl-4-pyronate)2.py (43)

Pyridine (5mL) was added to a solution of Cu(3-hydroxy-6- 

menthoxyacetyloxymethyI-4 -pyronate)2  (41) (0.50g, 0.68mmoi) and toluene (30mL). 

The dark green solution was stirred for thirty minutes and was put in the freezer. A 

dark green precipitate of (43) was produced on standing (0.32g; 58%).

Analysis for (43): Found [calc. C41H55O12NCU]: C 60.5 (60.3)%; H 6.80 (6.74)%; N

1.75(1.71)%.

IRdata: 1760, 1649, 1525 v(C=0); 1501 v(C=C); 1261, 1155 v(C-O).

Synthesis o f Cu(3-hydroxy-6-menthoxylaetyloxymethyl-4-pyronate)2.bipy (44)

Bipyridine (0.80g, 5.13mmol) was added a mixture of toluene (30mL) and 

Cu(3 -hydroxy-6 -menthoxyacetyloxymethyl-4 -pyronate)2  (41) (0.60g, 0.81mmol). 

The reaction mixture was stirred for thirty minutes and then left at room temperature 

for a few days, yielding a brown solid (0.52g; 72%).

Analysis for (44): Found [calc. C46H58O12N2CU]: C 60.9 (61.7)%; H 6.50 (6.49)%; N

3.20 (3.13)%.

IRdata: 1768, 1657, 1523 v(C=0); 1509 v(C=C); 1265, 1145 v(C-O).
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Synthesis o f  Cu(menthyl 3-hydroxy-hut-2-enoate)2.MeOH (46)

A minimum amount of dilute ammonia {ca. 3mL) was added to menthyl 3- 

oxo-butanoate (45) (2.89g, 12.0mmol) in order to dissolve the ligand and give a 

homogeneous solution. This solution was added slowly to CUSO4 .5 H2O (1.50g,

6.01 mmol) dissolved in cold water (lOmL). A blue precipitate was produced and 

filtered. The precipitate was washed slowly with cold acetone and finally with diethyl 

ether. The solid was dried in vacuo and recrystallised fi*om warm methanol to produce 

dark blue crystals of Cu(menthyl 3-hydroxy-but-2 -enoate)2 .MeOH (46) (3.21g; 46%).

Analysis for (46): Found [calc, for C29H50O7CU]: C 59.9 (60.7)%; H 8.75 (8.72)%.

IRdata: 1590, 1555 v(C=0).

5.2 Synthesis of flavour containing pyridinones and all^^laminotropones and 

their metal derivatives

5.2.1 Synthesis o f ligands

Synthesis o f 2-menthoxyacetamide (75)̂ *̂̂ ^

The menthxoyacetylchloride was produced by dissolving menthoxyacetic acid 

(16) (lOg, 46.7mmol) in thionyl chloride (16.7mL, 229mmol) and warming at 50°C 

for three hours. The excess thionyl chloride was removed by warming in a water bath 

under reduced pressure, and the acid chloride (7.3Og; 67%) was used directly. 

Ammonia (19.2mL) was added directly to the acid chloride, (7.30g, 31.3mmol) and 

stirred at 0°C for twenty four hours. The final product was washed with water, 

extracted with diethyl ether (2 x 20mL), dried over anhydrous magnesium sulphate, 

filtered and dried under vacuum yielding a white solid. Recrystallisation fi"om 

petroleum-ether 60-80°C gave white crystals (4.58g; 46%).

Analysis for (75): Found [calc, for C12H23O2N]: C 66.4 (67.7)%; H 10.7 (10.7)%; N

6.21 (6.50)%.

215



'h  NMR (CDCI3): 5.80, 6.59 [2H, br s, N%]; 3.98 [IH, d, 15.0Hz, 3.78

[IH, d, Jb.a= 15.6Hz, 3.10 [IH, ddd, J3^ax= J3-8 = 11.4, J3.

te, = 4.50Hz, 1.20-2.20 [2H, m, C % ; IH, m 2H, m,

C % ; 2H, m, C % ; IH, m, IH, m, C^H\\ 0.84, 0.72 [3H, d, 

J10.9/J11-9 = 3.90, 6.60Hz, C '% /C "% ]; 0.87 [3H, d, J12-5 =  

3.30Hz,

‘̂ C NMR (CDCI3): 174 [C']; 68.1 [C ]̂; 80.8 [C^]; 40.5 [C^]; 31.8 [C ]̂; 34.8 [(f\,

22.6 [C ]̂; 48.4 [C*]; 26.4 [C*’]; 21.3,16.6 [C"/C"]; 23.6 [C'^].

IR data: 3189 v(N-H); 1640 v(C=0).

Melting point (°C): 92-94 (Lit: 92-94).^'”

Synthesis o f 2 -menthoxyethylamine (73)̂ '̂̂ ^

In a three necked round bottomed flask were placed 2-menthoxyacetamide 

(75) (4.0Ig, 18.9mmoi) and anhydrous THF (30mL). Lithium aluminium hydride 

(2.15g, 56.7mmol) dissolved in anhydrous THF (20mL) was added dropwise using a 

syringe under the flow of nitrogen to the 2-menthoxyacetamide. During the addition 

the reaction mixture gave off bubbles and became grey. The contents of the flask were 

stirred vigorously and allowed to reflux for eight hours, then cooled to room 

temperature and stirred at this temperature overnight. The mixture was cooled to 0°C 

by application of an ice bath, and water (5mL) was added dropwise. A white 

precipitate was produced and bubbles of gas were given off. The precipitate was 

removed by filtration and washed with diethyl ether. The filtrate was extracted with 

diethyl ether (2 x 25mL) and 15% (w/v) sodium hydroxide (5mL). The organic layers 

were combined, dried over anhydrous magnesium sulphate, filtered and concentrated 

to dryness by rotary evaporation yielding a colourless liquid (2.87g; 78%).

Analysis for (73): Found [calc, for C12H25ON]: C 70.1 (72.4)%; H 12.2 (12.7)%; N

5.16(5.42)%.
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'h  NMR (CDCI3): 2.75 [2H, t, Jnh-i = 3.00Hz, N%]; 3.65 [2H, m, C 'ft]; 3.25 [2H, 

m, 2.97 [IH, ddd, J3jiax = 3 3-8= 10.5, J3^eq= 4.50Hz, C^H]; 

1.15-2.20 [2H, m, C % ; IH, m, 2H, C % ; 2H, m, C '% ; IH, 

m, C*77; IH, m, C^H]; 0.83, 0.71 [3H, d, Jio-VJii-9 = 6.60, 7.20Hz, 

C 'W C "% ]; 0.86 [3H, d, J 12-5 = 6.00Hz, C'^Hi].

‘̂ C NMR (CDCI3): 39.5 [C']; 69.6 [d]; 78.3 [C^]; 41.3 [C^]; 30.5 [C ]̂; 33.6 [Cf]\ 

2 1 . 4  [d \,  4 7 . 3  [d \,  26.7 [C*]; 19.9, 15.2 [C'Vc"]; 2 2 . 3  [C'^].

IR data: 3205 v(N-H).

Synthesis o f 3-benzyloxy-2-methyl-4-pyrone (76)

This compound was synthesised following a literature procedureJ^ '̂̂  ̂ Maltol 

(6 ) (17.8g, 141mmol) was dissolved in methanol (180mL) and to it was added sodium 

hydroxide (6.00g, ISOmmol) in water (200mL) followed by benzyl chloride (20.9g, 

165mmol), and the mixture was refluxed for twelve hours. After the solvent was 

removed by rotary evaporation an orange oil was produced. This was diluted in 

dichloromethane (lOOmL) and washed with 5% (w/v) aqueous sodium hydroxide (5 x 

30mL) and water (2 x 50mL). The organic fraction was dried over anhydrous 

magnesium sulphate, filtered and dried under rotary evaporation to produce a 

colourless oil. This was dissolved in diethyl ether, dried again under rotary 

evaporation. This step was repeated twice. It was then cooled to 0°C for an hour. A 

white solid was obtained on cooling at low temperatures (12.5g; 41%).

'H NMR (CDCI3): 6.28 [IH, d, J5.6 = 6.00Hz, dH];  7.50 [IH, d, J&i = 6.00Hz, dH];

2.00 [3H, s, dHi]; 5.01 [2H, s, C%-Ph]; 7.10-7.35 [5H, m, 

C6%].

'^C NMR (CDCI3): 137 [ d \,  144 [C^]; 175 [d \,  117 [C®]; 154 [C^]; 15.2 [d]-, 73.8 

[CH2-PI1]; 128-139 [QHs].
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Synthesis o f l-menthoxyethyl-2-methyl-3-benzyloxypyridin-4-onium chloride.H2O.- 

O.Stoluene (77.HC1)

Sodium hydroxide solution (lOM) was added to a mixture of 3-benzyloxy-2- 

methyl-4-pyrone (76) (l.OOg, 4.63mmol), ethanol (lOmL), 2-menthoxyethylamine 

(73) (2.69g, 13.5mmol) and water (lOmL) until the pH reached 13. This mixture was 

heated for twelve hours under reflux and then cooled to room temperature. The

volume was then reduced to lOmL by rotary evaporation, which was then

subsequently added to water (lOmL) and adjusted to pH 1 with concentrated HCl. The 

compound was obtained on precipitation from the addition of diethyl ether (20mL). 

This mixture was filtered to obtain a white solid which was dried in vacuo for twenty 

four hours. Recrystallisation from toluene produced colourless crystals suitable for X- 

ray crystallography (0.50g; 20%).

Analysis for (77.HC1): Found [calc, for C32H46O4NCI]: C 70.9 (70.7)%; H 8.73

(8.46)%; N 2.39 (2.57)%.

‘H NMR (CDCI3): 7.97 [IH, d, J5.6 = 6.00Hz, C^H]; 8.31 [IH, d, Je.5 = 6.00Hz, Ĉ H];

4.50 [2H, m, C % ]; 3.95, 3.50 [2H, m, C % ]; 2.95 [IH, ddd, J,. 

lOax = J9-15 = 10.5, J9-ioeq = 1.80Hz, C^H\\ 1.05-1.85 [2H, m, 

C '% ; IH, m, C"H\ 2H, m, C'^%; 2H, m, C '% ; IH, m, C'"g; 

IH, m, 0.74, 0.47 [3H, d, J16-15/J17.15 = 6.60, 8.40Hz,

C 'W C '% ] ;  0.81 [3H, d, Jis-ii = 8.20Hz, C '% ]; 2.40 [3H, s, 

C '% ]; 5.15 [IH, d, J..b = 9.00Hz, CH“-Ph]; 5.04 [IH, d, = 

9.00Hz, CH*-Ph]; 7.10-7.40 [5H, m, CsHj].

‘̂ C NMR (CDCI3); 138 [C ]̂; 149 [C^]; 172 [C^]; 115 [C*]; 143 [(^]; 67.2 [C ]̂; 40.1 

[C*]; 80.7 [C’]; 48.3 [C‘\  31.7 [C"]; 35.3 21.2 [C"]; 57.1

[C‘\ ,  26.2 [C"]; 22.2, 14.3 24.3 [C"]; 16.3 [C‘\  73.8

[CHj-Ph]; 129-136 [C«H;].

IR data: 3184 v(O-H); 1631, 1576, 1532 v(C=0) and v(C=C); 1245 v(C-N).
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Melting point (°C): 138-140.

Synthesis o f  l-menthoxyethyl-2-methyl-3~hydroxypyridin-4-onium chloride (78.HC1)

l-Menthoxyethyl-2-methyl-3-benzyloxypyridin-4-onium chloride. H2O- 

0.5toluene (77.HC1) (0.30g, 0.55mmol) was dissolved in ethanol (lOmL) in the 

presence of 5% Pd/C (0.08g) and subjected to hydrogenolysis for four hours. The 

reaction mixture was filtered and rotary evaporated to give a white powder. 

Recrystallisation from toluene/dichloromethane yielded colourless crystals suitable 

for X-ray crystallography (0.1 Ig; 58%)

Analysis for (78.HC1): Found [calc, for C18H30O3NCI]: C 62.6 (62.9)%; H 8.63

(8.73)%; N 3.83 (4.07)%.

'H NMR (CDCI3): 7.98 [IH, d, Jw =  9.00Hz, C^H\\ 8.20 [IH, d, J6-s= 9.00Hz,

4.50 [2H, m, C % ]; 3.95, 3.50 [2H, m, 2.90 [IH, ddd, Ja-ioax 

= 1 9 .1 5 = 10.5, J9-I0eq = 2.10Hz, C’H]; 1.15-1.90 [2H,m, C '% ; IH, 

m, C"i/; 2H, m, C'^%: 2H, m, C '% ; IH, m, C'*H\ IH, m, C'^77]; 

0.74, 0.45 [3H, d, J16-15/J17-15 = 6 .0 0 , 8.40Hz, 0.81

[3H, d, J18.U = 6.00Hz, C"% ]; 2.50 [3H, s, C '% ].

"C NMR (CDCI3): 138 [C ]̂; 144 [C’]; 169 [CT*]; 117 [C ]̂; 142 [Cf]; 68.7 [C^]; 40.2 

[C*]; 80.7 [Cf]; 46.3 {C‘\ ,  31.4 [C"]; 34.6 [C"]; 22.6 [C"]; 57.0

{C'% 26.1 [C"]; 21.3, 13.7 [C'Vc'^]; 2 2 . 6  [C'*]; 16.3 [C‘\

IRdata: 3138 v(O-H); 1630, 1576, 1530 v(C=0) and v(C=C); 1243 v(C-N).

Synthesis o f l-menthoxyethyl-2-methyl-3-benzyloxypyridin-4-one.H20  (77)

1 -Menthoxyethyl-2-methyl-3-benzyloxypyridin-4-onium chloride.H2 0 .- 

O.Stoluene (77.HC1) (l.OOg, 1.84mmol) was added to sodium hydroxide solution 

(2M) (25mL) and stirred overnight at room temperature. The reaction mixture was

then dissolved in chloroform (25mL) and washed with water (2 x 25mL). The organic
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fraction was dried over anhydrous magnesium sulphate, filtered and dried under 

rotary evaporation to produce a brown oil which solidified on standing to produce a 

pale white solid. Recrystallisation from chloroform afforded cream crystals of 1- 

menthoxyethyl-2 -methyl-3 -benzyloxypyridin-4 -one.H2 0  (77) (0.25g, 31%).

Analysis for (77): Found [calc, for C25H37O4N]: C 73.0 (72.3)%; H 8.63 (8.91)%; N

3.36 (3.37)%.

‘H NMR (CDCI3): 6.33 [IH, d, J w -  7.20Hz, C^H]; 7.17 [IH, d, J6-s= 7.20Hz,

3.80 [2H, m, C % ]; 3.75, 3.30 [2H, m, C % ]; 2.90 [IH, ddd, J,. 

lOax = Js-14 = 9.00, J9-io«i = 3.00Hz, C’/fl; 1.10-1.85 [2H, m, 

C '% ; IH, m, C"H; 2H, m, 2H, m, C'^%; IH, m, C'"H;

IH, m, C‘’/q ; 0.77, 0.56 [3H, d, J |6-i5/Ji7-i5= 7.50, 9.00Hz, 

C 'W C '% ] ;  0.83 [3H, d, Jig-ii = 6.60Hz, C '% ]; 2.10 [3H, s, 

C '% ]; 5.18 [IH, d, J._b= 9.00Hz, CH“-Ph]; 5.10 [IH, d, Jb-a = 

9.00Hz, CH*-Ph]; 7.10-7.30 [5H, m, Cffls].

'^C NMR (CDCb): 126 [C ]̂; 145 [C^]; 172 [Cf]; 109 [C*]; 137 [Cf]; 6 8 . 8  [C^]; 38.9 

[C*]; 79.1 [Cf]; 47.0 [ C \  30.4 [C"]; 33.4 [C"]; 21.3 [C"]; 52.4 

[C"]; 24.6 [C"l; 19.9, 11.7 [C'Vc"]; 22.0 [C'*]; 14.3 [C'*’]; 66.0 

[CHi-Ph]; 127-137 [C«H;].

IR data: 3132 v(O-H); 1628, 1559, 1527 v(C=0) and v(C=C); 1220 v(C-N).

Melting point (°C): 38-40.

Synthesis o f l-menthoxyethyl-2-methyl-3-hydroxypyridin-4-one (78)

1 -Menthoxyethyl-2 -methyl-3 -benzyloxypyridin-4 -one.2 H2 0  (77) (0.25g,

0.57mmol) was dissolved in ethanol (9mL) and water (ImL) in the presence of 5% 

Pd/C (0.07g) and subjected to hydrogenolysis for four hours. The reaction mixture 

was filtered and rotary evaporated to give a white powder. Recrystallisation from 

aqeous ethanol afforded colourless crystals (0.04g; 21%).
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Analysis for (78): Found [calc, for C18H29O3N]: C 69.4 (70.4)%; H 9.43 (9.45)%; N

4.35 (4.56)%.

‘H NMR (CDCb): 8.05 [IH, br s, OH]; 6.30 [IH, d, Js.6 = 9.00Hz, C’^Tj; 7.23 [IH, d, 

J6-5 9.00Hz, &H]; 4.00 [2H, m, C % ]; 3.80, 3.42 [2H, m, C % ];

2.95 [IH, ddd, Jg-ioax = J9-15 = 1 0 .0 , J9 .ioeq=  4.00Hz, Ĉ H]; 1 .1 0 - 

1.90 [2H, m, C '% ; IH, m, C''H; 2H, m, C'^%; 2H, m, C '% ; 

IH, m, C'*H; IH, m, C'^H\; 0.76, 0.53 [3H, d, Ji6.i5/Ji7.is= 7.50, 

8.70Hz, C 'W C "% ]; 0.82 [3H, d, J ig -ii = 9.00Hz, C‘*i/j]; 2.30 

[3H, s, C '% ].

‘̂ C NMR (CDCb): 127 [C^]; 145 [&]; 169 [O']; 110 [C*]; 137 [C^]; 6 6 . 1  [d]; 40.0 

[C*]; 79.3 [C^; 47.1 [C '\, 30.4 [C"]; 33.4 [C"]; 21.2 [C"]; 52.6 

[C'*']; 24.6 [C%  19.8, 11.1 [C'^/C"]; 22.1 [C'*]; 14.9

IR data: 3148 v(O-H); 1628, 1560,1527 v(C=0) and v(C=C); 1222 v(C-N).

Melting point (°C): 120-122

Synthesis o f 2'-bromoethyl 2,3,4,6-tetra-O-acetyl-^D-gIucopyranoside (81)

2-Bromoethanol (3.12mL, 44.0mmol) was added to a solution of p-D-glucose 

pentaacetate (80) ( 1,2,3,4,6-penta-O-acetyl-p-D-glucopyranose) (11.7g, 30.0mmol) in 

anhydrous dichloromethane (SOmL). The reaction mixture was cooled to 0°C using an 

ice bath to which was added boron trifluoride diethyl etherate (28.5mL, 224mmol) 

and stirred for one hour and then at 35°C overnight. The resulting solution was 

washed with water (lOOmL), neutralised by adding saturated sodium bicarbonate 

solution (150mL) and finally washed with brine. The combined organic fractions were 

dried over magnesium sulphate, filtered and evaporated in vacuo to produce an orange 

oil as the crude product (10.6g; 78%). The resulting oil was dissolved in warm diethyl 

ether (35mL) and the mixture refrigerated overnight during which time a white solid 

precipitated (4.89g; 37%).
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Analysis for (81): Found [calc. Ci6H2 3 0 ioBr]: C 42.4 (42.2)%; H 5.34 (5.06)%.

‘H NMR (CDCb): 3.40 [2H, m, C%Br]; 3.70 [2H, m, OCTb]; 4.51 [IH, d, J , .2  = 

8.10Hz, C‘i7]; 4.95 [IH, t, J2.1/3 = 9.60Hz, C^i/]; 5.15 [IH, t, J3.2/4 

= 9.90Hz, C^H\\ 5.02 [IH, t, J4.3/5 = 9.90Hz, C^fl]; 4.09 [H, m, 

C’H]; 4.10 [H, m, C^H\\ 4.20 [IH, dd, V b  = 11.7Hz, =

4.20Hz, C'*//]; 2 . 1 0  [3H, s, OCOCft]; 2.05 [3H, s, OCOCft];

1.95 [3H, s, OCOC/b]; 1.90 [3H, s, OCOC/b]: 2.15 [3H, s, 

OCOCib].

‘^C NMR (CDCb): 30.2 [BrCH2]; 68.7 [OCH2]; 101 [C'[; 71.4 [Cf]; 72.3 [C*]; 73.0 

[d]-, 70.1 [C']; 62.2 [C^; 171.0 [C=0]; 171 [O O ]; 170 [C=0]; 

170 [O O ]; 2 1 . 1  [CH3]; 20.9 [3 x CH3]

IR data: 1737, 1697 v(C=0); 1169, 1031 v(C-O-C); 589 v(C-Br).

Synthesis o f 2'-azidoethyl 2,3,4,6-tetra-0-acetyl-/3-D-glucopyranoside (82)

Sodium azide (1.62g, 24.9mmol) was added to a solution of 2-bromoethyl 

2,3,4,6-tetra-O-acetyl-p-D-glucopyranoside (81) (1.87g, 4.11 mmol) in anhydrous N, 

N -  dimethylformamide (165mL) and the reaction mixture was stirred at 60°C for one 

and a half hours. The reaction mixture was concentrated dryness under reduced

pressure and the residue was dissolved in dichloromethane (200mL). The resulting 

solution was washed with water (4 x lOOmL), dried with magnesium sulphate, filtered 

and rotary evaporated to yield a white solid (0.9Ig; 53%).

Analysis for (82): Found [calc. C16H23O10N3]: C 44.2 (46.0)%; H 5.45 (5.52)%; N

9.57(10.1)%.

'H NMR (CDCb): 3.20 [IH, m, CfflMs]; 3.35 [IH, m, CHN3]; 3.55 [2H, m, OCH2];

4.51 [IH, d, Ji-2 = 8.00Hz, C'/7]; 4.95 [IH, t, J2-10 = 9.60Hz, 

dH]-, 5.15 [IH, t, 33.2/4 = 9.30Hz, dH];  5.02 [IH, t, J4.3/5 = 

9.60Hz, dH];  3.97 [IH, m, dH]-, 4.09 [IH, dd, Jba-b = 12.0Hz,
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J6-5 = 4.20Hz, C*H]; 4.19 [IH, dd, Jea-b = 14.4Hz, Je.; = 3.00Hz, 

C*//]; 2.17 [3H, s, OCOCft]; 2.15 [3H, s, OCOCH3]; 2.01 [3H, 

s, OCOCft]; 2.00 [3H, s, OCOCi/J; 2.15 [3H, s, OCOCft].

‘̂ C NMR (CDCI3): 50.8 [N3CH2]; 66.5 [OCH2]; 99.1 [d]; 71.2 [d]; 72.3 [C^]; 73.1 

[d \,  71.4 [O’]; 65.2 [d]; 170.7 [C O ]; 171 [O O]; 170 [OO]; 

170 [C O ]; 21.1 [CH3]; 20.9 [3 x CH3].

IR data: 2108 v(CN=K"=N); 1761, 1739 v(CO ); 1162, 1034 v(C-O-C).

Synthesis of2'-azidoethyip-D-glucopyranoside (83)

2'-Azidoethyl 2,3,4,6-tetra-0-acety!-p-D-glucopyranoside (82) (1.74g,

4.17mmol) was stirred with anhydrous potassium carbonate (0.02g, 0.14mmol) in 

anhydrous methanol (30mL) at room temperature under a nitrogen atmosphere. After 

one and a half hours Amberlite IR-120 (PLUS) ion-exchange resin (washed with 

methanol) was added to the above reaction mixture and stirred for a further thirty 

minutes. The resin was then filtered under gravity filtration and the filtrate was rotary 

evaporated to yield a yellow oil (l.OOg; 96%).

Analysis for (83): Found [calc. CgHisOôNs]: C 39.2 (38.6)%; H 6.10 (6.02)%; N 17.2

(16.6)%.

'H NMR (D2O): 3.20 [2H, m, C%N3]; 3.65 [2H, m, OC%]; 4.35 [IH, d, J1.2 = 

8.00Hz, dH\-, 3.10-3.45 [3H, m, d H , d H , d H \\  3.56 [2H, m, d H ,  

C^//]; 3.98 [IH, m, C^H].

‘̂ C NMR (D2O): 50.9 [N3CH2]; 6 8 . 8  [OCH2]; 103 [C']; 73.4 [d]; 76.1 [C^]; 76.3 

[ d l  70 [C’]; 61.1 [C*].

IR data: 3337 v(OH); 2927 v(C-H); 2113 v(CN=N*=N'); 1650 v(C=0); 1290, 1071 

v(C-O-C).
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Synthesis of2'-aminoethyl-/3-D-glucopyranoside (74)

2-Azidoethyip-D-glucopyranoside (83) (O.SSg, 3.53mmol) was stirred in 

anhydrous methanol (25mL) with 10% Pd/C (0.45g) under an atmosphere of 

hydrogen gas. The reaction mixture was stirred for sixteen hours at room temperature. 

The catalyst was filtered and the filtrate was concentrated in vacuo to yield a 

colourless foam (0.52g; 6 6  %).

'H NMR (D2O): 4.40 [IH, d, J,.2 = 6  00Hz, C'H\\ 3.85 [2H, m, C % ]; 3.56 [3H, m, 

C^H, OCft]; 3.45-3.15 [5H, m, C ftN H i C^H, C^H, C*H\; 2.80 [2H, 

m, CH2N//2].

'^C NMR (D2O): 40.5 [NH2CH2]; 70.0 [OCH2]; 103 [C']; 73.5 [C^]; 76.1 [C ]̂; 76.3

[C®]; 61.1 [C ]̂.

IR data: 2500-3549 v(OH) and u(NH).

Synthesis o f 2-methyl-3-benzyloxypyridin-4-one (85)

Aqueous ammonia (50mL) was added to a solution of ethanol (25ml) and 3- 

benzyloxy-2-methyl-4-pyrone (76) (13.5g, 62.5mmol) and stirred for forty eight hours 

at room temperature. The mixture was concentrated under reduced pressure, taken in 

to water (lOOmL) and adjusted to pH 1 by the addition of concentrated HCl. The 

aqueous phase was washed with ethyl acetate (3 x 75mL) and the adjusted to pH 10 

by the addition of sodium hydroxide solution (2M). The aqueous phase was extracted 

with chloroform (3 x lOOmL), dried over magnesium sulphate, filtered and rotary 

evaporated to yield an orange oil. Recrystallisation fi*om a 50:50 mix of 

methanol/diethyl ether gave yellow crystals (5.00g; 37%).

Analysis for (85): Found [calc, for C13H13O2N]: C 72.2 (72.5)%; H 6.18 (6.04)%; N

6.45 (6.51)%.
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'h  NMR (CDCb): 6.31 [IH, d, Jsms= 8.70Hz, C^H\\ 7.23 [IH, d, J6-5= 6.90Hz, C®/fl;

2.05 [3H, s, C’/b]; 4.92 [2H, s, C/b-Ph]; 7.10-7.35 [5H, m, CtHsl

’’c  NMR (CDCb): 126 [C^]; 137 [C*]; 173 [C^]; 115 [O’]; 138 [Cf]\ 13.1 [C ]̂; 72.2 

[C H î-  Ph]; 127-129 [C « H ;].

Synthesis o f I,3,4,6-tetra-0-acetyl-N-acetyl-P-D-glucosamine (88)^ '̂*'

D-glucosamine hydrochloride (87.HCI) (3.00g, 13.9mmol) was dissolved in a 

solution of zinc chloride (3.60g, 26.4mmol) and acetic anhydride (25mL) and the 

mixture was stirred at 70-80°C for ten minutes. After the ten minutes, the solution was 

cooled to room temperature and sodium bicarbonate was slowly added to the reaction 

mixture until the pH of the solution was neutral. This solution was placed in the fi'idge 

overnight in which a white precipitate of the pentaacetate separated. The white solid 

was washed with water, dried and recrystallised from hot absolute ethanol to give the 

product as white crystalline solid (2.90g; 54%).

Analysis for (88): Found [calc. C16H23O10N]: C 49.3 (49.3)%; H 5.85 (5.91)% N 3.56

(3.60)%.

NMR (CDCI3): 5.62 [IH, d, J1.2 = 9.00Hz, C^H\\ 3.73 [IH, m, C^H\\ 5.51 [IH, d, 

J n h - 2 =  9.00Hz, N/f]; 5.09 [IH, t, 13.2/4 = 6.00Hz, C^H\\ 5.05 [IH, 

t, J4-3/5 = 6.00Hz, 4.20 [2H, m, C^H\\ 4.06 [IH, dd,

J6a-b= 12.6Hz, J6-5 = 2.00Hz, C^H\\ 2.10 [3H, s, OCOC//5]; 2.05 

[3H, s, OCOCi/i]; 2.00 [3H, s, OCOC//i]; 2.01 [3H, s, 

OCOC//3]; 1.85 [3H, s,NHOCOC7/i].

NMR (CDCI3): 93.0 [C ]̂; 53.5 [C ]̂; 73.0 [C ]̂; 73.3 [C*\, 68.1 [C ]̂; 62.0 [Cf\, 

172 [C=0]; 171 [C=0]; 170 [C=0]; 170 [C=0]; 23.6 

[NHCOCH3]; 21.3 [CH3]; 2 1 . 1  [C T /j]; 2 1 . 0  [CH3]; 20.9 [Œ 3].

IRdata: 1751, 1652 v(C=0); 1305, 1147, 1069 v(C-O-C).
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Synthesis o f  methyl 2-amino-2-deoxy-a-D-glucopyranoside. HCl (89.HCI)^^^°^

l,3j4,6-Tetra-(9-acetyl-A^-acetyl-P-D-glucosamine (8 8 ) (4.00g, 10.3mmol) was 

dissolved in 5% methanolic HCl and refluxed for twelve hours. On rotary evaporation 

of the mixture a pale pink solid was obtained (1.21g; 63%).

Analysis for (89.HC1): Found [calc. C7H16O5NCI]: C 36.9 (36.6)%; H 6 . 6 6  (6.97)% N

5.70 (6.10)%.

‘H NMR (D2O): 4.85 [IH, d, J1.2 = 4.50Hz, C*//]; 3.80-3.10 [6 H, m, C^H, C^H, C %  

C^H, C^H]; 3.20 [3H, s, OCHj].

NMR (D2O): 96.5 [d]; 54.3 [d]; 7.03 [C ]̂; 72.2 [d]; 69.8 [d]; 60.6 [d]; 55.6 

[OCH3].

Synthesis o f 2-p-toluenesulphonyloxy-cyclohept-2,4,6-trien-l-one (97)

Following a previously reported procedure^tropolone (61) (5.00g, 

40.9mmol) and p-toluenesulphonyl chloride (7.8Ig, 3.05mmol) were mixed together 

in dry pyridine. After stirring for forty five minutes, a pale yellow solution was 

obtained to which water (20mL) was added. This was stirred for another ten minutes, 

filtered and dried under vacuum yielding 2 -/7-toluenesulphonyloxy-cyclohept-2 ,4 ,6 - 

trien-l-one (97) as a white solid (8 .6 Ig; 76%).

Analysis for (97): Found [calc. C14H12O4 S]: C 60.5 (60.9)%; H 4.44 (4.35)%.

'H NMR (CDCI3): 7.45 [H, d, 7.35 [H, dd, C*H\-, 7.01 [H, dd, C^fl]; 7.15 [H, 

dd, 7.30 [H, d, C'H\-, 7.40 [2H, d, CMY, 7.95 [2H, d,

C(Æ]; 2.45 [3H, s, Cft-Ph].

‘̂ C NMR (CDCI3): 180 [C']; 166 [C^]; 131 [(f]; 135 [C*]; 134 [O']; 137 [C*]; 142 

[C’y  132-129 [C2H4]; 145 [C3H4]; 22.2 [Ph-Me(C)].
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Melting Point (°C): 156-158 (156.5-157.5).''“ '

Synthesis o f 2-p-toluenesulphonyloxy-4-isopropylcyclohept-2,4,6-trien-l-one (98)

Following a previously reported procedure^hinokitiol (62) (5.00g, 

30.5mmol) and /?-toluenesulphonyl chloride (5.80g, 30.4mmol) were mixed together 

in dry p>Tidine. After stirring for forty five minutes, a pale yellow solution was 

obtained to which water (20mL) was added. This was stirred for another ten minutes, 

filtered and dried under vacuum yielding 2-/?-toluenesulphonyloxy-4- 

isopropylcyclohept-2,4,6-trien-1 -one (98) (9.3Ig; 96%).

Analysis for (98): Found [calc. C17H18O4S]: C 64.5 (64.2)%; H 5.75 (5.66)%.

'H NMR (CDCI3): 7.35 [H, d, C^H\\ 6.80 [H, dd, C^H\\ 7.00 [H, dd, C^ff]; 7.20 [H, d, 

C^B]; 2.67 [IH, m, C‘B]; 1.10 [3H, d, C % ,]; 1.10 [3H, d, C '% ];

7.05 [2H, d, C M ]; 7.80 [2H, d, CM2]; 2.30 [3H, s, Cflj-Ph].

'^C NMR (CDCI3): 180 [C']; 157 [C ]̂; 135 [C^]; 152 [Cf]; 134 [C^]; 137 [C]; 139 

[C"l: 39 [C*]; 23.1 [Cf]; 23.8 [C'"]; 132-128 [C3H4]; 147 [C3H4];

22.2 [Ph-Me(C)].

Synthesis o f 2-menthoxyethylamino-cyclohept-2,4, ô-trien-l-one.HzO (99)

2 -Menthoxyethylamino-cyclohept-2 ,4 ,6 -trien-l-one.H2 0  (99) was prepared by 

reacting 2-menthoxyethylamine (73) (l.OOg, 5.03mmol), two equivalents of 

triethylamine (0.93mL, 6.67mmol) and 2-p-toluenesulphonyloxy-cyclohept-2,4,6- 

trien-l-one (97) (0.92g, 3.33mmol) in dimethylsulphoxide (50mL). This mixture was 

stirred for one week at room temperature. After completion of the reaction, the 

reaction mixture was dissolved in water and the two layers were separated using 

diethyl ether and the organic layer was washed with water, dried over magnesium 

sulphate, filtered, and rotary evaporated to obtain a brown oil. Concentrated HCl was 

added drop wise to this mixture until the pH reached 1. This was extracted with
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diethyl ether and washed with water (2 x 50ml), dried over magnesium sulphate, 

filtered and rotary evaporated to yield a brown oil (0.96g; 60%).

Analysis for (99): Found [calc. C19H31O3N]: C 71.2 (71.0)%; H 9.86 (9.66)%; N 4.44

(4.36)%.

‘H NMR (CDCI3): 7.20-6.38 [5H, m, C^H, ^ H ,  C^H, C %  f i l l ;  3.55 [IH, t, NA];

3.32-3.90 [4H, m, C % , C % ]; 3.01 [IH. ddd, Jio-iiax= Jio-is = 

10.5, Jio-iie, = 4.50Hz, C'°H]; 1.15-2.20 [2H, m, C " %  IH, m, 

C'^H; 2H, m, C '% ; 2H, m, C '% ; IH, m, IH, m,

0.82, 0.70 [3H, d, Ji,.i6/Ji8-i6 = 6.60, 7.50Hz, C '% /C '% ]; 0.85 

[3H, d, Ji9-i2 = 6.30Hz, C '% ].

‘̂ C NMR (CDCb): 177 [C'j; 156 [C ]̂; 123 [C^]; 137 [C\, 129 [C^]; 137 [C®]; 108 

[C'[; 66.3 [C*]; 40.8 [Cf]; 80.3 [C“); 43.5 [C"j; 31.9 [C'^J; 34.8 

[C"[; 2 1 . 8  [C'% 48.6 [C"]; 26.1 [C‘%  21.3, 16.6 [C'7c'*[; 23.7 

[C"[.

IR data: 3300 v(N-H) and v(O-H); 1631, 1595 v(C=0); 1519 v(C=C).

Synthesis of2-menthoxyethylamino-4-isopropylcyclohept-2,4,6-trien-l one.H20 (100)

2-Menthoxyethylamino-4-isopropylcyclohept-2,4,6-trien-1 -one.H2 0  (100) was 

prepared by reacting 2-menthoxyethylamine (73) (2.00g, 10.1 mmol), two equivalents 

of triethylamine (1.86mL, 13.3mmol) and 2-/>-toluenesulphonyloxy-4-

isopropylcyclohept-2,4,6-trien-1 -one (98) (2.12g, 6.67mmol) in dimethylsulphoxide 

(50mL). This mixture was stirred for one week at room temperature. After completion 

of the reaction, the reaction mixture was dissolved in water and the two layers were 

separated using diethyl ether and the organic layer was washed with water, dried over 

magnesium sulphate, filtered, and rotary evaporated to obtain a brown oil. 

Concentrated HCl was added drop wise to this mixture until the pH reached 1. This 

was extracted with diethyl ether and washed with water (2 x 50ml), dried over 

magnesium sulphate, filtered and rotary evaporated to yield a brown oil (2.54g; 70%).
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Analysis for (100); Found [calc. C22H37O3N]: C 73.1 (72.7)%; H 10.1 (10.2)%; N

3.09 (3.86)%.

‘H NMR (CDCI3); 7.45-6.28 [4H, m, C^H, C^H, C %  C’H]; 3.45 [IH, t, N//]; 3.30-

3.95 [4H, m, C % , C % ]; 3.01 [IH. ddd, J io - i i» =  Jio-i5= 10.5, J,o- 

iieq = 4.50Hz, C'“̂ ;  1.20-2.20 20 [2H, m, C“ f t ;  IH, m, C'̂ ’H; 

2H, m, C '% ; 2H, m, C '% ; IH, m, C'^H; IH, m, 0.83,

0.70 [3H, d, J |7-i6/Jis-i6 = 6.00, 7.20Hz, C”Hi/C'^Hi]; 0.81 [3H, d, 

= 9.00Hz,]; 0.83 [3H, d, J19-12 = 5.90Hz, C '% ]; 2.80 [IH, tt, 

C^iïj; 1.15 [3H, d, C^'% /C^% ].

'^C NMR (CDCI3): 174 [C'l; 158 [C^]; 122 [C ]̂; 135 [C ]̂; 127 [C*]; 137 [Cf]; 107 

[€’]; 68.5 [C*]; 37.8 [<f]; 78.6 [C’% 39.5 [C"j; 30.5 [C"]; 33.5 

[C"]; 22.6 [C '\, 47.2 [C"j; 24.7 [ C \  19.9, 15.5 [C‘’l C ' \  22.9 

[€”]; 39.8 [<f°]\ 24.6,24.5

IRdata: 3295 v(N-H); 1635, 1593 v(C=0); 1513 v(C=C).

5.2.2 Synthesis o f metal(II) complexes

The method described by P. Wright was repeated for the synthesis of all metal 

complexes^^  ̂ A solution of ligand in water/ethanol mix was added to a well stirred 

solution of zinc or copper acetate in water/ethanol mix. After stirring for two hours at 

room temperature, the reaction mixture was then stirred under reflux for a further two 

hours and finally left aside at room temperature.

Synthesis o f Cu(l-menthoxyethyl-2-methyl-3-hydroxypyridin-4-onate)2.2H20  (94)

l-Menthoxyethyl-2-methyl-3-hydroxypyridin-4-one (78) (0.29g, 0.94mmol) 

was reacted with copper(II) acetate (0.09g, 0.45mmol). A dark green precipitate was 

produced on standing (0.20g; 30%). Recrystallisation from acetone gave bright green 

crystals of Cu( 1 -menthoxyethyl-2 -methyl-3 -hydroxypyridin-4 -onate)2 .acetone (96) 

that were suitable for X-ray analysis.

229



Analysis for (94): Found [calc, for C36H60O8N2CU]: C 60.8 (60.7)%; H 8.26 (8.43)%;

N 3.71 (3.94)%.

Analysis for (96): Found [calc, for C39H62O7N2CU]: C 63.7 (63.8)%; H 8.50 (8.45)%;

N3.81 (3.82)%.

IR data for (94): 3500 u(O-H); 1600, 1547, 1511, 1485 v(C=0) and v(C=C).

Synthesis o f (l-menthoxyethyl-2~methyl-3-hydroxypyridin-4-onate)2Zn.l.5H20  (95)

l-Menthoxyethyl-2-methyl-3-hydroxypyridin-4-one (78) (0.1 Og, 0.31 mmol) 

was reacted with zinc(II) acetate (0.03g, O.Mmmol). A pale pink precipitate was 

produced on standing (0.12g; 52%).

Analysis for (95): Found [calc, for C36H5 9 0 7 .5N2Zn]: C 61.6 (61.3)%; H 8.35 (8.38)%;

N 3.90 (3.98)%.

‘H NMR(CDCl3): 6.41 [IH, d, Js.«= 9.00Hz, C’fl]; 7.13 [IH, d, J6.s= 9.00Hz, C^H\\

4.00 [2H, m, C'H2\, 3.75, 3.38 [2H, m, 2.89 [IH, ddd, J,.ioax 

= J,.i5 = 10.2, Jg-ioeq = 3.96Hz, C^H\\ 1.08-1.90 [2H, m, C '% ; IH, 

m, 2H, dt, C'^Hr, 2H, m, C '% ; lH,m, C'"/7; IH, m, C'^77; 

0.75, 0.53 [3H, d, J16-15/J17-15 = 6.00, 9.00Hz, 0.76

[3H, d, J,8.ii = 5.10Hz, C '% ]; 2.32 [3H, s, C '% ].

‘̂ C NMR (CDCI3): 128 [C^]; 144 [C^]; 169 [C']; 109 [C*]; 134 [Cf]; 66.0 [C'[; 39.0 

[C*]; 79.1 [C*]; 47.1 [ C \  30.4 [C"[; 33.4 [C%  21.3 [C"[; 53.4 

[C'% 24.6 [C"]; 19.8, 11.7 [C“lC %  22.1 [ C \  15.0 [ C '\

IR data: 3200 v(O-H); 1595, 1540, 1507, 1485 v(C=0) and v(C=C).
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Synthesis o f  Cu(2-menthoxyethylaminotroponate)2 (103)

2-Menthoxyethylamino-cyclohept-2,4,6-trien-1 -one.HzO (99) (0.36g,

1.12mmol) was reacted with copper(II) acetate (0.12g, 0.60mmol) and a dark green 

precipitate was produced on standing (0.2 Ig; 27%). Recrystallisation from hot 

acetone gave pale green crystals suitable for crystallographic analysis (0.45g; 60%).

Analysis for (103): Found [calc. C38H56O4N2CU]: C 68.1 (68.3)%; H 8.39 (8.39)%; N

4.10(4.19)%.

IR data: 1592, 1572 v(C=0); 1509 v(C=C).

Synthesis o f Cu(2-menthoxyethylamino-4~isopropyltroponate)2.H20  (104)

2-Menthoxyethylamino-4-propylcyclohept-2,4,6-trien-1 -one.H2 0  (100)

(l.OOg, 2.75mmol) was reacted with copper(II) acetate (0.29g, 1.45mmol). A dark 

green precipitate was produced on standing. Crystals were obtained from hot toluene, 

but were too small for crystallographic analysis.

Analysis for (104): Found [calc. C44H70O5N2CU]: C 68.4 (6 8 .6 )%; H 8.99 (9.10)%; N

3.39 (3.64)%.

IR data: 3200 u(O-H); 1595, 1570 v(C=0); 1511 v(C=C).
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APPENDICES



Appendix A: Names and structures of the compounds (1)-

(104)

The following pages are intended as an index of numbered compounds within 

Chapter II to V. The numbers with (*) represents compounds that have been made use 

in this thesis i.e. as starting materials, compounds that have been synthesised and 

compounds that have not been successful in their synthesis. Their chemical structures 

are also given on the adjoining page.
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1. C h e lid o n o n ic  acid  (2 ,6 -d ica rb o x y -4 -p y ro n e)

2 . M e co n ic  acid  (3 -h y d r o x y -2 ,6 -d ica rb o x y -4 -p y ro n e)

3. C o m en ic  acid (3 -h y d r o x y -6 -ca rb o x y -4 -p y ro n e )

4 . P yro co m en ic  acid  (3 -h y d ro x y -4 -p y ro n e )

5 .*  K ojic acid  (3 -h y d ro x y -6 -h y d ro x y m eth y l-4 -p y ro n e )

6 .*  M aito l (3 -h y d ro x y -2 -m eth y I-4 -p y ro n e)

6 .H C 1  M alton ium  ch lor id e  (3 -h yd ro x y -2 -m eth y l-4 -p y ro n iu m  ch lor id e)

7 . Ethyl m alto l (3 -h y d r o x y -2 -e th y l-4 -p y ro n e)

8 .*  B en zy la ted  k o jic  acid  (3 -b en zy lo x y -6 -h y d ro x y m eth y l-4 -p y ro n e )

9 .*  B en zy la ted  c o m en ic  acid  (3 -b en zy lo x y -6 -ca r b o x y -4 -p y ro n e )

10 .*  3 -B en zy lo x y -6 -ca rb o x y -4 -p y r o n e .D M S O

1 1 .*  3 -B en zy lo x y -6 -ca rb o x y -4 -p y r o n e .M eO H  

12 * 3 -B en zy lo x y -6 -ca rb o x y -4 -p y r o n e .T H F

1 3 .*  3 -B e n z y lo x y -6 -te r /-b u ty l-d im eth y l-s ily lo x y m eth y l-4 -p y ro n e

1 4 .*  3 -H y d ro x y -6 -re r /-b u ty l-d im eth y l-s ily io x y m eth y l-4 -p y ro n e

1 5 .*  M enthol

1 6 .*  M e n th oxyacetic  acid

1 7 . * 3 -M e n th o x y a ce ty lo x y -6 -/er /-b u ty l-d im eth y l-s ily lo x y m eth y l-4 -p y ro n e

1 8 .*  C u (3 -b en zy lo x y -4 -p y r o n e -6 -ca rb o x y la te )2 .2 H 2 0  

19 * Z n (3 -b en z y lo x y -4 -p y ro n e -6 -ca rb o x y la te )2 .3 .5 H 2 0

2 0 .*  C u (3 -b en zy lo x y -4 -p y r o n e -6 -ca rb o x y la te )2 .H 2 0 .3 D M S O

21. [Cu(hip)2(H20)2]2.2H20 (bis(p2-hippurato-0 ,0 )-diaqua-hippurato-0 )-copper(ll) 

di hydrate))

2 2 . [C u (o flo )2 (H 2 0 )] .2 H 2 0  (b is (O flo ) 2 -aq ua-copp er(II) dihydrate)

23. C u(C x)2.H20 (bis(cinoxacinate)-aqua-copper(ll))

2 4  * Z n (3 -b en z y lo x y -4 -p y ro n e-6 -ca rb o x y la te )2 .2 H 2 0

2 5 . [Z n (l-h ip )2 (H 20)2 ]2 .3H 20  (b is(orr/zo-iod oh ip pu rato)-d iaq u a-zin c(II)-trih yd rate))

2 6 . Z n (C 6 H 5 -C 0 N H C H 2 C 0 0 )2 .5 H 2 0  (Z in c N -b e n z o y lg ly c in a te  pentahydrate)

2 7 . [Z n ( ll) 2 ] (D A G )2 (b is -p 2 -d iacetam id o-g lu tara te)-h exa -aq u a-z in c(II) d ihydrate)

2 8 .*  3 -M en th o x y a ce ty lo x y -6 -h y d ro x y m e th y l-4 -p y r o n e

2 9 .*  M e n th oxyacety l kojate (3 -h y d ro x y -6 -m en th o x y a c e ty lo x y m eth y l-4 -p y ro n e )

0

(5)

O'

(6)

0

(8)

DMSG MeOH

(1 4 )

-OBn'
2DMS0

3.5H;0

DMSG'

-GH tbdmsG-

(1 7 )
(1 6 )

-GBn 2H:G

(1 8 )

.GBn

HP
(1 9 ) (20) (2 4 )

(2 8 )
(29)



3 0 .*  M on om en th y l su cc in a te

3 1 .*  6 -S u c c in o y lo x y m e th y l-3 -h y d ro x y -4 -p y ro n e

3 2 .*  B en zy la ted  m en th y l co m en a te  (m en th yi 3 -b en zy lo x y -4 -p y ro n e -6 -ca r b o x y la te )

3 3 .*  M enth yl co m en a te  (m en th y l 3 -h y d ro x y -4 -p y ro n e -6 -ca rb o x y la te )

3 4 .*  3 -/? -M eth o x y b en zy lo x y -6 -h y d ro x y m eth y l-4 -p y ro n e

3 5 .*  3 -p -m eth o x y b e n z y  1 o x y -6 -ca rb o x y -4 -p y ro n e

3 6 .*  M enth yl 3 -p -m eth o x y b e n z y  1 o x y -4 -p y ro n e-6 -ca rb o x y  1 ate

3 7 .*  M enth y l iod id e

3 8 .*  B en zy la ted  ch loro  k ojic  acid  (3 -b en zy lo x y -6 -ch lo ro m eth y l-4 -p y ro n e )

3 9 .*  B en zy la ted  iod o  k o jic  acid  (3 -b en zy lo x y -6 -io d o m eth y l-4 -p y ro n e )

4 0 .*  3 -h y d r o x y -6 -m en th o x y m e th y l-4 -p y ro n e

4 1 .*  C u (3 -h yd ro x y -6 -m en th o x y a cety lo x y m eth y l-4 -p y ro n a te )2

4 2 .*  Zn (3 -h yd ro x y -6 -m en th o x y a cety lo x y m eth y l-4 -p y ro n a te)2

4 3 .* C u (3 -h y d ro x y -6 -m en th o x y a ce ty lo x y m e th y l-4 -p y r o n a te )2 .p y

4 4 .*  Cu(3-hydroxy-6-m enthoxyacetyloxym ethyl-4-pyronate)2.bipy

4 5 .*  M enth yl 3 -o x o -b u ta n o a te

4 6 .*  C u(m enth y l 3 -h yd roxy -b u t-2 -en oa te)2 .M eO H

4 7 . C u (tfp m sacac)2 .M eO H  (b is (2 , 3 , 3 , 4 , 4 -  p en tam eth yl- 8 , 8, 8 -tr iflu o ro -4 -sila o cta n e-  

5 ,7 -d io n a to )co p p er(II) .M eO H )

4 8 . C u(p ta)2 .EtO H  (b is(p iva loy ltr iflu oroaceton ate)cop p er(II).E tO H )

4 9 . C u (a ca c ) 2  (b is(a cety la ceto n a to )co p p er(I l))

5 0 . C u (3-M eacac)2  (b is (3 -m eth y lp en ta n e -2 ,4 -d io n a to )c o p p er (ll))

5 1 . C u (E tO acac ) 2  (b is(e th y la ce to a c e ta te )co p p er (ll))

5 2 . C u (b za ca c ) 2  (b is( 1 -p h en y l-1 ,3 -b u ta n ed io n a to )co p p er(lI))

5 3 . H m p ( l ,2 -d im e th y l-3 -h y d ro x y p y r id in -4 -o n e )

5 4 . H m ep ( l-e th y l-2 -m e th y l-3 -h y d ro x y p y r id in -4 -o n e )

5 5 . H m B n p  ( l-b en zy l-2 -m e th y l-3 -h y d ro x y p y r id in -4 -o n e )

5 6 . H em p ( l-m e th y l-2 -e th y l-3 -h y d ro x y p y r id in -4 -o n e )

5 7 . H dep (l,2 -d ie th y l-3 -h y d r o x y p y r id in -4 -o n e )

5 7 .H C I  H d ep .H C l ( l,2 -d ie th y l-3 -h y d ro x y p y r id in -4 -o n iu m  ch lorid e)

5 8 . H e B n p .H 2 0  (l-b en z y l-2 -e th y l-3 -h y d r o x y p y r id in -4 -o n e .H 2 0 )

o

(32)

OH
■OMPM

HO.

(34)
(33)

-OMPM

(36)

-OMPM

HO.

(35)
o 0

-OBn .OBn

(38) (39)

(43)

/
\

•Cu

N
(44)

0 — Me

(46)



5 9 . H m ribop  ( 1 -(P -D -rib op y ra n o sy l)-2 -m eth y l-3 -h y d ro x y p y r id in -4 -o n e)

6 0 . H e(O H (E lO )M e)p  1 - (2 -h y d r o x y e th o x y m eth y l)-2 -e th y l-3 -h y d r o x y p y r id in -4 -o n e

6 1 .*  T ro p o lo n e  (2 -h y d r o x y c y c lo h e p t-2 ,4 ,6 -tr ie n -l-o n e )

6 2 .*  H in ok itio l (2 -h y d r o x y -4 -iso p r o p y lcy c lo h e p t-2 ,4 ,6 -tr ien -l -on e)

6 3 . H m at (2 -m eth y lam in otrop on e)

6 4 . H eat (2 -eth y lam in otrop on e)

6 5 . H"Propat (2-" propylam in otrop one)

6 6 . H B nat (2 -b en zy la m in o tro p o n e)

6 7 . H"Buat (2-" bu tylam inotropon e)

6 8 . H m a'Propt (2 -m eth y lam in o-4 -'p rop y ltrop on e)

6 9 . H ea'Propt (2 -eth y lam in o-4 -'p rop y ltrop on e)

7 0 . H"Propa'Propt (2 -" propylam in o-4-'p rop yltrop on e)

7 1 . H B n a’Propt (2 -b en zy lam in o-4 -'p rop yItrop on e)

7 2 . H"Bua'Propt (2-" bu ty lam ino-4-'propyltrop one)

7 3 .*  2 -M en th o x y eth y la m in e

7 3 .H C I*  2 -M en th oxyeth yIam m on iu m  ch lorid e

7 4 .*  2 '-A m in o eth y l-P -D -g !u co p y ra n o sld e

7 5 .*  2 -M en th o x y a ceta m id e

7 6 .*  B en zy la ted  m altol (3 -b e n zy lo x y -2 -m eth y l-4 -p y ro n e )

7 7 .*  I -M e n th o x y e th y l-2 -m eth y l-3 -b en zy lo x y p y r id in -4 -o n e .H 2 0

7 7 .H C I*  l-M en th o x y e th y l-2 -m e th y l-3 -b e n z y lo x y p y r id in -4 -o n iu m ch lo r id e . 

H aO .O .Stoluene

78.*  I -M enthoxyethyl-2-m ethyl-3-hydroxypyridin-4-one

7 8 .H C I*  l-M enthoxyethyl-2-m ethyl-3-hydroxypyridin-4-onium  chloride

79 .H C 1 1 -(2-M ethoxyethyl)-2-m ethyl-3-hydroxypyridin-4-onium  chloride

8 0 .*  p -D -g lu c o se  pentaacetate (1 ,2 ,3 ,4 ,6 -p en ta -O -a ce ty l-p -D -g lu co p y ra n o se )

8 1 .*  2 '-B rom oeth y l 2 ,3 ,4 ,6 -te tra -(9 -a cety l-P -D -g lu co p y ra n o s id e

8 2 .*  2 '-A zid o e th y l 2 ,3 ,4 ,6 -te tra -O -a cety l-p -D -g lu co p y ra n o s id e

8 3 .*  2 ’-A z id o e th y l-P -D -g lu co p y ra n o s id e

8 4 .*  l-(p-D -glucopyranosyl-2-oxyethyl)-2-m ethyl-3-hydroxypyridin-4-one

8 5 .*  2 -M eth y l-3 -b en zy lo x y p y r id in -4 -o n e

(7 3 .H C I)

„0

OH

(7 4 )

.OBn .OH

.HOI

(77 .H C 1) (7 8 .H C I)

-OH .OBn

(7 8 ) (7 7 )

A c O '7 " ' 'X ' 0
AcO-^^"J^^A-OAc

OAc

(8 0 )

HO

HO'TT'-l-O 
HO— — 2 - 0 ^  

OH

(8 3 )

AcO'T '̂^J^O 

OAc 

(8 1 )

.OH

.OH

HO-
HO-

OH

AcO

AcOy^-X-O
AcO—

OAc

(8 2 )

(84)



8 6 .*  l-(2 ,3 ,4 ,6 -T e tr a -0 -a c e ty l-P -D -g lu c o p y r a n o s id e -2 -y l)-2 -m e th y l-3 -b e n z y Io x y p y r id in -  

4 -o n e

87 .H C 1*  D -g lu co sa m in e .H C l

8 8 .*  1,3 ,4 ,6 -T etra -(9 -acety I-iV -acety l-P -D -g lu cosam in e

8 9 .*  M eth yl 2 -a m in o -2 -d eo x y -a -D -g lu co p y ra n o sid e

89 .H C 1*  M eth yl 2 -a m in o -2 -d eo x y -a -D -g lu co p y ra n o sid e .H C I

9 0 .*  M eth y l 2 -a ceta m id o  2 -d e o x y  3 ,4 ,6 -tr i-O -a ce ty l-a -D -g lu co p y ra n o s id e

9 1 .*  l-(2 -D eo x y -a -D -g lu c o p y r a n o s id e -2 -y l)-2 -m e th y l-3 -h y d r o x y p y r id in -4 -o n e

9 2 . 2 '-B rom oeth y l 2 ,3 ,4 ,6 -te tra -O -a ce ty l-a -D -m a n n o p y ra n o s id e

9 3 . 2 '-A zid o e th y l 2 ,3 ,4 ,6 -te tra -(9 -a c e ty l-a -D -m a n n o p y ra n o s id e

9 4 .*  C u( 1 -m en th oxyeth y l-2 -m eth y l-3 -h y d ro x y p y r id in -4 -o n a te)2 .2 F l2 0

9 5 .*  Z n (I -m en th o x y eth y l-2 -m eth y l-3 -h y d ro x y p y r id in -4 -o n a te)2 .1 .5 H 2 O

9 6 .*  C u( I -m en th oxy eth y l-2 -m eth y l-3 -h y d ro x y p y r id in -4 -o n a te)2 .a ceto n e

9 7 .*  T osy la ted  trop olon e (2 -p -to lu en esu lp h o n y  loxy cy c lo h ep t-2 ,4 ,6 -tr ien -1  -o n e)

9 8 .*  T o sy la ted  h in ok itio l (2 -p -to lu en esu lp h o n y lo x y -4 -iso p r o p y lc y c lo h e p t-2 ,4 ,6 -tr ie n -l-  

o n e)

9 9 .*  2 -m en th o x y e th y la m in o -c y c lo h e p t-2 ,4 ,6 -tr ie n -l-o n e .H 2 0
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Appendix B: Experimental procedures

General Methods

Starting materials (kojic acid, maltol, hinoktiol and p-glucosepentaacetate) 

were obtained from Sigma-Aldrich and were used as received without further 

purification. Tropolone was commercially obtained from Avocado and hinokitol was 

provided by Unilever. Reactions were carried out in air unless otherwise specified.

Elemental analyses were performed on a Carlo-Erba Strumentazione E. A. 

model 1106 microanalyser and the temperature of the furance was set to 500°C. The 

results were duplicated, and the mean of the duplicated measurements was the final 

result.

All and * C NMR spectra were recorded on a Bruker Avance (300MHz) 

Fourier transform spectrometer. All spectra were recorded in either ^/-chloroform, d- 

DMSO, and deuterated water and are referenced to residual solvent peaks. Peak 

positions were recorded in 6 ppm with abbreviations s, d, t, m denoting singlet, 

doublet, triplet and multiplet, respectively. All coupling constants (J) are quoted in 

Hertz.

Infrared spectra were recorded as a thin oil film sandwiched between NaCl 

plates in the frequency range 4000-400cm'^ on a Nicolet 510? FT-IR spectrometer. 

All absorptions are quoted in cm"\

X-ray crystallography was carried out on and Eraf-Nonius- CAD-4 

diffractometer and the data was collected for (10), (11), (12), (20), (24), (29), (46), 

(73.HC1), (77.HC1), (77), (78.HC1), (78), (96) and (103). The crystal data of these 

compounds is given in appendix C P For all the compounds data were corrected for 

both extinction and absorption effects; hydrogens were added at calculated positions. 

The assymetric unit along with the labelling scheme used was produced using X- 

Seed.'“ *’
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Appendix C: Crystal data and structure refinement for 3- 

benzyloxy-6-carboxy-4-pyrone.DMSO (10)

Table 1. Crystal data and structure refinement for (10).

Identification code 3-benzyloxy-6-carboxy-4-pyrone.DMSO
Empirical formula C30H32O 12S 2

Formula weight 648.68
Tem perature 150(2) K
Wavelength 0.71073 A
Crystal system monoclinic
Space group P 2 i/n
Unit cell dimensions a = 4.74700(10) A a  = 90°

b = 16.7410(4) A 0  = 91.140(1)°
c = 18.6690(4) A y = 90°

Volume 1483.32(6) A^
Z 2

Calculated density 1.452 Mg/m^
Absorption coefficient 0.245 mm"’
F(OOO) 680
Crystal size 0.45 X 0.05 X 0.05 mm
Theta range for data collection 4.08 to 27.52°
Limiting indices -6 <=h<=6 , -21<=k<=21, -24<=l<=24
Reflections collected / unigue 27993 / 3376 [R(int) = 0.12551
C om pleteness to theta = 27.52 99.0 %
Refinement method Full-matrix least-sguares on F^
Data / restraints / param eters 3376 / 0 / 205
Goodness-of-fit on F^ 1.040
Final R indices [l>2a(l)l Ri -  0.0655, WR2 = 0.1756
R indices (all data) Ri = 0.0844, WR2 = 0.1921
Largest diff. peak and hole 0.983 and -0.640 e.A '"
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Appendix D: Crystal data and structure refinement for 3- 

benzyIoxy-6-carboxy-4-pyrone.MeOH (11)

Table 2. Crystal data and structure refinement for (11).

Identification code 3-benzyloxv-6-carboxy-4-pyrone.MeOH
Empirical formula C14H14O6

Formula weight 278.25
Tem perature 150(2)
Wavelength 0.71073A
Crystal system triclinic
S pace group P 1
Unit cell dimensions a = 4.0270(4) A a=  97.127(5)°

b = 11.349(1) AB = 96.828(4)°
c =  14.477(2) A 7  = 91.667(5)°

Volume 651.2(1)
Z 2

Calculated density 1.419 Mg/m^
Absorption coefficient 0 . 1 1 2  mm'^
F(OOO) 292
Crystal size 0.40 X 0.10 X 0.08 mm
Theta range for data collection 3.18 to 27.52°
Limiting indices -5<=h<=5, -14<=k<=14, -17<=l<=18
Reflections collected / unique 8709 / 2934 [R(int) = 0.0864)
C om pleteness to theta = 27.52 97.7 %
Max. and min. transmission 0.9911 and 0.9566
Refinement method Full-matrix least-sguares on F^
Data / restraints / param eters 2 9 3 4 /0 /1 8 5
Goodness-of-fit on F^ 1.334
Final R indices [l>2a(l)l Ri = 0.1398, wR2 = 0.3565
R indices (all data) Ri = 0.1915, wR2 = 0.3923
Extinction coefficient 0.49(9)
Largest diff. peak and hole 0.565 and -0.566 e.A'^
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Appendix E: Crystal data and structure refinement for 3-

benzyloxy-6-carboxy-4-pyrone.THF (12)

Table 3. Crystal data and structure refinement for (12).

Identification code 3-benzyloxy-6-carboxy-4-pyrone.THF
Empirical formula Cl7 H i8 O s
Fonnula weight 318.31
Tem perature 150(2) K
W avelength 0.71073 A
Crystal system Monoclinic
Space group P2i/a
Unit cell dimensions a = 10.8490(2)Aa = 90°

b = 9.7110 (2 )A  3 = 102.647(1 )°
c =  1 4 .7 5 1 0 (3 )A y  = 9 0 °

Volume 1516.38(5) A"
Z 4
Density (calculated) 1.394 Mg/m^
Absorption coefficient 0.106 mm’’
F(OOO) 672
Crystal size 0.30 X 0.30 X 0.10 mm
Theta range for data collection 4.34 to 30.04°
Index ranges -15<=h<=15; -13<=k<=13; -20<=l<=20
Reflections collected 32461
Independent reflections 4407 [R(int) = 0.0643]
Reflections observed (>2a) 3337
Data Com pleteness 0.992
Absorption correction None
Refinement method Full-matrix least-sguares on F^
Data / restraints / param eters 4 4 0 7 /0 /2 1 3
Goodness-of-fit on F^ 1.032
Final R indices n > 2 a ( l ) l R ' = 0.0480 w R z = 0.1133
R indices (all data) R ' = 0.0704 wR2 = 0.1269
Largest diff. peak and hole 0.344 and -0.266 eA'^
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Appendix F: Crystal data and structure refinement for

Cu(3-benzyIoxy-4-pyrone-6-carboxylate)2.H20.3DMSO (20)

Table 4. Crystal data and structure refinement for (20).

Identification code Cu(3-benzyloxy-4-pyrone-6-
carboxylate)2 .H2 0 .3 DMSO

Empirical formula Cs4 H76 Cu2 O28 Se
Formula weight 1612.69
Tem perature 150(2) K
W avelength 0.71069 A
Crystal system triclinic
Space group P 1
Unit cell dimensions a = 10.051(5) A a  = 62.013(5)°

b = 14.457(5) A 0  = 76.924(5)°
c = 14.505(5) A Y = 86.484(5)°

Volume 1810.5(1) A"
Z 1

Calculated density 1.479 Mg/m^
Absorption coefficient 0.842 mm"’
F(OOO) 838
Crystal size 0.25 X 0.10 X 0.08 mm
Theta range for data collection 3.72 to 27.46°
Limiting indices -13<=h<=13, -18<=k<=18, -18<=l<=18
Reflections collected / unigue 35677 / 8196 [R(int) = 0.0570]
C om pleteness to theta = 27.46 98.9 %
Max. and min. transmission 0.9357 and 0.8171
Refinement method Full-matrix least-sguares on F'̂
Data / restraints / param eters 8 1 9 6 /0 /4 6 5
Goodness-of-fit on F*̂ 1.053
Final R indices [l>2a(l)l Ri = 0.0424, WR2 = 0.1013
R indices (all data) Ri = 0.0648, w R 2 = 0.1135
Largest diff. peak and hole 1.500 and -0.644 e.A"^
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Appendix G: Crystal data and structure refinement for

Zn(3-benzyIoxy-4-pyrone-6-carboxylate)2.2H20 (24)

Table 5. Crystal data and structure refinement for (24).

Identification code Zn(3 -benzyloxy-4 -pyrone-6 -carboxylate)2 .2 H2 0

Empirical formula C26H220i2Zn
Formula weight 591.81
Tem perature 150(2) K
W avelength 0.71073A
Crystal system triclinic
Space group P Ï
Unit cell dimensions a = 7.1190(2) A a  = 82.7430(1)“

b = 9.0090(2) A 3  = 80.237(1)“
c = 20.0160(6) A Y = 79.734(1)“

Volume 1238.76(6) A^
Z 2

Calculated density 1.587 Mg/m^
Absorption coefficient 1.060 mm ’
F(OOO) 608
Crystal size 0.65 X 0.15 X 0.08 mm
Theta range for data collection 3.65 to 27.87“
Limiting indices -9<=h<=8, -11<=k<=11, -25<=l<=25
Reflections collected / unigue 16669 / 5465 [R(int) = 0.1781]
C om pleteness to theta = 27.87 92.5 %
Max. and min. transmission 0.9200 and 0.5459
Refinement method Full-matrix least-sguares on
Data / restraints /  param eters 5465 /4 Z 3 6 8
Goodness-of-fit on F^ 1.054
Final R indices [l>2a(l)l Ri = 0.0553, wR2 = 0.1243
R indices (all data) Ri = 0.0844, wR2 = 0.1490
Largest diff. peak and hole 0.810 a n d -1.093 e.A'^
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Appendix H: Crystal data and structure refinement for 3-

hydroxy-6-menthoxyacetyloxymethyI-4-pyrone (29)

Table 6. Crystal data and structure refinement for (29).

Identification code 3-hydroxY-6-menthoxvacetvloxymethvl-4-pyrone
Empirical formula CisHzsOe
Formula weight 338.39
Tem perature 170(2) K
Wavelength 0.71073 A
Crystal system triclinic
Space group P 1
Unit cell dimensions a = 5.1620(3) A a  = 94.298(3)“

b = 8.2430(6) A 3 = 93.717(3)“
c = 22.372(2) A Y= 106.372(4)“

Volume 907.09(11) Â
Z 2

Calculated density 1.239 Mg/m^
Absorption coefficient 0.092 mm'^
F(OOO) 364
Crystal size 0.3 X 0.15 X 0.1 mm
Theta range for data collection 3.31 to 27.09“
Limiting indices -6 <=h^=6 , -9^=k^=10, -26^=l^=28
Reflections collected / unigue 9094 / 5261 [R(int) = 0.0443]
C om pleteness to theta = 27.09 93.4 %
Refinement method Full-matrix least-sguares on F^
Data / restraints / param eters 5261 /3 / 4 4 7
Goodness-of-fit on F'̂ 1.038
Final R indices fl>2a (1)1 Ri = 0.0575, wRz= 0.1282
R indices (all data) Ri = 0.0803, wRz= 0.1418
Absolute structure param eter -2.6(14)
Largest diff. peak and hole 0.257 and -0.226 e. A"*
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Appendix I: Crystal data and structure refinement for

Cu(menthyl 3-hydroxy-but-2-enoate)2.MeOH (46)

Table 7. Crystal data and structure refinement for (46).

Identification code Cu(menthyl 3 -hydroxy-2 -but-enoate)2 .MeOH
Empirical formula Cs8  H1 0 0 CU2 Oi4
Formula weight 1148.46
Tem perature 150(2) K
W avelength 0.71073 A
Crystal system monoclinic
Space group P 2 i
Unit cell dimensions a = 10.7390(3) A 0 = 90®

b = 15.8250(6) A 3  = 96.001(2) “
c = 19.0490(7) A v= 90®

Volume 3219.5(2) A^
Z 2

Calculated density 1.185 Mg/m"*
Absorption coefficient 0.717 mm'^
F(OOO) 1236
Crystal size 0.40 X 0.25 X 0.10 mm
Theta range for data collection 3.82 to 27.47®
Index ranges -13<=h<=13; -12<=k<=20; -24<=l<=24
Reflections collected 14064
Independent reflections 9385 [R(int) = 0.0365]
Reflections observed (>2o) 7462
Data Com pleteness 0.898
Max. and min. transmission 0.9317 and 0.7624
Refinement method Full-matrix least-sguares on F^
Data / restraints / param eters 9 3 8 5 /3 /6 8 1
Goodness-of-fit on F^ 1.024
Final R indices [l>2o(l)] Ri = 0.0412 WR2 = 0.0894
R indices (all data) Ri = 0.0619 WR2 = 0.0987
Absolute structure param eter 0 .0 0 0 (1 0 )
Largest diff. peak and hole 0.221 and -0.346 e. A"̂
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Appendix J: Crystal data and structure refinement for 2-

menthoxyethylammonium chloride (73.HC1)

Table 8. Crystal data and structure refinement for (73 .H C I).

Identification code 2-menthoxyethylammonium chloride
Empirical formula C12H26CINO
Formula weight 235.79
Tem perature 150(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2i
Unit cell dimensions a = 8.2810(3)A a = 90°

b = 5.5270(3)A 0 = 97.641(2)°
c =  15.5530(8)A y = 90°

Volume 705.53(6) A^
Z 2
Density (calculated) 1.110 Mg/m^
Absorption coefficient 0.251 mm'^
F(OOO) 260
Crystal size 0.03 X 0.03 X 0.02 mm
Theta range for data collection 3.86 to 27.41°
Index ranges -10<=h^=10i ”6^=k^=7j -20^=1^=20
Reflections collected 11288
Independent reflections 3142 [R(int) = 0.0961]
Reflections observed (>2a) 2028
Data C om pleteness 0.994
Absorption correction None
Refinement method Full-matrix least-sguares on F'̂
Data / restraints / param eters 3 1 4 2 /2 /1 5 2
Goodness-of-fit on F^ 1.025
Final R indices ri>2a(l)l R ' = 0.0562 wRs = 0.1070
R indices (all data) R̂  = 0.1070 wRz = 0.1237
Absolute structure param eter -0.05(9)
Largest diff. peak and hole 0.362 and -0.308 eA"'
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Appendix K: Crystal data and structure refinement for 1- 

menthoxyethyl-2-methyl-3-benzyloxypyridin-4-onium 

chloride.HiO.O.Stoluene (77.HCI)

Table 9. Crystal data and structure refinement for (77.HCI).

Identification code 1-menthoxyethyl-2-methyl-3-benzyloxypyridin-4- 
onium chloride.H2O.0 .5 toluene

Empirical formula C28 50H41CINO4

Formula weight 497.07
Tem perature 150(2) K
W avelength 0.71073 A
Crystal system monoclinic
Space group C 2
Unit cell dimensions a = 41.410(1) A a  = 90“

b = 9.0370(3) A 0 = 107.587(1 )°
c =  16.1700(6) A Y = 90“

Volume 5768.3(3) A^
Z 8

Calculated density 1.145 Mg/m"*
Absorption coefficient 0.164 mm ’
F(OOO) 2144
Crystal size 0.3 X 0.25 X 0.03 mm
Theta range for data collection 3.38 to 27.46“
Limiting indices -53<=h<=52, -11<=k<=11, -20<=l<=20
Reflections collected / unigue 46382 / 12709 [R(int) = 0.1167]
C om pleteness to theta = 27.46 99.0 %
Refinement method Full-matrix least-sguares on F'̂
Data / restraints / param eters 1 2 7 0 9 /7 /6 2 0
Goodness-of-fit on F^ 1.018
Final R indices n>2a(l)l Ri = 0.0710, WR2 = 0.1415
R indices (all data) Ri = 0.1488, WR2 = 0.1756
Absolute structure param eter -0.08(10)
Largest diff. peak and hole 0.345 and -0.334 e.A '"
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Appendix L: Crystal data and structure refinement for 1-

menthoxyethyl-2-methyI-3-benzyloxypyridin-4-one.H20 (77)

Table 10. Crystal data and structure refinement for (77).

Identification code 1-menthoxyethyl-2-methyl-3-benzyloxypyridin-4-
one.H 2 0

Empirical formula C25H37NO4

Formula weight 415.56
Tem perature 173(2) K
W avelength 0.71073 Â
Crystal system monoclinic
Space group C 2
Unit cell dimensions a = 27.7310(5) A a  = 90°

b = 9.1890(2) A 3 = 108.743(1)°
c =  19.6030(4) A Y = 90°.

Volume 4730.3(2) Â
Z 8

Calculated density 1.167 Mg/m^
Absorption coefficient 0.078 mm'^
F(OOO) 1808
Crystal size 0.3 X 0.3 X 0.2 mm
Theta range for data collection 2.94 to 24.00°
Limiting indices -31<=h<=31, -10<=k<=10, -22<=l<=22
Reflections collected / unigue 36665 / 7382 [R(int) = 0.0494]
C om pleteness to theta = 24.00 99.2 %
Refinement method Full-matrix least-sguares on F^
Data / restraints / param eters 7382 / 1 / 550
Goodness-of-fit on F^ 1.086
Final R indices [l>2a(l)l Ri = 0.0760, WR2 = 0.2010
R indices (all data) Ri = 0.0931, WR2 = 0.2261
Absolute structure param eter 0.6(15)
Extinction coefficient 0.047(3)
Largest diff. peak and hole 0.915 and -0.821 e.A"^
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Appendix M: Crystal data and structure refinement for 1- 

menthoxyethyl-2-methyI-3-hydroxypyridin-4-onium chloride 

(78.HC1)

Table 11. Crystal data and structure refinement for (78.HCI).

Identification code 1-menthoxyethyl-2-methyl-3-hydroxypyridin-4- 
onium chloride

Empirical formula C18H30CINO3

Formula weight 343.88
Tem perature 170(2) K
W avelength 0.71073 A
Crystal system monoclinic
Space group P 2 i
Unit cell dimensions a = 14.2190(3) A a  = 90°

b = 9.0070(2) A p  = 111.664(1)°
c =  16.3480(4) A Y = 90°

Volume 1945.81(8) A"
Z 4
Calculated density 1.174 Mg/m’’
Absorption coefficient 0 . 2 1 0  mm'^
F(OOO) 744
Crystal size 0.40 X 0.20 X 0.10 mm
Theta range for data collection 3.29 to 27.50°
Limiting indices -18<=h<=18, - 1 1 <=k<=1 1 , -2 1 <=l< = 2 1

Reflections collected/unique 38181/8824 [R(int) = 0.0610]

C om pleteness to theta = 27.50 98.7 %
Max. and min. transmission 0.9793 and 0.9208
Refinement method Full-matrix least-sguares on F^
Data / restraints / param eters 8 8 2 4 /5 /4 4 0
Goodness-of-fit on F^ 1.029
Final R indices n>2a(l)1 Ri = 0.0360, wRz= 0.0809
R indices (all data) Ri = 0.0447, WR2 = 0.0860
Absolute structure param eter 0.03(3)
Extinction coefficient 0.022(3)
Largest diff. peak and hole 0.175 and -0.274 e.A'^
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Appendix N: Crystal data and structure refinement for 1 

menthoxyethyl-2-methyl-3-hydroxypyridin-4-one (78)

Table 12. Crystal data and structure refinement for (78).

Identification code 1-menthoxyethyl-2-methyl-3-hydroxypyridin-4-
one

Empirical formula C18H29NO3

Formula weight 307.42
Tem perature 150(2) K
W avelength 0.71073 A
Crystal system monoclinic
Space group P 2 i
Unit cell dimensions a = 13.8820(2) A a  = 90'’

b =  13.4980(3) A 0 = 90.14'’
c =  19.1670(4) A Y = 90'’

Volume 3591.5(1) Â
Z 8

Calculated density 1.137 Mg/m^
Absorption coefficient 0.076 mm'^
F(OOO) 1344
Crystal size 0.35 X 0.23 X 0.08 mm
Theta range for data collection 3.36 to 25.00“
Limiting indices -16<=h<=16, -16<=k<=16, -17<=l<=22
Reflections collected / unigue 27272 /12251 [R(int) = 0.0761]
C om pleteness to theta = 25.00 99.6 %
Max. and min. transmission 0.9939 and 0.9738
Refinement method Full-matrix least-sguares on F^
Data / restraints /  param eters 12251 / 1 / 805
Goodness-of-fit on F*̂ 1.064
Final R indices [l>2a (1)] Ri = 0.0779, wRz = 0.1366
R indices (all data) Ri = 0.1282, wRz = 0.1562
Absolute structure param eter 0 .1 (1 2 )
Largest diff. peak and hole 0.895 and -0.219 e.A'^
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Appendix O: Crystal data and structure refinement for Cu 

(l-menthoxyethyl-2-methyl-3-hydroxypyridin-4- 

onate)2.acetone (96)

Table 13. Crystal data and structure refinement for (96).

Identification code Cu (1-menthoxyethyl-2-methyl-3-hydroxypyridin- 
4-onate)2. acetone

Empirical formula C36 60H57 20CUN2O6 20
Formula weight 687.98
Tem perature 150(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2i
Unit cell dimensions a = 13.6420(1 )A a  = 90°

b = 14.5860(1)A 3 = 108.030(1)°
c  = 20.1280(2)A y = 90°

Volume 3808.44(5) A^
Z 4
Density (calculated) 1.200 Mg/m'*
Absorption coefficient 0.617 mm'^
F(OOO) 1478
Crystal size 0.15 X 0.15 X 0.08 mm
Theta range for data collection 3.53 to 27.47°
Index ranges -17<=h<=17; -18<=k<=18; -26<=l<=26
Reflections collected 71100
Independent reflections 17197 rR(int) = 0.05301
Reflections observed (>2a) 14635
Data C om pleteness 0.996
Absorption correction None
Max. and min. transmission 0.9552 and 0.9131
Refinement method Full-matrix least-sguares on F^
Data / restraints / param eters 1 7 1 9 7 /2 5 /8 5 2
Goodness-of-fit on F^ 1.051
Final R indices [l>2a(l)l R  ̂ = 0.0501 w R 2 = 0.1078
R indices (all data) R ' = 0.0649 w R 2 = 0.1140
Absolute structure param eter 0.008(10)
Largest diff. peak and hole 0.669 and -0.299 eA"'
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Appendix P: Crystal data and structure refinement for

Cu(2-menthoxyethyIaminotroponate)2 (103)

Table 14. Crystal data and structure refinement for (103).

Identification c o d e C u(2-m enthoxyethylam inotroponate)2
Empirical formula C^gHssCuNzO^
Formula w eight 6 6 8 .3 9
T em perature 150(2) K
W avelength 0 .7 1 0 7 3  A
Crystal sy s tem m onoclinic
S p a c e  group P 2 i
Unit cell d im en sion s a = 1 7 .9 4 8 0 (9 ) A a  = 9 0 “

b = 5 .2 6 3 0 (2 ) A 3 = 1 01 .034 (2 )°
c =  1 9 .2 6 0 0 (9 ) A Y = 90°

V olum e 178 5 .7 (1 ) Â
Z 2
C alculated density 1 .243  Mg/m^
A bsorption coefficient 0 .6 5 2  mm""
F(OOO) 7 1 8
Crystal s iz e 0 .7 0  X 0 .2 0  X 0 .0 5  mm
T heta range for data collection 3 .2 2  to 2 5 .0 1 °
Limiting ind ices -2 1 < —h'^—20, -6 ^ —k^—6, -2 2 ^ —1^—2 2
R eflection s collected  /  unigue 1 7 1 7 3 /5 9 7 1  [R(int) = 0 .0961 ]
C o m p le ten ess  to theta = 25.01 9 7 .8  %
Max. and min. transm ission 0 .9681  and 0 .6 5 8 2
R efin em ent m ethod Full-matrix lea s t-sg u a res  on F^
D ata /  restraints /  param eters 5971 / I /  4 0 6
G ood n ess-o f-fit on F*̂ 1 .060
Final R in d ices [l>2a(l)l Ri = 0 .0 5 7 5 , wRz = 0 .1 3 0 8
R in d ices (all data) Ri = 0 .0 7 3 6 , wRz = 0 .1 4 1 4
A bsolute structure param eter -0 .0 2 3 (1 9 )
L argest diff. peak  and hole 0 .6 4 7  and -0 .4 8 6  e.A"^
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