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ABSTRACT 

Mushroom polyphenol oxidase (EC 1.14.18.1) was investigated to determine its potential for 

application as a biocatalyst in the synthesis of o-quinones, in organic medium. In order to determine 

the kinetic properties of the biocatalyst, a system was devised which comprised an immobilised 

polyphenol oxidase extract, functioning in chloroform. The system was hydrated by the addition 

of buffer. A simple method for the consistent measurement of reaction rates in this heterogenous 

system was designed and used to obtain detailed enzyme kinetic data relating to optimisation of 

reaction conditions and substrate specificity. The aqueous content of the system was optimised 

using p-cresol as a substrate . 

A crude, immobilised extract of Agaricus bisporus was used to hydroxylate and oxidise a range of 

selected p-substituted phenolic substrates, yielding, as the sale products, o-quinones. These 

products were efficiently reduced to catechols by extracting the reaction mixtures with aqueous 

ascorbic acid solution . The biocatalytic system was also successfully utilised to produce L-DOPA, 

the drug used to treat Parkinson ' s disease, from L-acetyl tyrosine ethyl ester (ATEE). Michaelis­

Menten kinetics were used to obtain apparent Km and V values with respect to the selected 

phenolic substrates, and the kinetic parameters obtained were found to correlate well w ith the 

steric requirements of the substrates and with their hydrophobicity. In the course of the 

investigation, a novel 'H NMR method was used to facilitate measurement of the UV molar 

absorption coefficients of the o-quinones in reaction mixtures, thus avoiding the necessity to isolate 

these unstable, water-sensitive products . 

The biocatalytic system was extended to a continuous process, in which the immobilised enzyme 

was shown to function successfully in the chloroform medium for several hours, w ith high 

conversion rates . Modifications, involving partial purification and the addition of a surfactant, were 

investigated to determine their effect on the kinetic parameters. The results obtained using partially 

purified enzyme indicated that the removal of extraneous protein and/or melanoid material lead to 

a reduced capacity for convers ion of sterically demanding substrates. The addition of the anionic 

detergent, sodium dodecyl sulphate (SOS), enhanced the abil ity of the biocatalyst to bind and 

oxidise sterically demanding substrates. These effects are attributed to changes in the polar state 

of groups within the protein binding pocket, which result in altered flexibility and hydrophobicity. 



ii 

Computer modelling of several biomimetic dinuclear copper complexes also indicated the 

importance of flexibility for effective biocatalysis . Novel binuclear copper (II complexes, containing 

a flexible biphenyl spacer and imidazole or benzimidazole donors, were prepared and analysed using 

NMR, UV, AA and cyclic voltammetric techniques . The complexes were also shown, in a detailed 

kinetic study, to mimic the catecholase activity of polyphenol oxidase by oxidising 3 ,5-di-tert­

butylcatechol, and to catalyse the coupling of the phenolic substrate 2,4-di-tert-butylphenol. 

However, the complexes were apparently too flexible to react with smaller substrates. These 

biomimetic complexes provided valuable insights into the nature of the dinuclear copper binding 

site . 
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Section 1.1.1 

CHAPTER 1 

INTRODUCTION 

The research fields of Biocatalysis and Biomimetics have the common aim of combining biological 

and chemical principles in endeavouring to exploit the potential of enzymic catalysis. This thesis 

reports a study on polyphenol oxidase from these two major perspectives. Firstly, the potential of 

the enzyme as a biocatalyst for application in organic syntheses was explored, and secondly, some 

theoretical and practical aspects of chemical models for the enzyme were investigated. This 

introduction gives a survey of the literature relating to the nature of polyphenol oxidase as well as 

to biocatalytic and biomimetic research on the enzyme. The objectives of the present study are 

defined at the end of this chapter. 

1.1 POL YPHENOL OXIDASE 

, .1.1 Background 

Polyphenol oxidases (Ee 1.14.18.1) are monooxygenases which catalyse two reactions, viz., the 

ortha-hydroxylation of phenols and the oxidation of catechols (1,2-dihydroxybenzenes) to artha­

quinones utilising molecular oxygen [reaction (1)]. Phenols and catechols can be substrates for the 

enzymes, and the product of the reaction is generally found to be the a-quinone in both cases. The 

initial reaction (hydroxylation of the phenol) is often referred to as "cresolase" or "phenolase" 

activity, and the second reaction (oxidation of the catechol) is called "catecholase" activity (Kertesz 

and Zito, 1965). These terms are in common use, and they are used in this thesis to differentiate 

between the two reactions. The a-quinone products usually undergo subsequent chemical reactions 

to give characteristic dark coloured compounds known collectively as melanins. 

~OH 

R~ 
O2 

• 
cresolase 

O2 
• 

catecholase 

~o 

AAo R 

(1) 
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In common with a number of other oxygen-activating enzymes (see Table 1.1), polyphenol oxidases 

are metalloenzymes, the metal in the active site being copper. The names " tyrosinase", "phenol 

oxidase" and "polyphenolase" are also commonly used for this enzyme, and "tyrosinase" is used 

interchangeably with "polyphenol oxidase" in this thesis. 

The first tyrosinase was discovered in 1895 when a black pigment was observed in the mushroom 

Russula nigricans (Bourquelot and Bertrand, 1895). The enzyme was named "tyrosinase" in 

reference to the substrate, tyrosine, which was found to be converted into the black pigment 

(Bertrand, 1896). Subsequently, polyphenol oxidases have been found to be widely distributed in 

both the plant and animal kingdoms, where their functions are mainly in pigment production for 

defensive purposes (Lerner and Fitzpatrick, 1950). In spite of the endeavours of numerous chemists 

and biologists in research spanning almost a century, and the accumulation of an enormous 

literature, the structures of most polyphenol oxidases are not yet fully elucidated . The properties 

of their binding sites and the mechanisms of their reactions remain the subject of wide-ranging 

current research. 

Table 1.1: Oxygen-activating metalloenzymes (Karlin and Gultneh, 1985, and Vigato et al., 1990) 

Enzyme Example Occurrence Function 

Blue oxidases Laccase Fungi, plants Oxidation 
Ascorbate oxidase Plants Oxidation 
Ceruloplasmin Serum Oxidation, 

metal transport 

Non-blue Amine oxidase Animals Collagen formation 
oxidases Galactose oxidase Moulds Galactose oxidation 

Oxygen Haemocyanin Molluscs, Oxygen transport 
carriers arthropods 

Copper mono- Polyphenol oxidase Plants, skin, Aromatic 
oxygenases insects, hydroxylation and 

melanoma oxidation 
Dopamine p- Adrenals Noradrenalin 

hydroxylase formation 

Enzymes Superoxide dismutase Red blood Peroxide 
containing cells detoxification 
other metals as 
well as or in Cytochrome c oxidase Mitochondria Oxygen reduction 
place of copper 

Methane Bacteria Oxygen reduction, 
monooxygenase alkane oxidation 
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, .1.2 Early research on tyrosinase, and melanin biosynthesis 

The a-quinones resulting from the oxidative activity of tyrosinase undergo a complex series of non­

enzymic chemical changes which ultimately yield melanins. These are complex, high molecular 

weight polymeric pigments, found uncombined or conjugated with proteins, in pigmented tissues. 

The protective and cosmetic significance of their role in human pigmentation in parlicular, prompted 

much of the early research into the activity of mammalian tyrosinase. In addition, the presence of 

intense melanoid pigmentation in melanoma cells has stimulated interest in the link between 

tyrosinase activity and cancer. In initial studies involving human diseases, correlations were 

established between adrenal hypofunction and increased pigmentation in sufferers of Addison's 

disease, and between melanoma and the presence of catechol derivatives in the urine. When 

mammalian polyphenol oxidase was discovered in human cells, Block (1927, cited in Lerner and 

Fitzpatrick, 1950) proposed that it should be named "DOPA oxidase" in view of its specificity for 

the substrate 3.4-dihydroxyphenylalanine (DOPA), , . Both cresolase and catecholase activities 

were later found in other mammalian cells, however, and the name was changed to tyrosinase 

(Lerner and Fitzpatrick,1950) . 

H0XY'X,I COOH 
~ NH2 

HO 

1 

The intermediacy of DOPA in the conversion of tyrosine to melanins, and the utilisation of 

molecular oxygen, were proved as early as 192B (Raper, 1928). Mason (1 947 and 1959) made 

much progress towards elucidating the reactions leading to the formation of melanins. Scheme 1 .1 

shows a general pathway for the formation of melanins (Hearing and Jimenez, 1987). Only the 

initial steps, (i) and {iii are enzyme-catalysed, and the subsequent interconversions are spontaneous 

chemical reactions resulting from the reactivity of the o-quinones. Thus the black skin pigment, 

eumelanin, is formed as granules (melanosomes) in the melanocyte cells in animals. Phaeomelanins, 

the pigments responsible for the red and yellow colours in hair, feathers and fur, are formed by 

interaction of the intermediate, dopaquinone, (2, Scheme 1.1) with cysteine to produce sulphur­

containing polymers (Prota, 1972). 

0X)):COOH 

NH, 
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Scheme 1.1: The biosynthesis of melanins (Hearing and Jimemez, 1987) 

1.1.3 Polyphenol oxidases from various sources 

Polyphenol oxidases have been found in groups as diverse as prokaryotes, fungi, higher plants, 

arthropods, amphibians and mammals. Potato polyphenol oxidase, for instance, was discovered in 

1938 and was used to show the presence of copper in the polyphenol oxidase active site 
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(Kubowitz, 19381. In all cases, the enzymes are found to occur in more than one active form, and 

many are polymeric (see Table 1.21 . Mushroom tyrosinase is unusual in having non-identical sub- ' 

units (see Section 1.1.31. The substrate specificity of the enzymes varies from plant sources 

(where a number of different phenolic and catecholic substrates are oxidised) to higher animals 

(where the specificity is quite narrow) and mammalian cells (which utilise only DOPA or closely 

related substrates) (Robb, 1984). 

Table 1.2: Properties of polyphenol oxidases form various sources (Lerch, 1981) 

Source Molecular weight Properties 

Streptomycetes 29000 2 copper atoms per molecule 

Neurospora 46000 2 copper atoms per molecule 
2 allelic forms 

Mushroom 26000 - 120000 4 copper atoms per tetramer 
4 isoenzymic forms 

Potato 290000 4 copper atoms per molecule 
Various forms 

Insect 80000 2 copper atoms per molecule 
2 subunits 

Human melanoma 66700 2 copper atoms per molecule 
Various forms 

1.1.3 (1) Plant polyphenol oxidases 

The role of plant polyphenol oxidases is usually protective; melanins are formed at injury sites, and 

act as a physical barrier as well as being bacteriostatic. It has also been suggested that polyphenol 

oxidases are involved in the formation of lignins, via the phenylpropanoid pathway (Scheme 1.2) 

(Robb, 1984). 
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Scheme 1.2: Formation of lignins via the phenylpropanoid pathway (Robb, 1984) 

Many plant polyphenol oxidases are present in the plant in a latent or inactive form which is 

activated by solubilisation, activator binding, or proteolysis, e.g. broad bean polyphenol oxidase 

(Robb et al., 1966 and 1984) and grape polyphenol oxidase (Lerner and Mayer, 1976) . This aspect 

is discussed in more detail in Chapter 4 . 

Plant polyphenol oxidases are also of great importance in the food industry, where enzymic 

browning, i.e. the formation of melanins on cut surfaces of foods such as bananas and potatoes, 

may be undesirable. Fermentation of tea also involves tyrosinase activity however, where it results 

in desirable flavour and colour changes (Scott, 1975). Grape polyphenol oxidases have been 

extensively studied because of the importance of quinone reaction products such as caffeoyl 

tartrate 3, in wine (Cheynier et al.,1990; Sanchez-Ferrer and Garcia-Carmona, 1992a) . 

HO 

HO~ 
3 

The literature on plant polyphenol oxidases is extensive, and since it is not possible to provide an 

exhaustive citation, some representative examples are summarised in Table 1.3. 
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Table 1.3: Some plant polyphenol oxidases reported in the recent literature 

Source Result Reference 

Apple Substrate: chlorogenic acid; Murata et al., 1992 
optimum pH 4.0 

Arctium lappa Substrate: phloroglucinol, Murao et al., 1993 
chlorogenic acid 

Spinach Low activity in winter, Watanabe et al., 1991 
inhibited by oxalate, activated by Cu' · 

Avocado pear Membrane bound, activated by Medina et al., 1991 
trypsin 

Cucumber Present only in skin Miller et al., 1990 

Peach Various substrates Lee et al., 1990 

Pears Enzyme purified by removal of Smith and Montgomery, 
endogenous phenolics 1985 

Grape Most activity in mature and Wisseman and Lee, 1980 
crushed grapes 

Potato Substrates: tyrosine, DOPA, Matheis and Belitz, 1977 
chlorogenic acid; sequential 
mechanism 

1 .1.3 12) Mushroom polyphenol oxidase 

The tyrosinase found in the commOn mushroom, Agaricus bisporus, has been utilised in many 

studies, since it is readily obtainable in relatively large quantities. The existence of several 

isoenzymes, which are interconvertible to some extent (depending on factors such as pH, buffer 

ionic strength, and protein concentration) was demonstrated by Jolley and Mason (1965) . These 

authors suggested that monomeric units could associate to form dimers and higher polymers such 

as a tetramer, and that the isoenzymes were a result of this multiplicity. The low molecular weight 

isoenzymes were found to be active, and therefore contained at least one active site . Before the 

pairing of the copper atoms in tyrosinase was known, a minimal molecular weight of 31800 per 

copper atom was regarded as applying to one subunit of the enzyme (Kertesz, 1965). The 

tetrameric form was suggested to be the major active form of mushroom tyrosinase (Jolley et al., 

1974) but the quaternary structure was only elucidated when the dissimilar nature of the subunits 

was discovered (Strothkamp et al., 1976) . The p-isoenzyme was isolated and found to have two 

types of subunit, called the "light" and "heavy" subunits . Their molecular weights were found to 

be 13400 and 43000 respectively. The tetrameric form was shown to be composed of two light 

and two heavy subunits, making up a molecular weight of 112800 which was close to the 
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observed value of 120000. The predominant smaller isoenzyme, observed to have a molecular 

weight of 69000, comprised one heavy and two light subunits. The subunits could be separated 

by treatment with detergents and heat, and re-aggregated in detergent-free solutions. Four 

isoenzymes are currently recognised, viz., a, /3, y, and 6 forms. They exhibit differences in their 

ratios of cresolase and catecholase activities (Lerch, 1981). 

In addition to the role of formation of melanins for protection, a metabolic regulatory function has 

been proposed for the polyphenol oxidase in mushrooms. The oxidation of y-L-glutaminyl-4-

hydroxybenzene 4 produces the corresponding quinone, and this product is thought to inhibit some 

sulphydryl dependent enzymes, hence inducing dormancy (Boekelheide, 1980). 

NH, 

rrN~OH 
HO~ 0 

4 

1.1.3 (3) Other microbial polyphenol oxidases 

While a number of bacteria have been found to produce tyrosinase, the most studied sources are 

Streptomyces glaucescens and Neurospora crassa. The Neurospora enzyme was first purified for 

study in 1963 (Fling et al., 1963) and four forms were reported, with a molecular weight of 

approximately 33000 for the monomeric unit, and differing in thermostability and electrophoretic 

properties. Since this enzyme could be produced and purified relatively easily, and because it was 

found to be simpler in structure than the mushroom enzyme, it has been studied extensively. 

Horowitz et al. (1970) reported an effective purification and assay procedure using DOPA as the 

substrate. Valuable information, much of which is now found to be relevant to all tyrosinase 

enzymes, has been reported by Lerch and co-workers. These authors have established the amino 

acid sequence, copper coordination sites, and kinetic properties of the Neurospora enzyme. (Lerch, 

1976; Deinum et al., 1976; Pfiffner and Lerch, 1981; Lerch 1982; Lerch, 1983; Lerch et al., 1986; 

Huber and Lerch, 1987). The molecular weight was correctly established as 42000, and the copper 

atoms were found to occur in pairs, one pair per molecule, coordinated by histidine residues. The 

structure and mechanism of Neurospora tyrosinase are discussed in the relevant sections in this 

introduction. 

The polyphenol oxidase obtained from Streptomycetes shares 24% homology with the Neurospora 

enzyme, and has a molecular weight of approximately 30000 (Huber et al., 1985). It exhibits slight 

differences from the latter enzyme, in activity, specificity, and the ligand environment of the copper 
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ions (Huber and Lerch, 1988). The gene for this enzyme has recently been identified and cloned 

into E. coli, and future molecular biological work is likely to provide useful insights into tyrosinase 

structure and function. 

1.1.3 (4) Invertebrate polyphenol oxidases 

In insects and helminthes, formation of the cuticle is followed by a tanning process in which N­

acetyldopamine is oxidised by tyrosinase, and the quinoid product then reacts with proteins to form 

a tough, dark covering (Scheme 1.3) (Suguraman, 1986). The oxidation of the substrate 3,4-

dihydroxymandelic acid (5 in Scheme 1.4). catalysed by insect polyp he no I oxidases, has ellicited 

much interest because of an unusual oxidative decarboxylation which occurs after the enzymic 

reaction (Suguraman, 1986; Cabanes et al., 1988; Suguraman et al., 1989; Bouheroum et al., 

1989). Insect polyphenol oxidase-catalysed reactions have been used to establish the mechanism 

of the rearrangement of dopachrome (see Section 1.1.7). 

HO~NHCOCH, 

HO~ 

tyrosinase 

• 

HO~NHCOCH,~. __ __ 

Ho~protein 
protein 

O~NHCOCH, 

O~ ~ 
~ 3 H0:CC::NHCOCH 

HO I # protein 

~rosinase 
O~NHCOCH3 

oA.Aprotein 

Scheme 1.3: Quinone tanning in insect cuticle (Suguraman, 1986) 
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--... 
OH OH 

OH 

Scheme 1.4: Oxidative decarboxylation of 3,4-dihydroxymandelic acid (Cabanes et al., 1988) 

1.1.3 (5) Mammalian tyrosinases 

Mammalian tyrosinase from sources such as mouse epidermis, hamster melanoma, and human 

melanoma have been used for various studies, and the results have been found to be similar to 

those obtained with mushroom tyrosinase, although the mammalian enzyme is more specific for 

DOPA (Hearing et al., 1980; Pomerantz and Warner, 1967). Mammalian tyrosinase occurs 

membrane-bound, in melanocytes, in polymorphic forms which have molecular weights of 

approximately 55000 before post-translational glycosylation; no primary sequences are available 

because of the small amounts which have been obtained (Hearing and Jiminez, 1987). The catechol 

L-DOPA and its analogs are toxic to melanoma cells, which is thought to be due to the formation 

of reactive quinone products which inhibit DNA polymerase, or to the formation of free radical 

decomposition products of catechols (Picardo et al., 1987 and Prezioso et al., 1990). 

1.1.4 The mechanism of polyphenol oxidase-catalysed reactions 

Polyphenol oxidases from various sources have been utilised in kinetic investigations, and the 

results are generally taken to apply to all members of the group. Polyphenol oxidase-catalysed 

reactions exhibit complex reaction kinetics, due to the sequential nature of the reactions and 

therefore, many investigations were carried out before the mechanism was explained. Mason 

(1959) proposed the mechanism shown in Scheme 1.5, in which the copper ions were shown to 

be reduced and then oxidised while bound to the protein: 
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"activation" 0, 
Protein-(Cu"'n , 'Protein-(Cu"n ' Protein-(Cu"n-O, 

Quinone Catechol 

Catechol Quinone 

Protein-(Cu "n-O + OH' 

Scheme 1.5: Mechanism of polyphenol oxidase proposed by Mason (1959) 

A more complex mechanism, accommodating the observed conversion of two catechol molecules 

per turnover, was suggested by Ochiai (1973, (Scheme 1.6): 

X-Cu(l) 

Quinone / X-Cu(l) 

+ 2H' / 

aO-CU(II) 

C 
-O-Cu(lI) 

atec/~.o' /' 

0, 

~ Quinone + 2H' 
X-Cu(lI) \ O -O-CU(II) -O} 2- X-Cu(II)-012-
X-Cu(1I) -O-Cu(II)-O ~ X-Cu(II)-OJ 

(Met) \ Catechol/ (Oxy) 

Catechol ~ /.,--f>henOI 

(l ·O-Cu(l1) O O-CU(II)-O 
~O X-Cu(II' E X-Cu(lI) ° 

Scheme 1.6: Mechanism for polyphenol oxidase proposed by Ochiai (1973') 

The combination of the enzyme with oxygen prior to substrate binding was established by Ingraham 

(1957), using a range of phenolic substrates, and this obligatory order of bind ing has subsequently 

been confirmed. However, the dependence of the Michaelis constant (with respect to oxygen) on 

the nature of catecholic substrates suggests that the order of binding is not necessarily sequential 
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in the case of catecholase activity (Duckworth and Coleman, 1970; Gutteridge and Robb, 1973; 

Lerch and Ettlinger, 1972). Conformational changes resulting from binding of oxygen or the 

substrate could affect Km values (Mayer and Harel, 1979). In the case of high concentrations of 

DOPA, the reaction system apparently has a ping-pong mechanism (Vanni et al., 1990). 

A complete mechanism which would account for the observed stoichiometry viz.: 

2 Catechol .... 2 Quinone; 0, + 4 electrons .... 2 H,O 

and the reversible reduction and oxidation of the two copper ions, as well as the cresolase activity, 

was proposed by Lerch (1981) (Scheme 1.7). In this mechanism, the phenolic substrate is only able 

to react with the oxygenated form of the enzyme, but a catechol can react with both the oxy and 

deoxy forms. (This is relevant to the explanation of the lag phase discussed in the next section.) 

The term "met" refers to the non-oxygenated form of the enzyme in which the copper ions are in 

the + 2 oxidation state; this is inactive with respect to phenolase activity, but can be converted 

to the "oxy" form by reaction with the catechol (steps (i) to (iii) in Scheme 1.7). 

2H,0 

.Y--
0" / 

" 'c Cu· u' 

0+ 

0" , , 
Cu''- Cu'­

'C/ 
6 

P = phenol 
C = catechol 
o """ Quinone 

2W + 
H,O 

Cu2+ Cu2 + 

Met Iii ----... 

Catecholase 
activity 

Cresolase 
activity 

(iii) 

liii ~; t -0 + 2W 

Cu" Cu" 

0, 

0+ 2W 

Scheme 1.7: Mechanism for polyphenol oxidase proposed by Lerch (1981) 
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1.1.5 The lag phase in phenolase activity 

A significant feature of tyrosinase kinetics is an initial lag phase which is observed when phenolic 

substrates are used, but which is absent if the substrate is a catechol. This lag phase is abolished 

by the addition of small amounts of various reductants, ego DOPA (Garc(a-Carmona et al., 1987), 

other catechols (Osaki, 1963), melani,! (Menter et al., 1990), certain metal ions (Ros et al., 1993), 

and serine (Garcia-Carmona et al., 1987). The lag phase is explained as being a result of 

competition between the phenolic and catecholic substrates, and a dynamic adjustment of the rates 

of enzyme-catalysed steps. A certain amount of time is required for a specific level of the catechol 

to accumulate, and once this has been achieved, the catechol is regenerated sufficiently rapidly by 

step (viii) (Scheme 1.8) to maintain an increasing proportion of the enzyme in the active copper (I) 

state. The copper (I) form can then react with oxygen and then the phenol, and thus the lag is 

gradually overcome. This is supported by the fact that the lag phase was not observed when the 

enzyme was stored under nitrogen, when a larger fraction of the enzyme would be preserved in a 

copper (I) state (Vanni et al., 1990). 

The mechanism proposed for metal ion-induced shortening of the lag time involves the formation 

of traces of DOPA (from tyrosine) which then reacts as explained above (Ros et al., 1993). Any 

other reductant, such as serine, would act in a similar way. The deoxy enzyme-phenol complex 

Ed •• ".P (Scheme 1.8) constitutes a "dead-end" in that the deoxy form of the enzyme cannot react 

with the phenol although it can bind to it (Garcia-Carmona et al., 1987; Cabanes et al., 1987). Also 

in connection with non-enzymic reactions, low concentrations of catechol (1,2-dihydroxyphenol, 

7) and 4-methylcatechol were reported to have a synergistic effect on the oxidation of DOPA by 

mushroom tyrosinase. This was attributed to the ability of these catechols to oxidise DOPA non­

enzymatically to dopaquinone (Schved and Kahn, 1992). 

Ii) (ii) 
Eoxy-P P + Eoley + C > EQxy-C < < 

1 U;'I 
(iv) (v) 

Q 

(vi) (vii) 
Edeoxy -C C + EdeOXy + P • EdeOlCY-P < , 

(inactive) 

Q + {reductant} 
(viii) 

-'..-'..'-)) Yo C + y, Q 

P = phenol; C = catechol; Q = quinone 

Scheme 1.8: Mechanism for polyphenol oxidase activity, and the phenolase lag phase (Garda­

Carmona et al., 1987) 
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1.1.6 Reaction inactivation of polyphenol oxidase 

Early investigations, in which catechol, 7, was used as the substrate, showed that rapid reaction 

inactivation occurred. The well known science writer, Isaac Asimov, studied this reaction and 

reported a detailed analysis of the kinetics in his doctoral dissertation (Asimov and Dawson, 1950). 

The inactivation was proposed to res~lt from the a-quinone product reacting with a nucleophilic 

group in the protein (Wood and Ingraham, 1965), Tyrosinase was one of the first enzymes to have 

the term "suicide enzyme" applied to it, because this inactivation was regarded as the result of 

irreversible reaction between a product of the enzyme-catalysed reaction and the protein pocket 

containing the binding site of the enzyme. Since the reaction inactivation was observed to occur 

concurrently with oxidation of catechol to a-benzoquinone, the reaction sequence shown in Scheme 

1.9 was suggested (Dietler and Lerch, 1979). Here, the inactivated enzyme, E-, is formed from the 

complex of the oxygenated enzyme with the bound a-quinone product. 

OH /Y0H 
U 

7 

E + C EC ----.., E,O ----.., E, + 0 + 2H+ 

E, + 0, ----.. EO," + C --... EO,"C ~ E,O,"O 

/! 
E· E + 0 + OH' 

E ~ enzyme; E, ~ reduced form of enzyme 
C ~ catechol; 0 ~ quinone 

Scheme 1.9: Reaction sequence proposed to explain the reaction inactivation of polyphenol 

oxidase by catechol (Dietler and Lerch, 1979) 

However, destruction of Histidine-306 of Neurospora tyrosinase was subsequently observed during 

reaction inactivation, w ith a corresponding loss of one copper atom per molecule. This was 

suggested to be the result of attack by hydroxyl radicals, formed during incomplete reduction of 

the peroxide-bridged enzyme intermediate 7 (Scheme 1.7, Section 1.1.4) (Lerch,1 981). This 
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Fenton-type reactivity is likely to be minimised in normal enzyme functioning, by tight binding of 

the peroxide ion to the dicopper unit (Wilcox et al., 1985), In fact, only one tyrosine molecule is 

inactivated in approximately every 5000 turnovers (Lerch, 1981). This theory of inactivation (by 

free radical reactions) is supported by the results of investigations carried out under conditions 

which excluded the possibility of quinone accumulation, but permitted the phenolase activity of 

tyrosinase (Golan-Goldhirsch and Whitaker 1985). 

Dye-sensitive photoinactivation of mushroom tyrosinase has also been attributed to interaction of 

the enzyme with active oxygen species such as O,.-(Parkin and Lowum, 1990). Tyrosinase exhibits 

irreversible inactivation induced by UV radiation; this was also attributed to partial denaturation 

resulting from disruption of intramolecular interactions by free radicals (Kahn and Ali, 1986; Shah 

et al., 1987). 

1.1.7 Reactions of products subsequent to polyphenol oxidase-catalysed oxidation 

Recent investigations have shown that melanin formation is pH-dependent, and this is rationalised 

by taking into account the rearrangement of dopaquinone-H + 8 which is actually the product of the 

enzymic reaction, to dopachrome 9 (Scheme 1.1 0) (Garcfa-C~novas et al., 1982a and b) . DOPA 

is formed, as the dopaquinone-H + is converted, and this gradually activates the met (copper (II), 

non-oxygenated) form of the enzyme, thus increasing the phenolase reaction rate and abolishing 

the lag phase (Cabanes et al., 1987) . 

HO)())::COO' 

I NH + 

HO # 3 

O~COOH 
HO~/ 

Dopachrome 9 ~ 
1 0 , 

Melanin 

tyrosinas e 

• 
O~COO' 

~ NH,+ 

8 

o coo· 

oX)( 
HO / 

~COOH 
HO~Nr--

leukodopachrome 

Scheme 1.10: pH-Dependent formation of dopachrome (Garcia-C~novas et al., 1982a; Cabanes 

et al., 1987) 
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In the formation of melanins, the decarboxylation step [step (v) in Scheme 1 .1, Section 1 .1 .1] has 

also been re-examined recently. The revised mechanism, shown in Scheme 1.11, includes the 

quinone-methide intermediate 10, which forms prior to the decarboxylation reaction (Costantini et 

al., 1991). Direct observation of the quinone-methide was reported subsequently (AI-Kazwini et al., 

1992). 

°X):r.COOH • H°X)::;-COOH 
0- N ---i~ 

W 0 NH 

HO~ 

HO~N~ 
10 

co, 

Scheme 1.11: The reaction pathway of dopachrome decarboxylation (Costantini et al., 1991) 

Transition metal ions, such as Cu' · , Co", Fe" and In'' have been shown to alter the kinetics and 

the course of melanin formation . This has been attributed to their interaction with dopa chrome 

which causes decreased decarboxylation, and results in melanins forming with additional carboxyl 

groups (Palumbo et al., 1987; 1988; 1990). 

1.1 .8 Substrates for polyphenol oxidases 

The range of substrates which can be transformed by polyphenol oxidases is generally very broad, 

particularly in the case of enzymes from plant sources. The natural substrates are normally regarded 

to be tyrosine and DOPA, at least for mammalian tyrosinase. (Mammalian tyrosinase is far more 

specific than other tyrosinases but it is seldom used because it is difficult to obtain). Numerous 

authors have reported a variety of substrates for polyphenol oxidase-catalysed aromatic 

hydroxylations and oxidations. Many of these reactions have found application in biocatalytic 

systems as discussed in Section 2.1; the objective of the present section is to give a general view 

of the range of substrates observed to be suitable for tyrosinase under conventional conditions. 
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Mushroom tyrosinase was found to catalyse the transformation of all the phenols shown in Table 

1.4, to give a-quinones in aqueous systems (Passi and Nazzaro-Porro, 1981); the rates were found 

to be greatest if the phenol had a para-substituent which was electron-donating. If the para­

substituent was an electron-acceptor, the phenol was observed to be a competitive inh ibitor of the 

enzyme. Phenols with substituents artho to the hydroxyl were reported not to be recognised . 

Table 1.4: Examples of substrates and inhibitors of polyphenol oxidase (Passi and Nazzaro-Porro, 

1981; Yasunobu, 1959) 

Phenol Catechol Others 
Substrates: OH OH 

DOH CH 
¢r~ D OH (x0H 
: I cr R ~ 

~ NO 
R ~ OH , 

Q~ 
cr 

Substrate: Substrate: HO 
R = OCH, R = CH, HXX> OC2H. OCH, 

CH, OC2H. 
C(CH,), C(CH,), Inhibitors : 
OCH,C,H. 
CHCH')2 OH OH 
CH2CH2NHCOC~ CrCOCH 

Q COOH Halogen ~ I 
Inhibitor: 

Inhibitor : 

R = N02 R= N02 COOH 
COOH COCH,NCH, 
CHO CHO 
COOCH, 
COOC2H. 

Pras and co-workers have shown the formation of many catechols using alginate-entrapped plant 

cells (Mucuna pruriens), in aqueous medium, in the presence of ascorbic acid (which reduced 

Quinones to catechols). These are summarised in Table 1.5 (Pras et al., 1988; Pras, 1988; Pras et 

al., 1990; Woerdenberg et al., 1990) . 
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Table 1.5: Substrates of polyphenol oxidase in Mucuna pruriens cells 

Phenols 

0
0H 

I 
R ~ 

R = 

~NH2 

COOH 

~NHCHO 

COOH 

~NH2 

COOCH3 

~OH 

~OH 

OH 

~NHz 

~COOH 

OH 

~COOH 

~COOH 

/"'.COOH 

W NR2 

HO . 

Aminotetralins 

HO 

3-Chromanamines 

9-Hydroxy-N-propyl­

hexahydronaphthoxazine 

Section 1.1.8 

17.B-estradiol 

The preparation of 2-hydroxyestradiol from estradiol, and the incorporation of the product into 

melanin, were also reported by Jacobsohn and Jacobsohn (1984; 1992; Jacobsohn et al., 1988) 

(Scheme 1.12) 

HO HO 

HO 

• 
HO HO 

Scheme 1.12: Hydroxylation of estradiol by tyrosinase (Jacobsohn et al., 1988) 
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In studies on the activity of polyphenol oxidase found in insect cuticle, Suguraman and co-workers 

have reported the transformation of dopamine and related catechols, and 3,4-dihydroxymandelic 

acid 5 (Table 1.6). In some cases, the reactions yielded coupled products resulting from reactions 

subsequent to the enzymic step (Suguraman, 1987; Suguraman et al., 1987; Suguraman et al., 

1990). 

Table 1.6: Substrates of insect polyphenol oxidase (Suguraman et al., 1990) 

R= 

r"(0H 

R~OH 
OH 

~NH, 

~NH, 

~NH2 

COOH 

OH 

ACOOH 
5 

D
OH 

- I 
OHC "" OH 

~COOH 

~COOH rY
0H 

HOOC~OH 

OH 

OHD:>-"'" I OH 

"" 0 

Coupled products from tyrosinase-catalysed reactions have also been reported in other cases; the 

oxidation products of 2-aminophenols were converted to phenoxazones (Toussaint and Lerch, 

1987) and 4-hydroxycoumarins gave coumestans (8halerao et al., 1989) (Scheme 1.13). 

OCN~ tyrosinase (XNH ((N:(XNH2 
• • R OH R 0 ROO 

2-aminophenols 
phenoxazones 

0 0 

,(X~f 
OH 

CXOH • OH + ,p-

O OH ~ OH 
4-hydroxycoumarins coumestans 

Scheme 1.13: Coupled products resulting from tyrosinase-catalysed reactions 
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Dopamine, 11 and its analogs, eg. a-methylnoradrenalin 12, also serve as substrates for tyrosinase, 

and the transformation of dopamine has been proposed as a minor pathway for the oxidation of 

DOPA in vivo (Jiminez et al., 1984; Jiminez et al., 1985). 

HO~NH2 

HO~ 
11 12 

Fluorinated substrates such as compound 13 have been investigated because fluoride has been 

observed to be released as a result of tyrosinase activity. This fluoride is toxic to cancer celis, and 

thus there is potential for treatment of tyrosinase-rich melanoma with these substrates (Rice et al., 

1987; Phillips et al., 1990). 

OH ,ooe (Y 
NH,~OH 

F 

13 

Tyrosinase is also capable of hydroxylating and oxidising tyrosine residues in peptides (Yasunobu 

et al., 1959) and proteins (Sizer, 1953). This is important in the production of moisture-resistant 

adhesives, as exemplified by mussel glue. Tyrosinase has been used in the production of synthetic 

glues which are similar in composition to these (Yamamoto et al., 1992). 

Of particular interest in' the present study are the transformations of hindered phenols such as 14, 

where the products are reported to be coupled biphenyls, such as 15 and 16 (Pandey et al., 1990). 

Similar coupled products were reported by Andersen et al. (1992), in the conversion of 4-

methylcatechol and N-acetyldopamine by insect cuticle tyrosinase. 

OH 0 OH 

RDR 
R R R R 

,:? 

~ 

14 

R R R R 

15 0 16 OH 
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Thus, the range of substrates which can be transformed in aqueous medium includes some very 

bulky molecules. This aspect of tyrosinase activity will be discussed further in Chapter 3. 

1" 1.9 Inhibitors of polyphenol oxidases 

Inhibitors of polyphenol oxidase fall into three main groups: (i) small molecule or ions which bind 

to the copper centre in the active site, (ii) aromatic inhibitors which compete with phenolic 

substrates in binding to the active site, and (iii) compounds which reduce or oxidise the copper ions 

(Janovitz-Klapp et al., 1990). 

Ions such as azide and cyanide complex with the copper ions in the active site and may cause their 

loss from the protein (Beltramini et al., 1984a and b). Removal of the inhibitor results in at least 

partial recovery of activity, since the copper can be recombined w ith the apoenzyme (Lerch, 1981). 

The binding of small molecules such as these have been useful in studying the nature of the 

dinuclear copper site in the copper protein haemocyanin as well as tyrosinase (see Section 1.2) . 

Azide reacts with both copper (I) and (II) forms of tyrosinase, causing a mixed type inhibition; the 

steps in the reaction pathway where azide can interfere are shown in Scheme 1 .14 (Healey and 

Strothkamp, 1981): 

I 
E2•2 C ( .c " 

E,., Q 

Q~ N3" 

1 E"l 

Q~ O2 

E", Q 
1" 

E2.2 C 
t 

E2.t f 
D 

P = phenol substrate; C 
Q = quinone product 

H2O 2W 

E2•2 (0,'") P 

N3 . ~P 

E2•2 (0/") 1 
I<-c 

E2•2 (0/") C 

E, ., (0/") Q 

I 
,? " 2H 2O + Q 4H+ 

catechol substrate; 

Scheme 1.14: Inhibition of polyphenol oxidase by azide ions (Healey and Strothkamp, 1981) 
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The anti-thyroid drug methimazole, 17, also inhibits mushroom polyphenol oxidase, by chelating 

the copper ions (Hanlon and Shuman, 1975; Andrawis and Kahn, 1986). Tropolone, 18 and 

mimosine, 19 act in a similar way, by complexing with the copper ions and thus competing with 

the substrate by blocking the active site (Kahn and Andrawis, 1985). Treatment of thalassaemia 

(a disorder involving excess iron in the body) with 3-hydroxypridine-4-ones (of which mimosine is 

an example) has the undesirable sid~·effect of inhibiting normal tyrosinase function and thus 

causing a lack of normal pigmentation (Hider and Lerch, 1989). These inhibitors all share the 

general structure 20, in which the dimensions allow the bridging of the dinuclear copper unit by 

the atoms X and Y (the nature of which depend on the inhibitor), making them very potent 

inhibitors. In the same way, fusaric acid, 21 and 3-aminotyrosine, 22 are effective inhibitors of 

tyrosinase (Maddaluno and Faull,1988). 
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Benzoic acid, 23 and hydroquinone, 24 act as simple competitive inhibitors, which bind strongly 

to the enzyme (Chen and Chavin, 1972; Menon et a/., 1990). 

COGH OH 

6 ¢ 
24 OH 23 

Reducing agents such as sulphite ions and mercaptoethanol inhibit the enzyme by reducing the 

active site copper ions, and oxidising agents such as sodium nitroferricyanide do so by oxidising 

the copper ions (Aasa et a/., 1978; Chen and Chavin, 1972) . In both cases the reversibility of the 

copper redox reaction, which is crucial in the mechanism (see Section 1.1.4), is precluded . Some 

contraversy has existed over the effect of ascorbic acid on tyrosinase , which is relevant in the light 

of the frequent use of this acid to reduce quinones to catechols in the presence of the enzyme. 

However, Varoquaux and Sarris (1979) showed that it has neither activating nor inhibitory effects 

on mushroom tyrosinase. 
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1 .2 THE ACTIVE SITE IN POL YPHENOL OXIDASE 

No complete structure elucidations have been reported for polyphenol oxidases; the difficulties 

inherent in the purification of multi-subunit enzymes, and the multiplicity which polyphenol oxidases 

exhibit, contribute to the lack of progress in defining their protein structures . The amino acid 

composition and sequence for Neurospora tyrosinase was published by Lerch (1982, 19831 . In the 

case of mushroom tyrosinase, the amino acid composition was determined by Jolley et al. (1969al . 

In the absence of crystals sufficiently pure for X-ray crystallographic analysis, the solid state 

structure of the proteins remains undefined. Far more attention has been devoted to intensive 

investigations of the dinuclear copper binding site which is present in the group of "Type III" copper 

proteins, of which tyrosinase is a member. 

1.2.1 The structure of the "Type III" active site 

Type III copper proteins are characterised by the presence of an anti-ferromagnetically coupled pair 

of copper atoms in their binding sites, and by the unique spectral features resulting from this (see 

Table 1.71. The group includes polyphenol oxidases, and the oxygen-carrying proteins, 

haemocyanins, which are found in crustaceans, arthropods, and molluscs . Haemocyanins are multi­

subunit proteins of considerable complexity, and their primary function is to carry oxygen in the 

bloodstream of the animals in which it occurs. Some haemocyanins have been shown to have 

tyrosinase activity, but this is likely to be of lesser importance. 

Table 1.7; Classification of copper proteins according to spectroscopic properties (Adman, 19911 

Type Source Characteristic 

I Azurin, plastocyanin Blue, intense absorption near 600nm, 
EPR active 
Role i'1 electron transfer 

II Galactose oxidase, Normal absorption features, 
Superoxide dismutase strong EPR signals 

Catalyse chemical · reactions 

III Haemocyanin, Magnetically coupled copper atoms, 
Tyrosinase EPR-silent, 

Strong absorption near 330nm 
Catalyse oxidations 
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The striking similarity between haemocyanins and tyrosinases was first recognised in the light of 

two observations: firstly, haemocyanins, ell. in Cancer (crab) blood, were found to have 

catecholase activity (Bhagvat and Richter, 1938), and secondly, the unusual spectral and magnetic 

features (described below) were common to both groups. The UV-visible absorption spectra of the 

Type III proteins are characterised by strong bands which develop upon oxygenation of the 

proteins. Treatment of mushroom tyrosinase with hydrogen peroxide results in reversible 

oxygenation, and the oxygenated form exhibits strong absorbances at 345nm (E = 9000 M"cm") 

and 600nm (E = 600 M" cm" ) (Jolley et al., 1974). Similarly, oxyhaemocyanin shows strong, 

multiple ligand-to-metal charge transfer absorptions at 345nm (E = 20000 M"cm" ) and 570nm (E 

= 1000 M" em" ) (Karlin and Gultneh, 1985). 

The rationalisation of the properties of Type III copper proteins has involved contributions from 

workers in wide-ranging fields; its development is described here in approximately chronological 

order. 

1.2.2 The Type III copper centres in tyrosinase and haemocyanin 

The presence of the copper atoms in mushroom tyrosinase was known very early, but their 

coupling was only demonstrated in 1973 (Schoot Uiterkamp and Mason, 1973), using EPR 

measurements. This confirmed the close relationship between haemocyanin and tyrosinase. The 

magnetic susceptibility of mushroom tyrosinase was also measured and was found to indicate 

diamagnetic character, which could only be explained if the copper atoms were situated close 

together in the protein (Makino et al., 1974). The circular dichroism (CD) spectrum of mushroom 

tyrosinase showed three bands, again similar to haemocyanin (Schoot Uiterkamp et al., 1976). The 

tyrosinase from Neurospora was also shown to contain two EPR-silent copper atoms; treatment 

of this protein with p-mercaptoethanol resulted in the detection of paramagnetic copper, indicating 

destruction of the coupling (Deinum et al., 1976). y-Radiation was used to destroy the coupling in 

Cancer haemocyanin, producing an uncoupled dicopper site where one copper ion was reduced to 

Cu ·, but the other was not. This was suggested to indicate some dissimilarity between the 

environments of the two copper atoms (Symons and Petersen, 1978). 

1.2.3 Early results of haemocyanin studies 

Various forms of haemocyanin were generated with different active site arrangements, and their 

spectral features investigated (Eickman et al., 1979). Table 1.8 shows the derivatives generated, 

their names and properties. Analysis of the charge transfer (CT) spectra and magnetic properties 
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of the derivatives indicated that oxygen was bound as an end-to-end peroxide (02
-) bridge across 

the two copper atoms_ The oxygen bridge was proposed to be positioned in the equatorial plane 

between the two copper atoms. 

An endogenous bridge between the copper atoms was proposed, to explain the observation that 

the copper atoms could still be coupled even in the absence of bound oxygen (Himmelwright et a/., 

1980a; Solomon, 1983). The existence of this endogenous bridge, initially thought to be a protein 

side chain, water, or hydroxide, has been the subject of controversy for several years, and at 

present its existence and/or nature remain undecided. A "spectroscopically effective" model for 

oxyhaemocyanin was developed, which explained the spectral properties of the protein in the 

absence of a known chemical structure (Figure 1.1) (Solomon, 1987). 

Table 1.8: Derivatives of haemocyanin (Eickman et al., 1979) 

Derivative Name Properties 

Cu(lI) .. Cu(lI) met Coupled, EPR-silent 

Cu(lI). 02' Cu(lI) oxy Coupled, absorbs at 330nm, 650nm 

Cu(1) .. Cu(1) deoxy Coupled, colourless 

Cu(1I) .. Cull) half-met EPR-active 

Cu(lI) .. - met-a po Paramagnetic 

Cu(lI) Cu(lI) dimer Not coupled, paramagnetic 

Figure 1.1 A spectroscopically effective model for oxyhaemocyanin proposed by Solomon (1983) 

A series of studies were carried out on the ability of haemocyanin to bind oxygen and various other 

small molecule ligands such as azide ions and carbon monoxide. EPR studies on met-haemocyanins 

from various sources showed that exogenous ligands could alter the distance between the copper 
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atoms, and that the active site of arthropod haemocyanin could be disrupted by ligand binding 

(Wilcox et al., 1984). The distance between the copper atoms in the azide derivative of 

haemocyanin was reported to be 3.6,11. (pate et al., 19891. 

The resonance Raman spectrum of oxyhaemocyanin indicated that the copper atoms were 

coordinated by imidazole groups, with two ligands in the tetragonal plane of each copper atom, and 

a third in an apical position. The spectra showed small variations indicating differences between 

mollusc and arthropod proteins (Larrabee and Spiro, 19801. Additional evidence for the ligation of 

the copper atoms by imidazole groups was provided by luminescence studies on haemocyanin 

derivatives with bound carbon monoxide (Sorrell and Borovik, 1986; Sorrell et al., 19881. 

Reaction with cyanide ions resulted in the removal of copper from haemocyanin. The change in 

conformation which apparently accompanied the loss of the first copper atom was an indication 

that there is some inequivalence in the sites of the two copper atoms. Thus, one copper atom 

seems to be more shielded from the exterior than the other (Beltramini et al., 1 984a and 1984bl. 

1.2.4 More recent studies on haemocyanins 

The structures of several haemocyanins have been studied: in molluscs, the proteins have tubular 

structures with as many as 10 protomers, and in arthropods they are generally found to have 

multiples of hexamers. The haemocyanin in Limulus polyphenus, for instance, has 48 subunits 

(Adman, 19911. Major progress in determining the Type III binding site structure was made 

following the X-ray crystal structure determination for haemocyanin from the arthropod Panulirus 

interruptus (Gaykema et al., 1984 and 1985; Volbeda and Hoi, 1989a, b; Volbeda et al., 1989). 

The protein was found to have six monomeric units arranged in a trimer of dimers, with the 

presence of flexible cavities accessible to oxygen, in which the copper atoms were bound (Adman, 

19901. Each of the two copper atoms were shown to be coordinated to three histidine imidazolyl 

groups, two in equatorial positions and one further away, in an axial coordination position. The 

distance between the copper atoms was found to be 3.6,11., No evidence was found for an 

endogenous bridge originating in the protein, but the presence of water or hydroxyl could not be 

ruled out. This protein was crystallised in the deoxy form and, therefore, could give no indication 

of the oxygen bridging mode. However, the haemocyanin from Limulus was crystallised in the oxy 

form, revealing a peroxide bridge with a f}':f}' conformation, bridging copper ions situated 3.4 ± 

0.2 A apart. No evidence for an endogenous or exogenous bridge was found, and the nearest water 

or hydroxyl group was 4 - 5 A away from the copper ions. 
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Research on haemocyanins is still proceeding (for example, Makino and Ohnaka, 1993; Beltramini 

et al., 1992). and molecular biological studies are becoming increasingly important in elucidating 

these structures as well as the mechanisms of their oxygen binding (Lang and van Holde, 1991). 

1.2.5 Studies on Neurospora crassa tyrosinase 

Similar studies on Neurospora crassa tyrosinase indicated that tyrosinase also binds oxygen as a 

peroxide bridge, and that oxytyrosinase exhibits a UV·visible spectrum very similar to that of 

oxyhaemocyanin (see Table 1.9). Resonance Raman Spectroscopy was used to determine the 

unusually low (755 em" ) stretching frequency of the peroxide (Himmelwright et al., 1980b). 

Table 1.9: Derivatives prepared from tyrosinase (Lerch , 1987) 

Derivative Name Properties 

Cu(lI) .. Cu(lI) met Green, EPR-silent 

Culll) . O2 .Cu(lI) oxy Blue, EPR-silent 

Cull) .. Cull) deoxy Colourless, EPR silent 

Cu(lI) Cu(ll) dimer EPR-active 

Cu(1I) .. Cu(1) half-met EPR-active 

Analysis of the tyrosinase derivatives formed by binding azide, nitrite, bromide, etc., showed that 

the exogenous ligands could bridge the copper atoms. The UV·visible absorption and CD spectra 

of the azide derivative indicated that the two N3·-CU bonds, and therefore the two copper sites, 

were not equivalent (Pate et al., 1989). Binding of a second azide to the copper site resulted in 

disruption of the active site , which was thought to be consistent with disruption of an endogenous 

bridge (Himmelwright et al., 1980b). Cyanide ions were observed to displace the peroxide in 

oxytyrosinase, and then to remove the copper ions (Beltramini et al., 1990a). The luminescence 

properties of the carbon monoxide derivative were found to be very similar to those of the 

equivalent haemocyanin derivative, which supported the evidence for the two proteins having 

similar binding sites (Kuiper et al., 1980). 

Replacement of the copper (II) with cobalt (II) ions was found to lead to the loss of enzymic 

activity. Addition of potassium cyanide to the cobalt-substituted enzyme resulted in removal of only 

one cobalt ion from the active site, indicating some asymmetry in the site (Ruegg and Lerch, 1981). 
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The copper ions in the enzyme were shown to be important in stabilising the structure by linking 

different parts of the protein, since the apoenzyme was observed to be less stable than the 

holoenzyme (Ruegg et al., 19821. 

The determination of the primary structure of N. crassa tyrosinase and, subsequently, its higher 

structure (Lerch, 1982 and 19831 showed it to have a simpler structure than haemocyanin or 

mushroom tyrosinase; it has a sing le chain of 407 amino acids, an N-acetyl-blocked N-terminus, 

a chemically modified cysteine residue at position 94, and exists in three allelic forms. Comparison 

of the tyrosinases from Neurospora and Streptomycetes, and the haemocyanins from one mollusc 

and two arthropods, showed a high degree of homology between the proteins, particularly in a 

region near the C-terminal end. Three invariant histidine residues were identified as the ligands to 

one copper atom (Copper BI, in each case. The coordination of the second copper atom in each 

case was found to be more variable, which was suggested to be due to independent evolution after 

the development of the site for Copper B (Lerch et ai, 1986; Lerch and Germann, 1988). The 

destruction of the histidine residues coordinating Copper B (His-188, -193, and -2891 resulted in 

loss of this copper, and the loss of activity. Similarly, destruction of His-306 caused loss of 

activity; this residue was thus likely to coordinate to Copper A (Lerch, 19871 . Differences in CD 

spectra have shown that the tyrosinases from Neurospora and Streptomycetes have some 

differences in their copper ligand environments (Huber and Lerch, 19881. 

1.2.6 A possible mechanism for tyrosinase 

The major difference between tyrosinase and haemocyanin lies in the much greater accessibility 

of the tyrosinase binding site. Thus, ligands were found to be more easily displaced from 

tyrosinase, and exogenous phenolic substrates can react at the active site (Solomon et al., 1987; 

Beltramini et al., 1990bl. In an extended X-ray absorption fine structure (EXAFSI study, Woolery 

et al. (1984) showed that the dinuclear binding site of oxytyrosinase was less rigid than that of 

oxyhaemocyanin, and that the former could more easily accommodate the molecular motions 

involved in catalysis. 

Addition of the competitive inhibitor mimosine (19, Section 1.1.9) to N. crassa tyrosinase, which 

resulted in the loss of the absorption due to peroxide-to-copper (II) CT and formation of a 

phenolate-to-copper (III CT absorption, gave an early indication that the inhibitor binds at the same 

site as oxygen (Winkler et al., 1981). Gray and Solomon (1981) proposed that the copper-copper 

distance in tyrosinase was suitable for axial coordination of catechol, via its two hydroxyl groups, 

to the two copper ions. A phenolic substrate was suggested to coordinate initially in an axial 
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manner, but then to undergo a rearrangement to trigonal bipyramidal geometry Isee Figure 1.2). 

This was thought to result in labilisation of the peroxide bridge because it would become polarised 

as a result of the rearrangement ISolomon, 1988a, b) . 

• • 

Figure 1.2: Mechanism of phenolic binding to tyrosinase IWinkler et al., 1981) 

Further studies on the displacement of oxygen from oxytyrosinase, with carboxylate inhibitors, 

supported the concept of a rearrangement as suggested in Figure 1.2, and showed that this 

rearrangement was more difficult when the substrate was sterically bulky ego tert-butylphenol. In 

addition, the protein pocket was suggested to play an important role in stabilising the substrate 

analog binding, by "-interactions with the aromatic ring of the substrate ana log . Higher binding 

affinities were reported for substrate analogs where the carboxylate group was conjugated w ith 

the aromatic ring IWilcox et al., 1985) . 

The binding and subsequent reaction of catechols is subject to fewer steric and geometric 

requirements than in the case of phenols; the rearrangement is not required and, therefore, there 

is more effective turnover of catechols ISolomon, 1988a, b). 
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1.2 .7 A current model for the dinuclear copper binding site 

Recent results, obtained using modern techniques and reported in the last three years, have lead 

to the formulation of a coherent model of the binding sites in haemocyanin and tyrosinase. Ross 

and Solomon 11990) used molecular orbital considerations to explain the observed stretching 

frequency of the oxygen-oxygen bond, and broken symmetry, spin-unrestricted SCF-Xa-scattered 

wave calculations to show that the binding modes 25 and 26 were possible for the peroxide in 

oxyhaemocyanin. Kitajima et a/11988) had previously proposed mode 25 for model complexes 

which closely resembled oxyhaemocyanin Isee Section 1.4.4 14)]. Either of these modes, or the 

trans mode 27, would be capable of mediating the superexchange between the copper atoms 

which is necessary for their anti-ferromagnetic nature IMaddaluno and Geissner-Prettre, 1991) . 

Subsequently, Ross and Solomon 11991) showed that the side-on mode, 25, was the most likely, 

from theoretical calculations . Their calculations were correlated with spectral observations by Paul 

etal. /1991). 

0-0 
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Molecular orbital considerations show that the peroxide in mode 25 can act as a l7-acceptor ligand, 

causing the Cu-O," bond to be stronger because there is more ligand-metal overlap. This also 

weakens the oxygen-oxygen bond, making it more reactive as well as less negative ISolomon et 

al., 1992). 

A proposed mechanism for the activity of tyrosinase, based on these conSiderations, is shown 

below IFigure 1.3) ISolomon et al., 1992; Solomon and Lowery, 1993). The phenolic substrate is 

suggested to coordinate initially from the axial position, and electron density is donated from the 

substrate into the lowest unoccupied molecular orbital ILUMO) of the oxy-dicopper unit, which is 

anti-bonding with respect to the oxygen-oxygen and copper-oxygen bonds. This initiates oxygen 

transfer to the artha position of the phenyl ring, resulting in the formation of bound catechol. 

Electron transfer from the catechol to the copper atoms generates the deoxy site and releases the 

a-quinone. 
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Figure 1.3: Proposed mechanism for tyrosinase phenolase activity (Solomon et al., 1992) 
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1.3 BIOCATALYSIS WITH POLYPHENOL OXIDASE 

1.3 .1 Biocatalysis 

Section 1.3.1 

The term "biocatalysis" refers to the use of enzymes or living cells to catalyse organic reactions 

in vitro, for synthetic purposes. The field of biocatalysis is one of the most exciting recent 

developments in synthetic organic chemistry, and it has grown rapidly in the past decade. The field 

has enormous potential, since it can draw on a wide range of enzymes which catalyse many 

different reactions . In fact, the only known organic reaction for which an enzyme catalyst has not 

yet been reported is the Diels Alder cycloaddition (Jones, 1993). Established industrial applications 

include synthesis of products such as amino acids, antibiotics and fine chemicals (Yamada and 

Shimizu, 1985). The large number of reviews which have appeared in the literature recently is a 

reflection of the prolific research taking place in the field of biocatalysis (for example, Jones, 1986; 

Khmelnitsky et al., 1988; Wong, 1989; Zaks et al., 1988; Margolin, 1991 ; Leuenberger, 1990; 

Drueckhammer et al., 1991; Faber and Riva, 1992). 

Selectivity is one of the key issues in organic catalysis, and one major advantage of using enzymes 

as catalysts for synthetic reactions is their high substrate specificity, regiospecificity and 

stereospecificity. Additional advantages include the following : 

- enzymes are extremely efficient catalysts 

- they function under very mild conditions 

- the rates of reaction are high 

- there are few side reactions 

- the reactions are very predictable 

- the enzymes can often be prepared by fermentation processes 

(Suckling, 1990; Dordick, 1989). 

In their natural environment, enzymes function in an aqueous medium, with closely regulated 

conditions of temperature, pH and ionic strength. Being proteins, they are susceptible to 

denaturation by agents such as heat, pH extremes, chemical reagents etc . In vitro, they generally 

require the same controlled conditions, particularly in aqueous solutions, and the low stability of 

an expensive catalyst can be a major drawback in utilisation of enzymes. The need to supply and 

regenerate a cofactor may add to the complexity and expense of the system (Good, 1989). In 

efforts to overcome these problems, various biological technologies have been developed, including 

immobilisation techniques and electrochemical methods (Linko and Linko, 1985). 
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1.3 .2 Biocatalysis in organic media 

Innovative research, pioneered largely by Klibanov and co-workers (Zaks and Klibanov, 1984; 

Hammond et al., 1985; Klibanov, 1986; Kazandjian and Klibanov, 1986), has shown that many 

enzymes can function well in non-aqueous organic media, almost anhydrous media, or mixed 

aqueous-organic media . Interestingly, the researcher who first discovered tyrosinase was also the 

first to report the functioning of an enzyme in the presence of organic solvents (Bourquelot, 1911). 

More recent work indicated that biphasic systems, where the substrate and products were 

dissolved in an organic phase and the enzyme was in an immiscible aqueous phase, could lead to 

enhanced yields in enzyme-catalysed reactions (Klibanov et al., 1977; Antonini et al., 1981). 

Theories explaining the functioning and the kinetics of such systems in terms of partitioning 

processes were proposed (Martinek and Semenov, 1981; Martinek et al., 1981) . 

Much progress has been made in the last few years in developing theories to explain and predict 

the behaviour of enzymes in organic media (discussed in Chapter 2) . Application of the principles 

now established for such systems may lead to considerable improvement in the efficiency a 

biocatalytic process. The ultimate goal of research in non-aqueous biocatalysis is to be able to 

predict and alter the specificity of enzymes (Zaks and Russell, 1988) . 

In comparison with aqueous media, organic media have the following possible advantages : 

- substrates and products have increased solubility 

- substrates, intermediates and products have increased stability 

- enzymes have increased stability, especially thermostability 

- facile recovery of biocatalyst 

- facile separation of products and catalyst. 

- chemical equilibria may be shifted to favour a desired product 

- microbial contamination is avoided 

(Zaks and Russell , 1988; Dordick, 1989; Mattiasson and Adlercreutz, 1991; Blinkovsky et al., 

1992) . 
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1.3.3 The manipulation of non-aqueous biocatalytic systems 

1.3.3 (1) The effect of the solvent on selectivity 

The selectivity of enzymes in organic media is particularly solvent-dependent. For instance, the 

substrate specificities of porcine pancreatic lipase, and the proteases chymotrypsin and subtilisin 

are all altered when they function in organic media (Zaks and K)ibanov, 1986); the 

enantioselectivity of proteases can be altered so that D-amino acids are utilised (Sakurai et al., 

1988); and the regioselectivity and stereo selectivity of lipases can be altered (Rubio et al., 1991; 

Margolin et al., 1987). Asymmetric transformations catalysed by enzymes are efficient and can be 

controlled by manipulation of the solvent system IKlibanov, 1990; Fitzpatrick and Klibanov, 1991 I, 

and solvent-dependent prochiral selectivity in hydrolytic enzymes has recently been reported 

ITerradas et al., 1993). In a detailed study, the enantioselectivity of lipase-catalysed reactions was 

found to be controlled by the solvent hydrophobicity and the substrate structure lParida and 

Dordick, 1991). 

Certain reactions which do not occur in aqueous systems can be carried out using organic solvents 

eg., horseradish peroxidase is normally inactive towards lignin, but in 95% dioxane, it vigorously 

catalyses the po)ymerisation of lignin (Klibanov, 1986). 

1.3.3 (2) The effect of non-aqueous solvents on protein stability 

The increased thermostability of enzymes in organic media is valuable in industrial processes, since 

reaction rates and solubilities may be considerably enhanced by temperature increases . Protein 

stability depends upon many factors, such as electrostatic and hydrophobic interactions, protein­

protein interactions, and compact intramolecular packing (Mozhaev et al., 1988). The reason for 

the increased thermostability in organic media is that many of the reactions involved in destroying 

these interactions (viz., denaturation processes) are water-dependent, and in the absence of free 

water they cannot occur IGupta, 1991 and 1992). The absence of free water results in 

conformational rigidity while the enzyme is in the organic environment Isee Section 2.1 I, and hence 

prevents the denaturation reactions (Volkin et al., 1991). 

1.3.3 (3) Immobilisation of enzymes 

Since enzymes are not generally soluble in organic solvents, they are frequently immobilised, which 

can enhance enzyme stability (Khmelnitsky et al., 19881, especially if the immobilisation involves 

multipoint attachment ILinko and Linko, 1985). Immobilisation of enzymes by cross-linking them 
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with hydrophobic gels (by UV-activated polymerisation) was found to enhance the activity of 

lipases (Fukui and Tanaka, 1982). Similarly, horseradish peroxidase was copolymerised with a 

support to give enhanced reactivity in chloroform and benzene (Naka et al., 1991) . Immobilisation 

has the additional advantage that the biocatalyst can be conveniently recovered and reused , and 

continuous processing systems can be utilised (Tramper, 1985). 

By contrast, lipases may be soluble in some organic solvents, and an interesting variation on these 

immobilisation systems, viz. , solubilisation of the substrates in the organic solvent, was reported 

to facilitate regioselective acylation of sugars (Ikeda and Klibanov, 1993). 

1.3.3 (4) Medium engineering 

Medium engineering or reaction engineering are terms used to describe the design of 

microenvironments for enzymes in biocatalytic systems, taking into account the various parameters 

which are now known to affect the processes (Laane, 1987; Wandrey, 1993). With the information 

now available, it is often possible to predict the influence of solvents on equilibrium processes, for 

instance (Halling, 1 990a). 

An alternative to heterogenous organic medium systems utilises the developing technology of 

reverse micelles. Here, the enzyme is contained in one phase which is dispersed in another, giving 

an optically transparent solution (Khmelnitsky et al., 1988; Andersson and Hahn-Hagerdal, 1990; 

Sru et al., 1990). Chemical modification of enzymes to solubilise them in organic solvents, for 

example with detergents or polyethylene glycol, or in detergentless microemulsions (Takahashi et 

al., 1985; Khmelnitsky et al., 1988) is less common but has the advantage of producing one-phase 

systems (Mattiasson and Adlercreutz, 1991). 

Supercritical fluids provide another alternative to conventional solvents for studying the effects of 

the environment on enzyme function because their properties (such as viscosity, density and 

dielectric constant) can be altered by changes in pressure. These changes can in turn alter enzyme 

specificity and activity, as shown in research by Russell and co-workers, using supercritical fluids 

such as carbon dioxide, ethane, ethene, sulphur hexafluoride, and fluoroform (Russell and Seckman, 

1991; Kamat et al., 1992; Russell, 1993). 

The profound effects of the solvent on the structure and functioning of enzymes have become the 

subject of an important area of research which is discussed more fully in Chapter 2 of this thesis. 
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1.3.3 (5) Protein engineering 

Protein engineering is a newly developing f ield which complements biocatalysis research (Wong, 

1993). Enzymes can now be redesigned and new proteins can be produced by techniques such as 

site-directed mutagenesis, with altered amino acid sequences making them more compatible with 

organic solvents . Characteristics such as the number of charged groups on the protein surface 

(which would require hydration), the number of disulphide bridges (which stabilise internal 

structurel. and hydrophobic interactions (which would contribute little stabilisation of the protein 

in a non-aqueous environment but may affect the substrate binding) , can all be altered (Arnold, 

1990). For example, Martinez et al. (1992) reported the stabilisation of subtilisin E towards organic 

solvents by site-directed mutagenesis. Changes in conformational stabil ity, and compatibility w ith 

organic solvents resulting from enzyme engineering, can also provide valuable information regarding 

enzyme mechanisms (Wagner and Benkovic, 1990). 

Dordick (1989) concluded: "The field of non-aqueous enzymology is maturing into a discipline of 

biocatalysis that has the potential to bring together the biotechnology and chemical industries like 

never before. " 

1.3.4 Biocatalysis involving polyphenol oxidase 

The reaction catalysed by polyphenol oxidase, viz., the regiospecific ortho-hydroxylation of phenols, 

is difficult to perform by conventional synthetic methods (Barton and Ollis, 19791. and thus a 

biocatalytic method has great potential as an alternative . However, the use of polyphenol oxidase 

as a biocatalyst has not been widely applied to organic syntheses, largely due to difficulties 

inherent in dealing with rapid , water-dependent polymerisation of the o-quinone products. 

In aqueous polyphenol oxidase systems, this can be overcome by the addition of a reducing agent, 

usually ascorbic acid, to the medium to reduce the quinone product as it is formed , and catechols 

are then obtained . A variety of catechols have been synthesised using the polyphenol oxidase of 

alginate-entrapped cells of Mucuna pruriens in aqueous medium, in the presence of ascorbic acid 

(Pras and co-workers, see Section 1.1.8) . The catechols were released into the medium by the 

cells . Other reactions where tyrosinase catalyses the oxidation of various phenolic substrates in 

aqueous, analytical-scale systems are also mentioned in Section 1.1.8 . 

An important appli cation of polyphenol oxidase capitalises on the polymerising properties of 0 -

qu inones: the removal of phenols from polluted waters by tyrosinase-mediated oxidation and the 
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subsequent non-enzymic polymerisation leads to the formation of melanin-like precipitates. This 

was first proposed by Atlow et a/. (1984). and research into developing the system is ongoing (Sun 

et a/., 1992; Goetsch, 1992; Wada et a/., 1993; Rose and co-workers, 1993). 

1.3 .5 Biocatalysis with polyphenol oxidase in organic medium 

In one of the first investigations of polyphenol oxidase in organic media, (Tome et a/., 1978) the 

influence of several solvents was reported. Inhibition was observed in the presence of ethanol, 

methanol, propylene glycol and high proportions of glycerol. 

In the course of developing applications of enzymes in organic solvent systems, Kazandjian and 

Klibanov (1985) investigated the functioning of polyphenol oxidase in various solvents. The enzyme 

was found to be active in a wide range of solvents, such as dichloromethane, carbon tetrachloride, 

benzene, toluene, hexane and butyl acetate. In all cases, approximately 0.5% water was required 

for activity. This work, and developments related to it, are discussed further in Chapter 2. 

The activity of tyrosinase has also been investigated in AOT-isooctane reverse micelles, and the 

4-methyl-o-benzoquinone formed from the conversion of p-cresol was found to be stable in the 

isooctane phase (Bru et a/., 1989). A similar system, using Brij 96-cyclohexane reverse micelles 

was used to show that the system closely resembled the aqueous system in catalytic activity 

(Sanchez-Ferrer et a/., 1988) . Polyphenol oxidase in reverse vesicles formed with tetra-(ethylene 

glycoll-dodecyl ether, n-dodecane and water (which have a more complex, multi-layer structure 

than micelles) showed better activity than it did in reverse micelles (Sanchez-Ferrer and Garcia­

Carmona, 1992a). Reverse micellar systems are difficult to apply industrially, and therefore, 

detergentless microemulsions of tyrosinase were successfully tested (Vulfson et a/., 1991). 

The activity of polyphenol oxidase in supercritical fluids was examined (Hammond et a/" 1985) and 

found to be similar, in supercritical carbon dioxide and fluoroform, to the activity in water, with 

significant polymerisation of the quinone product occurring. 

An interesting application of the activity of polyphenol oxidase has developed as a result of the 

importance of detecting phenolic compounds in various circumstances . Biosensors which contain 

the enzyme have been designed to detect a range of compounds, such as catecholamines 

(Berenguer et a/., 1989) and phenols (Hall et a/., 1988; Cosnier and Innocent, 1992). Water 

detection in organic phases was also demonstrated using a tyrosinase-containing electrode (Wang 
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and Reviejo, 1992 and 1993). An elegant biosensor for cyanide has been designed using an 

electrochemical cell to monitor inhibition of tyrosinase by cyanide, and at the same time replacing 

the substrate of the enzyme with an electrochemical mediator (Smit and Rechnitz, 1993). 

Attention has been given to the use of tyrosinase to hydroxylate L-tyrosine, because the catechol 

which could be obtained is L-DOPA, the drug used to treat Parkinson's disease. Kazandjian and 

Klibanov (1985) demonstrated the feasibility of the reaction in chloroform, using commercially 

available partially purified mushroom tyrosinase, and N-acetyltyrosine ethyl ester (ATEE) as the 

substrate. (Tyrosine itself is not soluble in chloroform). Doddema (1988), using the same enzyme 

in organic and aqueous systems, showed that while the organic system was preferable in terms 

of reduced a-quinone polymerisation, aqueous systems were also feasible if a reductant such as 

ascorbic acid was added to reduce the quinones. 
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1.4 THE BIOMIMETIC APPROACH TO COPPER METALLO PROTEIN MODElS 

1.4.1 Introductory remarks 

The high efficiency of biological processes in general, and of their catalysts, enzymes, in particular, 

has prompted extensive research into the development of synthetic processes which approach this 

efficiency. Such research increases our understanding of the activity of proteins in relation to their 

structures . A multi-disciplinary bioorganic approach encompassing Biochemistry, Organic chemistry, 

and in some cases, Inorganic chemistry is required. 

The general aims of a bioorganic approach to the study of metalloproteins can be summarised as 

follows: 

- to establish a reasonable model to explain the functioning of the metalloprotein in terms 

of its structure 

- to allow comparison of the observed protein activity with that predicted for the proposed 

model 

- to allow for future utilisation of synthetic systems for analagous catalytic transformations 

(Tyekl~r and Karlin, 1989). 

Bioorganic investigations of metalloproteins have, as a basic premise, the idea that the chemistry 

of the metal and the binding site are strongly related to the nature of the coordinating environment 

of the metal ion. In metalloproteins this coordination environment is provided by the amino acid side 

chains, possibly some small molecules such as water or hydroxyl groups, and sometimes by 

prosthetic groups such as porphyrin rings . (Sorrell , 1989) . 

Thus ligand systems can be designed to provide specifically selected features in the coordination 

of a metal ion, with the organic matrix of the complex replacing the metalloprotein peptide chains 

and serving to position the donor groups appropriately for coordination to the metal. 

The total synthesis of an organic ligand system, with subsequent addition of the metal ion, allows 

incorporation of selected properties such as geometry, steric characteristics, or polarity . 

Alternatively, a complex may be synthesised by a metal template condensation which allows the 

complex to adopt an optimal coordination geometry as dictated by the nature of the metal ion. 

The synthetic models can be compared w ith the metalloproteins in respect of spectral and 

physicochemica l properties, catalytic activity, or mechanism of reaction . They may provide 
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information re.lating to the intrinsic properties of the active site and/or the effects that 

environmental variations may have on the active site . 

Objectives in the biomimetic modelling of copper-containing metalloproteins have evolved over a 

number of years, as knowledge has accumulated regarding the structures of the proteins and the 

chemical properties of the synthetic complexes themselves. These properties include oxygenation 

reactions, magnetic coupling, spectroscopic properties and basic ligand structure. 

1.4.2 The chemistry of copper complexes 

1.4.2 (1) Copper-catalysed oxidation reactions 

Copper has been used for the catalysis of many oxidation reactions. In particular, oxygenations of 

phenols catalysed by copper/amine systems, have been known for a long time. For example, a 

copper/morpholine system was investigated as a tyrosinase model as early as 1955 (Brackman and 

Havinga, 1955), and a simple CuCl2 /triethylamine system is known to catalyse the conversion of 

catechols to a-Quinones (Karlin and Gultneh, 1987). Various systems have been investigated for 

catalytic activity with substrates such as di-tert-butylphenol and ascorbic acid (Oishi et a/., 1980), 

as well as simple phenols. Table 1.10 shows some systems which have been reported , and the 

products obtained. These products vary with the structure of the substrates, particularly with 

respect to artha-substituents which lead to blocking or steric hindrance of the phenolic hydroxyl. 

In the case of catechols, the importance of steric matching between electron donor and acceptor 

groups was demonstrated by Oishi et a/ .. (1980) in the oxidation of catechols with various catalytic 

copper complexes . The coordination of the catechols with binuclear complexes, as shown below, 

was suggested to facilitate their oxidation to a-Quinones at greater rates than in reactions with 

mononuclear complexes. The isolation of a dicopper (II)-catecholate complex intermediate by Karlin 

et a/., (1985a) lends support to this theory . 

Q 
o 0 
I I 

--Cu cu/ 
/' '-.. 
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Table 1.10: Copper-catalysed oxidations of phenols 

Catalytic system Substrate Product Reference 

CU(NO')2/CH,CN OH Tsuruya et al., 

~ 0=000 1977 

C"INO"'/2 :s 
Feringa and 

en "'- 4' Wynberg, 1978 

"'- I 4' OH 

HO 

HO 

NH, 

~ 
Cu"/poly(amido-amines) 

4~t 
Flinterman et al., 

OH 1983 

~ 
Cu"/ethylenediamine OH OH Kushioka, 1984 

~¥ W 
(CuCI/pY),/CH,CI2 Dr OH 0 Speier, 1986 
CHCI, 

~ 
,? 

'? I "'- 0 
"'-

CuCI/02/py with ROH 
HOD 

Tsuji and 
Takayanagi, 1978 

CCOOR 

H0X) "'- COOH 

HO 

N OH Chioccara et al., 
, I 

~OH 
(y0H 

1991 . j:u - PPh,BH. 
N 

X X 

O,/catalytic amount Balla et al., 
Cu"/H 2O OH 

(X0 

1992 

CXOH "'- 0 
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, .4.2 (2) Mechanisms of copper'catalysed oxidations of phenols 

The mechanisms of copper-catalysed oxidations are not well elucidated. The oxidation of phenols 

is suggested (Gampp and ZuberbUhler, 1981) to involve the formation of radicals within the 

coordination sphere of the copper (II) ions. Subsequently, further reactions can take place to give, 

for instance, coupled products . In the cases of complexes such as 29 (Thompson and Calabrese, 

1986) at least, the redox reaction was shown to take place in two single-electron transfer steps 

rather than one two-electron step. 

[ L-CU( ::)CU-L 1 (CIOJ, 

29 

R= H. cH, 

L = bipyridine, 
phenanthrene 

Oxidative coupling reactions only occur with substrates which have labile hydrogen and thus, 

deprotonation and complexation with the copper are likely to be the initial steps in the reactions. 

Oxygen serves to reoxidise the copper (Il generated during the reaction. Catalysis of the oxidation 

of catechols by oxygen, with a CuCl/pyridine catalyst, was proposed (Rogic, cited in Karlin and 

Gultneh, 1987) to proceed via the mechanism shown in Figure 1.4. 

0, H,o 
CUi CUi \.. d! Cu" Cu" 

v-~ ~ 
o 0 
I ! 

Cu" Cu" 

Figure 1.4: Proposed mechanism for the oxidation of catechols, catalysed by CuCl/pyridine (Karlin 

and Gultneh, 1987) 

In a comprehensive study using copper (lil/amine systems to oxidise various phenols, Kushioka 

(1984) showed that the structure of the ligand in the complex was important. In the proposed 
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mechanism (see Scheme 1.15 below), steric crowding of the key tetrahedral copper intermediate 

30 might facilitate rapid coupling of two phenoxide radicals . It may be speculated that a restricted 

binding site might not admit two phenol molecules, and thus a single radical might be released to 

give some other, possibly non-coupled, product. 

R 

I 
-N ................ N 

/cu ....... ___ N N 

/ 

OH OH 

t-Bu t-Bu 

fa~ 

OH 

·Bu I LN/ 
--~ 

-N / ........ 
..... Cu 

--r'¢'o' 
R "'" 

I #, 
t·Bu 

R 

,,; 
N ........ , .... OH 

-N-Cu 
I ' • 

: ~ f R 

-Bu 

30 

°2 
I 0-0 I 

-N j \ N--
......... c Cu ......... 

-w'" I I ..... N-

y?: ; 
t'-Bu -Bu 

Scheme 1.15: Proposed mechanism for reaction of copper (III/amine systems (Kushioka,1984) 

Capdevielle, Maumy, and co-workers developed a catalytic system comprising copper (II) salts and 

trimethylamine N-oxide (TMAO), which was used in the a-hydroxylation of various substrates 

(Reinaud et al., 1990a, b) and (Reinaud et al., 1991). These authors postulated a copper (III) 

species as an intermediate in a radical mechanism, to explain these reactions and the activity of 

the CuCI /0 2 /acetonitrile system, which they had previously used in the conversion of phenols to 
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catechols (Capdevielle and Maumy, 1982). They proposed a corresponding mechanism for the 

action of tyrosinase in the same publication. Interestingly, a similar mechanism involving a copper 

(III) species has recently been proposed for tyrosinase catalysis (Kitajima, 1992; Kitajima and Moro­

oka, 1993; see section 1.4.5) . 

1.4.2 (3) Reactions with copper complexes and oxygen: coordination considerations 

The reaction of copper complexes with oxygen involves a change in the oxidation state of the 

metal ions and therefore in the coordination geometry around the ions. The preferred coordination 

arrangements for copper (I) are linear, trigonal, or tetrahedral, but copper (II) is commonly 

tetragonal with four equatorial ligands and two less strongly coordinated, axial ligands (see Table 

1.11 ). 

Table 1.11: Coordination geometry for Cu (I) and Cu (II) 

Ion Preferred Preferred geometry 

coordination 

number 

Cu (I) 2 Linear 

3 Trigonal 

4 Tetrahedral 

CU (II) 4 Square planar 

5 Square pyramidal 

6 Trigonal bipyramidal 

Octahedral 

Thus a redox process will be strongly influenced by the nature of the ligands, their coordination 

geometry, chelate ring size, and also by solvent effects. For example, if a reduction reaction leads 

to distortion of a planar coordination arrangement towards tetrahedral geometry, the copper (I) 

state will be favoured and the reaction may not take place readily. Similarly, a reduction in the size 

of a chelate ring may favour the reduction of a copper (II) ion to copper (I). Polar solvents are 

known to favour the higher oxidation state (Karlin and Gultneh, 1987). 
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When oxygen, O2, binds to copper ions, two charge tranfer processes can occur, viz., electron 

donation from oxygen to the metal, and metal-n-to-dioxygen-n' back donation . The result is at least 

partial transfer of electrons to the metal, and weakening of the a-a bond. (Karlin and Gultneh, 

1987). 

1.4.3 Choice of ligands for binuclear copper complexes 

In designing model compounds, it is logical to mimic as closely as possible the structure of the 

metalloprotein (within the limits of existing knowledge) . The ligand should contain the appropriate 

number of donor atoms to coordinate the metal ions, and these should be chemically similar to the 

protein donor groups i.e. histidyl imidazoles in the case of tyrosinase. The ligands need to be large 

enough to accommodate both metal ions and any additional coordinating or bridging groups 

required in the reaction . In some metalloproteins there is evidence for distinct binding sites for 

separate atoms of the same or different metals, and a ligand would require an asymmetrical 

structure in order to simulate this feature (Crane and Fenton, 1991) . 

Since the nitrogen-containing donors in the ligand systems are intended to mimic histidyl 

imidazoles, they should be aromatic or at least have Sp2 hybridisation . Thus imine-nitrogens are 

more suitable than amine-nitrogens, and nitrogen-containing heterocycles are an obvious choice. 

The basicity of potential donor groups (shown in Table 1.12) is also of importance, since the 

reaction being investigated involves electron transfer (Sorrell, 1989). 

Table 1.12: pKb values for N-donor groups 

Donor group pKb 

Alkyl-NH2 3 .0 

Aryl-NH2 9 .4 

Benzimidazole 8 .5 

Histidine 8 .0 

Imidazole 7.0 

Pyrazole 11.5 

Pyridine 8.7 
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While imidazole groups are an obvious choice as donors, the chemistry involved in the synthesis 

of ligands which include them can present difficulties (Casella et al., 1993.) Therefore, 

benzimidazole groups have often been used as donor groups; they contain the imidazole groups but 

are more accessible synthetically. However, benzimidazole groups are sterically larger and 

significantly less basic (see Table 1.12). Their steric bulk may be an advantage in that this may 

impose geometric constraints on the copper centres of the complexes in a manner similar to the 

situation pertaining in proteins (Pandiyan et al., 1992). 

Pyridine groups have frequently been included, and this may be due, largely, to successful 

pioneering work using pyridines, by Karlin and co-workers, over a number of years (eg. Karlin et 

ai, 1981 and Sanyal et al., 1992). 

Pyrazole groups have also been included in ligands because of their spectroscopic similarity to 

imidazoles, and the relative facility of syntheses involving them (see, for example, Malachowski and 

Davidson, 1989 and Malachowski et al., 1992). 

An additional requirement is flexibility in the ligand to accomodate changes in coordination 

geometry around the copper atoms as their oxidation state changes. Copper (I) and copper (II) ions 

have distinctly different coordination and geometric requirements as shown in Table 1.11 (Sorrell, 

1989). Six-membered chelate rings are more flexible than five-membered chelate rings, and 

thus, the former are better able to accommodate the coordination changes accompanying the redox 

process (Casella et al., 1993). 

Ligands with imine-containing donor groups stabilise complexes with copper in the lower oxidation 

state better than amine-containing analogs, because the unsaturated ligands have the ability to 

delocalise electron density from the metal ions by "-back bonding (Bernhardt et al., 1992). 

However, a combination of both types is common, particularly in binucleating ligands. 

1.4.4 Complexes synthesised as biomimetic models for Haemocyanin and Tyrosinase 

This field has been reviewed by several authors, and from various viewpoints (for example, 

Sorrell, 1985; Karlin and Gultneh, 1987; Karlin 1993; Spodine and Manzur, 1992). Therefore, the 

following is a summary of the information relevant to the present study, and does not aim to cover 

all copper dinuclear complexes which have been reported. 
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1.4.4 (1) Early complexes 

Early studies on biomimetic copper complexes were stimulated by progress in the characterisation 

of the proteins long before the structure of haemocyanin was elucidated by X-ray crystallography 

(Gaykema et al. 1985). Therefore they were focussed on oxygen-binding reactions and related 

physical and spectroscopic properties .. Central issues in this research have included: 

- the structure of the deoxy-binding site 

- the existence and nature of an endogenous protein bridge 

- the nature and geometry of the CU 20 2 unit 

- the reversibility of oxygen binding 

- the origin of the magnetic coupling of the copper atoms 

- the activation of molecular oxygen by tyrosinase (Sorrell, 1989) 

The model upon which early studies were based was proposed by Solomon (1983) (Figure 1.5 

below). The two copper atoms were suggested to be coordinated to two or three histidyl-imidazole 

ligands each, and they were assumed to be in the + 2 oxidation state, with tetragonal geometry, 

when oxygen was bound. The peroxide ion was proposed to bridge the two copper ions in a cis-Jl-

1,2-fashion. An endogenous ligand originating in the protein was suggested to be responsible for 

the observed anti-ferromagnetic coupling of the binuclear unit. This model was generally accepted 

until recently, when alternative proposals were made subsequent to characterisation of new 

complexes [see Section 1.4.4 (611. 

Figure 1.5: Model of the dinuclear copper binding site (Solomon, 1983) 

Biomimetic complexes thus required two copper ions to be coordinated by donor groups in a ligand 

whose structure presented a "reaction space" suitable for binding and activating oxygen and/or 

organic substrates. The chemical reactivity and physicochemical characteristics of the complex 

would depend, of course, on the environment of the metal centre and hence on the nature of the 
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ligand system. Careful design of ligand systems w ith specifically positioned donor groups is 

necessary to coordinate two copper ions so that they are sufficiently close together to be able to 

be bridged by a dioxygen molecule. While complex 31 does contain sulphur and oxygen donor 

atoms (these had not been ruled out as possible donors at the time of this synthesis), it represents 

one of the first successful binuclear complexes able to bind dioxygen (Sulkowski et al., 1977) . 

31 

The complex 32, reported in 1982 (Hendricks et al. , 1982), reacted with oxygen but not reversibly, 

and without evidence for a dioxygen bridge being formed . A similar complex, 33, which differs 

from 32 only in the nature of the central spacer part of the ligand, also provided three nitrogen 

donors per copper atom and was found to react "semi-reversibly" with oxygen (Sorrell, 1989) . 

32 

HN-«\ 

d N j Cu 

N~I 
~ ~I)=/ 

u 
33 

Major contributions to the fie ld of dinuclear copper complexes have been made by Karlin and co­

workers over a number of years (see, for example, Karlin et al. , 1981 and Sarwar-Nasir et al., 

1993). These authors have reported work on many complexes , and notably complexes 34 (Karlin 

et al., 1981). and 35 (Karlin et al., 1985b). The properties of these and related complexes are 

discussed in following sections. 

/(CH,)n~ 

N N 

(\u luj 
~ ~ '6 Ij' ~ 

---- ~ ,f \- A ""'-

34 35 
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1.4.4 (2) Dinuclear copper complexes synthesised to model the protein endogenous bridge 

Since the proteins were observed to be EPR-silent i.e. diamagnetic overall, the existence of some 

bridging group originating in the protein structure was proposed. This was thought necessary, to 

account for the strong anti-ferromagnetic coupling of the two paramagnetic copper (II) ions in 

oxyhaemocyanin and oxytyrosinase. Possible bridging groups included the phenolate, alkoxide, 

sulphydryl, and hydroxyl groups of the amino acids, or water, or other separate groups (such as 

hydroxide). The bridging group concept was partially clarified later when the X-ray crystal strucure 

of haemocyanin was elucidated (Gaykema et al., 1985), but even then the existence of an 

endogenous bridging group was not ruled out completely (Lerch, 1987). 

Thus complexes were synthesised in which various groups bridged two copper ions, as part of the 

ligand system or separately . (See Table 1.13). Many phenolate-bridged complexes were reported 

because the tyrosine phenolic side chain was considered a likely bridging group in haemocyanin. 

(eg. Karlin et al., 1987). Since most of these complexes exhibited similarity to the metalloproteins 

in terms of magnetic properties, it seemed that many different bridging groups could facilitate the 

magnetic coupling. The crystal structure of haemocyanin has shown that the most likely groups 

are hydroxyl or water, if a bridging group is present at all. More recently complexes have been 

synthesised without bridging groups. 

Recent spectroscopic studies of the hydroxy-bridged complex 40 (Table 1.13) have unambiguously 

identified the wavelengths associated with the vibrational modes of Cu-OH-Cu and Cu-OR-Cu 

chromophores, but comparison with the spectral properties of the oxy-proteins is not sufficiently 

conclusive, and leaves the presence of an OH bridge in the proteins unconfirmed . 

1.4.4 (3) The nature of the peroxide bridge in dioxygen-containing complexes 

Studies on the coordination of oxygen to haemocyanin, using resonance Raman spectroscopy 

(Loehr et al., cited in Kitajima et al., 1992) have indicated that the dinuclear copper site is 

symmetrically bridged by a peroxide ion, and that the copper (I) ions of deoxyhaemocyanin are 

oxidised to copper (II) upon coordination of the oxygen. Both oxytyrosinase and oxyhaemocyanin 

exhibit intense absorption bands due to peroxide-to-copper charge-transfer (CT) transitions, at 350 

nm (E = 20000 M" cm" ) and 570 nm (E = 1000 M·'cm·'). The presence of more than two 

peroxide-to-copper CT transitions, as observed in oxyhaemocyanin, is further evidence for the 

peroxide bridging of both copper ions, because this would cause the observed splitting of the 
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Table 1.13: Examples of complexes with different bridging groups 

Complex Bridging Structure Reference 
group 

36 Hydroxide 

-8-
Sorrell,1989 

~ j 

~N ~ j ~ 

o:~--~t:b 
- I ~ j 

H 

37 Alkoxide Nishida et a/., 

C2°9 
1986 

I " I 
A N,o.I - 'cu/N 

4" 

N/ ,",0/ 'N 

~ 

38 Phenoxide 

A 
Karlin et a/., 
1987 

8orO'0/3 _N V N, 
I r 

~ j H _ 

39 Phenoxide M Karlin et a/., 
1984 

G8°'/~ './\ 0" I "'N N "'" I 
4" I I 4" 

4" 4" 

40 Phenoxide 

M 
Sorrell,1989 

~\/\f)h C)J< \ ',( I N~ NO - a r) ~ 
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absorptions. In a mononuclear copper-peroxide complex (Cu-O-O) only two peroxide-to-copper CT 

transitions would be expected (Baldwin et al" 1 992). The issue of anti-ferromagnetic coupling of 

the two copper ions is also important here, since there is debate as to whether the peroxide bridge 

alone is capable of mediating this coupling, or whether an additional bridging group is necessary. 

With evidence available from optical spectra, EXAFS studies, and the known geometry for 

transition metal-peroxide complexes, Eickmann et al. (1979) proposed a cis-p-1 ,2-peroxide bridging 

mode as shown below: 

0-0 
/ , 

Cu Cu 

Many complexes, subsequently prepared in attempts to mimic this type of bridging, were found to 

have trans-p-1 ,2-peroxide bridging: 

/0 
Cu \ Cu 

0/ 

The observed spectral features of these trans-bridged complexes differed w idely from those of 

oxyhaemocyanin (Larrabee and Spiro, 1980, and Jacobson et al., 1988). Theoretical calculations 

have shown that the electronic structure of complexes with either mode of bridging would be 

similar (Baldwin et al., 1992) and thus their reactivities would be similar. The synthesis of p-peroxo 

copper complexes which could be isolated and fully characterised has proved difficult (Kitajima, 

1992) . In an early attempt, Ochiai (1973) synthesised the compound 41 which showed an 

absorption band at 360-390 nm, due to the peroxo-copper (II) group, and the complex was EPR-

silent. 

1.4.4 (4) Mononuclear and dimerising complexes 

The fi rst reported example of reversible oxygen binding was by Thompson (1 984a) with a copper 

(I) complex 42 involving 3,5-dimethyl-l-pyrazolyl borate ligands, but a superoxide complex was 

obtained i.e. Cu-02 · 

42 
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Subsequently the same author (Thompson, 1984b) reported a dicopper (Ill-peroxide complex with 

[Cu(N,N,N',N'-tetraethylethylenediamine)(C,H,)lCIO, where the independent mononuclear copper 

(I) precursors reacted with oxygen to form a dioxygen-bridged dimer, 43. 

Simmons et al. (1978 and 1980) prepared the imidazolyl complex 44 and its pyridyl analog, both 

of which dimerised upon reaction with oxygen. The reversible reaction with oxygen was 

accompanied by distinct spectral changes, and EPR measurements showed that the oxygen adduct 

was diamagnetic, indicating that a Cu"-O,-CU" species was likely to have been formed. 

Casella et al., (1984) prepared similar complexes 45 by using a synthetic method which allowed 

variation of the donor groups in the ligand system, so that the effect of varying basicity could be 

examined. In particular, the complex in which R was COaCH, and L was imidazole, was reported 

to bind oxygen reversibly, with corresponding spectral changes. However, the EPR signals 

increased as the copper was oxidised, showing a lack of coupling. The copper (I) complex was 

difficult to purify and therefore could not be fully characterised. Dinuclear complexes with the same 

ligands were later synthesised, and will be discussed later [see Section 1.4.4 (5)]. 

M; cu, Co, Zn 

R; H. C02CH3 

L ; N C,fisCH,'j= 

((HO- HN~ 
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Jacobson et al (19881 reported the first complete characterisation of a complex formed by the 

bridging two mononuclear units by dioxygen, viz., complex 46. The analysis revealed differences 

between the complex and oxyhaemocyanin in respect of spectral features, copper-copper 

separation, and the geometric arrangement around the copper ions. The peroxide bridge was p-1 ,2-

trans rather than cis, the former being the sterically preferred conformation . The diamagnetic nature 

of the complex lent weight to the theory that no endogenous bridge is necessarily involved in the 

coupling of the metal ions. 

In an extension of this line of study, complexes 47 with substituents R were synthesised and 

shown to dimerise via a peroxide bridge. The reaction with oxygen was temperature-dependent, 

and copper (I) complexes were not kinetically stable (Sanyal et al., 19921. Simple imidazole donors 

were used to synthesise complex 48 also via the dimerisation of mononuclear copper (II units. The 

properties of these products were again found to be different to those of oxyhaemocyanin and the 

peroxide bridge was again suggested to be in a trans-p-1 ,2 or p-,,':r/ mode (Figure 1 .BI. The ease 

with which pyridine donors could replace imidazoles was suggested to be due to a self-assembly 

process being facilitated by the preformed Cu,O, unit (Sanyal et al., 19911 _ 

c9 ~ I 
N 
I 

R-N-- Cu 

<-0 47 

R= CH", 

Ph 

CH,Ph 

p-l ,2 trans p-,,': ,,' side-on 

Figure 1.6: Possible modes of binding of oxygen in dinuclear copper binding site 
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Major progress in this area was made by Kitajima and co-workers, in the synthesis of complex 49, 

using tris(pyrazolyl) borate ligands, 50 IKitajima et al., 1988). This complex exhibited features 

closely resembling those of oxyhaemocyanin, with respect to electronic spectra, magnetic 

character, copper-copper separation, and p-peroxo IR stretching frequency.The structure of the 

complex was determined by X-ray crystallography IKitajima et al., 1991), and the P-f}':f}' 

coordination of the peroxide was confirmed. The detailed analysis of this complex has given a 

convincing argument for the side-on peroxide bridging proposed for oxyhaemocyanin and 

Qxytyrosinase Isee Section 1.4.4 16)). 

R :'cH" i'Pr, Ph 

N 0-

~'c'/" ,/~N' N- U Cu_
N

' 
I \ 

N N 

49 

1.4.4 15) Dinuclear complexes 

Binucleating ligands allow more control over magnetic and electronic exchange properties than 

dimeric systems, and thus attention has been focussed on compounds such as 51 for use in 

building ligand systems capable of coordinating two copper ions IO'Connor, 1986), as for example, 

in complex 52. 

fA o OH 0 

51 

Antiferromagnetic coupling was observed in the case of complex 52, and the X-ray crystal 

structure IN ish ida et al., 1985) showed the copper ions to have trigonal bipyramidal geometry, but 

with the peroxide axially disposed. This implies the involvement of the exogenous ligand B in the 

exchange. The nature of such exogenous ligands can strongly influence the magnetic coupling 

IMaliah et al., 1986). Macrocyclic dicopper III) complexes such as 53 IMandal et al., 1989) and 

54 ITandon et al., 1992) also exhibit antiferromagnetic coupling of the two copper III) ions. 
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53 
,,? 

~ 54 

Extensive investigations on the complex 57 have been reported by Karlin and co-workers (Karlin 

et a/., 1987 and subsequent reports). This complex was prepared by the sequence shown in 

Scheme (1.16), where the reaction of the dicopper (I) complex 55 with oxygen was used to 

produce complex 56 and hence 57 by reversible reaction with oxygen, at -80 a C. The CU2 0 2 unit 

was found to be planar, with each copper atom having square planar geometry. Raman 

spectroscopy was used to demonstrate that the peroxide bridged the copper ions, but the 

coordination was found to be asymmetrical, and the arrangement was likely to be terminal: 

0-0 
c,J 

This coordination was supported by the lack of spectral similarity between this complex and 

oxyhaemocyanin (Pate et a/., 1987) . 

Alkyl substitution on the pyridine ligands has been found to have marked effects on the reactivity 

of the complexes with oxygen. The presence of a methyl group in the position ortho to the 

heterocyclic nitrogen resulted in no reaction with oxygen, while an ethyl group in the less sterically 

crowding meta-position did not prevent reaction with oxygen (Sarwar-Nasir et a/., 1993). 

Pyrazole derivatives of these complexes did not bind oxygen in dichloromethane, but reacted with 

oxygen in methanol, producing intermediates such as 59 and 60. 

60 

59 



Cu' --

Py = pyridine 

Scheme 1.16: Synthesis of complex 57 

57 

55 

0, --
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1 Nfl,·. CHzCI, 

Trends similar to those reported for Karlin's complexes were observed with substituted pyrazole 

donors in complexes of the ligands 61 (Sorrell, 1989; Sorrell et al. , 1991 a) . 

R , R, = H, CH3, t·Bu, Ph 

61 

Hybrid ligands containing pyridine and pyrazole donor groups were found to react similarly to 

pyridine ligands, with peroxo-adducts being formed at low temperatures in dichloromethane (Sorrell 

and Vankai, 1990). 

Thus, while pyrazole is a good stuctural analog for imidazole in terms of size, pyridine is a better 

analog with respect to basicity and therefore as a mimic for the electronic features of imidazole 

(Sorrell and Garrity, 1991) , These authors synthesised ligands such as 62 and 63, using imidazole 



58 Section 1.4.4 

and benzimidazole donors. Mononuclear complexes of these ligands reacted with oxygen at low 

temperatures with spectral indications of oxygen binding, and notably, the imidazole-containing 

complex was found to react as a tyrosinase mimic, with hydroxylation of the arene ring (see 

Section 1.4.5). 

A 
N N 

~bOOO 
62 63 

Karlin and co-workers prepared complex 64 which lacked a central aromatic ring but was shown 

to have coordinated solvent molecules. These complexes reacted reversibly with oxygen, forming 

diamagnetic peroxide-bridged structures 65. EXAFS analysis indicated that the coordination was 

either cis-p-l ,2 or p-r/:f]', (see below), and that the spectral characteristics were similar to those 

of oxyhaemocyanin. In the case of the complex 64 when n = 4 and the coordinated solvent was 

acetonitrile, the structure 66 was determined by X-ray crystallography (Karlin et a/., 1988) . 

Coordination of the peroxide in a P-f]' :f]' mode is also indicated by the fact that the 0-0 IR 

stretching frequency in the complexes is low, like that in oxyhaemocyanin and oxytyrosinase (Karlin 

et a/., 1992). In additioR, the diamagnetism of such structures can be rationalised without invoking 

an endogenous bridge, and the peroxide would be susceptible to electrophilic attack by an aromatic 

substrate in the systems exhibiting tyrosinase activity . 

64 65 

Py = pyridine 
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1.4.4 (6) A model for the oxygen binding in oxyhaemocyanin and oxytyrosinase 

Based on the lack of similarity in spectral and structural properties between complexes such as 57 

IScheme 1.14) and oxyhaemocyanin, and the much greater similarity of complex 49 (section 1 .4.4 

14)), Kitajima et al., (1992) have proposed a new model for the dioxygen binding in haemocyanin, 

involving the side-on coordination illustrated in Figure 1 .7. 

His 

~!~iS--~-~HiS 
Cu Cu 

i ~ ---cl~~ 

His"""-------His I 
His 

Figure 1.7: Proposed model for binding of oxygen in haemocyanin (Kitajima et al., 1992) 

This model takes into account the observed fact that two of the histidine-imidazole ligands in 

haemocyanin are positioned further away from the copper ions than the other four. Calculations 

based on the intensities of the peroxide-to-copper CT transitions in the complex 49 and 

haemocyanin indicate that the peroxide would be expected to occupy four coordination positions 

of the copper ions, as shown above. The presence of four peroxide-copper interactions explains 

the observed intensity of absorption bands. The unusually low 0-0 IR stretching frequency is also 

rationalised, as being due to back donation into an unoccupied anti-bonding orbital of the peroxide 

IBaldwin et al., 1992). 

Such molecular orbital considerations show the side-on Cu,O, unit to be more stable than an end­

on arrangement, and hence the model explains the ability of haemocyanin to act as an oxygen 

carrier. The functioning of tyrosinase is also explained IBaldwin et al., 1992) because the 0-0 bond 

would be weakened due to some anti-bonding character, and is thus activated for cleavage. 

Theoretical analyses of the peroxide-to-copper III) LMCT bands indicate that the side-on 

arrangement is likely for oxyhaemocyanin and oxytyrosinase IRoss and Solomon, 1990 and 1991). 

and quantum mechanical calculations lend support to the side-on bridging arrangement as the most 

effective for anti-ferromagnetic coupling between the copper III) ions (Maddaluno and Geissner­

Prettre, 1991). 
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Thus, from theoretical considerations and the synthesis of biomimetic complexes, it is apparent that 

the peroxide bridge alone is able to provide a pathway for magnetic exchange between the copper 

ions in oxyhaemocyanin, but the antiferromagnetism of met-haemocyanin is not explained, and it 

seems likely that some non-peroxide bridge is required in this case (Baldwin et al., 1992). The 

complex 49 can be bridged by groups such as OH and N, -, giving complexes similar to met­

haemocyanin in some respects (Kitajima et al., 1992). Similarly, complexes where 47 [Section 

1.4.4 (4)] is bridged by ligands such as N,-, CI-, OAc-, etc., have been prepared and examined 

(Karlin et al., 1987). but the question of the endogenous bridge in met-haemocyanin has not been 

resolved. 

1.4.5 Monooxygenase models 

Successful models of tyrosinase must catalyse the hydroxylation of an aromatic ring, and models 

have been reported which fulfil this requirement in one of two possible ways: an aromatic ring in 

the ligand itself may be hydroxylated, or an exogenous substrate may be hydroxylated. 

1.4.5 (1) Hydroxylation of the arene moiety in the ligand 

A good example of this reaction is provided by complex 55 in Scheme 1.16, where reaction in 

dichloromethane gave the hydroxylated product 56 (Karlin et al., 1984) . The dinuclear copper (II) 

analog of complex 55, synthesised (Blackburn et al., 1984) for comparison of its activity, reacted 

with hydrogen peroxide to give the same hydroxylated product, but by a different mechanism. The 

mononuclear analog was found to be unreactive, indicating that the jJ-peroxo-dicopper (II) unit was 

a necessary intermediate. When a fluorine atom was substituted on the xylyl ring, a peroxo 

intermediate 67 was formed , but no aromatic hydroxylation occurred (Karlin et al., 1986). 

Py = pyridine 
67 

Analogs of complex 55, where other heterocycles replaced the pyridine rings, were prepared by 

Sorrell et al., (1982) and were found to be less reactive or unreactive, indicating the importance 

of the electronic nature of the ligand. Sorrell et al. (1991) suggested that the differences in 

, 
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reactivity might also be attributable to geometric features in the oxygenated complexes, since these 

features could affect the ability of the arene to approach the bound oxygen. Appropriate orientation 

might also explain the reactivity of complexes such as 68 below: 

Using ligands which provide only two nitrogen donors per copper ion, Casella and Rigoni (1985) 

showed that an imine-type ligand system can also be hydroxlated, ego in the complex 69, and that 

the reaction was solvent dependent. In contrast with the amine-type complexes, replacement of 

the imidazole groups with other heterocycles such as pyridine (Gelling et al., 1988) also gave 

reactive complexes. A series of such complexes, with ligands as shown below, 70, were used to 

demonstrate that the reactivity correlated with the basicity of the nitrogen donor (Casella et al., 

1991a). 

AI X= (; (XN fN I}- ~~ "'" N (N N) 'CH, CHf 

~N \ 
70 o~ s--. 

The first macrocyclic tyrosinase model was reported by Menif and Martell (1989). Complex 71 

reacted with oxygen, hydroxylating one of the aromatic rings, and producing a copper (II) complex 

which was diamagnetic. 

M 
(\ N) 

N--CU CL--N 
C/ \~ 

~
I 

,::71 
71 ~ 
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Some indication of asymmetry in the tyrosinase binding site has lead to the synthesis of 

asymmetrical complexes. In many cases where aromatic hydroxylation occurred, the peroxide 

intermediate was not established, but for the asymmetrical ligand in complex 72, reaction with 

oxygen gave a peroxide intermediate which was isolable (Sarwar Nasir et al., 1991). The redox 

properties of the complex, however, suggest that the oxidation takes place via a Cu'Cu" 

intermediate producing a superoxide species (Mahroof-Tahir and Karlin, 1992). The more rigid 

structure of the copper (I) complex of ligand 73 allowed only one acetonitrile ligand to coordinate 

to one copper, producing asymmetry, but the complex was unreactive with respect to aromatic 

hydroxylation (Schindler et al., 1992). 

NO 
py~~\ 

Py I Py 

72 Py 
Py ~ pyridine 

NUN 
PY~( f'Py 

Py Py 

73 

Thus it is evident that the nature and number of donor atoms per copper atom are not critical, but 

the positions of the copper atoms, relative to each other and the coordinating groups, is critical 

for coordination of oxygen and aromatic hydroxylation. 

1.4.5 (2) Oxidation of exogenous substrates 

Few complexes mentioned thus far successfully catalysed the oxidation of an externally added 

substrate. The p-peroxo complex 49 [Section1.4.4 (4)1. which so closely resembles tyrosinase in 

spectroscopic features, does react with 3,5-di-tert-butylphenol (DTBP) in the presence of oxygen, 

but the reaction is suggested to proceed via a radical mechanism, giving coupled products. [This 

is discussed in Section 1.4.5 (3)1. The complex 65 [Section 1.4.4 (5)] reacted with PhP3 , CO2, S02' 

etc., in a way that suggested electrophilic character for the peroxide group, but the reaction with 

DTBP also gave the coupled product via a radical mechanism. In contrast, complex 74 did exhibit 

tyrosinase-like reactivity in the oxidation of DTBP to the quinone, and the phenolic substrates 75 

to the dihydroxyphenols. There was also evidence for an initial phenolate adduct being formed 

(Casella et al., 1991 b). 
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R = p-COOCH, or 

2.4-di-t·butyl 

Reglier et al., (1990) reported the hydroxylation of DTBP by the complex' 76 in the presence of 

triethylamine, which was suggested to be required to deprotonate the phenolic substrate, thus 

promoting binding to the catalyst. In the absence of triethylamine, the coupled product 77 was 

obtained. This complex is of particular interest because the biphenyl spacer in the ligand system 

provides flexibility and possibly, a conformation which holds the aromatic rings out of the position 

required for aromatic hydroxylation (see Chapter 6). 

ro OH 
~ 

~ N\l~ ~ j 

HO 

\ 
Cu(MeCN), 

77 
'" N-Cu(MeCNh 

"'" 76 

Oxidations of several substrates were catalysed by the dinuclear Cu'IO, and Cu"/D, complexes of 

ligand system 78, with the copper (I) complexes giving faster rates . A cyclic mechanism was 

proposed (Scheme 1.17) and the interesting point was made that only complexes in which the 

copper (II) form reacted with the substrate, in the same manner as the copper (I) complex, could 

be considered to be truly catalytic. This is because the copper (II) form is involved in the catalytic 

cycle. Conversely, if only the copper (I) complex is reactive, as in the case of the reaction with 

DTBC, the reaction is stoichiometric rather than catalytic (Rockcliffe and Martell, 1992). 
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Scheme 1.17: Proposed mechanism for monooxygenase activity of macrocyclic complexes 

(Rockcliffe and Martell, 1992) 

1.4.5 (3) A proposed mechanism for monooxygenase activity 

The model proposed by Solomon and co-workers, (Winkler et a/., 1981), was based on the 

suggested cis-mode of coordination of oxygen. The phenolic substrate was proposed to coordinate 

axially to one of the copper atoms, forming a Cu,-O,-substrate complex in which a rearrangement 

took place, giving a trigonal bipyramidal intermediate (see Figure 1.2, Section 1 .2 .6) . This allowed 

artha-hydroxylation of the phenol with loss of water, via electrophilic attack by the polarised 

peroxide, followed by coordination of the catechol. Electron transfer from the bound catechol to 

the dicopper unit regenerates the deoxy active site, and releases the a-quinone (Spodine and 

Mangur, 1992) . 
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When a side-on peroxide bridge was proposed, which would result in a "butterfly-like" conformation 

(Karlin et al., 1988), it was suggested (Ross and Solomon, 1991) that the mechanism involved the 

intermediate 79, as shown in Scheme 1.18 . 

02~ 

• 

r 
Q 
o 0 

• 

/ 
79 

Scheme 1.18: Mechanism proposed for a side-on bridged dicopper site (Ross and Solomon, 1991') 

This side-on arrangement would expose an 0-0 a' molecular orbital to a pair of electrons in the 

approaching substrate, and donation into this anti-bonding energy level would lead to the 

weakening of the 0-0 bond (Sorrell, 1989). 
Substrate 

A different mechanism has been proposed by Kitajima and co-workers (1992 and 1993) based on 

the idea that although the peroxide in tyrosinase and in biomimetic complexes has electrophilic 

character, this is not necessarily enough to allow electron transfer. The possibility of a radical 

mechanism is suggested, particularly for reactions with sterically hindered substrates. Tyrosinase 

has been found to give diphenoQuinone products, presumably via radical-coupling (Pandey et al., 

1990), and the spectroscopically successful model complex 49 (Section 1.4.4 (4)J also gave 

coupled products. Thus the following mechanism is proposed for the activity of the complex: 
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OH 

"cY 
• 

o • 

Scheme 1.19: Proposed mechanism for models of tyrosinase (Kitajima, 1992) 

The phenol molecules are suggested to bridge the two copper ions, so that electron transfer gives 

two copper (I) ions and two phenoxy radicals which are close enough to combine. In the reaction 

of tyrosinase, homolytic cleavage of the peroxide is unlikely because of the fixed positions of the 

copper ions and, probably, only one phenol molecule can be fitted into the active site at once, so 

a hydroperoxo-phenoxy-intermediate 80 is proposed (Scheme 1.20). 

If the phenol is hindered, the "inner sphere" coupling of phenoxy and hydroperoxo groups may not 

take place, and then homolysis of the copper (II)-phenoxide complex might result in phenoxy 

radicals being released; these could couple together subsequently (Kitajima, 1992). 

Thus, elucidation of the oxygen binding in haemocyanin and the monooxygenase activity of 

tyrosinase have presented chemists and biochemists with an interesting problem, and in' the course 

of its solution, much valuable research has been achieved. At the time of conclusion of this review, 

the problem has apparently been resolved, with the demonstration of side-on binding of oxygen by 

dinuclear copper centres (Kitajima and Moro-oka, 1993). 
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Scheme 1.20: Proposed mechanism for tyrosinase monooxygenase activity 



68 Section 1.5 

1.5 OBJECTIVES 

The general aim of this study was to investigate the potential of polyphenol oxidase as a 

biocatalyst for application in organic syntheses, and to provide a rationalisation for the observed 

effects of various parameters on the functioning of the enzyme. 

Although polyphenol oxidase catalyses a reaction which has considerable synthetic and economic 

potential, relatively little research has been reported on the exploitation of this potential. The major 

drawback the application of polyphenol oxidase is the water-dependent reaction inactivation which 

precludes its long-term use in aqueous medium. However, with the development of biocatalysis in 

organic media, this problem has been shown, in certain circumstances, to be reduced. Therefore, 

the first objective of this study was to design a generally-applicable biocatalytic system in which 

polyphenol oxidase could be utilised in an organic medium, to synthesise a range of catechols and 

a-quinones. Kinetic studies using a range of substrates would increase present knowledge of the 

functioning of polyphenol oxidase in organic medium and provide a means of determining the 

effects of manipulating the conditions within the system. 

The steric and electronic requirements for polyphenol oxidase enzyme-substrate interactions in the 

organic medium (which would not be expected to simulate those in aqueous medium) have not 

been established previously. Since this information is essential in developing a biocatalyst, 

correlation of the results obtained from the biocatalytic system with a molecular modelling study 

of the biomimetic complexes was undertaken, with the aim of identifying characteristics which 

would enhance biocatalytic efficiency. 

A third major objective was the design and synthesis of novel biomimetic organometallic complexes 

which could be structural and/or functional models of the polyphenol oxidase/organic medium 

system. Comparison of their catalytic activity with that of the enzyme in organic medium would 

provide new insights relating to the nature of active site of polyphenol oxidase. 
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CHAPTER 2 

A BIOCATALYTIC SYSTEM USING POLYPHENOL OXIDASE 

2.1 INTRODUCTION 

2.1.1 Use of polyphenol oxidase in organic medium 

At the outset of the present study, it was known that mushroom polyphenol oxidase could function 

in. organic media (as described in Section 1.3.4) . Kazandjian and Klibanov (1985) used commercially 

available, partially purified mushroom polyphenol oxidase to show that the enzyme could be utilised 

in chloroform to produce catechols. The reaction was followed by gas chromatography (Gel, 

measuring substrate depletion, and the quinone products were subsequently reduced by reaction 

with ascorbic acid. The reaction inactivation and quinone polymerisation which preclude the 

application of polyphenol oxidase in aqueous medium were not observed to the same extent in 

organic solvents. These authors reported the conversion of a range of phenolic substrates, and 

investigated the use of various solvents (Table 2.1). In all cases, 0.5% aqueous buffer was present 

in the system. In a subsequent report, polyphenol oxidase was used to investigate the general 

effects of water on enzyme activity in organic media (Zaks and Klibanov, 1988b). Here, the rate 

of oxidation of 4-methylcatechol, catalysed by polyphenol oxidase, was monitored in solvents with 

varying proportions of water (Table 2.1). The conclusion was that hydrophobic solvents were most 

suitable, and that hydration of the enzyme was essential for activity. 

These reports formed the basis for initiating the present study. More recently, two other 

investigations have been reported, also on the use of the commercially available mushroom 

enzyme: Estrada et at. (1991) examined the characterisation and optimisation of polyphenol oxidase 

in organic solvents, and Estrada et al. (1993) reported the effects of temperature on the system. 

These results are discussed in the relevant sections below. 



70 Section 2.1.2 

Table 2.1: Application of polyphenol oxidase in organic solvents (Kazandjian and Klibanov, 1985; 

Zaks and Klibanov, 19881 

Solvent systems Substrates tested' 

Chloroform 0.5% buffer R = H 
Dichloromethane CH 3 

Carbon tetrachloride CH 3 0 
Dichloroethane HOOCCH, CH, 
Benzene CI 
Toluene Br 
Hexane I 
Butyl acetate - HOCH2 
Diisopropyl ether HOCH, CH, 

C.H.CONHCH, 

Methyl acetate 1 % water (R = phenol p-side chainl 
2 % water 
1 % water, + 3 % ethylene glycol 

1-Butanol 1 % water Not successful: 
2% water 
1 % water, + 3% ethylene glycol R = C(CH 313 

C.H. 
Naphthols 

n-Octanol 1 % water 
2% water 
1 % water, + 3% formamide 

• Tested in chloroform (Kazandjian and Klibanov, 19851 

2.1.2 The effects of organic solvents on enzymes 

Organic solvents can affect the structure of enzymes at the primary, secondary, tertiary and 

quaternary levels, by disrupting interactions which control the mechanism in the active site, or by 

altering the thermodynamic nature of the system. Thus the efficiency and selectivity of the enzyme 

can be affected (Dordick, 19931. Enzymes in organic solvents provide a useful system for 

investigating protein-water interactions, since the solvent becomes a new variable in the system 

(Zaks and Klibanov, 1988bl. 

The solvent affects the electrostatic forces operating within the protein, and to a lesser extent, the 

hydrophobic interactions (Ryu and Dordick, 19921. Differences in the hydrophobicity and dielectric 

constant of the medium lead to variations in the free energies of substrate-enzyme and substate-
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solvent binding and hence, the enzyme's ability to make use of the free energy of binding to form 

the substrate-active site complex may be diminished. In kinetic measurements, this is reflected in 

altered Km values. In addition, the ground state of the substrate may be destabilised by the solvent. 

For instance, very polar compounds may partition into the active site, which might result in 

stronger binding than normal, and the product may be less amenable to leaving the active site. This 

would be observed as apparent inactivation. The converse would be true for a non-polar substrate 

in a hydrophobic solvent (Dordick, 1992). The apparent K.. value is usually increased in organic 

solvents, due to hydrophobic substrates binding in hydrophobic active sites (Russell et al., 1992). 

2.1 .3 The role of water in non-aqueous biocatalysis 

In any investigation of non-aqueous biocatalysis, the role of water must be regarded as crucial. 

Even in anhydrous solvents, enzymes have been found to retain some tightly bound water, 

sometimes referred to as "structural water". Although it may amount to only a few molecules of 

water per protein molecule, it is essential for the activity of the enzyme and its loss results in 

deactivation . Redistribution of bound water, ego by sonication, may also reduce activity, while 

rehydration leads to recovery of activity (Blinkovsky et al., 1992). The water present in the active 

site is required for maintaining conformational flexibility, and thus it plays an important role in 

allowing accessibility and favourable orientation of substrates in the active site. The water is bound 

to polar groups in the protein, screening these groups from each other and facilitating their freedom 

of movement within the active site. Its loss allows direct interaction between the polar groups, 

resulting in reduced conformational flexibility (Dordick, 1992). Spin-labelling experiments showed 

that hydration facilitates changes in conformation from the dehydrated form, as a result of this 

dielectric screening (Affleck et al., 1992). Molecular dynamics simulations have been used to show 

that it is most likely the amino acid side chains which acquire additional flexibility upon hydration 

(Hartsough and Merz, 1992) . 

A solvent which is capable of hydrogen bonding with the polar groups may allow enhanced 

flexibility, but polar solvents can strip the bound water from the active site, thus reducing flexibility 

(Gorman and Dordick, 1992). Recently, it was shown that pressure changes affect enzyme activity 

in organic solvents because it alters this water stripping (Kim and Dordick, 1993) . Narayan and 

Klibanov (1992) reported that enzymes are more flexible in solvents with high dielectric constants. 

Enzymes retain their ionic state when water is removed from the system, so that polar and charged 

groups remain ionised as if they were in the aqueous solution. This "pH memory" can be most 

useful in enhancing the activity of an enzyme which is to be immobilised for application in a non-
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aqueous medium. The enzyme can be deposited from a buffer of optimal pH by drying, or freeze­

dried from solution in the buffer, and it will then retain the optimal ionic state when it is placed in 

the organic solvent (Klibanov, 1986). 

The interesting phenomenon of ligand-induced enzyme "memory" is a result of decreased flexibility 

in the binding site. If an enzyme is Iyophilised in the presence of a particular ligand, ey . an inhibitor 

or substrate analog, and the ligand is then washed out using an organic solvent, the enzyme retains 

the shape of the ligand which is "imprinted" on the "frozen" binding site. Subsequent addition of 

the ligand or similar molecules results in binding and activity which may not be possible in the 

normal (aqueous) situation (Klibanov, 1989; Braco ef al., 1990). The addition of Iyoprotectants 

reduces denaturation during freeze-drying by this mechanism (Dabulis and Klibanov, 1993). 

Subtilisin, for example, exhibits ligand-induced alterations in substrate specificity and stability 

(Russell and Klibanov, 1988), and a similar effect was observed with chymotrypsin (Stahl ef al., 

1990). 

2.1.4 Practical systems for non-aqueous biocatalysis 

It is obvious from the above description that in any practical system for studying an enzyme in a 

non-aqueous system, water content must be carefully monitored and controlled. Where an enzyme 

is deposited on a solid support, cognisance must be taken of the . tendency of support materials to 

adsorb water. This may result in removal of essential hydrating water from the protein, or it may 

create a requirement for additional hydration of the system (Reslow ef al., 1988). Similarly, 

extraneous impurities may cause unpredictable variations in the amount of available water 

(Mattiasson and Adlercreutz, 1991). Since enzymes frequently have improved activity and stability 

when deposited on solid supports, it is usually an advantage to immobilise them (Klibanov, 1978; 

Wehtje ef al., 1992). 

Hydration of the protein can be effected equally well by equilibration with water present in the 

vapour phase or in the organic solvent (Halling, 1990b). Control of variations in water content may 

be necessary, as for instance, in the case of reactions which have water as a product, and this can 

be problematic. Possible solutions include the addition of water-adsorbent polymers such as ethyl 

cellulose (Otamiri ef al., 1991) and sodium polyacrylate (Nakamura ef al., 1993). Alternatively, in 

analytical scale systems, the addition of salt hydrates can give precise control of water content 

(Halling, 1992). 
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Mixing conditions are also important; reaction rates for an enzyme suspended in an organic solvent 

have been found to be dependent upon the speed of stirring (Lilly and Woodley, 1985). Differences 

between the actions of shaking and stirring may affect measurements of activity and the stability 

of the biocatalyst (Kvittingen et al., 1992). Diffusional characteristics are also affected by the 

morphology of the enzyme, which is in turn dependent on the degree of hydration of the protein 

IRoziewski and Russell, 1991) . These authors showed that the presence of an organic solvent itself 

does not alter the morphology of the enzyme particles. 

2.1.5 The biocatalytic system in the present study 

The first objective in the study was to devise a biocatalytic system using polyphenol oxidase 

obtained from mushrooms (as opposed to using the commercially available enzyme), and to 

examine its properties with respect to the effects of variation in conditions such as the nature of 

the solvent or the nature of the substrate, hydration, and degree of purification. This chapter 

describes the preliminary experimental results obtained in setting up suitable procedures for enzyme 

isolation and purification, assays, and kinetic measurements. Every effort was made to ensure 

consistency and to take into account the various influencing factors discussed in the preceding 

section. 

Chloroform was chosen as the organic solvent for the non-aqueous biocatalytic system for a 

number of reasons. Kazandjian and Klibanov (1985) reported that quinone polymerisation was 

minimal in chloroform containing 0 .5% aqueous buffer, and that since it is a good radical quencher, 

coupling reactions should not interfere with quantitative measurements. The o-quinone products 

of the reaction are soluble and stable in chloroform. In addition, oxygen is much more soluble in 

chloroform than in many other solvents, including water (Linke, 1958), and therefore would not 

be a limiting factor in reaction rate determinations. 
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2.2 RESULTS AND DISCUSSION 

2 .2.1 Isolation and purification of polyphenol oxidase from mushrooms 

Although they are not a particularly economical source of polyphenol oxidase, mushrooms are 

convenient to deal with, and have been utilised by various other workers (for instance, Hruskocy 

and Flurkey, 1986; Menon et al., 1990). The production of polyphenol oxidase by microbial 

fermentation would seem to be an attractive alternative, but a suitable system for obtaining large 

quantities of the enzyme has not yet been reported (Goetsch, 1992). 

In the application of a biocatalytic system to synthetic-scale reactions, economic factors must be 

considered, and the fewer purification procedures that are required, the more economical the 

process will be, in terms of time and money. In order to assess the degree of purification necessary 

for polyphenol oxidase to be applied as a biocatalyst, a crude extract was first obtained and utilised 

in kinetic investigations. Later, partially purified isolates were obtained and analysed for 

comparison. 

2 .2.1 (1) Extract A: Crude polyphenol oxidase extract from mushrooms 

A crude extract was obtained by adapting the procedures of Goetsch (1992), Bouchilloux et al. 

(1963) and Nelson and Mason (1970) (see Section 2.4.1) . Fresh mushrooms (Agaricus bisporus) 

were homogenised in acetone to remove lipids and pigments, the homogenate was filtered, and the 

air-dried residue was frozen with liquid nitrogen . The crude enzyme was obtained from the frozen 

residue by adding water, and standing the slurry overnight at OOC, then filtering the mixture . The 

filtrate was flushed of residual acetone by bubbling with nitrogen. This may also have flushed 

oxygen from the extract, reducing the likelihood of endogenous oxidation reactions, and possibly 

preserving the polyphenol oxidase in the deoxy state. The solution was freeze-dried, and the 

powder, extract A, was stored in the dry, frozen state. 

Extract A was found by protein analysis (Folin-Lowry assay method, see Section 2.4.9) to contain 

28.1 % prote in . The amount of active tyrosinase in the extract was 3.0 ± 0.3 % (determined by 

PAGE analysis , Section 2 .2.2) . A comparison of extract A with the commercially available enzyme, 

and with the partially purified extracts obtained as described below, w as carried out 

electrophoretically (Section 2 .2.2) . The immobilisation of the crude extract is described in Section 

2.2.3. 
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In later stages of the present study, other batches of the crude extract A were obtained by the 

identical procedure to the one described here. For each new batch, PAGE analysis was carried out 

to ensure that the protein composition was consistent, and the protein concentration and 

dopachrome activity were measured after immobilisation. Small variations in these properties were 

taken into account in comparative calculations (see Section 2.2.4) . 

2.2.1 (2) Extract B: Partial purification of crude polyphenol oxidase 

A crude extract, such as extract A, is likely to contain a large proportion of extraneous protein, 

including other enzymes. While the majority of these would be inactive with respect to the 

substrates of polyphenol oxidase, their presence may dilute the polyphenol oxidase. More 

specifically, in non-aqueous biocatalytic systems the extraneous protein can interfere by adsorbing 

water at the expense of the enzyme under consideration, causing reduced reactivity. In addition, 

any investigations of water requirements in the biocatalytic system would be affected by the 

presence of the extraneous protein. 

Significant purification (126x) was achieved in the preparation of grape polyphenol oxidase by use 

of an ammonium sulphate precipitation step in the isolation procedure (S~nchez-Ferrer et a/., 

1988a). Since this is a simple and inexpensive method of purification, it was utilised in the present 

study, as a means of removing extraneous protein from the crude extract. A fractional precipitation 

was carried out, initially using 40% saturation with ammonium sulphate and proceeding as shown 

in Figure 2.1 (Nelson and Mason, 1970; Jolley et a/., 1969a). The greatest proportion of 

polyphenol oxidase activity occurred in the 52 % saturated precipitate. After dialysis of this fraction 

and freeze drying, 0 .25g of extract B was obtained, from 3.5g crude extract. 

Electrophoretic analysis and protein and activity assays were carried out and compared with those 

of the crude extract (see Table 2.3 below). The specific activity of the 52% precipitate was higher 

than that measured for the freeze-dried powder and the biocatalyst obtained from it. This may have 

been due to some denaturation during these procedures, or to the solution of the 52 % precipitate 

being more aerated, so that a greater proportion of the polyphenol oxidase was oxygenated. 
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Crude extract A (freeze-dried powder) 

I 
40% ammonium sulphate saturation 

) 

Section 2.2.1 

Supernatant (40%) Precipitate (40%) 

I 

52 % ammonium Sl)Phate saturation 

I 
Supernatant (52%) 

I 
60% ammonium s~IPhate saturation 

) 

Supernatant (60%) 

I 

Precipitate (52%) 

Precipitate (60% ) 

Figure 2.1: Procedure for fractional ammonium sulphate precipitation of crude polyphenol oxidase 

Table 2.2: Results of ammonium sulphate fractionation of Extract A 

Fraction Protein Dopachrome activity Specific activity Total activity 
(mg.mL·') (Units· .mL·') (Units.mg·')' (Units) 

40% ppt' 19.81 3.771 0.19 190 

40% sup' 5.36 10.74 1.88 4300 

52% ppt 5.11 71.70 14.03 3580 

52% sup 1.19 1.57 1.32 470 

60% ppt 2.68 0.36 0 .13 134 

60% sup 1.55 0.30 0.19 120 

• Precipitate 
, Supernatant 
• 1 Unit = 1 pmol dopachrome produced per minute (Gardner and Cadman, 1990) 
, Per mg protein 
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2.2.1 (3) Extract C: Removal of endogenous phenolics from the crude extract 

Most plant extracts contain phenolic or polyphenolic compounds (such as flavonoids and tannins) 

which have various functions, largely in secondary metabolism (Geigenheimer, 1990) . These 

phenolics are potential substrates of polyphenol oxidase, particularly in homogenates where 

substrates may be exposed to the enzyme by membrane rupture, and where oxygen is available . 

The result of tyrosinase reactivity with these phenolics is formation of quinoid and melanoid 

products which can discolourthe extract and can polymerise in the presence of water. Polymerised 

melanins can form insoluble deposits which could physically occlude the enzyme surface. Also, 

proteins can be included in the melanins, which may remove them from solution. Such 

contamination is in itself a disadvantage, but in the case of polyphenol oxidase, the presence of 

quinones or melanins can directly affect the reactivity of the enzyme, for instance by activating 

cresolase activity (see Section 1.1 .5), or by inhibiting the enzyme binding site through itself being 

tightly bound. This could interfere with the results of kinetic studies and particular note must be 

taken of this possibility in organic systems, where the only water present might be on the enzyme 

surface. Complete removal of endogenous phenolic compounds is not easily achieved, but almost 

complete removal can be achieved using the adsorbent polyvinylpolypyrrolidone (PVPP) or ion 

exchange resins (Geigenheimer, 1990). In other reports of polyphenol oxidase isolation, similar 

procedures have reduced melanin formation (Smith and Montgomery, 1985; Sanchez-Ferrer et al., 

1988a; Ingebrigtsen et al., 1989). 

In the present study, PVPP was utilised as an adsorbent of endogenous polyphenolics in the 

mushrooms. It was included in the initial aqueous extract of fresh mushrooms, and since the 

adsorbent is insoluble, it could be filtered off with the solid residue (Section 2.4.3) . The filtrate was 

far paler in colour than that obtained from extract A, which suggests that less melanin formation 

had occurred. It was freeze-dried to give extract C. 

The protein concentration of extract C was 32.1 %, and the tyrosinase content was determined, 

by PAGE analysis, to be 6.8 ± 0.7 % (with respect to mass of extract). The extract was also 

compared with other extracts using PAGE analysis (see Section 2.2.2). 

2.2.1 (4) Comparison of activities of extracts A, Band C 

Specific activities were calculated using data from protein and activity assays of the freeze-dried 

powders and the immobilised biocatalysts obtained from each of the three extracts. The results are 

shown in Table 2.3. Although the partially purified extract B has the highest specific activity (in 
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Units per milligram protein), the PVPP-purified extract C gives the highest total activity in terms of 

units per kilogram of mushrooms . This comparison of activities in the different extracts was 

extended in a kinetic study as discussed in Chapter 4. 

Table 2.3 : Extract A, B, and C: Protein concentrations and dopachrome activities 

Extract % protein Dopachrome Dopachrome activity 
activity' when immobilisedb 

A 28.1 0 .29 

B 60.5 4 .51 

C 32.1 1.69 

• For freeze-dried powder (units per mg protein) 
b As biocatalyst on beads (units per mg protein) 
, 1 unit = 1 Jimol dopachrome produced per minute 
• Refers to freeze-dried extracts 

1.56' 

10.58 

2.60 

• Values in the range 1.3 - 1.7 were obtained in subsequent batches; 
calculations were corrected for this variation (see Section 2.2.4) 

1 
Units' per 

kg mushrooms· 

17160 

7935 

23400 

2 .2 .2 Comparison of extracts A, B, and C, using Polyacrylamide Gel Electrophoresis (PAGE) 

The protein extracts obtained as described above were analysed by disc-electrophoresis under non­

denaturing and denaturing conditions (see Sections 2.4.4 - 2.4.7). 

2 .2 .2 (1) Detection of protein components by 50S-PAGE 

Samples of the extracts A, B, and C, and of the commercially available tyrosinase, were dissociated 

and electrophoresed on denaturing gels. The gels were stained with Coomassie Brilliant Blue protein 

stain (Weber and Osborn, 1969), and the results are shown in Figure 2 .2 and Table 2.4. 
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M A B D 

M e D 

Figure 2.2: 5DS-PAGE analysis of polyphenol oxidase extracts; bands contain: marker proteins (M), 

extract A (AI. extract 8 (8), extract e (e) and commercially available tyrosinase (D) 
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Table 2.4: Results of SDS-PAGE analysis of polyphenol oxidase extracts 

Enzyme Mass (pgl Bands observed MMb 
(relative mobilityl' 

Extract A 100 0.458 56000 
0.542 47000 
0.583 43500 
0.667 35500 

Extract B 20 0.429 60000 
0.571 46000 
0.599 42500 
0.714 36000 
0.886 23000 

Extract C 100 0.458 56000 
0.542 47000 
0.583 43500 
0.650 35000 

Commercial enzyme 50 0.458 56000 
0.563 45000 
0.583 43500 
0.813 25000 

Markers 10 0 .271 94000 
0.375 67000 
0.563 43000 
0.771 30000 
0.896 20100 

• Calculated from distance moved by band/distance moved by melanins, 
measuring from the top of the resolving gel 

b Molecular mass calculated from graph in Figure 2.11, Section 2.4.5. 

In all of the extracts, only a small number of protein bands were observed. The most mobile band 

in each case was brown in colour, suggesting that it contained melanins from the extracts. The 

melanin bands did bind the protein stain, indicating the presence of bound protein, but the bands 

lacked any tyrosinase activity (determined later), and therefore these proteins are probably 

denatured or extraneous components. 

The extracts A and C were observed to be similar in protein composition, except that extract C 

contains an additional, lower molecular mass, component. The gel on which extract C was 

analysed was run at a different time from the others, and it is possible that the small differences 

are not significant. The partially purified extract B appeared to lack the low molecular mass 

components present in the other extracts !including the commercial enzyme). In this extract the 

43000 D band was a greater proportion of the protein than in the other extracts. The commercially 

available enzyme was shown to be a mixture of components similar to the crude extract A, but it 
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contained a lighter component (25000 D). Kumar and Flurkey (1991) reported that the 

commercially available enzyme varies from batch to batch due to the presence of different 

proportions of isoenzymes and to variations in the purity. 

The molecular masses determined for the observed bands indicates that the tyrosinase was partially 

dissociated. The enzymes is regarded as having two light (13000 D) and two heavy (43000 D) 

subunits per tetrameric aggregate, with the active site being in the heavy subunit (Kumar and 

Flurkey, 1991). Presumably the 56000 0 component observed in the present study was a dimer 

consisting of one of each type of subunit. The band corresponding to a molecular mass of 43500 

o is likely to be the large subunit alone, and the 47000 0 component could be a subunit of an 

isoenzyme. Larger protein components were not apparent on the gels. The electrophoresis of 

tyrosinase is known to be variable (Jolley and Mason, 1965; Flurkey, 1991) but the correlation of 

the molecular masses observed here with those reported in the literature confirms that the enzyme 

isolated in this study was comparable in composition to those reported by others (eg., Jolley et al., 

1969a). 

2.2.2 (2) Determination of activity in extracts by non-denaturing PAGE 

Samples of the extracts A, B, and C, and the commercially available enzyme were electrophoresed 

in duplicate on non-denaturing gels (which do not contain SDS) as shown in Table 2.5 below. One 

of each pair of gels was stained with protein stain to localise the protein bands. The other gel in 

each pair was stained by soaking in a buffered solution of DOPA, which, being a substrate for the 

enzyme, was oxidised to dark-coloured melanin. This allowed detection of the active polyphenol 

oxidase components in each extract (see Figure 2.3). One major band of activity was observed in 

all of the extracts (marked Band 1 in Figure 2.3). Some less intense, more mobile bands were also 

evident in the extracts, particularly in the extract B and the commercial enzyme (Band 2) which 

were not clearly detected by the protein stain. These must therefore represent very active 

components in the extracts. These components were observed to have predominantly catecholase 

activity when tested for activity with other substrates (see Section 3.3.2). The presence of highly 

mobile bands with strong catecholase actvity was also reported by Jolley et al. (1969a). The more 

crude extracts A and C have additional bands (3) near Bands 1 and 2, but it is possible that these 

are actually present in the extract B and the commercial enzyme, hidden by the intensity of the 

major components. 

The intensities of corresponding bands in pairs of gels, stained for protein and activity respectively, 

were measured by using a gel documentation system and their concentrations relative to the total 
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concentration were calculated. The data obtained was used to estimate the amount of polyphenol 

oxidase in the extracts, as shown in Table 2.5. 

Table 2.5: Correlation of activity with protein components in polyphenol oxidase extracts on PAGE 

gels 

Enzyme 

Extract A 

Extract B 

Extract C 

Mass' Massb Band' % of 
protein 

150 42 Z 

75 45 X 

100 32 Y 

• Total mass of extract loaded on gel (l1g) 
b Mass protein on gel (l1g) 

, See Figure 2.3 
d As % wlw in extract; error: ± 10% 

9.86 

6.66 

7.53 

2.2.2 (3) Detection of laccase activity 

% of % Tyrosinase 
activity in extractd 

23.9 2.98 

23.6 24.5 

34.5 6.82 

Laccases are oxygenase enzymes which can catalyse the oxidation of phenolic substrates. They 

can be distinguished from tyrosinases by their ability to oxidise para-dihydroxybenzenes as well as 

ortho-dihydroxybenzenes. Since their presence in the mushroom extracts used in this study might 

interfere with determinations of polyphenol oxidase activity, a brief investigation was carried out 

to ascertain whether their activity was present in the extracts. Non-denaturing PAGE gels were run 

as described above, but one gel was stained by soaking the gel in a solution of hydroquinone 

(Bouchilloux et al., 1963). While hydroquinone is an inhibitor of tyrosinase, laccase activity would 

have been observed as a coloured band resulting from formation of the para-quinone product. No 

such band was observed, and this was taken as adequate evidence that laccase activity was not 

present. This was of importance in the screening of possible substrates (Section 3.2.1) and in the 

kinetic investigations (Chapters 3 and 4). 
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2.2.2 (4) Detection of copper-containing proteins by PAGE 

It is possible to detect copper-containing proteins on PAGE gels by staining them with biquinoline 

(Bruyninckx et al., 19781. The copper in the protein is first reduced to the copper (I) state by the 

ascorbic acid, and biquinoline then reacts with the copper (I) ions. This is achieved by soaking the 

gels in a solution containing ascorbic acid and biquinoline, and then examining them under UV light. 

The proteins appear as dark bands due to the copper ions from the polyphenol oxidase quenching 

the fluorescence of the biquinoline, while the rest of the gel remains fluorescent. 

This procedure was used (see Section 2.4.71 to confirm that the bands 1,2, and 3 (Figure 2.31 

were copper-containing proteins, providing additional evidence for the identity of the active proteins 

as polyphenol oxidase. 

2.2.3 Immobilisation of polyphenol oxidase 

Various immobilisation procedures have been reported to be suitable for tyrosinase (eg., Iborra and 

Manjon, 1977; Thompson et al., 1985). most of them involving covalent attachment. However, 

polyphenol oxidase is insoluble in chloroform (which was the solvent to be utilised in this study). 

and therefore covalent immobilisation was unnecessary. In the present study, immobilisation was 

effected using the method of Kazandjian and Klibanov (1985). where protein is deposited on non­

porous glass beads. The optimal ionic state of the enzyme was ensured by dissolving it in buffer 

at its optimal pH, and drying this solution on the beads. This procedure was found to be the most 

suitable for the application of polyphenol oxidase in organic media, in terms of thermal stability and 

activity (Estrada et al., 19911. 

Thus, the freeze-dried powder was dissolved in buffer of optimum pH, the glass beads were added, 

and the mixture was then air-dried, leaving the biocatalyst as an almost free-running powder (see 

Section 2.4.81. In the case of the crude extract A, the beads were more sticky than for the other 

extracts. The protein loadings in the biocatalysts were measured by Folin-Lowry determinations on 

small portions of the beads (See Section 2.4.91 . The biocatalyst was stored frozen, in small 

portions, for later use. The specific activities of the immobilised biocatalyst containing extracts A, 

B, and C were all found to be greater than the freeze-dried powders from which they were made 

(see Table 2.3, Section 2.2.11. Although this is a typical effect of immobilising enzymes 

(Khmelnitsky et al., 1988). these large differences may also be partly due to increased oxygenation 

of the biocatalyst during the drying process. 
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2.2.4 Assay procedures 

2.2.4 (1) Activity assay in aqueous medium: the "Dopachrome assay" 

An aqueous system for measuring the activity of polyphenol oxidase samples was desirable, in that 

it would be independent of several parameters involved in the organic system viz., effects of the 

solvent on the enzyme, effects of the solvent on the substrate, degree of hydration, heterogeneity 

and inherent diffusional factors, stirring rates, etc. This would provide a means of assessing 

whether observed trends were dependent on differences in activity of samples rather than 

experimental conditions . 

Various assays for polyphenol oxidase have been published, measuring properties such as the rate 

of production of benzoquinone from catechol (Ingebrigtsen et al., 1989), the rate of dopaquinone 

formation (Pifferi and Baldassari, 1973), the rate of dopachrome formation (Behbahami et al., 

1993), the rate of oxygen consumption (Naish-Byfield and Riley, 1992), and the change in 

electrochemical potential (Cvetkovska et al., 1992). 

In the present study, an adaptation of the spectrophotometric "dopachrome" method (Gardner and 

Cadman, 1990) was used to measure the catecholase activity of enzyme samples, with DOPA as 

the substrate, in phosphate buffer at pH 6 (see Section 2.4 .10). The DOPA is converted to 

dopachrome (see Scheme 1.1, Section 1.1.2) which has a molar extinction coefficient of 3600 M" 

cm" at wavelength 475nm . In addition to being a convenient and consistent assay, this method 

has the advantage that the lag phase characteristic of cresolase activity is avoided, since only 

catecholase activity is measured. 

Small portions of the biocatalyst were added to the substrate solution in a cuvette, allowing the 

enzyme to dissolve off the beads, and reaction then took place in a homogenous solution . The rates 

of absorbance increase were determined from the linear part of the graph (see Figure 2.4) . Where 

variations in this " dopachrome activity" of different samples of biocatalyst were indicated by this 

assay, they were compensated in comparisons of reactivity in the organic system . For instance, 

storage of the biocatalyst at -4°C was found to cause small reductions in the dopachrome activity . 

In such cases, the activity in chloroform was multiplied by a correction factor (equal to the 

dopachrome activity measured for freshly prepared biocatalyst divided by the dopachrome activity 

of the present sample) . 
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In a typical experiment, the polyphenol oxidase activity of freshly prepared biocatalyst (containing 

31 .76 pg protein per mg beads, made from the crude extract A I. was 1.65 pmol dopachrome 

produced per minute per milligram protein . Figure 2.4 shows the absorbance/time graph for this 

dopachrome activity assay. 

A ... b='=O'~b=.n~c=. =I<~7.~nm=I ________________________ ~ 
O.6r 
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Time (.) 

Figure 2.4: Graph of absorbance vs time for a typical dopachrome assay 

2 .2.4 (2) Activity assay for the biocatalyst in organic medium 

A method was required to measure the activity of polyphenol oxidase in an organic system where 

conditions could be easily controlled, and in which reaction rates could be measured rapidly and 

reproducibly. It was necessary to ensure adequate hydration of the protein without having excess 

water present, and to allow control and measurement of water content in the system . The method 

devised in the present study involved adding a portion of the biocatalyst to a measured volume of 

chloroform in a closed volumetric flask, and then adding a measured amount of water to hydrate 

the whole system (see Section 2.4.11). After addition of the buffer, one minute of stirring was 

allowed for hydration of the protein. The substrate was then added in a small volume of 

chloroform, and timing was commenced simultaneously with the addit ion. At two minute intervals, 

an aliquot of the reaction mixture was removed, its absorbance was measured, and it was returned 

to the flask as rapidly as possible . 

Mixing, to maximise contact between the substrate and the enzyme, was effected by magnetic 

stirring. This was also a means of ensuring that the oxygen content of the chloroform was not 

depleted, since stirring would facilitate the dissolving of oxygen from the air in the heads pace in 

the flask. Although magnetic stirring may not be ideal (see Section 2.1 AI. it was found to be the 
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most consistent method of mixing, as long as a constant stirring speed was maintained . A bench 

shaker was tested as an alternative, but the speed was found to be difficult to control, and 

solutions tended to become opaque. 

In order for this assav to be used to examine the effects of parameters other than the nature of the 

substrate, para-cresol was selected as a "standard" substrate. It was used, at a concentration of 

25 mM, in experiments where other conditions, such as water content, were varied. The molar 

absorption coefficient of the product, 4-methvl-o-benzoquinone, was determined (see Section 

3.2 .21 to be 1460 mM"cm" in chloroform, at its wavelength of maximum absorbance (395nml. 

In each assav, the procedure was repeated at least three times, and sometimes several times, for 

anv particular set of conditions, to achieve a standard error in the mean of less than 10%. A typical 

reaction is illustrated in Figure 2.5. 
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Figure 2.5: Absorbance vs time graph for a tvpical biocatalvtic assay in the organic system, using 

p-cresol as the substrate; rate of absorbance increase = 0 .0413 ± 0.0005 min" . 

2.2.4 (3) Correlation of dopachrome and p-cresol assays 

For a system in which all factors were known to be equal, the dopachrome and p-cresol assays 

should correlate well, since they would be measuring the activities of the same biocatalyst under 

consistent conditions; this is the bas is for use of the dopachrome assay as an indicator of variations 

in the activity of biocatalyst samples [see Section 2.2.4 (1 I], This was tested by comparing results 

from the two assays carried out on samples of the same biocatalyst, but which had been stored 

under slightlv variable conditions, so that their activities were altered. The graph (Figure 2 .6) shows 

a convincing correlation for these samples, and thus the use of the dopachrome assay is justified . 
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Figure 2.6: Correlation of dopachrome and p-cresol assays for biocatalyst prepared from crude 

extract A 

2.2.5 Optimisation of the water requirement in the biocatalytic system 

The degree of hydration of the enzyme in a biocatalyst has a critical effect on the activity of the 

biocatalyst in an organic medium Isee Section 2.1.3). In the present study, the activity of the 

polyphenol oxidase was required to be optimised to obtain maximum conversion of substrates. In 

addition, the role of water in the functioning of the enzyme could be examined . 

Hydration of the enzyme in the present biocatalytic system would be governed by the initial water 

content of the solvent and that of the protein, as well as the extent to which the solvent" strips" 

the water from the protein. The optimal amount of water required for addition to the system would 

depend on these factors . The rate of catalysis would be optimised by maximising the hydration of 

the enzyme, thereby maximising protein flexibility, but any excess water would lead to phase 

separation and to a-quinone palymerisation. 

The presence of extraneous protein which would require hydration additional to that required for 

tyrosinase itself, and the degree to which the glass beads would adsorb water, were unknown 

quantities in the present study. Therefore, an empirical determination of the optimal amount of 

water to be added to the organic system was undertaken. 
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The water content of the chloroform was measured by Karl-Fischer titration (Laitinen and Harris, 

1975) before it was added to the flasks, and again after the biocatalyst was added (see Table 2.6). 

The small difference indicated that very little water was stripped from the protein by the chloroform 

in this system; the stripping represents the transfer of 0.2 JlL water to the 10 ml of chloroform, 

which would certainly be compensated in the volume of buffer added to the flask. The water 

content of the biocatalyst itself was determined by weighing a sample before and after freeze­

drying and then heating for 24 hours (see Section 2.4.12). 

Table 2.6: Water content of constituents of the biocatalytic system 

Component % water (w/w) 

Chlorofrom before hydration 0.038 

Chloroform addition of biocatalyst 0.040 

Biocatalyst 2.83 

The standard organic assay (Section 2.2.2) was used to determine optimal hydration conditions, 

by adding varying proportions of buffer to the chloroform, and determining the rates of conversion 

of p-cresol to 4-methyl-a-benzoquinone. The assays were repeated several times for each 

proportion of water, and the mean of each set of readings is reported in Table 2 .7. 

Table 2.7: Effect of varying hydration on initial rates of reaction in the organic biocatalytic system 

Volume of buffer (JILl % water in 10 ml Initial rate' 
reaction mixture 

20 0.238 0.263 ± 0.02 

25 0.288 0.317 ± 0.03 

30 0.338 0.393 ± 0.03 

35 0.388 0.380 ± 0.02 

40 0.438 0.363 ± 0.01 

• Jlmol a-quinone produced per minute per mg protein 

The highest initial reaction rate corresponded to the system in which the chloroform had an 

aqueous content of 0.338% (v/v) . With lower water concentrations, the rates would be decreased 

because of limitations on protein flexibility, and with higher water concentrations the polymerisation 

of the a-quinone would lead to inactivation. In the latter case, the precipitation of polymer was 

visible in the flasks. In addition to the water added to the system, the biocatalyst itself contained 

2.83% water, so that the amount of water hydrating the protein was 5.9% (w/w) with respect to 

the protein, and 0 .65% (v/v) with respect to the chloroform. 
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This optimisation procedure was repeated for each new batch of biocatalyst, since small variations 

in their water content were observed . The differences in the amount of buffer required in each case 

were within 8% of the amount determined for the first batch. 

2 .2.6 Investigation of further purifica.tion procedures 

Some further purification steps (subsequent to the ammonium sulphate fractionation to produce 

extract B) were investigated, to ascertain whether the efficiency of the biocatalytic system would 

be improved, and whether such procedures would be straightforward enough to warrant being 

included in the preparation of the biocatalyst. 

2.2.6 (1) Chromatography using DEAE-Cellulose 

A sample of extract B was subjected to liquid chromatography on DEAE-cellulose (Frieden and 

Ottesen, 1959) (see Section 2.4.131. The chromatography was monitored by protein and 

dopachrome activity assays (see Figure 2.71 . 

Protein (mg) Dopachrome activity (uni ts/mg x 1/100) 
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Figure 2.7 : Elution profile of protein and polpyphenol oxidase activity for DEAE-cellulose column 
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A single protein fraction was obtained, which exhibited a relatively high specific activity (see Table 

2.8 below), but which comprised only a small proportion of the protein originally loaded on the 

column was isolated; the remaining protein apparently bound to the column packing. A large 

increase in the ionic strength of the buffer failed to elute any further fractions. The active fraction 

from this column was analysed by SDS-PAGE, and was found to contain the same protein 

components as the extract B, although the 56000 band appeared more concentrated, relative to 

the other bands, after the chromatography. The active component comprised only 5% by mass of 

the original sample of extract. This small yield of purified protein indicates that this purification 

would not be practicable in the production of the biocatalytic system. 

2.2.6 (2) Chromatography by size exclusion 

Chromatography on a high-flow rate size exclusion chromatography gel, Toyopearl HW-50S, which 

was expected to provide a convenient and rapid purification, was investigated (Section 2.4.14). 

Here, three protein fractions were separated, of which one contained inactive protein, one exhibited 

low specific activity, and the other contained polyphenol oxidase with high specific activity (see 

Table 2.8 and Figure 2 .8). However, the yield of active, purified protein was only 13%, and PAGE 

analysis again showed that the protein as not homogenous. The purified protein was found to be 

far less stable than the less pure extracts, in that it lost approximately 40% activity during storage 

in solution at 4 0 C for two days. Therefore, it was concluded that although this method of 

purification was successful to a certain extent, it would not be of advantage to apply it in the 

production of a biocatalyst. 

Protein (ug) Dopachrome activity (U/mg x 10) 
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Figure 2 .8: Elution profile for protein and polyphenol oxidase activity for size exclusion (Toyopearl 

HW-50S) column 
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Table 2.8: Results of protein and activity assays of purified polyphenol oxidase 

Enzyme fraction Mass Mass Specific activity PAGE analysis' 
loaded obtained (Units.mg·') 
(mg) (mg) 

Extract B 10 mg 10.58 

DEAE-cellulose - 20 mg 56000 
Active fraction 0.998 48.48 47000 

43500 

Toyopearl HW-50S - 20 mg 
Active fraction 1 0 .288 29.03 56000 to 

47700 

Active fraction 2 1.586 2 .71 40000 to 
33000 

• Approximate molecular masses determined as in Section 2.5.5 

Purification of tyrosinase is known to be difficult, and tends to cause a decrease in the proportion 

of cresolase activity as compared with catecholase activity (Scott, 1975), and thus the difficulties 

encountered in this study were not unexpected. The two methods investigated were chosen for 

their convenience, since a lengthy purification procedure would not be suitable for the production 

of a biocatalyst. Neither was particularly successful, in that the yields of purified protein were very 

low, and the products did not differ significantly from the extract B from which they were obtained, 

except in the separation of some lighter, inactive protein . Improved results might be achieved using 

hydroxyapatite chromatography (Bouchilloux et al., 1963; Nelson and Mason, 1970) but this is 

a notoriously slow method. Affinity chromatography has been reported to be more practical (O'Neill 

et al., 1973; Gutteridge and Robb, 1973) and this would seem the most promising method to 

pursue. However, in terms of preparation of a biocatalyst, there is no apparent advantage in 

undertaking purification procedures which deplete the yield and are time-consuming and costly. 

2.2.7 Application of the polyphenol oxidase biocatalytic system in chloroform 

The polyphenol oxidase biocatalyst prepared from extract A was utilised in two preliminary 

investigations of its activity in chloroform, viz., the oxidation of p-cresol, and the oxidation of N­

acetyl-L-tyrosine ethyl ester (ATEE). In both cases, the primary objective of the investigation was 

to achieve conversion of the substrates to their corresponding quinone products in reasonably high 

yields, and thus to demonstrate the successful functioning of the biocatalyst. 
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2.2.7 (1) Oxidation of p·cresol in chloroform, by the polyphenol oxidase biocatalyst 

Biocatalyst, prepared from Extract A (as described in Section 2.2.1 I. was added to a solution of 

p·cresol in chloroform, and the reaction was initiated by the addition of aqueous phosphate buffer 

to bring the water content of the solvent to 0.5% (Kazandjian and Klibanov, 1985). In this 

preliminary reaction, the water present in the biocatalyst was not taken into account in determining 

the amount of water required . The reaction mixture was shaken continuously for several hours, 

during which time the rea ction was monitored by UV-visible spectroscopy and gas chromatography 

(GC) . Periodically, a small aliquot was removed from the flask, and the absorbance of the sample 

wa s measured to determine the o-quinone concentration in the chloroform. The amount of 

unreacted substrate in the sample was determined by GC, by measuring the decrease within time 

of the peak due to p-cresol (see Figure 2.9). The concentration of p-cresol in the reaction mixture 

wa s reduced to 9 % of the starting concentration, after 6 hours . 

The levelling off in the rate of increase of UV absorbance demonstrates a reduced reaction rate as 

the substrate is depleted. The rate of absorbance increase (approximately 2 .5 absorbance units 

per hour) corresponds to a rate of quinone production of 2.9 mmol per hour per milligram protein, 

and the final concentration of o·quinone in the chloroform solution after 6 hours was 11 .1 mM, 

indicating a yield of 74% (see Table 2.9). 

After six hours, the chloroform solution was decanted, and extracted with an aqueous solution of 

ascorbic acid, which reduced the quinone in the organic layer to 4-methylcatechol. The catechol 

was soluble in the aqueous layer, and could be detected by high performance liquid 

chromatography (HPLC) . Although the extraction was unlikely to be complete, comparison with 

standard solutions of 4·methylcatechol indicated that the concentration of 4-methylcatechol in the 

final reaction mixture was 9 mM (see Section 2.4.141. which corresponds to a yield of 

approximately 60%. 
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Figure 2.9: Progress of the utilisation of p·cresol by polyphenol oxidase in the biocatalytic system 

Table 2.9: Results of conversion of p-cresol to 4-methylcatechol. catalysed by polyphenol oxidase 

biocatalyst in chloroform 

Method of detection Results % yield 

GC - reduction of phenol Initial GC peak integral : 302860 91 
Final GC peak integral: 27257 
% substrate remaining = 9% 

UV - formation of a-quinone Initial total absorbance: 0 .00 74 
Final total absorbance: 16.15 
Concentration product: 11 .1 mM 

H PLC - formation of catechol Initial substrate cone: 15 mM 60 
Final concentration: 9 mM 

This investigation demonstrated that the biocatalyst could successfully be applied in a simple 

system, and that good conversion rates were achievable. The apparent discrepancy between the 

yields determined by GC, HPLC and UV spectroscopy was attributable to the formation of 

polymeric material on the biocatalyst and flask, which is likely to be a melanoid product from the 

quinone. This would remove some Quinone from the solution, resulting in lower UV absorbances 

being observed . This demonstrates the necessity to control the water content of the system so that 

the water-dependent polymerisation would be minimised. 
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2.2.7 (2) Conversion of ATEE to L-DOPA 

One of the most obvious potential applications of a polyphenol oxidase biocatalyst is the production 

of L-DOPA 1, the drug used to treat Parkinson's disease, from L-tyrosine, 82. This drug is required 

in relatively large quantities, in an enantiomerically pure form, and there is a considerable world 

market for it. Kazandjian and Klibanov (1985) demonstrated that purified polyphenol oxidase could 

be utilised successfully to oxidise ATEE, 83 in chloroform, and that ascorbic acid reduction by 

aqueous extraction was suitable as a means of obtaining the catechol L-DOPA in its protected form, 

84. The same authors also reported a synthetic method of deprotecting the L-DOPA derivative, 84. 

HO~NH, 

D _ COOH 
HO 1 

HO~NH, 

V __ COOH 
82 

HO~NHCOCH3 

_ V COOC,Hs 

H0)()r:~ NHCOCH3 

# COOC,Hs 
HO 83 84 

In the present study, the procedure of Kazandjian and Kl ibanov was repeated, using the crude 

extract A in place of the commercially available, purified enzyme (Sections 2.4.15 and 2.4.16). The 

reaction was carried out using a similar method to that described for p-cresol above, monitoring 

the reaction by GC. The rate of utilisation of the substrate is shown in Figure 2. 10, and the yields 

are shown in Table 2.10. Again, the discrepancy between the yields measured by the different 

methods is attributed to the formation of polymeric melanoid products. 
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Figure 2.10: Graph of GC count (area of ATEE peak) vs time for the conversion of ATEE, catalysed 

by poiyphenoi oxidase 
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Deprotection of the protected L-DOPA, 84, was carried out by the method of Kazandjian and 

Klibanov (1985), which involved alkaline hydrolysis, under nitrogen. The product, L-DOPA, was 

identified and quantified by HPLC, by comparison with standard samples of L-DOPA. The yield was 

determined, from comparison of HPLC peaks on the reaction mixture and standard solutions, to be 

48 % with respect to the starting material (ATEE) . Thus the biocatalyst prepared from the crude 

extract A was shown to be a useful source of polyphenol oxidase, and to have activity comparable 

to that reported for the commercially available enzyme. 

Table 2.10: Results from the oxidation of ATEE, catalysed by polyphenol oxidase biocatalyst, in 

chloroform 

Detection method Results (after 5 hours) % yield 

GC - reduction of substrate Initial GC peak integral: 388392 74 
Final GC peak integral: 101485 
% substrate remaining : 26% 

HPLC - yield of L-DOPA Initial substrate cone: 25 mM 48 
Final concentration product: 12.1 mM 

2 .3 CONCLUSIONS 

A crude, or partially purified, extract from fresh mushrooms was found to be a plentiful source of 

polyphenol oxidase, which could be immobilised and stored with only minor loss in activity . The 

biocatalyst prepared in this way was shown to function in an organic medium with sufficiently high 

rates to make its application feasible. 

Assays were devised for use in determining the activity of the biocatalyst in aqueous and organic 

systems, and comparison of results from the two methods, obtained under standardised conditions, 

demonstrated that the assays could be correlated. The assay method designed for measurement 

of rates of reaction in the organic medium is simple, convenient, and adaptable. The dopa chrome 

assay provides a suitable means of monitoring any variations in the activity of the biocatalyst which 

is independent of the effects of an organic solvent. 

An investigation into the optimal hydration of the organic system showed that small changes in the 

degree of hydration of the protein would significantly alter reaction rates in the organic system, and 

that the water content of the system should be carefully monitored and controlled . 
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Chromatographic methods of purifying the enzyme extracts were found to offer little advantage 

in the preparation of the biocatalyst. The investigation demonstrated that while it would be possible 

to obtain pure samples fo r detailed biochemical studies, chromatographic methods are not practical 

or necessary for the production of a biocatalyst. 

The biocatalytic system was successfully applied to the oxidation of p-cresol, and the product was 

converted to the corresponding catechol by a simple aqueous extraction. The utilisation of the 

system for production of L-DOPA was also demonstrated, using a crude enzymes extract rather 

than the partially purified enzyme which is avai lable commercially, and which is considerably more 

expensive. 

2.4 EXPERIMENTAL 

Materials 

Mushrooms IAgaricus bisporus) were generously donated by Tongaat Mushrooms, Natal, South 

Africa. Chloroform was purified by distillation over CaH, before use. Water content in chloroform 

was determined by Karl Fischer titrations ILaitinen and Harris, 1975). 

Gas chromatography was carried out using a Hewlett Packard 5980A gas chromatograph. UV 

spectroscopy was carried out using a Shimadzu UV-160A UV-Visible recording spectrophotometer. 

2.4.1 Crude extract A 

Fresh mushrooms 11 kg) were frozen and then homogenised in cold acetone 12 .5 L) using a Waring 

blender. The resulting slurry was filtered rapidly on a Buchner funnel, and the residual pulp was air­

dried briefly before being frozen with liquid N, . It was then stirred into cold water 1500 mL), and 

the mixture was allowed to stand overnight at 4°C. The paste was filtered through cheesecloth, 

and the filtrate was stood in ice while N, was bubbled gently through the solution for 2 - 3 h, to 

remove residual acetone. This aqueous extract was freeze-dried, giving a pale brown powder 111 

g, approximately). The protein content of the powder was determined by the Folin-Lowry method 

ISection 2.4.9) to be 28 .1 %, Iw/w). This extract was analysed by PAGE (Sections 2.4.5 and 

2.4.6) and later immobilised ISection 2.4.8). 
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2.4.2 Partially purified extract B: Ammonium sulphate fractionation 

The freeze-dried crude extract A, prepared as described above, (11 g) was dissolved in H20 (200 

mL) at 4°C, and (NH')2S0. (54.2 g) was added to achieve 40% saturation. The solution was 

allowed to stand overnight at 4°C, and the precipitate was then separated by centrifugation 

(10000g, 10 min) . The supernatant was mixed with (NH')2S0. (46.3 9 in 100 mL H20) to bring it 

to 52 % saturation, the solution was again allowed to stand overnight and centrifuged in the same 

manner. The supernatant was brought to 60% saturation by the addition of (NH')2S0. (52.9 g in 

100 mL H20). and the mixture was stood and then centrifuged as before. The precipitates in each 

case were dissolved in H20 (50 mL), and protein determinations (using the Folin-Lowry method) 

and dopachrome activity assays were carried out (Table 2.11). 

The precipitate from the 52 % saturated fraction was dialysed against phosphate buffer (1 OmM, 

pH 7, then 50mM, pH 7) for 72 h. The resulting solution was freeze-dried, giving 0.25 g extract 

containing 60.5% protein. This was analysed by PAGE and later immobilised (see Section 2.4.8). 

Table 2.11: Ammonium sulphate fractionation of extract A 

Fraction Protein Dopachrome Dopachrome 
(mg.mL") activity activity 

(A.min".mL·')' (units.mL")· 
x 10'" 

40% ppt 19.81 4.525 

40% sup 5.36 12.87 

52% ppt 5.11 86.0 

52% sup 1.19 1.88 

60% ppt 2.68 4.395 

60% sup 1.55 0.365 

• Absorbance per min per mL solution of fraction 
• 1 Unit = 1 tlmol dopachrome produced per minute 
, Units per mg protein 

2.4.3 PVPP-purified extract C 

3.77 

10.74 

71.70 

1.57 

0.36 

0.30 

Specific activity 
(units.mg")· 

0.19 

1.88 

14.03 

1.32 

0.13 

0 .19 

The procedure for obtaining the crude extract was carried out as described in Section 2.4.1, but 

when the frozen residue was added to the water, PVPP (purchased from Aldrich, 80g) was added 

and the mixture was stirred well before being left to stand overnight. It was then filtered and 
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treated as above. The freeze-dried powder which was obtained (9 g) was found to contain 

32 .1 % protein. It was analysed by PAGE (Section 2.4.5) and stored frozen until required for 

immobilisation. 

2.4.4 PAGE analysis of polyphenol oxidase extracts 

PAGE separations were carried out using Hoeffer SE 250 "Mighty Sma[I" [[ electrophoresis 

apparatus and run according to the accompanying manual. Ge[s were prepared according to the 

Laemmli method (Laemmli, 1970; Oavis, 1964), with 3% stacking and 7.5% resolving gel 

concentrations, and gel thickness of 1.5 mm. SOS was only added where specified. Coomassie 

Bri[liant B[ue (CBB) was used to stain for protein (Weber and Osborn, 1963), and OOPA solution 

(100 mg in 100mL phosphate buffer, 50 mM, pH 7) was used for enzyme activity detection 

(Gabriel and Gersten, 1992). 

2.4.5 SOS-PAGE comparison of extracts and commercial enzyme 

Solutions of the extracts, and commercial tyrosinase (Sigma, 2000 units per mg) were made up 

(with 0.1 % SOS) as indicated in Table 2.12 below, and heated in boil ing water (3 min). They were 

loaded on to denaturing (SOS-containing) gels and run with a constant current of 25 mA, for 

approximately 2 h. Marker proteins (Merck, as listed below) were run simu[taneously; the graph of 

mobilty vs log of molecular mass is shown in Figure 2.11. The results are i[lustrated in Figure 2.2, 

Section 2.2.2. 
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Figure 2.11: Graph of mobility vs [og(Molecular mass) from SOS-PAGE results 
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Table 2.12: SDS-PAGE analysis of polyphenol oxidase extracts 

Sample Amount protein Bands Distance of 
(pg) (distance, mm)' front (mm)b 

Crude 28 22 48 
26 
28 
32 

A.S. purif. 12 22 48 
26 
28 

PVPP-purif. 32 16 35 
20 
21 
25 
30 

Commercial 30 22 48 
27 
28 
39 

Markers: M.W: 48 
Phosphorylase b 94000 13 
Bovine serum albumin 67000 18 
Ovalbumin 43000 27 
Carbonic anhydrase 30000 37 
Soybean trypsin 20100 

inhibitor 43 
a-lactalbumin 14400 48 

• Distance measured from top of resolving gel to band 

2.4.6 Non-denaturing PAGE analysis of polyphenol oxidase extracts 

Solutions of polyphenol oxidase extracts were made up as shown in Table 2.13 and run on non­

denaturing gels (in the absence of SDS), under the conditions described above. Gels were run in 

duplicate, and one of the pair was stained with CBB (for protein)' while the other was stained for 

enzyme activity. The activity stain was prepared by dissolving DOPA (100 mg) in potassium 

phosphate buffer (50 mM; pH 7; 100 mL). In the case of gels stained for activity, the reaction was 

stopped and the stain was fixed by soaking the gels in trichloroacetic acid solution (15%) for 15 

min, and then in glycerol solution (10%) for 30 min. The intensities of the bands were quantified 

by computational analysis using a UVP gel documentation system, and the relative intensities as 

shown in Table 2.13 below. This provided data for calculation of the proportion of protein which 

was tyrosinase, in each case, as shown in the table. 
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Table 2.1 3: Determination of tyrosinase in extracts A, Band C by PAGE analysis 

Enzyme Stain Mass" Total intensityb Peak intensitye %d 

Extract A CBB' 150 (42) 50421 1270 

DOPA 58159 15884 

Extract B CBB 75 (45) 65251 6372 

DOPA 65138 13153 

Extract CBB 100 (32) 59754 4499 

DOPA 47556 16413 

• Mass (pg) of extract loaded on gel; mass of protein present in brackets 
b Total of intensity counts for all peaks 
, Intensity count for peak of interest 
d % peak intensity / total intensity 
C Coomassie Brilliant Blue 

2.4.7 Detection of copper in the polyphenol oxidase extracts by PAGE 

2.51 

23.6 

9.76 

23.9 

7.53 

34.5 

Duplicate non-denaturing gels were run with solutions of the polyphenol oxidase extracts as shown 

in Table 2.13. One gel was stained for protein as before, and the other was stained according to 

the method of Bruyzninckx et al. (1978) to show the presence of copper. The gel was soaked in 

16 mM ascorbic acid (2 min), and then in the visualising reagent (3 min) [Biquinoline (0.3 mM, with 

15mM ascorbic acid, in glacial acetic acid)]. The gel was transferred to a white card support, and 

viewed under UV light. The bands 1, 2, and 3 (Figure 2.3) were observed as dark bands against 

a fluorescent background, indicating that they contained copper. 

2.4.8 Immobilisation of polyphenol oxidase extracts 

The freeze-dried crude extract was immobilised on glass beads (250 pm, non-porous, obtained from 

Supelco) by dissolving the powder (1 g) in potassium phosphate buffer (50 mM; pH 7; 2 mLl, and 

then adding the beads (69). The mixture was stirred gently but thoroughly, then placed in an air 

draught to facilitate evaporation of the water. The mixture was stirred periodically, until it was 

(more-or-Iess) free-running. The biocatalyst was sto red , sealed, in small portions, at -4°C. 
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2.4.9 Protein assays 

The Folin-Lowry method of protein determination (Lowry et al., 1951; Clark and Switzer, 1977) 

was used to determine protein concentrations in the freeze-dried extracts, and it was adapted for 

use with the immobilised biocatalyst. In the latter case, small portions (5-15 mg) of biocatalyst 

beads were added to water (1 mL) and shaken to dissolve the immobilised protein. This solution 

was used as the sample solution. Bovine serum albumin was used as the standard (Table 2 .14), 

and the standard curve is shown below (Figure 2.12). Absorbances were read at 500 nm, using 

the automatic concentration determination facility on the spectrophotometer. The protein 

concentrations determined for the extracts A, B, and C are shown in Table 2.15. 

Table 2.14: Data from standard curve for protein determinations 

[Protein! (pg .mV) Absorbance 

0 0.00 

60 0.092 

120 0 .168 

180 0.241 

240 0 .311 

360 0.397 

Abaorbance (500 nm) 0.5 ,-'-'-'---'-"..:.:..=----_ ______ ---:,.--., 

0.4 

0.3 

0.2 

0.1 

O~--_J-___ _L ___ ~ ___ ~ 

o 100 200 
Protein (ug) 

300 <00 

Figure 2.12: Standard curve for protein determinations using Folin -Lowry method 
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Table 2 .15: Protein assays for freeze-dried polyphonol oxidase extracts 

Extract Mass powder (mg) Mass protein present % protein 
(mg) 

A 0.602 0 .169 28.1 

B 0.740 0.448 60.5 

C 1.005 0.322 32.1 

2.4.10 "Dopachrome" assay for po(yphenol oxidase activity (Gardner and Cadman, 1990) 

In the case of samples of the immobilised biocatalyst, small portions of the beads were weighed 

out, and added to the cuvette containing the substrate solution (DOPA, 10 mM; in potassium 

phosphate buffer, 50mM; pH 6) . The cuvette was closed and rapidly shaken for 5s, then placed 

in the spectrophotometer. Timing was commenced as the spectrophotometer was closed, and 

absorbance was recorded every lOs for up to 90 s. The linear portion of the graph of absorbance 

vs. time was used to measure the rate of absorbance increase (as shown in the example in Figure 

2.4, Section 2 .2.4) . Assays were carried out in triplicate and mean values were used to calculate 

activities (Table 2 .16). The molar extinction coefficient of dopachrome, E = 3600 M" em" , was 

used as shown in the following example: 

Rate (absorbance per min per mg biocatalyst beads) 

Rate (absorbance per min per mg protein) = 1.842 

0.0585 

Rate (dopachrome produced per min per mg protein) = 5.12 x 10.4 M.min·'.mg·' 

Rate (dopachrome produced per min per mg protein) 1.535 pmol.min·'.mg·' 

= 1.535 Units. mg" 

(1 Unit Amount of protein which catalyses the production of 1 pmol dopachrome per minute) 
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Table 2.16: Dopachrome activities of biocatalysts containing extracts A. B.and C 

Sample Protein conc· Dopachrome activity Dopachrome activity 
(Absorbance.min·' .mg·')b (Units .mg·' )0 

A (immob) 31 .76 0.0585 

B (immob) 13.96 0.177 

C (immob) 36.46 0 .114 

A (powder) 1.4 0 .348 

B (powder) 0 .045 8.94 

C (powder) 0 .064 2.03 

• For biocatalyst: jJg per mg beads; for freeze dried powder: mg per mL 
b Absorbance per minute per mg protein 
° Per mg protein 

2.4.11 Enzyme activity assay in the organic system 

1.54 

10.56 

2.61 

0 .30 

4.51 

1.69 

The following is the standardised method which was established; other substrates and substrate 

concentrations were used in kinetics experiments as described elsewhere. 

A portion of biocatalyst. containing approximately 1 mg protein. was added to CHCI 3 (9 mL) in a 

100 mL volumetric flask fitted with a stopper. in a water bath at 25°C. Buffer (potassium 

phosphate buffer. 50 mM; pH 7) was added. and the mixture was stirred magnetically (1 min). The 

volume of buffer was dependent on the state of the biocatalyst and the experiment being 

performed. The substrate (p-cresol. 250 mM; in CHCI3 • 1 mL) was added. to make its concentration 

in the flask 25 mM . Timing was commenced upon addition of the substrate. Every 2 min. an aliquot 

(2 mL) was removed from the flask. its absorbance (at 395 nm) was recorded . and it was returned 

to the flask as rapidly as possible . The molar absorption coefficient. € = 1460 M"cm" (determined 

as described in Section 3 .2.2) was used to convert rates of absorbance increase to rates of 

production of 4-methyl-o-benzoquinone. Figure 2 .5 (Section 2.2.4) shows an example of a typical 

assay. 

2 .4.12 Optimisation of water requirement in the biocatalytic system 

The standard procedure for the organic system assay was carried out with biocatalyst prepared 

from extract A (40 mg, containing 1.1 mg protein), and varying amounts of phosphate buffer (50 
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mM , pH 7) being added to the chloroform . At the end of each assay, the flasks were inspected for 

the presence of water droplets or precipitated polymeric material. The initial rates of reaction were 

measured at least in triplicate , ensuring less than 10% standard deviations for the rates and the 

mean values (determined by linear regression analys is using QuattroPro)(see Table 2.17). 

The water content of the biocatalyst was determined by freeze-drying a pre-weighed sample !initial 

mass 1.068 g), and then placing it in an oven at 1 oooe for 24 h. The loss in mass was 0 .30 g, 

which shows the loss of 2 .83 % (w l wl as water. 

Table 2.17: Results from organic assays, using p-cresol as substrate, to determine optimal 

hydration requirements in the biocatalytic system 

Volume buffer (pL) Rate Mean ratea Mean rateb 

(Ll.A.min·' )' 

20 0 .0362 0 .0384 ± 0.003 0 .263 
0.0408 
0.0354 
0.0362 
0.0336 

25 0.0402 0 .0463 ± 0 .004 0.317 
0.0428 
0.0521 
0.0498 

30 0.0511 0 .0575 ± 0 .004 0 .393 
0.0588 
0.0582 
0 .0573 
0 .0621 

35 0.0576 0 .0555 ± 0.003 0.380 
0.0565 
0.0507 
0.0574 

40 0.0503 0 .0529 ± 0 .002 0.363 
0.0541 
0.0541 
0.0532 

• Absorbance increase per minute 
b pmol a-quinone produced per minute per mg protein 
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2.4.13 Chromatography on DEAE-cellulose 

A column (1 cm diameter x 10 cm length) was packed with DEAE-cellulose (Sigma, medium mesh) 

using sodium phosphate buffer (40 mM, pH 8). A sample of Extract B (see Section 2.4.2) (20 mg) 

was dissolved in the same buffer (1 mL), and loaded on the column. Elution with this buffer was 

continued until 6 x 5 mL fractions had been collected, with a flow rate of 10 mL per h (using an 

EYELA Microtube MP-3 pump and an LKB 2112 REDIRAC fraction collector). The ionic strength of 

the buffer was increased to 80 mM, and elution was continued with the same flow rate. Fractions 

(5 mL) were collected until the total volume collected was 250 ml. The concentration of the 

elution buffer was changed to 1.2 mM, and a further 20 fractions were collected. The protein 

concentrations in the fractions were assayed by reading their absorbance at 280 nm (see standard 

curve, Table 2.18 and Figure 2.13 below). Dopachrome activity assays were carried out by adding 

aliquots of each fraction (50 tiL) to the DOPA solution (3 mL) and proceding as described in Section 

2.4.10). The results are shown in Table 2.19. Fractions 10 - 13 were combined to give a solution 

of tyrosinase with specific activity 48.48 units per mg protein. The solution was analysed by PAGE 

as in Section 2.4.5. Components with molecular masses 56000, 47000, and 47700 were 

observed. 

Table 2.18: Data for protein standard curve using absorbance at 280 nm 

[Protein] Absorbance 
(pg.mL-') 

0 0.000 

60 0.037 

120 0.073 

180 0.110 

240 0.144 

300 0.184 

360 0.236 

480 0.311 

600 0.393 
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Figure 2.13: Protein standard curve using absorbance at 280 nm 
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Section 2.4.14 

Table 2.19: Results of activity and protein assays of fractions from DEAE-cellulose column 

Fraction Mass protein Dopachrome 
(mg) activity' 

1 - 8 - -

9 0.021 -
10 0.105 46.03 

11 0.564 57.32 

12 0.230 42.03 

13 0.098 15.31 

14 0.012 -

15 - 40 - -

• Units per mg protein 

2 .4.14 Chromatography on Toyopearl HW-50S 

Toyopearl HW-50S (30 Jim, Tosohaas) was suspended in sodium phosphate buffer (50 mM, pH 7, 

containing 50 mM Ke!) and packed into a column (2 cm diameter x 20 cm length). A sample of 

extract B (20 mg) was dissolved in the same buffer and loaded on the column. The flow rate was 

maintained at 10 mL per hand 5 mL fractions were collected and assayed as described in the 
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previous section . Three major protein-containing fractions were eluted (see Table 2.20) of which 

two had tyrosinase activity. A broad tailing fraction was eluted after these, but was found to have 

no tyrosinase activity. 

Table 2.20: Results of protein and activity assays of fractions from Toyopearl column 

Fraction Mass protein (pgl Dopachrome activity (units per mg) 

1 - 7 - -

8 109 0.405 

9 156 4.03 

10 23 4.06 

11 10 1.25 

12 - 15 - -

16 9 1.15 

17 133 23 .7 

18 542 30.4 

19 643 32.6 

20 567 28 .9 

21 181 19.8 

22 21 12.7 

23 45 1.10 

24 134 -

25 15 -

26 15 -

27 10 -

28 10 

29 22 -

30 40 

31 53 -

32 60 

33 61 -

34 57 

35 55 

36 37 -

37 23 
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2.4.15 Oxidation of p-cresol 

Biocatalyst (1 OOmg beads, containing 0.61 mg protein, prepared from extract A) was added to a 

10 mL conical flask (fitted with ground glass stopper) containing p-cresol solution (15 mM in 

chloroform, 3 mL) . Potassium phosphate buffer (50 mM; pH 7; 15 pL) was added, the flask was 

closed, and the mixture was shaken on a bench shaker for 6 h. Periodically, 2 x 50 pL aliquots 

were removed from the flask, and used (a) for GC analysis and (b) for UV spectroscopic analysis 

(see Table 2.22 below). The solution was decanted, and extracted with ascorbic acid solution (100 

mM, 2 mL). The aqueous layer was analysed by HPLC using a Hewlett Packard 1050 liquid 

chromatograph (see Table 2.23 below). 

Conditions for GC: Capillary column, SE-30 (4%), 4 film pm thickness 

Carrier gas: N2 , 31 mL.min·' 

Column head pressure: 65 kPa 

Injection port temperature: 250°C 

Detector: FlO, 250°C 

Initial temperature: 140°C for 6 min 

Temperature gradient: 7°c per min 

Final temperature: 180°C 

Injection volume: 0.5 pL 

Retention time for p-cresol: 8.8 min 

Conditions for HPLC: Column: Reverse phase 

Mobile phase: Acetonitrile: water 4:6 

Flow rate: 1 mL.min·' 

Detection: Absorbance at 280 nm 

I njection volume: 5 pL 
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Table 2.21: Results of GC and UV analysis of samples from oxidation of p-cresol by tyrosinase 

Time UV absorbance GC % substrate 
(h) (peak integral) remaining 

0 0 302860 100 

0 .5 4.95' 244907 81 

1.0 6.8 

1.5 8.2 188922 62 

2.0 10.55 

2.5 11.4 146664 48 

3.0 13.25 127560 42 

4.0 13.7 93775 31 

5.0 15.65 56331 18 

6.0 16.15 27257 9 

Table 2.22: Results of HPLC analysis of product from oxidation of p-cresol 

Sample Retention time Peak height (mm) Concentratiot:l (mM)' 
(min) 

p-Cresol 3.0 32 5 
65 10 
80 12.5 
150 25 

Ascorbic acid 1.7 

4-Methylcatechol 2.3 40 5 
75 10 
108 15 

Reaction mixtureb 1.7 250 -

2.3 68 9 
3.0 3 0.5 

• Standard solutions for p-cresol and 4-methylcatechol; calculated for reaction mixture 
b Reaction mixture after ascorbic acid extraction 
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2 .4.16 Oxidation of ATEE and production of L-DOPA 

Biocatalyst (210 mg, containing 13 mg protein, prepared from extract A) was added to A TEE 

solution (25 mM; 2 mL; in chloroform), the flask was shaken briefly, and potassium phosphate 

buffer (50 mM; pH 7; 20 tiL) was added. The mixture was shaken using a bench shaker, for 5 h. 

Periodically, aliquots were removed for GC analysis (Table 2.23). After 5 h, the chloroform solution 

was decanted and extracted with ascorbic acid (100 mM, 2 mL), and the aqueous layer was 

analysed by HPLC (Table 2 .24). 

GC conditions: As in Section 2.4,14, but temperature program: 

Initial temperature: 200 ° C for 3 min 

Temperature gradient: 7° per min 

Final temperature: 240°C 

Retention time for A TEE: 26.1 min 

HPLC conditions : As in Section 2 .4 .14, 

Mobile phase: Acetonitrile-sodium acetate buffer (10 mM, pH 4); 1:4 

Retention time for ATEE: 3.74 min 

Retention time for ascorbic acid: 0 .98 min 

Table 2 .23: Results of GC analysis of oxidation of ATEE by polyphenol oxidase 

Time (h) GC (counts) % substrate remaining 

0 388392 100 

1.5 305531 79 

3 .5 121736 31 

5 .0 101485 26 
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Table 2.24: HPlC analysis of product f rom oxidation of ATEE 

Sample Retention time Peak height Concentration 
(min) (mm) (mM) 

ATEE 3 .74 140 25 
55 10 

Ascorbic acid 0.98 - -

Reaction mixture 0.98 - -

2.17 90 
3.74 26 4 .7 

2.4.17 Isolation of DOPA f rom oxidation of ATEE by polyphenol oxidase 

The aqueous solution from the ascorbic acid extraction (Section 2.4.16) was extracted with ethyl 

acetate and the organic layer was evaporated under N,. The residue was treated with NaOH (3 M; 

3 ml), under N, and the reaction mixture was warmed to 65°C for 3h. Ascorbic acid was added 

to neutralise the solution, which was then analysed by HPlC (Table 2 .25) . Since the peaks were 

broad, they were quantified by triangulation of their areas. 

Conditions for HPlC: As in Section 2.4.16, except for: 

Mobile phase: Acetonitrile 

Trifluoroacetic acid (0 .1 %) 

Injection volume: 1 III 

Table 2.25: Formation of DOPA: HPlC analysis of product 

water 4 :96, contain ing 

Sample Retention time Peak area (mm') Concentration 
(min) (mM) 

DOPA 10.4 396 20 
196 10 

Ascorbic acid 7.0 

Reaction product 7.0 - -
10.4 239 12.1 
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CHAPTER 3 

A KINETIC STUDY OF THE POLYPHENOL OXIDASE BIOCATALYST 

3 .1 INTRODUCTION 

The potential for exploitation of the polyphenol oxidase biocatalytic system is dependent on the 

range of applications which are possible . In order to identify this range, investigations of the 

substrate specificity and kinetic efficiency of the system were undertaken. In addition to their 

usefulness in assessing the versatil ity of the biocatalyst, such investigations would contribute to 

a rationalisation of the effects of the organic medium on the functioning of the enzyme. Reports 

of quantitative kinetic studies in non-aqueous biocatalysis are relatively scarce in the literature (Ryu 

and Dordick, 1989) but they are essential in the development of a theoretical basis for the 

application of enzymes in organic media. 

3 .1 .1 Substrate specificity 

In an aqueous environment polyphenol oxidase can utilise a wide range of substrates, varying from 

phenols with relatively unhindered structures to some with surprisingly large molecular size, such 

as steroids (see Section 1.1.8). However, the range of substrates was reported to be more limited 

when the enzyme functions in an organic medium (Kazandjian and Klibanov, 1985), which might 

be a disadvantage in terms of its application as a general biocatalyst for aromatic hydroxylations. 

These authors reported the conversion of a number of phenols by partially purified polyphenol 

oxidase, based on GC analysis of substrate utilisation, but enzyme kinetic parameters were only 

determined for one viz ., p-cresol. Thus, an objective of the present investigation was to obtain 

further quantitative data on the enzyme kinetics of polyphenol oxidase in a chloroform medium as 

a function of substrate structure. The activity of polyphenol oxidase in transforming a range of 

selected phenolic substrates was examined under standardised conditions to allow the 

measurement of initial reaction rates and hence, quantitative kinetic parameters could be 

calculated . One aim of this study is the application of the biocatalyst in a larger scale process and 

therefore, a crude enzyme extract was utilised for the investigations described in this chapter. 
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The chloroform medium employed in the present study represents a very different environment 

from the aqueous one in which polyphenol oxidase normally functions , Consequently, differences 

between the kinetic characteristics of the immobilised biocatalyst in chloroform, and the free 

enzyme in water, are to be expected , The organic solvent could affect enzyme-substrate 

interactions, the partitioning of the substrate andl or product between the solvent and the binding 

site, the thermodynamics of the reaction, and the stability of the enzyme (Dordick, 1992) (see 

Section 2 ,1.2), 

The flexibility of the protein in the biocatalyst in the presence of the chloroform is likely to be 

decreased by the lack of free water (Section 2,1,3), and this was expected to affect sterically­

related factors in the catalytic reaction , Therefore, the range of substrates selected for detailed 

kinetic analysis included p -alkylphenols with increasingly hindered side chains, as well as other p­

substituted phenols, chosen for the variation in their electronic characteristics , 

In addition to permitting the determination of kinetic data, the polyphenol oxidase biocatalytic 

system provides a means of examining the oxidation of substrates which have limited solubility in 

water, or which are oxidised to water-labile products , In this way, the range of known substrates 

of polyphenol oxidase could be extended, 

3 .1.2 Principles involved in enzyme kinetic studies 

Enzyme catalysed reactions involve, primarily, the binding of one or more substrates to the active 

site of the enzyme, the establishment of a transition state which is stabilised by the enzyme, and 

the subsequent formation and release of the product, The most well-known method of analysis of 

enzyme kinetics is the Michaelis-Menten theory, which is based on the following reaction 

mechanism: 

k. , k2 

E + S == ES ~ E + P 

k_, 

Thus, the enzyme E and the substrate S initially combine reversibly, forming an intermediate ES, 

and this intermediate then releases the product P and the enzyme, The reaction is represented by 

the Michaelis-Menten equation : 

v Vs /(Km + s) 



where v is the initial rate of the reaction 

s is the initial substrate concentration 

V is the maximum velocity 

Km is the Michaelis constant. 
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The quantities V and Km are specific to a particular system, and are used as a means of 

characterising the catalytic activity of enzymes. The parameter Km is equal to (k., - k,)lk." and is 

an indication of the ability of the enzyme to bind the substrate. For the simple system represented 

above, the quantity V has the value k,.eo where eo is the concentration of the enzyme. Thus V 

depends on the enzyme concentration, and it is a measure of the maximum reaction rate achievable 

for a given system. The more fundamental quantity k"" equal to Vleo, called the catalytic constant 

or the turnover number, can be used in cases where the enzyme concentration is known. In real 

situations, this is not always possible. In simple systems, k,,, is equal to k" but in more complex 

systems, this is not necessarily the case. The ratio VIKm is known as the catalytic efficiency, and 

can be regarded as a measure of the effectiveness of the enzyme as a catalyst, for a particular set 

of conditions (Cornish-Bowden, 1979). 

An enzyme-catalysed reaction which conforms to the Michaelis-Menten equation would show a rate 

vs substrate concentration graph like the example shown in Figure 3.1. The rate v tends to Vat 

high substrate concentrations, and at this stage the enzyme is saturated. At the half-maximal 

reaction rate, the substrate concentration equals Km. 

v 

r 
v 

Initial slope ~ VIKm 

, --,-
I 

, 
I 

I 

s ---; 

Figure 3.1: Graph of initial rate v against substrate concentration s for an enzyme-catalysed 

reaction which obeys the Michaelis-Menten equation. 
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Various graphs can be plotted to determine the parameters V and Km, of which the most common 

is the Lineweaver-Burke plot of llv vs lis. However, this method tends to give undue weighting 

to measurements taken at low concentrations, which is the least precise region, and therefore in 

the present study, Hanes plots were used. These graphs are obtained by plotting slv against s, as 

shown in Figure 3.2. 

i 
slv 

slope = llV 

o s --+ 

Figure 3.2: Hanes plot of slv against s, used to determine kinetic parameters. 

3.1.3 Investigation of the kinetic properties of biocatalysts in non-aqueous media. 

In experiments to investigate enzyme kinetics in non-aqueous media, special attention must be paid 

to factors which need not be considered in "normal" enzyme kinetics experiments. For instance, 

the system must be optimised with respect to diffusional limitations, and there should be no 

changes in the diffusion properties during the experiments (Russell et al., 1992). 

For many substrates, the Michaelis constant, Km< is likely to be increased when the enzyme 

functions in an organic solvent rather than water. For hydrophobic substrates especially, where 

binding to the active site often involves hydrophobic bonding, the entropy gain during binding is 

decreased in the organic system, and this enhances binding. However, this does allow high 

substrate concentrations to be used without inactivating the enzyme. The need to saturate the 

enzyme may be problematic in the non-aqueous situation, because this may require so much 

substrate that its solubility is exceeded, or that it alters the physical properties of the enzyme 

(Russell et al., 1992). 
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The influence of immobilisation on the activity of an enzyme in a non-aqueous medium must also 

be taken into account. The apparent kinetic parameters measured for the immobilised enzyme are 

likely to differ from the intrinsic parameters (parameters independent of carrier dimension or enzyme 

loading) , and from the parameters measured when the enzyme is suspended in the organic solvent. 

Diffusional factors, interactions with the carrier, and the altered activity of the enzyme itself, can 

affect the measurements. Since the intrinsic parameters are difficult to determine, except by 

complex numerical methods, the parameters determined with the suspended enzyme can be used 

as an approximation (Hooijmans et al., 1991). For the purposes of the present study, however, 

apparent parameters are sufficient to give an indication of the effects of the solvent and substrate 

on the kinetics. 

In order to examine the effects of substrate structure on enzyme kinetics, linear free energy 

relationships (LFER's) can be used to describe the influence of factors such as steric effects and 

hydrophobicity. Ryu and Dordick (1992) have developed a rational basis for quantifying and 

predicting the correlation of non-aqueous enzyme kinetics with substrate and solvent properties . 

The relationship between the catalytic efficiency (VIKm) and the substrate hydrophobicity, its steric 

properties, and its electronic properties can be expressed in the equation: 

where 

a" + ba + cE, + C 

" is the hydrophobicity, represented by the Hansch parameter 

a is the electronic character, represented by the Hammett parameter 

E. is the steric character, represented by the Taft parameter 

and a, band c are the gradients of the graphs of each parameter, individually plotted against log 

(VIKm). The constant C represents the catalytic efficiency of the enzyme when it utilises a standard 

substrate for which ", a and E. are zero, and any substrate-independent effects are included in it. 

Ryu and Dordick (1992) used this relationship to examine the combined effects of variations in 

substrate and solvent on the activity of horseradish peroxidase in organic solvents . 

The results of the kinetic analysis in the present study were prepared for publication (Burton et al., 

1993) before the results of Ryu and Dordick were published. In the former publication, a correlation 

between the steric size of the phenolic p-substituent and the catalytic efficiency of polyphenol 

oxidase was suggested to demonstrate the reduced flexibilty of the enzyme active site in the 

chloroform medium . In this thesis, correlations of these results are extended to include 

hydrophobicity and electronic factors, using the approach of Ryu and Dordick. 
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3.1.4 Investigation of the polyphenol oxidase biocatalyst in chloroform 

The kinetic mechanism of polyphenol oxidase is complex in itself: the enzyme has a multi-subunit 

structure, with two active sites per molecule in the case of mushroom tyrosinase, and there are 

two substrates (oxygen and a phenol or catechol) involved in the two-stage reaction (if the 

substrate is a phenol) . However, some simplifications can reasonably be assumed . For instance, 

if one substrate is in excess, the reaction can be considered to be pseudo-first order, and in the 

case of polyphenol oxidase, the oxygen concentration can be maintained at a high level because 

it is readily soluble in chloroform. It is also reasonable to assume that there is no positive or 

negative cooperativity between the binding sites in the protein, since there is no evidence (to the 

author's knowledge) of such interdependence . Also, a dimeric enzyme, in which there is 

cooperativity, can be expected to exhibit a sigmoidal curve for the graph of initial rate vs substrate 

concentration (Ishikawa et a/., 1991). [This was not observed in the present study using 

immobilised polyphenol oxidase biocatalyst in chloroform (see Section 3 .2 .3, Figure 3 .7)). 

Therefore, the two binding sites can be considered to be independent, as they would be if they 

were in separate molecules. 

The cresolase activity of tyrosinase is generally far slower than the catecholase activity and 

therefore, in the two-stage reaction to hydroxylate and oxidise phenols, the first (hydroxylation) 

step is rate-limiting. Thus, if a phenol is used as the substrate in rate measurements, the reaction 

which is monitored is specifically the cresolase activity, and the catecholase activity will follow at 

the rate of the cresolase activity . 

In the light of these simplifications, it becomes possible to apply Michaelis-Menten kinetic principles 

to the analysis of the biocatalyst. In the kinetic study described in the present chapter, a Michaelis­

Menten treatment of the initial reaction rate measurements was used to obtain apparent values of 

the kinetic parameters of the polyphenolase biocatalytic system, and the results were correlated 

with substrate properties. While more sophisticated techniques are available for measuring enzyme 

kinetics, measurements from the present method can provide data with sufficient accuracy for 

investigations using crude or impure enzymes (Russell, 1993) . 
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3.2 RESULTS AND DISCUSSION 

3.2.1 Selection of substrates for a kinetic analysis 

A range of potential substrates was first screened to determine whether tyrosinase was able to 

oxidise them at all, by adaptating the non-denaturing PAGE method described in Chapter 2. One 

of the advantages of this method was that substrates which were not soluble in water (or buffer) 

could be still screened. The substrates were dissolved in an organic-aqueous solvent mixture (see 

Section 3.4.1), and the gels were soaked in this solution so that the enzyme reacted with the 

substrate at the interface between the predominantly organic solvent medium, and the aqueous gel 

medium. This does not represent non-aqueous biocatalysis but the method provides a sensitive 

means of detecting tyrosinase activity with substrates which are not water soluble . Although the 

activity of tyrosinase may be slower in the presence of an organic solvent such as acetonitrile, it 

was not inhibited. Thus, activity could be detected and correlated with the various protein 

components in the extract, by comparison of gels stained with protein stain. The results of this 

substrate screening are illustrated in Figure 3.3 and Table 3.1 . 

It was clear from these results that a number of substrates could be oxidised, and could be utilised 

in a kinetic study. The phenols with cyano- and nitro- p-substituents are known to be inhibitors of 

tyrosinase, and the lack of reactivity observed for these compounds confirms that the oxidation of 

the other substrates would not occur in the absence of enzyme activity. The positive result shown 

by the oxidation of o-cresol in Band 2 is interesting, since this band appears to have only 

catecholase activity w ith respect to other substrates, and it can be surmised that the enzyme 

recognises the substrate because of its ortha-substitution pattern. This result requires further 

investigation at a later stage. 
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A B 

c 

Figure 3.3: Photographs showing PAGE gels stained to detect tyrosinase activity using a range of 

substrates: tyrosine (A), DOPA (B). and p-cresoJ (e) 



121 Section 3 .2.1 

Table 3 .1: Results of PAGE screening of substrates 

Substrate used to stain Solvent for stain Activity in Band " Activity in Band 2' 

Coomassie blue -

L-DOPA buffer + + 

L-tyrosine buffer + -

p-cresol buffer + -

p-ethylphenol buffer + -

p -isopropylphenol buffer: MeCN 4 : 1 + -

p-t-butylphenol buffer: MeCN 3 :2 + -

p-methoxyphenol buffer: MeCN 3: 2 + -

p -fluorophenol buffer: MeCN 4 : 1 + -

p-chlorophenol buffer: MeCN 3:2 + -

p-bromophenol buffer: MeCN 3 :2 + -

p-cyanophenol buffer: MeCN 3 :2 + -

p-nitrophenol buffer: MeCN 3:2 - -

p-hydroxy- buffer: MeCN 3 :2 + -
benzaldehyde 

m -cresol buffer + -

o-cresol buffer + + 

1-naphthol buffer: MeCN 3 : 2 - -

2-naphthol buffer: MeCN 3 :2 - -

o-methoxyphenol buffer: MeCN 3:2 + -
(guaiacol) 

2,4-di-t-butyl- buffer: MeCN 2:3 - -
phenol (DTBP) 

• Bands correspond to those in non-denaturing PAGE gels discussed in Section 2.2.2 (2) . 

From the substrates listed in Table 3.1, a range were selected (see Table 3 .21. including the p­

alkylphenols (to represent an increasing steric factor), and the p-halophenols and p-methoxyphenol 

(to give a variation in electronic nature) . The range was limited to phenols, rather than including 

catechols, so that only the cresolase activity was measured (Vanni et al., 1990). Kinetic 

measurements were made for each of these substrates, as discussed below. 
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Table 3.2: Phenols selected as substrates for the kinetic analysis using polyphenol oxidase 

rrOH 

R~ 

Name p-substituent, R Abbreviation" 

p-cresol CH, Me 

p-ethylphenol C,H. Et 

p-isopropylphenol CHICH,), i-Pr 

p-tert-butylphenol C(CH,), t-Bu 

p-fluorophenol F F 

p-chlorophenol CI CI 

p-bromophenol Br Br 

p-methoxyphenol OCH, OMe 

• Used in the following chapters 

3.2.2 Determination of UV -visible absorption characteristics of a-quinone products 

a-Quinones are not easily characterised, largely because of their lack of stability and as a result, 

properties such as their UV-visible absorbance spectra and molar absorption coefficients were not 

generally available from the literature. However, in order to determine the enzyme kinetic 

parameters of the oxidation of the phenolic substrates by a spectrophotometric method, these 

quantities were required. The polyphenol oxidase biocatalytic system lends itself to synthesis of 

a-quinones in a chloroform solution, where they are likely to be stable, and their physical properties 

can then be examined. The solution of the product is easily separated from the biocatalyst by 

decantation, and the reaction can be conducted in small volumes, which was of particular 

advantage for experiments involving NMR spectroscopy (see (2) below]. 

3.2.2 (1) Measurement of wavelengths of maximum absorbance for a-quinones 

1m mobilised crude polyphenol oxidase was utilised to synthesise samples of the a-quinones from 

the respective p-substituted phenols, the UV-visible spectra of the product solut ions were recorded, 

and hence the wavelengths of maximum absorbance (Am .. ) were determined for the quinones. 
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These are shown in Table 3.3 below. Figure 3.4 shows the increase in absorbance with t ime for 

the oxidation of p-cresol. 

Table 3.3: Wavelengths of maximum absorbance for a-Quinones 

Substrate" Am~b of Quinone product 

p-cresol 395 

p-ethylphenol 390 

p-isopropylphenol 390 

p-t-butylphenol 375 

p-methoxyphenol 405 

p-fluorophenol 400 

p-chlorophenol 400 

p-bromophenol 400 

" From which the a-quinone was formed 
b Wavelength of maximum absorbance of quinone product in nm 

t = 20 min 

Wavelength (nm) 400 500 

Figure 3.4: UV-visible spectra showing the formation of 4-methyl -a-benzoQuinone from p-cresol. 

catalysed by polyphenol oxidase in chloroform. 
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3.2.2 (21 Determination of molar absorption coefficients, " 

The oxidation of the phenols by polyphenol oxidase could be investigated using NMR spectroscopy, 

by substitution of deuterated solvents for the chloroform and the water in the biocatalytic system. 

This provided a means of determining the molar absorption coefficients of the products as well as 

confirming the nature of the products of the reaction. The biocatalyst was added to a solution of 

the respective substrate in deuterated chloroform, and the system was hydrated by the addition 

of de ute rated water. The mixture was shaken during the reaction, which was allowed to proceed 

for several hours (see Table 3.41. The UV absorbance of a suitably diluted aliqout of the final 

reaction mixture was measured. The 'H NMR spectrum of the reaction mixture was also recorded, 

and the extent of reaction was calculated by comparison of NMR peak integrals associated with 

protons in the corresponding substrate and product spectra (see Section 3.4.31. Correlation of UV 

absorbance and concentration of the o-quinone product in a solution permitted the calculation of 

the molar absorption coefficients, € (see Table 3.41 . The € values obtained correspond well with 

literature values where these are available (Waite, 1976). The table also shows the extent of 

reaction as a percentage yield of o-quinone. The 'H NMR spectra used in these calculations are 

shown in Figure 3.5, and they also show that the reactions gave the o-quinones as the only 

products. 

Table 3 .4: Molar absorption coefficients of o-quinones produced by polyphenol oxidase from 

corresponding phenolic substrates 

Substrate " Time taken % reaction" 
(M" cm" ) (hi 

Me 1460 ± 100 3 26.8 

Et 1190 ± 50 6 51.3 

i-Pr 1580 ± 30 6 27 .5 

t-Bu 1660 ± 100 6 10.6 

F 3320 ± 30 6 16.6 

CI 3800 ± 300 6 21.1 

Br 3600 ± 400 6 23.5 

OMe 1800 ± 100 6 36.6 

Uetermlned trom ~MH analYSIS 
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3.2.3 Determination of kinetic parameters for the biocatalyst in chloroform 

The system devised for the measurement of polyphenol oxidase activity in chloroform [described 

in Section 2.2.5 (3)] was used to measure initial rates of reaction for the range of substrates listed 

in Table 3.5 below. For each substrate, five different concentrations were chosen, depending on 

the solubility of the substrate, to give measurable rates, while avoiding substrate inhibition. Assays 

were repeated several times to obtain mean rates with standard errors of less than 10%; [errors 

of 5 - 15 % can be regarded as acceptable for simple systems such as the present one (Russell, 

1993)]. linear regression analysis of the data from each assay gave initial rates in terms of UV 

absorbance per minute, and these results were converted to rates of increase in concentration of 

product per minute using the molar absorption coefficients measured as described in Section 3.2.2 

(Section 3.4.4) . The rates, v, were calculated per milligram of protein rather than per milligram of 

tyrosinase, because the protein concentrations were accurately determined (Section 2.2.5) but the 

tyrosinase concentrations were only known approximately (Section 2 .2 .2). 

No lag phase was observed in the activity assays carried out for the different substrates, in spite 

of the fact thet they were phenols (as opposed to catechols). This may be attributable to the 

presence of melanins in the crude extract, which are able to act as activators of the enzyme (see 

Section 1.1 .5). This aspect of the biocatalyst activity is discussed further in the next chapter. 

For the reactions using p-cresol as substrate, the graph of v vs s was plotted (Figure 3.6) to 

demonstrate the saturation of the enzyme (by the levelling out of the curve) and to show that the 

graph was not sigmoidal as would be expected for an enzyme in which the two binding sites 

functioned cooperatively . The choice of p-cresol as a standard substrate [see Section 2.2.4 [2) ] is 

supported by the lack of substrate or product inhibition under these conditions . 

Brv ____________________________________ --, 

6 

4 

2 

oL-____ -L ______ L_ ____ -L ____ ~L_ ____ ~ 

o 50 100 150 200 250 
S (mM) 

Figure 3 .6: Graph of v VS s for the oxidation of p-cresol by polyphenol oxidase in chloroform; units 

of v: M .min·',mg,l x10·6 
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Using the data obtained from initial reaction rate measurements for the oxidation of the selected 

substrates by polyphenol oxidase, the apparent kinetic parameters, V, Km , and the catalytic 

efficiency V/Km, were calculated using Hanes plots (Table 3.5 and Figure 3 .71 . The results obtained 

for the activity of crude polyphenol oxidase utilising p-cresol as substrate were similar in magnitude 

to those reported for the partially purified enzyme, viz., Km = 1.22 mM and V/ Km = 36.8 (Estrada 

et al., 1991). The results obtained for t-butylphenol, although less precise, are included for the sake 

of completeness, and can be regarded as reasonable in view of their consistency with the observed 

trends. The large error margins for this substrate are attributable to the very slow rates of 

conversion measured, and to some turbidity produced in the reaction mixtures as the product was 

formed. 

Table 3.5: Apparent kinetic parameters measured f or the formation of o-quinones from a range of 

p-substituted phenols, by polyphenol oxidase in chloroform 

p-substituent II" Km 
x 10' (mM) 

Me 8.12 ± 0.5 24.81 

Et 4 .52 ± 0.2 38.64 

i-Pr 0.94 ± 0.02 12.47 

t-Bu 4.4 ± 1.0 83.29 

OMe 5.1 ± 0.09 21.76 

F 1.16 ± 0.02 3.56 

CI 0 .68 ± 0.Q1 5 .95 

Br 0.99 ± 0.01 52.3 

• Units of Vare M per min per mg protein 
b Units of VIKm are (min.mg protein) " 

VIKm
b 

3.27 

1.17 

0 .75 

0 .53 

2.34 

3.26 

1.43 

0.19 
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Figure 3.7: Hanes plots obtained from kinetic measurements using polyphenol oxidase to oxidise 

selected p-substituted phenols; p -substituents shown on respective graphs 
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3.2.4 Correlation of the calculated kinetic parameters with the properties of the substrates 

Initially, the values calculated for VIKm were compared directly with the steric volume of the p­

substituent groups on the substrates (see Figure 3.8), represented by the Taft parameter, E. which 

is determined from a scale of steric effects based on relative reaction rates (Gallo, 1983; March, 

1985). If the substrates are considered in two groups, viz., the p-alkylphenols (Group 1), and the 

p-halophenols and p-methoxyphenol (Group 2)' a correlation is observed in that as the steric bulk 

of the p-substituent increases in each group, the value of V/Km decreases (Figure 3.8A). No clear 

correlation was observed in the comparison of Km with E, (Figure 3.8B). 

A 
V/Km x 1000 

7 

6 

5 

4 

2 

o 
Me Et l-Pr I-Bu F OM. CI B, 

Phenol p-lublUtuent 

_Es GJ V/Km 

B AK~m~x~o.I~ ____________________________ --, 

10 

6 

6 

• 
2 

o 
M. Et I-Pr I- Bu F OMe CI B, 

Phenol p-Ilubil ituent 

_ EI D Km 

Figure 3.8: Correlation of catalytic efficiency (A) and Michaelis constant (B) of the polyphenol 

oxidase biocatalyst with the steric nature of p-substituted phenols; units: Km (mM), V/Km (min.mg"), 

E. relative to Hydrogen = O. 
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Applying the equation proposed by Ryu and Oordick (1992) (see Section 3.1 .3), the kinetic 

parameters obtained for polyphenol oxidase were correlated with the steric character of the 

substrates using the Taft parameter, with electronic character using the Hammett parameter 

(March, 1985), and for the p-alkylphenols, the Hansch parameter (Ryu and Oordick, 1992) (see 

Figure 3.9 and Table 3 .6). 

Table 3.6: Correlation of kinetic parameters with steric, hydrophobic, and electronic properties of 

the substrates 

p-Substituent VIKm' E b 
• 0" if 

Me 3.27 -1.24 -0.17 0 .56 

Et 1.17 -1 .31 -0.15 1.0 

i-Pr 0.75 -, .75 -0.13 1.55 

t-Bu 0 .53 -2.78 -0.20 1.98 

OMe 2.34 -0.55 -0.27 -0.02 

F 3 .26 -0.46 0.15 0 .14 

CI 1.43 -0.97 0.23 0.71 

Br 0.19 -1.30 0.26 0.86 

• Units: min.mg·' 
b (March, 1985; Ryu and Oordick, 1992; Hansch and Leo, 1979); relative to the 

standard, H (E" a = 0) 

The correlation of E" with log V/Km for the alkylphenols (Figure 3.9A) does not show a linear 

relationship, which suggests that the relationship is a more complex one . There is a clear linear 

relationship between the hydrophobic nature of the alkylphenols and log V/Km (shown in Figure 

3 .9B) which indicates that the catalytic efficiency decreases as the hydrophobicity of the substrate 

increases . The relationship between the electronic nature of the alkylphenols and the catalytic 

activity shows a linear trend for the methyl, ethyl and isopropyl substituents (Figure 3.90), but tert­

butylphenol does not fit this trend (Figure 3 .9C) . 

For the group 2, the correlation of log V/Km with steric volume (E,,) is approximately linear (Figure 

3 .9E), which confirms the importance of this parameter in evaluating the activity of polyphenol 

oxidase in chloroform. The relationship between the log of catalytic efficiency and the electronic 

nature is not completely linear, from the graph (Figure 3.9F), but there does appear to be a general 

trend in which the catalytic efficiency increases with decreasing a values. Similarly, the trend for 
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the hydrophobicity of the group 2 phenols is not linear with respect to the log of the cata.lytic 

actvity, but there is a genera l trend indicating a decrease in catalytic activity w ith increasing 

hydrophobicity (Figure 3 .9G I. These trends could be determined more precisely by extending the 

range of phenolic substrate, at a later stage. 
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Figure 3.9 : Correlation of catalytic efficiencies for the oxidation of phenolic substrates, catalysed 

by polyphenol oxidase; substrates : p-alkylphenols (A, C, DJ. p-halophenols and p -methoxyphenol 

(B, E, F) 
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3.2.5 Limitations on the size of substrates which can be oxidised by polyphenol oxidase in 

chloroform 

Since the steric volume of the sustrates seems to have a marked effect on the catalytic efficiency 

of polyphenol oxidase activity in chloroform, and this can be related to the reduced flexibility in the 

active site, the substrates were modelled using the molecular mechanics method discussed in 

Chapter 6 . The objective of this exercise was to establish the maximum dimensions of the active 

site binding pocket in the enzyme as it exists in the biocatalyst in chlorofrom, using the "box 

model" approach ILuytens, et al., 1989). p-Butylphenol was found to be the most bulky substrate 

for which the reaction rate could be measured, and the dimensions of this substrate could be 

considered to represent the size of the enzyme binding pocket, in that more stericaliy bulky 

molecules would be unable to fit into the pocket. Thus, the p-substituted phenols which were used 

in the kinetic study were modelled and their molecular dimensions were measured from the 

minimised structures of the models Isee Table 3.7). These data show that whi le the length and 

width of the phenols do not vary significantly, the thickness does, and it can be speculated that 

substrates with a "thickness" greater than that of t-butylphenol would be too bulky to fit into the 

restricted binding site of polyphenol oxidase when it is in chloroform. Thus a "box" model of the 

enzyme binding site wou ld have a maximum depth of approximately 6.6 'A Isee Figure 3.10). 

Table 3.7: Dimensions of substrates from molecular modelling 

p-substituent Length IA) Width IA) Thickness IA) 

Me 8.82 6.51 2.00 

Et 10.16 6 .50 3.98 

i-Pr 10.16 6.50 5.26 

t-Bu 10.1 5 6.59 6.58 

OMe 10.25 6.52 4.05 

F 8.34 6.52 1.85 

CI 8.63 6.52 1.99 

Br 9.11 6.52 2 .28 
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Length 10,2A 

Depth 

= 6,6A 

Width 6 .6A 

Figure 3 ,10: Proposed "Box" model of the binding pocket in polyphenol oxidase in chloroform, with 

t-butylphenol molecule "fitted" into available space 
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3.3 CONCLUSIONS 

The crude, immobilised polyphenol oxidase was shown to catalyse the conversion of a range of 

selected p-substituted phenols to their respective a-quinones, using an electrophoretic method. The 

activity in chloroform was successfully quantified using measurement of initial reaction rates. The 

results of this kinetic study demonstrate that the method used, albeit a simple one, provides 

consistent data within acceptable error margins. 

The kinetic parameters determined for different substrates correlate to some extent with steric and 

hydrophobicity parameters. Thus it is possible to predict, to some extent, the ability of the 

biocatalyst to catalyse the conversion of phenolic substrates in chloroform, by considering the 

molecular dimensions of the substrate and its hydrophobicity. The trends observed are consistent 

with, and confirm, current general theories on the effects of organic solvents in limiting the 

conformational flexibility of proteins. 

The relationship between substrate utilisation by the biocatalyst and the elctronic nature of the p­

substituent of the phenol is less clear. The mechanism of the enzyme-catalysed reaction has not 

been fully elucidated, and it is a matter for conjecture as to whether electron-donation facilitates 

the reaction. If the reaction does take place by nucleophilic attack of the phenolic aromatic ring on 

the polarised peroxide bridge in the enzyme, as has been proposed (see Section 1.2.6). the electron 

donation may be important, and further investigations would be useful in establishing this. 

In the course of the kinetic study, a novel NMR spectroscopic method was devised, utilising the 

activity of polyphenol oxidase in chloroform, to determine molar absorption coefficients for 0-

quinones without the necessity for isolation of these very reactive products. 
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3.4 EXPERIMENTAL 

All experiments described in this chapter were carried out using extract A as the source of 

tyrosinase. Unless otherwise stated, the buffer used in these investigations was potassium 

phosphate buffer (50 mM, pH 7). 

UV-visible spectra were recorded using a Shimadzu UV-160A UV-Visible recording 

spectrophotometer. NMR spectra were obtained using a Bruker 400 MHz AMX NMR spectrometer . 

3.4.1 Screening of substrates using PAGE 

Crude polyphenol oxidase extract A (prepared as described in Section 2.4.1), was dissolved in 

water and loaded on non-denaturing gels (150 and 300 jJg in each of 2 wells, in duplicate on each 

gel) and run as described in Section 2.4.6. When the band containing melanins reached the bottom 

of the gel, the electrophoresis was stopped, and the gels were cut to separate the duplicate pairs 

of wells . One half of the gel was stained for protein using Coomassie Brilliant Blue stain, and the 

other was stained by soaking for 1 h in a solution of one of the substrates listed in Table 3.8. 

Where possible, the solutions were made up by dissolving the substrate (100 mg) in potassium 

phosphate buffer (50 mM; pH 7; 100 mLl. In cases where the compound was not soluble in the 

buffer, acetonitrile was used to dissolve the compound, and buffer was added in proportions as 

shown in the Table 3.8. The results are summarised in Table 3 .8 and are illustrated in Figure 3.3, 

Section 3.2.1. 

3.4.2 Detemination of wavelengths of maximum absorbance for a-Quinones 

Biocatalyst prepared from extract A (100 mg, containing 2.6 mg protein) was added to a solution 

of the respective substrates (25 mM, 5 mL, listed in Table 3.3, Section 3.2.2) . Phosphate buffer 

(25 jJL) was added and the mixture was shaken on a bench shaker for 3 h. The solution of reaction 

mixture was decanted, and its UV spectrum was measured, using suitable dilutions with chloroform 

where necessary. The wavelength of maximum absorbance was recorded (see Table 3.3). The UV 

spectra of the substrates were also recorded, and none were found to have significant absorbance 

at the wavelengths determined for the a-Quinones. 
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Table 3.8: Results of PAGE screening of substrates 

Substrate used for Solvent for stain Mobility' 
staining 

Coomassie blue - 0 .26 0.41 0.60 0 .75 

L-DOPA buffer 0.41 0 .75 

L-tyrosine buffer 0.40 

p-cresol buffer 0.41 

p-ethylphenol buffer 0.40 

p-isopropylphenol buffer: MeCN 4: 1 0.40 

p-t-butylphenol buffer : MeCN 3:2 0.40 

p-methoxyphenol buffer: MeCN 3: 2 0.40 

p-fluorophenol buffer: MeCN 4 : 1 0.40 

p-chlorophenol buffer: MeCN 3 :2 0 .40 

p -bromophenol buffer: MeCN 3 :2 0.40 

p-cyanophenol buffer: MeCN 3 :2 -

p-nitrophenol buffer: MeCN 3 :2 -

p -hydroxy- buffer: MeCN 3: 2 0.41 
benzaldehyde 

m-cresol buffer 0.41 

o-cresol buffer 0.41 0 .75 

1-naphthol buffer : MeCN 3:2 -

2-naphthol buffer: MeCN 3:2 -

o-methoxyphenol buffer: MeCN 3:2 0.40 
(guaiacol) 

2A-di-t-butyl- buffer: MeCN 2:3 -
phenol (DT8P) 

• Calculated as a fraction of the distance moved in the resolving gel by melanins during the 
electrophoresis; these melanins moved with the "front" as indicated by the 
movement of bromothymol blue which was loaded in a separate well. 
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3.4 .3 Determination of molar absorption coefficients 

Biocatalyst (50 - 200 mgl was added to a solution containing a weighed amount (5 - 20 mg) of 

the respective substrate in a measured volume (1 - 3 mL) of CDCI3 • 0,0 (20 - 40 /iL) was added, 

and the mixture was shaken continuously for 3 - 6 h in a closed flask. The absorbance of the 

chloroform solution was measured before and after the reaction, using appropriate dilutions where 

necessary . The solution was decanted into an NMR tube and the 400MHz 'H NMR spectrum of the 

undiluted solution was recorded . The integrals were measured for signals corresponding to 

substrate and product protons, and the concentration of the product o-quinone was calculated as 

shown below. The results are summarised in Table 3 .9. For each substrate, reactions w ere carried 

out in duplicate, and two sets of integrals were measured on each spectrum. The mean values of 

the molar absorption coefficients are shown in Table 3.4, Section 3.2.3 . The NMR data from the 

spectra is summarised in Table 3 .10. 

Calculation : 

3N° 
RAAo 

5 

Substrate A Product B 

a = integral he ight for substrate A aromatic protons (4H, H-2, H-3, H-5, H-6) 

b = integral height for product B aromatic protons (2H, H-2 and H-3) 

c = init ial number of moles of substrate 

c = [AI + [BI after reaction 

[AI I (BI = c x b I (Y,a + b) 

The molar absorption coefficient was calculated using Beer's Law. 
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Table 3.9: Results of NMR determination of molar absorption coefficients 

R' 

Me 

Me 

Et 

i-Pr 

(-Bu 

(-Bu 

OMe 

OMe 

F 

F 

F 

CI 

CI 

Br 

Br 

Concb IntegralC IntegralC 

ImMJ IsubstrateJ Iproduct) 

16.05 Ar 12HJ 18 .5 Ar 11 HJ 3.2 
Me 13HJ 28.2 Me 13HJ 9.3 

53 .3 Ar 12HJ 40.4 Ar 11 HJ 6.5 
Me 13HJ 61.5 Me 13HJ 22.0 

17.05 Ar 12HI 26.3 Ar 11HI 13.8 
CH, 12HJ 14.5 CH, 12HJ 15.5 

16.7 Ar 12HJ 35 .6 Ar11HJ7.0 
CH, 12HI 54.0 CH, 12HI 20.0 

10.7 Ar 12HJ 38.8 Ar11HJ1.3 

11 .5 Ar 12HJ 31 .0 Ar 11 HJ 1.8 
CH, 12HJ 69.2 CH, 12HJ 7.6 

12.9 Ar 14HJ 55 .0 Ar 11 HJ 5.0 
OMe 13HJ 43.0 OMe 13HJ 15.4 

26.13 Ar 14HJ 34.75 Ar 11 HJ 5.8 
OMe 13HJ 29.5 OMe 13HJ 19.2 

20.3 Ar 12HJ 40.5 Ar11H J 5.1 

28.2 Ar 12HJ 41.2 Ar 11HJ 4.1 

13.99 Ar 12HJ 28.5 Ar 11 HJ 1.0 

29.6 Ar 12HJ 40.2 Ar 11 HI 3.5 

28.6 Ar 12HI 37.8 Ar11H17.5 

9.48 Ar 12HI 22 .2 Ar 11 HI 5.6 

13.18 Ar 12HI 28.8 Ar 11 HI 3.9 

/I Phenol p-substituent 
b Initial concentration of phenolic substrate 
C Relative heights measured from NMR spectrum 
d Absorbance before dilution 

Abs d Cone 
Quinone 

ImMJ 

5.544 4 .213 
3.970 

20.94 12.98 
14.05 

10.44 8.731 
8.809 

7.266 4.734 
4.532 

1.029 0 .675 

2.016 0.119 
0.114 

6.51 3.440 
3.402 

17.24 9.84 
10.30 

12.83 4.096 

15.50 4.68 

3.44 0 .91 7 

17 .9 1 4.39 

28.62 8.13 

10.50 3.28 

11.24 2.81 

Section 3.4.3 

~ 

IM"cm" J 

1490.1 
1396.5 

1612.6 
1490.1 

1195.5 
1184.8 

1535.0 
1603.0 

1524.5 

1689.3 
1776.1 

1892.4 
1913.7 

1751.6 
1673.5 

3132.3 

3318.9 

3739.8 

4079.9 

3520.4 

3201.7 

4067.1 
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Table 3.10: 400 MHz 'H NMR data for phenolic substrates and a-quinone products 

Phenol p- Phenol NMR spectrum o--quinone spectrum 
substituent 

Me 2.26 (3H,s,Mel, 2.12 (3H,s,Mel 
6.70 (2H,d,Ar HI 6.25 (1 H,s,Ar HI 
6.95 (2H,d,Ar HI 6.35 (1 H,d,Ar HI 

6.71 (1H,d,Ar HI 

Et 1.13 (3H,m,Mel 1.13 (3H,m,Mel 
2 .53 (2H,m. CH, I 2.40 (2H,m,CH, 1 
6.73 (2H,m,Ar HI 6.23 (1 H,s,Ar HI 
7.06 (2H,m,Ar HI 6.35 (1 H,d,Ar HI 

6 .88 (1 H,d,Ar HI 

i-Pr 1.24 (6H,m,Mel 1.26 (6H,m,Mel 
2.83 (1 H,m,CHI 2.61 (1 H,m,CHI 
6.74 (2H,d,Ar HI 6 .22 (1 H,s,Ar HI 
6.98 (2H,d,Ar HI 6.41 (1 H,d,Ar HI 

6.92 (1 H,m,Ar HI 

t-Bu 1.28 (9H,s,Mel 1.23 (9H,s,Mel 
6.76 (2H,d,Ar HI 6.27 (1 H,s,Ar HI 
7.23 (2H,d,Ar HI 6.38 (1 H,d,Ar HI 

7 .17 (1H,d,Ar HI 

F 6.76 (2H,m,Ar HI 6.72 (1H,m,Ar HI 
6.81 (2H,m,Ar HI 6.98 (1 H,m,Ar HI 

7.06 (1H,m,Ar HI 

CI 6.75 (2H,m,Ar HI 6.26 (1 H,m,Ar HI 
7.15 (2H,m,Ar HI 7.15 (1 H,m,Ar HI 

7 .28 (1 H,m,Ar HI 

Br 6.75 (2H,d,Ar HI 6.27 (1 H,s,Ar HI 
7 .30 (2H,d,Ar HI 7.13 (1H,d,Ar HI 

7.43 (1 H,d ,Ar HI 

OMe 3.78 (3H,s,OMel 3.85 (3H,s ,OMel 
6.76 (4H,m,Ar HI 5.78 (1H,s,Ar HI 

6.44 (1 H,d,Ar HI 
6 .78 (1H,d,Ar HI 
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3,4.4 Measurement of reaction rates for biocatalysis 

The organic assay system devised for measurement of reaction rates in chloroform (described in 

Section 2.4,111 was used to measure the rates of oxidation of each substrate, at the 

concentrations shown in Table 3,11, Thus, the biocatalyst (a weighed sample containing 1,14 mg 

protein I was added to chloroform (9 mLI in a flask which was maintained at 25°C , Buffer (30 JiLl 

was added, and the solution was stirred for 1 min, The substrate (in 1 mLI was then added and 

timing was commenced, After each 2 min time interval, an aliquot was removed, its absorbance 

was measured at the wavelength of maximum absorbance for the respective quinone product, and 

it was then returned to the flask. Stirring was maintained at a constant speed throughout the 

reaction time. 

The gradient of the absorbance-time graphs were determined using a linear regression analysis 

(QuattroProl and this was used as the initial rate of reaction for the kinetics calculations, The mean 

of several results was obtained for each concentration of each substrate; standard errors (SEMI 

were found to be approximately 10%, The rate (t:.A,min· ' 1 was converted to rate v, the increase 

in the concentration of quinone, using the E values determined as described in Section 3.4.2, and 

corrected for differences in dopachrome activity (see section 2 .2,51, The units of v are mol.dm·3 

per minute per milligram protein. 

Table 3 ,11: Data from measurement of initial rates of oxidation of p-alkylphenols 

Substrate Cone, S Rate Mesn rate Rate, v 
(mMI (AA (SEMI (AA (SEMI (M .min·' .mg·' I 

min-') min"} x 105 

p-cresol 200 0.0709 0,004 0.0664 0,004 7.44 
0.0698 0,002 
0.0640 0.002 
0.0610 0.002 

100 0.0553 0.002 0.0545 0.003 6,12 
0.0578 0.001 
0,0503 0.003 
0.0545 0,001 

50 0.0441 0,001 0.0484 0.003 4.91 
0.0475 0.003 
0.0507 0.005 
0.0468 0.003 
0.0528 0,002 

25 0,0342 0 ,003 0.0347 0.002 3.52 
0,0331 0 ,002 
0,0354 0,0008 
0.0335 0,004 
0 .0395 0 ,001 
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Substrate Cone, S Rate Mean rate Rate, v 
(mMI (t.A (SEMI (t.A (SEMI (M .min".mg" ) 

min") min-' ) x 105 

10 0.0295 0.003 0.0282 0.002 2 .86 
0.0283 0 .004 
0.0264 0.002 
0.0277 0.001 

5 0.0181 0.002 0.0216 0.003 2.19 
0.0212 0 .001 
0.0255 0.002 
0.0216 0.002 

Et 75 0 .0251 0 .001 0.0257 0 .002 3.35 
0.0281 0.001 
0 .0262 0.002 
0.0236 0.0002 

50 0 .0183 0.0009 0.0163 0.001 2.12 
0.0147 0.001 
0.0172 0.001 

25 0.0129 0.001 0.0124 1.62 
0.0132 0.001 0.0006 
0.0117 0.0009 
0.0120 0 .0004 

10 0.0101 0.0005 0.0094 1.22 
0.0095 0.0006 0.0005 
0.0092 0 .0005 
0.0087 0.0003 

j·Pr 100 0 .0089 0.0008 0.0087 0.0001 0 .822 
0 .0064 0.0008 
0.0012 0.001 
0.0019 0.001 

75 0 .0091 0.0005 0.0086 0 .0002 0.816 
0 .0076 0 .0001 
0.0011 0.002 
0.0075 0.0007 

50 0 .0062 0.005 0.0080 0.0007 0.755 
0 .0102 0 .001 
0.0063 0.0006 
0.0099 0.0007 

25 0.0063 0.001 0.0065 0.0005 0.609 
0 .0053 0.0006 
0 .0079 0 .0006 

0.0061 0.0003 

/-Bu 25 0 .0071 0.002 0.018 0 .001 0.951 
0.D106 0.002 
0.0134 0.001 

12.5 0.0125 0.002 0.0127 0.002 0 .687 
0.0150 0.001 
0.0107 0.003 
0.0136 0.002 
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Substrate Cone. S Rate Mean rate Rate, v 
(mMI (Ll.A (SEMI (Ll.A (SEMI (M.min·'.mg·'1 

min-') min-') x 105 

10 0.0099 0.002 0.0083 0.001 0.528 
0.0080 0.0007 
0.0071 0.001 
0.0083 0.001 

5 0 .0036 0.003 0.0041 0 .211 
0.0055 0.001 0 .0005 
0.0045 0.001 
0.0029 0.001 

OMe 50 0.0532 0.003 0 .0538 0 .004 3 .95 
0.0470 0.004 
0.0507 0.002 
0.0580 0.003 
0.0581 0.001 

25 0 .0395 0.002 0 .0387 0.001 2.61 
0.0378 0.003 
0.0388 0.003 

10 0.0301 0.002 0.0272 0.002 1.80 
0.0259 0.001 
0.0255 0.002 

5 0.0113 0.002 0.0133 0 .001 0.896 
0 .0124 0.001 
0 .0139 0.001 
0.Q156 0 .002 

F 50 0.0213 0.003 0.0205 1.08 
0.0198 0.003 0 .0007 
0 .0185 0.003 

25 0.0219 0.001 0.0199 0 .001 1.05 
0 .0208 0.002 
0.0187 0.0006 
0 .0201 0.003 
0 .0182 0.002 

12.5 0 .0144 0.0008 0.0169 0.002 0.891 
0.0180 0.002 
0.0179 0.002 
0.0172 0.002 

10 0.0153 0 .002 0.0165 0.002 0.872 
0.0170 0 .002 
0.0153 0.001 

5 0.0122 0.0004 0.0123 0.001 0.65 
0 .0121 0.001 
0 .0141 0.0009 
0 .0123 0.001 
0.0109 0.0006 
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Substrate Cone, S Rate Mean rata Rate, v 
(mM) (dA (SEM) (dA (SEM) (M.min·' .mg·') 

Iminl Imin) x '05 

CI 200 0.0130 0 .002 0.0123 0 .001 0.632 
0.0107 0.001 
0.0129 0.0009 
0.01 09 0.0006 
0.0141 0.0006 

100 0.0144 0.003 0.0145 0 .739 
0 .0136 0.002 0 .0008 
0 .0158 0.001 
0.0141 0.0008 

75 0.0134 0.003 0.0140 0.716 
0 .0137 0 .002 0.0008 
0.0145 0.002 
0 .0 153 0 .002 
0 .0130 0.002 

50 0.0099 0.002 0 .0104 0.531 
0 .0114 0.002 0.00006 
0 .0103 0.0001 
0.0103 0 .0009 

25 0.0071 0 .0001 0.00835 0.425 
0.0078 0.0008 0.0009 
0.0093 0.002 
0.0093 0.0007 

Br 200 0.0163 0.003 0.0150 0.001 0 .782 
0 .0130 0 .003 
0.0141 0 .002 
0 .0140 0 .002 
0.0166 0 .001 

100 0.0114 0.0008 0.0125 0.001 0.648 
0.0150 0.0008 
0.0119 0.001 
0.0117 0.002 

50 0 .0095 0.001 0.0093 0.001 0.482 
0 .0087 0.0006 
0.0052 0.001 
0.0089 0 .002 
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Table 3.12: Results of kinetic analysis of rate measurements 

R Cone v' S/vb Km 
ImMJ ImMI 

Me 5 2.19 228.0 24.81 
10 2.86 349.7 
25 3.52 711.3 
50 4 .9 1 . 1018 .5 
100 6.10 1638.3 
200 7.44 2686 .7 

Et 10 1.22 819.7 38.64 
25 1.62 1543.3 
50 2.12 2358.5 
75 3.85 2238.9 

i ~ Pr 25 0.609 4105.1 12.47 
50 0 .755 6622.5 
75 0.816 9191.2 
100 0.822 12165.5 

(-Bu 5 0.211 2369.7 83.29 
10 0.528 1893.9 

12.5 0.687 1819.5 
25 0.951 2628 .8 

OMe 5 0.896 558.1 21.76 
10 1.80 555.6 
25 2.60 961 .8 
50 3.59 1392.3 

F 5 0.650 769.4 3.56 
10 0.872 1146.9 

12.5 0.891 1403.9 
25 1.05 2381.2 
50 1.08 4629.6 

CI 25 0.425 5882.3 5.95 
50 0.531 9426.2 
75 0.716 10480 
100 0.739 1353 1 
200 0.632 3 1645 

Br 50 0.487 10373 52.3 
100 0.648 15432 
200 0.787 25575 

• Units of v: mol.dm-3,min" .mg·' (refers to mg protein) 
b Units of Slv: min·'.min·' 
C Units of V: mol.dm,3. min" .mg" 

d Units of V/Km:min· ' .mg" 

V V/Km 

0.0812 3.27 

0.0452 1.17 

0 .0094 0.75 

0.044 0.53 

0.051 2 .34 

0,0116 3.26 

0.0068 1.43 

0 .0099 0 .19 
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CHAPTER 4 

MODIFICATIONS TO THE POLYPHENOL OXIDASE BIOCATALYTIC SYSTEM 

4 .1 INTRODUCTION 

In the course of the research described in the previous chapters, some aspects of the polyphenol 

oxidase biocatalytic system were identified as areas where modifications might lead to improved 

enzyme activity and/or substrate specificity. The present chapter describes some alterations to the 

system which were investigated to determine their possible value in improving the functioning or 

the applications of the biocatalyst in chloroform. 

4.1.1 Purification of polvphenol oxidase 

The kinetic analysis described in the previous chapter was carried out using the crude mushroom 

extract A (see Section 2.2.1) to prepare the biocatalyst. This extract contained a large proportion 

of extraneous, inactive protein which could affect the functioning of polyphenol oxidase in the 

biocatalyst in several ways . Its presence might lead to physical occlusion of the enzyme on the 

immobilisation support and consequently to reduction of the enzyme activity in the biocatalyst. In 

addition, this protein might compete with the enzyme for available water, causing a decrease in the 

activity of the enzyme as a result of reduced conformational flexibility. The importance of 

conformational flexibility in the substrate selectivity of polyphenol oxidase in chloroform was 

demonstrated in the preceding chapter, where stericaliy bulky substrates were found to be 

converted at very slow rates. Any alteration to the flexibility of the binding site could be expected 

to lead to altered substrate specificity, and the presence of extraneous proteins may thus impose 

limitations on the range of substrates suitable for oxidation. 

The extraneous protein may also compete with the enzyme for the buffer salts present in the 

freeze-dried extract, which act as protectants of the optimal ionic state of the enzyme. The salts 

promote enzyme activity by maintaining the local polarities in the binding site in a state equivalent 

to that pertaining in the enzyme when it is in an aqueous system of optimal pH (see Section 2.1.3). 

Decreased availability of these salts could result in lowered enzyme activity or stability. 
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Thus it would seem that purification of a crude enzyme which is to be utilised in a biocatalytic 

system would be advantageous. However, there is evidence that the presence of inactive protein 

acts as a protectant itself, in immobilised biocatalysts, by preventing denaturation during and after 

immobilisation. Reduced denaturation has been reported as a result of addition of a non-active 

protein such as gelatin or casein to the enzyme solution before immobilisation, in quantities 

sufficient to provide a monolayer covering of protein on the support IWehtje et al., 1992). A 

possible explanation for this stabilisation is that proteins can act as buffers themselves and thus, 

the non-active protein might replace the Iyoprotectant buffer salts in preserving the ionic state of 

the active enzyme. This suggests that the presence of extraneous protein in the polyphenol oxidase 

biocatalyst may not necessarily be a disadvantage. 

A kinetic study was conducted using the partially purified enzyme, extract B, with the objective 

of comparing the kinetic parameters obtained w ith those previously obtained using the crude 

extract A, and hence assessing the effect of the extraneous protein. 

4. 1.2 Removal of melanins from the polyphenol oxidase catalyst 

The crude extract from fresh mushrooms Iwhich were used as a source of polyphenol oxidase) 

contained endogenous substrates for the enzyme, and during the extraction process some of these 

substrates would be converted to melanins. The melanins were observed as a mobile band during 

electrophoresis Isee Section 2.2.2). and as a dark brown colour in aqueous solutions of the extract. 

Melanins are known to accelerate the reaction rates of tyrosinase in some aqueous systems and 

to decrease the lag t ime for phenolic substrates IMenter et al., 1990) and thus the presence of 

melanins in the biocatalyst may be an advantage. The activation of tyrosinase is attributed to the 

melanins acting as an "electron channel, · accepting electrons from phenolic substrates and 

donating them to the enzyme. In contrast to this possible advantage is the fact that melanins are 

insoluble in chloroform and in water once they are polymerised. Their presence or formation in the 

chloroform-based polyphenol oxidase biocatalyst is, therefore, a potential cause of deactivation due 

to physical occlusion of the enzyme. 

In the present study, polyphenolic compounds were removed from the crude extract using PVPP 

in the preparation of extract C, which contained far less melanoid material than the crude extract 

A Isee Section 2.2 .1). The investigation of the kinetic properties of this extract, and a comparison 

with those of extracts A and B, are described in this chapter. 
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4 .1.3 Activation of polyphenol oxidase 

A number of reports in the literature have described the activation of polyphenol oxidases from 

different sources, as a result of addition of various protein-modifying agents to aqueous solutions 

of the enzymes. The polyphenol oxidase of the broad bean, Vicia faba, is activated by the addition 

of detergents such as sodium dodecyl sulphate (SDS) and Aerosol-OT'!> (AOT) (Robb et al., 1966)' 

by denaturants (Swain et al., 1966) and by the action of non-specific proteases (King and Flurkey, 

1987). Activation of grape polyphenol oxidase was also reported as the result of addition of ionic 

detergents or proteases, but not by the non-ionic detergent Brij-96 (Sanchez-Ferrer and Garcia­

Carmona, 1992b). Similarly, frog epidermis tyrosinase (Wittenberg and Triplett, 1985) and 

mushroom polyphenol oxidase (Yamaguchi et al., 1970; Angleton and Flurkey, 1984) are activated 

by SDS in aqueous systems. 

The reason for this activation has not been fully explained. )t has been proposed to result from 

partial denaturation or from a limited change in conformation, and electrophoresis experiments have 

indicated that the activation is accompanied by a small decrease in the apparent mass of the 

protein, from 48 kd to 47 kd in the case of the broad bean enzyme (Moore and Flurkey, 1990). The 

interaction of SDS with mushroom polyphenol oxidase does not cause changes in the isoenzyme 

pattern on electrophoresis, indicating that no change in the mass of the protein occurs as a result 

of dissociation (Angleton and Flurkey, 1984) . Mammalian tyrosinase was found to be activated by 

polyamines such as putrescine and 1,3-diaminopropane, but these amines did not affect the 

enzymes from frog epidermis or mushroom and this effect was attributed to alterations in the 

oligmeric nature of the mammalian enzyme (Galindo et al., 1987) . 

The question arises as to whether similar activation is possible in non-aqueous systems, where the 

presence of water is limited to the structural water bound to the protein. Denaturation is essentially 

a water-dependent process, since it involves hydrolysis as one of the major reactions . In fact, many 

enzymes are more stable in organic systems because of the lack of free water to facilitate 

denaturation . Activation of some dehydrogenases by the denaturants urea and guanidine 

hydrochloride, in non-aqueous systems, was recently reported (Garza-Ramos et al.,. 1992), and 

these authors attributed the effect to the release of constraints on the conformation of the proteins. 

In view of the importance of local polarities and electrostatic interactions w ithin the active site of 

enzymes in non-aqueous media (as discussed in Section 2.1.2), the addition to the system of a 

component which alters these properties is very likely to affect the protein conformation . The 

results obtained in the kinetic study described in Chapter 3 indicate that conformational flexibility 
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is a critical factor in the substrate selectivity of the polyphenol oxidase biocatalyst. Thus, it is 

possible that an ionic detergent such as SDS could increase the flexibility of this enzyme by 

interacting electrostatically with polar groups in the binding site . If the result was an increase in 

protein flexibility, the accessibility of the binding site for sterically hindered substrates might be 

increased. Not only would such an effect be advantageous in the application of the polyphenol 

oxidase biocatalyst in chloroform, but observation of this effect would also serve to confirm 

modern theories on the importance of electostatic interactions in non-aqueous biocatalysis . Thus, 

the effect of addition of SDS on the kinetic parameters of the polyphenol oxidase system was 

investigated. 

4.2 RESULTS AND DISCUSSION 

4.2.1 The effects of partial purification on the kinetics of the biocatalyst 

The rates of oxidation of three phenolic substrates were measured at varying concentrations, using 

the biocatalyst prepared by immobilisation of the partially purified polyphenol oxidase extract B Isee 

Section 2 .2.1) . The data (see Section 4 .4.1) were treated in the same manner as described in the 

kinetic analysis in the previous chapter, and the Hanes plots obtained are shown in Figure 4.1 . The 

kinetic parameters determined using the extract B are compared with those obtained using the 

crude extract A in Table 4 .1 and in Figure 4.2. 

Table 4 .1: Kinetic parameters determined for the oxidation of selected p -substituted phenols by 

biocatalysts prepared from extracts A and B 

Extract Substrate Km V V/ Km 
p-substituent (mM) (mM .min" .mg") (min" .mg" ) 

A Me 24.81 81.2 3 .27 

B Me 6.5 13.0 2.00 

A F 3.56 11.6 3.26 

B F 3.3 20.0 6.06 

A i-Pr 12.47 9.4 0.75 

B i-Pr 623 16.0 0 .025 
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Figure 4.1: Hanes plots for the oxidation of selected p-substituted phenols. catalysed by the 

biocatalyst prepared from partially purified polyphenol oxidase extract B (units of s/vare min.mg); 

substrates: (A) p-cresol (B) p-fluorophenol (e) p-isopropylphenol 
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Figure 4.2: Comparisons of the kinetic parameters determined for selected p-substituted phenols. 

catalysed by polpyphenol oxidase biocatalyst prepared from extract B 
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The Km values obtained using the purified polyphenol oxidase were found to be lower than those 

obtained using the crude enzyme in the cases of p-cresol and p-fluorophenol, but much higher in 

the case of p-isopropylphenol. This indicates stronger binding of the less sterically hindered 

phenols, which may be attributable to the purified polyphenol oxidase being less occluded by 

extraneous protein. Both of the former substrates were found to be good substrates for polyphenol 

oxidase in chloroform when compared with a wider range of substrates examined using the crude 

enzyme (Section 3.2.3), and thus it might be expected that any effect which makes the enzyme 

more available to these substrates would result in more efficient binding. However, weaker binding 

of the sterically hindered p-isopropylphenol is indicated by the very much higher Km value obtained 

using the purified enzyme as opposed to the crude enzyme, and this may be due to the purified 

enzyme being less accessible to this substrate. 

In all three cases, the V values were lower for the purified enzyme, the difference being most 

marked for the p-isopropylphenol. The catalytic efficiencies were greater for the purified enzyme 

in the cases of p-cresol and p-fluorophenol, but decreased for p-isopropylphenol. 

The overall conclusion can be drawn that the absence of extraneous protein in the partially purified 

polyphenol oxidase biocatalyst leads to greater catalytic efficiency for less sterically hindered 

substrates, but the flexibility of the protein is possibly reduced so that more sterically bulky 

substrates are not so readily able to enter the binding pocket. This would be the case if the 

extraneous proteins in the crude extract were acting to mask polar groups which would interact 

in their absence. In the purified enzyme, the polar groups might bind together to hold the pocket 

in a restricted conformation. 

An alternative explanation 'is that the hydrophobicity of the polyphenol oxidase binding site may 

be decreased by the absence of the extraneous proteins, so that the binding site in the purified 

enzyme is less hydrophobic than it was in the crude extract. Low catalytic efficiency for a particular 

substrate was found to correlate with high hydrophobicity in the kinetic study on crude polyphenol 

oxidase (see Section 3.2.4), and since p-isopropylphenol is more hydrophobic than p-cresol and p­

fluorophenol, its ability to interact with the active site of the purified may be lower. In addition to 

these possibilities, the lack of buffering action by the extraneous proteins may be more significant 

in the purified protein where lower concentrations of buffer salts were present. In the biocatalyst 

prepared from the crude extract, greater amounts of the extract (in terms of mass of freeze-dried 

powder) were required to be immobilised to give sufficient activity for the measurements, and these 

would have contained more buffer salts. However, the smaller amounts of protein used to prepare 

biocatalyst from extract B would require less buffering and therefore, this difference between the 

biocatalysts is likely to have a minor effect. 
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4 .2.2 The effects of removing endogenous melanins from the biocatalytic system 

The rates of oxidation of the same three p-substituted phenols as examined in the previous section 

were measured using biocatalyst prepared from the extract e, from which melanins had been 

removed (see Section 4.4.2) . The kinetic parameters determined using this biocatalyst were found 

to be altered by the absence of melanins, as indicated in Table 4.2 and Figure 4 .3 and 4.4 . 
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Figure 4 .3: Hanes plot for the oxidation of selected p-substituted phenols, ctalysed by the 

biocatalyst prepared from extract e; substrates: (A) p-cresol (B) p-fluorophenol (e) p­

isopropyl phenol 
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Table 4.2: Comparison of kinetic parameters determined for the oxidation of selected p-substituted 

phenols. using biocatalyst prepared from extracts A and C 

Extract Substrate Km V VIKm 
p-substituent (mM) (mM.min·' .mg·')· (min" .mg·') 

A Me 24.81 8.12 3.27 

C Me 1.81 3.5 19.3 

A F 3.56 11.6 3.26 

C F 12.4 10.3 0.83 

A i-Pr 12.47 9.4 0.75 

C i-Pr 43.7 17.3 0.395 

The effects of removing melanins from the polyphenol oxidase extracts were found to include a 

reduction in Km in the case of p-cresol indicating stronger binding to the polyphenol oxidase in 

extract C than in the crude enzyme . As in the case of extract B. the effect could be attributed to 

less occlusion of the active protein by impurities (in this case the melanins) and hence greater 

accessibility for this substrate to the binding site . The reduced concentration of melanins resulted 

in significantly higher Km values for p -fluorophenol and p-isopropylphenol. indicating weaker binding 

of these substrates than in the crude enzyme. 

The catalytic efficiency was significantly increased in the case of p-cresol. There was a decrease 

in catalytic efficiency for p-fluorophenol and p-isopropylphenol which might be attributable to the 

absence of enzyme activation by the melanins. This activation could be more important in the case 

of less favourable substrates. where activity is relatively low. and the activation is proportionately 

more effective. 

The higher hydrophobicity of p -isopropylphenol than that of the other two substrates could again 

be an important factor, because the removal of melanins (which are themselves quite hydrophobic) 

would reduce the hydrophobic nature of the binding site . This may cause the binding and reaction 

of p-isopropylphenol to be less favoured in the absence of the melanins than in their presence. 
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Figure 4.4: Comparison of the kinetic parameters for the oxidation of selected p-substituted 

phenols, catalysed by biocatalysts prepared from the extracts A (Crude) and C (PVPP) 
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4.2.3 Determination of the effects of varying concentrations of SDS on the rate of oxidation of 

p-cresol 

It was observed that addition of a small amount of SDS to the buffer used to hydrate the 

biocatalyst caused an increase in the rates of oxidation of p-cresol and A TEE in preliminary 

experiments measuring the rates of formation of their respective a-Quinones using the standardised 

organic assay method (Section 4.4.3). In the oxidation of p-cresol an 18% increase was observed, 

and for ATEE the increase was approximately 55%. In order to investigate this effect, the optimal 

concentration of SDS was first determined, and a kinetic study in the presence of SOS was carried 

out. 

Since it was observed that SOS was not soluble in the phosphate buffer that had been utilised for 

hydration of the protein in other kinetic investigations, water was used to make SOS solutions. The 

rates of oxidation of phenolic substrates were not expected to be greatly affected by this change, 

since there were already buffer salts present in the freeze-dried enzyme extracts before 

immobilisation. This was investigated (Section 4.4.4) and it was found that the rates of oxidation 

of p-cresol were very slightly decreased when water was used . Since the reduction in rate was 

small (3 %) in comparison with the increase caused by the addition of SOS, and it would represent 

a constant factor in the investigation, it was assumed to be insignificant. 

The standardised organic assay (Section 2.2.5) was used to determine the concentration of SOS 

which would produce the greatest increase in rates of reaction (Section 4.4.5). The concentrations 

used were kept below the critical micellar concentration of SOS (8.2 mM (Sanchez-Ferrer and 

Garcia-Carmona, 1992b)] in order to avoid any phase separation effects. The concentration at 

which the most marked increase in activity (30 %) was observed was 2 mM (Table 4.3) and 

consequently, this concentration of SOS w as used in the kinetic study described in the next 

section. 
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Table 4 .3: Rates of oxidation of p-cresol catalysed by the polyphenol oxidase biocatalyst in the 

presence of varying concentrations of SOS 

Concentration Rate 
SOS (mM) (AA.min·') 

0.0 0.026 ± 0.001 

0 .5 0.030 ± 0.006 

1.0 0 .036 ± 0.006 

2.0 0.039 ± 0.003 

3 .0 0 .033 ± 0.006 

5.0 0.033 + 0.006 

6.0 0.033 ± 0.004 

4.2.4 The effects of addition of SOS on the kinetics of the biocatalytic system 

A small range of p-substituted phenols, particularly those with sterically bulky side chains, were 

selected for the investigation of the effects of addition of SDS, since it was expected that rates 

of oxidation would be most affected for these substrates. 

The kinetic data were obtained using the biocatalyst prepared from extract A and the same method 

as in other kinetic investigations, but adding the same volume of 2 mM SDS solution as was 

determined to be the optimal volume of buffer (see Section 4.4.6). The Hanes plots obtained from 

the data are shown in Figure 4 .5 and the kinetic parameters are compared with those obtained in 

the absence of SDS, in Table 4.4 and Figure 4 .6 . 
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Figure 4.5: Hanes plots for the oxidation of selected p-substituted phenols, catalysed by the 

polyphenol oxidase biocatalyst preparted fom extract A, in the presence of 2 mM SOS; substrates : 

(A) p-cresol (B) p -isopropylphenol (C) p-tert-butylphenol (0) 2,4-di-tert-butylphenol (OTBP) 
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Table 4.4: Comparison of kinetic parameters determined for the oxidation of selected p-substituted 

phenols by the polyphenol oxidase biocatalyst in the presence and absence of 2 mM SOS 

SOS Substrate Km V VIKm 
(mM) p-substituent (mM) (mM.min·'.mg·' ) (min".mg·') 

0 Me 24.81 81.2 3.27 

2 Me 9.1 60 6.68 

0 i-Pr 12.47 9.4 0.75 

2 i-Pr 14.3 22 1.51 

0 t-Bu 83.3 4.4 0.53 

2 t-Bu 3.87 14.6 3.75 

0 2,4-di-t-Bu - - -

2 2,4-di+Bu 9.9 0.0063 0.64 

Lower Km values were observed for the reactions with p-cresol and p-tert-butylphenol, indicating 

that the presence of SOS leads to stronger binding of the substrates. (The small increase in the Km 

for p-isopropylphenol may not be significant in view of a large error observed in this particular 

result). The increased strength of binding can be attributed to the ionic nature of 50S, since it may 

interact with, and bind to, polar groups in the active site, altering the local polarities in the binding 

pocket. The non-polar ends of the SOS molecules may also contribute increased hydrophobic nature 

to the binding site, enhancing the binding of non-polar, hydrophobic phenols such as p-tert­

butylphenol. 

Increased accessibility and enhanced binding would both contribute to the increased catalytic 

efficiencies observed for all of the substrates investigated. The results obtained using 2,4-di-tert­

butylphenol (OTBP) are of particular significance. The rates of utilisation of this compound were 

not measurable in the biocatalytic system in which buffer was used to hydrate the protein, but in 

the presence of SOS, the rates were measurable and the kinetic parameters could be calculated for 

this substrate. It can be speculated that the SDS affects the protein conformation to the extent that 

it becomes sufficiently flexible to accommodate this bulky substrate. The increase in hydrophobicity 

proposed to occur in the presence of SOS would also enhance the binding of OTBP. 

The effect of SOS, as discussed above , occurs in the presence of a very small proportion of the 

detergent relative to the protein. If it is assumed that the SOS interacts only with polyphenol 

oxidase molecules land not other protein molecules, which would dilute the effect), the ratio of 
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SOS molecules to polyphenol oxidase molecules is approximately 8 to 1, (This was estimated by 

calculation of the number of moles of SOS and of polyphenol oxidase present in the system used 

to measure rates of reaction), Thus the quantity of SOS present was not enough to form a 

monolayer on the protein or even to line the binding pocket, which suggests that the SOS is not 

acting as a phase transfer agent but rather, that it has a localised effect on specific areas within 

the binding pocket, 
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Figure 4 ,6 : Comparison of kinetic parameters for the oxidation of selected p-substituted phenols, 

catalysed by the polyphenol oxidase biocatalyst prepared from extract A, in the presence of 2 mM 

SOS , • Km for OTBP would be off scale 
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4 .2 .5 longer-term effects of 50S on the biocatalyst 

Since SDS is a denaturant of proteins, it is possible that in t ime it would cause a loss in polyphenol 

oxidase activity in the biocatalyst. However, many proteins are more stable w ith respect to 

denaturation when they are in non-aqueous environments (see Section 2 .1.2) . A preliminary 

investigation into the longer term effects of SDS on the biocatalyst was carried out by allowing the 

biocatalyst to stand for eighteen hours at room temperature, in chloroform, in the presence of SOS. 

The activity of the biocatalyst was then assayed using the dopachrome and p-cresol assays, and 

the results were compared w ith those obtained in control experiments where SOS was omitted for 

the eighteen hour period, but was added in equivalent concentrations at the time of the assays. 

Both sets of results were compared with the activities of fresh samples of biocatalyst to allow the 

detection of any denaturation of the protein in the absence of SOS . These results are summarised 

in Table 4 .5 . 

Table 4.5: Comparison of the extent of denaturation occurring in the biocatalyst in the presence 

and absence of 50S 

Assay method Aqueous component % decrease in activity 

Oopachrome SOS (1 mM) 36 

Buffer 31 

Water 61 

p-Cresol in CHCI, SOS (1 mM) 30 

Buffer 34 

Water 49 

The results of this is experiment, while only approximate, indicate that while some denaturation 

of all of the samples was observed (as might be expected for hydrated proteins standing at room 

temperature), the presence of SOS did not cause more loss in activity than was found in its 

absence. In fact, the use of water (as opposed to buffer) apparently lead to more deactivation than 

the addition of SOS . 
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4.3 CONCLUSIONS 

The investigations described in this chapter have shown that the state of the enzyme in the 

biocatalyst has a significant effect on the rates of reaction which can be catalysed, and on the 

range of substrates which can successfully be utilised. Although the crude extract A was shown 

in the previous chapter to be useful as a source of polyphenol oxidase for application as a 

biocatalyst for the conversion of a range of phenols to their corresponding o-quinones, the range 

of substrates was limited to those with relatively unhindered structures. 

Biocatalyst prepared using partially purified polyphenol oxidase, which contained less extraneous 

protein than the crude extract, was shown to be a more efficient catalyst for substrates which are 

readily converted . These substrates have relatively unhindered structures and relatively low 

hydrophobicity. A more sterically hindered, more hydrophobic substrate was shown to be less 

readily converted by the purified biocatalyst, and this effect could be attributed to decreased 

flexibility or decreased hydrophobicity in the enzyme binding site . 

Similarly, increased catalytic efficiency was observed for the conversion of the favoured substrate 

p-cresol, by biocatalyst prepared with low melanin content. However, the catalytic efficiency was 

decreased for a more hydrophobic sterically hindered substrate, and for a more polar substrate. The 

removal of melanins could result in a loss of activation due to the ability of melanins to act as an 

electron channel, and possibly also in a change in the hydrophobicity of the binding site of the 

enzyme. 

Significantly enhanced rates of reaction were observed when the protein was hydrated with a 

solution containing the anionic detergent 50S. In particular, the rates of conversion and the 

catalytic efficiencies were increased for phenolic substrates with sterically hindered structures, and 

the conversion of 2,4-di-tert-butylphenol (OTBP), which could not be detected in the absence of 

SOS, was observed at appreciable rates in the presence of 50S. These results indicate that SOS 

has a marked effect on the flexibility of the binding site, causing it to become more flexible and 

thus more accessible for bulky substrates. The ionic nature of SOS, and its ability to interact with 

polar or charged groups, may be the reason for its effect on the biocatalyst because if it screens 

polar groups in the binding site from each other, the conformation within the binding site may be 

made more flexible . 

In addition to having an effect on protein conformational flexibil ity, SOS may playa role in altering 

the hydrophobicity of the binding site in such a way as to enhance the binding of more hydrophobic 

substrates. With the data available from the present study, these two effects of SOS cannot be 
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differentiated, and further investigations using a wider range of substrates and conditions would 

be useful in this regard. 

The conclusions which can be drawn from the present study, as discussed above, confirm the 

current theories on the effects of organic media on biocatalysts, and add to the information 

presently available concerning the effects of protein modifications on such systems. In addition, 

these results provide some explanation for the activation of polyphenol oxidase by SOS, at the level 

of binding site interactions. 

4.4 EXPERIMENTAL 

In the results shown in this section, rates are given per mg protein (as opposed to per mg 

polyphenol oxidase). Thus, the units of the rate of formation of Quinone product, v (M,min·'.mg·'), 

are mol.dm·' per minute per milligram protein. 

t:.A .min·' = Change in absorbance per minute, measured at the wavelength of maximum absorption 

for the a'Quinone product, as determined in Section 3.2.2. Rates were converted to units of 

concentration using the molar absorption coefficients determined as described in Section 3 .2 .2. 

SEM = standard error in the mean 

4.4.1 Measurement of kinetic parameters for biocatalyst prepared from the partially purified 

extract B 

Rates of oxidation of p-substituted phenols (listed in Table 4.6) by biocatalyst prepared from 

extract B (see Section 2.2.1; 10mg beads containing 0.14 mg protein) were measured using the 

optimised organic assay method as described in Section 3.4.3 . The results are listed in Table 4.6 

below and the kinetic parameters calculated from them are shown in Table 4 .7. 
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Table 4.6: Rates of oxidation of p-substituted phenols by polyphenol oxidase biocatalyst prepared 

from extract B 

p-Substituent Concentration Rate Rate, v 
ImMI (M.min" .mg" ) 

IM.min·'1 SEM x 10' 

Me 50 0 .02450 0.002 1.18 ± 0.02 
0 .01860 0.004 
0.02586 0.0004 
0.02705 0.0004 

25 0.0165 0.002 0.94 ± 0.13 
0 .0240 0.003 
0.0189 0.0009 
0.0169 0.001 
0.0195 0.003 

10 0 .0141 0.001 0 .80 ± 0.13 
0.0127 0 .0005 
0.0204 0.002 
0 .0173 0.003 
0.0166 0.002 

5 0.0122 0.0007 0.65 ± 0.05 
0.0127 0.0005 
0.0144 0.002 

F 50 0 .0193 0.003 0.19 ± 0.02 
0.0148 0 .001 
0 .0179 0.0009 
0 .0190 0 .001 

25 0.0160 0.001 0.166 ± 0 .002 
0.0148 0.0006 
0 .0154 0.001 

10 0.0111 0.001 0.15 ± 0 .02 
0 .0152 0 .0009 
0 .0153 0.0009 
0 .0151 0.0006 

5 0.0136 0 .0007 0.135 ± 0.007 
0 .0123 0.0005 
0 .0119 0.0008 
0.0123 0.0005 

i-Pr 100 0 .0117 0 .002 0 .22 ± 0.03 
0 .0132 0.0008 
0.0098 0.0009 

75 0 .0060 0.0004 0.17 ± 0.04 
0 .0061 0.0002 
0.0103 0.0009 
0.0071 0.001 

50 0.0032 0.0002 0 . 11 ± 0 .02 
0 .0057 0.001 
0 .0042 0.0002 
0 .0037 0.0001 

25 0.0041 0.0001 0.07 ± 0.04 
0 .0033 0.0006 
0 .0012 0.0003 
0 .0010 0.0002 
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Table 4.7: Kinetic parameters for oxidation of p-substituted phenols, catalysed by biocatalyst 

prepared from extract B 

p-Substituent Cone, S slv V Km VIKm 
(mM) (min .mg) (mM.min·' .mg·') (mM) (min" .mg·') 

Me 50 424.1 0 .130 ± 0 .009 6.50 ± 0 .05 0.02 
25 266.0 
10 124.4 
5 77.5 

F 50 2618.4 0.020 ± 0 .001 3.3 ± 0 .2 6.10 x 10" 
25 1506.0 
10 653.6 
5 370.4 

i-Pr 100 4464.1 0.16 ± 0.1 623.4 ± 51 2 .54 x 10" 
75 4491 .2 
50 4647.2 
25 3882.3 

4 .4 .2 Measurement of kinetic parameters for oxidation of p-substituted phenols, catalysed by 

biocatalyst prepared from extract C 

Rates of oxidation of p-substituted phenols (listed in Table 4 .8 below) by biocatalyst prepared from 

extract C (see Section 2.4.3; 30 mg beads containing 1.1 mg protein) were measured using the 

same method as described for biocatalyst prepared extract B (above) . The results are listed in Table 

4.8 below and the kinetic parameters calculated from them are shown in Table 4 .9. 
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Table 4.8: Rates of oxidation of p-substituted phenols by biocatalyst prepared from extract C 

p-Substituent Cone ImMI Rate Rate, v 
(M.min-'.mg-') 

ldA.min·'1 SEM x '05 

Me 50 0.0408 0.003 3.25 ± 0 .54 
0 .0529 0.002 
0.0618 0.004 

25 0.0043 0 .005 3.73 ± 0 .07 
0.0666 0.004 
0.0712 0 .001 
0.0576 0.002 

10 0.0445 0.0006 2.52 ± 0.02 
0.0452 0.001 
0.0455 0.002 

5 0.0337 0 .002 2.09 ± 0 .16 
0.0360 0.002 
0.0299 0.0006 

F 50 0.0375 0.005 0.83 ± 0.14 
0 .0310 0.001 
0.0241 0.001 
0 .0274 0.001 

25 0.0254 0.004 0 .67 ± 0.06 
0.0251 0.002 
0.0254 0.002 
0.0206 0.0008 

10 0.0181 0.001 0.54 ± 0.03 
0.0201 0.001 
0.0201 0.001 

5 0.0067 0.0003 0.26 ± 0.07 
0 .0132 0.001 
0.0073 0.0003 
0 .0109 0.0009 

i-Pr 100 0 .0135 0.002 1.19 ± 0.24 
0.0208 0.0006 
0.0245 0.0007 
0.0225 0.002 

75 0.0133 0.0006 1.11 ± 0.25 
0.0205 0.0005 
0.0251 0.001 
0 .0177 0.001 

50 0.0113 0.002 0.93 ± 0.19 
0.0201 0.002 
0.D175 0.0009 
0 .0148 0 .002 

25 0.0160 0.001 0.62 ± 0.09 
0.0101 0.0008 
0.0132 0.0003 

0.0132 0.001 
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Table 4 .9 : Kinetic parameters calculated for the biocatalyst prepared from extract C 

p-Substituent Cone, s slv V Km VIKm 
(mMI Imin.mg) (mM .min" ,mg") ImM) (min" .mg" ) 

x 10' 

Me 50 1536.1 3.5 ± 0.3 1.81 ± 0.05 0.019 
25 669.7 
10 355.2 
5 239.7 

F 50 6036.5 1.03 ± 0.08 12.4 ± 0.3 8.30 x 
25 3760.5 10" 

10 1851 .9 
5 1906.2 

j·Pr 100 8382.3 1.73 ± 0.05 43.7 ± 1.6 3.95 x 
75 6787 .3 10" 

50 5376.3 
25 4033.6 

4.4.3 Preliminary experiment to show increased rates of reaction in the presence of SOS 

Biocatalyst prepared from extract A (35mg, containing 1,1 mg protein) was added to chloroform 

(9 ml) . An aqueous solution of SOS (1 mM; 25 Jil) was added, and the mixture was stirred for 2 

min. In separate experiments, solutions ofthe substrates (a)p-cresol and (b) ATEE (1 mL; 250 mM) 

were added and the absorbance of the chloroform solutions were measured at (a) 395 nm and (b) 

475 nm respectively. The rates were compared with thise measured in control experiments in 

which water was substituted for the SDS solution. The results are shown in Table 4.10 below. 

Table 4 .10: Results of preliminary experiment to show the increase in reaction rates for the 

biocatalyst in the presence of 50S 

Aqueous Substrate Rate Mean rate Il1.A .min·') 
component (M.min·') SEM 

SDS (1 mM) p-cresol 0.0314 0.0006 0.0308 ± 0.001 
0.0319 0.0009 
0.0291 0.0003 

Water p-creso/ 0 .0261 0.0005 0.0253 ± 0.0007 
0.0245 0.0006 
0.0260 0.001 

5DS 11 mM) ATEE 0.0139 0.0002 0.0133 ± 0.0004 
0.0128 0.002 
0.0132 0.0007 

Water ATEE 0.0063 0.0004 0.0057 ± 0.0005 
0.0058 0.0002 
0.0051 0.0003 
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4.4.4 Comparison of rates of oxidation of p-cresol catalysed by polyphenol oxidase biocatalyst 

hydrated with buffer or water 

The standarised assay of polyphenol oxidase in chloroform (see Section 2.4.11) was used to 

measure the rates of oxidation of p-cresol (25 mM) by biocatalyst prepared from extract A (35 mg. 

containing 1.1 mg protein). but the system was hydrated with (a) buffer and (b) water. to measure 

the difference in the rates . The results are shown in Table 4 .11 below. 

Table 4.11 : Comparison of rates of oxidation of p-cresol. catalysed by biocatalyst hydrated by 

buffer and water 

Aqueous component Rate Mean rate 
(AA.min·'1 SEM IAA.min·'1 SEM 

Buffer 0 .0259 0 .001 0 .0267 0 .001 
0 .0274 0.0003 
0 .0251 0 .002 
0 .0263 0.002 

Water 0 .0263 0 .0004 0 .0259 0 .001 
0.0259 0 .0004 
0 .0252 0 .002 
0 .0260 0 .0009 

4.4.5 Measurement of rates of oxidation of p-cresol by the polyphenol oxidase biocatalyst in the 

presence of varying concentrations of 50S 

The rates of oxidation of p-cresol by the biocatalyst prepared from extract A (35 mg containing 1 .1 

mg protein) were measured by the method for the standard assay in chloroform (see Section 

2.4.11) but the buffer was replaced by an aqueous solution of SDS (25 pL; concentrations as listed 

in Table 4.12 below) . 
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Table 4 .12: Rates of oxidation of p-cresol. catalysed by polyphenol oxidase biocatalyst in the 

presence of varying concentrations of SOS 

Cone SOS ImM) Rate Mean rate 
IdA.min·') (aA .min"')-

0 .5 0 .0271 0 .030 ± 0 .006 
0 .0274 
0.0395 
0 .0389 
0.0257 
0 .0259 
0 .0256 

1.0 0 .0356 0 .036 ± 0 .006 
0 .0384 
0 .0397 
0 .0335 
0 .03135 
0 .02795 
0 .0257 
0 .0428 

2.0 0 .03675 0 .039 ± 0.003 
0 .0374 
0 .03755 
0 .0458 
0 .0405 
0 .0374 

3.0 0.0377 0 .033 ± 0 .006 
0 .0237 
0 .0245 
0 .0355 

5.0 0 .02215 0 .033 ± 0 .006 
0 .0267 
0 .0360 
0.03395 
0 .0386 

6 .0 0 .0299 0 .033 ± 0 .004 
0 .0343 
0.0334 
0 .0298 
0 .2455 
0 .0330 
0.0385 

• Corrected for variations in dopachrome activity 
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4 .4 .6 Measurement of rates of oxidation of p-substituted phenols. catalysed by polyphenol 

oxidase biocatalyst in the presence of 2 mM SOS 

The rates of oxidation of the p -substituted phenols (l isted in Table 4 .12 below) by the 

biocatalyst prepared from extract A (35 mg containing 1.1 mg protein) were measured by the 

same method as was used in the kinetic studies described previously (see Section 4.4.1). but 

substituting 50S solution (25 JiL; 2 mM) for the buffer that was used before . The results are 

listed in Table 4 .13 below, and the kinetic parameters calculated from them are shown in Table 

4.14. 

Table 4 .13: Rates of oxidation of p-substituted phenols, catalysed by the polyphenol oxidase 

biocatalyst in the presence of 2 mM SOS 

p-Substituent Concentration (mM) Rate Rate. v 
IM.min·' .mg·', 

(AA.min·', SEM x 10' 

Me 50 0.0346 0.0002 5.22 ± 0.17 
0 .0353 0.003 
0 .0325 0 .001 
0.0351 0.002 

25 0 .0 260 0.0008 4 .14 ± 0.41 
0.0308 0 .002 
0 .0252 0 .002 

10 0 .0223 0 .001 3 .02 ± 0 .026 
0 .0194 0 .0003 
0 .01805 0.001 

5 0.0151 0 .001 2 .55 ± 0.27 
0 .0196 0 .0005 
0 .0154 0 .0009 
0 .0173 0 .002 

j·Pr 100 0 .0085 0.002 1.03 ± 0.07 
0.0077 0 .0003 
0 .0090 0.001 

50 0.0053 0.009 0 .85 ± 0.15 
0 .0074 0.0007 
0 .0081 0 .0007 

25 0 .0078 0 .0005 0 .72 ± 0 .3 
0 .0030 0.0005 
0 .0072 0 .0003 

10 0 .0056 0.0006 0 .65 ± 0 .07 
0 .0060 0.0002 
0 .0046 0 .002 

5 0 .0025 0.0004 0 .2 5 ± 0 .07 
0 .0013 0.000 3 
0.0023 0 .0003 
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p-Substituent Concentration (mM) Rate Rate, v 
(M.min·' .mg·' ) 

(dA.min" ) SEM x lOs 

t-Bu 50 0 .0060 0 .0005 0 .69 ± 0.12 
0.0044 0.001 
0 .0076 0 .0004 

25 0 .0055 0.0001 0 .63 ± 0 .05 
0.0059 0 .0002 
0.0049 0 .001 

10 0.0049 0 .0001 0 .55 ± 0 .02 
0 .0048 0 .0001 
0.0045 0 .0008 

5 0.0035 0 .0005 0.41 ± 0 .01 
0.0036 0.0006 
0 .0034 0 .001 

2,4-di+Bu 50 0.0013 0 .009 0.54 ± 0.15 
0 .0009 0 .0001 
0 .0012 0 .002 
0.0019 0.001 

25 0 .0100 0.0008 0 .43 ± 0 .08 
0 .0120 0 .0003 
0.0007 0 .002 
0.0110 0 .001 

10 0 .0070 0 .002 0.34 ± 0 .03 
0.0060 0.001 
0 .0074 0 .001 
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Table 4.14: Kinetic parameters for the oxidation of p-substituted phenols catalysed by the 

polyphenol oxidase biocatalyst in the presence of SDS 

p-Substituent s s/v V Km V/K 
(mMI (mM.min'.mg"l) (mMI (min-'.mg-'I 

x '03 

Me 50 958.3 0 .060 ± 9.1 ± 0 .2 6.68 
25 603.9 0.004 
10 331.1 
5 196 .2 

i-Pr 100 9711.9 0 .022 ± 14.3 ± 5.0 1.509 
50 5900.0 0 .002 
25 3454.3 
10 1528.1 
5 1970.6 

I-Bu 50 7254.4 0.015 ± 3.87 ± 0.5 3.75 
25 3981.3 0.002 
10 1528.1 
5 1209.1 

DTBP 50 9311.0 0.0063 ± 9 .9 ± 2.0 0.64 
25 5841.1 0.005 
10 2915 .5 

4.4.7 Determination of longer term effects of SDS on the biocatalyst 

SDS solution in water (25 pL; 2 mM) was added to a volumetric flask containing biocatalyst (32 

mg, containing 1 mg protein) in CHCI3 (9 mL). The flask was stoppered and the mixture was 

stirred vigorously for 2 min being allowed to stand at room temperature for 18h. Flasks were 

set up in quadruplicate. In a second and third set of samples, water and buffer respectively 

were used in place of the SOS solution. After the 18 h standing, the chloroform was decanted 

from 2 flasks in each set, and the residual biocatalyst was air-dried. Water (1 mL) was added, 

and aliquots of the resulting protein solution were assayed by the dopachrome method (see 

Section 2 .4.10). Control experiments were carried out by measuring the dopachrome activity of 

samples of fresh biocatalyst in the presence of equivalent concentrations of SOS. 

The other pair of samples from each set were assayed using the standardised organic medium 

assay (see Section 2.4.11), by adding p-cresol (250 mM; 1 mL) and measuring the rate of 

absorbance increase due to o-quinone production as before. Control experiments were carried 

out by measuring the activities of fresh samples of the biocatalyst by the organic assay 

method. The results are shown in Tables 4.15 and 4.16. 
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Table 4.15: Oopachrome assays of activity in samples of biocatalyst exposed to SOS in 

chloroform for 18 h. 

Aqueous component Rata Mean rate 
IIlA.min·'.mg·', 

SOS solution 1.045 1.007 
0 .968 

Buffer 0 .996 1.093 
1.189 

Water 0 .62 1 0 .606 
0 .590 

Control 1.647 1.575 
1.503 

Table 4 .16: Rates of oxidation of p-cresol by biocatalyst after exposure to SOS for 18 h. 

Aqueous component Rata Mean rate 
(llA.min·', 

SOS solution 0 .0201 0 .0216 
0 .0214 
0 .0234 

Buffer 0.0215 0 .0238 
0 .0268 
0 .0230 

Water 0 .0191 0 .0183 
0 .0174 

Control 0 .0382 0 .0359 
0 .0335 
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CHAPTER 5 

APPLICATION OF POLYPHENOL OXIDASE IN A CONTINUOUS FLOW SYSTEM 

5.1 INTRODUCTION 

In order to assess the feasibility of the practical application of immobilised polyphenol oxidase for 

synthesis of o-quinones or catechols from phenolic substrates, a continuous flow system was 

designed and tested using columns packed with the biocatalyst. The three different enzyme 

extracts were used: a crude extract, a partially purified enzyme obtained by ammonium sulphate 

precipitation, and a crude extract prepared in the presence of polyvinylpolypyrrolidone (PVPPI to 

remove endogenous phenolics. These enzymes were immobilised on glass beads in a manner similar 

to that used in the kinetics study (see Chapter 31. Since economic factors would be important in 

a practical situation, and a minimal degree of processing in the preparation of the biocatalyst would 

be preferable, crude extract was utilised in a number of columns under various conditions . The 

other two extracts were tested for comparison . 

5.2 RESULTS AND DISCUSSION 

The system consisted of a glass column containing the biocatalyst, connected to a reservoir and 

peristaltic pump (see Figure 5.11 and the hydrated solvent, containing the substrate, was pumped 

continuously for a number of hours. The reaction was followed by removing aliquots of solution 

from the reservoir at intervals, and measuring the absorbance at the appropriate wavelength for 

the a-quinone product, as determined previously [Section 3.2 .2 (1 IJ. The yields of the respective 

o-quinones in the solutions drained from the columns were determined using the mol~r extinction 

coefficients calculated using 'H-NMR [Section 3 .2.2 (21], The decrease in the concentration of 

substrate was also followed, using GC . 

The data obtained is summarised in Table 5.1. Since conditions and rates varied widely in different 

columns, the amount of a-quinone produced after six hours, per gram of protein present in the 

column, was calculated as a means of comparing the results. 



Table 5.1: Data from continuous flow system; columns 1 - 9 

------- -------- ---- --

COLUMN CONDITIONS 

Biocatalyst Substrate 

lOry mass protein.g) 

1 Crude extract p-Cresol 

(O.493gj 1.0 mmele in 100ml 

2 Crude extract p-Cresol 
(O.312g) 3.75 mmole in 75ml 

3 Crude extract p-Cresol 
(0.3180) 1.5 mmole in 75ml 

i 

4 Crude extract p·Cresol 
(O.4B3g) 1.0 mmole in l00ml 

+ 2mM 50S 

5 Ammonium sulphate p-Cresot 

purified enzyme 1.0 mmele in 100ml 
(O.085g) 

6 PVPP-treated p-Cresol 

enzyme 1.0 mmole in 1 aOml 
(O.B08g) 

7 Crude extract ATEE 
(0.573g1 1.0 mmole in l00ml 

8 Crude extract p-iso·propylphenol 
(0.533;1 1.0 mmole in 100m! 

9 Crude extract p-iso-propylphenol 
(0.506g l 1.0 mmole in 100ml 

+ 2mM 50S 

RESULTS 

UV 

% yield Product 
quinone aft er 6h 

(mmol/g protein) 

44.4 0.901 
(7h) 

4.4 0.346 

t12hl 

1. 97 0.095 
16h) 

45.0 O,B39 
(7h) 

76.9 9.047 
(6hl 

51.3 0.843 
16h) 

41.5 0.552 
(9hl 

8.4 0.158 
(Shl 

28.9 0.507 
(8hl 

GLe 

Decrease In 
substr8te peak 

(%1 

79.0 

94.3 

94.9 

97.1 

55.6 

19.7 

53.3 

Mass gain 

(01 

(Increase in rnllss 
of bIocatalyst) 

0.03 

0.05 

0.018 

0.04 

0.03 

~ 

" ..,. 

(f) 

'" " !:!. 
o 

" (J1 
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Peristaltic pump 
Biocatalyst----1-

Column 

Reser.oir 

Direction of ffow 

Figure 5.1: Continuous flow system 

5.2.1 Columns 1 - 4, using p-cresol as substrate and crude enzyme 

The conversion of the substrate, p-cresol, to 4-methyl-a-benzoquinone was successfully 

demonstrated. In Column 1, for example, the yield of the a-quinone measured in the mobile phase 

after seven hours was 44.4%, which corresponds to the conversion of 0.9 mmoles of substrate 

per gram of impure protein, in six hours. However, the GC analysis indicated that 79% of the 

substrate had been removed from the solution, and therefore 35% of the product was presumably 

bound to the column packing, as insoluble polymer. This correlates with the 0.03g found to be the 

approximate increase in mass of the biocatalyst. The formation of insoluble polymeric material is 

a recognised problem in the synthesis of quinones, and this is discussed further in Section 5.2.6. 

In Columns 2 and 3, the biocatalyst was prepared from crude extract which had been stored for 

some weeks, and it appears that a significant proportion of the enzyme activity had been lost, since 

the rates measured in these columns were relatively low. However, it is also possible that the 

higher concentrations of substrate caused some substrate inhibition, and lower concentrations were 
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used subsequently. The results from these two columns are included because they show that the 

rates of conversion were appreciable and remained uniform under these conditions (see Figure 5.2). 

The irregularity in the graph for Column 2 during the second hour is due to alteration in the water 

content during this time, and is discussed in Section 5.2.6. 

(a) Column 2 

Absorbance (395nm) 
3.5r---------~--~--------------------------, 

3 

2.5 

2 

1.5 

0.5 

a 
0 2 • 6 B 10 12 ,. 

Time (h) 

(b) Column 3 

Absorbance (395nm) 
0 .6 

0.5 

A.' 

0.3 

0.2 

0 . 1 

a 
0 2 3 4 5 6 7 

Time (h) 

Figure 5.2: Rates of reaction for Columns 2 and 3 

The inclusion of 2mM SDS in the mobile phase of Column 4 caused an increase in the rate of 

utilisation of the substrate, although the overall yield of a-quinone (0.84 mmoles per gram of 

protein in six hours) was not very different from that of Column 1 . It might be speculated that the 



177 Section 5.2.2 

presence of the SOS caused more polymerised product to bind to the biocatalyst, so that although 

most of the substrate was removed from the solution, only 45 % was detected as a-quinone in 

solution. If the SOS is assumed to promote the relaxation of the enzyme conformation, it is possible 

that this provides more access for permanent t>inding of polymeric material. 

5.2.2 Column 5, using partially purified enzyme 

The biocatalyst in Column 5, having been partially purified, had a much higher specific activity than 

that prepared from crude extract, and the efficiency of the column is correspondingly greater. This 

biocatalyst contained far less inactive material, was less sticky and more convenient to use. The 

discrepancy between the reduction in substrate concentration and the yield of a-quinone was 

smaller in this column than in others, suggesting less binding of polymerised product, and therefore 

purification of the protein to this extent might be of advantage in a practical situation. In the GC 

analysis of this reaction mixture, a small quantity of 4-methylcatechol was detected, (see Figure 

5.31 and its presence was confirmed by TLC using an authentic sample as a standard. 1t is possible 

that this catechol was released from the enzyme active site under saturating conditions, although 

this is not a feature of the normal mechanism of polyphenol oxidase, or it may have originated from 

reaction between polyphenols, quinones and/or phenols (Mason,1959). 

p-cresol 

'-; 

4-methylcatechol 
'<' 

(al Time = Oh (bl Time = 2.5h (cl Time = 6h 

Figure 5.3: Peaks from GC analysis for Column 5 
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5.2.3 Column 6. using PVPP-treated enzyme 

The PVPP-treated enzyme extract used to prepare the biocatalyst for Column 6 would contain less 

endogenous phenolic or polyphenolic material than the crude extract. and it was observed to be 

paler on colour. However. the comparison of results from the UV and GC analyses for this column 

indicate that this treatment had little effect with respect to reducing the binding of .polymerised 

product. as compared with Column 1 . The extent of reaction as measured by GC was higher. and 

thus the removal of endogenous polyphenolics during the extraction procedure does appear to 

enhance the activity of the enzyme . 

5.2_4 Column 7. using ATEE as substrate_ 

The substrate used in Column 7. N-acetyltyrosine ethyl ester (ATEE), is the protected tyrosine 

which can be used as a starting material to prepare L-DOPA (Kazandjian and Klibanov. 1985 and 

Section 2.2 .7) . This experiment was carried out to extend the results obtained in Section 2 .2.7. 

where a sample of L-DOPA was prepared using crude polyphenol oxidase. to a larger scale system . 

However. the quinone product appeared to be particularly prone to polymerisation. and the spent 

biocatalyst from the column was highly coloured by bound product. This substrate is likely to be 

more hydrophilic than the other phenol substrates used in the present study since it contains more 

polar groups. It is possible that more water would be associated with the bound subsuate. leading 

to the formation of more polymerised product . If this is so. a lower water content in the column 

might have been preferable for more efficient conversion of the substrate to the a-quinone_ In view 

of the success of the smaller scale experiment described in Section 2.2 .7. it should be possible to 

optimise the present system to produce a better yield . 

5_2_5 Columns 8 and 9. using p-isopropylphenol as substrate_ 

The sterically bulky substrate. p-isopropylphenol. was used as a substrate. in the presence and 

absence of 2mM SDS respectively. One advantage of the use of polyphenol oxidase in chloroform 

is the conversion of bulky. hydrophobic substrates such as this. since in this medium the substrates 

and products are more soluble. The significant effect of the SDS in increasing the rate of 

conversion of bulky substrates. as illustrated by the kinetic study (Chapter 4. Section 4 .4 .6), is also 

demonstrated here . In the presence of the SDS. the amount of a-quinone measured in the mobile 

phase was increased by a factor of three. suggesting again that the SDS plays a role in promoting 

the flexibi lity of the protein. facil itating access of the substrate to the active site. 
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5.2.6 Water content in the continuous flow systems 

The amount of water present in the system, and its variation during reaction, are important 

considerations in the application of polyphenol oxidase. While the protein must be adequately 

hydrated in order to function (Zaks and Russell,1988), any excess water might promote the 

polymerisation of a-quinone product. Binding of the polymer to the biocatalyst could lead to 

decreased accessibility of substrate to the enzyme active site, and hence to decreased efficiency 

in the system. Polymerised products formed in aqueous systems are reported to inhibit the enzyme 

(Lerch, 1983), but water-promoted polymerisation should be less significant in a chloroform medium 

provided there is no excess of free water, and hence this inhibition should be reduced. In a 

preliminary experiment (Section 2.2.7), the reaction was shown to continue at a uniform rate for 

several hours and similarly, in the columns being described here, the rates of reaction were 

approximately uniform for up to ten hours (Figures 5.2 and 5.4), suggesting the absence of 

inhibition. 

Conversely, insufficient water to hydrate the system would cause slow reaction rates. In the case 

of Column 2, this was demonstrated by the markedly reduced rate of UV absorbance increase 

following the addition of molecular sieve to the reservoir flask after one hour. This reduction was 

reversed by re-addition of water to the flask after two hours (Figure 5.2). The water content of the 

biocatalyst and mobile phase used in the present system are shown in Table 5.2 below. 

Table 5.2: Water content in constituents of continuous flow system 

Constituent % water!! Method of 
determination 

Biocatalyst before use 1.94 Drying at 100 0 C 

Biocatalyst after 8h use 1.20 

Chloroform saturated with buffer 0 . 12 Karl -Fischer 
used in mobile phase titration 

Chloroform solution drained from 0.16 
column after reaction' 

'Mean value for Columns 5,9,1 a,and 11; contains excess water. 
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Figure 5.4: Rates of reaction for Columns 5 (A), 7 (B), and 9 (C) 

The water content of the chloroform solution removed from the columns was found to be, on 

average, slightly higher than that of the chloroform used to prepare the solutions, which suggests 

that water was actually removed from the biocatalyst. It is apparent that the biocatalyst was 

wetter than was necessary for hydration of the protein, and starting with it drier might have lead 

to less polymerisation on the column, and hence improved yields . This also suggests that the initial 

step in the procedure, of washing hydrated chloroform through the columns was unnecessary, and 

could be omitted. 

It must be borne in mind that water is a product of the reaction being catalysed by polyphenol 

oxidase. In the present system, the amount produced would be negligible. One mmole in 100 ml, 

produced in the complete conversion of 1 mmole of substrate, would contribute an extra 0 .018% 

water in the solution, and would probably not even be released by the protein. However, in 

alternative systems if there were larger substrate loading, this may be a significant factor. 
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Some quinone product and /or polymerised material was apparently bound in all of the columns, 

indicated by changes in the colour of the biocatalyst, and the small mass gains measured after 

removal ofthe biocatalyst from some ofthe columns Isee Table 5 .1). In some cases, washing clean 

solvent through the column after draining the product effected removal of some bound quinone, 

and the quantities were then measured and added to the final mass of product in the calculations 

of yield . The loss of product due to binding on the biocatalyst would explain the observed 

discrepancy between the rate and extent of the reduction in concentration of substrate as 

determined by GC, and the concentration of a-quinone in the mobile phase as measured by UV­

visible spectroscopy, which is shown in Table 5.1. 

5.2 .7 Isolation of products and reduction of a-quinones to catechols 

Isolation of a-Quinones is often problematic, particularly if any water is present, due to their 

tendency to polymerise. Since catechols are generally more useful than quinones as starting 

materials for organic syntheses, it would be practical to convert the qui nones produced by 

polyphenol oxidase to catechols, by a chemical reduction . In this investigation, in common with 

other work in this area Ifor instance, Doddema,1988; Kazandjian and Klibanov , 1985), ascorbic 

acid was used as the reductant. Although it would seem wise to avoid use of aqueous systems, 

the ascorbic acid was found to be insufficiently soluble in organic Ichloroform or 

chloroform/methanol) solvents, even in the presence of a phase transfer catalyst, to effect the 

complete reduction of the Quinones. In Column 6, benzyltriethylammonium chloride was added to 

the chloroform solution drained from the column, to which ascorbic acid had been added, in an 

attempt to reduce the quinone. The reduction was found to be incomplete, however, with the 

presence of residual quinone being shown in the 'H NMR and IR spectra of the reaction mixture. 

An aqueous solution of ascorbic acid was therefore used in the successful reduction of the 

quinones from other columns, with phase separation to extract the catechols which were found 

to dissolve in the aqueous layer. This procedure was followed in the cases of Columns 4 and 11, 

where clean samples of the respective catechols were obtained . The catechols were identified by 

' H NMR spectroscopy, comparing the spectra with those of authentic standards, and those of the 

corresponding phenols and quinones. The reduction of qui nones was verified by the absence of 

quinone-carbonyl signals 11700 - 1660 cm" ) and the presence of broad signa ls Inear 3300cm" ) due 

to the hydroxyl groups, in the IR spectra of the products . 
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5.3 CONCLUSIONS 

These experiments demonstrate that the application of polyphenol oxidase in a continuous flow 

system is feasib le, although the system was not fully optimised. Nevertheless, the continuous 

process functioned successfully for a considerable time without significant decrease in the reaction 

rates . This indicates that in the use of chloroform as a medium, the reaction inactivation which is 

characteristic of aqueous systems, is avoided. This is attributable to the high solubility of the 

quinone products in chloroform which would result in their being removed from the binding site 

immediately after formation, so that they would not be available for the inactivation process. In 

overcoming the reaction inactivation to an extent where reasonable yields of product were 

obtained, the major advantage of the use of chloroform as a medium has been demonstrated, and 

polyphenol oxidase has been shown to be a feasible biocatalyst. 

Further work would be necessary to optimise the system for a practical situation. In particular, the 

water content in the different parts of the system would need careful control, in order to minimise 

polymerisation and binding of the product, while maintaining sufficient hydration of the protein to 

give workable conversion rates . Although reaction rates did not decrease a great deal in the 

experiments conducted here, more complete drying of the biocatalyst, perhaps by freeze-drying, 

might be advantageous. Hydration of the protein could then be effected (and controlled), for 

instance, by washing with hydrated chloroform. It may be beneficial to have conditions of less than 

maximal hydration, and to use relatively low substrate concentrations, because although the 

resulting rates might be slower, there might be a compensating decrease in the overall loss of 

product. There might also be some advantage in a simple purification step, such as ammonium 

sulphate precipitation, in decreasing the amount of extraneous protein present to bind water and 

thus promote polymerisation of quinones. 

Separation of the product from any unreacted phenolic substrate may also be necessary if reaction 

are not carried to completion, and although no attempt was made in the present study to obtain 

quantitative separation, the constituents of the reaction mixture from Column 5 were successfully 

separated on analytical TLC. This seem to indicate that chromatographic separation would be not 

be difficult. 

Since the need to reduce the qui nones to catechols may increase economic costs, an inexpensive, 

or regenerable reducing agent would be desirable. Ideally, the reduction step would be an integral 

part of a continuous flow system, applied to the effluent from the biocatalyst column after 

complete reaction. 
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504 EXPERIMENTAL 

504.1 Protein determinations 

Protein determinations were carried out (by Folin-Lowry method, see Section 204.9) on the enzyme 

extracts and on samples of the prepared biocatalysts. Results are shown in Table 5 .3 

Table 5.3 : Protein concentrations in enzyme extracts 

Enzyme % protein 

Crude extract 31 .0 

PVPP-treated extract 32.1 

(NH.)2S0. precipitated enzyme 60.1 

Biocatalyst Protein 
(gig beads) 

For Columns 1,4,7,8,9 0.0102 

For Columns 2,3 0.0062 

For Column 5 0.0018 

For Column 6 0.0107 

5.4.2 (1) Column 1 - Conversion of p-cresol to 4-methyl-o-benzoquinone. 

The biocatalyst was prepared by immobilisation of the freeze-dried crude extract (see Sections 

2.4.1 and 2.4.9) (2g) on glass beads (300pm; 60g). using phosphate buffer (pH 7; 50mM; 15mL) 

to dissolve the powder. The solution was stirred with the beads, and the slurry was dried in an air 

draught, with occasional stirring, until it was almost dry, although sticky. The water content of the 

biocatalyst was determined to be 1.94% by measuring the mass loss when a sample was heated 

at 100°C for 96h . 

The biocatalyst (48 .15g dry mass, OA93g total protein) was loosely packed into a glass column 

(2x15cm) fitted with a glass frit at the lower end. Buffer-saturated CHCI3 (50mL; 0,12% water) 

was passed through the column to ensure hydration of the protein . A solution of p-cresol in buffer­

saturated chloroform (1 OmM; 100mL) was loaded on the column, and circulated (see Figure 5.1) 



184 Section 5.4.2 

by pumping with an EYELA Microtube Pump MP-3, at a rate of 5mLlmin . The reservoir flask was 

covered to minimise evaporation losses. Periodically, aliquots were removed for analysis: (a) UV­

visible spectroscopy: absorbance due to the a-quinone product was measured at the appropriate 

wavelength (as determined in Section 3 .2.2), diluting the sample with CHCI3 when necessary, and 

(b) GC: aliquots (50pl) were dried (anhydrous MgSO.) and lpl injections were made (in duplicate) 

on the SE-30 capillary column (conditions as described in Section 2.4.15). The area under the 

substrate peak was measured by integration. The results are shown in Table 5.4. 

After 7h, the CHCI3 solution was drained from the column, its volume (96mL) was measured, and 

the water content (0.16%) was determined by Karl-Fischer titration . CHCI3 (40mL) and acetone 

(40mL) were used consecutively to wash further coloured product from the column. The UV 

absorbances of these solutions were measured and their a-quinone contents were calculated, to 

be added to the total yield . The column packing (which was dark brown) was removed, air-dried 

for 24h at room temperature, and 12h at 100oC, then weighed. The mass gained by the 

biocatalyst was approximately 0.03g. 

Table 5.4: Data from Column 1, converting p-cresol using crude enzyme. 

Time (h) UV absorbance (395nm) GC substrate 
peak area 

0 0.00 529659 

1 2.44 

2 3.30 352519 

3 3.50 

4 4.20 318509 

6 5.37 153638 

7 5.86 110056 

CHCI3 wash (40mL) 1.123 Reduction in area 

Acetone wash (40mL) 0 .320 
= 79% 

Total a-quinone produced = 0.444 mmoles 

% Conversion = 44.4% 

a-Quinone produced after 6h = 0 .901 mmoles/g protein 
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5.4.2 (2) Reduction of product from Column 1 

A portion (30mL) of the solution of the product solution from the column was treated with ascorbic 

acid (O.15g) in MeOH (5mLI and stirred for 2h. The mixture was filtered and evaporated to dryness. 

The major constituent of the residue was found by 'H NMR spectroscopy to be 4-methylcatechol, 

6H(CDCI,) 2 .23(3H,s,CH,I, 5.23(1 H,br s,OH)' 5.35(1 H,br s,OH), 6.58(1 H,dd,J 8 and 1.2, H-5), 

6.68(1 H,d,J 1.2, H-6), and 6.73(1 H,d,J 8,H-3) . 

5.4.3 Column 2, using 50mM p-cresol as substrate 

The procedure described for Column 1 was followed, but the biocatalyst was prepared from 

previously prepared crude extract (1g) on glass beads (50g), and 50.3g(dry mass, containing 

0.312g protein) was packed into the column. p-Cresol solution (50mM; 75mL) in buffer-saturated 

CHCI, was added as before and the reaction was followed for 12h. Molecular sieve (3A, 5g) was 

added to the reservoir flask after 1 h. The rate of absorbance increase was observed to decrease 

dramatically during the second hour. The chloroform was then re-hydrated by addition of buffer 

(90pl, equivalent to 0.12%1 to the flask, with swirling for 2 min. After 12h, the solutution was 

drained as before, and the CHCI, (20mLI was used to wash further product from the column. 

Results of the UV analysis are shown in Table 5.5. GC analysis did not show any significant 

decrease in the substrate peak. 

A portion of the solution from the column was dried (anhydrous MgSO.1 and evaporated to dryness 

leaving a residue which contained, as the major constituent, p-cresol 6H(CDCI,) 2.29(3H,s,CH,)' 

6. 75(2H,d,J 8.2,H-3 and H-51, and 7 .05(2H,d,J 8.2,H-2 and H-61. Very small peaks corresponding 

to 4-methyl-o-benzoquinone, 6H(CDCI,12 .37(3H,s,CH,I, 6.25(1 H,s,H-5), 6.35(1 h,d,J 1 0,H-61 and 

6 .87(1 H,d,J 10,H-3), were observed in the 'H NMR spectrum, but integral ratios could not be 

measured accurately. 
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Table 5.5 Data from Column 2, using 50mM p-cresol as substrate 

Time (h) Absorbance (395nm) Time (h) Absorbance 
(395nm) 

0 0 .00 3.5 1.303 

0.25 0 .145 4.0 1.540 

0.50 0 .355 4.5 1.650 

0 .75 0 .512 5.0 1.840 

1.00 0.661 6.5 2.10 

1.25 0.728 7.0 2.28 

1.50 0 .747 8.0 2.45 

2.00 0.774 9.0 2 .87 

2.25 0.898 10.0 2.92 

2.50 0 .974 12.0 3 .07 

3.00 1.100 CHCI3 wash (20mL) 0 .582 

Total Q-quinone produced = 0 .166 mmoles 

% conversion = 4.4% 

Q-Quinone produced after 6h = 0 .346 mmoles/g protein 
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5.4.4 Column 3. using 20mM p-cresol as substrate 

The procedure described for Column 1 was followed. using the same biocatalyst as used for 

Column 2 (51.2g.containing 0 .318g protein). A solution of p-cresol (20mM; 75mL) was added and 

the reaction was followed for 6h. The data obtained are shown in Table 5.6. 

Table 5.6: Results from Column 3. using 20mM p-cresol as substrate. 

Time (h) Absorbance 
(395nm) 

0 0.0 

0.5 0.120 

1.5 0.242 

2.5 0.334 

4.0 0.432 

5.0 0.545 

6.0 0.573 

Total a-quinone produced 0.0295 mmoles 

% conversion = 1.97% 

a-Quinone produced after 6h = 0 .095 mmole/g protein. 

5.4.5 (1) Column 4. using p-cresol in the presence of SOS 

The procedure described for Column 1 was followed. using the same freshly prepared biocatalyst 

(47.24g.containing 0.483g protein). The p-cresol solution (10mM; 100mL) was prepared using 

CHCI3 which had been shaken with 2mM SDS solution then separated. The reaction was followed 

for 7h. and the data obtained are shown in Table 5.7. The mass gained by the biocatalyst (after 

drying) was 0.05g. 
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Table 5.7: Results obtained for Column 4, in the presence of SOS 

Time (h) UV Absorbance GC substrate 
(395nm) peak area 

0 0.0 505939 

0.5 2.26 

1.0 3.33 

2.0 4.27 180027 

3.0 4 .52 

4.0 4.91 52546 

5.0 5.53 

6.0 5.91 52062 

7.0 7.27 29204 

CHCI, wash (30mL) 1.018 % Reduction = 94% 

Total a-quinone produced = 0.45 mmoles 

% Conversion = 45% 

a-Quinone produced after 6h = 0 .839 mmoles/g protein. 

5.4.5 (2) Reduction of product from Column 4 

A portion of the reaction mixture from the column was treated with ascorbic acid (0.25g) in MeOH 

(5mL) and the mixture was stirred for 1 h, then allowed to stand overnight. The colour (due to a­

quinone) was observed to have decreased but was not removed. An aqueous solution of ascorbic 

acid (10%; 20mL) was added, and the mixture was shaken for 5 min before allowing the layers to 

separate. The aqueous layer was extracted with EtOAc (3 x 15mL). and the combined organic 

fractions were dried (anhydrous MgSO.1. The solvent was removed under reduced pressure, and 

the product was found to be 4-methylcatechol (9mg, 29%). vm,,(CHCI,) 3250 br(OH); oH(CDCI,) 

2.23(3h,s,CH,). 4 .82(1 h,br s,OH). 4.92(1 h,br s,OH), 6.58(1 h,dd,J 8 and 1.2,H-5). 6.68(1 h,d,J 

1.2,H-6) and 6.73(1h,d,J 8,H-3). 
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5 .4 .6 (11 Column 5, using partially purified enzyme 

The procedure described for Column 1 was followed, but the biocatalyst was prepared by 

immobilising the partially purified enzyme obtained by ammonium sulphate precipitation (Section 

2.4.21 . The freeze-dried powder (0.15g) was dissolved in phosphate buffer (50mM, pH 7, 5mL), 

glass beads (300pm, 50g1 were added, and the mixture was allowed to air dry. This biocatalyst 

(47 .0g, containing 0.092g proteinl was loosely packed into the column, and treated as before, 

using p-cresol (10mM, 100mLI in buffer-saturated chloroform. The reaction was followed for 6h. 

The spent biocatalyst, after drying, was found to have gained 0.04g, and the water content of the 

solution after reaction was 0.12%. The results obtained are shown in Table 5.8. In the GC analysis, 

a small peak was observed to develop at retention time 11 .8 min (see Figure 5.3). which was 

identified as 4-methylcatechol by co-elution with a standard sample. This was also indicated by 

TLC comparison (silica" EtOAc:hexane 1: 11 of the reaction mixture with standard 4-

methylcatechol. 

The solvent from a portion (20mL) of the final solution from the column was removed under 

reduced pressure, and the residue (0.022g, approximate yield 90%1 was found to contain mainly 

4-methyl-a-benzoquinone oH(CDCI,) 2.2213H,s,CH,), 6.23(1 H,s,H-5), 6.33(1 H,d,J 10.1 ,H-6). and 

6 .87(1 H,d, J 10, H-3) . Small peaks correlating with p-cresol (approx. 5%) and 4-methylcatechol 

(less than 1 %) were also observed, as well as small impurities which may be polymerised material. 

Table 5 .8 : Data from Column 5, using partially purified enzyme 

Time (hi UV Absorbance (395nml GC substrate 
peak area 

0 0 .0 232651 

0 .5 2.225 

1.0 2.547 155439 

2 .5 7 .740 85494 

4.0 8.296 60321 

5 .0 9.860 26498 

6 .0 10.900 11979 

CHCI, wash (30ml) 1.089 % Reduction 
= 94.9% 

Total a-quinone = 0 .769 mmoles 

% Conversion = 76.9% 

a-Quinone produced after 6h 9.047 mmoles/g protein 
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5.4.6 (2) Reduction of product from Column 5 

A further portion (30mL) of the solution from the column was treated with ascorbic acid (0.07g, 

2 equivalents) in MeOH (20mL), and the mixture was stirred for 2h, then filtered, and the solvent 

was removed under reduced pressure. The residue was extracted with EtOAc (3 x 10mL), giving 

4-methylcatechol (12mg, 33%), identified by 'H NMR spectroscopy. 

5.4 .7 (1) Column 6, using PVPP-treated enzyme extract 

The procedure described for Column 1 was followed, but the biocatalyst was prepared by 

immobilising the PVPP-treated enzyme extract (see Section 2.4.3). The freeze-dried powder (2g) 

was dissolved in phosphate buffer (50mM; pH 7; 15mL) and glass beads (300Jlm;60g) were added. 

The mixture was stirred and allowed to dry under a stream of air. The column was loosely packed 

with the biocatalyst (56.95g, dry mass, containing 0 .608g protein) and treated as before. The 

substrate solution, p-cresol (1 OmM; 1 OOmL) in buffer-saturated chloroform, was added, and the 

reaction was followed for 6h. The spent biocatalyst, after drying, was found to have gained 

0.018g. The data obtained is shown in Table 5.9. 

Table 5.9: Data from Column 6, using PVPP-treated enzyme 

Time (hi UV Absorbance {395nml GC substrate 
peak area 

0.0 0.00 836209 

0.83 2.814 

2.0 4.876 

3.0 6.58 260004 

4.0 6.84 167900 

6 .0 7.43 24700 

CHCI, wash (52ml) 0.108 % Reduction 
= 97.1 % 

Total a-quinone produced 0.513 mmoles 

% Conversion = 51.3% 

a-Quinone produced after 6h = 0.843 mmoles/g protein. 
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5.4.7 (2) Reduction of product from Column 6 

A portion (25ml) of the product solution from the column was stirred with ascorbic acid (0 .15g) 

in MeOH (5ml) for 1 h, and allowed to stand overnight. The solution was observed to have retained 

some colour (due to a-Quinone). The phase transfer catalyst, benzyltriethylammonium chloride 

(0 .01 gL was added and the mixture was stirred for 1 h. The solvent was removed under reduced 

pressure, and the residue was extracted with CHCI, (3 x 1 Oml) . The combined CHCI, fractions 

were evaporated under reduced pressure, giving mainly 4-methylcatechol, contaminated with p­

cresal (approximately 20%) and 4-methyl-a-benzoQuinone (1 %L identified by 'H NMR spectra as 

before and IR: vm,,(CHCI,) 3250 br s(OH) and 171 O(C = 0) cm-'. 

5.4.8 (1) Column 7, using ATEE as substrate 

The procedure described for Column 1 was followed, using the same biocatalyst (56.20g, 

containing 0.573g protein) . The substrate solution (1 OOml) contained N-acetyltyrosine ethyl ester 

(10mML and the reaction was followed for 9h . The results obtained are shown in Table 5 .10. The 

spent biocatalyst, after drying, was found to have gained 0 .04g. 

Table 5 .10: Data from Column 7, using ATEE as substrate 

Time (h) UV Absorbance GC substrate 
(395nm) peak area 

0 .0 0 .0 795329 

1.0 0.167 

2.0 0.437 

3 .0 0.680 750582 

4.0 0.874 

5.0 1.093 738267 

6.0 1.264 

7 .0 1.370 557821 

8 .0 

9.0 1.658 353483 

CHCI, wash (50ml) 0 .061 % Reduction 
= 55 .6 % 

Total a-quinone produced = 0 .109 mmoles 

% Conversion = 1 0.9 % 

a-Quinone produced after 6h 0.140 mmoles/g prote in 
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A portion (25mL) of the solution from the column was dried (anhydrous MgS04 ) and evaporated 

to dryness under reduced pressure, giving a residue which appeared polymerised, and 'H NMR 

spectroscopy showed the presence of N-acetyltyrosine ethyl ester 6H (CDCI3 ) 1 .23(3H,t,J 3.8,CH 3), 

1.95(3H,s,CH3 ), 2.96(2H,ddd,J 6.3,5.4 and 8.3, CH 2 ), 4.1 612H,dd,J 4.0 and 3.0, ethyl-CH 2), 

4.80(1H,dd,J 4.0 and 2.0,CH), 6.23(1H,d,J 8.0, arom-H), 6.6.72(2H,d,J 8.5,arom-H), and 

6.92(2H,d,J 8.5,arom-H): the a-quinone product had presumably polymerised, and was not soluble 

in CDCI3 • 

5.4.8 (2) Reduction of product from Column 7 

A further portion (25mL) of the solution from the column was treated wuth ascorbic acid (0.15g) 

in MeOH(5mL) and then as an aqueous solution, in the same way as Column 4. The resulting 

extract was found to contain mainly ATEE, with a small proportion of the a-quinone, idetified by 

comparison of 'H NMR spectra. 

5.4.9 Column 8, using p-isopropylphenol as substrate 

The procedure described for Column 1 was followed, using the same biocatalyst (52 .24g, 

containing 0.533g protein). The substrate solution 11 OOmL) contained p-isopropylphenol (1 OmM), 

and the reaction was followed for 6h. The data obtained is shown in Table 5.11. 

Table 5.11: Data from Column 8, using p-isopropylphenol as substrate 

Time (h) UV Absorbance GC substrate 
(390nm) peak area 

0.0 0.0 563501 

0.0 0.213 

2 .0 0.433 530921 

3.0 0.691 

4.0 0 .936 488232 

5.0 1.157 

6.0 1.320 452703 

CHCI 3 . wash (40ml) 0.021 % Reduction 
= 19.7% 

Total a-quinone produced 0 .084 mmoles 

% Conversion = 8.41% 

a-Quinone produced after 6h 0.158 mmoles/g protein 
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5.4.10 Column 9, using p-isopropylphenol as substrate, and SDS 

The procedure described for Column 1 was followed, using the same biocatalyst 

(49.55g,containing 0.506g protein) . The substrate solution (1 OOmL) contained p-isopropylphenol 

(10mM), dissolved in CHCI, which had been shaken with 2mM SDS solution . The reaction was 

followed for 8h. The spent biocatalyst, after drying, was found to have gained 0.03g, and the 

solution from the column contained 0.202% water after reaction. The data obtained is shown in 

Table 5.12. 

Table 5 .12: Data from Column 9, using p-isopropylphenol as substrate, in the presence of SDS 

Time (h) UV Absorbance GC substrate 
(390nml peak area 

0 .0 0.0 389286 

0 .5 0.484 

1.0 0.871 

1.5 1.351 

3 .0 2.364 278942 

4 .0 3 .292 220780 

5.0 3.540 

6 .0 4.024 204817 

7.25 4.336 

8.0 4.540 181629 

% Reduction 
= 53.3% 

Total o-quinone produced = 0.289 mmoles 

% Conversion = 28.9% 

o-Quinone produced after 6h = 0.507 mmoles/g protein 

The solvent from a portion (20mL) of the solution from the column was removed under reduced 

pressure, leaving 0.018g residue, containing polymerised material. some 4-isopropyl-o­

benzoquinone, and some starting material, identified by 'H NMR spectroscopy. 
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5.4.10 (2) Reduction of product from Column 9 

A further portion (25mL) of the solution from the column was treated with ascorbic acid in the 

same manner as for Column 4, giving 4-isopropylcatechol (11 mg,56%, correcting for starting 

material), vm.,(CCIJ ) 3250 br stOHl, and 0H(CDCI J ) 1.19(3H,s,CH J I. 1.20(3H,s,CH J ) , 

2.85(1 H,m,CH), 6.6611 H,dd,J 8 and 2.1, H-5), 6.75(1 H,d,J 2.0,H-3) and 6.88(1 H,d,J 8,H-6). The 

sample contained some contaminating starting material (16%, calculated from integral ratios in the 

'H NMR spectrum). 
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CHAPTER 6 

BIOMIMETIC STUDIES OF TYROSINASE: MOLECULAR MODELLING 

6.1 INTRODUCTION 

6.1.1 Biomimetic chemistry 

The efficiency of biological reactions is at least partly attributable to specific molecular interactions, 

such as those which occur between an enzyme and its substrate. The nature of these interactions 

and the mechanisms of biological reactions have been elucidated to some extent, in recent years. 

The term "biomimetic chemistry" was first used by Breslow (1972), in referring to a newly 

developing field in which the principal aim was to imitate biological processes by classical 

techniques of organic chemistry (Katchalski-Katzir, 1983). A reciprocal relationship has evolved in 

which modelling of biological systems, using information derived from biochemical investigations 

and theoretical data, contributes to our understanding of the biological processes. "The biological 

model provides the organic chemist with inspiration, challenge, and identification of interesting 

problems" (Cram, 1983). 

6.1.2 Molecular recognition considerations 

Biomimetic chemistry must take into account the characteristic process by which biological 

molecules recognise and selectively interact with each other within a complex chemical 

environment - a process which has become known as "molecular recognition" (Hamilton,19911-

Ideally, a biomimetic model should simulate the interactions which occur in the biological system. 

The recognition of a substrate by a protein is characterised by several features: 

(i) Complementarity between the substrate and the binding site, which may involve pairing 

of oppositely charged or polarised groups, hydrophobic groups, and 

hydrogen bond donors and acceptors. 

(ii) Specificity, which is related to the steric match and an optimisation of attractive 

interactions between the protein and the ligand. 

(iii I Dynamic factors such as conformational changes and flexibility. 

(Katchalski-Katzir, 1983). 
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Hydrogen bonds and" - " stacking interactions have been identified as the major binding forces 

in molecular recognition. Generally, the recognition process involves multiple interactions, which 

increase the strength of the binding as well as improving selectivity (Hamilton, 1991). Many 

enzymes have a concave "pocket" containing the receptor site in a hydrophobic environment; in 

these cases, catalysis apparently requires non-polar conditions. Thus information about nature's 

strategy for optimising a biological system provides direction for the design of biomimetic models 

which simulate that system. 

6.1.3 Molecular mechanics 

Molecular mechanics was developed as a theoretical method for estimating steric effects . As 

modern computational techniques have improved, molecular mechanics has become increasingly 

useful as a tool for the prediction not only of molecular shapes and steric interactions, but also of 

molecular dynamics and charge distributions. In a biomimetic context, molecular mechanics can be 

used to predict andlor explain these aspects of structure-function relationships in biological and 

biomimetic systems (Hancock, 1989). 

Molecular mechanics involves the construction of a molecular model and the calculation of the 

potential energy of a particular conformation . The total potential energy in the molecule is then 

minimised by a sequence of iterative calculations of the potential energies for consecutively varied 

conformations until a structural model is obtained which represents the optimal (most stable) 

conformation. The final model generally represents an idealised gas phase structure of the 

molecule, which would be independent of lattice interactions in the solid state, or of solvent effects 

in solution . 

Data required for such calculations include:- the atomic size of each of the component atoms, ideal 

(strain-free) bond lengths, and force constants for the various bond types. The former two 

parameters are generally derived from experimental data such as X-ray crystallographic 

measurements of closely similar structures, correlated with theoretical values. The force constant 

(interaction constant) of an atom depends on the type of bonds involving the atom, and determines 

the limits of the allowed bond distortions. For any molecular species, the force field (empirical 

potential) is determined; this takes into account bond deformations, angle deformations, torsional 

strains, and non-bonded interactions, as well as the strain-free bond lengths. The force field of a 

molecule is a description of that molecule as a collection of the component atoms interacting with 

each other, and this is the data set which is incorporated into the programme used to perform the 

calculations (Brubaker and Johnson, 1984). The minimisation of strain energy is achieved via 
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potential energy calculations at points on an internally mapped potential surface, for a gradually 

varied set of intramolecular dimensions. The starting point for the calculations is an initial guess 

at the atomic positions; this must be based on an energetically reasonable conformation, but 

modern programmes may include methods for differentiating between local and global minima on 

the potential surface. As would be expected in a new and rapidly developing field such as this, 

refinements to the techniques of molecular mechanics are reported regularly in the current literature 

(for example, Halgren, 1992 and Rapp~ et al., 1992). 

In the molecular mechanical treatment of coordination chemistry, the selection of force field 

parameters is especially important because the lengths of metal-to-ligand bonds are dependent on 

the structure of a complex, as well as on the nature of the ligand donor groups. For example, steric 

crowding can cause coordinate bonds to be elongated, particularly when small metal ions are 

involved. Where ideal bond lengths have not been determined for metalldonor sets, it is reasonable 

to use an average force constant for all metal ions of the same size (Hancock, 1989). 

6.1.4 Molecular mechanics calculations for dinuclear copper complexes 

Copper (II) complexes require special consideration, in that octahedral geometry cannot be assumed 

for the copper ions, due to a strong Jahn-Teller effect. Thus, the coordination number and 

arrangement of the copper ions should be predicted and specified in the calculation parameters 

(Bernhardt and Comba, 1992). These authors have published a force field for copper (II) in 

organometallic complexes, determined by modelling a series of amine and imine complexes, and 

correlated the results with X-ray crystal structures (Bernhardt and Comba, 1992; Bernhardt et al., 

19921. The close similarity reported for these correlations provides support for the validity of 

molecular mechanics calculations on copper complexes. 

In the present study, a molecular mechanics approach was used to predict the conformational 

characteristics of the proposed biomimetic dinuclear copper complexes 1.11 and III (Scheme 6.1). 

Since these complexes are models of tyrosinase, the molecular mechanics investigation was 

extended to assess (al the feasibility of a dioxygen peroxide bridge between the two copper ions, 

and (bl the accessibility of the Cu-O,-Cu unit for binding phenolic substrates. Reglier et al. (1990) 

proposed that the presence of the biphenyl spacer in complex I would facilitate a conformation in 

which the copper ions could reasonably be bridged by dioxygen. 
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Scheme 6 .1: Complexes to be modelled by molecular mechanics. prior to their proposed synthesis 

6 .1.5 Factors to be considered in modelling polyphenol oxidase 

The structure and functioning of the dinuclear binding site in polyphenol oxidase are discussed in 

detail in Section 1.2. but aspects relevant to the design and modelling of biomimetic complexes are 

mentioned here . 

The distance of separation between the oxygen-bridged copper atoms is important in the 

complexes. because the initial stage of the enzyme-catalysed reaction involves the binding of 

dioxygen across the dinuclear site . A good steric match for this requires that the copper ions be 

separated by a distance of 5A for rigid planar complexes. but less for more flexible systems (Oishi 

et al.. 1980). The copper-copper separation in the enzyme active site is believed to be 

approximately 3.5A. and many of the successful comp lexes reported in the literature have similar 

copper-copper separation . Models can be judged to be reasonable if they exhibit a copper-copper 

distance approximating that in the enzyme. 
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The coordination arrangement of the copper ions in the complexes is also an important 

consideration. In tyrosinase, the phenolic substrate initially binds axially, while the peroxide is 

thought to bind in the equatorial plane, in what is now considered to be a 11:,,2_,,2 bridging mode 

(Kitajima and Moro-oka, 1993; see Section 1.4.4). Previously, the most likely bridging mode was 

thought to be cis 11-1 ,2 (Solomon, 1988b). A change of coordination from tetragonal copper (I) to 

trigonal bipyramidal copper (Ii) is thought to result from binding of the phenolic substrate (see 

Figure 6.1 and Section 1.2.6) (Solomon et a/., 1992) . 

• 

Figure 6.1: Rearrangement of the copper coordination upon binding of phenol 

The electron transfer involved in the catalytic activity of tyrosinase would occur most readily when 

the phenolic substrate is coordinated equatorially to the copper (II) ions, since this would maximise 

the overlap of the substrate donor groups with the half empty d'2'Y2 orbitals of the copper (Ii) ions 

(Kida et a/., 1983). The oxidation of catechols is less geometrically and sterically demanding, 

because rearrangement from axial to equatorial binding is not required . In the binding of either type 

of substrate, the protein pocket is thought to contribute to stabilisation of the binding, possibly 

through 17-stacking interactions (Wilcox et a/., 1985). 

6.2 RESULTS AND DISCUSSION 

6.2.1 Molecular Modelling using ALCHEMY IIi!> 

In the earlier stages of the present investigation, the molecular modelling program ALCHEMY Iii!> 

was utilised to model the complexes I, II and III, and related structures, as shown in Scheme 6.2. 

This package is relatively unsophisticated, and the results obtained must be considered in the light 

of its limitations. Later, the more advanced package HyperChemi!> became available, and was used 
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to model various derivatives of complex III and to establish more refined conformational 

relationships . 
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Scheme 6.2: Complexes modelled using ALCHEMY II® 
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The structures VII - XII include a xylene spacer in place of the biphenyl spacer in complexes I - VI 

(Scheme 6 .2) . These xylene-linked complexes have been synthesised and show n to model the 

activity of tyrosinase, in that they catalysed the hydroxylation of the xylene spacer (see Section 

1.4.5 (1)1. The xylene spacer imposes a rather rigid, planar conformation on the complexes. In the 

present molecular mechanics study, the biphenyl-linked complexes I - VI were modelled because 

they were expected to have fewer constraints imposed on their copper coordination geometry, to 

be more flexible, and to have more space for a substrate to approach the binding site. The 

complexes I -III were subsequently synthesised (see Chapter 7) but syntheses of the complexes IV -

VI have not been reported to date. 

Solvent molecules can also be coordinated to the copper atoms in organometallic complexes, 

particularly in imine-linked complexes such as I -III and VI - IX, which provide only two nitrogen­

donor atoms per copper atom. In the more crowded amine models IV - VI and X - XII, each copper 

atom is coordinated to three nitrogen donors from the ligand and, possibly, also to solvent 

molecules. 

Like their imine analogs, the complexes X - XII have been reported (by various workers; see 

Sections 1.4.4 and 1.4.5) to catalyse the hydroxylation of the arene ring in the ligand. In the 

hydroxylation of exogenous phenolic substrates, however, the considerably increased steric bulk 

of the amine complexes might restrict access of the substrates (particularly those with hindered 

structures) to the binding site more than in the case of the imine-linked analogs . 

In this study, the conformation of the phenyl rings in the biphenyl complexes was expected to be 

such that their relative rotation and out-of-plane distortion (Figure 6 .2,A) might draw them away 

from the plane containing the copper atoms . This might preclude the possibility of arene ring 

hydroxylation and consequently facilitate the binding and hydroxylation of exogenous phenolic 

substrates. In Figure 6.2, B shows the conformation proposed for the xylene complexes, which 

leads to hydroxylation of the arene ring because of its proximity to the peroxide bridge (Karlin et 

al., 1992) . 
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Figure 6.2: Conformations of spacers in copper complexes 

Using ALCHEMY II, the organic ligands were constructed before trigonal bipyramidal copper atoms 

were added to the structures. This copper geometry represents that pertaining in the oxygenated 

binding site of tyrosinase, during binding of the substrate. Minimisation of these models resulted 

in open conformations as shown in Figure 6 .3 and clearly, steric interactions would be small in 

conformations such as these. The relative rotation of the phenyl rings in the biphenyl spacer was 

observed to be retained, which indicates that the copper atoms would be out of the plane of the 

aromatic rings as discussed above. 

For each of the energy-minimised models, a dioxygen bridge was then added across the copper 

atoms, and the minimisation calculations were repeated . This bridging resulted in the conformations 

shown in Figure 6.4, where the binding site is concave, the biphenyl spacer is more distorted, and 

the arene rings are held out of the plane of the copper atoms. The dioxygen bridges were observed 

to adopt trans configurations, as would be expected for the most stable arrangement in dinuclear 

copper complexes (Kitajima and Moro-oka, 1993) . The copper-copper distances were measured for 

the energy-minimised models with peroxide bridges (Table 6.1). These distances were observed 

to be consistent with those required in tyrosinase models and with those reported in the literature 

from crystal structures of similar complexes (see Section 1.4.4). 
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Table 6 .1: Copper-copper separations in modelled complexes 

Complex Copper-copper separation 
(AI -

I 3.077 

II 3.175 

III 3.149 

IV 3.468 

V 3 .113 

VI ' 4.105 

VII 3.248 

VIII 3.211 

IX 3.195 

X 3 .374 

XI 3.431 

XII' 4 .253 

, Modelled using HyperChem'" 
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III 

III 

IX 

Figure 6.3: Photographs showing the open conformations of biomimetic models of complexes III 

and IX, prior to addition of the dioxygen bridge 
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III 

Figure 6.4: Photographs showing the conformations of biomimetic models with dioxygen bridges. 

modelled using Alchemy II®. Coloured atoms: nitrogen; grey atoms: carbon ; numbers correspond 

with Scheme 6 .2 
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IV 

V 

Figure 6.4: Photographs showing the conformations of biomimetic models with dioxygen bridges, 

modelled using Alchemy 1Ii~ . Coloured atoms: nitrogen; grey atoms: carbon; numbers correspond 

with Scheme 6.2 
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VII 

VIII 

Figure 6.4: Photographs showing the conformations of biomimetic models with dioxygen bridges. 

modelled using Alchemy II®. Coloured atoms: nitrogen; grey atoms: carbon; numbers correspond 

with Scheme 6.2 
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x 

XI 

Figure 6.4: Photographs showing the conformations of biomimetic models with dioxygen bridges, 

modelled using Alchemy II®. Coloured atoms: nitrogen; grey atoms: carbon; numbers correspond 

with Scheme 6.2 
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The energy contributions and total potential energies for the modelled complexes in their energy· 

minimised "met", "oxy", and "deoxy" states are shown in Table 6.2. The "met" form represents 

the dinuclear copper (II) form, minimised without oxygen present; the "oxy" state represents the 

oxygenated form which has a dioxygen bridge; and the "deoxy" form represents the complex when 

oxygen is removed from the minimised "oxy" form. The energies (Em) of the met forms were 

determined from the minimised met structures, and these represent the least strained 

conformations of the complexes in the absence of oxygen. The relative energies required for 

oxygen binding were determined by the following procedure: The energies (Eo) were recorded after 

minimisation with the dioxygen bridge in place, the model structure was then modified by removing 

the oxygen atoms, and one iteration of the energy minimisation was carried out, to give the 

energies (Ed). The differences (Eo - Em) give an indication of the energy of binding oxygen, and the 

differences (Ed - Em) give an estimate of the strain imposed on the conformation when the ligand 

is bent to enable bridging by oxygen. From the energies (Ed· Em), it is clear that the sterically 

crowded amine models IV - VI and X - XII have greater conformational strain imposed by the 

bridging oxygen than occurs in the imine-linked models. Comparison of the (Ed - Em) energies of the 

xylene-linked models with those of the biphenyl-linked models shows that in general, more strain 

occurs in the more rigid xylene-linked analogs. 

Table 6.2: Conformational energy measurements for complexes I - XII 

Complex Total conformational energy· 
Met. Em Oxy. Eo Deoxy. Ed Eo-Em Ed-Em 

I 11.3 21.9 18.8 10.6 7.5 

II 36.6 47.2 44.0 10.6 7.4 

III 112 170 140 58 28 

IV 30.4 155 110 124.6 79.6 

V 120 220 190 100 70 

VI 163 322 312 159 149 

VII 13.1 26.6 33.3 13.5 20.2 

VIII 27.8 40.3 35.8 12.5 8.0 

IX 147 300 180 153 33 

X 29.1 110 82.2 80.9 53.1 

XI 58.9 180 130 61.1 71.1 

XII 62 247 235 185 163 

• Units of energy measurements are kcal.mol·' 

, 
• 
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6.2.2 Modelling using HyperChemi!l 

The molecules shown in Scheme 6.3 were modelled and their conformational energies minimised 

using the programme HyperChem, to show that the simultaneous binding of oxygen and a bulky 

substrate was feasible. Obviously, the actual energy values obtained in the minimsation calculations 

are not directly comparable, since t~e models have non-equivalent structures, but the large 

differences observed do indicate increasing strain in the series (Table 6.3), It is also apparent from 

visual assessment that the structures are increasingly crowded (Figure 6.5). The copper-copper 

separations were measured (Table 6.3) and found to be similar to those determined previously 

(Section 6.2.1), 

C 6JO\,cJ:) 
BOB 

N III 
(:

1 
Cu 

B~ (MeCNh 

IIIb 

B = benzimidazole 

IIId lIIe 
lilt 

Scheme 6.3: Derivatives of complex III, including binding of dioxygen and DTBP, modelled using 

HyperChemi!l 

, 
• 
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The modellllf, in which two molecules of the sterically bulky substrate DTBP are coordinated, one 

to each copper, is particularly crowded, but is nevertheless feasible (Figure 6.5). This justifies, to 

some extent, the suggestion made in Section 9.3.3 that the coupling of DTBP could involve two 

DTBP radicals in association with the complex. 

The flexibility of the biphenyl spacer and its non-planarity are shown in the models, and it seems 

reasonable to assume that these characteristics would be found in the actual molecules. The xylene 

spacer imposes more rigidity on the complexes, as reflected in the greater energy differences (Eo -

Ed) involved in binding oxygen. The removal of the phenyl rings from the proximity of the dioxygen­

copper plane is also apparent (e.g., in complex IIIc, Figure 6.5). 

Table 6.3: Data obtained from modelling derivatives of complex III using HyperChem® 

Derivative Copper-copper Total conformational 
separation (A) energy 

III 8.589 24.70 

IIlb 4.105 42.78 

IIle 3.062 198.12 

IIId 3.236 180.05 

Ille 3.322 207.50 

lilt 3.287 850.75 
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III 

IIIb 

Figure 6.5: Photographs showing models of derivatives of complex III; numbers correspond to 

Scheme 6.3; blue atoms: carbon; white: hydrogen; red: oxygen; dark blue: nitrogen; yellow: 

copper. 
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IIIc 

IIId 

Figure 6.5: Photographs showing models of derivatives of complex III; numbers correspond to 

Scheme 6.3; blue atoms: carbon; white: hydrogen; red: oxygen; dark blue: nitrogen; yellow: 

copper. 

.. 
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lIIe 

IIIf 

Figure 6 .5 : Photographs showing models of derivatives of complex III; numbers correspond to 

Scheme 6.3; blue atoms: carbon; white: hydrogen; red: oxygen; dark blue: nitrogen; yellow: 

copper. In IIIf, DTBP is shown in yellow 
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6.3 CONCLUSION 

This theoretical molecular mechanics approach to modelling is, by its very nature, approximate, and 

can only give an indication of steric and conformational characteristics in molecules. (Only in cases 

where crystal structure coordinates are available can the structure be truly representative). 

Nevertheless, it can be deduced that the complexes I, II and III are reasonable structural models of 

the dinuclear copper site, and that their preparation is justified. 

It can also be observed that in the models of the complexes which have a biphenyl spacer, the 

phenyl rings of the spacer are out of the plane of the oxygen bridging atoms, in contrast to the 

almost planar situation in models where the spacer is xylene. The biphenyl spacer does appear to 

be flexible, in that it is bent in the models. Thus, the results of this modelling study support the 

predictions made in Section 6.1 .4. 

6.4 EXPERIMENTAL 

6.4.1 Modelling with ALCHEMY® 

The strain minimisation calculations were performed using a conjugate gradient minimisation 

method, with the total potential energies E comprising the contributions indicated in equation: 

where E", represents energy strain due to bond stretching 

angle bending 

torsional deformation 

van der Waals interactions 

out of plane bending 

For copper (I) and copper (II), the ideal bond length was 1.9A (Bernhardt et al., 1992), and van der 

Waals radii of 2.2 and 2.3A respectively were incorporated into the atomic definition file of the 

package. Non-bonded interactions involving the metal ions were neglected, following the example 

of others (Bernhardt and Comba, 1992). 
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6.4.2 Modelling using HyperChem® 

Minimisation calculations were performed with the MM + program (Allinger, 1977), using a 

steepest gradient optimisation followed by conjugate gradient IPolak-Ribiere) optimisation. Non­

bonded cut-offs with a switched smoothing function were included: inner radius 10,11. and outer 

radius 14,11.. A distance-dependent dielectric medium was used, and the calculations were done "in 

vacuo·. The program uses bond dipoles as a source of partial atomic charges . 

The geometry of the copper (II) ions was specified as tetragonal in the non-oxygenated forms, and 

trigonal bipyramidal in the derivatives where oxygen and substrate molecules were included. Ideal 

bond lengths and force constants were included as follows: 

Cu(ll)-imine Cu-N 

Cu(II)-amine Cu-N 

Cu(II)-heterocyclic Cu-N 

Peroxide 0-0, trans 

Peroxide 0-0, side-on 

1.94,11., 0.6 mdynA' 

1.97,11., 0.6 mdynA' 

1.94,11., 0 .6 mdyn.A-' (Bernhardt et al., 1992) 

3.1 mdyn .A-' 

2.5 mdyn.A-' (Solomon et al., 1992). 
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CHAPTER 7 

SYNTHESIS OF BIOMIMETIC COPPER COMPLEXES 

7.1 INTRODUCTION 

7.1.1 Synthesis of biomimetic dinuclear copper complexes 

The design and synthesis of some dinuclear copper complexes was initiated with the aim of 

producing biomimetic catalysts whose structure, activity, and substrate specificity could be 

compared with those of tyrosinase itself. From this it might be possible to gain new insights into 

the structure and function of the enzyme, particularly in relation to its activity in organic medium. 

An innovative structural feature reported by R~glier et al. (1990), viz., a flexible biphenyl spacer 

(see Table 7.1), was included in the structure of the organic ligands, thus expanding the range of 

complexes incorporating this potentially significant unit. The important characteristic of this spacer 

is that it provides flexibility in the organic ligand, permitting the complex to adopt a conformation 

in which the two copper ions can be sufficiently close to allow bridging by a dioxygen molecule, 

without imposing rigid planar geometry. The nature of the hydrocarbon groups linking the 

coordinating units in dinuclear copper complexes can markedly affect the reactivity of the various 

complexes (Karlin et al., 1992). Hendricks et al. (1982) showed, however, that the linker could be 

too flexible to allow the binding of a substrate; in complexes which contain the biphenyl spacer, 

this effect is avoided by having the donor groups relatively closely linked. 

The molecular modelling studies on these complexes (see Chapter 6) confirm that non-planar 

conformations are feasible in terms of steric interactions and bond distortions. Such conformations 

were also found to allow access for exogenous substrates to the binding site. Since the complexes 

were likely to adopt non-planar conformations with the arene rings lying outside the coordination 

plane, the likelihood of hydroxylation of the spacer itself would be small (Sorrell et ai, 1991 a), and 

the oxidation of an external substrate might be favoured. This would contrast with the aromatic 

hydroxylation observed in the case of planar complexes 69 and 70 (see Section 1.4.5). in which 

the spacer is a xylene ring rather than a biphenyl group (Casella and Rigoni, 1985; Casella et al., 

1991a). 
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The relative rotation of the phenyl rings (Figure 7.1) may contribute some asymmetry to the 

molecule as a whole, which may influence the preferential binding of the substrate to one copper 

ion rather than the other. Some asymmetry is suspected in the binding site of tyrosinase, and the 

phenolic substrate must bind initially to one copper only (Nasir et ai, 1991 , and Pate et ai, 1989). 

While it is not known what factors govern the initial binding of substrates to tyrosinase, the 

complexes reported here may be good. structural models for the enzyme in this respect. 

Figure 7.': Relative rotation of the phenyl rings in the biphenyl spacer 
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Table 7.1: Structures of complexes I - III , proposed for synthesis 
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The structures of the complexes chosen to be synthesised are shown in Table 7 .1. The complex 

I was first reported by Rt!glier et ai, (1990) , and its synthesis was undertaken partly as an 

introductory step in establishing the techniques required in the preparation of copper (I) complexes. 

Also, the new complexes to be synthesised could be compared with this known complex . Since 

the complexes were intended to mimic tyrosinase, which contains copper (I) ions before it binds 

oxygen, they were designed to incorporate copper (I) ions. Two different nitrogen donor atoms per 

copper ion were provided by the ligand: one from the imine group, and one from pyridine, 

imidazole, or benzimidazole respectively. The electronic characteristics of the nitrogen donors in 

the different heterocycles provide variation in the electron-availabil ity for donation to the copper 

ions in the different complexes. The other coordination positions of the copper ions would be 

occupied by acetonitrile molecules, since this was the solvent used in the synthesis. Acetonitrile 

is a convenient solvent to use in these syntheses, because it coordinates easily with copper, 

producing complexes which are generally soluble, but it is also easily replaced by other ligands 

(Karlin et aI, 1 988) . In haemocyanin, one histidyl imidazole nitrogen is known to be situated further 

from the copper than the other two imidazole nitrogens (Gaykema et a/., 1984), and this is likely 

to be the case in tyrosinase (Lerch, 1987). Thus, the use of ligands with only two fixed donor 

atoms is justified (Casella et aI, 1991 a), and this is further supported by the activity shown by 

other complexes which have similar configurations (for example, Casella and Rigoni, 1985 and 

Casella et aI, 1988). The complexes each have two copper atoms coordinated in 6-membered rings, 

which is a stable arrangement for dinuclear copper complexes, and in which the copper readily 

undergoes changes in oxidation state (Casella et al., 1993). 

In the synthesis of metal complexes, a choice must be made between two possible methods: the 

organic ligand can be synthesised first and the metal ions added later, or a template condensation 

synthesis can be used. The former method has the advantage that the ligand can be isolated and 

characterised independently of the metal. This is particularly relevant in cases where the presence 

of the metal interferes with the analysis eg., a paramagnetic metal, in NMR analyses (see below) . 

In the latter method, the constituents of the ligand are mixed in the presence of the metal ions, and 

the ligand formation is centred on, and sterically controlled by, the coordination requirements of 

the metal ion . The template method is not only convenient but, more importantly, the complex w ill 

assume a conformation and coordination geometry which is optimal for that metal /ligand 

combination . Template syntheses lend themselves to the formation of complexes of transition 

metals such as copper, because the use of d-orbitals in the bonding contributes rigidity to the 

coordination sphere, and thus allows the metal to govern the geometry of the complex as it forms 

(Jameson, 1981) . 80th of these synthetic methods were explored in the present study. 
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When copper coordinates with donor atoms in an organic ligand system, the chemical shifts in the 

NMR spectrum of the complex are shifted downfield relative to their positions in the ligand itself, 

and this serves as a useful indication that coordination is present. The magnitude of the shift is also 

indicative, to some extent, of the proximity of a particular nucleus to the coordinated copper atom 

(Karlin et ai, 1988). Analysis of copper complexes by NMR is complicated by the fact that copper 

(II) is paramagnetic and consequently, the signals of the nuclei close to the copper are broadened. 

This is due to dipolar coupling between the nuclei and the unpaired electron of the copper ion, 

which leads to increased nuclear relaxation rates. This is obviously not the case for copper (I) 

compounds, and therefore copper (I) complexes can be analysed by NMR spectroscopy, provided 

they are not contaminated by oxidation products. The shape of the peaks in an NMR spectrum can 

also be used as an indication of the state of the complex. In the NMR analysis, it is necessary to 

use carefully degassed solvents and to exclude air from samples of copper (I) complexes, but 

deliberate admission of air and re-analysis can be useful in showing changes due to oxidation. 

7.2 RESULTS AND DISCUSSION 

7.2.1 Syntheses of the copper complexes 

7.2.1 (1) Synthesis of biphenyl-2,2' -dicarbaldehyde 86 

The biphenyl dialdehyde 86 was synthesised according to the method of Bailey and Erickson (1961) 

as shown in Scheme 7.1. The ozonolysis of phenanthrene, in methanol at low temperature gave 

a peroxide intermediate, which was then reduced with sodium iodide (Section 7.4.1) and the 

dialdehyde product was isolated by crystallisation. Figure 7.2 shows the 'H NMR spectrum of the 

product. The maintenance of a low temperature is necessary to prevent the reaction of the 

intermediate with methanol to give the peroxide 87, which is stable. 
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Scheme 7 .1: Preparation of biphenyl-2,2' -dicarbaldehyde 86 

7.2.1 (2) Synthesis of tetrakis(acetonitrile)copper (I) hexafluorophosphate 88 

The salt [Cu(MeCN)4][PF,1. 88, in which the complex cation Cu(MeCN)4 + is stabilised by the large 

anion PF" was used as a source of copper (I) for the proposed complexes. This salt is particularly 

suitable because it is soluble in acetonitrile, and is relatively stable to oxidation in solution. 

Complex salt 88 was prepared by adding copper (I) oxide to hexafluorophosphoric acid, under an 

inert atmosphere, using the method of Kubas (1979) (Section 7.4.2). The product was obtained 

in good yield as a white solid, and was successfully stored at 4°C for considerable time. 

7 .2. 1 (3) Synthesis of complex I 

The complex I was synthesised using the method reported by Reglier et al. (1990) (Scheme 7.2). 

in which the imine-linked ligand system was synthesised and isolated prior to coordination of the 

copper (I) ions. The imine-linked ligand system 89 was synthesised by condensation of the 

dialdehyde 86 with 2-(2-pyridyl)ethylamine (Section 7.4.3). Completion of the reaction was 

demonstrated by disappearance of the IR C = 0 absorption band, and the appearance of the C = N 

band (Figure 7.3) . Similarly, the 'H NMR spectrum of the product showed a peak at OH 7.9 for the 

imino-proton and no peak at ca. OH 10 for residual aldehyde (Figure 7.4). 
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CHO 
(N~. NH, o 

P N 

CHCI3 
CH3CN. N2 

OHC 

86 

,pN .... N) 
U 

89 

Scheme 7.2: Preparation of complex I 

The complex I was obtained as a dark green solid (Section 7.4.4). The 'H and 13C NMR spectra of 

this complex (Figure 7.5) showed a small amount of the dialdehyde starting material (peaks at 6" 

7.45,7.65,8.05, and 9.85; 6c 127.6,132.7,134.2, and 142.1). This seems to indicate some 

decomposition of the organic ligand during the formation of the complex. A later experiment 

(Sections 7.4.17 and 9 .2.3) showed that the dialdehyde, in the presence of [Cu(CH 3CN)4][PF.1. did 

not interfere with the catalytic activity of the complex. In common with the original authors, 

numerous and varied attempts to recrystallise the complex (see Section 7.4.4) met with little 

success and, therefore, the solid-state structure of the complex could not be elucidated by X-ray 

crystallography. 
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Figure 7.2: 'H NMR spectrum of biphenyl-2,2'-dicarbaldehyde 86 
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Figure 7.3: IR spectrum of ligand 89, used to prepare complex I 
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Figure 7 .5 : 'H NMR spectrum (A) and 13C NMR spectrum (B) of complex I 
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7 .2.2 Synthesis of complex II 

7 .2.2 (11 Synthesis of Complexes IIA and liB by template condensation 

Since histidyl-imidazole residues are il]1plicated in the coordination of copper in haemocyanin and 

tyrosinase, it was logical to attempt to synthesise the complex II, which has imidazole donor groups 

(see Table 7.1, Section 7.1.11 . Imidazole systems are known to present certain synthetic 

difficulties, however, since they commonly cyclise to form products such as 90, described by 

Casella et ai, (19881. One method of avoiding this complication is to use a metal template 

condensation synthesis (as discussed in Section 7.1), and complexes IIA and liB was synthesised 

by this method (Scheme 7.31. 

r:yN R, 
HN J 

NH 

• 

R, 
90 

CHO 

• 
CHC1, 

OHC 
I 

H~NJ 
Lj 

"'- Cu(MeCN),PF5 

~ CH,CN, N, Cu(MeCN),PF5 
IIA liB 

IIC 

Scheme 7.3: Preparation of complexes IIA - IIC 
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The method described above [Section 7.2.1 (3) ] was adapted, for the syntheses of complexes 

containing imidazole donor groups, by using histamine as the amine in the condensation reaction 

which formed the ligand (Scheme 7.3). In an initial attempt, histamine (liberated from its 

hydrochloride salt, see Section 7.4.5) was combined w ith diphenyl-2,2 '-dicarbaldehyde and 

[Cu[CH,CN).][PF.] in dry degassed acetonitrile, and the mixture was stirred for three hours (Section 

7.4.6). During this time, however, the colour of the solution changed from yellow, at the beginning, 

to blue, indicating that the copper had been oxidised, probably due to incomplete exclusion of 

oxygen from the system . After storage for 24 hours at 4°C, a blue precipitate, complex IIA, was 

filtered off and dried . Attempts to recrystallise the product were unsuccessful ; colourless crystals 

were obtained from hexane/acetonitrile, but these were found to be non-organic (from the lack of 

'H NMR signals) and were possibly a Cu[PF,), /acetonitrile complex, as suggested for a similar 

reaction (Sorrell, 1991 b). 

The second procedure used to synthesise complex liB via a template synthesis involved only fifteen 

minutes' stirring, and gave a pale yellow/green precipitate which was separated by decantation of 

the solvent (Section 7.4.7). Attempts at recrystallisation were again unsuccessful. 

The IR spectra of the two products were very similar (Figure 7.6), but the 'H NMR spectra showed 

distinct differences (Figures 7.7 and 7.8) . Complex IIA was blue, indicating a copper (II) species, 

and as such, would be expected to show the broad NMR peaks observed at 6H 7 .19 and 8.42 in 

Figure 7 .7 . The sharper peaks in the spectrum were attributed to the presence of the corresponding 

copper (I) complex in the crude product. While the signal at 6H 9.75 is attributable to the imidazole 

NH, the sharp peak at 6H 9.83 is probably due to aldehydic protons, indicating the presence of 

some residual starting material. 

From its NMR spectrum (Figure 7.8), the complex liB was shown to be the desired product , Its low 

solubility and stability make it difficult to obtain good spectra and some small baseline peaks 

suggest the presence of impurities, but the major peaks correlate well with the spectrum reported 

for the analagous complex 91 (Casella et ai, 1988), as shown in Table 7.2. 
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Table 7.2: 'H NMR spectral data for Complexes liB and 91 

Complex 'H NMR peak Assignment 

A 
2.95 CH, 
3.97 CH, 
6.95 Imidazole 5-H 

y~~ ~9 7.3-7.85 Aromatic 
8.30 Imidazole 2-H 
8.45 H-C=N NH NH 

91 10.4 Imidazole NH 

liB 3.50 CH, 
3.92 CH, r(:NH 

~ .~ 
6.91 Imidazole 5-H 

(Mec~ N-..c/ 7.13-7.65 Aromatic 
Cu (MeCN): 8.53 rmidazole 2-H 1"-

~ 
. H-C=N 

10.15 Imidazole NH 

0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 <0 N 0 em"1 
<t '" N - - 00 

A 

B 

Figure 7.6: IR spectra of complex IIA IA) and complex liB IB) 
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Figure 7.8: 'H NMR spectrum of complex liB 
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7.2.2 (21 Synthesis of the ligand 92 

The synthesis of ligand 92 was attempted in order to compare the complex liB, prepared by 

template synthesis, with the corresponding complex lie obtained via the intermediate ligand 

(Scheme 7.3). Histamine was liberated from its hydrochloride salt, and reacted with biphenyl-2,2'­

dicarbaldehyde 86 (Section 7.4.8),. with the expectation that an imine would form by a 

condensation reaction. The crude product obtained was purified by flash chromatography and 

preparative TLC, but comparison of the crude and purified products by 'H NMR spectroscopy 

(Figures 7.9 and 7.10) showed that some decomposition occurred during the purification, resulting 

in the presence of some of the dialdehyde starting material las indicated by the aldehydic signal 

at OH 9.9). More significantly, the appearance of a peak at OH 5.96 indicates the presence of the 

ArCH-N group in the cyclised product 93 (Casella et ai, 1988). However, the histamine-imidazole 

5-H signal is present at OH 6.86, and the signal at OH 8.1 is probably the imine-proton peak (both 

indicating the presence of the non-cyclised product 92), so the cyclisation appears to have occurred 

only partially. 

The crystalline product 94, obtained by recrystallisation of a second preparation of the ligand, was 

analysed using 1-0 and 2-D NMR spectroscopy (Figure 7.11). The 'H NMR spectrum of this product 

showed some differences from that of the ligand 92. These were, notably, the absence of the peak 

at OH 5.9 and the presence of a peak at OH 6.11, correlating with a carbon nucleus at Oc 69.37 

(correlation by HETCOR). This latter 'H NMR peak was also present in the spectrum of the crude 

material (Figure 7.9), but was much smaller in the spectrum of the chromatographically-purified 

product. These differences could indicate that two different cyclisations occur, to give the two 

products, 93 and 95 (shown below) both of which contain a ArCH-N group which would give a 

signal at ca. OH 6. The compound 94 could be one of these, since if on ly one of the imidazole rings 

in the ligand molecule was involved in a cyclisation, there would be a sufficient number of different 

carbon nuclei to account for the number of signals in the 13C NMR spectrum of this product. 

,:P' 

N ~ NH N 

?~ < ) < HN 

""" HN 

# 
# 

93 95 LNH 
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Figure 7.9: ' NMR spectrum of crude ligand 92 
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Figure 7 .10: ' H NMR spectrum of ligand 92 after purification by flash chromatography 
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Figure 7.11 : 'H NMR spectrum (A) and 13C NMR spectrum of ligand 94 
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7.2.2 (3) Synthesis of complex IIC from ligand 92 

The ligand 92, produced as described above, was reacted with (Cu(CH3 CN)4](PF,J (before its 

partially cyclised nature was elucidated) to form a complex, IIC, which precipitated from 

acetonitrile. The 'H NMR spectrum of this complex suggests partial oxidation of the copper since 

some broad peaks were observed (Figure 7.121. while the sharper peaks can be assigned to the 

copper (I) form . The downfield shift of the peaks of the complex, in comparison to those of the 

ligand, indicate coordination of the copper ions. The broad peak at OH 9 .95 may be attributed to 

an NH proton (see Table 7.2 above). Unfortunately, contaminants in the de ute rated acetone 

precluded the identification of methylene signals in this spectrum, because the solution was so 

dilute. However, the spectrum of the complex in deuterated acetonitrile did show methylene signals 

at OH 2.43, 3.55 and 3.65; in this case, the aromatic region was less well resolved (Figure 7.13). 

7.2 .3 Synthesis of complex III 

Ligand systems with benzimidazole donor groups are synthetically more accessible than those with 

imidazole groups, since the possibility of cyclisation is lessened. The synthesis of complex III, in 

which the imidazole groups of complex II are replaced by benzimidazole groups, was therefore 

undertaken. This strategy offers additional advantages in that the greater steric bulk of the 

benzimidazole groups might increase the stability of the complex and facilitate crystallisation. Also, 

the steric bulk could offer a protective envelope to help stabilise the binding of small molecules by 

the complex, in much the same manner as the protein pocket of the enzyme does, making it a more 

effective catalyst (Berends and Stephan, 1987 and Pandiyan et ai, 1992). The energy advantage 

of "-stacking between the benzimidazole rings and a phenolic substrate would also be greater than 

in the case of pyridine or imidazole donor groups, which might further enhance the catalytic ability 

of complex III (Masuda et ai, 1989) . 

7 .2.3 (1) Synthesis of the ligand 97 

The organic ligand 97 was synthesised according to Scheme 7.4, using 2-(2-

aminoethyilbenzimidazole 96, which was prepared by adapting the method of Casella et ai, 

11991 a). Here, p-alanine was condensed with 1,2-diaminobenzene, in hydrochloric acid solution, 

and the amine 96 was obtained as the hydrochloride salt (Section 7.4.11) . It was liberated from 

the salt using sodium methoxide in dry ethanol, because it is soluble in water and, therefore, could 

not be precipitated by basification . !The 'H NMR spectrum of the product is shown in Figure 7 .14) . 
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This amine was then condensed with biphenyl-2,2'-dicarbaldehyde, to form the ligand 97 (Section 

7.4.12). The' H NMR spectrum of the product 97 is shown in Figure 7 .15; the lack of-an aldehyde 

proton signal near 6H 10 and the presence of the imine-proton signal at 6H 7 .82 indicated successful 

reaction . 

(XI NH, 

~ NH, ~COOH 

~ 
CHO (XN 

I ~NH, 
~ NH 96 

CHel3 
OHC 

c(t 
97 

Cu(MeCN).PF. 

• IliA 
Cu(MeCN),PF. IIIB 

CH3CN, N, 

Scheme 7.4: Preparation of complexes iliA and IIIB 

When this synthesis was repeated, however, the crude product was recrystallised (Section 7.4.13) 

and the NMR spectra showed that the structure of the crystallised product 98 was not the same 

as that of 97 (Figure 7.16). Peaks in the 'H NMR spectrum at 6H 6.07, 6.30 and 6.49 suggest the 

presence of CH-N groups in the structure. Menif et al. , (1990) described the isomerisation of a 

macrocyclic ligand 99, as shown below, and an analagous isomerisation in the ligand system 97 

would produce the derivative 100. This gives a feasible explanation for the structure of the 

recrystallised ligand obtained here. 

A- M 
~ eN N 

,,:? 
NH 

~N NJ (' ,~ ~ N 
~ N~NH HNGN ~N . N~ "'" 

N1) HN~ N N 
#' 

tr'99 100 
#' 



235 Section 7.2.3 

.jv,- .~ 
V II 
v~~ .' c. 

'1'''1' "I ,.". 
. . I . . . . I . . . . I . • . I , , , , 

I 
, , 

I , , 
I 

, , 
I 

pp' ID .0 9 . 5 9.0 , .5 0 .0 7.5 1.0 6.5 

Figure 7.12: 'H NMR spectrum of complex IIC in CO,COCO, 

v-

- ~ j\ ------; lJ 
!O 9 8 1 6 5 , 3 2 I 0 

Figure 7.13: 'H NMR spectrum of complex IIC in CO,CN 
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Figure 7 .14: 'H NMR spectrum of 2-(2-aminoethyl)berizimidazoJe 96 
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Figure 7.16: 'H NMR spectrum (A) and 13C NMR spectrum (8) of ligand 98 
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7.2.3 (2) Synthesis of complex iliA 

The ligand system 97 was used to prepare a copper (I) complex, iliA, by the same method as 

before (Section 7.4.14 and Scheme 7.4) . The complex iliA was obtained as a pale yellow-green 

powder which again could not be crystallised satisfactorily for X-ray diffraction analysis. However, 

the NMR analysis correlated well with the proposed structure except for the absence of an imine­

proton signal at ca. 6H 8.5 (Figure 7.17). The signals due to the methylene and aromatic protons 

were all shifted downfield by coordination with copper, and the relative sharpness of the peaks 

confirms the + 1 oxidation state of the metal. The structure of this complex was tentatively 

assigned as the copper (I) complex of ligand 98; the peaks at OH 4.6 and 6c 62.8 were assumed 

to be due to an impurity. 

Thus, it would seem that compound 97 was the desired organic ligand, but that it decomposed, 

at least to some extent, in the preparation of the complex lilA. The structure of 98 appears to be 

similar to that of the complex iliA, which could be a cyclised derivative of the desired material. The 

'H NMR spectra of this complex were also obtained in deuterated methanol and dichloromethane 

(Figures 7.18 and 7 .19), and the marked differences show the effects of different solvents on the 

appearance of the spectra. When oxygen was admitted to the methanolic solution, the resolution 

of the peaks was lost (Figure 7 .18B) due to formation of the paramagnetic copper (II). This 

oxidation occurs most readily in protic solvents such as methanol. Also notable was the change 

in the spectrum in dichloromethane when oxygen was added and the mixture allowed to react for 

two hours (Figure 7. 19B). Several new peaks developed, including one attributable to an aldehydic 

proton at 6H 9.0, which suggests that the complex decomposed partially in this solvent. 
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7.2.3 (3) Synthesis of complex 1118 by template condensation 

For the sake of comparison, a template condensation synthesis of complex III was undertaken 

(Section 7.4.15 and Scheme 7.4), but a rather different product, 1118, was obtained, as indicated 

by comparison of iliA and 1118 by TLC and NMR spectroscopy (Figures 7 .17 and 7 .20) . Moreover, 

the formation of complex 1118 was apparently not complete, as indicated by the small starting 

material peaks slightly upfield from the major peaks in the 'H NMR spectrum of the crude product 

(6H 2.8, 3 .6, 6.2 - 6.6), The multiplet at 6H 8.5 is similar in shape and chemical shift to that 

observed in the spectrum of complex liB, and also to those observed in the spectra of the organic 

ligands 80MC and 90M. This signal is attributable to an imine-proton, which shows that complex 

1118 does contain an imine linkage. Although impure, the complex 1118 is considered to have the 

desired structure III, as formulated in Table 7.1 (Section 7.1 .1) . 

7.2.3 (4) Reactions of the starting materials 86 and 96 with [Cu(MeCN).[PF.l 

In view of the suspected presence of some starting materials in complexes iliA and 1118, the 

possibility of these contaminants forming copper complexes was investigated . This was of 

particular relevance to the investigation of the catalytic activity of the complexes, since 

contamination by active impurities would obviously affect the results . The dialdehyde 86 and the 

amine, 2-(2-aminoethyl)benzimidazole, 96 were treated separately with [Cu(CH,CN).](PF.l (Sections 

7.4.16 and 7.4.17), and the 'H NMR spectra of the resulting solutions were obtained, to determine 

whether either of these mixtures produced a complex. In the case of the mixture containing the 

dialdehyde 86, the 'H NMR spectrum showed peaks due to this starting material and acetonitrile 

from the copper salt (Figure 7.21) , indicating that no complex was formed . The amine 96, 

however, reacted with the copper complex, producing a blue solid, the ' H NMR spectrum of which 

showed very broad peaks due to the presence of copper (II) ions (Figure 7.22) . This products was 

not analysed further, but was investigated for catalytic activity (Section 9 .2 .3) and found to be 

inactive . 



243 Section 7 .2 .4 

"'i '" II,iil " """'I' " 1'''''''''1' ' '''' " 1 ' "'" ' I" 00""1 " '" j 0"1""" 
ppm 11 10 9 a 7 6 5 ~ 3 2 

Figure 7 .20: 'H NMR spectrum of complex IIiB in CO,CN 
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Figure 7 .21: 'H NMR spectrum of the reaction mixture containing biphenyl-2,2'-dicarbaldehyde 86 

and [Cu(MeCN).][PF.J 

, 
" 

Figure 7.22: 'H NMR spectrum of the reaction mixture containing 2-(2-aminoethyl)benzimidazole 

96 and [Cu(MeCN).][PF.J 
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7 .2.4 Decomposition of complex I 

R~glier et al. (1990) reported that complex I decomposed to give the oxo-dinuclear complex 101 

and, therefore, in the present study, this decomposition was investigated to assess its possible 

effect on the catalytic activity of the complex. The decomposition of dinuclear copper complexes 

in dichloromethane has also been reported by other workers (Sorrell, 1991 b, and Jacobson et ai, 

1988). 

The decomposition was investigated using degassed dichloromethane solutions of the complex I, 

which were rapidly aerated to initiate reaction . The formation of the complex 101 was followed 

by measuring the UV-visible absorbance at 650 nm IE = 180 M"cm" ; due to the copper (11)­

containing product 1 01 (R~glier et ai, 1990)) in both the presence and absence of triethylamine 

(see Section 7.4.181 . Although these authors suggested that the role of the triethylamine was to 

promote the formation of a dicopper-phenolate complex, we considered it possible that the 

triethylamine could also interact with the copper complex I itself. The decomposition tol01 was 

found to occur to an appreciable extent in the absence of triethylamine, as illustrated in Table 7.3. 

101 

Table 7.3: Decomposition of complex I 

Conco• Absob Abs,c 
(mM) (650nm) (650nml 

0.3 0.034 0.085 

0 .7 0.068 0.190 

1.0 0.101 0.260 

• : Initial concentration of complex 
b : Initial absorbance of solution 
, : Final absorbance of solution after 3 hours 
d : Concentration of product after 3 hours 
e : % decomposition of complex 

Absorbance 
difference 

0.052 

0.122 

0.159 

Conc,d 0/0 decamp .it 
(mM) 

0 .28 94 

0.68 97 

0 .88 88 
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The presence of triethylamine was, in fact, found to reduce the rate of decomposition of the 

complex very significantly. Changes in absorbance at 650 nm were barely measurable, even after 

a period of one hour. This suggests that the triethylamine is important in maintaining the stability 

of the complex in its Cu (11)- 0, -Cu (II) form, presumably by replacing the coordinating solvent 

acetonitrile molecules. It may be speculated that the more bulky triethylamine ligands prevent the 

two copper ions from approaching each other closely enough to be bridged by a single oxygen 

atom, while the more linear acetonitrile ligands are less effective. 

7.3 CONCLUSIONS 

Several dinuclear copper complexes were prepared, which gave satisfactory AA and IR analyses, 

and which exhibited biomimetic activity (see Chapter 9). However, complete structure elucidation 

of the products by NMR spectroscopy was prevented by their sensitivity with respect to both 

decomposition and intramolecular cyclisation. The tendency of the ligands to hydrolyse resulted in 

the presence, in some products, of starting materials. In addition, it was found that the copper (I) 

complexes were readily oxidised if left in solution, even under nitrogen. Thus, complexes IIA and 

lie were found to contain some copper (II) contaminants (see Section 8.2.2) . 

The complex I was successfully prepared, and its NMR spectral characterisitics were found to 

correlate well with those reported by Reglier et al., (1990). Intramolecular cyclisation reactions 

were encountered in the syntheses of ligands bearing imidazole and benzimidazole donor groups, 

which lead to the presence of isomeric contaminants and precluded their complete structural 

characterisation. The preparation of the complex II, bearing imidazole donor groups, was 

complicated by cyclisation and oxidation, but the successful synthesis of liB demonstrates the 

greater suitablity of the template method for preparing such organometallic complexes. However, 

in the cases where the template method was utilised (viz., complexes IIA, Band IIIB) the products 

were impure, which is a disadvantage in reactions where purification procedures may lead to 

further decomposition. Although the benzimidazole-containing complexes were designed with the 

intention of avoiding the cyclisation reactions encountered with imidazole, isomerisations again lead 

to the formation of two different ligand structures in complexes iliA and IIiB. 

The complexes I, liB and IIIB were assigned the structures formulated in Table 7.1, and further 

analyses of these, and the other complexes described in this chapter, were subsequently 

undertaken (see Chapter 8 and 9). 
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7.4 EXPERIMENTAL 

7.4.1 Synthesis of biphenyl-2,2' -dicarbaldehyde (86) (Bailey and Erickson, 1961) 

CHO 

OHC 

Section 7.4.1 

A suspension of phenanthrene (2.5g, 14mmol) in dry MeOH (50mL) in an ozonolysis vessel, was 

cooled to -30°C . 0 3 was bubbled gently through the mixture until all of the starting material had 

dissolved (2h). The reaction mixture was kept cold (OOC) while KI (S.5g) and glacial CH3COOH 

(7.5mL) were added, and it was then allowed to stand at room temperature for 1 h. A solution of 

Na,S,03 (10%,) was added to reduce the released iodine, and the mixture was placed under a 

stream of air for 2h. Cold H,O (OOC; 50mL) was added, and the solid product was filtered off, and 

recrystallised from Et,O/hexane, giving pale yellow crystalline biphenyl-2,2'-dicarbaldehyde (2.8g, 

95.0%), m.p. 61-63°C [lit. Bailey and Erickson, 1961) 62-63°CJ; vmu (KBr) 1700 cm" brs (CO); 

oH(60MHz,CDCI3) 7.60(SH,m,Ar-H) and 9.S5(2H,s,CHO) . 

7 .4.2 Synthesis of tetrakis(acetonitrile)copper (I) hexafluorophosphate (88) (Kubas, 1979) 

(Cu(CH3CN),](PF.J 

Copper(!) oxide (4.0g, 2Smmol) was stirred with CH3CN (SOmL) in a closed flask fitted with a 

pressure-compensating dropping funnel, under nitrogen. HPF. (60-65%, 10mL, 113mmol) was 

added from the funnel, and the mixture was stirred slowly for 5min. The solution was filtered, and 

cooled to -20°C, when the product precipitated. The solid product was recrystallised by 

redissolving in CH3CN(1 OOmL), adding Et,O (100mL), and then cooling for 6h. The white 

crystalline product (9.3g, 45%) was filtered off and dried under reduced pressure and stored in a 

desiccator at 4°C. 

7.4.3 Preparation of ligand system 89 (Reglier et ai, 1990) 
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A solution of biphenyl-2,2'-dicarbaldehyde 86 (1.0g, 4.76mmoll in CHCI, (50mL)was placed in a 

round-bottomed flask fitted with a modified Oean-Starke apparatus. 2-(2-Pyridyl)ethylamine (1.1 g, 

9.0mmol) was added, and the solution was boiled under reflux for 12h, after which the reaction 

was shown to be complete by the absence of the CO band in the IR spectrum. The solvent was 

removed under reduced pressure, giving the product, 89, as a brown oil (1.9g, 98%), vm•x (CHCI,) 

2950 (CH,), 1650 cm·' (conjugated C = N); 0H(COCI,) 3.01 (4H,t,CH,), 3.8(4H ,t ,CH,)' 

7.25(16H,m,ArH) and 7 .9(2H,m,CH = N) 

7.4.4 Preparation of complex I (Reglier et ai, 1990) 

'9\J' I' 8~r'r 
2 ~ 6 ~'" /v. t3 

, ,,/ 14 
7 Cu(MeCN), 

,..... 2 

The imine 89 was dissolved in dry, degassed CH,CN (100mL) under N,. [Cu(CH,CN),][PF.l 88 

(2.56g, 4.8mmoll was added and the reaction mixture was stirred under N, at room temperature 

for 3h, during which time the mixture turned dark green . The mixture was stored overnight under 

N, at 4°C. Approx half of the solvent was removed by evaporation under a stream of N" and the 

yellow/green solid which precipitated was filtered off and dried in a vacuum desiccator, giving the 

complex I (3 .9g, 84 .6%); vm.x(CHCI,) 1640 (C = N), 1600 (pyridine CN) and 840 and 780 cm" 

(PF.); OH(CO,COCO,) 2.13(s,coordinated CH,CN)' 2.31 (2H,dd,J1 0 and 5.4,2H-9), 3 .07(2H,m,2H-

9), 3.73(2H,dd,J7 . 1 and 5.4,2H-8), 4 .21(2H,t,J11 .3,2H -8), 7 . 25(14H,m ,Ar-H), 

7. 77(2H, t,J7 .3,2H-12), 8.15(2H,d,J3.8,2H-14), and 8.88(2H,s,2H-7); oc(CO,COCO,) 37 .35(C-9), 

59 .38(C-8), 123.62(C-13), 125.48(C-11), 127.94, 129.53,129.59, 131 .89(C-2, C-3, C-4, C-5), 

137 .55(C-1 ), 141 .23(C-6), 150.00(C-14), 160. 94(C-1 0) , 165.91 (C-7) and 206 .3(co-ord . CH,CN); 

correlations established by COSY and HETCOR experiments. 

Recrystallisation of the product was attempted, by placing a solution of the product lin dry, 

degassed CH,CI, or CH,CN) under N, in a closed desiccator, and allowing vapour diffusion of 

hexane, C.H., ether, or CH,OH to take place over several days, but no crystals were obtained. 
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7.4.5 Preparation of histamine 

NaOMe (1 .2g, 22mmol) was added to a solution of histamine hydrochloride (2g, 11 mmol) in dry 

EtOH (1 OOmL); the mixture was stirred at room temperature for 1 h, then filtered. The solvent was 

removed from the filtrate under reduced pressure, and CHCI, was added to the residue . The flask 

was warmed to aid dissolution of the liberated amine, and evaporation of the solvent from the 

resulting solution gave histamine (1.1 g, 90%), vmox(KBr) 3480 (imidazole NH), 3250 (NH,) and 

1580 cm-' (NH,); oH(CDCI,) 2.70(2H,t,CH,)' 2.96(2H,s,CH,)' 6.78(1 H,s,imidazole H-2), and 

6.51 (1H,s,imidazole H-4). 

7.4.6 Preparation of complex IIA 

Biphenyl-2,2'-dicarbaldehyde 86 (1 .05g, 4.91 mmol) and [Cu(MeCN),][PF.l 88 (3.72g, 9 .8mmol) 

were added to a solution of histamine (1. 1 g, 9.8mmol) in dry, degassed CH,CN (100mL) , in a 

closed flask, under N,. The mixture was stirred for 3h, then stored overnight at 4°C, during which 

time it changed colour from yellow to torquoise. The solvent was decanted from the precipitated 

solid which was dried under reduced pressure, giving complex IIA (4.4g); vmox(KBr) 1640 (imine 

C =N), 1590 (imidazole), and 860 em" (PF.-); oH(CD,COCD,) 3.25(br s,CH,), 4 .0(br s,CH,)' 

7.20(2H,s,imidazole 5-H), 7.35 - 8.3B(m, ArH), 8.48(br s,H-C=N), 9.761br s,imidazole NH), and 

9.84(s,HCO contaminant). 

7.4.7 Preparation of complex liB 

A mixture containing biphenyl-2,2'-dicarbaldehyde 86 (0.095g, 0.45mmol), histamine (0.1 g, 

0.9mmol) . and [Cu(CH,CN),][PF.188 (0.34g, 0.9mmol) in dry degassed CH,CN (50mL) was stirred 

under N" for 1 5 min, during which time a yellow solid precipitated. Most of the solvent was 

decanted, and the rest was removed under reduced pressure, giving Complex liB (0.4g,90%)' 

vmox(KBr) 3400 br (NH), 1640 (imine C = N), 1580 (imidazole) and 850 cm-' (PF.-); oH(CD,CN) 

3.50(4H,m,CH,), 3 .92(4H,m,CH, )' 6.70 - 7 .65(m,ArH), 8 .53 (4H,m,HC = N and imidazole 2-H), and 

10.1 5(2H,br s, NH). 
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7.4.8 Preparation of ligand system 92 

Biphenyl-2,2 '-dicarbaldehyde 86 (0.72g, 3.4mmol) was added to a solution of histamine (0.75g, 

6.8mmol) in CHCI, (150mLi . The mixture was boiled under reflux for 6h, using a modified Oean­

Starke apparatus to remove water. The solvent was removed under reduced pressure, leaving a 

glassy yellow solid (1. 6g) found to be an imine, v m,,(KBr) 1650 cm" (conjugated C = N), but shown 

by 'H NMR to be impure. The product was subjected to repeated flash chromatography [silica; 

elution with Et,O-CHCI,-EtOH (5:1 :5)], Further purification of the product by PLC [silica; elution 

with Et,O-CHCI,-EtOH (5: 1: 1)J gave the product 92 (0.25g); oH(COCI,) 2.52 - 3.15(4H,m,CH,)' 

3.25 - 3.42(4H,m,CH,)' 5.96(2H,s,CH), 6.8612H,s,imidazole 5-H), 7.0611 OH,m ArH) and 

8.1 012H,m,HC =N). The product was shown, by 'H NMR spectroscopy, to contain some aldehyde, 

oHICOCl,1 9.81 Im,HC = 0). 

7.4,9 Preparation of ligand system 94 

The procedure described for the synthesis of ligand 92 was repeated, using histamine (0.55g, 

4.96mmol) and biphenyl-2,2'-dicarbaldehyde 86 (0.52g, 2.48mmol), and refluxing for 8h. A sample 

of the product obtained after work-up was recrystallised IEtOAc/hexane), to give 94, vm,,(KBr) 

3200 br INH), 1640 Iconjugated imine); oHICOCI,) 2.42 and 3.6818H,m,CH,), 4.9911 H,s,NH)' 6.11 

- 6.42Im,CH-N), 6.89 - 7. 75Im,Ar-H), and 8.15Im,HC = N); ocICOCI,) 21.03, 30.25, 40.90, 60.93, 

69.38,124.12,125.49,126.59,127.93,128.12,128.29, 128.48, 128.76, 128.82, 129.15, 

129.58, 129.85, 130.69, 133.99, 134.77. 136.70, 136.99, 140.06, and 159.77 (24 signals 

expected). HETCOR shown in Figure 7.23 (at end of section). 

7.4.10 Preparation of complex IIC 

[CuIMeCN).][PF,J 88 (0.395g, 1.1 mmol) was added to a solution of the imine 92 10.21 g, 0.5mmol) 

in dry degassed CH,CN 120mL) under N,. The mixture was stirred, under N" at room temperature, 

for 1 h, then allowed to stand, under N, at 4°C for 4h. Most of the solvent was decanted from the 

solid product, and the rest was removed under reduced pressure, giving the pale green product IIC, 

vm,,(KBr) 3100 br (NH), 1630 limine C = N), and 860 em" IPF.); oH(CD,COCD,) 7.45 -

8.15(m,ArH), 8.18 and 8.26Im,imidazole 2-H and H-CN), 9.83(s,HCO) as well as broad signals at 

6.55,6.79,7.05,7 .25,8.40, and 9.90 ppm; oHICD,CN) 2.45, 3.55, and 3.65 13 x br s, CH,). 

Recrystallisation was attempted by allowing dry hexane to diffuse into a concentrated solution of 
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the complex in dry CH3 CN . White crystals were obtained, but these were found to show no 

aromatic signals in the 'H NMR spectrum and to contain a high proportion of copper (36%) by AA 

(method as described in Section 8 .4.1l. indicating their mainly inorganic nature. 

7.4.11 Preparation of 2-(2-aminoethyllbenzimidazole 96 

(XN 

I Y"vNH
, 

~ NH 

A stirred solution of 1 ,2-diaminobenzene (8.31 g, 77mmoll and p-alanine (1 0 .2g, 115mmoll in HCI 

(6M, 90mL) was refluxed for 48h, then allowed to stand for 48h. Completion of reaction was 

confirmed by TLC (silica, elution with EtOAc) . The solvent was removed under reduced pressure 

at 90°C, and the residual solid was dissolved in water (50mL) . EtOH (100mL) was added, and on 

cooling, the hydrochloride salt crystallised as blue needles. Recrystallisation from EtOH containing 

approx. 5% water gave the dihydrochloride of 96 (4.1g, 33%). This salt (2g, 8.55mmol) was 

stirred with NaOMe (O.93g, 17.1 mmol) in dry EtOH (80mL) for 1 h. The resulting mixture was 

filtered and the solvent was removed from the filtrate under reduced pressure . Dry CHCI3 (50mL) 

was added to dissolve the amine, and residual solids were removed by filtration . Removal of the 

CHCI3 under reduced pressure gave a pale pink product which was recrystallised from THF, 

producing 2-(2-aminoethyl)benzimidazole (1.3g, 94%), m.p. 134-136° C; vm.,(KBr) 3350 (NH), 

1605 (NH, ), and 1540 em" (CN); 6H(D,O) 2.83(2H,t,J 6.8,CH,), 2 .94(2H,t,J 6 .8,CH,l. 

7 .16(2H,m,Ar-H) and 7.42(2H ,m,Ar-H). 

7.4.12 Preparation of ligand system 97 

A solution of 2-(2-aminoethyl)benzimidazole 96 (0 .74g, 4.6mmol) and biphenyl-2 ,2 '-dicarbaldehyde 

86 (0.49g, 2.3mmoll in CHCI, (1 OOmL) was refluxed using a modified Dean-Starke apparatus for 

48h, after which time the reaction was found to be complete by TLC [silica; elution with CHCI, -

CH,OH (1 :1)]. The solvent was removed under reduced pressure, yielding a sticky product which 

was purified by flash chromatography [silica, elution with EtOAc:CH,OH (16: 1)] to give compound 

97 (0 .11g, 10%), vm., (KBr) 3100 (NHl. 1610 (conjugated C = Nl. 1510 em" (NH); 6H(CDCI, ) 

2.84(4H ,m,CH, l. 3 .00(4H,m,CH, l. 4 .60(2H,br,NHl. 7.13 7 .52(16H ,m,Ar-H), and 

7 .79(2H,m,HC =N). 
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7.4.13 Preparation of ligand system 98 

The procedure described for the synthesis of ligand 97 was repeated using 2-(2-

aminoethyl)benzimidazole 96 (0.74g,4.5mmol) and biphenyl-2,2'-dicarbaldehyde 86 

(O.49g,2.3mmol)' and refluxing for 48h. The product was not purified by flash chromatography, 

but was recrystallised from CH 3CN to give yellow crystals of 98 (0.7g). m.p.198 - 200°C; V m .. 

3300 (NH), 2950 (CH 2 ), 1620 cm" (C = N); 0H(CDCI3 ) 2.95(2H,m,CH,)' 3.42 - 3.55(6H,m,CH,)' 

4.07(2H,s,NH), 6.07, 6.30, 6.49, (4 x m,H-C=N), 6.80 - 7.60(m,ArH) and 7.79(m,HC=N); Oc 

(CDCI3 ) 25.47, 40.15,57.06,69.10,93.64,109.66,119.08,121.18, 122.29, 125.10, 125.37, 

125.61,127.89,128.63,129.14,131.83,132.87, 134.27, 143.07, 150.40. COSYandHETCOR 

spectra shown in Figure 7.24 (at end of section). 

7.4.14 Preparation of complex lilA 

The imine ligand system 97 (0.1 08g,0.22mmol) was dissolved in dry degassed CH3 CN (1 OmL) in 

a closed flask, under N,. A solution of [Cu(CH 3CN).)[PF,] (0.17g,0.46mmol) in dry, degassed 

CH 3CN (1 OmL) was added via a canula. The mixture was stirred, under N2 , for 0.25h, during which 

time a pale yellow precipitate formed. The supernatant was decanted, and the solid was dried in 

a vacuum desiccator, giving, as a single compound [TLC; silica; elution with CHCI3-CH 3 0H (4: l)L 

the complex iliA (0.25g,50%)' vm .. (KBr) 1710 (C = N), 750 and 560 cm" (PF.); oH(CD3CN) 

2.94(2H,s,CH,)' 3.22(2H,s,CH2 )' 3.53(2H,s,CH,)' 3.76(2H,s,CH,), 5.78(2H,br s,NH), 6.79 -

7.81 (m,ArH); oc(CD3CN) 23.74, 52.09, 62.80, 78.79,112.55,122.89, 128.53, 129.08, 129.65, 

130.13, 130.83, 131.15, 137.95, 140.99, and 141.58. 

7.4.15 Preparation of complex IIIB 

2-(2-Aminoethyllbenzimidazole 96 (0.076g, 0.47mmol), biphenyl-2,2'-dicarbaldehyde (0.049g, 

0.23mmoll and [Cu(CH 3 CN).)[PF,] (0.174g, 0.47mmol) were placed in a closed flask under N,. Dry, 

degassed CH 3CN (20mL) was added via a canula, and the mixture was stirred for 0.25h at room 

temperature, during which time, a pale yellow solid precipitated. Some of the solvent was decanted 

and the rest was removed under reduced pressure, and the product was dried in a vacuum 

dessicator, giving complex IIIB (0.27g,90%), shown to be pure by TLC [silica; elution with CHCI3 -

CH 3 0H (4: 1) and CH 3 CN:Et,O (4: l)L vm,,(KBr) 1630 (conjugated imine), 840 cm" (PF.-); oH(CD 3 CN) 

3.05(4H,s,CH,)' 3.77(2H,m,CH,)' 4.35(2H,m,CH,), 6.60 - 7.9(16H,m,ArH), 8.51 (2H,m,H-C = N), 

and 10.33(brs,NH); oc(CD 3 CN) 28.1,58.97,112.12,122.96,123.83,127.28,127.77,129.58, 
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130.14, 131.64, 134.50, and 165.61; correlations established by HETCOR experiment, shown in 

Figure 7.25 (at end of section) . 

7.4.16 Reaction of biphenyl-2,2'-dialdehyde 86 with [Cu(MeCN).][PF.J 88 

The dialdehyde 86 (0.05g) was added to a solution of [Cu(MeCN)4][PF,J 88 (0.18g) in dry degassed 

MeCN (10mL) under N,. The mixture was stirred under N, for 2h. The solvent was removed under 

reduced pressure, leaving a white solid product, OH (CD3CN) 2.00(s, CH3CN). 7.40(2H,d,ArH), 

7.69(4H,m,ArH). 8.01 (2H,d,ArH), and 9.78(2H,s,CHO). indicating the presence of the starting 

materials. 

7.4.17 Reaction of 2-(2-aminoethyl)benzimidazole 96 with [Cu(MeCN).][PF.J 

The procedure described in section 7.4.16 was repeated, using the amine 96 (0.075g) in place of 

the aldehyde. The product was a blue residue indicated, by 'H NMR spectroscopy, to be a copper 

(II) complex, OH (CD3CN) 5.75(br s) and 6.80(br s) . 

7.4.18 Decomposition of complex I 

The complex I (0.003g, 0.003 mmol) was placed in a 3-necked, round-bottomed flask, fitted with 

a burette, a gas inlet tap, and a septum. The system was flushed with N,. Dry, degassed CH,CI, 

(10mL) was added from the burette, under N" dissolving the complex (final concentration 3mM). 

To start the reaction, air was admitted to the flask, and the solution was stirred rapidly . The 

changes in absorbance at 650nm and 400nm were measured over a period of 1 h, using a Beckman 

DU-68 UV spectrophotometer. A final (t~) reading was taken after 3h. This procedure was carried 

out in triplicate, and repeated using solutions of concentration 0.7 mM and 1 mM. The results are 

shown in Table 7.4. The experiment was repeated with the addition of Et3N (to give a final 

concentration = 2 x concentration of complex!. and the absorbance was observed for 1 h. In the 

presence of the Et3N, absorbance changes with time were too small to be measured. 

Kinetic analysis of the data obtained by following the changes in absorbance at 650 nm (reported 

in Table 7.4) indicated that the decomposition was first order at least for the initial part 
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(approximately 10 minutes) of the reaction (see Figure 7.26). The gradients ofthe graphs of In(Am -

Ao/A, - Ao) vs time indicate that the rate constant for the decomposition is 0 .056 min". 

Table 7.4: Data for decomposition of Complex I 

Time (min) Concentration Absorbance (650 nm) 

0 0 .3mM 0 .035 0.033 0.034 
1 0 .043 0 .038 0 .040 
2 0 .046 0 .043 0 .046 
3 0.052 0 .047 0.053 
4 0 .058 0 .057 0.059 
5 0 .062 0.056 0.065 
7 0 .067 0.062 0 .073 

10 0.069 0.068 0.083 
15 0.071 0.073 0.085 
20 0.073 0 .075 0 .086 
25 0.090 
30 0 .076 0 .081 0.090 
50 0 .078 0 .083 0 .093 
60 0 .086 0.094 

Am = 0 .085 

0 0.7 mM 0 .069 0.066 0.068 
1 0 .084 0.082 0.077 
2 0 .095 0.091 0 .091 
3 0 .106 0 .098 0.099 
4 0 .118 0 .105 0 .111 
5 0.126 0.112 0.119 
7 0.140 0 .133 0.131 
9 0 .147 0.150 0.142 

11 0 .152 0.157 0.145 
15 0.156 0.158 0.152 
20 0 .161 0.161 0.154 
30 0.166 0 .166 0.159 
40 0 .171 0 .166 0.162 
50 0 .179 0 .1 73 0.182 

A. = 0.178 

0 1.0 mM 0 .101 0 .101 0.102 
1 0.109 0 .112 0 .119 
2 0 .122 0.133 0 .133 
3 0 .136 0 .150 0 .145 
4 0.150 0.167 0 .159 
5 0.166 0.181 0.172 
7 0 .188 0.204 0.195 
9 0.214 0.220 0.213 
15 0 .234 0.237 0.221 
20 0.241 0.241 0.242 
25 0.245 0 .243 
30 0.252 0 .248 0.252 
40 0 .254 0 .256 0.258 
50 0 .257 0.257 0 .260 

A. = 0.259 
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Figure 7 .26: Graph of In (A. --Ao/A, -- Ao) vs t ime for the decomposition of complex I 

7.4.19 Isolation of oxygenated product from complex lilA 

Dry oxygen was bubbled gently into a stirred solution of complex lilA (15mg) in dry CH 2C1 2 (5mll 

for 10min. Dry ether (1 Omll was added, causing a slight precipitate to form, and the solution 

turned green . The solvent was removed under reduced pressure, leaving a green solid, iliA', which 

was analysed by IR spectroscopy, giving a spectrum identical to that of lilA. This procedure was 

repeated using methanol as the solvent, with the same result. 



256 

r-'-........ -r"-~., ..... , ......... , ... ,--." .. -...,--.... - . ........-.....,.--, 
006 1_' ,:-. IN .. ~ 40 ~ 

~~I~~v).vv.....~i~~~ 
---=;:-' I 

I ~ 

I~ 

,-.-.-- ....... -r--~-'--.--.--.-· 

••• 1<0 IO~ 

Figure 7.23: 2-D NMR (HETCOR) spectra of (igand 94 

Section 7.4 .1 9 

., 

... 



257 Section 7.4.19 

A 

... 
a 

... 

- ---=- ~ 
... 

- CD rtf [.iii ... 

!lil , .. 
IJ 

-:;:J ~ ... 
~--=-

1 <ll ... 
... 

0 0 0 0 0 0 0 

". ... ... , .. . .. ... . .. •• 

B 

I 
~ """'" ......... , , .1 

; 

~ 3 ~ f.. 

~ 
:J f~~ ,. 

.- --... .- ." " 
~ !, 

,: r~ i •..... 

~ .;;: \ ... ; .. 
. _.. . !; ; 

~ ~ .. Itt 
Q 

... 

.-
0 0 0 0 0 0 0 o. ". '" 

Figure 7.24: 2-D NMR [COSY (A) and HETCOR (8)] spectra of ligand 98 



258 Section 7.4.19 

I •• 1. iLl~L .1 .I 

) 
t , 

-< I 

< 1 
, 

, I • 
I 

, 

• 
I 1 

1 

, ~4H I 

, 

I ( I 
ro • 

- I 
". - , , ,"n,.........,."",""",,",", , ,....,..-- , , , , ... '" ". ". ... " " .. " 

Figure 7 .25 : 2-D NMR (HETCOR) spectrum of complex IIiB 



259 

CHAPTER 8 

ANALYSES OF THE COPPER COMPLEXES 

8.1 INTRODUCTION 

Important information, which can be derived from the analyses of biomimetic copper complexes, 

is directly relevant to the evaluation of the complexes as successful structural models of copper 

proteins. In this chapter, analyses of the copper complexes synthesised in the present study, 

utilising atomic absorption spectrophotometry, UV-visible spectrophotometry and cyclic 

voltammetry, are discussed. 

8.1.1 Atomic Absorption Spectrophotometry 

The dinuclear character of the copper complexes which had been synthesised (Chapter 7) was 

confirmed by determination of their proportion of copper. Atomic absorption spectrophotometry 

measures the energy absorbed by free atoms at wavelengths which are specific to a particular 

element, since the energy of the absorption depends on the electronic structure of the atoms. Thus, 

the copper atoms present in the copper complexes would absorb energy at a specific wavelength 

(324.8nm), which is different from the absorption wavelengths for atoms of other elements present 

in a solution of the complex. (The complex must be hydrolysed to liberate the copper ions.) The 

parameter which is measured in this technique is the absorbance A, given by the equation: 

A = 0.43k,b 

where k, is the absorption coefficient of the solution, and b is the path length of the radiation in 

the sample; k, is proportional to the concentration of the element being measured, in the solution 

(Bauer et al., 1978). 

The usefulness of atomic absorption as a means of measuring concentration lies in its high 

sensitivity; in the case of copper ions, the detection limit for flame atomic absorption is 0.1 ppm 

(1.7tJM) (Wilson and Goulding, 1986). 
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8.1.2 UV-visible Spectrophotometry 

Analysing the electronic spectra of structurally defined copper complexes has been of considerable 

importance in understanding the electronic structures of the binding sites in copper proteins. The 

copper proteins themselves often exhibit unusual spectral properties [see Section 1.4.4 (3)), and 

the synthesis of copper complexes which have similar spectral characteristics has been a major 

goal in the biomimetic study of these proteins. The correlation of results from spectral studies with 

those from molecular orbital studies, X-ray crystallography of the complexes, and protein 

crystallography have enabled workers to develop a detailed understanding of the electronic 

structures of the protein active sites. Notable in this area is the elegant work of Solomon and co­

workers (summarised by Solomon et al., 1992), who have recently proposed detailed models for 

the electronic structure of the active sites in haemocyanin and tyrosinase (see Section 1 .2 .7). 

Techniques used to determine the electronic structures include Raman, EXAFS (extended X-ray 

absorption fine structure), EPR (electroparamagnetic resonance) and UV-visible spectroscopy, as 

well as quantum mechanical SCF-Xa-SW (self-consistentfield-Xa-scattered wave) calculations. UV­

visible spectroscopy was utilised in the present study. 

In transition metal compounds, the absorption of light (and hence the colour of the compounds) is 

associated with dod (crystal field) transitions, and with charge transfer processes. ligand-to-metal 

charge transfer (LMCT) transitions result from electron donation from a ligand atom orbital to a 

metal orbital, e.g. nitrogen to copper (II) . Metal-to-ligand charge transfer (MLCT) transitions occur 

where a ligand has low energy empty orbitals, e.g. the empty" anti-bonding orbitals in pyridine . 

Easily oxidisable metal ions, such as copper (I), can tranfer electrons to these orbitals . 

Copper (II) complexes generally show dod transitions composed of broad bands at wavelengths 500 

- 1600 nm (E 100 - 1000 M" cm" ); the wavelength is dependent on the coordination arrangement . 

Table 8.1 illustrates the effect of coordination on the dod transitions of copper (II) (Lever,1984, 

Chapter 6) . 

Table 8.1: Examples of UV-visible dod absorptions of copper (II) complexes (Lever,1984) 

Coordination Geometry Absorption Am~ (nm) 

6-coordinate Tetragonal octahedral 550-650 
Rhombic octahedral 590-720 
Trigonal octahedral 760-1100 

5-coordinate Square-based pyramidal 580-770 
Trigonal bipyramidal 680-950 

4-coordinate Square planar 470-580 
Tetrahedral 600-850 
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While the dod transitions are not greatly affected by the nature of the solvent, the energies of CT 

transitions are affected by the solvent , CT transitions are also influenced by the coordination 

number and stereochemistry, and by the nature of the ligands , For example, primary amine INH,)­

to-copper (II) LMCT absorptions occur around 250nm, while secondary amine/copper (Ill 

complexes, where Cu-N bonds are longer and weaker, show absorption bands at lower energies 

(Lever, 1984, Chapter 8), If different types of Cu-N bonds exist in one complex, different 

absorptions will occur for each , 

While copper (I) complexes do not exhibit dod transitions because the copper (I) ion has full d 

orbitals, they do show CT transitions, These may be ligand I") - 4s or ligandlu) - 4s LMCT 

transitions, MLCT transitions also occur, as illustrated by the examples shown in Table 8,2 (Sorrell 

and Borovik, 1986), 

Table 8.2: MLCT absorptions of copper (I) complexes (Sorrell and Borovik, 1986) 

Coordination Transition Absorption (Amu Inm) 

4-coordinate 215 - 225, 260sh' 
drr-+rr-, du .... " 

. 
3-coordinate 220-230, 254, 302(sh) 

2-coordinate 210-230, 240(br sh) 

• Occurs as a shoulder on the higher energy absorption band 

Copper complexes which can coordinate dioxygen are of particular interest because oxygen binding 

is a biological function of haemocyanin and tyrosinase, Oxygen can be bound to copper as 

superoxide (0,') or peroxide 10,"), with variable coordination geometry, Specific spectral changes 

are observed when copper (I) complexes bind oxygen to form copper (Ill -peroxide complexes, These 

absorption bands can be distinguished from those attributable to the formation copper (Ill dod 

transitions by their wavelength and intensity (see Table 8,3 below) . Another aspect of the reactivity 

of complexes with oxygen which can be demonstrated by UV-visible spectroscopy is the 

hydroxylation of aromatic rings in the ligands, The formation of a phenoxy-bridged dinuclear copper 

(II) group is accompanied by the development of an intense absorption band around 360nm which 

is not reversible , Karlin and co-workers have devised a sophisticated system to examine the low 

temperature spectra of oxygen-bridged complexes which are not stable at normal temperatures . 

For instance, close spectroscopic similarity to haemocyanin was achieved in the case of complex 

103, which also binds oxygen reversibly, giving absorption bands at 365 (E = 15000 M" cm" l, 490 

(E = 5250 M"cm" l, 600(shoulder) and 850nm (E = 100 M" cm" ) IKarlin et at" ~ 1992), 
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103 

Table 8.3 UV-visible spectral features of products from reactions of copper complexes with oxygen 

Transition Wavelength Amu Inm, (E IM" cm") Indication 

Peroxo-to-copper (II) 350-365 (20000), 500 (1000) Reversible binding of 
oxygen 

Phenoxy-to-copper(ll) 360 (15000) Aromatic 
hydroxylation 

Copper (II) dod 500·1200 (1000) Simple oxidation of 
copper (I) 

8.1 .3 Electrochemical characteristics of copper dinuclear complexes 

"Type 3" copper sites in proteins exhibit single two-electron reductions at redox potentials which 

are higher than would be expected for their proposed coordination arrangements . However, with 

the exception of the triketonate complex 104 (Fenton et al., 1978) which does undergo a single, 

two-electron reduction, synthetic dinuclear copper complexes have generally been found to be 

reduced in two single-electron steps, with an intermediate Cu(I)Cu(l1) species being formed. Thus 

the study of the electrochemical characteristics of biomimetic dinuclear copper complexes is of 

considerable relevance. 
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The redox processes can be quantified by measuring standard redox potentials and the separation 

liE between the two consecutive reduction potentials i.e. 

E, E, 
CullCu" -+ Culled -+ CuICu'; lIE E, -E, 
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where l>E is a measure of K,.m' the comproportionation constant, which is the equilibrium constant 

for the reaction: 

CU"CUIl + CUi CUi ~ CU"CUI 

and K,.m is related to l>E by the equati.on: E, • E, = 0 .059110gK"m (Gagne et al. , 1979) . 

The standard redox potentials, and therefore l>E, are dependent on various factors such as: 

- solvent effects 

- the electronic nature of the donor ligands and their substituents 

- the steric demands of the ligand 

- the flexibility of the ligand and the size of the chelate rings in the complex (Zanello et al., 

1987), 

The electronic nature of the donor ligands in complexes is of particular importance: the presence 

of electron donating groups coordinated to a metal ion would be expected to favour electron 

removal from a metal, and thus facilitate oxidation. Conversely, pyridine (an electron withdrawing 

system) is able to stabilise a metal in a low oxidation state, such as Cu(l), because it can delocalise 

electron density from the metal by "-back-bonding ligand (Simmons et al., 1980). Steric effects 

may, in some cases, overshadow the electronic effects . For instance, the ligand structure in a 

copper complex may be such that the binding of a fourth donor to a newly generated Cu (II) centre 

requiring square planar geometry, is sterically hindered; the Cu' state could then be more stable. 

The effect of the flexibility of bridging systems in ligands is also important, as illustrated by the 

example of complexes 105 and 106 below. The complex 106 is more easily reduced because it is 

more flexible (Zanello et al., 1987). 

106 

The protein ligand system in tyrosinase is assumed to be fairly rigid in comparison to synthetic 

ligands. Such rigidity, however, is not necessary for a high redox potential, since Haanstra et 

al. (1992) have reported relatively fle xible complexes with high redox potentials . 
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Electrochemical techniques can thus be used for the investigation of the redox properties of 

organometallic complexes . In this study, cyclic voltammetry was utilised, primarily to determine the 

oxidation state of the copper in the complexes which had been synthesised . This technique 

measures the redox potential of a redox couple, and also demonstrates the reversiblility (or 

irreversibility) of a redox process. 

An electrochemical cell is set up, and the cell current is measured as a function of the varying 

electrode potential. Commonly, a three-electrode system is used: the redox reaction under 

investigation occurs at the working electrode; the auxiliary electrode completes the circuit; and the 

reference electrode is used to standardise the potential of the working electrode . The process is 

illustrated in Figure 8 .1. The shape of the cycl ic voltammogram depends to some extent on the 

conditions. 

3 

i , 5 

Potential Ep , Ep, • 

1: Potential is positive; X is oxidised 

2: Potential becomes more negative; 
X .... X· 

3: Maximum cathodic current is reached ; 
peak potential is EO' 

4: Concentration of X at electrode is 
depleted; current depends on diffusion of X 

5: Direction of scan is reversed; working 
electrode becomes more positive; 
X' is oxidised 

6 : Peak anodic current is reached; peak 
potential is E" 

7 : Current again depends on diffusion. 

Figure 8 .1: A typical cycl ic voltammogram, for the redox process X .... X' 

Various properties can be determined from a cyclic voltammogram : The separation of the peak 

potentials, Ep , - E", in millivolts, equals 59 /n, where n is the number of electrons required in the 

redox process, for a reversible process. Reversibility is indicated by the existence of an anod ic 

feature corresponding to a cathodic feature; if this is lacking, the process is irreversible . Reactions 

such as disproportionation cause irregularities in the shapes of the curves (Rossiter and Hamilton, 

1986). 
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S.2 RESULTS AND DISCUSSION 

S.2.1 Atomic Absorption Spectrophotometric Analysis 

The number of copper atoms per molecule of each complex was established by determining the 

percentage copper by mass in the complexes, using atomic absorption spectrometry. Samples of 

the complexes were treated with hydrochloric acid to liberate the copper by hydrolysing the organic 

ligand, and then diluted to make solutions of suitable concentrations. Concentrations of copper in 

the solutions were found using of a calibration curve determined using standard solutions of copper 

(II) chloride (see Section 8.4.1). The results are shown in Table 8.4. 

Table S.4: Analysis of the copper content in the copper complexes by atomic absorption 

spectrometry. 

Complex Molecular formula" MM' % Cu % Cu 
(calc)O (found)· 

I [Cu ,(C,.H.,N.) ICH,CN).](PF,), 997 12.74 11.13 

IIA [Cu,(C,.H.,N,)ICH,CN).I(PF,), 977 13.00 13.07 

liS 11.59 

IIC 13.05 

iliA [Cu,(C 3,H"N,)(CH3CN).I(PF,), 1077 11.79 11.20 

illS 10.54 

"As for structures shown in Table 7.1 (Section 7.1.1) and including 2 CH 3CN ligands per 
copper atom 

'MM = molecular mass 
o Calculated from the formulae shown in this table 
• Mean of duplicate measurements 

The theoretical values of relative molecular masses and hence percentages of copper, as shown 

in the table, were calculated assuming the presence of four solvating acetonitrile molecules per 

molecule of complex (two per copper atom) as was proposed for complex I (R~glier et al., 1990). 

The presence of coordinated acetonitrile was apparent in the NMR spectra of the complexes 

(Section 7.2). In this analysis, the margin of error was approximately 5%, due to the limited 

precision of scale readings . Duplicate analyses were carried out for each complex, and mean values 

for the duplicate measurements are quoted in the table. 
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8.2.2 UV-Visible Spectrophotometric Analysis 

The UV-visible spectra of the copper complexes synthesised in the present study were investigated 

for two reasons. Firstly, the spectral characteristics of the complexes could be correlated with 

those of similar complexes reported in the literature, permitting confirmation of their proposed 

structures. UV-visible characteristics can also be correlated with properties such as oxidation state, 

coordination number, and coordination geometry (see Section 8.1 .2), as well as with ligand 

structure. 

Secondly, the interaction of the complexes with oxygen could be investigated. Successful 

tyrosinase models should bind oxygen reversibly as peroxide, or show aromatic hydroxylation by 

exhibiting the characteristic absorptions described in Section 8.1.2. Alternatively, complexed 

copper might react with oxygen by a straightforward oxidation to give copper (II) complexes, and 

this would be demonstrated by the development of absorption bands due to copper (II) d-d 

transitions and LMCT transitions, replacing the MLCT transitions. 

The UV-visible spectra of the complexes synthesised in this study are summarised in Table 8.5. and 

shown in Figures 8.2 to 8.15 (at end of Section 8.2.2) . The spectra were measured in the absence 

and then in the presence of oxygen, at room temperature, and in some cases, at approximately 

-70 D C. The low temperature spectra can be compared with those obtained at room temperature, 

but in the absence of advanced apparatus such as that of Karlin and coworkers, cycling of the 

addition and removal of oxygen is not possible. Three different solvents, viz., acetonitrile, 

methanol, and dichloromethane were used, in order to detect any solvent effects. Solvent 

dependence of the spectra would indicate that the solvent molecules can coordinate with the metal 

ions of a complex, or that they interact with the ligands in a way which alters the geometry of the 

complex (Casella et al., 1993). Acetonitrile is able to coordinate with the copper ions (coordinated 

acetonitrile was found to be present in the solid complexes; see Section 7.2) and therefore the 

complexes were thought likely to be most stable in this solvent. Methanol could replace the 

coordinated acetonitrile, and in addition, protic solvents such as methanol can promote the reaction 

of oxygen with some dinuclear copper complexes (Sorrell et al., 1991 a and b) . However, 

dichloromethane is a better solvent for oxygen and thus, oxidation should be more clearly 

demonstrated in this solvent. In this section, the results obtained for complexes synthesised from 

prepared ligands are discussed before the corresponding products of template syntheses, for the 

sake of consistency. 
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Table 8.5: Results of UV-visible spectral analysis of copper complexes 

Complex Solvent Conc· Conditionsb Absorption bands Figured 

I 

IIC 

ImMI A,...x nm (E'M o'cmO

' ) 

MeCN 0 .1 25°C, N, 213 1220001. 360sh' 8 .2A 

0.1 25°e, 0, 241 (60001, 365sh B 
710 (100) 

0.05 ·70°C, N2 224 (260001. 280sh, 350sh C 

224 (26000), 280sh, 350sh, 
0.05 -70 o e, 0, 730 (2700) 0 

223(17000), 260sh, 350sh 
MeOH 0 .1 25°C, N, 8 .3A 

246 16400), 360sh 
5361500) 

0.1 25°e, 0, B 
260, 340sh 

eH,Cl, 0.2 25°C, N, 260(8800), 340sh 8.4A 

0 .2 25 o e,O, 250,755 (50) B 

0 .56 25 o e,O, 257,345sh C 

0 .1 -70 o e, N, 257 114000), 355sh, 635 0 
(64001, 68016400) 

0 .1 -70 o e, 0, E 

MeCN 0.1 25°C, N, 220 (25000) 8 .5A 

0.1 25 o e,O, 236 (6200), 673(1300) B 

0.1 -70o e, N, 214 (25000) C 

0.1 -70°C, 0, 226 (70001. 660(100) 0 

MeOH 0 .1 25°C, N, 217 (240001. 360sh 8 .6A 

0.1 25 o e,O, 246 (90001. 361 sh B 
535 (700) 

0 .2 -70 o e, N, 228 (10000), 255sh e 

0.2 -70 o e, 0, 228 (7000), 255sh 0 

eH,Cl, 0.36 25°e, N, 220, 750 8.7A 

25 o e,O, 220, 755 (100) B 

• Concentration 
b N2 denotes spectrum measured in absence of oxygen 
c O2 denotes spectrum measured after oxygenation of solution 
d Figures show spectra with comparable vertical scales, and therefore maximum absorbances at lower 

wavelengths are not always visible. Insets show the shapes of these peaks, obtained using 
more dil ute solutions 
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Complex Solvent Conc· Conditionsb Absorption bands Figured 
(mM) A ...... nm (E M"cm") 

IIA MeCN 0.1 25°C, N, 220 (24000) 8.8A 

0.1 25°C, 0, 238 (7400). 615(1000) B 

0.1 -70°C, N, 227 (19000), 400sh C 

0.1 -70°C, 0 , 227 121000). 400sh, 0 
70011000) 

MeOH 0.1 25°C, N2 222 (25000), 370sh 8 .9A 

0.1 25°C, 0, 247 (4000). 360sh, 536 (500) B 

0.1 -70°C, N, 224 (12000). 270 (11000) C 

0.1 -70°C, 0, 227 (16000). 270sh, 660 0 
(1000) 

CH,CI, 0.04 25°C, N, 220 150000). 280sh 8.10A 

0.36 25°C, 0, 220, 260sh, 612 (190) B 

liB CH,CI, 0.16 25°C, N, 224 (50000) 8.11A 

0 .16 25°C, 0, 220 (13000), 584(300). 785 B 
(200) 

iliA MeCN 0.05 25°C, N, 221 (50000) 8.12A 

0 .05 25°C, 0, 220(5000). 750(3000) B 

MeOH 0 .02 25°C, N, 230 170000), 264 (70000), 8 .13A 
340sh 

0.02 25°C, 0, 257 (40000). 763 (2000) B 

0 .10 25°C, 0 , 250 (40000), 390 (20000) C 

CH, CI, 0 .04 25°C, N, 248 (51500), 301 sh, 360sh 8.14A 

0 .04 25°C, 0 , 248140000), 624 1200) B 

0.04 -70°C, N, 240(52500). 300sh, 360sh C 

0 .04 -70°C, 0 , 240(17500). 360sh 0 

iliA' CH,CI , 0.04 25°C, 0 , 251 (20000), 300sh, 360sh E 
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The effect of chelate ring size is attributable to the different coordination requirements of Cu(l) and 

Cu(lI) ions (see Section 1.1.3). For example, while six-membered chelate rings stabilise Cu(lI), a 

decrease in chelate ring size may favour the reduction of copper (II) to copper (I) (Pandiyan et a/., 

1992). 

Many detailed studies on the electrochemical characteristics of both amine and imine copper 

complexes have been reported. For example, standard redox potentials for complexes 107 were 

found to be in the ranges shown below (Gagne et a/., 1979): 

Eo Cu"Cu"/Cu"Cu' ·0.52 - + 0.15 V 

Cu"Cu'/Cu'Cu' ·0.91· +0.08 V 

These authors reported the following trends : (a) high redox potentials were obtained when copper 

ions were surrounded by hydrophobic and/or bulky ligands, and (b) more flexible ligands with softer 

(more polarisable) coordinating groups gave complexes with more positive redox potentials . 

\ / \ / 
I / 

~ X= N-N N-N ex> V ~ I ~ 
~ ~ 

NON 
R/' / , / 'R 

Cu Cu 

~ 
N 

'X/ R= ~N ~) 107 
NH 

Mandai and Nag (1984) extended this type of research to include macrocyclic and other complexes 

108 - 110, and reported stabilisation of the Cu(l)/Cu(11) species in the case of the macrocyclic 

system 110. 

108 

HN 0 NH 

" j' / C Cu 
HzN/ \ / ..... NH, 

X 

109 R 

HN 0 NH 

"d "cI 
/ \ / \ 
NON 

110 

R 
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Complex Solvent Conc' Conditionsb Absorption bands Figured 
ImMI A

IMx 
nm (e M·'cm·') 

IIIB CH,CI, 0 .01 25°C, N, 245 1650001, 280sh B.15A 

0.04 25°C, 02 215 (550001, 2BOsh, 350sh B 

220, 702 180) 
0.36 25°C, 0, C 

• Concentration 
b N2 denotes spectrum measured in absence of oxygen 
c O2 denotes spectrum measured after oxygenation of solution 
d Figures show spectra with comparable vertical scales, and therefore maximum absorbances at lower 

wavelengths are not always visible. Insets show the shapes of these peaks, obtained using 
more dilute solutions 

8.2.2 (1) Complex I 

The spectrum obtained for complex I in degassed acetonitrile (Figure 8.2A) showed a broad 

absorption band at 213nm (E 22000 M" cm" ) with shoulders at 300 and 360nm. The absorption 

bands at 213 and 300 nm can be attributed to d/7-+/7' and du'-+/7' MLCT transitions in a copper (I) 

complex (Sorrell and Borovik, 1986). The origin of the small shoulder at 360nm is less clear. A 

similar shoulder is shown in the spectrum of complex 11 1, reported without explanation by Sarwar 

Nasir et al. (1991), although they do report that a much smaller shoulder at 41 Onm is an artifact. 

Py ~ pyridine 
111 

Intense bands in the region 300 - 360nm can be attributed to phenoxy-to-copper (II) LMCT 

transitions ICaselia et al., 1991 a) or peroxo-to-copper (II) LMCT transitions (Casella et al., 1991 b), 

but the shoulder observed for complex I is not intense and no evidence of aromatic hydroxylation 

was found in the present study . This seems to rule out either of these LMCT transitions being 

responsible for the shoulder. How ever, complexes of copper and pyridine donor ligands can exhibit 

absorption bands near 350nm due to /7 .... /7. transitions in the pyridine rings (Sorrell et al., 1991 a and 

Karlin et al., 1992). 
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Oxygenation of the solution caused a marked decrease in the band intensity and a slight red shift 

of the high energy peak to 241 nm (E 6000 M"cm"; Figure 8.2B). This can be explained in terms 

of the oxidation of copper (I) to copper (II). since this would result in loss of the MLCT transitions 

due to the copper (I) ions and leave ligand n- n° absorption bands below 300nm. The development 

of a weak dod band at 710nm also indicates the presence of copper (II), and suggests tetrahedral 

geometry around each copper ion; absorption bands at 550 - 800nm are characteristic of 

tetrahedral (four-coordinated) copper (II) complexes (Lever, 1984, Chapter 6). At -70 D C, the 

spectra were similar (Figure 8.2C and 0) , and the absence of intense absorption bands near 

360nm, shows that a peroxo-complex was not formed (Karlin et ai, 1992 and Tyekl~r et al., 1993) . 

In methanol, I gave similar spectra (Figure 8.3A and B) and oxygenation again caused the 

development of a dod band (536nm); the wavelength of this latter absorption band seems to 

indicate square planar geometry (see Table 8.1). In dichloromethane, the MLCT transitions were 

at lower energy than in the other solvents used, presumably as a result of a change in solvation 

(Figure 8.4A and B) . A dod transition was not detected in dilute solution, but was observed at 

755nm in a more concentrated solution (Figure 8.4C) and at -70 D C (Figure 8.4E) . 

8.2.2 (2) Complex IIC 

The spectrum of complex IIC, in acetonitrile, showed a broad band at 220nm (Figure 8.5A), and 

when the acetonitrile solution was oxygenated (Figure 8 .5B). a weak dod band developed at 673nm 

due to oxidation of the copper ions . The decrease in intensity of the high energy absorption band 

upon oxygenation suggests that the product contained the corresponding copper (I) complex (as 

a mixture with the copper (II) analog) which was able to give rise to MLCT transitions, and which 

was subsequently oxidised to copper (II). Spectra measured at -70 D C (Figure 8.50 and E) were 

similar to those measured at ambient temperature. 

In methanol, complex IIC showed an absorption band at 217nm with a small shoulder at 260nm 

(Figure 8.6A) . This is in keeping with the proposed structure, since the coordination in imidazole­

copper (II) complexes can give rise to three LMCT transitions near 220nm, 260nm, and 330nm, 

with the latter two appearing as poorly defined shoulders on the high energy absorption band 

(Lever, 1984, Chapter 5 and Bernarducci et al., 1983) . Oxygenation aga in resulted in a decrease 

in the intensity of the highest energy peak (Figure 8.6B) . A shoulder was observed at 360nm which 

seemed to increase with oxygenation and, in this case, the absorption band may be due to 

imidazole-to-copper (II) LMCT transitions (Sanyal et al., 1991) . When this complex was dissolved 

in methanol which had not been previously degassed and was therefore probably well oxygenated, 
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the band at 360nm was particularly strong (Figure B.6C) . A d-d transition was observed at 535nm 

for the oxidised complex. At -70°C, the spectrum of IIC in methanol showed an absorption band 

at 228nm, which was accompanied by a marked shoulder at 255nm. Four-coordinate copper (I) 

complexes typically give absorption bands of this form (Sorrell and Borovik, 1986, see Section 

8.1.21. and this confirms the coordination of solvent molecules. When complex IIC was dissolved 

in dichloromethane, the absorption band at 220nm was accompanied by a shoulder at 260nm, and 

a d-d band developed at 755 after oxygenation (Figure B.7A and B). 

8.2.2 (3) Complex IIA 

The spectra obtained for complex IIA were similar to those for complex IIC. Absorption bands near 

220nm were observed in acetonitrile and in methanol solutions, and the shoulder at 360nm was 

more marked in the methanol solution (Figures 8.BA and 8.9A). Oxygenation of these solutions lead 

to a decrease in the intensities of the high energy bands, suggesting the presence of the 

corresponding copper (I) complex in the sample (Figure B.8B and 8.9B). The absorption bands 

which developed at 615nm and 634nm respectively, are attributable to copper (II) d-d transitions 

and again suggest four-coordination of the copper (II) ions. The spectra measured in acetonitrile at 

-70°C (Figure B.BC and 0) were similar to those measured at ambient temperature but, in the 

methanol solution, the high energy absorption band showed two peaks, at 224 and 270nm (Figure 

B.9C and 0). This type of spectrum was reported to be characteristic of four-coordinated copper 

(I) complexes (Sorrell and Borovik, 1986). In dichloromethane, the high energy absorption band 

at 220nm again showed a shoulder at 2BOnm (Figure 8.1 ~Al. The d-d transition in this case was 

observed at 612nm (Figure B.1 OB) . 

8.2.2 (4) Complex liB 

Complex liB was analysed in dichloromethane (Figure 8 .11). The oxygenated complex showed 

absorption bands at 584nm and 785nm (Figure 8.11 B) , which are at similar wavelengths to those 

reported for the square planar copper (II) complex 112 (Srinivas and Zaccharias, 1992). 
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8.2.2 (51 Complex iliA 

The acetonitri le solution of complex iliA showed a broad absorption band at 221 nm, which 

decreased in intensity with oxygenation, due to loss of MLCT transitions as discussed above (Figure 

8.12A and BI . Oxidation also gave rise to a dod absorption band at 750nm. In methanol, however, 

the spectrum showed two intense hig!l energy absorption bands, at 230 and 275nm respectively 

(Figure 8.13AI. indicating four-coordination of the copper (I). This pattern was lost with 

oxygenation, and a dod absorption band developed at 763nm due to the formation of copper (III 

ions (Figure 8.13BI. When complex lilA was dissolved in methanol which had not been degassed, 

the spectrum obtained showed a marked absorption band at 390nm (Figure 8.13CI . 

In dichloromethane, the complex iliA showed an intense absorption band at 249nm, with shoulders 

at 301 and 360nm (Figure 8.14AI. This type of spectrum is characteristic of three-coordinated 

copper (I) complexes (Sorrell and Borovik, 19861. which suggests that the dichloromethane caused 

the removal of one of the acetonitrile ligands . 

Oxygenation of the dichloromethane solution of complex lilA exhibited decreased intensity of the 

high energy peak, and a weak dod transition at 624nm. An oxidation product iliA' was isolated by 

precipitation with ether, from oxygenated solutions of the complex in dichloromethane and 

methanol (Section 8.4.31. and this product also showed absorption bands at 251, 300 (shoulderl 

and 360nm (shoulderl (Figure 8.14EI. In the case of complex 113, an absorption band near 300nm 

was attributed to u(aminol-to-copper (III LMCT transitions and one at 350 - 400nm to 

T7(benzimidazolel-to-copper (III LMCT transitions (Casella et ai"~ 19931 . 

8.2.2 (61 Complex 1116 

The analysis of complex 1116 was carried out in dichloromethane (Figure 8 .15AI. The spectrum 

show ed a high energy absorption band at 245nm with a shoulder at 280nm, which suggests the 

presence of three-coordinated copper (I) ions (Sorrell and Borovik, 19861 . Oxygenation caused 
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oxidation of the copper (I) to copper (II), as indicated by the appearance of an absorption band due 

to a d-d transition, at 766nm (Figure 8 .158). 
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8.2.3 Electrochemical analysis 

Cyclic voltammograms were measured for all the complexes, as illustrated in Figure 8.16, and the 

potentials and E~ values (half wave potentials) are summarised in Table 8 .6 . The complexes I, liB, 

iliA and IIiB were all found to contain copper (I) ions, since each exhibited one reduction (to copper 

(O)J and one oxidation step (to copper· (lill. In complexes IIA and IIC, where only reductions were 

observed, the copper was predominantly in the + 2 oxidation state. The deposition of metallic 

copper was observed during cyclic voltammetry with complexes IIC and IIIB, indicating that these 

complexes were unstable under the conditions used for the analysis. The benzimidazole-copper 

complexes (I liA and IIIB) exhibited higher (more negative) potentials than the pyridine- and 

imidazole·copper complexes, indicating their greater tendency towards oxidation . 

Table 8 .6: Results of cyclic voltammetric analysis of complexes 

Complex Potentials measured in cyclic E~ Oxidation 
voltammogram IVI Ivs Fc/Fc'I' state of 

(VI copper 

I -0.38 Icathodicl ·0.29Iredl I 
·0.20 lanodicl 

0.00 Icathodicl 0.091oxl 
0 .17 lanodicl 

IIA ·1.06 (cathodic; irreversible reduction) II 
0.38 (anodic; irreversible oxidation) 

liB ·0.39 Icathodicl -0.33(redl I 
·0.26 (anodicl 

·1.05 Icathodicl ·0.80 loxl 
·0.55 lanodicl 

IIC ·0.51 Icathodicl ·0.30Iredl II 
·0.09 lanodicl 

·0 .91 (cathodic; copper depositedl 

lilA ·0.91 (cathod ic l ·0 .7 1(redl I 
·0.51 (anodicl 

0 .24 (cathodic) 0.63(ox) 
0 .83 (anodic) 

IIIB ·0.93 (cathodic I ·0.74(red) I 
·0.54 (anodic; metal deposited) 

0.32 (cathodic) 
0.12 (anodicl 0 .22(ox) 

• Half wave potentials, measured with reference to the ferrocene-ferrocinium coupl e 
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Figure 8.16: Cyclic voltammograms obtained for dinuclear copper complexes: (A) complex I (8) 
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8.3 CONCLUSIONS 

8 .3.1 Atomic absorption analysis 

The percentages of copper measured by this method approximate the theoretical values, confirming 

the dinuclear nature of the complexes. The percentage of copper found in complex I was somewhat 

lower than the theoretical value, and this may indicate the presence of some mononuclear complex 

101 (see Section 7.2.4) in the sample. This mononuclear complex was reported by Reglier et al., 

(1990) to be inactive as a catalyst. 

The complexes which were synthesised by the template method (viz., liB, IIC, and IIIB) gave lower 

copper contents than the theoretical values. This indicates that the products were not pure, and 

possibly contained mononuclear contaminants. 

8.3 .2 UV-Visible spectroscopy 

This analysis has shown that UV-visible spectra of the complexes correlate with the proposed 

structures. Absorption bands were observed at the expected wavelengths for the respective copper 

and ligand-copper transitions, as shown in Table 8.7. 

Table 8.7: Transitions observed in UV-visible spectra of copper complexes 

Donor group Transition Complex 

Pyridine MLCT copper(l)-to-pyridine I 
LMCT pyridine-to-copper(lI) I' 

Imidazole LMCT imidazole-to-copper(lI) IIA, liB 

Benzimidazole MLCT copper(l)-to-benzimidazole IIIA,IIIB 
LMCT (benzimidazole)-to-copper(1I) iliA, iliA' 

• After reaction with oxygen 

The oxidation of the copper (I) ions to copper (II) was observed to occur readily in all cases, and 

the d-d absorption bands in the oxygenated complexes were generally in the wavelength region 

650 - 760nm (see Table 8.8). This is characteristic of tetrahedral geometry around the copper (II) 

ions (Section 8.1.2). and substantiates the predictions made by molecular mechanical modelling 

(Chapter 6); the presence of the biphenyl spacer, in which there can be relative rotation of the two 

phenyl rings, is likely to distort the dinuclear copper site so that it does not have planar geometry. 
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Table 8.8: Copper (II) dod transitions observed for oxygenated copper complexes 

Complex Solvent Wavelength of d-d absorption 
band (nml 

I Acetonitrile 710 
Methanol 536 
Dichloromethane 755 

lie Acetonitrile 673 
Methanol 660 
Dichloromethane 755 

IIA Acetonitrile 615/700 
Methanol 536 
Dichloromethane 612 

liB Dichloromethane 584/785 

lilA Acetonitrile 750 
Methanol 763 
Dichloromethane 624 

IIIB Dichloromethane 702 

In the UV spectrophotometric analysis, no clear evidence was found for the formation of peroxo­

bridged products resulting from the reaction of the complexes with oxygen. This suggests that, 

rather than binding dioxygen as a peroxide bridge across a dinuclear binding site, the copper in the 

complexes I - III may have been oxidised by the simple four-electron process: 

4Cu " + 0, -+ 4Cu " + 20'-

Similarly, no direct evidence was found for aromatic hydroxylation of the organic ligand itself. The 

marked absorption bands observed in the cases of IIC and iliA, when they were dissolved in 

methanol which had not been degassed (Figures 8.6 and 8.13) might seem to indicate the presence 

of phenoxy-to-copper transitions, resulting from aromatic hydroxylation. However, in both cases, 

an oxidation product was precipitated from the solution using ether, and the IR spectra of these 

products were identical to the starting materials. If aromatic hydroxylation had taken place, broad 

bands would have been observed around 3400cm-1 in the IR spectra. 
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8.3.3 Electrochemical analysis 

The primary objective of this analysis was to ascertain the oxidation states of the copper in the 

complexes, as shown in Table 8.6 (Section 8.2.3). The complexes IIA and IIC were found to be 

predominantly copper (III complexes, as expected from their appearance. The variations in the 

shapes of the cyclic voltammograms Qbtained show that their redox properties vary significantly 

with differences in the structures of the complexes. 

8.4 EXPERIMENTAL 

8.4.1 Atomic Absorption Spectrophotometric analysis of copper complexes 

The following procedure was carried out in duplicate for each of the complexes: I. IIA, liB. IIC. iliA, 

and IIIB. An accurately weighed sample (1 - 3mgl of the complex was heated in a closed tube with 

HCI (5M, 1 mLI for 1 h at 100°C. The resulting solution was diluted with deionised water to 25 or 

50mL and this solution was used for the AA analysis. Standard solutions were prepared using 

Analar CuCI2 .2H2 0 (0 - 0 .3pmol/mLI in deionised water containing amounts of HCI equivalent to 

those in the sample solutions. The standard curve obtained is shown in Figure 8.17. Results of the 

analysis of the complexes are shown in Table 8.9. 

S _~ca~l~e~re~a~d~ln~g~(~un~l~t.~) __________________________ ~ __ -, 
tOO r 

80 ------------. -------

60 -- -- - --- .- . ... .... -.--- .. .. ---....... ---

40 

20 _ ... -- - .---. 

OL-----~------~------~------~----~ 

o 50 100 t50 200 250 
Copper concentration (uM) 

Figure 8.17: Standard curve for AA analysis of copper 
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Table 8.9: Results of atomic absorption analysis 

Complex Concentration Concentration % copper 
Img/mLI copper found Iw/wl 

fpg/mLI 

I 0.080 8.51 10.64 
0.072 8.37 11.62 

IIA 0.080 10.29 12.86 
0.066 8.76 13.28 

liB 0.036 4.00 11 .11 
0.074 9.34 12.70 

IIC 0.084 10.89 12.96 
0.088 11.55 13.13 

lilA 0.032 3.56 11.13 
0.068 7.66 11.26 

IIlB 0.030 3.04 10.12 
0.064 6.99 10.92 

8.4.2 Measurement of UV-Visible spectra 

The UV-visible spectra of the copper complexes I, IIA, liB, lie, lilA, and IIIB were measured in 

solution in acetonitrile, methanol, or dichloromethane, at concentrations of 0.02 to 0.5 mM (see 

Table 8.10). using a Shimadzu UV-160 spectrophotometer. The wavelength range was 200 to 

800nm. Where spectra were measured in the absence of air, the solvents were first degassed by 

repeated freezing and evacuation. The solvent was then transferred under nitrogen, via a burette, 

to a flask containing the complex, also under nitrogen. The solution was transferred to the cuvette 

using a canula, under a blanket of nitrogen, and the cuvette was stoppered. Subsequent 

oxygenation was achieved by bubbling dry oxygen into the solution for 1 minute, and allowing the 

solution to stand for 5 minutes. The volume of the solution was adjusted with oxygenated solvent 

where necessary. The spectra of complexes I and iliA were also measured in solvents (methanol 

and dichloromethane respectively) which had not been degassed. To obtain spectra at -70°C, 

acetone was cooled using liquid nitrogen, and this was circulated through the constant temperature 

unit of the spectrophotometer. The outer surfaces of the cuvettes were wiped with glycerol to 

minimise frosting. The spectra obtained are shown in Figures 8.2 - 8.15, Section 8.2.2, and the 

results are summarised in Table 8.10. The molar extinction coefficients, E, were calculated using 

the Beers law equation A ~ Eel, where A is absorbance, c is concentration and I is optical path­

length in the solution. 
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Table 8.10: Results of UV-Visible analysis of Copper complexes 

Complex Solvent Conc' T lOCI Atmb Wavelength (nm).{A') 

MeCN 0.1 25 N, 213{2.2). 300sh. 360sh 

0, 241 (0.616), 3160sh. 710(0.01) 

0.05 -70 N, 224{1.70), 280sh. 350sh 

224{1.33), 280sh. 350sh. 
730{0.13) 

MeOH 0.1 25 N, 223{1.744), 260sh. 350sh 

0, 246{0.614), 360sh. 536{0.053) 

CH,Ci, 0.2 25 N, 260{2.5). 340sh 

0, 260{1.76), 340sh. 755{0.025) 

-70 N, 260{2.5). 340sh 

0, 257{1.39), 635{0.64), 680{0.65) 

IIC MeCN 0.1 25 N, 220{2.5) 

0, 236{0.62). 673{0.13) 

-70 N, 214{2.5) 

0, 227 (a. 7 4), 660(0.01) 

MeOH 0 .1 25 N, 21 7{2.35)' 360sh 

0, 246(0.88). 360sh. 535{0.073) 

0 .2 -70 N, 228(1.97). 255sh 

0, 228{1.8). 255sh 

CH,Ci, 0.04 25 0, 210{2.3)' 755{0.017) 

IIA MeCN 0.1 25 N, 220{2.4) 

0, 238{O.74), 615{0.1 0) 

-70 N, 227{2.15), 400sh 

0, 227{1.89). 400sh. 700{0.01) 

MeOH 0.1 25 N, 222{2.5), 370sh 

0, 247{0.76)' 370sh. 536{O.08) 

IIA MeOH 0.1 -70 N, 224{1.22), 270sh 

0, 227(1.65)' 270sh. 660{0.01) 

CH,CI, 0.04 25 N, 220{2.15) 

0.36 0, 220. 260sh. 612{0.07) 

liB CH,Ci, 0.04 25 N, 224{2.06) 

0, 220{0.52), 584{0.05), 785{0.03) 

IliA MeCN 0.05 25 N, 221 (2.5) 

0, 220{0.20). 750{0.15) 

MeOH 0.02 25 N, 2 15{ 1.42). 264(1.38), 340sh 

• Concentration fmM) 
b N2: under nitrogen, in degassed solvent; 0 2: after aeration 
C A = Absorbance 
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Complex Solvent Conco T 1°C} Atmb Wavelength Inm},IA'} 

0 , 25710.79}, 76310.04} 

Air 25010.84), 39010.39) 

CH,CI, 0 .04 25 N, 24812.06}, 30110.43}, 360sh 

0, 24811 .59), 62410.01} 

-70 N, 24012.1), 300sh, 360sh 

0 , 24010.7}, 350sh 

iliA' 25 Air 25110.79), 300sh, 360sh 

lilA CH,CI, 0 .01 25 N, 24510.65}, 280sh 

0 .04 0, 21512.2), 280sh, 350sh 

0 .36 0 , 220, 70210.03} 

• Concentration ImM} 
b N2 : under nitrogen, in degassed solvent; 0 2: after aeration 
c: A = Absorbance 

8 .4.3 Isolation of oxygenated product lilA' from complex iliA 

Dry oxygen was bubbled gently into a stirred solution of complex iliA (15mg) in dry CH,CI, (5mL) 

for 10min. Dry ether (1 Oml) was added, causing a slight precipitate to form, and the solution 

turned green. The solvent was removed under reduced pressure, leaving a green solid, iliA', which 

was analysed by IR spectroscopy, giving a spectrum identical to that of iliA (see Section 7.4.14) . 

This procedure was repeated using methanol as the solvent, w ith the same result. 

8.4.4 Electrochemical analysis 

Electrochemical data were collected with a BAS CV-27 voltammograph connected to an HP 7047A 

X-Y recorder . All measurements were carried out under an atmosphere of nitrogen, using dried, 

degassed solvents. A platinum disc (1 .6mm diameter) was used as the working electrode and a 

platinum wire as the auxiliary electrode. A silver wire coated with silver chloride was used as a 

quasi-refernce electrode. Potentials were referenced internally to the ferrocenium/ferrocene (Fc + I Fc) 

couple. The conditions used are summarised in Table 8.11 . The cyclic voltammograms are shown 

in Section 8.2.3 . 



291 Secti on 8.4.4 

Table 8.11: Conditions used to measure cyclic voltammograms of copper complexes 

Complex Solvent Supporting Scanning range Scanning speed 
electrolyte (V) (mV.s·') 

I DMF Et.NCIO. 1.2to-1.0 500 

IIC DMF 1.2to-1.2 500 

IIA MeCN · 1.0to-1.0 500 and 200 

liB DMF · 1.0to-1.0 500 

iliA MeCN · 1.0to-1.0 800 

IIIB MeCN Bu.NCIO. 0.9 to -0.9 500 and 200 
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CHAPTER 9 

THE CATALYTIC ACTIVITY OF THE COPPER COMPLEXES 

9.1 INTRODUCTION 

The purpose of preparing dinuclear copper complexes in this study was to produce models of 

tyrosinase and therefore, the assessment of their ability to catalyse the oxidation of phenols and 

catechols was of primary importance. Successful functional models of tyrosinase would exhibit 

cresolase and catecholase activity, producing a-quinones, using molecular oxygen. To fully mimic 

the enzyme, the mechanism should involve the binding of both oxygen and the substrate to the 

dinuclear copper site . The complexes should also be stable and active under conditions comparable 

to those under which tyrosinase functions . Since this study has shown that tyrosinase can function 

in an organic solvent medium, it is not necessary for the complexes to be applied in aqueous 

systems in order for them to be models of the enzyme. Thus the objectives for this section of the 

present study were to determine: 

(a) whether the complexes catalyse the oxidation of appropriate substrates 

(b) the nature of the products of these reactions 

(c) the kinetic parameters for the catalytic reactions 

(d) a possible mechanism for the reaction . 

An enzyme kinetic approach is often used when investigating the kinetic properties of biomimetic 

complexes (for example, Prati et al., 1992; Paul et al., 1991 ; Rockcliffe and Martell, 1992), since 

this gives a useful means of comparing the catalytic activity of the complexes with that of the 

enzyme they are intended to mimic. The most frequently encountered method of analysing reaction 

rate data uses the Michaelis-Menten equation: 

v = Vs/(Km + s) 

where v is the initial rate of the reaction 

s is the initial substrate concentration 

V is the maximum velocity 

Km is the Michaelis constant. 

[The theory of this method is explained in detail in Chapter 3 (Section 3 .1.2)). 
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The measurement of reaction rates in this investigation was carried out using dichloromethane as 

the solvent . The ability of this solvent to dissolve oxygen efficiently makes it especially suitable 

because oxygen acts as the electron acceptor in the catalytic oxidation reaction, and is required 

to be present at a non-rate limit ing concentration . 

While tyrosinase is able to catalyse the. oxidation of a wide range of substrates in aqueous medium 

(Yasunobu, 1959; Passi and Nazarro-Porro, 1981), the work presented in previous chapters of this 

study has shown that this range is considerably reduced in organic medium . It would be most 

appropriate to use relatively unhindered phenolic substrates from the selection used in the kinetic 

analysis (Chapter 3), but it was found that these compounds were not oxidised by the complexes, 

and thus more bulky substrates were used. The cresolase activity of the complexes was studied 

using the substrate 2,4-di-tert-butylphenol (DTBP), 114, and the corresponding catechol, 3,5-di­

tert-butylcatechol (DTBC), 115, was used to investigate catecholase activity . These compounds 

are frequently used for this purpose (Vigato et al., 1990; Chyn and Urbach, 1991), because they 

are activated for electron donation, by the alkyl substituents (Oishi et al., 1980). Also, the 

oxidation products from these substrates are less prone to polymerisation than those from less 

sterically hindered phenols. 

OH 

114 115 

The a-quinone product of the oxidation of DTBP and DTBC is 3,5-di-tert-butyl-a-benzoquinone 

(DTBQI 116, which exhibits a characteristic UV absorption band at wavelength 400nm (<' = 1830 

M·'cm·' ). Thus the reaction can conveniently be followed spectrophotometrically. 

o 

116 
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9.2 RESULTS AND DISCUSSION 

9.2.1 Uncatalysed reaction of DTBP and DTBC with oxygen 

The possibility of DTBP and DTBC reacting with oxygen in the absence of a catalyst was 

investigated. The UV-visible spectra of solutions of the substrates before and after oxygenation 

were compared, and small increases in the absorbances near 400nm were observed (Figure 9.1). 

To compensate for this, reaction rates in the presence of the copper complexes were measured 

with substrate solution in the reference cell of the spectrophotometer, and this solution was 

oxygenated at the same rate as the sample solution. 
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Figure 9.1: UV-visible spectra of DTBP (A) and DTBC (B), before and after oxygenation. The 

spectrum showing higher absorbance is the oxygenated sample, in each case. 

9 .2.2 Oxidation of DTBP catalysed by complex I 

Initially, the reaction of complex I with DTBP was investigated: the reaction was followed 

spectrophotometrically, reading the absorbance at 400nm (due to the o-quinone product) and at 

650nm (to detect the decomposition product of the complex, as discussed in Section 7.2.4). Since 

triethylamine was found to prevent the decomposition of the complex, it was added to the reaction 

mixtures, and in the presence of triethylamine, the absorbance at 650nm was found to remain 

negligible during the reactions. (A reaction in which the triethylamine was omitted did show an 

increase in absorbance at 650nm). Reaction of DTBC with the complex I was also shown to occur, 

by addition of I to a solution of DTBC and measuring the spectrum after a colour change had been 

observed . The UV-visible spectra of the products are shown in Figure 9.2, and the rates of 

absorbance change for DTBP are shown in Figure 9.3. The results are tabulated in Section 9.4.1. 
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Although these spectra show absorbances in the region where they might be attributed to ligand-to­

copper CT transitions (see Section 8.1.2), it must be borne in mind that the complex was only 

present in a 1: 1 00 ratio, relative to the substrate. Therefore peaks due to such transitions are likely 

to be very much smaller than the large absorbances of the more concentrated products. 

A B 
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A/ O I U. ) 
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Figure 9.2: UV-visible spectra of the products of oxidation of DTBP (A) and DTBC (B), catalysed 

by complex I 
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Figure 9.3: Rates of oxidation of DTBP, catalysed by complex I. in the presence (1) and (2), and 

the absence (3) and (4), of triethylamine. Absorbance rates in (1) and (3) were measured at 400nm 

for the reaction product, and in (2) and (4), at 650nm, for the decomposition product of the 

complex . 
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9.2.3 Oxidation of DTBP and DTBC, catalysed by other copper complexes 

Having established that complex I was catalytically active, a survey involving the complexes I, IIA -

C, and IIIA,B was undertaken, to determine the extent of reaction which could be achieved [see 

Section 19 .4 .2)]. The two substrates, DTBP and DTBC, were added to separate solutions of the 

complexes in dry, degassed dichloromethane, in molar ratios of 100: 1 substrate to complex. The 

solutions were aerated by vigorous stirring under air, to provide oxygen for the reaction , and were 

then allowed to stand for twenty four hours. The resulting reaction mixtures were analysed by 'H 

NMR and TLC. The experiments were repeated using p-cresol and p-tert-butylphenol as the 

substrates, but no colour changes were detected, and the NMR spectra showed only the peaks 

attributable to the substrates. The complexes IIA and IIC were found to react with DTBC, but not 

with DTBP. 

Reaction mixtures in which the triethylamine was omitted gave the same products as those 

obtained in its presence las illustrated in Table 9.1) but the colours were far less intense, indicating 

lower conversions . In addition, these solutions were observed to be cloudy after standing overnight, 

suggesting the likely presence of decomposition products. Consequently, triethylamine was 

included in the reaction mixtures used for measurement of reaction rates . 

The products prepared directly from the react ion of [Cu(MeCN).][PF.) with the ligand precursors 

[see Section 7.2 .3 14)) were also tested for catalytic activity. Their presence was suspected, at 

least in complexes liB and IIIB, obtained by template condensation . If these impurities were to have 

catalytic activity, they would interfere with the measurements for the the complexes in which they 

occurred. These products were added to solutions of DTBP and DTBC, in the same way as 

described above. Fortunately, none of these solutions show indications of catalytic activity; the 

solutions showed no colour changes, and TLC analysis showed that they did not contain the 

oxidation products . 

9.2.4 Identif ication of the products of the catalyic oxidations of DTBP and DTBC 

It was initally expected that the products of the oxidations of DTBP and DTBC would be identical, 

viz., the a-quinone DTBO. However, the react ion mixtures described above were observed to differ 

in colour, with DTBP solutions becoming orange in colour, while DTBC solutions became dark 

green. TLC analysis of the react ion mixtures showed that the same oxidation products were 

obtained for all the complexes tested Isee Table 9.1) . However, the product of the reactions w ith 

DTBP was obviously not DTBO, since it had different colour and chromatographic properties. The 
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identification of this product is described below. The product of oxidation of DTBC was identified 

chromatographically as the a-quinone, DTBQ, by comparison with a sample of the quinone prepared 

by a-chloranil oxidation of DTBC (see Table 9.1 and Section 9.4.3). 

Table 9.1 : Results of TLC analysis of reaction mixtures resulting from the oxidation of DTBP and 

DTBC, catalysed by copper complexes. 

Substrate Complex Et,N" 

DTBP . · 

I + 
· 

liB + 

iliA + 
· 

IIIB + 
· 

DTBC - · 

I + 
· 

IIA + 
· 

liB + 

IIC + 

iliA + 

IIIB + 
· 

DTBQ . 

-: indicates presence or absence of triethylamine 
b: ethyl acetate:hexane 1:2 
c: chloroform:ether 2:3 
d: trace of presumed impurity 

~ in solvent ,1> R, in solvent 2· 

0.84 0.93 

0.84,0.95 0.73,0.93 

0.84.0.95 0.73,0.93 

0.84,0.94 0.73,0.93 

0.84,0.95 0.73,0.93 

0.70 0.72 

0.70,0.78 0.72,0.81 
(0.90)' 

0.70,0.78 0.72,0.81 

0.70,0.78 0.72,0.81 
(0 .90) 

0.70,0 .78 0 .72,0.81 

0.70,0.78 0.72.0.81 

0.70.0.78 0.72,0.81 
(0.90) 

0.78 0.81 

The reaction mixtures were evaporated to dryness and the residues redissolved in deuterated 

chloroform for analysis by NMR spectroscopy. The 'H NMR spectrum of the solutions were 

obtained, and then selected samples were separated by preparative TLC to give clean samples of 

the reaction products (see Section 9.3.2). Figure 9.4 shows the 'H NMR spectra of DTBP, DTBC, 

and DTBQ. The conversion of DTBC to DTBQ was shown by 'H NMR spectroscopy to be complete, 

(see Figure 9.5 and Table 9.2), while the spectrum of a clean sample of DTBQ, obtained from the 

reaction of DTBC with complex liB, is shown in Figure 9.6. 
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Table 9.2: 'H NMR and IR spectral data for DTBC, DTBa, and the product of the catalytic oxidation 

of DTBC 

Compound 'H NMR data (6" ppm) IR data (em") 

DTBC 1.27, s, 9H, Bu' 3400 br (OH) 
1.42, s, 9H, Bu' 2940 (alkyl) 
6.76, d, J 2.2Hz, 1 H, H-4 
6.89, d, J 2.2Hz, 1 H, H-6 

DTBa - synthetic 1.22, s, 9H, Bu' 
sample 1.26, s, 9H, Bu' 

6.21, d, J 2.3Hz, 1 H, H-4 
6.90, d, J 2.3Hz, 1 H, H-6 

DTBa - catalytically 1.21, s, 9H, Bu' 2940 (alkyl) 
produced' 1.25, s, 9H, Bu' 1640 (C=O) 

6.20, s, 1 H, H-4 
6.68, s, 1 H, H-6 

, Obtained from reaction of complex liB with DTBC 

The 'H NMR spectra of the reaction mixtures from oxidation of DTBP, however, showed the 

presence of residual DTBP and a product which was clearly different from DTBa (Figure 9.7). This 

product was identified spectroscopically, after isolation by preparative TLC, as the biphenyl 117, 

arising from coupling of DTBP substrate molecules (see Table 9.3 and Figures 9.8 and 9.9). It was 

also apparent that when triethylamine was omitted, very little oxidation was observed. 

117 
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Table 9.3: Spectral data for the coupled product 117 

Spectroscopy Data 

'H NMR OH 1.31, s, 18H, t-Bu 
1.41, S, 18H, t-Bu 
7.10, d, J 2.3Hz, 2H, H-4 and H-4' 
7.38, d, J 2.3Hz, 2H, H-6 and H-6' 

Oc 29.68, 31.64, 34.46, 35 .20, 122.37, 124.82, 
125.28, 136.26, 143.01, 149.78 

IR 3200 br (OH); no C=O (See Figure 9.9) 

MS M + 410.3215 (C"H.,O, requires 410.3185) 

The 'H NMR spectra of the OTBP reaction mixtures were used to estimate the extent of reaction, 

by comparison of the heights of the peak integrals. The results are shown in Table 9.4, where the 

percentage conversion represents the proportion by which the phenolic substrate was depleted. 

Two moles of substrate couple to give one mole of product. 

Table 9.4: Extent of oxidative coupling of DTBP, catalysed by copper complexes 

Complex Integral ratio % conversion" 

I 3.8 : 1 20.8 

liB 3 .5 : 1 22.2 

iliA 1 : 1 50.0 

IIIB 1 : 4.7 82.5 

• After 24h 

9.2.5 Determination of the molar extinction coefficient for the coupled oxidation product 117 

It was necessary to determine the UV-visible spectral characteristics of the coupled product 117, 

in order to quantify the reaction rates. This was achieved by determining the concentrations of 

substrate and product in the reaction mixture of OTBP with complex I (starting with a known 

concentration of OTBP), from the measurement of the integrals of the respective ' H NMR peaks. 

The UV-visible spectrum of the solution was found to correspond to that shown in Figure 9.2A. 

The UV-absorbance of a known dilution (1 in 10) of the solution was measured, and the Beer's law 

equation was used to calculate the molar extinction coefficient at 400nm, which was found to be 

89 M" cm" (see Section 9.4.4). 
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Figure 9.4: 'H NMR spectra of DTBP (Al. DTBC (B) and DTBQ (C) 
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Figure 9 .5: 'H NMR spectra of the reaction mixture obtained in the oxidation of DTBC, catalysed 

by the complex iliA 
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Figure 9.6: 'H NMR spectra of DTBO obtained by TlC after oxidation of DTBC, catalysed by 

complex liB 
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9.2.6 Measurement of the enzyme kinetic parameters for the oxidation of DTBP and DTBC, 

catalysed by the copper complexes 

In order to determine the enzyme kinetic parameters Km and V for each of the complexes, initial 

rates of reaction were measured spectrophotometrically, using a fixed amount of the catalyst in 

each run, with substrate solutions having a range of concentrations. These concentrations were 

chosen to give conveniently measureable rates within the range of accuracy of the 

spectrophotometer. For each complex investigated, the runs were duplicated (Tables 9.10 and 9.11 

in Section 9.4.5) and the mean rates are reported in Tables 9.12 and 9.13 (Section 9.4.5) . These 

rates were converted to rates of formation of the products using the appropriate molar extinction 

coefficients, and then used in the Hanes plots shown in Figures 9.10 and 9 .11 . The enzyme kinetic 

parameters are summarised in Tables 9.5, 9.6, and 9.7. 

Table 9.5: Analysis of enzyme kinetic data obtained with DTBC as substrate 

Complex Data from Hanes plot V Km kC• f 

= 1/gradient = Vx = V/[c]" 
Gradient Intercept (M.min·') intercept (h" ) 

(mM) 

I 15411 120.75 6.49 x 10'· 7.84 39 

liB 20726 -5.67 4.82 x 10'· 14.00 28.9 

IIC 62921 492 .65 1.5 x 10'· 7.83 10 

iliA 102997 641.37 9.71 x 10.6 6.23 6 

IIIB 10139 26.41 9.86 x 10'· 2.61 59 .2 

": c concentration of complex 
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Table 9 .6: Analysis of enzyme kinetic data obtained using DTBP as substrate 

Complex Data from Hanes plot V Km ko., 

= llgradient =Vx = 
Gradient Intercept (M.min·') intercept V/[c]" 
(M·' .min) (min) (mM) (h" ) 

I 1864.0 42.59 5.37 x 10" 2.29 314 

liB 1543.5 12 .59 6 .48 x 10-' 8 .1 6 389 

iliA 4550.3 14.43 2.20 x 10" 3 .20 132 

IIIB 834.1 31.77 1 .20x1 0.3 3.80 720 

Table 9.7: Catalytic efficiencies of the copper complexes 

Substrate Complex VIKm (min-') 

DTBC I 8.3 x 10.3 

IIA 2.0 x 10-3 

liB 3.4 x 10-3 

iliA 1.6 x 10-3 

IIiB 3.2 x 10-1 

DTBP I 2.3 x 10-2 

liB 7.9 x 10-3 

iliA 6.9 x 10-' 

IIIB 3.2 x 10.2 
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9.3 CONCLUSION 

9.3.1 The catalytic activity of the copper complexes 

The first objective of this section of the project was to determine whether the biomimetic 

complexes prepared in this study exhibited catalytic activity which modelled that of tyrosinase. All 

of the complexes investigated were, in fact, found to have some catalytic activity, as demonstrated 

by their reactivity with DTBC and DTBP. 

The molecular modelling discussed in Chapter 6 indicated the likelihood of "-interactions between 

a phenolic substrate molecule and the aromatic groups in the complexes, which would enhance 

substrate binding. In addition to this, the presence of the bulky t-butyl groups on DTBP and DTBC 

should also enhance binding via van der Waals and/or hydrophobic interactions with the organic 

ligand. 

The inability of the complexes to catalyst the oxidation of smaller phenolic substrates such as p­

cresol and p-tert-butylphenol may be due to two possible factors: Firstly, these phenols are less 

strongly activated for electron donation, and secondly, they have smaller steric volumes and fewer 

groups capable of van der Waals or hydrophobic interactions. The former factor is certainly likely 

to affect their reactivity, although these phenols can be oxidised by tyrosinase. The molecular 

modelling study showed that, in the absence of bridging groups such as hydroxide or peroxide the 

complexes would have a high degree of flexibility. If no such bridging group is present to hold the 

molecule in a pocket-like conformation, a phenolic substrate molecule might coordinate to only one 

of the copper ions, making ortho-hydroxylation unlikely. Thus the complexes may be too flexible 

to effectively bind small phenolic substrate molecules. Clearly, a catechol molecule would have 

greater potential for binding to both copper ions and thereby bridging them. 

9.3.2 The nature of the reaction products 

All of the complexes were shown to catalyse the oxidation of DTBC to DTBQ with high conversion 

rates. The isolated product was identified by NMR spectroscopy and TLC. Such catecholase activity 

is typical of dinuclear copper complexes IKarlin et a/., 1985a; Chyn and Urbach, 1991; Kitajima et 

al., 1990) and also of copper/amine complexes generally ISpeier, 1986; Prati et al., 1992). The 

catalytic efficiency depends on a good steric match between the complex and the substrate, to 

form an intermediate 118 which favours electron transfer from the copper III) ions to the substrate 

IOishi et al., 1980) and demonstrates the reason for dinuclear complexes being generally more 
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efficient catalysts than their mononuclear analogs. The success of the complexes prepared in the 

present study as catecholase models suggests that the copper-copper distances are suitable for the 

coordination of a catechol molecule. 

Q 
HO OH , , 

1 I 
--cu Cu--
/' "-----./ '-.. 

11 B 

For all of the complexes, the product of the reactions with DTBP was found to be the coupled 

product 117: 

Thus, no cresolase activity, (i.e. hydroxylation of a phenol to form a catechol) was observed. 

Reglier et ai., (1990) reported that formation of DTBQ from DTBP was catalysed by complex I, in 

the presence of triethylamine. Their product was identified by NMR spectroscopy and TLC (Reglier, 

1992). In the present study, however, the coupled product was obtained using this complex, even 

in the presence of triethylamine. This result does not preclude the complexes from being tyrosinase 

models, because tyrosinase itself has been shown to catalyse the oxidative coupling of substrates 

such as substituted phenols, giving products such as 119 (Andersen et ai., 1992) and 120 (Pandey 

et ai., 1990). 
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The formation of coupled biphenyl products from the reactions of phenols with biomimetic copper 

complexes has been widely reported IKushioka, 1984: Flinterman and Challa, 1983; Tsuruya et al., 

, 977; Feringa and Wynberg, 1978) and the particular product, 117, was reported by Karlin and 

co-workers IPaul et al., 1991) in their study of the complexes 55 and 64. In addition to coupled 

hydroxybiphenyl products, coupled diphenoQuinones have also been reported IKitajima., 1990). The 

mechanism of these reactions is discussed in the next section. 

Py = pyridine 

9.3.3 The mechanism of the oxidation reactions 

Mechanisms for the oxidation of DTBC and DTBP catalysed by copper complexes have not been 

conclusively elucidated. The oxidation of DTBC to DTBQ involves the loss of two protons from the 

substrate and the formation of a dinuclear copper Iii) catecholate intermediate, followed by the 

transfer of two electrons from the substrate aromatic ring to the two copper Iii) ions IBalia et al., 

, 992) . Oxygen serves to reoxidise the copper II) ions and the overall reaction may be represented 

as shown in Scheme 9.1 ISpeier, , 986) . The complexes investigated in the present study 

presumably react via the same type of mechanism. 

(XI
OH 

~ OH 

• (X
I o---Vu* 

~ o---cu* 

/ /\ 

cc: 
Scheme 9 .1: Mechanism of oxidation of catechols by dinuclear copper complexes ISpeier, 1986) 
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The mechanism for the oxidative coupling of DTBP molecules is generally considered to involve 

radical intermediates (Kitajima, 1992; Kushioka, 1984; Paul et al., 1991) and it is reasonable to 

presume that the product 117, observed in the present study, results from the dimerisation of such 

radicals. The f lexibility of the complexes may also facilitate the reaction in that it permits the 

coordination of two substrate molecules at one time, in close enough proximity to enable them to 

couple, as proposed by Kitajima (1992) for a similar reaction (Scheme 9 .2). This author has 

proposed a corresponding mechanism for the activity of tyrosinase (see Section 1.4.5) and, thus, 

the complexes can be regarded as models for tyrosinase. 

/ 
;? 

~ OH 

HO • 
""" 
# 

• 

O' 

;? 

~ 

o 
"Cu ................... cu/ 

--- "'" /" -o 

Scheme 9 .2 : Mechanism of oxidative phenolic coupling (Kitajima, 1992) 

9.3.4 The kinetic analysis of the reactions catalysed by the copper complexes 

An enzyme kinetic approach to the measurement of the catalytic activity of the complexes was 

used to determine how closely they mimic the activity of tyrosinase. It should be noted that this 

method, which formally applies to enzyme-catalysed reactions, is an approximate one and the 

results only give an indication of the apparent activity of the complexes. The measurement of initia l 

rates of reaction has the advantage that gradual decomposition of the complexes does not interfere 

w ith the results , but no allowance is made for the possibility that reactions may stop before they 

are complete . In fact, the reactions with DTBP were observed to stop before all the substrate was 

used up, indicating that the complexes were not reacting in a straightforw ard catalyt ic manner. 
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The Km values determined for catecholase activity of the complexes are comparable with the values 

reported for tyrosinase itself, using 4-methylcatechol as the substrate [5mM in a reverse micelle 

system and 9mM in an aqueous system (Sanchez-Ferrer et ai, 1988b)]. These values indicate that 

the complexes do bind the substrate successfully, and the turnover numbers, k"" indicate 

appreciable activity. An alternative way of assessing the catalytic activity of the complexes is to 

compare their catalytic efficiencies, VIKm (see Table 9.7, Section 9.2 .6). In this context, the most 

effective catecholase activity was demonstrated by complex IIiB. R€glier et al. , 1990 reported that 

complex I gave a turnover number of 11 h", and a Km of 5.4 x 10.2 mM, while in the present study 

this complex was found to have more effective activity, with a k", of 39 h", and Km = 7 .8 mM. 

Interestingly, the complex IIA, which contains copper (II) ions, was also found to be an effective 

catalyst for the oxidation of OTBC. This shows that the reaction can be catalytic, rather than 

stoichiometric, since the copper (II) complex would be reduced to the copper (I) form by the 

substrate, and reoxidised by oxygen (Rockcliffe and Martell, 1992). 

The kinetic parameters obtained for the oxidation of OTBC catalysed by complex liB could not be 

determined reliably, since the intercept of the Hanes plot was found to be negative. While this 

indicates that the complex does not conform to Michaelis-Menten kinetics, the observed rates and 

extent of reaction show that it is, nevertheless, a very effective catalyst. Similarly, the complex 

IIIB was found to exhibit a high turnover number, viz., 59.2 h". Thus the two complexes prepared 

by the template condensation method proved to be the most effective catecholase models. 

The kinetics of the reactions involving OTBP must be viewed rather differently from those 

determined using OTBC, since the reactions apparently proceed via a completely different 

mechanism. The turnover numbers shown in Table 9.6 (Section 9.2 .6) are comparable with those 

reported by Karlin and co-workers (Paul et al., 1991) for the formation of the same product (viz., 

31 and 55 h") (see Section 9.3.3), which indicates that the complexes synthesised in this study 

were effective as catalysts for this reaction . Since no enzyme kinetic parameters have been 

reported for the activity of tyrosinase in catalysing coupling reactions, it is not possible to assess 

the present results in terms of successful biomimetic activity. Further research in this area is 

warranted, and this could provide useful information relating to the mechanism of tyrosinase. 
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9.4 EXPERIMENTAL 

9.4.1 Oxidation of DTBP and DTBC , catalysed by complex I 

A solution of DTBP (50mM; 0.5ml) in CH,CI, was placed in a 1 ml cuvette of path length 1 em. The 

reaction was started by the addition of a solution (0.5ml) of the complex I (0.1 mM) and Et,N 

(0 .2mM) in dry, degassed CH,CI,. The cuvette was rapidly inverted to mix the solutions, and the 

absorbances at 400 and 650nm were measured every minute for 9 minutes. The temperature was 

maintained at 25°C using a constant temperature unit fitted to the spectrophotometer, and the 

instrument was zeroed against the solvent. The reference cell contained the substrate in CH,CI, 

(25mM; 1.0 mI). The readings are shown in Table 9.8 below. The UV-visible spectrum of the 

reaction mixture was measured after 10 min. 

The complex I (1 mg) was also added to a solution of DTBC (0.1 M; 5 ml) in CH,Ci" with Et,N, and 

the UV-visible spectrum of a diluted (1 in 4) sample of this reaction mixture was also recorded (see 

Figure 9.2). 

Table 9.8: Photometric data for the oxidation of DTBP by complex I 

Substrate Timelmin) A.". A.~ A~ A,.. A • 
~ A ufAJ-

DTBP 0.1 0.350 0.011 0.343 0.D11 0.535 0.022 

1.1 0 .367 0 .363 0 .582 0.022 

2 .1 0.390 0.386 0.625 0.023 

3.1 0.411 0.404 0.654 0.023 

4 .1 0.431 0.419 0.678 0.024 

5.1 0.447 0.434 0.703 0.025 

6.1 0.463 0.446 0.715 0 .028 

7 .1 0.475 0.454 0.733 0.030 

8.1 0.489 0.460 0.752 0.032 

9.1 0 .499 0.470 0 .762 0.033 

-: No Et3N present, (lJ = O.2mM, (DTBP) = 50mM 
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9.4.2 Investigation of the products from oxidation of DTBP and DTBC, catalysed by copper 

complexes 

The following procedure was carried out using the complexes I, liB, IIC, iliA, and IIIB. The complex 

(1 mg, 0.001 mmol) was dissolved in dry, degassed CH,CN (0.2ml) and this solution was added to 

a solution of the substrate [DTSP or DTSC (0.1 M; 5 ml) containing Et,N (0.002mmol), in 

dichloromethane. The mixture was stirred vigorously to facilitate aeration (5min) and then allowed 

to stand (24h) . A similar set of solutions were prepared without including Et,N . The solutions were 

analysed by TLC [silica; EtOAc-hexane (1 :2) and chloroform-ether (2:3)], using DTSP, DTSC, and 

DTSQ standards. (The results are summarised in Table 9.1, Section 9.2.4). The solvent was then 

removed under reduced pressure, and replaced with CDCI, for analysis by 'H NMR. The heights of 

the integrals were used to determine the relative concentrations of substrate and product in the 

reaction mixtures. 

The reaction mixture from the oxidation of DTSP with IIIB was separated by preparative TLC [silica; 

EtOAc-hexane (4: 1)]. The major product (R, = 0.6) of the oxidation of DTSP was found to be 

3,3',5,5'-tetra-tert-butyl-2,2 '-dihydroxybiphenyl, Vm" (CH,Ci,) 3300br (OH), 2950 (alkyl); 6H(CDCI,) 

1.31(18H, s, t-Sul, 1.44(18H, s, t-Su), 7.10(2H, d, J 2.3Hz, H-4 and H-4'), and 7.38(2H, d, J 

2.3Hz, H-6 and H-6'); 6c/CDCI,) 29.68, 31.64, 34.46, 35.20, 122.37, 124.37, 125.28, 136.26, 

143.01,149.78; mlz M' 410.3215. C,.H"O, requires 410.3185. 

The reaction mixture from the oxidation of DTSC with complex liB was separated using the same 

solvent system. The major product (R, = 0.8) from the oxidation of DTSC was found to be 3,5-di­

tert-butyl-o-benzoquinone, V m" (CH,Ci,) 2950 (alkyl), 1650 (C =0); 6H(CDCI3 ) 1.21 (9H, s, t-Su), 

1.25(9H, s, t-Su), 6.20(1 H, s, H-4) and 6.78(1 H, s, H-6). 

The complexes were each also added to solutions of p-cresol and p-tert-butylphenol, using the 

procedure decribed above. The resulting reaction mixtures were analysed by TLC, and the products 

from the reactions of complex I and lilA, with DTSP and DTSC respectively, were analysed by NMR 

as above. The reaction mixtures were observed to contain only starting materials. Similarly, the 

products from [Cu(MeCN).][PF.L obtained as described in Section 7.4.16, were tested for activity 

by the procedure described above, and the reaction mixtures were analysed by TLC. No products 

were observed to have been formed. 
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9.4.3 Preparation of 3,5-di-tert-butyl-a-benzoQuinone (DTBQ) 117 

a-Chloranil (0.4g,l .6mmol) was added to a solution of 3,5-di-tert-butylcatechol (0.3g,l.4mmoi) in 

dry Et2 0 (50mi), and the mixture was stirred at room temperature for 0.5h, and then filtered . The 

solvent was removed from the filtrate under reduced pressure, leaving a red solid residue shown 

by analytical TLC [silica; CHCI,-hexane (3: 1) and EtOAc-hexane 12: 1)) to be almost pure DTBQ: 

6HICDCI,) 1.2012H,s,Bu'1. 1.23(9H,s,Bu'1. 6.19(1 H,d,J 2.2, Ar-H) , and 6.9411 H,d,J 2 .2, Ar-H). 

9.4.4 Determination of the UV molar absorption coefficient of 3,3',5,5'-tetra-tert-butyl-2,2' ­

dihydroxybiphenyl, 117 

The reaction mixture from the oxidation of DTBP catalysed by complex I (see experiment 9.3 .2 

above) was evaporated to dryness. CDCI, (0.5ml) was added to dissolve the residue, and the 'H 

NMR spectrum of the solution was measured IFigure 9.6) . The product:substrate ratio was 

calculated from the ratio of the integrals of the tert-butyl and aromatic proton signals, as shown 

in Table 9.9 below. 

Table 9 .9: Ratio of product:substrate from integrals in 'H NMR spectrum of DTBP reaction mixture 

Compound Protons 6" (ppm) Integral Ratio S:P ratio 

DTBP Bu' 1.32, 1.44 38 3 .48:1 
3.45 indicates 

Biphenyl 117 Bu' 1.35, 1.48 11 

DTBP Aromatic 7.32 35 28.74% 

3 .50 conversion 
Biphenyl 117 Aromatic 7.43 10 

The solution was diluted tenfold to measure the absorbance at 400nm. This was found to be 

1.273. The molar absorption coefficient € was calculated to be 88.6 M" em" . 
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9.4.5 Kinetic analysis of catalytic oxidation reactions 

Solutions of the substrate IDTBP or DTBC) of concentration 0,1 - 0,001 M were prepared using dry, 

but not degassed, CH 2 CI 2 , For each reaction, substrate solution 13m!) was placed in the sample and 

reference cuvettes, Solutions of the complex 110mg/ml, making a final concentration of 0.1 mM; 

30pl) and Et,N 11 % in CH2Ci2 to make the concentration 0,2mM; 20p!) were added to the sample 

cell. The cell was rapidly inverted to mix the solutions, and replaced in the spectrophotometer. The 

absorbance at 400nm was followed for 9 minutes, and the rates of absorbance increase It.A) per 

minute were determined from the gradient of a plot of Absorbance vs time graphs, the best 

straight line fit being obtained by linear regression analysis using QuatroPro, The experiments were 

carried out in duplicate for each concentration ITables 9,10 and 9,11; mean rates shown in Tables 

9,12 and 9.13), Rates of absorbance increase were converted to rates of formation of product 

using the molar extinction coefficients: for DTBP oxidations, 3,3',5,5'-tetra-tert-butyl-2,2'­

dihydroxybiphenyl has e = 90 M" cm" ; for DTBC oxidations, 3,5-di-tert-butyl-o-benzoQuinone has 

E = 1830 M-'cm" . Hanes plots of the data are shown in Figures 9.11 and 9,12, and the kinetic 

parameters Km and V obtained from these graphs are shown Tables 9,5 - 9,7, Section 9,2,6, 
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Table 9.10: Rates of absorbance increase recorded for oxidations of DTBC. catalysed by copper 

complexes 

Complex $ Rate (SEMI Complex $ Rate (SEM) 

1M) IAA.min·') 1M) (~.min·') 

) 0.1 0.108910.004) iliA 0.1 0 .01510.0002) 
0 . 109610.0009) 0.019210.0003) 

0 .05 0.103810.002) 0.05 0.014910 .0005) 
0.106210.002) 0 .015010.0003) 

0 .01 0.066310.002) 0.01 0.009110.0001) 
0 .066310 .001 ) 0.012410.0003) 

0 .005 0 .048010.0008) 0.001 0.003310 .0001 ) 
0.046510 .0005) 0 .003210 .0001 

0 .001 0 .012410.0004) IIIB 0 . 1 0 . 176310.005) 
0 .011910 .0004) 0.174810.007) 

liB 0.1 0.090710.001 ) 0 .05 0 .174710.006) 
0.084210.001 ) 

0 .05 0.090710.002) 0 .01 0 .138410 .005) 
0.095810.001 ) 0 .141710.006) 

0.01 0.127410.003) 0.005 0.100810 .003) 
0.130810.003) 

0.001 0.0994210.001 ) 0.001 0 .051910.0004) 
0.100110 .0005) 0.055710 .0004) 

0 .0005 0.058710.0005) IIC 0.1 0.025610 .0004) 
0.063710 .0006) 0 .031510.0013) 

0 .0002 0 .028110 .003) 0 .05 0 .019510 .0006) 
0 .023610 .002) 

0 .01 0.018010 .0004) 
0 .018210 .0005) 

0.005 0.014110 .0005) 

0.001 0 .006410 .0001) 
0.006810 .0001) 
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Table 9.11: Rates of absorbance increase recorded for oxidations of DTBP catalysed by copper 

complexes 

Complex • Rate (SEMI Complex • Rate(SEMI 
(M) liLA.min·' )· (M) IA .min·') 

I 0.1 0.0407(0.01 ) iliA 0 .03 0.0180(0.0006) 
0 .0459(0.004) 0 .0160(0.0005) 

0 .05 0 .0298(0.008) 0.01 0 .0157(0.0005) 
0 .0233(0.008) 0.0154(0.0007) 

0 .01 0 .0071 (0.0007) 0.002 0.0050(0.0003) 
0.009(0.001 ) 0 .0080(0.0003) 

0 .005 0 .0049(0.0005) 0 .001 0 .0065(0 .0005) 
0 .0046(0.0009) 0 .0058(0.001 ) 

0 .001 0.0054(0.002) IIIB 0.1 0.0803(0.007) 
0.0054(0.0016) 0 .0815(0 .007) 

liB 0.1 0.0562(0.002) 0.05 0 .0576(0 .010) 
0.0579(0.002) 0.0545(0.011) 

0.05 0.0416(0.004) 0.01 0 .0162(0.002) 
0.0405(0.005) 0 .0237(0.019) 

0,01 0.0411(0.0004) 0 .005 0 .0117(0.002) 
0.0392(0.0007) 0 .0114(0 .002) 

0.001 0.0096(0.001) 0.001 0.0032(0.0004) 
0.0095(0.002) 0 .0049(0 .0008) 
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Table 9.12: Initial reaction rates measured for the oxidation of DTBC. catalysed by copper 

complexes 

Complex Substrate Rate Rate v sfv 
concentration, $ (J1A.b8 .min-1 ) IM.min" ) (min" ) 

1M) x 10' 

I 0.1 0.109310.0004) 5.98 1672 

0 .05 0.105 (0 .001) 5 .74 871.1 

0.Q1 0 .0663 (0 .0001) 3 .63 275 .0 

0.005 0 .0047 (0 .0003) 2 .57 194.6 

0.001 0.Q122 (0 .0002) 0 .67 149.3 

liB 0 .1 0.0875(0 .003) 4.78 2092 

0.05 0 .0933(0.003) 5.10 980.4 

0.001 0 .129(0.002) 7 .05 14.2 

0.0005 0.061210 .002) 3.34 15 .0 

0.0002 0.025910 .002) 1.42 14.1 

IIC 0.1 0.029 (0 .003) 1 .59 6289 

0 .05 0.0195 (0 .0003) 1.07 4672 

0 .01 0.0180 (0.0001) 0 .98 1020 

0 .005 0.0141 (0.0005) 0 .77 649 .4 

0.001 0 .0066 10.0002) 0 .36 277.8 

lilA 0 .1 0 .0171 10 .002) 0 .93 10753 

0 .05 0.0149 (0.0005) 0.81 6172 

0.01 0.011 (0 .003) 0 .60 1667 

0 .001 0 .0033 (0 .0001) 0 .18 556 

IIIB 0 .1 0 .176 (0 .002) 9 .62 1040 

0.Q1 0.14010.002) 7 .65 130.7 

0.001 0 .054 (0 .002) 2 .95 33 .9 
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Table 9.13: Initial reaction rates measured for oxidation of DTBP catalysed by copper complexes 

Complex Substrate Rata Rate v slv 
concentration IAba.min") IM .min" ) (min") 

(M) x 10· 

I 0.1 0 .0433 (0.003) 4 .81 207 .9 

0.05 0 .0266 (0.003) 2.96 168.9 

0.Q1 0.0081 (0.0009) 0.90 111. 1 

0.001 0 .0054 (0 .000) 0.60 16.67 

0.0005 0.0048 (0.0001) 0.53 9 .43 

liB 0 . 1 0.0571 (0.0008) 6 .34 157.7 

0.05 0.0411 (0.0005) 4.57 109.4 

0.Q1 0.0402 (0 .0002) 4.47 22.37 

0 .001 0 .0096 (0.0001) 1.07 9.35 

iliA 0 .03 0.017 (0 .001) 1.99 150.8 

0 .01 0.Q15 (0.002) 1.67 59 .9 

0.002 0 .0065 (0.002) 0 .72 27 .78 

0.001 0.0061 (0 .0004) 0.67 14.9 

IIIB 0.1 0.0809 (0.0006) 8 .99 111 .2 

0.05 0.056 (0 .002) 6 .22 80.39 

0.Q1 0.020 (0 .004) 2 .22 45 .05 

0.005 0.0116 (0.0002) 1.29 38.76 

0.001 0.0041 (0.0008) 0.456 21.93 
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CHAPTER 10 

CONCLUSION 

The research described in this thesis has required an interdisciplinary approach, encompassing a 

wide range of techniques and theories, with the aim of developing a rationale for the functioning 

of polyphenol oxidase in an organic medium, and exploring its application in biocatalysis. 

Polyphenol oxidase was shown to be suitable for use as a biocatalyst, in chloroform, for the 

hydroxylation of phenols and their subsequent oxidation to a-quinones, which are potentially useful 

as synthetic intermediates. Practical aspects of the application of the polyphenol oxidase in 

chloroform have also been investigated and, to some extent, optimised. In the continuous process 

which was developed as a means of increasing the scale of the biocatalysis yields, a major obstacle 

to the use of polyphenol oxidase, viz .. reaction inactivation and enzyme occlusion by polymerised 

melanins, has been overcome. This was achieved by efficient removal of quinone products from 

the locality of the enzyme binding site (due to their high solubility in chloroform) and by control of 

free water. This improvement significantly enhances the practical and economic feasibility of 

biocatalysis using polyphenol oxidase. 

The activity of the biocatalyst was found to be modified by purification procedures, and it is 

proposed that the removal of extraneous protein and/or melanoid material reduces the flexibility and 

alters the hydrophobic nature of the binding site, restricting access for sterically demanding 

substrates. The role of hydrophobicity in defining the substrate specificity of the biocatalyst could 

not be separated from steric considerations, but the results indicate that it is also an important 

controlling factor. In fact, the restriction on the flexibility of the polyphenol oxidase binding pocket, 

imposed by the chloroform medium, appears to be crucial in defining the steric size of substrates 

which could have access to the active site . This restricted flexibility, together with hydrophobicity, 

is apparently responsible for limitations on the range of substrates for which the biocatalytic system 

is suitable. Addition of an anionic detergent (SDS) to the biocatalyst medium increased both the 

range of sterically demanding substrates which could be transformed, and the catalytic efficiency 

of the enzyme. These observations have been attributed to modification of electrostatic interactions 

within the protein binding pocket, which results in enhanced flexibility . 
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In a biocatalytic system, where a number of inter-dependent components are involved (viz., the 

enzyme, the solvent, the support, the system, etc .), any modification cannot be regarded as having 

an isolated effect on one component; it is the whole system which is modified . Optimisation also 

applies to the whole system, and a number of factors must be considered to be operating together 

to enhance characteristics such as substrate specificity and reaction rates . Thus, it is reasonable 

to suggest that the optimal functioning of the polyphenol oxidase biocatalyst is dependent on many 

factors which could affect, among other properties, both the conformational flexib ility and the 

hydrophobic character of the system. 

The observations made and the conclusions drawn, in this study, confirm current theories relating 

to the effects of organic media on enzyme activity in biocatalytic systems. 

Conformational flexibility is a key issue in rationalising and interrelating various aspects of the 

present study. Molecular mechanical modelling of biomimetic copper complexes also indicated the 

significance of conformational flexib ility in determining substrate specificity . The structure of the 

organic ligand to which the copper ions were coordinated was shown to affect steric crowding and 

hence, the availability of space in the binding sites of the complexes . 

The dinuclear copper complexes synthesised as polyphenol oxidase models were consequently 

designed to include a flexible spacer in the ligand to facilitate their reaction with sterically hindered 

substrates. Their successful reaction with such substrates, and their lack of reactivity with less 

hindered substrates, suggests that they do possess considerable flexibility. The complexes are 

considered to be successful models of polyphenol oxidase in that they catalyse the oxidation of 

catechols and the oxidative coupling of phenols, but there is clearly a difference in their substrate 

specificity, as compared with that of the enzyme, which can be attributed to differences in 

conformational flexibility. The highest catalytic efficiency was observed for the complex where 

benzimidazole donors contributed considerable steric bulk and hydrophobicity to the ligand, possibly 

simulating the situation within the enzyme binding pocket. These characteristics can also be 

correlated with increased affinity for hydrophobic or non-polar substrates . A similar trend was 

observed in the case of polyphenol oxidase, as discussed above, demonstrating the success of the 

complex as a biomimetic model. 

Detailed molecular modelling of this benzimidazole complex showed that it was sufficiently flexible 

to accommodate two molecules of the sterically demanding substrate 2,4-di-tert-butylphenol 

(DTBP) simultaneously. This justifies the proposed mechanism for the oxidative coupling observed 

in the reaction of the complexes with this substrate. Since the complexes were biomimetic models, 

it also suggests that with increased flexibility the polyphenol oxidase molecule would be capable 
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of binding more sterically hindered substrates, and demonstrates the way in which coupling 

reactions can be catalysed by the enzyme. 

Comparison of the catalytic activities measured in the present study, for the complexes and for the 

biocatalyst, are particularly meaningful in that both types of catalyst were investigated in 

hydrophobic, organic solvent media, providing very similar environments for substrates and 

products, and possibly also within the binding sites of both enzyme and complexes. Although the 

dinuclear copper complexes were shown to be reasonable models of polyphenol oxidase, their 

catalytic efficiencies were far lower than those determined for the enzyme. This fact, together with 

the difficulties inherent in dealing with copper (I) compounds generally, and these imine-linked 

complexes in particular, has illustrated the advantages of using the enzyme as a catalyst in organic 

syntheses. The value of the biomimetic investigation, however, lies in the possibility of drawing 

parallels between the properties of the complexes and those of polyphenol oxidase. 

The present investigation of dinuclear copper complexes indicates that much further research is 

required to produce stable biomimetic complexes. Such complexes could be designed (a) with more 

stable ligand structures, particularly with respect to intramolecular cyclisation; (b) with more 

specifically controlled flexibility; (c) to include more asymmetric character. Synthesis of copper (II) 

analogs of the copper (I) complexes reported in this study may give products which are more stable 

with respect to oxidation, and which would be more readily characterised. 

There is much scope for further development ofthe biocatalytic system, and even more possibilities 

will emerge as the field of biocatalysis continues to expand. The substrate specificity of the system 

may well be broadened by the application of techniques such as molecular imprinting, and also by 

the addition of other solvating components such as polyols, which could interact with polar groups 

within the binding pocket to enhance flexibility. The stability and durability of the biocatalyst might 

be enhanced by alternative immobilisation techniques, by the addition of alternative Iyoprotectants, 

or by application in different solvents. 

In view of the successful biocatalytic activity demonstrated, and the value of the reaction products 

as synthetic intermediates, all of these possibilities warrant investigation. The system developed 

in the present study lends itself to examination of these alternatives, and could usefully be applied 

in further development of the polyphenol oxidase biocatalyst. 
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