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Abstract

This thesis discusses the whole cell conversion of toxic, poorly water-soluble organic
substrates, using as an illustrative example the specific hydroxylation of toluene to
toluene cis-glycol (cis-1.2-dihydroxy-3-methylcyclohexa-3,5-diene) by Pseudomonas
putida UV4. Toxic effects may be eliminated through the introduction of tetradecane
(to partition toluene away from the biocatalyst) to give product concentrations of 20 -
50g I'l,ina two-liquid phase reactor. Previous. well documented, characterisation of
the hydroxylation has given accurate limits for the aqueous toluene concentration (10%
- 40% of aqueous phase toluene saturation, or 0.05 - 0.20 g 1-1). This need to control
the aqueous phase toluene concentration is imperative for the effective reactor operation
of toluene hydroxylation and provides an excellent model to study this class of
reactions. The use of biocatalysts to carry out conversions where the reactants and / or
products are either toxic and / or sparingly water soluble is of interest, since many
industrially important chemicals fall into this category. One method of carrying out
such a biotransformation is to introduce an organic phase, to act as a reservoir for the

toxic reactant and to solubilise poorly water soluble reactants and / or products.

The introduction of a second (organic) liquid phase forming a heterogeneous reaction
medium, necessitates the reaction be performed in a stirred tank reactor, so that the
phases are well mixed (or other configurations where high interfacial areas are
developed). The formation of a stable emulsion is therefore an intrinsic problem with
two-liquid phase biotransformations. This thesis describes how bioreactor and process
conditions can affect and alleviate the problem of emulsion formation. In addition
stability of the biocatalyst on exposure to the two-liquid phase system has been
examined and, loss of dioxygenase activity has been recorded as a function of process
conditions (harvesting and biocatalyst storage) and reactor conditions (phase ratio,
agitation rate. aqueous phase biocatalyst concentration and organic phase toluene
concentration). A hypothesis of the biocatalyst inactivation, a/‘two-liquid phase

biotransformation has been proposed.

Operating windows have been used as an experimental tool to determine the interacting
effects of process and reactor conditions on biocatalyst stability and emulsion
formation. Further, this work suggests possible designs for the microbial hydroxylation
of toluene in a two-liquid phase bioreactor, avoiding problems of reactant inhibition and
emulsion formation. It reports that these principles can be applied to similar

biotransformation operations.
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1 INTRODUCTION

1.1 Biotransformations

In the light of increased environmental and regulatory trends, interest in biocatalysts for
the synthesis of industrial chemicals has grown since biotransformations frequently
operate at ambient temperature, near neutral pH and atmospheric pressure (Stinson
1992, Stinson 1994). However the use of biocatalysts to carry out useful chemistry is
often difficult: involving the challenges of substrate and / or product toxicity or
inhibition, high dilution and the use of pH and temperature labile biocatalysts. Arnold
(1990) has looked at methods of enhancing biocatalysis by enzyme engineering and
similarly the industrial applications of protein engineering have been discussed by
Recktenwald ef al. (1993). The role of the reaction medium in enzymic catalysis,
alongside the generation of site specific mutants, has been reviewed by Dordick (1992)
for improved activity and enzyme selectivity. Freeman et al. (1993) have also
discussed the use of in situ product removal inorder to enhance biocatalysis. Biological
and process solutions do exist to many of these problems of biotransformations,
although there are few established methods to compare strategies and techniques (Lilly
1994, Woodley and Lilly 1994). This work however will look at an example of a
whole cell biotransformation where the reactant is toxic to the biocatalyst and discuss
process options that can be employed to alleviate some of these problems. Although
enzymatic processes will not be discussed here it is envisaged that many of the findings
for whole cell biocatalysis will be applicable for enzymatic systems. Many industrially
important chemicals fall into this category (eg Kawakami 1989) and various methods

have been cited to counter this particular problem.
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1.2 Methods to counter the effects of reactants which are toxic to the

biocatalyst

Several techniques have been used, with varying success, to counter the effects of toxic
reactants, to the biocatalyst. Membrane reactors have been used to separate the bulk
toxic reactant (or product) from the biocatalyst. Westgate ef al. (1994) have
demonstrated the use of a whole cell biphasic membrane bioreactor for the
stereospecific hydrolysis of racemic menthyl acetate to 1-menthol and acetic acid. Cells
are physically immobilised onto a membrane which forms the interface between the
substrate (organic phase) and a buffered aqueous phase. At present this is run only on a
bench scale but increased scale is envisaged. Another method would be to use a feed-
back control loop, in order to control the toxic reactant addition to the reactor. This
however can require sophisticated control algorithms and on-line monitoring of the
reaction. Hack (1992) reported that in the set up of a control mechanism for the
hydroxylation of toluene by Pseudomonas putida UV4 (based on a mass balance over
the reactor), that it was the inability to make rapid on-line measurements that was the
limiting step. There has been particular interest in recent years in carrying out
biotransformations (using either isolated or immobilised enzymes or whole cells) in the
presence of a second, organic, liquid phase. The second, organic, liquid phase acting as
a reservoir for the toxic reactant (van den Tweel et al. 1987, van den Tweel et al. 1988,
Collins and Woodley 1993). It is this method of reactor operation that has been
examined in this study.
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1.3  Rationale for introducing a second, organic, liquid phase

Rationale for introducing a second, organic, liquid phase has been well documented in
the literature. A second liquid phase can exist if the biotransformation reactant is poorly
water soluble, and hence when in excess of its solubility, will exist as a discrete phase.
A second, organic phase can also be used as a sort of "inert" medium that acts as a
reservoir for the poorly water soluble, toxic reactant. The partitioning of the toxic
reactant between the two phases (the reactant being more soluble in the organic phase)
means that the aqueous phase reactant concentration can be controlled. Sub toxic
aqueous phase reactant concentrations can therefore be maintained for extended periods
of time, in batch operation (Cremonesi ef al. 1973). Higher reactor reactant (and / or
product) concentrations, than in a monophasic systems, can be achieved regardless of
their aqueous solubility. Therefore for a batch reactor, converting the same amount of
reactant, a smaller volume reactor can be used (Lilly 1982, Lilly 1983, Woodley and
Lilly 1990).

Oxygen mass transfer can be the rate limiting step in an oxidative biotransformation
(Hack 1992), oxygen having a very low solubility in water. Gas solubility in organic
solvents however is increased. In monophasic systems oxygen from air, transfers from
the gaseous phase to the solid phase (for whole cell biotransformations), usually via the
aqueous liquid phase. The addition of a second, organic, liquid phase complexes the
system. The oxygen could transfer by the methods already described or, into the
organic phase and then transfering to the aqueous liquid before reaching the biocatalyst.
It seems likely that oxygen mass transfer would occur by both of these methods but
primarily via the organic phase due to its prefered solubity in this media. It is argued
that if the gas is continuously supplied to the reactor that the introduction of a second,
organic, liquid phase would confer minimal advantage (Lilly and Woodley 1985,
Brink and Tramper 1985). However if gas was in short supply, the organic phase may

strip the oxygen from the aqueous phase and hence the biocatalyst.

The use of the addition of a second, organic, liquid phase has also allowed
thermodynamically unfavourable reactions to be carried out. Synthetic products
partition more strongly into the organic phase than their starting materials and this
therefore pushes the equilibrium over towards synthesis, eg reverse enzyme hydrolysis
(ester hydrolysis) (Lilly and Woodley 1985, Klibanov 1986, Zaks and Russell 1988).
Halling (1994) presented a summary of the general thermodynamics of multiphase
systems and suggests that a variety of simple physicochemical processes affect the

observed behavior of biocatalysts in multiphasic nonconventional media. Mechanisms
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such as changes in solvation or partitioning of water, organic species, substrates, and
products, and ions, acids, and bases; and can usually account for all observed effects.

It has also been cited that product and / or reactant separation from the organic phase is
greatly facilitated in two-liquid phase biotransformations (Lilly 1982). Low boiling
point solvents will ease product purification and concentration, providing of course, that
it is not temperature labile. Buckland ez al. (1975), investigated the bioconversion of
cholesterol to cholesterone by Nocardia cells in various organic solvents. The ease of
separating the biocatalyst from the reaction medium was such that it was possible to
reuse them. Similar activities to the initial batch were recorded. Operating with a
second, organic, liquid phase may mean better integration into chemical processes
(Halling 1987). Introducing a second, liquid phase causes the formation of a liquid-
liquid dispersion, which may be difficult to separate. The effects of emulsification will
be discussed in a later section (1.5).

Organic solvents are not ideal nor in most cases natural, environments for the growth of
microorganisms. Hence when operating with an organic solvent it may mean that
contamination by other microorganisms is minimised. Therefore the need to run
aseptically is avoided. Similarly as the organic solvent is not the natural habitat for the

whole cell biocatalyst, it can confer degenerative effects to the microorganism.
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14 Operating with a second, organic, liquid phase

1.4.1 Biocompatibility

1.4.1.1 Biocatalyst type

One of the most important considerations when choosing a solvent for operation in a
two-liquid phase biotransformation, is its compatibility with the maintenance of the cell
and enzyme activity (Butler 1979). Possible inactivation of the biocatalyst is caused by
the organic solvent (Lilly 1987). In this study we are concerned with the inactivation of
whole cell biocatalysts by organic solvent. A lot of research has focussed on the
inactivation of enzymes in the presence of organic solvents. It is surmised that many of
these mechanisms can be applied to whole cell biocatalysts.

Carrea (1984) looked at enzyme stability in organic / aqueous systems and concluded
that there were no strict correlations between the denaturing and inhibiting effects of the
organic solvent. Although enzyme stability could be improved by adding albumin or
co-enzyme, only if the complete transformation of these stabilisers / co-substrates was
avoided. For example, the addition of cholesterol stabilised the cholesterol oxidase
activity of Nocardia (Buckland et al. 1975).

Hydrophobic interactions play the dominant role in maintaining the catalytically active
conformation of enzymes. Enzymes suspended in hydrophobic solvents tend to keep
the layer of essential water which allows them to maintain their native conformation and
hence catalytic activity (Khmelnitsky 1988). Enzymes suspended in hydrophobic
solvents hence require substantially less water for activity than those suspended in
hydrophillic ones (ie solvents with a high capacity to dissolve water can extract water
from the enzyme and thereby decrease it's activity) (Zaks and Russell 1988, Klibanov
1989, Mattiasson and Adlercruetz 1991). Conversely, Fukui and Tanaka (1985)
have stated how changes of polarity with solvents, leading to conformational changes in

the enzyme, can even enhance enzyme stability and stabilise reverse micelles.

Immobilisation techniques have been employed to try and overcome some of the
adverse effects of organic solvents to enzymes. Khmelnitski ez al. (1984) used o-
chymotrypsin in a water-ethyl acetate two-phase system for peptide systhesis. The free
enzyme inactivated very rapidly while the enzyme immobilised on sorsilen, a
terephthalate polymer was reused sucessfully, retaining 50 % of its activity after 7 days.
The type of immobilisation support has also been implicated in the maintainance of
enzyme activity in organic solvents . Khmelnitski et al. (1984) further concluded that
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the greater the difference in polarity between the support and the organic solvent the
lower the risk of exposure of the enzyme at the interface, and hence deactivation. More
recently Nikolova and Owen (1992) have discussed the effect of support matrix
hydrophobicity on the deactivation of whole cell biocatalysts in the presence of organic

solvents.

Experiments have been carried out using the free enzyme pig liver esterase, PLE, and
Bacillus subtilis. At low stirrer speeds they had similar activities; as the stirrer speed
increased, increasing mass transfer, the activity increased. At high stirrer speeds in the
bacterial system, there was no further increase in activity, but also no loss in activity.
However, with the free enzyme increased stirrer speeds resulted in an activity decrease,
and loss of stability (Williams ef al. 1987). A similar phenomenon can be observed
with immobilised and suspended catalysts in two-liquid phase systems. These findings
suggest that at higher stirrer speeds the mass transfer of the system is not limiting and
that the reaction is in zero order. However at the higher stirrer speeds there is going to
be an increase in the liquid-liquid interface between the two phases. This liquid-liquid
interface is less detrimental to the whole cell than the free enzyme, probably due to the
cell membrane protecting the enzyme system. The effect of the cell membrane in the
protection of biocatalyst to potentially toxic solvents has been further looked at by
Harrop ef al. (1989). They found that the hydroxylation of naphthalene by Gram
negative Pseudomonas putida could be performed in a wider range of organic solvents
with lower Log P values (1.4.1.2.1) than can the steroid A-dehydrogenation by Gram
positive Arthrobacter simplex. Thus indicating a possible role of the more robust Gram
negative cell membrane in the protection of biocatalyst.

1.4.1.2 Solvent choice

1.4.1.2.1 Solvent polarity

Various parameters have been looked at that could assess the influence of an organic
solvent, for use in a two-liquid phase biotransformation and its biocompatibility. Brink
and Tramper (1985) correlated a small selection of solvents to their chemical and
physical parameters; molecular weight, water solubility and polarity; expressing them as
the Hildebrand solubility parameter. High retention of biological activity was favoured
by a low polarity in combination with a high molecular weight solvent. Laane ef al.
(1985) however, later concluded that the Hildebrand solubility parameter was a rather
poor measure of polarity and that a better correlation was observed when the Log P
(logarithm of the partition coefficient of the solvent in octanol and water was taken as
an indication of polarity.
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It was found that this correlation between polarity and activity, paralleled the ability of
organic solvents to distort the essential water layer that stabilises the biocatalyst (Laane
et al. 1987). Solvents with Log P < 2 were found to be detrimental to the biocatalyst
(strongly distorting the essential biocatalyst-water interactions) and those with a Log P

> 4 showed biocompatibilty (did not distort the essential water coat). Between these
two figures biocompatibility was found to be dependent on the solvent (a weak water
distorter and will effect biological activity to an extent that is as yet rather

unpredictable) and the biocatalyst type and of course the process conditions.

1.4.1.2.2 Solvent structure

As a relationship between biocompatibility and Log P has been developed researchers
have been interested in finding a link between solvent toxicity and structure. In solvent-
saturated buffers, alkanes with Log P's greater than 3 were found not to be toxic to the
cell. The equivalent alkanol, however was toxic (Hocknull and Lilly 1988). Osborne
et al. (1992) looked at the inhibition of progesterone 11a-hydroxylase by a series of
primary alcohols. The higher the molecular weight the greater the inactivation. The
nature of structural groups and their position should also be considered along side chain
length when looking at solvent structure. Eglin (1994) has reported that the position of
the hydroxyl group on octanol determines the level of it's toxicity to the biocatalyst,
although each isomer has the same Log P.

1.4.1.2.3 Effect on cell membrane

In the previous section (1.4.1.1) biocatalyst type and the possible role of the cell
membrane (for whole cell biocatalysts) in alleviating toxic effects of organic solvents
were discussed. Organic solvents however do have a deleterious result on cell
membrane integrity. de Smet ef al. (1983) used Pseudomonas oleovorans to convert
hydrocarbons (n-octane, 1-octene and 1-decene) in a two-liquid phase system, where the
hydrocarbon made up the bulk apolar phase. After 50-70 hours of operation loss of cell
viability was noted and cell membrane damage was observed by freeze fracture electron

microscopy.
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Cytologists have used the permeabilising effects of toluene on cell membranes to their
advantage for many years. Jackson and DeMoss (1965) however, examined the effect
of toluene on exponentially growing cultures of Escherichia coli. A time dependent
loss of turbidity was observed which was concurrent with a loss of material to the
medium. Electron microscopy however indicated that the cells were not being lysed by
toluene but that the cytoplasm collapses to the interior of the cell. The material lost

from the cell included ribonucleic acid and protein.

Toluene however, removes very little protein, phospholipid or lipopolysaccharide from
Esherichia coli in the presence of Mg2t. In the absence of Mg2™ or the presence of
EDTA considerably more cell material is lost on toluene exposure. Cells treated with
toluene in the presence of Mg2+ remain relatively impermeable to pyridine nucleotides,
while cells treated with toluene in the presence of EDTA become permeable to these
compounds.  Freeze fracture electron microscopy shows that toluene causes
considerable damage to the cytoplasmic membrane, while the outer membrane remains
relatively intact. These results indicate that the permeability characteristics of toluene-
treated cells depend at least partly on the state of the outer membrane after toluene
treatment (de Smet ef al. 1978)

These reports indicate that the introduction of an organic solvent can disrupt the

integrity of a cell and potentially deactivate its biocatalytic ability.
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1.4.1.3 Toxicity (to the microorganism)

1.4.1.3.1 Phase versus molecular toxicity

The theory of solvent toxicity has been under much debate and is thought to be
attributed to two distinct phenomena. Toxicity exerted on the microorganism at the
molecular level (ie solvent dissolved in the aqueous phase) and at the phase level (ie a
solvent non-toxic at the molecular level could exhibit a negative effect when used in
excess) (Bar 1986).

As already mentioned, (1.3.1.2.2) Hocknull and Lilly (1988) found in solvent-saturated
buffers, alkanes with Log P's greater than 3 were not toxic to the cell. The equivalent
alkanol, however was toxic. In the presence of a second, organic solvent phase, there
was an initial loss of activity with both alkanes and alkanols. This rapid loss is thought
to be due to contact between cell and liquid-liquid interface. However they also suggest
that in some instances biocatalytic activity may be lost, in the absence of phase effects,
solely through sufficient dissolved aqueous phase solvent partitioning into the cell. The

cell wall having a more hydrophobic environment.

Osborne et al. (1990) have shown that the solvent concentration in the cell membrane
of Rhizopus nigricans, as a result of an aqueous-organic two-liquid phase and cosolvent
system correlates well with the loss of progesterone 11a-hydroxylase activity. Full
hydroxylase activity is retained at saturating concentrations of hexane and the higher
primary alcohols, reflecting their inability to attain a critical concentration in the cell
membrane. They further propose that theories accounting for the action of anaesthetics
may also be applicable to the action of solvents in biocatalytic systems. Including the
alteration of membrane fluidity, lipid phase separations, direct solvent-protein
interaction and membrane permeabilisation. The alteration of membrane fluidity

appears to be the primary cause.

This study is solely interested in whole cell biotransformations. However the liquid-
liquid interface has also been found to be detrimental to enzymic biocatalysts.
Adlercreutz and Mattiasson (1987) have suggested that so long as the enzyme is kept
in the aqueous phase and is not exposed to the interface good operational stability is

forseen. Therefore the enzyme should be immobilised or a hydrophillic carrier used.

Reverse micelles have been used to solubilise enzymes, providing a method for the
catalytic bioconversion of water-insoluble material, eg reduction of steroids and of
enoates, cholesterol oxidation, and inter and trans-esterification of lipophilic substances.

Whole cells solubilised by micellar solution remain viable in organic solvents.
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Indicating that perhaps the reverse micelle prevents the biocatalyst contacting the
interface and undergoing phase toxicity effects (Luisi and Laane 1986).

The biocatalyst concentration has also been cited as a determining factor in the specific
activity of a two-liquid phase reaction by Brookes ef al. (1986). As the bacterial
concentration in the aqueous phase was raised above 25 mg ml-! the observed specific
activity fell until at 67 mg ml-! the reaction rate was also lower. This could possibly be
due to two factors the proportional reduction of liquid-liquid interface per biocatalyst,

but is more probably due to reactant transfer limitations.

1.4.1.3.2 Phase ratio

The amount of liquid-liquid interface is a function of the phase ratio, ie the amount of
organic to aqueous phase, and stirrer speed (specific interfacial area also being a
function of biocatalyst concentration). Therefore if liquid-liquid interfacial area is
detrimental, phase ratio would be expected to have an effect on the biocatalyst activity.
Bacillus subtilis, used to hydrolyse menthyl acetate, showed maximum activity at phase
ratios (volume fraction organic) between 0.5 and 0.6 (high interfacial area and hence
greater mass transfer). For the free enzyme PLE however, high phase ratios caused a
loss of activity, but low phase ratios afforded maximum reaction rates (Williams ez al.
1990). This suggests that mass transfer was not the limiting factor but that high
interfacial areas are detrimental to the biocatalyst.

Other reports from the production of 7,8-epoxy-1-octene from 1,7-octadiene, by non-
growing Pseudomonas putida PpG6 have also shown that the activity was dependent on
volumetric phase ratio, degree of agitation (both factors of the liquid-liquid interfacial
area) and physical properties of the two phases. Again suggesting the liquid-liquid
interface is a controlling factor. In this case the reaction rate with the highest specific
activity was achieved at phase ratios close to the point of inversion, except when

aqueous cell concentrations were low (Harbron ef al. 1986).

1.4.2 Process compatibility

When choosing a solvent for a two-liquid phase process biocompatibility is very
important but process compatibility must also be considered. Process conditions often
dictate the physical qualities necessary in the organic solvent. Factors to consider
include; melting and boiling point and whether the solvent is liquid at operating

conditions, the difference in the density of the two phases (ease of separation), low

26



viscosity, surface tension, oxygen solubility (for oxidative reactions) and importantly
low operator (flammability) and environmental toxicity (Lilly ef al. 1987). The usual
reasons for introducing a second, organic, liquid phase to a process is due to either the
poor water solubility and / or toxicity of the reactant(s) and / or product(s). One of the
most important factors therefore when selecting a second, liquid phase is the
partitioning of the poorly water soluble and / or toxic reactant and / or product between

the aqueous and organic phases.

Sarra et al. (1992) used a method for solvent selection based on process compatibility.
Their procedure was based on the calculation of the theoretically allowable conversion
and product concentration (dependent on the phase ratio and initial concentration) and
was applied to a peptide synthesis, using papain. These parameters were considered as
thermodynamic limits which could be achieved, and are a useful tool to compare the

behaviour of different solvents .

1.4.3 Whole cell biocatalysis in two-liquid phase systems

Described so far have been some biocatalytic reactions carried out in organic media,
there are many more examples in the literature of such reactions. There are different
forms of biotransformations carried out using an organic solvent. The organic solvent
can itself be the reactant or the second phase can be added to the process as a medium
for poorly water soluble and / or toxic reactants and / or products. The whole cell
biocatalyst itself can be in different forms; growing cells and free or immobilised resting
cells. Table 1.1 gives an example of some of the types of two-liquid phase

biotransformations found in the literature.
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Table 1.1

Examples of types of reactions carried out by whole cells in two-liquid phase systems

Whole cell biocatalyst type

Nature of second, organic, liquid phase

Reactant

Solvent reservoir

Growing cell

Conversion of n-octane
(organic) to alkanoate (which is
soluble in the aqueous phase),
by E.coli W3110.

(Favre-Bulle et al. 1991)

Triglyceride hydrolysis (1,7-
octadiene to 7.8-epoxy-1-
octane) by Pseudomonas putida
3SK; using cyclohexane as a
second liquid phase.

(Lee and Rhee 1994)

Resting cell ~ Free

Conversion of d,| menthy!
acetate to i-menthol by Bacillus
subtilis.

(Brookes and Lilly 1986)

Benzyl alcohol oxidation by
Pichia pastoris, using xylene or
decane as a second liquid phase.
(Kawakami and Nakahara
1994)

Immobilised

Conversion of cholesterol to
cholest-4-ene-3-one by
Nocardia rhodochrous.
(Buckland et al. 1975)

Benzyl alcohol oxidation by
Pichia pastoris (immobilised in
calcium alginate), using xylene
or decane as a second liquid
phase.

(Kawakami and Nakahara
1994)
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1.5 Toluene hydroxylation as an example of a reaction where the reactant is
toxic to the biocatalyst

In order to discuss the use of a second, organic (tetradecane) phase to partition a toxic
reactant from the whole cell biocatalyst this work concerns the hydroxylation of toluene
to toluene cis-glycol (cis-1,2-dihydroxy-3-methylcyclohexa-3,5-diene - herein referred
to as TCG), by Pseudomonas putida UV4. Pseudomonas putida UV4 is also able to
hydroxylate other aromatics to their corresponding cis-glycols, and is able to tolerate a
large diversity of substituents: F, Cl, Br, I, methyl, ethyl, n-propyl, isopropyl, n-butyl, t-
butyl, CF3, vinyl, phenyl, allyl, benazyl, ethoxy, n-propoxy, n-butoxy, benzoyl,
naphthalene or tetralin (Widdowson and Ribbons 1990).

One published non-enzymatic route for the synthesis of benzene cis-glycol (5,6-
dihydrocyclohexa-1,3-diene) involves a partial chlorination of benzene followed by
oxidation and dechlorination (Nakajima ef al. 1959). The problems inherent in this
three-stage process are the difficulties associated with separating the mixed reaction
products and the very low overall yield. Furthermore, it is not applicable to aromatics

other than benzene. Essentially this reaction is only possible by a biological route.

1.5.1 Why produce cis-glycols?

The industrial interest in benzene cis-glycol production stems from the ease with which
derivatives of this compound are polymerised by radical initiators to form high-
molecular weight polymers which are readily soluble in organic solvents. Production of
polyphenylene using this microbiological route overcomes many of the difficulties
normally associated with both chemical synthesis and further fabrication of this
thermally stable plastic (Griffin and Magor 1986).

One route to polyphenylene is the direct polymerisation of benzene by oxidative
cationic polymerisation, requiring large quantities of cupric chloride. This method was
fairly successful despite the difficulty removing the cupric chloride. Another method of
polyphenylene synthesis was by polymerisation of p-dibrombenzene in the presense of

magnesium using a nickel catalyst (Ballard ef al. 1994).

The thermal stability of polyphenylene coatings is to some extent related to the thermal
treatment during the aromatisation process, such coatings can be used at temperatures
close to 400 OC, and in the absence of oxygen at temperatures of 500 ©C. The films

remain coherent at these temperatures and retain their good electrical insulation
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characteristics, total thermal breakdown occurs at a significant rate at 600 - 800 OC.
Polyphenylene coatings are very good electrical insulators having electrical
conductivites of 1014 - 10-15 Q cm and their oxidative stability in air is superior to
most other aromatic polymers. Table 1.2 describes the properties of polyphenylene
coatings These have been looked at for the design of advanced liquid crystal displays
for word processors and computers and more recently the construction of a light-
emitting diode (LED) (Ballard et al. 1994). Cis-glycols can be used as soluble
precursors (to avoid the fabrication difficulties of polyphenylene), used to coat support
materials or, alternatively be converted into fibres or films using established technology,

prior to subsequent conversion to polyphenylene.

Table 1.2
Properties of polyphenylene coatings (from Ballard ef al. 1994)

Characteristics Properties
Physical Insoluble, infusible
Amorphous to cystalline
Refractive index: 1.833a
Density 1.228 g ml-1
Elongation to break: 2-3%
Water uptake: 0.2 %
Creep strength: zero flow <250 9C
Thermal Coefficient of linear expansion: 6x 105

Approximate linear shrinkage of

coatings:
Temperature, 0C %
180-320 64
320-400 7
400-450 2
Electrical Volume resistivity: 1013-1015 Q em
Surface resistivity: 1016 O cm

4 value not exceeded by any other organic polymer

Ley and Sternfeld (1988) use the cis-glycol formation from benzene to form the
cellular secondary messenger myo-inostitol-1,4,5-trisphosphate (IP3) and other related
derivatives. Grund ef al. (1994) review the use of hydroxylated aromatic hydrocarbons
for use in the aerospace industries. The unusual substitution patterns and high isomer

purity make cis-glycols valuble chiral synthons for further chemical synthesis (Ribbons
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et al. 1990, Roberts 1993). much demand coming from the pharmaceutical industry.
Table 1.3 highlights some other uses of cis-dihydrodiols produced by microbial

hydroxylation.
1.5.2 Toluene hyvdroxylation
1.5.2.1 Reaction characteristics

A Pseudomonas species able to grow on benzene as sole carbon and energy source was
isolated from a mixture of soil and water samples. Experiments showed that benzene
was metabolised via cis-1.2-dihydroxycyclohexa-3.5-diene (BCG) to catechol. A
mutant of this strain. which lacked a functional cis-benzeneglycol dehydrogenase
converted almost quantitatively to cis-benzene glycol (van den Tweel et al. 1988).
Pseudomonas putida UV4 is a blocked mutant capable of only the first stage in the
metabolism of toluene, preventing the subsequent dehydrogenation to 3-methyl catechol
(Figure 1.1). It is used as a whole cell biocatalyst due to the need to supply
stoichiometric amounts of NADH. This can be circumvented in the cell by the use of
ethanol as a co-substrate. using the cell's mechanism for co-factor regeneration. The
three protein. purified enzyme complex (toluene dioxygenase) is inactivated in air and
requires the expensive co-factor NADH and addition of Fe2¥ for activity (Gibson ef al.
1970b, Axcell and Geary 1973). Pseudomonas putida is an aerobic. motile, Gram
negative, rod shaped microorganism. with four polar flagella. It is actively motile in
solvents of low Log P, indicating the presence of an intact cytoplasmic membrane, a
proton motive force being require for motility (Harrop ef al. 1989). The reaction being
oxidative requires molecular oxygen (requiring one mole of oxygen per mole of
toluene), both atoms of oxygen being incorporated into a single toluene molecule
(Gibson et al. 1970a). Table 1.4 summarises the characteristics of toluene

hydroxylation by Pseudomonas putida UV4.

1.5.2.2 Reaction kinetics

The reactant toluene is a highly volatile aromatic. is toxic to the cell and poorly water-
soluble. The product TCG. conversely is highlv water soluble (approximately

400 g I-1). Reaction kinetics from an extended biotranstormation showed that product
formation ceased after a certain time: indicating that it could be inhibitory. A TCG
production rate of 0.79 g | -1. was maintained for more than 2 hours, before production
was immediately ceased by the addition of 18 g I-1 of TCG; with a concomitant pH rise
to 7.8 (Brazier etal. 1989). Loss in cell viability has been demonstrated, which
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Tablel.3

Examples of the uses of dihydrodiols produced by microbial hydroxylation

Microbial hydroxylation

Reactant Product Uses
Benzened 5,6 cis- derivatives of BCG (methoxycarbonate) polymerised by using radical inhibitors to 1:4 polymers to form polyphenylene 1
dihydroxycyclohexa-1,3-
diene (BCG)
Toluene TCG (-)-laminitol
(1D-4C-methyl-myo-inositol) 5
Toluene? TCG production of a chiral prostaglandin synthon - cytostatic properties
..
Substituted 3-substituted cis- Use of palladium-catalysed coupling of terminal alkynes to the free cis-diols, conversion to a variety of substituted arene
benzene? cyclohexa-3,5 diene cis diols 12
1,2 diol
(+) and (-) erythrose, (+) and (-) ribonolactone, (+) and (-) trihydroxyheliotridane, (+) and (-) kefunensine, lycaricidine, (- 14
)-morphine
ChlorbenzeneP 1,chloro-2,3 D- and L-erythrose derivatives synthesised
dihydroxycyclohexa-4,6- 8
diene
preparations of indolizidine homologues such as castanospermine or swainsonine, compounds that are focus of attention 10
because of their cytotoxic properties
2,3-o-isopropylidene-D-erythrurononlactone - verstile chiral synthon used in the enantioselective preparation of 15
pyrrolizidine alkaloids, prostaglandin intermediates, specionin and the dipeptide renin-inhibitor, dihydroxyethylene
isostere
Acetate if specionin - an antifeed for spruce bubworm 13
BromobenzeneP (+)-pinitol shown to posses significant hypoglycemic and antidiabetic activity in mice, also acts as a feeding stimulant for
larvae of yellow butterfly (Eurema hacabe mandarina) and inhibits larval growth of Heliothis zaea 11
Substituted dihydrodiols Possible to obtain 2,3 and 3.4 dihydrodiols by substituting the iodine with hydrogen
iodobenzeneb 4
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Tablel.3

(continued)

Microbial hydroxylation

Reactant Product Uses
Quinolined cis, 5.6 [
dihydroquinoline 3
Isoquinoline? cis, 7,8
dihydroisoquinoline 3
Quinoxalined cis 5,6 |
dihydroquinoxaline 3
5,6 diol
Quinazoline? cis 5,6
dihydroquinazoline 3
Slyrcncb Arcne cis-diol synthesis of cyclohexene oxide to form Zeylena (anti twmour activitics)
9
Menthyl cis-dihydrodiols synthesis of decalin - derived natural products such as caompactin and forskolin
naphthalenebvd 6
2,3 dihydro (3S)-3-hydroxy-2,3- potential valuable chiral synthons whic can be added to the small pool of bicyclic ¢is-dihydrodiol mclnholilcs.currcnlly
benzolurand dihydrobenzofuran cis 2,3, available for synthesis 2
4,5 and 6,7 diol
Carbazole? 3-hydroxycarbazole synthetic 3HCZ used for determination of potential anti cancer activity
(3HCZ) 16
a Pseudomonas putida UV4 b Pseudomonas putida 39-D
c Escherichia coli IM109 (pDTG601 - containing the tod genes encoding toluene dioxygenase) d Pseudomonas putida NC1B989
References
1 Ballard 1985 5 Carless and Oak 1991 9 Hudlicky et al. 1989 13 Hudlicky and Natchins 1992
2 Boyd et al. 1993a 6 Deluca and Hudlicky 1988 10 Hudlicky et al. 1990a 14 Hudlicky et al. 1993
3 Boyd et al. 1993b 7 Hudlicky et al. 1988 12 Hudlicky and Boros 1992 15 Mandel 1993
4 Boyd et al. 1994 8 Hudlicky et al. 1989 1 Huclicky et al. 1990b 16 Resnick et al. 1994
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Figure 1.1
Toluene hydroxylation by the mutant Pseudomonas putida UV4, unable to further

metabolise the cis-glycol to 3-methyl catechol
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Table 1.4
Characteristics of toluene hydroxylation by Pseudomonas putida UV4

Characteristic

Unstable, 3-protein enzyme complex on isolation
NADH dependent

Molecular oxygen required

Blocked mutant, unable to metabolise TCG
Uptake of a range of other aromatic hydrocarbons

Gram negative, conferring particular resistance to organic solvents

accompanied TCG production but did not occur in the absence of TCG; high
concentrations of TCG leading to a decrease in biocatalyst activity (Jenkins and
Dalton 1985, Jenkins and Dalton 1987). Conversely, the addition of 19 g I-1 of TCG
to a test flask has shown no change in activity (Nicholds 1988). 60 g I-1 of TCG has
been produced using tetradecane as second liquid phase reservoir for the toluene (Hack
1992), hence inhibition of dioxygenase activity by TCG has been considered as
negligible, for this study.

Initial work by Brazier ef al. (1989) showed that when toluene was kept at a low reactor
concentration there was a linear increase in TCG production. When reactor toluene
concentration exceeded 0.5 g 1-1 there was a cessation of TCG production that was not
returned when the toluene levels fell (Figure 1.2). Reactions kinetics were further
elucidated by Hack (1992), who used a dodecane reservoir to determine aqueous phase
toluene concentrations. Figure 1.3 shows that aqueous phase toluene concentrations in
excess of 2.4 mM (40 % of aqueous toluene saturation) cause an immediate and
irreversible cessation of dioxygenase activity. Poor reaction rates (1st order reaction)
were achieved at aqueous phase toluene concentrations less than 0.54 mM (8 - 10 % of
aqueous toluene saturation). The need to control the aqueous phase toluene
concentration (0.54 - 2.4 mM) is therefore imperative for effective reactor operation
(Woodley et al. 1990).

1.52.3 Aqueous phase reaction

ICI's (Zeneca BioProducts) protocol for toluene hydroxylation was to add toluene to the
reactor (containing resting cells) by slowly pumping liquid toluene into the medium
throughout the biotransformation. It was thought that due to the low amounts organic
added, the rate of toluene dissolution would be sufficiently rapid that toluene would not
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exist as a separate phase in the reactor (ie preventing the detrimental effects of a liquid-

liquid interface).

Hack (1992) evaluated the use of a fed-back reactor with on-line feedback control for
the hydroxylation of toluene. This was based on a mass balance over the reactor. On-
line sampling of the reactor for toluene. ethanol and TCG (both in the medium and exit
gas) were used by a computor algorithm to control the toluene inlet pump. However
there were problems with the sampling times. stemming from problems of on-line cell
separation and on-line TCG analysis. There would also be the need for an on-line
dilution step, problems being with the potentially high TCG concentrations achievable
(60 ¢ I-1). If the activity changes by greater than 50% between samples the contol
system would not be able to respond quickly enough and the toluene levels could reach
fatal levels. In this system oxygen mass transfer is also the rate determining step.
Measures such as using pure oxygen, pressurising the vessel or increasing the air flow
rate would have to be employed to increase the oxyvgen transfer. The maximum reaction

rate achieved in this system was 0.07 mol h-1.

1.5.3 Introducing tetradecane as a second. organic phase
1.5.3.1 Solvent choice

The choice of tetradecane as a second, organic phase for the hydroxylation of toluene
was made by Hack (1992). The initial selection was based on the biocompatibility from
a list compiled by Leo ef al. (1971) (ie those with a Log P > 4). Futher selection was
made by the solvent availablity and cost, and their physical characterists (boiling /
freezing point, density and viscosity). The solvent had to be liquid at 28 ©C. After
consideration of the process compatibility a list of 7 solvents was made: n-heptane, n-
octane, n-nonane. n-decane. n-undecane, n-dodecane and n-tetradecane. Due to the
rapid inactivation of toluene dioxygenase by n-heptane, n-octane, n-nonane and n-
undecane the process compatibility became irrelevant. Tetradecane was therefore
chosen for the solvent reservoir in the biotransformation. In this work solvent choice

was not considered and tetradecane was used for all biotransformations.

1.5.3.2 Partition of toluene between the organic and aqueous phases

As already mentioned the need to control toluene concentration in the aqueous phase is
imperative in this system. In a two-liquid phase system toluene is preferentiallly present
in the organic phase solvent rather than the aqueous medium. Hence, the introduction of
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an organic solvent will partition the toluene away from the aqueous phase, where it has
been establised that the reaction occurs (Woodley et al. 1991). Therefore high
concentrations of toluene are achieveable in the reactor, in batch mode, while
maintaining a low concentration within the aqueous phase. Figure 1.4 schematically
represents the partitioning of toluene and TCG between the organic and aqueous phases.
The aqueous phase toluene concentration is determined in part by the partition of
toluene between the two phases and can be controlled by adjustment of the organic
phase toluene concentration. The overall reactor toluene concentration is determined
both by the organic phase toluene concentration and by the phase ratio (volume fraction
organic) (Lilly et al. 1991). Figure 1.5 shows the partition of toluene between
tetradecane and buffer, which was previously established as thermodynamically ideal
with a distribution coefficient of 981 (Hack 1992). An aqueous phase toluene
concentration of 2.4 mM in equilibrium corresponds to approximately 2.4 M toluene
concentration in tetradecane. Therefore organic phase toluene concentrations inexcess
of 2.4 M will give toxic toluene concentration in the aqueous phase. Similarly organic
phase toluene concentrations less than approximately 0.6 M will mean aqueous toluene
concentrations in the first order regime (mass transfer limited). Introducing the organic
phase at 20 % (v/v) toluene in the tetradecane should maintain sub-toxic levels of the
toluene in the aqueous phase.

1.5.4 Process implications of adding a second, organic liquid phase

1.5.4.1 Advantages

As already mentioned oxygen is more soluble in tetradecane than in water (35 times
more soluble). Hence the initial problems of oxygen mass transfer are to some extent
alleviated. More importantly under the same reaction conditions proportionally more
biocatalyst can be sustained, which in turn means an increase in reaction rate. This is
advantageous considering the loss in cell activity during storage (Brazier 1989, Hack
1992). The control of toluene concentration in the aqueous phase is imperative. The
use of a second, liquid phase allows the control of toluene concentration in the aqueous
phase without the need for complex control equipment.

1.5.4.2 Disadvantages

The introduction of an organic liquid phase forms a heterogeneous reaction medium,
necessitating the reaction be performed in a stirred tank reactor, so that the phases are
well mixed (or other configurations where high interfacial areas are developed eg.

membrane reactors). It has been cited that the liquid-liquid interface may be detrimental
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