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SUMMARY

The aim of this research project was to identify the factors affecting the
porcine pancreatic lipase (PPL)-catalysed polytransesterification of a diester
and a diol in organic solvents. It was hoped that by modifying reaction
conditions a commercially acceptable polymer molecular weight (Mn) of
20,000 daltons might be attained.

Exploratory investigations were carried out using 1,4-butanediol/bis(2,2,2-
trichloroethyl) adipate and glutarate systems in diethyl ether, with and without
molecular sieves. It was found that molecular sieves promoted the reaction by
reducing hydrolysis of the ester end-groups, resulting in polymer molecular
weights between 1.2 and 2.2 times greater than those obtainable without
molecular sieves.

Investigations were then concentrated on the PPL-catalysed
polytransesterification of 1,4-butanediol with divinyl adipate. The particular
advantage of this system is that the reaction is irreversible.

The effects of varying substrate concentration, mass of drying agent, reaction
solvent, reaction temperature, mass of enzyme and also enzyme
immobilisation on the 1,4-butanediol/divinyl adipate system were investigated.

The highest molecular weight polymer obtained for the PPL-catalysed
polytransesterification of 1,4-butanediol with divinyl adipate in diethyl ether
was Mn ~8,000. In higher boiling ether solvents molecular weights as high as
Mn ~9,200 were obtained for this system at elevated temperatures. It was
found that the major factor limiting polymerisation was the low solubility of the
polymer in the solvent which resulted in precipitation of the polymer onto the
surface of the enzyme.

Keywords porcine pancreatic lipase, enzyme,
polytransesterification, organic solvent, vinyl ester.
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1.0 INTRODUCTION
1.1 Enzymes

Enzymes are naturally occurring, very efficient biological catalysts, which
usually operate In aqueous media.1.2 Their 3D-structure and the
presence of an ‘active site’ allows them to catalyse a wide range of reactions
with high stereo- and regiospecificity.3:4 Enzymes are biodegradable and
most operate at quite low temperatures, between 20-50°C, which makes them
attractive as mild environmentally benign catalysts.

The ‘active site’ is held in its conformation by various intramolecular forces.?
The primary, secondary and tertiary structure varies from enzyme to enzyme
which enables them to catalyse very specific reactions between specific
substrates. The interaction between the enzyme and the substrate has often
been likened to the fit of a key into a lock. However, a more realistic view® is
that of the ‘Induced-Fit Model' which assumes that during the formation of the
enzyme-substrate complex, the approach of a substrate causes the enzyme to
change its conformation so as to wrap around the substrate as illustrated
below :-

Enzyme Enzyme
A
A A X X
Substrate Substrate

Scheme 1. Schematic representation of the ‘Induced-Fit' mechanism. Re-
drawn from reference 5.

In Scheme 1, ‘A’ represents the reactive group of the substrate and ‘X’
represents the complementary reactive group(s) of the enzyme - the ‘chemical
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operator’. Part ‘B’ of the substrate forces the enzyme to adapt an active
conformation (the ‘induced-fit’). This in turn positions both ‘X’ active groups of
the enzyme into the correct orientation to effect catalysis. If part ‘B’ is not
present then no conformational change takes place and thus the chemical
operators stay in their inactive state.

More than 2,000 different enzymes are known and there is a large body of
published work relating to their structure and activity. Enzymes are
categorised into six main classes based on which particular type of reaction
they catalyse.! The classes are Lyases, Ligases, Isomerases, Transferases,
Oxidoreductases and Hydrolases (the class which has been used in the
work reported in later chapters).

1) Oxidoreductases

catalyse oxidation reduction reactions.

2) Transferases transfer of a group.

e.g. acyl, methyl, phosphoryl.

3) Hydrolases

catalyse the hydrolysis/formation of esters,
amides, nitriles, lactones, lactams, epoxides.
e.g. esterases, glucosidases, peptidases,
proteases, phospholipases, and lipases.

4) Lyases - addition-elimination reaction of small
molecules to and from C=C, C=N, C=0 bonds.

5) Isomerases catalyse structural or geometric changes within
a molecule.

e.g. racemases.

6) Ligases - formation-cleavage of C-N, C-O, C-S, C-C
bonds with accompanying hydrolysis of a
pyrophosphate bond in ATP or a similar
triphosphate.

Since there are so many different enzymes within each of the classes they are

each given a four part Enzyme Commission (E.C.) when they are registered in
accordance with the recommendations of the ‘Nomenclature Committee of
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IUB. The code identifies the class to which the enzyme belongs and the
nature of the reaction it catalyses in aqueous media.

The E.C. code is explained as follows;

EC.3.1.13 The first of the four numbers represents the class of the
enzyme (in this example it is the Hydrolase class); the
second number indicates the substrate type or type of
molecule transferred; the third number represents the
nature of the co-substrate; the fourth number is the
individual enzyme number.

Enzymes are specific and highly versatile catalysts and are used in a wide
variety of aqueous based industries including washing powders, baking,
cheese manufacture, wine making, brewing and distillation, pharmaceuticals,
leather tanning, paper manufacture, adhesives, sewage disposal, animal
feeds, diagnostic test strips, clinical and environmental analysis and are
extensively used to make highly complex pharmaceuticals.® Hydrolase
enzymes have been widely used because of the diverse range of reactions
they catalyse.

Hydrolases are enzymes which break down long chain molecules into smaller
units by hydrolysis. Unlike the other five classes of enzyme, hydrolases are
self sufficient and do not require substances called ‘co-factors’ which promote
catalytic activity in the enzyme. There are many types of hydrolase enzyme,
for example proteases break down long chain proteins into peptide fragments,
whilst lipases break down fats and oils (triglycerides) in vivo and in vitro to
di-glycerides, mono-glycerides and fatty acids, in aqueous media.2
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RCO,CH, CH,OH
(enzyme)

RCO,CH 4 2H,0 _aqueousmeda _ HCO,CR 4 2RCO,H
RCO,CH, H,OH

Scheme 2. Hydrolysis of triglycerides to monoglycerides and fatty acids
using lipase enzyme in aqueous media.

1.2 Lipases

Lipases differ from each other in their source, substrate specificity, catalytic
activity and cost. The cheapest and most widely available lipases are
Candida rugosa lipase (CRL) (formerly known as Candida cylindracea lipase
(CCL)) and porcine pancreatic lipase (PPL).

Porcine pancreatic lipase operates in aqueous media at the oil-water
interface,”:8 and hydrolyses triglycerides to non-branched monoglycerides
and fatty acids containing between 14-22 even numbers of carbon atoms.?-9

Crude PPL is a low activity enzyme (110-220 units/mg protein, using olive oil
substrate) preferentially hydrolysing esters of primary alcohols.8 Crude PPL
accepts a broad spectrum of substrates enabling it to hydrolyse many different
types of aromatic and alkyl esters.8,10

Temperature and pH are the factors which have a marked eiffect on enzyme
activity.? For PPL,2 optimum enzyme activity is achieved in a temperature
range between 45-55°C and in a pH range of 7.0 to 8.5, see Figure 1. Even
though the enzyme exhibits optimum performance under these conditions, use
of the enzyme at the higher end of this temperature range results in a
shortened life span of the enzyme activity,® and hence for quantitative
reactions and constant performance, reactions should be carried out at or
below the lower end of the range.
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Figure 1. Graphs of pH activity and temperature activity for porcine

pancreatic lipase.

Porcine pancreatic lipase like other lipases does not show normal Michaelis-
Menten kinetics in aqueous solutions, displaying little activity and hence low
reaction rate (v) with soluble substrates. However, a sharp increase in activity
is observed when the substrate concentration is increased beyond its critical
micelle concentration.1114 This increase in lipase activity at the lipid-water
interface led to the suggestion that soluble lipases might undergo
conformational changes at the oil-water interface, involving the opening of a
short helical lid covering the active site, prior to substrate binding. 15:16

The inexpensive and commercially available porcine pancreatic lipase is a

very crude extract from the pig pancreas and may contain some, if not all, the
enzymes shown in the table below. 17
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Table 1. Typical enzyme composition for crude PPL.

Enzyme
Enzyme E.C Code Uses Molecular
weight, My
a-Amylase 3.2.1.1 Conversion of 50,000
starch to maltose
Carboxy 3.4.17.2 Hydrolysis of 34,400
peptidase hippuryl-L-
arginine
Cholesterol 3.1.1.13 Hydrolysis of 440,000
Esterase cholesterol esters
Elastase 3.4.21.11 Hydrolysis of 25,000
peptides
PPL 3.1.1.3 Hydrolysis of 50,000
oleic acid esters
Phospholipase A 3.1.1.4 Hydrolysis of 14,000
Phospholipids at
the 2-acyl linkage
Chymotrypsin 3.4.21.4 Cleavage of
proteins to 23,000
peptides
Trypsin 3.4.21.4 Hydrolysis of
rapeseed 23,800
proteins

Enzyme molecular weights (My) are normally quite large since they are very
complex three-dimensional molecular structures consisting of different
combinations of the 20 common amino acid residues and peptide bonds,
which ultimately give rise to different structures and active site structures. As
can be seen from the above table, crude porcine pancreatic lipase contains
not only lipases but also proteases such as chymotrypsin and trypsin.

1.2.1 Structure and Mode of Action
Surprisingly, even though lipases and proteases are different groups of
enzymes, they operate in much the same fashion because they have very
similar ‘active sites’.
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lllustrated below is a computer generated 3D-structure of porcine pancreatic
lipase showing two ‘active site’ triads.®

Figure 2. Computer generated 3D-structure of porcine pancreatic lipase
(PPL) with ‘active site’ triads (Ser 152), (His 263), (Asp 176) highlighted in
black.

The PPL active site®21 consists of three amino acids - serine, histidine and
aspartic acid. The hydroxy group of the serine (Ser 152) is the oxygen
nucleophile which attacks the carbonyl of the ester being cleaved. Histidine
(His 263), through its imidazole ring, functions as a base to enhance the
nucleophilicity of the serine hydroxyl group. Aspartic acid (Asp 176), the third
amino acid, is not directly responsible for ester hydrolysis at the active site.
However, X-ray and NMR data show that the carboxylate of aspartic acid is
hydrogen bonded to the histidine enhancing the basicity of the imidazole ring
and thereby increasing the activity of the enzyme.22
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A mechanism for the catalytic hydrolysis of esters by PPL is outlined below in
Scheme 3.

ester substrate
Enzyme acylation ( )

;

Where R' and R%= alkyl, ary

s 1:13
)\ N Ser Q
Sy Tk
T % A° R “oH
Step 2 H\_)/0|
R1
H/O\H
o8 A Ser,

Regenerated enzyme

Scheme 3. The mechanism for the catalytic hydrolysis of esters by PPL. Re-
drawn from reference 5.
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1.3 Enzymes In Aqueous Media

For many years enzymes23 were employed by chemists in aqueous based
organic molecular reactions both for the detection24 and modification24 of
simple and complex molecules.

Examples of early practical applications of enzymes in aqueous systems have
been reported by Mann and Saunders.24 Some of these applications are
outlined below;

Diastase was used to catalyse the hydrolysis of starch to a mixture of maltose
and dextrin,

(CeH100s5)n + H20 —  Ci2H22041  + (CeH100s)n-2
whilst invertase catalysed the hydrolysis of sucrose to glucose and fructose.
Ci2H22011 + H0 - CsH120s + CgH120s

Mann and Saunders highlighted the versatility of enzymes and the ease with
which enzymes could be purified.24 They identified urease as an important
enzyme with the chief sources being (a) the jack bean (b) the soy (or soya)
bean. Crystalline urease was obtained by stirring jack bean meal with 30%
aqueous acetone. The slurry was filtered and the filtrate was then allowed to
stand at 0°C for several hours. The urease which crystallised out was
separated by centrifuging, and then recrystallised. This enzyme is of great
value in the medical field for detecting and estimating urea in samples. The
action of urease on urea is specific, the reaction catalysed being;

(NH2)2CO  + 2H20 — (NH4)2CO3

The ammonium carbonate formed causes the pH of the test solution (preset to
pH 7) to rise to over 8; this change is noted by the use of phenol red indicator.

Mann and Saunders also described the early practical use of emulsin and its

ease of extraction from ground almonds with water.24 Emulsin naturally
hydrolyses B-methylglucosides to glucose and methanol. This is a reversible
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reaction and they suggested that dried emulsin could be used to synthesise
B-methylglucoside from glucose in an excess of anhydrous methanol.

Emulsin

CGH“Os_OCHa + H20 S e CBH1206 + CHaOH
B-methylglucoside glucose

The hydrolysis of triglycerides to produce fatty acids is an important industrial
process, which traditionally uses high temperatures (250°C) and pressures
(45 bar). More recently, the use of immobilised lipases for the enzymatic
hydrolysis of these triglycerides has been investigated25 as a more
economical alternative to the present process. The enzyme-catalysed
reaction can be performed at much lower temperatures (30-50°C), at
atmospheric pressure and the immobilised enzymes can be used repeatedly.

Among these lipase based reactions, PPL has been employed over the last
decade to carry out selective hydrolysis of esters in complex molecules for the
preparation of pharmaceuticals and other useful precursor compounds.26
(See Scheme 4).

o)
OJ\OMe L : ; o\)oi,Y
N.__OMe
OVK/N OMe T
\", o
o)
40% Yield, 83% ee

Scheme 4. Stereoselective hydrolysis of an ester function in a complex
molecule catalysed by PPL.

Organic solvents are necessary for many organic reactions; however, the main
limitation in the early application of enzymes, such as emulsin and PPL, to
reactions in organic solvents, was that it was assumed that enzymes required
predominantly aqueous media. A number of approaches were used to try to
overcome this problem.
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1.4 Enzymes in Organic Media

The early use of organic solvents in enzyme-catalysed transformations was in
the form of biphasic systems. The systems were composed of an aqueous
and an organic phase, which were immiscible. The enzyme dissolved in the
aqueous phase where it catalysed the reaction between water soluble
substrates to produce organic products, which preferentially dissolved in the
organic phase.?? This allowed for easier organic product recovery. Many
organic biotransformations were carried out using such systems 28,29 including
transesterification of esters and alcohols. Some are still used today, for
example® in the synthesis of water insoluble peptides from soluble substrates.
The biphasic system was found to be limiting since water sensitive reactions
were impossible in such media; hence research was centred on the potential
use of enzymes in monophasic organic solvents.

Until about 15 years ago, it was assumed that enzymes could only function in
an aqueous environment. However, pioneering work by Klibanov et al. 23.29-32
demonstrated that lipases and other enzymes such as chymotrypsin could
operate in nearly anhydrous monophasic organic solvents without the need
for stabilisation. It was found that for the enzyme to function it required only a
thin hydration layer which was tightly bound to the enzyme and acted as a
buffer between the enzyme and the bulk reaction medium. The enzyme
molecule was not affected beyond this layer and for that reason enzymes
could function in organic media. This unexpected discovery stimulated much
research with potential applications in both laboratory and industrial synthetic
processes.3! Water sensitive reactions which were deemed to be impossible
in biphasic systems were now possible, opening up a new range of enzyme
reactions.32
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There are numerous advantages33-46 to using enzymes in anhydrous organic
solvents;

. the enzyme is insoluble which enables easy recovery of the
catalyst.

. the enzyme is still locked” in its proper orientation for catalytic
activity due to the presence of the tightly bound monolayer of
water.

. enzyme denaturing by microbial contamination and proteases is
eliminated.

. substrates are more soluble in organic solvents than in water.

. easier product recovery from low boiling solvents.

. enzyme processes in organic solvents can be coupled directly

with traditional chemical synthesis.

. the natural hydrolytic mode of action of the lipase is reversed
and so esterification becomes the major reaction (shown in
Scheme 5).

Lipase aqueous medium

0

| I
/{ + H20 e - /K + R'OH
R OR' Lipase organic medium R OH

Scheme 5. The reversibility of lipase-catalysed reactions.

The reversed operation Is highly advantageous since reactions which
are impossible in water such as esterification and polytransesterification can
be carried out successfully. At present, it is not clear what actually happens
when an enzyme is placed in an organic solvent but there are some
suggestions that the enzyme unfolds and exposes the hydrophobic interior
and ‘active site’, promoting reaction.23

33



The application of enzymes in organic solvents offers a potential route to
biodegradable/biocompatible materials with specific functionality and/or
stereochemistry, characteristics which are much sought after in the synthesis
of new materials and are often difficult to achieve using traditional chemical
methods. The enzyme catalyst can also be fully recovered and therefore
avoids contamination of the product. For this reason,*7 there is a growing
interest in the biocatalytic synthesis of materials; for example Unichema use
lipases to manufacture esters of C2-C8 alcohols such as isopropyl myristate,
isopropyl palmitate and 2-ethylhexyl palmitate on a scale of several thousand
tonnes per annum. These materials have applications in blomedical and
cosmetic products. It is in these areas that one sees a great potential for
growth since the use of traditional chemical catalysts may result in
contamination of the product by the catalyst and produce allergic reactions.

Enzymes in organic solvents are now routinely used in the laboratory
synthesis of esters.48 For industrial processes there are obvious economic
advantages in the use of organic solvents, since they require mild conditions
and unlike water they can be removed easily and cheaply. The compatibility
of enzymatic catalysis in organic solvents with existing chemical processes is
a further advantage,4?® particularly if enzyme-catalysed regio- and stereo-
selective synthesis could be coupled directly with chemical synthesis. To
date, particular attention has been paid to lipases, because they have a large
range of substrate specificities and can selectively react with esters of primary
or secondary alcohols, but as with all processes there are certain criteria
which lead to successful reaction systems.

1.5 Factors Affecting Enzymes In Organic Media

Enzyme catalysis in organic solvents is one of the most important synthetic
techniques developed over the last decade. There is usually insufficient
understanding to be able to predict the ideal conditions for any particular
reaction. Finding the right conditions for a particular reaction requires
experience, knowledge and a great deal of experimental work. The factors
which govern the enzyme reactions in aqueous media such as reaction pH,
temperature, inhibition and enzyme source are also important in organic
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media.50 A significant factor in anhydrous organic solvent based reactions is
the water content of the enzyme.51,52

1.5.1 Water Content
The productivity of lipases in organic solvents is dependent upon the
water content associated with the total system.37 Too much water in the
system will lead to hydrolysis of the products and too little may lead to
reduced enzyme activity and poor reaction. No-one has yet come to
any conclusions as to the optimum amount of water required, but there
are numerous suggestions. 37,53-55 Zaks and Klibanov5é carried out an
extensive investigation and reported that crude PPL could operate
successfully in organic solvents with a water content between 3.6% and
0.3 %, but the rate of reaction under these drier conditions was very low
indeed. In many cases, the optimum water content required for
reaction in an organic solvent has to be determined by experimentation.

Enzymes can be dried to a low water content (~ 0.3%) by freeze-drying.
Freeze-drying is a non-destructive technique adopted by bio-related
industries to remove water absorbed by the enzyme (which usually
facilitates protein denaturisation under ambient temperatures), so that
the life span of biological materials and enzymes during storage is
prolonged. Itis an ideal method of drying an enzyme prior to its use as
a catalyst in an anhydrous organic solvent.

1.5.2 Drying Agents

In many cases, drying agents can be added to condensation reactions
to remove ancillary water to provide near anhydrous reaction
conditions.42,57-61 Roberts et al. 58 used molecular sieves to absorb
water generated in a lipase-catalysed esterification reaction which was
carried out in two vessels interconnected by a porous sintered disc. The
substrates and enzyme were placed in one of the chambers whilst
molecular sieve was placed in the other. The enzyme was stirred and
polymeric products were obtained from the reaction.

1.5.3 Reaction pH
As highlighted earlier with PPL (Figure 1), an enzyme in aqueous
media exhibits optimum activity only at a particular pH. The pH controls
the conformation and the ionisation state of catalytically active groups.
These in turn control the activity and also the specificity of the enzyme.
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The enzyme structure adopted at optimum activity is maintained by
lyophilising (freeze-drying) the enzyme from a buffered aqueous
solution. The enzyme can then be placed in anhydrous organic media
where it still maintains its conformation and hence the high catalytic
specificity and activity. 32

1.5.4 Cholce of Organic Solvent

The choice of organic solvent for a particular biocatalytic system has
been shown to be important. Klibanov and other workers have
reported that enantioselectivity varied with a change in organic
solvent.45,62-66 | aane et al. 5° have reported that it is possible to
categorise organic solvents for biocatalysis into three groups; poor,
good, and excellent in terms of their log P (the partition coefficient
between octanol and water). It was suggested that it is possible to use
this data to predict whether a biocatalytic reaction will work well in the
chosen solvent. Log P values calculated from the hydrophobic
fragmental constants according to Harnisch®7 were listed for some
solvents such as acetonitrile (-0.33), tetrahydrofuran (0.49), pyridine
(0.71), diethyl ether (0.85), diisopropyl ether (1.9), chloroform (2.0),
toluene (2.5), hexane (3.5) and heptane (4.0). The expected
biocatalytic activity within the log P ranges are shown in Table 2
below.

Table 2. Expected biocatalytic activity of enzymes in various organic solvents
with particular log P values.

Biocatalytic Solubility in water
Activity log P (20°C)
wt. %
Poor <2 >0.4
Good 2<logP <4 0.04 -0.4
Excellent 24 <0.04

General biocatalysis in organic solvents was low in polar solvents
having a log P < 2, moderate in solvents having a log P between 2 and
4, and high in apolar solvents having a log P 2 4. However, it was
found that the only exception to the log P rule was PPL since it
appeared to be active in all solvents chosen.50
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1.5.5 Temperature Stability

In aqueous media, enzyme activity is dependent on temperature and
they normally operate (as shown earlier in Figure 1) between 20 and
50°C. Above this range, the enzyme ‘'denatures' and becomes
irreversibly inactive. Below this temperature range the enzyme activity
is not destroyed but is seriously reduced. Enzymes can be moderately
protected from the rigours of increasing temperature and chemical
inactivation in aqueous media by immobilisation.€8,69

Enzymes in an organic system can operate within a broader
temperature range than in water without immobilisation. Zaks and
Klibanov38é reported that PPL could survive temperatures of 100°C or
more in an organic solvent, and the activity of PPL was found to be five
times greater at 100°C than at 20°C. This was only possible after the
water content of the PPL had been reduced to a free water content of
approximately 0.48% by freeze-drying. PPL with this reduced water
content and operating at high temperature had only a limited lifetime
and the broad substrate specificity was reduced.

1.5.6 Reaction Inhibition
‘Inhibition’ of an enzyme occurs when a substrate or a product remains
bound within the enzyme active site, preventing further reaction and
reducing the activity of the enzyme.! This is commonplace in aqueous
reactions and is also expected to occur in organic solvent systems. The
degree of inhibition may be reduced by careful consideration of the
reaction conditions and choice of reaction solvent.

1.5.7 Cholce of Enzyme
As with aqueous systems, the source of an enzyme governs its activity
and selectivity in organic solvent based reactions. In our
investigations70-72 we found that transesterification reactions
proceeded better with crude PPL whilst CRL was best for esterification.
A similar observation has been made previously.73

1.5.8 Pressure
Work by Garcia and workers74 showed that pressure had a negative
effect on the ester yield in reactions catalysed by an immobilised lipase
from Mucor miehei. When the reactor pressure was increased from 60
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to 710mmHg the ester yield decreased. The effect of pressure has also
been studied with other enzyme systems.”’S Chaudhary et al. used
pressure to control the molecular weight of the polymer produced
during the PPL-catalysed polytransesterification of bis(2,2,2-
trichloroethyl) adipate by 1,4-butanediol in supercritical fluids such as
carbon dioxide and fluoroform. Varying the pressure of the system
altered the solubility of the polymer in the supercritical fluid causing a
polymer of a particular molecular weight to precipitate. These polymer
fractions were found to have lower polydispersity than those produced
using a conventional enzyme-based system in organic solvent at
atmospheric pressure.?s

1.5.9 Enzyme Immobilisation

Enzymes are usually immobilised on supports to make them more
robust and prevent deactivation by organic solvents and substrates.
Immobilisation®8.69 can be achieved by either physical or chemical
methods, and each has its advantages. Enzyme immobilisation can be
carried out by chemical attachment, simple adsorption or entrapment.28
The nature of the support and the method of immobilisation influences
the activity of the enzyme.76-78 Chemical immobilisation is preferred in
aqueous media, but for use in organic media adsorption is sufficient as
the enzyme is insoluble in the organic solvent. Chemical
immobilisation makes covalent bonds between the support and the
enzyme, but it can also cause deactivation of the enzyme in some
cases. 51,79

Mustranta et al. 80 found that using hexane in place of aqueous buffer
for the immobilisation of lipases on support material, actually enhanced
the activity of high activity lipases, such as Candida rugosa lipase and
also improved their temperature stability. They also found that an
anionic exchange resin was a superior support material to other
commercially available supports, such as Celite.

1.6 Esterification Reactions

Lipase-catalysed esterifications are fairly facile reactions and can usually be
forced to completion through careful choice of the alcohol. In many instances,
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the alcohol is used as the solvent for the reaction in order to shift the
equilibrium in favour of ester synthesis.81.82

(enzyme)
organic solvent

RC(O)OH + R'OH — RC(O)JOR' + H,0

aqueous media

Scheme 6.The reversibility of the enzyme-catalysed esterification of an acid
by an alcohol in an organic solvent.

This reaction has the disadvantage that water is produced which promotes the
reverse reaction and hence addition of a water removing agent is required to
force the reaction to completion. Transesterification differs from esterification
in that an alcohol is produced in the reaction rather than water.

1.6.1 Transesterification Reactions
Lipase-catalysed transesterifications29:81,83 have been employed by the
flavours and essences industry for the synthesis of products such as
ethyl isovalerate, heptyl oleate, geranyl acetate and citronellyl
acetate.84

(enzyme)
RC(O)OR' + R'OH ~E2eVel! RC(O)OR" + ROH

Scheme 7. The enzyme-catalysed transesterification of an ester by an
alcohol in an organic solvent.

Esterification and transesterifications are generally much slower than
hydrolysis, and hence addition of a drying agent is usually required to
remove ancillary water, and retard the back reaction.41

Another way to partially overcome the reversibility in lipase-catalysed
transesterification reactions is to use activated esters as acylating
reagents to facilitate the forward reaction and to make it kinetically
irreversible. Several types of activated esters such as 2,2,2-
trichloroethyl or 2,2,2-trifluoroethyl esters,81.85 cyanomethy! esters,86
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enol esters,42.87-90 thioesters,®1 oxime esters,22.93 and vinyl
carbonates® have been used in enzyme-catalysed transesterification
reactions. These reactions are driven to completion because the
leaving group released from the ester is a poor nucleophile. Their
rates of catalysis are about one to two orders of magnitude faster than
those of non-activated methyl or ethyl esters.29

In transesterification reactions, 2,2,2-trichloroethyl esters produce
weakly nucleophilic alcohols which slows down the reverse reaction.
Even though the 2,2,2-trichloroethyl esters are less expensive than
trifluoroethyl esters, the weakly nucleophilic 2,2,2-trichloroethanol by-
product is more difficult to remove (bp 151°C cf. 77-80°C).84 2-
Chloroethanol is easier to remove (bp 130°C), but the degree of
activation is relatively low.84  Some examples of the use of 2,2,2-
trichloroethyl esters in enzyme-catalysed transesterification are shown

below.95.96
C,l‘*a
;[ C7H15COQCHQGG¥O
CeHis 0
rgan:c
solvent 0
(+) >98% ee, 20% yield
MeOCH,0 OH MeOCH,O, OH
CgH19CO2CH,CCh
'
PPL
MeOCH,0 OH MeOCH,0 O,CC.H,q

95% ee, 90% yield

Scheme 8. Transesterification reactions of 2,2,2-trichloroethyl alkanedioate
esters catalysed by PPL in organic solvent.
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1.6.2 Irreversible Transesterification using Vinyl Esters
Irreversible transesterificationS7 can be achieved by using enol esters
which liberate unstable enols. These enols tautomerise readily to
aldehydes or ketones, making the reaction completely irreversible.

The acetaldehyde liberated from reactions with enol esters may
inactivate the enzyme due to the formation of a Schiff’'s base with the
enzyme’s lysine residues. This problem may be avoided by
immobilisation of the enzyme on a support.97

The use of vinyl esters was pioneered by Wong and co-workers.84.88,89
Examples of the work carried out this area are shown below in
Schemes 9 and 10;

O : o)
ROH + N JL _lpase o RCO,R + it
R' O R organic HSC R"
solvent

R! Rn

CH, CH, isopropenyl acetate

CH3(CH,)3 CH,3 isopropenyl valerate

C vinyl acetate

CH3;CH, H vinyl propionate

CH3(CHy); H vinyl valerate

Scheme 9. Use of vinyl esters in transesterification reactions.

Vinyl acetate can be readily utilised as the acylating agent in lipase-catalysed
transesterification reactions to resolve racemic alcohols. An example is
illustrated below.%8
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§ R
vinyl acetate
> +
PPL
Ho HO AO'
R= -(CH2)sCO;Me >95% ee, ~40% yield >85% ee, ~40% yield
-(CHo)2-CH=CH(CH)>CO,Me
-(CH2)G-C(CH,).COMe

Scheme 10. Lipase-catalysed acylation of a racemic alcohol by vinyl
acetate.

Enzyme-catalysed transesterification has also been employed in the area of
polyester formation over the last 15 years as highlighted in the following
section. Such mild bioprocesses offer both advantages and disadvantages
compared to existing traditional industrial processes.

1.7 Industrial Synthesis of Polyesters and Polyamides

Traditional chemical-catalysed industrial syntheses of polyesters and
polyamides require high temperatures and pressures. Polyesters®® such as
poly(ethylene terephthalate) are usually prepared by melt polycondensation of
dicarboxylic acids or diesters with diols, under high vacuum and at elevated
temperatures above the melting points of the resulting polyesters. The
reversibility of these esterification reactions do not favour the formation of high
molecular weight polymers unless eliminated by-products such as water or
alcohol are removed from the reaction.

Activated diesters®® which produce weak nucleophiles can be employed to
promote the polyesterification. For example, bulk polycondensation of
diphenyl esters is carried out at temperatures above 200°C, but even under
these severe conditions, high molecular weight polymers (Mw ~100,000) are
difficult to obtain and the polymer products have relatively high
polydispersities.

Nylon-6 is a polyamide which is prepared commercially by the high

temperature ring opening polymerisation of €-caprolactam. Water is used as
an initiator and small amounts of acetic acid are added to control chain length.
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) I I
H,O/HOAc
n NH ————> HO‘LC(CHz)sN C(CH)sNH,
250°C n-1

Nylon-6
Caprolactam

Scheme 11. Industrial preparation of Nylon-6.

Another polyamide, Nylon-66 is prepared by reaction of equimolar quantities
of hexamethylenediamine and adipic acid in an aqueous methanol medium.
A solution of the *nylon salt” precipitates on mixing of the monomers and is
then heated under pressure to about 270°C to produce the polymer.

nHO,C(CH,),CO,H i )
zAdipicza:id 2 n- 020(0H2)4002 H3N+(CH2)5N+H3
+ _— "Nylon salt”
nH,N(CH,)¢NH,
Hexamethylenediamine 270°C
-H,0
0 o |

H=—1"NH(CH_,){NHC(CH,),C—— OH

Nylon-66

Scheme 12. Industrial preparation of Nylon-66.

Polyesters obtained from high temperature polymerisations of activated esters
and diols typically have molecular weights (Mw) in the range of 10,000 to
20,000 daltons, and usually have polydispersities between 1.8-2.0.
Compared with other commercial polymers e.g. acrylates, these polymers are
of fairly low molecular weight. This is because the chain growth required to
produce high molecular mass material becomes increasingly difficult as the
reaction proceeds. There are a number of factors which limit molecular weight
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i) A precise stoichiometric ratio of starting materials is required.

ii) As the reaction proceeds, the concentration of reactive functional
groups decreases.

i)  The increase in viscosity as the reaction proceeds reduces the
diffusion rate.

Values for molecular weights of polymer in ‘ideal situations’ can be calculated
by the following equations.190 However, the ideal situation is difficult to
achieve due to the factors described above.

1.7.1 Average Molar Mass

A prediction for ideal values for number average (Mn) and weight
average (Mw) molar masses can be calculated from the following
equations100 (where My is taken as the molar mass of the repeat unit,
and p is taken as fractional reactant conversion). Thus;

Mn = Ny 2(MoNx)/N= Mo/(1-p),
and Mw=My(1+p)/(1-p).

By calculation, the expected ideal polydispersity index (Mw/Mn) of the
polymer when p=1 (100% conversion) equates to;

(Mw/Mn) = {Mo(1+p)/(1-p)} {(1-P/Mo} = 2

In practice p=1 is rarely achieved, giving rise to a range of
polydispersities for a given system.

The effects of the degree of polymerisation and starting material purity
on the polymer molecular weight attainable is best illustrated by the
Carothers equation.

1.7.2 Carothers Equation

W. H. Carothers (the pioneer of step growth polymerisations) proposed
a number of simple equations to illustrate the problems associated with
polymer reactions.
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The first of these relates fractional conversion, ‘p’, to the degree of
polymerisation, ‘xn’ for linear polycondensations.

If 2N is the original number of molecules present in an AA-BB
monomer system and ‘N’ is the number of all molecules remaining after
time ‘t* then the total number of functional groups of either A or B which
have reacted is (No-N). Attime ‘t’ the fractional reactant conversion, ‘p’
is given by

P =(No - N)/No or N=No(1-p);
substituting for xn =No/ N in the above gives
Xn=1/(1-p)

The degree of polymerisation ‘xp’ varies significantly depending upon
the percentage conversion of reactants. For example, in a reaction
where p =0.95 (95% conversion), the degree of polymerisation is 20,
compared to a reaction which has reached 99% conversion, p=0.99,
‘Xn’ increases to 100.

(When using the Carothers equation for an A-A, B-B system, half the
average molar mass of the [A-AB-B] repeat unit is used to calculate the
degree of polymerisation.)

An imbalance in the reaction stoichiometry has a profound effect on the
degree of polymerisation, xpn which is expressed as;

Xn = (1+r)/(14r-2rp)
(where ‘r’ is the ratio of the number of molecules of the substrates
(NaA/NgB))

For a stoichiometric reaction where ‘r'=1 and ‘p’ approximates to 0.999
(99.9% conversion), xn =1000. However, in a non-stoichiometric
reaction between, for example, N molecules of A-A and 1.05N
molecules of B-B, the value of ‘r’ (1/1.05) approximates to 0.952 with
‘p’ still approximating to 99.9% conversion. The degree of
polymerisation, xp therefore equates to,
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Xn = (1+40.952)/(1+0.952-2 x 0.999 x 0.952) =~ 39

The purity of the starting materials is also crucial and if one of them
contains only 95 per cent of the di-functional material, then immediately,
r=0.95 and so the maximum attainable value of xp will be 40.

In practice, p=1 is rarely achieved and is difficult to obtain.

All the above factors are applicable and have to be considered in the
case of the enzyme-catalysed polytransesterification reactions
described below.

1.8 Enzyme-Catalysed Synthesis of Polyesters In Organic
Solvents

Synthetic routes to polyesters are of considerable commercial importance.
Polyesters have a wide variety of applications from clothing to fibres to plastic
film.20 There is an increasing need to impart selectivity in synthesis. This is
particularly important in the synthesis of pharmaceuticals and biomaterials
where regioselective introduction of functionality and stereoselectivity is
required. The application101-104 of enzymes in organic solvents to polyester
synthesis offers a potential route to biodegradable/biocompatible materials
with specific functionality and/or stereochemistry, characteristics which are
often difficult to achieve using traditional chemical methods.

Enzymatic synthesis has an advantage over chemical catalysis, as the
insoluble enzyme catalyst can be removed easily from the reaction. Products
from chemical-catalysed polymerisations often contain some catalyst which
may have undesirable effects on the products in down-stream processes.105

For example, in industrial polyurethane manufacture, organometallic catalysts
are employed.
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nHO(CH,),OH +  nO=C=N— (CHp)s—N=C=0

Tertiary amine or organotin
or organozinc catalyst
i i
H O(CH,)4— O—C—IIQ— (CHz)e—!}l—C N=C=0
H H n

Scheme 13. Synthesis of a polyurethane (Perlon U).

Removal of all the organometallic catalyst (mainly organotin and organozi'nc
compounds) is very important because the presence of any catalyst residue
catalyses the hydrolytic degradation of the formed polyurethane.105

The use of enzymes in organic solvents in polyurethane manufacture has
potential commercial importance, since the linear hydroxy-terminated low
molecular weight aliphatic oligoesters can be used as intermediates for
polyurethane synthesis.

So far, a number of groups have attempted to use enzymes as polymerisation
catalysts for the synthesis of polyesters in organic solvents, with varying
degrees of success.58,59,61,101,102,106-110

Roberts et al. 58 studied the lipase-catalysed polyesterification of adipic acid
with 1,4-butanediol in organic solvents. Lipozyme IM-20 (a lipase from Mucor
miehei immobilised on a macroporous anion exchange resin) was found to
be a more robust and superior catalyst to PPL in diisopropyl ether at ambient
temperature because the PPL was completely deactivated after 21h due to
mechanical damage. Lipozyme IM-20 produced oligomeric residues with Mw
769 and Mn 527. Roberts et al. subsequently found that higher molecular
weights (Mw 4,600 and Mn 4,200) could be obtained by employing a novel
two-chambered vessel system, which allowed for the agitation of added
molecular sieves in one chamber without the risk of abrasive damage to the
‘enzyme in the other chamber.
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OH OH
n HO . nno” VN
(@)
Lipase

O

e b + (@n-1)H,0

Scheme 14. Polycondensation of adipic acid and 1,4-butanediol by PPL in
diisopropyl ether.

O’Hagan et al. 59 produced a polymer with an Mn of 9,300 and Mw of 12,000
by incubating 10-hydroxydecanoic acid in hexane at 55°C with Candida
cylindracea lipase (now known as Candida rugosa lipase) in the presence of
3A molecular sieves (as illustrated below in Scheme 15). The polymer
molecular weight was higher than that obtained by Kobayashi,!07 but similar to
that achieved by Knani.19¢ O’'Hagan was also able to prepare a polymer with
an Mw of 35,000 using 11-hydroxyundecanoic acid, again with the aid of
molecular sieves.59-61
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O

HC\/\/\/\/\)\ + sebacic acid (1 %)
OH

hexane, 55°C, 3A molecular sieves
Candida cylindracea lipase

o] O
H
M\ OH
(0]
50
+
0] 0]
H
NN N OH
o) 0]

50
Scheme 15. Polymerisation of 10-hydroxydecanoic acid with Candida

cylindracea lipase. Redrawn from reference 59.

There are many reports in the literature describing lipase-catalysed
polytransesterification in organic solvents, some of which are outlined in the
following examples. 23.102,111-116

A characteristic feature of these reactions is that they produce relatively low
molecular weight products. This is because the enzyme must continually
generate an acyl-enzyme intermediate at the active site by reaction with the
terminal ester moiety of the growing polymer. The efficiency of this process
drops rapidly with increasing molecular weight due to the inherent diffusional
limitations.117

Workers have investigated the use of activated esters such as 2,2,2-
trichloroethyl,101.102 2 2 2-trifluoroethyl 109.114,118,119 and vinyl199 as monomers
using various enzymes.

Wallace and Morrow101 prepared relatively high molecular weight polymers by

the PPL-catalysed polytransesterification of bis(2,2,2-trichloroethyl)
alkanedioates and diols in organic solvents. The polymer products were
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found to give Mn values of 1,300-8,200 daltons by end group NMR analysis.
Mw values of 2,800-14,900 daltons were obtained by GPC.

Roberts®® noted that whilst the use of bis(2,2,2-trichloroethyl) alkanedioates
gave excellent results, it could not easily be applied in an industrial context,
since the starting materials are expensive, and are often not commercially
available. In addition, the halogeno alcohols formed as by-products are toxic
and present disposal problems.

An alternative approach to [A-B] polymers which has been investigated is the
ring opening polymerisation of lactones.107,120

Kobayashi et al. 197 studied the synthesis of polyesters by the lipase-catalysed
ring opening of €-caprolactone. Three lipases, Pseudomonas fluorescens
lipase, Candida cylindracea lipase(CCL) and porcine pancreatic lipase (PPL)
were employed. The reaction involved stirring the lactone with each lipase at
60°C for 10 days. Pseudomonas fluorescens lipase was the most effective
catalyst producing a polymer with an Mn of 7,000 and polydispersity 2.2, whilst
PPL gave a polymer with an Mn of 2,500 and polydispersity 1.9.

Rather higher molecular weights were achieved in the PPL-catalysed
polycondensation of linear w-hydroxyesters and in the ring opening
polymerisation of €-caprolactone by Knani et al. 1% who obtained film forming
polyesters with a degree of polymerisation (DP)>100 and Mw values up to
12,000 from the PPL-catalysed condensation of methyl 6-hydroxyhexanoate in
hexane at 69°C.

It is known that small ring lactones e.g. €-caprolactone which possess strained
rings can be polymerised readily. In contrast, large ring lactones in which the
ring is unstrained polymerise very slowly if at all.'2! However, one of the
surprising features of enzyme-catalysed ring opening polymerisation of
lactones is that large unstrained lactones react more rapidly than smaller ring
lactones such as e-caprolactone. It has been suggested?22.123 that the large
rings bind more efficiently to the active site than do the smaller rings. Ring
opening polymerisation has the advantage that molecular weight can be
controlled by the quantity of initiator and that no alcohol by-products are
produced. Indeed, after work on this project had finished, papersi24,125
appeared which reported the highly successful lipase-catalysed ring-opening
polymerisation of w-pentadecalactone and trimethylene carbonate to give
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polymers with Mns of 62,000 and 24,400 respectively. This result shows that
high molecular weight polymers can be synthesised using enzyme catalysis.

One of the most important features of enzyme-catalysed reactions is their
stereo- and regioselectivity. This has been used to good effect in the
synthesis of several polyester systems.

Wallace and Morrow used 2,2,2-trichloroethyl esters in the stereoselective
synthesis of polyesters.102 Using this approach, they prepared an optically
active polyester from 1,4-butanediol and racemic epoxy-diester, as illustrated
in Scheme 16 below.

0\

CIaCCHzOzCHz _CHCHchZCHchIa

+ HO(CH2)4OH

PPL

- 0O
OzCCHz'-b"’,,
Et,0 Z
CH,CO,(CH,),— OH

- ~n

L
!

Scheme 16. Polymerisation of a racemic diester monomer with 1,4-
butanediol.

Dordick et al. have synthesised biodegradable sucrose-adipate copolymers
by the protease-catalysed condensation of carbohydrate (the diol monomer)
with bis(2,2,2-trifluoroethyl) and vinyl adipate esters in anhydrous
pyridine,108,109,118,126 Remarkably, this process was carried out selectively in
one step without the need for protecting groups. The poly(sucrose-adipate)
has potential applications as a water adsorbent and is completely
biodegradable.
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le) 0]
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CH,O=—C-(CHp)7~ C-O—1—
H
H H
OH H H H
OH o CH,OH
H OH OH H

Scheme 17. Molecular structure of poly(sucrose adipate).

A common feature of enzyme-catalysed polytransesterification reactions is that
they are relatively slow often requiring reaction times of many hours or even

several days to achieve the highest molecular weights. 29,40,42,75
101,102,106,114,118

Even though there are now reports that high molecular weights can be
achieved by the ring opening polymerisation of lactones,27 at the time this
work was inaugurated, the highest molecular weights had been achieved with
[AA-BB]x systems. It appeared logical to investigate these systems in order to
develop efficient enzymatic routes to these materials.

1.9 PPL-Catalysed Polytransesterification In_Organic Solvents -
Project Aim

PPL was of special interest to this project since it has a broad substrate
specificity and was specific for primary hydroxy groups only. PPL catalyses
the polytransesterification between primary diols and diesters to form linear
polyesters as shown in Scheme 18.
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COzR OH E
E
(CHalx  + (CHp)y — 2 RO-[-@(CHQ)X -O(CHy),0],-H

Noon

Scheme 18. Lipase-catalysed polytransesterification of a diester with 1,4-
butanediol in an organic solvent to form a linear aliphatic polyester.

Polyester

A number of workers have reported the enzyme-catalysed synthesis of
polyesters which have high Mw values (between 769 and 35,000 daltons) but

low Mn values (between 527 and 9,300 daltons). 58,59,61,75,78,84,99,101-103,107-
109,118,119,126

The aim of this research project was;

i) to identify the factors controlling the PPL-catalysed
polytransesterification of activated diesters of primary alcohols by
a primary diol in organic solvents.

i)  to prepare a commercially acceptable polymer with an Mn of

20,000 daltons using the enzyme system shown in Scheme 19
below:-
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(@) O
R-Og-(CHa)x-HO-R + HO-(CH,),-OH
PPL R= Cl;CCH,-
organic or
solvent R= CH,=CH-
0] 0O !

H-O-[-g-(CHz)x- -0-(CH»)4-O-],-H + ROH
Wherex=3 0or4

Scheme 19. The PPL-catalysed polytransesterification of bis(2,2,2-
trichloroethyl) and divinyl alkanedioates in organic solvent.

The effects of varying reaction temperature, type and concentration of
substrate, enzyme mass, drying agent, reaction solvent and modification of the
enzyme on the reaction above (Scheme 19) were investigated. The results
of these investigations are detailed in the following four chapters.

The first of these chapters, (chapter 2) details the effects of reaction time and
molecular sieve on the PPL-catalysed polytransesterification of bis(2,2,2-
trichloroethyl) alkanedioate esters with 1,4-butanediol in anhydrous diethyl
ether. The effects of employing substrates with different chain length on
reaction rate is also considered. The influence of the reversibility of the
reaction, the mass of enzyme, the presence of molecular sieve and the nature
of the substrates are discussed in chapter 3. Chapter 4 details the effects of
varying the reaction solvent and reaction temperature on both PPL and
immobilised catalyst systems, whilst chapter 5 deals with the modification of
the enzyme catalyst. The main conclusions drawn from this work are
discussed in chapter 6. For cross-referencing purposes, the numbers in bold
in brackets shown throughout chapters 2-6 relate directly to the relevant
experiments which are detailed in chapter 7.
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CHAPTER 2

ENZYME-CATALYSED
POLYTRANSESTERIFICATION OF BIS(2.2,2-
TRICHLOROETHYL) ALKANEDIOATES IN
ORGANIC SOLVENT
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2.1 Background

Exploratory studies of the enzyme-catalysed polytransesterification of
bis(2,2,2-trichloroethyl) alkanedioates (adipate and glutarate) in organic
solvents have been carried out previously in these laboratories by another
worker.”0 These studies were initiated to gain experience of using enzymes in
organic solvents for the production of polyesters. It was anticipated that a
thorough understanding of these reactions would allow this procedure to be
applied to systems containing more than one type of hydroxyl group. One of
the great advantages of using enzymes is their specificity, and it was thought
that it might be possible to react primary hydroxyl groups but leave the
secondary hydroxyl groups intact. A number of problems were encountered in
these early studies and it took some time and modification of the system to
achieve molecular weights comparable to those quoted by Wallace and
Morrow, who calculated polymer molecular weights by NMR end-group
analysis.101,102 The original lack of experimental success in our laboratory
was probably due mainly to two factors. Firstly, the reactions were carried out
for 10 days, and secondly the system was not kept sufficiently dry. This was
problematic because the presence of moisture promoted hydrolysis instead of
synthesis of the forming polymer. It emerged from these observations that the
PPL-catalysed polytransesterification in organic solvents was rather more
rapid than had previously been thought. Both these factors gave products with
relatively low molecular weights due to hydrolysis. In the case of the glutarate
system the highest molecular weights were obtained between 24-36 hours
and for the slower adipate reaction between 72-100 hours. It was found that
the systems had to be kept very dry and that the highest molecular weights
were obtained with added molecular sieve. It was also observed that Mn
values calculated using the NMR end group analysis technique were often
very different from the values obtained by GPC analysis. Analysis of the
polymer products from long reaction times showed that the Mn values
determined by NMR were generally much higher than those obtained by
GPC.70
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The further work on the 2,2,2-trichloroethyl systems reported here was carried
out to consolidate the previous work and to establish the reproducibility of the
PPL- catalysed polytransesterification in organic solvents. Further NMR
analysis of the products were also carried out. It was hoped to obtain from
these studies some information about the structure of the polymer and
discover why the molecular weights reached a maximum and then declined. It
was anticipated that with such information it might be possible to modify the
reaction in order to produce higher molecular weight products.

2.2 pPPL-Catalysed Polytransesterification of Bis(2.,2,2-
trichloroethyl) Adipate and Glutarate with 1.4-Butanediol in
Anhydrous Diethyl Ether '

The PPL-catalysed polytransesterification of bis(2,2,2-trichloroethyl) glutarate
and adipate with 1,4-butanediol in diethyl ether was studied over various time
periods in our laboratory to determine the relative effects of monomer chain
length on the polymer molecular weight. The effect of added molecular sieve
was also studied. It has been reported both by Roberts et al. and O’'Hagan et
al. that molecular sieve promotes the polyesterification process.58-61

| |
Cl3CCH,-0-C-(CH,),-C-0-CH,CCl; + HO-(CH,),-OH
A

PPL

organic
solvent

Y

| |
Cl3CCH,-O-[-C-(CH),-C-O-(CHp)4-O-H  + ClCCH,-OH

(where x =3 or 4)

Scheme 20. The porcine pancreatic lipase (PPL)-catalysed
polytransesterification of bis(2,2,2-trichloroethyl) alkanedioates (glutarate
and adipate) with 1,4-butanediol in an organic solvent.

The products obtained after various time intervals from the PPL-catalysed
reaction of 1,4-butanediol with bis(2,2,2-trichloroethyl) adipate and glutarate
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with and without 4A molecular sieve in diethyl ether were analysed by GPC
and 1H NMR. The results of these analyses are presented in Tables 3 and 4.

Note: The data presented in Tables 3 and 4 are obtained from polymers
produced in individual reactions and are not sequential samples from a single,
timed reaction. The long term reproducibility of GPC analysis was quoted by
RAPRA Technology Ltd., Shrewsbury as being “poor”. To this end, a
reference polymer (“Diolpate™ a poly(1,4-butylene adipate)) was run along
with the samples under exactly the same conditions to detect long term
variation in the GPCs.

Table 3. Progress of the PPL-catalysed polytransesterification of bis(2,2,2-
trichloroethyl) adipate with 1,4-butanediol in anhydrous diethyl ether with and
without molecular sieves.

Reaction |Molecular| Time Mn Mn Mw
no. Sieve (h) (GPC) | (NMR) | (GPC) | Mw/Mn
1 absent 8 1,000 1,600 | 2,900 2.9
2 " 24 2,100 1,700 | 3,000 1.4
3 " 72 3,600 3,400 | 5,000 1.4
4 " 120 4,500 4,700 | 6,100 1.4
5 " 168 3,600 4,900 | 5,600 1.6
6 " 240 2,100 4,100 | 6,100 2.9
7 present 8 1,800 2,700 | 6,600 3.7
8 " 24 4,500 4,200 | 6,500 1.4
9 " 72 6,500 4,600 | 9,400 1.4
10 i 120 5,600 5,300 | 8,100 1.4
11 " 240 2,200 4,300 | 8,900 4.0

The above results for Mn (GPC) with and without molecular sieves can be
represented graphically as shown below:-
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Figure 3. The variation of Mn (GPC) with time in the PPL-catalysed
polytransesterification of bis(2,2,2-trichloroethyl) adipate with 1,4-butanediol in
anhydrous diethyl ether with and without molecular sieves.
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Table 4. Progress of the PPL-catalysed polytransesterification of bis (2,2,2-
trichloroethyl) glutarate with 1,4-butanediol in anhydrous diethyl ether with
and without molecular sieves.

Reaction | Molecular| Time | Mn Mn Mw
no. Sieve (h) | (GPC) | (NMR) (GPC) |MwMn
12 absent 8 | 3,200 | 2,200 5,500 1.4
13 i 24 | 4,100 | 2,900 6,100 1.4
14 v 72 | 3,500 | 3,500 6,100 17
15 » 240 {1,600 | 1,800 5,300 3.3
16 present 8 | 4,000 | 3,000 8,000 2.0
17 " 24 | 5,700 | 5,100 9,500 1.4
18 " 48 | 5,000 | 4,600 9,400 1.9
19 " 72 | 4,600 | 5,200 8,000 1.7
20 " 240 | 2,000 | 2,700 7,300 3.6
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The above results for Mn (GPC) with and without molecular sieves can be

represented graphically as shown below:-
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Figure 4. The variation of Mn (GPC) with time in the PPL-catalysed
polytransesterification of bis(2,2,2-trichloroethyl) glutarate with 1,4-butanediol
in anhydrous diethyl ether with and without molecular sieves.

It can be seen from Tables (3 and 4) and Figures (3 and 4) above that
there is a peak maximum molecular weight for both systems. This may be
due to hydrolysis competing with the polytransesterification, thereby limiting
the molecular weight of the polymer. Consequently, reactions were carried
out in the presence of molecular sieve together with a shorter reaction time to
minimise the degradation of the polymer. The polydispersity values for the
polymers vary quite considerably, and tend to be higher over the early and
latter stages of each of the systems. This is possibly because initiation
produces a large number of polymer chains of different lengths.

Recovery of the polymer involved rotary evaporation of the dichloromethane

from the filtrate followed by precipitation of the polymer from the remaining oil
by addition of diethyl ether. On addition of the diethyl ether there appeared to
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be two different products. First, a free floating white precipitate formed. After
standing, the residual oil eventually solidifed.

It was found that for the bis(2,2,2-trichloroethyl) adipate polyesters the polymer
molecular weight of the solidified oil was twice that of the free floating
precipitate. For the bis(2,2,2-trichloroethyl) glutarate polymer however, the
molecular weights were almost exactly the same for both solids.

2.3 The Effect of the Addition of Molecular Sieves

It was observed by O’Hagan,5° and Roberts and co-workers>8 that molecular
sieve promoted the enzyme catalysed polyesterification reactions between
acids and alcohols. This is scarcely surprising since water produced in these
reactions would promote the hydrolysis of any oligomeric or polymeric species
formed.

Morrow et al. 114,115 reported that the alcohol liberated in
polytransesterification promoted release of the enzyme-bound water which
hydrolyses the activated ester end groups. So although the
polytransesterification reaction itself does not produce water it was thought
that addition of molecular sieve might promote reaction by removal of this
ancillary water.

It is apparent from Table 3 that addition of molecular sieve alleviates the
effect of the water and promotes the polymerisation reaction. In the case of the
adipate, the Mn values after 8h (Mn 1,800), 24h (Mn 4,500) and 72h (Mn
6,500) reactions with molecular sieve (wms) were about twice as high as for
the same reactions (8h (Mn 1,000), 24h (Mn 2,100) and 72h (3,600)) without
molecular sieve (woms)). The differences for the other reaction times with and
without molecular sieve were less significant. For instance, the 120h reaction
(Mn 5,600 wms cf. Mn 4,500 woms) whilst for the 240h reaction (Mn 2,200
wms cf. Mn 2,100 woms). ,
The addition of molecular sieve had a smaller influence on the Mn values for
the glutarate than for the comparable adipate reactions. For the more reactive
glutarates the Mn values for the 8 hour (Mn 4,000 cf. Mn 3,200) and 24 hour
(Mn 5,700 cf. Mn 4,100) reaction were about 30% higher when molecular
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sieve was present whereas for the 8 hour (Mn 1,800 cf. Mn 1,000) and 24 hour
(Mn 4,500 cf. Mn 2,100) reactions of the adipate, the addition of molecular
sieve approximately doubled the Mn of the polymer. The influence of the
molecular sieve on the glutarate reaction may be smaller because the
relatively faster glutarate-diol condensation reaction may be able to compete
more effectively with the accompanying hydrolysis process than the slower
adipate reaction.

It is likely that the main action of the molecular sieve is to prevent hydrolysis of
the active 2,2,2-trichloroethyl end groups and there is TH NMR evidence to
support this proposition (see Table 5). It was observed that for reactions
carried out in the absence of molecular sieve the products were mainly
hydroxy-terminated; the -CH20H (5 3.7) : -CH2CCl3 (8 4.8) ratio increasing
with time suggesting the possibility that the ester groups might be being
consumed in a side reaction. In contrast, the products from the reactions
carried out with molecular sieve were predominantly 2,2,2-trichloroethyl
terminated. Here again it was apparent from the -CH2OH:-CH2CCl3 ratios
that the relative proportion of ester-terminated polymers decreased with time
so even with molecular sieve present hydrolysis may still be occurring.

As with the adipate reaction, the glutarate products formed in the absence of
molecular sieve were mainly hydroxy-terminated, and the products from the
reactions carried out with molecular sieve were predominantly ester-
terminated as shown in Table 5. The proportions of ester and hydroxy-
terminated groups with and without molecular sieve respectively was relatively
greater for the glutarate than the adipate system.
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Table 5. The relative proportions of hydroxy- and ester-terminated functions
in the products formed from the PPL-catalysed polytransesterification of
bis(2,2,2-trichloroethyl) adipate and glutarate with 1,4-butanediol with (wms)
and without molecular sieves (woms) in anhydrous diethyl ether.

Glutarate Adipate
hydroxyl:ester hydroxyl.ester
Time(h) wms woms wms woms

8 1:3 2:1 1:11 4:1
24 1:18 7:1 1:10 7:1
72 1:10 20:1 1:6 9:1
120 - - 2:1 ik F:

240 3:1 - 4:1 -

A possible explanation for the observed high proportions of (2,2,2-
trichloroethyl) end group functions with molecular sieves present is that the
molecular sieve dries the system sufficiently, reducing hydrolysis of both the
bis(2,2,2-trichloroethyl) ester monomer and the (2,2,2-trichloroethyl) ester-
terminated oligomers. This maintains the active end groups for subsequent
reaction and hence propagation continues to produce relatively high polymer
molecular weights.

In systems without molecular sieves there is a greater risk of both the
bis(2,2,2-trichloroethyl) ester monomer and (2,2,2-trichloroethyl) ester end-
capped oligomers being hydrolysed. Hence there will be an increase in the
hydroxyl end group concentration. This leads to an earlier termination of the
propagation of the polymer and hence lower polymer molecular weights, as
we have observed.

TH NMR studies by Wallace and Morrow also showed an excess of hydroxy
terminated chains. They concluded that this was due to the oligomers reacting
more rapidly with 1,4-butanediol than did the diester monomer.192 From our
observations the addition of molecular sieves reduced the occurrence of
hydrolysis and suggested that the presence of an excess of hydroxyl
terminated chains was due to ester hydrolysis.

Athawale and Gaonkar128 studied the lipase-catalysed polytransesterification
of bis(2,3-butanedione monoxime) alkanedioate with a range of primary diols.
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The diol disappeared within 4-5 hours but about 20-25% of the diester
remained. The complete disappearance of the diester occurred after 20-25
hours. This indicated that the oxime acetate groups of the dimers and
oligomers were transesterified faster than those of the starting material.

2.4 The Effect of Varying Alkanedioate-Glutarate vs, Adipate

As was observed previously in our laboratory,79.71 the PPL-catalysed
condensation of the adipate with the 1,4-butanediol (Table 3) was
significantly slower than the comparable glutarate reaction. After only 8 hours
the reaction without molecular sieve produced an oligomer with Mn = 1,000
and Mw = 2,900, and the 120 hour reaction gave the highest observed
molecular weights without molecular sieve Mn = 4,500 and Mw = 6,100.

The PPL-catalysed condensation of the glutarate and 1,4-butanediol (Table
4) was significantly faster than the adipate reaction (Table 3). The maximum
Mn values of the polyesters isolated from the glutarate-diol system occurred
after 24 hours with (Mn 5,700) and without molecular sieves (Mn 4,100).
These are comparable to those observed for the adipate system after 72 hours
with (Mn 6,500) and without molecular sieve (Mn 3,600).

2.5 Difference Between NMRB and GPC Results

The Mn values determined by NMR analysis in some cases were close to
those obtained by GPC. Proton NMR analysis allowed us to calculate the
number average molecular weight by comparing the ratios of the end groups
to the butyl groups within the polymer chains.

The molecular weights of the polymers were determined by GPC (Mn and Mw)
and 'H NMR (Mn). The number average molar mass Mn is defined by

> N
Z Ni

M=
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and the weight average molar mass Mw is defined by

Y NM:®

Mo ¥ NM;

where Ni is the number of molecules of species i of molar mass Mi

It is apparent from Tables 3 and 4 that there are significant differences in the
Mn values of the diol-ester polymers determined by GPC and NMR. In some
cases the NMR values are greater than the GPC and vice versa. Comparison
of Mn values obtained by the two methods shows no consistent pattern. It has
been suggested that hydrolysis of the terminal trichloroethyl groups109.110
might be one factor responsible for the differences in the molecular weights
obtained by NMR end group analysis and by GPC; however, agreement
between the two methods is no better for those reactions carried out in the
presence of molecular sieve where hydrolysis of the trichloroethyl end groups
occurs to a much lesser extent.

2.6 Comparison of Conventional and Viscosity GPC Results

All the polymer test samples were analysed by conventional GPC and are
represented in this report as ‘polystyrene equivalent molecular weights’.
However, the use of a viscosity detector allows an accurate determination of
the molecular weight. For completeness, some of the samples were analysed
by GPC/viscosity and are compared with standard GPC results as shown
below:-
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Table 6. Polymer molecular weights as determined by conventional and
viscosity GPC analysis.

GPC Viscosity GPC Conventional

Polymer Mn Mw | MwMn| Mn Mw | Mw/Mn

Diolpate | 4,800 | 8,800 1.8 4,500 | 8,000 1.8
4 3,400 | 4,600 1.4 4,500 | 6,100 1.4
9 4,700 | 6,100 1.3 6,500 | 9,400 1.4
13 2,500 | 15,600 6.1 4,100 | 6,100 1.4
17 4,400 | 7,200 1.7 5,700 | 9,500 1.4

The results indicate that the ‘true’ (GPC/Viscosity determined) molecular
masses of the samples are generally somewhat lower than those expressed
as polystyrene equivalent molecular weights but both GPC/viscosity and
conventional GPC show the similar differences between the samples.
Therefore the results suggest that it is possible to adequately assess the
differences between the samples using conventional results.

It was thought that the inconsistency of the GPC results could be due to
enzyme becoming entrapped in the polymer. This was investigated by taking
polymer from a polytransesterification reaction and testing it in a protein assay
to determine if any enzyme was present. The polymer was found to contain no
protein and therefore no enzyme.
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2.7 Conclusions

Our observations indicate that the PPL-catalysed condensations of 1,4-
butanediol with alkanedioates are not particularly slow as would appear from
previous observations.101,102 Under our conditions, maximum Mn values were
reached at around 24 and 72 hours for the glutarate and adipate respectively.
One factor limiting the molecular weight could be the poor solubility of the
forming polymer in the reaction solvent, which causes the
polytransesterification reaction to terminate prematurely. A reason for this may
be that the polymer forming on the enzyme surface eventually encapsulates
the enzyme preventing further penetration of the monomer to the enzyme.

It is apparent from these results and previous studies?%71 that the moisture
level is a very important factor in controlling reactivity and molecular weights.
It was found that addition of molecular sieve to the alkanedioate reaction
system promoted the condensation and the Mn values of the polymers
produced with added molecular sieve are from 1.2-2.2 times greater than
those obtained from the comparable molecular sieve free reactions.
Presumably removal of moisture retards the competing hydrolysis and
subsequent removal of the active ester functions. (Table 5) It would also
appear from the variations in the -CH>2OH:-CH2CCl3 ratios that the influence of
the molecular sieve decreases with time.

Even though enzyme reactions are fairly rapid, most of the early work on
enzyme-catalysed reactions gave relatively low molecular weight products.
There are several possible explanations to account for the relatively low
molecular weights obtained. One, that polyester synthesis is relatively slow
compared to the rate of hydrolysis. Earlier observations102.114 suggested that
another factor limiting molecular weight of the polymers was the reversibility of
the reaction. It seemed possible that employing an irreversible reaction
system such as vinyl esters, in conjunction with molecular sieves, may lead to
higher molecular weight polymers by a slightly more rapid process.
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CHAPTER 3

USE OF VINYL ESTERS IN ENZYME-
CATALYSED POLYTRANSESTERIFICATION
IN ORGANIC SOLVENTS
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3.0 USE OF VINYL ESTERS IN ENZYME-CATALYSED
ANSESTE VE

3.1 Background

The use of enol esters and other activated diesters in enzyme catalysed
transesterification reactions in organic solvents has been extensively
investigated especially by Wong and co-workers.42,84,87-90 Thg enol esters
have two advantages over other esters. Firstly, they react one or two orders of
magnitude faster than non-activated methyl or ethyl esters. Secondly, enol
esters are among a number of systems which have been used to completely
eliminate reversibility in the transesterification reaction. The enol liberated in
the reaction rapidly tautomerises to the highly volatile acetaldehyde which
evaporates from the system as illustrated below (Scheme 21) ;

Enzyme

RC(O)OCH=CH, + ROH-———— RC(O)OR' + CH,=CHOH

Organic
solvent l

CH4CHO

Scheme 21. The enzyme-catalysed transesterification of a vinyl ester with
an alcohol in an organic solvent.

Chiral resolutions can be achieved by enzyme-catalysed transesterification. In
the example below, (shown in Scheme 22) one enantiomer can be prepared
from racemic 2-O-benzylglycerol through lipase-catalysed transesterification.
The use of an enol ester as the transesterification reagent makes the process
irreversible.88
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Scheme 22. Transesterification using an enol ester to obtain one

enantiomer.

It was decided that we would investigate alternative diester systems since
neither we nor other workers!01,129 had been able to achieve Mn values
>8,000 daltons using the bis(2,2,2-trichloroethyl) systems for
polytransesterification. The bis(2,2,2-trichloroethyl) esters had been chosen
originally because the 2,2,2-trichloroethyl group was a good leaving group
and the 2,2,2-trichloroethanol formed was weakly nucleophilic; thus, the
synthetic reaction would be promoted and the reverse reaction would be
retarded. It was thought that achievement of an equilibrium could be a major
factor limiting polymerisation, since even with the poorly nucleophilic
trihaloethanols, 101,113,114 the reverse reaction might compete with the forward
polymerisation process. Evidence to support this observation has been
obtained by Morrow et al.}14 who found that much higher molecular weights
could be achieved by removing the 2,2,2-trifluoroethanol from the system by
periodically placing the reaction mixture under reduced pressure. They were
able to prepare polymers with Mw values between 20,000-40,000 daltons
using this rather inconvenient procedure. These workers concluded that the
release of the alcohol had a doubly adverse affect on the polymerisation
process; it not only promoted the reverse reaction but also accelerated the
release of the enzyme bound water which then hydrolysed the activated ester
end groups. Wang et al. 73 used a similar approach in the Mucor miehei
lipase-catalysed polytransesterification of bis(2,2,2-trifluoroethyl)
dodecanedioate with 1,4-butanediol in diphenyl ether as the solvent. The
polymers obtained had Mw values of up to 34,750 which they achieved under
reduced pressure. Although high molecular weight materials were obtained in
both of these studies, the solvents and the techniques employed were far from
ideal.

It appeared from these previous observations that the major disadvantages of
enzymatic polyester synthesis were the relatively slow rates of reaction and
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the low average molecular weights that could be achieved, except under
highly specialised conditions.

It was thought that reversibility might be a limiting factor in the enzymatic
polytransesterification process and for that reason it was decided to
investigate the use of dienol esters. A known disadvantage of these systems
is that the acetaldehyde liberated in the transesterification process could
inactivate the enzyme due to the formation of a Schiff’'s base with the
enzyme's lysine residues. It was thought that this problem could be avoided
by immobilisation of the enzyme.

In 1994, Uyama and Kobayashi!30 reported the synthesis of polyesters by the
lipase-catalysed polytransesterification of divinyl esters with diols in
diisopropyl ether at 45°C. They used Pseudomonas fluorescens lipase
successfully, but failed to achieve products using PPL. In our laboratory we
had already found that PPL could produce relatively high molecular weight
products (Mn ~6,500) with the (2,2,2-trichloroethyl) system at ambient
temperature, and so we decided to investigate the PPL-catalysed
polytransesterification of divinyl adipate with 1,4-butanediol and study the
effects of a wide range of factors on the polymerisation process, as detailed in
the following sections.

3.2 A Study of the PPL-Catalysed Polytransesterification of Divinyl
i wi 4-

The effect of changing the following variables on this reaction was studied;

i) Time
ii) Molecular sieve
iii) Temperature
iv) Enzyme mass
v) Enzyme substrate
vi) Substrate concentration
vii) Agitation rate

Control reactions run in the absence of PPL enzyme gave no products.
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3.3 The Effects of Varying Reaction Time

Note: The results presented in Table 7 below are obtained from individual
reactions and are not sequential samples from a single timed reaction.

Table 7. Progress of the PPL-catalysed polytransesterification of divinyl
adipate with 1,4-butanediol in anhydrous diethyl ether with and without
molecular sieves.

Reaction |Molecular | Time Mn Mn Mw
no. Sieve (h) (GPC) | (NMR) | (GPC) | Mw/Mn
21 absent 4 900 1,000 1,500 s g
22 i 8 2,000 3,100 | 2,900 1.5
23 " 24 3,900 9,000 | 5,100 1.3
24 " 48 4,400 5,600 | 5,500 1.3
25 " 72 4,800 5,600 | 7,200 1.5
26 " 240 3,100 6,400 | 5,200 17

27 ~ present 8 2,400 2,800 | 4,300 1.8

28 " 24 4,300 | 7,800 | 5,500 1.3
29 " 48 4,800 9,500 | 8,200 1.7
30 " 72 8,000 111,000 | 13,000 1.6
31 " 240 5,700 }13,000 | 9,300 1.6

The above results for Mn (GPC) with and without molecular sieves can be
represented graphically as shown below:-
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Figure 5. The variation of Mn (GPC) with time in the PPL-catalysed
polytransesterification of divinyl adipate with 1,4-butanediol in anhydrous
diethyl ether with and without molecular sieves.

3.4 The Effect of Limiting Reaction Reversibility

In contrast to the report by Kobayashi!30 which stated that PPL was not
a suitable catalyst for the polymerisation of divinyl adipate and 1,4-
butanediol, we obtained polymeric materials under a wide variety of
conditions. Comparing the data in Table 3 (Section 2.2) and Table
7 (Section 3.3) it can be seen that the effect of changing from the
2,2,2-trichloroethyl ester to the vinyl ester was to produce a polymer
with a higher maximum molecular weight (Mn 8,000) after 72 hours
(with molecular sieves (wms)) compared with the reaction of bis(2,2,2-
trichloroethyl) adipate which gave Mn 6,500 after 72 hours (wms). The
results obtained indicate that polytransesterification with the vinyl ester
was slightly faster than for the bis(2,2,2-trichloroethyl) reaction.

However, it was realised that use of the enzyme in the vinyl system
would cause the enzyme to lose activity due to the liberated
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acetaldehyde forming Schiff's bases with the lysine groups of the
enzyme. Indeed the formation of a yellow substance (Schiff's base)
was observed emanating from the enzyme after a very short period of
contact with the substrates. It was thought that this could be a factor in
limiting molecular weight. In order to eliminate this problem,
immobilisation of the enzyme was considered, as detailed later in
Sections 5.0 to 5.7.

It is apparent from Table 7 of Section 3.3, that there are significant
differences in the Mn values of the polymers determined by GPC and by
NMR. Mn values determined by NMR are generally greater than those
determined by GPC. This would suggest that ester end groups are
being removed by some competing process. Since reversibility was
eliminated, hydrolysis by water would appear to be the most likely
competing reaction, but further work was needed to elucidate this
problem.

These results appeared promising and it was thought that further
modification of the system might give higher molecular weight products.

3.5 The_Effects of Added Molecular Sieve

Since the addition of molecular sieve had a significant effect on the reactions
of both bis(2,2,2-trichloroethyl) and divinyl esters it was thought that
modification of the sieves might also have a profound effect on the
polytransesterification process. The effect of variations in the ratio of the mass
of the sieves to enzyme mass (0:2.5, 3:2.5, 6:2.5, 9:2.5), their pore size (3A
and 4A) and physical state (macerated and pelleted) were investigated and
the results are discussed below;

3.5.1 Presence versus Absence of Molecular Sieves
From Table 7 of Section 3.3, it can be seen that polymer from
reactions with and without molecular sieves attained maximum
molecular weight after about 3 days. With molecular sieve present the
condensation reaction was promoted, a higher maximum molecular
weight was achieved and the polymer product was whiter than that
obtained in the reaction without molecular sieve. This latter observation
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was probably due to the acetaldehyde being absorbed by the
molecular sieves. Thus Schiff’'s base formation was prevented. It was
also noticed that added molecular sieves partially coagulated the
insoluble 1,4-butanediol. Shaking the flask dispersed the pellets. No
polymer was obtained from the control reactions, (with and without
molecular sieves) where the enzyme was absent.

Table 8. The relative proportions of hydroxyl- and ester-terminated functions
in the products formed from the PPL-catalysed polytransesterification of divinyl
adipate with 1,4-butanediol with (wms) and without molecular sieve (woms) in
anhydrous diethyl ether.

Hydroxyl:Ester

Time(h) wms woms
8 - 18:1
24 3:2 3:1
48 4:1 16:1

It was observed previously for the (2,2,2-trichloroethyl) system, that the
reaction in diethyl ether in the absence of molecular sieves produced a
polymer with a substantial majority of hydroxyl end groups. The vinyl
system showed a similar effect in that with molecular sieve present, the
hydroxyl:ester ratio was reduced, relative to the molecular sieve free
system. However, even with added molecular sieve the hydroxyl:ester
ratio was significantly higher than was observed for the trichloroethyl
system which would suggest that the vinyl ester groups are more
rapidly hydrolysed than the 2,2,2-trichloroethyl esters. Therefore, the
presence of molecular sieves does not seem to have such a profound
effect on the vinyl reaction as it did on the 2,2,2-trichloroethyl system.

Chaudhary et al. 131 also studied the enzyme-catalysed polymerisation
of divinyl adipate. They stated that the rapid disappearance of vinyl
groups from the monomer in the system was due to hydrolysis by the
water intimately bound to the enzyme. It was stated that the degree of
hydrolysis is ultimately dependent upon the dryness of the enzyme.
MacDonald et al. 132 also identified hydrolysis of the monomers and the
presence of water in the enzyme system as a limiting factor in the
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attainment of high polymer molecular weights in the €-caprolactone
ring-opening polymerisations. It seems that since this is the case then
successful attainment of high polymer molecular weights is dependent
upon vigorous drying of the apparatus, reagents and the enzyme.

From our observations the addition of molecular sieve reduces the
occurrence of the hydrolysis reaction.

3.5.2 The Reproducibllity of PPL-Catalysed Reactions with

Molecular Sieve
It was found that duplicate reactions carried out simultaneously were in
good agreement for the divinyl adipate system, but generally, the divinyl
adipate reactions with molecular sieves proved to be fairly inconsistent
over the time-scale of this project. This contrasted with the 2,2,2-
trichloroethyl system where reproducible results were obtained even
with different operators and different batches of enzyme.

PPL has a storage life of one year, according to the suppliers, if it is
refrigerated and desiccated. Each fresh batch of PPL was opened,
desiccated and refrigerated until required. The enzyme was then
vacuum desiccated daily for at least 3 weeks prior to use. The
performance of a sample of the fresh batch of enzyme was compared to
the previous batch of enzyme in separate polytransesterification
reactions in diethyl ether. The results of these reactions were then
analysed to check that the polymer molecular weights obtained were
consistent. For each of the individual reactions, the date of the batch
from which the enzyme came was recorded. This has enabled us to
characterise the performance of the enzyme, both seasonally and by
batch.
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Table 9. The polymer molecular weights from different batches of PPL
enzyme in the polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether with molecular sieves at ambient temperature.

Date of

Reaction | Time Mw Mn |[MwMn| PPL reaction
No. (h) (GPC) | (GPC) Batch at

Dated ambient

temp.

30° 72 13,000 8,000 1.6 21/6/95 14/8/95

61 72 5,900 | 4,100 1.4 |[29/11/95 | 16/1/96

52 72 3,300 2,400 1.4 20/2/96 | 20/2/96

48 72 6,400 4,500 1.4 14/6/96 | 28/6/96

47 72 6,200 | 4,700 1.3 20/2/96 | 28/6/96

33 72 5,400 | 4,200 1.3 1/10/96 | 11/2/97

62 72 4,000 3,000 1.3 1/10/96 714/97

32 72 4,200 3,300 1.3 19/3/97 | 11/4/97

95 72 3,200 | 2,500 1.3 1/10/96 | 11/4/97

* This reaction suffered loss of approximately 75% reaction solvent through evaporation.

Results in Table 9 show some seasonal variation in the molecular
weights obtained because the laboratory was not air conditioned and
so the slightly hotter months gave rise to slightly higher molecular
weight polymer. However, this variable was investigated and
discussed in a later Section 3.6. When reactions were carried out in
diethyl ether at ambient temperature, 27°C and at reflux, surprisingly it
was found that there was little impact made by temperature on the
overall molecular weights.

3.5.3 Comparison of Conventional and Viscosity GPC Results
As with the 2,2,2-trichloroethyl system in Chapter 2, viscosity GPC
was also carried out on polymers formed in the vinyl adipate system.
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Table 10. Polymer molecular weights as determined by conventional and
viscosity GPC analysis.

GPC Viscosity GPC Conventional
Polymer Mn Mw |MwMn| Mn Mw | Mw/Mn

“Diolpate”| 4,800 | 8,800 1.8 4,500 | 8,000 1.8
reference

67 7,400 |15,400| 2.1 |10,400 }24,000] 2.3
104 7,300 |12,900| 1.8 |10,400]19,600| 1.9

The results indicate that the ‘true’ (GPC/Viscosity determined)
molecular masses of the samples are somewhat lower than those
calculated as polystyrene equivalent molecular weights, but both
GPCiscosity and conventional GPC show similar differences between
the samples. Therefore the results suggest that it is possible to
adequately assess the differences between the samples using
conventional results.

3.5.4 The Effect of Varying the Mass of Pelleted Molecular

Sleve
The mass of the molecular sieve used initially in the divinyl adipate
reactions was chosen arbitrarily at 3g. Other workers59-61.74.82,103 had
used varying amounts of both finely macerated molecular and pelleted
sieves in their reactions with reported success. It was decided to
examine the effect of the mass of sieve on the divinyl adipate reaction.
The results of these studies are shown in Table 11.
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Table 11. The effects of varying the mass of pelleted molecular sieve on the
PPL-catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether.

Reaction | Mass of
No. Pelleted Time Mw Mn Mw/Mn
Molecular (h) (GPC) (GPC)
Sieves (g)
34 9 72 3,300 2,700 1.2
35 6 72 5,300 4,100 1.3
36 3 72 4,300 3,400 1.2
37 0.5 72 4,000 3,200 1.3
38 9 96 5,300 3,200 1.6
39 6 96 3,500 2,800 1.3
40 3 96 3,800 3,000 1.3
41 1 96 3,600 2,900 1.2

The reactions carried out for the shorter period of 72 hours (reactions 34-37)
gave slightly better polymer molecular weights than the reactions carried out
for 96 hours (reactions 38-41). It would seem that the effectiveness of the
molecular sieve as a drying agent is reduced after 72 hours.

The results indicate that there was a very slight increase in polymer molecular
weight obtained by employing 6g of molecular sieve in the 72 hour reaction
compared with using 3g of molecular sieve. However, use of 9g of molecular
sieve in the 72 hour reaction resulted in a decrease in the polymer molecular
weight obtained. This might be due to more of the 1,4-butanediol being
adsorbed onto the larger surface area of the molecular sieves, thus reducing
the concentration and availability of the diol in the vicinity of the enzyme. On
the otherhand, the results indicate that employing a reduced mass of 0.5g of
molecular sieves in the 72 hour reaction gave slightly poorer polymer
molecular weight to that obtained using 3g of molecular sieves. It seems that
the smaller mass is less effective than 3g of molecular sieve in preventing
hydrolysis.
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3.5.5 The Effect of Intimate Mixing between PPL and Molecular

Sieve
In order to test whether the enzyme was being damaged by the
molecular sieve, a reaction was carried out in a two chambered vessel
as used by Roberts et al. 58 The two chambers were connected by an
integral sintered disc which allowed for the flow of solvent but
prevented mixing of the molecular sieves and the enzyme (42).
Comparing this reaction with a single vessel reaction (35) showed that
intimate mixing gave a higher molecular weight product in better yield.
After 72 hours the results showed an expected trend of higher
molecular weight with increasing quantities of sieve upto 6g. This can
be accounted for by the reduction in hydrolysis by the larger quantities
of sieve. The lower molecular weight for the 9g reaction could be due
to enzyme damage as observed previously by Roberts. However, after
96 hours, the reactions gave products with very similar molecular
weights. Consequently no overall conclusion is possible.

Table 12. The effect of intimate mixing between PPL and molecular sieves
on the PPL-catalysed polytransesterification of divinyl adipate with 1,4-
butanediol in anhydrous diethyl ether.

Reaction | Mass of Time Mw Mn Reaction
No. Molecular (h) (GPC) | (GPC) | MwMn Type
Sieves (g)
35 6 72 5,300 4,100 1.3 Single
Flask
42 6 72 4,900 3,500 1.4 Dual
Chamber

3.5.6 The Effect of Varying the Molecular Sieve Pore Size
The effect of changing the pore size of the molecular sieves from 3A (43) to 4A
was studied (29). Similar results were obtained for both sieve systems.
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Table 13. The effects of varying the molecular sieve pore size on the PPL-
catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether.

Reaction | Mass of | Molecular| Time Mw Mn
No. Molecular| Sieve (h) (GPC) | (GPC) | MwMn
Sieve (q) | Porosity
29 3 4A 48 8,200 | 4,800 1.7
43 3 3A 48 8,200 | 4,600 1.8

3.5.7 The Effect of Changing the Physical Form of Molecular
Sleve
It was assumed that not only the mass of molecular sieves, but also the
physical form (especially the surface area) might influence the
polymerisation reactions. To test this hypothesis macerated and
pelleted sieves were compared.

The effects of using equal masses of the macerated (44) and pelleted
sieve (36), were compared. A 72 hour reaction with 3g of macerated
molecular sieve produced no solid product. This may be due to the fact
that the 1,4-butanediol was more readily adsorbed by the macerated
sieve, agglomerated and effectively removed it from reaction. It was
thought that the reaction time might be a factor and a shorter reaction
time of 17 hours was used. However, this reaction likewise produced
no polymer. It was then decided to use a smaller amount of macerated
sieve, (1g (44)). The reaction produced a low yield of polymer with a
lower molecular weight than the standard reaction using 3g of pelleted
molecular sieve.
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Table 14. A comparison of the effect of macerated molecular sieve and
pelleted molecular sieve on the PPL-catalysed polytransesterification of

divinyl adipate with 1,4-butanediol in anhydrous diethyl ether.

Reaction | Massof | Time Mw Mn Form of
No. Molecular| (h) | (GPC)|(GPC)| Mw/Mn | Molecular
Sieve (9) Sieves
36 3 72 4,300 | 3,400 1.3 Pellet
44 1 72 3,300 | 2,700 1.2 Macerated

3.5.8 The Effect of Varying the Type of Drying Agent
It was thought that the presence of an alternative drying agent might
enhance the reaction. Reactions were carried out with sodium chloride,
sodium metabisulphite and also magnesium sulphate in the presence
of molecular sieves.

Table 15. The effect of employing different drying agents on the PPL-
catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether.

Mass and
Type of
Drying
Agent
10g NaCl
6.2g of
Molecular
Sieves
and 10.8g
of MgSO4

Reaction
No. Mn

(GPC)

Mw Mw/Mn

(GPC)

Time

(h)

1.3
1.4

72
72

2,300
5,400

45
46

2,900
7,600

Neither the sodium chloride or the addition of magnesium sulphate to
the molecular sieve improved the molecular weight of the product. It
was hoped that the metabisulphite might facilitate the reaction by
trapping the acetaldehyde. However, no product at all was obtained
from this reaction.
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It appeared from these observations that changing the mass, pore size
and physical state of the molecular sieve gave lower molecular weight
polymers than the original reaction conditions (Mn of 8,000). Since the
high molecular weight had been achieved during the heat wave of
August 1995 and the molecular sieve modified reactions had been
carried out in mid-winter it was thought that the change in temperature
might be responsible for the decline in molecular weight.

This prompted us to look at the effect of temperature on the reaction.

3.6 The Effect of Varying Reaction Temperature

Since all previous reactions were carried out at ambient temperature it was
necessary to determine the effects of a slight increase in temperature on the
reaction to mimic seasonal temperature variation.

Table 16. The effects of varying reaction temperature on the PPL-catalysed
polytransesterification of divinyl adipate with 1,4-butanediol in anhydrous
diethyl ether.

Reaction| Massof | Time Mw Mn
No. Molecular| (h) |Temperature| (GPC) | (GPC) | MwMn
Sieves (g)
29 3 48 Ambient 8,200 | 4,800 B 5
30° 3 72 Ambient |13,000 | 8,000 1.6
47 3 72 Ambient 6,200 | 4,700 1.3
48 3 72 Ambient 6,400 | 4,500 1.4
49 3 72 27°C 6,800 | 4,500 1.5
50 3 48 Reflux 5,400 | 3,100 1.7

* This reaction suffered loss of approximately 75% reaction solvent through evaporation.
A reaction (49) was carried out at 27°C, and the result shows little

difference compared to those at ambient temperature (48), (47) which
were carried out concurrently.
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An experiment carried out at reflux (50) for 48 hours gave lower
molecular weight product than the analogous reactions carried out at
ambient temperature (29). It was observed with the reflux reaction that
the polymer caused agglomeration of the PPL. This may have
terminated the reaction. A similar reaction was stopped after 8 hours
but this gave no product.

3.7 Ihe Effects of Using Denatured PPL

In order to ascertain whether the PPL-catalysed polytransesterification
reaction was a result of "active site enzyme catalysis™ or external
surface interactions, an amount of denatured PPL (denatured by
heating in an oven at 65°C for 14 days, followed by 14 days storage in
a desiccator) was used in place of active PPL. The reaction using
denatured PPL yielded no product, suggesting that there was no
surface catalysis nor was there any other catalytically active species
remaining in the crude PPL. This observation was contrary to
Kobayashi et al. 133 who stated that there was polymer formed in a
polytransesterification reaction using PPL which had been denatured in
water at 100°C for several hours. There was insufficient time to repeat
this or make further tests involving blocking inhibitors to confirm the
experiments.
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3.8 The Effect of Increasing the Substrate Concentration

A series of reactions were carried out with different substrate concentrations
relative to PPL.

Table 17. The effects of varying substrate concentration on the PPL-
catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether with molecular sieve.

Reaction| Divinyl Time Mw Mn
No. Adipate |1,4-Butanediol| (h) (GPC) | (GPC) | Mw/Mn
(mol.dm=3)| (mol.dm-3)
51 0.4 0.4 72 5,300 | 4,200 1.2
52 0.2 0.2 72 3,300 | 2,400 1.4
53 1.0 1.0 72 No polymer recovered by usual
54 0.4 0.4 144 method.
55 0.4 0.4 72+72| 3,700 | 2,900 1.3
woms
56 0.4 0.4° 72 +72| 3,600 | 3,000 1.2

* The initial concentration of reactants was 0.2 mol.dm-3 which was then
increased to 0.4 mol.dm3 after 72 hours.

In reaction (51) where the concentration of reactants was initially
double that in reaction (52), a good yield of polymer was produced after
a period of 72 hours, with a higher than average molecular weight than
that obtained from reaction (52).

It can be seen that a five-fold (53) increase in the initial substrate
concentration actually inhibited the reaction and failed to produce
polymer.

However, when reactions were carried out with the addition of double
the concentration of reactants in two batches, (the second batch being
added after an initial reaction period of 3 days) (55) and (56), the
polymer which was produced after the 6 days had a molecular weight
which was similar to that obtained in a 3 day reaction (52). This was
possibly due to the fact that the polymer formed from the first batch of
reactants was insoluble in the diethyl ether, causing the reaction to
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terminate. The second batch of reactants would then be polymerised in
the same way as the first.

3.8.1 PPL-Catalysed Polymer Modification In Diethyl Ether
It was thought that adding initial substrates to the terminal groups in
pre-formed polymer might produce higher molecular weight products.

NMR analysis of the polymer products from the polytransesterification
reactions indicated that in the presence of molecular sieve the reaction
gave predominantly ester-terminated polymer, whereas in the absence
of molecular sieve hydroxy-terminated polymer was produced. It was
thought that the polymer molecular weight could be increased by
reacting these polymer products with more reactants.

Polymer which was ester-terminated (57) was reacted with 1,4-
butanediol (58). After reaction, the polymer was recovered and was
found to have a higher molecular weight than the original ester-
terminated polymer.

Similarly, polymer which was hydroxy-terminated (59) was reacted with
divinyl adipate (60). The polymer recovered from this reaction had a
similar molecular weight to the original hydroxy-terminated polymer.

Table 18. The effects of extending hydroxy- or ester- terminated polymer
with the conjugate esterification reagent on the polytransesterification of
divinyl adipate with 1,4-butanediol in anhydrous diethyl ether.

Reaction| Divinyl
No. Adipate | 1,4-Butanediol | Mw Mn |MwMn | Original
(mmol) (mmol) (GPC) | (GPC) terminal end

group

57 10 10 11,500 5,100 | 2.2 Ester

58 0 10 12,800 8,900 1.4 -

59 10 10 6,600 4,200 1.6 Hydroxyl

60 10 0 7,000 4,300 1.6 -
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These results suggest that it may be possible to increase the molecular
weight of some types of polymer by this addition process.

3.9 The Effects of Varying Degree of Agitation

It was observed that in some reactions using magnetic stirrers that the PPL
enzyme agglomerated. To determine whether the agglomeration had an
adverse effect, a reaction was carried out using a mechanical stirrer.

Table 19. The eiffect of the degree of stirring on the PPL-catalysed
polytransesterification of divinyl adipate with 1,4-butanediol in anhydrous
diethyl ether with 3g of molecular sieve at ambient temperature.

Reaction | Time |Massof| Mw Mn | Mw/Mn | Stirrer Type
No. (h) | PPL(g)| (GPC) | (GPC)
61 72 2.5 5,900 | 4,100 1.4 Magnetic
62 72 2.5 4,000 | 3,200 1.3 | Mechanical

The more efficient mechanical stirring gave a lower molecular weight
product which could be accounted for by damage to the enzyme.
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3.10 Conclusions

One important conclusion that can be drawn from our observations of the vinyl
system in diethyl ether, is that the reproducibility of this system was subject to
a wider variation in terms of molecular weight, compared with the 2,2,2-
trichloroethyl system, where the reactions were more reproducible over a wide
range of times, and from operator to operator.

Even though the vinyl system in diethyl ether suffered from lack of
reproducibility it still on occasion produced higher molecular weight polymer
(Mn ~8,000 and Mw ~13,000) than that obtained using the 2,2,2-trichloroethyl
system. Interestingly, as with the 2,2,2-trichloroethyl system, the polymers
were also insoluble in this solvent.

Solvent dryness was again an important factor. Much improved molecular
weights were observed when molecular sieves were added to the reactions,
but even so, the polymers were predominantly hydroxy-terminated, indicating
that hydrolysis was still occurring.

On the basis of our observations it would appear that the two main factors still
limiting the molecular weight are;

a) the competing hydrolysis due to release of water intimately associated
with the enzyme and

b) the insolubility of the polymer in the ether solvent, since once the polymer
is precipitated out of solution, the condensation reaction is terminated.

It would appear that a change in reaction solvent to one which would dissolve
the polymer as it forms on the enzyme, might lead to an improved molecular
weight. Equally, use of a higher boiling ether solvent at an increased reaction
temperature might increase the polymer solubility, leading to polymers of
higher molecular weight.
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CHAPTER 4

THE EFFECT OF CHANGING THE ORGANIC
SOLVENT ON THE LIPASE-CATALYSED
POLYTRANSESTERIFICATION OF DIVINYL
ADIPATE WITH 1.4-BUTANEDIOL
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4.0 THE EFFECT OF CHANGING THE ORGANIC SOLVENT ON
THE PPL-CATALYSED POLYTRANSESTERIFICATION OF DIVINYL
ADIPATE_WITH 1.4-BUTANEDIOL

4.1 Background

All the reactions so far had been carried out in diethyl ether. It was decided to
investigate the use of other solvents especially higher boiling ethers since it
was thought that a higher temperature might improve the solubility of the
polymer.

4.2 The Effect of Using Alternative Ether Solvents

A number of alternative ether solvents were investigated including
diisopropy! ether, tert-butyl methyl ether, ethylene glycol diethyl ether
and 1-tert-butoxy-2-methoxyethane. Each solvent was tested with
standard substrates at ambient temperature for 3-4 days initially to
check for enzyme compatibility.

The results of these reactions for diisopropyl ether (63) and tert-butyl
methyl ether (64, 65) are shown in Table 20.

Ethylene glycol diethyl ether and 1-tert-butoxy-2-methoxyethane failed
to produce solid at ambient temperature and were therefore not
investigated further.
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Table 20. The effect of various ether solvents on the PPL-catalysed
polytransesterification of divinyl adipate with 1,4-butanediol at ambient
temperature.

Reaction Ether Time Mw Mn Mw/Mn

No. Solvent (h) (GPC) (GPC)

63 diisopropyl 72 2,800 2,400 1.2
ether

64 tert-butyl 72 4,300 3,000 1.4
methyl
ether

65 tert-butyl 96 3,400 2,500 1.3
methyl
ether

The molecular weight of the products obtained from either of these
solvents was no better than that from reactions employing diethyl ether.

4.3 The Effects of Using High Boiling Ethers at an Elevated
Jemperature

It was observed that with diethyl ether as a solvent the polymer precipitated. It
was thought that this might cause a termination of the condensation reaction.
Since it was likely that the solubility of the polymer would increase with an
increase in reaction temperature, it seemed possible that increasing the
temperature might give higher molecular weight products. Some attempts had
been made to carry out reactions with diethyl ether at higher temperature
(27°C and reflux). They had not given improved products. However, with
diisopropyl ether (bp 68-69°C) and tert-butyl methyl ether (bp 55-56°C) a
wider range of temperatures was possible.

4.3.1 Diisopropyl Ether (bp 68-69°C)
Kobayashi had reported that the PPL-catalysed polytransesterification
of divinyl adipate with 1,4-butanediol at 45°C in diisopropy! ether gave
no product.'3° We observed that a diisopropy! ether/PPL system with
added molecular sieve gave polymeric products after 72 hours at 43°C
(see Table 21).
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Table 21. The effect of changing the reaction temperature on the 72 hour
PPL-catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diisopropyl ether with molecular sieves.

Reaction | Reaction | Polymer Mw Mn Mw/Mn
No. Temp. | Yield(g) | (GPC) (GPC)
(°C)
63 Ambient 0.16 2,800 2,400 1.2
66 43 0.16 10,000 6,400 1.6

It was expected that an increase in the reaction temperature might
produce higher molecular weight products. However, the molecular
weights were comparable to the higher range obtained for the diethyl
ether system. No polymeric products were obtained from a control
reaction at this elevated temperature, in the absence of enzyme.

4.3.2 tert-Butyl Methyl Ether (bp 55-56°C)
Table 22. The effect of changing the reaction temperature on the PPL-

catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous tert -butyl methyl ether with molecular sieves.

Reaction |[Reaction| Time | Mw Mn
No. Temp. | (h) | (GPC) | (GPC) MwMn| Comment

°C

64 |Ambient] 72 | 4,300|3,000| 1.4 -

65 |Ambient| 96 | 3,400|2,500| 1.3 -

67 43 72 |23,000(8,600| 2.8 |Argon purge

68 43 72 | 8,500|3,700{ 2.3 No purge

One of the reactions (67) using an argon purge at 43°C produced
polymer with a higher molecular weight than that which had been
obtained in diisopropyl ether. The probable reason for this increase in
molecular weight is a result of acetaldehyde being efficiently removed
from the system.
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4.3.3 The Effect of Varying Substrate Concentration on the
PPL-Catalysed Polytransesterification of Divinyl Adipate with
" 1,4-Butanediol In Anhydrous tert-Butyl Methyl Ether at 43°C

Table 23. The effect of changing the molarity of the substrates on the PPL-
catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous tert -butyl methyl ether at 43°C.

Reaction| Time | Mass of Mw Mn Mw/Mn | Substrate
No. (h) PPL (g) | (GPC) | (GPC) Conc.
(mol.dm-3)
69 24 2.5 13,000 | 7,300 1.8 0.2
70 24 2.5 44,000 | 9,200 4.7 0.1
71 72 2.5 22,500 | 5,900 3.8 0.06

A decrease in concentration led to the isolation of the highest molecular
weight products so far observed, although this was accompanied by an
increase in polydispersity.

4.4 The_Effect of Using Hydrocarbon Solvents

It has been reported that high molecular weight cyclic products can be
obtained using hexane as a reaction solvent for the lipase-catalysed
esterification of hydroxy acids.59.61,106 As a result some reactions were
carried out in hydrocarbon solvents (n-hexane and n-heptane) but
these resulted in agglomeration of the enzyme and gave quite low
yields of low molecular weight products. A similar agglomeration of
enzyme in hexane has been observed.106.134 These solvents were not
investigated further.
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4.5 The Effect of Using Polymer Solubilising Solvents

4.5.1 THF
THF seemed to be the ideal solvent for the system since it dissolved the
polymer and the 1,4-butanediol and had also been used successfully in
this solvent by other workers.42

Table 24. The PPL-catalysed polytransesterification of divinyl adipate with
1,4-butanediol in HPLC grade THF with and without molecular sieves.

Reaction | Molecular}{ Time Mn Mn Mw | Mw/Mn

no. Sieve (h) | (GPC) | (NMR) | (GPC)

72 absent 2 1,800 | 2,500 | 3,500 1.9
73 “ 4 | 2,000 { 3,100 { 2,500 1.5
74 “ 24 | 2,100 | 2,700 | 2,500 1.2
75 * 72 | 2,500 | 4,200 | 3,000 1.2
76 “ 320 | 2,100 | 3,700 | 2,700 1.3

77 present 4 | 2,000 | 2,400 | 3,400 1.7

78 “ 24 | 2,600 | 5,000 | 3,500 1.4
79 “ 48 | 2,500 | 3,100 | 3,000 1.2
80 “ 320 | 2,800 | 9,500 | 3,500 1.3

The above results for Mn (GPC) with and without molecular sieves can be
represented graphically as shown below:-
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Figure 6. The variation of Mn (GPC) with time in the PPL-catalysed
polytransesterification of divinyl adipate with 1,4-butanediol in HPLC Grade
THF with and without molecular sieves

The initial rate of polymer formation was rapid in THF, but the Mn value
remained constant over extended periods. However, this maximum
molecular weight was lower than that obtained using anhydrous diethyl
ether and further study of this solvent showed that there was no
increase in the Mn beyond 3,000 even after extended reaction periods
with molecular sieve. Qualitative lipase activity tests of the enzyme after
reaction in THF surprisingly showed that the enyzme still maintained
40% of the initial enzyme activity even after 317 hours of reaction time.
(see Table 25)
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Table 25. PPL activity after its use as catalyst in polytransesterification
reactions.

0.05M

Enzyme NaOH Titres | Lipase Activity

Sample (cm3) (units/mg
(15mg/ml) (Bromo protein)

Thymol Blue
Indicator)

THFvinyl

system 0.5 80

(Reaction time :
317 hours)
Crude PPL 1.3 200
Water control - -

As was observed when diethyl ether was used as a solvent, the
hydroxyl:ester ratio was lower for reactions with molecular sieve than
for those without molecular sieve (see Table 26).

The initial reaction rate in THF was far higher than that of the other
solvents studied. This was probably due to the increased solubility of
1,4-butanediol. The decrease in enzyme activity was probably caused
by the hydrophilic THF removing the water intimately associated with
the enzyme.
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Table 26. The relative proportions of hydroxyl- and ester-terminated
functions in the products formed from the PPL-catalysed polytransesterification
of divinyl adipate with 1,4-butanediol with (wms) and without molecular sieve

(woms) in THF.

THF
Hydroxyl.Ester
Time(h) wms woms
4 2:1 -
24 1:1 124
72 1: 1731
320 1:1 no ester

4.5.2 Dimethyl Isosorbide (DMI)
DMl is a high boiling ether which readily dissolved the polymer and the
diol. DMl is an inert, completely water miscible and a consumer safe
solvent used extensively to prepare commercial pharmaceuticals and
body creams.

The DMI was used in two reactions. One with untreated solvent and the
other after it had been dried over MgSQg4. It ‘wetted’ the enzyme well
just like THF but produced poor products which were inherently difficult
to recover due to the solvent’s high boiling point.

4.5.3 Dichloromethane
Reactions in dichloromethane were unsuccessful.

4.5.4 THF and Diethyl Ether Mixtures

Finally consideration was given to mixtures of diethyl ether and THF in
varying proportions. Linko et al. 134 tried to maintain polymer solubility
using a mixed solvent system. They studied the polytransesterification
of bis(2-chloroethyl) succinate with 1,4-butanediol in a mixed organic
solvent system with 70% diisopropylether and 30% chloroform. The
polymer had a maximum Mw 1,500 with a degree of polymerisation of 8
units obtained after 72 hours.
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Table 27. The effect of employing THF/diethyl ether mixtures on the PPL-
catalysed polytransesterification of divinyl adipate with 1,4-butanediol at
ambient temperature with molecular sieves.

Reaction | Time | Massof | THF:.diethyl| Mw Mn | Mw/Mn
No. (h) | molecular ether (GPC) | (GPC)
sieves(q)
81 72 3 50:50 3,200 | 2,600 1.2
82 72 3 10:90 4,800 | 3,600 1.3

Mixed diethyl ether/THF solvents gave products with Mn comparable to
those in THF.

4.5.5 Acetonitrile
Acetonitrile was chosen as a potential solvent towards the end of this
project. It gave polymer with a molecular weight similar to the diethyl
ether system (Mn 2,600 and Mw 3,600) (83). However, there was
insufficient time left to investigate this solvent further.
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4.6 Conclusions

It was found that the PPL-catalysed polytransesterification of 1,4-butanediol
with vinyl adipate in diisopropyl ether gave polymers with Mn values in the
range of 2,400 to 6,400 daltons. This was contrary to the observations of
Kobayashi et al. 130 who reported that PPL was not active in this system.

It was apparent from these solvent studies that a relatively successful solvent
was one in which the 1,4-butanediol was insoluble. It is known that in
aqueous media PPL operates only at an oil/water interface, but whether the
reaction was interfacial in organic solvents was unknown. However, we found
that solvents such as THF, DMI, and diglyme which dissolved both the polymer
and the 1,4-butanediol did not give product that could be isolated.

Work to improve the polymer molecular weight achieved in diethyl ether was
centred around increasing the reaction temperature of the enol system by
replacing the reaction solvent with higher boiling point ethers. It was found
that use of higher boiling point ether solvents such as tert-butyl methyl ether at
an elevated reaction temperature resulted in a slight increase in molecular
weight but also a large increase in polydispersity from 1.2 to 4.4. We were
unable to produce polymers with Mn values greater than the maximum
already achieved using diethyl ether at ambient temperature; however, tert-
butyl methyl ether gave consistently high molecular weight material. This
peak in attainable molecular weight might be attributed to the insolubility of the
polymer in these ether solvents, but even when a mixed, polymer
soluble/polymer insoluble ether solvent system such as THF and diethyl ether
was employed, no improvement in Mn was observed.
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ENZYME MODIFICATION
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5.0 ENZYME MODIFICATION

5.1 Background

Enzymes in their native crude form are susceptible to denaturisation due to
external factors such as temperature, pH, aldehydes and some organic
solvents. It has been shown that modification of the enzyme in a variety of

ways aids performance in reactions in both aqueous and organic
solvents.49.69,77,79,80

In the case of enol esters, enzyme immobilisation increases enzyme activity
and prevents deactivation by agents such as acetaldehyde.®7 One type of
immobilised enzyme preparation is that of Lipozyme IM (from Novo Nordisk)
which supports a lipase from a Mucor miehei strain on the surface of a
macroporous anion exchange resin of a phenolic type. Lipozyme IM is
strongly bonded to the carrier by adsorption. In commercial reactions it is
used for esterifications and interesterifications involving the 1 and 3 ester
bonds in triglycerides. Lipozyme IM can be used in inert organic solvents
such as petroleum-ether and n-hexane.135

5.2 The Effect of Enzyme Immobilisation on the Lipozyme IM-
lytr Div wi 4-
nedi n

Lipozyme IM was assessed for its effects on polymer molecular weight
at ambient temperature and at elevated temperatures. It was used as
supplied and was desiccated at all times and used in the same way as
PPL. Since the preparation was more active than PPL, an arbitrary
smaller mass was used in the reactions (0.5g cf. 2.5g PPL).

Reactions were carried out for 4, 24, 48, 96 and 120 hours and the
results are shown in Table 28.
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Table 28. Progress of the Lipozyme IM-catalysed polytransesterification of
divinyl adipate with 1,4-butanediol in anhydrous diethyl ether at ambient
temperature without molecular sieves.

Reaction| Time | Mass of Mw Mn
No. (h) |Lipozyme| (GPC) | (GPC) | Mw/Mn
(9)

84 4 0.5 3,900 | 1,500 2.6
85 24 0.5 4,400 | 2,200 2.0
86 48 0.5 3,100 | 1,800 1.7
87 96 0.5 3,400 | 1,800 1.8
88 120 0.5 4,600 | 2,500 1.8

During the reactions, white polymer could be seen forming in
suspension, becoming more granular with time.

As can be seen from the data presented above using this immobilised
system, the Mn of the polymer was lower than that obtained with PPL.

5.2.1 The Effect of Increasing Substrate Concentration
Table 29. The effect of substrate concentration on the Lipozyme IM-

catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether at ambient temperature without molecular sieves.

Reaction|Substrate| Time | Mass of Mw Mn
No. Conc. (h) |Lipozyme| (GPC) | (GPC) | Mw/Mn
(mol.dm-3) (9)
87 0.2 96 0.5 3,400 | 1,900 1.8
88 0.2 120 0.5 4,600 | 2,500 1.8
89 0.4 72 0.5 5,400 | 3,700 1.5

It seems that doubling the concentration of the substrates increased the
polymer molecular weight (Mn). However, it did not exceed that already
obtained using the PPL system. This suggests that it is the precipitation
of the polymer in diethyl ether which is limiting the molecular weight.
Hence further consideration was given to solvents which dissolved the
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polymer as it formed. THF was then investigated as an alternative
solvent since it had afforded some polymer with PPL.

5.3 The_Effect of Using Polymer Solubilising Solvent

A reaction using Lipozyme IM was carried out for 6 hours in THF (which
dissolved both the polymer and the 1,4-butanediol). Surprisingly no
product was obtained from this reaction. This was probably due the
hydrophilic THF removing the water intimately associated with the
enzyme resulting in conformational changes. Additionally, the
acetaldehyde released by the polytransesterification reaction would
react with the lysine groups of the enzyme. Both of these factors would
cause the enzyme to lose catalytic activity.

In order to reduce the effects of the THF a small amount of the THF was
mixed with diethyl ether in the ratio of (10:90 (THF:diethyl ether)) which
was subsequently employed as the reaction solvent. The polymer
produced after a period of 6 hours (90) was of a poorer molecular
weight (Mn 1,300 and Mw 3,900) than the polymer obtained from the
polymerisation reaction using PPL as the enzyme catalyst (Mn 3,600) in
the same solvent mix (10:90 (THF:diethyl ether)).

In view of the fact that the reaction may need an insoluble substrate
such as the diol, hydrocarbon solvents were investigated.

5.4 The Effect of Using Hydrocarbon Solvents

It had been previously observed by O’Hagan59.61 and co-workers that
use of hexane as a solvent for enzyme-catalysed polymerisation was
very successful in producing polymers with high Mn values. As a result,
hexane was investigated along with toluene.

With both toluene and hexane the Lipozyme particles adhered together
and gave low molecular weight polymers from toluene (Mn 2,200 and
Mw 2,600) and hexane (Mn 1,900 and Mw 2,600). These results were
poorer than had been obtained with diethyl ether.
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Since high boiling ethers had resulted in some success with the PPL
system their effects were also considered for the Lipozyme system.

5.5 The Effect of Employing High Boiling Ethers

Ethylene glycol diethyl ether (bp 121°C) (1,2-diethoxyethane) (dried
over MgSOg4)) was used in place of diethyl ether at ambient
temperature and diisopropyl ether (distilled over Na wire) was used in
place of diethyl ether at an elevated reaction temperature of 43°C.

Table 30. The effect of changing the reaction solvent and reaction
temperature on the Lipozyme IM-catalysed polytransesterification of divinyl
adipate with 1,4-butanediol.

Reaction| Time | Reaction Massof | Mw Mn
No. (h) | Temp. Solvent |Lipozyme| (GPC) | (GPC) | Mw/Mn
(9)
88 120 | Ambient | Diethyl 0.5 4,6001 2,500 | 1.8
ether
91 120 | Ambient | Ethylene 0.5 7,000 4,300| 1.6
glycol
diethyl
ether
92 48 43°C |Diisopropyll 0.5 4,000 2,800 1.4
ether

Ethylene glycol diethyl ether at ambient temperature (91) gave the
highest molecular weight product, but the yield was relatively poor
(22%) compared with diethyl ether (82%).

Diglyme (an ether solvent which dissolved the polymer) was also tested
as a reaction solvent, but it failed to produce product.
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PPL was immobilised on to the silica gel using a simple slurry
technique in which the minimum amount of phosphate butfer (pH 7.2)
was added to a dry mix of crude PPL (2.5g) and silica gel (12.5g),
followed by drying on a watch glass at ambient temperature in a
vacuum desiccator. This technique had been successfully employed in
another system, in our laboratory.72

Use of this dried preparation (1.5g=0.25g of PPL) in a
polytransesterification reaction yielded no product. When silica gel was
simply added to a standard polytransesterification reaction,(93) the
reaction produced polymer with a molecular weight (Mn 3,700 and Mw
4,700) similar to that achieved previously for the PPL-catalysed reaction
in diethyl ether.

5.7 The Effect of Water Content on the PPL-Catalysed
r ificat D -B I

Considering both the substantial effect of molecular sieves on the reaction and
the volume of |iterature23.32,33.35-37.39-41,43,49-52,55,55.59-61,63.68.76.84.99.130
devoted to the effect of water content on enzyme catalysed reactions in
organic solvents, it was apparent that water content might be a major factor in
the transesterification process.

In order to determine the minute quantity of water present in this system, each
reaction component was analysed by Karl Fischer Titration ‘for liquids’. The
enzyme was analysed by an indirect method because it was a solid. The
method involved absorbing water from the enzyme with anhydrous ethanol
(dried over 3A molecular sieves).
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Table 31. Substrate water content determined by Karl Fischer Titration.

Sample Water Content
Ethanol 0.60 %w/w
1,4-Butanediol 0.28 %w/w
Diethyl ether 106.4 ppm
(Sodium wire
distilled)

Divinyl Adipate 342.4 ppm
Vacuum 0.07 %w/w
Desiccated

Enzyme (PPL)

The results above indicated that, in the absence of molecular sieve, a
standard anhydrous reaction involving diethyl ether, vacuum
desiccated PPL enzyme, 1,4-butanediol and divinyl adipate, had a total
water content of 0.02%w/w.

It was thought that the presence of this small amount of water could be
causing the polymer molecular weight to plateau due to hydrolysis of
the polymer. Our investigations initially involved vacuum lyophilised
PPL (as supplied) and freeze-dried PPL (freeze-dried slurry of vacuum
desiccated PPL in buffer). Both enzymes were tested for lipase activity
to detect if there was any detrimental effects from freeze-drying. The
activities were found to be almost identical (see Table 32).
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Table 32. Enzyme activities of PPL before and after freeze-drying.

Average 0.05M
Reaction | Enzyme Drying | NaOH Titre (cm3) | Lipase Activity

No. Method (BromoThymol | (units/mg protein)
Blue Indicator)
94 Freeze Dried 2.4 380
PPL + buffer
95 Vacuum 2.3 370

Desiccated PPL

Each enzyme batch was then employed in a polytransesterification
reaction. On this occasion 1,3-propanediol rather than 1,4-butanediol
was used. The polymer products obtained were compared (see Table
33).

Table 33. A comparison of the polymer molecular weights attainable under
different conditions of enzyme dryness.

Reaction| Mass of 1,3-| Mass of| Mw Mn Mw/Mn Enzyme
No. |propanediol | PPL (g) | (GPC)| (GPC) Drying
(9) Method
94 0.76 3.67 | 5,200 | 3,500 1.5 Freeze
Dried
95 0.76 2.5 |4,200| 3,300 1.3 Vacuum
Desiccated

The results indicated that there was very little difference between the
two levels of dryness and showed that there was little advantage in
using the drier freeze-dried PPL.

It was thought that exposure of the enzyme to the laboratory
atmosphere for longer than usual during the assembly of the apparatus
and the charging with reactants might be the factor responsible for the
lack of consistency in the results from different experiments. In order to
gain a feel for the amount of moisture absorbed a test was carried out
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which involved desiccating a sample of PPL under vacuum over
phosphorous pentoxide, weighing it and then exposing it to the
laboratory atmosphere for a period of 3 hours. The enzyme sample
was then re-weighed and the gain in weight calculated as being
0.8%w/w. Compared to the moisture content of the desiccated enzyme
this figure was quite large and it appeared possible that this absorption
of additional moisture by the enzyme might be responsible for some
hydrolysis of the polymer.

5.8 PPL-Catalysed Polymer Degradation in Aqueous Media

Poly(1,4-butylene adipate) is well known for its biodegradability in an
aqueous environment.118.136 [f a polymer can be formed using PPL
then it should be possible for it to be degraded by PPL in an aqueous
phase. A test was carried out to determine the extent of hydrolysis.
Some pre-formed polymer from experiment (69) was placed in a
sealed container along with PPL in aqueous buffer at ambient
temperature for a period of 2 months. At the end of this time the
polymer (96) was filtered from the enzyme and washed with water. The
GPC of the polymer was then compared against a re-run GPC of the
original polymer.

Table 34. PPL-catalysed polymer degradation in aqueous media.

Reaction | Massand| Mw Mn Mw/Mn
No. Polymer | (GPC) | (GPC)
Source
69 - 12,500 | 6,500 1.9
96 0.2g 12,200 | 5,300 2.2
polymer
from 69

The treated polymer (96) was found to have a molecular weight lower
than the original and a higher polydispersity, which was interesting and
indicated that some degradation had occurred. In hind-sight it was
thought that the polymer needed to be dissolved in a solvent for
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complete degradation since the rate of hydrolysis in the aqueous media
was slower than expected.

5.9 Enzms_EuLlﬂgaim

The crude PPL preparation contains other enzymes, any of which could be
catalysing the reaction. Purification of the crude preparation would perhaps
lead to a more active preparation and the identity of the active species.

In the early stages part of the work was carried out in collaboration with a co-
worker137 who suggested that PPL might be separated into water soluble and
insoluble fractions.

5.9.1 Separation of PPL into Soluble and Insoluble Fractions
When the crude PPL preparation was separated into water soluble and
insoluble fractions it was found that about 10% of the total mass was
insoluble material. The presence of lipase activity in the soluble
fraction was confirmed by a lipase activity test (see Table 35).

Table 35. Lipase activity assay results for crude PPL, freeze-dried soluble
and insoluble fractions.

Enzyme 0.05M NaOH Specific
Sample Titres (cm3) Lipase Activity
(15mg/ml) | (BromoThymol | (units/mg protein)
Blue Indicator)

Crude 1.4 220
Lipase
Soluble 1.0 160
fraction
Insoluble 0.55 90
fraction
Water - -
control

A protease activity test was carried out which confirmed the presence of

proteases in both fractions (see Table 36).
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Table 36. Protease activity assay results for crude PPL, freeze-dried soluble
and insoluble fractions.

Sample Protease activity
(arb units litre™ hour')
Crude PPL 4,100
Insoluble Fraction 10,100
Soluble Fraction 5,200

It was found that there was twice the amount of protease activity in the
insoluble fraction compared to the soluble fraction. This was surprising
since it was thought that all the enzymes present would be washed into
the soluble fraction.

Discussions with a cell biologist!38 revealed that proteases permanently
adhere to insoluble cell material which acts as a support and increases
catalytic activity. Also, according to our source!38 proteases can also
be excreted into the supernatant liquid (soluble fraction). This
observation presented us with a problem in that we would find it difficult
to separate the proteases and lipases. Also, proteases operate within
three different pH ranges making it difficult to artificially inhibit them.

It was also suggested that the lipases might adhere onto the inside of
the glass reaction flask. This was tested by taking a flask used in a PPL
catalysed polytransesterification reaction and rinsing it out with distilled
water. A lipase activity test was then carried out on the rinsed flask and
we found no lipase activity.

5.9.2 Soluble and Insoluble Fractions In Organic
Polytransesterification Reactions.
Comparative organic polytransesterification reactions on the freeze-
dried insoluble and soluble fractions showed some rather interesting
results.
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Table 37. The polymer molecular weights of the products from the
polytransesterification of divinyl adipate with 1,4-butanediol in anhydrous
diethyl ether using the freeze-dried insoluble fraction of crude PPL.

Mass of
Reaction Time freeze dried Mw Mn Mw/Mn
No. (h) insoluble (GPC) (GPC)
fraction (g)
97 48 0.25 4,600 3,500 1.3
98 48 0.25 3,300 2,200 1.5

Use of the soluble fraction gave no polymer whilst surprisingly the
insoluble fraction gave solid polymer with a molecular weight
comparable to the product obtained from a reaction using 2.5g of crude
PPL. This would indicate that it was the insoluble fraction in the PPL
which was catalysing the reaction and not the total crude PPL
preparation. This would reduce the amount of enzyme preparation
required in a reaction by 90%.

Since the soluble fraction gave no product it was thought that it must
require a surface on which to adsorb to become catalytically active.
Addition of oven dried silica to the reaction had no effect. Work on the
soluble material was not pursued any further and attention was given to
the insoluble material.

The make-up of the insoluble material was unknown and so pure
samples of protease enzymes which were known to be present in the
crude PPL were used in polytransesterification reactions in an attempt
to help elucidate the active species.

5.9.3 The Effect of Using Proteolytic Enzymes
Protease enzymes such as trypsin and pancreatin were tested in place
of crude PPL in standard reactions with molecular sieve. Both enzymes
were dried and stored in exactly the same way as PPL.

Addition of trypsin to the usual divinyl system in anhydrous diethyl ether

resulted in no polymer product. However, it was later thought that a
solvent which dissolved the diol and diester should have been used
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since, unlike PPL, trypsin operates with soluble phases. A number of
reactions were carried out with trypsin, varying the mass between 2.5g
and 0.25g, but all yielded no product. Even addition of dried silica
failed to enhance the reaction.

Pancreatin gave no polymer product in the usual divinyl system in
anhydrous diethyl ether.

There was insufficient time and money to fully elucidate the active
species present in crude PPL using this test technique since a large
number of different enzymes would have had to be used.

It was observed by another worker!39 in our laboratory that PPL
contained a high percentage of sucrose. Investigations were carried
out to determine whether sucrose played any supporting role in the
reactions.

5.9.4 Determination of Sucrose In Crude PPL
A test sample of 0.05g of the soluble enzyme fraction in 10ml of water
(0.5%w/w in solution) was analysed against a 1%w/w standard sucrose
solution by HPLC.

Table 38. HPLC data obtained for test and standard solution sucrose
samples.

Sample Retention time Peak Area
(minutes) Units
1%w/w Sucrose 11.17 14397367
standard
0.5%w/w 11.17 4527820
Test Sample

By calculation, the test sample peak is ;

(4527820 + 14397367) x 100%= 31.4% of 1%w/w_sucrose peak.
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therefore, in the test sample there was a concentration of ~0.3g of
sucrose per 100m! and since the test sample was 0.5g in 100ml, then
there was 60% sucrose in the soluble fraction. Since the amount of
insoluble material in the crude PPL is negligible then the overall
sucrose content is approximately 60%. This is a substantial proportion
of the mass of the enzyme which could be removed. However even
though it is known that buffer salts are involved in the catalytic activity it
is not known if sucrose has any role in the catalytic activity of the
enzyme. Two methods were chosen to remove the sucrose. One
involving anhydrous pyridine and the other involving Visking-tube
dialysis in phosphate buffer.

5.9.5 Removal of Sucrose from Crude PPL by Extraction with
Anhydrous Pyridine
A sample of crude PPL under an argon blanket was extracted with
anhydrous pyridine to remove the sucrose. The resultant insoluble
fraction was then allowed to dry in a vacuum desiccator prior to being
tested for lipase activity and compared to untreated PPL.

Table 39. Enzyme activity after extraction and vacuum desiccation.

Average 0.05M
Reaction| Enzyme Type Lipase Activity | NaOH Titre (cm3)
No. (units/mg protein) | (BromoThymol
Blue Indicator)
94 Freeze-dried 390 2.4
PPL + buffer
95 Vacuum 370 2.3
Desiccated PPL
99 Pyridine washed 700 4.4
100 Pyridine washed 500 3.1

Even though the pyridine washed preparations showed increased
activity compared to freeze-dried and desiccated PPL they surprisingly
produced very low yields of product when used as catalyst in
polytransesterification reactions. The sucrose-free system required
further study, but there was insufficient time available to pursue this.
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5.9.6 Removal of Sucrose from Crude PPL by Dialysis In

Phosphate Buffer
Dialysis of the sucrose from a buffered solution of crude PPL into
external phosphate buffer was run in parallel with the purification
method using pyridine. HPLC analysis of the external buffer solutions
showed that all the sucrose had been removed after the first
submersion of the Visking tube in the buffer. The HPLC trace showed
that the external phosphate buffer gave a peak at a retention time of
11.49 minutes and sucrose at 11.00 minutes.

The dialysed enzymes were then freeze-dried and tested for lipase
activity.

Table 40. Enzyme activity after freeze-drying the dialysed enzyme.

Average 0.05M
Reaction | Enzyme Type Lipase Activity | NaOH Titre (cm3)
No. (units/mg protein) | (BromoThymol
Blue Indicator)
94 Freeze Dried 390 2.4
PPL + buffer
95 Vacuum 370 2.3
Desiccated PPL
101 Buffer Dialysed 480 3.0
(3 hours)
102 Buffer Dialysed 720 4.5
(20 hours)
103 Buffer Dialysed 240 1.5
(9 days)

Even though the treated preparations (102) and (101) showed
increased lipase activity compared to vacuum desiccated and freeze-
dried PPL, they failed to produce any product when employed as the
catalyst in polytransesterification reactions. This was disappointing
since polymer had been obtained previously using the insoluble
material from crude PPL in reactions (97 and 98). Presumably, this
catalytically active insoluble fraction would still have been a component
of the residual material which remained after dialysis of the crude PPL.
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5.10 Conclusions
Modification of the enzyme showed some interesting results.

We found that similar polymer products were obtained from
polytransesterification reactions when either desiccated or freeze-dried
PPL enzyme was used. This is beneficial since if such an enzyme
system is to become employed commercially it would need to be able to
cope with less than the totally anhydrous reaction conditions.

Immobilisation of enzyme on a suitable support is an effective method
for protecting the enzyme from denaturisation. However, we found that
immobilisation of the enzyme proved to be detrimental to the attainment
of high molecular weight material. Perhaps a better choice of support
was needed, to mimic the conditions experienced by native crude PPL
enzyme powder.

Purification of the crude enzyme by removing the sucrose was not
found to be detrimental to the aqueous enzyme activity. However, use
of this purified material in an organic polytransesterification reaction
showed that further work is necessary for improved performance.

Separation of the enzyme into soluble and insoluble fractions indicated
that it is not simply the lipases which give rise to reaction, but proteases
also. This was not surprising since it was well known that the
inexpensive crude PPL contains a complex mixture of enzymes which
include a-amylase and protease activity. It is conceivable that one of
the minor components of PPL is responsible for the catalytic activity.
However it seemed that none of these was trypsin (with an activity of
9,000 units per mg of protein) or chymotrypsin which has a low activity
(40-60 units per mg of protein); both were individually tested and failed
to produce polymer product. However, looking at Table 36 it can be
seen that the protease activity of the insoluble fraction (10,100 arb. units
litre™ hour™) is similar to the usual activity for trypsin. It was interesting
that polymer product was obtained using the insoluble material. This
would result in an overall reduction in the mass of enzyme required for
reaction, by approximately 90%.
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6.0 CONCLUSIONS

Contrary to previous observations,!30 it was found that polymers were
produced in the PPL-catalysed polytransesterification of divinyl adipate and
1,4-butanediol under a wide variety of conditions.

Polymers with Mn values ~9,000 were achieved on occasion but regardless of
the fact that a wide variety of conditions were explored, it proved impossible to
obtain higher molecular weights (Mn).

It had been suggested previously that the principal factors limiting the
molecular weight were reversibility and hydrolysis due to the release of water
from the enzyme promoted by the alcohol formed in the polytransesterification.
Our observations suggest that reversibility might play some role in that higher
molecular weights (Mn) were obtained from the non-reversible divinyl system
than from the bis(2,2,2-trichloroethyl) system.

It was also found that higher molecular weight polymers were obtained in the
presence of molecular sieve. The molecular sieve might promote the reaction
in a number of ways. It could limit the back hydrolysis by absorption of
ancillary water and also adsorb alcohol. It was found that molecular sieve
promoted both the bis(2,2,2-trichloroethyl) and the divinyl reaction. In the
divinyl case part of its effect was probably due to the adsorption of
acetaldehyde.

It was observed that the divinyl system showed some inconsistency even
though duplicate reactions in diethyl ether run in tandem gave very similar
molecular weights. Relatively high molecular weights (Mn) were achieved
early on in the investigation but these could not be reproduced subsequently.
Tabulation of the results showed a seasonal variation and the highest
molecular weights were achieved in the summer months. This suggested a
temperature effect; however, it was found that raising the temperature of the
diethyl ether system did not give higher molecular weights. At the time this
seemed somewhat surprising considering the seasonal variation effect. It is
now thought that concentration factors were responsible for the lower
molecular weights obtained, since the higher temperature reactions in diethyl
ether were run using a condenser, reducing the loss of the reaction solvent.
This is in contrast to the reaction which produced polymer with the highest
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molecular weight, where some of the solvent evaporated from the stoppered
flask, effectively increasing the substrate concentrations.

On the basis of all our observations we believe that the major factor limiting
molecular weight is the precipitation of the polymer on the enzyme surface
preventing further penetration of the monomers to the enzyme. Support for
this hypothesis comes from studies in the higher boiling ether solvents at
higher temperature in which the polymer is insoluble. It was found that the
tert-butyl methyl ether system at higher temperature gave consistently high
molecular weights (Mn ~9,000).

Attempts to improve the efficiency of the enzyme by immobilisation were
unsuccessful. In general, immobilised systems gave lower molecular weights.

Separation of the enzyme into soluble and insoluble fractions gave interesting
results. The soluble fraction which should have contained mainly lipases was
inactive, whereas the insoluble fraction which contained the proteases gave
product. The readily available proteases, trypsin and pancreatin, were tested
but gave no product.

Since the source of activity in the complex PPL system is not known, it may be
that activity is dependent on the presence of a specific enzyme in the complex
mixture. This could explain the observation that Kobayashi was unable to
obtain polymeric products in the PPL-catalysed polytransesterification of
divinyl adipate with 1,4-butanediol. It may be that the source of the PPL is a
major factor and if the PPL does not contain the specific enzyme it will be
inactive.
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7.0 EXPERIMENTAL

7.0.1 Introduction

In this, the experimental section, the reader will find details of the
materials used, the suppliers, their pre-reaction treatment and storage,
experimental techniques and full details of all the actual experiments
carried out. The experiments which were successful in producing
polymer product have been given a cross-reference number (bold and
in brackets) to be used in conjunction with the results presented in
chapters 2 to 5.

7.0.2 Materials

Table 41. Materials used.

COMPOUND R.M.M. SUPPLIER
Acacia (gum arabic) - BDH
Acetone (SLR) 58.08 FISONS
Acetonitrile 41.05 FISONS
Adipic acid 146.14 BDH
Adipoyl chloride, 98% 183.03 ALDRICH
Argon 39.95 BOC
Azocoll - SIGMA

bis (2,2,2-trichloroethyl) adipate 408.82 SYNTHESISED
bis (2,2,2-trichloroethyl) glutarate 394.82 SYNTHESISED
Bromomethy! blue indicator - ALDRICH
1,4-Butanediol, 99% 90.12 ALDRICH
1-tert -Butoxy-2-methoxyethane, 99% 132.20 ALDRICH
tert -Butyl methyl ether, 98% 88.15 ALDRICH
Calcium hydride 42.10 ALDRICH
Celite 545 - BDH
Chloroform 119.38 FISONS
colipase - GENZYME
Dialysis tubing (Visking tubing) - -
Dichloromethane 84.93 FISONS
1,3-Dicyclohexylcarbodiimide, 99% 206.33 ALDRICH
Diethyl ether 74.12 FISONS
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Diisopropy! ether, 99% 102.18

1,2-Dimethoxybenzene 138.17
1,3-Dimethoxybenzene 138.17
4-Dimethylaminopyridine, 99% 122.17
2,4-Dinitrophenyl hydrazine 198.14
Diolpate (PPA 350) -
Divinyl adipate (+ HQ inhibitor) 198.0
Ethanol (SLR) 46.07
Ethylene glycol diethyl ether 118.18
Glutaric acid, 99% 132.12
Glutaryl dichloride, 97% 169.01
Heptane 100.21
Hexane 86.18
Hydrochloric acid (0.05M) 36.46
Isosorbide dimethyl ether (DMI) 174.20
Lipozyme IM -
Magnesium sulphate, 97+% 120.37
Mercury () acetate, 98+% 318.68

2-Methoxymethylether, 99%

Molecular sieves 3A and 4A -
Olive oil -
Pancreatin, Type Il -
Phenolphthalein indicator -
Phosphate buffer, pH7.2 -
Phosphorous pentoxide, 97% 283.89
Porcine pancreatic lipase (PPL), -
(Type 11, 110-220 units/mg using

olive oil)

Potassium hydroxide pellets 56.11
1,3-Propanediol (purified) 76.10
Pyridine, 99.9% 79.10
Silica gel (TLC Grade, without binder) -
Sodium chloride 58.44
Sodium hydroxide (0.05M) 40.00
Sodium hydroxide pellets 40.00
Sodium metabisulphite, 97% 190.10
Sodium wire 22.99
Sucrose 99+% 342.30
Tetrahydrofuran (HPLC, 99.9%) 72.11
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D-Trehalose dihydrate, 99% 378.33 SIGMA
2,2,2-Trichloroethanol, 99+% 149.4 ALDRICH
Trypsin - SIGMA
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7.0.3 Drying and Storage of Reagents

The porcine pancreatic lipase enzyme (PPL) (approximately 25% protein,
activity of 110-220 units per mg protein using olive oil, Sigma L3126) used
during this project was kept in an open container over phosphorous pentoxide
inside a desiccator. The sealed desiccator was refrigerated at night, and then
placed under vacuum during the day at ambient temperature, daily, for up to 3
weeks prior to use. This regime was maintained throughout the project with
the desiccator and enzyme being allowed to reach ambient temperature
before use.

Molecular sieve 3A & 4A 1/16in pellets were oven dried at 300°C for at least 4
days before use.

Diethyl ether was dried over KOH pellets for 24hrs then dried over sodium
wire and distilled immediately prior to use. Dichloromethane was distilled
over CaHy prior to use.140

All reagents were weighed out on a Sartorius Balance 'Basic’ model with four
decimal place display.

Unless otherwise stated, all other reagents were used as purchased and
stored according to the manufacturers’ guidelines.

7.1 Experimental Methods

7.1.1 Freeze-Drying
Freeze-drying was carried out by the Pharmaceutical Sciences Dept.,
Aston University. The technique used a Edwards freeze-drying
carousel, liquid nitrogen and an Edwards High Vacuum pump.

7.1.2 Gel Permeation Chromatography (GPC)
Gel permeation chromatography was performed by RAPRA Technology
Ltd., Shawbury, Shrewsbury, Shropshire, SY4 4NR, UK. The analysis
was carried out usually in THF at ambient temperature using a Knauer
64 HPLC Pump. The column used in the system was a styrene and
divinylbenzene heavily crosslinked PL-gel; dimensions 300x7.5mm:;
10pum diameter mixed bed. A Knauer differential refractometer was
used as a detector. The polymer samples were calibrated against a
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polystyrene standard and the samples were run in duplicate. A
polyester *Diolpate” reference was also analysed with each batch of
GPC samples to detect variation in the GPC technique. The molecular
mass averages were computated using Viscotek software.

7.1.3 Infrared Spectroscopy
All IR spectra were recorded on either Perkin Elmer 1710 or Perkin
Elmer Paragon 1000 Fourier Transform Infrared Spectrometers. Solid
samples were prepared as a KBr disc and liquids as thin films between
sodium chloride plates.

7.1.4 Nuclear Magnetic Resonance Spectroscopy (NMR)
All NMR analysis was carried out on a Brilker AC300 spectrometer in
solution (deuterated chloroform). 13C spectra were recorded as
PENDANT (Polarisation Enhancement Nurtured During Attached
Nucleus Testing).

The Mn values of the polymers obtained in the time study reactions for
bis(2,2,2-trichloroethyl) alkanedioates and divinyl adipate, were
determined by 'TH NMR end group analysis using the method of
Wallace and Morrow.1°! The area of the methylene proton absorption
(5 4.8 ppm) for the unreacted trichloroethyl group plus the area of the
methylene proton absorption (3 3.7 ppm) for terminal CH20H groups
are added together and this area is divided into the area of absorption
of the esterified methylenes of the butanediol moiety (5 4.1); the
quotient gives a DP (degree of polymerisation) for the polymer.

7.1.5 HPLC Analysis

All HPLC test samples were filtered through a 0.2um syringe filter and
placed into a vial on an automatic carousel. The injector was pumped
with degassed HPLC water for 20s at a flow rate of 0.5 cm3 min-! and
then the sample was drawn up over 10s and injected for 10s by a Bio-
Rad pump. The runtime was 15 minutes and the pressure was
maintained at 50 psi. The separating column was an Aminex HPX-87C
column (30 cm) kept at 85°C and the components were detected by a
Bio-Rad refractive-index detector. Retention times of the sucrose and
buffer salts were 11.01 minutes and 11.49 minutes respectively.
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7.1.6 Melting Point Determinations
Melting points were determined in capillary tubes with a Gallencamp
Melting Point Apparatus, Model No. ME-370, and are uncorrected.

7.1.7 Thin Layer Chromatography (TLC)
This technique was used to determine product purity. Metal backed
plates of silica were used and the separated components were
visualised by heating after using a 50% H2SO4 in methanol spray mix.
The results obtained using TLC allowed the best solvent system to be
determined for the separation of mixtures by ‘Dry Flash Column
Chromatography’.

7.1.8 Dry Flash Chromatography

A cylindrical porosity no.4 sinter funnel was filled with a slurry of TLC
grade silica and mobile phase and then suction was applied. The silica
was compacted using the screw motion of an inverted glass stopper to
eliminate cracks and voids to give a column in which the solvent front
moved in a horizontal line. The column was eluted by adding
predetermined volumes of the mobile phase and allowed to run dry
before the addition of the following fraction.140

The mobile phase was chosen by TLC as the one in which the product
was soluble and gave an Rfvalue of 0.5 by TLC analysis. For the
majority of separations, the solvent system was any suitable mix of
hexane, ether, ethyl acetate and methanol.

The separation was followed by TLC analysis and the required fractions
were gathered together and the solvent removed under reduced
pressure to yield the purer product.

7.1.9 Karl Fischer Molsture Analysis
A Mitsubushi Moisture Meter Model CA-20 was used for moisture
determinations of the substrates and solvents.

Karl Fischer titrimetry involves an electrolytic solution containing iodide
ions, sulphur dioxide, a base and an alcohol which is electrolysed in a
titration cell to generate free iodine. The free iodine reacts with water in
the test sample to produce hydrogen iodide according to the following
equation;
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Water-iodide reaction
HO + Iob + SO = 2HI + SO3

Generation of iodine
2" - 280 5 Ip

The quantity of electric charge required to electrolyse the H20 is then
recorded as a measure of the amount of water present in a sample of
known mass.

7.1.10 Protease Activity Assay

Protease activity tests141 involved insoluble Azocoll (a cowhide protein
to which a bright red dye is attached). When proteases act on the
cowhide to break it down, the dye is released. The rate at which the
dye is released can be used as a measure of the catalytic activity of the
protease. The assay is non-specific. One arbitrary unit is defined as
that amount of enzyme that causes an increase in Asgg of 0.1 under the
conditions of the assay.

The assay involved a control which was a fraction of the supernatant
liquid containing the enzyme, which was made inactive by boiling it for
15 minutes. A second fraction was made up from supernatant (0.5cm3),
0.1M phosphate buffer (pH 7.2) (1.5cm3) and Azocoll (10mg). The
fraction was incubated for 30 minutes and mixed occasionally. Distilled
water was added (3.0cm3). The fraction was filtered and the
absorbance was measured against the inactive control. The activity of
the enzyme was then assessed. (50mg/cm3 in pH 7 buffer 0.2g of
enzyme in 4cm3 of buffer.)
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7.1.11 Lipase Olive Oil Activity Assay
Lipase activity was assayed by the ‘Olive Oil Emulsion’ method
according to Mustranta et al. 8% The olive oil emulsion was prepared by
homogenising olive oil (30cm3) with emulsification reagent (70cms3) for
3 minutes. (The emulsification reagent (1.0L) contained NaCl (17.9¢),
KH2PO4 (0.419), glycerol (540cm3), gum arabic (10.0g) and distilled
water.)

The enzyme solution (1.0cm3 (15mg of enzyme cm3 of 0.2M buffer))
was added to the olive oil emulsion (5¢cm3) and 0.2M phosphate buffer
pH 7.2 (4cm3). The mixture was incubated for 10min at 37°C. The
reaction was terminated by the addition of 10cm3 of an acetone-ethanol
mixture (1:1). The liberated fatty acids were titrated with 0.05M sodium
hydroxide solution (standardised using 0.05M HCI solution). The
activity of crude PPL is defined on the basis that one unit of enzyme will
hydrolyse 1pumol equivalent of fatty acid from a triglyceride in one hour
at the indicated pH and temperature.

7.1.12 Protein Content Determinations

The Bio-rad assayis a dye-binding assay based on the differential
colour change of a dye in response to various concentrations of protein.
The assay is based on the observation that the absorbance maximum
for an acidic solution of Coomassie Brilliant Blue shifts from 465nm to
595nm when binding to a protein occurs. Beer's law may be applied for
accurate quantification of protein by selecting an appropriate ratio of
dye volume to sample concentration. Over a broader range of protein
concentrations, the dye binding method gives an accurate, but not
entirely linear response. Generally no sample preparation was
required. The procedure involved adding standard solutions (0.1cm3)
and test samples (0.1cm3) into test tubes. Buffer (0.1cm?3) was added
to a blank test tube. Diluted dye reagent (5.0cm3) was added to each
of the sample tubes. The solutions were mixed and after 5 minutes the
samples were measured using a spectrophotometer set at ODsg5 with
the control blank. From a graphical plot of ODsgs versus concentration
of standards, the test protein contents were read from the graph.

Biuret Method
The assay detailed above was found to be inaccurate and so the Biuret
method was used.'42 This method is unaffected by the amino acid
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composition of the protein. CuS04.5H20 (1.5g) and sodium potassium
tartrate (6.0g) were dissolved in distilled water (500cm3). 10%(w/v)
NaOH (300cm3) was then added and made upto 1.0L with water. In
order to keep the solution indefinitely, Kl (1.0g) was added. To a known
concentration of enzyme in solution was added 2.5cm3 of the reagent.
The mixture was allowed to stand for 25 minutes before a reading was
taken at As4o.

7.2 Synthesis and Analysis of Reagents

7.2.1 Bis(2,2,2-trichloroethyl) alkanedioates
Synthesis of the bis(2,2,2-trichloroethyl) alkanedioates was carried out as
described by Wallace and Morrow1%1 with modifications outlined below.

A nitrogen-filled 500cm3 three-necked round bottomed flask was charged with
diacid (glutaric acid (9.11g, 69mmol) or adipic acid (10.08g, 69mmol)), 2,2,2-
trichloroethano!l (15cm3, 140mmol), dry dichloromethane (175c¢cm3) freshly
distilled from CaHz. The flask was then cooled in an ice-bath. To the resulting
stirred suspension was added 4-(dimethylamino)pyridine (DMAP) (0.2g,
1.64mmol) followed by slow addition of N,N’-dicyclohexyl-carbodiimide (DCC)
(28.9g, 140mmol) dissolved in freshly distilled dichloromethane (75cm3). The
mixture was then stirred at ambient temperature under a nitrogen blanket for at
least 12 hrs. A voluminous precipitate of N,N’-dicyclohexylurea (DHU) was
formed. The precipitate was filtered and the residue was washed successively
with distilled dichloromethane (2x100cm3). The filtrate was washed with 5%
aqueous HCI (12x100cm3), saturated aqueous sodium bicarbonate solution
(8x100cm3) and saturated brine solution (4x100cm3). The organic layer was
dried over magnesium sulphate, filtered and the solvent was removed on the
rotary evaporator. The bis(2,2,2-trichloroethyl) alkanedioate structures were
confirmed by IR, TH and 13C NMR analyses and characterised by TLC and
purified using ‘Dry Flash Chromatography’ where necessary.
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Bis(2,2,2-trichloroethyl) adipate
Cl3CCH20C(0)(CH2)4C(O)OCH2CCl3

'H NMR (5; CDCl3 ): 4.66 (s, 4H; ClaCCH3),
2.43 (t, 4H; J =5.69Hz; (O)C(CH2CH2CH2CH2C(0)),
1.89 (t, 4H; J=3.13 Hz; (O)CCH2CH2CH2CH2 )

13CNMR (5;CDCI3):  171.0 (C(0)), 94.0 (CI3CCHy), 73.8(CI3CCH20),
33.0 (C(O)(CH2CH2CH2CHY),
23.0 (C(O)(CH2CH2CH2CHy).

Bis(2,2,2-trichloroethyl) glutarate
Cl3CCH20(0)C(CH2)3C(0)OCH2CCl3

TH NMR (5;CDCl3): 4.70 (s, 4H; ClaCCHy),
2.53 (t, 4H; J = 7.26 Hz; (O)C(CH2CH2CH2C(0),
2.00 (t, 2H; J = 7.43 Hz; CH2CH2CH2C(0)).

3C NMR (5;CDCl3):  171.0 (C(0)), 94.7 (Cl3CCH20), 73.8(Cl3CCH20),
32.6 (C(O)(CH2CH2CHy),
19.6 (C(O)(CH2CH2CHy).

The bis(2,2,2-trichloroethyl) adipate (crud?a yield 90%) was recrystallised from
cyclohexane, m.p. 44-45°C (lit.,'°1 m.p. 44.5-46°C), and the bis(2,2,2-
trichloroethyl) glutarate (crude yield 90%) was recrystallised from cyclohexane
m.p. 41-42°C (lit.,1°1 m.p. 41-42°C).

The diols, 1,4-butanediol and 1,3-propanediol were purified by distillation
under reduced pressure, discarding the first 30cm3.

Divinyl adipate (with hydroquinone inhibitor) was used as supplied.
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7.3.1 Without Molecular Sieves
A 100cm3 round bottomed flask was charged with typical reactants (except for
molecular sieve), 1,4-butanediol (0.90g, 10mmol) and bis(2,2,2-trichloroethyl)
adipate, (4.08g, 10mmol). Freshly distilled diethyl ether (over sodium wire)
(50cm3) was then added to the flask. Finally, a weighed amount of the vacuum
desiccated PPL (2.5g) was added to the flask promptly and the contents
swirled.

A series of these reactions were carried out (reactions 1-6). The flasks were
stoppered, lagged and the contents stirred at ambient temperature for fixed
lengths of time before they were terminated by filtration and the products
recovered.

The contents of the reaction flask were filtered on Whatman no.1 filter paper
and the enzyme residue was washed with dichloromethane (freshly distilled
from CaHy) (50cm3), or HPLC grade THF. The clear filtrate was added to a
round bottomed flask and the solvent removed by rotary evaporation and
gentle heating.

Freshly distilled diethyl ether (50cm3) was then added to the remaining oil.
Any white precipitate formed over 24 hours was filtered on Whatman no.1 filter
paper and washed with freshly distilled diethyl ether (50cm3). (If no precipitate
formed with diethyl ether then hexane was used to precipitate the oligomers.)
The white product was dried in a vacuum desiccator and then characterised
by '3C and 'H NMR (see Figures 7 & 8).
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poly(1,4-butylene adipate) CI3CCH2-[OC(O)(CH2)4C(0O)O(CH2)40]s-H

'H NMR (5;CDCl3): 1.65 (m, 8H; (CH2CHa),),
2.28 (t, 4H; J=5.93 Hz; (CH2)2C(0)),
3.62 (t, 4H; J =5.77 Hz; terminal (CH2)20H),
4.05 (t, 4H; J =2.97 Hz; (CH2CH2)2-0))

BCNMR (5;CDCl3):  173.26 (C(0)), 64.13 (O-(CH2CH2CH2CHy)),
33.78 (C(0)(CH2CH2CH2CHy)),
25.21 (O-(CH2CH2CH2CHy)),
24.29 (C(0)(CH2CH2CH2CHb))
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Figure 7. A typical '"H NMR for the polymer obtained from the PPL-catalysed
polytransesterification of bis(2,2,2-trichloroethyl) adipate with 1,4-butanediol in
anhydrous diethyl ether without molecular sieves.
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Figure 8. A typical 13C NMR for the polymer obtained from the PPL-catalysed
polytransesterification of bis(2,2,2-trichloroethyl) adipate with 1,4-butanediol in
anhydrous diethyl ether without molecular sieves.
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7.3.2 With Molecular Sleves
A series of typical reactions (as described above) were carried out in the
presence of dried 4A molecular sieves (3.0g) (reactions 7-11). The sieves
were removed from the oven (260°C) and allowed to cool in a desiccator over
phosphorous pentoxide. They were immediately weighed and then added to
each of the flasks, prior to the addition of PPL.

The flasks were stoppered, lagged and the contents stirred at ambient
temperature for fixed lengths of time before they were terminated by filtration
and the products recovered. The polymer was then characterised by 3¢ and
TH NMR (see Figures 9 & 10).

Polymer samples from both sets of reactions were sent to RAPRA Technology
Ltd. for characterisation by gel permeation chromatography (GPC).

poly(1,4-butylene adipate) Cl3CCH2-[OC(O)(CH2)4C(0)O(CH2)40]a-H

'H NMR (5;CDCl3): 1.63 (m, 8H; (CH2CHa)2),
2.26 (t, 4H; J =5.87 Hz; (CH2)2C(0)),
4.02 (s, 4H; (CH2CH2)2-0)),
4.68 (s, 4H, ClaCCHy).

13CNMR (5;CDCI3):  173.08 (C(O)), 63.63 (O-(CH2CH2CH2CHp),
33.63 (C(O)(CH2CH2CH2CHp),
25.07 (O-(CH2CH2CH2CHy),
24.14 (C(0)(CH2CH2CH2CH)
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Figure 9. A typical TH NMR for the polymer obtained from the PPL-catalysed
polytransesterification of bis(2,2,2-trichloroethyl) adipate with 1,4-butanediol in
anhydrous diethyl ether with molecular sieves.
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Figure 10. A typical 13C NMR for the polymer obtained from the PPL-
catalysed polytransesterification of bis(2,2,2-trichloroethyl) adipate with 1,4-
butanediol in anhydrous diethyl ether with molecular sieves.
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7.4 PPL-CATALYSED POLYTRANSESTERIFICATION OF BIS
(2,2.2-TRICHLOROETHYL) GLUTARATE WITH 1.4-BUTANEDIOL
IN DIETHYL ETHER

7.4.1 Without Molecular Sieves
A series of typical reactions were carried out (except for molecular sieves),
with bis(2,2,2-trichloroethyl) glutarate (3.94g,10mmol) (reactions 12-15)
being used in place of the bis(2,2,2-trichloroethyl) adipate (4.08g, 10mmol).

The flasks were stoppered, lagged and the contents stirred at ambient
temperature for fixed lengths of time before they were terminated by filtration
and the products recovered. The polymer was then characterised by 13¢ and
TH NMR (see Figures 11 & 12).

poly(1,4-butylene glutarate) CI3CCH2-[OC(O)(CH2)3C(0O)O(CH2)40]n-H

'H NMR (8; CDCl3): 1.67 (m, 4H; -O-CH2CH2CH2CH2-0OH),
1.94 (quintet, 2H; J=7.43 & 7.26Hz; CH2CH2CH2C(0)),
2.34 (t, 4H; J =7.25 Hz; (O)C(CH2CH2CH2C(0)),
3.64 (t, 4H; J=6.11 Hz; terminal (CH2)20H),
4.08 (s, 4H; CH2CH2-0O-C(0))

BCNMR (3;CDCl3):  172.85 (C(O)), 63.83 (O-(CH2CH2CH2CHp),
33.14 (C(O)(CH2CH2CHy)),
25.20 (O-(CH2CH2CH2CHy)),
19.98 (C(0)(CH2CH2CHa))

138



nnnnn

- - - - gt

11008
— 41216
1l
0840
08—
6646
8432
6229
99
1]
)
=
2
9
a
o
[T
[
1102
613
6641
6369
6211
6031
3739
un

\‘I . | jb,..i?......—----------'
||
|
|
| |
|
I |
' |
|
_I L N i l,luj‘_j b SR |
3 ! j I 1 L) At
B g 5 s‘ {2l =zllal 2/ (2
- | ' | | &
i 3 :1 ‘3 = HEIEIERE
13 10 [ %] &0 EE ] 50 43 40 s o 13 0 13 (K] 03 00 0.3

Figure 11. A typical TH NMR for the polymer obtained from the PPL-
catalysed polytransesterification of bis(2,2,2-trichloroethyl) glutarate with 1,4-
butanediol in anhydrous diethyl ether without molecular sieves.
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Figure 12. A typical 13C NMR for the polymer obtained from the PPL-
catalysed polytransesterification of bis(2,2,2-trichloroethyl) glutarate with 1,4-
butanediol in anhydrous diethyl ether without molecular sieves.
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7.4.2 With Molecular Sleves
A series of typical reactions (as described above) were carried out in the
presence of dried 4A molecular sieves (3.0g) (reactions 16-20). The sieves
were removed from the oven (260°C) and allowed to cool in a desiccator over
phosphorous pentoxide. They were immediately weighed and then added to
each of the flasks, prior to the addition of PPL.

The flasks were stoppered, lagged and the contents stirred at ambient
temperature for a fixed length of time before they were terminated by filtration
and the product recovered. The polymer was then characterised by 13¢ and
TH NMR (see Figures 13 & 14).

Polymer samples from both sets of reactions were sent to RAPRA Technology
Ltd. for characterisation by gel permeation chromatography (GPC).

poly(1,4-butylene glutarate) CI3CCH2-[OC(O)(CH2)3C(0O)O(CH2)40]n-H

'H NMR (5;CDCl3 ): 1.67 (m, 4H; -O-CHoCH2CH2CHp-OH),
1.91 (quintet, 2H; J = 7.43 & 7.25Hz CH2CH2CH2C(0)),
2.32 (t, 4H; J =7.26 Hz; (0)C(CH2CH2CH2C(0)),
4.07 (s, 4H; CH2CH2-0-C(0)),
4.72 (s, 4H; CI3CCH2)

3CNMR (5;CDCI3):  172.84 (C(O)), 63.83 (O-(CH2CH2CH2CHp)),
33.14 (C(O)(CH2CH2CH))),
25.17 (O-(CH2CH2CH2CHy)),
20.00 (C(O)(CH2CH2CH>))
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Figure 13. A typical TH NMR for the polymer obtained from the PPL-
catalysed polytransesterification of bis(2,2,2-trichloroethyl) glutarate with 1,4-
butanediol in anhydrous diethyl ether with molecular sieves.
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Figure 14. A typical 13C NMR for the polymer obtained from the PPL-
catalysed polytransesterification of bis(2,2,2-trichloroethyl) glutarate with 1,4-
butanediol in anhydrous diethyl ether with molecular sieves.
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7.5 PPL-CATALYSED POLYTRANSESTERIFICATION OF DIVINYL
ADIPATE WITH 1.4-BUTANEDIOL IN DIETHYL ETHER

7.5.0.1 Without Molecular Sieves
A 100cm3 round bottomed flask was charged with typical reactants (except for
molecular sieves); 1,4-butanediol (0.90g, 10 mmol) and divinyl adipate (1.98g,
10 mmol). Freshly distilled diethyl ether (over sodium wirg) (50cm3) was then
added to the flask. Finally, a weighed amount of the vacuum desiccated PPL
(2.5g) was added promptly, and the contents swirled.

A series of these reactions were carried out (reactions 21-26). The flasks
were stoppered, lagged and the contents stirred at ambient temperature for
fixed lengths of time before they were terminated by filtration and the products
recovered as described in Section 7.3.1. The polymer was then
characterised by 3C and 1H NMR (see Figures 15 & 16).

poly(1,4-butylene adipate)
CH2=CH-[OC(O)(CH2)4C(0)O(CH2CH2)20]s-H

'H NMR (5; CDCl3): 1.60 (m, 8H; (CH2CH2)2),
2.24 (t, 4H; J=5.94 Hz; (CH2)2C(0)),
3.57 (t, 4H; J=6.11 Hz; terminal (CH2)20H)),
4.01 (s, 4H; (CH2CH2)2-0))

13C NMR (5;CDCl3):  173.13 (C(O)), 63.66 (O-(CH2CH2CH2CHy)),
33.64 (C(0)(CH2CH2CH2CHb)),
25.08 (O-(CH2CH2CH,CHy)),
24.16 (C(O)(CH2CH2CH2CH3))
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Figure 15. A typical TH NMR for the polymer obtained from the PPL-
catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether without molecular sieves.
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Figure 16. A typical 13C NMR for the polymer obtained from the PPL-
catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether without molecular sieves.
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7.5.0.2 With Molecular Sleves
A series of typical reactions (as described above) were carried out in the
presence of dried 4A molecular sieves (3.0g) (reactions 27-31). The sieves
were removed from the oven (260°C) and allowed to cool in a desiccator over
phosphorous pentoxide. They were immediately weighed and then added to
each of the flasks, prior to the addition of PPL. The flasks were stoppered,
lagged and the contents stirred at ambient temperature for a fixed length of
time before they were terminated by filtration and the product recovered. The
polymer was then characterised by 13¢ and 'H NMR (see Figures 17 & 18).

poly(1,4-butylene adipate)
CH2=CH-[OC(O)(CH2)4C(O)O(CH2CH2)20]n-H

TH NMR (8; CDCl3): 1.60 (m, 8H; (CH2CH2)2),
2.27 (t, 4H; J=5.94 Hz; (CH2)2C(0O)),
3.63 (t, 4H; J =6.27 Hz; terminal (CH2)20H)),
4.05(s, 4H; (CH2CH2)2-0))

13C NMR (8; CDCl3): 173.20 (C(0)), 63.73 (O-(CH2CH2CH2CHy)),
33.73 (C(O)(CH2CH2CH2CHp)),
25.17 (O-(CH2CH2CH2CHp)),
24.24 (C(O)(CH2CH2CH2CHy))
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Figure 17. A typical 'TH NMR for the polymer obtained from the PPL-
catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether with molecular sieves.
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Figure 18. A typical 13C NMR for the polymer obtained from the PPL-
catalysed polytransesterification of divinyl adipate with 1,4-butanediol in
anhydrous diethyl ether with molecular sieves.
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7.5.0.3 The Reproduclbility of PPL-Catalysed Reactions with
Molecular Sieve
A 100cm? flask was charged with typical substrates and molecular
sieves (3g) and was stirred for 3 days at ambient temperature to yield
solids ((30); yield 40%), ((61); yield 64%), ((52); yield 41%), ((48);
yield 15%), ((33); yield 51%), ((62); yield 32%), ((32); yield 45%),
((95); yield 28%), ((47); yield 42%).

7.5.0.4 The Effect of Varying the Mass of Pelleted Molecular

Sieve
Typical substrates (except for molecular sieves) were charged to each
of five flasks containing 0.5, 1.0, 3, 6, 9g of 4A molecular sieve 1/16th
inch pellets respectively, and were then stirred for 3 days at ambient
temperature. The reactions were terminated by filtration and the
products were recovered. (9g sieves (34); yield not recorded); (6g
sieves (35); yield 51%); (3g sieves (36); yield 45%); (1.0g sieves; no
yield); (0.5g sieves (37); yield 45%).

Typical substrates (except for molecular sieve) were charged to each of
four flasks containing 1, 3, 6, 9g of 4A molecular sieve 1/16% inch
pellets respectively, and were each stirred for 4 days at ambient
temperature. (99 sieves (38); yield 1%); (6g sieves (39); yield 25%);
(3g sieves (40); yield 6%); (1.0g sieves (41); yield 24%).

7.5.0.5 The Effect of Intimate Mixing Between PPL and
Molecular Sieve
A 150cm3 two-vessel flask with a porous sinter connection was charged
with typical substrates (except for molecular sieve) in one vessel, whilst
molecular sieve (6g) was placed in the other vessel. The vessel
containing the enzyme was stirred for 3 days at ambient temperature.
((42); yield 18%)

7.5.0.6 The Effect of Varying the Molecular Sieve Porosity
Two flasks each containing typical substrates, but 3A molecular sieve
pellets (3g) and 4A molecular sieve pellets (3g) respectively, were
stirred for 3 days at ambient temperature. The two reactions were
terminated by filtration and the products were recovered. (3A molecular
sieves (43); yield 40%; 4A molecular sieves (29); yield 35%).
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7.5.0.7 The Effect of Changing the Physical Form of the

Molecular Sieve
Two flasks each containing typical substrates but with 1g and 3g of
macerated 4A molecular sieve respectively, were stirred for 3 days at
ambient temperature. (The 4A molecular sieves were macerated using
a pestle and mortar and then treated under the same conditions as the
molecular sieve pellets before use in the reactions.) (3g sieves yielded
no product, 1g of sieves (44); yield 14%).

A flask containing typical substrates but with 3g of ground up 4A
molecular sieve powder was stirred for 17 hours at ambient
temperature, but yielded no product.

7.5.0.8 The Effect of Varying the Type of Drying Agent

Two flasks were each filled with typical substrates, but without the 4A
molecular sieves (3g). One was charged with oven dried magnesium
sulphate (10.8g) plus 4A molecular sieves (6.2g) and the other was
charged with oven dried NaCl (7.5g). Both flasks were stirred for 3 days
at ambient temperature and then terminated by filtration. The products
were recovered and yielded solids ((45); yield 25%) and ((46); yield
33%).

A flask was charged with typical substrates and oven dried sodium
metabisulphite (3.7g), and was stirred for 3 days at ambient
temperature, and yielded no product.

7.5.1 The Effect of Varying Reaction Temperature
At Ambient

Two flasks charged with typical substrates were stirred at ambient
temperature for 3 days. The reactions yielded solid products ((47);
yield 48%) and ((48); yield 16%).

At 27°C

Typical substrates (in the same reflux setup as above) were stirred at
27°C for 3 days in a water bath. The reaction yielded solid product
((49); yield 65%).
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At Reflux

A three-necked 50cm3 flask was fitted with a thermometer and an argon
blanket which was applied to the reaction through the top of the water
cooled condenser. The same substrates as detailed in the typical
reaction were added, heated and stirred in a water bath until the
contents were at reflux. Two reactions of this type were carried out;
one for 8 hours with no molecular sieve which yielded no product, and
the other for 48 hours with oven dried 4A molecular sieves (3g) ((50);
yield 50%).

7.5.2 The Effect of Using Denatured PPL

A sample of crude PPL was denatured by heating at 65°C for 14 days
and then it was stored under dry conditions for a period of 14 days. A
100cm3 flask containing typical substrates was charged with the
denatured PPL (2.5g) in place of the usual PPL, and was stirred for 2
days at ambient temperature. It yielded no solid product.

7.5.2.1 Control reactions
A 100cm3 flask was charged with typical substrates but no molecular
sieves or PPL, and was subjected to UV radiation from a UV lamp
(wavelength range 100-350nm) and then stirred for 120 days at
ambient temperature. A very small amount of white material was
produced.

A 100cm3 flask was charged with typical substrates (except for PPL)
and stirred for 3 days at ambient temperature yielding no solid product.

7.5.3 The Effect of Increasing Substrate Concentration

A 100cm3 flask was charged with typical substrates but with only 25cm°
diethyl ether and stirred for 3 days at ambient temperature which
yielded a solid product ((51); yield 38%).

A 100cm3 flask was charged with typical substrates and was stirred for
3 days at ambient temperature to yield a solid ((52); yield 41%).
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A 100cm3 flask was charged with typical substrates but with divinyl
adipate (9.9g, 50mmol) and 1,4-butanediol (4.5g, S0mmol) and were
stirred for 3 days at ambient temperature which yielded no solid product
(53).

A 100cm3 flask was charged with 1,4-butanediol (1.8g, 20mmol), diviny!
adipate (3.96g, 20mmol), 2.5g of PPL, 4A molecular sieves (3g) and
diethyl ether (50cm3). It was stirred for six days at ambient temperature.
The reaction yielded no solid product (54).

A 100cm3 flask was charged with typical substrates (except for
molecular sieves) and was stirred for three days at ambient
temperature, at which point more 1,4-butanediol (0.9g, 10mmol) and
divinyl adipate (1.98g, 10 mmol) were added to the flask and stirring
was continued for a further 3 days at ambient temperature. A solid
product was recovered ((55); yield 64%).

The above reaction was repeated in the presence of molecular sieves
yielding a solid ((56); yield 15%).

7.5.3.1 PPL-Catalysed Polymer Modification in Diethyl Ether

Separate reactions were carried out with these two polymer types,
reacting each with the corresponding substrate; only 1,4-butanediol
was added to a reaction with ester-terminated polymer (57) (0.5g) and
likewise only divinyl adipate was added into another reaction with
hydroxy-terminated polymer (59) (0.5g). The reactions were stirred for
48hrs at ambient temperature after which the polymer was recovered in
the usual way. The polymer (58) recovered (0.86g, 61%) from the
original ester-terminated polymer (57), and the polymer (60) recovered
(vield 0.72g, 29%) from the original hydroxy-terminated polymer (59)
were analysed by GPC.

7.5.4 The Effect of Varying the Degree of Agitation

A 100cm3 flask was carefully charged with typical substrates diol,
adipate, solvent, molecular sieves (without the usual swirling) followed
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by addition of the enzyme, and was stirred at ambient temperature for 3
days. The product recovered was a solid ((61); yield 64%).

A basic lobed propeller powered by an overhead mechanical stirrer in a
permanent direction was air sealed to a 3 necked 50cm3 round
bottomed flask containing typical substrates which were stirred
vigorously at ambient temperature for 3 days yielding a solid ((62);
yield 32%).

7.6 THE EFFECT OF CHANGING REACTION SOLVENT ON THE
PPL-CATALYSED POLYTRANSESTERIFICATION OF DIVINYL
ADIPATE WITH 1.4-BUTANEDIOL

7.6.1 The Effect of Using Alternative Ether Solvenis

7.6.1.1 Diisopropyl Ether
A 100cm3 flask was charged with typical substrates and diiscpropyl
ether (distilled and dried over sodium wire) in place of diethyl ether, and
was stirred for 3 days at ambient temperature. The product recovered
was a solid ( (63); yield 6.5%).

7.6.1.2 tert-Butyl Methyl Ether
Two 100cm3 flasks were charged with typical substrates and tert-butyl
methyl ether (distilled and dried over sodium wire) in place of diethyl
ether. Both were stirred at ambient temperature; one for 4 days and the
other for 3 days. The products recovered were solids (3 days (64);
yield 51%; 4 days (65); yield 26%).

7.6.1.3 Ethylene Glycol Diethyl Ether
Two 100cm3 flasks were each charged with typical substrates and
ethylene glycol diethyl ether (distilled over CaHz (50cm3)) in place of
diethyl ether, and were stirred at ambient temperature for 3 days. No
product was recovered from either reaction.

7.6.1.4 1-tert-Butoxy-2-methoxyethane
Two 100cm3 flasks were each charged with typical substrates and 1-tert
-butoxy-2-methoxyethane (distilled from CaHp) (50cm3) in place of
diethyl ether. There was a solubility of the 1,4-butanediol in this solvent
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of 50%. One was stirred at ambient temperature for 3 days and the
other for 5 days without molecular sieves. No products were recovered
from the reactions.

7.6.2 The Effect of Using High Boiling Ethers at an Elevated
Temperature

The following ether solvents were tested at an elevated temperature in a 3
necked 100cm3 flask and standard reflux set-up along with the typical
substrates. The flask was submerged in a silicone oil filled jacketed beaker
connected to a thermostatically controlled bath. The bath temperature was set
to 43°C and was calibrated to £1.0°C. The jacketed beaker was mounted on a
magnetic stirrer and the reaction contents stirred for a set period of time.

7.6.2.1 Dilsopropyl ether (bp 68-63°C)
A 100cm3 flask was charged with typical substrates and diisopropy!
ether (distilled and dried over sodium wire (50cm3)) in place of diethyl
ether and was stirred for 3 days at 43°C in the silicone oil filled jacketed
beaker. The product recovered was a solid ((66); yield 6.5%).

7.6.2.2 tert-Butyl Methyl Ether (bp 55-56°C)
Two reactions with typical substrates and tert-butyl methyl ether
(distilled and dried over sodium wire (50cm3)) in place of diethyl ether,
were stirred in the silicone oil bath at 43°C; one for 3 days with an
argon purge and the other for 3 days without purge. The products
recovered were solids (3 days with purge (67); yield 56%); (3 days (no
purge) (68); yield 38%).

The Effect of Varying Substrate Concentration

A three necked 50cm3 flask was fitted with a thermometer, and an
argon blanket which was applied to the reaction through the top of the
water cooled reflux condenser. The flask was charged with typical
substrates but 4A molecular sieves (6g) and tert-butyl methyl ether
(50cm3) (distilled from sodium wire) in place of diethyl ether. The
reaction was heated in the silicone oil bath set at 43°C. A reaction with
the above substrates was stirred for 24 hours ((69); yield 52%).
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Three additional reactions were carried out as described above but with
varying reagent concentrations (5mmol of divinyl adipate and 1,4-
butanediol 24 hours (70); yield 22%) (3mmol of divinyl adipate and 1,4-
butanediol 72 hours (71); yield 9%) (1mmol of divinyl adipate and 1,4-
butanediol 24hours, yield very small).

7.6.3 The Effects of Using Hydrocarbon Solvents

7.6.3.1 Hexane
A 100cm3 flask was charged with typical substrates but with 4A
molecular sieves (6g) and hexane SLR (50cm3)) in place of diethyl
ether and was stirred in a water bath at 35°C for 3 days. No solid
product was recovered.

7.6.3.2 Heptane
A 100cm3 flask was charged with typical substrates but HPLC heptane
(50cm3) in place of diethyl ether, and was stirred at ambient
temperature for one day when additional PPL was added (2.5g). After 3
days the reaction yielded a semi-solid.

7.6.4 The Effects of Using Polymer Solubilising Seolvents

7.6.4.1 THF

A typical reaction involved 1,4-butanediol (0.90g, 10 mmol) and divinyl
adipate (1.98g, 10 mmol) which were weighed directly into a 100cm3
round bottomed flask. HPLC grade THF (50cm3) was then added to the
flask. Finally, a weighed amount of the vacuum desiccated PPL (2.59)
was added promptly and the contents swirled. A series of these
reactions were carried out (reactions 72-76). The flasks were
stoppered, lagged and the contents stirred at ambient temperature for
fixed lengths of time before they were terminated by filtration and the
products recovered.

The above typical reaction was carried out but in the presence of the
molecular sieves. (Hot dried 4A molecular sieves (39) were removed
from the oven and allowed to cool over phosphorous pentoxide in a
desiccator before they were added to the reaction flask.) Finally, a
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weighed amount of the vacuum desiccated PPL (2.5g) was added
promptly and the contents swirled. A series of these reactions were
carried out (reactions 77-80). The flasks were stoppered, lagged and
the contents stirred at ambient temperature for fixed lengths of time
before they were terminated by filtration and the products recovered.

7.6.4.2 Dimethyl Isosorbide (DMI)
Typical substrates and untreated dimethyl isosorbide (DMI), in place of
diethyl ether, were stirred at ambient temperature for 3 days. The
reaction yielded no apparent product.

Typical substrates and DMI (dried over MgSQy4) (50cm3) in place of
diethyl ether were stirred at ambient temperature for 3 days. The
reaction yielded no apparent product.

7.6.4.3 Dichloromethane
A 100cm3 flask was charged with typical substrates but HPLC
dichloromethane (50cm3) in place of diethyl ether, and was stirred at
ambient temperature for 3 days to yield no solid product.

7.6.4.4 THF and Diethyl Ether Mixtures

Typical substrates and mixed distilled diethyl ether : THF HPLC grade
solvent systems (total volume of 50cm3) were stirred at ambient
temperature. Chosen ratios (diethyl ether : tetrahydrofuran) were:-
100% THF (4 hours, 0g and 3g of 4A molecular sieves) yielding brown
solids (8% and 5%); 50:50 (72 hours (81); 3g of 4A molecular sieves)
yielding a solid (22%) and 90:10 (72 hours (82); 3g of 4A molecular
sieves) yielding a solid (40%).

A 100cm3 flask was charged with 1,3-propanediol (0.76g, 10mmol),
divinyl adipate (1.98g, 10mmol), distilled diethyl ether (25cm3),
tetrahydrofuran HPLC (25cm3) (solvent ratio 50:50), PPL (2.5g) and 4A
molecular sieves (6g) and was stirred at ambient temperature for 2
days. Only a clear liquid was obtained which solidified into a gel on
storage.
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7.6.4.5 Chloroform
Typical substrates and distilled chloroform (50cm3) in place of diethyl
ether were stirred at ambient temperature for 3 days. No sclid product
was recovered.

7.6.4.6 Acetonitrile
A 100cm3 flask was charged with typical substrates but HPLC
acetonitrile (50cm3) in place of diethyl ether, and was stirred at ambient
temperature for 3 days to yield solid product ((83); yield 9%).

7.7 ENZYME MODIFICATION

7.7.1 The Effect of Enzyme Immobilisation on the Lipozyme [M-
Catalysed Polytransesterification of Divinyl Adipate with 1.4-
Butanediol In Anhydrous Diethyl Ether

A 100cm3 flask was charged with typical substrates (except molecular
sieve), and Lipozyme IM™ (0.5g) in place of PPL, which were stirred for
4 hours at ambient temperature with an argon purge. The product
recovered was a solid ((84); yield 75%).

A 100cm3 flask was charged with typical substrates (except molecular
sieve), and Lipozyme IM™ (0.5g) in place of PPL, which were stirred for
24 hours at ambient temperature. The product recovered was a solid
((85); yield 64%).

A 100cm3 flask was charged with typical substrates (except molecular
sieve), and Lipozyme IM™ (0.5g) in place of PPL, which were stirred for
48 hours at ambient temperature with argon purge. The product
recovered was a solid ((86); yield 63%) which had a melting point of
40-80°C.

A 100cm3 flask was charged with typical substrates (except molecular
sieve), and Lipozyme IM™ (0.5g) in place of PPL, which were stirred for
96 hours at ambient temperature. The product recovered was a solid
((87); yield 70%) which had a melting point range of 20-68°C.
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A 100cm3 flask was charged with typical substrates (except molecular
sieve), and Lipozyme IM™ (0.5g) in place of PPL, which were stirred for
120 hours at ambient temperature. The product recovered was a solid
((88); yield 75%).

7.7.2 The Effect of Increasing Substrate Concentration

A 100cm3 flask was charged with 20mmol of the typical substrates
(except molecular sieve), and Lipozyme IM™ (0.5g) in place of PPL
which were stirred for 72 hours at ambient temperature. The product
recovered was a solid ((89): yield 79%).

7.7.3 The Effect of Using Polymer Solubilising Solvent

7.7.3.1 THF
A 100cm3 flask was charged with typical substrates but HPLC grade
THF (50cm3) in place of diethyl ether and Lipozyme IM™ (0.5¢) in place
of PPL, which were stirred for 6 hours at ambient temperature again
yielding no product.

7.7.3.2 THF and Diethyl Ether Mixtures
A 100cm3 flask was charged with typical substrates, but HPLC grade
THF (45cm3), distilled diethyl ether (5¢m3) and Lipozyme IM™ (0.5g)
which were stirred for 6 hours at ambient temperature. The product
recovered was a solid ((90); yield 39%).

7.7.4 The Effect of Using Hydrocarbon Solvents

7.7.4.1 Toluene
A three-necked 50cm3 flask was charged with typical substrates but no
molecular sieves, distilled toluene (50cm3) in place of diethyl ether,
Lipozyme IM™ (0.5g) in place of PPL. The flask was stirred for 7 days at
ambient temperature yielding a very small amount of solid (8%).
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7.7.4.2 Hexane
A three-necked 50cm3 flask was charged with approximate amounts of
typical substrates but no molecular sieves, distilled hexane (50cm3) in
place of diethyl ether and Lipozyme IM™ (0.5g) in place of PPL, and
were stirred for a few days at ambient temperature yielding a semi-solid
(69%).

7.7.5 The Effect of Employing High Bolling Ethers

7.7.5.1 Ethylene glycol diethylether
A 100cm3 flask was charged with typical substrates but distilled
Ethylene glycol diethylether (dried over MgSQOg4 and sodium wire) in
place of diethyl ether and Lipozyme IM™ (0.5g) in place of PPL which
were stirred for 5 days at ambient temperature. The product recovered
was a solid ((91); yield 22%).

7.7.5.2 Diisopropyl ether
A three-necked 50cm3 flask was charged with typical substrates but
diisopropyl ether (distilled and dried over sodium wire) in place of
diethyl ether and Lipozyme IM™ (0.5¢) in place of PPL which were
stirred for 2 days at ambient temperature. The product recovered was a
solid mp 42-46°C ((92); yield 63%).

7.7.5.3 Diglyme
A 100cm3 flask was charged with typical substrates, but with 0.5g of
Lipozyme™ in place of PPL and sodium wire dried diglyme (50cm3) in
place of diethyl ether. The flask was stirred at ambient temperature for
24 hours (with 4A molecular sieves (6g)) and 96 hours (with 4A
molecular sieves (3g)). Product recovery resulted in liquids in both

cases.
7.7.6 The Effect of Immobilising PPL_on Silica on the Lipase-
1 v w -

Butanediol

A 100cm3 flask was charged with typical substrates but no molecular
sieves and PPL/silica mix (1.5g) (=0.25g of PPL) in place of PPL which
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were stirred for 3 days at ambient temperature and yielded no solid
product.

A 100cm3 flask was charged with typical substrates. Oven dried silica
(2.5g) was also added and the reaction was stirred for 3 days at
ambient temperature. The reaction yielded solid product ((93); yield
28%). A control reaction with the enzyme absent was carried out
alongside and it yielded no solid product.

7.7.7 The Effect of Water Content on the PPL-Catalysed
Pol terificat { Divinyl Adipate with 1.4-Butanediol

PPL (3.0g) was suspended in buffer (20cm3) and then freeze-dried to
yield 3.67g of preparation. The dry material was assayed for lipase
activity before being used in an organic polytransesterification reaction.

A 100cm3 flask was charged with typical substrates but with 1,3-
propanediol (0.76g, 10mmol) and freeze-dried PPL with buffer (3.67g)
in place of desiccated PPL. They were stirred at ambient temperature
for 3 days. The reaction yielded solid ((94); yield 42%). This reaction
was run alongside a control which involved typical reactants and
vacuum desiccated PPL. The reaction yielded a solid ((95); yield 28%).

Analysis of the water absorbancy of the desiccated PPL was
determined by weight gain. An open vial containing a pre-weighed
amount of desiccated PPL (0.9495g) was exposed to the atmosphere
for 3 hours and then re-weighed.
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7.7.8 Determination of the Substrate Water Content by Karl
Eischer Titration,

Karl Fischer water content determinations were made on 1,4-
butanediol, divinyl adipate, diethyl ether (distilled from sodium wire)
and PPL. Molecular sieve (3A) dried ethanol was the medium used to
absorb water from PPL which was subsequently analysed to determine
the water content in the PPL.

7.7.9 PPL-Catalysed Polymer Degradation in Aqueous Media

A sample of poly(1,4-butylene adipate) from a previous enzyme-
catalysed reaction (69) was placed in situ with PPL (0.5g) in phosphate
buffer (pH 7.2) (20cm3) for a period of 2 months at ambient temperature
with periodic shaking. The polymer was filtered and the contents
washed with water (96).

7.7.10 Separation of Crude PPL into Soluble and Insoluble
Eractions

Crude PPL (7.5g) was suspended in 500cm?3 of distilled water to give a
concentration of 15mg/cm3. The suspension was centrifuged and the
supernatant filtered through Whatman no.1 filter paper. The insoluble
fraction was repeatedly washed with distilled water to remove any
soluble material. The insoluble fraction was re-suspended in distilled
water. Both the supernatant and the re-suspended mixtures were
freeze-dried. Lipase activity tests of the two fractions and crude PPL
were carried out. The protein content of the two fractions was also
determined.

7.7.10.1 Use of Soluble and Insoluble PPL Fractions in Organic
Polytransesterification Reactions
A 100cm3 flask was charged with typical substrates but no molecular
sieves or PPL. Freeze-dried insoluble material (0.25g) was added to
the flask which was stirred at ambient temperature for 48 hours yielding
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a solid ((97); yield 47%). The reaction was repeated to yield a solid
((98); yield 49%).

A 100cm?3 flask was charged with typical substrates but no molecular
sieves or PPL. Freeze-dried soluble material (0.25g) was added to the
flask which was stirred at ambient temperature for 48 hours. The
reaction yielded no solids. The same reaction was repeated, but again
it yielded no solid material.

A 100cm3 flask was charged with typical substrates but no molecular
sieves or PPL. Freeze-dried soluble material (2.5g) was added to the
flask which was stirred at ambient temperature for 48 hours. The
reaction yielded no solid.

7.7.10.2 Use of Soluble PPL Fraction In Organic
Polytransesterification Reactions In the Presence of Silica
A 100cm3 flask was charged with typical substrates and silica gel (1.0g)
but no molecular sieves or PPL. Freeze-dried soluble material (0.259)
was added to the flask which was stirred at ambient temperature for 48
hours. The reaction yielded no solid.

Soluble fraction (2.5g) was mixed with TLC grade silica (12.5g) and
buffer added to make a paste which was spread on a watch glass and
dried in a vacuum desiccator over phosphorous pentoxide for 7 days.
The silica supported preparation (1.5g =0.25g soluble fraction) was
added to a 100cm3 flask along with typical substrates but no PPL or
molecular sieves, and was stirred at ambient temperature for 3 days,
but yielded no solid product.

7.7.11 The Effects of Using Proteolytic Enzymes on the Enzyme-
Catalysed Polytransesterification of Divinyl Adipate with 1.4-
Butanediol in Anhydrous Diethyl Ether

7.7.11.1 Trypsin
A 100cm3 flask was charged with typical substrates but no molecular
sieves and trypsin (2.5g) in place of PPL which were stirred for 48 hours
at ambient temperature and yielded no solid product. This reaction
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was repeated again but with HPLC grade THF (50cm3) in place of
diethyl ether, but no solid product was obtained.

7.7.11.2 Silica Supported Trypsin '
Trypsin enzyme (2.5g) was added to TLC grade silica (12.5g) and
mixed thoroughly. Sufficient phosphate buffer (pH 7.2) was added to
make a paste which was then spread onto a watchglass and placed
into a desiccator over phosphorous pentoxide and under vacuum for 7
days. This same procedure was also carried out for pancreatin and for
PPL.

A 100cm3 flask was charged with typical substrates but no molecular
sieves and trypsin/silica mix (1.5g) (=0.25g of trypsin) in place of PPL

which were stirred for 3 days at ambient temperature and yielded no
solid product.

7.7.11.3 Pancreatin
A 100cm3 flask was charged with typical substrates but no molecular
sieves and pancreatin (2.5g) in place of PPL which were stirred for 48
hours at ambient temperature and yielded no solid product.

7.7.11.4 Silica Supported Pancreatin
A 100cm3 flask was charged with typical substrates but no molecular
sieves and pancreatin/silica mix (1.5g=0.25g of pancreatin) (see silica
supported trypsin) in place of PPL which were stirred for 3 days at
ambient temperature and yielded no solid product.

7.7.12 Extraction of Sucrose from Crude PPL

7.7.12.1 Using Anhydrous Pyridine
Crude PPL (3.0g) and anhydrous pyridine (50cm3) were placed into a
round bottomed flask along with a magnetic flea and stirred for 24hrs at
15°C (99). The contents were filtered under vacuum and the residue
was washed under an argon blanket with additional anhydrous pyridine
(3x10cm3 portions). The residue was suction dried for 10 minutes and
then placed in an open container inside a desiccator and refrigerated
overnight. The desiccator was removed and then placed under
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constant vacuum until the contents reached ambient temperature. The
procedure of refrigeration followed by the application of a vacuum until
the contents reached ambient temperature was repeated daily for 7
days. A sample of the sucrose-free enzyme was tested for lipase
activity. The remainder was employed in an organic
polytransesterification reaction along with typical substrates. The
reaction was stirred at ambient temperature for 48 hours, but yielded no
solid.

All the above procedure was repeated with another batch of crude PPL.
The resultant pyridine extracted crude PPL (100) was later employed in
a polytransesterification reaction, but failed to yield product.

7.7.12.2 Removal of Sucrose from Crude PPL by Dialysis In

Phosphate Buffer
An enzyme solution (crude PPL (2.5g) in 20cm3 0.2M pH 7.2 Buffer)
was placed inside a knotted length of Visking tubing which had been
allowed to soak in buffer for 10 minutes. The tubing was filled, tied,
submerged into a 600cm3 beaker containing buffer, covered and then
placed in the fridge at 5°C. After about 2hrs the external buffer was
sampled and analysed by HPLC against a 1% sucrose standard and a
buffer blank. The external buffer was replaced by fresh buffer. This was
repeated until the HPLC showed the absence of sugar in the samples.
Three dialyses were carried out - one for 3 hours (101), another for 20
hours (102) and another for 9 days (103).

Once the HPLC analysis indicated the absence of sucrose in the
external buffer for each of the dialyses, the Visking tube contents were
emptied into separate containers and then freeze-dried.

All the resulting freeze-dried enzymes were tested for lipase activity by
the ‘Lipase Olive Oil Assay' using Bromothymol Blue indicator
(transition interval pH 6.0 (yellow) to pH 7.6 (blue)). The set of three
freeze-dried buffer dialysed PPL materials (0.39g (101), 0.47g (102)
and 0.28g (103)) were then each employed in an organic
polytransesterification reaction and were added separately to each of
three 100cm3 flasks charged with typical substrates (except for PPL).
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The reactions were stirred at ambient temperature for 72 hours. The
reactions failed to yield polymer.
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