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SUMMARY

The aims of this project were:-

1) the synthesis of a range of new polyether-based vinylic monomers and
their incorporation into poly(2-hydroxyethyl methacrylate) (poly(HEMA))
based hydrogel networks, of interest to the contact lens industry.

2) the synthesis of a range alkyltartronic acids, and their derivatives. These

molecules may ultimately be used to produce functionalised poly(a-hydroxy
acids) of potential interest in either drug delivery or surgical suture
applications.

The novel syntheses of a range of both methoxy poly(ethylene glycol)
acrylates (MPEGAs) and poly(ethylene glycol) acrylates (PEGAs) are described.
Products were obtained in very good yields. These new polyether-based vinylic
monomers were copolymerised with 2-hydroxyethyl methacrylate (HEMA) to
produce a range of hydrogels. The equilibrium water contents (EWC) and surface
properties of these copolymers containing linear polyethers were examined. It was
found that the EWC was enhanced by the presence of the hydrophilic polyether
chains. The macroscopic surface properties were investigated by measuring the
surface free energies of the gels in their hydrated states. At a molecular level surface
properties were probed by using in virro cell adhesion studies. Results suggest that
the polyether side chains express themselves at the polymer surface, thus dictating the
surface properties of the gels. Consequentially, this lead to an advantageous reduction

in the surface adhesion of biological species.

A synthesis of a range of alkyltartronic acids is also described. The acids
prepared were obtained in very good yields using a novel four-stage synthesis. These
acids were modified to give potassium monoethyl alkyltartronates. Although no
polyesterification is described in this thesis, these modified alkyltartronic acid
derivatives are considered to be potentially excellent starting materials for poly
(alkyltartronic acid) synthesis via anhydrocarboxylate or anhydrosulphite cyclic

monomers.

Keywords: 2-hydroxyethyl methacrylate, linear polyether,

surface properties, alkyl tartromic acid, polymer.
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1.1 BIOMATERIALS : A GENERAL OVERVIEW.

A biomaterial is a material designed to fulfil a purpose and to exist, without
rejection, at a physiological interface. By the very nature of this definition,

biomaterials research can be seen to be a vast area.

In recent years a great amount of progress has been made in the development
of biomaterials for biomedical devices. One of the major growth areas has been the
design and development of materials, particularly polymers, to fulfil the growing
number of biomedical requirements. Some well-established examples of biomedical
functions, together with the types of polymer used and the particular problems

associated with each function, are summarised in Table 1.1.

Table 1.1 illustrates a number of polymers that provide a range of properties
ranging from hard and glassy plastics, through hydrophobic rubbery materials, to soft
water-containing hydrogel matrices. The range of materials available allows the

particular requirements of prosthesis, for a variety of body sites, to be addressed.

It is apparent that the universal problem, when applying biomaterials as
biomedical devices, is that of compatability. It is absolutely essential that an implanted
device avoids physiological rejection at the biological interface at which it resides.
Rejection can be manifested in many ways depending on the biological environment
of the implanted material. For example, a material rejected at a blood interface may
cause extremely serious thrombosis in a patient, whilst an inadequate contact lens
material may promote tear protein and lipid deposition that will impair the quality of
the lens and also give discomfort to the wearer. Development in biomaterial research,

therefore, has to take account of both the bulk properties of materials required for a

particular purpose and the requirement that the material must be compatible with the

21-



environment into which it is introduced. Combining these requirements can be

extremely difficult but has proved to be both necessary and challenging.

This thesis is dedicated to the synthesis of novel molecules of prospective

interest to the biomaterials industry. Research has been completed in two areas:-

1) The development of new polyether-based vinylic monomers and their
incorporation into poly(2-hydroxyethyl methacrylate) (poly(HEMA)) based

hydrogel networks, of interest to the contact lens industry.

2) The development of new a-hydroxy acids, and their derivatives. These
molecules may ultimately be used to produce functionalised poly(a.-hydroxy
acids) of potential interest in either drug delivery or surgical suture

applications.

These disparate strands of the thesis may at first sight appear unrelated but are
in fact closely related in that the properties of the polymeric products in both cases will
be dominated by the polar, pendant side chains. The hydrophilicity of the pendant
groups will allow the polymers, in both cases, to interact with and structure water

which is a highly necessary property of a potential biomaterial.

The following sections of this thesis will introduce both of these areas of work
in more detail. It is hoped that the reader will not only enjoy an historical insight into

the previous work and invention completed in these areas, but will also appreciate the

small, but never-the-less significant, contribution that this thesis makes to biomaterials

research.
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FUNCTION

Contact Lenses

Surgical Sutures

Drug Delivery

Hip and Knee Joint

Breast Prothesis

Urethral prosthesis

Vascular Grafts

Tendon Prosthesis

Ligament Prosthesis

POLYMER

Hydrogels

Poly(a-esters)
Poly(glycolic acid)
Poly(lactic acid)

Poly(a-esters)

High density polyethylene/

Stainless steel

Silicone rubber

Polytetrafluoroethylene
Polyethylene terephthalate

Woven or knitted
polyethylene terephthalate

Nylon cord

Silicone rubber cord

PROBLEMS

1) Biocompatability
2) Permeability
3) Mechanical properties

1) Biocompatability
2) Biodegradability
3) Mechanical properties

1) Biocompatability

2) Biodegradability

3) Bioerodability

4) Functionality for drug

attachment

1) Biocompatability
2) Wear
3) Fatigue

1) Tissue compatability
2) Mechanical properties

1) Biocompatability
2) Attachment

3) Mechanical properties

1) Blood compatability
2) Dynamic mechanical

properties

1) Biocompatability
2) Stress/strain behaviour

3) Ease of anchorage

Table 1.1 : Examples of the Biomedical Application of Polymers.




1.2 HYDROGELS - AN INTRODUCTION.

A hydrogel is, by definition, a cross-linked polymeric matrix which swells, but

does not dissolve in water.

Wichterle and Lim! reported the synthesis of poly 2-hydroxyethyl methacrylate
(poly(HEMA)) in 1960 and highlighted its possible biomedical applications.
Subsequently, research has explored possible hydrogel applications in areas such as

soft contact lenses?, wound dressings> and synthetic cartilage®.

However, it has been found that poly(HEMA) has limitations. Even a highly
cross-linked poly(HEMA) matrix has relatively poor mechanical properties. Its uses
are further restricted by limited biocompatability>. This is illustrated in its use in soft
contact lenses where, even though it is found to be mechanically adequate, ocular
incompatability is observed with the formation of 'white spot deposits'® on the lens
surface. Some success has been found in improving biocompatability by
copolymerising HEMA with a range of vinyl monomers. Graham?” and Merril® have
synthesised hydrogels containing predominantly poly(ethylene oxide) for proposed

drug- release usage. These showed enhanced biocompatability.

The water maintained within hydrogels will influence the surface, mechanical
and transport properties of the subsequent biomaterials. The structuring of water
within hydrogels will heavily influence the biocompatability of the materials. The

structuring of water in hydroxyalkyl acrylates and methacrylates® is discussed in the

literature.

[n this thesis the author intends to introduce the idea of using vinylic based

polyether acrylates, copolymerised with HEMA, as potential biomaterials. Of



particular interest is the prospective use of polyether-modified hydrogels as novel

contact lens materials.

The introduction will contain a description of the nature and properties of
hydrogels in a more detailed fashion, and also of the role of polyethers in the

biomaterials area to date.

1.3 HYDROGELS.

As a hydrogel is a cross-linked polymer matrix which swells, but does not
dissolve, in water, then hydrogels can be naturally occuring eg. gelatin, semi-
synthetic eg. cellulose, or entirely synthetic. Most synthetic hydrogels are based on
polyhydroxymethacrylates and polyhydroxyacrylates. This particular area of work is

devoted to the synthesis and copolymerisation of novel polyether acrylate derivatives,

with HEMA.

Many properties of hydrogels are influenced by water maintained within the
polymer matrix. The water, for example, will facilitate oxygen diffusion through the
hydrogel. This is an extremely important factor when considering the development of
new soft contact lens materials. Thus one of the most important properties of a

hydrogel is its equilibrium water content (EWCQC). This is defined as:-

EWC = Weicht of water present in the hydrated gel x 100
Total weight of hydrated gel

Copolymerisation of HEMA with more hydrophilic monomers, such as N-vinyl
pyrrolidone, will increase the EWC. Copolymerisation with hydrophobic monomers,
such as styrene, will have the converse effect. Temperature, pH and the environment

of the gel can also affect the EWC.
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Therefore, variation in the EWC will have pronounced affects on bulk, surface,
mechanical and transport properties® of the gel. As EWC increases, there is generally
a fall in the tensile strength of the hydrogel, but simultaneously an increase in the

oxygen permeability of the gel.

1.4 THE NATURE OF WATER IN HYDROGELS.

It is important to gain knowledge of the interactions between the polymer and
imbibed water, to understand how the the interactions affect the surface, interfacial
and transport properties of the hydrogel material.

Thus a variety of techniques have been used to study water in hydrogels!0-32
i.e. specific conductivity !0, differential scanning calorimetry (DSC)'9-24, differential
thermal analysis (DTA)2526, dilatometry?’ and nuclear magnetic resonance

spectroscopy (NMR)28-32 under thermal conditions.

There is a large amount of evidence to suggest that water in hydrogel
membranes can exist in more than one state10-34. Initial studies focused on cellulose
acetate membranes that were of use in reverse osmosis applications. Workers
generally agreed that at least two different states of water were present in such
membranes. The first of these states involved 'non-freezing' or 'bound' water which
was thought to interact strongly with or bind to the polymer. The second involved

freezing water which had only weak interactions with the polymer.

The most widely accepted model of a hydrogel system was developed by
Andrade, Jhon et al.10:14-16.34 This favours three distinct phases of water where X
represents water bound within the polymer matrix, Y represents interfacial water and
Z represents bulk water. The model has been confirmed by using a variety of the

above techniques and is illustrated in Figure 1.1.
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Figure 1.1 A Diagramatic Representation of the
Three Phase Model of Imbibed Water

More recently it has been suggested that water bound within the polymer matrix,
type X in the previous model, is not a thermodynamic phenonenon caused by
'bonding' between polymer and water23.26-32. Instead the authors suggest that, as the
polymers studied are well below their Ty at the temperatures used for DSC studies,
the 'type X' water molecules are physically prevented from diffusing to the ice
crystals forming within the gel, and hence remain unfrozen2®. Thus the observed
phenomenon of 'non-freezing' and 'freezing' water is thought to be kinetic in nature
as opposed to thermodynamic. It should be noted, however, that these workers have
concentrated on poly(HEMA) and thus neglected the effects of variations in chemical

structure on both the water binding and the T, of the polymer.
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1.5 BIOCOMPATABILITY OF HYDROGELS.

Although there is no completely reliable model to predict the biocompatability or
biotolerance of a material, it is generally regarded that the surface energy may be an

important consideration.

Baier er al. 35 suggested that blood compatability may be dependant upon a
material having a moderate surface energy. They found that materials exhibiting
reasonable biotolerance all had a critical surface tension in the range of 20-30 mN/m.

Exceptions to this generalisation included hydrogels.

Andrade36 proposed the hypothesis of minimal interfacial energy, which
indicated that a low interfacial tension between implant material and host environment
would improve biotolerance or biocompatability. However, the results from more
recent studies by Andrade er al. 37 using HEMA:MMA (methyl methacrylate)
copolymer surfaces cannot be accounted for on the basis of minimal interfacial
energy. Instead, to rationalise their results, they claim an optimum balance between

polar and non-polar sites is important to attain biocompatability.

" This consideration of surface energy and biocompatability is discussed further

in Chapters 3 and 4 of this thesis.

1.6 THE DEVELOPMENT OF POLYETHERS IN BIOMATERIALS.

It should firstly be noted that poly(ethylene glycol)s (PEGs) are defined as those
poly(ethylene oxide)s having hydroxyl end groups, and a molecular weight of 20,000

or less38 .



Poly(ethylene oxide) plays a significant role in reducing the absorption of

biological species to substrates’®. Hydrogels have been synthesised using
poly(ethylene oxide) and polyurethane copolymers’.8:40-43. More recently
poly(ethylene oxide)s have been grafted onto polyurethanes#4, poly(vinyl chloride)

4546 HEMA : styrene copolymers#’ and poly(ethylene)*S.

Nagaoaka et al., whilst studying the interaction of hydrogel copolymers based
on methoxy poly(ethylene glycol) monomethacrylates and poly(vinyl chloride)4?,
with blood components, have suggested that the presence of long (>100 repeating
CH»CH>O units), flexible poly(ethylene glycol) chains at the surface restrict protein
absorption and hence thrombogenic reactions. One theory is that the poly(ethylene

glycol) chains provide an excluded volume which prevents protein absorption at the

polymer surface. This can be illustrated using Figure 1.2.
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Figure 1.2. The Interaction of Blood Components with Hydrated

Poly(ethylene oxide) Chains at the Polymer Surface

Andrade er al. have also synthesised copolymers of methoxy poly(ethylene
glycol) monomethacrylates and alkyl methacrylates for use as protein resistant

coatings and polymeric surfactants for the removal of proteins0.

The interaction of poly(ethylene glycol)s with water have been studied by many
workers using many techniques. One of the most recent studies by Schreiner ez al. 51
showed, using proton NMR, that two water molecules are associated with each ether
group. The work was carried out using poly(ethylene glycol) hydrates of molecular
weight 400. Further to this Graham er al. 52 whilst studying poly(ethylene glycol)
based hydrogels, have identified both mono and trihydrates present in the gel. They
further tenuously propose that the stable trihydrate may have a helical structure. Their

work, however, was carried out using predominantly PEG-6000; thus there 1S no
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evidence to suggest that smaller chains eg. MW<1000, need necessarily adopt a
similar helix. Such a factor may be significant if indeed, as illustrated in Figure 1.2,
poly(ethylene oxide)s prevent absorption of protein molecules, at a polymer surface,

by providing an excluded volume.

1.7 AIMS OF PROJECT WORK.

Following on from the aforementioned knowledge of polyethers in biomedicine

to date, the aims of this piece of work are to:-

1) synthesise methoxy poly(ethylene glycol) monoacrylates (MPEGA)s 1 of

various molecular weights.

1!{ Il{ 0w & ’ MPEG350-A n=7-8

G e c{ | | MPEGS50-A  n= 11-12
O{ IC““ CI“"‘ O>n’ Cl_ H  MPEG750-A n=16-17

H H H MPEG2000-A  n= 44-45

1 MPEG5000-A n=112-113

2) synthesise poly(ethylene glycol) monoacrylates (PEGA)s 2 of various

molecular weights.

PII T O woH PEG200-A n=4-5
H— C=C— C< | PEG400-A n=89
ofc—c—otH
{ | }n PEG600-A  n=13-14
H H

PEG1000-A  n=22-23
2

3) incorporate the various adducts into poly(HEMA) based hydrogels.
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4) study some of the bulk and surface properties of the hydrogels produced.
These studies should give some indication as to how the materials may be

expected to behave at the ocular interface.

1.8 ALKYLTARTRONIC ACIDS AS INTERESTING PRECURSORS

OF NOVEL POLY(a-HYDROXYACIDS).

Until fairly recently, little attention has been paid to poly(a-hydroxyacids)

(poly(a-esters)). Poly(a-hydroxyacids) have the following general structure:-

1}1
0—C—C

Lo

R, O

n

This lack of attention has been in part due to the lack of practical applications,
but mainly due to the very limited number of synthetic routes available. In recent
years, however, poly(glycolic acid) (Ry=Rp=H) and poly(lactic acid) (R;=H,
R->=CHz3) have received attention as biodegradable polymers for surgical sutures,
drug delivery systems and other biomedical devices. These developments have
progressed hand in hand with novel polymerisation techniques designed specifically

for the polymerisation of a-hydroxyacids.

Alkyltartronic acids have the following general structure:-

R

HOOC — ‘C —COOH
OH
3
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They therefore contain two carboxyl functions. If the acid could be
polymerised linearly, such that only one carboxyl function per molecule formed an

ester linkage, then a functionalised poly(a-hydroxy acid) could be synthesised. Such

a polymer would have the following repeat unit:-

R
-0
O COOH

n

4

It is anticipated that a range of poly(alkyltartronic acid)s 4 could have the

following interesting properties:-

1) the polymers obtained would have pendant carboxyl groups that would
induce functionality in the polymer backbone. This induced functionality could
make polymers and copolymers of alkyltartronic acids potentially valuable as

say drug-carrying matrices.

2) the presence of pendant carboxyl chains would make these polymers
hydrophilic. Hydrophilicity is an important consideration in biomaterial or
biomedical application, as the ability of materials to interact favourably in an
aqueous environment, iz vivo, tends to induce a greater biotolerance at a
biological interface. The hydrophilicity of the polymers could be controlled by

the nature of the alkyl group, also pendant to the polymer chain.

3) the juxtaposed nature of the pendant alkyl and carboxyl groups means that
there will be an inductive effect on the acid functions of the polymers by the
alkyl groups. The presence of the carboxyl groups themselves will make the

solubility of the polymer pH-dependent. The small changes in inductive
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effects observed by altering the nature of the pendant alkyl groups should

create a series of polymers with slightly different, but very precise, pH-

dependent solution properties.

1.9 THE SYNTHESIS OF TARTRONIC AND ALKYLTARTRONIC

ACIDS.

The synthesis of tartronic acid itself, (3; R=H), is very well documented. The
first recorded synthesis was made by Dessaignes>3 in 1852 by treating tartaric acid
with fuming nitric acid and phosphorus pentoxide. This method was modified by

Osten>4 in 1905, and is the most quoted in the related literature.

Other syntheses quoted by Gruber>> and Kekule> pass through a
dioxytartaric acid intermediate. Dobinson>7 offered a route to tartronic acid via the
ozonisation of malonic acid in aqueous solution, although this led to a mixture of

products and purification involved tedious elutions from an ion exchange column.

Although the synthesis of tartronic acid is well documented, the synthesis of
alkyltartronic acids is not. Bardroff>® describes the synthesis of methyltartronic acid

(3; R=CH3) using 1,1- dicyanoethyl acetate 5 as a starting material.

™
CH3‘C"“'O““C "‘CH3
I
CN
5

By conversion of the cyano groups to amide functions and by subsequent

hydrolysis of both the amide functions and the acetate ester, the desired product was

obtained.



The only general synthetic pathway to alkyltartronic acids 3 was published by
Grandjean>® in 1969. He describes a four stage synthesis from which he was able to
obtain 3 for R= ethyl, propyl, butyl, pentyl, hexyl, heptyl, isopentyl, cyclohexyl and
benzyl. This publication is not only extremely lacking in experimental detail but also
only allows for synthesis on a very small scale, for reasons that will become evident

in Chapter 5 of this document.

A major objective of this thesis is to develop a novel general synthesis for
alkyltartronic acids 3, that would allow the creation of a range of products in bulk

quantities and in good yields.

1.10 NOVEL DERIVATIVES OF ALKYLTARONIC ACIDS

Alkyltartronic acids 3 provide 'building blocks' from which novel
functionalised polyesters could potentially be obtained. In this section, however, the
author will demonstrate that these hydroxy acids can be further developed into
theoretically more suitable monomers. To illustrate this an understanding of the

existing methods available for the synthesis of poly(a-hydroxy acid)s, and their

historical application to similar systems, must be obtained.

The synthesis of esters by direct combination of a carboxylic acid and an
alcohol, in the presence of a mineral acid catalyst, is historically well documented and

is perhaps the classic method of esterification:-

20 H* 20
R, —C{ + Ry-OH —»  R-C_ + HyO
OH - OR,

It would seem reasonable that this synthetic technique could be applied to the

polymerisation of hydroxy acids, as such acids contain both carboxyl and hydroxyl
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functions and the desired product is a polyester. However, this synthesis is reversible
and this often leads to unfavourable equilibrium reactions between monomer,

eliminated water and polymer resulting in a product with a very low molecular weight.

In the prescence of a dehydrating agent, such as H2SOg4, a-hydroxyacids
dimerise to form the relevent six-membered glycolide. Glycolides have the following

general structure:-

Q

A\N
Rl\ LC=0{ 2
Rz/ \O_C/ \Rl

Polymerisation of both glycolide (6; Ri=R>=H) and lactide (6; R;=H,

R»=CHj3) occurs readily using heat and zinc chloride®0-62,

O
N\ R,
Ri ,C-0_ R A or |
PN O=¢=f
_ h Catalyst
Rz O (:;\ Rl a y R2 O 0

For 1,1,4,4-tetramethylglycolide (6; Rj=R>=CH3), no polymerisation was
seen to occur®3 using similar conditions. Delbigt? reported later that 1,1,4.4-
tetramethylglycolide could be polymerised at elevated temperatures using lithium
tertiary butoxide as a catalyst although there was substantial doubt as to the
authenticity of this claim. Generally, increasing the substitution on the glycolide ring

reduces the polymerisability of the ring®3. This is primarily due to a competitive

proton abstraction from the B-carbon atoms of ring substituents that causes
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dehydration of the hydroxy acid molecules that constitute the ring. The result 1s that

the ring will fall apart leading to either a complete failure in polymer synthesis, or at

best the production of a contaminated polymer of very low molecular weight.

It can be seen, therefore, that the ring-opening of glycolides 6 i1s a very

restrictive technique and that more general synthetic routes, specifically designed for

the production of poly(a-hydroxy acid)s, have had to be developed.

In a series of papers®-70 the use of the decomposition of a-hydroxy acid

anhydrosulphites 7 :-

and a-hydroxy acid anhydrocarboxylates 8:-

R, O
1=

o—c”

A\

o)

O

as routes to poly(a-hydroxy acid)s, has been described.

Anhydrosulphites 7 are synthesised by the action of thionyl chioride on an a.-

hydroxy acid:-
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Blaise and Montague”! first reported the synthesis of the anhydrosulphites 7
of both lactic acid (7; Ry=H, R»=CH3z) and a-hydroxy isobutyric acid (7;

R1=R»=CH3).

Anhydrocarboxylates 8 are synthesised by the action of phosgene on an a-

hydroxy acid:-
R, O
Ry O Cl =0
HO—-C-C_  + C=0 —p I ,0 + 2HC
R, OH « RN
2 0
8

Davies’? first published the syntheses of anhydrocarboxylates 8 of glycolic
(8; Ry=R»=H), lactic (8; R1=H, Ro=CH3) and a-hydroxy phenylacetic acid (8;
R;=H, Ro=C¢Hs). He described the purification of these products by recrystailisation
from low boiling, anhydrous solvents such as ether. Tighe's73 attempts to reproduce
the work of Davies were fairly successful although it was found that recrystallisation
was not an adequate technique when pursuing products of high purity. Modifications
were hence made to the synthetic procedure to reduce the amount of impurity present

in the crude products.

The synthesis of both anhydrosulphite 7 and anhydrocarboxylate 8 via direct

combination of the o-hydroxy acid with either thionyl chloride or phosgene appears to

pass through the alkyl chlorosulphinate 9 or alkyl chloroformate 10 respectively.
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Attack by thionyl chloride or phosgene occurs, therefore, at the a-hydroxyl group of

the acid with the evolution of HCI. The desired cyclic product then forms by reaction
of the carboxyl group with either the chlorosulphinate or chloroformate function with
further evolution of HCI. Unfortunately, in both systems, side-reactions do occur

producing both a-chloro acid 11 and a.-chloro acid chloride impurities 1 2. This can

be demonstrated schematically as follows:-

II%
a 11
Rl RI / Ri
| YOCl, ! YOCI, |
R,— C—COOH —3» R,— Cl—COOH ——Zp R,— C—COCl
1 |
OH OYOC! a 1z
9,10 \
R, O
2
0—y”
\\
o 17,8

Where Y=S or C

Such impurities interfere with the polymerisation of anhydrosulphite 7 and
anhydrocarboxylate 8 monomers and hence must be removed. Thomas’4 concluded
that the most rapid and efficient way of removing chlorinated impurities is by stirring
the crude products, in anhydrous ether, with baked silver oxide. The resulting silver
chloride is then filtered off. Anhydrosulphites 7 thus obtained can then be distilled,

under vacuum, to remove the parent acid impurity. Anhydrocarboxylates 8 can be

similarly purified using vacuum sublimation.

39.



Although, generally, these cyclic anhydrides can be purified using the above

techniques there is a desire to reduce chlorinated impurities to a minimum in the actual
synthesis of the cyclic monomers. The use of the metal carboxylate, most commonly
the copper (1) salt 1 3:-

RI\C/ /HO\ Rs
u /C\

R “on-” “ooc” 'R,

COO
N\
C

13

in the synthesis of both anhydrosulphite 7 and anhydrocarboxylate 8
monomers, has advantages over the direct use of a-hydroxy acids. As mentioned
earlier, direct combination of the hydroxy acid with either thionyl chloride or
phosgene initially forms the alkyl chlorosulphinate 9 or alkyl chloroformate 10
respectively. It was also shown that this intermediate could either proceed to form the
desired cyclic anhydride or alternatively unwanted chlorinated impurities. It is
generally considered that the mechanism of reaction between thionyl chioride, or
phosgene, and the metal carboxylate 13 of the a.-hydroxy acid differs from that when
using the parent acid. The suggestion is that the thionyl chloride or phosgene attacks
at the carboxylate ion rather than the a-hydroxyl group to form the acyl
chlorosulphinate 14 or acyl chloroformate 1 5 respectively, with the elimination of the
metal chloride. The anhydrosulphite 7 or anhydrocarboxylate 8 is then formed by
elimination of HCI from either the acyl chlorosulphinate 14 or acyl chloroformate 1 5.

This can be shown schematically as follows:-




R COO H R
N TN N R avoa, Ri | L00v0d
. — > 2 C

C
/ AN N /N + CUC12
Ry OH/ 00C R Rz/ “OH
13 14,15
R, O
‘"(“C‘o + HC
0—y”
I\
0
7.8

Where Y=S or C

Since acyl chlorosulphinates 14 and acyl chloroformates 15 are rather more
stable than their alkyl analogues 9, 10, the former are less likely to eliminate sulphur
dioxide, or carbon dioxide, to form chlorine containing impurities, before the desired
ring closure can occur. Cyclic anhydride products obtained using the a-hydroxy
carboxylate 13, as a starting material, will therefore be of a higher purity, and in
higher yields, than for analogous systems employing the unadulterated a-hydroxy

acid. The crude products can still be purified using the procedures introduced earlier

in this section..

Finally the pure cyclic anhydride monomers are allowed to decompose, under
controlled conditions, to form poly(a.-hydroxy acid)s. There have been three principle
mechanisms postulated for the decomposition of both anhydrosulphites 7 and
anhydrocarboxylates 8. These are thermal decomposition®?, tertiary base initiated

polymerisation’> and hydroxyl initiated polymerisation’®, which can be shown

schematically as follows:-
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R,—¢ </:/ Heat o o
bl ca P
70 » R—C-C° 4+ YO
/ 1 s 2
O—Y I/

R, R,
B 1 |
B—ﬁ‘-—C]?—O —_— 0— C—C

0 R,

Where Y= S or C
Nu= Tertiary Base e.g. Pyridine, Triethylamine

B-= Strong Base e.g. Hydroxyl, Alkoxide

Both anhydrosulphites 7 and anhydrocarboxylates 8 are extremely moisture
sensitive. Interaction with moisture causes the cyclic anhydride to largely revert back
to its parent acid. It is therefore imperative that both the synthesis of the cyclic

monomers and the polymerisation is carried out with anhydrous reagents in an ultra-

dry environment.

Al-Mesfer and Tighe?” published a substantial paper describing the formation
of polymers of tartronic acid (3; R=H). They acknowledge the potential appeal of
such functionalised polymers in biomedical applications. The paper describes the
initial synthesis of both tartronic acid anhydrosulphite (TAAS) (7; R1=COOH, R>=H)
and tartronic acid anhydrocarboxylate (TAAC) (8; Rj=COOH, R»=H) monomers,
and their purification. Attempts to polymerise these monomers are also described. The

similarities between alkyltartronic acids and tartronic acid itself are obvious. Important
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deductions can therefore be made from this report that can be directed to the synthesis

of alkyltartronic acids and their derivatives.

Synthesis of TAAS was carried out by direct combination of tartronic acid
with thionyl chlonide. TAAC was prepared by reacting the parent acid with phosgene.
As discussed earlier in this chapter, the presence of chloride containing impurities, in
the synthesis of these cyclic anhydrides, is minimised by using the copper(Il) salt of
the hydroxy acid 13. However, the authors observed that this was not applicable in
the case of tartronic acid due to the presence of two equivalent carboxyl groups in the
parent acid. In other words it was impossible to react one of the carboxyl functions
without first protecting the other. The products obtained were purified somewhat by
stirring with baked silver oxide. It is normal procedure to further purify
anhydrosulphites 7 by vacuum distillation and anhydrocarboxylates 8 by vacuum
sublimation. It was found, however, that the high boiling point of TAAS, coupled
with its low thermal stability, precluded the use of vacuum distillation as a purification
technique. Distillation at the required temperature lead to the complete decomposition
of the anhydrosulphite. Similar difficulties arose in the attempted purification of
TAAC by vacuum sublimation. Attempts to polymerise these cyclic anhydrides of

tartronic acid were therefore made without further sample purification.

Ring-opening polymerisations of both TAAS and TAAC were carried out
thermally and catalytically. Results showed that some polymer was obtained on
polymerisation of TAAS. Attempts to polymerise TAAC were more successful. The
TAAC ring appeared to be more stable than its related anhydrosulphite thus allowing
greater control over ring decomposition. The weight average molecular weights of

these polymers were found to be typically in the range of 3000-4000 Daltons.

Many of the polymers formed by Al-Mesfer and Tighe’’ were, however,

discoloured and impure. It is clear that this synthetic technique could be used as the
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basis for producing polymers of both tartronic acid and alkyltartronic acids. However,
the production of polymers of sufficient purity to be of biomedical interest would

require improvements to be made to the system.

Therefore, a further objective of this project was to investigate ways of
‘tailoring’ alkyltartronic acids, so that cyclic anhydrides and polymers, of potentially
greater purity, might be prepared. This could overcome, somewhat, the difficulties

encountered in monomer purification by Al-Mesfer and Tighe””.

[t was considered that conversion of the alkyltartronic acids 3 to their

monoalkyl esters 1 6 prior to cyclic anhydride synthesis would be beneficial:-

Q R O Q R 0
AN | 7 A\ I
/C—|C——C\ —— | C—lC——C\@ ®
HO oy OH R oy O M
3 16

The protection of one carboxyl function, as an alkyl ester, would allow the
activation of the other carboxyl group by conversion to the metal carboxylate 16. This
would encourage the formation of acyl intermediates during a prospective cyclic
anhydride synthesis and could therefore reduce the concentration of unwanted
chlorinated impurities in the final product. In addition to this, the presence of an ester,
rather than a carboxyl-function, on the cyclic anhydride ring, should significantly
reduce the boiling points of prospective anhydrosulphites and melting points of
anhydrocarboxylates. This might allow the purification of cyclic anhydride samples

by either vacuum distillation or vacuum sublimation. These techniques were precluded

in the work of Al Mesfer and Tighe.
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1.12 ENZYMES IN ORGANIC SOLVENTS : A POSSIBLE FUTURE

APPROACH TO THE POLYMERISATION OF ALKYLTARTRONIC

ACIDS ?.

Enzymes offer a natural source of extremely powerful catalysis and can induce
high levels of functional, regio- and stereo- selectivity in product formation where

purely chemical approaches would induce none.

Research over the last twenty years, most particularly the last decade, has
shown that many enzymes retain their activity in practically anhydrous solvents.
Comprehensive reviews on this subject have been published by Klibanov78 and
Dordick”®. The hypothesis proposed, to account for this activity, is that to maintain
the enzyme in its catalytic conformation requires only a thin hydration layer of water.
It is proposed that this layer effectively buffers the enzyme from the bulk organic

solvent, so preventing enzyme denaturisation.

Lipases, esterases, proteases and carbohydrases have been used successfuily,
in aqueous solutions, to catalyse hydrolytic reactions. The absence of bulk water, in
nearly anhydrous solvents, allows the reverse reactions to occur. This has led to a

variety of syntheses in high yields, including esterification80-84, transesterification8>-

88 and lactonisation839-90.

In 1984, Gatfield first noted that when certain hydroxy acids were exposed to
the lipase of Mucor miehei , lactones were formed®0. This observation was

subsequently confirmed by Yamada® who reported the enzymically-catalysed

lactonisation of w-hydroxy acid methyl esters. More recently still, Gutman et al. %0

found that porcine pancreatic lipase, in anhydrous solvents, catalysed the lactonisation

of a number of esters of y-hydroxy acids with high degrees of stereospecificity.

45-



These intramolecular esterifications can be generally represented as follows:-

Lipase 20

HO— (CR|Ry),—~COOR; ~——3  (CR;Ry),——C

It should be noted, however, that these observed lactonisations were carried
out in very dilute solutions. This condition is designed to promote an intramolecular
esterification reaction. No data was provided for reactions completed in more
concentrated solutions, where it would seem likely that intermolecular reactions would

take precedence.

It is postulated that enzymically-catalysed intermolecular esterification
reactions, involving hydroxy acids, should lead to oligomeric linear ester structures
and may ultimately lead to polyester formation. Extending previous observations that
have been made on biocatalytic esterifications in anhydrous solvents these reactions

should also be highly stereo- and regiospecific.

It was highlighted in previous sections of this chapter, that existing methods
for producing poly(a-hydroxy acid)s, other than poly (glycolic acid) or poly(lactic
acid), relied on the initial formation of a cyclic anhydride monomer. The monomer

was then subsequently converted, either thermally or catalytically, into the relevant

polyester by ring-opening polymerisation. The difficulties encountered in the

preparation and purification of these cyclic monomers, and in controlling the final

polymerisation, were evident. Biocatalysis may have the potential to provide an

alternative to these existing methods. Polymer products obtained enzymically would

be particularly useful in biomedical applications as they would theoretically be easier

to purify and hence ultimately free of physiologically harmful by-products.
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The work described in this thesis is primarily concerned with the development

of novel alkyltartronic acids 3 and their derivatives. The ultimate goal is to be able to

synthesise linear polyesters from these parent acids such that the repeat unit of the

polymer would have the following structure:-

R
c— -0
O COOH
n
4

As was suggested earlier, these polymers would be extremely interesting

because of the functionality that the pendant carboxyl groups would introduce per se .
This functionality could be exploited by attaching other molecules, for example drug

moities, to the polymer backbone. To achieve linearity (avoid branching) in any

poly(alkyltartronic acid) 4 synthesised it is imperative that only one carboxyl group

per acid molecule reacts with the hydroxyl of another. It is considered that this could

be achieved enzymatically because of the stereochemical properties of alkyltartronic

acid molecules.

Consider the structure of any alkyltartronic acid:-

R

/Q\ OH
COOCH

HOOC

The molecule is achiral. However, the two carboxyl groups can

be made to differ if only one undergoes reaction. That will lead to enantiomeric

products:-
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.wOH RzOH; . OH N OH
HOOC COOH HOOC COOR, R,00C COOH

The carboxyl functions are therefore said to be enantiotopic and the whole
alkyltartronic acid molecule is described as being prochiral. Previous discussion in
this section has highlighted the stereospecificity of biocatalysed ester synthesis in
anhydrous solvents. The stereochemical inequivalence of the carboxyl groups, in
alkyltartronic acids, should therefore be distinguished by an enzyme, in a successful
polyesterification, such that only one of the carboxyl functions should react per acid
molecule. This would lead to polyester products with desired linearity and pendant

carboxyl functionality.

Studies on the biocatalysed reactions of a variety of a-hydroxy acids are
currently in progress in these laboratories. In these studies the researchers will
investigate the effect on the reactions of parameters such as solvent selection and
reactant solution concentration, as well as investigating the activity and

stereoselectivity of a variety of enzymes.

1.13 AIMS OF PROJECT WORK.

The aims of this project were to:-

1) repeat Grandjean's> synthesis of alkyltartronic acids 3 introducing the
experimental detail that was absent in the initial publication. It materialised that

this method is only suitable for synthesis on a very small scale.

2) develop a novel general synthesis for alkyltartronic acids 3 that would allow

the creation of a range of products in bulk quantities and in good yields.



3) synthesise 'tailored’ derivatives of alkyltartronic acids 3 that would be
potentially more useful as precursors to poly(alkyltartronic acid)s 4, with the
polymerisation techniques currently available. More specifically, this 'tailoring'
had as its ultimate goal the development of a cleaner, and more productive,

synthesis of the cyclic anhydride monomers discussed earlier in this Chapter.
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CHAPTER 2

THE SYNTHESIS OF A RANGE OF
LINEAR POLYETHER ACRYLATES.




2.1 GENERAL INTRODUCTION.

As illustrated in Chapter 1, linear polyethers have been shown to inhibit the
absorption of blood proteins onto alkyl methacrylate/ poly(ethylene glycol)
monomethacrylate devices>®. One theory postulated to explain this observation, is that
the polyether side chains produce an excluded volume, which is a barrier to such

protein absorption.

Oxley®!, a former colleague at this University, embraced these observations and
proceeded to incorporate a range of methoxy poly(ethylene glycol) methacrylates
(MPEGMASs) and poly(ethylene glycol) methacrylates (PEGMAs) into poly(2-

hydroxyethyl methacrylate) (poly(HEMA)) based hydrogel networks:-

H CiHB O H H
7 ]
C=C—C\
04 C— C— O} CH;,4
H {5
H H

. CH, T
N o= (l:—— 7 ]
/ C\O<C———C——~O>~H
H | n
H H

Poly(ethylene glycol) monomethacrylate

The incorporation of both MPEGMAs and PEGMASs individually, into hydrogel

networks, allowed her not only to investigate the general effect of introducing
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polyether side-chains into such networks, but also enabled her to make a comparison

in behaviour between chains that were methoxy terminated and those that were

hydroxy terminated.

It was hoped that the anti-thrombogenicity observed when using hydrogels,
with long polyether side-chains, at a blood interface could mean that related materials
might be of interest in an ocular environment. One of the major goals in soft contact
lens development, is the reduction to a minimum of protein and lipid absorption onto
the lens surface. As explained earlier in Chapter I, such absorption can cause
discomfort to the wearer, and with time may impair the quality of the lens. Oxley
demonstrated that the incorporation of linear polyethers into poly(HEMA) based
hydrogels, seemingly improved the properties of those hydrogels with a view to soft

contact lens applications.
As a continuation of the investigations of Oxley, it was considered that the
behaviour of methoxy poly(ethylene glycol) acrylates (MPEGAs) 1 and poly(ethylene

glycol) acrylates (PEGAs) 2 would also be of interest. These compounds are the

acrylate analogues of the polyether methacrylates used by Oxley.

— o% CH,
n

Methoxy poly(ethylene glycol) acrylate

H
A
=C— ~

C C
/ o{
H

T — T

H
I
C—
|
H

1
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Poly(ethylene glycol) monoacryiate

These acrylate esters provide a different method of incorporating pendant
polyether chains into a vinylic-based hydrogel network. Although similar to the
methacrylate, subtle differences in behaviour may be observed when the acrylate is

copolymerised with HEMA.

In the case of PEGMAs, for example, a typical section of the copolymer may be

represented as:-

HEMA PEGMA HEMA

i
C C C C
(i
0 0

/ l N
HOCH,CH, (CH,CH,0zH  CHCHOH

A typical section of the analogous copolymer containing a PEGA 2 may be

represented by:-

HEMA PEGA HEMA

1 )67

E—fe—¢

e
0 0

| N\
HOCH,CH,” (CH,CH,0zH ~ CHCHOH
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Comparing the two it can be seen that the polyether methacrylate introduces an
additional methyl group (highlighted), pendant to the carbon-carbon backbone of the
polymer, that is not present in the case of the acrylate. This additional methyl group
will create a steric barrier to rotation, about the carbon-carbon backbone, for the
polymer unit containing the pendant polyether group. This barrier would not be
present in the case of a polyether acrylate 1, 2. An increased freedom of rotation about
the backbone of the polymer for the polyether acrylate unit should lead to a greater

exclusion volume to protein absorption being produced by the polyether chain.

Although MPEGMAs and PEGMAss can be bought commercially, and were so
by Oxley, no manufacturers of MPEGAs 1 and PEGAs 2 could be found. A
synthesis for both methoxy- and hydroxy-terminated polyether acrylates had to be
developed. Unfortunately it was found to be impossible to buy poly(ethylene glycol)
samples of the required molecular weight, to form a series of polyether acrylates that

would be directly comparable with the polyether methacrylates bought and employed

by Oxley.

The incorporation of polyether acrylate monomers 1,2 into poly(HEMA) based
hydrogel networks will be discussed in subsequent chapters. The novel synthesis of

these monomers will be discussed in the remainder of this chapter.

2.2 THE SYNTHESIS OF METHOXY POLY(ETHYLENE GLYCOL)

ACRYLATES (MPEGAs).

2.2.1 Introduction

A novel one step synthesis of MPEGAs can be represented using the scheme:-




AN Ve
H— C-0OFC—C—0Or-H + C=C —p C:=C
1 o o —0 H \C//OH H \ H
H H H o \ (I |
Cl O (Ij_(l:— ('j'-H
17(a-e) H H
n
1(a-e) + HCI
Where:-

17 (a) = Methoxy poly(ethylene glycol)-350 (MPEG-350)
17(b) = MPEG-550

17 (¢) = MPEG-750

17(d) = MPEG-2000

17 (e) = MPEG-5000

This process was used to synthesise the following range of MPEGAs 1:-

MPEG350-A 1(a) n=7-8
H H H
| 1 l MPEG550-A 1(b) n=11-12
IC—CI_O%CI——H MPEG750-A 1(¢) n=16-17
n
H H H MPEG2000-A 1(d) n=44-45
MPEG5000-A 1(e) n=112-113

2.2.2 Synthesis of Methoxy Poly(ethylene glycol) Acrylates 1 (a-e).

A methoxy poly(ethylene glycol) (MPEG) 17(a-e) and triethylamine were
dissolved in dichloromethane. The solution was then cooled to -78°C using a dry
ice/acetone bath. Under continuous stirring, acryloyl chloride was added to the
mixture dropwise over a thirty minute period. The temperature of the reaction mixture
was then allowed to rise to room temperature and the mixture was stirred for a further

twenty four hours.
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The triethylamine hydrochloride precipitate formed was filtered off. The filtrate

was then washed with 1M hydrochloric acid to remove any excess triethylamine, and
with 1M aqueous sodium hydroxide and 10% aqueous sodium hydrogen carbonate to
remove any excess acryloyl chloride as sodium acrylate and any excess methoxy
poly(ethylene glycol) 17(a-e). The organic layer was then dried over anhydrous

magnesium sulphate.

Removal of the dichloromethane, under vacuum, gave the methoxy
poly(ethylene glycol) acrylate (MPEGA) 1(a-e). The products obtained using this
process were analysed using conventional techniques, and also by Electrospray Mass
Spectrometry (ESMS). This relatively new technique will be discussed in detail in

Section 2.4.

The products were shown to be essentially pure and were obtained in excellent

yields:-

MPEG350-A 1(a) 85%
MPEG550-A 1(b) 87%
MPEG750-A 1(c¢) 86%
MPEG2000-A 1(d) 86%

MPEG5000-A 1(e) 93%

2.3 THE SYNTHESIS OF POLY(ETHYLENE GLYCOL) ACRYLATES

(PEGAS).

2.3.1 Introduction

Poly(ethylene glycol)s, or PEGs 18, have the general formula:-




HO-(CH2CH20)p-H
18
They possess two terminal hydroxyl functions.The aim was eventually to
introduce such systems of varying molecular weight and hence chain length, into
poly(HEMA) based hydrogels as acrylate derivatives. Further to this, the derivatives
would be monoacrylates which would enable the analysis of the effect of a free
polyether pendant group on hydrogel properties, and at the same time allow a
comparison to be made between hydroxy-terminated polyether pendant chains and the

methoxy-terminated analogues discussed in Section 2.2.

A problem arises when mono-substituted derivatives of PEGs are to be
prepared since, except for low molecular weight oligomers (MW< 200), it is not
possible to use a large stoichiometric excess of PEG in the reaction mixture to avoid
formation of disubstituted products. In fact, final products would not be sufficiently

differentiated from the starting materials, and thus would be impossible to isolate.

Dal Pozzo et al. 92 produced a solution to this problem. They suggested that
reaction of a large stoichiometric excess of PEG-1000, where 1000 is the My of the
PEG, with trityl chloride, a commonly used protecting group for alcoholic functions
in the synthesis of carbohydrates®3-4, would produce a monotrityl ether derivative.
Separation was possible because the trityl group was sufficiently large and different in
properties to the polyether chain. A variety of functional groups were reacted with the
other hydroxy!l group. Then by removing the trityl group, they were able to produce a

variety of 'monofunctional PEGs'".

Initial work in producing poly(ethylene glycol) acrylates (PEGAs) 2 therefore,
involved the use of a trityl protecting group. Although monotritylethers were
successfully isolated 19(a-c), and an acrylate group attached to the remaining

hydroxyl-group 20(a-c¢), problems were encountered in attempting to cleave the trityl
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group. Dal Pozzo used IM HCI to cleave the trityl group. When this method was

applied to our systems, it was found that although cleavage was successful,
simultaneous hydrolysis of the acrylate ester linkage occurred which was highly

undesirable.

This can be illustrated using the following scheme:-

HO C—C o) H+®—

H H
n
18(a-¢) H H
C——O C—-C—O H + HCI
H H
19(a-c)
H H H\C/H
[ TEA
@——c——o ‘C*Cl—O H + I —
C
/ N\
H H n Cl— H
0O
19(a-c¢) H\ /H
C
1l
T C
©—~C-——o C——cl:——o ﬁ H 4+ HCI
H H O
20(a-c)




Where:-

18(a) = Poly(ethylene glycol)-200 (PEG-200)
18(b) = PEG-400
18(¢) = PEG-1000

Lehrfield®5 reported the detritylation of some carbohydrate derivatives using a

silica gel column. He observed that cleavage occurred on the column and that the

carbohydrate and triphenylcarbinol could be eluted separately using different solvent

mixtures. This method was found to cause trityl cleavage but that again some cleavage

of the acrylate ester occured.

Although Dal Pozzo's system is basically sound, a more efficient protecting

group was sought. There were three criteria for this protecting group:-

1) it must be stable to mildly acidic and basic conditions to avoid cleavage

during aqueous work-up.
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2) cleavage must occur under milder conditions than for the trityl group.

3) it must alter the properties of the polyether chain sufficiently, relative to the

poly(ethylene glycol) starting material, to enable effective purification of the

product to take place.

A number of hindered triorganosilyl groups have been employed for the purpose
of protecting hydroxyl functions?*-. Among the more well known of these are the
tert -butyldimethylsilyl (TBDMS)%, triisopropylsilyl (TIP)?7 and the rers -
butyldiphenylsilyl (TBDPS)*® groups. The following table contains data on the

relative ease of removal of TBDMS, TIPS and TBDPS groups protecting the primary

butanol (data (a)) and the secondary cyclohexanol (data (b))97.

R3 (a) H* (a) OH- (b) H* (b) OH- (b) F-
TBDM I min 1h 4 min 26 h 76 min

TIP 18 min 14 h 100 min 44 h 137 min
TBDP 244 min 4h 360 min 14 h -

Acid hydrolysis: 1% HC1/95% Ethanol / 22.5°C.

Base hydrolysis: 5% NaOH / 95% Ethanol / 90°C.

Fluoride ion cleavage: 2 equivalents of BugNF / Tetrahydrofuran / 22.5°C.

Table 2.1 : Half-Life of Silyl Ethers RisiOR‘ Under Desilylation

Conditions.

The table shows that the 7err -butyldimethylsilyl group 2 1:-

R R

BT R

R R A R T

AR




is not only satisfactorily stable to both acid and base, but also that the silyl ethers
will be cleaved readily to alcohols by treatment with 2-3 equivalents of tetra-

butylammonium fluoride in THF at 25°C%.

The TBDMS group 21 was applied to Dal Pozzo's system. The successful
synthesis of poly(ethylene glycol) acrylates 2(a-c) can be represented by the

following reaction scheme:-

H H CH, CH,
| 7 TEA
HO C=C—OF H + CHy— C——8i=Cl —— 3>
HoH o/ CH; CH,
18(3-0) C’:H3 C|:H3 H H

I
CHy— C——8i— 0 C=C=OFH + HCI
CH, CH, H H

22(a-c)
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?HB CIH3 H H H H
|

l \N 7
CH;— C—Si— O+ C—C—OFH ¢ TEA
f l I + o —
CH3 CH3 H H /7 N\
n A—¢ H
o)
22(a-¢)
H_ _H
i
CH; CH H H
' 3 ' 3 C

o ,
CHy— C—Si— O C=C=0r ¢ “H 4 HCI

CH; CHs H H nO

23(a-c)
H H
N 7
i
CH, CH H H
R Lo ,CL (C,Hy),NF
CHy,— C—Si— O C—C-OF¢" H
1 1 [ THF
CH, CH; \H H
H
H 0
23(a-c) U Z T T
C=C—C_
H/ O«{C—C———O}H
| n
H H
2(a-c)

This process was used to synthesise the following range of PEGAs:-

/o
~

H H
| PEG200-A 2(a) n=4-5
H— C=C—C

I
o{ C—C— o}— H  PEG400-A 2(b) n=89
Pll 1‘4 f PEGI000-A 2(c) n=22-23

Cleavage of the silyl function from the silylether acrylates 23(a-c) formed, was

achieved using tetra-butylammonium fluoride in tetrahydrofuran.
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Synthesis of PEGA adducts of 2000 and 5000 molecular weight was also
attempted. These were unsuccessful as it was found to be impossible to separate
excess poly(ethylene glycol) from the poly(ethylene glycol)tert -butyldimethylsilyl

ether formed in the first stage of the synthesis.

2.3.2 Synthesis of Poly(ethylene glycol)tert -Butyldimethylsilyl Ethers 22(a-c).

H H CH; CH,
I I |- TEA
HO IC_Cl_O H + CH3—~1C-—-Sli-—C1 — B
HH / CHy CHy
18(a-c) (|:H3 (;:H3 I'-I PI{

CHy— ¢ ——8i— O C=C—OF H + HCl
CH, CHy H H

22(a-c¢)

To ensure that only the mono-substitution product was formed, on addition of
the terr -butyldimethylsilyl chloride to the poly(ethylene glycol) 18(a-c¢), a thirty-fold

excess of poly(ethylene glycol) to silyl chloride was used.

The poly(ethylene glycol) 18(a-c) was dissolved in dichloromethane. To the
solution was added triethylamine. The mixture was cooled to 0°C and rert -
butyldimethylsilyl chloride, dissolved in dichloromethane, added dropwise with
stirring. On completion of the addition, the mixture was stirred for a further twenty

four hours during which time the mixture was allowed to reach room temperature.
Any triethylamine hydrochloride precipitate formed during the reaction was then

filtered off, and the resultant mixture was then, extracted with phosphate buffer

solution (pH7.2). This extraction was found to remove any excess poly(ethylene
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glycol) 18(a-c) starting material, without removing the mono-hydroxy-terminated

poly(ethylene glycol)zerr -butyldimethyisilyl ether product 22(a-c¢).

The organic layer was then dried over anhydrous magnesium sulphate, after
which the solvent was removed under vacuum to give the poly(ethylene glycol)rert -
butyldimethylsilyl ether 22(a-¢). The products were obtained in excellent yields and

were shown spectroscopically to have good purity.

Poly(ethylene glycol)-200tert -butyldimethylsilyl ether 22(a) 92%
Poly(ethylene glycol)-400zerr -butyldimethylsilyl ether 22(b) 78%

Poly(ethylene glycol)-1000terr -butyldimethylsilyl ether 22(c) 75%

2.3.3 Synthesis of Poly(ethylene glycol)rerr -Butyldimethylsilylether Acrylates

23(a-c).

CH, CH; /H H H _H
N ] C TEA
CHy= C—$i— O C=C=OFH 4 i (1= -
“ C
CH3 CH3 H H n Cl——ﬁ/ \H
0
22(a-c) H H
\N 7
i
CHy CHy  /H O c

| | PN
CH3_!C—‘S!i""‘O ?“‘CE"O ﬁ H 4+ HCI

CH; CHs H H rlO
23(a-c)
The poly(ethylene glycol)zert ~butyldimethylsilyl ether 22(a-¢) was dissolved

in dichloromethane. To the solution was added triethylamine. The mixture was cooled

to -78°C, using a dry ice/acetone bath, and acryloyl chloride was added dropwise.




The mixture was stirred for twenty-four hours during which time the mixture was

allowed to reach room temperature.

The triethylamine hydrochloride precipitate, formed in the reaction, was filtered
from the mixture, and the remaining solution was extracted with 0.1M aqueous HCI,
to remove any excess triethylamine, and 1M aqueous sodium hydroxide, to remove

any excess acryloyl chloride.

The organic layer was dried over anhydrous magnesium sulphate. Removal of
the solvent under vacuum gave the poly(ethylene glycol)rerr -butyldimethylsilylether
acrylate 23(a-c). The products were obtained in excellent yields and were shown

spectroscopically to have good purity.
Poly(ethylene glycol)-200zerr -butyldimethylsilylether acrylate 23(a) 90%
Poly(ethylene glycol)-400zerr -butyldimethylsilylether acrylate 23(b) 73%

Poly(ethylene glycol)-1000zers -butyldimethylsilylether acrylate 23(¢) 79%

2.3.4 Synthesis of Poly(ethylene glycol) Acrylates 2(a-c).

CH, CH H H
| I ? o /C\H (C4Ho)yNF
CHy— C—S8i— O €= ¢ Or ¢ THF

CH, CH; \H H

n
| o2 o
23(a-c) Nl
C=C—C{_
/ O{C———C—-—O)»H
H | h
H H
2(a-¢)
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As described earlier, it was found that when trityl protected poly(ethylene
glycol) acrylate was deprotected using aqueous 1M HCI, that the acrylate ester was
cleaved simultaneously. The apparent susceptibility of the acrylate ester to acid

catalysed hydrolysis led to the search for a potentially milder method.

The use of tetra-butylammonium fluoride, in tetrahydrofuran, as a method for
the unmasking of silyl ethers under mildly basic conditions, has been emplioyed for
many systems®-99. [t is generally obtained from chemical suppliers as a 1.0M
solution in THF containing 5% wt/wt water. The use of this reagent in the cleavage of

23(a-c) is now described.

A sample of poly(ethylene glycol)zert -butyldimethylsilyl acrylate 23(a-c)
was dissolved in THF. The mixture was stirred and cooled to 0°C. Two molar
equivalents of tetra-butylammonium fluoride, in THF, was then added dropwise over
a ten minute period. The mixture was allowed to reach room temperature and was then

stirred for a further two hours.

The THF was then removed under vacuum, and the residue redissolved in
dichloromethane. This solution was then washed with water thoroughly, to remove
any excess tetra-butylammonium fluoride. The organic layer was then dried over

anhydrous magnesium sulphate, before the dichloromethane was removed under

vacuum.

The crude product was then shaken in petroleum ether (40-60°C) for one hour.

This was found to remove any zert -butyldimethyisilanol formed during the cleavage

of the silyl ether.

Removing the spirit gave the desired poly(ethylene glycol) acrylate 2(a-c)

product. The products obtained using this process were analysed using conventional

_66-




techniques, and also using Electrospray Mass Spectrometry (ESMS). This relatively

new technique will be discussed in detail in the following section.

The products were shown to be essentially pure and were obtained in excellent
yields:-
PEG200-A 2(a) 88%
PEG400-A 2(b) 85%
PEG1000-A 2(c) 84%

2.4 ELECTROSPRAY MASS SPECTROMETRY (ESMS).

The MPEGA and PEGA derivatives were synthesised by the addition of
acryloyl chloride (MW=90.5) to a series of MPEGs (MW=350-5000) and PEGs

(MW=200-1000) respectively. Elimination of HCI during esterification means that the
difference in molecular weight between starting material and product is 54 Daltons.

The percentage of the molecular weight of the final products that this change

constitutes is

MPEG350-A 1(a) 13.3%
MPEG550-A 1(b) 89%

MPEG750-A 1(¢) 6.7%
MPEG2000-A 1(d) 2.7%
MPEGS000-A 1(e) 1.1%

PEG200-A 2(a) 21.3%
PEG400-A 2(b) 11.9%
PEG1000-A 2(¢) 5.1%
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The usual methods for analysing product purity for polymers are elemental

analysis and Gel Permeation Chromatography (GPC). However due to the small
percentage change in molecular weight between starting material and product in this
instance, especially for higher molecular weight products, it would be impossible to
accurately distinguish between product and starting material, and hence to ultimately

confirm the success of the syntheses, using either of the above techniques.

ESMS is a new technique that enables the deduction of molecular weights to
an accuracy of 0.01 Da, for molecules of molecular weight up to 100 kDa.Thus far, it
has been used mainly in biological systems for the resolution of protein mixtures and

in analysing globins!00-102,

The essentials of the system are illustrated in Figure 2.1.

Sampling
Counter Orifice Quadrupole
Electrode Analyser
\ Skimmer
J J
Sample
in > |
Solution _ Capillary \W 7 ——
Imbar 10-4 - 10-5
Atmospheric mbar
Pressure

Figure 2.1: The Essentials of an_Electrospray Mass Spectrometer.




The sample is introduced in solution into the atmospheric pressure ion source
of the spectrometer through a silica capillary tube. Typical solvents are 50/50
water/methanol or water/acrylonitrile, containing 1-5% acetic or formic acid. The

concentration of the sample used will be 1-10 mmol/cm3 .

As a consequence of the strong electric field between the capillary (4kV) and
the counter electrode (1kV), the sample solution emerging from the capillary is
dispersed into an aerosol of highly charged droplets:- the electrospray. These
droplets, assisted by a flow of warm gas flowing through the source, diminish in size
by evaporation until a point is reached where multiply-charged ions of individual
sample molecules, free of solvent, are released. Some of the ions pass through a small
hole (the sampling orifice) into a pumped region at I mbar pressure and then through a
second hole (the skimmer) into the quadrupole analyser, where their mass to charge

ratios are measured.

Note, therefore, the difference between this technique and conventional Mass
Spectrometry. In this technique, detectable ions are not created by sample
bombardment with electrons. Instead ions are produced by association of the sample
with ions in the initial solution. Hence fragmentation of parent ions is less likely to

occur, and that is why ESMS can detect the molecular weight of samples up to

100kDa.

A typical positive ion spectrum consists of a series of peaks, each of which

represents an ion of the molecule of the sample plus a specific number of protons

donated from the initial acidic solution.
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The ions have the general form :-

(M+ nH) n+

M= Molecular weight of the sample.
n= Integer number of protons (charges).
H= Mass of the proton (1.00794 Da).

The mass spectrometer measures the mass to charge ratio of each peak where:-
m = (M+nH)/n

The molecular weight (M = n (m-H)) can be calculated from the mass to
charge ratio, if n can be found. To determine n, any two consecutive peaks differing

by one proton in the series may be used.
l.e.. m> = (M+ nH)/n m; ={M + (n+1)H} / (n+1)}
By solving these simultaneously, the charge (n) on m is determined as :-
n = (my -H) / (mz-my)

Using a data system therefore, the molecular weight of the sample can be
calculated from all consecutive peaks by finding n for each value of m. An accurate

average value of the molecular weight can then be found.

Such deductions are hence straight forward for a single species sample and

indeed mixtures of say proteins that all have no molecular weight distribution, as

'peak patterns' can be observed allowing resolution into individual components.
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Difficulty arises in the analysis of polymers with a molecular weight distribution, as
each molecular weight will give rise to its own ion peaks. As in polyether derivatives,
protons are likely to associate with the ether linkages to form the detectable ions,
problems arise particularly in higher molecular weight adducts where the greater
number of repeat units will give a greater range of multiply-charged ions to be
resolved. However,the power of the latest data-base systems and also an experienced

eye can resolve these problems.

Another potential problem is that as well as (M+ nH)P* ions being formed,
ions such as (M+nNa)** and (M+ nNH4)?* may also be seen. By altering the
spectrometer conditions, these peaks can be eliminated in most cases. For samples
containing greater than trace amounts of sodium, the problem can be overcome by
adding NaCl(aq) instead of acid to the initial sample solution so as to observe (M+

nNa)2+t peaks as opposed to (M+ nH)+.

The five MPEG 17(a-e) and three PEG 18(a-c¢) starting materials and the
five MPEGA 1(a-e) and three PEGA 2(a-c¢) products were analysed by first
dissolving in water at a concentration of 10 pg/ul. These solutions were then diluted
to 1pg/ul in 50/50 water/acrylonitrile containing 5% acetic acid. 10ul aliquots were

used for each analysis.

Figures 2.2 to 2.5 are examples of the spectra obtained using this technique.
The figures shown are for MPEG350 17(a), MPEG350-A 1(a), MPEG550 17 (b)
and MPEG550-A 1(b) respectively. By comparing the spectra obtained, the addition
of 54 Daltons to the starting material to obtain the product can be clearly seen. Note
that the dominant spectrum in each case is for the (M + H)*, except for Figure 2.5
where the (M+ Na)t spectrum is most well defined. For MPEG 750-5000
derivatives 1(c-e), results again show successful addition of 54 Da to the starting

material. A trace of starting material is only evident in MPEG2000-A 1(d). For all of
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the hydroxy-terminated PEG derivatives 2(a-c), the addition of 54 Da to the starting
material is also be clearly seen. In the case of PEG1000-A 2(c¢), however, there is
some evidence to suggest that although the vast majority of the product is the
monoacrylate, that some addition of 108 Da has occured. This in turn suggests the
formation of an acrylate ester at both terminal hydroxyl groups. The diacrylate is
therefore a small impurity in the PEG1000-A 2(c¢) product. This can be seen on

inspection of Figures 2.6 and 2.7.

_72-




854 BBl 859 099 Bcs 885 asy lila}o BGE 08¢t 3174 8z BETzZ/W

trir __1.: Ty :«.:.:j T Jh‘ L1 #_;44; q«_- #E“ J_:_ yrigh Ty —_5 fargpr-te }mﬁﬁ*«_z—j AJ, d_j_ (3] .
prozg £S89 m
v mm_ ds
b 196 . =
£'6EG Z2'962 M
2'GLE pm
=
2" G6b =
&
O
-S4/ ﬁw

d

R = B
v.
&
o
T'0LT 8
2
£ Lob ¢ elt =
BIEPCGIT £ £9¢ LY %
+87 (SH) (ZXZIAMMUS:(18°8' T8 (BZE" ) T,ZSIH W
g 0ZH/NDEHD ur " [n/Buyf 1Ay m
BT:2T 3° T1661/88/E@ uo paainhay ZSAN 811 eje( [




pSL DAL BE9 099 BEes ala}s acph (32} BGE Bpe Bge pRZ  BEYzZ/M

1 :<. 1 ¥y i e _:__ e N_. .n _. 1 y Y .~:4__, 1 f . —:. _..__ ,, iy S A
5 P ﬁ U | R 1] T ;.: =
prcze €189 g 16l A

. &
£'1Z2E9 T'1E2
w._mm@ 1682 m
=
£'£6G G
(o
=
g
! b
£76bS -SA NM
ﬁ 7 62E g
€ 6hS M
>
[av
ona
[
2
=
£ 19V 3
€3
PETRLEYD £ 010 5 k)0 Loa1 B
+97 C(SH) :(ZXZ dOWS:(19°0'19°@)3d (9ee’Z) 1 ,.BZSIN ®
“BA=90° 0ZH/NDEHD Wi “10eN [n/Bng'§ snpd’ n/Bny’gay 5
86180 ¢ 1661/80/F0 U0 paainhoy BZSAN :a11d eyeq =

74-



9z PATT BPAT @6 BAS  @OL  PP9 8RS B8Rk m@m Rz BT  Z/M
y 5TeTeT T = ‘ L ﬂ _’ﬂ _A«ﬁﬂ ﬂ: 8
L 9889 g6l |
voise e 18y 1|
el m.mmam. o
ﬁ ‘g TRE
5 £69
v..ryw
£ 'G8E L SAY
¢.ws¢
b 6eb
et ELD
b 19g ﬁ
bYLLEVGE b L1g 881
+S7 (SW) (ZXZ dMUS(ZE@ed: (18’ 1e'MId  (SEE'Z) T,PSHN

9€:21 3¢ T661/80/E@ O paarnhay

"95=I" 0ZH/NOEHD U1
PSINW

“In/BnT Zal

19114 eyeq

Electrospray Mass Spectrum of MPEG550,

.
3

Ficure 2.4

-75-



il kA BT poaT Bes6 o}t aaL ala}e as il 89

£ ZsM

14 ._q . T u_ YN Y ¥ :. | v @ r
T T _ | IR i
o n
8 T2TT 9°LLBT | 0
8 £€AT /ﬁ.:& m
coboe | £ £9E W
9 tac m.amm«. an.mmm o
9 Cb6 bove £
E
Sdv m

9186 v t6c . OM .

g =
9 LG8 >
[
[ -
2
! ﬁ v LED m
G gTg 6 692 | P 189 3
=
800GLAZT v Gl r%: b
+50 T(SH) (ZXZ:AMMS(ZZ Ped:(18°8'18° M3 (92E°2) 1,0T1SAM o
"B5=90" 0ZH/NOEHD ur “n/Bny’ 2qy =
80:ET 1° T166T/8B/E9 U0 paxinhay ATSAN 3114 vleq e




8aLT 8091 ancT popT BT

1 1 1

XA @@Ma._ 8eaT 0B6

0as

PALZ /M

kEniory s e ey e PR () b bripioy T L Y
S i A YRR TR R T ,iw
£'GEQT # J ,J
A’ ChbT—
6'00pT— |
T LGET

PETET

/
689271

L veel
8'88TT

96896¢¢

=

¢.wmm

L'2L8

8'9ETT w.wam

8 2681
L' 8ret ﬁ.%um

[ ﬂ,,_,__ 1y H T _,., A

I

i

-y H8L
v 68L

(3]

-S47

ﬁaaq

+81 “(SH) (2xZ:AOwS(ZE e (1Z26°1) 1,818V
yarapiy "9ed CEIW Csajdwes [0A1F auayfjiehiog

6b:9T 3°  Z661/88/52 WO padainhay

BLSY 911d vied

Electrospray Mass Spectrum of PEG1000,

Figure 2.6

-77-




oH 3T ool vab ] oaET ool uCaa

oo 15191

4.

per b ol I el aa sy Lo
MR T e
| \
_ A A 1 S mwm
L Tvst v EBTT
Z'86GT .
9 4bTT
8'EGGT ]
8'a6TT
18757
£ 605T
-
2 ccpT | veel
76227
A EZET
Pr60TAT T'TZbT—6" 9LET

+84 (SH) :(2XZ:A0US(7ESTred: (888 18" 8) M

€F:97 1 Z661,/88/57 1O pasinhay

)

N,
N

608 BDLZ/M
~

i

—L° 684
8°918

- SAZ

ﬁ&@H

(9€8°2) 1,189
SO MW @jephaoeouou 535 93y sajdues [02AR1H aualfy}ah]og

LLISY 2114 ejeq

Electrospray Mass Spectrum of PEG1000-A,

.
:

™
~
o
u
=
2
fx

78-




2.5 CONCLUSIONS

The synthesis of methoxy poly(ethylene glycol) acrylates 1(a-e) was

successfully achieved using a one step method that can be represented using the

scheme:-
H
AR H,  H
H— =0 C=C=OFH + C=C
H H H H I=O
n
Cl

17(a-e)

This scheme was used to synthesise the following range of MPEGAs:-

H
|
H— C=

lEin\c-c’H 0
H/ \C\// }‘{ }I{ ﬁl
A G-
H H
n
1(a-e) + HCl
MPEG350-A 1(a) n=7-8
MPEG550-A 1(b) n=11-12
MPEG750-A 1(¢) n=16-17
MPEG2000-A 1(d) n=44-45
MPEG5000-A 1(e) n=112-113

The synthesis of hydroxy-terminated poly(ethylene glycol) acrylates 2(a-c)

proved to be more complicated. Initial attempts to follow the ideas of Dal Pozzo er al.

92 were unsuccessful. He suggested that monofunctional poly(ethylene glycol)s could

be produced by initial protection of one terminal hydroxyl function with a trityl group,

addition of the desired function to the other terminal hydroxyl group and subsequent

deprotection of the trityl ether to give the desired product. It was found that in the case

of this system that the first two of these stages were successful, but that the

deprotection of the trityl ether, using 1M aqueous HCI, caused the simultaneous

cleavage of the acrylate ester.
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Using the the zert -butyldimethylsilyl group 21 to protect one hydroxy group,

adding the acrylate function to the other terminal hydroxy group and finally
deprotecting the silyl ether allowed the successful synthesis of poly(ethylene glycol)

acrylates 2(a-c). This can be represented by the following scheme:-

H H CH; CH,
P | I TEA
HO 'C—C!—O H + CH3——1C~—Sli—Cl —
H H 0 CH; CH,
18(a-¢) |CH3 CIH3 H H

B
CHy— C——8i— O C=C=OFH + HC

CH; CH, H H

22(a-c)
CH, CH, H H HH
R Lo C TEA
CH;= C—8$i— O C=C=O-H 4 I e
C
/
CH; CH; \H H /_ a—¢
0
22(a-¢) H H
N /7
i
A

] /7 N\
CH:;"(E““"S;i"“O lC“‘"le"‘O ﬁ H + HCI
CH; CH; H H nO

23(a-c)
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CHs QHy M\ c
C. )
CH3_ lC.____SII__ O IC""C—‘O / \H ( 4H9)4NF
I

THF
CHy; CH, H H 0
n H H O
23(a-c) ( / H H
c=C—c_ |
H/ 0O ——~C——-—-—O>-H
| 0
H H
2(a-c)

P‘I | PEG200-A 2(a) n=4-5
o{ C—C— 03— H  PEG400-A 2(b) n=89
}ll PI{ & PEG1000-A 2(c) n=22-23

Both the methoxy- and hydroxy-terminated polyether acrylate products 1(a-e)
and 2(a-c¢) formed, using these syntheses, were analysed using the conventional
techniques of NMR and IR and also using the relatively new technique of
Electrospray Mass Spectrometry (ESMS). Using ESMS to analyse the products
formed, and comparing them with their respective starting materials, it was possible to
further assess product purity. From the spectra obtained, it is possible to see the
addition of 54 Daltons (the mass of one acrylate function) in all of the products. This
absolutely affirmed the success of the syntheses. Minor impurities were only detected
in MPEG2000-A 1(d) and PEG1000-A 2(¢) samples. In the case of 1(d) a small
amount of MPEG2000 17 (d) starting material was apparent, whilst for 2(¢) small
amounts of the diacrylate were suggested by a series of peaks consistent with an

addition of 108 Daltons to the starting material PEG1000.
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CHAPTER 3

THE BULK AND SURFACE PROPERTIES
OF
POLY(2-HYDROXYETHYLMETHACRYLATE)
COPOLYMERS CONTAINING LINEAR
POLYETHERS.

B
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3.1 GENERAL INTRODUCTION.

Linear polyethers have been shown to be relatively inert towards biological
species®. An example of this is that linear polyethers have been shown to inhibit the
absorption of blood proteins onto alkyl methacrylate/ poly(ethylene glycol)
monomethacrylate devices>0. One theory postulated is that the polyether side chains
produce an excluded volume, a barrier to such protein absorption. [t was hoped,
therefore, that inclusion of the polyether acrylates, discussed in Chapter 2, might
enhance the biocompatability of poly(2-hydroxyethyl methacrylate) (poly(HEMA))

based hydrogel membranes.

Many properties of hydrogels are influenced by the water maintained within the
polymer matrix. The water allows the transport of many water soluble materials
through the gel. For example an extremely important factor, when considering the
development of new soft contact lens materials, is the rate of oxygen diffusion
through the lens. The rate of diffusion of oxygen through the gel will be enhanced by
an increased equilibrium water content. [t was anticipated that incorporating polyether
side-chains into a poly(HEMA) based gel might cause an increase in the EWC of the

gel. This effect would be due to the influence of the polar -CH>CH»0- repeat units.

As hydrogel surfaces are often in intimate contact with biological fluids, it is
important to study the surface properties of these materials. The indications that
thrombogenic reactions to synthetic polymers are significantly reduced by the
presence of polyether side chains, would in turn suggest that the surface properties of
such polymers are manifestly controlled by the polyether side chains. When the
polyether acrylates, synthesised as described in Chapter 2, are copolymerised with

HEMA, a typical section of the resulting copolymer would be expected to look as

follows:-




HEMA Polyether HEMA
Acrylate

Ve iV e
R 9 e
bl el

O O 0O
HOCH,CH,” (CH,CH,OnR  CH:CH,OH

Where n= 4 - 113

This highlights the fact that, if the polyether chains do dictate the surface
properties of polyether acrylate/HEMA copolymers, the surface of the copolymer
should show the polar characteristics of the -CH»CH»O- repeat unit. Measurement of
the surface free energy of polyether acrylate/ HEMA hydrogels is possible.
Furthermore the surface free energy values obtained can be resolved into both polar
and dispersive components . A comparison of the data obtained for such systems,
with that for a pure poly(HEMA) gel, should allow conclusions to be drawn on the
surface effects of the polyether chains. An increase in the polar component of surface
free energy, would be consistant with a polyether acrylate:HEMA based gel whose

surface properties are being controlled by the polyether side chains.

In summary, therefore, both the equilibrium water content and the surface free
energy of a hydrogel are fundamental parameters to be considered when assessing the
prospective biocompatability of that material. Measurement of these properties allows

an insight into the bulk and surface properties of hydrogels.

The remainder of this chapter focuses on the measurement of EWC and surface

free energy for hydrogels consisting of HEMA and the polyether acrylates synthesised

as described in Chapter 2.



3.2 PREPARATION OF HYDROGELS.

A range of copolymers were prepared by adding 5 to 20% weight of each of the
eight polyether acrylate monomers to HEMA:EGDM (99:1). Ethylene glycol
dimethacrylate (EGDM) was employed as a crosslinking agent. The full experimental

procedure for the synthesis of these hydrogels may be found in Chapter 8.

3.3 THE EFFECT OF POLYETHER ACRYLATES ON THE EWC OF

HEMA:EGDM (99:1) HYDROGELS.

The experimental method used in calculating EWC values for the prepared
hydrogels can be found in Chapter 8. The definition of the EWC value for a hydrogel

18-

EWC = Weight of water present in the hydrated gel x 160

Total weight of hydrated gel

The EWC values of all HEMA:EGDM (99:1) based hydrogels prepared are

given in Table 3.1.

A statistical treatment of the error involved in EWC determination by this

technique gives a standard deviation of op.1 = 0.4, an error of approximately 3% 103.



Membrane Composition

HEMA:EGDM (99:1)

HEMA:EGDM (99:1) + 5% MPEG350-A
HEMA:EGDM (99:1) + 10% MPEG350-A
HEMA:EGDM (99:1) + 20% MPEG350-A

HEMA:EGDM (99:1) + 5% MPEG550-A
HEMA:EGDM (99:1) + 10% MPEG550-A
HEMA:EGDM (99:1) + 20% MPEG550-A

HEMA:EGDM (99:1) + 5% MPEG750-A
HEMA:EGDM (99:1) + 10% MPEG750-A
HEMA:EGDM (99:1) + 20% MPEG750-A

HEMA:EGDM (99:1) + 5% MPEG2000-A
HEMA:EGDM (99:1) + 10% MPEG2000-A
HEMA:EGDM (99:1) + 20% MPEG2000-A

HEMA:EGDM (99:1) + 5% MPEG5000-A
HEMA:EGDM (99:1) + 10% MPEG5000-A
HEMA:EGDM (99:1) + 20% MPEG5000-A

HEMA:EGDM (99:1) + 5% PEG200-A
HEMA:EGDM (99:1) + 10% PEG200-A
HEMA:EGDM (99:1) + 20% PEG200-A

HEMA:EGDM (99:1) + 5% PEG400-A
HEMA:EGDM (99:1) + 10% PEG400-A
HEMA :EGDM (99:1) + 20% PEG400-A

HEMA:EGDM (99:1) + 5% PEG1000-A
HEMA :EGDM (99:1) + 10% PEG1000-A
HEMA:EGDM (99:1) + 20% PEG1000-A

EWC (%)
37.3

40.1
41.7
46.9

40.4
42.7
47.6

40.6
43.5
48.2

42.3
453
53.4

46.0
50.5
58.6

38.9
40.4
41.3

4].1
42.2
44.1

41.4
44.4
48.2

Table 3.1 : The Effect of Polvether Content on the EWC of

HEMA:EGDM (99:1) Hydrogels..




These results suggest that the EWC of HEMA:EGDM (99:1) based hydrogels is

affected in the following ways on inclusion of polyether acrylates:-

1) increasing the concentration of the same polyether acrylate within the

hydrogel network, causes an increase in EWC.

2) for two HEMA:EGDM (99:1) hydrogels containing the same concentration
of different polyether acrylates, the gel with the highest EWC value will be the
one containing the polyether acrylate of highest molecular mass i.e. the acrylate

with the longest polyether chain.

These results, although promising and interesting, are not particularly suprising.
What would be more interesting would be to determine whether the EWC value for a
gel is affected more by a large number of small polyether chains, or by a small
number of longer polyether chains. To deduce such an effect, the concentration of
~CH»CH»O- ether repeat units must be a constant between two comparative gels 1.e.
that the only variable being analysed is the change in EWC with chain length.
Producing plots of EWC versus the concentration of -CH>CH20- ether repeat units in

wt% should give a graph that should allow the relationship between EWC and chain

length to be investigated.

Figure 3.1 shows a plot of EWC (wt%) versus [-CH2CH»O-] (wt%) for all
synthesised hydrogels containing HEMA:EGDM (99:1) and MPEGA derivatives.

Figure 3.2 shows the analogous plot for the PEGA derivatives.

Analysis of Figure 3.1 shows the marked affect of polyether chain length on
EWC at a constant concentration of ether repeat units. The EWC values observed for

all of the MPEG derivatives at 10% weight of polyether repeat units are listed as

follows:-




MPEG Derivative EWC (wt%)

MPEG350-A ~43
MPEGS550-A ~43.5
MPEG750-A ~44
MPEG2000-A ~46
MPEGS5000-A ~51.5

These results show for a constant concentration of ether repeat units that
observed EWC values increase with increasing polyether chain length. This
observation is probably due to the fact that the hydrogel matrix is essentially made up
of a hydrophobic backbone with hydrophilic side-chains. For the longer polyether
side-chains, a continually increasing proportion of ether repeat units exist an
increasing distance away from the hydrophobic polymer backbone. The further the
repeat units are away from this hydrophobic influence, the greater will be their ability
to structure water leading to the results observed above. Analysis of Figure 3.2 allows

similar deductions to be made for the hydroxy-terminated PEGA derivatives.

More generally, comparing the EWC values displayed in Table 3.1, Figure 3.1
and Figure 3.2 establishes that inclusion of polyether side-chains in a poly(HEMA)

based hydrogel increases the water content of the gel with respect to a pure

poly(HEMA) gel.



Equilibrinm Water Content (wt%)

60

= HEMA

1—=— MPEG350-A

55 4 —*— MPEGS550-A

50 4

45 -

40 -

| —=— MPEG750-A -
T MPEG2000A -
== MPEGS000-A "

35

5 10
(-CH2CH20-] (wt%)

T

15

20

Figure 3.1: Effect of the Methoxy-Terminated MPEGAs on the EWC of

Figsure 3.2: Effect of the Hydroxy-Terminated PEGAs on the EWC of

Equlibrium Water Content {wit%)

HEMA:EGDM(99:1) Hydrogels.
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3.4 THE EFFECT OF POLYETHER ACRYLATES ON THE SURFACE

ENERGIES OF HEMA:EGDM (99:1) HYDROGELS.

3.4.1 Introduction.

Contact angle goniometry was used to determine the surface energy of these
hydrogel copolymers. The practical details associated with this technique are
discussed in Chapter 8. The application of contact angle theory allows the surface
energies of hydrogels to be calculated in either their hydrated or dehydrated states.
Consideration had therefore to be given to which alternative would be most

appropriate in this case.

It is thought that polyether side chains resist protein absorption by providing an
excluded volume about the polymer surface. If contact angles were to be measured in
the dehydrated state then it is considered that removal of the aqueous environment
might cause the side chains to 'collapse' against the surface of the copolymer. This
would significantly alter the characteristics of the copolymer surface, and would not
allow a surface study of the effects of mobile polyether side chains to be made. In
addition to this, surface energies would be difficult to measure, in the dehydrated
state, where hydrophilic samples absorb water rapidly. Measurement of contact angles

in the hydrated state would provide the ability to study the effect of mobile polyether

side chains on the hydrogel surface.

The measurement of contact angles, and eventually surface energies, has been

achieved in the past by first creating a three phase interface in the following ways,

using:-



1) a drop of wetting liquid, the hydrogel surface and air. This constitutes the

sessile drop technique used for measuring dehydrated contact angles. This system is

shown in Figure 3.3.

A

,./ YAPOUR

,ff:’ m

N
£ )J __&V \\, Y L’“

SOLID

Figure 3.3 : Interfacial Energies of a Sessile Drop on _a Solid Surface.

where:-

ysv = the solid/vapour interfacial free energy.
ysi = the solid/liquid interfacial free energy.

yiy = the liquid vapour interfacial free energy.

2) a drop of octane, the hydrogel surface and water in which the system 1s
immersed. This constitutes Hamilton's method!®4 used, in conjunction with the

captive bubble technique, to measure hydrated contact angles. This system is shown

in Figure 3.4.

3) a bubble of air, the hydrogel surface and water in which the system is
‘mmersed. This constitutes the captive bubble technique used, in conjunction with

Hamilton's method, to measure hydrated contact angles. This system is shown in

Figure 3.5.

91-



Hamilton's method!%4 and the captive bubble technique can be combined to give

valuable information on the hydrated surface properties, of the polyether acrylate
:HEMA copolymers being studied, by allowing values for the total- (ys'), polar- (YsP)

and dispersive- (Y% surface free energies to be calculated.

3.4.2 Measurement of the Surface Energies of Hydrated Surfaces.

Hamilton!%4 found that both octane and water have the same dispersive
component to their free energies, 21.8 mN/m. He also noted that the polar component

of octane 1s zero.

Consider a sample S suspended under water whist being wetted with a drop of

octane:-
SOLID
" ko ~a - Yo
( :

n-OCTANE >

WATER

Your
Figure 3.4 : Components of Surface Free Energy Using
Hamilton's Method.
Where:-

ysw = solid-water interfacial free energy.
vso = solid-octane interfacial free energy.

yow = Octane-water interfacial free energy.
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A relationship describing the work of adhesion at a solid-liquid interface was

developed by Fowkes!05. He assumed that there was no polar interaction across the

interface:-

Ysl = Ys + Yiv - 21vHs 90> (3.1)
There 1s no term within this expression to account for stabilisation from non-

dispersive forces. A modified form of this equation was introduced by Tamai et al.!%¢

that accounted for this omission:-
Ysl = Ys + Yiv - 20y 9S-Iy (3.2)
where:-
st = 2002?05 (33)

Young!07 resolved the forces at the point of contact of a sessile drop and a solid

and proposed the following relationship:-
Ysv = Vs +Yiv Cos® (3.4
As octane has no polar component, and the dispersive components of octane
and water (y;y9) are identical, combining equations (3.2) and (3.4) leads to the

following expression for Iy, the polar stabilisation energy between water and the

solid:-

[gw = Yw'v - Yov - Yow-Co0sO (3.5)
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Yw'v, the surface tension of octane saturated water, yov and yow have all been

determined experimentally. Hence Igy can be determined. Therefore, Ysp» the polar

component of the surface free energy of the hydrogel, may be deduced using equation

(3.3).

The captive air bubble technique is similar to that of Hamilton's method
experimentally in that the hydrogel sample is placed under water and a bubble of air is

blown onto the surface from below. The contact angle 0' is measured as shown in

Figure 3.5:-

SOLID

WATER

Y\V\'

Figure 3.5: Components of Surface Free Energy for the

Captive Air Bubble Technique.

Where:-

ysw = solid-water interfacial free energy.
ywy = water-vapour interfacial free energy (surface tension of the water).
vsy = solid-vapour interfacial free energy or approximately yg the surface

energy of the solid.



The forces acting at the three phase interface present can again be resolved using

the Young equation:-

cosB' Yy = Yov - Ysw  (3.6)

Ywv 18 the surface tension of water and is known to be 72.8 mN/m. 6' is
measured as the contact angle. This allows a value for Yy - Vs to be calculated. An
equation describing the polar stabilisation parameter (Igy) was defined previously as

equation (3.5):-

Isw = Yw'v - Yov - Yow-Cos6' (3.5)

As Yyy = 72.8 mN/m, yov = 21.8 mN/m and yon = 51.0 mN/m this equation

may be rewritten as:-

[S\V = 51.0 (1 - COSG') (3.7)

allowing I to be determined. Combining equations (3.2) and (3.6) gives:-

(Ysv - Ysw) = 2(wid‘{svd>0-5 + Tow - Ywv (3.8)

Rearranging this equation gives an expression gives an equation for the

dispersive component (ys\,d) of the hydrogel:-
std = [ {(ysv - Ysw) - Isw + Ywv) /2(‘{wvd)0'5]2 (3.9)

Values of ysvd, ysvP and vs,! were calculated using the Macintosh Works™

package for the hydrogels prepared in Section 3.2.
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The contact angles obtained, using both Hamilton's method and the captive air
bubble technique, were recorded as the average of six readings. It was found that
readings obtained had values within £1° of the mean value. This range of contact
angle readings gave a general error, for all surface free energy values obtained, of

*1.5 mN/m for ys4, £0.5 mN/m for yP and 2 mN/m for ys.

3.4.2 Discussion of Surface Enerey Studies.

Figures 3.8 and 3.11 describe the total surface free energies observed for gels
containing MPEGA and PEGA derivatives respectively. They show the effect on
surface energy of increasing the concentration of one particular derivative, and also
show an inter-comparison between hydrogels containing all derivatives and a pure

poly(HEMA) hydrogel.

Figures 3.6 and 3.9 show the dispersive component of surface free energy, and
Figures 3.7 and 3.10 the polar component of surface free energy, for hydrogels

containing MPEGA and PEGA derivatives respectively.

Figures 3.8 and 3.11 demonstrate that the total free energy of a poly(HEMA)
based hydrogel increases with ether repeat unit concentration for gels containing both
methoxy- and hydroxy-terminated polyether derivatives. Figures 3.7 and 3.10 show
that this increase in surface free energy, with respect to a pure poly(HEMA) gel, 1s

manifestly controlled by an increase in the polar surface energy component.

Combining the above observations tends to suggest that a polar influence is
present at the surface of hydrogels containing polyether derivatives that is not present
in a pure poly(HEMA) hydrogel. From these deductions it is postulated that the

surface properties of hydrogels containing such derivatives are as anticipated dictated

by the polar polyether side-chains.




In addition to these analyses reference to Figures 3.6 and 3.9 shows, in the
case of hydrogels containing either methoxy- or hydroxy- terminated derivatives, that
the dispersive surface energy component is suppressed. As the dispersive component
arises predominantly from contributions to the surface energy by non-polar groups, in
this case the hydrophobic polymer backbone, it is reasonable to deduce that the
observed suppression results from a shielding effect by the polyether chains at the

hydrogel surface.
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Figure 3.6: Effect of the Methoxy-Terminated MPEGAs on Y ¢4 of
HEMA:EGDM(99:1) Hydrogels.
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3.5 CONCLUSIONS.

Several conclusions may be drawn from studies of the bulk and surface
properties of poly(HEMA) based hydrogels, containing the polyether derivatives

synthesised as described in Chapter 2.

Results, from studies of the bulk properties of hydrogels studied, show for gels

containing either methoxy- or hydroxy-derivatives that:-

1) introducing polyether acrylates into a poly(HEMA) based hydrogel increases

the equilibrium water content (EWC) of the gel with respect to one containing

only poly(HEMA).
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2) increasing the concentration of the same polyether acrylate, within the

hydrogel network, causes an increase in EWC with respect to a gel containing

only poly(HEMA).

3) for two hydrogels containing different polyether acrylates, but with the same
concentration of ether repeat units, the gel with the highest EWC value will be
the one containing the polyether acrylate of highest molecular mass i.e. the

acrylate with the longest polyether chain.

The first two of these observations highlight that incorporating polyether chains
into the hydrogel matrix increases the hydrophilicity of the gel. This effect is due to
the influence of the polar -CH>CH»O- ether repeat units. The third of these
observations is probably due to the fact that the hydrogel matrix is essentially made up
of a hydrophobic backbone with hydrophilic side-chains. For the longer polyether
side-chains, a continually increasing proportion of ether repeat units exist an
increasing distance away from the hydrophobic polymer backbone. The further the

repeat units are away from this hydrophobic influence, the greater will be their ability

to structure water.

Results of the surface properties of hydrogels studied, show for gels containing

either methoxy- or hydroxy-derivatives that:-

1) the total surface free energy, of a poly(HEMA) based hydrogel, increases

with ether repeat unit concentration.

2) the increase in total surface free energy is controlled by an specific increase in

the polar surface energy component.
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3) a supression in the dispersive surface free energy component is observed.

The first two of these observations support very strongly the idea that the
surface properties of the hydrogels are dictated by the polar polyether side-chains. The
third of these observations is probably due to the fact that the dispersive free energy
component arises predominantly from contributions to the surface energy by non-
polar groups, in this case the hydrophobic polymer backbone. It is reasonable to
deduce, therefore, that the observed suppression results from a shielding effect by the

polyether chains at the hydrogel surface.

Combining these conclusions, made on analysis of both bulk and surface
properties, suggests that polyether acrylates may be potentially suitable biomaterials
when copolymerised with HEMA. The observed increase in EWC suggests polyether
modified materials could have superior oxygen permeability, that may make them
potentially useful in soft contact lens applications. Additionally it would appear that
the surface properties of these polyether modified materials are largely controlled by
the polar polyether side-chains. This would be consistent with the theory that devices
containing pendant polyether side-chains resist protein deposition because the chains

provide an excluded volume about the surface of the material 0.
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CHAPTER 4

CELL ADHESION AND PROPERTY STUDIES

OF
POLY(2-HYDROXYETHYLMETHACRYLATE)
:POLY(METHYL METHACRYLATE)
TERPOLYMERS CONTAINING LINEAR
POLYETHERS.
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4.1 GENERAL INTRODUCTION.

One of the major applications of hydrogels is in biomedical applications!08,
These applications include contact lenses!® liver support systems22, and

replacement blood vessels! 10 among a variety of other related and potential uses.

Hydrogels, when used in in vivo applications, are usually well tolerated in
comparison to other polymers. There are a number of attributes that hydrogels
possess that make this so. Hydrogels bear a resemblance to tissue in that their water
contents are relatively high (20-99% depending on the degree of cross-linking). The
water maintained within a hydrogel matrix acts as a plasticiser, a transport medium for
water soluble species (e.g. oxygen) and a 'bridge' across any difference in surface
energies between the hydrogel matrix and the physiological system. Hydrogels,
because of their chemical fabric, often show low interfacial tensions with aqueous
environments. This is especially important when considering their compatability as
replacement blood vessels where minimal interfacial tension has been related to
thromboresistance, or blood compatability!!!. This observed phenomenon also
results in the minimal amount of frictional irritation of the surrounding tissues!12.
Summarising, therefore, one of the most exciting aspects of synthetic hydrogels is

that they show favourable interfacial properties in physiological environments.

As stated before, workers have recently indicated that thrombogenic reactions
to synthetic polymers are reduced by the presence of linear polyether side chains. The
incorporation of polyether side chains into hydrogel matrices using methoxy
poly(ethylene glycol) acrylates and poly(ethylene glycol) monoacrylates as was
demonstrated in Chapter 2 of this thesis. The polyether acrylate:HEMA:EGDM (99:1)
hydrogels formed were studied in Chapter 3 where equilibrium water content (EWC)
and surface energy values were obtained. It was demonstrated that the inclusion of

polyether side chains significantly increased the water content of the hydrogels.
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Further to this the increased polar component of surface energy, observed on
increasing the concentration of [-CH>CH.O-] ether repeat units, suggested that the
surface properties of the hydrogels were increasingly dictated by the polyether chains.
This would be consistent with previous theoretical postulations that the observed
reduction in thrombogenic reactions, noted above, is attributable to the presence of
flexible hydrated polyether chains which provide an excluded volume o proiein
absorption at the polymer surface. It would be extremely interesting to know, in
addition to the above, how polyether acrylate modified hydrogels interacted with
proteins. This information would enable estimates to be made of how these novel

materials may interact atan in vivo biological interface.

In order to answer these questions, cell adhesion studies were carried oul in
this laboratory. These studies helped to ascertain the tolerance of polyether acrylaie
modified hydrogels to protein deposition. A more detailed description of the biological
implications of these particular studies is considered to be beyond the scope of this
thesis, but such a description can be found in the Ph.D. thesis of Dr J.H. Fitton!13, to
whom 1 am indebted. Descriptions of the experimental techniques used in cell

adhesion studies are also well documented by Thomas!14.

When a foreign surface is placed in contact with a biological environment,
either in vivo or in vitro, there is an almost immediate active depasition from the
biological system!15. This process can irreversibly alter the surface of the foreign
material and in fact constitutes, when in vivo, one of the first stages of physiological
rejection. The necessity of potential biomaterials fo inferact reversibly in a biological
environment is therefore of great importance if rejection is to be avoided. Thie is true
of applications as diverse as soft contact lenses through to synthetic replacement blood
vessels. The development of synthetic hydrogels has produced a number of materials
fhat potentially avercome these difficulties, for reasoms stated earlier in this secfion.

Substantial research is in progress within the Speciality Matorials Ressaroh Crauj
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here at Aston, concerned with in vitro protein deposition onto hydrogel materials.

One such method involves the study of cell adhesion to the hydrogels.

If hydrogels are allowed to interact with a biological interface for a period of
time, then the gels will interact with the proteins in that medium absorbing the proteins
reversibly or irreversibly (deposition). After a period of time washing of the hydrogel
samples will leave only proteins that have been permanently deposited on the hydrogel
surface. These proteins will have within them specific anchorage sites. It is possible
to grow anchorage dependent cells, in cultures, in controlled conditions. These cells
have receptors that will recognise specific proteins on the hydrogel surface. The cells
will therefore be able to adhere to these proteins. After staining the adhered cells,
counting them under a microscope gives a cell count proportionate (o the degree of

protein deposition that has occurred on the hydrogel surface.

An interesting overview of the cell adhesion behaviour of hydrogels is

available! 16, Within this report it was highlighted that hydrogels containing between
5% and 35% water were responsive to cell adhesion studies. At water contents >35%,
the cell response decreased suddenly producing very slow adhesion that was
impossible to study over a short time span. These observations have been
substantiated here and are demonstrated in the work of Oxley®! and Fitton!13,
Together, they attempted to analyse the cell adhesion properties of some
polyether: HEMA based hydrogels all of which had EWC values in excess of 35%.
The results they obtained showed this 'cut-off point' for cell adhesion, which meant

that inter-sample comparison was impossible and heavily restricted the technique.

For reasons stated it was considered that the hydrogels synthesiged as
described in Chapter 3 of this report would be unsuitable for cell adhesion studies.
However, by creating terpolymers, incorporating the non-hydraphilic methyl

methacrylate (MMA) in S0:50 HEMA:MMA (wtf%), it was passible to praduece a
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series of hydrogels that had EWC values of between 16% and 34%, optimum for cell
adhesion study. As these hydrogels are significantly different in chemistry from those
discussed in Chapter 3, the remainder of this chapter not only contains details of cell
adhesion studies but also of the water content and surface energy characteristics of

this series.

4.2 PREPARATION OF HYDROGELS.

A range of copolymers were prepared by adding 5 to 20% weight of each of
the eight monomers, prepared as described in Chapter 2, to {HEMA:MMA(50:50)}:
EGDM(99:1). Ethyleneglycol dimethacrylate (EGDM) was employed as a
crosslinking agent. The full experimental procedure for the synthesis of these

hydrogels, may be found in Chapter 8.

4.3 THE EFFECT OF POLYETHER ACRYLATES ON THE EWC OF

{HEMA :MMA (50:50)}:EGDM _(99:1) HYDROGELS.

The experimental method used in calculating EWC values for the prepared

hydrogels can be found in Chapter &. The definition of the EWC value for a hydrogel

is:-

EWC = Weight of water present in the hydrated gel x 100

Total weight of hydrated gel

The EWC values of all HEMA:EGDM (99:1) based hydrogels prepared are
given in Table 4.1, A statistical treatment of the error involved in EWC determination
by this fechnigue gives a standard deviation of ay.1 = 04, an error of approximately

35 103,
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{HEMA:MMA (50:50)}:EGDM (99:1) 16.4
{HEMA:MMA (50:50)}:EGDM (99: 1) + 5% MPEG550-A 16.9
{HEMA:MMA (50:50)}:EGDM (99:1) + 10% MPEGS550-A 17.1
{HEMA:MMA (50:50)}:EGDM (99:1) + 20% MPEG350-A 21.6
{HEMA:MMA (50:50)}:EGDM (99:1) + 5% MPEG2000-A 20.1
{HEMA:MMA (50:50)}:EGDM (99:1) + 10% MPEG2000-A 23.2
{HEMA:MMA (50:50)}:EGDM (99: 1) + 20% MPEG2000-A 33.7
{HEMA:MMA (50:50)}:EGDM (99:1) + 5% PRG400-A 7.2
{HEMA:MMA (50:50)}:EGDM (99: 1) + 10% PEG400-A 21.4
{HEMA:MMA (50:50)}:EGDM (99: 1) + 20% PEG400-A 27,1
{HEMA:MMA (50:50)}:EGDM (99: 1) + 5% PEG 1000-A 21.4
(HEMA:MMA (50:50)}:EGDM (99: 1) + 10% PEG1000-A 24.7
{HEMA:MMA (50:50)}:EGDM (99: 1) + 20% PEG 1000-A 29.6

Table 4.1 : The Effect of Polyether Content on_the EWC of
(HEMA:MMA (50:50)}:EGDM (99:1) Hydrogels.

These results initially suggest that the EWC of {HEMA:MMA(50:50)}:EGDM

(99:1) based hydrogels is affected as follows on the inclusion of polyether acrylates:-

1) increasing the concentration of the same polyether acrylate within the

hydrogel network, causes an increase in EWC.

2) far two HEMA:EGDM (99:1) hydrogels containing the same coneentration
of different polyether acrylates, the gel with the highest EWC value will be the




one containing the polyetheracrylate of highest molecular mass i.e. the acrylate

with the longest polyether chain.

These observations hold for both the methoxy- and hydroxy- terminated series

of polyether acrylates.

A further note should be made of the generally lower EWC values of these
hydrogels relative to those discussed in Chapter 3. This is obviously due to the

inclusion of hydrophobic methyl methacrylate within the hydrogel network.

These vesults, although promising and inferesting, are not particularly
surprising. What would be more interesting would be to determine whether the EWC
value for a gel is affected more by a large number of small polyether chains, or by a
small number of longer polyether chains. To deduce such an effect, the concentration
of -CH>CH»O- ether repeat units must be constant between two comparative gels i.e.
the only variable being analysed is the change in EWC with chain length. Producing
plots of EWC versus the concentration of -CH>CH,O- ether repeat units in wt% will
give a graph that should allow the relationship between EWC and chain length to be
investigated. Such a relationship can be deduced for hydrogels containing both

methoxy- and hydroxy- terminated polyether acrylates. The two relationships can then

be compared.

Figure 4.1 shows a plot of EWC (wit%) versus [-CHaCH20-] (wi%) for all
synthesised hydrogels containing {HEMA:MMA(50:50)}:EGDM (99:1) and MPEGA

derivatives. Figure 4.2 shows the analogous plot for the PEGA derivatives.

Analysis of Figure 4.1 shows the affect of polyether chain len gth on EWC at a
constant concentration of ether repeat units. This effeci is similar to that observed

whilat studying the hydrogels prepared as described in Chapfer 3. The EWC values
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observed for the MPEG derivatives at 10% weight of polyether repeat units are listed

as follows:-

MPEG Derivative EWC (wt%)
MPEG550-A ~18
MPEG2000-A ~24

These results show for a constant concentration of ether repeat units that
observed EWC values increase with increasing polyether chain length. As was
abserved in Chapter 3, this is probably due to the fact that the hydrogel matrix is
essentially made up of a hydrophobic backbone with hydrophilic side-chains. For the
longer polyether side-chains, a continually increasing proportion of ether repeal units
exist an increasing distance away from the hydrophobic palymer backbone. The
further the repeat units are away fram this hydrophobic influence, the greater will be
their ability to structure water leading to the results observed above. Analysis of
Figure 4.2 allows similar deductions to be made for the hydroxy-terminated PEGA

derivatives

More generally, comparing the EWC values displayed in Table 4.1, Figure 4.1
and Figure 4.2 highlights that inclusion of polyether side-chains in a
poly(HEMA:MMA) based hydrogel increases the water content of the gel with respect
to a pure poly(HEMA:MMA) gel.
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4.4 THE FFFECT OF POLYETHER ACRYLATES ON THE SURFACRE

ENERGIES OF {HEMA:MMA(50:50)}:EGDM (99:1) HYDROGELS,

4.4.1 Introduction.

Contact angle goniometry was used to determine the surface energy of these
hydrogel copolymers. The practical details associated with this technique are
discussed in Chapter 8. The application of contact angle theary allows the surface
energies of hydrogels to be calculated in either their hydrated or dehydrated states.
Consideration had therefore to be given to which alternative would be maost

appropriate in this case.

As discussed previously, the mechanism by which polyeiher side chains resist
profein absorption is thought to be by providing an excluded volume about the
polymer surface. If contact angles were to be measured in the dehydrated state then it
is considered that removal of the aqueous environment might cause the side chains to
'collapse' against the surface of the copolymer. This would significantly alter the
characteristics of the copolymer surface, and would not allow a surface study of the
effects of mobile polyether side chains to be made. In addition to this, surface
energies are difficult to measure, in the dehydrated state, where hydrophilic samples
absorb water rapidly. Measurement of contact angles in the hydrated state, however,

provides the ability to study the effect of mobile polyether side chains on the hydrogel

surface.

The theory and method behind the measurement of contact angles in the
hydrated state, and the application of these results to find values for the total= (Y41,

polar- (ysP) and dispersive- (s surface free energies, may be found in Chapfer 3.




The contact angles obtained, using both Hamilton's method!04 and the captive
air bubble technique, were recorded as the average of six readings. Due to the
increased hydrophobicity of the surfaces, it was mare difficult to obtain consistant
contact angle measurements in comparison to those analysed as reported in Chapter 3.
This was due to the increased affinity of the surfaces to both octane and air. It was
found, however, that readings obtained had values within £2° of the mean value. This
range of contact angle readings gave a general ervor, for all surface free energy values

obtained, of 23 mN/m for ys4, £1 mN/m for ysP and 24 mN/m for yst.

4.4.2 Discussion of Surface Free Energy Studies.

Figures 4.5 and 4.8 show the fotal surface free energies observed (or gels
containing MPEGA and PEGA derivatives respectively. They show the effect, an
surface energy, of increasing the concentration of one particular derivative, and also
show an inter-comparison between hydrogels containing all derivatives and a pure

poly(HEMA:MMA) hydrogel.

Figures 4.3 and 4.6 show the dispersive component of surface free energy, and
Figures 4.4 and 4.7 the polar component of surface free energy, for hydrogels

containing MPEGA and PEGA derivatives respectively.

Initial analysis of these figures, as a whole, suggests that the relationship
between surface free energy and ether repeat unit concentration is not quite as straight
forward or obvious as for those poly(HEMA):polyether acrylate hydrogels studied in
Chapter 3. As was mentioned ecarlier, there were considerably more difficulties
encountered in measuring the contact angles of hydrogels prepared as described in this
chapter. This was due to the introduction of the hydrophobic methyl methacrylate as a
capolymer. The resultant series of hydrogels had considerably lower water contenia

and greater affinities for the non-polar actane, making the conaistent measwrement of
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contact angles difficult on occasion. This is considered to be why occasional rogue
points were observed, particularly on analysis of hydrogels containing MPEG2000-A
and PEG400-A. However similar trends are observed to those noted for the
poly(HEMA):polyethef acrylate hydrogels, which allow a similar a treatment of

results to be made.

Figures 4.5 and 4.8 suggest that the total free energy of a poly(HEMA:MMA)
based hydrogel increases, with ether repeat unit concentration, for gels containing
both methoxy- and hydroxy-terminated polyether derivatives. Figures 4.4 and 4.7
show that this increase in surface free energy is predominantly controlled by an

increase in the polar surface energy component.

Combining the above observations tends to suggest that a polar influence is
present at the surface of hydrogels coniaining polyether derivatives, that is not present
in a pure poly(HEMA) hydrogel. From these deductions it is postulated that the
surface properties of hydrogels containing such derivatives are as anticipated dictated

by the polar polyether side-chains.

Reference to Figures 4.3 and 4.6 shows that the dispersive surface energy
component is surpressed, for hydrogels containing either methoxy- or hydroxy-
terminated derivatives. As the dispersive component arises predominantly from
contributions to the surface energy by non-polar groups, in this case the hydrophohic
polymer backbone, it is reasonable to deduce that the observed suppression resulfs

from a shielding effect by the polyether chains at the hydrogel surface.
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4.4 CELL ADHESION TO POLYETHER ACRYLATE MODIFIED
{HEMA :MMA(50:50)}:EGDM _(99:1) HYDROGELS,

4.4.1 Introduction.

Cell culture is a technique that makes use of the fact that, under strict conditions,
cells can be kept alive in vitro. Such cells can then be used to investigate the surface
properties of materials such as hydrogels. This section is therefore concerned with the
results of preliminary investigations to assess the effects, of MPEGA and PEGA
comonomers, on the adhesion of 3T3 cells to poly(HEMA) based hydrogels. A
thorough description of the experimental techniques used in these studies is
considered to be beyond the scope of this thesis. A more complete description can

however be found in the thesis of Dr J.H. Fitton 13,

4.4.2 Discussion of Cell Adhesion Studies.

The effect of polyether chain length and polyether derivative concentration, on
the adhesion of 3T3 cells, was studied for the hydrogels containing MPEGS50-A,
MPEG2000-A, PEG400-A and PEG1000-A, prepared as described in Section 4.2,
For comparison, studies were also carried out on a poly(HEMA:MMA) hydrogel

containing no polyether derivatives. On completion of each of the studies, the cell

growth was determined.

The results from the analyses are documented in Figures 4.9 to 4.12.

The introduction to this chapter illustrated that the technique of cell adhesion
aillowed an assessment of irreversible protein interaction, between the hydrogel under
analysis and the surrounding medium. The cell count obtained on conelusion of the

siudies will therefore be in some way praportional (o the degree of pratein depasition
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that has occured at the hydrogel surface. The desire, therefore, is to observe low cell

counts for materials which would be potentially useful at an in vivo biological

interface.

Figures 4.9 and 4.10 show the results of cell adhesion studies on
poly(HEMA:MMA) hydrogels containing MPEGS50-A and MPEG?2000-A
respectively. For both additives the following trends are observed relative to a pure

poly(HEMA:MMA) hydrogel:-

1) incorporating an MPEGA comonomer into the polymer matrix causes a
decrease in observed cell count. A decrease in cell count suggests that the
inclusion of MPEGA additives increases the resistance of the hydrogel to

irreversible profein interaction (protein deposition).

2) increasing the concentration of a particular MPEGA comonomer in the

polymer matrix causes a decrease in the observed cell count.

3) increasing the concentration of MPEG2000-A produces a greater decrease in
the observed cell count than analogous increases in concentration of the

MPEGS50-A derivative.

These observations do suggest primarily that incorporating derivatives with
methoxy-terminated polyether side chains into poly(HEMA:MMA) based hydrogels
causes a significant decrease in protein deposition at the hydrogel surface.
Furthermore, the results also display that the degree of protein deposition is in some
way directly related to polyether chain length. This observation adds credence fo the
the theory that protein deposition is in fact inhihited by an excluded volume, produced

by the polyether chaing, at the hydrogel's surface.




Figures 4.11 and 4.12 show the results of cell adhesion studies on
poly(HEMA:MMA) hydrogels containing PEG400-A and PEG1000-A respectively.
These derivatives, which contain hydroxy- rather than methoxy-terminated polyether
side chains, do not display the obvious consistent trends shown by their MPEGA
analogues. However, interesting deductions can be made from these results, and
hypotheses advanced to explain inconsistencies in the results obtained for hydroxy-

versus methoxy-terminated derivatives. The following comments can be made:-

1) hydrogels containing PEG400-A comonomer show an irregular pattern as
regards cell adhesion. The trend, however, would appear to be that protein
deposition is generally greater, or at least very similar, to that observed for a
pure poly(HEMA:MMA) hydrogel. For hydrogels containing PEG1000-A, a
significant pattern does emerge showing that deposition is generally greater on
ihe surface of gels containing this derivative relative (o a pure

poly(HEMA:MMA) hydrogel.

2) hydrogels containing PEG 1000-A show that protein deposition increases,
with increasing concentration of polyether derivative, although a similar pattern

cannot be discerned from data obtained from gels containing PEG400-A.

3) the lack of pattern observed in studies using PEG400-A make inter-

comparison, with the hydrogels containing PEG1000-A, impossible.

Combining this data, it is proposed that inclusion of the hydroxy-terminated
PEGA products into poly(HEMA:MMA) based hydrogels caused either litile
difference, or an increase, in protein deposition relative (o a pure poly(HEMA:MMA)

gel, Results from studies on hydrogels containing PEG1000-A suggest that proiein

deposition increases with increasing comanomer conceniration,




It would appear therefore that incorporation of hydroxy-terminated polyether
chains has an opposite effect on protein deposition to that of their methoxy-

analogues.

ESMS analysis of PEG1000-A, described in Chapter 2, showed there to be a
small amount of diacrylate impurity in the final product. It may be that this could have
altered the pattern observed in these cell adhesion studies. However, the small amount
of diacrylate would effectively have acted as a cross-linker, when copolymerised, and
would therefore have altered the bulk properties of any hydrogels prepared, to a
greater degree than the surface properties that are generally considered (o be
manifestly controlled by free polyether chains. Analysis of the bulk properties of
hydrogels containing PEG1000-A, prepared as described in both this Chapter and
Chapter 3, by water content studies do not show anything else but the anticipaied

greater hydrophilicity compared with gels formed from its shorter chained analogues.

Assuming the above observations to be genuine, they are in agreement with
results obtained by Oxley®!. Using the 'Aston Tear Model'!17 she used a different
technique to cell adhesion to measure the rate of lipid and protein deposition onto the
surfaces of polyether methacrylate modified poly(HEMA) based hydrogels. Detection
of deposited material was made via fluorescence rather than cell adhesion. She also
found that hydroxy-terminated polyether side chains encouraged protein deposition
whereas methoxy-terminated chains had the opposite effect. She postulated, very
reasonably, that any potential excluded volume to protein deposition, that may be
created by the polyether chains expressing themselves at the hydrogel surface, is in

fact counteracted by hydrogen bonding interactions between protein molecules and the

hydroxy-terminus of the polyether chain.
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4.5 CONCLUSIONS.

Several conclusions may be drawn from studies of the bulk and surface
properties of poly(HEMA:MMA) based hydrogels, containing polyether acrylaie

derivatives.

Results from studies of the bulk properties of hydrogels studied show for gels

containing either methoxy- or hydroxy-derivatives that:-

I introducing polyether acrylates into a poly(HEMA) based hydrogel increases
the equilibrium water content (EWC) of the gel with respect (o one containing only

poly(HEMA).

2) increasing the concentration of the same polyether acrylate within the

hydrogel network, causes an in some way proportionate increase in EWC with respect

to a gel containing only poly(HEMA).

3) for two hydrogels containing different polyether acrylates, but with the same
concentration of ether repeat units, the gel with the highest EWC value will be that

containing the polyether acrylate of highest molecular mass, i.e. the acrylate with the

longest polyether chain.

The first two observations highlight the fact that incorporating polyether chains
into the hydrogel matrix increases the hydrophilicity of the gel. This effect is due (o
the influence of the polar -CH2CH20- ether repeat units. The third observation is
probably due to the fact that the hydrogel matrix is essentially made up of a
hydrophobic backbone with hydrophilic side-chains. For the longer polyether aide-
chains, a continually increasing propartion of ether repeat units exist an increasing

distance away from the hydrophebic polymer backbone. The further the repeal uniia

-194-




are away from this hydrophobic influence, the greater will be their ability to structure

water.

Results, from surface energy studies, show for gels containing either methoxy-

or hydroxy-derivatives that:-

1) the total surface free energy, of a poly(HEMA) based hydrogel, increases

with ether repeat unit concentration.

2) the increase in total surface free energy is contralled by an specific increase

in the polar surface energy component.
3) a supression in the dispersive surface free energy component is observed.

The first two observations support very strongly the idea that the surface
properties of the hydrogels are dictated by the polar polyether side-chains. The third
observation is probably due to the fact that the dispersive free energy component
arises predominantly from contributions to the surface energy by non-polar groups, in
this case the hydrophobic polymer backbone. It is reasonable to deduce, therefore,
that the observed suppression results from a shielding effect by the polyether chains at

the hydrogel surface.

Cell adhesion studies, carried out in vitro using 3T3 cells, on the hydrogels
prepared yielded extremely interesting results. The following observations and

conclusions can be drawn:-

1) the incorporation of methoxy-terminated MPEGA comonomers into
poly(HEMA:MMA) based hydrogels causes a decrease in observed cell count
relative to a pure poly(HEMA:MMA) hydrogel. This decrease is sesi (o e
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directly related to the concentration of a particular MPEGA additive and also
directly related to the length of polyether side-chain of the additive chosen.These
observations do suggest primarily that incorporating derivatives with methoxy-
terminated polyether side chains, into poly(HEMA:MMA) based hydrogels,

causes a significant decrease in protein deposition at the hydrogel surface.

2) results obtained from incorporating hydroxy-terminated PEGA

comonomers into poly(HEMA:MMA) based hydrogels show that cell

adhesion is generally greater, or at least very similar, to that observed for a pure
poly(HEMA:MMA) hydrogel. Hydrogels containing PEG1000-A show

increases in protein deposition, with increasing concentration of polyether

derivative, although a similar pattern cannot be discerned {rom data obfained
from gels containing PEG400-A. 1t is proposed that inclusion of the hydroxy-
terminated PEGA products into poly(HEMA:MMA) based hydrogels caused
either little difference, or an increase, in protein deposition relative to a pure
poly(HEMA:MMA) gel. Results from studies on hydrogels containing
PEG1000-A suggest that protein deposition increases with increasing

comonomer concentration.

A combination of these conclusions made on analysis of both bulk and surface
properties suggests that methoxy-terminated polyether acrylates may be potentially
suitable biomaterials when copolymerised into HEMA based systems . The increase in
EWC observed suggests that polyether-modified materials should have superior
oxygen permeability, which may make them potentially useful in soft contact lens
applications. Additionally it would appear that the surface properties of these
palyether modified materials are largely controiled by the polar polysther side-chains.
This suggestion is apparently confirmed by cell adhesion studies showing that the

inclusion of palyether chains reduces protein deposition on the hydrogel surface. This




observation is presumably due to the chains providing an excluded volume about the

surface of the material.

When copolymerised with HEMA:MMA., hydroxy-terminated polyether
acrylates were seen to have excellent EWC and surface energy properties. However
these hydrogels were seen to have a fairly poor resistance to protein deposition. This
may preclude their use in HEMA based biomaterials. This seemingly opposing effect
to that observed for their methoxy-terminated analogues could be due to the fact that
any potential excluded volume to protein deposition, that may be created by the
hydroxy-terminated polyether chains expressing themselves at the hydrogel surface, is
in fact counteracted by hydrogen bonding interactions between protein molecules and

the hydroxy-terminus of the polyether chain.




CHAPTER 5

THE SYNTHESIS OF
ALKYLTARTRONIC ACIDS.
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5.1 GENERAL INTRODUCTION.

The synthesis of alkyltartronic acids 3 is described in this chapter. The

alkyltartronic acids 3 have the following general formula:-

TR
HO— C—C—-C-0OH
OH
3

[t was discussed in Chapter | that although the synthesis of tartronic acid is well
documented>3-37, the synthesis of alkyltartronic acids is not. BardroffS® describes the
synthesis of methyliarironic acid (3; R=CH3) using 1,1- dicyanoethyl acetate & as a

starting material

™ 3
CH;-C—0—C —CH,
:
CN
5

By conversion of the cyano groups to amide functions and by subsequent
hydrolysis of both the amide functions and the acetate ester, the desired product was

obtained.

The only general synthetic pathway to alkyltartronic acids 3 was published by
Grandjean® in 1969 who obtained alkyltartronic acids 3, with R= ethyl, propyl,
butyl, pentyl, hexyl, heptyl, isopentyl, cyclohexyl and benzyl, using a four step
synthesis. The Grandjean report gives little experimental detail. Regardless of this we
were able to produce an alkyltartronic acid following Grandjean's methad. Our
procedure, with the necessary experimental detail omitted by Grandjean, is given in

Section 8.2 of this thesis.

|
|
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For reasons that will be discussed in Section 5.2, Grandjean's method is not
practicable for producing sizable quantities of alkyltartronic acids 3. A novel, elegant
four stage synthesis of alkyltartronic acids 3 for R= pentyl, octyl, stearyl and
isopropyl is detailed in Section 5.3. The synthesis is not only straightforward and
considered to be a general route to any alkyltartronic acid, but it also allows the bulk

synthesis of the desired acids in good yields.

5.2 GRANDJEAN SYNTHESIS OF ALKYLTARTRONIC ACIDS.

5.2.1 Introduction.

Grandjean's synthetic scheme3? is outlined below:-

O ;:J ‘Q%C{,.O(jgﬁq
[RYS=H] . N
@ﬁﬁgﬁwem?wc —OC,Hg|Na" + RX —p R— C~H + NaX
; |
H C.
O’ OC,H;
24 25




Although Grandjean's paper omits experimental detail, we were able to
synthesise pentyltartronic acid 3(a) following Grandjean's scheme by either applying
already existing experimental knowledge or by invention. The stages in this

successful synthesis are described in the following sub-sections.

5.2.2 Synthesis of Diethyl Pentylimalonate 28(a).

OC ,Hy
OI 'l:) c/ A
TRYS=H] x
021—150~c-—clf—-c——002Hs Na* + CH, Br —®» CsH;—C —H + NaBr
[
H C
f %
o  OC,H;
24
25(a)

The alkylation of diethyl malonate has been extensively reported! 18122, The
general procedure involves the addition of diethyl malonate (o an equimolar quantity
of sodium ethoxide. The basic ethoxide removes one of the pratons alpha to the two
carbonyl functions generating the diethyl malonate carbanion 24. The lability, and

hence acidity, of the a-protons is due to the resonance stability of 24.

Ry reacting pentyl bromide with 24, diethyl pentylmalonate 28(a) was

abtained by nucleophilic substitution. Sodium bromide was aleo produced, the
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majority of which precipitated out of the ethanolic solution. The reaction mixture was
refluxed until neutral, and then the ethanol was removed under vacuum. The residue
which remained was shaken with some water. The water dissolved the sodium

bromide precipitate, allowing the insoluble crude ester to separate.

After distillation under vacuum, pure diethyl pentylmalonate 28(a) was isolated

in 81% yield.

5.2.3 Synthesis of 1,2-Diphenyl-3,5-dioxo-4-pentyl Pyrazolidine 2 6.

, T C-
[ N Cf?_]”ISONﬂ /
CsHy = C —=H + | = CsH —C=H
i
N H '
Oi OC,H; O/
25(a)

Two practical methods for the preparation of 3,5-dioxopyrazolidines exist in the

literature.

The synthesis shown above, and employed by Grandjean, was originally
published by Ruhkoph!=3 in 1940. The malonic ester is heated with hydrazobenzene
and sadium ethoxide at 150-200°C. The mechanism by which ring closure proceeds is
vianucleophilic substitution. The nitrogen lone pairs of the hydrazobenzene attack at
the & carbonyl carbons of the diethyl pentylmalonate eliminating ethanol which can
be removed under vacuum as the reaction proceeds. Sodium ethoxide promotes ring

closure as it acts as a binding agent forming species such as 27.




The formation of species such as 27 increases the nucleophilicity of the

attacking species.

It was found however that when this condensation was attempied, it failed to
give the desired product 26 in good yield (yield obtained=11%). Extensive

decompaosition of the reaction mixture was seen to occur.

The second practical method quoted in the literature involves the reaction of an
alkylmalonyl chloride with hydrazobenzene either alone, as suggested by Tsumaki 24,
or in the presence of pyridine at 0°C (B.P. 646,597)125, Budziarek e1 al. 126 explored
the latter alternative. They found that the use of alkylmalonyl chlorides in ether-
pyridine gave 3,5-dioxopyrazolidines in moderate yield. However, the use of
chloroform-pyridine gave improved yields. They postulated that the higher yield was

probably due to the increased solubility of the alkylmalonyl chloride - pyridine

complex in chioroform.

The synthesis of 1,2-diphenyl-3,5-dioxo-4-pentyl pyrazolidine 26 was carried

out using the modified method of Budziarek et al.. This can be represenied as

follows:-




| OH |
Can--ﬁi -H + 2H,0 ———3p CH;—~ C-H + 2C,H;OH
|
fc C
O OC,H; O# OH
25(a) 28(a)

c’ C
o :
CSH,Im(ij ~H + S0Cl, —  CsH,,— C—H + S0, + HC
|
fc N C
o’ OH of o
28(a) 29

The first of these stages, conversion of diethyl pentylmalonate 258(a) to

pentylmalonic acid 28(a), is described in detail in Section 5.3.3.

The second step of Budziarek's method, when applied to this system, was the
conversion of pentylmalonic acid 28(a) to pentylmalonyl dichloride 29. This was
achieved!27 by stirring the acid with thionyl chloride for three days at 45°C-50°C, and
then for five hours at 60°C. Any excess thionyl chloride was removed under vacuum

and 29 was used immediately.
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In the third stage, 29 was added dropwise to a mixture of pyridine and
chloroform. The system was maintained at 0°C during the addition. The pyridine had

the purpose of both combining with 29 to form complexes such as 30

30

making 29 more susceptable (o nucleophilic aitack, and of irapping hydrogen

chloride gas formed during the reaction to give pyridine hydrochloride.

The hydrazobenzene was then added, in chloroform, and stirred for two hours
at room temperature. The mixture was then shaken with 2M hydrochloric acid to
remove both existing pyridine hydrochloride and any remaining pyridine as the
hydrochloride, and then with 2M sodium carbonate solution. The latter yielded the

sodium salt of the desired product in solution. On acidification, the free pyrazolidine

2 6 precipitated out.

The synthesis was successful. After recrystallisation from ethanol/water the

yield of 1,2-diphenyl-3,5-dioxo-4-pentyl pyrazolidine 26 was 87%.




5.2.4 Synthesis of 1,2-Diphenyl~3,5—dioxo~4~hydroxy4~pentyl Pyrazolidine 3 1.

e
CsHy—C-H , + 120, ——p» C:H, —C—OH }
C———N

3i

It is known that 1,2-diphenyl-3,5-dioxo-4-hydroxy-4-butyl pyrazolidine
(phenylbutazone) is of value in the treatment of rheumatoid arthritis and related
conditions. Hence the drug's behaviour in an aqueous environment was of greal
interest. Jadol er al. 18 commented on how the drug, in aqueous conditions, was
seen (o oxidise progressively in air. They then proceeded (o investigale possible
oxidation of the drug at its melting point. Although they gave no experimental
conditions, they created a thin film of molten phenylbutazone (m.p. 106°C) that was
seen to resolidify, with time, to form a new compound with a melting point of 132°C.
On the basis of IR and NMR data, they assigned the structure of the new compound

as 1,2-diphenyl-3,5-dioxo-4-hydroxy-4-butyl pyrazolidine:-

Grandjean® subsequently adopted Jadot's synthesis as a general route fo 1,2-

diphenyl-3,5-dioxo-4-hydroxy-4-alkyl pyrazalidines.
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An attempt was made to produce the pentyl adduct 31 using the above
procedure. A little 1,2-diphenyl-3,5-dioxo-4-pentyl pyrazolidine 26 was placed in a
large round-bottomed flask. By removing the condenser from a rotary evaporator, and
by spinning the contents of the flask using an oil bath as a heater, an ideal system was
created not only allowing a thin molten film of the starting material to be formed, but

also an adequate air supply.

1,2-diphenyl-3,5-dioxo-4-hydroxy-4-pentyl pyrazolidine 31 was obtained in
quantitative yield. However, the major limitation of this technique is that in order to
create a thin film, only small amounts of starting material can be used. This strongly
suggested that Grandjean's synthetic scheme would not be suitable for the bulk

synthesis of alkyltartronic acids.

5.2.5 Synthesis of Pentyliartronic Acid 3(a).

31 o 3(a)

Pentyltartronic acid 3(a) was successfully obtained via the hydrolysis of 31 in

12M potassium hydroxide solution.

After work up, and recrystallisation from acetone/hexane, the desired praduct

3(a) was obrained in 62% yield and shown o be spectroscapically pure.
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It was noted that Grandjean>® had suggested the recrystallisation of
alkyltartronic acids from chloroform. It was found that pentyltartronic acid was in fact

insoluble in both hot and cold chloroform.

5.3 A NOVEL SYNTHESIS OF ALKYLTARTRONIC ACIDS.

53.1 Introduction.

It was clear that Grandjean's method was not suitable for the large scale
synthesis of alkyltartronic acids. A new method had (o be devised. A novel,
straightforward synthesis of alkyltartronic acids 3 for R= pentyl, octyl, stearyl and

isopropyl is described schematically as follows.

!O(jzﬁg
O e, O C
TRy S=H] 1
CaHgO-C =C—C —OCHgNa" + RBr —3= R— C—H + NaBr
|
H C.
Ol OCZHS
24 ,
25(a-d)
Q\C/CKEHS ,OH
1 OH" |
| |
C <
O-sf \Ocsz O” OH
25(a-d) 28(a-d)
OH Q, OH

c”’ G

R o é -~H + Erz e R C =RBr +  HBr
; |

C

: %
o “OH of OH
38(a-d) Jé(a-d)




[ OH

|
R— C—Br + H,0

- R— C —-0OH + HBr
C |

C
of O o “om
32(a-d) 3(a-d)

Where:-
(a) = R = Pentyl
(b) =R = Octyl
(¢) =R = Stearyl

(d) = R = Isopropyl
The method relies on the initial formation of the relevant a-bromo-alkylmalonic
acid 32(a-d) and its subsequent hydrolysis to the desired alkyltartronic acid. This

method enabled the bulk synthesis of various alkyltartronic acids 3(a-d), and is

considered to be an excellent general synthetic route to any alkyltartronic acid.

A discussion of the individual steps in this four-stage synthesis now follows.

5.3.2 The Synthesis of Diethyl Alkylmalonates 25(a-d).

%C/OC;zHg
O
1 1;% | L
C,Hs0-C mc“fﬂowoog{g Na* + RBr —3» R— C ~H + NaBr
|
H Co
of  OC,H;
24 28(a-d)




The derivatives were all obtained in good yield by the above route. The history,

theory and an outline of the practical application of this general synthesis has already

been discussed in Section 5.2.2.

The yields of the diethyl alkylmalonates, after purification by distillation, were

as follows:-

Diethyl Pentylmalonate 28(a) 81%
Diethyl Octylmalonate 28 (Iy) 75%
Diethyl Stearylmalonate 28(¢) 75%

Diethyl Isopropylmalonate 28(d)  75%

5.3.3 The Synthesis of Alkyimalonic Acids 28(a-d).

Q%C/OCQHS C,OH
! OH [
R— C —H + 2H,0 ————3 R— C —H + 2C,HsOH
| |
“ I,C ~
O’ OC,H;5 O OH
28(a-d) 28(a-d)

Alkylmalonic acids, with R= pentyl 28(a), octyl 28(h), stearyl 28(¢) and

isopropyl 28(d), were obtained after saponification of their respective diethyl

alkylmalonates 25(a-d).

The saponification was carried out using a modified version of a method,
previously reporied by Marvel 129, far the synthesis of sec -butylmalonic acid from
diethyl sec -butylmalonate. Diethyl sec -butylmalonate was added in a steady stream (o

a hot 22M agueous solution of pofassium hydroxide with vigorous stirring. The
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mixture was then heated for five hours, the ethanol removed under vacuum to assess
reaction completeness. After cooling the mixture in ice, the mixture was acidified to
pH 3 with concentrated hydrochloric acid, whilst maintaining the temperature of the
solution below 20°C. It was noted by Marvel that, after addition of approximately half
of the required quantity of acid, the monopotassium salt of sec -butylmalonic acid
precipitated out of solution. On addition of further acid, however, the salt was
converted into the soluble sec -butylmalonic acid. The acidified solution was extracted
with diethyl ether, the ether layer dried and finally the solvent removed under vacuum

to give the desired product.

This synthetic procedure worked perfectly for the synthesis of both 28 (a) and
28(d). In both cases, the monopotassium salt was seen (o precipitate and (hen (o go
back into solution on further addition of acid. However, for hoth 28(h) and 28(¢),
Marvel's procedure worked smoothly until the acidification siep. Here again the
monopotassium salt appeared but in both cases did not go back into solution on
further addition of acid. The procedure had to be modified to allow for the insolubility
of both 28(b) and 28(c) in water. As before the mixture was acidified to pH 3 but
for both octyl- and stearyl- derivatives the insoluble solid was filtered and dried in a
vacuum oven for 48 hours at 50°C and then in a vacuum dessicator over P05 for a
further week. The crude malonic acids 28(b,¢) were taken up in some diethyl ether,
and then filtered. The solid matter, insoluble in ether, had a melting point greater than
300°C suggesting it to be ionic. An IR spectrum of the compound, run as a KBr disc,
showed no absorption at all until complete absorption occured at approximately 600
em- 1. These two observations suggested that the solid was probably sodium chloride,
a small amount of which may have precipitated out of solution with the organic solid

al the acidification stage. Removal of the ether under vacuum gave the octyl- 28(b) or

stearyl- 28(e) malonic acid.




The yields of the adducts obtained were as follows

Pentylmalonic Acid 28(a) 85%
Octylmalonic Acid 28(b) 84%
Stearylmalonic Acid 28(¢) 84%
Isopropylmalonic Acid 28(d) 90%

5.3.4 The Synthesis of a-Bromo-alkylmalonic Acids 32 (a-d).

Q OH Qy oH

¢ C
|
R—C~H  + Br, —® R—C—B + HBr
| |
C\ C.
 OH o “OH
28(a-d) 32(a-d)

The bromination of pentyl- 28(a), octyl- 28(b), stearyl- 28(¢) and

isopropyl- 28 (d) malonic acids was carried out by the following technique.

A quantity of the acid was dissolved in ether, bromine was then added,
cautiously at first. The reaction generated some heat causing the ether to reflux gently.
Reaction was also indicated by decolourisation of the mixture following each bromine
addition. After complete addition of bromine, water was added to remove any
hydrogen bromide and excess bromine from the ether layer. After drying the ether
layer, the ether was removed to give either an oil or a solid which was used without

further purification in the fourth and final stage of the synthesis.




Conversion of the alkylmalonic acid 28(a-d) to the a-bromo-alkylmalonic
acid 32(a-d), was achieved in quantitative yield for pentyl 32(a), octyl 32(b),

stearyl 32(¢) and isopropyl 32(d) dertvatives.

5.3.5 The Synthesis of Alkyltartronic Acids 3(a-d).

Q . _OH Q C/OH

| OH [
R— C —Br + H,O ———g R— C—~0OH + HBr
| |
C. C
o OH @ “ou
32(a-d) 3(a-d)

Due to the differences in aqueous solubility of the pentyl 3(a), ociyl 3(h),
stearyl 3(¢) and isopropyl 3(d) derivatives, three different procedures were adopted

for this final hydrolysis stage.

The synthetic procedure for both pentyltartronic acid 3(a) and
isopropyltartronic acid 3(d) can be outlined as follows. The a-bromo-alkylmalonic
acids 32(a,d) were dissolved in watef and heated to 50°C. Enough 2M aqueous
sodium hydroxide was added slowly with stirring to produce a final 1M solution. The
mixture was then heated for two hours. After cooling in ice, the solution was acidified
to pH 3 with 2M hydrochloric acid. The resultant solution was concentrated under
vacuum, and then extracted with ether. This concentration was necessary because of
the high solubility of both 3(a) and 3(d) in water. The cancentration was performed
al a temperature of no greater than 50°C to avoid any decarboxylation of the product.

The ether extract was dried and the solvent removed under vacuum (o give a crude

product.
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In the case of 3(b), the bromo-acid 32(b) was dispersed in water and heated
to 50°C. On addition of 2M aqueous sodium hydroxide, the dispersion became a
solution as the acid dissolved as its sodinm salt. As above, the mixture was stirred
and then acidified. On acidification, octyltartronic acid 3(b) precipitated out of
aqueous solution. Transferring the ‘milky' suspension (o a separating funnel allowed
the acid to be taken up in ether. Drying the ether layer, and subsequent removal of the

solvent under vacuum, gave a crude product.

The procedure for 3(e) was different again. The bromo-acid 32(¢) was
found to be insoluble in both water and aqueous base. THF was therefore employed
as a co-solvent (water:THF / 1:1(volume)). The procedure was then the same as for
3(a) and 3(d) until after the final reaction mixture had been acidified. At this point,
the mixture was concentrated under vacuum to remove the THF. Stearyltartronic acid
3(¢) then precipitated out of solution and the remainder of this procedure was then

identical to that used for octyltartronic acid 3(b).

Analysis of the crude pentyl 3(a), octyl 3(b) and stearyl derivatives 3(¢),
using IR and NMR, showed all to be slightly impure. Pure samples were obtained by

recrystallisation from acetone/hexane.

Analysis of the crude isopropyl derivative 3(d) showed a mixture of products
containing a degree of unsaturation. By fractionally recrystallising this mixture from

acetone/hexane, it was possible to isolate firstly a crop of needle-like crystals and

secondly a crop of leaf-like crystals.

The leaf-like crystals were shown by analysis ta be pure isopropyliarironic

acid 3(d).
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0
CH, (i,i~OH
Hw;Cm(llj-»-OH
CHy C—OH

I

3(d)

The needle-like crystals were shown, by analysis, to have a

siructure consistant with thatof 33

&

CHy C~OH

c:¢”
cHY ;CwOﬂ
0
33

suggesting that the attack of the hydroxide ion had not only created the
substitution product, 3(d), but also some of the elimination product 33. This is

feasible if the structure of a-bromo-isopropylmalonic acid 32(d) is considered:-

I
CH, C—OH
HM;CM 'C|«-Br
CH,4 C-—OH
g
32(d)

It is extremely probable that substitution reactions undergone by a-bromo-
isopropylmalonic acid will follow an SN2 mechanism. For the mechanism to follow

an SN route, the first step in the reaction would be as follows:-
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Although the subsequent carbonium ion 34 would gain a degree of inductive
stabilisation from the isopropyl group, the destabilizing electron withdrawing effect of
attached carboxyl groups is likely to be the dominani factor. This will inhibit the

formation of 3 4.

A side-reaction associaled with SN2 subsiitution reaciions, is the F2

elimination of a hydrogen halide to give an unsaturated product.

Since it is attack at the highlighted B-proton that causes elimination, it is the
basicity rather than the nucleophilicity of the attacking species which is important. In
this case, the attacking species is the hydroxide ion which, as well as being a good

nucleophile, is also a strong base which will encourage elimination.

The structure of the substrate is also important in determining the
substitution/elimination ratio. For steric reasons, the greater the branching around the
potential leaving group, the slower the substitution reaction. Attack at the 3-proton
hence becomes more favourable. a-Bromo-isopropylmalonic acid 32(d) has

branching at both a— and B-carbons making substituiion slower and elimination more

favourable.

A mare accurate representation of the hydrolysis of a-bromo-

isopropylmalonic acid is therefore:-




0 0
[
CH; C-—OH _
N ow M GTOM cn Cc-on
H“/C“ ¢=Br + H0——3 H-C—C-OH + Peled
CHY C—OH cu! oy CH ,C—OH
I T O
O o}
32(d) 3(d) 33

The reported method is highly successful in producing pentyl- 3(a), octyl-

3 (b), stearyl- 3(c) and isopropyl- 3(d) tartronic acids with the following yields:-

Pentyltartronic Acid 3(a) 82%
Octyltartronic Acid 3(h) 87%
Stearyltartronic Acid 3(¢) BR%
Isopropyltartronic Acid 3(d) 37%

5.4 CONCLUSIONS.

Although the synthesis of tartronic acid is well documented, the synthesis of
alkyltartronic acids is not. The only general synthetic pathway to alkyltartronic acids
was published by Grandjean™ in 1969. He described a four stage synthesis from
which he was able to obtain alkyltartronic acids for R= ethyl, propyl, hexyl, heptyl,
isopentyl, cyclohexyl and benzyl. This report was illustrated by a pictorial reaction

scheme but very little experimental detail.

Pentyltartronic acid 3(a) was successfully synthesised, using Grandjean's

scheme, applying either existing experimental knowledge or invention. [n completing

the synthesis, two modifications had to be made to Grandjean's approach. Firstly, it

was pointed out in Section 5.2.3 that the direct condensation of diethyl pentylmalonate

2&(a) with hydrazobenzene at 150-200°C, to form 1.2-diphenyl-3,5-dioxo-4-penty]

pyrazolidine 36, gave a very poor yield. Extensive decomposition of the reaciion

T T
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mixture was seen to occur. The synthesis of 26 was successfully achieved by the
conversion of 25(a) firstly to pentylmalonic acid 28(a), and then to pentylmalonyl
chloride 29. The acid chloride was then condensed with hydrazobenzene, in pyridine,
to give 19. Secondly, it was noted that Grandjean advocated the use of chloroform as
a solvent for recrystallizing pentyltartronic acid. Observation showed that the acid was
in fact insoluble in both hot and cold chloroform which meant that a different solvent

had to be found. Acetone/hexane was found to be the most successful solvent sysiem

for this purpose.

A further observation was made whilst using Grandjean's synthesis. Section
5.2.4 illustrates the conversion of 26 to I.2-diphenyl-3,5-dioxo-4-hydroxy-4-pentyl
pyrazolidine 3 1. This step, in the synthesis of 3(a), occurs via an oxygen insertion
reaction when a thin molten film of the 26 is exposed (o air over a fime. It was faund
experimentally that it was impractical to make thin films of anything excepl small
amounts of 26. This prohibited the use of the Grandjean synthesis in the production

of large quantities of alkyltartronic acids.

In response to the above observations, this chapter continues in Section 5.3
with a description of our novel four stage synthesis of alkyltartronic acids for R=
pentyl 3(a), octyl 3(b), stearyl 3(c) and isopropyl 3(d). The synthesis can be

represented as:-

% OCH;

3 ,
C,HgO-C = C —OC Hg|Na® + RBr ——3 R«- ~H + NaBr
‘ |
H C.

O” OC,H
24 28(a-d)
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% C}(:'jH-

o OCHs C/OH
l OH |
: 21
C, C
¥ "OC.H; o OH
25(a-d) 28(a-d)
OH H
%Ci- %C fO
o [
R— C —H + B, —% R—C—-Br + HBr
| I
Co Co
28(a-d) 32(s-d)

< .
32(a-d) 3(a-d)

The synthesis is not only straight forward but is also considered to be the first
general synthetic route to all alkyltartronic acids that gives products in bulk quantities.

For these reasons this synthetic route is regarded as a highly valuable contribution to

preparative chemistry.
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CHAPTER 6

THE SYNTHESIS OF DERIVATIVES OF

ALKYLTARTRONIC ACIDS.
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6.1 GENERAL INTRODUCTION.

The various methods that have been used to polymerise hydroxy acids into
polyesters were introduced in Chapter 1. [t was pointed out that some of the older
methods employed were not in fact suitable for the polymerisation of a-hydroxy
acids. The potential biomedical uses of poly(a-hydroxy acid)s and how they can be
successfully synthesised by the ring-opening of cyclic anhydride monomers, namely

the a-hydroxy acid anhydrosulphite 7 and a-hydroxy acid anhydrocarboxylaie 8:-

R, O Ry O
1=l L=
R, C Cw Rw(‘ Cw
O O
9:’ O c"
O ()
7 8
Anhydrosuiphate Anhydrocarboxylaie

were also discussed in the opening chapter.

These monomers 7 and 8 can be produced from the relevant parent acids by
direct combination of the parent acid with thionyl chloride in the case of the
anhydrosulphite 7, or phosgene in the case of the anhydrocarboxylate 8. However, it
has been found that these direct combination syntheses can lead to products highly
contaminated with unwanted chlorinated impurities. Although the crude products can
be purified by stirring in diethy! ether with baked silver oxide, and then further by
either vacuum distillation or vacuum sublimation, methods have been developed (o
effect a cleaner reaction where products are obtained in higher yields. Conversion of

the hydroxy acid to the metal carboxylate, commonly the copper(Il) salt 1 3:-

i

i
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R, COO H R
\ 2
o’ \Cu/ O\C/

R, “on-" “ooc” g,

13

before combination with thionyl chioride or phosgene, has made
for a cleaner reaction system with fewer impurities. This is believed to be because of a
difference in reaction mechanism. When 13 is used the initial intermediate formed,
before cyclisation occurs, is believed to be either the acyl chlorosulphinate or the acyl
chloroformate. When the parent acid is used the intermediaies are believed (o be the
alkyl chlorosulphinate or alkyl chloroformate. As the acyl intermediates are generally
more stable than their alkyl analogues, less of the detrimental intramolecular reactions
or rearrangements occur and this leads to a much reduced concentration of unwanted
T

chlorinated by-products. These observations are illustrated in more detail in Chapter

I.

Al Mesfer and Tighe””, polymerised tartronic acid via its anhydrosulphite (7;
R1=COOH, R»>=H) and anhydrocarboxylate (7; R{=COOH, Rp=H). This was
reasonably successful in that some low molecular weight polymers were obtained.
However, many problems were encountered by them when using tartronic acid as a
precursor. Synthesis of the cyclic anhydride monomers was achieved by direct
combination of the parent acid with either thionyl chloride or phosgene. As discussed
earlier, the concentrations of chloride containing impurities are minimised by using the
metal salt of the hydroxy acid 13. This was not possible in the case of tartronic acid
due to the presence of two equivalent carboxyl groups in the parent acid. In other
words it was impossible to react one of the carboxyl functions without first profecting
the other. The crude products obtained were purified somewhat by stirring with baked
silver oxide. Anhydrosulphites 7 are normally further purified by vacuum distillation
and anhydrocarboxylates & by vacuum sublimation. Unfortunately, however, il was

found that the high boiling point of tartronic acid anhydrosulphite (TAAS), coupled

-152-

A e e




with its low thermal stability, precluded the use of vacuum distillation as a purification
technique. The requirement to distil at relatively high temperatures lead to the complete
decomposition of the anhydrosulphite. Similar difficulties were encountered in the
attemnpted punfication of tarironic acid anhydrocarboxylate (TAAC) by vacuum
sublimation. Polymerisations of these cyclic anhydrides were therefore made without

further sample purification and this gave impure polymer products.

This thesis is concerned with the development of alkyltarironic acids as
precursors to poly(alkyltartronic acids). This particular chapter is devoted o the
synthetic modification of the alkyltartronic acids 3(a-d), to create more suitable
precursors to poly(alkyltartronic acids) 4 than the parent acids themselves. The

polymenisation of cyclic anhydride monomers in mind. Because of the similarity

between the alkyliartronic acids described in this thesis and tartronic acid itseif,

particular attention was paid to the work and observations of Al Mesfer and Tighe7”.

[tis clear that the major problem encountered in their work was that they were
unable to obtain pure cyclic monomers. This problem was largely due to the presence

of two equivalent carboxyl groups in the molecule.

Our objective was to synthesise metal alkyl alkyltartronates 1 é:-

O R, 0
1l )
R,0—C—=G—C—0" M
OH
16

Such derivatives of alkyltartronic acids 3, and farironic aecid, would

theoretically have significant advantages over the parent acid in cyclic anhydride

RS




synthesis. The protection of one carboxyl function, as an alkyl ester, would allow the
activation of the other carboxyl group by conversion to the metal carboxylate 16. This
would encourage the formation of acyl intermediates during a prospective cyclic
anhydride synthesis and could therefore reduce the concentration of unwanted
chlorinated impurities in the final product. In addition to this, the presence of an ester,
rather than a carboxyl-function, on the cyclic anhydride ring should significantly
reduce the boiling points of the respective anhydrosuiphites and melting points of
anhydrocarboxylates. This might allow the purification of cyclic anhydride samples
by either vacuum distillation or vacuum sublimation. These techniques were precluded

in the work of Al Mesfer and Tighe.

[t was anticipated that the ring-opening of cyclic anhydrides formed from the
proposed metal alkyl alkyltartronates would produce a series of polymers with the

following repeat unit:-

Ry
C—C=0
O COOR,

Such a series of polymers would therefore have pendant ester groups. As the
ultimate purpose of this exercise was to produce polymers with pendant carboxyl
functions these ester groups would have to be cleaved. This poses a problem as
cleavage of the pendant ester groups is likely to be in competition with hydrolysis of
the ester linkages that constitute the polymer backbone. Ultimately therefore the
development of metal alkyl alkyltartronates 1& with extremely labile ester functions
would be desirable so that cleavage of the pendant esier groups will occur without
significant hydrolysis of the polymer chain. Esters that form stable alkoxide leaving
groups that are also poor nucleophiles would be ideal for this purpose. This requires

furiher research but alcohols such as 2,2,2-trichloroethanol and benzyl alcohol are




known to form labile esters. However, for the purposes of the studies in this chapier

ethanol has been used in the esterifications described. This was largely due to reactant
availability but it is considered that the syntheses described would be applicable 1o

systems using other alcohols.

[n the remainder of this chapter the successful synthesis and isolation of both
potassium ethyl tartronate 16(e) and potassium ethyl octyltartronate 1&(b) as

examples of metal alkyl alkyltartronates are described. Synthesis was achieved using

=

oo

the following general reaction scheme:-

0 R ) G R 0
S | 7 HY A T o
4 M o i AT
Ho Gy OH hed by ocH.
3(b), 3(e) 35(b), 35(e)
R O R Q
N 1A N 4
C—C~-C + KOH —7—m—— C—0C—-C + C,HsOH
/ ; \ s I VE (P
HsC,0 OH OC,Hj HsC,0 OH O K
35(b), 35(e) 16(b), 16(e)
Where:-

(b) =R =Octyl
(¢) =R=H

This scheme is considered to offer a general synihetic procedure o any

potassium alkyl alkyltartronate.
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6.2 A NOVEL SYNTHESIS OF POTASSIUM ETHYL
ALKYLTARTRONATES.

6.2.1 Synthesis of Diethyl Alkyltartronates 35(b,e).

R 0O R
N A o H* Nl
ij]LHC‘ + 2C,H;O0H —— C~C-C + 2 H,0
N ) 7 %
HO OH OH HC,0 (%H OC,Hs
3(b), 3(e) 35(b), 35(e)

Diethyl tartronate 35(e) and diethyl octyltarironaie 38(b) were bhoth
synthesised successfully by direct combination of the relevant tartronic acid, 3(e, b)
with ethanol using a mineral acid catalyst. To avoid any self-esterificaiion of the
hydroxy acid occuring the reaction was carried out in a dilute ethanolic solution. The

presence of a large excess of ethanol also had the effeci of d : (he esieriiication

]
)

UZ

equilibrium towards the desired ester product. Using a large excess of one reactant to
achieve this purpose is necessary because a modest reaction temperature has to be
employed, to avoid decarboxylation of the hydroxy acid. The removal of product

water during the progress of the esterification is, therefore, impossible.

When the reaction was complete, triethylamine was added to the reaction
mixture to neutralise the mineral acid catalyst. Excess ethanol was then removed,
Washing with 5% HCl(aq) removed any excess triethylamine and subsequent
washing with water removed any triethylamine hydrosulphate salts and any excess
hydroxy acid that might be present in the organic layer. The remaining organic phase
was then dried over anhydrous magnesium sulphate. Removing the solvent under

vacuum gave the relevant crude diethyl alkyltarironate 35 (h,e) .

i3
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Pure diethyl alkyltartronates 35 (b, e) were obtained by distilling the crude
products under vacuum. Both diethyl tartronate 35(e) and diethyl octyltartronate

35(b) were obtained as colourless liquids. The product yields were as follows:-

Diethyl Tartronate 35(e) 90%

Diethyl Octyltartronate 35(b) 91%

N.M.R. analysis of the diester products yielded an interesting observation.
Although the observation was made for both diesiers formed, the phenomenon is

most clearly seen for the chemically simpler of the two. The general struciure of a

diethyl tartronate 35(e) is as follows:-

H, O H O Hy
H.C— {T-ﬁ O— '{L é*g——fmi{"ﬁ“CHﬁ
E]iﬁ flJH }%E’j

35(e)

The molecule is symmetrical and thus contains two identical methyl groups
and two identical methylene groups. On first inspection, one might expect to see a
triplet, corresponding to the methy!l groups, a singlet corresponding to the methine
proton, a singlet corresponding to the hydroxyl group, and a quartet corresponding to
the methylene groups. The expected splitting patterns are all observed except for the
pattern atiributable to the methylene protons. Instead of the anticipated quartet, a
sixteen line pattern is observed. This can be aiiributed to the actual chemical and
magneiic inequivalence of the methylene protons Ha and Hg. Ha and Hp are

diastereotopic.

If the reaction of one of two seemingly identical groups as opposed fo the

ather leads to diastereomeric products, then the groups are said 1o be diastereniopic.

o
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In the case of diethyl tartronate a group X substituting for one of the methylene
protons will simultaneously create two chiral centres within the molecule and give rise

to diastereomeric products: -

X O HO H
| % o I+l i
HyC— C— O— C— C—C—0—C—CH,
I i i
H OH H

inequivalent methylene protons was substituted by X. As a consequence of their
nonequivalence, these methylene protons should experience different shielding effects
and consequently have different chemical shifts in the N.M.R. spectrum. In addition

further splitting will be observed due to the interaction of the methylene protons.

It is proposed, therefore, that the observed spectral splitting pattern of sixteen
lines is due to the methylene protons splitting each other to form four peaks. Each of
these four peaks is then split into a further four peaks on coupling with the three
neighbouring methyl protons to give sixteen observed peaks in total. Several

observations of this phenomenon are recorded in the literature 130-133,




6.2.2 Synthesis of Potassium Ethyl Alkyltartronates 16(b,e).

O R O ) 3
N hY I? '
C—C-C 4+ KOH — 3% C—o—C + C,Hs0H

A »- O @
HC,0 OH  OC,Hs He0 on O KT

35(b), 35(e) 16(b), 16(e)

The conversion of diethyl malonate to potassium ethyl malonate is described in
the literature 3%, Reaction is carried out by combining equimolar quantities of the
diester and potassium hydroxide in ethanolic solution. The preferential cleavage of
only a single ester function is apparently achieved because afier the monocarboxylate
is formed the product immediately precipitates out of solution. As diethyl malonate
and diethyl tartronate 35(e) are very similar in chemical struciure it was considered
that this procedure offered an excellent route to potassium ethyl alkyliarironates

16(h;e). 16(b) and 16(e) were both synthesised successfully using a modified

version of this technique.

To an ethanolic solution of the relevant diester 35(b,e) was added an
equimolar quantity of potassium hydroxide, also in ethanolic solution. Addition was
carried out slowly over a one hour period with continuous stirring. When the addition

was complete, the solution was stirred for a further hour.

When the reaction was complete, the solvent was removed to yield a white
solid product. Due to the affinity of the product for ethanol, referred to below, the
product obtained using this pracedure was a little 'sticky". It was therefore dried in a

vacuum oven before analysis.

In an analogous experiment using diethyl malonate a precipitaie was soen (o
appear both during and after addition. However, with both diethyl tartronaie 38(s]

and dldthy( ac y iarironate 38(1 B) no siich p;‘gmp;mm appbarml An zaf[é‘n’i; i was made
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to encourage precipitation by completing the reaction in a smaller amount of solvent. It
was also considered that product precipitation may be promoted by using a combined
solvent of ethanol and hexane. It was hoped that a lower solvent polarity would allow
the product to drop out of solution. All attempts to promote precipitation were
unsuccessful. The absence of precipitation was attributed to the increased polarity of
diethyl alkyltartronate derivatives over diethyl malonate derivatives induced by the
presence of the hydroxyl group on the a-carbon. This created a greater affinity for

ethanol, inhibiting precipitation.

[t was feared that product precipitation was crucial to ensuring the cleavage of
only one ester group and that without its occurence the product would be a mixiure of
potassium ethyl alkyltartronate, potassium alkyltarironaie and starting material.
However, I.R., NNM.R. and elemental analytical studies showed ihat the producis
obtained using the above procedure were practically pure potassium ethyl

alkyltartronates 16(b,e) obtained in almost quantitative yield.

The observation that malonate diesters yield malonate monoesters, when
treated with a single molar equivalent of potassium or sodium hydroxide, has been
made before in the literature!35-139, Patail40 suggests that the preferential cleavage of
only a single ester function is due to electronic factors but he does not enlarge on this

observation. Further literature research failed to yield an adequate explanation for this

observation.

Finally, it should be noted that a complex splitting pattern was again observed
in the proton N.M.R., for the methylene protons present in both 16(b) and 1é(e).
As for diethyl tartronate 35(e) and diethyl octyltaitronate 38(b) this is due (o the

methylene protons being diastereotopic and therefore magnetically nonequivalent.
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6.3 CONCLUSIONS.

In this chapter the successful novel synthesis of potassium ethyl

alkyltartronates is outlined. The synthetic route used can be shown schematically as

follows:-
) R O O R
A ) H* Nl f?O
L~—L-L\ + 2CHOH — C—C—C + 2H,0
o 7 %
HO  OH OH HC,O0  OH  OC.H;
3(b), 3(e) 35(b), 35(e)

Q R 0 o R 0
I R o L
C—C=C + KOH ———p oR N o B 4+ C,H:OH
7 o~ o RN = R -
Hsl,U OH OC;H; Heglo0 oH O K
35(b), 35(e) 16(b), i6(e)

Potassium ethyl tartronate 16(e) and potassium ethyl octyltartronate 16(b)
were prepared using this method. It is, however, considered that this general scheme

could be used as a general route to any potassium alkyl alkyltartronate.

As explained in the introduction, it is thought that these novel derivatives may
be potentially more useful as precursors to anhydrosulphite and anhydrocarboxylate
type cyclic anhydrides than their respective parent acids. The resulting cyclic
anhydride monomers should contain less unwanted chlorinated by-products and
feasibily be easier to purify than analogous anhydrides synthesised using the a-
hydroxy acids themselves. Subsequent ring-opening of the anhydrides should yield
novel poly(a-hydroxy acid)s which, as discussed thoroughly in Chapter 1, would be

of considerable interest in biomedical applications.
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7.1 CONCLUSIONS

The aims of this project were:-

1) the synthesis of a range of new polyether-based vinylic monomers and
their incorporation into poly(2-hydroxyethyl methacrylate) (poly(HEMA))

based hydrogel networks, of interest to the contact lens industry.

) the synthesis of a range alkyltartronic acids, and their derivatives. These

uoiecules may uiuma[ely be used to produce functionalised poly(a-hydroxy

acids) of potential interest in either drug delivery or surgical suture

applications.

The synthesis of a range of MPEGA producis 1(a-¢) was successiully
achieved in very good yields, using a one siep method, by combinaiion of the desired
MPEG with acryloyl chloride. The synthesis of a range of PEGA producis Z{a-2)
was also success{ully achieved in good yields. A three siep synihesis was used that
employed the rerr - butyldimethylsilyl function as a protecting group for one of the
two terminal hydroxyl groups on the PEG chain. Both MPEGA and PEGA
derivatives were studied using ESMS. Using this technique the addition of the
acryloyl group, with a molecular weight of 55 Daltons, to the relevant polyether

starting material could be accurately assessed and was seen to be successful for all

adducts synthesised.

All MPEGA and PEGA derivatives synthesised were copolymerised with
HEMA to give two ranges of novel hydrogel materials. Results showed that gels
containing either methoxy- or hydroxy-terminated derivatives had higher EWC values
than occurs for a gel containing only poly(HEMA). Studies of the surface properiies
of these gels showed that the total surface free energy of the gels increased with ether
repeal unit conceniration. Further more this increase was manifesily due to a specific

increase in the polar surface energy companent.
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MPEGA and PEGA derivatives were also copolymerised with a mixture of
HEMA and MMA to give two further ranges of hydrogel materials. The inclusion of
MMA as a third comonomer led to their being more hydrophobic than those described

above. EWC values of 16.9 - 33.7% were measured.

An interesting overview of the cell adhesion behaviour of hydrogels is
available 16, Within this report it was emphasised that hydrogels containing between
5% and 35% water were respousive to cell adhesion studies. At water contents >35%,
the cell response decreased suddenly producing very slow adhesion that was
impossible to study over a short time span. Cell adhesion studies, carried out in vitrao
using 3T3 cells, on the two ranges of HEMA/MMA based hydrogels yielded very
interesting resulis. Inclusion of MPEG derivatives caused a decrease in the observed
cell count relative to that found for a gel consisting purely of HEMA and MMA. This
decrease also appeared to be directly related to the length of the polyether side-chain.
However, inclusion of the hydroxy terminated PEG derivatives caused either little
difference or even an increase in the protein deposition rate compared to that found for

a gel consisting purely of HEMA and MMA.

A combination of these conclusions, made on analysis of both bulk and surface
properties, suggests that methoxy-terminated polyether acrylates may be suitable
biomaterials when copolymerised into HEMA based systems . The observed increase
in EWC suggests that polyether modified materials should have superior oxygen
permeability, which may make them useful in soft contact lens applications,
Additionally it would appear that the surface properties of these polyether-madified
materials are largely controlled by the polar polyether side-chains. This suggestion is
apparently confirmed by cell adhesion studies, which show that inclusion of polyether
chains reduces protein deposition on the hydrogel surface. This abaervation is
to the chains providing an excluded volume about the surface of the

presumably due

material.
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When copolymerised with HEMA:MMA, hydroxy-terminated polyether
acrylates were seen to have excellent EWC and surface energy properties. However
these hydrogels have a fairly poor resistance to protein deposition. This may bring
into question their use in HEMA-based biomaterials. This seemingly opposing effect
to that observed for their methoxy-terminated analogues could be due to the fact that

any excluded volume to protein deposition, created by the hydroxy-terminated

polyether chains expressing themselves at the hydrogel surface, is counteracied by
hydrogen bonding interactions between protein molecules and the hydroxy-terminus

of the polyether chain.

The synthesis of a range of alkyliartronic acids 3(a-d), as potential building
blocks' for a novel range of poly(a-hydroxy acid)s, was successfully achieved using
a four-step synthesis. Products were obtained in very good yields. This novel
synihesis was found to be superior to the only previously existing general route io
alkyltartronic acids published by Grandjean, as the new synthesis enabled bulk

quantities of the acids to be produced.

Alkyltartronic acids were converted, highly successfully, into potassium ethyl
alkyltartronates 16(b,e) using a novel two-step synthesis. Although no
polyesterification is described in this thesis, it is thought that these novel derivatives
may be more useful as precursors to anhydrosulphite 7 and anhydrocarboxylate 8
type cyclic anhydrides than their respective parent acids. The resulting cyclic
anhydride monomers should contain less unwanted chiorinated by-products and
feasibily be easier to purify than analogous anhydrides synthesised using the a-
hydroxy acids themselves. Subsequent ring-opening of the anhydrides should yield

navel poly(a-hydroxy acid)s, that could be of considerable interest in biomedical

applications.
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8.1 REAGENTS.

All reagents were used as supplied unless otherwise stated.
Triethylamine and pyridine were dried, and distilled, over KOH prior 1o use.

HPLC grade toluene, ethyl acetate and chloroform were used where the dry

solvent was required, i.e. in attempts at trityl cleavage using a silica gel column.

Optically pure 2-hydroxyethyl methacrylate was used as supplied by Kelvin

8.1.1 Svnthesis of Fﬁiyetﬁer Acrylates.

Compound H.M.M

Acryloyl chlornide 90.51 Aldrich
rerr -Butyldimethylsilyl chloride 150.73 Aldrich
Chloroform 119.38 Fisons
Dichloromethane 84.93 Fisons
Davisil silica gel - Aldrich
Ethylacetate 88.11 Fisons
Hydrochloric acid 36.46 Fisons
Magnesium sulphate, anhydrous 120.37 Aldrich
Methoxy poly(ethylene glycol)-350 350 Aldrich
Methoxy poly(ethylene giycol)-550 550 Aldrich
Methoxy poly(ethylene giycol)-750 750 Aldrich
Methoxy poly(ethylene glycol)-2000 2000 Aldrich
Methoxy poly(ethylene glycol)-5000 5000 Aldrich
Petroleum ether, 40-60°C - Fisons
Phosphate buffer solution (pH 7.2) - Aldrich
Poly(eihylene glycol}-200 200 Aldrich
Poly(ethylene glycol)-400 400 Aldrich
Poly(ethylene glycol)-1000 1000 Fluka
Sodium hydrogen carbonate 84.01 Aldrich
Sodium hydroxide 40.00 _Fisons
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Tetra-butylammonium fluoride, 261.47 Aldrich
1.0M solution in THF

Toluene 92.14 Fisons
Triethylamine 101.19 Aldrich
Trityl chloride 7 278.78 Aldrich

e e S e

e

Table 8.1 : Materials for the Svntﬁegi_s i;f Fﬁiveﬂiei‘ Acrviates.

8.1.2 Symthesis of Hydrogels.

R

Compound R.M.M.

Azobisisobutyronitrile 136.20 Fluka §

Ethylene glycol dimethacrylate 198.22 BOH ’ §

Z2-Hydroxyethyl methacrylate 136.14 KelvinlLenses %

Methyl methacrylate 100.12 Aldrich %

Nitrogen 28.02 BOC !
Table 8.2 : Additional Materials for the Synthesis of Hydrogels. k

8.1.3 Svnthesis of Alkyltartronic Acids and their Derivatives. :

R.M.M. Supplier

Acetone 58.08 Fisons

Bromine 159.82 Aldrich

Diethylether 74.12 Fisons

Diethyl malonate 160.17 Aldrich

Ethanol 46.07 BDH

Hexane 86.18 Fisons

Hydrazobenzene 184.24 Aldrich

[sopropyl bromide 123.00 Aldrich

Octyl bromide 193.13 Aldrich

Pentyl bromide 151.05 Aldrich

Phosphorus pentoxide 141.95 . Aldrieh
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Potassium hydroxide 56.11 Fisons
Pyridine 79.10 Fisons
Sodium ethoxide 68.05 Aldrich
Stearyl bromide 333.41 Aldrich
Sulphuric acid ’ 98.08 Fisons
Tartronic acid 120.06 Heraeus
Tetrahydrofuran 72.11 Fisons
Thionyl chloride 118.97 Aldrich

it
(e
(R

Synihesis of Polveiher Acrviates,

§.2.1.1 Synthesis of Methoxy Poly(ethviene gilyeoli-350 Acryiaie i{gl

25c¢m3 (0.0781 moles) of methoxy poly(ethylene glycol)-350 17(a) and
13.1cm3 (0.0937 moles) of triethylamine were dissolved in 100cm3 of
dichloromethane. The resulting solution was then stirred continuously and cooled to
-78°C using a dry ice/ acetone bath. 7.7¢m?3 (0.0937 moles) of acryloyl chloride was

then added cautiously in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed (o increase (0 roomt EMpErature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine

hydrochloride. The filirate was washed consecutively with 3x50cm? of 1M HCl(ag),

L

remaining organic phase was then dried over anhydrous magnesium sulphate,




Removal of the solvent under vacuum gave 1(a) in 85% yield. The product

was a pale yellow liquid.

[.R.(cm!; Neat): 3060 (my; v(C-H vinylic)); 2870 (s; v(C-H)); 1720 (s;
v(C=0)); 1620 (m; v(C=C)); 1120 (m; v(C-0)).

IH N.M.R. (§; CDCl3): 3.20 (s; CHjy) ; 3.34, 3.48, 3.55, 4.25 (m's; CH»);

5.72 (d), 6.03 (g), 6.26 (d) (H>C=CH).
I3C N.M.R. (§; CDCly): 58.3 (+ve; CHa); 63.0, 66.4, 69.8, 69.9, 71.3 (-ve;
CHy); 127.7 (+ve; =C-H); 130.3 (-ve; HpC=); 165.3 (-

ve; C=0).

8,2.1.2 Svnthesis of Methoxy FPoly(ethviene glvcol

40cm3 (0.0796 moles) of methoxy poly(ethylene glycol)-550 17(b) and
13 3cm3 (0.0955 moles) of triethylamine were dissolved in 100cm3 of
dichloromethane. The resulting solution was then stirred continuously and cooled to
-78°C using a dry ice/ acetone bath. 7.8cm?3 (0.0955 moles) of acryloyl chloride was

then added cautiously in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The MIXIUTe Was
then allowed to setile after which it was filiered to remove any triethylamine
hydrochloride. The filirate was washed consecutively with 3x50cm3 of 1M HCl(ag),
3x50cm3 of 1M NaOH(aq) and finally with Ix50cm? of 10% NaHCOs3(aq). The

remaining organic phase was then dried over anhydrous magnesium sulphate.
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IM HCl(aq), 3x50cm® of IM NaOH(aq) and finally with 3x50cm3 of 10%
NaHCOs(aq). The remaining organic phase was then dried over anhydrous

magnesium sulphate.

Removal of the solvent under vacuum gave 1(b) in 87% yield. The product

was a pale yellow liquid.

[.R.(cm!; Neat): 3050 (m; v(C-H vinylic)); 2870 (s; v(C-H)); 1720 (s;

v(C=0)): 1620 (m; v(C=C)); 1120 (m; W(C-0)).

'H N.M.R. (8; CDCl3): 3.11 (s; CH3) ; 3.68, 4.10 (m'%; CHy); 5.60 (d), 5.80

(q), 6.09 (d) (H2C=CH).
3C N.M.R. (&; CDCls): 58.3 (+ve: THa); 60.9, 63.1, 66.5, 69.8, 69.59, 70.0,
71.4,72.2 (-ve; CH»); 127.8 (+ve; =C-H); 130.4 (-

ve; H-C=); 165.3 (-ve; C=0).

8.2.1.3 Synthesis of Methoxy Poly(ethylene glycol)-750 Acrylate l(c).

39.3g (0.0524 moles) of methoxy poly(ethylene glycol)-750 17(¢) and
8.8cm3  (0.0629 moles) of triethylamine were dissolved in 100cm3 of
dichloromethane. The resulting solution was then stirred continuously and cooled to

-78°C using a dry ice/ acetone bath. 5.1cm? (0.0629 moles) of acryloyl chloride was

then added cautiously in a dropwise manner.

On completion of the addition the mixfure was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperaiure
of the reaction mixture thus allowed fo increase io room temperature. The mixture was

then allowed to seitle after which it was filtered to remove any tristhylamine
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hydrochloride. The filtrate was washed consecutively with 3x50cm3 of 1M HCl(ag),
3x50cm? of 1M NaOH(aq) and finally with 3x50cm3 of 10% NaHCOs(aq). The

remaining organic phase was then dried over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 1(¢) in 86% yield. The product

was a pale yellow viscous liquid.

[.R.(cm!; Neat): 3060 (m: v(C-H vinylic)); 2860 (s; v(C-H)); 1715 (s;

v(C=0)); 1620 (m: v(C=0)); 1120 (m; v(C-0O)).

'H N.M.R. (6;CDCly): 3.18 (s; CH3) ; 3.76, 4.21 (m's; CH»); 5.71 (d), 6.02

(q), 6.29 (d) (H-C=CH).
13C N.M.R. (8;CDClg): 58.2 (+ve; CHz); 62.9, 66.3, 69.8, 71.2 (-ve; CH»);
127.6 (+ve; =C-H); 130.2 (-ve; HoC=); 165.2 (-ve;

C=0).

8.2.1.4 Svynthesis of Methoxy Poly(ethylene glycol)-2000 Acrylate

i(d).

100.0g (0.0500 moles) of methoxy poly(ethylene glycol)-2000 17(d) and
73cm3  (0.0600 moles) of triethylamine were dissolved in 300cm? of
dichloromethane. The resulting solution was then stirred continuously and cooled to

-78°C using a dry ice/ acetone bath. 4.9cm? (0.0600 moles) of acryloyl chloride was

then added cautiously in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty Tour

hours during which time the bath was allowed to warm naturally and the femperaturs

of the reaction mixiure thus allowed o increase (o rooMm [EMperature. The mixiure was
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then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed consecutively with 3x50cm3 of 1M HCl(aq),
3x50cm3 of 1M NaOH(aq) and finally with 3x50cm3 of 10% NaHCOs(aq). It was
noted that when washing with base that emulsions had a tendency to form. Leaving
the mixture for thirty minutes allowed the emulsion to separate. The remaining organic

phase was then dried over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 1(d) in 86% yield. The product

was a cream coloured waxy solid.

The tendency of the system to form emulsions was due to the increased water
solubility of the methoxy poly(ethylene glycol) acrylate products, with increased

polyether chain length.

[.R.(cm!; Nujol):

'H N.M.R. (6; CDCl3):

13C N.M.R. (8;CDCl3):

2860 (s; v(C-H)); 1730 (s; v(C=0)); 1120 (m: v(C-0)).

3.20 (s; CH3) ; 3.85, 4.28 (m'; CH»); 5.81 (d), 6.10

(q), 6.42 (d) (H,C=CH).

58.4 (+ve; CHz); 61.0, 63.1, 66.5, 70.0, 71.3, 72.0 (-

ve: CH»); 127.7 (+ve; =C-H); 130.4 (-ve; HoC=);

165.2 (-ve; C=0).

%.2.1.5 Synthesis of Methoxy FPoly(ethviene glycol)-5406 Acrylaie
1e).

100.0g (0.0200 moles) of methoxy poly(ethylene glycol)-5000 17{e) and
28cm® (0.0240 moles) of triethylamine were dissolved in S00em?  of

ulting solution was then stirred continucusly and cooled [
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-78°C using a dry ice/ acetone bath. 2.0cm3 (0.0240 moles) of acryloyl chloride was

then added cautiously in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed consecutively with 3x100cm?® of 0.5M
HCl(aq), 3x100cm?® of 0.5M NaOH(aq) and finally with 3x50cm3 of 10%
NaHCO3(aq). It was noted that when washing with base that emulsions had a
tendency to form. Leaving the mixture to separate naturally took a considerable
amount of time. It was found, however, that addition of a small amount of NaCl to
the system facilitated two-phase separation almost immediately. The remaining

organic phase was then dried over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 1(e) in 93% yield. The product

was a cream coloured waxy solid.

The tendency of the system to form emulsions was due to the increased water
solubility of the methoxy poly(ethylene glycol) acrylate products, with increased

polyether chain length.

I.R.(cm-!; Nujol): 2880 (s; v(C-H)); 1730 (s; v(C=0)); 1120 (m; v(C-0)).
'H N.M.R. (6; CDCl3): 334 (s; CH3) : 3.68, 3.84, 4.23 (m's; CH»);

5.82 (d), 6.16 (g), 639 (d) (H-C=CH).

13C N.MLR. (8:CDCly)y:  63.4, 66.8,703,71.6 (-ve; CHa); 128.0 (+ve; =C-

~U=); 176.5 {(-ve; C=0).
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8.2.1.6 Attempted Synthesis of Poly(ethylene glycol)-200_Acrylate Via

Tritylation.

8.2.1.6.1 Synthesis of Poly(ethylene slycol)-200 Trityl Ether 19(a).

240.0g (1.20 moles) of poly(ethylene glycol)-200 18(a) and 5.6cm3 (0.04
moles) of triethylamine were dissolved in 700cm? of dichloromethane. The resulting
solution was then stirred continuously and cooled to -78°C using a dry ice/ acetone

bath. 11.1g (0.04 moles) of trityl chloride, dissolved in 50cm? of dichloromethane,

was then added cautiously in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixiure was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed with consecutively with 1x1400cm3 and
5x700cm? of phosphate buffer solution (pH 7.2). The remaining organic phase was

then dried over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 19(a) in 71% yield. The product

was a colourless viscous liquid.

[ R.(cm-!: Neat): 3450 (s; v(O-H)): 3090, 3065, 3035 (m; v(C-H
aromatic)); 2880 (s; v(C-H)); 1600, 1495 (m; v(C=C)

aromaiic): 1090 (m; v(C-0)).




8.2.1.6.2 Synthesis of Poly(ethylene glycol)-200 Tritylether Acrylate 26(a).

10.0g (0.023 moles) of poly(ethylene giycol)-200 trityl ether 19(a) and
3.78cm3 (0.027 moles) of triethylamine were dissolved in 200cm® of
dichloromethane. The resulting solution was then stirred continuously and cooled to
-78°C using a dry ice/ acetone bath. 2.21cm3 (0.027 moles) of acryloyl chloride was

then added cautiously in a dropwise manner.

hours during which time the baih was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase (o room temperature. The mixiure was
then allowed to seitle after which it was {iliered to remove any iriethyiamine

HCl(aq) and 3x50cm? 1M NaOH(aq). The remaining organic phase was then dried

over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 20(a) in 84% yield. The product

was a pale yellow viscous liquid.

[.R.(cm1; Neat): 3080, 3060, 3010 (m; v(C-H aromatic)); 2860 (s; v(C-
H)); 1720 (s; v(C=0)); 1595, 1490 (m; v(C=C)
aromatic); 1445 (m; v(C=C) vinylic); 1090 (m; v(C-0O)).

8.2.1.6.3 Attempted Synthesis of Poly(ethylene glycol)-200 Acrylate 2(a) By

Suspending Poly(ethylene glycol)-200 Tritylether Acrylate 28{(a) in 0.5M HCl{aqg).

5g (0.010 moles) of 20(a) were suspended in 200em? of 0.5M HCI(ag).

Suspension was attained by rapid stirring of the mixture.
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After stirring for one hour, the suspension was extracted consecutively with
1x200cm3 and 3x100cm? of dichloromethane. The organic layers were combined and
dried over anhydrous magnesium sulphate. The solvent was then removed under

vacuum.

An IR spectrum of the product obtained showed that cleavage of the trityl
ether, to give the desired product, had been unsuccessful. Infact the product obtained
was poly(ethylene glycol)-200 tritylether acrylate starting material. Lack of success
was attributed to the insolubility of the starting material in the aqueous acid, resulting

in no reactive interaction.
[.R.(cm™!: Neat): 3080, 3060, 3010 (m; v(C-H aromatic)); 2860 (s; v(C-

H)); 1720 (s; v(C=0)); 1595, 1490 (m; v(C=C)

aromatic); 1445 (m; v(C=C) vinylic); 1090 (m; w(C-0)).

8.2.1.6.4 Attempted Synthesis of Poly(ethylene glycol)-200 Acrylate 2(a) By

Solution of Poly(ethylene glycol)-200 Tritylether Acrylate 20(a) in 0.5M

HCl(aq)/THF.

5S¢ (0.010 moles) of 20(a) were suspended in 200cm3 of 0.5M HCl(aq).
Enough THF was then added to the mixture to create a homogeneous system. The

solution was stirred continuously.

After stirring for one hour, the suspension was extracted consecutively with
1%x200cm and 3x100cm3 of dichloromethane. The organic layers were combined and

dried over anhydrous magnesium sulphate. The solvent was then removed under

vacuumi.




Infrared analysis of the product obtained showed that a carboxylic acid
hydroxyl function was present. It was concluded that, under the acidic reaction
conditions employed, undesirable cleavage of the acrylate ester had occured. This had

occured preferentially to the cleavage of the trityl ether.

[.R.(cm!; Neat): 3045 (s; v(O-H)); 2880 (s; v(C-H)); 1700 (s; v(C=0))
1600, 1495 (m; v(C=C) aromatic); 1090 (m; v(C-O)).

8.2.1.6.5 Attempted Synthesis of Poly(ethylene glycol)-200 Acrylate 2(a) By Trityl

Ether Cleavage of Poly(ethylene glycol)-200 Tritylether Acrylate 20(a) on a Silica

Gel Column.

100g of Davisil silica gel (grade 634, 100-200 mesh, 60A) was calcined at
300°C for three hours and left to cool in the furnace. Removing surface water from
the gel ensured maximum adsorptive surface area. The gel was slurried in toluene and
then poured slowly into a glass column, of 5cm diameter, to establish the silica gel
column. The glass column was equipped with a tap and had previously been plugged
with glass wool. The column was then allowed to settle. "Tapping' the column gently
allowed any air bubbles to escape. It is necessary that a layer of solvent, not less than
2cm, was maintained above the column at all times. This was to prevent the column
from drying out, which would lead to cracks and channels reducing both the potential
path length, of any substrate passing through the column, and the absorptive surface

area of the column.

lg of 2{i(a) was dissolved in 10cm? of toluene. This solution was then
poured carefully onto the top of the column. Using a further 200cm? of toluene, the
substraie was then developed through the column at a flow rate of approximately

3

sernd/minute. When this procedure was complete, the column was left {or sixisen




The column was eluted firstly with 500cm3 of chloroform, in an attempt to
elute the less polar triphenylcarbinol. Elution was carried out at a rate of 3cm3/minute.
Secondly, the column was eluted with 500cm?> of ethyl acetate in an attempt to elute

2(a) as the desired product. Elution was again completed at a rate of 3cm3/minute.

The chloroform extract was a colourless viscous liquid. Infra-red analysis of
the product showed the presence of the hydroxyl group of a carboxylic acid, ether
linkages and aromatic character. The ethyl acetate extract was a viscous yellow liquid.
Infra-red analysis showed this product to be poly(ethylene glycol)-200 tritylether

acrylate starting matenial.

From the observations made in this study, it was concluded that the silica gel
column had caused the cleavage of the acrylate ester instead of the desired cleavage of

the trityl ether.

Chloroform Extract:-

[.R.(cm!; Neat): 3050 (s; v(O-H)); 2880 (s; v(C-H)); 1700 (s; v(C=0))
1600, 1500 (m; v(C=C) aromatic); 1095 (m; v(C-Q)).

Ethyl Acetate Extract:-

I.R.(cm!; Neat): 3085, 3055, 3030 (m; v(C-H aromatic)); 2865 (s; v(C-
H)); 1720 (s; v(C=0)); 1595, 14590 (m; v(C=C)

aromatic); 1455 (m; v(C=C) vinylicy; 1090 (m; v(C-O}).




8.2.1.7 Synthesis of Poly(ethylene glycol)-400 Tritvlether Acrylate As

a Potential Precursor to Poly(ethylene _glycol)-400 Acrylate.

8.2.1.7.1 Synthesis of Poly(ethylene slycol)-400 Trityl Ether 19(b).

250.0g (0.625 moles) of poly(ethylene glycol)-400 18(b) and 2.9cm3 (0.021
moles) of triethylamine were dissolved in 700cm3 of dichloromethane. The resulting
solution was then stirred continuously and cooled to -78°C using a dry ice/ acetone
bath. 5.79g (0.021 moles) of trityl chloride, dissolved in 50cm? of dichloromethane,

was then added cautiously in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed consecutively with 1x1400cm? and 5x700cm?3
of phosphate buffer solution (pH 7.2). The remaining organic phase was then dried

over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 19(b) in 65% yield. The product

was a colourless viscous liquid.

[.R.(cm!; Neat): 3480 (s; v(O-H)); 3100, 3070, 3040 (m; v(C-H
aromatic)); 2880 (s; v(C-H)); 1610, 1500 (m; v(C=C)

aromatic); 1120 (m; v(C-O)).
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8.2.1.7.2 Synthesis of Poly(ethylene glycol)-400 Tritylether Acrylate 20(b).

8.5g (0.013 moles) of poly(ethylene glycol)-400 trityl ether 19(b) and
2.2cm3 (0.016 moles) of triethylamine were dissolved in 100cm3 of dichloromethane.
The resulting solution was then stirred continuously and cooled to -78°C using a dry
ice/ acetone bath. 1.3cm3 (0.016 moles) of acryloyl chloride was then added

cautiously in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was then washed consecutively with 3x50cm? of 0.1M
HCl(aq) and 3x50cm3 1M NaOH(aq). The remaining organic phase was then dried

over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave Z0(b) in 80% yield. The product

was a pale yellow viscous liquid.

[.R.(cm!; Neat): 3085, 3055, 3020 (m; v(C-H aromatic)); 2865 (s; w(C-
H)); 1720 (s; v(C=0)); 1600, 1450 (m; v(C=C)
aromatic); 1090 (m; v(C-0)).




8.2.1.8 Synthesis of Poly(ethylene glycol)-1000 Tritylether Acrylate

As a Potential Precursor to Polv(ethylene glycol)-1000_Acrylate.

8.2.1.8.1 Synthesis of Poly(ethylene slycol)-1000 Trityl Ether 19(¢).

420.0g (0.42 moles) of poly(ethylene glycol)-1000 18(¢) and 1.95¢cm3
(0.014 moles) of triethylamine were dissolved in 1000cm? of dichloromethane. The
resulting solution was then stirred continuously and cooled to -78°C using a dry 1ce/
acetone bath. 3.9¢ (0.014 moles) of trityl chloride, dissolved in 50cm? of

dichloromethane, was then added cautiously in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed consecutively with 1x1400cm? and 5x700cm?
of phosphate buffer solution (pH 7.2). The remaining organic phase was then dried

over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 19(¢) in 77% yield. The product

was a colourless waxy solid.

.R.(cm!; Neat): 3450 (m; v(O-H)); 3085, 3060, 3040 (m; v(C-H
aromatic)); 2880 (s; v(C-H)); 1600, 1495 (m:; w(C=C)

aromatic); 1075 (m; v(C-0)).




8.2.1.8.2 Synthesis of Poly(ethylene slycol)-1000 Tritylether Acrylate 20(¢).

12.4g (0.010 moles) of poly(ethylene glycol)-1000 trityl ether 19(¢) and
1.67cm3 (0.012 moles) of triethylamine were dissolved in 200cm3 of
dichloromethane. The resulting solution was then stirred continuously and cooled to
-78°C using a dry ice/ acetone bath. 0.97cm?> (0.012 moles) of acryloyl chloride was

then added cautiously in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was then washed consecutively with 3x50cm3 0.1M
HCl(aq) and 3x50cm3 1M NaOH(aq). The remaining organic phase was then dried

over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 20(¢) in 75% yield. The product

was a pale yellow waxy solid.
[.R.(cm-!; Nujol): 3060, 3020 (m; v(C-H aromatic)); 2860 (s; v(C-

H)); 1720 (s; v(C=0)); 1595, 1490 (m; v(C=C)

aromatic); 1455 (m; v(C=C) vinylic); 1100 (m; v(C-Q)).
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8.2.1.9 Novel Synthesis of Poly(ethylene glycol)-200 Acrylate.

8.2.1.9.1 Synthesis of Poly(ethylene slycol)-200rerr -Butyldimethylsilyl Ether

400.0g (2.000 moles) of poly(ethylene glycol)-200 18(a) and 9.3cm3 (0.067
moles) of triethylamine were dissolved in 700cm? of dichloromethane. The resulting
solution was then stirred continuously and cooled to -78°C using a dry ice/ acetone
bath. 10.0g (0.067 moles) of rerr -butyldimethylsilyl chloride was dissolved in a
further 50cm? of dichloromethane and then added cautiously to the reaction mixture in

a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed consecutively with 1x1400cm? and 5x700cm?
of phosphate buffer solution (pH 7.2). The remaining organic phase was then dried

over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 22(a) in 92% yield. The product

was a colourless liquid.

[.R.(cm-!; Neat): 3454 (s; v(O-H)); 2929, 2855 (s; v(C-H)); 1255 (s;
V(C-Si)): T108 (s: v(C-0)).

'H N.M.R. (6;CDClz): -0.11 (s; (CH3)»Si): 0.80 (s; (CH3)3C): 3.29 (s; OH):
3.56 (m; CH2).
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3C N.M.R. (5: CDCls): -5.3 (+ve; (CH3)»S1); 18.3 (-ve; C); 25.9 (+ve;

(CH3)30); 61.4, 61.5, 62.6, 70.5, 72.6 (-ve; CH»2).

8.2.1.9.2 Synthesis of Poly(ethylene elycol)-200zerr -Butyldimethylsilylether

Acrylate 23(a).

19.0g (0.061 moles) of poly(ethylene glycol)-200tert - butyldimethylsilyl
ether 22(a) and 8.4cm?3 (0.073 moles) of triethylamine were dissolved in 100cm?3 of
dichloromethane. The resulting solution was then stirred continuously and cooled to
-78°C using a dry ice/ acetone bath. 5.9cm3 (0.073 moles) of acryloyl chloride was

then added cautiously to the reaction mixture in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed with consecutively with 3x25cm? of 1M

NaOH(aq). The remaining organic phase was then dried over anhydrous magnesium

sulphate.

Removal of the solvent under vacuum gave 23(a) in 90% yield. The product

was a colourless liquid.

[.R.(cm-'; Neat): 3038 (m; v(C-H vinylic)); 2930, 2859 (s; v(C-H));
1729 (s; v(C=0)); 1638, 1408 (m; v(C-H vinylic));
1256 (s; v(C-S1)); 1109 (s; v(C-0)).

-185-




'H N.M.R. (8;CDCl3):  -0.04 (s; (CH3)Si): 0.78 (s; (CH3)3C); 3.45, 3.56,
3.67, 4.22 (m's; CHa); 5.74 (d), 6.08 (q), 6.34 (d)
(H-C=CH).

13C N.M.R. (8;CDCl3): -5.3 (+ve: (CH3)»S1); 18.3 (-ve; C); 25.9 (+ve;
(CH3)30); 62.6, 63.6, 69.0, 70.5, 72.6 (-ve; CH»);
128.2 (+ve; =C-H); 130.9 (-ve; H>C=); 166.0 (-ve;

C=0).

8.2.1.9.3 Synthesis of Poly(ethylene glycol)-200 Acrylate 2(a) By Cleavage of

Poly(ethylene elycol)-200rerr -Butyldimethylsilylether Acrylate 23 (a) Using Tetra-

butylammonium Fluonde.

2g (5.43x10°3 moles) of 23(a) was dissolved in 10.3cm? of THF. The
mixture was stirred continuously and cooled to 0°C with an ice bath. 10.9cm3 of a
1.0M solution of (C4Hg)4NF in THF (0.011 moles) was then added dropwise, over a

ten minute period, to give a total solvent volume of 21.2cm3 (10.6cm3 THF / ¢

Starting material).

The mixture was stirred for five minutes at 0°C. The 1ce bath was then

removed and stirring continued at room temperature for a further hour.

After removing the THF under vacuum, the residue was redissolved in
100cm3 of dichloromethane. The solution was washed with 1x10cm? of water, with

vigorous shaking, for three minutes. The remaining organic layer was then dried over

anhydrous magnesium sulphate.
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After removing the dichloromethane under vacuum, the residue was then
shaken in petroleum spirit 40-60°C for one hour. The product was separated from the

petroleum ether and then dried under vacuum.

2(a) was obtained in 88% yield. The product obtained was analysed using
conventional techniques, and also using Electrospray Mass Spectrometry (ESMS). A
general discussion of this technique, and also the results obtained on analysis of

poly(ethyliene glycol)-200 acrylate, can be found in Chapter 4 Section 4.4.
[.R.(cm-!; Neat): 3261 (s; v(O-H)); 2961, 2875 (s; v(C-H)); 1724 (s;
v(C=0)); 1634, 1408 (m; v(C-H vinylic)); 1127 (s;

vw(C-0)).

"H N.M.R. (3; CDCl3): 3.21, 3.51, 3.66 (m's; CH»); 4.42 (s; OH); 5.71 (d),

6.17 (q), 6.39 (d) (H-C=CH).

13C N.M.R. (8; CDCl3): 58.8, 61.4, 63.6, 66.7, 70.4 (-ve; CH»); 128.2 (+ve;

=C-H); 131.0 (-ve; HhC=); 166.2 (-ve; C=0).

8.2.1.10 Novel Synthesis of Poly(ethylene glycol)-400 Acrylate.

8.2.1.10.1 Synthesis of Poly(ethylene glycol)-400zert -Butyidimethylsilyl Ether

400.0g (1.000 moles) of poly(ethylene glycol)-400 18(b) and 4.7cm3 (0.033
moles) of triethylamine were dissolved in 700cm3 of dichloromethane. The resulting
solution was then stirred continuously and cooled to -78°C using a dry ice/ acetone

bath. 5.0g (0.033 moles) of rerz -butyldimethylsilyl chloride was dissolved in a
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further 50cm? of dichloromethane and then added cautiously to the reaction mixture in

a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed consecutively with 1x1400cm? and 5x700cm3
of phosphate buffer solution (pH 7.2). The remaining organic phase was then dried

over anhydrous magnesium sulphate.

Removal of the solvent under vacuum gave 22(b) in 78% yield. The product

was a colourless viscous liquid.

[.R.(cm!; Neat): 3456 (s; v(O-H)); 2933, 2861 (s; v(C-H)); 1256 (s;
v(C-S1)); 1110 (s; v(C-0)).

'H N.M.R. (8; CDCl»): -0.10 (s; (CH3)»S1); 0.82 (s; (CH3)3C); 3.30 (s; OH);
3.57 (m; CH»).

13C N.M.R. (§;CDCl3): -5.5 (+ve; (CH3)»S1); 18.2 (-ve; C); 25.8 (+ve;
(CH3)3C); 61.6, 61.8, 62.6, 70.6, 72.6 (-ve; CH»).

8.2.1.10.2 Synthesis of Poly(ethylene glycol)-400rert -Butyldimethylsilylether

Acrylate23(b).

13.0g (0.025 moles) of poly(ethylene glycol)-400zert -butyldimethylsilyl ether
22(b) and 4.2cm3 (0.030 moles) of triethylamine were dissolved in 100cm3 of

dichioromethane. The resulting solution was then stirred continuously and cooled to
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-78°C using a dry ice/ acetone bath. 2.5cm3 (0.030 moles) of acryloyl chloride was

then added cautiously to the reaction mixture in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed consecutively with 3x25cm3 of 1M
NaOH(aq). The remaining organic phase was then dried over anhydrous magnesium

sulphate.

Removal of the solvent under vacuum gave 23(b) in 73% yield. The product

was a colourless viscous liquid.

[.R.(cm-!; Neat): 3039 (m; v(C-H vinylic)); 2928, 2863 (s; v(C-H));
1727 (s; v(C=0)); 1638, 1408 (m; v(C-H vinylic));
1255 (s; v(C-S1)); 1109 (s; v(C-O)).

'H N.M.R. (8; CDCl3): -0.04 (s; (CH3)2Si); 0.80 (s; (CH3)3C); 3.43, 3.57,
3.66, 4.24 (m's; CH»); 5.72 (d), 6.10 (q), 6.34 (d)

(H-C=CH).

13C N.M.R. (86;CDCls): -5.5 (+ve; (CH3)2S1); 18.2 (-ve; C); 25.8 (+ve;
(CH3)30); 62.6, 63.5, 69.2, 70.4, 72.5 (-ve; CH»);
128.0 (+ve; =C-H); 130.9 (-ve; H>C=); 166.1 (-ve;

C=0).
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8.2.1.10.3 Synthesis of Poly(ethylene slycol)-400 Acrylate 2(b) By Cleavage of

Poly(ethylene glycol)-400zerr -Butyldimethylsilylether Acrylate 23 (b) Using Tetra-

butylammonium Fluoride.

2g (3.52x10°3 moles) of 23(b) was dissolved in 14.2cm3 of THF. The
mixture was stirred continuously and cooled to 0°C with an ice bath. 7.0cm3 of a
1.OM solution of (C4Ho)4NF in THF (7.04x10-3 moles) was then added dropwise,
over a ten minute period, to give a total soivent volume of 21.2¢m3 (10.6cm3 THF / g

Starting material).

The mixture was stirred for five minutes at 0°C. The ice bath was then

removed and stirring continued at room temperature for a further hour.

After removing the THF under vacuum, the residue was redissolved in
100cm? of dichloromethane. The solution was washed with 1x10cm3 of water, with
vigorous shaking, for three minutes. The remaining organic layer was then dried over

anhydrous magnesium sulphate.

After removing the dichloromethane under vacuum, the residue was then
shaken in petroleum spirit 40-60°C for one hour. The product was separated from the

petroleum ether and then dried under vacuum.

2(b) was obtained in 85% yield. The product obtained was analysed using
conventional techniques, and also using Electrospray Mass Spectrometry (ESMS). A

general discussion of this technique, and also the results obtained on analysis of

2(b), can be found in Chapter 4 Section 4.4.
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I.R.(cm!; Neat): 3259 (s; v(O-H)); 2959, 2877 (s; v(C-H)); 1723 (s;
v(C=0)); 1634, 1409 (m; v(C-H vinylic)); 1109 (s;
v(C-0)).

'H N.M.R. (8;CDCl3): 3.02, 3.36 (m's; CH»); 4.22 (s; OH); 5.54 (d),

6.05 (q), 6.27 (d) (H-,C=CH).

3C N.M.R. (8; CDCly): 58.4, 61.0, 634, 68.7, 70.2 (-ve; CH»); 128.0 (+ve;

=C-H); 130.9 (-ve; H,C=); 1673 (-ve; C=0).

8.2.1.11 Novel Synthesis of Poly(ethylene glycol)-1000 Acrylate.

8.2.1.11.1 Synthesis of Poly(ethyleneglycol)-1000zert -Butyldimethylsilyl Ether

22(c).

500.0g (0.500 moles) of poly(ethylene glycol)-1000 18(¢) and 2.3cm3
(0.017 moles) of triethylamine were dissolved in 1000cm?> of dichloromethane. The
resulting solution was then stirred continuously and cooled to -78°C using a dry ice/
acetone bath. 2.5¢ (0.017 moles) of tert -butyldimethylsilyl chloride was dissolved in

a further 50cm? of dichloromethane and then added cautiously to the reaction mixture

in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed consecutively with 1x1400cm? and 7x700cm?

of phosphate buffer solution (pH 7.2). The remaining organic phase was then dried

over anhydrous magnesium sulphate.
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Removal of the solvent under vacuum gave 22(c) in 75% yield. The product

was a colourless waxy solid.

[.R.(cm!; Nujol): 3451 (s; v(O-H)); 2927, 2868 (s; v(C-H)); 1253 (s;
v(C-S1)); 1109 (s; v(C-0)).

'H N.M.R. (8; CDCl3): -0.11 (s; (CH3)2S1); 0.82 (s; (CH3)3C); 3.30 (s; OH);

3.57 (m; CH»).

13C N.M.R. (8; CDCl3): -5.5 (+ve; (CH3)»S1); 183 (-ve; C); 25.8 (+ve;
(CH3)3C): 61.5, 61.7, 62.7, 70.6, 72.6 (-ve: CH»).

8.2.1.11.2 Synthesis of Poly(ethylene elycol)-1000zert -Butyldimethylsilylether

Acrylate 23(¢).

17.7¢ (0.016 moles) of poly(ethylene glycol)-1000zert -butyldimethylsilyl
ether 22(¢) and 2.65cm3 (0.019 moles) of triethylamine were dissolved in 100cm3 of
dichloromethane. The resulting solution was then stirred continuously and cooled to
-78°C using a dry ice/ acetone bath. 1.55cm3 (0.019 moles) of acryloyl chloride was

then added cautiously to the reaction mixture in a dropwise manner.

On completion of the addition the mixture was stirred for a further twenty four
hours during which time the bath was allowed to warm naturally and the temperature
of the reaction mixture thus allowed to increase to room temperature. The mixture was
then allowed to settle after which it was filtered to remove any triethylamine
hydrochloride. The filtrate was washed with consecutively with 3x25cm3 of 1M

NaOH(aq). The remaining organic phase was then dried over anhydrous magnesium

sulphate.
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Removal of the solvent under vacuum gave 23(c) in 79% yield. The product

was a colourless waxy solid.

[.R.(cm"!; Nujol): 2930, 2862 (s; v(C-H)); 1724 (s; v(C=0)); 1633, 1411
(m; v(C-H vinylic)); 1257 (s; v(C-Si1)); 1115 (s; v(C-
0)).

'H N.M.R. (8;CDCl3): -0.05 (s; (CH3)»S1); 0.81 (s; (CH3)30); 3.44. 3.57,
3.66, 422 (m'S; CH»); 5.72 (d), 6.10 (q), 6.33 (d)
(H-C=CH).

13C N.M.R. (§; CDCl3): -5.5 (+ve; (CH3)»Si); 18.3 (-ve; C); 25.8 (+ve;
(CH3)3C); 62.5, 63.5, 69.2, 70.5, 72.5 (-ve: CHa);
128.1 (+ve; =C-H); 130.9 (-ve; H>C=); 166.0 (-ve;
C=0).

8.2.1.11.3 Synthesis of Poly(ethylene elycol)-1000 Acrylate 2(¢) By Cleavage of

Poly(ethylene glycol)-1000tert -Butyldimethylsilylether Acrylate 23(c¢) Using Tetra-

butylammonium Fluoride.

17.5g (0.015 moles) of 23(c) was dissolved in 156¢m? of THF. The mixture
was stirred continuously and cooled to 0°C with an ice bath. 30.0cm3 of a 1.0M
solution of (C4Hg)4NF in THF (0.030 moles) was then added dropwise, over a ten

minute period, to give a total solvent volume of 186cm? (10.6cm?® THF / g Starting

material).

The mixture was stirred for five minutes at 0°C. The ice bath was then

removed and stirring continued at room temperature for a further hour.
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After removing the THF under vacuum, the residue was redissolved in
100cm? of dichloromethane. The solution was washed with 1x10cm3 of water, with
vigorous shaking, for three minutes. The remaining organic layer was then dried over

anhydrous magnesium sulphate.

After removing the dichloromethane under vacuum, the residue was then
shaken in petroleum spirit 40-60°C for one hour. The product was separated from the

petroleum ether and then dried under vacuum.

2(c) was obtained in 84% yield. The product obtained was analysed using
converntional techniques, and also using Electrospray Mass Spectrometry (ESMS). A
general discussion of this technique, and also the results obtained on analysis of 2(¢),

can be found in Chapter 4 Section 4.4.

[.R.(cm™1; Nujol): 3260 (s; v(O-H)); 2960, 2877 (s; v(C-H)); 1725 (s;
w(C=0)); 1638, 1408 (m; v(C-H vinylic)); 1109 (s;
v(C-0)).

'H N.M.R. (5;CDCl3):  3.52 (m; CHb); 4.21 (s; OH); 5.72 (d), 6.13 (q), 6.34
(d) (H,C=CH).

13C N.M.R. (8; CDCl3): 58.7,61.3, 63.3, 68.7, 70.2 (-ve; CH»); 127.9 (+ve;
=C-H); 130.7 (-ve; H>C=); 168.0 (-ve; C=0).

8.2.2 Svynthesis of Hydrogels.

Hydrogels were produced using a thermally induced bulk polymerisation in a
mould. The mould consisted of two glass plates each fitted with a sheet of melinex

(poly(ethylene) terephthalate). The melinex ensured that the mould could be easily
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separated.Between the two plates was a poly(ethylene) gasket. The mould was held

together with clips as shown in Figure 8.1.

3 syringe needle
o

-
-

N

polvethvlene 2y
Zasket

melinex ;
3heets __»
N

Figure 8.1 Membrane Mould.

The desired mixture of HEMA (see Chapter 3), or HEMA/MMA (see Chapter
4), and novel comonomer was prepared. To this was added ethylene dimethacrylate
(EDMA) (1%wt/wt), to cross-link the polymer and azobisisobutyronitrile (AZBN)

(0.5% wt/wt) to initiate polymerisation. The whole mixture was then degassed for 10
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minutes with nitrogen. This removed any unwanted oxygen from the polymerisation

system.

The mixture was then injected carefully into the mould, to prevent air bubbles.
The mould was then placed in an oven at 60°C for 3 days and then postcured for 3

hours at 90°C.

The mould was separated whilst still warm and the xerogel peeled from the
melinex sheet. The xerogel, or unhydrated gel, was then swollen in distilled water for
at least 10 days, the water being changed daily, before any analysis on the gel could
take place. The purpose of changing the water was to ensure that all unpolymerised

low molecular weight material had been leached from the gel before gel analysis.

8.2.3 Synthesis of Alkyltartronic Acids and their Derivatives.

8.2.3.1 Grandjean®? Synthesis of Pentyltartronic Acid.

8.2.3.1.1 Synthesis of Diethyl Pentylmalonate 25(a).

30.6g (0.450 moles) of sodium ethoxide was dissolved in 200cm? of ethanol
and the solution heated to 50°C. 68.3cm3 (0.45 moles) of diethyl malonate were then
added cautiously in a dropwise manner. As the reaction was mildly exothermic a

water bath was placed around the reaction vessel to help control the reaction

temperature.

When a clear solution had been obtained 55.8cm3 (0.45 moles) of pentyl
bromide was added cautiously, in a dropwise manner. The water bath was retained
for the duration of this second addition. Reaction was almost immediate and was

signified by the appearance of a yellow precipitate, sodium bromide. After complete
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addition of the pentyl bromide, the reaction mixture was refluxed for two hours or

until the mixture was neutral to moist litmus paper.

After cooling, the ethanol was removed under vacuum to leave a residue. The
residue was shaken in approximately 200cm3 of water. This dissolved any sodium

bromide present and allowed crude 25(a) to separate creating a two phase system.

The crude ester was then distilled under vacuum, collecting the fraction boiling
in the range 134-136°C!4mm_ the quoted literature boiling point. Pure 25(a) was

obtained as colourless liquid in 81% yield.

[.R.(cm!; Neat): 2959 (s; v(C-H)); 1734 (s; v(C=0)): 1153 (m; v(C-0)).

'H N.M.R. (8; CDCl5): 0.68 (t; 3H; CH3(CH»)4) ; 0.95 (t; 6H; CH3CH-»0);
1.69 (m; 8H; CH3(CHb»)4); 3.09 (t; 1H; CH); 3.94 (q;
4H; CH3CH»O).

13C N.M.R. (8;CDCl3): 13.4 (+ve; CH3(CH»)y); 13.6 (+ve; CH3CH»0); 21.9,
26.5, 28.3, 31.0 (-ve; CH3(CHb)g); 51.6 (+ve; CH);
60.6 (-ve; CH3CH»0O); 169.0 (-ve; C=0).

Elemental Analysis:

| C H N
Theoretical (%) 62.58 9.63 -
Found (%) 61.83 9.47 -
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8.2.3.1.2 Attempted Synthesis of 1,2-Diphenyl-3.5-dioxo-4-pentyl Pyrazolidine 2 6

Using Diethyl Pentylmalonate 25(a).

2.4¢ (0.035 moles) of sodium ethoxide was dissolved in 30cm3 of ethanol.To
the resulting solution was then added 71.6cm3 (0.300 moles) of 25(a) and 46.8¢
(0.254 moles) of hydrazobenzene. The contents of the flask were then heated to

150°C and then stirred continuously at this temperature for twelve hours.

As the reaction was heated, the contents of the reaction flask became
homogeneous. Also as ethanol was formed during the reaction, it was allowed to

distil off slowly over the twelve hour period.

When the reaction was complete, an attempt was made to dissolve the residue
in water. Although some solution occured, it was noted that a large amount of the
residue was an 1nsoluble black tar. It was considered that a large degree of
decomposition had occured under the extreme reaction conditions employed. 15%
HCl(aq) was added to the aqueous extract until the pH of the extract was equal to 4. A

precipitate of crude 19 formed which was filtered off.

The crude product was recrystallised from ethanol to give pure 26 as a

colourless solid, of leaf-like crystals, in 11% yield.

Melting point = 102°C

I.R.(cm!; KBr disc): 3180, 3061, 3051 (s; v(Arom C-H)); 2922 (s; v(Aliph
C-H)) 1753 (s; v(C=0)); (s; v(C=C)); 1299 (m;
v(C-N)).
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'H N.M.R. (8; CDCl3): 0.85 (t; 3H; CH3) ; 1.30 (m; 4H; CH3(CH»)>(CH»)»);
1.50 (m; 2H; CH3(CH»)>CH»CH>»); 2.06 (m; 2H;
CH3(CH2)3CH>); 3.37 (t; 1H; Aliph CH): 7.15 (m:
2H; Arom CH); 7.34 (m; 8H; Arom CH)

13C N.M.R. (8; CDCl3): 13.9 (+ve; CH3(CH»)y); 22.3, 25.5, 28.1, 31.4 (-ve;
CH3(CH»2)4); 46.2 (+ve; Aliph CH); 122.5, 126.8,

129.0 (+ve; Arom CH); 135.7 (-ve; Arom C); 170.4 (-

ve; C=0).
Elemental Analysis:

C H N
Theoretical (%) 74.74 6.59 8.72
Found (%) 74.55 6.95 8.57

8.2.3.1.3 Synthesis of Pentylmalonic Acid 28(a).

25g of KOH was dissolved in 20cm3 of water to make a 22M solution. The
solution was then heated to 50°C. 46.0g (0.200 moles) of diethyl pentylmalonate

25(a) was then added in a dropwise manner.

The mixture was heated and stirred continuously for five hours. The progress

of the reaction was estimated by removing the ethanol formed, during the

saponification, under vacuum.

On completion of the reaction, the contents of the reaction vessel were cooled,
using an ice bath, to approximately 15°C. Concentrated hydrochloric acid was then

added at such a rate that the temperature of the mixture never rose above 20°C. It was
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noted that after addition of a quantity of acid, the monopotassium salt precipitated out

of solution. Stirring vigorously by hand, however, redissolved the precipitate.

When the pH of the solution was at 4, measured using indicator paper, the
aqueous solution was extracted with 3x200cm3 of diethyl ether. The combined
organic extracts were then dried over anhydrous magnesium sulphate. Removing the

ether under vacuum gave crude 28(a).

Recrystallisation from acetone/hexane gave pure 28(a) in 85% yield, as a

colourless solid, of leaf-like crystals.

Melting Point =84°C

[.R.(cm-!; KBrdisc): 2990 (s; v(O-H)); 2932 (s; v(C-H)); 1708 (s; v(C=0));
1271 (m; v(C-0)).

IH N.M.R. (3;CDCl3):  0.85 (t; 3H; CH3); 1.27 (m: 6H: CH3(CH»)3CH>):
1.89 (q; 2H; CH3(CH»)3CH»); 3.40 (t; 1H; CH);
11.62 (s; 2H; COOH).

I3C N.M.R. (8; CDCls): 13.8 (+ve; CH3); 22.2. 26.8, 28.6, 31.2 (-ve;
CH3(CH»)4); 51.7 (+ve; CH); 1754 (-ve; C=0).

Elemental Analysis:

C H N
Theoretical (%) 55.16 8.10 -
Found (%) 55.96 8.43 -
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8.2.3.1.4 Synthesis of Pentylmalonyl Chloride 29.

10.0g (0.058 moles) of pentylmalonic acid 28(a) was suspended in 14cm3
(0.190 moles). The reaction was stirred for three days at 45-50°C and for a further
six hours at 60°C. Initially the mixture was heterogeneous but, as the reaction

progressed, the system became homogenised.

At the end of the reaction any excess thionyl chloride was removed under

vacuum. 29 was used immediately.

8.2.3.1.5 Synthesis of 1.2-Diphenyl-3.5-dioxo-4-pentyl Pyrazolidine 26 Using

Pentylmalonyl Chloride 2 9.

11.2¢m?3 (0.139 moles) of pyridine was dissolved in 300cm3 of chloroform.

The solution was stirred continuously and cooled to 0°C using an ice-bath.

12.2g (0.058 moles) of 29 was dissolved in a further 30cm? of chloroform.
This was then added cautiously to the pyridine solution in a dropwise manner. A

yellow saturated solution of the acylpyridinium chloride was formed.

10.2g (0.055 moles) of hydrazobenzene was dissolved in 100cm3 of diethyl
ether and added dropwise to the saturated pyridinium chloride salt solution. When the

addition was complete the mixture was stirred for a further two hours at room

temperature.

When the reaction was complete the reaction mixture was filtered to remove
any pyridine hydrochloride formed. The filtrate was then washed with 3x100cm? of

1M HCl(aq) and then 3x100cm? of 1M NaOH(aq). The basic extracts were combined
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and acidified with 1M HCl(aq) until pH4 was attained. A precipitate of crude 26

formed which was filtered.

The crude product was recrystallised from ethanol to give pure 26 as a
colourless solid, of leaf-like crystals, in 87% yield.

Melting point = 102-103°C

[.R.(cm™!; KBrdisc): 3180, 3061, 3052 (s; v(Arom C-H)); 2920 (s: v(Aliph
C-H)) 1752 (s; v(C=0)); 1596, 1492 (s; v(C=C)); 1302
(m; v(C-N)).

'H N.M.R. (6; CDCl3): 0.84 (t; 3H; CH3) ; 1.24 (m: 4H; CH3(CH»)>(CH»)»);
1.50 (m; 2H; CH3(CH»)>CH»CH>»); 2.08 (m: 2H:
CH3(CH»)3CH»); 3.38 (t; 1H; Aliph CH); 7.16 (m;
2H; Arom CH); 7.32 (m; 8H: Arom CH)

13C N.M.R. (6;CDCl3): 13.9 (+ve; CH3(CH»)g); 22.2, 25.5, 28.1, 31.4 (-ve;
CH3(CHa»)g); 46.2 (+ve; Aliph CH); 122.5, 126.8,
128.9 (+ve; Arom CH); 135.7 (-ve; Arom C); 170.4 (-

ve; C=0).
Elemental Analysis:

C H N
Theoretical (%) 74.74 6.59 8.72
Found (%) 72.13 6.78 8.91
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8.2.3.1.6 Synthesis of 1,2-Diphenyl-3.5-dioxo-4-hydroxy-4-pentyl Pyrazolidine 3 1.

2.0g (6.21x10-3 moles) of 1,2-diphenyl-3,5-dioxo-4-pentyl pyrazolidine 2 6

was placed in a large round-bottomed flask. The flask was then heated to 80°C, the

melting point of the solid, using a liquid paraffin-bath. When the melt had been

created the flask was spun, by the use of the spinner from a rotory evaporator, to

create a thin film.

These conditions were maintained for four days during which a new solid,

with a higher melting point, was seen to reform without the system cooling at all.

When all of the melt had been seen to resolidify at 80°C, the system was

cooled to allow the light brown 31 to be collected for analysis.

Melting point = 102-103°C

[.R.(cm!; KBr disc):

'H N.M.R. (8;CDCl3):

13C N.M.R. (8;CDCl3):

3422 (s; v(O-H)); 3185, 3062, 3050 (s; v(Arom C-H)):
2924 (s; v(Aliph C-H)) 1755 (s; v(C=0)); 1597, 1492
(s; v(C=C)); 1304 (m; v(C-N)).

0.82 (t; 3H; CH3) ; 1.24 (m; 4H; CH3(CH»)>(CH»)»);
1.40 (m; 2H; CH3(CH»)>CH»CH»); 2.06 (m; 2H;
CH3(CH»)3CH»); 3.86 (s; 1H; OH); 7.17 (m;

2H; CH); 7.34 (m; 8H; Arom CH)

13.8 (+ve; CH3(CH»)g); 22.2,29.7,31.4, 37.6 (-ve;
CH3(CH»)yg); 122.6, 127.1, 129.0 (+ve; CH); 135.0 (-
ve; Arom C); 170.4 (-ve; C=0).
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Elemental Analysis:

C H N
Theoretical (%) 70.99 6.55 8.28
Found (%) 71.30 6.72 8.16

8.2.3.1.7 Synthesis of Pentyltartronic Acid 3(a).

0.2g (2.37x103 moles) of 1,2-diphenyl-3,5-dioxo-4-hydroxy-4-pentyl
pyrazolidine 31 was suspended in 20cm? of 12M KOH(aq). The suspension was

stirred continuously and heated at 50°C for five hours.

When the reaction was complete, the mixture was cooled in an ice-bath to
approximately 15°C. Concentrated hydochloric acid was then added until the reaction
mixture attained pH4. Acid was added, at such a rate, that the temperature did not rise
above 20°C. The mixture was then filtered, before being concentrated under vacuum
to give a saturated solution. The solution was then extracted with 3x100cm?3 of diethyl

ether. The organic extracts were combined and dried over anhydrous magnesium

sulphate.

Removal of the solvent under vacuum afforded an oil. Addition of a small

amount of chloroform produced brown needle-like crystals of crude 3(a).

The crude product was recrystallised from acetone/hexane to give pure 3(a) as

a colourless solid, of leaf-like crystals, 1n 62% yield.

Melting Point = 123-124°C

I.R.(cm!; KBr disc): 3359 (s; v(O-H)); 2968 (s; v(C-H)); 1713 (s; v(C=0)).
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'H N.M.R. (8;DMSO-dg): 0.83 (t; 3H; CH3); 1.26 (m; 6H; CH3(CH»)3CH>);
1.74 (q; 2H; CH3(CH»)3CH»); 5.55 (s; 1H; C-OH);
12.51 (s; 2H; COOH).

3C N.M.R. (8:DMSO-dg): 13.9 (+ve: CH3): 22.1. 22.6. 31.4,35.2 (-ve:
CH3(CHb)yg); 78.3 (-ve; C-OH): 1723 (-ve; C=0).

Elemental Analysis:

C H N
Theoretical (%) 50.52 7.42 -
Found (%) 50.80 7.46 -

8.2.3.2 Novel Synthesis of Pentvitartronic Acid.

8.2.3.2.1 Synthesis of Diethyl Pentylmalonate 25(a).

30.6g (0.450 moles) of sodium ethoxide was dissolved in 200cm3 of ethanol

and the solution heated to 50°C. 68.3cm?> (0.45 moles) of diethyl malonate was then
added cautiously in a dropwise manner. As the reaction was mildly exothermic a

water bath was placed around the reaction vessel to help control the reaction

temperature.

When a clear solution had been obtained 55.8cm? (0.45 moles) of pentyl
bromide was added cautiously in a dropwise manner. The water bath was retained for
the duration of this second addition. Reaction was almost immediate and was signified
by the appearance of a yellow precipitate, sodium bromide. After complete addition of

the pentyl bromide, the reaction mixture was refluxed for two hours or until the

mixture was neutral to moist litmus paper.

-205-




After cooling, the ethanol was removed under vacuum to leave a residue. The

residue was shaken in approximately 200cm3 of water. This dissolved any sodium

bromide present and allowed crude 25(a) to separate creating a two phase system.

The crude ester was then distilled under vacuum, collecting the fraction boiling

in the range 134-136°C!4mm_the quoted literature boiling point. Pure 25(a) was

obtained as colourless liquid in 81% yield.

[.R.(cm™!; Neat):

"H N.M.R. (8; CDCl3):

13C N.M.R. (8;CDCl3):

Elemental Analysis:

Theoretical (%)

Found (%)

2959 (s; v(C-H)); 1734 (s; v(C=0)); 1153 (m; v(C-0)).

0.68 (t; 3H; CH3(CHa2)4) ; 0.95 (t; 6H: CH3CH-O):
1.69 (m; 8H; CH3(CHb)4); 3.09 (t; 1H; CH); 3.94 (q;
4H; CH3CH-»O).

13.4 (+ve; CH3(CH»)yg); 13.6 (+ve; CH3CH»O); 21.9,
26.5, 28.3, 31.0 (-ve; CH3(CH»)4); 51.6 (+ve; CH);
60.6 (-ve; CH3CH-»0); 169.0 (-ve; C=0).

C H N
62.58 9.63 -
61.83 9.47 -

8.2.3.2.2 Svynthesis of Pentylmalonic Acid 28(a).

25g of KOH was dissolved in 20cm? of water to make a 22M solution. The

solution was then heated to 50°C. 46.0g (0.200 moles) of diethyl pentylmalonate

25(a) was then added in a dropwise manner.
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The mixture was heated and stirred continuously for five hours. The progress
of the reaction was estimated by removing the ethanol formed, during the

saponification, under vacuum.

On completion of the reaction, the contents of the reaction vessel were cooled,
using an ice bath, to approximately 15°C. Concentrated hydrochloric acid was then
added at such a rate that the temperature of the mixture never rose above 20°C. It was
noted that after addition of a quantity of acid the monopotassium salt precipitated out

of solution. Stirring vigorously by hand, however, redissolved the precipitate.

When the pH of the solution was equal to 4, when measured using indicator
paper, the aqueous solution was extracted with 3x200cm> of diethyl ether. The
combined organic extracts were then dried over anhydrous magnesium sulphate.

Removing the ether under vacuum gave crude 28(a).

Recrystallisation from acetone/hexane gave pure 28(a) in 85% yield, as a

colourless solid, of leaf-like crystals.

Melting Point = 84°C

I.R.(cm!; KBr disc): 2990 (s; v(O-H)); 2932 (s; v(C-H)); 1708 (s; v(C=0)):
1271 (m; v(C-O)).

'H N.MR. (5:CDCl): 0.85 (t: 3H: CH3); 1.27 (m; 6H: CHa(CHa)3CHa):
1.89 (q; 2H; CH3(CH»13CH»); 3.40 (t; 1H; CH);
11.62 (s; 2H; COOH).

I3C N.M.R. (8:CDCl3): 13.8 (+ve; CH3); 22.2, 26.8, 28.6, 31.2 (-ve;
CH3(CHn)g); 51.7 (+ve; CH); 175.4 (-ve; C=0).
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Elemental Analysis:

C H N
Theoretical (%) 55.16 8.10 -
Found (%) 55.96 8.43 -

8.2.3.2.3 Synthesis of Ot-Bromo-pentylmalonic Acid32(a).

10.0g (0.058 moles) of pentylmalonic acid 28(a) was dissolved in 30cm3 of
diethyl ether. The resulting solution was then stirred continuously. 3.6cm3 ( 0.069
moles) of bromine was then added cautiously to this solution in a dropwise manner.
During the addition a ten degree rise in temperature, and subsequent mild reflux of the

solution, was observed.

After the addition of bromine was complete, 10cm? of water was added
carefully to the mixture to avoid any violent exothermic reaction. The organic layer

was then separated and dried over anhydrous magnesium sulphate.
Removal of the solvent under vacuum produced 32(a) as an orange solid.
Colour was presumably imparted to the product by small amounts of bromine

impurity. This product was used immediately.

8.2.3.2.4 Synthesis of Pentyltartronic Acid 3(a).

10.0g (0.040 moles) of ct-bromo-pentylmalonic acid 32(a) was dissolved in
150cm?> of 1M NaOH(aq) and heated to 50°C. The solution was stirred at 50°C for

two hours. The mixture was cooled using an ice-bath and acidified to pH4 by cautious

addition of 2M HCl(aq).
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Under vacuum the acidic solution was concentrated to form a saturated

solution, before being extracted with 3x200cm3 of diethyl ether. This procedure was

used only after it was found that the desired product could not be recovered in any

great yield, by the continuous extraction of the dilute aqueous layer with diethyl ether.

The organic extracts were combined and dried over anhydrous magnesium

sulphate. Removing the solvent under vacuum gave crude 3(a).

Recrystallisation from acetone/hexane gave pure 3(a) in 82% yield, as a

colourless solid, of leaf-like crystals.

Melting Point = 123-124°C

[.R.(cm!; KBr disc): 3359 (s; v(O-H)); 2968 (s; v(C-H)); 1713 (s; v(C=0)).

'H N.M.R. (6; DMSO-dg):  0.83 (t; 3H: CH3); 1.26 (m; 6H; CH3(CH»)3CH»);
1.74 (q; 2H; CH3(CH»)3CH»); 5.55(s; 1H; C-OH);
12.51 (s; 2H; COOH).

BC N.M.R. (6; DMSO-dg): 13.9 (+ve; CH3); 22.1, 22.6, 31.4, 352 (-ve;
CH3(CHb»)4); 78.3 (-ve; C-OH); 172.3 (-ve; C=0).

Elemental Analysis:

C H N
Theoretical (%) 50.52 7.42 -
Found (%) 50.80 7.46 -
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8.2.3.3 Novel Synthesis of Octyltartronic Acid.

8.2.3.3.1 Synthesis of Diethyl Octylmalonate 25(b).

30.6¢ (0.450 moles) of sodium ethoxide was dissolved in 200cm3 of ethanol
and the solution heated to 50°C. 68 3cm3 (0.45 moles) of diethyl malonate was then
added cautiously in a dropwise manner. As the reaction was mildly exothermic a
water bath was placed around the reaction vessel to help control the reaction

temperature.

When a clear solution had been obtained 77.7cm3 (0.45 moles) of octyl
bromide was added cautiously in a dropwise manner. The water bath was retained for
the duration of this second addition. Reaction was almost immediate and was signified
by the appearance of a white precipitate, sodium bromide. After complete addition of
the octyl bromide, the reaction mixture was refluxed for two hours or until the mixture

was neutral to moist litmus paper.

After cooling, the ethanol was removed under vacuum to leave a residue. The
residue was shaken in approximately 200cm3 of water. This dissolved any sodium

bromide present and allowed crude 25 (b) to separate creating a two phase system.

The crude ester was then distilled under vacuum, collecting the fraction boiling

at 167°Clémm the quoted literature boiling point. Pure 25(b) was obtained as

colourless liquid in 75% yield.

[.R.(cm!; Neat): 2957 (s; v(C-H)); 1736 (s; v(C=0)); 1153 (m; v(C-0)).

-210-




'HN.MR. (8;CDCl):  0.77 (t; 3H; CH3(CHa)) ; 1.81 (t: 6H; CH3CHo0):

1.24 (m; 14H; CH3(CHa2)7); 3.21 (t; 1H; CH); 4.11 (q;
4H; CH3CH-0).

13C N.M.R. (8;CDCl3): 13.4 (+ve; CH3(CH»)7); 13.6 (+ve; CH3CH»0); 22.4,
27.1, 28.5, 29.0, 29.1, 29.6, 31.6 (-ve; CH3(CH»)7):
51.6 (+ve; CH); 61.0 (-ve; CH3CH»O); 169.3 (-ve:

C=0).
Elemental Analysis:

C H N
Theoretical (%) 66.14 10.36 -
Found (%) 66.41 10.37 -

8.2.3.3.2 Synthesis of Octylmalonic Acid 28(b).

25g of KOH was dissolved in 20cm3 of water to make a 22M solution. The
solution was then heated to 50°C. 54.4g (0.200 moles) of diethyl octylmalonate

25(b) was then added in a dropwise manner.

The mixture was heated and stirred continuously for five hours. The progress

of the reaction was estimated by removing the ethanol formed, during the

saponification, under vacuum.

On completion of the reaction, the contents of the reaction vessel were cooled,
using an ice bath, to approximately 15°C. Concentrated hydrochloric acid was then

added at such a rate that the temperature of the mixture never rose above 20°C.
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When the pH of the solution was equal to 4, when measured using indicator

paper, the insoluble solid formed was filtered and dried in a vacuum oven for 48
hours at 50°C and then in a vacuum dessicator over phosphorus pentoxide for a
further week. The crude product was then taken up in diethyl ether, and then filtered.

Removal of the ether under vacuum gave crude 28 (b).

Recrystallisation from acetone/hexane gave pure 28(b) in 84% yield, as a

colourless solid, of leaf-like crystals.

Melting Point = 113°C

[.R.(cm-!; KBrdisc): 2990 (s; v(O-H)); 2919 (s; v(C-H)); 1708 (s; v(C=0));

1228 (m; v(C-0)).

'"H N.M.R. (8; CDCI3): 0.84 (t; 3H; CH3); 1.24 (m; 12H; CH3(CH»)sCH»);
1.67 (q; 2H; CH3(CH»)sCH»); 3.07 (t; 1H; CH);
12.80 (s; 2H; COOH).

13C N.M.R. (8: CDCly): 14.0 (+ve; CH3); 22.2, 26.9, 28.5, 28.7, 289, 29.4,

31.4 (-ve; CH3(CH»)7); 51.7 (+ve; CH); 171.0 (-ve;

C=0).
Elemental Analysis:

C H N
Theoretical (%) 61.09 9.32 -
Found (%) 61.17 936 -
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8.2.3.3.3 Synthesis of a-Bromo-octylmalonic Acid32(b).

10.0g (0.046 moles) of octylmalonic acid 28(b) was dissolved in 30cm3 of

diethyl ether. The resulting solution was then stirred continuously. 2.9cm3 ( 0.056

moles) of bromine was then added cautiously to this solution in a dropwise manner.

During the addition a ten degree rise in temperature, and subsequent mild reflux of the a

solution, was observed.

After the addition of bromine was complete, 10cm3 of water was added

carefully to the mixture so as to avoid any violent exothermic reaction. The organic

layer was then separated and dried over anhydrous magnesium sulphate.

Removal of the solvent under vacuum produced an orange solid. This was
shown by NMR and IR analysis to be practically pure 32(b). The colour was

presumably imparted to the product by small amounts of bromine impurity.

I.R.(cm!; Nujol): 2980 (s; v(0O-H)); 2920 (s; v(C-H)); 1715 (s; v(C=0)):
1275 (m; v(C-0)).

'H N.M.R. (8; CDCl3): 0.81 (t; 3H; CH3); 1.20 (m; 12H; CH3(CH»)sCH>);
1.66 (t; 2H; CH3(CH»)gCH»); 11.93 (s; 2H; COOH).

13C N.M.R. (8;CDCl3): 13.9 (+ve; CH3); 22.2, 27.0, 28.4, 28.7, 28.8, 29.5,

31.4 (-ve; CH3(CH»)7); 65.5 (-ve; C-Br); 168.2 (-ve;

C=0).
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Elemental Analysis:

C H N
Theoretical (%) 44.76 14.50 -
Found (%) 44 .86 14.42 -

8.2.3.3.4 Synthesis of Octyltartronic Acid 3(b).

10.0g (0.034 moles) of at-bromo-octyimalonic acid 32(b) was suspended in
150cm3 of 1M NaOH(aq) and heated to 50°C at which temperature complete solution
was attained. The solution was stirred at 50°C for two hours. The mixture was cooled
using an ice-bath and acidified to pH4 by cautious addition of 2M HCl(aq).
Acidification caused 3(b) to precipitate out of the cold solution highlighting its

solubility in only warm or hot aqueous media.

The precipitate was extracted into 3x200cm3 of diethyl ether. The organic
extracts were combined and dried over anhydrous magnesium sulphate. Removing the

solvent under vacuum gave crude 3(b).

Recrystallisation from acetone/hexane gave pure 3(b) in 87% yield, as a

colourless solid, of leaf-like crystals.

Melting Point = 114°C

[.R.(cm™!; KBr disc): 3485 (s; v(O-H)); 2922 (s; v(C-H)); 1698 (s; v(C=0));

1224 (m; v(C-0)).

'H N.M.R. (8; DMSO-dg): 0.84 (t; 3H; CH3); 1.22 (m; 12H; CH3(CH»)6CH>»);
1.76 (t; 2H; CH3(CH»)sCHb>»); 5.60 (s; 1H; C-OH)
12.82 (s; 2H; COOH).
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13C N.M.R. (8; DMSO-dg): 14.0 (+ve;: CH3); 22.2, 22.9, 28.7, 29.0, 29.2, 31.4,

35.2 (-ve; CH3(CH»)7); 78.3 (-ve; C-OH); 172.3 (-ve;

C=0).
Elemental Analysis:

C H N
Theoretical (%) 56.90 8.62 -
Found (%) 56.97 8.58 -

8.2.3.4 Novel Synthesis of Stearvitartronic Acid.

8.2.3.4.1 Synthesis of Diethyl Stearylmalonate 25(¢).

30.6g (0.450 moles) of sodium ethoxide was dissolved in 200cm3 of ethanol
and the solution heated to 50°C. 68.3cm3 (0.45 moles) of diethyl malonate were then
added cautiously in a dropwise manner. As the reaction was mildly exothermic a

water bath was placed around the reaction vessel to help control the reaction

temperature.

When a clear solution had been obtained 150.0g (0.45 moles) of stearyl
bromide was dissolved in a further 500cm3 of ethanol and then added cautiously in a
dropwise manner. The water bath was retained for the duration of this second
addition. Reaction was almost immediate and was signified by the appearance of a
white precipitate, sodium bromide. After complete addition of the stearyl bromide, the

reaction mixture was refluxed for two hours or until the mixture was neutral to moist

litmus paper.

After cooling, the ethanol was removed under vacuum to leave a residue. The

residue was shaken in approximately 200cm? of water. The resultant slurry was then
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extracted with 3x200cm? of diethyl ether. The combined organic extracts were dried

over anhydrous magnesium sulphate.

Removal of the ether, under vacuum, gave a white waxy solid that was shown

spectroscopically to be practically pure 25(¢). The product was obtained in 75%

vield.

[.R.(cm!; Neat): 2952 (s; v(C-H)); 1738 (s; v(C=0)); 1154 (m: v(C-0)).

"H N.M.R. (8; CDCl3): 0.83 (t; 3H; CH3(CH>2)17) : 1.83 (t: 6H: CH3CH»O);

1.20 (m: 34H; CH3(CH»)7); 3.23 (t: 1H; CH); 4.11
(q; 4H: CH3;CH-O0).

13C N.M.R. (8:CDCly): 13.8 (+ve; CH3(CH»)7); 14.0 (+ve; CH3CH-»O);
22.6, 23.6, 27.2, 28.7, 29.1, 29.2, 29.4, 29.6, 31.8,
32.1 (-ve; CH3(CH»)17); 52.0 (+ve; CH); 61.0 (-ve:
CH3CH-»0); 1694 (-ve; C=0).

Elemental Analysis:

C H N
Theoretical (%) 72.82 11.65 -
Found (%) 73.59 11.77 -

8.2.3.4.2 Synthesis of Stearylmalonic Acid 28(c¢).

250g of KOH was dissolved in 200cm? of water to make a 22M solution. The
solution was then heated to 50°C. 82.4g (0.200 moles) of diethyl stearylmalonate

25(c) was then stirred as a suspension in the basic solution.
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The mixture was heated and stirred continuously for five hours. As
saponification occured, then the suspension of 18(c¢) gradually became a solution of
the dipotassium salt of stearyl malonic acid. The progress of the reaction was

estimated by removing the ethanol formed, during the saponification, under vacuum.

On completion of the reaction, the contents of the reaction vessel were cooled,
using an ice bath, to approximately 15°C. Concentrated hydrochloric acid was then

added at such a rate that the temperature of the mixture never rose above 20°C.

When the pH of the solution was equal to 4, when measured using indicator
paper, the insoluble solid formed was filtered and dried in a vacuum oven for 48
hours at 50°C and then in a vacuum dessicator over phosphorus pentoxide for a
further week. The crude product was then taken up in some diethyl ether, and then

filtered. Removal of the ether under vacuum gave crude 28(c).

Recrystallisation from acetone/hexane gave pure 28(c) in 84% yield, as a

colourless solid, of leaf-like crystals.

Melting Point =95°C

I.LR.(cm!; KBr disc): 2990 (s; v(O-H)); 2917 (s; v(C-H)); 1705 (s; v(C=0));
1249 (m; v(C-0)).

'H N.M.R. (8; CDCl3): 0.77 (t; 3H; CH3); 1.24 (m; 34H; CH3(CH»);7); 3.15
(t; 1H; CH); 12.55 (s; 2H; COOH).

13C N.M.R. (8; CDCl3): 14.0 (+ve; CH3); 22.2, 26.9, 28.5, 28.9, 29.2, 31.4 (-
ve; CH3(CH»)17); 51.6 (+ve; CH); 171.0 (-ve; C=0).
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Elemental Analysis:

C H N
Theoretical (%) 70.74 11.31 -
Found (%) 70.91 11.40 -

8.2.3.4.3 Synthesis of a-Bromo-stearylmalonic Acid32(c).

10.0g (0.0292 moles) of stearylmalonic acid 28(¢) was dissolved in 30cm?3
of diethyl ether. The resulting solution was then stirred continuously. 1.8cm? ( 0.035
moles) of bromine was then added cautiously to this solution in a dropwise manner.
During the addition a ten degree rise in temperature, and subsequent mild reflux of the

solution, was observed.

After the addition of bromine was complete, 10cm? of water was added

carefully to the mixture to avoid any violent exothermic reaction. The organic layer

was then separated and dried over anhydrous magnesium sulphate.

Removal of the solvent under vacuum produced an orange solid. This was
shown by NMR and IR analysis to be practically pure 32(¢) O.-bromo-stearylmalonic

acid. The colour was presumably imparted to the product by small amounts of

bromine impurity.

I.R.(cm!; Nujol): 2980 (s; v(O-H)); 2921 (s; v(C-H)); 1710 (s; v(C=0));
1263 (m; v(C-0)).

'H N.M.R. (8; CDCl3): 0.82 (t; 3H; CH3); 1.20 (m; 32H; CH3(CH»)6CHb»);
1.67 (t; 2H; CH3(CH»)6CH>»); 11.53 (s; 2H; COOH).
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BCN.MR. (5;CDCl): 142 (+ve; CH3); 22.6, 27.4, 28.8, 29.4,29.7, 31.9 (-

ve; CH3(CH»)17); 65.8 (-ve; C-Br); 168.6 (-ve; C=0).

Elemental Analysis:

C H N
Theoretical (%) 57.92 9.03 -
Found (%) 58.00 8.90 -

8.2.3.4.4 Synthesis of Stearyltartronic Acid 3(¢).

10.0g (0.023 moles) of at-bromo-stearylmalonic acid 32(¢) was dissolved in
a mixture of 100cm3 of THF and 100cm3 of 1M NaOH(aq) and heated to 50°C. The

solution was stirred at 50°C for two hours. The mixture was cooled in using an ice-

bath and acidified to pH4 by cautious addition of 2M HCl(aq).

Under vacuum the acidic solution was concentrated to remove the THF from
the mixture. On removal of the THF, the 3(c¢) product precipitated out highlighting its

insolubility in water. The precipitate was extracted into 3x200cm3 of diethyl ether.

The organic extracts were combined and dried over anhydrous magnesium

sulphate. Removing the solvent under vacuum gave crude 3(c).

Recrystallisation from acetone/hexane gave pure 3(c¢) in 88% yield, as a

colourless solid, of leaf-like crystals.

Melting Point = 120°C

[.R.(cm!; KBrdisc): 3498 (s; v(O-H)); 2918 (s; v(C-H)); 1699 (s; v(C=0)).
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'H N.M.R. (6; DMSO-dg):  0.81 (t; 3H; CH3); 1.19 (m; 32H: CH3(CH)»)16CH»);
1.75 (t; 2H; CH3(CH»)16CH»); 5.47 (s; 1H: C-OH)
12.78 (s; 2H; COOH).

13C N.M.R. (8;DMSO-dg): 13.9 (+ve; CH3); 22.4, 23.1. 29.1, 29.5,31.6, 35.2 (-

ve; CH3(CH»)17); 78.3 (-ve; C-OH); 172.4 (-ve;

C=0).
Elemental Analysis:

C H N
Theoretical (%) 67.74 10.75 -
Found (%) 67.95 10.87 -

8.2.3.5 Novel Synthesis of Isopropyvltartronic Acid.

8.2.3.5.1 Synthesis of Diethyl Isopropylmalonate 25(d).

30.6g (0.450 moles) of sodium ethoxide was dissolved in 200cm? of ethanol
and the solution heated to 50°C. 68.3cm? (0.45 moles) of diethyl malonate were then
added cautiously in a dropwise manner. As the reaction was mildly exothermic a

water bath was placed around the reaction vessel to help control the reaction

temperature.

When a clear solution had been obtained 42.3cm3 (0.45 moles) of isopropyl
bromide was added cautiously in a dropwise manner. The water bath was retained for
the duration of this second addition. Reaction was almost immediate and was signified
by the appearance of a white precipitate, sodium bromide. After complete addition of

the isopropyl bromide, the reaction mixture was refluxed for two hours or until the

mixture was neutral to moist litmus paper.

-220-




After cooling, the ethanol was removed under vacuum to leave a residue. The

residue was shaken in approximately 200cm?> of water. This dissolved any sodium

bromide present and allowed crude 25(d) to separate creating a two phase system.

The crude ester was then distilled under vacuum, collecting the fraction boiling
in the range 126-129°C34mm_ the quoted literature boiling point. Pure 25(d) was

obtained as colourless liquid in 75% yield.

I.R.(cm-!; Neat): 2970 (s; v(C-H)); 1757 (s; v(C=0)); 1153 (m: v(C-O)).

'H N.M.R. (§; CDCl3): 0.85 (d; 6H; (CH3)>CH) ; 1.13 (t; 6H; CH3CH-~0);

2.27 (heptet; 1H: (CH3)>CH); 2.95(t; 1H; CH); 4.05
(q; 4H:; CH3CH-O).

13C N.M.R. (8;CDClR): 13.8 (+ve; (CH3)>CH); 20.1 (+ve; CH3CH-»0); 28.5

(+ve; (CH3)>CH); 58.8 (+ve; CH); 60.8 (-ve:

CH3CH»0); 168.5 (-ve; C=0).

Elemental Analysis:

C H N
Theoretical (%) 59.39 8.97 -
Found (%) 58.73 8.91 -

8.2.3.5.2 Synthesis of Isopropylmalonic Acid 28(d).

25g of KOH was dissolved in 20cm3 of water to make a 22M solution. The
solution was then heated to 50°C. 40.4¢g (0.200 moles) of diethyl isopropylmalonate

25(d) was then added in a dropwise manner.
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The mixture was heated and stirred continuously for five hours. The progress
of the reaction was estimated by removing the ethanol formed, during the

saponification, under vacuum.

On completion of the reaction, the contents of the reaction vessel were cooled,
using an ice bath, to approximately 15°C. Concentrated hydrochloric acid was then
added at such a rate that the temperature of the mixture never rose above 20°C. It was
noted that after addition of a quantity of acid that the monopotassium salt precipitated

out of solution. Stirring vigorously by hand. however, redissolved the precipitate.

When the pH of the solution was equal to 4, measured using indicator paper,
the aqueous solution was extracted with 3x200cm3 of diethyl ether. The combined
organic extracts were dried over anhydrous magnesium sulphate. Removing the ether

under vacuum gave crude 28(d).

Recrystallisation from acetone/hexane gave pure 28(d) in 90% vyield, as a

colourless solid, of leaf-like crystals.

Melting Point = 101°C

[.R.(cm-!; KBr disc): 2990 (s; v(O-H)); 2920 (s; v(C-H)); 1694 (s; v(C=0));
1239 (m; v(C-0)).

'H N.M.R. (§; CDCl3): 0.90 (d; 6H; CH3); 2.14 (heptet; 1H; (CH3)>CH); 2.91

(t: 1H; CH); 12.53 (s; 2H; COOH).

13C N.M.R. (8; CDCl3): 20.2 (+ve; CH3); 27.8 (+ve; (CH3)»CH); 58.9 (+ve;
CH); 170.3 (-ve; C=0).
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Elemental Analysis:

C H N
Theoretical (%) 49.31 6.90 -
Found (%) 49.22 7.05 -

8.2.3.5.3 Synthesis of a-Bromo-isopropylmalonic Acid32(d).

10.0g (0.068 moles) of isopropylmalonic acid 28 (d) was dissolved in 30cm3
of diethyl ether. The resulting solution was then stirred continuously. 4.3cm3 ( 0.082
moles) of bromine was then added cautiously to this solution in a dropwise manner.
During the addition a ten degree rise in temperature, and subsequent mild reflux of the

solution, was observed.

After the addition of bromine was complete, 10cm3 of water was added
carefully to the mixture so as to produce no violent exotherm. The organic layer was

then separated and dried over anhydrous magnesium sulphate.

Removal of the solvent under vacuum produced an orange solid. This was
shown by NMR and IR analysis to be practically pure 32(d). The colour was

presumably imparted to the product by small amounts of bromine impurity.

[.R.(cm!; Nujol): 2980 (s; v(O-H)); 2920 (s; v(C-H)); 1738 (s; v(C=0));
1245 (m; v(C-0)).

'H N.M.R. (8; CDCL): 0.97 (d; 6H; CH3); 2.35 (heptet; 1H; (CH3)>»CH);
12.10 (s; 2H; COOH).

13C N.M.R. (&; CDCl3): 19.5 (+ve; CH3); 34.7 (+ve; (CH3)>CH); 73.3 (-ve;

C-Br); 168.2 (-ve; C=0).
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Elemental Analysis:

C H N
Theoretical (%) 32.02 4.03 -
Found (%) 31.93 3.95 -

8.2.3.5.4 Synthesis of Isopropyltartronic Acid 3(d).

10.0¢g (0.044 moles) of at-bromo-isopropylmalonic acid 28(d) was dissolved
in 150cm? of 1M NaOH(aq) and heated to 50°C. The solution was stirred at S0°C for
two hours. The mixture was cooled using an ice-bath and acidified to pH4 by cautious

addition of 2M HCl(aq).

Under vacuum the acidic solution was concentrated to form a saturated
solution, before being extracted with 3x200cm? of diethyl ether. This procedure was
used only after it was found that the desired product could not be recovered. in any

great yield, by the continuous extraction of the dilute aqueous layer with diethyl ether.

The organic extracts were combined and dried over anhydrous magnesium

sulphate. Removing the solvent under vacuum gave a crude mixture of two products.

Fractional recrystallisation from acetone/hexane of the product mixture
obtained enabled the resolution of the product mixture into a fraction of needle like
crystals identifiable as the elimination product 33 and a fraction of leaf-like crystals
identifiable as pure 3(d). Because of the competing elimination and substitution

processes in this procedure, the yield of 3(d) was a little disappointing at 37%.

Melting Point = 149°C
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'H N.M.R. (8;DMSO-dg): 1.95 (s; 6H; CHy); 12.58 (s; 2H: COOH).

I3C N.M.R. (8; DMSO-dg): 22.6 (+ve: CH3); 126.5 (-ve; (CH3)»C=C); 151.2 (-ve;

(CH3)>C=C); 167.1 (-ve; C=0).

Elemental Analysis:
C H N

Theoretical (%) 50.00 5.56 -

Found (%) 49.87 5.64 -
|

3(d)

Melting Point = 106°C

[.R.(cml; Nujol): 3476 (s; v(O-H)); 2927 (s; v(C-H)); 1692 (s; v(C=0));

1232 (m; v(C-0)).

'H N.M.R. (3;DMSO-dg): 0.84 (d; 6H; CH3); 2.40 (heptet; 1H; (CH3)>CH); 5.96

(s; 1H; C-OH); 12.20 (s; 2H; COOH).

13C N.M.R. (8; DMSO-dg): 16.9 (+ve; CH3); 32.6 (+ve: (CH3)>CH); 81.6 (-ve;

C-OH); 172.1 (-ve; C=0).

Elemental Analysis:

C H N
Theoretical (%) 44.44 6.17 -
Found (%) 44.61 6.11 -
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8.2.3.6 Synthesis of Tartromnic Acid- and Alkyltartronic Acid-

Derivatives.

8.2.3.6.1 Synthesis of Diethyl Tartronate 35(e).

5.0g (0.042 moles) of tartronic acid was dissolved in 150cm3 of ethanol.
6cm? of concentrated sulphuric acid was then added, carefully, to the solution. The

reaction mixture was heated to 60°C and stirred continuously for seventy two hours.

When the reaction was complete the mixture was allowed to cool to room
temperature under continuous stirring. Triethylamine was then added cautiously, in a
dropwise manner, until the system became just alkaline. Excess ethanol was then
removed, under vacuum, to leave a viscous liquid which was then redissolved in

200cm? of dichloromethane.

The dichloromethane solution was extracted with 1x100cm3 of 5% HCl(aq)
and 1x100cm? of water. The remaining organic phase was then dried over anhydrous

magnesium sulphate. Removing the solvent under vacuum gave crude 35(e).

The crude ester was then distilled under vacuum, collecting the fraction boiling

in the range 70-72°C>mm_ Pure 35(e) was obtained as a colourless liquid 1n 90%

yield.

[.R.(cm-!; Neat): 3480 (s; v(O-H)); 2986, 2941 (s; v(C-H)) 1742 (s;
v(C=0)); 1119 (s; v(C-O)).

'H N.M.R. (8;CDCls): 1.07 (t; 6H; CH3) ; 4.06 (16 peaks; 4H; CH»); 4.06 (s;

1H; OH); 4.51 (s; 1H; CH).
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13C N.M.R. (3;CDCl3): 13.3 (+ve; CH3); 61.8 (-ve; CH»); 71.1 (+ve; CH);
168.1 (-ve; C=0).

Elemental Analysis:

C H N
Theoretical (%) 47.73 6.82 -
Found (%) 47.75 6.81 -

8.2.3.6.2 Synthesis of Potassium Ethyl Tartronate 16(e).

2.0g (0.011 moles) of diethyl tartronate 35(e) was dissolved in 7em3 of
ethanol. 0.64g (0.011 moles) of potassium hydroxide was dissolved in a further
mixture of 7cm3 of ethanol. Under continuous stirring, this solution was added

dropwise to the original solution over a one hour period.

When addition was complete, the solution was stirred for a further hour. The
solvent was then removed, under vacuum, to give a white solid. Due to the affinity of
the product for ethanol, the solid was a little 'sticky'. It was therefore dried, in a

vacuum oven at 50°C for three days, before being analysed.

Analysis showed the product to be 16(e), obtained in quantitative yield.

[.R.(cm!; KBrdisc): 3475 (s; v(O-H)); 2982, 2937 (s; v(C-H)) 1737, 1598
(s; v(C=0)); 1113 (s; v(C-0)).

'H N.M.R. (8;D->0): 1.08 (t; 3H:; CH3) ; 4.04 (16 peaks; 2H; CH»); 4.41 (s;
1H; OH); 4.60 (s; 1H; CH).
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13C N.M.R. (8; D-0): 15.9 (+ve; CH3); 65.3 (-ve; CH»); 75.9 (+ve:; CH);
174.9, 176.2 (-ve; C=0).

Elemental Analysis:

C H N
Theoretical (%) 32.26 3.76 -
Found (%) 32.70 3.92 -

8.2.3.6.3 Synthesis of Diethyl Octyltartronate 35(b).

5.0g (0.022 moles) of octyltartronic acid 3(b) was dissolved in 150cm3 of
ethanol. 6cm3 of concentrated sulphuric acid was then added. carefully, to the
solution. The reaction mixture was heated to 60°C and stirred continuously for

seventy two hours.

When the reaction was complete the mixture was -78°C to cool to room
temperature under continuous stirring. Triethylamine was then added cautiously, in a
dropwise manner, until the system became just alkaline. Excess ethanol was then
removed, under vacuum, to leave a viscous liquid which was then redissolved in

200cm? of dichloromethane.

The dichloromethane solution was extracted with 1x100cm3 of 5% HCl(aq)
and 1x100cm? of water. The remaining organic phase was then dried over anhydrous

magnesium sulphate. Removing the solvent under vacuum gave crude 35(b).

The crude ester was then distilled under vacuum, collecting the fraction boiling

in the range 84-86°C2mm_ Pyure 35(b) was obtained as a colourless liquid in 91%

yield.
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[.R.(cml; Neat):

'H N.M.R. (8; CDCl3):

13C N.M.R. (8;:CDCl3):

Elemental Analysis:

Theoretical (%)
Found (%)

3500 (s; v(O-H)); 2959, 2927 (s; v(C-H)) 1741 (s;
v(C=0)); 1112 (s; v(C-0)).

0.74 (t; 3H; CH3(CH»)7) ; 1.15 (m; 18H; CH3CH»O
and CH3(CH2)sCH»); 1.88 (m; 2H; CH3(CH»)sCHbo):
3.95(s; 1H; OH); 4.11 (16 peaks; 4H; CH3CH-»O).

13.7 (+ve; CH3(CH»)7); 13.8 (+ve; CH3CH»0): 22.4,
227,289, 29.0, 29.2, 31.6, 343 (-ve; CH3(CH»)7);
62.0 (-ve; CH3CH»0); 78.8 (-ve; C); 170.4 (-ve;:

C=0).

C H N
62.50 9.72 -
62.53 9.73 -

8.2.3.6.4 Synthesis of Potassium Ethyl Octyltartronate 16(b).

2.0g (6.94x103 moles) of diethyl octyltartronate 35(b) was dissolved in

7em3 of ethanol. 0.39¢g (6.94x10-3 moles) of potassium hydroxide was dissolved in a

further 7em? of ethanol. Under continuous stirring, this solution was added dropwise

to the original solution over a one hour period.

When addition was complete, the solution was stirred for a further hour. The

solvent was then removed, under vacuum. to give a white solid. Due to the affinity of

the product for ethanol, the solid was a little 'sticky'. It was therefore dried, in a

vacuum oven at 50°C for three days, before being analysed.
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Analysis showed the product to be 16(b) obtained in quantitative yield.

[.R.(cm!; KBrdisc): 3496 (s; v(O-H)); 2963, 2924 (s; v(C-H)) 1736, 1599
(s; v(C=0)); 1115 (s; v(C-0)).

'H N.M.R. (8; D-~0O): 0.84 (t; 3H; CH3(CH»)7) : 1.21 (m: 13H; CH3CH-0
and CH3(CH»)sCH~CH»); 1.73 (m; 2H;
CH3(CH»)sCH»CH»); 1.99 (m; 2H:
CH3(CH2)sCH-CH»); 4.14 (s; 1H; OH); 4.14 (16
peaks; 4H; CH3CH-»O).

13C N.M.R. (8; D-0): 14.0 (+ve; CH3(CH»)7); 14.1 (+ve; CH3CH-0); 22.7,
24.0, 29.5, 29.8, 30.0, 32.0. 36.7 (-ve: CH(CHo)7):

61.0 (-ve; CH3CH»0); 81.3 (-ve; C) 174.8, 175.6 (-

ve; C=0).
Elemental Analysis:

C H N
Theoretical (%) 52.35 537 -
Found (%) 52.61 5.44 -

8.2.4 Methods of Analysis.

8.2.4.1 Infrared Spectroscopy.

All infrared spectra were recorded on a Perkin-Elmer 1710 Fourier Transform
Infrared Spectrometer. Solid samples were prepared as KBr discs, waxy solids as

nujol mulls and liquids as thin films between sodium chloride plates.
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8.2.4.2 Nuclear Magnetic Resonance Spectroscopy.

All nuclear magnetic resonance spectra were recorded on a Bruker AC 300
spectrometer. 13C spectra were recorded as either APT (Attached Proton Test) or

DEPT (Distortionless Enhanced Polarisation Transfer) spectra.

8.2.4.3 Elemental Analysis.

Elemental microanalyses were performed by Medac Ltd., Department of Chemistry,

Brunel University, Uxbridge, Middlesex.

8.2.4.4 Meltine Point Determination.

Melting points were determined in capillary tubes with Gallencamp Melting

Point Apparatus, Model No. ME-370, and are uncorrected.

8.2.5 Measurement of the Properties of Hydrogels.

8.2.5.1 Determination of Equilibrium Water Content.

EWC determinations were carried out on five separate pieces of gel and the
average value calculated. A No.4 cork borer was used to cut out small discs of gel,
which were then placed in a sample bottle of distilled water. For each determination
the disc was blotted lightly with filter paper, to remove surface water, and weighed.
Dehydration of the gel was achieved by placing it in a microwave oven for twelve

minutes, after which the gel was reweighed. The EWC was then calculated using the

equation in Chapter 1.
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8.2.5.2 Determination of Surface Free Eneroy.

Surface energies of the hydrogels prepared were studied in the hydrated state
using Hamilton's method and the captive air bubble technique. Samples were cut from
the hydrogel using a No.7 cork borer. In each case the samples were cleaned using
Tepol 'L' and rinsed thoroughly in distilled water. They were then left to soak in

distilled water for a week before testing.

The contact angle at the three phase interface was measured using a Rame Hart
goniometer. Readings were taken at each side of the drop/bubble and an average was
taken. Once the contact angles had been obtained, polar, dispersive and toal surface
free energy values were calculated using Macintosh Works™ which had been

programmed with the relevant equations.

8.2.5.2.1 Hamilton's Method.

Surface water was removed from the sample using filter paper. The gel sample
was then glued to a microscope cover slip, using super glue. The sample was inverted
in an optical cell which was filled with distilled water. A small drop of octane was
then placed on the surface of the sample using a G25 syringe needle and the contact

angle was measured. This procedure was repeated three times for each sample.

8.2.5.2.2 Captive Air Bubble Technique.

Samples were mounted as described above. Air bubbles were generated on the
gel surface using a G35 needle and the contact angle was measured. Again this

o

procedure was repeated three times for each sample.
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8.2.5.3 Cell Adhesion Studies.

For a full experimental description of the cell adhesion studies carried out in
the course of this work, it is advised that the reader should consult the thesis of
Dr.J.H.Fitton. The effect of polyether chain length on the adhesion of 3T3 cells was

studied.
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APPENDIX 1 : EQUILIBRIUM WATER CONTENTS OF

POLY(HEMA) HYDROGELS CONTAINING LINEAR POLYETHERS.

MPEG350-A 1(a)

wt% Comonomer 1/% 2/% 3/% 4% 5/% Mean EWC/%

0% 36.8 37.1 32.5 35.4 44.5 373
5% 40.0 40.7 39.7 40.1 40.0 40.1
10% 42.0 41.7 41.7 41.6 41.4 41.7
20% 46.9 49.0 49.1 43.4 45.9 46.9

MPEGS550-A  1(b).

wt% Comonomer 1/% 2/% 3/% N% 5/% Mean EWC/%

5% 41.2 40.6 40.3 40.0 39.9 40.4
10% 43.6 42.7 41.3 42.5 43.3 4277
20% 47.0 48.8 47.6 47.8 46.7 47.6

MPEG750-A  1(c¢).

wt% Comonomer 1/% 2/% 3/% 4% 5/% Mean EWC/%

5% 40.7 40.6 40.1 40.9 40.7 40.6
10% 43.3 43.9 43.6 43.2 43.5 43.5
20% 47.6 48.2 48.3 48.3 48.6 48.2
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MPEG2000-A 1(d).

wt% Comonomer 1% 2/% 3/% 4% 5/% Mean EWC/%
5% 423 423 42.5 42.6 42.0 423

10% 47.1 453 45.5 449 43 .8 453

20% 52.8 53.7 53.4 53.2 54.0 53.4
MPEGS5000-A 1(e).

wt% Comonomer 1/% 2/% 3/% 4% 5/% Mean EWC/%
5% 45.6 46.1 46.0 46.0 46.3 46.0

10% 51.1 50.6 50.2 50.3 50.3 50.5

20% 58.6 58.6 58.3 58.5 58.9 58.6
PEG200-A 2(a).

wt% Comonomer 1/% 2/% 3/% 4% 5/% Mean EWC/%
5% 39.7 38.7 38.5 39.0 38.6 38.9

10% 40.1 42.4 39.1 399 40.4 40.4

20% 39.7 39.1 42.7 43.5 41.4 41.3
PEG400-A 2(b).

wt% Comonomer 1/% 21% 3/% 4/% 5/% MeanEWC/%
5% 39.8 41.3 38.4 43.1 43.0 41.1

10% 42.0 42.5 42.6 41.6 42.2 42.2

20% 44.2 43.3 43.4 45.5 442 44 .1
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PEG1000-A  2(¢).

wt% Comonomer 1/% 2/%

3/%

4%

5/%

Mean EWC/%

5% 41.3 40.6
10% 44.5 44.2
20% 48.6 48.0

41.2
44.4
48.3

41.8
44.4

48.2

41.9
44.4

47.8

41.4
44.4

48.2
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APPENDIX 2 : EQUILIBRIUM WATER CONTENTS OF

POLY(HEMA) : POLY(MMA) HYDROGELS CONTAINING

MPEGS50-A  1(b)

LINEAR POLYETHERS.

wt% Comonomer 1 2 3 4 5 Mean EWC/%
0% 16.4 16.4 153 17.1 16.7 16.4

5% 16.7 17.5 17.2 [16.8 16.3 16.9

10% 17.9 17.3 16.5 16.8 17.0 17.1

20% 21.5 21.6 19.4 24.2 21.4 21.6
MPEG2000-A 1(d).

wt% Comonomer 1 2 3 4 5 MeanEWC/%
5% 18.7 20.1 19.9 21.7 20.2 20.1

10% 23.2 23.6 23.2 233 22.7 23.2

20% 33.6 33.4 35.8 32.1 337 33.7
PEG400-A 2(b).

wi% Comonomer 1 2 3 4 5 Mean EWC/%
5% 17.8 15.9 16.6 18.7 17.0 17.2

10% 21.5 21.3 21.8 20.9 21.5 21.4

20% 27.1 26.9 26.7 28.1 26.5 27.1




PEG1000-A 2(c).

wt% Comonomer 1 2 3 4 5 Mean EWC/%
5% 20.6 21.1 22.2 21.4 21.6 21.4
10% 23.1 26.5 24.8 23.8 25.1 24.7
20% 29.0 28.3 31.9 29.6 29.3 29.6




APPENDIX 3 : CONTACT ANGLE AND SURFACE FREE ENERGY

MEASUREMENTS FOR POLY(HEMA) HYDROGELS

CONTAINING LINEAR POLYETHERS.

MPEG350-A  1(a)

Comonomer Air/® Octane/® ved vsP A
wt% mN/m mN/m mN/m
0% 33 137 23.9 38.2 62.1
5% 32 144 20.6 41.8 62.3
10% 30 145 21.4 42.2 63.6
20% 27 146 22.7 42.7 65.4
MPEGS550-A  1(b)

Comonomer Air/® Octane/® vsd YsP A
wt% mN/m mN/m mN/m
20% 26 146 23.3 42.7 65.9
MPEG750-A  1(c)

Comonomer Air/° Octane/” ysd vsP A
wt% mN/m mN/m mN/m
20% 26 147 22.8 43.1 65.9

MPEG2000-A  1(d)

Comonomer Air/® Octane/* vsd vsP vt
wt% mN/m mN/m mN/m
20% 24 152 21.6 45.2 66.8
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MPEGS000-A  1(e)

Comonomer Air/° Octane/* vsd vsP A
wt% mN/m mN/m mN/m
20% 22 155 21.4 46.3 67.7
PEG200-A 2(a)
Comonomer Air/® Octane/* 4 ysP A
wt% mN/m mN/m mN/m
5% 30 145 21.4 42.2 63.6
10% 26 146 23.3 42.7 65.9
20% 25 147 23.3 43.1 66.4
PEG400-A 2(b)
Comonomer Air/° Octane/* s YsP st
wi% mN/m mN/m mN/m
20% 24 149 22.9 44.0 66.9
PEG10060-A 2(c¢)
Comonomer Air/® Octane/* vsd YsP Vsl
wt% mN/m mN/m mN/m
20% 23 150 22.9 44.4 67.4
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APPENDIX 4 : CONTACT ANGLE AND SURFACE FREE ENERGY

MEASUREMENTS FOR POLY(HEMA) : POLY(MMA) HYDROGELS

MPEGS550-A  1(b)

CONTAINING LINEAR POLYETHERS.

Comonomer Air/° Octane/® vsd VsP A
wit% mN/m mN/m mN/m
0% 36 119 36.5 28.1 64.6
5% 31 127 33.0 32.7 65.7
10% 27 133 31.0 36.1 67.1
20% 26 139 27.4 39.3 66.6
MPEG2000-A 1(d)

Comonomer Air/° Octane/® vsd YsP vs!
wt% mN/m mN/m mN/m
5% 38 131 24.0 35.0 59.0
10% 32 133 27.4 36.1 63.5
20% 24 137 30.0 38.2 68.2
PEG400-A 2(b)

Comonomer Air/® Octane/” vsd vsP Vel
wit% mN/m mN/m mN/m
5% 31 129 31.3 33.9 65.1
10% 27 1277 36.1 32.7 68.8
20% 28 132 31.1 35.5 66.6




PEG1000-A 2(¢)

Comonomer Air/° Octane/’ ysd vsP vs!
wt% mN/m mN/m mN/m
5% 31 128 32.1 33.3 65.4
10% 30 130 31.2 34.4 65.6
20% 29 134 28.9 36.6 65.5
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